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Chapter 3

Pyridyl-functionalized molecule 1 on Au(111):
Insight into Au-coordination

In this chapter, the self-organized structures formed by the de novo synthetized
pyridyl-functionalized triarylamine molecule 1 on Au(111) were investigated by
scanning tunnelling microscopy (STM), low-energy electron diffraction (LEED), X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS) measurements. One hydrogen-bonded and two Au-coordinated structures
emerged after submonolayer deposition onto the surface kept at room temperature.
After annealing at 180 °C, only one Au-coordinated structure was observed. The Au-
coordination with two-fold bonds to pyridyl-functionalized triarylamine molecules
was identified as the thermally stable phase on Au(111).
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3.1 Introduction

Two-dimensional porous molecular networks on metallic substrates are
promising for practical applications in the devices based on the accommodation of
guest molecules [1–4], patterning of surfaces [5,6] and engineering of the surface
electronic properties [7–9]. In order to build such networks, different non-covalent
intermolecular interactions, namely van der Waals forces [10], dipolar coupling [11],
π–π stacking [12], hydrogen bonding [13,14], and metal−ligand interactions [15,16]
can be exploited. Among all non-covalently bonded networks, the ones based on
metal-ligand interactions, i.e. metal-coordinated networks, gained increasing attention
in the last years due to their enhanced mechanical and thermal stability [17–19]. The
preparation of the metal-coordinated structures on metallic substrates often implies
co-deposition of metal atoms, which act as coordination centres. However, on coinage
metal substrates such as Cu, Ag and Au, metal coordination centres can also be
generated by detachment of atoms from the step edges or even from the terraces at
elevated temperatures [20–27]. We focus our attention on the coordination by Au
atoms originating from the underlying substrate. In three-dimensional metal-organic
networks Au atoms are able to simultaneously coordinate from two to six organic
ligands [28]; however, in two-dimensional metal-organic networks built on Au
substrates, only systems where Au atoms coordinate with two [23–25,29–32], three
[30,31] or four organic ligands [33] have been identified so far. To ascertain whether
such coordination on Au substrates occurs only for specific molecules or is a general
rule, it is important to investigate what predetermines the formation of Au-
coordinated molecular structures with a particular number of coordinated ligands as
well as what makes some of these structures favourable on Au substrates.

Herein, we report on a combined STM, XPS and NEXAFS study of pyridyl-
functionalized triarylamine molecules self-assembled on Au(111). STM measurements
showed that the molecules formed three different molecular phases after
submonolayer deposition on the substrate held at room temperature, two of which
were stabilized by metal-ligand interactions with native Au atoms. Annealing at
180 °C revealed that the thermally stable Au-coordinated phase for this system is the
two-fold coordinated one, which is the only phase to survive the heat treatment.
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3.2 STM characterization of the molecular networks 

The pyridyl-functionalized triarylamine (4,4,8,8,12,12-hexamethyl-2,6,10-
tripyridin-4-yl-4H,8H,12H-benzo[1,9]quinolizino[3,4,5,6,7-defg]acridine) molecule, 
denoted as 1 (Figure 3.1), has a triangular structure. The core of the molecule consists 
of three aryl rings connected to a central N atom. The aryl rings are also interconnected 
via carbon bridges with six methyl groups. Three functional pyridyl groups are attached 
to the molecular core via single C-C bonds, which can in principle rotate freely [34,35]. 

Figure 3.1: Chemical structure of molecule 1. 

To investigate the self-assembly of molecule 1, the molecules were 
deposited onto the Au(111) substrate held at room temperature (RT) and 
subsequently, scanning tunnelling microscopy (STM) measurements were carried 
out. Figure 3.2a shows an STM image of an individual molecule 1 on Au(111). 
The molecule exhibits six protrusions: the three inner protrusions with higher 
contrast correspond to the out-of-plane methyl groups [29,36,37], while the three 
outer protrusions with lower contrast are assigned to the peripheral pyridyl groups. 
For comparison, the structural model of the molecule is overlaid on the STM image in 
Figure 3.2b. 

After deposition of submonolayer coverage of molecule 1 onto Au(111) held at 
RT, three different well-ordered phases (α, β and γ) were found to co-exist (Figure 
3.2c). Phases α and β appear densely packed, while phase γ can be recognized as an 
open porous network. For all three phases, the herringbone reconstruction of Au(111) 
is preserved (see for example phase α in Figure 3.2c). This suggests that the 
interaction between molecules 1 and the Au(111) surface is relatively weak and 
that the intermolecular interactions dominate over the molecule substrate ones [38]. 

In the following, we will individually discuss each phase before directing our 
attention more specifically to the Au-coordination. Phase α is shown in detail in 
Figure 3.3a. The intramolecular contrast allows precisely determining the 
arrangement of the molecules in phase α. Based on our STM and LEED (Figure A.1 in 
Appendix A) data, the tentative structural  model of phase α  was  constructed  (Figure 

N

N
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Figure 3.2: a) High-resolution STM image of molecules 1 adsorbed on Au(111)
(1.9×1.8 nm2, U = -0.02 V, I = 50 pA). b) The molecular structure superimposed onto a). Carbon
atoms are grey, nitrogen atoms blue and hydrogen atoms white, respectively. c) Overview STM
image for submonolayer coverage of molecule 1 on Au(111) (60×60 nm2, U = -1.9 V, I = 10 pA).
Three different phases (α, β and γ) are present and are labelled by blue symbols. The white and
purple arrows indicate two kinds of domain boundaries present in phase α. The set of three lines at
the bottom right corner indicates the principal Au directions.

