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Chapter 6

Metal-free pyridyl-functionalized porphyrins on Ag(111):
A combined XPS and NIXSW study

In this chapter, we describe how, by means of X-ray photoelectron 
spectroscopy and normal incidence X-ray standing wave measurements, we could 
characterize the molecular conformation of metal-free pyridyl-functionalized 
porphyrin molecules, which arrange in a close-packed network on Ag(111). From the 
binding energies and vertical adsorption heights we were able to conclude that the 
molecules are chemisorbed, and deform to maximize the interaction between their 
pyridylic end groups and the Ag(111) surface.
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6.1 Introduction

Understanding the fundamental mechanisms that determine the properties of
organo-metallic interfaces such as charge density distribution [1–3], energy level
hybridization [1,4–6], molecular conformation changes [4,5,7,8] and energy level
alignment [8–11] is essential for the development of organic and molecular electronics.
These mechanisms occurring at organo-metallic interfaces can be unravelled by X-ray
photoelectron spectroscopy (XPS) [12] and normal incidence X-ray standing wave
(NIXSW) measurements [13,14], which allow to resolve the conformation geometry of
the adsorbed molecules with such precision that the strength of molecule-substrate
interactions can be indirectly determined as we demonstrate in this chapter for a
porphyrin-based molecule. In general, porphyrin derivatives are promising candidates
for future applications in organic devices [15–17]. Especially, applications such as
single-molecule p-n junctions [18], transistor based sensors [19], new dyes for energy
conversion in dye-sensiting solar cells [20], single-molecule magnets [21] and in
catalysis [22] have been proposed for porphyrin derivatives bearing different metal
ions inside their macrocycles. The metalation of the porphyrin macrocycle typically
causes a change in adsorption geometry, affecting the interaction with the substrate
[23–26]. In this regard, it is crucial to characterize the conformation of porphyrin-
based molecules and their interactions with the underlying surface before and after
metalation. To the best of our knowledge, only one combined XPS and NIXSW study of
a porphyrin derivative before and after metalation with Cu atoms on Cu(111) [27] has
been reported so far. In order to extend the knowledge about the porphyrin/metal
interface, we study a pyridyl-functionalized porphyrin molecule on the Ag(111)
surface. The aforementioned surface is not magnetic and less reactive as compared to
Cu(111). Therefore, our findings are also of interest for realization of single-molecule
magnets via metalation of the porphyrin macrocycle with the magnetic metal atoms
such as Co or Fe.

The metal-free pyridyl-functionalized porphyrin molecules arrange in a close-
packed network on Ag(111) [28]. With the binding energies and adsorption heights
obtained from XPS and NIXSW we could determine the bonding mechanisms between
the different atomic species of the porphyrin and the surface and identify its
conformation geometry which was found to be different with respect to the one in the
gas phase.

6.2 STM and LEED insight into themolecular arrangement

The 5,15-dipentyl-10,20-(4-yl-pyridine)porphyrin molecule denoted as DPPyP
(chemical structure shown in Figure 6.1) consists of a central porphyrin macrocycle
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Figure 6.1: Schematic drawing of DPPyP with the chemically different nitrogen and
carbon atoms indicated by numbers. N1, N2 and N3 represent the nitrogen atoms (blue), while C1–
C6 represent the carbon atoms (grey). The hydrogen atoms are shown in white.

bearing two pyridyl groups and two pentyl chains at trans meso positions. The self-
assembly of this molecule on Ag(111) has been previously studied by Studener et al.
in our laboratory [28], who established that for submonolayer molecular coverages,
deposited onto the Ag(111) substrate held at room temperature (RT), the molecules
exclusively form a close-packed network shown in Figure 6.2a. The measured and
simulated LEED patterns of this closed-packed network are presented in Figures 6.2b
and d, respectively. Based on our STM and LEED data analysis, a tentative structural
model was constructed and is shown in Figure 6.2c. The network has a rhombic unit
cell with dimensions of 1.42 nm  1.52 nm and an internal angle of 84⁰; its two mirror
domains are rotated ±24⁰ with respect to the principal Ag(111) directions. In this
structure the molecules interact via weak van der Waals forces between pentyl chains
(purple dashed oval) and extra stabilization comes from hydrogen bonding between
pyridyl nitrogen and hydrogen atoms (green dashed circle). Similar hydrogen bonding
has been reported as a stabilizing bonding motif for 2H-tetrapyridylporphyrin
molecules on Ag(111) [29,30].

