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Starting from the Ru(bpp)Cl3 precursor (1), a family of novel
heteroleptic RuII complexes of the general formulae [Ru-
(bpp)(dcbpyH)(X)] [X = Cl– (2a), NCS–, (3)] and Na[Ru(bpp)-
(dcbpy)(CN)] (4) with the ligands 2,6-bis(1-pyrazolyl)pyr-
idine (bpp) and 2,2�-bipyridine-4,4�-dicarboxylic acid
(dcbpyH2) has been synthesized, spectroscopically charac-
terized, and attached to nanocrystalline TiO2 electrodes to be
tested as solar cell sensitizers. Addition of HCl to (2a) led to
the corresponding cationic derivative [Ru(bpp)(dcbpyH2)-
Cl]Cl (2b). All complexes were characterized by FT-IR, FT-
Raman, UV/Vis, 1H NMR spectroscopy, elemental analysis,

Introduction
During the last decade, nanocrystalline titania films sen-

sitized by transition-metal complexes have been extensively
used for the conversion of light to electricity, because of
their high efficiency (approximately 10%) and low cost.[1]

The so-called dye-sensitized solar cells (DSSCs) consist of
a photoanode, a sensitizer chemically adsorbed on the sur-
face of a mesoporous oxide layer, and a counter electrode
sandwiching an electrolyte containing the redox couple
(usually the I–/I3

– system in an organic medium).[2] Un-
doubtedly one of the most important parts of the cell is
the sensitizer, mainly a ruthenium(II) polypyridine complex
bearing suitable anchoring groups (carboxylic or phos-
phonic) for efficient grafting to the oxide surface via ester-
type bond formation.[3] These dyes have to fulfill many
other requirements like intense absorption in the visible re-
gion, efficient electron injection to the conduction band of
the semiconductor, high stability of the sensitizer molecule,
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and mass spectrometry. Complex 4 and the previously re-
ported [Ru(bdmpp)(dcbpyH2)Cl](PF6) (5) [bdmpp is 2,6-
bis(3,5-dimethyl-1-pyrazolyl)pyridine] were characterized by
single-crystal X-ray diffraction. The photo-electochemical
properties of the dyes 2–4 were investigated and the effi-
ciency of the corresponding dye-sensitized solar cells was
compared to the sensitizing performance of the cis-
[Ru(dcbpyH)2(NCS)2](NBu4)2 (N719) dye.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

and reversibility of its redox chemistry.[4] Also, the electron
transfer from the excited state of the dye to the semiconduc-
tor (TiO2) should be very fast in comparison with decay to
the ground state of the dye. Broad spectral response cover-
ing the entire visible range extending to the near-IR region
is one of the most important prerequisites of a potential
molecular sensitizer.

There is now a significant scientific effort for the develop-
ment of efficient sensitizers with improved spectroscopic-
photovoltaic characteristics for solar cell applications. Thus,
a series of homoleptic [Ru(L)3]2+ and heteroleptic
[Ru(L1)(L2)(L3)]2+, [Ru(L1)(L2)(NCS)2] (L = substituted bi-
pyridyl with appropriate anchoring groups) ruthenium(II)
complexes have been prepared.[5,6] So far one of the best
sensitizers is cis-[Ru(dcbpyH2)2(NCS)2], known as N3, with
a solar to electricity efficiency as high as 11.04%.[7] More-
over, a cell with extra pure monoprotonated cis-
[Ru(dcbpyH)2(NCS)2](NBu4)2 (N719 sensitizer), equipped
with an antireflecting coating, gave an overall conversion
efficiency of 11.18%. Use of modified ligands endowed with
hydrophobic groups[8] and supramolecular functionalities
has been proved to facilitate dye/redox couple interaction
and dye regeneration.[9] On the basis of a judicious substitu-
tion of the bidentate by a tridentate ligand, a tris(isothio-
cyanato)-(4,4�,4��-tricarboxy-2,2�:6,2��-terpyridine)rutheni-
um(II) complex, so called black dye,[10] with a conversion
efficiency of 10.4%, was proved to exhibit similar photo-
voltaic properties to the N3 dye. To further explore
this possibility, 2,6-bis(3,5-dimethyl-1-pyrazolyl)pyridine
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(bdmpp)[11] (Scheme 1), a tridentate analogue to the ter-
pyridine ligand, has been introduced in a RuII metal
center.[12]

Scheme 1. Structural formula of the ligands bpp and bdmpp.

In this respect, in our laboratory, we set out to synthesize
ruthenium(II) molecular sensitizers using both the bdmpp
and dcbpyH2 ligands. Such a synthesis allows us to study
the properties of the complexes and evaluate their influence
on the performance of the corresponding dye-sensitized
solar cells. As a result, the heteroleptic complexes
[Ru(bdmpp)(dcbpyH2)(X)](PF6) have been synthesized and
successfully examined for the sensitization process.[13] In a
more systematic approach towards this aim, i.e. the prepa-
ration of alternatives for the N3 and the corresponding
black dye, in this paper, we report the synthesis and
spectroscopic characterization of a series of neutral
[Ru(bpp)(dcbpyH)(X)] (X = Cl–, NCS–) (2a, 3), cationic
[Ru(bpp)(dcbpyH2)Cl]Cl (2b), and anionic Na[Ru(bpp)-
(dcbpy)(CN)] (4) ruthenium(II) complexes containing the
tridentate ligand 2,6-bis(1-pyrazolyl)pyridine. Furthermore,
their photo-electrochemical properties have been studied in
sandwich-type solid-state nanocrystalline TiO2 cells using a
composite polymer redox electrolyte, namely PEO/TiO2/I–/
I3

–,[14] (PEO = polyethylene oxide, MW = 2�106) and com-
pared to those of the corresponding [Ru(bdmpp)(dcbpyH2)-
(X)](PF6).[13]

Results and Discussion

Syntheses

The complexes 1–4 were synthesized by a route analo-
gous to that reported previously.[13] The synthetic procedure
for the preparation of complexes 1–2a is shown in
Scheme 2. Reaction of the precursor Ru(bpp)Cl3 (1)[15] with
the 2,2�-bipyridine-4,4�-dicarboxylic acid ligand in refluxing
ethanol/water (1:1, v/v) and in the presence of Et3N (acting
as both reducing and deprotonating agent) afforded selec-
tively the heteroleptic neutral complex [Ru(bpp)(dcbpyH)-
Cl] (2a), which was isolated as a red-brown microcrystalline
solid in 97% yield. It is a stable solid that does not decom-
pose after heating at 215 °C. Its structure is similar to that
reported for the [Ru(bmipy)(dcbpyH)I] [bmipy = 2,6-bis(1-
methylbenzimidazol-2-yl)pyridine compound,[16] taking
into consideration, that both octahedral complexes bear a
tridentate (coordinated via nitrogen atoms), a halide, and
a deprotonated (dcbpyH) 2,2�-bipyridine-4,4�-dicarboxylic
acid] ligands around the RuII metal center.
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Scheme 2. Stepwise formation of complexes 1, 2a.

In a boiling methanol/water solution (1:1, v/v) containing
an excess of the amphidentate thiocyanate ligand, complex
2a undergoes metathesis reaction resulting in the isothiocy-
anato complex [Ru(bpp)(dcbpyH)(NCS)] (3), that was iso-
lated as an orange-red solid in 89% yield [Equation (1)].
This complex shows a remarkable thermal stability and de-
composes without melting at 261–262 °C.

