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New D-D-π-A Triphenylamine-coumarin Sensitizers for Dye 

Sensitized Solar Cells 

Ji He, Yang Liu, Jianrong Gao, Liang Han*
 

Three D-D-π-A triphenylamine-coumarin sensitizers were designed and synthesized with the triphenylamine and coumarin 

double donor and cyanoacrylic acid acceptor.  Thiophene, bithiophene and phenylthiophene were used as π-bridge 

respectively and the effects of different π-bridges on the photophysical properties and the photovoltaic performance were 

investigated.  With the incorporation of additional thiophene unit, bithiophene π-bridge contributes to better light 

absorption and hence superior JSC compared with thiophene π-bridge.  Though dye with phenylthiophene π-bridge exhibits 

inferior absorption spectrum to that with thiophene π-bridge, it obtains the photoelectrical conversion efficiency 4.99% 

and exhibits the optimal photovoltaic performance among three sensitizers ascribing to efficient photon-to-current 

conversion efficiency, slow charge recombination rate and good electron injection efficiency. 

1. Intruduction  

Dye sensitized solar cells (DSSCs) have attracted considerable 

interests due to its characteristics with high efficiency, low 

costs and easy manufacturing process, which have become 

one of a promising environmentally friendly photovoltaic 

device for converting sunlight to electricity.
1-3

 DSSC is 

composed of a sandwich structure: a metal oxide layer 

covered with dye molecules and a counter electrode filling 

with an electrolyte. Under sun illumination, the metal oxide 

accepts the photoelectron from the LUMO of the excited dye.  

The electron is transferred to the counter electrode through 

the external circuit.  The electrolyte acquires the electron from 

the counter electrode and reduces the oxidized dye into the 

ground state.  Thus, the whole cell circuit is accomplished and 

solar light is transformed to electrical energy.
4
   

In DSSCs, sensitizers play a critical role in determining the 

photovoltaic performance.
5
 Sensitizers with good light 

harvesting ability and appropriate energy level may lead to 

satisfactory photoelectric conversion efficiency.  From the 

functional ruthenium(II)-polypyridyl complexes investigated 

earlier to metal-free organic sensitizing dyes, considerable 

improvement has been witnessed.
6-8

  More efforts have been 

made to design the metal-free organic sensitizing dyes 

possessing good photophysical properties and matched energy 

level with both the photoanode and the electrolyte due to 

their advantages of large diversity in molecular structure and 

simple preparation process.
9,10

  

Various electron donors such as indoline,
11,12

 

triarylamine,
13,14

 coumarin,
15,16

 which provide the electron to 

the acceptor, have been exploited and are the crucial part to 

determine the absorption spectra of the sensitizers.  

Cyanoacrylic acid is the most used acceptor to inject the 

electron from the donor into the photoanode.  π-Bridge links 

the donor and the acceptor and helps the intramolecular 

charge transfer.  Therefore, the typical formula of metal-free 

organic sensitizers is donor-π-bridge-acceptor (D-π-A) 

structure.
5  

Molecular engineering on the variety of the donors 

and π-bridges has contributed to lots of sensitizers with good 

photovoltaic performance.
17

 In addition, double donors or 

acceptors are introduced into the sensitizer molecular 

structure.   

The structure and properties of the sensitizer donor will 

influence both the molecular energy levels and the light 

harvesting ability.  Compared with the sensitizers with single 

donor, double donor may endow the sensitizers with the 

expanded absorption region, improved molar extinction 

coefficients and enhanced thermostability.
18

 For example, Yu 

et al incorporated the carbazole donor into the coumarin 

sensitizers and observed more than 100% enhancement in 

overall conversion efficiency (5.53%) for 2D-π-A carbazole-

coumarin sensitizer when compared with D-π-A coumarin 

sensitizer.
19

 In Jia’s work, phenothiazine dye exhibited 

increased electron-donating ability and inhibited aggregation 

rate between dye molecules through the introduction of 

dithiafulvenyl unit as additional donor, which improves the 

power conversion efficiencies to 5.87% from 4.16%.
20

 

Triarylamine derivatives are widely used as the donor of the 

sensitizers for their well-known electron-rich properties and 

characteristic propeller structure.
21

 On the other hand, 

coumarin compounds, a type of donor investigated earlier, 

have good optical properties and are widely used in the field of 

photosensitive materials, OLED emitters and laser dyes.
22

 We 

try to combine triphenylamine and coumarin into the 
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sensitizers and design double donor sensitizers with D-D-π-A 

structure.  The typical π-bridge thiophene was used and based 

on this the additional thiophene was incorporated to 

investigate the effects of the π-bridge length. Moreover, 

benzene unit often favour the improvement of photovoltage 

compared with thiophene unit. Therefore, besides thiophene 

and bithiophene bridges, phenylthiophene bridge was also 

introduced. Hence, three D-D-π-A triphenylamine-coumarin 

sensitizers were synthesized and exhibited the photoelectric 

conversion efficiency of 4.40-4.99%. 

2. Experimental 

2.1. Materials and reagents  

All of the reactions were carried out under N2 atmosphere. 

