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a b s t r a c t

The coordination compounds [Ru(NH3)5(eina)](PF6)2, [Ru(NH3)4(deeb)](PF6)2 and [Ru(en)2(deeb)](PF6)2,
where eina is ethyl isonicotinate, deeb is 4,4′-(CO2CH2CH3)2-2,2′-bipyridine and en is
ethylenediamine, were synthesized and characterized. [Ru(NH3)4(deeb)](PF6)2·2CH3COCH3 and
[Ru(en)2(deeb)](PF6)2·CH3COCH3 single crystals were characterized by X-ray crystallography. Near-
infrared photoluminescence was observed after photoexcitation of [Ru(en)2(deeb)](PF6)2 in butyronitrile
at 77 K. The excited states of these compounds were found to be short-lived in fluid solution and when
anchored to mesoporous nanocrystalline (anatase) TiO2 thin films immersed in CH3CN at room tempera-
ture, consistent with excited-state lifetimes <10 ns. Prolonged steady-state visible light excitation of the
compounds in fluid solution and when anchored to ZrO2 films immersed in CH3CN resulted in a loss of the
metal-to-ligand charge transfer (MLCT) absorption that was attributed to ligand-field photochemistry.
Pulsed 532 nm light excitation of the compounds anchored to TiO2 thin films yielded an interfacial

III −
charge-separated state, i.e. Ru /TiO2(e ), that formed within 10 ns and returned cleanly to the initial
RuII/TiO2 state on a micro- to milli-second time scale. Quantum yields for formation of this state deter-
mined by comparative actinometry were excitation wavelength dependent suggesting the involvement
of “hot” MLCT excited states. The quantum yields were also dependent on acid/base pre-treatments of the
TiO2 surface. Photoelectrochemical performances of [Ru(NH3)4(deeb)](PF6)2 and [Ru(en)2(deeb)](PF6)2

on TiO2 in regenerative solar cells were consistent with excitation-wavelength-dependent electron

injection.

. Introduction

Interfacial excited-state electron injection at dye-sensitized
natase TiO2 nanoparticles has been shown to take place on
emto- to pico-second time scales under a variety of experi-

ental conditions [1]. The femtosecond component suggests that
nterfacial electron injection occurs from the initially populated
ranck–Condon state and/or vibrationally “hot” excited states that
ompete kinetically with vibrational cooling, intersystem cross-
ng, or radiative and non-radiative decay [2]. Therefore, sensitizers

ith short-lived, non-emissive excited states can be envisioned
or energy-conversion applications at these interfaces. Indeed, sev-

ral groups including our own have sensitized TiO2 to visible light
ith transition-metal coordination compounds that have short-

ived excited states [3]. A common motivation for this research is to
eplace the standard Ru(II) polypyridyl sensitizers with less expen-

∗ Corresponding author at: Department of Chemistry, Johns Hopkins University,
altimore, MD 21218, United States. Tel.: +1 1 410 516 7319; fax: +1 1 410 516 8420.

E-mail address: meyer@jhu.edu (G.J. Meyer).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.06.035
© 2010 Elsevier B.V. All rights reserved.

sive coordination compounds based on iron. The rapid deactivation
of metal-to-ligand charge transfer (MLCT) excited states by low-
lying ligand field (LF) excited states in iron polypyridyl compounds
has historically limited their application in solar energy conversion.
Indeed LF excited states typically yield unwanted and irreversible
photochemistry.

In many respects, the excited states of Ru(II) compounds with
weak-field ligands resemble those of Fe(II). A case in point are Ru(II)
pyridyl ammine compounds that display MLCT-like emission at low
temperatures but are highly quenched and susceptible to photo-
induced ligand loss under ambient conditions [4,5]. For example,
Ford and co-workers have reported systematic photo-aquation
investigations of compounds of the general type Ru(NH3)4(py′)2+,
where py′ is pyridine or a substituted pyridine. The observa-
tion of excitation wavelength dependent quantum yields for this
photochemistry indicated less than unity intersystem crossing.

Competitive surface crossing from the 1MLCT to a LF excited
state was proposed [4]. The lowest lying excited states of these
compounds were LF in nature when the absorption maximum
was roughly >460 nm and was MLCT when the maximum was
<460 nm.

dx.doi.org/10.1016/j.jphotochem.2010.06.035
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:meyer@jhu.edu
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Fig. 1. A simplified representation of possible relaxation pathways from the metal-
to-ligand charge-transfer (MLCT) excited states of Ru(II) ammine compounds
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stirred for 1 h. The mixture was then filtered and the filtrate was
nchored to anatase TiO2. Both the 1MLCT and thermally equilibrated triplet excited
thexi) state, 3MLCT, may inject electrons into TiO2 in competition with radiative and
on-radiative decay and population of low-lying ligand field (LF) excited states.

When ruthenium ammine compounds are anchored to TiO2
lms, these intramolecular relaxation processes, i.e. vibrational
ooling, internal conversion, intersystem crossing and/or ther-
ally activated LF state population, may be expected to compete

inetically with excited-state electron injection, Fig. 1 [1,6]. Since
lectron injection has been shown to occur from vibrationally “hot”
LCT excited state but remains unprecedented for LF excited states,

ariation of the excitation wavelength may change the branch-
ng ratios between interfacial electron injection and intramolecular
elaxation processes. Thus the efficiency of excited-state electron
njection was expected and found to be wavelength dependent.
or example, the excited-state electron injection quantum yield
rom [Ru(NH3)5(eina)](PF6)2, where eina is ethyl isonicotinate, was
ound to be ∼30% with 416 nm light excitation and about half that
ith 532 nm light excitation. However, the energetics of the RuIII/II

eduction potential resulted in sluggish iodide oxidation and poor
olar cell efficiency [6].

In this manuscript, two new ruthenium am(m)ine com-
ounds, [Ru(NH3)4(deeb)](PF6)2 and [Ru(en)2(deeb)](PF6)2, where
eeb is 4,4′-(CO2CH2CH3)2-2,2′-bipyridine and en is ethylenedi-
mine, were prepared, characterized and anchored to mesoporous
anocrystalline TiO2 thin films. X-ray crystal structures, solva-
ochromism, low temperature photoluminescence, and interfacial
lectron transfer behaviors are described. The aim of this work was
o study the excitation wavelength dependence of the processes
hown schematically in Fig. 1. The photocurrent responses of sen-
itized TiO2 thin films in regenerative solar cells were quantified
nd found to be consistent with excitation-wavelength-dependent
lectron injection.

