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bstract

We report herein the preparation, the electrochemical, the absorption and the emission properties of a new heteroleptic bisterpyridine ruthenium
omplex. The first terpyridine is functionalized, on the 4′ position, by a phosphonic acid group and the second terpyridine bears in the 4′ position a
ert-thiophenyl unit attached via an ethanyl spacer. The latter complex was tested in dye-sensitized solar cells using the liquid electrolyte (I2/LiI/tert-
utylpyridine/propylene carbonate) or the solid poly(3-octylthiophene) as a hole conductor. It displays an improved photovoltaic photoconversion

fficiency compared to the analogous complex in which the tert-thiophene is directly linked to the terpyridine ligand. This study shows that the
ovalent attachment of a thiophene residue on the sensitizer is a promising strategy for the development of solid-state dye-sensitized solar cells
nd it highlights the benefit of introducing a non-conjugated spacer between the thiophenyl unit and the polypyridine ruthenium sensitizer.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Dye-sensitized solar cells (DSSCs) are very attractive photo-
oltaic devices because they represent a low-cost technology
or the transformation of solar energy into electricity. This
ype of photovoltaic device has reached a 10–11% efficiency
nder AM 1.5 (100 mW/cm2) irradiation but only when a liquid
lectrolyte is used (I3

−/I− in solution in a mixture of organic
olvents) [1–3]. The presence of the liquid electrolyte inside
he cell seriously limits the industrial development of this tech-
ology due to the poor long-term stability of the cells and the
ass production complexity required for the hermetic sealing.
everal strategies have been tested to replace the liquid elec-
rolyte by solid polymer electrolytes [4,5], quasi-solid gel elec-
rolytes [6] and inorganic [7,8] or organic [9–12] hole-transport

aterials. However, none of them have been able to reach the
verall photovoltaic efficiency that is obtained with the liquid
lectrolyte. Although relative successes have been achieved,
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he fully satisfying solution to this issue is still to be found
13].

Low photovoltaic efficiencies of solid cells relying on a solid
ole transporting material (HTM) are most certainly due, among
ther factors, to the poor diffusion of this material into the voids
f the nanocrystalline titanium dioxide electrode [14]. Thus,
he sensitizers located at the bottom of the TiO2 pores are not
ctive towards electricity production, because they are situated
oo far away from the HTM to electronically communicate with
t. Besides this, the maximum photovoltage delivered by this
ype of cell corresponds to the potential difference between the
onduction band energy of the semiconductor and the oxidation
otential of the redox mediator. Therefore, another appealing
eature of replacing the iodide/triiodide redox couple by another
TM stems from the observation that a large amount of energy

s lost (about 0.5 eV) for the regeneration of the oxidized sensi-
izer (S+ + I− → S + I3

−). Using a HTM, such as polythiophene,
ith a more positive oxidation potential than iodide/triiodide
edox couple can raise the photovoltage delivered by the cell
nd thereby the overall efficiency of the cell.

In this article, we report a new strategy consisting in wiring
he sensitizer to the HTM. The covalent attachment of the HTM

mailto:Fabrice.Odobel@univ-nantes.fr
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Scheme 1. Structure of the ruthenium

o the dye should ensure that all the sensitizers will be able
o exchange holes with the counter-electrode through the HTM
Scheme 1). The hole transporting material which is the focus of
he present study is oligothiophene. The group of Yanagida has
hown that the “in situ” electrochemically polymerized pyrrole
f bis-EDOT (EDOT: 3,4-ethylenedioxythiophene) can indeed
e used to prepared solid-state DSSCs with interesting perfor-
ance [15].
In a previous article, we showed that the direct attachment

f a bis or tert-thiophene chain to a polypyridine ruthenium
ensitizer, such as 2, leads to an unexpectedly low photovoltaic
ystem most probably due to the low electron injection efficiency
16]. We rationalized this previous finding by the fact that the
xtended �-conjugation between terpyridine and the thiophenyl
nit stabilizes it LUMO orbital. As a result, the MLCT excited
tate involves this latter ligand and not the ligand that bears
he anchoring group and that is bound to TiO2 surface. Finally,
he electronic coupling between the sensitizer and the TiO2 is
ertainly decreased and induces thus a lower electron injection
uantum yield.

In the present work, we propose supplementary interpreta-
ions for the low quantum yield of electron injection for the
ensitizer 2 and we report the preparation and the study of
he new system 3 in which the photovoltaic performances are
mproved as compared to unsubstituted complex 1.

