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Abstract

Reducible transition metal oxides like titania are promising candidates for ap-
plications in heterogeneous catalysis or photo catalysis. These applications
involve redox reactions which occur at the surface of the material. Therefore,
within this work the surface chemistry of oxygenates on titania is studied,
which are key intermediates in these redox reactions. In contrast to previous
work, infrared reflection absorption spectroscopy (IRRAS) provides a signifi-
cantly better means to identify surface bound species. The focus of this work
lies on the interaction of adsorbates with bulk and surface defects and the
various kinds of oxygen species that form on the surface:

The role of defects is demonstrated in the reductive coupling of benzaldehyde
to stilbene. Using IRRAS, this work provides strong experimental evidence for
the formation of a stilbene diolate intermediate on the surface. Furthermore,
the concentration of this diolate and the stilbene yield observed in temperature
programmed reaction spectra (TPRS) is found to scale with the bulk defect
density, which strongly suggest that this reaction is driven by bulk defects.
Besides the reductive coupling, the reaction of benzaldehyde with coadsorbed
oxygen is studied and compared to the analogue reactions with acetone. For
benzaldehyde the oxidation to benzoate by coadsorbed molecular oxygen is
observed, whereas for acetone an additional surface bound intermediate is in-
dicated by an IR signal at 1196 cm~!. Two candidates for this intermediate,
an acetal, which has been proposed in the literature, and an aldol reaction
intermediate are discussed. Additionally, the dissociative adsorption of ben-
zylalcohol and methanol with coadsorbed oxygen is examined. The results
presented herein suggest a dehydrogenation and disproportionation of benzyl-

alcohol.






Kurzzusammenfassung

Reduzierbare Ubergangsmetalloxide wie z.B. Titandioxid sind vielversprechen-
de Materialien fir Anwendungen in der heterogenen Katalyse oder der Photo-
katalyse. Fiir diese Anwendungen spielen Redoxreaktionen an der Oberfléche
des Materials eine zentrale Bedeutung. Daher wird in dieser Arbeit die Ober-
flachenchemie von sauerstoffhaltigen Verbindungen auf Titandioxid untersucht,
welche wichtige Intermediate in diesen Redoxreaktionen sind. Im Gegensatz
zu fritheren Arbeiten zu diesem Thema profitiert diese Arbeit von der Infrarot-
Reflexions-Absorptions-Spektroskopie (IRRAS), welche wesentlich besser dazu
geeignet ist auf der Oberfliche gebundene Spezies zu identifizieren. Schwer-
punkt dieser Arbeit ist die Wechselwirkung von Adsorbaten zum einen mit
Volumen und Oberflichendefekten und zum anderen die verschiedenen Sauer-
stoffspezies die sich auf der Oberflache bilden:

Die Rolle von Defekten wird anhand der reduktiven Kopplung von Benzalde-
hyd zu Stilben untersucht. IRRA Spektren in dieser Arbeit geben Hinweise
auf die Bildung eines Stilbendiolates auf der Oberfliche. Zudem wird gezeigt,
dass die Konzentration dieses Diolates und die Stilbenausbeute in Thermo-
Desorptions-Spektren (TDS) mit der Defektdichte des Kristalles skaliert, was
darauf hinweist, dass diese Reaktion an Defektstellen abléuft.

Neben der reduktiven Kopplung wird die Reaktion von Benzaldehyd mit koad-
sorbiertem Sauerstoff untersucht und mit den analogen Reaktionen von Ace-
ton verglichen. Die Ergebnisse zeigen, dass Benzaldehyd durch koadsorbierten
Sauerstoff zu Benzoat oxidiert wird. Fiir Aceton wird ein zusétzliches Inter-
mediat anhand eines Signals im IR Spektrum bei 1196 cm ™! beobachtet. Zwei
unterschiedliche Kandidaten fiir dieses Intermediate werden diskutiert: zum
einen ein Acetal, welches in der Literatur diskutiert wurde und zum anderen
das Produkt einer Aldolreaktion. Zudem wird die Reaktion von Benzylalkohol
und Methanol mit koadsorbiertem Sauerstoff untersucht. Die hier vorgestellten
Ergebnisse deuten auf eine Dehydrogenierung und eine Disproportionierung

von Bengzylalkohol hin.
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1 Introduction

In many applications, reactions at surfaces play a central role in the function of
materials, yet these reactions are often poorly understood.™ Such reactions are
involved in processes like thin film deposition like atomic layer deposition, %!
surface coatings e.g. anti fog coatings, B) the decomposition of natural organic
materials in sediments to yield crude oill*® and heterogeneous catalysis. "]
The latter is a key technology in chemical engineering: About 90% of all reac-
tion processes involve a catalyst, most of which are heterogeneous catalysts. [”
The catalyst lowers the reaction barrier of a chemical reaction by providing an
alternative reaction pathway which usually involves elementary reactions steps
on the surface of the catalyst. The importance of understanding such elemen-
tary reactions at surfaces has been pointed out by the Nobel prize committee
by awarding the Nobel prize in chemistry to Gerhard Ertl "for his studies of
chemical processes on solid surfaces" in 2007.1) The most prominent example
for heterogeneous catalysis is probably the Haber-Bosch process, which is used
to produce ammonia from nitrogen and hydrogen.[¥ This reaction occurs on
the surface of an iron oxide catalyst, which activates the otherwise chemically
inert nitrogen.® The research goal in heterogeneous catalysis is the funda-
mental understanding of the interaction of molecules with the surface upon
adsorption, in order to design catalysts for new chemical processes with lower
energy demand and fewer waste side products. %7 One approach to accomplish

-1 on a photo

this is by using photo catalysis on semiconductor materials:
catalyst, the chemical reaction is driven by a photo generated exciton, which
is an electron hole pair. Therefore, photo catalysis enables reaction pathways,
which are not accessible for thermally driven reactions in conventional cataly-
sis.

Unfortunately, reactions in technical environments are often too complex to
be studied systematically. For example, a commercial catalyst often consists
of metal particles adsorbed on a support material.['? The total reaction at the
catalyst involves various steps including the diffusion of the reactants to the
catalyst, adsorption and possibly dissociation on the surface of the support or
the metal particle, diffusion on the surface to an active site, reaction with a

coadsorbate, desorption and diffusion of the product away from the surface.®
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Furthermore, the structure of catalysts under reaction condition is usually
not well defined. For example in some cases the encapsulation of the metal
particles by a thin layer of the support material under reaction conditions
was reported. [l This effect is known as the strong metal support interaction
(SMSI). 3 Additionally, under applied reaction conditions coadsorbates such
as water and oxygen are omnipresent, which can greatly affect the reaction of
interest. Due to this complexity, Irving Langmuir proposed in 1922 that simple
model systems need to be studied to understand the underlying principles. 14l
This approach to manage the complexity is still used today in heterogeneous
catalysis research. ") Within this work, reactions on a single crystal are studied
in ultra high vacuum (UHV) as a model system: The surface structure of such
single crystals is well defined, and the UHV environment offers control over
the crystals exposure to adsorbates and the presence of coadsorbates.

A promising candidate for applications in (photo) catalysis is titania. It is
particularly interesting as a redox catalyst, as it is a reducible oxide. 516
Upon heating in vacuum or hydrogen, titania is partly reduced which intro-
duces defects in the crystal. These defects were proposed to act as a buffer
for charge which is transferred in a redox reaction. For example, Haruta et al.
have shown that gold nano particles catalyze the CO oxidation at low temper-
atures when they are supported on titania even though both metal particles
and support are inert for this reaction by themselves. 21718 Furthermore, ti-
tania is a promising candidate as a photo catalyst: Fujishima and Honda have
demonstrated that titania produces hydrogen by photo electro chemical water
splitting. 1% The gained hydrogen could be used as a renewable fuel which
could be converted into electricity in fuel cells. Besides generation of solar
fuels, titania is used as a photo catalyst to photo oxidize organic pollutants in
air or waste water®?% and as a semiconductor in the Grétzel cell, which is a
dye-sensitized solar cell.?!

The common aspect of the applications mentioned above, is that they all in-
volve redox reactions of oxygenates on the titania surface. Therefore, the goal
of this work is to gain a fundamental understanding of oxidation and reduction
processes on titania: To this end carbonyl compounds, such as benzaldehyde
and acetone, and alcohols, such as benzylalcohol, have been chosen as probe
molecules to study their interaction with defects and coadsorbed oxygen.

For a better understanding of the surface reactions, infra red reflection absorp-
tion spectroscopy (IRRAS) is introduced. TRRAS allows an identification of
reaction intermediates on the surface, a piece of information which is not acces-
sible through commonly used thermal desorption techniques or scanning probe

microscopy. IRRAS is frequently used on metal surfaces, but it has been intro-



duced on dielectric surfaces such as titania only recently due to experimental
challenges which are discussed in section 2.3. This work demonstrates the value
of IRRAS on titania as a complementary technique for thermal desorption and
density functional theory (DFT) to identify surface bound intermediates and,
therefore, to study chemical reactions on the surface.

The IRRAS results presented in this thesis give for the first time strong experi-
mental evidence for key intermediates in surface reactions and, thus, provides a
new and unique perspective on the surface chemistry on titania. Furthermore,
the importance of other factors such as the often neglected defect density and
the role of coadsorbed oxygen is investigated. The insights on the impact of
these factors help to understand differences between model systems, like the

UHV study presented herein, and experiments under ambient conditions.






2 Methods

In this chapter, the methods used in this work to study the reaction mecha-
nism on titania are presented. After a brief motivation for the need of doing
experiments in ultra high vacuum a special focus is pointed to temperature
programmed desorption and reaction and infrared reflection absorption spec-
troscopy due to their importance for this work.

Unfortunately, this chapter cannot cover all methods currently used in the
surface science of titania, such as scanning probe microscopy or electron spec-
troscopy. A good overview for these methods is given in Surface Science -
Foundations of Catalysis and Nanoscience by Kurt W. Kolasinski®? and Susr-
face Analysis - The Principal Techniques by John C. Vickerman and lan S.

Gilmore. 23]

2.1 Ultra high vacuum (UHV)

As discussed in the introduction, a simple model system is needed to under-
stand the individual reaction steps involved in a catalytic process: the herein
used model system is a rutile titania single crystal examined under ultra high
vacuum (UHV) conditions:

To prepare a clean, adsorbate free surface the sample needs to be held at pres-
sures in the order of p < 1-107'° mbar.?? The impact rate Z of gas molecules
is given by equation 2.1, where m is the particle mass, kp is the Boltzmans
constant and T is the temperature. For nitrogen, assuming a surface density

2 at a pressure of 107% mbar each surface atom is roughly hit

d.122,24]

of 10¥atoms m~

once every secon

p 5 P
— =288-10
V2mmkgT mbar

The surface needs to be kept clean for the duration of an experiment in the
order of 2 h (7200 s). Therefore, the pressure has to be in the 1071 mbar

range. The vacuum system used in this work is described in section 3.3 on

7 =

ML/s (2.1)

page 24.

A prominent example for the challenge of preparing clean surfaces is work
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published by Schaub et al.[?® The authors reported an oxygen mediated diffu-
sion mechanism for oxygen vacancies based on scanning tunneling microscopy
(STM) results. However, further experiments showed that they actually ob-
served the diffusion of water molecules, which adsorbed from the background
water pressure in the used UHV system.?®l Thus preparing a clean surface is

challenging, even in UHV.

2.2 Temperature programmed desorption (TPD)

Temperature programmed desorption (TPD) also known as thermal desorp-
tion spectroscopy (TDS) is a versatile method for probing adsorption sites
of a sample such as a single crystal surface in UHV. A probe molecule such
as CO is dosed on the sample which is then heated in front of a mass spec-
trometer which in turn detects desorbing molecules. The integrated area, the
peak temperature and shape of the desorption peak yields information about
the relative abundance of different adsorption sites, desorption energies and
desorption kinetics. This information is critical for understanding the surface
chemistry on various materials. 27 Temperature programmed reactions spec-
troscopy (TPRS) studies chemical reactions of adsorbed molecules on surfaces
as in the case of benzaldehyde on rutile(110), which reacts to form stilbene

and is discussed in detail in this work. 28l

Kinetic model for thermal desorption

The desorption rate is detected by monitoring the adsorbate’s partial pressure.
If the pumping speed is sufficiently high, the partial pressure is proportional to
the desorption rate. Otherwise the desorbing molecules accumulate in the vac-
uum system, and the desorption rate is proportional to the change in pressure.
In most cases the pumping speed is high enough and only some accumulation
of molecules is observed. This accumulation leads to a slightly increased par-
tial pressure following the desorption peak which is known as the pump tail.

The temperature dependent desorption rate 7(7") of an adsorbed molecule is

given by the Polanyi-Wigner equation (equation 2.2)[2%2930

This equation
is derived from the Arrhenius equation for chemical reactions in solution. ¥
Desorption kinetics are typically of first order. Zero order reactions are often

observed for condensed multi layer desorption and second order for desorption
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Figure 2.1: TPD desorption maximum shifts to higher temperatures with in-
creasing desorption energy. The desorption rate reaches a max-
imum with increasing temperature according to the exponential
term in equation 2.2 and falls to zero due to depletion of the ad-
sorbate. For second order desorption kinetics this leads to a more
symmetric peak shape.

TPD spectra for different desorption energies were calculated using
an initial coverage of (0) = 1 M L (mono layer), a frequency factor
v =10 s7! and a heating rate 3 = 2 Ks .

processes which involve recombination of adsorbed species.

o I T « SN

do v Edes
Sl — 2.2
ar — g P ( RT) (2:2)
activation energy for desorption

surface coverage

frequency factor

heating rate

order of desorption kinetics

ideal gas constant: 8.31447 Jmol 'K~!

TPD spectra are plots of the desorption rate versus the sample tempera-

ture and show peaks for each desorbing species (figure 2.1). The peak shape

is a result of adsorbate depletion from the surface. For low temperatures

(RT << Ejs) the exponential term dominates equation 2.2. With increasing

temperature the desorption rate reaches its maximum. Since with desorption,

the surface coverage 6 is consumed, the desorption rate falls to zero. The trail-
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ing edge is steeper for zero and first order desorption kinetics than for second
order kinetics, as in the latter case the desorption rate decreases faster and,
therefore, the surface coverage is depleted more slowly.

The peak temperature depends on the desorption energy and the frequency
factor. Increasing the desorption energy and the heating rate or decreasing
the frequency factor decreases the desorption rate in equation 2.2. Thus the
surface coverage depletes more slowly: The peak maximum shifts to a higher
temperature and the peak gets broader (figure 2.1). If the peak temperature
T, shifts with the initial coverage of the adsorbate 0, either the desorption en-
ergy depends on the coverage or the desorption is due to second order reaction

kinetics. In the latter case log(6yT};) correlates linearly with T%, [29]

Thermal desorption analysis

A key aspect of interpreting TPD spectra is determining the desorption energy
and frequency factor from the observed peaks. This section introduces three
different methods:

Redheads method estimates the desorption energy of an adsorbate based on
the peak temperature Tp.[29] Redhead observed that for first order reaction
kinetics, the peak temperature depends in good approximation linearly on the
desorption energy. With an estimate for the frequency factor, it is determined
using equation (2.3).

;E%dTp = In ";p — 3.64 (2.3)

This method is frequently used since it is very simple, even though it depends

on an estimate for the frequency factor. The desorption energy is determined
independent of coverage from a single TPD spectrum. An appropriate es-
timate for the frequency factor is needed for this method, most commonly

v = 10" s71 is assumed. 3132

However, since the desorption energy scales
only logarithmically with the frequency factor in equation 2.3, the deviations
are small and tolerable.

Falconer and Madix 32

proposed a method for determining the desorption
energy and the frequency factor from a series of TPD spectra with variable
heating rate. For accurate results, the heating rate needs to be varied by typ-
ically two orders of magnitude. The variable heating rate is experimentally
challenging: For low heating rates the peaks get broader, and the signal to
noise ratio becomes an issue. On the other hand, when using a high heating
rate, the pumping speed is a limiting factor.

Comparing various different analysis methods on numerically simulated TPD
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spectra, Jong and Niematsverdriet Y showed, that only a full analysis of TPD
spectra gives accurate results for the desorption parameters.?% Especially cov-
erage dependent desorption energies and frequency factors falsify the results
of simpler methods.

However, considering further accuracy issues such as the temperature calibra-
tion or a constant heating rate, the simple methods are sufficiently accurate.
In the simulated spectra which were examined by Jong and Niemantsverdriet,
the desorption energy determined by Redheads method was to within 6% of
the correct value though a frequency factor was used that is off by a factor
of 10.3Y Falconer and Madix method is even more accurate and additionally

determines the frequency factor. 3!

Quantification of TPD spectra

The integrated peak area in TPD spectra is proportional to the amount of
desorbing molecules. Quantification in TPD is typically done by using an ex-

ternal standard. (33!

The coverage is determined by comparing the integrated
signal to a saturated mono layer of the adsorbate. Alternatively the absolute
amount of desorbing molecules is obtained by calibration with a well known
reference system such as Pt(111).

If a mixture of adsorbates coexist on the surface, for example as a result of
a reaction, the different sensitivities of the mass spectrometer for each ad-
sorbate need to be taken into account. The sensitivity depends on the frag-
mentation probability, the ionization cross section, the mass depending pass-
function of the mass filter and the sensitivity of the detector.%36 Especially
for quadropole mass spectrometers, the latter two functions discriminate high
mass fragments. The sensitivity depends on the used device, e.g. some mass
spectrometers, such as the Hiden HAL/3F RC 301 PIC, use pre-focusing filters
to reduce the discrimination effect (figure 2.2).

The relative sensitivity is obtained by recording the fragmentation pattern of
the substance. This pattern is obtained either by leaking the adsorbate into
the UHV system or by analyzing TPD spectra of each fragment from multi-
layer desorption. The first method is easier and does not relay on observation
of multilayer signals. However, the second method benefits from being able to
distinguish between adsorbate and impurities, which would desorb at a differ-
ent temperature. A different desorption temperature of the expected fragments
would further indicate decomposition of the adsorbate prior to adsorption. Fi-
nally, using the second method, the maximum pressure of the substance is

lower in the UHV system compared to background exposure, which prevents
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Figure 2.2: A simple quadrupole mass filter such as Pfeiffer QMA 200 used
in this work discriminates high mass fragments (e.g. m/z=77,
105, 106), the Hiden HAL/3F PIC, a quadrupole mass spectrom-
eter with a triple filter and pulsed ion counting set-up reproduces
the NIST reference spectrum more closely.® The graph shows a
normalized benzaldehyde fragmentation pattern obtained as men-
tioned in the text. The Pfeiffer and Hiden intensities are normal-
ized on m/z 51 to better illustrate this effect.

contamination issues.

Temperature programmed reaction spectroscopy (TPRS)

An extension of TPD, which takes reactions on the surface into account, is
the temperature programmed reaction spectroscopy (TPRS).B7 In contrast to
TPD, desorption occurs due to a reaction of a surface bound species and not
exclusively by thermally activated desorption.

In TPRS, the reaction activation energy is deduced from the peak temperature
in a similar way as for the desorption energy in TPD. Similar to the Polanyi-
Wigner equation, the surface reaction kinetics is described by an Arrhenius
equation similar to eq. 2.2. Within this approach the desorption energy in the
exponential term is replaced by the activation energy of the reaction. A high

initial surface coverage accelerates a second order reaction, which shifts the

10
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desorption maximum to lower temperatures. The determination of the exact
reaction stoichiometry is challenging: As discussed in the previous section the
detection sensitivities for the different reaction products need to be taken into
account. Furthermore, the reaction products and desorbing unreacted educts
often have common fragments which are superimposed in the recorded mass
spectra.

A similar peak temperature and shape of two products indicates a common
precursor species. The rate limiting step in desorption in this case is the acti-
vation of the intermediate. For example in the case of the reductive coupling
of benzaldehyde discussed in chapter 5, a stilbene diolate intermediate forms
on the surface. Upon heating to 485 K this intermediate reacts either releas-
ing stilbene or dissociates and desorbes as benzaldehyde. Fragments of both
molecules are observed in TPRS with a slightly different peak temperature
(see figure 5.2).

A sharp desorption signal at high temperatures suggests an auto catalytic pro-
cess. Usually desorption signals get broader with increasing peak temperature
(figure 2.1). In some cases a reaction product, which is still bound to the
surface, catalyzes the reaction. This additional catalyst lowers the activation
energy which exponentially increases the reaction rate as more of the catalyst

is formed. The result is a sharp desorption signal observed in the spectra.

2.3 Infrared reflection absorption spectroscopy
(IRRAS)

In heterogeneous catalysis, vibrational spectroscopy is often used to study the
binding of an adsorbate to a surface. Compared to other techniques, such as
high resolution energy electron loss spectroscopy (HREELS) and Raman spec-
troscopy, the advantage of infrared (IR) spectroscopy is being applicable from
UHV conditions to ambient pressures while having good absorption cross sec-

[38-41] TR spectra are recorded in transmission, in specular reflection e.g.

tions.
from single crystal surfaces (infrared reflection absorption spectroscopy, IR-
RAS), diffuse reflection from powder samples or by attenuated total reflection
(ATR). IR spectroscopy further benefits from a long experience in studying
chemical structures in liquids and gases.*>*3 Fourier transform infrared spec-
trometers (FTIR), where the entire spectral range is recorded simultaneously,
allow a faster measurement with higher intensities and better signal to noise
ratio. 44

A challenge when using IRRAS on single crystals is the low density of dipoles

11



2 Methods

canceled dipole A@

®0 O  weaum

eTa T L
v vt o] [ ) metal
~e ~e 8 «a

s 2l .-

< 8|v-

c =214

v O

Figure 2.3: The metal surface selection rule - On metal surfaces a dipole on
the surface induces an image dipole in the metal which leads to
cancellation for dipoles parallel to the surface and enhancement
for dipoles perpendicular to the surface.

on the surface. Therefore, IRRAS was limited to metal substrates, possibly
covered with thin oxide films, which benefit from resonant enhancement. "
This enhancement is due to an image dipole, which is induced by the adsor-
bate in the free electron gas of the metal. This image dipole increases the
absorption cross sections for perpendicular alignment to the surface but can-
cels dipoles aligned parallel to the surface (figure 2.3). Another explanation
is based on the electric fields at the interface: For p-polarized light at graz-
ing incidence the electric field vectors sum up and give almost twice the field
strength perpendicular to the surface while the components parallel to the
surface (s-polarized) cancel each other. The "metal surface selection rule" is
commonly stated as only molecules with a component of the dynamic dipole
moment aligned perpendicular to the surface are observed in IRRAS.

Since dielectric surfaces such as titania lack resonant enhancement and reflect
poorly, IRRAS on these substrates is challenging and only recently is possi-
ble due to optimized experimental setups. [*> %) The dielectric surface selection
rules are more complex than for metals and are discussed based on the three

layer model in the next section.

Three layer model

The most commonly used model for describing reflection from a thin adsorbate
film is the three layer model. #5661 The system is defined by three media
(figure 2.4): vacuum, adsorbate and substrate, which are separated by sharp
boundaries. The z-direction is perpendicular to the interfaces and the media
are invariant in the x- and y- directions. The plane of light incidence is the x,z-
plane. For simplification, the vacuum and substrate layers are characterized

by isotropic dielectric constants €, and €, and are assumed to be semi-infinite.

12
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Figure 2.4: Illustration of the three layer model - The three layer model is
used to describe reflection from a thin film on a substrate. The
system consists of three layers: vacuum, adsorbate and the sub-
strate, with the z direction perpendicular to the stacking, and the
xz-plane as the plane of incidence. The vacuum and substrate lay-
ers are characterized by an isotropic dielectric constant €, and &,
the adsorbate film by a dielectric constant in x,y and z-direction
Ead,(zly|z) and a film thickness d.

The electric field for s-polarized light is perpendicular to the plane
of incidence (y-direction, not shown), for p-polarized light the elec-
tric field is aligned parallel to the plane of incidence and has x and
z components (E,, and E,.) depending on the angle of incidence

6.

The adsorbate layer of thickness d is anisotropic, with dielectric components
for each direction €44 (4|y|2). All media are assumed to be non-magnetic, thus
their magnetic susceptibility is p = 1.

The electric fields of the incident, reflected and transmitted light are modeled

as plane waves (eq. 2.4),

—

E(7,t) = Ey - exp(ik - 7 — iwt) (2.4)

where 7 is the position vector, t is the time, k is the wave vector (a vector in
direction of propagation of magnitude ¢) and w is the angular frequency. Two
polarization states of the electric field are distinguished: The electric field of
s-polarized light is aligned perpendicular to the plane of incidence, the electric
field vector E has therefore only a y component. P-polarized light is parallel
to the plane of incidence, the electric field vector has a x and a z component
(figure 2.4). To account for absorption, the dielectric constant of the adsorbate
is complex, which results in a complex wave vector. Therefore the exponent
in equation 2.4 has an additional real and negative term.

The wave equation of a plane wave is derived from Maxwell’s equations:

kx (kx E)+w?ueE =0 (2.5)

13
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Furthermore, the electric field must be continuous in a charge free system as
follows from Gauss law. This leads to the usual boundary conditions at a
dielectric surface, where the sum of the tangential electric and magnetic fields
must be zero and the displacement D =¢E perpendicular to the surface must
be continuous. Solving equation 2.5 under these conditions for the three layer
system gives reflective coefficients for s- and p-polarized light (rs and r,, eq.
2.6 and 2.8).1°6) The dielectric constant of the substrate was assumed to be
real, therefore, these equations do not apply to metal surfaces, for details see
reference. ! A more general approach using (4 x 4) matrices, which accounts
for anisotropy in the other media and is expandable to multilayer systems, was
developed by Pochi Yeh. 6264

re = 1o (142i0d- /ey cosf - >0 (2.6)
c Es — Ep

eycosl — /ey — e, - sin?
7’370 = \/_ (27)
VEvcosl + /e, — g, - sin? 0
Es €ad,x

(55 - gadﬂ?) - (6 — T)gv Sin2 4
T, = Tpo- (1 + QiEd,/EU cos 6 ad,z . 2.8)
c

(g5 —&v) = (& — 2)g, sin 0
Esy/Ev COS O — 5U\/55(1 — £2.5in f) 29)
. : 2.9
P €51/Ev COS O + Ev\/ss(l — £25in”0)

Calculated absorption curves for titania (figure 2.5) show complex selection
rules: Absorption for s-polarized light is always negative, but for p-polarized
light depending on the angle of incidence and orientation of the adsorbate gives
negative and positive peaks. For grazing incidence, p-polarized absorption is
negative for isotropic and z-oriented adsorbates, but positive for x-oriented
adsorbates. All graphs have a pole at the Brewster angle at 68°. Brunner et
al.[% got similar results for silicon using the matrix approach by Yeh, as well
did Buchholz et al.®! for ZnO.

The calculations were done assuming a model adsorbate of thickness d =
0.2nm and refractive index n,q = 1.5+0.1:[%%) at wave number 7 = 3000 em !,
The substrate’s refractive index is ny, = 2.451 for titania (value for the ordinary
ray, n? = ¢ and w = 27¢?).1%! Isotropic and oriented absorption were modeled
by using the complex dielectric constant for the according component, and the

real part for all other components.
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Figure 2.5: Calculated absorption based on 3 layer model for s- and p-polarized
light for reflection on rutile TiO, - For s-polarized light absorption
is negative independent of angle of incidence (6). P-polarized light
shows a more complex behavior: Absorption curves have a pole at
the Brewster angle (0 = 68°). For larger angles the x-oriented
adsorbates show postive, isotropic and z-oriented show negative
absorption.

