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Abstract 

The effect of anchoring group position and, in consequence, the orientation of the ruthenium 

dye molecule on titania surface on the performance of dye-sensitized solar cells has been 

studied intensively. Three model ruthenium sensitizing dyes bearing carboxylic anchoring 

group in ortho, meta or para position were synthesized and well characterized by spectroscopic, 

electrochemical, photophysical and photochemical measurements. The results were confronted 

with the quantum-mechanical calculations and discussed. The para derivative has been found 

as the most effective sensitizer with the cells efficiency twice higher than the meta and four 

times higher than the ortho derivatives.  

1. Introduction

Dye-sensitized solar cells (DSSCs) seem to be promising devices efficiently converting sunlight 

to electricity, because of their relatively high efficiency, simple fabrication methods and low 

cost of production [1-4]. Typical DSSC is composed of dye-sensitized nanocrystalline 

semiconducting oxide, liquid or solid electrolyte and a counter electrode, but the dye is one of 

the most important component and is often called “the heart of the system” which indicates its 

key role in determination of the device photovoltaic performance. The initial types of DSSCs 

based on a combination of mesoporous titania sensitized with ruthenium complex cooperating 

with iodine-based electrolytes permitted the efficiencies up to 11.9%, but the devices of this 

kind, up to now, have never surpassed the efficiency level of about 12% and the recent record 

is 12.3% [5, 6]. Further application of the new type of organic donor-p-acceptor dyes based on 
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porphyrin with cobalt-based redox mediators permitted obtaining efficiencies over 13% and 

still has much potential of development [7-10]. 

Ruthenium sensitizers development is focused on structural modification of the 

ancillary ligands to improve electron injection efficiency, light harvesting and, in consequence, 

the performance of DSSCs. Modification of anchoring ligands is performed very seldom and 

only a few papers have been published in this area. Funaki et al. have synthesized the “black 

dye” analogues with p-expanded terpyridine ligand having phenylene-ethynylene chains and 

the anchoring carboxyl group shifted to the end of expanding chain [11]. They found that the 

longer the phenylene-ethynylene chain the lower the efficiency of the cell and explained this 

phenomenon by the aggregation of the dye molecules on the electrode surface. The 

improvement in the cells efficiencies sensitized by a “black dye” with the anchoring chain 

modified by cyanoacetic acid-2-thienyl moiety, have been reported by Vincent Joseph et al. 

[12].  

In our previous work we investigated the dinuclear ruthenium bipyridine complex B1 

with dendritic anchoring ligand [13, 14]. The B1 dye was less active in the cell conditions than 

its commercially available mononuclear analogue. One of possible reasons for relatively poor 

performance of B1 dye, proposed by us, was the meta position of the carboxylic anchoring 

group in relation to the ruthenium bipyridine complex moieties that may lead to poor electronic 

communication with the TiO2 orbitals. Previously published papers clearly indicate that the 

meta position of the anchoring group in the ruthenium dye molecule results in lower efficiency 

of the sensitized cells [15-17]. However, the hitherto literature on the subject has been focused 

on the dyes with at least two anchors in one molecule and the meta location triggers competing 

reactions and steric problems during the dye adsorption process. Moreover, Hart et al. have 

investigateed the effect of anchoring group position in the porphyrin sensitizers with only one 

anchoring group and they found that the meta position is the most effective in electron injection 
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process and, in consequence, gives more effective cells [18], but further investigations of other 

groups have strongly refute these findings [19, 20].  

In this work, we do not aim at reaching the next DSSC efficiency record but we try to 

find the answer to the fundamental question on the effect of the position of a single anchoring 

group on the overall photon-to-current efficiency of the cell. Therefore, in order to better 

understand the electron transfer process between the dye molecule and the titania electrode 

three model-dyes, each of them with only one anchoring group, already known para [21] and 

two new meta and ortho, have been synthetized and examined by electrochemical, 

photophysical and photochemical techniques as well as density functional theory (DFT) 

calculations. Solar cells with the para derivative as a sensitizer exhibit the highest performance 

with the photoconversion efficiency twice higher than the meta derivatives and four times 

higher than the ortho ones. 

 

2. Experimental 

2.1. Synthesis 

The compound 4-bromo-2,2’-bipyridine and 4-ethynyl-2,2’-bipyridine was obtained by 

published methods [14, 22], other compounds were commercial products (Sigma-Aldrich, 

USA). 

Ethyl ethynylbenzoates (2) 

A solution of corresponding ethyl bromobenzoate (5.00 g; 22 mmol) and 

trimethylsilylacetylene (15 mL; 108 mmol) in triethylamine (80 mL) was deoxygenated and 

200 mg of Pd2(dba)3, 300 mg of triphenylphosphine and 50 mg of cooper(I) iodide were added. 

The mixture obtained was stirred under argon at 353 K, over 24 h, then the solvent was 

evaporated, the residue was mixed with 5% HCl (200 mL) and the product was extracted with 

diethyl ether (2 ´ 100 mL). The organic layer was washed with water, dried over Na2SO4 and 
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evaporated. The crude trimethylsilyl derivative 1 was dissolved in freshly distilled THF (100 

ml), then 1.25 mL of glacial acetic (22 mmol) acid and solution of 7.15 g (23 mmol) of 

tetrabutylammonium fluoride trihydrate in 20 mL of THF was added. The mixture was allowed 

to react over 0.5 h, the solvent was evaporated and the product was purified by column 

chromatography (SiO2; hexane/dichloromethane, 2:1 v/v). 

m-2: Yellowish brown crystals; m.p. ~293 K. Yield: 90% (3.45 g). 1H NMR (CDCl3): δ 8.17 

(d, 1H; 1.4 Hz), 8.02 (dt, 1H; 7.7 & 1.4 Hz), 7.66 (dt, 1H; 7.7 & 1.4 Hz), 7.41 (t, 1H; 7.7 Hz), 

4.39 (q, 2H; 7.3 Hz), 3.12 (s, 1H), 1.41 (t, 3H; 7.3 Hz). HRMS: 174.0680 (calc. for C11H10O2: 

174.0681). 13C NMR (CDCl3): δ 165.5, 136.9, 132.7, 131.7, 130.9, 129.8, 128.7, 82.3, 81.1, 

61.2, 14.1. 

p-2: Yellowish brown crystals; m.p. ~293 K. Yield: 94% (3.60 g). 1H NMR (CDCl3): δ 8.00 

(pseudod, 2H), 7.55 (pseudod, 2H), 4.38 (q, 2H; 7.3 Hz), 3.22 (s, 1H), 1.40 (t, 3H; 7.3 Hz). 

HRMS: 174.0677 (calc. for C11H10O2: 174.0681). 13C NMR (CDCl3): δ 165.9, 132.0, 130.4, 

129.4, 126.6, 82.8, 79.9, 61.1, 14.2. 

