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Pursuant to our goal of optimizing the performance of cyclo-
metalated Ru sensitizers in the dye-sensitized solar cell
(DSSC), the physicochemical properties of a series of tris-het-
eroleptic RuII complexes are reported. Each of these com-
plexes contains a metal ligated by: (i) a bidentate 2,2�-bipyr-
idine-4,4�-dicarboxylic acid (dcbpy) ligand to anchor the dye
to the TiO2 surface; (ii) a cyclometalating ligand – with
electron-withdrawing groups to ensure a sufficiently high
oxidation potential for dye regeneration in the DSSC; and

Introduction

The relatively low embodied energy of the dye-sensitized
solar cell (DSSC) makes this technology a promising alter-
native to conventional solar cell materials – particularly for
smaller scale applications that rely on nonideal light condi-
tions.[1–4] Although the DSSC currently stands out as the
most efficient third-generation solar cell technology,[5] there
remains the need to further improve the power conversion
efficiency (η) of these cells beyond the current benchmark
of 12.1%.[6] While a growing body of research has been di-
rected at improving the anode material (e.g., TiO2,[7] ZnO[8])
and the electrolyte [e.g., I–/I3

–,[9] NiIII/NiIV bis(dicarbol-
lide),[10,11] polythiophene[12]], our program has joined the
broad effort to expand the catalogue of light harvesting mo-
lecules in pursuit of robust and high performance de-
vices.[13–15]

Pioneering DSSC studies by Grätzel et al., utilized the
dye complex, Ru(dcbpy)2(NCS)2 (N3), to generate efficienc-
ies greater than 10 %.[16,17] Since that discovery, the limited
set of bona fide champion (i.e., η � 10%) dyes that have
emerged in the literature bear many of the same structural
elements as N3.[1,6,17–26] There are, however, some notable
recent findings that outline alternative approaches to dye
design. Examples include the recent report of the first
champion organic dye by Wang et al.,[27] and the remarka-
bly high efficiency of a porphyrinatozinc derivative by Diau
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(iii) a 2,2�-bipyridine (bpy) ligand. UV/Vis and electrochemi-
cal data reveal that each complex exhibits broad metal-to-
ligand charge transfer (MLCT) bands of significant intensity
(ε = 1.0–2.3�104 M–1 cm–1) in the visible region, and ground-
and excited-state redox potentials that are appropriate for
sensitizing TiO2. Analysis of the dyes in the DSSC highlights
the sensitivity of cell performance to the oxidation potential
for each of the dyes, which has important implications in the
development of cyclometalated Ru sensitizers.

et al.[28] Another important development directly relevant
to this study is the recognition that Ru dyes devoid of
NCS–– ligands are capable of achieving efficiencies that ap-
proach or exceed 10 %.[29,30] These findings provide the im-
perative to further the development of cyclometalated RuII

derivatives[31–38] in the context of the DSSC.[39–41]

Cyclometalated Ru complexes of type [RuII(N∧N)2-
(C∧N)]z [N∧N = dcbpy (2,2�-bipyridine-4,4�-dicarboxylic
acid); C∧N = bidentate cyclometalating ligand; e.g., ppy (2-
phenylpyridine); z = 0 or +1] are generally characterized
by a highest occupied molecular orbital (HOMO) that is
predominantly metal-based, but with orbital character ex-
tended to the anionic ring of the cyclometalating li-
gand.[40,42] The orbital character of the low-lying excited
states resides on the π* framework of the N∧N ligands (e.g.,
anchoring dcbpy ligands); the π*-system of the C∧N ligand
often lies higher in energy by ca. 1.2 eV. The increased do-
nor strength of the C∧N ligands raises the energy of the
metal d-orbitals resulting in a complex that is easier to oxid-
ize; e.g., Eox = +0.70 and +1.52 V vs. NHE (MeCN) for
[Ru(bpy)2(ppy)]+ and [Ru(bpy)3]2+, respectively.[40] The li-
gand π*-systems are also shifted to higher energies, but to
a lesser extent, which leads to a bathochromic shift of the
lowest-energy UV/Vis absorption bands. The lower molecu-
lar symmetry lowers the degeneracy of the energy levels to
produce a series of broad absorbance bands.

An important observation is that the perturbation of the
C∧N ligand-field renders a HOMO analogous to the para-
digmatic N3 complex with respect to the orbital character
being delocalized over the metal and anionic ligand(s). Un-
like N3, however, C∧N ligands provide the opportunity for
further chemistry because the HOMO level can be easily
modulated through the judicious installation of terminal
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substituents.[42] This feature provides a significant amount
of leverage for optimizing the numerous factors that must
be in alignment for efficient sensitization (e.g., appropriate
ground- and excited-state redox properties, high molar ex-
tinction coefficients, appropriate electron-transfer kinet-
ics).[13,43]

A strategy that has proven to be effective for conven-
tional dyes is the use of a tris-heteroleptic ligand environ-
ment; indeed, the significant majority of champion dyes are
variations of N3, where one dcbpy ligand has been replaced
with a bpy ligand bearing bulky, conjugated substitu-
ents.[1,6,20–26] These substituents can be used to absorb more
light and suppress recombination processes between the
electrolyte and the TiO2. Moreover, the use of hydrophobic
chains can lend stability to the device by inhibiting water
from reaching the surface and affecting the interaction with
the anchoring group.[23,26,44]

The objective of this study is to combine said design stra-
tegies to develop a series of tris-heteroleptic cyclometalated
RuII complexes for the purpose of sensitizing TiO2 in the
DSSC. There is currently no example of such a C∧N com-
plex in the literature that is poised for sensitizing TiO2; in-
deed, to the best of our knowledge, the only literature pre-
cedent for a tris-heteroleptic cyclometalated RuII complex
is [Ru(bpy)(5,6-Me2phen)(ppy)](PF6) (5,6-Me2phen = 5,6-
dimethyl-1,10-phenanthroline) reported by Ryabov et al.[45]

To fill this void in the literature, we outline herein a series
of complexes broadly formulated as [Ru(bpy)(dcbpy)-
(C∧N)]+ (1d–3d, Scheme 1). Each complex contains: (i) a
dcbpy ligand to anchor the dye to the TiO2; (ii) an unsubsti-
tuted bpy ligand; and (iii) a cyclometalating ligand with
various terminal substituents. The substituents were se-
lected by virtue of their electron-withdrawing character to

Scheme 1. Synthetic protocol for tris-heteroleptic ruthenium sensi-
tizers: (i) bpy, CH2Cl2, room temp., 20 h (1a, 3a); bpy, CH2Cl2,
reflux, 20 h (2a); (ii) deeb, EtOH, reflux, 3 h; (iii) 3:1:1 DMF/H2O/
NEt3, reflux, 16 h. Counteranion is PF6

– for all complexes.
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ensure a thermodynamic driving force exists for dye regen-
eration (e.g., 200, 430, and 230 mV for 1d–3d, respectively,
where E1/2 (I–/I3

–) ≈ +0.5 V vs. NHE); the thiophene-alde-
hyde substituent was utilized to expand the orbital charac-
ter of the HOMO to further improve the light-harvesting
capacity of the complex (the aldehyde serves to increase
Eox).[42] While the bpy ligand does not contain bulky sub-
stituents, it serves as a placeholder for such ligands in future
studies. A comparative cell performance is reported to
underscore the need for sufficiently high oxidation poten-
tials to achieve optimal power output. This article provides
a proof-of-concept for the application of these dyes in the
DSSC, and outlines important guiding principles for fur-
ther improving the performance of this class of sensitizers.

