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Figure 1-3. Response to protons and selected metal ions of a cruciform. %
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Figure 1-4. Schematic representation of the Figure 1-5. Coordination induced single
effect of metalation or protonation upon the molecule switch using a cruciform. !
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FMOs of a cruciform.
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Figure 1-11. C2- and CS5-arylation methods, together with the SEM-switch, provide rapid

access to complex arylimidazoles with complete control of regioselectivity. !'*!
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Figure 1-12. A stable hydroxide-conducting polymer. !
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BBI 21357 F-INICEAR K OB HRY o 852 2 L TV 5 10T 6 BLBRZE L (Figure 1-15).
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Figure 1-14. Modular fluorescent benzobis- Figure 1-15. Diagram of the proposed
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Figure 1-16. Main strategy of this study: Resonance structures of benzimidazole and their

orthogonal conjugated system.
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Figure 2-1. Photochromism of dithienylethene dimer. ©*”!
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Figure 2-2. Photochromic reaction of diarylethene dimer and longest absorption wavelength

of closed-ring forms. 1**!

AMFRIZEAI o R L EFET D2 & TEBIBE— A MPERTLHE 57
HARHFEEZRE T H L2 RKHINE L, BAR LTARZEM ¢ &5 ORIk & Z D
AL FHIMEE O E AT o 7o, AWFZEIC I 1T 2 EARERIKILEE 1 |ICR~_72 X9 (2,
benzimidazole % F.LEHE & LEMEAIC LV ZORREAGEELFIHAT L H O
Thd. ZIT, o ERIIIENLA TS L > TESICHIB S5, A CTIEREGR
OEFNTHIEIRED 7y & B DB MIRE L RT Z EAEINTWD. FlxIE, 1
AR BILEHIT benzimidazole ZE A L7 HAIKDEEEEEF CTOIICFELL 2 HE L
T, W %, 4412 imidazole 2 A L 72 EAIK TOIEBEMEAIC L 56 b Ht
DEARHRE SN TEY, FHIo FRICE FIL G2 51056, imidazole ED IEE
R L0 o TINERBENRES TR S D 2 & 23 5T 5 (Figure 2-3). 1

-

* Neutral » |

Figure 2-3. Phenyleneethynylene- and thienyleneethynylene-based m-conjugated polymers
[41]

10

with imidazolium units in the main chain.



—J7, IEBMEAIC LD o KOG 2 FMAICHIH 95 Z & T, PIRRETER -

TS a EREZRCIVUC I VUL, n REZELS T D L9 2@fE S & 5 (Figure
2-4). #4

Figure 2-4. Engineering control over the conformation of the alkyne-aryl bond by the

introduction of cationic charge. [**!

PLEX D, RETE o HEYW A2 BT 5 K 9 imidazole & EAEDT U —/L =
v b EDOMIZ n AX—H—L LT, thienyl, ethynyl, vinyl & 3 DRz D A~—
P— G T EAR L, TONLFRIMEE A g, MLz,

\@/ TBIm
(-
Spacer —— EBIm
N\ VBIm
S/ H*
NN~ —_—

CeH13C5H13 CGH‘IBCGH13

Figure 2-5. Structures of T-shaped n-conjugated molecules and their acid-responsivity.

1 A—H—O thienyl F(FEFMLGMETH Y, EEMR Z 4 OV imidazolium (2 X -
T push-pull substituted aromatic system 23 & T& E, OIR TR T 5. X, itk
DNARREREEZ OMICER T 2R LI L > TURrsn s 825 EL, Atz wn
vinyl 2% A _X—H%— L U THWE. fit)F, ethynyl ZEiIMoO A _X—H— L B0 il
EMEICMZ BIRTORS T 582 BET H20EN D S . F 1L, B S I1X tolane
DA U AUIE B ERE 2 88 3535 5y 1 B — IR B AT R 3O/ IS L 0 |IE L, 202em™
A LTS W S EBIRIC ethynylbenzene % JHifE L 7= oligo(phenyleneethynylene)
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X, ~RIEDOHTIA Y —L LTCORBMENES RS Tng. B, [miis L3t
A S PTE OERERN S 2 FZE B IE < AT TE Y, ethynyl A2 G n
LTI NFRI R ZERI SR & U CIER IRV E =2 5.

B2 D n AX—H—& LT thienyl %, ethynyl J&, vinyl 2% benzimidazole @ 4, 7
fLIZ3ERS L7z TBIm, EBIm X OF VBIm /X Scheme 2-1 (IZHESWTHR L7z, G LD
HIBR{A T 5 4,7-dibromo-1-methyl-2-(5-phenylthiophen-2-yl)-1 H-benzo[d]imidazole (7)(,
3,6-dibromobenzothiadiazole % 3% 7t L 7= 3,6-dibromobenzene-1,2-diamine (5) !'® ' &
5-phenylthiophene-2-carbaldehyde 7> & benzimidazole g Z FE ik L 72%& A F /(b L THE7-.
W 7 ZJFEHE LT, TBIm L Suzuki-Miyaura cross coupling, EBIm [,
Sonogashira-Hagihara cross coupling, VBIm (& Mizoroki-Heck cross coupling (Z & V) 41
ENER LTz, 22T, IN60a 107 U —/ax=y MNMIEALT hexyl HiT, &
A~ A2 R LIz b D ThD. G LI B D5 71%, 'H, "CNMR,
2D 'H NMR (H-H COSY), @i B A2 tb, HkE S X S itric L v
[mE L7z,
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CeH13

a CeH1s
— \©\®
\ /
1

CsH13\©\ d
Br

4

S/ S/
6 —>

@Br @Br

7+H*

k s
7 —— )

NN~

categ =)=t

EBIm

7 NN

C6H1306H13

VBIm

CeH13 O{<
7 . S_B.
\Q\U/BO
2

CeH13\©\/ N
Z Br4<:>*

TFA

TFA

oy SO
_—
Br A

T™MS
3
e HN - NH, f Sv
Br Br N”"NH
5 Br Br
6
|
N”"NH - = N”'N™
Br@Br BrOBr
8 9

P
H.{ 2

N" N~

EBIm+H*

R

“NTNT

C6H1306H13

VBIm+H*

Scheme 2-1. Synthesis of T-shaped conjugated molecules. Reagents: a) 2-(tributylstannyl)-

thiophene, DMF, [Pd(PPhs)4]; b) 1.

dioxaborolane; c¢) Cul,

n-BulLi,
triethylamine, PPhs;, [Pd(PPhs),Cl;],

2. 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
trimethylsilylacetylene; d)

tributylvinyltin, [Pd(PPhs)4]; e) NaBH,; f) 5-phenylthiophene-2-carbaldehyde, p-TsOH; g)
K,COs, methyliodide; h) thiophene-2-carbaldehyde, p-TsOH; 1) K,COs, methyliodide; j) 2,
2M Na,COs aq., [Pd(PPh3)4]; k) 3, Cul, triethylamine, PPh;, [Pd(PPh;3),Cl,], TBAF; 1) 4,

triethylamine, Pd(OAc),, P(o-tol)s.
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22 X RGN R OB LA

TBIm, EBIm 2 O VBIm O Bk &l X #RAEIEFEAT OFE F % Figure 2-6 (2R 7. ZiL5H
D T FA> 713 SN AHALERY N X v, H00 benzimidazole (25t LFES A1 Ui
DEFISNI-MEE L 2o CTHINE -, 2 S-N Mo E#EIL, TBIm TlE S;-N [HT
0.301 nm, S,-N [T 0.295 nm, EBIm T 0.296 nm, VBIm Ti%0.314nm & 720,
Ud S JHF(0.185 nm) & N JFE1(0.155 nm)®D van der Waals 22D F1(0.340 nm) & 0 &/
S, RAPB < IETOHEBEZ L0 boTHEE L TWAD Z LD S-N [H CTHAEH
MMENTNDEBEZBLD. ZOMAEEHOZ, TBIm, VBIm TIIHLMIR L TA
FHD g AN—H—Oi CNDmEIZ /NS W—7, A1 imidazole 550 methyl %
IZ X DNR BRI 400D N E T TWD. )y, ethynyl Fia A_X—H—L L
72 EBIm TIIFET DEAL 2T H B 577, IR T ethynyl ZENE S 2R T 5
ZiE G & LTkl o E B S v

(@) o (b) o° ©) o »
o @ L ® L
[ Y ® e a @
d» e {d »
ie 11,00 SE P e $iv 390
@ . ® S N'- & . : 'y 6.2 :-, @ ®
[} ) '-‘2"." e @ /) N#& b * N e &
Y e ¢ o e ® K @ P * L
& g e o - .,.. ....I.'...l\.‘\ < — -—a PRy |

P ]
- 22° 40.8°° ¢

K ki ;
H
Co 13 v N"N- R
)~ )<l o CGHmCBH” Cois— )~/ <o
CeH13

Figure 2-6. ORTEP drawings of (a) TBIm, (b) EBIm and (c) VBIm. Hexyl group and

hydrogen atoms are omitted for clarity. **

7'a b AR OHEIEIZOWTTHEE ARG LT, TOMENHEE TE RV, &
FALFFHEIC L 0 O ZERHIEZFHE L. 3H5IT gaussian 03 Wl X 28 E
R %P 3 (Density Functional Theory, DFT)#H5.°% % FV Y, hybrid LRI T & % B3LYP &
RIS 26 L7, X, #dsomb o SEBEEIT 6-31G(d) 28 M L, KMk
T D IREERIEEHAE L. #5iE% Figure 2-7 IZR~” 7.
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29 2 @ JJ“JJ
@ @
*e > ed S ag
- “ 9 & o
2 9o o 9
815 9.27.5° & Ak e 28.1
p SePe & ‘e’e % 90 %
™ “ SZ.‘J. [ e 4 2
2 0,9 @9 4 3 > JJ“‘ & ,“JJ‘( .
9" @ e @ P09 @
@ 29 ’ ? )
e 4 e a0 ‘\Js:‘): >-& 2@ - 4 e JJJ I )J" ‘;J
¢ 4 2 ‘J‘ 2 s 2 4 N 4 9 J"‘J
<
35.6° 57.9° 0.0° 7.4 39.4° 55.8°
s_/} g )
5
HNP N H-N"N-
T T a0 TS o SN Y
CeH1a

Figure 2-7. Optimized structures of (a) TBIm+H", (b) EBIm+H" and (c) VBIm+H". Hexyl
group are omitted for clarity.

TBIm+H O, 71 M ARIZE Y SN HAEMIZ DY 07 NKERBE O
AREICR T2 B X HID . T OEEET Si-H [#] 0.292 nm, S,-H [T 0.264 nm THh >
7=. SJE¥-(0.185 nm) & HJF1(0.120 nm)® van der Waals £ D F1(0.305 nm) L ¥ &/
L, DFNAKBRBEENERARETHD Z EE2RIBLTWD. M T, KEFETIX
methyl J& & (FZZEFIBPEAR D ICKERZENE D47 1 b AIZ X D SRR ORI
O ThianeEEZBND. L LARAS, TBIm+H (345 5716 TO methyl 22 X5
SARKERNEL TS 4, niEEE LTI e A X 2B (bR 7202 &0
EPDPETES. X, VBImtH OAE S 71 b AKIC LD EFMORE 2T
FEWL OO, Ta b ABIZ LD o RYLRITIIRE T E R0, W, {7 MoK
FAEBIT S-H M T 0291 nm L7820, R0 0 FNAKBRESIC L D PO ERE
ZONDER LS TND A, n AX—H— & LT ethynyl 2% H L 72 EBIm+H"
T, AHHET 74°, EHET 0ELELFDT U —/Lx=> FNH.LD benzimidazole
KD FEHRZ RS> TNDEY, 7r b AUIZ LD o WEROIENSHIFFTE 5. N
%C, S-HEOEHEN 0.292 nm 72 57-Z L5, EBIm+H T4 5 F-NKFRFES N
FHHLTWDHZ ENRBIND.
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2-3 MEFERIHEE R NERLFERIHE

%, Mmoo nd
RV R Qg ST ORE 21T - 7.
WEWET D, ALAW T34l nm IZE— 27 2L,
N, CV (cyclic voltammetry)» & 15 5 AL 1B ITF
A RALRITAE: O TR E DI Rk

7 BNHLTC.
NEN-2.02,-259V E7eo7-. LRI o 4t
G 7, € = 32300, {ILEW 9, & = 22200) 3 HERR X L7z,
phenylthiophene == = 23410 @ benzimidazole 45 & 4%

WD ZEERLTND.

0.05 4

0.04

0.03

0.02

Absorbance

0.01 4

0.00 —

(@)

boe

@Br Br@Br

250

T
300

T T T T T 1
350 400 450 500 550 600
Wavelength (nm)

W DILR 2 e+ 2 2t EW 7, 9 @ THF H1OE
Figure 2-8 |G O fERE R

Current

W A~
W A~ K
— LAY 91X 309 nm |2 B —
B LA T K9 TE

D ORERITHEST M D
LTEY, n FENILN - T

(b)

7

35 30 -25 20 -15 -1.0 -05 00

E (Vvs. Ag/Ag+)

Figure 2-8. (a) Absorption spectra of 7 (red line) and 9 (blue line) in THF 1.0 x 10°M. (b)
Cyclic voltammograms of 7 (red line) and 9 (blue line) in THF (1mM); supporting electrolyte
0.1M TBAPFg; scan rate 100 mV/s.

TBIm, EBIm, VBIm X O% OHIEEAK, L& 7 @ dichloromethane H1 DI A
7 A ONZH# I ALY S V% Figure 2-9 (2T, X, SREEBH TOHERERE
Table 2-1 (Z7~9". Dichloromethane 1 COWRKIL AT F LD —7 1%, /L&Y 7, TBIm,
EBIm f (N2 VBIm T, Z#LE41 339, 353,365 2 TN 369 nm, #IEART hLDE—7
1% 422, 509, 449 }x X504 nm Th o7, [, SEEOENMBIARBMEY n-n BB & IF

BLZ. LA T Lk L, BERLZZMKR R T O 1 AX——h Rkt s
WCBEE N . SOt EFICRIL, B 7, TBIm, EBIm 1f (N2 VBIm T 0.05, 0.22,

0.86 X 1r0.56 L7e~7=. Z 2T, EBIm O E\ vz Y 1-IER & /N X 72 Stokes shift (vst
= 5163 cm™)I ethynyl FORIEME & FEIEICER LZbDTHY, BTALZ MLd
B BAMR & OFE TRbECIRRE & IR RROBIEZ R > TWDH Z L 2R LTV
5. BFEEEERCONALFIMEE OZLIZOWTEHRT S &, TBIm @ cyclohexane
USRI DAL, dEART MIVOMRHERT L — 7 FRBIIS 2. VBIm Tl

cyclohexane DWW, HHART RLDT)— 7 MIINZ, ethanol HTOWIL A
16



X7 MO TN— T b EENEFIREOK T (O = 0.40) 3B S 72, —7, EBIm
IRVABE A 2 THHR EEEA BT, (M OREE A C b RS0 2o 2 4 2 306 A
N7 MVERLTND.

0.20 0.20 4
o 0157 o 0.5
Q — Q
=i 5 =
< - <
= 0.107 > & 0104
o ]
3 £ 2
N—
< 0.05 < 0.05 =
0.00 — 0.00 - T ; s : =" 0.0
300 400 500 600 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
0.20 - 1.0 0.20 4 - - 1.0
~0.8 0.8
o 0.154 o 0154
Q — Q
g 06 B § 0.6
= 0.107 > & 010+
2 Lo4 = 2 0.4
0.05 o2 0.05 - " o’
0.00 —F——F=—rF=F—r 71— 00 000 ey 0.0
250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 2-9. Absorption (red lines) and fluorescence (blue lines) and excitation (black dotted
lines) spectra of (a) compound 7, (b) TBIm, (c) EBIm, (d)VBIm in CH,Cl, 1.0 x 10° M.

Table 2-1. Photophysical properties of compounds in several solvents.
Aabs Aem Vst D

Compd Solvent [nm] [nm]  [cm™]
7 tetrahydrofuran 342.5 421 5444 0.04
9 tetrahydrofuran 309.0 403 7549  >0.03
TBIm tetrahydrofuran 350.0 504 8730 0.22
ethanol 350.5 507 8807 0.20
cyclohexane  345.5 468 7576 0.24
EBIm tetrahydrofuran 365.0 448 5076 0.79
ethanol 361.0 445 5229 0.77
cyclohexane 363.0 446 5127 0.76
VBIm tetrahydrofuran 370.5 494 6748 0.60
ethanol 362.5 501 7626 0.44
cyclohexane 361.0 454 5674 0.68
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TBIm, EBIm %' VBIm @ THF H1C® CV I 21T\, E; 22D n & OIRREIZ S
WTEE Lz, BoBEMOMERREL Table 2-2 ICF LD 5. X, HERERICOWNT
THF 1 TOWIR AT bV E, & BFHb 7. L% 7, TBIm, EBIm & T° VBIm
DI TLENMITZENE1-2.02,-2.09,2.01 X210V TH-o7z. ZOfEIZ LUMO O~
KN F—VU YUY L, BRI LML TW5D ., BERRAELE RSO o &
ROPMEED T L L TRE HERS AL, WINARY MO Ly R 7 MR ER S
TWAIZHRD 5T LUMO OENZEL L T WS FERE, (bE# O LUMO 1%
benzimidazole & O AIOINLIZRIEL TWAH Z LA RE L TV 5. ZORERITAES
D 1 A=Y —DPLEFEIT HOMO ¥EMIZDAZES L TEY, BlIb, BRI
F57F D HOMO [T AN DR SHEL TNWDH Z 2R L TN D.

Table 2-2. Electrochemical properties and bandgap energies of compounds in THF.

Eed?  Aome” LUMO  HOMO E,

Compd V] [nm]  [eV]™  [eV]@  [ev]{
7 -2.02 390 -2.58 -5.76 3.18
TBIm -2.09 447 -2.51 -5.29 2.78
EBIm -2.01 419 -2.59 -5.55 2.96
VBIm -2.10 444 -2.50 -5.29 2.80

2] Onset of reduction curve. ™ in THF 1.0 x 10°M. ) LUMO = [~ (Eonset, red — 0.20) — 4.8] eV,
where 0.20 V is the value for the half-wave potential of ferrocene/ferrocenium versus Ag/Ag"
in THF and 4.8 eV is the energy level of ferrocene below the vacuum. 'Y Estimated from

optical energy gap.
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2-4 BRINE o HBEEE

K\ dichloromethane H COBISEMZHE L. v b & LT TFA
(trifluoroacetic acid)% FH V>, WFIE:(1.0 x 10° M Dk} 3.0 mL (2% L T 0.01 mL)#IN4
% Z & T imidazole M4 7w F AL, BATEABZLOMEIZOWTHE, MLz,
15 5 U755 5 % Figure 2-10 } O Table 2-3 (2759, TFA U ORI A X7 R L& donset
TG L7 & A, EBIm+H TRILALY MLV O L Y R 7 ERER T 72
(EBIm, Agneet = 411.0 nm, EBIm+H", Aopeet = 426.5 nm). Z OWUUHED L > R 7 M IR
TIMZ L2 n HBEEOIEZ R LTS, —F, TBIm+H & VBIm+H Tl Z OFk
R Ly R 7 RDSHER T E o 2. A 3h 4% (effective conjugation length) P!
1%, thienyl 25 vinyl 73 ethynyl & & K& <, TBIm X° VBIm O IEEREAIZ K
% n IRYEIRDIR SIVAUEHAE RN A XY DLy RO 7 BNELDIETTH S.
UL EDOFERITINZ, AR 2 Hi Tib 72 X 9SSRI L A5 o3 Ui h gl
SNz ED, TBIm+H X O VBIm+H [XEES AT C n R ENE{L L T2
EEZEZOND. ALEW T OERININAETE DWINART M a®Blo Ly R7 F LT
% 2 EDNHEID (T, honset = 390.0 nm, THH", Aonger = 412.5 nm). (LAY 7 13 n A IEIREAL
PAFEL RN &6, LUMO DZENIZ K 5 E, DD BRRTH L & BEZHID.
B3 TBIm+H' & O VBIm+H O 2RI DO L v K7 R b LUMO D& E(LDO %
HThnEBZ2 N5, i, 8IEA~T L L Stokes shift (LA L0 BHEFIZZE
NENTZ. B2, TBIm+H KON VBIm+H (EFRRINIC L 0 & L <IEE L(@f > 0.05),
Ly RV 7 R LT BN FERE O/ S 7R BBl Tz, Z OfE RiTa e FHm
IZbFEN, TBIm+H XY VBIm+H' 1L 2 iy OF MBI S L7z, —J7, EBIm+H"
IIRELS Ly FU 7 R LTEE—FMD 05D E S (hem = 517 nm) 275 L 72, BRESN
AT 72 Stokes shift D/ SV (ver = 5163 cm ™ )# G2 7R L7212 6 230 B9, BRI
Nt 13 RHE 12 Stokes shift 258500 L (vsr = 7503 em™), H.-oH0EF A 2.81 ns 2> 5 3.90 ns
WML TV, DL EORRIZFLMEROZ{Z R L TEBY, Mkt To
Stokes shift O B2 KN DR NOA Y P ATICTRETH S L THRTEXS. 22T,
TBIm+H X O VBIm+H" O —H 3135 7 O /P abt JR & (Locally Excited state, LE)7)>
LD L ICTHEAIZLD LD EEZ LIS, Z ORERITHET I8 U TFEET S
phenylthiophene 723 E - GHEEAL & L THERE L, BB F XL TH 5 imidazolium Jk &
O TICTREEZZARL L TV D EHEZETX 5.
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BT HERERN S LT O A VRS E T ke S OGS OTE RS 5 ke &
BH L, Table2-3 1ZEHRAF LT,

k==t (1)

Kor = 2

ETORTTHREMIEY ky OHEENS RS2, BRI TBIm+H I ZHESHERE (k=
0.02ns") L LG LT, ko 23 2.73 08 & 070 ) MEREHRIENES TH D Z LMD, —
J7, EBIm+H'1Z VBIm+H" & FL#E U, k1T 23 0.08 210 0.09 ns™ & HR 3Ty Vil
BRUTEDS, k03017 ZTON1.89 ns! & K& < M-, KR, VBIm+H |35 C ik
LTW5 A, EBIm+tH TIXFENENEBT 210 EEoTnd. X, TBIm+H',
VBIm+H" D38 & H 0 B I 1T OBy D # R &2 VT2, BV L0
H4 2% &, TBIm+H' 1L ke=0.002 ns™, ky=0.38 ns”', VBIm+H" 1% kr=0.03 ns™, ky=0.58
ns' & 72 o7z EBIm+H DI G & Frp 5 0%, BVt (t =3.90 ns)IZ K4
L. ZAUE, BEUSIIETO 2.81 ns ITHARTRELS EHMELTND Z b5+
ELbER L, BhEKRESHERICLEEEZ T TWDL Z ENE X HND.

0.20 T 0.20 4
' 1

o 015 o 0.5
Q N [yl Q [} —
=i ' 5 = . 5
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= o104 B 0.10; 8
< \  ©° l. N
< oo0s" < 0054
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Figure 2-10. Absorption (red lines) and fluorescence (blue lines) spectra and those after the
addition of TFA (0.01 mL) (dotted lines) spectra of (a) compound 7, (b) TBIm, (c) EBIm,
(d)VBIm in CH,Cl, (1.0 x 10° M, 3 mL).

20



Table 2-3. Photophysical properties of compounds in CH,Cl, solution in the presence and

absence of TFA.
Aabs & Aonset Aem Vst Dr T ke ke
Compd [nm] M'cem']  [nm] [nm] [cm™] [ns] [ns']  [ns']
TBIm 352.5 50000 442.5 509 8722 0.22 1.32 0.17  0.59
TBIm+H"  359.0 45200 445.0 452,600 11188 0.01 0.36(67%), 2.65(33%) 0.02 2.73
EBIm 364.5 63600 411.0 449 5163  0.86 2.81 0.31  0.05
EBIm+H" 3725 62900 426.5 517 7503  0.33 3.90 0.08 0.17
VBIm 368.5 43600 440.0 504 7296  0.56 3.63 0.15 0.12
VBIm+H®  357.0 49600 447.0 452,543 9595  0.05 0.50(88%), 1.65(12%) 0.09  1.89

71 b ABIZ X DAL E OB OWTHERT 54, 7r hALZOREHS
TEA (triethylamine)Z #’I0 LI 7" = b oAb A2 il 7o, fERITAETORE T TFA, TEA

EWRINT D Z LI XV AfiEic 7 e bk, e B ALDBTRAD T E PR TE .

—f& LT EBIm O hAl, M7 e hABIiZ L o8 AT MLV k% Figure
2-11 12T, H4), 449 nm (I8 — 27 ZR LI2®KIX TFA 24562 & CTFu h o
EL,S517mm 2y R 7 v 508 8IZTEA 2252 & T7—27 hL,449 nm
W — 27 &R L, X, ZOHNALT MLOIR S 522 —F L=, DL Eofs Bixt
(2R~ T2 &9 72t b BRI EE O AL ME B D43 70 BT K D AR AR 72 2L TR
72 <, imidazole ZD 7' 1 F AMUIZ KD AW L THDH Z L AR LTS,

Acid I Base

-
=
|

—— Blank
+TFA
----- +TFA, TEA
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e
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Figure 2-11. Fluorescence spectra of EBIm in different conditions (blank: blue line, + TFA
0.01 mL: red line, + TFA 0.0lmL and TEA 0.04 mL: black dotted line) in CH,ClI, 1.0 X 10°¢
M.
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25 BHLFEHE

AT R LRI L VB LN E R I W Tl T 5. BHRIIARE
%2 BT O ISR OREEMEZ B3LYP/6-31G(d) LV TEEA L2 0
AW BT, BRIRINATO 53 ¥4 % Figure 2-12 (2R,

%Q : 343
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Figure 2-12. Molecular orbitals of (a) TBIm, (b) EBIm and (c) VBIm.

HEICEVESI HOMO IZEH T 5 &, TBIm XY VBIm TlXAHmOT U —/b
2=y hA~OBGEDIEN Y HB/NE V. ZHUE, F 2 #Hilll bk~ 7c X 9 IR EIT &
D g AX—H =T, o FEOERYPEEINTZZLICEY nEFEDIENY
MDEHI SN TNDH A TH%S. EBIm TXEADT Y —/Lx=y h~DZEMBIEN D 23
K& <N, LUMO %Lt 2 &, & TO0 1 CHLUE O 2R 72 22 MRS © 2358
vtz LLEORERIL, BREINATOEIEN n-n BRI Bk L, E& L TRAMmNX
BL72 HOMO 25, 45 T 2RIZHEN - 72 LUMO ~DER Th D L IRETE 5. Ak
DER TILH DD, ZEMMIEN U N T2 5 %\ ER P TOENVRIAREICZN AT 5
DRI D, FEREE, dichloromethane A& /LI AR EL ORI ERE F(Table 2-3)1%
FLE DL Y O/NE W TBIm 2358 b E/VIRSEARED/NE <, EBIm THRK L 72> T
5. X, %3 ek R ERACEAMEEICOWT Y, BEMGY LUMO ([2BWT
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benzimidazole 73 X ECRY 72 5, BRLEIGICEB W TIE 1 AX—H—D %573 HOMO (23X
B2 CABELTEY, I<ERBREAZTHL TS, RWT, BRIRINE O 1l
18 % Figure 2-13 [Z/”7.
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Figure 2-13. Molecular orbitals of (a) TBIm+H", (b) EBIm+H" and (c) VBIm+H".

FRIRINGE D53 F LB IIMEST M, BEH AN 22 MBIHEDS 0 2353 L 7l & 72 > TR S
Nz, ZORERITEM OB OLE 2R L, PR T imidazolium & FTO n-n*ER
DIRAEZ R LTS, X, BIRINEOREIRIEEZ BLET 5%, IR Z REFIK A%
JE IRLB9 %5045 (Time-Dependent DFT, TD DFT)P W L W B L7-. ZDOBSEIEEIRAE TDE

DA DOIEN Y B EE L, SMWIEER 6-311(dp) 2 diffise BIZ 2 B0 L,
B3LYP/6-311+G(d,p) L /L TalH 21T - 7= (Table 2-4).
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Table 2-4. The vertical absorption energies and their oscillator strengths of compounds
calculated by TD-B3LYP/6-311+G(d,p)//B3LYP/6-31G(d). (H:HOMO, L:LUMO, f: oscillator
strength)

A f Character
Compd
[nm]
TBIm 461.2 0.50 H—L
394.7 0.48 H — L+1
381.7 0.92 H-1 — L
TBIm+H™ 5278  0.15 H—L
396.0 0.62 H-2 —- L
386.5 1.10 H — L+1
EBIm 425.2 0.73 H—L
390.4 0.62 H-1 — L
364.9 1.02 H — L+1
EBIm+H™ 5227  0.25 H— L
4154 0.66 H-1 — L
373.7 1.47 H — L+1
VBIm 445.8 0.70 H—L
3954 0.25 H-1 — L
385.1 1.22 H — L+1
VBIm+H™ 5529 0.17 H—L
424.9 0.30 H-1 — L
391.7 0.65 H-2 —- L
383.3 1.36 H — L+1

TBIm OFEH I 7-EEIX 461.2 nm & 729, dichloromethane F DY A7 kL
(honset = 442.5 nm) & Lbif U TR —E L T\ 5. X, EBIm AU VBIm # M7
NZEI411.0,4400nm TH Y, FHEMERD 4252,4458 nm & L<—FHLTW5. L,LL
DOIEREMAT DO =R —3RAERIT, 200 Cra EBNERTHL T & &2xR
LTW5. X, BRI OER 2 20 & g3 2 &, TBIm+H O35 13 ERIE D 445.0
nm &L, 7 b—3 7 (396.0 nm, f= 0.62) L 7= HOMO-2 7> & LUMO ~DERE )
AR SN, ZOBRBIIHES M OEGEDIEN Y Z > HOMO-2 7> 5 [AIER O #E Ok
MY ZEHTDH LUMO ~DEBTHDH. MAT, IELEERICLVIRE FRED S
EBR(f=1.10)& L T386.5 nm DEBNEH Iz, Z OEBIZHOMO 75 LUMO+I
DEBTHY, KEFMO n AX—H— LITHEN > 7B Dy T2 IRICHER - 72
HLUE~DER L 72> TV D, ZOHEND, TBIm+H OFIEREIZIZ NG 2 DOER
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MNEFEH LTS EHEHI SIS . W, HOMO 7> 5 LUMO ~DOEBITER MR OIS ICT
BER(F=0.15% LT 527.8 nm ([ZFFE &N 72, FAIERIS, VBIm+H™ b FEHIED 447.0 nm
XY {70 —7 kL7 424.9 nm (2 HOMO-1 75 LUMO ~®O 83\ &R (f= 0.30) 23
Bz, X, 391.7 nm ® HOMO-2 7*5 LUMO ~DO#Ef L, irH L 72 383.3 nm @
HOMO 7»5 LUMO+1 ~OEB N FHHE Sz, 2T, HOMO 75 LUMO ~DiER
(552.9 nm)I BB RN IEFITILLS, =017 LEHE SN2, VBIm+H OHLE DL Y
% TBIm+H' & HGHOMEEIL Tl Y, BB LFEMKTH D Z Lol X 5 22k iE
DIERNFIREEINS. FDiEWE LT, TBIm+H Tl & 72> CTU 72 HOMO-1 75
LUMO ~OBEBENRIFHW2RNL BN 8RF T o525, Zitid VBIm+H O
HOMO-1 (23N THES A~ OHE OIEA ) BFEL TN D Z L b, HEJ7mOfuE s
KAELHY 72 LUMO ~O#EDE 7 O 38 LEAHINR T 72 LB 2 55 . EBIm+H I,
415.4 nm, = 0.66 ® HOMO-1 7> 5 LUMO ~DZEE N FHHE S -, Z OfERIZ VBIm+H'
DREEDERE LV L5, EIEE TR EE N2 &5, HOMO-1 O#IE D 4y 72K~
OIER Y BE ELTNDZ L EZRBLTWD. AT, &0 IREF5RE R & (= 1.47),
HOMO 7>5 LUMO+1 ~DiEB N 3737 nm IR H S TW5D. ZOEBIIO S 1 &
HE L TWEA, REFREIIRbEBENTEY, 2 FHNTOREINDIEEL RN
IR VERBMEENAM EL TS EEZX LS. EBIm+H O EHIEI I A onser = 426.5
nm TH Y, MAWEE I = 3725 nm THD. ZOFENS, EBIm+H O IZ
BB 2 OOEBNHFELG L TNDLZ ENHERISLS. H, HOMO 7»5 LUMO ~Di#
F(522.7 nm)ITEBERNIEF IRV f =025 L LCHE SN, 22T, EBIm+H'
DFFARII725E N E HOMO-1 OFLE DOJEA Y & HOMO-2 3BT G- L TV e i C
&%. HOMO-2 1%, imidazolium J:LISDERLLIZ 04T LIz DITKT L, sy Tl
& L CHESIANZ imidazolium & HixE L CofMd 25 E R &, RIS IER OELE
AT ER LTV A, TBIm+H O HOMO 13 5E 7t 5% D thienyl 2£% 1 A_X—H—& L
7ok, n A=Y — Ellfio72 2 ER TSNS, EBIm+H O&%4A, #HHLEIZB D
T ethynyl & EO#iE & imidazolium & EO#LEDOMAH i > TE Y, HOVmEED
HERFDSTIARCR MBI L ILE SN2 N LD, o s UCOFRR BICiEN > T
WpHEFRENS. LLELD, n A= —DZFIL HOMO-1 12 H i< K S5
ZEMHABNE 2o EBIm OERRINAT% O HOMO-1 Z g9 5 &, BRI K -
THRRIZL F0 o TFHICHBEO A NEL L TWD 2 ENghD. g1 & D501l
BOZEM DA DZENIACFIEE CFHE L TNWDL 2 L2 EET D L, ZOHESMAD
ZEIMPIN AR MVOREEY 7 MROEEROILREFEL TND EEXHNRD.
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2-6

Benzimidazole ZH.IvEHEE L7z 1 AR—H — DRI HERR AR R T 55
L, & DHALFRIPEE DFEWIZHOWTHRET L7, 15 bivTs X Bk dh i & i o 65 &
725, thienyl 2, vinyl % g A~—H— & L7255+, TBIm & T* VBIm Ti imidazole
FLOD methyl Jk & 1 AN—H —H ORI LY o O AR Sz, X, &
FALFFREICL D 7w N ABEOSELZHEE LT & 2 A, KFERT & ORITIEILAF
FEL72WH OO LI EEREANC L D n EROILRIIN#ETH D E&E 2 L.
fh )5, ethynyl 2% A~X—H—L L7537 EBIm CIINAAREEFTNFATS, EE
ﬁ@ﬂ LV LFND THFICr B EZPLRTE L AR B S v7e. BRI

SrGRIERERICHV T EBIm AERENING K 0 BRI A7 DLy R

7 MaRLTc. AT FVIND TS O ORRIINE O RARIL, ICT K&
ThHhdHIENRBINT. E%ﬂj%ﬁ X DHENT LY, EBIm+H O#Y H#LIE A3
LR FEERD, ﬁ-‘ ZZEM DAL > TWDH Z LRSIz,
Z D R i%%ﬁﬂ’i%kzﬁﬁﬁ‘?‘ 7'a kBT TONALFRIMEE O L L &
FHENO R EINZ. % T imidazolium J& FEOHE D n-n B DIFEND, Tt
TOZALIBICEER IZH Z 5 2 AR S, FERRER & R ICT tEORIERETH 5
ZEERLTWD. UL EORERNS, SRIEZ B L 72 ethynyl % n A —H—
& L7431 C, benzimidazolium % /1" L 72 [E AR M AR R 2 HBL T X /2.

