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Charge transfer dynamics between an adsorbed molecule and a rutile TiO2(110) surface have
been investigated in three organometallic dyes related to multicenter water splitting dye com-
plexes: Ru 535 (cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)-ruthenium(II)), Ru 455
(cis-bis(2,2′-bipyridyl)-(2,2′-bipyridyl-4,4′-dicarboxylic acid)-ruthenium(II)), and Ru 470 (tris(2,2′-
bipyridyl-4,4′-dicarboxylic acid)-ruthenium(II)). The adsorption of the dye molecules on the rutile
TiO2(110) surface has been studied using core-level and valence photoemission. Dye molecules were
deposited in situ using ultrahigh vacuum electrospray deposition. Core-level photoemission spectra
reveal that each complex bonds to the surface via deprotonation of two carboxylic groups. All three
dye complexes show evidence of ultrafast charge transfer to the TiO2 substrate using the core-hole
clock implementation of resonant photoemission spectroscopy. © 2011 American Institute of Physics.
[doi:10.1063/1.3549573]

I. INTRODUCTION

Dye-sensitized solar cells (DSCs) have become cost ef-
fective alternatives to photovoltaic silicon based solar cells.1–3

The dye complexes used in DSCs are efficient light har-
vesting molecules and by adapting the structure of these
molecules, it may be possible to create dye complexes ca-
pable of performing reactions using the energy from ab-
sorbed photons. Photosynthesis is a natural example of the
application of absorbed light energy in a chemical reaction.
A key process in photosynthesis is the water splitting re-
action which produces electrons and hydrogen ions; these
particles can then be used to create glucose molecules.4 Ul-
timately the water splitting reaction produces hydrogen and
oxygen molecules from water molecules using energy from
absorbed sunlight. The reaction is essentially an energy trans-
fer from the incident photon energy to chemical potential en-
ergy which can be used with more flexibility. This reaction
can be reversed in a proton exchange membrane fuel cell
(PEMFC) (Refs. 5 and 6) or the hydrogen can simply be com-
busted to release the chemical energy stored in the hydrogen
molecules.

Dye-sensitized solar cells use dye molecules with
extensive chromophores allowing for the efficient absorp-
tion of photons from the visible spectrum. Ru 535 (cis-
bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)-rut-
henium(II) also known as N3) is currently one of the most
efficient dye complexes used in DSCs.7 Its structure is shown
in Fig. 1. The dye molecules are adsorbed onto the surface
of a semiconductor with a wide bandgap such as TiO2.
Upon photoexcitation with visible light an electron in the
adsorbed dye molecule is excited from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molec-
ular orbital (LUMO). Subsequently charge transfer from the

a)Electronic mail: james.oshea@nottingham.ac.uk.

adsorbed molecules to the surface can occur if the LUMO
overlaps energetically with the conduction band of the
substrate.

All of the molecules studied in this investigation contain
one or more bi-isonicotinic acid ligands containing carboxylic
acid groups which are capable of bonding to the TiO2(110)
surface as shown in Fig. 1. Previous studies of bi-isonicotinic
acid adsorbed on rutile TiO2(110) have shown that it bonds
to the surface in a 2M-bidentate structure through deprotona-
tion of its carboxylic acid groups.8 Previous studies of Ru 535
on rutile TiO2(110) using photoemission spectroscopy have
also shown evidence of deprotonation of two carboxylic acid
groups present on the bi-isonicotinic acid ligands.9, 10 The
strong chemical coupling provided by this bonding geometry
allows for efficient charge transfer between the LUMO and
the conduction band of the substrate.

