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The preparation and the properties of several ruthenium complexes of the general formula cis-RuL2X2 with L )
2,2′-bipyridine-4,4′-bisphosphonic acid, L′ ) 2,2′-bipyridine-5,5′-bisphosphonic acid, and X ) Cl, CN, or NCS are
reported. The synthesis of these complexes relies on the preparation of the key intermediates cis-Ru(bipyridinebis-
(diethyl ester phosphonate))Cl2. The ground-state second pKa values of the thiocyanato complexes were determined
and are 6.0 and 6.1 for cis-RuL2(NCS)2 and for cis-RuL′2(NCS)2, respectively. For these species, 13C NMR and IR
demonstrate that the thiocyanato ligands are bound to Ru via the N atom. The new complexes exhibit a blue-
shifted electronic absorption spectrum with respect to the analogous complexes containing carboxylic acid groups.
Density functional theory molecular orbital calculations show that the LUMO of the bipyridine phosphonated ligands
is at higher energy than the corresponding dicarboxylate complexes and that the thiocyanato ligands are not simple
spectator ligands, whose role is to enrich electron density on the ruthenium, but are also involved in transitions
from Π*Ru−NCS to Π*bpy that extend the absorbance of the dye in the low energy part of the absorption spectrum.
The photoaction spectra recorded in a sandwich regenerative photovoltaic cell indicate that the cyano and thiocyanato
complexes containing the bipyridine substituted in 4,4′ positions exhibit a 90−95% photoconversion efficiency on
the MLCT band, whereas those containing the bipyridine substituted in 5,5′ positions display lower efficiency (60−
65%). The most efficient complex in the series is cis-RuL2(NCS)2; however, its overall efficiency is about 30%
lower than the analogue cis-Ru(H2dcb)2(NCS)2 (H2dcb ) 2,2′-bipyridine-4,4′-dicarboxylic acid) due to a lower
absorbance in the red part of the visible spectrum.

Introduction

Photovoltaic cells based on dye-sensitized wide-band-gap
semiconductor electrodes have attracted much attention in
the last years owing to the growing interest in solar energy
conversion.1 These types of solar devices contain a photo-
anode made of a dye sensitizer grafted on the surface of a

nanocrystalline semiconductor electrode.2 The most efficient
sensitizers studied so far are based on ruthenium2,3 or
osmium4 polypyridine complexes that are chemisorbed on
the semiconductor surface via carboxylic acid groups. An
alternative anchoring group is the phosphonic acid function-
ality which forms very stable bonds with most of the
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transition metals and especially the hard Lewis acid metals
such as Zr(IV), Ti(IV), or Sn(IV).5

The utilization of phosphonic acid groups for the im-
mobilization of dyes on TiO2 has been first reported by
Grätzel et al.;6,7 it was then followed by other research
groups.8-12 In a previous paper,11 we described the prepara-
tion and the photoelectrochemical properties of a series of
ruthenium trisbipyridine complexes containing one bipyridine
unit substituted by two phosphonic acid groups. The action
spectra of some of these dyes demonstrated quite high IPCE
values on the metal-ligand charge transfer (MLCT) absorp-
tion bands, although the efficiency was limited to wave-
lengths below 600 nm. In an effort to extend the red
photoactivity of this type of dye, we undertook the prepara-
tion of a series of complexes responding to the general
formula RuL2X2, with L ) 4,4′-bis(phosphonic acid)-2,2′-
bipyridine or 5,5′-bis(phosphonic acid)-2,2′-bipyridine and
X ) Cl, CN, or SCN. The anchoring group is an important
parameter to consider in the design of efficient sensitizers
because it may affect both the stability of the linkage and
the electronic coupling between the dye and the semiconduc-
tor.13 These factors are expected to have a deep impact on
the life span and efficiency of the cell. In addition, the
electronic properties of the chromophoric ligands can be
modified by the anchoring functionalities and, consequently,
those of the corresponding dye sensitizer.14 We have tried,

therefore, to understand on a theoretical basis how the
substitution of the carboxylic acid with phosphonic acid
functions may affect the spectroscopic properties of the
different dyes. Although a number of ruthenium dyes
containing chromophoric ligands with phosphonic acid
functions have been reported in the literature,6-12 this is the
first study addressing this issue.

We report here a reliable strategy for the preparation of
cis ruthenium complexes with coordinated bipyridine bis-
phosphonate ligands. The complexes have been characterized
by UV-vis absorption and emission spectroscopy and
electrochemistry, and the photoelectrochemical properties
have been studied in sandwich-type TiO2 photoelectrochemi-
cal cells. Their properties have been compared to those of
the analogue complexes containing carboxylic acid groups.
Molecular orbital (MO) calculations have been performed,
and the electronic structures obtained from DFT calculations
allow the rationalization of the spectroscopic changes induced
by substitution of the carboxylic acids with phosphonic acids
functions. The absorption spectra have been analyzed in the
framework of the time-dependent density functional theory
(TDDFT) formalism.

Experimental Section

General Methods.1H NMR spectra were recorded on a ASPEC
Bruker 200 spectrometer. Chemical shifts are referenced relative
to TMSP (trimethylsilylproprionic acid, sodium salt) as an internal
standard reference (δ ) 0 ppm) for D2O samples or to the residual
protium of the deuterated solvent for methanol (δ ) 4.5 ppm). The
peak assignments are given as chemical shifts with the number of
protons involved and the multiplicity of the signal (s, singlet; d,
doublet; t, triplet; m, multiplet) in parentheses.

Thin-layer chromatography (TLC) was carried out on aluminum
sheets precoated with Merck 5735 Kiselgel 60F254. Column
chromatography was performed on Merck 5735 Kieselgel 60F
(0.040-0.063 mm mesh). Air sensitive reactions were carried out
under argon in dry solvents and glassware. Solvents were carefully
distilled prior to their uses with standard drying procedures. UV-
vis absorption spectra were recorded on UV-2401PC Shimadzu and
Perkin-Elmer Lamba 40 spectrophotometers. Fast atom bombard-
ment mass spectroscopy (FAB-MS) analyses were performed in
m-nitrobenzyl alcohol matrix (MBA) on a ZAB-HF-FAB spec-
trometer.

Cyclic voltammetric (CV) measurements were performed with
a potentiostat-galvanostat MacLab model ML160 controlled by
resident software (Echem v1.5.2 for Windows). Solutions for CV
measurements in 0.1 N H2SO4 were approximately 2 mM before
use and were purged with argon in a three-electrode cell. In all the
measurements, the working electrode was a carbon paste electrode
with a platinum wire as auxiliary electrode. Potentials are compared
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to a saturated calomel electrode (SCE). In all the experiments the
scan rate was 100 mV/s.

Steady-state luminescence studies were performed using a Yvon
Spex Fluoromax 2 spectrofluorimeter equipped with a R3896
Hamamatsu tube. Emission lifetimes were measured with a laser
flash photolysis apparatus consisting of a Continuous Surelite II,
Q switched (neodymium/yttrium aluminum garnet) laser (half-width
7 ns). Emission was collected at 90° through an Applied Photo-
physics monochromator equipped with an R 928 Hamamatsu
photomultiplier. The signals were acquired on a 600 MHz Le Croy
9360 digital oscilloscope and elaborated by means of Origin 6
software.