(1)

Monitoring of the reaction by FT-IR and 1H NMR spec-
troscopy revealed that the reaction was completed after 4 h
of heating. Elemental analysis data for complexes 2a and 3
are consistent with the calculated composition of the pro-
posed structure. This is also supported by FT-IR spec-
troscopy (see corresponding section concerning IR spec-
troscopy) and by derivatization, i.e. formation of the
[Ru(bpp)(dcbpyH2)Cl]Cl complex (2b), where both carbox-
ylate groups are protonated (vide infra).

In addition, compound 2a reacts in the presence of an
excess of NaCN, under the same conditions, to give the
cyano complex Na[Ru(bpp)(dcbpy)(CN)] (4) as an orange
solid in 67.5% yield [Equation (2)]. Complex 4 decomposes
upon melting at 249 °C.

Addition of an aqueous solution of HCl (excess), to 2a
is accompanied by protonation of the carboxylate (–COO–)
group of the bidentate ligand (dcbpyH), affording quantita-
tively the [Ru(bpp)(dcbpyH2)Cl]Cl dye (2b), as a brown-
black solid [Equation (3)].[17] It is a stable solid that does
not decompose after heating at 240 °C.

Following a simple purification step, i.e. crystallization
of the crude products, all complexes have been obtained in
high yield as air stable and analytically pure solids. There-
fore, the use of time-consuming column chromatography
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(2)

(3)

purification is avoided. In addition, in the case of complex
3, only the N-bonded isomer was isolated (see IR-Raman
section).[18] This is very important, since ruthenium bipyr-
idine complexes with thiocyanate ligands typically yield an
isomeric mixture of N- and S-bonded isomers.[15,19] Com-
pounds 2–3 were found to be soluble in dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), and slightly soluble in
methanol. The corresponding complex 4 dissolves very well
in water and is less soluble in DMSO. The composition of
the ruthenium(II) complexes 2a–4 was confirmed by ele-
mental analyses and their spectroscopic properties were ex-
amined by FT-IR, FT-Raman, UV/Vis and 1H NMR spec-
troscopy. The molecular composition of all compounds was
further confirmed by mass spectrometric data (electro-
spray). The molecular structure of 4·7.5H2O·0.5CH3CN
was determined by single-crystal X-ray diffraction (vide in-
fra). Also the corresponding [Ru(bdmpp)(dcbpyH2)Cl]-
(PF6) sensitizer 5[13b] was characterized by X-ray crystal-
lography and the crystallographic data were compared with
those of 4.

Table 1. Selected Raman and FT-IR spectroscopic data [cm–1] of complexes 2–4.

Complexes ν(N=C) ν(C=O) νas(CO2) ν(C=C) ν(C=C) ν(C=N) νs(CO2
–) ν(C–O)

2a (IR) – 1718 (m) 1628 (m)[a] 1609 (s) 1539 (m) 1481 (vs) 1369 (m) 1237 (m)
(Raman) – – – 1612 – – 1368 –
2b (IR) – 1718 (m) – 1610 (s) 1539 (m) 1483 (vs) – 1230 (m)
(Raman) – 1718 (m) – 1612 – – – 1224 (w)
3 (IR) 2109 (vs) 1717 (m) 1627 (m)[a] 1610 (s) 1543 (m) 1482 (vs) 1371 (m) 1233 (m)
(Raman) 2122 (s) – – 1613 – – – –
4 (IR) 2077 (m) – 1600 (vs) – 1543 (m) 1479 (vs) 1377 (m) 1234 (w)
(Raman) 2076 (w) – 1610 (vs) – 1542 (m) 1476 (m) 1367 (vs) 1226 (m)

[a] The IR bands at 1628 and 1627 cm–1, overlap with that of the bpy ring modes ν(C=C) at 1609 and 1610 cm–1.
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Characterization

IR-Raman Spectroscopic Data

The IR spectra of complexes 2a and 3 are almost iden-
tical in the region of 4000–400 cm–1 as expected for iso-
structural compounds, except for the presence of a strong
NCS band (in complex 3) at 2109 cm–1 which is assigned to
the νas(NCS) mode. This band appears at a position close
to that of related ruthenium(II) complexes for which N-
bonding of the NCS group has been confirmed.[20] The
presence of a less intense band at 815 cm–1 is assigned to
the νs(C=S) stretching vibration.[21] The Raman band that
is characteristic of the νas(NCS) vibration appears at
2112 cm–1, slightly shifted compared to the value observed
by IR spectroscopy (Table 1). Both complexes exhibited a
broad and medium intensity absorption band at 1718 and
1717 cm–1 respectively which is assigned to the ν(C=O)
stretching vibration. This band has a slightly higher fre-
quency than that of [Ru(bdmpp)(dcbpyH2)Cl](PF6)
(1715 cm–1)[13b] and [Ru(bdmpp)(dcbpyH2)(NCS)](PF6)
(1713 cm–1) respectively[13a] which may be attributed to the
higher electron density at the RuII center of complexes bear-
ing the methyl-substituted pyrazolyl-pyridine ligand
bdmpp. The bands at 1628 and 1627 cm–1 respectively, over-
lapping with the bpy bands[3c,19] at 1609 and 1610 cm–1, are
tentatively assigned to the antisymmetric carboxylate vi-
bration νas(CO2

–).[22] The cationic complex 2b displays the
ν(C=O) stretching vibration at 1718 cm–1, while the ν(C–O)
mode is present as a medium intensity band at
1230 cm–1.[5a]

The absence of IR bands above 1700 cm–1 in the anionic
complex 4 indicates that no protonated C=O group is pres-
ent. Instead, there is a very strong and broad band at
1600 cm–1 which is assigned to the antisymmetric stretching
vibration of νas(CO2

–). The strong band at 1377 cm–1 can
probably be assigned to the symmetric vibration mode
νs(CO2

–) of the carboxylate group.[23] The presence of a ter-
minal cyanido ligand in 4 is indicated by a medium intensity
ν(CN) IR absorption band at 2077 cm–1 and thus corrobo-
rates the molecular structure of 4 determined by X-ray crys-
tallography (vide infra). This band appears at a position
close to that of the cyanide ion in NaCN (ν(CN) =
2085 cm–1). The ν(CN) frequency of 4 is comparable with
those of similar ruthenium complexes Na4[Ru(dcbpy)2-
(CN)2] (2077 and 2059 cm–1),[24] [Ru(ttp)(L)(CN)](PF6)[25]



A. I. Philippopoulos, P. Falaras et al.FULL PAPER
[ttp = 4�-p-tolyl-2,2�:6�,2��-terpyridine, L = bpy, ν(CN) =
2079 cm–1; L = Phen, ν(CN) = 2075 cm–1], and cis-[(Et2-
dcbpy)2Ru(CN)2] [ν(CN) = 2085 and 1996 cm–1], respec-
tively.[26] Also it compares well with the stretching vibration
of the osmium complex [Os(H2teterpy)(CN)3](TBA)2

[ν(CN) = 2076 cm–1, H3teterpy = 2,2�:6�,2��-terpyridine-
4,4�,4��-tricarboxylic acid, TBA = tetrabutylammonium].[27]

In addition, the Raman spectrum of complex 4 in crystal-
line form gave very well resolved bands indicative of the
high purity of this material, confirming the presence of the
characteristic ν(CN) mode as a medium intensity band at
2076 cm–1.

