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Abstract Dye-sensitized solar cell (DSSC) is one of the promising technologies for the alternative to traditional silicon-
based solar cells due to its ecological and economical fabrication processes. As one of the key components of a DSSC, the
sensitizers have been demonstrated to be extremely important in determining the photoelectric conversion efficiency and
device stability of DSSCs. In our previous study, a series of new pyrido[3,4-b]pyrazine-based organic sensitizers (PP-I and
APP-I~1V) containing different donors and n-bridges have been synthesized and employed successfully in DSSCs. Howev-
er, despite their remarkable stability, all of the devices exhibited quite low open-circuit voltages (V,.s), which is adverse to the
solar-to-clectric power conversion efficiency (y). Therefore, to address this, we have replaced the
2,3-bis(4-methoxyphenyl)pyrido[3,4-b]pyrazine (APP) with 2,3-bis-(4-(octyloxy)phenyl)pyrido[3,4-b]pyrazine (OPP). As a
result, a series of new sensitizers (OPP-I~1III) has been designed and synthesized with triphenylamine as the electron donor,
OPP as the auxiliary acceptor, thiophene, furan and benzene as the zn-linker, and cyanoacrylic acid as the acceptor moiety.
Their optical and electrochemical properties, device performance and charge transfer kinetics were measured and studied.
Compared with APP-III, which has the highest V. in the previous work, the V,.s of DSSCs based on OPP-I and OPP-III
have indeed been improved. Results showed that the replacement of the methoxy group with an octyloxy group can effec-
tively reduce the n-m aggregation of the dyes on TiO, films. Moreover, the steric hindrance of the octyloxy group successfully
suppressed charge recombination and improved the open-circuit voltage. DSSCs based on OPP-III with benzene as the
n-linker have higher V. than that of its counterparts with thiophene and furan as the n-linker, which might be ascribed to the
bigger dihedral angle between benzene and OPP unit. In the end, DSSCs based on OPP-I showed the best conversion effi-
ciency of 6.57% (J;.:=11.70 mAscm %, V,,=717 mV, f=0.78) under standard global AM 1.5 solar light condition.
Keywords pyrido[3,4-b]pyrazine; octyloxybenzene; sensitizers; dye-sensitized solar cells
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5a: Ar = thiophene
5b: Ar = furan
5c: Ar = benzene
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Table 1 Optical and electrochemical properties of OPP-I~III and
APP-III dyes
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504 (2.35)
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Dye cbe /1 JJ(mAsem %) Vo /mV /A n/%
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0 11.88 724 076 652
OPP-1 5 11.70 717 078 657
0 9.86 696 078 532
OPP-I1 5 10.50 685 077 556
0 8.43 752 077 4.89
OPP-II 5 8.54 730 0.78  4.88
APP-1II 0 8.20 694  0.76 435
5 9.32 643 072 434
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Figure 8 The impedance spectra (a) Nyquist plots and (b) Bode phase
plots for DSSCs based on OPP-I~III dyes measured at —0.75 V bias in
the dark
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DSSCs 315 6.57% & 8% (J,e=11.70 mAscm 2, Vo =717
mV, f=0.78).

4 SKIGERSY
41 ERTE

1,2- . (4-F2F I 2 5E-1,2- 7 (1): /£ 500 mL
SHREFIE P I 44- —HAIEEEEG4 g 14.8
mmol), 50 mL ZERF1 200 mL 40%H RSB R, T
R4, BRSO 12 h, # G, RN 400 mL K H,
g, BT, 5333 g K aFEBRIEY 1, F=x
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92%. '"H NMR (400 MHz, DMSO-dy) d: 6.93 (d, J=8.0
Hz, 4H), 7.75 (d, J=8.0 Hz, 4H), 10.84 (s, 2H).