. Experimental

.1. General methods

1H and 13C NMR spectra were recorded on a Bruker ARX
00 MHz spectrometer. Chemical shifts for 1H NMR spec-
ra are referenced relative to residual protium in the deuter-
ted solvent (CDCl3 δ = 7.26 ppm, MeOD δ = 3.31 ppm, CD3CN
= 1.94 ppm). Mass spectra were recorded on a EI-MS HP
989A spectrometer or on a JMS-700 (JEOL LTD, Akishima,

okyo, Japan) double focusing mass spectrometer of reversed
eometry equipped with electrospray ionization (ESI) source.

Thin-layer chromatography (TLC) was performed on
luminum sheets precoated with Merck 5735 Kieselgel 60F254.

o
t
c
l

lexes at the focus of the present study.

olumn chromatography was carried out either with Merck
735 Kieselgel 60F (0.040–0.063 mm mesh). Air sensitive reac-
ions were carried out under argon in dry solvents and glassware.
hemicals were purchased from Aldrich and used as received.
ompounds [1,1′-bis(diphenylphosphino)ferrocene]dichloro-
alladium [17], tris(dibenzylideneacetone)dipalladium [18],
-bromo-3′,4′-dioctyl-2,2′:5′,2′′-tert-thiophene [16], 4′-
romo-2,2′:6′,2′′-terpyridine [19] and 4′-diethylphosphonate-
,2′:6′,2′′-terpyridine ruthenium (III) trichloride [20] were
repared according to literature methods.

UV–vis absorption spectra were recorded on a UV-2401PC
himadzu spectrophotometer. The electrochemical measure-
ents were performed with a potentiostat-galvanostat MacLab
odel ML160 controlled by resident software (Echem v1.5.2

or Windows) using a conventional single-compartment three-
lectrode cell. The working electrode was a Pt wire of 10 mm,
he auxiliary was a Pt wire and the reference electrode was the
aturated potassium chloride calomel electrode (SCE). The sup-
orted electrolyte was 0.1N Bu4NPF6 in DMF and the solutions
ere purged with argon before the measurements. All poten-

ials are quoted relative to SCE. In all the experiments the scan
ate was 100 mV/s for cyclic voltammetry and 15 Hz for pulse
oltammetry.

Fluorescence spectra were recorded on a SPEX Fluoromax
uorimeter and were corrected for the wavelength dependent
esponse of the detector system.

.2. Preparation of the compounds

.2.1. 5-(Trimethylsilylethynyl)-3′,4′-dioctyl-2,2′:5′,2′′-tert-
hiophene (5)

A Schlenk tube was charged with 150 mg (0.27 mmol)
f 5-bromo-3′,4′-dioctyl-2,2′:5′,2′′-tert-thiophene, 57 mg (0.21
mol) of triphenylphosphine and 82 mg (0.82 mmol) of

-propylamine in 20 mL of dry triethylamine. The mix-
ure was degassed by pumping and flushing with argon

n the vacuum line and then 28 mg (0.03 mmol) of
ris(dibenzylideneacetone)dipalladium, 23 mg (0.12 mmol) of
opper iodide(I) and 80 mg (0.82 mmol) of trimethylsilylacethy-
ene were added. The mixture was heated to 70 ◦C for 16 h. After
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ooling to room temperature, the solvent was evaporated under
acuum. Purification was performed by column chromatogra-
hy on silica gel with petroleum ether to yield 5 as a yellow
olid (120 mg, 76%).

1H NMR (CDCl3, 300 MHz): δ = 7.32 (dd, 3J = 6.3 Hz,
J = 1 Hz, 1H), 7.18 (d, 3J = 3.8 Hz, 1H), 7.14 (dd, 3J = 3.6 Hz,
J = 1 Hz, 1H), 7.07 (dd, 3J = 3.6 Hz, 3J = 6.3 Hz, 1H), 6.98 (d,
J = 3.8 Hz, 1H), 2.70 (m, 4H), 1.25–1.60 (m, 24H), 0.90 (m,
H), 0,10 (s, 9H). 13C NMR (CDCl3, 300 MHz): δ = 140.6;
40.2; 137.9; 135.9; 133.0; 130.4; 129.2; 127.3; 126.1; 125.5;
25.2; 122.5; 97.5; 99.9; 31.9; 30.8; 30.6; 29.9; 29.2; 29.0;
8.2; 28.1; 27.7; 22.7; 14.1; 0. MS (EI): m/z (%) = 568 (100,
+•), 371 (24).

