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Bedanken möchte ich mich bei meinen verstorbenen Großeltern, die mich immer finanziell

und mental unterstützt haben, weil sie immer stolz auf mich waren.
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für das Korrekturlesen dieser Arbeit.
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Abstract

The main scope of this thesis was the synthesis and fixation of spin crossover transition

metal complexes, particularly iron(III), to Au(111) surfaces. The synthesized systems were

characterized in bulk and the adsorbed systems were characterized with surface spectroscopic

methods like IRRAS (infrared reflection absorption spectroscopy), XPS (X-ray photoelec-

tron spectroscopy) and NEXAFS (near edge X-ray absorption fine structure). In cooperation

with the AG of Prof. Dr. Richard Berndt (Institute for Experimental and Applied Physics,

Christian-Albrechts-University of Kiel) STM (scanning tunneling microscopy) measurements

of a dinuclear iron(III) complex were performed. Furthermore, in cooperation with Prof.

Dr. R. Herges (Otto Diels-Institute of Organic Chemistry, Christian-Albrechts-University

of Kiel) and Prof. Dr. Thisbe K. Lindhorst (Otto Diels-Institute of Organic Chemistry,

Christian-Albrechts-University of Kiel), self-assembled organic monolayers on Au(111) sur-

faces were characterized by IRRAS, SERS and XPS and their photoswitching behavior was

tested with the help of IRRAS. This work is arranged in an introduction and four chapters:

The first chapter deals with the synthesis of dinuclear iron(III) complexes with disulfide-

bridging ligands for the fixation on Au(111) surfaces, their characterization in bulk material

and the surface-spectroscopic characterization of the adsorbed mononuclear complexes on

Au(111) with IRRAS, XPS and NEXAFS.

The second chapter shows the utilization of one of these dinuclear iron(III) complexes as

a chemical wire on an Au(111) surface. In this dinuclear complex, a reversible switching

process in form of a conformational change of the salten-ligand (bis(3-salicylidene-amino-

propyl)amine) was monitored by STM and can be identified as a Bailar-Twist.

The third chapter presents the characterization of a methoxyazobenzene functionalized

molecular TATA (”triazatriangulene”) platform on Au(111) by XPS, SERS, STM, IRRAS



and PM-IRRAS. The thermal back relaxation from cis to trans of these systems was deter-

mined by PM-IRRAS and a halflife of 42 seconds was determined.

The fourth chapter deals with the preparation and surface spectroscopic characterization

of glycoside containing self assembled monolayers on Au(111) surfaces. These azobenzene

functionalized azomannose-derivatives were adsorbed on Au(111) surfaces and the photo-

chemical switching process, a trans to cis isomerization of the containing azobenzene unit,

was followed by IRRAS.



Kurzzusammenfassung

Das Hauptziel der hier vorliegenden Arbeit war die Synthese und Fixierung von Spin-

Crossover Übergangsmetallkomplexen, hauptsächlich Eisen(III)-Systemen, auf Gold(111)-

Oberflächen. Die synthetisierten Systeme wurden im Feststoff charakterisiert und die oberflä-

chenfixierten Systeme daraufhin oberflächenspektroskopisch mittels IRRAS (Infrarot Reflex-

ions Absorptionsspektrokopie), XPS (X-ray photoelectron spectroscopy) und

NEXAFS (Near edge X-ray absorption fine structure) untersucht. Im Rahmen einer Ko-

operation mit der AG von Prof. Dr. Richard Berndt wurden STM Messungen an einem

zweikernigen Eisen(III) System vorgenommen. Des Weiteren wurden in Kooperation mit

der AG von Prof. Dr. Rainer Herges (Otto Diels-Institut für Organische Chemie, Christian-

Albrechts-Universität zu Kiel) und der AG von Prof. Dr. Thisbe K. Lindhorst (Otto Diels-

Institut für Organische Chemie, Christian-Albrechts-Universität zu Kiel) organische self as-

sembled monolayers auf Au(111) mittels IRRAS, SERS und XPS umfassend charakterisiert

und auf ihr photoschaltbares Verhalten mittels IRRAS auf der Oberfläche getestet. Die vor-

liegende Arbeit teilt sich in Einleitung sowie die folgenden Kapitel auf:

Das erste Kapitel befasst sich mit der Synthese zweikerniger Eisen(III)-Komplexe mit Disul-

fidbrücken-Liganden zur Fixierung auf Au(111)-Oberflächen. Ebenso stand deren spek-

troskopische Charakterisierung im Feststoff und der adsorbierten monomeren Komplexe auf

Au(111) mittels IRRAS, XPS und NEXAFS im Vordergrund.

Im zweiten Kapitel findet ein solches zweikerniges Eisen(III)-System Anwendung als ”chemi-

scher Draht” auf einer Au(111)-Oberfläche. An diesem System konnte ein reversibler Schalt-

prozess in Form einer Konformationsänderung des salten-Liganden (Bis(3-salicylidenamino-

propyl)-amin) mittels STM gezeigt werden und als ein Bailar-Twist identifiziert werden.

Das dritte Kapitel zeigt die Charakterisierung einer Methoxyazobenzol funktionalisierten



molekularen TATA (”triazatriangulen”) Plattform auf Au(111) mittels XPS, SERS, STM,

IRRAS sowie PM-IRRAS. An diesem System konnte eine thermische Rückrelaxation mit

Hilfe von IRRAS detektiert und eine Halbwertszeit von 42 Sekunden auf der Oberfläche für

die cis zu trans Rückisomerisierung bestimmt werden.

Im vierten Kapitel ist die Präparation und oberflächenspektroskopische Charakterisierung

von mannosehaltigen self assembled monolayers auf Au(111)-Oberflächen gezeigt. Diese

Azobenzol funktionalisierten Mannose-Derivate wurden auf Au(111) fixiert, und die pho-

tochemische trans zu cis Isomerisierung einer enthaltenen Azobenzoleinheit konnte mittels

IRRAS detektiert werden.
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1 Introduction

1.1 Natural phenomena - the source of inspiration

Years ago, the swiss engineer Georges de Mestral went outside for a walk with his dogs. He

noticed small fruits of a plant sticking to his dog’s fur and was astonished.

Figure 1: On the left hand side a picture of Georges de Mestral, in the middle an electron
microscope image of a burdock fruit and the function principle of a hook-and-loop
fastener on the right hand side is shown.[1-3]

After putting these small fruits under a microscope, he recognized that the burdock (Arctium

lappa), a plant species of the Carduoideae, has elastic, coarse and hook-shaped fibres which

stick to smaller fibres and can be removed without breaking. The hook-and-loop fastener was

born and in 1951 de Mastral obtained the patent for this invention which brought industry

and nature closer together.

Another interesting phenomenon in nature are geckos and their ability to walk on vertical

surfaces. A gecko can weigh up to 300 g and is the heaviest animal that has the possibility

to use this sort of dry adhesion, which is based on a very weak van-der-Waals attraction.

The feet of a gecko have small fine structures with densely fine hair (Setae). With this dense

packed hair, the gecko has a lot of small points which lead to small adhesion forces. The

sum of all these small adhesion points amounts to a huge adhesion force.

1



1 INTRODUCTION

Figure 2: On the left hand side different gecko feet are shown and an electron microscopic image
of Setae is shown on the right hand side.[4,5].

In addition, the lotus effect enables water and dirt particles to run off the surface of a leaf in

drops. The trick of the lotus leaf is a very thin and fine cuticle which causes a hydrophobic

behavior. Furthermore, the surface possesses small nubs which are able to adhere dirt par-

ticles and the water droplets can run off the leaf. The roughness of the surface minimizes

the contact area between leaf and droplet which allows a frictionless rolling. This effect is a

useful prototype for the global industry to realize self-cleaning surfaces for aircraft carriers

or house fronts.