N,N-Dimethylformamide (DMF) was dried over and distilled 

from CaH2 under N2 atmosphere. Phosphorus oxychloride was 

freshly distilled before use. Tetrahydrofuran (THF) was dried 

over sodium and then distilled before used. All other solvents 

and chemicals used in this work were analytical grade and 

used without further purification. Column chromatography 

purifications were performed through 100-200 mesh silica gel. 

 

2.2. Instruments 

1
H NMR and 

13
C NMR spectra were recorded on a Bruker AM-

400 spectrometer in DMSO-d6 or CDCl3. MS data were 

obtained using a Waters Xevo Q-Tof Mass Spectrometer. UV-

vis absorption spectra were measured using a SHIMADZU 

(model UV2550) UV-Vis spectrophotometer. Fluorescence 

spectra were performed with a SHIMADZU RF-5301PC 

spectrofluorometer. 

 

2.3. Photovoltaic characterization 

DSSCs based on the dyes were fabricated according to the 

process reported by Ref
23

. Photovoltaic performance of the 

DSSCs was evaluated at AM 1.5 G illumination (100mW/cm
2
; 

Peccell-L15, Peccell, Japan) using a Keithley digital source 

meter (Keithley 2601, USA). Incident light intensity was 

100mW/cm
2
 calibrated with a standard Si solar cell (BS-520, 

Japan). The action spectra of monochromatic incident photon-

to-current conversion efficiency (IPCE) for solar cell were 

recorded by using a commercial setup (PEC-S20 IPCE 

Measurement System, Peccell, Japan). The electrolyte used 

here is composed of the CH3CN solution of 0.3 M 1-methyl-3-

propylimidazolium iodide (MPII), 0.03 M I2, 0.07 M LiI, 0.1 M 

guandine thiocyanate and 0.4 M 4-tert-butylpyridine (TBP). 

The TiO2 active area of DSSCs was 0.16 cm
2
, and the total 

thickness of TiO2 film was 18 mm with light scattering anatase 

particles. 

Electrochemical impedance spectroscopy (EIS) experiments 

were conducted using a computer controlled potentiostat 

(ZeniumZahner, Germany). The measured frequency ranged 

from 100 mHz to 1 MHz while the AC amplitude was set to 10 

mV. The bias of all EIS measurements was set to the VOC of the 

corresponding dyes. Cyclic voltammetric experiments were 

performed at room temperature in DMF with a conventional 

three-electrode cell consisting of a Pt working electrode, a Pt 

wire counter electrode and an Ag/AgNO3 reference electrode. 

Measurement was recorded through a computer controlled 

electrochemical analyzer (IviumStat, Holland) with Bu4PF6 as a 

supporting electrolyte at a scan rate of 50 mV/s. Ferrocene 

was used as the internal reference. 

 

2.4. The detailed experimental procedures and 

characterization data 

2.4.1. Synthesis of compound 1 

The solution of 4-bromo-N,N-diphenylaniline (1.62 g, 5.0 mmol) 

in anhydrous THF (25 mL) was cooled to -78 °C, and then n-

BuLi (4.0 mL, 6.0 mmol, 1.6 mol/L in hexane) was slowly added 

dropwise. After the addition, the reaction mixture was stirred 

for 1 h and then trimethyl borate (2.0 mL, 20.0 mmol) was 

added at once. The mixture was allowed to warm to room 

temperature and stirred for 24 h. The obtained solution was 

used directly in the subsequent Suzuki coupling without 

further treatment. 

A mixture of 6-bromo-3-thienylcoumarin (1.54 g, 5 mmol), 

Pd(PPh3)4 (0.58 g, 0.5 mmol) and aqueous K2CO3 (10 mL, 2 

mol/L) was dissolved in THF (30 mL), and then the above 

solution was added under N2 atmosphere.  The reactant was 

refluxed for 10 h. The mixture was extracted with 

dichloromethane and washed with water, then dried over 

anhydrous Na2SO4. After removal of the solvent, the residue 

was purified by column chromatography (VPE: VCH2Cl2 =10:1) to 

afford compound 1 as a yellow solid (1.41 g, 60%). m.p. 226-

228 °C; 
1
H NMR (500 MHz, CDCl3) δ: 8.07 (s, 1H, Ar-H), 7.85 (dd, 

J = 3.7, 1.1 Hz, 1H, Ar-H), 7.75-7.71 (m, 2H, Ar-H), 7.50-7.48 (m, 

2H, Ar-H), 7.46 (dd, J = 5.1, 1.1 Hz, 1H, Ar-H), 7.44-7.42 (m, 1H, 

Ar-H), 7.33- 7.28 (m, 4H, Ar-H), 7.19-7.15 (m, 7H, Ar-H), 7.10-

7.06 (m, 2H, Ar-H); HREIMS m/z 472.1365 [M+H]
+
, cacld 

C31H21NO2S for: 471.1293. 