3.3b). Molecules 1 in phase α arrange in a hexagonal close-packed pattern, which is
incommensurate with respect to the unreconstructed Au(111) surface. The unit cell of
phase α (marked by the blue rhombus in Figures 3.3a and b) has the dimensions of
a = b = 1.56 nm, Θ = 60⁰ and contains one molecule, which results in a density of
0.47 molecules/nm2. In phase α, each molecule is surrounded by six adjacent
molecules. The N atoms of the pyridyl groups point towards the hydrogen atoms of
neighbouring molecules. Thus, phase α is stabilized by relatively weak hydrogen

Figure 3.3: a) Detailed STM image of phase α (5×5 nm2, U = -1 V, I = 20 pA). b) Tentative 
structure model of phase α. The blue rhombus marks the unit cell. The nitrogen atoms of the 
pyridyl groups point towards hydrogen atoms of adjacent molecules, thereby hydrogen bonding is 
enabled. The set of three lines at the bottom right corner indicates the principal Au directions.
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bonds which were observed also for other pyridyl-functionalized molecules on metal
surfaces [34,39,40]. The length of the N-H hydrogen bond is around 2.5 Å, which falls
in the typical length range of 1.5–3.5 Å for hydrogen bonds [6]. Phase α exhibits
organizational chirality earlier observed in literature [29,39–42], which is manifested
in the presence of two rotational domains with the unit cells rotated ±9⁰ relative to
the principal Au directions (Figures A.1 and A.2 in Appendix A). Within molecular
islands of phase α, two types of domain boundaries were observed, as indicated by
purple and white arrows in Figure 3.2c. Both types lie along the unit cell vectors of
phase α and occur when two molecular domains rotated by 60⁰ with respect to each
other meet (Figure A.3 in Appendix A).

From the STM image shown in Figure 3.4a, the arrangement of molecules 1 in
phase β becomes apparent. In Figure 3.4b, the tentative structural model of phase β is
shown. In phase β - similar to phase α - the molecules arrange in a hexagonal densely
packed pattern. The unit cell of phase β (marked by the blue rhombus in Figures 3.4a
and b) has dimensions of a = b = 1.94 nm, Θ = 60⁰, i.e. its lattice vectors are slightly
larger than those of the unit cell of phase α, resulting in a smaller density of 0.31
molecules/nm2. Based on our STM data, phase β is rotated 30⁰ relative to the principal
Au directions (Figure A.4 in Appendix A). Each molecule in phase β is surrounded by
six neighbouring molecules. The three pyridyl groups from the three nearest
molecules are oriented towards one common central point. Such an organization of
the pyridyl groups should be unfavourable due to the electrostatic repulsion between
the partially negatively charged N atoms. Hence we suggest that 1 coordinates to
native Au atoms through the lone pairs of the pyridyl nitrogen atoms; such Au atoms
are available since diffusion on the surface at room temperature is possible [21,24,43].

Figure 3.4: a) Detailed STM image of phase β (7×7 nm2, U = -0.02 V, I = 50 pA). The blue
rhombus marks the unit cell. b) Tentative model of phase β, which is stabilized by three-fold metal-
ligand interactions. The purple spheres represent Au atoms. At each coordination node, three
pyridyl groups of three adjacent molecules point towards one central common point where the
coordinating Au atom is located. The set of three lines at the bottom right corner indicates the
principal Au directions.
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The average projected distance between the pyridyl nitrogen atoms to the Au atoms in
the centre of the coordination nodes is about 2.7 Å. A similar pyridyl N-Au distance
was reported for the three-fold metal-coordination bonding of pyridyl-functionalized
benzene molecules on Au(111) [31]. Accordingly, three-fold metal-ligand interaction
between the pyridyl groups and native Au atoms is designated as a stabilizing bonding
motif for phase β.

Phase γ is shown in detail in Figure 3.5a. Based on our STM and LEED
measurements (Figure A.5 in the Supporting Information) the tentative structural
model of phase γ is depicted in Figure 3.5b. The molecules 1 in phase γ arrange in a
hexagonal open porous structure incommensurate with respect to the
unreconstructed Au(111) surface (see Figure A.5b in Appendix A). In phase γ, the unit
cell (marked by the blue rhombus in Figure 3.5a) has the dimensions of
a = b = 3.45 nm, Θ = 60⁰ and is rotated 30⁰ relative to the principal Au direction (see
Figure A.5a in Appendix A). It contains two molecules, which results in a molecular
density of 0.19 molecules/nm2. In contrast to phases α and β, in which each molecule
has six nearest neighbours, every molecule in phase γ has only three nearest
neighbours. The bonding between molecules in phase γ can be interpreted in a similar
way as the one in phase β: the molecules interact via metal-ligand interactions with
native Au atoms but here two functional pyridyl groups point toward each other, so
two molecules are linked via linear pyridyl-Au-pyridyl coordination bonding. In other
words: phase γ is stabilized by metal-ligand interactions with two-fold symmetry. The
average projected distance between the pyridyl nitrogen atom and the Au atom
amounts to 1.5 Å, which is comparable with reported literature values of 1.5 Å - 2.7 Å
for this bonding motif [24,31,32].

Annealing of the sample with submonolayer coverage of molecule 1 on Au(111)
at 180 °C resulted in the exclusive formation of phase γ with single domain
orientation (Figure 3.5c). For annealing at temperatures higher than 200 °C
molecules 1 were observed to decompose. Therefore, we suggest that phase γ is the
most stable and thermodynamically favourable phase.

In the following, we direct our attention to the observed Au-coordination. As
valid for all surface-confined two-dimensional molecular self-assembled structures in
general, the formation of Au-coordinated phases β and γ is determined by the
involved intermolecular and molecule-substrate interactions. Since both phases are
formed on the same Au(111) surface, we anticipate a minor difference in molecule-
substrate interactions for the aforementioned two phases. Accordingly, the Au-pyridyl
intermolecular interactions are assumed to play a major role for differences in the
formation of the Au-coordinated phases and therefore, will be discussed further.

