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Datum der Disputation: 24.10.2011





Abstract
The goal of this work is to optimize the efficiency of photoinduced molecular switching
processes on surfaces via controlled variations of the adsorption and electronic prop-
erties of the switch. We investigated the influence of external stimuli, i.e. photons
and thermal activation, on surface bound molecular switches undergoing trans/cis-
isomerizations and ring-opening/closing-reactions, respectively. High resolution elec-
tron energy loss spectroscopy (HREELS) and sum-frequency generation (SFG) spec-
troscopy have been used as the main tools to investigate the adsorption behavior and
the molecular switching properties. Two basic concepts of coupling the molecular switch
to the surface have been studied: (i) physisorbed or weakly chemisorbed systems de-
posited on noble metal surfaces under UHV conditions and (ii) molecular switches
bound covalently via anchor groups.

In the HREELS study following concept (i), we investigated the adsorption geome-
try and isomerization behavior of various molecular switches on metal substrates which
are able to undergo a photoinduced trans/cis-isomerization in solution. We investigated
three isoelectronic molecules on Au where we systematically changed the photochem-
ically active group from the diazo-group in an azobenzene-derivative (on Cu(111)) to
the imine-group, and the vinylene-group, respectively. Finding the photoisomerization
quenched for all systems we observed considerable differences in their thermal isomer-
ization behavior. Comparable we find the photoinduced ring-opening/closing-reaction
of spiropyran quenched on Au(111) but a thermally induced ring-opening reaction re-
sulting in the open form being strongly stabilized by the metal. SFG spectroscopy
is employed to investigate the reversible, photoinduced trans/cis-isomerization of an
azobenzene-functionalized self-assembled monolayer (SAM) on gold using a tripodal
linker system. In consequence of the decoupling provided by the tripodal linker, the
switching behavior of the azobenzene incorporated into the SAM is analogous to the
free molecule in solution with the determined cross sections being similar. Therefore
we propose a direct (intramolecular) electronic excitation mechanism. Additionally we
studied graphene nanoribbons (GNRs), which are thin flakes of graphene, character-
ized by their width and edge-structure. Electronic HREELS has been proven to be
a powerful tool which enables us to directly measure the band gap of the GNRs on
Au(111). Regarding sub-nanometer wide atomically precise GNRs we report the first
measurement of the band gap.

We gained insight into the dependence of the switching process regarding molecule-
/substrate-interactions and molecule/molecule-interactions. These interactions govern
the adsorption geometry and electronic structure of the surface bound species as well
as they are responsible for steric hindrance and intra-layer electronic coupling strength.
We conclude that the physical mechanism governing the desired functionality may be
influenced drastically by the electronic interaction with the substrate, so that purely ge-
ometrical arguments to predict the functionality of adsorbed molecules have to be taken
with great caution. Our study demonstrates that both, the geometric and electronic
structure of the complete molecule–substrate complex have to be taken into account
for a successful reversible photoisomerization of surface bound molecular switches.

I



Kurzfassung
Das Ziel dieser Arbeit ist es, die Effizienz photoinduzierter Schaltvorgänge auf Fest-
körperoberflächen über gezielte Variation der Adsorptions- und elektronischen Eigen-
schaften molekularer Schalter zu optimieren. Wir untersuchten den Einfluss von exter-
nen Stimuli (Photonen und thermische Aktivierung) auf adsorbierte molekulare Schal-
ter. Die untersuchten Systeme können in Lösung entweder eine trans/cis-Isomerisierung
oder eine Ringöffnungs/-schluss Reaktion vollführen. Hochaufgelöste Elektronenen-
ergie Verlustspektroskopie (HREELS) und Summenfrequenzerzeugung (SFG) wurden
verwendet um das Adsorptionsverhalten und die molekularen Schalteigenschaften zu
untersuchen. Zwei Konzepte bezüglich der Ankopplung der Schaltermoleküle an die
Oberfläche wurden verfolgt: (i) physisorbierte oder schwach chemisorbierte Systeme
auf Edelmetalloberflächen und (ii) molekulare Schalter kovalent an Gold über Anker-
/Linkergruppen gebunden.

Die Adsorptionsgeometrie und das Schaltverhalten von drei isoelektronischen moleku-
laren Schaltern nach Adsorption auf Au(111) (bzw. Cu(111)) wurde untersucht. Die
photochemisch aktive Guppe ist systematisch von der Diazo-Gruppe in Azobenzol
(auf Cu(111)) zu der Imin und Vinylen-Gruppe variiert worden, um den Einfluss auf
die Schaltfähigkeit zu untersuchen. Für alle Derivate konnte kein photoinduzierter
Schaltvorgang nach Adsorption nachgewiesen werden. Allerdings wurden erhebliche
Unterschiede im thermischen Isomerisierungsverhalten gefunden. Vergleichbar ist das
Verhalten von Spiropyran auf Au(111), bei der die photoinduzierte Ringöffnungs/-
schluss Reaktion unterdrückt wird. Es wurde eine thermische Ring-Öffnungs Reak-
tion beobachtet bei der das resultierende Isomer stark durch die Oberfläche stabilisiert
wird. SFG Spektroskopie wurde verwendet, um die reversible, lichtinduzierte trans/cis-
Isomerisierung von Azobenzol-funktionalisierten selbstorganisierten Monolagen (SAMs)
auf Gold zu untersuchen. Die Verankerung wurde durch ein Tripod-Linker-System real-
isiert, resultierend in einer schwachen Molekül/Molekül und Molekül/Metall-Wechsel-
wirkung. Dadurch ist das Photoisomerisierungsverhalten analog zu dem der freien
Moleküle in Lösung. Daher schlagen wir eine direkte, intramolekulare Anregung als
verantwortlichen Mechanismus vor. Zusätzlich untersuchten wir kohlenstoff-basierte
Nanodrähte, die durch ihre Breite und Chiralität ausgezeichnet sind. Elektronische
HREELS Messungen erwiesen sich als leistungsfähiges Werkzeug, das die Messung der
Bandlücke der Nanodrähte auf Au(111) ermöglicht.

Der Schaltvorgang ist abhängig von der Stärke der Molekül/Substrat- und der
Molekül/Molekül-Wechselwirkungen. Diese Wechselwirkungen sind verantwortlich für
die Adsorptionsgeometrie und elektronische Struktur der auf der Oberfläche gebun-
denen Schalter sowie für sterische Effekte und die Stärke der intermolekularen elek-
tronischen Kopplung. Wir schlußfolgern, dass die gewünschte Funktionalität drastisch
durch die elektronische Wechselwirkung mit dem Substrat beeinflusst wird, so dass rein
strukturelle Argumente für die Vorhersage der Funktionalität der adsorbierten Moleküle
hinterfragt werden müssen. Es zeigt sich, dass sowohl die geometrische als auch die
elektronische Struktur des gesamten Molekül-Substrat-Komplexes für eine erfolgreiche
reversible Photoisomerisierung zu berücksichtigen ist.
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1 Introduction
Molecular switching is a basic concept found in nature, where a certain functionality is
achieved by a reversible change of state. This is often accomplished via conformational
changes induced by external stimuli. In particular photoabsorption processes are often
found responsible for a molecular change of state with a high conversion quantum effi-
ciency. As an example, in the human vision process the signal processing is activated
by the reversible cis�trans-isomerization of the retinal molecule. The retinal molecule
is a photochromic molecule located in a protein called rhodopsin. Twisted chains of
amino acids (opsins) are enclosing the chromophore. When a visible photon enters the
receptor cell it is adsorbed by this small, chain-like molecule leading to a cis→trans-
isomerization of the molecule connected to a change of its geometry, from an overall
bent structure to one that is nearly linear. The change in shape of the retinal is affect-
ing the opsin proteins leading to signal transduction. Interactions of the chromophore
with a cluster of key residues determines the wavelength of the maximum absorption.
Changes in these interactions among rhodopsins facilitate color discrimination [Pal00].
This example shows that the functionality of the switch, i.e. color discrimination and
signal processing, is determined by the interplay with its surrounding.

Anchoring of molecular switches on solid state surfaces opens up new perspectives
for the control of the switching ability and their integration in larger ensembles. The
reversible switching of surface properties, e.g. wetting and non-linear optical prop-
erties, could deliver important concepts for applications. The basic understanding of
the elementary processes governing the interaction between adsorbate and substrate
is significant and essential to tailor well-defined architectures. The use of organic
molecules as building blocks opens up a multitude of variations regarding the con-
trol of molecule/substrate- and molecule/molecule-interactions by the right choice of
substituents and substrates. Adsorption of molecules can lead to changes in the ener-
getic positions of electronic states and the potential energy landscape of the molecule.
In addition steric interactions and energy dissipation govern the switching ability of
the functionalized surface. Understanding these interactions, capable of altering, fa-
cilitating and even quenching the switching process, is a necessity to achieve selective,
reversible changes of the physical properties at the nanoscale.

Contact to a (metal) surface is as well a basic requirement for electric transport
through a molecular switch in metal/molecule/metal junctions opening up the field of
molecular electronic. The vision of the usage of single molecules as building blocks
for signal processing is rather old and was already addressed by R. Feynman in 1959
[Fey60]. This idea is attracting attention again since the 30-year-long trend in micro-
electronics to increase both speed and density by device scaling has come to an end for
structures smaller than the ”22-nm technology node” [Zhi03]. In this region of minia-
turization quantum-mechanical limitations on the device performance become apparent.

The goal of this work is to optimize the efficiency of photoinduced switching processes
via controlled variations of the adsorption and electronic properties of the molecular

1



1 INTRODUCTION

switches. We investigated the influence of external stimuli, i.e. photons and thermal
activation, on surface bound molecular switches undergoing trans/cis-isomerizations
and ring-opening/closing-reactions. Vibrational and electronic high resolution electron
energy loss spectroscopy (HREELS) and sum-frequency generation (SFG) spectroscopy
have been used as the main tools to investigate the adsorption behavior and the molec-
ular switching properties. Both techniques are highly surface sensitive and are excellent
tools to investigate the orientation of the molecules on the surface. For the here studied
molecular switches the switching is accompanied by conformational changes detectable
by our spectroscopy tools. Both techniques are averaging over larger sample areas and
thus probing ensembles of molecules. In this work two basic concepts of the coupling of
the molecular switch to the surface have been investigated: (i) physisorbed or weakly
chemisorbed systems deposited on noble metal surfaces under UHV conditions and
(ii) molecular switches coupled covalently via anchor groups on gold, resulting in up-
right geometries. We performed coverage dependent measurements investigate lateral
molecule/molecule-interactions. Whereas the results of this thesis are closely related to
elementary processes in surface bound molecular switches they could be of fundamental
interest for future applications, since the functionality achieved at the atomic scale is
an enormous progress in miniaturization.

Presented in chapter 4, we investigated the class of molecular switches undergoing
trans/cis-isomerizations. The molecules are deposited on (111) coinage metal sur-
faces under UHV conditions and analyzed with HREELS. We studied the prototypical
azobenzene and the structural similar and isoelectronic imine and stilbene specifically
tailored for the adsorption on surfaces via the substitution with bulky tert-butyl-groups.
These groups are supposed to act as molecular spacers in order to decouple the switch
from the surface. Differences for the three investigated systems are found in their opti-
cally active groups, i.e. –N=N–, –HC=N–, and –HC=CH–, respectively, which result
in a comparable switching behavior for the free molecules (in solution) with differences
found in their geometry and energetics of the isomerization processes. The systematic
variation of the studied molecules results in strong differences found for the respective
thermal and photoinduced isomerization behavior when they are in direct contact with
the metal surface.

Second, a discussion of a HREELS study on a second class of molecular switches
is given for the system spiropyran on Au(111) in chapter 5. In solution spiropyran is
capable of undergoing a light induced and thermally activated ring-opening/closing re-
action. In this chemical reaction, involving the cleavage of the C-O bond in spiropyran
(SP), the isomeric merocyanine (MC) can be formed. We have been able to observe
a thermally induced ring-opening reaction on Au(111) from the SP to the MC form
but the reversibility of the reaction and photoexcitation channel driving the reaction in
solution is quenched by the presence of the substrate. We demonstrate that adsorption
on the inert gold surface is capable of inverting the thermal stability.

The approach of covalent anchored molecular switches has been followed in chapter
6. Here the results are presented for SFG spectroscopy investigations of self-assembled
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monolayers (SAMs) consisting of azobenzene functionalized molecules formed under
wet-chemical conditions on thin gold films. A covalent bond between photoswitchable
molecules and substrate is hereby established via an anchoring group (head group) by
sulphur-gold bonds. A linker connects the head group with the terminal group, i.e. the
azobenzene. Via modification of the anchor group (and the linker) the strength of the
electronic coupling between the molecular switch and the metal surface can be adjusted.
The self assembly leads to molecular structures with defined geometry and orientation
We followed two different approaches: (i) Utilizing a three dimensional tripodal linker
should provide the molecule with sufficient free space to exclude steric hindrance and
(ii) using one-dimensional biphenyl linkers is supposed to result in tightly packed SAMs
where the molecule/molecule interaction is intentionally increased based on an expected
π-stacking of neighboring molecules resulting in supramolecular structures.

Our results show that photoinduced switching is suppressed for most investigated sys-
tem on metal substrates, which is believed to be caused mainly from the strong elec-
tronic interaction able to quench the isomerization channels present for the systems in
solution. We observed an ”inverted” thermal isomerization behavior for ground state
potential energy surfaces and the energetic barriers determining the followed reactional
pathways are strongly altered by the presence of the metal. The results clarify the
delicate balance of the adsorbate/substrate interaction which is needed to establish
functionalization for adsorbed molecular switches.

Additionally to the already presented systems we studied graphene nanoribbons (GNRs),
which are thin flakes of graphene, characterized by their width and edge-structure. For
this strictly two dimensional sp2 carbon based material a width dependent band gap is
predicted making it a promising material which could serve a wide range of applications
from molecular wires to transistors. The fabrication follows a surface-based chemical
method where the GNR is formed by an on-surface-polymerization on Au(111) by a
thermally activated dehalogenation followed by a thermal dehydrogenation step of a
10,10’-dibromo-9,9’-bianthryl precursor. The successful fabrication of resulting sub-
nanometer wide GNRs could be proven by vibrational HREELS. Employing electronic
HREELS the first measurement of the band gap of a ≤ 1 nm wide, atomically precise
GNR is presented. The measured band gap could be of use as a benchmark for theo-
retical calculations. Our results emphasize the strength of the bottom-up (on-surface
synthesis) fabrication leading to chemically well-defined structures with a high output.
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2 Studied Systems
In this chapter the basic properties of the investigated organic molecules, i.e. molecu-
lar switches and graphene nanoribbons, as well as the important features of the used
coinage metal substrates are discussed.

At first the choice of the noble metal substrates and their basic structural and
electronic properties are illustrated. As a member group of the Sonderforschungsbere-
ich (SFB) 658 Elementarprozesse in molekularen Schaltern an Oberflächen/Elementary
Processes in Molecular Switches at Surfaces our motivation is to study different types
of molecular photo-switches which may undergo conformational changes on metal sur-
faces and gain a deeper insight into the underlying elementary processes governing the
switching reaction in surface bound functional molecules. If the functionality of the
free molecules is conserved on the surface is primarily determined by the role of the
molecule-substrate interaction.

Secondly the characteristics of the photochromic molecules are discussed. We stud-
ied two classes of molecules which undergo photoexcited conformational changes via:
(i) a ring-opening/closure reaction or (ii) a trans/cis-isomerization. The possible in-
teractions resulting from the deposition of the molecules onto the metal surface are
discussed in chapter 2.3.

Finally the basic properties of graphene nanoribbons are presented, this work is mo-
tivated by their outstanding variable electronic and transport properties, which makes
it an extremely interesting material for a new generations of nano-devices.

5



2 STUDIED SYSTEMS

2.1 Metal Substrates

Investigation of different functional molecules on the (111)-surface for two different
noble metal substrates have been carried out in this thesis. In this chapter the fun-
damental aspects regarding the important features of these surfaces are given. Noble
metals are chosen as the underlying substrates because they are thoroughly investi-
gated, easy to prepare and are expected to show a rather weak interaction with the
adsorbing molecules due to their inertness.

2.1.1 Au(111) and Cu(111)

Both metals belong to the first subgroup of the periodic table and have therefore many
properties in common. Gold and copper crystalize in the face centered cubic (fcc)
crystalline structure, so that cutting the bulk crystal in the respective plane exposes a
trigonal surface symmetry in the (111) direction (see figure 2.1). The resulting surface
exhibits tightest packing with six bonds per atom, with the Au(111) surface showing
the characteristic herringbone reconstruction due to an lattice mismatch resulting in
(22×

√
3) unit cells. This leads to stripes with alternating domains exhibiting fcc and

hexagonally closed packed (hcp) properties forming the famous zigzag pattern where
the angle at the elbows between the stripes is 120◦ [Bar90]. At the crossing of the unit-
cell domains with the domain walls separating the fcc and hcp domains, the so-called
elbows, a pair of atoms is found exhibiting 5 and 7 bonds, respectively. This can create
an energetically favorable situation for adsorption.

Figure 2.1: Face centered cubic (fcc) crys-
talline structure and the respective (111) plane
[Kok06].

The electronic configuration for the met-
als is [Xe] 5d106s1 and [Ar] 3d104s1 for
gold and copper, respectively, resulting
in a comparable band-structure as can
be seen in figure 2.2. Cu(111) and
Au(111) in general exhibit a low reac-
tivity attributed to their filled d-shells
[Ham95]. The reactivity of the substrates
for chemisorption differs, Au is the most
inert metal, whereas Cu is generally more
reactive. In the theoretical work of Ham-
mer and Nørskov [Ham95] the nobleness
of a material is given by two factors: (i)
the degree of filling of the antibonding
states on adsorption and (ii) the degree of
orbital overlap with the adsorbate. These
two factors, which determine the strength
of the adsorbate-metal interaction and energy barrier for dissociation, operate together
to the maximal detriment of adsorbate binding and subsequent reactivity of gold. Note
that, almost all successful switching experiments investigating surface-bound molecular
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2.1 Metal Substrates

switches have been performed on Au(111) as the supporting substrate. As a further
step in the detailed understanding of molecular switching processes on surfaces, it is
important to study the influence of the molecule-substrate interaction on the switching
process. Therefore the change of the substrate from Au(111) to Cu(111) offers the
opportunity to tune the chemical reactivity and the surface corrugation while the elec-
tronic structure, that is for instance believed to be of fundamental importance in the
successful photo-induced switching of TBA/Au(111) [Hag08a, Ley10], is comparable.
Comparing the band structures of both surfaces along the Γ-L (G-L) points shows that
the filled d-band edge is located ≈ 2 eV below the Fermi level for both metals. Fur-
thermore the energetic position and dispersion of the conduction band consisting of the
respective s- and p-bands shows a high agreement. The filled d-band has a high density
of states (see exemplary the calculated density of states for Cu in figure 2.2 (b)) for
both coinage metals.

Figure 2.2: (a) Bulk band structure of Au below the Fermi-energy. Solid lines represent cal-
culated bands adopted from [Eck84], points represent experimental data adopted from [Cou86].
(b) Bulk band structure along high symmetry points in the Brioullin zone derived from theo-
retical and experimental investigations and calculated density of states of Cu [Eck84]. Adopted
from [Iba90].

2.1.2 Substrate preparation

For both surfaces, i.e. Au(111) and Cu(111), the preparation has been performed in
the UHV preparation chamber which is separated from the UHV spectrometer chamber
via a gate valve. Therefore the complete measurement cycle, starting from the surface
preparation to the deposition of the molecules and the final transfer to the spectrometer
chamber were performed under UHV conditions.

The aim of the preparation is to produce well defined surfaces for adsorption studies
which are clean and offer large defect-free terraces of the respective type. The single
crystal samples have been prepared using the standard sputter and anneal approach.

7



2 STUDIED SYSTEMS

During the sputter process Ar+-ions are accelerated with a ion gun with 0.9 - 1 keV
towards the sample under an incident angle of 45◦. The Argon gas is inserted via a
leak valve to the nozzle of the ion gun and an overall pressure of 2 × 10−6 mbar is
established during the sputter process. The ion current between sample and ground is
in the order of 2 µA and is used as a probe during sputtering the sample for 10 min.
The ion bombardment is intended to remove the topmost atomic layers. Afterwards
the now roughened surface is annealed for 20 min at sample temperatures of:

TAu(111) = 800 K, and TCu(111) = 700 K.

This procedure has been established as a standard for the preparation of many metal
surfaces and an overview is given in reference [Mus82]. For the first preparation of a
newly installed sample the above listed steps have been performed with longer times
and have been repeated 20 to 30 times. At least one full preparation cycle has been
performed prior to each experiment to remove residual gas contaminations.

8



2.2 Molecular Switches

2.2 Molecular Switches
Molecular switches permit the control of molecular structure and resulting functional
properties (e.g. electronic and geometric structure, color, dipole-moment, conductance)
by the use of external stimuli [Fer01]. Thereby the molecules are interconverted re-
versibly between at least two (meta)- stable states. In nature molecular switching is
a frequently found concept to induce a certain functionality which is often realized by
light driven processes. The cis/trans-isomerization of the retinal molecule in rhodopsin
acting as the photoreceptor in the vision process in the human eye is a prominent ex-
ample [Wil93]. In this work we performed investigations on two different classes of
molecular switches, which address completely different switching mechanisms:

(i) trans/cis-isomerization, and (ii) ring opening/closure-reactions.
Unifying for the two classes is that the respective reaction can be caused via excitation
with light at appropriate wavelengths for the free molecules in solution. This behavior
is referred to as photochromism which is defined as the reversible transformation of
a chemical species between two forms by the absorption of electromagnetic radiation
resulting in two distinct species of the molecule exhibiting different absorption spectra
[Iri00, Dür03]. Photochromism can therefore be described as a reversible change of
color upon exposure to light with different wavelength. Most photochromic systems,
including the investigated ones, undergo a photochromic reaction in a single photon
induced process. Usually all photochromic systems react back after optical excitation
to their meta-stable to the stable ground state with a temperature dependent rate.

Among the most representative photochromes, azobenzene, imine, and stilbene and
their derivatives undergo a reversible photoinduced trans � cis isomerization (see fig-
ures 2.3, 2.6, 2.8 ) between a planar (imine is an exception), thermodynamically more
stable trans-isomer and the three dimensional cis-form. Note that for stilbene the
thermal barrier is too high excluding thermally induced isomerization. Optical excita-
tion followed by a rotation around the N=N (C=N, C=C) double bond in azobenzene
(imine, stilbene) or N inversion in azobenzenes and imine drives the photoisomeriza-
tion.

The ring-opening/closing reaction between spiropyran and its meta-stable merocya-
nine form is a prototypical thermally and optically induced reversible reaction. Illumi-
nation with UV light leads to the fission of a bond in the three dimensional, colorless
spiropyran followed by a ring opening towards the conjugated, planar merocyanine
which adsorbs light in the visible regime.

9



2 STUDIED SYSTEMS

2.2.1 Azobenzene

Molecular switches like azobenzene represent promising systems for applications, e.g.
molecular electronic devices and sensor applications, due to their ability to undergo a
reversible, photoinduced conformational change between two stereoisomers, the trans-
and the cis-isomer [Tam00, Rau03a, Fan90]. Stereoisomers are molecules that have
the same molecular formula and sequence of bonded atoms, differing only in the three-
dimensional orientations of their atoms in space.

N

N

NN

365 nm

420 nm,
kT

trans-azobenzene
planar

cis-azobenzene
3-dimensional

Figure 2.3: Structure of azobenzene in its planar trans-state (left) and after the optically
induced (λ = 365 nm) isomerization resulting in the three-dimensional cis-conformation (right).
In the trans-isomer the double bond of the diazo group is 120◦ aligned to the single bonds
between the nitrogen atoms to the phenyl rings as a consequence of the sp2-hybridized orbitals
of the nitrogen. The back reaction can be induced by light (λ = 420 nm) or by thermal
activation.

In solution the photoinduced switching process is a well-studied phenomena. When
not stated elsewise the following considerations are in relation of the properties of the
molecules in solution. Azobenzene consists of the namesake diazo-group (–N=N–). Fig-
ure 2.3 shows the two isomers of azobenzene. The origin of the functionality of this
molecule, i.e. possessing two geometrically different isomers upon illumination with
appropriate wavelength, is given by the electronic structure of the diazo group. The
two nitrogen atoms are sp2-hybridized and bonded by a σ- and a π-bond. Additionally
the lone pair electrons of the nitrogen features an antibonding orbital n. The confor-
mational change can be induced by either exciting an electron from the S0 ground state
to the first excited state S1 or by excitation from the ground state to the second excited
state S2.

For the trans-isomer the S0 →S1 excitation is dominated by the transition from
the highest occupied molecular orbital (HOMO) in the lowest unoccupied molecular
orbital (LUMO). The HOMO is composed of the non-bonding orbital n of the lone pair
electrons, whereas the composition of the LUMO is for the most part deduced from
the antibonding π∗-orbital. The S0 →S2 excitation is essentially given by the HOMO-
1→LUMO transition. The HOMO-1 is dominated by the π-orbital of the diazo unit.
In summary the photoexcited electronic transitions are the n→π∗ excitation (S0 →S1)
and the π→π∗ excitation (S0 →S2) [Füc06].

The trans→cis-isomerization can occur involving two different reaction pathways:
inversion and rotation. The first step for both pathways is the excitation from the
ground state (n and π, respectively) to the excited state π∗ by photons of appropriate
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2.2 Molecular Switches

energy.

Figure 2.4: Schematic drawing of the potential
energy diagram of azobenzene in solution. The
ground state potential energy surface exhibiting
the characteristic double well, representing the
two isomers.

This weakens the stiff N=N double bond
and a rotation of the phenyl ring around
the diazo group is feasible. Note that this
rotation is occurring out of the molecu-
lar plane. In the inversion pathway one
phenylring moves in the molecular plane
by an angle of 120◦ around an axis per-
pendicular to the N=N double bond.

The orientation of the two phenyl-
rings at the same side of the molecule
leads to steric repulsion between the moi-
eties. Regarding the resulting cis-isomer
the steric reorientation causes a rotational
angle of about 60◦ regarding the planes
of the phenylrings leading to its three di-
mensionality. Whereas the trans-isomer
does not possess a dipole moment, the
cis-isomer exhibits a dipole moment of
≈ 3 Debye [Ber36, Füc06]. In the case of azobenzene and its derivatives also a ther-
mally activated cis → trans reaction is possible which involves a thermal barrier of
around 1 eV. The isomerization processes and the underlying excitations are schemati-
cally drawn in figure 2.4, as well as the activation energy for the thermal back reaction
and the energy difference between the stable trans- and the meta-stable cis-isomer
[Rau03b, Füc06].

In this work we studied the the switching ability of the azobenzene derivative
3, 3‘, 5, 5‘-tetra-tert-butyl-azobenzene (TBA) upon adsorption on noble metal surfaces
(see figure 2.5 for the corresponding UV/Vis-absorption spectra and the structural
model). The TBA has been synthesized in the group of St. Hecht (HU Berlin, Institut
für organische Chemie). TBA is equipped with four bulky tert-butyl-groups1 which are
expected to act as a molecular spacer2. This concept has been already introduced and
discussed in literature and it has been shown for lander molecules that the molecular
spacers can lead to a decoupling of the active part of the molecule, i.e. the π-system,
from the surface [Mor04, Jun97].

Figure 2.5 shows the UV/Vis absorption spectrum of TBA solved in cyclohexane in
the photostationary state before (dotted red line) and after (solid red line) illumination
with light at an energy of hν = 3.96 eV (λ = 313 nm). The absorption spectrum of
the trans-isomer is dominated by a strong absorption band with its maximum at 3.81
eV (hν = 325 nm) which is attributed to optical excitation of the π → π∗ transition.
A second, weaker absorption band with is visible at lower photon energies with its
maximum located at 2.82 eV (hν = 440 nm) is associated to the symmetry forbidden

1tert-butyl-groups: (CH3)3C–
2The TBA has been synthesized by St. Hecht et al. [Pet08], Chemistry Department, HU Berlin;
member of the SFB 658.
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2 STUDIED SYSTEMS

Figure 2.5: UV/Vis-spectrum of TBA in solution before and after illumination at a photon
energy of 3.96 eV. Adopted from ref. [Hag08b].

n → π∗ transition. When the photostationary state is established a strong decrease in
the absorbance of the π → π∗ transition at 3.81 eV (hν = 325 nm) and an increase of
the absorbance of the n → π∗ transition is observed at 2.82 eV (hν = 440 nm). This
behavior is the fingerprint for the occurrence of the cis-isomer. The different adsorption
cross-sections of the two isomers are of fundamental importance for the optical excited
switching process, in particular for the addressability of the wanted conformation.

For excitation with wavelength around 320 nm the absorbance of the trans-isomer
is much more pronounced, whereas the cis-isomer shows a higher cross-section for exci-
tation with light in the visible regime (hν ≈ 440 nm). This enhances the probability to
selectively excite one conformational state until the switching process in the respective
direction (UV-light (hν ≈ 325 nm):trans→cis; blue-light (hν ≈ 440 nm): cis→trans)
is carried out. The measured absorption spectra express the fact that the switching
process is feasible for the molecule with substituted tert-butyl-groups3 [Hec06].

Density functional theory (DFT) calculations show for azobenzene and its deriva-
tive TBA comparable values for the dipole moment | µ⃗ | and the energetic difference
between the trans- and the cis-state △E [Füc06]. The values are combined in table
2.1. The expected advantages of the substituted azobenzene derivative (TBA) for our
surface supported investigations are:

(i) Responsible for the switching process, the electronic structure of the diazo group

is substantially unchanged upon substitution with tert-butyl-groups in comparison

3The absorption spectra of the un-substituted azobenzene is almost identical [Näg97].
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2.2 Molecular Switches

to the bare, unsubstituted azobenzene.
(ii) The tert-butyl-groups do not lead to steric hindrance during the isomerization
process.
(iii) The idea behind the bulky tert-butyl groups is to reduce the electronic coupling
between substrate and adsorbate.

isomer | µ⃗ | [D] △E [eV]

cis-TBA 3,600
trans-TBA 0,001 0,65

cis-azobenzene 3,211
trans-azobenzene 0 0,68

Table 2.1: Fundamental properties of azobenzene and tetra-tert-butyl-azobenzene: dipole
moment | µ⃗ | and energy difference between the cis- and the trans-isomer △E in the respective
groundstate according to ref. [Füc06].

13



2 STUDIED SYSTEMS

2.2.2 Imine

Another class of molecular switches investigated in this thesis, closely related to azoben-
zene, are N-benzylideneaniline molecules. Such compounds, containing a carbon-nitrogen
(–N=CH–) double bond, show as well the characteristic reversible photo-induced trans/cis-
isomerization in solution, resulting in an alteration of the molecular geometrical con-
formation comparable to the trans/cis-isomerization of azobenzene described in the
previous chapter 2.2.1.

N

N

qC=10.3°
qN=55.2° 375 nm

410 nm,

kT

trans-imine
twisted

cis-imine
3-dimensional

Figure 2.6: Structure of imine in its trans-state (left) and after the optically induced
(λ = 375 nm) isomerization resulting in the three-dimensional cis-conformation (right). The
trans-isomer shows as well twisted geometry, induced by the electron lone pair of the nitro-
gen atom. The rotational angles are ΘC = 10.3◦ for the aniline-ring and ΘN = 55.2◦ for the
benzylidene-ring around the double bond of the imine group as shown in the figure. The back
reaction can be induced by light (λ = 410 nm) or by thermal activation.

Despite the fact that the N-benzylideneaniline, also called imine, is isoelectronic to
the already discussed azobenzene it exhibits several variations regarding its geometry
and physical properties. In imines the lone pair of the nitrogen forms a conjugated
system with the adjacent phenyl ring. This leads to an non-planar, twisted geometry
of the trans-isomer [Gae07].