 

2.4.2. Synthesis of compound 2 

Phosphoryl chloride (1.3 mL) was added dropwise to DMF (2.6 

mL) and then the mixture was stirred for 1 h at 0 °C. Then a 

solution of compound 1 (1.18 g, 2.5 mmol) in DMF (8 mL) was 

added and the reactant was stirred at 70 °C for 8 h. The 

mixture was poured into the ice water, neutralized with 

sodium hydroxide solution, then extracted with CH2Cl2 for 

three times. The combined organic layer was concentrated and 

the residue was purified by column chromatography 

(VPE:VCH2Cl2=1:1) to give 2 as a yellow solid (0.87 g, 70%). m.p. 

237-239 °C; 
1
H NMR (500 MHz, CDCl3) δ: 9.86 (s, 1H, CHO), 

8.08 (s, 1H, Ar-H), 7.85 (dd, J = 3.7, 1.1 Hz, 1H, Ar-H), 7.77-7.72 

(m, 4H, Ar-H), 7.60-7.56 (m, 2H, Ar-H), 7.49-7.43(m, 2H, Ar-H), 

7.39 (tt, J = 4.6, 2.1 Hz, 2H, Ar-H), 7.30-7.26 (m, 2H, Ar-H), 7.25-

7.22 (m, 3H, Ar-H), 7.16 (dd, J = 5.1, 3.8 Hz, 1H, Ar-H), 7.12 (d, J 

= 8.7 Hz, 2H, Ar-H); HREIMS m/z 500.1318 [M+H]
+
, cacld 

C32H21NO3S for: 499.1242. 

 

2.4.3. Synthesis of HJ-1 

To the solution of 2 (0.20 g, 0.4 mmol) in chloroform (15 mL), 

cyanoacetic acid (0.07 g, 0.84 mmol) and piperidine (0.20 mL) 
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were added. The solution was refluxed for 8 h. Then the 

solvent was removed in vacuo and the residue was purified by 

column chromatography (VHAc:VMeOH:VCH2Cl2=1:4:400) to afford 

HJ-1 as an orange solid (0.15 g, 65%). m.p. 201-203 °C; 
1
H NMR 

(500 MHz, DMSO) δ: 8.62 (s, 1H, CH=C), 8.16 (s, 1H, Ar-H), 8.12 

(d, J = 2.2 Hz, 1H, Ar-H), 7.98-7.93 (m, 3H, Ar-H), 7.89 (dd, J = 

3.7, 1.1 Hz, 1H, Ar-H), 7.78 (d, J = 8.6 Hz, 2H, Ar-H), 7.73 (dd, J = 

5.1, 1.0 Hz, 1H, Ar-H), 7.55 (d, J = 8.6 Hz, 1H, Ar-H), 7.47 (t, J = 

8.0 Hz, 2H, Ar-H), 7.32 (d, J = 8.6 Hz, 2H, Ar-H), 7.30-7.25 (m, 

3H, Ar-H), 7.22 (dd, J = 5.1, 3.8 Hz, 1H, Ar-H), 6.98 (d, J =9.0 Hz, 

2H, Ar-H); 
13

C NMR (125 MHz, DMSO) δ: 164.10, 158.98, 

153.17, 151.61, 151.53, 145.22, 145.06, 136.22, 135.98, 135.39, 

135.36, 132.90 (3C), 130.19 (2C), 129.70, 128.98, 128.20 (2C), 

127.53, 126.84, 126.58 (2C), 126.38 (2C), 125.99, 125.87, 

123.53, 120.96, 119.73, 119.05 (2C), 116.58, 98.64; HREIMS 

m/z 565.1235 [M-H]
-
, cacld C35H22N2O4S for: 566.1300. 

 

2.4.4. Synthesis of compound 3 

Compound 1 (0.71 g, 1.5 mmol) and NBS (0.29 g, 1.6 mmol) 

were dissolved in DMF (22 mL). After stirring for 24 h, the 

reactant was poured into ice water (100 mL) and the yellow 

solid was precipitated. The precipitate was filtered and 

purified by column chromatography (VCH2Cl2:VPE = 1:3) to give 3 

as a yellow solid (0.81 g, 98%). m.p.: 206-208 °C; 
1
H NMR (500 

MHz, CDCl3) δ: 8.07 (s, 1H, Ar-H), 7.87-7.83 (m, 1H, Ar-H), 7.73 

(tq, J = 4.2, 2.1 Hz, 2H, Ar-H), 7.53-7.42 (m, 4H, Ar-H), 7.40 (t, J 

= 8.5 Hz, 2H, Ar-H), 7.31 (td, J = 7.5, 5.6 Hz, 2H, Ar-H), 7.20-

7.13 (m, 5H, Ar-H), 7.12-7.06 (m, 1H, Ar-H), 7.04-7.00 (m, 2H, 

Ar-H); HREIMS m/z 550.0476, 551.2932 [M+H]
+
, cacld 

C31H20BrNO2S for: 549.0398. 