Results and Discussion

Synthesis and Characterization

To the best of our knowledge, the only documented ex-
ample of a tris-heteroleptic cyclometalated RuII complex is
[Ru(bpy)(5,6-Me2phen)(ppy)](PF6).[45] Synthetic access to
this complex is provided by the synthon, [Ru(CH3CN)4-
(ppy)](PF6) (1a), which is amenable to subsequent reactions
with bpy and 5,6-Me2phen under moderate reaction condi-
tions (e.g., 60–65 °C, MeOH). This facile synthetic pathway
does not, however, fully translate to our target complexes
because of the electron-withdrawing substituents on the
C∧N and polypyridyl ligands; moreover, the presence of
–CO2H anchoring groups on DSSC dyes is not generally
compatible with syntheses in purely organic solvents. Con-
sequently, the preparative route described above had to be
modulated to accommodate these structural and electronic
disparities.

We have shown in prior work that [Ru(CH3CN)4-
(C∧N)](PF6) and [Ru(CH3CN)2(p-cymene)(C∧N)](PF6) are
suitable synthons for subsequent reactions with bpy deriva-
tives.[42] While both precursors form in approximately equi-
molar concentrations under our reaction conditions, they
were shown to converge on the same product {e.g.,
[Ru(dcbpy)2(C∧N)]+} during the subsequent ligation step.
Our efforts to isolate 1b using this same protocol (in a re-
fluxing CH2Cl2 medium) resulted in a mixture of
[Ru(CH3CN)2(bpy)(ppy)](PF6) and [Ru(bpy)2(ppy)](PF6),
as well as [Ru(CH3CN)2(p-cymene)(ppy)](PF6). Because the
latter species does not react with bpy (or dcbpy) to an ap-
preciable extent, the precursor [Ru(CH3CN)4(C∧N)](PF6) is
a critical starting point for our syntheses. The reagent
[Ru(C6H6)Cl2]2 furnishes the desired precursor in exclusiv-
ity according to the method described by Pfeffer et al.[35]

The subsequent reaction step to form 1b is relatively fac-
ile (Scheme 1); i.e., all of the bpy is consumed during the
formation of 1b within 20 h at ambient temperatures {a
minor quantity of the [Ru(bpy)2(ppy)](PF6) byproduct is
formed}. This procedure was less successful in the case of
2b: less than 10% of the bpy starting material was con-
sumed over 20 h. Our interpretation of this result is that the
electron-withdrawing nature of the ppy-F2 ligand dimin-
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ishes the electron density at the RuII centre, thereby sup-
pressing the displacement of the CH3CN donor ligand by
bpy at ambient temperatures. Elevated reaction tempera-
tures (e.g., 35 °C) do help drive the consumption of bpy,
but this procedure results in a ca. 70:30 mixture of
[Ru(CH3CN)2(bpy)(ppy-F2)](PF6)/[Ru(bpy)2(ppy-F2)]-
(PF6), along with residual [Ru(CH3CN)4(ppy-F2)](PF6).
Further complications were encountered during purifica-
tion: 2b reverts to 2a during the column chromatography
separation steps. These challenges were not observed in the
case of 3b, which could be isolated using the same method
as 1b. The outcome of these reactions highlights how elec-
tronic parameters affect the loss of the MeCN ligand;
namely, an electron-deficient Ru metal centre inhibits the
displacement of MeCN at ambient temperatures.

We note that the addition of diethyl 2,2�-bipyridine-4,4�-
dicarboxylate (deeb) to 1a–3a prior to the addition of bpy
results in the formation of [Ru(deeb)2(C∧N)](PF6) as the
major product. We attribute this result to a stronger syner-
gistic bonding interaction with Ru, which effectively stabi-
lizes the low-lying π* orbitals to a greater extent than bpy.
On this basis, the last ligand binding step was reserved for
the deeb ligand.

Addition of deeb to 1b–3b to form 1c–3c occurs quanti-
tatively in refluxing EtOH over 2–3 h. The use of other low-
boiling, non-coordinating solvents (e.g., CHCl3 or MeOH)
resulted in lower yields and purity. We were unable to ob-
tain 3c in sufficient purity despite numerous attempts to
separate it from residual deeb by column chromatography;
however, the hydrolyzed sensitizer 3d could be separated
and isolated in sufficient purity using SiO2 and Sephadex.
The conversion to acid complexes 1d–3d results in a small
amount of ligand scrambling; e.g., [Ru(dcbpy)2(C∧N)](PF6)
and [Ru(bpy)2(C∧N)](PF6) both form as minor byproducts.
The separation of these byproducts from the target com-
plexes 1d–3d was complicated by the high solubility of all
three species after hydrolysis, and creates a more challeng-
ing purification process than with the tridentate ana-
logues.[41] Purification of all acid complexes required col-
umn chromatographic techniques. Complexes 1d and 3d ex-
ist as a 1:1 equilibrium mixture containing fully protonated
and singly protonated dcbpy ligands, while 2d exists in a
1:3 fully/singly protonated mixture.

This difference is rationalized by the electron-rich nature
of 1d and 3d disabling the stabilization of the negative
charge on the peripheral dcbpy ligand. Conversely, 2d is
better able to compensate the negative charge to stabilize
the deprotonated form. Our efforts to verify this feature by
NMR spectroscopy were not successful due to solubility
issues in aprotic apolar solvents. These diacid complexes,
similar to their tetraacid analogues,[42] were found to be hy-
groscopic (i.e. up to four water molecules per sensitizer);
extended periods under vacuum did not remove this water.

All of the metal complexes 1a–3d were characterized by
1H NMR spectroscopy, mass spectrometry and elemental
analysis. The chemical shift of the proton ortho to the orga-
nometallic bond is a useful spectroscopic handle for identi-
fying the formation of the title complexes because it resides
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as the most upfield signal in the aromatic region.[34,40,42,47]

This scenario was found to hold true for 1c–3c and 1d–3d,
but not in the cases of 1b–3b, where this same signal resides
ca. 1.8 ppm downfield (δ = 8.20–8.37 ppm; see Figure S1 in
the Supporting Information). The upfield location in 1c–3c
and 1d–3d is a consequence of the ortho proton being
shielded by an adjacent pyridine ring that is not present in
1b–3b. The bpy proton directed at the MeCN ligand repre-
sents another diagnostic signal for 1b–3b; this proton reso-
nance occurs at ca. 9.4 ppm.