O
Sz =
H:_\ N~ H-NGN-

C6H1305H13— C6H13C6H13

% o5

e Q ? ..
ot @{%. o()
> , 3 5
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2-7 EBRIE

— ) IA

'H NMR (300 MHz)} O} °C NMR (75 MHz) 227 /L3 H A 748 INM-AL300 %Y
AR I EEEIZ LV, "H NMR (500 MHz) 222 kLR INM-ECP500 FUEZIEA
HISIEFEIC L 2N ERBIE L., o Esnoth A2 MV ARE T+
JMS-700 MStation = 1ERE “HIRE EOPEHI L O HIE L7z, HPLC K OVD ¥ 7 v
SYEUCHPLC X H N NA 7 7 7 v ¥ — X4E8 LaChrom Elite v A7 A, H AT T.3¥E4E
I LC-9110NEXT % TN ZENHWTIT - 72, BifEdh X SRS 13 U 4 7 A
H B X B S AT IS B R-AXIS RAPID/S (2 X 0 lE L7z, 254k « AIHERIN 2 =27 L
KOV, #Ot, #CEE A7 ST B AR V-670 $85% - AT L EERIE ONT
[F#E FP-6500 /0 L ERHC L 0 T ENBIE LTz, 8t EME D, Hkta &1
IR TR BT A8 FluoroCube 3000U 267 IE & A 7 A, JfAR b =27 A4k
€9920-02 fixt PL S\ ICREREIC L Y ZRENHE Lz, EXEFHET 7 v —7 R
v 7 AT L3 FRPHAT C Metrohm Autolab fE8u-AUTOLABII AR 7 > 2 = /77 /L
JAK Yy MTXY, EREM, MMICASEmE, SREMIZIEKIELRS B EMm
(Ag/AgHZZENENHWTHIE Lz, X, XFFEME & LT 0.1 M tetrabuthylammonium
hexafluorophosphate (TBAPF¢) % V>, 100 mV/s O £ THIE Z1T - 7=,
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CGH13\© . CeH1s S
Br W
1

2-(4-hexylphenyl)thiophene (1) ©°%: 1-bromo-4-hexylbenzene (3.0 g 12 mmol),
2-(tributylstannyl)thiophene (4.8 g, 13 mmol) % Uik DMF (72 mL) & ZEF#E /N7 ) 7T
X0 30 yMIfA L7=%, Pd(PPhs)s (0.76 g, 0.66 mmol)% il 2 90°C CTHAMEE#: L
7o, IGREMIZKEMZTYZ =F L, n-hexane THIR L7-%, AHEIZ MgSO,
%N Z Wik #2080 U 7=, JEIRIZ potassium fluoride 2 /N % 5 BEEARER L7-1%, HETER
LT b IVTZ I8k 2 MR8 % L, silica gel column chromatography (n-hexane)lZ J V) F5 5
L, BEHROMEW 1 2457, RAMEEWIE A BERE T RO ISV, Ry
= 0.4 (n-hexane); '"H NMR (300 MHz, CD,Cl,, TMS): & = 7.52-7.49 (m, 2H), 7.30-7.15 (m,
4H), 7.05-7.02 (m, 1H), 2.59 (t, 2H), 1.60 (m, 2H), 1.30 (m, 6H), 0.88 (m, 3H).

CeH13 CSH13\©\&Q’§<
- B.
T, 580
1 2

2-(5-(4-hexylphenyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2): T /i
BOzE L=y 07 7 2 2ibE W 1 (2.5 g, 10 mmol) & UMKk THF (60 mL)Z 01 %,
EHRFHRAFIC LI2%-78 °C IZHmA L7z, &R n-BuLi (6.6 mL, 1.6 M in n-hexane,
11 mmol)Z{i F L, 1 KEfi]#&#: L7=. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(2.5mL, 12 mmol) & N %, #r 4 IZHIR LSRR CTHIZ 7 R L. 0% K&,
chloroform IZ XV 73E L, 1% 67 AiE 2 fafn K Ty, MgSO, THL/KZ g
LT 2REEE L. 5o M4 alumina column chromatography
(chloroform)i= & W R8I L, EEAFEEIROILAY 2 24372(1.1 g 29 %). 'H NMR (300
MHz, CD,Cl, TMS): 8=7.57-7.53 (m, 3H), 7.35 (d, 1H), 7.21-7.19(m, 2H), 2.61 (t, 2H),
1.58 (m, 2H), 1.33 (m, 18H), 0.88(m, 3H).

CeH
CeH13\C 6 13\©\
Br X

3

T™S

((4-hexylphenyl)ethynyl)trimethylsilane (3): 1-bromo-4-hexylbenzene (3.3 g, 14 mmol),

Cul (0.14 g, 0.71 mmol), PPh; (0.38 g, 1.5 mmol), triethylamine (60 mL)} OMii7K THF (20

mL)&ZZEF N7V 72X Y 30 & L7, Pd(PPh;),Cl, (0.48 g, 0.68 mmol) & O
28



trimethylsilylacetylene (3.8 g, 38 mmol)Z Il % 70°C THREAMBGEEE L7, ROSEEHRIZK
ZMZ., ethyl acetate T/ L7, AHEEIZ MgSO, 20 2 Wi K% g L7z, I8k %
J =R % L7, alumina column chromatography (n-hexane)lZ & W AF#L L, s MR D
bW 3 2157, KMEEWIZZ UL ERRET RO KIGZ AV =, Re= 0.5 (n-hexane);
'H NMR (300 MHz, CD,Cl,, TMS): = 7.41-7.35 (m, 2H), 7.15-7.06 (m, 2H), 2.57 (t, 2H),
1.59 (m, 2H), 1.31 (m, 6H), 0.88 (m, 3H), 0.26-0.22 (m, 9H).

CeH13\© CeH13\©\/
-
Br Z

4

1-hexyl-4-vinylbenzene (4): 1-bromo-4-hexylbenzene (1.3 g, 5.3 mmol), tributylvinyltin (1.7
g, 5.5 mmol) X Uik DMF (60 mL)ZZEF#H A7 U 71280 30 i L7z,
Pd(PPh;)4 (0.32 g, 0.27 mmol) % /1 2. 90°C T 3.5 B INEMEHE L=, ISIREMITKE
Mz TrZx=2F L, n-hexane THiR L7c1%, AHEEIZ MgSO4 & i 2 /K74 i8H L 7-.
IR T potassium fluoride Z % 5 WEfHjEHE L7212, AL L T D AU 7oK % 8+
XL, silica gel column chromatography (n-hexane)lZ & W RS L, AR DO/LEY) 4
%15372(0.56 g, 56 %). R;y= 0.5 (n-hexane); "H NMR (300 MHz, CD,Cl,, TMS): & = 7.33—
7.31 (m, 2H), 7.15-7.13 (m, 2H), 6.68 (t, 1H), 5.70 (d, 1H), 5.18 (d, 1H), 2.59 (t, 2H), 1.54
(m, 2H), 1.30 (m, 6H), 0.88 (m, 3H).

NSN HN_ NH,
e/
Br Br Br Br

3,6-dibromobenzene-1,2-diamine (5) ' ' ¥ @B LMY O 7 T X 3 (C
4,7-dibromobenzo[c][1,2,5]thiadiazole (3.0 g, 10 mmol)}z OMii/K ethanol (100mL)% il %,
EHRFPHL T 0°C THAFR L7=. SUSRIZ NaBH, (3.4 g, 90 mmol) Z £2 01255 1 T B
SIMMAT=AR, BRAICEIRICRE LT 13 Bk L7z, TLC I X 0 B OTEA Z /Rl L
TSR 2R £ L=, FRIEIT/K & ethyl acetate Z N2 70 L, AHEEIZ MgSO, &
IMABAK L7z, I8 L TR LN IRIKR A BIER E L, BGEEROIEY S 2157225 g,
93 %). R¢= 0.5 (ethyl acetate/n-hexane=1:3); 'H NMR (300 MHz, CD,Cl,, TMS): & = 6.83 (s,
2H), 3.89 (br, 4H).
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4,7-dibromo-2-(5-phenylthiophen-2-yl)-1H-benzo[d]imidazole (6): {L&%) 5 (2.5 g, 9.2
mmol), 5-phenylthiophene-2-carbaldehyde (2.0 g, 11 mmol), p-toluenesulfonic acid
monohydrate (0.17 g, 0.99 mmol) &% Uik ethanol (50 mL)2> 5 72 5 ISR AW & 223675
AT T 24 BFREINBGERR L7z, BOSREEIRETMAILE, K2k sz FL
ethyl acetate T/ k& AHENE IZ MgSO, Z N Z Wik L, JEiE U CTHE O =ik 2 =
£ U7 15 BV 5 % diethyl ether THel L, B ROIEW 6 2 157-(1.8 g, 46 %).
Ry = 0.5 (ethyl acetate/n-hexane=1:3); "H NMR (300 MHz, [Ds]DMSO, TMS): & = 13.48 (br,
1H), 8.15 (d, J = 4.2 Hz, 1H), 7.79-7.76 (m, 2H), 7.65 (d, J = 3.9 Hz, 1H), 7.46 (t, 1H), 7.39—

7.32(m, 4H).
) 'y
R
Br@Br

N”"NH
Br Br

6 7
4,7-dibromo-1-methyl-2-(5-phenylthiophen-2-yl)-1H-benzo[d]imidazole (7): T DL
720Uy 07 Z A22i2{bE89% 6 (1.8 g, 4.0 mmol), K,CO3 (1.7 g, 12 mmol) & UMK ethanol
GBOmL)Z Mz, #EHT D F TMEGEH L7, IEL, methyliodide (0.50 mL, 8.0 mmol)
o< O FL 1 EEFNBGER Lz, RIRE CHALEBRELZBIEEEL, 55
T2 FEHE 27K, n-hexane, diethyl ether THEV K LEH L, UL S & THRERRD
L& T %#1572(1.6 g, 89 %). Ry = 0.8 (chloroform); '"H NMR (300 MHz, [Ds]DMSO,
TMS): 8 = 7.83 (m, 3H), 7.74 (m, 1H), 7.49 (m, 2H), 7.42 (m, 3H), 4.29 (s, 3H); °C NMR
(75 MHz, [Ds]DMSO, TMS): &= 149.8, 147.2, 142.6, 133.6, 132.8, 131.4, 129.9, 129.4,
128.7, 128.4, 1264, 1258, 124.9, 111.8, 102.3, 34.72; HRMS (ESI): m/z caled for
C1gH 3B N,S™ [M+H]": 446.9166; found: 446.9166.
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S~
HoN - NH,

Br Br
5

- N”"NH

Br Br
8

4,7-dibromo-2-(thiophen-2-yl)-1H-benzo|[d]imidazole (8): /&%) 5 (0.46 g, 1.7 mmol),
thiophene-2-carbaldehyde (0.41 g, 3.7 mmol), p-toluenesulfonic acid monohydrate (0.058 g,
0.34 mmol) %2 U7X ethanol (10 mL)2> & 72 2 S RE ) % 22 32 55 PHS T C 24 IRFE] £
L L72. OGS RZ =R E CTHAILTZ%, KIZE Y 7 =2 F L ethyl acetate THriR1%,
ARESEIC MgSO4 ZMA /KL, il L TR LB 2= E Lz, Gohesk
% n-hexane, chloroform TUEVH L, H8EMRDILEY 8 21572(0.40 g, 65 %). Ry=0.4
(ethyl acetate/n-hexane=1:3); '"H NMR (300 MHz, [Ds]DMSO, TMS): & = 13.45 (br, 1H),
8.16 (d, 1H), 7.82 (d, 1H), 7.36 (s, 2H), 7.27 (t, 1H).

N”"NH - = N” "N~
Br@Br Br*@*Br
8 9

4,7-dibromo-1-methyl-2-(thiophen-2-yl)-1H-benzo|d]imidazole (9): T i f& L 7= U >
077 A 2bE% 8 (0.087 g, 0.24 mmol), K,COs3(0.11 g, 0.77 mmol) K ONi/K ethanol
QO mL)Z Nz, &7 5 F THEMESE L7z, E%, methyliodide (0.04 mL, 0.64 mmol)
Zupo< VI FL3RFHMEGERIE L7-. RIGREZERETHAILLE, Kk s
> F L ethyl acetate T/pifitk, AMEMEIZ MgSO, &M Wik L, I8l L TR LNTZIEK
ZWEREE L. SBon-HARY % GPC (chloroform)iZ X 0 FEHRI L, WIS
(chloroform, n-hexane)Z 17V, HEABEERDILEY 9 £1572(0.039 g, 42 %). Ry = 0.2
(chloroform); '"H NMR (300 MHz, [Ds]DMSO, TMS): & = 7.93 (d, 1H), 7.80 (d, 1H), 7.41 (s,
2H), 7.32 (t, 1H), 4.25 (s, 3H); °C NMR (75 MHz, [D¢]DMSO, TMS): & = 150.1, 142.5,
133.5, 130.8, 130.7, 130.3, 128.5, 128.3, 126.3, 111.8, 102.3, 34.6; HRMS (ESI): m/z calcd
for C1,HoBr,N,S™ [M+H]": 370.8853; found: 370.8854.
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7 CeHi3 CeH13
TBIm TBIm+H*

4,7-bis(5-(4-hexylphenyl)thiophen-2-yl)-1-methyl-2-(5-phenylthiophen-2-yl)-1H-benzo|[d]
imidazole (TBIm): 1A% 7 (0.29 g, 0.64 mmol), {54 2 (1.0 g, 2.7 mmol), 2 M Na,CO;
KEEHE(30 mL) X OYiK THE (40 mL)Z %R AT Y 712X 30 i L7z,
Pd(PPh;), (0.080 g, 0.069 mmol) % /il 2. 90°C CTHANMBRFE U 7=, KNAEIRIC/KZ I Z,
ethyl acetate T3k L 721, AHEEIZ MgSO, Z N 2 Wi /K &g U7z, I8 2t &
L 72%%, alumina column chromatography (ethyl acetate/n-hexane=1:5){Z X D }FEH L, 55
M= HIZE R % GPC (chloroform), JIEFH HPLC (chloroform/n-hexane)iZ & > CHiffE L 7=
(TBIm, 0.22 g, 44 %, #EAHAR). '"H NMR (500 MHz, CD,Cl,, TMS): & = 8.22 (d, 1H),
7.75-7.74 (m, 2H), 7.66—7.64 (m, 2H), 7.63 (m, 1H), 7.61-7.59 (m, 2H), 7.58 (m, 1H), 7.47
(m, 2H), 7.45 (m, 2H), 7.41 (d, 1H), 7.34 (m, 1H), 7.32-7.31 (m, 1H), 7.26-7.24(m, 4H), 7.14
(m, 1H), 3.82 (s, 3H), 2.64-2.63 (m, 4H), 1.64 (m, 4H), 1.33 (m, 12H), 0.90 (m, 6H); "°C
NMR (75 MHz, CD,Cl,, TMS): 6 = 149.7, 147.9, 145.5, 144.8, 143.4, 143.1, 140.5, 139.7,
138.3, 135.8, 134.0, 132.3, 132.2, 131.8, 129.8, 129.5, 129.4, 128.7, 128.5, 128.4, 127.1,
126.3, 125.9, 125.6, 124.3, 124.3, 123.8, 123.7, 122.9, 119.3, 118.0, 36.0, 36.0, 35.3, 35.3,
32.2, 31.9, 29.4, 23.1, 14.3; HRMS (ESI): m/z caled for CsoHsN,S;™ [M+H]": 775.3214;
found: 775.3213.

TBIm+H': '"H NMR (300 MHz, CD,Cl,, TMS): & = 7.98 (d, 1H, J = 4.2 Hz), 7.72-7.52 (m,
10H), 7.48-7.45 (m, 3H), 7.41 (d, 1H, J = 3.9 Hz), 7.37 (d, 1H, J = 3.6 Hz), 7.29-7.22 (m,
4H), 7.19 (d, 1H, J = 3.6 Hz), 3.92 (s, 3H), 2.68-2.60 (m, 4H), 1.67-1.58 (m, 4H), 1.38-1.27
(m, 12H), 0.92—-0.86(m, 6H).
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Figure 2-14. 'H NMR (left), and *C NMR (right) spectra of TBIm.
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Figure 2-15. (left) H-H COSY spectrum of TBIm. (right) 'H NMR spectrum of TBIm+H".
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S~ S_% TFA S_%
z - 2 H-

NN~ NN~ NN
BI"@’BI’ CGH13CGH13 C6H13CGH13

7
EBIm EBIm+H*

4,7-bis((4-hexylphenyl)ethynyl)-1-methyl-2-(5-phenylthiophen-2-yl)-1H-benzo|d]imidazole
(EBIm): {547 (0.45 g, 1.0 mmol), Cul (0.012 g, 0.063 mmol), PPh; (0.031 g, 0.12
mmol), triethylamine (9 mL)&% O\Wi/K THF (3 mL)&Z ZE5/37 Y 72 LY 30 sl A
L7, Pd(PPh3),Cl, (0.059 g, 0.084 mmol), {t5%) 3 (0.67g, 2.6 mmol), TBAF (in THF
1.0 M, 2 mL)Z Iz 70°C CHRANMEEEE LT-. KIGEAEHRIZ/KZ I Z, dichloromethane
THHE L, 150N AE Z 8K THEVY, MgSOs THi/K#TEE L T 4 8Tt
¥ 2% L7z, R\ C alumina column chromatography (ethyl acetate/n-hexane=1:5)1Z J ¥ #5Hd
L, B oii-fERY % GPC (chloroform), JIEFH HPLC (chloroform/n-hexane)iZ 2 > C
Hift L 7= (EBIm, 0.41 g, 61 %, A8 K). 'H NMR (500 MHz, CD,Cl,, TMS): & = 7.74—
7.73 (m, 2H), 7.63 (d, 1H), 7.58-7.56 (m, 2H), 7.51-7.50 (m, 2H), 7.47-7.46 (m, 1H), 7.45—
7.43 (m, 2H), 7.42 (s, 2H), 7.38-7.35 (m, 1H), 7.25-7.23 (m, 4H), 4.48 (s, 3H), 2.67-2.64 (m,
4H), 1.64 (m, 4H), 1.33 (m, 12H), 0.90 (m, 6H); °C NMR (75MHz, CD,Cl,, TMS): & = 149.6,
148.1, 144.8, 144.4, 144.3, 135.8, 133.9, 132.0, 131.6, 131.5, 130.0, 129.5, 129.1, 129.0,
128.8, 128.1, 126.6, 126.4, 124.3, 120.7, 120.3, 115.1, 107.4, 96.0, 95.7, 86.5, 85.6, 36.3, 34.0,
32.1, 31.7, 31.7, 29.4, 29.4, 23.0, 14.3; HRMS (ESI): m/z calcd for C4HyN,S™ [M+H]'™:
659.3460; found 659.3459.

EBIm+H": '"H NMR (300 MHz, CD,Cl,, TMS): & = 7.97 (d, 1H, J = 4.2 Hz), 7.78-7.71 (m,
4H), 7.61 (d, 1H, J = 4.2 Hz), 7.55-7.49 (m, 7H), 7.29 (d, 2H, J = 8.4 Hz), 7.23 (d, 2H, J =
8.1 Hz), 4.65 (s, 3H), 2.71-2.60 (m, 4H), 1.68-1.57 (m, 4H), 1.39-1.25 (m, 12H), 0.92—
0.85(m, 6H).
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Figure 2-16. 'H NMR (left), and *C NMR (right) spectra of EBIm.
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Figure 2-17. (left) H-H COSY spectrum of EBIm. (right) 'H NMR spectrum of EBIm+H".
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S 7 TFA ° 7
—_— N 2 — —_— H\N 2 —

N"'N~

Br@Br CoHis CeH13 CeH1306H I

7
VBIm VBIm+H*

4,7-bis(4-hexylstyryl)-1-methyl-2-(5-phenylthiophen-2-yl)-1H-benzo[d]imidazole (VBIm):
L&Y 7 (0.56 g, 1.2 mmol), {LEH 4 (0.53 g, 2.8 mmol), triethylamine (0.5 mL) & DMK
DMF (10 mL)ZZ&EH /N7 U 712 80 30 srfilis L 72 1%, PA(OAc), (0.11 g, 0.49 mmol),
P(o-Tol); (0.20 g, 0.66 mmol)% Il 2. 120°C CTHANMEEEE L=, RISEIRIZ/KZ N Z,

chloroform TH3K L, 156N GHEE Z &K THYy, MgSO, TH/KETEE L T
Tl 2 =89 % L 7=. ¥R\ C alumina column chromatography (ethyl acetate/n-hexane=1:5)
WL KR L, 15 5 AR % GPC (chloroform), JIEAH HPLC (chloroform/n-hexane)
(2 & o> CHEEL72(VBIm, 0.13 g, 16 %, #FH{HK). "HNMR (500 MHz, CD,Cl,, TMS): &
=7.88-7.84 (d, 1H), 7.77-7.75 (m, 1H), 7.74-7.73 (m, 2H), 7.71-7.68 (m, 1H), 7.59—7.57 (d,
2H), 7.55-7.54 (m, 1H), 7.50-7.49 (d, 2H), 7.47 (m, 2H), 7.46 (s, 2H), 7.44 (m, 1H), 7.38—
7.35 (m, 1H), 7.24-7.21 (m, 4H), 7.10-7.07(d, 1H), 4.24 (s, 3H), 2.65-2.62 (m, 4H), 1.63 (m,
4H), 1.33 (m, 12H), 0.90 (m, 6H); >C NMR (75 MHz, CD,Cl,, TMS): & = 149.0, 147.6,
143.5, 143.1, 142.0, 135.9, 135.2, 135.1, 134.0, 132.2, 131.5, 131.1, 129.7, 129.5, 129.2,
129.1, 128.6, 128.3, 127.0, 126.8, 126.3, 124.2, 124.2, 123.3, 123.1, 122.1, 120.7, 36.1, 36.1,
35.7,32.2,31.9, 30.1, 29.5, 29.4, 23.1, 14.3; HRMS (ESI): m/z calcd for C4sHsN,S™ [M+H]":
663.3773 ; found: 663.3773.

VBIm+H": '"H NMR (300 MHz, CD,Cl,, TMS): & = 7.87-7.78 (m, 2H), 7.74-7.64 (m, 3H),
7.58-7.38 (m, 10H), 7.29-7.12 (m, 6H), 4.29 (s, 3H), 2.69-2.54 (m, 4H), 1.68—1.54 (m, 4H),
1.39-1.25 (m, 12H), 0.93-0.84 (m, 6H).
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Figure 2-18. 'H NMR (left), and *C NMR (right) spectra of VBIm.
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Figure 2-19. (left) H-H COSY spectrum of VBIm. (right) 'H NMR spectrum of VBIm+H".
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FI3E ERXKEHLRF D FOBRIEMEHBEFEILDIRE

3-1 Fim

Imidazole &% FH{I2 % Lo A KIL imidazole FEIZ R L7 S HORHEA BT 5 2
ERFLNTEY, EAROMRE ST L CHRARERL LY 155, B04L3500 7
FFEDFEA B O T ERIC B imidazole FSFA WV B TR Y 4270 g o]
L@ A A A7 = NS D binding 1 X W B O E S 72 B3 (Figure 3-1). 2
DI A2 LI binding 12 K 5 n AR R OZEAL0BEAE MO8 v & 2, # L < 13 imidazole
ROBFZRMEOEITER LTS, 2 b0EIEE L OHARIFHITH Y,
o= AL v TFE U THREEL TV 5. IR TRAERIZIE imidazole %
ITEE A 22 AN o 2 PRIRATRE T ¥, BT benzimidazole 517K AIE N HEEL )7
T o A% 208 T & D RUCHIBREEV Y. ZUBGL A TlX benzimidazole LD HHE 4
BRI U 7= AR M OB ) L = (Figure 3-2) 90> n %5 73 E STV 5

Br L-Shaped
NH; Benzimidazole
/S 2 steps . Half-Crucitorms
—4 - -
J NH,

Hoy Js "o Responsive to
: N N o dh N7SEN L
el AR el i [, ertsiomms
1 i 7 - AN
o Ny = Q 7 @S N
% o L Lions H E
7 0o Q Do a2 N
- T 95— T 5 =
. HN— N—NH = CI" Ae¢O NO, PO, CIO, 8 other examples
=

Figure 3-1. Multichannel ditopic receptor for Figure 3-2. L-shaped benzimidazole

selective sensing of hydrogen sulfate and fluorophores. [°°!

: 62
mercury ions. %%

AEIZIE <72 X 912, imidazole 2% & ¢e n A& 11X FMO 37w ki AkIiZ L 0 &1k
L, B EARIITERIZBEL Mo E 72D, 2Ok 1 FARICHES &
APEom R, Libi%th%fmmﬁh B A RAE L, ICT 386 & 72 - THIHI
S Tur5 (Figure 3-3). 16768

i 1
NJJ\N'Et N NE

t
/‘)I\)\..\ I
“C IO
MeO 2 OMe  Me,N 3¢ NMe,

Figure 3-3. Highly chromic, proton-responsive phenyl pyrimidones.

[67a]
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Imidazole J& & & 5% &K % 4y 12 & T chromophore (28T, FhECIREE TD 5+ D
1A UL % - 72 ICT (Twisted Intra-molecular Charge Transfer, TICT)F Y623 # & S 41T
%. BTV Z Ofk7e chromophore TIEFE 15 A8 & IRBERE O /K FEifE A A TICT IRHEE%

fEL T\ 5 & OHEL H 5 (Figure 3-4). P

Dihedral (N1-C1-C2-C3)=56.75°
2131-1 A J

6 Dibedral (N1-C1-C2-C3)=0.609°
. . :us-:.'. 9

PR
b ofed w,é% 259,075
0? ﬁ ?

(C7 dye) (C30 dye)

Figure 3-4. Role of twisted intra-molecular charge transfer state in high polarity protic
[58]

solvents.
A Tl benzimidaole Z H.IvEH & L CTEM L, IEEM OB AIZ X 2 ILIEHEE 25
LU 72 B AR A AR % & 2% L 7= (Figure 3-5). Z @ EBIm (%, benzimidazole ® 2 i7.{Z
phenylthiophene Z3#fE L, H-24, 7l 1 AX—HP—%2 57 n ERNBER SN T
W5, EBIm [FEERINC LD LD TR o R NILRESNLTWD Z &ITnZ,
FEA Stokes shift D/NSWEFARENNL T o — R=0 7 LIERAFRBICEL L TE
D, FATARZE DEE A DI ICT REEDEEA RSN D, AT, B FEIRIC
B S AT T ), HEE T 1A COBLE DO JHTES ICT JRTE @ffa‘:ﬂﬁrbﬂ\é

U\J:JZ v, EBIm+H'IX 2 (71258 L 7= phenylthiophene MY AR A Z X3, H-
7 FHNTO NH-S KEZEFREEIZE Y, B FUEEIRD thiophen & E AL D imidzolium
L DORIOBEHEPFEEIREE CIZRE SN TWA Z ENTPHEIND N, B kEE Tl
HRNVE L, TICTIREEL 72> TWVDDOTIF ARV EEZ BN S.

/\s P S

N N~ —— H\N@N/

st~ == ca

Figure 3-5. Structure of T-shaped n-conjugated molecule EBIm and its acid-responsivity.
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ARFETIX EBIm Z it )50, BT A2 5 L 72 - FE D benzimidazole #5K 2 5K L,

Z DONALFHIVEE & e 5 2 & CTHEAA M ¢ 8% 53 DR BB IZ DWW TR
D 81 BEISRAR T2 X 91T, RZEM o %0 TIREAE & 13872 Db E 2
L, HCFMO ~DORENHEICHNS. PP OB mofnhg) BERLERIERT
BBy T L1372 o o MEE ORBN A TE D, Figure 3-6 I[CAFIEICH W0 1%
AT ALE Y 1a OV b 1IHET 8 D n =IOV TEZR2 D | 1b (35 7 5-/K D thiophene
BN AR 72, X, ABAY 2 13 EBIm DK S B DRI HfRE SN ETH Y, =
L 5DONF b EFUEGENL A2 F 2220, 2D 04+ & EBIm O e b2 % ik
L, LR RO R & O CEARR I R O ICT FOLIT DWW TR T
5.

CGH13 C6H13

S/ s_% ?
N NT NN~ NN N"N~

N
catt-r=)-=—)catn Gatea =)=t

EBIm 1a 1b 2

Figure 3-6. Molecular structures of T-shaped and linear benzimidazole derivatives.

Imidazole J& % 7 €045 O B 8% R 77 7 1% Scheme 3-1 IZE S A L.
5-(4-hexylphenyl)thiophene-2-carbaldehyde (9)I35 2 FIZ R L7 L& 10 LV &Rk L,
KU T 1,2-phenylenediamine & @ imidazole BRI L2 A F /AL L, {LEW 1a &
i U7=. L& 1b 13RIBRA T & 5 2-bromo-1-methyl-1H-benzo[d]imidazole (6) "' v,
Sonogashira-Hagihara cross coupling (Z K ¥ &k L7z, AKFET7m DA% 7 2 H 9 51k
A% 2 13 4,7-dibromo-1-methyl-1H-benzo[d]imidazole (3) M6l 85 Sonogashira-Hagihara
cross coupling IZ L W AR L7, A L2 b D4 F1, 'H “C NMR K OE S it ke
BB AR MV, e, Hish X SEERITic L0 RE L.
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CeHi3

CeHi3 a CeHis 5 RGE S c by
Br > ) CHO ~
9

\ /
N 'NH
10
CGH13 CGH13 8
d = TFA =

NN~ H\lt]/ N~

1a 1a+H*
CeH13 CeH13

iH Er Er
N” NH e NNH _f NN- 0 I TFA

X

1b 1b+H*
NSN h HoN  NH, i N”"NH i NN~
BrOBr Br Br Br@Br BrOBr
5 4 3
Ay Hfo
k NN TFA NN
3 ot )= )—=—)cohs
2 2+H*

Scheme 3-1. Synthesis of linear imidazole conjugated molecules. Reagents: a)
2-(tributylstannyl)-thiophene, DMF, [Pd(PPh;)4]; b) n-BuLi, DMF; c) 1,2-phenylenediamine,
p-TsOH; d) K,COs, methyliodide; e) 48% HBr, Br,, AcOH; f) K,CO;, methyliodide; g)
1-ethynyl-4-hexylbenzene, Cul, triethylamine, PPhs;, [PdCl,(PPhs),]; h) NaBHy; 1) triethyl
orthoformate, sulfamic acid; j) K,COs;, methyliodide; k) 1-ethynyl-4-hexylbenzene, Cul,
triethylamine, PPh;, [PdCl,(PPhs),].
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3-2 IREREBEART FVEE

EBIm+H"® TICT % FHEEBRAIZIRE T 5 %4, KRS FToO®EEART MJIE
ATHo7=. 2 EIZIR7= L 912, EBIm IZEEHINIC L - T3 L < Stokes shift 238K
L, #AEETIROKTREHN I N, Z OFRITEESINTE DI phenylthiophene
& imidazolium {2 X 5 EATBENMREDTEAUTER L2 ICT ¥ THDH Z L 2RL T
W5 I, ICT eI ikiE TCoR U a4 S TICT BEET VDA S 5.
Figure 3-7 |2 TICT €7 /W X 23R ZRT. 20382 WL L T LE REEICHEE
B CRIERIBICET D, Z OB T OMELE ITEERE, FERECH—-THD
(Franck—Condon principle). & Z T, JilEREEBIZIB W TE/ YR BB ENRARIZH 5 LE
RHEE(AS D22 5,72 UV CERANEE L 7= TICT HREE(A™ DY ~DBATRWIEES &
LTELDEEZOND. ZORRERIZRA UL EM oSS & 5%, TICT
IKAEIZL dipole moment 78 LE (2K E <, X, A UNTIZIREED & DEBR(TICT JO6)
I ZHEEIRRE & OREIEZE N K Z W % Stokes shift AR ERFFVVENE L THND E = ).

) B;?‘
H. H

+ +
N™ N~ NTNT

o= p=Orcatn et (=)= car

LE state planar H—B

partial charge transfer )
TICT state twisted
LE fill charge transfer

Figure 3-7. Schematic energy diagram of EBIm+H".

42



TICT eI PG D LERIEN S R UNMA~OBITE LD 4, B L X —
B\ X DPEBENTAET D, FER, IEBEORMECRE 72 812 X > TEAR AT 72 ICT R
RO NARE L 720 LHERITE 5. AEl, 0 OEZ 26 L TICT Fot % Jw
B9 % FiEE LT, 2-methyltetrahydrofuran (2-MeTHF) % 4 7 AiEEE & L CTHY, KR
IRAETHOEAY R L& HIE L 7= (Figure 3-8). EBIm+H" | dichloromethane #, 517 nm
EE—7 L LT a— KR Er Lz, X, BRIRIETO EBIm 1% 449 nm % £ — 7
ETOHRED B HHEL AR LI 2 ). 2 20, IRIR TOE LAY F L 77K
225 180K T/ Ty RU7 L, 160 K LIFETIE S17nm I B — 7~ » 78T,
DX D RRIEIRREIC I B AT hLy T MR EURE 7 TICT D A7 kLT
BH(Z DRI AT MVOIRBIZET 25EMIZZEE 11 BNFELW). —JF, 77 K T
DAY NVITBEESINETOERIEL L TV, 46 nm (¥ —7 by T &R LTz, 2
FUTERTSINRTOE A L IFIE - L TV 5. ZOMKEIREETO 7 /L—2 7 MI LE ke
225 TICT IREE~FEITT 5D % @ activation energy, Fa DIFFEZRIE I LT 5. X, TICT
XA IRAE COMEEZ L OIHI 72T Tl <, FPED @ WIS Il Rz ti
MNP S D, EEE, IRIRTOEN AT MV X 2-MeTHF Ol A+ (m.p. = 137
K)7» B 23 TICT ZE ML, ARV LE B LT s, DL EDORER
L ORNOA Y DX TICT 3 LR L=, D Ea 13 150 K THEHERREE & E T 1
X, $912kImol™ & RS 5 2 L3k D . REILIE CIIER D L olfic kv =
DHALFHIEE DWW CHgim T 5.

1.0
0.8

0.6 1

0.4

Int. (a.u.)

0.2

0.0 4= T T T - T |

400 450 500 550 600 650 700
Wavelength (nm)

Figure 3-8. Fluorescence spectral change of EBIm+H" in 2-MeTHF/TFA (3.0 mL/0.5 mL, 1.0
x 10" M) at low temperature.
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3-3 X B AT R OB LFE R

e, HRE A X IS & B L FEHRIZ LD EBIm & 1a OS2 e, G
L 7=. Figure 3-9 (Z#E %z "3 . DFT &PV X % &% & o g,
Coulomb-Attenuating Method B3LYP (CAMB3LYP LX) 2 XL v, 6-31G(d)% &R
Bl UTEHM LT Gaussian 09 " CRHESA: TR LT-.

X AR E RN OFE R, hEREE T LD & PRI LD phenylthiophene &
imidazole M — 1% 1a, EBIm T 6.87 k(X 6.17° & 720, LI FHEMED BV IRAEN
FEREE LBl sz, —F, EHEFEHEOMEIT 223 L1209 LR S,
T LY LR LNEOHEENRLZE THD O REEZET-. ZoRITE T LFEHEAE
TR COMEIER, BlH S-N o+ AERY O %H G5 08FEE TE TRV
REMEZ 5 AT 4. Imidazole 250 N Jii-1- & thiophene BR D S JR 7D IZFEL S 5 55
W AEAERLE, S+ & N RS van der Waals 2D F1TH 5 0.335 nm L 0 & ITH:
L7 AWCERT 2 LMt 5. 22T, o MERET 1a, EBIm TZi
21 0.301,0.296 nm & 720, FHERE RS 513 0.304,0303 nm ERH SN Ll EORE
F)>5 1a, EBIm X% 31240 phenylthiophene & imidazole [ C S-NfHEAEH N FH 5 L,
R S RATAT G VN O b A GV R oY AW

PR P
(a) [ *, (b) ¢
A o
] "
5@5 ) ]
SE’ J L < ( o
o  6.87 ¥ 617
k '-L/'-/__o
Ng o * N& 9
e © PR Y —_ [
¢ o ¢ o oo ./‘ e-eo (.
e o | g
v 3 ,
(o o d
© 2%, @ ‘3
‘J 9 .‘ 2
o >=d S 9
2.5%02225° 2 ‘Jafo.ss"
.. .34 F) o -b ‘dJ 3 &
> PR 9 >
9 P ' d 29 P00 H,
> > > >
* ) -] ¥ 1 ] 4 9 . ] Y

Figure 3-9. X-ray crystal structures of (a) 1a, (b) EBIm. Hexyl group and hydrogen atom are
omitted for clarity. ! Optimized geometries of (c) 1a, (d) EBIm based on DFT calculations

at CAMB3LYP/6-31G(d) level.
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7’1 h AL OEEIZOW TR HEFERIC XL o THRET L2/ R % Figure 3-10 12
~9. 7' bk {bid phenylthiophene & imidazole [ D g@ﬁ DORLCNZHEMEE T
DM, FITH 30 FREEITUNE > TW D, FElZilk 7z & 5 IZFHERE SRR 1 [ BAE
D% G- %o/ N L, FEERIT IS @Lhﬂméwﬂ%ﬁﬂﬁé.%2$4mk%%
T Table 2-3 (2R L7 X 912, EBIm X7 1 b LRI TEAPOLBE T & A AL
B (e= 63600 7>5 62900), WIAFILL Y R 7 b (honset = 411.0 nm 7> 5 426.5 nm) %
ARLTWD., ZOFERIE EBIm+H OFHEMEEZ R LTS LD Z ERHEKD. 2
DOFR72 M OHERFIT 0 TN TO NH-S KFEREDOFENE 2 bivd. Z 2T, latH”
K OVEBIm+H 12815 HIF7- & S R M OEREY, %4 0.291, 0293 nm & &
Sz, ZAUTHIRTF & SR van der Waals 28D F1(0.305 nm) L ¥ &/ <,
I NKEREAIZ I Y thiophene Bf & benzimidazole 4 & @Fﬁ@lﬁliﬁﬁkﬁﬂ%éﬂ“(b\
AR D D, LLED X DI, FHIRETIE SNAAEERICEY, e bbby
FHKRFREIZED %ﬂ%mﬁl;ﬁm:lﬂﬂiéﬂfwé &?E;E’C‘”a“ L. M, feemfbiZER L
THFIESE AR LIV ZERMREELZ &V 5N &b, [T TORETk
FRMAORER B ttiﬂ“é ERHSR W EEAFELTERL.