The close-packed network of DPPyP can also be reproduced by deposition of
multilayer coverage and subsequent thermal annealing at 220 °C. In this way, the
samples were prepared for the XPS and NIXSW measurements at Diamond
synchrotron facility.
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Figure 6.2: Close-packed network formed by DPPyP on Ag(111). a) STM image with
submolecular resolution (7  7 nm2, U = -2.5 V, I = 10 pA, adapted from Ref. [28]) with a molecule
superimposed to indicate its orientation within the close-packed network. b) LEED pattern taken
at a beam energy of 19.5 eV. c) Tentative structural model of the close-packed network. Green
dashed circle and purple dashed oval highlight the stabilizing bonding motifs such as H-bonding
and van der Waals interactions, respectively. d) The simulated LEED pattern of the network
superimposed on the measured LEED pattern shown in b). The red circle represents the (0,0) spot,
while the white circles represent the simulated LEED spots originating from the close-packed
network. The blue rhombus represents the unit cell. The white (a) and red dashed arrows (b, c, d)
indicate the principal [1-10]-Ag direction.

6.3 XPS results: Differentiation of the chemically different
atomic species within themolecules

One DPPyP molecule consists of 6 nitrogen (N) and 40 carbon (C) atoms. The
nitrogen and carbon atoms can be subdivided into chemically different species
(indicated by numbers in Figure 6.1). The two pyridyl nitrogen atoms represent the
chemical species N1, while the two iminic nitrogen and two pyrrolic nitrogen atoms
represent species N2 and N3, respectively. Each pyridylic and iminic nitrogen atom
has a lone electron pair in contrast to the pyrrolic nitrogen atoms. The presence of a
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lone electron pair results in a different chemical state of N2 compared to N3. The
stoichiometric ratio between the three nitrogen species is N1 : N2 : N3 = 1 : 1 : 1. The
carbon atoms of DPPyP can be subdivided into six chemically different species: C1 for
the sp2 hybridized carbon atoms within the aromatic pyridyl rings connected to N1
atoms; C2 for the sp2 hybridized carbon atoms within aromatic pyridyl and pyrrole
rings connected only to carbon and hydrogen atoms; C3 for the sp2 hybridized carbon
atoms bonded only to carbon atoms; C4 for the sp2 hybridized carbon atoms within
the aromatic pyrrole rings connected to N2 atoms; C5 for the sp2 hybridized carbon
atoms within the aromatic pyrrole rings connected to N3 atoms; C6 for the sp3

hybridized carbon atoms within the pentyl chains connected to carbon and hydrogen
atoms. It is worth noticing, the sp2 hybridized carbon atoms bonded to N2 and to N3
are attributed to different carbon species C4 and C5. Such a subdivision stems from
the difference in the chemical states of the N2 and N3 species. In summary, each
DPPyP molecule consists of 4×C1, 12×C2, 6×C3, 4×C4, 4×C5, and 10×C6 carbon atoms.
The stoichiometric ratio for the carbon species in a DPPyP molecule is C1 : C2 : C3 :
C4 : C5 : C6 = 2 : 6 : 3 : 2 : 2 : 5.