The observed Au-pyridyl interactions are predetermined by an ability of single
Au atoms to engage into metal-ligand interactions with different number of organic
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Figure 3.5: a) Detailed STM image of phase γ (7×7 nm2, U = 2.1 V, I = 10 pA). The blue
rhombus marks the unit cell. b) Tentative structural model of phase γ. The unit cell directions are
marked in blue. The purple spheres represent Au atoms. The pyridyl groups of two adjacent
molecules point towards each other and are involved in 2-fold metal-ligand interactions. c)
Overview STM image of submonolayer coverage of molecule 1 annealed at 180 °C (100×100 nm2,
U = -1 V, I = 20 pA).

ligands. The earlier reported studies of pyridyl-functionalized molecules showed that
Au atoms only undergo the coordination with two or three pyridyl ligands on Au(111)
[24,31]. The reported Au-coordinations on Au(111) are in agreement with our study,
where phases γ and β exhibit the two- and three-fold Au-coordination, respectively.
Interestingly, both phases coexist after deposition of the molecules on the substrate
kept at room temperature, while only phase γ with two-fold coordination is prevalent
after annealing at 180 °C. We explain the aforementioned self-assembly behaviour in
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the following way. At room temperature, the Au atoms are known to diffuse on the
Au(111) surface [43]. However, due to the small amount of mobile Au atoms at room
temperature, not all the molecules can coordinate in the same manner. At the surface
areas with a relatively higher density of mobile Au atoms, the molecules undergo two-
fold coordination, while at the areas with a relatively lower density the molecules
undergo three-fold coordination. Such interpretation is in agreement with the
relatively higher ratio of 1:1.5 between molecules 1 and coordinated Au centres in
phase γ compared to the one of 1:1 in phase β. In other words, for the same amount of
molecules present on the surface, the amount of mobile Au atoms has to be 1.5 times
larger in order to form phase γ instead of phase β. Such supposition for the structure
formation dependent on the molecule/Au ratio is well corroborated by exclusive
formation of phase γ when the amount of mobile Au atoms increased after annealing
at 180 °C.

The strength of the observed metal-ligand interactions is reflected in their
interactions distances, namely, distance between pyridyl nitrogen atoms and a
corresponding Au coordination centre. The shorter the interaction distance is, the
stronger the metal-ligand interaction is. The observation of the shorter interaction
distance of 1.5 Å in phase γ with two-fold coordination compared to the one of 2.7 Å in
phase β with three-fold coordination suggests stronger metal-ligand interactions in
the former phase. The same trend of increasing coordination distance upon increasing
the number of coordinated ligands was observed for pyridyl-functionalized benzene
molecules coordinated to Au atoms on Au(111) [31] and to Cu on Cu(111) [44]. In our
study, the mentioned difference in the interaction distances probably originates from
steric repulsions between pyridyl ligands at the coordination centres. Assuming an
almost planar adsorption geometry, the pyridyl groups in the three-fold configuration
cannot reach the same distance for Au-pyridyl binding as for the two-fold
configuration because of the steric repulsions between them. In order to form a three-
fold coordination bond, the pyridyl groups have to minimize steric repulsions via their
rotation out of the surface plane. In the case of two-fold coordination, pyridyl groups
do not overlap sterically and therefore, can reach the coordination centres without
steric repulsions. We suggest that the absence of such steric constraints might
predetermine the thermodynamical preference of phase γ.

3.3 XPS study of the chemical environment before and after Au-
coordination

Molecule 1 consists of 4 nitrogen (N) and 42 carbon (C) atoms. The N and C
atoms can be subdivided into chemically different species (Figure 3.6). The three N
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Figure 3.6: Molecule 1 with the chemically different nitrogen and carbon species indicated
by numbers. N1 and N2 represent the N atoms (blue), while C1–C3 represent the C atoms (grey).
The hydrogen atoms are shown in white.

atoms located at the pyridyl groups represent the chemical species N1 (pyridylic N
atoms) while the central N atom in the middle of the molecule represents the chemical
species N2 (aminic N atoms). The stoichiometric ratio between the two N species
within molecule 1 is N1 : N2 = 3 : 1. The C atoms of molecule 1 can be subdivided into
three chemically different species: C1 for the sp2 hybridized C atoms within the
aromatic pyridyl rings connected to the N1 atoms; C2 for the sp2 hybridized C atoms
within aromatic rings connected only to carbon and hydrogen atoms; C3 for the sp3

hybridized C atoms bonded to carbon and/or hydrogen atoms. In summary, each
molecule 1 consists of 9×C1, 24×C2 and 9×C3 carbon atoms. The stoichiometric ratio
for the C species in molecule 1 is C1 : C2 : C3 = 3 : 8 : 3.

In order to obtain information on the chemical states of molecule 1 in phase α
and γ phases, XPS measurements were performed at the N 1s (Figure 3.7) and C 1s
core levels (Figures 3.8 and 3.9) for 4.7 ML, 1.1 ML and 0.4 ML coverage of molecule 1
deposited on Au(111). For the 4.7 ML and 1.1 ML samples, the depositions of molecule
1 were carried out onto the cooled Au(111) substrates held at -70 °C and -54 °C,
respectively, in order to exclusively obtain phase α within the first deposited layer.
The sample with 0.4 ML was prepared by deposition of molecule 1 on the Au(111)
substrate held at room temperature (RT) and was subsequently annealed at 188 °C.
For the fitting of the N 1s and C 1s XPS spectra, the full widths at half maximum
(FWHM) of all peaks, except the satellite peaks, were constrained to have a maximum
deviation between each other of less than 0.15 eV. All other fitting parameters were
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Figure 3.7: N 1s XPS spectra for 4.7 ML (bottom), 1.1 ML (middle) and 0.4 ML (top) of
molecule 1 deposited on Au(111) held at -70 °C, -54 °C and RT during deposition, respectively. The
sample with 0.4 ML of molecule 1 was annealed at 188 °C. The numerical values are given in Table
3.1.

left free. The numerical values for the fitted N 1s and C 1s peaks in Figures 3.7, 3.8
and 3.9 can be found in Table 3.1.

