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Charge transfer interactions of a Ru(ll) dye complex and related ligand

molecules adsorbed on Au(111)
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The interaction of the dye molecule, N3 (cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4’-
dicarboxylato)-ruthenium(Il)), and related ligand molecules with a Au(l111) surface has been
studied using synchrotron radiation-based electron spectroscopy. Resonant photoemission spec-
troscopy (RPES) and autoionization of the adsorbed molecules have been used to probe the coupling
between the molecules and the substrate. Evidence of charge transfer from the states near the Fermi
level of the gold substrate into the lowest unoccupied molecular orbital (LUMO) of the molecules is
found in the monolayer RPES spectra of both isonicotinic acid and bi-isonicotinic acid (a ligand of
N3), but not for the N3 molecule itself. Calibrated x-ray absorption spectroscopy and valence band
spectra of the monolayers reveals that the LUMO crosses the Fermi level of the surface in all cases,
showing that charge transfer is energetically possible both from and to the molecule. A core-hole
clock analysis of the resonant photoemission reveals a charge transfer time of around 4 fs from the
LUMO of the N3 dye molecule to the surface. The lack of charge transfer in the opposite direction
is understood in terms of the lack of spatial overlap between the 7 *-orbitals in the aromatic rings of
the bi-isonicotinic acid ligands of N3 and the gold surface. © 2011 American Institute of Physics.

[doi:10.1063/1.3656682]

. INTRODUCTION

The dye molecule, N3 (cis-bis(isothiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylato)-ruthenium(II)) is a photo-
sensitive molecule used in dye-sensitized solar cells
(DSCs)."? N3, the structure of which is shown in Figure 1,
is one of the most efficient dyes found for DSCs. In these
cells, a thin nanocrystalline film of a wide bandgap semi-
conductor (usually TiO,) is made sensitive to visible light
by a monolayer of dye molecule adsorbed onto the surface.
Electrons are promoted from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) via excitation from incident light.l’2 N3 has been
shown to bond to TiO, via deprotonation of two carboxylic
acid groups of its bi-isonicotinic acid ligands forming a
2M-bidentate bond to the surface.’™ Bi-isonicotinic acid,*”
isonicotinic acid,'” and related carboxylic acids typically
bond to the surface of titanium dioxide via deprotonation
of their carboxylic acid groups.'"'> The chemical coupling
allows for the charge transfer of excited electrons from
the LUMO of the molecule to the conduction band of the
TiO,.!3 ! This leaves a hole in the HOMO of the molecule
which, in a typical DSC, is replenished from an electrolyte.”
However, an alternative solid state DSC architecture pro-
posed by McFarland and Tang,'> uses a metal-semiconductor
Schottky diode with the dye adsorbed onto an ultrathin metal
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film on top of the TiO, layer. The metal film, which in
the case of the original cell was gold, provides a source of
electrons to fill the hole in the HOMO. Studying the charge
transfer between photosensitive dyes - such as N3 and gold
- is, therefore, important to understand this type of DSC
architecture.

We have previously reported the adsorption of N3 on gold
using scanning tunnelling microscopy and synchrotron-based
photoemission.'® It was found that N3 bonds chemically to
the gold surface through one or more of its sulphur atoms
and that it adsorbed preferentially at the faulted regions of the
Au(111) herringbone reconstruction.'® Here we present the
results from a resonant photoemission spectroscopy (RPES)
and x-ray absorption spectroscopy (XAS) study of N3 ad-
sorbed on the Au(111) surface. These techniques allow the
electronic structure and the charge transfer interactions be-
tween the gold and N3 to be determined by probing the un-
occupied levels and the coupling between the surface and the
molecule.

