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Abstract

Merocyanines (MCs) constitute pro-chiral donor-acceptor (D-A) molecules that exhibit
high optical transition dipole moments. Although MCs are used in many optoelectronic
devices, their chemical bonding to metal interfaces has not yet been investigated. To
overcome this knowledge gap, this work presents a first surface science study that char-
acterizes the structure formation of MC monolayers in dependence on the interplay of
interfacial and intermolecular interactions.

The analysis was performed for a series of five structurally related, prototypical MCs on
the Ag(100) surface. These exhibit a conjugated m-system that consists of a thiophene ring
and a thiazole ring connected by a methine bridge. The D-A character of the molecules
is induced by a tertiary amine (D) attached to the thiophene ring and a malononitrile
group (A) attached to the thiazole ring. Alkyl side chains attached to the tertiary amine
and the thiazole ring mainly impact the sterical demand of the MCs.

It could be demonstrated that the interfacial interactions cause the face-on adsorption
of the MCs and the commensurate structural growth, while the intermolecular interac-
tions determine the growth of enantiopure structures. Investigations were performed by
a series of surface-sensitive techniques including scanning tunneling microscopy (STM),
spot profile analyzing low energy electron diffraction (SPA-LEED), photoelectron spec-
troscopy (PES), and the normal incidence x-ray standing wave (NIXSW) technique. The
intermolecular interactions were probed by a systematic variation of the alkyl side groups,
leading to different MC phases due to the different sterical demands of the MCs.

The results reveal that hydrogen bonds between the D and A groups of neighboring MCs
lead to enantiopure molecular tetramers on the surface. These tetramers are the primary
building units of all observed MC phases. On a larger scale, the tetramers arrange in
enantiopure long-range ordered structures that grow commensurate with the Ag(100)
surface. Tetramers of different handedness are found in the respective mirror domains.

The commensurate growth is induced by strong interfacial interactions of the MCs, ac-
companied by charge exchange between the molecules and the Ag surface. The interfacial
bonding is measurable in molecular adsorption distances that are, for HB238-A, 15% (C)
to 24% (N) smaller than the sum of the respective van der Waals radii. In particular, a
strong, covalent-like Ag-S binding was found. This manifests in a high vertical and lateral
order of the S atoms in combination with short Ag-S bond lengths of 2.5 to 3.1 A.

The Ag-S bond determines the adsorption sites of the tetramers and thus the commen-
surate growth of the MC structures. In general, the Ag atop sites were found to be the
preferred adsorption sites of the S atoms. However, the intermolecular tetramer-tetramer
interactions in the MC structures lift the four-fold symmetry of the tetramers for two
of the three observed MC phases, as two MC molecules of the tetramer interact more
strongly with the neighboring tetramers. These MC molecules are laterally distorted,
resulting in altered intramolecular S S distances of up to +31% and adsorption sites that
are symmetrically shifted by up to 1 A away from the atop adsorption sites towards the
bridge positions. Smaller vertical adsorption distances of the distorted molecules to the
Ag(100) surface indicate that the distortions weaken the molecular 7-system, leading to
a stronger interfacial binding of these MCs.
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1. Introduction

This thesis explores the epitaxial growth of prototypical merocyanine molecules on the
Ag(100) surface. It contributes to a better understanding of the structure and the stability
of merocyanine films used as active layers in organic optoelectronic devices [1, 2|.

Recently, devices based on active layers made of organic functional molecules have been
under extensive investigations [3-5|. Their broad application spectrum follows from the
tunable layer properties. The properties of organic layers result from both the molecular
structure and the molecular packing, i.e., from the intermolecular interactions [3, 6, 7|.
The molecular structure of such functional molecules usually comprises a large m-system
and functional groups, which together allow for an adjustment of the electronic properties
to the required needs. In addition, sterical demanding side groups can modify the inter-
molecular interactions and hence, the molecular packing. Still, controlling the molecular
packing in the active layers remains challenging, as most functional molecules form several
polymorphic structures, and subtle kinetic effects may lead to different results [8|.

One way to control the growth of organic layers is by using the template effect of an
underlying surface with a defined structure [9, 10]. The template effect determines the
arrangement of the molecules in contact with the surface, i.e., in the monolayer, induced
by the reactivity and symmetry of the surface. A surface constitutes a reactive object as
the lattice periodicity of the bulk material gets lost in one direction and open bonds are
provided [11]. Molecules in the monolayer often adsorb in a flat-lying, face-on geometry
in which the extended m-system is oriented parallel to the surface. Thus, the molecular
packing in the monolayer is controlled by the interactions of the molecules with the surface,
i.e., the interfacial interactions, and by the interactions between the molecules, i.e., by the
intermolecular interactions. Especially the impact of the interfacial interactions on the
molecular arrangement in the monolayer leads to the formation of structures that often
differ from the molecular arrangement in the three-dimensional crystal lattice [12].

Molecules that adsorb in the second or third molecular layer do not have direct contact
with the surface. Hence, these molecules are less influenced by the substrate interface,
leading to an increasing importance of the intermolecular interactions. Without the inter-
facial interactions, the molecules prefer to arrange in the energetically preferred structures
observed for the organic crystals, such that, for increasing coverage, structural transitions
from the monolayer back to crystal-like structures become more likely [13]. As a conse-
quence for devices, the molecular arrangement at an electrode surface is important because
the different molecular packing of the first few layers can determine the resulting device
properties and efficiencies [14].

One class of organic functional molecules under investigation is the class of merocyanine
molecules. Merocyanines are donor-acceptor dyes with an odd number of carbon atoms in
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the m-conjugated system [15]. The electron donor and electron acceptor groups are con-
nected by a conjugated (poly-)methine bridge, allowing for intramolecular charge transfer
[15]. This leads to significant electrostatic dipole moments and high oscillator strengths
[16, 17]. For this reason, merocyanines are in focus for applications in optoelectronic
devices such as organic photodetectors and organic field effect transistors |6, 18-21].

However, merocyanines are challenging for structural investigations on surfaces. Different
from most of the functional molecules investigated on surfaces so far [12, 22, 23|, merocya-
nines are non-planar, prochiral molecules of low symmetry. Functional groups determine
the donor-acceptor strength and, hence, the degree of delocalization of the m-electrons.
In addition, sterical demanding and structurally flexible alkyl side chains influence the
molecular packing in the crystal lattice. These factors make the prediction of mono-
layer structures and the derivation of structural models from experimental results rather
difficult. This might be one reason why only a few investigations about merocyanine
monolayers on surfaces have been reported, yet [24-27].

The specific merocyanine investigated in this thesis is called 2-|5-(5-dibutyl-amino-thiophen-
2-yl-methylene)-4-tert-butyl-5 H-thiazol-2-ylidene|-malononitrile [28]. Due to historical
reasons [1]|, the name is abbreviated as HB238-A in the following chapters. The donor
and acceptor strengths of HB238-A are about equal, and thus, the m-system is completely
delocalized [1]|. This state is known as the cyanine limit and leads to high transition dipole
moments of the molecules [1, 15|. Although HB238-A was intensively investigated in the
form of spin-coated films [1, 2] and crystals |2, 29|, no information about the structure
formation at interfaces and in particular on surfaces has been reported at the start of this
thesis.

This work aimed to understand the molecular ordering of HB238-A at the templating
Ag(100) interface, starting from the question, whether HB238-A forms ordered structures
on the Ag(100) surface or not. Unexpectedly, it was found that HB238-A forms enantiop-
ure long-range ordered domains that grow commensurate with the underlying Ag(100)
surface. The molecular arrangement of the molecules in the monolayer was observed to
be different from the arrangement in the crystal structures. To find the reasons for the
formation of this highly ordered structure, detailed investigations of the interfacial and
intermolecular interactions were performed.

These included, on a first stage, spot profile analyzing low energy electron diffraction
(SPA-LEED) measurements to determine the unit cell of the HB238-A monolayer and
scanning tunneling microscopy (STM) measurements to determine the unit cell content.
These measurements revealed a large HB238-A unit cell of P2 symmetry containing four
molecules in an enantiopure arrangement that is stabilized by hydrogen bonds between the
donor and acceptor groups of neighboring molecules. The large unit cell in combination
with its commensurate structure indicates a strong binding of the merocyanine molecules
to the Ag surface.

To investigate the interfacial interactions responsible for the commensurate growth of
HB238-A, photoelectron spectroscopy (PES) measurements were performed. In addition,
the sterical demand of the molecules was deliberately altered by investigating HB238-
A derivatives of different alkyl side group lengths. This change in the sterical demand
forced the molecules to arrange in a new packing on the Ag(100) surface. However, the




adsorption sites of the molecules in the new phases were found to be similar to those in the
monolayer structure of HB238-A. The respective analysis was done by normal incidence
x-ray standing wave (NIXSW) measurements and revealed that the molecular adsorption
sites are mainly determined by strong covalent-like bonds between the S atoms of the
merocyanines and the Ag(100) surface. Thus, we learn that the molecular adsorption
sites of the investigated merocyanines are mainly determined by the strong interactions of
the molecules with the Ag surface, while the formation of enantiopure structures is driven
by the intermolecular interactions.

This thesis is structured as follows: Chapter 2 gives a brief overview of the published
literature about merocyanines, their crystal structures, and their properties. In addition,
Chapter 3 provides an introduction to the experimental techniques used in this thesis,
followed by the experimental details and parameters, which are summarized in Chapter 4.
Chapters 5 to 10 present the experimental results.

Chapter 5 starts with an introduction of an acquisition routine developed to increase the
scan speed of SPA-LEED measurements. As the measurements show a slow dewetting
of the merocyanine monolayers, this routine facilitated a detailed layer analysis by SPA-
LEED measurements.

Chapter 6 introduces the structure formation of HB238-A on the Ag(100) surface, in-
cluding the investigation of the interfacial interactions by PES. Structural changes in the
monolayer with respect to the sterical demand of the molecules are reported in Chapter 7.

Concentrating on the interfacial binding of HB238-A, Chapter 8 presents the adsorption
heights of the respective C, N, and S atoms. Based on these results, Chapter 9 describes
the determination of the molecular adsorption sites for the different merocyanine phases.
The results of this thesis are discussed in Chapter 11 to provide a detailed understanding
of why the investigated merocyanines form commensurate and enantiopure monolayer
structures.

Furthermore, Chapter 10 provides an excursion on the carpet-like growth of thin KC1(100)
layers on the Ag(111) surface. These KCl layers might be used in the future to decouple
merocyanine structures from the metallic substrate in order to investigate the optical layer
properties. However, the results of this thesis indicate that the here reported merocyanine
structures on Ag(100) cannot be transferred to other surfaces like KC1(100) that exhibit
weaker interfacial interactions.

After the discussion, Chapter 12 presents a concluding summary of the results. As the
content of Chapters 5, 6, and 10 is already published, these chapters only provide a
summary of the respective publications. Reprints of the publications can be found in
Appendix A.
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This chapter provides an overview of the general structural properties of merocyanines,
followed by an introduction to the merocyanines used in this thesis. For the investigated
merocyanines, crystal structures and the respective structure-defining intermolecular in-
teractions are discussed, as these binding motifs are also found for the later presented
monolayer structures. Furthermore, it also provides an overview of the few investigations
on monolayers that have been published for merocyanines so far.

2.1. Merocyanines

Merocyanines belong to the class of polymethine dyes. The molecular structure can, in
general, be described as a m-conjugated (poly-)methine chain that has two end groups,
an electron-withdrawing group and an electron-donating group [18]. Different from the
structurally similar polyene dyes, merocyanines exhibit an odd number of m-centers, i.e.,
sp-hybridized atoms [30]. Hence, merocyanines can undergo an intramolecular charge
transfer, leading to a dipolar resonance structure as indicated in Figure 2.1.

) : @M
R S \ R.N/ S -
s

.N N - o h S _~.N
R I ideal polymethine R I o
NC” CN state NCTCN
non-polar state bipolar state

Figure 2.1.: General molecular structure of the merocyanines investigated in this thesis. R
denotes the respective alkyl side chains. For HB238-A, R stands for nBu groups. These mero-
cyanines comprise nine sp2-hybridized C atoms. Due to the donor-acceptor system, the non-polar
molecular structure is in equilibrium with a bipolar resonance structure. The intermediate state
in which the m-system is completely delocalized is called ideal polymethine state. Figure based
on reference [30].

The advantage of merocyanines is based on their tunable properties. Variation of the
electron-donating and withdrawing groups, and the length of the (poly-)methine chain,
gives access to absorption bands in a wide spectral range from the ultraviolet to about
1600 nm [1, 30, 31]. Variation of the sterical demanding side groups can further tune the
intermolecular interactions and the resulting properties in the condensed solid state |[2,
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6]. For these reasons, merocyanines have a broad application spectrum. Examples are
nonlinear optics [32-34|, optoelectronics [31, 35, 36|, self-assembled aggregates 20, 37,
38|, and reversible molecular-switches |27, 39-41].

2.2. Merocyanine HB238-A

The merocyanine HB238-A exhibits a 2-dibutylaminothiophene electron donating group
and a 2-[4-(tert-butyl)thiazol-2(3H)-ylidene|-malononitrile electron withdrawing group [2].
The molecular structure of HB238-A is displayed in Figure 2.1. Here, R denotes the alkyl
side chains and equals nBu groups for HB238-A as displayed in Figure 2.4.

HB238-A was originally synthesized by Hannah Biirckstiimmer (HB) in the group of
Frank Wiirthner at the University of Wiirzburg |1, 28]. The trivial name of the molecule
(HB238) was introduced during that time. However, as explained below, it is referred to
as HB238-A in this thesis. Different names of HB238-A used in the literature refer to the
specific alkyl side chains [2], or are related to the electron donor and acceptor groups [29].
However, HB238 remains the most common trivial name for this molecule [1, 42-44].

The properties of HB238-A have been studied intensively during the last few years [1, 29,
36, 42—44|. Due to the above-mentioned donor and acceptor groups, HB238-A exhibits a
high ground-state dipole moment of 13.1 D (measured in 1,4-dioxane with a concentration
of 107% M) [1]. The structure of the isolated molecule is close to the ideal polymethine
state, also called cyanine limit |1]. The disappearing bond length alternation in this state
results in a very small change of the dipole moment upon an optical excitation and thus
in large transition dipole moments [1]. In addition, the sesquialteral bond order prevents
a photoisomerization of the molecule [1, 15].

The high ground-state dipole moment leads to a preferred aggregation of HB238-A in
m-stacked, anti-parallel dimers forming a kind of zig-zag pattern |2, 43]. As a consequence
of the molecular arrangement, absorption spectra of HB238-A aggregates in solutions [44|
and in annealed spin-coated films |2, 43] show intense, characteristic absorption bands
which correspond to J-type and H-type transitions [43, 44]. However, due to its non-planar
structure and the two flexible nBu groups at the tertiary amine, several polymorphic
crystal structures of HB238-A exist that are described in the next section.

2.3. Crystal structures of HB238-A

Due to its complex molecular structure, four different polymorphic crystal structures
of HB238-A have been reported up to now [2, 29]|. Their crystallographic parameters
are summarized in Table 2.1. The data were measured for single crystals obtained by
crystallization from solution, mainly using chloroform as solvent. In addition, structural
phase transitions were observed for x-ray diffraction (XRD) measurements at different
temperatures [29]. This applies to the polymorph P1, which transforms into polymorph
P2 at low temperatures, exhibiting a slightly smaller unit cell.
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Table 2.1.: Crystallographic parameters of reported HB238-A polymorphs. The data of P1, P2,
and P3 were taken from reference [29|, and the data of P4 from reference [2]. Z denotes the
number of molecules per unit cell.

Polymorph P1 P2 P3 P4

CCDC number 2073437 2073438 2073461 1856819
Temperature/K 300 100 100 100

Crystal system  monoclinic  monoclinic  monoclinic  monoclinic
Space group P2, /c P2,/c C2/c P2,

a/A 13.0876(10) 13.9396(17) 38.067(3) 8.6476(5)
b/A 19.2985(12) 18.847(2) 10.0661(8)  19.3964(10)
c/A 9.8422(8) 9.0814(9) 13.7086(11) 20.8670(11)
a/ 90 90 90 90

B/° 101.654(3)  105.608(6)  102.303(3)  99.038(2)°
v/° 90 90 90 90

V /A3 2434.61 2297.88 5132.31 3456.61(32)
Z 4 4 8 6

Although all four crystal structures are monoclinic, the sizes of the unit cells, and accord-
ingly also the numbers of molecules Z per unit cell, differ significantly. The reason for
this is the different packing of the molecules as visible in Figure 2.2.

(a) P1 (b) P2 (d) P4

Figure 2.2.: Reported polymorphic crystal structures of HB238-A. The Figure is taken from
reference [29] and has been slightly adapted. Molecules are presented as a wire model. Color
code: S yellow, N blue, C gray.

The molecular arrangement in the crystal structures is defined by the intermolecular
interactions. The molecular arrangements observed for the crystal structures, hence,
constitute energetically preferred arrangements. For structures of molecules on surfaces,
the same holds if the interfacial interactions are weak. Hence, it is worth discussing the
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molecular arrangement within crystal planes in which the arrangement of the molecules
is most planar. These molecular arrangements would not need to rearrange much when
being transferred onto a surface. Thus, for weak interfacial interactions, it might be likely
that similar molecular arrangements are found on the surface.

Surprisingly, the molecular arrangements in the depicted two-dimensional lattice planes of
the polymorphs P1, P2, and P4 are similar. Only the molecular arrangement of polymorph
P3 differs significantly. Accordingly, only the crystal structures of the polymorphs P3 and
P4 (representing also P1 and P2) are displayed in Figure 2.3 as a top view and a side view
of the most planar molecular arrangement. These will now be discussed in more detail.

(a) P3

Figure 2.3.: Most planar molecular arrangement of HB238-A molecules in the polymorphic
crystal structures P3 and P4, displayed in a top-view and a side-view. For better visibility of
the molecules, a ball-and-stick model was used for the presentation. Color code as in Fig. 2.2.
Hydrogen bonds are indicated by orange dotted lines.

As visible in Figure 2.2 (c¢), polymorph P3 forms stacks of parallel-oriented molecules. The
distance between m-stacked molecules in this structure is about 3.5 A. A cut through this
structure perpendicular to the c-axis reveals long one-dimensional aggregates as displayed
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in Figure 2.3 (a). Please note that the periodicity of the one-dimensional aggregate is along
the b-axis. Each aggregate has a width of two molecules in the direction of the a-axis.
Between successive molecules in b-direction, hydrogen bonds with a length of about 2.3 A
are formed between the nitrile groups and the hydrogen atoms at the thiophene rings of
neighboring molecules. Please note that all lengths of hydrogen bonds reported in this
thesis refer to the distance between the donor H atom and the acceptor (here, the N
atom of the nitrile group). Between the two rows of molecules, van der Waals interactions
between the nBu groups stabilize the structure. However, the two rows of hydrogen-
bonded molecules are not exactly in the same plane but are slightly shifted against each
other in the direction of the c-axis, as visible in the lower part of Figure 2.3 (a).

In contrast to polymorph P3, polymorph P4 exhibits nearly planar molecular arrange-
ments with two-dimensional periodicity. Molecules are oriented in a head-to-tail arrange-
ment that could also be described as a herringbone arrangement. Again, hydrogen bonds
form and are indicated as orange dotted lines. Their lengths vary from about 2.5 to 2.6 A.
As visible from the centered molecule, each molecule in this two-dimensional lattice plane
is connected by hydrogen bonds to its nearest neighbors, i.e., to four molecules in total.
The higher number of hydrogen bonds between the molecules of the P4 polymorph sug-
gests a higher layer stability compared to the layer arrangement of molecules in polymorph
P3. Most likely, due to the sterical demands of the nBu and tBu groups, the molecular
arrangement is again not perfectly flat but shows a wave-like structure in the side view.

2.4. Derivatives of HB238

As reported by Liess et al. [2], a variation of the sterical demanding and structurally flex-
ible alkyl side chains attached to the tertiary amine (R in Figure 2.1) can be used to tune
the molecular packing. This offers interesting aspects, as changes in the alkyl side chains
have only a minor impact on the molecular 7-system and the respective molecular prop-
erties. Changes in the layer properties thus result from a different molecular arrangement
due to altered intermolecular interactions. Hence, a variation of the alkyl side groups
offers an elegant way to discriminate, characterize, and tune intermolecular interactions.
For annealed spin-coated films, this was demonstrated by absorption spectra. While rigid
and small side groups, e.g., Et groups, lead to the formation of H-type aggregates and
the respective absorption bands, large and flexible side groups, e.g., Hex groups, lead to
J-type aggregates [2].

The HB238-A derivatives investigated in this thesis are displayed in Figure 2.4. The alkyl
side chains marked in purple were varied in their length from nBu groups to Me groups.
For simplicity, these derivatives are named HB238-B, HB238-C, and HB238-D. For reasons
of consistency, the name of HB238 has been changed accordingly to HB238-A. Differently
to HB238-A, only a few publications exist for the derivatives [2, 45]. In addition, a new
HB238-A derivative was investigated in this thesis for the first time. For this derivative,
the tBu group of HB238-A was exchanged by an ¢Pr group as indicated in blue color in
the lower part of Figure 2.4. The structural results of the respective monolayers on the
Ag(100) surface are presented in Appendix C. The synthesis of this molecule was done
in the group of K. Meerholz in Cologne [46]. This merocyanine was named HB238-E.
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Figure 2.4.: HB238-A derivatives investigated in this thesis. The alkyl side groups (R) that were
altered are indicated in purple and blue, respectively.

The crystal structures of HB238-B [45] and HB238-C [2]| have been published on the basis
of XRD data. Again, crystals were obtained from solution. An overview of the crystal
structures, similar to Figures 2.2 and 2.3, is displayed in Figure 2.5. The respective
parameters are listed in Table 2.2.

In contrast to HB238-A, the alkyl side chains of HB238-B are shorter by one CHa-group.
Still, the two-dimensional molecular arrangement is found to be quite similar to the molec-
ular arrangement in polymorph P4. However, the side view in the lower part of Figure 2.5
reveals that the two-dimensional arrangement of the molecules in the b-c-plane appears
to be nearly flat and thus favorable for a structure formation on a surface.

For HB238-C, the length of the alkyl side chains is further reduced, again by one CH,-
group. The molecules form, comparable to the HB238-A polymorph P3, hydrogen-bonded
chains, here along the a-direction. However, different to the structure P3, the HB238-
C molecules within this plane are all oriented in the same direction. Due to the chain
formation, the number of hydrogen bonds per molecule is reduced to two. Please note
that only the shortest hydrogen bonds are indicated here, and that additional hydrogen
bonds, e.g., between the nitrile groups and the Et groups of neighboring molecules, are
possible as their length would result in 2.8 A. In the side-view, it becomes visible that
the molecules are slightly tilted against each other, again forming a wave-like structure if
further molecules in the c-direction are taken into account.
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(a) HB238-B (b) HB238-C

Figure 2.5.: Crystal structures of HB238-B [45] and HB238-C [2]. In addition to the bulk unit
cell, the most planar molecular arrangement present in the crystal structures is displayed in a
top-view and a side-view. Color code as in Fig. 2.2.
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Table 2.2.: Crystallographic parameters for the merocyanines HB238-B [45] and HB238-C [2].
In both cases, single crystals were grown from a solution.

Compound HB238-B HB238-C
CCDC number 1496527 1856817
Chemical formula Cy HosNyS, Ci19H29N4So
Temperature/ K 100(2) 100(2)

M /g mol™? 398.58 370.52
Crystal color green blue
Crystal system orthorhombic monoclinic
Space group Pbca P2, /c

a/A 15.4428(5) 9.9527(18)
b/A 14.3273(4) 6.9941(13)
c/A 19.1045(5) 28.499(5)
a/® 90 90

B/° 90 93.565(5)
~v/° 90 90

V /A3 4226.9(2) 1980.0(6)
A 8 4

p/g mol 3 1.253 1.243

Even if we can identify in the crystal structures of HB238-A and the HB238-derivatives
molecular arrangements in which the molecules form a nearly planar molecular layer,
the structures that were observed for the adsorbed molecules on the Ag(100) surface are
significantly different. This indicates a strong structural impact of the interactions of the
molecules with the surface. However, the intermolecular binding motifs observed in all
crystal structures, namely the hydrogen bonds between H atoms on the donor and the
terminal CN groups on the acceptor groups of neighboring molecules, remain identical.

Please note that additional crystallographic data of the investigated merocyanines are
presented in Appendix B. The respective XRD data were measured as part of this thesis
for crystals that were obtained by temperature gradient sublimation. Accordingly, the
presence of solvent molecules can be excluded for these crystal structures.

2.5. Merocyanine Monolayers

Up to today, only a few experimental reports about merocyanine monolayers exist in the
literature. Early investigations considered the molecular ordering in Langmuir-Blodgett
films [24]. Later, the molecular ordering at the solid-liquid interface |25, 26], in solution-
processed monolayers [27], and in ultra high vacuum (UHV) on solid surfaces [41, 42, 47]
was investigated.
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One major motivation of merocyanine studies on surfaces in UHV is their application as
molecular switches. Spiropyran molecules can undergo a thermally or photoinduced ring-
opening reaction, which results in merocyanine molecules [41]. As spiropyran molecules
are three-dimensional, colorless, and inert, the transition to the colorful, reactive, and 7-
conjugated merocyanine bears a high potential for later applications [41]. In this context,
two different merocyanines were investigated on the Au(111) surface by Piantek and
Bronner [40, 47], and by Riemann et al. [39].

These two merocyanines both show a dimer formation on the Au(111) surface. The dimers
are stabilized by hydrogen bonds and are either separated from each other on the surface
[39] or form chains that avoid lateral packing due to long-range repulsive interactions
between the chains [40, 47]. The latter indicates a strong binding of the merocyanines
to the surface, which was supported, i.e., by x-ray photoemission spectroscopy (XPS)
measurements [47].

Yet, no monolayer studies about HB238-A and the above-mentioned derivatives were
published. One exception is the recent publication by Ocal et al. [42] which reports
about XPS and ultraviolet photoemission spectroscopy (UPS) data of HB238-A layers
on Au(100), Ag(100), and Cu(100) surfaces that were measured in dependence on the
HB238-A layer thickness. The data published for the Ag(100) surface by Ocal et al.
is consistent with the data previously measured and published for HB238-A mono- and
multilayers on the Ag(100) surface as part of this thesis [48].
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The following chapter provides a brief overview of the experimental techniques applied in
the context of this thesis. Especially, specific details that are important for the scientific
context are summarized. For general or further information regarding the experimental
techniques, please refer to the literature cited.

3.1. Surface sensitivity of electrons

The investigation of molecular monolayers on a substrate surface requires experimental
techniques that allow for distinction between information detected from the bulk of the
substrate and the surface, including the adsorbates. While scanning probe techniques like
STM and atomic force microscopy (AFM) directly image the molecular structures on the
surface, surface sensitivity of diffraction and photoemission experiments is not directly
ensured.

For low energy electron diffraction (LEED) measurements and PES, the surface sensitivity
depends on the electrons’ inelastic scattering mean-free-path [11]. Electrons that are
subject to inelastic scattering lose energy and are therefore separated from the signal of
interest. For electron diffraction, the inelastic mean free path has an impact on both the
incident and the diffracted electrons. For PES experiments, the photoelectrons are created
in the sample by photoexcitation. Hence, the inelastic mean-free-path is important for
electrons leaving the sample.

In both cases, a small inelastic mean-free-path causes the information to be obtained
mainly from the uppermost few layers of the sample. A small inelastic mean-free-path of
about 5 to 10 A is achieved by kinetic energies (F,) of the electrons in a range of 10
to 1000 eV [49]. Hence, LEED measurements are performed with kinetic energies in a
range of 20 to 500 eV. For photoemission experiments, i.e., XPS, the energy of the photon
beam (£, ) is set with respect to the binding energy of the investigated photoemission line
(Ebina) and the work function of the sample (¢sample) to obtain photoelectrons with a
kinetic energy of about 100 eV (Eyin = Ey — ¢sample — Ebind)-

3.2. Low energy electron diffraction

The low energy electron diffraction (LEED) measurements performed for the structural
analysis of the merocyanine layers were mainly performed by using a SPA-LEED device.
A SPA-LEED device allows for high-resolution scans of the reciprocal space by using a
channeltron detector. Furthermore, LEED measurements with multi channel plate (MCP)
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devices were performed to safeguard the presence of the correct monolayer phases for
subsequent STM and PES measurements. Detailed information about the LEED devices
and their working principle can be found in references [50-52].

As mentioned above, LEED measurements are performed with electrons exhibiting a
kinetic energy (Fiy,) of 20 to 150 eV to provide surface sensitivity. These kinetic energies
correspond to de Broglie wavelengths (\e) of 1 — 2.7 A. The conversion from the kinetic
energy to the de Broglie wavelength is done by the following equation

b [sea o [use @)
o V2B \| Bxn/eV "\ Eun/eV .

with h being Planck’s constant and m, being the mass of the electron [50].

The electrons that are elastically scattered by the first atomic layers of the sample are
detected by the LEED device. The corresponding diffraction pattern reflects the two-
dimensional translational symmetry of the sample surface and can be described by a two-
dimensional Fourier transform of the surface lattice. This is possible as the diffraction
pattern can be described by the kinematic diffraction theory, in which the multiscattering
effects are summarized under the effective scattering factors [50].

For the interpretation of the experimental data, the following equations are important.
They are summarized from refs. [50, 53]. The incident electron beam is described as a
plane wave. The corresponding wave vector (kg) can be calculated by

27
ko| = —. 3.2
’ 0‘ )\el ( )

The components of the scattering vector parallel to the sample surface kﬁk describe the
positions of the diffraction spots. For normal incidence of the electron beam, they result
in

hok
k|

— |ko| sin 6, with k" = h-aj +k - a5. (3.3)

Please note that here, h, k are the Miller indices of the diffraction spots, which are, hence,
integer values. For a conventional LEED system, # is the angle between the incident beam
and the diffracted one. a} and aj are the reciprocal lattice vectors. The length of the
respective real space lattice vectors aj, as can be calculated from the relations

aj-a; =|aj| - |a1]-cosy =271 and aj-ay; = |aj|-|as|-cosy =27 (3.4)

with Y= 90° — A(al, ag).
In addition,

aj-ag=aj)-a; =0 (3.5)
applies. In this thesis, the vectors a; and a; always refer to the unit cell vectors of the

Ag(100) surface.

LEED was used to obtain information about the unit cell vectors of the merocyanine
layer, i.e., the superstructure, which are denoted as b; and bsy. This also includes the
length and the orientation of the unit cell vectors with respect to the substrate vectors
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and the presence of symmetry equivalent domains, i.e., rotational and mirror domains.
The unit cell vectors are reported with respect to the substrate lattice vectors using a
superstructure matrix according to

)= (o) () oo

The superstructure lattice vectors can be described by a linear combination of the sub-
strate vectors. For integer matrix elements, the structure that results from the combi-
nation of the superstructure and the substrate lattice exhibits a translational symmetry.
These structures are referred to as commensurate.

3.3. Scanning tunneling microscopy

Scanning tunneling microscopy (STM) allows for the imaging of real space surface struc-
tures with atomic resolution. In particular, it was used in this thesis to gain information
about the molecular arrangement of the merocyanine molecules in the unit cell. Detailed
literature about the development and the theory of STM can be found in references [11,
54, 55| from which the following information is summarized, if not stated otherwise.

For gaining information about the molecular arrangement in the unit cell, bias-dependent
measurements were performed in this thesis. That means that the same sample spot
was measured for the same tunneling current I; but for a series of different bias voltages
Ubias- As both the tip and the sample are connected by the STM electronics, the Fermi
levels (Er) of the tip and the sample are aligned if no bias voltage is applied. Applying
a bias voltage leads to an offset between the Fermi levels of the tip and the sample. This
energy difference in the Fermi levels, Ey;.s, is calculated by the charge of the electron (—e)
multiplied with the bias voltage and defines the energy range of electronic states (of the
sample and the tip) which participate in the tunneling process.

The parameters given in this thesis refer to the convention that the bias voltage is applied
to the sample. Accordingly, a negative bias voltage refers to tunneling from occupied
electronic states of the sample to unoccupied states of the tip. As the wave function ¥ of
the tunneling electrons decays exponentially in the gap between the tip and the sample
according to

2me (étip + qbsample Ebias i E),

U(z, E) =V (0)e " with x = \/ 2 + (3.7)

2 2

the tunneling probability T'(z, E) = |¥(2)|*> = |¥(0)]?e™"* decreases for increasing tip-
sample distances z [56]. Here, E denotes the energy of the electron with respect to the
Fermi level of the sample and does not change during the tunneling process. ¢, and
Gsample denote the work functions of the tip and the sample that define the height of
the tunneling barrier. A = h/(27) is the reduced Planck’s constant. Accordingly, the
tip-sample distance must change for varying Uy,;.s values if I; is kept constant.
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However, it is important in the context of the present thesis to realize that STM is not
directly imaging atomic positions, but the local density of states (LDOS) of the surface
that is, to some extent, folded with the LDOS of the tip. Taking this into account, Tersoff
and Hamann developed a model for the tunneling process, approximating the tip wave
function to be spherical (s-wave function) [57, 58|. In this approach, the tunneling current
is proportional to the LDOS of the sample (ps) according to

It X Ubias ps(EF - Ebias)a (38)

if the LDOS is so flat that the density of states of the tip, p;, can be assumed to be constant
in the studied energy range [54]. Please note that Equation 3.8 refers to tunneling at the
Fermi edge.

For the STM data presented in this thesis (excluding the data of Chapter 10), Pt/Ir STM
tips were used. Accordingly, as the electron configuration of Pt is [Xe| 44 5d° 6s', a
tunneling through the 6s-orbital is likely, and the tunneling current can be assumed to
be mainly determined by the LDOS of the sample. However, it should be noted that the
Tersoff-Hamann model is not limited to the tunneling through single orbitals, but applies
to spherical STM tips in general.

For the W-tips used for the STM measurements of Chapter 10 an interpretation of the
tunneling current by the Tersoff-Hamann model is limited as the tunneling occurs through
the d,2_,2-, p., and s-orbitals [59]. However, for the here presented results, atomic res-
olution was likely achieved by Cl™ modified tips and tunneling through the p, orbital of
the Cl ™ ion as described by Li et al. in ref. [59].

3.4. Photoemission spectroscopy

Photoelectron spectroscopy (PES) probes the electron density of the occupied electronic
states of a sample. In general, PES is divided into ultraviolet photoemission spectroscopy
(UPS) measurements, which probe the valence band with photon energies up to 100 eV,
and x-ray photoemission spectroscopy (XPS) measurements. The latter are performed
with soft (100 — 2100 eV) and hard x-rays (> 2.1 keV) and probe the core levels of a
sample. Detailed information about PES can be found in references [11, 60, 61].

A sketch illustrating the principle behind PES is given in Figure 3.1. A photon beam
with an energy £, = hv probes the sample. Photoelectrons of the sample are created
in case that the photon energy is larger than the binding energy FEy;,q of the respective
electron and the work function of the sample ¢gample. Created photoelectrons are left with
a kinetic energy Eiyi, that equals Eyin = Ey — @sample — Ebina. However, please note that the
analyzer measures the kinetic energy relative to the Er. Accordingly, for the measured
kinetic energy Ej;, = Eyin + @sample applies. By comparing PES spectra of thick molecular
films, i.e., films with a negligible amount of molecules in contact to the substrate surface,
and spectra of the monolayer, i.e., layers in which all molecules are supposed to have
contact with the surface, information about the interfacial interactions can be obtained
by analyzing the chemical shifts.
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Figure 3.1.: Sketch illustrating the principle of XPS illustrated for the photoemission from the
S2p; o orbital. As per ref. [53]. Please note that the analyzer measures the kinetic energy Fiip
relative to the Ep. Accordingly, for the measured kinetic energy Ej, = Exin + @sample applies.

The binding energy of photoelectrons is influenced by initial and final state effects. Ini-
tial state effects occur for the neutral unexcited atom, due to the influence of the local
electronic environment, also called chemical environment [11]. Final state effects result
from the fact that the photoemission process is also related to the ionized final state.
And the photoemission process is fast, such that the system may not be in an adiabatic
equilibrium [11].

In the XPS spectra, final state effects become visible as satellites with lower kinetic
energy, such as shake-up lines or as asymmetric line shapes of signals, which correspond
to photoemission from the metal surface. These asymmetric line shapes occur due to
a coupling of the photoelectrons to the conduction electrons [60]. Further effects that
determine the line shapes, in particular, the full width at half maximum (FWHM), of the
photoemission lines are the lifetime of the photohole, phonon broadening, the spectral
resolution of the exciting x-ray beam, and the energy resolution of the analyzer [60, 62].
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3.5. Normal incidence x-ray standing wave
measurements

A structure determining method, based on XPS, is the normal incidence x-ray standing
wave (NIXSW) technique that allows for the determination of element-specific adsorption
heights with respect to the Bragg planes of the substrate. This method is not limited to
the Bragg planes parallel to the substrate surface but can also be applied to determine the
distances of atoms with respect to inclined Bragg planes. A set of adsorption distances to
different Bragg planes can hence be used to determine the adsorption sites of the atoms
on the surface, an approach referred to as triangulation. In the following sections, the
most important information about NIXSW is presented, especially the details that are
important for the evaluation of the merocyanine data. The information was summarized
from references |11, 63-67|, to which the reader is referred for further details.

3.5.1. The principle of NIXSW

The principle of NIXSW is illustrated in Figure 3.2. The incident and the, from the
sample reflected x-ray beam interfere, creating a standing wave field that is not limited
by the substrate surface, but extends into the vacuum. The periodicity of the standing
wave field equals the periodicity of the measured Bragg planes.

In contrast to x-ray standing wave (XSW) measurements, NIXSW measurements are
performed with a Bragg angle O; that is close to 90° with respect to the measured Bragg
plane. This has the advantage that the Bragg condition 2djx sin(©;) = nA exhibits a
maximum for sin(©;) = 90°. Hence, it becomes insensitive to small angular deviations
of individual grains in the sample and thus to the small mosaicity (typically <0.1°) that
exists for metal single crystals. Here, dji; denotes the distance of the Bragg planes, and
n is an integer that indicates the order of diffraction. The deviation of the incident
beam from normal incidence is usually (at the 109 endstation, Diamond Light Source
(DLS), UK) in a range of 3°. Thus, the reflected beam does not fall on the incident beam
and can be monitored on a fluorescent screen via a camera. Monitoring the intensity
of the reflected beam as a function of the wavelength A, or the respective beam energy

E,=h-5= %, results in the reflectivity curve.

For scanning the photon energy through the energy range defined by the reflectivity curve,
the nodes of the standing wave field shift with a phase ®(E.,) that varies from 7 to 0 for
increasing photon energies. For the low photon energy edge of the reflectivity curve, the
anti-nodes of the standing wave field are located halfway between the Bragg planes. These
anti-nodes shift for increasing photon energies by a distance dp;/2 to the position located
directly at the Bragg planes. Accordingly, the absorption of radiation by the atoms of the
substrate increases for an increasing overlap of the anti-nodes with the Bragg planes, and
the intensity of the measured reflectivity, R(E,), decreases. As a result, the reflectivity
curves exhibit an asymmetric shape as depicted in Figure 3.2

The location of adsorbate atoms can be determined by the detection of the element-specific
photoelectrons. While scanning through the photon energy range of the reflectivity curve,
the highest photoemission is detected for the case where the anti-nodes hit the position of




3.5. Normal incidence x-ray standing wave measurements 21

Reflectivity A Kinetic energy

X-ray T

=
Il

EBragg +-3 eV Photoelectrons Sls

| | o

>
Intensity

<— X-ray standing wave field

Crystal surface

- >
-] -

Figure 3.2.: Sketch illustrating the principle of NIXSW illustrated for the photoemission from
the S1s orbital. Adapted from ref. [65].

the adsorbate atoms. The photoemission line integrals plotted against the photon energy
(most often relative to the Bragg energy) lead to the measured photoemission yield curve.
Accordingly, the shape of the photoemission yield curve strongly depends on the vertical
positions of the adsorbate atoms with respect to the Bragg planes. For the data evaluation,
the normalized intensity of the photoemission yield (%) is fitted according to

Iio 1+ R(E,) + 2\ /R(E,) - fu - cos (®(E,) — 27 - po). (3.9)
Here, the last term describes the interference of the incident and the reflected beam. The
fit gives access to the values of the coherent fraction f. and the coherent position p. that
can both range from 0 to 1. While the coherent fraction is a measure of the vertical
disorder of the investigated adsorbate atoms, the coherent position gives the average
vertical distance 2" with respect to the investigated Bragg planes according to

thl = (Tl —l—pc) : dhkl- (310)

Here, n is again an integer. In this thesis, n equals 1 for the measurements at the (200)
Bragg reflection and 0 for measurements at the (111) and the (220) Bragg reflections.
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Figure 3.3.: (200), (220), and (111) Bragg planes of the Ag(100) crystal, measured in the context
of the present thesis. Positions of the Ag atoms are indicated by dotted circles.

3.5.2. Non-dipolar corrections

However, the momentum of the photons of the incident and the reflected x-ray beam, in
combination with the position of the photoelectron detector, leads to an overestimation
of the photoelectrons that are created by the reflected x-ray beam. This leads to the need
for the non-dipolar correction parameters Sg, |Si|, and v that apply as follows

Iio — 14 Sk - R(E,) + 21Si\/R(E,) - f. - cos (B(E,) — 2 - pe + ). (3.11)

They can be calculated from the scattering phase shifts dp and dd that can be extracted
from the NIST database |68, 69].

3.5.3. Triangulation

If NIXSW data of one chemical species is measured for the Bragg plane parallel to the
substrate surface and two Bragg planes non-parallel to the substrate surface, the respective
adsorption sites can be determined in the vertical and lateral directions. This process is
referred to as triangulation and will be described in Chapter 9 in more detail. The (200),
(111), and (220) Bragg planes used for the triangulation in the present thesis are displayed
in Figure 3.3. For each Bragg reflection, one set of f. and p. values is obtained. These
values constitute average values that describe all respective scatterers in the structure,
i.e., in the context of this thesis, the average adsorption distances of all S atoms.

For the theoretical calculations of the average f. and p. values from the proposed structural
models, the following aspects have to be considered:

1. Structural models most often include symmetry non-equivalent atoms that exhibit
different distances with respect to the measured Bragg planes.

2. The structures might exhibit structurally equivalent domains on the surface, i.e.,
rotational and mirror domains, that need to be taken into account.

In the present thesis, all investigated structures exhibited four symmetry equivalent do-
mains, i.e., two rotational domains and two mirror domains, and eight S atoms per unit
cell. For calculating the average values of f. and p., the symmetry equivalent domains
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Figure 3.4.: Symmetry equivalent (220) and (111) Bragg planes of the Ag(100) crystal, used for
the calculation of the average f. and p.. Thus, the calculation is equivalent to the calculation of
two rotational and two mirror domains of the structures.

were considered by calculating only one domain, but for three additional Bragg planes
that are symmetry equivalent to the Bragg plane measured. These, in total, four (220)
and four (111) Bragg planes, are indicated in Figure 3.4. Due to the four-fold symmetry
of the Ag(100) surface and the two-fold symmetry of the merocyanine structures, this
procedure is equivalent to the calculation of f. and p. for two mirror and two rotational
domains with respect to the measured Bragg plane.

The calculation of the averaged f. and p. values was performed as follows. Based on a
Cartesian coordinate system, the distance zf@lj of the 7 individual donor (D) and acceptor
(A) S atoms (S; with j =A,D and 7 = 1, ...,4) to the Bragg plane (hkl) can be calculated

from the coordinates r*> with the normal vector n by

. 1
=5 n with n = ———oou | k& |. (3.12)

J h2+k2+l2

The coherent position pi’sj and the coherent fraction féS of the individual S atoms can

be calculated by
hkl

P = ﬁmodl and fiS1 = m;] (3.13)

with m, ; = 4 being the respective number of donor and acceptor S atoms in the unit cell
of the merocyanine structure.

To average the values of prSj and f?Sj , the real and imaginary part of the so-called Argand
vector |63] P.% were calculated by

%(Pf;sﬂ') = fé’sj COS(QWpf;Sj) and %(Pi’sf) = f(f’sj sin(ZWpi’Sj). (3.14)

Finally, the average values, pf 7 and ff 7 were obtained from the averaged values of %(Pi’sj)
and S(PL™) that are denoted by R(PL™) and S(P2™), by

(P

pCSj = arctan <¥
1
C

= ) ~(27)1+ 0.5 (3.15)
R(P)




24 3. Theoretical Background

and

1= () ((s))” 316

Please note that the definition of the arctan in Equation 3.15 requires adding a value of
0.5 for negative values of %(PZ’Sj). These average values can now be directly compared
to the experimentally obtained pfj and fCS 7 values. Please note that these calculated fCS J
values do not take disorder effects into account, as they occur, e.g., due to vibrations of
the molecules. Thus, the experimental fcs 7 values are expected to be smaller than the
calculated values.

The same procedure as explained here for the S1s orbital would also apply for the calcu-
lation of the p. and f. values of the other chemical components in the unit cell, i.e., the C
and N atoms. However, for experimental reasons, i.e., beamtime and the low intensities
of the Cls and N1s photoemission lines for the respective Bragg energies, triangulation
of the NIXSW data was only performed for photoemission from the S1s orbital.




4. Experimental

Experiments reported in this thesis were performed in different UHV chambers with base
pressures lower than 3 x 1071° mbar. SPA-LEED, STM, and temperature programmed
desorption spectroscopy (TPD) measurements were performed in Bonn. A detailed de-
scription of the respective UHV chambers can be found in references [70-72]. PES and
NIXSW measurements were performed at the 109 endstation of the Diamond Light Source
in Didcot, UK. All chambers allowed for sample cooling with liquid nitrogen or liquid he-
lium. Additional combined room temperature (RT) STM/AFM measurements were per-
formed in the lab of Adam Sweetman at the University of Leeds, UK. This chapter gives
an overview of the most important experimental procedures, parameters, and setups.

4.1. Sample Preparation

4.1.1. Single crystal surfaces

Experiments were performed on the (100) and (111) surfaces of Ag single crystals. The
Ag crystals were purchased from MaTecK with a surface roughness of less than 0.01 um
and a surface orientation accuracy better than 0.1°. These samples were cleaned by
20 min. sputter cycles at an argon pressure of 1 x 10~° mbar with an accelerating voltage
of 1 kV, and an emission current between 5 and 20 mA, depending on the setup. The
resulting sample currents were about 5 — 10 pA. Subsequently, the samples were annealed
at elevated temperatures for about one hour.

The annealing temperatures were chosen according to the experimental requirements. For
STM measurements, Ag(100) crystals were annealed at temperatures of 700 K to 750 K. At
higher annealing temperatures of about 850 K, the formation of Ag clusters accompanied
by the pinning of Ag steps at these clusters was observed. As the step pinning led to
the observation of curved step edges [71, 73|, annealing temperatures above 750 K were
avoided for STM samples.

Ag(111) crystals used for STM measurements and Ag(100) crystals used for NIXSW
measurements were annealed at 820 K. In the latter case, these high temperatures were
used to improve the mosaicity of the samples and, hence, to decrease the FWHM of the
measured reflectivity curve. After the annealing, the samples were cooled down to RT and
checked by LEED, STM, or XPS to ensure a sufficient quality of the clean crystal surface.
If necessary, i.e., in case of faint or broad substrate diffraction spots, or the observation
of additional diffraction spots, the cleaning cycle was repeated.

25
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In this thesis, the lattice constants of the Ag surfaces and the distances between the
Bragg planes were derived from the literature value of the Ag bulk lattice constant. For
a temperature of 25°C, this lattice constant is ax, = 4.0856+0.0020 A [74-77).