The bottom N 1s spectrum in Figure 3.7 corresponds to a coverage of 4.7 ML of
molecule 1 on Au(111). This spectrum is used as a reference for the 1.1 ML and
annealed 0.4 ML samples. It is representative of molecule 1 in an approximately
purely organic environment with the influence of the underling substrate on the
molecules considerably reduced. The spectrum was fitted with three peaks. The two
main peaks (Pyridylic at 399.3 eV, green, and Aminic at 400.7 eV, dark red) are
assigned to the pyridylic and aminic N atoms of molecule 1. This assignment is in line
with reported literature values for pyridylic and aminic N 1s peaks. For example,
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N 1s Peaks BE Position (eV) FWHM (eV) Area (%)
0.4 ML, 188 °C

Pyridylic 398.9 0.84 40.3
Aminic 400.3 0.92 59.7

1.1 ML
Pyridylic 398.2 0.7 59.1
Aminic 399.9 0.85 40.9

4.7 ML
Pyridylic 399.3 0.87 58.3
Aminic 400.7 0.9 36.0
Residual 398.3 0.86 5.7

C 1s Peaks BE Position (eV) FWHM (eV) Area (%)
0.4 ML, 188 °C

Main I 284.4 0.88 55.5
Main II 285.4 0.98 38.1
Sat 286.8 1.27 6.4

1.1 ML
Main I 284.1 0.85 54.2
Main II 285 0.88 40.5
Sat 286.6 1.42 5.3

4.7 ML
Main I 285.1 0.9 46.3
Main II 285.9 1.04 30.9
Residual 284.5 0.9 9.6
Sat 291.7 5.5 13.2

Table 3.1: N 1s and C 1s peak binding energy (BE) positions, full width at half maximum
(FWHM) values and respective peak areas for coverages of 4.7 ML, 1.1 ML and annealed 0.4 ML of
molecule 1 on Au(111) cf. Figures 3.7, 3.8 and 3.9.

for 5 ML of pyridyl-functionalized porphyrin molecules on Cu(111), the peak position
of the pyridylic N 1s peak was observed at 399.1 eV [45], while for 4 ML of the related
cyano-functionalized triarylamine derivative (compared to molecule 1, the pyridyl
groups are replaced by cyano groups) on Au(111), the aminic N 1s peak was observed
at 401.3 eV [46]. The difference of 0.6 eV between the aminic N 1s peaks in Ref. [46]
and in our study can originate from a difference in charge distribution within the
triarylamine molecules induced by their structural difference. In Ref. [46], the
triarylamine molecules are terminated by cyano functional groups, while in our study
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the triarylamine molecules are terminated by pyridyl groups. The least intense peak at
398.3 eV labelled as Residual (blue in Figure 3.7) is assigned to the pyridylic N atoms
of molecule 1 which are in direct contact with the Au surface. The position of the
Residual peak differs from the position of the Pyridylic one due to core hole screening
[47–49].

The middle spectrum in Figure 3.7 was taken for 1.1 ML of molecule 1
arranged in the close-packed α phase. The spectrum was fitted with two peaks: one at
398.2 eV which is attributed to the pyridylic N atoms (labelled Pyridylic, blue) and one
at 399.9 eV which is attributed to the aminic N atoms (labelled Aminic, red). This
assignment is consistent with previously investigated molecules having pyridylic and
aminic N atoms in their chemical structure. In particular, the peak position of the
pyridylic N atoms for tetrapyridylporphyrins on Cu(111) [45] and Au(111) [50] as
well as for the N-doped graphene [51,52] was reported at 398.3 eV. The peak position
of the aminic N atom within the related cyano-functionalized triarylamine derivative
adsorbed on either Au(111) or Cu(111) was reported at 400.6 eV and 400.5 eV,
respectively [46]. Similar to what was observed for multilayer coverage, the aminic N
1s peak position for the pyridyl-functionalized triarylamine derivatives differs by
~0.7 eV from the cyano-functionalized ones [46].

The positions of the Pyridylic and Aminic peaks for a coverage of 1.1 ML differ
from the ones for a coverage of 4.7 ML by 1.1 eV and 0.8 eV, respectively. Core hole
screening can explain the observed shifts. The unequal shifts may be explained by a
stronger core hole screening for those atoms which are closer to the surface and a
weaker core hole screening for the atoms located further away from the surface [47].
Following this argument, the pyridylic N atoms of molecule 1 arranged in the α phase
appear to be located at a smaller distance from the Au surface compared to that of the
aminic N atoms. Consequently, molecule 1 must undergo arching with the central
aminic N atoms further away from the surface than the pyridylic ones. A similar
behaviour was reported for the related cyano-functionalized triarylamine derivatives
on coinage metal surfaces [29,46]. In those studies, the N atoms of the terminal cyano
groups were shown (using density functional theory (DFT) calculations) to be closer
to the surface than the central aminic N atom. For the cyano-terminated molecule
tetracyano-p-quinodimethane (TCNQ) on Cu(100), an arching of the molecules was
also identified [53]. In both cases, the arching of the molecules was associated with
strong molecule-substrate interactions.