 

Ethyl (2-(2,2’-bipyridin-4-yl)ethynyl)benzoates (3) 

1.00 g of corresponding ethyl ethynylbenzoate (5.7 mmol) and 1.40 g of 4-bromo-2,2’-

bipyridine (6.4 mmol) was dissolved in 60 mL of deoxygenated triethylamine and 100 mg of 

Pd2(dba)3, 150 mg of triphenylphosphine and 30 mg of cooper(I) iodide were added. The 

mixture obtained was heated under argon over 24 h. After that the solvent was evaporated, the 

product was extracted with chloroform and recrystallized from methanol. 

m-3: Dirty yellow flocks; m.p. 438-441 K. Yield: 85% (1.59 g). 1H NMR (CDCl3): δ 8.71 (bs, 

2H), 8.57 (bs; 1H), 8.43 (bs, 1H), 8.24 (t, 1H; 1.6 Hz), 8.06 (dt, 1H; 7.8 & 1.4 Hz), 7.84 (t, 1H; 

7.5 Hz), 7.73 (dt, 1H; 7.8 & 1.4 Hz), 7.47 (t, 1H; 7.8 Hz), 7.42 (bs, 1H), 7.35 (bs, 1H), 4.41 (q, 

2H; 7.2 Hz), 1.43 (t, 3H; 7.2 Hz). 13C NMR (CDCl3): δ 165.7, 156.1, 155.3, 149.1, 137.0, 135.8, 
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133.0, 132.1, 131.0, 130.0, 128.6, 125.3, 124.1, 123.3, 122.6, 121.2, 92.8, 87.8, 61.3, 14.3. 

HRMS: 328.1205 (calc. for C21H16N2O2: 328.1212). 

p-3: Dirty yellow flocks; m.p. 453-455 K. Yield: 87% (1.63 g). 1H NMR (CDCl3): δ 8.71 (bs, 

1H), 8.68 (bs, 1H), 8.56 (bs, 1H), 8.42 (d, 1H; 8.0 Hz), 8.06 (pseudod, 2H), 7.83 (td, 1H; 7.7 & 

1.6 Hz), 7.62 (pseudod, 2H), 7.40 (d, 1H; 4.6 Hz), 7.34 (dd, 1H; 6.8 & 5.0 Hz), 4.40 (q, 2H; 7.1 

Hz), 1.41 (t, 3H; 7.1 Hz). 13C NMR (CDCl3): δ 165.8, 156.2, 155.3, 149.2, 137.0, 131.8, 131.7, 

130.6, 129.5, 126.6, 125.2, 124.1, 123.2, 121.2, 92.8, 89.5, 61.2, 14.3. HRMS: 328.1217 (calc. 

for C21H16N2O2: 328.1212). 

 

 (2-(2,2’-Bipyridin-4-yl)ethynyl)benzoic acids (m-4, p-4; Lm, Lp) 

1.00 g of 3 (3 mmol) was dissolved in 150 mL of THF and 100 mL of methanol. To the solution 

obtained 0.5 g of lithium hydroxide (21 mmol) in 25 mL of water was added. The mixture was 

stirred overnight at room temperature, the solvent was evaporated and the solid residue was 

suspended in water (50 mL). The solution was neutralized with 10% HCl and the precipitated 

product was filtered off, washed with water and dried. 

m-4 (Lm): Yellowish powder; m.p. 496 K. Yield: 95% (0.86 g). 1H NMR (DMSO-d6): δ 11.3 

(bs, 1H), 8.73 (dd, 1H; 4.9 & 0.8 Hz), 8.71 (dd, 1H; 4.7, 1.9 & 1.0 Hz), 8.45 (dd, 1H; 1.7 & 1.0 

Hz), 8.38 (dd, 1H; 7.9 & 1.0 Hz), 8.10 (td, 1H; 1.7 & 0.8 Hz), 7.98 (td, 1H; 7.7 & 1.7), 7.95 (dt, 

1H; 7.6 & 1.3 Hz), 7.60 (m, 2H), 7.50 (ddd, 1H; 7.5, 4.8 & 1.0 Hz), 7.40 (t, 1H; 7.6 Hz). 13C 

NMR (DMSO-d6): δ 168.3, 155.6, 154.3, 149.8, 149.4, 140.8, 137.5, 132.5, 132.0, 131.5, 130.4, 

127.9, 125.4, 124.6, 121.9, 120.6, 120.0, 94.4, 86.2. HRMS: 300.0891 (calc. for C19H12N2O2: 

300.0899). 

p-4 (Lp): Yellowish powder; m.p. 518-524 K. Yield: 97% (0.87 g). 1H NMR (DMSO-d6): δ 

11.0 (bs, 1H), 8.73 (dd, 1H; 4.9 & 0.8 Hz), 8.71 (ddd, 1H; 4.7, 1.8 & 0.9 Hz), 8.45 (dd, 1H; 1.6 

& 0.8 Hz), 8.39 (dt, 1H; 7.9 & 1.1 Hz), 7.98 (ddd, 1H; 7.9, 7.7 & 1.6 Hz), 7.92 (pseudod, 2H), 
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7.59 (dd, 1H; 5.0 & 1.8 Hz), 7.57 (pseudod, 2H), 7.50 (ddd, 1H; 7.4, 4.7 & 1.2 Hz). 13C NMR 

(DMSO-d6): δ 168.6, 155.6, 154.3, 149.8, 149.4, 141.5, 137.5, 131.5, 130.9, 129.3, 125.4, 

124.7, 121.9, 121.2, 120.6, 94.3, 87.2. HRMS: 300.0888 (calc. for C19H12N2O2: 300.0899). 

 

2-Bromobenzoic acid trimethylsilyl ester (5) 

2-Bromobenzoic acid (5.00 g; 25 mmol) was dissolved in dry dichloromethane (100 mL) and 

26 mg of sodium saccharinate (0.125 mmol) was added. The mixture was heated under reflux 

in inert atmosphere and the hexamethyldisilazane (3.23 g, 20 mmol) was added dropwise over 

5 min. After 2 h the mixture was filtered and the solvent and excess of silanizing agent were 

evaporated in vacuum. The crude product was obtained as colorless liquid (6.63 g; yield: 98%), 

readily hydrolyzing on air. 1H NMR (CDCl3): δ 7.87 (dd, 1H; 7.7 & 1.8 Hz), 7.65 (d, 1H; 7.7 

Hz), 7.35 (t, 1H; 7.7 Hz), 7.31 (td, 1H; 7.7 & 1.8 Hz). HRMS: 271.9860 (calc. for C10H13BrO2Si: 

271.9868). 

 

2-(2-(2,2’-Bipyridin-4-ylethynyl)benzoic) acid (o-4; Lo) 

1.50 g (5.5 mol) of protected 2-bromobenzoic acid (5) was dissolved in mixture of 50 mL of 

anhydrous triethylamine with 30 mL anhydrous toluene and 1 g (2.2 mmol) of 4-ethynyl-2,2’-

bipyridine was added. After adding of the catalysts (150 mg of Pd2(dba)3, 300 mg of PPh3 and 

75 mg of CuI) the mixture was heated at 353 K over 24 h. After that the solvent was evaporated 

and the mixture was stirred with water over 1 h. The product was filtered off and purified by 

column chromatography (SiO2; CH2Cl2/Et2O, 1:1 v/v) to obtain 0.49 g (75%) of yellowish 

powder. 1H NMR (DMSO-d6): δ 8.81 (dd, 1H; 4.9 & 0.9 Hz), 8.74 (ddd, 1H; 4.7, 1.8 & 0.9 

Hz), 8.51 (dd, 1H; 1.7 & 0.9 Hz), 8.41 (dt, 1H; 7.9 & 1.1 Hz), 8.00 (td, 1H; 7.7 & 1.8 Hz), 7.81 

(m, 2H), 7.72 (dd, 1H; 4.9 & 1.6 Hz), 7.52 (ddd, 1H; 7.5, 4.6 & 1.1 Hz), 7.48 (m, 2H). HRMS: 

