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Ultrafast electron escape dynamics following excitation of the interfacial charge transfer complex of
catechol prepared on the rutile TiO2共110兲 surface was investigated with femtosecond two-photon photoemission 共2PPE兲. Laser pulses were generated with two noncollinear optical parametric amplifiers operated simultaneously at a repetition rate of 150 kHz delivering a cross-correlation function with 35 fs full width at half
maximum. Catechol was absorbed from the solution. The experimental data were not depending on the choice
between three different solvents. Photoinduced interfacial charge transfer was instantaneous and thus the rise of
the signal was controlled by the cross-correlation function. The energy distribution of the hot electrons generated at the surface was measured as 2PPE spectrum. The decay of the 2PPE signal was nonexponential with
a first time constant below 10 fs, a dip in the 50 fs to 100 fs range, and a tail lasting for picoseconds. It was
attributed to the release of the electrons from the surface and their escape into the bulk of the semiconductor.
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PACS number共s兲: 73.20.⫺r, 78.47.⫹p, 79.60.Jv

I. INTRODUCTION

Light-driven interfacial electron transfer from a molecule
to a solid is the primary event of many photoprocesses. Important examples can be found in photocatalytic reactions,1,2
in photovoltaic systems,3,4 and in the postulated field of
molecular electronics.5,6 Time-resolved two-photon photoemission 共TR-2PPE兲 is the method of choice for investigating ultrafast photodriven interfacial processes, provided the
respective interface can be exposed to ultrahigh vacuum
共UHV兲. As TR-2PPE is essentially an electron counting
method, a high repetition rate laser system is desired. The
TR-2PPE measurement collects simultaneously information
on the energy distribution and the time evolution of the photogenerated electrons at the interface.7,8 The method offers
far higher sensitivity than, e.g., transient absorption spectroscopy, since the photoemitted electrons can be collected directly by the detector. The 2PPE method can address a low
density of photogenerated electrons and thus also a low coverage of molecules on the surface of a single crystal.9,10 TR2PPE has frequently been used for analyzing electron dynamics at metal surfaces, in particular the dynamics of image
potential states, adatoms, and small molecules.11–13 Work on
semiconductor surfaces has mainly concentrated on silicon14,15 and on hot electron dynamics at the surface of III-V
semiconductors.16,17
We report here on the time-dependent escape of photogenerated electrons from the surface into the bulk of rutile
TiO2共110兲. The latter process was measured as time-dependent decay of 2PPE signals. For studying the escape of injected electrons from the surface into the bulk it is an obvious advantage if one can generate the electrons instantaneously in an optical transition on the surface of the
semiconductor. This can be achieved in a direct optical
charge transfer 共CT兲 transition that lifts the electrons from
the highest occupied molecular orbit 共HOMO兲 of adsorbed
catechol molecules to unoccupied electronic states of TiO2.
The closely related optical CT transition for a molecular
complex comprising of three catechol molecules and one Ti
atom has been known for quite some time.18 Electron injec1098-0121/2006/74共3兲/035324共10兲

