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Abstract
Investigations on the ultrafast electron injection and recombination mechanism from the dyes alizarin and coumarin
343 to wide band gap semiconductor colloids in solution are presented, combined with detailed studies on population,
depopulation and relaxation phenomena. We discuss transient absorption measurements on time scales from 100 fs to
>1 ns throughout the visible spectral range (350–650 nm), allowing the simultaneous time resolved observation of
signals assigned to ground state, cation and injected electron in the conduction band of the semiconductor. Analysis of
transient absorption changes in the near UV region, where cation absorption is dominant, allows unambiguous assignment of the various kinetic components. This facilitates the distinction between the diﬀerent contributions of the
various absorbing species also in the congested visible spectral range. Comparison between the two dyes with respect to
their diﬀerent electron transfer parameters provides a direct way to analyze the inﬂuence of the electronic coupling
element V on the injection and recombination process. Detailed inspection of the decay related spectra for both samples
yields information on the environmental response succeeding the cation formation.
Ó 2002 Elsevier Science B.V. All rights reserved.

1. Introduction
Sensitization of wide band gap semiconductors
by organic dye molecules is a well established
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technique with widespread applications like the
photographic process, detoxiﬁcation and puriﬁcation of water [1], and solar energy to electricity
conversion [2–9]. Considerable physical interest in
these dye/semiconductor systems surely arises
from the special energetic situation, allowing ultrafast electron transfer from a system with discrete energy levels on the donor side, into a
continuum of energy levels on the acceptor side
(see Scheme in Fig. 5). In our case the elementary
reaction can be written as
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where the dye, attached to the colloidal surface is
excited from the ground state S to the excited state
S*, energetically situated above the conduction
band edge of the semiconductor [10], the excited
state S* acts as electron donor and electron
transfer to surface states of the semiconductor and
subsequently to the conduction (ecb ) band occurs
[10–28]. The dye molecule remains as cation Sþ .
The back reaction and charge recombination to
the ground state of the dye depends on the solvent,
the presence/absence of electrolytes, the morphology of the TiO2 and also on the amount of adsorbed cations on the semiconductor surface [29].
The time scales for the back reaction vary from
sub-ps up to milliseconds [7,8,10,23,30–33]. The
various reaction steps and the energetic situation
are summarized in Fig. 5. A detailed theoretical
treatment of interfacial electron transfer is complicated, since reliable molecular models for the
interface are needed and the presence of surface
states or structural inhomogeneities have to be
considered. Whereas for weakly coupled systems
injection times of 100 fs–10 ps were found, for
systems with moderate to high electronic coupling
strengths, the electron injection is reported to take
place on a sub-100 fs time scale [10,22,23,27,33–
37]. As reported in [10], trap states on the surface
of the semiconductor play a crucial role for the
injection process. The interaction between these
states and the adsorbed dye molecule can be analyzed by variation of the dye molecule, changing
the relevant electron transfer parameters of the
system, e.g., the electronic coupling matrix element
V.

2. Experimental section
Measurements were performed on samples
containing alizarin and coumarin 343 coupled
onto TiO2 colloids in solution. The systems were
diluted in methanol to ﬁnal concentrations of 0.5
mM alizarin and 0.1 mM coumarin on 10 g/l TiO2
colloids. The colloidal nanoparticles of TiO2 were
prepared as previously described [10]. For the