300.0907 (calc. for C19H12N2O2: 300.0899). 
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Bis(2,2’-bipyridine)(4-(2-(carboksyphenyl)ethynyl)-2,2’-bipyridine)ruthenium(II) 

hexafluorophosphate(V) (6; RuLomp) 

1.00 g of 4 (3.3 mmol) and 1.74 g of bis(2,2’-bipyridine)ruthenium dichloride dihydrate (3.3 

mmol) were dissolved in anhydrous ethanol (200 mL) and the resulting solution was refluxed 

over 10 h under argon in dark. After that the insoluble byproducts were filtered off and the 

solvent was evaporated. The obtained solid was dissolved in methanol (15 mL) and the solution 

was filtered. To the obtained mixture a solution of ammonium hexafluorophosphate(V) in water 

(2 g in 4 mL) was added. The formed precipitate was filtered off, dissolved in methanol (15 

mL) and the precipitation procedure with NH4PF6 solution was repeated. The final product was 

filtered, washed with water and diethyl ether and dried in vacuum. 

o-6 (RuLo): Red amorphous solid. Yield: 77% (2.57 g). 1H NMR (CD3CN): δ 8.73 (d, 1H; 5.1 

Hz), 8.68 (d, 1H; 4.2 Hz), 8.64 (dd, 1H; 1.4 & 0.9 Hz), 8.52 (m, 4H), 8.44 (d, 1H; 7.8 Hz), 8.07 

(m, 4H), 7.92 (td, 1H; 7.8 & 1.8 Hz), 7.76 (m, 3H), 7.70 (m, 4H), 7.53 (dd, 1H; 4.9 & 1.6 Hz), 

7.42 (m, 6H), 5.9 (bs, 1H). 13C NMR (CD3CN): δ 168.8, 158.5, 157.8 (´3), 157.7, 157.2, 155.6, 

152.8, 152.7, 152.6, 152.5, 150.7, 150.3, 138.9 (´3), 138.3, 130.8, 130.3, 130.2, 130.0, 128.6 

(´2), 128.5, 127.6, 126.9, 125.5, 125.3, 123.9, 121.8, 83.6, 80.8. Anal.: C 46.77%, H 2.85%, N 

8.20% (calc. for C39H28N6O2P2F12Ru: C 46.67%, H 2.81%, N 8.37%). 

m-6 (RuLm): Red amorphous solid. Yield: 87% (2.91 g). 1H NMR (CD3CN): δ 9.8 (bs, 1H), 

8.64 (d, 1H; 1.4 Hz), 8.53 (d, 1H; 8.0 Hz), 8.50 (m, 5H), 8.25 (t, 1H; 1.4 Hz), 8.07 (m, 5H), 

7.82 (dt, 1H; 7.8 & 1.3 Hz), 7.80 (d, 1H; 5.6 Hz), 7.75 (d, 1H; 5.6 Hz), 7.73 (m, 4H), 7.57 (t, 

1H; 7.6 Hz), 7.46 (dd, 1H; 5.8 & 1.6 Hz), 7.41 (m, 5H). 13C NMR (CD3CN): δ 167.6, 158.5, 

157.9, 157.8, 157.5, 152.7, 152.6, 152.5, 138.9 (´2), 138.8, 136.6, 134.0, 133.0, 132.0, 130.2, 

129.5, 128.8, 128.6 (´2), 128.5, 126.4, 125.4, 125.2, 122.4, 97.5, 86.8. Anal.: C 46.29%, H 
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2.63%, N 8.30% (calc. for C39H28N6O2P2F12Ru: C 46.67%, H 2.81%, N 8.37%). ESI-MS: 357.0 

([L2L’Ru]2+), 859.0 ([L2L’RuPF6]+). 

p-6 (RuLp): Red amorphous solid. Yield: 85% (2.84 g). 1H NMR (CD3CN): δ 8.64 (d, 1H; 1.4 

Hz), 8.53 (d, 1H; 7.9 Hz), 8.51 (m, 5H), 8.07 (m, 7H), 7.79 (d, 1H; 5.5 Hz), 7.75 (m, 2H), 7.72 

(m, 4H), 7.46 (dd, 1H; 5.8 & 1.7 Hz), 7.41 (m, 5H), 6.4 (bs, 1H). 13C NMR (CD3CN): δ 167.0, 

158.4, 157.9, 157.8 (´2), 157.7, 157.5, 138.9 (´2), 138.8, 133.0, 132.7, 130.9, 129.6, 128.8, 

128.6 (´2), 128.5, 126.9, 126.4, 125.4, 125.2, 97.2, 88.5. Anal.: C 46.35%, H 2.90%, N 8.27% 

(calc. for C39H28N6O2P2F12Ru: C 46.67%, H 2.81%, N 8.37%). ESI-MS: 357.0 ([L2L’Ru]2+), 

859.0 ([L2L’RuPF6]+). 

 

2.2. Electrochemical and photophysical studies 

The redox properties as well as HOMO and LUMO energy levels of the RuLomp dyes were 

investigated by cyclic voltammetry (CV) in acetonitrile (Aldrich) with 0.1 M 

tetrabutylammonium hexafluorophosphate (Aldrich) as a supporting electrolyte. To compare 

and better understand the redox properties of investigated dyes the measurements for published 

elsewhere B1 dendritic dye [13] and two commercial dyes 455PF6 (Solaronix) and Ru(bpy)3Cl2 

(Sigma-Aldrich) were also performed. The Supporting Information includes the CV data for 

free ligands Lm and Lp and dendritic L1 [14] in both free acidic and esterified forms. The 

electrochemical characterizations were performed at potential scan rates typically in the 0.05-

10 V/s range, using an Autolab 308 potentiostat (Metrohm Autolab) run by a PC with dedicated 

Nova 2.0 software. The samples were 0.5 mM solutions of each compound, deaerated by 

prolonged nitrogen bubbling, in a three-electrode conic cell (working volume 25 cm3). The cell 

was equipped with a glassy carbon (GC) working electrode embedded in glass (Metrohm), a 

platinum counter electrode, and an aqueous saturated calomel electrode (SCE) as operating 

reference electrode. The latter was inserted in a compartment filled with the working solvent 
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with supporting electrolyte medium and communicating through a porous frit with the working 

electrode compartment, in order to avoid contamination of the latter by water and chloride 

leakage from the SCE. The working electrode potentials were normalized against the 

ferrocene/ferrocinium redox couple, recommended by IUPAC as intersolvental reference [23], 

by recording its CV pattern in the same experimental conditions as the investigated molecules, 

although in a separate experiment in order to avoid any possible interference. Compensation of 

the ohmic drop was performed by the positive feedback method. The cleanness of the working 

electrode surface was restored whenever necessary by mechanical treatment with artificial 

diamond powder (Aldrich, 1 µm diameter) on a wet cloth (STRUERS DP-NAP). 

The reported CV patterns are the combination of a reduction half cycle obtained 

scanning the potential starting from 0 V vs SCE in the negative direction first, and of an 

oxidation half cycle, obtained scanning the potential from 0 V vs SCE in the positive direction 

first; this protocol ensures that the first oxidation and reduction take place on a clean surface, 

with no interference of the products of former ET processes. 

