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Supporting Materials
I) Femtosecond 2PPE Technique for Surface Photochemistry
Fig. S1 shows a schematic diagram of the femtosecond two-photon photoemission
(2PPE) spectrometer. The 2PPE experimental apparatus is comprised of an ultrahigh
vacuum system, which includes a sample preparation and characterization chamber and
a main probing chamber with a hemispherical electron energy analyzer, as well as a
Ti:Sapphire femtosecond laser system with a frequency doubling setup and a home
built Mach-Zehnder interferometer that allows for ultrafast excited electron dynamics
studies. The vacuum system consists of a main chamber for two-photon photoemission
measurement, a sample preparation and characterization chamber and a load-lock
system. The upper chamber is designed for sample preparation and characterization. It
is equipped with an Argon ion gun (IQE 11/35, SPECS) for sample cleaning and a
LEED detector (ErLEED 150, SPECS) for LEED pattern check to ensure that samples
are contamination free and well ordered before experimental measurements. The key
element of this apparatus is the hemispherical electron energy analyzer (PHOIBOS 100,
SPECS) for low energy photoelectron detection from the sample surface. A μ-metal
shield was mounted inside the main vacuum chamber, which shields the earth magnetic
field, to allow low energy electron detection.
An experimental scheme is also developed using the imaging detector for
time-dependent 2PPE (TD-2PPE) measurement over the energy range from the work
function edge to twice of the photon energy relative to the Fermi level.

This

time-dependent 2PPE (TD-2PPE) measurement requires rather highly sensitive 2PPE
detection. On this apparatus, we have developed a data acquisition program for 2PPE
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imaging with a real time measurement window of 0.1 second. This means that 2PPE
spectra can be obtained in less than 0.1 s. The TD-2PPE technique allows us to
measure kinetics of surface photochemical and chemical reactions that induce
considerable excited electronic structure changes. The TD-2PPE technique developed
clearly has sub-monolayer detection sensitivity.
The laser system used in the 2PPE system is a Ti:Sapphire femtosecond oscillator
(Synergy PRO, FEMTOLASERS), pumped by a Verdi V6 diode laser (Coherent Co.).
The center wavelength of the femtosecond laser is near 800 nm. The 800 nm output
light was frequency doubled to 400 nm using a thin β-barium borate (BBO) crystal (10
mm x 3 x 0.1 mm, CASTECH). The 400 nm light was then sent to a Mach-Zehnder
interferometer (MZI). The output beam of the MZI was directed to a pair of chirp
compensation mirrors before it was reflected and focused onto the sample surface in the
vacuum chamber through a lens window.
Fig. S2 shows experimental scheme for the 2PPE study on the CH3OH/TiO2(110)
surface. The 2PPE signal comes from one photon excitation of electrons on defect
states near surface to the conducting band followed by another photon excitation of the
excited electrons to the vacuum.
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Fig. S1 The schematic diagram of the femtosecond two-photon surface photoemission
spectrometer.
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Fig. S2 Experimental scheme of the 2PPE study on the CH3OH/TiO2(110) surface.

II) STM Supporting Results
1. Confirmation of adsorption in molecular form of methanol on Ti4+ and
photodissociation into methoxy and hydrogen
We performed manipulation of non-dissociated and dissociated methanol
molecules using STM tip. These methanol molecules were pushed at 0.4 V and 700 pA
by STM tip along the direction of white arrows. As shown in Fig. S3, the first methanol
molecule (m1) that is not changed after light illumination can be removed as a whole
molecule from the surface; the second methanol molecule (m2) that is not changed after
light illumination can be moved along the Ti4+ row as whole. Clearly, those molecules
that are not changed after the light illumination can be manipulated as a whole molecule.
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This strongly suggests that those molecules that are molecular adsorbed methanol on
Ti4+ sites. After manipulating methanol molecule (m3) that is “stretched” during the
light illumination, the main group of the “stretched” methanol molecule was removed
from the surface, while an OH species was left on the BBO row. This means that a
methoxy group is removed from the “stretched” methanol from the surface, suggesting
that the “stretched” methanol molecule is a dissociated methanol species after light
illumination. Another case of manipulation of a “stretched” methanol molecule (m4)
shows that the main group was moved along the Ti4+ row with tail left on the BBO row.
This likely means that the methoxy group is moved along the Ti4+ row while an OH
species on BBO stretched molecule is left. These two cases suggest that the “stretched”
methanol molecules are dissociated species with a methoxy group on the Ti4+ site and
the hydroxyl hydrogen is dislocated to the BBO row.