Photoanodes Preparation.TiO2 colloid solutions were prepared
by hydrolysis of titanium isopropoxide, Ti(OCH2(CH3)2)4 (Fluka),
of which 50 mL were added dropwise, by means of an addition
funnel, to 300 mL of deionized water acidified with 2.1 mL of
65% HNO3 under vigorous stirring. During the hydrolysis a white
precipitate formed. The mixture was stirred for 8 h at 80°C. During
this process the mixture was allowed to concentrate to 120 mL,
corresponding to a TiO2 concentration of 170 g/L. A stable colloidal
sol resulted from this procedure. The size of the colloidal particles
was ca. 8 nm, and X-ray diffraction analysis showed them to consist
of anatase. This solution (50 mL) was heated at 220°C for 12 h in
an autoclave. During this process the nanoparticles grew until they
were 50-100 nm in size. After the particles cooled at room
temperature, 3 g of Carbowax 2000 (Aldrich) was added to the
resulting gel and the mixture was stirred at room temperature for
8 h. The conductive glass was covered on two parallel edges with
3M adhesive tape (ca. 20µm thick) to control the thickness of the
TiO2 film. The colloid was applied to one edge of the conducting
glass and distributed with a glass rod sliding over the tape-covered
edges. After air-drying, the electrode was heated in an oven at 450
°C for 30 min in the presence of air. The resulting film thickness
was of the order of 6-7 µm.

The sensitizers were dissolved in CH3OH/H2O (4:1) and were
adsorbed by refluxing this solution for 3 h in thepresence of the
photoanode. In all cases, ca. 5× 10-3 M solutions of the complex
were used.

Photoelectrochemical measurements were performed in a two-
electrode sandwich cell arrangement. Typically 10µL of electrolyte
(0.3 M LiI /0.03 M I2) in acetonitrile was sandwiched between a
TiO2 photoanode and a counter electrode. A Pt-sputtered conductive
glass was employed as counter electrode. The cell was illuminated
with a 150 W Xe lamp coupled to an Applied Photophysics high-
irradiance monochromator. The irradiated area was 0.5 cm2. Light
excitation was through the FTO glass (ca. 10Ω/square LOEF)
substrate of the photoanode. Photocurrents were measured under
short-circuit conditions with a Kontron model DMM 4021 digital
electrometer, and the cell was illuminated with a 500 W halogen
lamp. Incident irradiance was measured with a calibrated silicon
photodiode from UDT Technologies.

Chemicals were purchased from Aldrich and used as received.
RuCl2(DMSO)4,15 4,4′-bis(ethyl ester phosphonate)-2,2′-bipyri-
dine,16 and 5,5′-bis(ethyl ester phosphonate)-2,2′-bipyridine16 were
synthesized using literature procedures.

Computational Study. All theoretical calculations were carried
out using a Becke’s three-parameter hybrid functional17 with LYP
correlation functional18 (B3LYP), as implemented in the Gaussian98

program.19 A LanL2DZ effective core potential basis set was
employed for all atoms.20 The theoretical electronic spectra were
simulated from the energy of the excited states and transition
oscillator strengths calculated by the TDDFT formalism as imple-
mented in the Gaussian98 program.21 A value equal to 2000 cm-1

for the bandwidth at half height has been used in these simulations
with Gaussian line shapes because this value often provides us with
molar extinction coefficient values of the same order of magnitude
as the experimental ones (as it has been checked on several simple
complexes).

Preparations. General Procedure for the Complexation of
the Ligands 1 and 2.To a solution of bis(ethyl ester phosphonate)-
bipyridine 1 or 2 (200 mg, 0.636 mmol) and LiCl (286 mg, 6.8
mmol) in dry DMF (10 mL) in a Schlenk tube was added 205 mg
(0.423 mmol) of Ru(DMSO)4Cl2. The mixture was degassed by
pumping and flushing with argon on the vacuum line and then
heated at 160-170 °C for 6 h in thedark. After the solution was
cooled to room temperature, dichloromethane was added and the
precipitate was filtered and washed with dichloromethane. After
the compound was dried in a vacuum, the complex was used as
such in the next step (average yield 80%).

1H NMR spectrum of the crude complex showed that the original
diethyl phosphonate ester groups had been partly hydrolyzed during
the course of the reaction because the ethyl ester group’s signal
integrated for half of the expected value and the peak was shielded
(3.8 ppm) compared to the value found in complexes3 or 4 (4.1
ppm).

General Procedure for Esterification of the Complexes.To a
solution of the above complex (203 mg, 0.221 mmol) in oxalyl
chloride (2 mL) under argon was carefully added anhydrous DMF
(0.3 mL) (during the addition copious gas was evolved). The
mixture was then heated at 55-60 °C overnight. The solvents were
removed by rotary evaporation, and the crude solid was dried under
vacuum. Dry dichloromethane (2 mL) was then added, and the
reaction was stirred for 1 h atroom temperature. After removal of
the solvent by rotary evaporation, freshly distilled EtOH (2 mL)
was then added and the mixture was stirred for 3 h at room
temperature. After removal of the solvent by rotary evaporation
and drying under a vacuum, the crude residue was purified by
column chromatography on silica gel and eluted with pure acetone
and then with increasing gradients of methanol in acetone (starting
from acetone/methanol 2:8 until 3:7).

cis-Dichlorobis(4,4′-bis(ethyl ester)phosphonate)-2,2′-bipy-
ridine)ruthenium, 3. Blue solid, 62% yield.1H NMR (400 MHz,
CD3OD): δ 10.18 (dd,J ) 8.0 Hz andJ ) 4.0 Hz, 2H,H6′), 8.91
(d, JH-P ) 16.0 Hz, 2H,H3′), 8.74 (d,JH-P ) 16.0 Hz, 2H,H3),
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8.1 (dd,JH-P ) 12.0 Hz andJ ) 8.0 Hz, 2H,H5′), 7.95 (dd,J )
8.0 Hz andJ ) 4.0 Hz, 2H,H6), 7.41 (dd,JH-P ) 12.0 Hz andJ
) 8.0 Hz, 2H,H5), 4.35 (m, 8H, OCH2CH3), 4.19 (m, 8H, OCH2-
CH3), 1.47 (t,J ) 4.0 Hz, 12H, OCH2CH3), 1.33 (t,J ) 4.0 Hz,
12H, OCH2CH3). 13C NMR (100 MHz D2O/NaOD): δ 161.8,
159.9, 155.5, 155.3, 137.8 (d,J ) 125 Hz), 135.9 (d,J ) 125 Hz),
128.8 (d,J ) 8 Hz), 128.6 (d,J ) 8 Hz), 126.3 (d,J ) 8 Hz),
126.1 (d,J ) 8 Hz), 65.5 (d,J ) 18 Hz), 65.4 (d,J ) 18 Hz), 17.0
(d, J ) 8 Hz), 16.9 (d,J ) 8 Hz). MS-FAB (m/z) calcd for C36H52-
Cl2N4O12P4Ru, 1028.10; found, 1028.1.

