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CHAPTER 4 

Insight into the bonding mechanism of the 
perylene derivative TAPP adsorbed on 
Cu(111) 

In this chapter, an experimental as well as theoretical 

characterization of the adsorption of a perylene derivative on Cu(111) 

is presented. The main focus of this work is the analysis of molecule-

substrate and molecule-molecule interactions by combining results 

from scanning tunneling microscopy (STM), x-ray photoelectron 

spectroscopy (XPS), x-ray standing wave (XSW) measurements and 

density functional theory (DFT). The work presented in this chapter 

was carried out in collaboration with the group of Prof. L. H. Gade at 

the University of Heidelberg. Moreover, the theoretical studies were 

performed by Dr. J. Björk at the University of Linköping.  
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4.1 Introduction 

Organic semiconductors represent a key component in numerous 

electronic and optoelectronic devices within applications, such as 

photovoltaic cells, light-emitting diodes, and organic thin-film 

transistors [Mis12][Kud01]. Even though recent advances in p-type 

organic semiconductors (with large hole mobilities) have fulfilled many 

of the requirements of these applications, n-type organic materials 

(with large electron mobilities), needed for example for complementary 

organic circuits, are not readily available [Bra09] [Cha11]. Promising 

candidates for n-type semiconductors are N-polyheterocyclic aromatic 

compounds [Wur11] [Bun13] [Mia14] [Fig11] [Bun15]. This chapter is 

focused on such a compound, namely the perylene derivative, 1,3,8,10-

tetraazaperopyrene (TAPP, Figure 4.1), which can be viewed as a 

perylene condensed with a pyrimidine ring attached at each end as a 

functional group. TAPP was synthesized in the group of Prof. Gade 

[Rie07]. 

The performance of these organic-based devices, in which the 

first molecular layer of the organic thin film often is in direct contact 

with a metal surface, depends on the electronic structure and chemical 

properties of the molecule-surface interface [Xue03]. In particular, the 

specific bonding of the molecules to the metal surface is crucial for the 

device performance [Flo04]. Thus, the vertical adsorption height of the 

adsorbates is of paramount importance in understanding the interplay 

between molecule-substrate and molecule-molecule interactions 

[Kah03]. In this chapter, the X-ray standing wave technique (XSW) 

(Chapter 2.3) was used to investigate the TAPP/Cu(111) interface, and 
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in particular to extract the vertical adsorption height of TAPP for the 

different observed assemblies. Combining these results with the results 

from scanning tunneling microscopy (STM), x-ray photoelectron 

spectroscopy (XPS) and density functional theory (DFT), provides new 

insight into the bonding mechanism of the TAPP/Cu(111) system. 

Figure 4.1. Chemical structure of 1,3,8,10-Tetraazaperopyrene (TAPP) 

4.2 TAPP on Cu(111): temperature dependent 

assemblies 

Deposition of TAPP on the Cu(111) surface held at different 

temperatures results in different surface-assisted assemblies [Mat10] 

[MatThesis]. The same results are obtained if TAPP deposition takes 

place on a substrate held at low temperature followed by sample 

annealing. Deposition of TAPP on a Cu(111) substrate held at -110 °C 

results in a disordered assembly (Figure 4.2a). The formation of small 

clusters is observed. This indicates an attractive intermolecular 

interaction. Annealing the sample at temperatures greater than -90 °C 

(Figure 4.2b) results in the formation of small patches of an ordered 

close-packed assembly. Annealing the sample up to -45 °C results in 
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the formation of slightly larger patches of the close-packed assembly. 

The unit cell size determined by STM is (17 1.7) (12 1.2)    Å2, with 

an angle of (84 4)   (inset Figure 4.2b). A tentative model is shown in 

Figure 4.2e where the molecules arrange in a so-called herringbone 

assembly, which is stabilized via van der Waals (vdW) forces and weak 

hydrogen-bonding [Mat10] [MatThesis]. 

Figure 4.2 Overview of the temperature dependent phase behavior of TAPP 

on Cu(111). (a) STM image 2(65×65 nm ,U =-1.5V, I =12 pA)t t  for TAPP 

deposited on Cu(111) held at -110 °C. (b) STM image 
2(60×60 nm ,U =-0.8V, I =90 pA)t t  showing the first ordered patches of a 

close-packed assembly (herringbone) obtain after deposition of TAPP on 
Cu(111) at a substrate temperature of -90 °C. The inset STM image 

2(3×3 nm ,U =-0.8V, I =90 pA)t t shows the herringbone assembly in detail. 

(c) STM image 2(100×100 nm ,U =-1.4V, I = 20 pA)t t of the porous 

network obtained after deposition of TAPP on Cu(111) at a substrate 
temperature of 150 °C. The inset STM image 

2(5×5 nm ,U =-0.8V, I = 20 pA)t t  shows the porous network in detail. d) 

STM image 2(50×50 nm ,U =-0.1V, I = 20 pA)t t  of the TAPP chains 

obtained by deposition of TAPP on Cu(111) held 250 °C. The inset STM 
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image 2(5×5 nm ,U =-0.8V, I = 20 pA)t t  shows a detailed view of an 

individual chain. (e), (f), and (g) represent the molecular models for the 
structures shown in (b), (c) and (d).The molecular structure of TAPP is given 
with a van der Waals based representation, which also shows the electrostatic 
potential of the molecule. The blue (red) areas represent electronegative 
(electropositive) areas. 

Deposition of TAPP on Cu(111) held at 150 °C results in the 

formation of a highly ordered porous network structure (Figure 4.2c, f). 

This square like commensurate network of TAPP was found to be 

metal-coordinated to native Cu adatoms [Bjö10] [Mat10]. Each Cu 

adatom coordinates to the nitrogen atoms of two adjacent TAPP 

molecules, resulting in four adatoms per crossing of four adjacent 

molecules (Figure 4.2f). Deposition of TAPP on Cu(111) held at 250 

°C leads to the formation of 1D chains made up from covalently linked 

TAPP monomers (Figure 4.2d, g) [Mat08] [Mat10]. 

