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ABSTRACT A new synthetically facile heteroleptic ruthenium(II) sensitizer (NBu4)[Ru(4,7-dpp)(dcbpyH)(NCS)2], coded as YS5, where
NBu4 is tetrabutylammonium, 4,7-dpp is 4,7-diphenyl-1,10-phenanthroline, and dcbpyH is the singly deprotonated surface anchoring
derivative of 4,4′-dicarboxy-2,2′-bipyridine (dcbpyH2), was designed, synthesized, and incorporated into regenerative mesoscopic
titania-based dye-sensitized solar cells. The sensitizer has characteristic broad, high extinction coefficient MLCT bands spanning the
visible spectrum. The compound was fully characterized by 1D and 2D 1H NMR, MALDI-TOF-MS, UV-vis, photoluminescence, Raman,
IR, and electrochemistry. YS5 exhibits strong visible absorption properties with a molar extinction coefficient of 1.71 × 104 M-1

cm-1 at its 522 nm maximum. In operational liquid junction-based DSSCs under simulated AM 1.5G one-sun excitation (100 mW/
cm2), the photovoltaic performance of YS5 compares almost equally against the current benchmark sensitizer N719 in side-by-side
comparisons, producing a power conversion efficiency of 6.05% with a maximum IPCE of 65% at 540 nm. The data presented in
this manuscript strongly suggest that YS5 is indeed a viable sensitizer for nanocrystalline TiO2-based DSSCs, seemingly poised for
widespread adaptation.

KEYWORDS: dye-sensitized solar cell • heteroleptic RuII sensitizer • metal-to-ligand charge transfer (MLCT) absorption •
mesoscopic TiO2 film • average photovoltaic performance parameters • power conversion efficiency.

INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted
considerable interest over the past two decades
because of their low cost and facile fabrication in

comparison to conventional photovoltaics (1-10). A typical
DSSC consists of a nanocrystalline TiO2 photoanode depos-
ited on a transparent conducting glass substrate and sensi-
tized to the visible spectrum by an appropriate covalently
attached dye sensitizer, a cathode composed of a thin layer
of platinum metal on transparent conducting glass, and a
hole-transporting material placed in between the anode and
the cathode. Upon photoexcitation, the sensitizer molecule
undergoes a thermodynamically favorable electron injection
into the conduction band of TiO2, from where the charge is
transported to the conducting glass substrate. The collected
electron is then relayed through the external circuit to the
cathode. The oxidized sensitizer is sequentially reduced/
regenerated by the redox mediator, typically an iodide/
triiodide (I-/I3

-) couple, which in turn recovers an electron
from the cathode. It has been recently suggested that this
regeneration step does not produce the sensitizer in the
same environment that was initially photoexcited, but in-
stead is succeeded by a slow cation transfer process eventu-
ally regenerating the initial sensitizer in its original environ-
ment (11). A more detailed study revealed an underlying
Stark effect, wherein the electron injection into the conduc-
tion band of the nanocrystalline TiO2 created an electric field

resulting in the perturbation of the metal-to-ligand charge
transfer (MLCT) electronic transitions of Ru(II) compounds
anchored to the same TiO2 surface (12). Thus, fundamental
contributions in this area continue to emerge further exem-
plifying the need for close examination of new dye sensitiz-
ers. Although the nature of the titania, conductive substrates,
electrolytes, redox mediator, and fabrication techniques are
of key importance, the sensitizer at the heart of the device
remains the major functional component. In view of net
power conversion efficiency, stability to extended light-
soaking, and compatibility with diverse electrolyte composi-
tions, ruthenium(II) polypyridyl complexes with low energy
metal-to-ligand charge transfer transitions presently surpass
all other dyes in operational DSSCs (13, 14). The current
trend in Ru(II) sensitizer engineering lies in the development
of new chromophores with higher molar extinction coef-
ficients and broader spectral response to achieve improved
light harvesting. If these strategies realize success, the
thickness of the titania film can be substantially reduced,
thereby shortening electron transport distances and, thus,
suppressing the underlying electron losses and increasing
the overall device efficiencies (15, 16). In this regard, a
number of ruthenium(II) sensitizers have been prepared,
including molecules known as Z907, Z910, K19, K8, and
C104 (17-22), along with a rather intriguing cyclometalated
ruthenium sensitizer (14) strategically lacking the NCS-

ancillary ligands. Despite all these efforts, the highest NREL-
certified devices are liquid junction cells based on the
benchmark N719 (Chart 1) and the so-called “black dye”
complexes, producing 11.04 and 10.4% power conversion
efficiencies under simulated AM 1.5G irradiation conditions,
respectively (15, 23).