cis-Dichlorobis(5,5′-bis(ethyl ester)phosphonate)-2,2′-bipy-
ridine)ruthenium, 4. Dark blue solid, 70% yield.1H NMR (400
MHz, CD3OD) δ: 10.42 (dd,JH-P ) 16.8 Hz andJ ) 3.0 Hz, 2H,
H6′), 8.88 (dd,JH-P ) 16.5 Hz andJ ) 7.0 Hz, 2H,H3′), 8.71 (dd,
JH-P ) 16.5 Hz andJ ) 7.0 Hz, 2H,H3), 8.46 (ddd,JH-P ) 20.1
Hz, J ) 16.5 Hz andJ ) 3.4 Hz, 2H,H4′), 8.07 (ddd,JH-P ) 20.1
Hz, J ) 16.5 Hz andJ ) 3.4 Hz, 2H,H4), 7.91 (dd,J ) 16.8 Hz
andJ ) 3.0 Hz, 2H,H6), 4.32 (m, 8H, OCH2CH3), 4.03 (m, 8H,
OCH2CH3), 1.43 (t,J ) 14.0 Hz, 12H, OCH2CH3), 1.25 (t,J )
14.0 Hz, 12H, OCH2CH3). 13C NMR (100 MHz (D2O/NaOD): δ
162.7, 160.3, 155.9, 155.6, 138.1, 136.0, 128.6, 126.6, 123.3 (d,J
) 19 Hz), 123.1 (d,J ) 19 Hz), 63.7 (d,J ) 22 Hz), 63.4 (d,J )
22 Hz), 16.2. MS-FAB (m/z) calcd for C36H52Cl2N4O12P4Ru,
1028.10; found, 1028.1.

General Procedure for Complete Hydrolysis of the Diethyl
Ester Phosphonate.A solution of cis-dichloro bis(bis(ethyl ester
phosphonate)-2,2′-bipyridine)ruthenium (218 mg, 0.212 mmol) in
10 mL of 6 N HCl was refluxed for 18 h. After this period, the
solvent was evaporated on a rotary evaporator. The resulting purple
solid was then dissolved in a minimal amount of water and purified
by column chromatography using Sephadex LH20 (25 g packed in
a columnh ) 29 cm,d ) 20 mm) as stationary phase and water
as eluent. The major purple band was collected and corresponds to
the desired complex.

cis-Dichlorobis(4,4′-bis(phosphonic acid)-2,2′-bipyridine)ru-
thenium, 5. Purple solid, 82% yield.1H NMR (400 MHz D2O/
NaOD): δ 9.25 (d,J ) 5.6 Hz, 2H,H6′), 8.63 (d,JH-P ) 12.0 Hz,
2H, H3′), 8.44 (d,JH-P ) 12.0 Hz, 2H,H3), 7.88 (dd,JH-P ) 12.0
Hz andJ ) 5.6 Hz, 2H,H5′), 7.62 (d,J ) 5.6 Hz, 2H,H6), 7.09
(dd, JH-P ) 12.0 Hz andJ ) 5.6 Hz, 2H,H5). Anal. Calcd for
C20H20Cl2N4O12P4Ru‚1H2O: C, 29.2; H, 2.7; N, 6.8. Found: C,
29.2; H, 2.8; N, 6.7.

cis-Dichlorobis(5,5′-bis(phosphonic acid)-2,2′-bipyridine)ru-
thenium, 6. Purple solid, 86% yield.1H NMR (400 MHz D2O/
NaOD): δ 9.46 (d,JH-P ) 7.6 Hz, 2H,H6′), 8.40 (d,J ) 8.0 Hz,
2H, H3′), 8.20 (d,J ) 8.0 Hz, 2H,H3), 8.19 (dd,JH-P ) 9.6 Hz
andJ ) 9.6 Hz, 2H,H4′), 7.88 (d,JH-P ) 7.6 Hz, 2H,H6), 7.74
(dd,JH-P ) 9.6 Hz andJ ) 9.6 Hz, 2H,H4). Anal. Calcd for C20H20-
Cl2N4O12P4Ru‚6H2O: C, 26.3; H, 3.5; N, 6.1. Found: C, 26.4; H,
3.6; N, 5.9.

General Procedure for the Preparation of the Dicyano
Complexes.cis-Dichlorobis(diphosphonic acid bipyridine)ruthe-
nium (50 mg, 0.058 mmol) and KCN (65 mg, 1.0 mmol) were
dissolved in a mixture of water (5 mL) and methanol (5 mL) in a
round-bottomed flask, and then the solution was purged with argon.
The flask was then covered with aluminum foil and heated at reflux
for 12 h in the dark. After the flask cooled to room temperature,
acetone was added to the crude reaction mixture and the precipitate
was filtered off and washed with acetone. The resulting purple solid
was then dissolved in a minimum amount of water and purified by
column chromatography using Sephadex LH20 as stationary phase
and water as eluent.

cis-Dicyanobis(4,4′-bis(phosphonic acid)-2,2′-bipyridine)ru-
thenium, 7. Orange solid, 83% yield.1H NMR (400 MHz D2O/
NaOD): δ 9.39 (dd,J ) 6.0 Hz,J ) 3.0 Hz, 2H,H6′), 8.61 (d,
JH-P ) 11.0 Hz, 2H,H3′), 8.54 (d,JH-P ) 11.0 Hz, 2H,H3), 7.83
(dd, JH-P ) 11.0 Hz andJ ) 5.0 Hz, 2H,H5′), 7.62 (dd,J ) 5.0
Hz, J ) 3.0 Hz, 2H,H6), 7.41 (dd,JH-P ) 10.5 Hz andJ ) 5.6
Hz, 2H, H5). 13C NMR (100 MHz D2O/NaOD): δ 169.10 (CN),
159.05, 158.05, 156.65 (d,J ) 10 Hz), 154.40 (d,J ) 80 Hz),
152.80 (d,J ) 80 Hz), 151.35 (d,J ) 10 Hz), 130.35 (d,J ) 10
Hz), 129.85 (d,J ) 10 Hz), 126.85 (d,J ) 10 Hz), 126.25 (d,J )
10 Hz). IR (KBr) ν(CN) at 2068.7 cm-1. Anal. Calcd for
C22H20N6O12P4Ru‚2H2O: C, 30.1; H, 3.0; N, 10.5. Found: C, 30.0;
H, 3.0; N, 10.4.

cis-Dicyanobis(5,5′-bis(phosphonic acid)-2,2′-bipyridine)ru-
thenium: 8. Orange solid, 80% yield.1H NMR (400 MHz D2O/
NaOD): δ 9.61 (d,JH-P ) 6.8 Hz, 2H,H6′), 8.41 (d,J ) 8.0 Hz,
2H, H3′), 8.32 (d,J ) 8.0 Hz, 2H,H3), 8.28 (dd,JH-P ) 9.0 Hz
andJ ) 9.0 Hz, 2H,H4′), 8.10 (dd,JH-P ) 9.0 Hz andJ ) 9.0 Hz,
2H, H4), 7.86 (d,JH-P )10 Hz, J ) 6.8 Hz, 2H,H6). 13C NMR
(100 MHz D2O/NaOD): 169.60 (CN), 159.30, 158.45 (d,J ) 10
Hz), 158.00, 153.15 (d,J ) 10 Hz), 142.55 (d,J ) 70 H), 141.90
(d, J ) 10 Hz), 141.20 (d,J ) 10 Hz), 140.95 (d,J ) 70 Hz,),
125.75 (d,J ) 10 Hz), 125.05 (d,J ) 10 Hz). IR (KBr) ν(CN) at
2063.6 cm-1. Anal. Calcd for C22H20N6O12P4Ru‚4H2O: C, 28.8;
H, 3.4; N, 10.1. Found: C, 28.8; H, 3.5; N, 10.2.