4.1.2. Preparation of Merocyanine layers

Merocyanines were deposited from home-built Knudsen cells as described in reference |70].
During the deposition, the metal single crystals had a temperature of 300 + 5 K, if not
stated otherwise. The Knudsen cell temperatures used for the deposition of the merocya-
nines were about 500 K. However, as the temperature of the Knudsen cells is measured
indirectly, at a point attached to the heater, deviations of about 50 K were observed for
using different Knudsen cells and the same merocyanine. Accordingly, the Knudsen cell
temperatures are not specified in more detail here. A shutter mounted directly in front
of the Knudsen cell was used to control the deposition process.

Typical deposition rates were lower than 0.1 ML/min. Please note that one monolayer
(ML) was defined as one complete layer of the respective commensurate phase in the first
molecular layer on the surface. The deposition rate is a decisive factor in the preparation
of merocyanine layers, as different deposition rates led to the formation of different struc-
tural phases, especially for coverages in the multilayer range (visible in the TPD spectra
presented in Appendix D). Hence, deposition rates were kept constant during the deposi-
tion process as much as possible to avoid obtaining a mixture of structural phases. In the
case of the merocyanine HB238-D, two commensurate monolayer phases were observed.
The small a-phase was obtained by deposition rates higher than 0.03 ML /min. The more
stable @)-phase was prepared by deposition rates of about 0.02 ML /min. Variation of the
deposition rate during the deposition led to a mixture of both phases.

At the experimental setup used for SPA-LEED and TPD measurements, deposition
rates were monitored by a QMG422 quadrupole mass spectrometer (QMS) from Balz-
ers/Pfeiffer, allowing for measurements in a range of m/z = 1 amu/e to 1000 amu/e.
m/z is the mass-to-charge ratio of the detected ions with m being the ionic mass and z
being the ionic charge [78]. For monitoring the deposition rate, the signal intensity of the
ion [MC|" was recorded over time. The m/z values for the [MC|" ions of all investigated
merocyanines (MC) are listed in Table 4.1.

Table 4.1.: Chemical formulas for the investigated merocyanines (MC). The mass-to-charge ratio
m/z refers to the ion [MC]" used to monitor the deposition rates by QMS measurements. It was
calculated for the isotopes with the highest relative abundance [78].

Merocyanine (MC) alkyl side groups ~ formula ~ m/z for [MC|"

HB238-A nBu, tBu Co3H30N4Ss 426.19
HB238-B nPr, tBu Co1HagN4Ss 398.16
HB238-C Et, tBu C19H2oN4Ss 370.13
HB238-D Me, ¢Bu C17H5N4Ss 342.10

HB238-E nBu, iPr C22H28N4SQ 412.61




4.2. Spot profile analyzing low energy electron diffraction experiments 27

For measurements at the 109 endstation at the Diamond Light Source (XPS and NIXSW)
where no QMS was accessible, the sample preparation parameters, i.e., heating rate of the
evaporator and the deposition time, were determined and optimized beforehand with the
Balzer /Pfeiffer QMS in the lab in Bonn. For STM measurements, which were performed in
a different UHV chamber than the SPA-LEED and TPD experiments, a different Knudsen
cell was used. Here, the deposition parameters were determined by successive depositions
of the merocyanines followed by LEED and STM measurements to control the coverage
and the structure formation.

4.1.3. Preparation of KCI layers

KCI was purchased from VWR with a purity higher than 99.5%. After filling the Knudsen
cell, the KCI was degassed in UHV for about 12 h. During the KCI deposition, the
Ag(111) sample was kept at 403 £ 5 K [79]. The reasons for this specific temperature
are based on rearrangements of the Ag steps in contact with the KCI layer that will
be discussed in Chapter 10, below. For the deposition, the Knudsen cell was kept at a
temperature of 853 + 2 K, resulting in a deposition rate of about 1.25 4+ 0.05 ML /min.
Again, please note that this temperature will most likely differ for other Knudsen cells.
These parameters resulted in homogeneous, thin KCI layers of 2—3 ML thickness suitable
for STM measurements.

4.2. Spot profile analyzing low energy electron
diffraction experiments

4.2.1. Experimental Setup

SPA-LEED experiments were performed using a third-generation device with a conical
front end purchased from Scienta Omicron. The electron gun was equipped with a LaBg
filament operated with a current of 1 A. As electron radiation can damage the organic
layers, i.e., in the form of a dissociation of the molecules, low sample currents are favorable.
Typical values used for the experiments reported here are about 1 nA. To improve the
count rates for low sample currents, a channeltron aperture with an increased diameter
of 300 pm, instead of 100 pm, was used. This allows for more diffracted electrons to enter
the channeltron, and hence it increases the count rate for a given sample current [80].
However, the increase of the aperture also causes a decrease in the achievable resolution
of the SPA-LEED device.

4.2.2. Data processing

For controlling the measurements, the spad software was used before the system was up-
dated to the WinSPA software [81]. As already mentioned above, the diffraction patterns
of merocyanines are sensitive to beam damage. However, due to their large real space unit
cell and the corresponding high number of diffraction spots in reciprocal space, they need
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long measurement times to achieve a good signal-to-noise ratio. To reduce the beam dam-
age of the merocyanine layer, a routine was developed that adjusts the measurement time
needed for each pixel of the reciprocal space in dependence on the count rate of that pixel,
which is determined in a short pre-scan. For low count rates, the routine scans faster.
Thus, it saves time when scanning the background of the diffraction pattern where only
noise is detected, while it measures the diffraction spots longer and with higher statistics.
The routine is published in ref. [82] and will be discussed in Chapter 5.

For the exact determination of the superstructure matrices, the diffraction patterns were
deskewed by the program LEEDCal [83, 84]. The deskewing matrices were created from
diffraction patterns measured for well-known commensurate structures with the same
experimental parameters as the patterns of the merocyanine structures. For this purpose,
the ¢(8 x 8) structure of 3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) on the
Ag(100) surface [85] was used. A detailed description of the theory behind the deskewing
process can be found in reference [84|. Finally, diffraction patterns were simulated using
the programs LEEDLab [86] and Spot-Plotter [87].

4.2.3. Commensurability

To prove the commensurability of the merocyanine structures, detailed scans of areas were
performed in which diffraction spots of different symmetry-equivalent domains coincide.
Due to the large unit cells of the merocyanine monolayers in real space, unit cells in
reciprocal space are small in comparison to the Ag(100) unit cell. Hence, already small
deviations from a commensurate structure, noticeable as non-integer matrix elements in
the respective superstructure matrices, cause huge displacements of the diffraction spots.
Thus, spots in which diffraction spots of different symmetry-equivalent domains coincide
for a commensurate structure are perfect for testing the superstructure matrix. In case of
small deviations from integer numbers of the matrix elements, i.e., no commensurability,
these spots would be distorted or split into groups of diffraction spots. However, for the
present merocyanine structures, this was not the case, and we can ensure integer matrix
elements, i.e., a commensurate structure formation, for all respective phases.

4.3. Temperature programmed desorption
spectroscopy

TPD spectra were measured with a QMS of the company Balzers/Pfeiffer with a range of
m/z =1 amu/e to 1000 amu/e. Spectra were measured with a sampling rate of 2 Hz. A
Feulner cup [88] was used to exclusively detect material that desorbed from the sample
surface.

The sample heating was realized by a tungsten filament mounted on the rear side of
the Ag(100) crystal and parallel sample cooling with liquid helium or liquid nitrogen.
This ensured defined heating/cooling rates and minimized the desorption of merocyanines
from the sample holder. The sample heating was controlled by a Eurotherm device and
performed at 1 K/s to a maximum temperature of 850 K. Temperature, time, heating
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power, and the, by the QMS detected signal of the desorbed molecules, were monitored
by a LabView program [89] that was written by N. Humberg [90] and modified by B. Wolff
[91].

4.4. Scanning tunneling microscopy measurements

STM measurements were mainly performed in Bonn with a variable temperature (VT)
RHK Beetle type STM. For most of the experiments, an RHK SPM100 controller was used,
which was later replaced by an RHK R10 device. The bias voltage (Upi.s) was applied
to the sample. Thus, negative values of the bias voltage refer to tunneling from occupied
electronic states of the sample to the unoccupied states of the STM tip. Measurements
were performed in constant current (I;) mode. STM tips were etched from a 0.1 mm
thick Pt/Ir wire with a Pt/Ir mass ratio of 90:10. A helium cryostat and a 50 W tungsten
filament below the sample stage allowed for STM measurements in a temperature range
between 25 K and room temperature.

The STM measurements of thin KCI films on Ag(111) presented in Chapter 10, were per-
formed in the lab of A. Sweetman in Leeds, UK. The Scienta Omicron instrument that was
used in combination with a Nanonis controller allowed for STM and AFM measurements,
respectively. Please note that the results of the performed AFM measurements are not
included in the present thesis. STM measurements were performed at RT and in constant
current mode. The bias voltage was applied to the tip. However, to avoid confusion, all
bias voltage values reported in this thesis refer to the sample. The etched W-tips used for
the measurements were cleaned by electron bombardment beforehand. To minimize the
drift, the cryostat of the sample stage was heated to a temperature a few degrees above

RT.

At both setups, correct length and height measurements were ensured by regular scan-
ner calibrations. Calibration measurements were performed on clean Ag(100) surfaces
with atomic resolution of the Ag lattice. For the calibration of the scanner in the lateral
x-/y-directions, images were recorded with a 0°/90° rotation, respectively. This led to
an alignment of the fast scanning direction with the x-/y-direction of the scanner. The
calibration parameters were determined from the deviation of the measured lattice con-
stants from the respective literature values. The same applies to the calibration in the
z-direction, for which the height of steps of the Ag(100) crystal was measured.

4.4.1. Data processing

In Bonn, the software RHK XPMPro 2.0.1.5 [92] and later, the RHK software R10 7.0.2.0
[93] were used for controlling the STM measurements. In Leeds, the Nanonis software
[94] was used.

The scanning probe data was evaluated by using the software Gwyddion [95] and WSxM
[96]. Error lines were corrected, and the contrast and brightness of the images were
adjusted. In special cases, merocyanine data were processed by correlation averaging
using the periodicity of the molecular structures. This function is implemented in the
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software WSxM and helps to emphasize structures in the unit cells that exhibit weak
topographic contrast.

STM data of the merocyanines was deskewed using the lattice parameters obtained from
the respective SPA-LEED measurements. For the assignment of the SPA-LEED lattice
vectors to the lattice vectors observed in the STM measurements, scans were performed
with the lattice vectors being parallel to the fast scanning direction. Detailed information
about the determination of the lattice parameters from STM measurements can be found
in the supporting information of ref. [79] (see Appendix A.3), which demonstrates the
process for the example of KCI layers on the Ag(111) surface.

4.5. Photoelectron spectroscopy techniques

PES measurements were performed at the 109 endstation at the Diamond Light Source
in Didcot, UK. The endstation uses radiation from an undulator in the electron storage
ring of the synchrotron and is equipped with a nitrogen-cooled Si(111) double crystal
monochromator and a grating monochromator. This allows for measurements with soft
(100 — 2100 eV) and hard x-rays (2.1 — 20 keV) of high intensity and brilliance. Photo-
electrons were detected by a hemispherical EW4000 HAXPES analyzer purchased from
Scienta Omicron. The analyzer had an acceptance cone of 56° and was mounted in the
photon polarization plane [97, 98|.

For the experiments of this thesis, synchrotron light was needed for two reasons:

1. The high intensity of the x-ray beam facilitates measuring XPS spectra with good
statistics in less than 1 min. on a small spot of the sample. This allows the measure-
ments to be repeated for multiple positions on the sample. Averaging the data from
different sample spots significantly improves the signal-to-noise ratio, but keeps the
effect of beam damage low.

2. The tunable beam energy, i.e., the tunable wavelength of the synchrotron light, is
necessary for the NIXSW measurements. The reason for this is that the photoemis-
sion needs to be measured for a photon energy range of £4.5 eV around the Bragg
energy of the chosen lattice plane.

The following sections give details about the experimental procedures and the parameters
that were used for the XPS and NIXSW measurements. All measurements were performed
at room temperature.

4.5.1. X-ray photoemission spectroscopy

For XPS measurements, soft x-ray radiation in a range of 120 — 700 eV was used. Hence,
measurements probed the valence band and the core levels of the Ag(100) sample and
the adsorbed merocyanines. XPS measurements were performed under the following as-
pects: the characterization of the clean Ag(100) crystal, the validation of the coverage and
stoichiometry of the adsorbate, and investigations of the adsorbate surface interactions.
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Figure 4.1.: Top view of the sample geometries used for XPS measurements at the 109 endsta-
tion of the DLS in Didcot, UK. (a) Sample geometry used for the XPS measurements of the
merocyanine layers. (b) Sample geometry used for measurements with quasi-normal emission of
the photoelectrons. The sample rotation around the vertical manipulator axis (polar angle) is
indicated by the surface normal (dotted line). For comparison, the sample position for a polar
angle of 0° (grazing emission geometry) is indicated by dotted lines. Arrows, indicating the
photoelectrons, are arbitrary in their positions but visualize the shielding effect of the sample in
the grazing emission geometry (overlap of the arrows with the sample).

Measurements were performed with the sample being rotated by —45° in the polar direc-
tion toward the analyzer, as displayed in Figure 4.1 (a). Hence, the surface sensitivity of
the measurement was increased in comparison to measurements performed under quasi-
normal emission of the photoelectrons (polar angle of —70°), as displayed in Figure 4.1 (b).
However, compared to measurements with grazing emission of the photoelectrons (polar
angle of 0°), signal intensities are higher, as the sample does not shield any photoelectrons
from the analyzer. In Figures 4.1 (a) and (b), the sample geometry for grazing emission
is indicated in light gray and with dotted lines.

Table 4.2 summarizes further experimental parameters used for the XPS measurements.
Photon energies (E.,) were chosen with respect to the binding energy range measured. To
be most surface sensitive, the resulting kinetic energy (Fji,) of the photoelectrons was
about 100 eV. The different kinds of spectra measured and their experimental purpose

will be briefly described below.

Overview spectra

To exclude contamination of the sample, the Ag(100) crystal was characterized by XPS
before the deposition of the adsorbates. The respective overview spectra were measured
with a beam energy of 700 eV and a binding energy range of —15 to 600 eV. While
for a clean sample only signals from Ag are detected, contamination would be observed
by additional photoemission lines, e.g., Cls lines. In case of contamination, the sample
cleaning was repeated.
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Table 4.2.: Parameters used for XPS measurements. The time per spectrum results from the
binding energy range of the spectrum, the step width, and the number of frames (repeats)
measured. Please note that the number of frames varies for the measured overview spectra and
the spectra of the Fermi edge. Accordingly, the number of frames is not given in the table.
However, the number of frames was not altered for the photoemission spectra measured for the
same orbital, thus that averaging of the spectra was allowed.

photon energy pass energy binding energy step time per
(E,) (Epass) (Eping) Tange width  spectrum
Overview spectrum:
700 eV 50 eV —15—-600 eV 500 meV =~ 5 min
Spectra for the line shape analysis:
S2p 270 eV 20 eV 163 — 173 eV~ 40 meV 1 min
Cls 390 eV 20 eV 285 —294 eV 20 meV 1 min
Nls 500 eV 20 eV 398 —408 eV 40 meV 1 min
Spectrum of the Fermi edge for energy calibration:
E, 20 eV 2—6eV 20 meV =~ 6 min

After the deposition, overview spectra were measured to control the coverage of the me-
rocyanines. As a reference, an XPS spectrum of HB238-A with a coverage of less than
1 ML was used. The respective spectrum is displayed in Figure 4.2. The coverage of this
sample was determined by LEED measurements beforehand [48, 70].

As the merocyanines HB238-A, HB238-B, HB238-C, and HB238-D, only differ in the
length of the alkyl side chains, they exhibit the same number of S atoms. The comparison
of the intensities of the S2p photoemission lines in the measured overview spectra thus
provides information about the merocyanine coverages. For this purpose, overview spectra
were normalized with respect to the Agdd photoemission lines. To exclude multilayer
effects in the photoemission spectra, XPS and NIXSW measurements were performed for
coverages of less than 1 ML, if not stated otherwise.

Adsorbate characterization

Merocyanine layers were characterized by the line shape of the Cls, N1s, and S2p pho-
toelectron lines. As already mentioned above, each photoemission line was probed with
a different beam energy (E,). This was done on the background that the mean free path
of electrons with a kinetic energy of about 100 eV is reduced to a minimum of about
5A [11]. Thus, the detected photoelectrons originate from the uppermost layers of the
sample, and measurements are hence most surface sensitive.

Merocyanine layers are sensitive to beam damage. For long exposure times, i.e., when sev-
eral spectra were measured on the same spot on the sample, dissociation of the molecules
occurred. This was observed in the form of additional photoemission lines whose intensity
increased at the expense of the molecular photoemission lines observed before.
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Figure 4.2.: XPS overview spectrum measured for HB238-A on the Ag(100) surface with a
coverage of about 0.5 ML at a photon energy of 700 eV. Signals corresponding to the Ag surface
are labeled in gray below the spectrum. Signals corresponding to adsorbed HB238-A molecules
are labeled above the spectrum. The molecular structure of HB238-A is again displayed in the
upper left corner of the spectrum.

To minimize the effect of beam damage on the data, the measurement time per spectrum
was reduced to 1 min. for all photoemission lines. To improve the signal-to-noise ratio
of the data, spectra of the same photoemission line were measured on different spots on
the sample. For the displayed spectra of Chapters 6 and 7, 5 to 10 measurements were
averaged.

Small inaccuracies of the monochromator were corrected by calibration measurements of
the Fermi edge. Calibration measurements of the Fermi edge were performed after each
movement of the monochromator and, thus, for every photon energy. The experimental
parameters are listed in Table 4.2. As the Fermi edge is expected to be measured at
a binding energy of 0 eV, the XPS spectra were corrected by the experimental binding
energies determined for the Fermi edge. The error range of this photon energy calibration
was dependent on the accuracy of the Fermi edge determination and hence in a range of
+0.05 eV.
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4.5.2. Normal incidence x-ray standing wave measurements

NIXSW measurements were performed to determine the adsorption heights of the C, N,
and S atoms of HB238-A with respect to the extended Ag(200) Bragg planes parallel to
the crystal surface (ref. to Chapter 8), and for the determination of the S adsorption sites
in the observed monolayer phases of the merocyanines (ref. to Chapter 9).

Accordingly, the photoemission of the Cls, N1s, and Sls orbitals was measured for the
Ag(200) and Ag(400) Bragg planes, parallel to the Ag(100) crystal surface. For the
determination of the S adsorption sites, photoemission of the S1s orbitals was measured
additionally, for two Bragg reflections inclined with respect to the crystal surface, i.e., for
the Ag(111) and Ag(220) Bragg reflections. The respective Bragg planes are displayed
in Figure 3.3 of Chapter 3. Table 4.3 summarizes the photon energies ngégg that fit the
Bragg conditions of the above-named Bragg reflections. In addition, it specifies the order

of harmonics of the undulator spectrum, which is required to access the Bragg energies.

Table 4.3.: Bragg energies ng;gg for measurements of the Ag(200), Ag(400), Ag(111), and
Ag(220) Bragg reflections. To access the respective photon energies, the correct order of har-
monics of the undulator spectrum is required, as denoted in the table. Lattice spacings dpg; refer
to the distance between the Bragg planes at a temperature of 25°C and were calculate from the

bulk lattice constant aag = 4.0856+0.0020 A [74-77].

Ag(200) Ag(400) Ag(111) Ag(220)
Lattice spacing (dpw) — 2.043 A 1.022 A 2.360 A 1.445 A
Bragg energy (Efk.,,) 3035.54 ¢V 6071.08 eV 2628.86 eV 4292.90 eV

Order of harmonics 3 5 3 5

Figure 4.3 illustrates exemplarily two sample orientations that were used for the NIXSW
measurements. Panel (a) refers to measurements of the Ag(200) reflection, panel (b) to
measurements of the Ag(220) Bragg reflection. The angle ¢ denotes the angular deviation
of the incident x-ray beam from normal incidence to the measured Bragg plane. ( describes
the angle between the Bragg plane and the surface of the Ag(100) surface. An overview
of the ¢ and (¢ values used for the NIXSW measurements is presented in Table 4.4.

Table 4.4.: Important angles of the NIXSW measurements at the (200), (111), and (220) Bragg
reflections. P is the polar angle and refers to the vertical manipulator axis at the 109 endstation
at the DLS. £ denotes the deviation of the incident photon beam from normal incidence. (
describes the angle between the measured Bragg plane and the surface of the Ag(100) crystal.
Please note that the merocyanines HB238-A to HB238-D are abbreviated in this table as A, B,
C, and D. Columns corresponding to the same merocyanine are shaded in the same color.

A(200) B(200) B(111) B(220) C(200) C(111) D(200) D(111) D(220)
P 0 24°  -52.3°  -424°  24°  523°  24°  -53.9° -42.0°
¢ o 0° 5477 45.0° 0° 54.7° 0° 54.7°  45.0°
& - 04°  04°  06°  04°  04°  04° -1.2°  0.1°
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Figure 4.3.: Top view of the sample geometry used for the NIXSW measurements at the 109
endstation at the Diamond Light Source. The sketch applies to the used Ag(100) crystal and
represents exemplarily the sample orientations for measurements at the Ag(200) and the Ag(220)
Bragg reflection. (a) Sample orientation for measurements at the Ag(200) Bragg reflection. Here,
the (200) Bragg planes are parallel to the surface of the Ag(100) crystal. (b) Sample orientation
for measurements at the Ag(220) reflection. The angle ¢ between the Ag(100) surface and the
(220) Bragg planes is 45°. £ denotes the angular deviation of the incident x-ray beam from the
normal incidence with respect to the measured Bragg plane.

Comparable to the XPS measurements, NIXSW data measured for the same orbital, but
on different fresh spots of the sample, were averaged to obtain a good signal-to-noise ratio
of the data with a low impact of beam-induced damage of the organic layer. At each
sample spot, a reflectivity curve was measured to ensure a low mosaicity. Typical FWHM
values of the reflectivity curves were in a range of 0.7 to 0.8 eV for the (200) and (220)
Bragg reflections and 0.9 to 1.0 eV for the (111) Bragg reflection. In case of bad mosaicity,
i.e., in case of broader reflectivity curves, the sample spot was discarded, and the next
sample position was approached.

During each NIXSW measurement, the energy of the x-ray beam was increased from
E, = Eprage — 4.5 €V to B, = Epyage + 4.5 €V. The complete photon energy range was
divided into three sections. The first section included a photon energy range of 3 eV
and was measured for photon energies below Egyag in which no standing wave field was
formed, yet. Accordingly, this region is called a out-of-Bragg region in the following. The
same applies for the third section, in which a photon energy range of 3 eV above Ep;ae, Was
measured, again for an energy range in which no standing wave field was formed. These
two out-of-Bragg regions were probed by 6 data points (photoemission spectra) each.
The respective spectra show the photoemission yield of the measured orbital without the
influence of the standing wave field, i.e., the adsorption heights of the adsorbates. The
section of the photon energy range in which the standing wave field was formed, was
probed by 24 data points distributed over a range of Epage == 1.5 €V. Here, more data
points were measured compared to the out-of-Bragg regions, to ensure a good description
of the photon energy dependence of the measured photoemission yield. The reflectivity
curve used for the data evaluation was measured stepwise in parallel to the photoemission
spectra of the NIXSW scans.
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4.5.3. Data processing

For a better signal-to-noise ratio of the data, measurements on different sample spots were
averaged, for both XPS and NIXSW data.

Photoemission lines were fitted, using the software CasaXPS [62]. For all spectra, a
linear background was subtracted. The slight asymmetry of the photoemission lines was
described by a Gaussian/Lorentzian product combined with a blend function (TLA(3,6,8))
[62]. Comparable to the analysis of the soft XPS data, fit models for the NIXSW analysis
were developed from the respective averaged out-of-Bragg spectra. For these fit models,
certain fit parameters were constrained to ensure chemical consistency. This applies to
the ratio of the line integrals that is known from the molecular stoichiometry, and the
FWHM, which is expected to be the same for photoemission lines of the same orbital,
e.g., the Sls orbital. The line positions of independent lines, however, were considered as
a free fit parameter.

For the evaluation of the NIXSW data, line positions and the FWHM of the lines were
constrained to the values of the fit model developed from the out-of-Bragg spectrum.
Only the line integrals were not constrained to account for the changes in the photo-
electron yield during the measurement. The propagation of the developed fit parameters
to all photoemission spectra of the NIXSW measurement was performed in CasaXPS.
The propagation included the calculation of the standard deviation of the photoemission
yield. The fit results, i.e., the photoemission yield, the standard deviation, and the cor-
responding photon energies, also known as the photoelectron yield curve, were exported
in ASCII files for further evaluation with the program Torricelli [68]. The scattering of
the data points in the yield curve around the expected values strongly depends on the
signal-to-noise ratio observed in the individual photoemission lines of the measurement.
For the out-of-Bragg spectra of the here presented NIXSW data sets, the line integrals
deviate by about 6% from the expected ratio.

For the data evaluation with Torricelli [68], the ideal reflectivity curves and phases of the
Ag Bragg planes were calculated for a sample temperature of 300 K, with respect to the
values of ¢ and &, listed in Table 4.4. Non-dipolar correction parameters for the different
photon energies, and hence, for the different kinetic energies of the photoelectrons, were
imported from the NIST database [69] and are listed in Table 4.5. Normalized statistical
errors of the photoemission yield were calculated by a Monte-Carlo analysis in Torricelli
[68]. The p. and f. values and the respective statistical errors, obtained from the fits
of the photoemission yield curves in Torricelli, were plotted in Argand diagrams as, e.g.,
displayed in Figure 8.4 of Chapter 8, below.

4.5.4. Binding energy corrections

Due to a hysteresis, i.e., a mispositioning, in the mechanics of the monochromator, small
inaccuracies in the photon energies exist. In NIXSW measurements, the difference be-
tween the real and expected photon energies becomes noticeable in a binding energy shift
of the photoemission line in the out-of-Bragg regions. As these artificial shifts lead to
an under- or overestimation of the photoemission yield of individual photoemission lines
during the NIXSW analysis, they need to be corrected.
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Table 4.5.: Non-dipolar correction parameters of the Sls, the Cls, and the Nls orbitals, cal-
culated for the different kinetic energies Ey;, of the photoelectrons. A is the difference of dp
and 0d. The data was provided by the NIST database [69]. For better visibility, table entries
corresponding to the same orbital are shaded by the same color.

Orbital Bragg reflection FEy, in eV op od A =dd—op
Sls (111) 152.35 0.38087 —1.37995  —1.76082
Sls (200) 558.96 —0.46395 —1.51320  —1.04925
Sls (220) 1816.08 —1.11820 1.39195 2.51015
Sls (400) 3593.92  —1.44725 1.23105 2.67830
Cls (200) 2748.74 0.76647  0.56969 —0.19678
Nls (200) 2633.74 0.86944  0.63570 —0.23374

In case of chemical components with slightly different binding energies that are located
at different adsorption heights, a binding energy shift of the experimental photoemission
line is expected for the photon energy range in which the standing wave field exists. How-
ever, the binding energy of the experimental photoemission line should be constant for
the out-of-Bragg photon energy regions. In Figure 4.4, the out-of-Bragg regions of the
photon energy are shaded in light blue. Here, the binding energy of the experimental
photoemission line was determined and plotted versus the expected photon energy at
which the spectrum was supposed to be measured. As visible in Figure 4.4, here demon-
strated for the S1s orbital of HB238-D and the (111) Bragg reflection, the binding energy
decreases linearly during the NIXSW measurement. The same behavior of decreasing
binding energies was observed for all evaluated NIXSW measurements of this thesis.

An evaluation of the individual (not averaged) NIXSW spectra revealed that the error in
the photon energy is reproducible. All spectra that were measured for the same Bragg re-
flection and hence, the same binding energy range, exhibited the same error in the photon
energy and, accordingly, the same shift in the binding energy. Thus, the binding energy
correction could be applied to the averaged data. This correction of the binding energy
shift was needed to allow for a robust separation of the S1s photoemission lines of the
electron donor and the electron acceptor, as it will be described in Chapters 8. With-
out the correction, the photoemission yield curves of the separated donor and acceptor
components were observed to show an increasing or decreasing background that deviated
from the expected intensity of one.

For correcting the binding energy, the data of Figure 4.4 was fitted by a linear regression
curve as indicated by the red line. The maximum difference in the binding energy observed
between the first and the last scan of the measurement is indicated by a black arrow. Here,
the binding energy difference amounts to about —0.06 eV. Without the photon energy
error, the binding energy FEi;,q is expected to be constant for the out-of-Bragg regions.

For the NIXSW data evaluation in this thesis, the binding energy of the first photoemission
spectrum, measured for the smallest photon energy ES, was assumed to be correct. Please
note that the concrete value of the binding energy is not important, as it does not impact
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the shape and the fit of the photoemission yield curve. To ensure a constant binding energy
in the out-of-Bragg regions, the binding energies of all photoemission spectra E!, , were
corrected manually in CasaXP$S by the value of AE;, , that was determined according to

AEj.q = b(E, — EY). (4.1)

Here, E?y depicts the expected photon energy of the spectrum i (x-axis of Figure 4.4) and
b is the slope of the regression curve. The index ¢ = 0,1, 2, .., 36 refers to the individual
spectra of the series, with ¢ = 0 being the first spectrum.
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Figure 4.4.: Artificial decrease of the binding energy during the NIXSW measurements caused
by inaccuracies of the monochromator. The data was measured for the S1s orbital of HB238-D
and the Ag(111) Bragg reflection with a theoretical Bragg energy of 2628.86 ¢V. Please note that
the Bragg energy of the measured data differs from the theoretical value by about 1.5 eV, due to
temperature differences and the energy calibration of the monochromator. The data was fitted
by a linear regression curve that is displayed in red. The black arrow indicates the maximum
difference in the binding energies, due to the error in the photon energy.




5. Optimizing SPA-LEED
measurements

The work described in this chapter was published in the Journal Review of Scientific In-
struments 94, 064707 (2023): "Increasing the scan speed in high resolution, low energy
electron diffraction measurements by presetting the gate time" by Anna J. Kny, Moritz
Sokolowski, and Peter Kury.

A reprint of this publication can be found in Appendiz A.1. The author’s contribution
to the publication of this paper included: measuring the experimental data, presenting the
data scientifically (partly), data discussion, and revision of the manuscript.

This chapter introduces a speed-up data acquisition routine for SPA-LEED measurements.
As reported in the author’s master’s thesis, HB238-A monolayers on the Ag(100) surface
undergo a dewetting of the surface over time [70]. The layers are stable for only about
one day before they show a decreasing coverage of the surface by ordered domains. This
decrease in coverage is accompanied by an increase of bare Ag surface and the growth of
three-dimensional clusters on the surface, which can be directly observed by STM mea-
surements. In SPA-LEED measurements, the dewetting is observed as a decrease in the
diffraction spot intensities. Electron beam-induced damage of the merocyanine mono-
layer during the SPA-LEED measurements is an additional factor for the decrease of the
diffraction spot intensity with time. As a consequence, it is desirable to keep the measur-
ing times of SPA-LEED patterns to a minimum. However, recording of two-dimensional
SPA-LEED patterns is in particular for merocyanine monolayers time demanding, because
these exhibit a high density of low-intense diffraction spots (due to large unit cells in real
space) and thus require the collection of many data points and a good signal-to-noise ratio
of the data.

In order to save time during measurements of two-dimensional SPA-LEED patterns with-
out losing much information in reciprocal space, a speed-up routine was developed. Evi-
dently, there are many other situations of recording SPA-LEED images, where a reduction
of the measurement time is welcome. Some of these are mentioned in Appendix A.1 and
the conclusion of this chapter. However, this chapter specifically focuses on the applica-
tion of the routine for the analysis of merocyanine monolayers and hence, on the advantage
of the speed-up routine for two-dimensional SPA-LEED scans.
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5.1. Scientific context

Dewetting of molecular layers from surfaces is a frequently occurring phenomenon [12, 99,
100]. In the monolayer, often chemisorbed structures of flat-lying molecules are observed
[48, 101, 102|. For some molecules, the arrangement in the monolayer equals the molecular
arrangement in the crystallographic bulk lattice planes [102]. However, some molecular
crystals do not exhibit lattice planes with an in-plane orientation of the molecules, but
the molecules in one plane are tilted or shifted with respect to each other [12]. This is one
reason why molecules are forced into different, bulk-unlike structures when they adsorb
on a substrate surface in a flat-lying geometry. An adsorption geometry that is supported
by the interfacial interactions. As a result, dewetting, i.e., a slow phase transformation of
the monolayer to small crystal-like clusters, might occur. This is driven by a minimization
of the surface free energy and the lattice energy of the organic structure [12, 103].

As already described in Chapter 3.2, a SPA-LEED instrument scans the intensity of the
reciprocal space as a function of the momentum transfer parallel to the surface (k; =
(ks, ky)). This is done by an electrostatic deflection system. The intensity of a pixel in
the reciprocal space is measured by a channeltron detector in a point-by-point manner.
Hence, the total acquisition time of a two-dimensional scan, i.e., an array of pixels, is given
by the scan size in the reciprocal space (proportional to the number of pixels) and the
acquisition time (gate time) of each pixel. Typical scans with a resolution of 600 x 600
pixels and sufficient gate times of 5 — 10 ms require total acquisition times of 30 to
60 min per scan. Taking into account that a detailed analysis of an organic layer requires
more than one scan, or scans with even higher resolution, it becomes apparent that long
acquisition times result, which can be a major restriction of the SPA-LEED method,
especially when metastable (only kinetically stabilized) organic layers are investigated.

5.2. The speed-up routine

To decrease the total acquisition times for two-dimensional SPA-LEED scans, a speed-up
routine was developed. This section describes the general working principle of the speed-
up routine. For more detailed information, the reader is referred to the publication in
Appendix A.1.

The idea behind the routine was to adapt the user-set gate time 74 during the recording
of a scan to the information content at the pixel position, i.e., the specific k| value.
Pixels of the reciprocal space that correspond to diffraction spots exhibit high count rates
(intensities) and are thus measured with the user-set gate time. For pixels of low intensity
that correspond to the background of the diffraction pattern and for which the information
content is low, the user-set gate time is reduced. Accordingly, pixels of low intensity are
measured faster, and hence, the scan speed of the SPA-LEED pattern is increased.

The routine works according to the following principle. The user-set gate time 7y is
adjusted with respect to the count rate of a pixel f,... To determine the count rate, a
pre-scan is performed for each pixel. This pre-scan is measured with a gate time 7, that
is smaller than the user-set gate time. The value of 7, was 0.15 ms in the present thesis,
but is adjustable by the user. The count rate f,. of the pixel is determined from the
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number of measured counts Ny, during the pre-scan by fore = Npre/Tpre-

By the value of fy., the routine accesses the relevance of the measured pixel. The rele-
vance is classified in three count rate ranges: the irrelevant, fully relevant, or increasingly
relevant count rate range. The user can control the assignment of the pixel to these
ranges by the input of the threshold count rate values frujow and frunigh. These apply
as follows:

o For foe < frulow the pixel is judged to be irrelevant, i.e., to be part of the back-
ground of the SPA-LEED pattern. In this case, the scan finishes and f,;e is assigned
to the pixel intensity.

e For foe > frunien the pixel is judged to be fully relevant, i.e., to correspond to a
diffraction spot. In this case, a second scan with a gate time Tyost = Teet — Tpre 18
performed. Thus, the total gate time of the fully relevant pixels corresponds to the
user-set gate time.

o For friiow < fpre < frHnigh the pixel is judged to be increasingly relevant, i.e., pixel
in this intensity range might correspond to weak diffraction spots or the wings of
a diffraction spot. This range depicts a transition range. In this range, the gate
time of the second scan is adjusted with respect to the measured count rate of the
pre-scan.

In the present thesis, the gate time of the second scan 7,4 with which a pixel in the increas-
ingly relevant count rate range was measured, was determined from f,.. by a quadratic
function according to

Treq = Tpre T 042(7'set - Tpre) (5.1)
with

o= .
JTHhigh — JTH,low

fpre - fTH,low (52)

Finally, the count rates of the measured pixels are determined by the sum of the counts
measured in the pre- and the second scan (Npre + Npost) divided by the total gate time
with which the pixel was measured (Tpre + Tpost)-

5.3. Experimental examples

Figure 5.1 shows two SPA-LEED patterns, both measured for the a-phase of HB238-A on
the Ag(100) surface. Both patterns were measured on a fresh sample and for comparable
coverages of about 1 ML. In addition, both patterns were measured with comparable
total acquisition times. However, pattern (b) was measured with the speed-up routine
and hence allowed for scanning with a higher resolution (1000 x 1000 pixels) compared to
pattern (a) (320 x 320 pixels).

SPA-LEED patterns of organic structures that exhibit large unit cells in real space show
many faint diffraction spots in the reciprocal space. As visible in Figure 5.1 (a), a reso-
lution of 320 x 320 pixels is barely sufficient to distinguish between the diffraction spots
in the pattern. However, a pattern with a resolution comparable to Figure 5.1 (b), i.e.,
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Figure 5.1.: SPA-LEED pattern measured for the a-phase of HB238-A on the Ag(100) surface
and an electron energy of 80.9 eV. The pattern (a) was measured without applying the speed-up
routine. The acquisition time of pattern (a) was 34 min (320 x 320 pixels, gate time of 20 ms).
Pattern (b) was measured in a comparable time of 27 min with the speed-up routine. However,
applying the speed-up routine allowed a measurement of the pattern with much higher resolution
(1000 x 1000 pixels, gate time of 8 ms). The Figure was taken from ref. [82] and slightly adapted.

1000 x 1000 pixels, measured without the speed-up routine would require 133 min of
acquisition time and is therefore not feasible for metastable structures.

The comparison of the patterns of Figure 5.1 demonstrates the advantage of the speed-up
routine for two-dimensional SPA-LEED scans of merocyanine structures. Although, few
very faint diffraction spots get lost during the measurement with the routine, the high
gate times with which the diffraction spots are measured in combination with the high
resolution, lead to a diffraction pattern of high contrast and with good spot intensities.
The increased noise level of the background, which comes as a side effect of the gate time
reduction, can be counteracted by a so-called oversampling of the pattern. Oversampling
describes the process of summarizing the pixel intensities of successively measured pat-
terns. As the noise of the pattern is arbitrary, but the positions of the diffraction spots
are static, oversampling decreases the average noise level of the pattern.

In the present thesis, the speed-up routine was used for SPA-LEED measurements of
known superstructures with which the temperature and the coverage dependence of the
merocyanine layers were investigated. In addition, it was used to control the quality of the
merocyanine layer for subsequent further measurements, i.e., one-dimensional SPA-LEED
scans or TPD experiments.
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5.4. Conclusion

This chapter presented an excursion on a data acquisition routine that was developed to
increase the scan speed of SPA-LEED measurements. Even if the development of this
routine is only indirectly related to the topic of this thesis, it has been shown that a
detailed analysis of the merocyanine layers would not have been possible without the
speed-up routine due to their limited stability [70].

The use of the speed-up routine has several advantages. The gate time reduction for
pixels with low intensity allows to perform fast two-dimensional SPA-LEED scans with
good resolution of the patterns. These can be used for preparatory characterizations
of the sample, i.e., to verify the presence of the correct phase or to verify the correct
coverage of the adsorbate before subsequent measurements are performed. In addition,
the routine allows performing fast high-resolution SPA-LEED scans. This is explicitly
helpful if metastable organic layers with large unit cells, and hence, a huge number of
diffraction spots, are measured. However, the usage of the speed-up routine has to be
considered with care if structures with low-intense diffraction spots are supposed to be
analyzed, e.g., structures with azimuthal disorder, or weak features in the wings of the
diffraction spots.

Although the speed-up routine was only used for two-dimensional SPA-LEED scans in
the context of the present thesis, it can further be applied for measurements of two-
dimensional or three-dimensional reciprocal space maps (data-cubes), which is otherwise
not possible due to time restrictions. Thus, the routine may offer a way to use a SPA-
LEED instrument for recording intensity versus energy curves of LEED spots in an indi-
rect manner. Such curves (LEED-IV-curves) are of interest because they give access to
quantitative structural data of the surface [50].







6. The structure formation of
HB238-A on the Ag(100) surface

This chapter is based on the experimental investigations, published in the Journal Nanoscale
15, 10319 (2023): "Chiral self-organized single 2D-layers of tetramers from a functional
donor-acceptor molecule by the surface template effect” by Anna J. Kny, Mazx Reimer,
Noah Al-Shamery, Ritu Tomar, Thomas Bredow, Selina Olthof, Dirk Hertel, Klaus Meer-
holz, and Moritz Sokolowskz.

A reprint of this publication can be found in Appendiz A.2. The author’s contribution to
the publication of this paper included: the data acquisition and discussion, the scientific
presentation of the data, and the writing of the manuscript, including the revision.

This chapter summarizes the most important results from the above-mentioned publica-
tion. Hereby, the structural properties of ordered HB238-A phases on the Ag(100) surface
are discussed. The publication reports two ordered HB238-A phases, a thermodynami-
cally metastable, low-temperature phase, called S-phase, and the a-phase that is stable
at RT for about one day. The focus of this chapter is on the highly ordered a-phase,
which is commensurate with the underlying Ag(100) surface.

The following sections describe the molecular arrangement in the a-phase as it was pro-
posed from STM and SPA-LEED measurements. Furthermore, the interfacial interac-
tions of the HB238-A molecules with the Ag(100) were investigated by XPS and UPS
measurements. For further structural information regarding the adsorption heights and
the adsorption sites of the HB238-A molecules in the a-phase, the reader is referred to
Chapters 8 and 9.

Please note that the name of the investigated merocyanine is HB238 in the above-named
publication. The suffix “A” has been added in this thesis with regard to the investigated
derivatives of this merocyanine (ref. section 2.4).

6.1. Scientific context

This chapter presents the first structural investigation of HB238-A monolayers. Although
HB238-A was already investigated in solution [1, 2|, bulk crystals [2, 29] and spin-coated
films [1, 2|, structural information about monolayers, i.e., the wetting layers on sub-
strate surfaces, was missing. Only recently, another paper on HB238-A monolayers was
published [44]. This paper reports an edge-on arrangement of HB238-A molecules in
the monolayer of a highly oriented pyrolytic graphite (HOPG) surface. The publication

45



46 6. The structure formation of HB238-A on the Ag(100) surface

derives this result from measurements of AFM height profiles combined with photolumi-
nescence spectra.

As already explained in Chapter 2, monolayer structures often differ from the molecular
arrangements in thick films or organic crystals, due to the interfacial interactions. While
the interfacial interactions get lost for molecules in higher layers regarding the surface,
the intermolecular interactions between the layers of different structures, e.g., between the
second and the monolayer, still play a role. Hence, the monolayer structure has a signif-
icant impact on the further structural growth of the vacuum-deposited film. Knowledge
and control about the structural growth of the molecules in the monolayer can thus be
used to control the polymorphism of optoelectronically active layers, and thus to improve
the device efficiencies.

Due to the complex molecular structure of the merocyanine HB238-A | i.e., the low symme-
try of the molecule and non-planar, non-rigid alkyl side groups, the formation of ordered
monolayer phases was not predictable. Hence, the investigations of HB238-A monolayers
in this thesis were performed on the Ag(100) surface. The advantage of the Ag(100)
surface is based on its unreconstructed surface structure and its low reactivity [104]. In
addition, the four-fold symmetry of the Ag(100) surface limits the number of symmetry-
equivalent domains, i.e., mirror and rotational domains, that might be formed by an
adsorbate to a maximum of four.

Figure 6.1.: STM image and hardsphere model of the S-phase. (a) STM image of the chain-like
B-phase aggregates with indicated growth direction and width (long/short black arrows). The
STM image of (b) shows a zoom-in of the image in (a) (white frame) that is superimposed by a
hardsphere model of the edge-on oriented HB238-A molecules. For clarity, a side view and a top
view of a single HB238-A molecule in edge-on orientation are given in (c) and (d). Color code:
S yellow, N blue, C gray, H white. Van der Waals radii are reduced by a factor of 0.3. (40 K,
Ubias = —0.29 V, Iy = 5.4 pA) The Figure was taken from the SI of the above-named publication
[48].
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6.2. Monolayer structures of HB238-A on the
Ag(100) surface

HB238-A forms two different ordered monolayer phases on the Ag(100) surface. As already
explained in Chapter 4, the HB238-A deposition was always performed for a sample
temperature of 300 K. Subsequently, the HB238-A layers were investigated at different
temperatures. This was initially done to increase the layer stability of the commensurate
a-phase, as this phase was observed for the complete investigated temperature range of
25 — 350 K. However, for a direct cooling of the samples to a temperature lower than
110 K, the metastable S-phase was observed in parallel to the commensurate a-phase.
This section provides a brief overview of the structures of both phases.

6.2.1. The B-phase

The p-phase constitutes a kinetically stabilized phase. In the [-phase, the HB238-A
molecules are in an edge-on orientation with respect to the Ag(100) surface. This adsorp-
tion geometry is displayed in Figure 6.1 (c) and (d) as a schematic side and top view. The
adsorbed molecules form small aggregates with a coplanar m-stacking of the molecules.
Hence, only the long molecular axis, as indicated in Figure 6.1 (d), is visible in the STM
images of Figure 6.1 (a) and (b). In this coin-roli-like arrangement, the orientation of
the molecules (long molecular axis) is inclined by 40° to 50° with respect to the growth
direction of the aggregates.

Numerous of these small aggregates condense and form larger islands of irregular shape.
Voids within the islands are avoided by lateral shifts between the molecules, leading to
varying widths of the aggregates and changes in their growth direction. Due to the small
sizes of the aggregates and the low structural order of the molecules, no diffraction spots of
the f-phase are obtained in SPA-LEED measurements. For sample temperatures higher
than 110 K, the g-phase transforms irreversibly into the thermodynamically more stable
a-phase.

6.2.2. The commensurate a-phase

In the a-phase, the HB238-A molecules are arranged in a flat-lying, face-on adsorption
geometry in which the 7-system of the molecule is oriented parallel to the Ag(100) surface.
As already mentioned above, the a-phase is directly observed after the deposition of
HB238-A and was investigated in a temperature range between 25 K and 350 K. The
domains of the a-phase are a few hundred nm in size and highly ordered. The space group
of the a-phase is P2. Hence, the unit cells of the a-phase exhibit a twofold rotational
symmetry. In combination with the fourfold symmetry of the Ag(100) surface, this leads
to the existence of four symmetry equivalent domains, i.e., two rotational domains and two
mirror domains, which can be observed in the respective SPA-LEED diffraction pattern.
A SPA-LEED pattern of the a-phase measured for HB238-A is displayed in Figure 5.1 of
Chapter 5. An additional SPA-LEED pattern of the a-phase can be found in Chapter 7.
However, the SPA-LEED pattern of Figure 7.2 was measured for the merocyanine HB238-
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B that forms the same phase, i.e., superstructure, on the Ag(100) surface as will be
explained later.

The unit cell vectors of the a-phase can be expressed with respect to the unit cell vectors
of the Ag(100) surface (a; and ay) by a superstructure matrix according to

b 1 -8
- M. (6.1)
bg 8 3 A
The length of the Ag(100) lattice vectors can be derived from the Ag bulk lattice constant
aag by a1 = ag = 1/v2 - apg. At 25°C, apg is 4.085640.0020 A [74-77] which results in
a Ag(100) surface lattice constant of a; = ay = 2.89 A. b, and by are the lattice vectors

of the merocyanine monolayer. For the a-phase of HB238-A, the lattice vectors result to
by =23.30 A and by = 24.69 A. The angle between the b; and by results to v = 103.43°.

Hence, the unit cell of the a-phase is large and contains 67 Ag atoms in the first Ag layer
and four HB238-A molecules. The integer matrix elements of the superstructure matrix
reveal the commensurate growth of the organic layer. For more detailed information
regarding the commensurability of the layer, the reader is referred to the publication in
Appendix A.2 and to the sections 3.2 and 4.2.3 of the present thesis.