When bi-isonicotinic acid'” and Cg (Ref. 18) are each
deposited on a gold surface they exhibit distinctive Auger fea-
tures in the monolayer RPES spectra. It was shown that these
features occur due to an Auger decay mechanism termed su-
perspectator decay,'” where an electron is transferred from the
gold surface to the molecule and acts as a spectator for an oth-
erwise normal Auger core-hole decay process. As these fea-
tures are seen for the bi-isonicotinic acid ligand, the presence
of superspectator features in the RPES of the N3 dye molecule
is here studied, along with the related molecule, isonicotinic

© 2011 American Institute of Physics
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FIG. 1. Schematic representation showing the relationship between the
molecular structure of the N3 dye molecule (cis-bis(isothiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylato)-ruthenium(Il)), the ligand molecule bi-
isonicotinic acid (2,2'-bipyridine-4,4’-dicarboxylic acid), and isonicotinic
acid (pyridine-4-carboxylic acid).

acid, in order to probe the charge transfer interactions between
the N3 dye molecule and the Au(111) surface.

Il. METHOD

Experiments were carried out at beamline I311 of the
Swedish synchrotron facility MAX-laboratory in Lund.'® The
beamline has a photon energy range of 30-1500 eV and is
equipped with a Scienta SES200 hemispherical electron ana-
lyzer. The radiation has a high degree of elliptical polarization
and may be considered as linearly polarized for the purposes
of this study. The base pressure, in the analysis chamber, was
in the mid 10~ mbar range and, in the preparation chamber,
it was in the low 10~!9 mbar range.

The substrate was a single crystal of dimensions 10 mm
x 2.5 mm diameter. It was mounted on a loop of tungsten wire
(0.5 mm) that passed tightly through the body of the crystal,
ensuring a good electrical and thermal contact. A thermocou-
ple was attached within the body of the crystal in order to
monitor accurately the temperature. The crystal was cleaned
along the lines of Barth et al.?’ by cycles of sputtering using 1
kV Ar™ ions and then annealing at 900 K by passing a current
through the tungsten wire mount. Surface contamination was
checked by ensuring that the C 1s, K 2p, and S 2p core level
photoemission peaks were near or below the detection limits
of our measurements.

For the deposition of isonicotinic acid, the molecules
were evaporated from a Knudsen cell type evaporator at a
temperature of ~10°C onto the sample held at room temper-
ature at a distance of ~20 cm. The bi-isonicotinic acid was
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also deposited using a Knudsen cell type evaporator, but at
the higher temperature of ~230 °C.

In contrast to both isonicotinic acid and bi-isonicotinic
acid, N3 undergoes thermal decomposition before it sublimes
and therefore cannot be deposited under UHV conditions
by thermal evaporation. For this molecule we have used the
method of UHV-compatible electrospray deposition, which
allows large, fragile, and non-volatile molecules such as N3
to be deposited at close to UHV pressures in coverages rang-
ing from sub-monolayer to multilayer films. This technique
has previously been used to study N3 on titanium dioxide?
and gold surfaces'® in addition to a wide range of large fragile
molecules including single molecule magnets,?"?*> porphyrin
nanorings>® and oligomers,?* biomolecules,” polymers,>°
host-guest complexes,”’ and a range of organometallic
dyes.?®? The N3 molecule was deposited in situ using a
commercial UHV electrospray deposition source (Molecular-
spray, UK) from a solution of ~5 mg of N3 in 200 ml of
a 3(methanol):1(water) mixture. The apparatus used and the
process by which the molecules are taken from ex sifu so-
lution to in situ vacuum are described in detail elsewhere.*
Between depositions, the electrospray system was sealed off
from the preparation chamber using an UHV gate valve. With
the valve open but no electrospray process occurring, the pres-
sure in the preparation chamber was 2 x 10~% mbar. With the
voltage turned on, the preparation chamber pressure rose to
5 x 1077 mbar, the additional pressure being due to resid-
ual solvent molecules in the molecular stream. In all prepa-
rations, the coverage was measured using the intensities of
the core-level photoemission peaks and the molecule con-
tribution to the shape of the valence band photoemission
spectra.