tion has been studied already with catechol adsorbed to
nano-structured TiO2 films.19–21 Subpicosecond mid-IR and
visible transient absorption spectra on colloidal TiO2 films
with adsorbed catechol have confirmed that the electrons arrive on the Ti共3d兲 states of TiO2 within the available time
resolution, i.e., 100 fs in these experiments.21
A nanostructured TiO2 film functions as an electron acceptor in dye-sensitized solar cells where the quantum yield
for electron injection is close to one and the solar conversion
efficiency at one sun can reach 10%.22,23 The direct optical
charge transfer transition in the case of adsorbed catechol is
an exception. For most of the other adsorbed dyes the distance between the chromophore and semiconductor is controlled by a larger anchor group and thus there is a finite time
required for transferring the electron from the photoexcited
chromophore to the surface of TiO2. The corresponding injection times have been measured now from several ps down
to the range of 10 fs applying transient absorption techniques.24–26 However, the escape of the electrons from the
surface into the bulk of the semiconductor cannot be time
resolved with the latter measuring technique. Therefore, the
escape process is addressed here with TR-2PPE on the surface of a rutile single crystal with adsorbed catechol molecules to facilitate instantaneous optical generation of the
electrons on the crystal surface.
Preparation and atomic structure of the bare 共110兲 surface
of rutile TiO2 has been studied extensively over the last years
共for a review, see Ref. 27兲. For the present work catechol was
adsorbed on the clean 共110兲 surface of rutile TiO2 from solution. Adsorption from solution was preferred over evaporating catechol in UHV for two reasons. First, for carrying
out the earlier measurements on catechol:TiO2 systems the
latter had been prepared and measured in different liquid
environments.19–21 Second, adsorption from the solution at
room temperature is the more powerful technique compared
to evaporation since it also allows for adsorbing more complex molecules, e.g., aromatic chromophores, via anchor
groups, such as carboxylic and phosphonic acid, that cannot
be evaporated without suffering decomposition. Adsorption
from the solution was carried out in a type of UHV chamber
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specifically designed for this purpose. The important point
here is to verify that the behavior of the adsorbate layer is not
affected by the choice of the specific solvent. This is
achieved most directly by measuring the adsorbate system
after preparing it with different solvents.
The adsorption sites of catechol on the 共101兲 surface of
anatase TiO2 have been studied theoretically by Redfern et
al.28 The results of these authors when applied to the 共110兲
surface of rutile TiO2 suggest that catechol forms a bidentate
dissociative bridge-type site on the regular 共110兲 rutile surface with each of the two O atoms of catechol forming a
bond to two adjacent Ti atoms on the surface of TiO2. The
adsorption of catechol onto the already cleaned rutile surface
was carried out in a dedicated UHV chamber29 that was specifically designed for preparation procedures where the bare
cleaned surface of the semiconductor is the starting point. At
UHV conditions, a small amount of degassed solution is
brought into this UHV chamber after flooding it with ultrapure argon, the solution is removed again, and the sample
surface with the adsorbed molecules is then pumped down
again to UHV conditions. Preparation, surface science characterization, sample transfer between the different UHV
chambers, and TR-2PPE measurements always involved four
different UHV chambers. One of these was a small mobile
unit, equipped with a battery driven pump, for shuttling the
sample between the other UHV chambers that were all
equipped with load-lock ports. To ensure the reliability of
this preparation procedure the sample was prepared using
three different solvents and it was verified that the respective
stationary and time-resolved electron spectra of the adsorbate
system were reproduced and did not depend on properties of
the specific solvent used in the preparation of the chosen
adsorption layer. Since TR-2PPE is a pump-probe technique
two ultrashort light pulses were necessary. The photon energy of the pump pulse 共440 nm central wavelength兲 was in
the absorption range of the direct optical charge transfer transition but was far too small for pumping a higher lying excited state of catechol or a band to band transition in TiO2.
Pump and probe pulses 共latter at 280 nm central wavelength兲
were generated by frequency doubling the outputs of two
noncollinear optical parametric amplifiers 共NOPA兲 resulting
in a cross-correlation 共CC兲 function of 35 fs width 关fullwidth
at half maximum 共FWHM兲兴 at 150 kHz repetition rate. With
the absorption of the probe pulse hot electrons were photoemitted from the surface of TiO2 thereby generating the
2PPE signal. It was checked that the return of the injected
electrons to the ionized catechol molecules lasted longer than
the measured decay of the 2PPE signals. Thus, the recombination process did not control the decay of the 2PPE signal.
Recombination, i.e., repopulation of the ground state, is difficult to measure with TR-2PPE. Therefore, the transient
ground-state bleach was measured in UHV with catechol adsorbed to colloidal anatase TiO2 films. Extensive investigations in our group of these systems, i.e., nanostructured anatase and rutile films and rutile TiO2共110兲 single crystals with
the same adsorbed molecules, have revealed very similar
time constants for corresponding electron transfer processes.
Thus, the recombination time measured by transient absorption on the colloidal system in UHV can be taken as a measure of the recombination time in the catechol:TiO2 rutile
system.

The shape of the ultraviolet photoemission spectroscopy
共UPS兲 and 2PPE spectra for catechol adsorbed on TiO2共110兲
is controlled by the same reorganization energy and by the
same Franck-Condon factors as the optical CT transition. It
is well known that reorganization energy and Franck-Condon
factors have a decisive influence on the shape of a CT absorption spectrum.30,31
The dynamics of electron escape from the surface, as
measured here for instantaneous electron injection with catechol, does not depend on the specific nature of the organic
molecule. Replacing catechol by another organic molecule,
e.g., perylene attached via a carbonic acid group as anchor,24
adds a finite electron transfer time for bringing the electron
from the excited molecular donor state to the surface of TiO2
共Refs. 32 and 33兲 but the escape dynamics remains unchanged as measured with catechol.33
We report here on the escape dynamics measured with
TR-2PPE representing the case of instantaneous optical generation of electrons on the surface of rutile TiO2. The escape
dynamics for the electrons from the surface of TiO2 with the
ionized catechol molecules into the bulk of TiO2 was found
nonexponential with an initial decay time below 10 fs, followed by a time constant in the range of 100 fs, and a final
decay lasting to several picoseconds. The escape process has
been simulated in theoretical models for a time window
shorter than 100 fs by Rego and Batista34 and most recently
for a time window of several 100 fs by Duncan et al.35 The
measured decay reported in the present paper agrees well
with the time scale predicted by the theoretical papers.
II. EXPERIMENT

The femtosecond laser system was based on a commercial
amplified 150 kHz Ti:sapphire oscillator operating at 800 nm
which pumped two NOPAs. The NOPA principle,36 commonly used for 1 kHz systems, was adapted to a high repetition rate by our group in cooperation with the group of Prof.
Riedle.25 Tunable sub-20 fs pulses in the visible and 15 fs
pulses from second harmonic generation 共SHG兲 of a near
infrared 共NIR兲 output pulse were generated with the first
NOPA. This setup required 90% of the Ti:sapphire output
power, such that the remaining 10% could in principle be
used to generate the UV pulse that is necessary for TR-2PPE
by third harmonic generation 共THG兲. However, due to the
limited acceptance bandwidth of nonlinear crystals THG
leads to fairly long pulses which would thus restrict the temporal resolution of the experiment. To obtain shorter pulses,
the remaining 10 percent of the fundamental output was used
instead to generate a white light continuum in a sapphire
plate. The 400 nm beam at the exit of the first NOPA was
employed again to amplify a broad spectral slice of the
above continuum seed in a second NOPA setup. The whole
experimental procedure has been described in detail in Ref.
13. The visible output of this second NOPA was frequency
doubled in a 75 m thick beta-barium borate 共BBO兲 crystal
to obtain a spectrally broad UV pulse centered at 280 nm. As
the 400 nm pump pulse had a reduced power at the exit of
the first NOPA and since its mode was slightly distorted due
to the first conversion process, the second NOPA yielded less
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FIG. 1. XPS spectra of C 1s on TiO2 samples: after four
sputtering-annealing cycles as described in the text 共straight line兲,
after immersing the cleaned TiO2 sample in pure CCl2H2 solvent
共dotted line兲, and after adsorption of catechol from CCl2H2 solution
共dashed line兲.