1,2- —(4-FHIEHIE) L HE-1,2-—Ff(2): 7F 250 mL
ZHAEERMFIMALEY 1 2 g, 8.26 mmol), TE/KHk
T4 (2.4 g 17.3 mmol)fl 60 mL N,N-— H JE F i fi%
(DMF), @AY, I#E 60 C, FEFHSRIMAET
10 mL EI’J 1-1R 3 45%(3.52 g, 18.2 mmol), 120 “C N[ 12
h. AHE, RMBEIN 400 mL KA, g, BT
fERAEZ AT, RBIFRA &b/ A MBE=1107v), 15
F3.8 g AL AGEEILEY 2, 7% 99%. 'H NMR (400
MHz, CDCl;) d: 7.96~7.92 (m, 4H), 6.98~6.93 (m, 4H),
4.04~4.01 (m, 4H), 1.84~1.78 (m, 4H), 1.45~1.41 (m,
4H), 1.33~1.28 (m, 16H), 0.90~0.87 (m, 6H).

5,8- R -2,3- (4~ S R 2R R ML UE I [3,4-b] ML IBR
(3): £ 50 mL =Bl mA 2,5- —JR-3,4- S kit e
(267 mg, 1 mmol), tLA54 2(466 mg, 1 mmol)Fl 15 mL
LR, 60 ‘CRMLS h WEIE, BN 150 mL K, HijE,
HEREEN, BIFA RN A TR/ AHB=12 &
111V, 135 453 mg FEF=1) 3, 774 65%. 'H NMR
(400 MHz, CDCl5) 6: 8.68 (s, 1H), 7.69~7.65 (m, 4H),
6.90~6.88 (m, 4H), 4.01~3.98 (m, 4H), 1.84~1.77 (m,
4H), 1.47~1.45 (m, 4H), 1.32~1.25 (m, 16H), 0.91~
0.88 (m, 6H).

4-(8-VR-2,3- (4~ S IR IR ) L g I [3,4-D] Rk IR -5-
H)-N,N-"F L[ (4): 7£ 50 mL B OB, it
) 3(695 mg, 1 mmol), 15 mg Pd (PPhs), f1 5 mL 2 mol/L
BRER B /KIS, AR, FEFRETTEN 15 mL PUS M.
INFE 50 C, VAN 5 mL PUS R AR 4-Tl =K
J1%(289 mg, 1 mmol), MFEFIRZ 80 C, [HIYXM 12 h.
AR, W, TEmIER, RARYH SRR,
K, & BEEHTCKBREREE T4, g, e T,
HEREEN, BIAFM I A F R/ AmEE=12 &
11(71V), 135 653 mg L4 7=Y) 4, 775 76%. '"H NMR
(400 MHz, CDCLy) 6: 8.88 (s, 1H), 8.14 (d, J=4 Hz, 2H),
7.64 (d, J=12 Hz, 2H), 7.48 (d, J=8 Hz, 2H), 7.24~7.18
(m, 4H), 7.13~7.11 (m, 6H), 7.03~6.99 (m, 2H), 6.82~
6.76 (m, 4H), 3.99~3.88 (m, 4H), 1.74~1.68 (m, 4H),
1.41~1.36 (m, 4 H), 1.25~1.18 (m, 16H), 0.83~0.79 (m,
6H).

5-(5-(4-( AR I ) R IE)-2,3- (4-E A IR
WE FE[3,4-b]ML B )BEW) -2-B% (5a): 7E 50 mL P LB,
TIAMEH) 4(215 mg, 0.25 mmol), 15 mg Pd (PPh;), F1 5
mL 2 mol/L BRIRFF/KIEM, @Ry, HEFEEN 15
mL PUSPRIR. JI#E 50 °C, VEAN S mL DU PRIR 77
[ 5-3L-2-BEN AR (78 mg, 0.5 mmol), MZETHEZE
80 C, BV MN 12 h. BHIE =, W, TEmEH),