4.3 X-ray photoelectron spectroscopy results 

The core level spectra provide crucial information about the 

electronic and chemical properties of TAPP adsorbed on Cu(111). The 

relevant features in the XPS spectra of TAPP/Cu(111) will be briefly 

discussed, focusing on the aspects required for the interpretation of the 

XSW data. 

4.3.1. The carbon 1s core level of TAPP/Cu(111) 

TAPP has in total 22 carbon atoms, which can be subdivided into 

five chemically different categories as indicated by the chemical 
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structures displayed in Figure 4.3, and the inset of Figure 4.4a (see also 

the chemical structure of TAPP in Figure 4.1): the carbon atom of the 

pyrimidine group with bonds to nitrogen and hydrogen atoms (C1); the 

connecting carbon atom between the pyrimidine ring and the perylene 

core, which is singly bonded to nitrogen (C2); the connecting carbon 

atom between the pyrimidine ring and the perylene core, which is 

double bonded to nitrogen (C3); the carbon atom of the perylene core 

that is connected to two other carbon atoms and one hydrogen atom 

(C4); the carbon atom of the perylene core that is bonded to three other 

carbon atoms of the perylene core (C5). In summary, each TAPP 

molecule consists of 2xC1, 2xC2, 2xC3, 8xC4, and 8xC5 carbon 

atoms1.  

Figure 4.3 The five chemically different carbon species present in TAPP. The 
carbon atom referred to is shown in dark gray. 

The C1s core level spectra for all phases of TAPP on Cu(111) are 

shown in Figure 4.4. However, the resolution of our experiments 

(Appendix D) is not sufficient to identify all chemically different 

carbon species. Nevertheless, for the fitting of the high-resolution XPS 

spectra, as well as for the XSW-XPS data (Appendix D), two main 

peaks are considered2. At lower binding energies (around 284.7 eV), all 

spectra are characterized by an intense peak called Main I (blue 

                                                           
1 According to their chemical environment, the C4 and C5 carbon atoms are expected 
to be found at lower binding energy as compared with the C1, C2 and C3 carbon 
atoms. 
2 With the aim of distinguishing between the vertical adsorption position of the carbon 
atoms in the functional groups and in the perylene core. 
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component in Figure 4.4). The peak position is marked by the blue line 

in Figure 4.4. Main I is attributed to the carbon atoms in the perylene 

core (backbone) of the molecule, namely C4 and C5 (Main I 

=8xC4+8xC5) [Sch04] [Ger07]. At the high binding energy side, all 

spectra show a shoulder (at around 286 eV), which was accounted for 

as a second peak in the fitting model, called Main II (red component in 

Figure 4.4). Main II component is attributed to the carbon atoms of the 

pyrimidine ring, namely C1, C2 and C3 (Main II =2xC1+2xC2+2xC3) 

[Sch04] [Ger07]. Thus, the stoichiometric ratio of TAPP is Main I : 

Main II = 16 : 6 = 2.6. In addition, all the spectra show a broad peak at 

higher binding energies (~6.6 eV from the Main I peak) which 

corresponds to a shake-up satellite3 (Sat in Figure 4.4)4 [Sch04]. The 

features and the peak positions observed in the C1s spectra of TAPP 

are similar to the findings observed for other perylene derivatives, 

(PTCDA [3, 4, 9, 10-perylene tetracarboxylic dianhydride] for 

example) [Ger07], porphyrins (as 2H-TPP [2H-tetraphenylporphyrin]) 

[Bür14] and graphene on copper surface [Kid13]. In the case of 

PTCDA on Cu(111), the binding energy of the principal carbon 

component (the component at the lower binding energy which can be 

compared with Main I) is 285.1 eV [Ger07]. In the case of the 2H-TPP 

porphyrin on Cu(111), the binding energy of the dominant component 

(the carbon atom surrounded by other carbon atoms, similar with C5 in 

Figure 4.3, inset Figure 4.4a) in the C1s signal is 284.3 eV [Bür14]. 

The binding energy of the dominant component in the C1s signal of 

graphene grown on a copper surface (the sp2 carbon, identical with the 

                                                           
3 It represents photoelectrons that lost their energy through promotion of valence 
electrons from an occupied energy level to an unoccupied higher energy level. 
4 It includes contributions from carbon atoms of the perylene core as well as the 
functional pyrimidine group. 
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C5 component in Figure 4.3) is 284.4 eV (or 284.7 eV for the oxygen-

intercalated graphene) [Kid13]. For the fitting of the spectra shown in 

Figure 4.4, all components were left free during the fitting routine. No 

constraints were set in order to have more degrees of freedom for a 

better fit of the entire spectrum. 
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Figure 4.4 C1s XPS spectra of TAPP/Cu(111) for (a) the herringbone phase, 
(b) the porous network and (c) the chains. The fitting and the assignment of 
the peaks is shown. Besides the well-defined Main I component (blue 
component, peak position marked by the blue vertical line), the slightly visible 
shoulder in the C1s spectra is considered as a Main II component (red 
component, peak position indicated by the red vertical line). An overall 
satellite (Sat) (light blue dotted line) for both Main components is taken into 
account for the fitting procedure. In the left inset table, the positions (eV), 
FWHM (eV) and relative area (%) of the fitting components Main I, Main II, 
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and Sat  are given as obtained from the fitting of the raw data (no constraints 
were taken into account). In the upper right corner a TAPP molecule is shown 
where the chemically different carbon species are indicated by numbers. 

For the herringbone assembly, the Main I component is 

positioned at 284.7 eV, while the Main II component is situated at 

286.2 eV. Thus, Main II component is shifted by 1.4 eV towards higher 

binding energy with respect to Main I (marked with the black arrow in 

Figure 4.4a). The full width half maximum (FWHM) of Main I is 1.3 

eV. The FWHM of Main II is 2.4 eV, almost twice the value as 

compared with the FWHM value of Main I. Inspecting the relative 

areas of Main I and Main II as obtained from the fitting model without 

any constraints imposed (Main I : Main II = 46.4 : 28.1 = 1.6), the 

fitting model does not reproduce very precisely the stoichiometric ratio 

of TAPP (Main I : Main II = 16 : 6 = 2.6). 