The first spectroscopic observation of the trans/cis-photoisomerization of imines
was reported by Fischer and Frei in 1957 [Fis57]. Figure 2.6 shows the structural
model of imine with the known excitation wavelengths for the photoisomerization, i.e.
trans → cis: 375 nm and cis → trans: 410 nm. The values of the rotational angles,
ΘC = 10.3◦ for the aniline-ring and ΘN = 55.2◦ for the benzylidene-ring with respect
to the double bond of the imine group as shown in figure 2.6, are derived from X-ray
experiments of the molecule in the condensed phase [Bür70]. A theoretical study re-
sulted in values of ΘC = 4.8◦ and ΘN = 36.6◦ confirming the assignment [Mei93]. The
asymmetry of both isomers leads to almost equal dipole moments of 1.8 Debye for the
trans- and 2.1 Debye for the cis-isomer [Wei71].

Substituent and solvent effects for the trans/cis-isomerization of imine compounds
were also studied experimentally and by theoretical calculations [Ber76, Asa93, Kin97].
Optical excitation in the UV regime is followed by either –HC=N– bond rotation or
N inversion leading to the cis-isomer. It was demonstrated that in most cases the
photochemical trans to cis isomerization was achieved by out-of-plane rotation around
the C=N double bond, while the thermal back relaxation underwent in-plane nitrogen
inversion through a ”linear” transition state. Differently to azobenzene the inversion

14



2.2 Molecular Switches

pathway is blocked for the phenyl ring located at the carbon atom due to the sp4

hybridized nature of this atom. The activation barrier separating the trans from the
cis state4 is rather low with EA ≈ 0.69 eV, whereas it is EA ≈ 1 eV for azobenzenes
[Wet65]. This leads to a much faster cis → trans thermal relaxation in comparison to

Figure 2.7: Ball-and-stick model of 3,3’,5,5’-
tetra-tert-butyl-imine (TBI) investigated in this
work.

azobenzene molecules. The half-life time
of the cis-isomer is only about one sec-
ond at 25◦C [Wet65]. Accordingly, the
cis-isomer can only be found for tempera-
tures below 173 K (IR-spectroscopy found
in reference [Lew82]) and was first ob-
served in a cooled solution at 130 K where
the speed of the thermal back reaction is
lowered [Fis57]. Our motivation to study
this class of photoswitchable molecules is
in view of their isomerization behavior ad-
sorbed on metal-surfaces and in compar-
ison to the studies of adsorbed azoben-
zene and its derivatives. Figure 2.7 shows
the ball-and-stick model of 3,3’,5,5’-tetra-

tert-butyl-imine (TBI) used in this work for the studies on Au(111). The imine has
been equipped as well with for bulky tert-butyl-groups due to our successful previous
investigations of TBA on Au(111) (compare with chapter 2.2.1) with the intention to
analyze the adsorption and in particular switching ability of the adsorbed molecules
when changing the functional unit from the diazo (–N=N–) to the imine group5.

4Similar to the potential energy diagram of azobenzene in figure 2.4
5The TBI has been synthesized by R. Haag et al., Chemistry Department, FU Berlin; member of
the SFB 658.
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2.2.3 Stilbene

A third molecular switch, i.e. stilbene, completes the group of investigated molecular
switches undergoing a photoinduced trans/cis-isomerization. Stilbene, isoelectronic to
azobenzene and imine, possesses a –HC=CH– double bond as the functional unit be-
tween the phenyl rings.

300 nm

275 nm

trans-stilbene
planar

cis-stilbene
3-dimensional

C

C

H

H
C

H

C

H

Figure 2.8: Structure of stilbene in its planar trans-state (left) and after the optically induced
(λ = 300 nm) isomerization resulting in the three-dimensional cis-conformation (right). Optical
excitation leads to a rotation around the C=C bond. The back reaction can be induced by light
at λ = 275 nm. Note that for stilbene the thermally activated back reaction is unlikely, due to
a high barrier.

Figure 2.6 shows the structural model of stilbene with the known excitation wave-
lengths for the photoisomerization, i.e. trans→cis: 300 nm and cis→trans: 275 nm.
Comparable to azobenzene in solution stilbene isomerizes under illumination with UV-
light from a planar trans- to a three dimensional cis-isomer [Han02]. The planar trans-
stilbene has a vanishing dipole moment and is thermodynamically more stable in anal-
ogy to azobenzene. The hydrogen atoms bound to the carbons at the photochemically
active group influence the electronic structure and the behavior of the double bond
at the isomerization. The underlying electronic excitation, i.e. the excitation of an
electron from the HOMO to the LUMO level of the molecule, is found at fundamen-
tally lower wavelength. The larger HOMO-LUMO gap leads to a blueshift of ≈ 70 nm
compared to azobenzene and imine. Isomerization is only possible for the rotational
pathway involving a preceding breaking of the double bond.

In the case of azobenzene and its derivatives also a thermally activated cis → trans
reaction is possible. In contrast, for stilbenoid compounds the thermal back reaction is
unlikely since the activation barrier (EA) is on the order of 1.9 eV [Wal91, Fer01] and
thus much higher compared to azobenzenes and imines (see table 2.2).

All the given distinctions to azobenzene make stilbene an interesting molecule
for investigations on the switching ability according to adsorption on metal surfaces.
3,3’,5,5’-tetra-tert-butyl-stilbine (TBS) has been used in this work for the investigation
on Au(111). Again, the stilbene has been equipped with for bulky tert-butyl-groups
due to our successful previous investigations of TBA on Au(111) (compare with chapter
2.2.1). The intention is to systematically vary the functional unit and to investigate the
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effect on adsorption and in particular switching behavior of the adsorbed molecules6.

2.2.4 Summary

In table 2.2 the activation barrier EA, the energetic stabilization ∆E, and the respective
photon energies for the underlying excitations of the trans→cis and the cis→trans pho-
toisomerization of the three introduced photochromes, i.e. azobenzene, imine, stilbene
(, and their derivatives), are summarized.

azobenzene imine stilbene

EA [eV] ≈ 1 0.69 1.9

∆ E [eV] 0.68 ≈ 0.3 –

hνtrans→cis [hν] 365 375 300

hνcis→trans [hν] 420 410 275

Table 2.2: Fundamental properties of the investigated molecules which can undergo trans/cis-
isomerizations. The activation barrier EA, the energetic stabilization ∆E, and the respective
photon energies for the underlying excitations of the trans→cis and the cis→trans photoi-
somerization are summarized for the three introduced photochromes, i.e. azobenzene, imine,
stilbene, and their derivatives.

6The TBS has been synthesized by St. Hecht et al. [Pet08], Chemistry Department, HU Berlin;
member of the SFB 658.
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2.2.5 The Ring-Opening/Closing Reaction of Spiropyran

We investigated the molecule 1,3,3-trimethylindolino-6-nitrobenzopyrylospiran (spiropy-
ran, SP) which can undergo a thermally and optically induced reversible configurational
change from the three dimensional SP into the planar merocyanine (MC) isomer. The
structure of the molecule in its open and closed form is given in figure 2.9.

Spiropyran (SP)
neutral closed form
3-dimensional

Merocyanine (MC)
zwitteriomic open form
planar

Merocyanine (MC)
zwitteriomic open form
planar

350 nm

550 nm,
kT

Figure 2.9: Structure of trimethyl-6-nitro-spiropyran in its closed, three-dimensional form
(left) and after the ring-opening reaction resulting in the open merocyanine conformation
(right). The closed spiropyran isomer possesses two halves with orthogonal planes The me-
rocyanine can be found in a zwitterionic state, the locations of the charges are indicated by +
and -, respectively.

Excitation with wavelength around 350 nm (dependent on the solvent) converts the
closed, colorless form to an open colored form which was first reported by E. Fischer
et al. [Fis52, Ber71]. Whereas spiropyran is inert the merocyanine is chemically highly
reactive and is a resonance hybrid between a neutral form and a zwitterionic one, pos-
sessing a large dipole moment [Gar00]. The dipole moment changes from | µ⃗ | = 5.4
Debye for the closed Sp form to | µ⃗ | = 11.3 Debye in the open MC form [Cot00].
Merocyanine can be closed in the presence of visible light and by thermal activation.

Due to its large change of the molecular properties the use of these molecules to
form part of sensors and detectors [Byr06], perform logic operations in molecule-based
devices [Par89, Ber00, Ray02], and to induce reversible changes of chemical or optical
properties of organic-inorganic interfaces [Rad07] is discussed in the literature.

Figure 2.10: Structural formula of (a) indoline and (b) benzopyran.

Spiropyran consists basically of two moieties that are build up from the indoline and
benzopyran molecules. The structural formula of the respective molecules is displayed
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in figure 2.10. The benzopyran moiety is equipped with an additional NO2 group. In
the open merocyanine configuration the C–O bond of the benzopyran is broken, which
is as well the first step in the ring-opening reaction followed by unfolding steps involving
rotation around the C=C bond [Cot04]. The fission of the C-O bond is especially of
importance for our investigations utilizing vibrational spectroscopy. The bond fission
is the rate determining step with solvent dependent activation energies of 0.9 to 1.2 eV
[Gor01, Fla68]. For non polar solvents the lowest activation energies are reported,
therefore the activation barrier of the free molecule can be expected to be close to these
values. For the closed form the geometry is determined by the sp3 hybridized carbon
atom connecting the two major groups indoline and benzopyran resulting in a twisted
orientation with a perpendicular alignment between the indoline and the benzopyran
group.

Due to the resulting planar configuration after the ring-opening the π-orbitals over-
lap resulting in an extended conjugated system. Therefore the absorption peak for the
merocyanine is found to be considerably red-shifted at 560 to 600 nm [Chi97]

Additionally the molecular interconversion can be activated by thermal activation
(EA = 0.77 - 0.98 eV) with an SP to MC ratio increasing with the polarity of the
solvent at room temperature [Gor01].
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2.3 Molecular Switches on Metal Substrates
Recently, increasing interest has been directed toward research on molecular switches at
surfaces due to their potential use in nanotechnology ranging from information storage
and processing to adaptive surfaces [Fer01, Bal03, Bro06, Bal08]. A major goal, rele-
vant to the development of future applications, is to understand and control structural
changes of molecular switches on solid substrate surfaces. For this purpose, it is crucial
to gain a detailed knowledge about the adsorption geometry (molecular orientation)
and in particular the switching properties of the molecules in contact with (metal) sub-
strates [Ley10].

Figure 2.11: Possible excitation/decay
channels for molecular switches adsorbed
on metal-surfaces after optical excitation.
(1a) Intramolecular direct excitation (sim-
ilar to the known excitation mechanism
of photochromic molecules in solution);
(1b) Substrate mediated electron transfer
resulting in a negative ion resonance; (1c)
Substrate mediated hole transfer resulting
in a positive ion resonance; (2) Back
transfer from the electron (hole) to the
substrate as possible de-excitations of the
molecule in its excited neutral or ionic
state.

In comparison to photo-isomerization processes of molecules in the liquid phase,
which are well understood for many systems, the presence of a (metallic) substrate
might cause significant modifications of the switching properties as discussed in ref-
erence [Óvá10]: (i) Steric hindrance might play a role, since the molecules lose the
freedom to freely change their conformation if the atomic motion is constrained by the
surface and/or neighboring molecules. (ii) At metal substrates effective quenching pro-
cesses of electronic excitations occur, leading to short lifetimes (typically in the order
of ≈ 100 fs) of excited states. (iii) New substrate-mediated excitation mechanisms in
the photoisomerization could be accessible instead of the well-known intramolecular
electronic excitation, i.e. due to a HOMO-LUMO transition, which is operative for free
molecules in the solution.

The presence of the substrate can create possible additional excitation channels
such as optically induced electron or hole transfer processes between the substrate and
the molecular switch, leading to the creation of negative or positive ion resonances,
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2.3 Molecular Switches on Metal Substrates

respectively.
Figure 2.11 shows possible excitation channels of molecules in contact with a metal
substrate: (1a) Intramolecular direct excitation (similar to the known excitation mech-
anism of photochromic molecules in solution); (1b) Substrate-mediated electron transfer
resulting in a negative ion resonance; (1c) Substrate-mediated hole transfer resulting
in a positive ion resonance; (2) Back-transfer from the electron (hole) to the substrate
as possible de-excitations of the molecule in its excited neutral or ionic state.

In the framework of this thesis two different concepts have been followed regarding
the anchoring of the molecular switches on the metal substrate:

(i) Physisorbed or weakly chemisorbed systems, which were prepared by evaporat-
ing the molecules under UHV conditions on noble metal single crystals. Here we in-
vestigated equally substituted molecular switches undergoing trans/cis-isomerizations
(TBA, TBI, and TBS see chapter 4) where the systematic variation of the photochemi-
cally active group provides a selective modification of the switching behavior. Further-
more we changed the substrate from Au(111) to Cu(111) for TBA to gain insight into
the adsorbate/substrate interaction. Furthermore we performed coverage dependent
measurements to study phenomena of lateral interaction. Our study of a prototypical
ring-opening/closing reaction on Au(111) (see chapter 5) is in line.

(ii) Covalently bond switches, where the functional molecule, i.e. azobenzene, is co-
valently connected to the substrate via an anchoring group (and linker) (see chapter 6).
The terminal functional group is separated from the anchoring group by a spacer unit
(linker) and thereby determines the chemical and physical properties of the surface.
The preparation is achieved under wet-chemical conditions. The goal is to establish
well-ordered molecular ensembles with a preferential molecular orientation towards the
surface. The choice of the linker enables one to specifically vary the strength of the
electronic coupling between the functional molecule and the substrate as well as the
adsorbate/adsorbate-interaction. The latter can determine the switching properties
by steric hindrance/packing density and the electronic coupling between the adjacent
molecules (e.g. by π-stacking of the functional units).

Recently, photo- and electron-induced isomerizations of several molecular switches
have been investigated mostly on the chemically inert gold surface where the molecules
have been physisorbed [Hen06, Ale06, Com07, Ova07, Hen07b, Gri08, Baz11, Mor11]
or covalently attached via anchoring groups incorporated in a self-assembled monolayer
[Pac07, Sch08, Elb08, Wag09, Cri11]. Most of the surface bound molecular switches
studied are azobenzene derivatives, which are well-known photochromic systems in so-
lution undergoing a photoinduced reversible trans/cis isomerization (for details see the
chapter 2.2.1). Using scanning tunneling microscopy (STM) reversible conformational
changes of various azobenzene derivatives on Au(111) have been achieved by inelastic
[Hen06] and resonant tunneling [Cho06] and via the applied electric field [Ale06]. For
the latter example the electric field of the tip is believed to deform the potential energy
landscape along the isomerization pathway [Gri08]. Photoinduced trans/cis isomer-
ization of physisorbed molecules at metal surfaces has so far been demonstrated only
for a specifically designed azobenzene derivative, namely, tetra-tert-butyl-azobenzene
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adsorbed on Au(111) [Ale06, Hag07, Wol09].
HREELS [Ova07] and 2PPE [Hag07] measurements show a reversible isomeriza-

tion for TBA/Au(111) induced by light and thermal activation. Light with energies
hν≥ 2 eV induces the trans→cis, whereas the back reaction is driven by thermal acti-
vation.

Figure 2.12: Reversible switching of 0.9 ML TBA molecules adsorbed on Au(111) induced by
light and thermal activation. HREEL spectra recorded at a primary energy of 3.7 eV (a) before
illumination (b) after illumination with UV-light at hν = 355 nm as well as (c) after annealing
the illuminated sample to 300 K. Adopted from reference [Ova07].

Figure 2.12 shows the HREELS spectra of 0.9 ML TBA/Au(111) (a) before and
(b) after illumination with UV-light at hν = 355 nm as well as (c) after annealing the
illuminated sample to 300 K [Ova07]. Dominant in the spectra are the modes at around
700 and 880 cm−1 assigned to torsion modes of the phenyl rings. The high intensity
indicates that the phenyl rings are orientated parallel to the surface (see chapter 4).
Therefore the measured intensity decrease due to illumination is associated with a tilt-
ing of the phenyl rings out of their previous plane, which is assigned to the cis-isomer.
Annealing leads to a full recovery of the modes equivalent to a planar trans-geometry.
In analogy to the molecule in solution the trans-state is thermally stable.

Differences are found for the photoinduced isomerization behavior. While in the free
molecule the direct (intramolecular) optical electronic excitation provokes the confor-
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mational change, the switching properties of the surface-bound species are strongly
modified by the interaction with the metal surface. The photoisomerization of the
adsorbed TBA is driven by an indirect substrate-mediated charge transfer process.

Figure 2.13: Effective cross section for the
photoinduced trans/cis-isomerization of TBA
adsorbed on Au(111) as a function of photon
energy. Adopted from reference [Hag08a].

In the 2PPE study by S. Hagen et al.
[Hag08a] the cross section of the photoex-
citation has been measured as a function
of photon energy. Here the change in the
electronic structure, i.e. the change in
the workfunction, due to the trans→cis
isomerization is used as a measure for
the isomerization. Figure 2.13 shows the
cross section of the isomerization as a
function of excitation wavelength. The ef-
fective cross section for the light-induced
isomerization as a function of photon en-
ergy possesses a remarkable shape. It ex-
hibits a threshold-like decrease below 2.2
eV and increase above 4.4 eV as can be
seen in figure 2.13. This behavior corre-
lates with the energy of the d-band edge
(≈ 2eV below the Fermi level) and the
photon energy dependent hole formation process in the Au d-band [Hag08a]. The sec-
ond increase for photon energies above 4.4 eV, which is twice the energy of the d-band
edge, the population of holes is believed to be enhanced by an Auger-like decay mech-
anism. It is obvious that no resonant behavior is found (as can be seen figure 2.13)
excluding an intramolecular mechanism, comparable to the known direct intramolecu-
lar excitation of the molecule in solution.

Figure 2.14 summarizes the proposed underlying mechanism. For photon energies above
2.1 eV excitation of electrons from the gold d-bands, leading to a hole creation in the
Au d-band (step 1). The holes rapidly relax to the top of the d-band (step 2) followed
by a subsequent transfer to the HOMO level of the TBA (step 3). The transient for-
mation of a cationic species is resulting in the isomerization.

Therefore it is a key goal to determine the switching properties of different surface-
bound molecular switches to gain insight into the underlying elementary processes.
With future applications in molecule-based devices in mind, a detailed knowledge of
the adsorption geometry, i.e. the molecular orientation, is essential.

Note, that the photoinduced isomerization of bare azobenzene on Au(111), i.e. the
molecule bound to Au(111) without tert-butyl spacers, is suppressed presumably be-
cause of the stronger interaction with the metal substrate and corresponding differences
in the electronic and geometric structures [Com07]. This considerations concerning the
influence of the electronic structure on the switching ability are disproved by 2PPE
measurements on the electronic structure of azobenzene on Au(111) [Sch11]. It has
been determined that the electronic structure underlying the indirect photoisomeriza-
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Figure 2.14: Proposed excitation mech-
anism for the photoinduced trans/cis
isomerization of TBA adsorbed on Au(111)
via the creation of a positive ion resonance.
Thereby photoexcitation at photon energies
above ≈ 2.1 eV leads in the first step to
electron-hole pair formation. The holes
in the Au d-band relax to the top of the
d-band (step 2) followed by a hole transfer
to the HOMO of TBA (step 3). Adopted
from reference [Hag08a].
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tion mechanism, i.e. the energetic positions of the HOMO and the d-bands, respectively,
exhibit similar energies for azobenzene and TBA on Au(111). The idea behind the usage
of the tert-butyl-groups has been given by structural argument: The bulky spacer legs
should lift the photochemical diazo-group above the surface resulting in a weakened elec-
tronic interaction with the substrate. However, recent normal incidence X-ray standing
wave experiments and DFT calculations indicate a similar distance of the photochem-
ically active diazo bridge to the noble metal (Ag, Au) substrate for both the bare and
the tert-butyl functionalized azobenzene [McN10b, McN10a, Mer10]. This expresses
the delicate balance between the switching ability and the strength of the coupling to
the surface in combination with the electronic structure of the molecule/metal-system
governing the optically induced isomerization process.
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2.4 Graphene Nanoribbons

A more detailed introduction with respect to the properties of graphene nanoribbons
(GNRs) is given in the respective chapter of our investigations on GNRs formed on
Au(111) following a bottom-up approach (see chapter 7). A central question in the
field of graphene-related research is how graphene behaves when it is patterned at the

zigzag, =0°Q

armchair, =30°Q

Q

Figure 2.15: Schematic drawing of the pos-
sible types of GNRs, i.e. zigzag or armchair
GNR, depending on the corresponding chiral
angles of Θ = 0◦ and Θ = =30◦ with respect
to the basis vector of the graphene lattice.

nanometer scale with different edge ge-
ometries. So called graphene nanorib-
bons are a narrow stripe of graphene, that
can exhibit different chiralities depend-
ing on the angle at which the graphene
layer is cut. Figure 2.15 shows the possi-
ble types of GNRs: Zigzag and armchair
type. The corresponding chiral vector an-
gle is Θ = 0◦ for the zigzag type and
Θ = 30◦ for the armchair type. The an-
gles are in reference to one of the basis
vectors of graphene.

Studies on graphene nanoribbons are
hindered by their limited availability. Al-
though there have been numerous publi-
cations, the reliable production of GNRs
smaller than 10 nm width with a clean
edge structure remains an experimen-
tal challenge [Eza06, Son06a, Son06b,
Han07, Gil10, Ren10, Tao11]. In our
study we follow the bottom-up approach, which is an on-surface synthesis resulting
in structures with atomic precision, utilizing a 10,10’-dibromo-9,9’-bianthryl monomer
as the precursor molecule as reported in reference [Cai10].

Figure 2.16: Concept of the on surface-synthesis by connecting activated molecular building
blocks to covalently bond networks [Gri07].

L. Grill (FHI Berlin) and St. Hecht (HU Berlin) introduced the concept of the on-
surface synthesis. In a publication from 2007 they showed that such covalently bound
molecular nanostructures can be formed on a gold surface upon thermal activation of
molecular building blocks and their subsequent chemical reaction at predefined connec-
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tion points [Gri07]. The concept is schematically shown in figure 2.16. At each leg of the
used building block (porphyrin) bromine was used as a labile substituent atom, which
is supposed to be dissociated in a controlled manner by surface heating. Afterwards the
activated precursor molecule is able to connect to the other precursor molecules due to
thermal diffusion. The connection is due to a covalent bond formation happening at
the activated connections. The results clearly show that a network with high precision
and high purity can be formed on the surface. This represent a versatile route for
bottom-up construction of various surface bound structures based on individual func-
tionalized molecules. The same concept has been utilized for the fabrication of GNRs
[Cai10] where surface adsorption and heating of the 10,10’-dibromo-9,9’-bianthryl pre-
cursor molecule on Au(111) leads to the removal of the bromine atoms and to C-C
coupling. After a second heating step the graphene nanoribbons are established by
cyclodehydrogenation and are investigated in this thesis by vibrational and electronic
HREELS in chapter 7.

2.5 Sample Preparation
The sample preparation of the studied adsorbate/substrate systems is generally given
in detail at the beginning of the respective chapter. Here a summary of the used evapo-
ration TD and sample temperatures TS for the molecules investigated on coinage metal
single crystal surfaces under UHV conditions is given in table 2.3. The experimental
parameters differ for each of the molecules and the desired coverage is established via
the appropriate dosing time or by thermal desorption when annealing the sample until
the wanted quantity is found on the surface.

molecule Tdoser Tsample

TBA 380 K
TAu = 250 K
TCu ≈ 100 K

TBI 370 K TAu < 120 K

TBS 380 K TAu = 260 K

Spiropyran 380 K TAu< 150 K

dibromo–bianthryl 356 K TAu< 150 K

Table 2.3: Doser TD and substrate TS temperatures used for the deposition of the individual
molecules and the corresponding substrate.
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3 Experimental Methods
In this chapter the basic principles of the in this thesis used experimental techniques
are given. It is started with a brief description of the experimental setup used for the
majority of the presented results, i.e. molecules which are deposited on single crystals
under ultra-high vacuum (UHV) conditions and analyzed with HREELS. The setup
consists of a UHV chamber, separated in a preparation and spectrometer chamber.
Afterwards the for our research fundamental details of the used spectroscopies are given
in a nutshell since the used techniques are well established surface science methods.

3.1 Ultra High Vacuum System

Basic research on molecular switches upon their properties (adsorption geometry and
switching ability) after adsorption on noble metal single crystals requires a contamina-
tion free environment and well-defined surfaces. A common approach is the conduction
of experiments under ultra high vacuum conditions. In the following an introduction
to the system used in this work will be given. For achieving ultra high vacuum (UHV)

TSP

sample

doser

preparation chamber

sputter gun with
UHV leak valve

QMS

turbo-
pump

spectrometer chamber

window

sample

window

window

Figure 3.1: Sketch of the preparation and spectrometer level of the UHV chamber used for
most of the research presented in this thesis. The upper (preparation) level is connected to a
sample transfer system (not drawn) enabling an in situ exchange of the investigated substrates.
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conditions a two level custom equipped stainless steel UHV chamber is pumped. A
schematic depiction of the setup is given in figure 3.1. An UHV surrounding is required
so that adsorption of residual gas particles onto the surface can be neglected for the
duration of the experiment. The pressure achieved during the spectroscopic investiga-
tions is ≤ 1 ∗ 10−10 mbar and the pressure in the preparation chamber is around 1 to
2 ∗ 10−10 mbar. The chamber is separated by a gate valve: The upper half accommo-
dates the equipment for the sample preparation and is equipped with a transfer system
to exchange the used crystals without breaking the vacuum, the lower half consists of
the HREELS spectrometer for the analysis. A XYZ manipulator allows the movement
in all directions in space. The manipulator is equipped with a differentially pumped
360◦ rotational stage allowing to position the sample in the required direction. To
establish vacuum a three unit pumping stage, including two turbo molecular pumps,
has been used. The first one with a pumping speed of 210L/s (Balzers TMU 261 P),
is located at the preparation chamber. It is backed up by a Pfeiffer TMU 071P (60
l/s) which is also used to differentially pump the rotational stage of the manipulator.
Pre-vacuum conditions are generated by a Pfeiffer MD4 membrane pump (3.3 m3/h).
Additional pumping at the spectrometer level is established by an ion getter pump
(Varian StarCell). To determine the pressure of the UHV, the preparation and the
spectrometer chamber are equipped with Varian ion gauges. The composition of the
residual gas can be monitored with a Spectra Satellite LM61 (100 amu) quadrupole
mass spectrometer (QMS) which is as well used for the temperature programmed des-
orption (TPD) spectroscopy. Windows in both levels of the chamber allow illumination
experiments in the preparation chamber and in spectrometer chamber. Illumination in
the spectrometer chamber can be realized with the sample in measuring orientation.

Sample Holder

In this work a Au(111) and a Cu(111) single crystals (MaTecK GmbH) have been
used (∅crystal = 10 mm). Both were mounted using a pair of ∅ = 0.3 mm Ta-wires.
The wires are guided through slits on the crystal edges and fixed to the legs of the
exchangeable sample ”boat” (see figure 3.2). The Ta-wires were also used for resistive
heating of the sample. The upper Cu parts of the sample holder connect the liquid
nitrogen cooled cryostat and the exchangeable lower part (”boat”). Cu is chosen be-
cause of its inertness and the high thermal and electric conductance. The boat can
be used for all kinds of solid samples which can be be exchanged depending on the
experimental requirements. The sample holder and ”boat” are divided in a left and a
right part, each contacted to an electrical feedthrough. Isolation with sufficient thermal
coupling is realized by the usage of 0.5 mm thick sapphire plates. The whole setup is
also isolated from the ground enabling the appliance of an additional sample potential
with respect to the ground. To connect the ”boat” with the sample holder the ”boat”
can be slipped into the sample holder as depicted in figure 3.2. The sample temperature
can be measured using a type K thermocouple which is inserted into a small hole at
the edge of the crystals. The thermocouple is read-out with a Lakeshore 340 digital
PID temperature controller. Cooling is realized by a liquid nitrogen bath cryostat. It
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sapphire plates
cryostat

Ta wires

thermocouple

Au(111)

Mo boat““Cu sample
holder

Figure 3.2: Photographs of the Cu sample holder consisting of a grounded central part con-
nected to the liquid nitrogen cryostat and two outer parts electrically isolated by sapphire
plates between the copper blocks. To demonstrate the mechanism of the exchange of the sam-
ple ”boat” two photos are shown with the sample ”boat” halfway and fully inserted in the Cu
sample holder.

allows for minimum temperatures of ≤ 100 K. The crystal can be heated via resistive
heating of the Ta wires holding the sample. The sample holder design is self-made and
optimized for the usage with low energy electron spectroscopy methods. The front-side
is flat to avoid inhomogeneous electric fields in the vicinity of the sample. To enable
angle resolved measurements the rotational axis coincides with the center axis of the
sample surface.

Doser

The molecules used in this thesis are kept in a separate self-made dosing unit con-
nected to the UHV preparation chamber by a gate valve and pumped directly by an
own turbo molecular pump (Pfeiffer TMU 071P). This enables the exchange of the
molecules without breaking the preparation chamber vacuum. To adsorb the molecules
onto the surface the chemical vapor deposition method is employed which requires the
heating of the molecules. The doser consists of a small Ta crucible which is wrapped
with a heating wire. It can be heated up to 400 K which is monitored by a type K
thermocouple. Heating will increase the pressure inside the container by evaporating
and accelerating the molecules. A 1 mm hole at the front side creates a conical molec-
ular beam which can be blocked by a shutter operated by a rotational feedthrough. It
blocks the direct exposition onto the sample, enhancing control over the exact dosing
time and therefore the amount of the deposited material. After reaching the respective
temperatures for the various investigated molecules the doser is inserted into the cham-
ber. To control the amount of deposited molecules the deposition procedure is followed
with the QMS at a representative mass of the molecule as can be seen exemplary for
the dosing of TBA in figure 3.3.
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Figure 3.3: QMS signal of mass 190 detected during dosing of TBA.

Turning the shutter unblocks the path of the heated molecules onto the sample. It
is closed again after the wanted dosing time has expired. Retracting the doser and shut-
ting the gate valve allows to reach the initial base pressure within a few minutes. To
reduce the sample-crucible distance (and the contamination) the dosing unit is mounted
on a linear motion stage as is shown in figure 3.1.
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3.2 High Resolution Electron Energy Loss Spec-

troscopy (HREELS)
High Resolution Electron Energy Loss Spectroscopy (HREELS) represents one of the
most powerful tools to study absorption properties and geometries of adsorbates on
surfaces via vibrational spectroscopy. The excitation of vibrational modes is achieved
utilizing an highly monochromatic incident electron beam which is scattered at the sur-
face and detected upon energy losses. This technique, capable of detecting adsorbate
vibrations, plasmons, phonons, and electronic transitions, has been first been reported
by Probst and Piper in 1967 [Pro67]. It has played (and still does) a crucial role in sur-
face chemistry with its most important application: vibrational spectroscopy to study
adsorption processes and binding properties [Iba82]. By comparison of vibrations in the
gas or condensed phase with the spectra obtained from adsorbed molecules, information
on the type and strength of the interactions with the surface and the effects exerted
by the surface onto the molecule can be deduced. Generally vibrations can be excited
by photons (infrared reflection absorption spectroscopy, IRAS), electrons (HREELS)
or atoms (helium atom scattering, HAS). The advantages of using electrons for the
excitation is their high sensitivity and the accessibility of the low frequency vibrations.
With HREELS it is possible to detect coverages as low as 1/100 of a monolayer of CO
on Pt(111) [Iba82]. Furthermore, via different excitation mechanisms described in the
following sections, also dipole-inactive vibrations can be excited. But HREELS displays
disadvantages when it comes to the resolution. HREELS typically shows resolutions
above 16 cm−1 (≈ 2 meV) for adsorbate covered surfaces whereas IRAS and atom scat-
tering can reach resolutions below 0.8 cm−1 (≈ 0.1 meV) [Hen94]. HREELS can be
used for studies exceeding vibrational analysis. It is a versatile tool for the investigation
of electronic transitions which is of use in chapter 7, where electronic HREELS enables
us to measure band gaps in graphene nanoribbons on Au(111).

(a)

cathode

substrate

monochromator
(b)

channeltron

analyzer

Figure 3.4: HREELS spectrometer: (a) shows the used ”Delta 0.5” instrument (picture by
SPECS GmbH) and (b) a schematic drawing of the spectrometer.

