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Two new heteroleptic ruthenium complexes, coded as KW1 and KW2, featuring with triphenylamine 

electron-donating antennas, have been synthesized and used in dye-sensitized solar cells (DSSCs). 

Compared to the reference dye Z907, these new dyes exhibit broad absorption and efficient light 

harvesting properties. Particularly the KW2 dye exhibits a low-energy metal-ligand charge transfer band 10 

centred at 554 nm with high molar extinction coefficient of 2.43×104 M-1 cm-1 arising from an extended 

conjugation in the donor-antenna ligand. Photovoltaic devices using these sensitizers in conjunction with 

a volatile electrolyte show high photovoltaic conversion efficiencies of ~10.7% under full sunlight 

irradiation (AM 1.5G, 100 mW cm-2). This efficiency is nearly 20% higher than that of the Z907-based 

reference device, which is attributed to a largely improved short circuit current. The distinctly effect of 15 

different donor-antennas incorporated in the ancillary ligands on the primary photovoltaic parameters in 

these devices are investigated with transient photoelectrical decays and impedance spectroscopy 

measurements. The devices utilizing these highly efficient light harvesting ruthenium sensitizers featuring 

triphenylamine donor antenna in combination with low volatility electrolyte exhibit good durability 

during the accelerated tests (60 oC for 1000 h in a solar simulator, 100 mW cm-2). 20 

Introduction 

 Dye-sensitized solar cells (DSSCs) have received considerable 

attention due to their relatively low production cost and other 

attractive features, such as transparency and flexibility.[1] Photo-

sensitizer is one of the most important components of this type 25 

device, which is responsible for the light harvesting and electron 

injection. Various photo-sensitizers, including metal complexes, 

phthalocyanines, porphyrins and metal-free organic dyes, have 

been investigated and applied for DSSCs in the past decades.[2] 

Particularly, ruthenium complexes have received intensive 30 

interest due to their favorable photo-electrochemical properties 

and high stability.[3] So far several DSSCs based on ruthenium 

complexes have achieved photovoltaic efficiencies of over 10% 

under standard measurement conditions and the highest value 

being 11.5%.[4] 35 

 A great effort has been made to optimize the molecular 

structures of ruthenium complexes by changing ancillary ligands, 

typically bipyridines (bpy) or terpyridines(tpy), which can be 

tuned by different substituents (alkyl, aryl, heterocycle, etc.) to 

modulate their photochemical and photo-physical properties, and 40 

thus, improve the device photovoltaic performance.[5] Recently a 

novel class of thiocyanate free Ru(II) sensitizers with 

functionalized pyridyl azolate ancillary ligands has been 

reporrted, achieving high efficiencies over 10%. [6] It has been 

well-accepted that enhancing the molar extinction coefficient of 45 

sensitizer is an elegant strategy to improve the photovoltaic 

performance.[7] Incorporation high electron delocalization donor-

antenna substituents into the ancillary ligands can substantially 

improve the light-harvesting property of such photo-sensitizers, 

therefore increasing the device overall power conversion 50 

efficiency (PCE).[8] Ruthenium complexes with ligands 

functionalized by carbazole-thiophenyl groups were well-

designed to enhance the light-harvesting capacity, demonsting 

that carbazole moiety in the dye could enhance the performance 

of the device.[9] A series of heteroleptic ruthenium(II)-polypyridyl 55 

sensitizers were reported recently, in which electron-donating 

NMe2 were changed to electron-withdrawing CN incorporated in 

the benzene-substituted bipyridine ligand.[10] The DSSC devices 

using these sensitizers have achieved efficiencies close to 

10~11%. It has been demonstrated that by introduction electron-60 

donor groups, such as triphenylamine (TPA), into the ancillary 

moieties, a positive charge or ‘hole’ can be shifted on to this 

moiety, potentially increasing the distance between the dye-cation 

moiety and the TiO2 surface, and thus retarding the interfacial 

charge recombination dynamics.[11] Based on these strategies, 65 

several novel ruthenium dyes have been desiged and synthesized, 

whose ancillary bipyridine ligands are modified by a covalent 

attachment of triaryl amine-based electron donating groups.[12] 

DSSC devices utilized these dyes present relatively high PCEs in 

the range of 7~10%.[11] These sensitizer dyes exhibit not only 70 

efficient light harvesting capability, i.e., an extended absorption 

range and high molar absorption coefficient, but also an effective 
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intramolecular spatial charge separation of the excited-state of 

dye sensitizers, which are critically important for highly efficient 

DSSCs. 

 Herein we communicate an investigation on the influence of 

two electron-donating antennas upon the photo-physical and 5 

photo-electrochemical properties of ruthenium complexes and, 

especially, their photovoltaic performance in the DSSCs. Two 

new ruthenium sensitizers, coded as KW1 and KW2 (see Scheme 

1), were designed and synthesized for this aim. For the KW1 dye 

molecule, the TPA is directly attached to the bpy unit, however, 10 

for the KW2 dye a thiophene used as the conjugated spacer 

incorporates between the TPA and bpy unit. The thiophene 

conjugated spacer has been demonstrated having a profound 

effect on the photo-physical properties of [Ru(tpy)2]
2+ complexes 

because of its polarizability and low resonance energy.[13] We 15 

investigated their influence on DSSC devices performance. 