In the case of the porous network, similar to the herringbone 

assembly, the Main I component is positioned at 284.7 eV (blue line in 

Figure 4.4b) and it has a FWHM of 1.3 eV. That suggests that the 

chemical environment of the carbon atoms of the perylene core is not 

perturbed by the coordination of TAPP to Cu adatoms. The Sat position 

for the porous network is similar to the Sat position for the herringbone 

assembly (~291.3 eV). The behavior of Main II, the peak assigned to 

the carbon atoms from the pyrimidine ring, is slightly different for the 

porous network as compared with the herringbone assembly. The 

FWHM of Main II is 2.4 eV, similar to that of the herringbone 

assembly, but the peak position shifts towards lower binding energies 

by 0.2 eV (at 285.9 eV). Furthermore, compared with the herringbone 

phase, for the porous network the relative area of Main II is slightly 

larger, the relative area of Main I is slightly lower while the relative 
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area for the Sat component remains the same. Thus, as compared with 

the herringbone assembly, in the case of the porous network the model 

fits less well with respect to the stoichiometry of TAPP (Main I : Main 

II = 42.1 : 32.2 = 1.3). 

For the chains, the main noticeable change in the C1s spectra as 

compared with the herringbone and the porous structure is the behavior 

of Main I (Figure 4.4c). Although the FWHM (1.3 eV) and relative area 

(42.9%) of Main I are similar as for the porous network structure, a 

peak shift towards lower binding energies is observed (blue line in 

Figure 4.4c). Such behavior has previously been observed and is 

considered a fingerprint for the covalently coupled structures on 

surfaces [Gut14] [Che14]. The Main II component has a broader 

FWHM (3.1 eV) as compared with the herringbone and porous 

structure. Furthermore, Main II, similar to the case of the porous 

network, shifts towards lower binding energies, the peak being 

positioned at 285.8 eV. For chains, the relative area of Main II is 

similar to that of the herringbone structure (42.9 %). The ratio between 

Main components is: Main I : Main II = 1.48). 

Fitting the raw data for all phases of TAPP on Cu(111) for the 

C1s core level with two main components (Main I, Main II) and a Sat 

component without any constraints resulted in a fit model (Figure 4.4) 

where all the features in the C1s spectra are well resolved by the 

resulted envelope function (orange line in Figure 4.4 a-c) but the model 

is not in good agreement with the stoichiometry of TAPP. Thus, an 

alternative model is considered, where the relative areas of Main I and 

Main II are fixed as dictated by the stoichiometry of the molecule. The 

FWHMs of Main I and Main II are left free. The results of this fitting 
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model are shown in Figure 4.5 for all phases of TAPP on Cu(111). In 

Figure 4.5, as compared with Figure 4.4, there are no major changes 

concerning the way in which the features of the spectra are resolved. 

The resulted fitting envelope functions (the orange lines in Figure 4.4 

and Figure 4.5) look very similar. In Figure 4.5a, in the case of the 

herringbone phase, Main II is shifted towards higher binding energies 

with 1.6 eV with respect to Main I. For all phases of TAPP/Cu(111) 

(Figure 4.6a-c), the FWHMs of Main I and Main II are relatively 

similar. A most significant change is observed in the case of the chains 

(Figure 4.6c). The shifts towards lower binding energy of Main I and 

Main II are more significant as compared with the previous case, 0.4 

eV and 0.2 eV, respectively. This is a direct consequence of the 

covalent coupling of the monomers of TAPP. 
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Figure 4.5 C1s XPS spectra of TAPP/Cu(111) for (a) the herringbone phase, 
(b) the porous network and (c) the chains. The fitting and the assignment of 
the peaks is shown. Besides the well-defined Main I component (blue 
component, peak position marked by the blue vertical line), the slightly visible 
shoulder in the C1s spectra is considered as a Main II component (red 
component, peak position indicated by the red vertical line). An overall 
satellite (Sat) (light blue dotted line) for both Main components is taken into 
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account for the fitting procedure. In the left inset table, the positions (eV), 
FWHM (eV) and relative area (%) of the fitting components Main I, Main II, 
and Sat  are given as obtained from the fitting of the raw data where the 
stoichiometry of TAPP was considered (Main I: Main II = 16:6 = 2.6). 

4.3.2 The nitrogen 1s core level of TAPP/Cu(111) 

The XPS N1s spectra for all phases of TAPP on Cu(111) are 

shown in Figure 4.6. For the fitting of the spectra all the components 

were left free during fitting. 

Figure 4.6a shows the N1s spectrum for the herringbone phase. 

The spectrum consists of two peaks (N1, N2). Although one would 

expect only one peak in the N1s core level spectrum of TAPP (the 

molecule has four chemically identical nitrogen atoms, see Figure 4.1 

and Figure 4.4a inset), the existence of two peaks in the N1s spectra 

suggests the existence of two different chemical environments for the 

nitrogen atoms. The peak at lower binding energy (N1 at 398.4 eV, blue 

component in Figure 4.6a) is assigned to the aromatic nitrogen (-N=), 

which is a nitrogen atom that forms bonds exclusively with carbon 

atoms. N1 has a FWHM of 1 eV. The peak at higher binding energy is 

situated at 399.9 eV, which is shifted by 1.5 eV with respect to the 

aromatic nitrogen N1 (black arrow in Figure 4.6a) and by 1 eV  with 

respect to the nitrogen peak of the porous network (Figure 4.6b), 

attributed to a protonated nitrogen (-NH-)5 (red component in Figure 

4.6a) [Pap12] [Sch09] [Nic15] [Gon05] [Schi07] [Ihs90]  [Ste15] 

