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The “core-hole clock” implementation of resonant photoemission has been used to investigate the charge-
transfer dynamics of bi-isonicotinic acid molecules (4i€arboxy-2,2-bipyridine) adsorbed on a rutile T

(110) surface containing varying densities of gold islands. In the presence of, nominally, a few monolayers
of gold there exists a strong coupling between the adsorbed molecules and the surface. This is derived from
the measurement of a3 fs charge-transfer time for the injection of a core-excited electron into the substrate.
This ultrafast charge-transfer time is quenched for a fraction of the molecules upon the addition of only a few
further monolayers of gold. There is evidence to suggest that this effect derives from a change in the bonding
configuration of bi-isonicotinic acid molecules. However, results also support the occurrence of ultrafast
back-transfer from Au states to core-excited unoccupied molecular states.

1. Introduction of the dye, electrons are injected from molecular orbitals residing
above the Schottky barrier into the TiQayer via ballistic
passage through an ultrathin Au film that ranges in thickness
from 15-50 nm. The Au layer then scavenges the holes left
behind in the dye molecules. In this way, the cell is simplified
in comparison to other DSSCs, having no need of an electrolyte.
A photovoltage is formed by contact between the Au film and
the Ti back-plate. A merbromin dye on a Au/TDi multilayer
was found to give an open-circuit voltage of 66800 mV and
@ short-circuit current of 1618 uA cm~2 at an efficiency of
<1%. Although this is low, it was also found that 10% of the
adsorbed photons gave rise to an electric curténthis
One of the most efficient devices is the &l cell23 It relatively high internal quantum efficiency makes the cell and
operates on the principle of sensitizing a film of interconnected 1€ associated interfaces of great interest.
TiO, colloids with dye molecules such as “N3” ((deRu- The exact nature of the interfaces of this cell and the roles of
(NCS), where dcb stands for 4-dicarboxy-2,2-bipyridine). the interactions therein are still under investigation. The
This system is then placed in contact with an electrolyte. explanation of ballistic passage is highly plausible on the basis
Electrons in the highest occupied molecular orbitals (HOMO) of electron mean-free-paths through noble metal films of
of the dye absorb photons and are promoted into the lowestcomparable thicknessHowever, there is also the possibility
unoccupied molecular orbitals (LUMO), which reside above the of energy transferring from the dye to excite Au electrons, which
substrate band gap. These electrons are then injected into thére subsequently injected into the conduction band of the
semiconductor conduction band where they move to the countersemiconducto?. Furthermore, the interfaces are not strictly as
electrode of the system. Replenishment of electrons in the linear as their denotation of dye/Au/TiQvould suggest. On
oxidized dye molecules comes from the reduced species of theTiO», in the case of deposition by sublimatiof and sputter-
redox couple present in the electrolyte; replenishment of the ing,1° Au grows as islands. It has been shétthat a significant
reduced species occurs at the counter electrode that is also irfraction of TiOx(110) surface is still exposed following deposi-
contact with the electrolyte. Such cells are currently being tion of a Au film with a nominal thickness of 30 nm. Dye
manufactured and offer a credible alternative to inorganic molecules may therefore interact simultaneously with the Au
devices. They fall under the OPV subclass of dye-sensitized islands/network and the Tisubstrate.
solar cells (DSSC). In the continuing investigation of the McFarland and Tang
A relatively new DSSC that shows promise is that developed model system, this report presents the interfacial study of bi-
by McFarland and TanyTheir cell consists of the four layers,  isonicotinic acid (4,4dicarboxy-2,2bipyridine) adsorbed on
dye/AulTiG,/Ti. It was proposed that, following photoexcitation  gold-covered rutile Tig110). The motivation for using bi-
isonicotinic acid is that it is the ligand through which a variety
* To whom correspondence should be addressed. E-mail: james.oshea@q¢ dye molecules, most notably N3, are chemically bound to
nottingham.ac.uk . . . S T
T University of Nottingham. the TiG;, surface in Grezel DSSCs. The study of bi-isonicotinic
*Lund University. acid thus gives a measure of how such technologically important
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In principle, solar cells offer an extremely attractive solution
to the need for clean energy. The Earth receiv@sx 1074 J
of solar energy per year, orders of magnitude more energy than
is consumed worldwidéHowever, the use of photovoltaics has
been limited by the costly materials and fabrication of the
conventional solid-state devices that were the first to emerge.
This problem is beginning to be overcome by the development
of a new class of cells, namely organic photovoltaics (OPV).
Such devices use relatively cheap substrates and organi
overlayers, often with the additional advantage of tunable
structural and aesthetic properties.
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Figure 1. Schematic illustration of the adsorption geometry of bi-

isonicotinic acid on (a) Tig{110) in a 2M-bidendate fashion via the "

deprotanated carboxylic groups?and (b) Au(111) largely parallel to T T T T T

the surface with bonding through one or more intact carboxylic gr&ups. 536 534 532 530 528
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dyes will anchor. The advantage of using the ligand as opposedFigure 2. O 1s core level spectra, takenrat= 600 eV for the three

to the full dye is that it is stable to sublimation, allowing in different Au coverages. Spectra were taken at normal emission. Binding

situ ultrahigh vacuum (UHV) preparation of the sample. In enelzgy is rgferenced to the subst_rate signal defined to sit at 530.05

addition, a large number of studies have also been carried out®V: Total instrumentation resolution was240 meV.

