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A single centre water splitting dye complex (aqua(2,2’-bipyridyl-4,4'-dicarboxylic acid)-(2,2':6',6”-
terpyridine)Ruthenium(Il)), along with a related complex ((2,2'-bipyridyl-4,4'-dicarboxylic acid)-
(2,2":6’,6"-terpyridine)chloride Ruthenium(II)), has been investigated using photoemission and com-
pared to molecules with similar structures. Dye molecules were deposited in situ using ultra-high
vacuum electrospray deposition, which allows for the deposition of thermally labile molecules, such
as these dye molecules. Adsorption of the dye molecules on the rutile TiO,(110) surface has been
studied using core-level and valence photoemission. Core-level photoemission spectra reveal that
each complex bonds to the surface via deprotonation of its carboxylic acid groups. A consideration
of the energy level alignments reveals that both complexes are capable of charge transfer from the
adsorbed molecules to the conduction band of the rutile TiO, substrate. © 2011 American Institute

of Physics. [doi:10.1063/1.3637497]

. INTRODUCTION

Hydrogen gas has the potential to be used as a carbon
neutral fuel with a high enough energy density to be used as a
transportation fuel,! once a suitable storage medium has been
found.?"® Hydrogen gas can be produced from several differ-
ent processes;’ however, they usually require some form of
external power source to provide enough energy for the re-
action. The most sustainable way of generating the energy
would be from renewable energy sources, such as solar or
wind power. The hydrogen production process could be made
more efficient by merging the energy harvesting and water
splitting processes into a combined system, potentially reduc-
ing energy losses from power transmission between the sys-
tems and simplifying manufacture.

Dye sensitised solar cells (DSCs) consist of efficient light
harvesting molecules adsorbed onto the surface of a substrate
with a wide bandgap, such as TiO,.'%'2 After the molecule
absorbs a photon of visible light, an electron is promoted
from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO), if this orbital
overlaps energetically with the conduction band of the sub-
strate then charge transfer from the molecule to the substrate
can occur. After charge transfer has occurred the adsorbed
molecule is left in a state which can accept electrons from
another source. In a photovoltaic DSC, the lost electron is re-
placed either from a liquid electrolyte or from an adsorbed
layer of gold on the substrate.!*!* In a water splitting DSC,
the loss of electrons creates a potential that causes the ox-
idation of a water molecule attached to the metal centre of
the adsorbed dye molecule, leading to the production of H*
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ions. The process takes several steps and produces H' ions
which travel to the cathode where they recombine with the
electrons initially transferred to the substrate producing hy-
drogen molecules. Gold is probably not a suitable substrate
for the reaction due to its ability to transfer electrons to ad-
sorbed molecules,'*'¢ this process would compete with the
removal of electrons from the water molecules and reduce the
efficiency of the water splitting reaction. Titanium dioxide, on
the other hand, shows only efficient charge transfer from the
adsorbed molecules to the substrate making it an ideal sub-
strate for a water splitting DSC.!"~!°

The molecules studied in this work each contain a single
bi-isonicotinic acid ligand (2,2'-bipyridyl-4,4’-dicarboxylic
acid), these ligands have carboxylic acid groups which are
capable of bonding to the TiO, surface. Bi-isonicotinic acid
has previously been shown to adopt a 2M-bidentate struc-
ture when adsorbed to the rutile TiO,(110) surface, on
adsorption the carboxylic acid groups deprotonate to allow
the molecule to bond covalently to the surface. N3, the full
name of which is cis-bis(isothiocyanato)bis(2,2'-bipyridyl-
4,4 -dicarboxylato)-ruthenium(Il), is currently one of the
most efficient dye complexes used in photovoltaic DSCs
and contains two bi-isonicotinic acid ligands which allow it
to bond to the TiO, surface.?! Previous studies of N3 and
related molecules on rutile TiO,(110) using photoemission
spectroscopy have shown evidence of deprotonation of two
carboxylic acid groups on adsorption to the TiO, surface
for each of the molecules studied.'®'>??> This binding ge-
ometry provides a strong chemical coupling which allows
for the efficient transfer of excited electrons from the ad-
sorbed dye molecules to the substrate. N3 and the complexes
studied here are ruthenium based but other dye molecules
have been developed based on more common metals, such