transient absorption measurements we used a
classical pump/probe setup. The pump pulses
(attenuated to 0.5 lJ at 495 nm for the alizarin
system and 0.1 lJ at 495 nm for the coumarin
system) were provided by a non-collinear optical
parametric ampliﬁer (NOPA), pumped with 50 lJ
pulses at 400 nm of the second harmonic of a
home-built regenerative ampliﬁer system (1 kHz,
1 mJ, 800 nm). The NOPA was seeded with a
white light super continuum, generated in a calcium ﬂuoride plate [38]. The resulting pulse to
pulse energy ﬂuctuations of the NOPA were less
than 1% rms (at pulse to pulse energy ﬂuctuations
of the regenerative ampliﬁer system at 800 nm of
<0.5%). The pulse duration of the NOPA output
after compression was measured by a home-built
intensity autocorrelator (second harmonic generation in a 25 lm thick BBO). The pulse compression of the NOPA pulses was performed by a
standard prism compressor (SiO2 , 60°). The pulse
duration of the compressed NOPA output was
measured to be about 19 fs at a wavelength of 495
nm at the location of the sample. The diameter of
the excitation spot inside the cuvette was 80 lm,
the optical pathlength through the sample was 50
lm.
The probe pulses were provided by super
continuum (SC) generation with about 3 lJ of the
800 nm fundamental of the regenerative ampliﬁer
in a CaF2 plate. The generated single ﬁlament SC
covers a spectral range from about 320 to >1000
nm with signiﬁcant intensity of >80 nJ. The SC is
imaged via all reﬂective optics into the sample
with a focal diameter of 40–50 lm, depending on
the wavelength. The cross correlation functions,
determined by ﬁtting the coherent signals at the
delay time zeros [39], were found to be <35 fs for
probing wavelengths between 374 and 630 nm
and <50 fs for the rest of the investigated spectrum.
The analysis of the temporal evolution of the
transient absorption spectra, especially the spectral assignment of the occurring transient species,
was performed by a home-written software, supplying a fast Marquardt downhill algorithm for
a global ﬁt of the recorded data, optimizing
simultaneously n global decay times for all transients.
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3. Results
3.1. cw-Absorption/emission
Fig. 1 shows cw absorption and ﬂuorescence
data of the samples alizarin in solution, alizarin
coupled on TiO2 , coumarin in solution and coumarin coupled onto TiO2 . The absorption band of
alizarin shows a strong spectral shift of about 60
nm whereas for coumarin the shift in absorption is
only about 20 nm. The plotted ﬂuorescence spectra
in Fig. 1 (bottom) are for free coumarin (squares)

Fig. 1. (top) cw-Absorption spectra for free alizarin in solution
(open squares), alizarin coupled onto TiO2 (open up triangles),
and the cation spectrum for the coupled alizarin (diamonds,
calculated as described above); ﬂuorescence spectrum of free
alizarin (solid squares). (bottom) cw-Absorption spectra for
free coumarin in solution (open squares), coumarin coupled
onto TiO2 (open up triangles), and the cation spectrum for the
coupled coumarin (diamonds), calculated by spectral subtraction from ns transient absorption measurements; ﬂuorescence
of free coumarin (solid squares) and coupled coumarin (solid up
triangles).
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as well as for the coupled system (up triangles). The
spectra are normalized, since the absolute quantum
eﬃciency is quenched by a factor of 40 upon the
coupling process for coumarin and a factor of
>500 for the alizarin system. So we were not able to
obtain a ﬂuorescence spectrum of coupled alizarin,
because residual ﬂuorescence could not be clearly
distinguished from residual ﬂuorescence of remaining free alizarin in solution. For the coumarin
system, the ﬂuorescence peak is shifted about 50
nm upon the adsorption and the spectral shape of
the emission band is about a factor 2 broader (80
nm compared to 40 nm). The slightly structured
shape of the emission band is due to noise in the
ﬂuorescence measurement because of its low intensity. The absorption and the emission band of
free coumarin in solution lie almost perfectly
symmetric to each other whereas for the coupled
coumarin system the ﬂuorescence band is not only
broader but also diﬀerent in its spectral shape.
The spectrum of the coumarin-343 cation adsorbed on colloidal TiO2 in water/ethanol (50:50
v/v) solvent mixture was calculated by spectral
subtraction of the transient absorption spectrum
recorded 100 ns after laser pulsed excitation of the
adsorbed dye (5 ns pulse duration, kexc: ¼ 480 nm)
and the absorption spectrum of the dye ground
state. Assuming the dye cation (Sþ ) has no absorption at wavelengths above 450 nm, the spectrum of this transient species AðSþ Þ is obtained by
subtracting the dye ground state bleaching signal
from the original transient spectrum.
The spectrum of the alizarin cation (adsorbed
on TiO2 ) was also obtained by transient nanosecond spectroscopy. Spectral subtraction of the
ground state absorption from the transient absorbance change at 1 ls, when the electron in the
conduction band and the alizarin cation are supposed to be the only absorbing species, results in
the cation spectrum (assuming that for wavelengths >700 nm only the electron in the conduction band contributes to the total absorption).
3.2. Transient absorption measurements
Fig. 2 shows transient absorption data of both
investigated systems – alizarin on TiO2 (left) and
coumarin 343 on TiO2 (right). For the alizarin
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Fig. 2. Transient absorbance change after photoexcitation for alizarin on TiO2 (left) and coumarin on TiO2 (right).

