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1 Introduction

When it comes to the development of functional desj scientists and engineers have often been
inspired by biology. Evolution has spent millionsyears optimizing processes in living beings so
they can survive in their environment. Photosynthasetabolism and nerve conduction are just a
few examples. These three examples have one similarclass of molecules called porphyrins plays
a vital role in all of them.Porphyrins are planar organic molecules and cboiur pyrrole rings
(C4H4N), linked together by methine (=CH-) bridges. Tibar nitrogen atoms in the center of the
molecule form a central cavity which can either rdimate two protons (free-base porphyrin) or a

metal center (metalloporphyrin). A few examplesimfiogically important porphyrin derivatives are

a)

b)

(¢) OH OH

Heme B Cobalamin Chlorophyll A

Figure 1. a) Porphine, the basic porphyrin unit, b) examfdedunctional porphyrins in nature

Chlorophyll A, Heme B and Cobalanfri:* Chlorophyll A, a magnesium(ll)-porphyrin, is resgible

for light harvesting and electron transfer in ti®fosynthesis of green plants. Upon light adsonptio
an excited state is formed which is a strong redocagent and provides electrons that are finally
used for the reduction of GGafter being transferred along a chain of diffeteptors.Heme B, an
iron(ll)-porphyrin, is a part of the proteins hertwign and myoglobin which are responsible for
transport and storage of oxygen in mammalian bioats. Cobalamin, or Vitamin B12, plays a key
role for the function of the nervous systems arwl firmation of red blood cells; it consists of a

cobalt(ll)-porphyrin.



The examples show that porphyrins can fulfill aietyr of different tasks depending on the
metal center bound to the central cavity and tbe groups attached to the macrocycle. Due to their
versatility and often high stability, they have wolly attracted fundamental research intetéstt are
also highly interesting for technical applicatiohleed, porphyrins have been shown to be promising
candidates for, for instance, dye-sensitized sotis”® In TiO,-based dye-sensitized solar cells,
porphyrins fulfill a similar task as in the photoglyesis acting as light absorber and part of tdexe
system. It has been shown that the performandeed$dlar cell depends on the type of bond between
porphyrins and the oxide.Other potential applications include colorimetgas sensirigand
catalysis’

As lots of those applications rely on thin porphyfilms on a solid support, the interaction
between porphyrins and solid surfaces has gathergaificant research interest in the past
decades-****Most of the research work has so far been condumtemetal single-crystal surfaces in
vacuum and the knowledge about fundamental intersceind principles is consequently also limited
to these well-defined systems. However, adsorgiimoxide surfaces and exposure to liquids have to
be considered for many porphyrin-based devicesinfiance in the above-mentioned dye-sensitized
solar cells, where the dyes are adsorbed on a bddd-gap semiconductor and in contact with an
electrolyte solutiof.

The aim of the present thesis is to fill this knegdde gap by improving the understanding of
porphyrin/foxide and porphyrin/liquid interfacesn& controlling metal center coordination is crlcia
for tailoring the functionality of porphyrins, a joa focus of this work will be the synthesis of
metalloporphyrins from free-base molecules (mdtatateaction) and other metalloporphyrins (metal
center exchange) at the mentioned interfaces.

This dissertation is a cumulative thesis, whiclvased on five publications with exclusive or
major contributions from the author (four have athg appeared and one is close to submission). The
work was performed in collaboration with the grougsProf. Federico Williams (Universidad de
Buenos Aires), ProOliver Diwald (Universitat Salzburg) and Prof. Bdrileyer in Erlangen. In the
next chapters, an introduction in the scientifigicdChapters 1.1 and 1.2), an overview of theiadpl
techniques and the setups (Chapter 2), and o&xperimental details (Chapter 3) is given, folldwe

by an extended summary of the achieved resultsptéha).

1.1 Porphyrin adsorption on surfaces

In the following paragraph, available literature parphyrin surface science is summarized only
briefly. For a more detailed examination, the reade referred to recently published review
articles'*?

The energy gain during porphyrin adsorption on gairsurface is mainly due to van-der-Waals

forces. Consequently, this interaction is maximizedl the molecules usually adsorb with their
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macrocycle aligned parallel to the surfatédowever, some porphyrin derivatives are not planar
because their peripheral substituents are nottatdéign coplanar with the flat macrocycle for gter
reasons. Tetraphenylporphyrin (TPP), which was deedhe experiments in this thesis, belongs to
the group of non-planar porphyrins. The rotatiothef TPPs phenyl rings is sterically hindered gy th
macrocycle; therefore the equilibrium gas phasdaroration exhibits phenyl legs, which are tilted
with respect to the macrocycle and induce a deftomaof the lattel’ In addition, localized
interactions between porphyrins’ functional growpsd the surface can influence the adsorption
geometry. An example is the chemical bond betwé&encentral iminic nitrogen atoms (-N=) of a
free-base porphyrin and copper surfaces that cahsesnine groups to bend towards the surface
while the molecule is strongly deform&d®!’In conclusion, it can be stated that adsorbed o
molecules adopt a conformation that is influencgdbbth the molecular structure and molecule-
surface interactions. Furthermore, molecule-mokeauieractions can play a role for determining the
most stable conformation.

On weakly interacting surfaces like Au(111) and B)), free-base porphyrins are usually
mobile at room temperature. As a consequence, fitrey self-assembled structures consisting of
well-ordered, square unit cells governed by moleenblecule interactionS:*®* On Cu(111), a
stronger interacting substrate, the iminic nitregepper bond leads to strong, localized molecule-
surface interactions and consequently immobilizedecules that do not form ordered islands at low
to medium coverages.

Metalloporphyrins generally bind weaker to subsisathan their free-base counterparts and
therefore exhibit a higher mobility owing to a wealitrogen-substrate bond as the nitrogen atoms
are coordinated to a metal centef’?°For metalloporphyrins with a reactive metal ionteersuch as
Cd** or Fé*, charge donation from metal substrates to the@eions has been observed, resulting in
a formal reduction of the metal cenféf?

At the time when this thesis was started, only $twdies had targeted porphyrin adsorption on
oxide surfaces. In the meantime, on rutile JI0), free-base tetraphenylporphyrin (2HTPP) alé we
as NiTPP were found to be immobile at room tempeeatowing to a strong interaction with the
oxygen rows of the substrate; 2HTPP was proton@tédrm 4HTPP*, either by surface hydroxyl
groups or hydrogen diffusing out of the bé&ik! Copper(Il)-phthalocyanines, which are structurally
very similar to copper-porphyrins, showed on tHeeohand a weak interaction with,8% thin films,
resulting in a high lateral mobility and comparatibyv desorption temperatur&s.For iron(ll)-
phthalocyanine on MoOXPS and NEXAFS measurements indicated a localiz=® bond and a
charge transfer from the molecule to the surfice.

The limited availability of data on oxide/porphyiirterfaces does not allow for the recognition
of general patterns in the adsorption behavior Yaerefore, more studies targeting this field are
desired. One main goal of the work at hand wasiltothfe knowledge gap and provide more

understanding of how porphyrins interact with oxédefaces.
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However, not only adsorption and surface interactave interesting fields of research.
Chemical reactivity, especially metal center insertinto the macrocycle and metal exchange can
provide valuable opportunities to tune the mole'sulenctionality and should therefore be targetsd a

well.

1.2 Porphyrin metalation: homogeneous liquids vs ntal surfaces

The metal center of the porphyrin is crucial fog fanctionality of the molecule since it can notyon
influence the electronic structure of the macroeybut also act as an active site for, for instatiee
adsorption of small molecul@sor catalytic reaction¥. Thus, controlling metalation, demetalation
and metal center exchange are important stepsiloring the functionality of porphyrins and have
been studied extensively in liquid medidi;=>**"*?but recently also on metal surfaces in ultrahigh
vacuum>>** However, the reaction mechanisms in homogeneoksiso and at the solid/vacuum
interface are considerably different. In solutioanic reactants, intermediates and products are
favored due to solvent stabilization whereas inabsence of solvents, on metal surfaces in vacuum,
reactions proceed preferably through neutral spedigure 2 shows reaction schemes of the
porphyrin metalation reaction in homogeneous smiutfa), where the reaction proceeds as the
replacement of two protons with a metal ion, anthatmetal/vacuum interface (b) where the reaction
follows a redox mechanism with the oxidation of atah atom and the related reduction of two
protons to form molecular hydrogen. The source efaincenters are dissolved metal ions in case a),
and codeposited metal atoms such as*framickel® or zinc® or substrate atoms from a reactive

surface, e.g. Cu(111) in case’®).