Microscopic interpretation of dielectric constants

The three layer system is a macroscopic model in which all information about
the adsorbate is contained in its dielectric constant ¢ (and the film thick-
ness d). Microscopical vibrations are described by the harmonic oscillator
model.?* These oscillators are driven by the external electric field of the in-
cident light, which is described by the Lorentz oscillator model.P"61.671 There-
fore, this model is used to link the microscopic properties of the harmonic
oscillator with the macroscopic dielectric constant of the adsorbate film. The
wave equation for the Lorentz oscillator is

d? d
E(:v)-qzm(a:—l—vtif—l—wo-x) (2.10)

dt?
q and m are the effective charge and mass of the oscillator and x is the os-
cillators displacement from the equilibrium position. The second term on the
right side accounts for attenuation of the oscillation. The attenuation con-
stant v and the eigenfrequency wg are obtained from quantum mechanical
solutions of the harmonic oscillator. Assuming the electric field is described

by a plane wave (eq. 2.4), the solution to eq. 2.10 will have the same form
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e.g. z(t) = zg - exp (—iwt). The polarizability «, which is the displacement of

charge induced by an electric field is then:

q2

q-%o _ m
E Wi + iyw — w?

alw) = (2.11)

The imaginary term in equation 2.11 is due to the attenuation term in eq. 2.10

(fli—f is imaginary). This will result in a complex dielectric constant, a complex

wavevector k and ultimately the real and negative exponential term in equation
2.4 which was discussed above. Therefore, the microscopic quantity describing
absorption is the oscillators attenuation constant. For a macroscopic system,
the total polarizability is composed of the sum of individual polarizabilities
and an electronic contribution ag, which is generally assumed to be constant

for IR-frequencies: (!

2
95

7 27
aw)=ao+ ) o Er— (2.12)

Finally, the dielectric constant is obtained using the Clausius-Mossotti equa-

tion (eq. 2.13) where N is the density of dipoles per volume. !

drNo(w)
1— 47rN3a(w)

fw) =1+ (2.13)

D-parameter theory

The three layer model is based on the assumption of sharp boundaries at the
interfaces. This assumption is problematic due to the boundary interpreta-
tion at the atomic scale and when considering sub-monolayer coverages of the
adsorbate. % Furthermore, a sharp boundary implies a discontinuity in the
electric field perpendicular to the surface, a surface charge, which plays an
import role in plasmon excitation and applications based on it, such as surface
enhanced Raman spectroscopy (SERS).

Another approach for describing reflection from a covered surface circumvent-
ing these issues is the d-parameter theory developed by Feibelman. %7 It ig
based on a perturbation based approach and does not rely on the assumption
of sharp boundaries. The electric field in a volume at the interface is evalu-
ated as a linear combination of the electric fields of the surrounding media,
the so called reference field. This field has a discontinuity of the tangential
field components at the interface, which is compensated by correction terms.
These terms are obtained by multiplying the reference field with the so called

d-parameter matrix.[™ Absorption in x-, y- and z-direction depends on the
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diagonal elements of this matrix d,, d, and d,, which depend on the wave-
length. Based in this theory, the complex reflection amplitude for s-polarized

light is: [53:69)
Ts 4 cos 6
— =1+

0
7Y A

d, (2.14)

and for p-polarized light:

.q9in20. ) — . — <in2p.
T 4 2.477'0056.(6[3(61 sin?0;,) — dy - (e — sin Om)> (2.15)

+ :
ro A sin? 0;,, — €, cos? 6;,

The d-parameters are obtained in a similar way as for the 3-layer model: for
discrete dipoles on the surface they are proportional to the induced dipole mo-
ments p which are calculated from the polarizability and the effective electric
field at the interface. For details and numerical examples see reference. %) Ab-
sorption depends on the imaginary part of the d-parameters. 53

Considering the imaginary parts of the d-parameters, the terms for the y and z
component in equations (2.14 and 2.15) are negative, whereas the x component
for p-polarized light is positive.[®3 Therefore, d-parameter theory reproduces

the surface selection rule for dielectric surfaces derived in the previous section.

2.4 Low energy electron diffration (LEED)

Low energy electron diffraction (LEED) is a method to characterize the struc-
ture of a surface, which is based on the diffraction of electrons.?%2371-73] Elec-
trons behave like waves and, therefore, are diffracted at the surface lattice of
a crystalline sample, similar to light at a grating. The wavelength A of any
particle wave is tuneable based on the kinetic energy Ey;, as given by the de
Broglie relation (equation 2.16, h: Planck’s constant, m.: mass of an electron).
h
A= T (2.16)
In contrast to e.g. x-ray diffraction, this method is surface sensitive due to the
low inelastic mean free path length of electrons in solids. For example in rutile
titania, the path length is in the order of 0.5 to 1 nm at energies, which are
typically used in LEED (50 to 350 ¢V).[™
In this work, LEED is used to assess the cleanness of the used rutile(110) crys-
tal, to check for a [2x1] reconstruction, which will form if the crystal is heavily
reduced, and to identify the orientation of the crystal axis. An example for a
diffraction pattern obtained during this work is given in figure 3.2 on page 26.

It shows the [1x1] reconstruction with a rectangular unit cell.
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Figure 2.6: Laue Diffraction: A diffraction spot is observed when the reflected
electron waves are in phase. This condition is satisfied when the
path difference x-y equals an integral multiple of the wave length.

A diffraction spot is observed in the LEED pattern when constructive inter-
ference occurs between scattered electron waves. The geometry is illustrated
in figure 2.6: The two dimensional surface lattice is spanned by the two basis
vectors d; and dy. The sum of the incident electron wave vector k and the
scattered wave vector k' is the scattering vector Ak. Constructive interference
for a scattering vector Ak occurs when the path difference y-x equals an inte-
gral multiple of the wavelength.

The scattering vectors that fulfil the condition for constructive interference,
form a two dimensional vector space. This space is spanned by the basis vectors
g1 and g, which are obtained from the lattice basis vectors according to equa-

tion 2.17. (e marks the scalar product of two vectors: Ze i = |Z||] cos Z(Z, 7))

52' oq = 271'5@ i 2.17
9j J

0, i#7
Equation 2.17 indicates that the obtained basis vectors g; are proportional to
the reciprocal length of the corresponding lattice basis vectors a;. Therefore,
this vector space is called the reciprocal space. Furthermore, as cos(mw) = 0,
the reciprocal basis vectors are orthogonal to the non corresponding lattice
basis vector (i # j). The experimental setup for LEED is designed to show a
diffraction pattern, which is a projection of this reciprocal vector space.

The rutile(110)[1x1] reconstruction has a rectangular unit cell with an orthog-

onal basis. Therefore, the reciprocal vectors are parallel to the corresponding
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lattice vectors but their length is inverted. Thus, the observed diffraction

pattern appears to be rotated by 90° with respect to the surface lattice.

2.5 Density functional theory (DFT)

Density functional theory (DFT) is a method for calculating the electronic

75-78] These calculation are used within this work to

structure of molecules. !
complement the experimental data: for example the calculation results are
used to identify reaction intermediates observed in chapter 6.

As the name implies, DFT is based on evaluating a functional of the electron
density. A functional is like a function except that it assigns a value to an
argument function whereas a function assigns a value to a (list of) argument
values. Functionals are often distinguished from functions by using square
brackets instead of round brackets for the argument list (e.g. E[p(r)]).

DFT is based on the proof by Hohenberg and Kohn,[™ who showed that
all ground state properties of a molecule can be calculated from the electron
density distribution. However, the exact form of the functional to do this is
not known. Therefore, DFT uses a fundamentally different approach than
Hartee Fock (HF) and other computational methods based thereon, which use
molecular orbitals to determine the electronic properties. The advantage of
DFT is that it provides sufficiently accurate results for most applications at
a computational cost which is similar to HF. This advantage is based on the
implicit treatment of the electron correlation. However, as the exact form of
the functional is not known, DFT relies on empiric approximation.

In the approach by Kohn and Sham (KS),® the electron density is obtained
from one-electron orbitals 1;, the KS orbitals. Though these KS orbitals are
treated like molecular orbitals, and are obtained in a similar way like molecular
orbitals in a HF calculation, they do not represent molecular orbitals and are
merely a means to obtain the electron density. The electron density p(r) is the
sum of the square of the absolute value of all occupied ground state orbitals
as indicated in equation 2.18. The ground state electronic energy Flp] is given

by equation 2.19.

p(r) = Z:l [i(r)[? (2.18)

Elpl = Erin(t;) — Venlpl + Veelp] + Exclp] (2.19)

The kinetic energy Ej;,(1;) is calculated from the KS orbitals in a similar

way as it is obtained from the molecular orbitals in a HF calculation. The
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electron-nuclei interaction V,,[p] and the electron-electron interaction V..|[p]
are calculated from the electron density and are described by coulomb interac-
tion. However, the last term in equation 2.19, the exchange correlation energy
(Exclp(r)]), which describes all purely quantum mechanical electron-electron
interactions, is not known and this is where approximations are introduced.
Typically, this term is separated in an exchange term (Ex|[p(r)]) and a corre-
lation term (Ec[p(r)]).

A simple approach for the exchange correlation functional is the local density
approximation (LDA). It is based on the model of a homogeneous electron gas
of constant density. This methods fails when gradients in the electronic den-
sity occur. Therefore, within the generalized gradient approximation (GGA),
correctional terms are introduced to account for density gradients.

Better results are obtained by using hybrid functionals. In this work the
B3LYP functional is used. It is composed of a hybrid exchange function pro-
posed by Becke®! (Becke three parameter, B3) and a gradient corrected corre-
lation functional proposed by Lee, Yang and Parr (LYP).¥? The B3 exchange
functional is a linear combination of the exchange functional in the LDA ap-
proximation, a gradient correction term (GGA extension) and the exchange
energy obtained by applying the exchange operator used in HF calculations on
the KS orbitals.

For the calculation, the KS orbitals are modelled as a linear combination of
basis functions. Typically, Gauss type orbital functions, which are shaped like
atomic orbitals (s,p,d,f), are used. They are more easily computable than for
example Slater type orbital functions. Gauss and Slater type basis function
are the established functions used for various ab initio calculations including
HF. Increasing the number of basis functions increases the flexibility of the
calculation and, therefore, the accuracy of the result, but also the computa-
tional cost. Besides functions for each electron, extra functions are added to
the basis to account for additional effects: As the electron basis functions can
only shrink or expand, but not change their spacial distribution, they poorly
reproduce a polarization of the molecule. The remedy for this issue are po-
larization functions with a lower symmetry. For example the polarization of a
s-type orbital is accomplished by adding a p-type orbital. Furthermore, diffuse
Gauss functions improve the modelling of long range electron distribution for
example as in the case of electron lone pairs.

Within this work the basis sets 6-31+G(d,p) and 6-311+G(d,p) are used. 835
These basis sets treat inner shell and valence electrons with different accuracy:
inner shell electrons are in both cases represented by a single contracted Gauss

function, which is a linear combination with fixed coefficients of 6 primitive
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Gauss function. The valence electrons are described by two in the 6-31 and
3 Gauss functions in the 6-311 case. In each case one of the valence Gauss
functions is a contraction of 3 primitive functions, whereas the other ones
are not contracted. The + indicates extra diffuse Gauss function for each non-
hydrogen atom in the system (s- and p-type functions). Additionally, the (d,p)
indicates polarization functions: d-type Gauss functions for each non hydrogen
atom, and p-type for each hydrogen atom.

The KS orbitals are determined using an iterative method. The calculation
starts with an initial guess for the electron density, or more specifically a set
of coefficients for the basis functions. Then a new set of KS orbitals is cal-
culated based on the Kohn-Sham equations from this initial guess (see ref.[™
for details). This cycle is repeated until the coefficients are constant within a
certain tolerance with further iterations and the density function is consistent.
This method is called a self consistent field calculation, which is also used for

HF calculation.
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3 Experimental details

This chapter describes the experimental setup and the processing of the recorded
data.

3.1 UHV system

The experiments reported in the following chapters were performed in a home
build vacuum system with a base pressure of less then 1071 mbar (figure
3.1). Except for the sample holder, the system is mostly identical to the one
described by Wille in detail. ¥ The vacuum recipient is pumped by turbo
molecular pumps and a titanium sublimation pump (TSP) and rotary vane
pumps as roughing pumps. To minimize oil diffusion, foreline traps filled with
copper mesh or alumina beads were installed between the turbo molecular
pumps and the roughing pumps.

The system is equipped with a low energy electron diffraction (LEED) op-
tics equipped for Auger electron spectroscopy (Omicron SpectraLEED), a
quadrupole mass spectrometer (Pfeiffer QMA200) for residual gas analysis
and TPD/TPRS (section 2.2), a sputter gun (Omnivac PS-IQ12) for sample
preparation and an IR-cell with CaF,-windows for IRRAS experiments (sec-
tion 2.3). A load lock with a sample transfer system is attached to the system.
The IR-cell is fitted into the sample compartment of a FT-IR spectrometer
(Bruker IFS 66v/S) aligned for reflectance measurements. The IR setup will
be described in detail below.

3.2 Samplemount

The single crystal sample was mounted on a 0.25 mm thick sheet of tanta-
lum held by two screwed on clamps made from the same material. A piece
of gold foil improved the thermal contact between the crystal and the sheet.
The crystal’s temperature was measured using a bar wire ultra thin type-K
thermocouple (CHAL-005, Omega Engineering) glued in a hole on the side of
the crystal with a ceramic adhesive (Ceramabond 569, Aremco).

For this work a mobile sample holder based on a previous design by Leist et
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Figure 3.1: Photographic image of the used vacuum system.

al.®" was used. It allowed fast heating and cooling and changing samples
without the need to break vacuum. The tantalum sheet with the crystal was
mounted on two sapphire blocks, which in turn were supported on a copper
sheet. This sheet was in thermal contact with a liquid nitrogen reservoir for
cooling. A filament made from 0.2 mm tungsten wire was used for heating
the sample by thermal radiation or electron bombardment. The filament was
mounted between the sapphire blocks approximately 1-2 mm below the tanta-
lum sheet. It was powered by a sample heating system (Bestec), which includes

a PID-controller (Eurotherm) for TPD-experiments.

3.3 Sample preparation

The rutile(110) crystals were obtained from SurfaceNet GmbH. The crystals
were 10 by 10 mm large, 1 mm thick, and delivered with a 0.3 mm hole on
one side to attach the thermocouple. The crystals were cleaned by sonication
in iso-propanol and mounted on the sample holder as described above.

In UHV, the crystals were cleaned by cycles of ion bombardment and temper-
ing. The crystal was first bombarded by 1000 eV Ar'-ions at an ion current
of 1 pA/ecm? at room temperature to remove adsorbates. This procedure has
been known to preferentially remove oxygen from the top layer of the crystal
and thus damage the surface.!® This damage was healed by tempering the
crystal: The crystal was tempered using a PID-programm, which heated the

crystal in 3 min to 600°C, held that temperature for 7 min and slowly cooled it
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3.4 LEED

to 100°C in 10 min. During tempering, the surface was reoxidized by diffusion
of excess Ti atoms into the bulk, which introduced defects. ¥ The defects are
color centers, which turned the crystal from white to dark blue with increasing
bulk reduction (see figure 5.6 on page 55). Starting with a fresh crystal, after
approximately ten cycles a sharp LEED pattern was observed (see figure 3.2).

3.4 LEED

LEED was used in this work to check the quality of the crystals surface es-
pecially whether a [2x1] reconstruction has been formed, which would have
indicated an over reduced crystal, and to identify the orientation of the crystal
axis. LEED patterns were obtained using an Omicron Spectra LEED optics
with electron energies in the range from 100 to 250 eV. The crystal was shifted
in front of the optics to ensure that the obtained LEED pattern is representa-
tive for the surface over the entire crystal.

A typical LEED pattern of the crystal (figure 3.2) shows the [1x1] reconstruc-
tion of the (110) surface, which is known from literature (see figure 3.3 b).[®
The sharp spots with little background indicate a well ordered clean crystal.
The light dark areas between the spots in the middle of the crystal is due
to reflection of external light. No indications of the [2x1] reconstruction were
observed (figure 3.3 a).[%

The LEED pattern also indicates that the crystal is mounted with the <001>
direction aligned vertically and the <110> direction horizontally. As discussed
in section 2.4, the observed LEED pattern is a representation of the reciprocal
vector space, which appears to be rotated by 90° with respect to the surface
lattice. The surface unit cell of rutile(110) is 2.96 A in the <001> direction and
6.49 A in the <110> direction.® Therefore, the short <001> direction ap-
pears as the long direction in the LEED pattern (figure 3.2), which is oriented

vertically.

3.5 Doser

For studying their reactions on a surface, adsorbates need to adsorb onto the
surface. Gases, like oxygen or CO, can simply be introduced by backfilling the
UHV system using a variable leak valve. The standard exposure unit is the
langmuir (L), which corresponds to an exposure at 107 torr (1.33-107% mbar)
for one second.?? As the exact exposure of gases within this work is not crit-
ical, the approximation 1 L ~ 107% mbar s is used.

Backfilling the vacuum system is not recommended for vapors, e.g. of water
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Figure 3.2: LEED diffraction pattern of the rutile(110)[1x1] reconstruction
recorded at 227 eV. The pattern shows a rectangular unit cell,
the <001> direction is vertical, the <110> horizontal. The im-
age was inverted, converted to black and white and optimized for
brightness and contrast. The cylindrical object in the middle of
the picture is the electron gun.

Figure 3.3: Rutil(110) LEED patterns of the a) [2x1] and b)[1x1] reconstruc-
tion recorded at 123.4 eV.[8991]
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3.5 Doser

CF-40 flange

aperture holder

Figure 3.4: Explosion view of the used vapor doser - The adsorbate is confined
onto the crystal by using a 300 mm tube. A SEM aperture is used
as pin hole and clamped by the tube into the indentation in the
aperture holder. The entire holder is mounted onto a linear shift
for aligning the tube directly in front of the crystal.

or organic substances, such as benzaldehyde, acetone or methanol. These sub-
stances are not as easily removed by pumping as gases, because they stick to
various surfaces within the UHV recipient at room temperature. This problem
is often circumvented by using a tube in front of the leak valve, which confines
the adsorbate onto the crystal surface. The amount of exposure is controlled
by monitoring the pressure within the UHV system. If the sample is mounted
on a bulky cooled sample holder, as it was the case in this work, the adsorbate
would condensate on the sample holder and almost no pressure rise is observed
in the main recipient. Thus, in this case, a method for dosing which relies on
the pressure in the main recipient for quantification of the adsorbate flux is
unreliable.

The above mentioned problems were circumvented by using a pin-hole doser
as illustrated in figure 3.4. Due to the fixed pin-hole size, the leak rate is
proportional to the pressure of the vapor on the high pressure side of the doser
(typically 0.1 mbar in the experiments in this work). Thus, this method does
not rely on a rise in pressure in the UHV system to determine the exposure.
The pressure rise, which was observed in the main recipient in this work, was
typically less then 1071 mbar. An aperture with a diameter of 20 ym, which
was previously used in an electron microscope, was used as pinhole. It was
clamped between a 300 mm pipe, which was pointed at the sample, and the
aperture holder illustrated in figure 3.4. The aperture holder was mounted on
a linear translator for alignment of the doser facing the sample.

The high pressure side of the doser was attached to the gas system illustrated
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doser nozzel and aperture
(within UHV)

Figure 3.5:
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Schematics of the gas system used for dosing vapors - Dosing is
started by filling the compartment in front of the pinhole (marked
red), and stopped by evacuating this compartment. The contain-
ers with the substances (see figure 3.6) are attached to the organics
manifold (light blue). The gassystem is pumped by a turbo molec-
ular pump using a membrane pump as roughing pump. (marked
green)



3.5 Doser

Figure 3.6: A glass flask used for dosing liquids. After freeze-pump-thaw-cycles
the flask only contains the liquid and it’s vapor.

in figure 3.5. The compartment in front of the pin-hole (marked red) was filled
or evacuated via valve a. A fixed pressure was set in the organics manifold
(light blue) prior to dosing. To start dosing, the vapor was expanded into the
compartment in front of the pinhole (valves a,b open, valves c¢,d closed), to stop
dosing, the compartment was evacuated by opening valve c. This procedure
improved the reproducibility of dosing, as the pressure in the compartment
was not set during the initial time span of dosing as it would have been the
case if a leak valve had been used to fill the compartment.

The vapor of the substances were introduced into the gas system in glass flasks
as shown in figure 3.6. The substances were purified by repeated freeze-pump-
thaw cycles: The contents of the flask was first frozen by submerging it in
liquid nitrogen, then the flask was evacuated. After thawing the flask this pro-
cedure was repeated. After several cycles, the flask only contained the pure
substance and its vapor. Air and more volatile contaminations were removed.
Significantly less volatile contaminations, such as benzoic acid in the case of
benzaldehyde, were of no concern, as they remained in the flask during dos-
ing. The cleanness of the dosed vapor was judged based on the fragmentation

patterns from mass spectrometry obtained as described in section 2.2.
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Figure 3.7: Shielding of the mass spectrometer to reduce background contribu-
tion to the recorded spectra. The mass spectrometer is mounted on
the CF-flange on the left with the ionization source and massfilter
withing the shilding. The openings on the left are for differential
pumping of the spectrometer.

The herein presented method is limited to substances, which have a minimum
vapor pressure of approximately 1 mbar. Some substances, such as stilbene
or benzoic acid, could not be dosed using this method, because their vapor
pressure is to low. To circumvent this problem, a molecular spray doser has

been installed, which will be described in future work by Milena Osmi¢. %

3.6 TPR spectra

TPR spectra were recorded with a Pfeiffer QMA200 at a heating rate of 2 K/s.
The mass spectrometer was encapsulated in a shield with a 5 mm nozzle to
reduce the influence of background desorption (figure 3.7). The shield had
openings at the rear end for differential pumping of the mass spectrometer.
The sample was heated using a linear heating ramp with a rate of 2 K/s. For
this purpose, the power supply feeding the heating filament was regulated by
a PID controller. The controller was programmed to start with an initial tem-
perature step to 130 K to desorb any adsorbats from the heating filament and,
therefore, to further reduce contribution to the background of the recorded
TPR spectrum. The sample temperature was recorded using an auxiliary ana-
log input of the mass spectrometer, which was fed by an output signal of the
PID controller.

Typically, up to 20 fragments were recorded simultaneously during a TPRS
experiment using the Quadstar software package.% The software was set to
cycle through the different masses, the signal of each mass beeing recorded for
20 ms during one cylce. Prior to the experiments, the mass scale of the mass
spectrometer had been calibrated over the entire range based on fragments of
benzaldehyde, ethyliodid and tungsten isotopes, which were emitted from the

ionization source. The ionization source had been optimized to maximize the
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3.6 TPR spectra

CO, signal (m/z 44) from residual gas.

The quantification of reaction products from TPR spectra was done by in-
terpreting the integrated desorption signal. Most of the desorption signals in
TPR spectra were shifted by a constant offset due to a background signal or
a pump tail of a desorption signal at a lower temperature. To account for this
shift, a straight baseline was subtracted prior to integration of the desorption
signal.

To compare various fragment signals the different fragmentation probability
for each fragment, the mass dependent sensitivity and the ionization cross
section of the molecules need to be taken into account as discussed in sec-
tion 2.2. For some adsorbates the characteristic fragmentation pattern for the
mass spectrometer used in this work could not be recorded, e.g. stilbene is not
volatile enough to be dosed by the method mentioned above. Therefore, NIST
reference spectra were used instead.’® To minimize the effect of the mass
dependent transmission of the quadropole filter (see section 2.2), fragments
with a similar mass were chosen to be compared. For example, the fragment
m/z 102 for stilbene was used to be compared to the m/z 106 parent ion for
benzaldehyde instead of the parent ion of stilbene (m/z 180). The integrated
signals were corrected for the fragmentation probability p(m), which is the

probability that the fragment of mass m forms upon ionization.

_ I(m)
> 1(m)

p(m) (3.1)
I(m) is the intensity of the fragment of mass m in the NIST reference spectrum.
Equation 3.1 is based on the assumption, that exactly one charged fragment
is observed for each ionized molecule. Therefore, it neglects e.g. multiple
fragmentation and ionization events. Furthermore, the relative ionization cross
section o, of the molecules was taken into account. The relative amount of

desorbant i, X; characterized by fragment m is given by

A(m)

Xy =
p(m> * Opel

(3.2)

where A(m) is the integrated area. The reaction yield Y; is then obtained by

relating the relative amount of the product i to the educts according to

Y= (3:3)

where n; are the stoichiometric factors. The denominator in equation 3.3 rep-

resents the total amount of the educt on the surface, based on the sum of the
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unreacted educt and products.

This method for quantification is only used to estimate the yield. Espe-
cially, using the NIST fragmentation pattern and neglecting multiple ionization
events limits the accuracy. However, these deviations are systematic. There-
fore, even though the absolute yield is dubious, this method reproduces general

trends.

3.7 IR spectra

IR spectra were recorded using a Bruker IF'S 66v/S Fourier Transform IR spec-
trometer. The spectrometer was equipped with a globar mid IR source and a
mercury cadmium telluride (MCT) detector. The interferometer used a KBr
beam splitter. The IR beam was adjusted for grazing incidence (85°) external
reflection on the crystal. A 6 mm aperture near the source was used to reduce
the beam diameter to ~ 7.2 mm on the 10 mm crystal. A grid wire polar-
izer was used for polarization dependent experiments. The interferometer was
evacuated by a roughing pump to &1 mbar, the sample compartment of the
spectrometer was purged by air, which was dried in a pressure swing absorber
(Zander KM-25).

Background and sample IR spectra were recorded without changing the align-
ment of the crystal. For organic substances, the crystal was first exposed to
the adsorbate and then aligned in the spectrometer for the sample spectrum.
The background spectrum was obtained after heating the crystal (>600 K)
to remove adsorbates from the surface. For IR spectra of gaseous adsorbates,
such as CO, the crystal was first aligned and a background spectrum was taken
prior to exposing the sample to the adsorbate. The spectra were recorded us-
ing the OPUS software with a resolution of 4 em ™! and averaged over ~ 8000
scans (fixed measurement time 1 h).[*4

An example for a background and a sample spectrum of benzaldehyde on
rutile(110) is shown in figure 3.8. Within the OPUS software these spectra
are referred to as "single channel spectra'. The overall shape of the spectra is
given by the sensitivity of the detector and the transmission of the used optical
components, especially the KBr beam splitter and the CaF,-windows. Further-
more, the spectra show a broad OH signal between 3000 and 3500 cm~!, C-H
strech modes around 2900 cm ™! and a weak signal due to CO, at 2400 cm™!.
The O-H signal is due to an ice layer, which has formed on the cooled MCT
detector during the experiments. The C-H signals indicate hydrocarbon con-
tamination, possibly due to oil diffusion from the roughing pump into the spec-

trometer. No rotation-vibration spectrum of water vapor around 1600 cm™?
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Figure 3.8: Single channel IR spectra: The spectras general shape is given
by the sensitivity of the detector and transmission of the optical
components. Furthermore, the spectra show O-H modes (3000-
3500 cm™ 1), C-H modes (2900 cm™!) and CO, (2400 cm™1).

is observed. The absence of these signals indicates that the spectrometer was
evacuated and the pressure swing adsorber worked properly.

As the changes in absorption are typically too small to be recognizable from
the single channel spectra, the absorbance spectrum A(#) is used in the dis-
cussion in the following chapters. It was obtained according to equation 3.4,
where I(7) refers to the intensity of the sample or background single channel

spectrum.

- Tsample (V )
A(p) = —log —Ibackground(ﬁ) (3.4)
One issue with the long measuring time used in the experiments herein was a
drift in the single channel spectra over time. This drift was due to long term
instabilities in the temperature, humidity and sample alignment. For example,
the liquid nitrogen reservoir expanded as the liquid nitrogen slowly evaporated.
Thus, the crystals alignment slightly shifted over time. Due to this drift, the
absorbance spectra show a curly baseline, which was compensated by manually
adapting a polynomial baseline to the spectrum, as indicated in figure 3.9.
The drift of the single channel spectra can lead to artifact signals in the ab-
sorbance spectra. Figure 3.10 shows a magnification of the single channel
spectra from figure 3.8 and the corrected absorbance spectrum. The signal

1

in the absorbance spectrum at 1540 cm™ coincides with a bump, which is

33



3 Experimental details
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Figure 3.9: Absorbance spectrum before and after baseline substraction. Due
to a drift in singel channel spectra, the absorbance spectrum shows
a curly baseline. A manually fitted baseline is subtracted to obtain
the straighted corrected" spectrum.

observed in both sample and background single channel spectra. Therefore,
this signal is presumably due to a slight drift in the single channel spectrum
and not due to an adsorbate vibrational mode. Similar artifact signals were
observed for the C-H modes, which are observed in the single channel spectra
at 2900 cm™! (figure 3.8).