for the moleculé'—18 on related surfaces, which we draw on

here in our interpretation of this relatively complex system. The C 1sXPS
molecular structure of bi-isonicotinic acid and its adsorption hv = 340 eV
geometry on the surfaces of Ti10) and Au(111) deduced
from these studies are schematically shown in Figure 1. .
[2]
2. Method 5 "Large" Au !
. . . g Coverage A%
The experiments were carried out at the Swedish synchrotron 3 G?MM‘*%%QWW ™
facility MAX-lab in Lund. Beamline 131%° was used, which > !
has a photon energy range of- 30600 eV and is equipped with ‘@ "Medium" Au
a Scienta SES200 hemispherical analyzer. The base pressur% Coverage

in the analysis chamber was in the mid-3bmbar range, and
that in the preparation chamber was in the low*@nbar range.
The substrate was a single-crystal rutile J{0L0) with "Small" Au
dimensions of 10x 10 x 1 mm (Pi-Kem, Shropshire, UK). Coverage
This was mounted on a Ta back-plate, ensuring that a good
electrical and thermal contact was made. A thermocouple was
also attached in close proximity to the crystal to accurately 294 292 290 288 286 284 282
monitor the temperature. Bulk defects were introduced into the Binding Energy (eV)
crystal by cycles of 2 kV Ar ion sputtering and then annealing Figure 3. The C 1s core level spectra, takenhat= 340 eV for the
st~ 700 K unil he eysal e bue, This dopes he eystl (18 BTEm A ERLeages, S e e
n-type? gnd avoids any appreciaple sample charging. Heating at 530905 evg‘yTotaI instrumentation resolution Waslgo meV.
was achieved by electron beam bombardment of the back of
the sample plate. Gold was evaporated onto the clean surface from a Knudsen
Before Au deposition the surface was cleaned by 2 kV Ar cell ~20 cm from the sample at a temperatar#400 K. Three
ion sputtering and checked by observing the disappearance ofdifferent Au coverages were investigated, denoted as small,
the C 1s core level signal. To achieve extended flat domains of medium, and large, indicative of the relative quantities of Au
(110) and to minimize the number of surface defects caused bydeposited onto the clean surface. These correspond to estimated
sputtering, the crystal was annealed~&00 K for 10 min2! nominal coverages of2 monolayers (ML), 3-4 ML, and>5
Cooling in oxygen was not undertaken as in previous studies ML respectively, with associated errors efl ML. These
because of the possibility of the formation of surface ros@tes. estimations are based on two measures. The first is the trend in
This process was checked by monitoring the shape of the Ti 2pthe width of the photoemission onset as compared to studies of
peaks until a single dominant“Tioxidation state was observed. Au covered TiQ(110) made by Howard et &t.(it is noted that
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Figure 4. The N 1s core level spectra, takenhat= 500 eV for two
different Au coverages. Spectra were taken at normal emission. Binding
energy is referenced to the substrate O 1s signal defined to sit at 530.0%
eV.!4 Total instrumentation resolution was190 meV.
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differences between experimental resolutions were corrected

for). The second measure is the trend in the attenuation of the "Small* Au ;
substrate O 1s core level signal, as fitted by the island growth Coverage _ /" -
model developed by Parker etZl. i S

Bi-isonicotinic acid (Sigma-Aldrich, UK) was evaporated onto : ;
the Au/TIO, from a Knudsen cel~20 cm from the sample.
The powder was outgassed thoroughly and evaporated at ¢ =~ fz=—===---- -
temperature of~230°C. Multilayers were made by deposition 10 5 0 5
onto the substrate at room temperature. To achieve ML Binding Energy (eV)
coverages, a multilayer was first formed and then gently heated
off, whereby the physisorbed molecules are lost to leave a Figure 5. En(_ergy level alignn]en't of substrate an_d _molecular occupied
chemisorbed monolay&?.14 This process was followed in real and unoccupied states. Also indicated are the, Di@ical band gap of

. N he sh f th K hich refl 3.1 eV and the shift of the LUMO resonance (0.3 eV between small
time by monitoring the shape of the O 1s peaks, which reflect 5 |arge preparations). The NEXAFS spectrum is over the N 1s edge

the differing local environments experienced by the two with PES spectra taken at 110 eV. Spectra were taken at normal
carboxylic oxygen atoms in the two preparatidhg?Although emission. Binding energy is referenced to the substrate O 1s signal

thermal damage is a possibility for this monolayer preparation defined to sit at 530.05 e¥. Resolution was better than 110 meV.
method using a Au(111) substrate, the near-edge X-ray absorp- All core level and valence band photoemission spectra were
tion fine structure (NEXAFS) and X-ray photoelectron spec- calibrated to the substrate O 1s peak at 530.05 eV following
troscopy (XPS) signatures of damage are knBwhand did previous work of bi-isonicotinic acid adsorbed onto FHO
not occur for the results presented here. To further prevent any(110)1114 To achieve this, the position of the substrate peak
damage occurring to the molecules from the synchrotron was identified from an unconstrained fit of the O 1s spectra of
radiation, spectra were recorded while the sample was sweptthe small Au coverage data set and was shifted to lie at 530.05
across the beam, ensuring the motion was in the focal plane ofeV. This shift was then applied to the O 1s spectra of higher
the analyzer. Au-coverage data sets; the substrate components of which were
Exit slits of the monochromator were set to give a resolution then fitted under the constraint of lying at 530.05 eV. This is
of ~100 meV for photons of energly = 400 eV. Photon justified on the basis of the stability of the beamline and the
energy calibration was made from the separation between first- consistency of other substrate peaks. The beamline stability was
and second-order Au 4f peaks. For the recording of NEXAFS confirmed through the position of the sample holder Fermi level
and resonant photoemission spectra, a taget (hnm) was that remained constant, within the experimental resolution,
applied to the undulator to reduce the intensity variation of the throughout the entire experiment. Thus, any peak shifts are
radiation as the photon energy was scanned. For these measurdecause of effects intrinsic to the specific surface preparation,
ments, the analyzer pass energy and entrance slits were set tas opposed to changes in experimental conditions. The Ti 2p
give an analyzer resolution of750 meV and hence a total spectra, which derive solely from substrate atoms, show no
binding energy resolution 6f760 meV. The analyzer was also relative shifts between the preparations, with the raw spectra
set to record spectra in fixed mode. These settings were foundoverlaying perfectly. It is noted that this is in agreement with
to give the best compromise between energy resolution and theTi 3p spectra in recent studies of Au/TiQ10)? for Au
large number of counts required for quantitatively analyzable coverages comparable to those being addressed in this work.
resonant photoemission spectra. For core level spectra, theThis justifies using the substrate peaks as a binding energy
analyzer was set to give a total energy resolution varying from reference. In contrast, the binding energy scales for the
<120 meV for spectra taken av <400 eV to~240 meV at autoionization spectra are left uncalibrated. A reliable calibration
hv = 650 eV and was set to record in swept mode. could not be made in these cases because of the small binding
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TABLE 1. Parameters for the O 1s Spectra in Figure 2