Moreover, the Raman spectrum of 2b reveals at low fre-
quency a medium intensity band for the νs(Ru–Cl) stretch-
ing mode at 335 cm–1. This value compares well with that
mentioned for [RuCl4(MeCN)2](NEt4).[28]

NMR Spectroscopic Studies

The 1H NMR spectra of all complexes show a similar
pattern in the aromatic region, indicating that substitution
of the chlorido ligand by pseudohalides takes place without
significant changes in the octahedral geometry at the ruthe-
nium atom. In all cases signal assignment is based on inte-
gration, splitting patterns, chemical shifts, 1H-1H COSY ex-
periments, and literature values concerning similar sys-
tems.[13,16]

The 1H NMR spectra of complexes 2–4 were recorded in
(CD3)2SO at ambient temperature and Figure 1 presents the
characteristic spectrum of complex 2a. In this solvent, the
compound 2a undergoes substitution of the chlorido li-
gand, because of its labile nature,[29] as evidenced in the 1H
NMR spectrum of 2a which shows the formation of new
resonance signals next to the expected ones, after 14 h
standing. For this reason, only data from freshly prepared

Figure 1. 1H NMR spectrum of complex [Ru(bpp)(dcbpyH)Cl] (2a) in (CD3)2SO at ambient temperature. A numbering scheme showing
our tentative assignment for NMR peaks is included.
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samples provides a basis for proper interpretation. The aro-
matic region of the spectrum of complex 2a displays six
sharp (four doublets and two singlets) and well-resolved
resonance signals at δ = 10.09 (H21), 9.26 (H18), 9.01 (H15),
8.25 (H20), 7.53 (H12), and 7.35 (H13) ppm respectively, at-
tributable to the six protons of the 2,2�-bipyridine-4,4�-di-
carboxylic acid ligand. In addition, the 1H NMR spectrum
of 2a, shows a multiplet signal at δ = 8.45 ppm for the three
pyridyl hydrogen atoms (C6H3 moiety, H5–7). Two doublet
signals at δ = 9.28 (H1,11), 7.40 (H3,9) ppm and a pseu-
dotriplet resonance at δ = 6.70 ppm (H2,10) are due to the
chemical equivalent pyrazolyl hydrogen atoms.

The low field singlet at δ = 10.09 ppm is assigned to the
H21 proton of dcbpyH that is close to the coordinated chlo-
rine atom. This singlet signal is upfield shifted by 0.55 and
0.29 ppm respectively, compared to the isothiocyanato com-
plex 3 and the cyano complex 4. Both the H18 and H15

singlet resonances of complexes 3 and 4 are shifted upfield
compared to the precursor (2a) by 0.22 (0.46) and 0.21
(0.39) ppm, respectively.

Electronic Spectra

The UV/Vis absorption spectra of freshly prepared com-
plexes 2–4 measured in DMSO are shown in Figure 2 and
the corresponding electronic spectroscopic data are summa-
rized in Table 2.

The high energy bands in the 294 to 313 nm range are
assigned to π-π* charge-transfer transitions localized on bi-
pyridine ligands.[30] The absorption bands in the visible re-
gion can be assigned to the metal-to-ligand charge transfer
transition bands (1MLCT), as mentioned for other RuII

polypyridyl complexes.[31] The UV/Vis spectra of 2 and 3
are similar displaying a broad band that consists of three
absorption bands in the visible region at 480, 434, 384 (2a),
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Figure 2. UV/Vis absorption spectra of 2a (-.-), 2b (···), 3 (__), and 4 (---) in dimethyl sulfoxide at 298 K.

Table 2. Electronic spectroscopic data of the complexes 2–4 mea-
sured in DMSO solution at 289 K.

Complexes Absorption data [λmax [nm] (ε, 103 –1 cm–1)]

2a 312 (25.5) 384 (6.8) 434 (7.3) 480 (7.5)
2b 313 (49.9) 388 (14.6) 438 (16.8) 483 (16.8)
3 312 (29.4) 376 (7.5) 418 (7.9) 466 (8.6)
4 307 (11.5) – 377 (1.9) 430 (3.6)

483, 438, 388 (2b), and 466, 418, 376 (3) nm, respectively.
The visible spectrum of sensitizer 4 displays a broad band
at 430 nm. The complexes 2a, 3, 4 maximum absorption
wavelengths are blue shifted in the order Cl–, NCS–, CN–,
consistent with a decrease of electron density on the metal,
as previously reported for ruthenium(II) dyes.[32] It is also
worth mentioning that the absorption spectra of 2a, 2b, and
3 show a broad band at approximately 570 nm (530 nm for
3), that expands in the near-IR region, up to 700 nm (ap-
proximately 610 nm for 3). This behavior is very important
for the photosensitization process as it permits harvesting
and transformation of the less energetic photons.[10a] On the
other hand, the 1MLCT bands of the cationic complex 2b
with fully protonated –COOH groups in the bipyridine li-
gand are slightly shifted toward the red compared to 2a
(from 480, 433, and 384 nm to 483, 438, and 388 nm).[33] It
has to be mentioned that comparing complexes 2a and 2b,
the extinction coefficient increases significantly. This behav-
ior has also been verified by recording the spectra of the
two dyes in amine-free dimethylformamide solution, where
a similar increase of the extinction coefficient (ε) by about
25% was observed. This can be attributed to the different
structure of the two complexes (2a is an internal salt while
2b is a typical inorganic salt). In addition, for both com-
plexes in DMF, a hypsochromic shift was observed (λmax =
456 nm for 2a and λmax = 468 nm for 2b). Finally, detailed
analysis has shown that our complexes present no emission
at ambient temperature in DMSO (2a–3) and aqueous solu-

Eur. J. Inorg. Chem. 2007, 5633–5644 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5637

tions (4), respectively. The same result was confirmed with
degassed solvents. Additionally, no emission signal was ob-
served for dyes 2a–3 chemically attached on the surface of
TiO2 films. Indeed, emissive ruthenium(II) complexes incor-
porating the 2,6-bis(1-pyrazolyl)pyridine ligand have not
been reported to date. This is mainly attributed to the fact
that these complexes are expected to have low-lying triplet
ligand field excited states (3LF) that facilitate rapid nonra-
diative decay therefore decreasing the probability of radia-
tive emission.[34] On the contrary luminescent complexes
with terpy ligands of the type [Ru(terpy)(bpy)L]2+ are well
known, which are generally weak emitters at room tempera-
ture.[35] Accordingly, no room-temperature emission was
observed for the cis-[2,2�-bipyridine-5,5�-(CO2H)2]2Ru(X)2

(X = Cl–, CN–, NCS–) complexes.[36]

X-ray Diffraction Studies

The solid-state structure of complex 4 was determined by
single-crystal X-ray diffraction. For comparison reasons,
the molecular structure of its analogue, the RuII complex
[Ru(bdmpp)(dcbpyH2)Cl](PF6) (5), is described. The molec-
ular structures of 4 and 5 are depicted in Figures 3 and 4,
respectively.

Both complexes reveal distorted octahedral geometry
around the ruthenium metal ion. Distortion results from
the constrained bite angle of the chelating tridentate of
156.15(3)° and 156.5(3)° for N(1)–Ru–N(5), respectively.
Also deviation from an octahedral geometry is evidenced
from the short bite angle N(11)–Ru–N(12) of 77.68°(12)
and 78.6°(3), respectively, as observed in [Ru(bdmpp)-
(bpy)Cl]Cl·1.25CHCl3,

[37] [N(11)–Ru–N(21) 79.8°(5)], and
in cis-[Ru(dcbpyH2)2(NCS)2]·5.0DMSO,[38] [N(11)–Ru–
N(21) 79.8°(5), N(31)–Ru–N(41) 79.1°(5)]. As a result of
the constrained bite angle of the 2,6-bis(1-pyrazolyl)pyr-
idine ligands, the ruthenium–nitrogen bond to the pyridine
nitrogen [complex 4, Ru–N(3) 1.987(3) Å; complex 5,
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Figure 3. A perspective view of the anion 4·7.5H2O·0.5CH3CN in
the solid state. Thermal ellipsoids are set at the 50% probability
level. Hydrogen atoms and solvate (water and acetonitrile) mole-
cules have been omitted for clarity. Selected bond lengths [Å] and
bond angles [°] of 4·7.5H2O·0.5CH3CN: Ru–N(1) 2.096(4), Ru–
N(3) 1.987(3), Ru–N(5) 2.061(4), Ru–N(11) 2.109(3), Ru–N(12)
2.080(3), Ru–C(41) 1.999(4), N(1)–Ru–N(3) 77.8(14), N(1)–Ru–
N(11) 95.0(13), N(1)–Ru–N(12) 106.6(13), Ru–C(41)–N(21)
176.1(4).