Especially, the interfacial charge transfer processes were 

investigated with transient phototovoltage/ photocurrent decay 

measurements together with electrical impedance analysis. 

Furthermore, for comparing the influences of the electron-20 

donating groups on spectral and photovoltaic properties, we 

correlated these novel sensitizers with a model dye Z907[14], in 

which the aromatic amine electron donating groups is substituted 

by long alkyl chains. 
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Scheme 1 Molecular structures of the ruthenium complex sensitizers 

KW1, KW2, and Z907. 

Experimental Section 

 Materials and characterization: All solvents and reagents were 30 

of puriss grade quality and used as received except those 

specified. Dichloro(p-cymene) ruthenium (II) dimer and 4,4’-

Dicarboxy-2,2’-bipyridine were purchased from Alfa Aesar. 

Ammonium thiocyanate and 3-phenylpropionic acid (PPA) were 

purchased from Aldrich. THF was dried with sodium sand and 35 

dimethylformamide (DMF) was distilled prior to use. 4,4’-

Dibromo-2,2’-bipyridine,[15] 2-(4-(diphenyamino)-4,4,5,5-tetra 

methyl-1,3,2-dioxaborolane,[16] and N,N-diphenyl-4-(5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl) aniline[17] 

were prepared according to the literature procedures.[3, 14] All 40 

reactions were performed under a dry argon atmosphere.  

 The structures of KW1 and KW2 were verified by NMR, MS, 

UV-vis spectroscopy and electrochemical measurement. 1H NMR 

spectra were recorded on a Bruker AV400 400 MHz with 

tetramethylsilane as an internal standard. High resolution mass 45 

spectra (HRMS) were measured with a Bruker micro TOF mass 

spectrometer. Electronic absorption spectra were observed with a 

PE950 spectrophotometer and Fluorescent emission spectra were 

obtained with a Jasco FP-6500 spectrophotometer. Square-wave 

voltammograms of various dyes were measured on a CHI660C 50 

electrochemical workstation in a three-electrode single-

compartment cell with a glassy carbon working electrode, a 

platinum wire counter electrode and an Ag/AgCl reference 

electrode. All potentials were internally referenced to the 

ferrocene/ferrocenium (Fc/Fc+) couple. 55 

 Synthesis of 4,4’-bis (N,N-diphenyl-4-aminophenyl)-2,2’-

bipyridine (Ligand-1): A mixture of compound 2-(4-

(diphenyamino)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.408 

g, 1.1 mmol), 4,4’-Dibromo-2,2’-bipyridine (0.157 g, 0.5 mmol), 

and Pd(PPh3)4 (45 mg, 0.04 mmol)  were dissolved in 60 

toluene/EtOH (2:1, v:v, 30 ml) and stirred for 10min. K2CO3 (1.1 

g, 8 mmol) in 10 mL H2O was subsequently added and the 

mixture was refluxed under argon for 40 h. After the mixture was 

cooled to room temperature, the organic layer was separated and 

the product was extracted with CHCl3 (3×30 mL). The combined 65 

organic layers were dried with anhydrous Na2SO4 and the solvent 

was evaporated under reduced pressure. Purification of the crude 

product by column chromatography (CH2Cl2/hexane 1: 5) 

afforded Ligand-1 as a yellow solid (0.170 g, yield 53%). 1H 

NMR (400 MHz, CDCl3, δ): 8.70 (s, 2H), 8.69 (d, J=5.2Hz, 2H), 70 

7.68 (d, J=7.8Hz, 4H), 7.53 (d, 2H), 7.31-7.27 (t, J=7.5Hz, 8H), 

7.17-7.14 (m, 12H), 7.06-7.09 (t, J=7.3Hz, 4H). MS (ESI) m/z 

calcd for (C46H34N4): 642.79. Found: 643.4. 

 Synthesis of 4,4’-bis(5-(N,N-diphenyl-4-aminophenyl)-

thiophen-2-yl)-2,2’- bipyridine (Ligand-2): N,N-diphenyl-4-(5-75 

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2- yl) thiophen-2-yl) 

aniline (0.498 g, 1.1 mmol), 4,4’-Dibromo-2,2’-bipyridine (0.157 

g, 0.5 mmol), K2CO3 (0.552 g, 4 mmol), and Pd(PPh3)4 (45 mg, 

0.04 mmol) were dissolved in THF/H2O (9:1, v:v, 50 ml). The 

solution was degassed and heated at reflux for 24 h upon which a 80 

half equivalent of Pd(PPh3)4 (22 mg, 0.019 mmol) was added to 

the reaction. The reaction was heated at reflux for another 16 h 

and then the product was extracted with CHCl3 (3×30 mL). The 

combined organic layers were dried with anhydrous Na2SO4 and 

after the rotary evaporation of solvents, the resulting solid was 85 

purified by column chromatography on silica gel using 1:10 

CH3OH/CHCl3 as an eluent to afford the target compound (0.194 

g, 48% yield) as a yellow solid. 1H NMR (400 MHz, CDCl3, δ): 

8.71 (d, J=5.3Hz, 2H), 8.69 (s, 2H), 7.65 (d, J=3.8Hz, 2H), 7.55 

(m, 6H), 7.33-7.29(m, 10H), 7.17-7.07(m, 16H). MS (ESI) m/z 90 

calcd for (C54H38N4S2): 807.04. Found: 807.6. 