General Procedure for the Preparation of the Thiocyanate
Complexes.cis-Dichlorobis(diphosphonic acid bipyridine)ruthe-
nium (50 mg, 0.086 mmol) and KSCN (85 mg, 0.87 mmol) were
dissolved in a mixture of water (5 mL) and ethanol (5 mL) in a
flask, and the mixture was purged with argon. The flask was then
covered with aluminum foil and heated at reflux for 12 h in the
dark. After the flask cooled to room temperature, acetone was added
to the crude reaction mixture and the precipitate was filtered off
and washed with acetone. The resulting purple solid was then
dissolved in a minimum amount of water and purified by column
chromatography using Sephadex LH20 as stationary phase and
water as eluent.

cis-Dithiocyanatobis(4,4′-bis(phosphonic acid)-2,2′-bipyridine)-
ruthenium, 9. Dark blue solid, 91% yield.1H NMR (400 MHz
D2O/NaOD)δ: 9.44 (dd,J ) 11.0 Hz,J ) 6.0 Hz, 2H,H6′); 8.74
(d, JH-P ) 12.0 Hz, 2H,H3′), 8.58 (d,JH-P ) 12.0 Hz, 2H,H3),
8.01 (dd,JH-P ) 20.1 Hz andJ ) 12.0 Hz, 2H,H5′), 7.73 (dd,J
) 11.0 Hz,J ) 6.0 Hz, 2H,H6), 7.34 (dd,JH-P ) 20.1 Hz andJ
) 12.0 Hz, 2H,H5). 13C NMR (100 MHz D2O/NaOD): δ 161.15,
161.10, 155.65 (d,J ) 10 Hz), 154.85 (d,J ) 10 Hz), 148.75 (d,
J ) 70 Hz), 147.05 (d,J ) 70 Hz), 134.90 (SCN), 130.30 (d,J )
10 Hz), 129.30 (d,J ) 10 Hz), 126.70 (d,J ) 10 Hz), 125.65 (d,
J ) 10 Hz). IR (KBr) ν(CN) at 2114.4 cm-1. Anal. Calcd for
C22H20N6O12P4S2Ru‚3H2O: C, 27.3; H, 3.0; N, 9.6. Found: C, 27.1;
H, 3.2; N, 9.5.

cis-Dithiocyanatobis(5,5′-bis(phosphonic acid)-2,2′-bipyridine)-
ruthenium, 10. Purple solid, 88% yield.1H NMR (400 MHz D2O/
NaOD): δ 9.64 (d,JH-P ) 7.6 Hz, 2H,H6′), 8.54 (d,J ) 8.0 Hz,
2H, H3′), 8.38 (dd,JH-P ) 9.6 Hz andJ ) 9.6 Hz, 2H,H4′), 8.36
(d, J ) 8.0 Hz, 2H,H3), 8.01 (dd,JH-P ) 9.6 Hz andJ ) 9.6 Hz,
2H, H4), 7.86 (d,JH-P ) 7.6 Hz, 2H,H6). 13C NMR (100 MHz
D2O/NaOD): δ 162.10, 161.10, 156.75 (d,J ) 10 Hz), 155.85 (d,
J ) 10 Hz), 141.40 (d,J ) 10 Hz), 140.50 (d,J ) 10 Hz), 139.10
(d, J ) 110 Hz), 137.35 (d,J ) 110 Hz), 134.50 (SCN), 126.15
(d, J ) 10 Hz), 125.85 (d,J ) 10 Hz). IR (KBr) ν(CN) at 2117.5
cm-1. Anal. Calcd for C22H20N6O12P4S2Ru‚5H2O: C, 26.2; H, 3.3;
N, 9.2. Found: C, 26.1; H, 3.0; N, 9.1.
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Results and Discussion

Preparations. The investigated complexes are of the
general formulacis-RuL2X2 with L ) 2,2′-bipyridine-4,4′-
bisphosphonic acid (ligand1) or with L′ ) 2,2′-bipyridine-
5,5′-bisphosphonic (ligand2). The preparation of this type
of complex usually relies on two steps.22,23The first consists
of refluxing in DMF 2 equiv of the bidentate ligand L with
1 equiv of ruthenium trichloride to yield acis-ruthenium
bischlorobisbipyridine complex (cis-RuL2Cl2). In the second
step, the chloride ligands are substituted by the thiocyanate
or cyano ligands. This is achieved by heating in DMF the
ruthenium bis-chloro complex with NaSCN or KCN. The
preparations of complexes5 and 9 have been reported by
Grätzel et al. in a patent;6 however, no characterization of
these molecules was given and the reported procedure did
not permit us to obtain highly pure samples of these species.
We have therefore developed a new procedure for the
preparation of ruthenium complexes with the phosphonated
bipyridine 1 and2, which is shown in Scheme 1.

Starting from the phosphonated bipyridine ligands1 and
2, the first step was dramatically improved by using the
complex Ru(DMSO)4Cl2 instead of RuCl3 in water. This
could be clearly seen from the1H NMR spectrum of the
crude reaction mixture that indicated a lower amount of
impurities when Ru(DMSO)4Cl2 was used. This can be
ascribed to fewer byproduct formations, probably due to the
utilization of a ruthenium(II) precursor with weakly binding
ligands (DMSO). During the first coordination step, whether
the source of ruthenium used was Ru(DMSO)4Cl2 or RuCl3,
nH2O, the diethyl ester phosphonate groups of complex3
or 4 were partially hydrolyzed. A purification step was
necessary here to remove the tris-bipyridine ruthenium
complex formed during the reaction; however, all our
attempts of purification, through recrystallization or by

column chromatography, failed. In fact the highly polar
groups (PO(OH)(OEt)) cause an almost irreversible adsorp-
tion on silica or alumina gels even if elution is performed
with highly polar mixtures of solvents. The monohydrolyzed
phosphonate groups of the complexes3 or 4 were therefore
esterified by a standard procedure using activation of the
phosphonate by oxalyl chloride followed by addition of dry
ethanol.24 The resulting compounds could be easily purified
by column chromatography. The cis geometry of complexes
3 and4 was confirmed by NMR spectroscopy (see below).
The diethyl ester phosphonate groups were fully hydrolyzed
by heating the complexes in hydrochloric acid solution.
Chloride ligand exchange with thiocyanato or cyano anions
was subsequently performed in water with an excess of the
monodentate ligands. Column chromatography on dextran-
based Sephadex LH-20 afforded the pure complexes7-10
with good yields. The above complexes were found to be
soluble in methanol and water with a larger solubility at basic
pH.