Figure 4. A perspective view of the cation 5·2CH3CN·0.5CH3OH
(50% probability of thermal ellipsoids). Hydrogen atoms on the
carboxylate moieties of the dcbpyH2 are shown only. The remain-
ing H-atoms and the solvate (water and acetonitrile) molecules have
been omitted for clarity. Selected bond lengths [Å] and bond angles
[°] of 5·2CH3CN·0.5CH3OH: Ru–N(1) 2.086(8), Ru–N(3) 1.987(7),
Ru–N(5) 2.069(7), Ru–N(11) 2.065(7), Ru–N(12) 2.024(7), Ru–Cl
2.403(3), N(1)–Ru–N(3) 79.0(3), N(1)–Ru–N(11) 99.5(3), N(12)–
Ru–Cl 174.9(2), N(1)–Ru–Cl 86.9(2).

1.987(6) Å] is shorter than those belonging to the pyrazolyl
substituents [complex 4, Ru–N(1) 2.096(4) Å, Ru–N(5)
2.061(4) Å; complex 5, 2.085(8) Å, 2.096(4) Å]. The ligands
bpp and bdmpp chelate meridionally via the three nitrogen
atoms, i.e. N(1), N(3), and N(5), forming a plane with one
nitrogen [N(12) or N(11), respectively] of the functionalized
2,2�-bipyridine ligand. The second nitrogen atom [N(11) or
N(12), respectively] of the dcbpyH2 and the chlorido (cyan-
ido) ligand occupies the axial positions. The Ru–Cl bond
length of 5·2CH3CN·0.5CH3OH [2.403(2) Å] lies in the ex-
pected range for related RuII complexes, [Ru(bdmpp)-
(bpy)Cl]Cl·1.25CHCl3, [Ru–Cl 2.419(3) Å],[37] [Ru(bdmpp)-
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(Me2bpy)Cl](PF6)·1.25CHCl3 [Ru–Cl 2.445(2) Å],[37]

[Ru(dcbpyH2)(cymene)Cl][NO3] [Ru–Cl 2.3966(10) Å].[34]

Likewise, the Ru–C41 bond length of the cyanido ligand in
4·7.5H2O·0.5CH3CN [1.999(4) Å] lies in the range observed
for other anionic [Ru(CN)(py)(pc)](NBu4) [pc = phthalo-
cyanine, Ru–C 2.01(2) Å],[39] and cationic ruthenium
cyano complexes [Ru(terpy)(phen)(CN)](PF6) [Ru–C
2.004(3) Å].[40] The coordination geometry around the Na+

cation is distorted octahedron comprised of water solvate
molecules, whereas no interactions less than 3 Å are ob-
served between the Na+ and the oxygen atoms of the car-
boxylate groups. The separations of the oxygen atoms of the
water molecules to the Na+ cation lay in the range 2.249(9)–
2.968(26) Å. In the structure of 4, intermolecular distances
in the range 2.752–3.268 Å between the solvate water mole-
cules and the carboxylato oxygen atoms as well as the cyano
nitrogen atom, result in an interesting hydrogen-bonding
pattern, which contributes to the further stability of the lat-
tice structure. The cations of 5 are doubly hydrogen bonded
through the protonated carboxylate moieties of the
dcbpyH2 ligand giving rise to the formation of dimers
[HO3···O2� (1 – x, –y, 1 – z) 1.905 Å, O3···O2� 2.698 Å, O3–
HO3···O2� 162.5°].

Electrochemistry

The cyclic voltammograms were recorded in ca. 10–3 

aqueous solutions of the corresponding complexes using
0.1  NBu4ClO4 as a supporting electrolyte, at a sweep rate
of 100 mVs–1. Well-defined reversible oxidation/reduction
waves were obtained attributed to the RuII/RuIII redox cou-
ple. It has been observed that the cationic dye (2b) has
higher oxidation potential (+0.73 vs. Ag/AgCl) than the
neutral (2a) one (+0.68 vs. Ag/AgCl). Taking into account
that the onset of the dye absorption spectra is the same, this
implies that in the case of TiO2 sensitization the energetic
diagrams of the corresponding interfaces are different and
therefore electron injection yield is expected to be larger for
complex 2b compared to 2a.[50b]

Photovoltaic Performance

The absorption spectra of the new dyes on TiO2 films
(after subtraction of background absorption from the TiO2

and conductive glass) are shown in Figure 5. The absorp-
tion peaks for the chemisorbed dyes 2a–3 are all quite
broad, compared with the corresponding dye peaks in di-
methyl sulfoxide solution. It is easily observed that the ab-
sorption intensity of dye 2b on the TiO2 film is higher than
that of 2a, indicating that this complex is more efficiently
adsorbed on the TiO2 surface than 2a. In fact, the amount
of adsorbed dye to the surface of the TiO2 films was deter-
mined by desorbing the dye from the TiO2 surface into a
0.001  NaOH aqueous solution. The number of adsorbed
molecules of the dye adsorbed per square centimeter of geo-
metrical surface area (Γ) for the four dyes 2a–4 is listed
in Table 3. The Γ value for dye 2b was determined to be
1.6�10–7 molcm2, which is about an order of magnitude
higher than that for dye 2a (5.9�10–8 molcm2). Therefore,
upon sensitization, significant differences in Jsc between the
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two dyes are expected. The increased dye uptake in the case
of a solar cell sensitized with dye 2b (the Γ value of 2b is
almost the same as that of N719[41]) results in increased
short circuit photocurrent density (Jsc), mainly responsible
for the higher conversion efficiency of complex 2b. In fact,
the Jsc value of the 2b-sensitized solar cell was about two
times higher than that of the 2a-sensitized solar cell, which
was expected from the UV/Vis spectra. The low efficiency
of dyes 2a, 3, and 4 is correlated with the lower absorption
coefficient of these dyes (Table 2 and Figure 5) and/or to the
decreased amount of dye molecules on the titania surface
(Table 3).

Figure 5. Absorption spectra of the four dyes 2–4 on TiO2 elec-
trodes.

Table 3. Photovoltaic performance (under standard AM 1.5 illumi-
nation conditions) of solid-state DSSCs using the RuII dyes 2–5
and a PEO/TiO2/I–/I3

– composite polymer redox electrolyte [corre-
sponding parameters: short circuit photocurrent density (Jsc); open
circuit potential (Voc); fill factor (ff) and power conversion effi-
ciency (η), using the N719 dye are also given]. Surface concentra-
tion (Γ) of the chemisorbed dyes is also included.

