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Thesis Abstract

Today mankind faces several environmental polluposblems which are a result of
our fossil fuels dependence. Water pollution, glosarming, air pollution are just several
tasks that rapt scientists today. The importandeeprevious problems constrained people to
find and use other sources of energy. The sundsobihe alternative energy sources that can
be used. Continuously our planet is provided byigehsun light energy of about 4.3%1D
per hour, which roughly corresponds to the energgsumed on the Earth in one year
(4.1x1G)).

So far solar energy was consumed for different @segp, from more primitive, drying
cloths and foodstuff to very complex such as pholtaic cell and photocatalysis. One of the
materials which find huge application in solar gyeconversion is titanium dioxide. T{O
was successfully applied as material in many fieldd was extensively studied during the
last three decades after A. Fujishima and K. Hordissovery of photocatalytic activity of
TiO..

In the last years photocatalytic reactions on;Tif@noparticles have attracted much
interest due to their application in solar energynwersion i.e. water splitting and
environmental cleaning or decomposition of orgapailutants in gaseous effluents and
wastewater. Despite the importance of photocatglysot too much molecular level
information is available today on the processesunowy at the respective solid —liquid

interfaces.

However, the reactions that take place at solididicand gas-solid interface are of
crucial importance for a better understanding thlsgstéems. A lot of studies have been carried
out in the last years but most of them are baseahaitysis of stable reaction intermediates in
the liquid or gas phase. Very few scientific inggyivere based on direct information of the

reactions that take place at the interfaces.

Fourier-transform infrared spectroscopy (FT-IR) lagp in the attenuated total
reflection (ATR-IR) mode is a promising method t@ipe solid-liquid interfaces in order to

give molecular insight of the reactions occurrilgcombination with modulation excitation
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(ME) spectroscopy the signal to noise ratio carinjeroved and separation of overlapping
bands is possible.

In the first part of this thesis (Chapters 3 and asorption, photocatalytic
decompositions and reaction routs of dicarboxyliads were investigated using ATR-IR
spectroscopy in combination with ME spectroscopy. the first time dissolved CGas the
final product was detected in situ. Also other teacproducts like oxalate, carbonate and

carboxylate were detected on the T&Drface and were reported in this thesis.

Chapter 5 deals with adsorption of monolayer ptettgold nanoparticles (MPNs) on
TiO, and their behavior upon UV illumination. ATR-IR exggroscopy in combination with
UV-visible spectroscopy and transmission electroicroscopy (TEM) gives detailed
information on the fate of adsorbed gold MPNs o@-Tupon UV illumination. Furthermore,
the combination of both in situ techniques reveélaés importance of mass transport through

the porous films prepared on internal reflectieengnts (IRE).

In the Chapters 6 and 7 adsorption and photocatatg@gradation of several amino
acids over TiQand Au-TiQ thin films was investigated. Also the preparatom tailoring of
Au-TiO, catalyst was reported. Using ATR-IR combined WwMES the main intermediate
species could be detected on the catalytic surfiacsisu. For the first time CNspecies were
reported during photocatalytic mineralization ofiamacids over Ti@ and Au-TiQ. The
CN promotes leaching of the gold. These findings elevant for the application of

photocatalysis by Ti@based materials for the cleaning of drinking water
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1.1 Probing Solid-Liquid Interfaces

Solid-liquid interface play a fundamental role mture and technology. During the last
years metal oxide-aqueous solution interfaces ladivacted great attention because of their
importance in several fields ranging from heteregers catalysis, atmospheric chemistry,
corrosion, implants and adhesion to metal oxidetatygrowth. Despite great importance in
science and industry, solid-liquid interfaces weteays less studied than vacuum-solid
interfaces. The choice between these two was vign explained by limitation of tools
suitable for exploring solid-liquid interfaces andt so much by scientific arguments that
solid-liquid interface are more complex and therefonore difficult to understand. The
fundamental understanding of such processes requii@mation from different physical and
chemical points of view and application of a widgigty of techniqués®

Different motivations and principles exist regaglithe techniques that should be
applied for understanding interfaces and one carergdly make the distinction betweer
situ versusin situ techniques. There is truth in both approacheshatll are important for a
better understanding of surface science. Severhhigues are available to examine surfaces
ex situ such as Electron Energy Loss Spectroscopy (EEXSay (XPS) and Ultra Violet
Photoelectron Spectroscopy (UPS).
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To probe solid-liquid interfacesn situ the following techniques have found
application: Infrared spectroscopy (IR), X-ray aipsion spectroscopy (XAS), sum frequency
generation (SFG) and surface enhanced Raman spamifo(SERS).

The most important motivation to use in situ teqgueis is the fact that the properties
of an interface during the process of interest myrastically different from the properties
determined during analysis beforehand or afterwafderefore, information that can be
obtainedin situ is precious. Infrared spectroscopic methods difecwt to apply to solid —
liquid and in particular solid — water interfacagedo the strong absorption of the solvent. A
promising method to identify species at the integfan situ during reactions and to unravel

their fate is attenuated total reflection infra(dd R-IR) spectroscopy’®

ATR-IR spectroscopy is perfectly suitable to invgste interfaces. The vibrational
spectrum contains detailed information about imtéoa modes between surface and
adsorbate, orientation of the molecules and intéxoutar interactions within the adsorbate
layer. Metal oxide surfaces in contact with a ldjybhase play an important role in
heterogeneous catalysis and in particular alschotqratalysis and they were considered in

this thesis.

1.2 Attenuated Total Reflection Infrared Spectroscopy

The phenomenon of internal reflection was alreadigvkn in the seventeenth century
and electromagnetic theory has been studied invellgsby Newton. It needed two centuries
until this phenomenon finds application in scienEaally N.J. Harrick from the Philips
Laboratories in New York proposed measuring samipléke close contact with an internal
reflection element by making use of this phenoméfion

Internal reflection can only occur when the andighe refracted beartit is larger
than the angle of incidend#. According to Snell’'s law the refractive index oktimedium
two must be smaller than that of medium 1 see Eidufl. Total internal reflection occurs

when thefi of the beam exceeds the critical angdeEquation 1-1

sing, = % =n, Equation 1-1
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Figure 1-1: Schematic representation of the path i@y of light for total internal reflection wheng
and n represent refractive index of dense and rare medaspectively,d, is the angle of incidence

and g, the critical angle

When the light is totally reflecte#l> 6., an electric field is formed at the reflection

points that penetrate into the rare medium. Thastdt field is referred to as evanescent field.
The amplitude of the evanescent electric field ge@xponentially with the distance z from

the interface, according to Equation 1-2
E = Eoe_%p Equation 1-2

Where, kg is the electric field amplitude at the interfackiet depends on the angle of
incidence, polarization of the field and refractimdex. The depth of penetratiopid defined

as the distance required for the electric field e to fall to & of its value at the surface.

/]1

— > Equation 1-3
27/sin“ @ -n"x

dp =

M = An; wavelength in the optical denser medidhangle of incidence and refractive
index 1 = n, / ;. Depending on the refractive index of the IRE aretlium 2 and the angle
of incidence the values of @ in the range of 0.1 — 1,8n for infrared radiation.

For attenuated total reflection (ATR) -IR spectapsg internal reflection elements
(IREs) are used as the denser medium. The IREiisfl@med transparent optical element with

high refractive index. Depending on the geometrg thfrared light undergoes multiple
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internal reflections. Most common materials usetRaSs in ATR-IR spectroscopy are: ZnSe
(nm = 2.4), Ge (n= 4.0), diamond, C ¢n= 2.4), KRS-5, (n = 2.37), authentic mixtures of
thallium bromide / iodide).

The light propagates through the IRE striking thenment atd . The evanescent

electromagnetic field is generated that penetiatesthe sample at the point of the reflection.
If the medium adjacent to the IRE (the sample) bisoabing the reflection is not total
anymore, since the reflected beam is attenuateekefdre a spectrum can be obtained when

the light is attenuated by the sample.

The principle of this phenomenon is depicted infigure 1-2 : where a powder thin

film catalyst was deposited on Ge internal refattlement in contact with liquid phase.

Source Detector

Figure 1-2 : Pictorial of a thin film coated Ge IR contact with liquid phase. A beam from the
source is coupled into IRE ﬁ. =45 and is totally reflected at the thin-film liquidterface, where

an evanescent electromagnetic field penetrateganéomedium.

The processes that take places at the catalyterfames are the primary key in
heterogeneous catalysis and therefore attenuatéal teflection infrared (ATR-IR)
spectroscopy is an ideal tool to study these peaeATR-IR is suitable for studying thick or
highly absorbing solid and liquid materials, indhgl films, coatings, powders, threads,
adhesives, polymers and aqueous samples. The dqeehmequires little or no sample
preparation for most samples and is one of the mesatile sampling techniques. High

sensitivity of the ATR technique can be achievedirireasing the number of reflections.
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ATR-IR has been used in the past to study solididigand gas-solid interfaces, even at high
pressures and temperatures, in the fields of cigfly*: polymers, environmental scierite

3 biology and pharmac¥/:

1.3 Modulation Excitation Spectr oscopy

1.3.1 Introduction

Studying complex systems with many species presiemtltaneously is a challenge
for IR spectroscopy, because the method is nahgitally selective. All species that absorb
IR radiation will give rise to signals in the speich. This problem is particularly pronounced
in heterogeneous catalysis and photocatalysis wimengy intermediate species are present
during reaction. The problem is not only the numisespecies that are present in the system
during reaction. It is important to be able to idigtish between species that are involved in
the catalytic cycle and spectators, which may leadtatic signals. A promising method to
solve these problems and to improve sensitivity aabbctivity is modulation excitation
spectroscopy. In this technigue a reversible systeperiodically stimulated by modulating

an external parameter.

1.3.2 TheTheory of Phase Sensitive Detection

The change of any external parameter exerts afgp@diuence on the state of a
chemical system. As a consequence the systemedlalk to a new state. This is the basis of
relaxation techniques such as temperature or peegsmp techniques that give information
about the relaxation kinetics of the system undeestigation. Besides the well-known
discrete parameter changes (jumps) it is also blessd apply periodic parameter changes,
which has some advantages. Parameters that caselefar the stimulation of such systems
are various: temperature (T), pressure (p), ragianter (b)*°, concentration (c), electric field
(E), electric potentiah). If the disturbance (stimulation) is periodic tisturbed system will
also respond periodically at the same frequencthasstimulation or harmonics therefdfe.
Modulation excitation (ME) helps to separate tlgnals affected by the stimulation from the
stationary response, i.e. from the part of theesysthat is not affected by the stimulation. A

phase lagg between stimulation end responses occurs if tne tonstant of the process
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giving rise to some signal is on the order of thmeet constant27/« of the stimulation
(excitation).

Modulation excitation spectroscopy in combinatiwith ATR-IR spectroscopy is a
powerful tool for the investigation of photocatatyteactions in situ. The combination of
these techniques allows one to separate overlaggands with considerable enhancement of
the signal to noise ratio. Species with differamntet behavior can easily be separated and
detected. More detailed information on the techaitguavailable elsewhéfe’® The principle
of the ME is depicted in the Figure 1-3.

Stimulation  Response

—
Spectrometer ~/ PSD
Sample % \\
S s—" & L, Trsn Output
IR = ]
(i} [
0 200 400 600
Time (s)
W

- -
Figure 1-3: Schematic representation for modulatextation (ME) spectroscopy.

After several periods of stimulation the systeractees a new quasi-stationary state,
about which it oscillates at frequency In this state the absorbance signa@l@“,t) are

measured as a function of time t for all wavenumberhe measured time-resolved

absorbance spectra are then converted into phask«d absorbance spectra according to
Equation 1-4
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PSD

Ak@ -lJ: Vt sm( C(I+¢f< ) Equation 1-4
O

Where k determines the demodulation frequenky= 1,23... (fundamental, first
harmonic and so on), T is the duration of the matioh period, «.(= 271/T) denotes
modulation frequenciesA(,t) is the time dependent absorbance at wavenumbgf® is

the demodulation phase angle.

1.4 Photocatalysis

1.4.1 Introduction

The chemical effects of light have a crucial infiae for all mankind. One of the most
important photo processes that occur on Earth @gslynthesis induced by sun-light. In
recent years many attempts have been made to makghs an important source of energy in
order to reduce the dependency of mankind on fds®ls. Stimulated by the drastic
consequences of global warming new technologieaake use of sunlight are searched for.
Additionally, water, a necessary source of lifeeamth, becomes more and more polluted by
human activity. This also calls for new technolsgfer water purification and the use of
sunlight is a very attractive route.

A material that received great attention from stigés and engineers for solar energy
conversion is TiQ a semiconductor. A. Fujishima and K. Honda disted UV light-
induced water splitting using T§photoanode in combination with a (Pt) counter tetete
immersed in an aqueous electrolyte solifflotupon irradiation of a semiconductor an
electron-hole pair is generated, creating condstidor a solar energy conversion by
semiconductors. Solar energy conversion in photaiolsolar cells in one example for
making use of this principle and photocatalysiansther. Under irradiation Tgxan be used

for the photodegradation of organic compounds. wpdrtant disadvantage of TiQs its



8 Chapter 1

wide band gap. As a consequence only a small drmotif the sunlight can excite the
semiconductor. Also, methods are searched foraease the efficiency of the material. One
way to do so is the combination with metal nanaplad which act as sink for the excited

electrons and as redox catal§st.

1.4.2 Titanium dioxide TiO,

The titanium was discovered by the German chem@hrth Klaporth inrutile ore
who named it after Titans, mythological first sdngoddess Ge (Earth in Greek mythology).
The main titanium ores atémenite, FeTiQ; andrutile TiO,. There are several methods for
manufacturing Ti@ from ores. Today most frequently used methodssalfate and chlorine
processes. Titan (IV) - oxide exist in three crijsta forms ag utile, brookite andanatase. It
has found a great application in different fields Iphotocatalysis, pigments, antimicrobial
coatings and oxygen sensé7.iO; is one of the most used semiconductors in phaatyss
because of several advantages. It is inert, nan toxd cheap material. A disadvantage is that
it dose not absorb the visible light. It was repdrtthat anatase shows the better
photocatalytic propertie?ﬁ. Also there are researches that classifyle as the most active
photocatalyst. In the present investigation comimértype P25 TiQ was used, which
contains two crystallite formsnatase 80% andrutile 20%. This material is very well
characterized and is a standard material for mapications. Figure 1-4 shows wide range

of application of photoactivated T3O

Achivaled
Ti0,
—
[ 1 1
Phoinindored :
hydrophilicity
I
—_—
Degradation of Organic
pollaianis synthesis
- R — L
[w)
oy (ag A% % 2
22 |&8 3 B q 2 g2
aom o 5 a5 & -
=~ (o8 8 a3 LE o
=5 == | £ 5 - . =
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m L]
aQ |2H o 8 = g & A
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Figure 1-4 Light-induced processes on JiO
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1.4.3 Photocatalysisby TiO,

Photocatalysis can be defined as accelerationpfadoreaction in the presence of a
catalyst®. When materials like Ti@are illuminated by light that has greater enefntits
band gap (band gap of Ti® 3.2 eV) an electron hole pair is genergted > *°Figure 1-5
shows light-excited Ti@particle in which one electron is excited by ligllsorption. Located
now in the conduction band it is capable of redg@pecies A, for example dissolved oxygen
from the air. The excited electron leaves behirtbke in the valence band i.e. a positive

charge capable of oxidizing species D on the sarfac

@

Figure 1-5 Energy scheme of Ti@anoparticle where an electron is excited fromuhlence band
(VB) to the conduction band (CB) by adsorbing pheatof grater energy than its band gap energy.

Energy

Photogenerated electrons and holes diffuse toutiace of the Ti@ nanoparticles and
exhibit the following reactions on the surfagequation 1-5.

These reactions result in cation and anion radiegisch can undergo further
reactions. They may react chemically with themselwesurface-adsorbed compounds. Also
these species may diffuse from the semiconductdaael to the solution and take part in

further reactions.
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(a) TiO: + hv — TiO, (e, h*)
(b) Tio, (h") + RX_ - TiO, + RX,™
(

c) Tio, (h*) + H,04 - TiO, + OHZ, + H* Equation 1-5

(d) Tio, (h) + OHZ, - TiO, + OHy,

() Tio, &) + O, —TiO, + O}

(f) Tio, [e7) + H,0,. - TIO, + OH™ + OH_,
The redox potential for photogenerated holes of, T§0+2.56 e\?* When holes react

with water they can produce hydroxyl radidal$ « , which have still very high oxidation

power. The redox potential for conduction band tetets is (-0.52) e¥f. These excited
electrons can be trapped®{IV)O - H surface sites leading (111 )0 - H~ and lose some

of their reducing power. Excited electrons can aksacts with oxygen on the surface and
produce superoxide ©’

One of the critical processes in photocatalyshicivdirectly affects the efficiency of
the process, is electron hole recombination. Whectren hole recombination occurs on the
surface heat is released. This process usuallyreaiie to slow down diffusion. Especially
hydrophobic TiQ surfaces show fast recombination. Many attempige Haeen made to
prevent electron hole recombination. In order tteied the lifetime of the electron — hole pair
and to increase the efficiency of the process metabparticles can be used, which act as an
electron acceptof’. This strategy was also applied in this work whesenolayer-protected
gold particles (MPNs) were used to prepare actigll gitania catalyst Au-Tig°. The

preparation and application of such catalyst wasrileed in more details in the Chapter 7.

One of the most important tasks in photocatalysid eatalysis in general is their
application in industry. Today several reports aailablé® * One of the most encountered
problems in application of photocatalysis in indusis the use of Ti@ powder and its
subsequent separation from the water. To avoidpttoblem TiQ powder nanoparticle can be
immobilized on different supports in thin film fosrt 3
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1.5 Scope of the Thesis

Heterogeneous photocatalysis is an important glyafier environmental cleanup and
in particular water purification. Despite its impamce, not enough is known about reactions
occurring at the catalytic solid-liquid interfac&hortage of information on the molecular level
hinders a more rational design of the catalyst pnodess. Most of the numerous studies on
photocatalysis focus on dissolved reactants andugts, which has in most cases to do with
the available analytical tools. The aim of thissiBeis to shed some light on the important
processes occurring at the catalytic solid-liquitkiface by using in situ spectroscopy. This
has to go hand in hand with the further developnodrthe tools that allow us to give the
desired information from the interface at work witle necessary sensitivity. We furthermore
want to draw attention to the fact that reactionsuoring on the catalytic surfaces are the
primary key for understanding heterogeneous casalys

An important part of the study in this thesis wasated to the photocatalysis by %O
Catalytic solid-liquid interfaces were probed itusinraveling intermediate species that only
occur at the solid liquid interfaces. Some of thgsecies were never reported before because

their life-cycle is restricted to the interface.
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Experimental

2.1 Introduction

For studies of photocatalytic reactions and satjditl interfaces in situ a home built
flow through cell was designed and applied in ARRdpectroscopy measurements and in
combination with modulation excitation (MS) spestopy>. The design of the cell used in
these experiments is an appropriate solution, atigwlifferent types of the measurements in

photocalysis.

2.2 ATR-IR Setup and Application of M odulation Excitation
Spectroscopy

Infrared spectra were recorded on a Bruker Equb®X¥TIR spectrometer, equipped
with a narrow band MCT detector and attachmen®AfbBR measurements (Wilks Scientific).
All spectra were measured at room temperature rasalution of 4 cril. The sample was
placed on a Ge IRE (52mm X 20mm X 1mm; KOMLAS) dned inside the home built
flow-through cell and number of internal reflectinas 52. The cell was made from a Teflon
piece, a fused silica plate (45mm X 35mm X 3mmhwhibles for the outlet and inlet 36 mm

apart and a flat seal (1mm). The fluid compartnitet a volume of 0.5mL. The solution was
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passed through the cell at a flow rate of 2 mL/royn means of a peristaltic pump
(Ismatec, Reglo 100).
A scheme of the experimental setup is shown irFigare 2-1

bubble tanks optical fibers
— qvéfb
24
LY lamp
I iy and filters
270-380 nm

outlet catalyst

Internal reflection element (IRE)

Figure 2-1:Schematic setup for in situ ATR-IR spestopy of photocatalytic reactions in a small
volume flow-through cell.

Such cell model allowed different types of modwatiexcitation experiments: light
modulation, concentration modulation or gas modotaexperiments. In light modulation
experiments irradiation of the sample was carriattlyy a 75 W Xenon arc lamp. Schott
UG 11 and BG 42 (50mm X 50mm X 1mm) broadband rélttom ITOS were used to
remove visible light. An electronic shutter (Newporodel 71445) was used to achieve UV
light modulation. The UV light from the source wgsided to the cell via two fiber bundles.
For concentration modulation experiments two glasisble tanks were used. When the gas
modulation experiments were performed the solventise bubble thanks were saturated with
oxygen and nitrogen gases. The electrical sigralswitching the valves (concentration or
gases modulation) or shutter (light modulation) evgenerated by the FTIR spectrometer.