The top spectrum in Figure 3.7 was acquired for a coverage of 0.4 ML of
molecule 1 on Au(111) annealed at 180 °C. The molecules are arranged in the γ phase
which is stabilized by metal-ligand interactions with native Au atoms. The N 1s
spectrum was fitted with two peaks: one for the pyridylic N atoms at 398.9 eV
(labelled Pyridylic, blue) and one for the aminic N atoms at 400.3 eV (labelled Aminic,
red). The peak position for the pyridylic N atoms corresponds to the value reported
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for 1 ML of pyridyl-functionalized porphyrin molecules coordinated to Cu adatoms on
Au(111) [50]. The Pyridylic and Aminic peaks shift (+0.73 eV for Pyridylic and +0.36 eV
for Aminic) towards higher binding energy (BE) in comparison to the respective peak
positions for the 1.1 ML spectrum. The tendency of the N 1s peaks to shift towards
higher BE upon metal-coordination was observed for tetrapyridylporphyrins
coordinated to Cu on Au(111) [50] as well as for tetraphenylporphins coordinated to
Fe on Ag(111) [48] and to Cu on Cu(111) [49]. For our study, we conclude that the
shifts of the N 1s peaks indicate a change in their respective chemical environments.
This is consistent with the differences in intermolecular interactions for the α
(hydrogen bonding) and γ (metal-ligand interaction with native Au atoms) phases.
Due to the different intermolecular interactions, the charge distribution within the
molecules varies, resulting in different peak positions for the N atoms. The change in
the chemical environment is more pronounced for the pyridylic N atoms than the
aminic ones as evidenced by the larger observed shift for the pyridylic N atoms. This is
in agreement with the fact that the pyridylic N atoms are directly involved in metal-
ligand interactions with native Au atoms, while the aminic N atoms indirectly mediate
intermolecular interactions and thus, are only partially affected.

Table 3.2 shows the area ratios of the pyridylic and aminic N 1s peaks for 4.7
ML, 1.1 ML and annealed 0.4 ML of molecule 1 on Au(111). The ratios of the fitted N 1s
peaks do not reproduce the stoichiometric ratio between the pyridylic and aminic N
atoms of molecule 1 (N1 : N2 = 3 : 1). A similar disagreement was observed for the
iminic and pyrolic N atoms within tetraphenylporphyrin molecules on Cu(111) [49]. It
was shown that the relative area ratios molecular do not only depend on the total
molecular coverage but also on the emission angle under which the N 1s spectra were
acquired. Diller et al. attributed the variations of the areas of the N 1s peaks to a
photoelectron diffraction effect.

4.7 ML 1.1 ML 0.4 ML, 188 °C
Pyridylic : Aminic 1.62 : 1 1.44 : 1 0.67 : 1

Table 3.2: Area ratios of the pyridylic and aminic N 1s peaks obtained for 4.7 ML, 1.1 ML
and annealed 0.4 ML of molecule 1 on Au(111). The values of the peak areas before and after
normalization to the Au 4f 7/2 peak area can be found in Appendix A, Table A.1 and Table A.2,
respectively.

The bottom C 1s spectrum in Figure 3.8 corresponds to the sample with 4.7 ML
of molecule 1 on Au(111). This spectrum is displayed within a wider BE range in
Figure 3.9 in order to show all its features. The spectrum consists of two main peaks
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Figure 3.8: C 1s XPS spectra for 4.7 ML (bottom), 1.1 ML (middle) and 0.4 ML (top) of
molecule 1 deposited on Au(111) held at -70 °C, -54 °C and RT, respectively. The sample with 0.4
ML of molecule 1was annealed at 188 °C. The numerical values are given in Table 3.1.

(Main I and Main II), one residual peak (Residual) and one satellite peak (Sat) 1. The
peaks Main I (green), Main II (dark red) and Residual (blue) are situated at BEs of
285.1 eV, 285.9 eV and 284.4 eV, respectively. Main I is attributed to the aromatic sp2

hybridized C atoms which are bonded to carbon and hydrogen atoms, namely C2 in
Figure 3.6 (Main I = 24×C2). Such an assignment is consistent with previous studies of
multilayer coverages of multiple aromatic π-conjugated organic molecules, namely, of

1 The satellite Sat is not displayed in Figure 3.8. Sat is present in Figure 3.9 which
depicts the 4.7 ML spectrum within the wider BE range than in Figure 3.8.
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Figure 3.9: C 1s XPS spectrum for a coverage of 4.7 ML of molecule 1 on Au(111). The
energy window is larger than in Figure 3.8. The spectrum is fitted with three peaks (Main I, Main
II and Residual) and a satellite (Sat). The numerical values are given in Table 3.1.

perylene-tetracarboxylic acid dianhydride, naphthalene dicarboxylic acid anhydride,
benzoperylene-dicarboxylic acid anhydride and quinoic acenaphthenequinone on
Ag(111) [54] as well as tetraphenylporphins and phthalocyanines on a copper holder
[55]. In the referenced studies, the C 1s peak at 285.0 eV was attributed to aromatic
sp2 hybridized C atoms. Main II is assigned to both the aromatic sp2 hybridized C atoms
bonded to N atoms, namely C1 in Figure 3.6, and to the sp3 hybridized C atoms
bonded to carbon and/or hydrogen atoms, namely C3 in Figure 3.6 (Main
II = 9×C1 + 9×C3). The peak assigned to the sp2 hybridized C atoms bonded to the
nitrogen atoms was reported at 286.2 eV for multilayer coverages of phthalocyanines
on a copper holder [55]. The peak attributed to sp3 hybridized C atoms was reported
at ~1 eV higher BE than the peak assigned to sp2 hybridized C atoms [51,56]. Such an
observation is in agreement with the positions of Main II (285.9 eV) and Main I
(285.1 eV). The Residual peak was observed at lower BE compared to Main I. We
suggest that it originates from the sp2 hybridized C atoms of the molecules which are
in contact with the Au(111) surface and it is shifted to lower BE compared to Main I
due to core hole screening [47–49]. The satellite peak Sat (grey in Figure 3.9) is
situated at 291.7 eV, which is +6.6 eV higher in BE relative to Main I. It is attributed to
a shake-up satellite2 which is ~6.6 eV above the primary peak in C 1s spectra. Such a
shake-up satellite typically originates from sp2 hybridized C atoms within aromatic
compounds [54,57,58].

