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The coordination compound Ru(NHs)s(eina)(PFg),, where eina is
ethyl isonicotinate, was synthesized and attached to optically
transparent nanocrystalline (anatase) TiO, films, abbreviated Ru-
(NH3)s(eina)/TiO,. The metal-to-ligand-charge-transfer (MLCT)
absorption was found to shift in wavelength with solvent. The
absorption maximum of the low energy MLCT band was observed
at 486 nm in acetonitrile and 528 nm in dimethylformamide for
Ru(NH3)s(eina)(PFs), and at 512 and 555 nm for Ru(NHs)s(eina)/
TiO,, respectively. The compound was found to be nonemissive
with an excited state lifetime <10 ns under all conditions studied.
Light excitation in fluid solution and when attached to insulating
ZrO, films resulted in a loss of the MLCT absorption, consistent
with ligand field photochemistry. Pulsed light excitation of Ru(NH3)s-
(eina)/TiO, yields an absorption difference spectrum consistent with
an interfacial charge separated state, Ru"(NHs)s(eina)/TiOy(e").
This state forms within 10 ns and returns cleanly to ground state
product within milliseconds. The injection quantum vyields were
determined by comparative actinometry and were found to be
excitation wavelength dependent: ¢i(417 nm) = 0.30 + 0.05 and
@in(532.5 nm) = 0.15 + 0.03. Regenerative solar cells based on
Ru(NH3)s(eina)/TiO, with 0.5 M TBAI, where TBA is tetrabutylam-
monium, and 0.05 M I, in acetonitrile were very inefficient. Sluggish
iodide oxidation is expected, on the basis of the negative E°(Ru"")
= +0.17 (V vs Ag/AgCl) reduction potential, and this presumably
allows a greater fraction of the injected electrons to recombine
with the oxidized compound thereby lowering the solar cell
efficiency.

There exists considerable interest in dye-sensitized semi-
conductor materials for applications in regenerative solar
cells! The most efficient materials are composed of nano-
crystalline (anatase) TiQhin films sensitized to visible light

with Ru(ll) polypyridine compounds.® The polypyridine

ligands play at least two important roles. First, they are

chromophoric and accept charge in the metal-to-ligand
charge-transfer (MLCT) excited state. Second, they generally
have functional groups, such as carboxylic aéidsetyl-
acetonate$,or phosphonatesthat bind the compounds to
the semiconductor surface. Thus, sensitization with Ru(ll)
compounds usually involves interfacial charge-transfer from
an electron localized on a surface bound bipyridyl or
terpyridyl ligand to the Ti@ acceptor states.The most
successful ruthenium polypyridyl sensitizercis-Ru(dcb)-
(NCSY), where dcb is 4,4(COOH)-2,2-bipyidine, anchored

to TiO, surface via two or more of its carboxylic acid
groups?*® The carboxylic groups are believed to enhance
the electronic coupling of the MLCT excited state with the
Ti'V(3d) conduction band orbital manifof8é7 It is known
that such interfacial charge-transfer processes can take place
on a pico- to femtosecond time scdlaVhat remains
unknown is how many pyridine ligands are required for
efficient dye sensitization. Here we report compelling
evidence that this can be accomplished with a Ru(ll)
compound that contains a single pyridine ligand and car-
boxylic acid functional group, Scheme 1.
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The compound of interest is Ru(NJd(eina)(Pk),, where
eina is 4-CQEt-pyridine (ethyl isonicotinate). Hydrogen
NMR and elemental analysis were consistent with the given
formulation. We note that closely related compounds have
been prepared and their ligand field (LF) photochemistry is
well documepted_’.loThe preparation of nanocrySta"m_e HBO Figure 1. Absorption spectra of [Ru(Njs(eina)](PF)2 adsorbed on Ti@
and zZrQ thin films as well as the spectroscopic and in neat acetonitrile-t) and dimethylformamide (- - -)
electrochemical methods have been previously desctibed.
The sensitizers were bound from acetonitrile solutions with
pH 1 pretreated TiQas previously publishet. The con-
centration-dependent binding was well described by the
Langmuir adsorption isotherm model, with limiting surface
coverages of 3t 2 x10°8 mol/cn? and adduct formation
constant of 2x 10° M1, typical of Ru(ll) compounds based
on dcb ligands:'2The asymmetric €0 stretch is observed
at 1720 cm for the free compound and shifts to 1734 ¢m
upon surface binding. Surface coordination and solvent also
have a profound impact on the Rl reduction potentials.
Cyclic voltammetry measurements gave quasireversible
waves WithE;(RU'") = 172 mV in acetonitrile and-36
mV in dimethylformamide (vs Ag/AgCI) relative to 460 and
1,80 mV for the free compounds. In contrast, rl“,lthemum tris- Figure 2. Absorption difference spectra observed after 532.5 nm laser
bipyridyl compounds, such as Ru(bpigcby*/TiO,, have light excitation (~12 mJ/pulse, 10 ns fwhm) of Ru(Nj4(eina)/TiQ in
RuU"" reduction potentials that are within 50 mV of those acetonitrile. The spectra are shown at delays of Omjs 200 ns @), and
measured in fluid acetonitrile electroljtewhile more ~ 2#S (). The inset shows an absorption transient monitored at 600 nm
. . with an overlaid fit to a second-order equal-concentration kinetic model.
environmentally sensitive compounds, such as Ru(dcb)-