The monochromator exit slits of the beamline were set
to give a resolution ~50 meV for photons of energy hv
= 340 eV. The photon energy was calibrated from the sep-
aration between the Au 4f peaks measured with 1st and 2nd
order radiation. For measuring x-ray absorption and resonant
photoemission spectra, a taper was applied to the undulator
to reduce the intensity variation of the radiation as the pho-
ton energy was scanned. For XAS and RPES measurements,
the analyzer pass energy and entrance slits were set to give an
analyzer resolution of ~500 meV with respect to binding en-
ergy. The analyzer was also set to record spectra in fixed mode
(where the electron energy window is constant, using the en-
ergy dispersion across the detector channels to form the spec-
trum) for these measurements to give the best compromise
between energy resolution and the number of counts required
for 2D RPES spectra. For core level photoemission spectra,
the analyzer was set to record in swept mode (where all de-
tector channels are averaged and the electron energy window
is swept through the region of interest) with an overall in-
strumental resolution of ~100 meV. All three molecules stud-
ied suffer beam damage under irradiation by soft x-rays, as
characterized previously for bi-isonicotinic acid.’ In all cases
preliminary measurements were performed to determine the
exposure limit of the molecules by ensuring that consecutive
XPS and XAS spectra were indentical. During the long acqui-
sition times needed for RPES measurements the sample was
continuously swept in the beam at a rate of at least 1.25 um/s.
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lll. RESULTS AND DISCUSSION
A. Charge transfer from the surface to the molecule

Monolayer and multilayer coverages of bi-isonicotinic
acid were deposited on the Au(l11) surface by thermal
evaporation. The core-level photoemission and x-ray ab-
sorption spectroscopy of this surface have been published
previously.!”-3! The resonant photoemission spectra for both
coverages of bi-isonicotinic acid adsorbed on the Au(111)
surface'”3! are shown in Figure 2. The same spectrum was
also measured for the clean Au(111) surface. The two-
dimensional RPES datasets were obtained by measuring the
valence band photoemission up to 16 eV binding energy for
the range of photon energies covering the N 1s absorption
edge in 0.1 eV steps. The clean surface spectrum (not shown)
simply exhibits an intense band due to the direct valence band
photoemission of the clean Au(111), as we would expect.
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FIG. 2. Resonant photoemission spectra for (a) a multilayer of bi-
isonicotinic acid on gold, (b) a monolayer of bi-isonicotinic acid on gold,
and (c) the same monolayer spectra as shown in (b) but with the intensity re-
scaled to show more clearly the diagonal auger features. The horizontal axis
represents the binding energy and the vertical axis the photon energy.
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The resonant photoemission spectra for the bi-
isonicotinic acid monolayer, shown in Figure 2(b) and
with the intensity re-scaled in Figure 2(c), exhibits a number
of interesting features. The vertical bands, at low binding
energy, are the direct photoemission peaks from the gold
surface. The intense band, at a photon energy of 399.8 eV,
is due to the excitation of an electron to the LUMO from
the core N s level and the subsequent emission of elec-
trons arising from the decay of the core-hole produced.
Superimposed on the gold direct photoemission peaks at low
binding energy, there is participator decay at the LUMO
resonance. Participator decay is the process which occurs
due to the originally excited electron (in this case to the
LUMO) being involved in the non-radiative decay of the N
s core-hole. This leads to a final state identical to that of
direct photoemission, as shown in Figure 3(b), and is clearly
visible as a strong enhancement at 5 eV binding energy in
the multilayer spectrum in Figure 2(a) and 3.5 eV in the
monolayer spectrum in Figure 2(b).

As well as participator electrons, there are also constant
kinetic energy features which result from spectator decay of
the core-hole. They arise from the originally excited electron
not being involved in the decay process, except as a spectator,
during a normal Auger decay process in which the N 1s core-
hole is filled instead by another valence electron. The spec-
tator electron induces a small upward shift in energy due to
its presence in the unoccupied state (Figure 3(c)). These spec-
tator electrons, along with normal Auger electrons, account
for the high intensity region observed in the RPES spectra on
the right-hand side drifting linearly out of the binding energy
window due to their constant kinetic energy.

