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2,3-Dimethyl-5,8-dithiophen-2-yl-quinoxaline & 7] &7 22 3} poly[2,3-dimethyl-5,8-dithiophene-2-yl-quinoxaline-a/t-9,9-
dihexyl 9H-fluorene] (PFTQT)¥} poly[2,3-dimethyl-5,8-dithiophene- 2-yl -quinoxaline-alt-10-hexyl-10H-phenothiazine] (PPTTQT)
< Suzuki coupling] = ©]&3lo] T§ s3I T ildrx 52 chloroform, chlorobenzene, o-dichlorobenzene, tetrahy-
drofuran (THF), toluene¥} 22 7]%uﬂ°ﬂ 3t S8 =7k 47319 2, PFTQTS] H &=} M= -2 ZH2: 440 nm
9} 2.30 eveldl, PPTTQTY -9 717} 445 nme} 2.23 evowt} PFTQTS] HOMO ¥ LUMO Oﬂdﬂ%f%  -6.059}
-3.75 evelx, PPTTQTE] A+ 2H2t -5.898} -3.66 eVolit). ¥ A= Z*X]- wkr) Bl (6) 1-(3-(methoxy-
carbonyl)-{5}-1-phenyl[5,6]-tullerene (PCBM)= 1 : 29 U2 Ealdste] A|&3k glofdx] 9] &8 AM (air mass)
1.5 G, 1 sun Z71(100 mA/em’)ol| Al PFTQTE 0.24%, PPTTQTS] A9+ 0.16%% =73 H Utk :LELT’_ iX} o] e F
W %), FF (fill factor)2 712 $H(Ve) S PFTQTE 7% 72} 0.97 mA/em’, 29%, 0.86 VolT, PPTTQTS| 75 247}
0.80 mA/em’, 28%, 0.71 Vo] S1th.

Poly[2,3-dimethyl-5,8-dithiophene-2-yl-quinoxaline-a/t-9,9-dihexyl-9H-fluorene] (PFTQT) and poly[2,3-dimethyl-5,8-dithio-
phen-2-yl-quinoxaline-ait-10-hexyl-10H-phenothiazine (PPTTQT) based on 2,3-dimethyl-5,8-dithiophen-2-yl-quinoxaline were
synthesized by Suzuki coupling reaction. All polymers were soluble in common organic solvents such as chloroform, chlor-
obenzene, o-dichlorobenzene, tetrahydrofuran (THF) and toluene. The maximum absorption wavelength and band gap of
PFTQT were 440 nm and 2.30 eV, and PPTTQT were 445 nm and 2.23 eV, respectively. The HOMO and LUMO energy
level of PFTQT were -6.05 and -3.75 eV, and PPTTQT were -5,89 and -3.66 eV, respectively. The organic photovoltaic de-
vices based on the blend of polymer and PCBM (1 : 2 by weight ratio) were fabricated. Efficiencies of devices were 0.24%
(PFTQT) and 0.16% (PPTTQT), respectively. The short circuit current density (Js), fill factor (FF), and open circuit voltage
(Voe) of the device with PFTQT were 0.97 mA/cmz, 29% and 0.86 V, and the device based on PPTTQT were 0.80 mA/cmz,
28% and 0.71 V, 31% and 0.71 V, respectively, under air mass (AM) 1.5 G and | sun condition (100 mA/cmz).