. Materials and methods

.1. Materials

[Ru(NH3)6]Cl3 and RuCl3·xH2O were used as received from Alfa
esar. Tetrabutylammonium perchlorate (TBAClO4) (≥98%) was

rom Fluka and recrystallized from ethanol before use. Ligand deeb

as prepared as previously described [7]. [Ru(NH3)5Cl]Cl2 was pre-
ared according to literature methods [8]. All other chemicals were
sed as received without purification. All solvents for synthesis and
urification were of reagent grade or better.
tobiology A: Chemistry 216 (2010) 94–103 95

Mesoporous nanocrystalline (anatase) TiO2 thin (8–10 �m)
films were prepared by a sol–gel technique that has been previ-
ously described [9]. For photoelectrochemical measurements the
TiO2 particles were coated on conductive fluorine-doped tin oxide
(FTO) glass (Hartford Glass Co., Inc.; 15 �/square). For spectroscopic
measurements, the anatase particles were coated on glass micro-
scope slides (Fisher Scientific). In most experiments the thin films
were pre-treated with aqueous solutions of known pH for 30 min,
rinsed with neat acetonitrile, dried under vacuum and then exposed
to mM concentrations of the Ru(II) compounds in acetonitrile in
the dark [10]. The pH was adjusted with H2SO4 or NaOH aqueous
solution.

2.2. Sensitizer synthesis

[Ru(NH3)5(eina)](PF6)2 was prepared by a method similar to
that reported by Ford, et al. [11]. A 0.3 g of [Ru(NH3)5Cl]Cl2
was digested at 50 ◦C with 4.2 mL of 0.5 M silver trifluoroacetate
aqueous solution to give chloro penta-ammine-ruthenium(III) tri-
fluoroacetate. After filtration, the filtrate was reduced by freshly
prepared zinc amalgam under argon for 25 min. The resulting pale
yellow [RuII(NH3)5(OH2)]2+ solution was transferred anaerobically
to an argon-filled flask containing 20 mL of 1:1 H2O/EtOH (v/v) with
1 mL of eina. A deep red color immediately formed. After 1 h in
the dark at room temperature, solvent and unreacted eina were
evaporated under vacuum. The solid was dissolved in 25 mL of
deaerated H2O and filtered on a fine frit. To the filtrate was added
2 mL of saturated NH4PF6 aqueous solution and the resulting red-
orange precipitate was collected and subsequently washed twice
with 5 mL of cold water. The product was stored under vacuum in
the dark until use. 1H NMR ı (ppm), CD3CN: 8.63 (2H, d, J = 5.6 Hz),
7.71 (2H, d, J = 5.4 Hz), 4.41 (2H, q, J = 7.1 Hz), 2.63 (∼5H, s), 1.42 (3H,
t, J = 7.0 Hz).

2.2.1. [Ru(NH3)4(deeb)](PF6)2
[Ru(NH3)4(deeb)](PF6)2 was synthesized via a slightly modified

literature method [12]. Several milliliters of freshly prepared aque-
ous [RuII(NH3)5(OH2)]2+ solution was transferred anaerobically to
an argon-filled flask containing 0.92 equivalent of deeb in 1:2 (v/v)
H2O/EtOH (v/v). After 4 h at 60 ◦C in the dark, the volume of sol-
vents was reduced under an argon flow at room temperature. The
solution was filtered on a fine frit and water was then added to
the filtrate to reach a final volume of ∼20 mL. A brown precipitate
was obtained after 2 mL of saturated aqueous NH4PF6 solution was
added. The precipitate was collected and washed with cold water
and dried under vacuum. The compound was dissolved in a mini-
mum amount of acetone and purified on a Sephadex LH-20 column
with acetone as the eluent. Dark brown crystals suitable for X-ray
diffraction were then recrystallized from acetone–ether mixtures.
1H NMR ı (ppm), CD3COCD3: 9.57 (2H, d, J = 6.1 Hz), 8.94 (2H, d,
J = 2.0 Hz), 7.94 (2H, dd, J = 2.0 Hz, J = 2.0 Hz), 4.48 (4H, q, J = 7.1 Hz),
3.74 (6H, s) 2.32 (6H, s), 1.42 (6H, t, J = 7.1 Hz).

2.2.2. [Ru(en)2(deeb)](PF6)2
The double salt [Ru(en)2(ox)][Ru(en)(ox)2] was prepared as

previously described, where ox is oxalate [13]. Attempts to con-
vert the double salt directly to [Ru(en)2Cl2]Cl with concentrated
HCl were unsuccessful. Instead, the double salt was reacted with
sodium tetraphenylborate aqueous solution at room temperature
for 30 min and filtered. The precipitate was collected and dissolved
in 12 M HCl (1 g of complex in 10 mL of 12 M HCl) at 50 ◦C and
evaporated to dryness. The resulting product [Ru(en)2Cl2]Cl was
washed by cold ethanol and acetone. [Ru(en)2Cl2]Cl was digested
with silver trifluoroacetate aqueous solution and filtered. The fil-
trate was reduced with amalgamated mossy zinc for 15 min and
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he resulting ruthenium(II) solution was transferred anaerobically
o an argon-filled flask containing 0.92 equivalent of deeb in 25 mL
f 1:2 H2O/EtOH (v/v). The reaction was carried out at 60 ◦C in the
ark for 5 h. Precipitation and recrystallization steps were the same
s those for the preparation of [Ru(NH3)4(deeb)](PF6)2. Dark brown
rystals suitable for X-ray diffraction were obtained. 1H NMR ı
ppm), CD3CN: 9.20 (2 H, d, J = 6.1 Hz), 8.85 (2H, s), 7.95 (2H, d,
= 6.1 Hz), 4.49 (4H, q, J = 7.2 Hz), 4.26 (2H, m), 3.94 (2H, m), 3.28
2H, m), 2.93 (2H, m), 1.46 (6H, t, J = 7.2 Hz).

.3. Measurements

.3.1. X-ray crystallography
Crystals of [Ru(NH3)4(deeb)](PF6)2·2CH3COCH3 and

Ru(en)2(deeb)](PF6)2·CH3COCH3 were obtained by slow dif-
usion of diethyl ether into an acetone solution of the compounds.
ntensity data were measured with Mo K� radiation, � = 0.71073 Å,
t 110 K on an Oxford Diffraction Xcalibur3 system equipped with a
raphite monochromator and a CCD detector. Data were collected
ia a series of 1.0◦ ϕ and ω scans. Face-indexed absorption and
nterframe scaling corrections were applied. The structures were
olved by direct methods and were refined by full-matrix, least-
quares methods, using the Bruker SHELXTL (version 6.1) software
ackage, to yield final R and Rw values of 0.0750 and 0.2111 for
Ru(NH3)4(deeb)](PF6)2·2CH3COCH3, and 0.0468 and 0.1078 for
Ru(en)2(deeb)](PF6)2·CH3COCH3. The PF6

− anions appeared to be
isordered and this lead to the high R value [14].

.3.2. UV–vis (Vis) spectroscopy
All ground state absorption spectra were acquired at ambient

emperature using a Hewlett–Packard 8453 diode array spec-
rophotometer. For sensitized films, the optical measurements
ere acquired by placing the TiO2 slides diagonally in solvent-
lled 10 mm × 10 mm quartz cuvette. An unsensitized TiO2 film in
solvent-filled cuvette was used as the reference.