NMR and IR Spectroscopic Studies.The NMR spectra
of the complexes were measured in D2O/NaOD solutions to
achieve sufficiently large concentrations, compatible with fast
spectrum recording and high signal-to-noise ratio. The1H
NMR spectra of all the complexes show six sharp and well-
resolved signals in the aromatic region, corresponding to the
six magnetically inequivalent protons of the bipyridine (cf.
Figure 1).

The downfield-shifted proton resonance peaks can be
assigned to the protons that are close to the second pyridine
units, whereas the high-field proton resonances are assigned
to the protons that are in the vicinity of the non-bipyridinic
ligands. This assignment is based on the assumption that
deshielding of the protons can be due to an induced magnetic
field created by the ring current circulation on pyridine

(22) Nazeeruddin, M. K.; Liska, P.; Vlachopoulos, N.; Gra¨tzel, M. J. Am.
Chem. Soc.1993, 115, 6382-6390.

(23) Argazzi, R.; Bignozzi, C. A.; Heimer, T. A.; Castellano, F. N.; Meyer,
G. J. Inorg. Chem.1994, 33, 5741-5749.

(24) (a) Biller, S. A.; Forster, C.; Gordon, E. M.; Harrity, T.; Scott, W. A.;
Ciosek, C. P., Jr.J. Med. Chem.1988, 31, 1869-1871. (b) Lorga, B.;
Carmichae, D.; Savignac, P.C. R. Acad. Sci. Ser. IIc: Chim.2000, 3,
821-829. (c) Rogers, R. S.Tetrahedron Lett.1992, 33, 7473-7474.

Scheme 1. Synthetic Route for the Preparation of the Ruthenium Sensitizers Described in This Study
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aromatic moieties. This deshielding is only significant at short
distances and therefore affects only protons that are close to
the bipyridine. In these cis octahedral complexes, the two
bipyridine ligands are equivalent, but the protons of one
bipyridine are all inequivalent. In the aliphatic region of the
esterified form of the dichloro complexes3 and4, the two
phosphonate ethyl ester groups (CH3 and CH2 of PO3Et2)
are also inequivalent and they give rise to four multiplets.

Therefore, the observed patterns are in agreement with the
cis geometry of the complexes. The trans geometry would
have resulted in a simpler NMR spectrum due to the higher
symmetry and would have yielded only three peaks in the
aromatic region due to the four magnetically equivalent
pyridine units.

13C NMR spectra were also recorded because the chemical
shift of the thiocyanato ligand is informative of its linkage

Figure 1. Aromatic region of the1H NMR spectra of complexes3 and4 recorded in CD3OD.
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isomerism (N- or S- bound to ruthenium). The ruthenium
dichloro complexes5 and6 were not sufficiently soluble in
basic solution to allow the registration of13C NMR spectra.
The13C of the S-bound complex displays an upfield-shifted
signal in the range of 112-128 ppm, whereas the N-bound
is generally downfield-shifted around 130-140 ppm.25 The
13C chemical shifts of the complexes9 and 10 are 134.9
and 134.5 ppm, respectively, indicating that the SCN ligand
is N-bound in both cases.25 This is in agreement with the
results of Gra¨tzel et al. for related ruthenium complexes.25,7d

These conclusions are also well supported by IR spectros-
copy. IR spectra were recorded in KBr pellets, and theνCN

bands of complexes9 and10were located respectively at at
2114 and 2118 cm-1. From earlier literature results26 it was
demonstrated that this band appears around 2110 cm-1 for
N-bound thiocyanate, whereas it was shifted to lower energy
for the S-bound complexes (ca. 2056 cm-1).

Determination of the pKa Values of the Phosphonic
Acid Group by UV -vis Titration. The MLCT absorption
bands of the investigated complexes are very sensitive to
pH variations due to the dissociation of the phosphonic acid
groups. Deprotonation of the phosphonic acid groups causes
an eye-discernible color change of the solution, which is
characterized by a blue shift of the MLCT absorption band.
The pKa values were determined by plotting the maximum
absorbance wavelength corresponding to the lowest energy
MLCT band as a function of the pH of the solution.
Representative titration curves are shown in Figure 2. The
first dissociation constant pKa1 (below pH 2) could not be
resolved because of the limit of detection of the pH meter
at low pH values. However, for complexes9 and10, pKa2

values of 6.0 and 6.1 could be unambiguously determined
by this method. The titration curves show a single pKa

titration point, indicating that the four phosphonic acid groups
dissociate simultaneously at the same or at very close pH

values. The pKa values obtained in this work are in agreement
with those reported by the groups of Gra¨tzel27 and Schmehl.9

Electronic Absorption Spectra.For the purpose of having
only one species in solution (one protonation state of the
phosphonic acid groups), the electronic absorption spectra
of the complexes were recorded in 0.1 N sulfuric acid
solutions in water. In such conditions, the dissociation of
the phosphonic acid groups is expected to be negligible.
Protonation of the cyanide ligands is also expected to be
negligible in aqueous solution at pH 1.28 The UV-vis
absorption data are summarized in Table 1, and representative
absorption spectra are shown in Figures 3 and 4.

The electronic spectra display intense absorption bands
(ε ≈ 5 × 104 M-1 cm-1) in the UV region that are attributed
to π-π* transitions localized on bipyridine ligands. The
lower energy band, between 400 and 600 nm, is assigned to
dπ(Ru)-π*(bpy) 1MLCT transitions. The wavelength of the
maximum absorption of this band depends on the ancillary
ligand X and on the position of the phosphonic acid groups
on the bipyridine ligand (4,4′ or 5,5′). Consistent with
previous observations on related ruthenium dyes containing
bpy(COOH)2 ligands,23 the energy of the MLCT bands
increases by ca. 90 cm-1 following deprotonation of the
phosphonic acid functions and decreases by decreasing the
π-accepting ability of the ancillary ligand X (CN> NCS>
Cl) (cf. Figure 3). The spectra of the complexes containing
the 5,5′-diphosphonic acid-2,2′-bipyridine (4, 6, 8, and10)
are red shifted with respect to those deriving from the 4,4′-
diphosphonic acid-2,2′-bipyridine (3, 5, 7, and9); a further
red shift of 70 cm-1 (19 nm) and of 120 cm-1 (37 nm) is
observed following esterification of complexes5 and 6,
respectively (Table 1). Finally, it is interesting to compare
the absorption spectrum of one the most studied and efficient
sensitizers,cis-Ru(4,4′-COOH)2NCS2 (N3), with its phos-
phonated analogue, Ru(4,4′-PO3H2)2NCS2 (9). It can be

(25) Hermann, R.; Gra¨tzel, M.; Nissen, H. U.; Shklover, V.; Nazeeruddin,
M. K.; Zakeeruddin, S. M.; Barbe, C.; Kay, A.; Haibach, T.; Steurer,
W. Chem. Mater.1997, 9, 430-439.

