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Tuning visible-light absorption properties of Ru-diacetylide 
complexes: a simple access to colorful efficient dyes for DSSCs  

Samuel De Sousa, Siliu Lyu, Laurent Ducasse, Thierry Toupance* and Céline Olivier* 

A series of -dialkynyl ruthenium complexes showing a D––[M]––A structure (where [M] = [Ru(dppe)2], dppe = 

bisdiphenylphosphinoethane) was designed and synthesized for dye-sensitized solar cells (DSSCs) applications. The 

molecular structure of these highly modular organometallic complexes was fine-tuned through the introduction of a 

bithiophene, rhodanine or benzothiadiazole unit. This original molecular engineering approach combined with convergent 

synthetic pathways thus afforded efficient photosensitizers with tunable colors across the visible spectrum, ranging from 

red to purple, blue and blue-green dyes. The optoelectronic properties of the new complexes were fully assessed and the 

dyes were tested in standard single-dye devices as well as in co-sensitized DSSCs, yielding 7.5 % power conversion efficiency 

in presence of an iodine-based liquid electrolyte.

1. Introduction 

The development of efficient and all at once easy-

manufacturing systems for the widespread use of photovoltaics 

is a highly challenging field of research for our modern societies. 

In this context, dye-sensitized solar cells (DSSCs) that capture 

light with synthetic pigments have drawn much attention over 

the past 25 years,1 and showed overall energy conversion 

efficiencies competing with those of amorphous silicon-based 

solar cells.2 In particular, the DSSC technology requires careful 

molecular engineering to get easy-to-make photosensitizers 

with high photovoltaic performance and long-term stability. In 

a DSSC, solar light is harvested by dye molecules covalently 

anchored onto a wide-bandgap semiconductor thin-film, 

usually TiO2. Upon photo-excitation of the dyes, electrons 

rapidly transfer to the conduction band of the semiconductor. 

The photo-generated electrons are then transported towards 

the front electrode and flow into the external circuit. The 

oxidized dyes are then reduced back to their neutral state by a 

redox mediator present in the electrolyte solution, usually 

comprised of the iodide/triiodide couple (I– /I3
–) that transports 

positive charges to a platinized counter-electrode.3 

A significant benefit of DSSC over almost all other kinds of 

technologies is that it can be constructed from abundant, non-

toxic and cheap materials.1a Thus, commercialization of this 

new energy-generating device already emerged for different 

fields of applications. Today, key markets for DSSCs are 

consumer products, such as wireless self-powering stand-alone 

devices for indoor and outdoor utilization.4 Nonetheless, thanks 

to their transparency and workability under low-light 

conditions, DSSCs are also particularly well suited for building-

integrated photovoltaics (BIPV) where power-supplying devices 

replace conventional building materials such as window glass.4,5  

In this scope, to create even more aesthetic solar panels and 

façades, a clear need exists to diversify the range of available 

colors, while keeping high efficiency devices.6 Thus, the control 

of simply accessible, multi-colored and efficient dyes would 

bring a major asset towards built-in solar energy supply.  

Common dyes for DSSCs are mainly composed of either 

ruthenium polypyridyl coordination complexes or fully organic 

-conjugated architectures, a large part of them leading to 

orange and red pigments.7 However the preparation of blue or 

blue-green single-colored efficient dyes for DSSCs is still not 

straightforward,8 and thus, strong incentive remains to find new 

molecular designs for this purpose. Besides, the control of 

multiple dyes with complementary spectral sensitivity can be 

valued through the co-sensitization approach, which is the 

combination of two or more dyes within a single device to get 

panchromatic visible-light absorption.8b,9 

In a recent work we reported the first example of chromophore 

for DSSCs presenting a ruthenium-diacetylide moiety embodied 

within a push-pull structure.10 The original D––[M]––A 

structural design in which [M] = [Ru(dppe)2] led to an innovative 

organometallic sensitizer with strong light-harvesting 

properties and afforded 7.3 % overall solar-to-power 

conversion efficiency. This represents the highest efficiency 

reported for DSSCs comprising organometallic complexes with 

a metal-diacetylide backbone.11,12 However, in that case, the  
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Figure 1. Molecular structure of the Ru-diacetylide complexes [Ru]1-[Ru]4 and 

pictures of the new dyes in solution. 