 

2.4.5. Synthesis of compound 4a 

A mixture of compound 3 (1.10 g, 2.0 mmol), (5-

formylthiophen-2-yl)boronic acid (0.47 g, 3.0 mmol), Pd(PPh3)4 

(0.23 g, 0.2 mmol), aqueous K2CO3 (2 M, 5 mL) in THF (30 mL) 

was refluxed for 10 h. The reactant was extracted with 

dichloromethane, washed with water, and then dried over 

anhydrous Na2SO4. After removal of the solvent, the residue 

was purified by column chromatography (VCH2Cl2:VPE = 1:2) to 

afford 4a as a red solid (0.31 g, 27%). m.p.: 225-227 °C; 
1
H 

NMR (500 MHz, CDCl3) δ 9.88 (s, 1H, CHO), 8.08 (s, 1H, Ar-H), 

7.85 (dt, J = 3.7, 1.1 Hz, 1H, Ar-H), 7.75-7.72 (m, 3H, Ar-H), 

7.61-7.52 (m, 4H, Ar-H), 7.48-7.42 (m, 3H, Ar-H), 7.36 (dd, J = 

7.1, 1.5 Hz, 1H, Ar-H), 7.34 (dd, J = 3.6, 1.3 Hz, 1H, Ar-H), 7.24 

(dd, J = 6.6, 4.6 Hz, 2H, Ar-H), 7.22-7.20 (m, 2H, Ar-H), 7.18-

7.13 (m, 3H, Ar-H), 7.09-7.06 (m, 1H, Ar-H) ; HREIMS m/z 

582.1187 [M+H]
+
, cacld C36H23NO3S2 for: 581.1119. 

 

2.4.6. Synthesis of compound 4b 

A mixture of compound 3 (1.10 g, 2.0 mmol), (4-

formylphenyl)boronic acid (0.45 g, 3.0 mmol), Pd(PPh3)4(0.23 g, 

0.2 mmol), aqueous K2CO3 (2 M, 5 mL) in THF (30 mL) was 

refluxed for 10 h. The reactant was extracted with 

dichloromethane, washed with water, and then dried over 

anhydrous Na2SO4. After removal of the solvent, the residue 

was purified by column chromatography (VCH2Cl2:VPE = 1:2) to 

afford 4b as an orange red solid (0.40 g, 35%). m.p.: 252-254 °C; 

1
H NMR (500 MHz, CDCl3) δ 10.06 (s, 1H, CHO), 8.08 (s, 1H, Ar-

H), 7.96 (d, J = 8.0 Hz, 2H, Ar-H), 7.85 (dd, J = 3.7, 1.1 Hz, 1H, 

Ar-H), 7.77 (s, 1H, Ar-H), 7.76-7.74 (m, 3H, Ar-H), 7.58 (d, J = 

8.5 Hz, 2H, Ar-H), 7.54 (d, J = 9.0 Hz, 2H, Ar-H), 7.47 (dd, J = 5.1, 

1.1 Hz, 1H, Ar-H), 7.44 (d, J = 4.7 Hz, 1H, Ar-H), 7.35 (t, J = 8.5 

Hz, 2H, Ar-H), 7.26-7.21 (m, 6H, Ar-H), 7.18-7.12 (m, 2H, Ar-H); 

HREIMS m/z 576.1628 [M+H]
+
, cacld C38H26NO3S for: 575.1555. 

 

2.4.7. Synthesis of HJ-2 

To the solution of 4a (0.23 g, 0.4 mmol) in chloroform (15 mL), 

cyanoacetic acid (0.07 g, 0.84 mmol) and piperidine (0.20 mL) 

were added. The solution was refluxed for 8 h. Then the 

solvent was removed in vacuo and the residue was purified by 

column chromatography (VHAc:VMeOH:VCH2Cl2=1:4:400) to afford 

HJ-2 as a red solid (0.20 g, 80%). m.p. 237-239 °C; 
1
H NMR (500 

MHz, DMSO) δ 13.68 (s, 1H, COOH), 8.63 (s, 1H, CH=C), 8.47 (d, 

J = 2.6 Hz, 1H, Ar-H), 8.10 (t, J = 2.1 Hz, 1H, Ar-H), 8.00 (dd, J = 

4.1, 2.4 Hz, 1H, Ar-H), 7.92 (dt, J = 8.5, 1.9 Hz, 1H, Ar-H), 7.89 

(dd, J = 3.7, 1.1 Hz, 1H, Ar-H), 7.76-7.72 (m, 5H, Ar-H), 7.68 (dd, 

J = 10.1, 4.0 Hz, 1H, Ar-H), 7.56-7.53 (m, 2H, Ar-H), 7.41 (t, J = 

7.9 Hz, 1H, Ar-H), 7.24-7.17 (m, 5H, Ar-H), 7.13-7.07 (m, 3H, Ar-

H); 
13

C NMR (125 MHz, DMSO) δ: 163.70, 158.92, 151.40, 

146.38, 146.16, 145.73, 136.19 (2C), 135.32 (2C), 133.90, 

133.70 (2C), 132.60, 129.88 (2C), 129.48, 128.89, 127.97, 

127.85 (2C), 127.51 (2C), 127.45(2C), 126.75, 126.52, 125.67, 

125.33 (2C), 124.97, 124.66(2C), 124.09, 123.10, 122.42, 

120.84, 119.65, 116.47; HREIMS m/z 647.1132 [M-H]
-
, cacld 

C39H24N2O4S2 for: 648.1177. 