Figure 3: Water droplets on a lotus leaf and the self cleaning principle of the lotus leaf.[6]

2



1.2 Molecular electronics

In flora and fauna we can find a lot of interesting phenomena which are worthy of study and

can be helpfully applied to our every day life. The transfer of these phenomena to abiotic

systems occupy the work of many scientists all over the world. The branch of research which

has the effort to mimic bio phenomena to all day life is called bionic (biology and technics).

In industry, surfaces and the adjustment of their properties play a big role. Surfaces are

getting more and more ’intelligent’. Giving a surface different behavior and composition can

lead to model systems for the study of organic and biological interfaces. Furthermore, ap-

plications in the field of adhesion, lubrication, corrosion, protection, wetting, photochemical

and electrochemical processes can be reached.

The SFB 677 in Kiel aims to learn from nature by combining the fields of chemistry, physics

and material science in the synthesis, characterization and behavior of nanomolecular ma-

chines. This requires cooperation with biological, zoological and medical work-groups. These

nanosystems will applied to the fields of medicine, sensor materials and storage devices. The

main subject is a molecular switching process, which can be effected through external stim-

uli like pressure, electromagnetic fields e.g. light or voltage. Different projects in the SFB

677 try to bring molecular switches in different environments like homogeneous solutions,

functional materials and on surfaces.[7]

1.2 Molecular electronics

Molecular electronics is the attempt to widen the conventional electronics to electronics

which work with molecules or molecular function units in a nanoscale dimension. It is the

further development of microelectronics. In molecular electronics the inter- and intramole-

cular interactions shall be exploited for potential applications. These molecules will be the

active part to store, forward and process information. In molecular electronics, one can dis-

tinguish between monomolecular electronics and supramolecular electronics. In supramole-

cular electronics, associations of molecules have the effect of the functional elements and in

3
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monomolecular electronics, every single molecule acts as an individual functional element.[8,9]

For example, magnetic materials like storage devices can be found in hard discs. The re-

search on magnetic materials on molecular level is very interesting and promises high storage

capacities.

The endeavor to build smaller storage devices is a big challenge for industry and research.

We wish to have smaller and lighter devices like MP3 players or smart phones with a big

storage capacity for music files or photographs. The trend that smaller and faster electronic

devices would become available was clearly predicted by Gordon Moore in 1965. This em-

piric law means that the number of transistors in an integrated circuit per square centimeter

doubles every 24 months.[10,11]

Figure 4: The figure shows Moore´s empiric predicted law.[12]

Molecular electronics open up the possibility to reach storage capacities up to 1011 Bit/cm2.[13]

A bistability of the system serves as a basis to build up molecular storage devices and sensors.

This binary code has two different states: ON and OFF or 0 and 1. It is important that

these different states can be achieved reversibly. Switching between these states requires a

geometry change or a change of the magnetic moment. Furthermore, it is necessary to read

out these two different states of the molecules by either their magnetism or optical proper-

ties. The most studied molecular systems for realizing molecular electronics are molecular

wires, diodes and self assembled monolayers between electrodes. [14-20]

4



1.2 Molecular electronics

1.2.1 Molecular switches

Nature offers a lot of molecular switching processes. For example, the retinal molecule,

linked to an opsin protein, can undergo an isomerization in the presence of light, from a

cis to a trans conformation. This process is the basis for the vision of human beings and

animals. The isomerization of one C=C double bond in the molecule of 11-cis-retinal to

the all-trans-retinal starts a signal transduction. Trans-retinal can be transfered back to

11-cis-retinal by an enzymatic process.[21]

Figure 5: Reversible conversion from cis-retinal to trans-retinal by light and back isomerization
by retinal-isomerase.

Molecular switches can be defined as molecules which can exist in two different states. Impor-

tant is that these molecules have a spatially fixed position. They also need to satisfy special

requirements like chemical stability, reversibility and a control of the macro level with the mi-

cro level. Examples are acid-base reactions (pH-switches), redox reactions (redox-switches),

photochemical reactions like conformational switches, thermal reactions and quantum effects.

1.2.2 Azobenzene as a photo-switchable unit

An established and well known photo-switchable system is azobenzene, which was discovered

by Hartley in 1937. These molecules can be switched by irradiation with UV light from the

5
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thermodynamical stable (54 kJ/mol stabilization) trans to a metastable cis conformation.[22]

The transfer back to the trans isomer can be effected by irradiation with blue light or through

thermal back-relaxation.

Azobenzene containing molecules are one of the most studied photo-switchable systems in

literature. The photo-isomerization has been studied in detail on molecules in solution, gas

phase and embedded in polymer films.[23-25]

The trans isomer has a planar structure and a vanishing dipole moment. In the cis iso-

mer the phenyl rings are twisted at 60° to each other. It possesses a dipole moment of 3.2

Debye. Regarding the molecule in general the switching process leads to a significant change

of the molecular length.[26,27]

Figure 6: The structure of an azobenzene molecule in the trans and cis isomer.

The exact mechanism of the trans to cis isomerization is not fully understood yet, but a

topic of current research. Different isomerization pathways are proposed in literature. The

’inversion mechanism’ involves an inversion of the phenyl groups bound to the azo-nitrogen

atoms. The ’concerted inversion mechanism’ follows a synchronous inversion of both nitro-

gen atoms with a linear transition state and the ’rotation mechanism’ includes a breaking of

the double bond of the azo-unit followed by a rotation of the phenyl rings.[28-31]

6



1.2 Molecular electronics

Figure 7: Schematic view of the mechanism for the isomerization process of azobenzene.

The conversion from the trans to cis isomer can be easily followed by UV/Vis spectroscopy

through the change of the absorption maximum. Other techniques like IR, Raman or NMR

can also be used to identify the two different isomers.[32] The trans isomer exhibits an strong

absorption band at around 360 nm. By irradiation with UV light of this wavelength, this

absorption band decreases drastically in intensity and a new, weaker absorption band at

around 440 nm appears.[32,33] Irradiation with visible light of 440 nm transfers the system

back to the starting state.

Molecules containing azobenzene can have promising properties for optical data storage.[34,35]

Examples of other photochromic organic molecules are spiropyrans[36-40], fulgides[41-44] and

diarylethenes.[45-48]
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Figure 8: Diarylethene, fulgide and spiropyran as photochromic molecules.
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1.3 Self-assembled monolayers (SAMs)

1.3 Self-assembled monolayers (SAMs)

Self-assembled monolayers (SAMs) are ordered molecular assemblies formed on a solid sub-

strate or interface by spontaneous self-organization of the molecules.[49-51]

Novel properties and applications of these monolayers on substrates include corrosion pro-

tection, molecular recognition, photolithography, biocompatibility, surface-wetting control,

photoresponsive structures and electron transfer control.

Surfaces can be planar like Au(111), silicon, HOPG (highly ordered pyrolytic graphite),

Ag(111), SiO2 or curved like in nanoparticles.[49][52] Gold is the most commonly used surface,

because it is chemically inert, easy to acquire and biocompatible.[53,54] The production of

highly ordered assemblies of molecules on surfaces depends on factors like surface roughness

and cleanness as well as substance purity, solvent, concentration, temperature and immer-

sion time.

Either through immersion of a substrate in a solution of a surface-active molecule, or from

vapor gas phase deposition in UHV, molecules can arrange themselves and bind to the sur-

faces through different forces.[55,56]

Two different binding processes can be distinguished:

1. Chemisorption

The molecules bind covalently to the substrate by a surface-affine head group and form

chemical bonds. Thiol derivatives (-SH) are the best studied surface binding molecules

which result in stable films with a high binding energy of around 190 kJ/mol (45 kcal/mol)

due to the thermodynamically favourable formation of the Au-S bond[57]:

2R− S −H → 2R− S − Au+H2 (1)
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The thiolate bond is formed after the dissociation of hydrogen from the sulfur. Alkanethiols

form densely packed monolayers with a high degree of order and less defects. Selenol (-SeH),

alkyne and isonitrile head groups are also known in literature.[58-62]

The self-assembly of alkanethiols from the respective disulfides on Au(111) surfaces was re-

ported for the first time in 1983 by Nuzzo and Allara.[63]

In the case of disulfides, the S-S bond cleavage results through the reduction of the disulfide

from the electron rich metal surface:

R− S − S −R→ 2R− S − Au (2)

The spacer group of the molecules has the function to stabilize the film itself and acts as the

backbone. Through the spacer group, the thermodynamical stability and thickness of the

resulting film on the surface is defined. These films can have different thicknesses between

0.1 nm to several nm.