The following work has been accomplished using two different HREELS spectrom-
eter. The work was started with an Ibach-type spectrometer using a double monochro-
mator and a double analyzer. During the research it has been possible to purchase
a more modern spectrometer (SPECS GmbH, ”DELTA 0.5” HREELS Spectrometer)
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which has been installed by the author. Figure (a) shows the used ”Delta 0.5” in-
strument and (b) a schematic drawing of the spectrometer. The basic design of both
instruments is alike, besides the exception of the usage of two 127◦ cylindrical sector
analyzers in the Ibach-type and only one in the ”DELTA 0.5” instrument. Therefore dis-
tinctions are not included in the following description. It can be divided in two sections
(see figure 3.2): The first section consists of the fixed double stage monochromator,
the second section of a rotatable single stage analyzer. Both sections are connected by
the scattering chamber, where the sample is located during the measurements. The
”DELTA 0.5” HREELS Spectrometer is able to perform measurements with high res-
olution (≈ 2 meV/16cm−1) up to loss energies of 1 eV, and in a coarse mode up to
50 eV using impact energies from 0 to 250 eV. The electron source is LaB6 cathode from
where the electrons are focussed with a lens-system into the monochromator consist-
ing of two 127◦ cylindrical sector analyzers (premonochromator and monochromator).
The monochromatic electron beam is then focussed by a set of electrostatic lenses on
the sample within the central scattering chamber. The reflected electrons are focussed
by a similar lens system on the entry slit of the analyzer, consisting as well of a 127◦

cylindrical sector analyzer. Finally the electrons are detected with a channeltron oper-
ated at 2.2 keV. The analyzer part is rotatable against the monochromator around the
center of the scattering chamber allowing different experimental geometries (compare
with chapter 3.2.1).
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Figure 3.5: Electron energy resolution in the direct beam. The spectra is taken with a
reasonable countrate, so that the corresponding spectrometer settings have been the starting
point for the surface investigations.
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For the investigations of adsorbate vibrations we choose primary electron energies of
3 to 4 eV and analyzing the losses in a regime up to 4000 cm−1/0.5 eV. The instrument
has an intrinsic resolution of about 1 meV (8 cm−1) which is measured as the full width
half maximum (FWHM) in the direct beam in the straight through mode. Figure 3.5
shows the corresponding spectrum. Note, that the spectrum is taken with a reasonable
countrate so that the corresponding spectrometer settings have been used as a starting
point for the parameters used for surface investigations.

A detailed introduction to this well established technique can be found in the review
articles in references [Thi87, Roc95] and in the book by Ibach and Mils [Iba82], so that
only the relevant aspects of the underlying mechanisms for this work are discussed in
the following chapter.

3.2.1 Interaction Mechanisms in HREELS

For the incident, monochromatic electron beam three cases of inelastic interactions
with the sample have to be considered [Iba82, Thi87]. The long range dipolar scatter-
ing concentrates the inelastic scattered electrons in a narrow lobe close to the specular
reflection. HREEL spectra of adsorbates taken in the specular geometry obey IR metal
surface selection rules. Short range impact scattering disperses the inelastically scat-
tered electrons in a broad isotropic distribution. Impact scattering is not restricted to
the surface selection rule. Resonance scattering (negative ion resonances) is a specific
scattering mechanism dependent of the electron beam energy.

If an electron e−i with an initial energy of Ei interacts with an adsorbate covered
surface (see figure 3.7) it can excite a vibrational quantum ~ω resulting in the energy
of the inelastic scattered electron Es figure

Es = Ei − ~ω. (3.1)

Scanning the energy loss of the scattered electrons in the low energy direction results
in HREELS spectra showing the discrete vibrational energies of the excited vibrational
modes. The vibrational quantum of an single surface bound atom is given by the

eigenfrequency of the harmonic oscillator ω =
√

K
m with K the force (spring) constant

andm the oscillating mass. For vibrational modes including multiple atoms the reduced
mass has to be used. Translational symmetry parallel to the surface7 and momentum
conservation lead to the following expression

k⃗∥s = k⃗
∥
i + Q⃗+ nG⃗, (3.2)

with k⃗s and k⃗i the momenta of the incoming and scattered electron, Q⃗ the momen-
tum of the excited vibration and G⃗ a reciprocal lattice vector of the two dimensional
Bravais-lattice with the integer n. In the following n = 0 is assumed, therefore the
difference in parallel momentum of the electron before and after scattering corresponds

7Components of the impulse perpendicular to the surface are described as a momentum transfer to
the whole crystal, so that the perpendicular component is a conserved quantity.
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to the one of the excited vibrational mode.

The Dipolar Scattering Regime

Dipole scattering excites vibrational modes through the long range (≈ 100 Å) Coulomb
interaction between the electron and the surface. Derived from its charge (and im-
age charge) the incoming and scattered electron causes a time dependent long ranged
electric field. This induces surface vibrations accompanied with oscillating charges
thus generating an oscillating electric dipole field to be excited. For our research of
organic molecules on coinage metal surfaces image charges need to be considered.
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Figure 3.6: Schematic illustration of the ori-
entation of dipoles and image dipoles on metal
surfaces. On a metallic substrates perpendic-
ular orientated dipoles get amplified to a net
dipole moment of 2 µ in the far field due to
the image charge in the underlying substrate.
On the other hand dipole moments orientated
parallel to surface get quenched for the same
argumentation.

For the electron in the far field vibra-
tional modes orientated perpendicular to
the surface get amplified by the image
dipole, whereas parallel oscillating dipoles
get extinguished. Figure 3.6 illustrates
the two cases. The resulting net dipole
moment is 2 µ′ for perpendicular orien-
tated dipoles µ′, since the image and the
real dipole are orientated alike. This leads
to a surface selection rule similar to in-
frared spectroscopy on metals: Only vi-
brational modes with a component of the
dipole moment orientated perpendicular
to the surface can be excited. Since for
metal surfaces the timescale of the mo-
tion of the valence electrons is much faster
compared to the motion of the atomic nu-
cleus this consideration is valid for static
and dynamic dipole moments on metal
surfaces.

As already discussed in the general
considerations in the previous chapter the perpendicular component is a conserved
quantity, whereas the difference in parallel momentum of the electron before and after
scattering corresponds to the one of the excited vibrational mode. The momentum loss

is therefore small k⃗
∥
s = ~ω. The intensity of the dipole scattered electrons exhibits a

strong angular dependence. The normal measuring geometry in HREELS is the spec-
ular geometry shown in figure 3.7 with identical angles towards the surface normal
of the incoming electrons and scattered electrons (Φi = Φs). In the experiment the
monochromator and the analyzer are orientated Φi = Φs = 60◦ towards the surface
normal resulting in the highest signal intensity.

Following the quantum-mechanical theory of the inelastic scattering of slow elec-
trons by molecules adsorbed on metal surfaces as presented in reference [Per77] we find
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ei
-

Φ
i

Φ
s

E, ki i E , ks s

es
-

Figure 3.7: Schematic illustration of
the HREELS scattering geometry for
dipolar scattering. The incident elec-
trons e−i possess energy Ei and impulse
ki. The angles Θi and Θs are the angles
of the incident and scattered electrons
with respect to the surface normal. The
scattered electrons e−s possess energy Es

and impulse ks. For the detection of
dipolar scattered electrons the scattered
electrons are detected in specular geom-
etry: Φi = Φs = 60◦.

for the cross section dσ
dΩ as a function of the scattering angle Θs

dσ

dΩ
=

(meµe

π~2
)2 ps

pi

1

cosΘs

(a∥
a2

)2

, (3.3)

with ps and pi the momenta of of the scattered and incident electron, a∥ and a compo-
nents of the momenta derived from transformation involving the components parallel
and perpendicular of the momentum of of the scattered and incident electrons and a
pre factor composed of µ, and the electron mass me.
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Figure 3.8: Calculated cross section of the dipole scattered electrons versus the scattering
angle. The scattering angle of 0◦ corresponds to specular scattered electrons. In the calculation
a primary electron energy of E0 = 3.0 eV has been used.

Starting from Fermis Golden Rule the transition rate for the process in which the
molecule is excited by the incoming electron from a ground state |A > to the vibra-
tional excited state |B > µ can be written as < B|µz|A > with µz the component of
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3 EXPERIMENTAL METHODS

the dipole moment operator of the molecule orientated perpendicular to the surface. In
figure 3.8 the calculated cross section of the dipole scattered electrons is plotted versus
the scattering angle. The calculation according to formula 3.3 have been carried out
using an primary electron energy of E0 = 3.0 eV, which is in the order of the exper-
imentally used primary electron energies. The scattering angle is in reference to the
specular angle which has been set to Φi = 60◦ in accordance to our experiments (In
the figure 3.8 0◦ corresponds to specular geometry). In figure 3.8 the calculated cross
section of the dipole scattered electrons is plotted versus the scattering angle. The
calculation according to formula 3.3 have been carried out using an primary electron
energy of E0 = 3.0 eV, which is in the order of the experimentally used primary electron
energies. The scattering angle is in reference to the specular angle (0◦ corresponds to
specular geometry).

Our results show that for the dipolar scattered electrons the intensity is only found
in a very small angular range (calculated to ± 2◦) around the specular direction. This
dipole lobe leads to the experimental distinguishability of the different scattering mech-
anisms simply by rotating the analyzer out of the specular geometry. For our experi-
ments off-specular angles of ≥ 6◦ have been used.

The Impact Scattering Regime

The picture of the impact scattering mechanism is more complicated, since kinematical
processes and multiple scattering events have to be included in the theoretical descrip-
tion [Iba82]. It requires detailed knowledge of electron/molecule scattering potential.
Therefore only basic considerations are given in the following description. Opposing to
the presented dipolar scattering this scattering process is short ranged (≈ 1 Å) and is
considered as a direct impact of the incident electron with the atomic core potentials
of the sample. Impact scattering leads to loss signals, which are detectable over a wide
range out of the mirror geometry making the scattering mechanisms experimentally ad-
dressable by sufficient rotation of the analyzer out of the specular geometry (dipole lobe
of dipolar scattered electrons). Opposing to dipolar scattering the detectable modes are
not dependent on their orientation towards the surface, resulting in possible excitations
of vibrational modes lateral and perpendicular to the surface plane. Similar to Raman
spectroscopy it is possible that the interacting electron gains energy from an already
excited vibration. According to reference [Thi87] the electron in this scattering mecha-
nism is close enough to the surface that the interaction with the screening image charge
can be neglected. In the off-specular geometry the count rate is usually found to be
reduced by one to too orders of magnitude compared to the contribution of the dipole
scattering. Therefore the influence of the impact scattered electrons on measurements
in specular geometry can be neglected

Negative Ion Resonce

Negative ion resonances are not detected in the experimental part of the thesis and
the brief overview is given for completeness. The negative ionresonance scattering
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3.2 High Resolution Electron Energy Loss Spectroscopy (HREELS)

mechanism is well known from electron collisions between electrons and ions in the gas
phase (Shape or Feshbach resonances). In this mechanism the scattered electron is tran-
siently trapped in an unoccupied molecular orbital forming a negative ion. The lifetime
of such resonant states is usually much shorter in molecules adsorbed on surfaces due
to additional decay channels into the metal substrate and is therefore dependent on the
coupling of the unoccupied molecular orbitals to the electronic structure of the surface.
Such a state can occur, when the energy of the unoccupied state is equal to the kinetic
energies of the colliding electron. The angular distribution of the scattered electrons is
given by the spatial distribution of the wave function of the resonance. Therefore the
cross section depends strongly from the incident angle and energy of the electron.

39



3 EXPERIMENTAL METHODS

3.3 Vibrational Spectroscopy via Infrared-Visible

SFG
A second surface sensitive vibrational technique has been used for the investigations
of self assembled monolayers formed on thin gold films under wet chemical conditions.
The wet chemical approach disqualifies the investigation under UHV conditions with
HREELS8. The utilization of infrared-visible sum-frequency generation (IR-Vis SFG)
has been proven to be ideal for this kind of investigations. SFG is a highly sensitive,
surface specific technique with a high spectral resolution. This nonlinear optical spec-
troscopy is a vibrational spectroscopy method which has become an established and
widely used method to explore surfaces and interfaces ranging from liquid interfaces
to SAMs on metal surfaces [She84, She89, Hei91, Buc01, Bel05, Gal03, Bon00]. For
our requirements utilizing light has the advantage that SFG can also be used under
”real” working conditions, i.e. not under UHV conditions. SFG spectroscopy exploits
a second order nonlinear process at interfaces with a broken inversion symmetry.
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Figure 3.9: (a) Illustration of the SFG process; (b) for two beams, infrared and visible, the
general scheme of an SFG process involving a resonant vibrational transition in an adsorbate
layer is shown. In this three-level-system composed of a ground state ν = 0, vibrational state
ν = 1 and an intermediate state. If the intermediate state is a virtual level, the SFG signal is
dominated by the IR resonance.

For SFG two laser-pulses are overlapped on the sample, a broadband infrared
(≈ 150 fs, 20-30 µJ) with a bandwidth of ≈ 200 cm−1 (full width at half maximum,
FWHM) laser-pulse is used together with a narrow band visible (VIS) up-conversion
pulse of 7.5 µJ at ωV is = 800 nm. Both beams are p-polarized and focused onto the
sample under grazing incidence of ≈ 75◦. The resulting SFG signal is spectrally dis-
persed and detected by an intensified CCD camera. Thus, vibrational spectra within a

8Measurements have been performed but with poor results.
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3.3 Vibrational Spectroscopy via Infrared-Visible SFG

bandwidth of ≈ 200 cm−1 can be obtained without scanning the IR frequency. Further
experimental detail is given in reference [Fun00]. If spatial and temporal overlap is
given light with the sum frequency can be observed as it is schematically shown in fig-
ure 3.9 (a). Resonant enhancement occurs for frequencies ωIR within the bandwidth of
the broadband IR pulse which are resonant with a vibrational transition. The general
scheme of an SFG process involving a resonant vibrational transition in an adsorbate
layer is shown in figure 3.9 (b).

The sum–frequency signal containing vibrational information can be observed as
visible light. But its main virtue is that if the underlying medium is centrosymmetric
as the in this thesis investigated gold substrates, this method is intrinsically surface
sensitive.

Intense optical fields interact non-linearly with matter. Because of that, the depen-
dence of the polarization P on the electric field E has to be expressed in higher order
terms, with SFG being a second order process. In general, the resulting SFG inten-
sity ISFG is proportional to the second order polarization P (2)(ωSFG = ωIR + ωV is)
induced by frequency mixing in the interfacial region. The of the incoming pulses in-
duced polarization P (2) acts as a source for the electric fields ESFG whose intensity can
be expressed by:

ISFG ∝ |P (2)(ωSFG)|2 ∝ |χ(2)
S (Θ)|2IIRIV is (3.4)

IIR, IV is are the intensities of the incoming fields and χ
(2)
S (Θ) the interface nonlinear

susceptibility which is proportional to the density of interfacial molecules Θ. In dipole

approximation χ
(2)
S (Θ) vanishes in media with space-inversion symmetry. It can be

separated into two parts, a resonant and a non-resonant contribution [Buc01]

χ
(2)
S (Θ) = χ

(2)
NR(Θ) + χ

(2)
R (Θ). (3.5)

The resonant term is associated with the vibrational transition (see figure 3.9 (b)). The
probed vibrations can be described by Lorentzians:

χ
(2)
S (Θ) = χ

(2)
NR(Θ) +

∑
ν

Aν(θ)e
iϕν

ωIR − ων + iΓν
(3.6)

the resonance between the IR frequency ωIR and the vibrational transition ων possesses
a damping constant Γν . The SFG intensity can now be described as:

ISFG ∝

∣∣∣∣∣|ANR(θ)|+
∑
ν

|Aν(θ)e
iϕν |

ωIR − ων + iΓν

∣∣∣∣∣
2

IIRIVis (3.7)

With the amplitudes ANR and Aν describing the strength of the non-resonant back-
ground (NRB, signal from the bare substrate) and the resonant contribution of the
vibrational mode(s) ν. The respective ϕν(’s) take possible phase shifts between the
NRB and the resonant contributions ν into account.

SFG (on metal substrates) is only sensitive to vibrational modes with a component
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of the dipole moment change perpendicular to the surface. If a dipole is oscillating par-
allel to the metal surface, it will be screened by the image dipole created in the metal
canceling the dipole moment change accompanying the molecular vibration (compare
with figure 3.6). For the same reason the components of the incident IR field being par-
allel to the surface are screened by a metallic substrate. This leads to surface selection
rules: only the component of the electric field perpendicular to the surface can couple
to the vibrations and therefore only vibrations with a dipolar moment perpendicular
to the surface can be excited similar to conventional IRAS-spectroscopy.
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3.4 Thermal Desorption Spectroscopy

For coverage quantification and to gain insight into the adsorption behavior thermal
desorption spectroscopy (TDS or TPD, temperature programmed desorption) has been
employed. The QMS intensity of a mass corresponding to the investigated molecule or
molecular fragment is detected as a function of the surface temperature. The usage of
the Lakeshore temperature controller enabled us to produce highly linear heating rates
typically of 1 K/s. Assuming that all adsorbed molecules exhibit equal binding sites
the desorption rate R can be described using the Polanyi-Wigner-equation:

R = −dΘads

dt
= Θn

adsν0e
−Edes
kBT , (3.8)

with Θads the number of adsorbate molecules on the surface, ν0 the pre-exponential fac-
tor from the Arrhenius equation and n the reaction order. The desorption energy Edes is
for non activated chemisorption processes equal to the binding energy EB (Edes = EB).
If this expression is now connected to the desorption rate we find:

− dΘads

dT
=

dt

dT
Θn

adsν0e
−Edes
kBT . (3.9)

Using this expression we find the measured TDS spectra defined by their desorption
order n resulting in typical coverage dependent shapes as can be seen in figure 3.10
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Figure 3.10: Thermal desorption spectra of 0., 1. and 2. order with a linear heating rate.
Adopted from reference [Lüt95].

Since the available quadrupole mass spectrometer (QMS) is only capable to detect
masses up to 200 amu and our investigated molecules exhibiting masses exceeding this
range, we need to determine the mass of a fragment. The intensity of the signal of the
fragment mass must be proportional the partial pressure of the desorbed molecule
and is recorded as a function of the sample temperature. The general procedure
of coverage quantification is exemplary discussed for a with tetra-tert-butyl-stilbene
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Figure 3.11: Thermal desorption spectra of
3.1 ML TBS on Au(111) recorded with a heat-
ing rate of 1 K/s at the fragment-mass of 190
amu. Inset: Shown is the integrated QMS sig-
nal of mass 190 for the shown TPD spectrum
as a function of sample temperature used for
coverage quantification. The integrated cover-
age from TS = 600 → 370 K is defined as one
monolayer.

multilayer covered Au(111) surface9. The
mass of 190 amu corresponds to the 3,5-
di-tert-butyl-phenyl ion and was chosen
according to the already known successful
TPD investigations of TBA on Ag(111)
and Au(111) [Teg07, Hag07], respectively.
From the coverage dependent measure-
ments (achieved by a systematic variation
of the dosing times) shown in figure 4.1
the desorption behavior of the features
in the spectrum is assigned according to
their desorption order.

At low coverages a broad desorption
peak (α2) is observed around 555 K,
which extends to lower temperatures with
increasing coverage. After saturation of
this peak a second desorption feature α1

develops at 296 K. The α1 peak increases
in height and width with increasing cover-
age, showing a typical zero-order desorp-
tion behavior. We therefore assign this
peak to desorption from the multilayer
while the α2 peaks is associated with des-
orption from the first monolayer (ML).

After the assignments of the desorp-
tion peaks with regard of their bind-
ing situation10 we integrated the coverage
in a temperature window starting from
TS = 600 K to TS = 240 K as can be
seen in the inset of figure 3.11. From the
previous assignment of the α2 peak to the
monolayer we define the integrated coverage from TS = 600 → 370 K to one. From
this initial calibration all investigated coverages are defined.

9Compare with chapter 4.1.1.
10The feature at higher temperatures is assigned to the surface bound monolayer and the low tem-
perature feature is assigned to molecules bound in the second and subsequent layers explaining the
identical desorption temperatures for increasing coverages.
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4 Trans/Cis-Isomerization Reactions in
Direct Contact with Noble Metal Sur-
faces

Various molecular switches which are able to undergo a photoinduced trans/cis-iso-
merization in solution have been studied after adsorption on noble metal surfaces
by means of high resolution electron energy loss spectroscopy (HREELS). A specif-
ically designed azobenzene derivative, viz. tetra-tert-butyl-azobenzene (TBA), is so
far one of the few examples of molecular switches which have been successfully, re-
versible photo-isomerized after adsorption on a metal substrate, viz. the Au(111) sur-
face [Ale06, Hag07, Wol09]. In TBA the phenyl rings have been equipped with bulky
tert-butyl groups. The purpose has been to geometrically lift the functional backbone,
i.e. the diazo-group (–N=N–), from the surface.

Note, that the photoinduced isomerization of unsubstituted azobenzene molecules
bound to Au(111) is suppressed presumably because of the stronger interaction with
the metal substrate and corresponding differences in the electronic and geometric struc-
tures [Com07].

However, recent experimental studies in collaboration with the group of St. Tautz
(FZ Jülich) using normal incidence x-ray standing wave technique and large-scale
density-functional theory calculations performed by K. Reuter et al. (TU München)
indicate a similar distance of the photochemically active diazo bridge to the noble
metal (Ag, Au) substrate for both the bare and tert-butyl functionalized azobenzene
[McN10b, McN10a, Mer10]. Therefore the underlying mechanism governing the desired
functionality may be influenced drastically by the electronic interaction with the sub-
strate, so that purely geometrical arguments to predict the functionality of adsorbed
molecules have to be taken with great caution. This demonstrates that both, the ge-
ometric and electronic structure of the complete molecule–substrate complex have to
be taken into account for a successful tuning of the functionality of adsorbed molecular
switches.

For the prototypical azobenzene derivative (TBA) on Au(111) it has already been
shown that HREELS is an appropriate tool to investigate molecular switching at sur-
faces, which goes along with significant changes in the vibrational structure [Ova07].

In the following chapter the results of our HREELS investigations on the ad-
sorption and particularly the switching properties of, structurally similar and iso-
electronic to TBA, tetra-tert-butyl-stilbene (TBS) and tetra-tert-butyl-imine (TBI) on
Au(111) are presented. The functional units have herein been changed from the diazo-
group (–N=N–) in azobenzene (C6H6–N=N–C6H6) to the imine-group (–CH=N–) in
N-benzylideneaniline (also called imine; C6H5–CH=N–C6H6) and to the vinylene-group
(–HC=CH–) in stilbene (C6H5–CH=CH–C6H5). Additionally TBA has been investi-
gated with the underlying noble metal surface varied to Cu(111) to gain insight into
the influence of the electronic structure of the underlying substrate on the switching
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WITH NOBLE METAL SURFACES

process. It is a key goal, relevant to the development of future applications, to under-
stand and control the structural changes of different surface-bound molecular switches.
For this purpose, it is crucial to get a detailed knowledge of the adsorption geome-
try (molecular orientation) and the the switching properties to gain insight into the
underlying elementary processes.
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4.1 Photoisomerization Ability of TBS on Au(111)

and TBA on Cu(111)
4.1.1 Adsorption Behavior and Photoisomerization Ability of Tetra-

tert-butyl-stilbene on Au(111)

In order to obtain insights into the adsorption properties of TBS/Au(111) and to quan-
tify the coverage, thermal desorption spectra were recorded as a function of TBS cov-
erage as can be seen in figure 4.1 for different dosing times. The mass of 190 amu
corresponds to the 3,5-di-tert-butyl-phenyl ion and was chosen according to the already
known successful TPD investigations of TBA on Ag(111) and Au(111) [Teg07, Hag07],
respectively.
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Figure 4.1: Thermal desorption spectra of TBS on Au(111) at different coverages recorded
with a heating rate of 1 K/s at the fragment-mass of 190 amu (3,5-di-tert-butyl-phenyl ion)
[Ley10].

At low coverages a broad desorption peak (α2) is observed around 555 K, which
extends to lower temperatures with increasing coverage. After saturation of this peak
a second desorption feature α1 develops at 296 K. The α1 peak increases in height
and width with increasing coverage, showing a typical zero-order desorption behavior.
We therefore assign this peak to desorption from the multilayer while the α2 peaks
is associated with desorption from the first monolayer (ML). The thermal desorption
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4 TRANS/CIS -ISOMERIZATION REACTIONS IN DIRECT CONTACT
WITH NOBLE METAL SURFACES

behavior of TBS from Au(111) is very similar to those of other aromatic compounds
on noble metal surfaces, for example azobenzene derivatives [Teg07, Hag07, Óvá08],
benzene [Xi94, Roc06], hexafluorobenzene [Von99], and pyridine [Zho02], respectively.

Figure 4.2: (a) HREEL spectrum of 1 ML TBS adsorbed on Au(111) recorded in specular
scattering geometry with a primary electron energy of 3.7 eV. The FWHM of the elastic peak
is 27 cm−1 (3.3 meV). (b) Fourier-transform infrared spectrum of condensed TBS (KBr-pellet)
measured with a resolution of 4 cm−1 [Ley10].
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A common observation in these systems is the substantial broadening of the desorp-
tion peak with increasing coverage in the monolayer regime. This can be attributed to
repulsive interactions between the adsorbed molecules for example due to dipole-dipole
interactions.

Figure 4.2 (a) shows the HREEL spectrum of 1 ML TBS adsorbed on Au(111),
which was prepared by heating the multilayer-covered surface to 400 K, recorded in
specular scattering geometry. For comparison, the infrared (IR) spectrum obtained
for the solid state (in KBr) is displayed in figure 4.2 (b). The vibrational frequencies
and their assignments for both the adsorbed and condensed TBS are listed in table 4.1
together with the literature values of vibrational modes of 0.9 ML TBA adsorbed on
Au(111) [Ova07] and condensed trans-stilbene [Mei78, Are95, Cho97].

vibrational modea 1 ML TBS b cond. TBS c 0.9 ML TBAd trans-stilbenee

τ(C–C)Ar, δ(C–X) 424 – – 410, 419

τ(C–C)Ar 451 – – 455

γ(C–X) 535 (da)f 540 – 528

δ(C–C)Ar 558 576 543 541

δ(C–C)Ar 609 630 – 620

τ(C–C)Ar 693 (da) 707 696 692

γ(C–H)Ar, ν(C–C)Ar 816 813 – 847, 824

γ(C–H)Ar 861 (da) 871, 889 879 848

γ(C–H)e 951 962 – 966

ν(C–C)Ar, δ(C–H)Ar 1019 1026 1008 1028

ν(C–C)Ar, δ(C–H)Ar 1038 1026 – 1059

δ(C–H)Ar 1184 1209 1189 1187

ν(C–C)Ar – 1246 – 1234

δs(CH3)
t 1354 1364 1359 –

δs(CH3)
t 1387 1390 1385 –

δas(CH3)
t 1458 1460, 1477 1453 –

ν(C–C)Ar 1590 1595 1584 1597

νs(CH3)
t 2847, 2876 2864 2878 –

νas(CH3)
t 2953 2957 2963 –

ν(C–H)e 3011 3020 – 3029

ν(C–H)Ar 3040 3057 3057 3040

Table 4.1: Vibrational frequencies (in cm−1) and assignments for 1 ML TBS adsorbed on
Au(111) and condensed TBS, respectively. a CX stands for the phenyl ring-ethylene bond; e,
indicates the ethylene moiety; s, symmetric; as, asymmetric; ν, stretch; δ, in-plane bend; τ ,
torsion; γ, out-of-plane bend; Ar, aromatic ring; t, tert-butyl group. b Obtained by HREELS;
present study. c IR spectrum recorded in KBr; present study. d HREELS data from tetra-tert-
butyl-azobenzene (TBA) adsorbed on Au(111) adapted from ref. [Ova07]. e IR and Raman
data adapted from refs. [Mei78, Are95, Cho97]. f The da indicates a strong dipole activity
[Ley10].
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The HREEL spectrum for the adsorbed TBS agrees well with the IR data for TBS
in the solid, only small shifts towards lower energies are observed for some vibrations
due to adsorption on Au(111). In both the adsorbed and condensed TBS the asym-
metric CH3 stretch mode (υas ≈ 2953 cm−1) and the CH3 deformation modes (δas ≈
1458 cm−1, δs around 1387 cm−1) of the tert-butyl-groups as well as the out-of-plane
C–H deformation of the phenyl rings and the ethylene moiety (γ(C–H) ≈ 861 cm−1,
γ(C–H)e ≈ 951 cm−1) and the phenyl ring torsion mode (τ(C–C) ≈ 693 cm−1) show
high intensities. In contrast, the stretch modes of the aromatic rings (ν(C–C)) at 1246
and 1595 cm−1, respectively, result in very high intensities in the IR spectrum of the
condensed TBS, are absent or barely visible in the HREELS-spectrum.

In order to gain insights into the excitation mechanism, i.e., dipole- versus impact-
scattering, and to analyze the adsorption geometry of TBS on Au(111), we performed
angular dependent measurements. Figure 4.3 shows a comparison of HREEL spectra
recorded in specular and 9.2◦ off-specular geometries for 1 ML TBS/Au(111). Most
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Figure 4.3: HREEL spectra of 1 ML TBS adsorbed on Au(111) recorded in specular and 9.2◦

off-specular scattering geometry, respectively, with a primary electron energy of 3.7 eV [Ley10]

striking is the huge intensity decrease of the out-of-plane torsion mode of the phenyl
rings (τ(C–C)) at 693 cm−1 and the C–H bending mode (γ(C–H)) at 861 cm−1 in
the off-specular spectrum, indicating that their intensities are originating mostly from
dipole scattering in the specular spectrum (see table 4.1 for the assignment of the dipole
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active modes). The strong dipole activity of the phenyl ring torsion and C–H bending
modes points towards a preferential orientation of the TBS parallel to the Au(111)
surface, viz. a planar trans-configuration, since in this orientation these modes have a
strong dipole moment change upon vibration perpendicular to the surface. Moreover,
the in-plane modes of TBS, for instance the stretch vibration of the phenyl rings at
1246 and 1595 cm−1 of condensed TBS observed with high intensities, are absent or
barely visible in the HREELS of the adsorbed species. This corroborates the proposed
planar adsorption geometry. In addition, STM measurements show that in the low-
coverage regime TBS forms well-ordered islands with the molecules adsorbed in the
planar configuration [Pet08] as can be seen in figure 4.4.

Figure 4.4: STM image of an island
with close-packed tetra-tert-butyl-stilbene
molecules on a Au(111) surface. Single
molecules do appear in the STM images
as four equally high lobes, which are
attributed to the four tert-butyl-groups by
comparison of the measured dimensions
with calculated dimensions of TBS in
the gas phase. The assigned molecular
structure has been drawn exemplary in
the STM image for some molecules. The
STM picture has been adopted from the
PhD thesis of M.V. Peters (HU Berlin)
[Pet08].

Hence, we conclude that the adsorption behavior is similar to the one observed for
TBA in direct contact with the Au(111) surface [Ale08, Mor06, Ova07]. Note that also
in the liquid phase the trans-isomer of both azobenzene and stilbene is known to be
the energetically favorable configuration [Mei92].

Photo irradiation experiments have been performed without observable changes in
the vibrational structure in the HREELS spectra of TBS/Au(111). Additionally 2PPE
measurements have been carried out, using femtosecond laser pulses which are gen-
erated by a 300 kHz Ti:Sapphire laser system, which pumps an optical parametric
amplifier. The visible output with photon energies from 1.7 eV to 2.7 eV, respectively,
can be frequency doubled in a BBO crystal to generate ultraviolet pulses (3.4–5.4 eV
photon energy). No light induced changes electronic structure of surface-bound TBS
are observed using different optical excitation energies ranging from 2–4.5 eV [Ley10].
Accordingly, we propose that the photoisomerization is suppressed.