 

spectral absorption range of the dye was limited to short 

wavelengths, below 600 nm. In order to improve light 

absorption at higher wavelengths, and thus to obtain low band-

gap dyes, we thereafter developed a simple design strategy to 

prepare an original series of multi-colored and efficient dyes for 

DSSCs. Furthermore, in the race towards panchromatic solar 

energy conversion, the preparation of low-band gap organic 

materials for photovoltaics is highly challenging.13 

Accordingly, the implementation of simple modifications to the 

structure of the beforehand described complex [Ru]1 afforded 

three new complexes, [Ru]2, [Ru]3 and [Ru]4. The whole series 

of dyes constitutes an attractive color palette of red, violet, blue 

and greenish pigments (Fig. 1). All the push-pull complexes are 

endowed with a carbazole motif as electron-donating group and 

the -conjugated linker encompasses the electron-rich 

[Ru(dppe)2] metal fragment. Then, in accordance with the 

strategy widely adopted in bulk-heterojunction solar cells, 

which consists in using acceptors with varying electron-

withdrawing ability in order to obtain narrow-band-gap small 

molecules,14 the major structural difference of the new dyes 

lays in the acceptor part of the complexes. [Ru]1 presents the 

simplest acceptor part of the series, a phenyl ring substituted 

by a cyanoacrylic acid anchoring group. Subsequent 

introduction of a rhodanine, bithiophene or benzothiadiazole 

motif into the molecular backbone, in order to increase the 

conjugation pathway as well as electron-withdrawing effect, 

allowed easy fine-tuning of the dyes optical properties. We 

herein report the optoelectronic study of the new series of dyes 

and an analysis of their photovoltaic performance in DSSCs. 

2. Experimental Section 

2.1 Materials and methods 

All the details relative to the synthesis of the organic precursors 

and organometallic complexes are given in the Electronic 

Supplementary Information (ESI). UV-visible absorption and 

emission fluorescence spectra were recorded on a UV-1650PC 

SHIMADZU spectrophotometer and on a FluoroMax-4 HORIBA 

spectrofluorometer, respectively. Cyclic voltammetry analyses 

were carried out on an Autolab PGSTAT100 

potentiostat/galvanostat. Measurements were performed in 

CH2Cl2 solutions including 0.1M of Bu4NPF6 as salt support, at 

scan rate of 100 mV.s-1, using a three-electrode system: the 

working electrode was a Pt disc, the reference electrode was 

Ag/AgCl (calibrated with decamethylferrocene as internal 

reference) and the counter electrode was a Pt wire. Potentials 

were afterwards referred to NHE by addition of 130 mV.15 

2.2 DSSC preparation and characterization 

FTO-coated conducting glass substrates (NSG10, 10 ohm/, 

thickness 3.2 mm, XOPFisica) were cleaned by using successive 

ultrasonic treatments in an alkaline detergent solution and in 

ethanol. The conducting glass substrates were afterwards 

treated by 40 mM TiCl4 aqueous solution at 70°C for 30 min in 

order to create an ultra-thin TiO2 blocking layer. The 

photoanodes were prepared by screen-printing method using 

commercially available titania pastes. TCO substrates were first 

coated with a transparent layer, composed of 20 nm anatase 

TiO2 nanoparticles (Solaronix, Ti-Nanoxide T/SP). The screen-

printing step was repeated three times to get an appropriate 

thickness of 10 µm. A diffusing layer, made of 250 to 400 nm 

TiO2 particles (Solaronix, Ti-Nanoxide R/SP) was then deposited 

on top of the working electrode. The thickness of this scattering 

layer was of 5 µm. The photoanodes were treated by gradual 

heating under air at 325°C (5 min), 375°C (5 min), 450°C (15 min) 

and 500°C (15 min). The resulting films were further treated 

with 40 mM TiCl4 aqueous solution at 70°C for 30 min followed 

by annealing at 500°C for 30 min. After cooling down to 40°C, 

the electrodes were immersed into 0.3 mM dye solutions in 

dichloromethane containing 1 mM of cheno-deoxycholic acid as 

co-adsorbent and de-aggregating agent. Under these 

conditions, the sensitization time was optimized to 16 hours in 

the dark. Platinized counter-electrodes were prepared by drop-

casting a solution of H2PtCl6 (5 mM in ethanol) on FTO-glass 

substrates (TCO22-7, 7 ohm/, thickness 2.2 mm, Solaronix). 

Thermal decomposition of the complex under air flow, at 500°C 

for 30 min, afforded sufficient amount of Pt nanoparticles. The 

photoanode and counter-electrode were assembled using a 

hot-melt Surlyn polymer gasket (25 µm, Dupont). The 

electrolyte was introduced into the cell by vacuum backfilling 

through a hole drilled in the counter-electrode. The device was 

finally sealed with Surlyn gasket and glass plate cover. The 

composition of the electrolyte Z960 is as follows: 0.03 M iodine, 

0.05 M lithium iodide, 1.0 M 1,3-dimethylimidazolium iodide, 

0.8 M 4-tert-butylpyridine and 0.1 M guanidinium thiocyanate 

in acetonitrile/valeronitrile 85:15. Photovoltaic performance of 

the DSSCs were measured by using a black mask with an 

aperture area of 0.159 cm2. The device was illuminated by 
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AM1.5G solar simulator calibrated with a radiometer (IL 

1400BL) to provide an incident irradiance of 100 mW cm−2 at 

the surface of the solar cells. The J-V measurements were 

performed using a Keithley model 2400 digital source meter 

by applying independently external voltage to the cell and by 

measuring the photo-generated current out from the cell. 