Dyes Jsc Voc ff η Γ
[mAcm2] [mV] [%] [molcm2]

2a 1.56 541 0.58 0.49 5.9�10–8

2b 3.32 580 0.58 1.12 1.6�10–7

3 1.88 545 0.54 0.55 2.0�10–8

4 1.46 532 0.58 0.45 7.0�10–9

5 4.025 493 0.56 1.11 –
N719 9.29 583 0.53 2.87 1.6�10–7

The titania thin films (deposited on conductive glass sub-
strates) were sensitized at ambient temperature for 12–15 h
by immersing them into a c.a. 3�10–4  solution of the
complexes in DMSO. To evaluate their sensitizing ability
and compare their photovoltaic performance, the com-
plexes 2–4 chemically attached on the titania electrodes,
were incorporated in sandwich-type solid-state solar cells
employing a composite polymer redox electrolyte (PEO/
TiO2/I–/I3

–) (PEO = polyethylene oxide, MW = 2�106)[14]

and using a platinized TEC 8 counter electrode. The cis-
[Ru(dcbpyH)2(NCS)2](NBu4)2 (N719 dye, purchased from
Solaronix) was used as a standard to compare the new sen-
sitizers. Typical photocurrent-density photovoltage curves
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of DSSCs with the ruthenium dyes 2–4 (obtained at AM
1.5 simulated solar irradiation) are shown in Figure 6 and
the relevant parameters are summarized in Table 3.

Figure 6. Photocurrent density–photovoltage characteristics of
DSSCs using the RuII dyes 2a (---�---), 2b (---�---), 3 (___�___) and
4 (---�---) under AM 1.5 simulated light.

Under standard global AM 1.5 illumination conditions,
solar cells of dye 2b gave a short-circuit photocurrent den-
sity (Jsc) of 3.32 mAcm2, 580 mV open circuit potential
(Voc), and 0.58 fill factor (ff) yielding an overall power con-
version efficiency (η) of 1.12%. Under similar experimental
conditions, the 2a dye produces lower (1.56 mAcm2) short-
circuit current density and open circuit potential of 541 mV,
respectively. The open-circuit voltage of 2b is similar to that
of the N719 dye and by 8% larger than that of 2a, probably
due to the suppression of the dark current.[2a,42] On the
other hand, the short-circuit photocurrent density and open
circuit voltage of the cells with the cyano complex 4 slightly
decrease compared to the precursor 2a. The observed pho-
tovoltaic parameters Jsc, Voc, and ff (see Table 3) for com-
plex 4 are significantly higher than those of the correspond-
ing cis-[Ru(dcbpyH2)(CN)2] sensitizer (1.06 mAcm2,
310 mV, and 0.24, respectively).[43] Finally, the value of the
fill factor (ff) is not affected by the nature of the dye, while
the overall conversion efficiency is in the 0.5% range for
sensitizers 2a, 3, and 4, respectively. It has to be pointed
out that in complex 4, coordination to the Ti4+ center on
the TiO2 surface could occur via the lone pair of electrons
on the nitrogen of the –CN functional group.[44] In ad-
dition, the two deprotonated carboxylate (–COO–) groups
of the complex, appear to be anchored on the semiconduc-
tor surface via bidentate or bridging coordination as pre-
viously demonstrated for the N712 dye.[22]

These data clearly indicate that the performance charac-
teristics of complex 2b, with fully protonated carboxylate
groups of the dcbpyH2 ligand, are superior to those of the
dyes 2a–4, while the N719-sensitized solar cell gave the best
overall efficiency. This is further supported by the cyclic
voltammetry results. Also the better performance may be
attributed to the higher number of protons carried by the
sensitizer, something which is in accord with the reports
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mentioned for carboxylated RuII phenanthroline com-
plexes.[45] In fact, complex 2b contains one more proton
compared to 2a and 3, and two additional protons from the
sensitizer 4. In addition, the corresponding solid-state solar
cell using the dye 2b shows similar overall energy conver-
sion efficiency (η) compared to that of the methylated deriv-
ative [Ru(bdmpp)(dcbpyH2)Cl](PF6).[13b] Further studies
are in progress to improve the photovoltaic characteristics
of the dye-sensitized solar cell based on heteroleptic com-
plexes including bpp ligands.

Conclusions

Halide substitution reactions of the [Ru(bpp)(dcbpyH)-
Cl] precursor 2a with various nucleophiles (NCS–, CN–) led
straightforwardly to the neutral and anionic sensitizers
[Ru(bpp)(dcbpyH)(NCS)] (3) and (Na)[Ru(bpp)(dcbpy)-
(CN)] (4), respectively. Also reaction of 2a with the electro-
phile (HCl) gave quantitatively the cationic [Ru(bpp)-
(dcbpyH2)Cl]Cl complex. Following simple purification
techniques the isolated dyes are analytically pure and used
as such for solar cell applications. All new heteroleptic RuII

compounds have been anchored to nanocrystalline TiO2-
film electrodes using a solid-state electrolyte, namely PEO/
TiO2/I–/I3

–, and the photovoltaic properties of the resulting
dye-sensitized solar cells have been characterized and com-
pared with the properties of the one prepared with cis-
[Ru(dcbpyH)2(NCS)2](NBu4)2 (N719). The photovoltaic
performance of nanocrystalline TiO2 solar cells sensitized
by the complexes 2–4 bearing the 2,6-bis(1-pyrazolyl)pyr-
idine and bipyridinedicarboxylic acid depends remarkably
on the number of carboxyl functional groups. Thus, the
[Ru(bpp)(dcbpyH2)Cl]Cl dye 2b (with two carboxyl anchor-
ing groups), yields under standard AM 1.5 illumination a
1.12% power conversion efficiency that is about two-times
higher than that of the solar cells sensitized with the dyes
2a and 3 (bearing one carboxy group) and of complex 4
(without any carboxy group). However, dye 2b is almost
40% less efficient than the N719-sensitized solar cell. As
expected, the photovoltaic performance of the Ru–NCS dye
3 was higher than that of the Ru–Cl precursor 2a, and this
can be attributed to a better tuning and stabilization of the
t2g orbitals of the thiocyanate complex.[13a] We are currently
examining the photovoltaic characteristics of all the above
dyes in semi-solid propylene carbonate-based modified nan-
ocomposite redox electrolytes prepared in our group. This is
expected to lead to cell optimization and a further efficiency
increase of the corresponding DSSCs.

Experimental Section
General Procedures and Materials: All manipulations (unless other-
wise noted) were carried out under Ar using standard Schlenk tech-
niques. RuCl3·3H2O and the solvents were used without further
purification. The ligand 2,6-bis(1-pyrazolyl)pyridine was prepared
according to literature methods.[11] The solvents used were thor-
oughly degassed by argon passage for 20 min before use. Elemental
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analyses were obtained from the Central Analytical Group of the
Chemistry Department of the Humboldt-Universität zu Berlin. The
C, H, N analyses of all compounds were carried out twice on a
Leco CHNS-932 elemental analyzer. The mean C, H, N values of
each compound are given below. Chlorine was determined using
Schöniger’s method followed by titration with Hg(ClO4)2.[46] Melt-
ing or decomposition points were determined with a Büchi SMP
530 melting point apparatus (Dr. Tottoli, patent 320338) and were
not corrected. The samples were sealed in capillary tubes and
heated slowly until the compounds melted or decomposed. Infrared
spectra were measured with a Nicolet 550 Magna-IRTM spectrome-
ter as KBr pellets in the region of 4000–400 cm–1. The following
abbreviations were used for the intensities of the IR absorption
bands: vs. = very strong, s = strong, m = medium, w = weak, sh
= shoulder. The solid-state RAMAN spectra were recorded in a
frequency range of 3700–3 cm–1 (Bruker Vertex 70/RAM II) with
an excitation wavelength of 1064 nm, at ambient and low tempera-
ture (140 K) applying a laser power of 4–250 mW on the sample.
Spectra were an average of 64 or 1024 scans collected at 4 cm–1

