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1. Introduction 

 

'Physicists and chemists perceive one similarity within the rain of Ireland, the Red Sea, the 

Titicaca Lake and the dew in my garden: It is always H2O!' 

(Michel Tournier, french writer) [1] 

 

Beyond the literary merit of this phrase, I want to draw the reader's attention to the common 

building block, namely water. We already know the physical and chemical properties of water 

on a fundamental level [2-4] and can therefore easily explain the different appearances; a 

single drop (rain), homogenous fluid (sea) or the liquid film that covers the surface of a leaf 

(dew). Hence, once properties are understood on a fundamental level that knowledge can be 

applied to many, seemingly very different, systems and used to get new insights in those 

systems. 

One prominent group of organic building blocks that, just as water, is important in our daily 

life is the tetrapyrroles. The reason for their importance can be found in the molecular 

structure, which consists of four pyrrole-like rings linked by methine bridges (depicted in 

Figure 1).  

 

 

Figure 1: Space filling models of 2H-tetraphenylporphyrin (2HTPP), 2H-phthalocyanine (2HPc) and 

2H-tetrakis-(3,5-di-tert-butyl)-phenylporphyrin (2HTTBPP). 
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The resulting carbon framework has a delocalized -electron system and obeys Hückels` rule 

of aromaticity [5-7]. One well-known member of the tetrapyrroles is the porphyrin, the main 

focus of this thesis. For biological processes, mostly metalloporphyrins are relevant, i.e. 

porphyrins that have a metal atom coordinated in the central cavity. A prominent example is 

the Fe-porphyrin derivative in hemoglobin [8, 9], where the central iron atom is able to bind 

oxygen and is, thus, responsible for oxygen transport in mammals. However, carbon 

monoxide (CO) also binds to the metal center of the iron porphyrin, and, because CO has a 

higher affinity to the iron center than oxygen, oxygen is competitively replaced, and we can, 

thus, explain why the inhalation of carbon monoxide leads to asphyxiation [10-14]. The 

knowledge of the reactivity of the central metal atom towards small molecules has already 

successfully been used for biomimetic catalysts, e.g. to the reduction of oxygen with either 

Fe-porphyrin like carbon nanotubes [15] or Pt-porphyrins [16] or to sensor applications [17, 

18].  

Due to their large delocalized -electron system, tetrapyrroles have intense light absorption 

bands in the visible region, which cause their bright colors. This characteristic is also the 

origin of the name porphyrin, from the Greek word porphyros, meaning purple. By attaching 

suitable ligands, the light absorption properties can be modified. Prominent examples in 

nature are Cu-porphyrins, which cause the brown-red color of the flight feathers of the 

tropical bird family Musophagidae [19] and the green Mg-porphyrin derivative, responsible 

for light absorption in chlorophyll [20, 21]. Porphyrins can also be found as photon converters 

in solar cells [22-25] and active substance in medical photodynamic therapy [26, 27].  

However, we have not yet arrived at a complete fundamental understanding of these 

molecules. The present study concentrates on two fundamental reactions not yet fully 

understood, namely the metalation and the dehydrogenation of tetrapyrroles on metal 

surfaces. The investigated systems include three tetrapyrrole molecules, namely 2H-

tetraphenylporphyrin (2HTPP), 2H-phthalocyanine (2HPc) and 2H-tetrakis-(3,5-di-tert-butyl)-

phenylporphyrin (2HTTBPP), on Cu(111) and Ag(100). The main investigative methods used 

were X-ray photoelectron spectroscopy, to study the adsorbed reactants and reaction products, 

and mass spectrometry, to study the volatile reaction products. 
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2. Preliminary Work 

2.1 Adsorption Behavior of Tetrapyrroles on Metal Surfaces 

The interaction of large organic molecules, such as tetrapyrroles, with metal surfaces is 

typically dominated by van der Waals interactions. In order to maximize the van der Waals 

interactions, the molecules, therefore, usually adsorb with the macrocycle parallel to the 

surface [28]. The adsorbed molecules are also often slightly deformed compared to the gas 

phase conformation, with inert side groups, such as phenyl and tert-butyl, rotated and/or bent 

away from the surface while more reactive groups, such as imine (-N=), bent down towards 

the surface [29-55]. The lateral ordering of the molecules is usually determined by a 

competition between molecule-substrate interactions and molecule-molecule interactions [29-

55]. For 2HTPP on Ag(111) and Au(111), the molecule-substrate interaction is weak and T-

type interactions between the phenyl groups of neighboring molecules dominate, producing a 

well-ordered, long-range square lattice [37, 56-58].  

Due to coadsorption of small molecules, such as NO, the long-range order of porphyrins can 

be modified. Buchner et al. reported that Co-tetraphenylporphyrin (CoTPP) on Ag(111) is 

arranged in a quadratic lattice at room temperature, with a unit cell of 1.91 nm
2
. Upon high 

NO exposure (at room temperature), CoTPP reorganizes and a number of well-ordered 

intermixed NO+CoTPP phases are formed, while the size of the unit cell is increased up to 

3.16 nm
2
. This behavior can be interpreted as due to attractive lateral dipole-dipole 

interactions between the two species [57]. 

For 2HTPP on Cu(111), the molecule-substrate interaction is stronger and the imine groups 

bend down towards the surface deforming the molecule [31, 32, 34, 38, 39, 50, 52, 54, 59]. 

The stronger molecule-substrate interaction also pulls the molecule down towards the surface, 

forcing the phenyl rings to tilt further and become almost parallel to the surface, preventing 

the T-type interactions between phenyl rings of neighboring molecules [38]. The combination 

of the stronger localized covalent bond between the iminic nitrogen atoms and the surface and 

the weaker T-type interactions means that, at low coverage, 2HTPP adsorbs on Cu(111) as 

individual molecules aligned along the substrate rows, but without any long range ordering. 

At coverages above 0.37 molecules/nm
2
, an ordered checkerboard structure begins to form 
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with every second molecule elevated slightly above the surface, allowing stabilizing T-type 

interactions between the elevated molecules and the lower molecules [34]. As 2HTPP 

metalates on Cu(111) to CuTPP, the interaction between the iminic nitrogen atoms and the 

surface is lifted, pushing the molecule away from the surface, allowing the phenyl rings to 

rotate and form T-type interactions between neighboring molecules. As a consequence, 

CuTPP forms ordered square islands on Cu(111), but the weak interaction also makes the 

molecules highly mobile on the surface, and the islands will coexist with a 2D gas phase that 

is too mobile to be imaged at room temperature with STM [32, 38, 52].  

It is, furthermore, possible to form extended networks by forming covalent bonds between 

molecules, such as the C-Cu-C coupling of neighboring porphyrins on Cu(110) or Au(111) 

[60, 61].  

2.2 Metalation of Tetrapyrroles on Metal Surfaces 

Tetrapyrroles exist as free-base molecules, as depicted in Fig. 1, or as metalated molecules, 

where the two central aminic protons have been replaced by a central metal atom. Many 

metallotetrapyrroles can be deposited directly on surfaces, but, some reactive 

metalloporphyrins, such as FeTPP often require stabilizing ligands in air. By instead 

metalating the porphyrins in situ, on the surface, such ligands can be avoided [42].  

Metalation: 2HTPP + M (metal)  MTPP+ H2  

The metal atoms can either be co-deposited on the surface together with the tetrapyrrole 

molecules or in the case of metal substrates be extracted directly from the surface; the latter is 

also called self-metalation [50-52, 62, 63]. XPS and STM measurements have demonstrated 

metalation with cobalt, iron, zinc, copper, nickel and cerium [30, 31, 33, 36, 41-52, 62, 63]. 

Utilizing an STM tip, even metalation with Ag was possible [64]. Metalation is easily 

followed by XPS, as depicted in Figure 2 for the self-metalation of 2HTPP on Cu(111).  
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Figure 2: As 0.41 molecules/nm
2
 2HTPP metalate on Cu(111), the two N 1s photoemission peaks, 

corresponding to the two nitrogen species of 2HTPP, aminic (=N-) at 398.55 eV and the iminic (-NH-) 

at 400.05 eV, merge into the single peak of CuTPP, where all four nitrogen atoms are equivalent. 