.2.2. 5-(Ethynyl)-3′,4′-dioctyl-2,2′:5′,2′′-tert-thiophene (6)
A solution of potassium carbonate (280 mg, 0.99 mmol)

n methanol (6 mL) was added to 120 mg of 5-(Trimethylsi-
ylethynyl)-3′,4′-dioctyl-2,2′:5′,2′′-tert-thiophene 5 (0.2 mmol)
n CH2Cl2 (3 mL). The solution was allowed to stir at room
emperature for 5 h before being poured into water. The aque-
us solution was extracted with dichloromethane and the organic
ayer was dried over magnesium sulphate, filtered and concen-
rated under vacuum. No further purification was necessary to
ield 6 as yellow solid (100 mg, 99%).

1H NMR (CDCl3, 300 MHz): δ = 7.32 (dd, 3J = 5.1 Hz,
J = 0.9 Hz, 1H), 7.22 (d, 3J = 3.9 Hz, 1H), 7.14 (dd, 3J = 3.6 Hz,
J = 0.9 Hz, 1H), 7.06 (dd, 3J = 3.6 Hz, 3J = 5.1 Hz, 1H), 6.98 (d,
J = 3.9 Hz, 1H), 3.41 (s, 1H), 2.68 (m, 4H), 1.25–1.60 (m, 24H),
.90 (m, 6H). 13C NMR (CDCl3, 300 MHz): δ = 140.8; 140.3;
38.2; 135.9; 133.4; 131.3; 130.5; 128.8; 127.4; 126.1; 125.5;
25.2; 122.1; 82.2; 31.9; 30.7; 29.9; 29.2; 29.0; 28.2; 28.1; 27.7;
2.7; 14.1. MS (EI) : m/z (%) = 496 (100, M+•), 299 (50).

.2.3. 4′-Diethylphosphonate-2,2′:6′,2′′-terpyridine-(4′-
romo-2,2′:6′,2′′-terpyridine) ruthenium(II)
i-tetrafluoroborate (9)

A suspension of 4′-diethylphosphonate-2,2′:6′,2′′-terpyri-
ine ruthenium(III) trichloride (208 mg, 0.36 mmol) and AgBF4
185 mg, 1 mmol) was heated to 60 ◦C for 2 h in acetone (25 mL).
fter cooling to room temperature, the solution was filtered to

emove AgCl and the filtrate was placed in a round bottom
ask with n-butanol (25 mL). Acetone was evaporated under
acuum and the solution was degassed. A 90 mg (0.46 mmol)
f 4′-bromo-2,2′:6′,2′′-terpyridine was added and the resulting
ixture was refluxed for 6 h. After cooling to room temper-

ture, the solvent was evaporated under vacuum. The crude
roduct was purified by column chromatography on silica gel,
luted with pure acetone and then with increasing gradients of
ater and saturated KNO3 solution in acetone (starting from

cetone/H2O/KNO3 90:10:0, until 79:20:1), to give a red prod-
ct. The solid was dissolved in methanol and treated with NaBF4
olution to precipitate 9 as a red solid (236 mg, 80%).

1H NMR (CD3CN, 300 MHz): δ = 8.93 (s, 2H), 8.96

d, 3J = 13.5 Hz, 2H), 8.57 (d, 3J = 7.5 Hz, 2H), 8.42 (d,
J = 7.5 Hz, 2H), 7.86 (m, 4H), 7.35 (m, 2H), 7.27 (m,
H), 7.11 (m, 4H), 4.33 (m, 4H), 1.42 (t, 6H). 13C
MR (CD3CN/MeOD (90:10), 300 MHz): δ = 158.19; 157.58;

1
1
3
f

d Photobiology A: Chemistry 186 (2007) 135–142 137

56.56; 153.69; 153.33; 139.40; 139.27; 136.64; 132.54;
28.94; 127.94; 126.03; 64.77; 16.97. HRMS-ESI (m/z): calcd
or C34H30B2F8N6O3PRuBr = 391.0172 found = 391.0170.