© 2011 American Institute of Physics
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FIG. 1. Chemical structures of the single centre water splitting complex (WSC) studied in this investigation (left) and its chloride containing analog

(CISC) (right).

as copper®>24
centre.?>26

Various charge transfer studies have previously been
performed on N3 molecules adsorbed on TiO,, such as laser
pump-probe techniques, which have found instrument limited
charge transfer timescales of 50 fs.?”-?% Density functional
theory (DFT) simulations have also been performed on this
system examining the charge transfer process which predict
charge transfer time scales on the order of 10 fs.?’ The core-
hole clock implementation of resonant photoemission spec-
troscopy has revealed charge transfer can take place on the
12-16 fs time scale.'®!° This technique will be used in a fu-
ture study to determine the efficiency of charge transfer to the
TiO, substrate for the molecules studied in this work. Here,
we focus on the adsorption of the molecules to the TiO,(110)
surface and the energetics of potential charge transfer
pathways.

The water splitting reaction has previously been per-
formed using both single and multi-centre dye com-
plexes both on surfaces and in solution.’*-3* It has been
shown that multi-centre dye complexes catalyse the wa-
ter splitting reaction more effectively than single centre
complexes.>?> The main system studied in this work can
be thought of as both a single centre water splitting com-
plex and also as a model of the reaction centre of a
multi-centre water splitting dye complex. The main dye
complex investigated in this study is a single centre wa-
ter splitting complex (labelled water single-centre com-
plex or WSC) (aqua(2,2’-bipyridyl-4,4’-dicarboxylic acid)-
(2,2":6,6"-terpyridine)Ruthenium(II)), a second complex was
also investigated containing a chloride ion instead of a
water molecule (labelled chloride single-centre complex
or CISC) ((2,2'-bipyridyl-4,4’-dicarboxylic acid)-(2,2':6',6”-
terpyridine)chloride Ruthenium(II)). The chemical structures
of the two dye complexes are shown in Figure 1. Dye com-
plexes were deposited onto a rutile TiO, substrate at both
monolayer and multilayer coverages using in situ ultra-high
vacuum electrospray deposition. This technique has been
successfully used previously to deposit carbon nanotubes,
Ceo molecules,'>3%37 zinc protoporphyrin,®® polymers,>

and organic dyes which do not need a metal

biomolecules,*” host-guest complexes,*' and the N3 dye com-
plex along with related molecules.'® 4> The adsorbed dye
molecules were studied using x-ray photoemission spec-
troscopy (XPS) and near-edge x-ray absorption fine structure
(NEXAFS) spectroscopy in order to observe their bonding
and electronic structure.

Il. METHOD

Experiments were carried out at the surface science un-
dulator beamlines 1511-1 and I311 at MAX-lab, Sweden.*>*
The I511-1 end station is equipped with a Scienta R4000 elec-
tron analyser, which can be rotated orthogonally about the
beam axis. For all of the experiments in this investigation, the
analyser was mounted horizontally in line with the light polar-
isation vector E, which gives the maximum flux of direct pho-
toemission electrons. The I311 end station is equipped with a
Scienta SES-200 electron analyser.

The experiments were performed using a single crystal
rutile TiO,(110) substrate (Pi-Kem, UK). Annealing was per-
formed at I511-1 by clamping the sample to a silicon crystal
and at [311 the sample was mounted on a pyrolytic boro ni-
tride heater for annealing. Cycles of sputtering using 2 keV
and 1 keV Ar" ions and annealing in UHV to ~ 600 °C were
used to prepare the surface. Initially, repeated cycles of sput-
tering and annealing were performed in order to change the
crystal from an insulator to an n-type semiconductor through
the introduction of bulk defects necessary to prevent sample
charging. These defects, which also turn the crystal slightly
blue, were minimised at the surface through annealing as de-
scribed above, but nevertheless can frequently be observed as
a density of states just below the conduction band edge in
the valence band photoemission spectrum. The surface was
determined as clean when there was a negligible C s core-
level signal and a single Ti** oxidation state in the Ti 2p
spectrum.