Figure 6.2.: STM image and hardsphere model of the commensurate a-phase of HB238-A on
the Ag(100) surface. (a) STM image superimposed by a respective hardsphere model. (300 K,
Ubias = —0.20 V, I; = 0.05 nA) (b) Same hard-sphere model as displayed in (a) but on a
hardsphere model of the Ag(100) surface. Please note that the lateral positions of the molecules
on the Ag surface are (at this stage of information) arbitrary and do not indicate the correct
adsorption sites. For further information about the adsorption sites, see Chapter 8. The color
code is as in Figure 6.1 above. The unit cell is indicated in red. In (b), hydrogen bonds are
indicated by lobes in light blue. The figure was taken and adapted from the above-named
publication [48].
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An STM image of the a-phase, superimposed by a hardsphere model, is displayed in
Figure 6.2 (a). In the a-phase, the HB238-A molecules form enantiopure tetramers. These
tetramers depict the primary building units of the a-phase. The existence of tetramers
formed by four molecules of the same handedness was demonstrated by bias-dependent
STM measurements. These revealed that the groups of four bright lobes, visible in the
STM image of Figure 6.2 (a), correspond to four tBu-groups of four neighboring molecules.
This assignment was further supported by density functional theory (DFT) calculations
that were performed for gas phase molecules and by STM measurements of monolayers
for which the tBu-group of the molecule was exchanged against an iPr-group (HB238-E).
The respective experimental data of the STM measurements can be found in Appendix C.

As HB238-A is a prochiral molecule, the existence of enantiopure tetramers is astonishing
but can be explained by the intermolecular interactions. The tetramers are stabilized
by hydrogen bonds between donor and acceptor groups of neighboring molecules. To be
more precise, these hydrogen bonds are formed between the nitrile groups (CN groups)
and hydrogen atoms located at the thiophene ring. In Figure 6.2 (b), these hydrogen
bonds are exemplarily indicated by lobes in light blue. Within the same domain, only
tetramers of the same handedness are found. Hence, the complete domain is formed
enantiopure. Of course, tetramers and domains formed by the second enantiomer are
found in the respective mirror domains.

Since the a-phase grows commensurate with the Ag(100) surface, each tetramer on the
Ag(100) surface occupies the same adsorption sites. This is surprising as the P2 space
group of the a-phase indicates that not all of the four merocyanine molecules of the
tetramer occupy the same adsorption sites. These structurally different molecules are
indicated by bright and dark colors in Figure 6.2. The reasons for the different adsorption
sites of the merocyanines in the a-phase will be discussed later in Chapter 11 based
on additional experimental data. Please note that the adsorption sites of the HB238-A
molecules in the structural model of Figure 6.2 (b) are arbitrary, as the model does not
consider later experimental data, yet. The commensurate growth of the a-phase indicates
strong interfacial interactions of the HB238-A molecules with the Ag(100) surface that
will be discussed in the following section.

6.3. Interfacial interactions in the a-phase

Strong interfacial interactions of the HB238-A molecules with the Ag(100) surface are also
indicated by XPS and UPS spectra. This section describes the most important findings
obtained from the spectra. For detailed information about the spectra, the reader is
referred to the above-named publication that can be found in Appendix A.2. The spectra
were measured for the a-phase of HB238-A with a coverage of less than one monolayer
and for a thick film of several multilayers.

The respective UPS spectra show a nearly clean Fermi edge (no former lowest unoccupied
molecular orbital (LUMO)). The highest occupied molecular orbital (HOMO) and the
HOMO-1 of HB238-A show differential shifts for an increasing coverage which result in
a larger binding energy difference between the two photoemission lines in the multilayer
spectrum. For the two investigated coverages, this differential shift in binding energy
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Figure 6.3.: XPS spectra measured for mono- and multilayers of the merocyanine HB238-A on
the Ag(100) surface. The spectra show data of the S2p, the N1ls, and the Cls photoemission
lines. As indicated in the spectra, blue shaded lines correspond to the acceptor components, and
red shaded lines correspond to the donor components. Differential shifts of the photoemission
lines are indicated by vertical lines. Photon energies E, are denoted in the spectra. Taken from
ref. [48]. For further details, see Appendix A.2.
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amounts to 0.30 4+ 0.05 eV. In addition, the HOMO of the monolayer is located at a
higher binding energy (1.77 eV) compared to the multilayer (1.61 eV). Thus, the spectra
indicate that both molecular orbitals, the HOMO and the HOMO-—1, contribute to the
binding of the HB238-A molecules to the Ag surface.

Differential shifts between the photoemission lines are also observed in the XPS spectra
measured for the same HB238-A coverages as the UPS spectra. Photoemission lines were
measured for all kinds of atoms of the HB238-A molecule, namely for the S2p, the N1s,
and the Cls orbitals. The respective spectra are displayed in Figure 6.3.

The spectra measured for the multilayers show broader photoemission lines. This is
expected, as the monolayer exhibits a smaller set of molecular adsorption geometries and
molecular binding partners compared to the multilayer. In addition, the photoemission
lines of the monolayer are shifted to lower binding energies. This shift is much larger for
the donor components than for atoms located in or close to the electron acceptor of the
HB238-A molecule. Although this is surprising at first glance, it indicates two things: a
charge transfer between the Ag surface and the face-on adsorbed HB238-A molecules and
a shielding of created photo holes by the electron density of the Ag surface.

These observations apply to all measured spectra. However, the largest changes in the
spectra, concerning the binding energies of the donor and acceptor components, are ob-
served for the S2p spectra. While the photoemission lines of the donor and the acceptor
are located at different binding energies for HB238-A multilayers, they have the same
binding energy for the monolayer.

In the molecular structure of HB238-A, the S atom of the electron donor is situated in
the thiophene ring, and the S atom of the acceptor is in the thiazole ring. The fact that
both components show the same binding energy in the S2p spectra strongly supports the
proposed face-on adsorption geometry of the HB238-A molecules in the monolayer. In
the face-on geometry, both S atoms are in close contact with the Ag(100) surface and
hence in a similar chemical environment that allows for charge transfer between the S
atoms and the Ag(100) surface. As both photoemission lines are located at exactly the
same binding energy (with respect to the experimental accuracy of 0.05 eV) this further
indicates a strong binding of the S atoms to the Ag surface.

6.4. Conclusion and outlook

The experimental investigations of this chapter revealed that HB238-A forms one ther-
modynamically dominant phase on the Ag(100) surface, the a-phase. The a-phase is
commensurate with the underlying Ag(100) surface. Thus, the set of molecular adsorp-
tion sites is the same for every unit cell. Surprisingly, the unit cell of the a-phase is large
and contains four HB238-A molecules of the same handedness in a face-on adsorption
geometry. There are, however, different reasons that contradict the suggestion that all
molecules in the unit cell occupy the same adsorption sites. These are, i.e., the fourfold
symmetry of the Ag(100) surface in combination with the P2 symmetry of the a-phase
unit cell, and the strong intermolecular interactions (hydrogen bonds). Therefore, the
reasons for the commensurability of the a-phase are not yet identified.
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The above-described XPS spectra, however, indicate a strong binding contribution of the S
atoms. This allows for different ways to investigate the reasons behind the commensurate
growth of the a-phase:

1. A variation of the alkyl-side groups of HB238-A. This changes the sterical demand
of the molecules in the monolayer while the molecular backbone is not altered. As
a result, molecules are forced to occupy different, or the next equivalent, adsorp-
tion sites. The respective changes in the molecular arrangement might allow for
conclusions about the preferred molecular adsorption sites.

2. An investigation of the adsorption heights of the S atoms with respect to the Ag(100)
surface by NIXSW measurements. This determines the binding distances of the S
atoms to the Ag(100) surface, which is in direct correlation with the interfacial
interactions.

3. The determination of the S adsorption sites on the Ag(100) surface by NIXSW.

The third point is, however, challenging, due to the four molecules (8 S atoms) per unit
cell and the low symmetry of the structure. Still, all of these investigations were performed
as part of this thesis and will be described in the following three chapters.




7. The influence of sterical
demanding side groups on the
molecular packing

In this chapter, the influence of the nBu alkyl side groups of HB238-A on the molecular
packing is determined. This is done by a length variation of the alkyl side groups. The
resulting structural changes in the monolayer and their influence on the interfacial interac-
tions are reported. They provide information about the preference of specific adsorption
sites and the intermolecular interactions.

HB238-A HB238-B HB238-C HB238-D
\ \ \ \
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Figure 7.1.: Molecular structures of the investigated HB238-A derivatives. The altered alkyl side
groups (R) are indicated in purple. The abbreviated names of the alkyl side groups are given
below the structures. Names of the derivatives are displayed in bold letters above the molecular
structures.

7.1. Scientific context

Intermolecular and interfacial interactions determine the molecular arrangement on a
surface. As introduced in Chapter 6, the a-phase of the merocyanine HB238-A forms by
an interplay of hydrogen bonds between the molecules and strong interactions with the
underlying Ag(100) surface. Both interactions are balanced such that stable enantiopure
tetramers are formed as primary building units of the a-phase. These tetramers assemble
in commensurate domains on the Ag(100) surface.

Responsible for the commensurability of the a-phase are, therefore, the m-system and
the functional groups of HB238-A. The sterically demanding and structurally flexible
nBu-groups only play a minor role, but act as spacers in the lateral structure formation.
Changing the length of the alkyl side groups has only negligible effects on the electronic
molecular structure and should, hence, not affect the principal binding motifs which are
relevant for the formation of the a-phase. Thus, systematic variations of the alkyl side

23
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groups probe the adsorption sites of the molecules on the surface, while the sterical de-
mand and, hence, the packing of the molecules in the two-dimensional monolayer are
altered. Similar investigations on the molecular packing have been reported for crystal-
like structures of thick spin-coated merocyanine films [2].

In this context, three derivatives of varying alkyl side group lengths have been investigated
by SPA-LEED, STM, and XPS. Their molecular structures are displayed in Figure 7.1.
Purple color marks the altered alkyl side groups (R) which range from nBu for HB238-
A to Me-groups for HB238-D. Further information about the derivatives is provided in
Chapter 2.4.

7.2. Commensurate phases

All monolayers were prepared under the same preparative conditions (see Chapter 4) as
the a-phase of HB238-A introduced in Chapter 6. This ensured the comparability of
the structures under kinetic aspects. Similar to HB238-A, the merocyanines HB238-B,
HB238-C, and HB238-D form large ordered domains that were observable by STM mea-
surements and sharp diffraction spots in the SPA-LEED patterns as visible in Figure 7.2.
As anticipated above, the SPA-LEED data measured for monolayers of the three HB238-A
derivatives reveal the growth phases that are also commensurate but partly structurally
different from the a-phase of HB238-A.

The SPA-LEED patterns of HB238-B, HB238-C, and HB238-D are displayed in Figure 7.2.
Simulations of the diffraction patterns result in information about the merocyanine unit
cell, i.e., orientation and size, with respect to the unit cell of the Ag(100) surface. In
Figure 7.2 the simulated patterns are displayed as a superposition with the experimental
data on the right side of the SPA-LEED patterns. The reciprocal unit cell vectors of
the Ag(100) surface and the merocyanine monolayer are displayed as yellow and red
arrows, respectively. The superstructure matrices and the lattice parameters for the three
merocyanine phases are summarized in Table 7.1. Please note, that the lattice parameters
in Table 7.1 are calculated for a temperature of 300 K.

Again, the commensurability of a structure is indicated by integer elements of the super-
structure matrix. Interestingly, HB238-B is found to form the identical phase as it was
observed for HB238-A, namely, the a-phase. Thus, small changes of the alkyl side groups,
i.e., by subtracting one CH, group, do not necessarily alter the molecular packing and
hence the molecular adsorption sites. However, further decreasing the length of the alkyl
side groups, i.e., for HB238-C and HB238-D, induces the formation of phases with smaller
unit cells and, thus, a more condensed molecular packing. The surface area per molecule
in units of Ag atoms is given in the last row of Table 7.1.

In contrast to HB238-A and HB238-B, the derivatives with shorter alkyl side groups,
namely HB238-C (R=Et) and HB238-D (R=Me), form a phase with a quadratic unit
cell of P4 symmetry. This phase is named ()-phase in the following. While the Q-
phase is the only phase observed for HB238-C, the derivative with the shortest alkyl side
groups, HB238-D, forms an additional commensurate phase. Due to the P2 symmetry
of this phase, it is referred to as the small a-phase in the following (in contrast to the




a-phase small a-phase O-phase

HB238-B — HB238C -~ HB238D

SPA-LEED

Figure 7.2.: SPA-LEED patterns measured for monolayers of the merocyanines HB238-B, HB238-C, and HB238-D on the Ag(100) surface.
The HB238-A derivatives form three different structural phases as assigned. Measurements were performed with an electron energy of 81 eV
for coverages of less than one monolayer and sample temperatures lower than 100 K. The right side of the SPA-LEED pattern is superimposed
by a simulation of the diffraction spots (white dots). Here, the upper right quarter of the pattern shows only the simulation without the
diffraction pattern in the background. This provides a better contrast and allows for a better comparison of the measured and simulated
patterns. Reciprocal lattice vectors of the Ag(100) surface are indicated in yellow. They correspond to a length of 2.17 A=, Four reciprocal
unit cells of one merocyanine domain are indicated in red. The real space unit cell parameters are listed in Table 7.1.
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Table 7.1.: Superstructure matrices and unit cell parameters of the monolayer phases formed by
the merocyanines (MCs) HB238-A, HB238-B, HB238-C, and HB238-D on the Ag(100) surface.
The phases are ordered by the size of the unit cells. Due to the commensurability of the phases,
the error bars of the lattice parameters result from the uncertainty of the Ag crystal lattice
constant aprs = 4.0856+0.0020 A [74-77]. Accordingly, the error bars are smaller than the
numbers given in the table and apply to the third decimal place. Zag : Zyc resembles the
surface area per molecule given in units of Ag atoms. Zj, is the number of Ag atoms per unit
cell, Zyic the number of merocyanine molecules per unit cell.

a-phase small a-phase )-phase
MC HB238-A HB238-D HB238-C
HB238-B HB238-D
1 -8 2 -8 3 -7
8 3 7 4 7 3
by 23.30 A 23.82 A 22.00 A
by 24.69 A 23.29 A 22.00 A
~y 103.43° 105.71° 90.00°

Zag t Zve 67:4=16.75 64:4 =16 o8 :4=14.5

a-phase). Monolayers of the small a-phase are prepared by deposition rates higher than
0.03 ML/min (@Q-phase: < 0.02 ML/min). The unit cell of the small a-phase is larger
than the unit cell of the @-phase and contains 64 Ag atoms (instead of 58 Ag atoms in
the -phase). These aspects indicate that the Q-phase of HB238-D is thermodynamically
more stable than the small a-phase. A fact that was confirmed by temperature-dependent
SPA-LEED measurements that revealed a slow transformation of the small a-phase to the
(-phase with time.

7.3. Intermolecular interactions

The molecular arrangement of the three structural phases was derived from STM images.
The data were measured for monolayers of HB238-A [48] and HB238-D at a sample
temperature of 300 K and are displayed in Figure 7.3. The unit cells, obtained from
SPA-LEED measurements, are indicated by blue arrows. For HB238-B and HB238-C,
no STM data have been measured yet. However, due to the identical unit cells known
from SPA-LEED, it can be assumed that their molecular arrangement is similar to that
of HB238-A and HB238-D, respectively. As the molecular arrangement of HB238-A was
already described in Chapter 6, this section focuses on the molecular arrangement in the
small a-phase and the ()-phase.

Visible in the STM images of the small a-phase and the ()-phase are again characteristic
groups of four bright lobes at the corners of the unit cells. For clarity, one of these groups
is marked by a dotted blue square for each STM image. They indicate the positions of
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a-phase small a-phase O-phase
HB238-A | HB238-D

Figure 7.3.: STM images of the a-, small a-, and Q-phase measured for monolayers of HB238-A
and HB238-D on the Ag(100) surface. The STM image of the a-phase was taken from ref. [48]
(300 K, Upias = —0.3 V, Iy = 5 pA) and was measured for HB238-A. The data of the small a-
phase (300 K, Upjas = —0.1 V, I; = 20 pA) and the @-phase (300 K, Upjas = —0.86 V, I} = 8 pA)
were measured for the merocyanine HB238-D. The unit cell vectors are indicated by blue arrows.
The unit cell parameters are listed in Table 7.1. The white scale bar equals a distance of 10 A.
Bias voltages were applied to the sample. For further details, see text.

four tBu-groups and, hence, the presence of tetramers as explained in the last chapter (for
experimental evidence, please refer to Appendix C). This is an important observation, as
it demonstrates that the molecules form the same primary building units for all phases,
independent of the alkyl side chain lengths. Hence, the hydrogen bonds between the
nitrile groups and the thiophene ring of the neighboring molecules (see Chapter 6) are
not altered significantly for the different unit cells.

Y a-phase
\
) 8:3 small o-phase
| X Q-phase

P
e
)®

o
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0

Figure 7.5.: Sketch of the unit cell orientations of the a-phase, the Q-phase, and the small a-
phase with respect to the underlying Ag(100) surface. The sketch displays only one out of four
symmetry equivalent domains, present on the Ag(100) surface. By comparing the positions of
the unit cell corners, the sketch demonstrates the different symmetries of the lattice points with
respect to the Ag(100) surface that are observed for the commensurate phases. Color code as
indicated.
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small a-phase

Figure 7.4.: Hardsphere models of the commensurate merocyanine phases, i.e., the a-phase, the
small a-phase, and the ()-phase. The arrangement of the molecules with respect to each other
and with respect to the lattice vectors is an anticipation from Chapter 9. Blue dotted squares
mark the positions of the four tBu groups for one tetramer, similar to Figure 7.3. Again, similar
to Figure 7.3, one pair of dimer-forming molecules is indicated for the @)-phase by a blue dotted
frame along the lower lattice vector. For further details, see text.

Comparing the STM images of the small a-phase of HB238-D with the data of the a-
phase of HB238-A reveals a similar tetramer packing in the unit cell. This can be derived
from the orientation of the groups of four bright lobes (indicated by blue dotted squares)
with respect to the unit cell vectors. These blue dotted squares are also indicated in
the respective structural models that are shown in Figure 7.4. Different from that, the
tetramers appear to be rotated by about 45° in the ()-phase. This rotation might be
driven not just by the smaller unit cell and thus by a decreased amount of uncovered
Ag surface in the unit cell compared to the small a-phase, but in addition, a pairing of
molecules between the tetramers might play a role, too. This pairing is observed along the
unit cell vectors of the ()-phase. Here, two molecules come close together, as indicated by
blue dotted frames in Figures 7.3 and 7.4, for the lower part of the unit cell. Due to the
orientation of the enantiopure tetramers, this contact results in an anti-parallel orientation
of the two molecules, favorable for an additional, strong hydrogen bond formation.

To summarize the most important aspects, the length of the alkyl side groups determines
the packing of the tetrameric primary building units that are the same for all three phases.
However, the enforced shift of the tetramers to new relative positions on the sample
surface does not lead to a loss of the commensurability of the structure to the Ag(100)
surface. Hence, the lateral shifts of the tetramers with respect to each other follow a
grid of equal adsorption sites on the surface. This is also supported by the observation
that no structural changes occur for small changes of the alkyl side group lengths, i.e.,
between HB238-A and HB238-B, which both form the a-phase. Interestingly, the changes
in the unit cells are small concerning the substrate orientation. This can be derived from
Figure 7.5 in which the unit cells of the three phases are indicated exemplarily for one
domain. It demonstrates that only small changes in the positions of the unit cell corners
are observed. For the a-phase and the small a-phase, this change implies a shift of the
tetramers against each other by one Ag surface unit cell vector (2.89 A).
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For the @-phase the rotation of the tetramers with respect to the unit cell vectors is
observed additionally. However, in Chapter 11 we will show that this apparent rotation
of the tetramers is only due to the different angle of the superstructure lattice vectors
with respect to the substrate. In fact, it will be demonstrated in the following chapters
that the position of the tetramers on the surface is similar for all phases.

7.4. Interfacial Interactions

To investigate the impact of the different tetramer packing on the interfacial interactions,
XPS spectra were measured for all merocyanines and phases. Multilayer effects in the
spectra were excluded by merocyanine coverages of less than one monolayer. The correct
phases were ensured by LEED measurements. Information about the measurements and
the data processing, including the fitting of the data, is given in Chapter 4.5.

The XPS spectra are displayed in Figure 7.6. The data of HB238-A are the same as the
monolayer data presented in Chapter 6 and the corresponding publication [48]. The data
of HB238-A and HB238-B represent the a-phase. The data of HB238-C was measured
for the -phase, while HB238-D was measured for the small a-phase. Thus, the spectra
represent all merocyanines and the three observed commensurate phases.

Comparable to Figure 6.3 of Chapter 6, photoemission lines were measured for the Cls,
N1s, and S2p orbitals, to provide information on the interfacial interactions of all involved
atoms of the merocyanines. The error of the determined binding energies is +0.05 eV
and includes the calibration of the binding energy scale and the fit accuracy of the pho-
toemission lines. Details about the fitting procedure can be found in Chapter 4.5.

Table 7.2.: Binding energies of the Cls components 1, 2, and 3, as indicated in the Cls spectrum
of HB238-D. E gﬂﬂi’ Catoms Jonotes the component shaded in dark red that represents additional
C atoms. The spectra series was measured for the merocyanines (MCs) HB238-A to D for a
photon energy of E, = 390 eV. The data of HB238-D refers to the small a-phase. The binding
energies have an uncertainty of 0.05 eV due to the fit and the calibration of the binding energy
scale.

Cls HB238-A HB238-B  HB238-C HB238-D
C atoms per MC 23 21 19 17
Eiome 1 284.17 eV 284.26 eV 284.30 ¢V 284.30 eV
Eome 2 284.85 eV 284.83 eV 284.91 ¢V 284.90 eV
B ? 285.77 eV 285.82 eV 285.88 ¢V 285.82 ¢V
B 2d, © atoms 285.18 eV 285.23 eV 285.39 eV ——

Table 7.2 summarizes the binding energies of the Cls components, which can be dis-
tinguished in the spectra. In general, the Cls components are indicated in gray color
as they cannot be assigned to individual, chemically different C atoms in the molecules.
Correspondingly, they are labeled as components 1, 2, and 3 as indicated for the spectrum
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Figure 7.6.: XPS spectra of the merocyanines in dependence on the alkyl side group variation,
measured for the merocyanines HB238-A to HB238-D (bottom to top). The data of HB238-D
refers to the small a-phase. The S2p, N1s, and Cls photoemission lines were measured at RT
for samples with merocyanine coverages of less than one monolayer. Photoemission lines of the
same orbital are plotted in one column. In addition, fitted components are displayed. Their
superposition, and hence, the spectrum fitted to the experimental data, is displayed by a black
line.

The photon energies (E,) are indicated for the respective spectra series. Signal intensities for
S2p and N1s photoemission lines are normalized to 1. Because of the different stoichiometry of
the merocyanines, the Cls line intensities were normalized to the area of the HB238-A signal
corresponding to 23 C atoms. The color code in the spectra is as follows: Red and blue shaded
components correspond to the emission from atoms associated with the electron donor and the
electron acceptor of the merocyanines, respectively. Orange-shaded components represent shake-
up signals and signals due to beam damage. Components of the Cls lines, labeled with the
numbers 1, 2, and 3, cannot be assigned to specific C atoms but represent groups of C atoms.
The dark red shaded component in the Cls spectra of HB238-A, HB238-B, and HB238-C depicts
the difference from the HB238-D spectra due to the increased number of C atoms in the alkyl
side groups. Red and blue vertical lines indicate the binding energy differences of the donor
and acceptor associated lines. For the S2p;/; lines, the overall shift in binding energy, i.e., the
position of the maximum, is indicated by the black dotted line with respect to the position of
the line maximum of HB238-A.
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of HB238-D. Initially, the three components were fitted for HB238-D with respect to the
shoulders visible in the peak shape of the overall Cls signal. They are located at binding
energies of 284.30 eV, 284.90 eV, and 285.82 eV. As the other three merocyanines differ
in the length of the alkyl side chains, their Cls signals were basically fitted with the same
three components in a fixed area ratio.

The difference in the Cls spectra, due to the additional C atoms of the alkyl side chains,
is given by an extra line that is shaded in dark red color. This component shifts slightly
to lower binding energies for an increasing length of the alkyl side groups. This shift
equals 0.21 £0.10 eV and can be explained by the effect that longer alkyl chains are less
affected by the bond polarization of the adjacent tertiary amine and the corresponding
loss of electron density.

On the other hand, the influence of the alkyl chains on the tertiary amine is also visible in
the N1s spectra as will be discussed below. In general, the N1s spectra are described by
two components. As the molecular backbone is not altered within the series of investigated
merocyanines, the total number of N atoms is four for all four molecules. One N atom is
located in the electron-donating part of the molecule (tertiary amine), and three N atoms
are located in the electron-accepting part (thiazole ring and nitrile groups). Hence, we
expect identical line integrals and similar line shapes for all N1s spectra of the series. In
the XPS spectra of Figure 7.6, we can clearly distinguish between the tertiary amine of
the donor and the other three N atoms of the electron-accepting group. This is expected,
as the increased electron density in the electron-accepting group shifts the components to
lower binding energies. The reverse is true for the N component in the electron-donating
group. According to the number of N atoms in the electron-donating and -accepting
groups, the resulting two photoemission lines are observed in an area ratio of 1:3 within a
few percent. In Figure 7.6, the components are shaded in red and blue, respectively. The
three N atoms of the electron-accepting group cannot be distinguished in their binding
energies. The binding energies of all components are listed in Table 7.3.

Table 7.3.: Binding energies of the N1s components, measured for the merocyanines (MCs)
HB238-A to D for a photon energy of E, = 500 eV. The data of HB238-D refers to the small
a-phase. All investigated MCs include four N atoms in total. One N atom is located in the
electron-donating, and three N atoms are located in the electron-accepting part of the molecule
as indicated in Fig. 7.1. The binding energies have an uncertainty of 0.05 eV due to the fit and
the calibration of the binding energy scale.

Nls HB238-A HB238-B HB238-C HB238-D
N atoms per MC 4 4 4 4
E donor 399.69 eV 399.72 eV 399.66 eV  399.95 eV

Epocopter 398.34 eV 398.34 eV 398.34 eV 398.39 eV
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Electronically, the acceptor component is not altered by the variation of the alkyl side
groups. Accordingly, the shifts observed in the binding energies of the acceptor exhibit
a maximum value of 0.05 eV and are thus within the error range of the measurement
(£0.10 eV). The same holds for the donor components of HB238-A, HB238-B, and HB238-
C. Only the donor component of HB238-D is shifted to higher binding energies by, e.g.,
+0.29 eV in comparison to HB238-C. This can be explained by the inductive donating
effect of the alkyl side groups. The first and second C atom of the alkyl side chains donate
electron density to the tertiary amine. The respective component shifts to lower binding
energies as the electron density increases with the length of the alkyl side groups. This
explains the difference in the binding energies between HB238-D and HB238-C. However,
the spectra show that the third and all subsequent C atoms in the alkyl groups (nPr for
HB238-B and nBu for HB238-A) have no significant influence on the inductive electron-
donating effect. Hence, for these spectra, the same binding energies are observed.

In the S2p spectra, we also observe two photoemission lines. However, the situation for
these spectra is different, as the S2p orbital is subject to spin-orbit splitting. This leads to
two photoemission lines, i.e., one S2p3,, and one S2p; /5 line, per S atom which exhibit an
area ratio of 2:1. Both, the S2p3/, and the S2p; /, photoemission line have a fixed binding
energy difference of 1.18 eV [60].

For the above-described series of merocyanines, all molecules exhibit two S atoms. One S
atom is located in the thiophene ring of the electron-donating part of the molecule, and
one S atom is located in the thiazole ring of the electron-accepting part (see Fig. 7.1).
The binding energies for the overall S2ps/, signals and the binding energies of the fitted
components of the S2ps/; signals are summarized in Table 7.4. In Figure 7.6, the lines of
the donor and acceptor components are again indicated by a red and blue shading. As
both the S2ps/5 and the S2p;/» photoemission lines have a fixed binding energy difference,
they undergo the same shifts in binding energy within the series of merocyanines. Since the
two S atoms are hardly affected by the variation of the alkyl side group from an electronic
point of view, the shifts in the binding energy of the total photoemission lines are small
and negligible, with a maximum value of 0.08 eV. Surprisingly, we observe changes in
the line shape of the S2p photoemission lines of HB238-B, HB238-C, and HB238-D in
comparison to HB238-A. This change in the line shape might be an artifact, as the data
of HB238-A was measured during a different beam time and hence probably under slightly
different experimental conditions. This would have possibly required a slightly different
line profile for the fitting. However, the FWHM of the overall S2p lines does not change
significantly within the spectra series as visible in Table 7.4, indicating that the splitting
of the S components described below is real.

For HB238-A, the fitted donor and acceptor associated lines for the S2p signals are located
at almost the same binding energy. This is different from the other merocyanines of the
spectra series. Due to the different line shapes of the overall signals, the fitted donor
and acceptor components are located at different binding energies, such that a splitting
between them is observed. Please note that all spectra of the present XPS series were
fitted with the same line shape as described in Chapter 4.5. The binding energies of
the fitted donor and acceptor components are listed in the lower part of Table 7.4. The
largest binding energy difference is observed for HB238-D. It comprises 0.28 eV. The
rather similar splitting between the donor and acceptor components in the S2p spectra is
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Table 7.4.: Binding energies of the S2p3/, components, measured for the merocyanines (MCs)
HB238-A to D for a photon energy of E, = 270 eV. All investigated merocyanines exhibit two
S atoms. One S atom is located in the electron-donating, and one S atom is located in the
electron-accepting part of the molecule as indicated in Fig. 7.1. The binding energies have an
uncertainty of 0.05 eV due to the fit and the calibration of the binding energy scale. (1) This
data corresponds to the overall signal of the S2p 3,5 photoemission line. The corresponding values
were determined from a fit of the S2p 3/ peak with a single line.

S2p3/o HB238-A HB238-B HB238-C HB238-D
S atoms per MC 2 2 2 2
Fuind 1) 164.06 eV 164.09 ¢V 164.14 ¢V 164.12 €V
FWHM () 0.64 eV 0.66 eV 0.64 eV 0.63 eV
5 donor 164.03 eV 164.17 eV 164.20 eV 164.22 eV
Epecepter 164.00 eV 163.91 eV 163.99 eV  163.94 eV

Bionor — precior 003 eV 026eV 0.21eV 028 eV

an important observation as it indicates that the interfacial interactions of the molecules
are similar but still slightly different in the three phases.

In conclusion, it can be said that the absence of large differences in the PES spectra
confirms a similar face-on geometry of all molecules in the commensurate phases. While
no obvious changes related to the molecules or their phases are observed for the N1s and
Cls spectra, the subtle changes in the S2p spectra indicate that the S atoms are more
strongly involved in the interfacial interactions of the molecules with the Ag(100) surface
than the C and N atoms.

7.5. Conclusion

From the variation of the alkyl side groups, the following conclusions can be derived.
All investigated HB238-A derivatives form the same merocyanine tetramers as primary
building units of the commensurate structures. This observation was expected, as the
functional groups and the electronic structure of the molecules are not significantly altered
by the alkyl side group variation. The latter was demonstrated by the absence of binding
energy shifts in the measured series of XPS spectra. Only the donor electron density of
HB238-D is slightly altered due to the decreased inductive effect of the methyl groups
compared to the longer alkyl side groups.

The length of the alkyl side groups mainly alters the sterical demand of each molecule
and thus also the sterical demand of the tetramers. This leads to the observation of three
different phases on the Ag(100) surface, the a-phase, the small a-phase, and the Q-phase.
All of these phases exhibit different tetramer packings. Most importantly, the SPA-LEED
measurements revealed the commensurate growth of all three phases. Hence, the lateral
positioning of the tetramers is not arbitrary but follows a grid of equal adsorption sites
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on the Ag(100) surface.

On the other hand, the XPS data indicate that the interfacial interactions and hence,
most likely also the positioning of the S atoms, are slightly different for the different me-
rocyanines, even if the same phases are formed on the Ag(100) surface as it is the case for
HB238-A and HB238-B. This indicates that the intermolecular interactions between the
tetramers also play an important role in the layer formation. While the lateral arrange-
ment of the tetramers is constrained by the defined adsorption sites on the Ag surface,
the intermolecular interactions between the tetramers change. This change is caused by
the altered relative tetramer arrangement and by the different sterical demands of the
molecules. The intermolecular interactions between the tetramers might result in small
molecular distortions, hence leading to slightly different molecular adsorption sites of the
individual merocyanines within the tetramers as observed in the XPS spectra. This could
be revealed from NIXSW measurements. Hence, these will be the subject of the next
chapter.




8. The adsorption height of
HB238-A

This chapter fathoms the specific contributions of the C, N, and S atoms to the interfacial
interactions of the HB238-A molecules in the a-phase. This is done by determining the
adsorption heights of the respective atoms to the Ag(100) surface by NIXSW. These
measurements also provide information about the height distributions of the C, N, and S
atoms.

The following people contributed to the experimental work performed at the 109 endstation
of the DLS: Anja Haags, Sergey Subach, David A. Duncan, Moritz Sokolowsks.

8.1. Scientific context

The adsorption height is defined as the distance between an atom or a specific group
within a molecule and the substrate surface. For planar molecules in face-on adsorption
geometry, it is typically related to the interfacial binding strength of the adsorbate [104,
105]. From the formation of commensurate phases and from the above presented XPS and
UPS data (see Chapters 6 and 7), strong interfacial interactions between the merocyanine
molecules and the Ag(100) surface can be expected. This chapter investigates the role
of the functional groups in the binding of the molecules to the surface. This was done
by NIXSW measurements, which provide information about the adsorption heights and
the vertical order of the C, N, and S atoms in the monolayer. The functional groups
responsible for the commensurate growth of the merocyanines are expected to occupy the
same adsorption sites for symmetry-equivalent molecules. Hence, the respective N and
S atoms in these groups should exhibit a high lateral and vertical order with respect to
the underlying Ag(100) surface. The determined adsorption heights of the C, N, and S
atoms represent average values that take all four molecules per unit cell and all atoms of
the same kind (C, N, and S atoms, respectively) into account. However, as will be shown
below, further analysis of the spectra allowed us to distinguish between the adsorption
heights of the atoms related to the donor and acceptor components of HB238-A.

As the molecular backbone and the functional groups are the same for all investigated
merocyanines, the adsorption heights on the Ag(100) surface are expected to be similar
for the HB238-A derivatives. Changes in the adsorption heights should hence only be
dependent on the different lateral arrangements of the tetramers on the surface, i.e., the
formation of the a-phase, the small a-phase, and the ()-phase. These are investigated by
NIXSW measurements and photoemission from the S1s orbital, in the second part of this
Chapter.

65
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8.2. Detailed Parameters of the NIXSW analysis

This section provides information about the analysis of the NIXSW data of this and the
following chapter. It focuses on the details of the NIXSW measurements performed for
the S1s orbitals of the merocyanines, as these will be used later to determine the lateral
positions of the molecules on the Ag surface. However, the same principles apply to the
evaluation of the Cls and the N1s data. Please note that further experimental parameters
are reported in Chapter 4.5.2.

To obtain reliable fits of the NIXSW spectra with negligible contributions of beam dam-
age, multiple NIXSW scans with short measurement times and hence low signal-to-noise
ratio were averaged. Each NIXSW scan was performed on a fresh sample spot. Typical
measurement times per spectrum were in the range of 30 s. For the Sls spectra, the
number of averaged spectra (V) are listed in Tables 8.1, 8.2, and 8.3. Beam damage was
frequently observed as an appearance of an additional, low-intensity line at lower binding
energies, separated by about —2 eV from the overall line maximum of the Sls signal.
Hence, beam damage was distinguishable from the merocyanine S1s signal and did not
affect the data evaluation.

Each NIXSW measurement comprises a series of 36 photoemission spectra that were
measured for the same binding energy range but with different photon energies. In this
thesis, these spectra series are often referred to as NIXSW spectra. Each series of spectra
was measured from low to high photon energies to obtain the best accuracy of the x-ray
monochromator. The spectra of the NIXSW series were divided into three groups. 6
spectra were measured in a 3 eV wide range at lower photon energies, 24 spectra were
measured in a range of 3 eV around the Bragg energy, and finally, 6 spectra were measured
in a 3 eV range in the out-of-Bragg region at higher photon energies. Please note that
the presented yield curves shown below do not show the whole measured photon energy
range, but only the region of Ep,aee & 2 €V, for presentation purposes.

Table 8.1.: Details of the fitted photoemission lines of the S1s NIXSW spectra measured for the
(200) Bragg reflection. N denotes the number of individual NIXSW data sets that were averaged
to obtain the displayed data. (1) This FWHM corresponds to that of the experimental Sls
photoemission line obtained from averaging the first 6 out-of-Bragg spectra of each measurement.
(2) These values correspond to the fit parameters of the individual donor and acceptor lines.
They were constrained to be constant for all spectra of the NIXSW measurement. For more
information, please refer to the text.

S1s (200) HB238-A HB238-B HB238-C HB238-D
N 16 11 25 )
FWHM () in eV 1.114+0.01 1.00+0.07 1.11+£0.02 1.01+£0.11
FWHM%;?“ 0.95 eV 0.87 eV 0.92 eV 0.78 eV
FWHM?Z‘;eptor 0.95 eV 0.87 eV 0.92 eV 0.78 eV

Eonor _ peceptor 0370V 037eV 037eV 0.52eV
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Table 8.2.: As above, but for the (111) reflection.

Sls (111) HB238-B HB238-C HB238-D
N 13 15 12
FWHM () 1.05£0.02eV 1.08+0.01 eV 1.06£0.05 eV
FWHMC}S‘)“‘“ 0.87 eV 0.88 eV 0.78 eV
FWHM?ZC)eptor 0.87 eV 0.88 eV 0.78 eV

E donor __ Eacceptor

bind bind (2) 0.37 eV 0.37 eV 0.52 eV

Table 8.3.: As above, but for the (220) reflection.

Sls (220) HB238-B HB238-D
N 13 9
FWHM 1.12+£0.06 eV 1.08 £0.05 eV
FWHM {grer 0.87 eV 0.78 eV
FWHM 5" 0.87 eV 0.78 eV
Eonor _ pacecptor o) 0.37 eV 0.52 eV

Photoemission lines for the NIXSW analysis were evaluated by using the software CasaXPS
[62]. After systematically testing different line shapes, photoemission lines were fitted us-
ing the in CasaXPS implemented TLA(3,6,8) line shape. This line shape consists of a
Gaussian /Lorentzian product combined with a blend function such that it accounts for
the slight asymmetry of the photoemission lines.

To obtain a reliable fit of the donor and acceptor lines, the following constraints were
applied to the fit parameters of the NIXSW spectra: Donor and acceptor lines were fitted
with an identical FWHM that was not allowed to change within a series of NIXSW spectra.
In addition, the binding energies of the donor and acceptor components, and hence, also
the difference between them, were fixed. Thus, only the line integrals were left as free fit
parameters. (For examples of fitted spectra, see Figure 8.2 below.)

The determined binding energy differences in combination with the respective FWHM
values are listed in Table 8.1 for the data measured at the (200) Bragg reflection. The
respective values for the (111) and (220) Bragg reflections are summarized in Tables 8.2
and 8.3. The parameters that were constrained to be constant for the fit of the NIXSW
spectra, i.e., the FWHM of the components and their binding energy, were determined
by initial, iterative fits of the spectra in the out-of-Bragg regions. Please note that soft
XPS spectra were not available because of the high S1s binding energy.
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Figure 8.1.: Influence of the donor-acceptor binding energy splitting (A FEpi,q) on the NIXSW
results. (a) Argand diagram displaying the resulting Argand vectors for different binding energy
splittings. The data correspond to the data measured for HB238-C and the (111) Bragg reflection.
As indicated by black arrows, the donor and acceptor components shift together for an increasing
splitting. Red and blue shadings indicate Argand vectors that correspond to the donor and
the acceptor, respectively. Argand vectors shaded in light gray correspond to the sum of the
components. Please note that the Argand vectors overlap partly. Hence, not all data points
are visible. (b) Photoemission yield curve of the acceptor component plotted for the different
binding energy splittings. It demonstrates that mainly the increase of the photoemission intensity
at lower photon energies (see arrow) is affected, which might lead to an underestimation of p.
for large A Fying values.

During these iterations, the binding energy difference between the donor and acceptor
components and their FWHM was systematically altered. The goal of this alteration was
to obtain a stable fit of the donor and acceptor components in which the expected 1:1 area
ratio for the out-of-Bragg spectra was fulfilled, although the line areas were left as free fit
parameters. In combination with a good description of the experimental photoemission
line shape, this criterion was fulfilled by a binding energy difference in a range of +0.06 eV
from the here reported values.

Figure 8.1 illustrates the impact of different binding energy splittings (AFpinq) on the
resulting acceptor photoemission yield curve and the corresponding Argand vectors of the
donor and the acceptor components. This was done exemplarily for the data of HB238-C
measured for the (111) Bragg reflection. As visible in Figure 8.1 (a), the Argand vectors
shift together for an increasing value of AF;,q. Hence, the difference in p. of the donor
and acceptor components gets reduced.
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For the data evaluation reported in this thesis, a splitting of A Fy;,q = 0.38 €V was chosen.
For this splitting, the smallest deviations of the Argand vectors from the vectors of the
next, also acceptable values, are observed. Accordingly, the reported Argand vectors of
the donor and acceptor components are subject to a p. error of 0.01 and a f. error of 0.04.

As the binding energy of the components is not influenced by the photon energy, the so
determined values of AFy;,q were constrained for the fit of the (200), (111), and (220)
data. In addition to the donor and acceptor components, a broad, low-intensity satellite
(gray line in Figure 8.2) was fitted to the higher binding energy edge of the overall Sls
photoemission line. This improved the description of the background asymmetry of the
spectrum and, hence, increased the fit stability of the donor and acceptor components.

Important for obtaining a good description of the photoemission lines by the donor and
acceptor components was the correction of the binding energy scale for the error of the
monochromator, as described in Section 4.5.4. An insufficient binding energy correction
was indicated by an increasing or decreasing background in the donor and acceptor pho-
toemission yield curves, which, in that case, deviated from the expected constant intensity
with a value of one.

8.3. The adsorption height of HB238-A

To determine the adsorption height of HB238-A, NIXSW measurements were performed
at the (200) Bragg reflection of the Ag single crystal. The (200) Bragg planes run parallel
to the (100) crystal surface and describe all symmetry equivalent planes parallel to the
surface obtained by translational symmetry operations. The (200) Bragg planes of the
Ag crystal are located at a distance dogy perpendicular to the crystal surface, which
equals 0.5 - ap, = 2.04 A [74-77]. The respective theoretical Bragg energy ER,, equals
3035.5 eV at ©; = 90°. Please note that the Bragg energies used in the performed
measurements are slightly different. Deviations occur due to thermal expansion of the Ag
crystal, inaccuracies of the monochromator, and deviations of ©1 from 90°. Measurements
were performed with photon energies £, from ERY,, — 4.5 eV to EZY. + 4.5 eV. The
NIXSW analysis of HB238-A was based on the photoemission signals of the Sls, Nls,

and Cls orbitals.

Exemplary photoemission spectra of the different orbitals are displayed in Figure 8.2.
They show photoemission spectra that were measured at four different photon energies
(Ey — EpBragg), as labeled in the respective spectra. The spectra of the highest and lowest
photon energies of each column correspond to an energy for which no reflectivity at the
(200) plane is present and no standing wave-field effects apply. These are called out-of-
Bragg energies in the following. Significant reflectivity is achieved for photon energies
from about Eprags — 0.5 €V to Eppage + 0.75 €V. Accordingly, these photon energies are
called in-Bragg energies in the following. In Figure 8.2, the second and third spectrum of
each column falls into this energy range. Exemplary reflectivity curves are displayed in
the lower part of Figure 8.3, where the photon energies of the in-Bragg spectra displayed
in Figure 8.2 are indicated by the vertical gray lines.
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Figure 8.2.: Photoemission curves for the Sls, N1s, and Cls orbitals of HB238-A, measured
during the NIXSW measurements at the Ag(200) Bragg plane. The photon energy E, of the
x-ray beam is indicated for each spectrum with respect to the Bragg energy, Epragg, of 3035.5 eV.
Experimental data points are fitted by different lines. Red lines refer to components in the donor
part of the molecule, and blue lines to the acceptor part. Gray lines in the Sls spectra refer to
shake-up signals. The Cls signal was fitted with one line, displayed in black.

For the out-of-Bragg spectra, the N1s and the Cls spectra are comparable to the measured
soft XPS spectra of Chapters 6 and 7. However, the inaccuracies of the monochromator
also impact the binding energies of the photoemission lines. Hence, the binding energies of
the N1s and C1s lines differ from the measured soft XPS spectra by about 3 eV. However,
this does not have a consequence for the analysis of the NIXSW data. Similar to the soft
XPS spectra in Figure 7.6 of Chapter 7, the photoemission spectra were fitted by lines
representing chemically different components of the molecule. Components corresponding
to the electron-donating part of the molecule are represented by red lines, while blue lines
correspond to photoemission from atoms that are associated with the electron-accepting
part. For the Cls data, the chemically nonequivalent atoms in the molecule cannot be
distinguished. Accordingly, the signal is described by a single line displayed in black. This
black line describes the sum of all components. Similar black lines describe the sum of the
components in the S1s and Nls spectra. Line shapes were developed from out-of-Bragg
XPS spectra as described in the section above.

Concerning the stoichiometry and the line shapes, the measured N1s and the Cls spectra
are in good agreement with the respective soft XPS data. For the S atoms, photoemission
from the Sls orbital was measured instead of photoemission from the S2p orbital. This
was done because of the better photoemission cross-section of the Sls orbital at the
Bragg energy. Based on the S2p photoemission results of Chapter 7, the binding energy
differences of the donor and acceptor components were assumed to be similar for the
measured S1s spectra. However, as described above, a binding energy difference of 0.38 eV
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Figure 8.3.: Photoemission yield Y (E) and reflectivity curves of the Sls, N1s, and Cls orbitals
of HB238-A, measured at the Ag(200) Bragg plane. The photon energy was varied in a range
of 4.5 eV around the Bragg energy of 3035.5 eV. Reflectivity curves are displayed in gray. The
photoemission yield is normalized such that it is equal to one, for data points measured at out-
of-Bragg conditions, i.e., for photon energies with a reflectivity value of zero. The photoemission
yield of the donor components is displayed in red and the yield of the acceptor in blue. The
black curve describes the sum of both components.

was used to fit the S1s photoemission spectra. Although this binding energy difference is
much larger compared to that of the S2p spectra, it is still smaller than the binding energy
difference of 0.55 4+ 0.05 eV that is observed between the donor and acceptor components
of HB238-A multilayers (S2p spectra, see Chapter 6).

As described above, the donor-acceptor architecture of HB238-A leads to different chem-
ical environments of the S atoms of isolated molecules and multilayers [106]. Although
the chemical environment of the donor and acceptor components becomes similar by the
face-on arrangement of the molecules in the monolayer, as observed by similar binding
energies in the respective S2p soft XPS spectra (see Chapters 6 and 7), the binding en-
ergy splitting is still observed for photoemission from the S1s orbital as mentioned above.
This might be explained by final and initial state effects that contribute differently to the
photoemission of the two orbitals. Hence, the S1s orbital might be less affected by the
interfacial binding than the S2p orbital. As a result, we observe a larger binding energy
difference for the donor and acceptor components of the Sls spectra (0.38 V) than for
the S2p spectra (0.03 V).