(CN)Z/TIO,, display Eio(RU'™) shifts of comparable  gnergy. The surface bound and free compound were highly

magnitude to those observed héte. _ solvatochromid? In dimethylformamide, the MLCT maxi-
The Ru(NH)s(eina)(Pf). compound has an intense MLCT 1y, red shifts to 555 nm, Figure 1. Previous studies have

absorption band centered at 486 nija( = 1.47 x 10°M~* proposed that the solvatochromism in this class of com-

cm) in acetonitrile. When anchored to Ti0the MLCT pounds is due to the hydrogen bonding of the ammine ligands
absorption band broadens and the maximum shifts to lower ity solvent molecule® 15

Scheme 1
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TiOz(e7).16 Spectroelectrochemical studies demonstrated thatto-current efficiency (IPCE) 0f0.002 was observed for [Ru-
a bleach was expected for the formation of Ru(lll) and the (NHz)s(eina)]/TiO.. The photocurrent was even lower when
positive band at~580 nm is attributed to the electron in DMF was used in place of GJ&N. This value is significantly
TiO,.11% The injection quantum yield was determined by less than the injection quantum yield measured spectroscopi-
comparative actinomettyon a per absorbed photon basis: cally. The low photocurrent is expected for sensitizers with
¢inj(417)= 0.30+ 0.05 andp;,;(532.5)= 0.15+ 0.03. The such negative reduction potentials and almost certainly stems
reduction potential of the FranelCondon excited state from sluggish iodide oxidation reactions that allow a greater
generated with 417 nm light is-2.80 V versus Ag/AgCl  fraction of RU!'/TiO,(e”) — RU'/TiO, recombinatiort?
while that generated with green 532 nm excitation is a much  |n conclusion, we have demonstrated sensitization of TiO
weaker reductant;-2.16 V. The wavelength dependence is to visible light with a solvatochromic transition metal
consistent with injection from vibrationally hot excited compound that contains a single chromophoric pyridine
states®® Recombination of the injected electron with the Jigand and surface binding group. The sensitization yield was
oxidized compound was well modeled by a second-order found to be wavelength dependent ar80% with blue light
equal-concentration kinetic model with wavelength-indepen- excitation, consistent with injection from hot excited states.
dent observed rate constants of£84) x 10° st over the  While the presence of low-lying ligand field states and a
first microsecond, inset Figure 2. The RTiO,(e”) charge  negative RU"' reduction potential probably preclude its use
separated state returns cleanly to baseline on a millisecondn practical dye-sensitized solar cells, the observation greatly
time scale with no evidence for photochemistry after a increases the possible type of sensitizers that can be
thousand laser pulses. envisioned for energy conversion applications. In addition,
When employed in regenerative solar cells with 0.5 M the presence of only one chromophoric ligand removes any
TBAI/0.05 M I, CH:CN electrolyte (where TBA is tetrabut-  doubt as to where the excited state is localized and should
ylammonium), a maximum monochromatic incident photon- facilitate data interpretation in fundamental excited-state
interfacial electron-transfer studies.
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