Action spectra of incident photon-to-current conversion 

efficiency (IPCE) were realized using a Xe lamp associated with 

a monochromator (Triax 180, Jobin Yvon) to select and 

increment wavelength irradiation to the cell. No bias light was 

employed to illuminate the cell. The current produced was 

measured by steps of 5 nm after 2 s of radiation exposure with 

a Keithley 6487 picoammeter in order to be in steady state 

conditions. The incident photon flux was measured with a 6-in. 

diameter calibrated integrated sphere and a silicon detector. 

2.3 Computational methods 

DFT and TD-DFT calculations were performed with 

Gaussian09.16 B3LYP/LANL2DZ optimized geometies in vacuo 

conditions were used to perform TD-DFT calculations using the 

LANL2DZ basis set together with the MPW1K XC functional 

containing 42.8% of HF exchange,17 while taking into account 

the solvent within the integral equation formalism of the 

polarizable continuum model (IEF-PCM).18 This method already 

provided UV-vis absorption spectra of push-pull molecules in 

agreement with experimental data.19 The electronic parameters 

describing the charge transfer (CT) processes occurring upon 

photoexcitation of push–pull systems were calculated by 

applying previously described computational methods.20 

3. Results and discussion 

3.1 Synthesis and characterization 

The synthesis routes towards the dissymmetric Ru-diacetylide 

complexes [Ru]1-[Ru]4 are summarized in Scheme 1. In a first 

step, reaction of the 16-electron species [RuCl(dppe)2][[TfO] 

([1][TfO]) with N-(4-ethynylphenyl)-carbazole (2) led to the 

stable ruthenium-vinylidene moiety ([3][TfO]),10 which 

constitutes the electron-donor part of the target push-pull dyes. 

Subsequent reaction of [3][TfO] with appropriate ethynyl-aryl 

derivatives, in the presence of triethylamine and sodium 

hexafluorophosphate, allowed the formation of bis(-

arylacetylide) intermediate complexes. Direct introduction of 

an alkynyl ligand bearing the cyanoacrylic acid function was 

hampered by coordination of the nitrile group to the ruthenium 

core of the vinylidene moiety [3][TfO]. Thus, in the synthesis 

route to [Ru]1, [Ru]3 and [Ru]4, the ethynyl-substituted aryl 

derivatives employed to form the intermediate complexes 4a-c 

were bearing a carbaldehyde function, allowing subsequent 

introduction of the cyanoacrylic acid group through 

Knoevenagel condensation. However, in order to avoid side 

reactions with the metal-complexes during the condensation 

step, protection of the carboxylic acid function was necessary. 

Therefore, cyanoacetic acid endowed with a silyl-ester 

protecting group, i. e. 2-(trimethylsilyl)ethyl (TMSE), was 

prepared and used. Protection by the TMSE group was 

preferably chosen as it allows subsequent deprotection under 

mild conditions, which is more appropriate to organometallic 

complexes. On the other hand, in the synthesis  route to [Ru]2,

 

 

Scheme 1. Synthesis routes to [Ru]1-[Ru]4. TMSE = 2-(trimethylsilyl)ethyl. TBAF = tetrabutylammonium fluoride. 
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reaction of a TMSE-protected ethynyl-rhodanine acetic acid 

derivative with [3][TfO] was directly feasible, thus saving one 

reaction step compared to the cyanoacrylic acid derivatives. In 

the final step, silyl-ester deprotection at room temperature 

using tetrabutylammonium fluoride (TBAF) in THF, afforded the 

functionalized Ru-diacetylide complexes [Ru]1-[Ru]4 in good 

yields. The new dyes and all the intermediate compounds were 

fully characterized by means of 31P, 1H and 13C NMR, HR-MS and 

FT-IR (see ESI). All the data are in total accordance with the 

expected structure of the new organometallic complexes. In 

particular, the 31P NMR spectra of the target dyes [Ru]1-[Ru]4 

exhibit a sharp singlet at c.a. 53-55 ppm, characteristic of the 

trans-ditopic geometry of the ruthenium-diacetylide unit. The 

FT-IR spectra of the four new dyes show an intense band at c.a. 