+ M2 + 2H

AT

b) M —

+ H,

+

Figure 2. The mechanism of porphyrin metalation a) in homegeis solution and b) at solid/vacuum interfaces

The second major goal of this thesis was to comthiese two approaches and investigate whether the

liquid phase approach can be also used to synéhastalloporphyrins on surfaces.



2 Experimental methods

In the following chapter, the experimental methadisch have been used to obtain the results within
this thesis will be introduced briefly. The mostpaontant techniques were X-ray Photoelectron
Spectroscopy (XPS) and Ultraviolet Photoelectrorecipscopy (UPS), but also Temperature-

Programmed Desorption (TPD) was applied.

2.1  X-Ray Photoelectron Spectroscopy (XPS)

The very first step towards paving the way for X-Rhotoelectron Spectroscopy (XPS) as a surface
analysis method was taken by Albert Einstein whendlscovered the photoelectric effect in the
beginning of the 20 century®” About 60 years later, Kai Siegbahn developed itisé fhotoelectron

spectrometer based on Einstein’s findirgs.

2.1.1 XPS basics

Figure 3 shows the basic principle of XPS: if a plms irradiated with X-rays of sufficient energy,
core electrons from the atoms of the specimen xcitedl and escape into the vacuum with a kinetic

energy ki, which is measured by an analyzer.

# vac

Valence band / A }“fenni

IM

ls ——eO0— ¥

Figure 3. Schematic sketch, showing the energy levels @ftam and the principle of XPS

The relationship betweengEof an electron and its original binding energy, I8 given as follows:



Es =hv— B, — (DAnaIyzer,

hv is the energy of the incident X-Rays, abghay.is the work function of the analyzer. The X-rays
used as excitation source for the experiments is ttmesis originated from a monochromatized
aluminum X-ray source, utilizing the characteridficradiation (1486.6 eV); or from a synchrotron
light source. One of the advantages of XPS is thid an element sensitive method; different
elements can be distinguished by the binding enefgiheir core levels. X-rays penetrate several
micrometers into the sample, but due to inelastieractions of the released electrons with the atom
of the specimen, the inelastic mean free patbf emitted photoelectrons amounts only a few
nanometers. Therefore, XPS is a surface sensiiglentque. However, if the excitation energy is
fixed like in a conventional X-ray source, the imf@mtion depth is not the same for all photoemission
lines. The inelastic mean free path of the releadectrons strongly depends on their kinetic energy
and exhibits a minimum for electron energies betwe20-200 eV*’ In synchrotron experiments, the
excitation energy is usually adjusted for each XB§on separately so that all lines appear at the
same kinetic energy of about ~100-150 eV. Thisddada high surface sensitivity and can facilitate
data analysis. For example, if a photoemissiondinen adsorbate cannot be clearly identified liaba
experiment because it is superimposed by signais ftne substrate, synchrotron measurements
enhance the adsorbate signal while depleting tbkgbaund signal so that the adsorbate signal can be

analyzed properly.

2.1.2 The XP spectrum

A photoelectron spectrum is usually obtained bytiplg the number of detected electrons versus their
binding energy. As an example, Figure 4 shows atsp® of a clean Au(111) crystal, obtained with

a monochromatic Al KX-Ray source.

Peaks from the 4p, 4d and 4f core levels are obdem addition to the valence band structure, Wwhic
will be explained in the chapter about Ultra VioRtotoelectron Spectroscopy (UPS). In addition, a
background increase towards the higher bindingggngide of the spectrum is observed. This is due
to photoelectrons that are scattered inelasticalthin the specimen and therefore escape with a
lower kinetic energy than electrons that crossstiigl/vacuum interface without energy loss.

Each of the detected core level signals in Figuag@ears not as one single line, but is split up
in two instead. This phenomenon is observed fomdiitals other than s-orbitals, and the reason
behind it is spin-orbit coupling: the electron spitan be either parallel or antiparallel, resultimg
different values for the total angular momenturmgtéd in the index of the orbital), and therefore
different binding energies. The intensity of evegmponent is determined by the number of possible

combinations of spin- and angular momentum thdd e same j value.



The number of possible combinations n can be catedlby n = 2j + 1. For instance, this
results in an intensity ratio of 4 : 2 for Au#4p: Au 4p,. The energy splitting of the lines is
proportional to 1/, while r is the mean radius of the orbital.

A different effect is observed if the initial stasdready contains unpaired electrons. XPS on
paramagnetic compounds results in multiplett spiittnd consequently complicated peak structures,
originating from different possible interactions thie core hole with the unpaired electron. Thus,
multiple final states with different energies amssgible®® *°**?This will become apparent in Chapter

4.2, when the cobalt metal center of CoTPP moladglanalyzed.
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Figure 4. Overview XP spectrum, obtained from a clean Au(lcry¥tal

2.1.3 Core level shifts

XPS does not only allow for distinguishing betweabfierent elements, but is also sensitive to the
chemical state of the element. Figure 5 shows thesNore level spectra of 2HTPP, ZnTPP and
CuTPP, each 1 monolayer on Au(11l), for comparidonthe 2HTPP spectrum, two different
nitrogen species are present, namely aminic (-MHe) iminic (=N-) nitrogens, splitted by 1.6 eV due
to their different chemical environment. In ZnTR#,four nitrogen atoms are equally coordinated to
a Zrf* metal center, therefore only a single peak appefiferent in binding energy than the two
species from the free-base molecule. The N 1s fnenergy position of CUTPP is in turn by 0.3 eV
different than that of ZnTPP, indicating the diffiet metal center.

In this example, the binding energy shift is duatchange in valence electron density caused

by the chemical environment of the atom, also dethas chemical shift.
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Figure 5. XP N 1s spectra of monolayers of 2HTPP, ZnTPPGutPP on Au(111)

Binding energy shifts can be also caused by seddihal state effects, which are directly related
the process of photoemission. An example is fitatesscreening on metal surfaces. If a core hole is
created in close vicinity to a metal surface, tharge of the hole can be screened by free elecinons
the metal and the final state is therefore stadilizwhich leads to higher kinetic energies and,
consequently, lower binding energies.

Herein, only a small selection of possible effestdescribed. For a more detailed examination,
the reader is referred to the textbooks by Hiffrend Briggs/ Seaff.

2.1.4 Coverage determination with XPS

Not only qualitative information can be obtainedX§S, but also information about the quantity of
elements present in the near-surface region issaitde. However, it has to be considered that the
emitted electrons from deeper layers can intersastically with atoms from the bulk material and
consequently lose energy. These electrons corgrilauthe background intensity but not to the main
photoemission line, which leads to signal attemmmatAccording to Lambert Beers’ law, the flux of
unaltered photoelectrons travelling through solatréases exponentially with travelled distance.
Therefore, the total electron intensity escapimgmfra homogeneous solid can be calculated by
summing up the emitted electrons from all layefsetween n=1 and n=and multiplying it with a

factor that declines exponentially with the layepth:



[oe]

__nd
Itotal = Ioe Acos?9

n=1

lo is the intensity without attenuation, d the disebetween two adjacent layers anthe previously
mentioned inelastic mean free path. It determilesdistance that electrons can travel until their
intensity is reduced by a factor of 1feis the emission angle of the electron relativéhe surface
normal and the term nd/adsonsequently describes the distance that an efefriom layer n has to

travel to reach the surface.

A typical situation in an XPS experiment within ghihesis is that the surface of a single crystal

substrate is covered with an overlying metal oxidan organic film (Figure 6).

.

/\
X I Adsorbate 0

Figure 6. Substrate covered by an adlayer with thickness x.
In this case, the intensity originating from theedayer, assuming layer-by-layer growth, is givgn b
X
jad — I&d(l _ e_m)

where x is the thickness of the overlayer fili§f is the intensity that is obtained from an infihjte
thick film of the adlayer. It can be approximateddn XPS experiment from a film that is so thick

that the substrate signal is completely attenudteanalogy, the substrate sigiidlis determined by
IS = Igoe_cosglad.

IS, is the measured XPS intensity from the clean sanipividing the two equations by another, the

ratio betweerd®? and I° can be calculated:
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x
jad I&d(l _ e_cosﬁlad)

s

x
ISe T cos9gq

To determinel,y, 14415 has to be measured for a known coverage. One wayete a known
coverage of an adlayer on a substrate is by measthie growth rate with a quartz microbalance.
This procedure was applied for the metal oxide fiims in this thesis. For porphyrin adlayers, a
different method has been proven to be more aczuatie closed layer of porphyrins can be
produced by covering the sample with multilayerpoiphyrins and subsequently annealing it to 550
K for 5 minutes. During annealing, the multilayelssorb and the remaining carbon coverage is
defined as 1 monolayer.