[Ste14] [Cla76] [Nic15] [Gon05] [Are15]. A similar N1s core level 

spectra was found for the metal free porphyrin 2H-5,10,15,20-

                                                           
5 The protonated nitrogen (-NH-) forms bonds with a hydrogen atom and carbon 
atoms. 
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tetraphenylporphyrin (2H-TPP) deposited on Cu(111). The 2H-TPP 

molecule contains four nitrogen atoms, two nitrogen atoms which form 

bonds only with other carbon atoms (=N-) (which can be directly 

compared with the aromatic nitrogen N1 of TAPP) and two nitrogen 

atoms which form bonds with a hydrogen atom and carbon atoms (-

NH-) (which can be compared with the protonated N2 component of 

TAPP), giving rise to two distinct N1s photoemission peaks at 398.2 

eV and 399.8 eV, respectively [Dil12]. The peak to peak distance 

between the protonated nitrogen (–NH-) component and the nitrogen 

(=N-) component of the 2H-TPP molecule is 1.6 eV. The 2H-TPP 

system was intensively studied, and similar values for the peak 

positions of the (-NH-) and (=N-) nitrogen species were reported 

[Bür14] [Xia12] [Röc13]. Thus, the peak positions and peak to peak 

distance for the nitrogen components of 2H-TPP coincide very well 

with the ones of TAPP, supporting the existence of a protonated 

nitrogen specie (-NH-) for TAPP in the herringbone phase. The reactive 

atomic hydrogen may originate from the residual gas (e.g. from the 

evaporator while degassing/sublimating the molecules, or from the ion 

pumps etc.) [Nat13] [Zik09]. Another possible explanation for the (-

NH-) peak is radiation induced damage which was reported in 

particular for very low photon energies (soft X-rays regime) [Pil05]. 

Our data were acquired with a photon energy around 2970 eV. We 

performed a thorough beam damage study on the herringbone assembly 

and it was found that no radiation induced changes in the XPS spectra 

were observed in the first 45 minutes of exposure of our sample to the 

photon beam. After measuring on the same spot for more than 45 

minutes a decrease in intensity of the N2 peak occurs. Accordingly, we 

limited our measurement time per spot to maximum 45 minutes, in 
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order to eliminate the radiation-induced changes on our sample. 

Another possible explanation for the (-NH-) peak is a tautomerization 

of TAPP [Mat10] [Mat08]. Accordingly, the hydrogen attached to the 

C1 carbon atom of TAPP (inset of Figure 4.4a) will migrate to any of 

the neighboring nitrogen atoms of the pyrimidine group. We can 

compare this hypothesis with the tautomerization of uracil on Cu(111) 

[Pap12]. Uracil is a small aromatic molecule that has two nitrogen 

atoms (see Chapter 3.3). Uracil deposited on Cu(111) in the multilayers 

regime has both nitrogen atoms protonated (-NH-). Uracil in a saturated 

monolayer on Cu(111) has one nitrogen atom protonated (-NH-) and 

one nitrogen atom deprotonated (-N=). After annealing the saturated 

monolayer to 500 K, uracil has both nitrogen atoms deprotonated (-

N=). Interestingly, upon close inspection of the C1s core level of 

uracil/Cu(111) in all phases (multilayers, saturated monolayer, 

annealed saturated monolayer), a fingerprint of the nitrogen 

deprotonation could be identified due to the rearrangement of the 

electron distribution after the chemical change6. It is important to 

mention that the uracil molecule does not recapture the proton. Thus, 

the carbon atoms closest to the nitrogen atom that is deprotonated 

undergo significant changes in the C1s spectrum (the peak shape 

changes considerable, which suggest significant charge redistribution 

within the molecule), and the corresponding peaks are shifted towards 

lower binding energies by ~1 eV. The peak corresponding to the carbon 

atoms further away from the nitrogen atom that is deprotonated 

maintains the same shape, but the peak position shifts towards lower 

binding energies as well (see Appendix D, Figure D.2a7). We can 

                                                           
6 It needs to be mentioned that the proton is not recaptured by the uracil molecule. 
7 The XPS spectra of a saturated monolayer of uracil is shown as a function of 
annealing temperature. In the bottom spectra, uracil has one (-NH-) and one (-N=) 
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directly compare (i) the saturated monolayer of uracil on Cu(111) with 

the herringbone phase of TAPP on Cu(111) and (ii) the annealed (500 

K) saturated monolayer of uracil on Cu(111) with the porous network.  

The XPS N1s core level spectrum for the saturated monolayer 

regime of uracil deposited on Cu(111) shows two peaks separated by 

1.8 eV. The peak at 399.3 eV is assigned to the nitrogen (-N=) 

component (and can be compared with N1 of TAPP in the herringbone 

phase). The peak at 401.1 eV is assigned to the protonated nitrogen (-

NH-) component (and can be compared with N2 of TAPP in the 

herringbone phase). In the case of TAPP, the carbon atoms closest to 

the nitrogen atoms that are deprotonated (-N=) (the case of the porous 

network phase) are C1 and C2 (or C3) (which are included in the Main 

II component) carbon atoms (inset of Figure 4.4a). But, the Main II 

component of the porous network shifts by only 0.1 eV towards lower 

binding energies, instead of ~1eV as compared with uracil/Cu(111) 

[Pap12]. That can be explained as follows: (i) The fact that the 

hydrogen atom is preserved in the case of TAPP molecule and is 

redistributed between the C1 carbon atom and the nitrogen atom which 

assist in the tautomerization process and not lost as in the case of uracil. 

Thus, in the case of the porous network, the C1 carbon peak, which is 

included in the Main II component  is expected to have a higher 

binding energy than in the case of the herringbone phase (where there 

is no hydrogen present at C1), reducing the overall shift of Main II 

towards lower binding energies. (ii) For the porous network, the carbon 

atoms in the pyrimidine end group of TAPP might feel the influence of 

metal coordination of the nitrogen atoms to the Cu adatoms (N-Cu). 