The two dye complexes were prepared using litera-
ture methods.** The dye molecules were deposited using an
in situ UHV electrospray deposition source (MolecularSpray,
UK), from a solution of ~5 mg of dye in 200 ml of a



114703-3 Single centre water splitting complex

1(methanol): 1(water) mixture and a pure methanol solution
for the WSC and CISC complexes, respectively. The appara-
tus used, and the process by which the molecules are taken
from ex situ solution to in situ vacuum, are described in detail
in Ref. 18. In summary, the deposition solution initially passes
through a hollow stainless steel needle with a large electric
field (~ +2 kV) applied to it. The electric field ionizes the so-
lution and causes the formation of a jet consisting of multiply
charged droplets. These droplets then pass through a series
of differentially pumped chambers towards a sample held un-
der UHV conditions. As the droplets progress through the ap-
paratus, they split repeatedly due to Coulomb repulsion and
solvent molecules evaporate to form a molecular stream. A
UHYV gate valve can be used to seal off the analysis chamber
from the electrospray apparatus between depositions. With
the valve open but the needle voltage turned off and thus no
electrospray process occurring, the pressure in the preparation
chamber was ~2 x 1078 mbar. With the voltage turned on, the
preparation chamber pressure rose to ~5 x 1077 mbar, the
additional pressure being due to residual solvent molecules in
the beam.

For the electron spectroscopy data, the total instrument
resolution ranges from 65 to195 meV. All XPS spectra have
been calibrated to the substrate O 1s peak at 530.05 eV,¥ and
a Shirley background removed before curve fitting using Voigt
functions. The NEXAFS spectra were taken over the N s
absorption edge and the nitrogen Auger yield was measured
using the electron analyser.

The DFT calculations were carried out as an aid to under-
standing the experimental data. The WSC/TiO,(110) bonding
geometry was optimized using CASTEP (Ref. 46) at the DFT-
GGA level with a plane wave basis set cutoff of 260 eV and
the Perdew Burke Ernzerhof functional. Atoms in the sub-
strate were constrained to their DFT-optimized bulk lattice
positions, while atoms in the molecule were unconstrained
and optimized using a BFGS algorithm.

lll. RESULTS AND DISCUSSION
A. Adsorption

The samples used for the following spectra are classed as
either monolayer or multilayer. Here a monolayer is defined
as a sample having the vast majority of molecules directly
adsorbed to the surface and a multilayer as having a film of
molecules thick enough that the majority of photoelectrons
in XPS come from molecules above the first adsorbed layer.
From the attenuation of the substrate O 1s XPS signal the mul-
tilayer is estimated to be at least two to three layers thick for
each dye complex. The binding energies (BEs) of the peaks
discussed are summarised in Table L.

Figures 2 and 3 show the O 1s monolayer and multi-
layer spectra of the WSC and CISC dye complexes on ru-
tile TiO,(110), respectively. For both of the dye molecules
the monolayer spectra are dominated by the TiO, substrate
oxygen peak. The two peaks at higher binding energy are due
to the oxygen atoms in the carboxylic acid groups of the bi-
isonicotinic acid ligands of each molecule. For isolated dye
molecules in the multilayer, the intensity of these two peaks
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TABLE I. BEs (eV) for each molecule, the monolayer spectra are calibrated
to the substrate O 1s peak at 530.05 eV and the multilayer spectra are cali-
brated using the Fermi level in the valence band.

WwSC CISC
PES
Ols TiO; 530.05  530.05
Monolayer C=0 and COO~  531.3 531.3
Multilayer C=0 and COO~  531.6 531.1
Multilayer C-OH 533.4 533.0
Cls Terpyridine 285.3 285.3
Bi-isonicotinic acid 286.2 286.1
Carboxyl 288.1 288.2
Ru 3d 281.2 281.1
N ls Pyridine 400.3 400.5
Valence band HOMO 2.1 2.05
N 1s NEXAFS
Unshifted LUMO 0.8 1.05
Aligned to optical data LUMO -0.4 -0.4

should be equal due to the equivalent number of carbonyl
(C=0) and hydroxyl (C—OH) oxygen atoms.