In order to obtain information on the chemically different C 1s and N 1s species
of a DPPyP molecule in the close-packed network, XPS measurements were
performed at the N 1s (Figure 6.3a) and C 1s core levels (Figure 6.3b). The N 1s
spectrum in Figure 6.3a was fitted with three peaks: Iminic at 397.9 eV (blue),
Pyridylic at 399.0 eV (red), and Pyrrolic at 399.9 eV (green) and assigned to the iminic,
pyridylic and pyrrolic nitrogen atoms, respectively. This assignment is in line with
reported literature values for iminic and pyrrolic N 1s peaks. Similar peak positions
were reported for 2H-tetraphenylporphyrin molecules having iminic and pyrrolic
nitrogen atoms in their chemical structure on Ag(111) [31–34]. The N 1s peaks are
summarized in Table 6.1. The area ratios of the peaks are in good agreement with the
stoichiometric ratio between the iminic, pyridylic and pyrrolic nitrogen atoms of
DPPyP (Pyridylic (2×N1) : Iminic (2×N2): Pyrrolic (2×N3) = 1 : 1: 1).

The C 1s spectrum in Figure 6.3b was fitted with two peaks (Main I at 284.7 eV,
blue and Main II at 285.3 eV) and one satellite peak (Sat at 288.5, grey). Main I is
attributed to the carbon atoms labelled C2, C3 and C5 (Main I = 12×C2 + 6×C3 + 4×C5).
The position of Main I is comparable with the position of aromatic sp2 hybridized
carbon species C2 in dibromotetracene on Cu(110) (284.4 eV) [35], and in 2H-
tetraphenylporphyrin on Cu(111) (284.3 eV) [27] as well as with the position of the
aromatic sp2 hybridized carbon species C3 in fluorinated copper-phthalocyanines on
Au(111) (284.5 eV) [36] and on Cu(111) (285.5 eV) [37]. Main II is assigned to C1, C4
and C6 species (Main II = 4×C1 + 4×C4 + 10×C6). The position of Main II is comparable
with the sp2 hybridized carbon atoms bonded to nitrogen atoms (C1, C4) in 2H-
tetraphenylporphyrin on Cu(111) (285.3 eV) [27]. In literature, the peak attributed to
sp3 hybridized carbon atoms (C6) was reported ~1 eV higher BE than the peak
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Figure 6.3: N 1s (a) and C 1s (b) XPS spectra of the close-packed DPPyP network on
Ag(111) acquired with a photon energy of 600 eV. The numerical values of the fitted peaks are
given in Table 6.1.

N 1s Peaks BE Position (eV) FWHM (eV) Area (%)
Iminic 397.9 1.00 31.4
Pyridylic 399.0 1.00 33.1
Pyrrolic 399.9 1.00 35.5

C 1s Peaks BE Position (eV) FWHM (eV) Area (%)
Main I 284.7 1.16 57.4
Main II 285.3 1.16 40.4
Sat 288.6 1.32 2.2

Table 6.1: N 1s and C 1s binding energy (BE) positions, full width at half maximum
(FWHM) values and respective peak areas for 1 ML of the close-packed network on Ag(111), cf.
Figure 6.1.
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assigned to sp2 hybridized carbon atoms (C2, C3) [38,39]. Such an observation is in
agreement with the positions of Main I (284.7 eV) and Main II (285.3 eV). The satellite
peak Sat (grey in Figure 6.3b) at 288.6 eV is tentatively attributed to a shake-up
satellite (shifted by +3.9 eV from the primary Main I peak). Similar shake-up satellite
peaks originating from the aromatic sp2 hybridized C 1s peak were observed within an
energy range of 1.7 - 3 eV for multilayer coverages of 2H-tetraphenylporphin and
phthalocyanine molecules adsorbed on a copper holder [40]. The C 1s peaks are
summarized in Table 6.1. The area ratio of the fitted peaks (Main I : Main II = 1.42 : 1)
does not reproduce well the stoichiometric ratio of 1.22 : 1 for the DPPyP carbon
species assigned to Main I (12×C2 + 6×C3 + 4×C5) and Main II (4×C1 + 4×C4 + 10×C6).
A similar disagreement was observed for 2H-tetraphenylporphyrin molecules on
Cu(111) [41]. It was shown that the relative area ratios of the XPS peaks do not only
depend on the total molecular coverage but also on the emission angle under which
the XPS spectra were acquired. Diller et al. attributed the intensity variations of the
photoemission peaks to photoelectron diffraction effects.