If dag 12 and IS, are known, the thickness x of the adlayer can deutated for every

experiment from the experimentally determidé®/Is.

2.2 Ultra-Violet Photoelectron Spectroscopy (UPS)

UV-Photoelectron Spectroscopy (UPS) is based omptineiple of photoemission as is XPS. The
difference is that UPS utilizes UV-light as exditat source, usually generated from Helium-
discharge lamps, with an energy of either 21.2 idg-K line) or 40.8 eV (He-Il line). It can also be

conducted by using synchrotron radiation with adjole energy. Due to the low excitation energy,
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Figure 7. UP spectrum of a clean Au(111) single crystal

the electrons which are excited from the specimenret core electrons, but originate from the
valence band region. Since the valence orbitalsemonsible for forming chemical bonds, UPS is a

suitable tool for studying the electronic structofemolecules adsorbed on surfaces. In contrast to
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XPS, UPS is not a quantitative method. The reaBonthat are: a) the photoionization cross sections
vary strongly between different energy levels fow|excitation energies, and b) photoelectron
diffraction effects start to play a role at low &tit electron energies. Figure 7 shows a UP spactru
obtained from a clean Au(111) single crystal byhgdie-I light.

The difference between the excitation energy (2).pand the secondary electron cutoff (here
at 16.0 eV) represents the work function of the@an(b.2 eV). In this thesis, UPS was used to abtai
work functions and to gain information about moleesubstrate interactions by observing molecular

states close to the Fermi edge.

2.3  Temperature-Programmed Desorption (TPD)

When it comes to the investigation of on-surfacensical reactions, Temperature-Programmed
Desorption (TPD) has shown to be a valuable tootombination with XPS measurements. In
principle, the method works as follows: the sampleeated with a linear heating ramp while a mass
spectrometer detects desorbing species. If the Isatamperature is high enough to overcome a
reaction barrier, any volatile products of the teacdesorb and are detected. Figure 8 shows an
example of a desorption spectrum where mass 18efwatas detected as a function of the
temperature for a Ag(100) sample covered with ¥8rs of an organic acid. The molecular structure
of the organic acid, namely phthalic acid, is deggian Figure 8. Four desorption peaks are detected
labelled froma-d in Figure 8. The most prominent feature, pd&alat 180 K, was identified in
combination with XPS measurements to be due toemnatal reaction of phthalic acid, producing
phthalic anhydride and water (Figure 9). Phthaltyaride remains at the surface at these low

temperatures, but water immediately desorbs andeatetected by the mass spectrometer.

b ] Mass 18 (H,0)
] Ag(10
on g(
O

0)
d

C

Intensity (arb. unit)

150 200 250 300 350 400 450 500 550
Temperature (K)

Figure 8. Desorption spectrum of mass 18 (water) from a B@Jlsample covered by multilayers of phthalic
acid.
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However, not all desorption peaks are due to che@méactions producing water. Peals attributed

to adsorption of residual water on the low-tempeetsample and peakoriginates as part of the
cracking pattern of desorbing phthalic acid mw#iamolecules. Peatt indicates another chemical
reaction: the decomposition of polymeric anhydragecies which are formed as a side product of
phthalic anhydride at 180 K.

O H,O 0]
OH /
@)
OH
O 0]
Phthalic Acid Phthalic Anhydride

Figure 9. Conversion of phthalic acid into phthalic anhyeérahd water.

To minimize the detection of species desorbing ftbenbackside of the sample, the heating wires and
the sample holder, a setup with a Feulner Cup nemluatound the ionization source of the mass
spectrometer was used. The Feulner Cup is a coppee with a 5 mm wide opening (sample
diameter: 10 mm) which is approached approx. 1mnth® front of the sample during a TPD
experiment. A detailed drawing of the experimesttup can be found in the PhD thesis of Michael
Rockert?®

TPD spectra can be used to obtain information aleattion kinetics. Different analysis
methods have been developed to determine preexj@néactors and activation energies from
desorption spectra, all based on the Polanyi-Wigmgrtior’° These methods were not applied in
this thesis and will therefore not be discussec h&he interested reader will find an a detailed

examination within the articles of de Jong é&f ahd Falconer et &f.

13



3 Experimental details

3.1 Setup

Most of the work in this thesis was conducted iasitainless steel ultrahigh vacuum (UHV)
chambers with background pressures of belew @' mbars. The vacuum is needed to keep the level
of surface contamination low, especially when ddmmp-time measurements like XPS in the N 1s
regions of low-coverage porphyrin layers as it vdasie for the experiments in [P3]. The main
components of the residual gas in the chamberblard,0, CQ, and CO. While Hand CQ do not
adsorb on the substrates used in this thesis (Ay(MgO(100) and Au(111)), # can dissociatively
adsorb on MgO(100), forming hydroxyl groups at rommperaturé? CO adsorbs reversibly below
180 K and CQ below 260 K upon formation of carbonate.

When measuring at temperatures below 150 K, watsoration from background gas occurs
on any substrate. This has to be considered whierg deeasurements at low temperature, as it was
done for phthalic acid on Ag(100) [P5]. If it issasned that water contributes by ¥ to the background
pressure, the water pressure in the chamber isxard0'° mbar. To estimate the amount of water
contamination on the sample, we can calculatertbeniing flux of molecule$ using the kinetic gas

theory:

p
\/ZH-T-mmol-kB

I[s7im™2] =

p is the partial pressure, T the temperature imjs, the mass of the molecule angltke Boltzman
constant. The numbers in our example give rise ftaxaof 3.6- 10" s'm?, which means that ~1b
water molecules impinge per second on a sampleMittnm diameter. Within the time span of a few
hours, a whole monolayer of water will be formesis(aming a sticking coefficient of 1), which means
that even after 20-30 minutes at low temperatug@ewwill be detected by sensitive methods like
synchrotron radiation XPS.

In addition, experimental techniques relying orceten- and ion detection require pressures in
the 10° mbar range or below to avoid collisions betweemtebns/ ions and residual gas molecules.

The experiments in this thesis were carried odbur different vacuum chambers: the home
lab in Erlangen; Federico Williams’s lab at thevamsity of Buenos Aires, Argentina; the endstation
of the Material Science Beamline at Elettra Synttbro Trieste, Italy and the endstation of 109
beamline at the Diamond Light Source in the Unkadgdom. All of these chambers are equipped
with standard features for surface preparation @malysis: a moveable sample holder, radiatively
heated evaporators, LEED optics and an ion gurAféisputtering. In addition, all of them have a
hemispherical analyzer for photoelectron detecfidre chambers in Buenos Aires and Erlangen work

with monochromatized Al KX-rays and the beamline endstations with synchnolight as excitation
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sources. The home lab in Erlangen has an additsmtap for TPD measurements (see Chapter 2.3),
employing a Pfeiffer QMG 700/ QMA 400 quadrupol mapectrometer which allows for detection
of masses up to 2048 amu. The special feature eofctlamber in Buenos Aires is a teflon cell
(detailed description in Chapter 3.2.2) in which \Jprrepared samples can be exposed to liquids in

an argon atmosphere.

3.2 Sample preparation

The sample was cleaned with consecutive cyclesregputtering and annealing. The term sputtering
denotes that gas atoms (usually noble gases) aeiband accelerated towards the sample. Upon
impinging on the sample, ions remove the topmogrkaof the surface. This reduces the amount of
impurities on the surface, but also creates a raigface morphology. The argon pressure in the
chamber was kept at around 50° mbar; ion energies of 1 and 0.7 keV were usedHerAu(111)
and Ag(100) single crystal surfaces, respectivélye reason why 0.7 keV ion energy was not
exceeded for Ag(100) is that the (100) surfacaleésis not thermodynamically stable and will form
(111) facettes if sufficient activation energy ®yided. After ion bombardment, the single crystals
were annealed for 15 minutes to 700 K (silver) &md5 minutes to 1000 K (gold). Annealing
provides thermal energy for the atoms of the spewimhose mobility increases and a flat surface is
formed to minimize surface energy. The preparabiowell-defined MgO(100) surfaces is covered in
a separate chapter (3.2.1).