Another problem leading to artifact signals is the alignment of the IR beam.
As the IR beam is invisible, it is difficult to determine weather it is correctly
aligned on the crystal surface, or weather it also covers parts of the sample
holder. The alignment was done, based on the reflection of the helium neon
laser. This laser is coupled into the interferometer to determine the position of
the movable mirror and propagates co-linearly to the IR beam.* However, as
the IR beam is divergent and thus has a much larger spot diameter compared
to the laser, this method of alignment is just a rough estimate.

An example for a signal, which is most likely due to poor alignment of the
IR beam is given in figure 3.11. Two absorbance spectra of benzaldehyde
are presented, which were recorded with different aperture sizes. Closing the
aperture confines the IR beam on the crystal, and thus covers less parts of
the sample holder than the unconfined beam. The 1705 cm™! signal is only
observed using the 6 mm aperture, but not the 3 mm aperture. Therefore, it is

presumably due to adsorption of benzaldehyde on the sample holder and not
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Figure 3.10: Artifact signal observed due to drift: The signal observed in the
absorbance spectrum at 1540 cm™! coincides with a signal ob-
served in both background and sample spectra. Therefore, it is
most likely an artifact due to a drift in these single channel spec-
tra.

the crystal. Unfortunately, closing the aperture decreases the signal intensity
and ultimately the signal to noise ratio. Therefore, spectra were recorded with
a 6 mm aperture, but the likelihood of such artifacts were reduced by aligning
the sample position with a confined IR beam using the 3 mm aperture. Using

this method for alignment, the 1705 cm™! signal was not observed anymore.
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Absorbance

Figure 3.11: Artifact signal from adsorbate on sample holder: The IR spectrum
of benzaldehyde recorded with a larger aperture size shows an
extra signal at 1705 cm™!, which is not observed in the spectrum
recorded with the smaller aperture. This signal is possibly due to
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4 Literature review titania

As mentioned in the introduction, titania is the prototypical transition metal
oxide in surface chemistry. It is a promising candidate for many applications
which has stimulated numerous studies of reactions of various adsorbates on
this surface. This chapter gives an introduction to the surface structure and
chemistry of rutile titania with a focus on defects and the surface chemistry of
oxygen. For a complete introduction to the surface chemistry of titania see the

96,97

review articles by Diebold, "% Pang et al.['l, Henderson, %7l Linsebigler et

al.l%8 and Thompson et al.[

4.1 The rutile(110) surface

Among the three modifications of titania: brookite, anatase and rutile, rutile
is the thermodynamically most stable one. In bulk rutile, each titanium atom
is coordinated by six oxygen atoms in a distorted octahedral geometry and
each oxygen atom by three titanium atoms.['%! The rutile unit cell is tetrag-
onal with a = b = 4.59 A and ¢ = 2.96 A.®) Anatase has a lower surface
energy than rutile.'® Therefore, thin films and (nano) particles (at lower tem-
peratures) often consist of anatase. Most commercial catalysts, such as TiO,
P25, are mixtures of rutile and anatase particles. High quality anatase single
crystals for UHV studies are rare and tend to accidentally transform to rutile
during annealing 102

This work focuses on the rutile(110) surface, which forms a [1x1] surface re-
construction, or a [2x1] reconstruction for more reduced crystals. The [1x1] re-
construction of the rutile(110) (figure 4.1) surface was studied using low energy
electron diffraction (LEED) and scanning tunneling microscopy (STM). [15:8%:103]
It consists of alternating rows of five coordinated titanium atoms (Tis.) and
two fold coordinated bridging oxygen atoms (Op,).!'?! These rows are paral-
lel to the <001> direction. Additionally, there are three fold coordinated in
plane oxygen atoms, which surround the Tis, atoms, and six fold coordinated
Ti atoms below the Oy, atoms.

On an overannealed sample, Mgller et al.[® have observed a [2x1] reconstruc-

tion using LEED. They proposed a missing row model which is derived from
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Figure 4.1: The rutile titania (110) 1x1 reconstructed surface consists of alter-
nating rows of five coordinated titanium atoms (Tis.) and bridging
oxygen atoms (Oy,). 100

the [1x1] reconstruction by removing every second Oy, row. However, this
model was found to be incompatible with later STM results. Onishi and Iwa-
sawa 1™ proposed a model of added Ti,O; rows on the surface, which was
later confirmed by quantitative LEED experiments. 10!

Usually, STM images found in the literature are dominated by the electronic
structure of the surface (figure 4.3). The images are recorded at tip bias that
induces the tunneling of electrons from the tip to the unoccupied 3d orbitals
of the titanium atoms. As the density of states is higher at the Tis. rows than
at the Oy, rows, the Tis. atoms are imaged as bright rows and the Oy, atoms
as dark rows.['% Non contact atomic force microscopy images the geometric

structure of the surface. 96l

4.2 Defects

As pointed out in the introduction, titania is especially interesting because it is
a reducible oxide. For example, cleaning titania crystals in UHV by argon ion
bombardment and annealing reduces the crystal and introduces defects. The
ion bombardment removes the lighter oxygen more easily from the surface
than the heavier titanium atoms.*1°7 Therefore, the surface is amorphous

and strongly reduced after ion bombardment. (38!

The reduction by ion bom-
bardment was confirmed by Idriss and Barteau'®! who observed signals of Ti!
to TilV in x-ray photo electron spectroscopy (XPS) for such a surface. An-
nealing above 700 K was found to reoxidize the surface.®¥ Henderson showed
through static secondary ion mass spectrometry (SIMS) experiments with sur-
faces enriched by titanium and oxygen isotopes, that this reoxidation occurs

by diffusion of excess titanium atoms as point defects into the bulk.[®¥l The
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4.2 Defects

reduction of the crystal introduces electronic defect states, which have been ob-
served in XPS, 1% electron loss spectroscopy (ELS)," IR spectroscopy 10111
and two photon photo emission studies. 2 Furthermore, the defects are color
centers, which is indicated by a change of crystal color: With increasing defect
density, the crystal turns from white over light to dark blue to dark black (see
figure 5.6 on page 55).1%113]

Various kinds of defects, especially point defects such as bridging oxygen va-
cancies (BOV) and interstitial titanium atoms, play a prominent role in the

a. 4115 They are recombination sites for charge

[117]

surface chemistry of titani

99.116] and affect the conductivity of the crystal.

carriers in photo chemistry
Furthermore, BOV and interstitials play a central role as charge donors in
the adsorption of oxygen which will be discussed in the following section 4.3.
Other point defects such as in plane oxygen vacancies are energetically less
favorable. 118!

BOVs have been observed in STM images as bright protrusions on the Oy,
rows, 1919 or in non contact atomic force images as dark spots on the bright
oxygen rows. 1961200 Water 121124 and methanol "2 have been reported to
dissociate in BOVs which results in hydroxyl and methoxyl groups at an Oy,
site. However, for water this dissociation in the BOVs was found to be re-
versible and does not quench a defect state which is observed in EELS spec-
tra.l'?8l In contrast, molecular oxygen has been observed to heal the vacancy
and leaves an oxygen adatom on a Tis, atom upon dissociation. ']
Interstitial titanium atoms (from here on called interstitials) are formed dur-
ing reoxidation of a reduced surface by diffusion of excess titanium atoms
into the bulk.[® They have been found to be involved in the growth of new
titania layers upon oxidation of the crystal and growth of the [2x1] recon-
struction. 1131301351 Excess titanium atoms were reported to encapsulate ad-
sorbed metal particles forming thin TiOy layers. The growth of these layers,
which is known as the strong metal support interaction (SMSI) effect, was
reported to change the reactivity of the particles.'3136 Interstitials have also
been proposed to be involved in redox reactions such as the reductive coupling
of aldehydes, 3137139 which will be discussed in the following chapter, and
the reduction of formate on a cross linked [2x1] surface.% The influence of
interstitials has been found to be difficult to study systematically as prepara-
tion of different defect concentrations is laborious. Li et al.®! showed that
the reduction affects the reoxidation mechanism of the crystals upon exposure
to oxygen. They used ex situ quantification of the defects by electron paramg-
netic resonance spectroscopy (EPR). Bennett et al.'*! and Nolan et al.[%%

have proposed to use self doped titania thin films and crystals as model sys-
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tems to study this effect. They prepared these systems by depositing titanium
ontop of the surface and annealed it subsequently.
Besides point defects, shear plane and terrace step sites were observed: Aono

[142]

and Hasiguti have found by using EPR, that for defect concentrations

TiOy_, for x > 4 - 10~ interstitials form pairs and {121} plane defects. Fur-

thermore, shear planes have been observed on highly reduced samples in STM. [141]

Martinez et al. [143]

found that step edges react similar to BOVs and are active
sites for water dissociation or methanol adsorption. However, the adsorbates
were found to bind more weakly to these sites compared to adsorption at
BOVs. [143]

The electronic structure of defects has been studied using densitiy functional
theory (DFT). The calculations on the influence of BOVs and interstitials
have indicated a charge transfer from the defect sites to neighboring titanium

[130,148] ' Degkins et al. 144

atoms 15144147 and a displacement of lattice atoms
found that the charge from BOVs is donated to neighboring six coordinated
Ti atoms. They proposed that near surface atoms better compensate the ex-
tra charge, as the crystal structure relaxes more easily than for bulk atoms.
Thus, the charge would presumably accumulate near the surface. Finazzi et
al. '] found that interstitials donate their charge to nearest neighbors as well.
Haubrich et al.[*8 and Wendt et al.['3% suggested that a sub surface intersti-
tial pushes a surface Tis. atom outwards. This exposed atom interacts more

strongly with adsorbates.

4.3 Surface chemistry of oxygen

The adsorption and reaction of oxygen on rutile(110) is complex and involves
various reaction pathways, which have been found to depend on the defect den-
sity and the adsorption temperature. On reduced titania oxygen was found
to adsorb molecularly at temperatures below 200 K, or dissociatively on Tis.
atoms or in BOVs (figure 4.2). Adsorption in BOV was observed to heal the
defect and leave a single oxygen adatom (O,q), whereas dissociation at Tis.
leaves pairs of O,q at the surface. 129149 These dissociation mechanisms were
observed in STM experiments, which are illustrated in figure 4.3.12%) Further-
more, oxygen was observed to react with interstitials to form new TiO, islands
on (110) terraces. These oxygen species show a different chemical behavior
which is discussed in chapter 6.

Molecular oxygen was reported to adsorb on the reduced surface and to be
stabilized by charge transfer from defects. Henderson has found a molecular

oxygen species which desorbs at 410 K in TPD.! No isotope mixing has
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TiO

Figure 4.2: Schematic overview reactions of oxygen on rutile titania(110) - oxy-
gen adsorbs both molecularly and dissociatively on reduced titania.
Dissociative adsorption occurs at BOVs healing the vacancy and
leaving an oxygen adatom, or at Tis. sites leaving two adatoms.
Furthermore oxygen reacts with interstitials to form new islands.

been observed which indicated that this species adsorbes as molecular oxygen
and does not evolve upon recombination of O,4. This species has been pro-
posed to form on the surface from a precursor species below 200 K: No TPD
signal was observed when oxygen had been adsorbed at a higher temperature.
The formation of the molecular species was found to require charge from de-
fects, which is consumed in a parallel reaction: In a second TPD experiment
after oxygen desorption without heating the crystal to restore the defects, the
410 K species has not been observed. The role of defects has been confirmed
in EELS spectra: a Ti*" signal which had been associated with a defect state
was observed to disappear upon adsorption of oxygen and a new signal which
indicated a O, species appeared. Henderson proposed that the defects involved
are BOVs: three oxygen molecules adsorbed per BOV, two desorbed at 410 K
and one healed the vacancy.™% The charge transfer to molecular oxygen has
been confirmed by EPR spectroscopy: EPR spectra of oxygen adsorbed on
polycrystalline titania propose the existence of a superoxide species O,, which
is stable up to 400 K.['%151 Recently, Henderson proposed based on EELS
spectra that a peroxo (O%_) species forms upon adsorption of oxygen on the
surface. 152

The low temperature molecular oxygen species has also been observed in photo
and electron stimulated desorption experiments (PSD and ESD).[153156] Ty et
al.[193:154] have observed a slowly desorbing o oxygen species in PSD experi-

ments which transforms upon heating to 250 K to a faster desorbing (5 species.
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°cQ,,. *FilledO, . °*O,

Figure 4.3: STM images of oxygen dissociation.!'?”! Figures a and b show a
vacuum annealed rutile(110) surface. The bright rows indicate the
Tis. rows, whereas the dark rows are due to the Oy, rows. The
bright protrusion on the dark rows were identified as BOVs, (la-
beled Oy,.) part of which are filled by dissociative adsorption of
water. Figures b and d show the same area of the surface after ex-
posure to oxygen at 300 K. Oxygen was dissociated in some BOVs,
which is indicated by the disappearance of a BOV with a bright
protrusion on a Tis. row nearby. Furthermore, oxygen dissocia-
tion to pairs of O.q adsorbed at Tis. is observed. Figures ¢ and
d have additional markings to illustrate the effects. Reproduced
from Ref.[?”) with permission from the PCCP Owner Societies.
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4.3 Surface chemistry of oxygen

The « species was found to be active for CO photo oxidation whereas the /3
species is inert. Later results by Rusu et al.[®® have indicated two low tem-
perature species a; and as which coexist on the surface but show different
photo desorption cross sections. The two species were attributed to adsorp-
tion at different defect sites. ESD experiments have confirmed the thermal
conversion of the adsorbed oxygen: an oxygen species which is formed upon
heating desorbes more slowly in ESD spectra than oxygen adsorbed at low
temperatures. [156]

The adsorption of molecular oxygen was further studied by Hartree Fock (HF)
and DFT calculations.®"1%8) HF calculations on a cluster model have sug-
gested a charge transfer from defects to the oxygen molecule. Based on the
oxygen coverage, the calculations have indicated that oxygen adsorbs as a per-
oxo 027, a superoxo O, or a neutral O, species at BOV and Tis, sites.57]
DFT calculations further suggested an oxygen tetramere which binds to a BOV
and a neighboring Tis.. [ In a combined STM and DFT paper, Tan et al.['%]
have suggested that oxygen adsorbes in a side on 1, geometry at BOVs, which
leans to a neighboring Tis. before dissociation.

Though it is generally accepted that oxygen is stabilized by charge transfer,
it is under dispute weather interstitials or BOVs donate this charge. 151160
Oxygen was found to dissociate in BOVs which heals the vacancies and leaves
oxygen adatoms. However, only half of the BOVs were filled upon dissocia-

n. [119129,130,161,162] * Ty et al. [129) concluded that dissociation of oxygen re-

[130]

tio
quires charge from more than one BOV per molecule, instead Wendt et al.
proposed, that actually interstitials donate the necessary charge:

The influence of BOVs and interstitials was studied by comparing surfaces with
different BOV densitities. 193165 Petrik et al.l'63 prepared a "stochiometric"
surface: they first adsorbed water, which dissociated at the BOV sites, and
removed the resulting surface hydroxyl groups in a reaction with oxygen. They
compared the oxygen uptake of this surface with a defective annealed surface
and strongly defective surfaces, which they had created by bombardment with
electrons. The oxygen capacity of the sample has been observed to increase
with defect densities: the stochiometric surface showed almost no oxygen up-
take whereas the bombarded surface showed a much higher capacitance than
the annealed surface. Yim et al.['04 studied the effect of electron bombard-
ment and oxygen exposure on the surface band gap state corresponding to
O(2p) and Ti(3d) in UPS. Oxygen exposure was found to quench the state
whereas electron bombardment produced more defects. Therefore, Yim et al.
concluded that BOV are responsible for the band gap state.

Wendt et al.['3] first suggested, that interstials are involed in the adsorption
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of oxygen based on STM and PES. They observed that the defect state is
neither quenched by healing vacancies through dissociation of water nor on an
almost stochiometric surface prepared by a method which is similar to the one
used by Petrik et al. Based on the oxygen dissociation channel on Tis. atoms
and the formation of TiOy islands they proposed that near surface interstitials
are the involved charge donors. Lira et al.'% showed that molecular oxy-
gen desorption at 410 K only scales with BOV density for low densities but
declines at higher densities. This observation is inconsistent with the model
of oxygen adsorbing only at BOV sites. They concluded that the amount of
molecular oxygen increases, as the amount of stabilizing charge available from
interstitials increases with defect density, but at higher defect densities the
dissociative adsorption becomes more pronounced and consumes the oxygen.

Recently, the role of step edges on the adsorption of oxygen has been stud-
ied. %% Though step edges are reduced and show a similar reactivity to alcohols
like BOV, less molecular oxygen desorption in TPD spectra was observed from
misscut crystals with high step edges density. 196167 Furthermore, fewer TiOy
islands were observed in STM after an oxygen TPD, during which the crystal
was heated to 500 K. In agreement with observations by Stone et al.[33 this
suggests, that step sites are highly active for dissociative adsorption of oxygen.
In contrast to the effect on adsorption of oxygen, the role of interstitials in re-

d. [113,131,133,168-170] T} 6 meachanism has

oxidising the crystal is well establishe
been reported to involve diffusion of interstitials to the surface and reaction
with oxygen from the gas phase. Depending on the bulk defect density and
temperature, different types of intermediate sub oxide structures have been ob-
served such as the above mentioned [2x1] reconstruction, a similar cross linked
added row structure’331%) and a rosetta structure.'?l Regular [1x1] terraces

133] The variety of the different observed

were reported to grow at step edges!
structures indicate that preparation of stoichiometric defect free surfaces is
challenging. Simply annealing a crystal in oxygen, which is often used in the

literature, has been found to result in an undefined surface. 13!

44



5 Reductive coupling of

benzaldehyde

In this chapter the reaction mechanism for the reductive coupling of ben-
zaldehyde to stilbene is studied. Previous temperature programmed reaction
spectroscopy (TPRS), scanning tunneling microscopy (STM) and density func-
tional theory (DFT) results have suggested a reaction mechanism which is me-
diated by interstitials. 28138139 A gstilbene diolate intermediate was proposed
(figure 5.1), but not experimentally confirmed. In this chapter, experimen-
tal evidence will be given for an intermediate stilbene diolate using infrared
(IR) spectroscopy including studies on the influence of interstitial defects on
its formation and reaction. The concentration of the intermediate scales with
the bulk defect density which demonstrates the importance of bulk defects in
surface science. The results in this chapter were published in Chemistry - A

European Journal. 17!

5.1 Surface chemistry of carbonyl components

Several reactions such as low temperature oxidation, solar fuel generation or
photo oxidation of organic components involve oxygenates such as aldehy-
des, ketones or alcohols as intermediates. Therefore, the surface chemistry
of oxygenates, especially of aldehydes and ketones, is of general interest for
applications in heterogeneous catalysis and photo catalysis. To name one ex-
ample, gold nano particles supported on titania show a high reactivity for low
temperature oxidation'® and acetone and acetaldehyde oxidation are used as
benchmark reactions to evaluate the efficiency of new photo catalysts. 9717173
This chapter focuses on the reductive coupling of benzaldehyde, which is an
excellent simple model reaction for carbonyl chemistry as it shows no side re-
actions on rutile(110). 138

Reductive coupling of aldehydes and ketones in solution is known as McMurry
reaction ™17 and uses TiCl, and Zn powder as reductive agents. A two
step mechanism was proposed: the first step is a pinacol coupling reaction

to the 1,2-diolate. Electron transfer from low-valent Ti yields radicals, which

45



5 Reductive coupling of benzaldehyde

dimerize forming the diolate. This intermediate was found in the reaction so-
lution. '™ The second step is the deoxygenation of the diolate which yields the
olefine. This step was proposed to occur on Ti° particles.['™ Of all transition
metals, titania shows the highest reaction yield in deoxygenation.'7!

[108,178-181] sty died the reductive coupling of benzaldehyde and ac-

Idriss et al.
etaldehyde on titania powders and sputtered, not annealed rutile(001) crystals.
They found that the reaction occurs on the freshly sputtered and therefore pre-
sumably amorphous surface.®¥ Annealing the crystal reoxidizes the surface,
which in turn reduces the reaction yield. X-ray photo electron (XPS) spectra
of the sputtered surface show Ti' to Ti'V signals but no Ti’.['%) Thus, in con-
trast to the proposed mechanism for the McMurry reaction in solution, no Ti’
is needed for the coupling on titania(001). Near edge X-ray absorption fine
structure (NEXAFS) spectra support stilbene diolate as an intermediate for
the coupling of benzaldehyde on the sputtered rutile(001) surface. 52 Besides
the coupling products, Idress et al.'™ observed (1) mono-molecular reduction
e.g. to toluene for benzaldehyde and ethanol in the case of acetaldehyde, (2)
benzene and styrene which they attributed to a stilbene decomposition and (3)
aldol condensation to crotonaldehyde for acetaldehyde. The coupling to stil-
bene is less favorable on powders than on single crystals compared to the side
products. Ceria and ironoxide powders show similar reactions as the titania
powder samples. The cross coupling product 1-phenyl-propene from coupling
of benzaldehyde with acetaldehyde is observed as well.

On rutile(110) Qiu et al.[®3 suggested that formaldehyde polymerized on sur-
faces which had been annealed in oxygen. Furthermore, they observed a high
temperature formaldehyde species and ethylene desorption on an ion bom-
barded surface. The polymerization product paraformaldehyde was identified
from the v(C — O) signals in high resolution electron energy loss spectroscopy
(HREELS). However based on DFT calculations, Haubrich et al. ¥l later sug-
gested an 7, — formaldehyde species which binds to Tis. and Og,. This species
is consistent with the CO signals, which were observed in HREELS as well.

5.2 Previous work

Previous work on the McMurry-like reductive coupling of benzaldehyde [28:138:139)

and acrolein [137]

on the vacuum annealed rutile(110) surface suggested an in-
terstitial mediated reaction mechanism which involves a reaction intermediate.
In the first step, benzaldehyde was proposed to adsorb on the surface and to
be stabilized by an interstitial. Upon heating, two adsorbed benzaldehyde

molecules couple to form a surface bound dimer, which is presumably a stil-
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Figure 5.1: Stilbene diolate intermediate proposed by DFT calculations. [100-171]

The stilbene diolate binds to Tis. atoms and is stabilized by an in-
terstitial. Upon heating the diolate is either reduced to stilbene
leaving a new titania islands on the surface or dissociates and des-
orbs as benzaldehyde. Adapted with permission from L.Benz, J.
Haubrich, S.C. Jensen, C.M. Friend, ACS Nano, 2011, 5, 834-843.
Copyright 2011 American Chemical Society.

bene diolate. After further heating, the intermediate either falls apart and
releases benzaldehyde, or reacts with the interstitial to the coupling product
stilbene. The oxygen atoms of the carbonyl group remain on the surface form-
ing new titania islands on the (110) terraces.

TPR spectra (figure 5.2)' show three desorption signals for benzaldehyde
(m/z 106): a multilayer signal at 190 K, a molecular species, which shifts in
desorption temperature from 380 K to 350 K and a high temperature species
at 485 K.?8 The molecular species has been assigned to adsorption on Tis,
rows, the coverage depending temperature shift was suggested to indicate re-
pulsive interaction between the adsorbed molecules. The high temperature
signal coincides with desorption of stilbene (m/z 180) at 500 K. The common
desorption temperature was proposed to indicate a common precursor state
on the surface. 8!

Bridging oxygen vacancies (BOV) were suggested not to be involved in the
reductive coupling of benzaldehyde.?8! If BOVs were the active site, water
coadsorption would have quenched the reaction. Water is known to adsorb
dissociatively in BOV and would compete with benzaldehyde for those sites,

which was not observed in TPRS experiments with predosed water. ¥ In con-

!The peak temperatures reported here are from reproducing the TPRS results in the vac-
uum chamber in Oldenburg. No calibration to the previously reported temperatures was
done for a better comparision with the temperatures used in the later IR experiments.
The errorbar of the temperatures given herein is +20 K.
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Figure 5.2: TPR spectra of benzaldehyde adsorbed on the vacuum annealed
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rutile(110) surface for increasing exposure. Three desorption sig-
nals are observed: a condensed multilayer signal at 190 K, a physi-
sorbed species which shifts from 380 K to 350 K with increasing
coverage and a high temperature species which desorbs at 485 K
independantly of coverage. The high temperature species coincides
with stilbene desorption at 500 K. No other reaction prodcuts were
observed. These own spectra reproduce results from Benz et al. 8l
Benzaldehyde was exposed via a 20 pm pin hole at a pressure of
0.1 mbar (see section 3.5). The crystal was reduced by 50 prepa-
ration cycles.



5.3 Adsorption and reaction of benzaldehyde on reduced rutile(110)

trast, stilbene formation was observed in consecutive TPRS experiments with-
out intermediate heating to restore the BOVs. This observation indicated that
BOVs are not consumed in the reaction. Furthermore, no benzaldehyde ad-
sorption in BOVs was observed in STM. [138]

The involvement of interstitials has been strongly suggested by STM images,
which have shown the growth of new islands on the terraces after desorption of
stilbene, and the quenching of the reaction by oxygen.?® Wendt et al.['3% ob-
served similar islands after exposing a rutile(110) surface to oxygen and heating
to 448 K. They concluded that these islands form by oxidation of interstitials
which diffuse onto the surface. Dosing oxygen prior to benzaldehyde was ob-
served to quench the high temperature benzaldehyde signal and the stilbene
formation in TPRS. This observation suggested that oxygen competes with
benzaldehyde for the charge donated by interstitials. Thus, without the inter-
stitials charge no intermediate has been formed on the surface. The surface
reactivity was restored in a consecutive TPRS experiment which suggested,
that interstitials diffuse from the bulk to the surface.

STM studies (figure 5.3) visualized the pairing of benzaldehyde on the sur-
face. 138139 After adsorption, benzaldehyde has been imaged as round features
centered on the Tis. rows, which diffused across the surface at room temper-
ature. After heating, new elongated features appeared along the rows which
suggested the formation of dimers. In agreement with TPRS experiments,
no dimers were observed when benzaldehyde was adsorbed after exposing the
surface to oxygen. Exposing the dimers to oxygen was reported to induce
desorption of benzaldehyde, which illustrated to competition of oxygen and

benzaldehyde for the surface charge of interstitials. 3]

5.3 Adsorption and reaction of benzaldehyde on
reduced rutile(110)

In contrast to metal surfaces, IR spectra on dielectric surfaces give additional
information on the orientation of the adsorbed dipoles. The surface selec-
tion rule for dielectric surfaces, which was derived in section 2.3, states that
dipoles aligned parallel and perpendicular can be detected. Absorbance spec-
tra recorded with p-polarized light show negative peaks for dipoles oriented
perpendicular to the surface. Dipoles aligned parallel to the surface and paral-
lel to the plane of incidence appear as positive peaks. Dipoles oriented parallel
to the surface but perpendicular to the plane of incidence are observed as neg-

ative peaks in s-polarized spectra. The results presented herein were recorded
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5 Reductive coupling of benzaldehyde

Figure 5.3: STM image indicating pairing of benzaldehyde: a) STM image

50

of benzaldehyde adsorbed on TiO,(110), heated to ~ 350 K and
imaged at 50 K. b) Detail scan of paired features (21 A x 14 A).
The green markings suggest the postition of Tis.. Adapted with
permission from L.Benz, J. Haubrich, S.C. Jensen, C.M. Friend,
ACS Nano, 2011, 5, 834-843. Copyright 2011 American Chemical
Society.
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Figure 5.4: p- and s-polarized IR spectra of benzaldehyde adsorbed at 110 K

show three carbonyl species: a mulitlayer signal at 1695 cm™!, a

physisorbed species at 1685 cm™! and a species presumeably ad-
sorbed at defect sites at 1660 cm™!. The 1705 cm ™! signal is most
likely an artifact (see section 3.7). Benzaldehyde was exposed via
a 20 um pin hole at a pressure of 0.1 mbar (see section 3.5). The
crystal was reduced by 60 preparation cycles.
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5 Reductive coupling of benzaldehyde

with the plane of incidence parallel to the <001> direction which is parallel
to the bridging oxygen rows on the surface.