(26) Kohle, O.; Ruile, S.; Gra¨tzel, M. Inorg. Chem.1996, 35, 4779-4787.

(27) Nazeeruddin, M. K.; Zakeeruddin, S. M.; Humphry-Baker, R.; Kaden,
T. A.; Grätzel, M. Inorg. Chem.2000, 39, 4542-4547.

(28) Peterson, S. H.; Demas, J. N.J. Am. Chem. Soc.1979, 101, 6571-
6576.

Figure 2. Maximum absorbance of the MLCT transition as a function of the pH. (A) Ru(4,4′-PO3H2)2NCS2 (9). (B) Ru(5,5′-PO3H2)2NCS2 (10).
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observed in Figure 4 that the spectrum of the carboxylated
bipyridine complex is slightly red shifted with respect to the
phosphonated complex. The changes of the absorption
spectral features can be rationalized in terms of MO theory
considering the energy of the LUMO and HOMO orbitals
of the complexes.

Electrochemical Characterization.The electrochemical
properties of the complexes were studied by cyclic voltam-
metry in 0.1 N H2SO4 on carbon paste electrodes. The half-
wave potentials (E1/2) of the RuIII/II redox couple are reported
in Table 1. Half-wave potentials (E1/2) were confirmed by
square-wave voltammetry (frequency) 15 Hz), and they

are in excellent agreement with the values found by cyclic
voltammetry for the reversible processes.

Due to the occurrence of the water reduction reaction, the
electrochemical study was limited to anodic potentials. The
first electrochemical process is a metal-centered oxidation
RuIII /RuII as generally observed for other ruthenium(II)
polypyridine complexes.29 All the dichloro and dicyano
complexes display a reversible oxidation process, while
electrochemical irreversibility was observed for the NCS-
containing species (Figure 5).

(29) Eskelinen, E.; Luukkanen, S.; Haukka, M.; Ahlgren, M.; Pakkanen,
T. A. J. Chem. Soc., Dalton Trans.2000, 2745-2752.

Table 1. Spectroscopic and Electrochemical Data of the Complexes

complexes
absorption maxima,a

nm (ε, M-1 cm-1) E1/2(RuIII/II ), Vb
emission maxima,d

nm (E00, eV)
emission maxima,e

nm (E00, eV) τ f, ns
E1/2*

(RuIII/II ),g V

Ru(4,4′-PO3Et2)2Cl2 (3) 528 (4400), 379 (4100), 308 (19900)
Ru(5,5′-PO3Et2)2Cl2 (4) 572 (2060), 366 (2600), 302 (26300)
Ru(4,4′-PO3H2)2Cl2 (5) 509 (6120), 364 (6900), 303 (37600) 0.51 Nec Nec

Ru(5,5′-PO3H2)2Cl2 (6) 535 (2800), 364 (4000), 321 (14900),
302 (34300), 255 (15700)

0.49 Nec Nec

Ru(4,4′-PO3H2)2CN2 (7) 453 (5600), 297 (31160), 245 (12000) 1.03 635 (2.24) 658 (2.18) 566 -1.15
Ru(5,5′-PO3H2)2CN2 (8) 461 (4540), 293 (55300), 250 (19700) 1.02 668 (2.14) 666 (2.14) 103 -1.12
Ru(4,4′PO3H2)2NCS2 (9) 494 (7000), 360 (7860), 303 (33960) 0.68c 700 (2.12) 743 (2.0) 56 -1.32
Ru(5,5′PO3H2)2NCS2 (10) 515 (4730), 351 (5900), 299 (55230),

250 (24460)
0.64c 740 (1.99) 763 (1.98) 9.8 -1.34

Ru(4,4′-CO2H)2NCS2 (N3) 516 (10840), 390 (11500), 315 (42000) 0.70c 740 (2) 803 (1.84) 28 -1.14

a Recorded in 0.1 N sulfuric acid.b Half-wave potentials vs SCE recorded in 0.1 N sulfuric acid.c Anodic peak potentials of irreversible process. Ne)
no emission.d Emission maximum measured for the anionic forms of the complexes at room temperature in deaerated methanol.e Emission maximum
measured for the protonated forms of the complexes at room temperature in deaerated methanol, excitation was made on the maximum absorption of the
MLCT band. f Emission lifetimes of the anionic forms of the complexes.g Excited-state redox potentials (E*(RuIII/II )) calculated according to the equation
E(RuIII/II ) ) E1/2(RuIII/II ) - E00(MLCT), whereE00(MLCT) represents the zero-zero spectroscopic energy, taken at 5% intensity maximum.

Figure 3. Electronic absorption spectra of some ruthenium complexes recorded in sulfuric acid solution (0.1 N). Ru(4,4′-PO3H2)2X2 where X) Cl (5), X
) CN (7), and X ) NCS (9) and Ru(4,4′-PO3Et2)2Cl2 (3).
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An analogous behavior was observed for the Ru(H2dcb)-
(NCS)2 complex and attributed to charge delocalization
between dπ andπ NCS orbitals, leading to oxidation of the
NCS ligand.30 Substitution of chloride with cyanide results
in a steady increase ofE1/2 (RuIII/II ) from 0.6 to 1 V, consistent
with well-known differences of theσ-electron-donating/π-
accepting properties of these ligands.

Photoelectrochemical Study.The complexes were tested
as sensitizers for nanocrystalline TiO2 solar cells. The
incident monochromatic photon to current conversion ef-

ficiency (IPCE) collected under short-circuit conditions is
shown in Figure 6.

The efficiencies of the sensitizers differ significantly from
one another. Optical densities of the photoanodes were in
fact in the range 0.65-1.7 (see caption of Figure 6). The
highest yields are clearly obtained with the bipyridine ligands
bearing the phosphonic acid groups on 4,4′ positions. This
has been previously observed by Ferrere31 and by our
groups11 for other dyes, and it can be most probably
rationalized by a difference in the magnitude of the electronic
coupling between the sensitizer and the TiO2 conduction
band. Corrections for the optical density of the different
electrodes lead to the conclusion that both CN and NCS
complexes based on the 4,4′ substituted bipyridine ligand
convert almost quantitatively photons into electrons in the
visible region (ca. 90-95%), as does the Ru(H2dcb)(NCS)2
sensitizer. A corrected efficiency of ca. 65% was instead
obtained for the corresponding 5,5′-substituted species. The
lowest efficiency was exhibited by the 4,4′-substituted
dichloro complex with no appreciable photocurent detected
from photoanodes loaded with the 5,5′ analogue. This fact
can be attributed to the lowE1/2 RuIII/II values, limiting the
driving force for iodide oxidation, as well as to a low charge
injection efficiency. The dicyano complexes7 and8 yield
relatively high IPCE values on the top of the MLCT
transition, but IPCE quickly falls to zero at wavelengths
above 600 nm due to the weak absorbance above 600 nm.

The photocurrent-voltage curves of the photoelectro-
chemical cell sensitized with complex9 and with the N3
sensitizer were recorded in the same experimental conditions.