Keywords: organic photovoltaic cells, Suzuki coupling, electron donor, quinoxaline
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Az N BEARE 452 o5 E=7) -$<=3 poly(p-phenylenevinylene)
(PPV) f=A[5]9F AR} @7 E82] Coo FEAQ] PCoBM EE Cro
FE=A21 PC7BM [(6,6)-phenyl-C7i-butyric acid methyl ester] & ©]&
Sk A Ayr) R E AT 19951 A. J. Heeger “1E°lA1% cyano
715 71 CN-PPVE 0] &3F BjoFdA] A4 3E 2xshy]| = 613l
tH6]. Saricifici L3541 poly[2-methyl-5-(3,7-dimethyloctyloxy)-p-
phenylenevinylene] (MDMO-PPV)%} PCBMS- E8IH 3t 37 el %]
S AFsto] 2.5%2] &8-S 20019 A3xE Sl 7], A= T £
2 MEH-PPV ¢} thiophene= 7|22 3h= F- LA poly[3-(4-octyl-
phenyl)-thiophene] (POPT)[8]< ©]-&-%F EjFd =] tigt A7} Bl
=31 glem, 2005\ de= UCLAS] Yang L&l 23l BHI F+3(ITO/
PEDOT:PSS/P3HT:PCBM/AI)S] 71 FAA ol tate] 4.4%°] &8
S WEEITE Ffjoll-= ©]33] wFEo] AL I Heeger 153} 35
atel] tandem FENE ZH= B FRIA 2] B8 Veets 22} 6.6%, 1.24 V
off b= MAIA pFe] AT S LESFITHI. 183 2009
o= UCLA® Yang 1557} Solarmer Energy 7} 5522 A5t
1-(4,6-dibromothieno[3,4-b]thiophen-2-yl)-2-ethylhexan-1-one ¥} 2,6-bis
(trimethyltin)-4,8-didodecyloxy-benzo[ 1,2-b;3,4-b;4-b]dithiopheneS I
i F5% A7 PBDTTT-CE WA} F7) 4% AR-8HaL PCiBM=
A W) E47 Bdlgsle] #|2e BHIE Z(TO/ PEDOT:PSS/
PBDTTT-C:PC7,BM/Ca/Al)9] tandem 737} oFd single cell T-3%
o= E7et 6.58%2] X E&S e ATAENE ISt
[10]. o]ef gt A Atz Qlsf &2 F7ejddA] Hoks vl 4
& shaLl o FITHFRIAIE HRE Shs 10%2] Alth7t 7Pk

U & F QUth B AT =M E e Axp i) 54
5 zbal Q& 2,3-dimethyl-quinoxaline2] & Weho] Az} F7) EAJo]
738 thiophenes =3t0] Fapgel Us 578 & e dFAE
sl T8l B W F5 99dE Zde aEAE st
7] Y3l DA} FH-8ka o]23) E'ldo] HwH Y& phenothiazine
FEANM1]E 222 F2lo =3 poly[2,3-dimethyl-5,8-dithiophen-
2-yl-quinoxaline-alt-10-hexyl-10H-phenothiazine] (PPTTQT)S EJ3}
9t} 71231 PPTTQTS) ¥4, d7]8ket4] 8l FAsEy S vm
317] §181, fluorene =415 12AF 4ol =03 poly[2,3-dimethyl-
5,8-dithiophen-2-yl-quinoxaline-a/t-9.9-dihexyl-9H-fluorene] (PFTQT)E
BT B AelMe a2 nRAEe] §4, FEtA 9 A7)
shala] SAE st alskar, FA3 a1t =453 AR U
E74<l PCBM#}2] BHI FHIE 2t= &Ate] FdddSA el thstol
=9 ataz} gk
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2.1. Y H 4K} MIE

400 MHz 'H-NMR, 100 MHz “C-NMR A#EZ(JNM ECP-400,
JEOLAD, MALDI-TOF type Mass Spectrometry (Voyager-DE PRO,
Perkin-Elmer)$} Macro and Micro Elemental Analyzer (Vario mac-
ro/micro Elementar)E AHE-3to] Z}2+e] dgA] 425 Elsigich
UV-Vis %4345 A(CARY 100CONC)2} HITACHIAFS] F-45005 A}
g3to] AL 5 9 HEAAERS SASISlrh WA e
72 Stanford Research SystemsA}2] Stanford Mode MPA-100-S A8
sto] ZAsolt). Al 5742 WatersAFS] 51082, A7 28 410
RI A&71E o]&3l3it) o542 chloroforms A3 ow, A
< polystyrene standardE ©]-8-5}%] calibrationd}ith. =%+ At AHF

3slst M 223 13, 2011
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[S) h A=