Note, that the isomerization is not observed as well for STM experiments utiliz-
ing tunnel-currents and electric fields due to voltage pulses [Pet08]. In TBA/Au(111)
the excitation mechanism for molecular switching has been identified to arise from a
substrate-mediated charge transfer process, viz. the formation of a positive ion reso-
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nance. Thereby excitation with photon energies above ≈ 2.1 eV leads to the generation
of hot holes in the Au d -band, which rapidly relax to the top of the d -band and sub-
sequently transfer to the HOMO level of TBA induces the isomerization [Hag08a]. In
the reference [Ley10] the electronic structure of TBS adsorbed on Au(111) has been
measured utilizing two-photon-photoemission spectroscopy enabling us to determine
occupied and unoccupied electronic states of the molecules in direct contact with the
metallic substrate. The HOMO level of TBS is located at -1.75 eV with respect to EF ,
i.e., at a similar energetic position as the HOMO level of TBA on Au(111), which is
-1.85 eV (see chapter 2.3). Surprisingly the electronic structure is found to be almost
identical, leaving the question of the quenched isomerization unanswered. One may
speculate if the overlap between the Au d -bands and the HOMO of TBS and thus the
electronic coupling is weaker compared to TBA and therefore a transfer of photoexcited
Au d -band holes to the HOMO of TBS is unlikely. However, based on the mechanism
for the photoinduced isomerization of TBA on Au(111), it is evident that a (strong)
electronic coupling must be existent, i.e., some degree of hybridization between the Au
d -band and the HOMO of TBA, presumably via the N=N bonding or the lone pairs at
the nitrogen.

Whereas the molecular switching in TBA is driven by the generation of a positive
ion resonance (cation) via a charge transfer of holes from the Au d -band to the HOMO
level of TBA, this mechanism is obversely not efficient in TBS/Au(111) even though
the HOMO of TBS is at a similar energetic position. It is an open question if the
cationic state of TBS would stimulate a conformational change. Quantum chemical
calculations of the potential energy surfaces for the free TBA and TBS molecule cor-
roborate this conclusion. They indicate that for the TBA cation larger gradients at the
Franck-Condon point than for the TBS cation are exist. Furthermore in the cationic
states the barrier is strongly reduced in TBA compared to TBS11 [Ley10].

11Potential energy surfaces of the neutral ground state and the cationic state for the TBA and
TBS, respectively, have been calculated using the B3LYP functional and a 6-31G∗ of Gaussian 03
program package. The calculations have been performed by P. Saalfrank et al., Institut für Chemie,
Universität Potsdam, SFB 658.
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4.1.2 Adsorption Behavior and Photoisomerization Ability of Tetra-
tert-butyl-azobenzene on Cu(111)

TDS has been utilized in order to obtain insights into the adsorption properties of TBA
on Cu(111) and to quantify the coverage. For higher coverages a sharp desorption fea-
ture is apparent in the thermal desorption spectra around 300 K. Whereas for lower
coverages almost no clear structure is resolved. The desorption behavior of the peak
at ≈ 300 K resembles those of the identical molecule on other coinage metal surfaces
[Teg07, Hag07, Ley07] and is similar to the previously described absorbtion behavior
of TBS on Au(111) (see chapter 4.1.1.). Thus the feature at ≈ 300 K is interpreted
identically, i.e. as the multilayer. For the other investigated TBA covered surfaces
a broad desorption peak α3 is observed with the maxima located at temperatures of

T
Au(111)
S = 525 K and T

Ag(111)
S = 480 K [Ley07]. Surprisingly the typical monolayer

behavior is not found for TBA on Cu(111). We performed HREELS measurements
after annealing to temperatures of 500 K, where no further desorption is visibly in the
TDS of TBA/Cu(111).
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Figure 4.5: HREEL spectra of ≤ 1 ML TBA adsorbed on Cu(111) recorded in specular and
9.2◦ off-specular scattering geometry, respectively, with a primary electron energy of 3.5 eV,
with a resolution (FWHM) of 32 cm−1 (4.0 meV).

The resulting spectrum shows broad vibrational features at modes around 100, 700
and 870 cm−1. The observed residual vibrational features at around 700 and 870 cm−1

are in a frequency region where for this molecule out-of-plane modes of the aromatic
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rings are found and the feature at ≈ 100 cm−1 could be the vibrational mode of a
fragment bound to the Cu(111) surface. The broad vibrational features could be de-
rived from various fragments exhibiting vibrational modes in the same energy region.
Therefore a possible explanation of the ”missing” monolayer in the TDS spectra could
be a dissociation of the molecule during desorption12. The HREELS measurement have
therefore been performed at an assumed monolayer coverage which has been prepared
by desorbing the multilayer by heating the surface to TS = 310 K or by deposition of
the molecules on the surface kept at TS = 310 K.

Figure 4.5 shows the HREELS spectra of around one monolayer TBA on Cu(111).
We recorded HREELS spectra in specular (black line) and 9◦ off-specular geometry (red
line) with a primary electron energy of 3.5 eV with an energy resolution of 32 cm−1 in
the specular direction. The determined vibrational frequencies and their assignments
are listed in table 4.2 together with the results from TBA on Au(111), TBA in the con-
densed phase [Ova07], and with literature values of the vibrational modes of (trans-)
azobenzene [Küb60, Kel71, Bis97]. Although the azobenzene is planar (see figure 4.6

vibrational modea ≤ 1 ML
TBA/Cu(111)b

0.9 ML
TBA/Au(111)c

cond. TBAd trans-azoe

δ(C–N) 223 (da) 204 – 219 (raf )

τ(C–C)Ar 320 299 – 299g

τ(C–C)Ar 404 (da) 403 (da) – 403 (raf )

τ(C–C)Ar 713 (da) 696 (da) 705 689 s

τ(C–C)Ar 873 (da) 879 (da) 885 776 s

γ(C–H), δ(C–C)Ar 933 921 910 927 s

ν(C–C)Ar, 1029 1008 1024 1020 m

ρ(CH3) 1139 (da) 1153 (da) 1188 –

δ(C–N) 1202 1230 1245 1300 m

δs(H–C–H)(CH3) 1366 (da) 1359 (da),
1385 sh

1365, 1395 –

δas(CH3) 1446, 1474 1453 1463 1456 s, 1486 s

ν(C–C)Ar 1586 (da) 1584 1602 1585 m

νs(C–H)(CH3) 2873 sh (da) 2878 sh (da) 2865, 2900 –

νas(C–H)(CH3) 2949 2951 2962 –

Table 4.2: Vibrational frequencies (in cm−1) and assignments for 1 ML TBA adsorbed on
Cu(111). a s, symmetric; as, asymmetric; ν, stretch; δ, in-plane bend; τ , torsion; γ, out-of-
plane bend; Ar, aromatic ring; ρ, rocking.
b Obtained by HREELS; present study. c HREELS data from tetra-tert-butyl-azobenzene
(TBA) adsorbed on Au(111) adapted from ref. [Ova07]. d IR spectrum recorded in KBr
adapted from ref. [Ova07]. e IR and Raman data adapted from refs. [Küb60, Kel71]. f Raman
spectrum recorded in CCl4.

g Calculated value adapted from ref. [Bis97]. Abbreviations: s,
strong; m medium; sh, shoulder. The da indicates a strong dipole activity.

12Compare with the desorption behavior of nitro-spiropyran in chapter 5.1
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(a)) the TBA will probably not exhibit a horizontal symmetry plane like it is ideal-
ized in figure 4.6 (b). This is supported by theoretical (Density Functional Theory)
and experimental (X-ray Standing Wave) investigations together with the groups of K.
Reuter and S. Tautz demonstrating that the real TBA adsorption geometry concerning
the height of the diazo-bridge of the molecule above the surface is much better char-
acterized as a ‘suspended bridge’ between tilted tert-butyl legs that is shown in figure
4.6 (c). This is derived from the almost identical adsorption heights of the diazo-group
of 3.22 Å above the surface for azobenzene versus 3.28 Å for TBA/Au(111) [McN10a].
Nevertheless it is reasonable to assume that the tilting angle of the azobenzene part
of the molecule remains small, so that we use an ”in-plane” and ”out-of-plane” in the
assignments of the phenyl-ring modes.

The HREEL spectrum for the on Cu(111) adsorbed molecules agrees well with the
IR data of the condensed-phase TBA with only minor energetic shifts due to the absorp-
tion on Cu(111). While in the IR spectrum of the condensed molecule the asymmetric
CH3 stretch mode (νas(C–H)(CH3) at 2962 cm−1) results in the most intense infrared
absorption, this mode shows a medium intensity in the case of TBA/Cu(111). The
stretch modes of the aromatic rings ν(C–C)Ar at 1586 and 1029 cm−1 are less intense
compared to the IR spectrum of the condensed phase, but show more intensity in com-
parison to the adsorption of TBA on Au(111). The more pronounced occurrence of
these in-plane modes of the phenyl ring already hints towards a geometry on the sur-
face with the phenyl rings slightly twisted (non-planar) as compared to the adsorption
on Au(111). Accordingly the adsorption peak at 1202 cm−1, assigned to the in-plane
C–N deformation δ(C–N), is more pronounced compared to the adsorption on Au(111),
where it was barely visible for the adsorbed species. The phenyl ring torsion modes
τ(C–C)Ar at 713 and 873 cm−1 are detected with medium intensity, whereas they show
the highest intensities for TBA/Au(111).

In order to obtain insight into the excitation mechanism of the excited vibrational
modes, i.e. dipole vs. impact scattering and to analyze the adsorption geometry further,
we performed angular dependent measurements. The red curve in figure 4.5 represents
the off-specular spectrum. Most striking is the intensity decrease for the out-of-plane
torsion modes of the phenyl rings τ(C–C)Ar at 404, 713, and 873 cm−1, indicating
that their intensity originates mostly from dipole-scattering in the specular spectrum.
Similar to the results for TBA/Au(111) we therefore derive an orientation of the TBA
in its trans-state which is almost planar to the surface, since in this orientation these
modes would exhibit a strong dipole moment change upon vibration perpendicular to
the surface. However, we conclude that the molecular orientation of TBA when ad-
sorbed on Cu(111) is not as planar as on the Au(111) substrate, evidence is given by
the smaller intensities of the out-of-plane phenyl ring torsion modes, the presence of the
in-plane C–N deformation δ(C–N) of the diazo-group at 1202 cm−1 and the detected
dipole-activity of an in-plane phenyl ring stretch mode ν(C–C)Ar at 1586 cm−1.

According to the photo switchable TBA, where illumination with photon ener-
gies of hν ≥ 2 eV leads to a trans→cis isomerization [Hag07], we tried to induce
changes in the vibrational structure by illumination with photon energies starting from
hν = 445 (2.79 eV) to 248 nm (5.01 eV). Note, that with this range of photon energies
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Figure 4.6: Illustration of the concept of ge-
ometric decoupling using bulky spacer groups.
(a) Assumed geometry of trans-azobenzene on
noble metal surface. (b) Ideal picture of the
adsorption geometry of azobenzene equipped
with four tert-butyl-groups as spacer-legs
(TBA) lifting the functional backbone, i.e. the
diazo-group, above the surface. (c) ”Suspended
bridge” geometry as it has been derived from
X-ray standing wave measurements and DFT
calculations. The figure has been adopted
from the joint publication ref. [McN10a]

it should be possible to induce a direct intramolecular excitation responsible for the
trans to cis-isomerization in solution (see figure 2.5). An indirectly induced isomeriza-
tion likewise the TBA/Au(111)-experiment which is observed for hν ≥ 2 eV [Hag08a]
assuming the HOMO position of TBA being comparable upon adsorption on Au(111)
and Cu(111), respectively. No changes in the HREELS spectra are observed, accord-
ingly we propose that the photoisomerization is suppressed.

STM measurements of TBA on Cu(111) have been performed by M. Alemani et al.
(FU Berlin) showing, consistently to the presented results, that only the trans-isomer
is present on the surface after deposition of TBA molecules on Cu(111) as for Au(111)
[Ale08]. The appearance resembles the one of TBA/Au(111) with four lobes apparent,
corresponding to the tert-butyl-legs of the molecule. Note that the central part of the
molecule and the phenyl-rings are not visible in STM spectra. But, differences in the
self-assembly behavior have reported: Whereas TBA on Au(111) forms large ordered
islands, disordered islands are visible on Cu(111). This fact is attributed to an en-
hanced molecule-substrate interaction, which could explain the ”missing”monolayer in
TDS measurements described at the beginning of this chapter. In accordance to our
illumination experiments, no isomerization of the molecules is observed on Cu(111) but
on Au(111) when utilizing voltage pulses from the STM tip [Ale08].

The similarities in the adsorption geometries of azobenzene and TBA at Cu(111)
and Au(111) derived from the HREELS measurement strongly hint that the purely
geometrical arguments that have been underlying the bulky spacer group concept have
to be reassessed. Instead, the present analysis supports the suggestion of P. Tegeder
and co-workers that for understanding the mechanism of the photo-induced switching
functionality the detailed electronic structure of the metal substrate in combination
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with the influenced electronic structure of the molecular switch in direct contact with
the substrate is much more important than previously thought.

In the model presented in reference [Hag08a] we explain the switching (non-switching)
of TBA on Au(111) (and Ag(111), respectively,) by assuming that the incident photon
creates a hole in the metal, which exhibits an ultra fast decay to the d-band upper edge
located ≈ 2.1 eV below the Fermi-energy EF (see figure 2.2 (a)). In the case of Au(111),
this hole can then transfer to the highest occupied molecular orbital (HOMO) of TBA.
In contrast to Ag(111) where the d-band is ≈ 2 eV lower lying and thus preventing the
overlap with the HOMO hindering the isomerization. In the present case for TBA on
Cu(111) the position of the d-band is close to the d-band position of Au(111) (-2.1 eV
in reference to EF ; see figure 2.2 (b)), which does not explain a priori the quenched iso-
merization of TBA on Cu(111). A possible explanation for the quenched isomerization
behavior of TBA/Cu(111) is given in ref. [Ale08]. A stronger molecule-substrate inter-
action caused by the Cu(111) substrate is utilized as an explanation. They conclude
that a strong interaction could potentially hinder the isomerization process by intro-
ducing both a larger barrier for lifting up parts of the molecule and an increased steric
hindrance to the necessary molecular motion imposed by the neighboring molecules.

Alternatively, changes in the electronic interaction between molecules and substrate
could affect the isomerization mechanism by modifying the electronic states of the
trans- (and cis-) isomers as well as the connecting transition structure and therefore
(strongly) influence the resulting potential energy surface13. Moreover, the surface cor-
rugation might play an important role, since the three-dimensional cis-isomer could
selectively be destabilized and therefore become non-addressable. The important influ-
ence of the molecule-surface interaction on the isomerization process becomes apparent
when comparing the above discussed results with the behavior of TBA on Au(111).

13Compare with the ”inverted” thermal isomerization behavior of TBI on Au(111) in chapter 4.2 or
the modified equilibrium structure of spiropyran on Au(111) in chapter 5.

59



4 TRANS/CIS -ISOMERIZATION REACTIONS IN DIRECT CONTACT
WITH NOBLE METAL SURFACES

4.2 Coverage and Temperature Dependent Iso-

merization of an Imine Derivative
In this chapter HREELS has been employed to analyze thermally activated changes
in the geometrical structure of the photochromic molecular switch 3,3’,5,5’-tetra-tert-
butyl-imine (TBI) adsorbed on Au(111). In contrast to azobenzene and its derivatives,
imine-based switches have only been scarcely investigated on metal surfaces.

The author is only aware of two publications. Both studies have been performed in
the group of P. Tegeder at the FU Berlin. The same molecules (TBI) as in the recent
study have been investigated adsorbed on Au(111) with 2PPE spectroscopy, but the
focus of this investigation has been set to the electronic structure of the molecule-metal
interface [Hag10].

It was found for another imine derivative, namely carboxy-benzylideneaniline (CBA),
adsorbed on Au(111) that the molecule adopts a planar trans-configuration in the first
monolayer. This is despite the strong non-planar geometry of the molecule in solution
(Compare with chapter 2.2.2.). In this HREELS study we found that illumination
with UV-light at 355 nm of CBA in direct contact with Au(111) (≤ 1 ML) causes
no changes in the vibrational structure, whereas for higher coverages (> 1 ML) we
observed pronounced modifications which we assigned to a trans → cis isomerization.
The backreaction has been achieved by thermal activation, when heating the surface
to 273 K. We proposed a direct intramolecular electronic excitation analogue to the
molecule in solution since the second and subsequent layers are decoupled from the
surface [Óvá10].

The study on 3,3’,5,5’-tetra-tert-butyl-imine (TBI) is motivated by our previous
work on 3,3’,5,5’-tetra-tert-butyl-azobenzene (TBA), since imine is structurally similar
and isoelectronic to azobenzene, which is the most thoroughly investigated molecular
switch in solution and in case of physisorbed molecules on metal surfaces, a photoin-
duced isomerization has so far been demonstrated only for the specifically designed
TBA adsorbed on Au(111). Our intention is to analyze the adsorption and particularly
the switching properties of the adsorbed molecule when changing the central functional
unit from the diazo-group (–N=N–) in azobenzene to the imine-group (–C=N–) in
N-benzylideneaniline (also called imine; C6H5–CH=N–C6H6).
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4.2.1 Coverage Quantification

For coverage quantification and to gain insight into the adsorption behavior of TBI
on Au(111) thermal desorption spectroscopy has been employed. Figure 4.7 shows the
TPD spectra at mass 57 amu taken after dosing TBI with varying dosing times. The
Au(111) surface has been cooled to TS ≈ 200 K during deposition, while the doser has
been heated to TD ≈ 358 K. The broad high temperature TPD feature between 440
and 590 K is assigned to the monolayer. Therefore its area, when the peak is saturated,
is taken as a reference for the coverage estimation. With increasing coverage this peak
starts to emerge at 525 K, for 0.3 ML the peak maximum is located at 511 K, whereas
for the saturated monolayer the peak maximum is located at 480 K. This is typical for
2nd order desorption (see chapter 3.4). For low coverages in the sub-monolayer regime
the adsorbed TBA binds more strongly to the substrate, increasing coverage leads to
a denser packing and increasing adsorbate-adsorbate repulsion, e.g. originating from
dipole-dipole-interaction, and therefore to the observed shift of the peak maximum to
lower temperatures.

Figure 4.7: Coverage quantification by means of thermal desorption spectroscopy of TBI
adsorbed on Au(111). Shown is the measured signal for mass 57 amu (C4H

+
9 ) for different

dosing times.

After saturation of the first monolayer we observe the appearance of a second peak
located between 320 and 440 K with 2nd order desorption behavior, which we assign to
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the second monolayer, since its area is equivalent to approximately the area of the first
monolayer. At lower temperatures we find the multilayer with 0th order desorption
kinetics (spectra for higher coverages not shown in figure 4.7). Complete desorption for
coverages exceeding one ML is given after annealing to TS = 317 K.

In the following all molecular layers have been prepared dosing the wanted amount
of molecules on the Au(111) surface held at TS ≈ 200 K (TD ≈ 358 K) by choosing the
appropriate dosing time. All HREELS investigations have been followed by recording
a complete TPD to assure the amount of molecules on the substrate.

4.2.2 Analysis of the Adsorption Geometry

To analyze the adsorption geometry of TBI adsorbed on Au(111), we deposited one
monolayer on the substrate held at a temperature of TS = 200 K. Afterwards angular-
dependent HREELS measurements in specular and 9◦ off-specular geometries (see figure
4.8) at a sample temperature of ≈ 100 K have been carried out. The energy of the pri-
mary electrons was set to 3.5 eV with a resolution of 17.5 cm−1 (≈ 2.2 meV), measured
as the full width at half maximum (FWHM) of the elastic peak.

The complete assignment of all measured vibrational frequencies is listed in table
4.3 together with the experimental values of vibrational modes of N-benzylideneaniline
(imine) in the condensed and liquid phase (references [Ost67, Z.89]), theoretical values
obtained by normal coordinate analysis and DFT studies (references [Koz93, Gae07]).
The results obtained for a previous HREELS study of TBA on Au(111) (reference
[Ova07]) has been taken into account as well, since the investigated azobenzene deriva-
tive is equipped as well with four tert-butyl groups and is therefore isoelectronic and
structurally close to TBI.

It is apparent that several vibrational modes detected in the IR spectra of the con-
densed molecules (or in solution) are absent or barely visible in the HREELS spectra
of the on gold adsorbed species. Therefore the modes, which are absent in the mea-
surements of the surface bound species are quenched upon adsorption on the metal
substrate. Noteworthy is that no vibrational modes in the region above 1500 and be-
low 2800 cm−1 are observed. In the specular spectrum several vibrational features are
detected. First, we discuss only the absence of the vibrational modes which are assigned
to in-plane modes ν(CC) of the benzylidene and aniline ring of the molecule located at
1568 (1570) ([Gae07]), and 1584 cm−1 ([Z.89]), respectively. Furthermore the stretch
mode of the imine group ν(C=N) reported at 1638 cm−1 in reference [Gae07] is ab-
sent14. The missing vibrational modes are located either in the planes of the phenyl
rings or in the plane of the imine group. Therefore we conclude that for the absorbed
molecule the latter modes are missing most likely because of a parallel orientation of the
molecule to the metal surface. The absence of the in-plane stretch modes ν(CC) and
ν(C=N) leads us to the classification of the in the vibrational HREELS detected mode
at 1183 cm−1 to the ρ(CH3) rocking mode of the tert-butyl legs. In the literature this
region exhibits as well the ν(C-ph) and ν(N-ph) stretch vibrations, which are not likely
to be detected for the preliminary assumed adsorption geometry with the imine group

14For comparison the IR spectrum of condensed TBI is shown in the lower part of figure 4.8
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Figure 4.8: HREEL spectra of 1ML TBI adsorbed on Au(111) recorded in specular and 9◦

off-specular scattering geometry. The primary electron energy was set to 3.5 eV. The resolution
is 17.5 cm−1 (≈ 2.2 meV) [Mie11]. For comparison the IR-spectrum of the condensed TBI
(KBr-pellet) is shown. The IR-spectrum has been taken in the group of R. Haag, Chemistry
Department, FU Berlin.
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and the phenyl rings lying parallel to the surface. The observed vibrational modes be-
tween 2800 and 3100 cm−1 arise from symmetric and asymmetric C–H stretch modes
which are attributed to the CH3 parts of the tert-butyl legs. These modes are therefore
not valuable for the geometrical analysis since their orientation is expected to be such,
that a component of the dipole moment change perpendicular to the surface is present
for all kinds of possible adsorption geometries.

In order to gain further information on the adsorption geometry of TBI in the
monolayer regime, we carried out angular-dependent HREELS measurements in spec-
ular (solid black line) and off-specular geometry (solid red line) (see figure 4.8).
We discuss here the relevant angular dependent vibrational modes for the determina-
tion of the adsorption geometry.

Most striking are the pronounced intensity drops of the out-of-plane torsion modes
of the phenyl rings ((C-C)), at 230, 703, and 875 cm−1 [Z.89, Ova07] in the off-specular
spectrum, indicating that their intensities in the specular spectrum mainly originate
from dipole scattering. The strong dipole activity of the phenyl ring torsion modes
arises from an orientation, where these modes have a strong dipole moment change
upon vibration perpendicular to the surface.

Au(111)

(a) (b)

Figure 4.9: (a) Sketch of a phenyl ring and the corresponding out-of-plane phenyl ring torsion
mode τ(C−C) to the vibrational feature at 703 cm−1 (see figure 4.8). Arrows indicate movement
of the carbon atoms out of their former position in the plane of the phenyl ring. (b) Assumed
planar adsorption geometry of TBI (shown without hydrogen atoms) on Au(111) due to the
strong dipole activity of the out-of-plane phenyl ring torsion modes at 217, 703, and, 875 cm−1

(see Fig. 4.8).

Figure 4.9 (a) shows one of the dominant phenyl ring torsion modes of the HREELS
spectra of one ML TBI adsorbed on Au(111) (see figure 4.8), i.e., the out-of-plane tor-
sion mode at 703 cm−1 [Gün96]. Due to the strong dipole activity of these modes,
we conclude that the preferred orientation of the planar phenyl rings must be parallel
or almost parallel towards the surface. Note that a similar adsorption behavior has
been observed for TBA and the stilbene analogue on Au(111) [Ova07, Ley10]. Accord-
ingly, the HREEL data indicates a planar geometry of the molecules when adsorbed on
Au(111) as can be seen in figure 4.2.3 (b).
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Our experimental findings are in contrast to the known geometry of the free molecules.
According to experimental [EB71, Bür70] and theoretical [Pat85, Gae07] studies, the
trans-isomer exhibits a highly non-planar configuration, which is caused by the conju-
gation between the aniline ring and the nitrogen lone pair resulting in torsion angles of
the two rings about the imine group of ≈ 55◦ and 10◦, respectively15.

vibrational mode TBI/Au(111)a experimentalb theoreticalc

τ(CC), ph 230 (da) 275 –

τ(CC), ph; δ(CN) 294 299 –

τ(CC), ph 394 (da) 403 –

τ(CC), ph 703 (da) 692, 696 –

ring-vibrationop – 750 –

δop(ph) – – 765

δ(C-ph) – – 766

τ(CC), ph 875 (da) 879 –

δ(N-ph) 875 (da) – 879

γ(CH), ph; δ(CC),Ph 923 921 –

ν(CC), ph 1023 1008 –

ρ(CH3) 1183 (da) 1153 –

ν(C-ph); ν(N-ph) – 1189 1170; 1199

δs(HCH)(CH3) 1360 (da) 1359 –

δ(CH), imine 1360 (da) 1370 1366

δas(HCH),CH3; ν(CC), ph 1468 1453 –

ν(CC), benzylidene ring – – 1568

ν(CC), aniline ring – – 1570, 1584

ν(C=N), imine group – 1613 1638

νs(CH), CH3 2880 2879 –

ν(CH) 2895 – 2906

νas(CH), CH3 2955 2951 –

ν(CH), ph 3060 3000-3085 –

Table 4.3: Vibrational frequencies (in cm−1) and assignments for a monolayer TBI adsorbed
on Au(111).
s, indicates symmetric; as, asymmetric; ν, stretch; δ, in-plane bending; γ, out-of-plane bending;
τ , torsion, ρ rocking, ph = phenylring.
a Values obtained from present HREELS study of 1 ML TBI adsorbed on Au(111) at sample
temperatures of TS = 200 K.
b Experimental assignments taken from references [Ost67, Z.89, Ova07] (solid state and solution
IR and Raman spectra of N-benzylideneaniline, TBA/Au(111) HREELS measurement).
c theoretical assignments taken from references [Koz93, Gae07] (values obtained by normal
coordinate analysis and DFT studies for N-benzylideneaniline).

15For details see chapter 2.2.2.
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Despite the known geometry of the trans-isomer in the condensed or liquid phase, we
support the observed planar adsorption geometry with results from a density func-
tional theory study by D. Jacquemin et al., where a calculated forced-planar geometry
for unsubstituted N-benzylideneaniline is reported. The ground-state of this geometry
is found to be 0.09 eV (71 cm−1) [Jac09] higher in energy compared to the twisted
ground-state geometry. This small energetic shift can probably be easily compensated
by the interaction via van der Waals interaction between the flat lying phenyl rings and
the gold substrate for planar TBI molecules.

Further proof of the proposed adsorption geometry illustrated in figure 4.9 (b) is
given in the joint publication together with the group of L. Grill, FHI Berlin (see
reference [Mie11]). Here, STM images of TBI on Au(111) after annealing the sur-
face to approximately the same surface temperature as in the present HREELS study
(TSTM

S = 230 K) show that the TBI molecules adsorbes in two different types of or-
dered islands. Either in a zigzag pattern or in ordered rows16, similar to the behavior of
TBA molecules on Au(111) which adsorb in their planar trans-geometry [Ale06]. Single
molecules do appear in the STM images as four equally high lobes, which are attributed
to the four tert-butyl-groups by comparison of the measured dimensions with calculated
dimensions of TBI in the gas phase. Hence, there is no indication for a rotation of the
phenyl rings out of the plane. Therefore and due to the resemblance of the STM images
to the known images of TBA/Au(111) in its trans-state, the adsorption geometry is
assigned to a planar trans-state of TBI on Au(111).

16The edge of an island of ordered rows can be seen in figure 4.12 (a). The assigned molecular
structure has been drawn exemplary in the STM image for some molecules.
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4.2.3 Thermally Induced Isomerization of 1ML TBI/Au(111)

We studied the effect of illumination on the vibrational structure of the TBI/Au(111)
system. Light exposure with varying photon doses at 355 and 445 nm (3.5 and 2.8 eV),
respectively, of 1 ML TBI adsorbed on Au(111) provoked no changes in the vibrational
structure, viz., no modification of the adsorption geometry is observed. We propose
that the photoisomerization is suppressed for coverages ≤ 1 ML. Presumably, this
arises from the electronic interaction between the molecules and the metallic substrate
leading to ultrashort lifetimes of molecular excited states believed to be responsible for
the isomerization.

Figure 4.10: (a) HREELS spectra of 1 ML TBI on Au(111) deposited at a sample temperature
of 200 K and after annealing to different temperatures, recorded in specular geometry with a
primary electron energy of 3.5 eV. The resolution has been ≤ 20 cm−1 (2.5 meV) for all
measurements. The sample was heated for 2 min at the given temperatures, using a heating
rate of 1 K/s, and subsequently cooled down to TS = 100 K. (b) TPD spectra taken for the
annealing steps. Shown is the signal for mass 57 amu (C4H

+
9 ) as a function of temperature for

the single annealing steps. Inset: For comparison the annealing steps and the subsequent full
TPD to TS = 650 K are plotted together with the TPD of 2.2 ML.

We performed HREELS measurements to gain insight into the molecular geome-
try following thermal activation. Figure 4.10 (a) shows HREELS spectra taken after
deposition of 1 ML of the TBI molecules at TS = 200 K and subsequent annealing
steps to 317, 380 and 440 K. The resolution has been ≤ 20 cm−1 (2.5 meV) for all
measurements. The single annealing steps have been performed in front of the QMS
to assure that we started with the wanted quantity of molecules on the substrate,
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i.e. one monolayer. Figure 4.10 (b) shows the QMS signal of mass 57 for the single
heating steps. After the final HREELS measurement a full TPD to TS = 650 K has
been recorded. The HREELS spectra of the trans-TBI are dominated by the intense
phenyl ring torsion modes which are highlighted in figure 4.10 (a)17 located at 230,
703, and 880 cm−1 up to heating temperatures of 380 K, due to the planar (trans-)
adsorption geometry (see figure (b)). After heating the sample to 440 K a very strong
intensity decrease of theses vibrational modes is observed, which we assign to a con-
formational change to cis-isomers with one phenyl ring pointing upwards, in analogy
to the HREELS measurements of the trans to cis-isomerization of TBA on Au(111)
[Ova07] and in comparison to the taken STM-images (figure 4.12 (a)). Note that the
spectral changes are not caused by a reduced TBI coverage, since thermal desorption
spectroscopy shows basically no desorption at these conditions (see blue line in figure
4.10 (b)). Therefore we assign the observed changes to a trans to cis isomerization of
TBI on Au(111) which is illustrated in figure 4.11.

Au(111) Au(111)

kT

Figure 4.11: Schematic illustration of the measured adsorption geometries of trans-
TBI/Au(111) and for cis-TBI/Au(111), found at 210 K and after annealing to TS > 380 K,
respectively.

Since it is known that isomerization of this class of molecules can also be achieved
by STM manipulation [Ale06, Cho06, Hen06, Dri08, Ale08], attempts have been made
by L. Grill et al. to achieve a switching of the TBI molecules on Au(111) by applying
voltage pulses to a single molecule. For two different manipulation strategies ((i) to
increase the voltage up to ± 2.5 V and (ii) using small voltages and high currents up
to 100 nA) no isomerization could be induced [Mie11].

However, directly after adsorption, some of the molecules appear as bright spots in
the STM image (see figure 4.12 (a)) with an apparent height of 3.9 ± 0.3 Å above the
surface, while for the protrusions of the trans-isomers appear at 2.4 ± 0.2 Å. A charac-
teristic height profile across such a feature is presented in figure 4.12 (b). These bright
spots are typically found either in small, disordered islands or at the border of large
islands. Only in few cases they are located inside ordered islands. It is very important
that these spots have a similar appearance compared to TBA molecules in their cis-
form [Dri08], which exhibit an apparent height of 4.1 ± 0.3 Å. Moreover, three small
protrusions are visible close to the bright lobe (inset in figure 4.12 (a)), in similarity

17Compare with chapter 4.2.2.
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to TBA molecules, where these weaker protrusions could be assigned to the tert-butyl
legs of the molecule by comparison with calculations [Dri08].

