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Abstract

The complex ion [OsII (H3tcterpy)(CN)3]− (H3tcterpy= 4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine) has been prepared by an easy method-
ology and characterized. The UV-Vis absorption in CH3OH shows a series of MLCT bands with distinct maxima spanning the whole
visible spectrum and a remarkably intense band (ε ≈ 1500 M−1 cm−1) at 811 nm associated to a spin-forbidden singlet–triplet MLCT
transition allowed by spin–orbit coupling. Cyclic voltammetry of the complex in CH3OH showed a reversible OsII → OsIII oxidation
process withE1/2 = 663 mV. Controlled shifting of MLCT absorption and Os oxidation potential is accomplished by simply changing
the degree of protonation of the carboxylic groups. The behavior of the complex as sensitizer in dye sensitized solar cells (DSSCs) has
been tested giving satisfactory IPCE values and showing contribution to the photoaction spectrum from the singlet to triplet transition. The
photochemical stability was qualitatively investigated and proved to be better than that of the best Ru-based sensitizer known up to now.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the past 15 years there has been much interest to in-
crease the stability and performances of the dye sensitized
solar cells (DSSCs) developed by the research group of
Hagfeldt and Graetzel[1]. Transition metal charge transfer
complexes have been successfully employed as sensitizers
of photoanodes based on wide band-gap semiconductors,
which represent a key component of the DSSC. Despite the
fact that these dyes can exhibit photochemical instability or
irreversible electrochemistry, with ligand substitution reac-
tions taking place from the one-electron oxidized form[2],
a remarkable stability was observed in long term experi-
ments on sealed DSSCs[3]. This unique feature is due to
a peculiar series of electron transfer processes which occur
in the DSSCs, and in particular to ultrafast charge injection
from the electronically excited dye[4–6] and to fast reduc-
tion of the nascent oxidized dye by an electron transfer me-
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diator [7–9], normally dissolved in the electrolyte solution.
Recently, attention has been paid to the preparation of solid
state hole transfer mediators[10,11]which are obviously of
great interest, since allow an easy fabrication of the DSSC,
but may have as drawback the fact that have a high resistance
and do not provide a homogeneous and intimate contact with
the dye molecule adsorbed on the mesoporous semiconduc-
tor. These features can be responsible for the slow reduction
of the oxidized form of the dye, with consequent decompo-
sition. It can be foreseen, therefore, that a long term stability
of solid state DSSCs will require the use of dye molecules
exhibiting a good stability in their oxidized forms.

Previous studies by the Lewis group[12,13] have shown
that osmium complexes containing the 4,4′-dicarboxylic acid
2,2′-bipyridine ligand display a reversible electrochemistry
and allow at the same time to extend the spectral response
of TiO2 photoanodes, providing photocurrents and external
quantum yields comparable to those of analogous ruthenium
complexes. In this paper, we wish to report the preparation
and characterization of the [OsII (H3tcterpy)(CN)3](TBA)
complex (Scheme 1) (H3tcterpy = 4,4′,4′′-tricarboxy-2,2′:
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Scheme 1.

6′,2′′-terpyridine, TBA= tetrabutylammonium), and of its
differently protonated species which were found to exhibit a
reversible electrochemical behavior as well as photochemi-
cal stability and a considerable red sensitivity.

2. Experimental

2.1. Materials

The following chemicals were purchased and used with-
out further purification: (NH4)2OsIV Cl6 (Alfa Aesar, John-
son Matthey), TBAOH (40 wt.% solution in water, Aldrich),
TBACN (Fluka). The ligand 4,4′,4′′-tricarboxy-2,2′:6′,2′′-
terpyridine (H3tcterpy) was available from previous stud-
ies. (TBA)2OsIV Cl6 was precipitated by addition of TBACl
(Fluka) to an aqueous solution of (NH4)2OsIV Cl6. The com-
plex [RuII (H3tcterpy)(NCS)3]− was either available from
previous studies or prepared by the synthetic procedure fol-
lowed for the osmium complex (Section 2.4). Solvents used
in synthesis were of reagent grade while those for spectro-
scopic measurements were UV grade (Fluka). Chromato-
graphic purification was performed by gel permeation on
Sephadex LH20 (Pharmacia). Electrodes for the dye sen-
sitized cells were cut from fluorine-doped tin oxide (FTO)
conducting glass sheets of 1 mm thickness with a surface
resistivity of 10�/m2 (Nippon Sheet Glass).