small Au medium Au large Au
coverage (eV) coverage (eV) coverage (eV)

TiO, substrate peak (0) 530.05 530.05 530.05
C=0 and COO peak (1) 531.7 531.6 531.6
OH peak (2) 533.1 533.1 533.2
FWHM 0 1.2 1.2 1.3
FWHM 1 1.4 1.6 1.8
FWHM 2 1.6 16 1.8
separation 61 1.7 1.6 1.6
separation 2 1.4 1.5 1.6

energy window used, which did not capture the Fermi level of can be seen in the medium and large Au coverage O 1s spectra
the Au clusters or the O 2s signal of the molecule and underlying through the relative growth of the hydroxyl component. For the
substrate. The shape of the off resonance valence band couldarge Au coverage, the intensity ratio between the carbonyl and
not be used because of the levels of noise present (this signahydroxyl peaks shows that a minority of approximately 45%
representing a background in the autoionization spectrum). Thisof all molecular carboxylic groups are now deprotonated, with
does not hamper analysis though. Identification of de-excitation the majority retaining their carboxylic proton. It is noted that it
channels in an autoionization spectrum does not require anwas previously found that bi-isonicotinic acid does not depro-
absolute binding energy scale. Thus, in producing the associatedonate when deposited onto Au(111) and that it binds with its
resonant photoemission spectrum, only the photon energy scaleing structure largely aligned with the surfaaVe will return

must be fully calibrated, as is the case for all results presentedto this point in the discussion.

in this work. Figures 3 and 4 show C 1s and N 1s spectra, respectively,
after the removal of an exponential background. Also indicated

3. Results are the central moments. For the main peak structures these
Core level spectra of the bi-isonicotinic acid/Au/B{@10) were calculated by fitting the peak with two Gaussians and

system for the three different Au coverages (small, medium, taking the center of gravity of the pair. The position of the high
and large) were recorded. Figure 2 shows O 1s core level binding energy C 1s carboxylic pediwas determined by fitting
photoemission spectra. These exhibit three distinct peak com-With a single Gaussian. The small Au coverage C 1s spectrum
ponents. The lowest binding energy (BE) component is identi- @grees well with the study of the molecule on a rutile FiO
fied with the substrate oxygen atoms, as confirmed by its (110) substrate, with a peak component separation of 3.5 eV as
attenuation with increasing quantities of Au, whereas the two compared to 3.47 eV In both the C 1s and N 1s cases the
higher energy components are identified with the molecular Medium Au coverage spectra are shifted to lower binding energy
oxygen atoms. Of these latter two components, that at high BE @S compared to th_ose for the small coverage. _No difference exists
is because of the hydroxyl oxygen (OH) of the intact carboxylic Petween the medium and large Au preparation C 1s spectra. It
acid group (COOH). That at lower BE has two identities, in 1S also noted. that preliminary N 1s data for thg Iarge coverage
that it corresponds both to the carbonyl oxyger=@) of the also s_how thls._ These observahon; can be rat_lqnah_zed_lr_] terms
intact carboxylic group (COOH) and to the deprotanted car- of an increase in the _charge screening of the bi-isonicotinic acid
boxylic (COO") form.1122Spectra were fitted with a combina- molecules by the Au |slanQS. This eﬁe_c§ Woulq also be expected
tion of a linear and a Shirley background followed by three to saturgte, consistent with the negligible difference between
Gaussian peak components. Because of the weak nature of théhe medium and large Au coverages.
hydroxyl component of the small Au coverage data, this was Fundamental in addressing the dynamics of any interfacial
constrained to have an upper limit to the full width at half- charge transfer is the “energetics” of the situation. In the current
maximum (FWHM) equal to the FWHM of the corresponding context this pertains to the energetic positions of the states
component in the medium Au coverage spectrum (1.6 eV). involved in the passage of charge through the system. This is
Finally, the hydroxyl and carbonyl components of the large Au assessed by the alignménof NEXAFS spectra, which detail
coverage spectrum had a maximum limit to their FWHMs (1.8 the unoccupied molecular states, with valence band photoemis-
eV) to maintain physically realistic components. sion spectra (PES), which provide information on the occupied