This ensures the synchronization of modulationdetd acquisition.
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Figure 2-2: The Bruker Equinox 55 ATR-IR spectroene¢quipped with ATR-IR attachment and
flow-through cell for in situ photocatalytic measaorents.

The Equinox 55 is a compact, rugged FT-IR specttemedesigned for demanding
analytical laboratory applications. OPUS/IR softevés used to control the spectrometer and
for spectra manipulation. The physical dimensiatepth x width x height) of the Equinox 55

and sample compartment are as follows:

61 x 70 x 27 cm physical dimensions of the EQUINEB

25.5x26x19cm sample compartment of the speiter

The frequency range of the spectrometer is 7500e378 Figure 2-3 shows sample
compartment of the Equinox 55 spectrometer equippitdl ATR-IR attachment and flow-

through cell for in situ photocatalytic measurensent
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Figure 2-3: Setup for photocatalytic measuremamtsitu: (A) IR beam, (B) optical fibers from UV
source, (C) flow-through cell with Ge internal egftion element (IRE) and fused silica window, (D)

mirrors
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3.1 Abstract

The photo-assisted mineralization, i.e. conversm O, and water, of malonic acid
over P25 TiQ was investigated by in situ attenuated total otite infrared (ATR-IR)
spectroscopy in a small-volume flow-through cek-&ssignment of the vibrational bands of
adsorbed malonic acid, assisted by deuterium ladpelieveals two dissimilar carboxylate
groups within the molecule. This indicates adsorptvia both carboxylate groups, one in a
bridging or bidentate and the other in monodentaierdination. During irradiation the
coverage of malonic acid strongly decreases anthiexs observed on the surface in at least
two different adsorption modes. The major oxalgiecges observed during irradiation is
characterized by monodentate coordination of bathbaxylate groups. In the dark, however,
part of these species adopts another adsorptioremaksibly interacting only with one
carboxylate group. During band-gap illuminatioraegk fraction of the surface is not covered
by acid. Oxalate is a major intermediate in thearatization of malonic acid. However, the
observed transient kinetics of adsorbed malonicaxadic acid indicates additional pathways
not involving oxalate. The rate constant for oxaldecomposition is slightly larger than the
one for oxalate formation from malonic acid. As iwealate is desorbing slowly from the
surface its concentration in the liquid phase isl§ndespite the fact that it is a major

intermediate in the mineralization of malonic acid.

3.2 Introduction

Photo-assisted reactions on Figarticles has attracted much interest due to [@ioni
applications in solar energy conversion (watertspj)" > and environmental cleaning, i.e.
decomposition of organic pollutants in gaseousueffts and wastewafér The latter two
processes may largely contribute to future susitdéntechnologies. Upon excitation of TiO

across the band gap an electron hole pair is genrit is believed that these electrons and

holes can be trapped afi(lV)O-H surface sites, leading tdi(l11)O-H~ and

Ti(IV)O- -H*, respectivel{, The photo-assisted degradation of organic moéscatisorbed
on Ti sites can be initiated by their direct reactivith photogenerated holes, i.e. electron
vacancies in the valence band of the semicondfiatdrich leads to highly reactive species.
This is likely the predominant mechanism for orgaamions that strongly adsorb on the FiO

surface®. Alternatively, O-H radicals generated by the peg holes may initiate reaction.
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The trapped electrons are believed to react wisodmed oxygen, leading to’Cand Q%
species that may also contribute to the oxidatifoorganic compounds.

As most studies have focused on the analysis bfestaaction intermediates (in the
gas or liquid phase) the fate of the organic redstan the TiQ surface remains unclear. In
fact, only a few studies were reported that giveeati spectroscopic information on the
composition of the adsorbate layer during or afeotoreaction. Attenuated total reflection
infrared (ATR-IR) spectroscopyis a powerful tool to study the solid-liquid irfieze of

413 and it has also been applied to study catalyéactions’?’ ATR-IR

powder
spectroscopy has recently also been used to sty yap irradiation of TiQparticle films

in contact with water. Vibrational bands below 1@00" that appeared upon irradiation were
assigned to surface peroxo and hydroperoxo spgéciésin another ATR-IR study the
influence of adsorbed water on Li@as investigated. When removing water several bands

below 1000 crit appeared under near-UV irradiation.

Studies that directly address the fate of molecatésorbed on the TiGsurface upon
UV-exposure are rare. The photodegradation ofs§2-sulfostyryl)biphenyl was followed
by ATR-IR 2. The adsorption and photo-assisted reaction abxgljc acid on TiQ was
studied®. Glyoxylic acid (HCO—COOH) exists in aqueous solutions as the hydrated gem-
diol and most likely adsorbs on TiG@hrough bidentate chelation to Ti via carboxylatel
hydroxylatég. Upon band gap irradiation this species is tramséal to oxalate. The photo-
assisted reaction of oxalic acift ** and catechof® on TiQ, was also probed by ATR-IR
spectroscopy. Upon irradiation the adsorbed catashitepleted and evidence was given for
carbonate formation. Oxalic acid adsorbs in thriéereént modes on Ti@surfaces! Based
on kinetic analysis it was concluded that upordiation the two less stable adsorption modes
transform into the most stable adsorbed specieghwh the most photo-labile and reacts to
COZ.31

Here we report the photo-assisted degradation tdmtaacid on TiQ as studied by in
situ ATR-IR spectroscopy. In contrast to oxalicd{blOOC—COOH), which is easily
oxidized to two CQ@ molecules, the photoreaction of malonic acid ipeeted to proceed in

several consecutive steps. This opens up the jliysito detect intermediate adsorbed

species and therefore to shed light on the reaptdmvay.
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3.3 Experimental Section

3.3.1 Catalyst and Chemicals

Degussa P25 Ti§) containing 80% anatase and 20% rutile with aas@rfarea of 51
m2 g* and average primary particle size of 21 nm wasl iisehe photo-assisted reactions.
Malonic acid (Sigma-Aldrich, 99%), s@malonic acid (Aldrich, 99+ atom % D), sodium
hydroxide (Sigma-Aldrich, 97%), deuterium oxide @Ath, D-99, 9%) were used as

received.

3.3.2 Thin Film Preparation

Slurry of the catalysts powder was prepared froouaB0 mg catalyst and 25ml water
(Milli-Q, 18 MQcm). After sonication (Ultrasonic cleaner, Brans2@0) for 30 min TiQ
thin-films were formed by dropping the slurry ortdse internal reflection element (IRE) (52
X 20 x 1 mm; KOMLAS). The amount of slurry for oneating was 0.5 ml. The solvent was
allowed to evaporate, and the procedure was repaate times. After drying for several
minutes at 40°C in air, loose catalyst particlesenemoved by flowing water over the IRE.
After drying in air the film was ready for use. Rrahe amount of deposited Ti@nd its

density an average film thickness ofi¢fn was estimated. ZnSe internal reflection elements

were also used for this type of experiments. Howewpon irradiation some degradation of
the ZnSe crystal was observed, resulting in a pitte, likely S& on the ZnSe crystal and a

pH increase in reactant solutidh.

3.3.3 ATR-IR Spectroscopy

ATR spectra were recorded with a dedicated flowlgh cell, made from a Teflon
piece, a fused silica plate (45 x 35 x 3 mm) witlek for in- and outlet (36 mm apart), and a
flat (Lmm) viton seal. The cell was mounted on #iachment for ATR measurements within
the sample compartment of a Bruker Equinox-55 F3pRectrometer equipped with narrow-
band MCT detector. Spectra were recorded at dfhe reactant was passed through the cell
and over the catalyst at a flow rate of 0.2 ml/myjnmeans of a peristaltic pump (Ismatec,
Reglo 100) located in front of the cell. Solutiosfsmalonic acid (1@mol/l, pH about 3.5)
were flown over the Ti@film in the dark for 30 min in order to reach dduium. The pKa

values of malonic acid are 2.84 and 5%79rradiation of the sample with UV light was
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carried out using a 75 W Xe arc lamp. The UV liffoin the source is guided to the cell via
two fiber bundles. The light was passed throughan5water filter to remove any infrared
radiation. A Schott UG 11 (50 x 50 x 1mm) broadbé&hdr from ITOS was used to remove
visible light (transmission between 270 and 380 .nAm) estimate based on the supplier
specifications gave a power at the sample of djighss than 10 mW/cfn All experiments
were performed at room temperature. A schematithef experimental setup is given in
Figure 3-1

UV source

fuzed ailica
rindor

catalyst

irdet outcorne

Figure 3-1: Schematic set-up for in situ ATR-IR cpescopy of photo-assisted reactions in a small
volume flow-through cell.

3.4 Resaults

3.4.1 ATR-IR spectra of dissolved and adsorbed malonic acid on TiO..

Figure 3-2 shows ATR-IR spectra of dissolved malauid, both in its protonated (b)

and deprotonated state (a), and of malonic acidrbdd from a dilute solution on a Ti®@Im

(©).
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Figure 3-2: ATR-IR spectra of dissolved malonicdaahd malonic acid adsorbed on Zi() Malonic
acid 0.1 mol/l in water at pH 8.6. The pH was afjdswith NaOH. As reference served water at the
same pH. (b) Malonic acid 0.1 mol/l in water (pH51no addition of NaOH). As reference served
pure water. (c) Malonic acid adsorbed on aTfin. The spectrum was recorded while flowing a
solution of 10" mol/l malonic acid over the film and represents #yuilibrium state reached after
about 30 min of contact. As reference served ti@ Tilm in contact with pure water. The spectra
were shifted for clarity. The negative band in speun (a) slightly above 1600 ¢his due to an
incompensation of bulk water.

The spectra are in good agreement with previopsrtg>. The most prominent band
of protonated malonic acid is associated with #{€ =O) vibration at 1718 cfh In the
spectrum of the dissolved deprotonated acidth(!:OO‘) and VS(COO_) modes at 1564
and 1355 cii are the most intense. Weaker modes at 1437 an@l dréi were previously

assigned tov(CHz) vibrations®. Upon adsorption from solution ((c)) the molecue

deprotonated as evidenced by the brmg@:OO‘) band at 1600 cth
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Figure 3-3 shows infrared spectra of malonic adisbabed on the Tigfilm measured

under different conditions.

0.04

0.03 1

0.02 1

Absorbance

Time

0.01 1

0.00 1

1800 1600 1400 1200

Wavenumber / cm'1

Figure 3-3: Series of ATR-IR spectra of malonicdagch TiQ,. The reference spectrum was recorded
while flowing pure water over the Tidilm. Spectrum (a) was recorded in the dark whilkelution of
malonic acid (18 mol/l) was flowing over the Ti@film. Spectra (b) and (c) were recorded while
illuminating the TiQ film and simultaneously flowing malonic acid sadut (10* mol/l). Spectra (b)
and (c) respectively, were recorded 7 min and 29, maspectively, after switching on the UV-light.
Spectra (d) - (f) were subsequently recorded inddmd while flowing pure water over the Ti@m.
Spectra are offset for clarity. The vertical lirmge just to guide the eye.

Spectrum (a) refers to adsorbed malonic acid inddwk. Spectra (b) and (c) were
recorded under UV irradiation and while flowingalusion of malonic acid (16 mol/l) over
the TiG, film. Under irradiation the bands of adsorbed malacid decrease. Concomitantly
other bands increase, notably at 1708, 1690, 142111275 crit. After about 20 min the
spectrum hardly changes anymore. It should be ntted under illumination a broad

absorption was observed, extending from above 200felow 900 cil and exponentially
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increasing at lower wavenumbers. Part of the intyié this absorption increased/decreased
abruptly upon turning the light on/off. Part of thésorbance showed slower response. A
similar broad absorption was reported when irraniatry TiO, films and ascribed to an
excitation of electrons from shallow traps to thenduction band of the TiO
semiconductdt. Alternatively the broad band could be due toattscing effect. Spectra (d) -
(f) were recorded in the dark and while flowing neater over the Ti@film. This leads to
desorption of the adsorbed malonic acid, leavingrizeon the TiQ surface the species that
were formed during illumination. Figure 3-4 showsestra for an analogous experiment as
the one in Figure 3-3 but with deuterated malorid &,-malonic acid) in RO.

The CH vibrations in malonic acid strongly shift to lowavavenumbers in
ds-malonic acid. This is evident for the vibration1&60 crit, for the normal malonic acid
(spectrum (b) in Figure 3-4), which was assignedat€H wagging mod&: ** In the
corresponding spectrum of deuterated malonic apeédtrum (a) in Figure 3-4) no band is
observed at 1260 chHowever, the species that is formed during illation is not affected
by deuteration (compare spectra (c) and (d) inreig4).
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Figure 3-4: ATR-IR spectra of (a)-thalonic acid on Ti@adsorbed from D, (b) malonic acid on
TiO, adsorbed from §D, (c) d-malonic acid on Ti@after illumination and washing with,D, (d)
malonic acid on Ti@ after illumination and washing with ;8. Asterisks (*) mark signals from
uncompensated O solvent.

Figure 3-5 shows the time-dependence of two sigaats350 and 1708 chin the

ATR-IR spectra. The former signal is associatech e vS(COO‘) mode of malonic acid

adsorbed on Tig) whereas the latter can be assigned #€ = O) vibrations of the species

that are formed under irradiation. The lines attdpeof the figure indicate the state of the two
parameters that were changed during the cours&eofexperiment, namely the UV-light
(on or off) and the concentration of malonic agidsblution (zero or 1.5xI0mol/l). First
malonic acid is adsorbed in the dark (regime ligufe 3-5). After reaching equilibrium the
light is switched on (2), which leads to a fastrdase of the amount of adsorbed malonic acid
(signal at 1350 cif). The latter reached a new stable level after lBominutes. Upon
illumination the species associated with the 1708 band appears. Figure 3-5 reveals that
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the disappearance of the 1350 cthand is faster than the appearance of the 1708signal.
Upon switching off the light again (3 in Figure B+Balonic acid re-adsorbs fast. At the same
time a slight increase of the absorbance at 1708isralso observed. The subsequent flow of
neat water in the dark (4 in Figure 3-5) removesaat all malonic acid within about 15
minutes. The absorbance at 1708"dmitially decreases fast and keeps decreasinpdutiut

at a much slower rate after about 5 minutes. Wheitclsing on the light again
(5 in Figure 3-5) the species associated with f@81cm’ band vanishes initially very fast
and later disappears completely, however at a deratbly slower rate. lllumination after re-
adsorption (7 in Figure 3-5) again leads to deptetdf malonic acid on the surface and
formation of the 1708 cihsignal (, analogous as observed for treatmentguare 3-5). The
small increase of the absorbance at 1708 obyserved upon re-adsorption of malonic acid in
the dark (6 in Figure 3-5) can be attributed tolitmad band of malonic acid centered around

1600 cn', which has a tail above 1700 ¢rfsee also difference spectra in Figure 3-6).

1.5x10™*
mol/l B
MA
Omol/l =~ ———— i —_—
on — —— ——]
UV-light
Off e — el _
1 2 3 4 5 6 7
B r
0.006 - \ //«.
\*\ ,/ \‘ 1350 cm™*
8 0.004 —+———— P S !‘_'\M:‘_____
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Ko} N~
2 -1
o 1708 cm
<<
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L~
0.000 1 ‘ ] . . /|
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Figure 3-5: Absorbance at 1350 ¢trand at 1708 cihas a function of time as followed by ATR-IR
spectroscopy during different treatments of a1 with UV-light and malonic acid solution. The
state of the two parameters that were changed gluiie experiment, the UV-light and the
concentration of the malonic acid in solution aneeg in the upper part of the Figure. Regimes that
correspond to a certain state of the two paramerersiumbered consecutively. In order to get rid of
drifts during the long experiment the two absonptsignals were baseline corrected by subtractiag th
signal from a nearby spectral region with no abonpbands (1742 and 1315 ¢jn The 1350 ci
signal was shifted by 0.004 for clarity.
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Figure 3-6 shows difference spectra for the sanpe®@xent as shown in Figure 3-5.
The difference spectra reveal the spectral chanbserved upon changing conditions. For
example, upon illumination (difference spectrum»12) the bands of adsorbed malonic acid
appear negative, because the malonic acid covesagecreasing. At the same time two
positive bands at 1708 and 1690 tindicate the appearance of a new species congginin

C=0 groups.

6—7
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| 5—=6
4—=5

0.00 1

Absorbance

-0.01 1

2—=3

-0.02 1

1800 1700 1600 1500 1400 1300 1200

Wavenumber / cm™!

Figure 3-6: ATR-IR difference spectra for the sameriment as described in Figure 3-5 The
numbers and arrows on the right side of the figleeote the two regimes, as described in Figure 3-5
that were used to calculate the difference spectRamexample 1> 2 refers to a difference spectrum
between the last spectrum recorded in regime Wifig malonic acid over the surface in the dark) and
one of the first spectra recorded in regime 2 (fimgyvmalonic acid and turning on the UV-light).
Vertical lines are just to guide the eye.

Figure 3-7 shows difference spectra recorded dulingnination of the adsorbed
species that is formed upon illumination of malomitd, i.e. after illumination and desorption
of unreacted malonic acid (corresponding to regtme Figure 3-5). Spectrum (a) refers to

the spectral changes during the first two minusésefp initial decrease in Figure 3-5, regime
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(5), spectrum (b) corresponds to the spectral adsraf the subsequent five minutes and
spectrum (c) during the subsequent 20 min. Thetspebange qualitatively with time, which

reveals that more than one species are involvétkiprocess.
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Figure 3-7: ATR-IR difference spectra for the sameeriment as described in Figure 3-5 and
Figure 3-6. The spectra were recorded during ilhation in water of a Ti@film that contained
mainly adsorbed oxalic acid (regime 5 in Figure)3Bifference spectrum (a) reveals the changes
during the first two minutes of illumination; difience spectrum (b) reveals the changes during the
subsequent five minutes of illumination; and diéiece spectrum (c) reveals the changes during the

subsequent twenty minutes of illumination.

3.5 Discussion

3.5.1 ldentification of the species absorbing at 1708 cm™

Figure 3-4 clearly shows that the spectrum of thecges formed during irradiation
does not change upon deuteration. It is thereforecloded that the new species does not
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contain hydrogen (deuterium) and consequently mpmsed of oxygen and carbon atoms

only. Adsorbed oxalic acid, more precisely oxala@®OC — COO" is a feasible possibility.
Adsorption of oxalic acid from aqueous solutionsTa@®, surfaces was investigated
before by ATR-IR spectroscopy>. From the coverage-dependent spectral changeasit w
shown that several surface oxalate complexes do&jsgng singular value decomposition the
spectra of three different components could berneted. The spectrum of the most strongly
adsorbed species (with a Langmuir adsorption cahsta(K,) of 6.1 — 6.6)" showed a band
at 1690 crit and a shoulder slightly above 1700 trfurthermore the same species exhibited
a band at 1421 chmand a weaker one at 1275 tniThe reported spectrifnmatches
perfectly the one shown in Figure 3-3 (f) and 6-45) and the species that is formed upon
irradiation of malonic acid adsorbed on %i€an be attributed to adsorbed oxalate. The bands
at 1421 crit and 1275 cm are therefore assigned tw(C-0)+v(C-C) and
v(C-0)+v(0-C =0) vibrationg®. The appearance of two bands around 1706 emeals
two groups with C=0 character, which suggests aomdion geometry as shown in (Scheme
1 a). In this form of the oxalate the two C=0 greupnay be equivalent
(depending on the surrounding) and the two distwibrational bands in the spectrum

correspond to the symmetric and antisymmetric Ctr€ching vibration.