.3.3. Adsorption isotherms
Surface binding was monitored spectroscopically by measuring

he changes in film and solution absorbance after soaking the film
or ∼16 h in acetonitrile solutions with known concentrations of
he sensitizers. The equilibrium binding for all three compounds
ere well described by the Langmuir adsorption isotherm model

rom which surface binding constant (Kad) was abstracted using Eq.
1):

[RuII]eq

�
= 1

Kad�0
+ [RuII]eq

�0
(1)

here [RuII]eq is the equilibrium sensitizer concentration and �
s the equilibrium surface coverage at a defined molar concentra-
ion. Plots of [RuII]eq/� vs. [RuII]eq were fitted linearly to obtain the
dduct formation constant Kad and saturation surface coverage � 0.

.3.4. Photoluminescence
Low temperature emission spectra at 77 K in butyronitrile

lasses were determined using a Princeton Instruments (Roper Sci-
ntific) OMAV/InGaAs array detector mounted on an Acton SP500
pectrometer as previously described [15]. The spectral response of
he detection apparatus was calibrated with a NIST traceable Oriel

odel 63358 Quartz Tungsten Halogen lamp.
.3.5. Photoelectrochemistry
Photoelectrochemical and incident photon-to-current con-

ersion efficiency (IPCE) measurements were performed in a
wo-electrode sandwich cell arrangement as previously described
6]. Briefly, ∼0.1 mL of electrolyte was sandwiched between a TiO2
tobiology A: Chemistry 216 (2010) 94–103

electrode and a Pt coated FTO electrode. For pH = 1 pre-treated TiO2
slides, 0.5 M TBAI/0.05 M I2 in CH3CN was used as supporting elec-
trolyte. The sensitized TiO2 was illuminated with a 100 W Xe lamp
coupled to an f/0.39 Oriel Cornerstone monochromator. Photocur-
rents were measured with a Keith Model 617 digital electrometer.
Incident irradiances were measured with a calibrated silicon pho-
todiode from UDT Technologies.

2.3.6. Electrochemistry
Cyclic voltammetry was performed in 0.1 M TBAClO4 acetoni-

trile or dimethylformamide electrolyte. TBAClO4 was recrystallized
from ethanol and CH3CN was distilled before use. A BAS Model CV27
potentiostat was used in a standard three-electrode arrangement
consisting of a glassy carbon working electrode, a Pt gauge counter
electrode and a Ag/AgCl reference electrode. The electrochemi-
cal measurements were performed in argon-saturated solutions.
Cyclic voltammetry of the sensitizers bound to TiO2 on an FTO con-
ductive glass support was performed in a similar manner with the
modified TiO2 electrode as the working electrode.

2.3.7. Spectroelectrochemistry
Spectroelectrochemistry was performed for sensitizers in 0.1 M

TBAClO4/CH3CN solution. A local designed 1 mm path length quartz
cuvette was used. A Pt mesh electrode was used as a working
electrode while a Ag/AgNO3 reference electrode and a Pt gauze
auxiliary electrode were also employed. Potentials were applied
with a PAR Model 173 potentiostat. The externally applied potential
was usually about 200 mV positive of sensitizers’ formal reduc-
tion potential. Argon was bubbled gently before and during the
experiment. UV–vis spectra were obtained as needed. For sensi-
tizers bound to TiO2, spectroelectrochemistry was obtained using
a sensitizer/TiO2 film deposited on FTO glass as the working elec-
trode.

2.3.8. Nanosecond transient absorption
Transient absorption data were acquired with a pulsed 150 W

Xe lamp after pulsed-laser excitation from a Surelite II Nd:YAG
(Q-switched ∼8 ns) laser frequency-doubled to 532 nm or -tripled
to 355 nm followed by Stokes shifted to 416 nm with an H2-filled
Raman shifter, as has been previously described [6].

2.3.9. Interfacial electron injection quantum yield
The quantum yields for excited-state electron injection into

TiO2 were quantified by comparative actinometry as previ-
ously described [16]. A [Ru(bpy)3](PF6)2 doped poly(methyl
methacrylate) (PMMA) thin film, whose optical absorption and
physical dimensions were very similar to the sensitized TiO2
films, was used as the actinometer. The absorbance of the
ground-state actinometer and the sensitized films were approxi-
mately matched at the excitation wavelength. A literature value
of (−1.00 ± 0.09) × 104 M−1cm−1 at 450 nm for the difference
between the extinction coefficients of the excited-state and
ground-state actinometer was used [16]. The extinction coeffi-
cients of the Ru(II) ground state and Ru(III) oxidation state were
determined by Beer’s law in solution and spectroelectrochemical
measurements of the TiO2-bound sensitizers, respectively.

2.3.10. Infrared
Fourier-transform infrared (FT-IR) spectra of the free and TiO2-
bound sensitizers were measured by attenuated total reflectance
(ATR) with a Golden Gate Single Reflection Diamond ATR appa-
ratus. KBr windows and unsensitized TiO2 film were used as the
backgrounds, respectively. The spectra were typically collected for
64 scans at 4 cm−1 resolution.
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Fig. 2. ORTEP representations of [Ru(NH3)4(deeb)]2+ (

. Results

The crystal structure of [Ru(NH3)4(deeb)](PF6)2·2CH3COCH3
ontains the cation, two disordered PF6

− anions, and two ace-
one solvate molecules. Similarly, the solid-state structure of
Ru(en)2(deeb)](PF6)2·CH3COCH3 contains the cation, two PF6

−

nions, and one acetone solvate molecule. An ORTEP represen-
ation of the Ru(II) cations is shown in Fig. 2 and details of the
rystal structure are given in Table 1. Selected bond distances and
ngles are listed in Table 2. The Ru centers are approximately
ctahedrally coordinated by nitrogen atoms from deeb and the
m(m)ine ligands. The Ru–pyridyl nitrogen bond lengths, Ru–Npyr,

re considerably shorter than those to the am(m)ines, NH3 or
n. The Ru–Npyr is even shorter than the corresponding value
eported for [Ru(NH3)4(bpy)](PF6)2·0.5CH3OH·0.5H2O [17]. Pre-
umably, the Lewis basicity of the pyridyl nitrogens is decreased
y the electron-withdrawing ethyl ester groups but this effect

s offset by an increase in � acidity and hence a shorter and
tronger Ru–Npyr bond. The Ru–Nam bond distances are in fact
onger for the am(m)ines that have trans pyridyl nitrogens. The
wo axial am(m)ine nitrogens are also slightly bent away from
he deeb ligand with a N(3)–Ru(1)–N(6) bond angle 175.98(13)◦
n [Ru(NH3)4(deeb)](PF6)2·2CH3COCH3, and a N(3)–Ru(1)–N(3A)
ngle of 172.58(19)◦ in [Ru(en)2(deeb)](PF6)2·CH3COCH3 (Table 2).