                                                                                                                                           
nitrogen species and in the top most spectra uracil has only one type of nitrogen (-
N=).  
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The N-Cu bond will move the N1s nitrogen peak towards higher 

binding energy as compared with the aromatic (-N=) nitrogen of the 

herringbone phase. Accordingly, this might contribute to a shift in the 

Main II component of the C1s spectrum of the porous network as well, 

but no conclusive remark could be drawn from our data regarding this 

issue 

 With this knowledge in mind, lets reconsider the assumption that 

TAPP in the herringbone phase is intact (no tautomerization, C1 carbon 

atom of TAPP bonds to a hydrogen atom) and the additional hydrogen 

atoms that protonate TAPP are picked-up from the chamber. This case 

is more similar with the one of uracil on Cu(111) [Pap12], because the 

proton is lost in the case of TAPP too. One would expect that in the 

case of the porous network ((-N=) where the nitrogen atoms are 

deprotonated, and the additional hydrogen atoms are lost via annealing 

the sample, the carbon atoms closest to the nitrogen atoms that were 

deprotonated should be shifted by ~1 eV towards lower binding 

energies. That is definitely not the case for the Main II of TAPP in the 

porous network structure as compared with the herringbone phase. 

Thus, based on the current XPS data, we can suggest that the 

protonation of the nitrogen atoms in the herringbone assembly is more 

likely occurring due to a tautomerization of TAPP.  

From the fitting of the raw data, the relative areas for N1 and N2 

are 47.6% and 38.2% (N1:N2= 1.2), which might suggest a 1:1 

stoichiometric ratio between N1 and N2 for TAPP in the herringbone 

phase (see Appendix D for a fit of the N1s core level of the herringbone 

phase with a N1:N2 =1:1 stoichiometric ratio). That would mean that 

each TAPP molecule would have two protonated nitrogen atoms (-NH-



4.3 X‐RAY PHOTOELECTRON SPECTROSCOPY RESULTS 

132 

) and two (-N=) aromatic nitrogen atoms. At higher binding energy 

(~401 eV), the N1s spectra shows a very broad peak (labelled Sat in 

Figure 4.6) (which appears in the N1s spectra of the other phases as 

well, Figure 4.6b,c) and was previously observed for a related perylene 

derivative [Mat14]. This peak is tentatively assigned as a shake-off 

satellite [Per01] [Nil91] [Vic09]8. 

  

 

 

Figure 4.6 N1s XPS spectra of TAPP/Cu(111) for (a) the herringbone 
structure, (b) the porous network and (c) the chains. The fitting and the 
assignment of the peaks is shown. (a) Two main components were considered 

                                                           
8 If the ejected photoelectron transfers sufficient energy to the valence electron and 
ionizes it into the continuum. That is in contrast to a shake-up satellite (where a 
discrete energy appears at higher binding energies from the primary peak. The energy 
loss of the photoelectron is equivalent to a specific quantized energy transition). 
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(N1, N2) to fit the spectrum. An overall satellite for both main components 
(Sat) was also taken into account for the fitting procedure. In the left inset 
table, the positions (eV), FWHM (eV), and relative area (%) of the fitting 
components N1 (blue component), N2 (red component) and Sat (light blue 
dotted line) are given as obtained from the fitting of the raw data with no 
constraints imposed. The indicated chemical shifts are given with respect to 
the porous network. Only for the herringbone assembly two peaks are visible 
and taken into account into the fitting procedure (NI, N2). For (b) and (c) 
only one main component was assumed. 

Figure 4.6b shows the N1s spectrum of TAPP arranged in the 

porous network phase. As expected, the spectrum consists of only one 

peak situated at 398.9 eV, which is attributed to the nitrogen 

coordinated to the Cu native adatoms (C-N-Cu) [Mat10] [Mat14]. The 

N-Cu peak is shifted towards higher binding energies with 0.5 eV with 

respect to the aromatic nitrogen (C-N=C) of the herringbone phase. The 

FWHM of N1 is 1 eV, similar to the case of the herringbone phase. A 

similar shift (0.6 eV) towards higher binding energies was reported for 

the metalation of the 2H-TPP porphyrin with native copper metal 

adatoms [Dil12]. While before annealing the N1s spectra of 2H-TPP on 

Cu(111) shows two distinct peaks corresponding to a protonated (-NH-) 

nitrogen species and an (=N-) nitrogen specie, heating up the sample 

results in a metalated porphyrin where the four nitrogen atoms are 

equivalently coordinated to the metal center, yielding only one N1s 

peak. 

Figure 4.6c shows the N1s core level spectrum for the polymer 

chains. Similar to the porous network, the spectrum consists of only 

one peak, which is situated at 398.5 eV. The peak position is relatively 

close in energy to the one for the aromatic nitrogen (-N=) of the 

herringbone phase (398.4 eV). More precisely, the N1s peak position 

for the chains is shifted slightly towards higher binding energy (shift < 
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100 meV) with respect to the N1 component of the herringbone phase. 

Due to that, one can tentatively assign the N1s peak for the chains to 

aromatic nitrogen (-N=). Interestingly, the FWHM of the N1s peak for 

the chains is slightly larger (1.25 eV) than in the case of the other two 

phases (~1 eV). This broadening of the peak might speak for the 

existence of a second nitrogen species, but the resolution of our data 

does not allow them to be distinguished as separate components. Most 

probably, the slight shift towards higher binding energies (as compared 

with the aromatic nitrogen of the herringbone phase) is also due to the 

presence of the metal coordinated nitrogen (C-N-Cu) on the sample. 

Thus, the covalently linked chains are assumed to be metal-coordinated 

[Mat10]. Compared with the metal-coordinated nitrogen of the porous 

network phase, the N1s peak position for the chains is shifted towards 

lower binding energies by 0.4 eV (Figure 4.6c). 

4.4. X-ray standing wave results: determination of 

the adsorption height 

In order to gain insight into the molecule-substrate interactions, 

normal incidence x-ray standing wave (NIXSW) measurements were 

used to determine the vertical adsorption height of TAPP/Cu(111) for 

the herringbone and the porous network phase. In Chapter 2.3 the 

NIXSW technique has been introduced. Furthermore, in Appendix D 

additional information regarding the NIXSW data analysis are given. 