Figure 3-6 shows that more than one species alpspétiove 1700 cthare present on
the TiG, surface after illumination (compare-3 4 with 4— 5 in Figure 3-6). Once formed
under band-gap illumination of Tidrom adsorbed malonic acid these species disagiear
different rates from the surface in the dark, whadlows distinguishing between them. The
faster disappearing species has one absorption &#lamee 1700 cih (Figure 3-6, 3— 4),
whereas the slower disappearing species has twdsb@igure 3-6, 4» 5). As discussed
above the latter species is assigned to oxalatlael$ as shown in Scheme 1 a). The species
associated with the band at 1711 c(Rigure 3-6, 3— 4) is assigned to oxalate in a different
adsorption mode. The exact nature of this spesié=ss clear but likely only one carboxylate
group is interacting with the surface in this cdsee Scheme 1 b), c)). The band above

1700 cnt is then ascribed to the/(C =0) vibration of the protonated acid group.
The analysis of ATR-IR spectra of oxalate adsorbmd TiO, by singular value

decomposition resulted, in addition to the strormiigorbed oxalate species, in two different
species with only one absorption band above 1708 @vith Langmuir constants log(# of
(4.4 — 5.6 and 3 — 3.5, respectivélyf> The observed band in Figure 3-6 43 4) is

compatible with the reported spectra for the marengly bound of these two species, which
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has a band slightly above 1710 tnfor this species an adsorption geometry as shiown
(Scheme 3-1 b) or c)) has been propdsedote that this assignment implies that the acid

group which is not bound to the surface is protedat

O% fOH % X,CIH
] il C C
\‘Q\C_Cf? (|: Ll_:
2 N
Ti04 Ti[:lg Ti[:lg
N 0 o
H\\ /H
C=—0-._
AT
""""'""‘"‘ TiO4
d)

Scheme 3-1: Different adsorption modes of oxalateTiO, and proposed adsorption mode of
malonate on TiQ

3.5.2 Adsorption mode of malonic acid

Previously the vibrational band at 1430 twf adsorbed malonic acid was ascribed to
av(CH,) modé® * This mode may indeed bear som{€H,) character, but the observation
of the same band in the spectrum of deuteratedmaedqFigure 3-4) clearly shows that it has

to be assigned primarily to laS(COO') mode. The four bands observed at 1625, 1575, 1430
and 1362 cm for deuterated malonate on Ti(Figure 3-4 (a)) are assigned WQS(COO_)

(former two bands) andS(COO') (latter two bands) vibrations. This is evidence daoite

different carbocylate groups, which may have séwagins. First of all P25 is a mixture of
anatase (80 — 90%) and rutile (10 — 20%) and the sets of carboxylate bands could
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originate from adsorption on the two crystal phas#e can exclude this possibility as the
spectrum of malonic acid adsorbed on P25 stroregembles the spectrum of malonic acid
on anatas&. Another possibility which could lead to two sefscarboxylate bands would be
the presence of two distinctly different adsorbpdcses. From ATR-IR spectra at different
pH and based on a singular value decompositionat woncluded that the adsorption of
malonic acid on Ti@ can very well be described by only one adsorbestisp.35 All the
bands observed in Figure 3-4 (a) therefore belorthe same adsorbed species, which shows

that the two carboxylate groups within the adsonmedecule are largely different.
The wavenumber differenc& between thevas(COO‘) and VS(COO‘) modes is

diagnostic for the coordination mode of the cartbates> 3°8 If this difference for the
adsorbed carboxylate is larger than for the digsblvarboxylate then the coordination mode
is monodentaf8. If A is smaller for the adsorbed species than for iesotved one then
chelating and/or bridging coordination is indicate@bviously, for the two pairs of
carboxylate vibrations in the spectrum of adsorivedonic acid two different combinations
are possible withA values of either 263 and 145 ¢nor 213 and 195 cih whereas for
dissolved malonic acidh = 209 crmi' (Figure 3-2). We prefer the former of the two
possibilities, as the spectrum indicates largeffedent coordination for the two carboxylate
groups and propose an adsorption mode with one demate (largA) and one

bidentate/chelating carboxylate as shown in Sch&éd).

3.5.3 Qualitative Consideration

From Figure 3-5 some qualitative considerations relative reaction rates and
coverage can be made. Under our conditions therageeof malonic acid under irradiation is
only about 25% of its value in the dark (Figure,3régimes 1 and 2). Upon irradiation
malonic acid reaches almost steady state covelftgeadout 5 minutes, whereas it takes at
least 20 minutes for oxalic acid to reach steadiestThis indicates that the transformation of
malonic acid into oxalic acid is not the only sedaeaction that is occurring. Oxalic acid is
reacting further under illumination and malonicdais constantly desorbing from the surface.

Furthermore reaction pathways that do not involk&io acid may be possible (see later).

Figure 3-5 shows that the photo-assisted degradaifooxalic acid is very fast
(regime 5, 50% depletion of adsorbed oxalic acidabout 1 min). The fact that during

continuous illumination and flow of malonic acicetintermediate oxalic acid is observed on
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the TiQ, surface means that the formation of oxalic aciad(¢herefore the photo-assisted
reaction of malonic acid) is also fast. An estiméde the relative rates can be made as
follows. Figure 3-5 shows that re-adsorption of onéd acid after illumination results in
coverage of only about 85% of its value beforenlimation (regime 3 in Figure 3-5). The
remaining 15% of surface sites are occupied byioxaid at this point (regime 3), which can
not be displaced by malonic acid. As most of thalioxacid is desorbing very slowly, this
coverage corresponds approximately to the steadye sbxalic acid coverage under
illumination (regime 2). Under illumination in tleteady state malonic acid reaches only 25%
of full coverage (first adsorption in the dark)oRr the steady state condition for oxalic acid
under illumination one can estimate the relatiie @nstants for photo-assisted reaction of
oxalic acid (la) and of malonic acid for the pathway leading talaxacid (kia): Koa/ Kua =
Owmal Boa = 0.25/0.15 = 1.67, wher@uya and 8op respectively, is the steady state coverage
of malonic acid and oxalic acid, respectively. Tiage constant for oxalic acid is slightly
larger than the one for malonic acid. It shouldobeted out that the overall reaction rate for
malonic acid photo-assisted degradation may betatge to other possible pathways that do
not go through oxalic acid.

Another important conclusion emerging from the gsial of Figure 3-5 is that under
illumination the surface is largely depleted frodsarbed acid (malonic and oxalic acid). As
no other species are observed in significant amiuatconcluded that under illumination a
large fraction of the surface (about 60%) is notered with adsorbate. Difference spectrum
2 — 3 in Figure 3-6 reveals the spectral changes gpotching off the light in the presence
of dissolved malonic acid. Two weak positive featuaround 1700 chcan be observed.
The increase of these bands in the dark is somehwprising because significant bands
around 1700 cfhwere never observed to grow in the dark underathgr condition. Close
inspection reveals that the maxima of the two baarésnot identical to the maxima of the
bands associated with strongly adsorbed oxalic & difference spectrum b 2 in
(Figure 3-6). In fact, at the position of the latbands, as indicated by the vertical lines in
Figure 3-6, minima are observed in the differemmectrum 2— 3. The observed features can
be explained by a restructuring of the adsorbedi®gaid, from structure (a) in Scheme 3-1,
responsible for the negative bands at 1708 and 1888 into structure (b) or (c) in
Scheme 3-1, responsible for the broad band at &#{". This observation furthermore shows
that the steady state distribution of adsorptiomesoof oxalic acid under irradiation does not

correspond to the equilibrium distribution in theerkl
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After illumination and in the presence of dissolvaedlonic acid the ATR-IR spectrum
stabilizes after some time (Figure 3-5, regimelB)der these conditions oxalic acid remains
on the surface. However, the change from dissatvalbnic acid towards water flow leads to
a decrease of the signal at 1711c(see Figure 3-6, 3» 4) that we assign to weakly
adsorbing oxalic acid (Scheme 3-1, b), c)). Thigldde explained either by desorption of
this species from the TiGsurface or by a deprotonation of the free (notamer bound) acid
group. We prefer the latter interpretation. At pt$ ghe free acid group of adsorbed oxalic
acid (Scheme 3-1, b), c)) is expected to be pra¢ahavhereas at neutral pH in pure water it
is expected to be deprotonated. Note that the @Hizes of dissolved oxalic acid are 1.23 and
4.19.32 This view is corroborated by Figure 3-7r{gsponding to regime 5 in Figure 3-5),
where a surface that mainly contains adsorbed oxalid is illuminated in water. Spectrum
(b) in Figure 3-7, and to a minor extent spectru)) (eveals a broad band centered at
1580 cnt, which we assign to the deprotonated form of weaddisorbed oxalic acid

(Scheme 1, b), c)). Dissolved deprotonated oxalid & solution is characterized by a broad
vas(COO') band at 1570 cit? It has been proposed before that under bandligagiriation

the weakly adsorbed oxalate species (Scheme 3-&))gre transformed to strongly adsorbed
oxalate (Structure a) in (Scheme 3-1), which isithedergoing photo-assisted degradafion
In the latter study, however, the experiments waggformed at pH values, at which the
weakly bound oxalic acid (Scheme 3-1, b), c)) wadgnated.

3.5.4 Mechanism of Photoassisted Mineralization of Malonic Acid on TiO,

The primary initial reaction mechanism for stronglgisorbed carboxylic acid is a
photo-Kolbe reaction, initiated by a photogeneratete. This leads to COand a carbon
centered radical. The fate of this radical may b@ercomplex. The radical can abstract a
hydrogen atom from any other suitable molecule cWhvould lead to acetic acid. Acetic acid
only weakly adsorbs on TiLangmuir constant of log(R=2.2*%) and is therefore expected
to desorbs readily from the surface. There is go 8i the ATR-IR spectra of adsorbed acetic
acid, which is characterized by a strong band #iigibove 1500 cih>°. The carbon centered
radical can also react with oxygen to the corredpun peroxyl radical, which may then
ultimately be transformed to a carboxylic aldn our case oxalic acid, which is observed in
the ATR-IR spectra. Adsorbed oxalat®@C-COO) can further react with a photogenerated

hole (photo-Kolbe reaction) to form G@nd a C@ radical. The latter ultimately also leads
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to CQp, possibly via the formation of formic aétd Scheme 3-2 summarized the discussed

reaction mechanism.
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Scheme 3-2: Proposed reaction mechanism for plssistad mineralization of malonic acid over
TiO,.

ATR-IR technique as applied here is sensitive ® phocesses taking place at the
solid-liquid interface and the investigation shabat oxalic acid is an intermediate during the
photo-assisted mineralization of malonic acid. @xahcid is desorbing slowly and
mineralized fast, which implies that the conceiratof oxalic acid in solution is small,
despite the fact that it is a major intermediatéhi» mineralization of malonic acid. Indeed, in
the photo-assisted degradation of fumaric and maleid oxalic acid was observed only in
very small amount in soluti8h These considerations indicate that care musakentwhen
reaction mechanisms are derived from dissolvedrmgdiates, because intermediates on the

catalytic surface may not be observed in large ttiesin solution but still play a major role.

3.6 Conclusion

The photo-assisted mineralization of malonic aeid’P@5 TiQ can be followed in situ
by attenuated total reflection infrared spectrogcoppon illumination the coverage of
adsorbed malonic acid is decreasing and oxalic iacabserved on the Tigsurface. Under
illumination a large fraction of the surface isérisEom adsorbed acid. The transient behavior
of malonic and oxalic acid observed on the cataystace upon illumination indicates other
reaction pathways for malonic acid decompositiohinwolving oxalic acid. Because oxalic

acid desorption from the TiGsurface is slow, its concentration in solutiohoiw despite the
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fact that it is a major intermediate in the decosifion of malonic acid. This indicates that

care must be taken when deriving reaction mechanesmd pathways based only on stable

intermediate species observed in solution.

Refer ences

1.

10.

11.

12.

13.

Fujishima, A.; Honda, K., Electrochemical phggi of water at a semiconductor
electrods. Nature 1972, 238, 37.

Khan, S. U. M.; Al-Shahry, M.; Ingler, W. B., figient photochemical water splitting
by a chemically modified n-TiO2. Science 2002, ,22743-2245.

Wang, R.; Hashimoto, K.; Chikuni, M.; Kojima,; Kitamura, A.; Shimohigashi, M.;
Watanabe, T., Nature 1997, 388, 431.

Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.;a@a, Y., Visible-light photocatalysis
in nitrogen-doped titanium oxides. Science 20@RB, 269-271.

Hoffmann, M. R.; Martin, S. T.; Choi, W. Y.; Baémann, D. W., Environmental
applications of smiconductor photocatalysis. ChRew. 1995, 95, 69-96.

Linsebigler, A. L.; Lu, G.; Yates, J. T., Phaatalysis on TiO2 surfaces: Principles,
mechanisms, and selectrd results. Chem. Rev. B8535 -758.

Szczepankiewicz, S. H.; Colussi, A. J.; Hoffmam. R., Infrared spectra of
photoinduced species on hydroxylated titania sedaJ. Chem. Phys. B 2000, 104,
9842 - 9850.

Draper, R. B.; Fox, M. A., Titanium dioxide pbeensitized reactions studied by
diffuse reflectance flash photolysis in aqueowspsuasions of TiO2 powder. Langmuir
1990, 6, 1396 - 1402.

Kesselman, J. M.; Weres, O.; Lewis, N. S.; Haeffrn, M. R., Electrochemical
production of hydroxyl radical at polycrystallingb-doped TiO2 electrodes and
estimation of the partitioning between hydroxytlical and direct Hole oxidation
pathways. J. Phys. Chem. B 1997, 101, (14), 2&543.

Harrick, N. J., Internal reflection spectrosgoterscience Publishers: New York,
1967.

Hug, S. J.; Sulzberger, B., In situ Fouriensfarm infrared spectroscopic evidence
for the formation of several different surface @bexes of oxalate on TiO2 in the
agueous phase. Langmuir 1994, 10, 3587.

Tejedor-Tejedor, M. |.; Yost, E. C.; Andersdh, A., Characterization of benzoic and
phenolic complexes at the goethite/aqueous irderfasing cylindrical internal

reflection Fourier transform infrared spectroscopart 1. Methodology. Langmuir
1990, 6, 979.

Connor, P. A.; Dobson, K. D.; McQuillan, A. New sol-gel attenuated total
reflection infrared spectroscopic method for as@lyof adsorption at metal oxide
surfaces in aqueous solutions. Chelation of Ti@&)2, and Al203 surfaces by
catechol, 8-quinolinol, and acetylacetone. Langr@b5, 11, 4193.



38

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Chapter3

Birgi, T.; Baiker, A., In situ infrared specdoopy of catalytic solid-liquid interfaces
using phase-sensitive detection: Enantioseledtlydrogenation of a pyrone over
Pd/TiO2. J. Phys. Chem. B 2002, 106, 10649-10658.

Ferri, D.; Burgi, T., An in situ attenuatedatoteflection infrared study of a chiral
catalytic solid-liquid interface: cinchonidine adgtion on Pt. J. Am. Chem. Soc.
2001, 23, 12074-12084.

Burgi, T., Combined in situ attenuated totafleaion infrared and UV-Vis
spectroscopic study of alcohol oxidation over RglDA. J. Catal. 2005, 229, 55-63.

Birgi, T.; Bieri, M., Time-resolved in-situ AT§pectroscopy of 2-propanol oxidation
over Pd/A}Os: Evidence for 2-propoxide intermediate. J. Phylser@. B 2004, 108,
(35), 13364-13369.

Burgi, T.; Wirz, R.; Baiker, A., In situ attemied total reflection infrared
spectroscopy: A sensitive tool for the investigatof reduction-oxidation processes
on heterogeneous Pd metal catalysts. J. Phys. Ge003, 107, 6774-6781.

Keresszegi, C.; Ferri, D.; Mallat, T.; Baiké:, On the role of CO formation during
the aerobic oxidation of alcohols on Pd/AI203: iarsitu ATR-IR study. J. Catal.
2005, 234, 65-75.

Ortiz-Hernandez, 1.; Williams, C., In situ irstgation of solid-liquid catalytic
interfaces by attenuated total reflection infrasgmbctroscopy. Langmuir 2003, 19,
2956-2962.

Ortiz-Hernandez, 1.; Owens, D. J.; Strunk, M; Rilliams, C. T., Multivariate
analysis of ATR-IR spectroscopic data: Applicasioto the solid-liquid catalytic
interface. Langmuir 2006, in press, publishedhenweb.

Hamminga, G. M.; Mul, G.; Moulijn, J. A., Retre in situ ATR-FTIR analysis of
he liquid phase hydrogenation of gamma-butyrolaetover Cu-ZnO catalysts: A
mechanistic study by varying lactone ring sizee@h Eng. Sci. 2004, 59, 5479 -
5485.

He, R.; Davafa, R. R.; Dumesic, J. A., In ITR-IR spectroscopic and reaction
kinetics studies of water-gas shift and methaeédrming on Pt/Al203 catalysts in
vapor and liquid phases. J. Phys. Chem. B 200%, (1), 2810 - 2820.

Ebbesen, S. D.; Mojet, B. L.; Lefferts, L., C&isorption and Oxidation at the
Catalyst-Water Interface: An Investigation by Attated Total Reflection Infrared
Spectroscopy. Langmuir 2006, 22, (3), 1079 - 1085.

Nakamura, R.; Imanishi, A.; Murakoshi, K.; NakaY., In situ FTIR studies of
primary intermediates of photocatalytic reactiams nanocrystalline TiO2 films in
contact with aqueous solutions. J. Am. Chem. 3003, 125, 7443 - 7450.

Nakamura, R.; Nakato, Y., Primary IntermediaiE®xygen photoevolution reaction
on TiO, (rutile) particles, revealed by in situ FTIR algonn and
photoluminescence measurements. J. Am. Chem2864d, 126, 1290 - 1298.

Warren, D. S.; McQuillan, A. J., Influence oater on phonon and UV-induced IR
absorptions of Ti@photocatalytic particles films. J. Phys. Chem.(®4, 108, 19373
- 19379.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Photoassisted Decomposition of Malonic Acid on Ti&@died by in Situ ATR-IR Spectroscopy39

Kesselman-Truttmann, J. M.; Hug, S. J., Phguoatation of 4,4 '-bis(2-
sulfostyryl)biphenyl (DSBP) on metal glides folled by in situ ATR-FTIR
spectroscopy. Environ. Sci. Technol. 1999, 33),(3871 - 3176.

Ekstrom, G. N.; McQuillan, A. J., In situ infeal spectroscopy of glyoxylic acid
adsorptiopn and photocatalysis on Ti@ aqueous solution. J. Phys. Chem. B 1999,
103, 10562.

Araujo, P. Z.; Mendive, C. B.; Rodenas, L. A; @Morando, P. J.; Regazzoni, A. E,;
Blesa, M. A.; Bahnemann, D., FT-IR-ATR as a taoptobe photocatalytic interfaces.
Colloids and Surf. A Physicochem. Eng. Aspects52@85, 73 - 80.

Mendive, C. B.; Bahnemann, D. W.; Blesa, M. Microscopic characterization of the
photocatalytic oxidation of oxalic acid adsorbedT0O, by FTIR-ATR. Catal. Today
2005, 101, 237 - 244.

Smith, R. M.; Martell, A. E., Critical StabyitConstants. Plenum Press: New York,
1979.

Dobson, K. D.; McQuillan, A. J., In situ infet spectroscopic analysis of the
adsorption of aliphatic carboxylic acids to TiO202, Al203, and Ta205 from
agueous solutions. Spectrochim. Acta 1999, A 3951

Schmelz, M. J.; Nakagawa, |.; Mizushima, SQuagliano, J. V., Infrared absorption
spectra of inorganic Coordination complexes. XMitfrared Studies of malonato
metal complexes. J. Am. Chem. Soc. 1959, 81, Z8D0-

Hug, S.; Bahnemann, D., Infrared spectra ofatgamalonate and succinate adsorbed
on the aqueous surface of rutile, anantase arndoeqcite measured with in sotu
ATR-FTIR. J. El. Spectr. Rel. Phenom. 2006, 158 2219.

Deacon, G. B.; Phillips, R. J., Relationshigéween the carbon-oxygen stretching
frequencies of carboxylato complexes and the tgpecarboxylate coordination.
Coord. Chem. Rev. 1980, 33, 227.

Mehrota, R. C.; Bohra, R., Vibrational spectia.Metal carboxylates, Academic
Press: New York, 1983; pp 48-60.

Ferri, D.; Burgi, T.; Baiker, A., Probing cattt¢ solid-liquid interfaces by attenuated
total reflection infrared spectroscopy: Adsorptmincarboxylic acids on alumina and
titania. Helv. Chim. Acta 2002, 85, 3639-3656.

Rotzinger, F. P.; Kesselman-Truttmann, J. MugHS.; Shklover, V.; Gréatzel, M.,

Structure and Vibrational Spectrum of Formate Andtate Adsorbed from Aqueous
Solution onto the TiO2 Rutile (110) Surface. JyRrChem. B 2004, 108, (16), 5004 -
5017.

von Sonntag, C.; Schuchmann, H. P., The eltiordaf peroxyl radical reactions in
aqueous solution with the help of radiation-chexhinethods. Angew. Chem, Int. Ed.
1991, 30, 1229 - 1253.

Franch, M. I.; Ayllon, J. A.; Doménech, X., Rbcatalytic degradation of short-chain
organic diacids. Catal. Today 2002, 76, 221 - 233.