The monolayer RPES spectrum of bi-isonicotinic acid
on gold (Figure 2(c)) shows an interesting diagonal Auger
feature that is not observed for the multilayer or the clean
surface spectra. Such features were also observed recently
for a Cg monolayer on gold,'® and attributed to specta-
tor decay following charge transfer from the surface to the
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FIG. 3. Electron excitation and de-excitation processes: (a) Resonant core
level excitation into unoccupied bound states (x-ray absorption); (b) Partici-
pator decay following x-ray absorption induced core-hole; (c) Spectator core-
hole decay; (d) X-ray absorption in the presence of charge transfer from states
near the Fermi level of the metal substrate; and (e) spectator core-hole decay
in the presence of charge transfer.
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molecule, as depicted in Figure 3(e). As in the case of spec-
tator Auger electrons, the energy of electrons emitted in this
process have a constant kinetic energy and therefore disperse
linearly through the RPES binding energy window as the pho-
ton energy is increased. What differentiates this so-called su-
perspectator channel from that of spectator is the upward shift
in kinetic energy. In a spectator decay, the emitted electron
originates from the HOMO level as depicted in Figure 3(c),
however, in superspectator decay the emitted electron orig-
inates from the LUMO, and is therefore shifted up in en-
ergy by an amount corresponding to the HOMO-LUMO gap
of the molecule. Since this energy is typically a few eV for
most molecules, the constant kinetic energy feature associ-
ated with this charge-transfer Auger process is easily resolved
from the spectator channel. The presence of these so-called
superspectator lines in a RPES spectrum is therefore indica-
tive of surface-to-molecule charge transfer.

The corresponding isonicotinic acid monolayer RPES
spectrum looks almost identical to that of bi-isonicotinic acid,
as shown in Figure 4(c). The charge transfer Auger feature is
observed as a diagonal line of higher intensity from a bind-
ing energy of 9 eV at 403 eV photon energy to a binding en-
ergy of 15 eV at 409 eV photon energy. This is highlighted
by a the superimposed solid black line. This feature actually
tracks back to the LUMO photon energy at a binding energy
of around 4 eV, the position of the HOMO-LUMO participa-
tor peak.

Monolayer and multilayer coverages of N3 were de-
posited on the Au(111) surface by in situ electrospray depo-
sition. The core-level and valence photoemission measured
were found to be consistent with those previously published
for N3 adsorbed on Au(111).!® The N3 monolayer RPES
shown in Figure 5(b) presents a very different picture. The
spectrum closely resembles the N3 multilayer RPES, except
that the gold photoemission peaks are much more pronounced
and the molecule’s LUMO resonance have a much lower in-
tensity. What is most surprising is that the monolayer spec-
trum, even when the intensity has been re-scaled as in Fig-
ure 5(c), lacks the diagonal Auger feature observed in the
monolayer RPES spectra of the other two molecules adsorbed
on the Au(111) surface. This data suggests that while charge
transfer from the surface to the bi-isonicotinic acid ligands
of N3 does not occur when they are bound within the dye
complex.

Charge transfer between the molecule and the substrate,
in either direction, depends on the energetics of the lowest
unoccupied molecular orbitals with respect to the substrate
density of states. If the LUMO lies below the Fermi level of
the gold surface, then charge transfer is possible from the sur-
face to the adsorbed molecules. In the core-excited state, the
presence of the core-hole can lead to the LUMO state being
excitonically pulled down so that it crosses the Fermi level of
the gold surface.>> We can measure the position of the core-
excited LUMO of each molecule, with respect to the Fermi
level, by placing the calibrated N 1s XAS and valence band
photoemission for each monolayer on a common binding en-
ergy scale,®® as shown in Figure 6. The data shows that the
LUMO of all the molecules lies mostly below the Fermi level
of the Au(111) surface in the core-excited state. This would