system three dominant contributions can be distinguished as follows: for wavelengths <420 nm
the transients show a positive diﬀerence absorption with increasing amplitude for shorter wavelengths. In the spectral region between 420 and 560
nm, transients with negative absorption are found
and the long wavelength side of the presented data
is again dominated by unstructured, positive
transient absorbance changes. The observed dynamics is obviously spread over a temporal range
from <1 ps to >1 ns.
Over the complete spectral range the maximum
transient absorbance changes were observed instantaneously, i.e., within the temporal resolution
of the presented measurements. Thus an upper
limit of 100 fs for the formation of the diﬀerence
spectrum can be given.
Analysis of the decay related spectra of the
global ﬁtting procedure reveals a synchronous
monotonous decay of the initial diﬀerence spectrum in a multi-exponential way (Fig. 3). The
spectral signature of the 4 decay related spectra
resemble each other apart from a scaling factor.
The remaining transient diﬀerence spectrum at
delay times >3 ns is expressed by a ﬁxed decay
time with inﬁnite value.
For the system coumarin 343 on TiO2 the formation of the transient diﬀerence absorption occurs again instantaneously within the temporal

resolution of the measurements as for the alizarin
system (upper limit: 100 fs). Positive transient absorption can be found for wavelengths <400 nm,

Fig. 3. Linear ﬁtting amplitudes of the global ﬁtting procedure
as decay related spectra, for alizarin on TiO2 (top) and coumarin on TiO2 (bottom), connected by a spline curve.
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monotonously decreasing with a kinetic components from <1 ps to 3 ns. In the region between
400 and 530 nm negative transient absorption with
a temporal evolution from <1 ps to >3 ns can be
observed. For the transients at wavelengths >600
nm a small unstructured positive absorption can
be found (see ﬁgure, components 500 fs and 84 ps).
A comparison between the optimized time
constants reveals a slight increase for the ﬁrst three
constants. The best ﬁt constants for the alizarin
systems are 120 fs, 360 fs, 60 ps, 2.4 ps and an
inﬁnite component, whereas for the coumarin
system values of 500 fs, 3 ps, 84 ps and 3 ns were
found. The amplitudes of the coumarin kinetics
are signiﬁcantly smaller for wavelengths >550 nm
than for the alizarin system for all decay times.

4. Discussion
4.1. cw-Absorption/emission
The cw-spectra in Fig. 1 give a ﬁrst indication
for the electronic situation within the two investigated systems. The larger shift of the absorption
band upon adsorption for the alizarin system reﬂects the higher electronic coupling, as discussed in
[31].
The broader band shape of the emission spectrum for coumarin could be explained by heterogeneity of the environment around the docking site
for diﬀerent coumarin molecules as well as by an
altered emitting energy level in the coupled systems. The ﬂuorescence quenching by a factor of 40
for the coumarin system indicates the eﬀective
depopulation of the excited state. A quantitative
analysis comparing this quenching factor to the
transient absorption experiments, will be discussed
below.
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ges in the transient absorption measurements can
be assigned to: (a) cation absorption for wavelengths <420 nm, (b) ground state bleaching from
420 to 560 nm, overcompensating the minor contributions of cation absorption in this spectral
range and (c) cation absorption combined with
absorption of the injected electron for wavelength
560 nm and longer. At ﬁrst glance, the shape of the
decay related spectra reﬂects the dominance of
ground state recombination over the whole investigated spectral range [10]. The requirement of
several time constants for a satisfactory global ﬁt
expresses a highly non-exponential recombination
reaction. For all time constants, the decay related
spectra show almost the same signature, except the
one for the 2.4 ps component at wavelengths >600
nm. Whereas all other spectra show a ﬂat and
unstructured shape, the 2.4 ps decay spectrum has
a maximum at 600 nm and decreases towards
longer wavelengths. Fig. 4 shows a plot of the
decay related spectra, rescaled for wavelengths
<420 nm. The good agreement of the 360 fs
component and the long time oﬀset (1-component) underlines the multiphasic ground state recombination from hundreds of femtoseconds to
>1 ns. The 2.4 ps component shows a signiﬁcant
deviation from this spectral shape. For a detailed
analysis of this spectral feature and to discriminate
between the involved reactions, the spectrum of
the residual component (1-component), assumed
to be caused only by the bleached ground state, the