H(potentiostat 362, EG & G)& ©]8-5t] LUMO °IUAIESE &7
3o Vs AFOo R Ag/Ag (0.10 M tetrabutylammonium hexa-
fluorophosphate [BusNPFs] in methylene chloride), X3 =0 % Pt
coile 717} ARE3tal AAA&E-& 0.1 M BwNPFs in methylene
chloride = AH&-813lHh FHAMBSAS S8 fsto] L 150
W Xe lamp (Model LS-150-Xe, Abet technology)s ARHE-8}31 M,
AM 1.5 G Filter (Oriel Model 81088)E ©]€3l%] AM 1.5 G %
ko] Itk Standard Silicon cell (Certified by National Institute of
Advanced Industrial Science and Technology with protective KG5 fil-
ter Model BS-520)% ©]€-3814] 1 sun (100 mW/em®) A& W50 F
Stk 1-V 5432 Source Measure Unit (KEITHLEY Model 2400)<
o] g3t} SAEIGITE FrIEHFAA Y AL 1TO7F ZBE F2 7]
2 deionized water-acetone-methanol-isopropyl alcohol =02 Z-2
A% 4 815tk PEDOT:PSS (Celvios Baytron P4038)Z 4000 rpm
(60 $)°2 AW FYSI 150 CollA 1 min E< A8
PEDOT:PSSE F®3}7| Aol &3 ITOS 1 min &3} UV/ozone #]
gaiitt. F 84 52 A7k Ax} A @Ak A vl E4
(PCBM)= 1 : 29| F&H|Z L3 T o-dichlorobenzene®l 40 mg/mL
9] FEo] ML whE0] 600 rpm (120 s)ollA] A% FESI 2 h %
QF A, A E97IsklA A ST 1 v 5% A59) AlS

A7 FAAE AZseich
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Benzo[ 1,2,5]thiadiazole, 2,3-butandione™} tetrakis(triphenylphosphine)-
palladium(0) [Pd(PPh;)s]<> TCIAFS] Al&-& AFHE-31313L, hydrobromic
acid (47 wt% in water)2} bromine-> Junseir 2] |2 ARSI AL, thi-
ophene>- AcrosAke] #AE-S ARSI, 71 99 BE AJ2RS Aldrich
AR AlEE ARESEATE 58 ATl §le st st Aok AA
o] AE3FATE THF 9} diethyl ethert= sodium/benzophenone ©]-&
3lo] SFAIA AME-EF AL, toluene tetraethylammonium (TEA) hy-
droxide solution (20 wt% in water)> 4 715 oY o] 0] bub-
bling 1A AAE AA 3 T ALSFATH12].

2.2.1. 4,7-Dibromo-benzo(2,1,3)thiadiazole (1)2 &

Benzo(2,1,3)thiadiazole (3.0 g, 22 mmol)= hydrobromic acid (47
wit% in water) (5 mL)ell €3] &3l|A1A 110~120 CTellx] miksich
Bromine (3.38 mL, 66 mmol)& dropping funnel= ©]-83l0] Z33]
27} gtk Wk E3EE 12 h 5% 3 A7), WS & A gkgE
bromines A7 3871 913l REg Z3-E<] 20 wi%2] potassium hydrox-
ide (KOH) F&o 2 FoAA = e vk 9 Jd=25
benzene O % AZA7g3to] WA peedle FF] 1A 3FEHE(1)S A
t}. 5.18 g (80%), mp : 190.3 C. 'H-NMR (400 MHz, CDCL), (ppm):
7.71 (s, 2H). "C-NMR (100 MHz, CDCL), (ppm) : 113.8, 1323, 152.9
: MS (M', m/z); 293.90, Anal. Caled for CéHaBrN,S, C, 24.51; H,
0.69; Br, 54.36; N, 9.53; S, 10.91 Found: C, 24.25; H, 0.68; N, 9.65;
S, 10.01.

2.2.2. 3,6-Dibromo-1,2-phenylenediamine (2)2| &J[13]

3}5-E(1) (4.00 g, 13.60 mmol)S 150 mL2)] ethanololl ¥ ZE
o] 0 ‘CellA] sodium borohydride (10.29 g, 0.27 mmol)E F313] Yol
a1 22l 12 h g wikstch Wik A171 5 diethyl ether® 5
3k U2 B2 A3t} <= magnesium sulfate (MgSO4)E 37151



2,3-Dimethyl-5,8-dithiophen-2-yl-quinoxalineS 7]+

FEG AANZ F hexaneO.&E AAAsI], WA 14 33E2)S
Atk 2.71 g (75%) 'H-NMR (400 MHz, CDCL), (ppm): 6.84 (s, 1H),
3.89 (s, 2H) "C-NMR (100 MHz, CDCL), (ppm): 132.4, 123.0, 110.8
: MS (M', m/z); 265.75, Anal. Calcd for CsHsBr:N,, C, 27.10; H, 2.27;
Br, 60.09; N, 10.53 Found C, 27.58; H, 2.20: N,11.99.