IR spectra of benzaldehyde adsorbed at 110 K (figure 5.4) show three car-
bonyl (C=0) species: a mulitlayer signal at 1695 cm™!, a physisorbed species
at 1685 cm ™! and a species presumeably adsorbed at defect sites at 1660 cm ™1
(see table 5.1 for an overview of all signals). The mulitlayer signal appears at
high coverages as positive signal in p-polarized spectra and a negative signal in
s-polarized spectra. This observation indicates that the carbonyl group of this
species is aligned parallel to the surface. Heating to the multilayer desorption
temperature in TPRS (200 K) removes the signal. The two other species ap-
pear as negative signals in p-polarized spectra and a broad unresolved signal in
s-polarized spectra, which indicates an alignment mostly perpendicular to the
surface. The 1685 cm™! species is barely shifted from the liquid phase spec-
tral'84 at 1703 cm~! which indicates a weak binding to the surface. Therefore,
this species is most likely due to physisorption at Tis. atoms as observed in
STM images. 8 Qiu et al'®3 observed a signal at 1694 cm ™" for physisorbed
formaldehyde adsorbed on oxygen annealed rutile(110). The second benzalde-
hyde species at 1660 cm™! is more strongly shifted which suggests adsorption
at more strongly binding defect sites. Haubrich et al.[*8] predicted a stabi-
lization effect for formaldehyde adsorption by a sub-surface interstitial. The
calculated mode shifts from 1694 cm~! for formaldehyde bound on Tis. on
the stochiometric surface to 1640 cm™! for adsorption with a subsurface in-
terstitial in a <110> channel, or 1658 cm ™! with an interstitial between two
<110> channels. Henderson!'®? observed for acetone a shift of the carbonyl
signal from 1690 cm™! to 1660 cm ™! upon heating to 285 K. The adsorption at
defect sites is probably hindered for acetone at high coverages by intermolec-
ular repulsion, which is resolved by partly desorbing acetone at 285 K. At this
temperature only a stabilized species remains on the surface in agreement with
TPRS results. %%

The IR spectrum recorded after heating to 300 K (figure 5.5) provides fur-

! species to adsorption at

ther evidence for the assignment of the 1660 cm™
interstitial defect sites: the IR signal at 1685 cm™! gets weaker after heating
to 300 K which indicates that the more weakly bound species desorbs faster
than the stabilized species, which remains on the surface. This observation
suggests that the stabilized species is the one which is reduced to the dimer.
As the involvement of interstitials has been established ?®138 and will further
be confirmed in the following section, this finding further supports assignment
to the adsorption at interstitial defect sites.

Other possible explanations for the stabilized species include a resonance effect
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Figure 5.5: p-polarized IR spectra recorder after heating to increasing temper-
atures. The IR spectra were recorded after adsorption of a sub
saturation coverage of benzaldehyde (see 20 s dosage in figures 5.2
and 5.4) and heating to the given temperatures. Upon heating
to temperatures above 300 K, the benzaldehyde signals disappear
and a new alkoxy signal around 1100 cm™! appears. Signals ob-
served for benzaldehyde are assigned to the carbonyl stretch modes
at 1695, 1685 and 1661 cm ™, the phenyl ring modes at 1601 and
1585 ecm'and the C—C stretch modes between the phenyl ring
and the carbonyl carbon atom at 1220 cm™!(see table 5.1). The
crystal was reduced by 65 preparation cycles.
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5 Reductive coupling of benzaldehyde

in a physisorbed dimer or an intra molecular resonance effect. A similar signal
at 1663 cm~! is observed in liquid film spectra of benzaldehyde, 8% but not

186] The presence of the signal at higher con-

in spectra of a diluted solution.!
centrations suggests a hydrogen bridge bonded dimer, which is confirmed by
DFT calculations for gas phase benzaldehyde.'87) However, this dimer prob-
ably could not bind to the surface due to steric hindrance and is therefore
discarded here. An intra molecular resonance effect involves the collective ex-
citation of vibrational modes and is discarded based on the different desorption
behavior (figure 5.5): at 300 K the physisorbed species is partly desorbed in
contrast to the stabilized species. If the two signals were due to an intra molec-
ular resonance effect both signals should disappear simultaneously.

Upon heating to temperatures above 300 K, the benzaldehyde signals disap-

pear and new alkoxy signals at 1100 cm™*

appear (figure 5.5). These results
are in agreement with the TPRS results (figure 5.2): At the onset of desorption
of the physisorbed benzaldehyde species in TPRS at 300 K, the carbonyl sig-
nals begin to disappear. No carbonyl signal is observed at 400 K, even though
benzaldehyde desorbs at 485 K in TPRS. Instead, new signals at 1100 cm ™! ap-
pear. These signals indicate an alkoxy species (C—O) based on similar signals
at 1113 and 1153 cm™! which are observed for adsorption of formaldehyde
on rutile (110) in HREEL spectra.*31%3 Qiu et al.['®3 attributed these sig-
nals to the polymerization product para-formaldehyde. The alkoxy signals of
di-benzyl-ether in liquid films are observed at 1095 and 1072 cm~!.1'%4 In con-
clusion, the high temperature species observed in TPRS is chemically bound
to the surface and the carbonyl group is reduced to an alkoxy group. Together
with the previous STM results, these spectra provide strong evidence for the
proposed stilbene diolate intermediate (figure 5.1). 138

Besides the carbonyl signals, IR spectra of benzaldehyde show signals of the
phenyl ring at 1601 cm™! and 1585 cm™! and the C-phenyl strech mode at
1220 cm~!. The signals appear as negative signals in p-polarized spectra,
indicating the phenyl ring stands mostly perpendicular to the surface in con-
trast to metal surfaces where it often lies flat. 188 The wavenumbers are barely
shifted compared to the reference spectra, which indicates a minor influence of
adsorption. The phenyl ring modes in benzaldehyde show a relatively strong
signal which suggests that the carbonyl group induces a strong dipol moment

due to the conjugated m-electron system. For the stilbene diolate no phenyl

signals are observed.
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Figure 5.6: Photos of the used rutile(110) crystal after 10, 20, 30, 40, 50 and
60 cycles of argon bombardment and annealing at 600°C. The blue
color indicates the presence of bulk defects.

Table 5.1: Overview of observed signals and references taken from the Spec-
tral Database for Organic Compounds (SDBS) and National In-

stitute of Standards and Technology (NIST).[!84186] Formaldehyde
and aceton are references from HREELS data, all data given in

-1

cm

measured SDBS[84T NISTI62 formalde- acetone 18]
hyde!182]

carbonyl | 1685, 1703, 1708 1694 1690, 1660*
1660 16643

phenyl | 1601, 1597, 1587, |- A

ring 1585 1584 1549

phenyl-C | 1220 1204 1202 - -

alkoxy ~ 1100 1095, - 1113, 1153°¢ -

10725

I benzaldehyde liquid film

2 benzaldehyde 2% solution

3 presumeably a monomer and a dimer, see text
4 shifts to 1660 cm~! after heating to 285 K [187]
5 dibenzylether, liquid film

6 from para-formaldehyde after heating, Vasym and Vgym

5.4 Influence of bulk defect density

In order to further study the role of bulk defects and their influence on the

reaction yield, experiments on a crystal with an increasing bulk reduction were

conducted. A rutile(110) crystal was reduced by repeated cylces of ion bom-

bardment at 1 kV at room temperature and tempering at 873 K (see section 3.3

for details). It is known that this preparation procedure introduces bulk de-

fects (section 4.2). The density of these defects can be judged by the gradually

darkening blue color (see figure 5.6). Special care was taken to prevent expo-

sure to oxygen, e.g. no experiments with coadsorbed oxygen were conducted,
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to prevent reoxidation of defects. Further quantification of the bulk defect
density was not possible with the available methods: a titration of BOVs with
water was not possible. This method relies on the ratio of a high temperature
TPD signal from hydroxyl recombination from BOV sites to the total amount
of water desorbing from the surface. In this case the recombination signal was
covered up by the pump tail of the physisorbed water signal and could there-
fore not be quantified. Electron paramagnetic resonance (EPR) measurement
to quantify the amount of Ti** was not possible as the crystal would have to
be characterized ex-situ and cut to fit into the EPR test tube. Exposure of the
crystal to oxygen would have falsified the results. Furthermore, a new crystal
would have to be used for every reduction step which would involve issues with
the reproducibility of the reduction procedure. Exposure to oxygen is an issue
for XPS or STM experiments as well, as for these methods the sample needs
to be transfered to another vacuum system. Furthermore, these methodes, like
the titration of BOVs with water, would only quantify the amount of (near)
surface defects, which are presumably extremely prune to reoxidation upon
oxygen exposure. For this work however, the density of bulk defects is more
important.

p-polarized IR spectra of the carbonyl signal recorded after adsorption at 110 K
for each reduction step show no measurable influence of the bulk defect density
on adsorption. As one of the two signals is tentatively assigned to adsorption
of benzaldehyde at defect sites, the intensity of this signal should increase
compared to the physisorbed signal. Based on DFT calculations, Deskins et
al.*Y proposed that BOV would donate their charge to form Ti** defects on
regular Ti sites. These defects have been found to be most stable at the first
sub-surface layer. The crystal structure at the surface was proposed to be
more flexible than in the bulk and therefore could compensate more easily for
the pertubation by the defect. Though the model used by Deskins et al. only
considers BOV as charge donors for the formation of the point defects, Finazzi

et al.[14%]

showed that interstitials additionally donate charge to neighboring
Ti atoms. Based on the aforementioned assumption that one of the carbonyl
signals is due to adsorption at defect sites, this would indicate, that the avail-
able defects at the surface saturate quickly during annealing, even after 10
preparation cycles. A light blue color after 10 preparation cycles confirms the
presence of various kinds of defects as seen in the first image on the left in
figure 5.6.

The lack of dependency between bulk reduction and absorbance of the car-
bonyl modes indicates that the optical properties, e.g. the dielectric constant,

of the titania crystal do not change significantly in the IR wavelength range,
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Figure 5.7: p-polarized IR spectra of a sub saturation coverage of benzalde-
hyde (see 20 s dosage in figures 5.2 and 5.4) adsorbed on a crystal
with increasing bulk defect density shows no measurable effect on
adsorption at 110 K.
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Figure 5.8: Influence of bulk defect density on intermediate formation - p-
polarized IR spectra of a sub saturation coverage of benzaldehyde
(see 20 s dosage in figures 5.2 and 5.4) adsorbed on a crystal with
increasing bulk defect density recorded after heating to 400 K show
an increase in the intensity of the alkoxy signal around 1100 cm™!.

even tough the blue color indicates an impact of bulk defects in the visible
range. This observation refutes the interpretation for the observed switching
between a positive and a negative signal in absorbance spectra of NO adsorp-
tion on oxidized and reduced titania by Xu et al.’/ Their model to explain
the observed sign reversal is incomplete as it does not consider the x and z
components of the p-polarized electric field separately. Furthermore, they used
crystals prepared by annealing in oxygen which, as discussed in section 4.3,
creates an undefined rough surface. Such a surface has a high concentration
of step edges which could shift the relative abundance of molecules adsorbed
perpendicular to the surface at terrace sites to adsorption mostly parallel to
the surface at kink sites.

The yield in stilbene and stilbene diolate intermediate scales with the bulk
defect density (figure 5.8), which confirms the importance of bulk defects. The
intensity of the alkoxy signal in IR spectra of benzaldehyde, which was heated
to 400 K, increases with the number of preparation cycles (figure 5.8). Quan-
tification of IR spectra in reflectance is unreliable. Although the absorbance
is in principal proportional to the number of dipoles (see equation 2.13), small

changes in alignment of the dipole with respect to the surface can severely
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5.4 Influence of bulk defect density
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Figure 5.9: TPR spectra of a sub saturation coverage of benzaldehyde (see 20 s
dosage in figures 5.2 and 5.4) adsorbed on a crystal with increasing
bulk defect density. The stilbene signal scales with increasing bulk
defect density. The high temperature benzaldehyde desorption sig-
nal peaks after about 30 preparation cycles.
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Figure 5.10: TPRS stilbene yield from figure 5.9 and integrated intensity of
the alkoxy signal from figure 5.8 show that the stilbene yield and
apparent concentration of the intermediate scale with the bulk
defect density.
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5 Reductive coupling of benzaldehyde

change the absorption cross section, which falsifies the result. Herein, TPRS
results confirm the influence of the defect density (figure 5.9). The high-
temperature benzaldehyde desorption signal increases with defect density; a
maximum is observed after 30 cycles. In contrast, the stilbene desorption
increases continuously. The IR spectra indicate that with increasing defect
density, the amount of stilbene diolate that forms on the surface increases.
Therefore, the yields in the high temperature benzaldehyde desorption and
stilbene desorption in TPR spectra increase as well. The stilbene diolate ei-
ther dissociatively desorbs as benzaldehyde or reacts to form stilbene. Both
reaction channels compete with each other. At higher defect concentrations
the reduction to stilbene benefits from additional charge and ultimately domi-
nates the dissociative desorption pathway. This model explains the saturation
of the benzaldehyde desorption. The common scaling of the stilbene diolate
and the stilbene yield in TPRS further confirm that the diolate is a reaction
intermediate and not a side product formed on the surface.

The quantification of the TPR spectra used in the previous paragraph relies
on an estimated value for the ionization cross sections and uses the NIST frag-
mentation pattern as reference (see section 3.6).[34] Despite the uncertainty
about the absolute stilbene yield, the deviation is expected to be systematic.
Therefore, this model is sufficiently precise to reproduce general trends. For
the analysis, the integrated desorption signal of m/z 106 for benzaldehyde for
temperatures above 250 K was compared to the integrated desorption signal
of m/z 102 for stilbene. This mass fragment was used instead of the shown
m/z 180 parent ion to minimize the influence ot the mass dependent sensitiv-
ity of the quadrupole mass spectrometer. The signals were corrected for the
ionization cross sections and the relative fragmentation probability calculated

from NIST reference mass spectra. 34

5.5 Oxygen

In agreement with previous results, no stilbene is formed from reductive cou-
pling from a surface covered with oxygen.?®! In TPR spectra with preadsorbed
oxygen (figure 5.11) neither stilbene nor the high temperature benzaldehyde
signal are observed.?® This concurs with previous TPRS results and STM re-
sults which indicated that no dimer forms under such conditions. 23138139 The
oxidation of interstitials by coadsorbed oxygen is the faster reaction. Recent
STM results showed that this reaction occurs at 180 K, whereas the reaction
with benzaldehyde is neglectable below 300 K (figure 5.5).['%) The low tem-

perature benzaldehyde species signal is more intense than in the case of the
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Figure 5.11: TPR spectra of a sub saturation coverage of benzaldehyde (see
20 s dosage in figures 5.2 and 5.4) with coadsorbed oxygen show
no stilbene formation. A spectrum with 30 L oxygen adsorbed
prior to oxygen exposure only shows the low temperature signal
(blue graph). Oxygen exposure at 300 K after adsorption of ben-
zaldehyde does not quench the stilbene yield. The crystal was
reduced by 75 preparation cycles.

TPR spectrum without coadsorption of oxygen, which further indicates that
less benzaldehyde has reacted. IR spectra (figure 6.4) show an oxidation to
benzoic acid, which will be discussed in the following chapter.

The benzaldehyde desorption signal shifts slightly to higher temperatures with
preadsorbed oxygen and has a high temperature desorption tail, which suggest
a stabilisation effect of coadsorbed oxygen on benzaldehyde. A similar effect
was observed for acetone. ' Based on DFT calculations, Plata et al.[*) pro-
posed a stabilization mechanism for acetaldehyde based on charge transfer.
Upon adsorption the carbonyl group transfers charge to titanium atoms which
accumulates at the surface and reduces the binding energy for further adsor-
bates. Oxygen withdraws this charge and therefore enhances adsorption of
high coverages on the surface. ')

In contrast to previous STM results, oxygen from the gasphase is not observed

to react with the interstitials once the stilbene diolate has been formed. 139

For the red TPR spectrum in figure 5.11 benzaldehyde was adsorbed on the
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Figure 5.12: IR spectra of the effect of post dosed oxygen on the stilbene di-
olate. The stilbene diolate was exposed to 300 L of oxygen at
various temperatures. No measurable change in intensity is ob-
served compared to the reference experiment. For the control ex-
periment, the sample was heated to 400 K for five minutes, which
is the same thermal treatment as used during dosing oxygen at
this temperature. The stilbene diolate coverage was prepared by
heating a sub saturation coverage of benzaldehyde (see 20 s dosage
in figures 5.2 and 5.4) to 300 K prior to exposing the sample to
oxygen. The crystal was reduced by 80 preparation cycles.

surface and then heated to 300 K to form the stilbene diolate intermediate.
The intermediate was then exposed to 300 L of oxygen at 300 K to repro-
duce the reaction conditions used by Jensen et al.!'3*] Due to the temperature
treatment, the low temperature species completly desorbes. However, both
stilbene and high temperature benzaldehyde species are observed. Even more
stilbene is formed than in the reference experiment. During heating to 300 K
for 5 min for the oxygen exposure, more interstitials diffuse to the surface and
are available for the reaction.

The TPRS results are confirmed by IR spectra (figure 5.12), which indicate the
presence of the stilbene diolate after oxygen exposure. Changing the oxygen
exposure temperature shows no significant effect on the diolate signal. There-
fore, the inconsistency in the results is not due to a problem with temperature
calibration. A slight reduction in intensity is observed when the sample was

exposed to oxygen at 400 K. However a control experiment showed that this
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effect is due to thermal desorption. For the control experiment the sample was
heated to 400 K for five minutes, which is the same thermal treatment as used
during dosing oxygen at this temperature.

An explanation could be the different sample preparation: The rutile crys-
tal used in theses experiments is highly reduced which suggest that there are
plenty of interstitials available for the reaction. All interstitials consumed by
reaction with oxygen are therefore replenished by the bulk. Assuming the crys-

139 was less reduced, in their case fewer interstitials

tal used by Jensen et al.!
were available for the reaction and the bulk defect reservoir could not sustain

the surface defect density.

5.6 Conclusion

In summary, the herein presented results confirm the stilbene diolate interme-
diate and the involvement of interstitials in the reductive coupling of benzalde-
hyde to stilbene. The conversion of the adsorbed benzaldehyde to an alkoxy
species is demonstrated in the heating experiments (figure 5.5) and the role of
interstitials by the experiments on crystals with increasing bulk defect densi-
ties (figure 5.10). Upon heating the sample, benzaldehyde desorbs or reacts
forming the alkoxy species, which presumably is the stilbene diolate. The yield
of this intermediate as observed in IR sepctra and stilbene observed in TPR
spectra scales with the bulk defect density.

The nature of the two adsorbed benzaldehyde species could further be studied
by preparation of defect rich or defect free surfaces. Such surfaces could be
prepared by oxidation of the crystal, electron or ion bombardment. However,
these procedures are known to change the surface structure significantly. 3],
Thus, meaningful results can only be obtained by cross checking the surface
topology by scanning probe microscopy, which was not available in this study.
This work validates IR spectroscopy as a method to study reactions on tita-
nia and proofs its value especially when it comes to the chemical structure of
an adsorbate. The results confirm previous TPRS, DFT and STM work. No
measurable effect of the bulk defect density on the optical properties in the

used spectral range is observed.
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6 Oxidation reactions on
rutile(110)

Titania is a particularly interesting candidate for redox catalysts, because it is,
in contrast to e.g. magnesia or alumina, a reducible oxide.**! Reducible oxides,
other examples include ceria or vanadia, are easily reduced to lower oxidation
states, and can therefore act as a charge buffer during redox reactions.%!
One prominent example is the catalytic low temperature CO oxidation by
gold nano particles supported on titania in which titania has been proposed
to activate oxygen dissociation. ' Oxygen species, such as molecular oxygen,
oxygen adatoms (O,q) or peroxide species (OOH) are key intermediates in
various reactions: For example, O,q react as bases or nucleophiles on coinage
metal surfaces: It has been shown that O,q on gold react with methanol to
adsorbed methoxy, which in turn reacts to methylformate. 192194

Besides their importance for thermal chemistry, oxygen species are also in-
volved in surface photo chemistry. Oxygen is discussed as an electron acceptor
which prevents exiton recombination in hole mediated photo oxidation reac-
tions. "% Besides this indirect role as electron scavenger, oxygen also is directly
involved in the photo oxidation of acetaldehyde. Zehr and Henderson!'™ have
shown that oxygen reacts with the adsorbate to form a photo active interme-
diate, which in turn decomposes under UV illumination. 172

Furthermore, the effect of oxygen coadsorption on chemical reactions is im-
portant to understand differences between UHV studies on model systems and
applications under more realistic conditions, as oxygen and water are om-
nipresent in technical applications. For example, oxygen competes with ben-
zaldehyde for the reaction with interstitials on titania and thus quenches the
reductive coupling to stilbene which was confirmed by IRRAS in the previous
chapter. [28:139)

In this chapter, the reaction of oxygen with both coadsorbed benzaldehyde and
coadsorbed acetone is studied using temperature programmed reaction spec-
troscopy (TPRS), infrared reflection absorption spectroscopy (IRRAS) and
density functional theory (DFT) in order to identify the chemical properties of

various oxygen species adsorbed on titania. The herein presented results give
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6 Oxidation reactions on rutile(110)

evidence that molecular oxygen reacts as a radical and oxidizes the adsorbates
to the corresponding carboxylate. On the other hand, the role of O,q is not as
clear. Presumably, they either react as nucleophiles with acetone to an acetal
which was proposed in the literature, or as base in an aldol-like reaction which

is suggested by the results presented herein.

6.1 Literature overview reaction of oxygen with

coadsorbats

Understanding the reactions of oxygen on titania is challenging as various oxy-
gen species coexist on the surface. It is known that depending on the adsorp-
tion temperature, the defect density and the surface preparation, molecular
and dissociative adsorption takes place at defect sites as discussed in section
4.3. Each oxygen species shows a different chemical behavior, e.g. they can
react as nucleophiles, Brgnsted bases or radicals. Unfortunately, this aspect
is often neglected and not systematically studied in the literature. Therefore,
the discussion of literature results in the following section is occasionally am-

biguous with respect to the involved oxygen species.

6.1.1 Carbon monoxide

Carbon monoxide can be accounted for the most intensively investigated probe
molecule in surface science and its role as intermediate in oxidation reactions

has stimulated numerous studies on titania: while the rutile(110) surface is

[195] the photo oxidation of

[196-198]

reported to be inert for thermal oxidation of CO,
CO at low temperatures is possible in the presence of molecular oxygen.
CO was reported to adsorb on the rutile(110) surface, which was annealed in
oxygen, at five fold coordinated titanium sites (Tis). 'l Though on a surface,
which was prepared in such a way, O,q were revealed by STM results (see
section 4.3),11% no CO, was observed in TPR spectra.['! Thus, CO is not
thermally oxidized by O.q. However, Lu et al. '35 reported that CO is ox-
idized by molecular oxygen (see section 4.3) upon UV exposure with energies
larger than 3.1 eV. This energy threshold indicated a substrate mediated photo
oxidation mechanism. As molecular oxygen requires defects for adsorption, this
reaction was only observed on the vacuum annealed surface.!'%” Isotopic la-
beling experiments have indicated the involvement of the adsorbed molecular
oxygen in the CO oxidation.

Petrik and Kimmel have concluded that the active species for CO photo ox-
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6.1 Literature overview reaction of oxygen with coadsorbats

idation at 30 K is molecular oxygen adsorbed at bridging oxygen vacancies
(BOV).[1981 At high oxygen coverages, the CO, photo stimulated desorption
(PSD) yield was observed to decrease as the sites next to BOVs were blocked
by extra oxygen molecules for CO adsorption. Angle dependent PSD experi-
ments showed a CO, desorption peak at 40° with respect to the surface and
perpendicular to the bridging oxygen rows. Based on this observation, Petrik
and Kimmel proposed a transition state, which forms as oxygen adsorbed at
a BOV site "leans" toward the carbon atom in a CO molecule adsorbed at a
neighboring Tis.. This intermediate is orientated perpendicular to the bridg-
ing oxygen rows and, therefore, explains the observed PSD angular distribu-

tion. [198]

6.1.2 Water

The interaction of water with coadsorbed oxygen is an excellent model system
to study the reactivity of the oxygen species as base. Furthermore, hydroxyl
and perhydroxyl species that are similar to the ones observed from this re-
action are expected due to the abstraction of hydrogen atoms from organic
molecules during oxidation reactions, e.g. in the radical oxidation of aldehy-
des (see figure 6.3):

Oxygen was observed to react with OH groups which were adsorbed in BOV
sites (OHy,) forming hydrogen peroxide species (HO;) and terminal OH groups
(OH,) which were both adsorbed on Tis. atoms. 12161 Water is known to dis-
sociate on a vacuum annealed surface in BOV which results in two hydroxyl
groups replacing oxygen atoms in the bridging oxygen rows (OH,,).[26:123:199]
Exposing this surface to oxygen has been observed to quench an OHy, re-
combination signal in TPRS at 520 K, whereas a new signal attributed to

(128 During this

decomposition of an intermediate species appeared at 300 K.
reaction, the excess charge from the defect states was consumed as indicated
by EELS spectra.['?8) Two types of intermediate species were observed in the
reaction at 300 K by STM: First, terminal hydroxyl groups adsorbed at Tis.
sites (OHy) which presumably formed from the reaction of O,q with OH,, and
second perhydroxyls (HO,), which have been proposed to form in the reaction

200 DFT calculations suggested, that the per-

[201]

of OHy, with molecular oxygen.
hydroxyl group is the energetically more favorable species.
Zhang et al.[?°?l observed that the various hydroxyl species did not diffuse in
STM images at room temperature, from which they concluded that the hy-
droxyl species bind strongly to the surface. However, molecular water, which

was more mobile, facilitated diffusion of these species and therefore catalyzed
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6 Oxidation reactions on rutile(110)

various reactions involving hydroxyls, oxygen and BOVs.!26202 For example
Zhang et al.?% observed an indirect diffusion mechanism for O,q into BOVs:
water dissociated at BOVs and the resulting bridge bound hydroxyl groups
reacted with O.q at Tis. to regenerate water at Tis..

The observation of features attributed to individual OH; in STM images at
room temperature, 2l even tough they should desorb based on the TPRS re-

sults, [128)

might be due to a low concentration of these groups. For desorption
as water, two OH; need to recombine leaving an O,q on the surface. However
due to low concentration, the OH; are isolated and thus cannot recombine.
Furthermore, these species are immobile and do not benefit from the catalytic
effect of molecular water as TPRS results indicated that molecular water does
not adsorb at room temperature. 123

Besides the thermal reactions, Perkins et al.?*¥! reported a product of a pho-
toreaction between oxygen and water, which is trapped at the interface below

a thick adsorbed ice layer and desorbs as oxygen in TPRS at 160 K.