2040 cm-1 for the CC vibrational stretch of the -diacetylide 

metal fragment. In addition, characteristic peaks for the 

cyanoacrylic acid function were observed for [Ru]1, [Ru]3 and 

[Ru]4, around 2215 cm-1 for the CN, and around 1710 and 1200 

cm-1 for the C=O and CO stretches, respectively. Similarly, 

typical vibrational stretches were observed for the carboxylic 

acid function of [Ru]2 C=O at 1712 cm-1 and CO at 1173 cm-1). 

3.2 Optoelectronic properties 

Electronic absorption spectra of the dyes [Ru]1-[Ru]4 recorded 

in dichloromethane solutions are shown in Fig. 2 and the 

corresponding data are gathered in Table 1. The four dyes 

exhibit intense absorption bands in the 300-400 nm range. 

These high-energy bands stem from multiple electronic 

transitions involving deep molecular orbitals with important 

contribution of the diphosphine ligands as discussed below (see 

TD-DFT calculations). More interestingly, the absorption spectra 

of [Ru]1-[Ru]4 show an intense band in the visible-light region 

with maximum wavelength ranging from max = 521 nm for the 

red pigment [Ru]1 to max = 659 nm for the blue-green dye 

[Ru]4, with intermediate values of max = 550 nm and max = 608 

nm for the violet and blue dyes [Ru]2 and [Ru]3, respectively. 

Such color palette is due to significant difference in the energy 

of the main transition occurring within the Ru-diacetylide 

complexes. The broad absorption bands observed in the visible 

range for functionalized di-alkynyl Ru-complexes are mainly 

attributable to the HOMOLUMO transition.10,12,21 Since the 

HOMO level of such organometallic complexes show important 

contribution of the [Ru(dppe2)] metal fragment (vide infra), the 

main photoinduced electronic transition presents a strong 

metal-to-ligand charge transfer (MLCT) character. In this study, 

the difference in energy observed for the main transition of the 

four complexes is directly related to the nature of the -linker 

and of the electron-withdrawing group (EWG) on the acceptor 

part of the dyes. For example, replacing the cyanoacrylic acid 

motif in [Ru]1 by the rhodanine acetic acid anchoring group in 

[Ru]2 led to 36 nm red-shift of the maximum absorption 

wavelength, leading to the purple colored [Ru]2 pigment. Such 

red shifting of the absorption maximum, due to extended - 

conjugation of the system through the 4-oxo-2-

thioxothiazolidine ring, is consistent with other reports 

comparing the cyanoacrylic acid and rhodanine acetic acid 

 

Figure 2. Absorption spectra of [Ru]1-[Ru]4 in solution in CH2Cl2. 

EWG.22 Likewise, the introduction of a bithiophene unit ([Ru]3) 

in place of the benzyl ring ([Ru]1) led to an even more significant 

increase of the delocalization pathway,11c,23 thus shifting the 

max of 87 nm towards red absorptions and providing the blue 

colored pigment [Ru]3. On the other hand, the introduction of 

the strong acceptor benzothiadiazole into the -conjugated 

linker both increased the electronic delocalization and the 

withdrawing effect, leading to 138 nm red-shifted absorption 

for [Ru]4 compared to [Ru]1. Overall, as estimated from both 

absorption and emission spectra, the difference in visible-light 

absorption properties on the series is due to a decrease of the 

optical band-gap energy (Eopt) in the order 

[Ru]1>[Ru]2>[Ru]3>[Ru]4 (Table 1). In addition, except from 

[Ru]4 which absorption spectrum shows slightly lower intensity 

compared the other complexes, the extinction coefficient of the 

dyes in the visible region is exceeding 30 000 M-1.cm-1, reaching  

Table 1. Optical and electrochemical properties. 

Dye λ
abs

a/nm 

(ε/M
-1

.cm
-1

) 

λ
em

b 

/nm 

λ
abs

c 

/nm 

E
ox

d 

/V         

ΔE
opt

d 

/V 

E
ox

 – ΔE
opt

 

f/V 

[Ru]1 340 (35 600) 

521 (30 600) 

820 470 0.73 2.10 -1.37 

[Ru]2 344 (36 400) 

390 (sh.) 

550 (32 500) 

826 532 0.68 1.96 -1.28 

[Ru]3 341 (31 400) 

425 (sh.)  