pulse energy than the first. But spectral width and compressibility were comparable to the output of the first NOPA.
Pulse compression was achieved with standard fused silica
prism compressors prior to carrying out the SHG
processing.37
Four separate UHV chambers were used for preparing,
characterizing, and finally measuring a sample with 2PPE or
transient absorption. All chambers had a base pressure in the
range below 5 ⫻ 10−10 mbar. Two of the UHV chambers
were tightly screwed to the surface of the laser table and
were floating with it. They consisted of subchambers such
that preparation steps and actual time-resolved measurements could be carried out in subchambers separated by
valves. The third UHV chamber was equipped with instrumentation for low-energy electron diffraction 共LEED兲, UPS,
and x-ray photoemission spectroscopy 共XPS兲 for characterizing the samples. The fourth UHV chamber was a small
mobile unit, equipped with a battery powered ion getter
pump, serving as a shuttle for the samples between the other
UHV chambers. All the chambers were equipped with loadlock ports facilitating sample transfer under UHV conditions.
One of the UHV chambers was specifically designed for adsorbing molecules from solution on the surface of a solid.29
The corresponding preparation procedure is outlined below.
Many details of the experimental equipment used here for
preparing and characterizing the molecule: semiconductor
interface have been described before in conjunction with a
patented contamination-free metal-organic chemical-vapor
deposition–UHV sample transfer system.38 The XPS spectrum of every commercial rutile crystal 共Crystal GmbH, Berlin兲 showed a pronounced carbon peak that was ascribed to
organic impurities. In the next step the 共110兲 surface of the
rutile crystal was cleaned and ordered by carrying out repeated cycles of Ar+ ion bombardment 共700 eV, 3 A,
10 min兲 and heating 共875 K , 10 min兲 similar to recipes given
in the literature.39 At the same time the C 1s peak in the XPS
spectra disappeared 共Fig. 1兲 and the well-known clear 1 ⫻ 1
LEED image40 appeared. In addition Fig. 1 shows the C 1s
peak after adsorption of catechol from methylene chloride
solution 共dashed line兲 and the C 1s peak measured on a

cleaned TiO2 sample that was exposed to pure methylene
chloride under the same UHV conditions as described for the
catechol preparation. It should be noted that the amount of
residual carbon from the solvent is expected to be even less
on the catechol coated surface since catechol is known to
replace other adsorbates, i.e., methanol.41 No chemical shift
for the C 1s peak was observed between the samples prepared with three different solvents. The thus prepared sample
showed sufficient conductivity for carrying out photoelectron
spectroscopy. The conductivity is mainly due to Ti interstitials.42,43 The Fermi level of the thus treated sample was
found just below the conduction band edge.
The adsorption procedure started with the already cleaned
and ordered rutile crystal mounted at the tip of the sample
holder and suspended above the opening of a cuvette
mounted below in the UHV chamber. At this stage the chamber was at a base pressure below 5 ⫻ 10−10 mbar. In the next
step it was flooded with ultrapure argon. A small amount of
the solvent containing the catechol molecules had been filled
already into a small glass flask that was protected by a closed
valve from laboratory air and was connected through a valve
and a stainless steel pipe to the UHV chamber. Prior to introducing the solvent containing 0.1 mM catechol molecules
into the glass flask this part of the set up had been pumped
down to 1 ⫻ 10−3 mbar, heated with a hot-air gun, and then
filled with ultrapure argon prior to introducing a small aliquot of the solvent with the dye molecules. The latter was a
degassed dye solution handled with the well-known Schlenk
technique up to introducing it through the valve into the
glass flask connected to the UHV system.
To ensure that the measured electron spectra, in particular
the TR-2PPE spectra, are reproducible and independent of
the solvent used to prepare the sample the adsorption layer
was prepared with three different solvents and the behavior
of the systems was compared. First, a mixture of 75% dried
toluene and 25% dried methanol was used to enable the comparison with earlier measurements carried out for the adsorption of other dyes from the same solvent in our group. Second, pure toluene was used to check in specifically on the
possible influence of methanol. And third, methylene chloride was used since the latter allows one to check via XPS
for residual solvent on the prepared surface.
About 40 ml of the dye solution was sucked into the cuvette inside the UHV chamber by driving it through the
stainless steel pipes with a small pressure gradient. For the
next preparation step the rutile crystal was lowered into the
cuvette and, after a typical contact time of 20 min, it was
removed again from the cuvette. The interface with the thus
adsorbed catechol molecules was rinsed several times following the above procedure but only with the pure solvent to
remove any catechol not bonded to the surface. Finally, the
last solvent was sucked out of the UHV chamber and the
latter pumped down again to 5 ⫻ 10−10 mbar. It is reasonable
to expect as the result of the above adsorption procedure a
complete coverage of the available adsorption sites with catechol. For comparison 2PPE measurements were carried out
not only on the above interface with the adsorption layer but
also on rutile crystals that were prepared with the identical
preparation procedure but where only the solvent was used in
the absence of catechol. The latter samples gave much
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smaller 2PPE signals for identical pump and probe pulses
and showed a distinctly different time dependence.
A few remarks appear in order here concerning the possible role of the solvent molecules. Adsorption of only
methanol molecules on the surface of rutile has been studied
by Henderson et al.44 These authors have reported that the
majority of the methanol molecules adsorb without dissociating and desorb from the surface already at 295 K. Methanol was found to adsorb dissociatively at fivefold coordinated Ti atoms from where the fragments desorbed at 350 K.
Methanol was also found to desorb dissociatively at oxygen
vacancies from where the fragments desorbed at 480 K.44
The samples investigated here reached about 360 K while
they were illuminated with a halogen lamp during sample
alignment. According to the results of Henderson et al. only
methanol that was adsorbed at vacancy sites could have survived on the surface prepared as described above. The corresponding defect concentration has been reported in the
range of 8% for samples heated prior to methanol adsorption
to 850 K in vacuum,44 as was the case for our samples.
Whereas for toluene no data are available to our knowledge,
temperature programmed desorption 共TPD兲 for the closely
related benzene adsorbed on TiO2共110兲 have shown molecular desorption at 260 K.45 Wong et al.46 and Lu et al.47 have
reported on TPD measurements of chloroform adsorbed on
TiO2共110兲. Chloroform desorbed molecularly between 150
and 200 K.
Since the chemical shift in XPS for the C 1s peak is expected to be small between toluene and catechol, the absence
of residual solvent molecules after preparation was confirmed by preparing a sample with methylene chloride as
solvent. On this sample no contribution of chlorine to the
measured XPS spectrum could be detected after preparation.
From the different XPS measurements on the differently prepared samples we conclude that recontamination of the
samples due to the preparation procedure with the solvents is
negligible. In addition all three samples showed nearly identical transient signals in TR-2PPE.
For interpreting the time dependence of the 2PPE signals
it was important to check on the recombination time in the
catechol:TiO2 system, i.e., the time scale for the return of the
injected electron to the hole left behind on the ionized catechol molecule. Since the latter cannot be measured easily
with a 2PPE signal a different approach was taken. Detailed
investigations in our group of nanostructured anatase and
rutile films and of TiO2共110兲 single crystals with the same
adsorbed molecules have revealed very similar time constants for corresponding electron transfer processes.32,33 Accordingly, the recombination time measured by transient absorption on the colloidal system in UHV can be considered
also as the recombination time in the catechol:TiO2 rutile
system measured in UHV.
To obtain the transient absorption data colloidal TiO2
films were prepared with a thickness of about 1 m on
45 m glass where the recipe followed the procedure described by Nazeeruddin et al.22 Prior to adsorbing catechol
on the anatase film the latter was heated at 450 ° C for
45 min in air. Catechol was adsorbed onto the colloids from
the same solution that was used in the case of the rutile
single crystals. The dye-covered nanostructured TiO2 film