* Corresponding author. E-mail. castell@bgsu.edu. Phone: (419) 372-7513.
Fax: (419) 372-9809.
Received for review April 06, 2010 and accepted June 07, 2010

DOI: 10.1021/am100311m

2010 American Chemical Society

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 7 • 2039–2045 • 2010 2039
Published on Web 06/21/2010



Here we report a synthetically facile heteroleptic Ru(II)
sensitizer with the molecular formula (NBu4)[Ru(4,7-dpp)(d-
cbpyH)(NCS)2], represented as YS5, where NBu4 is tetrabu-
tylammonium, 4,7-dpp is 4,7-diphenyl-1,10-phenanthroline,
and dcbpyH is the singly deprotonated surface anchoring
derivative of 4,4′-dicarboxy-2,2′-bipyridine (dcbpyH2). The
commercial availability of the 4,7-dpp ligand makes it rather
attractive as a subunit for RuII-based sensitizers because it
precludes lengthy heterocyclic ligand preparation and pro-
duces intense MLCT absorptions at wavelengths above 400
nm (24). Under the employed experimental conditions, the
DSSCs using YS5 as the sensitizer in combination with a 13
µm thick transparent mesoscopic layer and a 5 µm thick
scattering layer of TiO2 produced an efficiency of 6.05 (
0.52% with open-circuit voltage (VOC) of 749( 16 mV, short-
circuit current density (JSC) of 14.52 ( 0.85 mA/cm2 and fill
factor (FF) of 55.7 ( 4.1%. The values cited above are given
for the average operational YS5 device, as we only present
data where critical solar cell parameters were measured
across 6 parallel devices. We believe that this is a rational
approach for making quantitative comparisons between
structurally different dyes and device assemblies routinely
produced in the research laboratory, because record-achiev-
ing DSSC devices are rarely realized.

EXPERIMENTAL SECTION
General. Dichloro(p-cymene)ruthenium(II) dimer, tetrabutyl-

ammonium hydroxide (TBAOH), ammonium thiocyanate
(NH4NCS), lithium iodide, guanidine thiocyanate, 4-tert-butylpy-
ridine, titanium(IV) isopropoxide, hydroxypropyl cellulose (HPC),
dimethylformamide (DMF), and tetrabutylammonium hexafluo-
rophosphate (TBAPF6) were purchased from Aldrich Chemical
Co. 4,7-Diphenyl-1,10-phenanthroline and iodine were pur-
chased from GFS Chemicals Incorporated and Alfa Aesar,
respectively, and were used as received. Deionized water was
obtained using a Barnstead Nanopure System. All other solvents
were reagent grade and used without further purification. The
syntheses of 4,4′-dicarboxy-2,2′-bipyridine (dcbpyH2) (25) and
1-n-propyl-3-methylimidazolium iodide (PMII) (26) were carried
out according to published procedures. The synthesis of [Ru(4,7-
dpp)(dcbpyH2)(NCS)2] (YS4) was adapted from the well-known
published one-pot procedure developed for heteroleptic poly-
pyridyl ruthenium(II) complexes using [Ru(p-cymene)Cl2]2 as
the starting material (27). (NBu4)[Ru(4,7-dpp)(dcbpyH)(NCS)2]
(YS5), the singly deprotonated species of YS4, was obtained by
titrating a basic aqueous solution of YS4 with 0.02 M nitric acid

to pH 4.3. The structural characterization of the new complexes
was confirmed by 1H and 13C NMR, MALDI-TOF mass spec-
trometry, ATR-FTIR, and Raman spectroscopy.