 Synthesis of KW1 (Ru[(dcbpy)(ligand-1)(NCS)2]): Dichloro(p-

cymene)ruthenium (II) dimer (0.11 g, 0.18 mmol) and ligand-1 

(0.231 g, 0.36 mmol) were dissolved in DMF (50 mL) and the 

solution was degassed. The reaction mixture was stirred at 75 °C 95 

for 4 h under Ar in the dark. Subsequently, 4,4’-dicarboxylic 

acid-2,2’-bipyridine (0.088 g, 0.36 mmol) was added and the 

reaction mixture was heated up to 145 °C for 4 h. Next, an excess 

of Ammonium thiocyanate (0.82 g, 10.80 mmol) was added to 

the resulting dark solution and it was continued for additional 4h 100 

at the same temperature. Then the reaction mixture was cooled to 

room temperature overnight. The solvent was removed on a roto-

evaporator until little DMF remained and water (100 ml) was 

added to obtain a suspended solution. The resulting solid was 

collected on a sintered glass crucible by suction filtration, further 105 

washed with distilled water and diethyl ether, and dried under 
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vacuum. The crude product was dissolved in basic methanol 

(NaOH) and purified on a Sephadex LH-20 column with 

methanol as eluent. The main band was collected and the pH 

value of the collected solution was lowered to ca.3 by adding 

dilute HNO3. The collected precipitate was washed with water 5 

and dried under vacuum. After purification, 0.167 g (yield 42%) 

of KW1 was obtained. 1H NMR (400 MHz, DMSO-d6 δ) 9.52 (d, 

J=5.8Hz, 1H), 9.21 (d, J=6.1Hz, 1H), 9.17 (s, 1H), 9.14 (s, 1H), 

8.99 (s, 2H), 8.35 (d, J=5.6Hz, 1H), 8.29 (d, J=5.9Hz, 1H), 8.12 

(d, J=8.6Hz, 2H), 7.95 (d, J=5.9Hz, 1H), 7.83 (d, J=5.2Hz, 2H), 10 

7.68 (d, J=6.2Hz, 1H), 7.68-7.36 (m, 10H), 7.19-7.10 (m, 14H), 

7.00-6.98 (d, J=8.4Hz, 2H). HRMS m/z calcd for 

(C60H42N8O4RuS2) [M-NCS]+, 1046.2062; found:1046.2069.  

 Synthesis of KW2 (Ru[(dcbpy)(ligand-2)(NCS)2]): Subsequent 

to the one-pot synthesis described above for KW1, except for 15 

starting from Ligand-2 (0.291 g, 0.36 mmol), The solvent was 

removed on a roto-evaporator until little DMF remained and 

water (100ml) was added to obtain a suspended solution. The 

insoluble solid was collected and washed intensively with water, 

further washed with diethyl ether and dried under vacuum. The 20 

black solid was dissolved in DMF and precipitated after addition 

of diethyl ether. This procedure was repeated twice and the 

product was obtained as a black solid. After purification, 0.155 g 

(yield 34%) of KW2 was obtained. 1H NMR (400 MHz, DMSO-

d6 δ) 9.49 (d, J=5.6Hz, 1H), 9.18 (d, J=6.0Hz, 1H), 9.13 (s, 1H), 25 

9.11 (s, 1H), 8.98 (s, 1H), 8.96 (s, 1H), 8.34 (d, J=5.8Hz, 1H), 

8.30 (d, J=2.1Hz, 1H), 8.21 (d, J=5.3Hz, 1H), 8.10 (d, J=3.2Hz, 

1H), 7.99-7.96 (m, 2H), 7.75-7. 71 (m, 3H), 7.65-7.59 (m, 4H), 

7.42-7.32 (m, 9H), 7.15-7.05(m, 14H), 7.00-6.98(d, J=8.8Hz, 

2H). HRMS m/z calcd for (C68H46N8O4RuS4) [M-NCS]+, 30 

1210.1817; found: 1210.1760. 

 Device Fabrication: A screen-printed single or double layer 

film of interconnected TiO2 particles was used as a mesoporous 

negative electrode. The 20-nm-sized TiO2 particles were first 

printed on the fluorine-doped conducting glass (FTO) substrates 35 

and then coated with a 5-µm-thick second layer of 400-nm-sized 

light-scattering anatase particles (WER2-O, Dyesol) if needed. 