was rinsed several times with the solvent, dried under argon,
and quickly transferred to the UHV chamber designed for
carrying out transient absorption measurements. The same
440 nm pump pulse was used as for TR-2PPE, but the second NOPA was tuned in this case to 480 nm since the probe
pulse had to address ground-state absorption of adsorbed catechol. The cross correlation for the transient absorption measurements was measured on a SiC diode with 45 fs width
共FWHM兲.
III. RESULTS AND DISCUSSION

The positions of the electronic levels for the adsorbed
molecule relative to those for the semiconductor have a great
influence on the photoinduced interfacial charge transfer
dynamics.48 The HOMO for catechol adsorbed on the rutile
surface can be estimated from ultraviolet photoemission
spectroscopy 共UPS兲. One has to keep in mind that, as known
from gas phase UPS of molecules, the electron spectrum
includes a vibrational structure. This structure evolves when
a molecule initially in its vibrational ground state is left in a
higher vibrational state after the electron is emitted. Energy
conservation demands that the kinetic energy of the emitted
electron is reduced by the amount of energy that is converted
into vibrational energy of the molecule after ionization. Another consequence is that the intensity of the different vibrational transitions is controlled by the Franck-Condon overlap
of the initial molecular state with the ionized molecular state.
Thus, the 0,0 transition, i.e., the electronic transition where
the molecule stays in its vibrational ground state, is located
on the low binding-energy side of a molecular peak in UPS,
since in this case all the photon energy is converted into
kinetic energy of the electron.
Assuming that an inhomogeneous broadening not larger
than 250 meV reveals the true vibrational width of the spectrum with the peak leading to the maximum at 1 eV above
the valence band edge in the UPS measurement shown in
Fig. 2 共dashed line兲, the position of the HOMO 共0,0 transition兲 can be estimated at about 1 eV below the Fermi level
and thus 2 eV above the valence band edge. The position of
the HOMO is indicated in Fig. 2 by a vertical line. Thus
upon adsorption on the 共110兲 surface of rutile TiO2 the ionization potential 共IP兲 of catechol49 is shifted to lower energy
by about 2.5 eV against the value for catechol in the gas
phase. Such shifts of the IP are also reported for other adsorbate:substrate systems and are ascribed to the wave function
mixing between substrate and adsorbate.50
In addition Fig. 2 shows two photoemission spectra, one
for occupied ground states of the bare TiO2 surface 共UPS
measurements, dotted curves兲 and the other for the population in unoccupied states that was generated due to excitation
of the catechol CT complex by the pump pulse of the laser
共2PPE spectrum, solid curve兲. In the latter case, the pump
pulse 共440 nm, 2.8 eV兲 lifted an electron from the occupied
HOMO of adsorbed catechol molecules to empty Ti共3d兲
states localized on the surface of TiO2. Comparable to the
case of direct photoionization in the UPS measurement, discussed above, the catechol molecule can gain vibrational energy during the CT transition. As a result, the electron is
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FIG. 2. UPS and 2PPE spectra of catechol adsorbed on
TiO2共110兲. The 2PPE spectrum is shown vs the energy of the corresponding intermediate states. Zero energy corresponds to the position of the Fermi level in the system. The dotted UPS spectrum is
that of TiO2共110兲 in the absence of catechol. The estimated energy
of the HOMO level of adsorbed catechol is indicated by the vertical
line labeled HOMO. The two horizontal arrows indicate the photon
energy of the pump pulse. The 0,0 transition of the optical charge
transfer 共CT兲 transition leads to the unoccupied electronic state at
the tip of the horizontal arrow. The dashed arrow in the opposite
direction on top of the upper solid arrow indicates the vibrational
excitation energy generated in the ionized catechol product state of
the optical CT transition that corresponds to the maximum FranckCondon factor. Further details are explained in the text.

