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ABSTRACT: Synthesis of the [Ru(dcbpy),(OQN)]*
complex is reported in which dcbpy and OQN™ are the
bidentate 4,4-dicarboxy-2,2"-bipyridyl and 8-oxyquinolate
ligands, respectively. Spectroscopic, electrochemical, and
theoretical analyses are indicative of extensive Ru(OQN)
molecular orbital overlap due to degenerate Ru d() and
OQN p(z) mixing. [Ru(dcbpy),(OQN)]* displays
spectroscopic properties remarkably similar to those of
the N3 dye, making it a promising candidate for
application in dye-sensitized solar cell devices. However,
its solar power conversion efficiency requires further
optimization.

he development of clean, renewable, alternative energy

technologies is anticipated to solve the problems
associated with rising atmospheric CO, levels and the depletion
of fossil fuel resources. One promising candidate for solar-to-
electricity conversion is the dye-sensitized solar cell (DSSC)
developed by Gritzel and co-workers over 20 years ago." First
reported by Nazeeruddin et al. in 1993, the Ru(dcbpy),(NCS),
complex, commonly known as the N3 dye (Figure 1), has
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Figure 1. Structures of complexes investigated in this study.

become a benchmark ruthenium-based chromophore in the
DSSC field because of its ease of preparation and its high
efficiency (1 = 10.4%).> Many reports inspired by the N3 dye
have involved the replacement of one dcbpy ligand to produce
complexes of the general structure Ru(dcbpy)(L)(NCS),,
where L is typically a bidentate 2,2"-bipyridyl ligand with
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highly conjugated electron-donating substituents in the 4 and 4’
positions. In fact, one of the largest efficiencies reported for a
DSSC device is held by such a ruthenium-based dye, C106,
with 7 = 12.10%.” In contrast, there have been few attempts to
replace the monodentate NCS™ ligands of the N3 dye.*
Recently, Bessho et al. replaced both NCS™ ligands of the N3
dye with a chelating orthometalated ligand, 2-(2,4-
difluorophenyl)pyridine, producing the YEOS dye, which has
a solar-to-power conversion efficiency of = 10.1%. Berlin-
guette and co-workers have since expanded upon this series of
orthometalated dyes, with initial efforts achieving efficiencies in
the range of 2—4%. Inspired by this approach, we have begun a
study of bisheteroleptic ruthenium complexes containing the
bidendate 8-oxyquinolate (OQN™) ligand. Of further interest in
this study is the noninnocent nature of the OQN™ ligand.’

Ruthenium(II) polypyridyl complexes typically display an
intense electronic transition in the visible region of the
spectrum due to two closely spaced RuH(tZg) — bpy(x*)
singlet metal-to-ligand charge-transfer (MLCT) excitations
with the standard complex [Ru'(bpy);]** characterized by an
extinction coefficient of & = 14650 M™' cm™' at 453 nm in
methanol. Incorporation of the OQN™ ligand into the
ruthenium coordination sphere causes dramatic changes to its
electronic structure, which has important consequences for its
light-harvesting properties toward application in solar energy
conversion.

The UV—vis absorption spectrum of [Ru(dcbpy),(OQN)]*
on TiO, displays an extraordinary resemblance to that of the
N3 dye even though both monodentate NCS™ ligands are
replaced by the bidentate OQN™ ligand (Figure S3 in the
Supporting Information, SI). Two intense electronic transitions
(Figure 2) are observed in the visible region at 393 nm (& =
14600 M™! em™) and 535 nm (e = 12900 M~ cm™). An
additional absorption is observed at 469 nm (¢ = 9600
M™! em™). A similar absorption is observed upon adsorption
of N3 to TiO, (Figure S3 in the SI)" and also for the YEOS dye,
which is comparable both structurally and electronically to
[Ru(dcbpy)z(OQ_N)]+.4d In fact, each of the OQN~, 2-(2,4-
difluorophenyl)pyridine, and NCS~ ligands imparts similar
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Figure 2. UV—vis absorption spectra for [Ru(dcbpy),(OQN)]*
recorded in methanol (e, left y axis), chemisorbed on TiO, (abs,
right y axis), and overlaid with blank TiO, (abs, right y axis). The
theoretical time-dependent density functional theory spectrum of
[Ru(dcbpy),(OQN)]* in methanol is normalized with the exper-
imental spectrum in methanol at 300 nm.