For the out-of-Bragg spectra, the donor acceptor area ratio of the S1s and the N1s spectra
is expected to be 1:1, and 1:3, respectively (see Chapter 7). This is different for the in-
Bragg spectra. Here, the area ratios of the components change. This effect is more
pronounced for the Sls lines of Figure 8.2 than for the N1ls lines, as will be discussed
below. The changes in the area ratios indicate that the donor and acceptor components
are located at different adsorption heights with respect to the Ag surface. In Figure 8.3,
the integrated intensities of the photoemission spectra are plotted against the Bragg-
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centered photon energy (E, — Eprage). In these yield curves, the color code is the same
as in Figure 8.2. In addition, for reference purposes, the respective reflectivity curves
are displayed in gray. The solid lines represent the fit of the photoemission yield Y (E)
according to Equation (8.1)

Y(E)hkl =1+ SR AV4 R(E) + 2 |SI| R(E) fc COS (U(E) - 27Tpc + ¢) . (81)

Here, R(E) is the reflectivity. Sg, Si, and ¢ are non-dipolar photoemission correction
parameters that account for the systematic experimental over- and underestimation of the
photoelectron intensity in NIXSW measurements related to the outgoing and incoming
x-ray wave [64]. The photoemission yield curves are normalized to a value of one for
out-of-Bragg photon energies [68|. For further information, see Chapter 3.

Similar to Figure 8.2, the black curves of Figure 8.3 are the sum of the donor and acceptor
components, which describe the overall integrated intensity of the respective photoemis-
sion spectra. As expected from the different intensity versus photon energy behavior of
the donor and the acceptor components in the Sls and the Nls spectra, we find that
the respective yield curves deviate from each other and hence, also from the sum of the
photoemission yield, indicating different coherent fractions, coherent positions, or both.
The values of the coherent fraction f. and position p., which are obtained from the fits
of the photoemission yield curves, are listed in Table 8.4. In addition, the values are dis-
played in the Argand diagram of Figure 8.4. From the coherent position, the adsorption
heights 2900 of the respective components with respect to the (200) Bragg plane can be
determined by 2200 = (1 + pc) - dagg. Here, n is an integer number and equals n = 1 for
reasonable adsorption heights. Please note that possible relaxations of the Ag surface are
not considered, as the adsorption heights are determined with respect to the extended
Ag(200) Bragg planes. However, for Ag(100), surface relaxation effects are usually within
0 — 2% of the bulk lattice constant [107] and hence negligible for discussing the molecular
adsorption heights with respect to the surface layer.

8.3.1. C atoms

HB238-A comprises 23 C atoms in total. The Cls signal of Figure 8.4 represents the
average value of all C atoms. Hence, on average, the heights of the C atoms of HB238-A
result in a coherent position of p¢ = 0.4454-0.007 and accordingly in an adsorption height
of 25 = 2.952 4 0.014 A. As described above, HB238-A is non-planar and includes two
nBu groups and one tBu group. These groups are expected to deviate in their adsorption
heights from the height of the w-system. This is due to the structural flexibility of the nBu
groups and the tetrahedral geometry of the tBu group. Thus, the C atoms of HB238-A
are subject to a large adsorption height distribution that leads to a low coherent fraction
of the average signal.

Expecting an (undistorted) arrangement of the tBu group in which the m-system of the
molecule is preferably in closest contact with the surface, two of the three methyl groups
are pointing towards the surface. Accordingly, the third methyl group would point away
from the surface into the vacuum, resulting in an adsorption height of this group which
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Figure 8.4.: Argand diagram displaying the results for the coherent positions (p.) and the co-
herent fractions (f;) for the different components and orbitals of HB238-A measured for the
Ag(200) Bragg reflection. The respective values are summarized in Table 8.4. Error bars are
given according to the fit of the photoemission yield curves displayed in Figure 8.3. Color code
as above. For illustration purposes, the donor and acceptor components of the same orbital are
connected by a line that is, hence, also running through the sum of the components (black data
points).

Table 8.4.: Values of the coherent positions p. and the coherent fractions f. determined for the
Sls, Nls, and Cls orbitals of the merocyanine HB238-A in the a-phase, and the (200) Bragg
reflection. Hence, the 2900 values are the (averaged) adsorption heights of the molecular S, N, and
C atoms on the Ag(100) surface with respect to the extended Bragg plane. 2o is determined
from the value of p. by 2200 = (1 + pe) - d2go With dagg = 2.0428 Aandn=1.

Pec Je Z200 111 A

Sarp 0.411+£0.004 0.623+£0.015 2.882+ 0.008
Sls Sp 0.370 £0.008 0.754 +£0.054 2.799 + 0.016

Sa 0.474 £0.017 0.543 +£0.048 3.011 £0.035

Na:p 0.204+0.013 0.234 40.024 2.460 £ 0.027
Nils Np 0.056 +0.271 0.030 4+ 0.041 ——

Na 0.210 £ 0.009 0.3354+0.025 2.4724+0.018
Cls C 0.448 +0.008 0.2424+0.011 2.958 4 0.016
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would be by a maximum of 1.44 A! larger than the adsorption height of the 7-system.
This geometry of the tBu group is likely as the adsorption height of the molecule to the
surface is quite small, as will be discussed below.

Thus, we expect the adsorption height of the m-system and the nBu groups (averaged C
height) to be smaller than the experimental average value of 25, = 2.958 +0.014 A. This
adsorption height can be estimated by a subtraction of the 1.44 A height difference men-
tioned above that applies to one out of 23 C atoms in the molecule (2.958 A—1.44 A /23).
Hence, the averaged adsorption height of the m-system and the nBu groups results in
2.90 A. However, as discussed above, the described height distribution of the C atoms is
expected to lead to a rather small value of the coherent fraction, which is confirmed by
the experimental value of f¢ = 0.248 4-0.011.

8.3.2. N atoms

For nitrogen, the number of atoms per HB238-A molecule is four. As demonstrated in
Chapters 6 and 7, photoemission from N atoms in the electron-donating part (1 atom) and
N atoms in the electron-accepting part (3 atoms) of the molecule can be distinguished
experimentally. Hence, together with the sum of the donor and acceptor components,
three yield curves are obtained, which are displayed in Figure 8.3. Accordingly, these
provide three points in the Argand diagram of Figure 8.4. The three points fall onto a
line with the sum of both components being located such that it divides the line between
the donor and the acceptor with a ratio of 1:3. This is expected as the sum rule for
Argand vectors (F.) applies. It can be expressed as

K
Fo =) ;- Fl, (8.2)
j=1

with 7 indexing one of K chemically different components which have molar fractions
of 7; [98]. A detailed explanation of the sum rule can be found in ref. [98]. The fact
that we find the expected stoichiometric ratio between the two components supports
that the effects of beam damage are small. This was safeguarded by performing several
NIXSW measurements with short exposition times on different fresh spots on the sample
as described in Section 8.2 and in Chapter 4.5.2.

We find for both N-components a low coherent fraction. For the acceptor component, the
coherent fraction is f¥4 = 0.335 £ 0.025 and thus significantly larger than the coherent
fraction of the donor component which has a value of P = 0.030 4= 0.041 and is hence
close to zero. The small coherent fraction of the donor component is surprising because
this states that the tertiary amine of HB238-A does not exhibit a vertical order in the
a-phase.? Hence, the respective adsorption height zg{)% is not calculated since it would
not have any physical meaning. For the acceptor component an adsorption height of

!This height was calculated under the assumption of a non-distorted tetrahedral geometry of the tBu
group and a C-C bond distance of 1.54 A [74].

2Please note that effects due to a low statistic in the respective photoemission spectra cannot be ex-
cluded.




8.4. The adsorption heights of the HB238-A derivatives 75

2z = 2.472 4+ 0.018 A is determined. The also low coherent fraction of the acceptor
component indicates different adsorption heights for the N atoms of the CN groups and
the thiazole ring. This is expected, as the N atom of the thiazole ring is likely to be found
in an adsorption height similar to that of the m-system. The N atoms of the CN groups,
on the contrary, are most likely closer to the Ag surface. This might be due to charge
transfer that was already indicated in the respective soft XPS spectra.

8.3.3. S atoms

The number of S atoms per HB238-A molecule is two. One S atom is located in the
thiophene ring of the electron-donating part, and one S atom is located in the thiazole
ring of the electron-accepting part of the molecule. In the Argand diagram of Figure 8.4,
the two components fall onto a line that is split by the sum of the components in a 1:1
ratio. Hence, the splitting follows the expected stoichiometry according to Equation (8.1).
Both components exhibit a rather high coherent fraction of f54 = 0.543 & 0.08 and
f5p = 0.754 + 0.054. The higher coherent fraction of the donor component is surprising
as it indicates that the adsorption height of the thiophene ring is better defined than the
adsorption height of the adjacent tertiary amine that was discussed above. The S atoms
are found at an adsorption height of 252 = 3.011 4 0.035 A and 252 = 2.799 + 0.016 A.
Hence, the donor component (thiophene S atom) is about 0.3 A closer to the surface
than the acceptor component (thiazole S atom), but on average, the adsorption heights
of the S atoms are found to be larger than the adsorption heights of the N atoms (ZQNO% =
2.47240.018 A). However, the higher coherent fractions of the S atoms may indicate that
the S atoms contribute more strongly to the interfacial binding of the HB238-A molecules
in the a-phase than the N atoms, which have less defined adsorption heights.

8.4. The adsorption heights of the HB238-A
derivatives

The narrow height distribution of both the donor and the acceptor S atoms motivated
us to investigate the differences in the adsorption heights of the merocyanines HB238-B,
HB238-C, and HB238-D. These results may provide further information about differences
in the interfacial interactions in the a-phase compared to those in the small a-phase and
(Q-phase. Thus, NIXSW data for the S1s orbitals were measured. Further measurements
of the Cls and N1s orbitals were not performed due to the expected low significance of
the results as discussed above.

The respective photoemission yield curves are displayed in Figure 8.5. Remarkably, the
yield curves of the different merocyanines are very similar to each other, although all three
merocyanines form different phases. The data of HB238-D were again measured for the
small a-phase. The Argand diagrams of Figure 8.6 (a) and (b) display the respective f.
and p. values, which are, in addition, summarized in Table 8.5. The data in Figure 8.6 (a)
represents the sum of the donor and acceptor components. In addition, the Argand
diagram in (b) shows the vectors of the respective donor and acceptor components. In
the Argand diagram, each set of points is connected by a dotted line, with the sum
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Figure 8.5.: Photoemission (PE) yield Y (E) and reflectivity curves of the S1s orbitals of HB238-
B, HB238-C, and HB238-D, measured for the Ag(200) Bragg reflection. The photon energy
was varied in a range of E]%?ggg + 4.5 eV around the Bragg energy of 3035.5 eV. However,

for presentation purposes, only a range of E%?ggg + 2 €V is displayed. Reflectivity curves are
displayed in gray. The photoemission yield is normalized such that it is equal to one for data
points measured at the out-of-Bragg conditions, i.e., for photon energies for which the reflectivity
has a value of zero. The photoemission yield of the donor components is displayed in red, and

the yield of the acceptor in blue. The black curve corresponds to the sum of both components.

displayed as a white spot for reference purposes. Please note that Figure 8.6 also includes
the data of HB238-A for comparison.

Interestingly, by comparing the sum (A+D) of the donor and acceptor S atoms displayed
in Figure 8.6 (a), we find two pairs of p. values. In Figure 8.6 (a), they are indicated by
two solid lines in radial direction. The merocyanines HB238-A and HB238-C are found at
an adsorption height of zy%™ = 2.8840.01 A. The merocyanines HB238-B and HB238-D
at 235‘0” =2.7940.01 A which results in a difference of 0.09 & 0.02 A. Thus, the pairing
does not correlate with the phase formation, because HB238-A and HB238-B both form
the a-phase. The difference between the coherent fractions for both pairs is about 0.1
and, thus, not within the error range of the values.

In Figure 8.6 (b), the results for the respective donor (red error bars) and acceptor com-
ponents (blue error bars) are displayed. Each set of components is connected by a dotted
line. The signals of the summed components are added as open circles. As expected from
the 1:1 stoichiometry, the signals that correspond to the sum of both components are
found at about the middle of the dotted lines. Aberrations from that are in a range of
5 — 6% and are most likely due to uncertainties in the fitting of the separated compo-
nents. We find the donor components at adsorption heights of 255, = 2.71 +0.02 A to
2.78 + 0.01 A. The coherent fractions of the donor components are high and range from
f5p = 0.8040.05 to 0.96 £ 0.08. The acceptor components are, for all investigated mero-
cyanines, located at larger heights. The respective values range from zy% = 2.8640.02 A
to 3.0440.02 A and correspond to coherent fractions of f54 = 0.67 4 0.04 to 0.74 % 0.05.
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Figure 8.6.: Argand diagram displaying the results for the coherent positions (p.) and the coher-
ent fractions (f.) determined for the S1s photoemission of the merocyanines HB238-A, HB238-B,
HB238-C, and HB238-D. Measurements were performed for the Ag(200) Bragg reflection. In (a),
the sum of both components is displayed. Identical p. values are indicated by solid black lines.
(b) displays the individual values of the donor (points with red error bars) and the acceptor
(points with blue error bars). Error bars according to the fit of the photoemission yield curves.
Color code as indicated. For illustration purposes, donor and acceptor components in (b) are
connected by a line that is, hence, also running through the sum of the components, indicated
in white.

Table 8.5.: Values of the coherent positions p. and the coherent fractions f. determined for the
S1s orbitals of the merocyanines HB238-A (a-phase), HB238-B (a-phase), HB238-C (Q-phase),
and HB238-D (small a-phase) and the (200) Bragg reflection. The adsorption heights 2999 of the
S atoms are determined with respect to the extended Bragg plane. zsgg is determined from the
value of pc by 2900 = (n + pe) - d2oo with dogg = 2.043 A [74-77] and n = 1. The indices A, D,
and A+D indicate values of the donor, acceptor, and the sum of both.

Pe Je 200 in A
Sarp 0.411+£0.004 0.623 +£0.015 2.882 + 0.008
HB238-A Sp 0.370 £ 0.008 0.754 £0.054 2.799 £+ 0.016
Sa 0.474 £0.017 0.543 £0.048 3.011 £0.035
Sarp 0.369 £ 0.003 0.812+0.018 2.796 + 0.006
HB238-B Sp 0.324 +0.009 0.963 £ 0.081 2.705 £ 0.018
Sa 0.419+£0.010 0.744 £0.054 2.899 £ 0.020
Sarp 0.410+£0.002 0.715+0.009 2.881 + 0.004
HB238-C Sp 0.358 £ 0.005 0.869 £0.035 2.775 £ 0.010
Sa 0.486 £0.010 0.673 £0.038 3.036 £ 0.021
Sarp  0.367£0.004 0.727 £0.027 2.793 + 0.009
HB238-D Sp 0.335 4+ 0.007 0.802+£0.049 2.726 £0.014
Sa 0.402 £ 0.010 0.695 4+ 0.052 2.864 + 0.021
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Hence, the donor components of all phases exhibit a smaller vertical height distribution
compared to the acceptor components (seen from the larger f5° with respect to the fo4
values). In addition, the observed heights of the acceptor components are by at least
0.08 A larger than the adsorption heights of the donor components and span a larger
range.

8.5. Discussion

In summary, the above-determined adsorption heights of the C, N, and S atoms of HB238-
A in the a-phase lead to the structural model displayed in Figure 8.7. The hardsphere
model shows a side view of the face-on adsorbed molecule. The model is drawn to scale
regarding the adsorption heights of the molecule as determined by NIXSW. The spheres
of the Ag atoms correspond to the full van der Waals radii of 1.72 A [108]. The radii of
the molecular C, N, and S atoms of HB238-A are reduced to 1/6 of the van der Waals
radii. As the nBu groups are structurally flexible due to their ability to rotate around
their single bonds, their positions remain arbitrary. Hence, the two nBu groups of the
HB238-A molecule in Figure 8.7 were replaced by methyl (CH3) groups for better visibility
of the molecular backbone.

The adsorption heights determined for the C, N, and S atoms of HB238-A in the a-phase
support the idea of strong interfacial interactions and a chemisorption of the molecules.
This idea was already proposed from the binding energy shifts observed in the XPS spectra
of Chapter 6. For classifying the interfacial interactions, the sum of the van der Waals
radii of the HB238-A atoms and the Ag atoms can serve as a reference. For physisorbed
molecules, adsorption heights are expected to be close to the sum of the van der Waals
radii [110, 111], while the height of chemisorbed molecules is expected to be significantly
smaller [112].

For HB238-A, the sum of the van der Waals radii are 3.42 A for C/Ag, 3.27 A for N/Ag,
and 3.52 A for S/Ag [108]. Therefore, comparing these values to the determined overall ad-
sorption heights of the C, N, and S atoms of zzco’;;sy“em = 2.9040.02 A, 200 = 2.4640.03 A,
2500 = 2.884£0.01 A it results that the binding distances are 15% smaller than the sum of
the van der Waals radii for C, 24% for N, and 19% for S. By that the adsorption height
of HB238-A in the a-phase is comparable to the adsorption height of other 7-conjugated
molecules on the Ag(100) surface. One example is 3,4,9,10-perylenetetracarboxylic acid
dianhydride (PTCDA) for which an adsorption height of 2.84 + 0.02 A was reported for
the perylene carbon atoms [104].

Regarding the different adsorption heights determined for the donor and acceptor com-
ponents of N and S, the data indicate a distorted, non-planar adsorption geometry of
the adsorbed molecule. These distortions are caused by the interactions of the functional
groups with the surface. The estimated maximum value for the intramolecular vertical
distortion determined from the 2y values is about 0.44 A (zQCO’E{S”“em — ZhAP).

This molecular distortion is visualized in the model of Figure 8.7. However, the exact
distortions of the molecular structure remain, to some extent, arbitrary. In general, the
donor components show smaller adsorption heights compared to the atoms located in the
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Figure 8.7.: Hardsphere model illustrating the adsorption heights of the C, N, and S atoms of
HB238-A in the a-phase, on the Ag(100) surface. For better visibility of the molecular backbone,
the nBu groups are not displayed but were exchanged by CHj groups (equal to the structure of
HB238-D).

The topmost layer of the Ag(100) surface is indicated with circles representing the full van der
Waals radii [108, 109]. For better presentation purposes, the radii of the HB238-A atoms are
reduced to 1/6 of the full van der Waals radii [108]|. Color code as above. The model is to scale
with the adsorption heights determined by NIXSW, however, the corresponding distortion of the
molecule and the resulting height distribution of the atoms are to some extent arbitrary. Please
note that the tBu group of the molecule is only partly visible as it is located on the rear part
of the molecule on the left (acceptor) side. However, the corresponding Me group that points
away from the surface into the vacuum, as described in the text, is clearly visible. For further
information, see text.

electron-accepting part of HB238-A. This most likely corresponds to a charge transfer
between the Ag surface and the electron donor, as observed in the XPS spectra discussed
in Chapter 6. However, as the coherent fraction of the N1s donor component is close to
zero, the small adsorption height of the tertiary amine to the Ag surface as displayed in
Figure 8.7 does not have a physical meaning. The low value of the coherent fraction is
possibly related to a large vertical disorder, but might also be affected by the low statistics
of the respective photoemission spectra.

In general, f. values of one would only occur for a theoretical, perfectly ordered system
with all atoms of a component being located at the same adsorption height. Hence, f.
values below one are expected due to disorder in the layer and lattice vibrations. In the
case of the S components measured for the four investigated merocyanines, the f. values
of the acceptor components are in a range of 0.5440.05 to 0.74+0.05. Hence, they are in
a range typical for chemisorbed organic molecules [104, 113]. For the donor components,
the coherent fractions are even higher and range from a minimum value of 0.75 4 0.05 for
HB238-A to a maximum value of 0.96 + 0.08 for HB238-B. These values are extremely
high and are comparable with coherent fractions observed for photoemission bands of
the metal substrate, e.g., Ag3d [104]. This indicates a high vertical order of the donor
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components, i.e., the S of the thiophene ring, which hence must correspond to defined
lateral adsorption sites of the donor S atoms on the Ag(100) surface. Similar results
were found for, e.g., thiophene adsorbed on Cu(111) for which a coherent fraction of 0.85
was determined [114] and for end-capped quarterthiophene on Ag(111), which shows a
coherent fraction of 0.70 [115].

For further interpretation of the data, it needs to be considered that each unit cell of
the three commensurate phases contains four molecules. While the P4 symmetry of the
(Q-phase allows for four symmetry equivalent molecules in the unit cell, this is not the case
for the P2 symmetry of the a-phase and the small a-phase. Here, the unit cell contains
two pairs of symmetry-equivalent molecules. Due to the strong interfacial binding, it
is assumed that symmetry equivalent molecules occupy the same adsorption sites and,
hence, have the same adsorption heights. Taking the donor and acceptor components
into account, this leads for the a-phase and the small a-phase to a total number of eight
S atoms per unit cell, which are distributed onto a maximum number of four different
adsorption sites, i.e., two sites for Sy and two sites for Sp. Hence, the experimentally
determined results, i.e., the results for the Sls donor and acceptor, are averaged values
of two heights.

As the S atoms of the symmetry nonequivalent molecules cannot be distinguished ex-
perimentally, the following considerations are made to estimate the different adsorption
heights. According to the sum rule introduced in Equation 8.2, the Argand vector defined
by the experimental results can be described by a sum of the Argand vectors of the two
underlying components. To fulfill the sum rule, at least one component is required to have
a coherent fraction higher than the coherent fraction of the experimentally determined
sum. Hence, two situations are possible. In the first one, both components have the same
coherent fraction and different coherent positions (symmetrical splitting). In the second
situation, the coherent fraction of one component is higher than the coherent fraction of
the second component (asymmetric splitting). In this case, the higher coherent fraction
may be expected for the component with the smaller coherent position, as the smaller
adsorption heights indicate stronger interfacial interactions and hence a narrower height
distribution. Both cases are illustrated schematically in the Argand diagram of Figure 8.8.

In the asymmetrical situation, the pair of points in the Argand diagram would follow
the dark orange dotted lines for assuming that the component closer to the surface has
a coherent fraction of one. This is indicated for some examples of coherent positions
by light gray open points. Hence, two limiting cases can be considered for which their
two components either have a maximum difference in the coherent positions or their
coherent fractions. For this example, the maximum difference of the positions amounts
to Ap. = 0.22, which corresponds to a height difference of Az = 0.45 A. Respectively,
the maximum difference of the coherent fractions results in Af. = 0.49. The real points
of the components in the Argand diagram will be located somewhere in this marked area
between the two limiting cases.

Due to the similar binding energies in the XPS spectra of the S atoms and the high coher-
ent fractions of the donor and acceptor components, it can be expected that the differences
in the adsorption heights of the symmetry nonequivalent molecules do not differ much.
Hence, high coherent fractions are expected for all components, which favors a symmetric
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Figure 8.8.: Illustration of the theoretical splitting of the experimentally determined HB238-
A donor component into two signals representing four donor S atoms of two nonequivalent
molecules. Open circles indicate the limiting cases of the maximum difference possible for the
coherent fraction and the coherent position. Each pair of points is connected by a gray solid
line. In general, two cases can occur: a symmetrical case in which both components have the
same coherent fraction, and an asymmetrical case in which one component has a larger coherent
fraction than the other component. In the symmetrical case, the points follow the black line as
indicated. For the asymmetrical case, dotted lines in orange color mark lines on which the points
are located if the coherent fraction of the component closer to the surface is set to 1.0 or 0.9,
respectively.

situation with similar coherent fractions. This is much more likely than a strongly asym-
metrical situation with one component having a much lower coherent fraction than the
other. However, as explained above, a coherent fraction of one is a theoretical assumption
that does not apply to real experimental conditions. Hence, coherent fractions of 0.9 or
lower are more realistic, which thus leads, in case of similar coherent fractions, to a small
difference in the coherent positions. The same arguments, of course, also apply to the
C and N components of HB238-A, but due to the large number of atoms per molecule
underlying the experimental data and the much lower coherent fractions, the situation is
much more complex there and cannot be solved without further experimental data.
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8.6. Conclusion

The determination of the adsorption height of HB238-A in the a-phase on the Ag(100)
surface revealed strong interfacial interactions of the molecules with the surface. These are
observed by adsorption heights that are considerably smaller than the sum of the van der
Waals radii, thus indicating a chemisorption of the molecules. The determined adsorption
heights in combination with the small height distribution of the S atoms indicate that
the S atoms also possess a high lateral order, which is most likely accompanied by the
formation of covalent bonds to the Ag surface.

Similar adsorption heights of the S atoms were found for all investigated merocyanines,
independent of the respective commensurate phase formed on the surface. Further theo-
retical considerations allow us to give an upper limit for the difference in the adsorption
heights for the symmetrically nonequivalent molecules which are expected to be found in
the a-phase of HB238-A and HB238-B, and the small a-phase of HB238-D.




9. Determination of the molecular
adsorption sites

This chapter describes the determination of the adsorption sites of the merocyanine
molecules in the a-phase of HB238-B and the small a-phase of HB238-D. The results
are derived from NIXSW measurements performed at the 109 endstation of the DLS.
They investigate why the interplay of the intermolecular hydrogen bonds and the strong
covalent interfacial bonding of the molecules leads to two different molecular adsorption
sites on the Ag(100) surface instead of one single adsorption site for all molecules.

The following people contributed to the experimental work performed at the 109 endstation:
Anja Haags, Sergey Subach, David A. Duncan, and Moritz Sokolowski.

9.1. Scientific context

The unit cells of the a-phase and the small a-phase both exhibit a P2 symmetry and
contain four merocyanine molecules in total. The previous chapters derived that the four
molecules can be divided into two nonequivalent pairs, which most likely occupy different
adsorption sites. Still, the question remains which driving force is behind the occupation of
two different adsorption sites on the Ag(100) surface, which exhibits a four-fold symmetry.
This question is addressed by NIXSW experiments, with which the adsorption sites of the
four molecules in the unit cell are determined. In more detail, this determination again
concentrates on the adsorption sites of the two S atoms per molecule, from which one can
deduce the azimuthal orientation of the entire molecule for assumed molecular structures.
The adsorption sites are used to derive structural models of the molecular arrangement
in the unit cell. By comparing the resulting intramolecular S distances with the distances
observed in the crystal structures, these models also provide first information about the
lateral distortions of the adsorbed molecules. These are not only driven by the interfacial
interactions but also by lateral intermolecular interactions. Hence, the observed lateral
distortions of the molecules also allow insight into the strength of the intermolecular
interactions.

This chapter is organized as follows. The following sections first introduce the experimen-
tal NIXSW data before the data is interpreted to find out about the adsorption sites of
the molecules in the unit cell, a procedure also referred to as triangulation [67, 114, 116].
The results are used to develop structural models for the molecular arrangement in the
a-phase of HB238-B and the small a-phase of HB238-D.

83
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As HB238-A and HB238-B are expected to exhibit a similar molecular arrangement in
the a-phase, HB238-B was measured exemplarily. To obtain a complete picture of the
ordering of the here investigated merocyanines on the Ag(100) surface, the NIXSW results
are also compared to data measured for the Q)-phase of HB238-C, later in this chapter. In
the Q-phase, the situation is in so far different from that of the a-phases that the square
unit cell indicates a P4 space group of the structure and hence the existence of a four-fold
rotation axis. Hence, the structure would allow for identical adsorption sites for all four
molecules in the unit cell.

9.2. The principles behind triangulation

The principle behind the determination of adsorption sites by NIXSW is based on mea-
surements performed for a set of three different and independent Bragg planes. In Chap-
ter 8, the (200) Bragg reflection was used to determine the distance of the adsorbed S
atoms of the merocyanines with respect to the extended Bragg planes. For the determi-
nation of the adsorption sites, the distance of the S atoms with respect to two additional
Bragg planes was measured. These Bragg planes are required to be pairwise non-coplanar
to the Ag(200) Bragg plane such that an intersection point of the three Bragg planes
exists. Please note that in the case of highly symmetric molecular structures, i.e., in the
presence of glide planes, it might be sufficient to measure a total number of two different
Bragg reflections [67|. However, as the present structures are only of low symmetry, this
is not the case here. Accordingly, data for the (111) and (220) Bragg reflections were
measured.

For the theoretical case of a single adsorbed atom on the surface, the adsorption site
would directly result from the intersection point of the three Bragg planes after shifting
them by the determined value of z"* = (n + ph*) x dj;; along the normal vector of the
planes. n is an integer number and equals 1 for the (200) Bragg reflection and 0 for the
(111) and (220) Bragg reflections. For many-atom-systems, however, the values of the
coherent fractions need to be taken into account additionally, and the adsorption sites
are, hence obtained by a fit of simulated values to the experimental f. and p. values.

Detailed information about this fitting procedure is provided in Chapter 3.

As the molecules and the unit cell are of low symmetry, the following assumptions were
made for the determination of the adsorption sites:

1. From the P2 space group and the corresponding Cy symmetry of the tetramers,
we assume that each unit cell contains two pairs of symmetry equivalent molecules
which are located on diagonal positions relative to each other.

2. Symmetry equivalent molecules occupy the same adsorption sites and can be mapped
onto each other by the two-fold rotation axes located in the center of the unit cell
and in the center of each tetramer (corners of the unit cell).

3. The intramolecular distance between the two S atoms is similar to their distance in
the bulk structures, which ranges from 3.1190(1) A to 3.2203(3) A (see Appendix B).

4. Each S component exhibits an ideal coherent fraction of one, which neglects any
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thermal and statistical disorder in the positions of the S atoms. For more informa-
tion concerning this approximation, please see Section 9.4, below.

However, as the molecular packing is rather dense in all considered phases, the derived
models directly provide feedback about the reliability of the obtained molecular adsorption
sites from the sterical overlap of the molecules. This feedback was further used to optimize
the structural models, as, e.g., an overlap of neighboring molecules must be avoided.
Finally, but very important, the models must also fit the topographic contrast observed
in the respective STM images.

9.3. S adsorption with respect to the (111) and (220)
Bragg planes

This section describes the NIXSW analysis performed for the determination of the S
adsorption sites. It concentrates on the data obtained for the (111) and (220) Bragg
reflections, which are, in combination with the (200) data discussed in Chapter 8, used
for the triangulation and the modeling of the molecular arrangement on the surface.

9.3.1. Adsorption sites in the a- and the small a-phase

Figures 9.1 and 9.3 present the measured NIXSW spectra of HB238-B and HB238-D
monolayers. The measurements were performed on the same sample as for the corre-
sponding (200) data that was already discussed in Chapter 8. The displayed spectra were
measured at four different photon energies and show the fitted line intensities for out-of-
Bragg conditions (upper and lower spectra) and in-Bragg conditions (two spectra in the
middle). The denoted photon energies are given with respect to Epags. AS Eprage depends
on the distance between the Bragg planes, the Bragg energy is different for the (111) and
the (220) Bragg reflections.” Here, the theoretical values result to Egll , = 2628.9 ¢V and
FE0  =4292.9 eV. A sketch of the (200), (111), and (220) Bragg planes can be found in

Bragg
Chapter 3.

Similar to the data of the (200) Bragg reflection, which are displayed here again for com-
pleteness of the dataset, the donor and acceptor components are represented by red and
blue lines in Figure 9.1. This assignment of colors holds for all the figures in this chap-
ter. Again, the donor and acceptor lines show different behavior in their photon energy
dependence of the intensities, indicating that the atoms contributing to the components
differ in their distances to the (111) and (220) Bragg planes. However, by comparing the
experimental intensities for the out-of-Bragg and in-Bragg spectra, it becomes clear that
the increase and decrease of the signal intensity (bottom to top spectra) are more pro-
nounced for the (111) Bragg reflection. This observation is also reflected by the resulting
yield curves displayed as black lines in Figures 9.2 for HB238-B and 9.4 for HB238-D.

In addition, the (220) yield curves show a higher noise level than those of the (200) and

the (111) data. The reason for this is based on the larger difference of EZ%.. to the

!Please note that the intensity of the (220) reflectivity curve is smaller due to the higher Bragg energy
and related absorption effects.




86 9. Determination of the molecular adsorption sites

T M T

T T T T T T T T T v T T T T
(200) Eg3035.5 eV (111) Ej . 2628.9 eV (220) Eg 42929 eV

E-E

Bragg

+4.60 eV

Normalized Intensity

-4.25eV

2458

00 0000~0000 | - : - - = ; Aer) l = . - - 2
2470 2469 2468 2467 2466 2472 2471 2470 2469 2461 2460 2459

Binding Energy in eV

Figure 9.1.: Photoemission curves for the S1s orbitals of HB238-B, measured during the NIXSW
measurements at the Ag(200), (111), and (220) Bragg reflections. The photon energy of the x-ray
beam is indicated for each spectrum with respect to the Bragg energy Ep;ags. Experimental data
points are fitted by different lines as described in the text. Color code: red (donor component),
blue (acceptor component), gray (satellite), black (sum of the components).
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Figure 9.2.: Photoemission (PE) yield Y (F) and reflectivity curves for the S1s orbitals of HB238-
B, measured for the Ag(200), (111), and (220) Bragg reflections with corresponding fits. Color
code as above. For better visibility, the yield curves measured at the (111) and (220) Bragg
reflections are displayed with a vertical offset of +0.5 for the donor (red) and acceptor (blue)
lines, and by +1.5 for the line representing the averaged sum of both components (black). Photon
energies I/, are given with respect to the Bragg energies, which are E200 —3035.5eV, ELl

Bragg Bragg -
2628.9 eV, and EZ%, = 4292.9 eV.




9.3. S adsorption with respect to the (111) and (220) Bragg planes

87

T T T T T T T
(200) EBmgg:3035'5 eV (1 1 1) o EBragg:2628'9 eV (220)

Normalized Intensity

~4.44 eV

T T T T T T T F T T T T 2 ==
2470 2469 2468 2467 2466 2472 2471 2470 2469 2461

Binding Energy in eV

Figure 9.3.: As Figure 9.1 but for HB238-D.
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Figure 9.4.: As Figure 9.2 but for HB238-D.
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Table 9.1.: Values of the coherent positions (p.) and the coherent fractions (f.) determined for
the Sls orbitals of the merocyanines HB238-B and HB238-D and the (111) Bragg reflection.
The values correspond to the a-phase and the small a-phase, respectively. 2117 denotes the
adsorption distance of the sulfur atoms of the molecule with respect to the (111) Bragg plane.
z111 is determined from the value of pe by 2111 = pe - d111 with di11 = 2.360 A. The indices A,
D, and A+D indicate values of the donor component, the acceptor component, and the sum of
both components.

(111) Pc Je z111 1In A
Sarp 0.712+0.002 0.688 +0.009 1.679 + 0.004

HB238-B Sp 0.692 £ 0.004 0.689 +0.016 1.632 4 0.008
Sa 0.732 £ 0.004 0.702 4+ 0.021 1.726 +0.010
Sarp 0.713+£0.002 0.587 +0.009 1.682 + 0.006

HB238-D Sp 0.703 £0.004 0.559 £0.015 1.659 £ 0.010
Sa 0.722 £0.003 0.6194+0.012 1.704 £ 0.007

Table 9.2.: Values of the coherent positions (p.) and the coherent fractions (f.) determined for
the S1s orbitals of the merocyanines HB238-B and HB238-D and the (220) Bragg reflection. The
values correspond to the a-phase and the small a-phase. z99¢ gives the adsorption height of the
sulfur atoms of the molecule with respect to the (220) Bragg plane. zag9 is determined from the
value of p. by 2999 = pc - doog With dogy = 1.445 A. The indices A, D, and A+D indicate values
of the donor component, the acceptor component, and the sum of both components.

(220) Pec Je Z920 1N A
Sarp 0.413+£0.043 0.166 £ 0.043 0.597 £ 0.062

HB238-B Sp 0.31 £0.074 0.145+0.082 0.478 4+ 0.106
Sa 0.488 £0.051 0.220 £ 0.060 0.704 £ 0.074
Sarp 0.565+0.044 0.193 +0.043 0.816 + 0.064

HB238-D Sp 0.425+0.042 0.201 +0.056 0.615 £ 0.061
Sa 0.643 £0.048 0.274+£0.073 0.929 + 0.070

S1ls binding energy, leading to a smaller photoemission cross section and, accordingly,
to a lower signal-to-noise ratio in the spectra. Counteracting this problem, 13 NIXSW
data sets for HB238-B and 9 data sets for HB238-D were averaged, respectively (see
Table 8.3). To avoid beam damage influencing the signal intensity, each NIXSW data set
was measured at a fresh sample position.




9.3. S adsorption with respect to the (111) and (220) Bragg planes 89

The coherent fractions and coherent positions that result from the fit of the photoemission
yield curves of Figures 9.2 and 9.4 are listed in Tables 9.1 for the (111) Bragg reflection
and in Table 9.2 for the (220) Bragg reflection. Data of the @-phase will be discussed in
Section 9.3.2, below.

For the S atoms of both molecules, HB238-B and HB238-D, an adsorption distance of
AP = 1.68 +£0.01 A to the (111) Bragg plane was determined for the sum of the donor
and acceptor components (Sa.p). In contrast to that, the adsorption distances to the
(220) Bragg plane are different (HB238-B 255%™ = 0.60 &+ 0.06 A, HB238-D 254" =
0.82 + 0.06 A). They differ by Az34™ = 0.22 + 0.06 A, indicating differences in the
molecular adsorption sites in the a-phase and small a-phase.

It is striking that the coherent fractions of the (220) data are so small. With values
of 0.17 £ 0.04 for HB238-B and 0.19 £ 0.04 for HB238-D, fCSA+D is by about 40 — 50%
lower than the respective values for the (111) Bragg reflection. This behavior is somehow
expected, as the lattice spacing dpy between the (220) Bragg planes is about 38% smaller
than the lattice spacing between the (111) Bragg planes. In general, f. is an indication for
the spread of the (sulfur) adsorption distances around the average adsorption distance zpx
determined from the coherent position by 2,k = pe - dpri- A second factor leading to small
fe values is the existence of more than one distinct adsorption distance for the S atoms,
as it is the case for the present structures due to the donor and acceptor components.

Although the separate fits of the donor and acceptor components in Figures 9.1 and 9.3
also results in low f. values between 0.15 to 0.27, the data show that for both molecules
the donor components are found at smaller (220) adsorption distances than the respective
acceptor components. The difference in the adsorption distances with respect to the (220)
Bragg plane between the acceptor and donor components results to Azasd = 0.23 A for
HB238-B and Az = 0.31 A for HB238-C.

For the (111) Bragg reflection, the differences in the adsorption distances between the
acceptor and donor components are smaller compared to the (220) data and result in
0.09 A for HB238-B and 0.05 A for HB238-D. Again, the donor components are found at
smaller adsorption distances than the acceptor components. Coherent fractions between
0.56 and 0.70 indicate only small variations in the adsorption distances of the sulfur atoms
with respect to the (111) Bragg plane.

Summarizing, the NIXSW data for the a-phase of HB238-B and the small a-phase of
HB238-D indicate only minor differences in the molecular adsorption sites of the two
phases. To obtain more information about how the two symmetrically nonequivalent pairs
of molecules in the structures influence the f. and p. values by occupation of different
adsorption sites, the Q-phase of HB238-C was measured for the (111) Bragg reflection.
As the P4 space group of the structure requires identical adsorption sites for all four
molecules, changes in the NIXSW data are expected in comparison to the data of HB238-
B and HB238-D.
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9.3.2. Comparison to the adsorption in the ()-phase

Figure 9.5 shows the photoemission yield curves of HB238-C in the )-phase measured for
the (200) and the (111) Bragg reflections. Please note that the (200) data was already
discussed above (see Section 8.4). The corresponding f. and p. values for the (111) Bragg
reflection are listed in Table 9.3. Data of the (220) reflection is missing for experimental
reasons.
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Figure 9.5.: Photoemission yield and reflectivity curves for the Sls orbitals of HB238-C, mea-
sured for the Ag(200) and (111) Bragg reflections with corresponding fits. Color code as above.
For better visibility, the yield curves measured at the (111) Bragg reflection are displayed with
a vertical offset of +0.5 for the donor (red) and acceptor (blue) lines and by +1.5 for the line
representing the average sum of both components (black). Photon energies E., are given with

respect to the Bragg energies, which are E%?ggg = 3035.5 eV and Eéggg = 2628.9 eV.

Table 9.3.: Values of the coherent positions (p.) and the coherent fractions (f.) determined
for the Sls orbitals of the merocyanine HB238-C and the (111) Bragg reflection. The values
correspond to the molecular arrangement in the @Q-phase. z11; denotes the adsorption distance
of the sulfur atoms of the molecule with respect to the (111) Bragg plane. Determination of 2111
and explanation of the indices as above.

(111) Pc fe 2111 1n A

Satp 0.691+0.003 0.607£0.013 1.631 £ 0.007
HB238-C Sp 0.658 £ 0.005 0.638 =0.019 1.553 +0.012
Sa 0.7254+0.004 0.601 +£0.015 1.711 4+0.009
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Surprisingly, the pg’”D value of the (111) reflection for HB238-C differs by only Ap. =
—0.02 from the respective values of HB238-B and HB238-D. This corresponds to a differ-
ence in the adsorption distances of 0.05 A. Also, the coherent fraction does not show a
difference in the compared phases, because the value fcs AP 0f 0.61£0.01 for HB238-C lies
in the range given by the values of HB238-B and HB238-D. A graphical representation
of the (111) and (220) p. and f. values of the three molecules is given by the Argand
diagrams of Figure 9.6. Here, Figure 9.6 (a) displays the values of po™ P and f5°, while
Figure 9.6 (b) displays the data points of the respective donor and acceptor components.
Pairs of donor-acceptor components of one molecule are connected by a dotted line in the
same color as the data points. The sum of the components is displayed as a white circle.
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Figure 9.6.: Argand diagram displaying the results for the coherent positions (p.) and the coher-
ent fractions (f.) determined for the S1s photoemission of the merocyanines HB238-B (a-phase),
HB238-C (@-phase), and HB238-D (small (s) a-phase). Color code as indicated. Measurements
were performed for the (111) and (220) Bragg reflections. In panel (a), the sum of the donor
and acceptor components is displayed. Panel (b) displays the individual values of the donor
(points with red error bars) and the acceptor components (points with blue error bars). For
better visibility, the respective components are marked by shaded backgrounds in red and blue
colors. Error bars are given according to the fit of the photoemission yield curves. For illustra-
tion purposes, donor and acceptor components in (b) are connected by a line that is, hence, also
running through the vector related to the sum of the components, indicated in white. The full
radius of the Argand diagram corresponds to a coherent fraction of 1.
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For the donor and acceptor components of HB238-C, we find a difference in the adsorption
distance of 0.16 A. The respective p. values differ by ApAP = 0.07. This splitting leads to
a p2 value of HB238-C similar to the p2 values obtained for HB238-B and HB238-D. The
respective coherent fraction of the acceptor component results in f* = 0.60 £ 0.2. For
better visibility, the group of data points corresponding to the acceptor components of the
molecules is marked by a blue shaded background in Figure 9.6. The respective groups
of data points corresponding to the donor components are indicated by a red shaded
background. While the data points of the acceptor components are similar for the three
merocyanines, the difference in the donor components is larger and results to Ap? = 0.03
and, hence, AzP, = 0.07 A.

Thus, the data indicate that the molecules occupy similar adsorption sites in all three
phases, the a-phase of HB238-B, the ()-phase of HB238-C, and the small a-phase of
HB238-D. Only minor deviations in the f. and p. values indicate small differences in the
molecular arrangement with respect to the Ag(100) surface. These differences are most
likely due to the presence of two different molecular adsorption sites in the structures of
HB238-B and HB238-C. However, according to the NIXSW data, the differences in the
molecular adsorption sites are most likely of minor nature.

9.4. The lateral molecular arrangement in the small
a-phase

Using the data determined for the (200), (111), and (220) Bragg reflections, the lateral
arrangement of the merocyanines HB238-B and HB238-D on the Ag(100) surface can be
determined. This section begins with the triangulation of HB238-D, which forms the
small a-phase. HB238-D features the shortest alkyl side chains in the explored series of
merocyanines, consisting of two methyl groups. Hence, no flexible alkyl side chains have
to be considered in the structural models of the lateral arrangement of the molecules.

9.4.1. General considerations

As already considered above, the unit cells of the a- and small a-phase include two pairs of
symmetry nonequivalent molecules, i.e., two different pairs of molecular adsorption sites.
The experimentally determined donor and acceptor components, thus, represent average
values of the molecular adsorption sites. To distinguish between the two symmetrically
nonequivalent molecules, the experimental vectors were split symmetrically according to
the scheme displayed in Figure 8.8, above.

For the (200) data of HB238-D, the splitting is illustrated in the Argand diagram of
Figure 9.7 (a). Assuming that all molecules in the unit cell are equivalent concerning
their vertical order, the splitting was performed under the requirement that both of the
resulting donor and acceptor components have the same coherent fraction fPi* which
is, by at least 0.1 higher than the corresponding experimental value. This requirement is
reasonable, as the experimental f&P- values, fP = 0.80 £ 0.05 and f5* = 0.70 £ 0.05,
are already rather high. An asymmetric splitting as described in Chapter 8 for Figure 8.8
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was not considered here. However, it principally cannot be excluded.

The difference Ap. between the coherent position of the experimental value and the split
components was calculated by

exp.

1
Ap. = arccos (j:‘;pht) (9.1)

%.

For the acceptor components, the splitting with f$Pi* = 0.8 leads to a difference of Ap? =
0.08 from the initial, experimental value and, hence, to an adsorption height difference of
AZQS(% = 0.34 A between the two acceptor components. For a splitting with foPlit = 1.0,
the height difference in the acceptor components increases to Azyl = 0.52 A.
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Figure 9.7.: Argand diagrams representing the principles behind the f. and p. estimation of
the (200) donor (D) and acceptor (A) components. Panel (a) illustrates the splitting of the
experimental donor (red color) and acceptor (blue color) components measured for the (200)
Bragg reflection into two components, each (open circles in red and blue). The resulting two
donor and two acceptor components describe the two symmetrically nonequivalent molecules per
unit cell. It can be assumed that the split components have an equal coherent fraction ( f?(QOO),
fP(200)), which is at least 0.1 higher than the experimental value. Panel (b) illustrates the
effect of the different f2(200) and fP(200) values, and the resulting differences in the coherent
positions, on the f. and p. values of the (220) and (111) Bragg reflections. The values for the
(220) and (111) data were calculated for ideal atop positions of all S atoms. Data points with
error bars represent the experimental data of HB238-D. Please note that some error bars are
hidden behind the respective data points. In panel (a), the experimental data points are filled,
following the color code used above. In panel (b), the experimental data are drawn as open
circles, which are connected to the theoretical data by a dotted black arrow.
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Figure 9.8.: Sketch of the high symmetry adsorption sites of the S atoms. Please note that
only the S atoms (yellow spheres) of the four molecules within the tetramer are displayed. In
addition, the lateral distances between the molecules are reduced by integer lattice distances,
for representation purposes. The adsorption sites are sketched for the atop positions (a), the
bridge positions (b), and the four-fold hollow positions (c). Pairs of S atoms that correspond
to one merocyanine molecule are connected by a black line. Intersections of the (111) and
(220) Bragg planes with the Ag(100) surface (gray spheres) are indicated by green and red
colors, respectively. They are indicated for the symmetrically different Bragg planes used for the
calculation of the theoretical f. and p. values. For further information regarding these Bragg
planes or the calculation process, please see Chapter 3.

Accordingly, the splitting of the donor components results for f5Pi* = 0.9 in a difference of
Ap? = 0.07 from the experimental value and, hence, in an adsorption height difference of
Az5P = 0.31 A. Again, this difference increases for ft = 1.0 to Az55 = 0.42 A. Thus,
the maximum of the adsorption height difference, obtained for fP1i* = 1.0, is smaller for
the donor components, as the coherent fraction of the respective experimental value is
higher compared to the acceptor component.

For the determination of the S adsorption sites on the Ag(100) surface, the simulation
was started with the high-symmetry adsorption sites as displayed in Figure 9.8. Here,
the intersections of the (111) and (220) Bragg planes with the (100) surface are indicated
by green and red colors, respectively. Accordingly, all eight S atoms were placed on the
atop positions, the bridge positions, and the fourfold hollow positions, respectively. This
is possible, due to the four-fold symmetry of the Ag(100) surface and the fact that the
distance between two directly neighbored Ag atoms (2.89 A [75, 76]) is in the range of the
intramolecular S S distance (see Appendix B). For the adsorption heights of the S atoms
to the Ag(100) surface, the above-determined 25530 and z%‘o values of the split components
were considered.