6.4 NIXSW results: Determination of the vertical adsorption
heights for the atomic species

In order to obtain insight into the molecule-substrate interactions as well as
into the conformation geometry of DPPyP molecules within the close-packed network
on Ag(111), normal incidence X-ray standing wave (NIXSW) measurements were used
to determine the adsorption heights of the chemically different nitrogen and carbon
atoms. The NIXSW technique has been briefly introduced in Section 2.4 Herein, we
focus on the experimental results obtained for the close-packed network of DPPyP
molecules on Ag(111).

Prior to each NIXSW measurement, a reflectivity curve was recorded at a given
position on the sample to determine the Bragg energy for Ag(111) (2629.1 eV). For
the data acquisition, only areas on the Ag(111) crystal with the reflectivity full width
at half maximum (FWHM) ≤1.15 eV were selected. The FWHM of 1.15 eV or smaller
indicated the crystallinity of the Ag(111) areas was sufficient for meaningful data
acquisition. Subsequently, data sets of the N 1s and C 1s XPS spectra were taken with
hard X-rays around the Bragg energy across a window of ±8 eV and ±5 eV,
respectively. Afterwards, the XPS spectra were fitted according to the model described
in Section 6.3. During the fitting, the energy positions and the FWHM of the main
components were fixed and the area ratios between the main components were left
free. The satellite components were not taken into account. The areas of the fitted
components were analysed with the NIXSW software provided by the beamline I09 of
the Diamond synchrotron. Note that the tabulated results given in Table 6.2 refer to
the values averaged over individual data sets which were acquired for six different
Ag(111) areas. A single NIXSW data set is shown as an example in Figure 6.4.
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Fc Pc dc (Å)
Iminic N 1s (N2) 0.86±0.06 0.12±0.01 2.65±0.03
Pyridylic N 1s (N1) 0.91±0.16 0.02±0.01 2.41±0.02
Pyrrolic N 1s (N3) 0.72±0.05 0.18±0.01 2.78±0.02
Main I C 1s (C2, C3, C5) 0.84±0.03 0.26±0.01 3.00±0.01
Main II C 1s (C1, C4, C6) 0.46±0.03 0.39±0.01 3.27±0.02

Table 6.2: Results of the NIXSW data analysis. Coherent fraction (Fc), coherent position
(Pc) and vertical adsorption height (dc) with respect to the topmost Ag(111) lattice plane are
reported for the different nitrogen and carbon species. The distance dc was calculated as t� �
� ��am���a , where ��a ��� � bat� �.

Figure 6.4: Representative spectra for reflectivity (triangles) and photoelectron yield
(circles) obtained during the NIXSW measurements of the close-packed DPPyP network on
Ag(111). Photoelectron yield curves for different nitrogen and carbon species are shown in
different colours. The solid lines represent the fits.
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The analysis of the N 1s photoelectron yield curves revealed an adsorption
height dc3 of 2.65 Å for iminic (N2), 2.41 Å for pyridylic (N1) and 2.78 Å for pyrrolic
nitrogen atoms (N3). The adsorption heights of the carbon atoms were determined
from the C 1s photoelectron yield curves. They amounted to 3.00 Å for the Main I
carbon atoms and to 3.27 Å for the Main II carbon atoms. All results are summarized
in Table 6.2.

In Figure 6.5, the adsorption heights of the nitrogen and carbon atoms above
the Ag(111) surface are depicted for the DPPyP molecule within the close-packed
network.