Electrochemical Properties

The electrochemical behavior of all of the isolated com-
plexes in Figure 1 was examined by cyclic voltammetry. Rel-
evant redox potentials in DMF are presented in Table 1;
representative voltammograms are presented for 1a–1d in
Figure S2.

Figure 1. UV/Vis spectra of methanolic solutions of 1d–3d. The
spectrum for N3 is included as a benchmark.

The cyclic voltammograms for 1c and 2c, each of which
contain three bidentate ligands, reveal two reversible re-
duction waves and a single oxidation wave. The first re-
duction wave, Ered1, of 1c is shifted to more positive poten-
tials by ca. +450 mV relative to 1b; this reversible wave is
assigned to the π* manifold of the deeb ligand. The second
reversible reduction wave, Ered2, at –1.39 V is assigned to
the reduction of the bpy ligand. The redox behavior of 2c
follows the expected trends given the electron-withdrawing
character of the –F groups: all of the redox waves are ob-
served at higher potentials relative to 1c, the Eox1 value be-
ing affected to the greatest extent.

The corresponding acid species, 1d–2d, each display a
lower oxidation potential relative to 1c–2c. The magnitude
of this effect is greater for 1 (ΔE1/2 = 140 mV) than 2
(ΔE1/2 = 60 mV) because of the diminished electron density
at the metal center arising from the –F groups. The 2-thio-
phene-5-carbaldehyde moiety on the ppy ligand shifts the
Eox1 value only +30 mV relative to 1d, while the two –F
groups raise this potential by over +200 mV. A single re-
ductive wave assigned to the reduction of dcbpy is observed
for each of the three acid complexes, and displays only a
minor sensitivity to substituents on the ppy ligand (Ered1 =
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Table 1. Spectroelectrochemical data.

Compound[a] UV/Vis data[b] Emission data E1/2 (V vs. NHE)
λmax1 [nm] λmax2 [nm] λmax3 [nm] λem [nm][c] τ [ns][d] Eox1 Ered1

[Ru(CH3CN)2(bpy)(ppy)]+ (1b) 371 (0.90) 488 (0.61) – 735 (488) 10.7 (1.10) +0.83[e] –1.35[e]

[Ru(CH3CN)2(bpy)(ppy4thio)]+ (3b) 403 (1.7) 477 (sh) – 723 (477) 9.7 (1.20) +0.87[f] –1.34[f]

[Ru(deeb)(bpy)(ppy)]+ (1c) 421 (1.2) 498 (0.9) 575 (1.4) – – +0.84[e] –0.91[e]

[Ru(deeb)(bpy)(ppy-F2)]+ (2c) 399 (1.4) 482 (1.0) 556 (1.5) – – +0.99[e] –0.87[e]

[Ru(dcbpy)(bpy)(ppy)]+ (1d) 394 (1.3) 503 (1.0) 554 (1.2) 787 (554) 9.3 (1.02) +0.70[f] –1.37[f]

[Ru(dcbpy)(bpy)(ppy-F2)]+ (2d) 395 (1.4) 488 (1.1) 538 (1.4) 761 (538) 27.0 (1.07) +0.93[f] –1.35[f]

[Ru(dcbpy)(bpy)(ppy4thio)]+ (3d) 409 (2.3) 492 (2.0) 543 (sh) 779 (543) 14.1 (1.05) +0.73[f] –1.40[f]

[a] Counteranion is PF6
– for all complexes. Data for 2b and 3c not provided due to purification issues (see Exp. Section for details). [b]

Recorded in MeOH; ε values indicated in parentheses with units of � 104 m–1 cm–1. [c] λex indicated in parentheses with units of nm. [d]
χ2 indicated in parentheses. [e] Data collected using 0.1 m NBu4BF4 DMF solutions at 200 mV/s and referenced to a [Fc]/[Fc]+ internal
standard, followed by conversion to NHE {[Fc]/[Fc]+ vs. NHE = 0.69 V}.[46] [f] Data collected using 0.1 m NBu4BF4 DMF solutions at
200 mV/s and referenced to octamethylferrocene (OFc) [OFc]/[OFc]+ internal standard followed by conversion to NHE {[OFc]/[OFc]+

vs. NHE = +0.29 V}.

–1.35 V to –1.40 V). While the excited-state oxidation po-
tentials [E(S+/S*): –1.05 (1d), –0.91 (2d) and –1.10 V vs.
NHE (3d)] were found to be at least 400 mV higher than
the TiO2 conduction band (assuming Ecb = –0.5 V vs.
NHE),[48] the relatively low ground-state oxidation poten-
tials for 1d and 3d, which are positioned only ca. 250–
300 mV lower in energy than the I–/I3

– couple, appear to
pose a problem for dye regeneration (vide infra).

Electronic Spectroscopy

UV/Vis absorbance spectra were recorded on solutions
containing each of the metal complexes; the positions of
key absorption maxima in the visible region are listed in
Table 1. Broad absorbance bands are observed for each of
the complexes arising from a series of mixed-metal/ligand-
to-ligand charge-transfer transitions in the visible region,
and a suite of intense intraligand π-π* transitions that occur
below 330 nm. Although DFT studies show that the
HOMO character spans both the metal and anionic ring of
the C∧N ligand, the reversibility of the electrochemical
wave indicates that the electron density is situated predomi-
nantly on the metal; thus, transitions arising from these
mixed orbitals to a ligand are classified herein as metal-to-
ligand charge transfer (MLCT) for simplicity.[40,49]

The successive addition of bidentate ligands to the Ru
center in complexes 1a–1d presents the opportunity to sys-
tematically examine how the absorbance bands are affected
by progressive ligation (see Figure S3). The optical data for
1d–3d (Figure 1) reveals how terminal substituents on the
C∧N ligand affect the optical properties. The higher inten-
sity of the MLCT absorbance bands for 3d relative to 1d
and 2d, for instance, demonstrates how extending the conju-
gation away from the metal center with the substituent, 2-
thiophene-5-carbaldehyde, is an effective strategy for in-
creasing ε values.[42] This expansion of the HOMO orbital
character increases the optical cross section and the transi-
tion dipole moment to render a more strongly absorbing
complex;[50–52] e.g., integration of the UV/Vis data between
350–800 nm shows that 3d absorbs 1.7 times more light
than 1d. The blue-shift and lower intensities of λmax3 for 1d
and 2d relative to 1c and 2c is ascribed to a shift to higher-

Eur. J. Inorg. Chem. 2011, 1806–1814 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1809

energy for the lowest π* energy levels upon conversion from
deeb to dcbpy. The lowest-energy absorbance band max-
ima, λmax3, track the relative positions of the HOMO levels
and are found at progressively longer wavelengths for 2d,
3d and 1d, respectively (Figure 1).

While 1d and 2d exhibit similar absorption profiles to
the paradigmatic N3 dye in terms of intensity and onset of
absorption, the highest light-harvesting capacity among the
sensitizers in this study is 3d (Figure 1). This observation
provides a clear indication that the extended conjugation of
3d increases the entire absorption envelope, thereby lending
credence to our approach of installing conjugated substitu-
ents on the anionic ring of the C∧N ligand.