Organic molecules were deposited by thermal evéipor&rom quartz- or graphite crucibles of
radiatively heated evaporators. This requires thémstability of the molecules up to temperatures
above the evaporation temperature, which was the fta all molecules used in this thesis. 2HTPP
free-base porphyrins were evaporated at tempesanmmind 600 K with a deposition rate of ~0.2
monolayer/min and metalated porphyrins (ZnTPP, GUERAd CoTPP) at 620-630 K and similar
deposition rates. Phthalic acid was evaporated@tkd (0.5 monolayer/min) and phthalic anhydride

at room temperature.

3.2.1  MgO thin film growth

The aim of the experiments within [P3] and [P4] wadnvestigate the adsorption and reaction of
molecules on MgO surfaces. Since photoelectrontssEopy requires conductive samples and MgO
is an insulator, MgO single crystal cannot be UseXPS and UPS. Instead, thin films of MgO were
grown on a metallic substrate, namely Ag(100),nsuee sufficient conductivity.

Ag(100) is a convenient substrate to grow MgO, aitie lattice mismatch between MgO and

silver is small (2.9%). In addition, the combinatiof the hard oxide and the soft metal enables the
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shift of misfit dislocations into the metal whicteads to well-ordered oxide films at low
coverages®*® There are different ways to grow MgO on Ag(100)thEi, metallic magnesium is
deposited first on the substrate and then postizeddby Q exposure, or Qis dosed simultaneously
while magnesium is evaporated onto the sample. Antbese two methods, the post-oxidation
method was shown to result in films of worse gyatitie to a significant amount of unoxidized
metallic magnesium as well as non-stoichiometriti@xspecies? For this reason, the simultaneous
oxidation method was chosen for this thesis. Withiin research unit (functional organic molecules
on complex oxide surfaces - funCOS), different aesle groups experimented with the growth
parameters and the following recipe was found ¢alpce good quality films.

Magnesium was evaporated at a rate of ~1 monohaireinh an atmosphere of fanbar Q at
630 K from a stainless steel crucible while the glanwvas kept at 450 K. The evaporation rate was
measured with a quartz microbalance. After growta films were annealed to 650 K in®l@bar Q
for 5 minutes to improve their order. The qualifytlee films was judged with LEED and XPS after
preparation. XPS confirmed the absence of impsr@part from a small carbon impurity at 283.0 eV
binding energy, presumably magnesium carbide), evhEED gave an impression on the overall
ordering of the film. A typical LEED pattern of & Inonolayer MgO(100) film, obtained at 96.5 eV,
is shown in Figure 10. It shows the typical 1x1texat with four-fold symmetry.

*

Figure 10.LEED pattern of ~10 monolayer MgO, grown on Ag(J,Gibtained at 96.5 eV.

An important question when doing experiments on Mghe right thickness of the films to aim for.
Very thin MgO films (~1-2 monolayers) show the bestlering, but are different to bulk MgO
concerning their electronic properties. Layer-resdlconductance measurements showed that at least

3 layers of MgO are needed to obtain an electrstniccture similar to that of bulk MgO (band gap of
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~6 eV)>* Since in this work, thin film MgO was used as adeicsystem for bulk MgO, the properties

of the grown thin films should be ideally the saasefor bulk MgO. Another challenge is posed by
the similar surface energies of silver (1.30%/amd MgO (1.16 J/A.>* At lower oxide coverage, the

probability of silver atoms diffusing through thegla film and reacting with deposited molecules is
higher than at high coverage. Too thick films oe thther hand show worse ordering and poor
conductivity, the latter being crucial for photastlen spectroscopy. Taking all advantages and
drawbacks of thin and thick films into account, theckness of the MgO films was kept between 5

and 10 monolayers in this thesis.

3.2.2 Liquid phase experiments

One part of the experiments in this thesis ([P4 BER]) included exposing porphyrins adsorbed on
Au(111) single crystals to aqueous solution. To sdg the vacuum chamber in Prof. Federico
Williams’ group at the University of Buenos Aireasha special experimental setup. First, the sample
was transferred to a load lock chamber that caseparated from the main chamber. Subsequently,
the load lock was vented with argon and a valvéaatbottom of the load lock was opened to move
the sample downwards into an argon-purged Tefldin The aqueous solution was injected with a
syringe from the bottom of the cell. Figure 11 skaaschematic drawing of the procedure how the
samples were exposed, exemplified with a metalagawtion of free-base porphyrins. The crystal (1)
was dipped head first into the metal ion-containgadution and slightly pulled back so that a
meniscus was formed (2). After a certain exposure,tthe crystal was removed from solution,
leaving a drop of solution still adhering to thefage (3). The drop was rinsed with 50 ml of ndutra
distilled water. The remaining drop of neutral wat@s then blown away by an argon stream, leaving
only a thin liquid film on the sample behind (4) ialh was dried before the sample was transferred
back into the load lock chamber. After that, XP3 &/PS measurement were conducted on the
specimen. A major challenge during these experisnemais to avoid contamination of the surface by
undesired, dissolved organic species, as all ntatillocontaminants present in the liquid film s

(4) are deposited on the surface as the liquidsdfiberefore, even low contaminant concentrations i
solution can cause considerable contamination erstinface. For example, if a water film thickness
of 1 mm is assumed, the contaminant concentraticolution which is needed to cover 2-3% of the
surface is in the low T0M range. Therefore, a lot of attention has to bie pathe method of water

purification (Chapter 3.3).

17



Figure 11. Schematic drawing how porphyrins on a single alyaste exposed to aqueous solution.

3.3  Water purification

It is crucial to minimize nitrogen-containing comtimations if a detailed measurement on the XPS
N 1s region is desired, for instance when invesitigahe metalation of porphyrins. As XPS is a very
sensitive method, even small contaminations of a8 % surface coverage are easily visible.
Different methods of water purification for the uig phase exposure experiments were applied, and
the results can be seen in Figure 12. In the &sgieriments, twice-distilled and subsequently
deionized water was used, which led to a signifiGanount of nitrogen and carbon contamination
(Figure 12a), presumably due to dissolved orggpécies. Inorganic contaminations can be excluded
since the water was previously deionized. The bipdgnergy position of the additional nitrogen
species is consistent with organic amines. Thergkapproach was to distill the treated water from a
KMnO, solution. Upon heating, the organic species shbeldxidized by Mn@ to form volatile
oxides. As evident from Figure 12b), this appro&ehto much less contamination in the nitrogen
region, but even higher carbon contamination. Asfiids explanation is that even though most of the
nitrogen-containing organic species have been pxijinew impurities have been picked up from the

distillation column or from air.
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Figure 12.N 1s and C 1s regions of 1 monolayer ZnTPP a) seghdo twice-distilled and deionized water, b)
after the water has been distilled from a KMrg0lution and c) treated with UV light under arggmosphere.

d) shows the unaltered spectrum as a reference.

The third approach was to irradiate the treatecefatr 1 hour with UV-light in Argon atmosphere.
Figure 12c¢) shows the result: among the three ndsthihe UV irradiation has resulted in the least
contamination in the carbon as well as in the g#roregion. Upon irradiation, OH radicals are
formed which oxidize dissolved molecules and themesfresult in a higher water purity. The total
organic content of the water was determined by oréag the chemical oxygen demand to be lower
than 60 ppb after UV treatment. Figure 12d) showpextrum of ZnTPP as deposited as a reference.

No buffered solutions were used in these experisenavoid potential contaminants.
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4 Results

The experiments in this thesis can be divided imo major topics: porphyrins at solid/liquid
inferfaces and porphyrin adsorption on thin Mg@nél In addition, anhydride formation of phthalic

acid on a silver surface was investigated.

4.1 Porphyrins at solid/liquid inferfaces

The articles [P1] and [P2] were published basedesnlts obtained in the surface chemistry group of

Federico Williams in Buenos Aires, Argentina.

The main purpose of the experimental work wasnd fiut whether porphyrins adsorbed on a solid
surface exhibit the same reactivity as porphynmiamogeneous solution. To address this question,
three test reactions which were studied extensiveljquid medium®?°2*°***jyere conducted with
porphyrins adsorbed on a Au(111l) surface. The theskreactions are displayed in Figure 13: a)
metalation of 2HTPP free-base porphyrin with digsd|Zrf" ions, b) metal center exchange of Zn(ll)
metal centers with Cu(ll) ions and c¢) demetaladrznTPP in acidic solutions. All of the above-

mentioned reactions proceed through ion exchangdamsms.

a) Metalation:

+ M¥ — + 2H*
b) Metal center exchange:
c) Demetalation:
+ 2 H'——— + M

Figure 13.The 3 test reactions which were attempted witfasearporphyrins in the framework of this thesis.