J. Chem. Phys. 135, 164702 (2011)
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FIG. 4. Resonant photoemission spectra for (a) a multilayer of isonicotinic
acid on gold, (b) a monolayer of isonicotinic acid on gold, and (c) the same
monolayer spectra as shown in (b) but with the intensity re-scaled to show
more clearly the diagonal auger features.

theoretically allow the transfer of electrons from the valence
band of the metal to the majority of the vibronic states of
the core-excited LUMO that now lie below the Fermi level
of the gold surface. However, energetic overlap is a neces-
sary but not sufficient condition for charge transfer to occur
as illustrated in the case of N3. Spatial overlap of the molec-
ular orbitals involved is also required, and the difference in
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FIG. 5. Resonant photoemission spectra for (a) a multilayer of N3 on gold,
(b) a monolayer of N3 on gold, and (c) the same monolayer spectra as shown
in (b) but with the intensity re-scaled like in Figures 2 and 4, showing a clear
absence of any diagonal auger features.

behaviour of N3 compared to its ligand molecules is there-
fore most likely associated with its adsorption geometry on
the surface.

Previous results have shown that the N3 molecule chem-
ically bonds to the gold surface mostly through one or more
sulphur atoms of the thiocyanate ligands.®> As in the case of
bi-isonicotinic acid molecules on Au(111), no deprotonation
of the carboxylic acid groups occurs, suggesting a largely van
der Waals interaction between these ligands and the surface.
This does not preclude charge transfer as demonstrated for bi-
isonicotinic acid itself. However, the largely octahedral geom-
etry of the molecule prevents the bi-isonicotinic acid ligands
from lying flat on the surface in any orientation, as illustrated
in Figure 7. This means that the m-orbitals of the pyridine
rings of these ligands have little or no spatial overlap with the
dangling 5d orbitals of the gold surface. This is important as
density functional theory calculations show that the LUMO

J. Chem. Phys. 135, 164702 (2011)
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FIG. 6. Energy level alignment of the substrate valence band and the un-
occupied molecular orbitals of the molecule for bi-isonicotinic acid (top),
isonicotinic acid (middle), and N3 (bottom). All spectra have been calibrated
to the Fermi edge of the gold surface at 0 eV binding energy.

is predominantly derived from the -orbitals of the pyridine
rings.? Electrons therefore cannot tunnel easily from the sur-
face to the LUMO of the molecule. Charge transfer can occur
for bi-isonicotinic acid on gold because the molecule lies flat
on the surface!” allowing for the overlap between the orbitals
and, therefore, there can be a high degree of spatial overlap

FIG. 7. Schematic molecular model of one possible configuration of the N3
molecule on the Au(111) surface. Even though in this case the bi-isonicotinic
acid ligands are in contact with the surface, the octahedral geometry of the
molecule prevents them from lying flat on the surface in all orientations.
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FIG. 8. Angle resolved XAS spectra for a monolayer of isonicotinic acid
adsorbed on the Au(111) surface. Inset shows the variation of the LUMO
intensity with the angle of the incident radiation to the surface normal. The fit
curve is the theoretical angular dependence for an aromatic ring with tilt angle
of 89 &£ 1° to the surface normal, assuming a random azimuthal orientation
and linear light polarization (see Refs. 34 and 35).

between the -orbitals and the dangling 5d orbitals of the gold
surface.