The pyridylic nitrogen atoms (N1) are situated closest to the Ag(111) surface
(2.41 Å). For them, the coherent fraction Fc4 is 0.91 and indicates the vertical order is
close to ideal. By comparing the distance of 2.41 Å with the sum of the van der Waals
(vdW) radii of silver (1.72 Å) and nitrogen atoms (1.55 Å) [42], one can conclude that
the interaction between the pyridylic nitrogen atoms and Ag atoms has a
chemisorptive character. Such interaction is in line with the interpretation that the

Figure 6.5: Side view of the vertical arrangement of the chemically different nitrogen and
carbon atoms composing a DPPyP molecule in the close-packed network on Ag(111). The
averaged vertical distances of the nitrogen and carbon atoms with respect to the topmost Ag(111)
lattice plane are indicated in the figure.

lone electron pairs of the pyridylic nitrogen atoms bind to Ag atoms causing the
strongest interaction with the Ag surface. The nitrogen atoms within the DPPyP
macrocycle, the iminic (N2) and pyrrolic nitrogen atoms (N3), are located at higher

3 The adsorption height dc of an atomic species is related to the coherent position Pc via
t� � � ��am���a , where ��a ��� � bat� � and is the lattice spacing between the (111) planes of

an Ag(111) crystal.
4 The coherent fraction (Fc) varies within the range of 0≤Fc≤1 and reflects the degree of

vertical order. Fc = 1 indicates ideal vertical order of the probed atoms having the same
distance to the surface while Fc = 0 stands for a completely disordered vertical arrangement of
the atoms.
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distances from the surface (2.65 Å for N2 and 2.78 Å for N3). The sum of the vdW radii
of silver (1.72 Å) and nitrogen atoms (1.55 Å) are larger than the adsorption heights of
the N2 and N3 species. We concluded that also for the macrocycle nitrogen atoms, the
interactions with the surface is chemisorptive. The macrocycle nitrogen atoms have a
lower vertical order compared to the pyridylic nitrogen atoms, the coherent fractions
for N2 and N3 are 0.86 and 0.72, respectively. Interestingly, the adsorption heights
and coherent fractions obtained for the N2 and N3 species give insight into the
conformation and interaction strength of the DPPyP macrocycle with Ag(111). In
particular, the iminic nitrogen atoms (N2) having a lone electron pair interact
stronger with the Ag surface. They are situated lower above the surface and have the
higher coherent fraction compared to the pyrrolic nitrogen atoms (N3). The
differences in the adsorption heights and interaction strengths for N2 and N3 are
caused by the presence of lone electron pairs mediating stronger interactions with the
surface for the iminic nitrogen atoms. The pyrrolic nitrogen atoms are bonded to
hydrogen atoms and thus, have different reactivity compared to iminic ones. The
different reactivity affects the conformation of the DPPyP macrocycle and leads to
tilting of the aromatic pyrrole rings with the iminic nitrogen atoms towards the
surface, while the ones with pyrrolic nitrogen atoms remain more parallel to the
surface. Similar conformation of the porphyrin macrocycle was reported earlier for
2H-tetrapyridylporphyrin molecules on Ag(111) [30] and on Cu(111) [43] and for 2H-
tetraphenylporphyrin molecules on Cu(111) [27,41,44].

On average, the carbon atoms associated with the Main I component (C2, C3, C5,
see Figure 6.1) are situated at a distance of 3.00 Å with respect to the Ag surface,
while the carbon atoms associated with the Main II component (C1, C4, C6, see Figure
6.1) have a distance of 3.27 Å. The aforementioned adsorption heights are smaller
than the sum of the vdW radii of silver (1.72 Å) and carbon atoms (1.77 Å) taken from
Ref. [42], which indicates a weak chemisorptive character. The adsorption heights are
larger compared to the ones for the nitrogen atoms (2.41 Å for N1, 2.65 Å for N2 and
2.78 Å for N3). The higher position of the carbon atoms compared to the nitrogen ones
evidences that the molecule-Ag(111) interactions are mainly mediated by the nitrogen
atoms. For the carbon atoms of the Main I component, the coherent fraction is high
(0.84). It indicates similar well-defined adsorption heights of the comprising carbon
species C2, C3 and C5. For the carbon atoms of the Main II component, the coherent
fraction is lower (0.46). Such low coherent fraction can be explained by different
adsorption heights of the comprising carbon species (C1, C4 and C6). We assume that
the C6 species has a higher adsorption height compared to C1 and C4. The higher
adsorption height is expected due to thermal agitation of the DPPyP pentyl chains
which are composed from C6. This assumption is in line with the fact that high-
resolution STM images of DPPyP molecules in the close-packed network were never
obtained despite many attempts during the STM measurements at room
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temperature [28]. The adsorption heights of carbon species observed in our study is
comparable with the ones observed for copper phthalocyanine (3.00 Å) on Ag(111)
[45] and perylene tetracarboxylic dianhydride on Ag(111) (2.86 Å) [46].