injected into TiO2 acceptor states with a higher binding energy. The second pulse promoted the electron further to electronic levels above the vacuum energy where it could reach
the time of flight 共TOF兲 detector. The kinetic energy of the
electrons was determined from the time of flight inside the
drift tube of the detector. By adding the difference in the
work functions of the sample and TOF and subtracting the
photon energy of the probe pulse, the intermediate state energy was obtained with respect to the conduction band edge.
As usual the work function of the sample was determined for
every sample from the secondary electron edge in the 2PPE
spectrum 共not shown兲.
The energy distribution of the 2PPE spectrum was simply
identified here with that in the intermediate states by subtracting the energy of the second photon. If we assume that
the intermediate states are bulk states the correction for the
density of states in bulk rutile TiO2 共Ref. 51兲 would not
change the distribution significantly. However, the intermediate states may be at least partially of a different nature, as
will be discussed below. The UPS spectrum of the bare TiO2
surface is shown for comparison as the dotted curve. The
dashed UPS spectrum was measured for the catechol:
TiO2共110兲 system.
Adding the photon energy of the pump pulse to the
HOMO energy 共horizontal arrows in Fig. 2兲 leads to the
electronic intermediate state with the highest energy since in
this case there is no vibrational excitation of the ionized catechol product state in the optical CT transition. The corresponding optical CT transition corresponds to the 0,0 optical
transition for the photon energy of the pump pulse. It should
be noted that each of the many electronic levels with different energies on the surface of the semiconductor can give

rise to such a 0,0 CT transition from the HOMO of adsorbed
catechol when the appropriate photon energy is supplied.
This distinguishes a CT transition at a surface complex from
the optical excitation of a CT transition in a molecular complex.
In general vibrational excitation of the ionized catechol
product state will consume, however, part of the energy supplied by the fixed photon energy of the pump pulse. In the
latter case the corresponding electronic acceptor level will
have a correspondingly lower energy than that of the 0,0
transition. This partitioning of the fixed photon energy between the energy of the electronic product state on the surface of TiO2 and the vibrational excitation energy deposited
in the ionized catechol is illustrated in Fig. 2 by the solid
horizontal arrow and by the dashed arrow on top pointing in
the opposite direction. The electron population generated in
the respective unoccupied electronic level is controlled by
the respective Franck-Condon factor. The dashed arrow labeled Evib in Fig. 2 is pointing to the electronic level with the
maximum intermediate state electron population corresponding to the maximum Franck-Condon factor of the optical CT
transition. Of course, the actual population generated in the
respective electronic level is also influenced by the energydependent density of unoccupied electronic states at the interface and by the transition probability for photoemission
from the respective electronic intermediate state into
vacuum. The latter two effects can modify the actual intermediate state population with respect to the measured kinetic
energy distribution in the 2PPE spectrum but the qualitative
conclusions will remain unaltered. Both the spectra in Fig. 2,
i.e., UPS and 2PPE, suggest that the reorganization energy,
i.e., the difference between the energy of the 0,0 transition
and that with the maximum Franck-Condon factor, is in the
range of 0.5– 1 eV. A more precise value for the reorganization energy would require the detailed knowledge of first the
energy-dependent density of electronic acceptor states at the
interface and second the probability for photoemission from
the respective intermediate state. The above value for the
reorganization energy does not appear unusual for a CT transition involving the ionization of a fairly small molecule like
catechol.30 From the optical CT transition of the molecular
complex of three catechol units with one Ti atom, e.g., from
Fig. 4 in Ref. 18, one can deduce directly a reorganization
energy on the order of 0.9 eV.
The adsorption configuration of catechol on anatase
TiO2共101兲 has been discussed by Persson et al.52 based on
semiempirical calculations. More recently, the same system
was calculated by Redfern et al.28 based on semiempirical as
well as density functional theory 共DFT兲 calculations. Persson
et al. have suggested a dissociative adsorption, i.e., removal
of the two H atoms, which is bidentate and bridge type, i.e.,
where the bonds are formed by the two oxygen atoms to two
different Ti atoms on the surface. Redfern et al. have discussed several adsorption configurations in more detail and
have considered also relaxation of the surface atoms. Their
data show that a dissociative bidentate configuration with the
two oxygen atoms of catechol forming bonds to just one Ti
atom requires a specific defect site. The latter is formed on
the surface of very small anatase clusters 共diameter smaller
than 2 nm兲 but not on larger clusters or on the planar 共101兲
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surface of an anatase single crystal. The authors also conclude that the above bridge-type bidentate dissociative configuration is competing with monodentate and nondissociative configurations, i.e., molecular adsorption retaining the
two -OH groups, on the latter surfaces. Since the distance
between adjacent Ti atoms on the 共110兲 surface of rutile can
accommodate bidentate bridge-type bonds to catechol with a
smaller lattice relaxation than is required on the 共101兲 surface of anatase, we adopt here the arguments of Redfern et
al. also for the rutile 共110兲 surface. The large shift by close to
2.5 eV of the catechol HOMO upon adsorption on TiO2
共compare above兲 and the red edge of the CT transition at
620 nm suggest that the dissociative bridge-type bidentate
configuration is the dominant adsorption configuration on the
rutile surface. A few remarks appear in order regarding the
optical CT transition. Our measurements of the CT absorption 共not shown here兲 in the case of catechol adsorbed to
large diameter 共50 nm兲 rutile colloids and on large 共20 nm兲
anatase colloids coincide from 620 nm up to 400 nm, and
they agree perfectly with the data of Wang et al.53 except for
the expected earlier rise due to the band-band transition in
the case of rutile which is known to have a smaller band gap
than anatase. It should be noted that the CT absorption
curves for catechol adsorbed on crystalline rutile or anatase
do not show the pronounced maximum that is seen in the CT
absorption of molecular compounds formed by three catechol units and only one Ti atom.18 In the case of catechol
adsorbed to crystalline TiO2 there is a continuum of electronic 0,0 transitions, each leading from the HOMO of catechol to an unoccupied electronic level on the surface of
TiO2, as discussed above. Thus, one can picture the CT absorption for the latter system as a superposition of many
spectra with a shape seen for the molecular compound of
catechol with only one Ti atom.18 Since Franck-Condon factors for the case of a large reorganization energy are controlling the shape of the CT spectrum30,31 one has to compare the
red edge of the experimental CT absorption spectrum with
the energy of the calculated CT transition as has been correctly identified by Redfern et al.28 As a corollary the electronic CT transition recently calculated by Duncan et al. for
the molecular catechol-Ti compound54 is in even better
agreement with the experimental data18,53 than has been realized in the respective paper.
The absorption depth of 300 nm light in TiO2 is 90 nm,55
the escape depth for the excited electrons is not exactly
known. The “universal curve” for the inelastic mean free
path does not reflect the escape depth for electrons with a
very low kinetic energy since elastic scattering has to be
taken into account.56 However, the upper limit according to
the universal curve is 90 nm at 1 eV kinetic energy.57 The
actual value will be significantly smaller. For example, calculations on SiO2 where elastic scattering has been taken
into account have predicted an escape depth of 10– 15 Å for
kinetic energies between 1 and 10 eV.56 Comparable values
have been predicted for GaAs.58 Thus, the population of
electrons generated in the unoccupied electronic states was
probed by the 2PPE signal in a very narrow spatial range
near the surface of the order of 15 Å width. In order to judge
on the measured time behavior of the electron population
generated in the unoccupied electronic states it is important