2 Shake-up satellites originate from outgoing photoelectrons which lose a defined
amount of their kinetic energy for the excitation of valence electrons into unoccupied orbitals
[58].
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The middle C 1s spectrum in Figure 3.8 taken for the sample with 1.1 ML of
molecule 1 on Au(111) consists of two main peaks (Main I and Main II) and one
satellite peak (Sat). Main I (blue, at 284.1 eV) and Main II (red, at 285.0 eV) are
assigned to the same C atoms as Main I (24×C2) and Main II (9×C1 + 9×C3) for the 4.7
ML spectrum, respectively. The position of Main I is comparable with the position of
aromatic sp2 hybridized C species (C2) in pentacene on Au(111) (284.0 eV) [59],
diindenoperylene on Cu(111) (284.2 eV) [60], dibromotetracene on Cu(110)
(284.0 eV) [61], and debrominated tetrabromopyrene on Cu(111) (284.0 eV) and
Au(111) (284.1 eV) [62]. The position of Main II is comparable with sp2 hybridized C
atoms bonded to nitrogen atoms (C1) in tetraphenylporphyrin on Cu(111) (285.3 eV)
[63] and with sp3 hybridized C atoms (C3) in pyrene-fused pyrazaacenes on
Au(111) (284.7 eV) and Ag(111) (284.8 eV) [64]. The shifts of the C 1s peak positions
for Main I (-1 eV) and Main II (-0.9 eV) compared to the 4.7 ML C 1s spectrum
originate from a core hole screening effect [45,48,49]. The amount of the shifts is
comparable to those for the N 1s peaks (-1.1 eV for Pyridylic and -0.8 eV for Aminic).
The peak Sat (grey) is situated at 286.6 eV (shifted by +2.5 eV from the primary Main I
peak). For multilayer coverages of tetraphenylporphins and phthalocyanines
adsorbed on a copper holder, shake-up satellites were observed within the energy
range of 1.7 - 3 eV from the aromatic sp2 hybridized C 1s peak [55]. Accordingly, the
peak Sat is also interpreted as a shake-up satellite.

The top C 1s spectrum in Figure 3.9 was taken for annealed 0.4 ML of molecule
1 arranged in the γ phase on Au(111). It has two main peaks Main I and Main II and
one satellite peak Sat. All three peaks have the same origin as the ones for the 1.1 ML C
1s spectrum. Main I (blue, 24×C2)) and Main II (red, 9×C1 + 9×C3) are located at
284.4 eV and 285.4 eV, respectively, while Sat (grey) is situated at 286.8 eV. All peaks
are shifted towards higher BE (+0.3 eV for Main I, +0.4 eV for Main II and +0.17eV for
Sat) compared to the respective C 1s peaks in the 1.1 ML spectrum. The shifts of Main
I and Main II towards higher BE are comparable with the shift of the Aminic N 1s peak
(+0.36 eV), while the shift of the Pyridylic N 1s peak is considerably larger (+0.72 eV).
The changes in the C 1s peak positions is attributed to the different intermolecular
interactions present for the γ phase in comparison to the α phase. The peak Sat is
located +2.35 eV from the primary C 1s peak Main I and coincides with the relative
position of Sat in the 1.1 ML C 1s spectrum.

Table 3.3 shows the area ratios of the C 1s peaks Main I and Main II for 4.7 ML,
1.1 ML and annealed 0.4 ML of molecule 1 on Au(111). The ratios are in good
agreement with the stoichiometric ratio of the C 1s species within molecule 1 (Main I
(24×C2) : Main II (9×C1 + 9×C3) = 1.33 : 1).
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4.7 ML 1.1 ML 0.4 ML, 188 °C
Main I : Main II 1.50 : 1 1.34 : 1 1.45 : 1

Table 3.3: Area ratios of the C 1s peaks Main I and Main II for 4.7 ML, 1.1 ML and annealed
0.4 ML of molecule 1 on Au(111). The values of the peak areas before and after the normalization
to the Au 4f 7/2 peak area can be found in Appendix A, Table A.1 and Table A.2, respectively.

3.4 NEXAFS study of the molecular conformation before and
after Au-coordination

The conformation geometry of molecule 1 was investigated within NEXAFS
measurements for the 4.7 ML, 1.1 ML and annealed 0.4 ML samples. The NEXAFS
technique has been briefly introduced in Section 3.5. Herein, we focus on the obtained
experimental results and their analysis.

In Figure 3.10, the N K edge spectra acquired during the measurements with p-
and s-polarized light are shown in blue and red, respectively. The bottom spectra
correspond to the 4.7 ML sample, where molecules 1 remain in an approximately pure
organic environment. The middle spectra were taken for the 1.1 ML sample where the
molecules arranged in the close-packed α phase and are stabilized by hydrogen
bonding. The top spectra correspond to the annealed 0.4 ML sample with the
molecules arranged in the γ phase and stabilized by metal-ligand interactions with
native Au atoms. The aforementioned spectra allow the investigation of the
unoccupied final state orbitals of the nitrogen atoms within molecules 1. In order to
obtain quantitative insight, the absorption spectra were fitted with the procedure
described in Appendix A. The fitted N K edge spectra are shown in Figure A.6 and the
numerical values of the fitted peaks are summarized in Table A.3. The analysis of the
fitted spectra showed two observations. First, for all three samples the number of the
fitted peaks in the spectra remains the same. Second, the energy positions for the
corresponding peaks are almost identical. Similarly in the NEXAFS study of pyridine
physisorbed on Ag(111), no shift of the NEXAFS peaks was observed between the
multilayer and monolayer samples [65]. However, for chemisorbed pyridine on
Pt(111) [66] and for the pyridine moieties within tetrapyridylporphyrin on Cu(111)
[45], the shifts were observed and were explained by the chemisorptive character of
the interactions between the pyridine moieties and the corresponding surface. By
observing no shift of the peak positions in our NEXAFS study, we assume that
molecules 1 are physisorbed on Au(111).