The adsorption geometry of isonicotinic acid molecules
on the Au(111) surface has here been studied using angle re-
solved XAS. The data in Figure 8 shows the spectra mea-
sured over the N 1s edge, for a range of angles. The spec-
tra have been corrected for undulator intensity variations and
normalized to the continuum of states above the vacuum level
(425 eV).%8 The angles quoted are those between the surface
normal and the electric field vector of the incoming radia-
tion. Only polar angles were considered as the substrate has
a 6-fold rotational symmetry, eliminating azimuthal intensity
variations.**3 The sharp low energy peaks below 406 eV are
identified with the  * unoccupied molecular orbitals, associ-
ated with the planar aromatic ring of the molecule.'? Maximal
7 * intensity is observed to occur for the electric field perpen-
dicular to the plane of the surface, with minimal intensity for
the field oriented in the parallel direction. An analysis of the
LUMO intensity variation as a function of angle,** 3 reveals
that the plane of the aromatic ring structure has an average
tilt angle of 89° £ 1° to the surface normal. Isonicotinic acid
therefore adsorbs parallel to the metal surface which maxi-
mizes the electronic coupling, allowing charge transfer from
the surface to the molecule as discussed in the case of bi-
isonicotinic acid. Configuration dependent charge transfer has
previously been observed for the planar aromatic molecule

J. Chem. Phys. 135, 164702 (2011)

4-fluorobenzenethiol on the Au(111) surface,*® although in
that case it was charge transfer from the molecule to the sur-
face under investigation.

B. Charge transfer from the molecule to the surface

The absence of any charge-transfer Auger-decay features
in the N3 monolayer RPES would imply that there is no
charge transfer from the metal 7o the N3 molecule, unlike for
bi-isonicotinic acid and isonicotinic acid. But this does not
preclude charge transfer in the opposite direction. An electron
transfer from the continuum of states of the metal surface into
a discrete molecular state requires both a strong electronic
coupling and nuclear relaxation. An electron making the tran-
sition from a discrete molecular state into the continuum of
conduction band states will delocalize, existing in a mixed
state where it will coherently sample all coupled states, break-
ing the resonance with the electronic state on the molecule on
the femtosecond time scale and localizing the electron within
the substrate.’” We can get a measure of the charge trans-
fer dynamics from the molecule to the gold surface by using
the core-hole clock implementation of RPES. This method is
based on the principle that the participator core-hole decay
channel (Figure 3(b)) requires localization of the core-excited
electron in the probed unoccupied state on the time scale of
the core-hole lifetime. The absence of participator electrons
in resonant photoemission is therefore indicative of ultra-fast
charge transfer.*

An integration of the participator electron intensity over
the HOMO and HOMO-1 of N3 (1-7 eV) as a function of
photon energy is shown for both the multilayer and mono-
layer in Figure 9, and compared to the associated x-ray ab-
sorption spectrum (normalized in this case to the intensity
of the LUMO+1 for the reasons explained below). A large

multilayer

Intensity (arbitary units)

monolayer

398 400 402 404 406
Binding Energy (eV)

FIG. 9. N 1s RPES and N 1s XAS spectra of the N3 multilayer and mono-
layer on Au(111). The RPES spectra, shown here, are binding energy inte-
grations from 1 to 7 eV for the datasets shown in Figure 5. The spectra have
been normalized to the LUMO+-2 at 402.5 eV.
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proportion of participator electrons is expected in the case of
the multilayer because the molecules are effectively isolated
from the substrate which means that no charge transfer can
take place. Electrons excited to the LUMO, LUMO+1, and
LUMO+-2, therefore, remain on the molecule long enough
to participate in the core-hole decay, leading to a final state
identical to direct photoemission of the HOMO state involved
(Figure 3(b)). In fact, the multilayer is taken as the benchmark
in the core-hole clock analysis to determine the anticipated
participator intensity for each LUMO state in the absence of
charge transfer.® 438

Unfortunately, in this case, the core-hole clock analysis
used for molecules adsorbed on wide bandgap semiconduc-
tor surfaces,> 131439 such as TiO, (in which the LUMO lies
entirely within the bandgap) is unsuited to give us an exact
quantitative picture of the transfer from either bi-isonicotinic
acid, isonicotinic acid or the N3 dye molecule adsorbed on
Au(111). This is due to the fact that, as the LUMO of all the
molecules in the core-excited state lies both partially above
and below the Fermi level of the gold substrate, charge trans-
fer can occur from those vibronic states of the LUMO that
lie above the Fermi level of the substrate, rendering normal-
ization to the LUMO inappropriate. However, an upper limit
for the charge transfer time out of the LUMO into the gold
surface can be obtained by making two assumptions.