Previous studies of bi-isonicotinic acid and N3 have
shown deprotonation of the hydroxyl groups on adsorption to
TiO, to form a 2M-bidentate structure.'®?° This is a common
bonding arrangement for pyridine based molecules with car-
boxylic acid groups on the TiO, surface.*’~* N3 is thought to
bind to the surface using a single bi-isonicotinic acid ligand.'®
After deprotonation, the two oxygen atoms share an elec-
tron and are chemically equivalent. The BE of this oxygen
species is similar to that of the carbonyl oxygen atom in iso-
lated molecules and the two groups are unresolvable in the
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FIG. 2. O 1s core-level photoemission spectra of a monolayer of WSC (top)
and a multilayer of WSC (bottom) on rutile TiO,(110), measured using
hv = 600 eV.
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FIG. 3. O 1s core-level photoemission spectra of a monolayer of CISC (top)
and a multilayer of CISC (bottom) on rutile TiO,(110), measured using
hv =600 eV.

XPS spectra.”’ In the monolayer spectra in Figures 2 and 3,
there is no evidence of a hydroxyl oxygen peak in the WSC
or CISC spectrum. This suggests that each molecule bonds
to the surface using the two available carboxylic acid groups
on the bi-isonicotinic acid ligand leading to a 2M-bidentate
bonding geometry on the rutile TiO,(110) surface, in the same
way as an uncomplexed bi-isonicotinic acid molecule.? The
proposed bonding configuration for the adsorbed molecules is
illustrated in Figure 4, which shows the DFT calculated struc-
ture of the WSC complex on the rutile TiO,(110) surface.

The O 1s XPS spectra of multilayers of each dye com-
plex are shown in Figures 2 and 3. A 1:1 intensity ratio of
deprotonated to protonated oxygen peaks is expected on the
basis of the molecular structures shown in Figure 1. The spec-
tra show evidence of deprotonation already in the multilayer
from the reduced intensity of the C—OH signal for both com-
plexes. This is likely due to charge balance through depro-
tonation of the carboxylic acid groups. Previous studies on
the dye complex Ru 455 have also shown proton loss when
the dye was deposited under similar conditions.'” In both the
monolayer and multilayer spectra, there is no observable peak
due to the oxygen atom in the water molecule, this may be be-
cause the water molecule has detached during the deposition
or on adsorption to the surface or the chemical environment
of the oxygen in the water molecule may be indistinguishable
from the other oxygen environments.

Figure 5 shows the C 1s and Ru 3d XPS spectra of mono-
layers of each dye complex. The spectra appear similar and
have similar BEs (as shown in Table I) for each molecule with
peaks corresponding to the carbon atoms in the terpyridine
and bi-isonicotinic acid ligands. Each spectrum is dominated

J. Chem. Phys. 135, 114703 (2011)

FIG. 4. The adsorption structure of the WSC complex on the rutile
TiO,(110) surface, calculated using CASTEP (Ref. 46) at the DFT-GGA
level (see text for details). The different atoms are represented by: red for
oxygen, blue for nitrogen, light grey for titanium, green for ruthenium, dark
grey for carbon, and white for hydrogen.

by a peak due to the carbon atoms in the pyridine groups.
Also present at higher BE is the peak due to the carbon atom
in the carboxylic acid groups. There are also two peaks due
to the central ruthenium ion as the Ru 3d state is a doublet
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FIG. 5. C Is and Ru 3d core-level photoemission spectra of monolayers of
WSC (top) and CISC (bottom) on rutile TiO,(110), measured using hv = 340
eV.
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FIG. 6. N Ls core-level photoemission spectra of monolayers of WSC (top)
and CISC (bottom) on rutile TiO»(110), measured using hv = 550 eV.

state with a spin orbit splitting of 4.2 eV.>" The lower BE Ru
3ds, peak is present at ~281 eV. This is ~1 eV higher than
metallic ruthenium,>® consistent with the Ru?* oxidation state
of the metal centre.

Figure 6 shows the N 1s XPS spectra of monolayers of
each dye complex. Both dye complexes show only a single
nitrogen peak as expected from their chemical structure corre-
sponding to the nitrogen atoms in the pyridine rings. This sup-
ports the other photoemission data discussed indicating that
the molecules have retained their molecular integrity during
deposition.