2.2. Apparatus and procedures

1H NMR spectra were recorded at 300 MHz and 25◦C
on a Varian Gemini 300 spectrometer. Infrared spectra
were taken in KBr pellets at a resolution of 6 cm−1 using
a Bruker IFS-88 FT-IR spectrophotometer. UV-Vis spectra
were recorded on a Perkin-Elmer Lambda 40 spectropho-
tometer. Linear sweep cyclic voltammetry experiments
were carried out with an Autolab PGSTAT30 potentio-
stat/galvanostat, using a conventional three electrode cell
equipped with a glassy carbon working electrode, an SCE
reference electrode and a platinum counter electrode. Irra-
diation experiments were performed with a 150 W Xe arc

lamp (Osram) through a 400 nm cut-off filter. Photoelectro-
chemical performances of the complexes were evaluated on
sandwich type cells consisting of a photoanode, with an ac-
tive area of 0.54 cm2, a counter electrode of platinized FTO
conducting glass and LiI 2 M/I2 0.1 M in �-butyrolactone
as electrolyte. The spectral response or incident photon to
current efficiency (IPCE) measurements were carried out
with an in-house test bench controlled by computer, which
mainly consisted on the following items: a high power
(450 W) xenon short-arc ozone free lamp OSRAM xenon
connected to a power supply Jobin Yvon, a large output
monochromator TRIAX-180 Jobin Yvon, two high-pass fil-
ters (320 and 590 nm) used to cut high orders wavelengths,
a bi-concave lens BK7 from Melles Griot (f: 127 mm; di-
ameter: 50 mm), and two multimeters Keithley 199 used to
measure the short-circuit current of the reference and the
test cells. The reference cell was a silicon diode Melles
Griot 13 DSI 011 of 1 cm diameter and it was calibrated
versus the wavelength from 400 to 1100 nm. The IPCE soft-
ware calculated the integrated current corresponding to the
solar standard spectrum AM1.5G by using the IPCE spec-
trum and the solar standard in the interval 400–1100 nm.
The cell irradiance in the IPCE test bench was of the order
of 100 W/m2 in the whole wavelength interval.

2.3. Preparation of TiO2 films

Nanocrystalline transparent TiO2 films were obtained
from a colloidal suspension of TiO2 similar to those pre-
pared as described elsewhere[14]. The suspension was
spread out on the conducting glass by gently pressing a
glass slide, with a rectified edge, onto a pair of 3 M scotch
tape strips separated by the desired length, and smoothly
drawing it to obtain a uniform layer filling the gap between
the strips. After drying at room temperature, the tape was
removed and the electrodes were fired in an oven at 450◦C
for 30 min. Film thickness were in the range 16–18�m,
and looked white opaque, so increasing the light scatter-
ing property. Adsorption of the dye was accomplished by
dipping the electrodes still hot (70–80◦C) in a 5× 10−4 M
solution of the complex in CH3OH and letting them im-
mersed in the solution at room temperature for 24 h. Dye
sensitized electrodes were kept in a desiccator on silica gel.

2.4. Synthesis

2.4.1. [OsII (H3tcterpy)(CN)2(CNH)]
To a suspension of 253 mg (0.69 mmol) of H3tcterpy in

40 ml of n-butanol, 615 mg (0.69 mmol) of (TBA)2OsIV Cl6
were added and the mixture was heated to reflux. An ex-
cess of TBACN (2.8 g, 10 mmol) was then added and the
mixture was left refluxing for 6 h. Evaporation to dryness
yielded a brown solid that was dissolved in the minimum
volume of water at pH= 8 adding aqueous TBAOH 0.1 M.
To this solution, 2 M HCl was carefully added dropwise
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under an efficient fume cupboard until the pH was about
1. Stripping of HCN was helped bubbling argon. The re-
sulting greenish–brown precipitate was filtered off and
dried. The solid was dissolved in 10−3 M HCl/CH3OH
and loaded on a Sephadex LH20 column. Elution was per-
formed with 10−3 M HCl/CH3OH. The first dark brown
main fraction was collected and evaporated to dryness yield-
ing the neutral complex [OsII (H3tcterpy)(CN)2(CNH)].
1H NMR [Os(H3tcterpy)(CN)3] (H) (300 MHz, CD3OD)
δ ppm: 8.01 (2H, dd, H5,5′′

), 8.94 (2H, s, H3,3′′
), 9.04

(2H s, H3′,5′), 9.24 (2H, d, H6,6′′
). Analysis calculated for

[Os(H3tcterpy)(CN)2(CNH)] × 3H2O: C = 36.63%, N =
12.20%, H = 2.62%, found: C= 36.64%, N = 11.91%,
H = 2.59%.