A

Photocatalysis of
Dicarboxylic Acids over
TiO,. Anin SItUATR-IR
Sudy



42 cChapterd

4.1 Abstract

Attenuated total reflection infrared (ATR-IR) spescopy in a flow-through cell was
used to study the photocatalytic mineralizatiomaflonic and succinic acid over P25 %i@
situ. The experiments were performed in water aiceotrations of 1.5 x 10mol/l and pH
3.5 at room temperature. Changes on the catalyfsiceuwere observed in the time frame of a
few minutes. The first step in the mineralizatidnm@lonic acid is a photo-Kolbe reaction of
adsorbed malonate. Part of the resultings@ecies is converted into oxalate and finally into
carbon dioxide and part is desorbing from the serfarhe branching ratio for the two
pathways is 50%:50%. The mineralization reactiors va#s0 observed in the absence of
dissolved oxygen however, at a slower rate. Irptiesence of dissolveédO,, labeled oxygen
was incorporated into the adsorbed oxalate. A damtipathway in the mineralization of
succinic acid involves the transformation to oxalaih malonate. It is therefore proposed that
a favored pathway for dicarboxylic acid mineraliaatis a photo-Kolbe reaction followed by
the oxidation of the carbon-centered radical tar/axylate, which corresponds to the overall

formal shortening of the alkyl chain by one Qlhit.

4.2 Introduction

The ecologically and economically driven demand dostainable technologies has
fostered the interest in methods for abatemenbbdifants in wastewater. Photocatalysis over
TiO; has great advantages in this important fféld@iO, is non-toxic, inert and sunlight can
be used for the excitation of the semiconductoosgrits band-gap. The latter process
generates an electron-hole pair. Oxidation is assutm proceed via direct attack of adsorbed
species on the catalytic surface by photogenetatéss or is indirectly mediated by radicals,
for exampleOH ¢ , which are generated from adsorbed water, oxygehhgdroxyl groups
on the catalyst surface. In this way hazardous recgg@ompounds can completely be
mineralized, i.e. converted into water and carbioxide.

A tremendous amount of data is available in litenaton the disappearance of organic
molecules from the liquid phase during illuminatiointhe photocatalyst and on the evolution
of dissolved intermediate species on the way tosvaminplete mineralizatiof”. The nature
of the catalytic interface during illumination isugh less explored. However, the analysis of
the processes taking place at the catalytic interfa perhaps the most direct way to unravel

the mechanism of heterogeneous catalytic reactidmtenuated total reflection infrared
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(ATR-IR) spectroscopy is an ideal tool for the investigation of soliddid interfaces of
powders” 8 and it has recently been applied to study heteremes catalytic reactions taking
place at solid-liquid interfacés™. Applications of ATR-IR to phototcatalysis areldtmited
1725 but the potential of this technique has been destnated.

Modulation excitation spectroscopywas recently combined with ATR-IR in order to
study heterogeneous catalytic reactions. By peralyi modulating an external parameter the
catalytic system is perturbédl A subsequent phase-sensitive detection selegthighlights
the species that are affected by the modulatedmea and in addition leads to a significant
increase in sensitivity. Up to now concentrationduiation experiments in a flow-through
cell were used, i.e. the periodic variation of th@centration of one reactant at the inlet of the
flow-through ATR-IR reactor, to disturb the catidysystent® 27 %

Here we also use light modulation to turn the pbatalytic reactions on and off and
we apply this strategy to study the photocatalgtineralization of malonic and succinic acid
over TiO, (P25). We have recently shown that oxalic acidais important reaction
intermediate on the TiOsurface in the mineralization of malonic aéfd The modulation
technique furthermore allows one to detect thel fieaction product, dissolved G(hear the
interface. Selectivé®C labeling of malonic acid antfO labeling of dissolved oxygen gas
gives additional information about the fate of nmidoacid during mineralization. The phase-
sensitive detection furthermore provides evidemeete presence of carbonates on the,TiO

surface during the photocatalysis.

4.3 Experimental Section

4.3.1 Catalyst and Chemicals

Degussa P25 Ti§) containing 80% anatase and 20% rutile with aas@rfarea of
51 nfg' and average primary particle size of 21 nm, wasdum the photocatalysis
experiments. Malonic acid (Sigma-Aldrich, 99%), omit-23C acid (Aldrich, 9994°C) and
succinic acid (Sigma-Aldrich, 99%) were used a®ing. Nitrogen (B 99.995%), oxygen
(Oz, 99.995%) and carbon dioxide (&®9.995%) were applied to saturate the liquids and

were received from CarbaGas. Labeled oxyjén was received from Isotec (99%).
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4.3.2 Thin-film Preparation

A slurry of the catalyst powder was prepared frdmowt 20 mg of catalysts and 25mL
of water (Milli-Q, 18 M2 cm). After sonication (ultrasonic cleaner, Bran20®) for 30 min
TiO, thin films were formed by dropping the slurry ordoGe internal reflection element
(IRE) (52 mm x 20 mm x 1 mm; KOMLAS). Ge was foutalbe inert under the applied
experimental conditions in contrast to ZnSe. Thewam of the slurry for one coating was

0.5 mL. The solvent was allowed to evaporate, dedprocedure was repeated two times.

After drying for several minutes at0°C in air, loose catalyst particles were removed by
flowing water over the IRE. After drying in air tligm was ready for use. From the amount

of deposited Ti@ and its density an average film thickness4gim was estimated. Fresh

films were prepared every day and results wereockpible on different catalyst films. It
should also be noted that in the absence of; Tl no adsorption and no reaction was

observed.

4.3.3 In situ Spectr oscopy

ATR spectra were recorded with a dedicated flowdlgh cell, made from a Teflon
piece and a fused silica plate (45 mm x 35 mm xn3).nThe cell inlet is connected to two
bubble tanks, which allows fast exchange betweendifferent fluids. The distance between
inlet and outlet is 36 mm. A flat (1 mm) viton sedéfines the thickness of the fluid
compartment, which has a volume of about 0.5 me ¢éll was mounted on an attachment
for ATR measurements (Wilks Scientific) within tleample compartment of a Bruker
Equinox-55 FTIR spectrometer equipped with a nafbanwd MTC detector. Spectra were
recorded at room temperature with a resolution ai.

The solvent was saturated with gases in the twaraép glass bubble tanks and was
passed through the cell and over the sample by snefaa peristaltic pump (Ismatec, Reglo
100) located after the cell. A flow rate of 0.2 miiA was used. If not otherwise stated the

solvent was saturated with air.

For irradiation of the sample UV light was provideg a 75W Xenon arc lamp. The
UV light from the source was guided to the ATR-I®lwia two fiber bundles. The light was
passed through a 5 cm water filter to remove afrgiied radiation. A Schott UG 11 (50mm X
50mm x 1 mm) broadband filter from ITOS was usedeamove visible light (transmission

between 270 and 380 nm). An estimate based onuthy@isr specifications gave a power at



Photocatalysis of Dicarboxylic Acids over TiO2: AnSitu ATR-IR Study 45

the sample of slightly less than 10 mWfcrfihe experimental setup is schematically shown

in Figure 4-1.
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Figure 4-1: Schematic setup for in situ ATR-IR dpescopy of photocatalytic reactions in a small
volume flow-through cell.

4.3.4 Modulation Experiments and Data Acquisition

The periodic variation of an external parameterahapecific influence on the catalytic
system. The concentration of all the species irsjfstem affected by this external parameter
will also change periodically at the same frequemsy the stimulation. The following
parameters were used for the modulation: the UVtlijux, the reactant concentration
(malonic acid) and the nature of the dissolved gaggen — nitrogen. During one modulation
period (typically 150 — 235 s) 60 infrared speatere recorded at a sampling rate of 40 kHz
or 80 kHz (4-8 scans per second), with the usehef rapid scan function of the FTIR
spectrometer. Per spectrum recorded in one peyjidally 20 scans were averaged. Two
modulation periods were performed before data attipn was started. Infrared spectra were

than averaged over five modulation periods.



46 cChapterd

Modulation experiments were performed as followsv Ught modulation was
achieved using an electronic shutter (Newport m@del45). The light flux was modulated

(on-off) in the presence of dissolved carboxylidaar neat water over the Ti@atalyst.

For gas modulation experiments carboxylic acid thohs were saturated by nitrogen
and oxygen in two separate glass bubble tanksoddtr or oxygen saturated solution of the
acid was than passed over the Fdatalyst for 15 minutes. The modulation experiraemtre

performed by switching two pneumatically actuatat/es (see Figure 4-1).

During concentration modulation experiments two sglaanks were used, one
contained neat water (pH 5.5) and the other on&lD:5mol/l carboxylic acid (pH 3.5),
respectively. Note that at this concentration tissalved acid is not observed in the ATR-IR
spectra. Before the modulation experiment the caflimacid solution was flowed over the
sample for 30 minutes in the dark. At this poine thignals did not change anymore,
indicating equilibrium. At higher solution conceatibns the signals of the adsorbed species

did not increase significantly, which indicatestttiee surface is saturated.

In all kinds of modulation experiments data acdigsi and modulation were
synchronized. Electrical signals generated by tidRFspectrometer within the data
acquisition loop were used to switch the valvesnéemtration or gas modulation) or the
shutter (light modulation). Note that the modulatiexperiments performed here are square
wave modulations. Under certain conditions the dduteded spectra can be viewed as (high
quality) difference spectra between two statehiefdystem, e.g. during light exposure and in
the dark. However, if different species in the sgsthave different kinetics then the spectra
change qualitatively with demodulation phase anlledulation experiments are applicable
only when the system response is reversible, wiveeh verified by performing two or several

identical modulation experiments one after the oth€he time-resolved absorbance

spectraA(V’t) were transformed into phase-resolved spectra usinigital phase sensitive

detection (PSD) according to:
4-1

AL (V) =$}A(l7,t)sin(ka1 + )t Equation

where k = 1,2,3,...determines the demodulation fragyei.e. fundamental, first

harmonic, and so on, T is the modulation peri&d,denotes the wavenumbet, _the
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stimulation frequency angf™® the demodulation phase angle. With a set of ties®ived

spectra(q(g’t), the above equation can be evaluated for diffedemodulation phase angles

PSD

%

fundamental frequency (k = 1) are reported herereMietailed information on the technique

ﬂ(PSD
resulting in a series of phase-resolved spéoﬁtra. Only spectra demodulated at the

can be found elsewhet& ?°

]
i
HD\\ _E///D an}fﬁfu o /‘\/C\K“.;.H
D/ \‘DH o OH j

o

Crralic acid Mvlalorae acid Succime acid

Scheme 4-1: Structure of oxalic, malonic and suc@nid



48 cChapterd
4.4 Result and Discussion

4.4.1 Major Adsorbed Speciesduring I llumination of Adsorbed Malonate

Figure 4-2 shows ATR-IR spectra of (a) normal amd‘{C-labeled malonic adsorbed
on the TiQ from aqueous air-saturated solution in the dateNhat only the central carbon
atom (C-2, Scheme 1) wa¥C-labeled. The most intense bands are assignedrbmxylate

vibrations v, (COO~) at 1625 and 1575 chand v, (COO") at 1436 and 1353 ch?”. As is

evident from Figure 4-2°C labeling of the central carbon atom of maloniidatas no
influence on these bands, which corroborates #esignment to the two terminal carboxylate

groups.
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Figure 4-2: ATR-IR spectra of (a) malonic acid afid **C-labeled malonic acid adsorbed from
aqueous solution (1.5xf0mol/l) on TiQ, in the dark and of the corresponding adsorbedtieac
product ((c), unlabeled and (&)C-labeled) after illumination for 7 min and flowinteat water for

4 min. Malonic acid was allowed to adsorb for 3@ tefore recording the spectra. Note that only the
central C atom of malonic acid was labeled.
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In contrast the (CB) band at 1259 cthshifts down to 1250 cthupon®*C labeling.
The spectra provide evidence for two largely défarcarboxylate groups consistent with one
monodentate and one bidentate/chelating adsorgéometry””.

Spectra (c) and (d) in Figure 4-2 were obtainedraftuminating adsorbed malonate
and C-labeled malonate, respectively, on i@ the presence of dissolved (labeled)

malonic acid and oxygen and subsequent washingwater.

The latter procedure removes adsorbed malonic waditin 4 minutes and leaves
behind oxalate species that are formed upon illaton 24. The two spectra are clearly
different, in particular several bands associatath ihe COO vibrations shift to lower
wavenumbers for oxalate formed from tH&C-labeled malonate. The two bands at
1689 cnt and 1669 ci of partly labeled oxalate are the antisymmetrid aymmetric
combination of two C=0 stretching vibratioms(C = 0) and vas(C = O), respectively . The
bands at 1401 cthand 1272 cml are associated withv(C-0) + v(C-C) modes®,

whereas the band at 1249 twan be assigned w(o -BC= O). This clearly shows that the

central (labeled) carbon atom of the malonate enqd& the oxalate, as expected. Strongly
adsorbed carboxylic acids are thought to underguh@to-Kolbe reaction, initiated by a
photogenerated hole, leading to £&hd a carbon-centered radidal®2 The latter ultimately
leads to the oxalate. We have shown previously thatlate adsorbed on TiQOs fast

decomposed upon illumination leading to O

4.4.2 Dissolved Carbon Dioxide

The enhanced sensitivity achieved by the phasatsensdetection made the
observation of dissolved GQeaction product possible. Figure 4-3 shows a dkhated
spectrum of a light modulation experiment. Durihgttexperiment a solution 6iC-labeled
malonic acid was flowed through the ATR-IR cell.€Ttwo bands at 2343 and 2277 tm
belong to dissolved CQand**CO,, respectively, in water. The band positions argdod
agreement with previous reports Note that gas-phase GQlue to the rotational envelope,
has a distinctly different band shape from thaeobsd in Figure 4-3.
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Figure 4-3: Demodulated ATR-IR spectrum of light datation experiment where selectively
¥*C-labeled malonic acid (1.5xt0Omol/l) was flowed over the TiOfilm. During one half of the
modulation period (T=155 seconds) the sample wasnihated and during the other half the sample
was in the dark.

The first CQ molecule resulting from the photo-Kolbe reactioh selectively
13C-labeled malonate, according to Scheme 4-2, is labeled. Only in the further
decomposition of the resulting, @ompounds one of the two G@nolecules is>C-labeled.
Complete mineralization of the selectivel§C-labeled malonic acid leads to three £O
molecules, one of which is labeled, and hence@®a*CO; ratio of 2.0. The intensity of the
observed signals in Figure 4-3 is clearly differdram 2.0. In fact, the ratio of the
corresponding integrated signals is 3.2. One hasmsider that the absorption coefficient of
the asymmetric stretching vibration is affectedtiy isotopic labeling. A density functional

theory (DFT) calculation revealed that the molasaption coefficients is 5% lower for

labeled**C0,. According tCoo, / Ciscy, = Aco, | Ass o, xe*CO, /£ CO,, where C stands for
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the concentration and A for the integrated absarban relative observed concentration of
3.2 * 0.95=3.04 is obtained. This shows that pdrthe G intermediate species that are
formed during the initial photo-Kolbe reaction @®sorbing from the surface and are washed

away in the flow through reactor before being fartbonverted to CO

i >
& 13CH,CO0H———

] ] @]
0] 0
| | h* | | > 13¢¢ 2 h*
malonate on o TiO,
' )
e'aa,}?_ oxalate on
I?@‘ O,}-‘:?@ ’bj’ Ti 02

Scheme 4-2: Mechanism of photocatalytic mineradbizadf malonic acid over Ti©

The intermediates from the first photo-Kolbe reactof malonic acid derive from a
carbon centered radical (Scheme 4-2). Oxalateesobhese intermediates and it is observed
by ATR-IR. It has been shown before that the oxathies hardly desorb from the Ti®25)
surface and that it mineralizes fast under the ggresonditions 24, which results in one
labeled and one unlabeled g€éccording to Scheme 4-2. Other intermediate speaizeving
from the carbon centered radical may be acetic daydabstraction of a hydrogen) and
glycolic acid (hydroxyacetic acid), which are ndiserved on the TiDsurface by ATR-IR.
Acetic acid is known to adsorb only weaRfyand therefore desorbs from the catalyst surface
before being further mineralized. Glycolic acid adis more strongly on TiOthan acetic
acid. There is no sign of it in the specttawhich indicates that it is not formed. From the
observed relative concentration of labeled and heled CQ one can determine the
branching ratio of € intermediates that are converted into oxalic a@dd completely
mineralized) and acetic acid or othes €pecies that are desorbing from the surface. The
limiting cases result in CH*CO; ratios of 2.0 for a complete mineralization (viatate) and

of infinity for the case where no,Gntermediates are further mineralized. The obskrve
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CO,/2*CO; ratio of 3.0 corresponds to a fraction of 50% tlsatompletely mineralized
(mainly via oxalate, yielding one labeled and twdabeled CQ@ molecules) and 50% that is
desorbing and washed away aspecies before being mineralized (yielding oneabeled
CO, molecule). In this context it is illustrative toemtion the residence time in the flow-
through reactor which is about 2.5 min.

The concentration of dissolved @Oobserved while flowing a solution of
1.5 x 10" mol/l malonic acid over the Tigfilm and during illumination can be quantified. In
order to do so the observed absorbance (5% &t02343 cnt) was compared to the one
measured while a solution saturated with ,C@as flowed over the Ti© film
(0.0136 at 2343 cij. At 25° C about 0.035 mol/l GQran be dissolved in watét. Only a
small fraction of the dissolved GQOless than 1%, is converted to carbonic acid. Mbshe
CO, remains as solvated molecular £gving rise to the signal at 2343 ¢miThe observed
absorbance signal of 0.0136 for a saturated, G@lution therefore corresponds to a
concentration of 0.035 mol/l and the signal (5 X°)l@bserved during the photocatalytic
mineralization to 0.035 mol/l x (5 x T0.0136) = 1.29 x 1 mol/l, which has to be

compared to 1.5 x 70mol/l malonic acid in solution.

Figure 4-4 shows the signal at 2343 tof CQ, as a function of time during a light
modulation experiment. Obviously the time-dependgghal is quite noisy. Still, useful
information on mass transport out of the volumebpr by the evanescent field can be
obtained from this signal, assuming that 0© produced only during illumination. When
shutting off the light the Cconcentration decreases due to diffusion out efevanescent
field. The penetration depth of the latter is eatied to be 0.3fm at 2343 cr, as calculated
from the refractive index of Ge (4.0) and the eatil effective refractive index (1.82) of the
TiO, film in water. The latter is estimated from thdraetive indices of water (1.33) and
TiO, (2.2) by assuming a porosity of 0.5 according & = (0.5(nHO)? + 0.5(nTiQ)%)2
Since the penetration depth is considerably smafan the film thickness the observed
decrease of the G@ignal in the dark is dominated by internal diffuswithin the TiQ film.
During illumination in the steady state the diffusiof CQ is compensated by photocatalytic

mineralization,

dc_- _(@j N (%) Equation
dt dt diff dt reaction 4-2
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In the dark the term due to reaction vanishes hadobserved decrease of the signal
corresponds to the diffusion. A rough estimate figigure 4-4 yields (dc/dgx = 3.4 X 10
mol/ls, which therefore also corresponds to thereged rate of production of GQvithin the
film during illumination. The reaction rate withggect to malonic acid is about half this
value, i.e. 1.7 x TBmol/ls, taking into account the branching ratisadissed above and hence
the observation that on average each reacting necakeid molecule leads to two GO

molecules under our conditions.
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Figure 4-4 Absorbance at 2343 ‘tnassociated with CQas a function of time during a light
modulation experiment (T=155 seconds, concentratfamalonic acid: 1.5 x IHmol/l). The dashed
line was used for the calculation of the diffusiate of CQ out of the catalyst film (see text).

4.4.3 Minor Adsorbed Specieson TiO, during Illumination

Carbonate species might be expected on the SJu@ace during the mineralization of
malonic and oxalic acid, due to the presence dissloCQ and the observation that carbonate
ions (HCQ, COs?) strongly adsorb on metal oxidé% Furthermore, during malonic acid
mineralization oxygen-rich compounds are adsorbedhe surface, which could directly
convert into carbonates. No carbonates could beerebéd by ATR-IR during the
photocatalytic mineralization of oxalic acfd and glyoxylic acid®’. In fact the spectra in
Figure 4-2 reveal no obvious sign of such spedimwever, the presence of carbonates
becomes obvious from modulation experiments. Figlife (bottom) shows a demodulated

spectrum for a malonic acid concentration moduta&rperiment.
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Figure 4-5: Bottom: Demodulated ATR-IR spectrum afconcentration modulation experiment
(T=155 seconds, concentration of malonic acid:xL1®* mol/l). The demodulation phase angle was
chosen such that the signals of adsorbed malormtésh: Bands marked with an asterisk are
associated with oxalate. Top: ATR-IR spectrum ofboaate species on the TiGurface. The
spectrum was measured after flowing a saturatedacCQ solution over the sample followed by
flowing water.