2.2.3. 5,8-Dibromo-2,3-dimethyl-quinoxaline (3)2| &Fd[14]

3F5HE(2) (2.00 g, 7.52 mmol)S- acetic acid (100 mL)l| €31A]7]11L
2,3-butandione (0.99 mL, 11.28 mmol)S Eo]5] 3 h <t 357 A
71T}, WHS- F, diethyl ether® 23t o B2 A1 stk 3= MgSO,
= A7Iete] 835 AAAZ F hexane O 2 A 81 needle FoF
o] Bk 3k 1A SHE(3)S ATk 1.90 g (80%) mp : 114.6 C.
'H-NMR (400 MHz, CDCl;), (ppm) : 7.83 (s, 2H), 2.82 (s, 6H),
BC.NMR (100 MHz, CDCls), (ppm) : 155.5, 140.1, 132.4, 123.0, 23.1
: MS (M+, m/z); 315.85 Anal. Caled for C,oHsBroN,, C, 38.01; H,
2.55; Br, 50.57; N, 8.87 Found C, 38.79; H, 2.74; N, 10.09.

2.2.4. 4,4,5,5-Tetramethyl-2-thiophen-2-yl-[1,3,2]dioxaborolane (4)2]
2]

Thiophene (6.66 mL, 83.00 mmol)< “J#| et THF (150 mL)°l| 23
Al7131, <70 C (dry ice/acetone bath)= 3Z}s+ ¥ n-butyllithium (n-BuLi,
40 mL, 99.60 mmol, 2.50 M in hexane)= A143] 7} 3} 30 min
o W AlA F § 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxabor-
olane (22.00 ml, 108.00 mmol)& 2] FL}. A-oflA] 12 h &<+ wHt
AL, diethyl ether® &3 th5 &% AIH3Th -+ MeSO, 5 3
7Vste] RS AAXZ F silicathexane ] Aol HAske], WA
1A 3eHE4)S AUtk 10.50 g (60%) mp : 60.7 C. 'H-NMR (400
MHz, CDCls), (ppm) : 7.65 (dd, Ji = 3.7 and J» = 1.1 Hz, 1H), 7.63
(dd, Ji = 4.7 and J» = 0.7 Hz, 1H), 7.19 (t, J = 4.05 Hz, 1H), 1.35
(s, 12H). "C-NMR (100 MHz, CDCL), (ppm) : 137.1, 132.3, 128.1, 83.9,
24.6 : MS (M, m/z); 210.05, Anal. Caled for CiHisBOsS, C, 57.17;
H, 7.20; B, 5.15; O, 15.23; S, 15.26 Found C, 57.86; H, 7.786; S,
14.66.

2.2.5. 2,3-Dimethyl-5,8-dithiophen-2-yl-quinoxaline (5)2| &8

313HE(3) (2.00 g, 6.33 mmol), 3}5E(4) (2.92 g, 13.92 mmol)3}
Pd(PPhs)s (0.073 g, 63.30 umol)S toluene (180 mL)ell 83l A1 30
<t 85 AlA =31 TEA hydroxide solution (5.37 mL, 20 wt% in
water)= FOJFTh 5 h BRF 35 A17]3L diethyl ether® 3 T
=Z AFSL 7 MgSOsE FUlste] S AAAIR F sili-
cathexane ] AFlolA] FAsto] 1) 1A 35HE(5)E AT 143
g (70%) mp : 114.5 C. "H-NMR (400 MHz, CDCls), (ppm) : 8.05 (s,
2H), 7.85 (dd, J, = 3.6 and J, = 1.1 Hz, 2H), 7.48 (dd, J; = 5.5 and
J = 1.1 Hz, 2H), 7.17 (t, J = 4.4 Hz, 2H), 2.82 (s, 6H), "C-NMR
(100 MHz, CDCly), (ppm) : 152.2, 139.1, 130.8, 128.3, 126.6, 126.4,
126.2, 1174, 22.7 MS (M’, m/z); 322.00, Anal. Caled for
CisHiuN2S,, C, 67.05; H, 4.38; N, 8.69; S, 19.89 Found C, 72.30; H,
4.26; N, 9.39; S, 21.09.