Figure 9: General structure of self-assembled monolayers on a substrate.

The van-der-Waals interactions of the alkyl chains of the molecules lead to a stabilization

and straightening of the alkyl chains on the surface. In aromatic systems, the result is elec-

trostatic interactions like π-π interactions.
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The tail- or end group of the molecule can adjust the electronic, physical and chemical

surface properties of the film. While -OH terminated SAMs provide a hydrophilic surface,

-CH3 terminated SAMs result in hydrophobic surface properties.

In general, the formation of SAMs follows the Langmuir adsorption isotherm where lat-

eral interactions can be neglected.[64-69] This kinetic model describes the proportionality of

the rate of deposition on the surface in respect to the free space of the surface, expressed by

the following equation:

k(1−Θ) =
dΘ

dt
(3)

where Θ is the amount of area, k the rate constant and t is the time.

If lateral interactions play an important role, the adsorption process can be described by the

Frumkin isotherm[57], that represents an extension of the Langmuir isotherm:

KFr(A) =
Θ

1−Θ
· (e)2aΘ (4)

where Θ is the amount of area and a the interaction coefficient.

The SAM formation on a surface involves two major steps.[49] In the first initial step, the

free molecules physisorb on the surface and lead to a saturation-coverage (Fig. 10, Fig. 11

(2)). In this step a local energy minimum is reached while the molecules are disordered on

the surface and lying flat. The initial driving force for the assembly is the chemical affinity

between the adsorbate and the substrate. The velocity of this process is very fast. The

formation of an Au-S bond conforms the highness of the energy barrier. In this step, the

molecule is chemisorbed and dissociated hydrogen dimerizes and desorbes (Fig. 11 (3)).
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Figure 10: Energetic potential of the process of the SAM formation on the surface.

The second, slower step is the self-assembly of the molecules to each other. The molecules

will arrange themselves in a standing-up phase because of the intermolecular interactions

like van-der Waals, π- π or hydrogen bondings.(Fig. 11 (4)) The arrangement will minimize

the free energy of the layer and ends in a potential minimum.[65-70]

Figure 11: Kinetic process in different steps of the self-assembly of molecules in solution to a
substrate.
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The kinetics also depends on several factors like temperature, preparation conditions, im-

mersion time, solvent, the molecules used as well as the substrate. Preparation at room

temperature and using low concentrations reduce defects and highly ordered films can be

obtained. Normally, the preparation ends with a rinsing process of the substrate, using the

same clean solvent to remove bi- and multilayers on the SAM.

2. Physisorption

In this process molecules do not form covalent bonds with the substrate but rather ad-

sorb by physical forces like van-der Waals forces. In general, these forces are weaker than

chemical bonds and have binding energies of around 4 to 40 kJ/mol.[71]

The organization of monomolecular assemblies at solid interfaces provides a rational ap-

proach for fabricating films with a well-defined composition, structure and thickness.
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1.4 Surface analytical techniques - Overview

Surface sensitive analytical techniques are essential to characterize surfaces and adsorbed

molecules. Plenty of analytical techniques are known and several Nobel prizes regarding

these have been awarded in the last decades.[72]

The characterization of surfaces and their properties is anything but trivial. Every special

method divulges different information, but not every surface method delivers all required

information. Established surface sensitive techniques and the obtainable analytical informa-

tion are summarized below:

Scanning tunneling microscopy (STM) gives information about the electronic density

of electrons on the surface.

Atomic force microscopy (AFM) can give information about the topography of the in-

vestigated surface.

Transmission electron microscopy (TEM) gives information about surface structures.

X-ray absorption spectroscopy (XPS) gives quantitative and qualitative information

about elemental composition, oxidation states and chemical environment.

Auger electron spectroscopy (AES) gives quantitative and qualitative information about

elemental composition, oxidation states and chemical environments.

Ultraviolet photoelectron spectroscopy (UPS) gives information about electronic struc-

ture.

Near edge X-ray absorption fine structure (NEXAFS) gives information about elec-

tronic structure, geometrics and angles of the adsorbed molecules.
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Surface extended X-ray absorption fine structure (SEXAFS) gives information about

coordination numbers and bond lengths.

Low energy electron diffraction (LEED) gives information about surface structures.

Thermal desorption spectroscopy (TDS) gives information about binding energies of

the molecules on the surface and the number of molecules on the surface.

Surface enhanced Raman spectroscopy (SERS) gives vibrational information of the

adsorbed molecules.

Sum frequency generation (SFG) gives vibrational information of the adsorbed molecules.

A more special and less common technique is infrared reflection absorption spec-

troscopy (IRRAS). This technique has become more and more popular for surface chemistry

in recent years.[73-78]

In the publications presented in this dissertation, IRRAS was used to characterize the surface

adsorbed molecules in detail, in comparison with the help of other surface sensitive methods

like XPS, SERS, NEXAFS and STM. In the next chapter, IRRAS will be explained in more

detail.
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1.4.1 Infrared spectroscopy

Infrared spectroscopy determines the selective absorption of infrared light (IR) from chemical

compounds. This type of spectroscopy is based on the excitation of vibrations of molecules

and molecular functional groups. Different functional groups absorb the IR light with specific

energies and allow their assignments from the resulting spectra. The plot of the absorbed

intensity over the energy of radiation in frequency units leads to the obtained spectrum. IR

spectroscopy refers to the spectral range from 10 cm-1 to 14000 cm-1. The most interesting

and utilized region is the middle IR (MIR region) of 400 cm-1 to 4000 cm-1.

Molecules are not rigid; on the contrary they also vibrate in the ground state.[79-84] A molecule

with N atoms has 3N degrees of freedom. For linear molecules 3N-5 modes and for non-linear

molecules 3N-6 modes of vibrations can be found. The vibrations of a diatomic molecule

can be explained by the harmonic oscillator model with Hooke’s law:

ν =
1

2π
·

√
k

µ
(5)

where ν is the vibration frequency, k the force constant and µ the reduced mass defined

as µ =
m1·m2
m1+m2

. Through absorption of IR light, these vibrations can be excited to discrete

higher energetic vibrational levels. From quantum chemical considerations, these energy

levels are given by Eν=(ν+1
2
)hν with ν=0, 1, 2, 3... with ν as quantum vibration number.

For the harmonic oscillator, the selection rule of a vibrational transition is given by ν=±1.

The approximation of the harmonic oscillator only acts as a model.

In reality, under consideration of anharmonicity, the Morse potential describes a better

model. Here, transitions of ∆ν=±2, ±3, ±4... are also permitted and can be observed in

the IR spectra. These transitions are called ’overtones’. This intensity of these vibrations

is reduced in comparison to the first transition. The Morse potential contains correction
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terms[83][85] and is expressed by the following equation:

V (R) = De · (1− e-a(r-re))2 (6)

Figure 12: The harmonic (blue) and Morse potential (violet) are shown .

where De is the dissociation energy, r the distance between the atoms, re the equilibrium

bond distance and a is a constant, that controls the ’width’ of the potential.