Free-base tetraphenylporphyrin (2HTPP) contains four nitrogen atoms, two aminic (-NH-) 

and two iminic (=N-) nitrogen atoms, easily distinguished in XPS, because of the different 

local chemical environments, see Figure 2. Upon metalation, the two N 1s photoemission 

peaks of 2HTPP merge into the single peak of CuTPP (Cu···N), where all the four nitrogen 

atoms are bound equally to the central metal atom and are therefore chemically equivalent.  

What little is known about the reaction pathway of the metalation reaction has been provided 

by Density Functional Theory (DFT) calculations by Shubina et al. of metalation in the gas 

phase, which is exemplarily depicted in Figure 3 for the metalation of 2HP with Co [48, 59, 

65]. For the gas phase metalation pathway of 2HTPP with Fe, Co, Ni, Cu and Zn it is reported 

that first the metal atom coordinates to all four nitrogen atoms, while the aminic nitrogen 

atoms retain their bonding to the hydrogen atoms.  
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Figure 3: Scheme of the energy profile of the gas phase metalation of 2HP with Co [48]. 

Subsequently, a two-step reaction happens, where the two aminic hydrogen atoms are 

consecutively transferred onto the metal center, recombine there and desorb as H2. The largest 

energy barrier was found for the transfer of the first hydrogen atom onto the metal center [48]. 

The last chapter of this thesis will address the first intermediate in the case of metalation of 

2HTPP with Fe. 

.
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3. Experimental Methods 

In this chapter, the theoretical background of X-ray photoelectron spectroscopy (XPS) and 

temperature-programmed desorption (TPD), also known as thermal desorption spectroscopy 

(TDS), will be introduced. Afterwards, the ultra-high vacuum apparatus and sample 

preparation will be presented. 

3.1 X-ray Photoelectron Spectroscopy (XPS)  

The subsequent chapter is dedicated to give a more detailed description of XPS, a surface 

sensitive characterization method. 

3.1.1 Photoemission Process  

XPS is a well-established surface investigation method, based on the photoelectric effect [66]. 

Upon irradiating a surface with X-ray photons, photoelectrons are emitted and collected with 

an electron energy analyzer. Knowing the photon energy h·, the measured kinetic energy of 

the excited electron in the analyzer, and the analyzer work function (s), the initial binding 

energy (EB) of the electron can be calculated as follows: 

EB = h· - Ekin - s. 

Since the energies of the deeper lying atomic orbitals are distinct for each element, the 

binding energies calculated can be used to identify and quantify the elements present on the 

surface. Changes in the local chemical environment affecting the electron density (e.g. a 

change in oxidation state) will, furthermore, shift the atomic orbitals slightly up or down in 

energy because of simple electrostatic interactions. These “chemical shifts” are usually in the 

range of few electron volts. 

The surface sensitivity of XPS is determined by the inelastic mean free path () of the emitted 

photoelectron, which is the average distance the photoelectron will travel through matter 

without losing energy. It is a function of the kinetic energy of the photoelectron and is 

described by the “Universal Curve” [67], depicted in Figure 4. Limiting the kinetic energy 
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range of the photoelectrons to 50-1500 eV, as done by all experiments within this thesis, gives 

a mean free path of less than five nanometers and therefore a high surface sensitivity. 

 

Figure 4: The “Universal Curve”, showing the inelastic mean free path as function of the kinetic 

energy of electrons [67]. 

3.1.2 Composition of an XP-Spectrum 

An XPS spectrum of a clean Cu(111) surface is depicted in Figure 5. The XP features, caused 

by photoelectrons, are typically the most intense and most narrow lines (main lines) on top of 

a broad background. The background is caused by primary photoelectrons that have been 

inelastically scattered and lost energy. They have sufficient energy to leave the sample, but 

contribute due to their energy loss to the background at the higher binding energy side of the 

main line.  

From Figure 5, we observe two Cu 2p photoemission peaks (2p1/2 and 2p3/2). This is known as 

spin-orbit splitting, yielding to two states, with a total angular momentum (j) of each state j = 

1/2 and j = 3/2, respectively. The intensity ratios are based on the degeneracy of each state, 

i.e. the number of all possible combinations to generate the total j value (2j + 1). This results 

in an intensity ratio of 2:4 for Cu 2p1/2 : Cu2p3/2.  

When an atom already has an unpaired electron before the core hole is created, very 

complicated peak structures, known as multiplett splitting, may occur. The actual mechanism 

is quite complicated and is still under scientific discussion [68-71]. To put it simply, the 
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coupling mechanism can be explained as follows: after creating a core hole, the unpaired 

electron in the core level can couple with the unpaired electron in the outer shell, giving rise 

to several energetically different final states, which then lead to complex peak patterns.  

The XP spectrum in Figure 5 also has three very broad peaks (Cu LMM, LMV and LVV). 

These are Auger peaks. After the photoelectron has left the sample, the vacancy can be filled 

by a second electron from a higher energy level, releasing energy either as a photon (X-ray 

fluorescence) or a third electron which leaves the atom (Auger decay). The kinetic energy of 

the Auger electron is, thereby, independent of the photon energy used to create the core hole 

and depends only on the energy levels of the three electrons involved. For inner core holes of 

heavier elements X-ray fluorescence dominates, whereas for lighter elements and outer 

orbitals of the heavier elements the Auger process dominates. 

 

Figure 5: XP spectrum of a clean Cu(111) surface, within the respective XP features are labeled. 

Besides the aforementioned features, a photoelectron spectrum may contain partial intensities 

from other processes. As not all processes are relevant for the current thesis, the interested 

reader is referred to the textbook of Hüfner [72] and Oura et al. [73]. 

To identify or quantify different chemical states, which are very close in energy and therefore 

not properly resolved, overlapping features must be deconvoluted, which is done by fitting 

multiple peak functions to the data. The measured shape and width of a XPS peak, is a 

convolution of several contributions, such as: the shape and line width of the excitation 
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source, the line shape and width of the photoemission process and the resolution of the 

analyzers [72]. The line shape of the Al-K emission line can be approximated by a 

Lorentzian function, having a line width ∆𝐸𝑋−𝑟𝑎𝑦 of 0.85 eV before and 0.20 eV after the 

monochromatization. The intrinsic line shape of the photoemission process can also be 

described by a Lorentzian curve. The width of the signal ∆𝐸𝑁𝐿𝑊 is inversely proportional to 

the lifetime of the core hole and can therefore be estimated by the uncertainty principle 

[110] as follows: ∆𝐸𝑁𝐿𝑊 = h/. For a lifetime = 10
-15

 s, the intrinsic line width of the 

photoemission process becomes 0.7 eV. The lifetime, generally, decreases with increasing 

binding energy. The detection of the photoelectrons in the analyzer results in a distinct 

perturbation of the photoelectrons and can be described by a convolution of the initial 

Lorentzian with a Gaussian function. The Gaussian broadening is thereby given by the 

resolution of the analyzer (∆𝐸𝐴 = 0.1 eV). Thus, the line shape of a XP peak is well 

represented by a convolution of a Lorentzian and a Gaussian function (Voigt profile) [72, 

109]. As the convolution is computational costly, often the simple linear combination of these 

two functions is applied (pseudo-Voigt) [109, 111]. This procedure is more applicable as it 

numerical less costly. The normalized pseudo-Voigt function can be described as follows 

[109]:  

𝑓𝑝𝑉(𝑥) = (1 −  )𝑓𝐺(𝑥; 𝑦𝐺) +  𝑓𝐿(𝑥; 𝑦𝐿) 

With 𝑓𝐺(𝑥; 𝑦𝐺) and 𝑓𝐿(𝑥; 𝑦𝐿) the normalized Gaussian and Lorentzian function and  a 

weighting factor with possible values between 0 and 1.  