The film thickness was measured using a Profile-system 

(DEKTAK, VECCO, Bruker). The detailed preparation 

procedures of TiO2 films have been described elsewhere. [4b] The 40 

TiO2 film was first sintered at 500 °C for 30 min and then cooled 

to about 80 °C in air. Then the TiO2 film electrodes were stained 

by immersing it into a dye solution containing KW1 or Z907 

sensitizer (300 µM) in a mixture of acetonitrile and tert-butyl 

alcohol (volume ratio: 1/1) or a dye solution containing KW2 45 

(300 µM) with 10% DMSO in acetonitrile and tert-butyl alcohol 

(volume ratio: 1:1) mixture overnight. After washing with 

acetonitrile and drying by air flow, the sensitized titania electrode 

were assembled with a thermally platinized FTO electrode. The 

electrodes were separated by a 45 µm thick hot melt ring (Surlyn, 50 

DuPont) and sealed by heating. The internal space was filled with 

a liquid electrolyte with use of a vacuum back filling system. In 

this study, a conventional liquid triiodide/iodide electrolyte 

(coded Z960) was used for high efficiency device, containing 0.1 

M LiI, 0.05 M I2, 0.6 M PMII, and 0.5 M 4-tert-butylpyridine in a 55 

mixture of valeronitrile and acetonitrile (volume ratio, 15: 85). A 

low volatility electrolyte was used for stability testing, containing 

1.0 M DMII, 0.15 M I2, 0.5 M N-butylbenzimidazole, and 0.1 M 

GNCS in methoxypropionitrile (MPN). 

 DSSC device characterization: A 450 W xenon light source 60 

solar simulator (Oriel, model 9119) with an AM 1.5G filter 

(Oriel, model 91192) was used to give an irradiance of 100 mW 

cm-2 (1 sun light intensity) at the surface of solar cells. The 

current-voltage characteristics of the cell were obtained by 

applying external potential bias to the sample and measuring the 65 

generated photocurrent with a Keithley model 2400 digital source 

meter (Keithley, USA). A similar data acquisition system was 

used to control the incident photon-to-current conversion 

efficiency (IPCE) measurement. A white light bias (1% sunlight 

intensity) was used to bring the total light intensity on the device 70 

under test closer to operating conditions. The devices with the 

photoanode area of 0.16 cm2 were tested using a metal mask with 

an aperture area of 0.09 cm2. 

 Electrochemical impedance spectroscopy and transient 

photovoltage decay measurements: Impedance measurements of 75 

DSSCs were carried out with an Autolab Frequency Analyzer set-

up, which consists of an Autolab PGSTAT 30 (Eco Chemie B.V., 

Utrecht, The Netherlands) producing a small-amplitude harmonic 

voltage, and a frequency response analyzer module. The 

determination of the interfacial recombination rate constant was 80 

carried out by performing transient photovoltage decay 

measurements and charge extraction experiments. Details can be 

found in our previous report. [18] 

 Device Stability Test: The test was performed under 

illumination with visible light (1 sun; 100 mW cm-2) at 60 °C, 85 

and the photovoltaic performance during the test was recorded. 

The physicochemical measurements were conducted at room 

temperature after the cell was equilibrated and cooled down to 

room temperature. 

Results and Discussion 90 

 New ruthenium sensitizers coded as KW1 and KW2, which 

incorporate TPA- and TPA-thiophene-substituted bipyridines as 

the ancillary ligands, were synthesized with a stepwise synthetic 

protocol. The detailed synthesis procedures are illustrated in 

supporting information (Scheme S1). The desired disubstituted 95 

bipyridine ancillary ligands were obtained from the 

corresponding boronic acid with dibromopyridine by means of a 

Suzuki coupling reaction. The typical one-pot synthetic procedure 

developed for heteroleptic polypyridyl ruthenium complexes was 

employed for the preparation of the new sensitizers at a good 100 

yield.[14a] The detailed synthetic procedure for the new dyes and 

their identification with proton NMR (Figure S1 and Figure S2) 

and HRMS (Figure S3 and Figure S4), electronic absorption and 

emission spectroscopy (Figure 1) are described in the 

experimental section, which are found to be in good agreement 105 

with their structures. 

 The photo-physical and electrochemical properties of the KW1, 

KW2, and Z907 dyes were investigated and summarized in Table 

1. Three absorption bands were observed in the 300-800 nm 

range both for the KW1 and KW2 dyes measured in DMF 110 

solution (Figure 1a, left ordinate). The intense absorption band 

around 300 nm are attributed to the intra-ligand π-π* charge 

transition of 4, 4’-dicarboxylic acid-2, 2’-bipyridine (dcbpy) and 

the ancillary bipyridine ligand. Another absorption band in UV 
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region is observed at 397 nm for the KW1 dye and 434 nm for the 

KW2 dye, which can be attributed to the π-π* transition of the 

ancillary bipyridine ligand and higher-energy metal-to-ligand 

charge transfer (MLCT) transition. The electronic absorption 

spectra of the KW1 and KW2 dyes present the characteristic 5 

MLCT absorption bands in the visible region, similar to other  
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Fig. 1 a) Electronic absorption spectrum (left coordinate) of the KW1, 

KW2, and Z907 sensitizers dissolved in DMF and the emission spectrum 

(right coordinate) of KW1 and KW2. b) Electronic absorption spectrum 10 

of the KW1, KW2, and Z907 anchored on a 2.3-µm-thick mesoporous 

titania film. 

Table 1 Absorption wavelength, fluorescence maxima and redox 

potentials of various ruthenium complex (KW1, KW2, and Z907) in 

DMF. 15 

 

dye λabs (ε ×103 M-

1 cm-1) [a] [nm] 

Emission[a] 

[nm] 

Eox [V] [b] vs. 