Noteworthy, metalation of surface porphyrins inwam has already been conducted and is — opposed
to the ion exchange mechanism in liquid phase wknto proceed through a redox reaction in which
a metal atom is oxidized and incorporated intortfaerocycle, while the central protons are reduced

to form molecular K ****To our knowledge, there is only a single surfagerse study published on
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porphyrin metal center exchanfewhich also proceeds in a redox reaction, and molysion
demetalation yet. To induce the reactions, porphiayers deposited on Au(111) were exposed to
aqueous solutions according to the procedure destim Chapter 3.2.2.

Metalation [P1] was attempted by exposure of onenotayer of 2HTPP to 0.7 M zinc acetate
solution at room temperature for 2 h. The XPS tesare displayed in Figure 14. Before exposure (b),
the N 1s region of 2HTPP is characterized by twaakqrea peaks, representing the central aminic (-
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Figure 14. XP spectra of the N 1s, Zn 2p, and C 1s regiongapfthe clean Au(111) surface, (b) after 1
monolayer preparation of 2HTPP, (c) after exposheg2HTPP monolayer with 0.7 M ZnAc2 solution foh2
(d) after subsequent -annealing to 523 K for 5 rmimd (e) 1 monolayer ZnTPP on Au(111) referencetspe.

NH-) and iminic (-N=) nitrogen atoms, which is chtaristic for free-base porphyrins. After exposure
(c), a new feature (red) appears, located betweeihno free-base signals in binding energy and with
the combined area of the two, strongly indicatimat imetalation took place. This significant chaisge
accompanied by the depositon of zinc on the surfasesvident from the Zn Zpsignal. However,
another feature in the N 1s region (green) is dete@t lower binding energy, which has no
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counterpart in the spectrum obtained before exgoduaraddition, the C 1s intensity increases by
~80%. These two observations are due to coadsormfonitrogen-containing organics during
exposure to the liquid, as described in Chapter Bgdn annealing the sample in vacuum to 523 K
for 5 min, the contamination desorbs (d) and speane observed which agree very well with
deposited ZnTPP (e). Thus, it can be stated thatlifuid phase synthesis approach has been
successful on the surface. UPS measurements (oamnshere, see [P1]) resulted in very similar
spectra for 2HTPP before and after metalation. Aamdifference is the presence of a low-intensity
feature at ~0.9 eV below the Fermi edge before latia which disappears upon Zrcoordination.
It is speculated that this is due to localized immmtrogen — surface interaction that is weakemgon
N-Zn bond formation.

A similar exposure experiment was also conductetth wultilayers (~ 3 monolayers) of
2HTPP, resulting in a complete metalation, presuynbécause zinc ions are able to diffuse into the

multilayers.

After it has been shown that metalation from soluiis possible, the next step was to conduct almeta
center exchange. Exchanging zZn(ll) with Cu(ll) nhetanters in TPP’s has been shown to be
achieved easily in aqueous solution due to the sighility of CuTPP?® therefore the same exchange
was attempted in this thesis [P2]. ZnTPP monolagemsosited on Au(111) were exposed for 1 h at
room temperature to aqueous CuSOlutions of different concentrations. The staytipoint, the
ZnTPP monolayer, is displayed in the center if Fegl5 (a). After it has been exposed to\g
CuSQ solution, the peak area in the Zrg2pegion has decreased by ~90% , consistent witssadf
the metal center (b). The N 1s region still coss@dta single peak, apart from a small impuritykpea
that has been observed previously (Figure 14), hvinclicates a metalated and not a free-base
species. Simultaneously, a new signal in the Cy;, Bggion appears. Comparing the spectra with
reference spectra of a deposited CuTPP monolayAu@il 1) (e) shows that indeed CuTPP has been
produced. The N 1s signal is shifted by +0.3 e\th® binding energy position consistent with the
CuTPP reference spectrum.

We furthermore exposed the ZnTPP monolayer witihghdn CuSQ@-concentration, namely 1
mM (Figure 15c). The spectra show that the Zg,2pgnal now disappears completely, whereas a
higher degree of nitrogen impurities are detedmothermore, another peak in the Cy2gion is
visible at 932.0 eV binding energy, consistent vi@in(0), probably due to underpotential deposition
of Cu® and the Ctf peak is larger than expected. The latter couldureto additional CuSQhat
has not been rinsed away completely. Upon vacuumaimg to 523 K for 5 min, all impurities are

removed and a clean layer of CuTPP is yielded (d).

22



CuTPP

Zn 2py;
e)

b) '
. '
T . et b,
= ' 0 y !
c T~ aum cnso .~ NN NN
= {} 6uM CuSOypq {F {} 6uM CuSOyq {} 6uM CuSOypq
P ZnTPP s ZnTPP i ZnTPP ;'—!.
s ]
> d ]
= a) a) i 1
2 T NP U PR L KPS i
f'_,’ R o 2 N0 v""-?-"” {‘~\I~/:¢.-' -'-; ‘e n O X - |
o oahy - ) 1 Il
£ 1mM CuSOyq & £ 1mM CuSOyq) & 1 1mM CuSOyq O
\_'—l
c) <
AR N SN N
d) l 550K

oo B AN y
S I, TN N ppii T

[P (U NN SNPUN N ST | N | WU ST SN U R S | R ST N ST S
1028 1026 1024 1022 1020 1018 1016938 936 934 932 930 928 926 404 402 400 398 396 394

Binding Energy (eV)

Figure 15. XP spectra of the Zn 2p, Cu 2p,, and N 1s regions of 1 monolayer ZnTPP after dépason
Au(111) (a) and after exposure to an aqueous soluti either b) &M or ¢) 1 mM CuSQat room temperature
for 1 h. Included is also the spectrum after aringahe sample exposed to the 1 mM solution to KZ8r 5

min (d), and, as a reference, the spectra of ontager of CuTPP as deposited on Au(111) (e).

As a mechanism for the ion exchange, we proposmitas pathway to that in solution (Figure 18).
Throughout the exchange, an intermediate is forthatcoordinates both the incoming and outgoing
ion out of the macrocyclic plane (b). The surfacalld act as a ligand for the outgoing ion, as
displayed in Figure 16.

To test if the ion exchange is reversible we exgasee monolayer of CuTPP adsorbed on
Au(111) to a 10 mm aqueous solution of zinc acetawe no exchange was visible in XPS (data not

shown).

Since we have confirmed that metalation as welioasexchange at the solid/liquid interface is

possible as it is in homogeneous solution, the s&eqt was to attempt demetalation. At pH values
below 4 in solution, the Zn(ll) metal center can t@enoved from ZnTPP, yielding metal-free

porphyrins?®
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Solution Surface

Figure 16.A suggestion for an ion exchange mechanism onutface, where the surface acts as ligand for the

outgoing ion.

This led us to perform an experiment where we exgpdsmonolayer of ZnTPP to an acidic solution
of trifluoro-acetic acid (CFCOOH) of pH=1 for 1h at room temperature. The XB&ults are shown

in Figure 17. The top chart (a) shows the initlaédrum of ZnTPP and (b) the spectrum obtained
after exposure. For comparison, a reference spratfuree-base 2HTPP is displayed in the bottom
chart (c). Obviously, demetalation did not occureasglent from the Zn 2p signal which is still
present. Also the N 1s signal still consists oirgle peak after exposure (plus the expected impuri
peak at lower binding energy), and not of two peakdor a free-base molecule. Even though the
reaction product expected in solution would be gpwrin diacid (4HTPP), we expect to see
2HTPP in XPS because we rinsed the crystal afifgp®xe with neutral water. Even at pH=0 (results
not shown), no indication of demetalation was prgsestead the amount of impurity deposited on
the sample increased.

As metalation and metal center exchange occurréteagolid/liquid interface just as expected
from previous studies in homogeneous solution lemetalation did not, the need for a mechanistic
explanation arises.

Most but not all literature on the demetalation hatdsm agrees that it proceeds through a
specific intermediate, the sitting-atop complexg(fe 18b) leftf®°"*® In the sitting-atop complex,
the metal atom is located out of the porphyrin planhile being coordinated to two of the central

nitrogen atoms and four water molecules. The other nitrogen atoms are protonated with the
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protons intrans-position with respect to the metal center. For ERTadsorbed on Au(111), a zinc-
surface bond could be formed. It is possible thatditting-atop complex on the surface is therefore
stabilized significantly relative to the free-baesaction product.
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Figure 17. XP spectra of an attempt to demetalate one ZnT&molayer on Au(111) (a) by exposure to acidic
solution (pH=1) (b).