One advantage of the digital phase-sensitive detec that the demodulation phase

angle can be chosen such that the dominant speaempletely removed from the spectrum.
In the present case the demodulation phase agigiewas adjusted to 90 degrees to get rid of

the strong signals of adsorbed malonate, uncovesiegker signals of other species with
different time (and therefore also phase) behaWor.comparison Figure 4-5 (top) shows an
ATR-IR spectrum obtained after flowing a saturaéegieous solution of GQover the TiQ

sample and after washing with water. This leaddéoformation of carbonate species on the
TiO, surface such as monodentate and bidentate cadspmatarbonate and also carboxylate

37. Most importantly, the comparison in Figure 4l&arly shows the presence of carbonates
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on the catalyst surface during the mineralizatibmalonic acid. The most prominent bands
observed at 1598 ¢hrand 1317 ci can be assigned to bidentate carbonate and motadelen
carbonate, respectiveEZ.The positive bands in the demodulated spectrunkedawith an
asterisk belong to oxalate, which has a time bahmadifferent from that of malonate.
Therefore the oxalate signals do not vanish as#me demodulation phase angle as those of
malonate. The sharp band at 1053cis assigned to a C-O stretching vibration of a
carbonate species. The negative band at 168% ionthe demodulated spectrum (partly
overlapping with the carbonate band at 1598'cmay be assigned to bicarbonate species,
which would mean that these bicarbonate species Hdferent time (and phase) behavior
compared to the other carbonates.

The carbonate species are stable in a flow of vadteeutral pH in the dark. However,
their concentration on the surface decreases ufpemimation in water. Desorption or

decomposition may be initiated by capturing a ptgetaerated hole.
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Figure 4-6: ATR-IR signals of carbonate (1601 'rand oxalate (1708 ¢ as a function of time
during illumination. The signals were obtained fromo different experiments and the signal before
starting illumination was scaled to one. The swefaovered by the carbonates was obtained by
flowing a saturated solution of G@ver the sample followed by a flow of water. Thieface covered

by the oxalate was obtained by flowing a malonid @olution saturated with oxygen over the sample
during illumination followed by a flow of water e dark.
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Figure 4-6 shows the decrease of the signals at t60' and 1708 cil associated
with carbonate ions and oxalate species, respéctiidhe two signals measured before
ilumination were normalized to one. Note that tftweo curves were obtained from two
separate experiments where the two species, cadsoaad oxalate, were selectively prepared
on the surface before illumination. Clearly carlienspecies disappear considerably slower
than oxalate.

The concentration of carbonate species on the, B@face is not large during

illumination and it is therefore not observed imfmal” time-resolved experiments.

In the demodulated spectrum shown in Figure 4-5ctirteonate signals are about ten
times smaller than in the upper spectrum in Figl#e the latter corresponding to a surface
saturated with carbonates. Hence, the coveragarbboates during illumination under our
conditions is on the order of 10% of a full covera84ll, the carbonates slow down the
mineralization process due to competition for apon sites and for photo-generated holes.
The comparison in Figure 4-5 also shows that thative intensity of the signals associated
with mono- and bidentate carbonate is differenttfi@ two experiments, which indicates that
the relative ratio of monodentate and bidentatba@ates is not the same when formed by
adsorption of CQon a clean Ti@surface and when formed during the photocatalydiss
may be due to the blocking of specific sites by riedonate and oxalate species in the latter

case.

4.4.4 TheRole of Oxygen

For the total mineralization of malonic acid acdogdto oxygen has to be provided. In
the above equation this corresponds formally to tmggen molecules, but the source of
oxygen remains to be determined.

hv
C,H,0, +20, o 3CO, +2H.0

Several possibilities are conceivable: The oxygexy mirectly come from dissolved
O, molecules. In fact, previous reports on photogatalover TiQ propose reactive oxygen
species deriving from £as important intermediates responsible for thelabtion of organic
pollutants® * In aqueous environment the incorporated oxygey miso originate from
water. For example the carbon centered radical pickyup OH from water. Finally, the T{O

surface may serve as an oxygen source. In this, ¢hseoxygen consumed needs to be
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regenerated either from water or dissolved @ order to shed some light on the role of
oxygen labeled®0, was used and furthermore modulation experimentee vperformed

where the dissolved gas; @nd N, served as the stimulation.

Figure 4-7 shows ATR-IR spectra of oxalate. In ¢hegperiments the TiOsample
was illuminated while flowing solutions of malonécid saturated with oxygen through the
cell. Afterwards neat water was flowed over the glenm order to remove remaining malonic
acid thus leaving oxalate on the surface. The wdiffee between the two spectra shown in
Figure 4-7 is the type of oxygen used in the cpoesing experiment. For the top (bottom)
spectrum labeletfO, (unlabeled @) was used. Clearly in the upper spectrum somesharel
shifted to lower wavenumbers. The band of normadlate at 1421 cth shifts down to
1400 cni and the broad band at 1633 trehifts down to 1590 cih These bands are
associated with C-O vibratiorS and the shifts therefore show thd0 from dissolved

oxygen is incorporated in the adsorbed oxalate.
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Figure 4-7: ATR-IR spectra of oxalate on Fi0he spectra were obtained by flowing a malonid ac
solution saturated with oxygen over the samplerduifiumination followed by a flow of water in the
dark. For the bottom spectrum normal oxygen) (@as used. For the top spectrum labeled oxygen
(*®0,) was used. Vertical lines are used to guide tlee ey

Figure 4-7 indicates that reactive species forrmethfoxygen (electron acceptor) can
directly react with the adsorbed, Gpecies, i.e. the carbon centered radical or pleeiss
resulting from it. Interestingly, there was no cleign in the spectra dfO labeled C@

(data not shown). We attribute this only partly dolow signal to noise ratio. More
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importantly, oxygen exchange between,G@d the TiQ surface is possibl&. Sato showed
that oxygen isotope exchange among water; &@ surface hydroxyls occurs easily on 10
even in the daf® This means that the labeled oxygen found in tkedade (Figure 4-7) can
be exchanged with normal oxygen once adsorbegli€@rmed and therefore the dissolved

CO, is mostly unlabeled due to the large excess ahaboxygen in the system.

Figure 4-8 shows an ATR-IR spectrum recorded whd@ing a solution of malonic
acid saturated with nitrogen over the Fi€ample during illumination. Figure 4-8 revealsttha
oxalate can also be formed from malonate upon itation in the absence of oxygen. This
finding shows that oxygen from a different sourcant dissolved oxygen, i.e. from water or

the TiO, surface, can also be incorporated into the oxalate
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Figure 4-8 ATR-IR spectrum obtained while flowingsalution of malonic acid saturated with
nitrogen over the Ti©@sample during illumination. The vertical line indtes the strongest oxalate
band.

Dissolved oxygen not only acts as one possiblecgoaf oxygen atoms but also has a
pronounced influence on the reaction rate. Figu®eshows the signal at 1700 ¢rassociated

with the oxalate on the TigZurface as a function of time during one modufageriod.
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Figure 4-9: ATR-IR signal at 1700 ¢massociated with oxalate as a function of time riyra
modulation experiment (T=232 seconds). In this erpent a solution of malonic acid
(1.5 x 10" mol/l) was flowed over the TiOsample during illumination. The stimulation paraene
was the dissolved gas, which wagsdring the first half period and,Nuring the second half period.
The vertical line indicates the time at which thesdlved gas was changed fromtO N,.

In this experiment the dissolved gas was modulb&tdeen M and Q. The coverage
of oxalate is clearly modulated showing an increasexygen and a decrease in nitrogen. The
rates of the various reaction steps can be infleérxy the dissolved oxygen mainly in two
ways. Oxygen acts as an acceptor for the electraheophoto-generated electron-hole pair.
The resulting reactive species can directly atiaorbed molecules, as is suggested by the
180, experiments (Figure 4-7). The acceptance of tleeten furthermore leads to an

increased life-time of the photo-generated hold, therefore to an increased reaction rate.

445 Mineralization of Succinic acid

Figure 4-10 shows several ATR-IR spectra relate¢théomineralization of succinic
acid over TiQ. Trace (a) shows a spectrum of succinic acid &dsbon TiQ in the dark. The
two subsequent spectra (b) and (c) were recordel@ Wbwing succinic acid over the TiO
film during illumination. The next spectrum (d) repents the difference between two spectra
recorded at the very beginning of illumination. &g, the two top traces (e) and (f) represent

the spectra of adsorbed malonate and oxalate opfdér@omparison.
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Figure 4-10: ATR-IR spectra related to succinidawineralization. Spectrum (a) was obtained while
flowing succinic acid (1.5 x ZDmol/l) over the sample in the dark (for 30 minpeStra (b) and (c)
were measured during illumination, spectrum (b)ndih and spectrum (c) 37 min after turning the
light on. Spectrum (d) represents the spectrakeifices observed during the first 83 seconds of
illumination. Spectra (e) and (f) are the specfradsorbed malonate and oxalate for comparison.

The spectrum of succinic acid adsorbed in the @fark water is characterized by two
strong bands at 1550 and 1417 Grwhich can be assigned to antisymmetric and symimet
COO " stretching vibrations, respectively. This showast tthe molecule exists as succinate on
the TiQ, surface. The spectrum is significantly differerdanf the one of malonate on TiO
The latter shows two distinct bands for the symimetnd two bands for the antisymmetric
COO " stretching vibrations, whereas the succinate gpecis characterized by only one
band for the symmetric and one for the antisymnet€OO stretching vibrations. This
indicates that the two carboxylate groups in theckate are equivalent. Based on the energy
difference A between the two carboxylate stretching modes aoration geometry can be
proposed™. Becauseh is smaller for the adsorbed succinate than fostieeinate in solution

chelating and/or bridging coordination of both C@®@ups is indicated.
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Upon illumination a broad band centered around 1688 is growing in fast (Fig. 10,
spectrum (b)) and becomes weaker again later gui@i4-10, spectrum (c)). Simultaneously,
two signals are steadily growing in at 1708 and0168i", which can be assigned to oxalate.
Note that the oxalate bands reveal a differenttiiaefrom the band at 1600 émThe
difference spectrum in Figure 4-10 (spectrum (dgswecorded at the very beginning of
illumination. In this spectrum the two most promihbands of succinate appear negative, due
to the disappearance of succinate from the surf&wsitive bands are also observed
associated with species appearing on the surfaoe illpmination. Comparison with the two
spectra shown on top in Figure 4-10 reveals thegdtpositive bands belong to malonate and
oxalate. From the kinetics of appearance and desmppce of these bands, as discussed
above, it can be concluded that succinate is toamsfd to malonate and then to oxalate.
Hence, it seems that one dominant pathway for bwqgeatalytic mineralization of aliphatic
dicarboxylic acids on Ti@is the consecutive shortening of the hydrocarbdmaircby formal
CH. elimination. Each of these formal steps is inéthtbby a photo-Kolbe reaction, which
results in the elimination of GQand subsequent steps that lead from the carbuereel

radical to a carboxylate.

45 Conclusion

Attenuated total reflection infrared (ATR-IR) sp@scopy in combination with
modulation excitation spectroscopy (MES) and isetdabeling was used to study the
mineralization of malonic acid over P25 BiPhotocatalyst. The enhancement of sensitivity
achieved by the phase-sensitive detection of peadlgd varying signals made the detection
of dissolved C@ possible. From the relative signals of £&hd'*CO, observed during the
mineralization of selectively labeled malonic aitidvas determined that 50% of the adsorbed
malonate is completely converted to £@ia oxalate), whereas 50% of the iGtermediates
generated after the first photo-Kolbe reaction @esorbing from the surface and washed
away without being oxidized. Modulation experimeftghermore revealed the presence of
carbonates on the TiGsurface during illumination. Experiments in theesgnce of labeled
180, showed that th&0 is incorporated into the adsorbed oxalate. Orpother hand oxalate
was also formed from malonate upon illuminatiorthe absence of dissolved oxygen. This
shows that at least two different pathways leathftbe carbon-centered radical to the oxalate

after the first photo-Kolbe reaction. These pathsvaye characterized by different oxygen
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sources, dissolved oxygen and possibly oxygen fwater. Dissolved oxygen furthermore
influences the rates of the different reaction stejp acts as an electron acceptor and

accelerates the photocatalytic reactions by préwgmeiectron-hole recombination.
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5.1 Abstract

A combination of in situ attenuated total refleatimfrared (ATR-IR) spectroscopy,
UV-vis spectroscopy and transmission electron nsicopy was used to study the adsorption
of thiol-protected gold nanoparticcles on Fi@ms and the behaviour of the resulting
composite films upon UV irradiation. The gold naadjzles were covered by charged thiols
(N-acetyl-L-cysteine and L-glutathione) and had @am core diameter of about 1 nm. The
TiO; film was prepared by deposition of a slurry of Ti@&noparticle with a particles size of
21 nm. The combination of the two spectroscopitinéques showed that the adsorption of
the gold nanoparticles onto the Bi@ms is significantly limited by intra film diffgion.
Upon illumination the IR spectra revealed the realoof the adsorbed thiolates and the
appearance of sulfates. These species were alsrvelddswhen illuminating N-acetyl-L-
cysteine adsorbed on TiQ.e. in the absence of gold. In the latter casdaie was observed
in large quantity on the TiOsurface, in contrast to the illumination of theabletyl-L-
cysteine-protected gold particles. This indicatesfi@rent pathway for the decomposition of
the adsorbed thiol when adsorbed on the gold ectlir on the TiQ surface. In situ UV-vis
spectroscopy also shows the formation of largettigggs upon illumination, which is

confirmed by transmission electron microscopy.

5.2 Introduction

Materials composed of gold nanoparticles and a-semiucting support such as LiO
are considered for various applications for examiplesurface patterning,catalysis’*
photocatalysfsand photovoltaic cell$In the latter case the excitation of the semicataiu
metal nanocomposite by (sun-) light induces electransfer processes that may be used for
solar energy conversidni,e. for the production of hydrogen by water sipig. Activity and
selectivity of such materials and catalysts strgmigipend on the size of the gold partidles.

Different methods were considered in the past apare Au-TiQ catalyst materials
such as metal ion impregnation and deposition-pition followed by drying, calcination
and reductiori. During such procedures the Au particles advantafjles uneven precursor-
solution loading due to gravitational less or austare formed directly on the support.
However, these methods have some diforces leag®lyalispersity of the resulting metal
particles. The necessary thermal treatment furtbeznresults in severe agglomeration

problems and may even cause chemical modificaticheosupport through ionic diffusioh.
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Therefore alternative methods for catalyst prejpamaare highly desirable. A different route
relates to the preparation of metallic %Aparticles in solution and subsequent deposition on
the TiQ". This allows the better control of size and siztribution of the particles. Very
small particles can be prepared by methods thatased on passivating ligands such as
phosphine¥ and thiolst* These ligands prevent the particles from agglotiwran solution.
Once the gold particles are deposited on the, W@ passivating ligands can be removed by
calcination of the material. It was for example whahat calcination at 300 °C leads to the
removal of thiols as evidenced by X-ray photoetttspectroscopy (XP$)Calcination was
also shown to lead to a moderate increase in temge particles size from 3.4 to 4.6 nm. The
resulting material was active in the epoxidatiopafpylene.

The release of thiolates from gold surfaces caradigeved not only by thermally
breaking the S-Au bond. Reductive desorption ofustfl and thiolate oxidation by 12 and
reactive oxygen speciéswas also shown. It was furthermore reported thatqgenerated
radicals can efficiently liberate alkanethiolatgalnds in a solution of monolayer-protected
gold nanoparticle§ The exposure of alkanethiolate self-assembled tagass (SAM) on
gold surfaces to UV light (254 nm) leads to thedation of the thiolate to the sulfondfe,
which can be used to pattern SAMs. Similarly, azédi sulphur species were reported after
exposing a film of thiol-stabilized gold nanopaei to UV-light. Such treatment leads to the
coagulation of the gold particles, which enableel ¢bnvenient fabrication of gold structures
on surfaces. Thiolate removal from gold particles under UV diaion was assigned to
plasmon photoelectrochemistry, i.e. to charge sijvar and redox reaction Furthermore,

TiO, itself is a photocatalyst, which can be used toemilize organic compounds.

The removal of thiolates from gold surfaces andopanticles by light is an important
process for the preparation of tailored catalystemas and for the fabrication of patterned
surfaces. However, the occurring processes areergtwell understood due to the lack of
direct molecular level information from the respeetinterfaces during irradiation, which
hinders the more rational design of (catalyst) malte Here we use in situ UV-vis and
attenuated total reflection infrared (ATR-IR)?° spectroscopy to study the adsorption of
charged gold nanoparticles from aqueous solutioTi@3 particle films and the processes

occurring during subsequent irradiation.
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Scheme 5-1: Structure of N-acetyl-L-cysteine anglutathione.

5.3 Experimental Section

5.3.1 Materials

Degussa P25 TiOwith a surface area of 51°ng™, average primary particle size of
21 nm and a tapped density of approximately 13@vg4 used. The preparation of the gold
particles of about 1 nm core size used in thisstwds described in detail in previous
reports?: % Briefly 1.01 mmol (400 mg) of tetrachloroauric éand 4.06 mmol N-acetyl-L-
cysteine (glutathione) were dissolved in 200 mléaf methanol:acetic acid, giving a red
solution, which rapidly turned into a cloudy whsespension. After 15 minutes a freshly
prepared aqueous NaBHsolution (70 ml, 2.13 mol/l) was slowly added undggorous
stirring. After 90 min of additional stirring, thesulting solution was filtered using OQuin
PTFE membranes (Millipore) to remove precipitatesl aubsequently evaporated under
vacuum to near dryness. The nanoparticles werdiguliin two steps. The first one consisted
in a series of precipitations with ethanol anddiibn using 0.2um PTFE membranes. The
removal of the remaining unreacted thiol or digldfiwas finally completed by dialysis
(Spectra/Por CE, molecular weight cut-off MWCO 5@). Particles were dissolved in 30

ml water and loaded into a membrane, which was tlaced in a 2 L beaker of water and
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slowly stirred. The water was changed every 10 ©iower the course of 96 hours. The black
solution was evaporated under vacuum &t40° C to give a black powder.

(HCI 0.1 M Carlo Erba ) was used to adjust the pHAcetyl-L-cysteine (NAC,
Scheme 5-1, Sigma-Aldrich > 99%) and glutathion&KiG Scheme 5-1, Sigma-Aldrich >
99%) were used as received. All other reagents a&eatytical grade and used as received.

Milli-Q water (18 MQ cm) was used in all experiments.

5.3.2 Thin Film Preparation

A slurry was prepared from about 20 mg P25;7&Rd 25 ml water. After sonication
(Ultrasonic cleaner, Branson 200) for 30 min Ti@in-films were formed by dropping the
slurry onto a Ge internal reflection element (IB2, mm x 20mm x 1 mm; KOMLAS). The
amount of slurry for one coating was typically ab@b ml. The solvent was allowed to
evaporate, and the procedure was repeated seweeal, twhich allows one to adjust the film
thickness. After drying for several minutes at 40fCair, loose catalyst particles were
removed by flowing water over the IRE. After dryimgthe air the film was ready for use.
From the amount of deposited Ti@nd its density an average film thickness wasnedéd.
Films of about 4um and 70um thickness were prepared. Note that for dense, Tils
prepared by a sol-gel method UV light has a petietradepth of a few micrometefs.
However, light incident on a powder can penetratestantially deeper than that by diffuse
reflection. Direct evidence that the UV light penagts the TiQfilms as used here stems from
initial experiments with ZnSe internal reflectiolements. We have noticed that the UV lamp
induces a chemical reaction on the surface of tifeeZ which results in a colour change from
yellow to orange. (That is why Ge elements weralusehis work.) This colour change was
also observed with the Tifilm present, which shows that the UV light reashbe IRE
surface through the Tidilm.

