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Long-term stability of novel double rhodanine indoline dyes 

having one and two anchor carboxyl group(s) in dye-sensitized 

solar cell 
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 J. Jin,

b
 S. Higashijima,

c
 H. Miura

c
 and K. Manseki

d
 
 

An indoline dye having both α-cyanoacrylic acid and rhodanine acetic acid anchor groups at the acceptor moiety exhibited 

improved stability under fluorescence light irradiation. 

1.  Introduction 

Indoline dyes are one of the highly efficient organic sensitizers in 

dye-sensitized solar cells (DSSCs). D149 in which a double rhodanine 

moiety is attached through a methine linkage at the 7-position on 

the indoline ring has been reported to show excellent conversion 

efficiency.
1,2

 D205, the ethyl group in the terminal rhodanine ring of 

D149 is substituted with an octyl group, has been reported to show 

improved open-circuit photovoltage (Voc) to give higher conversion 

efficiency (η) than D149.
3
 DN319, the thiocarbonyl group in the 

terminal rhodanine ring of D205 is converted into a 

dicyanovinylidene group, has been reported to show higher η value 

than D205 due to improved short-circuit photodensity (Jsc) coming 

from bathochromic absorption band.
4
 DN351, in which the 4-

(diphenylvinylidenephenylene) group of DN319 is substituted with a 

2-(9,9-dibutylfluorenyl) group, has been reported to exhibit higher 

η value than DN319 because of less H-aggregate formation.
5
 Thus, 

the conversion efficiency of indoline dyes is improving. Meanwhile, 

stability improvement of DSSCs is also important from the 

viewpoint of their practical use. Long-term outdoor and indoor 

stability tests of DSSCs have been reported.
6−12

 The stability is 

affected by humidity,
13,14

 light,
15

 heat,
16 

and semiconductors.
17

 To 

solve this problem, use of ionic liquids and solid electrolyte has 

been proposed.
18−28

 One of the main reasons for degradation of 

solar cell can come from the desorption of dye molecules from 

semiconductors.
29,30

 However, less paper concerning long-term 

stability of DSSCs from the viewpoint of the molecular structure of 

organic sensitizers has been reported. Tanaka et al. have reported 

that the desorption of D131, an indoline dye having an α-

cyanoacrylic acid anchor group, can come from decarboxylation of 

the anchor group.
31

 We consider that introduction of two anchor 

groups in the sensitizers can improve the degradation. As the 

introduction of anchor group at the donor moiety of indoline dyes 

reduces the conversion efficiency, the anchor group must be 

introduced at the acceptor moiety.
32

 On the basis of this point, we 

made a molecular design of GU115, GU116, and GU117, double 

rhodanine indoline dyes having one or two anchor groups, 

bathochromic absorption band, and suitable energy levels. We 

report herein the performance of these novel indoline dyes in 

titanium oxide DSSCs. 

 

2.  Results and discussion 

 

2.1.  Synthesis 

 

GU115, GU116, and GU117 were synthesized as shown in Scheme 

1. Malononitrile (1) was allowed to react with ethyl 8-

isothiocyanatooctanoate (2) and ethyl bromoacetate (3) in the 

presence of DBU to give a single rhodanine ethyl ester 4, which was 

again allowed to react with ethyl isothiocyanatoacetate (5) and 3 in 

the presence of DBU to afford a double rhodanine diethyl ester 6a. 

The ethyl ester groups of 6a were hydrolyzed to give a double 

rhodanine dicarboxylic acid 7a. This compound was allowed to react 

with an aldehyde 8 in the presence of ammonium acetate to 

provide GU115. 

t-Butyl cyanoacetate (9) was allowed to react with octyl 

isothiocyanate (10) and 3 in the presence of DBU to form a single 

rhodanine t-butyl ester 11, which reacted with 10 and 3 in the 

presence of DBU to give a double rhodanine mono t-butyl ester 6b, 

whose ester moiety was deprotected with triethylsilane in the 

presence of TFA to afford the carboxylic acid 7b. This compound 

was allowed to react with 8 in the presence of piperidine to give 

GU116. 

The single rhodanine t-butyl ester 11 was allowed to react with 

t-butyl 8-isothiocyanatooctanoate (12) and 3 in the presence of  
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Scheme 1  Reaction conditions and reagents: i) 1 (1.0 equiv.), 2 (1.1 equiv.), DBU (1.0 equiv.), MeCN, rt, 30 min, then 3 (1.7 equiv.), rt, 

1 h, then reflux, 3 h, ii) 4 (1.0 equiv.), 5 (1.8 equiv.), DBU (2.3 equiv.), MeCN, rt, 30 min, then 3 (1.7 equiv.), rt, 1 h, then reflux, 3 h, iii) 6a 

(1.0 equiv.), conc. HCl, AcOH, 100°C, 3,h, iv) 7a (1.0 equiv.), 8 (1.2 equiv.), AcONH4 (cat.), AcOH, reflux, 3 h, v) 9 (1.0 equiv.), 10 (1.1 equiv.), 