Herein the focus is on the NIXSW experimental results (determination 
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of the structural parameters coherent position (Pc) and coherent fraction 

(Fc)) (Chapter 2.3)9 and their interpretation.  

4.4.1 NIXSW measurements for the C1s core level  

In order to fit the XSW-XPS spectra for the C1s core level, the 

XPS fitting model described in Section 4.3.1 is used. Accordingly, for 

the herringbone and porous network structure, two main components 

are considered (Main I and Main II), as well as a satellite (Sat). 

Furthermore, the position and the FWHM for the main components are 

fixed (the values are indicated in the insets of Figure 4.4), no 

constraints are imposed on the satellite peak and the area ratio between 

the peaks is left free. 

The photoelectron yield of the Main I and Main II components 

were investigated. Figure 4.7 shows the photoelectron yield curves 

measured for the carbon species of TAPP in the herringbone and 

porous network structure. From fitting these photoelectron yield curves 

(Chapter 2.3, Appendix D) both the coherent positions (Pc) and 

coherent fractions (Fc) for Main I and Main II are obtained (insets of 

Figure 4.7) and summarized in Table 4.1. The coherent position gives 

                                                           
9 In brief, from the XSW-XPS spectra recorded at each photon energy during the 
NIXSW scan the photoelectron yield for each atomic species was extracted and 
plotted versus photon energy. From fitting these photoelectron yield curves (Chapter 
2.3, Appendix D) the coherent positions and coherent fractions are obtained. The 
coherent position (Pc) is related to the vertical adsorption height c(d )  of an atomic 

species via 
c c Cu (111)d (P 1)d  , where 

C u (111)d 2 .08 Å is the lattice space of the 

(111) Bragg reflection. The coherent fraction varies within the range of c0 F 1   

and reflects the degree of vertical order. cF 1  indicates perfect order (all atoms of 

the analyzed chemical species have the same distance with respect to the surface), 
while cF 0  stands for a disordered layer (the analyzed chemical species have 

random distances with respect to the surface). 
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the vertical adsorption height modulo the distance between two [111] 

planes of the Cu substrate10. The coherent fraction represents a measure 

for the structural order of the atoms relative to the Bragg planes, and it 

can have values between 0 and 1, 1 corresponding to a complete 

ordered system. The average coherent position (see Appendix D.4) of 

both components are 0.29 (Main I) and 0.26 (Main II) for the 

herringbone phase (0.35 and 0.37 for the porous network) (Table 4.1), 

which correspond to an average vertical height of the carbon atoms 

above the Cu(111) surface of 2.69 Å and 2.62 Å for the herringbone 

phase (2.82 Å and 2.85 Å for the porous network) (Table 4.1).  

Figure 4.7 Photoelectron yield curves for the (a) Main I and (b) Main II 
components, for the herringbone phase (package Mlu119, see Table C1, 
Appendix D), and the (c) Main I and (d) Main II components for the porous 
phase (package Flu108, see Table C2, Appendix D) as a function of the 
photon energy relative to the Bragg energy (2972.11 eV). The fitting curves 
are represented by continuous black lines; the relative errors are indicated 

                                                           
10 

C u (111)d 2 .08 Å 
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in red.11. The results of the fit: (coherent fraction, coherent position, and 

reduced 
2
Redχ ) 12are reported for each profile. 

For the herringbone (porous network) phase, the Main I and Main 

II components have relatively similar average carbon heights, 2.69 Å 

and 2.62 Å (2.82 Å and 2.85 Å). It is interesting to notice that, for the 

herringbone phase, for all the three samples prepared (see Table C1, 

Appendix D), Main I has a slightly higher vertical adsorption height as 

compared with Main II, while in the case of the porous network phase 

the situation is reversed (Table 4.1). 

 

                                                           
11 The error of each component is given by its standard deviation calculated on the 
basis of the fit of the Monte Carlo-simulated XSW-XPS raw data [Fai]. 

12 The small value of reduced 
2
Redχ  testifies to the good quality of the fit, which 

corroborates the accuracy of structural parameters [Mer12] 
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Table 4.1 Summary of the structural parameters for the C1s core level of the 
herringbone assembly (left) and the porous network (right). The energy 
position and the FWHM for the main components are fixed, no constraints are 
imposed on the satellite component and the area ratio between the peaks is 
left free. The coherent position (PC), coherent fraction (FC) and the distance 

(dC) from the Bragg plane, calculated as c Cu(111)(P +1)d  (where 

Cu(111)d =2.08Å), are reported for Main I and Main II. Mlu, Olu, Plu (Flu, 

Hlu, Qlu) represent different samples prepared with the herringbone (porous 
network) phase of TAPP on Cu(111) (Appendix D). 

However, if one compares the height of the Main I (Main II) 

component for the pores with respect to the Main I (Main II) 

component for the herringbone assembly, definitely a height increase of 

Herringbone 
Data set C1s Main I Main II 

Mlu 
(STDEV )  

Fc  
0.41 

(0.04) 
0.44 

(0.06) 

Pc  
0.27 

(0.01) 
0.26 

(0.01) 

dc (Å) 2.64 2.62 

Olu 
(STDEV )  

Fc  
0.36 

(0.04) 
0.43 

(0.06) 

Pc  
0.34 

(0.01) 
0.29 

(0.25) 

dc (Å) 2.8 2.69 

Plu 
(STDEV )  

Fc  
0.43 

(0.04) 
0.40 

(0.05) 

Pc  
0.26 

(0.01) 
0.23 

(0.01) 

dc (Å) 2.63 2.56 

Average 
(STDEV )  

Fc  
0.40 

(0.04) 
0.42 

(0.05) 

Pc  
0.29 

(0.01) 
0.26 

(0.09) 

dc (Å) 2.69 2.62 

Porous network  
Data set C1s Main I Main II 

Flu 
(STDEV )

Fc  
0.33 

(0.03) 
0.31 

(0.05) 

Pc  
0.35 

(0.01) 
0.37 

(0.02) 

dc (Å) 2.81 2.85 

Hlu 
(STDEV )

Fc  
0.54 

(0.06) 
0.45 

(0.07) 

Pc  
0.36 

(0.01) 
0.40 

(0.02) 

dc (Å) 2.85 2.91 

Qlu 
(STDEV )

Fc  
0.52 

(0.03) 
0.41 

(0.05) 

Pc  
0.34 

(0.01) 
0.33 

(0.01) 

dc (Å) 2.79 2.79 

Average
(STDEV )

Fc  
0.48 

(0.04) 
0.39 

(0.05) 

Pc  
0.35 

(0.01) 
0.37 

(0.02) 

dc (Å) 2.82 2.85 
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the carbon backbone occurs. For Main I the height increase is 0.13 Å, 

while for Main II the height increase is almost double the value 

compared with Main I, 0.23 Å, respectively. 