IRV SR Bedi g, Kok, &P HEEHJOKRIR
B, 1k, RTE, RERAEENT, RITHRIN A
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Fe/ A= 1/1(777), 193183 mg £ (779 5a, 7%
4 82%. "H NMR (400 MHz, CDCL5) d: 10.00 (s, 1H), 9.22
(s, 1H), 8.32 (d, J=8 Hz, 2 H),7.95 (d, J=4 Hz, 1H), 7.86
(d, J=4 Hz, 1H), 7.76 (d, J=8 Hz, 2H),7.59 (d, J=8 Hz,
2H), 7.33~7.29 (m, 4H), 7.23~7.20 (m, 6H), 6.95~6.92
(m, 2H), 6.86 (d, J=8 Hz, 2H), 4.04~3.96 (m, 4H),
1.85~1.77 (m, 4H), 1.50~1.43 (m, 4H), 1.35~1.25 (m,
16H), 0.91~0.88 (m, 6H).

5-(5-(4-( ORI HE) R IE)-2,3- T (4-SF U R it
WE JF[3,4-b]ML IR R -2-f% (Sb): LA 5b [HA D R
55 5a (0L, S5-I 2-PRIR A R AN E 51 Jik-2- e Wy il
R, =N 66%. '"H NMR (400 MHz, CDCl;) d: 9.66 (s,
1H), 9.31 (s, 1H), 8.24 (d, J=4 Hz, 2H), 7.86 (d, J=4 Hz,
1H), 7.55 (d, J=8 Hz, 2H), 7.47 (d, J=8 Hz, 2H), 7.33 (d,
J=4 Hz, 1H), 7.24~7.20 (m, 4H), 7.12~7.10 (m, 6H),
7.02~6.98 (m, 2H), 6.84 (d, J=8 Hz, 2H), 6.76 (d, J=8
Hz, 2H), 3.94~3.87 (m, 4H), 1.76~1.67 (m, 4H), 1.39~
1.34 (m, 4H), 1.21~1.17 (m, 16H), 0.82~0.77 (m, 6H).

A-(5-(A-( IR FEFIE) A E)-2,3- - (4-F AR R
WE IF[3,4-b] M) K -2-% (Sc): b &W 5¢ MEHEP RS
Sa5fel, H 4-FEEORINIRACES S5-I k-2-gmy IR, 7~
N 67%. '"H NMR (400 MHz, CDCls) d: 10.14 (s, 1H),
8.89 (s, 1H), 8.31~8.28 (m, 2H), 8.06 (s, 4H), 7.61 (d, J=
4 Hz, 2H), 7.59 (d, J=4 Hz, 2H), 7.33~7.29 (m, 4H),
7.24~721 (m, 6H), 7.11~7.08 (m, 2H), 6.87~6.82 (m,
4H), 3.99~3.95 (m, 4H), 1.81~1.76 (m, 4H), 1.48~1.45
(m, 4H), 1.28~1.26 (m, 16H), 0.91~0.87 (m, 6H).

(E)-2-F 5 -3-(5-(5-(4-( = AR L B8 K 36)-2,3- . (4-
3 SR R R L) TG mE 5 [3,4-b] WL R ) E Wy -2- 3 ) T 04 R
(OPP-I): 7E 50 mL T OGS AL EY) Sa(134
mg, 0.15 mmol). I ZLFR(85 mg, 1 mmol). 120 mg fif
FREEAT 10 mL BElR, @RI T, In#Elm 12 he 4240
I, BN 150 mL WA K, g, T, R
FEE AT, IR Al & R B S b/ R =
20/1(V1V), 33 130 mg £ZLE[E A OPP-I, =% A 91%.
'H NMR (400 MHz, DMSO-d) : 9.33 (s, 1H), 8.43 (s,
1H), 8.28 (d, J=8 Hz, 2H), 8.13 (s, 1H), 7.95 (s, 1H), 7.71
(d, J=8 Hz, 2H), 7.44 (d, J=8 Hz, 2H), 7.37~7.33 (m,
4H), 7.14~7.10 (m, 6H), 6.99 (d, /=8 Hz, 2H), 6.86~
6.82 (m, 4H), 3.96~3.92 (m, 4H), 1.70~1.66 (m, 4H),
1.50~1.43 (m, 4H), 1.37~1.25 (m, 16H), 0.85 (m, 6H).
BC NMR (100 MHz, DMSO-d,) 6: 163.5, 154.8, 153.3,
150.6, 149.5, 149.1, 148.5, 146.8, 129.5, 124.4, 124.0,
123.6, 118.8, 110.5, 31.2, 29.6, 28.9, 28.6, 25.4, 22.1, 13.8.
HRMS (ESI, m/z): [M—H] caled for CgHgoN5O,S,
958.4366; found, 958.4368.