resolution. Absorption spectra were recorded with a Perkin–Elmer
Lambda 19 UV/Vis spectrometer and emission spectra were re-
corded with a Photon Technology International QM-1 steady-state
spectrometer of the School of Chemistry, University of Birming-
ham. 1H NMR spectra were measured with a Bruker Avance
500 MHz or a Bruker AM-300 spectrometer in (CD3)2SO at the
NCSR Demokritos and the Chemistry Department of the Hum-
boldt-Universität zu Berlin. The spectra were calibrated against the
residual proton resonances of the deuterated solvent ([D6]DMSO,
δH = 2.49 ppm). Electrospray mass spectra ESMS-TOF (TOF =
time of flight) and ESMS were performed at the Mass Spectrome-
try Service Centre of the School of Chemistry, University of Bir-
mingham and at the Mass Spectrometry and Dioxin Analysis Lab.
IRRP of the National Centre for Scientific Research “Demok-
ritos”. Cyclic voltammetry measurements were performed in ca.
10–3  aqueous solutions of the corresponding complexes contain-
ing 0.1  NBu4ClO4 as supporting electrolyte, at a sweep rate of
100 mVs–1, using a PAR Model 174 A polarographic analyzer op-
erating in conjunction with a 33120 A Hewlett–Packard function–
arbitrary waveform generator. A three-electrode three-compart-
ment electrochemical cell was used, with Metrohm dot (6.0302.000)
and planar (6.0305.000) platinum working and counter electrodes,
respectively, as well as a Metrohm Ag/AgCl 6.0726.100 reference
electrode. The experiments were performed in deoxygenated solu-
tions purified by Ar gas (99.9%) for 30 min prior to use. During
the experiment the Ar was passed over the solution surface.

Crystal Structure Determination of 4·7.5H2O·0.5CH3CN, and
5·2CH3CN·0.5CH3OH: Orange prismatic crystals of 4·7.5H2O·
0.5CH3CN were obtained upon slow diffusion of an acetone/aceto-
nitrile mixture (20 mL, 10:1, v/v) into an aqueous solution (3–
4 mL) of complex 4 at ambient temperature. Brown prismatic crys-
tals of 5·2CH3CN·0.5CH3OH were grown upon slow diffusion of
diethylether into a solution of 5 in an acetonitrile/acetone mixture
(4:1, v/v) at room temperature. Diffraction measurements were
taken with a Crystal Logic Dual Goniometer diffractometer using
graphite monochromated Mo-Kα radiation. Important crystal data
and parameters for data collection are reported in Table 4. Unit
cell dimensions were determined and refined by using the angular
settings of 25 automatically centered reflections in the range
11° �2θ�23°. Three standard reflections monitored every 97 re-
flections showed less than 3% intensity fluctuation and no decay.
Lorentz, polarization and psi-scan absorption corrections (for 5
only) were applied using Crystal Logic software. The structures
were solved by direct methods using SHELXS-86[47] and refined
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by full-matrix least-squares techniques on F2 with SHELXL-97.[48]

Further experimental crystallographic details for 4: 2θmax = 50°,
scan speed 5.0°min; scan range 1.6 +α1α2 separation; reflections
collected/unique/used, 6071/5796 [Rint = 0.0073]/5796; 502 param-
eters refined; (∆/σ)max = 0.009; (∆ρ)max/(∆ρ)min = 0.927/–0.356 eÅ3;
R/Rw (for all data), 0.0500/0.1402. The asymmetric unit in the cell
of 4 contains 7.5 molecules of water and 0.5 molecules of acetoni-
trile. One of the water solvate molecules [Ow(8)] as well as the
MeCN were refined with occupation factors fixed to 0.50. Hydro-
gen atoms were located by difference maps and were refined iso-
tropically. No H-atoms for the solvate molecules were included in
the refinement. All non-H atoms were refined anisotropically. Fur-
ther experimental crystallographic details for 5: 2θmax = 45.5°, scan
speed 1.2°min; scan range 2.2 +α1α2 separation; reflections col-
lected/unique/used, 5878/5541 [Rint = 0.1096]/5541; 486 parameters
refined; (∆/σ)max = 0.000; (∆ρ)max/(∆ρ)min = 0.937/–0.308 eÅ3;
R/Rw (for all data) = 0.1189/0.2352. Hydrogen atoms were intro-
duced at calculated positions as riding on bonded atoms; except
those of the solvate molecules, which were not included in the re-
finement. All non-H atoms were refined anisotropically. The sec-
ond acetonitrile solvate molecule was refined isotropically, the
methanol solvate was refined isotropically with the occupation fac-
tor fixed to 0.50.

Table 4. Crystallographic data for 4·7.5H2O·0.5CH3CN and
5·2CH3CN·0.5CH3OH.

4·7.5H2O·0.5CH3CN 5·2CH3CN·0.5CH3OH

Formula C25H31.5N8.5NaO11.5Ru C31.5H33ClF6N9O4.5PRu
Fw 759.15 891.16
Space group P1̄ P21/c
T [°C] 298 298
λ [Å] Mo-Kα (0.71073 Å) Mo-Kα (0.71073 Å)
a [Å] 11.704(4) 19.589(12)
b [Å] 12.200(4) 20.808(14)
c [Å] 13.178(4) 10.404(6)
α [°] 100.10(1) 90
β [°] 09.81(1) 98.921(19)
γ [°] 103.88(1) 90
V [Å3] 1649.4(9) 4190(4)
Z 2 4
ρcalcd. [gcm–3] 1.529 1.413
µ (Mo-Kα) [mm–1] 0.558 0.548
R1[a] 0.0456[b] 0.0785[c]

wR2
[a] 0.1359[b] 0.1991[c]

[a] w = 1/[σ2(Fo
2) + (aP)2 + bP] and P = (max)Fo

2,0) + 2Fc
2)/3; R1

= Σ(|Fo| – |Fc|)/Σ(|Fo|) and wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

[b] For 5360 reflections with I�2σ(I). [c] For 3779 reflections with
I�2σ(I).

TiO2 Electrode Preparation: Nanoporous TiO2 thin films (15 µm
thick) on conducting glass substrates TEC 8 (purchased from Hart-
ford Glass Co. Inc.) using the doctor blade technique were pre-
pared, as previously reported.[49] An adhesive tape strip on the con-
ductive glass determines the film thickness. These films were sin-
tered in air at 450 °C at a rate of 20 °Cmin–1 for 30 min and were
stored in a vacuum desiccator in the dark until required for use.
The titania films were sensitized at ambient temperature for 12–
15 h by immersing them into a c.a. 3�10–4  solution of the com-
plexes in dimethyl sulfoxide. Immersion of nanocrystalline titania
films in the solution of the dyes resulted in strong coloration of the
films (in the case of complex 4 a faint yellow coloration was ob-
served). The dye-coated electrodes were taken out of the solution,
washed thoroughly with dimethyl sulfoxide and ethanol to remove
any loosely adsorbed dye, shortly dried under a stream of dry argon
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and used as such for photovoltaic measurements. The sensitized
TiO2 thin films were incorporated in a sandwich-type solar cell
employing a solid composite electrolyte (PEO/TiO2/I–/I3

–)[14] and
using a platinized TEC 8 counter electrode. An adhesive tape was
placed between the electrodes to avoid short-circuiting, and the two
electrodes were firmly pressed. A more detailed fabrication pro-
cedure for the nanocrystalline titania electrodes, the cell assembly,
and the photo-electrochemical characterization has been described
elsewhere.[50] The working electrode had an illuminated surface of
0.16 cm2. Photovoltaic data were measured using a 300-W Xenon
lamp that was focused to give 1000 Wm2, the equivalent of one
sun at AM 1.5, at the surface of the test cell.