 

2.4.8. Synthesis of HJ-3 

To the solution of 4b (0.23 g, 0.4 mmol) in chloroform (15 mL), 

cyanoacetic acid (0.07 g, 0.84 mmol) and piperidine (0.20 mL) 

were added. The solution was refluxed for 8 h. Then the 

solvent was removed in vacuo and the residue was purified by 

column chromatography (VHAc:VMeOH:VCH2Cl2=1:4:400) to afford 

HJ-3 as a purple solid (0.22 g, 85%). m.p. 187-189°C; 
1
H NMR 

(500 MHz, DMSO) δ 14.02 (s, 1H, COOH), 8.62 (s, 1H, CH=C), 

8.36 (s, 1H, Ar-H), 8.13 (d, J = 8.6 Hz, 2H, Ar-H), 8.09 (d, J = 2.2 

Hz, 1H, Ar-H), 7.94-7.87 (m, 4H, Ar-H), 7.78 (d, J = 7.0 Hz, 2H, 

Ar-H), 7.74-7.69 (m, 3H, Ar-H), 7.53 (d, J = 8.6 Hz, 1H, Ar-H), 

7.40 (t, J = 8.0 Hz, 2H, Ar-H), 7.22 (dd, J = 5.1, 3.8 Hz, 1H, Ar-H), 

7.21-7.15 (m, 5H, Ar-H), 7.13 (d, J = 8.7 Hz, 2H, Ar-H); 
13

C NMR 

(125 Hz, DMSO) δ: 163.42, 158.93, 153.60, 151.35, 147.57, 

146.49, 146.46, 143.78, 136.19, 136.16, 135.33, 133.27, 132.13, 

131.47 (2C), 129.93, 129.81 (2C), 129.46, 128.88, 128.06 (2C), 

127.79 (2C), 127.45, 126.47, 126.57 (2C), 125.62, 125.08 (2C), 

124.24 (2C), 124.13, 122.99 (2C), 120.82, 119.64, 116.44, 

116.40, 102.71; HREIMS m/z 641.1559 [M-H]
-
, cacld 

C41H26N2O4S for: 642.1613. 

3. Results and discussion 

3.1 Synthesis 

The designed new dyes are composed of a triphenylamine 

donor, a coumarin auxiliary donor, a conjugated bridge bearing 

thiophene unit and cyanoacrylic acid acceptor. Syntheses of  
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Scheme 1 Synthesis of HJ-1 

 

 

Scheme 2 Syntheses of HJ-2 and HJ-3  

 
new dyes were accomplished following the general synthetic 

route depicted in Scheme 1 and Scheme 2. 

Triphenylamine bromide was converted to organic borate 

and then coupled with 6-bromo-3-thienylcoumarin to give 

compound 1. The aldehyde group was introduced into the 

thiophene ring of compound 1 and then condensed with 

cyanoacetic acid in the presence of piperidine to give dye HJ-1 

(Scheme 1).  The bromide 3, obtained through the 

bromination of compound 1 with NBS, went through the 

second Suzuki coupling reaction with formylarylboronic acids 

to form the intermediate aldehydes 4.  Knoevenagel 

condensation between the aldehydes 4 and cyanoacetic acid 

produces HJ-2 or HJ-3 (Scheme 2).  

 

3.2 Photophysical properties 

The optical spectra of triphenylamine-coumarin dyes recorded 

in CHCl3-CH3OH are displayed in Fig. 1 and the pertinent data 

are listed in Table 1.  All dyes exhibit two distinct absorption 

peaks. The lower energy absorption peaks at around 400-470  
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Fig.1 UV spectra of triphenylamine-coumarin dyes 

(a) in CHCl3-CH3OH solution; (b) on TiO2 

 

nm can be attributed to intramolecular charge transfer (ICT) 

from the triphenylamine donor to cyanoacrylic acid acceptor  

while the peaks appearing at higher energy region originate 

from π-π* electronic excitation.   

Compared with HJ-1, the presence of another thiophene 

shifts the ICT peak bathochromically by 30 nm and λmax of HJ-2 

appears at 467 nm.  At the same time the onset of HJ-2 shifts 

to 550 nm from 500 nm of HJ-1. In addition, HJ-2 exhibits the 

improvement of absorbance intensity and the molar extinction 

coefficients for π→π* and ICT peaks of HJ-2 are both better 

than those of HJ-1.  Therefore, the incorporation of another 

electron-rich thiophene distinctly benefits the improvement of  

the absorption spectrum, indicating superior light harvesting 

ability of HJ-2 to HJ-1.  However, the hypochromatic λmax and a 

little narrow spectrum of HJ-3 are observed relative with HJ-1. 

The introduction of benzene seems not favour better 

absorption spectrum considering HJ-3 exhibits a lower ε for ICT 

peak than HJ-1 either.  Noteworthily, the incorporation of 

another aryl ring helps the increase of absorbance intensity of 

π→π* peak suggesting the improvement of blue light region. 