After successful charge transfer the adsorbed dye
molecule would be left with a hole in its HOMO. In photo-
voltaic DSCs the hole can be filled by electrons coming from
either a liquid electrolyte or an adsorbed layer of gold on the
substrate.11, 12 In a water splitting photoelectrochemical cell
the hole is replaced by electrons from the water molecule
during the reaction. This process competes with other elec-
tron replenishment channels and therefore back transfer of
electrons would need to be minimized for an efficient water
splitting dye complex. The ability of gold surfaces to transfer
electrons to adsorbed molecules would suggest that gold is
not a suitable substrate for a water splitting device.12–14 Tita-
nium dioxide, on the other hand, shows only efficient charge
transfer from the molecule to the substrate and is therefore an
ideal candidate. Any electrons transferred to the substrate are
transported to the cathode where they combine with hydrogen
ions produced during the water splitting reaction to create hy-
drogen molecules which can be used as fuel. The reaction has
previously been performed using both single and multicenter

0021-9606/2011/134(5)/054705/10/$30.00 © 2011 American Institute of Physics134, 054705-1
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FIG. 1. Chemical structures of the Ru 535 molecule (a), Ru 455 molecule (b), and Ru 470 molecule (c).

ruthenium dye molecules as catalysts both on surfaces and in
solution.15–17

Previous studies have shown that a multicenter ruthe-
nium dye complex performs the water splitting reaction
more efficiently than a single center complex.17 The sys-
tems studied in this work are models of the charge trans-
fer center of such a multicenter water splitting complex. The
dye complexes Ru 535 and two closely related dyes, Ru
455 (cis-bis(2,2′-bipyridyl)-(2,2′-bipyridyl-4,4′-dicarboxylic
acid)-ruthenium(II)) and Ru 470 (tris(2,2′-bipyridyl-4,4′-
dicarboxylic acid)-ruthenium(II)) were adsorbed onto a ru-
tile TiO2(110) substrate. The dye molecules were de-
posited in situ at monolayer and multilayer coverages
using UHV electrospray deposition. This technique has
been used successfully in previous studies to deposit car-
bon nanotubes,18 C60 molecules,19, 20 zinc protoporphyrin,21

polymers,22 biomolecules,23 and the Ru 535 dye complex.9, 24

The adsorbed dye molecules were studied using X-
ray photoemission spectroscopy (XPS), near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy, and res-
onant photoemission spectroscopy (RPES) in order to ob-
serve their bonding, electronic structure, and charge transfer
dynamics.

II. METHOD

Experiments were carried out at the undulator beamline
I311 at MAX-lab, Sweden.25 The I311 end station is equipped
with a Scienta SES-200 electron analyzer.

The experiments were performed using a single crystal
rutile TiO2(110) substrate of dimensions 10 mm × 10 mm
× 1 mm (Pi-Kem, UK), mounted on a pyrolytic boronitride
heater which allowed for in situ annealing of the sample. Cy-
cles of sputtering using 2 and 1 keV Ar+ ions, and annealing
in UHV to ∼600 ◦C, were used to prepare the surface. Ini-
tially, repeated cycles of sputtering and annealing were per-
formed in order to change the crystal from an insulator to an
n type semiconductor through the introduction of bulk defects
necessary to avoid sample charging. These defects, which
also turn the crystal slightly blue, were minimized at the sur-
face through annealing as described above, but nevertheless
can frequently be observed as a density of states just below
the conduction band edge in the valence band photoemission

spectra. The substrate was deemed clean when it showed a
negligible C 1s core-level signal and a single Ti4+ oxidation
state in the Ti 2p spectrum.

The dye molecules (Solaronix SA, Switzerland) were de-
posited using an in situ UHV electrospray deposition source
(MolecularSpray, UK), from a solution of ∼5 mg of dye in
200 ml of a 3(methanol):1(water) mixture. The apparatus used
and the process by which the molecules are taken from ex situ
solution to in situ vacuum are described in detail elsewhere.9