6.1.3 Carbonyl compounds

The various oxygen species on the rutile(110) surface react as nucleophiles,
Brgnsted bases or radicals. Examples from organic chemistry for reactions
of carbonyl species are the base catalyzed aldol condensation, the Cannizzaro
disproportionation, which includes nucleophile reaction steps, or the radical
auto oxidation. Figures 6.1 to 6.3 show the surface bound analogues® of these
reactions: [176:177,204-206]

The aldol condensation (figure 6.1) is a coupling reaction of aldehydes and
ketones with acidic a-hydrogen atoms. A strong base abstracts such a hy-
drogen atom. The resulting resonance stabilized carbanion attacks a second
molecule at the carbonyl carbon atom as a nucleophile, forming a S-hydroxy
aldehyde. Water can be eliminated readily to give an «, f-unsaturated car-
bonyl compound. All reaction steps are reversible. 294207 The analogue base
catalyzed reaction for ketones, as shown in figure 6.1, is less favorable, as
van-der-Waals repulsion between the alkyl groups destabilizes the [-hydroxy
ketone intermediate. " However, aldol condensations with ketones are possi-
ble by using metal enolate intermediates. In this case, the metal ion stabilizes
the intermediate by binding to both oxygen atoms, which in turn compensates
the destabilizing effect of the alkyl groups.['™ A similar stabilization effect is
expected for the aldol reaction at a surface.

The Cannizzaro reaction (figure 6.2) is a disproportionation of an aldehyde

In the remainder of this chapter, the distinction between the conventional and surface
bound analogs of the reactions is neglected for better readability
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Figure 6.1: The surface analogue of the aldol condensation: The classical al-
dol condensation is a reaction of carbonyl components with acidic
a-hydrogen atoms.?%4 A strong base abstracts such a hydrogen
atom. The resulting carbanion, which is stabilized by resonance
to an enolate, attacks a second carbonyl carbon atom as nucle-
ophile. This results in a (-hydroxy ketone for the reaction of a
ketone. Finally, water is eliminated to form an enone in case of the
condensation of a ketone or an enal for the reaction of an aldehyde.

69



6 Oxidation reactions on rutile(110)

acetal

RTH R H

™ — X

<o ? Q Q
[ Tise Tise | | ':I'i5c 'i'isc I

R/ H R\ _H R R H
— A X
o (o I o° o WO o

[ Tisc Tise Tisc | [ Tiso Tise Tiso |

Figure 6.2: The surface analogue of the Cannizzaro reaction:242%! This reac-
tion is a disproportionation of an aldehyde forming the correspond-
ing alcohol and acid. It involves a nucleophile reaction with the
carbonyl carbon atom which produces an acetal intermediate.

forming the corresponding alcohol and acid. The reaction involves a nucle-
ophilic attack of a hydroxy ion or an O,q at the carbonyl carbon atom, which
yields an acetal. The rate determining step is the subsequent hydride transfer
to another aldehyde molecule, which is a second order reaction with respect
to the aldehyde concentration.?°42%! For a ketone the Cannizzaro dispropor-
tionation is not possible, but the analogue formation of a ketal? is expected.
Figure 6.3 shows an adaptation of the auto oxidation mechanism for alde-
hydes by molecular oxygen on titania.[7"2%] Molecular oxygen has unpaired
electrons and abstracts a hydrogen atom from benzaldehyde forming the allyl
radical and a hydroperoxide group. These species recombine forming perben-
zoic acid, which decomposes to benzoate and a terminal hydroxyl group.
Previous findings reported in the literature suggest that O,q on titania react
as Bronsted base.[16:126:208] For one thing, alcohols are deprotonated by O,q,
which yields the analogue alkoxy species on the surface. 26208 Therefore, O,q
could initiate an aldol condensation. The aldol condensation products of ace-
tone and acetaldehyde were observed on titania nanoparticles?%21% and on
the oxidized rutile(001) surface.'™ 81 However, neither the reduced nor ox-
idized rutile(110) surface show any condensation products.!'” Indications of
the initial aldol reaction step, the formation of the enolate, were reported by
Henderson. 2] He observed that O,q promote the H/D exchange of adsorbed

2As acetone is a ketone, it froms a ketal instead of an acetal. For better readability, the
distinction between acetal and ketal is negelected in the remainder of this chapter.
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Figure 6.3: A proposed radical oxidation mechanism for benzaldehyde based
on the auto oxidation mechanism for aldehydes by molecular oxy-
gen. 177206l Having an unpaired electron, molecular oxygen ab-
stracts a hydrogen atom from benzaldehyde forming the acyl rad-
ical and a perhydroxyl group. These species recombine forming
perbenzoic acid which decomposes to benzoate and a terminal hy-
droxyl group.
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acetone and proposed that an O,q abstracts one of the acidic a-protons, which
forms the n;-enolate. Deuterium is incorporated in the reverse reaction with
OD groups from D,O coadsorption. An alternative reaction mechanism which
was proposed by Henderson involves the formation of an acetone-oxygen com-
plex by a nucleophile attack of oxygen on the carbonyl carbon atom.?") This
complex isomerizes to a propenol intermediate, which also reacts with OD
groups.

A proposed nucleophilic reaction with an adsorbed oxygen species is the reac-
tion of acetone with coadsorbed oxygen to a photo active n*-acetal (referred to
as a diolate). [172173,185.212] TPR spectra have shown that acetone is stabilized
by coadsorbed oxygen. This stabilized species has been found to desorb at
375 K compared to 354 K, which is the desorption temperature on vacuum an-
nealed titania. Heating the oxygen covered surface to 460 K is known to remove
all molecular oxygen as indicated by TPRS and only leaves O,q."** However,
this pretreatment prior to acetone adsorption had no effect on the observed
stabilization, thus, it was concluded that this effect is due to O.q.?'? Un-
der UV illumination this diolate was reported to eject methyl radicals. 172173
Photo desorption experiments have shown that annealing acetone and oxygen
to 250 K prior to illumination increases the photo desorption yield of ejected

2121 Therefore, it was concluded that the formation of the

methyl radicals.
proposed acetal is a thermal reaction with coadsorbed oxygen, and that this
acetal is the photo active species.?'?! The activation temperature for this reac-
tion is consistent with the involvement of O,q as molecular oxygen dissociates
at temperatures as low as 150-180 K.[1®9 A similar reaction mechanism has
been proposed for the photo oxidation of butanone. 23!

Besides the above mentioned nucleophile reaction, acetone was reported to
be converted to acetate by molecular oxygen.*'? Annealing the preadsorbed
oxygen to 460 K is known to desorb all molecular oxygen from the surface and

212]

quenches the acetate formation from acetone.! Based on the well known

auto oxidation mechanism a radical oxidation mechanism (figure 6.3) is pro-

[177,206] Flectron paramagnetic resonance (EPR) and electron en-

posed herein.
ergy loss spectroscopy (EELS) spectra indicated that charge was transferred
from defect states to adsorbed molecular oxygen, which yielded a superoxide

1511528 Thig superoxide possesses an unpaired electron (like molec-

species O,
ular oxygen) which could abstract a hydrogen atom from an aldehyde forming
a perhydroxyl species and leaving an acyl radical. A similar hydrogen perhy-
droxyl species was reported for the reaction of water with oxygen.?°” Further-
more, in support of the acyl radical, Jenkins et al.["®! observed a peroxyacyl

radical, which formed from the reaction of the acyl radical with oxygen, in
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EPR spectra during photo oxidation of acetaldehyde on rutile powder. The
acyl radical itself was not observed in that study, the authors suggested that
it is too reactive to be isolated.] Another example that presumably involves
a radical mechanism, is the reported photo oxidation of propane by oxygen

o214

on anatas I' As alkanes are chemically inert, e.g. very weak acids, bases,

nucleo- or electrophiles, this reactions probably occurs via a radical mechanism

as well. [209]

6.2 Results

In this section the results for the oxidation of benzaldehyde (section 6.2.1)
and acetone (section 6.2.2) are presented. These probe molecules were chosen
because they show different chemical behavior: acetone has acidic hydrogen
atoms and is therefore a candidate for an aldol condensation. On the other
hand benzaldehyde has no acidic hydrogen atoms and therefore cannot undergo
an aldol condensation but should be more easily oxidized to the benzoate ei-
ther by radical oxidation or Canizarro disproportionation. Furthermore, both
adsorbates were previously studied: benzaldehyde in this work and acetone in
previous work by Henderson. '#%212213] This work extends Henderson work by
IRRAS results, which differ significantly from Henderson HREELS results.
To identify the reaction products, which are observed in IR spectra, several
possible intermediates are simulated using DFT. Section 6.2.3 presents DFT
results on the adsorption structures and vibrational modes of several candi-
dates.

The experiments reported herein were conducted on a strongly reduced crystal
showing a dark blue colour. The crystal was reduced by roughly 80 preparation
cycles (see section 3.3) for benzaldehyde and 100 cycles for acetone experiments

which were conducted subsequently on the same crystal.

6.2.1 Oxidation of benzaldehyde

IR spectra of benzaldehyde (figure 6.4) with preadsorbed oxygen show the for-
mation of benzoate at temperatures above 400 K. Benzaldehyde was absorbed
after exposing the surface to 30 L of oxygen, and IR spectra were recorded with
p-polarized light. At temperatures up to 200 K, the spectra show the benzalde-
hyde signals: two carbonyl signals (v(C=0) 1685 and 1660 cm™!), two phenyl
ring modes (v(phenyl) 1601 and 1585 cm™!) and the C—C stretch mode be-
tween the phenyl ring and the aldehyde carbon atom (v(phenyl-C) 1220 cm™1)
(see chapter 5 and table 5.1 on page 55). In agreement with the TPRS results
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Figure 6.4: IRRA spectra of benzaldehyde oxidation - p-polarized IR spectra
of benzaldehyde with 30 L of preadsorbed oxygen show the oxi-
dation of benzaldehyde to benzoate at 400 K. The benzaldehyde
signals (¥(C=0): 1685, 1660 cm™', v(phenyl): 1601, 1585 cm™*
and v(phenyl-C): 1220 cm™!) disappear and two new signals are
observed for the symmetric (vgym: 1420 cm™!') and asymmetric
(Vasym: 1479 cm ™) valence stretch modes of the carboxylate group
in benzoate. The sample was exposed to benzaldehyde via a 20 pm
pinhole for 20 s at a preassure of 0.1 mbar (for details see section
3.5). The crystal was reduced by 80 preparation cycles.

which were presented in section 5.5, no stilbene diolate (1100 cm™1) is observed

which indicates that the reductive coupling is quenched. Two new signals are

1

observed after heating the sample to 400 K: a negative signal at 1420 cm™" and

a positive signal at 1479 cm™!.

184

Based on comparison with sodium benzoate
spectral'® and spectra of adsorbed formate on rutile(110),*” these signals
are tentatively assigned to the symmetric and asymmetric stretch modes of
adsorbed benzoate (see table 6.1).

Further evidence for benzoate formation is given in the TPR spectra (figure
6.5). Benzoate is difficult to detect in TPRS, as it binds very strongly to the
surface and decomposes above 700 K. The main decomposition products are
a benzaldehyde fragment (m/z 105) and the decarboxylation products ben-
zene (fragment m/z 78) and CO, (fragments m/z 44, 28).2Y Though the
benzaldehyde fragment is covered by the pump tail of the benzaldehyde des-
orption signal at 350 K, the decarboxylation signals (m/z 78, 44, and 28)

indicate benzoate decomposition at 760 K. A quantitative analysis of the TPR
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Figure 6.5: TPRS fragments indicating benzoate: benzoate is difficult to detect
in TPRS as it decarboxylates at high temperatures. "5 Observed
fragments are benzene (m/z 78) and CO, (m/z 44, 28). Other
fragments such as m/z 105 and 77 are covered by the pump tail
of the benzaldeyde desorption signal at 350 K (m/z 106 etc.). No
benzoic acid is observed (m/z 122) and the stilbene formation from
reductive coupling is quenched by the coadsorbed oxygen (m/z
180). The sample was exposed to benzaldehyde as described in
figure 6.4, the crystal was reduced by 75 cycles.
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Figure 6.6: Influence of benzaldehyde coverage on the oxidation yield, increas-
ing the initial benzaldehyde exposure only slightly increases the
benzoate yield observed in IR. The decrease in yield is observed by
preparing an oxidized surface without molecular oxygen. In each
case the surface is saturated with 30 L of oxygen at 110 K prior to
dosing benzaldehyde. The sample is exposed to benzaldehyde as
described in figure 6.4. Based on the TPR spectra in figure 5.2, a
30 s dosage corresponds to dosing a mono layer of benzaldehyde.
The crystal was reduced by 80-90 preparation cycles.

spectra based on the relative integrated areas of the high temperature CO sig-
nal at 760 K, including a shoulder at lower temperature to the total amount
of m/z 28 signal indicates that less than 8% of the adsorbed benzaldehyde is
oxidized to benzoate. This estimation is based on the assumption that the
ionization cross section and the formation probability of CO™ fragments from
benzaldehyde fragmentation and benzoate decomposition, is similar (for de-
tails see section 3.6). As m/z 28 is only a minor fragment of benzaldehyde,
this value presumably overestimates the benzoate yield. 34

The IR spectra indicate that benzoate adsorbs with the carboxylat group ori-
entated parallel to the Tis, rows. No benzoic acid is formed as indicated by
the presence of the carboxylate signals and the absence of a carbonyl signal in

1 [43] The surface selection

the wavenumber range from 1650 cm™! to 1700 cm™
rules for IR on titania (see section 2.3) indicate that the symmetrical stretch
mode (Vgym) is aligned perpendicular to the surface. However, the asymmet-
rical stretch mode (Vasym) appears as a positive signal in IR spectra, which

indicates an alignment parallel to the surface and the plane of incidence. Ac-
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Figure 6.7: Coverage dependent benzoate yield based on the integrated IR in-
tensities (figure 6.6). The benzoate yield saturates at roughly 1 ML
coverage.
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Figure 6.8: Preparation of an oxidized surface - Only oxidation of the surface
by an exposure to 300 L oxygen at 273 K quenches the molecular
oxygen desorption peak at 390 K (blue spectrum). Oxygen was
dosed at 110 K.
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6 Oxidation reactions on rutile(110)

cording to LEED diffraction, the crystal is oriented in such a way that the
plane of incidence of the IR-beam is parallel to the <001> direction which is
parallel to the Tis. rows. Thus, the data gives strong evidence that benzoate
adsorbes parallel to the Tis. rows. A similar alignment was observed for for-
mate on rutile(110). 47

The benzoate yield slightly increases with benzaldehyde coverage (figures 6.6
and 6.7). The TPR spectra (figure 6.5) indicate that only a small percentage
of benzaldehyde is oxidized to benzoate, which suggests that the amount of
oxygen is limiting the reaction yield in the presence of an excess of benzalde-
hyde. However, the yield increases slightly with benzaldehyde coverage up to
a coverage of roughly one mono layer. An Arrhenius plot of the logarithm of
the integrated IR area vs. the logarithm of the dosing time, (data not shown)
indicates a reaction order in benzaldehyde of less than 0.5.

Benzaldehyde is oxidized by molecular oxygen, as indicated by the loss in
reaction yield on an oxidized surface. The spectrum labeled "from oxidized
surface" in figure 6.6 was recorded after oxidizing the surface in 300 L oxy-
gen exposed at 300 K prior to adsorption of oxygen at 110 K. This procedure
quenches the molecular oxygen desorption signal in TPR spectra (figure 6.8)
but leaves O,q on the surface.'2%18 Therefore, a molecular oxygen species is
involved in the oxidation of benzaldehyde. Additionally, Henderson observed a
similar oxidation of acetone to acetate by molecular oxygen.!'®® This reaction
was quenched after heating the oxygen covered surface to 450 K to remove
adsorbed molecular oxygen.!'®%! Even though the surface is oxidized, a small
amount of benzoate is still formed. This is probably due to a small amount of

molecular oxygen which is adsorbed on the surface, but not detected in TPRS.

6.2.2 Oxidation of acetone

The surface chemistry of acetone has been previously studied by Henderson
using TPRS and HREELS, and the results were discussed in the literature
section. " In this work, initially the TPRS results were reproduced to ensure
consistency with Hendersons result prior to the IRRAS experiments.

TPR spectra (figure 6.9) of acetone show the stabilization of acetone by coad-
sorbed oxygen and the formation of acetate.™®” The TPR spectra in figure 6.9
show the fragment m/z 42, which is a common fragment of acetone and ketene
from acetate decomposition for two acetone exposures. With preadsorbed oxy-
gen, the 240 K acetone signal, which is assigned to acetone desorbing from Tis.
atoms, shifts to 285 K.['®9 This signal shows a shoulder at 320 K. An extra
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signal appears at 385 K. The broad desorption signal >600 K is due to acetate
decomposition. ™ In contrast to Hendersons results, the 385 K signal in these
spectra is less pronounced. ™ This difference is possibly due to differences in
the preparation history of the crystal, which changes the defect density.

IR spectra of acetone (figure 6.10) suggest the formation of acetate and an
intermediate which could either indicate an acetal or an enone. At 110 K, two
carbonyl signals are observed at 1727 cm™! and 1698 cm~!. The 1727 cm™!
signal disappears upon heating to 250 K whereas the 1698 cm ™! species grows
in intensity and two new species appear at 1196 cm™! and 1018 cm™!. The
1196 cm ™! signal suggests an acetal (see figure 6.12), this species is discussed

! signal indicates an alkoxy species, e.g.

in more detail below. The 1018 cm™
methoxy from a radical oxidation or the vgy,(C-O) stretch mode in an acetal.
Upon heating to 300 K, the carbonyl signal disappears, though acetone des-
orption is observed up to 385 K in TRPS.

In contrast to benzaldehyde, only one monolayer carbonyl signal is observed.
The 1727 cm™! signal is only slightly shifted from the reference IR spectrum
of a liquid acetone film at 1715 cm~'.1"84 Additionally, it completely desorbs
after heating to 250 K. Thus, this species is probably due to the physisorbed
species which desorbes at 140 K in TPR spectra. In analogy to the signals
observed for benzaldehyde, the 1698 cm ™! species suggests a 1;-bound acetone
adsorbed at Tis. atoms. The herein reported value concurs with previously
reported HREELS results at 1690 cm™! on rutile titania and 1710 cm™! on
silver(111).1185:192] Tn contrast to benzaldehyde, no second carbonyl species is
observed. The second benzaldehyde species was assigned to adsorption at de-
fect sites (see chapter 5). A possible explanation is that the acetones methyl
groups prevent alignment of the carbonyl group to bind to an exposed Tis.
atom.

The species at 1196 cm ™! is either an acetal or a $-hydroxy ketone, which forms
in an aldol reaction. An acetal was proposed by Henderson and Zehr. 172173 In
previously reported HREEL spectra, this species was not observed. ¥ It was
probably covered by a multiple phonon loss at 1210 cm .18 A similar sig-
nal was observed in HREELS for reaction of acetone with O,q on silver(111)
at 1190 cm ™!, which was assigned to the v,qm(COC) of an acetal. 12 This
assignment was based on HREEL spectra of the reaction product of formalde-
hyde with O,q.' The transition dipole moment of the Vasym 18 parallel to the
surface. Therefore, it should appear as a positive signal in IR spectra on ti-
tania. However, DF'T calculations on selected model components presented in
figure 6.12 in the following section show symmetrical in plane bending modes
(§(CCCQ)) in the frequency range 1140 cm ™! to 1260 cm™! (see table 6.2).187]
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coadsorbed oxygen. After 30 s of exposure, the mono layer is satu-
rated. With preadsorbed oxygen, the desorption signals are shifted
to higher temperatures and a new signal at 385 K is observed. Ace-
tone was dosed via a 20 um pin hole at a pressure of 0.1 mbar. The
crystal was reduced by 110 preparation cycles.
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Figure 6.10: P-polarized IRRA spectra of the reaction of acetone with coad-
sorbed oxygen. Upon heating the carbonyl signals at 1727 cm™!
and 1698 cm~! disappear. Two new signals suggest the forma-
tion of acetate (Vgym(OCO): 1450 cm™!') and possibly an acetal
(Veym(CCC): 1196 cm™1). Roughly one mono layer of acetone was
adsorbed as described in figure 6.9 on a crystal reduced by 115
preparation cycles.
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6 Oxidation reactions on rutile(110)

Another interpretation of this signal is a S-hydroxy ketone, an intermediate in
the aldol condensation, which will be discussed in detail in section 6.3.

The IR spectra suggest that the stabilization effect for acetone observed in
TPRS is due to the formation of the intermediate species indicated by the
signal at 1196 cm™!. The IR spectra show that the intermediate forms below
250 K and is mostly desorbed at 300 K, which coincides with the observed
desorption in TPR spectra. The coexistence of the 1196 cm ™! signal and car-
bonyl signal hints to the formation of a S-hydroxy ketone in an aldol reaction,
or an acetal which is coadsorbed with unreacted 7;-bound acetone.

Based on DFT results, Plata et al.' proposed an alternative model for sta-
bilization of acetaldehyde by oxygen: Upon adsorption, acetaldehyde donates
charge to the surface, which accumulates with increasing coverage. This charge
lowers the lewis acidity of the titanium atoms and thus destabilizes further ad-
sorbats. The stabilization effect of oxygen is based on the consumption of
this excess charge. The IR spectra show a carbonyl signal, which indicates
the presence of n;-acetone, which would concur with the model by Plata et al.
However, the intermediate signal at 1196 cm ™! suggests that the stabilization
effect is more likely due to the formation of this aceton-oxygen product as
proposed by Henderson. ['%°]

The residual intermediate signal observed in IR spectra at 300 K is likely due
to a minority species adsorbed at point defect or kink sites, which desorbes at
385 K in TPRS. Due to the exposure with oxygen, the surface is presumably
covered with small TiO, islands from the reaction of oxygen with interstitials
at 300 K (section 4.3). The density of these islands, and thus the amount of
kink sites, increases with the bulk defect density. Therefore, a difference in
reduction of the sample would explain the higher intensity of the TPRS signal
observed at 385 K in Hendersons work, compared to the results presented in

this work. [18]

6.2.3 DFT results

In order to identify the reaction intermediates observed in the IR spectra,
several possible intermediates were simulated using density functional theory
(DFT) calculations. The B3LYP hybrid functional ®%2 and a 6-311+G(d,p)

[83-85]

basis set were applied as implemented within the Gaussian 09 software

e.17 Tests with several adsorbate models suggest that this functional

packag
is sufficiently accurate for the purpose of this work (see appendix 2). For all
calculations the adsorbate geometry was optimized prior to the frequency cal-

culation.
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Generally, DF'T methods overestimate the vibrational frequencies for two rea-
sons: first they are based on the harmonic oscillator model and, therefore,
neglect anharmonicity and second they do not fully describe electron corre-
lation. However, as the deviation is systematic for most systems, it can be
compensated by an according empirical scaling factor. 76218219 For the B3LYP
functional with a 6-31++G** basis set, a factor of 0.964 was determined from

comparison of calculated spectra with experimental spectra. [218:219]

However,
these scaling factors were determined for free molecules and possibly do not
apply for adsorbates on a cluster. Therefore, the frequencies reported herein
are tentatively not scaled and should systematically deviate to higher values.
For each intermediate relevant in this work, a molecular reference and the
species adsorbed on a HgTi,O4 cluster were simulated. The HgTi,Og4 cluster
was chosen to resemble the Tis. adsorption sites on the rutile(110) surface. It
consists of two Ti atoms each coordinated by five oxygen atoms, which are
saturated by hydrogen atoms. This model is only suitable for a preliminary
screening of candidates as it neglects several aspects in the surface science of
titania, such as the influence of bridging oxygen atoms, adsorbates in adja-
cent sites and all kinds of defects. The coordinates for the atoms in the cluster
were taken from DF'T results by Jan Haubrich and frozen during the geometric
optimization of the system.'%) The input coordinates are listed in section 1.
The results for the molecular reference, e.g. a methyl ether for an alcoholate,
were compared to NIST or SDBS reference spectra to estimate the reliability
of the used computational method. [184186]

Additionally, a sodium adduct was used as a very simple model for the lewis
acid centers on the surface to estimate the impact of coordination for some in-
termediates. For systems containing two sodium atoms, the distance between
the two atoms was fixed at 2.9 A, which is the distance between two Tis. atoms
on the rutile(110) surface."'® In some cases an adsorption geometry parallel
to two sodium atoms was enforced, e.g. for the acetal compounds, the dihedral
angle between the two oxygen and sodium atoms was fixed at 0° for the ge-
ometry optimization. This model was chosen in this work based on experience
with reference spectra for sodium benzoate, which reproduced the carboxylate
IR signals very well (see table 6.1).

Even though the used cluster model is simplified and only intended for pre-
liminary investigations of potential intermediates, the herein presented results
are most helpful to identify vibrational modes of adsorbates. The main ben-
efit compared to using simple reference spectra from databases, where the
molecules were measured in e.g. liquid films, is that computational results

indicate the alignment of the transition dipole moment with respect to the
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Figure 6.11: DF'T results for acetate and benzoate on the HgTi,O4 cluster
model. The simulated spectra show strong signals for the sym-
metric (Veym) and asymmetric (Vasym) modes of the carboxylate

group.

surface. This information is crucial to the interpretation of IRRA spectra,
due to the surface selection rules discussed in section 2.3. Furthermore, the
assignment of vibrational modes in reference spectra based on handbooks is
not always unambiguous. Especially in the frequency range from 1000 cm™!
to 1500 cm ™!, several vibrational modes overlap in their expected frequency

range. (43

Benzoate and acetate

To provide further evidence for the IR spectra assignment of the carboxylate
species (figures 6.4 and 6.10), the IR spectra of the acetate and benzoate model
compounds were simulated (see figure 6.11): The calculated spectra show two
strong vibrational modes, namely the symmetric carboxylate stretch mode
Vsym (OCO), which is orientated perpendicular to the surface, and the asym-
metric stretch mode Vagym (OCO), which is orientated parallel to the surface.

The computational results for the symmetric stretch mode vy, of benzoate
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Table 6.1: Carboxylate vibrtions for acetate and benzoate (see figure 6.11).
p: mostly parallel to surface, +/-: observed as positive or negative
absorbance signal, n.o.: not observed

‘ Veym|[CM '] Vasym[cm ™

Benzoate
free benzoate anion 1333 1671
sodiumbenzoate 1409 1559
sodiumbenzoate KBr disc 84 1413 1553
benzoate on HgTi,Oq4 cluster 1421 1579(p)
IRRAS this work 1420(-) 1479(+)
Acetate
free acetate anion 1345 1648
sodiumacetate 1428 1571
sodiumacetate KBr disc84 1413 1553
acetate on HgTi,O4 cluster 1444 1592(p)
IRRAS this work 1450(-) 1.0.
Formate (as reference)
formate on H¢Ti,Og cluster 1382 1611(p)
formate on rutile(110)(IRRAS) 17 1363(-) 1566(+)
formate on rutile(110)(HREELS) [220) 1365
sodiumformate KBr disc!'84 1352 1611

are in good agreement with the reference spectra from the SDBS database for
the sodium salts and the herein reported experimental value for adsorption
on rutile(110) (see table 6.1).1'%%) Upon coordination, the mode shifts from
1333 ecm™! for the free benzoate anion to 1420 cm™! for adsorption on the
cluster model. In contrast to the symmetric mode of benzoate, the asymmet-
ric mode is overestimated by 100 cm ™ for adsorption on the cluster compared
to the experimental value. The animation of the asymmetric mode shows a
coupling of this mode with vibrations of the lattice oxygen atoms within the
cluster. Therefore, this deviation is most likely due to an inaccurate repre-
sentation of the lattice oxygen atoms within the cluster model. Qualitatively
similar results are obtained for acetate except for that the asymmetric mode

is not observed in the IRRA spectra.