2.2.6. 5,8-Bis-(5-bromo-thiophen-2-yl)-2,3-dimethyl-quinoxaline (6)2]

=

31EHE(5) (0.50 g, 1.55 mmol)= <= N,N'-dimethylformamide

AoR 3 AT IEA £40 g4 Y

ot

ARES5A4 17
(DMF, 20 mL)°] €-3|A1Z1t}. N-bromosuccinimide (NBS, 0.83 g, 4.65
mmol)E one-portion©. & Ho] 1, Aol 3 h F<t wRF AlA F
o =2 wol A sES dE ¢ F 1A 3= DMFE A4
gote] At kA 1A sHE(6)S AT 0.69 g (93%) mp :
121.5 C, "H-NMR (400 MHz, CDCls), (ppm) : 8.11 (s, 2H), 7.13 (d,
J = 42 Hz, 2H), 7.01 (d, J = 4.0 Hz, 2H) 2.75 (s, 6H) : MS (M’,
m/z); 477.95, Anal. Calcd for CisHi2BraNoS,, C, 45.02; H, 2.52; Br,
33.28; N, 5.83; S, 13.35 Found C, 43.12; H, 2.29; N. 5.98; S, 12.76.

2.2.7. 2,7-Bis(4,4,5,5-tetramethyl-[ 1,3,2]dioxaborolane)-9,9-dihexyl-
9H-fluoren-2-yl (7)2 &ty

2,7-Dibromo-9,9-dihexyl-9H-fluorene[15] (2.46 g, 5.00 mmol)S %
A€ THF (50 mL)ell &A% ¥ 30 min -5t Rk AZITh 270 C
(dry ice/acetone bath)= “¥2et ¥, n-BuLi (4.44 mL, 11.00 mmol,
248 M in hexane)& ~1413] 2|7} 8k & 1 h 52t A=2olA] wnk Al7]a1
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.81 mL, 12.00
mmol)S Yol Fuh Ad2olA] 12 h it A1 F, diethyl ether® &
§F o B2 AHETE 4 MeS0.E 37kl g AR $
hexane © & AAF8o], WA 1A 3FFE(7)S AAUTE 1.99 g (66%),
mp 118.0 C. 'H-NMR (400 MHz, CDCl;), (ppm) : 7.80 (d, J = 7.0
Hz, 2H), 7.74 (s, 2H), 7.71 (d, J = 7.5 Hz, 2H) 2.05 (t, J = 16.1, 4H),
1.39 (s, 24H), 1.05 (m, 6H) 0.74 (t, J = 7.16 Hz, 6H), "C-NMR (100
MHz, CDCl3), (ppm) : 150.7, 144.5, 133.8, 129.2, 126.6, 119.8, 66.1,
40.5, 31.8, 29.8, 23.9, 22.7, 142 MS (M, m/z); 586.45, Anal. Calcd
for C37Hs¢B2O4 C, 75.78; H, 9.62; B, 3.69; O, 10.91 Found C, 76.33;
H, 9.56.

2.2.8. 3,7-Bis-(4,4,5,5-tetramethyl-[ 1,3,2]dioxaborolan-2-yl1)-10-hexyl-
10H-phenothiazine (8)2| &+

3,7-Dibromo- 10-hexyl-10H-phenothiazine[15] (2.20 g, 5.00 mmol)=
AE THF (50 mL)°l €827 % 30 min 5<F Wit A]Z1c) 270 C
(dry ice/acetone bath)Z Y7}t % n-BuLi (4.78 mL, 11.00 mmol,
230 M in hexane)= AA3] 27} 3+ & 1 h F9F A=2oflA] wkk 271
% 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.81 mL, 12.00
mmol)S Yo o} Ad2el4 12 h <t Wit A]Z1 ¥, diethyl ether=
FE= vk 22 AFETE T MgSO.E F7ste] RS AAA
71 ¥ hexane 0% AAgste], WA 1A $3E(8)S AUTE 1.98 g
(74%) mp : 177.0 C, 'H-NMR (400 MHz, CDCLy), (ppm) : 7.54 (d,
J = 4.1 Hz, 2H), 7.51 (s, 2H), 6.80 (d, J = 4.0 Hz, 2H), 3.84 (t, 2H),
1.76 (m, 2H), 1.40 (m, 2H), 1.31 (s, 24H), 1.26 (m, 4H), 0.85 (t, 3H)
BC-NMR (100 MHz, CDCL), 133.9, 114.6, 83.7, 50.3, 31.3, 26.4,
247, 22.4, 13.83 : MS (M', m/z); 535.00, Anal. Calcd for C3Hi;B:NOS,,
C, 67.31; H, 8.10; B, 4.04; N, 2.62; O, 11.95; S, 5.99 Found C, 67.20;
H, 8.15; N, 2.73; S, 5.87.