In summary, the liquid is pushed through a hollow stainless
steel needle held at ∼2 kV. Here, the liquid becomes ionized
and a jet emerges consisting of multiply charged droplets. The
jet enters vacuum through a series of differentially pumped
chambers, in which the droplets lose solvent through evapora-
tion, and split repeatedly due to Coulomb repulsion. Between
depositions, the electrospray system was sealed off from the
preparation chamber using an UHV gate valve. With the valve
open but the needle voltage turned off and thus no electro-
spray process occurring, the pressure in the preparation cham-
ber was ∼ 2 × 10−8 mbar. With the voltage turned on, the
preparation chamber pressure rose to ∼5 × 10−7 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 to 195 meV. All XPS spectra have
been calibrated to the substrate O 1s peak at 530.05 eV,26

and a Shirley background removed before curve fitting us-
ing Voigt functions. NEXAFS and RPES spectra were taken
over the N 1s absorption edge and were measured using the
electron analyzer. For NEXAFS spectra the nitrogen Auger
yield was used while for RPES spectra the valence band pho-
toemission was monitored. For all measurements, the sam-
ple was swept continuously at a rate of at least 1.25 μm/s,
following beam damage studies to determine a safe
exposure time.

Density functional theory (DFT) simulation calculations
were carried out as an aid to interpret the experimental data.
Geometry optimizations were performed on free molecules
of each dye complex using Dmol3 at the DFT-generalized
gradient approximation level (DFT-GGA) with the Perdew–
Burke–Enzerhof (PBE) functional.27–29 The optimized struc-
tures were then used to calculate the molecular orbitals for
each molecule.
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III. RESULTS AND DISCUSSION

A. Adsorption

The samples used for the following spectra are classed
as either monolayer or multilayer. Here, a monolayer is de-
fined as a sample having the vast majority of molecules di-
rectly adsorbed to the surface and a multilayer is defined as
having a film of molecules thick enough that the majority of
photoelectrons in XPS come from molecules above the first
adsorbed layer. Using the O 1s XPS spectra the multilayer is
estimated to be approximately two to three layers thick for
each dye complex. The binding energies (BEs) of the peaks
discussed are summarized in Table I.

Figure 2 shows the O 1s monolayer spectra of each dye
complex on rutile TiO2(110). For all three dye molecules the
spectrum is dominated by the TiO2 substrate oxygen peak.
The two smaller peaks are due to the oxygen atoms in the car-
boxylic acid groups of the bi-isonicotinic acid ligands of each
molecule. For isolated dye molecules the intensity of these
two peaks should be equal due to the equivalent number of
carbonyl (C=O) and hydroxyl (C–OH) oxygen atoms.

Previous studies of bi-isonicotinic acid and Ru 535 have
shown deprotonation of the hydroxyl groups on adsorption
to TiO2 to form a 2M-bidentate structure.8, 9 This is a com-
mon bonding arrangement for pyridine based molecules with
carboxylic acid groups on the TiO2 surface.30–32 Ru 535 is
thought to bind to the surface using a single bi-isonicotinic
acid ligand.9 After deprotonation the two oxygen atoms share
an electron and are chemically equivalent. The BE of this oxy-
gen species is similar to that of the carbonyl oxygen atom in
isolated molecules, and the two groups are unresolvable in the
XPS spectra.8 In Fig. 2 the monolayer COO−/C=O:C–OH in-
tensity ratio is approximately 3:1 for Ru 535 and 2:1 for Ru
470. There is no evidence of a hydroxyl oxygen peak in the
Ru 455 spectrum. Assuming that all molecules of a dye com-
plex bond to the surface in an equivalent way, these results
are similar to those expected if two carboxylic acid groups of
each dye complex are bonded to the surface. The expected ra-
tios from this bonding geometry would be 3:1 for Ru 535 and

TABLE I. BEs (eV) for monolayers of each molecule calibrated to the sub-
strate O 1s peak at 530.05 eV.

Ru 535 Ru 455 Ru 470

PES
O 1s TiO2 530.05 530.05 530.05

C=O and COO− 531.2 531.2 531.1
C–OH 532.3 ... 532.3

C 1s Pyridine 285.0 285.6 285.4
Thiocyanate 286.0 ... ...

Carboxyl 287.8 288.1 288.0
Ru 3d 280.6 281.1 281.0
N 1s Thiocyanate 397.6 ... ...