Characterization, Physical Measurements, and Instrumen-
tation. The 1H NMR and 13C NMR spectra were recorded on a
Bruker Avance 300 (300 MHz) while the 1H-1H COSY NMR,
HSQC and HMBC spectra were recorded on a Bruker Avance
III 500 (500 MHz) spectrometer. All chemical shifts were
referenced to the residual solvent signals and splitting patterns
were designated as s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), and quint (quintet). MALDI-TOF mass spectra
were measured by a Bruker-Daltonics Omniflex spectrometer.
The ATR-FTIR spectra were measured as neat solids or on TiO2

films on a ThermoNicolet IR 200 spectrometer by using an
attenuated total reflectance (ATR) assembly at a resolution of 8
cm-1. Resonance Raman spectra were obtained using a Ren-
ishaw inVia Raman Microscope equipped with a HeCd laser
providing 442 nm output. The same microscope system was
utilized to measure the Raman spectra of “naked” titania
materials, however, in this case the excitation was afforded by
a 785 nm laser diode. All photophysical experiments were
conducted using 1 cm2 anaerobic quartz fluorimeter cells
(Starna Cells, Inc.). Steady-state UV-vis electronic absorption
spectra in solution were measured on a Shimadzu UV-3600
spectrophotometer with a resolution of 0.2 nm. Steady-state
photoluminescence spectra were measured with a single photon
counting spectrofluorimeter from Edinburgh Analytical Instru-
ments (FL/FS 900) and excitation was provided using a 450 W
Xe lamp. All samples were optically dilute solutions prepared
in analytical grade solvents. Photoluminescence lifetimes were
obtained by using a nitrogen-pumped broadband dye laser as
the excitation source (PTI GL-3300 Nitrogen laser, PTI GL-301
dye laser, C500 dye) and a transient detection system described
previously (28). All samples were deaerated with argon gas for
at least 20 min prior to lifetime measurements. The excited-
state lifetimes were obtained from the first-order decay fit of
single wavelength emission transients in Origin 8.0 software
with goodness of -fit determined by visual inspection of the
residuals. Electrochemical data were obtained using a BAS
Epsilon electrochemistry workstation with a conventional three-
electrode arrangement. Cyclic voltammetry measurements
were carried out in deaerated DMF solution containing 0.1 M
tetrabutylammonium hexafluorophosphate as the supporting
electrolyte, a platinum microdisk (1.6 mm dia.) working elec-
trode, a platinum wire auxiliary electrode and a Ag/AgCl (3 M
NaCl) reference electrode (BAS model MF-2079), respectively.
Measurements were conducted in ca. 1 mM electroactive
substrate under an inert gas atmosphere with a scan rate of 100
mV/s and ferrocenium/ferrocene was used as internal standard.
For all measurements, potentials were recorded vs. the ferro-
cenium/ferrocene (Fc+/Fc) internal standard, and finally were
converted to E1/2 vs. the normal hydrogen electrode (NHE) using
E1/2(Fc+/Fc0) ) +0.72 V vs NHE (22, 29). The thickness of TiO2

films was determined by a KLA-Tencor Alpha-Step IQ Surface
Profiler. Incident photon-to-current conversion efficiency (IPCE)
measurements were carried out using a system from PV
Measurements, Inc., equipped with a Xe arc lamp and calibrated
with a silicon reference photodiode. Current-voltage charac-
teristics were measured on an I-V data acquisition system (PV
Measurements, Inc.) equipped with a small area solar simulator
(AM 1.5 Global) and an NREL-certified silicon reference solar
cell (PVM 274, ISO tracking number 1374, NREL) for calibrating
the intensity of the simulated sunlight to 100 mW/cm2, with the
measured photocurrent being within 2% of its calibration value.
Photocurrent density (JSC) values directly measured using I-V
curves were typically 10-15% larger than those estimated from
the integrated EQE (IPCE) spectra. Estimation of JSC was per-
formed by the I-V software (PV Measurements Inc.) according
to the ASTM standard E1021. The sandwiched solar cells were

Chart 1. Structures of the Ru(II) Dye Sensitizers
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illuminated directly through the transparent conductive glass
support containing the TiO2 photoanode. The photovoltaic
performance, including photocurrent density, photovoltage,
power conversion efficiency, and incident photon-to-current
conversion efficiency (IPCE) are reported herein as overall yields
that were not corrected for losses due to light absorption and
reflection by the conductive glass support.