Acetals

One possibility for the interaction of acetone with coadsorbed oxygen is a
nucleophilic reaction at the carbonyl carbon atom, which is similar to the initial
step of the Cannizarro reaction (figure 6.2). This reaction forms an acetal
intermediate as presented in figure 6.12 for acetone and 6.13 for the analogue
benzaldehyde species. The calculated spectra for the acetone acetal show two

strong signals: a symmetric inplane bending mode of the carbon bonds §(CCC)
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acetone dimethy| acetal acetone disodium acetal
7(0CO) =944 cm 7(0CO) =975 cm™
6(CCC) =1249,1260 cm’ 8(CCC) = 1147 cm”’
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acetone acetal
on hydroxylated Ti O, cluster
7(0CO) =997 cm’!
6(CCC)=1188cm’!

o

Z
[
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Figure 6.12: DFT results for acetone acetals: The various acetals show two
modes: Vgym(OCO) and §(CCC). Due to coupling with the two
differently aligned methoxy groups, two 6(CCC) are observed for
the dimethyl acetal.

and a symmetric stretch mode of the C—O bonds vgm,(OCO) (see table 6.2).
The transition dipole moment of both modes is orientated perpendicular to
the surface. For the §(CCC) of the dimethyl acetals, two different signals are

and 1260 cm™! for the calculated spectrum, due

observed e.g. at 1249 cm™
to coupling with the methoxy groups, which have a different orientation. The
signals shift to 1188 cm™! for the adsorbate on the cluster and 1147 cm™! for
the disodiumacetal. The analogue 6(CCH) for the benzaldehyde acetals shows

a similar trend.

Aldol intermediates

Another possibility for the reaction of acetone with oxygen is an aldol-like re-
action. The initial step would be the abstraction of an acidic hydrogen atom,

which would lead to isopropeneolate (see figure 6.14). This isopropenolate
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benzaldehyde dimethyl acetal
7(0CO)=1124 cm

benzaldehyde disodium acetal
S8(CCH)=1378cm™’

7(O0CO)=1140 cm™’
&(CCH) =1303 cm™

D
‘o
d H

benzaldehyde acetal ‘ Na
on hydroxylated Ti_O, cluster
7(0OCO) = 1077 cm™ ]
8(CCH) = 1322 cm” J Ti

Figure 6.13: DFT results for benzaldehyde acetals. Also see description figure
6.12. In contrast to the acetone acetals, the benzaldehyde acetals
show a §(CCH) instead of a 6(CCC) mode.
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Table 6.2: Reference vibrations for acetals (see figures 6.12 and 6.13).
p: mostly parallel to surface, +/-: observed as positive or negative
absorbance signal, n.o.: not observed

Acetone Benzaldehyde
d(CCC)  Vym(COC) | 6(CCH)  vgym( COC)
em ] fem ) | femfem )
dimethylacetals 1249,1260 944 1378 1124
dimethylacetals lig- | 1217,1182 9297 1358 1106,1056
uid film 84
disodiumacetals 1147 975 1303 1140
acetals on HgTi,0q 1188 997 1322 1077
cluster
IRRAS this work 1196(-) 1018(-) 1.0 1.0

could react with a second acetone molecule to form a 8 hydroxy-ketone which
in the case of acetone is 4-hydroxy-4-methylpentane-2-one (figure 6.15). Be-
cause there are no a-hydrogen atoms in benzaldehyde, this reaction pathway
is only possible for acetone.

For isopropenolate two possible orientations were simulated: one with the C=C
double bond orientated perpendicular (figure 6.14) and one parallel to the sur-
face (not shown). Within the limits of the cluster model, both structures are
almost identical in energy (AE = 0.04 eV'). Thus both the C—C and C=C
modes can be oriented parallel and perpendicular to the surface.

The 4-hydroxy-4-methylpentane-2-one shows a strong carbonyl signal and var-
ious C—C stretch modes, which are, some more, some less, orientated perpen-
dicular to the surface. These modes show relatively large differences between
the sodium adduct and the adsorbate on the HTi,Og cluster (see table 6.3).
Presumably, the pentane backbone of this molecule is more flexible than e.g.
the phenyl ring in benzaldehyde and its orientation is more sensitive to envi-
ronmental effects. Since the herein used cluster model neglects most of these
effects, especially the impact of the bridging oxygen rows, the results for this
species are less reliable than for the aforementioned intermediates.

In summary, the obtained unscaled vibrations for the v, (OCO) of benzoate
and acetate are in excellent agreement with the experimental results. The dis-
crepancy for the vasym(OCO) for benzoate was further examined in appendix
2 and is most likely due to the limitations of the used HgTi,O4 cluster model
(see appendix 1), and not due to the computational method. Presumably, the
discrepancy is due to the inaccurate description of the coupling of the vagym
mode with vibrations of the oxygen atoms in the cluster. Thus, the previously
reported scaling factors appear not to apply for the adsorbates studied in this

work. These results suggest, that the used computational model is sufficiently
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9 J

methyl-propenolate i-propenolate
yirprop on hydroxylated Ti,O, cluster
¥ o= 1706 cm™ E(C=C)= 1626 cm™
U o= 1289 cm’ Ueo=1319cm’
~ Iy — -1
U eg=1110 cm’! Vo= 1054cm

‘c ‘OJHJTi

Figure 6.14: DF'T results for isopropeneolate. For the isopropeneolate on the
H¢Ti,Og cluster, adsorption with the C=C double bond parallel to
the surface is possible as well (not shown). Thus both the v(C—C)

and v(C=C) modes can be oriented parallel and perpendicular to
the surface.
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o) = 1686 cm”! _ Tieq=1703cm!
¥ o= 1053 cm’ U c0=1037,1043 cm’
=1337cm™,1362cm™, 1219cm”’ Ueo=1316cm™, 1243cm™, 1129cm”

‘c ‘OJHCNaJTi

Figure 6.15: 4-hydroxy-4-methylpentane-2-one forms as an intermediate on the

90

surface in an aldol-like reaction. The spectra show a ¥(C=0) and
a v(C-0) strech mode and various v(C-C) stretch and deformation
modes which have a transition dipole moment oriented perpendic-
ular to the surface.



6.3 Discussion

Table 6.3: Reference frequencies for aldol intermediates (see figures 6.14 and
6.15).
w: weak, p: mostly parallel to surface, +/-: observed as positive or
negative absorbance signal

v(C=C) r(C-C) v(C-0)

[em™]  [em™!']  [em™!]
methylisopropeneolat 1706 1289 1110
methylisopropeneolat in CCl, 184 1650 1286 1088

isopropenolat on HgTi,O4 cluster 1626 1319(p) 1054
perpendicular C=C
isopropenolat on HgTi,Oq cluster | 1638(p) 1317 1050
parallel C=C
4-hydroxy-4-methylpentane-2-one | v(C=0) v(C-C) v(C-0)

[em™!] [em™!] [em ™!
sodium adduct 1686 1337 1053
1362
1219
on H,Ti,Oy cluster 1703 1316 1037(w)
1243 1043(w)
1129(p)
TRRAS this work 1603()  1196(-)  1018(-)

precise to model adsorbate-surface interactions that are determined by the in-
fluence of the Tis. atoms, but fails to describe the interactions with the oxygen

atoms at the surface.

6.3 Discussion

The experimental results show that both acetone and benzaldehyde are oxi-
dized to acetate and benzoate, but only acetone forms an intermediate species
observed at 1196 cm~!. The identification of the carboxylate products is con-
firmed by TPRS results (figure 6.5) and IR spectra, the latter spectra being
consistent with the presented DFT results (table 6.1). In both cases, the oxi-
dation to the carboxylate requires the surface bound molecular oxygen species,
which is responsible for the 410 K signal in TPRS (see figures 6.6 and 6.8). 1%
In contrast, the extra acetone species has been found to form from reaction
with O,q. 1%

6.3.1 Oxidation to the carboxylates

The IR and TPR spectra give strong evidence for a radical oxidation mech-

anism as suggested in figure 6.3 for the thermal formation of benzoate and
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acetate and rule out a nucleophile oxidation mechanism:

In contrast to a radical oxidation (see below), a nucleophile oxidation should
be possible with O,q4, as they have been reported to react as nucleophiles e.g.
on silver(111). 12 Furthermore, a nucleophile reaction mechanism should show
various intermediates, e.g. the acetal intermediate of the Canizzaro reaction
(figures 6.2, 6.13). Such an intermediate was not observed for benzaldehyde,
even though DFT results suggest strong vibrational modes orientated perpen-
dicular to the surface for this intermediate (see table 6.2). It should be noted
that, if the benzoate was formed in a Cannizzaro-like disproportionation, it
would be unlikely that the acetal intermediate was missed, as the following
step in the reaction mechanism, the hydride transfer, is known to be the slow,
rate limiting step.?*® Thus, a nucleophile oxidation is very unlikely. For ace-
tone oxidation, the Cannizzaro reaction is not an option either, as it only
applies to aldehydes.

Based on the radical character of molecular oxygen and an analogue reaction
mechanism in the gasphase, the radical oxidation is the most plausible candi-
date for the oxidation to the carboxylate species. The adsorbed molecular O,
species, which is involved in the oxidation, has an unpaired electron and could
therefore initiate a radical reaction. The benzaldehyde oxidation experiments,
which start from the oxidized surface, indicate the involvement of the molec-
ular oxygen species (see figures 6.6 and 6.8). Free (not absorbed) molecular
oxygen exists in the triplet state with two unpaired electrons, which is known
to initiate radical reactions. This mechanism has long been established for the
auto oxidation of aldehydes in the gas phase (figure 6.3).'"" As it has been
observed that charge is transferred from defects to the oxygen molecule upon
adsorption (see section 4.3), presumably one of the unpaired electrons forms
a bond to the surface. Thus, as indicated by EPR spectra, the resulting O,
species adsorbed on the surface still has an unpaired electron. ™! It is there-
fore a radical, which can initiate a radical reaction.

The radical oxidation mechanism (figure 6.3) starts by abstraction of the alde-
hyde hydrogen atom, which leaves an acyl radical and a perhydroxyl species.
Acyl radicals have been proposed as being reaction intermediates in the photo
oxidation of aldehydes on titania before, but react to quickly in a consecutive
reaction to be experimentally detectable.['®!] A similar perhydroxyl species has
been reported to form from the reaction of molecular oxygen with bridging hy-

[128,161,200] Cionsidering the low basicity of molecular oxygen, this

droxyl groups.
reaction is possibly due to a radical reaction as well instead of a simple acid
base reaction. The acyl radical reacts with the perhydroxyl species to per-

benzoic acid, which then decomposes to the benzoate and a terminal hydroxyl
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6.3 Discussion

Table 6.4: Overview bond dissociation energies in kJmol™! for the reaction
0-+R—(C=0)-X — O—X + R—(C=0)-[221
X=H ‘ X=CH,
C—H (methane) 439.3 | C—C (ethane) 377.4
O—H (water) 497.1 | O—C (methanol) 384.9
total -97.8 -7.5

group. These hydroxyl groups were reported to recombine and desorb as a
water molecule, leaving an O,q on the surface.'?8! A water TPRS signal is
indeed observed at this temperature (data not shown), but coincided with the
desorption signal of benzaldehyde. Therefore, this observation is questionable
to confirm this mechanism. Furthermore, detection of the hydroxyl group us-
ing IRRAS was not possible due to the interference from ice layers which grew
on the liquid nitrogen cooled detector. However, the formation of a methoxy
species during the analogue oxidation of acetone was observed in IR spectra
(figure 6.10).

The low observed reaction yield (less then 8%) is explained by the low mobil-
ity of adsorbates on the surface. The intermediate reactants are bound to the
surface and cannot diffuse freely. Therefore, the radical intermediates formed
in the reaction stay in proximity to each other, which in turn favors recombi-
nation reactions over radical propagation reactions with other molecules. The
dominant recombination limits the reaction rate. Slow reactions for water and
oxygen intermediates due to a low mobility of the involved species, such as the
diffusion of an O,q into a BOV, have been observed in STM studies at room
temperature by Zhang et al. 2%

The IR spectra suggest that the radical reaction is more favorable for ben-
zaldehyde than for acetone, which can be explained by the different bond
dissociation energies. Based on the IR spectra, a small amount of benzoate is
observed to form at 200 K, whereas a similar amount of acetate is observed
at 250 K. Furthermore, based on the relative signal ratio in the IR spectra,
the total amount of acetate formed is roughly one third of the amount of ben-
zoate. This difference is also evident when comparing the signal intensities of
the carboxylate with the according carbonyl signals (see figures 6.4 and 6.10).
Though quantification of products based an IR spectra is questionable, this
observation is consistent with a radical mechanism: The oxidation of acetone
involves the homolytic cleavage of a C—C bond and the formation of a new
C—0 bond. Although the dissociation energy for a C—H bond for an aldehyde
is higher than for a C—C bond, this higher activation barrier is compensated
by the formation of an O—H bond (see table 6.4). Therefore, the reaction is
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6 Oxidation reactions on rutile(110)

in total energetically more favorable for the benzaldehyde oxidation than for
the acetone oxidation but acetone oxidation is still possible.

In summary, the radical oxidation mechanism is the most likely candidate
to explain the oxidation to the carboxylate species. It is consistent with all

experimental results, whereas a nucleophile mechanism is excluded.

6.3.2 Acetone-oxygen intermediate

In addition to the carboxylate signals, the acetone IR spectra show a second
reaction intermediate at 1196 cm~!, which was previously not observed. This
intermediate is presumably either an acetal or a S-hydroxy ketone.

Henderson proposed based on TPRS, isotopic labeling experiments and HREEL
spectra the formation of an acetal, which is responsible for the stabilization

17313 This acetal was further confirmed by

effect of acetone by coadsorbed O,q.
DFT results and proposed based on STM images. #2223 The formation of this
acetal intermediate was suggested to involve a nucleophile attack at the car-
bonyl carbon atom.???l Ayre et al.!'% reported such an acetal, which formed
from the reaction of acetone with O,q on silver(111).

The acetate is very unlikely a follow up product of a Cannizzaro like reac-
tion. Henderson showed, that different oxygen species are responsible for the

1.1185] Tf the formation of the acetate

formation of the acetate and the aceta
was a follow up reaction of the acetal, the stabilization effect and the acetate
formation would depend on the presence of the same oxygen species. How-
ever, acetate formation was observed to depend on molecular oxygen, whereas
the intermediate forms on a surface free of molecular oxygen. The latter de-
pendence has been indicated by TPRS results.®® Furthermore, the reactions
appear to occur independently from each other, as only the benzoate formation
is observed for benzaldehyde.

The assumption that the intermediate formed in the reaction of acetone with
oxygen is an acetal, is inconsistent with the absence of an analogue benzalde-
hyde species. The reaction involves switching the hybridization state of the
carbonyl carbon atom from sp? to sp®. This change in hybridization state
is energetically less favorable for benzaldehyde as it involves the loss of the
resonance stabilization between the carbonyl m-electrons and the phenyl ring.
However, this cannot explain the complete absence of the intermediate. Nu-
cleophile reactions are known for benzaldehyde, e.g the benzoine condensation

[176]

involves a nucleophilic reaction with a cyanide anion. Furthermore, the

DFT results confirm the presence of IR active modes for the benzaldehyde

3Henderson called this intermediate a "diolate".
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acetal, which are orientated perpendicular to the surface (see table 6.2).

An alternative candidate for the intermediate species, which is consistent with
the absence of a benzaldehyde intermediate, is a S-hydroxy ketone. This ketone
is an aldol reaction intermediate. Benzaldehyde cannot undergo an aldol reac-
tion as it does not have any acidic a-hydrogen atoms. Neither the simulated
DFT spectra of the isopropeneolate nor the [-hydroxy ketone 4-hydroxy-4-
methylpentane-2-one (figures 6.14 and 6.15) fit the experimental spectra as
well as the acetal. However, especially in the case of the v(C—C) of the (-
hydroxy ketone, the computational model might not be sufficiently precise to
correctly reproduce the spectra and the orientation of the adsorbate on the
surface.

In previous work, Henderson considered an aldol condensation, but only the
first intermediate, the isopropenolate and the final reaction product, the enone
(in the case of acetone called mesityl oxide).!'*” Based on his HREELS data,
Henderson discarded these species as intermediates. However, Hendersons
HREELS spectra showed multiple phonon losses at 1515 and 1210 cm~!. Pre-
sumably, he therefore did not observe the signal at 1196 cm™!, which is ob-

served in this work, and focused on a signal at 1425 cm™'.

This signal is
presumably due to the formation of acetate. It is a shoulder of the multiple
phonon loss at 1515 cm ™!, which could explain why it seemingly disappeared
after heating to 400 K, which is also in disagreement with the IR spectra re-
ported herein. Another explanation for the decrease of the acetate signal is
the reduction or desorption of acetate by electrons which are used to probe
the surface in HREELS. Furthermore, the STM results reported by Yasuo et
al.??3l would have missed the intermediate. The IR spectra (figure 6.10) show
that the intermediate is decomposed at 300 K, whereas the STM experiments
were conducted at room temperature. Thus, the intermediate presumably was

(222] have con-

not formed at all. Finally, the DFT results by Marquez et al.
firmed that the acetal is stable on the surface, but did not consider any aldol
intermediates.

The absence of mesityl oxide, the final aldol condensation product, is plausible,
as the final elimination step in the aldol condensation (see figure 6.1) requires
a base to abstract one of the central hydrogen atoms. This atom is surrounded
by methyl groups and therefore blocked by steric hindrance. Therefore, upon
heating, the intermediate decomposes releasing acetone instead of eliminating
water. Though aldol condensation products were not observed on rutile(110)

s, 172185 they were reported on titania nanoparticles and on the

179,181,209,210

single crystal
oxidized rutile(001) surface. | I Furthermore, a H/D exchange which

was observed between acetone and coadsorbed D,0O suggests the presence of
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the enolate intermediate. ') The following reaction of the enolate with a sec-
ond acetone molecule is presumably fast due to the high mobility of acetone
as indicated by the onset of desorption at 200 K in TPRS (figure 6.9).
Further evidence for the importance of a-hydrogen atoms was reported by
Zehr et al. for the stabilization effect of oxygen on hexafluroacetone (HFA)
and 1,1,1-trifluoroacetone (TFA).[224225] HFA was reported to desorb at 320 K
in TPRS from the vacuum annealed surface.??) Upon coadsorption of O,q4, this
desorption signal was shifted to 355 K.1??4 This shift is negligible compared to
the shift from 265 K to 360 K which was reported for TFA.?%l As HFA has
no acidic hydrogen atoms, it cannot undergo an aldol condensation. Thus, the
stabilization for HFA is possibly due to consumption of exess charge by oxy-
gen as proposed by Plata et al. 1% (see section 6.2.2) instead of formation of an
oxygen adduct. In contrast, TFA has acidic hydrogen atoms and therefore can
undergo the aldol condensation, which in turn explains the higher stabilization
effect. It should be noted that due to the strong inductive effect of the CF,
groups in TFA and HFA, a nucleophilic reaction is more likely than for non
halogenated carbonyl compounds. Unfortunally, TFA and HFA have shown
different photo decomposition mechanisms as non halogenated carbonyl com-
pounds. ??42%] For one thing, TFA and HFA both decomposed releasing CO,
which neither acetone, acetaldehyde nor butanone did. [172:173:212:224,225] (yther-
wise, the photochemistry could provide further insights.

Open questions concerning an aldol intermediate are the photo oxidation to
acetate and an oxygen exchange mechanism. Previous work by Henderson
and Zehr has shown, that the acetone-oxygen and acetaldehyde-oxygen com-
plex are photo oxidized to acetate via methyl ejection. ">2'2 Though a methyl
ejection is plausible for the S-hydroxy ketone as well, the consecutive reaction
to acetate is not clear. Furthermore, Henderson observed oxygen exchange
between acetone and coadsorbed #0,.[1%% Such an exchange supports the ac-
etal intermediate. However, the exchange was indicate by fragment m/z 48
(D,C'®0) which could also be due to oxidation e.g. in the mass spectrometer
to C*0,,.

In summary, based on the reasons discussed above, the -hydroxy ketone is
the more likely candidate for the intermediate. However, further experiments
are needed to confirm the findings presented here. First the absence of the
benzaldehyde acetal needs to be confirmed: For this further experiments with
preadsorbed oxygen and heating to temperature between 200 and 400 K need
to be conducted to ensure that the intermediate was not missed because of a
poorly chosen temperature. Additionally, an IR study of acetaldehyde could

confirm the formation of the intermediate. As acetaldehyde possesses acidic
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hydrogen atoms like acetone, a similar intermediate should be observed. Due
to the lack of repulsion from methyl groups, the formation of the intermediate
for acetaldehyde is expected to be more favorable than in the case of acetone
(see section 6.1.3). If no intermediate was observed, the herein reported ab-
sence of the analogue benzaldehyde intermediate signal would likely be due
to a lack of sensitivity of IRRAS, which in turn would point to the formation
of an acetal. An other candidate probe molecule is acetophenone, which can
undergo an aldol reaction and is also an aromatic species like benzaldehyde.
Further studies could focus on nucleophilic substitution reactions with various
oxygen species: For example if O,q were nucleophiles, they would react with
halogenated alkanes to the corresponding alcoholates. Thus, if alcoholates
were observed, the acetal would become a more plausible candidate. Finally, a
more reliable computational model for the S-hydroxy ketone would help with
the interpretation of the IR spectra and a mechanistic ab-initio study would
provide further insights into the relevance of the various possible reaction path-
ways.

If the intermediate was an aldol product, the photo decomposition pathway
proposed by Henderson would only apply to aldehydes and ketones contain-
ing acidic a-hydrogen atoms. The intermediate that forms from reaction of
acetone or acetaldehyde with oxygen is the photoactive species for photo oxida-

(172212] T)lumination of this species induces methyl radical ejection. 172212

tion.
Zehr and Henderson have demonstrated that the methyl photo desorption yield
increases upon annealing oxygen and acetaldehyde on rutile(110) to 200 K
and decreases above 300 K.'"? They concluded from this observation that the
photo oxidation depends on the formation of the intermediate, which desorbes
or decomposes at 300 K.!'" The observation of the formation of the acetone-
oxygen intermediate in the IR spectra (figure 6.10) at 250 K and desorption or
reaction at 300 K suggest that this is the analogue species to the one observed
by Zehr and Henderson. If the photo active intermediate is not an acetal
but a p-hydroxy ketone, this would suggest, that carbonyl species without
a-hydrogen atoms, such as benzaldehyde, were more photo stable than those

containing such atoms.

6.4 Conclusion

In summary, the herein presented results give new insights into the interaction
of adsorbates with coadsorbed oxygen. Molecular oxygen was shown to oxidize
benzaldehyde to benzoate and acetone to acetate. The oxidation mechanism

is most likely similar to the radical auto oxidation of aldehydes by molecular
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oxygen (figure 6.3).

Besides the radical oxidation, an additional intermediate was observed for ace-
tone, that forms upon heating to 250 K and decomposes at 300 K (figure 6.16).
Presumably, this intermediate is either an acetal or a S-hydroxy ketone:

The formation of an acetal in a nucleophilic reaction from acetone and O,q has
been previously proposed by Henderson.!!">2'2 This reaction is similar to the
first step in the Cannizzaro reaction (figure 6.2). Furthermore, the IR spectra
(figure 6.10) in conjunction with the DFT results (table 6.2) obtained for the
reaction of acetone presented within this chapter provide strong evidence for
the formation of an acetal.

However, the absence of a similar acetal for benzaldehyde points to the for-
mation of the S-hydroxy ketone instead of the acetal. It is formed in an aldol
reaction (figure 6.1) which requires an acidic a-hydrogen atom. As benzalde-
hyde does not possess such an atom, it can not undergo an aldol reaction.
The B-hydroxy ketone is also consistent with the experimental data and DFT
simulations.

Previously, the formation of the intermediate has been identified as a key step
in the photo oxidation of carbonyl compounds e.g. the acetone intermediate is
photo oxidized to acetate. 172173212l Thus, the herein presented results suggest
a higher photo stability of carbonyl compounds, which lack acidic a hydrogen
atoms. Therefore, the herein presented results are of great significance for the
photo stability of organic linker molecules on titania, e.g. in Gratzel cells, or
for the design of photo catalysts for photo oxidation of pollutants, e.g. in wast

water purification.
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Figure 6.16: Summary acetone oxidation: Acetone reacts with molecular oxy-
gen to form acetate and with oxygen adatoms to an intermediate.
This intermediate is either an acetal or a -hydroxy ketone. For
benzaldehyde only the radical oxidation with molecular oxygen to
benzoate is observed.






7 Deprotonation, dehydrogenation
and disproportionation of

alcohols

Besides aldehydes and ketone alcohols are an important class of oxygenates.
For example, they are commonly used as solvents in industrial processes.®
Methanol is the simplest alcohol and therefore, it is frequently used as a
probe molecule to study thermal oxidation and photo oxidation reactions on

126,226,227] Fyrthermore, natural organic materials, such as carbohy-

surfaces. |
drates, contain hydroxyl groups. Thus, the understanding of chemical reac-
tions e.g. the cracking of organic substances in sediments, which generates
crude oils, benefits from knowledge of alcohol surface chemistry. *° Addition-
ally, methanol plays a key role in chemistry based on natural gas and catalytic
CO, reduction: For example methanol generated from biogas could be used as
liquid fuel for fuel cells. 228

Within this chapter the surface chemistry of benzylalcohol is studied using tem-
perature programmed reaction spectoscopy (TPRS), infrared reflection absorp-
tion spectroscopy (IRRAS) and density functional theory (DFT). The prelimi-
nary results suggest that benzylalcohol dehydrogenates and disproportionates,
and that the activation barrier for these reactions is lower than for the analogue

(126,229 Fyurthermore,

methanol reactions, which were reported in the literature.
the results presented herein are an important reference for the stilbenediolate
which is observed as an intermediate in the reductive coupling of benzaldehyde
(see chapter 5).

The results presented in this chapter were a starting point for further work on
the surface chemistry of methanol by Milena Osmi¢ and Bérchert Jasper. [2:230]
Therefore, additional DFT simulations were conducted to distinguish between
deprotonated and molecular alcohol species observed in IR spectra.®? Addi-
tionally, the DFT calculations showed up differences in the chemical behavior

of methanol and benzylalcohol.
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7 Deprotonation, dehydrogenation and disproportionation of alcohols
7.1 Surface chemistry of alcohols

Methanol is the prototypical alcohol and its surface chemistry on rutile has
been studied extensively. 16126227 Methanol was proposed to adsorb molecu-
larly on five coordinated titanium atoms on the reduced and oxidized surface
(Tis., see figure 7.1 a), and observed to desorb at 295 K in TPR spectra. [126:208]
At higher coverages two additional signals were reported: one signal at 145 K,
which was ascribed to desorption of condensed multi layers, and a second sig-
nal at 165 K, which was, analogue to previous results for water, ascribed to
methanol which binds to bridging oxygen atoms (Oy,, see figure 4.1 on page
38) via hydrogen bridge bonds."?% This observation suggests, that methanol
molecules bind more strongly to Oy, than to each other in a condensed multi
layer.

On adsorption, part of the methanol was reported to deprotonate either due
to adsorption at defect sites such as bridging oxygen vacancies (BOV) on the
reduced surface or upon reaction with coadsorbed oxygen atoms (O,g). 126208l
Upon adsorption at defect sites the proton was proposed to bind to a neigh-
boring bridging oxygen atom (Oy,, figure 7.1 c¢), whereas a reaction with coad-
sorbed oxygen lead to a terminal hydroxyl group adsorbed at Tis. (figure
7.1 b).[126:208] This dissociation' leads to methoxy groups adsorbed at Tis,
or BOV, the latter were observed by Zhang et al.'?" in scanning tunnel-
ing microscopy (STM). Part of the dissociated methoxy groups recombine as
methanol which was observed in TPRS at 480 K for recombination from Tis.
sites and 540 K for recombination from BOV sites.[¢! Static secondary ion
mass spectroscopy (SSIMS) results confirm, that at these high temperature a
methoxy species is present at the surface whereas at 295 K molecular methanol
was observed.'? Besides the dissociation at BOVs, Martinez et al.!'67 ob-
served in STM experiments that e.g. ethanol also dissociates at step edges.
Methoxy and methanol could not be distinguished in high resolution electron

[126] hut IR spectra of methanol adsorbed on

1

energy loss (HREEL) spectra,
rutile nano particles showed several methoxy signals ranging from 1153 cm™
to 1020 cm~!.1232] In HREELS, the methoxy signal was observed to shift from
1025 em ™! for methanol multi layers to 1050 cm ™! after desorption of the mul-
tilayers, but no further v(C — O) signals were resolved.'?6) Upon adsorption of
methanol on 4 nm rutile particles at 295 K, Panayotov et al.?*? observed sig-
nals at 1153, 1109, 1050 and 1020 cm~!. Based on the DFT results presented
herein, these signals are probably due to various molecular and deprotonated

methanol species at different adsorption sites with various degree of hydrogen

' Dissociation for alcohols in this chapter refers to deprotonation.
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Figure 7.1: Overview of surface reactions which were proposed for methanol
on rutile(110):[126:208231] 3) adsorption at Tis., b) deprotonation
at coadsorbed oxygen atoms, c¢) deprotonation in a BOV, d) re-
combination of methoxy in a BOV to form methane and healing
the vacancy, e) dehydrogenation of two methoxy to methanol and
formaldehyde, f) oxidation of methoxy (or methanol) with coad-
sorbed molecular oxygen to formaldehyde.
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bridge bonding. Furthermore, Panayotov et al.[?3? observed that methanol
adsorption red shifts the adsorption band of coadsorbed CO. They concluded
that methanol transfers charge to the surface, which reduces the lewis acidity
of the Tis. atoms and therefore weakens the binding to CO.