NHE 

E0-0  

[eV] [c] 

E0-0* 

[eV] [d] 

KW1 310 (56.2), 
399 (41.7), 

538 (18.4) 

750 0.84 1.86 -1.02 

KW2 307 (60.1), 
392 (56.4), 

554 (24.3) 

785 0.90 1.78 -0.88 

Z907 298 (50.1), 
372 (11.9), 

520 (12.0) 

769 [e] 0.74 [e] - - 

 [a] Absorption and emission data were measured in DMF; [b] Recorded in 

DMF/0.1 M TBAP/N2, GC working and Pt counter electrodes, Ag/AgCl 

reference electrode, scan rate = 50 mV s-1; [c] The band-gap, E0–0, was 
estimated from the intersection wavelengths of the normalized UV-vis 20 

absorption and the fluorescence spectra; [d] Excited-state oxidation 

potential was calculated according to the equation Eox-E0-0; 
[e] Z907 was 

synthesized according to reference [14a]. 

heteroleptic polypyridyl ruthenium (II) complexes.[19, 3c] In DMF, 

the lower energy MLCT band centred at 538 nm for the KW1 dye 25 

and 554 nm for the KW2 dye can be observed, which is 18 nm 

and 34 nm red-shifted compared to that of the reference Z907 

dye, respectively. The molar extinction coefficients (ε) of the 

low-energy MLCT absorption bands for KW1 and KW2 were 

calculated to be 18.4×103 M-1 cm-1 and 24.3×103 M-1 cm-1, 30 

respectively. These values are significantly higher than the Z907 

model sensitizer (12.0×103 M-1 cm-1) and the CYC-B6S sensitizer 

(16.1×103 M-1 cm-1).[9a]  The later has alkyl-substituted carbazole 

moieties in the thiophene-substituted bipyridine ligand.[9a] The 

molar extinction coefficient enhancement and bathochromic shift 35 

come from the extension π-conjugation in the ancillary ligand by 

incorporating electron-rich moieties.[20] Clearly, the DSSCs can 

be benefited from dyes with a high molar extinction coefficient. 

Consideration of a same surface area being occupied by 

sensitizers with different light harvesting efficiency, those with 40 

enhanced molar extinction coefficient allow to a high light 

harvesting yield, and eventually, a large reduction in film 

thickness. As shown in Figure 1b, the polypyridyl ruthenium (II) 

dyes containing TPA-donor antennas increased the visible light 

harvesting capacity due to a larger absorption cross section. This 45 

would fairly augment the device overall PCE because of reduced 

transport losses in the nanoporous environment for a thinner 

film.[12c] The molar absorption coefficients for the MLCT bands 

of KW1 and KW2 are much higher than those of analogous 

ruthenium complexes containing 5,5’-disubstituted-2,2’-50 

bipyridine ancillary ligands (5,5’-bis(N,N-diphenyl-4-amino 

phenyl)-2,2’-bipyridine  (6.4×103 M-1 cm-1) and 5,5’-bis(5-(N,N-

diphenyl-4-aminophenyl)-thiophen-2-yl)-2,2’-bipyridine (3.2×103 

M-1 cm-1).[21] This could be the main reason for the enhanced 

performance enhancement in devices with KW1 and KW2 dyes. 55 

The sensitizers display similar spectral features when adsorbed 

onto 2.3 µm transparent TiO2 films, except for a slight blue shift 

of the absorption maxima due to interaction of anchoring groups 

to the surface. 

 The excitation of the low energy MLCT transitions of the 60 

KW1 or KW2 sensitizer in DMF solvent produces an emission 

maximum located at 750 or 785 nm (as shown in Figure 1a, right 

ordinate). Based on the absorption and emission spectra, the 

excitation transition energies (E0-0) of the KW1 and KW2 dyes 

was evaluated to be 1.86 and 1.78 eV, respectively. Cyclic 65 

voltammetry measurements were performed in DMF solution 

using 0.1 M tetrabutylammonium hexafluorophosphate as the 

supporting electrolyte. The redox potentials [φ0 (S+ /S)] of the 

KW1 and KW2 sensitizers were estimated to be 0.84 and 0.90 V 

(vs. NHE, see Table 1). These are 0.34 and 0.4 V higher than that 70 

of the iodide electron donor (~0.5 V vs. NHE), providing 

sufficient driving force for dye regeneration. Furthermore, their 

excited state formal redox potentials [φ0 (S+/S*)]  were clculated 

to be -1.02 and -0.88 V (vs. NHE). The negative offset of [φ0 

(S+/S*)] relative to the conduction band edge of TiO2 ensures the 75 

thermodynamic driving force for charge generation. The excited 

state potentials of the two dyes obtained in DMF are more 

negative than the conduction band of TiO2, benefiting electron 

injection from these excited states to TiO2. 