3.1.3 Coverage Determination with XPS  

Besides qualitative information (Chapter 3.1.1-3.1.2) also the quantity of the respective 

elements can be determined by XPS. However, in a typically experiment where a substrate B 

is covered by a film of A, see Figure 6, the attenuation of photoelectrons from B travelling 

through A has to be considered.  
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Figure 6: Schematic illustration of a homogenous grown film A with a thickness x on a substrate B. 

The number of electrons that after having travelled a length d reach the surface without 

having lost energy are attenuated according to Lambert Beers` law:  

𝐼 = 𝐼0 exp (− 
 𝑑

𝜆
)  

I is the intensity at the surface, I0 is the intensity at the depth d and  is the inelastic mean free 

path. Electrons, which travel along trajectories at an angle to the surface normal, have to 

travel a distance that equals d = 
𝑥

cos
 where x is the thickness of layer A.  

𝐼 =  𝐼0 exp (−  
𝑥

 𝑐𝑜𝑠
 ) 

The absolute intensity of photoelectrons originating from a homogenous grown film A on a 

substrate B, as it can be found by a layer-by-layer growth mode, can be calculated as follows: 

𝐼𝐴 =  𝐼𝐴∞
[1 − 𝑒𝑥𝑝 (−

𝑥

𝜆𝐴 𝑐𝑜𝑠
 )] 

The intensity IA is a measured value and corresponds to the quantity of a specific element, 

which is only present in the film A, such as the C 1s intensity of an organic film grown on a 

metal substrate. 𝐼𝐴∞
 is the intensity of the pure bulk matter of A, i.e. the intensity value if the 

film thickness of A increases to infinity. This value can be experimentally measured by 

increasing the coverage of A till the count rate saturates at its maximum value. For the 

attenuation of the substrate intensity by covering the surface with and film A, the layer 

thickness can be estimated as follows: 
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𝐼𝐵 =  𝐼𝐵∞
 𝑒𝑥𝑝 (−

𝑥

𝜆𝐵 𝑐𝑜𝑠
) 

Calculating the coverage from absolute intensities involves a risk, as changing the sample 

position (distance to analyzer, emission angle) or a change in the photon flux affects the 

absolute intensities. To minimize these errors, it is usual to use intensity ratios, as the ratios 

will not change if the position or photon flux changes. For a layer of A on B, as in Figure 6, 

the intensity ratio can be written as: 

𝐼𝐴

𝐼𝐵
 =  

𝐼𝐴∞
[1 − 𝑒𝑥𝑝 (−

𝑥
𝜆𝐴𝑐𝑜𝑠

)]

𝐼𝐵∞
𝑒𝑥𝑝 (−

𝑥
𝜆𝐵𝑐𝑜𝑠

)
≈  

𝝈𝑨 [1 − 𝑒𝑥𝑝 (−
𝑥

𝜆𝐴𝑐𝑜𝑠
)]

𝝈𝑩 𝑒𝑥𝑝 (−
𝑥

𝜆𝐵𝑐𝑜𝑠
)

 

The resulting equation is a good approximation to calculate the relative coverage of an 

adsorbate film. The atomic sensitivity factor σ of different elements are based on empirical 

data sets and can be derived from literature, e.g. from Wagner et al. [74]. If the literature 

value of the sensitivity factors is applied to estimate the quantity of elements, the 

experimental settings as reported in literature should be applied.  

For thin layers and photoelectrons with high kinetic energy, attenuation becomes negligible 

and the coverage becomes proportional to the ratio 
𝐼𝐴

𝐼𝐵
 . Hence, if a known coverage can be 

created and measured, the proportionality constant can be determined and used to calculate 

any unknown coverage. When multilayers of 2HTPP are deposited on Cu(111) and heated 

above 550 K, the molecules in the multilayers desorb, but 0.46 molecules/nm
2
 remain on the 

surface, independent of the initial coverage, even upon heating to 1000 K. The exact number 

of molecules remaining on the surface was determined by Michael Stark and Dr. Stefanie 

Ditze in the group of PD Dr. Hubertus Marbach by counting the remaining molecules in STM 

images after heating to 550 K at 2 K/s for 2 minutes and immediately cooling back down to 

room temperature afterwards. 

3.2 Temperature-Programmed Desorption (TPD) 

Metalation of tetrapyrroles has a very clear signature in XPS, see Figure 2, but one high 

quality N 1s spectrum can take up to four hours, especially for low coverages. Recording a 
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heating series would, therefore, be extremely slow and the risk of beam damage, i.e. photon 

induced reactions, very high. For 2HTPP on Cu(111), we observed beam damage already 

after 6 hours. Dehydrogenation is very difficult to see in XPS, as only small shifts in the C 1s 

spectrum are expected and hydrogen itself cannot be detected, due to its small cross section 

[75, 76]. This leads us to temperature-programmed desorption (TPD). Recording one TPD 

spectrum is typically fast (10 minutes) and it is a very suitable technique to investigate the 

evolution of hydrogen both during metalation and dehydrogenation. 

3.2.1 Principle of TPD  

TPD is a surface science technique used to follow reactions that produce desorbing molecules. 

The principle is rather simple. As the temperature is increased high enough to overcome the 

activation energy barrier of the given reaction involving desorption, the desorbing products, 

and thereby the reaction rate, can be detected with a mass spectrometer [77]. Figure 7 shows 

the hydrogen evolution from the metalation and dehydrogenation of 0.72 2HTPP 

molecules/nm
2
 on Cu(111).  

 

Figure 7: Hydrogen evolution from 0.72 2HTPP molecules/nm
2
 on Cu(111). 

If the residence time of the molecules in the mass spectrometer is low enough (that is at high 

pumping speed), the measured intensity is directly proportional to the reaction rate, which is 

described by the differential equation by Polanyi-Wigner. Assuming that metalation and 

dehydrogenation are both first order reactions, the equation becomes:  
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𝑟 () =  
−𝑑

𝑑𝑡
=  𝑣𝑑  2𝐻𝑇𝑃𝑃

  exp (
−𝐸𝑎

𝑅𝑇
) 

with r the reaction rate, 𝑣𝑑 the pre-factor, 2HTPP the coverage of 2HTPP, and Ea the activation 

energy for the reaction, R the gas constant, T the sample temperature.  

3.2.2 Analysis Methods for TPD Spectra 

TPD is a good way to get information about reaction temperatures and how many and which 

molecules desorb during a reaction. However, to get more detailed information of the reaction 

kinetics, e.g. the activation energy and the pre-factor, analysis methods based on the Polanyi-

Wigner equation have to be used [78-85].  

The method according to Habenschaden-Kippers, better known as leading edge analysis, 

considers that the pre-factor 𝑣𝑑 and the activation energy may both depend on coverage [79]. 

To keep both parameters constant, a small temperature window at the high coverage side of 

the TPD spectrum is analyzed, i.e. the leading edge of the spectrum, where the desorption rate 

and thereby the change in coverage is minimal. The resulting Arrhenius plot gives a straight 

line with slope - 
𝐸𝑎

𝑅
 and intercept ln() + ln(𝑣). The disadvantage is that the method requires a 

good signal-to-noise ratio, as a small temperature range is used with a low desorption rate 

yielding to a reduced accuracy.  

By far the simplest approach is the analysis according to Redhead [85]. This method is 

popular, as one needs only the temperature at the desorption maximum Tmax, which is usually 

an easy accessible feature. The relation between Tmax and the desorption energy Ea is given by 

the differentiation of the Polanyi-Wigner equation, assuming that the pre-factor  and the 

activation energy Ea are independent of coverage: 

𝐸𝑎 =  −𝑅𝑇 ln (
𝛽 𝐸𝑎

𝜈𝑅𝑇𝑚𝑎𝑥
) 

To find the activation energy, it is necessary to guess a value for the activation energy and 

then iterate a few times to find an accurate value. However, this method is only valid for first 

order reactions and linear heating rates β, and one has to predict the pre-factor for desorption. 