Solution Surface

Figure 18. The demetalation mechanism of porphyrins in sofufieft), forming a protonated porphyrin diacid,

and our suggested model for the surface reactight)r stopping at the SAT complex.

If this is the case, the sitting-atop complex cdugdthe stable form in acidic solution. As the tay&s
rinsed with neutral water after exposure, thergttatop complex would be deprotonated and the
initial molecule, ZnTPP, yielded and detected irSXP
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4.2 Porphyrin adsorption and reactions on MgO thinfilms

To address the second goal of the thesis, the @titsorand reactions of porphyrins on oxide surfaces
2HTPP [P3] as a prototype free-base porphyrin andRP [P4] as an example of a metalated
porphyrin were deposited on thin MgO films whichrergrown according to the procedure described
in Chapter 3.2.1. The article [P3], investigatihg tadsorption and reactions of 2HTPP on MgO thin
films was part of a funCOS-cooperation with Profiveér Diwald’'s group from the Department of

Material Science and Physics at the University azBurg, who did similar measurements on MgO
nanocubes.

Intensity (arb. unit)

404 402 400 398 396 394
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Figure 19.XPS measurements of different 2HTPP deposited o® Min films at room temperature and, as a
reference, MgTPP on MgO.

The measurements were also complemented with eéitmu$ from the group of Prof. Bernd Meyer
from the Computer Chemistry Center in Erlangengufé 19 shows room-temperature XPS N 1s
measurements of different 2HTPP coverages on a @@olayer MgO film conducted with a

monochromatized Al IKX-ray source in our home lab in Erlangen.

Surprisingly, the low-coverage spectrum shows glsipeak in the N 1s region and not the two well-
separated, equal area peaks that would be explectadree-base molecule. As discussed previously,
four equivalent nitrogen atoms in a porphyrin maledndicate a metalated species. It is known from
several studies that tetrapyrrole molecules canalatet with surface atoms on certain metal

substrated®* but self-metalation has never been observed odecsirfaces yet. Since MgTPP is
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known to be a stable molecule which can be alsaddn nature, the possibility that 2HTPP could
react with substrate-Mgions to form MgTPP has to be considered. InddeédgiTPP is deposited on
MgO (top spectrum of Figure 19), the binding enepggition of the N1s signal matches with that
obtained after depositing low coverages of 2HTP® mfore molecules are deposited, a second peak
appears at the binding energy of an aminic nitragiiitl-) of a free-base porphyrin and both peaks
increase simultaneously with coverage. Therefoeecanclude that only molecules up a coverage of
~0.5 monolayer are metalated and further depopieghyrins remain in their free-base form.

As described in Chapter 1.2, the self-metalationnogtal surfaces proceeds through the
oxidation of a metal atom from the surface and ihe@uction of the central protons inside the
porphyrin’s central cavity. On MgO, no metallic spes are present. Therefore, we suggest that the
reaction proceeds through an ion exchange, simsait is known to be the case in liquid phase
reactions. Table 1 shows calculated energy chafageseactions between 2HTPP and gpns
forming MgTPP and two OH groups at different suefasites. The calculations stem from Martin

Gurrath and Bernd Meyer from the Computer ChemiSemwter in Erlangen.

Corner Edge Step Terrace

AEM 4 eV] -1.65 -1.13 -1.52 +0.51

met

Table 1.Calculated energy changes for the MgTPP- and kytigyoup formation at different surface sites.

At terrace sites, the reaction is slightly endattier whereas it spontaneously happens at cornge, ed
and step sites. We therefore conclude that 2HTPgdwatrages below ~0.5 monolayer reacts with
Mg?" ions from corner, edge and step sites to form MgT®Rhereas at higher coverages, the
porphyrin remains in its free-base form due toltiveer mobility of the molecules at higher coverage
and blocking of the active sites.

The next step was to investigate an already methladrphyrin on MgO thin films [P4]. CoTPP was
chosen because it has been shown to be a promsatialyst when bound to a surface, for instance for
the reduction of nitric oxide and the oxidation @fanic alcohol$®® Figure 20 shows a room
temperature coverage series of CoTPP on an MgQ fiilhowed by synchrotron radiation XPS at the
endstation 109 at Diamond Lightsource, UK. The Qmp2multilayer signai" exhibits the typical
multiplet shape due to reasons discussed in Chagtet. A significant difference between multilayer
and submonolayer films is an additional contributio the submonolayer range which is shifted by -
2.2 eV with respect to the main signal. This intBsathat a fraction of molecules (~1/5) in thetfirs
CoTPP layer is able to interact electronically vtk surface, but the majority (~4/5) does notcesin
the largest fraction of the signal is similar tattfound in the multilayer. This finding is suppextby

the N 1s spectra, which show significantly largealpwidths in the submonolayer region as well as

an asymmetry towards the higher binding energy aidee spectrum.
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Figure 20. Coverage series of CoTPP on MgO(100). Coveragesndicated next to the columns in the unit

monolayer. The red spectrum corresponds to mudtitgythe blue to an almost completed monolayer.

Similar two-peak structures for metal centers wewmd for CoTPP and other tetrapyrolles adsorbed
on Au(111)**®* The authors explained this phenomenon by a latenation of surface electronic
structure, due to the herringbone reconstructiorAnfl11). On MgO, a similar explanation is
possible. The MgO valence band is dominated by @diributions and is therefore located at the
oxygen ion€? It is plausible that only CoTPP molecules thabadswith their Co(ll) center on top of
an oxygen ion can undergo an interaction with thlernce band. Indeed, a CoTPP unit cell in which
1/5 of molecules are adsorbed with their metalaredirectly on top of an oxygen ion is possible and
in agreement with previously found CoTPP unit celtsother substrat&3®* A drawing of that unit
cell can be found in [P4].

The signature of the interaction between the cabalial center and the MgO valence band is
also visible in UPS. In the region close to thenkieEdge (Figure 21 right chart), the multilayer
CoTPP spectrum shows the HOMO of CoTPP as expettéd2 eV binding enerdy,the MgO
reference spectrum displays no signal. The monol@ PP/MgO spectrum shows an additional
signal at 0.7 eV that has no counterpart in onthefother spectra and must consequently originate
from the interaction between CoTPP and MgO. In exgient with the XPS data, only a fraction of
molecules seem to contribute to that signal, smost of the intensity is still located at the CoTPP
HOMO position at 2.2 eV.
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Figure 21.UP spectra of a) CoTPP multilayers, b) 0.9 mored&@oTPP on a 10 monolayer MgO thin film and

¢) the pristine MgO thin film as a reference.

The next step was to investigate possible reactdnSoTPP at elevated temperatures. Figure 22
shows the evolution of XP spectra as a sample @ahPP multilayers (3.5 monolayers) on MgO are
heated to 550 K for 2 minutes. The carbon intergiiops to 0.35 monolayers, indicative of molecule
desorption. The carbon to nitrogen ratio stays twonsduring heating, which points to still intact
porphyrin molecules. This is a significant diffecencompared to the common behavior on metal
surfaces on which closed monolayers of porphyrins welded when heating to comparable
temperatures. The fact that the resulting covemgeMgO is much lower could indicate weaker
molecule-substrate interactions than on metal safest The remaining molecules remain on the
surface up to at least 650 K (Figure shown in [P#)esumably because they are interlinked
covalently by intermolecular C-C bond formation,ievhis likely to occur at these temperatures on
metal substrates:***"The signal in the Co 2pregion disappears completely (Figure 22 b), whike t

N 1s signal still consists of a single peak whipbaks for a metalated and not a free base porphyrin
The N 1s binding energy position is consistent WithTPP, as the reference measurement (Figure
22d) shows. Since we have seen before that frezjaphyrins can be metalated with ¥1gpns
from MgO ([P3]), it is tantalising to propose a mdetenter exchange between Co(ll) and Mg(ll),
especially when considering the very similar radithe two ion& and the fact that a metal center
exchange on a surface in vacuum has already bewlucied by Doyle et al., who exchanged nickel
metal centers of NiTPP with copp&rRecently conducted temperature-programmed desarpti
measurements (not shown) confirmed the formatiod@t PP, but unfortunately also the presence of
10 % 2HTPP impurities in CoTPP. Thus, we beliewefdrmation of MgTPP to be predominantly the
result of self-metalation of 2HTPP and not ion exale of CoTPP.