The most important requirement of the IR-spectroscopy is the interaction between the elec-

tromagnetic radiation of the light with the electrons of the molecule. This is only the case,

when the dynamic dipole moment of the excited vibration transition changes during the

vibration. Vibrations in which the transition dipole moment does not change are IR inactive

and can not be observed in the spectrum. For example, homonuclear molecules can not be

excited by absorption of IR radiation.
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1.4.2 Infrared reflection absorption spectroscopy

IR spectroscopy on surfaces was discovered by G. Greenler in 1966.[86] Different names for this

technique, like reflection absorption infrared spectroscopy (RAIRS) or grazing-angle infrared

spectroscopy (GAIRS), are used. The most common name is infrared reflection-absorption

spectroscopy (IRRAS) as suggested by the International Union of Pure and Applied Chem-

istry (IUPAC).

This surface sensitive technique provides vibrational information as well as information

about the orientation of absorbed molecules on metal reflecting surfaces. This technique

is predestined for the investigation of self assembled monolayers on surfaces and enables to

get a full vibrational analysis of very thin films with a thickness of several Ångström, is

non-destructive and does not require UHV techniques. For the investigation of adsorbed

molecules on surfaces by IRRAS some requirements have to be fulfilled:

This technique requires a clean substrate, often a metallic surface, where the infrared beam

can be reflected. The adsorbed molecules on the surface will be passed two times by the

IR radiation, which leads to an increasing intensity. In general IRRAS intensities are very

weak and in the range between 10-3 to 10-4 absorbance units.[73-78] Due to the relatively

thin film, very sensitive semiconducting detectors are required. The most commonly used

detectors are MCT (mercury cadmium telluride). A p-polarized radiation of the incident

light is needed and grazing angle of incidence is used. Theoretical considerations show that

the electromagnetic radiation reaches a maximum at 82°, because at this angle the largest

percentage of the p-polarized E-field are perpendicular to the surface. This angle is also

called grazing angle or magic angle.

The sensitivity of IRRAS is a strong function of the angle of incidence (the angle between

the surface plane and the incoming beam). Small errors in sample flatness yield in large

errors in pseudo-absorbance values. IRRAS measurements need a reference measurement
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as background. Due to the extremely weak signals in IRRAS and in order to minimize the

disturbance from the atmosphere, an absolutely clean reference sample is necessary.

Surface selection rule: Due to the special surface selection rule, only vibrations with a

transition dipole moment or a component of the transition dipole moment perpendicular to

the surface can be observed in the IRRA spectrum.

Figure 13: The image charge effect on the surface.

Figure 14: Electric vectors of the s- and p- component of the incident light.

The electric fraction (E-field) of the used IR-light, considered as electromagnetic wave, can

interact with the containing charge of the surface. These are electrons and positive charges

of the atomic cores. The oscillating electric field vector of the s-polarized radiation is per-
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pendicular to the plane of incidence and parallel to the surface normal. The interaction of

the light with the containing electrons leads to a displacement through the electric force of

the E-field and a polarization of the surface results. This polarization is opposing to the

cause. The electric field parallel to the surface results in 0. The oscillating electric field

vector of the p-polarized radiation is parallel to the plane of incidence and perpendicular to

the surface normal. This fraction of light generates a polarization field which is aligned to

the surface and will be summed up. The normal component of the incident field increases.

Only vibrations of a molecule with a transition dipole moment or a component of the tran-

sition dipole moment, which are oriented perpendicular to the surface, can interact with the

p-polarized light and contribute to the spectrum.

The sensitivity of IRRAS can be increased by the polarization modulation technique, which is

named as polarization-modulation infrared reflection absorption spectroscopy (PM-

IRRAS).[87-90] This extended technique is able to eliminate atmospheric disturbances like

CO2 and H2O. PM-IRRAS utilizes a high frequency modulation between s- and p-polarized

light whereby two simultaneous measurements of these two signals are possible; the spec-

trum without adsorbat as a reference spectrum (s-polarized) and the spectrum with adsorbat

(p-polarized). Due to the simultaneous measurement, CO2 and H2O can be avoided and the

necessity of a reference background sample like in IRRAS is not required in PM-IRRAS.

Shorter scan times in PM-IRRAS help to avoid experimental drifts and instabilities.
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Spectrometer

During this thesis a Bruker Vertex 70 FT-IR spectrometer was used for conventional IR-

RAS measurements. This spectrometer is equipped with a liquid nitrogen cooled MCT

semiconductor detector to gain adequate sensitivity.

For the duration of the measurement and one hour before, the sample chamber was purged

Figure 15: The used Bruker Vertex 70 and PMA-50 unit are shown.

with dry nitrogen to reduce atmospheric disturbances in the chamber. For all shown spectra

in this thesis, the resolution was set at 4 cm-1. For conventional IRRAS measurements a

deuterated hexadecylthiol SAM on Au(111) was used as the reference background.

A p-polarized infrared beam is focused through an IR-transparent window onto the sam-

ple surface at grazing incidence. The sample, acting as a mirror, reflects the beam out of a

second vacuum-sealed window, where it is focussed on the photoconductive semiconductor

MCT detector. The spectrometer comprises a detection range from 5000 to 800 cm-1. As

sample holder, a horizontal reflection unit for grazing incidence (Bruker A518) at an angle

of 82° was used.
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Figure 16: Bruker A518 sample holder with a grazing incidence of 82°.

For IRRAS measurements Au(111) samples of 2 cm x 3 cm dimension were used. This size

of sample is necessary due to the cross section of the beam.

Figure 17: Ellipsoidal beam spot on the sample.

As aperture setting 1.5 mm was used, resulting in a circular spot on the surface (X in Fig.

17). By multiplying the aperture setting with the so called Bruker factor of 1.8 mm and the

factor A of 1/Cos(α) = 1 / Cos (82°), a ellipsoidal spot of around 2.7 mm x 19.4 mm results

on the surface sample (Z in Fig. 17). Therefore, large samples with dimensions of 20 mm

x 30 mm are suitable for IRRAS measurements. The obtained IRRAS data were processed

using an OPUS 6.0 program from Bruker, Germany.

For PM-IRRAS measurements a Bruker Vertex 70 FT-IR spectrometer with a polarization

modulation accessory Bruker PMA 50 was used. The photoelastic modulator (PEM) modu-

lates the infrared beam by rotating the polarization of the light sinusoidally at the frequency

of the birefringence modulation, introduced mechanically to the ZnSe crystal.
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Figure 18: Schematic optical setup for PM-IRRAS.

The resolution for PM-IRRA spectra was set as 4 cm-1 at an angle of incidence of 82°. The

PEM maximum efficiency was set for the half-wave retardation at 1800 cm-1 to analyze the

C-O stretching region, at 2900 cm-1 to analyze of the C-H stretching vibration bands and at

1500 cm-1 to analyze of the finger print region. The instrumental and optical setup of the

spectrometer are shown in Figure 19.

Figure 19: PM-IRRAS instrumental setup. On the left hand side the spectrometer, in the
middle the sample holder and on the right hand side the look-in amplifier and PEM.

The low frequency signal is the average interferogram IA = (Ip+Is)

2
, the high frequency sig-

nal is the differential interferogram ID = (Ip−Is)

2
and the differential reflectance spectrum is

defined as ∆R
R

= ID
IA

.

Due to the different reflectivity of s- and p-polarized infrared radiation at a metal surface,
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the differential spectrum is multiplied by the Bessel function, i.e. a background is obtained:

∆R
R

= J2(φ0) · ID
IA

where J2(φ0) is the second-order Bessel function. The electronic block

diagram of the used PMA 50 accessory is shown in Figure 20.