4.4.2 NIXSW measurements for the N1s core level 

 In order to fit the XSW-XPS spectra for the N1s core level, the 

XPS fitting model described in Section 4.3.2 is used. For the 

herringbone phase two main components (N1 and N2) are considered, 

and a satellite (Sat) (Figure 4.6a). For the porous network structure only 

one main component (N1) and a satellite component (Sat) (Figure 4.6b) 

are considered. The position and the full width half maximum (FWHM) 

for the main components (N1, N2) are fixed (the values are indicated in 

the insets of Figure 4.6), while the area ratio between the peaks is left 

free and no constraints are imposed on the Sat component. 

Figure 4.8 Photoelectron yield curves for the (a) N1 and (b) N2 components 
for the herringbone phase (package Mlu119, see Table C1, Appendix D) and 
the (c) N1 component for the porous phase (package Flu108, see Table C2, 
Appendix D) as a function of the photon energy relative to the Bragg energy 
(2972.11 eV). The fitting curves are represented by continuous black lines; 
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the relative errors are indicated in red.13. The results of the fit: (coherent 

fraction, coherent position, and reduced 
2
Redχ ) 14are reported for each profile.  

In the case of the herringbone phase, the photoelectron yield of 

the two N1 and N2 components were investigated (Figure 4.8). The 

corresponding structural parameters are summarized in Table 4.2. The 

average (see Appendix D.4) coherent positions of the N1 and N2 

components are 0.21 and 0.44, respectively. This corresponds to an 

average vertical height of 2.53 Å and 3.00 Å, respectively. 

Interestingly, the N1 nitrogen is approximately 0.5 Å closer to the 

surface than N2, while both components have approximately the same 

coherent fraction. In the case of the porous network, the photoelectron 

yield of the main N1 component is investigated. The average vertical 

height of the nitrogen atoms is 2.98 Å. The coherent fraction for the 

porous network is higher than in the case of the herringbone phase, 

because in the case of the porous network we have only one type of 

nitrogen atom that is situated at the same height with respect to the Cu 

surface.

                                                           
13 The error of each component is given by its standard deviation calculated on the 
basis of the fit of the Monte Carlo-simulated XSW-XPS raw data [Fai]. 

14 The small value of reduced 
2
Redχ  testifies the good quality of the fit, which 

corroborates the accuracy of structural parameters [Mer12]  
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Table 4.2 Summary of the structural parameters for the N1s core level of the 
herringbone assembly (left) and the porous network (right). The energy 
position and the FWHM for the main components are fixed, no constraints are 
imposed on the satellite component and the area ratio between the peaks is 
left free. The coherent position (PC), coherent fraction (FC) and the distance 

(dC) from the Bragg plane, calculated as c Cu(111)(P 1)d  (where 

Cu(111)d 2.08 Å), are reported for N1 and N2. Mlu, Olu, Plu (Flu, Hlu, Qlu) 

represent different samples prepared with the herringbone (porous network) 
phase of TAPP on Cu(111) (Appendix D). 

 

 Herringbone 
Data set N1s N1 N2 

Mlu 
(STDEV )  

Fc  
0.31 

(0.03) 
0.27 

(0.12) 

Pc  
0.22 

(0.01) 
0.40 

(0.06) 

dc (Å) 2.55 2.93 

Olu 
(STDEV )  

Fc  
0.26 

(0.05) 
0.28 

(0.12) 

Pc  
0.21 

(0.01) 
0.47 

(0.08) 

dc (Å) 2.53 3.08 

Plu 
(STDEV )  

Fc  
0.27 

(0.04) 
0.23 

(0.12) 

Pc  
0.20 

(0.02) 
0.44 

(0.08) 

dc (Å) 2.51 3.00 

Average 
(STDEV )  

Fc  
0.28 

(0.04) 
0.26 

(0.11) 

Pc  
0.21 

(0.01) 
0.44 

(0.10) 

dc (Å) 2.53 3.00 

Porous network 
Data set N1s N1 

Flu 
(STDEV )

Fc  
0.49 

(0.04) 

Pc  
0.42 

(0.01) 

dc (Å) 2.95 

Hlu 
(STDEV )

Fc  
0.59 

(0.04) 

Pc  
0.46 

(0.02) 

dc (Å) 3.04 

Qlu 
(STDEV )

Fc  
0.64 

(0.06) 

Pc  
0.41 

(0.01) 

dc (Å) 2.93 

Average
(STDEV )

Fc  
0.57 

(0.05) 

Pc  
0.43 

(0.01) 

dc (Å) 2.98 
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4.5 Discussion 

In Figure 4.9, the experimental vertical adsorption distances of 

the nitrogen and carbon atoms are depicted for the herringbone phase 

(Figure 4.9a) and the porous network phase (Figure 4.9b). 

For the herringbone phase, the carbon Main I component is 

situated at 2.69 Å above the Cu surface. Main I component is 

attributed to the carbon atoms in the perylene core (backbone) of the 

molecule, namely C4 and C5 (Main I =8xC4+8xC5, see Figure 4.3 and 

inset Figure 4.4a). The carbon Main II component is situated at 2.62 Å 

with respect to the Cu surface. Main II component is attributed to the 

carbon atoms of the pyrimidine ring, namely C1, C2 and C3 (Main II 

=2xC1+2xC2+2xC3, see Figure 4.3 and inset Figure 4.4a). These 

values agree well with reported literature values for the perylene 

derivatives [3,4,9,10-perylene tetracarboxylic dianhydride] (PTCDA) 

on Cu(111) [Ger07] and [4,9-diaminoperylene-quinone-3,10-diimine] 

(DPDI) (see Chapter 2.1) on Cu(111) [Mat14]. 