properties on the Ru(dcbpy), core by introducing a substantial
ligand contribution to the highest occupied molecular orbital
(HOMO) by degenerate mixing of Ru d(z) and ligand p(z)
orbitals (Table 1 and Figure 3).* Such metal—ligand

Table 1. Character Table of Selected Electronic Transitions
for [Ru(dcbpy),(OQN)]* Calculated by the Time-
Dependent Density Functional Theory

electronic transition occupied empty contributions

(nm) orbitals orbitals (%)
414.36 H-1 L+2 77
439.66 H L+6 33

L+1 26

512.98 L+3 68

L 15

716.25 L+1 76

H H-1 H-2 H-3

Figure 3. Selection of molecular orbitals for the [Ru(dcbpy),(OQN)]*
sensitizer with H—3, H, and L+6 exhibiting extensive Ru d(7) and
OQN p(7) mixing (H = HOMO; L = LUMO).

interaction is anticipated to allow for stabilization of the
oxidized dye, following photoinjection into the TiO,
conduction band, via extensive delocalization of the photo-
generated electron—hole between the ruthenium and ligand 7
orbitals. Evidence for this noninnocent ligand character is borne
out by electrochemical and theoretical analyses.

A theoretical investigation of [Ru(dcbpy),(OQN)]* con-
firms the presence of multiple underlying transitions in its
visible absorption spectrum consistent with C, symmetry
(Table 1). For example, the intense low-energy transition
observed at A, = 535 nm consists primarily of a HOMO —
LUMO+3 transition with a significant contribution from a
HOMO-2 — LUMO transition. The HOMO orbital is largely
delocalized across the Ru(OQN) # framework (Figure 3), with
the LUMO and LUMO+3 molecular orbitals largely consisting
of dcbpy 7* character. The 535 nm absorption band tails off to
ca. 900 nm because of a broad, weak underlying transition
consisting of significant HOMO — LUMO+1 and partial
HOMO — LUMO character. The higher energy intense transi-
tion observed at 393 nm consists primarily of HOMO—-2 —
LUMO+2 character. The intermittent transition at 469 nm has
substantial character from the HOMO — LUMO+6 transition,
where the LUMO+6 orbital is located on the pyridyl side of the
OQNT~ ligand.

Cyclic voltammetry of [Ru(dcbpy),(OQN)]* was conducted
to further investigate its electronic properties and its potential
as a DSSC sensitizer. [Ru(bpy);]*, [Ru(bpy),(OQN)]*, and
the N3 dye were also investigated for reference purposes
(Table 2 and Figures S4 and SS in the SI). For example,

Table 2. Electrochemical Data for [Ru(dcbpy),(OQN)]* and
Reference Compounds (1 mM) Recorded in DMF
Electrolyte (0.1 M Bu,NPF)

E\ ) (vs NHE)

oxidation reduction
[Ru(bpy);]* +1.51 -1.03 -121 —1.47
[Ru(bpy),(OQN)]* +0.78 —-1.20 —145 —2.01
N3 +1.13¢ —0.89° —1.14% ~
[Ru(dcbpy),(OQN)]* +0.80 —-1.20 —147 —1.92%
YEO0s* +1.08 —-1.20

“Estimated from the square-wave voltammogram due to irreversibility.