.2.4. 4′-Diethylphosphonate-2,2′:6′,2′′-terpyridine-(4′-[5-
ethynyl)-3′,4′-dioctyl-2,2′:5′,2′′-tert-thiophene]-2,2′:6′,2′′-
erpyridine) ruthenium(II) di-tetrafluoroborate (10)

A Schlenk tube was charged with 98 mg (0.2 mmol) of
ompound 6, 96 mg (0.1 mmol) of complex 9 and 1 mL of
ry triethylamine in 6.5 mL of dry DMF. The mixture was
egassed by pumping and flushing with argon on the vacuum
ine and then 15 mg (0.02 mol) of [1,1′-bis(diphenylphosphino)
errocene]dichloro-palladium and 4 mg (0.02 mmol) of copper
odide(I) was added. The mixture was heated to 90 ◦C for 16 h.
fter cooling to room temperature, the desired complex was
recipitated by addition of NaBF4 solution. The suspension
as filtered and dried under vacuum. The crude product was
urified by column chromatography on silica gel, eluted with
ure acetonitrile and then with increasing gradients of water
nd saturated KNO3 solution in acetonitrile (starting from
cetonitrile/H2O/KNO3 100:0:0, until 79:20:1), to give a red
roduct. The solid was dissolved in methanol and treated with
aBF4 solution to precipitate 10 as a red solid (50 mg, 40%).

1H NMR (CD3CN, 300 MHz): δ = 9.0 (d, 3J = 13.5 Hz, 2H),
.93 (s, 2H), 8.72 (d, 3J = 7.8 Hz, 2H), 8.57 (d, 3J = 7.8 Hz,
H), 7.97 (m, 4H), 7.65 (d, 3J = 3.9 Hz, 1H), 7.49 (m, 2H),
.38 (m, 2H), 7.30–7.15 (m, 8H), 4.42 (m, 4H), 2.77 (t, 4H),
.68 (t, 4H), 1.25-1.67 (m, 26H), 0.88 (m, 6H). 13C NMR
CD3CN, 300 MHz): δ = 158.3; 156.6; 156.5; 155.9; 153.8;
53.4; 142.7; 141.6; 141.4; 139.4; 139.3; 132.1; 132.2; 129.4;
28.9; 128.7; 127.4; 126.1; 126.0; 125.7; 92.5; 91.4; 32.6; 31.3;
0.4; 29.9; 29.0; 23.4; 16.9; 16.8; 14.4. HRMS-ESI (m/z): calcd
or C64H69B2F8N6O3PRuS3 = 599.1687 found = 599.1690.

.2.5. 4′-Diethylphosphonate-2,2′:6′,2′′-terpyridine-(4′-[5-
ethyl)-3′,4′-dioctyl-2,2′:5′,2′′-tert-thiophene]-2,2′:6′,2′′-
erpyridine) ruthenium(II) di-tetrafluoroborate (11)

A three neck round bottom flask was charged with 80 mg
0.06 mmol) of complex 10 in 12 mL of dry methanol. The mix-
ure was degassed by pumping and flushing with argon on the
acuum line and then 40 mg (0.06 mmol) of Pd/C (20%, w/w)
as added before the introduction of H2. The mixture was vig-
rously stirred under hydrogen atmosphere for 16 h at room
emperature. The reaction mixture was filtered on celite. After
emoval of the solvent, the crude product was purified by size
xclusion column chromatography on Sephadex LH-20 as sta-
ionary phase to yield 11 as an orange solid (56 mg, 70%).

1H NMR (CD3CN + 1 drop of MeOD, 300 MHz): δ = 8.93 (d,
J = 13.5 Hz, 2H), 8.62 (d, 3J = 7.8 Hz, 2H), 8.57 (s, 2H), 8.40 (d,
J = 7.8 Hz, 4H), 7.88 (m, 4H), 7.41 (d, 3J = 3.9 Hz, 1H), 7.31(m,
H), 7.27 (m, 2H), 7.13–7.00 (m, 8H), 4.42 (m, 4H), 3.5 (m, 4H),
.77 (t, 4H), 2.68 (t, 4H), 1.25–1.67 (m, 26H), 0.88 (m, 6H). 13C
MR (CD3CN + 1 drop of MeOD, 300 MHz): δ = 158.6; 158.3;

56.5; 155.0; 153.6; 152.8; 144.2; 141.0; 139.1; 138.8; 128.5;
28.1; 127.4; 127.0; 126.7; 125.8; 125.1; 64.4; 38.2; 32.3; 31.1;
0.1; 29.7; 28.4; 23.1; 16.9; 16.8; 14.2. HRMS-ESI (m/z): calcd
or C64H73B2F8N6O3PRuS3 = 606.1843 found = 606.1853.
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.2.6. 4′-Phosphonic acid-2,2′:6′,2′′-terpyridine-
4′-[5-(ethyl)-3′,4′-dioctyl-2,2′:5′,2′′-tert-thiophene]-
,2′:6′,2′′-terpyridine) ruthenium(II) di-tetrafluoroborate
3)