These constraints are necessary because of the manifold oftates. The results for the different Au preparations are presented
possible fits such a broad spectrum can exhibit under the currentin Figure 5.
level of noise, particularly when weak peak components are  The peak of the LUMO at-0.5 eV overlaps with the band
present. The full set of parameters associated with the O 1s fitsgap of the underlying substrate for all preparations. This is as
are given in Table 1. From the fits it can be seen that, as the was previously found for bi-isonicotinic acid adsorbed onto
quantity of Au increases, the bonding configuration of bi- TiO(110)1> There is a slight trend of less overlap with
isonicotinic acid changes. increasing Au, with a total shift of the LUMG-0.3 eV over

For the small Au preparation the carbonyl component the coverages shown, largely mirroring the shifts of the N 1s
dominates the molecular peaks. The intensity ratio between the(and C 1s) spectra. It is noted that the LUMO FWHM does not
carbonyl and hydroxyl groups reveals that a majority of 65% vary between the preparations, within the experimental resolu-
of the molecular carboxylic groups are deprotonafelecause tion. For the small Au coverage, overlap with the substrate band
the surface will be largely Tig§110) at this coverage of A§10 gap is sufficient that no charge transfer out of the LUMO
the molecule can be expected (in the majority case) to bind to (following resonant excitation) is expected. The same can be
the surface in a 2M-bidentate fashion through the carboxylic said of the medium preparation, but it becomes less certain with
group, as in previous studiék:14 the large, where a small amount of charge transfer into the

The effect of the addition of Au is to decrease the relative substrate conduction band may be possible from those vibra-
share of molecules that bind in this 2M-bidentate fashion, as tional levels located at lower binding energy.
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Figure 6. Electron excitation and de-excitation processes. Spheres
represent filled and empty discrete molecular states. Hatched areas
represent the valence band of an underlying metallic substrate. (a)
Valence band photoemission (UPS); (b) core level photoemission
(XPS); (c) auger decay following core hole ionization; (d) resonant
core level excitation into unoccupied bound states (XAS); (e) participa-
tor decay following resonant excitation; (f) spectator decay following
resonant excitation; (g) charge transfer out of unoccupied states and
subsequent Auger decay, following resonant excitation.
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Overlap of the LUMO, in all cases, also occurs with occupied
states sitting below (more positive BE) the Fermi level of the 404 -
Au clusters. It must be remembered that the NEXAFS-derived
LUMO is a core-excited state; thus, prior to the initial excitation 398 -
event, the unoccupied states will actually lie at lower BE as
compared to those shown in Figure 5, which reflect the fact
that a core hole is present. The magnitude of such a shift can 400 Ttvost
be estimated from the difference between the LUMO BE, as { {

referenced to the vacuum level (through the core level ionization
potential), and the electron affinity. It is noted that the
polarization of the surroundings has not been taken into account
in this estimate. This is justified because screening from
electrons in the substrate is not expected to be significant in a 1 1T T T T 1

bound state transition for which the molecule will remain 2 4 6 8 10 12 14

neutral?® For the related molecule of pyridine, this gives an Binding Energy (eV) - Uncalibrated

estimate of 5.5 eV which can be considered as a good Figure 7. Autoionization spectra over the N 1s edge, for a monolayer
approximation to the value for bi-isonicotinic acid. Thus, charge of bi-isonicotinic acid on Ti@(110) containing three different coverages

. : . of Au. Indicated are the positions of the LUMO, LUM® 1 and
transfer, from occupied states around the Fermi level into LUMO + 2. High-low electron counts are indicated as blagikhite.

unoccupied m(_)lecular states, IS not_ex_pect_ed to occur be_foreContours are derived from smoothed data using a binomial algorithm.
core hole creation but can occur, in principle, in the core-excited Spectra were taken at normal emission. Photon resolution~89
state. meV, giving a binding energy resolution e6f760 meV.

Assessment of the charge-transfer characteristics of the system
was made using the “core hole clock” implementation of  Participator and spectator de-excitation channels can be
resonant photoemission spectroscopy (RPE&Z)2831 This identified by their dispersion behavior. Participator channels will
technique is based on the identification of electron emission leave the system in an identical final state to valence band
decay channels following resonant excitation of core level photoemission and will therefore disperse linearly with binding
electrons into unoccupied molecular states. In the current work, energy. By comparison, spectator channels will leave the system
it is the participator channels that are used. If a strong coupling in a final state similar to that left by normal Auger decay
exists between bi-isonicotinic acid and the surrounding environ- (following core level ionization). This channel will then disperse
ment, then participator autoionization channels (in the de- linearly with kinetic energy. It is noted that the bandwidth of
excitation process) are modified as compared to the case of arthe photons used in this experiment is large relative to the
isolated molecule, as electrons transfer out of, or into, unoc- bandwidth of the electronic energy levels; thus, resonant
cupied molecular orbitals. Relevant electron excitation and de- photoemission is being conducted outside of the Auger Resonant
excitation processes are shown in Figure 6. For a completeRaman (ARR) regimé®30 Operation within this regime was
discussion of the technique, the reader is directed ttnBiler not attempted because the separation between normal Auger
et al® and the references therein. and spectator channels is too small to allow a successful

Figure 7 shows the autoionization spectra, over the N 1s edge,identification on the basis of their differing ARR dispersion
for the three Au coverages. De-excitation channels sit on a behavior.
constant, direct photoemission background from valence states Previous studies of the molecule on B8 as well as
(see Figure 6). This background varies between the preparationsunpublished work of our own on the same system, shows that
with Au valence states becoming more prominent with increas- the majority of the participator signal can be captured by a
ing amounts of Au. The background is relatively strong as a conservative 5 eV window, starting at the onset of the HOMO.
consequence of both the metallic Au clusters and the analyzerNo spectator signal enters into this region for these studies.
position relative to the incoming radiation, which is quite Integration over this window (for each photon energy) gives a
sensitive to the direct PES signal. resonant photoemission spectrum. For the current system this