The latter value has to be derived from literature or otherwise is typically set to be 10
13

 s
-1

. 
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However, for reactions or desorption of large organic molecules the pre-factor may be 

drastically different from 10
13

 s
-1

 [86-91]. For further details the interested reader is referred 

to the article by de Jong et al. [81] and the review by Falconer et al. [83] who made a 

juxtaposition of the most conventional analysis methods.  

3.2.3 Optimization of the TPD Setup 

When performing TPD measurements one only wants to detect molecules desorbing from the 

front surface of the sample, later on referred to as species A, and not from the heating wires, 

the sides/backside of the crystal or from the incalescent manipulator (species B). With a 

conventional mass spectrometer setup without a Feulner cup, the partial pressures of A and B 

in the mass spectrometer and in the chamber are identical and determined by the desorption 

rate from the sample and the pumping speed of the vacuum pumps. To minimize the 

unwanted contributions from B to the mass spectrometer signal, a copper Feulner cup, 

depicted in Figure 8, was installed [92].  

 

Figure 8: Drawing of the used Feulner cup. 

The Feulner cup is a tube around the mass spectrometer with a small aperture (5 mm), which 

was approached within 1 mm to the sample surface, as shown in Figure 9. Differential 

pumping of the Feulner cup was possible through a valve to the analysis chamber, but the 

valve was kept closed to maximize the otherwise very small intensities from desorbing 

hydrogen. This meant that the pumping speed of the Feulner cup was determined by the flux 
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of molecules through the 5 mm opening facing to the sample, which can be assumed to be 

proportional to the flux through the opening had the sample not been there:  

𝐼 =  
𝑝

√2𝜋𝑚𝑘𝐵𝑇
 

with I the flux of the molecules had the sample not been there, p the partial gas pressure, m 

the mass of the molecules, kB the Boltzmann`s constant and T the temperature. Without the 

differential pumping by the analysis chamber, the Feulner cup has no effect on the partial 

pressure of B. The pressure of B inside the Feulner cup will be the same as the pressure of B 

outside the Feulner cup in the rest of the chamber. However, because the pressure of A inside 

the Feulner cup is determined by the pumping speed of the cup, which is much smaller than 

the pumping speed of the chamber, the pressure of A inside the cup becomes much larger than 

it would have been had the cup not been there. As a consequence the sensitivity to A becomes 

much larger than the sensitivity to B, and unwanted signals can, thus, be avoided. 

 

Figure 9: The Feulner cup TPD setup. 

Because the pumping speed of the Feulner cup is determined by the opening facing the 

sample, the absolute pumping speed, and thereby the measured intensities, depends strongly 

on the distance between the Feulner cup and the sample. Comparing absolute intensities 

between two experiments is therefore only possible if the distance between Feulner cup and 

sample is identical. To achieve this, a mirror was installed to image the space between Feulner 
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cup and sample. However, the distance was adjusted by eye, and it would be a huge 

improvement if a scaled camera image could be used instead. To correct for this issue the 

integrated area for each TPD spectrum was normalized to the coverage of 2HTPP on the 

surface as measured by XPS.  

Typical requirements for heating are a linear heating rate and that the linearity should be 

observable from the beginning to the end of the experiment. The settings at the temperature 

regulator (Eurotherm) should therefore always be re-adjusted when the sample mounting is 

changed. Usually, the heating rate is set between 0.1 - 10 K/s. For the measurements in this 

thesis, a relative high heating rate of 5 K/s was used to ensure a high partial pressure increase 

in the mass spectrometer relative to the background pressure of hydrogen always present in 

the chamber. 

3.3 Ultra-High Vacuum Apparatus and Sample Preparation 

In Figure 10, a picture of the ultra-high vacuum (UHV) chamber system is given. But why did 

we use UHV-conditions? In order to characterize a surface, the surface has to stay free of 

contamination during the experiment. The most time consuming experiments in this thesis 

were the investigation of the N 1s region of submonolayers of 2HTPP, which lasted up to four 

hours. During an experiment the sample surface is continuously struck by gas phase 

molecules. At a pressure p the incoming flux of gas molecules can be calculated as: 

𝐼 =  
𝑝

√2𝜋𝑚𝑇𝑘𝐵

 

m is the mass of the molecules, kB is Boltzman’s constant and T the absolute temperature. The 

vacuum chamber used in this thesis had a base pressure in the low 10
-10

 mbar regime, with the 

main components being hydrogen, water, CO and CO2. Fortunately, these molecules do not 

adsorb on Cu(111) or Ag(100) at room temperature, but at low temperature especially 

adsorption of water can be a problem. Using the above equation, we can calculate how much 

water we would expect to adsorb on the sample surface during a four hour measurement at 

100 K. We end up with ~ 30 ML, which well illustrates the importance of very good vacuum. 

A further reason for working in vacuum is that both XPS and TPD requires high vacuum. In 

XPS the emitted photoelectrons have to reach and travel through the analyzer without 

colliding with gas molecules. Similarly, in a mass spectrometer the ions created also have to 
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travel through the quadrupole without collisions. The mean free path, i.e. the average distance 

travelled before a collision happens, should be much larger than the distance the electrons and 

ions have to travel before reaching the respective detectors. At base pressures below 10
-5

 mbar 

this requirement is fulfilled, as the mean free path here exceeds 5 m. 

 

Figure 10: The Scienta ultrahigh vacuum chamber: manipulator arm (1), sputter gun (2), Knudsen 

cell (3), mass spectrometer (4), monochromator (5), SES 200 analyzer (6). 

In the preparation chamber, visible on the right part of Figure 10, the following procedures 

were conducted: 

Cleaning of the sample: The sample was sputtered with Ar
+
-ions (sputter gun (2)). The Ar 

pressure in the chamber was 5·10
-6

 mbar and the ion energy 0.8 kV for the Ag(100) crystal 

and 1.0 kV for the Cu(111) crystal. In both cases, the sample current was 3-4 A. By applying 

high voltage, Ar
+
-ions get accelerated and were literally shot at the surface. Through 

collisions with atoms in the surface, the impinging ions remove the topmost surface layers and 

a rough surface is left over. In order to recreate a flat and well-defined surface with wide 

terraces and a low amount of defects, the sample was heated for 15 minutes to 700 K for 

Ag(100) and 1000 K for Cu(111). This increases the mobility of the atoms in the surface and 

allows them to reorganize and minimize the surface energy.  
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Deposition of organic molecules on the surface was achieved by the use of a home-built 

Knudsen cell evaporator  (3). The Knudsen cell consists of a quartz crucible surrounded by 

tantalum heating wires. The thermocouples are attached to the outside of the crucible. The 

radiative heating is enough to reach 580-640 K, the evaporation temperature of the 

porphyrins. Usually a closed-packed porphyrin layer was evaporated in 3-4 minutes.  

Iron deposition was accomplished from a 1 mm in diameter iron rod with a purity of 99 % 

via an EFM 3 e-beam evaporator, where electrons from a hot filament were accelerated 

towards the iron rod with 800 V. The impinging high energy electrons then heat the rod. The 

emission current was 50 mA, resulting in a deposition rate of 0.05 ML/minute. Please note, 

that if you want to use a crucible for evaporation, possible reactions of the evaporant with the 

crucible must be considered [93]. 

TPD measurements were also performed in the preparation chamber (for further 

information: see Chapter 2.2). 

In the second chamber, the analysis chamber, only the XPS measurements were performed. 

The photon source was an Al-K anode (1486.6 eV). The emitted light then passed a quartz-

crystal monochromator (5). Depending on the lattice constant of the diffraction crystals and 

the given angle (), only light with a certain wave length interferes constructively due to 

Bragg reflection (n = 2dsin()). Thereby, the natural line width (∆𝐸𝑋−𝑟𝑎𝑦) of the X-ray 

source is reduced from 0.85 eV to 0.2 eV, enhancing the overall energy resolution of the 

spectrometer (0.3 eV). However, by passing the monochromator, the intensity of the light is 

lowered. To enhance the intensity (= focusing the light), the anode, the diffraction crystals 

and the sample are arranged on Rowland Circles [94]. 