Solar Cell Performance

DSSCs were prepared with 1d–3d using a uniform set
of fabrication conditions (e.g., dye-loading concentration,
electrolyte solution, TiO2 film treatment) to establish the
relative performance of the sensitizers. Dye loading studies
confirmed that each dye has a similar molecular footprint
on TiO2; e.g., surface coverage was measured to be ca.
1�10–7 mol/cm2 for 1d–3d. Because the molecular charge,
anchoring ligand (e.g., dcbpy), and ancillary (e.g., bpy) li-
gand are all held at parity within the series, any significant
differences in cell performance can be attributed to substit-
uents on the cyclometalating ligand.

A listing of the corresponding solar cell metrics in
Table 2 indicate that cell power conversion efficiencies (η)
parallel short-circuit current (Jsc); i.e., 2d (4.02 %,
10.79 mA/cm2) � 3d (2.45%, 6.72 mA/cm2) � 1d (2.39%,
6.34 mA/cm2) (Figure 2). This trend does not, however,
track with the relative light absorption of the complexes
(e.g., the cell performance of 3d is only marginally better
than that of 1d despite absorbing 1.7 times more visible
light), thus indicating that other factors dominate cell per-
formance. This point is underscored by the significantly
higher Jsc value for 2d in the series, despite the superior
absorption manifold for 3d. IPCE data collected for 1d–3d
(Figure S4) confirms this observation with 2d plateauing at
50 % at λ = 548 nm, while 1d and 3d exhibit relatively in-
ferior conversion efficiencies throughout the visible spec-
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trum, particularly at � 650 nm. Because of the comparable
molecular footprints for the dyes, the disparities in Jsc for
the series is reasoned to be a retardation of electron-transfer
processes. We note that the lowest E(S+/S*) value is mea-
sured for 2d (–0.91 V vs. NHE) within the series; thus, it
is unlikely that the photoreducing capacity of the dye is
responsible for the observed trends in cell performance. As-
suming that the I–/I3

– redox couple is +0.5 V vs. NHE (we
caution that this value is reported to range between +0.35
to +0.58 V vs. NHE[29,30,48,53]), there exists a thermo-
dynamic driving force of ca. 430 mV to regenerate 2d, which
is significantly greater than the 200–230 mV for 1d and 3d.

Table 2. Cell performance data for 1d–5d.

Dye Voc [mV] Jsc [mA/cm2] FF [%] η [%] E1/2ox(V vs. NHE)

1d 0.592 6.34 63.7 2.39 +0.70
2d 0.597 10.79 61.9 4.02 +0.93
3d 0.595 6.72 60.6 2.45 +0.73
4d[a] 0.633 9.75 61.3 3.82 +1.06
5d[b] 0.610 8.36 64.4 3.30 +0.92 (estimated)
N3 0.743 14.76 62.5 6.92 +1.09

[a] 4d = [Ru(dcbpy)2(ppy-F2)][PF6]. [b] 5d = [Ru(dcbpy)2-
(ppy4thio)][PF6].

Figure 2. Current-voltage characteristics of cells constructed with
dyes 1d, 2d and 3d.

It has been reported that a minimum of 150 mV is re-
quired for dye regeneration to occur,[54,55] thus, the Eox1 val-
ues for 1d and 3d should, in principle, be sufficient for dye
regeneration. A careful perusal of the literature, however,
reveals that all of the Ru-based champion dyes have Eox1

values greater than +0.85 V vs. NHE.[1,6,17–26] Taking this
observation into account, we ascribe the relatively inferior
performance of devices sensitized by 1d and 3d to be a con-
sequence of insufficient driving force of regeneration by the
electrolyte, despite the superior absorption profile of 3d.
This observation has significant implications for further de-
veloping this new class of sensitizers: optimal cell perform-
ance will require sufficiently strong electron-withdrawing
groups on the C∧N ligands to offset the replacement of
dcbpy with a bpy derivatized with alkyl/conjugated substit-
uents.
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Complexes 4d and 5d from our previous studies were
measured under the same cell conditions as 1d–3d to exam-
ine how the number of anchoring groups affects perform-
ance (we note that 1 equiv. of Bu4NOH was required to
dissolve 4d and 5d in ABS EtOH). The larger η for 4d rela-
tive to 5d is rooted in the higher Voc and Jsc values. The
relative Jsc values are again attributed to a consequence of
a higher oxidation potential for 4d (+1.06 V vs. NHE) com-
pared to 5d (ca. +0.92 V vs. NHE). The improved Voc may
be manifest in the different molecular dipoles of the dyes
(e.g., 4d = 8.0 Debye (D); 5d = 16.5 D[56]) affecting the
conducting band (Ecb) of the TiO2;[57,58] more comprehen-
sive studies are underway to verify this effect. Cells con-
structed from the tetraacid complexes 4d and 5d exhibit
slightly larger Voc values than the tris-heteroleptic ana-
logues 2d and 3d. While this result could be ascribed to a
number of factors (e.g., variable amounts of Bu4N+ affect
the shielding of the TiO2 surface,[59] the higher oxidation
potentials of the dyes affecting the redox couple of the elec-
trolyte), it is consistent with previous findings that have
shown binding through a single dcbpy unit results in a
lower Voc compared to dyes containing two dcbpy li-
gands.[57] Electrochemical impedance measurements con-
firm a smaller interfacial resistance exists between TiO2 and
the electrolyte for 2d (20 Ω) compared to 4d (30 Ω). Work is
underway to systematically improve each of these processes
within these devices.

Conclusions

A series of tris-heteroleptic cyclometalated ruthenium(II)
complexes were examined in the context of the development
of dye-sensitized solar cells. It was shown that power con-
version efficiencies (η) range from 2.39–4.02% for the series
1d–3d. The relative performance of these dyes is dominated
by the oxidation potential of the metal complex: ground-
state oxidation potentials of ca. +0.70 V vs. NHE do not
appear to be sufficient for effective dye regeneration; better
performance was achieved with dyes exhibiting higher Eox1

values (e.g., � +0.85 V vs. NHE for 2d). While extending
the conjugation on the anionic donor (e.g., 3d) was found to
improve light absorption by about 1.7-fold within the series,
overall cell performance was compromised by the insuf-
ficiently high Eox1 values. This rationale is corroborated by
the fact that the majority of champion dyes are charac-
terized by Eox1 values that are higher than +0.85 V vs.
NHE.[1,6,17–26] This finding calls attention to the fact that
cyclometalated RuII DSSC chromophores with three unique
ligands will require appropriately positioned electron-with-
drawing substituents if commercially relevant DSSC per-
formance parameters are to be reached.