DBU (1.0 equiv.), MeCN, rt, 30 min, then 3 (2.0 equiv.), rt, 1 h, then reflux, 3 h, vi) 11 (1.0 equiv.), 10 (1.2 equiv.), DBU (1.0 equiv.), MeCN, 

rt, 30 min, then 3 (1.5 equiv.), rt, 1 h, then reflux, 3 h, vii) 6b (1.0 equiv.), Et3SiH (5.1 equiv.), TFA, CH2Cl2, 0°C, 5 h, viii) 6b (1.0 equiv.), 7 (1.2 

equiv.), piperidine (1.0 equiv.), BuOH, 100°C, 1 h, ix) 11 (1.0 equiv.), 12 (1.1 equiv.), DBU (1.2 equiv.), MeCN, rt, 30 min, then 3 (1.5 equiv.), 

rt, 1 h, then reflux, 1 day, x) 6c (1.0 equiv.), BBr3 (2.1 equiv.), CH2Cl2, 0°C, 20 mim, xi) 7c (1.0 equiv.), 8 (1.0 equiv.), MeOH, MeONa (2.0 

equiv.), 40°C, 20 h. 
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DBU to give a double rhodanine di-t-butyl ester 6c, which was 

treated with boron tribromide to afford a double rhodanine 

dicarboxylic acid 7c, which was allowed to react with 8 in the 

presence of piperidine to form GU117. Known DN351 used as a 

reference compound was prepared as described in our previous 

paper.
5
   

 

2.2.  Physical properties 

 

The UV-vis absorption and fluorescence spectra of GU115, GU116, 

GU117, and DN351 in chloroform are indicated in Figure 1. The 

first absorption maxima (λmax) of GU115 and DN351 were slightly 

more bathochromic (566 nm) than those of GU116 and GU117 

(557 nm) due to more electron-withdrawing nature of 

dicyanovinylidene group than α-cyanoacrylic acid group. The 

molar absorption coefficients (ε) were in the range of 62,000 to 

87,000 dm
3
 mol−

1
 cm−1

. The fluorescence maxima (Fmax) were 

observed at around 650 nm. The fluorescence quantum yields (Φf) 

were in the range of 0.12 to 0.20.     

The fluorescence lifetime (τf) of GU115, GU116, and GU117 

was measured in chloroform. The τf was determined by fitting the 

decay curve with one-component exponential function as shown 

in Figure S1. The results are listed in Table S1. The τf of GU115, 

GU116, and GU117 in chloroform were calculated to be 1.48, 1.15, 

and 1.09 ns, respectively. That of DN351 has been reported to be 

1.51 ns in chloroform.
33

 In our previous work, it was clarified that 

the τf of efficient indoline dyes should be longer than 0.9 ns in 

chloroform.
33

 Thus, these dyes have sufficiently long excitation 

lifetime to inject electrons from the excited singlet state to 

titanium oxide. 
 

 

Figure 1  UV absorption and fluorescence spectra of GU115, 

GU116, GU117, and DN351 (1.0 x 10−5
 mol dm−3

) in chloroform.   

The cyclic voltammogram of GU115, GU116, and GU117 vs. Ag 

quasi reference electrode (QRE) in DMF in the presence of 

ferrocene as an internal standard. The results are shown in Figure 

S2. The oxidative waves in the range of +0.65 to +0.82 and +1.03 

to +1.15 V correspond to the oxidation of ferrocene and GU dyes, 

respectively. Therefore, the oxidation potential (Eox) of GU115, 

GU116, and GU117 were estimated to be 0.38, 0.33 and 0.33 V vs 

Fc/Fc
+
, respectively. The Eox level of GU116 and GU117 was more 

negative than that of GU115 due to electron-withdrawing 

dicyanovinylidene moiety. This result is consistent with the DFT 

calculations that the HOMO level of GU116 (−5.08 eV) and GU117 

(−5.17 eV) are less stable than that of GU115 (−5.24 eV). As no 

reduction potential peak was observed for GU115, GU116, and 

GU117, the Eox−E0−0 level was calculated as described in our 

previous paper.
34,35

 The Eox−E0−0 level of GU115, GU116, and 

GU117 were calculated to be −1.64, −1.72, and −1.73 V vs. Fc/Fc
+
, 

respectively. The conduction band level of titanium oxide is 

located at around −0.95 V vs Fc/Fc
+
. The observed Eox and E0−0 

correspond to the calculated HOMO and LUMO levels. Therefore, 

GU115, GU116, and GU117 can thermodynamically sensitize 

titanium oxide. The I−/I3
− redox level is located at around −0.05 V 

vs. Fc/Fc
+
. The oxidized GU115, GU116, and GU117 can accept 

electrons from I−. The Physical properties are summarized in Table 

1. 

 

2.3.  DFT Calculations 

 

The structure of GU115 was optimized by the B3LYP/3-21G level. 

Figure 2 indicates that isomer A, whose terminal olefinic α-

cyanoacrylic moiety is E-form, was calculated to be more stable 

than the Z-isomer B due to less steric repulsion between the 

carboxy group and adjacent octyl group in the same rhodanine 

ring.   
 

 

E-form
Z-form

most stable + 24.9 kcal

A B

 
Figure 2  Optimized isomers A, B, and C for GU116. 
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Table 1  Physical properties of GU115, GU116, GU117, and DN351 

 

Compd

GU115

GU116

GU117

DN351

Fmax
a

nm

Eox
c

V

Eox−E0-0
d

V

HOMOe

eV

LUMOe

eV

0.38

0.33

0.33

0.37

−1.65

−1.72

−1.73

−1.66

656

641

645

654

λmax (ε )a

nm

−5.24

−5.08

−5.15

−5.22

Φ f
a

0.20

0.17

0.12

0.20

τ f
b

ns

1.48

1.15

1.09

1.51

396 (32,000), 566 (75,000)

391 (30,000), 557 (87,000)

393 (24,000), 558 (62,000)

396 (34,000), 566 (83,000)

−2.54

−2.33

−2.41

−2.52

 
a
Measured on 1.0 × 10−5

 mol dm−3
 of substrate in chloroform at 25°C.  

b
Fluorescence lifetime.  

c
vs Fc/Fc

+
 in DMF.  

d
Calculated on the basis of Eox and λint.  

e
Calculated by the B3LYP/6-31G(d,p)//B3LYP/3-21G level. 
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GU116

−−−−6.00 eV
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Figure 3  Isodensity surface plots and energy level of GU115, 

GU116, GU117, and DN351. 