(E)-2-F 3 -3-(5-(5-(4-( AR g HE) K 3)-2,3- . (4-
S A R TR L) T I 3T [3,4-B] N 1R ) T TR -2- 36 ) 7 04 R
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(OPP-II): 154 OPP-II )& AP IR S OPP-1 2:48L, H
5b L% 5a, 7% N 85%. 'H NMR (400 MHz, DMSO-d;)
9: 9.36 (s, 1H), 8.36 (d, J=8 Hz, 2H), 7.92 (d, /=4 Hz,
1H), 7.84 (s, 1H), 7.61 (d, J=8 Hz, 2H), 7.52 (d, /=8 Hz,
2H), 7.38~7.35 (m, 4H), 7.34 (d, J=4 Hz, 1H), 7.16~
7.12 (m, 6H), 7.07 (d, J=12 Hz, 2H), 7.00 (d, J=8 Hz,
2H), 6.91 (d, J=8 Hz, 2H), 4.03~3.95 (m, 4H), 1.75~
1.71 (m, 4H), 1.50~1.43 (m, 4H), 1.35~1.25 (m, 16H),
0.87~0.83 (m, 6H). *C NMR (100 MHz, DMSO-d) o:
1622, 161.0, 152.7, 151.4, 150.2, 139.2, 128.2, 124.3,
78.3, 34.4,29.3, 21.3, 22.7, 14.3. HRMS (ESI, m/z): [M—
H] calcd for C¢HgoN5Os, 942.4594; found, 942.4596.

(E)-2-F HE-3-(5-(5-(4-( = AR L HE) K 56)-2,3- . (4-
3 G R K L) I nE JF [3,4-b] ML R ) R -2- ) TN M TR
(OPP-III): 1L&%) OPP-III & LB S OPP-T 254,
il 5¢c fR#% 5a, P“% N 82%. 'H NMR (400 MHz,
DMSO-d;) 0: 8.85 (s, 1H), 8.28 (d, J=8 Hz, 2H), 8.19 (s,
1 H), 8.08 (d, J=8 Hz, 2H), 8.01 (d, J=8 Hz, 2H), 7.50~
7.46 (m, 4H), 7.39~7.35 (m, 4H),7.15~7.13 (m, 6H),
7.06 (d, J=8 Hz, 2H), 6.90~6.86 (m, 4H), 3.96~3.92 (m,
4H), 1.69~1.67 (m, 4H), 1.26~1.17 (m, 16H), 0.88~
0.84 (m, 6H). *C NMR (100 MHz, DMSO-d;) o: 163.6,
160.2, 146.9, 140.7, 132.9, 131.1, 130.1, 126.0, 124.4,
120.4, 113.8, 67.0, 34.1, 31.2, 30.4, 29.1, 28.7, 25.5, 22.0,
21.1, 13.9. HRMS (ESI, m/z): [M+H] " caled for
Ce3HeuNsO4, 954.4958; found, 954.4962.
4.2 MRLEE R

¥ w35 3R A 3% ('H NMR) Al B 3% (PC NMR) H
Briicker AM 400 BUZ W ILIROGN €, AARN TMS; Jitit
B HITACHI-80 Ji G 2 ; B gL rHig PR 22 ith 28 F
Versastat 11 H4b2% T/ 3k (Princeton Applied Research)
WA, A S 0 = AR R B AR AE S A H AR,
B2 B R A it e, Ag/AgCIB AN EALET)/E NS L i
(= IRPN AR, 1 0.1 mol/L 7N i iR DU T 34 1)
RN E N SCRE LR BT, SR ZE N 50 mVs.