Figure 20: Block diagram of the PMA 50 setup.
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2 Functionalization of Au(111) surfaces with

spin crossover complexes

2.1 Spin Crossover Phenomenon

In 1931, Cambi et al. reported the ”Spin crossover” phenomenon for the first time. An

iron(III)-thiocarbamate complex shows an interesting property: by changing the tempera-

ture, the spin state changed to another spin state.[91,92] Spin crossover can occur in transition

metal compounds with electron configurations of d4 to d7. The most known examples in

literature are iron(II)/iron(III), cobalt(II)/cobalt(III), chromium(III) and manganese(II)/

manganese(III) compounds. This effect can be observed in liquid phase as well as in solid

state compounds. Spin crossover in general describes the phenomenon that a compound can

exist in two different spin states: a high spin state (with the maximal number of unpaired

electrons) and a low spin state (with the maximal number of paired electrons). In the case

of iron(III) the spin multiplicity is S=5/2 in high spin state and S=1/2 in low spin state.

As considered in an octahedral coordination sphere, the present five d-orbitals split into two

sets of orbitals with different energy: the three t2g (dxy, dyz and dxz) orbitals with bonding

nature with lower energy and the two eg orbitals ( dz2 and dx2-y2) with anti-bonding nature

of higher energy. The thermodynamical stable spin state depends on the size of the ligand

field splitting ∆ (10Dq) between t2g and eg and the spin-pairing energy P:

� if ∆ is bigger than P, the compound has a low spin state. The degenerated orbitals

with same energy will be filled up by double before orbitals with higher energy will be

filled up.

� If ∆ is smaller than P, orbitals will be filled up as stated in Hund’s rule. All d-orbitals

will be populated and will result in a high spin state.

� If ∆ is in the range of P, a transition from one state to another can occur. For spin

crossover components, ∆ and P are in the same range of thermal energy (kb·T).
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Figure 21: High spin state and low spin state for a d5 system, for example iron(III).

This requirement is fulfilled in most cases in the presence of nitrogen-donating ligand systems.[93]

A reversible spin transition between these two states can be induced by different external

stimuli like pressure, electrochemical stimuli, light and changing the temperature.[94-108]In

most examples discussed in literature, this bistability is given at low temperatures (below 100

K). Only several examples show this desired bistability at or around room temperature.[109]

For data storage materials, a spin transition temperature of 300 K and a broad hysteresis

are preferred.[110]

A prominent example for the spin crossover phenomenon can be found in our human body

and vertebrates. Haemoglobin which is contained in our red corpuscles, is an iron-containing

protein-complex and provides the red colour to our blood. The central atom of the haemoglobin

is a Fe2+ (deoxy-haemoglobin) in a high spin state that changes to a Fe3+ by binding molecu-

lar oxygen (oxy-haemoglobin) in a low spin state. EPR studies prove this fact.[111]
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Figure 22: Oxy-haemoglobin and deoxy-haemoglobin.

In 1985, the so called ”Light-induced-excited spin state trapping” effect was discovered. Us-

ing green light of the visible spectrum, a transition from 1A1 state to 1T1 or 1A2, is followed

by an intersystem crossing into the respective triplet and a further intersystem crossing to

the long-lived quintet 5T2 state.[112,113] The relaxation back in the ground state is both spin

and parity forbidden and tunnels non-adiabatic through the potential barrier. The ’reverse-

LIESST’ effect is termed for the exitation of the 5T2 state with red light whereby the 1A1

state repopulates.[112]

Another possible way to realize a light induced spin transition, published by Boillot and

Roux, is to shift the excitation energy from the metal center to the coordinated ligands.

Photoisomerizable ligands like styrylpyridines were coordinated to an iron centre. The iso-

merization of these ligands leads to a change in the geometry and is followed by a change

of the ligand field strength and ligand field splitting.[114-116] Several systems in literature

are known which undergo LD-LISC effect at room temperature.[115][117] Applications of the

LIESST and LD-LISC effect in optical storage and devices are possible.

Spin crossover can be observed by Mößbauer spectroscopy, optical spectroscopy, magnetic

susceptibility, X-ray-absorption spectroscopy methods and vibrational spectroscopy as well

27



2 FUNCTIONALIZATION OF AU(111) SURFACES WITH SPIN CROSSOVER
COMPLEXES

as by crystal structure analysis.

The spin crossover phenomenon occurs widely for iron(III) complexes and several of the

complexes which exhibit this behavior contain a salten ligand system.[118,119]
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2.2 Motivation

Spin crossover complexes are potential systems for data storage materials, catalysis, chemical

modified electrodes and sensors.[110][120,121] Spin crossover materials on surfaces have gained a

wide interest in the field of science and industry.[122] Fixing these complexes to metal surfaces

or to adsorb these molecules on surfaces can be very interesting in the application for memory

devices, storage materials and sensors. The fixation of transition metal complexes to surfaces

can be reached by three different techniques which is schematically shown in Figure 23.

Figure 23: Different methods to bring transition metal complexes to a surface.

The first technique is the direct deposition of a metal complex either by chemical vapor depo-

sition or by physisorption from solution. Therefore, some conditions have to be fulfilled. It is

important that the complex can evaporate from the bulk material or can be deposited from

the solution without destroying the structure. For surface preparation, these molecules need

a high quality of cleanness. By evaporating a substance, very clean functionalized surfaces

can be obtained. Deposition from the solution mostly results in lower quality films. Here

the conditions of preparation are very important. High quality solvents, clean glassware and

clean substances are required.

The second method to get metal functionalized surfaces is the direct grafting method. Here

a functionalized metal complex with an anchor group for the surface fixation is needed. This
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method is more demanding. In this case, the metal complex has to be built up from the

ligand system. A surface affine anchor group like a sulfur containing group is required. The

functionalization of a metal complex with a thiol containing group will lead to different

problems during the synthesis. In the case of iron as central metal ion, a thiol containing

group will directly coordinate to the iron center and can also build up coordination polymers.

Thiols are very affine to different metals as we know from the high affinity to gold, where

the result is a very strong covalent bond.[57]This covalent bond of around 180 kJ/mol will

lead to a stability of the metal containing complexes on surface in the case when the ligand

system and oxidation state is also stable.

The utilization of sulfur protecting groups can avoid the problems of building coordina-

tion polymers and direct coordination of the sulfur to the metal center. Different sulfur

protecting groups are known in literature. A very elegant way to protect the sulfur group

is the oxidation from a thiol to a disulfide group. The thiol group protected as disulfide be-

comes to a relative stable disulfide and can also be used for the grafting of metal complexes.

If the disulfide ligand contains another functional group like a nitrile or pyridine, this group

can be coordinated to the metal center of a complex.
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Figure 24: Possible protecting groups for thiol containing derivatives.

The third method to fix metal complexes to surfaces is the post-grafting of metal containing

systems to a prefunctionalized surface or to click metal containing ligands via click reactions,

for example, a Huisgen click reaction to self assembled monolayers.[123,124]

Gopakumar et al. published in 2012 in Angewandte Chemie the vacuum deposited [Fe(II)(bpz)2-

(phen)] complex.[125,126] Previous work of Naggert et al. showed the preservation of the

LIESST effect of these molecules after vacuum deposition on a surface.[127] This complex

can be switched in the second layer of molecules on a surface at 5 K between two different

electronic states, a high spin to a low spin state.
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Figure 25: The picture on the left hand side shows the structure of [Fe(bpz)2(phen)] and the
picture on the right hand side shows a model of these molecules on a surface.[125]

Switching behavior of these molecules in the first layer was not observed. The switching

process in the second layer is, however, selective and reversible by inducing electrons to the

molecules on the surface. This process was named as ELIESST (Electron Induced Excited

Spin State Trapping) and can be compared to previous work of Meded et al.[128]

Figure 26: STM pictures of [Fe(bpz)2(phen)] on Au(111) surface.[125]

Further work from Ludwig et al. on [Fe(II)(bpz)2(phen)] complexes showed that the elec-

tronic structure of this molecule in the two different spin-states can also be detected via UPS

(UV-photoelectron-spectroscopy).[129]

In the following publication, two Fe(III) complexes supported by the pentadentade ligand

salten (bis(3-salicylidene-aminopropyl)amine)), were synthesized and functionalized with a

disulfide linker for surface fixation (Fig. 27). The two different ligand systems were analyzed

in bulk with elemental analysis, NMR, Raman and IR spectroscopy. Furthermore, the Fe(III)
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complexes of these two different ligand systems were synthesized and also analyzed in bulk

with elemental analysis, Raman and IR spectroscopy. DFT calculations were carried out to

obtain the complete vibrational information of these molecules and to understand these sys-

tems in detail. Furthermore, the dinuclear complexes were grafted to Au(111) surfaces from

an ethanolic solution, and monomer adsorbed molecules were obtained after disulfide bridge

cleavage. Thiolate fixed monomers and still disulfide bridged dimers were detected and were

analyzed in detail using XPS, NEXAFS and IRRAS. The expected intact geometry of the

complex was only found for one of the complexes. The [Fe(III)salten(pyS)] complex showed

an interesting anomaly after grafting to a surface. This complex changed the geometry of

the ligand system on surface.