Figure 4.12: (a) STM image (9.4 × 9.4 nm2) of an island with close-packed TBI molecules,
one of them appearing as a bright protrusion. The inset (1.9 × 1.7 nm2) shows the area of the
bright protrusion, revealing the typical appearence with two weaker protrusions at the left side
and one at the right side of the bright spot. (b) Height profile along the line in (a): the average
spot height above the gold surface is 3.9 ± 0.3 . (c,d) STM images (both 4.7 × 4.0 nm2) of the
same surface area before (c) and after (d) a voltage pulse is applied with the STM tip above the
bright protrusion (marked as a cross in (c)). During the pulse, the voltage is increased linearly
during 1 min from 1 to 2.5 V (with a tunneling current up to 7 nA). The STM pictures have
been taken in cooperation with the group of L. Grill, FHI Berlin [Mie11].

The observation of molecule removal during STM manipulation is shown in figure
4.12 (c-d). When applying a voltage pulse above an individual molecule (at the marked
cross in figure 4.12 (c)), it is sometimes observed that the entire protrusion vanishes
from its former area (see subsequent STM image in figure 4.12 (d)). In its place, a
hole is found in the molecular island instead, which exhibits a contour that precisely
resembles the rectangular shape of a single trans-isomer. Together with their typical
appearance, we therefore assign these bright lobes to individual cis-isomers of the TBI
molecules.

It is known that for this kind of molecules switching can be achieved when sufficient
thermal energy is supplied to overcome the activation barrier. In the STM measure-
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ments annealing experiments have been performed. Remarkably, the number of bright
spots, which are assigned to the cis-species, rises strongly, when heating up the sur-
face to temperatures up to TS = 468 K. Note, that for this temperatures desorption
starts, therefore the appearance of more spots is not likely to be related to contami-
nation. The experimental findings of this STM study support the assignment of the
thermally induced changes in the HREELS spectra to a thermally activated trans→cis-
isomerization

If the assignment of both investigations (HREELS and STM) is correct, than this
behavior is highly surprising regarding the known thermally activated cis to trans re-
laxation for cis-TBA on Au(111) [Hag07].

Figure 4.13: (a) Logarithmic intensity change ln ∆I = ln((I0 − Ii)/I0) of the phenyl ring
torsion mode at 880 cm−1 as a function of the substrate temperature. The fit (solid line)
and the activation energy (EA) for the thermally induced trans to cis isomerization of TBI on
Au(111) were obtained by using the Arrhenius expression given in equation 4.11. (b) Relative
intensity change Ii/I0 of two phenyl ring torsion modes at 703 and 880 cm−1 as a function of
the substrate temperature.

Considering the reverted equilibrium between the two isomers when adsorbed on
Au(111), it is desirable to gain insight into the origin of the larger stability of the cis-
isomer on the gold substrate. Therefore we studied the changes of the vibrational loss
intensities during the thermally induced trans to cis isomerization, providing a quanti-
tative insight into the activation barrier. Specifically, the temperature induced intensity
changes of the phenyl ring torsion modes at 703 and 880 cm−1 (see 4.13 (b)), respec-
tively, were used as a quantitative measure for the reaction. The activation energy (EA)
is determined from the relative change in peak intensity

△ Ii =
I317K − IiK

I317K
(4.10)
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between the trans-TBI covered surface at 317 K and the same surface annealed to a
particular temperature, using the Arrhenius-like expression

∆I = Ip exp (−EA/kBT ) (4.11)

(with Ip an intensity pre-exponential factor and kB the Boltzmann constant [Ova07]).
Note that the temperature series was done on a freshly prepared film for each

temperature step. At each particular temperature the same annealing times (2 min)
have been used. As can be seen in 4.13 (b) the intensity of both modes shows the
same temperature dependent behavior. From these measurements we derived a value
of 0.6 ± 0.1 eV for the activation energy (see figure 4.13 (a)). In comparison, for free
imine derivatives in solution the barrier between the stable trans- and the metastable
cis-form is around 1 eV [Gae07]. Thus, we found a barrier reduction of 0.4 eV for the
surface bound TBI, indicating that the potential energy landscape is significant different
from that in the free molecule. Moreover, at the surface, the cis-isomer turned out to
be the energetically more stable species, reversing the situation known for the TBI in
the liquid phase.

kT

hn1

trans-TBI cis-TBI

hn
2

E =0.69 eVA

~1 eV

kT

trans-TBI/Au(111) cis-TBI

TBI/Au(111)

E = eVA 0.6

TBI (solution)

/Au(111)

Adsorption
on Au(111)

E E

Reaction Coordinate Reaction Coordinate

Figure 4.14: Scheme of the potential energy landscape of the TBI molecule in solution and
after adsorption on Au(111). Also shown are the known excitation mechanisms and the ac-
tivations barriers for the thermal relaxation of the molecule from its meta-stable to its stable
ground state, i.e. cis→trans for TBI in solution, and trans→cis for TBI/Au(111), respectively.

Figure 4.14 schematically shows the potential energy landscape for TBI in solution
and after adsorption on Au(111) regarding the ”inverted”isomerization behavior and the
determined barrier for the thermal trans→cis isomerization of TBI/Au(111) according
to our experimental results. Shown are as well the known excitation mechanisms, i.e.
photoexcitation to the excited state and thermally activated relaxation from the meta-
stable cis- to the stable trans-isomer, for TBI in solution.

While the trans- TBI molecules interact rather weakly with the Au(111) surface,
due to the tert-butyl legs and in similarity with the TBA molecules [Hag07], this might
be different when they are in the cis-state, because the lone pair electrons of the N
atom can eventually reach the metal surface. A possible enhanced molecula/substrate
interaction could be given by the lone pair electrons with the metal substrate. Such an
interaction would be sterical more likely with the molecule in the cis state.
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4.2.4 Thermally and Coverage Induced Isomerization: 2ML TBI/Au(111)

We investigated the adsorption and thermal isomerization behavior of the bilayer regime
of TBI on Au(111). Figure 4.15 (a) shows HREELS spectra taken after deposition of
2 ML of the TBI molecules at TS = 210 K and subsequent annealing steps to 317, 380
and 440 K. Identical to our investigation of 1 ML TBI/Au(111). The resolution has
been ≤ 20 cm−1 (2.5 meV) for all measurements. The single annealing steps have been
performed in front of the QMS to assure that we started with the wanted quantity of
molecules on the substrate, i.e. the bilayer. Figure 4.10 (b) shows the QMS signal of
mass 57 for the single heating steps. After the final HREELS measurement a full TPD
to TS = 650 K has been recorded.

Figure 4.15: (a) HREELS spectra of 2 ML TBI on Au(111) deposited at a sample temperature
of 210 K and after annealing to different temperatures, recorded in specular geometry with
a primary electron energy of 3.5 eV. The resolution has been ≤ 20 cm−1 (2.5 meV) for all
measurements. The sample was heated for 2 min at the given temperatures, using a heating
rate of 1 K/s, and subsequently cooled down to TS = 100 K. Highlighted are the phenyl ring
torsion modes τ(CC), since they are used as a measure for the isomerization state. (b) TPD
spectra taken for the different annealing steps. Shown is the measured signal of mass 57 amu as
a function of temperature for the single annealing steps. Inset: For comparison the annealing
steps and the subsequent full TPD to TS = 650 K are plotted together with the TPD of 2.2 ML.

When adsorbing a bilayer on Au(111) at sample temperatures of TS = 210 K (black
line in figure 4.15) we find the vibrational structure of the two monolayers covered sur-
face to be identical with the one found for a single monolayer on Au(111) dosed at
TS = 200 K (black line in figure 4.10). Especially the high intensities of the dipole
active phenyl ring torsion modes in the spectra taken at TS ≈ 210 K (highlighted in
figure 4.15), which has been used to characterize the isomerization behavior, closely
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resembles the one found for 1 ML TBI/Au(111). Therefore the adsorption geometry of
the bilayer is assigned to a planar (trans-) geometry, consistent with the discussion of
the adsorption geometry for the first layer18.

The HREELS spectra of the trans-TBI in the second layer are dominated by the
intense phenyl ring torsion modes τ(CC) which are highlighted in figure 4.15 (a) lo-
cated at 230, 700, and 880 cm−1. But already the first annealing step to 317 K leads
to a very strong intensity decrease of these vibrational modes, which we assign to a
conformational change to cis-isomers with one or both of the phenyl rings pointing
upwards, in analogy to the HREELS measurements of the trans to cis isomerization
of 1 ML TBI on Au(111) in chapter 4.2.3. Note, that at this annealing temperature19

almost no desorption is visible as can be seen in figure 4.15 (b). Therefore we assign
the observed changes to a trans to cis isomerization of 2 ML TBI on Au(111). When
annealing to sample temperatures of 380 K, the intensity of the τ(CC) marker modes
stays unchanged within the precision of the measurement. As it is expected for the
bilayer, this annealing temperature leads to desorption of TBI molecules as can be seen
in figure 4.15 (b).

To summarize the experimental findings for the bilayer so far, the trans→cis iso-
merization is already observed at lower temperatures (317 K for 2 ML compared to
440 K for 1 ML TBI/Au(111)) when the surface coverage is unchanged and the vi-
brational fingerprint stays unchanged when heating to 380 K desorbing ≈ 50 % of the
second layer. But when the surface is heated to 440 K, which is exactly equivalent to
the complete desorption of the bilayer, the intensity of the marker modes fully recovers
(blue line in figure 4.15 (a)). Following our previous interpretation of the adsorption
geometry, we conclude that the entire removal of the second (cis-) layer leads to a
full monolayer of trans-isomers on the surface. The fact that different molecular con-
figurations are found for equal coverages annealed at the same temperature is highly
surprising and shows that a delicate balance of the influences of substrate/adsorbate-
versus adsorbate/adsorbate interaction may govern the switching properties of molec-
ular switches on surfaces. Starting with different coverages and heating up the surface
to TS = 440 K, equivalent to the removal of the second layer for 2ML/TBI and no des-
orption for 1ML/TBI, leads to a different isomerization state of 1 ML TBI on Au(111).

After we performed the final heating step to 440 K, which led to the emergence
of the trans-monolayer TBI on gold, we repeated the annealing step at TS = 440 K
this time for 5 minutes, consecutively cooled the sample to 100 K and took another
HREEL spectrum. The result clearly shows the strong decrease of the τ(CC) marker
modes prototypical for the cis-isomer of TBI. This resembles the known isomerization
behavior for 1 ML TBI/Au(111) as it has been discussed in chapter 4.2.3.

The observed isomerization states of TBI/Au(111) when starting with a two mono-
layers coverage on the Au(111) surface after performing the above described heating
steps are summed up in figure 4.16. Hence the adsorption geometry for both coverage
regimes after adsorbing at TS ≈ 200 K is the trans-state, we believe that TBI adsorbs

18Compare with chapter 4.2.2.
19Corresponding to the multilayer desorption temperature
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Figure 4.16: The determined switching states of TBI/Au(111) starting from two monolayers
coverage adsorbed on the Au(111) surface at TS = 210 K and after heating the sample to
TS = 317, 380, and 440 K, respectively.

from the stable trans-state in the gas-phase. Whereas the molecules for coverages ex-
ceeding one monolayer switch to the cis-state by sample heating, we find the molecules
in their initial trans adsorption geometry after removal of the second layer. The fact
that the trans→cis isomerization for the second layer takes place already at lower tem-
peratures could be understandable when considering the weaker bond strength of the
second layer20. The finding of a trans-layer after removal of the second layer is sur-
prising. A possible explanation could be given by the assumption that if parts of the
multilayer desorb the monolayer density would be increased when the molecules switch
to the cis-state (and further incorporation of molecules from the second layer). This
gain in adsorption energy could overcompensate the energy cost for isomerization. Fur-
ther annealing leads to the desorption of molecules (now in their cis-state) and leaves
open space for the isomerization back to the planar trans-isomer. When heating the
trans-layer for longer times at 440 K we find a trans→cis isomerization, similar to the
one observed for the results starting with one monolayer coverage (see chapter 4.2.3).
We believe that the two observed cis-species are not identical, arising from their bind-
ing situation, i.e. directly bond to the gold substrate for coverages ≤ 1 ML or their
binding situation being influenced by the surrounding molecules. One reason for the
different cis-states depending on the environment is already discussed in the end of
the last chapter and could be due to a possible chemical interaction of the nitrogen
lone pair with the metal surface resulting in an increased coupling to the substrate for
coverages ≤ 1 ML. Hints for the presence of two different cis-species are found in the
HREELS-spectra in figures 4.10 and 4.15. For the cis-species in figure 4.10 starting
with a coverage of ≈ 1 ML an additional vibrational mode is detected at ≈ 760 cm−1

which is not detected for the cis-species observed at 2 ML starting coverage (see fig-
ure 4.15). Assignment of this mode has not been made since in this energetic range a
variety of possible vibrational modes is found. It possesses an energy to high to result
from a gold-molecule vibrational mode but additional vibrational modes could occur if
the geometry of this stabilized cis-species (or the force constant of vibrational modes)
is altered due to the additional coupling to the substrate.

20Compare with the lower desorption temperatures of the second layer in figure 4.7.
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4.2.5 Summary

In this contribution high resolution electron energy loss spectroscopy (HREELS) has
been employed to analyze thermally activated changes in the geometrical structure of
the photochromic molecular switch 3,3’,5,5’-tetra-tert-butyl-imine (TBI) adsorbed on
Au(111). TBI in solution undergoes an optically induced isomerization between a stable
trans- and a metastable cis-isomer. Measurements have been performed for two cover-
age regimes: The monolayer and the bilayer regime. For both coverages all molecules
are found in the trans-state after deposition at sample temperatures of TS = 210 K, but
conformational changes upon heating are observed, which are assigned to a switching
process, e.g. isomerization to the cis-state. When heating the sample to TS = 440 K
two different scenarios are observed depending on the starting coverage.

Annealing of a monolayer leads to an increasing number of cis-isomers, pointing to-
wards an ”inverted” thermal isomerization behavior, since it is known for the molecules
in solution that the trans-isomer is the more stable compound which results in a ther-
mal cis to trans relaxation upon sufficient heating [Mie11].

We investigated the changes in the vibrational loss intensities during the trans to
cis transition to gain a quantitative insight into the activation barrier governing the
thermally induced trans to cis isomerization. The activation energy EA is determined
using an Arrhenius-like expression. From these measurements we derived a value of
0.6 ± 0.1 eV for the activation energy (see figure 4.13 (a)). Thus, we found a barrier
reduction of 0.4 eV for the surface bound TBI, indicating that the potential energy
landscape is significant different from that in the free molecule. Moreover, at the sur-
face, the cis-isomer turned out to be the energetically more stable species, reversing the
situation known for the TBI in the liquid phase. The reason for this surface-mediated
effect could be a stronger coupling of the central imine part of the molecule in its cis-
configuration to the Au(111) surface, as compared to the trans-state. This would be
sterical only possible for the cis-isomer.

Whereas for a bilayer the temperature induced trans→cis isomerization of the TBI
can be monitored as well, but complete desorption of the second layer at TS = 440 K
leads to the formation of a trans-monolayer. The fact that different molecular con-
figurations are found for equal coverages annealed at the same temperature is highly
surprising and shows that adsorbate/substrate-interactions and coverage dependent ef-
fects may govern the switching properties of molecular switches on surfaces. When
annealing this trans-monolayer further we observe a trans→cis isomerization similar
to the one observed with 1 ML TBI/Au(111) as the starting condition.

We believe that the two observed cis-species are not identical, arising from their
binding situation, i.e. directly bond to the gold substrate for coverages ≤ 1 ML or
their binding situation being influenced by the surrounding molecules. One reason for
the different cis-states depending on the environment is discussed in chapter 4.2.3 and
could be due to a possible chemical interaction of the nitrogen lone pair with the metal
surface resulting in an increased coupling to the substrate for coverages ≤ 1 ML.
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5 Nitro-spiropyran on Au(111)
In this chapter the results of our studies for a second class, besides the already reviewed
molecules which undergo a trans/cis-isomerization, of prototypical molecular switches
are given. Molecules that undergo a reversible, optically and thermally induced ring
openining/closing-reactions, e.g. spiropyran-, spirooxazin-, and benzopyranderivatives,
have attracted great attention because of the drastic change of the molecular properties
through the formation and breaking, respectively, of an intramolecular bond.

We investigated the chemical transformation between spiropyran (SP) and mero-
cyanine (MC) on a Au(111) surface. In figure 5.1 the in this chapter measured 1,3,3-
trimethylindolino-6-nitrobenzopyrylospiran is displayed as an ball-and-stick model.

Figure 5.1: Ball-and-stick model of 1,3,3-
trimethylindolino-6-nitrobenzopyrylospiran
(spiropyran, SP). The geometry of the closed
spiropyran is determined by the sp3 hy-
bridized carbon atom resulting in an twisted
orientation with a perpendicular alignment
between the indoline and the benzopyran
group.

The SP-to-MC transformation follows a multistep pathway where the C–O bond
breaking in the spiropyran is the rate determining step [Cot04]. The fission of the bond
triggers a complete change of fundamental molecular properties including the molecular
structure and the charge distribution. Starting from the colorless, three-dimensional
SP form the molecules transform to the closed MC form exhibiting a planar, conjugated
conformation which is highly chemical active and can be found in a zwitterionic state
possessing a large dipole moment.

Up till now most experiments concerning the ring-opening/closing reaction have
been performed in solution. Here the ring-opening process can be triggered by il-
lumination with UV light. Irradiation with visible green light on the other hand is
responsible for the ring-closing reaction. Furthermore the molecule can be transformed
from its open photocolored MC form to its thermodynamically stable parent compound
SP via a thermally induced back-reaction21. The huge change in the molecular prop-
erties has led to a wide prediction of possible applications, including storage devices
[Par89, Ber00, Ray02], molecular sensors and detectors [Byr06] and to induce reversible
chemical and/or optical properties of organic-inorganic interfaces as a novel concept in
chemical sensing [Rad07].

A key point of this work is to achieve reversible changes in the molecular conforma-
tion for adsorbed molecules. This is of fundamental importance for the incorporation
of the molecular functionality into functional devices. It is well known that the po-
tential energy surfaces are affected when the molecules are condensed on the surface
[Hag08a, Wol09]. The changes in the ground state potential energy surface is capable

21For details see chapter 2.2.5.
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of modifying the equilibrium structure [Hen08, Hen07b, Pia08]. Even the chemically
inert gold surface can exhibit a non-covalent interaction with the adsorbates which is
strong enough to influence the molecular conformation [Hen07a] and can even cause
consequent shifts of the thermodynamic equilibrium22. From STM measurements it is
reported that spiropyran molecules form ordered structures when adsorbed on Au(111)
[Hua07], but reports of stable phases of the open merocyanine isomer remain absent.

Based on our results we emphasize, that the usage of metal surfaces and clusters is
well suited to mediate the reaction and to stabilize former metastable states of molec-
ular switches.

22Compare as well with chapter 4.2.
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5.1 Coverage Quantification of Nitro-spiropyran on Au(111)

5.1 Coverage Quantification of Nitro-spiropyran

on Au(111)
To gain control over the exact coverage of the trimethyl-6-nitro-spiropyran adsorbed on
Au(111), we performed TPD measurements for different dosing times. The spiropyran
exhibits a molecular mass of 322 amu which exceeds the upper instrumental limit
which is at 100 amu for the used mass spectrometer. Therefore we had to choose a
fragment which is correlated with the desorption rate of the spiropyran (see chapter
3.4). Figure 5.2 shows a detail of a residual gas analysis (RGA) performed before and
after evaporating spiropyran in the UHV-preparation chamber.

8482807876747270

Fragment mass [amu]

closed valve
open valve (13 min dosing)

Q
M

S
 I
n
te

n
si

ty
  
[a

.u
.]

C NH5 5

+

C H6 5

+

C H3 3

2+C H6 4

+

C H6 3

+

C H6 2

+

Figure 5.2: RGA spectra before (solid black line) and after evaporation of spiropyran (solid
red line) shown in a regime between mass 69 and 85 amu. The spectra have been taken before
(with the valve closed between the UHV-preparation chamber and the evaporator) and after
dosing the spiropyran for 13 min.

The first spectra (solid black line) has been taken with the gate valve between the
preparation chamber and the evaporator being closed and the second spectra (solid red
line) shows the results with an open valve after 13 minutes of dosing with a doser tem-
perature of TD = 358 K. The highest intensity is found for the fragment of an ionized
phenylring (C6H

+
5 ) at 77 amu.

Neighboring peaks have been assigned to further C6HX -ions, double ionized frag-
ments (C3H

2+
3 ) and a fragment which can be deduced from an ionized phenylring car-

rying an additional nitrogen atom.
Figure 5.3 shows TPD spectra at mass 77 amu taken after dosing spiropyran with

increasing dosing times from 1 to 16 min. We did not define the coverage for one mono-
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5 NITRO-SPIROPYRAN ON AU(111)

layer as it is possible that the molecules dissociate during desorption as can be seen in
figure 5.4 and is discussed later on. After adsorbing > 1 ML, the multilayer peak starts
to develop at TS ≈ 365 K , gaining in height and width.
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Figure 5.3: TPD spectra of spiropyran on Au(111) taken at mass 77 amu for different dosing
times.

HREELS measurements have been performed after the execution of a full TPD
spectrum, where the adsorbate covered (≈ 0.5 ML Spiropyran on Au(111)) surface has
been heated up to TS = 700 K.

The resulting HREELS spectrum is shown in figure 5.4 as a solid black line. It
clearly shows that even after exceeding the desorption temperature about ≈ 200 K
fragments of the molecule remain adsorbed on the gold surface.

Two major, rather broad contributions are observed, the maxima located at ≈ 420
and ≈ 770 cm−1, respectively. The former region is characteristic of C–C torsion modes
τ(C–C), whereas the latter typically corresponds to C–H bending modes γ(C–H). The
excited vibrational features exhibit a broad energetic distribution, which is most likely
caused by vibrations of various fragments in an energy regime close to the original vi-
brational mode.

Performing a full sample preparation cycle of Argon sputtering at p=2∗10−6 mbar
followed by an annealing step of the sample at TS = 800 K leads to a complete re-
moval of the described features (see solid red line in figure 5.4). We conclude that the
trimethyl-6-nitro-spiropyran dissociates at least partially during the thermal desorp-
tion. A possible reason for the strong interaction with gold substrate is discussed in
the results section in chapter 5.3.
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Figure 5.4: HREEL spectra of spiropyran on Au(111) taken with primary electron energies
of E0 = 3.7 eV after annealing at 700 K (solid black line) and after a full sputter/anneal cycle
(solid red line), respectively.

For further experiments the preparation of adsorbate covered surfaces has only been
performed for freshly prepared Au(111) surfaces.
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5 NITRO-SPIROPYRAN ON AU(111)

5.2 Thermally Activated Ring-Opening Reaction

The adsorption behaviour of a sub-monolayer spiropyran on Au(111) as a function of
substrate temperature has been studied by means of STM in the group of J. I. Pascual
in the physics department of the FU Berlin23. The molecular layer has been deposited
on a cold Au(111) surface and the STM experiments have been performed at a temper-
ature of 5 K using a custom-made low-temperature STM. When annealing the surface
at temperatures TS ≥220 K, the molecular layer undergoes an ordering transition24.
The resulting STM image is shown in figure 5.5 (a) revealing the formation of extended
self-assembled domains.

Within these extended molecule covered areas a structure is noticeable, revealing
that the islands are composed of molecular rows along which the molecular orientation
alternates (see inset of figure 5.5 (a)). Despite the observed anisotropic structure, the
domains show an overall rounded shape. This indicates that the intermolecular inter-
action is of comparable strength both in the direction and across the direction of the
rows. The herringbone reconstruction of the Au(111) surface can be recognized unper-
turbed underneath the adsorbed molecular layer indicating that the molecules populate
weakly bond adsorption states. This result is known for several low-temperature phases
of organic molecules adsorbed on Au(111) [FT06].

(b)(a)

Figure 5.5: (a) STM image of adsorbate-covered Au(111) surface annealed at TS ≈ 240 K.
The height of the molecular islands oscillates around 0.3 ± 0.1 nm depending on the applied
sample bias. Inset: High-resolution STM image showing an alternating alignment of molecules
along rows. (b) STM image of adsorbate-covered Au(111) surface annealed at TS ≈ 300 K.
Inset: High-resolution STM image showing that the molecular chains exhibit an intramolecular
pattern composed of a 0.1 nm high planar oval structure with a 0.25 nm high internal lobe.
Figures adopted from joint publication [Pia09].

From the STM images it is not a priori possible to distinguish between the open or
closed form, but the high-resolution STM image (inset of figure 5.5 (a)) exhibits that

23Subproject A1 of the SFB 658.
24STM and HREELS measurements have also been performed directly after the adsorption at 170 K
resulting in a disordered phase of the adsorbate.
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5.2 Thermally Activated Ring-Opening Reaction

all molecules feature the same shape and orientation on the surface. This demonstrates
that only one molecular species is present in the observed domains. The intramolecular
chirality could equally be explained by the presence of the chiral SP or prochiral MC
isomers. The structure and the dimensions of the unit cell (1.2 nm ∗ 1.1 nm) agree
with the previous observation reported in reference [Hua07], which where attributed to
the SP isomer.

When the surface is heated to temperatures of TS ≈ 300 K, the appearence of the ad-
sorbate layer change drastically. The former resolved two-dimensional molecular islands
disappear, and a new phase composed of molecular chains is observed (figure 5.5 (b)).
Here the chains do show a preference to follow the underlying herringbone structure of
the Au(111) surface, which expresses an enhanced interaction with the metal surface.
Furthermore, as a characteristic of long-range repulsive interaction among chains, lat-
eral packing is not observed. The described repulsive behavior has been observed for
ensembles of of organic molecules with large dipole moments or charge transfer on metal
surfaces [Bab07, Yok07, FT06]. Summarizing, this expresses a stronger interaction of
the high-temperature phase with the metal substrate. The described transformation
is not reversible, confirming that the chain-structure is the thermodynamically stable
configuration on Au(111)25. The inset of figure 5.5 (b) shows a close up view of a
molecular chain. The chain structure is explained by the packing of molecular dimers
(for details see reference [Pia09]). Each molecule appears as an asymmetric oval feature
with one higher lobe (0.25 nm high) on one side.

Summarizing the results obtained by the STM measurements, the two observed
phases are associated with a structure entirely formed by one of the two different
isomers of the parent spiropyran compound. Driven by thermal activation and the
presence of the metal substrate the conversion from on to the other compound is found
to be complete. However, the STM images do not provide a definitive assignment of
the molecular isomers or orientations that appear in each phase.

In order to verify the proposed adsorption geometry of the spiropyran on Au(111) as
a function of substrate temperature, viz. the observed phase transition, we performed
angular-dependent HREELS measurements. The HREEL spectra were recorded in
both specular (θi = θr = 60◦) and off-specular (θi = 50.8◦, corresponding to 9.2◦ off-
specular; θr = 60◦) scattering geometry at a sample temperature of ≈ 100 K. The
energy of the primary electrons was set to 3.7 eV with an overall resolution of ≤ 4
meV, measured as the full width at half maximum (FWHM) of the elastic peak.

Figure 5.6 (a) shows the HREEL spectra of a submonolayer spiropyran/Au(111)
after deposition of the molecules on a a cold Au(111) surface annealed to a substrate
temperature of 240 K and recorded in specular and 9.2◦ off-specular scattering geome-
tries. In figure 5.6 (b) the adsorbate covered surface, again dosed on a cold substrate,
has been annealed to TS ≈ 323 K.

25All STM measurements have been performed after subsequent cooling to TS ≈ 5 K following the
performed annealing steps.
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Figure 5.6: (a) HREELS spectra of a sub-monolayer SP on Au(111) annealed to a substrate
temperature of 240 K (Phase A) recorded in specular and 9.2◦ off-specular scattering geometry,
respectively, with a primary electron energy of 3.7 eV. (b) HREELS spectra of a sub-monolayer
SP/Au(111) annealed to a substrate temperature of 323 K (Phase B) [Pia09].

The vibrational frequencies and their assignments are listed in table 5.1 together
with the literature values of vibrational modes of spiropyran in the condensed and liquid
phase [DM07, Cot00, Sch67], benzopyran [Nav05], and nitrobenzene [Lap79, Cla03].

The vibrational fingerprints of the molecular layer after annealing at the two temper-
atures are very different and are interpreted as a SP→MC ring-opening reaction upon
annealing. In the specular spectrum several vibrational features are detected, here we
discuss only the angular dependency of the vibrational modes which are relevant for
the determination of the adsorption geometry 26.

26For the detailed assignment of all vibrational modes see table 5.1.
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5.2 Thermally Activated Ring-Opening Reaction

In figure 5.6 (a) (TS ≈ 240 K) strong intensities of the vibrations of the phenyl ring
torsion (out-of-plane, τ(C–C) at 492 and 844 cm−1), C–H deformation (out-of-plane,
γ(C–H) at 753, 844 and 927 cm−1), as well as C–C stretch (ν(C–C) at 1473, and 1492
cm−1) and C–C deformation (in-plane, δ(C–C) 947 and 1369 cm−1) modes are ob-
served. None of these modes shows a particular strong dipole activity, indicating that
the closed-form (spiropyran) is existent, with only one of the phenyl rings orientated
parallel to the surface and the other one perpendicular, respectively.

The observation of the O–C–N stretch vibration (νs(O–C–N) at 947 cm−1) and
of the butterfly torsion modes involving the pyran and phenyl rings (τbutt at 256 and
279 cm−1) are a strong indication for the presence of the spiropyran isomer with the
benzopyran unit of the molecule lying parallel to the surface. Additionally, the strong
intensity of the C–N (1273 cm−1) and N-CH3 (1311 cm−1) stretch vibrations are indi-
cating that the indoline moiety of the molecule is standing upright on the surface (as
schematically shown in the left side of figure 5.7).

Au(111) Au(111)Au(111)

kT
Au(111)

Spiropyran/Au(111) Merocyanine/Au(111)

Figure 5.7: Schematic illustration of the measured adsorption geometries for the spiropyran
and for the thermally activated merocyanine on Au(111), found after annealing the surface to
TS ≈ 240 and 323 K, respectively.

Further evidence for the proposed absorption geometry is given by the absence of
the symmetric and asymmetric stretch modes of the NO2 group, which are normally
located at 1348 and 1523 cm−1, respectively. Note that in the case of a perpendicular
orientation of the benzopyran unit one would expect intense NO2 stretch vibrations
due to a high dipole activity.

After annealing the surface at TS = 323 K (see figure 5.6 (b)) the picture is com-
pletely changed. Most striking is the absence of the butterfly torsion modes τbutt, the O–
C–N stretch vibration νs(O–C–N) and the in-plane modes located above ≈ 1200 cm−1,
which mostly correspond to C–C stretch modes. The disappearance of the τbutt and
the νs(O–C–N) mode is explained by the occurrence of the ring-opening reaction. The
almost complete absence of the in-plane modes above ≈ 1200 cm−1 and the strong
dipole activity of the C–H deformation and phenyl ring torsion modes (out-of-plane
γ(C–H) at 754, 844 and 927 cm−1; τ(C–C) at 492 and 844 cm−1) clearly indicates a
parallel orientation (flat lying) of the merocyanine isomer with respect to the surface.