Pyridine 399.7 400.4 400.1
Valence band HOMO 1.3 1.85 1.9
N 1s NEXAFS
Unshifted LUMO 0.1 0.8 0.5
Aligned to optical data LUMO −1.1 −0.9 −0.75

2:1 for Ru 470, and no hydroxyl peak for the Ru 455 com-
plex, in direct agreement with the experimental results. This
shows that each molecule bonds to the surface using two car-
boxylic acid groups which provides information on the bind-
ing geometry of each complex. Ru 455 can only bond to the
surface using both of the carboxylic acid groups on its lone
bi-isonicotinic acid ligand whereas Ru 470 can bond to the
surface using either both of the carboxylic acid groups on a
single bi-isonicotinic acid ligand or a single carboxylic acid
group from each of the two bi-isonicotinic acid ligands. Pre-
vious experiments have shown that Ru 535 has an additional
bond to the TiO2 surface through the sulfur atom of one of
its isothiocyanate groups;9 however, the other two dye com-
plexes do not contain isothiocyanate groups, so they are inca-
pable of bonding in this fashion.

FIG. 2. O 1s core-level photoemission spectra of monolayers of Ru 535
(top), Ru 455 (middle), and Ru 470 (bottom) on rutile TiO2(110), measured
using hν = 600 eV.
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Figure 3 shows O 1s XPS spectra of multilayers of
each dye complex. The multilayer spectrum of the Ru 535
molecule shows the expected intensity ratio of 1:1 for the
C=O:C–OH oxygen peaks, which is in agreement with re-
sults reported previously.9 The spectrum for Ru 455 appears
to show evidence of deprotonation already in the multilayer
from the reduced intensity of the C–OH signal. This is likely
due to some hydrogen loss from the dye complex to the PF−

6
counter ions present in the deposition solution. The multilayer
spectrum for Ru 470 shows the expected intensity ratio of
1:1; however, an additional peak is visible in the spectrum at
higher BE than the C–OH peak. This feature is most likely due
to intermolecular hydrogen bonds between the bi-isonicotinic
acid ligands of the dye molecules in the multilayer.30

Figure 4 shows the C 1s and Ru 3d XPS spectra of mono-
layers of each dye complex. The spectra look similar for each

FIG. 3. O 1s core-level photoemission spectra of multilayers of Ru 535 (top),
Ru 455 (middle), and Ru 470 (bottom) on rutile TiO2(110), measured using
hν = 600 eV.

molecule with the exception of an additional peak in the Ru
535 spectrum due to the carbon atoms present in the isothio-
cyanate groups. Each spectrum is dominated by a peak due to
the carbon atoms in 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 ruthe-
nium ion as the Ru 3d state is a doublet state with a spin orbit
splitting of 4.2 eV.33 The lower BE Ru 3d5/2 peak is present
at 281 eV. This is approximately 1 eV higher than metallic
ruthenium,33 which is consistent with the Ru2+ oxidation state
of the metal center. This strongly suggests that the molecules
have retained their molecular integrity during deposition.

Figure 5 shows the N 1s XPS spectra of monolayers of
each dye complex. The Ru 535 molecule shows two peaks due
to the nitrogen atoms in its pyridine and thiocyanate groups, in
agreement with previously reported results.9 The Ru 455 dye

FIG. 4. C 1s and Ru 3d core-level photoemission spectra of monolayers of
Ru 535 (top), Ru 455 (middle), and Ru 470 (bottom) on rutile TiO2(110),
measured using hν = 340 eV.
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complex shows only a single nitrogen peak as expected from
its chemical structure. Ru 470 not only exhibits a single peak
reflecting the structure of the molecule but also a low binding
energy tail, possibly due to a small amount of impurities in
the deposition solution.