The visible absorption spectra of the three Ru(II) am(m)ine
ompounds were dominated by solvent-dependent MLCT absorp-
ion bands. Shown in Fig. 3 are the typical visible absorption

ig. 3. Absorption spectra of [Ru(en)2(deeb)](PF6)2 at room temperature: (a) in neat ace
lms immersed in acetonitrile ( ) and dimethylformamide (—).
nd [Ru(en)2(deeb)]2+ (right) with numbering scheme.

spectra of [Ru(en)2(deeb)](PF6)2 in acetonitrile and dimethylfor-
mamide. For [Ru(NH3)5(eina)](PF6)2, one absorption band was
observed in the visible region assigned to Ru(II) → eina MLCT
transitions. For [Ru(NH3)4(deeb)](PF6)2 and [Ru(en)2(deeb)](PF6)2,
two absorption bands were present, the lower and higher energy
bands were assigned to the Ru(II) → deeb (LUMO) and Ru(II) → deeb
(LUMO + 1), respectively, consistent with previous studies [18]. The
optical and redox properties of the three ruthenium am(m)ine com-
pounds in fluid solution are summarized in Table 3.

The molar extinction coefficients were approximately the same
in acetonitrile and dimethylformamide, while the MLCT max-
ima significantly shifted to lower energies in dimethylformamide,
Table 3 [3d,12b,19]. For example, the absorption maximum of
[Ru(NH3)5(eina)](PF6)2 was 486 nm in acetonitrile and 530 nm in
dimethylformamide (∼1700 cm−1). Similar spectral changes were
observed with the tetra-am(m)ine compounds dissolved in these
two solvents but the magnitude of the effect was smaller, typically
∼25–30 nm (850–1350 cm−1).

Room temperature equilibrium binding data of the ruthenium
am(m)ine compounds to TiO2 films in acetonitrile solution were
fit to the Langmuir adsorption isotherm model from which surface
adduct formation constants and limiting surface coverages were

abstracted. The surface adduct formation constants were found to
be dependent on the surface acidity. On base-treated TiO2 sam-
ples the adduct formation constants were two to four times larger
than those on acid-treated samples, Table 4. The adduct forma-
tion constant for Ru(NH3)5(eina)2+ was larger than those measured

tonitrile ( ) and dimethylformamide (—), and (b) anchored to TiO2 thin
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Table 1
Crystallographic data for [Ru(NH3)4(deeb)](PF6)2·2CH3COCH3 and [Ru(en)2(deeb)](PF6)2·CH3COCH3.

[Ru(NH3)4(deeb)](PF6)2·2CH3COCH3 [Ru(en)2(deeb)](PF6)2·CH3COCH3

Formula C22H40F12N6O6P2Ru C23H38F12N6O5P2Ru
Crystal system Triclinic Monoclinic
Space group P-1 C2/c
Temperature, K 110 110
a, Å 8.5533(8) 13.740(3)
b, Å 13.4392(13) 25.380(4)
c, Å 16.3339(14) 9.5661(13)
˛,◦ 96.956(8) 90
ˇ,◦ 94.438(7) 96.434(15)
� ,◦ 107.376(9) 90
Volume, Å3 1765.9(3) 3314.9(10)
Z 2 4
dcalc, g/cm3 1.647 1.742
Crystal size, mm 0.38512 × 0.16996 × 0.03328 0.2253 × 0.1013 × 0.0083
� (Mo, K�), Å 0.71073 0.71073
R (I > 2�(I)) 0.0750 0.0468
Rw 0.2111 0.1078

Table 2
Selected bond distances (Å) and angles (◦) for [Ru(NH3)4(deeb)]2+ and
[Ru(en)2(deeb)]2+.

[Ru(NH3)4(deeb)]2+ [Ru(en)2(deeb)]2+

Ru(1)–N(1) 2.024(3) Ru(1)–N(1) 2.013(3)
Ru(1)–N(2) 2.022(3) Ru(1)–N(1A) 2.013(3)
Ru(1)–N(3) 2.129(3) Ru(1)–N(3) 2.108(3)
Ru(1)–N(4) 2.155(3) Ru(1)–N(3A) 2.108(3)
Ru(1)–N(5) 2.131(3) Ru(1)–N(4) 2.142(3)
Ru(1)–N(6) 2.130(4) Ru(1)–N(4A) 2.142(4)
N(1)–Ru(1)–N(2) 79.92(12) N(1)–Ru(1)–N(1A) 79.57(17)
N(1)–Ru(1)–N(3) 92.01(13) N(1)–Ru(1)–N(3) 93.36(12)
N(1)–Ru(1)–N(4) 176.65(12) N(1)–Ru(1)–N(3A) 92.34(12)
N(1)–Ru(1)–N(5) 96.58(13) N(1)–Ru(1)–N(4) 173.36(12)
N(1)–Ru(1)–N(6) 90.92(14) N(1)–Ru(1)–N(4A) 96.86(13)
N(2)–Ru(1)–N(3) 90.36(13) N(1A)–Ru(1)–N(3) 92.34(12)
N(2)–Ru(1)–N(4) 96.78(13) N(1A)–Ru(1)–N(3A) 93.36(13)
N(2)–Ru(1)–N(5) 175.98(13) N(1A)–Ru(1)–N(4) 96.86(13)
N(2)–Ru(1)–N(6) 92.87(14) N(1A)–Ru(1)–N(4A) 173.35(12)
N(3)–Ru(1)–N(4) 88.55(13) N(3)–Ru(1)–N(3A) 172.58(19)
N(3)–Ru(1)–N(5) 87.79(14) N(3)–Ru(1)–N(4) 81.13(13)
N(3)–Ru(1)–N(6) 175.98(13) N(3)–Ru(1)–N(4A) 93.47(13)

f
s
v
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b
t
o
T
i
w

Stokes shift from the red MLCT absorption band in acetonitrile

T
P

a

N(4)–Ru(1)–N(5) 86.73(14) N(3A)–Ru(1)–N(4) 93.47(13)
N(4)–Ru(1)–N(6) 88.69(14) N(3A)–Ru(1)–N(4A) 81.13(13)
N(5)–Ru(1)–N(6) 89.13(15) N(4)–Ru(1)–N(4A) 87.23(19)

or Ru(NH3)4(deeb)2+ and Ru(en)2(deeb)2+. The visible absorption
pectra for the compounds on TiO2 were also found to be sol-
ent dependent, though to a lesser extent than that observed in
uid solution. The visible spectrum of [Ru(en)2(deeb)](PF6)2 on
ase pre-treated TiO2 was typically red-shifted 5–10 nm relative
o acid-treated TiO2, Table 4. Absorption spectra observed on acid-

r base-treated ZrO2 films were qualitatively similar to those on
iO2. The normalized absorption spectra of the three compounds
n acetonitrile solutions used for surface binding did not change

ith time. No detectable room-temperature photoluminescence

able 3
hotophysical and electrochemical properties of compounds.a.