HOMO and LUMO energy levels were calculated from the first oxidation and first 

reduction formal potentials (i.e. standard potentials neglecting activity coefficients, calculated 

as the average between forward and backward peak potential in the first oxidation and first 

reduction reversible peak systems respectively) by the following equations [24]: 

EHOMO (eV) = -1 e × (E°’Iox vs Fc+|Fc /V + 4.8 V Fc+|Fc vs 0), (1) 

ELUMO (eV) = -1 e × (E°’Ired vs Fc+|Fc /V + 4.8 V Fc+|Fc vs 0).    (2)  

Absorption and emission spectra, both at RT and 77K, were measured in a 4 to 1 v/v 

ethanol - methanol mixture. UV/Vis absorption spectra were obtained on a Shimadzu UV-3600 

Plus UV-VIS-NIR Spectrophotometer in 1 cm path length quartz cell. Photoluminescence 

quantum yields were measured with a C11347 Quantaurus - QY Absolute Photoluminescence 

Quantum Yield Spectrometer (Hamamatsu Photonics UK), equipped with a 150 W Xenon 
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lamp, an integrating sphere and a multi-channel detector. Steady state emission and excitation 

spectra and photoluminescence lifetimes were obtained with a FLS 980 spectrofluorimeter 

(Edinburg Instrument Ltd.). Continuous excitation for the steady state measurements was 

provided by a 450 W Xenon arc lamp. Emission spectra were corrected for the detector 

sensitivity and the reference excitation light recorded for stability control. Photoluminescence 

lifetime measurements, determined by TCSPC (time-correlated single-photon counting) 

method, were performed using an Edinburgh Picosecond Pulsed Diode Laser EPL-445 

(Edinburg Instrument Ltd.), with central wavelength 445 nm and repetition rates of 20 µs or 50 

µs, or a monochromated pulsed 150 W MicroFlash lamp. Photoluminescence and quantum 

yield (QY) experiments at room temperature were carried out in nitrogen degassed solution of 

the complexes 2×10-5 M.  Acid-base titrations were conducted by adding small aliquot of 

trifluoroacetic acid (TFA) or trietylamine (TEA) in diluted solution of 4 to 1 v/v ethanol - 

methanol mixture (concentration ca 1×10-3 M). The diffuse reflectance UV-Visible spectra 

(DRUV-Vis) were recorded on a Jas.co V650 spectrometer (JASCO) equipped with 60 mm 

integrating sphere. 

 

2.3. Photovoltaic performance 

All chemicals used were of analytical grade and were used as received without any additional 

purification. The procedure used for preparation of the titania electrodes was similar to those 

described elsewhere [25, 26] and was as follows: 3 mL titanium tetraisopropoxide (Aldrich) 

were added to 13.5 mL of ethylene glycol (Aldrich) magnetically stirred at 333 K. The mixture, 

after addition 12.6 g of citric acid monohydrate (Aldrich), was heated under stirring at 363 K, 

until clear. The transparent sol obtained was mixed with 5.6 g P25 TiO2 Aeroxide (Evonik) by 

grinding in agate mortar for 1 hour. The viscous titania paste obtained was spread on fluorine 

doped tin oxide (FTO) conductive glass substrate (Solaronix) using “doctor blade” technique 
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and sintered in air at 723 K for 1 hour. To prepare working electrodes for DSSCs, titania 

electrodes were immersed in 1´10-4 M solution of RuLomp dyes in absolute ethanol at ambient 

temperature in dark overnight. After dye adsorption, the electrodes were washed with absolute 

ethanol and dried in hot air stream. Platinum film coated FTO was used as a counter electrode. 

The typical cell was assembled using a 25 µm thick, hot-melted, ionomeric foil (Solaronix) as 

a sealant and a spacer between the electrodes and an electrolyte (a mixture of 0.6 M 1-propyl-

3-methyl-imidazolium iodide (Aldrich), 0.03 M iodine (Aldrich), 0.1 M guanidine thiocyanate 

(Fluka) and 0.5 M 4-tert-butylpiridine (Aldrich) in acetonitrile (Merck)) were injected within 

two holes predrilled in the counter electrode. The final sealing was realized with the use of hot 

melted sealant and a microscope cover slide. The typical active area of the obtained DSSC was 

approximately 0.125 cm2. Five cells representing each type were prepared and the results 

obtained for the best ones are presented. To determine the amount of dye adsorbed, the 

electrodes of the area 1.5 cm2 were prepared and after dye adsorption they were immersed in 

5 mL of NH4OH solution (obtained by diluting of 1 mL of 25% NH4OH (POCh) in water with 

95% ethanol (Destylacje Polskie) to the volume of 10 mL) for 10 min. Concentration of the 

desorbed dye in the solution was determined by UV-Vis technique using Varian Cary 50 Probe 

spectrometer (Varian). For Raman scattering and reflectance spectroscopy measurements 5 µm 

thick TiO2 films deposited onto microscope glass slide substrates were prepared by a screen 

printing technique using a paste prepared by the method described elsewhere [27] and the 

detailed procedure was as follows: 3 g of P25 TiO2 Aeroxide (Evonik) were mixed with 0.5 mL 

of acetic acid (Aldrich) and 20 mL of ethanol (Aldrich) and kept in an ultrasonic bath for 3 h. 

A solution of 1.5 g ethyl cellulose (Aldrich) and 10 ml of α-terpineol in 13.5 g of ethanol was 

prepared in the meantime and then added to the former solution and the mixture was sonicated 

for additional hour. Afterwards, the mixture obtained was magnetically stirred overnight. 

Finally, ethanol was slowly removed on a rotary evaporator and the paste was ready-to-use. 
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Directly after calcination at 773K for 1 h the electrodes were kept at 353K. Afterwards, they 

were immersed in a 1×10-4 M ethanolic solutions of a RuLomp dyes at 313K for 1, 5, 10, 15, 

30, 60, 90 and 120 min, and subsequently rinsed in ethanol to remove any unadsorbed dye 

molecules from the nanoporous TiO2 films. Raman scattering spectroscopy measurements were 

carried out at room temperature using a confocal micro-Raman spectrometer (InVia, Renishaw) 

and a 514 nm argon ion laser, operating at a 10% of its total power (50 mW), as the excitation. 

 The photovoltaic characteristics (J-V curves) of the cells were measured using a Sun 

2000 class A solar simulator (Abet Technologies) equipped with an AM 1.5G filter, with the 

light intensity adjusted at 100 mW×cm-2 using a silicon reference cell (ReRa Systems). J-V 

curves were recorded on a Keithley 2400 SourceMeter (Keithley). Incident photon to current 

conversion efficiency (IPCE) was measured by using Bentham PVE300 EQE/IPCE (Bentham) 

device and the measurement were made with the spectral resolution of 5 nm. Electrochemical 

impedance spectra (EIS) were recorded under standard AM 1.5G solar irradiation, obtained 

from Oriel 81172 class A solar simulator (Oriel), and VOC forward bias conditions in the 

frequency range from 0.1 Hz to 100 kHz, with VAC = 100 mV and recorded on Autolab 308 

Potentiostat Galvanostat (Metrohm Autolab). 

 

2.4. Theoretical calculations 

Structures of the RuLomp dyes were initially optimized by semi-empirical calculations. The 

geometric optimization was carried out, as in our previous work [28], by parametric method 6 

(PM6) using the Scigress 2.1.0 program [29]. Then, the total energy minimization procedures 

were carried out for all studied dyes using the density functional theory (DFT) applied in the 

GAUSSIAN 03 package [30]. The geometries were optimized according to Becke’s three 

parameters hybrid method with the Lee, Yang and Parr correlation functional (B3LYP) [31-33] 

and 3-21G basis set for all remaining atoms. To model the TiO2 nanoparticles and surfaces, we 
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considered (TiO2)76 clusters which were obtained by appropriately “cutting” the anatase slab 

exposing the (101) surface. 