2.2.9. Poly[2,3-dimethyl-5,8-dithiophene-2-yl-quinoxaline-a/#-9,9-dihexyl
-9H-fluorene] (PFTQT)S| S&16,17]
313HE(5) (0.24 g, 0.50 mmol), 3FHE(7) (0.32 g, 0.55 mmol)¥}
Pd(PPh;)s (5.54 mg, 5.00 umol)= toluene (10 mL)°ll &3 Al7 10 min
7 8% A]A 31 TEA hydroxide solution (1.50 mL, 20 wt% in wa-
ter)= Yo]5=1 thA] 3 h 59+ 35 AlA T} Bromobenzene (0.078 g,
0.05 mmol)& ¥l 1 h 53+ 85 AlAH =11 phenylboronic acid (0.06 g,
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Scheme 1. Synthesis of monomers and polymers.

0.50 mmol)E Eol 1 h &< &7 A1A B FFES methanol o]
A sk & oJFste] chloroformell €-3MAIA palladiumAAE $13)
um o} FE&HE Hrtste] ilﬂ& S}, Chloroform &% 553 T
T MgSO4E 25 AlASH £ methanolel] AR eE 5 o 73}o]
FgAol pEAS Ak 021 g (64%) 'H-NMR (400 MHz, CDCl;),
(ppm) : 7.98 (m, 4H), 7.86 (b, 1H), 7.74 (b, 2H), 7.49 (b, 2H), 2.80

(b, 6H), 1.84~0.68 (m, 26H)

2.2.10. Poly[2,3-dimethyl-5,8-dithiophene-2-yl-quinoxaline-a/t-10-hexyl
-10H-phenothiazine] (PPTTQT)2| &gt
5}3HE(5) (0.24 g, 0.50 mmol), 3}3E(8)F} Pd(PPhs)s (5.54 meg,
5.00 pmol)< toluene (10 mL)°ll 831 AlA PFTQTS} - WOz
FEslo] B FaAle] TEAES AUtk 020 g (67%) 'H-NMR
(400 MHz, CDCL;), (ppm) : 7.50 (m, 7H), 6.90 (b, 6H), 2.54 (b, 6H),
1.90~0.41 (m, 13H)

Za} 9

2] k3,

3.

7+ AL Aol wEl 60~93%2] 7 4L & U,
ek 9} EA1e] A 98-8 Scheme 10 YERAYITE AR 1
=L F Hof] 711 & A2 zkar )] chloroform, chlorobenzene,
o-dichlorobenzene, THF, toluene¥} -2 ddhzQl Tr7 J&mel st
ST Fres dRlsisith 3 Ak ¢ B A
> o A PFTQT: ZH2F 137253 81592 g/molO]‘zii,
PPTTQTE 212} 122183} 60100 g/molo]$iT). S¢¥ TXM
A BAE AR 98l UV-Vise} PL ~HERS
o g 7 REAET PCBME 1 : 29 S| 2
3 UV-Vis?} PL AT E &S Figure 1] L}E}Lﬂait} Zy ARAE
200~600 nm Ato]2] G dlel|A F5E B30, PFTQTE 440 nm,
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Figure 1. UV-Vis and PL spectra of polymers (filled circle) and 1 :
2 blended with PCBM (filled triangle).
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Figure 3. Energy level diagrams of polymers.
Table 1. Optical and Electrochemical Properties of Polymers
HOMO LUMO Egap UVmax P Lmax Ered‘onsel Eredpeak
EV)' @V @V am)  @mm v (V)
PFTQT -6.05 -3.75 2.30 440 567 -1.05 -1.23
PPTTQT -5.89 -3.66 2.23 445 572 -1.14 -1.39

* Estimated from the LUMO energy level and band gap energy
b Figured out from the reduction onset potential

© Estimated from the absorption edge of UV-Vis spectrum

¢ Potential vs. Fc / Fe+
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circle) and under the illumination (filled triangle).
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