29



A |
C1s
hv =440 eV

——
Co 2p3;
hv =930 eV

CoTPP
3.5ML

1550K
0.35 ML
\ CoTPP CoTPP
5 0.4 ML 0.4 ML
) : J ¢)

hv = 1486 eV hv = 1486 eV

Intensity (arb. unit)

\ MgTPP MgTPP
0.5 ML 0.5 ML
L 1 1 1 L 1 1 d) n 1 il 1 1 1 d) " 1 N 1
788 784 780 402 400 398 396 292 290 288 286

Binding Energy (eV)

Figure 22. XP spectra of MgO with a) multilayer CoTPP, b3 #ame multilayer heated to 550 K for 2 minutes,
¢) 0.4 monolayer CoTPP and d) 0.5 monolayer MgTiRR¢ating the possible formation of MgTPP.

4.3  Anhydride formation on a silver surface

In order to develop functional devices based omuoigoxide interfaces, it is important to learn atbo
different ways to attach molecules to surfaces. @pi®n is use one or more functional linker grqups
e.g. carboxylic acids or phosphonates that can oeavalent link to the surface. As a model system
for a carboxylic acid functionalized porphyrin, weed phthalic acid (structural model depicted in
Figure 23). Besides from depositing it on MgO, wsoalid experiments on pure Ag(100). The results

turned out to be interesting and are presenteuisrchapter.

O

OH
OH

O

Figure 23. Structural model of phthalic acid.

Figure 24 depicts low-temperature XP O 1s and Gsfdectra obtained at the Material Science
Beamline at Synchrotron Trieste, Italy. They show thonolayer of phthalic acid deposited on
Ag(100) and heated stepwise to the indicated teatpeys for 2 min each. In the top chart, an Al K
multilayer spectrum is shown a reference. A congoarbetween the multilayer spectrum and the 110
K spectrum of 0.5 monolayer shows that they areatridentical, which confirms that molecules are
intact at 110 K. The O 1s spectrum can be desciiyetivo components with a 2:2 ratio, hydroxyl
oxygen at 533.6 eV and carbonyl oxygen at 532.5ie\4greement with previous XPS studies on
carboxylic acid$?’°The C 1s spectra show two peaks at 285.4 and 289.Which are assigned to
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the benzene carbon atoms and carboxylic carbonsat@spectively, with the expected intensity ratio
of 6:2. Upon heating, three stable reaction platezun be observed: 150-200 K, 250-300 K and 400-
450 K. The first plateau (150-200 K) is charactediby asymmetric peak shapes, indicating multiple
species. We will therefore start with the discussad the second plateau (250-300 K). The O 1s
signal can be described by two components in &&ti@ and the ratio of oxygen to carboxylic carbon
has changed from 4:2 (fixed ratio for phthalic adiol 3:2.2, indicating that the surface species at

250-300 K has one oxygen atom per molecule lessthiespecies at 110 K.

5 O
1s 0\040 C1s
|
110 K .,—/ 110 K
) ) i E:=O hv'= 650 eV' ) ) ) hv'= 380 eV '
E s\ 110 K

150 K]
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A\ 350K
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500 K

550 K

600 K
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Binding energy | eV

Figure 24.0 1s and C 1s Sychrotron Radiation-XP spectra®mML phthalic acid deposited on Ag(100) at 110
K and heated, stepwise, to 600 K. On the top, Alnkultilayer spectra of phthalic acid on Ag(100) depicted

as a reference.

Phthalic acid is known to react when heated to farrhydrides, and both of the above observations
agree with anhydride formation. If anhydride isnied, water should be released. Indeed, TPD
measurements conducted in our home lab in Erlaspew the evolution of water (m/z = 18) as

depicted in Figure 25. The main desorption featdioesphthalic acid are a peak at 150 K and a
shoulder at 170 K. The latter increases with cayerand develops into the dominating peak at ~4
monolayers, while the 150 K peak is coverage-inddpet and also present if phthalic anhydride is

initially deposited on the surface. We thereforsigrs the 150 K feature to residual gas water in the
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vacuum chamber which adsorbs on the sample at éompérature and the 170 K peak to water
formation as a consequence of anhydride formation.

If phthalic anhydride is formed, it might desorbhagher temperatures and give rise to a TPD
signal. Figure 26 shows TPD spectra of all spebetsveen m/z = 1 and m/z = 300 that could be
detected by our mass spectrometer while heatingsdéineple to 700 K: 18 (water), 44 (9078
(benzene), and 104 (phthalic anhydride) after déposof 0.5 ML phthalic acid (black) and 0.5 ML
phthalic anhydride (blue) on Ag(100).

T T T T T T T 7
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Figure 25. TPD spectra of water (m/z = 18) from phthalic adéposited on Ag(100) at 110 K at a heating rate
of 1 K/s. The topmost spectrum shows the correspgnsgpectrum of initially deposited phthalic anhiger

instead of phthalic acid.

Mass 104 was chosen for phthalic anhydride beciuwgas the most intense fragment. The spectra
after deposition of phthalic acid show desorptidnpbthtalic anhydride, supporting the idea of
anhydride formation. The 300 K desorption peaklisoat identical with the observed peak after
direct deposition of phthalic anhydride and thusassign it to adsorbed phthalic anhydride produced
by phthalic acid on the surface. However, the 458ekk is absent for the phthalic anhydride covered
surface, it must therefore be the decompositiodycbof another species.

At this point, it is important to state that thenfgeratures from the TPD and XPS measurements
cannot be compared directly. The XPS spectra wesnored at 110 K after heating the sample to the
indicated temperatures for 2 minutes each, whiet¢émperature was ramped at a rate of 1 K/s for the
TPD measurements. Furthermore, at the endstatitmedflaterial Science Beamline, where the XPS
data was collected, the sample temperature wasumashwvith thick thermocouples in contact with

the backside of the crystal which does not allowdo optimal contact. Therefore, the indicated
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temperatures are lower than the actual temperatioedirect comparison, we performed additional
TPD measurements where the heating was stoppe80aiK 3and 495 K (green and orange vertical
lines in Figure 26), cooled back down and meastimedO 1s XP spectra that are displayed in the
insets in Figure 26. A comparison with Figure 24wé that the spectrum after heating to 330 K
corresponds to the second plateau in Figure 24-39B0K) and the one after heating to 495 K to the
third plateau (400-450 K).

L] . L] o L ] L] L L] -
0.5 ML / Ag(100)

— Phthalic Acid 1K/s

Phthalic Anhydride

Intensity / arb. unit

iy 180

x100
al PR B |

200 300 400 500 600 700
Temperature / K

Figure 26. TPD spectra of water (m/z = 18), CO2 (m/z = 44ntene (m/z = 78) and phthalic anhydride
(fragment with m/z = 104) from 0.5 ML phthalic adiolack lines) and 0.5 ML phthalic anhydride (blirees)
on Ag(100) at 1 K/s. m/z = 180 is an unknown congarwith very low intensity.

Since phthalic anhydride already desorbs at 300 thé TPD spectrum, the species characterized by
the inset in Figure 26 after heating to 330 K carbeophthalic anhydride. Nevertheless, the 2:Drati
in the O 1s region and the oxygen to carbon ragterthined by XPS points towards an anhydride.
The puzzle can be solved as follows: it is reaslen&d assume that that the phthalic acid
molecules form hydrogen bonded networks on theasarat low temperature which leads to a close
vicinity of adjacent molecules. Thus, we proposat tanhydride formation does not only occur
between two acid groups in one molecule, but atgeéen groups of adjacent molecules which leads
to the formation of dimeric- and/or polymeric anhgés. Polyanhydrides are water-soluable
polymers that are used, for example, for drug eejiwithin the body! In XPS, polyanhydrides
would show the same signature as monorffesit would not desorb, instead decompose at higher
temperatures. We therefore believe that the obdeamdydride formation between 110 and 150 K

produces both monomeric and polymeric anhydrides (Sigure 27). The former desorb at 300 K

33



(TPD) while the latter remain on the surface arg @vserved in the second plateau in Figure 24.
Consequently, the first plateau in Figure 24 cqoesls to a mixture of phthalic anhydride and
polyanhydrides, we fitted the O 1s and C 1s spetteaefore with two components of the same
splitting and the same width (exact numbers inJP5]

In Figure 26, two additional features are visibétoly room temperature, which we attribute to
contamination. CQ(44) degasses from the Mo-heating wires and timzdree peak (78) is close to
the desorption peak of pure benzene from Ag(111).is likely that it originated from benzene
coadsorption from the residual gas, presumablyiratmg from the phthalic acid/ anhydride
evaporator.