One may compare the interaction strength of the DPPyP molecule on Ag(111)
with the one of the similar 2H-tetraphenyl porphyrin derivative (2HTPP) on Cu(111),
which was also studied with NIXSW [27]. In the reported study, the adsorption heights
were 2.02 Å for the iminic (N2), 2.41 Å for the pyrrolic nitrogen (N3) and 2.40 Å for all
carbon atoms within the 2HTPP molecule. For a proper comparison, the adsorption
heights, which represent bonding distances, have to be normalised to the size of the
atoms involved in the bonding [47]. In our study, we define the size of an atom by its
van der Waals radius. Table 6.3 shows the comparison between normalised
adsorption heights for 2HTPP on Cu(111) and DPPyP on Ag(111). Each tabulated
value in Table 6.3 is a corresponding adsorption height divided by the sum of the vdW
radii. The values are expressed in percentage.

N atoms 2HTPP on Cu(111) DPPyP on Ag(111)
Iminic (N2) 68.5% 81.0%
Pyridylic (N1) 75.6% 85.0%
Pyrrolic (N3) n.a. 73.7%

C atoms 2HTPP on Cu(111) DPPyP on Ag(111)
Main I (C2, C3, C5) n.a. 86.0%
Main II (C1, C4, C6) n.a. 93.7%

C (averaged) 75.7% 89.5%

Table 6.3: Comparison of the normalised adsorption heights for 2HTPP on Cu(111) and for
DPPyP on Ag(111). For the comparison, the van der Waals radii of the corresponding chemical
species were taken from Ref. [42]: ��t � �a� �, ��a � �aUb �, �� � �a�� �, �� � �aUU �a

In Table 6.3, one notes that all normalized adsorption heights for 2HTPP
molecules on Cu(111) are smaller compared to those for DPPyP molecules on
Ag(111), which implies that 2HTPP interacts more strongly with the Cu(111) surface
than DPPyP molecules with Ag(111), as expected because of the relatively higher
reactivity of Cu(111) as compared to the one of Ag(111).
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6.5 Conclusions

For the metal-free pyridyl-functionalized porphyrin molecules arranged in a
close-packed network on Ag(111), we conclude that the porphyrin molecules mainly
interact via their nitrogen atoms with the Ag surface, specifically through their
pyridylic end groups while the pentyl chains are further away from the surface. The
interaction with the surface is of chemisorptive character. Furthermore, the molecule
is deformed, with a large difference in maximum and minimum adsorption height of
0.86 Å, for the closest (pyridylic nitrogen atoms) and furthest atoms (pentyl carbon
atoms) with respect to the underlying Ag(111) surface.

6.6 Experimental details

The experiments were performed in an ultra-high vacuum (UHV) system with a
base pressure of 2×10-10 mbar at the beamline I09 of the Diamond synchrotron. The
Ag(111) single crystal was prepared by several cycles of Ar+ sputtering and
subsequent annealing at temperatures between 700 K and 800 K. Multilayer
coverages of DPPyP molecules were deposited from a commercial molecule
evaporator (OmniVac) onto the Ag(111) substrate held at RT. Subsequently, the
Ag(111) sample was annealed at 220 °C and examined with LEED. Afterwards, the XPS
and NIXSW measurements were performed for the samples kept at RT. The obtained
XPS and NIXSW data were analysed with the software provided by at the Diamond
syncrotron.
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