608 (33 800) 

823 535 0.62 1.80 -1.18 

[Ru]4 336 (29 700) 

422 (9 300) 

659 (23 900) 

825 600 0.75 1.70 -0.95 

a Absorption maxima in CH2Cl2 solution (C = 3 x 10-5 M). b Emission maximum 
in CH2Cl2 solution (C = 3 x 10-5 M). c Absorption maximum on 3µm-thick 
transparent TiO2 film (dye bath containing 1mM of cheno-deoxycholic acid). d 

Oxidation potential in CH2Cl2 solution with FeCp*2 as internal reference. 
Potentials referred to NHE by addition of 130 mV.13 e ΔEopt estimated from the 
intercept of the normalized absorption and emission spectra (considering 
that ΔEopt (V) = ΔEopt (eV) / q = ΔEopt (eV) / 1 = ΔEopt (eV)). 
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up to 33 800 M-1.cm-1 for  [Ru]3. All these features confirm the 

strong light-harvesting properties of Ru-diacetylide complexes 

as well as their great potential for the sensitization of TiO2 and 

DSSC device effectiveness.  

A blue-shift of the maximum absorption in the visible range was 

observed upon grafting the dyes onto TiO2 transparent thin-film 

(Table 1, Fig. S1). The origin of the hypsochromic shift is 

attributable to the deprotonation of the carboxylic acid function 

of the dyes and to their interaction with the metal oxide 

surface.19 We recently demonstrated that strong interaction 

exists between dye molecules and TiO2 through the cyanoacrylic 

acid anchor, thus leading to significant contribution of the 

surface to the ground-state energy of the system and therefore 

to a higher energy of the main photoinduced transition.24 The 

blue-shift in the range of 50-70 nm observed for [Ru]1, [Ru]3 

and [Ru]4 upon chemisorption is consistent with that reported 

for organic push-pull dyes bearing the cyanoacrylic acid 

anchoring function.24,25 On the other hand, due the conjugation 

breaking by the methylene swivel, the electronic coupling of 

[Ru]2 with TiO2 through the rhodanine acetic acid group 

appeared to be weaker and therefore the observed blue-shift 

was smaller than for the three other dyes (18 nm). Nonetheless, 

the main absorption band of the dye-sensitized TiO2 films 

remained broad in the visible region, with high optical density, 

and the hypsochromic effect resulting from surface-anchoring 

of the dyes did not preclude their light-harvesting properties. 

3.3 Electrochemical properties 

The redox properties of the complexes [Ru]1-[Ru]4 were 

investigated through cyclic voltammetry analyses performed in 

CH2Cl2 solutions including Bu4NPF6 as salt support (Table 1). 

Upon oxidation, the voltammograms showed one reversible 

monoelectronic process corresponding to the first oxidation 

potential of the dyes (Eox) and one irreversible process at higher 

potential indicating chemical instability of the second oxidized 

species. Compared to [Ru]1, the electronic enrichment of the -

conjugated system through introduction of a rhodanine or a 

bithiophene unit in [Ru]2 and [Ru]3, respectively, led to 

significant decrease of the first oxidation potential (Eox([Ru]1) = + 

0.73 V ; Eox([Ru]2) = + 0.68 V ; Eox([Ru]3) = + 0.62 V vs NHE). 

Conversely, the introduction of the benzothiadiazole acceptor 

moiety in [Ru]4 led to slightly more positive oxidation process 

(Eox([Ru]4) = + 0.75 V vs NHE). Nonetheless, the first oxidation 

potential of the four complexes [Ru]1-[Ru]4 stands sufficiently 

higher than the standard potential of I3
-/I- (E0 = + 0.45 V vs NHE) 

to guarantee efficient regeneration of the dyes by this redox 

mediator in DSSC devices. Combined analyses of the optical and 

electrochemical data further allowed to estimate the position 

of the dyes LUMO energy level. The later was determined from 

the difference between the HOMO level, assimilated to the first 

oxidation potential (Eox), and the optical-band gap (ΔEopt), 

estimated from the intercept of the normalized absorption and 

emission spectra of the dyes. As expected, the calculated LUMO 

levels (Eox-ΔEopt) also rely heavily on the nature of the -linker 

and EWG on the acceptor part of the molecule. While the 

rhodanine and bithiophene units induced stabilization of the 

LUMO by 90 mV and 190 mV for [Ru]2 and [Ru]3, respectively, 

compared to [Ru]1 (Eox-ΔEopt([Ru]1) = - 1.37 V ; Eox-ΔEopt([Ru]2) = - 

1.28 V ; Eox-ΔEopt([Ru]3) = - 1.18 V), the much stronger electron-

withdrawing effect proceeding in [Ru]4, thanks to the  

benzothiadiazole, led to the lowest LUMO level of the series 

(Eox-ΔEopt([Ru]4) = - 0.95 V). This one is stabilized by 420 mV 

compared to [Ru]1. However, the experimentally estimated 

LUMO levels of the four dyes remain more negative than the 

conduction band edge of TiO2 (ca. - 0.50 V vs NHE) indicating 

that efficient electron transfer should occur from the 

photoexcited dyes to the semi-conducting oxide. 