Synthesis of [Ru(bpp)Cl3] (1): A Schlenk tube was charged with
0.165 g (0.63 mmol) of RuCl3·3H2O and 0.106 g (0.502 mmol) of
the bpp ligand and the mixture was degassed by applying fine vac-
uum for 0.5 h. EtOH (20 mL) was then added to the mixture via a
double-ended needle, and the brown suspension was heated to a
gentle reflux for 3 h. The resulting red-brown suspension was
cooled to ambient temperature and left to settle overnight at 5 °C.
The solid precipitated was filtered in air washed with EtOH
(3�20 mL) and Et2O (2�10 mL) and dried in vacuo over P2O5 to
give complex 1 as a dark red-brown solid; yield 0.21 g (85.2%).
1·4H2O C11H17Cl3N5O4Ru (490.72): calcd. C 26.92, H 3.49, N
14.27; found C 26.73, H 3.24, N 13.82. IR (KBr): ν̃ = 3159 (w, C–
H, aromatic), 3124 (w, C–H, aromatic), 3090 (m, C–H, aromatic),
3049 (m, C–H, aromatic), 1576 (w), 1529 (m), 1483 (s), 1433 (w),
1408 (w), 1369 (w), 1346 (s), 1317 (w), 1256 (w), 1194 (w), 1175
(w), 1051 (m), 961 (m), 907 (w), 802 (s), 781 (s, sh), 773 (s, sh), 690
(w), 594 (w), 457 [br. (m)] cm–1.

Synthesis of [Ru(bpp)(dcbpyH)Cl] (2a): Under a slow stream of ar-
gon a Schlenk tube was charged with complex (1) (0.196 g,
0.399 mmol) and a slight excess of the ligand dcbpyH2 (0.114 g,
0.468 mmol) in an EtOH/H2O mixture (30 mL, 1:1, v/v) giving a
dark brown suspension. LiCl (25 mg, 0.59 mmol) in an EtOH/H2O
mixture (10 mL, 1:1, v/v) and Et3N (0.11 mL, 0.788 mmol) were
added affording instantly a green solution that gradually turned to
orange-brown upon heating to a gentle reflux for 7 h. While hot
the suspension was filtered (in air) through a pad of Celite. The
resulting clear orange-brown solution was concentrated to a few
milliliters and was stored for 2 d at 5 °C. The solid precipitated was
filtered, washed with small amounts of cold water, Et2O (15 mL),
dried in air and finally in vacuo in a desiccator over P2O5. A further
crop was obtained from the filtrate upon concentration and storage
at 5 °C. This procedure was repeated twice in order to obtain com-
plex 2a analytically pure as a red-brown microcrystalline solid;
yield 0.243 g (97.1%), m.p. �215 °C. 2a·2H2O, C23H20ClN7O6Ru
(626.98): calcd. C 44.06, H 3.22, Cl 5.65, N 15.64; found C 43.90,
H 2.96, Cl 5.75, N 15.69. IR (KBr): ν̃ = 3112 (w, C–H, aromatic),
3089 (m, C–H, aromatic), 3035 (w, C–H, aromatic), 2924 (w, C–H,
aliphatic), 1718 [m, ν(C=O)], 1628 [m, νas(CO2

–)], 1609 [s, ν(C=C)],
1573 (w), 1539 [m, ν(C=C)], 1521 (w), 1482 [vs, ν(C=N)], 1408 (s),
1369 [m, νs(CO2

–)], 1340 (m), 1306 (w), 1265 (m), 1237 [m, ν(C–
O)], 1174 (w), 1129 (w), 1072 (w), 1049 (m), 1025 (m), 955 (m), 901
(m), 774 (s), 717 (w), 684 (m), 595 (w), 528 (w), 445 (m) cm–1.
Raman: not possible. 1H NMR [(CD3)2SO, 500 MHz, 298 K]: δ =
6.70 (br. s, 2 H, 2,10-H), 7.35 (dd, 3JH,H = 5.7 Hz, 1 H, 13-H), 7.40
(br. s, 2 H, 3,9-H), 7.53 (d, 3JH,H = 6.0 Hz, 1 H, 12-H), 8.25 (d,
3JH,H = 5.5 Hz, 1 H, 20-H), 8.45 (m, 3 H, 5–7-H), 9.01 (s, 1 H, 15-
H), 9.26 (s, 1 H, 18-H), 9.28 (br. s, 2 H, 1,11-H), 10.09 (d, 3JH,H =
5.6 Hz, 1 H, 21-H) ppm. UV/Vis (ε, –1 cm–1): λmax [(CH3)2SO] =
480 (7521), 434 (7276), 384 (sh) (6770), 312 (25510) nm; no emis-
sion [(CH3)2SO]. ESMS-TOF (MeOH): m/z (%) = 592 {M + H}+.
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Synthesis of [Ru(bpp)(dcbpyH2)Cl]Cl (2b): 0.25 mL (0.5 mmol) of
an aqueous HCl solution (2 ) was added whilst stirring to a sus-
pension of complex (2a) (30 mg, 0.051 mmol) in MeOH (10 mL).
Immediately, the solid dissolved and the resulting dark red-brown
solution was stirred at ambient temperature for 2 h. The volume of
the solution was concentrated to some milliliters, and the product
was precipitated with diethyl ether (excess). The resulting brown-
black solid was washed with Et2O (2�10 mL) and dried in an oven
at 50 °C over 2 h; yield quantitative, m.p. �240 °C. 2b·4H2O,
C23H25Cl2N7O8Ru (699.46): calcd. C 39.49, H 3.60, Cl 10.14, N
14.02; found C 39.10, H 3.81, Cl 10.01, N 13.87. IR (KBr): ν̃ =
3128 (w, C–H, aromatic), 3094 (m, C–H, aromatic), 3071 (w, C–H,
aromatic), 2924 (w, C–H, aliphatic), 2851 (w, C–H, aliphatic), 1718
[m, νas(C=O)], 1610 [m, ν(C=C)], 1572 (br. s), 1547 (br. s), 1539
[m, ν(C=C)], 1520 (br. vs), 1506 (br. s), 1491 (br. s), 1483 [vs,
ν(C=N)], 1408 (s), 1367 (w), 1340 (w), 1310 (w), 1258 (m), 1230
[m, ν(C–O)], 1173 (w), 1140 (w), 1126 (w), 1042 (w), 1024 (m), 959
(m), 901 (m), 781 (m), 770 (m), 685 (m), 663 (w), 594 (w) cm–1.
Raman [5 mW, r.t., 1024 scans]: 1718 [m, νas(C=O)], 1612 [m,
ν(C=C)], 1575 (m), 1559 (m), 1543 (m), 1498 (w), 1471 (m), 1445
(w), 1414 (w), 1372 (m), 1346 (w), 1310 (w), 1295 (w), 1285 (w),
1265 (m), 1241 (w), 1224 [w, ν(C-O)], 1211 (w), 1188 (w), 1046 (m),
1029 (s), 750 (m), 652 (w), 450 (w), 427 (w), 335 [s, νs(Ru-Cl)] cm–1.
1H NMR [(CD3)2SO, 500 MHz, 298 K]: δ = 6.63 (br. s, 2 H, 2,10-
H), 7.30 (m, 2 H, 3,9-H), 7.41 (d, 3JH,H = 5.7 Hz, 1 H, 13-H), 7.69
(d, 3JH,H = 5.7 Hz, 1 H, 12-H), 8.30 (m, 4 H, 5- to 7-H + 20-H),
8.80 (br. s, 1 H, 15-H), 9.04 (br. s, 1 H, 18-H), 9.07 (br. s, 2 H,
1,11-H), 10.13 (d, 3JH,H = 5.7 Hz, 1 H, 21-H) ppm. UV/Vis (ε,
–1 cm–1): λmax [(CH3)2SO] = 483 (16782), 438 (16782), 388 (sh)
(14557), 313 (49871) nm. ESI-MS (MeOH): m/z (%) = 592 {M +
H}+, 556 {M – Cl}+.