Table 2   Absorption maximum (λmax), main orbital transition and 

oscillator strength calculated by TDDFT at the B3LYP/6-31G(d,p) 

level 

GU115

GU116

GU117

DN351

fλmax (nm)

509

400

502

396

502

397

509

400

1.19

0.61

1.24

0.55

1.25

0.51

1.19

0.61

S0 to S1

S0 to S2

S0 to S1

S0 to S2

S0 to S1

S0 to S2

S0 to S1

S0 to S2

TransitionCompd Main orbital transition

HOMO to LUMO (0.70)

HOMO−1 to LUMO (0.51)

HOMO to LUMO+1 (0.47)

HOMO to LUMO (0.70)

HOMO−1 to LUMO (0.54)

HOMO to LUMO+1 (0.44)

HOMO to LUMO (0.70)

HOMO−1 to LUMO (0.54)

HOMO to LUMO+1 (0.44)

HOMO to LUMO (0.70)

HOMO−1 to LUMO (0.52)

HOMO to LUMO+1 (0.46)

 
 

Figure 3 depicts the isodensity surface plots of GU115, GU116, 

GU17, and DN351. The electrons in the HOMO level are located in 

the indoline moiety and those in the LUMO level in the double 

rhodanine accepter moiety, suggesting smooth electron-transfer 

from the dye molecule to semiconductor.  

The absorption maximum, main orbital transition, and 

oscillator strength of GU115, GU116, GU117, and DN351 

calculated by TDDFT at the B3LYP/6-31(d,p) level are shown in 

Table 2. The 70% of first absorption band (S0 to S1) in GU115, 

GU116, GU117, and DN351 is assigned to the intramolecular  
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Figure 4   Performance of indoline dyes (a) UV-vis absorption 

spectra on titanium oxide, (b) action spectra, and (c) I-V curve. 

 
 

 

charge-transfer HOMO to LUMO transition with large oscillator 

strength. The second absorption band (S0 to S2) is assigned to 

HOMO−1 to LUMO and HOMO to LUMO+1 transition. GU115 and 

DN351 show slightly bathochromic shift than GU116 and GU117 

due to their lower LUMO level. The molar absorption coefficients 

of GU115, GU116, and GU117 were predicted to be similar to that 

of DN351.    

 

2.4.  Photovoltaic Properties 

 

The cell performance of GU115, GU116, GU117, and DN351 is 

indicated in Figure 4 and Table 3. Figure 4a shows the UV-vis 

absorption spectra on titanium oxide. The λmax was observed at 

around 550 nm. The number of adsorbed dye molecules of GU115, 

GU116, and DN351 per area were in the range of 0.625 to 1.04 

nm−2
. The amount of GU117 was not calculated. Because GU117 

could not be extracted from titanium oxide by N,N-

dimethylacetamide (DMA). This result indicates that GU117 is very 

tightly attached to titanium oxide. Figure 4b indicates the IPCE 

spectra. GU116 showed larger IPCE value than GU115, GU117, and 

DN351 at around 550 nm. GU115 and DN351 exhibited larger IPCE 

value than GU116 and GU117 at ca. 700 nm. As the results, the Jsc 

of DN351 and GU115 was larger than that of GU116 and GU117 as 

shown in Figure 4c. Consequently, the η was in the order of dyes: 

DN351 (5.46%) > GU115 (5.19%) > GU116 (4.49%) > GU117 

(3.39%).  

 

2.5.  Long-term stability of solar cells 

 

The stability of solar cell upon fluorescence light irradiation is 

shown in Figure 5. No drastic difference in open-circuit 

photovoltage (Voc) and fill factor (ff) was observed among GU115,  

 

Table 3   Photovoltaic properties of GU115, GU116, GU117, and 

DN351 

  

GU115

GU116

GU117

DN351

Dyes

14.3

12.7

12.3

14.5

0.587

0.605

0.593

0.586

b

%

0.625

0.714

-c

1.04

Number of adsorbed dyea

number nm-2

Jsc
b

mA cm-2

Voc
b

V
f fb

5.19

4.49

3.39

5.46

0.619

0.584

0.465

0.642

 
a
On titanium oxide. 

b
Under AM 1.5 irradiation (100 mW cm−2

). 
c
Not measured. 

 

0 50 100 150
0

200

400

600

800

GU115
GU116
GU117
DN351

0 50 100 150
0

0.2

0.4

0.6

0.8

1

GU115
GU116
GU117
DN351

0 50 100 150
0

10

20

GU115
GU116
GU117
DN351

0 50 100 150

2

4

6

8

GU115
GU116
GU117
DN351

 

Figure 5   Change in (a) Jsc, (b) Voc, (c) ff, and (d) η values of 

GU115, GU116, GU117, and DN351 upon fluorescence lamp (40 

W) illumination at 25°C with humidity of 28%.. 