FIG. 3. Transient bleach of catechol ground state measured at
480 nm after 440 nm excitation 共dots兲. Biexponential fit of the data
with the printed parameters.

to know on what time scale the electron will return to the
ionized catechol left behind on the surface and recombine
there to form again the ground-state catechol. The electrons
will eventually undergo this latter recombination reaction
since there is no other effective sink competing in the present
system for the electrons. The system will deliver of course a
photocurrent if a closed circuit is formed as is the case in a
dye-sensitized electrochemical cell. The time scale of the
above recombination reaction was determined from the timedependent disappearance of the ground-state bleach signal. It
was measured as a transient absorption signal with 440 nm
pump and 480 nm probe pulses in a colloidal TiO2 system
sensitized with catechol and measured in a UHV chamber as
described above. Transient absorption was chosen for this
measurement since 2PPE measurements are not very suitable
for measuring ground state bleach and recovery. There have
been reports already of such a measurement by Wang et al.
who carried out transient absorption spectroscopy in a similar system in solution.53 They have found that the transient
spectra of catechol on TiO2 colloids do not show any significant spectral shift. An isosbestic point at 510 nm separates
the ground-state bleach ranging from 420 to 510 nm from
the transient absorption of the injected electrons. The reported bleach recovery kinetics is multiexponential with 62%
of a 0.4 ps component, 19% of a 8 ps component, and longer
components. Figure 3 shows the bleach recovery kinetics
measured by transient absorption spectroscopy in UHV together with the biexponential fit curve. Most of the signal
recovered within ⬎10 ps. The fast recombination rate with
0.5 ps time constant can be attributed to electrons trapped in
shallow traps in the vicinity of the ionized catechol molecules. Whereas the time constants measured here are comparable to the ones reported earlier by Wang et al.,53 the
amplitude ratios are different. This difference may be due to
the difference in the environment, i.e., UHV against laboratory air, or to a slightly different preparation of the colloids.
Nevertheless, both the transient absorption measurements
show that the early time-dependent disappearance of the
2PPE signal of the electrons generated in the unoccupied
states is much faster than recombination and thus the measured early time decay is not dominated by the latter process.
Energy distributions were measured at different delay
times between pump and probe pulse. As the energy of the
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FIG. 4. 2PPE spectra for the catechol coated rutile TiO2 surface
at different time delays.