-]
@ b (b)f
> @2
>a J
L 23 30.50°
’JC‘;‘/M 29.56° e
J'. 'i-: 4 4 J. .« 4 )
- -9 > -2
°d P ' P09 909 ,,
> R 9 -9
9 9 é ] ] 9 J 2

Figure 3-10. DFT (CAMB3LYP/6-31G(d))-based optimized geometries of (a)la+H" and (b)
EBIm+H".
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LAY 1b LN 2 122V T, Bk X ST I N B LR RIC L > TED
BiE A et Uiz, FEE, 1b © ethynyl FEOEERIZEH TIX 11.7 °& 72 -722%, &1k
FRE I P ARG EEN R S, X, 1btH OB L EHEIC L DR
EAEE b PG L e o7z, LEM 2 OAFHEOT Y —2= hE87.6 °LIFIE
BEAZ L7z (Figure 3-11¢c). fth)5, ZEHMOT Y —/a2=y MI14°LIZFFEIHERD T
E MBI S 7z, Ethynyl JEO[RIERFERE|Z-DUNTIL, tolane O [AIHAFEEE = R /L — /3
0.577 keal/mol & 45 & TH v ¥ 238 (kT = 0.6 keal/mol, 300K) THIE L1325 & % 9.
ZOFEMNG, fEmTICE T D EAR LIRIEC LR AE D & WHE H 00 = F i & HEE T
52 LT & IEE xR . —, B EFEERIR TR o gl 0°
Lo TRy, WERRENRLLETHD EOHEJEREE. BIEAICLD 0
AL F o ZICBT B HATHIEICIL, EEAPEAIC L D R L=y M
RLIZR UG L 720, o R/ OIr SN D LAl TWD. ZOFEND,
ethynyl ZED[AIHE &\ 5 LR 7215 Clde <, 99WLIRREEF S § I iE O 2 ek
BLTWHETHREIND.
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Figure 3-11. X-ray crystal structures for (a) 1b and (c) 2. Insets are optimized structures of (a)
1b, (b) 1b+H", (c) 2, and (d) 2+H" based on DFT calculations at CAMB3LYP/6-31G(d) level.
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3-4 ALFRIEE R OEIILFERIHEE

L&Y 1a, 1b Y2 OERUSINGEITTE @ dichloromethane O, AR F L&
Figure 3-12 J% (" Table 3-1 (27”9, 7’12 b U JRIT TFA Z W, 1.0 x 10° M OFUE3.0 mL
2% L C 0.0l mL OBEIEZIRMLT-. 2 TOMETIERT CHRWEEZ R L, %
OEFEE PRI FPEIRET 60 % ETH o772, X, ZORNIEREIL 1b OB/ E
W EoTnD., 22T, BBRINIETOMEWIIRIL, EHOmAXT MU
Hly Ry 7 h&23l&#Z Lz, Zhid, imidazole FE~DIEBAHEAIZEES LUMO
DEEICER LIZbDEEZ HRE. V5 3 (bEW 1a 13 1b & Hels L CRRFRIN
A% TOWIL, H#EHANT VPR REEMIZEILTWD. 21U, benzimidazole @ 2
M BIEE SN DHET MO © HAERICET 2 AR EP o ENHRICE TV D
Bl EZ NS, LAY 1b KO 2 IR 72N & 72 Stokes shift (1852 } X 456 cm™)
A N HRNFE & T-UR (D = 0.74 }2 1) 0.86) 13 arylene-ethynylene % & 64y - (23l L
e W2 5. P LAY 1a TSI X 0 306 B TFILERD 0.66 225 0.91 ~ & [
ET2EVIERNELNTZ. ZORERIT 1a TORBHI S, Mot TIHERER
Mz X B ER L7, EBIm+H CHlH1 % ICT IRAEIX, imidazole £~ 1 k1 1b
IZ X BETFZAEMEDM L thiophene DFE TGN L NFEE > TRE TV 5 & H#EELT
5. LnLaRb, latH OEERIRING ORISR O Ly R 7 (22 nm)
& Stokes shift DD RO, HOSEEFIEEN B35 Z &5 ICT FLH
XTWVWARWZ EARLTWS. X, EBIm+H'® Stokes shift (7503 cm™) & b L C,
1b+H W ONC 2+H X Z N2 2449 KT8 1253 cm™ & HBA/ NS 2 EZ2 R L TRY, 2
NHOGFH ICT BN E R LTV WD RS, #FME ik 5 &, EBIm i
BRI K0 2.81 775 3.90 ns ~ & RFHmb L — Tt E FICRIME T L. 2
D72 R RE COREAIC & D EFHMbIL ICT IRED By BEIRRE L A 1o
FELAICERNT D EEZ 6D, X, TICT IRBIZA SN S FIEIRIE TOR UL ky
B RG220 E 265, U EOHEX EBIm+H 213G < @A Tx 5. {b
A 1a 1 TBRTSINC X 28 FmOBEMA 1.47 2>5 1.83ns E/NE <, HITHEETIY
FKITHRK LTS, AT, ke lF 023205 00505 ~EFLLEFLTWD. Y ED
FERIT EBIm+H & 1la+tH OFIEIRIEICE T 5 7' 81 i ALOIE N K E L B> T
HZEESRELTWS. B, lalcBW\W 7 e Az L 500 FINKEEE O
elLEE A L HE L TR Y, ifRETCOREABIHI SN TS EE 2 L.
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Figure 3-12. UV-vis and fluorescence spectra of (a) 1a, (b) 1b, (c) 2 in CH>Cl, (1.0 x 10°M);
absorption (red lines), fluorescence (blue lines) and those after protonation (dotted lines). (d)

Fluorescence image under UV illumination at 365 nm.

Table 3-1. Photophysical properties of compounds in CH,Cl, solution in the presence and
absence of TFA.

7\'abs 7\'em VST CD T kf knr
Compd [nm] [nm] [cm'l] F [ns] [ns’l] [ns’l]
EBIm 364.5 449 5163 0.86 2.81 0.31 0.05
EBIm+H™ 3725 517 7503 0.33 3.90 0.08 0.17
la 3425 423 5556 0.66 1.47 0.45 0.23
la+H" 366.0 445 4850 0.91 1.83 0.50 0.05
1b 3375 360 1852 0.74 0.44 1.67 0.60
1b+H* 353.5 387 2449 0.57 091 0.62 0.47
2 374.5 381 456 0.86 0.85 1.02 0.17
2+H" 380.0 399 1253 0.79 1.07 0.74 0.20
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KNT, la+tH & EBIm+H OEEF TOHSE AT MLV OREEIT o7, REE 1
iR ~72 K 912, 2 F O RIEEE) 6] S 72 &4 T Tl TICT RE~DOBATILIE
oW ETIEINS. JEITARY A&7 U VA F VEE(poly(methylmethacrylate),
PMMA) T T O R 2508 U CiTo 72, #IEER G5, 3B 1wt% (in PMMA)
% chloroform (Z¥Af# L, £ #A%(1 mm thick, 4 cm?)(Z drop-cast 1 THE A TERL, 90 °C
T 1 REFDINEAE S S EREREL E Uiz, JERSR &0, IR O®EIEART bk
BffRE L C Figure 3-13 (12779, EBIm+H X H O TICT #34(517 nm)A3, PMMA H1C
1447 nm £ TT/— 7 b Lz, 2L, BRESINATOFE (449 nm) Je ONBGREESIEEH (77
K)TO¥I(446 nm) & —FH L TEY, ICT A TITR LER N LR/BEBTES. —54,
la+H (I LRI TR TOHEE— 7 B —E L TH Y, BRI B W T ICT k&
~ATL W SRSz, LEX D, 1a & 2 OS2 O FE - 72 E AR =R 3
%2 THD EBIm+H TO R, TICT IREE~OBITHNAE LT TV D & O EBRFER A5

T T T |
400 500 600 700
Wavelength (nm)

Figure 3-13. Fluorescence spectra of 1a+H" (red) and EBIm+H" (black) in CH,Cl, (solid
lines) and in PMMA film (dotted lines).

BRI R~ 1 O & FHICET D EROA, EFELES O
E, % CVICEVEM L7, EHGEE LT, BILEL EWRIXART MVHIED LS
AT OFE D % FV V7= (Table 3-2). #5 3L IEXER(LFEN Y EBIm & 1a TENRLEI
0.98 W TNZ 0.97V & 720, KEFHMOYLHEL HOMO IZHE L 52 TWRWrD L H
RERNELNT. L L, 2 =m3HIR k512, KEFMO g A—H—7%)
FIZEL LTHOMO IZFEET2ETHD. OFV, 1a X HOMO 25T D5y +4
RIZH) I ZEM i 2 R LTV D DA L, EBIm (X HOMO 2K H[HD 1 A~ —
Y=L L TEY, fRE LT ELOIN Y OREREBE L 25720 T
ITRWNEBZ OGNS, AT, 2I1EELEMNA 1.02V & 720 EBIm LiVMEE 72>
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TS, ZORERS BICR_THEITTFE LY. —F, #EFmICs L TaRzh %
D/NS U ethynyl J&2 AR—H— L L THWALED 1b IZLEMNS EH- L, R L
LTCEMN357eV Eipoiz. HIZLUMO IZOW T % &, EBIm A3-2.53 V &
HENZolzxt L, 1a KOV 2 13241 i ONZ-238 V E7p o7z, ZOFERIT 1a KDV 2
& HEg L, EBIm [ ZIEER RS L <IFBF IRk S, B>, LUMO 235 F 4k
oL TNDZ EERLTND.

Table 3-2. Electrochemical properties and bandgap energies of compounds in CH,Cl,.

E™  Ape™ LUMO HOMO  E,

Compd [V] [nm] [eV]1  [ev]™  [ev]l

EBIm 0.98 411 -2.53 -5.55 3.02
1a 0.97 396 -2.41 -5.54 3.13
1b 1.30 347 -2.30 -5.87 3.57
2 1.02 386 -2.38 -5.59 321

[ Onset of oxidation curve. ® in CH,CL 1.0 x 10° M. [ Estimated from optical energy gap.
['HOMO = [~ (Eox — 0.23) - 4.8] eV, where 0.23 V is the value for the half-wave potential of

ferrocene/ferrocenium versus Ag/AgJr in CH,Cl, and 4.8 eV is the energy level of ferrocene
below the vacuum.
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3-5 B FFHEICK D H

B A AR A ONE AR A T IC O W TR L FRIRIC XL 0 ik, BetLe. §HE
IR 3 HilR 72 X O ICKHHEME T CAMB3LYP/6-31G(d) L~/ TRIAE L7z, K
72T B L= BB EEE IR S IIH0uE OR (L3 E L <, FHE L = 3L ¥ —
DREFENHNLT V. ZOBFHREICE L CREMEESLETHD LV ) GEMIES
EE 6 2 M). T4, imidazolium M A Z Lo o1 DAL FRIMEEIZEE 4 % TDDFT &t
BN T 7o —F NSRS S TE 0, CAMB3LYP AR EE T Ui E fE
LR TICTREDOHH & L TRERHAEREELZ 525 Z Lt snTng., P
DA, KRETITFESME LT CAMB3LYP/6-31G(d) 2 L, 4712, EBIm+H &
la+tH OYALZHMEE O 2R Z i L=, #4512, EBIm K OB BALA Y OBETRINE]
#% D5y 1-H\JE % Figure 3-14 (2777

i °
& b . Fl s+ @ o 4 2
9 v > >e :". o

0 90 9O® o ¢ 0 4 >
QOGP 2, 00

& 4

-4
:‘J; J‘:‘
P’ ¥ s

)
J“
og &
70

o
Qolhots dhothelp

HOMO

EBIm EBIm+H* 1a 1a+H*
g8 88

P T T
(& L) . 5 . ‘g .
33 o> Zedfeeds el
t 8

HOMO G 8. gob . L eteh
& B dedetr hediedy
b 1b+H* 2 2+H*

Figure 3-14. FMOs of 1a, 1b, 2, EBIm and their protonated states.
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{t&% 1a, 1b, 21X HOMO K& U LUMO 232y - 2RICOMA LT Y, o132k
BN EEDRBE MR T n BT S D Z & 72 < 3 FBIRICIEN » TV D Z L Ak
WTED. X, 7vu FALKITENNZ HOMO K O LUMO OZAL MR TE 228, 22
WA DFEFIT D72\, —J5, EBIm (X 1a & E#E L HOMO KUY LUMO O JR{EEAS
Hoi, 7u b M BRITE LS ERMOMOREAPEE TS, fEhmo
phenylthiophene 7D 1 7358 £ [Fl—(Figure 3-9 X TN 10) THHIZH 00056, =
B OREAEPEE D2OIXEMRDFTIERONBRNERTH L. ZDEk HOMO &
LUMO D4 BfEix— BT HERBICXHE T 5 B2 65, AT, KEF 4Hio
EERALFHIEE NS TRENTZ L 91, 71 b ALRTO#E DL Y 1% 1a © HOMO
INERINZ A L CND 0L, EBIm I G ZFiE L, BRI bk
MY ZHE TS, X, LUMO O#LEITIIC ) T 2IRICIEN > TE Y, EXbFAHE
BHELTRELSENENTEREFE LRV, RNT, BIEIREOFHERE R %Z Table
3-3 1T T.

Table 3-3. The vertical absorption energies and their oscillator strengths of compounds
calculated by TD-CAMB3LYP/6-311+G(d,p)/CAMB3LYP/6-31G(d). (H:-HOMO, L:LUMO,

# oscillator strength, percent contribution = 2 x (configuration coefficient)® x 100 )

Compd nm f Major contributions
EBIm 350.4 1.17 H — L (87%)
325.1 1.25 H-1 — L (76%)
282.7 0.26 H — L+1 (45%)
EBIm+H"™ 371.3 0.99 H — L (88%)
3454 0.96 H-1 — L (81%)
298.1 0.79 H — L+1 (80%)
la 3124 1.00 H — L (93%)
la+H" 342.0 1.01 H — L (92%)
1b 294.4 1.12 H — L (88%)
1b+H" 317.9 1.20 H — L (93%)
2 3413 1.70 H — L (92%)
2+H" 368.6 1.39 H — L (94%)
276.1 0.51 H — L+1 (89%)

TAZIRARIZE D12, B2 ESHITHWEHESRME LD L ICTIREZ G T X 5 72 R 125kt
L LTHEY, ¥ EBIm+H OFHEE R, BROWNE & IRE R 2N EAME I T
WDFRERICINR L7, 2 2 CHEZOIIERD FOERE D 4T HOMO 75 LUMO ~0
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BB Lo THNLTWAETHS. EBImHH O HIE DO SYHES 70 <, B RS 1-58
J£ET?O HOMO 5 LUMO ~DERIX nn* BB L IRETE 5. LAY la+tH 1L
EBIm+H" & Al UE 535 2 A L, ICTIRENSHFRE T ICHLEL LT, B ok
TR d 5 K0 RiEN A A & 5T, X, TICT IREE~DBAT b L & 72V \(Figure 3-15).
Z DERIRZEN TR RIZ O W TE TR (CAMB3LYP/6-31G(d) L /W) K D
benzimidazole & & thiophene Bg DM DIAIHRERE ~ L ¥ —Z KD 7o, FHREIL _mMA %
0°7>5 180 °F T 30 °% A Tat& L, BEEENF K L 725 AFE(90 °) & global minimum
TRV — A P CaldskEREE = %L X — & Uiz, FHREAERE, 1a+H I ONZ EBIm+H'
TEAZEHL 3.16 keal/mol & 2.69 keal/mol & 72 V), BUERVEN Z &[RRI B HEE 5-
L72WAKE O % YRR L7721 C, BERPERE = R VX — MK 95 &0 9 f
ERGonT-. ZofERIE, EBIm+H TS MO o & RITEMD T D2 &
T, DFNKEBEEOREESDIPER L TS ARERZRIB L TS, ¥, latH %
1,1,2,2-tetrachloroethane H°C 100 FELL ENZA L T4 ICT ZGIFBH TE o7z, DL
EnG, TICT 3K1% 2 20 n RN ZE L THIET 5 K 9 7o THE TIRIE S U
B9 52 VY, ERREMIE RO B D> Th D Z LAV o7,

CgHis CGH13

N” N~
@ H\N%N/ @ Sy
CGH13C6H13 B HNPN-

LE

Figure 3-15. Schematic energy diagram of T-Shaped and linear m-conjugated molecules.
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3-6 #E
BRI R A2 AT 5 EBIm+H ORNKIZEH L, KRS T COWREETT-
T2 A, FBEREIRETOR N EZLES TICT B TH 5 &IFE S iz (Figure
3-15). Z 2 C, TICT YN ERR R R IR 22 M E S Dy, FERLO B RS
T AR L CE ORI Z i, et Uiz, B o %07 1b KOV 2 (3B it s
HEALD thiophene 2MFIE L7222, ICT WREEATERE L2V, —JF, la lZBBARINC LY
IR, HEART MDD Ly R 7 MIBHIEN T b 00, #HESRMm T TORIE L f
BRRRT LR, TORKEDOA Y VUL TICT TldZeWn S M L=, ZofERI2hnz,
BHEFHRICK DS FIEA R L2 L 25, 1atH 13 FHUE O SRS Z 59,
EAFAEAIC L D ICT RO NEE TWARWNWZ EAVRIBE N, ZOFERIZHONT
a2 A nskEiE  f L X — 25 E L2 24, latH O 577 EBIm+H L ¥ § 0.47
kcal/mol HEVMEAZ /R L=, BID, la+H 130 FINKFBEAICEL Y 7' hALE L
mEEDNRFF S, ERETHL R UNOHEZ &L LRV LRI E N, —7,
EBIm+H /X247 \ZHR0E Ue o 6% ISR 0T 5 2 & T, 40 T INKFERE G ORI
MIEZ Y, #EF & LT phenylthiophene #2322 Uil 5 TICT IREEZ & D 0T W\ 2 &8
floTz. LLEORRICEAZZZRIL R ITR T TOEM D REESE Z 003 <, B
DT R RS T BB R T ZEDNH LN E o T

2

CgH13 CeHa3

la+H* 1b+H* TICT

1a 1b 2 EBIm
la+H" 1b+H" 2+H" EBIm+H*
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3-7 EBRE

— ) IA

'H NMR (300 MHz)} O} °C NMR (75 MHz) 227 /L3 H A 748 INM-AL300 %Y
BRI EBEICIVAE L., moffRE&o A7 FVIiTHARE 743
JMS-700 MStation =M RE —HINAHRE &0 HTFHI L 0 JIE L7z, 63594713 Perkin Elmer
FEBLD LR TR E LR 24001ICHNS/O % v /2. HPLC KONV H A 7 V43 EL HPLC
X HYN AN, T 7 ) ay— X% LaChrom Elite ¥ A7 A, HARGH L ¥R
LC-9110NEXT & 2N ENHWTITo 72, Hifbsh X S EMATIZ Y U 7 #H R & A
B X M E RN R-AXIS RAPID/S |2 L D IE L7z, %844 « AR AT SV K
O, w0t HOEREE A7 R VIT A AR e V=660 2851 « ATy G BRI ONZ [A]
£ FP-6500 77 YCH O EFHT L 0 2 E e Lc. RIRSGMH: T CoEt A2 hr
HIEIZES LTl Oxford Instruments #-3DIRIKEFE 7 7 A A A 4% » b OptistatDN % f
VY, 77K 2B EIRE TOREHH CHELITo72. X, @iRSEME T TOENART b
JAAIEICEE L CiE, BARD SRR~V F = UEIR 'V RV 4 ETC-273T 12 L ViR
FERIE 21T - 72, e FFm L OY, #Masha e & 7 IR I3 5 S AE T #2584 FluoroCube
3000U 5 HEFMBIE > AT A, AR b =27 248 C9920-02 #ixf PL & 1IN EERE |2
o EnZnE Lz, BXIEFEREIE I a—T Ry 7 ZAh 7 LT o FHA T T
Metrohm Autolab #E#u-AUTOLABIIL AR T > 3 a /AN ) AR » MLV, VEFER,
XARIC e Em L, SREMICIEKEERS REMAg/AL)E ZNENHWTHIE L
7o, X, XFFEME L LT 0.1 M tetrabuthylammonium hexafluorophosphate (TBAPF) %
FVY, 100 mV/s OERHE CRIEZIT - 7.
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CeH13 CeH13
S, — S
) O\UCHO

10 9
5-(4-hexylphenyl)thiophene-2-carbaldehyde (9): T MEAFLEE L7200 17 T X 2T
LA 10 (0.6 g, 2.5 mmol) K O ii/K THF (15 mL)Z 1 %, HREFHR FIZ L7=#%-78 °C
WA U2, ORI n-BuLi (1.88 mL, 1.6 M in n-hexane, 3.0 mmol)Z i F L 1 F¢fiE#2
# L7z, VT N,N-dimethylformamide (0.23 mL, 3.0 mmol)Z I 2., #R4 (ZH-1E L=k
THIC 3 WA LTz, £ D% KZMZ, chloroform (2 XV 3k L, 1557 AH)E
Z IR R HK THVY, MgSO4 THiAKZ g L TIRIEZ TR £ Lz, 5 b v fekE
1% silica gel column chromatography (chloroform)iZ & 0 FEEL L, ARG EKRDILEY) 9
2 57-(0.64 g, 90 %). Re=0.6 (chloroform); 'H NMR (300 MHz, CDCl;, TMS): 8 = 9.89 (s,
1H), 7.74-7.65 (m, 2H), 7.58 (d, 1H), 7.44-7.35 (m, 2H), 7.23 (d, 1H), 2.63 (t, 2H), 1.62 (m,
2H), 1.31 (m, 6H), 0.89 (m, 3H).

2-(5-(4-hexylphenyl)thiophen-2-yl)-1H-benzo|d]imidazole (8): 1L &%) 9 (0.545 g, 2.0
mmol), 1,2-phenylenediamine (0.342 g, 3.2 mmol), p-toluenesulfonic acid monohydrate
(0.038 g, 0.2 mmol) & UM /K ethanol (15 mL)7%>5 72 B FUNE AW & EHRF A T THRE
INEGERE L7z, BUSRZ =R E TWmEIL 721, KIZKY 7 =F L chloroform T/ik
HBAEIEIZ MgSO, AWK L, JElE L THROLNZEREABERE L. Fohiz
HLE A % almina column chromatography (chloroform)iZ & ¥ k&8 U s A EIR DL &
¥) 8 #4572(0.275 g, 38 %). Re= 0.3 (chloroform); 'H NMR (300 MHz, CDCls, TMS): & =
7.63-7.59 (m, 3H), 7.52-7.50 (m, 2H), 7.25-7.24 (m, 3H), 7.23-7.18 (m, 2H), 2.61 (t, 2H),
1.61 (m, 2H), 1.31 (m, 6H), 0.89 (m, 3H).
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CeH13 CeH13
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oo
= N\

=z w.

D Q ‘

2-(5-(4-hexylphenyl)thiophen-2-yl)-1-methyl-1H-benzo[d]imidazole (1a): T DL L 7=
>z o 22124664 8 (0.18 g, 0.5 mmol), K,COs (0.21 g, 1.5 mmol) & MK ethanol
4 mL)Z Nz, &I 5 FE THEEH L=, NE%, methyliodide (0.06 mL, 1 mmol)
Zpo< VI FL 1 RFRIEGEIR L2, RISHKREZSRETHAILLK, Kk s
> F L chloroform T/ik#& A& MgSO, Z A ik L, #8i# L THELILIEK %
JER £ L7z, IRV, alumina column chromatography (chloroform)iZ & D ¥ L, 45
BT AR % GPC (chloroform), JIEAH HPLC (chloroform/n-hexane)iZ & > CHifjf L
7o %%, BIZF#E A (chloroform, n-hexane) & 1TV MEAEHRFE & D B A 1a 24572(19 mg,
10 %). R:= 0.6 (chloroform); 'H NMR (300 MHz, CD>Cl,, TMS): & = 7.74-7.71 (m, 1H),
7.63-7.60 (m, 3H), 7.43—7.38 (m, 2H), 7.34—7.24 (m, 4H), 4.02 (s, 3H), 2.65 (t, 2H), 1.64 (m,
2H), 1.33 (m, 6H), 0.90 (m, 3H); °C NMR (75 MHz, CD,Cl,, TMS): & = 148.15, 147.61,
143.99, 143.38, 137.24, 131.94, 131.33, 129.51, 128.82, 126.15, 123.67, 123.08, 122.76,
119.66, 109.81, 36.03, 32.14, 32.11, 31.77, 29.38, 23.04, 14.28; HRMS (ESI): m/z calcd for
Cp4H27N,S™ [M+H]™: 375.1895; found: 375.1895; Anal. Calcd for Cp4HasN,S-1/3H,0: C,
75.75; H, 7.06; N, 7.36. Found: C, 75.64; H, 6.65; N, 7.22.

PP v 7 BT = e

Figure 3-16. 'H NMR (left), and *C NMR (ri
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EH Er
N”"NH N”"NH

R

7

2-bromo-1H-benzo[d]imidazole (7) [**": 2-mercaptobenzimidazole (6.76 g, 45 mmol), acetic
acid (67.5 mL) &% U} 48% aqueous HBr (6.75 mL, 59 mmol)2> & % 5 iR 2 KIRIZ L Y
MmEIL, 8B L7253 5 bromine (7.5 mL, 146 mmol) &3 T L7=. ¥ T acetic acid (135 mL)
ZINZ, RT3 R L < L7z, RIGRITK67.5 mL)Z %, BFEKEICLD
WAL NaOH Z W CpH % 4 IZFHFE L7, AOIbE AR L, /KT LI %EE
T CIMBGELNR 2 AT O A RKOILAY T 21572(5.71 g, 64 %). "HNMR (300 MHz,
[Ds]DMSO, TMS): 6 = 13.21 (br, 1H), 7.52 (dd, 2H, J = 3.3, 6.0 Hz), 7.20 (dd, 2H, J = 3.3,
6.0 Hz).

*r Er
“"NH NN~

O
7

2-bromo-1-methyl-1H-benzo[d]imidazole (6) ' T ®# L=y 07 F X2l s
¥ 7 (5.13 g, 26 mmol), K,COs (10.78 g, 78 mmol) & U7X ethanol (195 mL)Z 12, =i
T 5 F TIEGEREE L=, %, methyliodide (3.24 mL, 52 mmol)Z -~ < Vi FL 1
RFFNBERVE L7z, S|IRE CTHAI LRI 2 BIER L L, 15072k %2 K T

IR LPEH L, silica gel column chromatography (chloroform)iZ & ¥ Biff U T B ks S
RKOILEW 6 21571-(4.85 g, 89 %). 'H NMR (300 MHz, [Ds]DMSO, TMS): & = 7.59 (d, 2H,
J=173Hz), 7.28 (ddd, 1H J =12, 7.1, 7.3 Hz), 7.21 (ddd, 1H J = 1.2, 7.1, 7.3 Hz), 3.79 (s,
3H).

N
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CeHiz
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=z

2-((4-hexylphenyl)ethynyl)-1-methyl-1H-benzo[d]imidazole (1b): {54 6 (0.32 g, 1.5
mmol), Cul (0.014 g, 0.075 mmol), PPh; (0.039 g, 0.15 mmol), tricthylamine (13.5 mL) & T
fiK THE (6 mL)& %32 /37 U > 702 50 30 syl L7=%, Pd(PPhs),Cl, (0.087 g,
0.075 mmol), 1-ethynyl-4-hexylbenzene (0.28 g, 1.5 mmol) % 1 2 =i TR L7, K
ISR IZ K 2 %, ethyl acetate CT/H3ik L CT15 O L= A E # fafn &I /K T,
MgSO, THiK#&JEE U CIat 2 =88 & Uz, 15 b L 7 LA ) % P96 il (chloroform,
n-hexane) L CHEE@AHCIREE AL O B HI% 1b % 4572(258 mg, 54 %). Ry= 0.4 (chloroform); 'H
NMR (300 MHz, CD>Cl, TMS): & = 7.72-7.70 (m, 1H), 7.59-7.56 (m, 2H), 7.40-7.24 (m,
5H), 3.92 (s, 3H), 2.66 (t, 2H), 1.63 (m, 2H), 1.32 (m, 6H), 0.89 (m, 3H); '*C NMR (75 MHz,
CD,Cl,, TMS): & = 145.80, 143.53, 138.19, 135.41, 132.33, 129.16, 123.99, 122.98, 120.22,
118.63, 109.95, 95.30, 78.75, 36.35, 32.09, 31.59, 31.03, 29.34, 23.01, 14.27; HRMS (ESI):
m/z caled for CpH,sN, [M+H]™: 317.2018; found: 317.2017; Anal. Caled for Cy,H4N>S: C,
83.50; H, 7.64; N, 8.85. Found: C, 83.47; H, 7.82; N, 8.85.

rerer
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HoN  NH, N”NH
Br Br Br Br

5 4
4,7-dibromo-1H-benzo[d]imidazole (4) *: (&% 5 %17 (0.655 g, 2.5 mmol), triethyl
orthoformate (0.5 mL, 3 mmol), sulfamic acid (15 mg, 0.15 mmol)% methanol (12.5 mL)*
THRAZIRHE LT, I 2 5 L, 15 B2 5% % diethyl ether TtV R L L,
RO DAY 4 21572(0.621 g, 92 %). 'H NMR (300 MHz, [D¢]DMSO, TMS): & = 13.26
(br, 1H), 8.41 (s, 1H), 7.39 (s, 2H).

N”NH NN~
—_—
Br@Br Br@Br
4 3

4,7-dibromo-1-methyl-1H-benzo[d]imidazole (3) " F oz L7~ 07 5 2 =224k
A% 4 (0.552 g, 2.0 mmol), K,COs3(0.829 g, 6 mmol) & UMK ethanol (14 mL)& %, i
P95 F CTHNEMEHE L7=. EA%, methyliodide (0.25 mL, 4 mmol)&Z - < Vi F L 1
RFIINEGED L7z, R E CTHHA L REEAZBIER EL, HonmELK,
n-hexane, diethyl ether TtV K L ¥y L TR DAY 3 #1572(0.314 g, 54 %).
'H NMR (300 MHz, [D¢]DMSO, TMS): & = 8.36 (s, 1H), 7.38 (s, 2H), 4.09 (S, 3H).
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NN~ NN~
3 2

4,7-bis((4-hexylphenyl)ethynyl)-1-methyl-1H-benzo|[d]imidazole (2): .54 3(0.29 g, 1.0
mmol), Cul (9.54 mg, 0.05 mmol), PPh; (0.026 g, 0.1 mmol), triethylamine (9 mL) & UMK
THF 3 mL)Z %% /37 U > 7280 30 /Ml L7=%, Pd(PPhs),Cl, (0.058 g, 0.05
mmol), 1-ethynyl-4-hexylbenzene (0.417 g, 2.2 mmol) % I 2 SIE TR&BHE L2, KIGE
WIZKZIMZ, ethyl acetate THMK L, 13O 7o AR Z fafn R /K Ty, MgSO0,
TR #ZUEE U Tt 2 ES £ L7z, T, alumina column chromatography
(chloroform)(Z X W KL L, S 5N 7-HAEKM % GPC (chloroform), JNEAH HPLC
(chloroform/n-hexane)lZ & - CHLEE L, MEABCIRAESE O B 2 21572(72 mg, 14 %).
R¢ = 0.3 (chloroform); '"H NMR (300 MHz, CD,Cl,, TMS): & = 7.92 (s, 1H), 7.54-7.48 (m,
4H), 7.41 (s, 2H), 7.24-7.20 (m, 4H), 4.23 (s, 3H), 2.64 (t, 4H), 1.63 (m, 4H), 1.32 (m, 12H),
0.89 (m, 6H) ); °C NMR (75 MHz, CD,Cl,, TMS): & = 145.62, 144.90, 144.74, 144.41,
133.91, 131.99, 131.46, 129.11, 128.97, 127.76, 126.20, 120.65, 120.31, 115.87, 107.81,
95.61, 95.18, 86.14, 85.46, 36.30, 33.61, 32.11, 31.69, 31.66, 29.37, 29.36, 23.03, 14.27;
HRMS (ESI): m/z calcd for CscHa N> [M+H]+: 501.3270; found: 501.3269; Anal. Calcd for
C;36HaoNo: C, 86.35; H, 8.05; N, 5.59. Found: C, 86.05; H, 8.21; N, 5.54.

Z85E53TSITTTANSSRRANG 3IY5822RQA5RELE 542 xg 28383 RETB8ERRY g
| T‘Twr----v‘-nTTmr-‘---TmT - NTTTTI"’I—T"TTTE sgo 88 33338 RuNEARES =
S Y Y =Y I | L
| 1 [} 1T I
:lﬁ :
T 'j ﬁ
iy
J J’AL'\«_J\
—
200, TN —
HEARARE R

: 3 { P ,
i |

TT T TT T T TP
8 7 L 5 4 2 2 1 o 150 140 130 &80 0 &0 50 40 30 20 10 0

Figure 3-18. "H NMR (left), and >C NMR (right) spectra of compound 2.
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F4E EXKEHLRFDFO5FHERHBEIFEN

4-1 Fim
A AENRAEIZBA S 20 981%, Lippert (2 (™ ' '
£ % N,N-dimethylaminobenzonitrile (DMABN)
ORGPV I 1 D “HAEOR R B Ik
F o2V FERN), ORI T ERL
X, 2 DOERALDFEIRETH D 'Ly, LoD
DFEFEEND, LE L OVICT 2> 5 DFEIE) D3R
RRMEICHAE L TR L T b & BT,
D%, F& L THREFOITDFRIZIER L
TERFFE BT B AL T Wy, 1973 4T
Grabowski (2 X o T Ll " BE 78 s
FIH TR UMD ICT fKEE, HIH TICT ke
INEDFENXTH D EWV IS IRB sz, U
ZOET AT, ICT IREETEMNTERITSH

BEL, EEMPEFISHE (donor), BERMN ° 20 25 30 P10 e’
BT 2R (acceptor) EICRIEL TV A & & Figure 4-1. Fluorescence spectra of

DMABN and the model compounds

N5, ZOME, AERECETHKEE i
in CH,ClL. ’

TZEROMICER LIz UL, Eir

MIRET HZ L2702 . ZOFEFRITICT IO @O BERFE— A > b OfEE T JE 72 <
M T& 5. X, Grabowski %X DMABN O [AI#&EAL & HE L€ T /Ly 1 &
dimethylamino 230 CAVIRIE CLREN SN KFEOET Vo2 A, BEL S
72T Vo DI DMABN @ LE %12, R UILTZET Vo T OFRIED ICT
IZENENEBLL TV D 2 & 2 FEBRIICEER L7z (Figure 4-1). LA EX Y, “EHI¥ENEO
AV X LE Bt E TICT BN TH D LimE i, FJE7R < ERGEREZHIHT 5
TNELTHRICED bz, X, 2 OEBERIIZOETNVEFR— KL TEY,
F L < KHEE DO m WIS T o ZEEEOERER, NMR HIEIC L5 ICT IREOR LI
PR 2 s S Tng., Y
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TICT =TT 2N 6% < OEREIFEFIZ SN

A[nm]

. S(.)O 4?0 4(.)0 3?() 3(.)0

THBEMRAIE 52 50, FEM7R Bk RE @ §>
DREIEIZ DV TIEA BIZBWT b Mo e
WTW 5. Bl 21X, pyramidalization mechanism quﬂcgl
(Wagging Intra-molecular Charge Transfer,
WICT) ["® 71 % cyano-bending mechanism

(Rehybridization by Intra-molecular Charge
Transfer, RICT) U ®1 planarization mechanism
(Planar Intra-molecular Charge Transfer, PICT)
Wi EORFET VBB S, ZORYME
IZOW T STV 5. HFIZ, Zachariasse
522 X 5 PICT £F /UL ICT IREEA AE(S,, Sy)

WX VEEL, ICT JREETH X FH 72 E

DREL LT /A PG E & 2 & FRLIE.