 Frontier molecular orbitals for KW1 and KW2 were calculated 80 

via the density functional theory (DFT) method in DMF at the 

cam-B3LYP/lanl2dz level with the Gaussian 09 package.[22] The 

HOMO and LUMO profiles of these two dyes are displayed in 

Figure 2. The HOMO of Z907 has essentially ruthenium t2g 

character with sizable contribution coming from the NCS 85 

groups.[23] However, the HOMO of KW1 is delocalized partially 

over the NCS groups and TPA unit. In contrast, the HOMO of 

KW2 is located mainly on the TPA and thiophene moieties, 

resulting in an increased separation of the HOMO from the TiO2 

surface compared to Z907 and KW1. Apparently, the thiophene 90 

moiety can significantly tune the HOMO due to the enhanced 

electronic delocalization. 
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Fig.... 2 The HOMO and LUMO for the KW1 and KW2 dyes from the DFT 

calculations (isodensity contour = 0.02 a.u.). 

 Some preliminary photovoltaic experiments were conducted to 

evaluate the performance of the new dyes employing transparent 5 

and double-layer titania films with different thicknesses. Initially, 

the transparent TiO2 thin film (with the thick of 2.3 µm) were 

used to fabricate DSSCs, taking the advantage of the high optical 

cross section of the new dyes compared to Z907 sensitizer. These 

cells employed an a volatile acetonitrile-based electrolyte, 10 

containing 1.0 M 1,3-dimethylimidazolium iodide (DMII), 50 

mM LiI, 30 mM I2, 0.5 M tert-butylpyridine, and 0.1 M 

guanidinium thiocyanate (GNCS) in the mixed solvent of 

acetonitrile and valeronitrile (v/v, 85/15). [14c] Typical values for 

the photovoltaic parameters (open circuit voltage (VOC), short 15 

circuit photocurrent density (JSC) and fill factor (FF) of all three 

devices measured under 1 sun irradiation condition (the KW1 dye 

for device A, the KW2 dye for device B and the Z907 dye for 

device C) are summarized in Table 2. Encouragingly, device A 

(KW1 with TPA-substituted bipyridines) exhibited a VOC of 0.764 20 

V, a JSC of 8.89 mA cm-2, and a FF of 0.73, giving an overall 

PCE of about 5% when a 2.3 µm-thick TiO2 film was used. Even 

with such a thin transparent titania film (2.3 µm), device B (the 

KW2 dye with TPA-thiophene-substituted bipyridines) exhibited 

a significant increase in the short circuit current density (JSC= 25 

11.24 mA cm-2), yielding an overall PCE of 6.3% under 

illumination with standard AM 1.5G simulated sunlight (100 mW 

cm-2). Under the same condition, the JSC of device C (with the 

Z907 dye) was about 7.44 mA cm-2 and the PCE of device C 

(~4%) was less than two-thirds of device B. These results clearly 30 

revealed the advantages of the ruthenium dyes with high molar 

extinction coefficient for DSSC application.[10d,10e] This 

observation most probably stems from the superior molar 

extinction coefficient and the red shift in the absorption spectrum 

of KW2 dye relative to Z907 dye, which can be further verified 35 

from the corresponding incident photon-to-electron conversion 

efficiency (IPCE) spectra as exhibited in Figure S5. 

Table 2 Detailed photovoltaic parameters of DSSC devices with the 

KW1, KW2, and Z907 sensitizers of varying film thickness in the 

presence and absence of PPA as co-adsorbent under full sunlight 40 

intensity. 

Device 
TiO2  thickness 

[µm] 

VOC 

 [V] 

JSC 

 [mA cm-2] 

FF PCE 

 [%] 

A (KW1) 2.3 0.764 8.89 0.73 4.98 

B (KW2) 2.3 0.755 11.24 0.74 6.30 

C (Z907) 2.3 0.758 7.44 0.71 4.05 

D (KW1) 8.5+5 0.740 18.47 0.74 10.08 

E (KW2) 8.5+5 0.725 18.90 0.74 10.07 

F(Z907) 8.5+5 0.730 16.72 0.72 8.88 

G (KW1+PPA) 8.5+5 0.767 18.63 0.74 10.64 

H (KW2+PPA) 8.5+5 0.747 19.40 0.74 10.73 

 

 

 The competitive light absorption of triiodide from I-/I3
- redox 

couple could decrease the IPCE spectrum of a DSSC device at 45 

around 400 nm. [3d] In this work, there are strong absorption 

bands for the donor-antennas dyes with high molar extinction 

coefficient of about 44×103 M-1 cm-1 and 57×103 M-1 cm-1 at 397 

nm for KW1 and 434 nm for KW2, which are significantly higher 

than those of Z907 dye (ε=10.9×103 M-1 cm-1) and I3
- (ε=25×103 50 

M-1 cm-1) at this wavelength.[3d] A large molar extinction 

coefficient in this region will offset the competitive visible light 

absorption due to I3
- and recover the dip in the IPCE spectra 

around 400 nm. Actually, we found an obvious peak in this 

region in the IPCE spectra for KW1 and KW2-sensitized devices 55 

utilizing a thin film (with a thickness of 2.3 µm, Figure S5). It is 

noteworthy that devices A and B have an intensely increased 

IPCE response in the range of 400-450 nm.  