(30) (a) Cecchet, F.; Gioacchini, A. M.; Marcaccio, M.; Paolucci, F.; Roffia,
S.; Alebbi, M.; Bignozzi, C. A.J. Chem. Phys. B2002, 106, 3926-
3932. (b) Wolfbauer, G.; Bond, A. M.; MacFarlane, D. R.Inorg. Chem.
1999, 38, 3836-3846.

(31) Ferrere, S.Chem. Mater.2000, 12, 1083-1089.

Figure 4. Overlay of the electronic absorption spectra of TiO2 photoanode
stained with Ru(4,4′-PO3H2)2NCS2 (9) and N3.

Figure 5. Cyclic voltammograms of complexes Ru(4,4′-PO3H2)2NCS2 (9)
and Ru(5,5′-PO3H2)2NCS2 (10) recorded in 0.1 N sulfuric acid at scan rate
100 mV/s.

Figure 6. Photoaction spectra (IPCE) of the phosphonated ruthenium
complexes5 (1.7),7 (0.8),8 (0,65),9 (1.2), and10 (0.7) along with that of
N3 (1). The values in parentheses are the optical densities in the MLCT
maximum of the investigated photoanodes.
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The cell sensitized with complex9 displayed an open-circuit
photopotential (VOC) of 490 mV, a short-circuit photocurrent
(ISC) of 5 mA/cm2, and a fill factor (ff) of 0.67, while with
the N3 sensitizer the following parameters were obtained:
VOC ) 450 mV, ISC ) 9 mA/cm2, and ff ) 0.46. The open-
circuit photovoltage and the short-circuit photocurrent are
lower than those recorded by Gra¨tzel et al.,3a because the
power of the light source is lower here and the TiO2

photoanode was not treated with TiCl4. The later treatment
decreases the recombination current arising from the reaction
of conduction band electrons with triiodite, which is known
to decrease bothVOC and ISC.2b In conclusion, these results
indicate that the overall efficiency of the cell sensitized with
complex9 is about 30% lower than that sensitized with the
N3, a feature which can be attributed to a lower absorptivity
in the red part of the absorption spectrum of the phospho-
nated dye9 (cf. Figure 4).

Computational Study. MO calculations were undertaken
to rationalize the properties of the new series of complexes
and to gain insights on how the anchoring groups modulate
their electronic properties. Since bisthiocyanato complexes
were found to be the most efficient sensitizers, the calcula-
tions were focused on these species. We have first analyzed
the influence of the anchoring group on the electronic spectra
of Ru(L)2(NCS)2 complexes. Toward this goal, we have built
models of these complexes, taking as a reference the
experimental crystal structure of Ru(bpy)2(NCS)2. The
electronic structure of each model has been studied using
DFT methods, and the electronic spectra have been simulated
from TDDFT calculations.

TDDFT calculations on the model and on the optimized
structure of the Ru(bpy)2(NCS)2 complex lead to similar
results. Only slight shifts of the bands in the electronic
absorption spectra were found, but the nature of the electronic
transitions was not changed. Therefore, we can consider that
a less expensive study on models can provide us with
qualitatively correct results, even though optimized structures
lead to a better agreement with experimental data (cf. Figure
7) Differences with the experimental spectra are probably
due to the fact that theoretical calculations are made for
isolated molecules and any interaction with the solvent is
disregarded. Furthermore, it is noteworthy that in our
calculations we have used a pseudopotential basis. The

calculated values obtained are without any doubt less accurate
than if a more sophisticated basis set was employed.

The results of a detailed study of the electronic structure
and of the absorption spectrum of the Ru(bpy)2(NCS)2
complex show that two different groups of higher occupied
molecular orbitals (HOMOs) can be considered (cf. Figure
8).

The group located at a higher energy can be described as
nonbondingπ orbitals mainly centered on the thiocyanate
ligands with a very small antibonding contribution from
ruthenium metal (Π*Ru-NCS). The other group of HOMOs,
more stable, can be described as t2g Ru orbitals with small
contributions from the ligands (dRu). On the other hand, the
closest group of lower unoccupied molecular orbitals
(LUMOs) consists mostly of a series of antibondingπ
orbitals from the bpy ligand (Π*bpy). It can be expected that
these three groups of orbitals will be involved in less
energetic electronic transitions. Similar conclusions from the
analysis of the electronic transitions have also been found
by Siegbahn on the basis of intermediate neglect of dif-
ferential overlap calculations.13 Thus, in the calculated spectra
three different groups of transitions are observed:

(a) In the low-energy region of spectra (λ > 500 nm orν
< 20 000 cm-1, cf. Figures 7 and 8), transitions from
Π*Ru-NCS to Π*bpy orbitals are found. These transitions can
be mostly considered as charge transfers from the thiocyanate
group to the L ligand, even though they also show a slight
MLCT character. Often, they are neglected in the electronic
absorption processes as their intensities are weak, although
in some systems they can play an important role. Indeed,

Figure 7. Experimental (solid line) and theoretical (dashed line) spectra
for the Ru(bpy)2(NCS)2 complex. The simulated spectrum corresponds to
the optimized geometry and a bandwidth at half-height of 3000 cm-1 for
the Gaussian line shapes.

Figure 8. Frontier MOs as obtained in this work for the Ru(bpy)2(NCS)2
complex. A detailed explanation of the MO nature is developed in the text.
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one can consider that the proper choice of auxiliary ligands
with appropriate orbitals (in terms of energy and symmetry)
allows the extension of the absorption spectrum of the
complex toward long wavelengths due to this interligand
transition.

(b) In the high-energy region (λ < 300 nm orν > 33 000
cm-1, cf. Figure 7), π-π* intraligand transitions are
observed, which involve bipyridine-centered orbitals.

(c) In the intermediate-energy region (350-500 nm or
33 000-20 000 cm-1, cf. Figures 7 and 8), more intense
MLCT transitions are displayed, where the electron is
transferred from the t2g metal orbitals (dRu) to a π* orbital
mainly localized in the bipyridine ligand (Π*bpy). In general,
these transitions are involved in the energy conversion
process of dye sensitizers based on ruthenium complexes.

To understand the energy shift of the MLCT transitions
when the bipyridine ligand is functionalized by the carboxylic
and phosphonic acid groups, it is crucial to examine how
the low-lying unoccupied bpy orbitals are affected by these
anchoring groups. The analysis of the ruthenium HOMOs
(dRu) is not so relevant, as they are not so much affected by
changes in the bipyridine ligand.

In the carboxylic-substituted bipyridine ligand, the induc-
tive effect of the anchoring group leads to a strong electron
density delocalization in theπ* LUMO and consequently
to a more stable balance between the bonding and antibond-
ing contributions. As a result, the energy of this orbital
decreases and the MLCT transition is observed at lower
energy (cf. Figure 9 and Table 2). This effect is reduced
when there is a loss of coplanarity between the bpy and the
carboxylic groups. On the other hand, the LUMO of bpy
presents a greater electron density in 5 and 5′ than in 4 and
4′ positions. Therefore, as Whangbo et al. have already

suggested, it is expected that there will be a stronger
inductive effect of the carboxylic group when bpy is
substituted in 5,5′ positions.32 In this sense, we observe that
the energies of the lowest LUMO and MLCT transition are
lower in this last case (Table 2).