If one compares the vertical adsorption heights obtained for the 

carbon atoms of the perylene (2.69 Å) and for the carbon atoms of the 

pyrimidine group of TAPP in the herringbone phase with the sum of 

the vdW radii of copper (1.4 Å) and carbon (1.7 Å), one can conclude 

that TAPP is chemisorbed, similar as reported for PTCDA on Cu(111) 

[Ger07] and DPDI on Cu(111) in the mobile phase [Mat14]. In the 

case of the nitrogen atoms, the situation is a bit more complex.  

The N1 component of TAPP in the herringbone phase is situated 

at 2.53 Å above the surface but below the carbon backbone of TAPP. 
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If one considers that the sum of the vdW radii of copper (1.4 Å) and 

nitrogen (1.5 Å) is 2.9 Å, it means that N1, which is very close to the 

surface, has its lone pair binding to the copper atoms of the surface. 

This situation is similar with the case of DPDI/Cu(111) in the mobile 

phase [Mat14], where the nitrogen atoms of the functional groups are 

even closer to the surface (2.4 and 2.2 Å). N2, which was assigned to a 

protonated nitrogen (-NH-), is situated at 3 Å above the surface, which 

suggests a physisorption regime (no strong interaction between N2 and 

the metal surface). That means the molecule-substrate interaction is 

mediated by: (i) The interaction of N1 with the Cu surface; (ii) the 

interaction of the aromatic system of the perylene core with the metal 

surface. The TAPP molecules interact with each other via H-bonding. 

The H-bonding takes place between the protonated nitrogen of one 

TAPP and the non-protonated nitrogen of a neighboring TAPP. 

Another important aspect which has to be noted is the distortion of the 

molecule from its planar configuration induced by the different heights 

of the atoms in the pyrimidine groups compared to the average height 

of the perylene core (Figure 4.9a). A similar effect was observed and 

discussed for PTCDA on Ag(111) and Cu(111) [Ger07]. 
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Figure 4.9 Front-view representation of TAPP/Cu(111) for (a) the 
herringbone phase and (b) the porous network. The experimental and 
theoretical vertical distances of the nitrogen and carbon atoms (perylene 
core) are explicitly given. 

For the porous network, the Main I component (the backbone 

carbon atoms) is situated 2.82 Å above the metal surface, 

approximately 0.3 Å higher than in the case of the herringbone phase. 

The Main II component (corresponding to the carbon atoms of the 

pyrimidine group) is positioned at 2.85 Å above the surface. The 

nitrogen atoms of the pyrimidine group are situated at 0.16 Å above 

the carbon backbone, and at 2.98 Å above the metal surface, almost at 

the same height as the N2 (-NH-) of the herringbone phase. These 

vertical adsorption height values for the carbon and nitrogen atoms fit 

well with the one reported for the porous DPDI network [Mat14]. If 

one compares the vertical distances for the carbon (nitrogen) with the 

sum of the vdW radii of copper and carbon (nitrogen), one can 

conclude that there is no significant interaction between the perylene 

core (functional groups) and the substrate. This indicates that the 

porous network structure on Cu(111) is a physisorbed system and there 

is no direct chemical interaction between the molecules and the 

Cu(111) surface. Thus, the incorporation of the Cu adatoms in the 
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porous network induces an overall height increase of the molecule as 

compared with the herringbone phase, which decouples the molecules 

from the surface. One Cu adatom coordinates to the nitrogens of two 

neighboring molecules (two-fold coordination). The coordination of 

the nitrogen to native adatoms mediates both the molecule-molecule 

and the molecule-substrate interactions. Thus, the perylene backbone 

is not necessarily needed to anchor the molecule to the substrate, as the 

anchoring to the surface takes place via the nitrogen atoms of the 

functional groups. A similar effect was observed in the case of the 

DPDI porous network [Mat14]. Furthermore, this interpretation is 

supported by comparison with a study that involves another perylene 

derivative diindenoperylene (DIP), which has no functional chemical 

groups available for metal coordination. The DIP molecule has an 

adsorption height of 2.59 Å on Cu(111) [Bür13], which is very similar 

to the carbon adsorption height for the herringbone phase. 

Furthermore, the adsorption heights of TAPP/Cu(111) resulted from 

DFT calculations are in good agreement with the experimental values 

(see Figure 4.8). 

To conclude, using the NIXSW technique, the vertical 

adsorption height of TAPP on the Cu(111) surface was determined. In 

particular, the adsorption height represents a sensitive tool to 

understand the molecule-substrate interaction because it provides 

direct insight into the bonding mechanism of adsorbates on the surface. 

In the herringbone phase, the molecules interact with the Cu surface 

through the non-protonated nitrogen species which are very close to 

the surface (2.53 Å) and through the perylene core (which is situated at 

2.63 Å above the surface) of TAPP. The H-bonding between 

neighboring TAPP molecules is responsible for the molecule-molecule 
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interactions. The H-bonding takes place between the protonated 

nitrogen of one TAPP and the non-protonated nitrogen of a 

neighboring TAPP. Furthermore, the difference in the vertical 

adsorption height of the protonated and non-protonated nitrogen atoms 

of TAPP induces a distortion in the planar shape of the molecule. In 

the case of the porous network, the incorporation of the Cu adatoms in 

the network leads to an increase of the vertical adsorption height of 

TAPP, which indicates a fundamental change of molecule-substrate 

interaction, attributed to the two-fold coordination between nitrogen 

and Cu adatoms. Furthermore, in the case of the porous network, the 

metal coordination mediates both, the intermolecular as well as the 

molecule-substrate interactions.  