2.4.2. [OsII (H2tcterpy)(CN)3](TBA)2
This complex was prepared by addition of two equiv-

alents of TBAOH to a solution of [OsII (H3tcterpy)(CN)2
(CNH)] in CH3OH. 1H NMR (300 MHz, CD3OD) δ ppm:
1.05 (24H, t, CH3), 1.42 (16H, m, CH2), 1.65 (16H, m,
CH2), 3.25 (12H, t, CH2), 7.93 (2H, dd, H5,5′′

), 8.84 (2H,
s, H3,3′′

), 8.88 (2H s, H3′,5′), 9.38 (2H, d, H6,6′′
).

2.4.3. [OsII (Htcterpy)(CN)3](TBA)3
This complex was prepared by addition of three equiv-

alents of TBAOH to a solution of [OsII (H3tcterpy)(CN)2
(CNH)] in CH3OH. 1H NMR (300 MHz, CD3OD) δ ppm:
1.02 (36H, t, CH3), 1.40 (24H, m, CH2), 1.68 (24H, m,
CH2), 3.22 (24H, t, CH2), 7.92 (2H, dd, H5,5′′

), 8.84 (2H,
s, H3,3′′

), 8.88 (2H, s, H3′,5′), 9.38 (2H, d, H6,6′′
).

3. Results and discussion

The formulation of the complex [OsII (H3tcterpy)(CN)2
(CNH)] as a neutral species with one protonated cyanide
has been confirmed by elemental analysis,1H NMR and
FT-IR. The NMR spectrum is consistent with C2v sym-
metry and shows the characteristic signals of the coordi-
nated H3tcterpy ligand in the aromatic region and the ab-
sence of any TBA cation in the aliphatic region, according
to the elemental analysis findings. The presence of one pro-
tonated cyanide is directly demonstrated by the compari-
son of the FT-IR spectrum of [OsII (H3tcterpy)(CN)2(CNH)]
with that of [OsII (H2tcterpy)(CN)3](TBA)2 in KBr pellets
(Fig. 1). The spectrum of the anionic species shows a single
band, due to CN stretching with a maximum at 2076 cm−1,
which is also observed in the spectrum of the neutral com-
plex together with a second band, of lower intensity, at
2000 cm−1. This lower energy band can be assigned to the
protonated cyanide[15] and can be explained in terms of
an increased back-donation from the Os d� orbitals to the
�∗ orbitals of CN–H, which lowers the C–N bond order.
The expected intensity ratio 1:2 (νCN(2000):νCN(2076)) was
found for the two bands and supports this assignment. Fur-
thermore, the characteristic group of bands of the TBA+
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Fig. 1. FT-IR spectra in KBr pellets of (a) [OsII (H2tcterpy)(CN)3](TBA)2

and (b) [OsII (H3tcterpy)(CN)2(CNH)].

cation in the region 2800–3000 cm−1 found in the spectrum
of [OsII (H2tcterpy)(CN)3](TBA)2 is completely absent in
that of the neutral species.

3.1. UV-Vis absorption

The UV-Vis absorption spectrum in the wavelength inter-
val 200–900 nm of the species [OsII (H3tcterpy)(CN)2(CNH)]
in CH3OH is reported inFig. 2. This electronic spectrum
shows two bands in the UV region at 291 and 336 nm due
to �–�∗ transitions localized on the H3tcterpy ligand, a
series of four regularly spaced bands with decreasing in-
tensity and distinct maxima at 394, 467, 531 and 607 nm
assignable to Os→ H3tcterpy metal to ligand charge
transfer transitions (MLCT) and a single broad feature
at 811 nm which can be attributed to a spin-forbidden
singlet–triplet MLCT[16]. This last transition, of remark-
able intensity (ε ≈ 1500 M−1 cm−1), is allowed by the
large spin–orbit coupling constant of osmium (3200 cm−1)
[17]. For complexes of the types [OsII (bpy)2(X2)] (bpy =
2, 2′-bipyridine; X=Cl−, NCS−, pyridine, triphenylphos-
phine) has been reported that the3MLCT state is indeed
30% singlet in character[16] due to the mixing caused by
spin–orbit interaction. The number of bands observed in
the visible region can be rationalized in terms of symme-
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Fig. 2. UV-Vis spectrum of [OsII (H3tcterpy)(CN)2(CNH)] in CH3OH.