3.4 Theoretical calculations 

Quantum chemical calculations were carried out in order to gain 

deeper insights into the molecular orbital (MO) distribution and 

the electronic transitions occurring upon photoexcitation of the 

dyes [Ru]1-[Ru]4. Optimized geometry of the complexes were 

obtained from density functional theory (DFT) at the B3LYP/6-

31g(d) level in vacuo. Time-dependent density functional theory  

(TD-DFT) calculations, performed using the standard 6-31g(d)   

Table 2. Theoretical data of the lowest energy allowed transitions. 

Dye Ege /eV a ge /nm b fge 
 c Transition assignment   (coefficient) d  e qCT / e f DCT / Å g 

[Ru]1 2.636        

4.136 

470      

300 

1.044        

0.911 

HL (0.64); H-2L (-0.21) 

HL+1 (0.15); HL+3 (0.38); 

HL+4 (0.43) 

0.46 1.08 4.6 

[Ru]2 2.500        

4.020 

496      

308  

1.339        

0.593 

HL (0.63); H-1L (-0.18); H-2L (-0.18)                         

H-1L+1 (-0.19); HL+1 (0.53);  HL+4 (-0.18); 

HL+5 (-0.19) 

0.43 1.10 5.0 

[Ru]3 2.138        

4.140 

580      

299 

1.733        

0.864 

HL (0.64); H-1L (0.23)                                                     

H-1L+1 (-0.21); H-1L+4 (-0.21); H-1L+5 (-0.20);  

HL+4 (0.37); HL+5 (0.30) 

0.60 0.87 4.8 

[Ru]4 1.928   

3.166        

4.183 

643       

391       

296 

0.861   

0.106     

0.945 

HL (0.64); H-2L (-0.27)                                              

HL+1 (0.51); H-1L+1 (0.21); H-2L+1 (-0.20) 

HL+3 (-0.17); HL+4 (0.54) 

0.55 0.88 3.8 

a Ege = main transition energy. b ge = calculated max. c fge = oscillator strength. d Only the transitions with coefficients higher than 0.15 are given. e = spatial 
overlap. f qCT = quantity of transferred charge. g DCT = distance between the barycentres of the density depletion and density increment zones related to the 
CT excitation. 
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provided information about the main transitions energy and 

related oscillator strengths. The corresponding data are listed in 

Table 2. The layout of simulated absorption spectra (see Fig. S2) 

is in very good agreement with the experimental one. Two main 

absorption bands are observed, one around 300 nm and one in 

the visible region. A third absorption band appears around 400 

nm for [Ru]4. The order of the calculated maximum 

wavelengths in the visible part perfectly matches the 

experimental data, [Ru]1 <[Ru]2 <[Ru]3 <[Ru]4. The 

small deviation between the calculated and experimental data 

is due to the large size of the organometallic complexes.  

Theoretical calculations also allowed assignment, as well as 

representation, of the main transition-involved molecular 

orbitals. The computed data in Table 2 confirmed that, 

uniformly for the four dyes, the lowest energy transition owns 

a major HOMOLUMO character. At the ground-state the 

electronic density of the HOMO is highly delocalized over the 

whole -conjugated system with sizeable contribution of the –

C≡C–[Ru]–C≡C– fragment. Conversely, at the excited-state, the 

electronic density, through transfer to the LUMO, is pulled 

towards the cyanoacrylic acid or rhodanine acetic acid EWG and 

therefore close to TiO2 surface. From the isodensity plots of the 

deeper MOs, we could infer that the additional electronic 

transitions contributing to the dyes response in the visible 

region (i.e. HOMO-1LUMO, HOMO-2LUMO) are fairly 

similar to the HOMOLUMO transition. Thus, as expected for 

these organometallic complexes, the large absorption band in 

the visible range presents a strong MLCT character. Assignment 

of the intense absorption bands at lower wavelengths revealed 

that multiple electronic transitions also occur in this region, 

involving high energy orbitals such as LUMO+1, LUMO+3, 

LUMO+4, LUMO+5. The latter are mostly localized on the 

[Ru(dppe)2] fragment with strong contribution of the 

diphosphine ligands. Each transition is illustrated in the ESI (Fig. 