For electron detection, a scienta SES200 hemispherical energy analyzer (6) was used. The 

emitted photoelectrons have to pass an electrostatic lens system, which focuses the electrons 

towards the entrance slit, where the electrons are decelerated to the desired pass energy. The 

electric field between the inner and outer hemisphere is chosen such that only electrons with a 

certain energy 𝐸0 =  |𝑒|𝑉0 are deflected in the correct arc to reach the analyzer. Reducing the 

pass energy leads to a better energy resolution, but lower intensities. The hemispherical 

analyzer was calibrated to the Fermi edge of gold (EB = 0 eV) and the position of the Au 4f7/2 

peak, a XP feature with high intensity and small energetic width (EB = 83.8 eV) [97]. 



 

 

20 

4. Results  

The following chapter gives an overview of the results on the metalation and dehydrogenation 

of tetrapyrroles on Cu(111) and Ag(100). 

4.1 Tetrapyrroles on Cu(111) 

4.1.1. Coverage- and Temperature-Dependent Metalation and Dehydrogenation 

of 2HTPP on Cu(111) [P1, P2] 

The articles [P1] and [P2] are collaborations with the group of PD Dr. Hubertus Marbach (H. 

Marbach, Dr. S. Ditze, M. Stark) from the University Erlangen-Nürnberg, who measured and 

analyzed the STM images.  

In previous studies it was reported that 2HTPP on Cu(111) can self-metalate with copper 

atoms from the underlying substrate [50, 52, 63, 108]. The aim of the current investigation 

was to demonstrate the influence of coverage on the rate of self-metalation. As illustrated in 

Figure 2, metalation is easily followed in XPS by following the conversion of the two non-

equivalent nitrogen species of 2HTPP, i.e. aminic (400.05 eV, -NH-) and iminic (398.55 eV, 

=N-) nitrogen, into the single nitrogen species of the CuTPP. Following the metalation rate in 

STM, however, has to rely on the very different mobilities of 2HTPP and CuTPP on the 

surface. At low coverage, 2HTPP adsorbs at 300 K as individual molecules, orientated along 

one of the three high symmetry axes of the (111) crystal plane, and, due to the strong 

interaction of the iminic nitrogen atoms with the underling copper substrate, the molecules are 

immobile and easy to image in STM [31, 32, 38, 40]. CuTPP, however, has a much weaker 

interaction between the iminic nitrogen atoms and the substrate and is therefore much more 

mobile on the surface than 2HTPP. As a result, CuTPP diffuses too fast at room temperature 

to be imaged in STM. At higher coverages, CuTPP islands are formed, but they coexist with 

the fast diffusing 2D gas phase. The rate of metalation in STM was, therefore, not measured 

by counting the metalated molecules, but instead by counting the remaining 2HTPP molecules 

on the surface after the reaction. 
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Figure 11 shows representative STM images and XPS spectra used to measure the coverage-

dependent rate of metalation presented in Figure 12. From Figure 12, it is immediately 

apparent that there is an abrupt increase in the rate of metalation as the coverage on the 

surface is increased beyond 0.36 molecules/nm
2
. Assuming a first order reaction behavior, the 

rate of metalation can be calculated to increase by a factor of 20 between 0.36 and 0.54 

molecules/nm
2
. It is also apparent that there is a very high consistency between the STM and 

XPS data, despite the data being acquired on different machines and different crystals. 

 

Figure 11: STM images (left) and XPS spectra (right) for different 2HTPP coverages on Cu(111) 

before and after heating to 400 K for 10 minutes.  

The reason for the abrupt increase in the rate of metalation can be found in the STM images in 

Figure 11. As the coverage is increased above 0.36 molecules/nm
2
, a checkerboard-like 

adsorption structure starts forming where every second molecule is elevated slightly above the 

surface [34]. At 0.54 molecules/nm
2
, the checkerboard structure is completed, and multilayers 

start forming [34]. From the XPS data in Figure 11, the separation between the aminic and 

iminic N 1s peaks can be seen to increase as the checkerboard structure is formed, and it is 
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possible to describe the checkerboard structure as an even combination of two types of 

molecules: molecules in direct contact with the surface, with a strong interaction between the 

iminic nitrogen atoms and the surface, and molecules slightly elevated above the surface, with 

a much weaker interaction between the iminic nitrogen atoms and the surface.  

 

Figure 12: Coverage-dependent metalation of 2HTPP on Cu(111). The red (XPS) and green (STM) 

dots indicate the remaining 2HTPP molecules after heating to 400 K for 2 minutes. At low coverage 

metalation is slow, but increasing the coverage above 0.36 molecules/nm
2
 abruptly increases of the 

rate of metalation.  
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In the transition state for the gas phase metalation reaction, the metal atom is coordinated to 

all four nitrogen atoms of the molecule. If the transition state for the surface reaction is 

similar, the interaction between the iminic nitrogen atoms and the surface will be broken in 

the transition state and a stronger or weaker bond between the iminic nitrogen atoms and the 

surface will shift the energy of the 2HTPP molecule relative to the transition state, as 

illustrated in Figure 13. The weaker nitrogen surface bond for the elevated molecules would 

therefore result in an increased rate of metalation, as observed. 

 

Figure 13: Possible reaction profile for 2HTPP self-metalation on Cu(111). 2HTPP molecules in 

direct contact with the surface are more stable compared to the molecule in the elevated layer of the 

checkerboard structure. 

To support the above presented model, XPS measurements with very good statistics (long 

measuring times) were performed for 2HTPP at coverages of 0.24, 0.55, and 9.1 

molecules/nm
2
. These coverages correspond to a low coverage layer (low metalation rate), the 

full checkerboard structure (high metalation rate), and a multilayer. The spectra are shown in 

Figure 14, along with the corresponding fits. For the 2HTPP multilayer the typical peak 

separation of 2.03 eV (full width at half maximum (FWHM) = 0.83 eV) is observed, with 

shake-up satellites at ∼2.9 eV higher binding energy. The smaller peak separation of only 

1.50 eV (FWHM = 0.77 eV) for 0.24 molecules/nm
2
 reflects the chemical interaction of the 

iminic nitrogen atoms with the substrate (see above). The checkerboard structure, i.e. 0.55 

molecules/nm
2
, is fitted with two doublets: one for the lower sublayer and one for the upper 

sublayer, yielding peak separations of 1.39 and 1.93 eV (all FWHM = 0.81eV), respectively. 
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Within the error bars (±0.05) these values are very similar to those of the lower sublayer and 

the multilayer, respectively. The unchanged (or even smaller) peak separation for the lower 

sublayer component in the checkerboard structure is a clear indication that lower sublayer 

molecules are bound as strong or stronger than the low coverage molecules; thus, a faster 

metalation rate of the lower sublayer molecules is ruled out, and we conclude that the 

dramatic increase of the metalation rate in the checkerboard structure is due to the metalation 

of the nearly undistorted molecules in the upper sublayer. 

 

Figure 14: N 1s XP spectra of 2HTPP on Cu(111) for 0.24, 0.55, 9.1 molecules/nm
2
, corresponding to 

a low coverage layer (low metalation rate), the saturated checkerboard structure (high metalation 

rate) and a multilayer. 

Not just metalation, but also dehydrogenation of 2HTPP on Cu(111) was investigated. The 

TPD spectra, depicted in Figure 15, give an overview of the coverage- and temperature-

dependent reactions of the free-base porphyrin on Cu(111) from 280 to 1000 K. At a coverage 

of 0.56 molecules/nm
2
, where the checkerboard structure is complete [34], three hydrogen 
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desorption peaks are visible. The first peak at 450 K was quickly confirmed to be metalation, 

since XPS after heating with 5 K/s to 490 K and immediately cooling back down to room 

temperature revealed full metalation.  