Compounds �abs, nm (ε × 103 M−1 cm−1)b hvem

ACN DMF

[Ru(NH3)5(eina)](PF6)2 486 (14.7) 530 (13.7) –
[Ru(NH3)4(deeb)](PF6)2 430 (10.4), 560 456 (10.8), 592 –
[Ru(en)2(deeb)](PF6)2 424 (11.1), 552 448 (11.6), 580 11,4

a All measurements were made at 22 ± 2 ◦C, except emission measurements.
b ACN is acetonitrile and DMF is dimethylformamide. Absorption maxima are ±4 nm. On

re given in parentheses.
c In butyronitrile glass at 77 K.
d Potentials were reported vs. Ag/AgCl, ±20 mV, at a scan rate of 100 mV/s.
Fig. 4. Photoluminescence spectrum of [Ru(en)2(deeb)](PF6)2 in a butyronitrile
glass at 77 K.

was measured from these compounds in solution or when anchored
to TiO2 or ZrO2.

Near-infrared photoluminescence measurements indicated that
[Ru(en)2(deeb)](PF6)2 was emissive at 77 K in butyronitrile glass
with an MLCT emission maximum at ∼11,400 cm−1, Fig. 4.
The spectrum showed evidence for a weak vibronic progres-
sion (	 ≈ 1300 cm−1) that is probably a convolution of many
vibronic distortion modes. An approximately 6500 cm−1 pseudo-
to the fundamental emission maximum was quantified that is
similar to that reported for other tetra-am(m)ine ruthenium
bipyridyl compounds [20]. No photoluminescence was observed for
[Ru(NH3)5(eina)](PF6)2 under the same conditions, which was con-

(max) cm−1c E1/2(RuIII/II) mVd E1/2 (L0/−) Vd

ACN DMF ACN DMF

460 180 – –
755 600 −1.28 −1.38

00 830 650 −1.26 −1.35

ly absorption bands in the visible region are listed. The molar extinction coefficients
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Table 4
Spectroscopic and redox properties, limiting surface coverages and equilibrium binding constants for Ru Am(m)ine compounds with acid- and base-pre-treated TiO2 films
at 22 ± 2 ◦C.

Compound �abs, nma E1/2(RuIII/II), mVb � 0 × 10−8 mol/cm2 Kad × 105 M−1

pH = 1 TiO2 pH = 12 TiO2 pH = 1 TiO2 pH = 12 TiO2 pH = 1 TiO2 pH = 12 TiO2 pH = 1 TiO2 pH = 12 TiO2

ACN DMF ACN DMF ACN DMF ACN DMF

Ru(NH3)5(eina)2+ 505 555 528 558 172 −36 262 120 3 ± 2 10 ± 3 2.5 9.0
Ru(NH3)4(deeb)2+ 440

580
450
595

445
595

447
600

515 c 595 d 7 ± 2 9 ± 3 1.5 6.0

Ru(en)2(deeb)2+ 440
575

445
580

440
580

443
590

730 c 800 d 8 ± 2 4 ± 1 1.2 3.0

a The acidity of the TiO2 film refers to the acidity of the aqueous solution used to pre-treat the film. Measurements were made with an unsensitized TiO2 film as reference.
Absorption maxima are ±4 nm.
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b Half-wave potentials were measured at an FTO/TiO2/sensitizer working electro
.1 M LiClO4 acetonitrile or dimethylformamide electrolyte for pH = 12 TiO2. Potent
c There was considerable desorption of the compounds from the surface.
d No clear cathodic peak currents were observed.

istent with previous reports of ruthenium penta-ammine excited
tates measured at 4 K [21].

All compounds displayed quasi-reversible RuIII/II redox chem-
stry by cyclic voltammetry in fluid solution. The redox chemistry
s termed quasi-reversible because the anodic and cathodic cur-
ents were approximately equal but the peak-to-peak separation
as typically ∼80–120 mV over scan rates of 20–100 mV/s [22]. For
u(NH3)4(deeb)2+ and Ru(en)2(deeb)2+, ligand-based half-wave
eduction potentials, E1/2(L0/−), were also quantified, Table 3. Con-
istent with previous reports, the metal III/II half-wave reduction
otentials, E1/2(RuIII/II), were highly solvent dependent while the

igand based reductions were only weakly solvent dependent
24]. In dimethylformamide, E1/2(RuIII/II) of Ru(en)2(deeb)2+ shifted
80 mV to 650 mV from 830 mV in acetonitrile. The first reduction
otential of Ru(en)2(deeb)2+ shifted 90 mV from −1.26 V to −1.35 V
hen the solvent was changed from acetonitrile to dimethylfor-
amide.
The sensitizers bound to acid- or base-treated TiO2 electrodes

isplayed quasi-reversible E1/2(RuIII/II) in acetonitrile electrolyte.
ositive shifts, ∼70–90 mV, in the RuIII/II half-wave potentials
etween the pH = 1 and pH = 12 pre-treated surfaces in acetonitrile
lectrolyte were obtained for all the compounds. Considerable sur-
ace desorption and no clear cathodic peak currents were observed

or Ru(NH3)4(deeb)2+ and Ru(en)2(deeb)2+ on TiO2 in the dimethyl-
ormamide electrolyte. For pH = 1 pre-treated samples with 0.1 M
BAClO4 in either acetonitrile or dimethylformamide, the surface-
ound sensitizers were stable in the formal oxidation states of II
nd III. Stepping the potential positive of E1/2(RuIII/II) resulted in

ig. 5. Attenuated total reflectance spectra for (a) Ru(NH3)5(eina)/TiO2, and (b) Ru(NH3)4

H = 12 (. . .) aqueous solutions.
0.1 M TBAClO4 acetonitrile or dimethylformamide electrolyte for pH = 1 TiO2 or in
ere vs. Ag/AgCl.

oxidation of the surface-bound sensitizers that could be reversed
by restoring the initial potential.

The 77 K photoluminescence spectrum from Ru(en)2(deeb)2+*

allows the free energy stored in the excited state to be estimated,
�Ges, which can be used to calculate the excited-state reduction
potential, E1/2(RuIII/II*), through the thermochemical cycle depicted
with Eq. (2) [23]:

E1/2(RuIII/II∗ ) = E1/2(RuIII/II) − �Ges (2)

Estimation of the excited-state reduction potential of
Ru(en)2(deeb)2+* anchored to acid pre-treated TiO2 is thus
−810 mV vs. Ag/AgCl, using the high-energy emission of the com-
pound in solution at 77 K as an estimate of �Ges. We emphasize
that it is an excited-state that injects the electron into TiO2, and
not the lowest unoccupied molecular orbital (LUMO) of the ground
state.