Synthesis and Characterization. [Ru(4,7-dpp)(dcbpyH2)-
(NCS)2] (YS4). The synthesis of YS4 was accomplished through
adaptation of the established one-pot procedure developed for
heteroleptic polypyridyl ruthenium(II) complexes using [RuCl2(p-
cymene)]2 as the starting material as shown in Scheme 1 (27).
4,7-Diphenyl-1,10-phenanthroline (4,7-dpp) (179.5 mg, 0.54
mmol) and dichloro(p-cymene)ruthenium(II) dimer (163.5 mg,
0.27 mmol) in 50 mL DMF were heated at 60 °C for 4 h under
argon with continuous stirring in the dark. Subsequently, 4,4′-
dicarboxy-2,2′-bipyridine (132 mg, 0.54 mmol) was added and
the reaction mixture was heated to 140 °C for 4 h. To the
resulting dark green solution was added an excess amount of
NH4NCS (615 mg, 8.1 mmol) and the reaction mixture was
maintained at 140 °C for another 4 h. After cooling down to
RT, most of the solvent was removed on a rotary evaporator
under vacuum and deionized water (200 mL) was added,
producing a precipitate. The purple solid was filtered off,
washed with water and diethyl ether, and dried under a
vacuum. The crude product was dissolved in basic methanol
containing tetrabutylammonium hydroxide and further purified
over Sephadex LH-20 with methanol as eluent. The main band
was collected, concentrated and precipitated with dilute sulfuric
acid to pH ∼1.2 to obtain the pure title compound (325 mg,
76% yield). MALDI-MS (TOF): 794.22 ([M]+), 736.22 ([M -
NCS]+). 1H NMR (500 MHz, CD3OD + TBAOH, aromatic region)
δ: 9.80 (d, J ) 5.0 Hz, 1H, H2), 9.61 (d, J ) 5.5 Hz, 1H, He′),
9.05 (d, J ) 1.5 Hz, 1H, Hb′), 8.86 (d, J ) 1.5 Hz, 1H, Hb), 8.25
(dd, J1 ) 1.5 Hz, J2 ) 5.5 Hz, 1H, Hd′), 8.21 (d, J ) 9.5 Hz, 1H,
H5), 8.14 (d, J ) 5.5 Hz, 1H, H3), 8.09 (d, J ) 9.5 Hz, 1H, H6),
7.99 (d, J ) 5.5 Hz, 1H, H9), 7.80 (m, 2H, phenyl), 7.61 - 7.70
(m, 4H, phenyl + He), 7.54 (m, 5H, phenyl), 7.49 (d, J ) 6 Hz,
1H, H8), 7.47 (dd, J1 ) 1.5 Hz, J2 ) 6 Hz, 1H, Hd). 13C NMR (125
MHz, CD3OD + TBAOH, aromatic region) δ: 170.61 (C′dO),
170.35 (CdO), 160.47 (Ca), 159.45 (Ca′), 154.37 (C2), 154.32
(Ce′), 153.21 (C9), 153.08 (Ce), 151.44 (C13), 150.30 (C11), 149.44

(C4), 148.75 (C7), 147.62 (Cc′), 146.92 (Cc), 137.71 (C19), 137.36
(C25), 134.57 (CNCS), 134.33 (CNCS), 131.19 (phenyl), 130.92
(phenyl), 130.58 (phenyl), 130.43 (phenyl), 130.26 (phenyl),
130.09 (phenyl), 129.60 (C10), 129.50 (C12), 127.06 (Cd′), 127.03
(C3), 126.81 (C5), 126.69 (C6), 126.39 (C8), 126.32 (Cd), 123.71
(Cb′), 123.48 (Cb).

(NBu4)[Ru(4,7-dpp)(dcbpyH)(NCS)2] (YS5). Sixty milligrams
of YS4 was completely dissolved in 20 mL of a tetrabutylam-
monium hydroxide (TBAOH) aqueous solution in a 50 mL
Erlenmeyer flask. The pH of this solution was adjusted to 4.3
by the dropwise addition of 0.02 M nitric acid, at which point
most of the complex precipitated out. The suspension was
stirred at room temperature for 3 h, and afterwards it was left
in a freezer at approximately -20 °C overnight. When the flask
was warmed back to room temperature, the final solid product
was collected on a sintered glass crucible. 1H NMR (300 MHz,
CD3OD) δ: 9.82 (d, J ) 5.4 Hz, 1H), 9.71 (d, J ) 6 Hz, 1H), 9.08
(s, 1H), 8.90 (s, 1H), 8.31 (dd, J1 ) 1.5 Hz, J2 ) 6 Hz, 1H), 8.22
(d, J ) 9.3 Hz, 1H), 8.16 (d, J ) 5.7 Hz, 1H), 8.09 (d, J ) 9.6 Hz,
1H), 7.99 (d, J ) 5.4 Hz, 1H), 7.81 (dd, J1 ) 1.5 Hz, J2 ) 5.4 Hz,
2H), 7.75 (d, J ) 6 Hz, 1H), 7.71-7.62 (m, 3H), 7.55-7.51 (m,
6H), 7.48 (d, J ) 5.7 Hz, 1H), 3.24 (m, 8H), 1.67 (m, 8H), 1.40
(quint, J ) 7.5 Hz, 8H), 1.01 (t, J ) 7.2 Hz, 12H).

