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Under high driving force conditions, solution-phase charge-
transfer processes are often characterized by Marcus-type inverted
reactivity, i.e., a decrease in rate with an increase in thermody-
namic driving force.1 In contrast, interfacial charge-transfer
reactions tend to exhibit either Marcus normal region behavior
or asymptotically constant rate behavior.2 The usual explanation
for such behavior, at least at metal/solution interfaces, is the
availability of a range of filled states below the Fermi level and
a range of empty states above the Fermi level of the electrode,
such that lower driving force reaction pathways are always
available. If the lower driving force pathways are faster, then
asymptotic rather than inverted kinetic behavior will be encoun-
tered. With semiconductor/solution interfaces, however, the
existence of a finite band gap eliminates states immediately above
the Fermi level (p-type semiconductors) or immediately below
the Fermi level (n-type semiconductors) and opens up the
possibility of inverted interfacial reactivity. Indeed, inverted
behavior has often been invoked to explain the otherwise
surprisingly slow back-electron-transfer reactivity typically en-
countered at inorganic-dye-sensitized metal oxide semiconductor/
solution interfaces.3 Nevertheless, in the few cases where driving
force effects at the semiconductor/dye interface have been
systematically investigated, either by manipulating band edge
energetics or by manipulating molecular dye redox potentials,
either Marcus normal region behavior or driving-force-indepen-
dent kinetic behavior has been observed.2,4-7 We now report the
direct observation of inverted interfacial electron-transfer reactivity
at a molecular-dye-modified semiconductor/solution interface.

The systems examined were classic ruthenium tris(polypyri-
dine) complexes (homoleptic complexes), electrostatically bound
to tin dioxide nanoparticles.8 Photoexcitation of the complexes
leads to rapid electron injection into the semiconductor particle,
followedsin the absence of an external electrical connections
by back electron transfer, as shown in eqs 1 and 2.

Curve b in Figure 1 illustrates the back reaction kinetics for tris-

(4,7-dimethyl-1,10-phenanthroline)ruthenium/tin dioxide at pH)
9, based on visible region transient absorbance measurements.
The absorbance decay was fit to both a biexponential plus constant
recovery expression4 and the Kohlrausch relaxation function8 (see
Supporting Information). The rate constants obtained (faster
component) were 3.6× 106 and 4.0× 106 s-1, respectively. Also
illustrated in Figure 1, curves a and c, are absorbance bleach and
recovery transients for the tris(5-chloro-1,10-phenanthroline)- and
tris(3,4,7,8-tetramethyl-1,10-phenanthroline)ruthenium/tin dioxide
systems. The decay time for the latter is clearly much shorter,
while the former is apparently longer. The dependence of the
apparent first-order electron-transfer rate constant (kapp) on the
excitation intensity shows that the back reaction kinetics actually
are second order; i.e., the rate depends not only on the concentra-
tion of oxidized dye attached to the semiconductor surface (Γ,
mol cm-2) but also on the number of injected conduction band
electrons (ne, cm-3)9,10 (see Supporting Information; second-order
behavior was also observed in an ambient temperature, aqueous
poly(vinyl alcohol) glass matrix). Following Royea et al., we can
write:

where â is the electronic coupling attenuation factor (value
unknown, but typically estimated as 0.4< â < 1.5 Å-1 for ET
in molecular systems). Figure 2 shows, for a homologous series
composed of seven such systems, that the composite quantity,
log(ketâ),11 can be correlated with the driving force for the back-
electron-transfer reaction, where the driving force is approximated
as the difference between the tin dioxide conduction band edge
potential (-0.88 V vs SCE at pH) 9) and the ground-state Ru-
(III/II) formal potential.12

In principle, the reaction driving force can also be altered by
shifting the energy of the conduction band edge (ECB). For metal
oxide semiconductor/aqueous solution interfaces, a-60 mV shift
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Figure 1. Transient absorbance decay data obtained at 450 nm (following
excitation at 532 nm) for aqueous SnO2 colloid sensitized with Ru(5-
Cl-phen)32+ (a), Ru(4,7-CH3-phen)32+ (b) and Ru(3,4,7,8-CH3-phen)32+

(c). Inset: curve c, expanded scale.
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in ECB accompanies each unit increase in pH.13 The dual
requirements of colloid stability and negative surface charge for
cationic dye binding limit the range of pH that can be explored
experimentally. Nevertheless, we observe a ca. 3-fold decrease
in back-electron-transfer rate for the tris(phenanthroline)ruthe-
nium/tin dioxide system upon elevation of the solution pH from
ca. 7 to 11, consistent with a negative shift inECB and an increase
in reaction driving force (see Figure 2). (Note that, in interpreting
either driving force alteration experiment as Franck-Condon-
based inverted kinetic behavior, we are assuming that electronic
coupling is relatively constant.)14

Variable-temperature measurements show that the back-electron-
transfer reactions are thermally activated (Supporting Information).
Figure 3 illustrates that the activation enthalpies15 systematically
increase with increasing back reaction driving force, supporting
the contention that systematic variations in Franck-Condon
factors, rather than variations in electronic coupling, are respon-
sible for the inverted kinetic behavior, at least in the chromophore
variation experiments. In addition, the temperature dependence
of the electron-transfer rate suggests only a minor role for nuclear
tunneling. Because back electron transfer to Ru(III) is expected
to involve only solvent reorganization and modest, low-frequency
metal-ligand bond reorganizationsi.e., high-frequency ligand-
based vibrational modes should be Franck-Condon inactive16s

it is perhaps not unreasonable that thermally activated inverted
behavior has been encountered.

The observation of Marcus-type inverted reactivity requires that
the reaction exergonicity exceed the charge-transfer reorganization
energy (λ).17 For semiconductor-based back electron transfer to
a nonbonding (t2g) orbital of ruthenium(III) tris(bipyridine),λ has
been estimated as 0.5-1 eV in polar solvents.18 Given the ca.
-1.9 to-2.3 eV driving force, the estimate is broadly consistent
with the observation of inverted reactivity. On the other hand,
inverted behavior is somewhat surprising in light of the known
Marcus normal-type behavior for back electron transfer to
carboxylate- and phosphonate-attached dyes at nanocrystalline
titanium dioxide/water interfaces.2 We speculate that the differ-
ences are due to semiconductor-binding induced surface state
formation, resulting in localized Ti(III/IV) redox behavior and
sequential electron-transfer/proton-transfer reaction sequences.2

For the much less strongly interacting tin dioxide/dye systems,
delocalized-conduction-band or near-conduction-band electrons
apparently are available and are capable of motivating highly
exoergic back-ET reactions that are fully decoupled from the
putative localized interfacial proton-transfer process. In any case,
the mechanistic differences for covalently vs electrostatically
attached reactants suggest different strategies for optimization of
solar cell efficiency-related factors such as light collection
efficiency and recombination kinetics. We hope to extend the
studies in order to test the generality of the idea that the mode of
dye attachment can determine the mechanism of the back-electron-
transfer process.
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Figure 2. Plot of log(ketâ) versus driving force for back electron transfer
to Ru(3,4,7,8-CH3-phen)33+, Ru(4,7-CH3-phen)33+, Ru(5,6-CH3-phen)33+,
Ru(5-CH3-phen)33+, Ru(phen)33+, Ru(bpy)33+, and Ru(5-Cl-phen)3

3+ at
pH ) 9, and Ru(phen)3

3+ at several other pH values (points with cross
inside). Open circles, best fit to biexponential plus constant; filled circles,
best fit to Kohlrausch relaxation function.

Figure 3. Plot of activation enthalpy for back electron transfer versus
reaction driving force.
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