FT-IR spectra of the solid compounds showed the pres-
ence of intense bands at ∼1710–1725 cm−1 (	COO) for the
carbonyl, ∼1603 cm−1 ( ) for the aromatic ligand, and one
band at ∼1630 cm−1 for N–H scissoring. Upon surface bind-
ing to TiO2 thin films, the asymmetric carboxylate stretch of
[Ru(NH3)4(deeb)](PF6)2 shifted to higher energy, while there was
no change for the same stretch of [Ru(NH3)5(eina)](PF6)2, within

experimental error. Shown in Fig. 5a and b are the FT-IR spec-
tra of [Ru(NH3)5(eina)](PF6)2 and [Ru(NH3)4(deeb)](PF6)2 bound
to pH = 1 and pH = 12 pre-treated TiO2, and the bands are sum-
marized in Table 5. Interestingly, solid [Ru(NH3)4(deeb)](PF6)2
exhibited an intense band centered at 1710 cm−1, while this bands

(deeb)/TiO2 with thin films that had been pre-treated with pH = 1 ( ) and



100 H.-L. Xia et al. / Journal of Photochemistry and Photobiology A: Chemistry 216 (2010) 94–103

Fig. 6. Transient absorption difference spectra observed after 532 nm laser excitation (∼10 mJ/pulse, 10 ns fwhm) of Ru(en)2(deeb)/pH = 1 TiO2 (a) and Ru(en)2(deeb)/pH = 12
TiO2 (b). The solvent was argon-saturated neat acetonitrile for pH = 1 TiO2 and 0.01 M LiClO4 acetonitrile for pH = 12 TiO2. The spectra are shown at delay times of 0 ns (�),
200 ns (�), 600 ns (�) and 2 �s (�). The absorption difference spectrum from spectroelectrochemistry of Ru(en)2(deeb)2+/pH = 1 TiO2 (—) normalized to the 200 ns spectrum
is overlaid in (a).

Table 5
FT-IR data for compounds in solid-state and anchored to TiO2.a.

Compounds Solid-state (cm−1) TiO2 (cm−1)
pH = 1 pH = 12

h a res

s
t
[
a
s
t
[
w

n
p
p
s
a
s
r
s

F
w
T

[Ru(NH3)5(eina)](PF6)2 1722, 1633, 1603
[Ru(NH3)4(deeb)](PF6)2 1710, 1630, 1603

a Frequencies of the COO asymmetric stretch are averages of 64 scans wit

hifted to 1722 cm−1 when anchored to TiO2. The FT-IR spec-
ra of [Ru(en)2(deeb)](PF6)2 were qualitatively similar to those of
Ru(NH3)4(deeb)](PF6)2. The FT-IR spectra of the compounds on the
cid- and base-pre-treated ZrO2 thin films were qualitatively the
ame as those on the respective TiO2 films. One broad band cen-
ered at 1630 cm−1 was observed for [Ru(NH3)5(eina)](PF6)2 and
Ru(NH3)4(deeb)](PF6)2 when bound to acid-treated TiO2, while it
as nearly absent on base-treated TiO2.

There was no evidence for the presence of excited states by
anosecond absorption spectroscopy when the compounds were
hoto-excited in fluid solution or anchored to metal-oxide sup-
orts at room temperature. In fluid acetonitrile solution, steady

tate illumination resulted in a decrease in the MLCT absorption for
ll the compounds. No new absorption bands were observed con-
istent with the loss of the chromophoric deeb or eina ligand and
eplacement by solvent molecules. The quantum yield for photo-
olvation of Ru(NH3)5(eina)2+ in acetonitrile was 0.02 with 489 nm

ig. 7. Photocurrent action spectra of acid pre-treated Ru(NH3)4(deeb)/TiO2 ( ) (a) and R
ere corrected for the contribution from blank TiO2 ( ). Normalized 1 − T spectra for Ru(

BAClO4 acetonitrile are overlaid on the photocurrent action spectra.
1722, 1630, 1597 1726, 1593
1722, 1631, 1595 1722, 1593

olution of 4 cm−1.

light. Under steady state irradiation at 460 nm, the relative photo-
stability in acetonitrile solution was found to decrease in the order:
Ru(en)2(deeb)2+ > Ru(NH3)4(deeb)2+ » Ru(NH3)5(eina)2+.

Transient absorption difference spectra measured after pulsed-
light excitation of Ru(en)2(deeb)2+ anchored to pH = 1 and pH = 12
TiO2 are shown in Fig. 6a and b. The corresponding spectra of
Ru(NH3)4(deeb)/TiO2 were very similar to those shown. There was
no evidence for the presence of excited states or of ligand-loss
photochemistry and the spectra were assigned to an interfa-
cial charge-separated state, RuIII/TiO2(e−). The rate of electron
injection could not be time-resolved, kinj > 108 s−1. Spectroelec-
trochemistry was employed to generate the absorption spectrum

of the oxidized ruthenium compounds that were in turn used to
simulate the transient absorption spectra obtained for the acid pre-
treated samples. For example, RuII(en)2(deeb)/TiO2 was oxidized
to RuIII(en)2(deeb)/TiO2 with an applied potential of +0.95 V vs.
Ag/AgCl in 0.1 M TBAClO4 acetonitrile. The absorbance spectrum of

u(en)2(deeb)/TiO2 (�) (b) in 0.5 M TBAI/0.05 M I2 acetonitrile solution. The spectra
NH3)4(deeb)/TiO2 ( ) (a) and Ru(en)2(deeb)/TiO2 ( ) (b) in 0.5 M
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Table 6
Excited-state injection quantum yields, inj , with 532 and 416 nm light excitation.

Compound inj inj

416 nm 532 nm

t
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Ru(NH3)5(eina)2+ 0.30 ± 0.05 0.15 ± 0.03
Ru(NH3)4(deeb)2+ 0.38 ± 0.01 0.18 ± 0.04
Ru(en)2(deeb)2+ 0.36 ± 0.02 0.22 ± 0.02

he compound in the formal oxidation state of (II) was subtracted
rom that measured in the (III) state and was scaled and superim-
osed on the transient data in Fig. 6a as a dashed line. A weak pos-

tive absorption was observed at longer observation wavelengths
onsistent with the presence of TiO2(e−), data not shown [2].

Comparative actinometry was utilized to determine the quan-
um yields (inj) for excited-state electron injection into TiO2 [16].
t was assumed that the extinction coefficients of the compounds in
uid solution did not change when anchored to the TiO2 thin films
nd that neither the RuIII state nor the injected electron absorbed
ignificantly at the monitoring wavelength, 460 nm. The inj values
ere sensitive to the excitation wavelength and the identity of the

ensitizer and approximately doubled with 416 nm excitation light
elative to 532 nm, Table 6. Surface pre-treatments also had a pro-
ound influence on inj, which was generally several times larger
or acid pre-treated films relative to base-treated. The injection
ields on base pre-treated TiO2 could be improved by the addition
f LiClO4 to the external acetonitrile.