402

[LumO+2

404
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Figure 8. The N 1sRPES comparison to NEXAFS (all de-excitation
channels) for the small Au preparation. Spectra were vertically shifted
to align the low-energy backgrounds and were normalized to the LUMO
resonance. The resonant photoemission spectrum was derived by
integration of electrons representing binding energies from-1.0

eV. Spectra were taken at normal emission. Photon energy resolution
was~100 meV.
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window has been extended at the lower binding energy side by
1 eV toinclude Au-derived states at the top of the valence band.
Figure 8 shows the resonant photoemission and total autoion-
ization channels for the small Au preparation. Normalization
of the spectra has been made to the LUMO resonance.
Qualitatively, the LUMO+ 2 resonance of the participator
channel has been suppressed to the level of background noise.
This indicates that charge transfer from the molecule to the T T T T
. . . . . 398 400 402 404
substrate is occurring. From the energetics (see Figure 5) it must Photon Energy (eV)
be remembered that charge transfer into the LUMO is possible rigre 9. The N 1s RPES comparison to NEXAFS (all de-excitation
and could result in an enlarged participator LUMO resonance. channels) for the medium and large Au preparation. Spectra were
Subsequent normalization to such a LUMO would produce a vertically shifted to align the low-energy backgrounds and were
LUMO + 2 that was too weak as compared to the NEXAFS normalized to the LUMO resonance. An offset has been applied to the
LUMO -+ 2. However, such an effect is likely to be negligible ~Spectra of the large preparation to allow an unhindered comparison.

in the present case because of the relatively small quantities of "€ résonant photoemission spectra were derived by integration of
AU and the large amount of exposed substrate. as can b electrons representing _blndlng energies from-T7.M eV. Spectra were

g p ' aken at normal emission. Photon energy resolution w80 meV.
concluded from the core level spectra.

Denoting the intensity (area) of the LUM® 2 asl , the =0.12. Using eq 1 gives a charge-transfer time<8ffs, which
charge-transfer timer¢r) of electrons moving from the LUMO is in good agreement with the system of bi-isonicotinic acid
+ 2 to substrate states is given by ed1’ adsorbed at rutile Tigg110)*716

It has been shown in experiments for bi-isonicotinic acid on
Il e Au(111) that femtosecond charge injection from the molecule
RPES'NEXAFS .
TeT = Tohog ing coup 7 coup 1) to the Au does not occuf It is expected then that, as the
rredInExars ~ IreedINExars coverage of Au is increased for the current system, the

) participator LUMO + 2 peak should return, reaching a
The variabled $zsand Iz Esrepresent the intensities of the  maximum level of~0.3 of the LUMO+ 2 in the NEXAFS
participator decay channel as measured in the isolated moleculesignall8 For the higher Au coverages it is indeed found that
and coupled molecutesubstrate systems, respectively. The time  this peak returns. However, its magnitude is much greater than
scalercn is the average lifetime of an N 1s core hole. This latter expected. This is illustrated in Figure 9 for the medium Au

quantity has been measured to be &fassuming the isolated preparation. The value ¢f55P41S%%P, < in this case is 0.9 0.1

molecule is well represented by a multilayer preparatifyd (the error in this case is because of the signal-to-noise of the

INexars = 0.3317 Because no participator LUM@ 2 peak is RPES spectra). This was derived by fitting the participator-

resolvable in Figure 8, any charge-transfer time is an upper limit derived LUMO+ 2, following a “background” subtraction, with

(with the proviso of appropriate LUMO normalization). The a Gaussian line shape that was constrained to sit at the energetic
|coup

largest peak reasonably placed in the noise gifE&/INExars position of the NEXAFS-derived LUMO* 2. For the large
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399 the molecules binds in the deprotonated 2M-bidentate geometry
characteristic for the bare TiGurfacel!~14 Evidence for this
binding mode is found from the O 1s spectra for all three
investigated Au coverages, as shown above. Those molecules
that only interact with the Au cluster surface are expected to
remain protonated as on Au(1#4and thus give rise to a large
part of the hydroxyl peak in the O 1s spectra. Moreover, the
superposition of the spectral peaks from these two different
chemical environments should lead to an increase in the width
of the energy levels because of a larger manifold of binding
energies realized. Such an increase is seen quantitatively in the
FWHM of the O 1s spectra as well as qualitatively in the C 1s
and N 1s spectra. The most interesting question is whether there
exists a third binding mode at the significant number of
Au—TiO, phase boundaries, which would give rise to a further
6 8 10 12 14 broadening of the spectral features.

Binding Energy (eV) - Uncalibrated A more quantitative analysis of the core-level spectra provides
Figure 10. Magnified and contrast adjusted autoionization spectrum further insight into the binding of bi-isonicotinic acid to the
over the N 1s edge, for a monolayer of bi-isonicotinic acid on Au/ mixed Au/TiO; surface. Beginning with the O 1s spectra, we
TiO2(110) for the thick Au preparation. The white arrow indicates the  fjst note that good fits are obtained using three peak compo-

tracking of an Auger feature that lies at a lower binding energy than . P . :
the normal N 1s Auger. Highlow electron counts are indicated as nents, the resolution of the data does not justify the inclusion

black—white. Spectra were taken at normal emission. Photon resolution Of more. Thus, the variation in the signals from molecules in
was~100 meV, giving a binding energy resolution o760 meV. different environments will, in general, be reflected in both the

positions and the FWHM of these components. It is observed
Au coverage also shown in Figure 9, this ratio is reduced to a that the O 1s peak positions are affected by the differing Au
value of 0.6+ 0.1, although this is still significantly higher ~ coverages only to a limited amount; the peaks shift by not more
than expected. than 0.1 eV throughout the series. Such relatively static positions