Figure 7 shows the Cl 2p XPS spectrum of a mono-
layer of the CISC dye complex, the multilayer spectrum is not
shown as it has a similar appearance to the monolayer spec-
trum. The spectrum consists of two peaks which are due to C1
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FIG. 7. CI 2p core-level photoemission spectrum of a monolayer CISC on
rutile TiO2(110), measured using hv = 340 eV.
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2p being a doublet state. The state has a spin-orbit splitting of
~1.65 eV. The lower BE peak is present at ~198 eV.

B. Electronic structure

In a DSC, electrons are photoexcitated from high-lying
occupied molecular orbitals to previously unoccupied molec-
ular orbitals. For subsequent electron injection into the sub-
strate, the unoccupied level in question must overlap with
available states in the substrate conduction band. Spectra rep-
resenting the occupied and unoccupied states of monolayers
of each dye complex have here been placed on a common BE
scale as shown in Figure 9, following a procedure outlined
in Ref. 51. This procedure has previously been performed on
monolayers of N3 and related molecules.'®!® The resulting
energy level alignment diagrams can be used to identify the
potential charge transfer processes that can occur in the dye
complexes.'6:17:32.53

The UV/visible light spectra of the WSC and CISC dye
complexes in solution are shown in Figure 8. A real so-
lar cell device will operate using optical excitation produc-
ing valence-holes in the molecules, this is in contrast to the
core-holes created by the x rays used for the photoemis-
sion and NEXAFS measurements. The lowest energy maxi-
mum in each spectrum is attributed to the HOMO — LUMO
transition corresponding to a metal-to-ligand charge trans-
fer (MLCT) Ru(4d) — bpy(;r *)COOH transition. The energy
of this excitation is lower for the CISC dye than the WSC
dye.

WSC UV/Vis Spectrum
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=
£
&
> 490 nm
@
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[}
=
L L
200 300 400 500 600 700
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CISC UV/Vis Spectrum
& Pure Methanol Solution
:‘é’
=]
g
o
2
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FIG. 8. Optical absorption spectra of the WSC and CISC complexes in solu-
tion. The spectra were taken over the visible light and ultraviolet wavelength
range, the wavelengths corresponding to the lowest energy absorption max-
ima are labelled on the spectra.
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FIG. 9. Valence band photoemission spectra of the clean substrate and of a
monolayer of dye molecule, adjacent to a N 1s NEXAFS spectrum of the
monolayer. The NEXAFS spectra are also shown shifted to align with the
relevant optical HOMO-LUMO gap (shown in a lighter shade and labelled
with the position of the measured HOMO minus the energy of the optical
absorption). The photoemission spectra were measured using hv = 60 eV.
The NEXAFS spectra were taken over the photon energy range hv = 398-
406 eV.

Figure 9 shows the N 1s (Auger yield) NEXAFS
and valence photoemission spectra for a monolayer of
each dye complex, along with the clean substrate valence
photoemission spectrum (measured at hv =110 eV). The
N 1s core level XPS spectra showed only a single pyridine
based nitrogen peak for both complexes, this peak was used
to place the NEXAFS on the common BE axis. Previous
studies on the bi-isonicotinic acid ligand and on the N3 dye
complex have shown that the N 1s NEXAFS is dominated by
pyridine-like 7 * orbitals. 8345

The valence band spectra for monolayers of WSC and
CISC molecules appear similar to those previously obtained
for monolayers of N3 and related molecules.'® " The lowest
binding energy molecular peak in the valence photoemission
spectra corresponds to the HOMO. The peak at lower binding
energy is due to the substrate defect gap state, which is
introduced when turning the substrate into a semiconductor
as described in the Method section previously. For each dye
complex, the HOMO is present within the substrate bandgap
which prevents back transfer of electrons from the substrate.
The CISC HOMO appears to have greater intensity than that
of the WSC HOMO, this effect may be due to differences
in coverage between the samples studied. The HOMO is
located at a BE of 2.1 and 2.05 eV for the WSC and CISC dye
complexes, respectively. The HOMO of each of these dye
complexes is located at higher BE than for those reported for
models of the charge transfer centres of a multi-centre water

J. Chem. Phys. 135, 114703 (2011)

splitting dye complex (1.3-1.9 eV).!” After charge transfer
from the molecules to the substrate has occurred, this could
create a large potential to remove electrons from an attached
water molecule.