Figure 27: Structure of the two different investigated dinuclear complexes. On the left hand side
[Fe(III)salten(pyS)]2(BPh4)2 and on the right hand side [Fe(III)thiotolylsalten(NCS)].
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ABSTRACT: Functionalization of surfaces with spin cross-
over complexes is an intensively studied topic. Starting from
dinuclear iron(III)-salten complexes [Fe(salten)-
(pyS)]2(BPh4)2 and [Fe(thiotolylsalten)(NCS)]2 with disul-
fide-containing bridging ligands, corresponding mononuclear
complexes [Fe(salten)(pyS)]+ and [Fe(thiotolylsalten)-
(NCS)] are covalently attached to Au(111) surfaces (pySH,
pyridinethiol; salten, bis(3-salicylidene-aminopropyl)amine).
The adsorbed monolayers are investigated by infrared
reflection absorption spectroscopy (IRRAS) in combination
with X-ray photoelectron spectroscopy (XPS) and near-edge
X-ray absorption fine structure (NEXAFS). Comparison of the
surface vibrational spectra with bulk data allows us to draw
conclusions with respect to the geometry of the adsorbed complexes. An anomaly is observed in the spectra of the surface-
adsorbed monolayer of [Fe(salten)(pyS)]+, which suggests that the salten ligand is partially decoordinated from the Fe(III)
center and one of its phenolate arms binds to the Au(111) surface. For complex [Fe(thiotolylsalten)(NCS)] that is bound to the
Au(111) surface via a thiolate-functionalized salten ligand, this anomaly is not observed, which indicates that the coordination
sphere of the complex in the bulk is retained on the surface. The implications of these results with respect to the preparation of
surface-adsorbed monolayers of functional transition-metal complexes are discussed.

■ INTRODUCTION

Surfaces functionalized with transition-metal complexes have
broad applications in catalysis, as sensors, and as chemically
modified electrodes. Moreover, by the attachment of functional
metal complexes, surfaces with novel physicochemical (e.g., spin-
switchable) properties can be obtained.1 One class of
compounds that can successfully be employed for such
applications is transition-metal salen complexes (salen = N,N′-
ethylenebis(salicylimine)). These complexes have been fixed to
surfaces by physisorption, either from the gas phase or from
homogeneous solution, or by chemical grafting methods.2 Of
particular interest are recent experiments on the deposition of
Co(III) and Mn(III) salen complexes on prefunctionalized (i.e.,
alkanethiol-coated) surfaces by Laskin et al.3 These systems have
attracted significant attention in research areas ranging from
catalysis to single-molecule magnets.4−6

Because of their planar geometry exhibiting two unoccupied
sites in positions that are trans to each other, transition-metal
salen complexes can in principle serve as platforms for the
coordination of other molecules, binding with one side to the
surface and with the other side to an external ligand.7 However, if
deposited directly onto Au(111) surfaces (Figure 1a), planar

metal complexes often lose their capacity to coordinate
additional molecules axially.8,9 These complexes thus may be
attached to the surface by bifunctional linkers that have one
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Figure 1. Different deposition methods of transition-metal salen
complexes on surfaces: (a) physisorption (direct deposition) of a
complex, (b) direct grafting, and (c) postgrafting.
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function (e.g., a thiol) binding to the surface and another (e.g.,
nitrile or N-heterocycle) function coordinating to the complex
(Figure 1b,c).10 In this approach, the metal complex can be
bound along with the linker to the surface, which might be
termed direct grafting (Figure 1b), or the metal center can be
coordinated to a surface that has been prefunctionalized with the
linker molecule (vide supra), which might be termed post-
grafting (Figure 1c).11,12

Applying the latter approach, Poppenberg et al. have
coordinated Pd(II) ions and terphenyl ligands to a pyridyl-
terminated SAM and demonstrated a reaction on top of a
prefunctionalized surface by using XPS for characterization.13

Complementary information to XPS can be obtained from
NEXAFS. By a comparison of mono- and multilayer spectra,
these techniques in particular allow us to determine whether the
surface-adsorbed complexes are chemically intact.
Another powerful tool for obtaining information on

monolayers adsorbed to metal surfaces is infrared reflection
absorption spectroscopy (IRRAS). A characteristic feature of this
method is the surface selection rule that states that only the
vibrations with a component of the transition dipole moment
perpendicular to the surface plane can interact with the incident
light and contribute to the infrared spectrum.14−18 In this way,
IRRAS also provides information on the orientation and
geometry of surface-adsorbed molecules, which has been used
for the characterization of purely organic SAMs as well as for
assemblies of transition-metal complexes linked tomonolayers of
organic molecules.19−21

Herein we employ the mentioned spectroscopic methods to
study surface-adsorbed layers of [Fe(salten)L] molecules (salten
= bis(3-salicylideneaminopropyl)amine). Two methods of
covalent attachment are compared: first, complex [Fe(salten)-
(pyS)]+ (1) is bound to an Au(111) surface by a bifunctional
linker, 4-pyridine-thiol, that is generated in situ by S−S cleavage
of dinuclear complex [Fe(salten)(pyS)]2(BPh4)2 (1-1) bridged
by 4,4′-di(thiopyridine) (Figure 2, top). Second, dinuclear

complex [Fe(thiotolylsalten)(NCS)]2 (2-2) bridged by a 4,4′-
di(thiotolyl) unit is investigated, which also binds in monomeric
form (i.e., as [Fe(thiotolylsalten)(NCS)] (2)) to a gold surface
after S−S cleavage of the linker (Figure 2, bottom). The
[Fe(thiotolylsalten)(NCS)]2 complex has been employed before
for Au nanoparticle functionalization.22

The salten ligand is related to tetradentate ligand salen but in
addition contains a central secondary amine function that
renders it pentadentate. Salten complexes attached to a surface
by a bifunctional linker (such as complex 1) thus cannot bind
external ligands in the fashion depicted in Figure 1. Complex 2,
which is attached to the surface by a thiolate function appended
to the salten ligand, does, however, have this capability.
Depending on coligand L that occupies the sixth position, two

different coordination geometries exist for pseudo-octahedral
[Fe(salten)L] complexes. These isomeric forms can be
distinguished by the relative disposition of the two phenolate
groups (Figure 3): if L is a strong or a bulky ligand (e.g.,

pyridine), then the trans geometry is formed (Figure 3a).23 For
weaker ligands such as chlorine and thiocyanate, the complexes
exhibit cis geometry (Figure 3b).24

In the present study, surface-vibrational spectroscopy
(IRRAS) is employed to obtain information on the geometry
and orientation of [Fe(salten)(pyS)]+ (1) attached to Au(111)
by a pyridine thiol. To determine the coordination geometry of
surface-adsorbed 1, we studied the infrared and Raman spectra of

Figure 2. Two investigated precursors, [Fe(salten)(pyS)]2(BPh4)2 (1-1) and [Fe(thiotolyl-salten)(NCS)]2 (2-2), and the covalent attachment of
corresponding monomeric complexes 1 and 2, respectively, via thiolate groups generated by S−S cleavage of the disulfide groups on Au(111).