Experimental Section
Preparation of Compounds: All manipulations were performed
using solvents passed through an MBraun solvent purification sys-
tem prior to use; chloroform (CHCl3) and tetrahydrofuran (THF)
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solvents were analytical grade (without stabilizer). All reagents
were purchased from Aldrich unless otherwise stated. 2-phenylpyr-
idine (ppy), 2-(2,4-difluorophenyl)pyridine (ppy-F2) and 2,2�-bipyr-
idine (bpy) were used as supplied from Aldrich. [Ru(C6H6)Cl2]2,[60]

5-[3-(pyridin-2-yl)phenyl]thiophene-2-carbaldehyde (ppy4thio),[42]

diethyl 2,2�-bipyridine-4,4�-dicarboxylate (deeb),[61] 2,2�-bipyr-
idine-4,4�-dicarboxylic acid (dcbpy),[61] complexes 1a,[35] 1b,[62]

4d,[42] 5d[42] and 6d[42] were prepared as previously reported. Purifi-
cation by column chromatography was carried out using silica (Sil-
icycle: Ultrapure Flash Silica), and basic alumina (Fluka). Analyti-
cal thin-layer chromatography (TLC) was performed on aluminum-
backed sheets pre-coated with silica 60 F254 adsorbent (0.25 mm
thick; Merck, Germany) or with plastic-backed sheets pre-coated
with basic alumina 200 F254 adsorbent (0.25 mm thick, Selecto
Scientific: Georgia, USA) and visualized under UV light. 1H NMR
chemical shifts (δ) are reported in parts per million (ppm) from
low to high field and referenced to residual non-deuterated solvent.
Standard abbreviations indicating multiplicity are used as follows:
s = singlet; d = doublet; t = triplet; m = multiplet. General labeling
scheme for 1H NMR assignments for all compounds follows Figure
S1 in the Supporting Information. Elemental analysis (EA), elec-
trospray ionization (ESI), matrix-assisted laser desorption/ioniza-
tion time of flight (MALDI-TOF), and electron impact (EI) mass
spectrometry (ES) data were collected at the University of Calgary.

[Ru(CH3CN)4(ppy)](PF6) (1a): Synthesized as previously reported.
All characterization data matches that previously reported. UV/
Vis: λmax1 = 377 nm (0.59 �104 m–1 cm–1), λmax2 = 436 (sh). Electro-
chemistry: Eox1 = +0.73 V vs. NHE.

[Ru(CH3CN)4(ppy-F2)](PF6) (2a): To a flask containing [Ru(C6H6)-
Cl2]2 (295 mg, 0.589 mmol), NaOH (47 mg, 1.2 mmol) and KPF6

(434 mg, 2.36 mmol) was added degassed MeCN (10 mL). A solu-
tion of ppy-F2 (0.18 mL, 1.2 mmol) was added to the reaction mix-
ture via syringe, and then heated at 45 °C for 20 h. The solution
was filtered and then purified by column chromatography [Al2O3

(basic): CH2Cl2/MeCN, 9:1]. The first yellow band was isolated
and then reconstituted in CH2Cl2. A yellow solid product (624 mg,
88.1%) was drawn out of solution by the slow addition of diethyl
ether. 1H NMR (CD3CN): δ = 8.97 (ddd, 3J = 5.7, 4J = 1.7, 5J =
0.8 Hz, 1 H, Hh), 8.14 (d, 3J = 8.2 Hz, 1 H, He), 7.78 (m, 1 H, Hf),
7.52 (dd, 3JHF = 8.7, 4J = 2.4 Hz, 1 H, Ha), 7.20 (ddd, 3J = 7.2,
5.7, 4J = 1.4 Hz, 1 H, Hg), 6.48 (ddd, 3JHF = 13.0, 8.7, 4J = 2.4 Hz,
1 H, Hc), 2.52 (s, 3 H), 2.02 (s, 6 H), 1.96 (s, 3 H) ppm. MS (ESI):
m/z = 414.8 [M+ – CH3CN] (calcd. for [RuC17H15F2N4]+: m/z =
415.0). RuC19H18N5PF8 (600.41): calcd. C 38.01, H 3.02, N 11.66;
found C 37.98, H 2.97, N 11.27. UV/Vis: λmax1 = 383 nm
(0.53�104 m–1 cm–1), λmax2 = 430 (sh). Electrochemistry: Eox1 =
+0.94 V vs. NHE.

[Ru(CH3CN)4(ppy4thio)](PF6) (3a): To a flask containing
[Ru(C6H6)Cl2]2 (176 mg, 0.352 mmol), NaOH (28 mg, 0.70 mmol)
and KPF6 (258 mg, 1.40 mmol) was added ppy4thio (4.44 mL,
42.0 mg/mL solution in MeCN) via syringe. The reaction was
heated at 45 °C for 45 h, then filtered and purified by column
chromatography [Al2O3 (basic): CH2Cl2/MeCN, 9:1]. The first yel-
low band was isolated, reconstituted in CH2Cl2, then drawn out of
solution with diethyl ether to yield 308 mg (64.8%) of the product
as a brown solid. 1H NMR (CD3CN): δ = 9.86 (s, 1 H, Hy), 8.94
(ddd, 3J = 5.7, 4J = 1.6, 5J = 0.7 Hz, 1 H, Hh), 8.12 (d, 3J = 7.9 Hz,
1 H, Ha), 8.07 (d, 3J = 8.0 Hz, 1 H, He), 8.07 (d, 4J = 2.0 Hz, 1 H,
Hd), 7.87 (d, 3J = 4.0 Hz, 1 H, Hw), 7.81 (ddd, 3J = 9.0, 7.4, 4J =
1.6 Hz, 1 H, Hf), 7.61 (d, 3J = 4.0 Hz, 1 H, Hx), 7.46 (dd, 3J = 7.9,
4J = 2.0 Hz, 1 H, Hb), 7.23 (ddd, 3J = 7.3, 5.7, 4J = 1.4 Hz, 1 H,
Hg), 2.53 (s, 3 H, Ha�), 2.01 (s, 6 H, Hb�,c�), 1.96 (s, 3 H) ppm. MS
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(ESI): m/z = 407.0 [M+ – 3 CH3CN] (calcd. for [RuC18H13N2-
SO]+: m/z = 407.0). RuC24H22N5OSPF6 (674.56) + 0.5 CH2Cl2
(84.93): calcd. C 41.58, H 3.25, N 9.96; found C 41.63, H 3.24, N
9.71. UV/Vis: λmax1 = 411 nm (1.8 �104 m–1 cm–1). E1/2ox = +0.80 V
vs. NHE.

[Ru(bpy)(CH3CN)2(ppy-F2)](PF6) (2b): A flask containing 2a
(250 mg, 0.416 mmol) and bpy (59.6 mg, 0.382 mmol) in CH2Cl2
(50 mL) was heated for 15 h at 35 °C. The dark orange/red solution
was passed down a column [Al2O3 (basic): CH2Cl2, 3� 1.2 cm; Rf

= 0.16] to yield an orange/red solid. The isolated product contains
the impurity [Ru(CH3CN)4(ppy-F2)][PF6] (10% on a molar basis).
The mixture was used as prepared in subsequent reactions because
efforts to purify the mixture were unsuccessful.