ZAVCEDE L TR BRI E DS EE S Tz
537 TOICT NP ST 4 (Figure

(78,

Fluorescence Intensity

PR BT S S T

PR b S

. ,20. .

25 30
v [1000 Cm'l]

35

40

4-2). ZOFERIL, ICT REEN R U MiE T
HDHEN) TICT BTV TIEFATE 2. 2
DFEFIZI % T, DMABN #EKTH 5
4-(diisopropylamino)benzonitrile @ i i 1 T D
ICT RFEDSRFE AR X FHADEIZ XV HlE Sh, B tEEE & FHFEROM O kA H
1008720, JEEIREED 14° X 0 B EEMEMH L TS LWV o EL ST 5. B

Figure 4-2. Fast intramolecular charge

transfer with a planar rigidized electron

donor/acceptor molecule. ©*

x-ray probe
pulse (70 ps)

i

laser pump pulse
(100 fs)

7!

electron
transfer

e

PPN

:

Figure 4-3. Structure determination of the intramolecular charge transfer state in crystalline
83]

torsional angle of amino group:

14° (electronic ground state) 10° (intramolecular charge transfer)

4-(diisopropylamino)benzonitrile from picosecond X-ray diffraction. |
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FEBR A A 2R R IR BE DR E LAV DWW T, B E R W T e —F
MRElT TN D, T4, DMABN OFhECRREIZES U CHIBRZRVMIFSEIRE 3 H D, il
FRBEIZ 2 DD ICT IRFEL LE NBAEL, —HHGIZZ DI HD 2 o056 L TS
twy, By 2op CTREBIZZENZR, ¥ /A4 K, KX /A NEAL, ZhZ
AU PICT M ON TICT (Zxbhts L7 Fmd, R UNMORIEE RS, ZoR TR EORIET
G A-E— A2 RAFEEA LY b @<, BEMEE LCoClIchRlnifits &b,
DFED, TICTET NV EYHR—F LTS, —HOFEAIPICT ET V2R —FL
TEY, “HIOBITLE & ICT kY, ICTIRREIZX /A F, XIIKF /A RED
PICT ;O TICT JREEICIRE STV 5. B Z ook, REBRREBOMEE ICET S
TN TER Y, £ < DIFZEE DY, DMABN OFEZR D-A IO 43112810 5 IR E0 1
RZDOBEAIRRBICE A L2 6l T, )7, ICT IRRBICH 59 25 451 Dk
PESOSE M5 DRSS AR R B  B O 7 Fa —F i3 . BICT R e o R
NEDX ) A RN F /A ROFHGITX VR BELZIT 5 & OIEERGRICT
DL, ICT REEDBIRMEI I S FIRLEME 2 & D4 T BRI L 0 FES I b AR T-IC
FORELSEEBLZZITHAZ ENHHIESND. & 3 EE TIZR7= X 912, imidazole
Ea GO HERR AR IRy TIIBRIGER O TICT BYERm Lz, LML2RRG,
imidazole & & thiophene B8 % & o [ELFRILAE 5y F Tl TICT RO Z 577, TICT ILE
R R R DB L 0 B BEOEENE X TV D 2 EPRENTZ. 22T,
KEE TIXE A AR R OFHEIRE TORES M TORCIUCE LT, TOH B
DRNETEEBIZONWCiimT 5.

AREF TIZZE DI PR %178 L7 P-EBIm % [ty 1 & L 7= (Figure 4-4). P-EBIm
3 ETRE LIZ@EY, 7' b AR IZEhE K EE T phenylthiophene FR{Z2542 LA,
TICT Btz 23 5. RETIX, fHmod==y k% 2-phenylthiophene 7 5
2-phenylthieno[3,2-b]thiophene(T-EBIm), 3 /% benzo[b]thiophene(B-EBIm)IZZE 8 L, = D
JALFHIMEE, FRChEIRIE DB 57 D LR BIC DWW T, MigfLl7z. 22T,
thienothiophene (&l ® thiophene FEMRIZLLNE TGN E <, X, 1 BB X
JL % —(Resonance Energy Per Electron, REPE)2MEWN 2% / A REEEDO TG RKRE V.
(86881 —7%7 " benzothiophene M4 REPE 7 thiophene & ¥ & Kk x <P imidazole & &
D% _EREAME L7eXx /A FiE&EE# < &, benzene B DILIEHEE % B3 1§ i&
ERDIEMBX A FHEEE L VERN L EZ BN D(Z Ok RGO F 5B
LTI FEN DHERFTRETH Y, B E 1 NFEL V).
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3
S S S

N" N~ N" N~ N" N~
(D= =)o o O=A)=Ccote coaOr=-A)=)cot
T-EBIm P-EBIm B-EBIm

Figure 4-4. Chemical structures of the T-shaped cross conjugated benzimidazole derivatives
investigated in this work.

MR R DT ) —na=y NaAT 5 ERREMAESF % Scheme 4-1 (25
SWTER L. 2,3-dibromo-5-phenylthiophene (1)IFEEHRE" " 2510, LA L E
LTAR L7=. X, 2-phenylthieno[3,2-b]thiophene (5)~DA K I, BEEP o FE %
BEIZLTAK L. R\, 5-phenylthieno[3,2-b]thiophene-2-carbaldehyde (6)7> &
3,6-dibromobenzene-1,2-diamine '"* "z X ¥ imidazole JEZTERL L, A F Ak L 1=
Sonogashira-Hagihara coupling (Z & ¥ T-EBIm % 7157=. B-EBIm % [FlfkD & RKEEIZ LV
G LTz. AR LT 2D OB MR RS WIE, 'H, "CNMR, mofieE
BN AT Fb, LRGP LV RE L.
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/
S s & ~CHO
4 5 6
z
9. = _h
6 S~
N”'NH
Br Br
7 8
g 7S
i _ TFA —
8 _— S — S~
NN~ H\N/ N-
cottis{ =~ )—=—)rCoths ots{ = )—=—)Coths
T-EBIm T-EBIm+H*
s/ CHO J SE/; k SE/;
/‘:/ N”"NH N” "N~
Br*@*Br Br@Br
9 10
| S~ TFA S~
10 - .
NN~ H\N/ N
CsH13C6H13 Cs"HaH—’ = O = O CeH13

Scheme 4-1. Synthesis of T-shaped conjugated molecules. Reagents: a) phenyl boronic acid,
[Pd(PPh3)4], 2M K,COs; aq., 1,2-dimethoxyethane; b) 1. THF, n-BuLi, 2. DMF; c) ethyl
mercaptoacetate, K,COs;, DMF; d) EtOH, water, NaOH; e) CuO, quinoline; f) 1. THF, n-BuLi,
2. DMF; g) 3,6-dibromobenzene-1,2-diamine, p-TsOH, EtOH; h) K,CO;, methyliodide;
1) 1-ethynyl-4-hexylbenzene, Cul, PPh;, triethylamine, THF, [PdCIy(PPhs),]; j) 3,6-dibromo-
benzene-1,2-diamine, p-TsOH, EtOH; k) K,COs, methyliodide; 1) 1-ethynyl-4-hexylbenzene,
Cul, PPhs, triethylamine, THF, [PdCIy(PPh3);].
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42 HAEFHIMEE R OCERILFEREE

Bipn7rV—na=y NahT HERRZMILE 7O dichloromethane 1D
DRI AT RV R OV A7 kL% Figure 4-5 12753, X, Table 4-1 (2 &5 R %
FLODH. BRIINITFA 271 b E L, 1.0x10° M OFEF3.0 mL 2k L, Kl
Fl 0.01 mL (45 mM) & 0 L 7=,

0.15 4 (a) r 0.15 (b) — 1000
-, - 3000
~ 800
o Q
Q9 0.10 7 — 2 0.107 —
5 L2000 2 & 600 2
¢ z % z
@ 5 @ ~400 =
° _ < 9 _ <
< 005 L1000~ < 00
~200
0.00 = T T T T T 1 T 70 0.00 === T T f T T T T T 7~ 0
250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
0.15 — 1000 0.15 (d) ~ 200
S 010 [ S 010 %0
Q .10+ — Q .10+ —
5 F600 £ § z
: 5 oo 2
173 F400 & @ =
< 0.054 < S 0.05- <
< < L 50
=200
0.00 A== —r———"0 000 —F——F—F—F—F———77 0
250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
0.15 — 2500 0.15 — 500
= 2000 =400
o Q
Q9 0.10 7 9 0.10 7
£ - 1500 :: £ - 300 %
E : % z
@ 1000 & @ 200 =
© | g o i <
< 0.05 < 0.05
=500 =100
000 == ¢ 0.00 - —F——F—F— =7 0
250 300 350 400 450 500 550 600 650 700 250 300 350 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 4-5. Absorption (red lines), fluorescence (blue lines) and excitation (dotted lines)
spectra of a) T-EBIm, b) T-EBIm+H", c) P-EBIm, d) P-EBIm+H", ¢) B-EBIm, and f)
B-EBIm+H" in CH,Cl, 1.0x10° M.
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Table 4-1. Photophysical properties of T-shaped cross conjugated molecules before and after
protonation in CH,Cl, 1.0x10° M at 300K.

Absorption Fluorescence
7\'abs 7\'em A7\4ST A7\41/2 q)F T kf knr
Compd [nm] [nm] [x10°cm™]  [nm] [ns] [ns'] [ns']
T-EBIm 375.0 435, 459 3.66 532 076 172 044 0.14
T-EBIm+H" 388.5 476 5.15 75.6 043 3.62 0.12 0.16
P-EBIm 364.5 424, 449 391 60.0 0.86 2.81 0.31 0.05
P-EBIm+H" 372.5 517 7.84 96.0 033 390 0.09 0.17
B-EBIm 358.5 414, 435 3.87 62.0 0.75 2.18 0.34 0.11
B-EBIm+H" 356.0 507 8.51 91.8 0.26 336 0.08 0.22

FRVRINAT, 2 TONFIIEEE - OISt E R L, Ot B INER (D)X
T-EBIm (0.76), P-EBIm (0.86), B-EBIm (0.75) C& ~7-. X, Stokes shift (AAs7)iZ 3500
N5 4000 cm ! FREETHD Z LD, BRI LE (n) A TH L EIRBTED. K
WA DRI R (habs) 1F T-EBIm 238 b R RA D 375.0 nm 2R L7z, ZHUEh o5+
ELEE L, mn IWERIENR > TS Z EARE L TWAD. KKxHZ, B-EBIm [$hgps, 358.5
nm & 72 0, P-EBIm (Aus, 364.5nm) L D & n B ENEAD LT D &0 ) iR 2157,

—J7, BINRITET O T CTHEILE T IGEROID, Stokes shift M OVHEHT 0 - fHibE
(AL ) DEMABIAI S 7z, 55 3 2B W T, P-EBIm+H D 3 12 K & 72 Stokes shift,

I DA L 72 36 e (Ahst = 7.84x10° cm™, Akip =96.0 nm, ®@p=0.33)i%, TICT NI
Er b0 LIFE L. Z 2T, B-EBIm+H D3 (Ahst = 8.51x10° cm™, ALy, = 91.8 nm,
O = 02600 L REEOMEMZRL, FUL TICT BHETHLHEBEXLND. L),

T-EBIm+H" (XML D 73 1 S EEIRINIC L o THE & IR A =43 LU OEITRR L 72 0
WKL, MR8 &R S 7R o To(BRTRINET @, 0.76, BRI @, 0.43). 12T,

% O Stokes shift [$AAst, 5.15x10°cm™ & 720, BEURINATOAAs, 3.66x10° cm™ & ks L
THHELWEME TS WEES, #RIY7Z TICT 36 & 1T 872 2 FOLIREETH 5 rlREME
DR S35, T4, Song ZElT tridurylborane #E (KD AL FHIMIZE G, BAT)FHY
R BIC 5 3 RO R B EhE kAR, BN, LEfRAEL 2 FEo> ICT JRAEE(CT KhE

O TICT IREEZ E IR T 2N HOWTHE LT\ 5. P 2o e i, 3 Mo phkig
IZOWTHALFEIMEE D ZR NG IRIBE AT TV A, ZNIC X 5 &, LE IRFEIT driving
force & 72 % free energy changes (AG)73/NE <, Stokes shift [TF & /M. X, FAME
D3P, el e IR ME. I, dipole moment 2% 0 CIALE DR M:CIREE |2
WL Z ). —J5, ICT IREEIZAG & dipole moment |E 3 FED 9 H 1 DfE

68



Z L, Stokes shift 23/ & < HEIEOR, £ L TRV ZTRT L H 5. M7,
TICT IRR&IZ driving force & 72 HAG D3 e b K& <, MBIADIEFIZFHIWIELZ 7R L, dipole
moment 73 3 FEDHF T HFKIT/ D & LTV 5. Song & DOH#edm & AL OFE R

HWHT 2 & T-EBIm+H O ICT IREEIZR UM TRWZ E0NRIBEIND. LD L,
P-EBIm+H" I & B-EBIm+H" (X TICT K&, T-EBIm+H1IFER UNELD ICT (KHE &
LTURBTE 5. W, #EFEMAEORE, BRNERITECEFIEREMET 5106
DD BT, ENEEMBEEIML TS, Z ORI HEIL LE IREED S AIREE~DER %
LTS, WNT kM DP h ZEHL, ZNHORERICONWTELE L. ET,
WINZRICE TG Tl LTS Z L, BRI LERETH D Z &b,
FERINERIZ I 1T D IR BES LE IREET/oWVZ L 2R LT 5. X, P-EBIm i ONZ
B-EBIm (3 ky, 23RN £ 0 500 EZE LT 523, T-EBIm (355 E AL L Th7eun
(kur, 014 2355 0.16 ns™ ~HE). 55 FN TO R E G225 X 9 722 TICT IRAE
— A7 L X D %@ﬁﬁm%ﬂtﬁ%ﬁuﬁ@ﬁ%ﬂ%ﬁ?% 5. ZOFENL, T-EBIm i
bR AE TORIEZE L /N E <, FEOLRhERERIZ 1T 2 I Al @ | F AL R R 1T
EThHETHETES.

WKNT, 7 N ALRTOBESILFEAME-EIZOWT E, 2 CV X EH L. EHITE
{LEENL & WIUH DR D & B L 7= (Table 4-2). #55:% P-EBIm & OF B-EBIm T E, /33
123.02eV 720, MO IEnBLOIENYNEBRETHD &EO/BREESZ. —F,
T-EBIm (X LUMO X TN HOMO 2Mtod 53 & bb~_Ear L, #ERE L TE, 2 2.88¢eV £
TR polz. ZORRIT o ERICLDIEREZ T TR, EFM5HEOFE N
thienothiophene (Z X% HOMO O RZEMNFHFH L TNHEBEZXHND.

Table 4-2. Electrochemical properties of compounds in CH,Cl,.

Ee™  Amee™ LUMO  HOMO E,

Compd [V] [nm] [eV]  [ev]¥  [ev]
T-EBIm 0.91 431 -2.60 -5.48 2.88
P-EBIm 0.98 411 -2.53 -5.55 3.02
B-EBIm 0 99 410 -2.54 -5.56 3.02

[ Onset of oxidation curve. ™ in CH,Cl, 1.0 x 10°M. [ Estimated from optical energy gap.
[ HOMO = [ (Eox — 0.23) - 4.8] eV, where 0.23 V is the value for the half-wave potential of
ferrocene/ferrocenium versus Ag/Ag’ in CH,Cl, and 4.8 eV is the energy level of ferrocene

below the vacuum.
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4-3 BHENE

WD RN EE S AFROMITITHELE N RS, MiEsfa, b o EFREBICET 8
B EHE N L (S L FBAICE L TIIRRCSEEZE 1 K2 BFE L), X, 44
> % FF> merocyanine FHDEBEOFRMEIZ IS U7z B FHZ (b (solvatochromism) {2 DU
THHEL DT OEETHIEN S 72 TH Y, Brooker ™ < McRae M 12k v, Wik
A FNEEOFE DR RIS EA L TV D Z ERRESNTWD., —J, 20
A MMEA A U BEOFLEZED L HEHDRICEA L T, Dimroth % I
pyridinium-N-phenolate betaine %58 (DOULIL S DR = F /L ¥ —(kcal mol™) %, VA
DREERI 72 parameter & L 7= Ep(30)Z2 208 L7-. PO yRiish B ek vk oo % 5.2 B4
HEERMERE G Z LG, AFRICE W T ERAL IS T2 OV TZ DT
AR 2 BE L7, 15 DAVTZERIINEIT#% ORI, 9t A~27 V% Figure 4-6 &
U\ Table 4-3 |Z7x7". 4, diethyl ether (DEE) TOZEHIEICEE L, il {bAl(butylated
hydroxytoluene, BHT) 23 RAE L TNz ZBRIRINFT O 4~ DEE TORIE AT 72.
BRI OE AT M E RS & 2 TONEY TIREEORRME KT L 72\ i
D& D AT PANBI ST, ZHITHAMHCIELOFT Y PN LER L THLHZ L
o LTCWD . — 3, BRI IR (2K 77 L 7= solvato-fluoro-chromism % 7~ L,
FhidIREE T ICT Mhamme L7z, U X, Eewmsg, 7o b PR EE (80% (viv)
ethanol/water mixture }2 T8 methanol)"F C ~E®NEMI < i7=. IRWT, 7a hAmk
A DZNZENDHOEEIE A7 kL% Figure 4-7 ("9, 2 TOHFIZBW\WT T 1
FAGIZ R DN AT M VOIS RIEES T FLTEY, WINA~Z ML &
—F LA MVEBRILE. —J7, BICR_7=7 0 b oPREg s T os e EhiE A
X7 MVEFEREY T FERLTWRW. AT, 7 b AREE T o ZEHokix
TR OFFmE LTHENATEY, ZOMm L L TEEMMSN T 1 R ALRTOFMIZ,
BFMED D7 1 b ALEOMIEE R O Fdn L L L T\ b, X, methanol F Tl &
FR A DMEETH D73, 80% (v/v) ethanol/water T CTIZEHF ML MEE & 725 T
5. B, B-EBIm+H TIXH s Lo TRIMES N TEY, 221 ns Lol 2
DFERIT T 1~ ALHTD 2 ns Btk DEEFm (Bl 21X 80% (v/v) ethanol/water H1 Tl
251ns) & —E L TWA. BLEICIZENAXT MADOIREND, 7a b RREE
TIET'm PR THD TFA LIS FIC K DMAEERNEE, 7a b AL)HES
nTnse&EXHN5.
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Figure 4-6. Absorption and fluorescence spectra of a) T-EBIm, b) T-EBIm+H", ¢) P-EBIm,
d) P-EBIm+H", ¢) B-EBIm, and f) B-EBIm+H" in various solvents; n-hexane (purple),
toluene (blue), diethyl ether (light blue), dichloromethane (green), 80%(v/v) ethanol/water

mixture (yellow), acetonitrile (orange), methanol (red).
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Figure 4-7. Excitation spectra of a) T-EBIm, b) T-EBIm+H", ¢c) P-EBIm, d) P-EBIm+H", ¢)
B-EBIm, and f) B-EBIm+H" in various solvents; n-hexane (purple), toluene (blue), diethyl
ether (light blue), dichloromethane (green), 80%(v/v) ethanol/water mixture (yellow),

acetonitrile (orange), methanol (red).
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Table 4-3. Photophysical properties of compounds in several solvents.

Aabs Aem Avgr Dy T ke /-
Compd Solvent [nm] [nm] [x10°cm™] [ns] [ns'] [ns']
T-EBIm n-hexane 373.5 427,453 3.37 0.73 1.68 043 0.16
toluene 375.5 434, 460 3.57 0.77 1.52 0.51 0.15
diethyl ether 370.0 427,453 3.65 0.84 1.76 0.48 0.09
acetonitrile 370.0 435,452 4.11 0.77 1.74 0.44 0.13
methanol 366.0 431, 453 4.12 0.75 1.76 042 0.14
80% ethanol 362.0 434,453 4.85 0.72 1.74 041 0.16
T-EBIm+H" n-hexane 378.5 467 5.01 0.65 3.53 0.18 0.10
toluene 384.5 464 4.64 0.73 2.29 032 0.12
acetonitrile 373.0 474 5.92 0.42 3.01 0.14 0.19
methanol 372.5 465 5.56 0.51 1.69(11%), 3.11(89%) 0.16  0.16
80% ethanol 369.0 458 5.33 0.66  1.54(62%),2.52(38%) 0.43 0.22
P-EBIm n-hexane 363.5 419, 445 3.66 0.71 2.25 031 0.13
toluene 369.0 424,450 3.55 0.73 2.12 034 0.13
diethyl ether 363.0 419, 444 3.73 0.71 2.62 0.27 0.11
acetonitrile 363.5 421, 445 3.81 0.72 2.76 0.26 0.10
methanol 359.5 421, 442 4.09 0.72 2.95 0.24 0.09
80% ethanol 362.0 421, 443 3.92 0.70 2.88 0.24 0.10
P-EBIm+H" n-hexane 364.5 486 7.10 0.50 4.80 0.11  0.10
toluene 370.0 480 6.47 0.56 443 0.13 0.10
acetonitrile 364.5 505 7.97 0.22 3.45 0.06 0.23
methanol 362.5 488 7.45 0.30  2.18(18%), 3.64(82%) 0.08 0.19
80% ethanol 362.0 421, 445 5.20 0.51  2.30(44%), 2.86(56%) 0.18  0.17
B-EBIm n-hexane 359.0 405, 429 3.18 0.75 1.71 044 0.15
toluene 362.5 411, 435 3.29 0.78 1.68 047 0.13
diethyl ether 357.5 406, 428 3.37 0.77 1.99 039 0.12
acetonitrile 357.5 412,427 4.74 0.76 2.23 034 0.11
methanol 355.5 429 5.07 0.75 2.49 03 0.10
80% ethanol 356.5 430 491 0.74 2.51 0.29 0.10
B-EBIm+H" n-hexane 354.0 483 7.87 0.41 4.09 0.10 0.14
toluene 360.5 482 7.00 0.51 3.92 0.13 0.13
acetonitrile 356.0 507 8.49 0.23 3.32 0.07 0.23
methanol 355.0 438,470 7.78 0.35 2.50(44%), 3.56(56%) 0.10 0.18
80% ethanol 358.0 430 4.87 0.61 221 0.27 0.18
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Figure 4-8. (left) Absorption maximum and emission maximum as a function of Er (30)

parameter of various solvents. (right) Plots of Stokes shift (Avsr) versus solvent polarity

parameter Af.
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Table 4-4. Excited state dipole moments (Lte) of compounds.

Compd a calc [a] L calc [b] e AH

[A] [D] [D] [D]

T-EBIm 6.64 3.77 12.96 9.19
T-EBIm+H" 6.63 0.73 10.22 9.49
P-EBIm 6.64 4.1 9.92 5.82
P-EBIm+H" 6.63 2.98 13.96 10.98
B-EBIm 6.64 4.11 16.92 12.81
B-EBIm+H" 6.63 3.94 14.52 10.58

(2] 40% of the long axis of the optimized structure (CAMB3LYP/6-31+G(d,p) level) of
compounds. [ CAMB3LYP/6-31+G(d,p).

RNT, 7'a b AERTOR KRB TOH LA MATNZ T m b ABR O#E R T
DAY MIVORIEZIT>7=. Figure 4-9 |[ZHER 23, 3BEHIE 3 & LRI
PMMA %7K A & LT Iwt%DIEE THRHE L7=. PMMA H CORIER RIT 0 1 OfE
A2 L, LE SREND ORI LE - TEHND Z D, R L TETONT
T450 nm ffrz v — 7 & Lics enBini., — P Tl roREIcEy Ly
Ry 7 hL, 470 nm (1% B — 27 Lizdt A~ MBIl Sz, 22T, A
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Figure 4-9. Solid state fluorescence spectra of compounds (left) in crystal state absence of
TFA, (right) in PMMA film state presence of TFA. (bottom) Photographs of fluorescent

crystals and films.
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Figure 4-10. Temperature-dependent fluorescence spectra of a) T-EBIm+H" b) P-EBIm+H"
¢) B-EBIm+H" in 2-MeTHF/TFA (3.0 mL/0.5 mL, 1.0 x 10 M) at low temperature(from 77
K, blue lines to 200 K, black lines).
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Figure 4-11. Temperature-dependent fluorescence and excitation spectra of (left) T-EBIm+H"
and (right) P-EBIm+H" in 2-MeTHF/TFA (3.0 mL/0.5 mL, 1.0 x 10° M) at low
temperature(from 77K, blue lines to 200K, black lines).

78



B72 D hERIER OBATICOWTHER T 5 %, Ml N CoO®RNMEEITo 72,
% 5172 N,N-dimethylformamide (DMF)H OEETSINE DA77 kv % Figure 4-12
(Z7RT. [, DMF T 7m b o MREin & RAk, =R To _HAonEns. 2
TDLFT300 K225 380 K IZFHIRT B2t~ TICT BIECOIRENHA L, LE 3¢
MEIMLTWA, ZORERIE, 2 DO 5 REDBCEHENRIE CTHIVXE T 1AL L 17
TEMEF 1T Boltzmann 3 AR IZHED 2 &0 0, FHRICE-72 LE KRB L ICT IREED AL
fbaRB L CW5. X, T-EBIm+H X 455 nm {731 % 52 (258 B b I & BN 2381
ST, ZOREFITEAE AT ML LE & ICT 60 “BERENORD 2
EEEBEWRLTEY, KETOHEART FAHIEDRER &P L.

(2)

— 300K
_ —— 380K
5
= &>
E S/
H{ AN

T 7 Cethis . = ‘ = . CeH13

400 450 500 550 600 650 700

Wavelength (nm)
(b) 1.0
0.8
;:\ 0.6
=
E’ 0.4 4
0.2 H\Kj/ N~
0.0 =5 T T T T 1 CeHi3 . = ‘ = . CeH1s

400 450 500 550 600 650 700
Wavelength (nm)

S: /;
H\+

NN~

0.0 = T T T T T i CeH13 . = ‘ = . CeH13

400 450 500 550 600 650 700
Wavelength (nm)

+

Figure 4-12. Temperature-dependent fluorescence spectra of a) T-EBIm+H" b) P-EBIm+H
¢) B-EBIm+H" in DMF/TFA (3.0 mL/0.5 mL, 1.0 x 10° M) at high temperature(from 300 K,

black lines to 380 K, red lines).
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Figure 4-13. Schematic energy diagram of T-shaped cross conjugated molecules.



4-6 ETLFHEAE

BV L ARSI S - D ETREE, FRIREEIC O W THREI L. )
DIZH 4 Bk~ 7 DFT AP T 2 PLBIE ke, B BISUR A O RGEIC
WTikR%. 4a], B3LYP PUK Y CAMBILYP LB VY, 6-31G(d)ifF N
6-31+G(d,p) Z LRSS & L CTEH L, Gaussian 09 PN L0 HHE&2IT 72, X, W
IR % Uy fodfee (K€ 7 /L (Polarizable Continuum Model, PCM)% F\V>, & OEAFME
[Z2WTC T-EBIm+H €7 V4 7 & L TR L7, #55R% Table 4-5 (237, RS
BARLFYEIZ WU, o T EoZER (im0, JF-RIEREEICI35hk 2% 5 2 C
WRWE W RERZ ST, — 07, pe \FILEIEL, BEEREUIIKFEL TV D Z &2 o 7z,
H, PCM &7 T K B, ~ORENIFFRE R £ < M S, B R Ty 28
BT 25 WO ERESE-. DLEXY, KRHFJETIT CAMB3LYP/6-31G(d)% 7 H 41
& LTEM L, Hili% dipole moment DL IZER L T DA CAMB3LYP/6-31+G(d,p) %
LB LTHWE. X, BhEREEIE TDDFT FEPY I L viTvy, 0B RLE
BE%UT 6-31G(d) =8 L7=.

Table 4-5. Calculated dihedral angles, bond lengths, atomic distances, and dipole moments of
T-EBIm+H" at various methods.

0 Cc-C N-S NH-S g

Method PCM [deg] [A] [A] [A] [D]
B3LYP/6-31G(d) no 26.72 1.43 3.14 2.89 0.98
CAMB3LYP/6-31G(d) no 29.38 1.44 3.14 2.90 0.63
CAMB3LYP/6-31+G(d, p) no 31.17 1.44 3.16 2.92 0.73
cyclohexane 34.37 1.44 3.18 2.96 1.10
toluene 34.62 1.44 3.19 2.97 1.17
dichloromethane  35.55 1.44 3.19 2.98 1.46
acetonitrile 35.61 1.44 3.19 2.98 1.52
methanol 35.61 1.44 3.19 2.98 1.52
water 35.55 1.44 3.19 2.98 1.53
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Figure 4-14. FMOs of T-EBIm, P-EBIm, B-EBIm and their protonated states.
82



Table 4-6. Electronic transition characteristics obtained from absorption and emission spectra.

( Percent = 2 X (configuration coefficient)’ X 100 )

Absorption (S;—S;) Emission (S;—S,)

Compd —
nm f Major contributions nm f Major contributions

T-EBIm 3512 1.24 H — L (83%) 4232 125 H — L (85%)
3326 1.52  H-1 — L(72%) 3609 139  H-1 — L (74%)

2914 0.30 -

T-EBIm+H" 3744 125 H-1 — L (81%) 4574 0.50 H — L (95%)
3712 1.03 H — L (85%) 4137 146  H-1 — L (90%)
2986 0.83 H — L+1(80%) 3351 130 H — L+1(89%)

P-EBIm 3504 1.17 H — L (87%) 412.1 0.74 H — L (85%)
325.1 125  H-1 — L (76%) 356.3 1.71  H-1 — L (77%)
3132 031 H — L+1(76%)

P-EBIm+H" 3713 0.99 H — L (88%) 458.7 0.49 H — L (96%)
3454 0.96  H-1 — L (81%) 3909 1.10  H-1 — L (71%)
298.1 079 H — L+1(80%) 3353 130  H — L+1(89%)

B-EBIm 349.0 1.42 H — L (90%) 397.6 1.37 H — L (93%)
3125 0.78  H-1 — L (75%) 330.8 0.89  H-1 — L (81%)
2956 036 H — L+1(79%)

B-EBIm+H* 376.0 0.98 H — L (90%) 470.0 0.49 H — L (96%)
3224 0.65 H-2 — L (56%) 3625 0.89  H-1 — L (49%)

2984 0.85 H — L+1(84%) 3344 136 H — L+1(86%)
@) TD-CAMB3LYP/6-311+G(d,p)/CAMB3LYP/6-31G(d).
b TD-CAMB3LYP/6-31G(d)//CAMB3LYP/6-31G(d).
[ (Absorption) TD-CAMB3LYP/6-311G(d,p)/CAMB3LYP/6-31G(d).

57 T HE O FARIT IR EE CO Pl b 2 RE LI AHOEL D 2R L TR Y, TR
(B S IR IE T Oy FAEE LN B CE TV, Z O RITILECIRE T
D53 FEUEDIRDS, FhEIRBIC I 1T 2 B BENKEO 5 F B S & K& Hiro
TWAHZ EZRBELTWD. BIG, FhEREBIZE T 50 LB 2 BB METH 5 713,
AT BV TILhERE COR L EME & L TR U OREEIZSE STV,
ZOHEND, BERBERENLZEN SN D XD SR 2 X0 i (R 7 L i
iz Hvy, BB RZEME & L CEMBENREZFIELL, 00 FHuE) i
W TEIEIARMIEICE T 2 EMBINIREDO S THENHER TEHEEXD. LnLA
NG, EEREETHE UG, EFSAREICBIT RPN D%, FEER
DL LA TH D, Z ORI COYmMEORm S, ICT MEO#IE LR
I ICT FENBNTBS, ZORARBICET I EERERO D THLEEZD.
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WIZ, FhERARIZ I 1T 2 0 FHEEEIZ OWTHE bR R 2 ME L. EIRED
2 TEREIE % Table 4-7 (27”7 ffFeld imidazole 7 & thiophene B D @ 1 | Lahid
IRAECTEARLCKREL Y PSS TWDH EWIFERER -T2, Z 2T, BhldikiE
DR UNAREEN R R TE 2o BK E L TE, K[MERETOHRETHS Z &R
CARLO TICT HRREDFFHIZ I EAL O R e % %“#52%%%5’&%%2%
nn. P JLEIREE, BhENRRED X o BRI Bz on Tl b i fiEn o
M L7-. &%, benzimidazole @ benzene BRIFEEFIRFETIIE /A ]\7':”’(3?)5#
LR RE TITAKEFMA~DF /7 A R, 8, (DR < BT\, —J5, imidazole 2%
I LTEMER RO 7 A R, S, (WIZFINZ L 23> 7=, X, thiophene Bz IZiE#AE L 72K
5D phenyl ZED ¥ /A R, §, ()IFFHEZIREE TR L L TW5. F:IZ, T-EBIm+H &K}
P-EBIm+H"® S, TiF 0.027 % Tr0.028 A L7¢ v, JEEIRAED 0.008 A & Lz L THR
DX/ A REOEENRBLOND. ZOFE, imidazole % & thiophene 8 D C-C 55 fH
MENZEE L TR, “HEEAMENE TR EL TS, #, B-EBIm @Xﬁ%%ﬁﬁ@ﬂe
/A RM:IE5& Table 4-8 (278 L72. benzothiophene DA, fOFALA @ L C 5
fatER S <, ZOMITHEFEEOHIPIREL 72> T 5. X, B-EBIm+H'®D S, K}
S; T ¥ ZHAEATEN Lo TERY, ¥/ 4 NEEOHEL & 5 2 L3 oTz.
L EDORERIG, 2 DbEMBEE SR, KEHFMICRLDF ) A NMEEDFAE
L, benzimidazole Z£% 41 L CE AL 5 08AE LI2RE L 70 o TV D & lo 72, FIZ,
BEHMED SAKELFMOIERN L VRIE TH D Z & NFHREERNORE I, 1,
IVEIR) S iﬁb@lﬁi% BT A2HEAZRBEL TWDEDATHY, KETikim L T\ D
EtiigE 2 UbNIE L0 FREESEFIREZER L TR W RICER SN V.
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Table 4-7. Dihedral angles, bond lengths, atomic distances, dipole moments and quinoid

characters (6,) of the neutral and protonated compounds for ground and excited states
calculated by TD-CAMB3LYP/6-31G(d)//CAMB3LYP/6-31G(d).

e OO0
OO0

Quinoid character

aCc 5 (t)=[(d-e)+(f-e)]/2

b 5 (v)=[(b-a)+(b-c)l/2
8 (h)=[(a-b)+(c-b)]/2

terminally quinoid vertical quinoid horizontal quinoid

0 CC NS NHS pu  &(@® & ()

State
[deg]  [A] [A] [A] [D] [A] [A] [A]
So 21.3 1454 3.012 - 3.53 0.008 -0.005 0.005
T-EBIm
Si 03 1400 2.883 - 3.68 0.019 -0.030 0.030
So 294 1435 3.145 2.903 0.63 0.008 -0.005 0.005
LS 140 1.391 3.069 2.769 1.87 0.009 -0.077 0.077
T-EBIm+H
S, 13.6 1.402 3.047 2.749 2.43 0.027 -0.016 0.016
S;3 16.6 1407 3.071 2.797 1.27 0.010 -0.057 0.057
So 209 1454 3.027 - 3.92 0.006 -0.005 0.005
P-EBIm
St 0.0 1.404 2906 - 4.11 0.016 -0.051 0.051
So 30.5 1438 3.163 2933 3.01 0.008 -0.004 0.004
.S 12.6 1392 3.074 2773 4.48 0.008 -0.076 0.076
P-EBIm+H
S, 10.8 1.396 3.051 2.754 4.83 0.028 -0.018 0.018
S;3 159 1409 3.076 2.803 3.92 0.010 -0.057 0.057
So 223 1456 3.021 - 3.97 - -0.004 0.004
B-EBIm
Si 11.0 1436 2956 - 3.88 - -0.078 0.078
So 327 1443 3158 2.922 3.98 - -0.003 0.003
. Si 142 1396 3.064 2.759 5.19 - -0.075 0.075
B-EBIm+H
S, 12.6 1395 3.059 2.769 5.20 - -0.020 0.020
S; 12.6 1395 3.059 2.769 5.20 - -0.020 0.020
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Table 4-8. Quinoid characters (0,) of the terminal benzothiophene moiety of BEBIm before
and after protonation for ground and excited states calculated by TD-CAMB3LYP/
6-31G(d)//CAMB3LYP/6-31G(d).