Although the size of the participator LUMG 2 in the means that only a limited amount of variation in the FWHM is
medium and large preparations is larger than expected, itattainable through a changing superposition of only two
nevertheless indicates that electrons resonantly excited into thecomponents, namely, those originating from the molecule
LUMO + 2 remain localized in this orbital on the time scale interacting with Au and the molecule interacting with the 7iO
of the core-hole lifetime. Thus, at least to a large degree, ultrafastsubstrate. However, FWHMs are observed to increase signifi-
charge transfer from the LUM@- 2 to the surroundings does  cantly for increasing coverage. Thus, to be consistent with trends
not occur. in both peak positions and FWHMs, at least one further type
The same cannot be said of the reverse situation. There isof interaction must be present.

evidence to suggest that ultrafast back-transfer occurs, from the Further issue with the trend in the FWHMs exists. That the
Au to the bi-isonicotinic acid molecules. The autoionisation FWHMs should increase as the size of Au clusters increase is
spectrum of the large Au preparation shows a weak feature thatsomewhat counter-intuitive to the notion that the spectral
tracks as an Auger-type signal. This is highlighted in Figure 10 signatures of bi-isonicotinic acid bonded to B{D10) in a 2M-
and is most obvious fromh¢ = 402 eV, BE= 8 eV) to (w = bidentate fashion and bi-isonicotinic acid bonded to Au super-
405 eV, BE= 11 eV). This has also been observed, with greater pose to exhibit the spectrum observed for the mixed system. In
strength, for bi-isonicotinic acid adsorbed onto Au(1®€yhere particular, an increase of the Au cluster size when going from
it was tentatively attributed to ultrafast back-transfer of electrons the small to the large Au coverage would be expected to lead
from Au states into core-excited unoccupied molecular orbitals. to a smaller variation in adsorbate geometry on the available

Au surface and, hence, to a smaller variation in binding energy.

Thus, we speculate that there exists a third kind of bonding
With sufficient quantities of Au in the bi-isonicotinic acid/  Situation that increases in significance for larger cluster sizes
Au/TiO2(110) system, there are three interactions between theand that would provide another contribution to the spectral
molecule and substrate that require consideration: (1) thatappearance of the mixed sample. This third kind of adsorbate
between the molecule and TiQ10) in the absence of Au, (2) geometry is thought to occur at the Au/TiPhase boundaries
that between the molecule and the Au islands in the absence ofand to be characterized by a bond between a nondeprotonated
the substrate, and (3) the combined simultaneous interaction ofcarboxylic functional group and the TiQubstrate, that is, by
the molecule with the Au islands and the surface. Competition the formation of a bond between the carbonyl and the substrate
between these three interactions will be determined by the Ti atoms. This bond is hinted at by the energetic position of
amount of Au present in the system and is reflected in the the carbonyl peak component, suggesting that the chemical
photoemission spectra measured. For the extreme cases of zerenvironment of the carbonyl oxygen is energetically similar in
and infinite Au coverage, the results are well-known from the cases where the molecule has and has not deprotonated.
studies of bi-isonicotinic acid/Tig110)y*~1” and bi-isonicotinic Also instructive in this regard is a comparison of the separation
acid/Au(111)!8 as has been highlighted previously. of the carbonyl and hydroxyl peaks for all three preparations
The combined Au and Tigsystem, in which a considerable (1.4—1.6 eV) to those found for a bi-isonicotinic acid multilayer
fraction of the bare Ti@ surface is exposed to the vacuum (1.23 eV}*and bi-isonicotinic acid adsorbed on Au(111) (1.42
because of the three-dimensional (3D) island growth of the Au eV).18 The peak separation observed here is significantly larger
overlayer/-810.9 should be characterized by a mixture of bi- than for the multilayer and is comparable to (small Au coverage)
isonicotinic acid adsorption geometries. Clearly, a fraction of or larger than (medium and large Au coverages) that found in
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(2) Binding Energy (eV) the shakeup disappears when the molecule is adsorbed onto
403 402 401 400 399 398 397 396 Au(111). The shakeup is assumed to derive from inter-ring
. . . ' ' ' ' . charge redistributicl along the lines of that observed in
N 1s XPS T ot biphenyI2® The disappearance/intensity reduction of the shakeup
. Y

hv = 500 eV is then explained by perturbation of the molecular orbitals, which
breaks the assumed conjugation between the orbitals of the two
ring structures>

The most striking result of the combined bi-isonicotinic acid/
Au/TiO, system is the growth of the participator LUM® 2
resonance when comparing the medium to the small Au
preparation. That no such resonance is observed for the small
d 3 ‘ preparation is unsurprising on the basis of the core level spectra.
(1) "Small ° l 4 These reveal that the system is highly similar to that of bi-

(2) Au(111) !
Substrate i

o o
e LY h [N L

Y ¢ [ ®eee 0%y ¢ .
LW R P v

Intensity (arb. units)

AuC . . .. . . . .
YN o \ isonicotinic acid/TiQ, with the majority of molecules depro-
oo .