Preparation of Nanocrystalline TiO2 Electrode and
Transparent Platinum Cathode. The sol-gel synthesis of the
colloidal TiO2 paste is described in detail elsewhere (30, 31).
The prepared TiO2 paste was doctor-bladed onto the conductive
glass substrate (Hartford Glass, TEC-15) to give the transparent
layer of TiO2 film with a typical thickness of 13 µm. The
obtained nanoparticle film was then dried at 125 °C for 6 min
and a 5 µm thick scattering layer of mesoscopic TiO2 (Solaronix,
Ti-Nanoxide 300) was doctor-bladed on top of it. The resulting
TiO2 films were subsequently annealed for 30 min at 500 °C
under an oxygen flow in a tube furnace with ramped heating
control of 5 °C per minute. Raman spectroscopy of the neat
titania film (λex ) 785 nm) confirmed that only the anatase
polymorph was present (see Supporting Information). Upon
being cooled to 80 °C, TiO2 electrodes were immersed in 0.5
mM sensitizer solution in acetonitrile/tert-butanol (50:50 v/v%)
for 24 h at RT. After completion of the film sensitization, the
TiO2 electrodes were withdrawn from the dye solution, rinsed
with acetonitrile, dried under an argon stream, and stored until

Scheme 1. Synthetic Route Used for the Preparation of YS5
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use. Transparent platinum-coated FTO cathodes were prepared
as described elsewhere (31).

Sandwiched Solar-Cell Assembly. The active device area of
the sensitized TiO2 photoanode was adjusted to 0.25 cm2.
Stretched Parafilm-M was used as a spacer between the pho-
toanode and the platinum counter electrode. The typical thick-
ness of the spacer was 30 µm. A few drops of the redox
electrolyte were placed on top of the active electrode area and
a platinized FTO-glass counter electrode was placed on top. The
electrodes were then sealed together using binder clips. For
these studies, the redox electrolyte solution consisted of 0.1 M
LiI, 0.05 M I2, 0.6 M 1-n-propyl-3-methylimidazolium iodide
(PMII), 0.5 M 4-tert-butylpyridine (4-tBupy), and 0.1 M guanidine
thiocyanate (guan. thio.) in anhydrous acetonitrile (30).

RESULTS AND DISCUSSION
Synthesis. The use of π-conjugated acceptor ligands

have been shown to enhance the molar extinction coef-
ficients of the ruthenium(II) polypyridyl complexes used as
sensitizers in DSSCs (14, 19-22, 32-37). As previously
reported, the substitution of a phenyl group in the proper
positions of a polypyridyl ligand such as bipyridine or
phenanthroline in ruthenium(II) complexes enhances the
molar extinction coefficients in the MLCT transitions (38-40).
The incorporation of phenyl group in 4,7-substituted posi-
tions of phenanthroline also greatly prolongs the excited
state lifetime (40, 41). The commercially available 4,7-dpp
ligand, where dpp is 4,7-diphenyl-1,10-phenanthroline, is an
attractive subunit for RuII-based sensitizers since it precludes
lengthy heterocyclic ligand preparation and produces in-
tense MLCT absorptions at wavelengths above 400 nm. In
addition, the introduction of two aromatic phenyl groups on
the 4,7-positions of phenanthroline provides increased hy-
drophobicity for the sensitizers, which may assist in main-
taining long-term device stability.

The degree of deprotonation of the dcbpyH2 ligand of the
ruthenium(II) sensitizers is known to greatly influence the
properties of these chromophores (15, 42, 43). These include
the absorption maxima and molar extinction coefficients,
photophysical properties such as emission maxima, quan-
tum yield, and excited state lifetimes, in addition to the
redox properties and ultimately the photovoltaic perfor-
mance of the operational sandwiched solar cells (15, 42, 43).
The benchmark chromophore N719 is the doubly deproto-
nated species of N3. It possesses a superior photovoltaic
performance than the fully protonated N3 in addition to the
fully deprotonated species (42). Hence, for comparison, YS5,
the singly deprotonated derivative of YS4, was thoroughly
investigated herein as a sensitizer in DSSCs.