State or (d) or (e) or (f) or(fy or(e) or(d)

Compd Al Al Al (Al Al [A]
B-EBIm So 0.017 -0.022 0.023 -0.009 -0.008 0.000
St 0.014 -0.021 0.024 -0.010 -0.011 0.003
B-EBIm+H" So 0.018 -0.025 0.028 -0.012 -0.009 0.001
Si 0.008 -0.018 0.024 -0.011 -0.014 0.011
S, -0.012 -0.014 0.037 -0.024 -0.024 0.036
S; -0.012 -0.014 0.037 -0.024 -0.024 0.036

PUENG ST L THRETT 5%, imidazole %5 & thiophene BR D [H] D —H A IZ-DUVNTD
[FIRFERE = XL X —(AE)Z A L7o. #55%% Figure 4-15 12" 9. T-EBIm [I~7' & |
fBIZ KV AE 73 3.00 725 3.01 keal/mol ~&EfENTIER L7z, —J7, P-EBIm % 2.93 7>
5 2.65 kcal/mol ~~, B-EBIm %, 2.76 75 2.19 kcal/mol ~& 7' &2 b 2 AKIZ X 0 BHEEIZAE
PEI L7, MRS FIZ L > TR DR HEEREOE WIS 573, TR BH X RS
fir & 72 % imidazole 2 & thiophene Bf O " HfE A, BIHF / A MEEDOF LG LW, B
AINETO S-N FHAAMERY, BRI D NH-S 25+ N/KEFE B AN BEE L T 5 ATREMES
5. 2, T-EBIm+H XA A8, AiH % ) 4 MEEOFEAKE <, B-EBIm+H"
1ZIEA A VRO IIEREED H G N RKE N ERNZOMEL VRSN DT, 2Ok
FiZFx /A FEEOFGOREDEWICLDAE ~DEEELEEZz NS, —FH, =
DN FRKREREE DM D Z & T, WA VOB L T—E L
RS T MRS TS Z ENHERTE 5.

3.0
25
2.0
1:5
1.0
05
0.0

05

Relative energy
(keal/mol)

T-EBIm P-EBIm

0 30 60 9 120 150 180 0 30 60 90 120 150 180 O 30 60 90 120 150 180
0 (deg) 0 (deg) 0 (deg)

Figure 4-15. Relative energy versus the bond angle of T-EBI, P-EBIm, B-EBIm (solid lines)
and those after protonation (dotted line) using CAMB3LYP/6-31G(d) level.
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2T, BEHEFEHEROEIICE > THE LN T-EBIm+H O =RV X —Z A T 7
7 % Figure 4-16 (2. SEICiR~ 7 L 9 Ik BB IC By Tha LV C O L eI
&5 TICT RN HEH TE R o722, S5 FWNTO A% EE L7RETORE
fERAZ UL E UCTHRA L7z, #RIE LE IRE~OBERITFE CIL 331 eV, FEHITIX
3.19eV &eoTz. —J7, LEFEIFFRIZE Y 3.00eV EHEH S 7223, FEHITIE 2.71
eV Th ol )7 ICT IREEN S OERBITXERTIX 2.61eV TH Y, HEFRD 2.71 eV
ERLSHLTWD., T OFEFRITBIEIRIE Ty 7HfiE & B ERE, o riuElc
B4 2552% LR —FLTW5D. MAZT, TICT IRE~DOBITIXICT IREIZ A
TAFITHY, LE & ICTIRENESRRZ L 3FH ETHERTE 5.

4.0 — AE=0.04 eV
(E,=0.01¢eV 9
3.33eVh
3.04 eV 3.00 eV LIC.E
3.0 — | ICT ——= LE
9 331eV®
o (3.19eV )
s’
Iy 2.08eV®
T
2.0 (£ =0.00) !
T 2.71 eVP 3.00eV?
@616V @71V
0 | n it
14.0° 29.4° 31.2° 90.0°

0

Figure 4-16. Schematic potential energy diagram of the ground and excited states of
T-EBIm+H" calculated by (a) TD-CAMB3LYP/6-311+G(d,p)/CAMB3LYP/6-31G(d) and (b)
TD-CAMB3LYP/6-31G(d)//CAMB3LYP/6-31G(d) methods. Observed data are in given in
bracket. (¢) in CH,Cl,, (d) in 80% ethanol, (e) in 2-MeTHF at 140 K.
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4-6 FEm

AREE T FWNEMBENREE TOHFDINREEICHOWT, ZOREIREBIZBIT S
MIEED Sigiam L. 0 B OMIENEZ 52 U2 R ERIE TOFEHEIZ OV T O
FEZ <, BRSO TIIKRERBEX /A FEIE o i OIED V) 2R U7Zs%EHI R D
HRVWEIECTH D, AFEIZE WO TIH 72 ICBIEIRREIZ R 1T 2 B i 2 115 A,
XA NEIZED ICT REOR U AKIEZ1T - 7. BUll S 7P Mg,
FHELIREED R U OEWERIE L TR Y, FEREE TR Uz < WER 2N EhiEd ik iE
THRIVRNREIUTK NI EZALNITE . ZORBRFHEIZIEEIRETY /A4 R
BIILIBHEE D% G DR E WD FERKIL, /A4 NLOER A2 & HHEEFm A ICT R
REIZH D 0T W E 2B L TV 5. DLEDORERIE, ERE RS IR FEIC L D
53 FREMETIE LA, Briz e bR RBRESERIH O rTREME 2 R LTV S, X, bR AE
T O OHERFOEINA 22 B R ICT IREDOE R 2 X L 74y %A H
ThdEEZLND. MMAT, Stokes shift 23/ & < D DE ICT TG 5y 1A E ]
BN FE DN 072 ICT DB G NTZER TE, ke DFNH & W D BLED B TICT FH
ORISR TH LA FEOUGEI LA TH 5.

&"‘%“'
J““‘-‘
o’ bt
[ = ]
9 ‘.J:
9 |
bt J‘ .";‘. ") ) - J
PR >9 23 e -]
19 P39 2993 ,,.08 2999 “‘*’Q.H..JJ
> 9 \ 9 E
s 2 J‘ ¥ ‘ J“, b | <+ <2 | J ¥

ICT vs TIC
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4-7 EBRE

— ) IA

'H NMR (300 MHz)} O} °C NMR (75 MHz) 227 /L3 H A 748 INM-AL300 %Y
BRI IEE I K D E LTz, BB AT VRS FFRRE &S AT B
JVIE H ARFE 1-#18 IMS-Q1000TD % DART & & /5 47 2& & 1 N IMS-700 MStation & M
AE _HEINHRE BRI LV RE L7z, JEFEoHTIE Perkin Elmer #1840 50585541 &
4E£[# 24001ICHNS/O % FiV 7=, HPLC VY A 7 V43 ELHPLC IXH N ANA T 7 /) |
¥ — X8 LaChrom Elite 3 A2 7 A, A ARG LA LC-9110NEXT % LU
TAT o7z, 585k« AIERINA Y MVROY, a0, s A =7 hvid B AR etk
B V-660 264« AT E R N HXiNA T 27 7 1 o— XL F-7000 430t
WEFHZ XV ZNENHE Lz, RIRSE T ToO®EEANT MLVHEICEE L TiX
Oxford Instruments fERDURIKEFR 7 7 A A A %~ b OptistatDN % V>, B AR5 A5
FP-6500 /3 Yed WL EFHZ L 0 77K MO EBE TOREGHH CTRIEZITo72. X, &
MRS T TOHE AT FVHIEICE L CiXREe 2 AV, RS ~LF =5
fEIR /L AR/L & ETC-273T I K W IRERIE 21T - 72, wtFm & Oy, fxtat &I
FIXIE S BEFT#Y FluoroCube 3000U #YEFFmMIE > AT &, EfAR b =27 A4
C9920-02 fixt PL S\ ICREEIC L Y ZRENHE Lz, EXEFHET 7 v —7 R
v 7 AT L3 FEPHAT C Metrohm Autolab fE8u-AUTOLABII AR 7 > 2 = /77 /L
JAK Yy MLV, EREM, MMICASEmE, SREMBICIEKIEERS R EMm
(Ag/AgHZ ZENZENHWTHIE Lz, X, XFFEME & LT 0.1 M tetrabuthylammonium
hexafluorophosphate (TBAPF¢) % V>, 100 mV/s O ER L THIE 21T - 7=,
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Br—S. Br S._Br
Br Br

2,3-dibromo-5-phenylthiophene (1): A{LEMITIATHIZE e BB Ic ka2t 7.
> o> 7 A=z 2,3,5-tribromothiophene (12.8 g, 40 mmol), phenylboronic acid (4.88 g,
40 mmol), 2M K,CO; /K¥&#& (160 mL), 1,4-dioxane (200 mL), toluene (200 mL)M&% O}
Pd(PPh3)s (2.31 g, 2.0 mmol) & Mz, ZEHRIFFPAXK T 100°C T 8 IefAMBVRFRE L7z, SO
REERETHALEE, KXY 7= F L chloroform THri 1% A H)E 2 L4 =
L, 557 R EY % silica gel column chromatography (n-hexane)iZ £V HEEL, H
AEEAR R OILAEW 1 2157-(4.58 g, 36 %). Re= 0.43 (n-hexane); 'H NMR (300 MHz,
CDCl;, TMS): & = 7.50—7.47 (m, 2H), 7.40~7.36 (m, 3H), 7.10 (s, 1H): DART MS (m/%):
[M]+ calcd. for C1Hg¢Br,S, 317.8; found 318.

S S

Br Br
1 2

3-bromo-5-phenylthiophene-2-carbaldehyde (2): TG L 720> 07 T R =2|Z
&% 1 (3.18 g, 10 mmol) X UWi/K THF (50 mL) % Iz, ZEHRFHE FIZ L7=%-78 °C
WA LTz, K% n-Buli (6.25 mL, 1.6 M in n-hexane, 10 mmol)Z % F L, 30 43
R L7=. R\ N,N-dimethylformamide (1.2 mL, 15 mmol)%& il %, —78 °C ({ZiEE & £
STCEEHIC 30 B LI, fhe AR LD 2 BRI L2k z i x,
chloroform THEZAKEZBITEE L L, B oMK AEY % silica gel column
chromatography (chloroform)iZ & ¥ B U, EEAEIKDO(LEY 2 21572(2.63 g, 98 %).
Re= 0.79 (chloroform); 'H NMR (300 MHz, CDCls, TMS): & = 9.95 (s, 1H), 7.65-7.62 (m,
2H), 7.49-7.40 (m, 3H), 7.35 (s, 1H); DART MS (m/2): [M+H]" calcd. for C1 HgBrOS, 266.9:
found 267.
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S._cHO S
\ - Ya
COOEt

Br S
2 3

5-phenylthieno[3,2-b]thiophene-2-ethyl-carboxylate (3): {L&% 2 (2.62 g, 9.8 mmol),
ethyl mercaptoacetate (1.30 g, 10.8 mmol), K,CO; (2.71 g, 19.6 mmol) f U DMF (20 mL)7>
B Ak D SOSTRG TR % 2830 C 50 KR L7=. /K& X, chloroform T43ik% A1 E
ZWIEEEL, SFONTHAEY 2K, n-hexane THEE L 72 &L T THIERL IS % #&
ATV HAS A R DILEW 3 2157-(2.49 g, 88 %). 'HNMR (300 MHz, CDCl3, TMS): &
= 7.97 (s, 1H), 7.67-7.64 (m, 2H), 7.50 (s, 1H), 7.46-7.36 (m, 3H), 4.38 (q, 2H, J = 7.2 Hz),
1.41 (t, 3H, J= 7.2 Hz); DART MS (m/z): [M]" calcd. for C;sH,,0,S,, 288.0; found 288.

S S
\ 7\ E—— WA
COOEt COOH

S S
3 4

5-phenylthieno[3,2-b]thiophene-2-carboxylic acid (4): L5 3 (2.42 g, 8.4 mmol), NaOH
(1.0 g, 25 mmol), EtOH (36 mL) % O/K (5 mL)2> 5 % D BOGIRAVANR % 4 B INEE T L
Tet%, KRN 2 EWTE. A TR L, 150 EY 2 K Tl L7zt
JE T TN & JAAT WV B B RO AW 4 21572(2.19 g, 100 %). 'H NMR
(300 MHz, [Dg]DMSO, TMS): & = 8.00 (s, 1H), 7.94 (s, 1H), 7.75-7.72 (m, 2H), 7.51-7.45
(m, 2H), 7.41-7.36 (m, 1H); DART MS (m/z): [M]" calcd. for C3Hg0,S,, 260.0; found 260.

S S
Ya — va
s ~COOH

4 5

2-phenylthieno[3,2-b]thiophene (5): LAY 2 7> B AL AW ~DE R IT e THFZEP! 2
5B LT, \LEY 4 (2.08 g, 8.0 mmol), CuO (80 mg, 1.0 mmol)fx O\7EEE L 7=
quinoline (18 mL)Z ¥ L < ¥R L7203 & 5 R NEGEDE L7z, =i £ ThmAEItL, HR
WONTAKZEX, chloroform |2 XV 70 LT b V- B % fafi 3K THEW, &
BEAWIERE L L2, 15 DA A IS silica gel column chromatography (n-hexane)(Z
FOHEEL, AR ROICAEY 5 #1457-(1.47 g, 85 %). Re=0.32 (n-hexane); 'H
NMR (300 MHz, CDCl;, TMS): 6 = 7.66-7.62 (m, 2H), 7.50 (s, 1H), 7.44-7.35 (m, 3H),
7.34-7.25 (m, 2H); DART MS (m/z): [M]" calcd. for C1,HsS,, 216.0; found 216.
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s

e T Q\CQCHO

5 6
5-phenylthieno[3,2-b]thiophene-2-carbaldehyde (6): T OINEGLIE L= 07 A 2
L&Y 5 (649 mg, 3.0 mmol) %X OMii/K THF (15 mL)& %, ZRFFEX FIZ L2k
—78 °C IZmEIL7=. iR IZ n-BuLi (1.90 mL, 1.6 M in n-hexane, 3.0 mmol)%iii I L,
30 sy f#EHE L7=. ¥R\ T N,N-dimethylformamide (0.35 mL, 4.5 mmol)% )1 %2, —78 °C (Z
IR 2R EEHIC 30 B L. RAICHR LN S 2 BT Lotk z
%, chloroform THriktt AHEIE ZITERE £ L, 5O HAKAEY % silica gel column
chromatography (chloroform/n-hexane=1:1)IZ K ¥ HEE L, #HERK IR ROLED 6 &
157-(543 mg, 74 %). Ry= 0.37 (chloroform/n-hexane=1:1); '"H NMR (300 MHz, CDCl;,
TMS): 6 = 9.95 (s, 1H), 7.91 (s, 1H), 7.66-7.64 (m, 2H), 7.53 (s, 1H), 7.46-7.36 (m, 3H);
DART MS (m/z): [M]" caled. for C;3HgOS,, 244.0; found 244.

S o
% _— Sj
g~ CHO

N”"NH

6 Br Br

7

4,7-dibromo-2-(5-phenylthieno|[3,2-b]thiophen-2-yl)-1H-benzo[d]imidazole (7): 1L 5% 6
(490 mg, 2.0 mmol), 3.6-dibromobenzene-1,2-diamine (665 mg, 2.5 mmol) ! ']
p-toluenesulfonic acid monohydrate (38 mg, 0.20 mmol) & UMii7K ethanol (13 mL)7>5 72 %
FOSRE W 2 I T T 24 FEINZGET L. ISR Z IR E THHEIL 72,
KIZE YW 7= F L chloroform T/rikt% A HEEIZ MgSO, 22 Wik L, JEE L T
LITIRIR A WIERE E Lz, 5 DA EY % n-hexane, diethyl ether THEH L 721%
WE IR ZITWEAH ROMAEY T 21572(600 mg, 61 %). 'H NMR (300 MHz,
[Dg]DMSO, TMS): & = 13.5 (br, 1H), 8.47 (s, 1H), 8.01 (s, 1H), 7.78=7.75 (m, 2H), 7.52-7.41
(m, 3H), 7.39 (s, 2H); DART MS (m/z): [M]+ calcd. for C19H;¢Br;N»S,, 489.9; found 490.
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a a
S

S~
N”"'NH NN~
Br@Br Br@Br
7 8

4,7-dibromo-1-methyl-2-(5-phenylthieno|3,2-b]|thiophen-2-yl)-1H-benzo|[d]imidazole (8):
TR LTIy 07 7 22 bE5% 7 (590 mg, 1.2 mmol), K,CO; (500 mg, 3.6 mmol)
N UMK ethanol (8 mL) &l %, I3 5 £ THEMERE L 7=, IN#EYZ, methyliodide (0.15
mL, 2.4 mmol)Z W > < Vi T L 1 RFEINENER L 72, =il & Tmal U 7o B I 2 st
BMEL, BoNiEiE%Z K, n-hexane TRV IR LPEH L, BIERLE: S THEAOHRD
L&MW 8 #157-(499 mg, 83 %). 'H NMR (300 MHz, [Ds]DMSO, TMS): & = 8.21 (s, 1H),
8.01 (s, 1H), 7.78-7.45 (m, 2H), 7.51-7.45 (m, 3H), 7.41 (s, 2H), 4.32 (s, 3H); DART MS
(m/z): [M+H]" caled. for Co0H;3BroN2S,, 504.9; found 505.

7S
— TFA
— S/ —
NN~ AN
CeH1306H13 C6H13C6H13
8 T'EBIm T_EBIm+H+

4,7-bis((4-hexylphenyl)ethynyl)-1-methyl-2-(5-phenylthieno[3,2-b]thiophen-2-yl)-1H-
benzo|d]imidazole (T-EBIm): {t.5%) 8 (350 mg, 0.7 mmol), Cul (6.7 mg, 0.035 mmol),
PPh; (18.4 mg, 0.07 mmol), tricthylamine (6 mL) OMii7K THF (2 mL)& 256 /N7 U > 7
12XV 30 sy L 721, PA(PPh;),Cl, (24.6 mg, 0.035 mmol), 1-ethynyl-4-hexylbenzene
(300 mg, 1.6 mmol)Z il x. 70 °C THEANMEEZFE L 72, ROSEHRIZ/KZ 0%, chloroform
THR L, 1567 AHE Z i K Ty, MgSO, THKE g L THsi 4 8T
BE L7, IR\ T, silica gel column chromatography (chloroform)iZ & W AF#L L, #5541
T HL A% % GPC (chloroform), JIEFH HPLC (chloroform/n-hexane)lZ &1~ CHiffE L, i
RO B T-EBIm Z157-(265 mg, 53 %). 'H NMR (300 MHz, CD,Cl,, TMS,
KoCOs): & = 7.82 (s, 1H), 7.72-7.69 (m, 2H), 7.61 (s, 1H), 7.57 (d, 2H, J = 8.1 Hz), 7.51 (d,
2H, J = 8.4 Hz), 7.47-7.42 (m, 4H), 7.39-7.33 (m, 1H), 7.26-7.22 (m, 4H), 4.50 (s, 3H),
2.69-2.60 (m, 4H), 1.68-1.59 (m, 4H), 1.37-1.29 (m, 12H), 0.92-0.86 (m, 6H); *C NMR
(75MHz, CD,Cl,, TMS): 6 = 149.5, 149.0, 144.7, 144.4, 142.9, 139.2, 135.7, 134.6, 132.0,
131.4, 1294, 129.1, 128.9, 128.7, 128.3, 126.8, 126.3, 121.8, 120.6, 120.2, 115.8, 115.0,
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107.5, 96.2, 95.9, 86.3, 85.5, 36.3, 34.0, 32.1, 31.6, 29.3, 23.0, 14.2; HRMS (ESI): m/z calcd
for C4sH47N» S, [M+H]+: 715.3181; found 715.3184; Anal. Calcd for C4sH4N>S,: C, 80.63; H,
6.48; N, 3.92. Found: C, 80.70; H, 6.22; N, 3.88.

T-EBIm+H": 'H NMR (300 MHz, CD,Cl,, TMS): & = 8.20 (s, 1H), 7.74-7.71 (m, 4H), 7.67
(s, 1H), 7.55-7.47 (m, 7H), 7.29 (d, 2H, J = 8.1 Hz), 7.21 (d, 2H, J = 8.1 Hz), 4.64 (s, 3H),
2.71-2.59 (m, 4H), 1.68-1.58 (m, 4H), 1.38-1.26 (m, 12H), 0.93-0.86 (m, 6H).

11.98

1[111]‘“1“[ |

b —  a08
L, —__amn
= C — 5.99
= .

o

al

=

L

S — A —— -
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ey T T A i T NAERRE!
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Figure 4-18. "H NMR spectrum of T-EBIm+H".

94



$,-CHo S%
8 N”NH

Br Br
9

2-(benzo[b]|thiophen-2-yl)-4,7-dibromo-1H-benzo|d]imidazole (9): 3,6-dibromobenzene-
1,2-diamine (1.70 g, 6.4 mmol) ) benzo[b]thiophene-2-carboxaldehyde (1.14 g, 7.0 mmol),
p-toluenesulfonic acid monohydrate (114 mg, 0.60 mmol) % OMi7K ethanol (40 mL)7%> 5 73
2 RNR A 2 SR FF KT C 24 B RIINBGER TR L 72, BOS R &2 =il & T Al L 72 4%,
KIZE Y 7= F L chloroform Torik#% AHEIEIZ MgSOs 2N ik L, Jidi LT
BNTIBIR 2 WIERE R Uiz, 150 AW 2 i fh(ethano)IC K D FERLL, B
fEI B R DL EY 9 #457-(988 mg, 38 %). 'H NMR (300 MHz, [Ds]DMSO, TMS): & =
13.71 (br, 1H), 8.53 (s, 1H), 8.10-8.06 (m, 1H), 8.04-7.99 (m, 1H), 7.50-7.47 (m, 2H), 7.42
(s, 2H); DART MS (m/z): [MJrH]+ calcd. for C1sH9Br,N»S, 408.9; found 409.

S /g S /g

N”"NH N” N~
Br@Br Br@Br

9 10
2-(benzo|b]thiophen-2-yl)-4,7-dibromo-1-methyl-1H-benzo[d]imidazole (10): 7 & i 15
L=y 07 F 22 26EH 9 (450 mg, 1.1 mmol), K,COs (456 mg, 3.3 mmol) & UMK
ethanol (8 mL)Z M2, BT 5 F TIERH: L7z, MEML, methyliodide (0.14 mL, 2.2
mmol) & o < Vi T L 1 ReEDINBVEGR L7z, iR E TmHA LI BRI 2BIEE E L,
ORI 2K TR D R LS L, J80E T CNENZ IR 2 JBA TV ilite i R Db &
) 10 % 157-(405 mg, 87 %). 'H NMR (300 MHz, [D¢]DMSO, TMS): & =8.19 (s, 1H), 8.11—
8.08 (m, 1 H), 8.04-8.01 (m, 1 H), 7.52-7.49 (m, 2 H), 7.45 (s, 2H), 4.36 (s, 3H); DART MS
(m/z): [M+H]+ calcd. for CigH¢BryN,S, 422.9; found 423.
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S /\2 S /g TFA S /;

NN~ NN~ NN
10 B-EBIm B-EBIm+H*

2-(benzo|b]thiophen-2-yl)-4,7-bis((4-hexylphenyl)ethynyl)-1-methyl-1H-benzo[d]imidazole
(B-EBIm): {54 10 (295 mg, 0.7 mmol), Cul (6.7 mg, 0.035 mmol), PPh; (18.4 mg, 0.07
mmol), triethylamine (6 mL)X% QMK THF (2 mL)&Z ZE5/37 Y 702 80 30 sl
L 72%%&, Pd(PPh;),Cl, (24.6 mg, 0.035 mmol), 1-ethynyl-4-hexylbenzene (300 mg, 1.6 mmol)
Mz 70 °C THRAIMBESEHE LT, ROSHEHRICZ/KZ A, chloroform T43ik L TH:
AT AR A fa RN K THEV Y, MgSO4 THi/K RIS L T2 =R = L7z, ki
C, silica gel column chromatography (chloroform)iZ & W AF#L L, 15574 %
GPC (chloroform), JIE#H HPLC (chloroform/n-hexane)iZ & » CHEfEL, #HEAM KD H
#%) B-EBIm % 157-(343 mg, 77 %). '"H NMR (300 MHz, CD,Cl,, TMS, K,CO3): & = 7.80—
7.95 (m, 3H), 7.60-7.57 (m, 2H), 7.52-7.45 (m, 6H), 7.26-7.21 (m, 4H), 4.53 (s, 3H), 2.67—
2.63 (m, 4H), 1.70-1.58 (m, 4H), 1.39-1.27 (m, 12H), 0.92-0.87 (m, 6H); °C NMR (75MHz,
CD,Cl,, TMS): 6 =149.2, 144.9, 144.5, 141.2, 140.0, 135.5, 132.1, 131.4, 129.1, 128.9, 128.7,
127.1, 126.4, 125.3, 125.1, 122.6, 120.5, 120.1, 115.1, 107.8, 96.4, 96.3, 86.0, 85.3, 36.3, 34.1,
32.0, 31.6, 29.3, 23.0, 14.2; HRMS (ESI): m/z caled for C44HssN,S [M+H]™: 633.3303; found:
633.3303; Anal. Calcd for C44H44N>S: C, 83.50; H, 7.01; N, 4.43. Found: C, 83.30; H, 6.88; N,
4.48.

B-EBIm+H": "H NMR (300 MHz, CD,Cl,, TMS): & = 8.24 (s, 1H), 8.06-8.01 (m, 2H), 7.78—
7.71 (m, 2H), 7.63-7.47 (m, 6H), 7.28 (d, 2H, J = 8.1 Hz), 7.19 (d, 2H, J = 8.1 Hz), 4.63 (s,
3H), 2.70-2.60 (m, 4H), 1.68-1.56 (m, 4H), 1.39—-1.25 (m, 12H), 0.93-0.84 (m, 6H).
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Figure 4-20. "H NMR spectrum of B-EBIm+H".
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F5E [ERILEBFSFDLFANEHBEIEN

5-1 Fia

W'E O EREIEE, HMO {%(Hiickel Molecular Orbital method)iZ & 5 ZER B HHED n
IR 2 BER P28 3 bR E o TLLR, Z OB 57~ & 72 0 BRI 5
JB U 7= BEERAORR AT N AT RE & 7e > C X Jz. ITAETCIL, DFT st PONC L 2 feIE R O
PIPET I 22 S, HREME o BB ORI R D ERUWFEE > T D, 1 &
a7z K90, BEREME SR II0ER O & A E DAMIOLRLEo = L F— A7 &
DEARILFFEZ BT 575, Z ORRRBEORBUTIE L T & HbFEHE 2 v
AR EHC LV, SR H OR R R eEE R 0 F OB N AR L o T&E T2, 2
Z T, HEEMEAED O battaRITE & U CERAMEIRO R ER B 2RI L, AIHEES
A E LT T 2. gt E ORI X v EFhERE S 2D, &
FlAR AR 2 B L 7o 238 2 PRV SR BB~ R £ & FUH I Rl TR = r e % —
fl, BBEREMAE 72D, IEFERE STV DEIEEEE, RGN, HEaEks
OMH72 ENMFIRE 2> TEY, REFLG, HFRNEZEE, RIS E oM~
TREERENR SN TS, LUTICZE O RN EBEE DR A 2T 5.

% < DA TIXEHEIRIEIZ I 1T 5 1 6 (Aggregation-Caused Quenching, ACQ)7A3 AL
5. LLRns, dotaRae ZERICHELE LTHW 56 SR EMH TOR M2
L. ZO%, EMRETOSFESNZ BRI AN ARERAEDOHE B LETH
%. 2001 4, Tang ZE1L 7 17 4RIZ phenyl JE3 EHE S 417z silole (Z381T D LR
%6815 (Aggregation-Induced Emission, AIE) 12 R L. 2%, SRICESLHET
AIE WE A R TEHEOERIL AW A TRE L, B0 FaZ R~ 40 AIE 5 1% B
% LT & /= (Figure 5-1). 1

- Water fraction (vol %)
v S

7~ 0 60 70 80 85 90 95

» 3 4' - -
! LN
HPS (1) e we

Butterfly-Shaped, Color-Tunable
AIE Fluorophore

(28] »®

Figure 5-1. Aggregation-Induced Emission system. ")
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—J, MWHARIEE 2T 5 G OBERIREBICIIT 2L O T, I AT
WRETOa A% v 7 OFFANZ LD Rk LT\ 5. Z ORI TIE, 9 lO—diphenylanthracene
2%} L C pentafluorophenyl 2528 2 &%~ 745 K 9 72/ kg L 0, MEfRHEREIC
42 EFRIRREED S M EER Z vt n g, W = - elEnar bo—
JTIREIRRE D 43 FREETHIENIC LV fIEECTH H. —MxIZ, FEEIKEE & b RRE DS
7473 Stokes shift (Z 24 5.2 % . U TICT <° ESIPT (Excited State Intra-molecular Proton
Transfer) DER72 R R > 7 F SEFIE, BRINEZD <—77 T, SO EFES RS
WL A8 B RIS B IR DME. Z0 & 5 AR R FICROMEZ & 72708 5
b, “ERCERT LV D AT ESIPT JS° TICT #OtiE, Kbyt o
— DSBS TN D, KRS, ITE TR ERC ORI 2 FE R
L, Me etz 24 25t =2 lESh T s, BIZIE, 7 =412
L 70 5 52 % 73 benzoxazole 75 E8(A P X ESIPT Bt o#ifilic L 5> 70
T B (Figure 5-2). X, ESIPT I KD " EHGIE TICT 6 Tl R 72 [E 46
TORIENARETHY, HorAGIRehEls LTHHRH S, OLED DXL
LCHEEESA TS, P

(' lgx= 336 nm o
ND
Q Ec Oﬁ@ @
RYvgFsiagcel (EERTH
S— lESIF‘T >‘ e ON, ®
©_<o'© ] ':_ ® @—(2@
Ep hem=414nm @ Ea hem=510nm
S %;nm 7

Figure 5-2. Fluorescence sensing of anions based on inhibition of excited-state intramolecular
[103]

proton transfer.
—J7, TICT #)61% ESIPT M & TR R - 72 Fmn o 5. ZHETIE, A UIUREE
< solvato-fluoro-chromism ZF|fl L 72# 5O H A A » FE MR T L LTI S
TEN, EF T TICT YO ER AT U786k & o Y —(Figure 5-3)
USINHE SN TRY, BWEGE, WMiEEL, Bl o tEITEREZE 2
ESFRDISH BN AIREIC R D LB BND.
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Charge Transfer
|
‘A
\ Cooling
T~

— Heatlng

1D°c.
A 720.0.
E 750°C!

Figure 5-3. A triarylboron-based fluorescent thermometer.

[105]

Z 2T, TICT BADKRWFENE FIERIZZE DR UNVEREESY & 5 &0 ) AR
JRR & e o TV D, —f%IZ, TICTIZBRL T+ L ikm%tééméﬁ:«é;‘n/\
27N 5. N Z DEFEIZ LD ke OGN Z ]9~ 2 BREE & LTl ladder B n 468255 1
MET BS. ladder B n L5 FIFZRE L T2\ F- L EREg L, EE\%E%”X%&ZP
i <, Stokes shift 23/NS W2 LB EFRIEKEICK T 2#EE AT ST D
ZEnmmEn TS, T imidazole %@ﬁb\%‘é SAEME W CT
chromophore I REF S CTE Y, FEIZEBHE AL O imidazolium K IX5RVE T2 &1

o I ETICT REERDITIEKT HZ ERWFRFCE 5. & 4 E T, imidazole
FEDOIEBHE AR TOMALFZIE-ZIZ OV TRET L TE 720, 4 BB 28F
A ICT I OBUANIFEOC AT DO LVERIE 2 R LIEfE R L e o7z, THE Tz~
72 X918, ICT ZGITFIEIREDOREIEZE(KIZ X % Stokes shift D RE VY, 71— R i,a%%
WIEE LGN o 7o, L L, FEPREED ICT B ERNICHE UL, Z
AE TITHEE ky 280 L7258V ICT FOLN BB AEETH L. 5 4 |EIIRLED T
T-EBIm %, FRUSHNZ LV Stokes shift D/ SV, FLEEHIFE L E IR O E W ICT 88
L, ZOF Y VATEREEB O ICT B A TH S L itim Lo, RETIX, AiETH
V72 thienothiophene |Z benzimidazole Z &5 L 72 70 B # 2 B L, £ O thiophene
FHER T 2 2 LT, FEA ICT FOEH B D FTRENE :ou\f%%%a“é X,
thienothiophene (Z3#f% L7z phenyl #BAZICEF 51D methoxy H:l TNT W51
trifluoromethyl 4 EH#L L7270 F 2 A L, ICT IREEDEIZ 5&7_5%@5_’7@3\? L7=.

AKETHWD 70 F % Figure 5-4 12777, X, PhTTIm O 71 F AKIZ X5 CAIC
DNWTHRET 5%, AF /LI X UL Z1T> 72 PATTIM T 23L& 5 L, Jebs
FOPEE 2 E L7z, 2, OMePhTTIm 75 OHPhTTIm % & 5% L, ¥ E D ICT
FEHIZOWTHRmE LT,
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4 OMe CFs OH
R= < s g s 3

= = = = = = S
S S~ S~ S~ S~ S~ S? 9

\_ PhTTIm OMePhTTIm CF3;PhTTIm OHPhTTIm PhThim BzThim 2-Thim 3-Thim

Figure 5-4. Resonance structures of imidazole and chemical structure of benzimidazole derivatives

used in the study. R’: 2-phenylthieno[3,2-b]thiophene.