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
representing the occupied and the unoccupied states of mono-
layers of each dye complex have here been placed on a com-
mon BE scale as shown in Fig. 6, following a procedure out-
lined elsewhere.34 This procedure has previously been per-
formed on a monolayer of Ru 535.9 The resulting energy level

FIG. 5. N 1s core-level photoemission spectra of monolayers of Ru 535
(top), Ru 455 (middle), and Ru 470 (bottom) on rutile TiO2(110), measured
using hν = 550 eV.

alignment diagrams can be used to identify the potential
charge transfer processes that can occur in the model charge
transfer centers.14, 35–37

Figure 6 shows the N 1s (Auger yield) NEXAFS and
valence photoemission spectra for a monolayer of each dye
complex, along with the clean substrate valence photoemis-
sion spectrum (measured at hν=110 eV). The N 1s core-level
spectra of monolayers of all the three dye complexes are dom-
inated by the pyridine N peak; therefore, this peak was used
to place the NEXAFS on the common BE axis. Previous stud-
ies on the bi-isonicotinic acid ligand and on the Ru 535 dye
complex have shown that the N 1s NEXAFS is dominated by
pyridinelike π* orbitals.9, 38, 39

The lowest binding energy peak in the valence photoe-
mission spectra corresponds to the HOMO. For each dye com-
plex the HOMO is present within the substrate bandgap which
prevents back transfer of electrons from the substrate. The
HOMO is located at a BE of 1.85 and 1.90 eV for the Ru
455 and Ru 470 dye complexes, respectively. The HOMO of
both Ru 455 and Ru 470 dye complexes is located at higher
BE than that of the Ru 535 (1.3 eV). After charge transfer
from the molecules to the substrate has occurred this could
create a larger potential to remove electrons from an attached
water molecule. Optical absorption spectra of the dye com-
plexes show maxima, which correspond to photon energies
that photoexcite electrons from the HOMO to various unoccu-
pied levels. The lowest in energy of these maxima is attributed
to the HOMO → LUMO transition corresponding to a Ru(4d)
→ bpy(π*)COOH transition.

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 sys-
tem, a valence exciton is created. The presence of a hole in
both NEXAFS and optical absorption 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 com-
bination of the Coulomb interaction between the hole and
the excited electron and the rehybridization of the molecu-
lar states upon core- or valence-hole creation.40 Comparing
the HOMO–LUMO gap for optical excitation (2.3, 2.73, and
2.65 eV) to the HOMO–LUMO gap for the core-excited sys-
tem (1.2, 1.1, and 1.4 eV), the difference in energy is 1.1, 1.6,
and 1.3 ± 0.1 eV for the Ru 535, Ru 455, and Ru 470 dye
complexes, respectively. This is indicative of the difference
between the N 1s core exciton and valence exciton BEs for
the molecules. These values are consistent with the difference
in BE found for pyridine,40 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.

Shifting the NEXAFS spectra of each dye complex into
line with the optical HOMO–LUMO gap, as shown in Fig. 6,
causes the LUMO to lie above the conduction band edge. In a
real solar cell or 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
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FIG. 6. 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 labeled with the position of
the measured HOMO minus the energy of the optical absorption). The photoemission spectra were measured using hν = 60 eV. The NEXAFS spectra were
taken over the photon energy range hν = 397–406 eV.

for this orbital. In Sec. III C, electrons excited to the LUMO
are used as a reference, allowing us to probe electron injec-
tion from those remaining unoccupied levels that lie above
the conduction band edge.36, 41

C. Charge transfer dynamics

In water splitting DSCs the initial step of the reaction
is electron injection from the excited molecule into the sub-
strate conduction band. RPES is used here to investigate
molecule-to-substrate charge transfer. This technique enables

us to quantify the delocalization of charge from unoccupied
molecular orbitals to the substrate on the low femtosecond
time scale, previously demonstrated for the bi-isonicotinic
acid ligand and the Ru 535 molecule on TiO2(110).9, 36

The core-hole clock implementation of RPES uses the
fact that if charge transfer is occurring, it must be competing
with the deexcitation of the excited state via resonant pho-
toemission or resonant Auger. The time taken for deexcita-
tion here can also be described as the lifetime of the N 1s
core-hole. Here we calculate the electron injection time from
the LUMO+2 and LUMO+3 of each dye complex where
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possible. The electron injection time τEI for electrons mov-
ing from the unoccupied level of the molecule adsorbed to the
substrate to the unoccupied substrate states is given by Eq. (1).
For a complete discussion of the core-hole clock implemen-
tation of RPES, including the derivation of this equation, the
reader is directed to Brühwiler et al.41 and references therein.