For better accuracy, in the next step, the geometry of all molecules was optimized 

applying the ab initio formalism implemented in GAMESS program package [34, 35]. The 

procedure was performed for isolated molecule in vacuum. The initial geometry was built up 

using the ACD/ChemSketch, an integrated software package from Advanced Chemistry 

Development, Inc. The minimum of the potential energy surface was calculated at restricted 

Hartree-Fock (RHF) level [36] for neural molecules with the 3-21G basis set applied for Ru 

atom and with the 6-311G basis set for all remaining atoms. The calculations were performed 

for molecules in C1 defined symmetry. The quadratic approximation (QA) optimisation 

algorithm [37] based on augmented Hessian techniques was used to reach the geometry of the 

investigated molecules characterized by a minimum of the total energy. The gradient 

convergence tolerance was equal to 10-4 Hartree/Bohr. At the end of the geometry optimization 

the Hessian evaluation was performed to exclude the structures giving negative modes and 

ensure the thermodynamic equilibrium of the molecule.  

To predict electronic properties of the investigated molecules the quantum chemical 

calculations were performed using the structure with optimized geometry. The electronic 

properties were computed for the isolated molecules as well as for molecules dissolved in 

methanol/ethanol solvent. The calculations were carried out applying density functional theory 

(DFT) methodology using GAMESS program package [34, 35]. The time dependent DFT 

(TDDFT) formalism was considered to be the most prominent method to calculate the excited 

state of medium-size and large molecules. The TDDFT calculations were performed using 

different exchange-correlation (XC) potentials in generalized gradient approximation (GGA), 

namely the B3LYP [31-33], LC-BLYP [38] and CAM-B3LYP [39] potentials. The single point 

calculations were performed with the 3-21G basis set applied for Ru atom and with the 6-311G 
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basis set for all other atoms. The RHF SCF energy convergence criterion was chosen to be 10-

12 Hartree. The UV-Vis absorption spectra were calculated using the iterative Davidson method 

[40] with an accuracy of 10−12 Hartree. In order to investigate the solvent effect on the electronic 

properties of RuLomp molecules, the Polarizable Continuum Model (PCM) [41] was used, 

applying the conductor-like PCM (C-PCM) [42, 43] implementation. It is one of the most 

frequently used apparent surface charge (ASC) model [44, 45]. The solvent radii and the 

dielectric constants were assumed to be the same as the parameters collected in GAMESS code. 

To model the TiO2 nanoparticles and surfaces, the (TiO2)76 clusters obtained by appropriately 

“cutting” an anatase slab exposing the (101) surface were considered. 

 

2.5. Other analytical methods 

All NMR spectra were measured on an Agilent DD2 spectrometer (Agilent Technologies, 

USA), operating at frequencies 799.86 MHz for 1H and 201.15 MHz for 13C, equipped with 5 

mm 1H/13C/15N triple resonance probe. The sample temperature was stabilized at 298 K. 

Chemical shifts were referred to the signal of internal TMS (0.00 ppm). High-resolution mass 

spectra were recorded on an AMD 402 two-sector mass spectrometer (AMD Intectra, Germany) 

of B/E geometry using a peak matching technique. Elemental compositions of the ions 

discussed were determined with an error of less than 10 ppm in relation to perfluorokerosene at 

a resolving power of 10000. ESI Mass spectra were recorded on a Waters/Micromass Q-tof 

Premier (ESI-MS) mass spectrometer (Waters Ltd., Eltree, UK) using acetonitrile solutions of 

compounds studied (ca. 1´10-4 M). Elementary analyses were obtained on a Vario EL III 

(Elementar Analysensysteme GmbH, Hanau, Germany) analyser. Melting points were 

measured on Mel-Temp apparatus (Barnstead/Thermolyne Corp., USA).  

 

3. Results and Discussion 
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3.1. Synthesis and characterization 

3- and 4-substituted bipyridine ligands (m-4 and p-4) were synthesized by Sonogashira coupling 

of corresponding ethyl ethynylbenzoates with 4-bromo-2,2’-bipyridine and further deprotection 

of carboxyl group (Scheme 1). This route failed for ortho isomer, as the hydrolysis of ethyl 

ester o-3 in basic conditions results in rearrangement and formation of 2-substituted 1,3-

indanedione (see Supporting Information for details; Scheme S1). As the acidic hydrolysis of 

the above-mentioned ester does not occur, the ligand o-4 was synthesized by coupling of 4-

ethynyl-2,2’-bipyridine with O-trimethylsilyl protected 2-bromobenzoic acid (Scheme 2). The 

second substrate was synthesized by the method of Bruynes and Jurriens [46]. The complexes 

studied were synthesized from bis(2,2’-bipyridine)ruthenium(II) dichloride and corresponding 

ligands by standard procedure and purified by precipitation in form of hexafluorophosphate 

salts (Scheme 3). All compounds were obtained in good yield and purity. Their NMR spectra 

are presented in Supporting Information. 

 

3.2. Electrochemical and photophysical properties 

The electrochemical characteristics of RuLomp dyes as well as three literature and/or 

commercial reference ruthenium complexes (Ru(bpy)3
2+, 455PF6 and B1 dyes) were obtained 

by cyclic voltammetry and the relevant cyclic voltammograms (the j-E curves) are presented in 

Figure 1, while the electrochemical parameters are collected in Table 1. To support the main 

findings, the electrochemical characterization of the free ligands has been also investigated and 

the full discussion is presented in Supporting Information. The monoelectronic oxidation peak, 

corresponding to Ru2+ → Ru3+ + e- process, reversible both chemically and electrochemically 

can be observed on j-E curves recorded for all investigated complexes (the additional oxidation 

signal on Ru(bpy)3
2+, which was in chloride salt form, CV pattern recorded at about 0.62 V 
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corresponds to the Cl- ions [47]). The potentials of the oxidation peaks, observed for the 

RuLomp complexes, are slightly more positive, with respect to those for Ru(bpy)2+ reference 

and this effect is a consequence of the presence of the electron attracting, anchoring COOH 

groups in the Lomp ligands. The strongest effect is observed on the 455PF6 CV pattern, 

because this molecule has two COOH groups located on one bipyridine ligand. Therefore, also 

the HOMO levels of RuLomp dyes are slightly lowered when compared with that of Ru(bpy)3
2+ 

complex. The reduction part of the CV curves is much more complex than the oxidation one. 