Fig. S3 Comparison of the manipulation of non-dissociated and dissociated methanol
molecules. A) STM image of coexistence of non-dissociated and partially
photodissociated methanol molecules. Non-dissociated molecules m1 and m2, and
photodissociated molecules m3 and m4 were pushed at 0.4 V and 700 pA by STM tip
along the direction of white arrows, respectively. B) STM image after manipulation.

Supplementary Material (ESI) for Chemical Science
This journal is (c) The Royal Society of Chemistry 2010

I)

DFT Calculations Based on Cluster Model

III.1) The Cluster Model
Theoretical study has been carried out to give further insight into the 2PPE
spectrum of the CH3OH on TiO2(110) surface. Computational model was shown in Fig.
S4. It consists of 4 layers, and 286 atoms. The model was designed by cropping the
bulk rutile, then saturating all surface Ti atoms, except that in 110 surface, by OH/OH2
to maintain the coordination environment and oxidation states of Ti in bulk. Two
CH3OH molecules were put on the surface adjacently. We decide to choose such a big
model because the rutile model is very size dependent.

As a fact, the CH3OH

dissociation energy (BLYP) for the 2, 3, 4 layers models were computed to be +16.65,
+0.01, +2.97 kcal/mol, respectively, which shows 3 layers model were the minimal
requirements to give reasonably reliable results. We have tried B3LYP and BLYP
functionals on the two layers models, and they afford pretty similar results (B3LYP
+14.83, BLYP +16.65 kcal/mol), therefore we decide to use BLYP in this work. The
BLYP calculations are carried out using the Amsterdam Density Functional (ADF 2008)
package (ref. S1), utilizing the double-basis set (DZ for hydrogens bond to TiO2 and
DZP for all other atoms) and the frozen-core approximation. B3LYP calculations were
carried out using LACVP** basis sets and Jaguar 7.5 package (ref. S2). This cluster
model gives similar results as that in ref. S4 for the geometry and methanol dissociation
energy, which shows less leyers are needed for the cluster model. Part reasons may be
that we saturated the atoms at the bottom surface.
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Fig. S4. Cluster models, which consist of 4 layers, 286 atoms.

III.2)

Relative Stability of Molecular Methanol Adsorption v.s.

Dissociated Methanol Adsorption
The first question we would to answer is whether CH3OH is adsorbed or dissociated
on rutile TiO2(110) surface. The computed dissociation energy is +2.97 kcal/mol,
which suggest that the dissociation is slightly endothermic. This result is quite
consistent with the recent ground state calculations (ref. S4), which also shows that the
molecular adsorbed methanol molecules are slightly more stable than the dissociated
ones. One may argue that the value is quite small, and the conclusion is problematic by
considering the normal DFT error. For this reason we have modeled the dissociation of
H2O, which was endothermic based on experimental evidences.

The computed

dissociation energy of is +2.48 kcal/mol, which successfully reproduced the
experimental results. More importantly, it shows that the CH3OH dissociation is
slightly more endothermic than the H2O dissociation. Therefore we are confident that
CH3OH dissociation should be endothermic.

III.3) Surface Structural Change Upon Methanol Dissociation
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Fig. S5 shows the surface structures of the adsorption (left) and dissociation (right).
The CH3OH adsorbed surface is quite similar to the naked surface, characterized by the
originally five coordinated Ti atoms are lower than other atoms in the surface. Upon
dissociation, however, the Ti (Ti1 in Fig. S5, right) atom elevates to become higher than
other atoms. These structure features can be explained by the trans influences, which
says a σ dative bond is weaker if it is trans to another σ dative bond. In the naked
surface, the bond between five-coordinated Ti and the O below it was stronger than the
Ti-O bond in the bulk because no bond trans to it, hence the bond length is shorter and
Ti atoms are lower than other surface atoms. The adsorbed CH3OH is weakly bond to Ti,
and are not strongly enough to change this bonding feature. However, after dissociation
it is the very strong CH3O- ligand which bond to the originally five-coordinated Ti, it
makes the bond in the trans position weaker, then the Ti atom becomes considerably
higher than other surface atoms by 0.30Å (before dissociation, lower by 0.28 Å).
Another structure feature is the second CH3OH prefer to form hydrogen bond with
its adjacent CH3OH, than with the oxygen on the surface. This is true for both
adsorption and dissociation.