[Ru(bpy)(CH3CN)2(ppy4thio)](PF6) (3b): A flask containing 3a
(251 mg, 0.372 mmol) and bpy (58.4 mg, 0.374 mmol) in CH2Cl2
was stirred for 29 h at ambient temperature. The solvent was then
removed under reduced pressure to afford a dark orange/red solid.
The crude solid was reconstituted in MeCN/CH2Cl2 (1:1), drawn
out of solution by layering with Et2O and filtered to yield a red/
brown solid (249 mg, 89.7%). 1H NMR (CD3OD): δ = 9.86 (s, 1
H, Hy), 9.44 (ddd, 3J = 5.3, 4J = 1.5, 5J = 0.8 Hz, 1 H, Hp), 8.61
(d, 3J = 8.2 Hz, 1 H, Hm), 8.38 (d, 3J = 7.9, 4J = 1, 5J = 1 Hz, 1
H, Hl), 8.37 (d, 3J = 7.9 Hz, 1 H, Ha), 8.24 (m, 2 H, Hd,n), 8.08 (d,
3J = 8.1 Hz, 1 H, He), 7.99 (ddd, 3J = 5.7, 4J = 1.5, 5J = 0.6 Hz, 1
H, Hi), 7.95 (d, 3J = 4.0 Hz, 1 H, Hx), 7.91 (ddd, 3J = 7.6, 5.3, 4J

= 1.2 Hz, 1 H, Ho), 7.73 (ddd, 3J = 8.1, 7.6, 4J = 1.6 Hz, 1 H, Hk),
7.69 (d, 3J = 4.0 Hz, 1 H, Hw), 7.63 (ddd, 3J = 8.1, 7.4, 4J = 1.2 Hz,
1 H, Hf), 7.63 (dd, 3J = 7.8, 4J = 2.0 Hz, 1 H, Hb), 7.49 (ddd, 3J

= 5.7, 4J = 1.5, 5J = 0.7 Hz, 1 H, Hh), 7.07 (ddd, 3J = 7.2, 3J =
5.7, 4J = 1.3 Hz, 1 H, Hj), 6.82 (ddd, 3J = 7.2, 3J = 5.7, 4J =
1.3 Hz, 1 H, Hg), 2.33 (s, 3 H, NCCH3), 2.32 (s, 3 H, NCCH3)
ppm. HRESI-MS: m/z = 563.04774 [M+] (calcd. for
RuC38H26N5O5S+: m/z = 563.04796). RuC30H24N5OSPF6 (748.64)
+ 0.5CH2Cl2 (84.93): calcd. C 46.31, H 3.19, N 8.85; found C 46.51,
H 3.44, N 8.82.

[Ru(bpy)(deeb)(ppy)](PF6) (1c): A suspension of 1b (210 mg,
0.329 mmol) and deeb (98 mg, 0.33 mmol) in absolute EtOH
(80 mL) was heated at reflux for 2 h. Solvent was removed from
the purple solution, and then purified by column chromatography
(SiO2: CH2Cl2/MeCN, 9:1, 14.5 �4 cm; Rf = 0.74) to yield 218 mg
(77.4%) of the product as a purple solid. 1H NMR (CD3OD): δ =
9.09 (dd, 4J = 1 Hz, 1 H, Ht), 8.98 (dd, 4J = 1 Hz, 1 H, Hs), 8.49
(dd, 3J = 8.0 Hz, 1 H, Hm), 8.49 (d, 3J = 8.0 Hz, 1 H, Hl), 8.37
(dd, 3J = 6.0, 5J = 0.6 Hz, 1 H, Hq), 8.12 (dd, 3J = 5.6, 5J = 0.7 Hz,
1 H, Hv), 8.08 (d, 3J = 8.1 Hz, 1 H, He), 7.98 (dd, 3J = 5.6, 4J =
1.6 Hz, 1 H, Hu), 7.92–7.86 (m, 3 H, Hd,k,n), 7.78 (ddd, 3J = 5.7,
4J = 1.4, 5J = 0.7 Hz, 1 H, Hi), 7.75–7.70 (m, 2 H, Hf,r), 7.66 (ddd,
3J = 5.7, 4J = 1.4, 5J = 0.7 Hz, 1 H, Hp), 7.50 (ddd, 3J = 5.7, 4J =
1.5, 5J = 0.7 Hz, 1 H, Hh), 7.31 (ddd, 3J = 7.2, 5.7, 4J = 1.3 Hz, 1
H, Hj), 7.27 (ddd, 3J = 7.2, 5.7, 4J = 1.2 Hz, 1 H, Ho), 6.96–6.91
(m, 2 H, Hg,c), 6.84 (dt, 3J = 7.4, 4J = 1.3 Hz, 1 H, Hb), 6.39 (dd,
3J = 7.4, 4J = 0.8 Hz, 1 H, Ha), 4.49 (q, 3J = 7.1 Hz, 2 H, -CH2-),
4.46 (q, 3J = 7.1 Hz, 2 H, -CH2-), 1.45 (t, 3J = 7.1 Hz, 3 H, -CH3),
1.42 (t, 3J = 7.1 Hz, 3 H, -CH3) ppm. 19F NMR (CD3OD): δ =
–75.0 (d, 1J = 707.5 Hz) ppm. MS (ESI): m/z = 712.4 [M+] (calcd.
for [RuC37H32N5O4]+: m/z = 712.1). RuC37H32N5O4PF6 (856.71):
calcd. C 51.87, H 3.76, N 8.17; found C 51.77, H 3.81, N 8.04.

[Ru(bpy)(deeb)(ppy-F2)](PF6) (2c): A suspension of 2b (175 mg,
0.259 mmol) and deeb (78 mg, 0.26 mmol) in absolute EtOH
(80 mL) was heated at reflux for 2 h. Solvent was removed from
the purple solution, and then purified by successive column chro-
matographic steps [1. SiO2: CH2Cl2/MeCN, 9:1, 14.5 �4 cm; Rf =
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0.70; 2. SiO2: CHCl3/MeOH, 9:1; Rf = 0.56] to yield 143 mg
(61.8%) of the product as a purple solid. 1H NMR (CD3OD): δ =
9.08 (d, 4J = 0.9 Hz, 1 H, Ht), 8.98 (d, 4J = 1.2 Hz, 1 H, Hs), 8.55
(d, 3J = 8.1 Hz, 2 H, Hl,m), 8.33 (s, 3J = 6.0 Hz, 2 H, He,q), 8.09
(d, 3J = 5.7 Hz, 1 H, Hv), 8.01–7.93 (m, 3 H, Hk,n,u), 7.81–7.74 (m,
3 H, Hf,i,r), 7.65 (ddd, 3J = 5.7, 4J = 1.3, 5J = 0.6 Hz, 1 H, Hp),
7.59 (ddd, 3J = 5.7, 4J = 1.5, 5J = 0.7 Hz, 1 H, Hh), 7.37 (ddd, 3J