[Ru(bpy),(OQN)]* shows a strong cathodic shift of 0.73 V for
its first oxidation relative to [Ru(bpy);]**. This is explained by
the strong mixing of Ru d(z) orbitals with the electron-rich
OQN p(x) orbitals. Oxidation of [Ru(dcbpy),(OQN)]" is best
described as a [Ru(OQN)]**/* couple (Scheme 1); ie., this

Scheme 1. Resonance Forms of [Ru(dcbpy),(OQN)]*
Demonstrating the Noninnocent Behavior of the OQN™
Ligand

ak ) ~y |*
N = e N g
(dcbpy)zRu\ = (dcbpy)zRu\ - (dcbpy)zRu\\ /
O 0) (0]

111/11

cannot be described as a localized Ru™" couple as in the case of
[Ru(bpy),]**. Of particular note is the reversibility of this redox
couple relative to that of the N3 dye (Figure SS in the SI).

In the negative potential region, as anticipated, two
sequential one-electron dcbpy-based reductions are observed
for [Ru(dcbpy),(OQN)]*. Reduction of the electron-rich
OQNT™ ligand is significantly more negative of dcbpy and is
typically irreversible at E,,, = —1.92 V. The latter is suggested
as an approximate value because of its irreversible character
(Figure SS in the SI). Analogous to the N3 dye, oxidation of
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[Ru(dcbpy),(OQN)]* shows an anodic shift of +0.06 V upon
adsorption to TiO, (Figure 4).

L
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—— N3 dye
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Figure 4. Cyclic voltammograms of [Ru(dcbpy),(OQN)]* and N3
chemisorbed on 1 cm? TiO, electrodes (0.1 M Bu,NPFs/DMF;
50 mV s7t).

A poor overall solar-to-electric power conversion of 77 = 1.84%
was observed for [Ru(dcbpy),(OQN)]*, primarily because
of a low open-circuit potential (Figure S; Voc = 334 mV;

Current Density (mA cm 3

1
oo o1 0z o3 0.4

Potential (V)

Figure 5. J—V and IPCE (inset) characteristics of a [Ru(dcbpy),-
(OQN)]* DSSC (9 + S pm TiO, film; electrolyte composed of 0.6 M
1,3-dimethylimidazolium iodide, 0.05 M Lil, 0.03 M L, in a 15/85 (v/v)
mixture of valeronitrile and acetonitrile; active area = 0.185 cm?).

Jsc = 942 mA cm™%; ff = 0.59; AM 1.5). This may be attributed
to a number of contributing factors. Although absorption spectra
indicate a comparable surface coverage of [Ru(dcbpy),(OQN)]*
relative to N3 on TiO, (Figure S3 in the SI; I' ~ 6 X 10~® mol
cm™?), a reduced current response of the sensitized electrode
(Figures 4 and S6 in the SI) suggests poor lateral electron
percolation across the TiO,—[Ru(dcbpy),(OQN)]* interface,
indicating a nonuniform packing at the surface.® This can be
explained by a Coulombic repulsion of the positively charged
[Ru(dcbpy),(OQN)]* dye molecules, allowing greater access of
Li" and I;~ electrolyte ions to the TiO, surface states. Li" is well-
known to lower the TiO, Fermi level” Electrochemical
impedance spectra support this hypothesis because increased
charge recombination of TiO,*” conduction band electrons with
I;” ions (relative to the N3 device) is observed in the Nyquist
plot (Figures S10 and S11 in the SI). Furthermore, Bode plots
indicate a 15-fold shorter lifetime of electrons in TiO, for the
[Ru(dcbpy),(OQN]*-based device relative to N3 (Figures S10
and S11 in the SI). It is also possible that charge recombination
losses with the oxidized sensitizer at the TiO,*”/dye®" interface
may contribute to the poor Voc.® This is probably moderate
because the E;, of [Ru(dcbpy),(OQN)]* on TiO, (0.86 V;
Figure 4), although 0.4 V negative of the N3 dye, still lies 0.55 V
positive of the I7/I;” redox mediator (E;;,, = +0.31 V).? The

Fermi level of TiO, is also influenced by the dye dipole
moment.'® Although the dipole of N3 (13.69 DB) is almost
twice that of [Ru(dcbpy),(OQN]" (6.89 DB), the latter is
greater than that calculated for the efficient YEOS (4.65 DB) dye.
Studies are underway to optimize this class of sensitizer for an
improved Vi response.
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