To a solution of the previous complex 11 (50 mg, 0.36 mmol)
n freshly distilled DMF (5 mL) was carefully added an excess of
ry trimethylsilyl bromide (290 mg, 2 mmol) under argon. The
ixture was heated at 50 ◦C for 36 h under argon. After cool-

ng to room temperature, the desired complex was precipitated
y addition of dichloromethane. The suspension was filtered,
ashed with dichloromethane and dried under vacuum. The

olid was dissolved in methanol and treated with NaBF4 solution
o precipitate 3 as an orange solid (40 mg, 90%).

1H NMR (MeOD, 300 MHz): δ = 9.16 (d, 2H, 3J = 13.5 Hz,),
.67 (d, 2H, 3J = 7.8 Hz), 8.57 (s, 2H), 8.40 (d, 4H, 3J = 7.8 Hz),
.83 (m, 4H), 7.39 (d, 3J = 3.9 Hz, 1H), 7.33 (m, 2H), 7.27 (m,
H), 7.13–7.00 (m, 8H), 3.5 (m, 4H), 2.77 (t, 4H), 2.68 (t, 4H),
.25–1.67 (m, 20H), 0.88 (m, 6H).

.3. Preparation and characterization of the photoanodes

Conductive glass substrates (F-doped SnO2 purchased from

olaronix Co.) were cleaned with water, rinsed with acetone
nd ethanol and dried in a nitrogen stream. Then, transparent
anocrystalline TiO2 films were prepared by doctor blading
he paste purchased from Solaronix Co. (colloidal anatase, par-

�
p
t
F

cheme 2. Synthetic route for the preparation of complex 3. Reagents and conditio
0 ◦C, 16 h (76%); (b) K2CO3, MeOH/CH2Cl2, RT, 5 h (99%); (c) (i) 7, AgBF4,
d(dppf)Cl2, DMF, 90 ◦C, 16 h (40%); (e) H2, Pd/C, MeOH, RT, 16 h (70%); (f) (i) M
harged molecules are BF4

−.
d Photobiology A: Chemistry 186 (2007) 135–142

icle size of approx. 13 nm), followed by sintering at 450 ◦C
or 30 min in air. After cooling to room temperature, the films
ere immersed in a 3 × 10−4 M dye solution for 16 h in room

emperature. Subsequently, the hole transport layer (40 g L−1

oly-(3-octylthiophene) in toluene) was applied by spin-coating
nd 200 nm thick gold electrodes were vacuum evaporated on the
op by PVD. The current–voltage characteristics of the result-
ng photovoltaic cell were measured by a Keithley model 2400
igital source meter with an halogen lamp calibrated to AM1.5
air mass) intensity (1000 W m−2).

. Results and discussion

.1. Design and preparation of the system 3

As shown by Barigelletti and coworkers [21–24] and oth-
rs [25–27], the direct attachment of a thiophenyl moiety to a
olypyridyl ruthenium complex induces a stabilization of the
UMO orbital of the functionalized polypyridine ligand and

hus a red-shift of the MLCT transition. Since this phenomenon
s certainly at the origin of a low injection quantum yield of
he sensitizer, we investigated the effect of interrupting the

-conjugation between the ruthenium complexes and the thio-
henyl unit. This led us to prepare the system 3 in which the
hiophene is linked to the terpyridine complex by ethanyl group.
rom synthetic point of view, the compound 3 could be prepared

ns: (a) trimetylsilylacethylene, PPh3, i-Pr2NH, CuI, Pd2(dba)3-CHCl3, Et3N,
acetone, reflux, 2 h and (ii) 8, n-BuOH, reflux, 6 h (80%); (d) 6, CuI, Et3N,
e3SiBr, DMF, 50 ◦C, 36 h and (ii) MeOH, RT (90%). The counteranions of the
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Table 1
Photophysical and electrochemical properties of complexes 1–3