The third plateau in Figure 24 is observed from-480 K and corresponds to temperatures
above 495 K in TPD. The O 1s signal consists ofngls, narrow peak consistent with a single
oxygen species. The binding energy shift speaks foarboxylate species (CQ8B™ which would
explain the measured oxygen- to carboxylic carfadio of 2:1.3 that is close to the expected 2:1afor
carboxylate. This is also in agreement with a mesistudy on Cu(110), where phthalic anhydride
was found to form carboxylates upon heatih@he carboxylic carbon to aromatic carbon ratio of
1:6.3 indicates one carboxylic acid group per beazéng. The loss of carbon is reflected in the TPD
spectrum (Figure 26) as desorption of phthalic dridg at 450 K. The carboxylate could be upright
standing, as previously observed for different oaytates on coppé€f;’’ or flat-lying with adatoms
linking adjacent carboxylate groups together, aseolked for other system’®
Upon heating above 450 K, first oxygen and thertb@ardisappears from the surface (Figure 24).
This observation is in line with the TPD measuret®avhich show desorption of G@nd benzene
above 500 K. As the amount of carbon remaining lmm durface is much lower than expected
considering the hydrogen balance of the mentioeadtions, we suggest that the missing carbon is

lost by diffusion into the bulk of the Ag(100) ctgs All reactions are summarized in Figure 27.
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Figure 27.Proposed reaction scheme for the temperature-depéereactions of phthalic acid on Ag(100).
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5 Conclusion

In the present thesis, porphyrin reactions at Aiwjidd interfaces and on magnesium oxide surfaces
were investigated with X-ray photoelectron spectopy (XPS) and ultra-violet photoelectron
spectroscopy (UPS). The temperature-dependentioracbf phthalic acid on Ag(100) were

investigated using a combination of XPS and tenmpezgprogrammed desorption (TPD).

The main purpose of the experimentsaltd/liquid interfaces was to find out if porphyrins adsorbed
on a surface react the same way as porphyrins Horrogeneous solution. To target this issue, three
test reactions that have been studied extensiuneiguid phase were performed by exposing surface

porphyrins on a Au(111) single crystal to agquealsti®ns:

1) Metalation of 2HTPP free-base porphyrins witksdived zinc ions,
2) Exchange of the Zn(Il) metal center of ZnTPFw@u(II)

3) Demetalation of ZnTPP in acidic solution.

It was found that metalation and metal center exghahappen spontaneously at room temperature
just as they would happen in liquid phase. Howewar, did not observe any demetalation, even
though the pH values of our solutions were acidiough to have demetalated the porphyrin
instantaneously in homogeneous solution. We explan finding by a stabilization of the reaction

intermediate through surface coordination of thigomg ion.

Uponadsorption on MgQO, it was found that low coverages of 2HTPP reacbain temperature with

Mg?*-ions from step, corner and edge sites to form M BRd hydroxyl groups. This represents a
new finding, because porphyrin metalation by sabstatoms was previously only reported on metal
surfaces, where a surface atom is oxidized andpocated into the porphyrin macrocycle. On MgO,

the reaction has to proceed as an ion exchang#aisas it does in homogeneous solution.

Already metalated porphyrins, CoTPP, adsorb in different modes on MgO surfaces. A fraction
shows a strong electronic interaction, presumati§pebing on-top of oxygen ions, while the majority
shows no electronic interaction with the surfacééWthe sample is heated to 550 K, most molecules
desorb, indicating a weaker molecule-surface bdrah ton most metal surfaces, where a closed

monolayer remains at these temperatures.

Furthermore, the temperature-dependent reactioptbélic acid on Ag(100)were followed using a
combination of temperature programmed desorpti®tD)Tmeasurements and high-resolution XPS. It
was found that intermolecular as well as intramal@c anhydride formation takes place. The

monomeric anhydride desorbs at 300 K, while thgmpel remains on the surface and reacts at 490 K
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to form a carboxylate. The carboxylate decompos&sbenzene and GQOeaving only little carbon

on the surface at 650 K.
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6 Outlook

Further experiments on the solid/liquid interfacsuld include other surfaces than Au(111l) to
investigate whether the surface has an influencghenporphyrin reactivity towards metalation,
demetalation and ion exchange. Another interestigeriment would be to attempt demetalation
with upright standing porphyrin molecules that ddmot be able to form a stabilized intermediate by

surface coordination because their central casitpo far away from the surface.

Concerning experiments on oxide surfaces, researsheuld move on towards anchoring porphyrins
covalently. Different types of linker groups shole investigated in order to achieve a high level o
control over molecule-substrate interactions an@regby molecule orientation, site-specific

adsorption, thermal stability etc. Furthermore, theearch should be extended to different oxide

surfaces with high potential for applications sashTiQ and CoO.
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7 Zusammenfassung

Im Rahmen der vorliegenden Arbeit wurden die Realdin von Porphyrinen an flissig/festen
Grenzflachen und auf Magnesiumoxid-Oberflachen sowin Phthalsdure auf Ag(100) mit Hilfe von
Rontgen-Photoelektronenspektroskopie (XPS), UltdatiPhotoelektronenspektroskopie (UPS) und

Temperatur-programmierter Desorption (TPD) untensuc

Das Hauptziel der Experimente #iissig/festen Grenzflachenwar herauszufinden, ob an festen
Oberflachen adsorbierte Porphyrine die gleiche Rét#it wie Porphyrine in homogener Ldsung
aufweisen. Um das zu Uberprifen wurden drei Tddimeen, welche zuvor bereits ausfihrlich in
flussiger Phase studiert worden, herausgegriffed ot adsorbierten Porphyrinen auf einem
Au(111)-Einkristall durchgefihrt:

1) Metallierung von 2HTPP freie-base Porphyrinehgridsten Zinkionen
2) Austausch des Zn(ll) Metallzentrums in ZnTPPcucu(ll)
3) Demetallierung von ZnTPP in saurer Lésung

Es stellte sich heraus, dass Metallierung und Nietatrenaustausch bei Raumtemperatur ebenso
stattfinden wie in homogener Lésung, es konnte dtmne Demetallierung in saurer Losung
nachgewiesen werden. Obwohl die verwendeten pHa&Vsot niedrig waren, dass in homogener
Losung sofort eine Demetallierung stattgefundertehdblieb das Zn(ll) Metallzentrum an das
Porphyrin koordiniert. Eine mdgliche Erklarung istass das austretende lon an die Oberflache

koordiniert und das Reaktionsintermediat daduralksjegeniiber dem Produkt stabilisiert wird.

Beim Abscheiden auf Magnesiumoxidstellte sich heraus, dass 2HTPP bei niedrigen &etgen

mit Mg*-lonen an Stufen, Ecken und Kanten unter der Bidwon MgTPP und Hydroxylgruppen
reagiert. Das ist insofern eine neue Erkenntngsgdabks Porphyrin Metallierung durch Substratatome
bisher nur auf Metalloberflachen beobachtet wurdepei ein Metallatom oxidiert und vom
Porphyrin Makrozyklus aufgenommen wird. Auf Magnesoxid muss die Reaktion hingegen als ein

lonenaustausch ablaufen, &hnlich wie es in homadgiging der Fall ist.

Metalloporphyrine, CoTPP, adsorbieren in zwei wthkiedlichen Adsorptionsmodi auf MgO. Ein
Teil der Molekile weist eine starke elektronischeedhselwirkung mit der Oberflache auf,
moglicherweise durch eine Adsorption des Metallmens direkt auf einem Sauerstoffanion des
Oxids. Der grofite Teil der Molekile zeigt jedochinkeelektronische Wechselwirkung mit dem
Substrat. Beim Heizen der Probe auf 550 K desabiéast alle Molekile, was auf eine schwéchere
Molekil-Substrat Wechselwirkung hinweist als dies Wletalloberflachen der Fall ist. Bei letzteren

bleibt beim Heizen auf vergleichbare Temperatuiea geschlossene Monolage zuriick.
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Zusatzlich wurden die temperaturabhangigen Readtioron Phthalsaure auf Ag(100)mit einer
Kombination aus TPD und hochauflésender XPS eriisshlt. Es stellte sich heraus, dass sowohl
intra- als auch intermolekulare Anhydridbildungtttadet. Das monomerische Anhydrid desorbiert
bei 300 K, wahrend das polymerische auf der Obaréidzurick bleibt und bei 490 K unter Bildung
eines Carboxylates reagiert. Das Carboxylat zdrseizh unter Bildung von Benzol und

Kohlendioxid, wahrend ein kleiner Teil des Kohlaffst auf der Oberflache zurlick bleibt.
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