All the complexes investigated undergo a multistep reduction process. Moreover, the CV curves 

of the dyes with COOH anchoring groups show a very interesting sharp signal associated with 

adsorptive phenomena or sudden charge releases connected with structural rearrangements or 

unstable radical formation and this process will be the goal of our further investigation. Here 

we focus on the first reduction process which most probably occurs on the Lomp ligands. When 

compared to the free ligands (see Supporting Information) the first reduction peaks of the 

complexes are much more positive (-1.69 V vs -2.32 V with Lm, -1.66 V vs -2.17 V with Lp, 

-1.67 V vs -2.17 V with L1) and this effect can be explained by the donation of electrons to the 

central metal so that the ligands become electron-poorer. The complexation makes the ligands 

(the radical ions) more stable, which may be deduced from the higher chemical reversibility of 

the first reduction peak. Furthermore, the electrochemical reversibility is still high (fast 

reduction processes). In RuLo the first reduction process potential is significantly more positive 

than in the meta and para ones (easier reduction), but the stability of the electron transfer 

product is lower (nearly no return peak, and dEp/dlogv slope of about 40 mV consistent with 

the electron transfer step followed by a chemical one). Ortho substitutes very often show very 

peculiar behavior (for instance the Hammet constant [48] are mostly given only for para and 

meta substitutes; the RuLo dye synthesis is also much more difficult and cannot be carried out 

by standard methods as for the other two presented dyes). The increased conjugated system of 
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the double bonds together with the conjugated electron attracting COOH groups in the dyes 

studied, results that the first reduction signals are shifted to more positive values than in the 

Ru(bpy)3
2+ (-1.49 - -1.69 V vs -1.76 V, respectively). Moreover, the 455PF6 dye, including a 

bipyridyl ligand bearing two carboxylic groups, has the first reduction process even more 

positive (peak at -1.19 V) which may support the explanation of the COOH group influence on 

the RuLomp properties. Such behavior, however, indicates a significantly lower LUMO level 

of RuLomp dyes. Therefore, also the HOMO energy level should be lower, but to a smaller 

degree than the LUMO one; thus, the energy gap for our dyes is narrower than that of 

Ru(bpy)3
2+ reference one, besides being shifted to lower energy values (see Table 1). 

The UV/Vis/NIR absorption spectra of the three complexes, in the MeOH-EtOH 

mixture, recorded at 298 K are reported in Figure 2a. The three spectra are quite similar to one 

other with only a few differences. The three complexes display 3 major absorption bands at 

245, 290, 330 nm and a broader one, in the visible region, between 400-520 nm. Ru(II) bipyridyl 

derivatives have been widely studied earlier. Taking in the account the early work of Balzani 

et.al. [49] the absorption bands below 220 nm and at 290 nm can be ascribed to p-p* electron 

transition in the ligands, while the 245 nm band and the one in the visible range are assigned to 

metal to ligand charge transfer (MLCT) transitions. The absorption spectra in the visible range 

have a quite long tail spreading up to 600 nm. These tails become more resolved in the 77 K 

excitation measurements (see Supporting Information Figure S17) assuming the shape of a 

shoulder around 550 nm. Their relatively low molar absorptivity suggests that these absorption 

features can be assigned to the transition involving 3MLCT states. 

Comparing the three spectra, two specific features can be noted. The UV spectra of 

RuLp and RuLm systems are almost identical, in the spectrum of RuLo complex, the low 

energy band (476 nm vs. 460 nm, see table 2) is shifted by about 16 nm to the red and shows 

slightly larger molar absorptivity at 250 nm. The second interesting feature concerns to the band 
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that appears around 330 nm in the RuLo and RuLm complexes (whereas the same band 

appears, as a shoulder, under the 290 nm main band). This band, at least in the spectra of RuLm 

and RuLp, strongly responds to changes in pH such as it is located at shorter wavelength in 

acidic conditions and is red-shifted, upon deprotonation. On average, we observe a 

bathochromic shift, in basic media, by about 7 nm (see Supporting Information Figure S18). 

Therefore, this band can be ascribed to transitions involving the ligand (carrying the carboxylate 

group) responsible for the anchoring onto the TiO2 surface. This observation may suggest that 

RuLm and RuLp are probably deprotonated in the methanol-ethanol solution, which can 

increase their adsorption abilities on the titania surface. On the other hand, the carboxylic 

anchor of RuLo may be involved in some strong intramolecular interactions (no pH 

dependence) and it may have strong negative impact on the chemisorption abilities of the RuLo 

dye on the titania surface [50] (see further discussion). 

The photophysical properties of the complexes have been analyzed in terms of 

photoluminescence quantum efficiency and lifetimes, both at room temperature, in diluted 

solution, and at 77 K, in a rigid matrix. The three complexes show broad featureless emission, 

at room temperature, between 550-850 nm with full width half maximum (FWHM) of about 

2600 cm-1 and overall lifetime in the microsecond range (Figure 2b and Table 2). The strong 

intersystem crossing (ISC) in Ru complexes together with the large Stokes shift observed 

between the absorption and emission spectra (175-195 nm) allow assignment the emission to 

the 3MLCT state. The emission peak maxima are located at 635 nm for RuLp and 633 nm for 

RuLm whereas in the emission spectrum of complex RuLo has a maximum shifted to 670 nm 

mirroring the corresponding shift of the absorption spectrum. The two derivatives, RuLp and 

RuLm, display very similar photophysical behavior while the major differences can be again 

observed in the ortho derivative. In particular, their luminescence quantum efficiency of ca. 

0.18-0.19 is almost twice as large as that of the RuLo derivative (0.095).  
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Interestingly, the PL lifetime is similar for all the complexes; 1.97, 1.89 and 1.90 µs for 

RuLp, RuLm and RuLo respectively. This implies that the radiative rate constant (kr) of RuLp 

and RuLm are doubled in comparison to that of RuLo, while the nonradiative (knr) rate 

components are of the same magnitude for the three complexes. The nonradiative rate constant 

knr seems to be independent of the position of the carboxylic functional group. This trend is 

interesting since does not follow the behavior expected if the rate constants simply obey the 

energy gap law [51, 52]. Accordingly, the nonradiative decay rate constants for RuLo complex 

with the lowest energy HOMO-LUMO gap would be expected to surpass those of the RuLp 

and RuLm complexes. 

At 77 K (Figure 2c) the phosphorescence emissions undergo a typical rigidochromic 

blue-shift of about 24 – 20 nm and they become vibrationally resolved with progression spacing 

in the range of 1100-1400 cm-1. The PL lifetimes measured at low temperature (7.0, 6.44 and 

6.28 µs for RuLp, RuLm and RuLo, respectively) are ca. 3-3.5 times longer than those at room 

temperature. Assuming a unitary FISC, the above observation implies that while in the 

complexes RuLp and RuLm the non-radiative decays roughly become one order of magnitude 

smaller compared to that of RT, in RuLo knr the nonradiative decay is reduced only by one 

fifth. Therefore, in these conditions the expected increase in the nonradiative rate constants of 

RuLo, as a consequence of the emission red-shift takes place. This reasoning assumes that the 

average radiative rate constant (kr) for zero-field split (ZFS) triplet manifold weakly depend on 

temperature in the respective temperature range, similarly as observed for  Ir(ppy)3 complex 

with higher triplet sublevels energy splitting (83 cm-1 in comparison to 60 cm-1 for Ru(bpy)3
2+) 

[53]. 

As already mentioned, before starting the essential calculations the geometries of the 

RuLomp molecules were optimized using the HF/3-21G(Ru)6-311G methodology. Also, the 

DFT methodology was used to optimize studied structures but the obtained results were 
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unsatisfactory. It is known that the DFT/GGA and hybrid functional tend to overestimate the 

interatomic distances [54, 55] 

The chemical structures of all studied molecules after geometry optimization procedure 

are presented in Figure S22. The structures of investigated molecules differ by the carbon chain 

connecting Ru complex and phenyl group. The torsional angle created by carbon chain is equal 

6.84˚ and 5.70˚ for RuLm and RuLp molecules, respectively and 31.15˚ for RuLo molecule. 

The phenyl group is twisted in relative to Ru complex plane. The twisting angle is equal to 

65.43˚ and 66.70˚ for RuLm and RuLp molecules, respectively and 60.04˚ for RuLo molecule. 