By calculating the corresponding p. and f. values for the (111) Bragg reflections, bridge
positions of the S atoms result in a coherent fraction f$*™(111) of zero. This is due to the
presence of four symmetry equivalent domains. These are considered in the calculation
of p. and f. as described in Chapter 3. As can be seen from Figure 9.8 (b), the p. values
of two domains (distance of the S atoms with respect to the green dotted lines, vertically
and horizontally) would differ by 0.5. Accordingly, the respective Argand vectors of two
domains would be rotated by 7/2 with respect to each other and would thus mutually
cancel each other.
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Fourfold hollow positions, however, lead to a high coherent fraction but to a pi*™(111)
value of 0.18, which deviates significantly, by 0.53, from the experimental value. Hence,
an adsorption of all S atoms at or close to the bridge and the fourfold hollow position can

be excluded.

The calculated p. and f. values for the adsorption of the S atoms at atop positions of the
Ag atoms are displayed in Figure 9.7 (b) as filled data points. Please note that these data
points represent the average values of the donor and acceptor components, respectively,
thus enabling a direct comparison with the experimental data points, displayed as open
data points.

Although the calculated f, values are significantly higher than the respective experimental
values for both the (111) and the (220) Bragg reflections, a good agreement in the coherent
positions is observed. For the (220) Bragg reflection, pi*™ differs by only 0.16, while for
the (111) Bragg reflection, the difference is 0.03 and thus even much smaller. According
to the good agreement for the p. values in Figure 9.7 (b), it can be concluded that the
S atoms of HB238-D adsorb close to the atop positions of the Ag atoms. However, at
least a few of the 8 S atoms per unit cell are expected to be located away from the atop
positions, as the experimental f. values are lower than the calculated ones.

In addition to the general positions of the atop-(220) and (111) values in the Argand
diagram of Figure 9.7 (b), the diagram also illustrates the influence of fSPi*(200) and
accordingly Ap.(200) on the calculated data points. Here, f5Piit(200) of the donor com-
ponents is denoted as f2(200) and ranges from 0.9 to 1.0 according to Figure 9.7 (a).
Equivalently, fSPit(200) of the acceptor components is denoted as f*(200) and ranges
from 0.8 to 1.0. Increasing f.(200) values are marked by arrows in the same colors as
used for the donor and acceptor components above. As one would expect from the in-
creasing value of Ap.(200), the coherent fraction of the calculated (220) and (111) values
decreases for increasing values of f.(200). As the angle ¢ between the (111) Bragg plane
and the Ag(100) crystal surface is 9.7° larger than the angle between the (220) Bragg
plane and the crystal surface (see Figure 3.3 of Chapter 3), the calculated data points for
the (111) Bragg reflection are less affected by Ap.(200).

As the calculated f. values for the (220) and (111) Bragg reflections are closer to the ex-
perimental values for high coherent fractions of the split (200) components, the f5P1i(200)
values are assumed to be equal to one for the following further refinement of the ad-
sorption sites in lateral direction. This is required, as the effects related to the splitting
are not large enough to explain the experimentally observed small f. values. Thus, the
adsorption sites of the S atoms need to be considered in more detail.
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9.4.2. Further refinement of the adsorption sites

The above considerations regarding the splitting of the experimental (200) donor and ac-
ceptor components allow us to distinguish between the adsorption heights of the two pairs
of nonequivalent molecules per unit cell. As merocyanines are m-conjugated molecules,
large vertical distortions of the molecules, i.e., large differences in p?(200) and p?(200) are
unlikely. This leads to the assumption that the two low p2*(200) values correspond to
the same pair of molecules. The same holds vice versa for the two high pP*(200) values.
Hence, one pair of molecules is located at 25, = 2.51 A and 25, = 2.59 A, while the
second pair of molecules is located at 2k, = 2.93 A and 25, = 3.12 A. But up to now,
this splitting is only a speculation.

In order to find the S adsorption sites matching the experimental NIXSW data, the S
atoms were systematically shifted away from the atop positions of the Ag atoms. The
results were transferred to structural models and compared to the experimental STM
data. The respective results for the data of HB238-D and, hence, the small a-phase are
displayed in Figures 9.9, 9.10, and 9.11.

Figure 9.9 shows the results of the systematic adsorption site variation as calculated p.
and f, values. Following criteria for matching adsorption sites regarding the results of p.
and f. were used:

1. Compared to the acceptor component, the Argand vector of the donor component
of both the (111) and (220) Bragg reflection must exhibit a smaller value of p., as
observed in the experimental results.

2. The (111) donor and acceptor components were allowed to differ by not more than
0.03 from the experimental value of p., and 0.15 from the experimental value of f..

3. For the (220) donor and acceptor components, the acceptable values of p. and f.
were initially set slightly larger than the range of the respective error bars. However,
it turned out that the experimentally observed splitting of the donor and acceptor
components in combination with the low coherent fraction could not be reproduced
by the simulation. Hence, for the (220) data, the focus was set to match the more
reliable data point displayed in Figure 9.9 (a), representing the average of all S
atoms in the unit cell.

In the Argand diagrams of Figure 9.9 (a) and (b), the individual calculated vectors of
the triangulation process, i.e., the Argand vectors for all tested adsorption geometries
with plausible results, are presented as small data points in black (panel (a), sum of all
S atoms), light red (average of all donor S atoms), or light blue (average of all acceptor
S atoms), respectively. The resulting groups of plausible data points are highlighted by
backgrounds shaded in the same color. The center of mass for each group of data points
is given as larger filled data points with a darker color. These values are used for the
following comparison with the experimentally determined values of f. and p..

The respective adsorption sites of the S atoms are displayed in Figure 9.10 (a) in a
schematic top-view. Likewise, as in Figure 9.9, the lateral range of the donor and acceptor
components is given by areas shaded in red and blue colors. The maximum variation
in the S coordinates in one direction that is allowed by the size of the shaded areas
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Figure 9.9.: Results of the adsorption site determination of the S atoms of the merocyanine
HB238-D in the small a-phase on the Ag(100) surface. Panel (a) displays a scatter plot of the
calculated pA*tP and fATP values in the Argand diagram. Panel (b) displays a scatter plot
of the calculated p?’D and fCA P Jalues of the donor and acceptor components in the Argand
diagram. Color code as above. Small data points in panels (a) and (b) refer to average values
that were calculated for a specific molecular arrangement in the unit cell, and hence, one set
of molecular adsorption sites (individual results). The respective molecular adsorption sites are
indicated in Figure 9.10. Large filled data points refer to the center of mass of the respective
groups of individual results. These groups are indicated by a shaded background. Large open
data points with error bars refer to the experimental results. Please note that the error bars of
the experimental (111) data points are too small to be visible. The indicated f. scale ranges
from 0 to 1.

results in 0.33 A and hence 11% of the Ag(100) surface lattice constant. Hence, the
determined S adsorption sites are well localized on the Ag(100) surface. For any larger
lateral deviations of these adsorption sites, significantly lower values for f!1! and p!!'! are

observed, accompanied by an increase of the 22 values or a decrease of p?2°.

For the development of a structural model, the S adsorption sites were adjusted to fit the
values determined for the center of mass of the lateral positions. These are displayed in
Figure 9.10 (a) as large filled data points. Here, the lighter red and blue colors of the top
and, accordingly, also of the bottom pair of S atoms correspond to the S atoms at a larger
adsorption height with respect to the Ag(100) surface. Pairs of donor-acceptor S atoms,
indicating a molecule, are connected by a solid black line.

In Figure 9.10 (b), the schematic presentation of the S adsorption sites is transferred into
the molecular arrangement of the HB238-D tetramer. Here, the two pairs of symmetrically
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Figure 9.10.: Schematic presentation of the determined S adsorption sites of the merocyanine
HB238-D on the Ag(100) surface. (a) Top view of the S adsorption sites on the Ag(100) surface
with the indicated centered two-fold rotation axis. Pairs of donor and acceptor atoms connected
by a solid black line belong to one molecule. Please note that the distances between the molecules
are reduced in panel (a) to illustrate the small range of reasonable S adsorption sites. These
are displayed as shaded areas in red (donor components) and blue (acceptor components) colors
and include all adsorption geometries that led to the Argand vectors of the individual results
displayed in Figure 9.9. Bright and dark colors represent higher and lower adsorption heights.
Comparable to Figure 9.9, the filled data points indicate the center of mass of the individual
positions.

(b) Hardsphere model of the molecular arrangement of HB238-D according to the determined S
adsorption sites in (a). For clarity, the upper two molecules are superimposed by the schematic
representation of the molecules in (a). Gray shaded areas around the molecules correspond to
the respective full van der Waals radii. Please note that bright molecules correspond to smaller
Ag-S distances.

nonequivalent molecules are indicated by lighter and darker colors. Please note that
the dark molecules exhibit the larger Ag-S distances. The molecular arrangement is in
agreement with the P2 symmetry of the structure as indicated by the twofold rotation
axis. Hydrogen bonds between the CN groups and the thiophene rings of the neighboring
molecules are indicated by orange dotted lines. Their length results in about 2.9 A.
Hence, the hydrogen bonds in this model are about 12% longer than the hydrogen bonds
of the respective bulk structure (see Appendix B.1). However, please note that this
model is based on molecular structures derived from general principles, i.e., established
bond lengths [74], and does not include molecular distortions that might change the bond
lengths during the adsorption process.
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Figure 9.11.: Hardsphere model of the small a-phase of HB238-D on the Ag(100) surface (a)
and superimposed with a respective STM image (b). The S adsorption sites correspond to the
adsorption sites determined from the NIXSW analysis. The STM image is rotated compared
to the identical STM image of the small a-phase that was displayed in Figure 7.3 (300 K,
Ubias = —0.1 V, I; = 20 pA). Pairs of bright molecules are located along the short vector of the
superstructure. Gray shaded areas around the molecules correspond to the full van der Waals
radii.

9.4.3. The unit cell packing

The resulting molecular arrangement of HB238-D in the small a-phase is displayed in
Figure 9.11. Panel (a) shows the molecular adsorption sites as a hardsphere model on the
Ag(100) surface. The unit cell, as obtained from the SPA-LEED measurements described
in Chapter 7, is indicated in green. The molecular packing in the unit cell is compact. Es-
pecially along the short unit cell vector, the bright molecules of neighboring molecules are
located close to each other and appear to form dimers of symmetry equivalent molecules.
Again, please note that the molecules of this hardsphere model are not subject to molecu-
lar distortions as they might occur during adsorption on the Ag(100) surface. In addition,
the intermolecular interactions, as observed by the hydrogen bond formation or the dimer
formation, might lead to additional molecular distortions that were not considered here
but might lead to a more favorable molecular packing.

However, as displayed in Figure 9.11 (b), the obtained molecular arrangement explains
the topographic contrast observed in the STM data of the small a-phase of HB238-D.
Please note that the STM image displayed here is rotated in comparison to the STM
image of the small a-phase displayed in Figure 7.3. The tBu-groups of the molecules that
are centered in the tetramers are located at the corners of the unit cell, hence, creating
the four bright lobes visible in the STM data. Furthermore, the presence of molecular
dimers explains the intermediate contrast along the short lattice vectors while the dark
areas in the STM image match with the positions of the CN groups.
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Figure 9.12.: Results of the adsorption site determination of the S atoms of the merocyanine
HB238-B in the a-phase on the Ag(100) surface. Presentation and color code as in Figure 9.9,
above. Please note that the error bars of the experimental (111) data points are too small to be
visible. The respective lateral positions of the S atoms are indicated in Figure 9.13.

9.5. The lateral molecular arrangement in the a-phase

By an equivalent triangulation to that of HB238-D above, the adsorption sites of HB238-
B on the Ag(100) surface were determined. The results are summarized in Figures 9.12,
9.13, and 9.14. The color code of the data points is the same as above. Again, the
experimentally determined p? and p? values of the (200) Bragg reflection were split to
obtain two sets of adsorption heights for the two pairs of nonequivalent molecules per
unit cell. This splitting was performed for f5P* = 1.0 and resulted in donor adsorption
heights 258 of 2.61 A and 2.79 A. The respective acceptor adsorption heights 253 resulted
to 2.65 A and 3.14 A. The difference Az5%, is with 0.49 A larger than for the donor
components (Azy2 = 0.18 A) as the experimental coherent fraction of the acceptor is by
0.22 smaller than the coherent fraction of the donor.

Variation of the adsorption sites led to a good agreement of the calculated p. values
with the experimentally determined values. Variations were found to be largest for the
donor components for both Bragg reflections, with values of about Ap. = 0.05. In this
calculation, even the p2 and pP values of the (220) Bragg reflection were reproduced.
However, the coherent fractions of the (220) components were observed to be by about
Af. = 0.32 higher than the experimental values.
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surface. Presentation and color code as in Figure 9.9, above.
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9.5. The lateral molecular arrangement in the a-phase
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Figure 9.13.: Schematic presentation of the determined S adsorption sites of the merocyanine

HB238-B on the Ag(100

surface (a) and

)

The S adsorption sites correspond to the results
5 pA). Pairs of bright molecules

I

)

-0.3V

are located along the long vector of the superstructure. Gray shaded areas around the molecules

correspond to the full van der Waals radii.

of the NIXSW analysis. The STM image is imaged and rotated compared to the STM image of

Figure 9.14.: Hardsphere model of the a-phase of HB238-B on the Ag(100
the a-phase displayed in Figure 7.3 (300 K, Upjas

superimposed with a respective STM image (b).
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The corresponding adsorption sites are displayed in Figure 9.13. Please note that the
orientation of the alkyl side chains (nPr groups) remains arbitrary. Compared to the
molecular arrangement of HB238-D in Figure 9.10, the HB238-B molecules are slightly
rotated. Here, in the a-phase, the intramolecular axis of the molecules (black solid lines in
Figure 9.13 (a)) are oriented nearly parallel to the Ag surface lattice vectors. The differ-
ence in the molecular rotation of the molecules in the two phases is about 4°. Due to the
off-centered positions of one set of molecules (left and right molecule in Figure 9.13 (a)),
the tetramer is slightly elongated in the horizontal direction. The molecular orientations
in the a-phase lead to similar distances between the molecules of the tetramer. Stabilizing
hydrogen bonds between neighboring molecules are of about 2.9 A in length and, hence,
comparable to the small a-phase.

The unit cell packing of the a-phase is illustrated in Figure 9.14. Again Figure 9.14 (a)
displays the hardsphere model on a schematic Ag(100) surface while Figure 9.14 (b)
demonstrates the agreement of the hardsphere model with the STM data presented in
Chapter 7. Although the structures of the a-phase and the small a-phase seem to be
quite similar, the unit cell of the a-phase is larger by 16% (ref. to Chapter 7). Hence,
the spacing between the molecules along the longer unit cell vector is larger. However,
a dimer formation of the two molecules along this vector, which are displayed in bright
colors in Figure 9.14, might still be possible.

9.6. Conclusion

This chapter presents a complete analysis of the molecular adsorption sites of HB238-B
and HB238D in the a-phase and the small a-phase, respectively. The adsorption sites of
the S atoms were determined by NIXSW. As both structures contain a number of eight
S atoms per unit cell, the individual adsorption sites had to be deduced by simulations
from the average signal obtained from the measurements.

Experimentally, it could be distinguished between S atoms of the donor and acceptor
parts of the merocyanines, i.e., the S atoms in the thiophene ring and the thiazole ring,
respectively. This was possible due to the different binding energies of the S atoms in XPS,
which are a result of the neighboring electron-donating and withdrawing groups and final
state effects in the photoemission process. This binding energy difference was confirmed
by the comparison of multilayer and monolayer soft XPS S2p spectra (see Chapter 6).

The models take the intramolecular S S distances determined for the crystal structures
and the bond lengths expected for the H-bonds into account. The respective values
obtained for the hardsphere models of the monolayer phases result in an intramolecular
S S distance between 3 A and 4 A. Hence, the observed intramolecular S S distances are
larger than the 3.12—3.22 A observed for the crystal structures at room temperature (ref.
to Table B.1), which indicates a distortion of the molecules in contact with the Ag(100)
surface caused by the interfacial interactions and intermolecular interactions.

The length of the hydrogen bonds in the tetramers was found to be about 2.9 A for the
monolayer phases. Respective values in the crystal structures result in 2.56 A. Hence,
the hydrogen bonds are longer and thus, weaker in the monolayer compared to the bulk
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crystal structures. Still, STM measurements at domain boundaries revealed the tetramers
to be the most stable unit of the structure.







10. The growth of thin KCI layers
on the Ag(111) surface

The work of this chapter was published in the Journal of Physical Chemistry Letters 16,
696-702 (2025): "An Atomistic Analysis of the Carpet Growth of KCl Across Step Edges
on the Ag(111) Surface" by Anna J. Kny, Adam Sweetman, and Moritz Sokolowski.

A reprint of this publication can be found in Appendix A.3. The author’s contribution
to the publication included: the measurement of the data, the analysis of the data, the
scientific presentation of the data, and the writing and revision of the manuscript.

This chapter investigates the growth of thin KCI(100) layers on the Ag(111) surface.
The publication focuses on the carpet growth behavior of the KCI layers, allowing for
a seamless growth of KCI domains across monatomic steps of the Ag(111) surface. The
following sections review the work of the above-mentioned publication.

10.1. Scientific context

Molecular orbitals in contact with a metal surface hybridize with the electronic states of
the underlying metal surface. Hence, studies of electronically decoupled molecules are
performed using a dielectric layer between the molecules and the metal surface [117-119].
For investigations of the molecules by STM, the respective dielectric layer should be thin
enough to allow electrons to tunnel through [117, 119, 120]. Thus, a dielectric material
with a wide band gap is required, which must allow for the controlled growth of closed
films with large domains.

These properties are provided by thin alkali halide films. Accordingly, the growth of thin
potassium chloride (KCl) films on the Ag(111) surface was studied in the context of the
present thesis. These films allow for the study of merocyanine films that are electronically
decoupled from the underlying Ag(111) surface. However, as the interfacial interactions
between merocyanines and alkali halide films are weak, structural investigations of mero-
cyanines on KCI films require time and are thus part of future investigations.

This work depicts the first investigation of KCI films on a Ag(111) surface. Like alkali
halide layers on other metal surfaces [121-124], KCI layers on Ag(111) grow in a (100)
orientation. Hence, a lattice mismatch in the form of the lattice geometry and the form of
the lattice constants is present, which leads to a carpet-like growth mode across monatomic
step edges of the Ag(111) surface. The carpet growth is defined as the seamless growth
of domains across step edges of the underlying substrate surface that is accompanied by
a lifting of the domain in the step region.
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The carpet growth allows KCIl domains to grow across step edges of the underlying Ag(111)
surface and thus to form large domains of several hundred nm in size. This growth mode
was already observed for many combinations of alkali halides and metal surfaces [125—
129]. However, the exact ion arrangement at the edges of the steps, which compensates
for the difference in height between the two terraces, has so far remained unresolved.

The existing model, proposed by Schwennike et al. for NaCl(100) layers on the semi-
conductor surface Ge(100) [125], uses a continuum description from elasticity theory. In
this model, the ionic positions and the ionic interactions with the surface are neglected.
However, for metal surfaces, the situation is more complicated. Due to the Smulochowski
dipole, metal step edges exhibit local charges [130]. In addition, mirror charges are present
at the dielectric/metal interface. The alkali halide ions are expected to interact with these
charges, leading to distortions of the ionic layer in the carpet growth region. Thus, contin-
uum models are only coarse approximations of the situations at the step edges. However,
knowledge about the ionic arrangement and the growth modes is important to guarantee
the aspired film properties. In this context, an atomistic model for the carpet growth over
Ag(111) step edges was developed in this work.

10.2. The carpet growth of KCl on the Ag(111)
surface

In the present publication, the ionic arrangement in the carpet growth region was analyzed
by room-temperature STM measurements for KCl layers of 3 ML thickness. The high
atomic resolution of the measurements, necessary for the analysis, was achieved by using
Cl™ decorated W-tips [59]. Accordingly, Cl™ ions were displayed as bright protrusions
[59].

Due to the Smulochowski dipole, the positive charge on the upper Ag step edge offers
preferred adsorption sites for the Cl ions. This leads to a growth of the KCI domains
with the polar (110) lattice lines parallel and perpendicular to the Ag steps. Due to
the attractive interactions between the Cl™ ions and the Ag atoms at the upper Ag step
edge, a straightening of the overgrown Ag steps occurs, as visible in the STM image of
Figure 10.1 (a).

The STM image of Figure 10.1 (a) shows an example of carpet growth across a monatomic
Ag step. The width of the carpet region is indicated by a solid line in light blue and equals
four KCI unit cells. The carpet region describes the number of strained KCI unit cells
in the direction perpendicular to the Ag step, necessary to adapt to the height of the
next Ag terrace. On the next Ag terrace, the KCl domain continues seamlessly without
lateral shifts, as highlighted by the blue dotted line. For an atomistic analysis of the ionic
arrangement in the carpet region, line profiles were measured and analyzed.

In Figure 10.1 (b), the averaged line profile of carpet growth across the monatomic Ag
step in Figure 10.1 (a) is displayed in red. It was used to develop a hard sphere model
of the ionic arrangement in the carpet region as displayed in Figure 10.1 (b). Please note
that the distance (z) between the Ag surface and the KCI layer in the model remains
arbitrary. The strain that is induced in the KCI layer in the carpet growth region leads




10.3. Conclusion 107

(a) [1101.[110] [101][110] (b)15_ carpet region

‘A_[1127] A o

- , < 107
£

N 5_

0-

e e image charges step dipole
e e e e 0 5 10 15 20 25 30 35 40
A_Zmﬁm xin A

Figure 10.1.: STM image (a) and hard sphere model (b) of the carpet growth across a Ag step of
monatomic height on the Ag(111) surface. The Cl~ ions are imaged as bright protrusions. The
KCl layer is of 3 ML thickness. The figure is a reduced representation of Figures 1 and 3 from
the above-mentioned publication [79]. The carpet width is indicated by a solid line in light blue.
The hard sphere model in (b) was developed from an averaged height profile, displayed as a red
line, which was measured along the polar KCI [110], and accordingly the Ag [112] direction,
across the Ag step displayed in (a). Color code: green (C17), red (K"), gray (Ag). The step
dipole (Smulochowski dipole) and the image charges are indicated. Thick and thin black arrows
highlight the uneven strain distribution in the carpet region. Thicker arrows indicate a stronger
strain. (Upjes = —1.3 V, I; = 0.56 A)

to a distortion of the KCI lattice. However, as indicated by thick and thin black arrows,
the strain in the carpet region is not distributed uniformly across the four KCI unit cells.
Here, thick arrows indicate a stronger strain. The unit cell, marked by the upper thick
arrow, should be pointed out at this point. This unit cell compensates for about 51%+3%
of the height difference (Az).

Although the lattice distortions are energetically unfavorable, the system gains energy by
keeping the carpet region, in which the KCI film is lifted away from the surface, small.
Moreover, the strong non-uniform distortion is most likely induced by the attempt of the
KCl lattice to adapt to the local charges on the Ag surface, especially to the Smulochowski
dipole, but also to the image charges.

For higher Ag steps, a step splitting results from the interactions of the Ag step with
the KCI layer. This avoids an additional loss of energy, which would occur for higher
Ag steps due to larger carpet widths or stronger lattice distortion. This step splitting is
expected to occur during the KCI deposition at a sample temperature of 403 K. It creates
micro-terraces with a minimum width of about 13 A and Ag steps of monatomic height.
Hence, carpet growth of KCI on the Ag(111) surface is only observed for monatomic Ag
steps.

10.3. Conclusion

As a result of this work, we found that the interactions between the KCl layer and the
Ag atoms strongly influence the arrangement at step edges of the Ag(111) surface. In
particular, it was found that in contrast to models based on an elasticity theory, the
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carpet region is formed by KCI unit cells that are locally distorted.

KCl layers prefer to grow with their polar (110) lattice lines parallel to the Ag step edges.
This, in combination with the lattice mismatch of KCl and Ag, results in the appearance of
carpet growth. KCI deposition at a sample temperature of 403 K leads to a straightening
of overgrown Ag step edges along the KCI (110) lattice lines, a process which is influenced
by attractive interactions of the Cl~ ions and the positive charges at the upper edge of
the Ag steps.

In addition, the carpet growth induces a step splitting for Ag steps higher than a monatomic
step. This leads to the formation of micro-terraces exhibiting a minimum width of 13 A.
Measurements of the ionic arrangement in the carpet growth regions for monatomic steps
and the growth across multiple micro-terraces reveal that this minimum width is required
for the carpet growth to proceed. The reason for this is encoded in the number of strained
KCI unit cells (width of the carpet region), necessary for the KCI film to adapt to the
height of the next terrace. Smaller Ag terraces or higher Ag steps than monatomic ones
would induce a much higher strain on the KCI lattice due to the larger height difference
which needs to be compensated. In addition, the system would lose interfacial binding
energy for an increased width of the carpet region in which the KCl layer is lifted away
from the Ag surface. Thus, carpet growth across higher Ag steps or micro-terraces smaller
than 13 A is not observed and the respective Ag steps constitute domain boundaries of

KCL




11. Discussion

This thesis presents a structural analysis of merocyanine monolayers on the Ag(100)
surface. The general molecular structure of the investigated merocyanines is displayed
in Figure 11.1. The whole series of investigated merocyanines is displayed in Figure 2.4
of Chapter 2. The molecules differ in the length of the alkyl side chains, denoted as R,
that are attached to the tertiary amine. Hence, the merocyanines differ in the electron-
donating group of the molecules.

Figure 11.1.: General molecular structure of the investigated merocyanines. R denotes the alkyl
side group. For the investigated merocyanines, R equals: nBu (HB238-A), nPr (HB238-B), Et
(HB238-C), and Me (HB238-D).

11.1. The electronic structure

As it could be demonstrated by soft XPS data of the monolayer phases, the changes in the
length of the alkyl side groups led to only minor changes in the electronic structure of the
adsorbed molecules. This could be concluded from the presence of only small chemical
shifts (AESiij/ * = 0.08 eV, AENS = 0.05 eV) of the S2p3/, photoemission line and
the photoemission line of the N1s acceptor component within the series of investigated
merocyanines. Although the inductive effect of the alkyl side chains is influenced by the
higher polarizability of longer alkyl side chains [131], the chemical shifts of the donor
components in the experimental N1s spectra show that this effect is only minor for alkyl
groups with more than two C atoms in a row, i.e., nPr (HB238-B) and nBu (HB238-A) in
the case of the investigated merocyanines. Here, from HB238-C to HB238-A, the donor
component shifts by only AEN!S = 0.03 eV. Furthermore, the similar binding energies
that are obtained for the adsorbed merocyanines indicate similar bonding situations on the
Ag(100) surface. Thus, from the similar electronic structures of the adsorbed molecules
and the similar binding geometries, it can be concluded that any structural changes of
the molecular adsorption sites are presumably related to the lateral sterical demands of
the merocyanine molecules in the monolayer phases.
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11.2. The primary building units of the monolayer

The circumstance that the molecular packing of the molecules in the monolayer phases
can be altered by the length of the alkyl side groups was used to analyze the interplay of
interactions of the molecules with the Ag surface and the molecule-molecule interactions
in the structures. STM measurements, performed for different bias voltages, revealed that
all of the merocyanines form tetramers on the Ag(100) surface as schematically displayed
in Figure 11.2, below. These tetramers are the primary building units of all investigated
commensurate merocyanine phases. This molecular arrangement is stabilized by hydrogen
bonds that are formed between the CN groups and the H atoms, located at the thiophene
ring. Hence, each molecule of the tetramer is connected by two hydrogen bonds to two
neighboring molecules in the tetramer. Accordingly, the formation of tetramers implies
an enantiopure arrangement of the molecules in the tetramers, as otherwise, less hydrogen
bonds between neighboring molecules could be formed. As the alkyl side chains of the
merocyanines are located on the periphery of the tetramer, pointing away from the center,
they influence the lateral sterical demand of the merocyanine tetramers on the surface.
The impact of the altered sterical demand was analyzed by SPA-LEED measurements of
the merocyanine monolayers and revealed the formation of three distinct phases, formed
by different arrangements of the tetramers.

Interestingly, all of the observed phases, i.e., the a-phase, the ()-phase, and the small
a-phase, grow commensurate with the Ag(100) surface. The commensurability of the
structures was proven by high-resolution scans in which diffraction spots were analyzed,
which depict a superimposition of two or more diffraction spots of symmetry equivalent
domains. The results, in combination with temperature-dependent measurements, ver-
ify the commensurability of the structures. Hence, the lattice parameters reported in
Chapter 7 are only affected by the uncertainties of the Ag lattice constant that is at
25°C 4.08621 + 0.00016 A [74-76]. The SPA-LEED results also revealed the existence of
four symmetry equivalent domains, i.e., mirror and rotational domains, on the Ag(100)
surface. The information about the unit cell orientations to the underlying Ag surface
constitutes one of the requirements for the later structure model development from the

NIXSW data.

From the size of the unit cell and a unit cell content of four merocyanine molecules, it
could be deduced that the respective footprints of the merocyanines decrease from 16.75
Ag atoms per molecule in the a-phase to 16 Ag atoms per molecule in the ()-phase and
at least 14.5 Ag atoms per molecule in the small a-phase. The altered sterical demand
of the tetramers causes the tetramers to adsorb on the next equivalent adsorption site
on the surface to maintain the stability of the structure. This behavior led to the main
question addressed in this thesis, namely, the reasons for the commensurate growth of the
merocyanines regardless of the complex tetramer formation on the surface.
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11.3. The molecular adsorption sites

The question about the commensurability of the structure and thus, about the molecular
adsorption sites, was answered by NIXSW measurements. This was necessary, as STM
measurements provide only a rough estimation of the molecular arrangement in the unit
cells.

However, due to the large unit cell that includes a total number of four merocyanine
molecules, the experimental S1s, N1s, and Cls photoemission lines denote average signals
of 8 S atoms, 16 N atoms, and 68 —92 C atoms per unit cell. Accordingly, the arrangement
of the molecules in the unit cell was investigated by photoemission of the S1s orbital. This
is valid as the 2 S atoms of each molecule are sufficient to describe the lateral orientation
of the molecules in the monolayer. In addition, photoemission of the S1s orbitals has the
advantage of a higher photoemission yield compared to the Cls or Nls orbitals, as the
binding energy of the S1s orbital is with 2472.0+0.4 eV [74, 132] closer to the used Bragg
energies of the (200), (111), and (220) Bragg reflections.

For the NIXSW measurements, the focus was set on the determination of the adsorption
sites of the merocyanines in the a-phase and the small a-phase. As the merocyanines
HB238-A and HB238-B both form the a-phase, it was expected that both molecules
occupy the same adsorption sites on the Ag(100) surface. Hence, HB238-B was analyzed
exemplarily for the a-phase. As a representative for the small a-phase, the HB238-D
monolayers were measured. The presence of the correct phase was safeguarded by LEED
data.

As already indicated above, the individual S adsorption sites had to be deduced from
the average photoemission signal of the 8 S atoms per unit cell that was obtained from
the measurements. Experimentally, it was possible to distinguish between S atoms of the
donor and acceptor parts of the merocyanines, i.e., the S atoms in the thiophene ring
and the thiazole ring, respectively. This was done by exploiting the different binding
energies of the S atoms in the XPS spectra, which result from the neighboring electron-
donating and withdrawing groups. This binding energy difference was already observed
for the respective S2p spectra (see Chapter 7). However, there it is not resolved and
can only be deduced from the broad peak shape of the S2p photoemission line of the
merocyanine monolayer. The respective FWHM is 0.66 eV for the a-phase (HB238-
B) and 0.63 €V for the small a-phase (HB238-D). The binding energy difference of the
acceptor and donor components that were fitted to the S2p photoemission line results in
only AFEping = 0.26 £ 0.10 eV for HB238-B and 0.28 +0.10 eV for HB238-D.

Accordingly, the same behavior was observed for the Sls spectra, albeit with a different
binding energy difference between the donor and acceptor components. For the a-phase
(HB238-B), the binding energy difference amounts to AFEy;,q = 0.3740.10 eV and for the
small a-phase (HB238-D) to AFEyinq = 0.52 + 0.10 eV. The uncertainty in the resulting
Argand vectors due to the unresolved binding energy difference of the donor and acceptor
components is in a range of Ap. = 0.01 and A f. = 0.04. Please note that the errors of p.
and f. given in the summarizing tables, e.g., Table 8.4 refer only to those of the fit of the
photoemission yield curves and do not include the systematic error related to the binding
energy difference of the components. These errors specifically indicate the fit reliability.
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Figure 11.2.: Molecular structure of the merocyanine tetramer with indicated, symmetrically
nonequivalent S atoms. For the electron-donating group of the merocyanine, these are denoted
as Sp 1 and 2. Respectively, the S atoms of the electron accepting group are denoted as Sp 1
and 2. Color code: yellow (S atoms), blue (N atoms), gray (C atoms), white (H atoms), R (alkyl
side groups). Orange dotted lines indicate the hydrogen bonds that lead to the formation of the
enantiopure tetramers. Symmetry nonequivalent molecules are indicated by brighter and darker
colors.

For the determination of the molecular adsorption sites, the Cy symmetry of the structures
was taken into account. The presence of the C5 symmetry, i.e., the presence of two-fold
rotation axes, in combination with the presence of molecular tetramers, indicates the
existence of two pairs of symmetry nonequivalent molecules per tetramer, as indicated in
Figure 11.2 by brighter and darker colors of the molecules. These symmetry nonequivalent
molecules have different molecular adsorption sites. Thus, two nonequivalent donor Sp
and two nonequivalent acceptor Sp adsorption sites contribute to the donor and acceptor
photoemission lines obtained for each Bragg reflection. In Figure 11.2, these are denoted
as Sp 1, Sp 2 and Sp 1, Sy 2. Due to the different adsorption sites, the respective
S atoms, e.g., Sp 1 and Sp 2, exhibit different adsorption distances to the respective
(111) and (220) Bragg planes. Thus, the experimentally obtained coherent fractions are
decreased in contrast to the situation of only one donor and one acceptor adsorption site.
This decrease in the coherent fraction was needed to explain the experimentally obtained
Argand vectors.

To distinguish between the different adsorption sites of the nonequivalent Sp and Sa
atoms, the donor and acceptor Argand vectors, i.e., FS'"™, of the (200) Bragg reflection
were split into two Argand vectors (F5P!, F¥%) under the assumption that each component
itself has a higher vertical order (coherent fraction) compared to the average value. That
high coherent fractions of the individual components are very likely to be the case has
been indicated by Figure 9.7 of Chapter 9 for the example of ideal atop adsorption sites
of the S atoms. Accordingly, the (200) donor and acceptor components were split for a
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theoretical f. value of 1. Because the real value of the coherent fraction will most likely
deviate from 1, the adsorption heights of the S atoms resulting from the NIXSW analysis
might be over- and underestimated, respectively, by up to 0.1 A.

As all of the investigated merocyanines form four symmetry equivalent domains on the
Ag(100) surface, these had to be taken into account for the Argand vector calculation
for the (111) and (220) Bragg reflections. Equivalent to the existence of four domains,
the Argand vectors were calculated as an average value for the adsorption of the S atoms
with respect to four symmetry equivalent (111) and (220) Bragg planes, respectively.
The calculations considered the donor and acceptor adsorption sites of the S atoms to
be independent from each other, taking only the Cy symmetry of the structure into ac-
count. The adsorption sites were determined from systematic lateral variations of the
S positions starting from the atop positions on the Ag atoms, covering a broad range
of adsorption sites and adsorption site combinations. These variations were performed
manually. However, the calculations showed that, due to the four molecules per unit cell
and the existence of four symmetry equivalent domains, the calculated Argand vectors
are quite sensitive to lateral variations in the S positions. For the NIXSW data evalua-
tion of HB238-B and HB238-D, the maximum difference of the lateral positions that were
reasonable to explain the experimental data, was 34% and 11% of the Ag lattice constant,
respectively (see Figures 9.13 and 9.10 of Chapter 9).

Including all four molecules in the calculation, it was not possible to fit one molecular
arrangement perfectly to the experimental Argand vectors and to explain the other exper-
imental data in parallel. Accordingly, regions of acceptable deviations were defined in the
Argand diagrams. The finally resulting adsorption sites were defined as the average val-
ues of the lateral positions that correspond to the respective Argand vectors within these
regions. The author of this thesis is aware that more precise results of the adsorption sites
would possibly be obtained with an automated search of the S adsorption sites. However,
due to the complexity of the structure, i.e., a required lateral variation of the 4 different
S atoms in the structure (Sp 1, Sp 2, Sa 1, Sa 2) and a required agreement of the results
with the other experimental data, e.g., those from STM and LEED, the development of
such a routine is challenging and was not achievable within the time frame of this work.

The resulting adsorption sites were paired under the requirement of plausible intramolec-
ular S S distances and hydrogen bonds. The reference data, used for defining the plausible
bond lengths, were the corresponding distances from the crystal structures. These were
also measured as part of this thesis and are documented in Appendix B. Further, the
pairing was controlled and optimized by the feedback obtained from the structural models,
which had to agree with the contrasts observed in the STM data.

The developed structure models of the small a-phase of HB238-D (a) and the a-phase of
HB238-B (b) are again illustrated in Figure 11.3. At first glance, it is already apparent
that the molecular packing in both phases is quite condensed. This fact made it possible
to identify the correct enantiomer for the displayed domain because extensive overlaps
of neighboring tetramers had to be avoided, as they would cause a loss of interfacial
interactions. However, even though the a-phase of HB238-B exhibits the larger unit cell,
the longer alkyl side chains lead to a decreased amount of uncovered Ag surface per unit
cell compared to the small a-phase of HB238-D. This becomes especially true for the
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Figure 11.3.: Hard-sphere models of the small a-phase of HB238-D and the a-phase of HB238-B.
Models were developed from the experimental data and are identical to the models displayed in
Figures 9.14 and 9.11. Color code as in Figure 11.2, above. Molecules highlighted by a red or
yellow frame are used to explain the interactions between the tetramers. Please note that the
structure model of the a-phase describes a mirror domain compared to the HB238-A structures
displayed in Chapter 6. Black arrows in (a) are described in the text. In (a), pairs of bright,
yellow-framed molecules are located along the short superstructure lattice vector; in (b), these
are located along the long superstructure lattice vector. Gray shaded areas correspond to the
full van der Waals radii of the molecules.
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region in the center of the unit cell, where the alkyl chains of four molecules come close to
each other, stabilizing the structure by van der Waals interactions. Please note that the
experimental results do not provide information about the orientation of the alkyl side
chains. Thus, the orientations indicated in the structural models only show a plausible
possibility that was chosen under steric aspects.

In both structure models, the adsorption sites of the S atoms are found to be either
close to the atop positions of the Ag atoms or between the atop positions and the bridge
positions. A detailed discussion of these adsorption sites will follow below. The two
symmetry nonequivalent molecules per unit cell are, according to the experimental data,
located at different adsorption sites. In the structure models, these are visible as bright
and dark molecules. Apparently, as indicated by the molecules highlighted in yellow and
red, the molecular arrangements of the structures suggest that the interactions between
the tetramers might be more or less the same for both structures.

In the molecular arrangement derived for HB238-D (smaller alkyl side chains (Me groups)),
the red highlighted molecules can mainly interact with the molecules of the neighboring
tetramer by van der Waals interactions. These are exemplarily indicated in a simplified
manner in Figure 11.3 (a) by thin black arrows. Thus, the intermolecular interactions
between the two dark, red highlighted molecules are most likely much weaker than the
hydrogen bonds that stabilize the tetramers. For the red molecules, adsorption sites very
close to the atop positions are observed. The observed small deviations from the atop
positions might be due to repulsive interactions that might occur between the CN groups
of neighboring red molecules (also marked by a thin black arrow). This is supported by
the fact that these deviations vanish for the a-phase (see the red highlighted molecules in
Figure 11.3 (b)), in which the distance between the CN groups is larger.

Due to the molecular arrangement of the yellow molecules, their intermolecular interac-
tions are expected to be stronger than the interactions between the red molecules. This
can be deduced from the close contact of the donor and acceptor groups of the yellow
molecules, indicating the formation of additional hydrogen bonds and holds for both
phases. In Figure 11.3 (a), these possibly strong intermolecular interactions are indicated
by a thick black arrow between the yellow molecules. The S atoms of these molecules were
found to exhibit adsorption sites that deviate strongly from the atop positions on the Ag
atoms, thus altering the intramolecular S S distance. Instead, the S atoms are shifted
towards the bridge positions. These lateral shifts of the molecules might be a result of the
strong attractive intermolecular interactions between the yellow molecules. Accordingly,
the close contact of the yellow molecules might lead to an additional dimer formation.
For the a-phase, displayed in Figure 11.3 (b), the intermolecular interactions between the
yellow molecules can be expected to be weaker (compared to Figure 11.3 (a)) due to the
sterical demand of the nPr-groups of HB238-B. However, the distortion of the molecules
that is noticeable in an increased intramolecular S S distances might also be driven by
the hydrogen bonds between the molecules of the tetramer.

Accordingly, the lengths of the hydrogen bonds observed for the tetramers of the a-
phase are close to the bond lengths observed for similar structural motifs of the crystal
structures. The values obtained from the hard sphere models result in 3.0 A (+18%
deviation) and 2.4 A (—=6% deviation). For the small a-phase, the respective values result
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in 3.2 A (+25% deviation) and 2.3 A (=10% deviation from 2.56 A). For the values
of the crystal structures, please refer to Table B.1. However, the determined hydrogen
bond lengths only serve as a coarse reference, as changes in the ring structure were not
considered in the structural models. Hence, the estimated errors of the hydrogen bond
lengths determined from the structural models of the monolayer are in the range of 0.5 A.

Only the S S distances were determined as absolute values as they are obtained from the
NIXSW analysis. The S S distances result for the small a-phase in 3.0 A (—4% deviation)
and 2.9 A (=7% deviation from 3.13 A). For the a-phase, 3.0 A (=4% deviation from
3.12 A) was found for the S S distance of the red molecules, while the yellow molecules
were observed to be distorted with an S S distance of 3.9 A (+25% deviation).

11.4. The molecular arrangement in the ()-phase

At this stage, the reader might ask about the molecular arrangement in the @Q-phase,
which was experimentally observed as the only monolayer phase formed by HB238-C and
the thermodynamically more stable phase of HB238-D. Transferring the binding motifs
and adsorption sites found for the other two phases to the ()-phase, yields the molecular
arrangement displayed in Figure 11.4. Different from the a-phase and the small a-phase,
the tetramers must exhibit a four-fold symmetry as the ()-phase exhibits a P4 space group.
Accordingly, all molecules in the ()-phase are symmetrically equivalent and occupy the
same adsorption sites on the Ag(100) surface. However, for reasons of comparability with
the other structural models, the molecules in Figure 11.4 are also displayed by bright and
dark colors.

Please note that for obtaining this model, the adsorption sites of the dark molecules are
the same as in the small a-phase. The fact that only the lateral positions of the bright
molecules were adjusted is based on the following considerations, as the missing (220)
data for this phase did not allow for a triangulation: For the (111) Bragg reflection an
adsorption distance of z{41P = 1.63 4 0.01 A with a coherent fraction of f. = 0.61 % 0.01
was obtained. Accordingly, the difference to the data of the a-phase and the small a-phase
is small (max. Af, = 0.08 and Az1P = 0.05 A). The same holds for the data measured
at the (200) Bragg reflection. However, here, the @Q-phase of HB238-C is found to exhibit
an adsorption distance to the extended (200) Bragg plane that is by Azé}ng = 0.09 A
larger in comparison to the other two phases. In the a-phase and the small a-phase, larger
adsorption sites were found for S atoms located at the atop positions of the Ag atoms.
Hence, the larger Z%ED indicates that, in the ()-phase, the S atoms of all molecules are
located close to the atop positions. Accordingly, the bright molecules, which were shifted
towards the bridge positions for the other phases, were placed on the same adsorption
sites as the dark molecules for the structure model in Figure 11.4.

This molecular arrangement explains why the ()-phase is observed to be the more stable
phase of HB238-D. Comparable to the small a-phase of HB238-D, the yellow-framed
molecules are located such that they can form a hydrogen-bonded dimer. However, as
all molecules in the @)-phase are structurally equivalent, the same is observed for the
red molecules, making this structure more stable compared to the small a-phase. In
addition, the molecular packing in the ()-phase leaves less Ag surface uncovered, which
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Figure 11.4.: Hard-sphere model of the Q-phase. The model was developed in agreement with
the NIXSW data measured for HB238-C and the (200) and (111) Bragg reflections and the
structural models developed for the small a-phase and the a-phase (see Figure 11.3). Although
the same color coding was used as in Figure 11.3, the bright and dark molecules of the )-phase
are symmetry equivalent, hence, occupying the same adsorption sites on the Ag(100) surface.
This is necessary to fulfill the Cy symmetry of the P4 space group. This structural model was
drawn for HB238-D to provide a better comparison to the structural models above. Please be
reminded that the Q-phase is the more stable phase formed by HB238-D.

additionally increases layer stability by an increase of the van der Waals interactions.
Still, STM measurements at domain boundaries revealed the tetramers to be the most
stable building unit of the structure, as they showed no fragments of tetramers at the
domain edges.

11.5. S adsorption sites of other organic molecules

Let us now come back to the discussion of the S adsorption sites. For the merocyanine
structures, the S atoms located in the thiophene ring (donor component) and the S atom
located in the thiazole ring (acceptor component) were found to adsorb close to atop sites
of the underlying Ag surface. For laterally distorted molecules, a shift of the S adsorption
sites from the atop sites towards the bridge positions is observed. The adsorption heights
of the S atoms and hence the Ag-S distances were determined to be in a range between
2.5 A and 3.3 A. Accordingly, the Ag-S distances are by 6 — 29% shorter than the sum of
the van der Waals radii of Ag (1.7 A) and S (1.8 A), which is 3.5 A [108]. This indicates
that the bonding of the merocyanines in the monolayer has a chemisorptive character.
However, for chemisorptive and hence localized Ag-S bonds, 2.5 A to 3.3 A appears to be
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a broad spectrum of Ag-S binding distances. The explanation for this is possibly given by
the correlation of the Ag-S distances with the adsorption sites of the S atoms determined
by NIXSW.

For the example of the small a-phase (see Fig. 11.3), S atoms of red molecules that are
located close to the atop positions were found to adsorb in larger Ag-S distances (i.e., 2.9 A
and 3.1 A) than the yellow-framed distorted molecules (i.e., 2.5 A and 2.6 A). Due to the
larger Ag-S distance for S atoms at the atop positions, it can be concluded that these S
atoms bind more weakly to the Ag surface than the S atoms of the distorted molecules
that sit between the atop and bridge positions and exhibit smaller Ag-S distances. If those
values are compared to the literature, the following is found. Even the binding distances
obtained for the S adsorption at the Ag atop sites are smaller than the binding distances
of the weakly chemisorbed end-capped quarterthiophene (EC4T) for which Ag-S distances
of 3.16 A were observed [115]. As the S atoms of ECAT also adsorb at atop positions of the
Ag atoms [115], however, on the less reactive Ag(111) surface, the adsorption distances
are comparable and indicate that the merocyanines are more strongly chemisorbed than
ECAT. In case of the atop-bridge S atoms of the merocyanines, the even smaller adsorption
distances indicate a much stronger interfacial interaction that is definitely of chemisorptive
nature. Covalent Ag-S bonds as present in the bulk structure of Ag,S exhibit bond lengths
of 2.5 to 2.7 A [133] and are, hence, in the same range.