The first assumption is that there is no charge trans-
fer from the LUMO+2 (between 402 and 403 eV for our
molecules) to the surface. This allows for normalization to
the LUMO+-2 in order to analyse the changes in the intensity
of the LUMO itself. It must be stressed that this assumption
need not be true in order to provide us with an upper limit for
electron transfer from the LUMO. Any charge transfer out of
this state ignored in our analysis simply leads to an underes-
timate of the true participator intensity for this state, which
in turn leads to an overestimate of participator intensity at the
LUMO, serving only to lengthen the calculated charge trans-
fer time.

The second assumption is that there is no charge transfer
from the surface into those vibronic states of the LUMO that
lie below the Fermi level. We already know from the data pre-
sented in Sec. III A that in the case of bi-isonicotinic acid and
isonicotinic acid, this assumption is certainly not valid. The
presence of the diagonal superspectator features observed in
Figures 2 and 4 are indicative of precisely this charge transfer
into the LUMO. For this reason, the following analysis cannot
be used at this time for the bi-iso and iso molecules (at least
not until we can quantify the amount of charge transfer into
the LUMO). However, the assumption is valid for N3 since
the data in Sec. IIT A shows that there is no charge transfer
from the surface to the N3 molecule and thus any decrease in
the LUMO participator intensity can be entirely attributed to
charge transfer from the LUMO to the gold surface.

Denoting the intensity of the LUMO as I, the average
electron injection time, Tz, for electrons moving from the
LUMO to unoccupied substrate states is determined from

Eq. (D),

mono mono
1meno /|

RPES/ "XAS
Tgr = TcH » - . (1)
Imultt /Imultt _ Jmono /Imono
RPES/ "XAS RPES/ “XAS
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A more thorough discussion of the core-hole clock imple-
mentation of RPES and a derivation of the equation is given
by Brithwiler et al3® 175", and I 1’;’;;%"5 represent the inten-
sities of the LUMO peaks in the RPES monolayer and mul-
tilayer, respectively. They are normalized by the XAS inten-
sities, 19/9% and I947. Toy is the average lifetime of an N
1s core-hole that has been measured to be 6 fs.*’ For the N3
on gold core-hole clock analysis, Ig7}ys/1¥4s = 0.69 and
1 1’%%’5 /1 )'(”X]S” = 1.64, giving an overall upper limit for the
charge injection time of 4.4 fs from the LUMO to the con-
duction band of the surface.

IV. CONCLUSION

The RPES spectra of an N3 monolayer on gold do not ex-
hibit the superspectator features observed for the monolayer
RPES spectra of other molecules such as bi-isonicotinic acid,
isonicotinic acid, and Cg. This is surprising as bi-isonicotinic
acid is a ligand of N3 and would thus be expected to share
similar characteristics. These features are due to the Auger
decay of an electron from the LUMO being spectated by an
electron transferred from the surface to the molecule. The
lack of such a decay channel in N3 suggests that there is
almost no charge transfer from the gold surface into the N3
molecule. By placing the XAS and valence band photoemis-
sion on a common binding energy scale, the LUMO of the
N3 molecule is revealed to lie partially below the Fermi edge
of the gold metal, showing that it is energetically possible for
charge transfer to occur in the core-excited state. The reason
for the lack of charge transfer from the gold surface to the
N3 molecules is attributed to the geometry of the molecule
on the surface as the m *-orbitals of the aromatic rings in the
bi-isonicotinic acid ligands (which have been shown to con-
tain the LUMO orbitals) lack the required spatial overlap with
the 5d orbitals of the gold surface. This significantly reduces
the chances of an electron tunnelling from the surface to the
molecule. On the other hand, charge from the LUMO of the
molecule to the substrate conduction band does occur in the
case of N3, for which the core-hole clock implementation of
RPES places an upper limit on the time scale of this process
at4.4 fs.
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