Bipn7 V) —Na=y AT DERIES T OABIT Scheme 5-1 1ZEDWTHT
- 72. 2,3-Dibromo-5-phenylthiophene (1a) & T 2,3-dibromo-5-(4-methoxyphenyl)thiophene
(Ab)FBERD 2222, K2 EHE L TAM L. —J5, trifluoromethy 54 Bt L
7= 2,3-dibromo-5-(4-(trifluoromethyl)phenyl)thiophene (1¢)iZ[FZ:M:CTDE R AN K EE T H
o722, BIOARKI™c L &k L7z, #:< thienothiophene ‘B Ak IZBEREP!
DFNEZEBFEIZ4T>T=. X, tributyl(5-phenylthieno[3,2-b]thiophen-2-yl)stannane (6a)i
silica gel column chromatography HFICAEZIZHA X7 1 b oAbz Z L, HiEMAETH D
2-phenylthieno[3,2-b]thiophene (5a)|Z & 5 %, 10wt% K,COs-silica "5 F T column
chromatography THEHL L7-. X, Z OFEMR G FREEOSMF TR LZ. 2 2T, 'THNMR
DOREIZEE L THRBEOEBEIZ LY CDCL 12 KoCOs iR L THIE L=, RN T,
2-bromo-1-methyl-1H-benzo[d]imidazole (12) "' & {t.&4 6 7> & Migita-Kosugi-Stille cross
coupling IZ & ¥ PhTTIm & O OFFEKZ G L7-. X, OHPhTTIm (X OMePHTTIm
£V BB I X ¥, PATTIm T PhTTIm @ iodomethane (Z X % WUk K> TENLE
NER L. 2IR(LAE®WTH 5 PhThIm 1%, 2-bromo-5-phenylthiophene (7) M%7 5
tributyl(5-phenylthiophen-2-yl)stannane (8) "' % #& M L, Migita-Kosugi-Stille cross
coupling (2 & ¥ &% L7=. BzThIm % [FEEIZ, 2-bromobenzo[b]thiophene (9) ' 785
benzo[b]thiophen-2-yltributylstannane (10) """ % FH%& L, ¥\ » T Migita-K osugi-Stille cross
coupling (Z KXV &Rk L7z, —J7, 2-Thim }2 O 3-ThIm [X[FEARD 2 fAZEMT 3 ALIZA =
R % A L7- thiophene & @ Suzuki-Miyaura cross coupling (2 & ¥ Ak & i 7=,
3-ThIm |ZEEHRM D Stk A 2% 12 Suzuki-Miyaura cross coupling Z1T7-7- & 25, Bif
7RI T Z VA 1572(86 %). flL )7, thiophen-2-ylboronic acid & 12 DA, WIE, HE
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2% 5§ Suzuki-Miyaura cross coupling T i 2358 EHEIT L7 W&, FA (LG
¥y & @ Migita-Kosugi-Stille cross coupling (Z X 0 S ZEIT-72. Gk L7216 DbE
W%, 'H,PCNMR, FESMREE RSN A~ ML, JTRHHIC L0 FE LT,

R
R a \Q\QB \Q\GZ/CHO @m
— \ /
QB(OH)Z o COOEt
a(R=H)

s FoC b (R = OMe)

(\_/TBr _ b %Bf c ¢ (R=CF5)
Br

Br

R
e s
3 — Om Qm Om
s~ ~COOH Sn(Bu)s
4

h .
S - . S ' S
O Ogper —— Oysneu,
8

B e o e gy
10

Scheme 5-1(a). Synthesis of linear conjugated molecules. Reagents: a) 2M K,COs; aq.,
1,4-dioxane, toluene, [Pd(PPhs)4]; b) 1-iodo-4-(trifluoromethyl)benzene, potassium fluoride,
[PACl(PPhs),], DMSO; ¢) 1. n-BuLi, 2. DMF; d) ethyl mercaptoacetate, K,CO;, DMF;
e) NaOH, ethanol, water; f) CuO, quinolone; g) 1. n-BuLi, 2. tributyltin chloride; h) N-bromo-
succinimide; 1) 1. n-BuLi, 2. tributyltin chloride; j) 1. n-BuLi, 2. bromine; k) 1. n-BuLi,
2. tributyltin chloride.
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bW ¥ ¥
g — 8y
1 12
OMe
0 P s
— %7 .
o R <y
PhTTIm*I
y TFA
12 q S~
=
PhThim PhThim+H*
s? s?
S TFA Ho+
R S
2-Thim 2 Thim+H*

n g TFA g
S S
8 g
PhTTIm (R = H)

OMePhTTIm (R = OMe)
CF3PhTTIm (R=CF,)

OH OH
P 8 TFA &
S S
5y
OHPhTTIm OHPhTTIm+H*
r Sz TFA SN2
12— H ?
= o}
BzThim BzThim+H*
TFA N
12 —_— 8/ —_— H\N/ N~
3-Thim 3 Thim+H*

Scheme 5-1(b). Synthesis of linear conjugated molecules. Reagents: 1) 48% HBr, Br,, AcOH;
m) K,CO;, methyliodide; n) [Pd(PPhs)s], DMF; o) methyliodide; p) BBr;, DCM; q)
[Pd(PPh3)4], DMF; r) [Pd(PPhs)4], toluene; s) tributyl(thiophen-2-yl)stannane, [Pd(PPhs)4],
toluene; t) thiophen-3-ylboronic acid, 2M K,COj aq., toluene, methanol, [Pd(PPhs)].
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52 EFAHE KR OES(LFREE

A7) —na=y NEFT5EBEEIEEYD dichloromethane H1COE 1
XA NV OV A~ kL% Figure 5-5 (2789, X, #55R% Table 5-1 (ZF &
L. WA MUET UV —va=y FOIEILRITENL Y R 7 R LTEBY, &
TOT7V—Na=y N CTaEOUIW 2 TR LI RRERPENANDEE T, &R
WERSTNDZEDRRINT. 22T, RILD b 7 E— 7 ()l F, 3-ThIm T 296.0
nm & 72V, 2-ThIm OWIL AT ;b (has = 312.0 nm) & Fe#E U CHEEEMNCEH LT
%. ZXUZ, thiophene DEMANLE I & 2 A2 A A EP DE N2/ RE LT 5.
D75, MKIEDOENSEARE( )%, 2-ThIm (= 20900)& 3-ThIm (&= 21900)
THREENE ., X, MWEFRLIME AT D trifluoromethyl & A3 A L 72
CF;PhTTIm (I, #i K K O VIR EN & 2R O PhTTIm <° OMePhTTIm & [t
1 L CHHMEICIR T LTH Y, thienothiophene HINLD nt B4 £ DK FIZEN L 7= #E
DERY DI REZ HND. AT MV BN AT bV & RO Z R~ L
7o, AR PO~ b 7 (hem )1E 3-ThIm O HERSMEI D 338 nm ([ZHL,
D 73 FIFIBALERIA ORI R A 2 L7z, X, PhTTIm KONV OFFEK%
gD EEHRLDRICL DLy R 7 AR SN, 2 OLEMITIER BN
HEFM AR L, 2-Thim (t=1.12 ns)% X PhThIm (t = 1.32 ns) Z %< &, #90.7 ns 2
EThotz. —J, ®NE IR PhTTIm, OMePhTTIm i (N2 CF;PhThIm T%
ALZ L 0.60, 0.40 W TNZ 0.35 & 72 o7=. fliJ7, PhThim /% 0.60 & FLHGAYGRVFE LA 7R
L7zb o0, tofbEWix 035 LN LR, MlEFIEN KR THo72. 22T,
PhThIm O35 513X FFCHREFHEBREAES TH Y k=045 1% L ky=030ns" & 72572,

0.6 1.0
(a) —— 3-Thim (b)
0.5 2-Thim 0.8
2 o4l BzThim _
g : —— PhThim 5 0.6 -
2 0.3+ —— PhTTIm S
S — CF,PhTTIm 2 04
< 02 —— OMePhTTIm =
0.1 0.2
0.0 T T T T 1 0.0 T T T 1
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 5-5. Absorption (a) and fluorescence (b) spectra of compounds in CH,Cl, 1.0 x 10™ M.
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Table 5-1. Photophysical properties of compounds in CH,Cl, 1.0x10™ M.

Aabs £ Aem ®r T ks Koar ke/ Koy
Compd [nm] [M'cem'] [nm] [ns] [ns™] [ns™]

PhTTIm 361.5 54200 431 0.31 0.52 0.59 1.31 0.45
OMePhTTIm 367.0 51900 444 0.40 0.59 0.67 1.01 0.66
CF;PhTTIm 366.0 42500 438 0.35 0.58 0.60 1.12 0.54
PhThim 343.5 30000 420 0.60 1.32 0.45 0.30 1.51
BzThIm 320.5 30200 380 0.24 0.67 0.36 1.12 0.32
2-Thlm 312.0 20900 376 0.32 1.12 0.29 0.61 0.48
3-Thim 296.0 21900 338 0.25 0.69 0.36 1.09 0.33

KNT, 7a R ALRTOEXIL M-I OWT E 2 CV XV EH L. EH T
{LEAL & I OFE BB H L7z (Table 5-2). {LEHD Ey HRINAALT koL & R,
n WEDIFRIZ LWL 72> TV Z & D3R T 7. X, PhThIm (Zx13 % EH#L
ZHERD FMO OZEL, RERERICHFEG L TND I EbBEnTWD. E1-t5ME
? methoxy %% EH# L 72 OMePhTTIm (X, HOMO, LUMO i 53 RZEL ST
%. —J7, B RSIHED trifluoromethyl 25723 & #i X 4172 CF3PhThIm | HOMO, LUMO
DEECH I DT,

Table 5-2. Electrochemical properties and band gap energies of compounds in CH,Cl.

Eo Aosct ) LUMO  HOMO Eg
Compd [V] [nm] [eV] L [eV] [eV]

PhTTIm 0.92 409 -2.46 -5.49 3.03
OMePhTTIm 0.77 419 -2.38 -5.34 2.96
CFsPhTTIm 0.94 415 -2.52 -5.51 2.99
PhThIm 0.92 398 -2.37 -5.49 3.12
BzThIm 1.00 365 217 -5.57 3.40
2-Thim 1.08 354 2.15 -5.65 3.50
3-ThIm 1.15 327 -1.93 -5.72 3.79

[ Onset of oxidation curve. ! in CH,Cl, 1.0 x 10 M. ) Estimated from optical energy gap.
"'HOMO = [- (Eonset, ox — 0.23) - 4.8] eV, where 0.23 V is the value for the half-wave
potential of ferrocene/ferrocenium versus Ag/Ag" in CH,Cl, and 4.8 eV is the energy level of

ferrocene below the vacuum.
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5-3 BEUSINGE O LFRIMEE

Imidazole 2D 7 1 k ALHITE OIALFRIME OO %, KR O TFA 201206
LRHEO A A RIE LTZ. BRESINX TFA 2 71 b e L, 1.0x10° M ORE 3.0 mL
\Z%f L 0.01 mL (45 mM)% /ll % 7=. Dichloromethane H DWW, w5 A X7 /L% Figure
5-6 2 X Table 5-3 (2779, 7’1 kL AEIZ L Y CFPhTTIm Z R\ 72 /LE R RIL, 5t
HART MOV y Ko7 MeRLiz, ZhiE, BiEE TRz X 512 LUMO @
LEACITER LT 5. B3 CRPRTTIm OBA I A~ 7k L1E366.0 5> 5 375.5 nm
~ELy RY 7 hL, #EIE438 2005433 nm ~T—2 7 FERLEZ. 20X HH
HOWIF 727 —27 M PATTIm+H'™S° OMePhTTIm+H" & [T/ > 72 I8&TH Y,
BEHEDRICGER L2t DO TH D EE X DD, StE FICRITBIRINC L > THH
[ZHOINSOEEA Lz, #512, PhTTIm & ZOFEMKII T v kAR X 0 e CEv v
HE IR Z /R L, PhTTIm+H, OMePhTTIm+H' }2 ' CF;PhTTIm+H CTZ N
0.91, 0.86 A TNZ 0.88 L 72 -7=. X, PhThim b FEARICEOCHERAE SN, HOLE+
X 0.60 72571 R ABIZE D 094 ~& T EL7-. —7, 3-Thim & O BzZThIm (&
7'r b A X DA OB SN2, AT, 2-ThIm [XEEAEL L2 -
oo iy, e b AbiFEEEMICL AL E L7725 LTEY, PhTTIm X N2 D&
RIF 0.5 ns BREE DHOLFHF M 35 B< 72> TWna. LA L7223 5, 2-Thim, 3-Thim
KO BzThIm [TH#CFMA A L TE LT, 7 v FAKIZ X RN L L T
W EERIBLTWVA.

0.6 (a) e 1.0 (b)
0-57 2-Thim+H" 0.8
8 0.4- BzThIm+H: =
g 0.3 —— PhThim+H_ s
2 —— PhTTIm+H < 044
Z 024 —— CF,PhTTIm+H" e
< 3
0.1 —— OMePhTTIm+H" 0.2
0.0- T T T T 1 0.0 T T T 1
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 5-6. Absorption (a) and fluorescence (b) spectra of compounds in CH,Cl, 1.0 x 10° M
in the presence of TFA (0.01 mL for sample 3.0 mL).
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g B S TR R & SRR R T T O kil %2 B L3R Y& 4T > 72 PAThIm
X kiky 3700 B ABIZED 151 05 1513 &, 10 5L B ELTws. X, PhTTIm
1 045 15 1049 ~20 FLL LR ELTEBY, ZOFEAKRTHZS OMePhTTIm K&
CF;PhTTIm & 7' F 2 ARICE D 10 ERTEZEOELEZ R LTc. & 2 AT, PhTTIm Tl
klkor DT FIZTEE U Tl OIIHNC E > TR Z > TEY, k28 1.31 205 0.06 ns™ ~ &
I L TV D —T, kelF0.59 705 0.58 ns™ L2 L TURuy. Z ORI OHE5RIE
53 FEIZik =T a R AIZ L D K ERE AT K AMEEEEICIN X, FiidREEIC
BT % Mk v (dipolar structure) D - 5-1473E 2 5%, B2 B2ThIm OHA1E,
J A R %E & A9 & L7=85A benzothiophene BR N 5 FIRIME L 7205, ZOFENLF
A REOTFE Mg 2D B2 bns. U EOBH )5 BzThim [X7°' =
M ABIZ E 5T kik 25 032 705 0.08 MEF L7ZOTIERWNEZEZXLND. X,
BzThIm (XN %E bEE L FFo L # N B SN TE Y, 2-Thim+H &K O}
3-ThIm+H" & [FIERIZ, I ICT BHTIEAR< LE B THHERBEBTE H. W,
3-ThIm |Z 72 b AKIC L VIEE L, 2-Thim & 1R > 7@ a2 R/, ZOERITS
FPKEREAEDOEIEIC L DR EHEERTE 5.

Table 5-3. Photophysical properties of compounds in CH,Cl, 1.0x10™ M.

Aabs £ Aem ®r T ks koar ke/ Koy
Compd [nm] [M'cm'] [nm] [ns] [ns™] [ns™]

PhTTIm+H" 382.0 55500 453 0.91 1.57 0.58 0.06 10.49
OMePhTTIm+H™ 3985 49600 500 0.86 1.79 0.48 0.08 6.14
CF;PhTTIm+H" 375.5 43300 433 0.88 1.36 0.64 0.09 7.00
PhThIm+H" 356.0 32700 433 0.94 1.78 0.53 0.03 15.13
BzThIm+H" 328.5 29500 396 0.08 0.63 0.12 1.46 0.08
2-ThIm+H" 316.5 23900 378 0.32 1.08 0.30 0.63 0.48
3-ThIm+H" 296.5 27000 353 0.19 0.62 0.31 1.29 0.24
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5-4 BHEHEE

BIZHEEDOA ) AT HOWTigim T 24, BADWHEP TOLNNEZIT- 7.
Figure 5-7 |{Z PATTIm+H", OMePhTTIm+H', CF;PhTTIm+H } (® PhThIm+H O 4%
FRYALE R CTOWRIL, HIEART MVERT. M, ZOMO5ORIER T DN AL
7 RIVOFEHNIATES 11 S0 EBRIAICE L DT,

1.0 4 1.0
—— n-hexane
i — toluene .

0.8 —— dichloromethane 0.8
- 80%(v/v) ethanol/water — —
=S 0.6 acetnitrile 3 0.6
S./ —— methanol ~
E 0.4 —— dimethyl sulfoxide E 0.4 1

0.2 0.2

0.0 - T ; T ; ; 0.0 - ;

300 400 500 600 700 300 400 500 600 700

Wavelength (nm) Wavelength (nm)

Int. (a.u.)
Int. (a.u.)
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i : T T T T T T i
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Figure 5-7. Absorption and fluorescence spectra of a) PhATTIm+H", b) OMePhTTIm+H", )
CF;PhTTIm+H" and d) PhThIm+H" in various solvents; n-hexane (purple), toluene (blue),
dichloromethane (green), 80%(v/v) ethanol/water mixture (yellow), acetonitrile (orange),
methanol (red), dimethyl sulfoxide (black).

Z ZC, PhTTIm } O OFFEARN ONZ PhThIm (3, W A7 LSRG (2 e
L TH#E A D solvatochromism % 75 L, WMMEA A i D% 508 Az - P49
FDEFIART N — 7 BDIREMREICEKAFET E T L. EETRE AR
PhTTIm+H" }2 O OMePhTTIm+H 7% DMSO FIZEBWTC ER N EZR LA THD.

ZAUEX DMSO 12X D71 b UBlIRETIRITHEIEIC L D2IR EB X BN D0, hosy
T CIEERADHER TE 2otz ORI, PATTIm+H & U OMePhTTIm+H"
TOD LEJEE M OVNCT 36 DAFAE A& 7”2 L T 5. Stokes shift % 3-ThIm+H" % [\ C,

BLEBBEOBMEN ENDIZONTHEIML TWA. X, PhThim+H', PhTTIm+H &%
N OFERITENETIEEN 0.7 L EEBWEAEEZRE L. BoNTBRIZONT
giF CTHWZR(3), 4) XV FhERRED dipole moment ZFH L7-. #E % Table 5-4 (2
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7. JhEEIKRE D dipole moment (FFEFEICEAT HIHFHREFZATE Y, I,
PhTTIm+H', OMePhTTIm+H 1 NZ CF3PhTTIm+H 1L, JEEIRAE T 8.96, 9.99 KN
19.77D TH 51, FHEIRAETIX 15.98,20.70 %18 23.32D E20%IZML T\ 5. X,
Z ® X 9 72 Lippert-Mataga plot D IEOH X 1L, &EMa2 AT DA A MEAOHEEITRRY
JHELIRAE DS FEERAE L U & 0 L TV D ICT REDOKZRE L TS, —7,
BzThIm D56, 7 1 b ALHITZIZIS 1T 2 ih#E K #E D dipole moment 7% 5.42 ) 1} 6.77 D
720, ICTIRENFERR S TWRNWT 3% 2 5. )7, BzThIm (X Lippert-Mataga
plot D X 2358 KM <, TWIEARMEIIRAE LRI, BIG LE BN ThH D Z L3 5.
N, BEAALFFE O RIS L WEBRIED dipole moment D 28L& (Ap) i,
PhTTIm, OMePhTTIm 1/ (N2 CFsPhTTIm TENZEH 4.07, 481, 579D TH Y, %
DOFELYSINE DA 7.02, 10.71 ) (¥ 3.54 D ~E 2t L7=. CF;PhTTIm+H | L ECRAE
TR & 72 dipole moment DfEZ R L, HEENIRVG Z OREEZ L > TNH EE
265, —JF PhTTIm+H & T OMePhTTIm+H O ZE 83 ICT D[\ I 5 fif 5
EHERTE D,

Table 5-4. Estimated excited state dipole moments (i) of compounds.

Compd a calc [a] Slope g calc [b] e AH

[A] [em™] [D] [D] [D]
PhTTIm 5.89 819 3.59 7.67 4.07
PhTTIm+H" 5.89 2423 8.96 15.98 7.02
OMePhTTIm 6.80 742 3.19 8.00 4.81
OMePhTTIm+H" 6.79 3684 9.99 20.70 10.71
CF;PhTTIm 6.48 1240 4.33 10.12 5.79
CF;PhTTIm+H" 6.49 462 19.77 23.32 3.54
OHPhTTIm 6.43 2205 3.38 11.01 7.63
OHPhTTIm+H" 6.43 6182 9.95 22.74 12.79
PhThIm 4.99 854 3.93 7.17 3.24
PhThIm+H" 4.99 1366 5.76 9.88 4.11
BzThIm 4.30 232 4.07 5.42 1.35
BzThIm+H" 4.30 1236 3.64 6.77 3.12
2-Thim 3.35 2361 4.03 7.01 2.98
2-ThIm+H" 3.36 1347 1.06 3.32 2.25
3-Thim 3.39 2015 3.82 6.61 2.79
3-ThIm+H" 3.39 258 1.06 2.05 1.00

(4] 40% of the long axis of the optimized structure (CAMB3LYP/6-31+G(d,p) level) of
compounds. ) CAMB3LYP/6-31+G(d,p)
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5-5 FEEF CTOXIFHEE

HIZFEMZ2 RIS T 216 A 152 4, WET TOWINL, 40Ot AX7 Mz fllE
L7z, X PMMA W, 5 3 B4 Hiloors Lz L9102, 3B 1wt% (PMMA) % chloroform
(IR L, A A1 mm thick, 4 cm?)IC drop-cast 1 THIIE A TR AL, MV S CTHRIE
ABtE Lc. e F AR OWINL, #EAX7 RV % Figure 5-8 1277, X, {EE
O JEAL I E % n-hexane H ORERE F & OFH Table 5-5 1287, GBI H a7z
TICT JtD & 5 7o K& 7o iEE A b 2 M3 L 3 2 5 I LRI IR ) B I3 R clh =
MHIR S, fERE L TLERENBHcND. BLEXY, WRTORRE L kT 5
Z & TR L IR RE COREE LI OV Tigim T 5.

2 TOEWTBITINFTRIZIB T, Bk (e.g. n-hexane) & [RIERIZWIL, H7 A~
J MOy RV 7 haemrLle., ZO/RERIT PMMA 1 T7 e FALRHEFE S TH
NI EEERLTWS., 22T, OMePhTTIm+H OWLIY, H#A~X7 LB —
7 > 1% n-hexane H' CTEILFIL Aaps = 393.5 nm, Aey = 485 nm & 72> TWA N,
PMMA HT%H Aws = 3925 nm, Aem = 485 nm & 72V IFIEF—HLTWD. MxT
BzThIm+H" & 5% ' ClE Aem = 393 nm, PMMA Gl Aem =391 nm & 72 0 B2 R &
720, )7, PATTIm+H I ZRIE T Tl Aem = 441 nm & 72> TV 575, PMMA H1 Tl
Aem=460nm £72 0, BEHTOL Y K7 EBEHIS L, ZTOMO57-THREOME
WLy U7 R RBIIES TS, ZZ2F T, PATTIm+H %' OMePhTTIm+H"
IXICT DRI RR LT fEREF TR Y, ZORRITEENR & L TompARY
MO T MZBEE RV O Dm0 5 . LA EOFER TS TIE3OREB O IR R IX
ITZ7208, RETE TORER L I TELET X, PMMA FCO ICT FLrn, J
DAY PN TICT BTN &, £ L TEELZ DRV ICT IRREE~D AT
MEEE TODAREM SR b5, REE, Mo ICT BhowE™ 665 %
PMMA HCIER UMD ICT FADIE X 5 0 ENIE TN FEM ARG & Ei D MLER
H5b.
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Figure 5-8. Absorption (red) and fluorescence (blue) spectra of a) PATTIm, b) OMePhTTIm,
¢) CF;PhTTIm and d) PhThlm and those after protonation (dotted lines) in PMMA film

state.

Table 5-5. Photophysical properties of compounds in n-hexane solution and PMMA film state.

n-hexane PMMA

Xabs Xem Nabs Aem

Compd [nm] [nm] [nm] [nm]
PhTTIm 358.0 425 364.0 434
PhTTIm+H" 378.5 441 376.0 460
OMePhTTIm 362.5 431 369.5 442
OMePhTTIm+H" 393.5 485 392.5 485
CF;PhTTIm 364.5 432 369.0 444
CF;PhTTIm+H" 370.5 429 373.0 450
PhThIm 341.5 414 3455 422
PhThIm+H" 352.0 429 353.0 433
BzThIm 318.5 376 321.5 381
BzThIm+H" 326.5 393 327.0 391
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5-6 X it A EARAT

FJRIREEIZB I D% 7 A RPEIZBI LT, thienothiophene ‘B #% & phenylthiophene ‘B #%
Z Lhig, fRETL72. OMePhTTIm O Hifkdh X M ERENT O 5 R 4 Figure 5-9 1237
X, phenylthiophene ‘H# DL F| & LCH 3 M THWALAEY 1a Z Wiz, #ER%
Table 5-6 IZE LD 5. FERIFIINOOREEICAERITFROLNT, X, &kbF /1 Mk
DR BN D Z & NPIFFTE D thiophene Br & imidazole 0D [ D& FEBE & HLiz
145 A LB & 72 ) “HFEEMEAFH TV [, OMePhTTIm ¢ 1 413 imidazole—
thiophene ] C 15.6 &2 T8 26.2 °, thiophene—phenyl ] C 7.7 TR 9.6 °L7p o7z, ZiLh
DFRERN G, FKEARIE L U LREIRABICI T D%/ 4 FEEOF G2 bt
RELSEEEHEZTWD EDELELET-.

A
T
&' ‘
@ » .

Figure 5-9. ORTEP view of OMePhTTIm.

Table 5-6. Selected bond lengths for OMePhTTIm and reference compound.

a b C d e f CIm'CTh CTh-Cph
Compd
[A] [A] [A] [A] [A] [A] [A] [A]
la 1.380 1.409 1.377 1.401 1.394  1.386 1.464 1.472

OMePhTTIm 1383 1.403 1387 1.397 1396 1.387 1.454 1.471
1.377 1406 1395 1.400 1384  1.409 1.458 1.475

1a OMePhTTIm
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57 EFHEFFHEAE

SHBEIZ IV ELNTFERICONT, B HEFHBEICLVESEZHRFI L. &
RAMHTIEERABIC OV T DFT 5P Fhfdkigix TD DFT 5P A,
CAMB3LYPVYZ X 0, Gaussian 09 " CRMFP S TREEZIT- 2. X, AFEITBW
TRHEEICH W R ERIBUIFT RS, BBIOS U CHRARE Lz, Bdlcfibhicsy
F#lIE % Figure 5-10 (29, 2 TOILEMITBNT, 7’1 k2 LRTD HOMO, LUMO
VEHE DZEF AR N BIRITIEDR > TE Y, HHEDORER & it n-n BB 42 R~E L T
W5 —J7, 7 e b Ab%IL HOMO OZE[f 504 Db 733 L <, #51Z OMePhTTIm+H"
IZBWCIXBEE ICE It 54K thiophene IIC/HIEAL L TWDH. ZORVILZIET
IR CE T ERRZM 1 L RO T, CT 2R L s EExbhd. =
Z T, PhThlm, PhTTIm X O OFFEARD 7 1 kAL K 2 Op DA EIZDOWTHELE
T5 L, DI FRAKEREKROF /) A FEEOFLGBEERZ I FE L TWD. (2)
70 M ALIC L D ERIEADE X 4R, %/ 4 MEENMER L 25, BT () ED
QDM FNEHFE L TWNDHEEZLND. LLEICOWTHRECIRRE, hEIRRE DK 2 EMR
E DTS 5. EAME G O R EEZ: © DN IR BE DO % Table 5-7 1IZ2F & 8
%. PhTTIm+H @ imidazole & & thiophene Eg & ® —[H A (N-C-C-S)i%, So, Si, S: &
U'S; T, TLE4128.6,15.5, 14.8 W N 13.1 ° & B &7z, X, imidazole %& & thiophene
BR OFE S IERE(C-O) X, =N 1433, 1.404, 1397, 1397 A L72->TW\W5. ZDkk
\Z, IR AE T lE imidazolium #& & thiophene Br D C-C [HEEEENS “EHEAMHZHF O CE
D, ¥ /A FEEOHFLGNEZ NS, —J, OMePhTTIm+H & O CF;PhTTIm+H"
THREEEOMEmN R S5 7-. OMePhTTIm+H D [ MA1X Sy, S; T0.4 KTr0.3°LF
HEPEDSEWD, Sy, S3 Tl 14.4, 162 L IR UNNAE LT TS, i, &2To
T CRIEIRREEO L U OEFINBIHl ST, X, BzThIm+H O S3 (28155 —
HAIL10.1°L 720, 0 C-C MHEEIL 1383 A Tho7=. ZofEFIE, —EEEAM
OB EEMEICHEE L TSI EER LTS, ZOMR C-C AN EHEA
PEZH D K5 7R bR COALBI S 72D b HE T, FhEIRETO ICT B
e DEENEZ HND. IRWT, PATTIm, PhThIm &% O° BzZThIm @ imidazole J& &
thiophene B8 D[] O 412 D\ TRI#E[ERE = % )L ¥ —(AE)%Z CAMB3LYP/6-31G(d) L
SULTHBE L2, X, ZORERIEICBIT HAE 22\ T S DRZERE & 90 °l2ia
CHIZREED = X —2E0 5 BfEt - 72, f5%, 7' v b > Ab#ilZ PATTIm, PhThIm
A TN BZThIm T 3.14,3.16,2.97 keal mol™" & B &7z, —J7, 71 b Ab#%i 3.48,
3.16, 2.52 kcal mol! & 72572, PhTTIm OHE1E, AEN T 1 hARIZ X v gL,
REIIZL K oI b b 59, BzThIm (X712 b iAvbick v tned <o
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7o, Z ORI O ICHIEMEICER L TE Y, ZOREIT S FIKERE & -
INHEIEIZ L D FEMEDENTHD EEZOND. ZOMRIET e F AR X 5 dp
O EEMRERRD 5 5. X, PhTTIm, PAThIm & Y BzZThIm D FIEIREEDAE 1
13.99, 18.05, 22.30 kcal mol &3KE v, 57 1 b2 Afbi4i% 8.31, 8.93, 4.28 kcal mol”!
L ofo. HEZRIL BzThIm DR E TR bR LIS W E WS FERERLIZD
(2%t U, BzThIm+H 13X FSIZRTND L WIHIFREREHFIZATHDL. 2L, ¥
J A FHEECHFINAEREDEE LWV o 2 RITFNEIRRE T L 0 ZhRMICHN D
AREME A RIB LT\ 5. AT, Lippert-Mataga plot DHE N IETH Y ICT HEOME
DEEBRWNCHA SN2 > CODB M, BT F—A F 2 & O EAER DI IRIE TOWR
BN FACEE L TS AN KR TH S, ZOFEETEAHEFHREICKB L TE LT,
TE B2 5 FINEMBEIF ORI THIIT A TWRnZ &2 L TE<.
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Figure 5-10. FMO’s for PhTTIm, OMePhTTIm, CF3PhTTIm, PhThIm, BzThIm and
their protonated structures calculated at CAMB3LYP/6-31+G(d,p) level.

X
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Table 5-7. Calculated dihedral angles, atomic distances and rotation energy barriers between
imidazole and thiophene moiety in their ground and excited states of compounds calculated at
CAMB3LYP/6-31G(d) level.

c q S 0 C-C N-S NH-S AE
om tate
P [deg] [A] [A] [A] [kcal/mol]
So 20.9 1.454 3.018 - 3.14
PhTTIm
S 0.0 1.403 2.902 - 13.99
So 28.6 1.433 3.145 2.877 348
. S 15.5 1.404 3.063 2.751 8.31
PhTTIm+H
S, 14.8 1.397 3.075 2.821 -
S 13.1 1.397 3.068 2.757 -
So 0.1 1.454 2.934 - -
OMePhTTIm
S 0.0 1.406 2.905 - -
So 0.4 1.428 3.044 2.680 -
. S 0.3 1.405 3.028 2.666 -
OMePhTTIm+H
S, 14.4 1.396 3.071 2.817 -
S 16.2 1.405 3.068 2.759 -
So 20.67 1.455 3.013 - -
CF;PhTTIm
S 0.1 1.405 2.901 - -
So 29.7 1.435 3.151 2.888 -
. S 14.9 1.403 3.060 2.747 -
CF;PhTTIm+H
S, 14.9 1.398 3.077 2.821 -
S 14.5 1.402 3.075 2.764 -
So 22.2 1.455 3.044 - 3.16
PhThIm
S 0.0 1.395 2.907 - 18.05
So 29.6 1.435 3.165 2.907 3.16
. S 12.1 1.399 3.055 2.735 8.93
PhThIm+H
S, 12.8 1.399 3.078 2.771 -
S 12.1 1.399 3.055 2.735 -
So 21.5 1.456 3.025 - 2.97
BzThIm
S 1.0 1.388 2.908 - 22.30
So 32.0 1.441 3.158 2.896 2.52
. S 18.2 1.404 3.098 2.841 4.28
BzThIm+H
S, 18.1 1.404 3.098 2.841 -
S5 10.1 1.383 3.059 2.731 -
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58 AFNMLIZ K BN EE~DE

Z Z % T PhTTIm &% O OMePhTTIm+H' D YeAb 2RIV E 2 S48 E, FHRIC L v i
L, BEOF I UNICTHETH D AREMEIC OV TR TE 72, LarLans, JE
72 CAVIRBED ICT 3613 PICTVS e U Cofffge B bt fic kL 5 7 7 n —F 34
WIRETH Y, K LT E2BRIFTIEE OERI MR PI0Z Kz, 22T, K
#iTlZ PhTTIm O imidazole Bt % A F/LAb L Z2 B 7 SEAR R S B 2 K& <5 2 &
T, RUIVIREENZE Ry L L, TOICT BNFEDOEZ i, MifLiz. 1A
|2, Figure 5-11 & PhTTIm MO D7 1 b AbED PhTTIm+H', A F/L{bikD
PhTTIm' T OFEIZ L - TH LN R L EMHELZ T, 22T, PhTTIm (X S-N fHA.
ERYIRBL S, 0 S-N BIFEREI 0305 nm Th-7-. ZiuE, SJHEF(0.185 nm)&
N JF-(0.155 nm)® van der Waals £EDF1(0.340 nm) L VU &/h =<, S-NAHAERH D
fETHZ L AE/RLTWD. X, PhTTIm+H Ci% 0.315nm & 720, ZO(N)H-S [HHHEfE
130289 nm & 727z, ZAUE SR F(0.185 nm) & H i 1-(0.120 nm)® van der Waals -
BEOFN(0.305 nm) LV H/hs<, e FABRITZE D ROEEER TH 250 FNKE
FEANESR LR VEET D B2 oD, —Ti, AFIUbL%EIT -7 PATTIM T XL
DOEFTCHAANEA T T, H > thienothiophene Bt & O NAKK R MR S iz, =
0%, imidazole 3 & thiophene B8 & O 1% 53.8°L 72 ¥, PATTIm+H" (29.6 °) & Lt
LT D R UNTREEN L ERGE L 22> TWA Z LAV D, A TED4FHE
LR LIS U T L, #12 HOMO (231 D8l OFEA D OFLENRH S
72 (Figure 5-11). —j, thienothiophene (238 L 72 phenyl &ML OEE H 30 “FRE D
AL TH Y, imidazole FE~DERGILZ DEALIZ E THRE LTS RV FEEZRIE LT,

@ ;. () :
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Figure 5-11. DFT (CAMB3LYP/6-31+G(d,p))-based optimized structures of (a) PhTTIm, (b)
PhTTIm+H" and (c) PhATTIm'T and its FMOs.
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B2, PhTTIm'T DS OVERR R TOWIL, #EA7 MLV ERIE L. ER%E
Figure 5-12 } O Table 5-8 127”9, WL A2 h/UiX PhTTIm+H & FA{LL L, FRBEARME
WZxt L CTHERA B @D solvatochromism Z#7x L TCE Y, BEA 4 U AEEDOEFS DI RIE I
%, PRSI 5 8ot 227 R LIE PATTIm+H' & 135878 0 IR & - T2k L,
LE & ICT £ ¥ DI % 7~ L7=. Dichloromethane % & & 7= WRMEIABEH Tl 450
nm T2 ICT B2 BLAL, H-D 400 nm (U012 LE BIERFRF L TV D. X, #8FH
AAIEL X 0 BEABPEAE T OF) 0.4 ns DB BF CHLMER TE, A oREHamy &
LT/ 1.5 ns @ ICT FEIEDAFAED RO HavTz. —J LE F61E 405 J OY 430 nm {F3T1
WEAFroout e UCEL, SRS I TNT PMMA HC2 O R C &
5. LLEOAMe R “E¥ILLE KO TICT B ThHH EREBTESD. 22T, Wi
O T RIEEFIERDIRACANI L _REFE LUE T L TWDLDIE, BT Z—AF
ElBIAURICERLZELEEEZOND.

— n-hexane
— toluene

diethyl ether
— dichloromethane

/;' 80%(v/v) ethanol/water
< acetnitrile
N
= — methanol
K= — dimethyl sulfoxide
- == PMMA film

0.0 -

T T T — |
300 400 500 600 700
Wavelength (nm)

Figure 5-12. Absorption and fluorescence spectra of PATTIm'T in various solvents; n-hexane
(purple), toluene (blue), diethyl ether (light blue), dichloromethane (green), 80%(v/v)
ethanol/water mixture (yellow), acetonitrile (orange), methanol (red), dimethyl sulfoxide
(black), PMMA film (black dot).
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Table 5-8. Photophisical properties of PhTTIm'T in several conditions.