S3a-i). In addition, the calculated energy diagram of the dyes’ 

main transition-involved MOs is represented in Fig. S4. It 

appears that, except from [Ru]4 which is slightly destabilized, 

the HOMO levels of the dyes are very close in energy, whereas 

the calculated LUMO energy levels decrease significantly in the 

order [Ru]1 > [Ru]2 > [Ru]3 > [Ru]4. This is perfectly consistent 

with the experimental data (Table 1). Moreover, an important 

energy gap exists between the LUMO and LUMO+1 orbitals of 

[Ru]1, [Ru]2 and [Ru]3 (~ 1.3 eV), whereas in [Ru]4 the LUMO+1 

is strongly stabilized leading to a smaller gap of  1.0 eV. This 

resulted in an additional absorption band for [Ru]4, as observed 

both on the experimental and calculated absorption spectra. 

This transition occurring at intermediate energy owns a major 

HOMOLUMO+1 character. From Fig. S3.h we could infer that, 

due to the strong withdrawing effect of the benzothiadiazole 

motif, the LUMO+1 in [Ru]4 is unlike in the three other dyes.  

Likewise the LUMO, the LUMO+1 of [Ru]4 is fully located on the 

acceptor part of the molecule, thus enabling the observed extra 

absorption band (see also Table S1).  

The parameters characterizing the photo-induced charge 

transfer processes occurring in push–pull systems were 

calculated using recently described computational methods 

(see Table 2).18 The calculated amount of transferred charge 

(qCT) is close to 1 for all dyes meaning that the visible-range 

electronic transition occurring within the complexes shows a 

net charge-transfer character and proceeds in a highly efficient 

way. It is also worth to note that the calculated charge-transfer 

distances (DCT ) are following the same trend as the distance 

between the electron rich metal fragment [Ru(dppe)2] and the 

EWG (cyanoacrylic acid in [Ru]1-[Ru]3, rhodanine in [Ru]2 and 

benzothiadiazole in [Ru]4). 

3.5 Photovoltaic characterization  

The photovoltaic performances of [Ru]1-[Ru]4 in DSSCs were 

assessed under standard conditions, i. e. simulated AM 1.5G 

illumination (100 mW.cm-2) using an iodine-iodide liquid 

electrolyte (see Experimental Section for details). Characteristic 

photocurrent density/voltage (J/V) curves and incident photon-

to-current conversion efficiency (IPCE) spectra are presented in 

Fig. 3. The corresponding photovoltaic parameters (JSC : short-

circuit current density; VOC : open-circuit voltage, ff :  fill factor; 

  : overall power conversion efficiency)  are listed in Table 3. 

Additionally, the amount of adsorbed dye molecules on TiO2 

electrodes was assessed by spectroscopic methods, the results 

are reported in Table 3.  

Analysis of the J/V curves indicates that [Ru]1 and [Ru]3 yielded 

comparable overall power conversion efficiency (7.32 % and 

7.08 % PCE, respectively) while [Ru]2 and [Ru]4 both afforded 

6.10 % PCE. Due to advantageous light-harvesting properties, 

the dye [Ru]3 showed the highest short-circuit current density 

of the series (JSC = 17.15 mA.cm-2), although lower open-circuit 

voltage (VOC = 610 mV V) compared to [Ru]1 (VOC = 679 mV). 

However, it is worth to note that the overall performance 

obtained with [Ru]3 is among the best reported for blue 

sensitizers in the presence of an iodine-based liquid electrolyte. 

Indeed the maximum PCE reported for a squaraine-sensitized 

DSSC is of 7.3 %,26 and 7.1-7.7 % PCE was recently achieved 

using a series of blue-colored dyes implementing the 

deketopyrrolopyrrole motif.27 

Table 3. Photovoltaic performance a of DSSCs based on [Ru]1-[Ru]4 and dye 
loadings on TiO2. 

Dye JSC  

(mA.cm-2) 

VOC  

(mV) 

ff  

(%) 



(%) 

Amount b 

(mol.cm-2)  

[Ru]1 15.56  679  69.2  7.32  2.80 x 10-7 

[Ru]2 14.82  610  67.5  6.11  2.40 x 10-7 

[Ru]3 17.15  608  68.0  7.08  2.92 x 10-7 

[Ru]4 16.23  582  64.7  6.10  2.66 x 10-7 

[Ru]1&[Ru]3 15.70  650  73.4  7.49  2.82 x 10-7 

a Photovoltaic data measured at full sunlight (AM 1.5G, 100 mW cm-2); TiO2 
film thickness = 10 µm (transparent) + 5 µm (scattering); active area = 0.159 
cm2.28 Data from the best of six devices (standard deviation on the efficiency 
± 0.05 %). b Dye loading amount measured on 1 cm2 TiO2 electrodes. 