4.2. Transient absorption measurements for the
strong coupling case: alizarin
Comparison between the cw-spectra (Fig. 1)
and the transient data (Fig. 2) allows the spectral
assignment of the recorded transient absorbance
changes to the diﬀerent species. For the alizarin
system the mentioned three diﬀerent spectral ran-

Fig. 4. Rescaled decay related spectra for the 360 fs (squares),
2.4 ps (circles) and the inﬁnite time constant (up triangles),
<420 nm. Diﬀerence spectrum between 2.4 ps component and
inﬁnite component (down triangles).
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alizarin cation and the electron in the conduction
band (Fig. 4, down triangles), was subtracted from
the 2.4 ps decay spectrum. Fig. 4 (down triangles)
shows the resulting diﬀerence spectrum. A possible
reason for such a diﬀerence spectrum with a totally
antisymmetric shape could be a dynamic shift of
an absorption band. If a Gaussian shaped band
structure is shifted in time, multi-exponential global ﬁtting processes show such an antisymmetric
signature (e.g. dynamic Stokes shift). The largest
amplitudes are placed around the wings of the
band, the zero crossing around its maximum.
Comparison with the cw-absorption spectrum of
the alizarin cation implies a dynamic shift of the
cation absorption band towards the signature
measured in the cw-experiment (ns-experiment).
Remembering the upper limit for the electron injection of 100 fs, the 2.4 ps kinetic component
could reﬂect solvent reorganization or relaxation
processes within the semiconductor lattice succeeding the cation formation.
4.3. Transient absorption measurements for the
moderate coupling case: coumarin
For a closer characterization of the decay related spectra in the coumarin system, the extinction
coeﬃcient e for coumarin compared to alizarin
must be taken into account. Therefore, transient
absorption of the electron in the conduction band
is much smaller in amplitude than the eﬀect of the
ground state bleaching and cation absorption. This
is the reason that no signal can be observed for
wavelengths >550 nm (Fig. 2, bottom).
Analogous to the spectral assignment of the
alizarin system, the instantaneous rise of transient
diﬀerence absorption at wavelengths <410 nm and
>575 nm can be assigned to cation absorption and
absorption of the electron in the conduction band,
also implying an injection process faster than 100
fs. The slightly higher time constants observed in
the coumarin system should be assigned to the
same reaction steps. The remarkably good agreement of the 500 fs (300 fs) component and the 3 ps
(2.4 ps) component indicate processes apart from
the dye molecule and support the model of environmental relaxation or reorganization on a 3 ps
time scale succeeding the cation formation as dis-

Fig. 5. Energetic situation for dye (alizarin, coumarin)
adsorbed onto a TiO2 colloid after photoexcitation.

cussed above. An analogue analysis as for alizarin,
and a discussion of a possible shift of the coumarin
cation absorption band, is hindered by the small
amplitudes at long wavelengths. The recombination ratio, taken from the transients at 374 nm
(ratio between initial amplitude and long time oﬀset; time constants: 3 ns for coumarin, 1 for alizarin) with dominant absorption of the coumarin
cation, was about 70% after 1 ns for coumarin. This
is no signiﬁcant deviation from values of 63–70%
found for alizarin (at <400 nm and >600 nm),
implying the electronic coupling plays a minor role
for the back reaction in reactive dye/TiO2 systems
at least for dyes with moderate to strong electronic
coupling matrix elements (see Fig. 5).

5. Conclusions
The presented NOPA pump/SC probe setup,
using a SC generated in CaF2 , allows the simultaneous observation of the characteristic spectral

R. Huber et al. / Chemical Physics 285 (2002) 39–45

features of the neutral and the positively charged
dye as well as the electron in the conduction band
for both investigated systems. The analysis of the
presented transient absorption measurements on
the coumarin/TiO2 and the alizarin/TiO2 system
reveals a kinetic component additional to the
ground state recombination, which can be explained by a spectral shift of the cation absorption,
caused by the response of the solvent or the
semiconductor. Analysis of the temporal evolution
of both investigated systems resulted in a qualitative agreement of the observed time constants,
suggesting a minor role of the electronic coupling
for the back reaction.
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