5.3.3 Methods

In situ ATR-IR spectra were recorded with two diéfiet flow-through cells. The first
one was used for combined ATR-IR and UV-vis spexinpy®* The second one was used for
ATR-IR spectroscopy during UV irradiatién.The latter cell was made from a Teflon®
piece, a fused silica plate (45 x 35 x 3 mm) witthels for in- and outlet (36 mm apart), and a
flat
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(2 mm) Viton® seal. The cell has a volume of 500The cell for combined ATR-IR and
UV-vis spectroscopy was made of Teflon® with a woeuof 77ul and a gap between IRE
and the surface of the cell of 2hth. The ATR cell is equipped with a fused silica dow

(5 mm diameter and 3 mm thickness), which allowsetoord simultaneously UV-vis and
ATR-IR spectra. The distance between inlet andebuf the ATR cell is 36 mm and the
window for UV-vis spectroscopy is positioned 10 nmom the outlet. A UV-vis probe was
positioned in front of the window perpendicularth@ IRE surface, such that the end of the
probe was located approximately 4 mm above thelysatéayer. The probe (AVANTES)
consists of six fibers that guide the light frondeuterium halogen source to the sample and
one fiber that guides the reflected light to a U¥-spectrometer (Avantes, 2.4 nm resolution)
equipped with a 2024 pixel CCD detector array. Tgpintegration time for one spectrum
was 100 ms.

For measurements the cell was mounted on an attthfor ATR measurements
within the sample compartment of a Bruker EquindxFI'IR spectrometer equipped with
narrow-band MCT detector. Spectra were recordet @ti'. The nanoparticle solution was
passed through the cell and over the JTiin at a flow rate of 0.2 ml mih by means of a
peristaltic pump (Ismatec, Reglo 100). Some expemisr were performed in the absence of
oxygen. For this nitrogen was bubbled through tlaew Irradiation of the sample with UV
light was carried out using a 75 W Xe arc lamp. Thélight from the source was guided to
the cell via two fiber bundles. The light was palsgeough a 5 cm water filter to remove any
infrared radiation. Schott UG 11 and BG 42 (50 xx50mm) broadband filters from ITOS
were used to remove visible light (transmissionotel380 nm). In order to check the
influence of the visible light some experiments evperformed with a GG 420 filter (ITOS)
instead that blocks the light below 400 nm. Anraate based on the supplier specifications
gave irradiance at the sample of slightly less thamwW cn¥. For this estimate we considered
the specified spectral irradiance of the arc lathp, optical throughput of the lamp housing
(rear window, beam condenser), the throughput tiivdbe fiber bundle, the transmittance of
the optical filters, the reflection loss at theuiid, filter and the cell window and the irradiated
area (see supporting information for quantitatiedal All experiments were performed at

room temperature.

The adsorption of gold nanoparticles on thesTiin was studied simultaneously by
ATR-IR and UV-vis spectroscopy in the following wakfter preparation of the Ti©film

(70um) the cell for simultaneous ATR-IR and UV-vis meements was assembled and
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mounted within the compartment of the FTIR specttan Then water at pH 3 was flowed
through the cell until the ATR-IR spectra were &afabout one hour). After that the flow
was switched (at time T=0) to the nanoparticle sofu(GSH-protected gold nanopatrticles,
8 mg in 30 ml) and ATR-IR as well as UV-vis spectware recorded simultaneously.
Between the UV-vis measurements a shutter prevesxehsive exposure of the catalyst to
UV-light.

Samples for transmission electron microscopy (TEMje collected by scratching the
TiO; film off the internal reflection element after thgperiment. TEM images were recorded
with a Philips C200 electron microscope operate@(ft kV. The sample was dispersed in

water and a drop was cast onto a carbon-coatecd:cojial.

5.4 Resultsand Discussion

5.4.1 Adsorption of Monolayer -protected Gold Nanoparticleson TiO,

Figure 5-1 shows ATR-IR spectra that were recomlbite flowing solutions of NAC-
protected gold nanoparticles at pH 3 (spectrumdao)) 5.5 (spectrum (b)) over a cgum
thick TiO, film on a Ge internal reflection element. The speevere recorded 30 min after
starting the flow of nanoparticle solution. Cleansls are observed in the ATR-IR spectra,

which can be assigned to NAC adsorbed on the naticpa.



72 Chapter

amide | /
.06 - 1379
0.06 1625
v (C=0)
1723
|
0.04
(c)
j v - (VAN A
- CO0)
tas (000) ¢ (1385 )
8 1587 :
c
3
S 0.02 1 amide | amide I
2 \/ V
<
amide | (b)
1620 amide Il
0.00 1 /1557 X2
/
-0.02 1
X4
1800 1600 1400 1200 1000

Wavenumber / cm™

Figure 5-1: ATR-IR spectra of NAC-protected goldhoparticles at pH 3 (¢) and pH 5.5 (b) adsorbed
on a TiQ film (4um). For comparison a spectrum of NAC adsorbed @3 @t pH 3 is also shown (a).
The spectra were recorded one hour after startisgration from nanoparticle solution (1mg in 1ml).
As the reference for the calculation of the absoekaspectra served the Ti@m before adsorption in

the presence of water at the corresponding pH.

It should be noted that the solutions do not contigtectable amounts of free NAC, as
was verified by'H NMR spectroscopy. The almost complete absenca tfind above
1700 cnt* in Figure 1 (b) indicates that at pH 5.5 the cayftio acid group of NAC adsorbed
on the gold particles is deprotonated. The pKaevaifiNAC is 3.2° The most significant
bands at 1587 and 1385 ¢ran be assigned t@s(COOQ) andvs(COO) vibrational modes,
respectively, of the deprotonated carboxylic agioug?’ The shoulders on the former band
can be assigned to amide | and amide Il modes.FABp(Figure 5-1 (c)) a significantly
different spectrum was observed. Most evident & dppearance of a band at 1723%cm

which shows that parts of the acid groups are nowtopated. At the same time the
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carboxylate band at 1379 énconfirms the presence of deprotonated acid gradpsce, at

pH 3 both ionic forms coexist.

Figure 5-1 also reveals that at pH 3 the amountad$orbed nanoparticles is
considerably larger than at pH 5.5. Since the specttchanges qualitatively with pH a
relative quantification of the adsorbed amount ahaparticles at the two pH values is
difficult. Judging by the weak bands between 1008 200 crit, which do not shift with
pH, and which do hardly change intensity upon cirangH in solution, about six times more
nanoparticles are adsorbed at pH 3 than at pHUpbn flowing water at the corresponding
pH over the sample the nanoparticles slowly ded$min the surface at pH 5.5, whereas
almost no desorption is observed at pH 3 (see lalsw). This behavior indicates that the
adsorption and binding to the surface is chargeedri At both pH values the NAC covered
gold nanoparticles are negatively charged, theaaeicharge per particle being larger at
pH 5.5, as evidenced by the ATR-IR spectra giveRigure 5-1. However, pH 5.5 is closer to
the isoelectric point (IEP) of P25, which is in ttenge 6.4 — 7.8 2° Therefore the Ti@
surface is far less charged at this pH, where@$ia it is strongly positively charged, which

explains the stronger adsorption at the latter pH.

Figure 5-1 (a) also shows ATR-IR spectra of NACe.(iin the absence of
nanoparticles) adsorbed on Gi@t pH 3. Significant differences between the spect
adsorbed NAC and NAC-protected gold nanopartictesoserved. First of all the absolute
intensity of the signals is about one order of nigle larger for the particles. However, the
spectra are also qualitatively different. Slighh&ahifts are observed in addition to important
changes in relative intensity. For example thetiradastrength of the two intense bands at
1620 and 1557 cihassociated with amide | and amide Il vibrationarges strongly. The
intensity of the band at 1728 &nfurthermore indicates that the degree of deprdtonaf
NAC on TiQ, is larger than the one for NAC on the gold pagsclat the same pH.
Carboxylates have a strong affinity to Bi®d For NAC adsorbed on gold it was shown that
the carboxylate interacts with the gold surfaceudidlition to the thiof’ Vibrational circular
dichroism (VCD) moreover indicated that this iscakhe case for the gold nanoparticles
investigated her& The qualitative differences in the NAC spectra nmynt towards a
different conformation of the molecule in the twibuations. When adsorbing the NAC-
protected gold nanoparticles some NAC moleculesradérect contact with the Tisurface.
Whether these molecules interact via the carbosylath the TiQ can not be answered based

on the spectra.
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Figure 5-2 shows a series of ATR-IR and UV-vis $gzethat were recorded in situ
while flowing a solution of L-glutathioney{glu-cys-gly, GSH) protected nanoparticles over a

TiO; film (ca. 70um) at pH 3.
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Figure 5-2: ATR-IR and UV-vis spectra recorded wHibwing a solution (8 mg in 30 ml water) of
GSH-protected gold nanoparticles over afiin (70 um) at pH 3. The Ti@film before adsorption

in the presence of water at pH 3 served as theemde condition for calculation of the absorbance
spectra. Spectra were recorded 0, 12, 19, 27, d B@minutes after starting the flow of nanopagscl

At this pH GSH in solution is partially negativelgharged" similar to NAC.
Furthermore it has been shown that the adsorpfi@Séi on gold favors deprotonation of the
carboxylic acid group at the gly part of the molecd The most significant bands in the
spectrum can be assigned to the C=0 stretching rmbgdeotonated acid groups (COOH) at
1725 cn', to the amide | and amide 1l modes at 1650 and 53" and to the antisymmetric
and symmetric carboxylate vibrations at 1585 (sthen)l and 1408 cih In agreement with
the ATR-IR spectra the UV-vis spectra indicate #usorption of the nanoparticles on the

TiO; film. There is no sign of a plasmon band in the-W¥ spectra, which confirms that the
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particles diameter is equal to or smaller than Z*him agreement with transmission electron
microscopy. The optical absorption spectrum of ssitall particles is characterized by a

strongly increasing signal towards shorter wavelesg

Figure 5-5 shows the ATR-IR signal at 1550 tand the UV-vis signal at 450 nm as
a function of time for an experiment where GSH-pot¢d gold nanoparticles were adsorbed
on a thick TiQ film (70um). The two signals were recorded simultaneously anditu.
Obviously the shape of the two curves is signifisadifferent, which is due to the different

sampling geometry for the two techniques.
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Figure 5-3: ATR-IR signal at 1536 ¢hand UV-vis signal at 550 nm as a function of tithat were
recorded while flowing a solution (8 mg in 30 mlted of GSH-protected gold nanoparticles over a
TiO, film (70 um) at pH 3 (see experiment shown in Figure 5-2)teNthat in between UV-vis
measurements the sample was in the dark.

In the UV-vis experiment the sample is probed pedprular to the film and therefore
an average over the whole film between the IRE/fitterface and the film/solution interface
is obtained. In contrast, ATR-IR only probes théuwee the closest to the IRE. An estimate of
the penetration depth dp at 1500thi based on the effective refractive index of the wet
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TiO; film yields a value of052um. To estimate the effective refractive index of fih@ the

refractive index of water (1.33) and anatase (2a4@) a void fraction of 0.5 were assuniéd.

Figure 5-3 shows that it takes about two hoursl|uh signals are stable. The
combined information obtained from the two techeisjueveals that mass transport through
the thick film (70um) plays an important role. This leads to a gradafradsorbed particles
perpendicular to the IRE surface within the filnor example, after 2000 seconds more than
60 % of a full coverage is achieved on average theewhole film (see UV-vis), whereas on
the part the closest to the IRE only about 20% #ffllacoverage is achieved (see ATR-IR).
Adsorption on the outer part of the film is therefdast, similar as was observed for the thin
film by ATR-IR, whereas adsorption on the innertpafr the film is limited by intra-film
mass-transport of the nanoparticles. In this cdritas important to note that upon formation
of the film agglomeration of the Ti(particles leads to a porous network with porealafut
10 nm, as can be judged from inspection of TEM iesagf the dried powder (see supporting
information). The size of the pores is thereforéyanfew times larger than the size of the
nanopatrticles itself (gold core plus protectioreldy The mass transport within the Fifim
is likely quite complex. The diffusion of the patés through the porous film depends on the
charge of both partners (particle and film), besid¢her factors like porosity of the film.
However, upon adsorption of the particles on theerosurface of the film the surface charge
changes locally, which changes the effective diffasconstant. In fact the latter becomes

dependent on time and space within the film

5.4.2 Illumination of the Adsorbed Gold Nanoparticles

Figure 5-4 and Figure 5-5 show two series of ATRspRctra recorded while flowing
water over the sample during UV illumination at BHFigure 4) and pH 5.5 (Figure 5).
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Figure 5-4. ATR-IR spectra of NAC-protected goldhaparticles adsorbed on a Ti@m (4um). The
bottom spectrum was recorded at the end of adsorpiihe following two spectra were recorded
during flowing water in the dark and the three $pectra during UV-illumination. Water at pH 3 was
flowed over the sample during illumination. Befallemination the nanoparticles were adsorbed at
pH 3 for 2 hours. The last spectrum (top) was @edr95 minutes after starting the illumination.

Before these experiments a solution of NAC-progeld nanoparticles was flowed
over the TiQ film for 25 minutes followed by a flow of waterrfd5 min. Clearly the signals

associated with NAC adsorbed on the gold nanopesticlecrease with time upon

illumination.
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Figure 5-5: ATR-IR spectra of NAC-protected goldhaparticles adsorbed on a Ti@m (4um). The
bottom spectrum was recorded at the end of adsorpiihe following two spectra were recorded
during flowing water in the dark and the three ggectra during UV-illumination. Water at pH 5.5
was flowed over the sample during illumination. &efillumination the nanoparticles were adsorbed
at pH 5.5 for 2 hours. The last spectrum (top) measrded 95 minutes after starting the illumination

Figure 5-6 shows the ATR-IR signals at 1546 (a) 4685 cnT (b) as a function of
time corresponding to the experiments shown in féigb+4 and Figure 5-5. The dashed
vertical line indicates the start of the illumiraati Clearly, at pH 5.5 some desorption of
NAC-protected nanoparticles is observed in the datkereas at pH 3 desorption during
water flow is insignificant. Upon illumination tH¢éAC bands decrease. Interestingly, at pH 3
the decrease of the signal is relatively slow dytime first 1000 seconds of illumination, but

after that initial period the rate increases.
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Figure 5-6: ATR-IR signals at 1546 (a) and 1585%kifiy) as a function of time corresponding to the
experiment described in Figure 5-4 and Figure BHe ATR-IR signal at 1552 cfmof NAC adsorbed
on TiG, at pH 3 as a function of time is also shown fanparison (c).

Figure 5-6 also shows the signal at 1552 ash NAC adsorbed on Tifat pH 3 as a
function of time (trace (c)). In this experiment NAvas adsorbed first before flowing water
over the sample. Obviously, in the dark NAC desdrbs the TiQ surface at much higher
rate than the NAC-protected gold nanoparticles (gam® with Figure 5-6 trace (a)). The
stronger adsorption of the nanoparticles compace®AC could be due to the stronger
electrostatic and van der Waals interaction or wuenultiple interactions between particle
and TiQ via carboxylate groups.

When turning on the UV-light NAC is removed fasheTrelative decrease for NAC is
larger than the one for the NAC-protected gold mamtcles, even when taking into account
desorption in the dark. In the case of NAC the aigrdecrease by about 15% within 500
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seconds, whereas for the NAC-protected gold pegiel decrease of only 6.6% is observed
under the same conditions. The different relatates point towards different light-induced
processes in the two situations. This is confirrbgdrigure 5-7 (top and middle), showing
difference spectra recorded during irradiation &Nand NAC-protected gold nanoparticles,

respectively, on Ti@ These spectra reveal the species formed dumadiation.
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Figure 5-7: ATR-IR difference spectra correspondibg illumination experiments of the
NAC-protected gold particles on Ti@middle spectrum) and of NAC on TiQtop spectrum) at pH 3.
The difference spectra correspond to the last gpectecorded during illumination from which the
spectrum recorded before starting illumination wabtracted, in such a way that the NAC signals
vanish. The spectra thus highlight the speciesateformed upon illumination. Bands labeled with a
asterisk are associated with oxalate species. Ttwrb spectrum was obtained after flowing a
solution of HSO, (1 mM) over a calcined Au/TiQCcatalyst.

Obviously the two spectra in Figure 5-7 are rattifierent. The middle spectrum
(NAC-protected gold nanoparticles) is dominatedablgand at 1633 cfh Part of this band

may originate from incompensation of water. When NAor NAC-protected gold
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nanoparticles leave the Ti®urface the amount of water probed by the evanedidd is
increasing, which results in a water signal in th#erence spectrum. The broad band
centered around 1100 &ncan be assigned to oxidized sulfur species suchiléate. Indeed,
adsorption of sulfate on Au/TiCresulted in a similar broad signal at 1100'cras can be
seen in Figure 5-7, bottom. It should be noted thi&t band did not appear in experiments
where the sample was irradiated by visible lighlyofsee supporting information). In the
absence of oxygen this band was also missing (gg@osting information). The origin of the
other bands observed at 1280382 crit (shoulder at 1415 c¢f) and about 1550 ctis
less clear. The latter band could be due to amiud/oa carboxylate vibrations. Upon
illumination of NAC on TiQ (top spectrum in (Figure 5-7) the broad sulfagnal at 1100
cm? is also observed. The most important differencéh wespect to the corresponding
spectrum of NAC-protected gold nanoparticles (Féglr7) are the characteristic signals
associated with oxalate specié®@C-COO) at 1690 crit (with a shoulder at 1708 ¢h
1421 cn' and 1275 cm.* In addition, the band at 1620 ¢nctan be assigned to a
carboxylate vibration of a newly formed speciesalate species on Tihave been observed
previously, for example during photocatalytic maleration of malonic and succinic add,

% and the photoassisted reaction of glyoxylic acid TO,.*® Oxalate seems to be an
ubiquitous species during irradiation of Gi@h the presence of carboxylic acids and its
observation on the TiDsurface upon irradiation of adsorbed NAC is themefnot too
surprising. On the other hand there is no signxafaie in the corresponding spectrum for the
NAC-stabilized gold nanoparticles. This shows d#éfe reaction pathways for NAC in the
two cases.

It is known that the photo-excited electron cantta@sferred from Ti@to adsorbed
metal particle§’ Alternatively, it has been shown that photo-exita of gold particles can
lead to an inverse flow of electrons, i.e. from gudd particle to the TigP In contrast to the
bulk metal, gold nanoparticles have shown to beglbminescent. Small gold nanoparticles
show increased photochemical activity becauseaif thigh surface to volume ratio and their
particular electronic properti€s. The thiolate on the gold may thus act as an mleaonor
to the gold particle and therefore be oxidized. tJpoadiation the observed oxidized sulfur
species could directly be formed on the gold pkegisimilarly to what is noticed for thiols
adsorbed on gold surfaces upon UV expostiur experiments show that the UV part of the
light is responsible for the deep oxidation of #wdfur in the presence of dissolved oxygen

although the gold particles can be excited by iaslight as well. On the other hand, the same
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species are also apparent on the;T80rface upon irradiation of NAC in the absencehef
gold particles, which is ascribed to the actiorth@ TiO, photocatalyst. The observation of
sulfate species in both cases tempts one to agggnformation to the same process, i.e. the
action of the TiQ photocatalyst. However, we think that this is tiw case since this would
imply desorption of the thiol from the gold parécprior to reaction on the T¥Owhich is
rather unlikely. Possibly, the oxidation of thealsi directly takes place on the gold particles
similar as was reported for the oxidation of seléembled monolayers on gold surfates.

The desorption of these compounds leads to paatteadh gold particles.

Figure 5-8 shows difference spectra recorded atbéginning and at the end of

illumination highlighting the species that are fewn
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Figure 5-8: ATR-IR difference spectra correspondiogan experiment where NAC-protected gold
particles on TiQwere illuminated at pH 3. The bottom spectrumesponds to a difference spectrum
recorded during the first 1000 seconds of illumorat(see Figure 5-6). The top spectrum was
recorded at the end of illumination.
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The spectra are clearly different at the beginrohgrradiation with relative strong
bands at 1415 and 1382 ¢mand relatively weak sulfate bands (1100%nihis indicates
that the first bands are associated with less pa@ispecies, which are subsequently further
oxidized to sulfates. Furthermore a band at ardl6@D cn* is observed at the beginning of
irradiation that is possibly associated with a oasthate group of a newly formed species. We
propose that the oxidation of the sulfur is procegdia different pathways in the two cases,
i.e. directly on the gold particles in the casethed NAC-protected gold particles, similar as
found for self-assembled monolayers of thiols oldgand on the Ti@via photo-oxidation in
the case of NAC. The absence of oxalate signalthenexperiments conducted with the
NAC-protected gold nanopatrticles indicates thatftrenation of the oxalate is a process that
takes place on the TiOsurface and not in solution and/or on the goldtigas. Upon
illumination of TiG, radicals (hydroxyl, @-) are formed, which can react with dissolved
species or species adsorbed on the gold nanopartithe absence of oxalate in the case of
NAC-protected gold nanoparticles indicates that tbenation of oxalate is not directly
mediated by such radicals. It should be notedwetn adsorbing NAC onto a gold — BiO

catalyst oxalate is observed under irradiation.