 

Table 1 Optical properties of triphenylamine-coumarin dyes 

Compd 
λmax

a
  

/ (nm) 

ε
a
 

 / (M
-1

 cm
-1

) 

λmax
b
  

/ (nm) 

λmax
c
 

/ (nm) 

Adsorption capacity 

/(mmol cm
-2

) 

HJ-1 343, 432 20967, 29667 450 564 2.11*10
-7

 

HJ-2 350, 467 46533, 33867 473 594 3.92*10
-7

 

HJ-3 340, 408 43700, 28933 450 562 2.92*10
-7

 
a
 Maximum absorption wavelength λmax and molar extinction coefficient at λmax of dyes measured in CHCl3-CH3OH solution 

(VCH3OH :VCHCl3=1:10);  
b
 Maximum absorption wavelength λmax of dyes on sensitized TiO2 electrodes;  

c
 Maximum emission wavelength measured in CHCl3-CH3OH solution. 
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When organic dyes are adsorbed onto TiO2 films, the 

absorption spectra may show red shift or blue shift as 

compared to those in solution. Generally, deprotonation and 

H-aggregates result in the hypsochromical absorption peak 

while the bathochromical shift is caused by J-aggregates. The 

λmax of three triphenylamine-coumarin dyes shows 6-50 nm 

bathochromical shift, which means these dyes go through J-

aggregates. Moreover, the absorption spectra of HJ-1-HJ-3 on 

TiO2 are broader than those in solution and the onsets were 

extended bathochromically by about 50 nm. Similar to in  

solution, the broadest absorption spectrum on TiO2 is 

observed in the case of HJ-2 among three triphenylamine-

coumarin dyes and it exhibits high absorbance at 390-520 nm.  

This superiority of light absorption for HJ-2 on TiO2 may derive 

from its better absorption spectrum in solution and the 

highest adsorption capacity on TiO2, which ensure better light-

harvesting ability and hence improved photon-to-current 

conversion efficiency. Though it shows a little narrower 

absorption spectrum in solution than HJ-1, HJ-3 has higher 

loading amount on TiO2 along with distinctly improved 

absorbance at blue light region, which contributes to its similar 

absorption spectrum on TiO2 with HJ-1. 

 

3.3. Theoretical calculations 

To gain insight into the relationship of the geometrical 

structure and electronic distribution with the optical 

properties, DFT calculations were performed on dyes HJ-1-HJ-3 

by B3LYP hybrid density functional method in conjunction with 

the d-polarized 6-31G (d) basis set implemented in the 

Gaussian 03 program. The fully optimized geometrical 

structures of three dyes are shown in Fig. 2.  

As can be seen, the triphenylamine donor keeps a nonplanar 

butterfly conformation, which is the structural characteristic of  

triarylamine compounds and endows these dyes with 

antiaggregation properties.  In the case of HJ-1, the auxiliary 

coumarin donor, thiophene π-bridge and cyanoacrylic acid  

 

Fig. 2 Optimized geometries (side view) of triphenylamine-

coumarin dyes at the B3LYP/6-31G (d) level 

 

acceptor align in the same plane.  The introduction of another 

thiophene in HJ-2 enlarges the conjugative system without 

impairing the coplanarity of the whole molecule, which leads 

to longer maximum absorption wavelength of HJ-2 than HJ-1.  

On the other hand, the presence of six-member bulky benzene 

weakens the coplanarity of HJ-3 and a large dihedral angle 

between thiophene and benzene is observed.  This means the 

incorporation of benzene is unhelpful to the enlargement of 

the conjugated system and therefore the λmax of HJ-3 is shorter 

than that of HJ-1. 

Energy level data of dyes HJ-1-HJ-3 are listed in Table 2 and 

the energy gap are distributed at 2.26-2.35 eV.  HOMO energy 

levels of these dyes are located at -5.24--5.17 eV and lower 

than the potential of the redox couple I
-
/I3

-
 (−4.9 eV). LUMO 

energy levels of HJ-1-HJ-3 are observed at -2.95--2.82 eV, 

which are higher than the conduction band of TiO2 (-4.0 eV). 

Therefore, the excited dyes can efficiently inject the electron 

into the TiO2 conduction band and simultaneously the oxidized 

dyes may be reduced back into the ground state through the 

reception of the electron from the electrolyte. The 

experimental energy levels were obtained through cyclic

 

Table 2 Energy level of triphenylamine-coumarin dyes 

compound 
Experimental Calculated

d
 

EHOMO
a
/eV E0-0

b
/eV ELUMO

c
/eV EHOMO /eV E0-0 /eV ELUMO /eV 

HJ-1 -5.17 2.5 -2.67 -5.24 2.28 -2.95 

HJ-2 -5.05 2.32 -2.73 -5.20 2.26 -2.94 

HJ-3 -5.05 2.52 -2.54 -5.17 2.35 -2.82 
a
 EHOMO was obtained from EHOMO = -(Eox + 4.4 eV) and the oxidation potential Eox in DMF was derived by the first anodic peak 

potential in cyclic voltammogram;  
b
 E0-0 was determined from E0-0 = 1240/λint and λint was the intersection of the normalized absorption and emission spectra in 