The reaction at 550 K, producing the second TPD peak, could be identified from previous 

STM investigations by Ditze and Xiao et al. [51, 52] that revealed that CuTPP after 

metalation undergoes a two-step reaction, where first one side and then the other side of the 

molecule loses apparent height, resulting in a square shaped molecule. A similar observation, 

but with NEXAFS, was made by Di Santo et al. for 2HTPP on Ag(111). At 550 K, they 

observed that the phenyl rings of the 2HTPP molecule would rotate and become in plane with 

the rest of the molecule. Based on these findings, they suggested a partial dehydrogenation of 

the molecule, where adjacent phenyl and pyrrole rings fused together, resulting in a square 

molecule [95]. If the fusion of the phenyl and pyrrole rings were to happen first on one side of 

the molecule and then on the other side, as depicted in Figure 15, it would be consistent with 

the reaction observed by STM on Cu(111). A very similar reaction was also reported to occur 

in liquid medium [96].  

The proposed fusion mechanism would involve the release of 4 hydrogen molecules, which 

agrees well with the integrated areas of the first two TPD peaks at 0.56 molecules/nm
2
, which 

have a ratio of 1.0 : 3.8. Further heating to 1000 K leads to the release of 10.2 hydrogen 

molecules. Considering the total amount of 30 hydrogen atoms per porphyrin molecule the 

last step causes the complete dehydrogenation of the molecules. 

At coverages below 0.30 molecules/nm
2
, the two first TPD peaks are replaced by a single 

peak at 510 K. On the one hand XPS measurements after heating to 570 K at 5 K/s reveal full 

metalation and on the other hand STM measurements at this low coverage show the stepwise 

lowering of the molecule indicative of the fusion of the phenyl and pyrrole rings. Hence, the 

TPD peak at 510 K must be a combination of both reactions. The difference between low and 

high coverage spectra indicates that both reactions are strongly affected by coverage: at lower 

coverages metalation is slower and fusion of phenyl and pyrrole rings faster.  

To understand the effect of coverage on the fusion of the phenyl and pyrrole rings, one has to 

consider the surface as it looks after metalation. 
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Figure 15: Coverage- and temperature dependent metalation and dehydrogenation of 2HTPP on 

Cu(111) with a heating rate of 5 K/s. The numbers next to the hydrogen desorption spectra indicate 

the initial coverage of 2HTPP in molecules/nm
2
. The molecular models above show the metalation 

reaction and the suggested fusion of adjacent phenyl and pyrrole rings.  

At low coverage, individual CuTPP molecules diffuse on the surface, while at high coverage 

CuTPP forms islands, stabilized by T-type interactions between phenyl rings of adjacent 

molecules [33, 50, 98]. As the fusion of phenyl and pyrrole rings requires the phenyl rings to 

rotate and become in plane with the molecule, the stabilizing T-type interactions in the islands 

represent an additional reaction energy barrier to overcome, and molecules in the islands, 

thus, react slower than freely diffusing CuTPP molecules. 
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4.1.2 Insights into the Self-Metalation Pathway of 2DTPP on Cu(111) [P3] 

To be able to separate metalation and dehydrogenation in the TPD spectra in Figure 15, 

especially at low coverage, we decided to measure a few TPD spectra with a deuterated 

porphyrin molecule, tetraphenyl-21,23D-porphyrin (2DTPP), where the two central aminic 

hydrogen atoms had been replaced with deuterium. Metalation, releasing D2 (mass 4), should 

now be easily distinguishable from dehydrogenation, releasing H2 (mass 2). We were very 

fortunate to have Dominik Lungerich from the group of Prof. Dr. Norbert Jux from the 

organic chemistry department, who synthesized the deuterated molecule for us, while the 

groups of Prof. Dr. Jörg Libuda (A. Kaftan, M. Laurin, J. Libuda) and PD Dr. Hubertus 

Marbach (M. Stark, S. Ditze, H. Marbach) from the Chair of Physical Chemistry II of the 

University Erlangen-Nürnberg characterized the synthesized molecule by diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS) [99] and mass spectrometry [77] 

measurements, respectively.  

The characterization of the synthesized 2DTPP showed that only the aminic hydrogen atoms 

were replaced by deuterium, exactly what we wanted, but the degree of deuteration was not 

100 %. Instead we had a mixture of 9 % 2HTPP, 45 % HDTPP and 46 % 2DTPP. One would, 

therefore, expect a metalation peak in TPD with exactly those ratios, while the fusion of 

phenyl and pyrrole rings and the complete dehydrogenation should release only H2. 

The TPD spectra of 0.54 2DTPP molecules/nm
2
 from Cu(111) is shown in Figure 16. The 

three principal reactions identified in Figure 15 are clearly separated, but the ratios of H2, HD 

and D2 are not what we expected. Far less than expected HD and D2 desorb during metalation, 

and a large amount of deuterium desorb as HD during fusion of the phenyl and pyrrole rings 

and complete dehydrogenation.  

These observations cannot be explained by the reaction pathway suggested by DFT 

calculations for the gas phase reaction, where the two hydrogen atoms combine over the 

central metal atom and desorb as H2. The hydrogenated phenyl and pyrrole rings could 

subsequently dehydrogenate potentially releasing a hydrogen atom instead of the deuterium 

atom produced during metalation. This would enrich the periphery in deuterium, causing far 

less deuterium to desorb during metalation than expected and a large amount of deuterium to 

desorb during dehydrogenation of the periphery of the molecule, exactly as observed. 



4. Results  

 

28 

 

Figure 16: Desorption of mass 2 (H2), mass 3 (HD) and mass 4 (D2) from 0.54 2DTPP molecules/nm
2
 

on Cu(111) with a heating rate of 5 K/s. For clarity, HD and D2 signals are magnified by factors of 10 

and 50, respectively. The three reactions, metalation (450 K), partial dehydrogenation (545 K) and 

complete dehydrogenation (600 - 950 K) can be clearly identified. The numbers indicate the 

integrated areas, normalized to make the sum 15 (= 30 hydrogen atoms/2HTPP molecule). 

This behavior can also explain another feature we observed. If we look closer at the position 

of the three TPD peaks for metalation, see Figure 17. It becomes apparent that D2 desorbs 

slightly earlier than HD which desorbs slightly earlier than H2. As metalation starts the 

hydrogen and deuterium on the surface is produced almost exclusively from metalation and is 

therefore rich in deuterium. As the periphery of the molecule becomes more and more 

hydrogenated, the rate of dehydrogenation of the hydrogenated periphery increases, producing 



4. Results  

 

29 

more hydrogen and less deuterium on the surface, shifting the desorption from D2 to HD and 

later H2. Copper-based catalyst are known to catalyze both hydrogenation and 

dehydrogenation of hydrocarbons [100, 101], the reactions suggested are, therefore, not 

unusual for copper. 

Figure 16 has a further interesting feature: when the desorption of H2 and HD during complete 

dehydrogenation are compared, it becomes clear that the desorption maximum of HD is later 

than that of H2. This can be explained as a kinetic isotope effect. The difference in ground 

state vibrational energy increases the activation energy barrier for dehydrogenation of a CD 

bond by 5 KJ/mol compared to a CH bond [102-105], thereby, shifting the desorption of HD 

to higher temperatures. 

 

 

Figure 17: Normalized TPD peaks for the metalation of 0.54 molecules/nm
2
 2DTPP on Cu(111). The 

backgrounds caused by the fusion of phenyl and pyrrole rings, indicated by the dashed lines in Figure 

13, have been subtracted. 

Since metalation involves abstracting hydrogen atoms to the surface, the metalation of 

porphyrins, in general, might depend not only on the metal atom to be inserted, but also on the 

surface on which the reaction takes place; for typically used support materials such as oxides 

the stability of hydrogen could be very different from that on metal surfaces. 