 The TiO2 film thickness plays a vital role on the DSSC devices 

performance. To further explore the potential of these new dyes, 60 

solar cells were fabricated by using a double layer TiO2 film (8.5 

µm 20 nm sized TiO2 transparent film with 5 µm 400 nm sized 

TiO2 scattering layer) in conjunction with a volatile electrolyte 

(see experimental section) and with or without coadsorbent (3-

phenylpropionic acid, PPA). Figure 3a presents the photocurrent 65 

density-voltage curves (J-V) characteristics of the devices based 

on these new donor-antenna sensitizers and Z907 dye, using the 

above mentioned volatile electrolyte under illumination with air 

mass (AM) 1.5 sunlight (100 mW cm-2). The photovoltaic 

parameters of various devices are tabulated in Table 2. The 70 

device D (with the KW1 dye) had a JSC of 18.47 mA cm -2, a VOC 

of 0.74 V, and a FF of 0.74, yielding an overall conversion 

efficiency of 10.08%. For the cell (device E) with the KW2 dye 

the corresponding device parameters (JSC, VOC, FF, and PCE) 

were 18.90 mA cm-2, 0.725 V, 0.74, and 10.07%, respectively. 75 

Here we observed that for the device E with the KW2 dye the 

improvement in the short-circuit current was accompanied by a 

lower open-circuit voltage compared to KW1-sensitized device 

D. A reduced interfacial charge recombination in device E was 

also evident from the dark-current data for these devices (Figure 80 

S6), which addressed the voltage dependence of the 

recombination between the electrons in the TiO2 and the 

electrolyte. The reduction in the dark current in device D relative 

to device E is consistent with the recombination dynamics as 

discussed below. In the presence of PPA as a coadsorbent (1:1 85 

molar ratio in the dye staining solution), both the JSC and VOC 
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were increased for devices G and H (see Table 2), and conversion 

efficiency of 10.64% and 10.73% was achieved, respectively. 

This result can be attributed to the PPA was co-grafted with the 

dye molecules onto the surface of TiO2 nanocrystals. The mixed 

dye/PPA monolayer appears to be more robust to impair the 5 

escape of photo-injected electrons into electrolytes.[24]  
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Fig. 3 a) J-V characterization for DSSC devices D (with the KW1 dye), 

device E (with the KW2 dye), device F (with the Z907 dye), device G (with 10 

the KW1 and PPA), and device H (with the KW2 and PPA) under AM 1.5G 

full-sunlight intensity. b) The photocurrent action spectra of DSSC devices D, 

E, and F, respectively. 

 The IPCE spectra of devices D (with the KW1 dye), E (with 

the KW2 dye) and F (with the Z907 dye) were illustrated in 15 

Figure 3b. The broad bands covered almost the entire visible 

spectrum from 450 nm to 700 nm with the maxima of 90%, 91% 

and 86% for devices D, E, and F, respectively. These results 

indicated that the increased JSC values for device D and device E 

stemed from the higher IPCE response, which were attained a 20 

broad plateau of ~90% in the region around 600 nm. We can 

conclude that the substitution of donor-antennas for long alkyl 

chains improves the absorbed photon-to-current conversion 

efficiency and thus, its capacity to develop photon-generated 

charge. 25 

 The photovoltage of a DSSC is intrinsically determined by the 

potential difference between the quasi-Fermi level of TiO2 and 

the redox potential of the electrolyte.[25] The VOC can be affected 

by a shift of TiO2 conduction band edge[26] as well as the degree 

of electron recombination reaction.[27] Unraveling of the details of 30 

the electron recombination dynamics between the photoinjected 

electrons at the TiO2 and the oxidized electrolyte in various 

devices was undertaken by employing transient photovoltage 

measurements and charge-extraction measurements. Figure 4a 

illustrates the plot of the extracted charge density versus open 35 

circuit voltage for devices D, E, and F. The charge density was 

chosen as the abscissa in order to compare the VOC values 

obtained from the three photoanodes at the same electron 

concentration in the dye-sensitized TiO2 mesoporous films. The 

charge density for various dyes increased exponentially along 40 

with the increase of VOC, which was generated by applying a 

gradually enhanced light intensity. This change in VOC value can 

be explained qualitatively by a shift in the conduction-band edge 

(Ecb) with respect to the quasi-redox potential of the electrolytes. 

We observed that the conduction-band edge of the TiO2 45 

underwent an upward displacement in devices with compared to 

that of Z907. These energy shifts principally influence the 

devices’ open-circuit voltage.[28] At an identical photo-induced 

charge density (1×1018 cm-3), the photovoltage of device D 

(sensitized with the KW1 dye) was approximately 36 mV higher 50 

than that of F (sensitized with Z907 dye). It indicated that 

addition of TPA into ancillary ligand shifted the TiO2 conduction 

band edge upward by about 36 mV, neglecting the change in the 

Nernst potential of the electrolyte. Figure 4b shows the 

recombination lifetime for various devices against the charge 55 

density. At a given charge density, the device F had the longest 

lifetime. This result indicated that the charge recombination was 

faster for devices D and E than for device F. Though the 

incorporation TPA- and TPA-thiophene-substituted bipyridines 

as the ancillary ligands increased the interfacial recombination as 60 

indicated in devices D and E, the effect was compensated by an 

increase in the conduction-band edge of the TiO2 of these 

devices. These results indicated that different donor-antennas 

incorporated in the ruthenium sensitizers had an effect on the 

conduction band edge of TiO2 as well as the recombination 65 

process at the same time. 
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Fig. 4 Transient photovoltage decay measurements of the device D (with the 

KW1 dye), device E (with the KW2 dye), and device F (with the Z907 dye): 

a) the relationship between open circuit voltage and the photo-induced 70 

charge density and b) the relationship between recombination lifetime and 

the photo-induced charge density; c) electron transport resistance Rt of the 

TiO2 film obtained from impedance measurement in the dark at 20
 o
C as a 

function of applied forward bias voltage for the devices. 