 
 

 

GU116, GU117, and DN351. The change of η followed the change 

of Jsc. The Jsc value increased in the initial stage until ca. 20 days 

and then decreased. We suppose that this result can come from 

the removal and/or the re-alignment of dyes having weak affinity 

with dyes and/or titanium oxide. After 161 days, the stability was 

in the order of dyes: GU117 > GU116, GU115 >> DN351. The pKa 

values of α-cyanoacrylic acid and acetic acid are known as 1.30 

and 4.76, respectively. A carboxylate group has been reported to 

form chelating and/or bridging linkage with titanium oxide.
36−39

 

Therefore, more acidic carboxylic acids can form more stable 

complexes with titanium oxide. Actually, GU117 was not extracted 

from titanium oxide by DMA, whereas GU115, GU116, and DN351 

were completely extracted. Thus, GU117 having both strongly 

acidic α-cyanoacrylic acid and rhodanine acetic acid anchor groups 
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in a molecule could form the most stable binding with titanium 

oxide to exhibit the best stability among the indoline dyes.  

 

3. Conclusion 

 

We have made a molecular design, synthesis, and evaluation of 

new indoline dyes GU115, GU116, and GU117 in which carboxylic 

acid anchor group(s) are attached at the acceptor moiety. Known 

DN351 was used as a standard compound. These dyes exhibited 

the conversion efficiency in the range of 3.39 to 5.46% at the 

initial stage. After 161-days fluorescence lamp irradiation, the 

conversion efficiency was in the order of dyes: GU117 > GU116, 

GU115 >> DN351. Thus, GU117 having both α-cyanoacrylic acid 

and rhodanine acetic acids anchor groups exhibited the best 

stability among the indoline dyes due to the most stable binding 

with titanium oxide.  

 

4. Experimental 

 

4.1.  Instruments 

 

Melting points were measured with a Yanaco MP-S2 micro-

melting-point apparatus.  NMR spectra were taken with a JEOL 

JNM-ECX 400P spectrometer. Mass spectra were taken on a JEOL 

MStation 700 spectrometer. IR spectra were obtained by a 

Shimadzu IR Affinity-1 spectrophotometer. Elemental analysis was 

performed with a Yanaco MT-6 CHN corder. UV-vis absorption and 

fluorescence spectra were taken on Hitachi U-3500 and F-4500 

spectrophotometers, respectively. Electrochemical measurement 

was carried out using an EG&G Princeton Applied Research 

Potentiostat/Galvanostat (Model 263A) driven by the M270 

software package.   

 

4.2.  Materials 

 

Malononitrile (1) was purchased from Kanto Chemical Co., Inc. 

Ethyl 8-isothiocyanatooctanoate (2), ethyl bromoacetate (3), ethyl 

isothiocyanatoacetate (5), and t-butyl cyanoacetate (9) were 

obtained from Tokyo Chemical Industry Co., Ltd. Octyl 

isothiocyanate (10) was purchased from Wako Pure Chemical 

Industries, Ltd. D149 was supplied from Chemicrea Inc. 

Compounds 8,
5
 t-butyl 2-isothiocyanatoacetate (12),

40
 and DN351

5
 

were synthesized as described in the literature. 

 

4.3.  Synthesis of 4      

 

To an acetonitrile solution (7 mL) of malononitrile (1, 1.3 g, 20 

mmol) and ethyl 8-isothiocyanatooctanoate (2, 4.9 g, 21 mmol) 

was added DBU (3.1 g, 20 mmol) at room temperature. The 

mixture was stirred for 30 min. To the mixture was added ethyl 

bromoacetate (3, 5.7 g, 34 mmol) and stirred at room temperature 

for 1 h and then refluxed for 3 h. After the reaction was 

completed, the mixture was concentrated in vacuo. To the mixture 

were added chloroform (30 mL) and an aqueous 10% hydrochloric 

acid (30 mL). The product was extracted with chloroform (30 mL × 

3) and purified by column chromatography (SiO2, CHCl3). A pale 

yellow oil. Yield 6.1 g (92%); Oil; IR (KBr) ν = 2936, 2859, 2218, 

1748, 1531, 1485; 
1
H NMR (CDCl3) δ = 1.26 (t, J = 7.2 Hz, 3H), 

1.32−1.40 (m, 6H), 1.60−1.64 (m, 2H), 1.66−1.73 (m, 2H), 2.29 (t, J 

= 7.6 Hz, 2H), 4.00 (s, 2H), 4.08 (t, J = 7.5 Hz, 2H), 4.11 (q, J = 7.2 

Hz, 2H); 
13

C NMR (CDCl3) δ = 14.27, 24.75. 25.67, 28.48, 28.69. 

28.80, 32.29, 34.23, 45.26, 56.72, 60.24, 111.78, 112.78, 171.57 

(2C), 173.74; FABMS (NBA) m/z 336 (MH
+
); Anal. Found: C, 57.66; 

H, 6.34; N, 12.23%. Calcd for C16H21N3O3S: C, 57.29; H, 6.31; N, 

12.53%. 

 

4.4.  Synthesis of 6a 

 

To an acetonitrile solution (7 mL) of 4 (2.0 g, 6.0 mmol) were 

added and ethyl isothiocyanatoacetate (5, 1.6 g, 11 mmol) and 

DBU (2.2 g, 14 mmol) at room temperature. The mixture was 

stirred for 30 min. Then, to the mixture was added ethyl 

bromoacetate (3, 2.7 g, 16 mmol) at room temperature, stirred for 

1 h, and refluxed for 3 h. After the reaction was completed, the 

mixture was concentrated in vacuo. To the mixture was added an 

aqueous 10% hydrochloric acid (30 mL). The product was 

extracted with chloroform (30 mL × 3) and purified by column 

chromatography (SiO2, AcOEt : C6H14 = 1 : 1). A pale brown solid. 