In the present case where the unoccupied states are
probed using N 1s NEXAFS, a core exciton (bound electron-
hole pair) is created, whereas in an optically excited system
a valence exciton is created. The presence of a hole shifts
the unoccupied states to higher binding energy with respect
to the ground state. The BE of the excitons, equivalent to the
amount by which the unoccupied levels shift, is attributed to
a combination of the Coulomb interaction between the hole
and the excited electron and the rehybridization of the molec-
ular states upon core- or valence-hole creation.’® Compar-
ing the HOMO-LUMO gap for optical excitation (2.54 and
2.45 eV) to the HOMO-LUMO gap for the core-excited
system (1.3 and 1 eV), the difference in energy is 1.2 and
1.45 £ 0.1 eV for the WSC and CISC dye complexes, re-
spectively (assuming a minimal effect from the solvent in the
optical measurements). This is indicative of the difference be-
tween the N 1s core exciton and valence exciton BEs for the
molecules. These values are consistent with the difference in
BE found for pyridine,® a molecule closely related to the
bi-isonicotinic acid ligands of the dye complexes, especially
concerning the chemical environment of the nitrogen atoms
being probed here. Similar results for the difference in exci-
ton BEs have previously been found for bipyridine based dye
complexes, such as N3.!8:19

Shifting the NEXAFS spectra of each dye complex
into line with the optical HOMO-LUMO gap, as shown in
Figure 9, causes the LUMO to lie above the conduction band
edge. In a real water splitting device, this energetic overlap
permits electron injection from the LUMO into the substrate
for both dye complexes. The presence of a core exciton in
the NEXAFS causes the LUMO of the core-excited systems
to lie within the substrate bandgap preventing charge transfer
for this orbital.

IV. CONCLUSIONS

The UHV electrospray deposition has been used to de-
posit monolayers and multilayers of the WSC and CISC dye
complexes on the rutile TiO,(110) surface in situ. Photoe-
mission spectroscopy has been used to characterize the core
and valence levels of the system, which were used to de-
duce the bonding geometry of each dye complex on the rutile
TiO,(110) surface. We find that for both dye complexes car-
boxylic acid groups deprotonate so that their O atoms bond
to Ti atoms on the substrate surface, this would suggest that
the complexes adopt a 2M-bidentate bonding geometry on the
rutile TiO,(110) surface.

The energetic alignment of the system was determined
by placing the valence photoemission and N 1s NEXAFS
of a monolayer of each dye complex onto a common BE
scale. The bandgap of TiO,(110) was aligned using the va-
lence photoemission of the clean substrate. The optical ab-
sorption maximum for each dye complex was attributed to
the HOMO — LUMO transition in a working solar cell. This
was used to compare the energetics as they would appear for
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photoexcitation from the valence band (as occurs in working
DSCs) with those found for photoexcitation from the N 1s
core level, for which the unoccupied levels appear at higher
BE. This comparison allowed quantification of the difference
in BE of a core and valence excitation for each dye complex
system, found to be 1.2 and 1.45 &£ 0.1 eV. for the WSC and
CISC dye complexes, respectively. The energetic alignments
reveal that the LUMO of each dye complex is incapable of
charge transfer to the substrate when a core exciton is cre-
ated, after optical excitation both dye complexes are capable
of charge transfer from their LUMO while adsorbed on the
rutile TiO,(110) surface. This information will be used in fu-
ture experiments to determine charge transfer time scales of
both dye complexes. This shows that rutile TiO,(110) could
be an appropriate substrate for a single centre water splitting
DSC.

The valence band photoemission spectra show that the
HOMO of the WSC and CISC dye complexes occur at far
higher BE than those previously seen for the N3 dye complex
and related molecules each of which contains two or more
bipyridine-based ligands.'®!° The information obtained from
these experiments will be used in the design of a multi-centre
water splitting DSC.
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