Complex Absorptiona Emission Electrochemistryb

λmax (nm) (M−1 cm−1) λmax

(nm)c
E00 (3MLCT)
(eV)d

E1/2

(RuIII/RuII)e
Eap

(T•+/T)f
E1/2

(trp/trp•−)e
E∗

1/2

(RuIII/RuII)g

1 274 (43000), 312 (57000), 482 (16400) 616 2.01 1.32 −1.22 −0.69
2 274 (39900), 309 (42600), 373 (16100), 505 (30700) 716 1.73 1.32 1.21 −1.15 −0.52
3 273 (62500), 308 (73300), 481 (20700) 607 2.04 1.35 1.21 −1.22 −0.69

a Recorded in acetonitrile at room temperature.
b Potentials determined by cyclic voltammetry in 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile solution with the scan rate 100 mV/s, all potential

are referred vs. saturated calomel electrode (SCE).
c Recorded in rigid ethanol matrix at 77 K.
d E00 calculated from the maximum intensity emission wavelength according to the equation: E (eV) = 1240/λem (nm).

c peak
= thio

/2 (Ru

b
S

c
t
[
d
F
e
w
m

3

c
o

a
s
�
s
i
t
t
t
s
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b
a

r
T
s
t
M
w
T
r
i

r
s
v
f
e
p
wavelength is almost independent of the polarity of the medium
which tends to indicate that the charge distribution in the excited-
state has weakly changed as compared to the ground state.
e E1/2 = Eap − Ecp with Eap is the anodic peak potential and Ecp is the cathodi
f Eap is the anodic peak potential corresponding to an irreversible process. T
g Excited-state redox potential determined according to E∗

1/2 (RuIII/RuII) = E1

y hydrogenation of a triple bond that can be introduced from
onogashira cross-coupling reaction (Scheme 2).

Briefly, the synthesis of 3 starts with the preparation of
omplex 9 by reacting the known ethylphosphonate terpyridine
richloro ruthenium complex 7 [20] with bromoterpyridine 8
19]. A Sonogashira cross-coupling reaction is then performed
irectly on complex 9 using Tor’s reaction conditions [28].
inally, the triple bond was reduced by hydrogen in the pres-
nce of palladium on charcoal and the ethylphosphonate group
as transesterified by trimethylbromosilane and hydrolyzed in
ethanol to afford complex 3.

.2. Absorption and emission spectroscopy

The UV–vis absorption and emission characteristics of the
omplexes 1–3 are gathered in Table 1. The absorption spectra
f the complexes are shown in Fig. 1.

The spectra of complexes 1–3 exhibit the usual broad MLCT
bsorption band around 500 nm, the ligand-centered �–�* tran-
itions between 250 and 350 nm and in the near UV region, a
–�* transition located on the tert-thiophene. The MLCT tran-

ition is red-shifted in complex 2 compared to complexes 1 and 3
ndicating effective �-conjugation between the terpyridine and
ert-thiophene in 2. In complex 3, this �–�* transition of tert-
hiophene is around 350 nm and is partly covered by the �–�*

ransition of the pyridine units. Interestingly, the MLCT tran-
ition in complex 3 is located at a similar position as that of
eference complex 1, which confirms that the triple bond has
een reduced and that �-conjugation between the terpyridine
nd the tert-thiophene has been interrupted (Table 1).

The luminescence spectra of the complexes were also
ecorded to estimate the energy level of the triplet MLCT state.
he data are collected in Table 1. In agreement with the blue-
hift of the absorption MLCT transition in complex 3 relative to
hat in complex 2, the emission spectrum of 3 indicates that the

LCT excited-state lies at a higher energy level than that of 2,

hich is rather similar to that found in the reference complex 1.
he luminescence spectra of complexes 1 and 2 were recorded at

oom temperature in three different solvents of increasing polar-
ty (THF, εs = 7.6; CH3CN, εs = 38.8; DMSO, εs = 47.2) where εs

F
p
1

potential.
phenyl unit.

III/RuII) − 3E00 (MLCT).

efers to the solvent dielectric constant (Table 2). The emission
pectrum of complex 1 is red-shifted when the polarity of the sol-
ent is increased. This result is in agreement with a charge trans-
er excited-state such as an MLCT state which is stabilized by
lectrostatic interaction of the solvent dipoles with the strongly
olar excited-state. Surprisingly, for complex 2 the emission
ig. 1. Absorption spectra recorded at room temperature in acetonitrile (A) and
hosphorescence spectra recorded in rigid ethanol matrix at 77 K (B). Complex
(- - -), complex 2 (· · ·), and complex 3 (—).
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Table 2
Maximum emission wavelength of the phosphorescence spectra of the com-
plexes 1 and 2 recorded in degassed solvent with 0.01 M of n-Bu4NOH at room
temperature

Complex λem (nm)