5.4.3 Effect of Illumination on Gold Particle Size

When illuminating the gold nanoparticles adsorbedtiee TiQ film a color change
was observed. Before UV exposure the film was bisiynwhereas after exposure its
appearance was violet, which indicates a changkeinmetal core of the particles. Note that
this color change was not observed when exposiagdmple to visible light only or to UV
light in the absence of oxygen. Indeed, in situ W% spectroscopy revealed the development
of a surface plasmon band at around 540 nm witle tirnpon exposure to UV light in the
presence of oxygen (see Figure 5-9), which indgctte presence of gold particles larger than

about 3 nm.
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Figure 5-9 UV-vis spectra recorded while illumimgtiGSH-protected gold nanoparticles adsorbed on
a TiG; film. The spectra were recorded (from bottom tp)t80, 40, 60, 90, 120 and 150 min after
starting the illumination. During illumination watat pH 3 was flowed over the sample. The spectra
are offset for clarity. Note that the UV-vis sourckthe spectrometer was used to illuminate the
sample and that in between measurements the sarapldéluminated.

This was confirmed by transmission electron micopsc(TEM) of the unexposed and
exposed sample as shown in Figure 5-10.

The TEM of the sample after adsorption of NAC-poteel gold nanoparticles reveals
well-dispersed and very small gold nanoparticlegshenTiQ. The particles are on the order
of 1 nm in diameter and distributed evenly overwhwle surface. After UV-illumination the

particles are considerably larger (5 nm).
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Figure 5-10: Transmission electron microscopy (TEMages of NAC-protected gold nanoparticles
on TiG, before (right) and after (left) 100 minutes of Whmination.

The increase of the mean particle size upon illatndm shows that the NAC-protected
gold nanoparticles are mobile on the Ti€urface at room temperature under our conditions.
The increase in particle size has to do with thet{gl) removal of the NAC protection layer
by the UV exposure thus enabling contact betweéth gares. Note that with an intact NAC
protection layer the gold nanoparticles can beddead redispersed without sintering. The
particles in the TEM images do not seem to be amgtates of individual smaller particles.
This indicates that the smaller particles melt tbhge to form larger particles at room
temperature (Scheme 5-2). Both the removal of tis¢eption layer and the mobility of the
particles on the support likely depend on the matfrthe passivating molecules. The latter
should be considered as an important parametahéotailoring of supported gold catalysts
prepared by the method applied here. Interestinglg recent report it was proposed, based
on transmission electron microscopy, that gold panticles linked to the Ti©through
3-mercaptopropionic acid (MPA) were immobile und®r irradiation® Furthermore, it was
proposed that the MPA withstands the photoreactiaithough no direct molecular level
information was provided. The apparent differerttdogor of MPA and NAC protected gold
nanoparticles on TiPmay be due to the different chemical nature ofpghgsivating molecule
and the different conditions for the preparationhef material.

The different species observed at the very beggoinirradiation of NAC-protected
gold nanoparticles and at the end (Figure 5-8) fnayrelated to the finding that at the

beginning the rate of disappearance of the NACawis slow and accelerates afterwards
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(see Figure 5-6 (a)). One may speculate that tmesge has to do with the reaction of the
NAC molecules on the gold particles that are ireclircontact with the TiPsurface. Once
these are consumed the better contact betweenaguldTiQ leads to a higher electron
transfer rate, which furthermore accelerates NACod®osition. Alternatively, it has been
shown recently that the rate of charge transfewéen TiQ and gold particle increases with
the size of the lattef. Therefore, in our case the charge transfer shoelihitially slow for

the small particles. Once the particle size haseased (see later) the electron transfer rate

increases as well, thus accelerating NAC deconipasit
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Scheme 5-2: Pictorial view of the processes oaegrapon illumination of passivated gold particles
adsorbed on Ti®

5.5 Conclusion

The combination of attenuated total reflection anéd (ATR-IR) and UV-vis
spectroscopy allows one to study mass transpohimwjtorous films supported on internal
reflection elements due to the different samplireprgetry of the two techniques. This
combination revealed that the adsorption of goldoparticles covered by thiols onto porous
films of TiO; is significantly limited by mass transport withiime film. Upon illumination the

adsorbed thiolates on the gold nanoparticles ardyp@moved and oxidized sulfur species
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such as sulfates are observed on the surface. dttex bpecies are also observed when
iluminating N-acetyl-L-cysteine directly adsorbexh TiO,, i.e. in the absence of gold
particles. However, the mechanism of N-acetyl-Lteyse decomposition seems to be
different in the two cases, because in the latteatson a large amount of oxalate is observed
on the TiQ surface, which is not the case for the gold narmbp@s. The partial removal of
the thiolate protection layer leads to agglomeratid small particles and the formation of
larger ones, which can be followed in situ throlNtvis spectroscopy by the development
of a surface plasmon resonance band. This is alefirmed by TEM measurements. This
finding shows that the protected particles are heod the TiQ surface at room temperature
and in water, despite the presence of multipleaaiate groups. For the synthesis of tailored
catalysts it might be advantageous to prepare mabavith even smaller gold particles than
the ones obtained in this work. This requires #auction of particle mobility during removal
of the thiolate layer for example by using othdoltor by lowering the temperature during

illumination.
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6.1 Introduction

The interest in the study of nanostructured mdteihias been increasing in the last
years, stimulated by interesting chemical and maygroperties that these materials exhibit.
Furthermore, the recent scientific progress wasalyzed by the powerful characterization
techniques available today.

Metal oxide TiQ nanoparticles found extensive applications in mflgs such as
medicine, biology and environmental chemistry. Amportant aspect is the interaction of
TiO, thin films with molecules at different interfacesdsorption of biomolecules onto TiO
thin films were extensively studied befbfe Understanding of adsorption processes of
proteins and amino acids are of essential impoetattic get a better insight into the

photodecomposition of microorganisms and proteinsolluted waters.

Proteins and peptides are polymers of amino adids.latter contain acid (-COOH)
and amino (-NH) functional groups with various side chains on thearbon. Therefore
adsorption and decomposition are expected to depanthe molecular structures of the
amino acids. Hidaka and coworkers reported phoatydat decomposition of several amino
acids and formation of NHi, NOs, and CQ as final products®

Here we studied by in situ attenuated total refbecinfrared (ATR-IR) spectroscopy,
the adsorption and photocatalytic decompositionse¥eral amino acids, L-alanine, L-
glutamic acid and L-asparagine in aqueous mediuer ®iO; thin films. It was shown that
amino acids adsorb onto TiGhin films prepared on a Ge internal reflectioaneént (IRE)

and undergo photocatalytic reaction upon UV irradia

6.2 Experimental

6.2.1 Catalyst and chemicals

Commercial Degussa P25 Ti©@omposed of 80% anatase and 20% rutile with surface
area of 51 rfig and average particle size of 21 nm was uselkiphotocatalytic experiments.
L-alanine (Sigma, 98%), L-asparagine (Fluka, 99.5%)asparagine N, (ISOTEC
98% *°N), L-glutamic acid (Fluka, 99.5%) and L-glutanti®N acid (Aldrich 98%"N) were
used as received. Milli-Q water was used for aflezxments. Scheme 6-1 shows the structure

of the studied amino acids.
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L-Alanine L-Glutamic acid L-Asparagine
Scheme 6-1: Structure of studied amino acids

6.2.2 ATR-IR Spectroscopy

ATR spectra were recorded with a dedicated flowaulgh cell, made from a Teflon
piece, a fused silica plate (45 mm X 35 mm X 3 nwith holes for the inlet and outlet
(36 mm apart), and a flat (1 mm) viton seal. FitBin films were formed by dropping
an aqueous TiQslurry onto a Ge internal reflection element (IRE2 mm X 20 mm X 1
mm; KOMLAS). The thin film preparation was perforthas described befdre. The cell
was mounted on an attachment for ATR measuremeithénvthe sample compartment of a
Bruker Equinox-55 FTIR spectrometer equipped withaarow-band MCT detector. Spectra
were recorded at 4 ¢ The reactant was passed through the cell andtbeecatalyst at a
flow rate of 0.2 mL/min by means of a peristaltionp (Ismatec, Reglo 100) located in front
of the cell. Solutions of amino acids (1@nol/L, pH about 3.5) were flowed over the FiO
film in the dark for 30 min in order to reach eduwilum. Irradiation of the sample with UV
light was carried out using a 75 W Xe arc lamp. Thelight from the source is guided to the
cell via two fiber bundles. The light was passeatigh a 5 cm water filter to remove any
infrared radiation. A Schott UG 11 and BG 42 (50 iir80 mm X 1 mm) broadband filter
from ITOS was used to remove visible light (transsion between 310 and 380 nm). An
estimate based on the supplier specifications gapewer at the sample of slightly less than

2 mWicnt. All experiments were performed at room tempegatur



94  cChapterb

6.3 Adsorption of amino acidsonto TiO,

CHs o -
® NH; H;N
" KI | n
o oo
[ O T e
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NV VLV VP AV V.V V.V

Alanine Glutamate Glutamate
@®
H;N NH3
TiO,
Asparagine

Scheme 6-2: Proposed adsorption modes of amine anidiQ

6.3.1 L-Alanine
L-Alanine has an isoelectric point (pl) of 6 andgpt@lues of 2.35 and 9.87.

Figure 6-1 shows ATR spectra of 0.1M L-alanineha tvater solution (a) and 1mM
alanine adsorbed on Ti@b) both at pH= 3. The reference spectra are decbm water over
the bear Ge IRE (1mm) and over Ge IRE coated wiith Thin film and water.

At pH= 3, the carboxyl group of alanine is depratted, which is confirmed by the
absence of the band at 1733 trim the solution spectrum (see Figure 6-1 (a)) fisat
characteristic for the carbonyl stretching in thietpnated carboxylic acid group of alanine.
After flowing alanine through the cell and over thi®, surface clear bands are observed in
the ATR-IR spectrum (Figure 6-1 (b)) showing thiinine interacts with Ti@surface. The
bands at 1608 cthand 1416 cm (Figure 6-1 (b)) are assigned to asymmetric amonsgtric
carboxylate stretching vibrations of adsorbed al@aniUpon adsorption the two carboxylate
bands of adsorbed alanine shift slightly. The angraup of alanine is protonated at this pH
as well. The broad band at 1517 tis assigned to the symmetric deformation modéhef t
NH3". This band is very similar in shape and position dissolved and adsorbed alanine.
Several reports suggest that alanine interacts Wiy via the carboxylate in a bridging
form® °. Also, Nosaka at al. proposed an interaction ahiale with TiQ surface via acidic

bridged OH groups on Tif. From our experiments we propose an adsorptionenvaith
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monodentate carboxylate for the L-alanine show@dheme 6-1. This assignment is based on

the wavenumber differencA between thevas(COO‘) and vS(COO') modes of dissolved

and adsorbed alanin&®®
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Figure 6-1: ATR-IR spectra of L-Alanine aqueoususiohs over bare Ge IRE at concentration (0.1M)
(a) and over Ti@film at (1mM) (b) both at pH=3

In the spectrum for adsorbed alanine wavenumbéerdiice isAvas—vs=197cm™

and for dissolved L-alanine this difference in egyeis Avas-s=18Zm™  \which is
characteristic of monodentate adsorption. The obsien that the symmetric deformation
mode of the NH' is not affected by adsorption indicates that faisctional group is not

directly interacting with the surface.
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6.3.2 L-Glutamic acid

Figure 6-2 shows (a) normal and (B)\l labeled L-glutamic acid in water at pH= 3.5.
At this pH the distal carboxylic group is protorditerhich was confirmed by a band at
1717 cm' due to carbonyl stretching of the protonated ceytio group. Glutamic acid has an
isoelectric point (pl) of 3.15 with pKa values ofl@, 4.3 and 9.478. The bands at 1600 and at
1407 cm' do not shift with labeling of the glutamic acidggesting asymmetric and

symmetric stretching of th@ ~COO" group. Note that only the nitrogen atom of the rani
group of glutamic acid is labeled. A broad shouldei641 crit appears in the spectrum for
the labeled glutamic acid and a slight shift to éowavenumbers of the band at 1518%cm

reveal the positions for asymmetric and symmeteifoanation of the N&f group.
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-0.0010 T T T T
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Figure 6-2: ATR-IR spectra of normal (a) and laldgle) L-glutamic acid agueous solutions over Ge
IRE at pH=3.5

Figure 6-3 shows labeled and normal glutamic adgbebed on Ti@at pH= 3.5. The
band at 1717 cth(Figure 6-3) vanishes upon adsorption of glutaagitl on the Ti@ This

suggests deprotonation of the distal carboxylidsgroup upon adsorption on BiAs it
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was proposed by McQuillan, the most intense banhd$@0 and 1553 crhof adsorbed of L-
glutamic acid on Ti@are assigned to the asymmetric carboxylate vimatiof glutamate
Also the two bands at 1446 and 1407 ‘cdo not shift upon labeling and these bands can be
assigned to the symmetric stretching modes of giata on TiQ. Both carboxylate groups of
glutamic acid are coordinated to Li@nd different adsorption modes are possible. Ser&m

2 shows possible adsorption modes for glutamafEion
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Figure 6-3: ATR-IR spectra of adsorbed normal (@ &beled (b) L-glutamic acid onto TiGhin
film from aqueous solution at pH=3.5

6.3.3 L-Agsparagine

Figure 6-4 shows infrared spectra of (a) L-aspaeagind (b) L**N, asparagine
dissolved in water over a Ge IRE at pH 3.5. Thensice is water at the same pH on the

respective IRE. The pKa values of L-asparagine §n)fare 2.02 and 8.80The spectra show
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that at this pH the carboxylic acid group of L-Aisntotally deprotonated since no band was
observed above 1700 cnthat characterize the carbonyl stretching vibratbthe protonated

acid. Upon labeling significant shifts can be olsdr
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Figure 6-4: ATR-IR spectra of normal (a) and laHelp) L-asparagine dissolved in water and
recorded over Ge IRE at pH=3.5

For example the prominent amide band at 1678 ofrunlabeled L-Asn shifts down
upon labeling and merges with the broad featuraratd.591 cnt. For the unlabeled L-Asn,
spectrum (a), the large absorption band at 1612 cam be assigned to the antisymmetric
carboxylate stretching and the sharp band at 1412 to the symmetric stretching of the
carboxylate. In the spectrum of the labeled L-ABe band at 1591 ccomprises the
antisymmetric carboxylate stretching as well as gshidted amide band. The broad band at

1496 cn in the spectrum (a) of unlabeled L-Asn shifts dowpon labeling to 1457 ¢
showing that nitrogen is involved in the correspgogdvibration. This band may thus be
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assigned to the symmetric deformation of the angiromp. Note that both nitrogen atoms in
L-Asn are labeled. Also the position of the band4@3 cni(unlabeled L-Asn) shifts down to
1393 cm? (labeled L-Asn). This band can be assigned to a fiéformation of L-Asn. Bands
at 1357 and 1313 c¢hin the spectrum of unlabeled L-Asn are also shifivn upon labeling

and represent combination vibrations of C-N strietgland C-H deformation modes.

Figure 6-5 shows ATR-IR spectra of normal (a) aaleled (b) L-Asn on Ti®
adsorbed from 1mM solution. After 40 minutes ofwing the amino acid over TiO

adsorption equilibrium is reached.
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Figure 6-5: ATR-IR spectra of normal (a) and lade{b) L-asparagine adsorbed onto Ti@in film
from aqueous solution (1mM) at pH=3.5

Note that at this concentration L-Asn was not detgén solution. The bands highest

in intensity represent symmetric and asymmetrietsting of the carboxylate group of
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L-Asn. The difference in the spectra of adsorbed dissolved L-Asn suggests a specific
interaction of the L-Asn with Ti@ In this case tha& value for the carboxylate of adsorbed
L-Asn is 211 wavenumbers and for the dissolved b-Ass 192 wavenumbers. This suggests
that L-Asn adsorbs to T&dn monodentate form as is shown in Scheme 6-2irAilie bands

associated with vibrations involving the nitrogea ahifting upon labeling.

6.4 Photocatalysis of amino acids

Figure 6-6 reveals the effect of UV illumination dne adsorbed amino acids as
investigated by ATR-IR spectroscopy. First the amatids were adsorbed in the dark on
TiO, from water solution at a concentration of 1 mM @i= 3.5. Note that at this
concentration amino acids are not observed witiidDt film. The bottom spectra correspond
to adsorbed (a) L-alanine, (b) L-asparagine, (glutamic acid on Ti@ after adsorption in
the dark. Upon UV illumination band characteridtic amino acids decay and new bands
appear on the TiDsurface. The subsequent spectra were recordeldeirddrk and while
flowing neat water over theTiJilm. This leads to desorption of the adsorbedranracids,
leaving behind on the TiDsurface the species that were formed during ilhaton.
Previously pyruvic acid was determined as dominaspgecies during L-alanine
photodecomposition. Also acetic acid was detectedstable intermediate species during
mineralization of L-alanine investigated by NMRHowever there is no clear sign of those
species in our experiments. This discrepancy mase drom the fact that in the above
mentioned report only dissolved species were ardlywhereas in the present work, by using
ATR-IR spectroscopy, special emphasis is givendsnebed species. Acetic acid is known to
adsorb only relatively weakly on T3 and so does likely pyruvic acid.

A dominant species on Tiobserved during illumination of all three investigd
amino acids is oxalate. We have shown before thatbands at 1708, 1690, 1421 and
1275 cm'® are characteristic of the oxalat®{C-CO,). The bands at 1421 and 1275 tare
assigned to C-O + C-C and C-O + O-CO vibrations.
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Figure 6-6: ATR-IR spectra of adsorbed (a) alan{b¥aspartate and (c) glutamate on Jtkin film
from aqueous solution. All spectra were recordedaae pH=3.5 and same concentrations (1mM).
Subsequent spectra represent new formed speoctesredtiiation and washed with water in dark.

The two distinct vibrational bands in the spectrmmmund 1700 cih correspond to the
symmetric and antisymmetric C=0 stretching vibratté >’ We have shown before that
oxalate hardly desorbs from Ti@nd that it is readily decomposed upon UV illuntiom to
two CO, molecules by consumption of two photogenerategdiolherefore, oxalate can
hardly be detected in solution and in particulat bp 1H NMR. That is probably why in
previous studies oxalate was not found, even thaughexperiments indicate that it is a
mayor intermediate in the decomposition of amindsc

Due to their complex structure amino acids areatast not transformed completely to
the oxalate. The fate of amino acids upon UV imtidn on TiQ is more complex. Some

authors reported the presence of different spehieisg mineralization like Nif, NOs and
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CO,°. A strong band that is observed especially inrtfieeralization of alanine at 1635 &¢m
can be assigned to the hHon on TiQ the surface (Figure 6-6). The same band is detecte
for the other two amino acids as well, althougloater intensity. The possible assignment of
this band to N was confirmed by adsorption of NEI solution on TiQ (spectra not
shown). We will show later that other species can detected during amino acid
decomposition by ATR-IR spectroscopy in combinatisvith modulation excitation

spectroscopy.

6.5 Conclusions

The adsorption of L-alanine, L-glutamic acid andadparagine on TiOfilm from
aqueous solution was studied by ATR-IR spectroscOply isotopic labeling helped the
assignment of the bands in the spectra. Photos&aly those amino acids over P25 Ti®
possible and it was followed in situ by ATR-IR. Tbentent of adsorbed amino acids on the
TiO, surface decreases upon UV illumination and oxaleas detected on TiOsurface.
Oxalate was not observed before by studies magdyding on the dissolved species. Besides
oxalate as dominant intermediate species on thacduring mineralization, ammonium
was observed on the TiGurface as well. The relative surface concentnatiboxalate to
ammonium was significantly different for the threwestigated amino acids. This indicates

that for different amino acids different reacti@utes predominate.
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7.1 Abstract

The phototcatalysis of L-asparagine and L-glutametd over Au/TiQ and TiQ
catalyst is investigated in situ by attenuated! t@fhection infrared (ATR-IR) spectroscopy in
combination with modulation excitation spectrosco@xalate is detected on the catalyst
surface, which was not reported before by studiesding on intermediates in solution. The
ATR-IR spectra provide valuable information on tfae of the nitrogen. Ammonium is
detected, in agreement with previous studies. Mopbrtantly, strong signals of cyanide are
observed, and this assignment is corroboratetfbytabeling experiments. Cyanide was not
reported before, to the best of our knowledgetterphotocatalysis of amino acids. Cyanide
is formed in the presence and the absence of gotities on the Ti@surface. The cyanide
leads to leaching of gold via [Au(C}) species that are observed in solution by mass
spectrometry. The finding that cyanide is formedtle photocatalysis of amino acid is

relevant in view of the application of photocat@yf®r purification of drinking water.