= 7.4, 5.7, 4J = 1.3 Hz, 1 H, Hj), 7.31 (ddd, 3J = 7.4, 5.7, 4J =
1.3 Hz, 1 H, Ho), 6.99 (ddd, 3J = 7.2, 5.7, 4J = 1.2 Hz, 1 H, Hg),
6.42 (ddd, 3J = 12.9, 9.2, 4J = 2.4 Hz, 1 H, Hg), 5.88 (dd, 3J = 8.2,
4J = 2.4 Hz, 1 H, Ha), 4.50 (q, 3J = 7.1 Hz, 2 H, -CH2-), 4.47 (q,
3J = 7.1 Hz, 2 H, -CH2-), 1.45 (t, 3J = 7.1 Hz, 3 H, -CH3), 1.43 (t,
3J = 7.1 Hz, 3 H, -CH3) ppm. 19F NMR (CD3OD): δ = –75.0 (d,
1J = 707.5 Hz, 6 F), –111.0 (m, 1 F), –111.8 (m, 1 F) ppm. 31P
NMR: δ = –144 (sept, 1J = 707 Hz, 1 P) ppm. MS (ESI): m/z =
748.3 [M+] (calcd. for [RuC37H30N5O4F2]+: m/z = 748.1). RuC37H3-

0N5O4PF8 (892.70): calcd. C 49.78, H 3.39, N 7.85; found C 50.10,
H 3.60, N 7.42.

[Ru(bpy)(deeb)(ppy4thio)](PF6) (3c): A suspension of 1b (225 mg,
0.300 mmol) and deeb (91 mg, 0.30 mmol) in absolute EtOH
(600 mL) was heated at reflux for 3 h. Solvent was removed from
the red/brown solution, and then purified by column chromatog-
raphy [SiO2: MeCN] but could not be separated from residual deeb.
The mixture was used without further purification in the following
step.

[Ru(bpy)(dcbpy)(ppy)](PF6) (1d): A DMF/H2O/NEt3 solution (3:1:1
v:v:v; 25 mL) containing 1c (273 mg, 0.319 mmol) was heated at
reflux for 16 h. Subsequent removal of solvent under reduced pres-
sure left a purple solid that was purified by column chromatog-
raphy [SiO2: MeOH/CHCl3, 1:1; 4�20 cm; Rf = 0.40]. Solvent was
removed in vacuo and the product sonicated in a 1:1 hexane/Et2O
solution and filtered to afford 40 mg (16%) of the product as a
dark purple solid. 1H NMR (CD3OD): δ = 9.00 (s, 1 H, Ht), 8.92
(d, 4J = 1.2 Hz, 1 H, Hs), 8.46–8.42 (m, 2 H, Hl,m), 8.12 (dd, 3J =
5.8, 5J = 0.6 Hz, 1 H, Hq), 8.05 (d, 3J = 8.1 Hz, 1 H, He), 7.89–
7.79 (m, 6 H, Hd,i,k,n,u,v), 7.71 (ddd, 3J = 5.8, 4J = 1.4, 5J = 0.7 Hz,
1 H, Hp), 7.68 (ddd, 3J = 8.4, 7.4, 4J = 1.6 Hz, 1 H, Hf), 7.58 (dd,
3J = 5.8, 5J = 1.7 Hz, 1 H, Hr), 7.55 (ddd, 3J = 5.7, 4J = 1.5, 5J =
0.7 Hz, 1 H, Hh), 7.27–7.23 (m, 2 H, Hj,o), 6.93 (ddd, 3J = 7.2, 5.7,
4J = 1.3 Hz, 1 H, Hg), 6.89 (ddd, 3J = 8.0, 7.4, 4J = 1.4 Hz, 1 H,
Hc), 6.81 (dt, 3J = 7.3, 4J = 1.3 Hz, 1 H, Hb), 6.42 (dd, 3J = 7.4,
4J = 0.9 Hz, 1 H, Ha) ppm. HRMS (ESI): m/z = 656.087565 [M+]
(calcd. for [RuC33H24N5O4]+: m/z = 656.087527). RuC33H24N5-

O4PF6 (800.60)/RuC33H23N5O4 (1:1) (654.63) + 5H2O (18.01):
calcd. C 51.30, H 3.72, N 9.06; found C 51.22, H 4.04, N 8.76.

[Ru(bpy)(dcbpy)(ppy-F2)](PF6) (2d): A DMF/H2O/NEt3 solution
(3:1:1 v:v:v; 25 mL) containing 2c (105 mg, 0.118 mmol) was heated
at reflux for 16 h. Subsequent removal of solvent under reduced
pressure afforded a purple solid that was purified by column
chromatography [SiO2: MeOH/CHCl3, 1:1; silica plug]. The result-
ant solid was basified with an aqueous NaOH solution until dis-
solved, and then drawn out of solution with a 0.2 m solution of
HPF6 (aq). The solid was filtered and washed with H2O, diethyl
ether and hexanes to afford 70 mg (71%) of the product as a dark
purple solid. 1H NMR (CD3OD): δ = 9.08 (s, 1 H, Ht), 9.00 (d, 4J

= 1.2 Hz, 1 H, Hs), 8.51 (d, 2 H, Hl,m), 8.31 (d, 3J = 8.5 Hz, 1 H,
He), 8.23 (d, 3J = 5.9 Hz, 1 H, Hq), 7.99 (d, 3J = 5.6 Hz, 1 H, Hv),
7.94–7.90 (m, 3 H, Hk,n,u), 7.76–7.72 (m, 3 H, Hf,i,r), 7.67 (ddd, 3J

= 5.6, 4J = 1.4, 5J = 0.7 Hz, 1 H, Hp), 7.61 (ddd, 3J = 5.7, 4J =
1.5, 5J = 0.7 Hz, 1 H, Hh), 7.34 (ddd, 3J = 7.4, 5.7, 4J = 1.3 Hz, 1
H, Hj), 7.31 (ddd, 3J = 7.4, 5.7, 4J = 1.3 Hz, 1 H, Ho), 6.98 (ddd,
3J = 7.2, 5.7, 4J = 1.3 Hz, 1 H, Hg), 6.39 (ddd, 3JHF = 12.9, 9.2, 4J
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= 2.4 Hz, 1 H, Hc), 5.89 (ddd, 3JHF = 8.3, 4J = 2.4 Hz, 1 H, Ha)
ppm. 19F NMR (CD3OD): δ = –75.0 (d, 1J = 707.5 Hz, 6 F), –111.1
(m, 1 F), –112.1 (q, 3J = 9.2 Hz, 1 F) ppm. 31P NMR: δ = –144
(sept, 1J = 707.5 Hz, 1P). HRMS (ESI): m/z = 692.06852 [M+]
(calcd. for [RuC33H22N5O4F2]+: m/z = 692.068683). RuC33H22-
N5O4PF8 (836.59)/RuC33H21N5O4F2 (1:3) (690.61) + 4H2O (18.01):
calcd. C 53.19, H 3.15, N 9.40; found C 53.47, H 3.41, N 9.25.