try arguments as schematically pictured in the qualitative
diagram ofFig. 3. The relative order of the dxz, dxy, and
dyz orbitals is dictated by the C2v symmetry of the complex
and by the mixing of these orbitals with the�∗ orbitals
of the tcterpy ligand and the ligand group orbitals of the

Fig. 3. Qualitative energy level diagram for the complex [OsII (H3tcterpy)
(CN)3](TBA).

three cyanide, of symmetry A2, B1, and B2 [18]. The three
bands observed in the wavelength interval 450–700 nm can
be therefore assigned to the transitions1MLCT1, 1MLCT2
and 1MLCT3 as shown inFig. 3. It can be noticed that
these band maxima are separated by comparable energies
(2300–2600 cm−1), while the difference in energy between
the band at 394 nm and1MLCT3 is 3900 cm−1. This last
band can be assigned to an MLCT transition involving a�∗

2
H3tcterpy orbital in analogy with similar assignments done
on C2 complexes of the type [Os(bpy)2(X)2] [16].

The three carboxylic functions on the terpyridine ligand
can be deprotonated step by step by addition of TBAOH to
give species with different absorption maxima.Fig. 4shows
the result of a spectrophotometric titration of a CH3OH
solution of [OsII (H3tcterpy)(CN)3]− with stoichiometric
amounts of TBAOH. A progressive blue shift of all bands is
observed upon going from the fully protonated form to the
anionic species [OsII (tcterpy)(CN)3]4−. These variations
occurred with clear isosbestic points and can be interpreted
in terms of delocalization of the carboxylate electronic
charge on the terpyridine ring with the consequence of
destabilizing the�∗ orbitals thus giving a higher energy
difference with the metal d� orbitals.

3.2. Electrochemistry

Oxidation potentials have been measured by means of
cyclic voltammetry in CH3OH solutions of the complexes
using glassy carbon as working electrode and tetraethy-
lammonium tetrafluoroborate 0.1 M as supporting elec-
trolyte. The OsII → OsIII redox process was found to
be reversible in all cases givingE1/2 values of 663, 605
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Fig. 4. Spectrophotometric titration of [OsII (H3tcterpy)(CN)3](TBA) with
TBAOH in CH3OH; reported curves are related to the species [OsII
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Fig. 5. Cyclic voltammograms of (a) [OsII (H3tcterpy)(CN)2(CNH)], (b)
[OsII (H2tcterpy)(CN)3](TBA)2 and (c) [OsII (Htcterpy)(CN)3](TBA)3 in
CH3OH/TEATFB 0.1 M using glassy carbon as working electrode.

and 594 mV for the species [OsII (H3tcterpy)(CN)2(CNH)],
[OsII (H2tcterpy)(CN)3](TBA)2 and [OsII (Htcterpy)(CN)3]
(TBA)3, respectively (Fig. 5). The progressive shift at
lower potential values upon deprotonation of the carboxylic
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Fig. 6. Photoaction spectra of (a) [OsII (H3tcterpy)(CN)3](TBA) and (b) [RuII (H3tcterpy)(NCS)3](TBA) on TiO2 electrodes with LiI 2 M/I2 0.1 M in
�-butyrolactone as electrolyte.

groups is in agreement with the destabilization effect of the
negative carboxylate charge on terpy�∗ orbitals which are
therefore less effective to accept back-donation from the
metal.