Interestingly, likewise typically observed with porphyrins, 

phthalocyanines and fully organic sensitizers, the dyes [Ru]1-

[Ru]4 show poorer VOC than benchmark ruthenium dyes such as 

N719 or N3.28 This characteristic feature of highly conjugated 

push-pull dyes, was attributed to shorter electron lifetime   
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Figure 3. (a) J/V characteristics and (b) IPCE spectra of [Ru]1-[Ru]4 and of 

[Ru]1&[Ru]3 in DSSC. 

originating from fast recombination reactions between injected 

electrons in the TiO2 electrode and the electrolyte,29 i. e. higher 

dark current due to poorer coverage of the surface by linear D-

-A systems rather than bulky complexes.  

Despite good absorption properties, [Ru]2 afforded lower 

short-circuit current density than the three other dyes. This can 

be related to electronic conjugation disruption across the 

rhodanine acetic acid anchoring group, leading to lower overlap 

between the electron density of the dye’s LUMO and the semi-

conductor surface, thus hampering fast electron injection.30 

Moreover the tilt angle engendered by the acetic acid motif 

induces unfavorable orientation of the dye on the surface of 

TiO2 that facilitates electron recombination processes, thus 

affecting both the current density and the photovoltage.31 In 

addition, the lower JSC of [Ru]2 is consistent with the slightly 

smaller amount of dye on TiO2 (Table 3), the dye-loading being 

limited by the tilted orientation of the molecules on the metal-

oxide surface. 

Although yielding good photocurrent (JSC = 16.23 mA.cm-2), 

[Ru]4 afforded the lowest open-circuit voltage of the series (VOC 

= 582 V). This feature results from the proximity of the dye 

anchoring function with the benzothiadiazole EWG. The strong 

acceptor, when located too close to the semiconductor surface, 

at once favors back electron transfers from TiO2 to the oxidized 

dye, and also induces a downward shift of the titania 

conduction band edge thus leading to low VOC values.2b,32  

The global layout of the IPCE profiles shown in Fig. 3b is in good 

agreement with the dyes UV-visible absorption spectra. Overall, 

the IPCE curves are broad with a large plateau in the visible 

region, which is correlated to the high extinction coefficient (Fig. 

2, Table 1) and to the amount of dye-loading on TiO2 films (Table 

3). Likewise the tendency observed for the maximum 

absorption wavelengths, the action spectra show enhanced red 

response in the order [Ru]2 > [Ru]3 > [Ru]4, compared to [Ru]1. 

The IPCE of [Ru]3 and [Ru]4 therefore covers the visible region 

entirely, the onset of the curves extending beyond 800 nm. 

As illustrated in Fig. S5, the two most-efficient dyes, [Ru]1 and 

[Ru]3, show complementary spectral response, thus providing 

panchromatic visible-light harvesting capacity for the mixture of 

both in solution. This attractive feature prompted us to combine 

the two sensitizers in the same DSSC device through co-

sensitization technique. Optimization of the photoanode 

staining conditions eventually led to slightly improved PCE with 

respect to the single-dye devices, the [Ru]1&[Ru]3 mixture in a 

4:1 molar ratio yielding up to 7.5 % PCE. As observed on the IPCE 

profile (Fig. 3b, S6), the use of [Ru]3 as additional NIR-absorbing 

co-sensitization dye substantially improved the device red 

response compared to [Ru]1 alone. However, the JSC value of 

15.70 mA.cm-2 obtained with the co-sensitized device is 

comparable to that of [Ru1]-based single-dye device, and the 

outcoming VOC is averaged. Hence, further optimization is 

needed for the co-sensitization technique, which is currently 

under thorough investigations to increase the overall device 

efficiency. 

Conclusions 

 In summary, a series of ruthenium-diacetylide complexes 

showing push-pull structure and appropriate functional 

anchoring groups were prepared for dye-sensitized solar cells 

applications. Simple modification of the alkynyl ligand on the 

acceptor side afforded a nice color palette of visible-light 

absorbers, ranging from red ([Ru]1) to purple ([Ru]2) and blue-

green dyes ([Ru]3-[Ru]4). Spectroscopic and electrochemical 

studies of the complexes confirmed suitable opto-electronic 

properties for use in DSSC devices. In single-dye devices, the 

best photovoltaic performance of the series was obtained with 

the red dye [Ru]1, 7.32 % PCE, and the performance achieved 

by the blue dye [Ru]3 was very close, 7.08 % PCE, which places 

it among the best blue-colored dyes for DSSCs. The spectral 

complementarity of these two dyes prompted us to test them 

in co-sensitized conditions which afforded slightly improved 

performance with regard to single-dye devices, i. e. 7.49 % PCE. 

Both the molecular structure of the Ru-diacetylide dyes and the 

co-sensitization approach are still under thorough 

investigations to further improve the performance of DSSCs 

based on these highly versatile complexes.  
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