Yield 900 mg (18%); mp 69−71°C; IR (KBr) ν = 2940, 2855, 2214, 

1740, 1686, 1539, 1524; 
1
H NMR (CDCl3) δ = 1.26 (t, J = 7.2 Hz, 3H), 

1.36−1.40 (m, 9H), 1.60−1.63 (m, 2H), 1.71 (br s, 2H), 2.29 (t, J = 

7.4 Hz, 2H), 3.94 (s, 2H), 4.11 (t, J = 7.0 Hz, 2H), 4.14 (q, J = 7.2 Hz, 

2H), 4.33 (q, J = 7.0 Hz, 2H), 4.73 (s, 2H); 
13

C NMR (CDCl3) δ = 

14.13, 14.27, 24.79, 25.75, 28.62, 28.73, 28.85, 31.24, 34.25, 

45.08, 45.44, 51.92, 60.21, 63.29, 88.68, 112.56, 113.49, 155.37, 

164.54, 165.90, 166.02, 172.27, 173.75; FABMS (NBA) m/z 521 

(MH
+
); Anal. Found: C, 52.95; H, 5.53; N, 10.42%. Calcd for 

C23H28N4O6S2: C, 53.06; H, 5.42; N, 10.76%. 

 

4.5.  Synthesis of 7a 

 

To an acetic acid (6 mL) and conc. hydrochloric acid (3 mL) mixed 

solution was added 6a (800 mg, 1.5 mmol) and stirred at 100°C for 

3 h. After the reaction was completed, the mixture was cooled, 

poured into water, and stirred at 0°C. The resulting precipitate 

was filtered and purified by column chromatography (SiO2, CHCl3 : 

CH3OH = 5 : 1).  A pale yellow solid. Yield 230 mg (31%); mp 

201−203°C; IR (KBr) ν = 2932, 2866, 2210, 1694, 1682, 1574, 1535; 
1
H NMR (DMSO-d6) δ = 1.24−1.28 (m, 6H), 1.46−1.51 (m, 2H), 

1.58−1.65 (m, 2H), 2.19 (t, J = 7.2 Hz, 2H), 4.01 (t, J = 7.6 Hz, 2H), 

4.22 (s, 2H), 4.69 (s, 2H); 
13

C NMR (DMSO-d6) δ = 24.23, 25.25, 

27.73, 28.11, 28.22, 31.13, 33.47, 44.38, 45.51, 48.60, 87.04, 

113.40, 114.42, 157.45, 165.37, 165.48, 167.87, 173.25, 174.36; 

FABMS (NBA) m/z 465 (MH
+
); Anal. Found: C, 48.80; H, 5.48; N, 

11.86%. Calcd for C19H20N4O6S2: C, 49.13; H, 5.34; N, 12.06%. 

 

4.6.  Synthesis of GU115  
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To an acetic acid solution (8 mL) of 7a (450 mg, 0.96 mmol) and 8 

(540 mg, 1.2 mmol) was added ammonium acetate (3 mg). The 

mixture was refluxed for 3 h. After cooling, the resulting 

precipitate was filtered, washed with water, and purified by 

column chromatography (SiO2, CHCl3 : MeOH = 100 : 1). A violet 

solid. Yield 220 mg (25%); mp 159−161°C; IR (KBr) ν = 2951, 2866, 

2214, 1701; 
1
HNMR (CDCl3) δ = 0.62−0.74 (m, 10H), 1.04−1.15 (m, 

4H), 1.38−1.40 (m, 6H), 1.51−1.57 (m, 1H), 1.60−1.66 (m, 2H), 

1.71−1.82 (m, 4H), 1.91−2.00 (m, 6H), 2.11−2.16 (m, 1H), 2.36 (t, J 

= 7.2 Hz, 2H), 3.88−3.92 (m, 1H), 4.19 (t, J = 7.0 Hz, 2H), 4.96 (s, 

2H), 5.03−5.07 (m, 1H), 6.91 (d, J = 8.1 Hz, 1H), 7.25−7.32 (m, 3H), 

7.33−7.37 (m, 4H), 7.66−7.71 (m, 2H), 7.78 (s, 1H); 
13

CNMR 

(DMSO-d6) δ = 14.63, 14.68, 23.27 (2C), 24.70, 25.26, 26.31, 26.71, 

28.79, 29.15, 29.27, 33.28, 34.49, 36.16, 40.04, 40.17, 44.86, 

45.65, 46.83, 50.18, 55.59, 70.19, 80.07, 88.43, 108.26, 111.89, 

114.30, 115.32, 116.81, 120.33, 120.94, 121.56, 123.66, 123.91, 

127.61, 127.82, 128.34, 134.42, 136.38, 137.29, 137.53, 140.41, 

141.14, 150.75, 150.95, 151.18, 152.61, 166.02, 166.09, 166.97, 

168.92, 175.34; FABMS (NBA) m/z 910 (MH
+
); Anal. Found: C, 

68.31; H, 6.10; N, 7.71%. Calcd for C52H55N5O6S2: C, 68.62; H, 6.09; 

N, 7.69%. 