The recovery of the ground-state absorption quantified at the
aximum of the absorption change was well described over the

rst two microseconds by a second-order, equal-concentration
inetic model, due to RuIII + TiO2(e−). The second-order rate con-
tants showed no measurable dependence on the monitoring
avelength, excitation wavelength (416 nm and 532 nm), or irra-
iance. Typical observed rate constants were on the order of
obs ∼5 × 108 M−1 s−1. The RuIII/TiO2(e−) charge-separated states
eturned cleanly to baseline on a millisecond time scale with no
vidence for photochemistry after several hundred laser pulses.

Typical photocurrent action spectra of acid pre-treated TiO2
ensitized with Ru(NH3)4(deeb)2+ or Ru(en)2(deeb)2+ in 0.5 M
BAI/0.05 M I2 acetonitrile electrolyte are shown in Fig. 7. The IPCE
incident photon-to-current conversion efficiency) was calculated
ia Eq. (3):

PCE = [1240 eV nm][photocurrent density (mA cm−2)]
[wavelength nm][irradiance (mW cm−2)]

(3)

The maximum IPCE values were ∼15%. The photocurrents were
ower when dimethylformamide was used in place of CH3CN. Rapid
esorption of sensitizers was observed when LiI was used in place
f TBAI. Normalized light harvesting efficiency (1 − T) spectra for
u(NH3)4(deeb)/TiO2 (solid line) and Ru(en)2(deeb)/TiO2 (dashed

ine) in 0.5 M TBAClO4 acetonitrile are overlaid on the photocur-
ent action spectra. No significant photocurrent was observed for
u(NH3)5(eina)/TiO2 under otherwise identical conditions.

. Discussion

Adsorption isotherm measurements demonstrated that all the
uthenium am(m)ine compounds under study bind strongly to
anocrystalline TiO2 thin films with adduct formation constants of
–9 × 105 M−1 and surface coverages of 3–10 × 10−8 mol/cm2. The
elatively large spread encompasses the fact that TiO2 films pre-

reated with aqueous base solutions gave larger adduct formation
onstants and surface coverages than those that were untreated or
cidic pre-treated [10]. Interestingly, the largest adduct formation
onstant was measured for Ru(NH3)5(eina)2+ that contains only a
ingle anchoring ester group. This result appears to be in conflict
tobiology A: Chemistry 216 (2010) 94–103 101

with a previous report where a significantly lower adduct formation
constant was observed for a Ru(II) bipyridyl compound containing
a monocarboxy ligand relative to an analogous compound with two
[24]. However, the ammine ligands utilized in this study are known
to undergo outer-sphere charge transfer interactions and the ester
groups were not completely hydrolyzed to their carboxylate forms
(see below) [25].

The FT-IR–ATR spectra of the surface-anchored compounds
were remarkably similar and insensitive to surface pre-treatments.
A single asymmetric COO stretch was observed, 1710–1730 cm−1,
and a broad band centered at 1600 cm−1. This similarity indi-
cated a similar binding mode(s) to TiO2. In previous work with
Ru(deeb)(bpy)2

2+, FT-IR–ATR data showed quite clearly that the
ester groups were hydrolyzed to the carboxylate forms by the TiO2
surface. This was not the case here and the higher energy band at
∼1726 cm−1 for the sensitized materials was reasonably assigned
to the COO group of the unhydrolyzed, native ester.

Surface attachment was found to induce a 50–300 mV negative
shift in the RuIII/II reduction potentials measured relative to the
value in fluid electrolyte for both CH3CN and DMF. The RuIII/II reduc-
tion potentials were solvent dependent and were more negative in
DMF electrolytes than in acetonitrile [4]. For heteroleptic ruthe-
nium polypyridyl compounds, comparative studies have shown
that the RuIII/II reduction potentials were the same, to within 50 mV,
in solution and when the compounds were bound to TiO2. However,
metal ammine and cyano compounds are well known to be much
more sensitive to the local environment than are tris-chelated com-
pounds. Outer-sphere interactions with ammine and cyano ligands
have a significant influence on MIII/II potentials and this underlies
the significant solvatochromism observed with this class of com-
pounds. A related study with the highly solvatochromic compound
Ru(dcb)(CN)4

2-, also revealed a more negative RuIII/II reduction
potential relative to that in fluid solution [26]. For the am(m)ine
compounds under study, the surface-induced cathodic shift is most
likely due to hydrogen bond formation between ammine protons
and surface oxygen atoms of the polar TiO2 interface [27]. An
infrared study on similar anatase TiO2 thin films provided spec-
troscopic evidence for the presence of surface bound-OH2

+ species
at acidic surfaces [28].

The RuIII/II reduction potentials showed a 70–90 mV anodic shift
on pH = 12 TiO2 relative to those on pH = 1 TiO2. Zaban and co-
workers reported that RuIII/II reduction potential shifts induced by
semiconductor surface acidity varied from 21 mV to 53 mV per pH
unit depending on whether the physical location of the sensitizer
was inside or outside the double layer [29]. The small shift observed
here is in agreement with a previous report using the same sample
pre-treatment procedures [13].

In fluid solution the ligand reduction potentials were observed
to be less solvent dependent, shifting ∼100 mV cathodically. If this
behavior was translated to the semiconductor surface, the surface-
induced RuIII/II reduction potential shift would increase the spectral
response of the materials at long wavelengths and alter the driving
force for iodide oxidation. Indeed, solvatochromic dye-sensitized
nanocrystalline solar cells have recently been reported [25].
Compared to the RuIII/II reduction potential of Ru(NH3)5(eina)2+,
those of Ru(NH3)4(deeb)2+ and Ru(en)2(deeb)2+ are considerably
more positive and are closer to the widely used sensitizer cis-
Ru(dcb)2(NCS)2, 0.85 V vs. SCE in fluid acetonitrile [30].

The photophysical and photochemical properties of ruthenium
ammine compounds have been extensively investigated [4,5]. The
visible spectra are characterized by MLCT absorptions that are

solvent dependent. The properties of the excited state are domi-
nated by the presence of a low-lying LF state. Therefore, ruthenium
ammine excited states typically have picoseconds lifetimes and are
photolabile in fluid solution. Recently, a systematic study of the 77 K
emission of a series of [Ru(Am)6−2n(bpy)n]2+ compounds (n = 1–3),
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wavelength dependent. In regenerative solar cells, light absorption
02 H.-L. Xia et al. / Journal of Photochemistry a

here Am is an am(m)ine, has been reported [15,17]. The emis-
ion energies were observed to decrease as n increased in good
orrelation with electrochemical oxidation and reduction poten-
ials in ambient solutions. In preliminary studies, the energy of the
7 K MLCT emission of Ru(en)2(deeb)2+ in butyronitrile glass was
ound to be ∼11,400 cm−1, consistent with the variations in the dif-
erences in metal and ligand reduction potentials. The very small
mplitude envelope of medium frequency vibronic components,
.e. ∼1300 cm−1, is most likely an attenuation effect that arises from
onfigurational mixing with the ground state. Most of this probably
omes from the shift of the ground state potential energy minimum.