pump pulse was smaller than the band gap of TiO2, the bare
surface of rutile contributed just a weak 2PPE signal originating from defect-induced occupied gap states. The corresponding 2PPE background signal covered a wide energy
range with the same time dependence as the CC, thus indicating a very fast decay. The energy of the probe pulse was
close to the work function of the sample. The corresponding
one-photon photoemission signal was subtracted from the
2PPE signal. Figure 4 shows 2PPE energy distributions measured at different time delays. The spectra show a continuous
distribution over an energy range covering 1 eV with a maximum value at 0.6 eV and a long tail to higher energies. The
contributions above 1.7 eV decay very fast and are attributed
to the bulk background signal of the sample. The exact position of time zero 共t0兲 and the pulse width were extracted at
2 eV kinetic energy. At this energy the time trace gave the
identical CC of both pulses as found on a Cu共111兲 single
crystal. Width and shape of the spectrum with a peak at
0.6 eV are very similar to the ground-state photoionization
spectrum measured by UPS. As explained in connection with
Fig. 2 the shape of the 2PPE spectra is controlled to a large
degree by the reorganization energy and the Franck-Condon
factors of the optical CT transition whose 0,0 energy corresponds to the high-energy onset of the spectrum. The shape
of the spectrum can be modified to some degree by an
energy-dependent density of unoccupied electronic states at
the surface of the catechol:rutile 共110兲 interface and also by
an energy-dependent photoemission probability from these
intermediate states. The peak position at about 0.6 eV is consistent with the measured peak position of the molecular
HOMO 2 eV above the valence band edge when one takes
into account the 2.8 eV photon energy of the pump pulse and
the reorganization energy of around 1 eV that leads to a corresponding shift of the peak position to lower energies from
the energy of the 0,0 transition at the maximum kinetic energy 共see discussion of Fig. 2兲.
The electronic acceptor states at the catechol:rutile 共110兲
interface are not known. They are expected to comprise unoccupied surface resonances and bulk states reaching to the
interface. Detailed DFT calculations of the electronic states
at a reconstructed InP共100兲 surface with the dangling bonds
saturated by P-H bonds show for example a lower density of
surface resonances close to the band edge and an increas-

ingly higher density to higher energies.59 The surface resonances become the more bulklike the higher their energy.
The measured 2PPE spectra 共Fig. 4兲 show a continuous distribution of collected electrons over an energy range wider
than 1 eV.
Recently, our group has investigated the influence of a
specific surface resonance on time dependent 2PPE spectra
for In-rich reconstructed InP共100兲, both experimentally and
theoretically.60 Both the time dependence and the continuous
energy distribution in the spectra shown in Fig. 4 do not
show any sign of a single dominant surface resonance for the
catechol:rutile 共110兲 interface prepared as described above.
Thus, we expect only minor modifications from an energydependent variation in the density of states. This is expected
for the known bulk density of states for bare rutile 共110兲 in
this energy range.51 In cooperation with a theory group we
have investigated recently the influence of specific final and
intermediate states on the shape of 2PPE spectra.60,61 In the
case of InP it was found that the experimental data are much
less influenced by a mismatch in the effective mass of intermediate and final state than would be expected for the free
electron as the final state. Since this is an unexplored area
and since the shape of Fig. 4 is as expected and similar to the
optical CT spectrum of the catechol:Ti complex, we conclude that the measured kinetic energy spectrum 共2PPE兲 in
Fig. 4 is mainly controlled by the reorganization energy and
the Franck-Condon factors of the optical CT transition with
the 0,0 energy in the range of 1.5 eV 共compare Fig. 2兲. The
Franck-Condon factors dictate the energy distribution and
electron population in the intermediate electronic states of
the 2PPE signal.
Figure 4 shows an additional rather surprising result, i.e.,
the energy distribution is hardly changing with increasing
delay time, a behavior that is strikingly different from, for
example, the hot electron relaxation in the case of InP共100兲
that has been measured also with 2PPE.60,62 The surprising
conclusion here is that the energy relaxation of the electrons
injected into the unoccupied states at the catechol:rutile 共110兲
interface is negligible on the time scale of the measured decay, i.e., 200 fs. The same observation has been made for
electron injection into rutile 共110兲 from the excited state of
various perylene dyes.33 It should be noted in Fig. 4 that
there is neither an obvious shift in the peak position nor in
other features of the spectrum with increasing time delay.
Even at a delay time of 300 fs neither the peak position nor
the shape of the spectrum have changed to any significant
extent.
A possible explanation for this unusual behavior may be
the difference in the charge separation process in both these
cases. The TR-2PPE measurement of InP involved a bandband transition where the electron as well as the hole are
delocalized in the bulk bands and are virtually not interacting
with each other due to the actual screening. The measurements of the catechol:TiO2 interface presented here involved
an electron transfer process, where the acceptor states are
believed to differ from bulk states due to contributions from
unoccupied surface resonances and/or adsorbate-induced interface states. Furthermore, in the latter case the hole stays
localized on the catechol molecule and the amount of screening is not known. Thus, the behavior of the electrons gener-
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TABLE I. Fit parameter for the Bloch plus rate constant model
depicted in Fig. 5 for the samples prepared with three different solvents.