NIRRT A, Lil 9T Aldrich; AN P9 R
T EREREAFIA IR AR, LT Fig RS T
HIR AT, 2T SK Chemical, Korea; =1F T FE&
5 5- I JE -2 - 3 B TR ) T 22 i 5 4 2 PR 4
4-FAE 2R R I T AR A 2= A PR A /), R fj —
FAGAEIE T B R B A BR A A5 AR FH A 22 A 3 [ i
HAEMR, el i & o traisife #al, Rt
— 3 b T A .
4.3 FRELRPARER IR HFAIHIE

WUIEILFR FTO ‘T3 E T3 A BE B m
KSR, B mRE K B, 00K, Ol
ek, HMIRT, @i 22 W ENRIZE FTO 5 FL 3% R Al
—Z TiO, R, NHLAE, 125 CHk 6 min, ¥WHIE, 7
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W2, 125 CHE 6 min. Ifa—EARMNE, —Hix=
2, WA ER THE, NERANGD Bt
e ZETHRZE 450 CHE 15 min, FFHRZE 500 CHE
15 min, A EFR)G, B TWHAJKFFRILA, H 40
mmol/L 1) TiCly 7K % il FE R A A3 12 h. B 5 79 )
00K CREBRS, BWRRIRT, FRRRN D 3h
1,450 CHE 30 min, AE1EHHIEA 3X 10 mol/L (1)
PORHET, WA CEE © @OT=T 1 3(VIV). TR EA
JHEZ (CDCA) I B b3, S8 A W B ) 1) S B AR IS
TEAFEIREER) CDCA LB, 6 h G, FH Sl
B, T, BRIET RRNAR. FRIEROEERE 12
h G MNGeRHE R I, B OSSRk, T S
BRI 2 WAHRR M R (2 X 10 mol/L),
WELR, N 2000 r/min, JiEkE 50 s 5EEE, 400 CHE 15
min, FFAEE, fEIE MM BT AL, Sk TE.
TEMRBR T Gk TiO, MR Bl 55 b 5 2 BY 4 1) #uia fise
(Surlyn 1702, DuPont), #A /54447 45 FL A ET HEAR S B THI
AN ERE TiO, M E, /NFLALTE TiO, AN #R e i df el (1)
MR AL, BT BT 125 ChndicEds: 4/ LE
TENHSR, 05 0.03 mol/L I, 0.05 mol/L Lil, 0.5
mol/L FUT FEMLIE(TBP), 0.1 mol/L i FELI(GNCS) A
1.0 mol/L 1-FF -3 7T JE g M filh £ (DMIT) ) 2. i A I i
VIV, 85/15)it . e fa# /L, RIS GeRk il K FH
IEERILN
4.4  FRIBLKPHREEthES RO Y M RE AT
R K BH BE H L ) FL - FE R (1-1) 5% R e i
28 R 3% 38 S N, R b P A AR R K B AR 43 3 5
Sk, BRIRIHAE M REMNR2E E F, BT rObelR
(300 W {itT, Oriel 91160) F, FH AM 1.5 KFHIGEAES
FEURBAG, B iR 100 mWeem 2, H @ 48
SNELEREL IR Keithley 2400 %#E15 % (Keithley Instru-
ments, Inc. USA)ic 3K & G By, AR 2
Keithley #1558 0. BIBHIA E A 0.25 cm?,
WA 7E Bt R TN b — AN B r it A ki AR A Aok —
M) mask. R G- 6 L E R IPCE 2 H
Newport-74125 R GMIE, AR ER SRR
#E(Newport-71640). AL FHPTIHE(EIS)H Zahner IM6e
BHPT A AT OCIAR, RGN 0.1 Hz~100 kHz, #Mii{
JEN—0.75 V.
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