Furthermore, the flat lying adsorption geometry of the merocyanine obviously leads
to a more homogeneous film, resulting in a smaller scattered elastic electron beam
(reduced diffuse scattering), which causes an increase in the elastic beam intensity by
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5 NITRO-SPIROPYRAN ON AU(111)

vibrational modea Phase Ab Phase Bb Spiropyranc Benzopyrand Nitrobenzenee

δ(C–H) 247 mf – – – 254

τbutt
g, δ(C–H), τ(C–C) 256 m 261 w 269 –

τbutt, δ(C–H), τ(C–C) 279 m – – 269 –

τ(C–C) 298 m 301 w – – 304

τ(C–C) 337 w 332 w – 335 –

δ(C–C) 353 w 355 w – 343 –

δ(C–C) 385 vw 387 w – – 392

τ(C–C) 450 w 445 vs (da)h – 442 –

τ(C–C), δ(C–H) 492 s 508 s (da) – 506 –

τ(NO2) 534 w 534 w – – 532

δ(C–C) 685 m 687 w – – 681

γ(C–H) 753 s 754 vs (da) 748 740 –

ν(C–C), τ(C–C), γ(C–H) 844 s 838 s (da) – 859 852

γ(C–H), τ(C–C) 872 w 874 s (da) – 875 –

γ(C–H), δ(C–C), δ(C–H) 927 vs 927 vw – 938 935

νs(O–C–N) 947 vs – 954 – –

γ(C–H) – 964 s (da) – – 975

γ(C–H), δ(CCN) 1024 m 1026 w 1026 – 1021

νas(C–H,CH3) 1092 m 1090 w 1090 – –

γ(C–H), νas(C–C) 1118 s 1120 m 1123 1118 –

δ(C–H), ν(C–C) 1150 m 1150 vw – 1158 1162

ν(C–N) 1273 s 1274 w 1278 – –

ν(N–CH3) 1311 s 1309 w 1314 – –

δ(C–C), ν(C–H) 1369 s 1369 w – 1385 –

ν(C–C), δas(CH3) 1473 vs 1451 m 1466 1464 1479

ν(C–C) 1492 vs – – 1498 –

ν(C–C) 1576 w – 1570 1586 1586

ν(C–C) 1608 m – – 1606 1590

ν(C=C) 1644 w – 1642 – –

νas(CH3) 2973 w 2973 w 2969 – –

ν(C–H) 3074 w 3074 w – 3064 3082

Table 5.1: Vibrational frequencies (in cm−1) and assignments for a sub-monolayer trimethyl-
6-nitro-spiropyran adsorbed on Au(111). Phase A is prepared by annealing the sample to
240 K and phase B to 323 K. a s, indicates symmetric; as, asymmetric; υ, stretch; δ, in-
plane bending; γ, out-of-plane bending; τ , torsion. b Obtained by HREELS; present study. c

IR data of spiropyran adapted from Refs. [DM07, Cot00, Sch67]. d IR and Raman data of
benzopyran adapted from Ref. [Nav05]. e IR and Raman data of nitrobenzene adapted from
Refs. [Lap79, Cla03]. f m, indicates medium; w, weak; s, strong, vs, very strong; vw, very
weak. g τbutt. is the butterfly torsion between the pyran and phenyl ring. h The da indicates a
strong dipole activity.

a factor of two compared to the intensity from the spiropyran-covered surface. The
right side of figure 5.7 illustrates the assumed orientation of the merocyanine isomer
on Au(111).

On the basis of our HREELS results, we conclude that a thermally induced ring-
opening reaction of spiropyran takes places at Au(111) surface near room temperature,
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5.2 Thermally Activated Ring-Opening Reaction

with the merocyanine isomer being the thermodynamically more stable species. The
observed effect is thus opposite to the known behavior of the molecule in solution,
where merocyanine compounds are unstable and undergo a thermally induced ring-
closing reaction. After photocoloration of the parent spiropyran compound, the open
isomers undergo the thermal back reaction, returning to the thermodynamically more
stable closed form in the time scale of seconds or minutes at room temperature. It is
thus significative that on a relatively inert metal surface like Au(111) the reaction is
completely reverted, turning the open merocyanine into the most stable form. This
result introduces the conceptually attractive possibility of using inorganic substrates to
balance the equilibrium between open and closed isomers simply by tuning the strength
of the interaction with the metal substrate [Pia09].
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5.3 Activation Barrier of the Ring-Opening Re-

action

Considering the reverted stability between the two isomers when adsorbed on Au(111),
it is desirable to gain insight into the origin of the larger stability of merocyanine on the
gold substrate. A probable effect is that the activation energy for dissociating the C–O
bond is lowered significantly by the presence of the metal surface. To determine the
activation barrier between both isomers in the thermally induced SP→MC conversion,
we annealed in steps of ≤ 10 K between 230 and 323 K for equal annealing times.
As can be seen in figure 5.8, the chosen temperatures correspond to phases where the
ring-opening reaction has not been activated or fully achieved, respectively.

Figure 5.8: Comparison of the
vibrational structures of the phase A
and phase B. During the SP→MC
transition the largest change in the
intensity of the vibrational modes is
measured for the γ(C–H) deformation
mode at 754cm−1 (shadowed).
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In order to obtain a quantitative insight into the activation barrier governing the
ring-opening reaction we have performed an analysis of the reaction kinetics using the
changes in the vibrational spectra of the molecular layer during the SP→MC transition
[Pia09].

The kinetic analysis, i.e., the determination of the activation energy (EA) was car-
ried out as follows: the adsorbate-covered surface was annealed to 230 K to generate
an ordered film. Afterwards an HREEL spectrum was taken, than the sample was
heated up to a specific temperature and subsequently cooled down to 100 K followed
by a HREELS measurement. This procedure was done for equal annealing times (10
minutes) at the particular temperature in each case on a freshly prepared film27.

In particular, the change in the intensity of the γ(C–H) deformation mode at
754 cm−1 (see figure 5.8) is used as a quantitative measure for the reaction, viz. we
correlated the intensity change △ I754 cm−1

i as a function of substrate temperature with
the amount of molecules which performed the ring opening. The relative intensity is
hereby defined as the intensity between the peak maximum and the averaged noise level
in the region between 1800 and 2800 cm−1, where no vibrational features are observed.
The error bar is determined by the averaged noise level.

27For every temperature step the surface has been sputtered and annealed to guarantee a similar
initial situation for the experiment.
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5.3 Activation Barrier of the Ring-Opening Reaction

The activation energy Ea is determined by determining the relative change in the
intensity △I of the vibrational mode at 754 cm−1 between the SP-covered surface (at
230 K) and the substrate annealed to a particular temperature

△ Ii =
IiK − I230K

I230K
(5.12)

and relating it to the Arrhenius-like expression

△ I = I0exp

(
− EA

kBTann

)
, (5.13)

where I0 is an intensity pre-exponential factor and kB is the Boltzmann constant.

Figure 5.9: HREEL spectra of ≈ 0.7 ML spiropyran on Au(111) as a function of substrate
temperature recorded in specular scattering geometry with a primary electron energy of 3.7 eV.
For clarity only spectra taken at 280 to 308 K are shown in a frequency regime up to 2000 cm−1.
The modes at ≈ 3000 cm−1 do not show major changes in the performed measurements. Inset:
The intensity change of the out-of-plane C–H bending mode at 754 cm−1 as a function of
the substrate temperature is used to elucidate the activation energy (Ea) for the ring opening
reaction of spiropyran on Au(111) via an Arrhenius plot [Pia09].

Figure 5.9 shows spectra taken at temperatures around the transition point from
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SP→MC which happens in a temperature window between 280 and 310 K. In the inset
the intensity change △ I754 cm−1

i is plotted as a function of the inverse temperature and
fitted using equation 5.13. The activation energy is derived to EA = 0.84 ± 0.05 eV,
which is surprisingly close to the reported values of spiropyran in solution28 [Gor01],
which can be attributed to the weakly adsorbed state of spiropyran on Au(111).

Even if the the presence of the metal surface does not seem to significantly lower the
barrier for the the C–O bond cleavage in the ring-opening reaction, it may still balance
the equilibrium energetics towards the merocyanine isomer if an additional mechanism
is responsible for the stabilization of the MC molecules on the surface. From the es-
timated structures we conclude that the planar conjugated form of the MC form is
expected to interact with the electronic states of the gold substrate, thus hindering the
back-reaction. It is known for the MC isomer to exist in a zwitterionic state, where
the large dipole moment of the molecule is expected to interact strongly with the metal
surface through the creation of image charges increasing the molecule-metal bond. The
results from the HREELS measurements of the at 700 K annealed molecule/Au(111)
surface (see figure 5.4), which show remaining C–C torsion modes τ(C–C)and C–H
bending modes γ(C–H), led to the conclusion that the trimethyl-6-nitro-spiropyran
dissociates at least partially during the thermal desorption. This observation do sup-
port the discussed strong interaction of the MC isomer with the substrate.

Also from the basis of the geometry of the molecules on the substrate it is possible
to argue for the larger stability of the MC isomer on the surface. The SP→MC reac-
tion requires simply the cleavage of a C–O bond, which is well possible for molecules
embedded in ordered domains. In contrast, the back-reaction MC→SP would require
the previous removal of the indoline from the surface. The addition of these forces to
the C–O bond formation would lead to a significant increase in the activation barrier
for the closing of the adsorbed MC isomer.

For the free spiropyran molecule, photoadsorption of UV light with wavelength of
245 nm and 345 nm induces the ring-opening process, whereas the closing reaction is
achieved under illumination with green light at hν = 550 nm. The presence of the sur-
face can open up new possible indirect excitation channels and alter the position of the
molecular electronic states underlying the reaction. An Nd:YAG-laser has been chosen
as a light source with its fundamental wavelength either doubled to hν = 532 nm,
2.33 eV or tripled to 355 nm, 3.49 eV and experiments have been carried out with
the collaborating group of J. Pascual et al.. As a result we have to conclude that
photo excitation of the ring-opening/closing reaction is hindered due to adsorption on
Au(111). Most likely the lifetime of the electronically excited molecular orbitals is dras-
tically reduced in presence of the substrate due to additional relaxation channels into
the substrate. This could lead to the observed quenching of the photoisomerization.
The already discussed inverted stabilization of the merocyanine due to a strong binding
could hinder the folding processes in the ring-closing reaction.

28Ea = 0.77 - 0.98 eV, depending on the solvent.
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5.4 Summary
Concluding, we have shown that spiropyran undergoes a thermally induced ring-opening
reaction due to adsorption on Au(111) contrary to the known behavior in solution. We
have shown that it is possible to detect and analyze the adsorption geometry of both
phases, i.e. the spiropyran isomer and the merocynine isomer, of the parent spiropyran
molecule adsorbed on Au(111) employing HREEL spectroscopy. For the spiropyran we
determined an adsorption geometry where the benzopyran moiety of the closed form is
lying flat on the surface and the indoline unit is orientated perpendicular to the surface.
For the open merocyanine isomer we found evidence, clearly indicating a parallel orien-
tation (flat lying) with respect to the surface. Molecular switches on metallic substrates
exhibit different properties than in solution, essentially as a result of their condensation
into ordered molecular phases and their interaction with the (metal) substrate. Here
we have shown that the thermal stability of a prototypical molecular switch is strongly
modified due to adsorption on Au(111). In contrast to the behavior known for the
molecule in solution we found the open MC isomer to be more stable when adsorbed
on Au(111).

Furthermore, it was possible to gain insight into the energetics of the thermally in-
duced ring-opening reaction. The molecules undergo a complete ring-opening reaction
near room temperature resulting in phases of merocyanine/Au(111). We determined
the activation energy to Ea = 0.84 ± 0.05 eV which is surprisingly close to the known
values of nitr-spiropyran in solution. Therefore the origin of the larger stability of the
open form is associated with a larger interaction with the surface which could be en-
hanced by the zwitterionic character of merocyanine.

On the basis of our results, we foresee a strategy for tuning the stability and the
photoswitchable properties of metal-supported spiropyran-based thin films by choosing
an optimum combination of organic functionalization and inorganic substrate. The se-
lection of substrate materials with a different electronic structure and bonding strength
could facilitate a tuning of the potential energy landscape. This could not only open
up possibilities of guiding the ring-opening/closing reaction to the favored isomer but
also exploiting the additional possible activation and decay pathways mediated by the
substrate could lead to a new functionality [Pia09].
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6 SFG Analysis of Molecular Switches
Incorporated in SAMs

Up to this chapter we discussed results obtained for physisorbed or weakly chemisorbed
molecular switches on metal surfaces, which were prepared via evaporation under UHV
conditions. A second approach has been to anchor the photoswitchable molecules via
an anchoring group (head group) covalently to the substrate. The terminal functional
group is separated from the head group by a spacer unit (linker) and thereby deter-
mines the chemical or functional properties of the surface [Ulm96, Sch04, Sch00, Lov05].
The sample preparation has been realized ex-situ under wet chemical conditions which
allow to systematically anchor complex molecular units with a preferred orientation
to the surface. The wet chemical conditions make it possible to obtain monolayers of
well-ordered molecular ensembles through self-assembly, i.e. self-assembled monolay-
ers (SAMs). Via modification of the anchor group (and the linker) the strength of
the electronic coupling can be modified in a well-directed manner and accordingly the
adsorbate/substrate interaction, e.g. charge transfer, can be investigated. By using
appropriate substituents linked to the functional unit and/or anchor groups with dif-
ferent footprints it is possible to vary the lateral (adsorbate/adsorbate) interaction in
order to study cooperative effects within the molecular layer.

The investigation and characterization of chromophore containing self-assembled
monolayers, which are formed by covalent binding of sulfides or disulfides to a solid
surface, e.g. gold or silver, is seen as a very promising approach towards the develop-
ment of materials with novel optical and electronic properties [Kri05]. Most common
is the usage of one-dimensional linkers like alkanethiols for the preparation of SAMs
on gold [Wöl09, vdM10]. Molecular switching which involves geometrical changes, e.g.
the trans/cis isomerization of azobenzene, is efficient in solution, but it is obvious
that the transition from the trans- to the cis-isomer requires a certain amount of free
volume. This restriction is already obvious when one compares the switching prop-
erties of the azobenzene compound in solution with the properties of azobenzene in
its crystalline form. Whereas the process of the isomerization is on a rather short
timescale in solution, in the condensed form isomerization is hardly achieved even after
vast illumination times. In a densely packed and highly ordered film, for instance in
azobenzene-substituted alkanethiols on gold, the free volume needed for the isomer-
ization is limited and therefore the photoinduced switching is restricted due to steric
hindrance [Jun08]. Moreover π-aggregation of the attached chromophores is a known
problem that changes or is even able to suppress the switching ability [Kri05, Thy07].
For instance electronic intermolecular coupling can result in an ulrafast delocalization
of the excited exciton on the femtosecond timescale within the layer [Gah10]. Here the
excitation energy is delocalized faster than it can be transferred to the nuclear coordi-
nate which is a strong constraint to photoswitching of well-ordered SAMs with a tight
packing density.

However it has been shown for highly ordered films of aromatic azobenzene biphenyls
adsorbed on Au (and Pt) that cooperative light-induced transformation is observed for
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whole domains and is highly effective [Pac07, Fer08, Cri11].
In this work we studied (i) the photoisomerisation of an azobenzene-functionalized

SAM on a gold surface in which the azobenzene unit is connected to a tripodal linker
system (see chapter 6.1) and (ii) investigated SAMs containing azobenzene biphenyls,
where we performed dilution experiments by introducing lateral spacer molecules to
the SAM (see chapter 6.2).

Sum-frequency generation (SFG) vibrational spectroscopy (see chapter 3.3) has been
employed to investigate the orientation of the functional molecules towards the surface
and therefore to analyze the switching state of the system. In both molecular systems
((i) and (ii)) the azobenzene carries an additional cyano (-C≡N) group in the para
position of the outer phenyl ring which acts as a marker group for the SFG and there-
fore permits a direct measure of the switching state. SFG is a well-known nonlinear
technique for studying interfaces. These studies include liquid interfaces, SAMs on
metal surfaces, electrochemical and catalytic reactions to dynamics and kinetics at in-
terfaces due to the temporal resolution of the SFG [She89, She84, Hei91, Buc01, Bel05,
Wan05, Bon00, Gal03, GD08]. We demonstrate that SFG is a highly suitable technique
to determine the reversible photoinduced trans/cis isomerization of an azobenzene-
functionalized SAM and therefore is a sensitive tool to analyze the molecular structure
of functional surfaces [Wag09].
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6.1 Azobenzene-Functionalized Tripodal SAM
The first azobenzene functionalized SAM we studied by means of SFG spectroscopy
has been designed following the recently developed concept of using three-dimensional
linkers with a tetrahedral core unit [Jia03, Shi06, Gal02]. It is known for these type of
molecules functionalized with an azobenzene moiety that the photoisomerisation ability
is preserved on a single molecular level when the isolated system is bound to a Au(111)
surface or to the apex of an Au-coated cantilever tip of an atomic force microscope
[Tak06b, Tak06a, Tak10]. If the functionality of these molecules when incorporated in
a self assembled monolayer is preserved has not been proven so far. We investigated an
azobenzene-linker-conjugate with tetrahedrical shape which has been synthesized by K.
Rück-Braun et al.29 in the chemistry department of the TU Berlin [Zar08].

The tripodal linkersystem with an adamantane core and an azobenzene headgroup
has been introduced to gain sufficient control of the orientation of the headgroup with
regard to the surface and to control the headgroup to surface distance. For immobi-
lization on metal surfaces the system provides three thioester groups (see fig. 6.3 (b)).
However, it should be pointed out that in previous studies it has been shown that the
anchoring of all three thiols in systems with tetrahedral shape is elusive [Shi06] and that
a XPS study revealed that the average number of bond thiols ranges from 1.5 to 2 for
various tripodal systems [Wei05]. Therefore to make a higher flexibility accomplishable
a methylene unit has been introduced between the anchoring moiety and the phenyl
ring on top of the adamantane core.

Figure 6.1: Drawing of the inves-
tigated azobenzene functionalized
tripodal molecule bound to a gold sur-
face assuming that all three thiol groups
anchor to the substrate. The three
anchoring groups of the linker system
generate a footprint with a sidelength
of 12-15 Å minimizing obstructive
ascendancies for the isomerization due
to possible sterical hindrance. The
azobenzene carries an additional cyano
group as a marker group for SFG
vibrational spectroscopy.

The azobenzene headgroup contains an additional nitrile (-CN) functionality in
para-position of the outer phenyl ring which acts as a marker for the vibrational spec-
troscopy (see fig. 6.1). The control of the orientation of the photochromic moity and
it’s marker is crucial for the experiment due to the vanishing electric field components

29Subproject B6 of the SFB 658 ”Elementary Processes in Molecular Switches at Surfaces”
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of the incident IR light parallel to the metal surface. Since in dipole approximation at
metal surfaces surface selection rules do apply, only vibrations with a component of
the dipole moment change normal to the surface are observable. Therefore the orienta-
tion of the marker group parallel to the surface normal is decisive and permits a direct
measure of the switching state.

The intention of this measurement is to analyze the photoisomerization behavior of
the described molecules organized in a SAM bound to the metal substrate. This brings
up the necessity to gain knowledge of the photochromic behavior of the compound in
solution so that the data of the surface sensitive measurement can be set in reference.

Figure 6.2: UV/Vis absorp-
tion spectrum of the tripodal
azobenzene-linker-conjugate (see
fig. 6.3 (b)) in solution (CH2Cl2)
before and after illumination with
light at 405 nm and 470 nm.
Exposure at 405 nm leads to a
decrease of the absorbance at the
π − π∗ absorption band at around
380 nm and to an increase of the
n − π∗ absorption band around
470 nm due to a trans → cis
isomerization. Illumination with
light of 470 nm wavelength induces
the back reaction to the initial state
(cis → trans).

In the liquid phase, direct electronic excitation induces the isomerization of azoben-
zene and its derivatives via a n− π∗ (S1) and π− π∗ (S2) electronic excitation, respec-
tively. In figure 6.2 the UV/Vis absorption spectra of the azobenzene-linker-conjugate
highly diluted in dichloromethane (CH2Cl2) before and after illumination with light
at 405 nm and 470 nm is shown. The intense absorption band at ≈ 380 nm belongs
to the S2 transition which can be assigned to the symmetry-allowed π − π∗ electronic
excitation of trans-azobenzene (see chapter 2.2.1). Comparison with the corresponding
maximum of the UV/Vis absorption spectrum of pure azobenzene in figure 2.5 shows a
red shift of this band of ≈ 30 nm, which can be explained with the expanded π-system
of the azobenzene-linker-conjugate in comparison to with unsubstituted azobenzene.
The energy of the π − π∗ transition decreases in consequence of the conjugation. Due
to this red shift the S2 transition starts to overlap with the energetically lower lying
n − π∗ transition. The corresponding absorption band around 470 nm belongs to the
symmetry-forbidden S1 transition.

Illumination at 405 nm leads to a drastic drop in intensity of the π− π∗ absorption
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band at 380 nm and to a hypsochromic shift of the associated maximum of ≈ 10 nm.
In addition an increase in the absorbance of the n − π∗ transition can be observed.
The described effects due to illumination at 405 nm can be assigned to the trans → cis
isomerization. On the other hand, light exposure at 470 nm drives the cis → trans
isomerization leading to recovery of the absorbance at 470 nm.

Figure 6.3: (a) Part of the attenuated total reflectance FT-IR spectrum of the tripodal
azobenzene-linker-conjugate shown in (b). At 2212 cm−1 and 2226 cm−1 we find the stretch
vibrations of the -C≡C- and -C≡N triple bond, respectively. (b) Structure of the trans isomer
of the investigated azobenzene derivative with thioester protection groups.

Figure 6.3 (a) shows a part of a FT-IR spectrum using attenuated total reflectance
(ATR) taken with a Nicolet Avatar 360 routine use mid-IR (∼400-4000 wavenumbers)
spectrometer with a resolution of ≈ 0.5 wavenumbers30. It is known that for most cases
the -C≡N triple bond stretch vibration results in a strong signal and is in the range of
2260 to 2200 cm−1, whereas the -C≡C- triple bond stretch vibration is a little lower
in energy (2260-2150 cm−1) [Hes91]. Therefore the vibrational mode at 2226 cm−1

is assigned to the -C≡N marker group and the vibrational feature at 2212 cm−1 to
the -C≡C- stretch mode. The other vibrational modes shown in figure 6.3 (a) can be
assigned to the C=O-stretch vibration at 1688 cm−1 and the aliphatic C-H stretching
vibrations between 2800 cm−1 and 3000 cm−1 [Hes91, Ban99, Bru07].

30data courtesy of K. Rück-Braun et al.
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6.1.1 Sample Preparation

To investigate the photochemical behavior, the molecules have been applied to a gold
substrate (200nm gold film evaporated on a quartz plate). The gold substrate was flame
annealed and then immersed in a solution of 1 mg of the azobenzene tripod conjugate
dissolved in 2.2 ml of 2:1 ethanol-THF solution. For the in situ deprotection of the
thioacetate 15 µl of a 28 % aqueous solution of NH3 was added and the reaction mixture
was degassed for 20 min under a stream of argon. To achieve the self assembly of the
film the gold substrates have been immersed for 24 hours in the dark and under Ar
atmosphere. After immersion the samples were carefully rinsed with copious amounts
of THF then dried in an argon stream. Afterwards the samples were kept in dark in
Ar filled containers until the SFG measurements, to avoid oxidation of the sulfur. For
the SFG experiments the adsorbate covered surfaces were mounted in a small chamber
under argon atmosphere.

6.1.2 Analysis of the Ground State Geometry

In figure 6.4 (a) a broadband IR-VIS-SFG spectrum of the azobenzene-functionalized
SAM is shown in the frequency regime between ≈ 2080 and 2350 cm−1.

Figure 6.4: (a) Broadband IR-VIS-SFG spectrum in the frequency window of the -C≡N
and -C≡C- stretch vibration of the azobenzene-functionalized SAM. Also shown are the non-
resonant background measured from the bare gold substrate (dotted blue line) and a fit using
two Lorentzian resonances (solid red line), which models the experimental data nicely. Starting
around 2349 cm−1 all infrared intensity is absorbed by the asymmetric CO2 stretch vibration of
air. The relative phase of the vibrational modes with respect to the non-resonant contribution
governs the lineshape of the measured spectrum in the region of the resonances. (b) Two
Lorentzian fits for the vibrational resonances result in ratio of the amplitudes between the
-C≡C- and -C≡N modes of 1 : 0.87 [Wag09].
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Note that the measurements were performed under ambient conditions and that the
-C≡N stretch vibration is expected between 2200 and 2260 cm−1, thus in a frequency
region where C-H modes and vibrations of air constituents like H2O or CO2 do not
interfere. Two distinct vibrational modes are visible at 2215 and 2228 cm−1, which
are assigned after comparison with the ATR FT-IR (see fig. 6.3 (b)) to the modes
of the -C≡C- and -C≡N stretch vibrations, respectively. Since the experiments werer
performed under ambient conditions the ambient conditions of the measurements all
infrared intensity is absorbed above 2349 cm−1 by the asymmetric CO2 stretch vibra-
tion of air. Additionally a fit using two Lorentzian resonances (see equation 3.7) and
the non-resonant background taken from a pure gold substrate is shown. The IR inten-
sity is proportional to this non-resonant contribution. The fit describes the measured
spectrum conclusively. The lineshape of the SFG signal depends strongly on the rela-
tive phase ϕq of the vibrational modes with respect to the non-resonant background.
In our case the phases of the -C≡C- and -C≡N stretch vibrations can be determined
to ϕq = 3/4π and ϕq = 1/4π, respectively, leading to the observed shape of the SFG
spectrum which resembles an IR absorption spectrum. The two Lorentzian resonances
obtained from the fit are shown in figure 6.4 (b). Comparison of the amplitudes of the
-C≡C- and -C≡N modes show a ratio of 1 : 0.87.

As previously stated, IR-active groups can only contribute to a SFG-Signal if the
dipole moment change of the vibration exhibits a component parallel to the surface
normal. Therefore, the appearance of the strong -C≡C- and -C≡N vibrational sig-
nals points towards a preferential orientation in which the azobenzene linker conjugate
adopts a perpendicular or nearly perpendicular orientation towards the surface. The
almost identical ratio between the two observed vibrational modes implies that the
molecule is most likely in trans configuration, which is in analogy with the investiga-
tions of the molecule in solution, where the trans isomer is the energetically more stable
one.

6.1.3 Photoinduced Conformational Changes

In the following we investigate the effect of illumination on the vibrational structure
of the functionalized surface. After illumination of the sample with a laser diode at a
wavelength of 405 nm and a photon dose (number of photons, np) of np ≈ 1018 cm−2

the SFG spectrum shown in figure 6.5 was taken. Light exposure at this wavelength
leads to a significant decrease in the amplitude of the -C≡N vibrational mode, whereas
the -C≡C- stretch vibration stays constant (see figure 6.5(b)). This indicates that no
radiation induced damage occurs and that the orientation of the linker system towards
the surface stays unchanged. The ratio of the amplitudes between both modes after
illumination is determined to 1 : 0.46, which corresponds to a decrement in the ampli-
tude of the -C≡N mode of ≈ 50 % compared to the non-illuminated film.

We assign the change in the vibrational structure to a photoinduced trans → cis
isomerization of the azobenzene unit. The former perpendicular (or nearly perpendicu-
lar) orientation (see Fig. 6.1) of the CN-group towards the surface is not given anymore
for the cis isomer, grounding the drop in amplitude of the corresponding vibrational
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Figure 6.5: (a) Broadband IR-VIS-SFG spectrum of the azobenzene functionalized SAM after
illumination with a laser diode at hν = 405 nm (np ≈ 1018 cm−2). The ratio of the amplitudes
between the -C≡C- and -C≡N modes is 1 : 0.49, i.e., the amplitude of the -C≡C- vibrational
mode drops ≈ 50 % due to the trans → cis isomerization, whereas the amplitude of the -
C≡N mode and therefore the orientation of the linker system stays constant. (b) Comparison
between the fits using Lorentzian resonances before (trans configuration) and after illumination
(cis configuration). Inset shows the raw SFG data before and after illumination with hν = 405
nm [Wag09].

mode. Please note that, in principle, polarization-dependent experiments would allow
the estimation of the orientation of the p-cyanophenyl moiety. This evaluation of the
experimental data would require profound knowledge of the optical properties of the
interface, especially information about the hyperpolarizability tensor is indispensable
[Buc01, Wan05, Gal03]. Since these essential values are not identified for the investi-
gated system, we refrained from a polarization-dependent analysis.

In order to estimate the relative amount of switched molecules in the SAM and to
compare this value with the one for the free molecules in solution, a discussion about
to what extent the vibrational mode of the cyano marker group of the cis isomer con-
tributes to the measured -C≡N amplitude in the SFG-signal is needed. One can think
of two possible scenarios:

(i) when the molecule is in its cis configuration the -C≡N mode does not contribute
to the signal, i.e. there is no component of the vibrational dipole moment change
perpendicular to the surface or (ii) the -C≡N vibrational mode of the cis isomer still
contributes to the signal.

For the first case, (i), the -C≡N mode must be parallel to the surface to lead along
to a vanishing dipole moment change perpendicular to the surface. Assuming that the
tilting angle of ≈ 120◦ along this axis between the trans- and the cis-isomer is the
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same as for the free molecule, this configuration would be possible if the molecules
are tilted ≈ 30◦ to the surface. The observed decrease of ≈ 50 % in the amplitude of
the -C≡N signal after illumination indicates that half of the molecules which originally
contributed to the signal in the trans configuration no longer make a contribution.
For case (ii), the cis isomers contribute to the measured -C≡N signal, the amount of
switched molecules must be even larger to provoke a reduction of 50 %. Therefore the
lower limit for the amount of molecules undergoing the trans → cis isomerization is
≈ 50 %. For comparison, the amount of switched molecules in the liquid phase is ≈
55 % in the photostationary state, calculated from the intensities of the absorption
bands associated with the π−π∗ transition (see Chapter 6.1) in the UV/Vis absorption
spectrum before (trans-isomer) and after illumination with hν = 405 nm (see Fig. 6.2).

Figure 6.6: (a) SFG spectra of the azobenzene-functionalized SAM before and after light
exposure with hν = 405 and 470 nm. (b) Change in the amplitude of the -C≡N mode in the
SFG signal as function of the illumination time with the two different wavelength (hν = 405
and 470 nm), demonstrating the light-induced reversible changes in the vibrational structure
due to the trans/cis isomerization. (c) Scheme of the reversible trans/cis isomerization process
of the immobilized azobenzene linker conjugate [Wag09].
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To drive the reverse process, i.e., the cis → trans isomerization, we performed
illumination experiments with hν = 470 nm. From illumination experiments of the
molecule in solution it is known that illumination in the visible (blue) range (see Fig.
6.2) stimulates the back reaction. The results show that for the self-assembled mono-
layer of the molecules on a gold substrate in its cis state (≈ 50 % cis isomers) a photon
dose of nP ≈ 6 × 1019 cm−2 at a wavelength of 470 nm restores the amplitude of the
-C≡N mode. The same SFG amplitude can be retrieved as from the SAM with the
incorporated azobenzene linker conjugate in its trans configuration (see Fig. 6.6 (a)).

The results of alternating light exposure with the two different wavelength of 405 nm
and 470 nm clearly demonstrates that the changes in the -C≡N mode are reversible
as shown in Fig 6.6 (b). We propose that the observed reversible changes in the vi-
brational structure can be associated with a structural change of the SAM, which we
assign to a reversible isomerization process as depicted in Fig. 6.6 (c). The 405 nm light
drives the trans → cis whereas the reverse process (cis → trans) can be stimulated
by 470 nm light. With using the tripodal linker system with the adamantane core,
which generates a triangular footprint with a sidelength of ≈ 15 Å [Zar08], allows the
reversible isomerization which is associated with a significant structural change due to
a sufficient free volume to prevent steric hindrance. As already addressed in Chapter
6.1 the sketch in Fig. 6.6 (c) might not represent the true situation concerning the
anchoring of all three thiol groups to the gold substrate [Shi06, Wei05, Wei06].