4.1.3 Metalation and Conformational Change of 2HTTBPP on Cu(111) [P4] 

In a recent study by Ditze et al., unique switching capabilities of 2H-tetrakis-(3,5-di-tert-

butyl)-phenylporphyrin (2HTTBPP) on Cu(111) at room temperature were demonstrated 

[106]. The present investigation, article [P4] expands the understanding of the system by 
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increasing the temperature up to 450 K. The group of PD Dr. Hubertus Marbach contributed 

the STM images, while I analyzed the XPS part. 

The article concentrates on the self metalation with copper substrate atoms and the 

accompanying conformational change of 2HTTBPP on Cu(111). At room temperature, 

2HTTBPP adsorbs in a bimodal structure, consisting of alternating rows of concave and 

convex molecules. Within this arrangement the individual molecules are able to switch 

between concave and convex conformations [106]. Slight heating to 330 K leads to an 

irreversible change to a monomodal structure, hex A. The molecules within the hex A 

structure have a similar appearance as the concave molecules in the bimodal conformation. 

Upon further heating to 350 K for 3.5 hours, partial metalation (57 %) of 2HTTBPP to 

CuTTBPP is observed in XPS. Heating further to 450 K for 2 minutes leads to full metalation 

and a change from the hex A to a hex B arrangement. In the hex B arrangement the apparent 

height of the center of the molecule has increased, as expected for a metalated molecule with 

a weaker molecule substrate interaction, see discussion in Section 4.1.1.  

4.1.4 Metalation and Layer Exchange Mechanism of 2HPc on Cu(111) [P5] 

The following research project, article [P5] was a collaboration with the group of Prof. Dr. J. 

Michael Gottfried (J. M. Gottfried, H.-J. Drescher, M. Chen). Within this study I measured 

most of the TPD spectra and also contributed to their analysis. The aim of the study was to 

give a more detailed description of the metalation process of free-base phthalocyanine (2HPc) 

multilayers on Cu(111). By XPS and TPD it could be proven that multilayers of 2HPc with a 

thickness of roughly 4 monolayer fully metalate at elevated temperatures (500 K). This raises 

the question of how the metalation of the multilayers occur: Are copper atoms diffusing into 

the 2HPc multilayers or do multilayer 2HPc molecules migrate to the copper surface and 

metalate there? To answer this question, multilayers of 2HPc were deposited on top of one 

monolayer of NiPc. Since monolayers had been shown not to desorb in TPD, no NiPc should 

desorb unless there is an exchange of molecules between mono- and multilayers. However, 

both CuPc and NiPc were observed desorbing, which can only be explained by the exchange 

of multilayer 2HPc molecules with monolayer NiPc molecules. 2HPc in direct contact with 

the surface immediately metalates and migrates back in the multilayer and desorbs from there. 

Although free copper atoms require a significant energy to produce (337 KJ/mol) [107], it 
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cannot be excluded that additional copper atoms diffuse in the multilayer and induce 

metalation there.  

4.2 Metalation of Tetraphenylporphyrin with Iron on Ag(100) 

[P6] 

In the next chapter, representing article [P6], I will present high-resolution XP data, showing 

the presence of a theoretically predicted Fe-2HTPP adcomplex as precursor for metalation. 

Metal-porphyrin adcomplexes as precursors for metalation have already been theoretically 

predicted for the gas phase reaction [48, 59, 65]. Also Kretschmann et al. reported about a 

possible intermediate state for the metalation of 2HTPP with Zn on Ag(111) [49]. To prove 

the existence of a precursor, a submonolayer coverage of 2HTPP was deposited on Ag(100) at 

100 K. The resulting XP spectrum shows two peaks in the N 1s region, depicted in Figure 18, 

which can be attributed to iminic (=N-, 398.0 eV) and aminic (-NH-, 400.0 eV) nitrogen.  

Upon adsorption of 0.12 ML iron at 100 K, which is 4-5 times the amount needed to fully 

metalate the adsorbed 2HTPP molecules, a 0.6 eV strong shift of the iminic N 1s peak can be 

observed, indicative of a direct interaction between the iminic nitrogen atoms and the 

deposited iron.  

We expect that the Fe-2HTPP adcomplex for metalation is very similar to the theoretically 

predicted intermediate state by Shubina et al. [48], where Fe is equally bound to all four 

nitrogen atoms, while the aminic nitrogen atoms retain their bonding to the hydrogen atoms. 

On the right in Figure 18 a simplified illustration of the reaction is shown. Heating to 195 K 

for five minutes induces metalation, i.e. the formation of FeTPP. Further heating to 350 K 

leads to full metalation. In addition, high resolution data of the Fe 2p3/2 region was obtained, 

which was fitted according to Nefedov [69] and strongly resembles the appearance of FeTPP 

on Ag(111) and FePc on Au(111) [37,45,54, 69, 70]. 
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Figure 18: (left) N1s spectra of 0.026 ML 2HTPP on Ag(100). A) Pure 2HTPP adsorbed on Ag(100) 

at 100 K shows two features, which can be attributed to aminic (-NH-, 400.0 eV) and iminic nitrogen 

(=N-, 398.0 eV). B) Upon iron deposition a shift of the iminic nitrogen of 0.6 eV towards higher 

binding energies is observed, which indicates the formation of a Fe-2HTPP adcomplex as precursor 

for metalation. C) Heating to 195 K initiates metalation, which D) is completed at 350 K. E) No 

further change is observed up heating to 700 K. (right) an illustration of the reactions. 
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5. Summary and Outlook 

In the present combined X-ray photoelectron spectroscopy and temperature-programmed 

desorption study three tetrapyrroles (2HTPP, 2HPc and 2HTTBPP) on Cu(111) and Ag(100) 

were investigated. Within this research project it was possible to gain new insights in the 

metalation and dehydrogenation mechanisms and structural changes of these molecules at 

room temperature and above.  

The first system investigated was 2HTPP on Cu(111). The focus was on metalation, 

dehydrogenation and the effect of coverage on the reactions. Upon heating, three different 

reactions could be identified: metalation of the center, fusion of adjacent phenyl and pyrrole 

rings and finally complete dehydrogenation of the porphyrin. Metalation and fusion of phenyl 

and pyrrole rings are both strongly coverage dependent. At low coverage, both reactions occur 

almost simultaneously, while coverages above 0.36 molecules/nm
2
 leads to a formation of an 

elevated second layer, faster metalation and slower fusion of phenyl and pyrrole rings. The 

increased rate of metalation at higher coverages could be explained by a reduced interaction 

between the iminic nitrogen atoms and the surface, reducing the activation energy barrier for 

the reaction. The parallel decreased rate of fusion between phenyl and pyrrole rings could be 

explained by the formation of CuTPP islands stabilized by T-type interactions between 

adjacent molecules. Additional energy is required to rotate the phenyl rings in the islands and 

the reaction slows down. 

By expanding the study to 2DTPP on Cu(111) it was shown that the metalation does not 

proceed as suggested by gas phase DFT calculations, through the combination of the 

hydrogen atoms above the metal center, followed by desorption of H2. The hydrogen atoms 

are instead transferred to the surface, opening two options: either direct recombination and 

desorption or scrambling with the periphery of the molecule. This leads to the conclusion that 

the surface is highly involved in the metalation process. The present study also showed that 

DFT calculation for the gas phase reaction cannot be simply transferred to surface reactions. 

To connect theory and experiment better, calculations that include the surface are needed. 

However, such calculations involving van der Waals interactions and very large molecules 

would be computationally very expensive. 
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2HTTBPP on Cu(111) creates a bimodal structure at room temperature, wherein the 

molecules are able to switch between concave and convex conformations. Upon increasing 

the temperature to 330 K, the molecular arrangement irreversibly chances to a monomodal 

hex A conformation. The molecules within the hex A structure have a concave conformation, 

similar to the molecules in the bimodal structure. Further heating leads to metalation, i.e. the 

transformation of 2HTTBPP to CuTTBPP, and the formation of the hex B structure.  

The metalation of submonolayer coverages of 2HPc on Cu(111) already starts below 240 K. 