090007000 00000090%0,00 tonated and, thus, presumably bound to the;T$0rface in a
T T T T T T T 2M-bidentate geometrd#. Hence, ultrafast charge transfer is
403 402 401 400 399 398 397 expected to proceed in the majority case with no appreciable
(1) Binding Energy (eV) resonant enhancement of states from participator channels.
Figure 11. The N 1s core level spectra takentat = 500 eV for However, the appearance of the participator LUMO2 for
bi-!son!cot@n!c aci_d/Au/TiQ(llO) for the small Au preparation an(_j fQI’ the medium Au preparation, implying that ultrafast charge
bi-isonicotinic acid/Au(111). Spectra were taken at normal emission. {ransfer has been blocked, is surprising on the basis of the O 1s

Binding energy for the small Au preparation is referenced to the : e .
substrate O 1s signal defined to sit at 530.05*Whereas the binding spectra this coverage exhibits. From the component ratios there

energy for the Au(111) spectrum is referenced to the Fermi level of are still a relatively large number (over half) of carboxylic

the substrate. Total instrumentation resolution wd$0 meV. groups that have deprotonated. Such groups will be chemically
reactive and are known to form a chemical bond with the,TiO
the Au(111) case. It is also seen that the substreaebonyl substraté1314Even if the substrate were inaccessible, such

peak separation for all three preparations is in good agreementfunctional groups would bind to the Au clusters. Thus, in each
with that measured for bi-isonicotinic acid on L{@10) (1.65 case, the condition of significant wavefunction mixing between
eVv)4 the molecule and its surroundings, required for ultrafast charge
Such a bond is unlikely for the case in which the adsorbate transfer, is likely to be fulfilled.
has the possibility of deprotonating. However, if the Au clusters ~ The apparent discrepancy between the appearance of the
cover the substrate reaction partners in the deprotonationparticipator LUMO + 2 and the number of deprotonated
reaction, then this possibility is effectively excluded. The exact molecular carboxylic groups is rationalized through the fact that
mechanism of this reaction is not known, but it is likely to the participator LUMO+ 2 need not originate from all
involve bridging oxygen atoms. Indeed, the bridging oxygen molecules, only those that are weakly bound to the surroundings.
atoms, as well as the bridging oxygen vacancies, have beenltis proposed that ultrafast charge transfer still occurs from those
found to be preferential adsorption sites for the Au atoms/ deprotonated molecules and that the participator LUMQ@
clusters2933 |t is also fair to assume that an increasing Au signal is only due to those molecules whose carboxylic groups
coverage leads to an increasing number of substrate bindingremain protonated.
sites that lack deprotonation reaction partners; hence, the That not all molecules produce the participator LUMO?
observed change in FWHMs as a function of cluster size could signal is also made feasible by the fact that the signal is larger
be explained by this model. It is interesting to note that these than the expected maximum sig® (~0.3 of the correspond-
clusters could not only be responsible for preventing the ing NEXAFS signal in the absence of charge transfer). By this
deprotonation but they also could act as van der Waals partnerst is meant that even if all molecules were to contribute, the
for the bipyridine ring of the carbonyl bonded bi-isonicotinic  size of the peak could not be explained. This is also true for
acid. the large Au coverage for which resonant photoemission spectra
To further substantiate our speculations, we would like to show a larger than expected participator LUMC resonance.
remark that large O 1s peak separations have been observed itt should be noted that incorrect normalization of the spectra
the related system of fluorescein bonded to J[¥20), where cannot account for this result. In considering the energetics of
the increase was attributed to a possible interaction of a carbonylthe systems, the maximum of the LUMO resonance to which
group with the surfac& Furthermore, as stated previously, for normalization is made lies well within both the substrate band
the case of bi-isonicotinic acid on Au(111), the carbenyl gap and the occupied states of the Au clusters. Thus, only the
hydroxyl peak separation was found to be greater than for possibility of charge transfer into the LUMO needs to be
multilayers of the molecules, which was attributed to a reduction considered with respect to the normalization procedure. Such a
in binding energy of the carbonyl oxygen through interaction process could only act to make the LUMO larger, which would
with the surfacé® These observations go along well with the cause the relative intensity of the LUM® 2 to be reduced in
variations in peak separation discussed above. comparison. By this argument, the large size of the participator
Now turning to the C 1s and N 1s spectra, these support anLUMO + 2 must be real because the participator LUMQ
interaction between the pyridine ring structure and the gold resonance is a lower estimate at worst.
islands, through a shift to lower binding energy with increasing  To create a participator LUMG- 2 resonance larger than
Au. A somewhat more subtle effect is the reduction in the that of both the molecule on Au(11£)and the multilayers of
intensity of the N 1s shakeup, locateccat02 eV. A comparison  the moleculé? some perturbation to molecular orbitals must
between N 1s spectra for the small preparation and the moleculeexist in the absence of any calibration errors (specifically the
on Au(111) is made in Figure 11, from which it can be seen assumption that no charge transfers out of the LUMO reso-
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nance). Changes to the highest occupied molecular orbitals of Ultrafast charge transfer from the Au into the molecule would
the molecule are implied by the loss of the N 1s shakeup featureappear to be occurring on the basis of the consistent explanation
as the Au coverage is increased. However, any changes in theof the Auger feature, highlighted in Figure 10. Importantly, in
molecular valence band region are masked by the dominatinga study of the molecule on Au(1139,the feature was not
nature of the Au 5d states. No obvious changes in the densityobserved for multilayers of the molecule nor for the clean Au-
of states of the (core-excited) unoccupied molecular orbitals are (111) substrate, showing it derived from an interaction between
observed between the preparations or in comparison to previoughe molecule and the Au. It was suggested that the feature
studiest318This would suggest that appreciable orbital changes resulted from ultrafast charge transfer from substrate states
do not occur to the unoccupied states, thereby lending weightlocated at the Fermi level and into energetically overlapping
to changes primarily in the occupied states. However, these areLUMO states of the (core-excited) molecule. This explains both
energetic positions, so this does not preclude the possibility of the narrow BE width of the feature and its appearance at a lower
some spatial changes. BE than the normal N Auger (because it involves occupied
Any perturbation of molecular orbitals is reflected in the LYUMO states) and by an amount comparable to the separation
resonant photoelectron spectra through the Auger decay matrixOf the molecule-derived HOMO and LUMO states. Accordingly,

element. This matrix element has been evoked in previous this feature is defined here as a super-spectator. It is worth noting
workl6 to motivate the difference in intensities between the Nat such transfer does not necessitate a bond between the

NEXAES-derived and RPES-derived LUM® 2 resonances molecule and the Au. It has been shown for Ar separated from
in a multilayer preparation of bi-isonicotinic acid on Gi@r a Ru(001) substrate by an atomic Xe spacer layer that charge
which no charge transfer was expected transfer away from resonantly excited Ar occurs on a time scale

) i . . of 12 fs29
The Auger decay matrix elemem¥] influences the intensity

of resonances throuah the Auger transition rate that is diven b Evidence for ultrafast back-transfer should also exist in the
. 9 g o 9 Y creation of a new participator decay chantérhis arises from
a Fermi’'s Golden Rule treatment of the transitions. For a system

where no charge transfer can occur, following normalization to participator _decay In the presence OT a second electron that h_as
) | iso transferred into the unoccupied orbitals from the substrate, in
the LUMO [resonance the intensitLUMO + 2)zeedl  response to core-hole creation. Thus, the channel will be shifted
(LUMO + 2){Exars Will be reflected by the participator matrix  pecause of the screening properties of this second electron.
elementsM(LUMO + 2)rpedM(LUMO)rpes An increase in - However, no evidence of two participator peaks in the resonant
the participator LUMO+ 2 can then occur through an increase  photoemission spectra has been found. This is unsurprising
in M(LUMO + 2)rpesor a decrease iM(LUMO)rpes though, because the signal would be both small and not far
The matrix elements are dependent upon the Coulomb shifted from the “usual” participator signal, making its resolution
operator-modified overlap between the initial and final state extremely difficult.
wavefunctions of the system. Assuming the applicability of  Irrespective of the last point, it is important to realize that
single electron states, this takes the fogig, . ¢l 1/r |Pn1spunocd) the assertion of back-transfer from Au states must be treated
wheregocc represents the state of a hole in the occupied orbitals with more caution than the forward transfer. Consider an
of the low BE region of the valence band that are involved in electron passing from molecular states to Au states. This electron
participator decaygy is the electron emittedpnis represents  will delocalize, existing in a mixed state where it will coherently
the state due to the core-hole, apighocc represents the core-  sample all coupled states. Because of the enormous number of
excited unoccupied state (i.e., LUMO, LUM® 1, etc.). An conduction band states, this significantly lengthens the recur-
increase iMM(LUMO + 2)rpeswould then be motivated by a  rence of the electron on the molecular state. Moreover, coher-
decrease in the spatial extent of the LUMEO2 or the low BE ence with the initial state is lost on a time scale on the order of
valence states, yielding a smaller spatial separation betweenlO fs through electron relaxation proces¥e¥. Thus, the
these orbitals, which feature in the initial- and final-state continuum of states is sufficient to localize the electron in the
wavefunctions. Similarly, a decreaseM(LUMO)grpeswould substrate. This is in contrast to the reverse situation where charge
be motivated by an increase in the spatial extent of the LUMO is transferred from a continuum of states into a discrete
or the low BE valence states. It is noted that matrix elements molecular state. Charge localization on the molecule requires
associated with the NEXAFS signal have not been considered.the breaking of the energy level alignment by nuclear degrees
These are neglected on the basis that many more state$ffreedom. This takes on the order of 100 fs for most molecular
contribute to the intensity of this signal; hence, changes to the Species®*’In going from molecule to substrate, it is the electron
top of the valence band are much less important as Comparedelaxation that determines an upper limit to the charge-transfer
to the affect on the participator signal. It is stressed that the time (assuming sufficient electronic coupling). Upon going from
matrix element arguments presented are plausible suppositiongubstrate to molecule, the nuclear coordinate determines the
only and that resolution of the problem requires a detailed UPPer limit on the transfer time.
theoretical analysis through computational methods. Evidence for nuclear degrees of freedom of bi-isonicotinic
Interestingly, the participator LUMG- 2 is largest for the acid operating on a ,f,emtoggconq time scale can be found in
medium Au case. This would suggest that increasing the levels F19ure 7. The “twist” exhibited in the LUMO participator

of Au beyond the medium coverage results in the system tending{ﬁsolnancefcgnhbe alt.t”bUtte% E;_)hv'tbr(.);'c c_oupllng_:l;_ effe(#s ?Iong
to that of bi-isonicotinic acid on Au(111), for whictgpg € ines of schiessiing et &l 1hat VIbronic coupting efiects
{coup should appear reveals intramolecular rearrangements occurring

. ~ 18 B H 1 . . . o
tR.EX/i\FS '3 FOI?’t-h 'Il'he normallzeglon prOC(/aA(\jure _C?UId gxplam hon the time scale of the core hole, supporting the possibility of
is trend. For the large preparation more Au exists and as sUch, .-t~ « hack-transfer.

provided charge transfer on the time scale of the core hole into
the LUMO does occur, the participator LUMO resonance would
increase in comparison to the LUMG 2. Subsequent
normalization would then yield a smaller participator LUMO For bi-isonicotinic acid/Au/TiQ(110), where the Au coverage
+ 2. is nominally <2 4+ 1 ML, the system behaves largely as it would

5. Conclusion
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