THF CH3CN DMSO

e
o
e
M
o
t
d
s
o
r
m
A
M
t
m
b
c
3

a
t
n
e

3

c
i
s
c
p
i
t

i
l
t
T
r
T
p
t
e
s
i
t
t
i
i
i
t
i
e
b
t
c
c

3

e
c
s
m
c

e
D
(
h
t
t
u

T
P

V

1 630 638 655
2 769 768 768

With reference to previous work of Barigelletti and cowork-
rs [23] on ruthenium bipyridine complexes substituted with
ligothiophene-ethynylene units, these results suggest that the
mitting state in complex 2 is most probably not a pure triplet
LCT excited state as in 1 but a triplet 3�–�* state localized

n the terpyridine-thiophene unit. The conjugation between the
erpyridine and the thiophene has probably two effects. First, it
ecreases the HOMO-LUMO energy gap on the ligand and con-
equently the energy level of the 1�–�* and of the 3�–�* state
f the tert-thiophene unit. Second, the presence of the nearby
uthenium cation increases the spin–orbit coupling which pro-
otes the intersystem crossing from a singlet to a triplet state.
s a result, the lowest excited-state in complex 2 is not the triplet
LCT state but a triplet 3�–�* state most certainly localized on

he thiophene-terpyridine ligand. This property could explain the
uch weaker photovoltaic performances of complex 2 in DSSC,

ecause electron injection from 3�–�* is most likely less effi-
ient than from the MLCT. First, because the thiophene based
�–�* transition is not a strong charge transfer as is the MLCT
nd second the thiophene terpyridine unit is further away from
he acceptor state (conduction band of titanium dioxide). In the
ew complex 3, the interrupted �-conjugation has restored the
xpected energetics of the excited states of the sensitizer.

.3. Electrochemistry

The redox potentials of the complexes were measured by
yclic voltammetry and the data are gathered in Table 1. Three
mportant pieces of information can be drawn from these mea-
urements. First, in complex 3 the first reduction process, which

orresponds to electron injection into the most reduceable ter-
yridine ligand, occurs at the same potential as that measured
n complex 1 (−1.22 V versus SCE). It can be concluded that
his process affects the phosphonic acid terpyridine ligand and

t
b
s
b

able 3
hotoelectrochemical characteristics of the complexes 1–3 measured in a sandwich t

Complex Liquid electrolytea,b

Voc (V) Isc (mA cm−2) ff (%) η (%

1 0.42 0.55 74 0.17
2 0.40 0.83 62 0.21
3 0.50 1.34 68 0.46

oc: open circuit; Isc: short circuit photocurrent; ff: filling factor; η: overall photovolt
a Composition of the liquid electrolyte: 0.05 M I2, 0.5 M LiI, 0.1 M tert-butylpyrid
b TiO2 film of average thickness = 3 �m.
c TiO2 film of average thickness = 1.5 �m.
d Photobiology A: Chemistry 186 (2007) 135–142

ndicates that the LUMO orbital of the complex is therefore
ocated on this fragment. Second, in complex 3 the first oxida-
ion is an irreversible process involving the tert-thiophene centre.
his ordering of oxidation potentials implies that the oxidized

uthenium(III) complex upon electron injection in the empty
i(3d) states manifold of the TiO2 conduction band, could in
rinciple be reduced by the nearby tert-thiophene unit (RuIII-
ert-thioph → RuII-tert-thioph+). Third, the calculation of the
xcited-state oxidation potentials (E∗

1/2 (RuIII/RuII)) of the sen-
itizers indicate that complex 2 exhibits significant lower reduc-
ng ability than the complexes 1 or 3 (�E = 170 mV). Although
he potential of the conduction band potential of TiO2 shifts with
he pH and is affected by the chemisorbed species on its surface;
t is estimated to lie at around −0.74 V (versus SCE) [29]. It
s well-documented that lithium cations adsorb and intercalate
nto TiO2 surface [30]. This lowers the energy of the conduc-
ion band edge and increases the driving force of the electron
njection reaction. Therefore, in presence of lithium salt in the
lectrolyte, the free energy of the electron injection reaction
ecomes favourable with sensitizers 1 and 3, whereas it can be
hermodynamically limited with sensitizer 2 (Table 1). This is
ertainly a supplementary reason for the low photovoltaic effi-
iency observed with complex 2.