Synthesis of [Ru(bpp)(dcbpyH)(NCS)] (3): Under argon a solution
of NH4NCS (0.077 g, 0.873 mmol) in H2O (5 mL) was added to a
solution of complex (2) (0.053 g, 0.084 mmol) dissolved in MeOH/
H2O (1:1, v/v) (10 mL). The orange-brown solution was heated to
a gentle reflux for 4 h, the resulting orange-red solution was con-
centrated to a few milliliters and was stored for 2 d at 5 °C. The
solid precipitated was filtered off, washed with small amounts of
cold water and with Et2O (20 mL), dried in air and finally in vacuo
in a desiccator over P2O5. A further crop was obtained from the
filtrate upon concentration and storage at 5 °C. This procedure was
repeated twice in order to obtain complex 3 analytically pure as an
orange-red microcrystalline solid; yield 0.0504 g (89.3%), m.p. 261–
262 °C. 3·3H2O, C24H22N8O7RuS (667.62): calcd. C 43.18, H 3.32,
Cl 0.00, N 16.78, S 4.80; found C 43.08, H 3.10, Cl 0.41, N 16.73,
S 4.50. IR (KBr): ν̃ = 3146 (w, C–H, aromatic), 3081 (m, C–H,
aromatic), 2109 [vs, νas(NCS)], 1717 [m, ν(C=O)], 1627 [m,
νas(CO2

–)], 1610 [s, ν(C=C)], 1574 (m), 1543 [m, ν(C=C)], 1522 (w),
1483 [vs, ν(C=N)], 1436 (w), 1405 (s), 1371 [m, νs(CO2

–)], 1344 (m),
1309 (w), 1267 (w), 1233 [m, ν(C–O)], 1174 (w), 1152 (w), 1130 (w),
1076 (w), 1049 (m), 1026 (m), 957 (m), 910 (m), 863 (w), 815 [m,
νs(NCS)], 774 (s), 756 (s), 719 (w), 706 (w), 681 (m), 665 (w), 598
(w), 528 (w), 463 (w), 445 (w) cm–1. Raman [250 mW, 140 K, 64
scans]: 3046 (m), 2112 [m, νas(NCS)], 1613 [m, ν(C=C)], 1482 (w),
1434 (w), 1370 (w), 1279 (w), 1069 (w), 1028 (w), 1028 (m), 984
(w), 951 (w), 902 (w), 468 (w) cm–1. 1H NMR [(CD3)2SO,
500 MHz, 298 K]: δ = 6.77 (br. s, 2 H, 2,10-H), 7.38 (d, 3JH,H =
5.0 Hz, 1 H, 13-H), 7.41 (d, 3JH,H = 5.0 Hz, 1 H, 12-H), 7.56 (br.
s, 2 H, 3,9-H), 8.29 (d, 3JH,H = 5.0 Hz, 1 H, 20-H), 8.51 (d, 3JH,H

= 7.5 Hz, 2 H, 5,7-H), 8.58 (t, 3JH,H = 7.5 Hz, 1 H, 6-H), 8.80 (br.
s, 1 H, 15-H), 9.04 (s, 1 H, 18-H), 9.34 (s, 2 H, 1,11-H), 9.54 (d,
3JH,H = 4.50 Hz, 1 H, 21-H) ppm. UV/Vis (ε, –1 cm–1): λmax [(CH3)2-
SO] = 466 (8591), 418 (7890), 376 (sh) (7540), 312 (29413) nm;
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small emission [(CH3)2SO]: 667 nm (λexc = 560 nm). ESMS-TOF
(MeOH): m/z (%) = 659 {M – H + 2Na}+, 637 {M + Na}+, 615
{M + H}+, 586 {M – CO}+, 558 {M – 2CO}+.

Synthesis of Na[Ru(bpp)(dcbpy)(CN)] (4): Under argon a solution
of NaCN (0.031 g, 0.63 mmol) in water (5 mL) was added to a
solution of complex 2a (0.034 g, 0.054 mmol) in H2O/MeOH (1:2,
v/v) (15 mL). The orange-brown solution was heated to a gentle
reflux for 5 h leading to a clear orange solution that was concen-
trated to approximately 4–5 mL. Upon addition of acetone (20 mL)
an orange solid was precipitated. The latter was filtered off, washed
with acetone (2�10 mL) and Et2O (2�10 mL) and dried in air as
well as in an oven at 70 °C for 0.5 h. X-ray equality orange single
crystals of 4·7.5H2O·0.5CH3CN were obtained upon slow evapora-
tion of a mixture of acetone/acetonitrile (20 mL, 10:1, v/v) into a
solution of the product in water. The orange crystals were collected
on a filter paper, washed with small amounts of Et2O (2�5 mL)
and dried in an oven at 70 °C for 2 h to obtain 22 mg of complex
4; yield 67.5%, m.p. 249 °C (dec.). 4·6H2O, C24H27NaN8O10Ru
(711.58): calcd. C 40.51, H 3.82, N 15.75; found C 40.39, H 3.80,
N 15.40. IR (KBr): ν̃ = 3091 (w, C–H, aromatic), 2926 (m, C–H,
aromatic), 2852 (w, C–H, aromatic), 2077 [m, ν(CN)], 1600 [vs,
νas(CO2

–)], 1543 [m, ν(C=C)], 1479 [vs, ν(C=N)], 1431 (vs), 1410
(vs), 1377 [m, νs(CO2

–)], 1342 (m), 1265 (m), 1234 (m), 1177 (w),
1053 (w), 1026 (w), 958 (m), 912 (w), 881 (m), 788 (s), 766 (s), 729
(w), 702 (m), 595 (w), 447 (w) cm–1. Raman [100 mW, room temp.,
1024 scans]: 2076 [s, ν(CN)], 1610 [vs, νas(CO2

–)], 1576 (w), 1542
(m), 1490 (m), 1476 (m), 1416 (m), 1367 [vs, νs(CO2

–)], 1309 (m),
1289 (m), 1273 (m), 1226 [w, ν(C–O)], 1063 (m), 1045 (s), 1027 (vs),
950 (m), 901 (w), 783 (w), 732 (w), 443 (w), 418 (w), 389 (m), 335
(w) cm–1. 1H NMR [(CD3)2SO, 500 MHz, 298 K]: δ = 6.73 (m, 2
H, 2,10-H), 7.29 (d, 3JH,H = 6.0 Hz, 1 H, 13-H), 7.43 (br. s, 2 H,
3,9-H), 7.45 (d, 3JH,H = 5.0 Hz, 1 H, 12-H), 8.10 (d, 3JH,H = 7.5 Hz,
1 H, 20-H), 8.43 (d, 3JH,H = 7.8 Hz, 1 H, 5,7-H), 8.48 (t, 3JH,H =
8.0 Hz, 1 H, 6-H), 8.65 (br. s, 1 H, 15-H), 8.82 (br. s, 1 H, 18-H),
9.29 (d, 3JH,H = 3.0 Hz, 1 H, 1,11-H), 9.83 (d, 3JH,H = 5.7 Hz, 1
H, 21-H) ppm. UV/Vis (ε, –1 cm–1): λmax [(CH3)2SO] = 430 (3593),
377 (sh) (1880), 307 (11550), 294 (12471) nm. ESMS-TOF
(MeOH): m/z (%) = 649 {M – H + 3Na}+, 627 {M + 2Na}+.

CCDC-639397 (for 4·7.5H2O·0.5CH3CN) and -639398 (for
5·2CH3CN·0.5CH3OH) contain supplementary crystallographic
data. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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