The carboxylic group is distant from phenyl group by 1.48 Å for RuLm and RuLo molecules 

and by 1.36 Å for RuLp molecule. From the structural point of view the RuLm and RuLp 

molecules are more planar when compared to the RuLo molecule. 

The electronic properties of all investigated molecules were calculated applying the 

DFT methodology with different functionals, namely B3LYP, LC-BLYP and CAM-B3LYP 

with 3-21G basis set for Ru atom and 6-311G basis set for all remaining atoms. The results in 

the best agreement with the experimental UV-vis absorption spectra, were obtained by 

DFT/LC-BLYP methodology (see Figure S23). The electronic properties of studied molecules 

are given in Table S3. The carboxylic group in para position increases the value of the electric 

dipole moment (µ) of the molecule but the lowest dipole moment is obtained for the RuLo 

molecules. The decrease in the dipole moment in the direction from RuLp, through RuLm to 

RuLo may strongly influence the decrease in the photovoltaic performance, especially the 

photovoltage (VOC) values, changing in the same direction [56, 57]. Also, the changes in 

electronegativity (c) and chemical hardness (η), which affect the chemical reactivity and 

photovoltaic properties of the dyes [58], show the same tendency as the dipole moment of the 

molecules. These results are in good agreement with the above-mentioned observations that the 

stability of the electron occurring as product of the electrochemical reduction process in the 
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RuLo complex is lower than in the other two dyes. It can be ascribed to significantly lower 

electronegativity and chemical hardness of the ortho moiety than those of the para and meta 

ones. The same tendency can be also observed for DEHOMO-LUMO values, which is also in a good 

agreement with our electrochemical studies. However, the calculated values quantitatively do 

not correspond with the experimental data as far as the HOMO and LUMO levels are concerned. 

The calculated values are not sufficient for the dyes to be applied in DSSC’s which requires 

that the LUMO level of the dye must be higher than the titania conduction band level (about -

4.0 eV) and the HOMO level should be more negative than the redox potential of the electrolyte 

(about -4.8 eV for iodine electrolytes) [59] however this disagreement is a computational error 

related to the methodology used for quantum chemical calculations. 

3.3. Photovoltaic performance 

Figure 3 shows the incident photon to current efficiencies (IPCE) spectra, plotted as a function 

of excitation wavelength, for the photovoltaic devices sensitized by RuLomp dyes. The 

photocurrent action spectra well correspond to the visible region absorption spectra of the 

investigated sensitizers and the maximum IPCE values, i.e. 2.23, 4.89 and 6.96 % for RuLo, 

RuLm and RuLp dyes, respectively, were obtained at the wavelengths which correspond with 

the MLCT bands of the dyes. 

Photovoltaic performance of the DSSC devices sensitized by RuLomp dyes was tested 

under simulated solar irradiation and the results are collected in Table 3 while the photovoltage-

photocurrent density curves are presented in Figure 4. The general observation is that the overall 

photon-to-current efficiency (h) of RuLp dye sensitized device is the best one, RuLm is the 

second best with about twice lower efficiency than RuLp and RuLo is the worst with again 

about twice lower efficiency than RuLm. The h values are in good agreement with the IPCE 

results. While there are no spectacular differences in open-circuit photovoltage (VOC) values 

which are 534, 518 and 560 mV for RuLo, RuLm and RuLp, respectively, the photocurrent 
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densities (JSC) differ significantly and the tendency is similar to that of the overall efficiency 

values. It is well known that the JSC strongly depends on electron injection, recombination and 

transportation through the semiconducting electrode process as well as on the number of dye 

molecules adsorbed on the semiconductor surfaces [3, 60-62]. The electron transportation 

process is less important in our investigation, because the titania electrodes used for DSSCs 

assembling were exactly of the same type for all the devices in this study and should not have 

a significant influence on the cells performances. The dye loading parameter (see the Ndye 

values in Table 3) determined for all the cells investigated show a significantly lower 

concentration of the RuLo adsorbed on the titania electrode surface, when compared to those 

of the other two dyes. Such a poor adsorption of the RuLo is most probably a consequence of 

the steric hindrance between the bulky ruthenium complex moiety and the titania surface, which 

has adverse effect on the chemical reaction between anchoring carboxylic group and surface 

hydroxyl groups, thus weaking the adsorption abilities of the RuLo. The Ndye value determined 

for the RuLm is also a little bit lower when compared with that of RuLp and can be one of the 

reasons for the poorer efficiency of the RuLm sensitized cells. Direct observation of the dyes 

adsorption dynamics studied by Raman spectroscopy [63] (see Figure S20a-c in Supporting 

Information) shows that the saturation of the adsorption process for all the three dyes presented 

is reached after 90 min. of the sample dipping in the dye solution at 40˚C. However, the degree 

of the electrode surface coverage, examined by diffuse reflectance UV-Vis technique for the 

dyes is good agreement with the Ndye values (see Figure S21). According to our quantum-

mechanical calculations the low amount of the RuLo dye is mostly due to the unsuitable 

geometry of the molecule, which leads to the energetically unfavorable adsorption process (see 

Scheme 4 and Table S2). Additionally, we observed that although RuLo dye is adsorbed 

efficiently, it can be easily washed off with acetonitrile and finally only a small amount of the 

initially adsorbed dye remains on the surface. This observation suggests that the physisorption 
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occurs more efficiently than chemisorption in the RuLo dye case. This effect may be also 

enhanced, in addition to the steric hindrance, by the specific electronic properties of RuLo as 

observed in our photophysical studies. Accordingly, the anchoring group being involved in the 

strong intramolecular interaction with bipyridine Ru complex unit, loses partly its ability to 

bond the semiconductor surface. 

To better understand the electron injection and recombination processes taking place in 

the investigated cells, the electrochemical impedance spectroscopy (EIS) measurements were 

performed, as this technique is well known to be useful in investigation of these processes [18, 

64]. Figure 5 presents the Nyquist plots of impedance spectra of the cells sensitized with the 

RuLomp dyes, also an electrical equivalent circuit used for the experimental data fitting and 

the values for each parameter obtained are collected in Table 4. The ohmic serial resistance, R1, 

observed at the high frequencies represents the FTO resistance and the values found are similar 

for all three types of the cells. The resistance of the redox charge transfer process at the Pt 

electrode of the solar cell values, R2, observed at the high-frequencies, are more varied and it 

could be caused by the differences in the Pt film thickness and/or existence of discontinuities 

in the Pt layer on the counter electrode [65, 66]. The R3 values, which correspond to the electron 

transfer process at the TiO2/dye/electrolyte interface, recorded for RuLomp dyes are 1237.0, 

1076.0 and 356.2 Ω for RuLo, RuLm and RuLp, respectively. Clearly higher R3 values in 

RuLo and RuLm sensitized solar cells indicate an increase in the electron recombination 

resistance and poorer electron injection efficiency when compared to those of the RuLp 

sensitized cell and these phenomena may explain the lower efficiencies of the two former cells 

[67]. Moreover, the highest R3 value recorded for RuLo cell can be, in combination with the 

low Ndye value, the reason for very low efficiency of such cells. On the other hand, in the RuLm 

sensitized cell, the high Ndye value (the larger amount of adsorbed dye molecules) partly 

eliminates the negative influence of recombination process, which improves the cell efficiency. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


The EIS results are in good agreement with our voltammetry and spectroscopic studies as well 

as quantum-mechanical calculations and reveal that the para-located anchoring group has the 

strongest influence on electron injection process, which in combination with the good dye 

adsorption on the titania electrode surface leads to the best performance of the solar cells 

sensitized with this compound.  