CHCl3-CH3OH cosolvent (v: v =10:1);  
c 
Deduced using the formula ELUMO=EHOMO-E0-0;  

d
 B3LYP/6-31G(d) calculate values in vaccum. 
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Fig. 3 Electronic distributions in the frontier molecular orbitals 

of triphenylamine-coumarin dyes 

 

voltammetry method and basically agreed with the calculated 

value. As can be seen from the data obtained by the cyclic 

voltammetry method, HJ-3 exhibits the highest LUMO energy 

level among three triphenylamine-coumarin dyes.  Generally, 

higher ELUMO means larger energy level gap between the dye 

excited state and the conduction band level of TiO2, leading to 

more efficient electron injection [7,24].  Therefore, the 

presence of benzene ring in HJ-3 is beneficial for the 

enhancement of the electron injection efficiency. 

The electronic distribution of frontier molecular orbitals is 

displayed in Fig.3.  In three dyes, the HOMO is delocalized over 

the triphenylamine donor moiety and partly spread over 

coumarin donor, while the LUMO is mainly populated on the 

auxiliary coumarin donor, π-bridge and the acceptor. The 

HOMOs and LUMOs are overlapping reasonably, which favours 

an efficient electron transfer from the triphenylamine donor of 

the dyes to the TiO2 conduction band edge. 

 

3.4 Electrochemical properties 

Fig. 4 listed Nyquist and Bode spectra of three triphenylamine-

coumarin dyes, which were obtained from the electrochemical 

impedance spectroscopy (EIS) measurement in the dark and 

under the forward bias.  At the same time of the electron 

injection into the conduction band (CB) of TiO2 from the LUMO 

of the dye, the electron also may combine with the oxidized 

dye or the oxidized redox electrolytes, which causes the dark 

current and hence the decrease of VOC.  EIS is an efficient tool 

to investigate the interfacial charge transfer process in DSSC 

and find the presence of the possible charge recombination.  

The related parameters in Table 3 were obtained from an 

equivalent circuit through the software (ZSimpWin).  In this 

equivalent circuit with a constant phase element (CPE) and 

resistance (R), RCE and RS represent the charge-transfer 

resistance at the counter electrode and the overall series  
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Fig. 4 Electrochemical impedance spectra for DSSCs based on 

triphenylamine-coumarin dyes 

(a) Nyquist plot; (b) Bode plot; (c) equivalent circuit 

 

resistances respectively. Rct denotes the charge transfer 

resistance at the photoanode/electrolyte interface, which 

corresponds to the diameter of the semicircle in the Nyquist 

diagram and the peak frequency in the Bode diagram.  Large 

diameter and low frequency mean high Rct, indicating low 

charge recombination rate. 

As can be seen, HJ-1 shows the largest semicircle in Nyquist 

diagram and the lowest peak frequency in Bode diagram, 

suggesting the largest resistance and the lowest charge 

recombination rate.  With the extension of π-bridge, Rct of 

three triphenylamine-coumarin dyes follows the order: HJ-1 

(28.65 Ω) > HJ-3 (10.97 Ω) > HJ-2 (6.31 Ω) and the 

incorporation of the additional aryl ring provokes the decrease 

of Rct.  HJ-2 exhibits the lowest Rct maybe due to its easiest 

tendency to form aggregates derived from the largest 

conjugation system. Moreover, HJ-3 shows higher Rct than HJ-2  

perhaps thanks for the twisted structure between the benzene 

ring and the thiophene ring which destroys the coplanarity and 

prevents the formation of the aggregates. 

Page 6 of 9Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
5 

A
pr

il 
20

17
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
n 

D
ie

go
 o

n 
28

/0
4/

20
17

 1
5:

28
:1

7.
 

View Article Online
DOI: 10.1039/C6PP00410E

http://dx.doi.org/10.1039/c6pp00410e


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

 

Table 3 Parameters obtained by fitting the impedance spectra 

of DSSCs based on triphenylamine-coumarin dyes using the 

equivalent circuit 

Compd. Rs (Ω) Rct (Ω) 

HJ-1 8.62 28.65 

HJ-2 11.34 6.31 

HJ-3 4.46 10.97 
 

 

3.5 Photovoltaic performance  

The action spectra of monochromatic incident photon-to-

current conversion efficiency (IPCE) for solar cells based on 

three dyes were measured under AM 1.5 G irradiation (100 

mW/cm
2
) and listed in Fig. 5 (a) as a function of light excitation 

wavelength. With the introduction of another aryl ring, HJ-2 

and HJ-3 obtain higher monochromatic incident photon-to-

current conversion efficiency than HJ-1 with single thiophene 

π-bridge. Consistent with its superior absorption spectrum on 

TiO2, HJ-2 exhibits the highest IPCE value among three dyes 

and owns higher IPCE value exceeding 50% from 380 nm to 

520 nm reaching the maximum IPCE value 62% at 460 nm. 

Compared with HJ-2, HJ-3 with phenylthiophene π-bridge has 

only the maximum value of 54% and exhibits inferior IPCE 

spectrum at 370-540 nm but with a little higher IPCE value at 

540-650 nm.  It is noteworthy that HJ-3 shows better IPCE 

though with similar absorption spectrum on TiO2 when 

compared with HJ-1. A result can be ascribed to better 

electron injection efficiency of HJ-3 owing to its higher ELUMO. 