τEI = τCH
I mono
RPES/I mono

NEXAFS

I multi
RPES/I multi

NEXAFS − I mono
RPES/I mono

NEXAFS

(1)

The variables I mono
RPES and I multi

RPES represent the intensities of
the unoccupied peak being studied in the monolayer and mul-
tilayer, respectively. These values are each normalized by the
total cross sections as provided by the NEXAFS intensities
I mono
NEXAFS and I multi

NEXAFS. The variable τCH is the average N 1s
core-hole lifetime which has been measured as 6 fs.42

As discussed in Sec. III B the LUMO of each molecule
lies energetically within the substrate band-gap, so the
injection of an electron excited to this level into the substrate
conduction band is energetically forbidden. Charge injection
of excited electrons is however energetically allowed from
other unoccupied molecular orbitals that overlap with the con-
duction band of the substrate. The experimental RPES data
includes Auger peaks which need to be excluded from the
charge transfer analysis, this is achieved by integrating over a
selected BE window as shown in Fig. 7 for both the multilayer
and monolayer. Any peaks at the energies of the LUMO+2
and LUMO+3 resonances are due solely to resonant photoe-
mission, as normal photoemission contributes a sloping back-
ground only. The LUMO+1 is not considered, as it cannot be
separated from the LUMO.

The RPES spectra are normalized to the intensity of the
LUMO, as are the corresponding NEXAFS spectra which are
also shown in Fig. 8. In the NEXAFS spectra, the peaks repre-
sent the unoccupied levels’ full intensities, whereas for RPES,
the LUMO has its full intensity but the other unoccupied lev-
els may be depleted by charge transfer. For the multilayer,
it can be seen that the LUMO+2 and LUMO+3 peaks are
smaller in the RPES than in the NEXAFS. Since no charge
transfer to the substrate can occur in the multilayer, this

intensity reduction is attributed purely to matrix element ef-
fects due to the different techniques used.37 For the monolayer
RPES the peaks have been reduced further, in some cases
down to the level of noise, indicating that charge transfer is
occurring from these levels on the timescale of the core-hole
lifetime.

The multilayer RPES spectrum of Ru 535 in Fig. 8 shows
a very broad LUMO peak compared to the multilayer RPES
spectra of the Ru 455 and Ru 470 molecules. This has been
attributed to overlapping signals coming from the two differ-
ent types of nitrogen atoms found in Ru 535. In Ru 455 and
Ru 470 there is only a single major chemical environment
for the nitrogen atoms. In the Ru 455 and Ru 470 multilayer
RPES spectra it is possible to see a distinct LUMO+1 peak,
which is not possible in the Ru 535 spectrum due to the broad
peak.

For the Ru 535 and Ru 455 monolayer RPES peaks there
is no discernable peak at the same BE as the corresponding
peak in the NEXAFS spectrum. For these peaks the level of
noise is taken as an upper limit for the intensity of any peak
that might be present. This is then used to calculate an upper
limit for the charge transfer time according to Eq. (1), shown
for each molecular orbital studied in Table II. These values are
in agreement with the upper limit on the time scale for charge
transfer of both Ru 535 and the bi-isonicotinic acid ligand
on TiO2, which have previously been found to be 16 and 3 fs,
respectively.9, 36 The reduction of the Ru 535 LUMO+3 upper
limit on the charge transfer timescale is attributed to a better
signal-to-noise ratio in the current experiment. The Ru 455
and Ru 470 dye complexes show charge transfer timescales
on the same order of magnitude as the Ru 535 complex; how-
ever, all of the orbitals studied in these complexes appear
to have slower charge transfer timescales than the Ru 535
LUMO+3. The Ru 470 complex appears to be the least ef-
ficient at charge transfer; this could be explained if the Ru
470 complex adopts a different bonding geometry on the rutile
TiO2(110) surface compared to the Ru 535 and Ru 455 com-
plexes. Ru 535 is thought to bond to the rutile TiO2(110) sur-
face using both of the carboxylic acid groups on a single bi-
isonicotinic acid ligand,9 Ru 455 must also adopt this method