Aabs Aem O T
Solvent [nm] [nm] [ns]
n-hexane 357.5 426 0.26 0.40
toluene 367.0 432 0.29 0.45
diethyl ether 359.5 425 0.28 0.44
dichloromethane 364.5 448 0.54 0.44(22%), 1.59(78%)
80%(v/v) ethanol/water 354.0 445 0.57 0.45(19%), 1.60(81%)
acetnitrile 352.5 441 0.51 0.48(23%), 1.56(77%)
methanol 352.5 444 0.58 0.40(17%), 1.61(83%)
dimethy] sulfoxide 345.0 447 0.67 0.52(24%), 1.48(76%)
PMMA film 358.0 431 - -

WA, PhTTIm' T O IRAE D imidazole & & thiophene BR & D "M & FHHE L= &
ZA335°L 720, PATTIm+H O FhERAE 15.5° L thlg L Ch e D R Uik L 72
STNDZ e oTo. Z ORERITNEIRTBIZI T 2 50 FAEE D SRR I I B a5
7, ICT JREETHZOMEEN K ELZITH L2 RBRL TS, IS, PhTTIm+H'
< OMePhTTIm+H" & o 7o AL G Pk o Uit g M3 & L7y ICT JRRES
ELDHEVWHIZLETHD. ZHUIINE TIRARIZX /A R, 5 FPKEREES IS
Z, MAEEEWIEENER TH LA THDLAREMERH S, )7, PATTIMTO X H
7ROy 1L, EJERRE, BhERREECTIICRA UNAIOMEEN L E LD %, ICT IRREIC
BOTHRUENEO TICT IRENFEXNCLEE L D Z L HBER L TWA. LLEDOR
RaELDDHE, ICTRELCITRUNBBENEDE W) RRFE 3 L, ICT IREE
AR ISR E R IR EEIZ B W TRE 2 LD TH Y, KT LH o+ TOEEEL
EMEL LRWVO TRV E WD SR a7z,
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5-9 Ez‘% RSB ICT F)t
Z ¥ T imidazole #&|Z thienothiophene E& % i 5 L 7= PhTTIm+H" & O°
OMePhTTIm+H+75>, FERUTUNHD ICT BAZRL TWD A OV TR TE 2.
Zﬁ’é’ﬁﬂi, PhTTIm |2 OH J£% 3 A L 72 OHPhTTIm (2O T, Fett, HEMESMT
BIFD ICT AL ZLRA~D . BEESM T CIERTHi £ Tl L2 £ 9 12 imidazole
Hn7'a h AL IV ICT IREED RN & 5. — 7, thienothiophene (2% L 7= phenol
FAL I MR T 2 b 4B L, phenol #A72358 U NE A} & 17 (N2 phenoxide & 73
O, U —AF B & AT TR B BRI A TR T D L ]IfFT
& %. OHPhTTIm Ofg, HHJSZEMEIZE T DU, @0t A <7 ;L% Figure 5-13 |2
AT Y] 441lnm & E— 7 & T 5 FEIE(Dr= 0.62, CIE: x=0.15, y=0.07, T = 1.04 ns)
2L TWALEMIE, TFA ZIRINT 5 Z 12 X D 3RWERERE K (Aem = 506 nm, O =
0.82, CIE: x=0.20, y=0.51, 1 =2.02 ns) & 7~ L7=. X, WL A~ kUi 364 nm 7> & >
Ly Ry 7 FL72389 nm W E—7 Lo 7-. ZHUTRIETE T2k < T & 72 LUMO
OEERI PN EZ 5D, #, BRI, FIEALZ R TFA % 1.0 SEIRINT % %
TEEET, 10 FELH D & KU b LT, —J7, potassium tert-butoxide (+-BuOK)
AWNINT 5 L, IR2IZHFAREICDIFTE D FI Il AR (Aem = 551 nm, OF = 0.77,
CIE: x=0.40, y=0.55, T = 1.23 ns)2: 1L L TV % (Figure 5-14, Table 5-9). % DL 10 S5
ZHZTHID THRINART MO 7 MBIRED, 100 HFETEE LR D )T,
AT ML 100 FEABRZ THHFORIBAFRAF L, FRE LT 2000 FHE
DI L > TERITHEAFNDOIR L o7,

Absorbance

300 400 500 600 700
Wavelength (nm)

Figure 5-13. Absorption (solid lines) and normalized fluorescence (dashed lines) spectra of
OHPhTTIm in different conditions (blank: black lines, + TFA 2.0eq.: red lines, + ~-BuOK:
2000 eq.: blue lines) in MeOH 1.0 x 10°M.
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300 350 400 450 500 550 600 650 700
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Figure 5-14. Absorption (solid lines) and emission (dashed lines) spectra of OHPhTTIm in
the presence of --BuOK (from 0 to 100 eq.) in MeOH 1.0 x 10°M.

Table 5-9. Photophysical properties of OHPhTTIm in several solvents.

Aabs Aem (O} T ke koo
Compd Solvent [nm] [nm] [ns] [ns'] [ns']
OHPhTTIm toluene 371.0 437 0.29 0.48 0.60 1.49
diethyl ether 366.5 434 0.25 0.46 0.55 1.63
dichloromethane  366.5 437 0.40 0.66 0.61 0.90
acetnitrile 366.0 434 0.34 0.59 0.58 1.11
methanol 364.0 441 0.62 1.04 0.60 0.36
80% ethanol 366.0 441 0.61 1.08 0.56 0.36
dimethyl sulfoxide 377.0 446 0.63 1.00 0.63  0.37
OHPhTTIm+H" " toluene 399.5 475 0.85 1.40 0.61 0.11
dichloromethane  397.0 497 0.86 1.75 0.49 0.08
acetnitrile 387.5 500 0.84 1.98 043  0.08
methanol 389.0 506 0.82 2.02 041 0.09
80% ethanol 388.5 506 0.45 1.05 043 0.53
dimethyl sulfoxide 383.5 452,499 0.72 1.06(23%), 1.87(77%) 0.39  0.15
"OPhTTIm " methanol 389.5 551 0.77 2.23 0.34 0.10

[l OHPhTTIm + TFA (2.0 eq.), ™ OHPhTTIm + +-BuOK (2000 eq.)
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RUNT, 228 2 CRRININAT R OWIN, St A7 bV ERIIE LT & 2 A Mg
TOMMERECEDO Ly U7 Bl o iz, ihEREED dipole moment (pe)lZEEHR
JNET 11.01 D, BRIRIN#41X22.74D & 720, FEOLHEIREEIZICT Th 2 LIRE SN S.
U EOFRERIT T v FAGIZ L O BAFENETHZ L E2RLTERY, fifiE Tloilk~
72X 9 72 ICT REEICE T 2 FHALIZHE S 72 ko DIV D3RR T X 72(Table 5-10). X,
MeOH F1 D NeFmA a5 L, 77 7, BRI, HILHRINTENZH 1.04,2.02,
223ns Lo, T 2T, CD;OD FCHMMEELIT-72& 2 A, TNEI0.98,2.05,
238 ns £72 Y MeOH HF TOREFRREIRE—FE LIz, ZOFEND, BH~OEED
BEITHEWEZ 2 b5, HIZZDOIIREBICOWTHRETT 548, B bFitREICE
n7a koAb, 7w R ALRETROFERT v v L& FHE L 72 (Figure 5-15).

n ° 2 °
RN g™y -
1& ;:4 . S ‘. o,

S

o8 e ~ .y e
P > >
) el - NFed LUMO

b

r-"o‘ %0 e O .J",
29 ) o ] ‘

i B d 9 'J‘ : @ 2 r- ] ‘.
e 2 g, 2 a‘ J.‘

OH o &2 .l
X &
TFA g BuOK S 7 s
—— \ S
by iy = HOMO 43,
NN [ NN o’e
>
2 hes
B | L ] 2o
| I m m

Figure 5-15. Optimized structures, molecular electrostatic potential (MEP) maps and FMOs
of OHPhTTIm at the different conditions computed at the CAMB3LYP/6-31+G(d,p) level of

theory in methanol.

fER & LT, BRI OREIEIY imidazole JEIZIEEM2ME Y, imidazole 55D 5 FHIEME
MRS NIRVAIREED R B A FRIBES L OFREREZ/[T2. X, W7 e hAbEO
MEP & B ) A FRIZIRE LIAER &R o T D, 7w b AR ORI A~ 7
M7 e RO B D LFRE B L TWD. 2O &iE, AEREICE TS =
FAk, 7 e b AR OREEI I EBFOIER D L L TNWD Z 2R LTS,
7'v h ABIEEFIC LUMO OZEIZHEHE G L, —HHMHRE TRRICHLD > T
HOMO @ n 8 T-EMN, 7’1 b b 1E imidazolium 7> 54 L H & 41T thienothiophene
Iz oL TnD. BT e b ABRITRNT =4 M2 R L, FFIZ HOMO O
RZEAL ZH T B (Figure 5-16). HOMO | phenol EA7 & HOMIIADN Y, fERE L
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0.1— noPCM

T7m bk, B7ve b AT ' PCM (MeOH) 0.060
i Experimental value (CV —
BLL 78 i % £, WA xperimental value (EY)
X7 MARFEBLIEEE X BN or -0.025 -0.030 "0.022
. Y o — -0.057 g .
5. U EORERZMERT D2, B2, 5 -0.091 o
WHSEMEFTO NMR 2227 L 8, 0.1 ﬂi T 0090 %
. ) ) 0.164 s - e
ZHE LT, #5R% Figure 5-17 12 5 — S? ¥ oy
. X, 7a b ofrmEoREx 2 02 g 0,200 —
W = e
H-H COSY K UZ NOE (2 X V1T —  -0.249 Oo5p ———
o P | -0.268 AE = 4.09 eV
STz FEAZRMERE BRI 11 & 0.3 513 eV
DEBRIFIRT. -0.350
04 AE-504ev  AE=6.08eV
5.73 eV 2.97 eV
6.05 eV
Figure 5-16. HOMO-LUMO energy level diagram for
OHPhTTIm.
OH
e * f d
9 h
a :s
b c ??
JJL H\N’/ N
f OH @
h
e clg h d g
f s
b a s)e
. ) e &
b c
e gf h d a
7S
b ¢ a S
R v
T T T T 1 T 1 @
85 8.0 75 7.0 65 45 4.0

ppm
Figure 5-17. Partial '"H NMR spectra (CD;0D, 600 MHz, 298 K) of OHPhTTIm in different
conditions. Top) TFA 1.0 eq., middle) blank, bottom) -BuOK 200eq. Peak marked with an

asterisk is attributed to a CHCl; and it was decomposed in the base condition.
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FETRINZ LV, imidazole @ methyl FIIMERLG S 7 & L7 (Hy, 4.10 725 4.28 ppm).
AV IEBME AL L D EMEEOK IR LTEY, benzimidazole ([ZH KT 5
H,, Hy,, H¢lZ& LIRS 7 P LTWA. X, thienothiophene BRD 7' 1 k> H,,
He bR 7 b LTEY, $FIC imidazole F£ZITV HolX 7.95 725 8.30 ppm & K
I2>7 L TW5%. —J7C, phenol HBAL0 Hy o O8N Hy 1358 & IEBHFE A DB L Z 1
TUNRV\(Hg, 7.60-7.58 76> 7.62 ppm, Hy, 6.85 7>5 6.88 ppm). = OFERIL, 71 ko
D7 imidazole FEFINICHE ED & V0D 2L 2R LTEY, EMOMRY BRE <,
BRTEEIRIEZ & D W2 L AR LTV D, ZHUEIE ER R R RIS b 3G
LTEY, 7m F AR RVER DB LD ICT REZTER LT W2 & 2R LT
Wb, —HHEESFFET T 1 b AL L7284, imidazole 250 7" 1 k > (H,, Hy, Ho)l
B EZITTWRW., X, methyl D71 b2 HyM 410 ppm DFEF 7 F LT
V72U —75, thienothiophene B D H. 1% 7.95 72> 7.90 ppm ~, H¢ld 7.56 725 7.35 ppm
~ENZERYG Y7 N LTED, phenolate ion DFFELNRICHK LI 7 N THD &
EZ N5, ZDK 9 phenolate ion (ZIT S NF EBFBENHEL, @S 7 ML
TEY, WIZE DOV Hgld 7.60-7.58 225 7.38 ppm ~, Hy L 6.85 225 6.64 ppm &)
Wty 7 NLCTWD. 2O H, D@ 7 N0/ S WEEH 13, phenolate ion 73
J 0 v — b FLERRE CREAAL L 72 potassium phenoxide & 72V ZEAL L TWH A4 TH 5
EEZ NS, X, Figure 5-15 2R L72% 7 A RO & 72 iUd R E @y~
FRTFREINDD, HRE O H, 0> 7 MIhEL, XU A REOREEDESRTH
HEEZOBND., Z 2T, phenol FZIE imidazole FIL LV HE TV v F 72 fRRE L 72
STN5 EEZBNSD, imidazole D NMR AT h VOB 722 & i Rk
RREDHEEZHEFFL TWD EHEERTE D, ZORELEHEFEHEOKERE L FE L
V. BLEXY, R THD +BuOK x5 &, £7 phenol D71 N3 EEL, 7
T H—AF D KWENL LT potassium phenoxide & 72 % . HEHEMESME T Ik
imidazole %k 728 77 & R Mt & fr b, a1 o

phenoxide ion 7% % JE 7% potassium (475.4nm, f=1.93)

phenoxide & %> CTHEELTWD. ZD 1
RN DHEL S D FOLIEFE % Figure

518 ICE LD, X, RPLFEEIC  on ok
X B IR ELIR AR O R R R 2 MR T 5. O
Phenol 4|3 LE fRAEE~DERIZFES < g @
441 nm 6 O EIENE AT A, s 3esmm =00 S
Phenoxide k fcﬁé k ’ gﬁl/\ I“'j“_"l\iff% 8/ t—BUOK N"N™
O, HOMO N ARZE(L L, 551 nm D3 ——

RN ERET D, B EFEREICEY  Figure 5-18. Diagram of the emission process of
BT EITFEIEICIHEFICE < —3%  OHPhTTIm in the base condition. Calculated
L TV %. Phenoxide & k> 7-BRDOWIL  data at the TD-DFT/CAMB3LYP/6-31+G(d,p)
FEIX 3942 nm & FHISH, SEHID  level in methanol are in given in bracket.
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389.5nm & Hfia—E LTV 5. [, phenoxide D FhELIKAED & DFITFHEIZ L D 554
nm & TSI, ZH6 MO 551 nm LR ETERICE LTz, Z ORI bFER %
X ICT ENRINCTh 5 b ST g. PR TICE T 5 5O LRI IRTR
AN X % ICT FITFREL L 7o b Pt Ot E ISR, BeFmaRL, £D5%
FHLE S L L TS, —KIZ ICT PEDOFEITEE OFICITHNRE IHIET 5. L
WL, RYIET7 727 THMBNTH D, BRI X 5 ICT ZelREE, HERm
k2D ICT B BbWHIEL TR, ZOoBIZMEREE TH 5
thienothiophene-benzimidazole 23 KIH WL HE T 2B THHZ L2 BEKT H. 20
S T AR IR BB DN hEDIRREIZ B W THERF S L TR Y, F /1 RO F 500
THKRFEBEICLI DR TH L EE2OND. X, B, HIERCEREICE L, 3
(RO ICT M3 CLE(L LIS Tl CT BN a2 Rmd ks L7z, 22T, TFA
TSI B FE % 2 >F LLENT 5240 R COMAE/ER LIS, phenol 1T4
2 7E 7% phenolate ion TIIFAERT, DU F—0NELT 5 EWH HTERRD, ZOE
WA R DER LEZ BND. W, T ORRREEE RIS ZME DT TFA X -BuOK
IR Z 055G 11 8 EBRESR). D EoORERIE, ZhE TR FIEER
RN EMBIRTH - 72 ICT FHD, FER UNALICT IREE & TR & IR DO L
EPWRTEL 2L 2R L TR BFEORIAE, (bt o —DRARMNK E LThH
HAThrt&EZD.
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5-10 FEEG

A FETIX imidazole 512 thiophene 78K % ik L 7= K FEOEM n LA O
T DORhELIKAE 2 F.0: 23K Gm L 72 Thienothiophene } TF phenylthiophene % 18 L 7245
A, BBIRINC LY ke D3I SAVE IR R ST, T ORERIT 0 TNKFEEER
X ) A FREEIC X2 FHE OMER 2 7/ LT DL N2 TR 2 28 2 C 4y 6
EIWZX Y, PhTTIm+H I ONZ OMePhTTIm+H 2N R 2R VA 7 E & B3Ot 2o
L, ICTIREEZERH L TWDH Z LRI, ), BTWIIMEEE T ILGED
thienothiophene (Z{E#i L7~ CF;sPhTTIm+H DA%, B G AROME 21K T &,
ICT REEDOFE K ZAFNZL TWAH EEZX LS. LLEICNZ, EHbFHEICEY Z
NHDILEWORIIREZFHHE L7z & 24, HEREEX Y L FHEL LTV D iEE)E
I3, XNZDHFHUEND ICT REDIRNHELR TE DR Lo 7. UL EDOFER
725, PhTTIm+H I TNE OMePhTTIm+H 1Z 7 10 b oAbz L 0 3 eFEnZfb L, JE
RUNWVEDICT BN EZREL TS EBRE L. ZORRILICT BIEIZBIT 2 CiT
HPTLBMETRNIEEZERL TS, ZOEBRIZOWVWTHEIIHRHFT L%, Alh
RIREE MBS & 72 5 K 9 PhTTIm % A F/U{L L7 PhATTIm T D4 YCHIE 217 - 7=, #i
F& U THMERET TICT %62 7R L, PMMA HFCIX LE BNDOHRE 25722 L5
FKIOAY P rE TICT B EIFE LTZ. 20X 57 PhATTIm+H & DI AT |k
JVDEWIH SN FREEICESWTREE TS EE X 6D, IRWT, OH %
HA L7 OHPhTTIm (ZDOWTHE, WA N CONRMEZIToTc & 2 A, Bied
WETICT Btar L., Z ORRAEIEMESM: T Co ICT FOLIL M EHLA D PhTTIm
TIHE ST, OHPhTTIm (X7 0 F AL L7256 L1387 o 750 CEM BEN A
U, ICTIREEZKT 2 Z L 2B LTS, ZOMEIZIER TN ICT FLE
PRI L0 AR AIRETH D Z L, LE BN LV LR IEFINROE W ICT
FIOENOFE~ORHANFRER Z L ZEWR L TS, LLEX Y ICT B0 s i
KAFPEIZOWTIHRGT L, £OnFikGaHiadt 2152 2 & ik,

OH o
Q Q
& TFA tBuOK  § P
S/ p
ON, - et . LE KL eT
@ ®=0.82 ®e=0.62 @ O=0.77
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5-11  EBRIF

— A

'H NMR (300 MHz)} O} °C NMR (75 MHz) 227 /L3 H A 748 INM-AL300 %Y
BERGRILEEEREIC L 0, "H NMR (600 MHz) 227 kLI [F+E INM-ECA600 BUEZ RS
HIBAEEIC L0 2N ENME Lo, BESIT AT MV KOG D FREE B A7
K viE B ARE 748 IMS-Q1000TD % DART & &4y #7144 & 1 ONZ IMS-700 MStation 15
PERE “HEIORE &HEHS X 0 IE L. JeE 5011 Perkin Elmer #1880 St 554l
TEHETE 24001ICHNS/O % HIV 7o, Hifkdh X B E AT 13 U 7 7 +E RS & B B X faE
TEMEATHEE R-AXIS RAPID/S (2 L W Jill7E L7=. HPLC KOV ¥4 7 L5y EUCHPLC 13 H
SoNA T ) 1P — Rk LaChrom Elite & 25 A, H AL HT T 2418 LC-9110NEXT
EENENANT T o7z, 85 - AIHIRINA Y FVROY, at, dotihiE A~_7 k
AT A AR AR V-660 $84% - RIS LRI N H YA 77 ) v o — X5t
F-7000 /3 e Y ERHC K 0 2B llE Lz, 3otk Oy, Mok e IR
I8 5 BAEFT 4L FluoroCube 3000U wt JFMmMMIE > A7 A, AR h =7 A8
C€9920-02 #axt PL & I REEIZ LV 22 lE Lz, BEXRIEFEREIX 7 a—7 R
v 7 AT LA GRS T C Metrohm Autolab #:#u-AUTOLABII AR 3 = /27 L/
J Ay MZXY, EHEmR, SWicAE8EmE, SREMICIEKRERS B
(AgIAZEENENHWTHIE L7z, X, SXFFEME & LT 0.1 M tetrabuthylammonium
hexafluorophosphate (TBAPF¢) % f\, 100 mV/s D ERHE CTHRIEZ 1T 7-.
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MeO-"y Meo S. Br
B(OH), — = \
Br
1b

2,3-dibromo-5-(4-methoxyphenyl)thiophene (1b): A{LEWITIATHIZEE V52 12 E
B aEAT o 7. MY 17 7 A 2T 2,3,5-tribromothiophene (4.81 g, 15 mmol),
4-methoxyphenylboronic acid (2.28 g, 15 mmol), 2M K,CO; /K¥&#Z(60 mL), 1,4-dioxane (75
mL), toluene (75 mL) &% O} Pd(PPhs), (870 mg, 0.75 mmol) & Il %, ZEFEFPHE T 100°C T
8 WFEMEBMREE L7, ISR EZEIRE THAI L%, KTk Z7=>F L chloroform

DRBEAREEZBIERE L, 150N % silica gel column chromatography
(n-hexane)lZ &V HEE L, ARSI ROILEY 1b 572297 g, 57 %). Rr= 0.43
(n-hexane); 'H NMR (300 MHz, CDCls, TMS): & = 7.41 (d, 2H, J = 8.7 Hz), 6.98 (s, 1H),
6.91 (d, 2H, J = 8.7 Hz), 3.83 (s, 3H); DART MS (m/z): [M]" calcd. for C;;HgBr,Os, 347.9;
found 348.

1c
2,3-dibromo-5-(4-(trifluoromethyl)phenyl)thiophene (1c) "™: W > po 7 5 % = (C
1-iodo-4-(trifluoromethyl)benzene (4.90 g, 18 mmol), potassium fluoride (2.61 g, 45 mmol),
PdCly(PPh;3); (632 mg, 0.9 mmol), 2,3-dibromothiophene (5.23 g, 21.6 mmol) Mz TN 7K
DMSO (110 mL) &l %, %?’%/*‘7 U720 30 I L 721 100 °C THNEE#:
L7=. BUSRIC 1 EFREE S [B11245 1) T AgNO; (7.64 g, 45 mmol)Z B L, TLCIZXL Y

BV R & sl LT=1t%, &7 A MiEi(chloroform)iZ &K 0 NG &2 RE L. 155

AT AR A fa RN K THEV Y, MgSO4 THi/K RIS L T2 =R £ L7z, Ik
C, silica gel column chromatography (n-hexane)lZ L D ¥ L, HEHMEKDILEY 1c %
1572(4.19 g, 60 %). Re=0.63 (n-hexane); 'H NMR (300 MHz, CDCls;, TMS): & = 7.65 (d, 2H,
J = 8.7 Hz), 7.59 (d, 2H, J = 8.7 Hz), 7.19 (s, 1H); DART MS (m/z): [M]" calcd. for
C11HsBr,F3S, 385.8; found 386.

127



R R
s s
@UBr L O\UCHO
Br Br
1 2

3-bromo-5-(4-methoxyphenyl)thiophene-2-carbaldehyde (2b): T INZEARLEE L 7= U O
7 7 A2 LA 1b (1.91 g, 5.5 mmol) & UK THF (27.5 mL)& 1%, “EHEFFHK T
\Z L72t%—78 °CI\ZWEI L7z, SUita>RIZ n-BuLi (3.45 mL, 1.6M in n-hexane, 5.5 mmol)%
WL, 304 M8 L7, ¥IZ N,N-dimethylformamide (0.6 mL, 8.25 mmol)% iz, —
78 °C I\ZHRE & PR > 7o £ F BIC 30 oy L7c. TRa ICHR L7y b 2 Itk L7z
#%KZ %, chloroform TH k% AME ZBIERE L L, F o7k AEY % silica gel
column chromatography (chloroform){Z X ¥ B L, & A EAKDOILEY 2b 21572(1.46
g, 89 %). Ry=0.77 (chloroform); "H NMR (300 MHz, CDCl;, TMS): & =7.57 (d, 2H, J = 8.7
Hz), 7.23 (s, 1H), 6.92 (d, 2H, J = 8.7 Hz), 3.86 (s, 3H); DART MS (m/2): [M]" calcd. for
C12H9BrO;S, 297.9; found 298.
3-bromo-5-(4-(trifluoromethyl)phenyl)thiophene-2-carbaldehyde (2¢): 2b & [Fl&ED 514
THRGZATVY 86 % DU THAE K I ROILEY 2¢ 2457, Re= 0.80
(chloroform); 'H NMR (300 MHz, CDCls, TMS): & = 9.98 (s, 1H), 7.76-7.70 (m, 4H), 7.42 (s,
1H); DART MS (m/z): [M+H]" calcd. for C;,H;BrF;08, 336.9; found 337.

R R
S._CHO S
\Q\(\_/Z/ I O\m

Br s “COOEt
2 3

5-(4-methoxyphenyl)thieno[3,2-b]thiophene-2-ethyl-carboxylate (3b): 154 2b (1.40 g,
4.7 mmol), ethyl mercaptoacetate (625 mg, 5.2 mmol), K,CO; (1.30 g, 9.4 mmol) }2 O* DMF
(9.4 mL)»> 5 ik D SO RETRIR % =i C 50 FEfE#E L7=. /K% 1 2 chloroform Ty
BABEEZBIEEEL, 50T HAREN A K, n-hexane THei L 7o+ T CTHIZk
WL 2 ATV B R OLAY 3b 2157-(1.50 g, 100 %). 'H NMR (300 MHz,
CDCl;, TMS): & = 7.95 (s, 1H), 7.58 (d, 2H, J = 8.7 Hz), 7.38 (s, 1H), 6.96 (d, 2H, J = 8.7
Hz), 4.39 (q, 2H, J = 7.2 Hz), 3.86 (s, 3H), 1.41 (t, 3H, J = 7.2 Hz); DART MS (m/z): [M+H]"
caled. for C16H;503S,, 319.0; found 319.
5-(4-(trifluoromethyl)phenyl)thieno[3,2-b|thiophene-2-ethyl-carboxylate (3¢c): 3b & [Fl45k
DEAETRIEZEFT 100 % DULR THE RO EY 3¢ 2157=. 'H NMR (300 MHz,
CDCl;, TMS): & = 7.99 (s, 1H), 7.75 (d, 2H, J = 8.4 Hz), 7.68 (d, 2H, J = 8.4 Hz), 7.58 (s,
1H), 4.40 (q, 2H, J = 7.2 Hz), 1.41 (t, 3H, J = 7.2 Hz); DART MS (m/z): [M+H]" calcd. for
Ci6H11F30,8S,, 356.0; found 356.

128



R s R s
e — I
COOE COOH

S S
3 4

5-(4-methoxyphenyl)thieno[3,2-b]thiophene-2-carboxylic acid (4b): {54 3b (147 g,
4.6 mmol), NaOH (550 mg, 13.8 mmol), EtOH (20 mL)} UK (3 mL)2> 5 Bl 5 It R
% 4 RRINBNE R L 72 1%, JKOKIEONTHERE 2122, TRER A2 L, 15 DAL fiak
AW % K THE LT R TBUE T TR 2 (AT Wi s i R DL G 4b 1572
(1.32 g, 99 %). '"H NMR (300 MHz, [D¢]DMSO, TMS): & = 7.77 (s, 1H), 7.73 (s, 1H), 7.64 (d,
2H, J = 9.0 Hz), 7.03 (d, 2H, J = 9.0 Hz), 3.80 (s, 3H); DART MS (m/z): [M+H]" calcd. for
Ci14H1105S,, 291.0; found 291.
5-(4-(trifluoromethyl)phenyl)thieno[3,2-b|thiophene-2-carboxylic acid (4c): 4b & [FIEED
FMECRIEZITV 85 %DILRTEHEOKMKOILAY 4¢ #157=. 'H NMR (300 MHz,
[D6]DMSO, TMS): 6 = 8.16 (s, 1H), 8.14 (s, 1H), 7.95 (d, 2H, J = 7.8 Hz), 7.83 (d, 2H, J =
7.8 Hz); DART MS (m/z): [M+H]" calcd. for C14HsF30,S,, 329.0; found 329.

RO\C@COOH T ) \S/ b
4 5

2-(4-methoxyphenyl)thieno[3,2-b]thiophene (5b): (L&Y 2 M BEAILAW~D AKX
SeATRFGE N % T L=, (LA 4b (1.31 g, 4.5 mmol), CuO (45 mg, 0.56 mmol) & (}
7584 L7z quinoline (10 mL)Z ¥ L < fB#E L7203 & 5 R INEGEE L7z, =i E THA]
IR N KA VEE, chloroform (2 &V 43K L T b v 7c A% IE & fafn B3 /K Tk
W, WIEAREEE L. B ORI silica gel column chromatography
(chloroform)|Z & Hifif L, HHEHEOHKOIAEY 5b Z21572(1.07 g, 97 %). Re= 0.88
(chloroform); "H NMR (300 MHz, CDCls, TMS): 8 = 7.56 (d, 2H, J = 9.0 Hz), 7.38 (s, 1H),
7.33 (d, 1H J = 5.4Hz), 7.25-7.23 (m, 1H), 6.94 (d, 2H, J = 9.0 Hz), 3.85 (s, 3H); DART MS
(m/z): [M+H]+ calcd. for C13H;,08S,, 247.0; found 247.
2-(4-(trifluoromethyl)phenyl)thieno[3,2-b]thiophene (5c): 5b & [FIEE DG TR Z1T0
94 %DULR TE A ROILAEWY 5¢ 24572, Ry= 0.88 (chloroform); 'H NMR (300 MHz,
CDCls, TMS): & = 7.73 (d, 2H, J = 8.7 Hz), 7.65 (d, 2H J = 8.7Hz), 7.58 (s, 1H), 7.42 (d, 1H,
J=5.4Hz),7.28 (d, 1H, J = 5.4 Hz); DART MS (m/z): [M+H]" caled. for C,3HsF;S,, 285.0;
found 285.
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tributyl(5-phenylthieno[3,2-b]thiophen-2-yl)stannane (6a): ¥ O IIEAGLEE L 7-PU>Y 1~
7 A2 ZALEY) 5a (1.08 g, 5.0 mmol) 2 OMiZK THF (50 mL) & iz, ZEHRFEPHX FIT L
7278 °C\ZmAEI L=, BUts&RIZ n-BuLi (3.20 mL, 1.6 M in n-hexane, 5.1 mmol) % i F
L, 30 2y[E##+#RE L7=. ¥ tributyltin chloride (1.40 mL, 5.2 mmol)Z 1z, —78 °C |Zik
EZfroToE EHIT 30 B L7, IR ICHIR L2 6 2 Bl L7z1g, Wi
EWIEREEL, SONTHREMZE 10wt% KoCO;s-silica gel ' column chromatography
(ethyl acetate/n-hexane=1:9)|Z X 0 HEE L, WHIRDOILEY 6a 2157-(2.30 g, 91 %). A1k
AW Z L BRSSP R OBOSIZ V2. Re= 0.70 (ethyl acetate/n-hexane=1:9); 'H
NMR (300 MHz, CDCl;, TMS, K»,CO3): 6 = 7.62-7.60 (m, 2H), 7.46 (s, 1H), 7.39-7.34 (m,
2H), 7.26-7.24 (m, 2H), 1.62—1.57 (m, 6H), 1.39-1.32 (m, 6H), 1.17-1.11 (m, 6H), 0.93-0.88
(m, 9H); DART MS (m/z): [M+H]" calcd. for C24H34S,Sn, 506.1; found 506.
tributyl(5-(4-methoxyphenyl)thieno[3,2-b]thiophen-2-yl)stannane (6b): 6a & [F£ED {4
TRIGZATV 92 % DR TILAY) 6b 2457-. Re=0.74 (ethyl acetate/n-hexane=1:9); 'H
NMR (300 MHz, CDCl3, TMS, K,COs): 6 = 7.55 (d, 2H, J = 8.7 Hz), 7.35 (s, 1H), 7.23 (s,
1H), 6.92 (d, 2H, J = 8.7 Hz), 3.83 (s, 3H), 1.63-1.53 (m, 6H), 1.40-1.31 (m, 6H), 1.18-1.10
(m, 6H), 0.94-0.87 (m, 9H); DART MS (m/z): [M+H]" calcd. for C25sH3;,08,Sn, 537.1; found
537.

tributyl(5-(4-(trifluoromethyl)phenyl)thieno[3,2-b]thiophen-2-yl)stannane (6¢): 6a & [F]
RO SR TRIGZITV 83 % DI TILA W) 6¢ 1572, Re=0.97 (ethyl acetate/n-hexane
=1:9); '"H NMR (300 MHz, CDCls, TMS, K>CO3): 8= 7.72 (d, 2H, J = 8.1 Hz), 7.63 (d, 2H, J
= 8.1 Hz), 7.56 (s, 1H), 7.27 (s, 1H), 1.65-1.55 (m, 6H), 1.42—1.33 (m, 6H), 1.20-1.13 (m,
6H), 0.95-0.89 (m, 9H); DART MS (m/z): [M]" calcd. for C,5H33F3S,Sn, 574.1; found 574.
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2-bromo-5-phenylthiophene (7) "' 2-phenylthiophene (3.21 g, 20 mmol)% THF (200 mL)
(2% L, N-bromosuccinimide (3.74 g, 21 mmol)Z 1z, SEIRMEESRM N TR L
7Z. TLC \Z & 0 JFE DR 2 e L IZ RIS 2 W= = L, FXE4 n-hexane (Z XV
DR, WEZRIEEE L. GO AN % silica gel column chromatography
(n-hexane)lZ L 0 HLBE L, AMFESEIHROILEW T 21572(4.56 g, 95 %). Ry= 0.75
(n-hexane); '"H NMR (300 MHz, CDCls, TMS): & = 7.51 (d, 2H, J = 6.9 Hz), 7.38 (m, 2H),
7.31 (m, 1H), 7.05 (d, 1H, J = 3.9 Hz), 7.03 (d, 1H, J = 3.9 Hz); DART MS (m/z): [M]" calcd.
for CoH;BrS, 237.9; found 238.

S _— S
W Br @\U/Sn(Bu)g,

7 8

Tributyl(5-phenylthiophen-2-yl)stannane (8) ''l: F@® B GIE L-U>Y 07 T 2=
LAY 7 (3.59 g, 15 mmol) & Ok THF (75 mL)Z 1z, FHEPHR FIZ L7=#%-78 °C
WAL=, BOGSRIZ n-BuLi (9.9 mL, 1.6 M in n-hexane, 15.8 mmol) % i F L, 30 43[4
R L7=. W tributyltin chloride (4.1 mL, 15 mmol)% 1z, —78 °C |{ZIRE &R -7 F
FHIZ 30 IR L7z, RAICHIR L2235 2 REE#E#R L721%, n-hexane (150 mL)
ZIMZ, 10 % KF KEHRIZE D 3k L, 5o AiE 2 fmafik Ty, MgS0,
THAKZIE® L CHEEZBE®EE L. IR\ T short-pad silica gel column
chromatography (chloroform)iZ & ¥ ¥5# L, SR OILEY) 8 Z21572(6.69 g, 99 %).
LA Z LA BRI R O KOS V2. TH NMR (300 MHz, CDCls, TMS): 8 =
7.64-7.61 (m, 2H), 7.43 (d, 1H, J = 3.3 Hz), 7.38-7.33 (m, 2H), 7.26-7.23 (m, 1H), 7.14 (d,
1H, J = 3.3 Hz), 1.59-1.58 (m, 6H), 1.39-1.32 (m, 6H), 1.15-1.10 (m, 6H), 0.93—0.88 (m,
9H); DART MS (m/z): [M]" calcd. for C»H34SSn, 450.1; found 450.
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2-bromobenzo[b]thiophene (9) " F W MBAEHE L - MW Y 0 7 F A 3|2
benzo[b]thiophene (6.71 g, 50 mmol) & Uiz THF (200 mL) &A1 %, BHFRIFHK T2 L7
%78 °C I AN L7=. &% 12 n-BuLi (31.3 mL, 1.6 M in n-hexane, 50 mmol) % i T L,
30 4y M8 #R L7=. W2 bromine (3.1 mL, 60 mmol)& %, —78 °C ICIEE AR -T-F £
B2 30 ot L7, IR2ICHIR L7223 & 2 IfMiR#R L7z %K &%, chloroform (Z
KOG L, WAL L7, U Tsilica gel column chromatography (n-hexane)
WL VKL, AEBMEOHAERY Z157-. TIZ n-hexane (ZIME L, INEL & %
DI L n-hexane (2 XV ¥ L CAMB % brE Lo B AIRIKESOLEY 9 21572
(7.18 g, 67 %). Re=0.71 (n-hexane); 'H NMR (300 MHz, CDCls, TMS): & = 7.73-7.70 (m,
1H), 7.69-7.66 (m, 1H), 7.32-7.30 (m, 3H); DART MS (m/z): [M+H]" calcd. for CsH¢BrS,
212.9; found 213.