When the bpy is functionalized by phosphonic acid groups,
results similar to the those obtained with the carboxylic
substituents are found. A decrease in the energies of the
lowest LUMO of the dpbpy ligand and of the MLCT
transition is also obtained. However, this decrease is lower
than in the H2dcb case, so this is an intermediate situation
with respect to bpy and H2dcb. This difference is due to the
fact that the sp3 hybridization in the phosphorus atom does
not favor the interaction with the bpyπ* LUMO and, as a
result, a weaker inductive effect occurs, as it also happens
when there is a loss of coplanarity between the bpy and the
carboxylic groups in the H2dcb case (cf. Figure 9).

Furthermore, the protons in the anchoring group take
electron density from this group, increasing the inductive
effect of the substituent on the bpy ligand. Thus, deproto-
nation induces an excess of electron density on the anchoring
group, and consequently, the mentioned attractive effect
disappears while the charge excess is partially sent to the
bipyridine ligand. Therefore, the energies of the lowest
LUMO of the bipyridine ligand and of the MLCT transition
increase (cf. Figure 9 and Table 2). This effect is more
pronounced for the phosphonic acid compared to the car-
boxylic acid (Table 2), which is consistent with the largest
increase of the electron density on the bipyridine due to the
presence of the two negative charges of the phosphonate
dianion (PO3

2-) compared to only one on the carboxylate
anion (CO2

-). Furthermore, the destabilization induced upon
deprotonation of the phosphonic acidic groups (PO3H2) shifts
the energy level of the LUMO orbitals at energy higher than
that of the unsubstituted bipyridine. In photovoltaic cells,
the titanium(IV) ions bound to the dye sensitizers play a
similar role as the protons in the anchoring group, increasing
the inductive effect and shifting the MLCT transition to a
less energetic region.

Unfortunately, this qualitative analysis only allows us to
compare a series of compounds where a single factor is
changed (nature of anchoring group, substitution position,
or degree of protonation of the anchoring functions). Since

(32) Ohsawa, Y.; Whangbo, M. H.; Hanck, K. W.; DeArmond, M. K.Inorg.
Chem.1984, 23, 3426.

Figure 9. LUMO of the ligands bpy and 4,4′-COOH, 4,4′-PO3H2, 5,5′-
COOH, 5,5′-PO3H2, deprotonated 4,4′-COO-, and 4,4′-PO3

2- substituted
bpy.

Table 2. Calculated Transition Energies for a Series of Ru(L)2(NCS)2
Complexes, Where L Represents the 2,2′-Bipyridine-Derived Ligands
Shown in Figure 9

ligand ruthenium complex

substituent
E(Π*bpy)
(hartrees)

λ (MLCT)
(nm)

∆
(cm-1)

H -0.05014 425 27840
4,4′-COOH -0.08637 454 25935
5,5′-COOH -0.09250 503 23806
4,4′-PO3H2 -0.07456 437 27131
5,5′-PO3H2 -0.08004 466 25551
4,4′-COO- +0.15380
4,4′-PO3

2- +0.36107
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the dRu HOMOs are not completely indifferent to the bipy
substituents, the energy gap (∆) between the lowestΠ*bpy

LUMO and the highest dRu orbital of the complexes involved
in the MLCT transition must be considered to perform a
global analysis of consequences accompanying these modi-
fications. Although the energies of the LUMOs have no
physical meaning, a perfect correlation is found between the
energy of the MLCT transition and the∆ parameter (cf.
Figure 10 and Table 2). The energy level of the MLCT
transition can be qualitatively approximated with the above
correlation with only an evaluation of the∆ parameter, which
saves expensive TDDFT calculations.

The MO calculations have shown that the phosphonated
bipyridines have a less stabilizedπ LUMO orbital with
respect to carboxylated bipyridines. Electron-density delo-
calization on the anchoring group induces a stabilization of
the lowest LUMO of the bipyridine ligand, thus decreasing
the energy of the MLCT transition. Accordingly, it is
important that the anchoring group interacts strongly with
the Π*bpy orbitals of the bipyridine, as it is the case of the
carboxylic group but not of the phosphonic acid substituent.
The substituent position can intensify the mentioned effect.
On the contrary, deprotonation of the anchoring group leads
to a reorganization of the electron density that counterbal-
ances the inductive effect and raises the energy of theΠ*bpy

LUMOs.

Conclusions

The preparation of the complexescis-Ru(bipyridine bis
phosphonic acid)X2 with X ) Cl, CN, or NCS (5-10) has
been successfully achieved via the synthesis of the key
intermediates3 and4. These two compounds can represent
useful synthons for the preparation of other ruthenium
complexes containing two bipyridines functionalized with
phosphonate groups. NMR spectroscopy demonstrates that

the structures of the complexes correspond to the cis
geometry and that the thiocyanato ligands are bound through
the nitrogen atom. The spectroscopic and electrochemical
characterizations of the new complexes show that they
exhibit a blue-shifted electronic absorption spectrum and less
anodic potentials of the RuIII/II couple with respect to the
analogous complexes containing carboxylic acid groups. MO
calculations allow the rationalization of these results, showing
that the LUMO of the phosphonated bipyridine ligands is at
higher energy. This is due to the lack of the mesomeric effect
due to the sp3-hybridized phosphorus atom. This effect is
present with an sp2 carbon atom and increases the resonance
energy of the bipyridine substituted with carboxylic acid
functions.

Calculations of electronic transitions show that the thio-
cyanato ligands are not simple spectator ligands, whose role
is to enrich electron density on the ruthenium metal, raising
the energy of the HOMO of the complex, but are also
involved in a transitions fromΠ*Ru-NCS to Π*bpy orbitals
that appear in the low-energy part of the absorption spectrum.
This transition is of particular relevance since it extends the
absorption in the red part of the visible spectrum.

The new ruthenium complexes have been studied as
photosensitizers in regenerative solar cells. The photoaction
spectra have shown that these complexes exhibit a lower
overall efficiency with respect to the analogous species with
carboxylated ligands, and this has been rationalized by the
lower absorbance exibited in the red part of the visible
spectrum. The fact that the RuL′2X2 sensitizers (complexes
6, 8, and10) show lower photoconversion efficiencies with
respect to the corresponding RuL2X2 (complexes5, 7, and
9), despite the similarities of their redox and spectroscopic
properties and the high electronic density in the 5,5′ position,
is at present unclear. One possible explanation could be
related to the orientation of the anchoring groups in 5,5′
positions, which can reduce the number of bonds between
the sensitizer and the semiconductor surface. If this factor
plays a role, it would be reflected by a lower coupling and
rate of charge injection to the semiconductor. Ultrafast kinetic
measurements will be carried out to clarify this point.
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Figure 10. Correlation of the lowest energy MLCT transition with the
energy gap (∆) between the lowestΠ*bpy LUMO and dRu HOMO involved
in this transition.
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