 

4.7.  Synthesis of 11 

 

To an acetonitrile solution (4 mL) of t-butyl cyanoacetate (9, 710 

mg, 5.0 mmol) were added octyl isothiocyanate (10, 940 mg, 5.5 

mmol) and DBU (760 mg, 5.0 mmol) at room temperature. The 

mixture was stirred for 30 min. Then, to the mixture was added 

ethyl bromoacetate (3, 1.7 g, 10 mmol) at room temperature, 

stirred for 1 h, and refluxed for 3 h. After the reaction was 

completed, the mixture was concentrated in vacuo. To the mixture 

were added chloroform (30 mL) and an aqueous 10% hydrochloric 

acid (30 mL). The product was extracted with chloroform (30 mL × 

3) and purified by column chromatography (SiO2, CHCl3 : C6H14 = 

10 : 1). A pale yellow oil. Yield 1.6 g (92%); oil; IR (KBr) ν = 2928, 

2210, 1740, 1694, 1516; 
1
H NMR (CDCl3) δ = 0.88 (t, J = 7.3 Hz, 3H), 

1.27−1.38 (m, 10H), 1.55 (s, 9H), 1.66−1.74 (m, 2H), 3.68 (s, 2H), 

4.20 (t, J = 7.3 Hz, 2H); 
13

C NMR (CDCl3) δ = 14.05, 22.59, 25.87, 

28.10 (3C), 28.63, 29.09, 29.15, 31.04, 31.73, 45.22, 78.83, 83.38, 

115.05, 164.66, 169.42, 173.05; FABMS (NBA) m/z 353 (MH
+
); 

Anal. Found: C, 61.66; H, 7.89; N, 7.90%. Calcd for C18H28N2O3S: C, 

61.33; H, 8.01; N, 7.95%. 

4.8.  Synthesis of 6b 

 

To an acetonitrile solution (10 mL) of 11 (4.0 g, 11 mmol) were 

added octyl isothiocyanate (10, 2.3 g, 14 mmol) and DBU (1.7 g, 11 

mmol) at room temperature.  The mixture was stirred for 30 min. 

Then, to the mixture was added ethyl bromoacetate (3, 2.9 g, 17 

mmol). The mixture was stirred for 1 h and then refluxed for 3 h. 

After the reaction was completed, the mixture was concentrated 

in vacuo. To the mixture were added chloroform (30 mL) and an 

aqueous 10% hydrochloric acid (30 mL). The product was 

extracted with chloroform (50 mL × 3) and purified by column 

chromatography (SiO2, CHCl3). A pale yellow solid. Yield 1.6 g 

(25%); mp 117−119°C; IR (KBr) ν = 2928, 2855, 2207, 1732, 1674, 

1508; 
1
H NMR (CDCl3) δ = 0.87 (t, J = 7.6 Hz, 6H), 1.27−1.32 (m, 

12H), 1.34−1.47 (m, 8H), 1.55 (s, 9H), 1.68−1.78 (m, 4H), 3.81 (s, 

2H), 4.02 (t, J = 7.9 Hz, 2H), 4.31 (t, J = 8.1 Hz, 2H); 
13

C NMR (CDCl3) 

δ = 14.08, 14.10, 22.63 (2C), 25.94, 26.33, 28.17 (3C), 28.89, 29.08, 

29.16, 29.21, 29.23, 29.45, 31.57, 31.70, 31.77, 45.00, 45.39, 

73.72, 82.83, 92.14, 116.05, 154.33, 162.60, 165.27, 167.04, 

172.99; FABMS (NBA) m/z 564 (MH
+
); Anal. Found: C, 61.57; H, 

8.33; N, 7.32%. Calcd for C29H45N3O4S2: C, 61.78; H, 8.04; N, 7.45%. 

 

4.9.  Synthesis of 7b 

 

To a dichloromethane solution (6 mL) of 6b (200 mg, 0.35 mmol) 

were added triethylsilane (210 mg, 1.8 mmol) and TFA (4 mL). The 

mixture was stirred at 0°C for 5 h. After the reaction was 

completed, to the mixture was added ice water (20 mL). The 

product was extracted with chloroform (20 mL × 3) and purified by 

column chromatography (SiO2, CHCl3 : MeOH = 50 : 1). A pale 

brown solid. Yield 87 mg (49%); mp 169−171°C; IR (KBr) ν = 2928, 

2855, 2210, 1736, 1686, 1670, 1533; 
1
H NMR (CDCl3) δ = 0.86−0.89 

(m, 6H), 1.27−1.32 (m, 16H), 1.41−1.44 (m, 4H), 1.67−1.73 (m, 

2H), 1.75−1.81 (m, 2H), 3.83 (s, 2H), 4.01 (t, J = 7.8 Hz, 2H), 4.36 (t, 

J = 8.0 Hz, 2H); 
13

C NMR (CDCl3) δ = 14.07 (2C), 22.59 (2C), 25.88, 

26.25, 28.95, 29.03, 29.07, 29.16, 29.40, 29.68, 31.53, 31.65, 

31.73, 45.29, 45.50, 70.91, 91.35, 115.39, 156.35, 164.92, 166.71, 

170.23, 172.88; FABMS (NBA) m/z 508 (MH
+
); Anal. Found: C, 

59.10; H, 7.52; N, 8.23%. Calcd for C25H37N3O4S2: C, 59.14; H, 7.35; 

N, 8.28%.   

 

4.10.  Synthesis of GU116 

 

To a butanol solution (5 mL) of 7b (200 mg, 0.39 mmol) were 

added 8 (220 mg, 0.47 mmol) and piperidine (33 mg, 0.39 mmol). 

The mixture was stirred at 100°C for 1 h. After the reaction was 

completed, the mixture was concentrated. The crude product was 

purified by column chromatography (SiO2, CH2Cl2 : MeOH = 50 : 1) 

and crystallized from acetone-hexane mixed solvent. A red solid. 