Details of the synthetic approach adopted for the prepa-
ration of the heteroleptic complex YS5 are presented in
Scheme 1. The assignments for the 1H and 13C for YS4 in
deuterated methanol with TBAOH are discussed in the
Supporting Information. By comparing the integration of the
proton peaks for tetrabutylammonium in the aliphatic region
with the integration of the proton peaks in the aromatic
region, it was determined that only one of the carboxylic
groups of YS5 was indeed deprotonated, confirming the
proposed structure.

Absorption and Photoluminescence. The elec-
tronic absorption spectra of YS5 and N719 were recorded
at room temperature in aerated DMF solution (Figure 1).
Both complexes exhibit broad and intense MLCT absorption
bandsthroughoutthevisibleregionofthespectrum(400-700
nm) characteristic of many other ruthenium(II) polypyridyl
complexes which can be assigned to electronic transitions
from the RuII based t2g orbital to the ligand based π* orbitals
(Ru > 610 > 4,7-dpp and Ru f dcbpyH). The intense
absorption bands in the UV region around 310 and 280 nm
are due to the intraligand π-π* transitions of dcbpyH and
4,7-dpp ligands, respectively. The lower-energy absorption
around 310 nm is assigned to the dcbpyH ligand π-π*
transition because the electron withdrawing nature of the
carboxylic groups lowers the energy of the π* orbital of the
bipyridine ligand relative to that of the more donating 4,7-
dpp ligand.

As found in related 4,7-dpp-containing RuII complexes
(24), the molar extinction coefficient of the MLCT absorption
bands in YS5 is greater than that of N719 at all wavelengths
above 430 nm (Figure 1, Table 1). The molar extinction
coefficient of YS5 at its maximum (522 nm) is 1.71 × 104

M-1 cm-1, precisely 4500 M-1 cm-1 larger than that of N719
(1.26 × 104 M-1 cm-1). The heteroleptic nature of YS5
produces multiple MLCT transitions in the visible, i.e., Ru
f 4,7-dpp and Ruf dcbpyH, thus enhancing the oscillator
strength in the blue and green portions of the spectrum
relative to N719. As a result, improved light absorption cross-
sections at higher energy are indeed realized in YS5.

Steady-state emission spectra were measured in aerated
DMF at room temperature upon 510 nm excitation in
conjunction with a 550 nm long pass filter placed in the
emission path. For YS5, a weak photoluminescence was
observed with a corrected maximum centered at ∼801 nm.
The excited state energy E(0-0) was estimated to be at 681
nm, corresponding to 1.82 eV. The excited state lifetime in
argon saturated DMF solution was determined to be 138 ns.
Note that the excited state lifetime of YS5 in DMF is
enhanced with respect to N3 (20 ns) (42) and N719 (40 ns)
(42) in aerated ethanol solution at RT. This is most definitely
a result of the phenyl substituents in the 4,7-positions on the
phenanthroline as discussed above (40, 41). The long excited

FIGURE 1. Ground-state absorption spectra of YS5 (red) and N719
(blue) at RT in DMF solution.
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state lifetime of YS5 therefore provides a sufficient kinetic
situation for the photoexcited sensitizer to inject electrons
into the conduction band of TiO2 from both 1MLCT and
3MLCT excited states, a process that for RuII-based dyes
typically occurs on the femtoseconds time scale (44, 45).
Complete photophysical and electrochemical data of YS5
and N719 are summarized in Table 1.