Fig. S5 The local structure of the surface region.
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III.4) Nature of the Excited Resonance Observed in 2PPE
Concerning the observed excited resonance after dissociation, our DFT calculation
does not support the Ref. 3’s proposal that it originates from the occupation of the CH3
σ* orbital because these orbitals are rather high in energy. The lowest CH3 involved
unoccupied orbital has an orbital energy of 0.62 eV, which is higher than the LUMO by
4.12 eV. This means the energy of light used in the experiment is not enough to excite
the electrons to the CH3 σ*. OH σ* orbital is also too high in energy, and all
unoccupied orbitals below it are Ti d orbitals. Based on these evidences, the observed
excited state can only be the states refer to the Ti d orbitals.
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Fig. S6 Energy and splitting of Ti d orbitals.
In order to understand how the Ti d orbital changes upon the dissociation, we have
schemed the energy and splitting of Ti d orbitals in Fig. S6. In free Ti all five d orbitals
are degenerate. In bulk where Ti is roughly octahedral coordinated, they split into two
groups, with dx2-y2/dz2 higher in energy than dxy/dxz/dyz. Given the surface plane as x-y
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plane, the five coordinated Ti atoms on the surface have an empty coordination site on z
direction. Comparing to those in the bulk, the energies of dz2, dxz and dyz orbitals
decrease significantly because they feels weaker ligand field. Consequently the dxz/dyz
orbitals of the surface atoms are lower in energy than the d orbitals in bulk, and become
the lowest unoccupied orbitals of the whole system. Binding of the weakly adsorbed
CH3OH does not significant change the energy level. This conclusion was confirmed
by the calculation, where in CH3OH adsorbed model LUMO, LUMO+4, LUMO+9,
LUMO+13 were found to be dominated by surface five coordinated Ti atoms. Upon
dissociation, the weakly coordinated CH3OH was changed to the much stronger ligand
CH3O-. The η1 CH3O- is expected to be stronger ligand than oxygen in bulk as the later
was η3 bonded oxygen, therefore we expect dramatically energy increase for dz2, which
eventually becomes the highest d orbital. Other d orbitals energies also increase
slightly.
Till now we only consider isolated Ti atoms. In reality the d orbital level is more
complicated because of the geometry distortion and overlapping between different
atoms, however the features described above still kept and we do observe the evolution
of the surface d orbitals at about -1.0 eV upon dissociation. As expected these orbitals
are dominated by the Ti atom at the dissociation place, as well as its neighbors. In Fig.
S7, the surface density of state (DOS) was calculated for both molecular adsorption and
dissociated adsorption, where each state was modeled by simulating each MO using a
Lorentz curve with a width of 0.25 eV. Here only surface atom contribution was taken
into account. It is very clear that new electronic state appears at -1 eV.
As we only take into account the DOS of surface Ti(5c) contribution, we did not
expect the evolution of large intensity at high energy ( > -1.0 eV) for the molecular
adsorbed structure since they are less coordinated. Detailed analysis shows that the
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intensity arise from the minor surface atom contributions to orbitals dominated by
bulky atoms. These states do not change during the methanol dissociation, and it
seems that our 2PPE experiments cannot observe them. This is quite reasonable since
these states are mainly bulky states rather than surface states. We have therefore
calculated the difference of the DOS between the molecular adsorption and
dissociated adsorption, (DOSD–DOSM). Since the 2PPE spectral intensity should be
proportional the square of the DOS of intermediate state, we have shown the
(DOSD–DOSM)2 plot in Fig. S8. In this figure, the state at -1 eV is very pronounced.
All features discussed above can be found in this simple simulation. The states below
-3.3 eV decrease, and states between -3.3 to -2.4 increase, this is related to the
increasing of the orbital energy of dxz/dyz/dxz. Decreasing of states between -2.4 to -1.1
eV and dramatically increasing of orbital energy at about -1.0 eV relate to the
increasing of the orbital energy of dz2.
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Fig. S7 Calculated DOS from surface atoms for the molecular adsorption and
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dissociation adsorption.
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Fig. S8 The (δDOS)2 plot, where δDOS=(DOSD–DOSM).
Whether the new state at about -1.0 eV responsible for the excited state observed
experimentally? Our answer is yes, at least most probably. The calculated results
indicate that the new state is about 2.5 eV above the LUMO, the bottom of the
conducting band which is close to the Fermi level (refs. S5, S6 and S7). The energy of
this new electronic state is very close to the resonance feature observed in the 2PPE
spectrum which is about 2.4 eV above the Fermi level. Of course, the calculated width
of the state is much narrower than the experimental observed since the lifetime of the
state is not considered in the calculations.
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