FIG. 7. N 1s RPES spectrum of a monolayer of Ru 470 on rutile TiO2(110) showing the BE integration window used to remove the Auger peaks.
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FIG. 8. N 1s RPES and N 1s NEXAFS spectra of multilayers (left) and
monolayers (right) of Ru 535 (top row), Ru 455 (middle row), and Ru 470
(bottom row). The RPES spectra are BE integrations over a range which ex-
cludes the Auger peaks. Also shown are magnifications of the LUMO+2 and
LUMO+3 regions.

because of having a single bi-isonicotinic acid ligand.9 Ru
470 could possibly bond to the surface using a carboxylic
acid group from each of the two different bi-isonicotinic
acid ligands, this geometry may be less efficient for charge
transfer as it may not provide as much chemical coupling
to the surface as the geometry adopted for Ru 535 and
Ru 455.

Various different experimental techniques have previ-
ously been used to study Ru 535 on TiO2 such as laser pump–
probe techniques which have found instrument limited charge
transfer timescales of 50 fs (Refs. 43 and 44). DFT simu-
lations have also been performed on this system examining
the charge transfer process which predict charge transfer time
scales on the order of 10 fs.45 The results for the charge trans-
fer timescale for the molecules studied in these experiments
are consistent with the results obtained from these other types
of experiments.

The I multi
RPES/I multi

NEXAFS ratio can be reduced by ultrafast de-
localization of electrons within the molecule; this process
leads to a reduction in the resonant photoemission signal even
in the absence of charge transfer to the substrate. Evidence
of ultrafast intramolecular delocalization has previously been
observed in the RPES spectra of a ruthenium complex com-
prised of three bipyridine ligands, for which little or no reso-
nant photoemission was observed for resonances lying higher
than the LUMO in the multilayer.46 The lowering of the
I multi
RPES/I multi

NEXAFS ratio is therefore attributed to a combination
of the matrix element effect and ultrafast intramolecular de-
localization. For the monolayer, a fraction of the remaining
localized electrons are capable of undergoing charge transfer
into the substrate; this reduces the RPES/NEXAFS ratio fur-
ther, and this reduction can be measured to gain insights into
the charge transfer process. Intramolecular delocalization is
accounted for in Eq. (1) through the experimentally derived
value of I multi

RPES/I multi
NEXAFS.

The energy alignment diagrams in Fig. 6 show that the
LUMO of each of the dye complexes is capable of charge
transfer when the dye is excited using visible light. The
creation of a core-hole in RPES prevents the LUMO from
being studied directly due to the LUMO lying within the
TiO2 band-gap in the core-excited system. However, the
LUMO, LUMO+2, and LUMO+3 of each dye complex are
all thought to be located on the bi-isonicotinic acid ligands.
Therefore, it can be assumed that the coupling of these or-
bitals to the substrate and, therefore, the corresponding charge
transfer dynamics will be similar.

For resonant photoemission to occur following core ex-
citation, the occupied and unoccupied orbitals involved must
have some interaction. The largest probability for resonant
photoemission occurs when both of the electrons involved in
the transition are located on the same atom, specifically the
site of the core-hole. Resonant photoemission is in essence
a special type of Auger decay and while interatomic Auger
transitions can occur,47 the rates of these events are negligi-
ble in all but the lowest energy Auger processes. In Ru 535
state-dependent resonant enhancements are observed,9 pro-
viding evidence that the LUMO and LUMO+1 are located
on different parts of the molecule. In the previous work the
LUMO was attributed to the bi-isonicotinic acid ligands and
the LUMO+1 to the thiocyanate ligands, DFT simulations
were performed on the Ru 535 molecule which provided fur-
ther evidence for this conclusion.9 In the Ru 455 and Ru
470 dye complexes there is no evidence of significant state-
dependent resonant enhancements, suggesting that the LUMO
and LUMO+1 of each dye complex have similar spatial dis-
tributions. The DFT simulations of the Ru 455 and Ru 470 dye
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TABLE II. Table of RPES/NEXAFS ratios for multilayer and monolayer coverages of dye molecules and the
calculated upper limit on charge transfer timescale for each orbital studied.