Yield 300 mg (80%); mp 182−184°C; IR (KBr) ν = 2932, 2866, 2210, 

1694, 1682; 
1
H NMR (CDCl3) δ = 0.60−0.74 (m, 10H), 0.85−0.90 (m, 

6H), 1.05−1.18 (m, 4H), 1.29−1.40 (m, 16H), 1.46−1.59 (m, 5H), 

1.70−1.83 (m, 6H), 1.93−2.00 (m, 6H), 2.07−2.17 (m, 1H), 

3.85−3.89 (m, 1H), 4.17 (t, J = 7.6 Hz, 2H), 4.43 (t, J = 7.6 Hz, 2H), 

4.98−5.02 (m, 1H), 6.91 (d, J = 8.9 Hz, 1H), 7.22−7.26 (m, 2H), 

7.29−7.35 (m, 5H), 7.65−7.68 (m, 2H), 7.70 (s, 1H); 
13

C NMR 

(CDCl3) δ = 13.85, 13.91, 14.12, 14.13, 22.60, 22.63, 23.02 (2C), 

24.26, 26.00 (2C), 26.08, 26.35, 28.99, 29.13 (2C), 29.16, 29.28, 

29.71, 31.72, 31.78, 33.10, 35.57, 40.05, 40.15, 44.78, 45.45, 

45.57, 55.10, 70.00, 70.55, 90.01, 107.67, 112.49, 115.62, 115.77, 

119.28, 120.15, 120.44, 122.84, 123.58, 127.67, 126.87, 127.57, 

133.72, 135.89, 136.57, 137.13, 139.90, 140.60, 150.48, 150.78, 

151.76, 152.28, 16.70, 166.13, 167.37, 170.91; FABMS (NBA) m/z 

953 (MH
+
); Anal. Found: C, 72.97; H, 7.43; N, 5.67%. Calcd for 

C58H72N4O4S2: C, 73.07; H, 7.61; N, 5.88%.   
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4.11.  Synthesis of 6c 

 

To an acetonitrile solution (40 mL) of 11 (3.7 g, 10.5 mmol) were 

added t-butyl 8-isothiocyanatooctanoate (12, 2.0 g, 11.6 mmol) 

and DBU (1.9 g, 12.6 mmol) at room temperature. The mixture 

was stirred for 30 min. Then, to the mixture was added ethyl 

bromoacetate (3, 2.6 g, 15.8 mmol). The mixture was stirred for 1 

h and then refluxed for 1 day. After the reaction was completed, 

the mixture was concentrated in vacuo. To the mixture were 

added chloroform (40 mL) and an aqueous 10% hydrochloric acid 

(40 mL). The product was extracted with chloroform (40 mL × 3) 

and purified by column chromatography (SiO2, AcOEt : C6H14 = 1 : 

3). A pale brown solid. Yield 1.9 g ( 31%); mp 71−73°C; IR (KBr) ν = 

3232, 2886, 2207, 1748; 
1
H NMR (CDCl3) δ = 0.87 (t, J = 6.7 Hz, 3H), 

1.27−1.40 (m, 10H), 1.53 (s, 9H), 1.54 (s, 9H), 1.73 (quin, J = 7.7 Hz, 

2H), 3.88 (s, 2H), 4.28 (t, J = 7.7 Hz, 2H), 4.74 (s, 2H); 
13

C NMR 

(CDCl3) δ = 14.10, 22.62, 25.94, 27.85 (3C), 28.15 (3C), 28.91, 

29.15, 29.22, 31.29, 31.77, 45.09, 46.35, 73.68, 82.86, 84.29, 

93.08, 115.84, 153.45, 162.30, 165.20, 165.24, 166.77, 172.62; 

FABMS (NBA) m/z 566 (MH
+
); Anal. Found: C, 57.36; H, 6.65; N, 

7.23%. Calcd for C27H39N3O6S2: C, 57.32; H, 6.95; N, 7.43%.   

 

4.12.  Synthesis of 7c 

 

To a dichloromethane solution (7.5 mL) of 6c (690 mg, 1.2 mmol) 

was slowly added a 0.1 M dichloromethane solution (2.5 mL) of 

boron tribromide (2.5 mmol) with stirring at 0°C. The mixture was 

stirred at 0°C for 20 min. Then, to the mixture was slowly added 

water (10 mL). The resulting precipitate was filtered and purified 

by column chromatography (SiO2, CHCl3 : MeOH = 10 : 1). A yellow 

solid. Yield 459 mg (84%); mp 154−156°C; IR (KBr) ν = 3151, 2285, 

2214, 1751; 
1
H NMR (DMSO-d6) δ = 0.86 (t, J = 6.7 Hz, 3H), 

1.25−1.28 (m, 10H), 1.55−1.65 (m, 2H), 4.14−4.18 (m, 4H), 4.72 (s, 

2H); 
13

C NMR (DMSO-d6) δ = 13.96, 22.05, 25.34, 28.17, 28.49 (2C), 

31.00, 31.44, 44.34, 45.99, 70.83, 91.12, 116.27, 155.69, 162.89, 

166.05, 166.94, 168.03, 173.42; FABMS (NBA) m/z 454 (MH
+
); 

Anal. Found: C, 50.45; H, 5.27; N, 9.22%. Calcd for C19H23N3O6S2: 

C, 50.32; H, 5.11; N, 9.27%.   