7.2 Introduction

Water purification is becoming an increasingly imtpat subject due to human driven
environmental pollution. Particularly, making awadle drinking water may become a mayor
issue in forthcoming decades. An efficient and egiglal way is the sun-light driven
potocatalytic treatment of polluted water using memductor materials such as TidiO, is
a promising photocatalyst because it is chemidabyt, has a strong oxidation power and is
cheap. Organic molecules, i.e. pollutants contgin@®, H and O, can be mineralized
completely to water and G@ver TiQ.

An interesting application of photocatalysis by FHéased materials is the elimination
of microorganisms like bacteria, fungi and singb#led organisms. Abatement of these in a
simple but efficient way is crucial for providinginking water to a large fraction of today’s
world population. The microorganisms mentioned @&bake complex aggregates of different
bio-molecules. In order to better understand thelavior under photocatalytic conditions it
is beneficial to better understand the behavidghefindividual constituents. Here we focus on
the photocatalysis of amino acids over Fiéased materials. This has been the subject of

several investigation's®
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Particular interesting in these studies is the fditthe heteroatoms nitrogen and sulfur.
We have shown recently that photocatalyis of cystaierivatives leads to sulfate spedies.
The fate of the nitrogen has been studied for warmino acids for example by Hidaka and
coworkers, who detected ammonia (NHand nitrate (N@) chromatographically at ratios of
3-12 after eight hours reaction time in a batcleiea ®

Photo-excitation of an electron from the valencéhts conduction band of Tieads
to the generation of an electron-hole pair. In otdeextend the lifetime of the electron — hole
pair and to increase the efficiency of the proecaessal nanoparticles can be used, which act as
an electron acceptor’. Both the electron and the hole can migrate todindace of the
catalyst particle and induce chemical reaction®t®tatalysis by Ti@is largely an interface
phenomenon. We therefore chose to study the catadgtid-liquid interface in situ by a
combination of attenuated total reflection infrarf@dlR-IR) spectroscopy and modulation
excitation spectroscopy (MES)2 The former technique allows one to measure \itmat
spectra of the interface and the latter providespray other things, an increased sensitivity.
Using this combination of techniques we show hé bn the catalyst surface oxalate is
formed as an important intermediate. Oxalate wdgemorted before in studies focusing on
the photocatalysis of amino acids probably bec#udees not desorb into the solution. More
importantly we observe strong signals of cyanidé&Jdn the spectra. Cyanide was not
reported before for the photocatalysis of aminas&diut of course this finding is relevant in

view of the importance of photocatalysis to provitan drinking water.

7.3 Experimental

7.3.1 Catalyst and chemicals

Commercial type Degussa P25 Fi€omposed of 80% anatase and 20% rutile with
surface area of 51 7y and average particle size of 21 nm was usethénphotocatalytic
experiments. L-Asparagine (Fluka, 99.5%, L-Asn)adparagine2N, (ISOTEC 98%"N),
L-glutamic acid (Fluka, 99.5%, L-Glu), L-glutamieN acid (Aldrich 98%"N), KCN (Fluka,
298, 0%) and HCI (Carlo Erba, 37%) was used as redeive
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7.3.2 Preparation of the Au-TiO, active catalyst

N-acetyl-L-cysteine monolayer protected gold nambgas were prepared as reported
previously'® and were used for the preparation of the golditita dioxide catalysts Au-
TiO,. 20 mg of N-acetyl L-cysteine protected gold naartiples of 1-2 nm in core size
diameter were dissolved in 500 ml of water. Thegbkhis solution is in the range of 6, which
is close to isoelectric point (IEP) of P25 it The water solution of gold nanoparticles was
adjusted by addition of 0.1M HCI to pH= 3.5 and 500 of TiO, powder was added to the
solution. At this pH the surface of TiGs positively charged which forces the adsorptén
the gold particles. The slurry was stirred for tiaurs, filtered off and washed with water.
The catalyst was then heated for 2 hours to°3D0n air. This liberates the N-acetyl-L-
cysteine from the gold particle surface and leamlsagglomeration. Figure 7-1 shows
Transmission Electron Microscopy (TEM) of the Au3kicatalysts before and after annealing
at 300 C. The size of gold nanoparticles after heating &amn and the gold loading about

2.7 wt %. Besides this Au-Tiratalyst TiQ was used for comparison in some experiments.

Figure 7-1: Transmission electron microscopy (THEiages of NAC-protected gold nanoparticles on
TiO, before (left) and after (right) two hours of anliregat 300°C.

Thin films of the catalyst were prepared by disswjv25 mg of Au-TiQ catalyst in
25 mL of water (Milli-Q, 18 Mxcm). The slurry was sonicated (Branson 200 ultrieson
cleaner) for 30 minutes. The thin film was formgddsopping the slurry onto a Ge internal
reflection element (IRE, 52mm x 20mm x 1 mm; KOMDASBfter solvent was evaporated at

30°C the procedure was repeated three times. Aft@ng for several minutes at 30°C in air,
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loose catalyst particles were removed by flowindevaver the IRE. For every experiment a

new catalyst film was prepared.

7.3.3 In situ spectroscopy

ATR spectra were recorded with a dedicated flowdlgh cell, made from a Teflon
piece, a fused silica plate (45mm x 35mm x 3 mnthvnoles for in- and outlet (36 mm
apart), and a flat (Imm) viton seal. The cell wasunmted on an attachment for ATR
measurements within the sample compartment of &eBriequinox-55 FTIR spectrometer
equipped with a narrow-band MCT detector. Specesewecorded at 4 ¢ For irradiation
of the sample UV light was provided by a 75 W Xeran lamp. The UV light from the
source was guided to the ATR-IR cell via two fibandles. The light was passed through a 5
cm water filter to remove any infrared radiationSahott UG 11 and BG 42 (50mm x 50mm
x 1 mm) broadband filter from ITOS was used to reewisible light (transmission between
270 and 380 nm). An estimate based on the sumpiifications gave a power at the sample
of slightly less than 2 mW/cmThe experimental setup is schematically showFigare 7-2.

Electron spray mass spectrometry was used to fgedissolved species. These
measurements were performed on a LCQ-IT, Finningg®riment equipped with ESI source.

7.3.4 Modulation excitation spectroscopy (MES) and data acquisition

The catalytic system was stimulated by periodicalyying of UV light flux. The
concentrations of all species in the system whiehadfected by this external parameter also
change periodically. Phase sensitive detection safmdequent demodulation of the spectra
separates the periodically varying from the statgnals. By applying MES in combination
with ATR-IR spectroscopy, the signal to noise raten be significantly improved, which
assists in the detection of minor species occurdagng reaction. During one modulation
period (typically 150-235 s), 60 IR spectra wereorded at a sampling rate of 40 or 80 kHz
(4-8 scans/s) using the rapid scan function offhR spectrometer. Typically 20 scans per
spectrum recorded in a single period were averabed.modulation periods were performed
before data acquisition was started. The IR speeti@ then averaged over five modulation
periods. UV light modulation was achieved using eeactronic shutter (Newport model
71445). The light flux was modulated (on-off) irethresence of aqueous amino acid solution

over Au-TiQ. Electrical signals generated by the FTIR spec#tem within the data
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acquisition loop were used to switch the shutteoriher to synchronize modulation and data
acquisition. Before the modulation experiments, ah@no acids solutions were flowed over

Au-TiO; catalyst for 45 minutes in the dark. After 45 masiadsorption equilibrium was

reached. The time-resolved absorbance spe’étra("’t) where transformed into phase-

resolved spectra using a digital phase sensititecten (PSD) according to:
- 2%
AKX (I7) = ?J. A(I7,t) sin(kax +g® ) dt Equation 7-1
0

Where k=1, 2, 3... determines the demodulation feegy (e.g., fundamental, first

harmonic), T is the modulation perioc‘f, denotes the wavenumbe# the stimulation

PSD
frequencies and  is the demodulation phase angle. With a set oé tiesolved spectra

A('7’t) the foregoing equation can be evaluated for difiedemodulation phase angI@;S,D

'SD
resulting in a series of phase-resolved spe'?:\‘ra . Modulation experiments are applicable
only when the system response is reversible. Mdfi@mation about technique can be fined

elsewherg® 1¢
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Figure 7-2: Schematic setup for in situ ATR-IR dpescopy of photocatalytic reactions in a small
volume flow-through cell.

7.4 Results and discussion

7.4.1 Intermediate species during amino acid mineralization over TiO, and

Au-TiO,

ATR-IR spectroscopy in combination with modulatgpectroscopy shows that during
photocatalytic mineralization of amino acids ove©J and Au-TiQ film several different
processes can occur on the surface, which is likedbted to the complex structure of these
molecules. Intermediate species formed upon illatm strongly depend on the reaction
conditions, like pH, concentration of dissolved gag and on the catalyst used. Amino acids
can be transformed to oxalate, which is furtheraritized to C@"’. Figure 7-3 shows light
modulation experiments under different conditioms the mineralization of L-Glu over
Au-TiO,. When oxygen is present in the experiments oxaleteirs on the surface (spectrum

(c)) giving rise to the bands at 1709 and 1421 cm
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Figure 7-3: ATR spectra of (a) NAI (d) NaNQ (e) NaNQ adsorbed from aqueous solution on
Au-TiO, and demodulated ATR-IR spectra of a light modalatxperiment where solution of L-glu

(ImM) were flowed over Au-Ti@saturated by N spectrum (b) and Dspectrum (c).When oxygen is

present in the experiments oxalate occurs on ttiacgi(spectrum (c)).

In contrast, when the reactant solution was sadrély N (spectrum (b)) oxalate
species are suppressed. The dominant broad bat&batcn in the spectrum indicates the
presence of ammonium ions bHon Au-TiO,. As a comparison, spectrum (a) was recorded
while exposing the Au-Ti@catalyst to aqueous NBI solution. This is in agreement with a
previous report showing that the nitrogen of theimmmacids are photoconverted
predominantly into N& and into NQ@ ions’. In this work the fate of the nitrogen atom(s) of
some amino acids was analyzed using chromatograpieithiods after about 8 hours of
illumination. NH,;"/NOs’ ratios of 3-12 were found. Our experiments indictie presence of
NH," but no clear sign of NO(nor NGO) was found (see spectra (d) and (e) for compayison
It should be noted however, that the conditionshie report mentioned above and applied
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here are different, most importantly the residetioge. In our flow-through system the
reactant solution is in contact with the catalybh ffor some seconds only, whereas eight
hours of irradiation in a batch system was use®fiA. This might indicate that the formation
of oxidized species like NQis a relatively slow process. A study on the phatalysis of
polyvinylpyrrolidone polymer over Ti@showed that N is formed immediately, whereas
NOs was achieved only after about 30 minutes of iatdif. The most prominent feature in
the demodulated ATR-IR spectra both in the presemceabsence of dissolved oxygen is a
bipolar band at 2133 and 2119 ¢mvhich will be discussed in detail in the followjin
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Figure 7-4: ATR demodulated spectra of light motalaexperiments where aqueous solution of (a)
L-Glu acid (b) L-Asn and (c¥’N,-labeled L-Asn (ImM) were flowed over the Au-EiO

Figure 7-4 shows demodulated spectra of light metid experiments. In the
experiments, solutions of L-Glu (a), L-Asn (b) dn—labelled L-Asn (c), respectively, at pH
= 3.5 were flowed through the ATR-IR cell and o®er-TiO, film.
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The two most prominent bands in spectra (a) andu@®)observed at 2133 and 2119
cm* and will be shown in the following to belong toaryde CN ions adsorbed on the gold
nanoparticles. To understand the bipolar naturthefsignal (positive, negative) one has to
recall that demodulated spectra can be understodiffarence spectra between two states. In
this case the two states correspond to light-on lagid-off situations. The low energy
component at 2119 chris formed during decomposition of the amino aciden illumination
and corresponds to cyanide adsorbed on the gofdcguunder these conditions. The high
energy component at 2133 ¢nbelongs to the same species on the gold but irdék.
Spectrum (c) shows the same species from the empetiwhere labeled L-Asn was used.
Note that all nitrogen atoms are labellédNj in L-Asn. The shifts due to the labeling are

consistent with CN

The band observed at 2343 trim all experiments is due to dissolved £@hich
stems from the mineralization of the amino acidsoAlwhen the CNbands shift to lower
wavenumbers upon labeling a new band becomes aviitiéne spectrum at 2157 émThe
band may be assigned to CO adsorbed on Ti-OH grolipis band position is in good
agreement with previous repotfsThe characteristic band for the**FCO, which is around

2200 cn, is not observed in our experimehts.

To corroborate the identification of the Cilns and to learn more about its interaction
with the Au-TiQ catalyst an aqueous KCN solution (1.5%14) was flowed over the sample.

The ATR-IR spectra of this experiment are showRigure 7-5.
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Figure 7-5: ATR spectra recorded while flowing K@§ueous solution (1.5x1®) over Au-TiO,
film. The spectra were recorded at 0, 34, 68, 1¥B, seconds from top to bottom, after starting the
flow of solution over the film.

Right after starting the flow a band centered &%¢m* becomes evident associated
with CN adsorbed on gold, in good agreement with the babderved in the demodulated
spectra. However, immediately after that the intgnsf the band decreases and completely
disappears within around 3 minutes. This behavidlicates very fast adsorption of CN
followed by oxidation of the gold to [Au(CB) and leaching of gold from the TiQurface.
Gold cyanidation, i.e. the extraction of gold wayanide, is a well known process, which is
for example used in gold mining. Indeed, ESI-MS Igsia showed the presence of
[Au(CN),] after admitting KCN to Au-Ti@catalyst.

Figure 7-6 shows the signals at 2133 and 211%¢r@N as function of time during

the light modulation experiment of L-Glu.
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Figure 7-6: ATR signals as a function of time folight modulation experiments with modulation
period T=157s. At t= 0 the UV light was switchedamd light was switched off at =78.5 s. The ATR
signals were average over five modulation periods.

With the light on, the intensity of the band at 21dni* decrease and it increase fast
when switching the light off again. At the samedithe band at 2133 ¢chgrows. We ascribe
this behavior of the CNstretching frequency in the light modulation tdfelient electronic
structure of the catalyst during illumination and the dark. During illumination
photogenerated electrons and holes diffuse touHace of the Ti@ particles. Electrons can
react with Ti sites according to € Ti(IV)-O-H - Ti(lll)-O-H". When illuminating the Au-
TiO, catalyst the excited electrons from the valenacadtare accepted by gold nanoparticles
due to their high electron affinity and are not §bieast less) trapped at the Ti(lV) sites. Due
to the tendency to accept electrons during illutiamathe potential of the gold particles shifts
negative and this affects the vibrational frequenfyCN species adsorbed on the metal

surface” From the shift the potential change can be eséicha around 0.5 ¥

Figure 7-6 also shows that the bands at 2133 ahfl 2ai* show different kinetics of
appearance and disappearances. In the dark amdydiluimination the properties of the gold
particles are different due to the different paedntWhen the gold particles are electron rich

the potential is negative and the coverage of tieoded CNincreases. When the gold
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particles become neutral, the coverage of adso@iédspecies decrease upon oxidation of
gold nanoparticles. The time-resolved spectra shioat CN species are present on the
surface during both experimental states, i.e. éndéwrk and in the light (spectra not shown).

The presence of the CNspecies on the Au-Ticatalyst, as spectroscopically
observed, may imply leaching of the gold nanopkgidrom the TiQ and formation of
[AU(CN),]" complexes in the solution. Figure 7-7 shows thé-MS spectrum of the cell
effluent gathered for a photocatalytic experimerttere L-Asn was decomposed over
Au-TiOa.

During that experiment L-Asn was adsorbed in thekdan Au-TiO, catalyst.
Reaching adsorption equilibrium the UV light wastshed on and a sample was colleted at
the ATR cell outlet for 10 minutes. The ions at B3l 167 m/z are assigned as [L-Asn = H]
and [L-Asn - H+ 2HO] , respectively, corresponding to unreacted L-AShe ion at
249.27 m/z is assigned as [Au (GN) can be related to the process of gold leachingqgur

degradation of amino acid over Au-TiO
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Figure 7-7: ESI-MS spectrum of L-Asparagine gateastter photodecomposition over Au-TLiim
in flow-through cell.
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Figure 7-8 shows demodulated spectra of light metid experiments. In the
experiment solution of L-Asn was flowed over bar®J(spectrum (b)) and Au-Tifcatalyst
(spectrum (a)). From spectrum (b) it is clear @B species are formed on the pi€urface

as well.
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Figure 7-8: ATR demodulated spectra of light motalaexperiments where L-asn aqueous solution
was flowed over Au-Ti@spectrum (a) and over bare Tifdm spectrum (b)

The bands at 2216 and 2187 tian be assigned to Cldsorbed on Ti© Also in
both spectra dissolved carbon dioxide is obset¢&igure 7-9 shows the time dependence of
the two signals at 2216 and 2187 tmn TiO; during the experimental course. When the
system is illuminated the band at 22167cim formed very fast on the surface reaching the
maximum in 65 seconds. After that the signal isel@sing still during illumination reaching a
minimum after 92 seconds. This behavior of the bawmehow implies that CN

intermediates are formed on TiCatalyst and destroyed during irradiation as well.



Photocatalysis of Amino acids on TiO2 Studied bySitu ATR-IR Spectroscopy 119

The band at 2187 cindevelops in intensity when the light is off. Wesiga the two
bands to CNadsorbed on different sites on the T&Drface. By comparison of the spectra in
Figure 7-8 it can be concluded that on the AusTii@ CN adsorbs on the gold, since no sign
of CN on TiG; is evident. This reveals the much larger affimtyCN for gold than for TiQ.

Our experiments do not give an indication on thether fate of CN under
photocatalytic conditions. However, Bard and cowoskshowed that cyanide is slowly

oxidize to cyanate and the latter seems to be rasistant towards further oxidatiéh?
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Figure 7-9: Time dependence of two ATR signals myriight modulation experiments with
modulation period T=157 s. At t= 26.1 s light wagitshed on and at t=104.6 s switched off. The
ATR signals were averaged over five modulationqusi

7.5 Conclusions

Our in situ ATR-IR experiments show that in the gemece of oxygen in solution
oxalate species can be observed on the $i®face during the photocatalytic mineralization
of amino acids over Au-Ti@and TiQ. The experiments furthermore shed some light en th
fate of the nitrogen atom. Ammonium and particylacyanide were observed. The latter
species was not reported before for the photocasabf amino acids. This finding is relevant

in view of the application of photocatalysis forrfiication of (drinking) water. Moreover, in
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the case of the Au-Tifthe cyanide leads to the leaching of gold in threnfof [Au(CN)]’,

which can be detected in solution.
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A.1 ATR-IR Spectra
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Figure A-A-1: ATR-IR spectra of newly formed spexien TiQ after reaction under different

conditions. Bottom: Species formed after UV irrdgidia of NAC protected gold nanoparticles on
TiO,. Top: Same experiment but in the absenceoMiddle: Newly formed species after reaction of
NAC protected gold nanoparticles on Fi@nhder visible light illumination.
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A.2 TEM-Micrograph

Figure A-2: TEM micrograph obtained after drayingagqueous slurry of TiO2 particles, which leads
to their agglomeration

A.3 Estimate of the Irradiance at the Sample

According to the specifications of the supplier #teW Xe lamp has an irradiance of
6 mW m-2 nm-1. For the spectral range between 2dB&80 nm (110 nm) this yields
6 MW m-2 nm-1 x 110 nm = 660 mW m-2

-For the F/1 condenser a factor of 0.11 has tofdptied, whereas the rear reflector

increases the output by 60%.

660 MW x 0.11 x 1.6 = 116.16 mW



126 Appendix A

-The transmission through the bifurcated fiber berisl 60%.

116.16 mW x 0.6 = 69.7 mW

-Reflection losses at all interfaces (liquid filteoptical filters, cell window, 10

interfaces, 5% loss per interface, 0.9510) arewtteal for by a factor of 0.6.

69.7 mW x 0.6 = 41.8 mW

-Considering the transmission of the BG42 and U@ielrs between 270 and 380 nm

result in a factor of 0.164

41.8 mW x 0.164 = 6.85 mW

-The area of the two spots from the bifurcatedrftinendle is about 3.5 cm2.

This results in a final irradiance at the samplé.86 mW /3.5 cm2 = 1.96 mW cm-2.
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