3.3. Photoelectrochemistry

The photoelectrochemical behavior of the osmium com-
plex as a sensitizer in dye sensitized solar cells (DSSC) was
tested both under monochromatic light and simulated solar
radiation with respect to the known analogous ruthenium
complex [RuII (H3tcterpy)(NCS)3]− [19,20]. The photoac-
tion spectrum obtained with DSSCs containing the species
[OsII (H3tcterpy)(CN)3]− is reported inFig. 6and compared
to that given by [RuII (H3tcterpy)(NCS)3]−. The maximum
monochromatic incident photon to current conversion effi-
ciency (IPCE) attained with the Os sensitizer was around
50%, lower than that given by the triprotonated Ru complex.
Nevertheless, the IPCE values above 900 nm were found to
be slightly higher for the Os complex thanks to the contribu-
tion of the singlet–triplet band. Unlike the ruthenium com-
plex, which shows a dependence of the sensitization per-
formances on the degree of protonation[20], no significant
differences in IPCE values were found in the case of the
various protonated forms of the Os complex. Short-circuit
photocurrent densities of 11.1 mA cm−2 were measured on
devices with the Os sensitizer tested under AM1.5 simu-
lated solar radiation. In the same experimental conditions a
value of 18.8 mA cm−2 was found for the triprotonated Ru
complex. Since photoanodes were of comparable absorbance
(A > 1) for all species, the LHE term cannot explain the
difference in IPCE between the Os and the Ru sensitizers.
The charge injection efficiencyφ and the collection effi-
ciency η terms should therefore account for the observed
data.
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Fig. 7. Spectral variations of [RuII (Htcterpy)(NCS)3](TBA)3 irradiated at
λ > 400 nm in CH3OH (upper curves) and CH3CN (lower curves).

3.4. Photochemical stability

In order to investigate the suitability of the complex
[OsII (Htcterpy)(CN)3]3− as a sensitizer for long term ap-
plication, the photochemical stability has been tested qual-
itatively both in CH3CN and CH3OH solutions irradiated
with a Xe arc lamp at wavelengths >400 nm. A compari-
son has been made, in the same experimental conditions,
with the complex [RuII (Htcterpy)(NCS)3]3−. Samples of
comparable absorbance were continuously irradiated for a
period of up to 3 h in quartz spectrophotometric cuvettes
with a path length of 1 cm, providing means for stirring
and cooling. The Ru complex showed spectral changes
with clear isosbestic points in both solvents resulting more
unstable in CH3OH where a blue shift of MLCT bands
was observed (Fig. 7). The behavior in CH3CN was the
opposite with a red shift of MLCT bands during irradia-
tion. The Os complex proved to be stable in both solvents
in the time scale of these experiments. The higher stability
of this Os complex is in line with the higher energy of
the d–d states, with respect to the Ru case, known to be
responsible of photochemical reactions in metal coordina-
tion compounds[16,17]. Although a detailed investigation,
which is currently under way in our labs, is needed to clar-
ify the photochemistry of the Ru complex, we can observe
that the spectral variations are consistent with the forma-
tion of cyanide species, as it has been previously found
in the case of the [Ru(H2dcb)2(NCS)2] complex (dcb=

4,4′-dicarboxy-2,2′′-bypyridine) [5]. Cyanide complexes
are in fact strongly solvatochromic due to donor–acceptor
interaction with the solvent[21], and in solvents with higher
acceptor number[22] a decrease of the electronic density
at the metal center is expected with a consequent blue shift
of the MLCT bands.

4. Conclusion

A simple synthetic procedure has been devised for the
preparation of the complex [OsII (H3tcterpy)(CN)3]− and
more in general for complexes of formula: [MII (H3tcterpy)
(X)3]− (M=Ru, Os; X=CN−, NCS−, Cl−, etc.). The Os
complex shows an interesting structured UV-Vis spec-
trum, covering the whole visible region and part of near
infrared, and a perfectly reversible electrochemistry. The
presence of carboxylic functions on the chromophoric
ligand H3tcterpy allow for fine tuning of the electronic
absorption and of the oxidation potential by simply chang-
ing the degree of protonation. The photoelectrochemical
performances of the complex in DSSCs were tested and
compared to those of the best known Ru sensitizer, yielding
satisfactory IPCE values. The photochemical stability was
checked in CH3OH and CH3CN and found to be superior
to that of [RuII (Htcterpy)(NCS)3]3−. It can be concluded
that the presented complex can be chosen as a model for
the development of new osmium-based sensitizers, where
spin-forbidden transitions could play a role in extending the
spectral response in the NIR region for photoelectrochemi-
cal applications.
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