 

4.13.  Synthesis of GU117 

 

Compound 8 (200 mg, 0.44 mmol) was dissolved in methanol (80 

mL) at 60°C. Then, the temperature was set at 40°C. To the 

solution were added 7c (200 mg, 0.44 mmol) and a methanol 

solution. After the reaction was completed, the solution was 

acidified by adding aqueous 10% hydrochloric acid. The product 

was extracted with chloroform (30 mL × 3), purified by column 

chromatography (SiO2, CHCl3 : MeOH = 50 : 1), and recrystallized 

from chloroform-hexane mixed solvent. A violet solid. Yield 37 mg 

(10%); mp 142−144°C; IR (KBr) ν = 2955, 2932, 2856, 2207, 1767, 

1690; 
1
H NMR (CDCl3) δ = 0.61−0.76 (m, 10H), 0.84 (t, J = 6.7 Hz, 

3H), 1.04−1.17 (m, 4H), 1.23−1.44 (m, 10H), 1.52−1.59 (m, 1H), 

1.72−1.84 (m, 4H), 1.93−2.04 (m, 6H), 2.09−2.17 (m, 1H), 

3.89−3.93 (m, 1H), 4.30−4.32 (m, 2H), 5.03−5.07 (m, 3H), 6.94 (d, J 

= 9.0 Hz, 1H), 7.27−7.40 (m, 7H), 7.65−7.73 (m, 2H), 7.80 (s, 1H); 
13

C NMR (CDCl3) δ = 13.84, 13.92, 14.10, 22.61, 23.01, 23.04, 

24.26, 25.96, 26.01, 26.10, 29.11, 29.20, 29.71, 31.75, 33.06, 

35.63, 40.02, 40.19, 44.78, 45.56, 45.72, 55.15, 70.19, 70.83, 

91.20, 107.71, 110.83, 114.94, 116.14, 119.37, 120.48, 120.54, 

122.87, 123.32, 126.75, 126.91, 127.88, 134.13, 136.72, 137.25, 

137.49, 139.72, 140.59, 150.54, 150.94, 151.33, 152.37, 164.64, 

165.76, 166.65, 171.76, 173.26; FABMS (NBA) m/z 899 (MH
+
); 

Anal. Found: C, 69.82; H, 6.52; N, 6.33%. Calcd for C52H58N4O6S2: C, 

69.46; H, 6.50; N, 6.23%.   

 

4.14.  Preparation of TiO2/Dye hybrid films and device assembly 

 

F-doped tin oxide coated glass substrates (4 mm thickness, 13 Ω 

□
−1

, Nippon Sheet Glass) were used to prepare dyed-titanium 

oxide electrodes. A commercially available titanium oxide paste 

(PST-18NR, JGC Catalysts and Chemicals Ltd.) was coated onto the 

FTO glass by doctor blade technique and subsequently sintered at 

500°C for 15 min as described in the paper to prepare a 

mesoporous titanium oxide layer (8 µm thickness).
41

 At the top of 

titanium oxide films, a light-scattering titanium oxide layer (5 µm) 

was further integrated using a titanium oxide paste (PST-400C, JGC 

Catalysts and Chemicals Ltd.). After immersing titanium oxide 

plates into the 40 mM aqueous titanium tetrachloride solution at 

70°C for 30 min, the substrates were sintered at 500°C for 30 min. 

Thus obtained titanium oxide electrodes were immersed in the 0.2 

mM dye solution (solvent: acetonitrile/t-butyl alcohol = 1 : 1 (v/v)) 

and kept in a dgark at 25°C for 8 h. Pt-sputtered FTO glass plates 

were used as counter electrodes. The dyed-titanium oxide 

electrode and counter electrode were then assembled into a 

sandwich-type cell (5 mm × 6 mm area), for which the electrolyte 

solution composed of the 3-methoxypropionitrile solution of 1,2-

dimethyl-3-propylimidazolium iodide (0.6 M), I2 (0.05 M), LiI (0.1 

M), and 4-t-butylpyridine (0.05 M) was filled into the cell with a 

vacuum backfilling method.
42 

 

4.15.  Photoelectrochemical measurements and light-soaking tests 

 

Current-voltage curves were obtained under AM 1.5 simulated 

sunlight (100 mW cm−2
) by using a Bunko-Keiki CEP-2000 system. 

Action spectra were measured under monochromatic light with a 

constant photon number (0.5 × 10
16

 photon cm−2
 s−1

). Those 

measurements were carried out by regulating the active area (4 

mm × 5 mm) of devices usin a mask. A light soaking test of DSSCs 

was carried out using a sealed box with a size of 31 cm × 31 cm × 

31 cm (TOKYO GLASS KIKAI), in which temperature and humidity 

were maintained at around 25°C and 28%. The anode side of 

DSSCs was irradiated under 40 W fluorescent lamps (NEC Lighting) 

producing 400 nm to 716 nm light. The distance between the 

fluorescent lamp and DSSCs was 130 cm. 

 

Conclusions 
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We have made a molecular design, synthesis, and evaluation of 

new indoline dyes GU115, GU116, and GU117 in which carboxylic 

acid anchor group(s) are attached at the acceptor moiety. Known 

DN351 was used as a standard compound. These dyes exhibited 

the conversion efficiency in the range of 3.39 to 5.46% at the 

initial stage. After 161-days fluorescence lamp irradiation, the 

conversion efficiency was in the order of dyes: GU117 > GU116, 

GU115 >> DN351. Thus, GU117 having both α-cyanoacrylic acid 

and rhodanine acetic acids anchor groups exhibited the best 

stability among the indoline dyes due to the most stable binding 

with titanium oxide.  
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An indoline dye having both -cyanoacrylic and rhodanine acetic acid anchor groups at
the acceptor moiety exhibited improved stability upon fluorescence lamp irradiation.
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