FIG. 5. Time traces at 600 meV intermediate state energy
共circles兲 and fitted curves using the model shown in the inset 共lines兲
for three catechol adsorption layers prepared with three different
solvents as indicated. Fit parameters are shown in Table I.

ated at the catechol:TiO2 interface is attributed to these electronic states with virtually no dispersion, and only very slow
energy exchange between these different states. Furthermore,
bulk band-structure calculations reveal a high effective mass
already for bulk electrons at the ⌫ point63,64 which are expected to be even more localized at the surface.
The escape of the electron from the surface was measured
by the TR-2PPE signal at 0.6 eV intermediate state energy.
Figure 5 shows the time trace for samples prepared with
different solvents. All transients show a very rapid initial
decay and a long-lived background. The amount of this longlived background is different for the different samples. One
possible reason for this difference may be a different coverage with catechol molecules. The solvent molecules may
block efficiently possible binding sites for catechol as long as
the TiO2 sample is in contact with the solution. Thus, the
surface coverage with catechol may depend on the strength
of the interaction between the solvent and the surface of
TiO2. For example, the probe pulse is absorbed by catechol
and this decreases the slow decay component where the electrons have reached a larger distance.
Another possibility may be a small amount of residual
solvent molecules on the surface after the sample was
brought back to UHV conditions. Such residual solvent molecules may result in additional trap states for the injected
electrons. Both mechanisms discussed above are possible explanations for the larger, long-lived background signal measured on the sample prepared with the addition of methanol
in the solvent. However, a more detailed analysis by means
of optical Bloch equations and rate equations is given in the
following text and shows that this subtle difference does not
affect the results drawn from the measurements. Fit curve
and the underlying fit model are shown in Fig. 5. The photoemission step was taken into account by convoluting the
intermediate state population with the probe pulse.68 The
temporal shift of the peak against t0, the rise, and also the
very early decay of the signal were all fitted by means of
optical Bloch equations for a two-level system representing

Solvent

1
共fs兲

2
共fs兲

3
共fs兲

1

2

3

Toluene
Toluene+ methanol
Methylene chloride

2
2
2

97
85
93

804
945
1366

1
1
1

0.08
0.04
0.04

0.004
0.01
0.01

the initial ground and the intermediate excited state. This
model is analogous to the one discussed in detail in Ref. 65.
This model predicts a monoexponential decay. As the measured decay was nonexponential, however, this simple model
could not fit the measured decay at longer times. Therefore,
the Bloch model was combined with a two-level rate model
共inset of Fig. 5兲. The latter was appropriate since it turned
out that the coherence decayed very fast 共⬍10 fs兲. Photoionization can be described classically for times where the coherence has decayed prior to the arrival of the probe pulse.66
The contributions of the consecutive spatial positions in the
escape process to the 2PPE signal were weighted by i factors, thereby modeling Lambert-Beer’s law and also the escape depth of photoelectrons. Thus, the parameters ␥i and i
model the escape of electrons and the detection probability,
respectively, in a phenomenological way. The time constants
共i = ␥1i 兲 resulting from the fit model depicted in Fig. 5 for the
catechol adsorption layers prepared with three different solvents are shown in Table I.
The deviation of the time constants between the differently prepared samples is of the same order of magnitude as
the reproducibility of the measurements.33 Obviously, influences of the solvent on the surface, especially on the acceptor states for the optical CT transition, are negligible. The
latter are controlled by the formation of the catechol:Ti
bonds if they are specific surface resonances.
Since energy relaxation was negligible in the observed
2PPE signals the decay must be ascribed to the escape of the
electrons from the detection depth of 2PPE. The measured
time decay 共Fig. 5兲 with the strongest dip in the time scale of
50 to 100 fs can be understood from a crude estimate. With
the escape depth for the 2PPE signal in the range of 5 to
15 Å 共compare above兲 the above time scale would imply an
electron mobility on the order of 10 cm2 V−1 s−1. This estimate follows from the well-known Einstein relationship between diffusion coefficient and mobility together with the
well-known relationship between distance and time scale for
diffusion. Room temperature electron mobilities referring to
the band edge are 1.4 cm2 V−1 s−1 and 8 cm2 V−1 s−1 for directions perpendicular and parallel to the c axis, respectively.67 Since screening of the injected electrons via relaxation of the nuclei in the oxide lattice is not expected to be
complete within 50 fs one can expect a higher effective mobility for the escape process of the hot electrons than corresponds to the electron mobility at the band edge. Moreover,
one can expect that the Coulombic attraction between the
positive charge left behind on the catechol molecule and the
electron generated on the surface of TiO2 must play a role
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for the escape process. Thus, simple model considerations as
presented above are certainly not sufficient. Fortunately,
there are recent ab initio calculations of the time-dependent
escape of the electrons available for closely related systems.
Rego and Batista have carried out combined DFT and quantum dynamical calculations on this system to investigate the
interfacial electron transfer dynamics.34 A cluster of TiO2
with adsorbed catechol was treated instead of the catechol:共110兲 TiO2 interface. These authors have reported that
the injected electron is initially localized on the Ti4+ surface
ions next to the catechol followed by an anisotropic escape
of the electron.69 The escape times vary by up to one order of
magnitude for different crystallographic directions. The
above model calculations covered only an initial time window of 20 fs. Most recently, Duncan et al. have calculated
the escape of electrons from alizarin on the surface of a TiO2
slab over a longer time span of several 100 fs with nonadiabatic molecular dynamics simulations.35 The system is
closely related to the experimental system investigated in
this work. The escape from near-surface states to bulklike
states was found nonexponential with a dominant time constant of 100 fs.35
Our experimental data shown in Fig. 5 are obviously in
qualitative agreement with the latter model calculations. Fur-

ther 2PPE experiments carried out with other organic chromophores adsorbed to the 共110兲 surface of rutile TiO2 will be
described elsewhere. The latter data show the same escape
dynamics 共Fig. 5兲 as reported here for the case of adsorbed
catechol.
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