The reason that stronger Ag-S bonds are observed for those merocyanine molecules in the
structures that are stronger distorted by intermolecular interactions might be found in
exactly this detail. If the molecules are distorted, the w-system is weakened, which reduces
the ability of intramolecular charge transport. Accordingly, the surface bonding of these
molecules might get more pronounced to compensate for partial charges. The strong
bonding of the S atoms close to the bridge sites would also explain why a dissociation
of the merocyanine molecules in the monolayer is concluded from TPD experiments (see
Appendix D). This idea is supported by the preferred adsorption of molecular S (Sy) at
the higher coordinated adsorption sites of coinage metal surfaces [134, 135].
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The goal of the present thesis was to develop an understanding of the structure formation
of merocyanine layers at a metal interface. This was achieved by systematic measurements
studying the monolayer formation of a series of four structurally related, prototypical
merocyanines. The general molecular structures of the merocyanines are displayed in
Figure 12.1, which is a reprint of Figure 7.1 of Chapter 7. Here, R denotes the alkyl side
chains that were altered in length, ranging from Me groups (HB238-D) to nBu groups
(HB238-A). As the metal substrate, the Ag(100) surface was chosen, a non-reconstructed
surface of intermediate reactivity that limits the number of possible symmetry equivalent
domains to four.
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Figure 12.1.: Molecular structures of the merocyanines investigated in this thesis. R denotes
the alkyl side chains that were varied symmetrically from Me groups to nBu groups. Reprint of
Figure 7.1 of Chapter 7.

The molecular arrangement in the monolayer is dependent on the interplay between the
interfacial and the intermolecular interactions. Thus, both kinds of interactions were
experimentally investigated. STM and SPA-LEED measurements provided information
about the unit cell size, the unit cell orientation with respect to the Ag(100) surface,
and first information about the molecular arrangement. XPS and UPS measurements for
monolayers and multilayers delivered insights into the changes in the electronic structure
of the molecules in contact with the Ag surface. The data set was completed by NIXSW
measurements that determined exemplarily the adsorption height of HB238-A (R: nBu)
from the Ag(100) surface. Furthermore, for HB238-B (R: nPr) and HB238-D (R: Me),
the adsorption sites of the S atoms, and through this also the lateral arrangement of the
molecules, were investigated.

Due to the different alkyl side chains, the investigated merocyanines exhibit different
sterical demands and footprints on the Ag(100) surface. The different sterical demand
causes the formation of three different phases. All of these phases grow commensurate
with the underlying Ag(100) surface. Their structural information can be described as
follows:
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e a-phase:
The a-phase is formed by the merocyanines HB238-A and HB238-B, respectively.
Unit cell parameters: b; = 23.30 A, by, = 24.69 A, v =103.43°, Z =4
Space group: P2
Number of domains: 4

¢ ()-phase:
The @-phase is formed by the merocyanines HB238-C and HB238-D, respectively.
Unit cell parameters: by = 22.00 A, by, = 22.00 A, v =90°, Z =4
Space group: P4
Number of domains: 2

e small a-phase:
The small a-phase is the thermodynamically less stable phase of the merocyanine
HB238-D.
Unit cell parameters: b; = 23.82 A, by = 23.29 A, v=105.71°, Z =4
Space group: P2
Number of domains: 4

The molecular arrangement in the three phases is similar and dominated by the for-
mation of tetramers as the primary building blocks. These tetramers are enantiopure.
However, tetramers of the other enantiomer are found in the respective mirror domains.
The tetramers are formed by hydrogen bonds between four molecules that are adsorbed
in face-on orientation. To be more precise, the hydrogen bonds are formed between the
CN groups and the hydrogen atoms located on the neighboring molecule as indicated
in Figure 12.2. These hydrogen bonds are comparable to those of the binding motifs in
the bulk structures. In the a-phase of HB238-B and the small a-phase of HB238-D, the
lengths of the hydrogen bonds in the tertramers are in a range of 2.3 to 3.2 A (£0.5) A
(d(H---N)). Comparison of these values to the reported values in literature indicates that
these hydrogen bonds are likely weak, as the typical range of strong hydrogen bonds is
1.6 — 2.5 A [136].

Due to intermolecular interactions with the molecules of the neighboring tetramers, the
tetramers of the a-phase and the small a-phase are slightly distorted and exhibit a Cs
instead of a Cy symmetry. Accordingly, the molecules, indicated in Figure 12.2 by bright
and dark colors, occupy different adsorption sites on the Ag(100) surface. For the Q-
phase, the Cy symmetry of the tetramer is maintained, and all molecules of the tetramers
occupy the same adsorption site.

These adsorption sites of the investigated merocyanines are significantly determined by the
Ag-S bonds. Laterally, the two S atoms prefer to adsorb at atop positions of the Ag atoms.
Intermolecular interactions with the neighboring molecules lead to molecular distortions
noticeable in intramolecular S S distances that are thus at most 31 % larger than the
reference distances obtained from the crystal structures. The respective S adsorption
sites of the distorted molecules are shifted symmetrically away from the atop positions
in the direction of the bridge positions by a distance of 0.93 £+ 0.02 A (a-phase) and
0.70 £0.04 A (small a-phase), respectively.
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Figure 12.2.: Structure model of the tetramers (L enantiomer) formed as primary building units
of the three merocyanine phases mentioned above. R denotes the alkyl side chains of different
lengths. In the hard-sphere model on the right side, bright and dark colors indicate molecules
that adsorb, in the case of the a-phase and the small a-phase, on different adsorption sites on
the Ag(100) surface. Thus, for these phases, the tetramer exhibits a C symmetry. Presumably,
stronger and weaker hydrogen bonds are indicated by thick and thin orange dotted lines. Please
note that only the stronger (thick) hydrogen bonds are discussed in this thesis. The blue cycle
indicates the handedness of the tetramer.

The adsorption height of the S atoms, and hence the Ag-S distance, was determined to be
smaller for the atop-bridge S atoms (2.5 — 2.7 A) than for the atop S atoms (2.8 —3.1 A).
These Ag-S distances are far below the sum of the Ag and S van der Waals radii (3.5 A)
and are in the range of the covalent Ag-S bonds (2.5—2.7 A in Ag,S [133]). Consequently,
the strong Ag-S bonding is one of the main structure-determining bonding motifs of the
here investigated merocyanine structures.

Between the tetramers, the molecules interact by van der Waals interactions and by
further hydrogen bonds that are, however, considered to be weaker than the hydrogen
bonds stabilizing the tetramers. Still, these hydrogen bonds between the tetramers are
apparently strong enough to induce the above-mentioned molecular distortions, resulting
in the stretched S S distances. These interactions between the tetramers result in an
enantiopure tetramer arrangement and, further, in large domains. The arrangement of
the tetramers with respect to each other can be altered by the length of the alkyl side
chains, as already mentioned above, leading to the observation of the three distinct phases.

Let us now conclude the results of the present thesis. This thesis addressed the question of
the structure-determining interactions, interfacial and intermolecular, of the investigated
merocyanines on the Ag(100) surface. The results can be summarized as follows:

1. The strong interfacial interactions of the S atoms with the Ag surface are of covalent
character and determine the face-on orientation of the molecules in the monolayer
and the preferred adsorption sites. The Ag-S bonds are responsible for the com-
mensurate growth of the investigated phases.
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2. Strong intermolecular interactions, i.e., hydrogen bonds between the molecules, lead
to the formation of enantiopure tetramers as primary building units of the structures.

3. Additional intermolecular interactions, given by additional hydrogen bonds and van
der Waals interactions, lead to the observed enantiopure tetramer arrangement form-
ing large ordered and commensurate domains.

Accordingly, the strong interfacial interactions of the S atoms and the hydrogen bond
formation between the molecules are essential for the present merocyanine monolayer
structures. This knowledge might be used in further studies to modify the molecular
packing for tuning the layer properties, e.g., the charge-conducting behavior or the result-
ing optical properties.

Furthermore, the monolayer formation of merocyanines on dielectric layers such as KCl
could be investigated. As thin KCI layers are sufficient to decouple the molecules from
the underlying metal surface [117-119], they would allow for measuring, e.g., absorption
and fluorescence spectra of the monolayers in dependence on the molecular arrangement.
However, the results of this thesis strongly indicate that the presumably much weaker
interfacial interactions between the merocyanines and the KCI layer are not sufficient for
the formation of ordered merocyanine layers.
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ABSTRACT

We report on a speed-up data acquisition routine for recording intensities in reciprocal space (k-space) with increased scan speed by a single
point detector. It is designed for recording low energy electron diffraction (LEED) data with high resolution by a spot profile analysis LEED
instrument. It counteracts the problem of long acquisition times that are encountered when larger areas in the reciprocal space are scanned.
It exploits the fact that in typical LEED images of ordered surfaces, more than 90% of the data points in k-space belong to the low-intense
background, which is often not of interest. Only about 10% of the data points are related to the relevant diffraction features, namely, the
LEED spots. Often it is not necessary to measure the background with the same statistical significance as measuring those points that contain
information. The data points belonging to the LEED spots can be discriminated from those of the background by their higher intensities. An
acquisition routine that sets an increased gate time for the counting in response to higher intensities thus safeguards good statistics for data
points of the LEED spots and saves measurement time when recording data points of the background with small gate times. For typical LEED
images, a reduction of the total acquisition time by a factor of about 10 is obtained. We give examples of one- and two-dimensional scans
from current experiments, recorded with and without the speed-up routine. We further discuss how the routine supports the measurement

of energy dependent reciprocal space maps.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137991

INTRODUCTION

Low energy electron diffraction (LEED) is a widely applied
method for the determination of the crystallographic properties of
surfaces.' ~ The large majority of LEED instruments are based on a
spherical phosphorescent screen that is used for the detection of the
electron diffraction pattern.”® Today, the image on the screen is usu-
ally recorded by a camera located on the rear side of the transparent
screen (back view LEED). In the following, we name this version of
the instrument “optical LEED.” These LEED instruments serve for
the routine control of surface structures in surface science exper-
iments. In addition, they are used for recording the intensities of
LEED diffraction spots as a function of the electron energy for a
quantitative determination of the atomic coordinates at surfaces.” A
major advantage of optical LEED instruments is that they allow very

fast data acquisition, because the entire diffraction image is recorded
at once. One of their disadvantages, among others, is that the lateral
resolution in the diffraction space (k-space) is rather limited.

For obtaining high resolution in k-space, a specialized LEED
instrument, called spot profile analysis LEED (SPA-LEED), was
developed by Henzler and co-workers.” For a general overview
on the construction of the SPA-LEED, we refer the reader to the
review by Horn von-Hoegen.” This type of instrument was first
sold by Leybold GmbH, and then for many years by Omicron
Nanotechnology GmbH, and it is a widely used instrument in the
surface science community. Different from an optical LEED, a SPA-
LEED instrument deflects the incoming and scattered electrons by
an electrostatic deflection system. By varying the deflection volt-
ages, the diffraction pattern can be scanned in a point by point
mode across a small, circular aperture of 100 ym (or sometimes
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300 ym) in diameter. Behind the aperture, the scattered electrons
are detected by a channel electron multiplier (CEM). Due to a
large sample-to-aperture distance of ~30 cm and the smallness of
the aperture, the angular and, hence, the k-space resolution of the
SPA-LEED instrument is much larger than that of an optical LEED.
For SPA-LEED instruments, the parameter that characterizes the
k-space resolution, the so-called transfer width, can reach - under
ideal conditions - values of up to 2000 A, while only a value of 150 A
is typical of optical LEED instruments.”

The use of a CEM for counting the electrons in a single pulse
mode is very important because its high dynamic range from 0.1
to more than 10° counts per second (cps) allows a correct determi-
nation of the intensity profiles of diffraction spots as a function of
the momentum transfer parallel to the surface (k| ). The intensities
typically drop from the center of the spots to the background over
many orders of magnitude. In combination with the high k-space
resolution, a quantitative determination and subsequent analysis of
the spot profiles is thus possible. Under these advantages, the SPA-
LEED technique has been used for the investigation of a very wide
range of topics. Earlier work concerned, for example, surface defect
structures, long-range order, dislocation networks, and the high pre-
cision determination of small changes of surface lattice constants, as
reviewed in Refs. 9-11. Recently, SPA-LEED has been applied to the
investigation of organic mono- and multilayers,”” ' nanostructures
on surfaces, '* and different 2D materials.” "’

Over about the last 30 years, a number of technical improve-
ments on the SPA-LEED instrument were made.”’ To name are,
for example, the conical front end of the instrument for optimized
sample access and for in situ deposition during data acquisition,”’
a pulsed direct current heating for quasi field-free diffraction mea-
surements at high sample temperatures,’” and a program-controlled
setting of the electron energy for recording of reciprocal space
maps (RSMs).”””" However, one major drawback of the SPA-LEED
method was not overcome yet. As the SPA-LEED instrument is
based on a single point detector, the recording of the intensity dis-
tribution in reciprocal space requires scanning, which leads to long
data acquisition times. This aspect is addressed here.

For a typical 2D SPA-LEED diffraction pattern of 400 x 400
data points and a gate time of typically 0.5-5 ms per data point, a
total data acquisition time up to 15 min is required. For higher reso-
lution (more data points) and longer gate times, this may increase
to even a few hours for a single diffraction pattern. Obviously,
the acquisition of a series of 2D patterns, e.g., for varying elec-
tron energies, is, therefore, not only impractical but also often
impossible because changes in the surface structure occur during
the data acquisition. For spot profile analysis, the limitations are
smaller because usually only 1D sections of the reciprocal space
(line scans) are recorded, which allow acceptable measurement
times.

In the following, we present an approach to increase the speed
of measurements by SPA-LEED (with emphasis on 2D data acqui-
sition). By employing a routine that sets a variable gate time of
the counting process during scanning, we are able to speed up the
counting process by a factor of about 10, while we observe only a
minor or even negligible loss in the information content of the data.
The routine exploits the fact that, for an ordered surface, typically
more than 90% of the data points of the LEED image belong to
the background between the diffraction spots. The intensity of the
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background is typically a factor of 10°~10° smaller and exhibits only
a small lateral variation with k|, compared to the diffraction spots. In
most cases, one is not interested in the background, and the related
data points are considered to contain little information. The diffrac-
tion spots that bear valuable information typically comprise only
1%-10% of the data points of a 2D diffraction pattern, depending
on the width and density of the diffraction spots. Therefore, it may
be favorable to spend significant acquisition time on the relevant
data points and spend little time on data points of the background.
The price that is paid for the saved acquisition time is an increased
noise level for signals of low intensity, an aspect that we will discuss
in detail.

The described approach can be interpreted as a special case of
Shannon’s information entropy: the least frequently occurring data
points contain most of the information.”””® While this approach
appears to be straightforward, the main difficulty, as known from
algorithms for lossy data compression, is usually to decide which
data points are more relevant than others. In retrospective, this
can be decided from a cumulative distribution function (CDF).
However, to do so, the data have to be recorded first, before unim-
portant data points may be discarded. Fortunately, for SPA-LEED
data, the count rate observed at each data point is per se a direct
measure of the relevance of this respective data point within the
diffraction image, because, as said above, data points belonging to
the information containing spots exhibit significantly higher count
rates than the background. Thus, the data acquisition for a spe-
cific point of the diffraction image can be modified instantaneously
as soon as the intensity of the point is known. This is done by
the described speed-up routine. Of course, due to its design, the
routine is not useful for all kinds of measurement. It may, in par-
ticular, fail when structures with lower intensity with respect to
the background have to be discriminated or even be measured
quantitatively.

DESCRIPTION OF THE SPEED-UP ROUTINE

In the following, we describe the details of the speed-up routine.
A corresponding flow chart is given in Fig. 1. The speed-up routine
was implemented in the SPA-LEED acquisition software Win-SPA,
developed by one of the authors (P.K.).”” We suppose, although
we do not have firm evidence, that similar speed-up routines are
user-implemented in the data acquisition routines of other scanning
diffraction techniques (e.g., X-ray diffraction).

Prior to the scan, the user sets a gate time 7y that is valid for
all data points of the scan. However, after the software has set the
deflection voltages of the SPA-LEED to the values corresponding
to the specific point in the k-space, the counter is not started with
the gate time 7. Instead, as a first step, a short “pre-scan” with a
gate time Tpr is performed. We found 7pre = 0.15 ms to be useful,
but other values are, of course, possible. In a second step, from the
measured number of counts (Npre), the count rate fyre = Npre/Tpre
is calculated. From fpre the relevance of the data point is judged,
and on that basis a “required” gate time 7req is assigned. Because
the algorithm assigns a gate time 7req that is smaller than s to the
data points of the background, the total acquisition time for a scan
is reduced. The detailed algorithm for this assignment of 7¢q will be
explained further below.
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FIG. 1. Flowchart of the speed-up routine. The right branch represents the
standard case. For details see text.

If Treq > Tpres the program performs counting over a second
interval of Tpost = Treq — Tpre, Wherein Npost counts are measured.
Finally, the count rate (fexp) is calculated as

fexp = (Npre + Npost)/Treq = Ntrue/Treq (1)

and stored as one data point [ fex, (k| )]. We note that the overhead
for starting and stopping the counter, as well as for performing the
calculations, is negligible in comparison to the gate times 7req that
are typically >0.1 ms, since the counter operation of the presently
used 16 bit counter (compatible to intel 8254) is based on a 1 MHz
clock, thus allowing gate times in 1 ys increments.

The algorithm for the assignment of the required gate time 7req
from the count rate of the pre-scan (fpre) uses the following rules:

1. The required gate time 7req depends on two input variables,
the gate time s set by the user and the measured count rate
fore

2. In addition, two threshold count rate values, fryjow and
frihigh» are predefined, but can be altered by the user. A data
point with fpre below friow is considered to be irrelevant; a
data point with fyre above fruhigh is regarded as fully relevant.

3. Fully relevant data points are always measured with the full
user set gate time Tet.

4. Irrelevant data points are measured with a small gate time,
given by the smaller one of the two values, Tst and Tpre.

5. Data points with count rates fyre between frejow and frnigh
are considered to be of increasing relevance. In this transition
range, the required gate time 7yq is assigned by a monotonic
increasing function [7req(fpre )] that computes 7req for a given
value of fpre. The value of Treq increases from Tpre to Tser When
Spre varies from friijow tO frihigh-

6. For the unlikely case of Tt < Tpre, the required gate time is
equal to Ty, and no pre-scan is carried out.

ARTICLE scitation.org/journal/rsi

For defining the function Treq(fpre), which describes the tran-
sition range, it is useful to define the normalized count rate
a of fpre:

fpre - fTH,low

o=
Frithigh — fritiow

@

which varies from 0 to 1 when fpre varies from fryjow t0 frinigh-
Obviously, the choice of the function Treq(«) is not unique; the sim-
plest choice would be a step function that increases Treq from Tpre
to Ts at one threshold value fry. However, as the relative width
of the noise band (see below) depends on the absolute number of
counts (1/v/N = 1/y/fexp Treq)> and, hence, on 7req, @ smooth vari-
ation of Treq yields a smooth and continuous widening of the noise
band when scanning away from the center of the diffraction spots
into the background.

In Fig. 2, three examples of the function Treq(fu) are illus-
trated, which we describe below. At present, we have implemented a
quadratic increase of 7req according to

2
Treq = Tpre T & (Tset - Tpre)v (3)

This function yields a large reduction of the gate time at low
count rates. Alternatively, a linear function

Treq = Tpre + (X(Tset - Tpre)’ (4)

or a smooth step-like function

ifa <0.5,

5
ifa > 0.5, ©

Tpre + Zaz(Tset - Tpre)»
Treq = 2
Tpre + (1 - 2(“ - 1) )(Tset - Tpxe),

is possible. This latter function yields a differentiable transition from
Tpre t0 Tser. However, the quadratic function [Eq. (3)] yields a larger

0.8

in ms

req

0.4

T

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0

o

FIG. 2. Total gate time calculated for a data point as a function of the normalized
count rate e in the transition range for 7s¢; = 1 ms and 7pre = 0.1 ms. The numbers
on the curves correspond to the different possibilities of varying 7req as a function of
« that are described in the text.: (1) linear increase [Eq. (4)], (2) quadratic increase
[Eq. (3)], and (3) smooth transition [Eq. (5)]. For the examples presented here, we
used the quadratic increase.
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reduction of the measurement time. Roughly, one can infer that
the speed-up routine reduces the total acquisition time by a factor
of 1 —x % (1 — Tpre/Tset), Where x denotes the percentage of irrele-
vant data points. In more detail, the reduction of the acquisition
time depends also on the CDF of the specific diffraction pattern.
In practice, a small value of Tpe has to be chosen such that at
points of low intensities the number of counts during Ty is of the
order of one (Tpre X fexp #1). We experienced that for the quadratic
dependence of Treq [Eq. (3)] the acquisition time reduction in 2D
scans ranges from 60% to well over 90%, depending on the choice
of frijow and frinigh, as well as the sharpness of the diffraction
spots.

EXPERIMENTAL EXAMPLES

We start with an analysis of the impact of the speed-up rou-
tine on the noise in a 1D scan for didactic reasons. This information
helps to understand the role of the control parameters (frijow and
STHhign). We note ahead that, while the speed-up routine is most
useful for 2D scans, it is of less use for 1D scans because, there, the
reduction of the acquisition time is limited, and unwanted changes
in profile wings may result.

1D SPA-LEED scans

Figure 3 compares two 1D scans that were recorded on the
specular spot, i.e., the (0,0) spot of the Ag(100) surface without
and with the speed-up routine, i.e., for constant and for variable
gate times, calculated from Eq. (3), respectively. Both scans com-
prise 1000 points and were recorded for 7e = 10 ms. Thus, a ratio
Tset/ Tpre = 67 applies. The region of high count rates, where no gate
time reduction is performed, is marked as gray-shaded in Fig. 3.

The inverse full width at half maximum (FWHM) of the spot
(0.58% of the surface Brillouin zone, 100% = 27/2.89 A) corre-
sponds to a length of about ~500 A in real space, which is a typical
value for a well-prepared metal surface. When measuring 1D spot
profiles, not too much acquisition time can be saved by the speed-
up routine, because the scans extend only over a limited area of the
background. Recording the scan using the speed-up routine took 4 s
[Fig. 3(b)], while it took 16 s without it [Fig. 3(a)].

It is common to plot the intensity (fexp) on a logarithmic scale,
as this helps visualizing changes in the shoulder regions of the spots.
We also use the logarithmic scale for our profiles, but we display
the number of counts N instead of fexp, in order to discuss dis-
crete counting events. Importantly, both scans in Fig. 3 display N
for the gate time 7., independent of the fact that data points of scan
(b) were partly recorded under varying gate times (N = fexp X Teet ).
Thus, the data points in scan (b) are upscaled when the gate time
reduction is effective.

This has an important consequence. If we define the fac-
tor for reducing the gate time by €= Treq/Teet, the number of
truly measured counts (Nire) is Nuue = € x N, or, equivalently, as
Nirue = € X fexp X Tset [cf. Eq. (1)]. Hence, when the gate time reduc-
tion is effective, the truly measured number of counts is smaller by
the factor & (<1) with respect to the number of counts N displayed
in Fig. 3(b). This aspect explains the increase of the noise level for
the scan recorded with the speed-up routine.
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FIG. 3. 1D SPA-LEED scans of the specular, i.e., (0,0) spot of the Ag(100) surface
with a scan range comprising 1000 data points. Eyj, = 95.4 eV. This energy cor-
responds to a scattering phase S = 3.25 with respect to monoatomic steps. The
gate time 7t was 10 ms. The upper scan (a) was recorded with a constant gate
time, the lower scan (b) with a variable gate time using the speed-up routine. The
maximum count rate was 2 x 10% cps for both scans. For the speed-up routine,
threshold rates of fryjow = 300 cps and fripigh = 15000 cps were used. In the
gray-shaded region, the full gate time 7 is used; outside this region, the gate
time is reduced to 7req = € X 71, Where ¢ decreases from 1 to 0.2 from higher
to smaller count numbers. The full line represents a fit by a pseudo-Voigt func-
tion to the data in (a) (Nvoigt). This fit is used for both scans to calculate the
noise band: The thin lines indicate the upper and lower edges of the noise band
at Nyoigt + 1/1/€ x y/Nvoigt With e =1 and 0.2 in (a) and (b), respectively. The
thin red line in (b) represents a fit by a pseudo-Voigt function to the data in (b).
Note that under the gate time reduction, the displayed count number N is calcu-
lated from the number of truly counted events, N = ¢~ Nyye. For further details,
see text.

Noise in SPA-LEED scans

Before considering this effect in detail, we make a general
remark on the statistics. As the arrival of scattered electrons at
the detector constitutes a series of uncorrelated events of low fre-
quency (fexp S 1% 10%s7") relative to the inverse temporal duration
of the counting event (1/10 ns = 100 x 10° s™"), the number of elec-
trons N that are detected within a given gate time follows a Poisson
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distribution. This implies that the mean value (N) and the variance
(0%) of N are equal (N = 0%). Hence, the width of the “noise band”,
which can be estimated by the range between N — oy and N + oy is

proportional to VN.

However, when the data are displayed on the logarithmic
scale, the apparent width of the noise band is proportional
to 1/\/ﬁ This can be understood as follows: The upper and
lower border of the noise band around N can be estimated
by N+oy =N VN, and, hence, on the logarithmic scale, by
log (N + VN) = log (N(1 + 1/VN)) = log(N) + log (1 + 1/VN)
~ log (N) + 1/V/N. Thus, the width of the noise band on the
logarithmic scale is larger for smaller values of N. This effect is
clearly seen in the data displayed in Fig. 3(a).

For a quantitative discussion, we have fitted the data in
Fig. 3(a) by a pseudo-Voigt profile (Nvoig), i.e., by a sum of a
Lorentzian and a Gaussian of equal FWHM. We further indicated
the upper and lower borders of the noise band by thin lines at
Nvoigt £ 1/Nvoigt. This calculated noise band describes the experi-
mentally observed noise well. Its width increases for smaller count
numbers as expected. We note that the same aspect holds when the
intensities feyp are displayed, as long as these are calculated from the
counts for a fixed gate time T, i.€., fexp = N/Tset.

Increase of noise due to the speed-up routine

If now, due to the speed-up routine, the gate time is reduced by
a factor € < 1, the average of the (true) number of counts is reduced
by the same factor, and, as a consequence, the width of the noise
band on the logarithmic scale increases by a factor 1/\/e > 1. This
effect can be observed in Fig. 3 from the comparison of the noise
bands of the two scans outside the gray-shaded region where ¢ < 1
applies. There, the width of the noise band of the scan recorded
with variable gate times [Fig. 3(b)] increases stronger than that for
the scan recorded with constant gate time [Fig. 3(a)] due to the
additional factor of 1/+/.

For a further quantitative discussion, the threshold values that
determine the transition range need to be considered. For the
present example, these were set to frijow = 300 cps and frinigh
=15000 cps. These values correspond to 0.15% and 7.5% of the
maximal intensity. For the used value 74 = 10 ms, these threshold
intensities translate into threshold count values of Nty jow = 3 cnts
and Ntghigh = 150 cnts. These values are represented by horizon-
tal dashed lines in Fig. 3. The upper threshold defines the gray
region, where no gate time reduction is effective (N > Nty nigh,
e=1). As expected, the two scans and the respective noise are
identical there.

For data points of smaller count rates (outside the gray-shaded
area), which fall into the transition range, the noise in the scan
measured with variable gate time is increased vs that in the scan
measured with the constant gate time by the factor 1/\/e. Hereby,
it seems as if the number of data points in the scan measured with
variable gate time is reduced when N approaches the background
level. This is however, not true. The missing data points exhibit zero
counts and are thus not displayed on the logarithmic axis in Fig. 3.
‘When using the speed-up routine, the probability of such data points
with zero counts is strongly increased, due to the small value of the
prescan time Tpre.
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The increase of the noise for reduced gate times can also be
understood quantitatively to some extent. For the scan with reduced
gate time [Fig. 3(b)], & varies from 1 to 0.2. The lower, but still signif-
icant value of 0.2 in this example, results from the fact that already
a single count (Nye = 1) during Tpre, Yields a significant intensity
value of fyre = 1/Tpre = 1/0.15 ms = 6667 cps. This leads to a calcu-
lated count value of Ny = fyre x 10 ms = 67 cnts in Fig. 3(b), and Ny
is thus located well above the lower dashed line at Ny 1o = 3 cnts.
As a consequence of the small value of Ty, a value of fey, well above
frajow = 300 cps is already obtained for a single count. Accord-
ing to Eq. (2), a value of & = 0.433 of the normalized count rate is
received, and a gate time Treq = 2 ms is calculated by Eq. (3). This
minimal value of gate time 7req (and hence the minimal value of ¢,
namely, €min = Treq/Tset = 0.2) is a consequence of the small value of
Tpre, Which yields a significant value of fyre. Smaller values of Treq
are achieved for larger values of the lower threshold fry jow closer to
fore. However, too small values of Treq are impractical, because they
lead to a statistically unmeaningful too large scaling of the Nyue = 1
events by a large factor of €' (N = Nipue - £ ).

The lower threshold value Nty = 3 cnts affects those data
points where zero counts are recorded during the prescan. These
data points fall below fry 0w and are thus considered as irrelevant.
As a consequence, no further acquisition time is spent (7post = 0).
For small intensities, the probability to record zero counts dur-
ing Tpre increases, and an increasing fraction of the data points is
considered as irrelevant. As said above, these data points are not
displayed on the logarithmic scale, and the density of data points
thus only seems to be reduced at small intensities in Fig. 3(b), which
is not the case. However, the assignment of data points as irrele-
vant contributes significantly to the reduction of the total acquisition
time.

From the minimal gate time 7req =2 ms and Tet = 10 ms, a
minimal value of émin = Treq/Tset = 2 ms/10 ms = 0.2 results. Hence,
the largest broadening of the noise band with respect to that of
the scan, recorded for constant gate time is given by a factor of
1/+/€ = /5.0 = 2.2 for small count numbers. The agreement of the
theoretically expected noise band with the experimentally observed
one is illustrated in Fig. 3(b). There, the same pseudo-Voigt pro-
file as in Fig. 3(a) is shown, and the respective boarders of the noise

band at Nvoigt + 2.2 x /Nvoigt are indicated. We note that the value

of ¢! = 5.0 also explains why small N values are given by multiples

of 5 [N = integer(5.0 X Nire) ] in Fig. 3(b).

Influence on fitted profiles

Finally, we comment on the influence of the speed-up routine
on the fitting of the profile. For this purpose, the data in Fig. 3(b)
were also fitted by a pseudo-Voigt profile (red line). In the gray
shaded region, the fit comes very close to the one performed for the
scan recorded at constant gate time (gray full line). Only small dif-
ferences are seen, e.g., at the apex of the peak. However, in the wings
of the profile, outside the gray-shaded region, the fitted curve falls
significantly below the displayed data points. This is a consequence
of the high number of data points with N = 0 cnts recorded at low
intensities (not displayed on the logarithmic scale) when using the
speed-up routine. In principle, these data points exhibit a too high
statistical weight. [For this reason, the pseudo-Voigt profile derived
from the scan in Fig. 3(a) was used to calculate the noise band in

Rev. Sci. Instrum. 94, 064707 (2023); doi: 10.1063/5.0137991
Published under an exclusive license by AIP Publishing

94, 064707-5




A.1. "Increasing the scan speed in high resolution, low energy electron diffraction

measurements by presetting the gate time"

129

Review of
Scientific Instruments

Fig. 3(b)]. Quantitative peak fitting of profiles recorded with the
speed-up routine thus requires care when features in the wings of the
profiles are of interest. However, the spot positions and the FWHM
are robust.

2D SPA-LEED patterns

As a second example, we show a 2D SPA-LEED pattern of an
ordered phase of a large aromatic molecule on the Ag(100) surface
in Fig. 4. We selected this example because the unit cell of the super-
structure is very large (covering 67 Ag atoms), leading to many weak
superstructure spots in the pattern. The pattern covers the recip-
rocal space up to the diffraction spots of second order [e.g., (1,1)]
of the Ag(100) surface. For the details of this adsorbate, we refer
to Ref. 28.

The superstructure spots are sharp, but are partly faint, and,
often, two or even three spots are very close to each other. The
pattern on the left side (a) was recorded with a fixed gate time of
Tset = 20 ms, while the one on the right side (b) of Fig. 4 with a vari-
able gate time and T = 1 ms. Due to the saved acquisition time, an
increased number of points in k-space (by factor of 6.25) could be
measured. Furthermore, it was possible to oversample the pattern
by recording it over eight subsequent iterations. Hence, the inten-
sity of the data points in Fig. 4(b) corresponds to the total number of
counts recorded during the eight iterations. The threshold rates were
SrHlow = 200 cps and fripigh = 200000 cps, i.e., they differed by a
factor of 1000, which is also the ratio between the intensities of sub-
strate spots and superstructure spots. The right pattern (b) (recorded
with variable gate time) was measured within about 27 min; the left
one (a) required 34 min.

ARTICLE scitation.org/journal/rsi

The comparison of the two patterns reveals nearly no loss of
details by the use of variable gate times for (b) with respect to
(a), although some differences in the intensity distribution are vis-
ible for the very weak diffraction spots of the superstructure due
to statistical reasons. In addition, the integer order spots appear
to be broader. This is, however, only due to the settings of the
gray scale of the image that were optimized for the visibility of the
faint superstructure spots. These have intensities of the order of
2000 cps, corresponding to an average of 2 cnts during Tet = 1 ms.
Single counting events correspond to fyre = 6667 cps (as above),
leading to « =3%, and, hence, Treq ~ Tpre applies according to
Eq. (3). Hence, single counting events are displayed as N = fexp X Teet
=1 cnts/Treq X Tset # 1 CNtS/Tpre X Tget = 6.7 cnts. Remarkably, the
pattern recorded with the variable gate time is not missing the
fainter superstructure spots. We explain this by a combination of
two effects that increase the probability for recording counts at a
position in k-space with low intensity, namely, the eight-fold over-
sampling of the pattern, and the higher density of the data points in
k-space. Together, with the scaling of the single counting events by
a factor of 6.7, this yields a high probability that the small inten-
sity of the superstructure spots leads to significant counts in the
pattern.

Notably, the increased number of data points proves to be ben-
eficial for the quality of the diffraction pattern because it yields
a higher spatial resolution and a better visibility of all diffraction
spots. In addition, the oversampling by iterative recording of the
pattern leads to a reduced noise of the background and a better
contrast of the weaker spots, independent of the aspect whether the
speed-up routine is used or not. Without the use of the speed-up
routine scanning such a high number of data points as was done here

(b)

CeaBuEs e

FIG. 4. SPA-LEED patterns of the highly ordered commensurate a-phase of a merocyanine molecule on the Ag(100) surface. For the full details of this phase, we refer
to Ref. 28. Both patterns were recorded at 110 K and for an electron energy of Ey, = 80.9 eV. Due to experimental reasons, the coverages () were slightly different,
i.e., 8 =1.0 and 1.2 monolayers for the left and right pattern, respectively. The intensities are plotted on a logarithmic gray scale. The left pattern (a) was recorded for
reference purpose without the speed-up routine, using a fixed gate time 7t = 20 ms and 320 x 320 data points (no oversampling). The total acquisition time was 34 min.
The right pattern (b) was recorded using the speed-up routine (frijow = 200 cps and fripigh = 200 000 cps). Reflection range was 80 x 80 V2, with 1000 x 1000 data points,
gate time 7t = 1 ms, with eight-fold oversampling. Without the speed-up routine, the total acquisition time for this pattern would have amounted to 133 min; due to the
speed-up routine, an acquisition time of only 27 min was needed. The contrast and the brightness of both images were slightly optimized for better visibility. The comparison
demonstrates that the speed-up routine records nearly all of the superstructure spots. This is, in part, due to the eight-fold oversampling and the higher number of data points
underlying the scan. However, some loss of intensity occurs for the weaker diffraction spots, and the intensity profile of some substrate spots is modified.
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would require a non-acceptable acquisition time of several hours,
and, is, hence impossible to use. Therefore, the speed-up routine can
advantageously be used for scanning 2D patterns when the focus is
mainly on the positions of the spots and not on details of the spot
profiles. In the latter case, the routine is not appropriate for the same
reason as for 1D profiles.

Reciprocal space maps

As the final example for the use of the speed-up routine, we
consider a reciprocal space map (RSM). In short, RSMs are 2D
intensity maps in the k| -k, plane that comprise the reciprocal lat-
tice rods of the surface for appropriate orientations of kj. Figure 5
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FIG. 5. Reciprocal space maps (RSMs) of the Ag(100) surface along the [100]
=T M direction, with a scan range comprising 400 data points from —120% to
120% of the Brillouin zone. E;, was varied from 50 to 300 eV in 400 steps. The
gate time 75t was 4 ms. The upper RSM (a) was recorded with a fixed gate time,
while the lower (b), with variable gate times, using the speed-up routine. The max-
imum count rate was 4.5 x 10° cps. For the speed-up routine, threshold rates
of frjow = 500 cps and friypigh = 3000 cps were used. The total data acquisition
times were about 15 and 1 min for (a) and (b), respectively. The intensities are plot-
ted on a logarithmic, inverted gray scale. We note that there is a small, residual
barrel distortion due to an imperfect deskewing of the k| axis.
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illustrates an RSM for the Ag(100) surface. An RSM is measured
by recording a series of 1D line scans for a stepwise computer-
controlled increase of the kinetic energy Eyi,.”’ The smaller curva-
ture of the Ewald sphere of the SPA-LEED instrument, compared
to that of an optical LEED, is advantageous here and permits
that, at not too small energies, RSMs with negligible distortions
are obtained after converting the Ey;, axis to the k, axis. For the
details, we refer to the article by Meyer zu Heringdorf and Horn-von
Hoegen.”

The recording of RSMs suffers from the same restrictions by the
acquisition time as 2D scans. Figure 5 demonstrates that the recip-
rocal lattice rods, and, in particular, the intensity variation in the
direction of the Ey, axis, can be observed when the speed-up rou-
tine is used, although the statistics are less good. This is, however,
expected because the discussion of the statistics that we gave for the
1D scans above also applies here. The speed-up routine will thus be
advantageous whenever an RSM serves for checking for surface qual-
ity, facetting, or simply the surface orientation, and will facilitate the
acquisition of RSMs in general.

In addition, we have successfully tested that the reduction of the
acquisition time also allows one to measure 3D data cubes in recip-
rocal space, which are obtained by stacking 2D scans for a series of
kinetic energies. Recording such large datasets was prohibited so far
by the necessary acquisition times. The recording of data cubes is
attractive because from a subsequent integration of the intensities
in cylinders around the reciprocal lattice rods, intensity vs energy
curves (I-V curves) can be computed. Such I-V curves differ from
those that are recorded by optical LEED due to the difference in the
scattering geometries in SPA-LEED and optical LEED. This aspect
would have to be addressed in quantitative LEED-IV calculations
that simulate these I-V curves extracted from SPA-LEED data. Nev-
ertheless, the possibility of measuring I-V curves by SPA-LEED is
attractive, since its higher k-space resolution with respect to that of
an optical LEED is advantageous when data for large superstructures
where the spots are very close to each other, e.g,, as in Fig. 4, are
recorded.

CONCLUSIONS

We have introduced a speed-up routine in the SPA-LEED
acquisition software that can save about 90% of the acquisition time
when scanning 2D patterns or reciprocal space maps. We expect
it to be useful for fast preparatory or alignment scans. In addition,
it supports time critical data acquisition and permits recording 3D
data cubes within an acceptable time. Due to its nature, the routine
is less suited when quantitative scans of the wings of spot profiles
are considered. A similar restriction applies to the situation where
features of large and small intensity are of interest in parallel. Criti-
cal testing and adapting of the control parameters of the routine are
unavoidable then.
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The ability to control the structural properties of molecular layers is a key for the design and preparation
of organic electronic devices. While microscopic growth studies of planar, rigid and symmetric
n-conjugated molecules have been performed to a larger extent, this is less the case for elongated
donor—acceptor molecules with flexible functional groups, which are particularly interesting due to their
high dipole moments. Prototypical molecules of this type are merocyanines (MCs), which have been widely
studied for the use as efficient absorbers in organic photodetectors. For maximized light absorption and opti-
mized electronic properties the molecular arrangement which is affected by the initial assembly of the films at
the supporting substrate interface is decisive. The situation deserves special attention, when the surface
nucleation leads to so far not known and bulk-unlike aggregates. Here, we report on the growth of a typical
MC (HB238) on the Ag(100) surface, serving as the substrate. In the energetically preferred phase, the mole-
cules adsorb in a face-on geometry and organize in tetramers with a circular dipole arrangement. The tetra-
mers further self-order in large, enantiopure domains with a periodicity that is commensurate to the Ag(100)
surface, likely due to a specific bonding of the thiophene and thiazol rings to the Ag surface. Using scanning
tunneling microscopy (STM) in combination with low energy electron diffraction we derive the detailed struc-
ture of the tetramers. The center of the tetramer, which is most prominent in STM images, consists of four
upward pointing tert-butyl groups from four molecules. It is encircled by a ring of four hydrogen bonds
between terminal CN-groups and thiophene rings on neighboring molecules. In parallel, the surface inter-
action modifies the intramolecular dipole, which is revealed from photoemission spectroscopy. Hence, this
example shows how the surface template effect leads to an unforeseen molecular organization which is con-
siderably more complex compared to that in the bulk phases of HB238, which feature paired dipoles.

ponding sidegroups are marked in the structure A of Fig. 1(a).
As the methine bridge allows for charge transfer that leads to a

Merocyanine (MC) molecules are presently in the focus of
research for applications in organic photodetectors and
organic field effect transistors (OFETs)."™ The MC HB238 (2-
[5-(5-dibutyl-amino-thiophene-2-yl-methylene)-4-tert-butyl-5H-
thiazol-2-ylidene]-malononitrile), which we report on, constitu-
tes a prototypical MC.>” Its molecular structure is shown in
Fig. 1. Like other MCs, HB238 comprises an electron donor
and an electron acceptor group which are connected by a con-
jugated (poly-)methine bridge.® These groups and their corres-

“Clausius-Institut fiir Ph lische und Theoretische Chemie, Universitiit Bonn,
Wegelerstrafie 12, 53115 Bonn, Germany. E-mail: sokolowski@pc.uni-bonn.de
bDepartmenz Chemie, Universitdt zu Koln, GreinstrafSe 4-6, 50939 Kiln, Germany
tElectronic supplementary information (ESI) available. See DOI: https:/doi.org/
10.1039/d3nr00767g

This journal is © The Royal Society of Chemistry 2023

zwitterionic resonance structure B, MCs in general exhibit sig-
nificant electrostatic dipole moments and high oscillator
strengths.”® Concerning their application in optoelectronics,
the interest in MC films is based on the resulting high absorp-
tion coefficients combined with adjustable optical and charge
conducting properties."" However, these properties are not
only a consequence of the molecular structure, in particular
the m-system, alone, but are also strongly related to the mole-
cular packing. The latter can be altered, for instance, by a vari-
ation of the peripheral substituents (marked in gray in
Fig. 1(a)) and determines whether the optical properties
correspond to those of J- or H-aggregates.®”’

MC films can be prepared by spin coating or vacuum depo-
sition on solid substrates. In the latter case, the details of the
interfacial nucleation of the first layer and the subsequent film

Nanoscale, 2023,15,10319-10329 | 10319
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(a)| Donor

Acceptor

Fig. 1 Molecular structure of HB238 and schematic hard sphere model
of the molecule on the Ag(100) surface. (a) Neutral molecular structure
of HB238, A and its zwitterionic resonance structure B.2 Note that the
negative charge of structure B is delocalized across both of the CN-
groups. The red and blue colors indicate the donor and acceptor group,
respectively. Both are connected by a methine bridge which is marked in
green color; respective alkyl-side groups are marked in gray. (b) Top-
view of the two enantiomers (R and S) of HB238 due to the adsorption
in face-on orientation on the Ag(100) surface, with indicated geometric
dimensions (van der Waals radii reduced by a factor of 0.3). Structural
details of the molecule and of the lateral and azimuthal orientation on
the Ag(100) surface are chosen according to the later proposed struc-
ture model of the condensed phase (white: H, dark gray: C, blue: N, and
yellow: S atoms).

growth are of importance for the resulting molecular packing,
and thus the device properties. So far, this aspect has only
been investigated to a limited extent, although the structure
formation of MCs has been well studied for single crystals and
spin coated films of several nm thickness.>®'> Only few
growth studies on self-assembled MC monolayers at substrate
interfaces have been published,'*™** possibly, because MCs are
rather complex molecules, compared to other standard organic
semiconductor molecules, for which the adsorption on sur-
faces has been thoroughly investigated.'®™* In particular, MCs
are non-planar, of low symmetry, and exhibit non-rigid side-
groups with structural freedom. Thus, at first glance MCs are
less evident candidates for generating ordered structures on
surfaces. However, scanning tunneling microscopy (STM)
investigations on vacuum deposited MC layers revealed that
these may bear interesting aspects, e.g., dimer formation.>**"

This work presents an STM study on the adsorption and
ordering of the MC HB238 on the Ag(100) surface. Additional
low energy electron diffraction (LEED) data demonstrate that
the Ag(100) surface impressively acts as a template for the
lateral ordering, leading to a commensurate structure. This is
related to an interfacial interaction that we characterized by
UV- and X-ray-photoelectron spectroscopy (XPS/UPS).

Under Kkinetically hindered growth conditions, we find a
phase of HB238 with an edge-on orientation on the Ag(100)

10320 | Nanoscale, 2023, 15, 10319-10329
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substrate, which is similar to structures seen for bulk
phases.®” However, the thermodynamically favored phase is
one where the HB238 molecules adsorb in a face-on orien-
tation (Fig. 1(b)). The structure of this phase is unique, as it
differs considerably from those observed in the bulk phases.
There, the molecules arrange in antiparallel, non centro-sym-
metric dimers, which lead to a partial compensation of the
electrostatic dipole moments.*” On a second level, these
dimers form characteristic structures like quasi 1D columns or
2D brickwall patterns.®”’

Quite differently, on the Ag(100) surface, the HB238 mole-
cules order in a structure of tetramers that are composed of
four molecules of one single handedness. This ordering yields
a circular arrangement of the dipoles (a-phase). This fact is
interesting as HB238 is only a prochiral molecule, meaning
that upon adsorption on the surface in face-on orientation,
i.e., flat lying, it can have two different chiralities (R and S), as
illustrated in Fig. 1(b).>> The adsorbed molecules form enan-
tiopure domains which are found for both chiralities, i.e. a 2D
conglomerate. The growth of these requires the attachment of
molecules with the same chirality as it is preset by the growing
domain. The molecular arrangement in the surface layer is
determined by the molecule/surface interaction and inter-
molecular hydrogen bonds.

Experimental and computational
methods

The sample preparation and all subsequent experiments were
carried out under ultra high vacuum (UHV) conditions. The
HB238 molecules were deposited from a Knudsen cell onto the
clean Ag(100) single crystal surface. For the structural charac-
terization we used low energy electron diffraction (LEED), in
particular utilizing a special instrument, a so-called spot
profile analysis LEED instrument (SPA-LEED)*® which provides
a high resolution in diffraction space and low electron beam
currents. Furthermore, the layers were imaged by a scanning
tunneling microscope operated at deliberate low tunneling cur-
rents (I,). UPS and XPS measurements, were performed to
monitor the molecular orbitals and for the chemical character-
ization of the adsorbed HB238. Coverages () are given in
numbers of monolayers (ML) as defined in the ESLY
Additional details concerning the sample preparation, the
SPA-LEED method, the recording and evaluation of the STM
data, and the photoemission spectra are also described in the
ESLt

For an assignment of the molecular orbitals we performed
density functional theory (DFT) calculations. For this purpose,
the minimum energy structure for an isolated HB238 molecule
was obtained by performing DFT calculations for a large set of
conformers (few hundreds) which were obtained by using the
conformer-rotamer ensemble sampling tool (CREST).>* The
DFT calculations were performed with the program ORCA
4.2.1.”° Further details are given in the ESL}

This journal is © The Royal Society of Chemistry 2023
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Results and discussion
Growth start and layer formation

Fig. 2(a) shows an overview STM image of the Ag(100) surface
with a submonolayer coverage of HB238. After deposition at
room temperature, the sample was immediately cooled down
to 34 K. Numerous domains of two different ordered phases
are seen, which we call the a- and fB-phase in the following.
Domains of the a-phase are large (some hundreds of A in dia-
meter) and show a long-range ordered structure in STM
images of higher magnification, as for instance presented in
Fig. 2(b). In this phase the molecules are adsorbed in a face-on
orientation with respect to the surface (see Fig. 1(b)).