 Electronic impedance measurements (EIS) in dark were further 75 

performed to understand the differences in photovoltaic behavior 

of devices with various dye sensitizers. The impedance spectra 

for the DSSC devices (D, E, and F) revealed comparable 

characteristic information about the various kinetic processes. As 

presented in Figure 4c, the logarithm of the Rt shows parallel 80 

behavior for the three devices, which implies that the shift of the 

resistance for the steady state electron transport in these devices 

is caused by a change in position of the conduction band edge 

(Ecb).
[14c] Presuming that electron mobility is the same among 

various devices, the TiO2 conduction band edge energy level (Ecb) 85 

relative to the quasi-equilibrium potential for the redox couple 

can be determined by linear extrapolation of the experimental 

points in Figure 4c to their intersection with the abscissa. The Rt 

data from device D (sensitized with KW1) were shifted upward 

(~38 mV) from those of device F (Z907 used as sensitizer). Since 90 

the conduction band edge of the photoanode (dye coated TiO2 

film) is independent of the redox potential of electrolytes, the 

shift of the potentials in devices D and F can be attributed to a 

band edge modification[14c] induced by changing the molecular 

dipoles.[29] Clearly, the trend of the electron transport resistance 95 

of the various devices is well in agreement with that of the above 
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measured transient photovoltage decay values. 

 As discussed in the absorption spectroscopy, impedance and 

transient photovoltage investigations, these new donor-antennas 

sensitizers with different TPA-donor moieties have a beneficial 

influence on the conduction band edge energy levels of TiO2 and 5 

light harvesting capability for the improvement of photovoltage 

and photocurrent. However, the electron recombination increases 

along with the large dimension of donor-antennas moieties 

compared to that bearing long alkyl chains. Thus, a high 

photovoltage would be expected in these devices with donor-10 

antennas sensitizers if an efficient modification on the interface 

of TiO2/dye was adopted. Actually, when a co-adsorbent (PPA) 

was added, an augment in photovoltage was obviously observed, 

showing high PCEs close to 11% (see Table 2). The KW2-

sensitized device H provides a JSC of 19.40 mA cm-2, a VOC of 15 

0.744 V and a FF of 0.74, yielding an overall PCE of 10.73%. 

 A low volatility electrolyte (detailed compositions giving in 

the experimental section) based devices was used to evaluate the 

preliminary stability of the new sensitizers under moderate 

thermal stress and visible-light soaking. Both KW1 and KW2 20 

showed similar behaviour during the stability testing. Figure 5 

presents the representative variation in the photovoltaic 

parameters of KW2 sensitized cells when subjected to the 

accelerating test in a solar simulator at full sunlight (100 mW cm-

2) and 60 °C. The photovoltaic parameters, i.e., the VOC, FF, JSC 25 

and PCE of the fresh low volatility electrolyte based device with 

the KW2 dye were 0.69 V, 0.74, 18.4 mA cm-2, and 9.29%, 

respectively. Over the 1000 hour light-soaking test period, the 

photovoltaic parameters JSC, VOC, FF, and PCE of the cell varied 

only slightly from the initial values. During the aging process, the 30 

value of the efficiency retained 95% of its initial value after 1000 

hrs light soaking, a small drop of 46 mV in VOC being 

compensated by an increase of 0.6 mA cm-2 in the JSC values. 

Such an impressively stable performance implies the robustness 

of the KW2 dye itself as well as the dye sensitized heterojunction 35 

interface. 
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Fig. 5 Evolution of the photovoltaic parameters (JSC, VOC, FF and PCE) for 

the device based on (8.5+5) µm TiO2 double layer film sensitized with KW2 

in the presence of PPA (1:1 molar ratio) as a coadsorbent and low volatility 40 

of liquid electrolyte (with MPN solvent) during the visible light soaking (100 

mW cm
-2
) at 60 

o
C. 

Conclusions 

 In summary, we have designed and synthesized two new 

heteroleptic ruthenium sensitizers with a feature of incorporating 45 

high electron delocalization TPA-donor antennas into the 

ancillary ligands. These new dyes exhibit remarkable light-

harvesting capacities and the corresponding DSSC cells achieved 

impressive power-conversion efficiencies close to 11% under 

AM 1.5G simulated sunlight. The different spacer between 50 

bipyridyl and TPA-donor will clearly influence the photophysical 

and electrochemical properties of this class of ruthenium 

complexes as well as their interface behaviors on the TiO2, which 

were scrutinized by impedance and transient photovoltage decay 

measurements. Based on these studies and findings, the photo-55 

activity of ruthenium sensitizers containing donor-antennas can 

be successfully improved by careful molecular engineering. 
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