Electrochemistry. The cyclic voltammogram of YS5
displays a quasi-reversible one-electron oxidation process at
E1/2 ) +1.05 V versus NHE for the RuIII/II wave, Figure S7.
Two ligand reduction peaks are observed at -1.15 (revers-
ible) and -1.55 V (quasi-reversible) versus NHE. The more
positive reduction potential is assigned to dcbpyH due to the
electron withdrawing COOH group being responsible for
lowering the LUMO levels. The oxidation potential of the
excited state was calculated by the following equation:
E(S+/S*) ) E1/2(S+/S) - E(0-0) (22), where E1/2(S+/S) is the
ground state oxidation potential and E(0-0) is the estimated
HOMO-LUMO energy gap. The oxidation potential of the
excited state of YS5 (-0.77 V vs NHE) is more negative than
the conduction band of the semiconductor (Ecb(TiO2) )-0.4
V vs NHE) (46, 47), and its ground state oxidation potential
(+1.05 V vs. NHE) is more positive than the redox mediator
(I-/I3

- ) +0.4 V vs. NHE) (46, 47). Evidently, the relative
alignment of energy levels of all species involved in the
photoaction cycle in DSSC provides sufficient thermody-
namic driving force for both efficient electron injection from
YS5 excited state into the conduction band of TiO2 (∼370
mV) in addition to subsequent regeneration of the oxidized
sensitizer by the iodide/triiodide redox mediator (∼650 mV).

Photovoltaic Performance of DSSCs. For both
studied sensitizers, incident photon-to-current conversion
efficiency (IPCE) and I-V characteristics were measured
under identical experimental conditions. At least six inde-
pendent DSSC devices were measured in parallel to quan-
titatively investigate how reproducibly YS5 performs as a
sensitizer in DSSC applications. All critical solar cell param-
eters were therefore measured across six devices in parallel
assembled following the identical procedure. DSSCs utilizing
N719 as the sensitizer were prepared and used as bench-
marking controls in all photovoltaic experiments presented
below.

On the basis of the absorption properties of YS5 (Figure
1), this sensitizer is expected to sufficiently harvest a large
portion of incident solar energy even when bound to a
relatively thin semiconductor film. Presumably, the maximal

photocurrent will be generated when the thickness of the
TiO2 film is smaller than the effective electron diffusion
length, so that the recombination losses are minimized (48).
However, in any particular case, the optimal thickness of a
mesoscopic TiO2 film often depends on the preparation
methodology making it very difficult to predict and is gener-
ally revealed by exercising various experimental conditions.
For example, it was recently shown that electron injection
dynamics are sensitive to film properties related to nano-
particle size and crystallinity (49). Ultimately, the photovol-
taic performance of the operating device will be governed
by the interplay between several parameters including light
harvesting efficiency (LHE), charge transport and collection,
and dye regeneration kinetics. In principle, thinner TiO2

films would provide lower bulk resistance and shorter charge
transport pathways, thus improving the overall device ef-
ficiency, but infinite reduction of the film thickness will
ultimately lead to a reduced number of bound sensitizer
molecules and, consequently, to lower photocurrents. On
the other hand, when thicker films are employed, more dye
molecules will be adsorbed resulting in the enhancement of
both IPCE and generated photocurrent. However, such loss
mechanisms as charge recombination through different
pathways are likely to become more pronounced in case of
thicker TiO2 films (48, 50). In general, as was shown in a
number of studies for various TiO2 morphologies, there
exists a balance between the thickness of TiO2 film, the
chemical and photophysical properties of a given sensitizer,
and the photovoltaic device efficiency (51-54). In the
present study, by incorporating a 5 µm thick TiO2 scattering
layer in conjunction with a 13 µm thick transparent TiO2

nanoparticle film, the devices based on both N719 and YS5
sensitizers yielded the best photovoltaic performance under
all of our experimental conditions. These films therefore
represent a compromise situation wherein reasonable light
harvesting properties are achieved in films that remain
prone to resistive losses due to a film thickness mandated
by the sensitizers at the heart of this work.

Figure 2 presents averaged IPCE spectra for DSSC devices
based on YS5 and N719 sensitizers bound to a 13 µm thick
transparent TiO2 electrode (no scattering layer was applied).
Under identical conditions, the average IPCE response for
YS5-based devices was very close to that of N719-based
DSSCs across the whole visible region of the spectrum.