Figure 3.Different geometries of [Fe(salten)L]: (a) trans geometry and
(b) cis geometry.
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[Fe(salten)(pyS)]2(BPh4)2 (1-1) and [Fe(salten)(py)](BPh4)
(which have the trans geometry) as well as [Fe(salten)Cl] (cis
geometry) in the bulk. All vibrational spectra are evaluated with
the help of theoretical spectra obtained from DFT calculations.
XPS and NEXAFS data of the monolayers of 1 are also compared
to those obtained from thick layers of 1-1.
For comparison, dinuclear complex [Fe(thiotolylsalten)-

(NCS)]2 (2-2) is also investigated in the bulk and in its
mononuclear form 2 adsorbed on Au(111), employing the same
methods. In this case, precursor 2-2 has cis geometry,22 and it is
of interest to determine whether this geometry is retained on the
surface (cf.. Figure 2, bottom). The implications of the results for
the covalent attachment of functional transition-metal complexes
to surfaces are discussed.

■ EXPERIMENTAL SECTION
DFT Calculations. All input geometries were derived from single-

crystal structures of appropriate salten-type complexes.23,24 Preoptim-
ization was carried out using Avogadro25 program (molecular mechanics
with the UFF force field).26 Full geometric optimizations and frequency
calculations were carried out using the unrestricted BP86 functional with
the TZVP basis set.27,28 All operations were performed as implemented
in the Gaussian09 software package.29 Calculated IR spectra were
exported with Gaussview 5.0.
Vibrational Spectroscopy. Bulk IR spectra were recorded with a

Bruker ATRFT-IR spectrometer in the range of 400 to 4000 cm−1 with a
resolution of 4 cm−1. Raman spectra were measured using an ISF66/
FRA106 Fourier transform Raman spectrometer (Bruker AXS GmbH,
Germany) with an Nd/YAG laser at a wavelength of λex = 1064 nm.
IRRAS. IRRAS was performed using a Bruker Vertex 70 FT-IR

spectrometer equipped with a liquid-nitrogen-cooled MCT detector
and a horizontal reflection unit for grazing incidence (Bruker A518). A
p-polarized beam at an incident angle of 80° to the surface normal was
used for measurements. The resolution was set to 4 cm−1. The sample
chamber was purged with dry nitrogen before and during measure-
ments. A deuterated hexadecane-thiol SAM on Au(111) was used to
record the background spectrum. The IRRAS data were processed using
the OPUS program (Bruker, Germany).
XPS/NEXAFS. The XPS and NEXAFS data were recorded in

electron storage ring BESSY II, Berlin. XP and NEXAFS spectra for C,
N, O, B, and S were acquired at the HE-SGMbeamline, and the XPS and

NEXAFS data for Fe were acquired at the PM4 beamline with the
SurICat endstation. XP high-resolution spectra were recorded in normal
emission with a Scienta SES 100 analyzer at a 50 eV pass energy. Carbon
1s spectra were acquired with an excitation energy of 400 eV; nitrogen 1
s spectra, with 500 eV; sulfur 2p spectra, with 350 eV; and iron 2p
spectra, with 950 eV. XP spectra were fitted with the program CASA-
XPS.30 S 2p XP spectra were fitted with two lines of equal width with a
fixed splitting of 1.2 eV and a fixed intensity ratio of 1:2 for the doublet.31

The Fe 2p spectra were fitted with a fixed split between the 2p3/2 and
2p1/2 lines and the corresponding satellites of 12 eV, keeping the
intensity ratio of 2p3/2 to 2p1/2 between 2 and 3.32,33 NEXAFS spectra
were recorded by measurement of the partial electron yield using a self-
built channel-plate detector (HE-SGM) or by measurement of the
sample current (PM-4).

Gold Substrates. Glass substrates with a 50 Å titanium base layer
and a 1000 Å evaporated gold film were purchased from EMF
Corporation (Ithaca, NY) for IRRAS measurements. XPS and NEXAFS
measurements were made on sputtered Au/Cr/Si wafers (Au 206 nm/
Cr 8 nm).

Preparation of Thick Films. Thick films (several nanometers in
thickness) of [Fe(salten)(pyS)]2(BPh4)2 (1-1) and [Fe-
(thiotolylsalten)(NCS)]2 (2-2) were prepared by depositing a drop of
an ethanolic solution of the respective complex on an Au(111) surface,
followed by drying.

Preparation of Monolayers. Monolayers of [Fe(salten)(pyS)]+

(1) and [Fe(thiotolylsalten)(NCS)] (2) were prepared by immersing
Au(111) substrates in 0.5 mM solutions of the respective dinuclear
complexes, [Fe(salten)(pyS)]2(BPh4)2 (1-1) and [Fe(thiotolylsalten)-
(NCS)]2 (2-2) in ethanol p.a. (Carl Roth) at room temperature. After
48 h of immersion, the sample was removed from the solution,
thoroughly rinsed with ethanol p.a., and finally dried in a stream of
nitrogen gas.

Chemicals.All starting materials were supplied by Sigma−Aldrich or
abcr. Solvents were dried and distilled before using. Ethanol p.a. (Carl
Roth) was used for all monolayer preparations.

■ RESULTS AND DISCUSSION
The two iron(III) complexes [Fe(salten)(pyS)]+ (1) and
[Fe(thiotolylsalten)(NCS)] (2) were adsorbed to Au(111)
surfaces by cleavage of the disulfide groups of the dinuclear
precursor complexes [Fe(salten)(pyS)]2(BPh4)2 (1-1) and
[Fe(thiotolylsalten)(NCS)]2 (2-2), respectively. The syntheses

Figure 4. C 1s, N 1s, S 2p, and Fe 2p XP spectra of [Fe(salten)(pyS)]+(1) in monolayers.
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of 1-1 and 2-2were performed according to the literature and are
described in the Supporting Information.34−37 To ensure the
integrity of the surface-adsorbed monolayers, both systems were
first characterized by XPS and NEXAFS.
XPS Data of 1 and 2. [Fe(salten)(pyS)]+ (1).C 1s, N 1s, S 2p,

and Fe 2p XP spectra of a monolayer of [Fe(salten)(pyS)]+ (1)
on Au(111) are shown in Figure 4. Corresponding XP spectra of
thick films of [Fe(salten)(pyS)]2(BPh4)2 (1-1) and C 1s, N 1s,
and Fe 2p NEXAFS data of 1 and 1-1 are presented and analyzed
in the Supporting Information, Figures S1 and S2, respectively.
The C 1s XP spectrum of 1 (Figure 4, top left) shows three
different species. The major peak at 285.8 eV (red) corresponds
to the aromatic and aliphatic carbon atoms whereas the minor
peak at 287.4 eV (blue) can be assigned to the carbon atoms
bound to heteroatoms (C−N, C−O). The areas of the two peaks
(cf. Table S1) match quite well with the stoichiometry of the
complex. In addition, there is a π−π* shakeup satellite at 290.5
eV (green) that is due to the carbon atoms of salten phenyl
groups.
The N 1s XP spectrum of 1 (Figure.4 top right) shows the

contributions of three different species. The major peak at 399.5
eV (red) corresponds to the imine nitrogen atoms, the minor
peak at 400.1 eV (blue) corresponds to the secondary amine of
the salten ligand, and the other minor peak at 401.3 (green)
corresponds to the pyridine nitrogen.
The S 2p spectrum of 1 (Figure 4 bottom left) exhibits three

components as well. The highest contribution (54% of the total
intensity) is derived from a species with a doublet at 162.0/163.2
eV (red) that corresponds to thiolate bound to Au(111).38−40 At
lower energies (i.e., at 161.2/162.4 eV), a second species (28%,
blue) is observed, which in agreement with the literature is
assigned to sulfur atoms adsorbed to Au or to a thiolate species in
a different bonding configuration.41,42 The latter assignment is
also supported by Mazzarello et al.43 The alternative explanation
(i.e., the generation of sulfur atoms) is associated with the
decomposition of sulfur-containing molecules on the Au(111)
surface.31 On the high-energy side of the thiolate feature (i.e., at
163.7/164.8 eV), a third species (18%, green) appears that by

comparison with the XP spectrum of 2-2 (see below) is assigned
to disulfide.
The S 2p XP spectrum of a thick film of 1-1 is very broad (cf.