According to the building block principle [67], for molecules composed of
different moieties, the spectral signatures of the moieties can be analysed separately
as long as the corresponding orbitals are independent from each other. Thus, a correct
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Figure 3.10: N K edge NEXAFS spectra acquired with p-(blue) and s-polarized light (red)
for 4.7 ML (bottom), 1.1 ML (middle) and 0.4 ML (top) of molecule 1 deposited on Au(111) held at -
70 °C, -54 °C and RT during deposition, respectively. The sample with 0.4 ML of molecule 1 was
annealed at 188 °C. Letter A labels the peak associated with �� orbitals of the nitrogen atoms
within the pyridyl rings.

assignment of the observed absorption peaks is crucial for determining the
orientation of the moieties with respect to the surface. In the N K spectra shown in
Figure 3.10, the fitted peaks below 405 eV have much smaller FWHM, compared to
the ones above 405 eV (see FWHM of the fitted peaks in Table A.3). We attribute the
peaks located below 405 eV to the �� final state orbitals and the peak located above
405 eV to the �� final state orbitals. In literature, narrow N K edge peaks with similar
positions were assigned to the �� orbitals of the nitrogen atoms within
tetrapyridylporphyrin on Cu(111) [35,45] and tetraphenylporphyrin on Au(111) [68],
Ag(111)[48] and Cu(111) [49]. In agreement with the reported studies, we assign the
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first sharp peak which is labelled as A and located at 398.5 eV (see bottom spectra in
Figure 3.10, the peak is named peak 1 in Figure A.6) to the �� orbitals of the pyridylic
nitrogen atoms. In Table 3.4, the angles of the pyridylic nitrogen �� orbitals with
respect to the surface normal are summarized for different samples.

4.7 ML 1.1 ML 0.4 ML, 188 °C
Pyridylic N �� orbitals 36.7° 20.6° 24.4°
Aromatic C ��orbitals 37.0° 14.1° 5.0°

Table 3.4: The angles of the nitrogen and carbon �� orbitals with respect to the surface
normal. The angles are derived from the NEXAFS measurements of the 4.7 ML, 1.1 ML and
annealed 0.4 ML samples.

In Figure 3.11, the C K edge spectra are shown in blue for the measurement
with p-polarized light and in red for the measurement with s-polarized light. The
bottom spectra correspond to the 4.7 ML sample, while the middle and top spectra
represent the 1.1 ML and the annealed 0.4 ML sample, respectively. The fitting of the
spectra is shown in Figure A.7. The numerical values of the fitted peaks are
summarized in Table A.4. The peaks situated in the region blow 290 eV have smaller
FWHW compared to those situated in the region above 290 eV (see the FWHM of the
peaks in Table A.4). We attribute the peaks located below 290 eV to �� final state
orbitals and the peaks located above 290 eV to the �� final state orbitals. In a similar
way, the C K edge peaks were assigned in the NEXAFS study of tetraphenylporphyrin
on Au(111) [68], Ag(111)[48] and Cu(111) [49]. In order to determine the angle of the
��orbitals of the aromatic carbon atoms, we studied the angular dependence of peak B
(see Figure 3.11, named as peak 2 in Figure A.7). In Table 3.4, the angles of the
aromatic carbon ��orbitals are summarized for the 4.7 ML, 1.1 ML and annealed 0.4 M
sample.

For aromatic rings, the �� final states occur with the symmetry of pz orbitals
that lie perpendicular to the plane containing the aromatic structure [67]. Accordingly,
the angle of the �� orbitals of an aromatic ring is identical to the dihedral angle
between the corresponding ring plane and the surface plane. In order to properly
interpret the obtained angles and shed light on conformation of the molecules, we
need to take the following two aspects in to account. First, each angle value extracted
from the C K edge spectra analysis describes an average dihedral angles for all
aromatic rings, the aryl and pyridyl ones, while each value extracted from the N K
edge spectra is only valid for pyridyl rings. Second, despite that NEXAFS yields the
dihedral angle between the aromatic rings and the surface, it does not unequivocally
determine if the functional groups containing the aforementioned aromatic rings are
tilted to the surface or just rotated around their single C-C bonds [35]. Thus, for the
aromatic rings, there are many possible combinations of tilt and rotation angles which
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Figure 3.11: C K edge NEXAFS spectra acquired with p-(blue) and s-polarized light (red)
for 4.7 ML (bottom), 1.1 ML (middle) and 0.4 ML (top) of molecule 1 deposited on Au(111) held at -
70 °C, -54 °C and RT during deposition, respectively. The sample with 0.4 ML of molecule 1 was
annealed at 188 °C. Letter B labels the peak associated with �� orbitals of the carbon atoms within
the aromatic rings.

are consistent with the single value given by NEXAFS. In the case of the 4.7 ML sample,
the angles obtained from the analysis of the N and C K edge spectra are almost the
same (36.7° for the pyridylic nitrogen �� orbitals, 37.0° for the aromatic carbon ��

orbitals). Accordingly, we assume two following interpretations. First, the pyridyl and
aryl rings within one molecule lie in one plane. Second, the molecules are staked in the
multilayer coverage with the molecular planes inclined by 37° with respect to the
surface. Similar staking of molecules was observed for cyano-functionalized porphyrin
molecules adsorbed on the KBr(001) insulating surface [69]. In the case of 1.1 ML, the
angle of the pyridylic nitrogen �� orbitals is larger (20.6°) than the angle of the