HJ-3 shows a distinctly higher monochromatic incident 

photon-to-current conversion efficiency at 350-600 nm than 

HJ-1. 
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Fig. 5 IPCE curves (a) and current-potential (J-V) curves (b) for 

DSSCs based on triphenylamine-coumarin dyes with 18.0 mm 

nanocrystalline TiO2 electrodes 

 

The photocurrent-voltage (J-V) curves of DSSCs based on 

triphenylamine-coumarin dyes are shown in Fig. 5 (b). The 

corresponding parameters open-circuit photovoltage VOC, 

short circuit photocurrent density JSC, fill factor ff and solar 

energy-to-electricity conversion efficiency η are listed in Table 

4.  JSC for DSSCs based on the dyes follows the trend HJ-1 < HJ-

3 ≈ HJ-2, which is in agreement with the result of IPCE and HJ-2 

sensitized DSSC obtains the highest JSC. In fact, HJ-3 has a 

similar JSC with HJ-2, which means the little better IPCE 

spectrum of HJ-3 at 540-650 nm plays a role on the 

improvement of the photocurrent density.   

VOC for the dyes sensitized DSSCs ranks by the order of HJ-2 

< HJ-1 < HJ-3.   As mentioned above, larger Rct indicates lower 

charge recombination, which may prevent the dark current 

and benefit the improvement of VOC.  As a result, HJ-3 exhibits 

larger VOC than HJ-2 ascribing to its higher Rct.  It is noteworthy 

that HJ-1 exhibits lower VOC than HJ-3 though with the highest 

Rct perhaps due to its low electron injection efficiency.  HJ-1 

has similar absorption spectrum with HJ-3 on TiO2 film 

suggesting their similar light harvesting ability.  However, 

better IPCE spectrum of HJ-3 is observed when compared with 

HJ-1, which means HJ-3 may have better electron injection 

efficiency since IPCE is generally determined by the light 

harvesting ability and electron injection efficiency.
7
  In addition, 

higher ELUMO of HJ-3 means larger energy level difference of 

the excited state relative to TiO2 ECB, which also endow HJ-3 

with the fast electron injection speed and hence the 

enhancement of the electron injection efficiency. On the other 

hand, VOC is mainly determined by the electron injection 

efficiency and charge recombination rate.
7
 Therefore, the 

inferior electron injection efficiency of HJ-1 may counteract its 

lower charge recombination rate, which leads to its lower VOC 

than that of HJ-3.  Among three dyes sensitized DSSSs, a 

maximum η value of 4.99% has been achieved (JSC = 9.17 

mA/cm
2
, VOC = 0.70 V, and ff = 0.78) for DSSC based on HJ-3, 

which should attribute to efficient photon-to-current 

conversion efficiency, slow charge recombination rate and 

good electron injection efficiency. 

 

Table 4 Parameters for DSSCs based on triphenylamine-

coumarin dyes 

Compd 
VOC 

(V) 

JSC 

(mA·cm
-2

) 
ff 

η 

(%) 

HJ-1 0.65 8.20 0.85 4.52 

HJ-2 0.64 9.21 0.75 4.40 

HJ-3 0.70 9.17 0.78 4.99 

 

4. Conclusion 

3-Thienylcoumarin was coupled with triphenylamine through 

Suzuki coupling reaction to afford triphenylamine-coumarin 

double donor unit bearing thiophene ring. Then with the 

introduction of additional thiophene or benzene ring and the 

incorporation of the acceptor, three D-D-π-A triphenylamine-
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coumarin sensitizers were synthesized with thiophene, 

bithiophene and phenylthiophene π-bridge respectively.  Their 

ICT peaks occur at 400-470 nm with molar extinction 

coefficients about 30000 M
-1

 cm
-1

 and the sensitizer with 

bithiophene exhibits the best absorption spectrum in solution. 

On the other hand, though evoking the inferior absorption 

spectrum, the incorporation of additional benzene favours the 

antiaggregation of dye with phenylthiophene π-bridge and the 

enhancement of the electron injection efficiency.  Therefore, 

with better JSC and the highest VOC, dye with phenylthiophene 

π-bridge shows the best photoelectric conversion efficiency 

among three triphenylamine-coumarin sensitizers. 
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New D-D-π-A Triphenylamine-coumarin Sensitizers for Dye 

Sensitized Solar Cells 

Ji He, Yang Liu, Jianrong Gao, Liang Han
∗
 

(College of Chemical Engineering, Zhejiang University of Technology, Hangzhou, 

310032) 

 

 

Three D-D-π-A triphenylamine-coumarin sensitizers were synthesized with π-bridge 

bearing thiophene unit and cyanoacrylic acid acceptor and showed the optimal 

photoelectric conversion efficienty of 4.99% (VOC = 700 mV, JSC = 9.17 mA/cm
2
, and 

ff = 0.78) under simulated AM 1.5 irradiation (100 mW/cm
2
).   
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