Figure S1). However, this has previously been observed in XPS
studies of such systems.38 In the B 1s spectrum of 1-1 (Figure
S1), a clear signal is detected at 187.5 eV that originates from the
counterion being present in the thick layer. On going to the
monolayer, the counterion is obviously removed. Charge
compensation might be provided by the formation of a negatively
charged thiolate group by which the complex is attached to the
surface. The presence of iron in the monolayer of 1 is finally
indicated by the Fe 2p XP spectrum that exhibits two maxima at
∼710 and ∼725 eV (cf. Figure 4 bottom right). Fitting these
features with the spin−orbit split Fe 2p signals and the
corresponding shakeup satellites gives an Fe 2p3/2 signal at
710.4 eV and an Fe 2p1/2 signal at 722.5 eV (cf. Table S1).
Although the peak at 722.5 eV is less well defined because of the
low signal-to-noise ratio of this spectrum, the peak at 710.4 eV
clearly indicates the presence of Fe(III) in the surface-adsorbed
layer of 1.32,44

[Fe(thiotolylsalten)(NCS)] (2). The C 1s, N 1s, S 2p and Fe 2p
XP spectra of [Fe(thiotolylsalten)(NCS)] (2) are shown in
Figure 5. Corresponding XP spectra of thick films of [Fe-
(thiotolylsalten)(NCS)]2 (2-2) and C 1s and N 1s and Fe 2p
NEXAFS spectra of 2 and 2-2 are provided and analyzed in
Supporting Information Figures S3 and S4, respectively. By
analogy to 1, the C 1s XP spectrum of 2 (Figure 5 top left) shows
three components whereby the major peak at 285.5 eV (red) can
be assigned to the aromatic and aliphatic C atoms and the minor
peak at 286.6 eV (blue) can be assigned to the C atoms bound to
heteroatoms (C−N, C−O). Again, peak areas (cf. Table S2)
match well with the stoichiometry of the complex. A π−π*
shakeup satellite is found at 290.5 eV (green), which is due to the
carbon atoms of phenyl groups of the thiotolylsalten ligand. The
N 1s XP spectrum of 2 (Figure 5 top right) shows five
components. The peak at 398.6 eV (blue) can be assigned to
thiocyanate nitrogen atoms; the major peak at 399.3 eV (red), to
the imine nitrogens; and the peak at 400.3 eV, to the tertiary

Figure 5. C 1s, Fe 2p, and N 1s XP spectra of [Fe(thiotolylsalten)(NCS)] (2) in monolayers.
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amine. The tail of the N 1s signal to higher energies can be fitted
with two peaks at 401.6 (brown) and 402.8 eV (cyan), which in
the literature have been attributed to ammonium and amine
oxide groups, respectively.45 These features are obviously derived
from the decomposition of the complex on the Au surface,
leading to the generation of free amines that can be protonated
and oxidized.
By analogy to compound 1, the S 2p spectrum of the

monolayer of 2 (Figure 5 bottom left) exhibits three
components. The highest contribution (48% of the total
intensity) is derived from a species with peaks at 162.1/163.3
eV (red), which again corresponds to thiolate bound to
Au(111).38−40 The species at lower energy (161.1/162.3 eV,
26%, blue) is again assigned to adsorbed sulfur atoms.41 Note,
however, that this peak should also account for the sulfur of the
thiocyanate group that is present in 2-2 and 2.46 The third species
in the S 2p spectrum on the high-energy side of the thiolate
feature (i.e., at 163.8/165.0 eV, 26%) is assigned to disulfide.
Signals at comparable positions are also observed for the S 2p XP
spectrum of a thick film of 2-2 (cf. Figure S3). As for 1, the
presence of iron in the monolayer of 2 is indicated by the Fe 2p
XPS signal that exhibits two maxima at ∼710 and at ∼725 eV
(very weak, Figure 5 bottom right). Fitting this spectrum with a
correlated spin−orbit split pair of Fe 2p signals including the
corresponding shakeup satellites (cf. Experimental Section) gives
an Fe 2p3/2 signal at 711.18 eV, again indicating the presence of
Fe(III) centers in the surface-adsorbed layer.32,44

To conclude, the XPS data presented in this section are
compatible with the formation of monolayers of 1 and 2 on
Au(111) by cleavage of the disulfide bonds present in precursor
molecules 1-1 and 2-2, respectively, and allow the identification
of a (limited) degree of decomposition taking place upon surface
deposition of the complexes. These findings are supported by
comparison with XP spectra of thick films as well as NEXAFS
data collected for monolayers and multilayers of 1 and 2 (cf.
Figures S1−S4). The S 2p XP spectra of systems 1 and 2, in
contrast, exhibit major changes upon going from the multilayers
to the monolayer. This indicates that a large fraction of dimeric
molecules have been cleaved at the S−S linkage, leading to
thiolate-bound monomeric complexes 1 and 2, respectively, on
the surface. Whereas S−S cleavage is almost complete for 1-1,
36% of the 2-2 molecules appear to have retained the disulfide
bond on the Au(111) surface. This point is further considered in
the vibrational analysis presented in the following sections and in
the Results and Discussion.
Vibrational Analysis. To analyze the IRRA spectra of

complexes 1 and 2 adsorbed on Au(111), precursor complexes 1-
1 and 2-2 have been investigated in the bulk by IR and Raman
spectroscopy, employing DFT frequency calculations for the
assignment of the vibrational modes. For a basic understanding
of these spectra, vibrational data of [Fe(salten)Cl] and
[Fe(salten)(py)]+ are presented and analyzed first. These
compounds represent the two possible coordination geometries
(cis and trans) of [Fe(salten)] complexes (cf. Figure 3).
[Fe(salten)Cl]. This complex exhibits a cis configuration

(Figure 3 b). Experimental IR and Raman spectra extending over
a broad wavenumber range are given along with theoretical
simulations by DFT in Figures S5 and S6. In the high-energy
region, C−H vibrations of the aliphatic and the aromatic parts of
the salten ligand are found. The N−H stretching vibration is
located at 3239 cm−1 (calculated 3354 cm−1). Infrared and
Raman spectra of [Fe(salten)Cl] in the fingerprint region are
shown in Figure 6. For a more detailed analysis, the prominent

features in this region have been numbered. The most intense
vibrations are the imine stretching vibrations of the coordinated
ligand (bands 1 and 2), which are found at 1626 and 1595 cm−1,
respectively (Tables 1 and S3). As evident from the calculation,
these vibrations mix with the C−C ring deformation and C−H
bending modes of the salten ligand. The eigenvectors of the two
modes with the highest imine stretching character (calculated at
1594 and 1606 cm−1, cf. Table S3) are shown in Figure S7. It is
clearly seen that the mode at lower energy is correlated with the
imine stretching vibration to the phenolate coordinated trans to
the chlorine ligand whereas the mode at higher energy is
correlated with the imine stretching vibration of the phenolate
coordinated cis to the chlorine ligand. A similar splitting between
trans and cis stretching modes is observed for the phenolate C−
O stretches that are calculated at 1314 and 1322 cm−1 (for the
eigenvectors cf. Figure S8). Again, the mode at lower energy is
correlated with the vibration of the trans-axial phenolate whereas
the mode at higher energy is correlated with the vibration of the
phenolate cis to the chlorine ligand. