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1. Introduction

The rutile-phase TiO2(110) surface is the most-studied of all oxide surfaces (e.g. [1,2, 3]),

in large part motivated by the known importance of titania in photocatalysis, gas sensors

and as a support in a range of heterogeneous catalysts. Particular interest in recent years

has centred on the properties of Au nanoparticles on titania following the discovery that

this system is an effective catalysis for low-temperature oxidation of CO [4]. This

combination has also been shown more recently to act as a high-yield catalyst in the

synthesis of aromatic compounds [5, 6] including the synthesis of azobenzene

(C6H5N=NC6H5) via oxidation of aniline (C6H5NH2) (see Fig. 1). Somewhat intriguingly,

it was found [6] that TiO2 in the absence of the Au nanoparticles was also effective, and

highly selective, in azobenzene synthesis. This led to a careful UHV surface science

study of the interaction of azobenzene and aniline with both the rutile-phase TiO2(110)

and anatase-phase TiO2(101) surfaces by Li, Diebold and coworkers [7, 8] who found

evidence for a single surface reaction intermediate, produced by interaction with either

azobenzene or aniline on both surfaces. On the rutile TiO2(110) surface they found that

adsorption of either molecule at full coverage leads to the formation of a c(2x2) ordered

molecular phase, as seen both with low energy electron diffraction (LEED) and scanning

tunnelling microscopy (STM). The STM images appear to be independent of the initial

reactant molecule, as do the X-ray photoelectron spectroscopy (XPS) data from both the

substrate and the molecular constituent atoms. The common molecular adsorbate species

was thus assigned to phenyl imide (C6H5N-), produced either by N=N bond scission of

azobenzene, or by dehydrogenation of aniline.

Here we present the results of further investigations of this system using the techniques of

scanned-energy mode photoelectron diffraction (PhD) and near-edge X-ray absorption

fine structure (NEXAFS). The PhD technique [9, 10] exploits the coherent interference of

the directly emitted component of a photoelectron wavefield from an adsorbate atom with

other components of the same wavefield elastically scattered by the surrounding atoms.

Scanning the photon energy leads to changes in the photoelectron energy, and thus the
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3. Results

3.1 SXPS and NEXAFS

Fig. 3 shows the SXP spectra in the energy ranges of the Ti 2p, O 1s, N 1s and C 1s

emission peaks from the clean surface and following nominal saturation doses at room

temperature of the two reactant molecules. The spectra recorded following aniline

exposure are almost identical to those obtained following azobenzene exposure; the

absence of chemical shifts in these pairs of spectra indicates that the same surface species

is formed by the two molecules. In common with the results of Li and Diebold [7],

however, we note a very small shift (~0.1 eV) of all peaks to lower kinetic energy (higher

binding energy) after reaction with aniline. These authors suggest that this is due to band

bending at the surface. While scission of the N=N bond in azobenzene would lead to only

phenyl imide fragments, dehydrogenation of aniline leads to the release of two H atoms,

and if these lead to hydroxylation of the surface bridging oxygen atoms (Fig. 2), some

charge transfer is to be expected. We note, however, that our O 1s spectra (recorded at a

much lower kinetic energy, and thus under much more surface-specific conditions than

the conventional laboratory-source XPS used in the earlier study) show no evidence of

the appearance of a low kinetic energy shoulder with a chemical shift of ~1.3 eV

expected for hydroxyl species on this surface (e.g. [12]). As the STM and LEED results

of Li and Diebold show a c(2x2) molecular overlayer, consistent with a coverage of the

molecular species of 0.5 ML, achieving this coverage of phenyl imide from aniline would

release 1 ML of atomic hydrogen. The absence of any significant OH feature in the O 1s

spectrum indicates that the hydroxyl coverage must be very significantly less than 1 ML,

so only a small fraction of the released H atoms can be bonded to the surface oxygen

atoms and we can only surmise that most (or all) of the H atoms are desorbed as H2 or are

absorbed below the surface; on the basis of previous studies of hydrogen absorption and

desorption [13, 14], the latter option seems the more probable.

Fig. 4 shows the C K-edge NEXAFS spectra (measured in the Auger electron detection
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either azobenzene or aniline leads to a common surface species which seems to be most

likely to be phenyl imide, and we may anticipate that this must chemisorb through the N

atom to the surface, most probably to one or two surface Ti atoms that are five-fold

(under-) coordinated (Fig. 2). Analysis of N 1s PhD modulation spectra should therefore

allow us to determine explicitly and quantitatively this adsorption geometry.

Fig. 6 shows a comparison of a subset of the PhD spectra, recorded in three different

emission directions, after exposure to each of the reactant molecules. While there are

clear differences in the fine structure, due in large part to experimental scatter (especially

from the lower-coverage azobenzene exposure), the dominant long-period modulations,

characterised particularly by the energies of the main minima, which arise from near-

neighbour substrate scattering, are clearly closely similar in spectra recorded from the

surface exposed to the two different reactants. This subjective judgement is supported by

a calculated value of the R-factor between the two experimental data sets of 0.30; such a

value in a experiment/theory comparison would indicate generally good agreement, and a

higher value might be expected in an experiment/experiment comparison due to the role

of noise in both sets of spectra. These data demonstrate that the local adsorption

geometry of the N atom bonded to the surface, in the surface species produced by the two

different reactants, is the same. Combined with the NEXAFS data indicating both

reactants lead to a surface species with a similarly-oriented phenyl ring and also

demonstrating the scission of the S=S bond in azobenzene, together with the XPS results

and the earlier STM images [7], there can be little doubt that the two reactant molecules

do lead to a common surface molecular species. Moreover, the PhD data show that if

coadsorbed (or absorbed) atomic hydrogen is present following reaction with aniline, this

must have little or no effect on the local adsorption geometry of the adsorbed phenyl

imide species.

In order to extract quantitative structural information from PhD data it is necessary to

perform multiple scattering simulations of the experimental data for different structural

models, adjusting the models until the best agreement is achieved. In many cases,

however, some initial indication of the structure can be obtained from visual inspection of
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of azobenzene into two phenyl imide species on TiO2(110) involves a very significant

energy cost and should therefore not occur spontaneously. This has led the authors to

concluded that this process ‘still requires further investigation’. One possibility is that the

common surface intermediate formed by reaction of azobenzene or aniline on TiO2(110)

is not phenyl imide but some other species that still retains a phenyl ring and bonds to the

surface through a N atom. New DFT calculations aimed at exploring this possibility are

currently under way [31].
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Figure Captions

Fig. 1 the azobenzene and aniline molecules used in this study.

Fig. 2 Schematic diagram of the TiO2(110) surface showing the different surface atoms

and the azimuthal directions within the surface.