Previous studies have indicated that the �-donating and
-back-bonding properties of the ligand influence the MLCT
xcited-state energies in ruthenium polypyridyl compounds [31].
he electron-withdrawing diethyl ester groups on deeb ligands
tabilize the �* levels of bipyridine, resulting in a red-shifted
LCT emission for Ru(deeb)3

2+, relative to the Ru(bpy)3
2+. If

his behavior translates to ruthenium ammine compounds in the
rozen butyronitrile glass at 77 K, a red-shifted MLCT emission for
u(NH3)4(deeb)2+, relative to Ru(NH3)4(bpy)2+ is expected. Not
urprising, the emission energies at 77 K for Ru(en)2(deeb)2+ red-
hifted ∼1650 cm−1 relative to those reported for Ru(NH3)4(bpy)2+

17].
Gerischer theory predicts that the excited-state injection rate

onstant, kinj, is related to the product of the transfer frequency and
verlap of the excited-state donor levels and TiO2 acceptor states
ntegrated over all energies, Eq. (4),

inj∼
∫

�(E)Da(E)Wd(E) dE (4)

here �(E) is the transfer frequency, Da(E) is the density of
noccupied acceptor states in TiO2, and Wd(E) is the sensitizer
xcited-state donor distribution function [32]. A number a stud-
es have indicated that Da(E) increases exponentially toward the
acuum level in these nanocrystalline thin films [33]. Therefore,
he injection rate constant is expected to be sensitive to the
xcited-state reduction potential, E0(RuIII/II*), and is optimized for
ensitizers that are stronger photoreductants, i.e. possess more neg-
tive excited-state potentials. The injection quantum yields for the
hree compounds were at most 0.38, although electrochemical and
hotoluminescence studies of Ru(en)2(deeb)2+ indicated that the
hotoluminescent excited state was a potent photoreductant that
ossessed strong overlap with the TiO2 acceptor states. Injection
ccurring from vibrationally hot excited states or singlet excited
tates is necessarily more energetically favorable [34]. In the limit
f excited-state injection from the initially formed Franck–Condon
xcited state, the energy of the absorbed photon directly deter-
ines the excited-state reducing power, Eq. (2) with �Ges = h	. The

igher injection yields measured for blue light excitation relative to
reen light clearly indicates that some injection is occurring from
pper excited states. The poor overall injection quantum yields
ere attributed to competitive rapid internal conversion and non-

adiative decay processes that are absent in the Ru(II) sensitizers
ommonly utilized for solar energy conversion applications.

The photocurrent data provide further evidence that electron
njection occurs in part from non-thermally-equilibrated excited
tates [3]. The incident photon-to-current efficiency, IPCE, is pro-
ortional to three terms: the absorptance or light harvesting
fficiency (LHE), the injection quantum yield (inj) and the effi-
iency with which injected electrons are collected in the external
ircuit (� ), Eq. (5),
coll

PCE = LHE inj �coll (5)

The wavelength dependence of the IPCE is normally attributed
o the LHE of the sensitizer, which is equivalent to the absorptance,
tobiology A: Chemistry 216 (2010) 94–103

and, in the absence of light scattering, one minus the transmit-
tance (1 − T). However, comparisons of the photocurrent action
spectra of Ru(NH3)4(deeb)2+ and Ru(en)2(deeb)2+ with their 1 − T
spectra reveal that the decreased photocurrent observed at longer
wavelengths cannot be solely explained by decreased light absorp-
tion or by direct excitation of the TiO2. Instead, this must reflect
a wavelength dependence of either inj, �coll, or both. The col-
lection efficiency could be wavelength dependent if electrons
injected further away from the conductive glass FTO substrate have
a higher probability of undergoing recombination. Since control
experiments with other ruthenium polypyridyl sensitizers, such
as Ru(bpy)2(deeb)2+, exhibited coincident photocurrent action and
absorptance spectra at these photon energies, the dissimilarity
between the photocurrent and absorptance spectra observed here
most likely reflect a wavelength-dependent injection yield. This
conclusion is also consistent with the comparative actinometry
measurements made at open circuit in the absence of the redox
mediator. To our knowledge, there are only four previous reports
of photocurrent action spectra that did not correspond to the sensi-
tizer absorptance spectrum and these authors also concluded that
this behavior resulted from wavelength-dependent excited-state
injection [2b,3a,d,35].

In previous work, a ruthenium penta-ammine compound with
a single chromophoric pyridine ligand, [Ru(NH3)5(eina)](PF6)2,
was successfully utilized to sensitize nanocrystalline TiO2 thin
films [6c]. Comparative actinometry measurements indicated
that the interfacial electron-injection quantum yield, inj, was
excitation-wavelength dependent and sensitive to deuteration of
the ammines. The quantum yields were optimized with blue light
excitation (416 nm) and complete deuterium substitution [6d].
These results also indicated that electron injection occurs in compe-
tition with excited-state vibrational relaxation and/or intersystem
crossing. In regenerative solar cells employing Ru(NH3)5(eina)2+,
negligibly small photocurrents were measured while the sensitiz-
ers reported here gave incident photon-to-current efficiencies as
high as 15%. This undoubtedly reflects the more positive RuIII/II

reduction potentials. After excited state injection, the sensitizer is
present in the Ru(III) formal oxidation state and must oxidize iodide
before recombination with the injected electron. If iodide oxida-
tion is slow, the injected electron will recombine with the oxidized
sensitizer and no measureable steady state photocurrent results.
Sensitizers with more positive RuIII/II reduction are expected to
oxidize iodide more efficiently and hence give larger photocur-
rents as was observed here. However, the potentials still remain
to be optimized for iodide oxidation such that recombination with
the oxidized sensitizer is negligible [36]. The RuIII/II reduction
potentials of the new sensitizers reported here are ∼200 mV neg-
ative of that measured for optimized sensitized materials such as
Z907/TiO2 [37]. Thus some losses are expected in �coll due to rapid
TiO2(e−) + Ru(III) recombination. Indeed the fact that the IPCE val-
ues are a factor of two lower than the measured injection yields
probably reflects this.

5. Conclusions

Two new ruthenium am(m)ine bipyridyl compounds were pre-
pared, characterized, and found to sensitize nanocrystalline TiO2
thin films to visible light. The excited states injected electrons into
TiO2 rapidly, kinj > 108 s−1, but the yield was found to be excitation
by the higher energy MLCT absorption band resulted in a larger
photocurrent than did light absorption by the lower energy MLCT
band. The results suggest that the presence of low-lying ligand
field states results in an excited state deactivation pathway that
competes kinetically with electron injection.
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