On the contrary, the domains of the p-phase are rather
small (only a few tens of A in diameter). They exhibit a short-
range ordered structure, as can be seen in the STM image of
Fig. 2(c). Differently to the o-phase, the domains of the
B-phase nucleate at step edges or at defects, such as small clus-
ters of impurities or HB238 itself. This can be seen in Fig. 2(a).

Molecular orientation in the f-phase

The B-phase is composed of elongated aggregates of different
widths. These exhibit a striped fine-structure with a periodicity
of 4.7 + 1.0 A, which fits to the intermolecular distance typical
for n-stacked MC molecules.’ This fine structure is visible in
Fig. 2(c), and at higher magnification in Fig. S2 in the ESLY
From this finding we propose that, in the f-phase the mole-
cules are in an edge-orientation of the n-system with respect to
the surface. In the ESIL,{ we show an overlay of the f-phase and
a tentative structure model, and side/top views of the molecule
in the proposed adsorption geometry. As the f-phase is less in
the focus of this work, we only report some of its details here.
In particular those, which set it apart from the a-phase.

The packing of the f-phase can be described as a coin-role-like
arrangement of coplanar n-stacked molecules, possibly related to

Paper

a coordination of the CN-groups to the Ag surface.”® The orien-
tation of the molecules (given by the edge side of the molecular
plane), with respect to the growth direction of the aggregates (axis
of the coin-roles) is inclined, with an angle varying from 40° to
50°. Hence, there are shifts between neighboring molecules in
the direction of the molecular planes and parallel to the surface,
which allow the aggregates to form compact domains without
leaving voids. These shifts lead to the varying widths of the aggre-
gates (perpendicular to the long axis). The exact molecular
arrangement within the aggregates is experimentally unresolved,
yet, because the STM tip only sees the edge sides of the molecules
and not the complete n-systems (as for the a-phase, see below),
and because no LEED pattern is received as a consequence of
only short range order. However, from the above, we deduce that
the packing in the B-phase follows a structural motif similar to
those observed for some of the bulk structures of HB238.%” For
further details of the p-phase we refer to the ESL.{

The p-phase is thermodynamically less stable than the
a-phase and exists only for temperatures below 110 K; at higher
temperatures it transforms into the a-phase. The latter phase
can be observed in the whole investigated temperature range of
25 to 350 K. However, prolonged annealing of the o-phase
initiates the formation of small three dimensional clusters of
HB238 at step edges or domain boundaries. This reveals that
the interfacial bonding to the surface is reversible, and that
both phases are thermodynamically unstable, but are kinetically
stabilized. However, for the a-phase the interfacial bonding to
the Ag(100) surface makes it a template that induces a non-
bulk-like molecular arrangement. This is described now.

Commensurability of the a-phase

Fig. 2(d) shows a section of the LEED pattern of the a-phase.?’
The specular spot is located in the lower left corner of the
pattern. The green vectors (a,;*, a,*) indicate the reciprocal
lattice vectors of the substrate. Due to the four fold symmetry

Fig. 2 STM images of HB238 on Ag(100) and LEED pattern of the commensurate a-phase. The color code of the STM images represents the topo-
graphic height profile at constant current. (a) Overview of a submonolayer. The image shows two large terraces of the surface with two different
ordered phases (a, p). One domain of each phase is marked exemplary (T = 34 K, Upias = —0.51 V; I, = 9.0 pA). (b) Small scale image of the a-phase
with face-on orientation of the molecules (T = 300 K, Upias = —1.51V; I = 5.5 pA). (c) Small scale image of the p-phase with edge-on orientation (tun-
neling conditions as in (a)). (d) Upper right quadrant of the deskewed a-phase LEED pattern (110 K; 6 = 1 ML; electron energy: 80.9 eV) including a
simulation of the diffraction spots. The reciprocal lattice vectors of the substrate are indicated in green. The LEED pattern results from four symmetry
equivalent domains which can be transferred into each other by a mirror operation (circles and squares of same color (red/blue)) or rotation (same
symbol, but different colors). The unit cell of one domain and its respective mirror domain are indicated in red and dark red color.

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 10319-10329 | 10321
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of the Ag(100) surface, one quarter of the LEED pattern already
contains all information.

The diffraction spots caused by the a-phase superstructure
are sharp and well resolved, which agrees with the conclusion
from STM that the domains of the a-phase extend over several
hundreds of A. The spots are very numerous such that the
diffracted intensity is strongly distributed in reciprocal space.
This effect leads to low intensities of the individual spots.

In one half of Fig. 2(d), the diffraction spots are overlain by
a kinematic simulation of the superstructure according to the
matrix given below. The simulated spots are marked by
squares and cycles in red and blue color in order to indicate
their origin from four symmetry equivalent domains. These
are due to the symmetry of the Ag(100) substrate and can be
transferred into each other by mirroring on the substrate
vectors or by rotations of 90°. As an example, the unit cells of
two domains related to each other by a mirror operation on
the a,* vector are indicated in red and dark red color. The red
unit cell is described by the reciprocal vectors b,* and b,*. The
corresponding matrix which denotes the vectors b, and b, of
the superstructure in real space with respect to the unit cell
vectors of the substrate (a,, a,) is obtained as

o= (5 3)(5) g

The integer numbers of the matrix elements identify the
o-phase to be commensurate, which implies that the translational
periodicity of the MC layer is controlled by the templating Ag
(100) surface. This result is firm, because due to the large unit
cell in real space and the resulting high number of close together
lying diffraction spots, even small deviations from these integer
numbers cause significant deviations of the simulated spot posi-
tions from the experimental ones, such that non-integer matrix
elements that are only close to integer numbers can be excluded.
The commensurability of the structure is a remarkable finding,
because it guarantees a unique set of adsorption sites for all
molecules in the complete layer. It reveals that the bonding
potential between HB238 in the a-phase and the Ag(100) surface
exhibits a lateral corrugation leading to preferred adsorption sites
of the molecule. This points to a chemisorptive character of the
interfacial bonding which will be discussed further below.

The length of the unit cell vectors of the a-phase in real
space result to b, = 23.30 Aand b, =24.69 A at a temperature
of 300 K. We note that the two vectors differ by 6% in length
and include an angle of 103.43°. Hence, the unit cell is not
quadratic but oblique. The point group of the unit cell is
identified as P211 (P2), and is given by the rotational symmetry
of the molecular arrangement (tetramers with a two-fold
rotational axis) that is described below. The unit cell covers 67
atoms of the Ag surface. From the size of the footprint of the
face-on oriented molecule (~15 Ag atoms, see Fig. 1(b)) we can
estimate that four face-on oriented HB238 molecules fit into
one unit cell. Due to the prochirality of HB238 a mirror oper-
ation between two domains is accompanied by a change of the
molecular chirality. Hence, two of the four symmetry equi-
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valent domains contain molecules of one chirality while the
opposite chirality is found in the two other domains. As we
will show by STM images, the domains of the a-phase are
enantiopure, i.e., all molecules are of the same handedness.

Surface bonding of HB238 to Ag(100)

For understanding the interfacial bonding we have performed
X-ray photoelectron spectroscopy. Two data sets are compared.
One has been acquired for a thick disordered film (multilayer)
that led to a complete attenuation of the photoelectrons from
the substrate. The other one probes a submonolayer (~0.5 ML)
of the a-phase for discerning the interfacial bonding. The
respective spectra of the S2p, N 1s, and C1s orbitals are dis-
played in Fig. 3. The use of a submonolayer safeguards that

E =270eV

S2p Y

multilayer

monolayer

# v LI 1 M 1 T
167 166 165 164 163
N1s L. E_=500 eV
multilayer v
BD
— i

monolayer

Intensity

403

C1s
multilayer

402 401

Ey =390 eV

monolayer

T T
290 289 288 287 286 285 284 283
Ebmdinev

Fig. 3 XPS spectra of a multilayer and a monolayer (~0.5 ML) of HB238
on Ag(100) showing the core levels of S2p, N1s, and Cls. Photon ener-
gies are denoted by E,. In addition fitted components and their sum
(black solid line) are shown. The vertical lines indicate the chemical
shifts of the components from the multilayer to the monolayer. The blue
and red color shading of the components indicates the assignment of
the peaks to the atoms (S and N) in the acceptor and donor groups,
respectively. Fitted shake-up satellites are represented by the lines in
turquoise color. For further details see text. S: satellite, BD: peak due to
beam damage.

This journal is © The Royal Society of Chemistry 2023
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multilayer effects are absent in the respective spectra.
However, for brevity we use the term “monolayer” in the
following.

We have fitted all spectra by consistent sets of principal
peaks, which resemble spectroscopically inequivalent atoms.
The fitted peaks are linear combinations of Lorentzian and
Gaussian peaks and were chosen on a basis of a semi-empiri-
cal approach in which some of the peaks comprise contri-
butions from several chemically different atoms which cannot
be separated spectroscopically, e.g., for the C1s orbital. For an
accurate fitting of the spectra it was necessary to include
additional shake-up satellites on the high binding energy side
of the principal peaks, marked by turquoise color in Fig. 3.
Such shake-up satellites are typical for m-conjugated mole-
cules.”® Errors bars of the fitted binding energies are +0.05 eV
(including systematical errors of the peak fitting).

In principle, all spectra are composed of two components.
One at higher binding energy and one at lower binding energy.
For the S2p and the N1s orbitals these are related to the donor
group (red shaded) and the acceptor group (blue shaded). In
the case of the S2p orbital both components correspond to a
doublet (S2ps/,/S2py,,) with a fixed spin-orbit splitting of 1.18 eV
and an internal area ratio of 2:1. For the Cls orbital, the
assignment of the components to the acceptor and donor
group is not strictly possible, hence they are marked as two
different gray shades in Fig. 3. The reason for this is that there
are numerous different chemical environments of the C
atoms, like they are occurring in, e.g, the aliphatic n-butyl and
tert-butyl groups, and the n-conjugated system.

The binding energy difference between the donor and
acceptor components can be explained as an initial state effect
partly related to the reduced and increased electron densities
on the respective groups. Therefore, this donor-acceptor split-
ting in the XP spectra can be seen as an indication for the
presence of an unbalanced charge distribution, resulting in an
electrostatic dipole, oriented from the negatively charged
acceptor to the positively charged donor group for the mole-
cules in the multilayer.

The area ratios of the two S2p doublets (1:1) and the prin-
cipal lines of the N1s orbital (1:3) are in agreement with the
expectations as they fit the number of respective atoms in the
donor and acceptor groups (¢f: Fig. 1(a)) for the multilayer and
the monolayer. (We note that the three different N-atoms in
the acceptor group cannot be discerned.) However, for the N1s
orbital a consistent fit of the multilayer spectrum requires an
additional peak located between the donor and the acceptor
peak at 399.76 eV, marked by “BD” (violet line in Fig. 3). This
peak increases with time of exposure to synchrotron radiation
at the expense of the two principal peaks and is related to
photoinduced modifications of HB238 (beam damage, BD).
The effect is more pronounced for the multilayer. For the
monolayer it could be avoided by using small intensities and
short exposure times (30 s). The fact that the monolayer is
much less affected is explained by fast interfacial transfer of
electrons from the Ag surface to the photoholes on all four N
atoms. Therefore, in accordance with the derived face-on

This journal is © The Royal Society of Chemistry 2023
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orientation in the monolayer, both the donor and acceptor
group of the HB238 are close to the Ag surface.

In comparison to the multilayer, the binding energies of all
components in the monolayer shift to smaller binding ener-
gies as indicated by the vertical lines in Fig. 3. For the donor
related peaks the shifts amount to —0.67 eV and —0.83 eV for
the S2p and N1s orbitals, respectively. Interestingly, the accep-
tor shifts are systematically smaller compared to the donor
shifts, and the respective values are —0.14 eV and —0.18 eV.
For the C1s orbitals the shifts of the high and low binding
energy components amount to —0.44 eV and —0.29 eV, respect-
ively. The much smaller ratio of the shifts for the C1s orbital
(only ~1.5 instead of ~4 as for the S2p and N1s) is conceivable,
as many chemical different environments of the C atoms exist,
as described above. For the S2p orbital, the donor and acceptor
peaks of the monolayer even coincide and cannot be discrimi-
nated (marked by a red/blue hatching). This points to a similar
local chemical environment of the donor and acceptor S atoms
on the Ag surface. Within the spectral resolution both peaks
are located at 164.07 eV. This binding energy is well compati-
ble with that observed for other S containing n-conjugated
molecules, e.g., thiophenes in face-on orientation on Ag sur-
faces (164.5 eV on Ag(111)*°).

The shifts can be explained by a combination of two effects.
Screening of the photohole by the metallic Ag substrate ( final
state effect) leads to smaller binding energies of both com-
ponents in the monolayer. Again, this implies a face-on orien-
tation of the molecules that brings both the acceptor and the
donor group close to the surface. The second effect is related
to charge transfer between the Ag surface and the donor and
acceptor groups, decreasing the absolute charges on the posi-
tively charged donor and the negatively charged acceptor
group. The effect reduces the donor-acceptor splitting present
for the multilayer, by shifting the donor and acceptor peaks in
opposite directions on the binding energy scale (i.e., to smaller
and higher binding energies, respectively). As a result of both
effects, smaller shifts (in the direction of smaller binding ener-
gies) of the acceptor than of the donor peaks result. These
differential shifts seen for the S2p, Nis, and Cis orbitals,
hence reveal that the internal electrostatic dipole is reduced,
or even removed, upon adsorption on the surface. This finding
is important because the so deduced underlying charge trans-
fer indicates that the interfacial bonding of HB238 to Ag(100)
is not only due to van der Waals interactions, but also of chemi-
sorptive nature involving charge transfer and possibly site
specific bonds. This is in agreement with the noted commen-
surability of the structure.

Electronic structure and tunneling contrast

In order to get further insight into the adsorption geometry,
we explain the contrast in the STM images of the a-phase in
more detail. To this end, we display a sequence of STM
images recorded at different bias voltages (Upias) from —0.10 to
—1.51 V in Fig. 4(a-c). All images were taken at constant tun-
neling current. Hence, they display the apparent topographic
height. The used Upi,s < 0 V corresponds to a tunneling out of
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Fig. 4 Comparison of bias voltage dependent STM images in constant current mode and DFT calculated orbitals. (a)—(c): STM images of the
a-phase as a function of the bias-voltage (100 A x 100 A). (d) and (f): HB238 molecule in gas phase with superimposed selected orbitals which are
considered for the explanation of the tunneling contrast. The tert-butyl group enlarged in the inserts of (d) and (f) contributes most to the tunneling
contrast due to its exposed position at a larger distance to the surface. (e) Height profiles recorded at different bias voltages and constant tunneling
current of 5 pA measured in horizontal direction crossing two of the four bright lobes (tert-butyl groups) and the dark areas of the above STM
images as indicated exemplary by the dashed line in (c). The profiles are vertically shifted against each other for clarity.

occupied states. The most prominent feature is a tetramer with
C, symmetry consisting of four bright lobes per unit cell that
is seen for all bias voltages. The structural assignment of these
four prominent lobes is a key to the understanding of the
entire structure. One lobe corresponds to one molecule which
was revealed from point defects in the periodic structure where
one or even two lobes were missing. From the small spatial
extension of the lobes we deduce that they cannot stem from
the extended n-system of HB238. Instead they must be related
to electronic states on the functional groups that are located
further away from the surface and face towards the vacuum.
Obvious candidates are the tert-butyl and the n-butyl groups
which are bonded to the molecular backbone by bonds with
rotational degrees of freedom (see Fig. 1 and S1t).

This assignment can be further probed by varying Up,s and
taking height profiles across the tetramers. Fig. 4(e) compares
height profiles as a function of Up,s for a constant tunneling
current of 5 pA. The apparent topographic height of the lobes
with respect to the positions of minimal height between the
tetramers (dark areas) varies only moderately, ie., between
0.45 A and 0.71 A for a variation of Upj,s from —0.10 to
—1.50 V. This reveals that the lobes are related to occupied
states further below the Fermi energy (Er), but do not belong
to an orbital with an energy close to Er (as expected for frontier
orbitals of the n-system), since no significant resonance effect
is seen in the tested range of Upj,s. In parallel, the more
extended structures between the tetramers, which we assign to
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the rest of the molecule, also change in shape and contrast
under the variation of Up;qas.

To support this interpretation we consider additional infor-
mation on the valence band states from ultra violet photo-
electron spectroscopy (UPS) and density functional theory
(DFT). Fig. 5 shows UPS data of the monolayer (a-phase) and,
for comparison, also of a multilayer, and the clean Ag(100)
surface. The binding energies of all spectra are referenced
versus Eg. For both the monolayer and the multilayer spectrum
we observe two distinct peaks in the range from 4 eV to
Er (0 eV). The peak closest to Er is located at 1.77 eV and
1.61 eV for the monolayer and the multilayer, respectively. We
assign theses peaks to the HOMO of the respective layers. A
second well-resolved peak, which we relate to the HOMO-1, is
found at 2.71 eV and 2.85 eV. There is a differential shift of the
binding energies of the HOMO and HOMO-1 of 0.30 eV from
the multilayer to the monolayer that brings the peaks closer to
each other. It indicates a chemical interaction between the
HB238 and the Ag(100) surface involving the HOMO and
HOMO-1. However, from comparison with the spectrum of
the clean surface we find no significant additional density of
states between the HOMO peak and Eg. This is dissimilar to
the situation of other, more strongly bonded r-conjugated
molecules,’® where additional intensity close to Ey indicates
occupied hybrid states related to the former LUMO and the Ag
states. At binding energies above 3.5 eV, the strong intensity of
the Ag4d band hides the molecular states of the monolayer

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 UPS spectra of a multilayer and a monolayer of HB238 on Ag(100). In addition, the spectrum for the clean Ag(100) surface is shown. The
spectra were recorded at normal emission using Hel radiation (21.2 eV). Experimentally determined work functions are given (®). The data are com-
pared to results obtained from DFT calculations. Energy levels of the orbitals of HB238 in the gas phase were calculated and are indicated by sticks
at the respective binding energies. For this purpose, the binding energies from DFT (with respect to the vacuum level) were corrected by the experi-
mentally determined work function of the HB238 multilayer spectrum (3.68 eV). The corresponding occupied orbitals and the LUMO and LUMO+1
are illustrated on the right hand side. The isosurface value corresponds to 0.02 per electrons per A3. Vertical lines indicate chemical shifts between

the multilayer and the monolayer.

that are expected in this energy range from the DFT calculation
(HOMO-2 to HOMO-5). In the multilayer spectrum, all these
latter states together form a broad and strong peak.

The orbital assignment is supported by DFT calculations
which were performed on isolated HB238 molecules for the
optimized structure of the molecule in the gas phase. In Fig. 5,
the DFT calculated energies of the six highest occupied orbi-
tals are given as a stick spectrum and, for better comparison
with the experimental data, as a spectrum where all levels are
represented by Gaussian peaks of a width fitted to that of the
experimental peaks (0.75 eV FWHM). Hereby, the vacuum level
of the DFT spectra was aligned to that of the multilayer, and is
located at Er + @, whereby @ denotes the work function of the
multilayer. For comparison with STM data the calculated iso-
spheres of the HOMO to the HOMO-5, the LUMO and
LUMO+1, and the corresponding energies are given on the
right hand side of Fig. 5.

Coming back to the interpretation of the STM contrast, we
propose that the lobes in the tetramers stem from the tert-
butyl groups that are, due to the tetrahedral bonding geometry,
located at a larger distance to the surface compared to the rest
of the molecule. The lobes are thus present due to a topo-
graphic contrast related to the tert-butyl groups although the
related orbitals are at rather large binding energies. The ampli-
tudes of the molecular orbitals as a function of increasing
binding energy are displayed in Fig. 5. The amplitudes on the
tert-butyl group are generally low, however they increase sig-

This journal is © The Royal Society of Chemistry 2023

nificantly from the HOMO to the HOMO-3/HOMO—4 (only
0.051 eV apart), which indicates the role of these orbitals for
the tunneling contrast.

The significant contribution of the HOMO-2 and particular
the HOMO-3 to the orbital amplitudes on the tert-butyl group
can be derived from a comparison of Fig. 4(d) and (f), where
the isospheres of the HOMO to HOMO-1 (d) and HOMO to
HOMO-3 orbitals (f) have been superposed. This contribution
explains the tunneling on the tert-butyl group resulting in a
high topographic contrast at its position. We note that the dis-
cussed orbitals, HOMO-2 (—4.280 eV) and HOMO-3/HOMO—4
(—4.417 eV/-4.68 eV), of the monolayer are all hidden by the
Ag4d states and cannot be discerned in the UPS spectrum.

Another argument for the tert-butyl group as the group
responsible for the tetramers is that, in the only plausible
alternative case of the n-butyl groups, we would have expected
to see two lobes per molecule, one for each n-butyl group. This
was, however, not the case. In addition, the related orbitals on
the n-butyl groups are located at significantly larger binding
energies (HOMO-5, —4.925 eV), making them inefficient for
tunneling.

The Tersoff~-Hamann interpretation®’ of STM explains why
orbitals at rather high binding energies and outside the tun-
neling gap can contribute to the tunneling contrast measured
at small bias voltages. The apparent height profile is given by a
constant local density of states (LDOS), whereby the LDOS has
to be integrated over the effective tunnel gap, ie., between
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Fig. 6 Hardsphere model of the adsorption geometry of the R enantio-
mer of HB238 within the unit cell of the a-phase on Ag(100). The two
pairs of symmetry equivalent molecules are distinguished by different
color shadings. (a) Hardsphere model and small scale STM image (T =
300 K; Upjas = —0.20 V; Iy = 0.05 nA). (b) Same structure model on the Ag
(100) substrate with indicated intermolecular hydrogen bonds stabilizing
the tetramers (lobes in light blue color). (c) Space-filling model. The dis-
played unit cell corresponds to the dark red colored unit cell given in
Fig. 2(d). For the translational position of the adsorbate unit cell with
respect to the substrate we refer to the text. van der Waals radii of (a)
and (b) are reduced by a factor of 0.3. Color code as in Fig. 2.
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Upias and Eg. The small tunneling currents used in our experi-
ments imply that the tip is at a large height with respect to the
surface, where the upward standing tert-butyl groups contrib-
ute dominantly to the LDOS compared to the rest of the mole-
cule. Hence, they strongly determine the tunneling contrast.
Hereby, the energetic broadening of molecular states due to
the interaction with the Ag states is important because it pro-
vides tails of the LDOS reaching further away from the orbital
energies into the tunnel gap. Due to this effect the LDOS on
the HOMO-1 to the HOMO-3/HOMO-4 on the tert-butyl
groups contributes to the tunneling, although from Fig. 5 the
positions of the related orbitals are found significantly below
the applied range of bias voltages of —0.10 V to —1.51 V.

Formation of the tetramers due to hydrogen bonds

Based on the location of the tert-butyl groups in the STM
images and the conclusions from the other spectroscopic tech-
niques, we propose a model for the molecular arrangement in
the o-phase, which is presented in Fig. 6. In panel (a) the
model is superimposed on a respective STM image, in panel
(b) on a hardsphere model of the Ag surface in order to illus-
trate the registry with respect to the surface and the inter-
molecular hydrogen bonds (light blue lobes). Finally, in panel
(c) the structure is shown as a space filling hardsphere model.
The interatomic distances and bonding angles of the HB238

32 Modifications of

were approximated by literature values.
these by the interfacial interaction are possible, but are likely
small.*>® Rotations between the molecular groups (e.g., between
the n-butyl chains and the tertiary N-atom on the donor) were
allowed for optimizing the structure in order to obtain the best
spatial arrangement and explanation of the STM contrast.

As discussed above and demonstrated again by Fig. 6(a) the
tert-butyl groups are located on the lobes of the tetramers. The
thiophene and the thiazole rings are in contact to the surface
in a face-on geometry, in agreement with XPS. Of course, small
tilts of the ring planes versus the surface are compatible with
the data. The tetramers are formed by four molecules of the
same handedness, leading to a circular arrangement. Any
hypothetic changes in the handedness would lead to repulsive
electrostatic interactions between the CN-groups of neighbor-
ing molecules, and, in addition, to arrangements that are
incompatible with the STM images. The positions of the four
molecules in a tetramer can approximately be obtained by 90°
rotations around the central lattice point. However, small
lateral offsets have to be taken into account, too. These cause
that the rotational symmetry of the tetramer is C,, instead of
C, (see Fig. 6(b)), and a P211 space group applies. Thus, the
tetramers consist of two pairs of symmetry equivalent mole-
cules which are marked by different color shadings in Fig. 6.
Besides the explanation of the prominent lobes by the tert-
butyl groups, the structure model explains further details in
the STM images. The dark areas with low topographic contrast
between the tetramers in the direction of the longer lattice
vector b, in Fig. 6(a) comply with areas of uncovered Ag
surface. Furthermore, the extended structures of intermediate

This journal is © The Royal Society of Chemistry 2023




A.2. "Chiral self-organized single 2D-layers of tetramers from a functional
donor-acceptor molecule by the surface template effect"

141

Nanoscale

topographic contrast in the middle of the unit cell can be
related to the molecular backbone including the terminal CN-
groups and the n-butyl chains.

For explaining the lateral packing we propose two types of
intermolecular bonds, which we denote as primary and sec-
ondary bonds. Both can be identified in the space filling hard-
sphere model of Fig. 6(c) from the contact points between the
molecules. In Fig. 6(b) the primary and presumably stronger
bonds are indicated by lobes of light blue color. These are
formed between one of the CN-groups of a HB238 molecule
and the close lying hydrogen atom located on the thiophene
ring of the neighboring molecule. The primary bonds stabilize
the tetramers and mark them as the building blocks of the
a-phase. We note again, that this attractive interaction between
oppositely charged groups of the molecules would be imposs-
ible, if not all molecules within a tetramer had the same hand-
edness. The secondary weaker bonds connect the tetramers
along both lattice vectors (b;, b,) by interactions between the
CN-groups and the n-butyl groups. Here, for the n-butyl groups
the situation is as follows. Due to strong polarization of the
carbon nitrogen bond, the strongest hydrogen bond can be
expected for the hydrogen atoms which are bound to the
carbon atom connected directly to the tertiary amine. For the
other hydrogen atoms of the n-butyl group considerably
weaker hydrogen bonds are expected.

Along the shorter lattice vector by, the tetramers are closer
(~5%) to each other, resulting in presumably stronger bonds
compared to the b, direction. Both, primary and secondary
bonds are related to interactions between the acceptor and
donor groups of HB238. Supposing that the molecular electro-
static dipole moment still exists to some, although reduced,
extent in the adsorbed layer, it provides an explanation for the
circular arrangement within the tetramers. The circular
arrangement leads to a mutual compensation of the electro-
static dipole moments which is energetically favored. The for-
mation of the tetramers for dipole compensation is thus an
alternative to the formation of molecular dimers in bulk
structures.>’

The lateral position of the monolayer with respect to the
Ag(100) surface has not been determined experimentally, yet.
However, our structure model suggests a registry wherein all
four molecules within the unit cell occupy similar adsorption
sites. As seen in Fig. 6(b), the two S atoms of the donor and
acceptor group are located on two very similar positions
(~bridge positions) around the four-fold hollow sites of the
Ag(100) surface. This fits to the conclusion from XPS and may
indicate that the sulfur atoms indeed play a important role for
the bonding of HB238 to the surface.

Conclusions

The observed f-phase of HB238 on the Ag(100) surface with a
coin-role-like arrangement of molecules is dominated by inter-
molecular interactions. This arrangement corresponds to the
structures found for some of the bulk phases of HB238.% The
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bonding of the edge-on oriented molecules to the surface plays
a lesser role here; short range ordered aggregates and domains
of only small size are found.

The existence of the second phase, the a-phase, with the
molecules in a face-on orientation is remarkable. Very differ-
ently to the B-phase, it is long range ordered and forms large
and nearly defect free domains. Due to entropical reasons, it
was unexpected that such a large and non-planar molecule, of
low symmetry and with rotatable side groups forms an ordered
structure on the Ag(100) surface. However, a highly ordered
and complex structure with chiral tetramers and enantiopure
domains containing molecules of one single handedness was
observed. The fact that only enantiopure domains are formed,
indicates that the molecules can change their handedness by
flipping when they bind to the rim of a growing domain on
the surface.

The lateral arrangement of the tetramers on the Ag(100)
surface constitutes a second aspect of interest, because the
structure is commensurate with the Ag(100) surface period-
icity. As a consequence, all tetramers exhibit identical adsorp-
tion sites on the Ag(100) surface. This is also somewhat unex-
pected because commensurate structures of large organic
molecules typically contain only one or two molecules per unit
cell.*** In those situations, the commensurability of the
structure can be understood from the preferential adsorption
site of the individual molecule. In the present situation, the
site is related to a minimum in the interfacial interaction
energy of all four constituting HB238 molecules under the
restriction of their lateral arrangement within the tetramer. As
explained above, we speculate that the sulfur atoms in the thio-
phene and thiazole rings contribute to the preference of these
distinct adsorption sites. This makes the surface to act as a
template.

Finally, we come back to the functionality of ordered MC
layers and films. One aspect is given by the structure related
optical properties.® The arrangement of the HB238 molecules
in tetramers implies circular aggregates of the transition
dipole moments which may lead to interesting optical
properties.'"*® Evidently, using such tetramers for optical or
electronic purposes requires to prepare them on wide-band
gap, non-metallic interfaces that do not strongly perturb or
even quench the molecular states. It is presently an open ques-
tion whether the interfacial bonding to non-metallic surfaces
(by van der Waals interactions) in combination with specific
kinetic growth conditions will also provide the growth of MC
tetramers. Besides the noted possibility to achieve a growth of
tetramers, this knowledge is important for the growth of MC
films, as it may reveal that the first layers of this type of mole-
cules generally exhibit interface controlled and bulk-unlike
structures.
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Additional Information on
Experimental Details and
DFT Calculations

Sample Preparation and Low En-
ergy Electron Diffraction (LEED)

All experiments were carried out under ul-
tra high vacuum (UHV) conditions at a base
pressure of 3x107!% mbar. The Ag(100) sur-
face was prepared by sputtering with Ar ions
for 20 min (1x107° mbar Ar, 1 keV, 5 pA,
300 K) and subsequent annealing at 600 K for
~30 min. The surface quality was controlled
by LEED. A multi-channel plate (MCP) LEED
manufactured by OCI Vacuum Microengineer-
ing was used for verifying the structural order
of the samples for the XPS/UPS and STM
measurements. A SPA-LEED manufactured
by Omicron NanoTechnology was used for de-
tailed structural analysis. The sample prepa-
ration was optimized to yield large terraces.
As a consequence of prolonged annealing, the
monoatomic Ag steps are partly pinned at seg-
regated surface impurities. This causes that
long step edges exhibit a curved shape as it can
be seen in Figure 2(a).

The HB238 was synthesized and purified
following the route of Biirckstiimmer et al.!
Photos of a three dimensional model are shown
in Figure S1 in order to illustrate its steric
structure. A homebuilt Knudsen cell was used
for the deposition of the HB238 using a cru-
cible temperature of 310 °C. During the depo-
sition, the Ag(100) sample was kept at room
temperature. Notably, at low sample tem-
peratures of about 110 K, no ordered struc-
tures were obtained due to kinetic reasons.
The deposition was controlled by a quadrupole
mass spectrometer, 200 Prisma of the com-
pany Balzer/Pfeiffer. Because the molecular
mass of HB238 (426.19 g/mol) exceeds the
range of this mass spectrometer, we monitored
m/z = 57 amu/e. Given coverages refer to
the coverage of one monolayer (1 ML) which
resembles a closed layer of face-on adsorbed
molecules in the a-phase. Typical deposition
rates were about 0.4 ML /min.

The SPA-LEED instrument was operated
at beam currents of about 1 nA. In order to
minimize the thermal background, the sample
was cooled by liquid nitrogen to 110 K. The
brightness and the contrast of the image shown
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Figure S1: Three dimensional model of HB238 (R enantiomer). The upward pointing tert-butyl
group which is responsible for the prominent lobes observed in the STM images of the a-phase,
is located in the upper right corner of each image. (a) Top view. (b) Inclined view. Color code:

white: H, black: C, blue: N, and yellow: S atoms.

in Figure 2(d) were adjusted, and an addi-
tional background subtraction was performed.
Prior to evaluation, the LEED patterns were
deskewed using a software package developed
by F. Sojka.? The parameters for the deskewing
were obtained from recording a SPA-LEED pat-
tern of the commensurate monolayer of PTCDA
on Ag(100).? The kinematic simulations of the
measured patterns were performed with the
programs Spot-Plotter* and LEEDLab.??

Scanning Tunneling Microscopy

STM-measurements were done with an
UHV 300 STM built by the company RHK
Technology and self-cut Pt/Ir-tips (90:10) in
constant current mode. Given bias voltages
Upias refer to the sample. The sample was
cooled by a reduced flow of liquid He to obtain
sample temperatures between 34 and 300 K. We
had to use very low tunneling currents I; of the
order of 5 to 10 pA to obtain stable imaging
conditions. At higher currents the molecules
were easily displaced by tip sample interactions
that are enhanced at smaller tip sample dis-
tances required for larger tunneling currents.
Routinely, we measured at negative bias volt-
ages. Measurements performed at positive bias
voltages were less stable, but provided compa-
rable structural information. For corrections

and evaluation of the STM data the software
Gwyddion® was used. For better visibility of
the molecular structures, the brightness and
contrast of the STM images were corrected.
Error lines, caused by noise, were removed by
the fractal correction of the Gwyddion pro-
gram.% The STM images were deskewed such
that the lattice fitted to the SPA-LEED data.
This procedure corrects the distortions caused
by the creep (drift caused by the piezoelectric
elements) and thermal drift. STM images of
the a-phase at high magnification were finally
processed by the correlation averaging tool of
the software WSxM.”

Photoemission Spectroscopy

UPS measurements were conducted with a he-
lium discharge lamp (He-I, 21.22 €V, at a bias
voltage of —8 V) at a pass energy of 2 eV,
with an energy resolution (as determined by
the width of the Fermi edge) of 110 meV, using
a Phoibos 100 hemispherical analyzer (manu-
factured by Specs) under normal emission. The
electron binding energy scale was calibrated us-
ing the Fermi edge of a cleaned gold substrate.
X-ray photoemission spectroscopy (XPS) mea-
surements were performed with synchrotron
light at the beamline 109 at the Diamond Light
Source. A hemispherical analyzer was used
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and electrons were collected within an emis-
sion cone of 56° and an average angle of 45°
with respect to the surface normal in the plane
of the polarization of the synchrotron light.
Photon energies (E,) were chosen such that
the kinetic energies of the photoelectrons were
about 100 eV. Indications for dissociation of
molecules upon adsorption were only marginal,
i.e., a small peak of about 6% of the total inten-
sity of the S2ps/, peak is observed at 161.75 eV
for the monolayer (outside the displayed range
of Figure 3). It is presumably related to a small
fraction of dissociated molecules at surface de-
fects.®

DFT Calculations

The minimum energy structure for an isolated
HB238 molecule was obtained by performing
density functional theory (DFT) calculations
on 356 conformers which were obtained by us-
ing the conformer-rotamer ensemble sampling
tool (CREST).? DFT calculations were per-
formed with the program ORCA 4.2.1%° us-
ing the Perdew-Burke-Ernzerhof (PBE)!! func-
tional and the def2-TZVPP basis sets.

Additional information con-
cerning the structure of the -
phase

The information content of STM data of the
[-phase is more limited, compared to the a-
phase, likely due to the edge-on orientation of
the molecules in this phase and makes struc-
tural conclusions more speculative. However,
here we amend some aspects that can be de-
rived from the spatial demand of the molecules
already.

Figures S2(a) and (b) display an STM im-
age of the f-phase and a respective zoom-in,
which is overlain by a model comprising five
molecules. Notable is the striped fine struc-

ture of the aggregates (in vertical direction of
Figs. S2(a)/(b)) with a periodicity of 4.7+1 A,

Figure S2: Small scale STM image of the -

phase and hardsphere model. (a) STM im-
age of the f-phase (T=40 K, Upjs——0.29 V;
I;=5.4 pA). The black arrows indicate the long
and short axes of the aggregate. (b) Zoom-
in of the region marked by the white frame in
(a) superimposed by a proposed model show-
ing five molecules. (c, d) Side- and top-view
of a hardsphere model of HB238 showing the
molecule in edge-on orientation with respect to
the Ag surface with indicated geometric dimen-
sions (van der Waals radii reduced by a factor
of 0.3). Structural details of the molecule, in
particular of the flexible side groups, and the
adsorption site on the Ag(100) surface are ex-
perimentally unconfirmed (white: H, dark gray:
C, blue: N, and yellow: S atoms).

which was already mentioned in the main text.
From comparison with the steric demand of a
molecule in an edge-on orientation with respect
to the surface, we conclude that this fine struc-
ture is related to a coplanar m-stacking of the
molecules. The geometric dimensions of one
molecule in this orientation are indicated in the
side- and top-views of the hardsphere model in
Figures S2(c) and (d). The estimated thickness
of the molecule in the direction perpendicular
to the m-system of ~ 4 A fits to the measured
spacing of 4.74+1 A. The molecule is oriented
with its CN-groups to the surface, which is
plausible from a chemical point of view.

In the direction of the stripes (horizontal di-
rection in Fig. S2(a)) the aggregates exhibit a
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width of ~15 or ~30 A which corresponds to
the length of one or two molecules in edge-on
orientation. An example for the former case is
given by the aggregates shown in Figure 2(c)
in the main text, whereas an example for the
latter is shown in Figure S2(b) (above). Hence,
we propose that the aggregates are stacks of
monomers or dimers. A clear topographic sep-
aration of the two molecules forming a dimer,
which is expected at about the middle of the
aggregate, is not seen (s. Fig. S2(b)). On the
other hand, the aggregates can be clearly dis-
tinguished from each other. A possible explana-
tion could be that the dimer formation is caused
by the intertwining of opposing n-butyl groups
from two molecules in tail-to-tail arrangement,
leading to a constant apparent height in the
STM image. Differently, the tert-butyl groups
pointing to the edges of the aggregate cause
a topographic separation from the neighboring
aggregates that is imaged. This is illustrated
in the tentative model in Figure S2(b).

The electrostatic interactions between neigh-
boring molecules and the sterical demand of
the tert-butyl-groups are the likely reasons that
disfavor a simple coin-role-like stacking of the
HB238 molecules. Thus, lateral shifts be-
tween the molecules in the direction of the
molecular axis and parallel to the surface oc-
cur. These varying shifts between the molecules
cause changes in the direction of the long axis
of the aggregates, which also lead to an inclina-
tion of the molecules with respect to the short
axis of the aggregate (e.g., by 40° to 50° in
Fig. S2(a)/(b)). As a result, the length of the
short axis of the aggregate (perpendicular to
the long one) can vary, which promotes a dense
packing of the aggregates into larger domains
(for examples cf. Fig. 2(c) in the main text).
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ABSTRACT: The carpet growth of alkali halide (AH) layers
across step edges of substrates enables the growth of seamless and
continuous large domains. Yet, information about how the AH
layer adapts continuously to the height difference between the
terraces on the two sides of a step is only described by continuum
models, which do not give details of the ionic displacements. Here,
we present a first study of thin epitaxial KC1(100) layers grown on
the Ag(111) surface by scanning tunneling microscopy that
provides atomistic details for the first time. Measurements were
performed at room temperature. Using a Cl™-decorated tip, we
resolved the ionic arrangement and hence the KCl lattice distortion
in the carpet growth region, in some cases even by imaging both
types of ions. Our findings demonstrate the ability of the KCI
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lattice to distort locally over a short distance of four KCI unit cells as a result of the attractive interaction between the ions and the
Ag atoms at and close to the steps. For Ag step edges covered by the KCI carpet, we observe a tendency to straighten along the
(110) direction of the KCl layer. In addition, the carpet growth induces the formation of Ag microterraces, i.e., the splitting of higher
Ag steps into multiple Ag steps of monatomic height during the KCI deposition at elevated temperatures. These microterraces have a
minimum width determined by an energetically preferred fitting to the KCI lattice and allow for the carpet growth, while growth

across higher Ag steps is not observed.
D ue to their wide bandgap, alkali halides (AH) offer the
opportunity to grow epitaxial, super thin dielectric layers
on metal surfaces. While layers of usually just two to three
monolayer thickness are still thin enough to allow for electrons
to tunnel through, they successfully prevent a hybridization of
orbitals of adsorbed molecules with the electronic states of the
underlying metal substrate.' > For this reason, AH films are
widely used to study the properties of electronically decoupled
molecules and their aggregates by scanning tunneling and also
by atomic force microscopy.”~” A controlled growth of the AH
layers is important in order to achieve sufficiently closed and
ordered films and hence the aspired properties. However, the
lattice mismatch between the AH and the substrate surface
causes a non trivial growth situation which strongly depends
on the specific material combination. For many combinations
of AH and substrates, a growth behavior called carpet growth is
observed that allows for a seamless growth of AH domains
across steps of the substrate.*™" Existing models for the carpet
growth use a continuum description from elasticity theory for
the AH layers in which the specific ionic positions are
unresolved.”'® However, as AH ions interact with local charges
at metal step edges,"*'*'” distortions of the AH films at step
edges are likely. Hence, a continuum model is expected to
provide only a coarse approximation of the situation.

© 2025 American Chemical Society
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In this Letter, we present a detailed atomistic model for the
carpet growth of KCI(100) on the Ag(111) surface, which
shows that a lattice distortion is indeed present and that it is
concentrated in two out of four KCI unit cells in the carpet
region at the steps. The ion positions were derived from STM
measurements with extremely high atomic resolution. We
describe the growth across single, double, and triple steps of
the Ag substrate. Two surprising features are seen for Ag step
edges which are overgrown by KCl: (i) Higher Ag steps (e.g,,
double or triple steps) split into monatomic steps and (ii) step
edges rearrange in their direction such that they follow the
polar (110) KCl lattice lines on a local scale. The originally
energetically unfavorable situation at the step edge hence
changes to one in which both the KCI lattice and the Ag
surface adapt to each other, favoring attractive interactions
between the ions and the step dipoles.
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The major reason for the occurrence of carpet growth is that
the AH film exhibits a different height for a monatomic layer
(ML) than the substrate material. Thus, for AH films thicker
than 1 ML, the vertical offset caused by a monatomic substrate
step leads to repulsive Coulomb interactions between the ions
on the upper and lower terrace at the step. This offset is
avoided by continuous carpet growth. It was first observed for
the growth of NaCl(100) layers on the semiconductor surface
Ge(100) by Schwennike et al.® Using a continuum model for
the AH layer, it was explained how the AH film grows
seamlessly across substrate steps and adapts to the new terrace
height like a uniform carpet.® In this model, the strained carpet
regions connect the undistorted domains on the upper and
lower substrate terraces and extend laterally and vertically over
many unit cells.® This keeps the unfavorable vertical bending of
the AH layer, which would otherwise create repulsive Coulomb
forces, small, but only at the expense of a loss of interfacial
binding energy in the areas close to the steps in which the AH
film is detached from the Ge surface.®

STM measurements on AH films of thicknesses up to three
atomic layers have reported widths for the strained carpet
region of 25 A for NaCl/Ge(lOO),18 15.7 A for NaCl/
Ag(100)," and 8 A for NaCl/Ag(111)."" Assuming a surface
lattice constant of ay,c; = 1/+/2 -ayy = 3.99 A" this implies
that the strain in the AH layer is distributed over a length of
two to six surface unit cells in the direction perpendicular to
the substrate step edge. Furthermore, a strain in the direction
parallel to the step edge could also be present but was not
resolved yet. A film thickness dependent width of the carpet
region was found by low energy electron diffraction measure-
ments for NaCl/Ge(100)* and NaCl/Ag(100)."° The increase
in the width of the carpet regions with the layer thickness
indicates a gradient of the lattice distortion of the AH layers in
the vertical direction.

Considering the carpet growth on metal surfaces, the
“smearing out” of the electron density at step edges, leading
to the Smulochowski dipole, also needs to be considered. It
can influence the ionic arrangement at the step edge. The
electron density excess at the lower step edge site and the
depletion at the upper one”® promote a growth mode with the
polar (110) direction of AH domains parallel to the step
edge.'” This is evidenced by the observation that domains
often nucleate at step edges,”'>*" either on the upper or the
lower step edge site, although this does not rigorously exclude
a growth starting at defects on terraces. A growth starting at
steps is also found for AH layers growing on-top of a 2 ML
thick wetting layer as, e.g, reported for KCl/Ag(100).'"*' Due
to the favored adsorption sites created by the Smulochowski
dipole and the resulting ion arrangement on the upper and
lower step edge sites, multilayer AH domains have the same
azimuthal orientation on the upper and lower terrace. This
promotes the seamless overgrowth of the steps and induces
carpet growth.

For the present reported experiments, sample preparation
and measurements were performed in ultra high vacuum at a
base pressure of 2 X 107'° mbar. The Ag(111) crystal was
cleaned by sputtering with argon ions (107> mbar argon, 1 kV
beam energy, S mA emission current) and subsequent
annealing at about 820 K. The KCl (purchased from VWR,
>99.5%, degassed in UHV) was deposited from a Knudsen cell
at 853 K while the sample was kept at an elevated temperature
of 403 K (+S K). Miihlpointner et al. found that this
temperature is the optimal one for gaining a minimum of

697

remaining bare Ag surface for a growth of KCI on Ag(100).>*
All measurements were performed at room temperature using
a tungsten tip on a ScientaOmicron VT-STM/AFM instru-
ment with a Nanonis controller. Given bias voltages (U,s)
refer to the sample. Images were recorded in constant current
(I,) mode.

We start by giving some general details about the growth of
KCl on Ag(111) before we focus on the carpet growth.
Monolayer thick wetting layers are rare for AH,'>* as these
would require stronger compensation of the ionic charges by
the respective mirror charges of the metal surface, compared to
AH bilayers. We exclusively observed two layer thick wetting
layers of KCI on Ag(111) for an overall coverage of about 2.5
ML that was chosen for our experiments. In addition, we
observed partly a third layer on top of the wetting layer.
Examples for 3 and 2 ML KCl layers are shown in Figure 1 (a)
and (b), respectively. The KCl domains were of up to few
hundreds of nm in size. Rare patches of uncovered Ag(111)
surface were used to determine the layer thickness. Although
the geometric single layer thickness derived from the 3D bulk
unit cell is 3.15 A,"***7*” measured layer heights are far below
the geometrically expected one due to the dielectric character
of KCL. For measurements in constant current mode, this
causes the tip to be less retracted from the surface for every
additional KCI layer. As will be discussed later, this leads to
different image contrasts for different layer heights of the AH
film. We obtain 2.94 + 0.04 A for the height of KCl bilayers
with respect to the Ag surface, while we measure a height of
1.66 + 0.01 A for a third monatomic layer grown on top of a
bilayer. This is in agreement with earlier reports for KCI on
Ag(100).>*

As mentioned above, an atomistic analysis of the carpet
growth requires knowledge about the ionic positions in the
carpet region and hence a very high resolution of the STM
measurements. Thus, we now comment on the STM
resolution and contrast that we achieve using decorated W-
tips. Figure 1 (a) shows an overview STM image with two
monatomic Ag steps, which are overgrown by a KCl domain of
3 ML height. For better visibility, Figure 1 (c) shows a
magnification of the ion arrangement at the Ag step edge.
From STM measurements reported for metallic and CI”
decorated W-tips,”” we conclude that the bright protrusions
observed in our STM images correspond to the positions of
the CI™ ions. Interestingly, for one set of tunneling parameters,
we were able to image both the K" and the CI™ ions
simultaneously, for KCI bilayers, as shown in Figure 1 (b), and
partly for the carpet growth regions of 3 ML domains as it is
visible in Figure 1 (c). In our measurements, this type of image
contrast was reproducible and stable.