Multilayer Monolayer Upper limit on charge
Dye molecule Orbital RPES/NEXAFS ratio RPES/NEXAFS ratio transfer timescale (fs)

Ru 535 LUMO+3 0.259 0.170 12
Ru 455 LUMO+2 0.252 0.190 18
Ru 470 LUMO+2 0.198 0.155 21
Ru 470 LUMO+3 0.168 0.124 17

complexes have shown that the HOMO of each dye complex
is located on the central ruthenium atom and that the LUMO
of each dye complex is located on its bi-isonicotinic acid lig-
ands as shown in Fig. 9.

In these experiments resonant photoemission requires
some degree of overlap between the HOMO, LUMO, and the
core-excited atom; however, in a real DSC only an overlap be-
tween the HOMO and LUMO is required for photoexcitation
between the states. Figure 9 shows that the calculated HOMO
and LUMO of the Ru 455 dye complex have some overlap-
ping spatial distribution on the central ruthenium metal ion
which facilitates photoexcitation between the two orbitals.
The Ru 470 dye complex appears to show very little over-
lap between the calculated HOMO and LUMO orbitals which
may reduce the efficiency of this dye complex as a DSC.

FIG. 9. DFT calculations showing electron orbitals of a geometry-optimized
free Ru 455 molecule (top) and Ru 470 molecule (bottom) together with cal-
culated orbital energies.

IV. CONCLUSIONS

UHV electrospray deposition has been used to deposit
monolayers and multilayers of Ru 455, Ru 535, and Ru 470
dye complexes on the rutile TiO2(110) surface in situ. Pho-
toemission spectroscopy has been used to characterize the
core and valence levels of the system, which were used to
deduce the bonding geometry of each dye complex on the ru-
tile TiO2(110) surface. We find that for both dye complexes
two carboxylic acid groups deprotonate so that their O atoms
bond to Ti atoms of the substrate 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 TiO2(110) was aligned using the valence pho-
toemission of the clean substrate. The optical absorption max-
imum 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 photoex-
citation 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 1.6 and 1.3 ± 0.1 eV. for the Ru 455 and Ru 470
dye complexes, respectively.

The core-hole clock implementation of RPES was used to
find that electron injection from the LUMO+2 and LUMO+3
of each dye complex to the substrate occurs in the range
of 12–21 fs for the orbitals studied here. In agreement with
previous studies of Ru 535, bi-isonicotinic acid and related
molecules on TiO2, which found charge transfer to occur
on the femtosecond timescale. It is thought that the studied
orbitals and the LUMO of each dye complex are all located
on the bi-isonicotinic acid ligands, so electron injection in va-
lence excited systems is expected to occur in a similar time
scale. The Ru 470 monolayer RPES peaks are still clearly
visible suggesting that this dye complex is the least efficient
molecule at charge transfer studied here.

The valence band photoemission spectra show that the
HOMO of the Ru 455 and Ru 470 dye complexes occur at
lower BE than that of the Ru 535 dye complex. The differ-
ence between the BEs is attributed to the difference in electron
densities on the central ruthenium ion, which is caused by
the difference in electronegativity of the attached ligands. In a
water splitting dye complex the potential to remove electrons
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from a water molecule is created by a hole in the HOMO.
Having a HOMO at lower BE causes a larger potential which
should be more effective at removing electrons from the water
molecule. The information obtained from these experiments
will be used in the design of a multicenter water splitting
DSC.
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