The IPCE spectral response for the YS5 sensitizer at its
maximum wavelength of 540 nm is 65%, as compared to

Table 1. Photophysical and Electrochemical Properties of YS5 and N719 in DMF Solution at RTa

abs λmax (nm) (ε (× 104 M-1 cm-1))

sensitizer π-π* dπ-π* em. λmax (nm) E0-0 (eV) τ (ns)
E1/2(S+/S)b

(V vs NHE)
E(S+/S*)

(V vs NHE)
E1/2redb

(V vs NHE)

YS5 283 (5.68) 308 (3.95) 801 1.82 138 1.05 -0.77 -1.15,-1.55
362 (0.81) 522 (1.71)

N719 310 (4.26) 382 (1.24) 837 1.85 40c 1.14 -0.71 -1.15
527 (1.26)

a The electrochemical data were measured with platinum working electrode in deaerated DMF solution containing 0.1 M TBAPF6 with a scan
rate of 100 mV/s and ferrocenium/ferrocene (Fc+/Fc) as an internal standard. b Determined by cyclic voltammetry and differential pulse
voltammetry. c Measured in aerated ethanol solution.
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∼68% for N719 at its corresponding maximum of 550 nm.
Over the spectral range of 350-800 nm, the integrated IPCE
response exhibited by YS5-based devices was approximately
6.2% lower overall with respect to N719. In theory, the
observed lower IPCE response would suggest slightly less
efficient photocurrent generation of YS5-based devices with
respect to ones based on N719 and, as demonstrated below,
indeed correlates well with the observed trends in the I-V
characteristics of the solar cells.

As shown in the I-V curves (Figure 3), the average solar
cell composed of a 13 µm thick transparent layer and a 5
µm thick scattering layer of TiO2 film based on YS5 produced
photovoltaic performance with (averaged values) an overall
power conversion efficiency (η) of 6.05 ( 0.52%, short-
circuit current (JSC) of 14.52 ( 0.85 mA/cm2, open-circuit
voltage (VOC) of 749 ( 16 mV and fill factor (FF) of 55.7 (
4.1%, whereas N719-based devices, fabricated and mea-
sured under identical conditions, displayed an average
power conversion efficiency of 6.32 ( 0.41% with JSC of
15.17 ( 0.45 mA/cm2, VOC of 741 ( 4 mV, and FF of 56.1
( 3.2% (Table 2). In correlation with measured IPCE spectra
(Figure 2), the YS5-based devices generated slightly lower
photocurrent (∼4.5%) as compared to N719, whereas both
VOC and FF were essentially the same within the experimen-

tal error. It is this difference in photocurrent that ultimately
results in YS5-based devices being ∼4.5% less efficient with
respect to those based on N719. Even though the photovol-
taic properties of YS5 did not exceed those of N719 in terms
of power conversion efficiency, the observed differences are
rather insignificant. As a result, YS5 can be safely considered
to be a viable alternative for DSSC utilization and most
definitely outperforms a number of RuII dyes that have been
developed over the past two decades (55).

The observed marginally inferior photovoltaic perfor-
mance of YS5 could be traced to several factors, but may
be limited in part by the choice of redox mediator used in
the present study. It is a common consensus that the iodide/
triiodide redox couple is well-suited for RuII dyes such as N3
or N719 that possess similar electronic properties (56). On
the other hand, as in the cases of other dyes, the same redox
couple is not guaranteed to produce optimum results and,
as a result, can cause such unwanted effects as retardation
of electron injection, inefficient dye regeneration, and elec-
tron losses due to increased back electron transfer. The
overall cumulative effect would result in DSSCs that are less
efficient than those based on either N3 or N719. Unfortu-
nately, up to this moment in time, no other redox couple has
been shown to outperform the above-mentioned corrosive
iodide/triiodide mediator. Regardless, YS5 indeed exhibits
competitive photovoltaic behavior with respect to N719 across
a series of routinely fabricated liquid junction laboratory devices
and we anticipate it to become one of the mainstream sensitiz-
ers for DSSCs based on nanocrystalline TiO2.

CONCLUSION
In conclusion, a synthetically facile heteroleptic ruthe-

nium(II) sensitizer (YS5) with broad spectral bandwidth and
visible light absorption properties was designed, synthe-
sized, and incorporated as the dye sensitizer in operational
DSSCs. In our hands, YS5 has been shown to statistically
approach the benchmark N719 chromophore in terms of
photovoltaic performance across a series of routinely fabri-
cated liquid junction laboratory devices. Under AM 1.5G one-
sun illumination, the average DSSC device with YS5 sensi-
tizer composed of a 13 µm transparent layer and a 5 µm
scattering layer of TiO2 film with iodide/triiodide electrolyte
produces an overall average power conversion efficiency of
6.05% with a maximum IPCE value of 65% at 540 nm. The
data presented herein suggest that YS5 is a truly promising
sensitizer for nanocrystalline TiO2-based DSSCs and appears
poised for widespread adaptation.
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