 

4. Conclusions 

Concluding, in this article we have shown that the position of a single anchoring group in the 

dye molecule has significant influence on the performance of DSSCs. The number of 

chemisorbed dye molecules is the main factor limiting the cell efficiency. It can be observed 

that in the cells sensitized with ortho-substituted dye the steric hindrance in combination with 

specific intramolecular interactions suppressed the dye adsorption ability, and in this way 

worsened the performance parameters of the devices. On the other hand, the resonance 

structures of benzene ring in anchoring ligand have high impact on the electron transfer process 

at the TiO2/dye/electrolyte interface which is quantified by R3 resistance value   affecting 

significantly the cells efficiency. For meta and para-moieties, the number of adsorbed dyes 

molecules were similar, but the R3 values differed significantly which resulted in better 

performance (with two times higher h value) of the cells sensitized with the latter dye. In 

opposite to the earlier published papers describing ruthenium dyes with two or more anchoring 

groups, for which the most important factor determining efficiency of the cell was the geometry 

and steric hindrance of the molecules during the adsorption on the electrode surface, here we 

clearly show that intramolecular electron transfer and electron injection abilities depend also 

on the anchoring group position. Our findings are of importance for further development of new 

sensitizers that would deliver the highest possible photoconversion efficiency of DSSCs. 
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Tables, schemes and figures captions 

Table 1. Key CV patterns for the investigated molecules: reduction and oxidation peak 

potentials (Epc and Epa respectively), referred to the Fc+|Fc redox couple; for first reduction and 

oxidation peaks only: dEp/dlogv slopes; current densities j (normalized for concentration c and 

square root of potential scan rate v0.5); formal standard potentials E°’ (calculated as the average 

of Ep,forward and Ep,backward); corresponding HOMO and LUMO energy levels together with the 

corresponding energy gap Eg. 

Table 2. [a] N2-saturated MeOH-EtOH 4-1v/v solutions (CM= 2×10-5 Lmol-1) at 298 K. Rate 

constants kr and knr are calculated using the equations kr=FL/t and knr=(1-FL)/t, on the 

assumption that FISC=1 (ISC=intersystem crossing). [b] Calcd. at labs, MLCT. [c] In a frozen 

MeOH-EtOH 4-1v/v matrix at 77 K. 

Table 3. Photovoltaic properties of DSSCs with RuLomp dyes. 

Table 4. The calculated values of electric equivalent circuit elements for DSSCs with the 

RuLomp dyes. 

Scheme 1. Synthetic route for meta and para isomers of ligands (m-4 and p-4). 

Scheme 2. Synthetic route for ortho isomer of ligand (o-4). 

Scheme 3. Synthesis of isomeric Ru-complexes (6). 

Scheme 4. The adsorption geometry of RuLo (a), RuLm (b) and RuLp (c) dyes on titania 

surface. 

Figure 1. A synopsis of normalized CV patterns of the investigated complexes, at 0.2 V/s 

potential scan rate. 

Figure 2. a) UV/Vis/NIR absorption; b) emission spectra in MeOH-EtOH 4-1 mixture at 298 

K; c) 77 K photoluminescence emission in rigid glass matrix of MeOH-EtOH. 

Figure 3. The IPCE action of RuLomp sensitized devices. 

Figure 4. The J-V curves of RuLomp sensitized devices. 
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Figure 5. Nyquist plots of impedance spectra of DSSC devices based on RuLomp sensitized 

devices.  
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Table 1. 

 EpIIIc  
(V) 

EpIIc  
(V) 

EpIc  
(V) 

 

-dEp 
dlogv-1 

 

jcv-0.5 

(Acm-

2mol-

1dm3V
-0.5s0.5) 

EpIa  
(V) 
(*)  

dEp/ 
dlogv  

jcv-0.5 

(Acm-

2mol-

1dm3V
-0.5s0.5) 

E°’,Ic  
(V) 

 

E°’,Ia 
(V) 

ELUMO 
(eV) 

EHOMO 
(eV) 

Eg
  

(eV) 

Ru(bpy)3 Cl2 -2.19 -1.95 -1.76 0.006 
 

0.70 0.90   -1.70 0.88 -3.10 -5.68 2.58 

455 2PF6 -1.71 
-2.02 

-1.61 -1.19 0.040 0.21 1.02 0.005 0.65 -1.16 0.99 -3.64 -5.79 2.15 

RuLo -2.17 -1.94 -1.49 0.042 0.33 0.98 0.002 0.66 -1.47 0.95 -3.33 -5.75 2.42 
RuLm -2.17 -1.93 -1.69 0.003 0.76 0.93 0.003 0.68 -1.65 0.89 -3.15 -5.69 2.54 
RuLp -2.08 -1.94 -1.66  0.77 0.95 0.003 0.76 -1.58 0.92 -3.22 -5.72 2.50 

B1 -2.23 -1.86 -1.67 0.002  0.94 0.000 0.87 -1.62 0.89 -3.19 -5.69 2.51 
(*) Excluding the peak corresponding to Cl- 
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Table 2. 

 Temp  l
 abs 

(ɛ [x 
104 Lmol-

1cm-1]) 
[nm] 

l
em 

(FWHM[cm-

1]) [nm] 

 FL 
N

2
/(air)  

 t [µs] 
N

2
/(air) 

k
r
 (s

-1
)

 
 k

nr 
(s

-1
)

 
 

RuLo RT  475(1.97), 
329(3.41), 
287(7.95), 
245(5.80)  

670 (2620) 0.095 
(0.017)  

1.90 
(0.343)  

5.0*10
4 
 47.63*10

4
 

 77K  567, 487, 
338, 313, 
293  

646  
(vibr. 
1110cm

-1
; 

S=0.52)  

 6.28    

RuLm RT  459(2.02), 
329(3.54), 
288(7.70), 
244(3.87)  

633 (2680) 0.18 
(0.033)  

1.89 
(0.352)  

9.52*10
4 
 43.39*10

4
 

 RT+TFA  459, 323, 
288  

639 (2510) 0.172  1.78  9.66*10
4 
 46.52*10

4
 

 77K  459, 327, 
292  

 611  
(vibr. 
1330cm

-1
; 

S=0.56)  

 6.44    

RuLp RT 460(1.97), 
330(3.60),  
287 
(7.98), 
245(3.59) 

635 (2720)
 
 0.19 

(0.041)  
1.97 
(0.426)  
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Table 3.  

 Jsc (mAcm-2) Voc (mV) FF (%) h (%) Ndye (10-

7molcm-2) 

RuLo 0.76 534 55.6 0.22 0.73 

RuLm 1.39 518 58.0 0.42 4.84 

RuLp 2.28 560 63.0 0.80 5.61 
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Table 4.  

 R1  

(W) 

R2  

(W) 

CPE1 

(10-5W-1cm-2sn) 

R3  

(W) 

CPE2 

(10-5W-1cm-2sn) 

RuLo 15.7 15.0 1.36 1237.0 5.22 

RuLm 17.7 62.1 0.65 1076.0 1.11 

RuLp 19.2 33.9 4.07 356.2 2.61 
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Scheme 1. 
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Scheme 2. 
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Scheme 3. 
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Scheme 4a. 
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Scheme 4b. 
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Scheme 4c.  
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Fig 2a. 
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Figure 2b. 
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Figure 4. 
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Figure 5. 
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