If we want to gain insight into the photoinduced isomerization of the azobenzene-
functionalized SAM we have to consider two scenarios: (i) the photons induce a direct
(intramolecular) electronic excitation within the adsorbate31 and (ii) the incident pho-
tons indirectly drive the process, so that the underlying metal substrate acts as the
chromophore, where hot electrons (or holes) are generated and then attached to the
adsorbate, creating a negative (or positive) ion resonance. It is known for the liquid
phase that a direct electronic excitation drives the isomerization of azobenzene and
we propose that a direct optical excitation drives as well the isomerization of the im-
mobilized azobenzene linker conjugate. Since the tripodal linker system results in a
weak interaction between the metal substrate and the functional azobenzene unit, viz.
the azobenzene is electronically decoupled. Therefore it is likely that the electronic
structure of the adsorbed molecule will be very similar to the molecule in the liquid
phase, i.e., the absorption bands should be barely modified. Therefore, photoexcitaion
at hν = 405 nm leads to trans → cis isomerization, whereas excitation at hν = 470 nm
drives the back reaction (cis → trans), analogous to the liquid phase. In contrast,
a photoinduced substrate mediated charge transfer process has been proposed for the
photoisomerization of a physisorbed azobenzene derivative adsorbed on the Au(111)
surface [Hag08a]. In this case photoexcitation with energies above 2.2 eV leads to a
hole formation in the d-bands of the Au(111) which is followed by a hole transfer to
the highest occupied molecular orbital, inducing the isomerization.

31For case (i) details are given in chapter 6.1.
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6.1.4 Quantification of the Isomerization Process

In order to quantify the light-induced reversible isomerization of the azobenzene func-
tionalized SAM on the gold surface, we evaluated the effective cross sections for both,
the trans → cis (σeff (cis)) and the cis → trans (σeff (trans)) reaction. Since the total
amount of cis isomers as a function of photon dose is unknown, we used the change in
the amplitude of the -C≡N stretch mode as a measure for the switching process, i.e.,
we correlated the observed changes as a function of photon dose with the number of
switched molecules (see Fig. 6.7). By using an exponential saturation function we can

Figure 6.7: Change of the amplitude of the -C≡N mode as a function of photon dose. (a)
Decrease of the amplitude of the -C≡N mode as a function of photon dose at hν=405 nm due
to the trans → cis isomerization. (b) Increase of the amplitude of the -C≡N mode as a function
of photon dose at hν=470 nm due to the cis → trans isomerization. The solid lines in (a) and
(b) represent fits using the exponential saturation function 6.14 [Wag09].

estimate an effective cross section

△A = △A∞(1− exp−(σeff · np)) (6.14)

where △ A is the change in the amplitude of the -C≡N mode, △A∞ corresponds to the
asymptotic change in the -C≡N amplitude and np is the number of photons (photon
dose). In figure 6.7 the fits according to equation 6.14 are represented by solid lines.
From these fits we can derive an effective cross section of σeff (cis) = 4±1×10−18 cm−2

at 405 nm for the trans → cis isomerization, and σeff (trans) = 2.5± 0.9× 10−19 cm−2

for the back reaction(cis → trans).
The difference of approximately one order of magnitude between the cross sections

is most likely related to the different absorption cross sections in the UV/Vis absorption
spectra (see Fig. 6.2). While the excitation at 405 nm leads to strong absorption band
due to the π → π⋆ transition, excitation at 470 nm induces a symmetry forbidden
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n → π⋆ transition. Therefore the observed absorption band is much less pronounced.
Assuming that the quantities of the switched molecules in solution and in the SAM are
similar, i.e., ca. 50 % (see chapter 6.1.3), then the photoisomerization cross sections for
the azobenzene-functionalized SAM closely resemble the ones known for azobenzene
and its derivatives in the liquid phase. This demonstrates the strong decoupling of
the functional azobenzene unit from the metallic substrate due to the tripodal linker
system.
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6.2 Azobenzene Biphenyl SAMs
Further approaches have been attempted to overcome the problem of steric hindrance
in tightly packed photochromic SAMs. For instance studies on conformationally flex-
ible alkylthiols featuring azobenzene headgroups which form single component SAMs,
have been reported to exhibit only a weak or vanishing photo-response. To overcome
this cutback mixed SAMs where azobenzene-containing molecules are incorporated in
a matrix of shorter alkanethiol SAMs have been suggested. Indeed, photoisomerization
has been achieved when diluting the function [Yas03, Kum08].

However, it has been observed that the π-stacking of the aromatic units of the
azobenzene-containing molecules leads to phase separation of the two components. Fur-
thermore it can not be excluded that the seen effects of the isomerization are restricted
to either single or few molecules adsorbed at domain boundaries or defect sites. In such
locations the anchoring of the molecules is weaker and the packing density is lower
which leads to a energetically less stable situation allowing the photoisomerization.
Another route is to introduce lateral spacers, e.g. sterically bulky ethyl groups at the
ortho-position with respect to the diazo group [Han10] or para- carborane in the alkyl
chain [Ito05], yielding in a high photoisomerization capacity.

Nevertheless it has been shown recently for highly ordered and tightly packed sin-
gle component azobenzene-containing SAMs on Au(111), formed by chemisorption of
molecules exhibiting a rather high conformational rigidity compared to conformation-
ally flexible thiolated azobenzenes sustaining aliphatic units, that collective switching
of entire molecular 2D crystalline domains can be achieved [Pac07]. In this approach
towards an controlled photochromic switchable surface the usage of a thiolated azo-
biphenyl molecule leads to a reported isomerization yield of ≈ 96 % [Elb08, Fer08].
In this chapter we present SFG vibrational spectroscopy results obtained for a single-

Figure 6.8: (a) Sketch of a single im-
mobilized azobiphenyl molecule on gold.
The rigid character of the aromatic back-
bone is supposed to result in a geometry
of the 2D packing being governed by π-
stacking. The molecules are expected to
exhibit a tight packing at the supramolec-
ular level originated by this π-π inter-
chain interaction. The outer phenyl ring
of the azobenzene carries an additional
cyano group in para position which acts as
a marker group for SFG spectroscopy. (b)
(4-tert-butylphemyl)methanethiol is used
as a lateral spacer for the dillution experi-
ments. The rather bulky tert-butyl head-
group is supposed to introduce sufficient
free volume for the isomerization in be-
tween the functional molecules.
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component and a two-component self-assembled monolayer on gold. The design of the
molecules follows the approach of a rather rigid aromatic backbone through the usage
of an azobenzene biphenyl (see Figure 6.8 (a))32. Again the azobenzene headgroup is
equipped with an additional nitrile functionality in the para-position of the phenyl ring
which acts as a marker for the SFG spectroscopy. It is expected that the π-conjugated
backbone will lead to a tight packing since the π-π intermolecular interactions are
mostly responsible for the geometry of the 2D packing, whereas for alkanethiol SAMs
the geometry is mainly governed by the head group/substrate interaction. Furthermore,
because of its similar structure to arenethiols, a mainly planar conformation can be ex-
pected [Yan00] leading to long range order with π-π interchain interaction which could
promote the induced isomerization of a few molecules over many adjacent molecules.

Figure 6.9: (a) Structure of the investigated azobenzene derivative in its trans and cis geom-
etry, as well as the corresponding wavelengths to induce the isomerization in either direction
(trans → cis and cis → trans, respectively). (b) UV/Vis absorption spectrum of the azoben-
zene biphenyl compound solved in benzene (c = 1.02 ∗ 10−5 mol/l). Solid line represents the
spectrum of the molecules in their groundstate (trans), dotted line shows the spectrum of the
photostationary state (pss) when illuminating with light at λ = 365 nm. (c) Change in absorp-
tion measured at λ = 365 nm before and after illumination with λ = 365 nm and λ = 480 nm,
respectively. Reproduced from Ref. [Zar11].

In Figure 6.9 (b) the UV/Vis-adsorption spectra of the azobenzene compound (see
Figure 6.9 (a)) solved in benzene (c = 1.02 ∗ 10−5 mol/l) are shown before and after

32Synthesis by the group of K. Rück-Braun, Subproject B6 of the SFB 658.
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illumination with light at hν = 365 nm and hν = 480 nm, respectively. At λ = 375 nm
we find the maximum of the symmetry-allowed π−π∗ electronic excitation of the trans
species. This redshift of ≈ 35 nm, compared to pure azobenzene in solution, is expected
for a conjugated system (compare with Chapter 6.1). After illumination with UV light
at hν = 365 nm a decrease of the absorbance of the π− π∗ absorption band of ≈ 50 %
can be observed accompanied by a shift of the corresponding maximum of 8 nm to
higher energies. In the photostationary state which is enriched with the cis-isomer we
find the typical increasing absorption band of the n − π∗ electronic excitation around
480 nm. This feature is less pronounced due to the fact that the accordant electronic
excitation is symmetry forbidden and through the overlap with the dominant π − π∗

absorption band.
The back reaction (cis → trans) can be induced when exciting the n−π∗ transition

with photons at hν = 480 nm. In Figure 6.9 (c) the change in the amplitude of the
absorption band at λ = 365 nm in the UV/vis spectrum is displayed after alternating
illumination with the two different wavelengths hν = 365 and 480 nm. Even after
extended repetition (12 cycles of illumination either with hν = 365 or 480 nm) no
decrease in the absorption is detected in the photostationary state. However, one
has to note that the former ground state intensity of the absorption band at 365 nm
(corresponding to the absorption of cycle 1 in Figure 6.9 (c)) can not be reached by
means of inducing the cis → trans-isomerization with light but rather an trans-isomer
enriched photostationary state (pss) is established with the relative amount of trans-
isomers being stable after repeated light driven cis/trans-isomerization cycles.

6.2.1 Sample Preparation of the Azobenzene Biphenyl SAMs

Again the molecules have been applied to a gold substrate (200nm gold film evaporated
on a quartz plate). The gold substrate was flame annealed and then immersed at room
temperature in a solution of 1 mg of the azobenzene biphenyl conjugate dissolved in 2.0
ml of 2:1 ethanol-THF solution. To achieve the self assembly of the molecules the gold
substrates have been immersed for 24 hours in the dark and under Ar atmosphere. After
immersion the samples were carefully rinsed with copious amounts of THF then dried in
an argon stream. Afterwards the samples were kept in dark in Ar filled containers until
the SFG measurements, to avoid oxidation of the sulfur. For the SFG experiments the
adsorbate covered surfaces were mounted in a small chamber under argon atmosphere.

6.2.2 Analysis of the Ground State Geometry

In figure 6.10 the broadband IR-VIS-SFG spectrum of the azobenzene biphenyl func-
tionalized SAM is shown in the frequency window of the -C≡N vibrational mode, which
is expected between 2200 and 2260 cm−1 [Hes91]. Since the measurements were per-
formed under ambient conditions the central wavelength of the femtosecond-IR pulse is
selected such that the resulting SFG spectrum is in a range where it does not interfere
with the asymmetric CO2 stretch vibration of air (νas(CO2) ≈ 2350 cm−1).

The intensity of the signal is proportional to the non-resonant contribution, which
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Figure 6.10: Broadband IR-VIS-SFG spectrum of the azobenzene biphenyl SAM on gold in
the frequency regime between ≈ 2080 and 2350 cm−1 (black solid line). The blue dotted line
represents the non-resonant background measured from the bare gold substrate and the red solid
line represents a fit using one Lorentzian resonance (black dotted line) and the non-resonant
background, which is in good agreement with the experimental data.

is as well depicted in the spectrum. Additionally a fit using one Lorentzian resonance
and the non-resonant background, taken from the bare gold substrate, is shown. At
2220 cm−1 a strong vibrational feature is observed, which is assigned to the -C≡N
triplebond stretch vibration (compare with chapter 6.1.2). Since the relative phase
ϕq of vibrational modes can lead to completely different lineshapes in the SFG signal,
exact statements are often only possible after a detailed analysis using equation 3.7.
With a relative phase of ϕq = 0.81π of the Lorentzian resonance the lineshape of the
SFG signal is convincingly described.

In addition surface selection rules for metals are governing the observable vibra-
tions (see chapter 3.3). For this reason and for the fact that the amplitude of the
vibrational mode is strong and in the same regime as observed for the azobenzene-
functionalized tripodal SAM (see Chapter 6.1) we propose that the molecules adopt a
preferred orientation where the alignment of the molecules leads to a perpendicular or
almost perpendicular geometry towards the surface and that the azobenzene is most
likely in its trans configuration, which is as well the energetically favorable configu-
ration in solution. This assumption seems to be legitimate not only when comparing
with our previous study on the functionalized SAMs with the tripodal linker system,
but when comparing with STM-results obtained by Giuseppina Pace et al. from chem-
ically comparable molecules on gold films which show a tight packing behavior of the
trans-species in large domains at the surface [Pac07].
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The energetic position of the -C≡N stretch vibration is ≈ 8 cm−1 shifted to lower
energies in comparison to the azobenzene-functionalized tripodal SAM. Generally the
-C≡N stretch vibration shifts to lower energies when conjugated [Hes91]. The observed
red shift is surprising since comparison of the molecular structure of the two different
investigated functionalized SAMs shows that for the tripodal molecules the conjugation
of the system is expected to be more pronounced due to the triple bond between the
azobenzene and the linker system (see Figure 6.1). This fact is expressed when com-
paring the UV/Vis-absorption spectra of the two dissimilar species. We find for both
functionalized conjugates in solution that the maximum of the S2 electronic excitation
in the UV/Vis spectra, which leads to the trans → cis isomerization, exhibits an offset
towards lower energies compared to unsubstituted azobenzene. The larger redshift of
the maximum of the adsorption band of the π−π∗ electronic excitation for the tripodal
azobenzene-linker-conjugate can be easily explained by the stronger conjugation of this
system.

Therefore this behavior is attributed to the expected higher packing density of the
azobenzene biphenyl SAMs due to an enhanced molecule/molecule interaction com-
pared to the tripodal SAMs. These packing density dependent lateral interactions
within the adsorbed layer (e.g. dipole-dipole coupling and through-metal interaction
versus static or chemical effects like intermolecular repulsion or reduced back-donation)
can not be distinguished in the present experiment [Hol92, Hof83]. Most likely enhanced
dipole-dipole interaction, where the oscillating molecules interact via their through-
space dipolar field, does not lead to the observed shift since increasing coverage (pack-
ing density) results in a shift to higher frequencies when expressing the potential energy
as a sum of simple pairwise dipole-dipole interactions [Ham65].

6.2.3 Illumination Experiments on Azobenzene Biphenyl SAMs

In this chapter we discuss the SFG results obtained from illumination experiments on
the vibrational and therefore geometrical structure of the azobenzene-functionalized
SAM. Corroborated by the UV-visible spectroscopy results, which revealed that the
molecule itself represents an optically addressable molecular switch, we performed irra-
diation experiments with a solid state laser diode at hν = 405 nm and a diode array at
hν = 470 nm in order to trigger the direct (intramolecular) excitation. Furthermore,
we tried to induce the photoisomerization via possible indirect excitation mechanisms.
Utilizing photons with higher energies the substrate could act as an electron donor and
the isomerization could be achieved by attachment of hot electrons to an unoccupied
molecular orbital (negative ion resonance). On account of this we illuminated the SAM
with UV light from a KrF-Excimer laser (hν = 248 nm, 5.0 eV). Figure 6.11 shows the
results of the illumination experiments with hν = 405 nm and hν = 470 nm, respec-
tively.

Starting from the presumed scenario of a preferred orientation of the molecules
perpendicular or nearly perpendicular to the surface in which the azobenzene adopts
its trans geometry, we tried to induce the trans → cis isomerization with blue light
at hν = 405 nm likewise the observed isomerization of the solved molecules. 30 min
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Figure 6.11: (a) SFG spectra of the azobenzene-functionalized SAM before and after light
exposure with hν = 405 and 470 nm and on a fresh spot after illumination with hν = 470
nm. Neither illumination with hν = 405 nor 470 nm did lead to any reproducible changes in
the vibrational structure of the azobenzene-functionalized SAM. Apparent small changes after
illumination with hν = 470 nm has been disproved after changing to fresh spots within the
illuminated area (exemplary spectra shown).

of illumination with a photon dose of np ≈ 5 ∗ 1018 cm−2 does not lead to significant
changes in the SFG spectrum. Subsequently we illuminated the sample with photon
energies of hν = 470 nm (np ≈ 1018 cm−2). Small changes in the spectrum seemed
to be observable, but when we scanned over the sample within the illuminated area
it became blatant that the vibrational structure and therefore the configuration of the
molecules incorporated in the SAM does not change (exemplary spectra shown in figure
6.11). Variation of the exposure times up to np ≈ 1019 cm−2 as well as the usage of the
KrF-Excimer laser did not lead to detectable changes within the spectra.
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6.2 Azobenzene Biphenyl SAMs

6.2.4 Two-Component Azobenzene-Functionalized SAMs

Considering the results from the azobenzene biphenyl SAMs which did not show any
changes in the vibrational structure for different kinds of excitations, we followed a
different approach. We derived that the molecules are well ordered and feature a pre-
ferred upright orientation towards the surface with an assumed high packing density.
The reason for the quenched isomerization of the single-component azobiphenyl SAM
could be related to sterical hindrance, due to neighboring molecules, which block the
required space for geometrical changes. A related problem could be associated with
the π-stacking of the molecules. On one hand it is known that the π-stacking gov-
erns the packing density towards closest-packing [Yan00], which is assumed to cause
the formation of systems where the photoisomerization of whole domains is feasible
[Pac07, Fer08, Cri11]. On the other hand the π-stacking, which is the interaction be-
tween the aromatic systems in adjacent molecules, could be responsible for the quench-
ing of the excited state responsible for the isomerisation (i.e., the π∗-orbital) due to a
fast decay of the photoexcited electron. The importance of intralayer electronic coupling
has recently been shown by Cornelius Gahl et al.. They investigated an azobenzene-
functionalized alkanethiol via X-ray and UV/vis spectroscopy [Gah10]. They found
the structural arrangement of the molecules following the self-assembly principles of
aliphatic-aromatic SAMs and to be very comparable to the investigated closed-packed
biphenyls of references [Pac07, Fer08]. Whereas the decoupling from the surface through
the alkanethiol linker is effective, they found a broadening and a blue-shift of ≈ 0.6 eV
for the π-π∗ transition in the UV/Vis-spectra of the SAM relative to the corresponding
absorption maximum of the molecules in solution. This energy shift of the excitation
corresponds to a delocalization time on the order of 1 fs. It is plausible that this fast ex-
citonic delocalization within the layer quenches the isomerization reaction which takes
≈ 1 ps [Näg97, Fuj01].

Both possible constraints may be overpowered when introducing spacer molecules in
between the functional molecules. Photoinduced conformational changes have been ob-
served for photochromic systems (i.e., azobenzenes [Yas03] and diarylethenes [Kat06])
when chemisorbed in a hosting alkanethiol monolayer. But isomerization has only
been observable for molecules at domain boundaries. At these distinct adsorption
sites it is known that the packing density and the potential energy landscape are
strongly influenced. For functional molecules incorporated in rigid matrixes of shorter
tether molecules, which allow the azobenzene moiety to protrude from the matrix, the
azobenzene-functionalized molecules are found to be photoactive [Kum08].

In this work (4-tert-butylphemyl)methanethiol (see figure 6.8 (b)) is employed to act
as a lateral spacer and is introduced to the SAM formation process in solution with a
factor of 10(spacer-molecules):1(azobenzene biphenyls)33. In figure 6.12 the broadband
IR-VIS-SFG spectrum of the two component SAM is shown. The SFG-signal is fitted
using the non-resonant background and one Lorentzian resonance. The fit-result is not
fully conclusive and shows a deviation especially in the regime between 2250 cm−1 and
2300 cm−1. Nevertheless, the fit has been restricted to only one Lorentzian resonance

33see chapter 6.2.1 for details of the preparation procedure
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since originated from the two components in the SAM this follows the only possible
vibration in the chosen frequency window.

Figure 6.12: SFG signal
(black solid line) of the
mixed SAM containing (4-
tert-butylphemyl)methanethiol
as a lateral spacer and azoben-
zene biphenyl. The SFG-signal
is fitted using the non-resonant
background (blue dotted line) and
one Lorentzian resonance (black
dotted line). The fit has been
restricted to only one Lorentzian
resonance. At 2223 cm−1 we find
the -C≡N triplebond vibrational
feature. Derived from the fit we
find a relative phase of ϕq = -1/2π
of the resonance with respect to
the background.

At 2223 cm−1 we find the vibrational feature, which is assigned to the -C≡N stretch
vibration. Derived from the fit we find a relative phase of ϕq = -1/2π of the Lorentzian
resonance with respect to the non-resonant background. When we compare the re-
sults from the fit with the ones that we obtained for the single component SAM (see
chapter 6.2.2) a change in the phase is expected (compare with chapter 6.1.2) since it
expresses the interference of the SFG-signal with the non-resonant signal, which obvi-
ously changed due to the modified molecular layer. When we compare the amplitudes
Aq and the full width half maximum Γq of the two cases, we find that the ratio of the
amplitudes for the mixed SAM and the single-component SAM is 0.77 : 1 and the full
width half maximum Γq more than doubled. The fact that we observe a broadening of
the vibrational mode for the two component SAM usually expresses a situation, where
the ordering of the molecular ensemble is disturbed which causes changes in the poten-
tial energy landscape of the -C≡N mode due to the chemically different surroundings.
Since the ratio Aq is proportional to the number of oscillators the decrease in amplitude
is expected. One has to consider as well that the surface selection rules fore metal-
substrates would lead as well to a lowering of the amplitude, when a disordering of the
layer and therefore more random orientations of the oscillators towards the surface are
expected. Anyhow the fact that amplitude only drops ≈ 13% is surprising regarding
the high dilution of the functional molecules in the formation process. It seems most
likely that the admixture of the spacer molecules in the process of the SAM formation
hinders the formation of well orientated domains and that the spacers themselves could
be displaced to large amounts during the 24 hours self assembly process where the
system finds its energetically most stable configuration.
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6.3 Summary

Irradiation of the sample with wavelength of 405, 470, and 248 nm were performed.
The illumination experiments with varying photondoses did not lead to observable
changes in the SFG spectra.

6.3 Summary
In summary, we have studied the reversible, photoinduced trans/cis isomerization of
an azobenzene-functionalized SAM on a gold surface using a tripodal linker system
and investigated SAMs on gold containing azobenzene biphenyls. In both approaches
a cyano marker group is employed to directly investigate the switching state of the
azobenzene.

The results demonstrate that the tripodal linker system results in an electronically
decoupling of the optically active molecular orbitals of the azobenzene from the elec-
tronic structure of the underlying gold substrate. Furthermore the usage of a rather
bulky linker system guarantees a sufficient lateral spacing which enables the photoiso-
merization. To our point of view this seems to be crucial if we compare the obtained re-
sults for the tripodal linker to the results of the thiolate azobiphenyl rigid rod molecule,
where no photoinduced conformational changes could be observed both for the single-
component SAM as well for the diluted SAM with introduced spacer molecules. In
consequence of the weak adsorbate-adsorbate and adsorbate-substrate interaction of
the tripodal azobenzene derivative, the switching behavior of the azobenzene incorpo-
rated into the SAM closely is analogous to the free molecule in solution. We propose
a direct (intramolecular) electronic excitation mechanism responsible for the observed
trans → cis isomerization at illumination with hν = 405 nm and the back reaction cis
→ trans at hν = 470 nm. A goal for the future would be to incorporate substituents,
which exhibit an integrated functionality themselves, which could be activated by the
photoinduced conformational change of the functional unit. For instance hydrophillic,
polar groups as substituents could change essential characteristics of the surface as
chemical reactivity, wetting properties, and the non-linear optical properties when the
geometry of the substituents towards the surface is transformed exploiting the steric
changes induced by the molecular switching.
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7 Bottom Up Fabrication of Graphene
Nanoribbons

Graphene, a flat two dimensional monolayer of sp2-bonded carbon atoms, densely
packed in a honeycomb lattice, has despite of its short history attracted tremendous at-
tention. Its strict two-dimensionality combined with the extremely high crystal quality
makes it a fascinating model system with outstanding electronic and transport prop-
erties. In terms of fundamental physics concerning the peculiar electronic properties
graphene no longer needs any further proof of importance [Gei07]. This is highlighted
by the award of the Nobel-Prize to A. Geim and K. Novoselov from the University of
Manchester for their years of work on graphene including the fabrication technique,
the Scotch tape technique, which led to the first observation of the anomalous quantum
Hall effect [Gei10].

However, graphene is a zero-gap semiconductor which makes it unsuitable for the
use in nano electronics, where carrier type and transport need to be controlled pre-
cisely. Therefore new classes of carbon nanostructures such as one dimensional carbon
nanotubes or narrow stripes of graphene, i.e. graphene nanoribbons (GNR), hold great
promise for new generations of nanodevices. Although the parent material graphene
exhibits semi-metallic behavior quantum confinement and edge effects are predicted to
determine the electronic nature of all graphene nanoribbons with width ≤ 10 nm to
be semi-conducting [Eza06, Son06a, Tao11]. GNRs are basically based on single layers
of graphene that exhibit different chirality depending on the angle at which it is cut.
Depending on how the uncombined edges are configured, e.g. either in an armchair
or a zigzag configuration (as can be seen in figure 2.15), GNRs have been predicted
divergent electronic and magnetic properties. The variable electronic properties, which
include metalic/semimetallic behavior, tunable size of the band gap and the presence
of one-dimensional edge states with unusual magnetic structure [Fel11] are strongly
dependent on the ribbon width and the edge structure [Fuj96, Wak01, Bar06, Son06b].

Although to date there are a number of fabrication methods known from literature,
e.g. the unzipping of carbon nanotubes [Kos09, Eli10, Tao11] as well as lithographic
[Han07], and chemical methods [Yan08, Dat08], the reliable production of atomically
precise GNRs with width smaller than 10 nm remains a challenge. L. Grill (FHI Berlin)
and St. Hecht (HU Berlin) introduced the concept of the on-surface synthesis34. In
our investigations we follow the bottom-up approach which has been proposed and
successfully operated by Cai et al. [Cai10]. They reported a surface-supported GNR
synthesis using the precursor monomer 10,10’-dibromo-9,9’-bianthryl. In the bottom-
up approach the chirality and width of the ribbon are now defined by the choice of the
precursor molecule, which may open up a wide variety of possible GNRs steered by
the right chemical design of the precursor. Another big advantage is as well that the
fabrication takes place in sito, therefore it is possible to measure the specific properties
of the GNRs on a clean surface under UHV conditions.

34Compare with chapter 2.4
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In this study, employing electronic HREELS, we report the first measurement of
the band gap of a sub-nanometer wide atomically precise GNR which is an impor-
tant property of the GNR and is therefore well suited as a benchmark for theoretical
calculations.
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7.1 Sample Preparation

7.1 Sample Preparation
The Au(111) crystal was mounted on a liquid-nitrogen-cooled cryostat, which is ca-
pable of establishing a temperature regime between 90 to 800 K via resistive heating.
Samples of graphene nanoribbons were prepared in-situ by evaporating the precursor
molecule 10,10’-dibromo-9,9’-bianthryl by means of a home-built effusion cell held at
450 K at a crystal temperature of ≈ 100 K. The crystal was cleaned prior to deposition
using a standard procedure of sputtering (Ar+) and subsequent annealing at 800 K.
In order to characterize the adsorbate layer thickness, temperature programmed des-
orption (TPD) was employed monitoring a characteristic fragment (anthracene) of the
precursor molecule with a mass of 176 amu while heating the substrate resistively with
a heating rate of 1 K/s. Although the sub-monolayer coverage can not be determined in
this manner due to the formation of nanoribbons 35, one can distinguish the monolayer
from subsequent layers and remove the multilayer(s) by heating. In our fabrication
steps of the surface supported GNRs we followed the basic steps described in reference
[Cai10] (see figure 7.3): In a first step we annealed the surface at TS = 470 K which
leads to the dehalogenation of the precursor monomers, where the dehalogenated in-
termediates form linear polymers due to single covalent C-C bonds. After a second
annealing step at TS = 670 K intramolecular cyclodehydrogenation of the polymeric
chain is achieved. This leads to a fully aromatic system and therefore to the formation
of the N = 7 armchair GNR. Each step has been followed with vibrational HREELS to
determine the respective configuration (see chapter 7.2).

35Although the nanoribbons are expected to be physisorbed at a low binding energy, the large contact
area to the substrate results in an inability to desorb thermally at temperatures up to 800 K.
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7.2 Characterization of the On-Surface Synthe-

sized GNRs

As described in chapter 7.1 we followed each step of the fabrication process of the
GNR by means of vibrational HREELS. Figure 7.1 shows the HREELS spectrum of
≤ 1 ML 10,10’-dibromo-9,9’-bianthryl on Au(111) annealed at TS = 470 K. At this
temperature it is reported for the precursor monomer to dehalogenate and to form
covalent C-C bonds between the now dehalogenated intermediates resulting in polymer
chains. We annealed for 10 min to provide sufficient thermal energy for the the C–
Br dissociation and to enhance surface mobility of the species to establish a sufficient
polymer chain formation.

Figure 7.1: HREEL spectrum of ≤ 1 ML 10,10’-dibromo-9,9’-bianthryl on Au(111) annealed
at TS = 470 K taken in specular (solid black line) and in 9◦ off-specular (solid red line) geometry
recorded with a primary electron energy of E0 = 3.5 eV. The FWHM of the elastic peak is 32
cm−1 (4.0 meV) in the specular and 46 cm−1 (5.8 meV) for the off-specular recorded spectrum,
respectively. Please note that the resolution is negatively influenced by the high count rate.
The choice favoring the higher count rate instead of better resolution was made because of the
rather simple structure of the vibrational loss spectrum.

We recorded the HREEL spectrum in specular (solid black line) and in 9◦ off-
specular (solid red line) geometry with primary electron energies of E0 = 3.5 eV. The
FWHM of the elastic peak is 32 cm−1 (4.0 meV) in the specular and 46 cm−1 (5.8 meV)
for the off-specular recorded spectrum, respectively. The vibrational frequencies and
their assignments are listed in table 7.1 together with the results obtained for the GNR
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covered gold surface (see figure 7.2). In the specular spectra of HREELS, the signals
contains both dipole- and impact scattered components [Iba82]. The C–H stretch mode
(ν(C–H) ≈ 3055 cm−1) and the out-of-plane C–H wagging mode (γ(C–H) ≈ 758 cm−1)
as well as out-of-plane edge modes at ≈ 594 cm−1 and out-of-plane modes of the carbon
atoms of the aromatic rings (τ(C–C) ≈ 424 cm−1) show high intensities. Vibrational
structure is detected with low intensities in the region from ≈ 800 to 1500 cm−1.

vibrational mode linear polymer⋆ GNR⋆ assignment

τ(C–C) 424 (sda) 404 (sda) 410a

oop edge modes 594 (sda) 609 (sda) 630b, 500-650c

γ(C–H) 758 (da) 793 (sda) 790d

in plane modes 1027 – –

(scissoring) δ(C–H) 1163 – 1150d

ν(C–H) 3055 – 3000-3100e

Table 7.1: Vibrational frequencies (in cm−1) and assignments for the linear-polymer phase
and the GNR phase on Au(111), respectively.
oop, out-of-plane; ν, stretch; δ, in-plane bend; τ , torsion; γ, out-of-plane bend.
⋆ Obtained by HREELS; present study.
Theoretical and/or experimental vibrational data adapted from: a [She88], b [Maz11], c [Mal09],
d [Luo10], e [Gün96] for assignment of the vibrational modes. The da indicates a mainly dipole
active mode, sda indicates a strong dipole activity.

In order to gain insights in the excitation mechanism and to be able to analyze the
adsorption geometry of the linear polymers on the surface (see figure 7.3), we performed
angular dependent measurements. The out-of-plane edge modes at ≈ 594 cm−1 and the
out-of-plane modes of the carbon atoms of the aromatic rings at ≈ 424 cm−1 exhibit
a huge intensity decrease, the out-of-plane C–H wagging mode (γ(C–H) ≈ 758 cm−1)
a pronounced intensity decrease in the off-specular spectrum, indicating that their in-
tensities are originating mostly from dipole scattering in the specular spectrum (see
table 7.1 for the assignment of the dipole active modes). The strong dipole activity of
the C–H wagging and out-of-plane modes at ≈ 424 and ≈ 594 cm−1 point towards a
preferential orientation of the linear polymers lying mostly flat on the Au(111) surface.
Since in this configuration these modes possess a strong dipole moment change upon
vibration perpendicular to the surface.