.4. Photoelectrochemical study

Complexes 1–3 were chemisorbed on nanocrystalline TiO2
lectrodes and were tested in wet DSSC (using the classi-
al iodide/triiodide electrolyte) and in solid-state DSSC (using
pin-coated layer of poly(octylthiophene) as hole conducting
aterial). The meaningful characteristics of the solar cells are

ollected in Table 3.
We can notice that the new complex 3 displays the high-

st photovoltaic performances of the series both in wet and dry
SSCs. Therefore, the introduction of a non-conjugated spacer

ethanyl) between the terpyridine and the tert-thiophene unit
as a beneficial impact on the photovoltaic performances of
he sensitizer. The efficiency of complex 3 is even higher than
hat of the reference 1. We can conclude that the tert-thiophene
nit in complex 3 improves the efficiency of the cell because

he short circuit photocurrent in the wet device and the Voc in
oth devices were increased with sensitizer 3 relative to sen-
itizer 1. The Voc is a function of the recombination reactions
etween the injected electrons in the conduction band of TiO2

ype DSSC under simulated solar irradiation AM 1.5 (100 mW/cm2)

Solid-state devicec

) Voc (V) Isc (�A cm−2) ff (%) η (%)

0.70 148 35 0.040
0.78 133 33 0.038
0.95 142 35 0.047

aic efficiency.
ine in propylene carbonate.
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ith the oxidized sensitizers or with the redox mediator (I3
− in

et cells or polythiophene in solid state cells). The complexes
and 3 display similar absorption spectra in the visible and

imilar excited-state redox potentials since the E (RuIII/RuII)
xidation potentials and E00(MLCT) of these complexes are
lmost identical (Table 1). It is therefore reasonable to postulate
hat these complexes, having the same anchoring group and the
ame molecular structure, should display similar electron injec-
ion quantum yield. As a result, the larger Isc and the higher Voc
ith 3 should probably stem from lower recombination reactions
ith the injected electron. It is a consequence of the probable

harge shift reaction from the oxidized sensitizer (RuIII) to the
endant tert-thiophene unit since there is a substantial driving
orce for this reaction (Table 1). The fast regeneration of the oxi-
ized sensitizers and the removal of the positive charges away
rom the TiO2 surface probably lead to a larger efficiency of
he electron collection in the external circuit. Additionally, it is
orthwhile to note that the Voc is systematically higher in the

olid-state devices compared to the wet cells (Table 3). Further-
ore, in solid state cells the complex 3 leads to a larger Voc

han the reference sensitizer 1 lacking the tert-thiophene unit
�E = 250 mV). These data highlight the usefulness of using a
TM displaying a higher oxidation potential than the couple

odide/triiodide and of functionalizing the sensitizer by a tert-
hiophene unit. Although the overall photoconversion efficiency
f these cells is still low with the present sensitizers, it is impor-
ant to notice that the ruthenium sensitizers used in this study are
ar from being optimized in term of light harvesting efficiency
nd the utilization of other dyes exhibiting red-shifted absorption
pectra combined with covalently linked HTM are promising
ystems for the development of solid-state dye-sensitized solar
ells.

In conclusion, we have developed a straightforward synthetic
oute for the preparation of a ruthenium polypyridine sensi-
izer functionalized with a tert-thiophene unit attached though a
on-conjugated ethanyl spacer. We demonstrated that the elec-
ronic independence of the ruthenium complex and the pendant
ligothiophene unit is crucial to maintain the intrinsic sensi-
izing efficiency of the ruthenium complex. The impact of the
thanyl spacer is at least threefold. First, it restores the position of
he LUMO orbitals on the anchoring terpyridine functionalized
ith phosphonic acid. Second, it interrupts the �-conjugation
etween the terpyridine and the tert-thiophene and limits the
ormation of the triplet 3�–� excited-state of the latter. Third,
t leads to an increase of the energy of the MLCT and hence
he electron injection driving force. These three factors cer-
ainly participate in the higher electron injection quantum yield.
dditionally, the presence of an appended oligothiophene unit

nhances the photovoltaic properties of the cell most proba-
ly owing to a decrease of the charge recombination processes.
he most probable hole shift from the oxidized Ru(III) to the
earby tert-thiophene increases the separation distance between
he positive charge (tert-thiophene+) and the injected electron,

hich results in a lower dark current. Extended charge separated

tate lifetimes have been indeed observed in dyads containing a
risbipyridine ruthenium complexes functionalized by electron
onors [31–34].
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Ruthenium polypyridine complexes are still among the most
fficient sensitizers for nanocrystalline TiO2 DSSCs, therefore
his finding could be valuable for the future design of molecular
ystems for solid-state DSSCs relying on �-conjugated conduct-
ng polymer.
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