[Ru(bpy)(dcbpy)(ppy4thio)](PF6) (3d): A DMF/H2O/NEt3 solution
(3:1:1 v:v:v; 25 mL) containing 3c (247 mg, 0.300 mmol) was heated
at reflux for 16 h. Subsequent removal of solvent under reduced
pressure afforded a dark red solid that was purified by successive
chromatographic steps [1. SiO2: MeOH/CHCl3, 1:1; Rf = 0.38; 2.
Sephadex: MeOH]. After the solvent was removed under reduced
pressure, the resultant solid was washed with MeCN and sonicated
to yield black microcrystals (40 mg, 17 %). H1 NMR (CD3OD): δ
= 9.79 (s, 1 H, Hy), 9.03 (s, 1 H, Ht), 8.95 (d, 4J = 1.1 Hz, 1 H,
Hs), 8.48 (d, 3J = 4.5 Hz, 1 H, Hm), 8.46 (d, 3J = 4.6 Hz, 1 H, Hl),
8.25–8.21 (m, 2 H, Hd,i), 8.15 (d, 3J = 5.9 Hz, 1 H, Hq), 7.92–7.72
(m, 8 H, He,h,k,n,p,u,v,x), 7.64–7.59 (m, 2 H, Hf,r), 7.55 (d, 3J =
4.0 Hz, 1 H, Hw), 7.32–7.25 (m, 2 H, Hj,o), 7.18 (dd, 3J = 7.8, 4J =
1.9 Hz, 1 H, Hb), 7.02 (ddd, 3J = 7.2, 3J = 5.8, 4J = 1.2 Hz, 1 H,
Hg), 6.59 (d, 3J = 7.8 Hz, 1 H, Ha) ppm. ESI-MS: m/z = 766.1 [M+]
(calcd. for RuC38H26N5O5S+: m/z = 766.1). RuC38H26N5O5SPF6

(910.74)/RuC38H25N5O5S (1:1) (764.77) + 8H2O (18.01): calcd. C
50.16, H 3.71, N 7.70; found C 49.66, H 3.92, N 7.33.

Physical Methods: 1D and 2D 1H spectra were recorded at
400 MHz and 13C spectra at 100 MHz on a Bruker AV 400 instru-
ment at ambient temperature unless otherwise stated. Electrochem-
ical measurements were performed under anaerobic conditions
with a Princeton Applied Research VersaStat 3 potentiostat using
dry solvents, Pt working and counter electrodes, a Ag pseudorefer-
ence electrode, and 0.1 m NBu4BF4 supporting electrolyte. Elec-
tronic spectroscopic data were collected on MeOH solutions using
a Cary 5000 UV/Vis spectrophotometer (Varian). Steady-state
emission spectra were obtained at room temperature using an Edin-
burgh Instruments FLS920 Spectrometer equipped with a Xe900
450W steady state xenon arc lamp, TMS300-X excitation mono-
chromator, TMS300-M emission monochromator, Hamamatsu
R2658P PMT detector and corrected for detector response. Life-
time measurements were obtained at room temperature using an
Edinburgh Instruments FLS920 Spectrometer equipped with Fian-
ium SC400 Super Continuum White Light Source, Hamamatsu
R3809U-50 Multi Channel Plate detector and data were analyzed
with Edinburgh Instruments F900 software. Curve fitting of the
data was performed using a non-linear least-squares procedure in
the F900 software.

Cell Fabrication: Photoanodes were prefabricated by Dyesol, Inc.
(Australia) with screen-printable TiO2 pastes (18-NRT and WER4-
O, Dyesol™), and used without further post-treatment (i.e. TiCl4)
The active area of the TiO2 electrode is 0.28 cm2 with a thickness
of 12 μm (18-NRT) and 3 μm (WER4-O) on fluorine-doped tin-
oxide (FTO; TEC-15Ω). The electrodes were heated to 450 °C for
20 min under ambient atmosphere and allowed to cool to 80 °C
before dipping into the dye solution. The anode was soaked over-
night for 16 h in a dye solution with a concentration of ca. 0.2 mm

in absolute EtOH. The stained films were rinsed copiously with
absolute EtOH and dried. The cells were fabricated using Pt-coated
counter-electrode (FTO TEC-15Ω) and sealed with a 30 μm Surlyn
(Dupont) gasket by resistive heating. An acetonitrile based electro-
lyte solution (0.60 m butylmethylimidazolium iodide, 0.03 m I2,
0.10 m guanidinium thiocyanate and 0.50 m tert-butylpyridine) was
introduced to the void via vacuum backfilling through a hole in
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the counter electrode. The hole was sealed with an aluminum-
backed Bynel foil (Dyesol™).

Dye Characterization: The extent of dye-loading was measured by
dipping TiO2 into an absolute ethanol solution of each sensitizer.
After 16 h of dipping the adsorbed dye was removed with a 0.05 m

NaOH solution in methanol. The solution obtained was measured
by UV/Vis and compared against a calibrated absorption curve of
dye in the same solvent to obtain the amount of dye desorbed. All
cells were measured under standard AM1.5 conditions. E(S+/S*)
calculated using E(S+/S*) = E(S+/S) – E(0–0) where E(0–0) is obtained
from the higher energy side of corrected emission band where the
intensity is ca. 10% of the maximum.[29] Optical cross-section (σ in
cm2) is calculated from σ(λ) = 1000ε(λ)/[NAlog(e)] (NA is Avogad-
ro’s number and e is Euler’s number) and subsequently converted
to nm2.[63]

Cell Characterization: Photovoltaic measurements were recorded
with a Newport Oriel solar simulator (Model 9225A1) equipped
with a class A 450-W xenon light source powered by a Newport
power supply (Model 69907). The light output (area: 5 �5 cm) was
calibrated to AM 1.5 using a Newport Oriel correction filter to
reduce the spectral mismatch in the region of 350–700 nm to less
than 1.5%. The power output of the lamp was measured to 1 Sun
(100 mWcm–2) using a certified Si reference cell. The current–volt-
age characteristic of each cell was obtained by applying an external
potential bias to the cell and measuring the generated photocurrent
with a Keithley digital source meter (Model 2400). IPCE measure-
ments were performed at PV Measurements Inc. (USA).

DFT Calculations: Density functional theory (DFT) calculations
were carried out using B3LYP [Becke’s three-parameter exchange
functional (B3)[64] and the Lee–Yang–Parr correlation functional
(LYP)[65]] and the LanL2DZ basis set. All geometries were fully
optimized in the ground states (closed-shell singlet S0). Time-de-
pendent density functional theory (TD-DFT) calculations were
performed with IEFPCM solvation model (MeCN) using a spin-
restricted formalism to examine low-energy excitations at the
ground-state geometry. All calculations were carried out with the
Gaussian 03W software package.[66]

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR and UV/Vis spectra, cyclic voltammograms for 1a–
1d, and IPCE data for 1d–3d.
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