DFT results suggested, that dissociation of methanol at Tis. to methoxy groups
at Tis, and bridging hydroxyl groups, is also possible. 233234 Both dissociated
and molecular methanol were found to be energetically degenerated and sep-
arated by an energy barrier of approximately 1 eV for coverages of 0.25 mono
layers (ML) coverages. 23 For a higher coverage of 1 ML, Zhao et al.?34 found
that molecular adsorption is 0.3 eV more favorable then dissociative adsorp-
tion. They concluded, that hydrogen bridge bonds stabilize the adsorbates.
Besides recombination, the methoxy groups adsorbed at Tis. were observed to
dehydrogenate, forming methanol and formaldehyde (figure 7.1 e).[126:208] Thig
reaction occurred at higher temperature when due to e.g. desorption of water
no hydroxyl groups are available for recombination to methanol. Formalde-
hyde and methanol desorption was observed at 625 K in TPRS.[126:208] Thys,
isolated alkoxy species are thermodynamically very stable on rutile(110).
Additionally, thermo chemical oxidation of methanol to formaldehyde was ob-
served in a reaction with coadsorbed molecular oxygen (figure 7.1 f).[12681 A
similar oxidation to formaldehyde was suggested by a molecular oxygen species
which adsorbed in the vicinity of gold cluster on rutile(110).2%! Similar to this
reaction an oxidation of benzaldehyde and acetone to benzoate and acetate is
discussed in chapter 6

Like methanol, alcohols with longer alkyl chains such as ethanol adsorb both
molecularly and dissociatively on titania. 229236237 However, the alkoxy groups
react preferentially in a [-hydrogen elimination forming the corresponding
alkene compound (figure 7.2) instead of a dehydrogenation to the aldehyde. 229236
Kim et al.??? observed two mechanisms: a low temperature mechanism at
300-425 K (figure 7.2 a) and a high temperature pathway around 575 K (fig-
ure 7.2 b). The low temperature mechanism was observed not to depend on
BOVs, as preadsorbed water did not quench this reaction. In contrast, the high
temperature mechanism was observed to depend on BOVs. Therefore, Kim et
al.22 proposed that the low temperature mechanism is due to the reaction
of an alkoxy species adsorbed at Tis., whereas the high temperature pathway
involves the reaction of an alkoxy species adsorbed in BOVs as illustrated in
figure 7.2. The high temperature pathway was observed to benefit from longer
alkyl chains, as indicated by a downward shift in desorption temperature. The
alkyl chains were proposed to stabilize an intermediate state in the reaction

by inductive effects. 229
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Figure 7.2: S-hydrogen elimination reactions of aliphatic alcohols: In contrast
to methanol for alipahtic alcohols such as ethanol, elimination re-
actions to the corresponding alkene are more favorable compared
to the oxidation to the aldehyde / ketone.l??”) a) low temperature
elimination from two ethoxys adsorbed at Tis., b) high tempera-
ture elimination of ethoxy adsobed in a BOV.

Methanol is photo chemically oxidized to formaldehyde.?31238 The active
species for methanol photochemistry was found to be the deprotonated methoxy

(231.238] TPR spectra recorded after exposing

species from reaction with O,q.
a surface covered with methoxy to UV light showed desorption signals of
formaldehyde and methanol. 231:238] Methoxy was prepared by coadsorbing oxy-
gen and methanol on the surface and then thermally desorbing methanol by
heating to 350 K prior to UV exposure. A multilayer of coadsorbed water
was observed to quench the photo oxidation.[?1:238] Shen et al.[?31:238] pro-
posed that methoxy is oxidized by a photo chemically activated Oy, which
abstracts a hydrogen atom.!?3!) This reaction yields a radical (H,CO-) and a
bridging hydroxyl group. The radical decomposes to formaldehyde, whereas
the bridging hydroxyl group recombines with methoxy to release methanol.
A multilayer coverage of coadsorbed water was observed to quench the photo
oxidation. This water has been found to bind to the Oy,. Therefore, water
was suggested to block the initial abstraction of the hydrogen atom by photo-
activated Oy,,. 231

Philipps et al.[''% reported a consecutive photo reaction of formaldehyde with
methoxy to methyl formate. The authors proposed that formaldehyde reacts
with photo activated Oy, yielding a formyl radical (HCO-) which in turn re-
acts with a neighboring methoxy group to methyl formate. 116239 The reaction

was observed in STM experiments before and after UV exposure and photo
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stimulated desorption. Idriss and coworkers?*%241 observed, that ethanol is
photo oxidized to acetaldehyde and acetate in the presence of molecular oxy-
gen (no molecular oxygen was present in the experiments with methanol), but
did not report the formation of an ester. Jensen et al.*3 proposed that the
lack of ester is due to a lower reaction enthalpy as indicated by the difference
of the C-H bond dissociation energies for ethoxy and acetaldehyde compared
to methoxy and formaldehyde. Therefore, the acetyl radical would preferen-
tially react with ethoxy to two acetaldehyde (AE =~ 4 kcal/mol), whereas for
formaldehyde, where the activation barrier is higher (AE ~ 8 kcal/mol), the
reaction to methylformate dominates. 23! This explanation could be tested in
a methanol ethanol coadsorption experiment: according to this theory forma-
tion of methylacetate should be observed.

Benzylalcohol has been studied for its impact on the stabilization of rutile and
anatase nano particles. For example Cooke et al.?*? observed that benzylal-
cohol favors the growth of rutile thin films over anatase thin films on carbon
nanotubes. Molecular dynamics results suggested, that the phenyl ring of
benzylalcohol lies flat on rutile(110) whereas it stands upright on anatase sur-
faces. As benzylalcohol also lies flat on the carbon nano tubes, binding there
via m — m-stacking, Cooke et al.?*?] suggested that it favors nucleation of rutile
seeds.

On Au(111) benzylalcohol was reported to react with oxygen adtoms to yield
benzyloxy (benzylalcoholate, CgH;—CH,—O—Au).243 At low O,4 concentra-
tions this intermediate was selectively oxidized to benzaldehyde, and esterifi-
cation to benzyl benzoate was observed.?*3 Similar reactions were reported
for methanol on Au(111).12%! However, in the presence of excess oxygen, ben-

zylalcohol is oxidized to benzoate and ultimatively CO.,. 43!

7.2 Results

The surface chemistry of benzylalcohol? was investigated as reference for stil-
bene diolate, which is an intermediate in the reductive coupling of benzalde-
hyde discussed in chapter 5. Therefore, the reactions of benzylalcohol were
not investigated in great detail in contrast to the work presented in the previ-
ous chapters. However, as the work presented herein was a starting point for
further work on the surface chemistry of methanol, DFT calculations were con-
ducted to identify signals observed in IRRAS, especially to distinguish between

dissociatively and molecularly adsorbed alcohols.

2Special acknowledgements to Verena Bottner and Markus Becker who conducted part of
the experiments within a lab class on surface science.
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Table 7.1: Relative intensities of key fragments from the NIST fragmenta-
tion pattern of benzylalcohol.® Benzaldehyde (m/z 105, 106) and
toluene (m/z 92) are not significant fragments for benzylalcohol.

m/z | relative intensity
108 89
107 69
106 2
105 8
92 2

7.2.1 Benzylalcohol results

The experiments in this chapter were conducted on a rutile(110) crystal, which
was reduced by 75 preparation cycles. In contrast to other substances used in
this work, benzylalcohol has a low vapor pressure (0.027 mbar compared to
1.26 mbar for benzaldehyde)?*42%] and therefore, was difficult to dose using
the pinhole doser. The doser was rigorously purged using benzylalcohol to sat-
urate all metal surfaces and the full vapor pressure of benzylalcohol was used
for dosing instead of following the procedure for dosing described in section
3.5. Nonetheless, long exposure times were need (2 to 5 min) which increased
the risk of contamination with oxygen or water and surface coverages in TPRS
experiments were difficult to reproduce.

TPR spectra of benzylalcohol (parent ion m/z 108, also m/z 107) recorded at
a multilayer coverage (high coverage) and a lower coverage, show desorption
signals of benzylalcohol at 445, 350 and 230 K. In analogy to methanol the
350 K signal is tentatively assigned to desorption of benzylalcohol adsorbed at
Tise, and the 445 K signal to recombination of benzyloxy (benzylalcoholate,
C¢H;—CH,—0). The indefinite growth of the 230 K signal suggests, that this
signal is due to multilayer desorption. Assuming that for the high coverage
spectrum a multi layer was adsorbed, the intensity of the 350 K signal in this
spectrum corresponds to a mono layer coverage of benzylalcohol. Therefore,
the intensity ratio of the 350 K signal in the low and high coverage spectra
suggests that approximately 0.1 to 0.2 mono layers (ML) of benzylalcohol were
adsorbed on the surface for the low coverage spectrum.

All three benzylalcohol signals observed in TPRS are accompanied by ben-
zaldehyde desorption signals (m/z 105, 106) which are most likely due to a
reaction and not a contamination of the benzylalcohol. According to the NIST
reference spectrum of benzylalcohol (table 7.1), these masses are not due to

L [34

fragmentation of benzylalcohol.®¥ The presence of benzaldehyde is further in-

dicated by the desorption signal at 170 K in the low coverage and at 190 K in
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Figure 7.3: TPR spectra of two benzylalcohol (m/z 108, 107) coverages. Based
on the signal intensity, the low coverage corresponds to 0.1 to 0.2
ML. Three signals are observed at 445 K and 250 K, which are
tentatively attributed to mono layer desorption and 230 K, which
is presumably due to multilayer desorption. Remarkably, all signals
including the multilayer signal are accompanied by benzaldehyde
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Figure 7.4: Toluene signals observed in benzylalcohol TPRS (m/z 92). Be-
sides codesorption with the benzylalcohol and benzaldehyde signals
strong signals are observed around 450 K and 550 K. The 450 K is
possibly due to benzyloxy disproportionation (figure 7.11) and the
550 K due to benzyloxy recombination analogue to the reaction for
methanol which is illustrated in figure 7.1 d).
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Figure 7.5: IR spectrum of a high coverage of benzylalcohol: The spectrum
shows a signal at 1077 cm™! which indicates an alkoxy species.
No signals are observed which would indicate a carbonyl species.
Therefore, the benzylalcohol is most likely not contaminated with

benzaldehyde.
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the high coverage spectrum, which is independent of benzylalcohol desorption.
These signals indicate the desorption of physisorbed benzaldehyde which pre-
viously has been observed in benzaldehyde TPR spectra (figure 5.2 on page
48). Therefore, the m/z 105 and 106 signals are not due to fragmentation of
benzylalcohol. Benzaldehyde could be a contamination in the gas lines, which
is present from previous experiments. A contamination is strongly supported
by the presence of benzaldehyde signals in the multilayer signal at 230 K, as for
a condensated multi layer no reactions are expected. However, if benzaldeyde
was a contamination, especially to the extent the TPR spectra suggest, it
would be indicated by a carbonyl signal in the IR spectrum (figure 7.5). How-
ever, such a signal is not observed indicating that no benzaldehyde is present
after adsorption at 110 K.

Toluene desorption observed in the TPR spectra (m/z 92, figure 7.4) suggest
that benzylalcohol disproportionates. Similar to benzaldehyde and benzylal-
cohol, toluene desorption is observed at 450 K and 345 K, which coincides
with the mono layer desorption signals, and at 235 K which coincides with
the multilayer signal of benzylalcohol. However, the signal around 450 K is
more pronounced for toluene than for benzylalcohol and benzaldehyde and an
additional signal is observed at 550 K. In analogy to the methane evolution
observed for methanol (figure 7.1 d), this signal is assigned to recombination
of benzyloxy adsorbed in a BOV with a bridging hydroxyl which heals the
vacancy. The codesorption of benzaldehyde and toluene indicates a dispropor-
tionation reaction of benzylalcohol which appears to be more pronounced for
the 450 K signal compared to the 345 K signal. This disproportionation will
be discussed in section 7.3.1.

Like benzaldehyde, the observed toluene desorption is most likely not due to
a contamination but a reaction. Preliminary TPRS results for toluene (data
not shown) indicate that adsorbed toluene desorbs at 250 K. Therefore, the
toluene desorption signals above 250 K are most likely due to release of toluene
from a reaction instead of desorption of adsorbed toluene.

The IR spectrum of a high coverage of benzylalcohol (figure 7.5) shows an
alkoxy signal at 1077 cm™!. The signal is very sharp and slightly blue shifted
compared to the SDBS reference spectrum, which shows a broad band at 1016
to 1038 cm~'.["84 Furthermore, this signal is in good agreement with the ob-
served signal for methanol adsorption at 1050 cm™'.192 The DFT results pre-
sented below suggest that this signal is possibly due to a molecularly adsorbed
benzylalcohol, which forms strong hydrogen bonds to the surface or a multi-
layer with intermolecular bonds. The spectrum shows no signals, which would

indicate the presence of benzaldehyde. Especially, no carbonyl signals in the
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methanol methoxy
17(C-0) = 1009 cm’? D(C-0)=1119 cm™
A(C-0) =1.45 A A(C-0)=139A
A(O-H)=0.97 A

JH‘C ‘OJTi

Figure 7.6: DFT results for methanol and methoxy adsorbed on the HgTi,Og
cluster model. Methanol is adsorbed at the Tis.-atom. For the
deprotonated species, the C—0O mode is blue shifted and the bond
length is shorter than for methanol.

I are observed. Previous spectra

spectral range between 1650 and 1700 cm™
(see figure 5.4 on page 51) indicate that benzaldehyde should be detectable
at the coverages indicated by the TPR spectra even for an alignment of the

carbonyl parallel to the surface which is unfavorable for detection in IRRAS.

7.2.2 DFT Results

To distinguish the various alkoxy signals of benzalylalcohol which are observed
in this work and methanol which have been observed by Milena Osmi¢, vibra-
tions of methanol and methoxy (figure 7.6) and benzylalcohol and benzyloxy
(figure 7.7) were determined as adsorbed on the previously described HgTi,Og4
cluster model.*%

Both alcohols bind to the Tis. in the cluster via the oxygen atom and show
a strong blue shift of the alkoxy vibration for the deprotonated species. For
the adsorbed alcohols, the alkoxy signals is slightly red shifted (see table 7.2)
compared to the free alcohol molecules, and the C—O distance is elongated
(table 7.3). Upon dissociation, the frequency of the alkoxy signal blue shifts
by 110 em~! for methanol and 204 cm ™! for benzylalcohol. Additionally, the
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J
J
J
J
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benzylalcohol benzyloxy
17(C-0) = 954 cm™’ (C-0)=1158 cm™
A(C-0) = 1.47 /§ A(C-0)=136A
A(O-H)=0.97 A

d H 'c ‘OJTi

Figure 7.7: DFT results for benzylalcohol and benzyloxy adsorbed on the
HgTiy,Og cluster model. The results are similar to the observations
for methanol (see figure 7.6).
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J Jd J 9

methanol methoxy
7(C-0) =1071cm”’ 7(C-0)=1140 cm’
A(C-0)=1.42A A(C-0)=1.38A
A(O-H) = 1.06 A

A((HO)-H)=1.42 A
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Figure 7.8: DFT results for methanol and methoxy adsorbed on the HgTi,Oq
cluster with coadsorbed terminal hydroxyl groups. The hydroxyl
group forms a hydrogen bridge bond to the alcohol, which blue
shifts the C—O mode to 1071 cm~*. The O-H bondlength is sligthly
increased from 0.96 A to 1.06 A, but still significantly shorter than
the distance between the proton to the oxygen atom in the hydroxyl
group (A((HO)-H)) In contrast to methanol, methoxy is barely
affected by hydrogen bridge bonds.

C—0O bond length is shorter for the alkoxy species, which has been previously
found using periodic DFT calculation (see table 7.3).1233 This observation in-
dicates a strengthening of the C—O bond upon deprotonation.

As Zhao et al.[?3¥ pointed out, hydrogen bridge bonds play a central role in the
stabilization of adsorbed methanol. This is problematic as the used HgTi,Oq
cluster does not include the bridging oxygen atoms (Oy,), which are expected
to play a key role in hydrogen bridge bonds. Therefore, as a first approach to
study the effect such hydrogen bridge bonds would have on the observed vi-
brations, the Oy, are mimicked by adding a hydroxyl group on the used cluster
(figures 7.8 for methanol and 7.9 for benzylalcohol). Though this is a simpli-
fied model and the absolute results are dubious, this model should suffice to
identify the trend hydrogen bridging has on the observed frequencies.

In the presence of coadsorbed hydroxyl groups on the cluster, the alkoxy modes
of the alcohols are strongly blue shifted. For methanol, the alkoxy signal is
shifted from 1009 cm ™! to 1071 cm™!. Furthermore, the O—H stretch mode is
red shifted from 3669 cm™! to 2127 ecm™?!, which indicates a weakening of this
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benzylalcohol benzyloxy

7(C-0) = 1087 cm 7(C-0)=1151cm™’
A(C-0)=1.40 A A(C-0)=1.37A
A(O-H)=1.48A

A((HO)-H) = 1.04 A
Ho J H ‘ C ‘ o) J Ti

Figure 7.9: DFT results for benzylalcohol and benzyloxy adsorbed on the
HTi,Og4 cluster model with coadsorbed terminal hydroxyl groups.
In contrast to methanol (figure 7.8), benzylalcohol dissociates, and
the alkoxy mode is shifted to 1087 cm~!. The proton is much closer
to the hydroxyl oxygen atom than the oxygen atom of the alcohol.
Like methoxy, benzyloxy is less affected.
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bond. For benzylalcohol, the effect is more pronounced than for methanol.
The alkoxy signal shifts from 954 cm™! to 1087 cm™! and the O—H distance
is increased from 0.97 to 1.48 A, thus benzylalcohol dissociates. In contrast
to the adsorbed alcohols, the corresponding alkoxy species are barely affected
by the coadsorbed hydroxyl groups: The alkoxy mode blue shifts by 21 cm™!
for methoxy and redshifts by 8 em™" for benzylalcohol upon introducing a hy-
droxy species (see table 7.2).

The hydroxyl group is a strong base and using it as a model presumably over-
estimates the effect of the Oy,. Therefore, for benzylalcohol, the effect of
hydrogen bonds to water, hydroxyl and between two benzylalcohol molecules
(dimer) was tested in the gasphase using DFT (see tables 7.2 and 7.3). For
the dimer the two benzylalcohol molecules are distinguished: one molecule
(termed "proton bound") binds via its proton to oxygen atom in the second
molecule ("oxygen bound"). The proton of the oxygen bound molecule is faced
away from the proton bound molecule. The proton bound molecule is more
affected by the hydrogen bond than the oxygen bound molecule, as indicated
by the blue shift of the alkoxy mode from 1046 to 1071 cm~!. In contrast, the
alkoxy mode of the oxygen bound molecule is redshifted to 1005 cm ™, which
is similar to the effect of adsorption on the cluster.

As expected, the effect of the hydroxyl ion is the strongest among the tested
candidates and the alcohol deprotonates as indicated by the O—H distance of
1.48 A. The effect for the proton bound benzylalcohol is less pronounced, the
molecule is not dissociated (A(O—H) = 0.97 A) but the bond is weakend, as

1 compared to 3855 cm~! for

indicated by the lower wavenumber (3670 cm™
the uncoordinated benzylalcohol). The results indicate, that water binds even
weaker as judged based on the shift of the O-H stretch mode (table 7.2).

The results for the benzylalcohol dimer and benzylalcohol coadsorbed on the
H,Ti,Og cluster give a lower and upper limit of 26 to 113 cm ™! for the expected
shift of the alkoxy mode upon hydrogen bridge bonding of benzylalcohol to Oy,,.
The herein used model of using coadsorbed hydroxyl likely overestimates the
influence of the Oy,. Upon introducing the hydroxyl, the alkoxy mode shifts
by 113 cm~! which is close to the shift upon coordination of benzylalcohol
with a free hydroxyl ion (126 cm™'). However, TPRS results suggest that the
influence of the Oy, is stronger than the effect of water or intermolecular hy-
drogen bridge bonding (26 cm™!). For example, a desorption signal assigned
to methanol or water binding to Oy, observed in TPR spectra indicates, that
these molecules bind more strongly to Oy, than to neighboring molecules in a
condensed multi layer. [53:123,126]

Furthermore, under the experimental reaction conditions, the alcohols might
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Table 7.2: Overview of the vibrations for alcohols (see figures 7.6-7.9).
p: mostly parallel to surface, +/-: observed in IRRAS as positive
or negative absorbance signal, n.o.: not observed, w: weak

| v(C-0) [em™']  v(O-H) [em™!]
Methanol
free methanol (DFT) 1041 3845
methanol on HgTi,Oq cluster 1009 3669(p)
with coadsorbed hydroxyl 1071 2127(p)
methoxy on HgTi,Og4 cluster 1119
with coadsorbed hydroxyl 1140
IRRAS on rutile(110):°2
mulitlayer adsorbed at 110 K 1052(-) n.0
upon heating to 240 K:
with coadsorbed O, 1162(-), 1095(-) 1.0.
without coadsorbed O, 1162(w,-), 1082(-) 1n.0.
Benzylalcohol
free benzylalcohol (DFT) 1046, 1056 3855
with coordinated hydroxyl 1172 2563
with coordinated water molecule 1071 3713
benzylalcohol dimer proton bound 1071 3670
benzylalcohol dimer oxygen bound 1005 3817
benzylalcohol on HgTi,04 cluster 954 3694 (p)
with coadsorbed hydroxyl 1087, 1112 2373(p)
benzyloxy on HTi,Og cluster 1158
with coadsorbed hydroxyl 1151
IRRAS this work 1077(-) 1n.0

bind to strong bases such as O,q atoms. These atoms are arguably stronger
bases than Oy, as it has been reported that methanol deprotonates more eas-
ily in the presence of coadsorbed oxygen.'?® Therefore, the added hydroxyl
groups might be a suitable model for these stronger bases. However, the dis-
cussion of various coadsorbates is beyond the scope of this work and limits of
the used computational model.

Besides the molecular and dissociated alcohol species other reaction products
and intermediates were considered for methanol (figure 7.10): First, methyl-
formate and a methoxy-formaldehyde adduct were considered based on the
observed photo oxidation to methylformate by Phillips et al.[''6) For these
species, the alkoxy signal is slightly blue shifted compared to that of molecular
methanol, but less than for the hydrogen bridge bound methanol and espe-
cially the alkoxy mode of adsorbed methoxy. Additionally, these species show
a carbonyl stretch mode at 1784 cm™! for methylformate and 1310 cm~! for
the adduct, which is close to the reported 1363 cm ™ for formate adsorbed on
rutile(110). 47
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J > 9 9

methylformate methoxy and formaldehyde adduct
7(C-0) = 1001 cm’! 7(C-0) = 1057 cm’!
7(C=0) = 1784 cm” 7(C=0)=1310cm’

formaldehyde acetal (dioxymethylene)
ﬁsym(C-O) =1103 cm'
U (C-0)=1003 cm"

asym(

JH‘C ‘OJTi

Figure 7.10: Alternative reaction products and intermediates considered for
methanol. The methylformate and methoxy-formaldehyde adduct
were chosen as they are possible intermediates in the photo oxi-
dation of methanol, "' the formaldehyde acetal is based on the
experience with acetals in chapter 6. The ester and the adduct
are distinguishable from methanol based on the carbonyl modes.
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Table 7.3: Overview of the bond lengths for alcohols (see figures 7.6-7.9).
| A(C-O)[A]  A(O-H)[A]

Methanol

methanol 1.42 0.96
on HgTi,O4 cluster 1.45 0.97
on HgTi,O4 cluster with hydroxyl 1.42 1.06
periodic DFT 0.25 ML [233] 1.44 1.00
methoxy on HgTi,Oq4 cluster 1.39

on HgTi,Oq4 cluster with hydroxyl 1.38

periodic DFT 0.25 ML 233l 1.40-1.42

Benzylalcohol

free benzylalcohol 1.43 0.96
with coordniated water 1.42 0.97
with coordinated hydroxyl 1.35 1.54
benzylalcohol dimer proton bound 1.42 0.97
benzylalcohol dimer oxygen bound 1.44 0.96
benzylalcohol on HgTi,Og cluster 1.47 0.97
on HgTi,Og4 cluster with hydroxyl 1.40 1.48
free benzyloxy 1.33

benzyloxy on HgTi,Og4 cluster 1.36

on HgTi,Oq4 cluster with hydroxyl 1.37

Secondly, the formaldehyde acetal was considered in analogy to the results
presented in chapter 6. This species shows a symmetric mode at 1103 cm™!
and an asymmetric mode at 1003 cm™!, which is aligned parallel to the sur-
face. Thus, considering the expected accuracy of the calculation, this species
is difficult to distinguish from adsorbed methanol in IR spectra. Therefore, it
might be difficult to detect formaldehyde experimentally using IRRAS in the
presence of oxygen, as formaldehyde was reported to react with coadsorbed

oxygen to this acetal. 240!

7.3 Discussion

The experimental data for benzylalcohol show an oxidation to benzaldehyde
and a reduction to toluene. The IR spectrum confirms, that benzaldehyde
forms on the surface and is not a contamination from the gasline. The oxida-
tion occurs presumably both via dehydrogenation and disproportionation of
benzylalcohol. For benzylalcohol the activation barriers are apperently lower
than for the analogue methanol reactions. Furthermore, the obtained IR spec-
trum of benzylalcohol shows an alkoxy signal at 1077 cm™!, which is obtained
as a reference for the stilbene diolate discussed in chapter 5.

For methanol, the DFT results allow an identification of the methanol IR sig-
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nals which have been observed by Milena Osmi¢.[? In combination, the DFT
and IR spectra strongly suggest, that methanol dissociates to methoxy even
on the reduced rutile(110) surface. In agreement with previous results, 126231
coadsorbed oxygen promotes the dissociation as indicated by a stronger me-

thoxy signal.

7.3.1 Benzylalcohol

The relative intensities of benzaldehyde and toluene observed in the TPR spec-
tra show a different distribution of the reaction products for the signals at 350
and 445 K. The benzaldehyde spectra for the low coverage indicates that less
benzaldehyde desorbs at 445 K, but the yield in benzaldehyde relative to the
desorption of benzylalcohol is higher. Simultaneously, the toluene signal is
more pronounced for the 445 K desorption signal than for the 350 K signal.
Therefore, the 350 K desorption signal is due to a reaction that mostly yields
benzaldehyde without toluene, such as the dehydrogenation which has been
proposed for methanol. On the other hand, this observation suggest that the
445 K signal is mostly due to a reaction that involves the release of the side
product toluene, such as the disproportionation.

The dehydrogenation has been previously reported for methanol 126:208:236] 4pq
aliphatic alcohols, though for aliphatic alcohols the S-hydrogen elimination is
more favorable. 229236 However, due to a lack of 8-hydrogen atoms in benzylal-
cohol, this elimination is not expected for benzylalcohol. For the dehydrogena-
tion of methanol, the reaction mechanism which is illustrated in figure 7.1 e)
has been proposed. 28! Methoxy abstracts an a hydrogen atom from a second
methoxy species which react to methanol and formaldehyde respectively.