@i/fBr L ersmsu)s
9 10

Benzo[b]thiophen-2-yltributylstannane (10) "': T MEGIE LMY 07 T 2 2|
L& 9 (4.26 g, 20 mmol) }z Oi/K THF (100 mL) & Nl %, 223255 FIZ L7=1%-78 °C
WA L7z, K% n-BuLi (13.1 mL, 1.6 M in n-hexane, 21 mmol)Z 3 F L, 30 43
f##R L7=. W tributyltin chloride (5.43 mL, 20 mmol)Z 1z, =78 °C \ZIREZ R~ 7= %
FHIZ 30 B L7z, Bha CHIR L7225 2 BE8H L7-%, n-hexane (200 mL)
ZINA, 10 % KF KERIC X 0 3 L, F5 O 7 AHE & fafn &K TYEYY, MgSO,
THAKZIE® L CHEEZBRE®EE L. R\ T short-pad silica gel column
chromatography (chloroform)iZ & D fFHE L, EEAMIROIAEW 10 Z4572(7.62 g, 90 %).
LA Z UL RS F R O RSV 2. 'THNMR (300 MHz, CDCls, TMS): § =
7.90-7.87 (m, 1H), 7.82-7.80 (m, 1H), 7.39 (s, 1H), 7.35-7.26 (m, 2H), 1.58-1.53 (m, 6H),
1.39-1.32 (m, 6H), 1.19-1.14 (m, 6H), 0.93-0.88 (m, 9H); DART MS (m/z): [M+H]" calcd.
for C,0H33SSn, 425.1; found 425.
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1-methyl-2-(5-phenylthieno[3,2-b]|thiophen-2-yl)-1H-benzo|d]imidazole (PhTTIm):{\ &
¥ 12 11 (740 mg, 3.5 mmol), 6a (2.02 g, 4.0 mmol) &% Uik DMF (25 mL)Z 255371
7N X0 30 y[IA L 7=, PA(PPhs)s (200 mg, 0.17 mmol) % Il 2 150 °C T 12 FFH]
MBEGEER LT, ROSIREWIT/KEZINZ TZ =2 F L chloroform Tk L721%, AH%kE
12 MgSOs &Nz Wiok%, JiEim L Tt E L7z, IRWT, silica gel column
chromatography (chloroform){Z & D R8I L, HITH i fb(dichloromethane) 21TV, 8
GERIRFE S O HB9% PhTTIm % 757-(0.768 g, 63 %). Ry= 0.30 (chloroform); 'H NMR
(300 MHz, [D¢]DMSO, TMS): 6 = 8.21 (s, 1H), 8.00 (s, 1H), 7.79-7.74 (m, 2H), 7.69-7.64
(m, 2H), 7.52-7.45 (m, 2H), 7.42-7.22 (m, 3H), 4.10 (s, 3H); °C NMR (75 MHz, [Ds]DMSO
TMS): & = 147.13, 142.23, 141.19, 138.52, 136.87, 133.99, 133.74, 129.30, 128.37, 125.50,
122.69, 122.30, 121.00, 120.88, 118.72, 116.49, 116.38, 110.40, 31.84; HRMS (EI): m/z calcd
for CyoH4N2S, [M]+: 346.0598; found, 346.0597; Anal. Calcd for C,oH14N»S,: C, 69.33; H,
4.07; N, 8.09. Found: C, 69.14; H, 3.80; N, 8.01.

PhTTIm+H": '"H NMR (300 MHz, [D¢]DMSO, TMS): § = 8.34 (s, 1H), 8.05 (s, 1H), 7.86—
7.82 (m, 1H), 7.80-7.73 (m, 3H), 7.54—7.38 (m, 5H), 4.15 (s, 3H).
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Figure 5-19. 'H NMR (left), and *C NMR (right) spectra of PhTTIm.
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OMePhTTIm OMePhTTIm+H*
2-(5-(4-methoxyphenyl)thieno[3,2-b]thiophen-2-yl)-1-methyl-1H-benzo|d]imidazole
(OMePhTTIm): L& 12 ! (740 mg, 3.5 mmol), 6b (1.71 g, 3.2 mmol) % Uitk DMF
QRSmL)ZZEFE AT Y 72 XD 30 I L 72, PA(PPhs)s (200 mg, 0.17 mmol) %
Iz 150 °C T 12 RRPNESRHE L7, SOSIEGMIZ/KZ I Z T2 = F L chloroform
THR LT, AHEJEIZ MgSO, M A MiKk#%, i L TRz iEgd = Lz, kR
T, silica gel column chromatography (chloroform)(Z & ¥ &84 L, 52 Fffdt(chloroform,
methanol) Z 1T\, i AFEE O B 9% OMePhTTIm % £37-(887 mg, 74 %). Ri=
0.43 (chloroform); 'H NMR (300 MHz, CDCls, TMS, K,COs): & = 7.83-7.81 (m, 1H), 7.68 (s,
1H), 7.58 (d, 2H, J = 8.7 Hz), 7.42 (s, 1H), 7.36-7.29 (m, 3H), 6.95 (d, 2H, J = 8.7 Hz), 4.03
(s, 3H), 3.85 (s, 3H); °C NMR (75 MHz, CDCls, TMS): 8 = 159.80, 148.29, 147.92, 142.92,
142.01, 138.03, 136.76, 132.99, 127.30, 127.11, 123.02, 122.73, 120.04, 119.73, 114.48,
114.33, 109.30, 55.40, 31.80; HRMS (EI): m/z calcd for C,;HsN,OS; [M]": 376.0704; found,
376.0705; Anal. Calcd for C,;H1sN-OS»: C, 66.99; H, 4.28; N, 7.44. Found: C, 66.79; H, 3.99;
N, 7.42.

OMePhTTIm+H": 'H NMR (300 MHz, CDCls;, TMS): & = 8.20 (s, 1H), 7.92-7.90 (m, 1H),
7.53 (d, 2H, J = 8.7 Hz), 7.43-7.36 (m, 4H), 6.92 (d, 2H, J = 8.7 Hz), 4.11 (s, 3H), 3.84 (s,
3H).

— P

PPM

=
&

o
0000 —2
158,802 —
148,293 —

77.447 —

77.217 —
77.020

76.600 —

55399 ——
31.798 _

0000 ——o—

Figure 5-20. "H NMR (left), and '*C NMR (right) spectra of OMePhTTIm.
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CF3PhTTIm  CF3PhTTIm+H*
2-(5-(4-(trifluoromethyl)phenyl)thieno[3,2-b]|thiophen-2-yl)-1-methyl-1H-benzo|[d]imidazole
(CFsPhTTIm): b4 12 (550 mg, 2.6 mmol), 6¢ (1.60 g, 2.8 mmol) &% Uik DMF (20
mL)&ZZEF N7V I XY 30 i L7, Pd(PPhs) (150 mg, 0.13 mmol) % Il 2.
150 °C T 12 IefRINEMRFE LTz, ROSIREMITIKZ N2 T2 = F L chloroform T4y
il LTot%, AHIEIC MgSO, ZMAMKE, g L T2 ER = L7z, RNT,
silica gel column chromatography (chloroform)(Z & ¥ f#&5% L, B2 B &l (chloroform,
methanol) & 1T\, 2 IR RS & O B B9% CFsPhTTIm % 1572(835 mg, 72 %). Rr=0.48
(chloroform); 'H NMR (300 MHz, CDCl3, TMS, K,COs3): 6 =7.84-7.81 (m, 1H), 7.76 (d, 2H,
J=8.4 Hz), 7.73 (s, 1H), 7.67 (d, 2H, J = 8.4 Hz), 7.64 (s, 1H), 7.37-7.31 (m, 3H), 4.05 (s,
3H); *C NMR (75 MHz, CDCls, TMS): & = 147.50, 145.99, 142.86, 141.78, 139.53, 137.65,
136.76, 134.80, 126.11, 126.06, 125.98, 123.28, 122.88, 119.84, 116.84, 109.40, 31.82;
HRMS (EI): m/z calcd for C,1H3F;3N,S; [M]+: 414.0472; found, 414.0478; Anal. Calcd for
C21H13F3N,S,: C, 60.86; H, 3.16; N, 6.76. Found: C, 60.70; H, 2.96; N, 6.73.
CF;PhTTIm+H": 'H NMR (300 MHz, CDCl;, TMS): &= 8.18 (s, 1H), 7.84—7.81 (m, 2H),
7.79 (m, 1H), 7.75 (m, 1H), 7.76-7.66 (m, SH), 4.26 (s, 3H).
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Figure 5-21. 'H NMR (left), and *C NMR (right) spectra of CF3PhTTIm.
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PhTTIm
PhTTIm'T: PO L7~ 07 7 A 22 PhTTIm (52 mg, 0.15 mmol), methyliodine
(14 mL, 22.5 mmo) & Nz, ZEFEHL7-% 72 FFH=EE CHELEZ. KWV T,
methyliodine Z LR L L, 561725k % /K, n-hexane, n-hexane:methanol=1:1 Tt
VIR LT L, BERSETEAKH RO B Y PhTTIM'T %2 1537-(45 mg, 61 %). 'H
NMR (300 MHz, CD;OD, TMS): & = 8.12 (s, 1H), 8.03-8.01 (m, 2H), 7.92 (s, 1H), 7.90-7.77
(m, 4H), 7.48-7.41 (m, 3H), 4.12 (s, 6H); HRMS (EI): m/z caled for Co;H;7N,S," [M]':

361.0828; found, 361.0809.
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Figure 5-22. "H NMR spectrum of PATTIm'T".
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4-(5-(1-methyl-1H-benzo|d]imidazol-2-yl)thieno[3,2-b]thiophen-2-yl)phenol
(OHPhTTIm): T ML= Y 17 F A =2(Z OMePhTTIm (115 mg, 0.3 mmol), BBr;
(0.28 mL, 3.0 mmol) % Uik DCM (10 mL) & Iz, 24 FFEIINEGERE L=, BUNEASY
(AN Ko,COs KIS AK & I 2. T2 = > F L chloroform T/ L 7=%%, A HESE 12 MgSO4
EINZ K, T L T2 EE 5 L. 5 5 A % 10wt% KoCOs-silica
gel ') column chromatography (chloroform/methanol=95:5){Z & ¥ K55I L, B2 i bh
(chloroform/methanol=95:5) 17\, 5 (a7 /K &6 © H B94% OHPhTTIm % 1572 (88 mg,
81 %). R¢=0.13 (chloroform/methanol=95:5); "H NMR (300 MHz, [Ds]DMSO, TMS): § =
8.17 (s, 1H), 7.77 (s, 1H), 7.67-7.64 (m, 2H), 7.57 (d, 2H, J = 8.7 Hz), 7.32-7.22 (m, 2H),
6.86 (d, 2H, J = 8.4 Hz), 4.09 (s, 3H); °C NMR (75 MHz, [Ds]DMSO, TMS): & = 158.22,
148.16, 147.35, 142.29, 141.43, 137.39, 136.90, 132.95, 127.07, 124.72, 122.66, 122.32,
120.97, 118.71, 116.13, 114.36, 110.40, 31.86; HRMS (EI): m/z calcd for Cy0H4N,0S, [M]':
362.0548; found, 362.0547; Anal. Calcd for CyoH4N,OS,-1/5CHCl;: C, 62.80; H, 3.70; N,

7.25. Found: C, 62.81; H, 3.88; N, 7.22.

OHPhTTIm+H": '"H NMR (300 MHz, [Ds]DMSO, TMS): &= 8.18 (s, 1H), 7.78 (s, 1H),
7.68-7.65 (m, 2H), 7.57 (d, 2H, J = 8.7 Hz), 7.33-7.23 (m, 2H), 6.86 (d, 2H, J = 8.4 Hz), 4.09
(s, 3H).
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Figure 5-23. "H NMR (left), and °C NMR (right) spectra of OHPhTTIm.
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Figure 5-24. Partial '"H NMR spectra (CD;0D, 600 MHz, 298 K) of OHPhTTIm in different
conditions. (a) blank (b) +TFA 1.0 eq. (c¢) +~-BuOK 200eq.
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Figure 5-25. Partial '"H NMR spectrum (CD;OD, 600 MHz, 298 K, blue) of

OHPhTTIm+-BuOK (200 eq.) and NOE difference spectrum (black).
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Figure 5-26. Partial 2D 'H-'H COSY spectrum (CD;OD, 600 MHz, 298 K) of
OHPhTTIm+-BuOK (200 eq.).
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PhThim PhThim+H*
1-methyl-2-(5-phenylthiophen-2-yl)-1H-benzo|[d]imidazole (PhThIm): t.&% 12 11 (740
mg, 3.5 mmol), 8 (1.80 g, 4.0 mmol)}2 O'fii/K DMF (25 mL) & 253 /37' Y > 72 X v 3047
M4 L7=%%, Pd(PPhs)s (200 mg, 0.17 mmol)Z /1 2 150 °C C 28 FEMMEEH: L 7-.
IGSIRB WK E A T2 = F L chloroform THk L7=tk, Hi/EIZ MgSO, % N
Z WK%, TEiE U T2 e £ L7z, RN T, silica gel column chromatography
(chloroform){Z X 0 FEHL L, #5372k AR 2 GPC (chloroform)iZ & » CHHEEL,
MRS O B 9% PhThIm % 157-(840 mg, 83 %). Ry= 0.3 (chloroform); '"H NMR
(300 MHz, CDCls, TMS): & = 7.83-7.80 (m, 1H), 7.70-7.66 (m, 2H), 7.55 (d, 1H, J = 3.9 Hz),
7.46-7.41 (m, 2H), 7.39 (d, 1H, J = 3.9 Hz), 7.37-7.28 (m, 4H), 4.03 (s, 3H); °C NMR (75
MHz, CDCl;, TMS): & = 147.69, 147.19, 142.88, 136.62, 133.52, 131.64, 129.07, 128.51,
128.24, 125.93, 123.69, 122.90, 122.64, 119.68, 109.29, 31.72; HRMS (EI): m/z calcd for
CisH1sN-S [M]+: 290.0878; found, 290.0876; Anal. Calcd for C;gH4N»S: C, 74.45; H, 4.86;
N, 9.65. Found: C, 74.17; H, 4.62; N, 9.57.

PhThIm+H*: '"H NMR (300 MHz, CDCls, TMS): & = 8.23 (m, 1H), 7.96 (m, 1H), 7.68-7.66
(m, 2H), 7.55-7.51 (m, 4H), 7.47-7.43 (m, 3H), 4.20 (s, 3H).
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Figure 5-27. 'H NMR (left), and *C NMR (right) spectra of PhThIm.
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S~ TFA S~
12 — —  H.+

o) o}
BzThim BzThim+H"*

2-(benzo[b]thiophen-2-yl)-1-methyl-1H-benzo[d]imidazole (BzThIm): &% 12 1 (740
mg, 3.5 mmol), 10 (1.70 g, 4.0 mmol) % O'Mi7K toluene (50 mL) & ZEZ /37 Y 728D
30 s REIiAL L 7=, Pd(PPhs)s (200 mg, 0.17 mmol) % Il z 28 BB INEGERE L=, &
BEWNZAKEIMZ TZ = F L chloroform T4k L7k, HAHEREIZ MgSO, % I 2 it
Kz, Wi L CHEEELRIEE E L7, IRWT, silica gel column chromatography
(chloroform){Z X W L L, #3572k AR 2 GPC (chloroform)iZ L~ CTHEEL, H
s ER E A O B B9% BzThIm % 457-(725 mg, 78 %). Ry= 0.3 (chloroform); '"H NMR
(300 MHz, CDCls, TMS): & = 7.94-7.83 (m, 3H), 7.79 (s, 1H), 7.45-7.37 (m, 3H), 7.36-7.29
(m, 2H), 4.09 (s, 3H); °C NMR (75 MHz, CDCl;, TMS): & = 147.62, 142.91, 140.44, 139.77,
136.78, 132.86, 125.65, 124.83, 124.35, 124.31, 123.34, 122.81, 122.32, 120.06, 109.47,
31.89; HRMS (EI): m/z caled for Ci16H,N>S [M]": 264.07212; found, 264.0716; Anal. Calcd
for C1¢H2N,S: C, 72.70; H, 4.58; N, 10.60. Found: C, 72.48; H, 4.33; N, 10.55.

BzThIm+H": 'H NMR (300 MHz, CDCl;, TMS): = 8.41 (s, 1H), 8.02—7.89 (m, 3H), 7.60—
7.46 (m, 5H), 4.21 (s, 3 H).
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Figure 5-28. "H NMR (left), and >C NMR (right) spectra of BzZThIm.
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R - B -
2-Thim 2Thim+H*

1-methyl-2-(thiophen-2-yl)-1H-benzo[d]imidazole (2-ThIm): 1> [ 7 7 X 2 |{Z/LE& W
12 11 (740 mg, 3.5 mmol), tributyl(thiophen-2-yl)stannane (1.27 mL, 4.0 mmol), toluene (50
mL) &% OY Pd(PPhs), (200 mg, 0.17 mmol) & /il %, EHEFFS T 24 FEINBGERE L2, K
iR A EIRE TWEIL 721, KIZL Y 7 = F L chloroform T4y itk A H&fE % - &Y
£ 1L, R\ Tsilica gel column chromatography (chloroform){Z & W AR L, 15 5172H
1% % GPC (chloroform), JIEFH HPLC (chloroform/n-hexane)lZ & » CTHEE L, HEHE
sk EA D B B9% 2-ThIm % 157-(673 mg, 90 %). Ry= 0.36 (chloroform); '"H NMR (300
MHz, CDCls, TMS): § = 8.21-7.79 (m, 1H), 7.59 (dd, 1H, J = 3.9, 0.9 Hz), 7.53 (dd, 1H, J =
5.1, 0.9 Hz), 7.36-7.34 (m, 1H), 7.33-7.29 (m, 2H), 7.22-7.19 (m, 1H), 4.00 (s, 3H); "°C
NMR (75 MHz, CDCl;, TMS): & = 147.89, 142.86, 136.56, 132.58, 128.55, 127.89, 127.81,
122.92, 122.63, 119.76, 109.37, 31.66; HRMS (EI): m/z calcd for C1,H;oN,S [M]": 214.0565;
found, 214.0566; Anal. Calcd for C,H;oN,S: C, 67.26; H, 4.70; N, 13.07. Found: C, 67.16; H,
4.48; N, 13.00.

2-ThIm+H": '"H NMR (300 MHz, CDCls, TMS): & = 8.18-8.17 (m, 1H), 7.95-7.89 (m, 2H),
7.61-7.58 (m, 3H), 7.42-7.38 (m, 1H), 4.19 (s, 3H).
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Figure 5-29. 'H NMR (left), and *C NMR (right) sp
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12 L TFA H+

N NN~

zZ

3-Thim 3-Thim+H*
1-methyl-2-(thiophen-3-yl)-1H-benzo[d]imidazole (3-ThIm): A& LT arzel! %
BEICAKEIToTZ. MYy o777 Z2acfbd® 12 9 (739 mg, 3.5 mmol),
thiophen-3-ylboronic acid (460 mg, 3.6 mmol), 2M K,CO; /K% i#%(3.5 mL), toluene (63 mL),
methanol (12.6 mL)} O' Pd(PPhs), (400 mg, 0.35 mmol)& %, ZEHFFFX T 100°C T
20 IFFRTINEMBEFE LT, OSSR 2= E THATL 721, KIZL Y 7 =2 F L chloroform
TH%Z AR ZBERE L L, T silica gel column chromatography (chloroform)iZ
oKL, BonHARY % GPC (chloroform), JEFH HPLC (chloroform/n-hexane)
Lo THEEL, BEMIREEO H Y 3-Thim %1572(642 mg, 86 %). Rr= 0.28
(chloroform); '"H NMR (300 MHz, CDCls;, TMS): § = 7.83-7.78 (m, 2H), 7.62 (dd, 1H, J =
5.1, 1.2 Hz), 7.49 (dd, 1H, J = 5.1, 3.0 Hz), 7.40-7.34 (m, 1H), 7.33-7.28 (m, 2H), 3.94 (s,
3H); *C NMR (75 MHz, CDCls, TMS): & = 149.43, 142.82, 136.29, 131.26, 128.19, 126.39,
126.35, 122.75, 122.45, 119.71, 109.42, 31.52; HRMS (EI): m/z caled for Ci,H ;NS M]":
214.0565; found, 214.0563; Anal. Calcd for Ci,HoN,S: C, 67.26; H, 4.70; N, 13.07. Found:
C, 67.17; H, 4.46; N, 13.01.
3-ThIm+H": "H NMR (300 MHz, CDCl;, TMS): & = 8.16 (s, 1H), 7.92-7.88 (m, 1H), 7.68—
7.66 (m, 1H), 7.56-7.53 (m, 1H), 7.48-7.37 (m, 3H), 4.01 (s, 3H).
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Figure 5-30. "H NMR (left), and >C NMR (right) spectra of 3-ThIm.
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Figure 5-31. Absorption and fluorescence spectra of a) PhTTIm, b) OMePhTTIm, c)
CF;PhTTIm, d) PhThlm, e¢) BzThIm, f) 2-ThIm and g) 3-ThIm in various solvents;
n-hexane (purple), toluene (blue), dichloromethane (green), 80%(v/v) ethanol/water mixture

(yellow), acetonitrile (orange), methanol (red), dimethyl sulfoxide (black).
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Figure 5-32. Absorption and fluorescence spectra of a) BZThIm+H", b) 2-ThIm+H" and c)
3-ThIm+H" in various solvents; n-hexane (purple), toluene (blue), dichloromethane (green),
80%(v/v) ethanol/water mixture (yellow), acetonitrile (orange), methanol (red), dimethyl
sulfoxide (black).
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Figure 5-33. Absorption and fluorescence spectra of left) OHPhTTIm and right)
OHPhTTIm+H" in various solvents; n-hexane (purple), toluene (blue), dichloromethane
(green), 80%(v/v) ethanol/water mixture (yellow), acetonitrile (orange), methanol (red),
dimethyl sulfoxide (black).
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Figure 5-34. Absorption (left), emission and excitation (right) spectral changes of
OHPHhTTIm in the presence of TFA in MeOH.
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Figure 5-35. (left) Emission and excitation spectral changes of OHPhTTIm in the presence
of +-BuOK in MeOH. (right) Normarized emission spectral change of OHPhTTIm in the
presence of --BuOK in MeOH.

Blank
10000 Blank 10000 ©=0.98 ns, @ = 0.58
8000 - 1 1=1.04ns, O = 0.62 8000 + £BUOK
2 6000 + £BUOK 2 6000 ©=2.38ns, & =0.82
5 \ 1=2.23ns, O =0.77 g +TFA
O 4000 i O 4000 1=2.05ns, @ = 0.85
+TFA
2000 1=2.02ns, @ = 0.82 2000 + TFA-d
1=2.03 ns, @ = 0.85
0 T = T T 1 0 T T T T 1
0 10 20 30 40 0 10 20 30 40
Time (ns) Time (ns)

Figure 5-36. (left) Fluorescence decay of OHPhTTIm in MeOH. (right) Fluorescence decay
of OHPhTTIm in CD;OD.
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Figure 5-37. pH-dependent fluorescence (left) and excitation (right) spectra of OHPhTTIm
in 80% (v/v) ethanol/water at different pH. The pH was adjusted using HCl and NaOH

solutions.

Figure 5-38. Emission colors of OHPhTTIm in 80% (v/v) ethanol/water at different pH.

Excitation was achieved using a handheld UV lamp, A = 365 nm.
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Figure 5-39. Absorption (red lines), fluorescence (blue lines) and excitation (dot lines) spectra
of a) OHPhTTIm, b) OHPhTTIm+TFA and ¢) OHPhTTIm+#BuOK in PMMA film state.
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Table 5-10. Photophysical properties of PhATTIm and PhTTIm+H" in several solvents.

Aabs Aem Dr T ke ko
Compd Solvent [nm] [nm] [ns] [ns']  [ns']
PhTTIm n-hexane 358.0 425 0.25 0.47 0.54 1.61
toluene 366.0 432 0.31 0.51 0.61 1.36
diethyl ether 362.0 426 0.27 0.49 0.54 1.50
dichloromethane 361.5 431 0.31 0.52 0.59 1.31
acetonitrile 362.0 426 0.29 0.52 0.55 1.38
methanol 355.5 426 0.30 0.51 0.58 1.37
80% ethanol 357.5 428 0.30 0.52 0.57 1.36
dimethyl sulfoxide = 370.0 434 0.66 1.49 044  0.23
PhTTIm+H" n-hexane 378.5 441 0.82 1.58 0.52  0.11
toluene 385.5 444 0.88 1.48 0.60  0.08
dichloromethane 382.0 453 0.91 1.57 0.58 0.06
acetonitrile 371.5 449 0.92 1.63 0.56  0.05
methanol 371.5 446 0.90 1.64 0.55 0.06
80% ethanol 372.5 448 0.86 1.62 0.53 0.09
dimethyl sulfoxide = 372.0 442 0.66 0.48(31%), 1.45(69%) 046  0.23
Table 5-11. Photophysical properties of OMePhTTIm and OMePhTTIm+H" in several solvents.
Aabs Aem o T ke Ko
Compd Solvent [nm] [nm] [ns] [ns']  [ns']
OMePhTTIm n-hexane 362.5 431 0.23 0.46 0.49 1.67
toluene 370.0 439 0.29 0.47 0.62 1.50
diethyl ether 365.0 432 0.26 0.46 0.56 1.61
dichloromethane  367.0 444 0.40 0.59 0.67 1.01
acetonitrile 367.0 433 0.34 0.57 0.60 1.17
methanol 363.5 435 0.49 0.78 0.63  0.66
80% ethanol 364.0 438 0.49 0.79 0.62  0.64
dimethyl sulfoxide  376.0 443 0.49 0.78 0.63  0.66
OMePhTTIm+H" n-hexane 393.5 485 0.85 1.79 047  0.09
toluene 400.5 482 0.86 1.61 0.54  0.09
dichloromethane 398.5 500 0.86 1.79 0.48 0.08
acetonitrile 386.5 498 0.86 1.94 044  0.07
methanol 386.0 492 0.87 1.93 045  0.07
80% ethanol 386.0 491 0.85 1.89 045  0.08
dimethyl sulfoxide  380.5 493 0.67  0.89(11%), 1.75(89%) 038  0.19
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Table 5-12. Photophysical properties of CFsPhTTIm and CF;PhTTIm+H" in several solvents.

Mabs Aem (2 T ke ke
Compd Solvent [nm] [nm] [ns] [ns™] [ns™]
CF;PhTTIm n-hexane 364.5 432 0.26 0.51 0.52 1.46
toluene 373.0 440 0.33 0.55 0.60 1.21
diethyl ether 367.0 435 0.31 0.54 0.56 1.28
dichloromethane 366.0 438 0.35 0.58 0.60 1.12
acetonitrile 366.5 435 0.37 0.68 0.54 0.93
methanol 358.5 430 0.31 0.56 0.56 1.22
80% ethanol 361.5 432 0.33 0.59 0.56 1.14
dimethy] sulfoxide 375.0 445 0.53 0.97 0.55 0.49
CF;PhTTIm+H" n-hexane 370.5 429 0.72 1.30 0.56 0.21
toluene 379.0 435 0.83 1.32 0.63 0.13
dichloromethane 375.5 433 0.88 1.36 0.64 0.09
acetonitrile 367.0 434 0.78 1.29 0.61 0.17
methanol 366.0 431 0.77 1.30 0.59 0.17
80% ethanol 369.0 431 0.75 1.28 0.59 0.19
dimethy] sulfoxide 374.0 445 0.61 1.10 0.56 0.36

Table 5-13. Photophysical properties of PhThIm and PhThIm+H" in several solvents.

Nabs Aem D T kg ke
Compd Solvent [nm] [nm] [ns] [ns™] [ns™]
PhThIm n-hexane 341.5 414 0.37 0.89 0.41 0.71
toluene 346.5 421 0.56 1.15 0.49 0.38
diethyl ether 342.0 415 0.41 1.07 0.38 0.56
dichloromethane 343.5 420 0.60 1.32 0.45 0.30
acetonitrile 342.0 417 0.53 1.27 0.41 0.37
methanol 338.0 415 0.55 1.33 0.42 0.34
80% ethanol 340.5 416 0.53 1.36 0.39 0.34
dimethyl sulfoxide  348.5 424 0.66 1.49 0.44 0.23
PhThIm+H" n-hexane 352.0 429 0.87 1.74 0.50 0.07
toluene 359.5 434 0.89 1.69 0.53 0.06
dichloromethane 356.0 434 0.94 1.78 0.53 0.03
acetonitrile 349.5 428 0.92 1.84 0.50 0.04
methanol 347.0 428 0.92 1.88 0.49 0.05
80% ethanol 350.5 428 0.87 1.87 0.46 0.07
dimethyl sulfoxide  352.0 427 0.66 1.36 0.49 0.25
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Table 5-14. Photophysical properties of BZThIm and BZThIm+H" in several solvents.

Aabs Aem Dk T ke ke
Compd Solvent [nm] [nm] [ns] [ns™] [ns™]
BzThIm n-hexane 318.5 376 0.22 0.60 0.36 1.30
toluene 322.5 381 0.28 0.58 0.49 1.24
diethyl ether 318.0 376 0.21 0.59 0.36 1.34
dichloromethane 320.5 380 0.24 0.67 0.36 1.12

acetonitrile 323.0 377 0.25 0.58 0.43 1.31

methanol 317.0 377 0.21 0.52 0.40 1.51
80% ethanol 318.5 378 0.20 0.54 0.37 1.48
dimethyl sulfoxide  323.0 382 0.29 0.57 0.50 1.26
BzThIm+H" n-hexane 326.5 393 0.07 0.35 0.21 2.65
toluene 333.0 398 0.09 0.35 0.26 2.62
dichloromethane 328.5 395 0.08 0.63 0.12 1.46
acetonitrile 323.0 393 0.04 0.38 0.11 2.53
methanol 323.0 391 0.05 0.38 0.12 2.49
80% ethanol 325.0 392 0.06 0.41 0.15 2.29

dimethyl sulfoxide = 328.0 382 0.18 0.55 0.33 1.48

Table 5-15. Photophysical properties of 2-ThIm and 2-ThIm+H" in several solvents.

Aabs Aem (0N T ke -
Compd Solvent [nm] [nm] [ns] [ns™] [ns™]
2-Thim n-hexane 311.0 369 0.25 0.89 0.28 0.84
toluene 316.0 375 0.37 1.00 0.37 0.63
diethyl ether 311.0 371 0.27  0.99 0.28 0.73
dichloromethane  312.0 376 032 1.12 0.29 0.61
acetonitrile 309.0 376 0.31 1.11 0.28 0.62
methanol 307.5 372 0.33 1.12 0.29 0.60
2-ThIm+H" n-hexane 311.5 374 0.41 1.12 0.37 0.52
toluene 319.5 380 0.54 1.23 0.54 0.46
dichloromethane 316.5 378 032  1.08 0.30 0.63
acetonitrile 309.5 376 0.43 1.20 0.36 0.47
methanol 311.0 375 0.38 1.18 0.32 0.53
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Table 5-16. Photophysical properties of 3-ThIm and 3-ThIm+H" in several solvents.

Aabs Aem Or T ke ke
Compd Solvent [nm] [nm] [ns] [ns™] [ns™]
3-ThIm n-hexane 295.5 334 023 044 0.53 1.74
toluene 302.0 339 043  0.33 1.31 1.72

diethyl ether 299.0 335 026  0.33 0.77 2.21
dichloromethane 296.0 338 0.25  0.69 0.36 1.09
acetonitrile 293.0 336 026 0.34 0.75 2.20
methanol 291.5 335 022  0.51 0.43 1.54
3-ThIm+H" n-hexane 292.5 350 020  0.50 0.40 1.60
toluene 299.5 356 033 045 0.73 1.49
dichloromethane 296.5 353 0.19  0.62 0.31 1.29

acetonitrile 292.5 349 021 034 0.63 2.31

methanol 293.5 349 0.16  0.51 0.31 1.63
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Figure 5-40. Plots of Stokes shift (Avsr) versus solvent polarity parameter Af.
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Table 5-17. Calculated dihedral angle, bond length, atomic distance, and dipole moment of

compounds at various methods.

Comnd 0 Cc-C N-S NH-S Hg
omp
[deg] [A] [A] [A] [D]
B3LYP/6-31G(d)
PhTTIm 17.7 1.45 3.01 - 3.36
PhTTIm+H" 25.8 1.43 3.14 2.86 7.68
PhThIm 19.6 1.45 3.04 - 3.75
PhThIm+H" 27.1 1.43 3.16 2.90 5.00
BzThIm 19.0 1.45 3.02 - 3.88
BzThIm+H" 29.8 1.44 3.16 2.89 3.30
2-ThIm 21.0 1.45 3.05 - 3.86
2-ThIm+H" 32.6 1.44 3.19 2.95 1.04
3-ThIm 29.9 1.47 - - 3.64
3-ThIm+H" 39.2 1.45 - - 1.09
CAMB3LYP/6-31+G(d, p)
PhTTIm 24.3 1.46 3.05 - 3.59
PhTTIm+H" 29.6 1.43 3.15 2.89 8.96
PhThIm 25.3 1.46 3.07 - 3.93
PhThIm+H" 30.7 1.44 3.17 2.92 5.76
BzThIm 24.7 1.46 3.06 - 4.07
BzThIm+H" 334 1.44 3.17 2.92 3.64
2-ThIm 26.4 1.46 3.08 - 4.03
2-ThIm+H" 36.0 1.44 3.21 2.98 1.06
3-ThIm 34.6 1.47 - - 3.82
3-ThIm+H" 433 1.45 - - 1.06
wB97XD/6-311+G(2d,p)
PhTTIm 27.6 1.45 3.06 - 3.55
PhTTIm+H" 31.8 1.43 3.16 291 9.03
PhThIm 29.3 1.45 3.10 - 3.86
PhThIm+H" 33.8 1.43 3.19 2.97 5.80
BzThIm 28.3 1.46 3.07 - 3.93
BzThIm+H" 36.6 1.44 3.19 2.96 3.66
2-ThIm 28.4 1.46 3.09 - 3.92
2-ThIm+H" 36.4 1.44 3.20 2.99 0.98
3-ThIm 34.5 1.46 - - 3.75
3-ThIm+H" 45.6 1.45 - - 1.01
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Table 5-18. Calculated electronic transition characteristics.

Absorption (S—$;)

Emission (S;—S) ™

nm f Major contributions nm f Major contributions
PhTTIm 327.7 1.35 H — L (92%) 403.6 1.44 H — L (96%)
PhTTIm+H" 3719 1.29 H — L (90%) 4274 148 H — L (95%)
OMePhTTIm 337.0 145 H — L (93%) 408.9 1.56 H — L (96%)
OMePhTTIm+H"™ 414.5 1.43 H — L (88%) 4548 1.64 H — L (93%)
CF;PhTTIm 3319 1.40 H — L (89%) 408.6 1.51 H — L (95%)
CF;PhTTIm+H™  361.1 1.32 H — L (91%) 4237 1.55 H — L (96%)
PhThIm 3124 1.00 H — L (93%) 3904 1.05 H — L (97%)
PhThim+H" 342.0 1.01 H — L (92%) 403.0 1.13 H — L (97%)
BzThIm 292.8 0.92 H — L (90%) 348.6 1.02 H — L (95%)
BzThIm+H" 320.0 0.39 H — L (95%) 3622 0.62 H — L (96%)

3039 0.53 H-1 = L©O1%) 327.8 0.44 H — L (93%)
2-ThIm 282.5 0.61 H — L (91%) 341.6 0.63 H — L (96%)
2-ThIm+H" 286.2 0.65 H — L (93%) 343.3  0.67 H — L (95%)
3-Thim 2624 0.48 H — L (80%) 312.8 0.59 H — L (96%)

212.6 033 -

3-ThIm+H" 264.7 0.55 H — L (91%) 3224 0.65 H — L (97%)

200.4 0.35 -

@) TD-CAMB3LYP/6-311+G(d, p)/CAMB3LYP/6-31G(d).
b TD-CAMB3LYP/6-31G(d)//CAMB3LYP/6-31G(d). Percent = 2x(configuration coefficient)*x100.

Table 5-19. Calculated dihedral angles, bond lengths, atomic distances, and dipole moments.

Compd State  PCM Omrr CCmrr N-S MNH-S Orrpn C-Corrpn n
[deg] [A] [A] [A]l  [deg] [A] [D]
OHPhTTIm So - 24.1 1.456 3.053 - 34.1 1.469 3.38
So MeOH 24.9 1.456 3.060 - 31.0 1470 5.00
OHPhTTIm+H S, - 28.7 1.433 3.148  2.881 30.7 1.463 9.95
(+ TFA) So MeOH 34.7 1.443 3.195  2.968 309 1.469 13.60
"OPhTTIm So - 20.9 1.444 3.083 - 4.6 1.436 22.31
(+ -BuOK) So MeOH 233 1.454 3.059 - 22.2 1.460 32.97
Sy - 10.0 1.420 2.997 - 15.0 1.444 21.60
Sy MeOH 0.0 1.410 2.954 - 0.0 1.407 27.96
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Figure 6-1. Intramolecular charge transfer excited state relaxation processes. !''®
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Figure 6-2. FMOs of T-EBIm+H" at the Sy and S, using CAMB3LYP/6-31G(d) level.
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Figure 6-3. Energy profiles of the excited singlet states. Level of theory: ZORA/SAOP/TZ2P

all electron in toluene, geometries optimized at the ZORA/PBE/TZP frozen core level. !''™
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Figure 6-5. Imidazole-based AIE-active fluorogens.
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