Because of the single C–C bond in the linear polymer phase the aromatic rings
exhibit an tilt angle towards the surface which has been confirmed by STM in reference
[Cai10]. Indeed our measurements support the reported molecular arrangement. We
observe the C–H stretch mode ν(C–H) at ≈ 3055 cm−1 with a weak dipole activity
indicating that dipole moment change of this vibrational mode exhibits a component
parallel to the surface normal. Therefore we confirm the geometry shown in figure
7.3 (i).

Figure 7.2 shows the HREELS spectrum after annealing the linear polymer covered
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Au(111)-surface at TS = 670 K for 10 minutes. This further annealing at 670 K is
the final step in the surface assisted synthesis of the GNR on gold. Here we induce an
intramolecular cyclodehydrogenation of the polymer chain resulting in the N=7 arm-
chair ribbon which is shown in figure 7.3 (ii). We recorded the HREEL spectrum again
in specular (solid black line) and in 9◦ off-specular (solid red line) geometry with a
primary electron energy of E0 = 3.5 eV. The FWHM of the elastic peak is 31 cm−1 (3.9
meV) in the specular and 46 cm−1 (5.7 meV) for the off-specular recorded spectrum,
respectively. In comparison to the specular spectrum of the linear polymer phase the
count rate in the elastic peak gains one order of magnitude to 14 ∗106 counts per sec-
ond. Only three vibrational excitations are observable after the cyclodehydrogenation
step, the out-of-plane edge modes at ≈ 609 cm−1, and the out-of-plane modes of the
carbon atoms of the aromatic rings at ≈ 404 cm−1, and the out-of-plane bend mode
C–H (γ(C–H) ≈ 793 cm−1). The extremely high count rate and the very pronounced
out-of-plane (few) detected vibrational modes express an extreme electronic smooth-
ness of the molecule covered surface.
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Figure 7.2: HREEL spectrum of ≤ 1 ML 10,10’-dibromo-9,9’-bianthryl on Au(111) annealed
at TS = 670 K recorded in specular (solid black line) and in 9◦ off-specular (solid red line)
geometry recorded with primary electron energies of E0 = 3.5 eV. The FWHM of the elastic
peak is 31 cm−1 (3.9 meV) in the specular and 46 cm−1 (5.7 meV) for the off-specular recorded
spectrum, respectively.

It has been reported in the supplementary information of reference [Cai10] and in
a theoretical DFT study using the local-density approximation [Gil10] that the mode
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we observe at 404 cm−1 in our study36 is caused by the transverse-acoustic fundamen-
tal mode (1-TA). In this mode all atoms of one half of the nanoribbon move in-phase
and in opposite direction than the atoms of the other half, resulting in a strong width
dependent mode. We conclude differently, as it is obvious from the spectra obtained
from the GNR phase (see Figure 7.2). The mode at 404 cm−1 exhibits a very strong
dipole activity equivalent to a pronounced orientation of the dipole moment change
perpendicular to the surface. We conclude that its origin lies in an out-of-plane torsion
mode of the phenyl rings. This conclusion is backed up by a theoretical study where
only one mode is found for armchair nanoribbons in the vicinity of 400 cm−1 which
shows no width dependent and corresponds mainly to out-of-plane modes [Maz11].

Figure 7.3: Bottom up fabrica-
tion of atomically precise GNRs.
(1) shows the precurser monomer
10,10’-dibromo-9,9’-bianthryl. Ba-
sic steps for the bottom-up fab-
rication of the nanoribbons from
bianthryl (1) monomers to straight
N = 7 GNRs:
(i) In a first step heating the surface
to 470 K leads to a surface-assisted
dehalogenation of the monomer fol-
lowed by a C-C coupling result-
ing in the linear polymer phase
(polyanthrylene)
(ii) Further annealing at 670 K
induced intramolecular cyclodehy-
drogenation of the polymer chain
resulting in the N=7 armchair rib-
bon.
Picture is adopted from reference
[Cai10].

All three observed modes exhibit a strong dipole activity derived from the compari-
son with the HREELS spectrum taken at 9◦ off-specular geometry (red solid line). The
strong dipole activity of the out-of-plane modes and the complete absence of vibrational
excitations in the regime ≥ 800 cm−1, which is governed by in-plane vibrational edge
modes (C–H) leads us to the conclusion that the GNR phase is established with an
tremendously high efficiency. Especially the complete absence of the former relative
intense C–H stretch vibration is a clear proof for the planar adsorption geometry of the
GNRs on the Au(111)-surface.

Hence this corroborates the proposed planar adsorption geometry and the successful
bottom-up fabrication of the GNR schematically shown in figure 7.3.

36found at 396 cm−1 in [Cai10] derived from Raman spectroscopy, and at ≈ 410 cm−1 in [Gil10]
derived from DFT calculations for a nanoribbon width = 7.5 Å.
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7 BOTTOM UP FABRICATION OF GRAPHENE NANORIBBONS

7.3 Investigation of the Electronic Structure of

the GNR

We investigated the electronic structure of the GNR with employing the HREELS
spectrometer by means of measuring electronic transitions occurring in the adsorbate
covered surface at a primary electron energy of 15 eV. Electronic EELS with energies
of ≈ 10 eV was first used to study surface electronic excitations on semiconductor
and insulator surfaces to determine the energy gap between valence and conduction
band [Roc95] which makes it an appropriate tool for our aim of investigating the band-
gap/electronic structure of the GNR. To gain confidence in this technique we started
with measurements of thick multilayers of 10,10’-dibromo-9,9’-bianthryl (≥15 ML) ad-
sorbed on Au(111). In figure 7.4 an exemplary spectrum of ≈ 15 ML on Au(111) dosed
at a sample temperature of TS ≈ 100 K is shown.

Figure 7.4: HREEL spectrum of a thick multilayer (≥15 ML) of 10,10’-dibromo-9,9’-bianthryl
adsorbed on Au(111). In the HREELS experiment the primary electron energy has been set
to E0 = 15 eV and the electron energy loss has been analyzed in an energy regime up to 6 eV
(≈ 48390 cm−1) to investigate electronic excitations. The fwhm is 19 meV (153 cm−1). For
comparison the UV/Vis absorption spectrum of the same molecule in solution is plotted against
the same energy axes in arbitrary units (solid red line). The comparison exhibits a qualitatively
good agreement in the energetic positions of the observed electronic excitations.

The spectrum is shown in an electron energy loss regime between 0.7 and 6 eV,
where typically the first electronic transitions between the occupied and unoccupied
molecular orbitals are expected. The fwhm of the elastic peak is 19 meV. On the
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7.3 Investigation of the Electronic Structure of the GNR

low energy side of the spectrum the shoulder of the elastic peak is visible. Between 1
and 3 eV the spectrum exhibits no measured excitations followed by two distinct fea-
tures which we assign to electronic excitations located37 at 3.3 and 4.9 eV, respectively,
supported by the UV/Vis absorption spectrum. To gain further knowledge about the
electronic structure of the molecule we performed UV/Vis absorption measurements of
the molecule solved in chloroform. The result is also shown in figure 7.4. The compari-
son exhibits a very good congruence depending the energetic positions of the observed
electronic excitations showing that the method is suited to determine the electronic
structure (electronic transitions).

The UV/Vis absorption spectrum exhibits a more detailed view of the fine structure
of the observed electronic transition. In figure 7.5 we fitted the UV/Vis data using five
Gaussians. The fit describes the measured data conclusively. From this we derive five
electronic excitations, were the energetically lowest lying is assigned to the HOMO to
LUMO transition at 3.12 eV. Further peak positions are at 3.30, 3.62, 4.78, and 5.00 eV
38.
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Figure 7.5: UV/Vis absorption spec-
trum of 10,10’-dibromo-9,9’-bianthryl
in solution (red dots) and a fit (solid
blue line) using 5 Gaussians. The fit
describes the measured absorbance
conclusively. The energetically lowest
lying feature is assigned to the HOMO
to LUMO transition at 3.12 eV. Fur-
ther peak positions are at 3.30, 3.62,
4.78, and 5.00 eV.

Figure 7.6 shows a series of spectra starting with the spectrum from the clean gold
substrate (black markers) followed by the multilayer spectrum (red markers) and the
spectra of the linear polymer phase (annealed at 470 K; blue markers) and the GNR
phase (annealed at 670 K; green markers), respectively. All spectra have been taken
in specular geometry at sample temperatures of TS ≈ 100 K. To exclude that for the
chosen primary electron energy of E0 = 15 eV no underlying structure of electronic
excitations of the bare gold substrate interferes with the later performed measurements

37The energetic position is determined by the position of the maximum intensity of the corresponding
peak.
38Structure optimizations have been performed with Gaussian09 using the B3LYP hybrid functional
by L. Bogner, FU Berlin. The electronic transitions determined from the yielded molecular orbital
gaps show two basically two electronic transitions at around 3.4 (HOMO→LUMO) and
4.7 eV (HOMO-2→LUMO and HOMO→LUMO+2) with a substructure revealing three transition
for the gap around 3.4 eV and two transitions for the gap around 4.7 eV. The energetic differences
(in the order of 1/100 eV) found in the substructures are ”physically unlikely”. The overall trend is
comparable. The results are given Appendix A.

123



7 BOTTOM UP FABRICATION OF GRAPHENE NANORIBBONS

of the adsorbate covered surface we took a spectrum of the freshly prepared Au(111)
surface. For the clean Au(111) surface no distinct features are observed. Thereafter we
deposited a thick multilayer (≈ 15 ML) on the cold gold substrate (TS ≈ 100 K). The
results are already discussed above (see Fig. 7.4).

Figure 7.6: HREELS spectra taken with a primary electron energy of E0 = 15 eV. Shown is
a series of data as a function of annealing temperature, viz. the different steps in the formation
process of the GNRs starting with the spectrum from the clean gold substrate. All spectra have
been taken in specular geometry, the fwhm for all spectra is ≈ 20 meV. For clarity the spectra
are vertically shifted with respect to their baseline.

When we heat the surface for 10 min to TS = 470 K the precursor molecules de-
haligonate and form covalent C-C bonds between the now dehalogenated intermediates
resulting in polymer chains. The result supports the observed on-surface synthesis de-
tected with vibrational HREELS. The electronic structure is obviously changed for the
single phases formed during the annealing steps. For the now linear polymer covered
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7.3 Investigation of the Electronic Structure of the GNR

surface we found a more diverse electronic structure. Starting at lower energies we find
features in the spectrum at ≈ 1.6 and ≈ 2.6 eV followed from two electronic excitations,
i.e. ≈ 3.4 and ≈ 5.0 eV, found in the regime of the observed electronic excitations of
the multilayer covered substrate. When heating the surface further to TS = 670 K to
achieve the the formation of fully aromatic GNRs by cyclodehydrogenation we observe
in the region between 2 to 4.2 eV loss energy a broad feature. The feature exhibits
a clear double peak structure. The description of the electronic structure is given in
more detail later in the text. The energetic transitions are summarized in table 7.2.

system electronic transition [eV]

multilayer/Au(111)a ≈ 3.3 and ≈ 4.9

lin. polymers/Au(111)b 1.6, 2.6, 3.4, and 5.0

GNR/Au(111)c 2.60, and 3.07

Table 7.2: Electronic transitions all phases investigated on Au(111).
a The electronic transitions for the multilayer phase are determined by the position of the
maximum intensity of the corresponding peak.
b The electronic transitions for the linear polymer phase are determined by the position of the
maximum intensity of the corresponding peak.
c The electronic transitions for the GNR phase are derived from the fit shown in figure 7.7

Our aim of the investigation of the GNRs on Au(111) was to gain insight into the
electronic structure of the sample. Especially the width dependent band gap is of high
interest for possible future applications of nanoribbons. Although graphene nanorib-
bons have been extensively studied in literature [Nak96, Bar06, Eza06, Son06b, Son06a,
Cha11] the band gap of nanoribbons is to date only measured for lithographically pat-
terned GNRs with a width ≥ 15 nm [Han07]. For nanoribbons with a width ≤ 10 nm
the author is only aware of a study for chemically derived nanoribbons [Li08]. Here the
fabrication is achieved by centrifugation of exfoliated commercial expandable graphite,
with an edge structure of unknown precision.

It is well known that particularly the structure of the edge and the electronic edge
states determine the electronic properties of the nanoribbons. Similar to carbon nan-
otubes (CNTs) the energy gap depends on the width and on the crystallographic orien-
tation of the GNR [Nak96]. Therefore differences in the results for the fundamentally
different approaches of fabrication, i.e. top-down versus bottom-up approaches, are
understandable due to the expected different structural and chemical precision of the
resulting GNRs. Due to the bottom up approach39 resulting in atomically precisely
fabricated nanoribbons investigated in this study we expect our measurements to give
benchmarking results for the band gap. To our knowledge this is the first time that the
electronic structure of an atomically precise graphene nanoribbon with a width of ≤ 1
nm is measured40.

39following reference [Cai10]
40Scanning tunneling microscopy (STM) investigations by Cai et al. of the system yield a ribbon
width of 7.5 Å.
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7 BOTTOM UP FABRICATION OF GRAPHENE NANORIBBONS

Figure 7.7 shows a close view on the electronic HREELS spectrum of the GNR
covered gold. The broad feature at 2 to 4.2 eV due to the electronic excitation exhibits
a clear double peak structure. Therefore we fitted the spectrum in this region using
two Gaussians. The fit is displayed as a solid red line in the measured spectrum. The
energetic positions of the two electronic transitions are determined to 2.6 and 3.1 eV,
respectively.
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Figure 7.7: HREELS spectrum of the GNR-covered gold surface recorded at a primary electron
energy of E0 = 15 eV shown in an electron energy loss regime from 0.7 to 6 eV. The spectrum
is fitted (solid red line) using two Gaussian peaks located at 2.6 and 3.1 eV, respectively. Two
electronic transitions are observed located at 2.6 and 3.1 eV. The energetically lowest lying
transition can be assigned to the band gap of the system.

The energetically lowest lying transition can be assigned to the transition from the
highest occupied band, i.e. the valence band, of to the lowest unoccupied band, i.e. the
conduction band. Whereas the higher lying transition located at 3.1 eV could either be
caused by the transition from the highest occupied band -1 to the lowest unoccupied
band or by the transition from the highest occupied band to the lowest unoccupied
band +1. The two possible electronic transitions underlying the peak at 3.1 eV elec-
tron energy loss are indistinguishable with the use technique.

The lowest transition energy corresponds to the band gap of the system which thus
is directly measured in the presented electronic HREELS experiment. When we com-
pare the determined value for the investigated N = 7 GNR with a width of 7.5 Å with
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7.3 Investigation of the Electronic Structure of the GNR

the width-dependent band gap calculations by Son et al. in the local density approxi-
mation we find a rather large offset of around 1 eV as can be seen in figure 7.8 [Son06b].

Figure 7.8: Comparison of
the in the present work mea-
sured band-gap for the GNR
(width = 7.5 Å, N = 7, p = 2) ad-
sorbed on Au(111) (green cross)
to the width-dependent local-
density approximation (LDA)
calculations from Son et al. for
Na=3p+1 wide nanoribbons (red
curve taken from [Son06b]).

In a another theoretical study by Barone et al. employing different functionals41

the band gap is determined to 1.5 eV for PBE and 2.1 eV for the HSE calculations
[Bar06]. Using the HSE functional, they predict a doublet structure in a calculated
optical spectrum of a N = 7 armchair nanoribbon resembling the observed structure of
the measured electronic transitions.

41(i) One is the PBE realization of the generalized gradient approximation CGA and (ii) HSE, the
screened exchange hybrid density functional.
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7 BOTTOM UP FABRICATION OF GRAPHENE NANORIBBONS

7.4 Summary
In summary, we have demonstrated that the bottom-up approach presented in reference
[Cai10] is feasible and that HREELS is an excellent technique to follow the respective
steps of the in situ GNR fabrication for the prototypical armchair ribbon of width N=7.
We were able to confirm the radical addition reaction to form linear polymers during a
first thermal activation at TS = 470 K and the surface-assisted cyclodehydrogenation
at a second annealing step at TS = 670 K which is the final step in the formation of the
GNRs. Only vibrational modes of the wanted chemical end-product are observable in
the vibrational HREELS spectrum after the last fabrication step. We have to conclude
that the by Cai et al. presented bottom-up approach results in chemically pure GNRs.
Within the accuracy of the method in use there is no experimental proof of unwanted
side-products.

Furthermore employing primary electron energies of E0 = 15 eV, HREELS has
been proven to be a powerful tool which enables us to directly measure the band gap of
the GNRs on Au(111). Despite the intriguing width- and shape-dependent electronic
properties of GNRs, especially the possible engineering of the band gap, predicted by
calculations and their great future regarding possible applications this is the first mea-
surement of the band-gap of a chemically pure sub nanometer GNR.

As a key feature we were able to determine the band gap and a second electronic
transition at 2.60 and 3.07 eV, respectively. GNRs incorporated into transistors have
already shown excellent electronic properties with on/off ratios of more than 100.000
: 1 [Bul08]. The in this study presented result for the size of the band gap fits in the
overall trend of an opening gap with decreasing GNR width presented in theoretical
work by Son et al. and Barone et al.. Values for the band gap of the N = 7 GNR
are reported to: 1.6 eV [Son06b], 1.5 and 2.1 eV [Bar06], depending on the used func-
tionals. Therefore the presented results could be of interest as a benchmark for further
theoretical calculations. For nanoribbons with a width ≤ 10 nm the author is only
aware of a study for chemically derived nanoribbons [Li08]. Here, following the trend
for the measured nanoribbons, the band gap of a sub-nanometer wide ribbon would be
an order of magnitude lower. Once again we would like to point out that the reliable
production of atomically precise nanoribbons remains a big challenge for top-down ap-
proaches.

Our results, combined with the known band gaps for GNRs of width ≥ 10 nm
[Han07, Li08], clearly show that the usage of a rational design of GNR width (and
shape) opens up the possibility to precisely tailor the band gap to achieve the wanted
electrical properties for the use in technical applications. The bottom up fabrication
method seems to be ideal to produce atomically precise nanoribbons but is limited in
means of the availability of precursor molecules resulting in a successful on-surface syn-
thesis. To our knowledge only the in the present study investigated precursor molecule
and a precursor which forms chevron-type nanoribbons are known to date [Cai10]. Nev-
ertheless this methods holds great promise, with the development of a wider range of
(chemically pure or doped) precursor molecules, for a wide range of nanostructures with
desired physical properties.
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8 Summary
The present work focuses on the investigation of molecular switches on coinage metal
substrates by vibrational spectroscopies utilizing electrons or photons. In this thesis
four different kinds of adsorbate/substrate systems have been presented. The main
goal was to achieve comprehensive understanding of the various factors determining
the switching ability given by the interaction of the adsorbed molecules with the metal
substrate. For this purpose molecules capable of undergoing photoinduced trans/cis-
isomerizations and ring-opening/closing reactions in solution have been investigated
mainly on Au(111) by means of high resolution electron energy loss spectroscopy
(HREELS). In a second experimental approach we investigated azobenzene function-
alized self assembled monolayers (SAMs) which are formed ex-situ under wet chemical
conditions on gold. Sum-frequency generation (SFG) vibrational spectroscopy is used
to determine changes in the geometry of the molecules accompanying the trans/cis-
isomerization. In the last part of the thesis we have been exploring the potential of a
bottom-up fabrication of graphene nanoribbons (GNRs) on Au(111) studied by vibra-
tional and electronic HREELS.

In the study of the first kind of adsorbate/substrate systems various molecular switches
which are able to undergo a photoinduced trans/cis-isomerization in solution we inves-
tigated their adsorption geometry and isomerization behavior on metal substrates. We
systematically changed the photochemically active group and studied its dependence on
the switching ability. Furthermore we varied the substrate from Au(111) to Cu(111) for
the azobenzene derivative tetra-tert-butyl-azobenzene (TBA). TBA/Au(111) is so far
one of the few systems where a photoinduced trans/cis-isomerization of the adsorbed
species is feasible. We investigated three isoelectronic molecules which are the respec-
tive derivatives of azobenzene (TBA), imine (TBI) and stilbene (TBS) equipped with
four tert-butyl groups at the phenyl-rings supposed to decrease the coupling strength
between adsorbate and surface. Depending on the photochemically active group chang-
ing from the diazo-group (–N=N–) in TBA to the imine-group (–HC=N–) in TBI and
to the vinylene-group (–HC=CH–) in TBS we observed considerable differences in their
isomerization behavior. We find for all three molecules a planar adsorption geometry
of the respective trans-isomer after deposition on the metal surface. This is despite the
known twisted trans-geometry for free imine molecules and already shows the influence
of the substrate. Whereas photoinduced switching for TBA on Au(111) is feasible it is
quenched for TBS and TBI on Au(111) as well as for TBA on Cu(111). The molecu-
lar switching in TBA/Au(111) is driven by the generation of a positive ion resonance
(cation) via a charge transfer of holes from the Au d -band to the HOMO level of TBA.
This mechanism is obversely not efficient in TBS and TBI on Au(111) and TBA on
Cu(111), even though the HOMO level of TBS as well as the d -band of Cu are at
similar energetic positions compared to TBA/Au(111).

For TBI on Au(111) we found an thermally activated trans→cis-isomerization.
When sufficiently heated all molecules are found in their cis-state. This is in disagree-
ment for the molecules in solution where the trans-isomer represents the energetically
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more stable compound. We were able to gain a quantitative insight into the reaction
deriving the activation energy to EA = 0.6 ± 0.1 eV. Compared to the free molecules we
find the barrier reduced about 0.4 eV showing the strong influence of the substrate on
the potential energy landscape resulting in an ”inverted” thermal isomerization behav-
ior. At a bilayer of TBI on Au(111) we observe the thermal trans→cis-isomerization
already at lower temperatures. After complete desorption of the second layer we find
the molecules in the trans-conformation again. This is opposing to the experiments of
a starting coverage of one monolayer where only cis-isomers are present after thermal
activation expressing that the isomerization behavior is coverage dependent. A second
annealing step leads to a further trans→cis-isomerization similar to the findings for
one monolayer starting coverage. We deduce this behavior to non-identical cis-species
depending on their binding situation to the surrounding. A possible reason could be
given by the presence of a stronger interaction of the lone pair of the nitrogen in the
cis-conformation with the surface for coverages ≤ 1 ML leading to an increased cou-
pling and quenching of the back reaction.

As the second adsorbate/substrate system we studied 1,3,3-trimethylindolino-6-
nitrobenzopyrylospiran (spiropyran, SP) on Au(111). Spiropyran undergoes a photo
and thermally induced bidirectional ring-opening/closing reaction between the stable
spiropyran and the meta-stable, isomeric merocyanine (MC). From angular dependent
HREELS measurements we could analyze the adsorption geometry. On Au(111) the
molecules are present in their three dimensional, closed SP form. The benzopyran moi-
ety of the closed form is lying flat on the surface and the indoline unit is orientated
perpendicular to it. Annealing of the molecular layer induces tremendous changes in
the vibrational fingerprint. We found evidence for the appearance of the open MC
isomer orientated parallel on the Au(111) surface (flat lying). It is significative that on
a relatively inert metal surface like Au(111) the thermal stability is reverted, turning
the open merocyanine into the most stable form. This result introduces the concep-
tually attractive possibility of using inorganic substrates to balance the equilibrium
between open and closed isomers simply by tuning the strength of the interaction with
the metal substrate. The back reaction could not be induced neither by temperature
nor by photons. We were able to derive the activation energy for the thermally induced
ring-opening reaction to EA = 0.84 ± 0.05 eV being surprisingly close to the reported
values of spiropyran in solution. This excludes the possibility that the activation energy
for the dissociation of the C–O bond in the ring opening is lowered by the presence of
the metal. The reason for the stability inversion could be given by a zwitterionic state
of MC stabilizing the open isomer on the metal substrate. Note, that photoswitching
could not be observed in either direction, possibly due to a reduction of the life-time of
the photoexcited state through additional decay channels to the metal.

SFG vibrational spectroscopy is employed to investigate the reversible, photoinduced
trans/cis-isomerization of an azobenzene-functionalized self-assembled monolayer (SAM)
on gold using a tripodal linker system. In addition we studied azobenzene biphenyl
SAMs on gold. In both molecules a cyano-group at the outer phenyl-ring is used as a
direct measure of the switching state. We found effective cross sections for the reactions
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of σeff (cis) = 4 ± 1 × 10−18 cm2 at 405 nm (trans→cis) and σeff (trans) = 2.5 ±
1 × 10−19 cm2 at 470 nm (cis→trans), both are similar to the cross sections found for
the free molecule in solution. The results demonstrate that the tripodal linker system
results in an electronically decoupling of the optically active molecular orbitals of the
azobenzene from the electronic structure of the underlying gold substrate. Further-
more the bulky linker system guarantees a sufficient lateral spacing which enables the
reversible photoisomerization. To our point of view this seems to be crucial if we com-
pare the obtained results for the tripodal linker to the results of the thiolate azobiphenyl
molecule, where no photoinduced conformational changes could be observed both for
the single-component SAM as well for a diluted SAM with introduced spacer molecules.
In consequence of the weak molecule/molecule and molecule/metal interaction of the
tripodal azobenzene derivative, the switching behavior of the azobenzene incorporated
into the SAM is analogous to the free molecule in solution. Therefore we propose a
direct (intramolecular) electronic excitation mechanism.

We have shown that the bottom-up fabrication of GNRs on the Au(111) surface start-
ing with 10,10’-dibromo-9,9’-bianthryl as the precursor molecule is feasible and that
vibrational HREELS is an excellent technique to follow the preparation steps of the in-
situ GNR fabrication for the prototypical N=7 armchair ribbon of width ≈ 7.5 Å. After
the final fabrication step only vibrational modes of the wanted chemical end-product
are observable in the spectrum. Employing primary electron energies of E0 = 15 eV
electronic HREELS has been proven to be a powerful tool which enables us to directly
measure the band gap of the GNRs on Au(111). As a key feature we were able to
determine the band gap and a second electronic transition at 2.6 and 3.1 eV, respec-
tively. We report the first measurement of the band gap of a sub-nanometer wide
atomically precise GNR on Au(111), which is an important property of the GNR and
is therefore well suited as a benchmark for theoretical calculations. The bottom up
fabrication method seems to be ideal to produce atomically precise nanoribbons. Our
results clearly show that the usage of a rational design of GNR width (and shape) by
the choice of the right precursor molecule opens up the possibility to precisely tailor the
band gap to achieve the wanted electrical properties for the use in technical applications.

Summarizing we could gain insight into the dependence of the switching process re-
garding molecule/substrate-interactions and molecule/molecule-interactions. These in-
teractions govern the adsorption geometry and electronic structure of the surface bound
species as well as they are responsible for steric hindrance and intra-layer electronic cou-
pling strength. From our results we conclude that the physical mechanism governing
the desired functionality may be influenced drastically by the electronic interaction
with the substrate, so that purely structural arguments to predict the functionality of
adsorbed molecules have to be taken with great caution. This demonstrates that both,
the geometric and electronic structure of the complete molecule–substrate complex
have to be taken into account for a successful reversible photoisomerization of surface
bound molecular switches. A route for future investigations could be in the choice of
semi-metals and semi-conductors as the underlying substrates, since additional decay
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channels of the excited states provided by the coupling to the metallic substrate are
believed to be a major factor responsible for the prevalent quenching of photoinduced
molecular switching on surfaces.
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A Structure optimization of 10,10’-Dibromo-
9,9’-bianthryl

Structure optimizations of 10,10’-Dibromo-9,9’-bianthryl have been performed with
Gaussian09 using the hybrid functional B3LYP with the Pople basis set (6-31G(d)).

MO gaps 6-31G(d)

LUMO+2 - LUMO+1 1.27 eV

LUMO+1 -LUMO 0.003 eV

LUMO - HOMO 3.422 eV

HOMO - HOMO-1 0.006 eV

HOMO-1 - HOMO-2 1.271 eV

Table A.1: Orbital gaps yielded with B3LYP/6-31G(d).

Resulting electronic transitions:

electronic transition 6-31G(d)

HOMO→LUMO 3.422 eV

HOMO-1→LUMO 3.428 eV

HOMO→LUMO+1 3.425 eV

HOMO-2→LUMO 4.693 eV

HOMO→LUMO+2 4.692 eV

Table A.2: Resulting electronic transitions from the calculated orbital gaps. The energetic
differences found in the substructures are ”physically unlikely”.
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physik des Festkörpers, 1994.

[Hen06] J. Henzl, M. Mehlhorn, H. Gawronski, K.-H. Rieder, & K. Morgenstern.
Reversible cis-trans Isomerization of a Single Azobenzene Molecule. Angew.
Chem. Int. Ed. 45, (2006) 603.

[Hen07a] N. Henningsen, K. J. Franke, I. F. Torrente, G. Schulze, B. Priewisch,
K. Rück-Braun, J. Doic, T. Klamroth, P. Saalfrank, & J. I. Pascual. In-
ducing the Rotation of a Single Phenyl Ring with Tunneling Electrons.
The Journal of Physical Chemistry C 111, 40, (2007) 14843. URL http:

//pubs.acs.org/doi/abs/10.1021/jp0741861.

[Hen07b] Jörg Henzl, Thomas Bredow, & Karina Morgenstern. Irreversible isomer-
ization of the azobenzene derivate Methyl Orange on Au(1 1 1). Chemical

145

http://stacks.iop.org/1367-2630/12/i=12/a=125022
http://stacks.iop.org/1367-2630/12/i=12/a=125022
http://www.sciencedirect.com/science/article/B6W98-44W571K-4C/2/3c1714a8ae7acc96ce8588b89974e58c
http://www.sciencedirect.com/science/article/B6W98-44W571K-4C/2/3c1714a8ae7acc96ce8588b89974e58c
http://dx.doi.org/10.1038/376238a0
http://dx.doi.org/10.1002/1439-7641(20020215)3:2<167::AID-CPHC167>3.0.CO;2-G
http://dx.doi.org/10.1002/1439-7641(20020215)3:2<167::AID-CPHC167>3.0.CO;2-G
http://dx.doi.org/10.1039/B921801G
http://dx.doi.org/10.1039/B921801G
http://pubs.acs.org/doi/abs/10.1021/jp0741861
http://pubs.acs.org/doi/abs/10.1021/jp0741861


REFERENCES

Physics Letters 435, 4-6, (2007) 278 . URL http://www.sciencedirect.

com/science/article/pii/S0009261407000103.

[Hen08] N. Henningsen, R. Rurali, K. Franke, I. Fernandez-Torrente, & J. Pascual.
Trans to cis isomerization of an azobenzene derivative on a Cu(100) sur-
face. Applied Physics A: Materials Science & Processing 93, (2008) 241.
URL http://dx.doi.org/10.1007/s00339-008-4840-4. 10.1007/s00339-
008-4840-4.

[Hes91] Manfred Hesse, Herbert Meier, & Bernd Zeeh. Spektroskopische Methoden
in der organischen Chemie. Georg Thieme Verlag Stuttgart . New York,
1991.

[Hof83] Friedrich M. Hoffmann. Infrared reflection-absorption spectroscopy of
adsorbed molecules. Surface Science Reports 3, 2-3, (1983) 107 . URL
http://www.sciencedirect.com/science/article/B6TVY-46D7040-D/

2/67e0d56d4531cae156a6b2faa5d5da5e.

[Hol92] Peter Hollins. The influence of surface defects on the infrared spectra
of adsorbed species. Surface Science Reports 16, 2, (1992) 51 . URL
http://www.sciencedirect.com/science/article/B6TVY-46G39DJ-F/

2/d9fd7802434682987862ef69737e33bb.

[Hua07] Tian Huang, Zhenpeng Hu, Bing Wang, Lan Chen, Aidi Zhao, Haiqian
Wang, & J. G. Hou. Observation of Hierarchical Chiral Structures in 8-
Nitrospiropyran Monolayers. The Journal of Physical Chemistry B 111, 25,
(2007) 6973. URL http://pubs.acs.org/doi/abs/10.1021/jp071193g.

[Iba82] H. Ibach & D. Mills. Electron Energy Loss Spectroscopy and Surface Vibra-
tions. Academic Press New York, N. Y., 1982.
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