The desorption of benzaldehyde at 230 K indicates that the activation barrier
for the dehydrogenation of benzylalcohol is much lower than for the analogue
methanol reaction. Methanol and formaledehyde formation was observed at
630 K.2%] The DFT results for methanol and benzylalcohol with coadsorbed
hydroxyl (figures 7.8 and 7.9) indicate, that benzylalcohol dissociates more eas-
ily to benzyloxy than methanol to methoxy. Additionally, for benzylalcohol,
the proton transfer is likely favored by resonance stabilization of the interme-
diate carbanion (not shown in figure 7.1 e) by the phenyl ring. Ultimately,
the oxidation of benzylalcohol is thermodynamically favored by the formation
of an extended 7 electron system between the phenyl ring and the carbonyl
group in benzaldehyde.

The presence of benzaldehyde in the multilayer signal at 230 K suggest a dis-
placement of benzaldehyde by benzylalcohol from the surface. Benzylalcohol
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is neither oxidized in the gas phase nor the liquid phase in the flask. Such a
reaction would be indicated by a contamination of benzaldehyde upon adsorp-
tion, which is not observed in the IR spectrum. Therefore, benzylalcohol is
most likely not oxidized in a multi layer adsorbed on titania at temperatures
up to 230 K, too. This assessment is consistent with the proposed mechanism
of the reaction mechanism for dehydrogenation, as the initial dissociation of
benzylalcohol requires a (weak) base such as the Oy,. Thus, benzaldehyde is
formed at the surface. Based on this assumption, the presence of benzalde-
hyde in the multilayer indicates the displacement of benzaldehyde from the
surface by benzylalcohol. This obeservation is surprising as TPR spectra of
benzaldehyde show that benzaldehyde adsorbed at Tis. is stable up to 350 K
(see figure 5.2). Panayotov et al.32 observed a similar effect: coadsorbed
methanol weakened the binding of CO on rutile powders as indicated by a red
shift of the CO mode in IR spectra. They concluded, that upon adsorption,
methanol transfers charge to the surface and, therefore, decreases the lewis
acidity of the Tis. atoms, which in turn weakens the CO adsorption. Thus,
the results suggests that benzylalcohol has a similar destabilizing effect on
benzaldehyde as methanol has on CO.

The TPR spectra indicate a disproportionation reaction of benzyloxy, which
possibly involves an intermolecular hydride transfer. The codesorption of ben-
zaldehyde and toluene indicates a disproportionation of benzylalcohol. At
450 K, the toluene signal in TPRS (figure 7.4) is more pronounced compared
to the benzaldehyde signal, than in the 350 K signal, which suggests a higher
contribution from disproportionation at 450 K compared to the above men-
tioned dehydrogenation. Previous SSIMS results on methanol indicated that
at temperatures >300 K methanol deprotonates and methoxy is present at
the surface.'® Thus, in analogy the 450 K signal is most likely due to re-
action of benzyloxy and not benzylalcohol. A possible reaction mechanism
for toluene formation is a hydride transfer between two adsorbed benzyloxys,
similar to the second step described in the Cannizzaro disproportionation for
the reaction of aldehydes to the corresponding acid and alcohol (see figure 6.2
on page 70). The hydrid donating benzyloxy is oxidized to benzaldehyde in
the process (figure 7.11). The formation of additional benzaldehyde is also
observed in the TPR spectrum (figure 7.3): the benzaldehyde signals (m/z
105, 106) at 435 K are more pronounced than the benzylalcohol signals (m/z
107, 108) compared to the desorption signals at 350 K. A similar dispropor-
tionation mechanism has been proposed for the reaction of benzylalcohol over
zeolites ¥ and alumina. >*¥l Similar to the disproportionation, Kim et al.[?2%

found C—O bond cleavage as part of an elimination reaction of aliphatic al-
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Figure 7.11: Proposed mechanism for toluene formation. The disproportiona-
tion of two benzyloxy species possibly occurs via a hydride trans-
fer. The hydrid donating species is oxidized to benzaldehyde,
whereas the receiving benzyloxy is reduced to toluene.

cohols to the alkene (figure 7.2). However, for benzylalcohol, such elimination
reactions are not possible due to the lack of S-hydrogen atoms (see figure 7.2).
In contrast to aliphatic alcohols, the oxidation to benzaldehyde benefits from
resonance stabilization of an intermediate carbocation and the formation of a
conjugated 7 system between the phenyl ring and the carbonyl group upon
oxidation. Presumingly, the latter is the thermodynamic driving force for the
hydride transfer. This difference to methanol could explain, why the dispro-
portionation is observed whereas for methanol, the abstraction of an o proton
(figure 7.1 e) is more likely at 450 K than the hydride transfer.

An open question is the reason for the switching from the dehydrogenation
to the disproportionation instead of a complete dehydrogenation of benzyloxy.
A possible explanation is the saturation of the surface with hydroxyl groups:
The dehydrogenation reaction as indicated in figure 7.1 e) leaves two protons
from the initial dissociation step at the surface, which are presumably bound
to O, atoms or possibly at sub surface sites. 29 With progressing of the dehy-
drogenation, the surface is saturated by hydroxyl groups. This would hinder
the formation of benzyloxy by favoring recombination to benzaldehyde and,
thus, quench the dehydrogenation. In contrast, the disproportionation as illus-
trated in figure 7.11 leaves an oxygen adatom at the surface which consumes
the protons in a reaction to yield water. Therefore, at a temperature which is
high enough to compensate the larger activation energy, the disproportiona-
tion predominates.

Admittedly, the herein proposed mechanism is speculative, and not fully sup-
ported by the data. As mentioned in the introduction the scope of this work
was to obtain a reference for the stilbene diolate intermediate. Especially, the

disproportionation mechanism needs further verification. For example, the in-
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termolecular hydride transfer could be tested by using isotopic labeling. This
way the source of the additional hydrogen atom in toluene could be traced to
benzylalcohol or, e.g. coadsorbed water. An other way to test this mecha-
nism is a kintic study: as the hydride transfer presumably is, analogue to the
Cannizzaro reaction, the rate limiting step and a bimolecular reaction step,
the disproportionation yield should show a second order reaction kinetic in
the concentration of benzyloxy. Furthermore, the quenching of the dehydro-
genation could be tested by saturation the Oy, with one ML of coadsorbed

water.

7.3.2 Methanol

The DFT results presented in section 7.2.2 provide a useful guideline to dis-
tinguish between various methanol species based on the methoxy frequency
ranging form 1009 cm ™! for molecularly adsorbed methanol to 1119 cm™! for
a dissociated methoxy species. The DFT results further suggested that hydro-
gen bridges blue shift the alkoxy vibration for methanol and methoxy.

Unpublished TRRAS results by Milena Osmié¢ of methanol adsorbed on a
highly reduced (= 100 preparation cylces) rutile (110) crystal show a signal at
1052 cm~! for a multilayer coverage of methanol adsorbed at 110 K.[? Upon
heating the multilayer on the vacuum annealed surface to 240 K, additional
signals are observed at 1162 cm ™! and 1082 cm™!. Upon heating to 240 K with

coadsorbed oxygen, the 1052 cm™*

signal disappears and new signals appear
at 1162 cm~! and 1095 cm~!. The 1162 cm ™! signal is more pronounced when
methanol is heated with coadsorbed oxygen. Similar signals were observed in
IR spectra of methanol adsorbed on 4 nm rutile particles. 23

The DFT and experimental results strongly suggest that the most blue shifted
signal at 1162 cm™! is due to a dissociatively adsorbed methoxy species. The
DFT calculation indicate that the strongest blue shift is expected for the dis-
sociatively adsorbed methoxy species at 1119 em™!. The additional shift could
be due to further hydrogen bridge bonds. Specifically, the calculation with the

coadsorbed hydroxyl group suggest an additional shift to 1140 cm™!.

Even
without an effect of hydrogen bridging the experimental result is within the
expected accuracy of the DFT calculation (see Appendix 2). Furthermore, the
increased intensity of this signal in the presence of coadsorbed oxygen com-
pared to the reduced surface confirms this assignment. Coadsorbed oxygen
adatoms were reported to deprotonate methanol as indicated by a more in-
tense 640 K observed in TPRS.!26:231 Additionally, coadsorbed oxygen was

reported to heal oxygen vacancies. 13129189 Therefore, the experimental re-
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sults with coadsorbed oxygen suggest that this signal is not due to adsorption
at BOV sites. Presumably, the density of methoxy adsorbed in BOVs on the
surface is to low to be detected in IRRAS. In conclusion, the DFT calculation
in combination with the IR spectra strongly suggest, that methanol deproto-
nates at 240 K. However, it is difficult to judge weather the methoxy signal
observed on the vacuum annealed surface is due to dissociation at defects,
Tis., or due to an accidental coadsorption of oxygen. Oxygen is difficult to
distinguish from methanol, as both species are indicated by a signal at m/z 32
in mass spectrometry.

The signals at 1095 and 1082 cm™! are possibly due to methanol which is
adsorbed molecularly on the surface. The DFT results suggest that hydrogen
bridge bonding blue shifts the alkoxy mode of adsorbed methanol. Previous
DFT results pointed out the importance of hydrogen bridge bounds on the
adsorption of methanol.?*¥ Possible candidates for hydrogen bridge bonds are
Opr, O.g, terminal hydroxyl groups from dissociation of methanol with O,q,
and intermolecular bonds to coadsorbed methanol or methoxy species. The
stronger blue shift of this mode compared to the blue shift from intermolecu-
lar hydrogen bonds in methanol multi layers is consistent with TPRS results:
Methanol bound to Oy, was reported to desorb 20 K above the multilayer,
which indicates a stronger binding of methanol to Oy, compared to intermolec-
ular binding within the condensed methanol multi layer. 126

Future work will focus on the surface chemistry of methanol. One planned
project is to investigate the mechanism of photo oxidation of methanol to
methylformate, which was proposed by Phillips et al.[1*6230 An other project
will use methanol as a probe molecule to asses the surface reactivity of metal
particles supported on titania, with a special interest in the interaction of
the metal particle with the support:®? In some cases thin Ti,Oy layers were
reported to grow on supported metal particles which strongly affected the
catalytic properties.!!30 This effect is known as the strong metal support in-
teraction effect (SMSI). 3!

7.4 Conclusion

In summary, the surface chemistry of benzylalcohol and methanol was studied
in this chapter. The experimental data suggest, that benzylalcohol dehydro-
genates to benzaldehyde and disproportionates to benzaldehyde and toluene.
The dehydrogenation occurs most likely similar to the analogue reaction which
has been proposed for methanol (figure 7.1 e). For the disproportionation, an

intermolecular hydrid transfer is proposed (figure 7.11). The dehydrogenation
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is dominant at lower temperatures, whereas the disproportionation is mainly
attributed to the 450 K signal in TPRS. This switching in reactivity is pro-
posed to occur due to a saturation of the surface with protons from the initial
dissociation step, which are not accounted for in the dehydrogenation mecha-
nism.

The data suggest, that the activation barrier for these reactions is lower than
for the analogue reactions of methanol. The reaction products of benzylalco-
hol are observed at lower temperatures in TPRS than the analogue methanol
products. Furthermore, the DFT result indicate that benzylalcohol dissociates
more easily to benzyloxy than methanol to methoxy.

Additionally, the benzylalcohol IR spectrum provides a reference for the stil-
bene diolate, which is an intermediate in the reductive coupling of benzalde-
hyde (see chapter 5). The spectrum clearly indicates that alkoxy compounds
are detectable in IRRAS on titania. Furthermore, the signal of stilbene di-
olate (1100 ecm™!) is further blue shifted than the benzylalcohol reference
(1077 cm™1). Based on the DFT results, this shift suggest that the stilbenedi-
olate is an alcoholate and not an alcohol.

The DFT results presented herein suggest that the signals, which were ob-
served in methanol IRRAS experiments,® are due to molecular methanol
with various degrees of hydrogen bridge bonding and a methoxy species. The
identification of the methoxy species is confirmed by the effect of coadsorbed
oxygen, which promotes deprotonation of methanol, and therefore is observed
to increase the intensity of the methoxy signal.[®? This finding suggest, that
methanol dissociates on the vacuum annealed rutile (110) surface. In general,
the results for methanol demonstrate the advantage of using IRRAS com-
pared to HREELS: In previously reported experiments, the various methanol
species could not be distinguished by using HREELS which is accomplished

herein. [126]
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In summary new insights were gained on the surface chemistry of oxygenates
on titania:

The results, which are presented in chapter 5, demonstrate a reduction re-
action which involves defects: the reductive coupling of benzaldehyde. The
IR spectra strongly suggest the formation of an intermediate, which is, based
on previous DF'T results, most likely a stilbene diolate. The amount of this
diolate is found to scale with the crystals defect density whereas the adsorp-
tion of benzaldehyde is not measurably affected. This result indicates that
the reaction involves bulk defects. The importance of interstitials is further
confirmed by experiments with coadsorbed oxygen: Similar to the reduction
of benzaldehyde, oxygen has been found to react with interstitials to form new

(139 Tn this work, oxygen is observed to quench

titania islands on the surface.
the formation of the intermediate, which strongly suggest that the interstitials
preferentially reacts with oxygen instead of benzaldehyde.

Besides quenching the reductive coupling, oxygen is also found to oxidize coad-
sorbed carbonyl compounds. Chapter 6 presents results on the oxidation of
benzaldehyde and acetone. The IR spectra show that benzaldehyde and ace-
tone are both oxidized by molecularly adsorbed oxygen to benzoate and acetate
respectively. However, only for acetone a second species is found which is indi-
cated by a signal at 1196 cm ! in the IR spectra. This species is found to form
upon heating acetone with coadsorbed oxygen adatoms to 250 K and to de-
compose above 300 K. This observation suggests that this species is the photo
active acetone-oxygen complex which previously has been described by Hen-
derson. ['%5212l He proposed, that this species in an acetal, though he did not
observe a signal in high resolution electron energy loss spectroscopy (HREELS)
to support this theory. %213 However, the DFT calculations show that the
acetal is consistent with the herein reported IR spectra. Nonetheless, the ab-
sence of an analogue benzaldehyde species points at the importance of acidic
a hydrogen atoms, which would suggest an aldol like reaction instead of the
acetal.

Besides carbonyl compounds the surface chemistry of alcohols is studied in

chapter 7 to understand the chemistry of the intermediate in the reductive
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coupling. In contrast to methanol, benzylalcohol is found to dehydrogenate
at temperatures as low as 230 K. Additionally, the observation of toluene sug-
gests a benzylalcohol disproportionation which is most pronounced at 445 K.
Furthermore, the surface chemistry of methanol has been studied using IR
spectroscopy by Milena Osmié. "2 The DFT results presented herein suggest,
that the observed signals are due to two species: molecular methanol which
binds via hydrogen bridge bonds to coadsorbates and a methoxy species.
This work emphasizes the importance of defects. Defects are either directly
involved in the reaction as in the case of the reductive coupling, or play an indi-
rect role as in the activation of oxygen to form the various oxygen species which
are discussed in chapter 4. The role of defects is important to understand devi-
ationg results between the surface chemistry on the vacuum annealed surface in
UHYV and studies on systems under ambient conditions: The herein presented
results and previous results by Jensen et al.!'3% point out that oxygen reacts
with e.g. interstitials consuming them and therefore quenches reactions that
rely on the defects as in the case of the reductive coupling. Thus, to transfer
reactions observed in UHV to ambient conditions where oxygen is present, an
in situ way to produce defects or to mimic their effect is needed, such as heat-
ing, reduction with hydrogen or preparation of reduced titania thin films on
metal substrates. [195:250-253]

Furthermore, this work shows up differences in the reactivity of the various
oxygen species, that form on the surface. This is another aspect which is
important to understand deviations between various studies, as the relative
abundances of the oxygen species, such as molecular oxygen or oxygen ad
atoms (O,q), depends on several factors such as the sample temperature dur-
ing exposure to oxygen. Reactions with coadsorbed oxygen are important for
the various applications which were motivated in the introduction. For ex-
ample the photo active species in aldehyde photo oxidation was found to be
a reaction product with coadsorbed oxygen. Therefore, the herein suggested
role of o hydrogen atoms in this reaction with oxygen has relevance for the
design of photo catalysts to oxidize waste products and air purification, or for
the choice of more stable linker molecules in dye sensitized solar cells.
Infrared reflection absorption spectroscopy (IRRAS) has been proven to be a
valuable complementary technique to thermal desorption and scanning tunnel-
ing microscopy. In this work, IRRAS was used to identify the stilbene diolate
intermediate in the reductive coupling of benzaldehyde and to study the impact
of the bulk defect density on this intermediate. Using IRRAS, the oxidation
of benzaldehyde to benzoate is observed which is difficult to observe in TPRS

because benzoate does not desorb intact, but decomposes. Furthermore, for
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the first time IRRAS provides a direct experimental evidence for the formation
of the acetone-oxygen complex which is discussed in chapter 6. Additionally,
the various methoxy signals for molecular and dissociative methanol adsorp-
tion were resolved in IR spectra.!®? The main advantage of IRRAS compared
to HREELS on titania is that it is not sensitive for the bulk phonon modes
which are interfering and difficult to remove from HREEL spectra. Presum-
ably, Henderson did not observe the acetone oxygen complex signal due to the
phonon modes and instead focused on a signal which is, based on the evidence
reported in chapter 6, most likely due to acetate formation.'®® Additionally,
the various methoxy signals for methanol adsorption were not resolved in pre-
vious HREEL spectra.!'?l The implementation of IRRAS for this work was
challenging, most difficulties arose from the low signal intensities which re-
quired long measuring times. Therefore, one difficulty was to ensure a long
time stability of the experiment over several hours compared to a few minutes
for experiments on metal surfaces.

The density functional theory (DFT) results from the HgTi,Og cluster model
have been proven to be a most useful tool to interpret the obtained IR spec-
tra. The main benefit of using these DFT results compared to reference spectra
from databases is the identification of the vibrational modes and their align-
ment with respect to the surface which is crucial information to interpret the
spectra based on the surface selection rules for IRRAS. Furthermore, some
trends are be studied such as the effect of hydrogen bridge bonds have on the
adsorption of methanol. This model has been proven to be sufficiently accurate
for most cases within this work. However, it is limited to such cases where the
adsorbate binds to the five fold coordinate titanium atoms (Tis.). Further-
more, this model cannot reproduce the effect of bridging oxygen atoms (Oy,)
or defects, and is too small to obtain meaningful results on the interaction of
coadsorbates. Therefore, these DFT results have to be interpreted carefully.
More reliable results could be obtained by increasing the cluster size or using

periodic methods, however this was beyond the scope of this work.

Outlook

Especially, the effect of the bulk on surface reactions is an open question which
is not easily addressed with surface science techniques. This work showed that
bulk defects play a major role, but the exact quantification of these defects is
difficult. Besides defects, the bulk may play a role by absorbing reactants: for
example Enevoldsen et al.?*! observed sub surface hydrogen atoms in titania.

One project that was started within this work is to study the intercalation
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of hydrogen into the bulk and the impact of defects thereon. To this end
nuclear reaction analysis (NRA) experiments were conducted to quantify the
concentration of hydrogen in the bulk in cooperation with Franziska Trager. 254

This technique is based on the nuclear reaction
BN+ H 2 C+  He+vy (8.1)

which occurs in resonance at 6.385 + 0.005 MeV.[2%! By detecting the ~ rays,
which are emitted by this reaction, the amount of hydrogen is quantified. Fur-
thermore, as the reaction occurs in resonance at 6.385 MeV, a depth profile is
obtained by changing the initial energy of the ' N beam. The primary beam
loses energy in inelastic scattering processes upon propagating through the
material. Therefore, the higher the primary energy is the deeper the beam
penetrates until it reaches the resonance energy. Unfortunately, due to diffi-
culties in quantification of the bulk defects, this project is currently postponed.
For preliminary results see appendix 3.

Going back to Langmuir the next step within the surface chemistry approach
is to increase the complexity of the system. As motivated in the introduction
one interesting aspect in heterogeneous catalysis is the strong metal support
interaction (SMSI). To study this effect, the herein gained insights are applied
to more complex model systems, such as colloidal nano particles supported on
titania which is the subject of the PhD thesis by Milena Osmi¢.[”? Another
approach to study the SMSI effect is working with titania thin film on metal
supports: Previously, Goodman and coworkers studied titania thin films on
molybdenum single crystals with gold nano particles on top. 19250252 Aqdi-
tionally, Wu et al.?®® characterized titania ultra thin films on gold. Both
metal nano particles on titania, and thin films on metals are interesting can-
didates to study cooperative material effects. Other inviting next steps are
comparing the herein gained findings to other reducible chalcogenides such as
tungsten oxide, molybdenum sulfide, 26257} magnetite?*!! or various titanates
to gain a broader understanding on the surface chemistry of dielectric materi-
als or to apply the results to better understand photo chemical reactions like

the aforementioned photo oxidation of aldehydes. 172213l
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Appendix

1 Cluster Model

As discussed in section 6.2.3 DFT culculation were conducted using a HgTi,Og

The coordinates of the atoms within the cluster model were
[100]

cluster model.

taken from previous DFT results by Jan Haubrich (see figure 5.1).

Table 1: Cluster Coordinates used for Gaussian09

Ti

—

TTITIDITIEZTTTOOOO00000OH

6.34627225
3.43711716
1.73583634
7.55414654
4.64499144
2.22924288
8.04755307
5.13839797
6.29730096
3.38814586
8.87934796
5.32235474
1.63868567
0.90404146
4.46103468
8.14470375
3.36471287
6.27386796

3.66470248
4.23412259
3.29055540
2.15171518
2.72113529
5.74710988
4.60826967
5.17768977
3.20314359
3.77256370
5.06960113
6.09356702
6.48684379
2.82922393
1.80525805
1.41198128
3.55170562
2.98228551

-0.02075718
0.04090617
-0.22491012
-0.34823682
-0.28657347
0.36838581
0.24505911
0.30672246
1.93106358
1.99272693
0.37502274
0.52792099
0.52849806
-0.35487375
-0.50777200
-0.50834906
2.92668228
2.86501893
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2.006

J

Figure 1: The HgTi,O4 cluster model used for DFT calculations: 1% a) iso-
meric view, b) top view, c) side view. Distances are given in A.
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2 DF'T functionals and basis sets

Figure 2: Acetone adsorbed on the HgTi,Og4 cluster .

2 DFT functionals and basis sets

To access the reliability of the obtained DFT results, different DFT function-
als and a smaller 6-31+G(d,p) basis set were tested for some of the structures
used within this work. Besides the B3LYP functional, which is used primar-
ily within this work, the PBEO functional was tested. It is a parameter free
hybrid functional proposed by Adamo and Barone? and an extension of the
original gradient corrected functional proposed by Perdew, Burke and Ernzer-
hof. 269 As this functional depends less on empirically found parameters, it was
proposed that this functional is more generally applicable then parametrized
functionals, which are optimized for certain chemical compound classes.

The calculations were done using the Guassian09 software packet. The species
are adsorbed on the HgTi,O4 cluster model described in appendix 1. The
PBEO functional was used as implemented by using the pbelpbe keyword.?!7]

The chosen test candidates are:

e an acetone acetal (see figure 6.12 on page 86)

benzoate (see figure 6.11 on page 84)

acetone (figure 2)

methanol and

e deprotonated methoxy (see figure 7.6 on page 112)

In general, the results for PBEO and B3LYP (table 2) are in good agreement

1

with each other and deviate by less than 50 cm™! or by 30 em™! in average.
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The influence of the basis set is even lower: For calculations using the same
functional, the frequencies shift by less than 15 cm™! or 8 cm™!
when the basis set size is increased from 6-314+G(d,p) to 6-311+G(d,p).

For benzoate, the Vasym(OCO) is poorly reproduced by both, the PBEO and
the B3LYP functional. Therefore, the M06 functional was tested additionally.

MO06 was reported to reproduce organometallic thermal chemistry and non-

in average

covalent interactions better than the aforementioned functionals.**" However,
in this case, the results obtained using the M06 functional are similar to the
PBEOQ results. Therefore, this functional is not further considered in this work.
The results show that in most cases, the vibrations obtained using PBEO de-
viate systematically to a higher wavenumbers compared to the B3LYP results.
As discussed in section 6.2.3 DFT methods typically overestimate vibrations
and are scaled by empirical factors. For PBE0/6-3114+G(d,p) a scaling fac-
tor of 0.9601 was reported (0.9540 for PBE0/6-31+G(d))262 which is slightly
lower compared to a factor of 0.964 for B3LYP/6-314++G(d,p).2'®219 These
scaling factors were obtained by testing a variety of small molecules. %2, Thus,
the tendency of PBEO to overestimate vibrations more than B3LYP is consis-
tent with the observations for the molecules, which were used to determine the
scaling factors.

The results for benzoate and acetone indicate that the scaling factors do not
apply in general to the herein investigated adsorbate system. The unscaled
vibrations for the v, (OCO) mode for benzoate and the v(C=0) mode for
acetone are in excellent agreement with the experimental result. Thus, for
these modes, no scaling factor is needed. However, the Vagm(OCO) mode
suggest a much stronger deviation from the computed results than indicated
by the scaling factors. As this discrepancy is reproduced with three different
functionals it is more likely due to the limitations of the cluster model used
herein as discussed in section 6.2.3.

In summary, the deviations between the two functionals are negligible for the
examined test cases compared to the expected deviations based on the limited
representation of the rutile(110) surface by the used HgTi,Og cluster model.
The B3LYP functional in combination with the 6-3114+g(d,p) basis set appears
to be sufficiently reliable for the purpose of this work.

134



2 DF'T functionals and basis sets

Table 2: Vibration results for B3LYP and PBEO (and MO06) using
6-314G(d,p) and 6-311+G(d,p) basis sets.

Acetone acetal Isym(CCC)  vym(OCO)

PBEO 6-31+G(d,p) 1217 1018

PBEO 6-311+G(d,p) 1211 1015

B3LYP 6-31+G(d,p) 1194 1002

B3LYP 6-311+G(d,p) 1188 997

(Exp)! (1196) (1018)

Benzoat Veym(OCO)  Vagym (OCO)

PBEO 6-31+G(d,p) 1467 1636

PBEO 6-311+G(d,p) 1457 1625

B3LYP 6-31+G(d.p) 1434 1593

B3LYP 6-311+G(d.p) 1421 1579

MO06 6-311+G(d,p) 1454 16562

Exp 1420 1479

Acetone v(C=0)

PBEO 6-31+G(d,p) 1745

PBEO 6-311+G(d,p) 1737

B3LYP 6-31+G(d.p) 1711

B3LYP 6-311+G(d.p) 1706

Exp 1698

Methanol v(C-0) d(OH) v(O-H)
PBEO 6-31+G(d,p) 1061 1362 3624
PBEO 6-311+G(d,p) 1054 1364 3667
B3LYP 6-31+G(d,p) 1016 1358 3633
B3LYP 6-311+G(d,p) 1009 1363 3669
Methoxy v(C-0)

PBEO 6-31+G(d,p) 1162, 1179°

PBEO 6-311+G(d,p) 1156, 11733

B3LYP 6-31+G(d,p) 1127

B3LYP 6-311+G(d,p) 1119

I The observed mode is not unambiguously assigned to an acetal.

2 Two modes are observed due to coupling with phenyl ring modes. The

stronger mode is listed.

3 Two modes are observed due to coupling with the p(CHjz) mode.
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3 Preliminary NRA results
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Figure 3: Preliminary NRA results of a slightly reduced crystals (20 prepara-
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tion cycles) before and after exposure to atomic hydrogen. Increasing
the primary beam energy increases the penetration depth in the ma-
terial. The observed peak is most likely due to water adsorbed at
the surface. Spectra provided by Franziska Trager. 24
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