To date, the simultaneous imaging of anions and cations was
only observed in rare cases, e.g., by Lauwaet et al."> for NaCl/
Au(111), and only for low temperatures of 4 K. To the best of
our knowledge, we report the first measurements of this kind at
room temperature. The difficulty for imaging both type of ions
is that tunneling with a metallic W-tip through its d2_-, p.-, or
s-orbitals, which all interact with the CI™ p_-orbitals of the KCI
layer, does not offer the spatial resolution needed.”® This
suggests that the W-tip in our measurements was decorated
with an adsorbed CI™ anion. This type of tip decoration was
analyzed for NaCl/Au(111) by Li et al.”® who found that the
imaging of either Na* or CI, or of both ions simultaneously
can be achieved for different tip—sample distances and hence
by an appropriate choice of the tunneling parameters. We

https://doi.org/10.1021/acs.jpclett.4c02809
J. Phys. Chem. Lett. 2025, 16, 696—702
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Figure 1. (a) Overview STM image of a KCl layer of 3 ML height
which grows across two Ag steps of monatomic height. (b) STM
image of a 2 ML KClI layer showing the positions of both ions
superimposed by a hard sphere model (Uy,;,, = —1.684 V, I, = 3 nA).
The STM image was measured at a different sample region than
images (a) and (c). The projected KCl bulk unit cell (dark blue), the
smaller KCI surface unit cell (white), and the lattice directions of KCI
are indicated. Color code: CI~ (green spheres), K* (red spheres). (c)
Magnification of the step edge area of (a) and indicated lattice
directions for KCI and Ag. Higher terraces are indicated by a brighter
color. As demonstrated by the dotted line in light blue, no lateral
shifts are observed between the domains on the upper and lower Ag
terrace. (d) Scatter plot (gray) and averaged line profile (red)
measured along the KCI [110] lattice direction across the monatomic
Ag step visible in (c). In (c) and (d), the width of the carpet region is
indicated by the solid line in light blue. Uy, = —=1.3 V, I, = 0.56 nA.
For further details, see text.

achieve the same variation of the contrast when we keep the
tunneling parameters constant but measure AH films of
different thicknesses. This can be derived from line profiles
extracted from the image of Figure 2 (c) (displayed in Figure
S1 of the Supporting Information (SI)). These show a much
higher atomic corrugation for the CI™ ions of the third layer
(52.7 + 2.6 pm) compared to those in the KCl bilayer (14.7 +
1.8 pm). The reason for this is that the overlap between the
CI™ p,-orbital of the tip and the p,-orbitals of the ionic layer
increases when the tip—sample distance is decreased, as it
occurs for tunneling on the third layer for the same I, set
point.”> Because of this increased contrast for 3 ML KCl
domains, we focus on these to study the carpet growth.

In Figure 1 (c), sections of the step edge following the polar
(110) and nonpolar (010) KCI lattice lines mentioned above
are indicated by solid and dotted black lines, respectively. As
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expected from the orientation effect related to the
Smulochowski dipole, we find that the domains on the
different terraces displayed in Figure 1 (a) and (c) have the
same orientation, and we observe large sections in which the
Ag steps run parallel to the polar (110) lattice lines of the KCI
layer. The AH layer thickness of 3 ML on both sides of the
monatomic Ag step is hence an example of a situation in which
carpet growth is expected to occur. An experimental evidence
for this is that we find CI” ions of intermediate height contrast
for four unit cells, marked by the light blue solid line in Figure
1 (b), in the region attached to the Ag step. A respective line
profile is displayed in Figure 1 (d). This shows that the KCI
film is vertically lifted from the lower terrace in a region close
to the step edge, which we consider as the carpet region in the
following. We note that we describe the exact positions of the
ions in the carpet region below.

Before this, we discuss the fact that the KCl lattice is laterally
strained due to the carpet growth and its possible impact. From
the values of the bulk structure unit cells which are at 25 °C
4.0856 + 0.0020 A for Ag'”*°7>* and 62915 + 0.0036 A for
KCL'"**™>7 we expect the KCI(100) surface lattice constant

(1/N2-agq = 445A) to be 1.54 times larger than the
Ag(111) surface lattice constant (1/\/5-11Ag =2.89A). For

clarity, the on the KCI(100) surface projected KCl bulk unit
cell (dark blue) and the KCI(100) surface unit cell (white) are
indicated in Figure 1 (b). For the KCI(100) lattice on the
terrace but in a range of 15 nm adjacent to the strained carpet
growth region, we obtained lattice constants of 4.29 + 0.06 A
parallel to the Ag step edges and a lattice constant of 4.34 +
0.07 A perpendicular to the Ag step edges. For a detailed
description of the determination method and comments about
the errors, we refer to the SI. The difference of 1% between the
two lattice constants is within the error range of our
measurements and should be considered with care. However,
the contraction of about 3% compared to the bulk derived
lattice constant (4.45 A) is beyond the error range, and hence,
we consider this to be a result of a lateral distortion of the KCI
lattice on the Ag(111) surface. The contraction is surprising as
it causes stress in the ionic layer.

In the following, we draw some conclusions on a possible
commensurability of the KCl lattice to the Ag(111) surface in
the directions parallel and perpendicular to the Ag steps. The
discussion of a possible commensurability is motivated,
because it may be partly the driving force for the observed
lateral contraction of the KCI lattice. Parallel to the steps, the
polar KCI [110] lattice direction is parallel to the Ag (110)
lattice line. In this direction, a commensurate growth of second
order would be possible for a KCl lattice constant of 4.33 A,
which is within the error range of the measured lattice constant
(429 + 0.06 A). This would favor a straightening of the Ag
step edges along the KCI [110] direction, as observed in our
measurements. For a respective model, we refer to Figure 3
(c), below.

In the direction perpendicular to the Ag steps, the [110]
direction of the KCl lattice is parallel to the Ag (112) lattice
line (Figure 1 (c)). As the periodicity of the Ag lattice in the
(112) direction can be described by a lattice constant of

\/ngAg =5.00 A (cf. Figure 3 (c)), a commensurate KCI
growth of eighth order could occur on the terraces for a KCI
[110] lattice constant of 4.38 A. This would be within the error
range of our measurements, but due to the high order of

https://doi.org/10.1021/acs.jpclett.4c02809
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Figure 2. (a) Overview STM image showing different rotational domains of KCl beside bare Ag patches on the lower terrace (left side) and a KCI
layer of 3 ML height growing from the upper terrace across the Ag double step in a carpet like growth mode. Domain orientations are indicated by
white crosses, whose lines follow the polar lattice lines of KCI. In (a), (b), and (c), the carpet width is indicated by a blue solid line. (b) STM image
and line profiles showing the carpet growth across the split Ag double step displayed in (a). The KCl layer is of 3 ML thickness. (c) STM image and
line profiles showing the growth of a KCI layer across a Ag triple step. The image was taken in a different sample region than (a). The KCl layer on
the left side is of 2 ML, the layer on the right side of 3 ML thickness. Step and height indication are as above. In (b) and (c), microterraces are
indicated by black markers along the blue solid line indicating the carpet width. Line profiles are given as a scatter plot, with the averaged data

displayed in red. Uy, = —1.684 V, I, = 3 nA.

commensurability, we expect only a low impact on the
orientation of the KCl domains.

However, a monatomic Ag step causes a shift between the
Ag terraces which equals one row of Ag atoms in the (112)

direction. This shift (0.5 \/g -aAg) decreases the order of

commensurability perpendicular to the steps from eighth to
fourth, but only for the carpet growth region, connecting both
Ag terraces. This might hence explain why the width of the
carpet region equals four KCl unit cells in our experiments.
Furthermore, it might be an additional reason for the lateral
distortion in the carpet growth region, which we report below.
As an interim summary, we state that a commensurate growth
parallel to and to some extent also perpendicular to the Ag
steps may play a role in the observed lattice contraction and
width of the carpet region.

Beside the growth across Ag single steps discussed so far, the
carpet growth also proceeds across higher Ag steps, which we
will discuss now. As an example, Figure 2 (a) and (b) shows a
Ag double step which is partly overgrown by a KCl layer of 3
ML height. Figure 2 (c) shows a Ag triple step overgrown by
both a KCI bilayer (left side) and a KCI triple layer (right
side). In Figure 2 (a), we observe a wetting layer of 2 ML
thickness on the upper terrace, which is partly covered by a
third layer. The white crosses in Figure 2 (a) indicate the polar
directions of the KCl lattice and thus the domain orientations.
The third layer grows in registry with the wetting layer, and no
change in the orientation is observed. Furthermore, as
indicated by the dotted line in light blue, this domain grows
across the Ag double step and continues on the lower Ag
terrace without a lateral shift. The carpet region is indicated by
a solid line in light blue. The two adjacent KCI domains on the
lower Ag terrace of Figure 2 (a), on the other hand, do not
overgrow the Ag double step as evident from their different

699

orientations. As most KCl domains start growing at Ag steps,
which are in (110) orientation, angles between KCl domains
on Ag(111) are found to be multiples of 30°.

Figure 2 (b) shows a magnification of the carpet growth
region of Figure 2 (a) and the respective line profiles given as a
scatter plot. As Figure 2 (a) reveals, we observe that the double
step is maintained as a (not split) double step for those regions
where it is not overgrown by a KCl carpet but where it only
constitutes a boundary of the KCI domains. This is important
because higher Ag steps which are overgrown by a coherent
KCI domain generally split into multiple single steps. This
splitting is indicated by the black markers on the light blue
lines indicating the carpet region in (b) and (c). The so
formed microterraces between two monatomic Ag steps are of
about 13 A in width. This equals the width of three KCI unit
cells and hence also the number of KCl unit cells in the carpet
region of a single step minus one (see above). An example of
the growth across a Ag triple step and respective line profiles
are shown in Figure 2 (c). Although, we observe kink sites and
hence changes in the course of the step, the microterraces
never have a width of less than 13 A. Thus, we can conclude
that a carpet growth on Ag(111) only exists for monatomic Ag
steps. In case of higher Ag steps, i.e., double and triple steps,
the Ag steps split and form microterraces which allow for the
carpet growth. We assume that this step splitting occurs during
the KCl deposition at the elevated sample temperature
(403 K).

To obtain an atomistic structure model for the strained
carpet region, we analyzed profiles measured along the polar
KCl (110) direction perpendicular to Ag single and triple
steps. These are shown in Figures 3 (a) and (b). The data are
displayed as averaged profiles (red lines) of at least six
individual scans and compared to hard sphere models. The
respective scatter plots are displayed in Figure 1 (d) and 2 (c).

https://doi.org/10.1021/acs.jpclett.4c02809
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Figure 3. Averaged STM height profiles (red line) and hard sphere
models of the carpet growth of a 3 ML KClI layer measured along the
KCl [110], and accordingly the Ag [112], direction across a
monatomic Ag step (a) and across a Ag step of 3 layer height with
induced microterracing (b). Color code as indicated. Atoms in the
background are indicated by fainter (K/Cl) or darker (Ag) color.
Different green shades highlight CI”™ ions in structurally similar
positions within the carpet region. Thick and thin black arrows
indicate exemplary stronger and less strained unit cells in the carpet
region, respectively. In (a), the step dipole and the image charges are
indicated. Uy, = —1.684 V, I, = 3 nA. The vertical offset of the
profiles with respect to the models is subject to some arbitrariness.
The top view (c) refers to the monatomic Ag step illustrated in (a) on
a reduced scale. The star symbol marks rows of Cl~ ions with similar
adsorption sites adjacent to the carpet region.

Coordinates (x, z) of the Cl™ ions are directly derived from the
maxima in the profiles. This assumes that electronic effects at
the step edge have only a minor influence on the height profile.
Cl” ions on the terraces are displayed by a dark green color.
For better visibility, the CI™ ions in the carpet region are
indicated by different green shades. As we cannot derive the
positions of the underlying Ag step edges from the STM
profiles, the structure models show Ag positions that are
compatible with those of the KCl ions. Furthermore, when we
compare the carpet growth for a 2 and 3 ML thick KClI layer,
we can exclude a coverage dependent broadening of the carpet
regions (s. Figure 2 (c)). From this, we can conclude that, to
adapt to the height of the next terrace, the ions in a KCl film
shift vertically against each other (z direction) but that we do
not have a gradient of the lattice distortion between the
individual KClI layers.

As already described above, we observe a width of the carpet
region of four KCI unit cells for the growth across a Ag single
step, as shown in Figure 3 (a). Surprisingly, we find that the
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strain, induced on the KCI layer when it needs to adapt to the
new terrace height, is not distributed uniformly across the KCl
unit cells in the carpet region. A monatomic Ag(111) step has
a height of 2.36 A which needs to be overgrown. The unit cells
adjacent to the upper and lower terrace compensate for 11%
and 16% (+4%) of the height difference Az (thin arrows in
Figure 3 (a)), while the two unit cells marked by thick arrows
compensate 51% and 23%, respectively (+3%). This height
difference of the CI™ ions is accompanied by a lateral distortion
Ax of the KCI unit cells in [110] direction. Again, the
distortion is not distributed uniformly across the carpet region.
The minimum next neighbor distance of the CI™ ions is
a =3.86 + 0.15 A and is observed for the unit cell marked by
the lower/left thick arrow in Figure 3 (a). This corresponds to
a contraction of 11 + 4% with respect to the lattice constant
observed on the terraces, while the other unit cells differ by
only 1—2% (+3%). Thus, the main distortion (Ax and Az) in
the carpet region is concentrated on only two of the four KCI
unit cells in the carpet region. For the growth across Ag triple
steps, as illustrated in Figure 3 (b), we observe the same
behavior because the step splitting leads to the growth across
three distinct monatomic Ag steps. In order to visualize the
arrangement, similar ion positions with respect to the carpet
region in (a) and (b) are indicated by same colors.

Due to the adaption of the width of the Ag microterraces
discussed above, the Cl™ ions are always close to Ag step edges.
Otherwise, we would not be able to interpret the contrast
observed in the STM images. For the split triple step in Figure
3 (b), we can describe the situation by three directly adjacent
carpet regions. Here, on average, the unit cells marked
exemplarily by thick arrows for the upmost carpet region
compensate for 42 + 9% and 38 + 12% (top to bottom), of the
height of a monatomic Ag step. The two peripheral unit cells
marked by the thin arrows contribute with 19 + 5%, and
hence, again less to the adaption of the KCI lattice to the
height difference of the step. Thus, the situation is very similar
to the situation observed for the carpet growth across the
monatomic Ag step discussed above. However, as the carpet
growth directly continues across the next step edge, the
distributions of the lateral distortion (Ax) is more balanced
and the unit cells only differ by a maximum of +6% from the
lattice constant found on the terraces. In both of these
situations of carpet growth, across monatomic and higher Ag
steps, we do not observe a distortion of the unit cells in the
direction parallel to the Ag step. However, perpendicular to the
step, the projection of the distorted unit cells within the carpet
region onto the Ag (112) direction leads to shorter distances.
This might allow for the CI” ions which are on the upper and
lower terrace adjacent to the carpet growth region (marked by
stars), to occupy the same and energetically preferred
adsorption sites with respect to the underlying Ag surface as
it is visible in Figure 3 (c).

Thus, we are able to present the first atomistic model for the
carpet growth of KCl on Ag(111) from which we learn the
following: The ionic arrangement of the KCl lattice at the Ag
step appears to be related to the step dipole and leads to
preferred growth with the polar KCI (110) lattice lines parallel
and perpendicular to the step edge. The distortion of the KCl
lattice in the carpet region, necessary to adapt to the height of
the next terrace, is, however, not distributed uniformly across
the width of the four involved KCI unit cells. A possible reason
for this could be the attempt of the KCl lattice to adapt to the
charge distribution related to the step dipole on the upper and

https://doi.org/10.1021/acs.jpclett.4c02809
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lower sides of the Ag step edge. This is different from the
continuum model for the carpet growth developed by
Schwennike et al, who considered a uniform distortion for
the NaCl unit cells in the carpet regions on Ge(100).® The
distortion of the KClI lattice in the x and z direction, which is
strongest for the two KCl unit cells indicated by thick arrows in
Figure 3, costs energy. On the other hand, the strong,
nonuniform distortion of the KCI layer gains energy as the
range in which the KCI layer is lifted away from the metal
surface is decreased. In particular, the strong vertical distortion
is favored by the attractive interactions between the step dipole
related charges at the lower part of the Ag step edge and the K*
ions in the KCI layer. In addition, the KCI layer is always
attracted by the mirror charges on the Ag terraces. Finally, the
strong bending of the carpet growth region resulting in the
width of four unit cells favors the occupation of equal
adsorption sites for the CI” ions which are on the upper and
lower terrace adjacent to the carpet growth region.

For higher Ag steps, an additional loss of energy is avoided
by a step splitting of the Ag steps into steps of monatomic
height. The width of the created microterraces is determined
by the width of the carpet region and cannot fall below it. This
step splitting and the azimuthal reorientation of steps is
expected to occur during the deposition and is supported by
the elevated sample temperature of 403 K. The increased
diffusion of Ag and KCI at this temperature, allowing for the
step splitting but still low enough to avoid a dewetting of the
Ag surface, thus might be the reason that sample temperatures
of about 400 K are ideal for growing closed KCI films on Ag
surfaces.”” By these mechanisms, the Ag(111) surface adapts
to the KCl layer. This is supported by the high mobility of Ag
atoms located at steps or kink sites.**** The system gains
energy by step splitting of the higher Ag steps and by
straightening of the overgrown Ag steps. A similar straighten-
ing of Ag(111) step edges was observed for the carpet growth
of NaCl/Ag(111) by Matthaei et al, who performed the
deposition at 293—303 K.'"* However, the KCI carpet region
observed in our measurements is twice as large as for NaCl
(four instead of two AH unit cells)'* and differently, we also
do not observe a reconstruction or a buckling of the KCl layer
induced by kink sites of the step edges.*®

In summary, our studies of epitaxial KCI(100) layers on the
Ag(111) surface demonstrate that the ion arrangement in the
carpet growth region of AH films on metal surfaces is
nonuniform and of a defined, short width of, in our case, four
KCI unit cells. Hence, the continuum model for the carpet
growth of AH as introduced by Schwennike et al,” is not
appropriate here. Instead, models that provide an atomistic
description of the ionic arrangement are needed to account for
the interactions between the ionic layer and the metal surface,
related to the step dipoles, the image charges of the surface,
and the possible commensurate arrangement of the AH ions
with respect to the metal surface. As these interactions are
relevant for all combinations of AH and metal surfaces,
although to a different extent, this conclusion applies for all AH
films on metal surfaces which show a carpet growth behavior.
The KCl induced splitting of higher Ag steps into monatomic
steps, made possible by elevated sample temperatures during
the deposition, favors the continuous AH growth across the
step edges. A direct overgrowth of higher Ag steps does not
occur, but the step splitting allows for the growth of the AH
domains to continue such that the growth of large domains is
enabled. This example of carpet growth also demonstrates that
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there is a minimum step width of about 13 A which is needed
for the carpet growth to occur. This is of special importance
when the growth on vicinal surfaces with small terrace widths
is considered, possibly with the aim to further tune growth
modes of organic adsorbates on AH decoupling layers.
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1. Corrugation of KCl layers

To determine the difference in the corrugation
of STM profiles for 2 ML and 3 ML KCI lay-
ers, line profiles were extracted from STM im-
ages which show both layer thicknesses. For
demonstration purposes, Figure S1 (a) shows
a line profile measured along the KCI [010] di-
rection of the 3 ML and 2 ML layer displayed
in Figure 2 (¢). For the 2 ML layer both ions
are visible in the profile, while only Cl~ anions
are imaged in the 3 ML layer. Figure S1 (b)
shows a direct comparison of these line profiles
for both layer thicknesses measured along the
KC1 [110] direction. Similar to the data shown
in Figure S1 (a), it is clearly visible that the
measured corrugation of ions in the 3 ML KCl
layer (blue profile) is much higher (roughly by
a factor of 3.5) than in the 2 ML layer (orange
profile).

2. Determination of the KCI1(100)
surface lattice constants

For all measurements, thermal drift of the STM
was reduced by controlling the temperature of
the cryostat attached to the sample stage which
was kept stable at a value few Kelvin above the
room temperature. In addition the drift com-
pensation, implemented in the Nanonis soft-
ware, was applied. The STM scan piezos were

calibrated beforehand at steps (z-direction) and
the atomic lattice of a clean Ag(100) surface
which was used for previous experiments. The
respective error of the calibration factors is es-
timated to be of about 1%.

In order to keep the errors for the determination
of lattice constants small, all quantitative mea-
surements were performed exclusively along the
fast scanning direction.

For the determination of the KCI lattice con-
stants we used a special procedure that was
introduced by Gértner et al.? It reduces the
impact of the remaining drift and other distor-
tions on the determined parameters. Several
images were measured under different rotation
angles. The measurements were performed on
the same domain and close to a step edge,
which allows for a safe assignment of the two
KCI1 surface lattice constants a and b. Their
lengths (a, b) were determined independently
to account for a possible uniaxial lattice dis-
tortion. Importantly, we chose a KCl domain
which grows across a Ag step, such that we
could assign the two KCI surface lattice con-
stants a and b to the Ag (112) and (110)
directions, respectively.

The measured images had a size of 5 x5 nm and
were recorded with a scan speed of 38 nm/s.
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Further images of the same domain with vary-
ing image sizes and scan speed completed
the data set (up to 30 x 30 nm and about
90 nm/s). For all images, distances d,, ,, along
the fast scanning direction were measured and
described by the lattice constants a and b us-
ing the parameters n, and n, which are in-
teger numbers determined from the STM im-
ages. For clarity this is visualized in the plot in
Fig. S2 (a). The measured values for d,,, ,, (69
values in total) were plotted as a function of the
values n, and ny, as shown in Figure S2 (b). The
respective values for a, b, and v and the respec-
tive statistical errors were derived from a fit of
the data points by using the cosine theorem:

Aoy, = V/ (120)% + (nb)2 — 2n,a - npb - cos(7).

(1)
Hereby, 7 is the angle between a and b. Apply-
ing this procedure we obtained 4.34 4+ 0.02 A
for a, parallel to the Ag (112) direction, and
4.29 £ 0.02 A for b, parallel to the Ag (110)
direction. For v we obtained 89.52°4+0.01°. We
expect v to be 90°. The obtained deviation of ~
from 90° by 0.48° thus gives an upper estimate
for the statistical errors of our fitting routine.
It is about 0.5%.

Taking the above estimated systematic errors
(scanner calibration, drift) of about 1% and the
statistical errors of 0.5% together, we estimate
the total errors in the determination of the lat-
tice constants to be about 1.5%.
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Figure S1: STM line profiles demonstrating the difference in the measured corrugation for 2 ML
and 3 ML KCl layers. (a) Line profile measured along the KCI1 [010] direction showing both, a 2 ML
KCl layer (both ions visible, right side), and a 3 ML KClI layer (left side). (b) Direct comparison of
line profiles measured along the KCI [110] direction (in this direction only Cl~ anions are visible)
for a 2 ML (orange profile) and 3 ML (blue profile) KCl layer. The respective STM image from
which the profiles are extracted is displayed in Figure 2 (¢). Upjas = —1.684 V, [;=3 nA.
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Figure S2: Determination of the surface lattice constants a, b, and v of the strained KCI(100)
lattice on the terraces. (a) Schematic drawing illustrating the measured parameters of the lattice.
The plot in (b) shows the distances d,,, ,, measured along the fast scanning direction as a function
of n, and n;, (black data points) and a fit (thin mesh) to the data by adjusting a, b, and ~.







B. Crystallographic data of the
Investigated merocyanines

This Chapter summarizes the crystallographic information of the investigated merocya-
nines that were obtained in the context of the present thesis. The merocyanines were syn-
thesized in the research groups of K. Meerholz in Cologne and F. Wiirthner in Wiirzburg.
XRD measurements were performed in cooperation with G. Schnakenburg in Bonn.

As part of this thesis, the crystallographic structures of the merocyanines were investi-
gated. Different from the crystallographic data of Chapter 2, the data presented here were
obtained from merocyanine single crystals grown by temperature gradient sublimation in
our lab at a reduced pressure of about 1.5 x 10~° mbar. This was done to exclude the
influence of impurities, i.e., solvents, on the crystal growth.

The crystallographic structures were measured by single-crystal XRD. Measurements were
performed at room temperature and at 100 K. For all merocyanines, except the mero-
cyanine HB238-D, an additional low-temperature phase was observed. The respective
crystallographic data are summarized in Table B.2 for the room temperature structures
and in Table B.3 for the structural data measured at 100 K. The molecular arrangement
in the crystal structures is illustrated in Figures B.1 to B.5. The Figures present an illus-
tration of the unit cell and the most planar molecular arrangement found in the respective
crystal structures. The latter one is displayed in a top view and a side view. Hence, the
crystallographic structures are directly comparable to the HB238-A polymorphs reported
in literature that are summarized in Chapter 2.

Interestingly, the structures measured for HB238-A were found to be similar to two, in
reference [29| reported polymorphs of HB238-A. The room temperature phase of HB238-A
was found to be similar to the reported polymorph P1, and the phase observed at 100 K
was found to be similar to the polymorph P2. However, the differences in the lattice
constants (up to 0.02 A) are larger than the respective error ranges.

Furthermore, the structure that was measured for HB238-B at 293 K was found to be
similar to the structures of the solution-grown HB238-B crystals measured at 100 K (see
Table 2.2) [45]. However, here, the deviations were found to be in a range of up to 0.4 A.
The same holds for the structure of HB238-C measured at 290 K. Again, this structure
is found to be similar to the solution-grown HB238-C crystals measured at 100 K (see
Table 2.2) [2]. Here, the deviations result in a maximum of 0.5 A. Please note that not
all lattice vectors deviate by the same amount, which indicates that the differences in
the lattice vectors are not just due to thermal expansion but that the structures reported
in literature [2, 45| are still affected by residual solvent molecules incorporated in the
crystallographic merocyanine structures. All other crystal structures presented in this
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chapter represent new polymorphs of the investigated merocyanines (HB238-C (100 K)),
or even the first reported crystallographic data (HB238-D and HB238-E).

Although the molecular arrangement in the unit cell appears to be quite different for all
of the investigated merocyanines, the binding motifs in the crystal structures are simi-
lar. For the structures of HB238-A and HB238-B displayed in Figures B.1 and B.2, the
most planar arrangement of molecules exhibits a herringbone-like arrangement. In the
structures of HB238-C, HB238-D, and HB238-E, the molecular packing transforms into
a more chain-like arrangement with a head-to-tail orientation of the molecules. In all
structures, hydrogen bonds are formed between the CN groups of one molecule and the
thiophene ring or the methine bridge of the neighboring molecule. In all the Figures pre-
sented in this chapter, hydrogen bonds are indicated by orange dotted lines. The lengths
of the hydrogen bonds and the intramolecular distance of the S atoms are documented in
Table B.1.

Noticeable is that the buckling of the most planar crystallographic planes appears to
increase with an increase in the alkyl side chain length. This effect seems to be even
more pronounced for the low temperature phases of HB238-A and HB238-B. In addition
to differing stackings of the displayed crystallographic planes, this difference in the layer
buckling characterizes the observation of the different (polymorphic) structures despite
the fact that the molecular arrangements in the individual layers are very similar to each
other.

Table B.1.: Intermolecular hydrogen bond lengths and intramolecular S S distances. The values
correspond to the crystallographic data of the investigated merocyanines measured at RT. For
HB238-E two different bond lengths are present (see Figure B.5).

Hydrogen bonds Sulfur-Sulfur

CN-R CN-Thiophene CN-Methin bridge | Distance
HB238-A | 2.7167(1) A 2.6968(1)A 2.9688(1) A 3.1420(1) A
HB238-B | 2.5298(1) A 2.5611(1) A 2.6731(1) A 3.1190(1) A
HB238-C | 2.8831(2) A 2.5782(2) A 2.7352(2) A 3.2203(3) A
HB238-D | 2.5360(1) A 2.5631(1) A 2.6826(1) A 3.1264(1) A
HB238-E | — 2.9359(2) A/ 2.5170(1) A/ 3.2159(2) A/
- 2.8592(2) A 2.5264(1) A 3.2043(2) A
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Table B.2.: Crystallographic data of the room temperature phases. Merocyanine crystals were
obtained from temperature gradient sublimation and were analyzed by single crystal XRD.

Compound HB238-A HB238-B HB238-C HB238-D HB238-E
T/K 293(2) 293(2) 290 293 298

Chem. formula 023H30N482 021H26N4SQ ClgH22N4SQ Cl7H18N4SQ CQQH28N4SQ
M /g mol ! 426.63 398.58 370.52 342.47 412.60
Crystal color green green metallic blue metallic blue metallic blue
Crystal system monoclinic  orthorhombic monoclinic monoclinic triclinic
Space group P2ic Pbca P2ic P2im P-1

a/A 13.0896(5) 15.8447(7) 9.9603(8) 9.8761(3) 9.6941(4)
b/A 19.3157(5) 14.3829(5) 7.1252(4) 6.89933(14) 15.5060(9)
C/A 9.8424(4) 19.2231(8) 29.0358(22)  13.7303(4) 16.2467(8)
a/° 90 90 90 90 97.181(4)
B/° 101.645(3) 90 94.736(6) 102.4020(22) 100.191(4)
v/° 90 90 90 90 3.871(4)
V/A3 2437.28(15)  4380.8(3) 2053.6(3) 913.72(4) 2374.7(2)

A 4 8 4 2 4

p/g mol 3 1.163 1.209 1.198 1.245 1.154

Table B.3.: Crystallographic data measured for the low temperature phases of the above single
crystals. Note that no phase transition was observed for HB238-D at low temperatures. Accord-
ingly, the values are reproduced here for comparison.

Compound HB238-A HB238-B HB238-C HB238-D HB238-E
T/K 100 100 100 100 100

Chem. formula 023H30N4SQ C21H26N4SQ ClgH22N4SQ C17H18N4SQ 022H28N4SQ
M /g mol ! 426.63 398.58 370.52 342.47 412.60
Crystal color green green metallic blue metallic blue metallic blue
Crystal system monoclinic  orthorhombic triclinic monoclinic triclinic
Space group P2ic P212124 P-1 P21m P-1

a/A 13.960(4) 14.3082(3) 7.3407(6) 9.8761(3) 9.5402(5)
b/A 18.832(3) 15.4990(3) 9.8152(6) 6.89933(14)  16.1152(8)
C/A 9.075(2) 19.1049(4) 14.1204(10)  13.7303(4) 30.0787(16)
a/° 90 90 102.014(5) 90 81.701(4)
B/° 105.59(2) 90 96.575(6) 102.4020(22) 87.968(4)
~v/° 90 90 101.747(6) 90 79.554(4)
V/A3 2298.0(9) 4236.76(15) 961.09(12) 913.72(4) 4499.9(4)

A 4 8 2 2 8
p/g mol 3 1.233 1.250 1.280 1.245 1.218
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HB238-A
(a) 293 K (b) 100 K x

Figure B.1.: XRD data measured for the merocyanine HB238-A. The data displayed in panel
(a) were measured at 293 K for the room temperature phase. The data of panel (b) displays the
molecular arrangement of the low-temperature phase that was measured at 100 K. Color code

as above.
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HB238-B
(a) 293 K | (b) 100 K

Figure B.2.: XRD data measured for the merocyanine HB238-B. The data displayed in panel
(a) were measured at 293 K for the room temperature phase. The data of panel (b) displays the
molecular arrangement of the low-temperature phase that was measured at 100 K. Color code
as above.
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HB238-C
(a) 290 K (b) 100K

Figure B.3.: XRD data measured for the merocyanine HB238-C. The data displayed in panel
(a) were measured at 290 K for the room temperature phase. The data of panel (b) displays the
molecular arrangement of the low-temperature phase that was measured at 100 K. Color code

as above.
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HB238-D
(a) 293 K

Figure B.4.: XRD data measured for the merocyanine HB238-D. The data displayed in panel
(a) were measured at 293 K for the room temperature phase. The unit cell measured at 100 K
was found to be equivalent to the room temperature phase. Color code as above.
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HB238-E

(a) 298 K (b) 100K |

Figure B.5.: XRD data measured for the merocyanine HB238-E. The data displayed in panel
(a) were measured at 298 K for the room temperature phase. The data of panel (b) displays the
molecular arrangement of the low-temperature phase that was measured at 100 K. Color code

as above.




C. Experimental evidence of the
molecular arrangement in the
o-phase

This chapter provides experimental evidence for the enantiopure tetramer formation of
the merocyanines in the a-phase on the Ag(100) surface. Investigations were performed
by STM and LEED for monolayers of the merocyanine HB238-E, which exhibits the same
molecular structure as HB238-A but an i Pr group instead of the t Bu group.

The molecular arrangement of the a-phase was probed by investigations of an HB238-A
derivative for which the tBu group was replaced by an iPr group. This HB238-A deriva-
tive is called HB238-E. The molecular structures of both merocyanines are illustrated in
Figure C.1. Here, the tBu group of HB238-A and the iPr group of HB238-E are indicated

in blue color.

HB238-A HB238-E

R t Bu iPr

Figure C.1.: Molecular structures of the merocyanines HB238-A and HB238-E. R denotes the
alkyl side groups in which the merocyanines differ. In the molecular structures, these groups are
indicated in blue.

As explained in Chapter 6, HB238-A forms the commensurate a-phase on the Ag(100)
surface. In the respective STM images, the tBu groups are visible as bright lobes (see
Figure 6.2 of Chapter 6). The high topographic contrast of the tBu groups observed
in the STM images is due to their tetrahedral geometry. Due to this geometry, one of
the three Me groups of the tBu group is always at a larger distance with respect to the
Ag(100) surface than the m-system of the molecule. Thus, for constant current images,
the tBu group is measured as a bright lobe as the smaller distance to the STM tip leads
to a higher measured LDOS than for alkyl side groups that are located close to the
surface. However, this leads to the problem that the STM images of HB238-A provide
only limited information about the orientation of the molecules in the a-phase, as the
molecular m-systems are barely visible.
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To obtain experimental information about the molecular orientations in the a-phase, the
merocyanine HB238-E was investigated. As visible in Figure C.1, HB238-E exhibits the
same 7-system and the same functional groups as HB238-A. Only the tBu group was
replaced by an ¢Pr group. Thus, HB238-E exhibits the same lateral sterical demand in
the monolayer as HB238-A and should form the same commensurate monolayer phase as
observed for HB238-A. However, the decreased three-dimensional sterical demand of the
tPr group in comparison to the tBu group should decrease the topographic contrast of the
group in the respective STM images. Accordingly, the bright lobes in the STM images
should vanish for HB238-E, and the molecular m-systems should become imageable by
STM.

That HB238-E forms indeed the a-phase on the Ag(100) surface was demonstrated by
SPA-LEED measurements. The resulting SPA-LEED pattern is displayed in Figure C.2.
As expected, the SPA-LEED pattern is identical to the SPA-LEED pattern measured for
HB238-A (see Figure 7.2 of Chapter 7). Accordingly, the existence of the a-phase was
confirmed. The respective lattice parameters of the a-phase can be found in Table 7.1 of

Chapter 7.

Interestingly, the LEED pattern of HB238-E shows an asymmetry, indicating the preferred
growth of two out of four structurally equivalent domains, i.e., the preferred domain
growth for molecules of one of the two HB238-E enantiomers. As HB238-E is like HB238-
A a pro-chiral molecule, this asymmetry is surprising, but can be explained by the presence
of chiral steps on the Ag(100) crystal surface, i.e., a miscut of the crystal, or the presence
of chiral impurities that may act as nucleation seeds for the domain growth. However,
according to the information that we have on the synthesis and purification of HB238-E,
the latter can be excluded.

Figure C.3 shows an STM image of the HB238-E a-phase. As expected, the bright lobes
that referred to the topographic contrast of the tBu groups are not observed for the HB238-
E monolayer. The left STM image of Figure C.3 depicts a magnification of the STM image
on the right side, showing the structural details of one tetramer. The topographic features
that correspond to the four molecules of the tetramer are indicated by blue frames. They
reveal the enantiopure arrangement of molecules in the tetramers as all molecules in the
structure exhibit the same shape and can be transferred into each other by rotations and
translations. Small differences that can be observed in the topographic contrast of the
molecules might be due to an asymmetric shape of the STM tip. The positions of the
1Pr groups, and hence, the centers of the tetramer, are indicated by frames in yellow.
For clarity, two of the molecules are superimposed by hardsphere models of HB238-E.
The respective hydrogen bonds are indicated by orange dotted lines. Furthermore, the
STM image on the right side shows that all molecules of the a-phase exhibit the same
handedness. For the tetramer that is indicated by the framed molecules, the handedness
is illustrated by the blue arrow.
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HB238-E

SPA-LEED

Figure C.2.: SPA-LEED pattern measured for a monolayer of the merocyanine HB238-E on the
Ag(100) surface. Measurements were performed with an electron energy of 81 eV for a coverage
of less than one monolayer and sample temperatures lower than 100 K. The right side of the
SPA-LEED pattern is superimposed by a simulation of the diffraction spots (white dots). Here,
the upper right quarter of the pattern shows only the simulation without the diffraction pattern
in the background. This provides a better contrast and allows for a better comparison of the
measured and simulated patterns. Reciprocal lattice vectors of the Ag(100) surface are indicated
in yellow. They correspond to a length of 2.17 A~1. Four reciprocal unit cells of one merocyanine
domain are indicated in red. The real space unit cell parameters are listed in Table 7.1.
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Figure C.3.: STM data of the a-phase of HB238-E on the Ag(100) surface. The left STM image
depicts a zoom-in of the STM image on the right side and indicates the molecular orientations
exemplarily for one tetramer. The molecules are schematically indicated by blue frames. For
indicating the positions of the iPr-groups in the center of the tetramer, these are displayed in
yellow. For clarity, two of the frames are superimposed by hardsphere models of the HB238-E
molecules. Hydrogen bonds are indicated by orange dotted lines. The STM image on the right

side indicates the handedness of the tetramer and the unit cell vectors of the a-phase. The lattice
constants equal by = 23.30 A, and by = 24.69 A. (300 K, Upias = —0.10 V, Iy = 50 pA)
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D. Thermal programmed desorption
spectra of merocyanine layers

The following temperature programmed desorption spectroscopy (TPD) spectra were mea-
sured as part of the bachelor’s thesis of Lucas Hirschfeld. The data presented in this Chap-
ter provide only a brief overview of the desorption behavior of the merocyanines HB238-A,
HB238-D, and HB238-E from the Ag(100) surface. In addition, it provides further in-
formation about the effects of polymorphism on the desorption behavior of HB238-D. For
more details about the data evaluation and the results, the reader is referred to the respec-
tive bachelor’s thesis in reference [137].

The following data were measured to investigate the desorption behavior of the mero-
cyanines HB238-A, HB238-D, and HB238-E from the Ag(100) surface. The data shows
the desorption of the multilayers. A desorption of the monolayer was not observed, which
indicates a dissociation of the molecules in the first layer at elevated sample temperatures.

For TPD measurements, the desorption rate rqes of the molecules from the surface, i.e., the
decrease of coverage 6 per time ¢, is monitored in dependence on the sample temperature
T. The desorption rate can be described by the Polanyi-Wigner equation |13, 53]

0
dt

E
= Pges = U - 0™ -exp | ——— | . D.1

; o(-ir) (D.1)
Here, vy, is the frequency factor, kg is the Botzmann constant, and FE, is the activation
energy of the desorption process [13].

m denotes the order of desorption and can have the integer values of 0, 1, and 2. A
zeroth-order desorption describes the desorption of molecules from multilayers, i.e., a
desorption without an impact of the substrate surface. A first-order desorption describes
the desorption of molecules from the monolayer. Here, the interactions of the molecules
with the surface impact the desorption behavior. A desorption of second-order describes
a recombinative desorption and was not observed for the present data.

For a desorption of zeroth-order, Equation D.1 can be used to determine the frequency
factor and the activation energy. This is done via an Arrhenius plot [13, 53] according to

In(rges) = In(1y) - <_f_3> : % (D.2)

Hence, by plotting In(rqes) versus %, Uy can be determined from the intercept and FE,

from the slope of the linear curve.
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For a desorption of first-order, £, can be determined by the Redhead equation [13, 53]

E, =RT, <ln (”“‘BTP> - 3.46) . (D.3)

For the evaluation below, a frequency factor of v, = 10'3s™! was assumed [53]. In general,
Un 1s assumed to be larger for strongly bonded molecules and smaller for molecules that
are only weakly bonded [13|. T}, denotes the sample temperature for which the maximum
of the desorption peak was observed. [ is the heating rate and was 1 K/s for the here
described measurements. R is the universal gas constant.

D.1. Polymorphism for multilayer coverages

As was already mentioned in the introduction of this thesis, the structural growth of
multilayers can be influenced by the structure of the monolayer. In case of the merocyanine
HB238-D, the TPD spectra indicate that this is indeed the case. As discussed in Chapter 7,
HB238-D forms the @-phase and the small a-phase on the Ag(100) surface. Which phase
is formed depends on the deposition rate of the molecules (for details see Chapter 4).
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Figure D.1.: TPD spectra measured for HB238-D layers of different coverages as indicated in the
spectrum. The heating rate was 1 K/s. The preparation of the layers was performed according
to Chapter 4. Multilayer spectra in orange and light blue indicate the presence of two structural
HB238-D polymorphs. For the set of orange spectra, T}, is marked by an orange vertical line.
For further information, see text.

Figure D.1 displays two series of TPD spectra. The signals in dark blue correspond to
spectra measured for an initial coverage between 1 and 2 monolayers. The spectra dis-
played in light blue and in orange were measured for higher initial coverages, as indicated
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in the spectrum. All layers were prepared with deposition rates of about 0.1 ML /min.
However, in the case of the light blue spectra, the deposition of HB238-D was started
with lower deposition rates of about 0.03 ML/min. This suggests the formation of the
()-phase in the monolayer (compare to Chapters 4 and 7). On the contrary, the orange
spectra were deposited with a constant deposition rate. Accordingly, the formation of the
small a-phase is more likely for the monolayer. Please note that LEED measurements of
the samples were restricted to coverages of about 1 ML. Higher coverages did not show a
long-range order of the multilayer structures, as would be noticeable by the appearance of
additional diffraction spots. Instead, higher coverage led to an increase in the background
intensity of the diffraction pattern. Thus, the intensity of the monolayer diffraction spot
decreased for increasing coverages, leading to the fact that LEED patterns of multilayer
coverages were hard to measure.

As visible in Figure D.1, multilayers for which a formation on the ()-phase is assumed
(light blue signals) show different desorption behaviors in comparison to the multilayers
which presumably grow on the small a-phase. The signals in light blue show a desorption
behavior similar to a zeroth-order desorption kinetics. The left flank of the desorption
signal exhibits the same increase as the other light blue signals, but the desorption maxi-
mum shifts to higher temperatures for increasing initial coverages. In contrast, the orange
signals exhibit a first-order desorption kinetics with a desorption maximum at constant
temperature 7}, of 436.1 £ 0.3 K.

While a zeroth-order kinetics is expected for the desorption of multilayers, in contrast
to that, the first-order desorption of the orange signals is surprising. However, it might
be explained by a gradual phase transition of the multilayer towards the structure of the
light blue signals. This is supported by the orange spectrum measured for the highest
initial coverage, which would also fit into the series of light blue spectra.

Thus, the desorption energy obtained from the orange signals should be considered with
care. Applying Equation D.3, E, results for T, = 436.1 + 0.3 K and v, = 10"¥s™! in
117.37 £ 0.06 kJ/mol. For comparison, the value of E, determined for blue signals of
zeroth-order desorption results according to Equation D.2 in 114.14 + 7.65 kJ/mol [137].
The respective frequency factor was determined to be v, = 7.55 - 10''s™!, indicating a
weak bonding of the molecules in the respective multilayer structure.

D.2. Desorption behavior of three merocyanines

Figure D.2 displays a series of TPD spectra that were measured for the merocyanines
HB238-D, HB238-A, and HB238-E (top to bottom), respectively on the Ag(100) surface.
Please note that the spectra displayed for HB238-D are the same as the spectra with the
light blue signals of Figure D.1. For the layer preparation of the merocyanines HB238-A
and HB238-E, the deposition of the merocyanines was performed with constant deposition
rates of 0.1 — 0.2 ML /min.

All of these spectra show a zeroth-order desorption kinetics for coverages larger than 2
monolayers. Again, these signals are indicated in light blue. Signals that correspond to
a desorption of the second layer are indicated in dark blue. Interestingly, the spectra of
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HB238-E (bottom part of Figure D.2) show an additional signal (purple color) that is
observed with a peak maximum at 466 + 1 K. This signal saturates with the completion
of the second layer and might indicate the presence of a second phase in the second layer
on the surface. Due to the higher desorption temperature, the desorbing molecules of
this signal (purple color) must correspond to a phase in which the molecules are bonded
more strongly to the molecules of the monolayer than in the phase that corresponds to the
signal in dark blue. This might be explained by a phase of edge-on oriented molecules and
a phase of face-on oriented molecules. Here, molecules in a phase with face-on adsorbed
molecules are expected to bind more strongly to the molecules of the first layer than
edge-on oriented molecules. Thus, desorption of those molecules should be observed at
higher temperatures.

Table D.1.: Desorption energies E, and frequency factors vy, determined for the desorption of
merocyanine (MC) multilayers from the Ag(100) surface. The data were determined from TPD
spectra of the merocyanines HB238-D, HB238-A, and HB238-E, displayed in Figure D.2. Data
evaluation was performed according to Equ. D.2. The data was taken from reference [137] to
which the reader is referred for further information.

MC E, U

HB238-D 114.14 £ 7.65 kJ/mol 7.55- 1011 s~
HB238-A  170.51 4 6.98 kJ/mol 1.04 - 10871
HB238-E 191.49 +3.99 kJ/mol 2.46 - 10*'s™!

The resulting F, and 1, values that were obtained by the evaluation of the zeroth-order
signals are summarized in Table D.1. Accordingly, merocyanines with longer alkyl side
chains (HB238-A and HB238-E, nBu groups) are more strongly bonded in the respective
multilayer phases compared to the merocyanine HB238-D, which exhibits much shorter
alkyl side groups (Me groups). Furthermore, the decreased three-dimensional sterical de-
mand of HB238-E (iPr group) in comparison to HB238-A (tBu group) seems to increase
the temperature stability of the structures. The increase of E, and to some extent also of
Vn, is expected for the present series of merocyanines, as the differences in the molecular
structures from HB238-D to HB238-E most probably favor the intermolecular interac-
tions. This might be due to an increase of the van der Waals interactions in the case of
longer alkyl side groups, or reduced distances between neighboring molecules as it can be
expected for a decreased sterical demand of the alkyl side groups (¢Bu to iBu group).
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Figure D.2.: TPD spectra measured for merocyanine layers of different coverages as indicated in
the spectra. The spectra at the top show the data of HB238-D, the spectra in the middle show
the data of HB238-A, and the spectra at the bottom of the figure correspond to the merocyanine
HB238-E. The heating rate of the sample was 1 K/s. The preparation of the layers was performed
according to Chapter 4. For further information, see text or reference [137].







Abbreviations

AFM atomic force microscopy

DFT density functional theory

DLS Diamond Light Source

FWHM full width at half maximum

HOMO highest occupied molecular orbital
LDOS local density of states

LEED low energy electron diffraction

LUMO lowest unoccupied molecular orbital
MCP multi channel plate

ML monolayer

NIXSW normal incidence x-ray standing wave
PES photoelectron spectroscopy

QMS quadrupole mass spectrometer

RT room temperature

SPA-LEED spot profile analyzing low energy electron diffraction
STM scanning tunneling microscopy

TPD temperature programmed desorption spectroscopy
UHYV ultra high vacuum

UPS ultraviolet photoemission spectroscopy
VT variable temperature

XPS x-ray photoemission spectroscopy

XRD x-ray diffraction

XSW x-ray standing wave
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