Heating to 450 K for 2 minutes leads to full metalation. Deposition of multilayers of 2HPc on 

top of a monolayer of NiPc on Cu(111), leads to intermixing and desorption of both CuPc and 

NiPc. Since the monolayer does no desorb, a layer exchange mechanism must exist, where 

NiPc at the Cu(111) surface is replaced by 2HPc, which, once at the surface, metalates to 

CuPc. 

A theoretically predicted Fe-2HTPP adcomplex was observed when iron was codeposited 

with 2HTPP on Ag(100). The complex could be observed as a 0.6 eV shift of the iminic 

nitrogen peak to higher binding energies, compared to pure 2HTPP on Ag(100). 

The present studies, all focused on metal surfaces, have shown that the substrate has a 

stronger influence on the reactions, especially metalation, than we initially expected. On 

different substrates, the reactions could behave very differently. It would, therefore, be 

interesting to study these reactions on more complex surfaces, such as oxide surfaces, often 

used for applications. Preliminary studies on 2HTPP on MgO(100) did reveal a surprising 

finding, namely that MgO(100) is able to self metalate 2HTPP molecules at room 

temperature. DFT calculations by Bernd Meyer suggest the reaction to be an ion exchange, 

where the two aminic protons in 2HTPP are exchanged for an Mg
2+

 ion, producing MgTPP 

and Mg(OH)2. 
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6. Zusammenfassung und Ausblick 

In der vorliegenden Arbeit wurden drei verschiedene Tetrapyrrole (2HTPP, 2HPc und 

2HTTBPP) auf Cu(111) und Ag(100) mittels Röntgenphotoelektronenspektroskopie (XPS) 

und Thermischer Desorptionsspektroskopie (TDS) untersucht. In diesem Zusammenhang war 

es möglich, neue Einblicke sowohl über den Metallierungs- und 

Dehydrogenierungsmechanismus als auch über Strukturveränderungen dieser molekularen 

Bausteine zu gewinnen.  

Das zuerst untersuchte System war 2HTPP auf Cu(111). Im Fokus der Untersuchung stand 

der Einfluss der Ausgangsbedeckung auf die Oberflächenreaktionen des 2HTPP in 

Abhängigkeit von der Temperatur. Bei der Zufuhr von Wärme konnten drei 

aufeinanderfolgende Reaktionen identifiziert werden: Zuerst die Metallierung des 

Porphyrinzentrums, gefolgt vom Zusammenschluss benachbarter Phenyl- und Pyrrolringe und 

schließlich die komplette Dehydrogenierung des Porpyhrins. Die Metallierung und der 

Zusammenschluss benachbarter Phenyl- und Pyrrolringe sind stark von der 

Ausgangsbedeckung abhängig. Bei niedrigen Bedeckungen finden beide Reaktionen fast 

simultan statt. Bei Erhöhung der 2HTPP Bedeckung auf über 0.36 Molekülen/nm
2
, wobei sich 

die Moleküle in einer Schachbrettstruktur anordnen, läuft die Metallierungsreaktion schneller 

und der Zusammenschluss der Phenyl- und Pyrrolringe langsamer ab. Die erhöhte 

Metallierungsrate bei höherer Bedeckung kann auf die geringere Wechselwirkung des 

iminischen Stickstoffs mit der Oberfläche zurückgeführt werden. Dies hat eine niedrigere 

Aktivierungsenergie der Metallierungsreaktion zur Folge. Gleichzeitig zeigt sich eine 

erniedrigte Zusammenschlussrate der Phenyl- und Pyrrolringe. Der Grund hierfür ist, dass 

sich CuTPP Moleküle vermehrt zu Inseln zusammenschließen, die über T-artige 

Wechselwirkungen zwischen benachbarten Phenylringen stabilisiert werden. Daher ist 

zusätzliche Energie notwendig um die Phenylringe des CuTPP Moleküls, das innerhalb der 

Insel angeordnet ist, zu drehen, was eine Verlangsamung der Reaktion zu Folge hat. 

Bei der Untersuchung von 2DTPP auf Cu(111) konnte gezeigt werden dass die 

Metallierungsreaktion, nicht wie die Gasphasenreaktion, durch die Kombination der 

Wasserstoffatome über dem Metallzentrum stattfindet, sondern, dass der Wasserstoff auf die 
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Oberfläche über geht, auf der er: entweder sofort rekombiniert und desorbiert oder mit der 

Peripherie des Porphyrins reagiert, was zu einem Wasserstoff/Deuterium Austausch führt. 

Daraus kann gefolgert werden, dass die Oberfläche einen hohen Einfluss auf die 

Metallierungsreaktion hat. Die vorliegende Arbeit hat auch gezeigt, dass DFT 

Gasphasenberechnung nicht eins zu eins auf Oberflächenreaktion übertragen werden können. 

Um die Theorie und die experimentellen Erkenntnisse noch besser miteinander verknüpfen zu 

können, wären Berechnungen, die die Oberfläche mit berücksichtigen eine enorme 

Verbesserung. Jedoch sind Berechnungen, die die van der Waals Wechselwirkungen der 

Moleküle mit der Oberfläche und die sehr großen organischen Moleküle mit einschließen mit 

einem hohen Rechenaufwand verbunden. 

2HTTBPP auf Cu(111) kann bei Raumtemperatur zwischen einer konkaven und einer 

konvexen intramolekularen Molekülgeometrie reversibel wechseln. Bei einer 

Temperaturerhöhung auf 330 K findet eine irreversible Transformation zur monomodalen hex 

A Konformation statt. Diese neue Struktur ähnelt der konkaven Konformation bevor dem 

Erwärmen. Weitere Wärmezufuhr führt zur Metallierung von 2HTTBPP zu CuTTBPP. Mit 

der Metallierung einhergehend findet eine weitere Strukturanpassung hin zur hex B 

Konformation statt. 

Die Metallierung von weniger als einer Monolage 2HPc auf Cu(111) findet ab 240 K statt, 

bei 450 K sind alle Moleküle zu CuPc metalliert. Das Abscheiden von 4 Moleküllagen 2HPc 

auf einer Monolage NiPc auf Cu(111) führt zum Austausch und gleichzeitigen Desorption 

von CuPc und NiPc. Da eine Monolage von CuPc oder NiPc auf Cu(111) nicht desorbiert, 

muss ein Austausch zwischen den einzelnen Lagen stattfinden, wobei NiPc im direkten 

Kontakt mit Cu(111) durch 2HPc Moleküle ersetzt werden. 2HPc Moleküle im direkten 

Kontakt mit der Kupferoberfläche werden dann zu CuPc metalliert.  

2HTPP auf Ag(100) bildet einen theoretisch vorhergesagten Adkomplex mit gleichzeitig 

abgeschieden Eisen. Ein Indiz für diesen Komplex ist die Verschiebung des iminischen 

Stickstoffsignals um 0.6 eV hin zu höheren Bindungsenergien im Vergleich zu reinem 2HTPP 

auf Ag(100).  
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Die gewonnen Erkenntnisse dieser Arbeit beziehen sich ausschließlich auf Metallsubstrate. In 

dieser Untersuchung konnte gezeigt werden, dass das Substrat einen größeren Einfluss auf 

Oberflächenreaktionen, insbesondere auf die Metallierung großer organischer Moleküle, hat, 

als anfangs erwartet. Da die Reaktionen auf verschieden Substraten sehr unterschiedlich sein 

könnten, wäre ein nächster Schritt, das gewonnene Wissen auf komplexere Systeme zu 

übertragen, zum Beispiel oxidische Oberflächen, welche oft bei Anwendungen verwendet 

werden. Kürzlich haben Untersuchungen die Selbstmetallierung von 2HTPP auf MgO(100) 

bei Raumtemperatur gezeigt. DFT Berechnungen von Bernd Meyer schlagen einen 

Ionenaustausch vor, wobei die beiden Protonen des 2HTPP durch ein Mg
2+

 ersetzt werden 

und 2HTPP zu MgTPP reagiert und auf der Oberfläche Mg(OH)2 gebildet wird.  
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