Chapter 3

67

aromatic carbon �� orbitals (14.1°). We interpret such finding in a way that the aryl
rings has smaller angle with respect to the surface than the pyridyl ones, which is in
agreement with the presence of carbon bridges limiting the movement of the aryl
rings. In the case of the annealed 0.4 ML sample, the interpretation of the angles (24.4°
for the pyridylic nitrogen �� orbitals and 5.0° for the aromatic carbon �� orbitals) is
similar to the one for the 1.1 ML sample. In the annealed 0.4 ML sample, molecules 1
have the pyridyl rings more inclined towards the surface, while the aryl rings are
more parallel to the surface. By taking into account that in the 1.1 ML sample, the
molecules are stabilized by hydrogen bonding and in the annealed 0.4 ML sample, the
molecules are stabilized by metal-ligand interactions with native Au atoms, we
conclude that upon metal-coordination, the core of molecule 1 becomes more flat
while the pyridyl functional groups bend more towards the surface.
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3.5 Conclusions

In conclusion, we studied the self-assembly of pyridyl-functionalized
triarylamine molecule 1 adsorbed on Au(111) with STM, XPS and NEXAFS.
Submonolayer deposition onto Au(111) kept at room temperature resulted in the
formation of three different long-range ordered molecular phases. One phase was
stabilized by hydrogen bonding between pyridylic nitrogen and hydrogen atoms of
adjacent molecules. The other two phases were stabilized by two- and three-fold
metal-ligand interactions between pyridylic nitrogen atoms and native Au atoms.
Annealing the sample at 180 °C led to the exclusive formation of the Au-coordinated
phase with two-fold metal-ligand interactions, which was identified as the thermally
stable phase. Our findings suggest that the relative ratio between the observed Au-
coordinated structures with two-fold and three-fold interaction symmetry is
predetermined by the amount of mobile Au atoms available for coordination on the
surface. In addition, we presume that steric constraints at the coordination centres
affect the strength of related metal-ligand interactions. Our XPS and NEXAFS data
showed that the chemical environment and conformation of the molecules changes
upon metal-coordination. In particular, the binging energy of all molecule atoms
increases. For the nitrogen atoms directly involved into meta-coordination, the
increase is the largest, around +0.7 eV, and for the other atomic species is smaller,
around +0.3 eV. Moreover, we concluded that the core of molecule 1 flattens while the
pyridyl functional groups bend more towards the surface upon metal-coordination. In
the following chapter we will investigate another pyridyl-functionalized molecule
with similar structure to molecule 1, in order to support our findings that native Au
atoms coordinate to two or three pyridyl ligands.

3.6 Experimental details

In our home laboratory, the experiments were performed in an ultra-high
vacuum (UHV) system with a base pressure of 2×10-10 mbar. The Au(111) single
crystal was prepared by several cycles of Ar+ sputtering and subsequent annealing at
temperatures between 700 K and 800 K. Molecules 1 were deposited from a quartz
crucible inside a commercial molecule evaporator (OmniVac) onto the Au(111)
substrate held at room temperature (RT). In this study, one monolayer (1 ML)
coverage of molecule 1 describes a complete monolayer of the molecules arranged in
the most densely-packed structure, namely phase α. Before molecule deposition the
molecules were thoroughly degassed. The STM measurements were performed with a
commercial low-temperature STM (Scienta Omicron GmbH) at 77 K. The STM images
were acquired in the constant current mode using a wire-cut Pt-Ir tip. All bias voltages
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are given with respect to a grounded tip. The software WSxM was used to process the
STM data [70]. In order to accurately determine unit-cell dimensions, LEED
measurements were performed with an Omicron multichannel plate LEED for the
samples kept at room temperature. The LEEDpat 41 software was used to simulate
the LEED patterns [71].

At the ALOISA beamline [72] of the Elettra synchrotron, the XPS and NEXAFS
measurements were performed in an ultra-high vacuum (UHV) system with a base
pressure of 2×10-10 mbar. The Au(111) crystal was prepared in a similar way as in our
home laboratory. The molecules were evaporated from a boron nitride crucible
hosted inside a three-slot cryopanel. For the 4.7 ML and 1.1 ML samples, the
depositions of molecule 1 were carried out onto a cooled Au(111) substrate (-70 °C
for 4.7 ML sample and -54 °C for 1.1 ML sample) in order to exclusively obtain phase α
within the first deposited layer. The sample with 0.4 ML was prepared by deposition
of molecule 1 on the Au(111) substrate held at room temperature (RT) and was
subsequently annealed at 188 °C. Molecular coverage was calibrated by XPS. The XPS
spectra were taken at a grazing incidence angle of 4°, using the same photon energy of
515 eV for N 1s, C 1s and Au4f spectra. The spectra are reported as a function of BE
after a linear- and Shirley-type background subtraction for the N 1s and C 1s spectra,
respectively. The BE energy scale has been calibrated with respect to the bulk spectral
component of the Au 4f 7/2 peak located at 84.0 eV BE. The NEXAFS spectra were
acquired in partial electron yield mode using p- and s-polarized light with a grazing
incidence angle of 6°. Further details on the measurement geometry can be found in
Ref. [74]. During the XPS and NEXAFS measurements, the 4.7 ML, 1.1 ML and annealed
0.4 ML samples had a temperature of -70 °C, -54 °C and RT, respectively. The
irradiated sample area was continuously displaced after each spectrum to minimize
effects related to beam-induced damage. The obtained XPS and NEXAFS data were
analysed with the software provided at the Elettra synchrotron.
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