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The charge injection dynamics of dye sensitization from a surface-bound dye (coumarin 343 (C343)) to the
conduction band (CB) of the TiO2 is reported here for the first time. Ultrafast fluorescence dynamics
demonstrate that the charge injection from the C343 dye to the CB of the TiO2 occurs on a time scale of ca.
200 fs. The charge injection efficiency is attributed to strong electronic coupling between the dye and TiO2
energy levels. The results yield a rate of injection of 5 × 1012 s-1.

Photoinduced electron transfer between dyes and colloidal
semiconductors plays a vital role in silver halide photography,
electrophotography, and more recently in solar energy cells.
Sensitizing semiconducting oxides such as TiO2,1,2 SnO2,3 and
ZnO24 has proven an effective way to achieve electron injection
for solar cells.5 The photostability of TiO2, combined with its
ability to effectively and quickly separate charge, makes it a
potentially attractive material for solar energy cells. However,
since the bandgap lies in the ultraviolet, to make TiO2 colloids
sensitive to visible (sun)light, sensitizing dyes must be added
to the surface. The efficiency of sensitization depends critically
on the ratio of charge injection rate to the charge recombination
rate. Previous studies have demonstrated slow recombination
for dyes bound to high-surface-area TiO2.6 However, the very
rapid charge injection could not be resolved in this earlier work.6
The dynamics on charge injection from coumarin 343 (C343)
dye to the conduction band (CB) of the TiO2, which control
the overall efficiency of sensitization, is studied here using
ultrafast fluorescence upconversion technique.
TiO2 was prepared according to the procedure of Grätzel and
co-workers.7 The fluorescence upconversion experimental setup
is given elsewhere.8 A fluorescence up-conversion signal (λex
) 400 nm, λem ) 480 nm) is shown in Figure 1. The figure
contains a cross-correlation trace, a sample trace, and a fit. There
are two components to the lifetime. The dominant fast
component (180 ( 50 fs, amplitude ) 95%) is attributed to the
electron transfer from the C343 dye to the CB of the TiO2. The
slow component (>10 ps, amplitude ) 5%) corresponds to free
dye recombination.9
In these experiments, it is important to distinguish between
energy transfer, surface energy transfer, a dynamic fluorescence
X
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Figure 1. Fitted ultrafast fluorescence up-conversion signal of a
sensitized colloidal TiO2 solution. The sample is 1 × 10-4 M C343,
1 g/L TiO2 in 95:5 H2O:acetone monitored at 480 nm. The excitation
wavelength was 400 nm. The two-component fit, ∼180 fs (95%) and
>5 ps (5%), is shown as well.

Stoke’s shift, and electron transfer. Since the TiO2 colloidal
suspension does not absorb at wavelengths below 400 nm and
has no absorption longer than 400 nm, direct energy transfer
between the dye and TiO2 is precluded.8 A competition between
dye to dye and electron transfer was considered. Since there
are only ∼16 dye molecules/TiO2 particle and only 50% of the
Ti ions are coordinated by dye, the distance between the dye
molecules is too large for “hopping” energy transfer to occur.10,11
The wavelength-independent nature of the fluorescence upconversion data provides evidence that the transfer mechanism
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Figure 2. TiO2 and C343 complex.

is not due to a dynamic fluorescence Stoke’s shift.8 Finally,
we conducted direct pulse probe measurements of the cation
radical formation. The rise time of 250 fs agrees within
experimental error with the more precise up-conversion data.
We therefore conclude that the observed rapid process is a
surface electron-transfer event which occurs with ∆G ) 0.7 V.
The overall quantum efficiency for net injection is ca. 0.9.9
The heterogeneous electron transfer just described is among
the fastest electron-transfer events ever studied. How can we
account for this fast process? To achieve ultrafast electron
transfer, there must be ultrafast charge separation and a slow
back reaction. The slow recombination process has been
discussed elsewhere.9 In a situation where the photoexcited dye
is strongly coupled to the surface, the level matching (in Marcus’
theory) that ensures energy conservation during electron transfer
involves not simply molecular energy levels as in solution
reactions, but rather a continuum of electronic energy levels
that exist in the semiconductor. In such as case, when the
system is coupled to an electronic continuum and nuclear
degrees of freedom are neglected, the rate constant for transfer
is given by the golden rule expressions,12 kCT ) (2π/h)|V|2F,
where V is the electronic coupling (per state) and F is the density
of final electronic states. (When F is large, V becomes
independent of the total number of electronic states.12) The
subsequent dephasing which traps the electron can occur on an
ultrafast time scale if the electronic states is high (i.e., above
the band edge) and the electronic coupling of the dye and
semiconductor is large.12,13 Thus, the injection efficiency is
primarily attributed to strong electronic coupling between the
dye energy level and the TiO2 continuum, presumably associated
with surface chelation of the Ti by the dye (see Figure 2). The
electronic transition involved in the excitation of the dye should
produce the transfer of an electron from a nitrogen atom to the
salicylate group. This salicylate is directly bound to empty d
oribtals of TiIV (a strong Lewis acid) and can therefore mediate
very efficient charge transfer to the TiIV orbital manifold forming
the conduction band of the oxide. Surface TiIV states, which
act as electron traps, aid in charge separation by slowing charge
recombination, as discussed elsewhere.9,13 Combining the
ultrafast injection with slow recombination results in the highly
efficient quantum yield of ca. 0.9.13 An energy scheme for the
charge-separation process is given in Figure 3.
In summary, fluorescence up-conversion experiments together
with pulse probe measurements suggest an ultrafast electron
injection (τ ) 200 fs) from surface-bound coumarin 343 to TiO2.
This rapid process is consistent with a model12,14 involving
strong coupling of the dye and semiconductor and direct

Figure 3. Energy scheme of the charge-separation process in the
sensitized colloidsl TiO2 sample. Here S*/S+ is the excited sensitized
dye/cation radical couple, Ec the conduction band edge, SS a surface
state, k0 the relaxation rate constant to the ground state, and kth the
thermalization rate constant for the photoinjected electron.

injection into the conduction band, wherein the electronic energy
levels replace the vibronic level matching in a conventional
Marcus’ theory analysis.12 It is anticipated that such ultrafast
injection can be a general process (see, e.g., ref 14) under strong
coupling conditions.
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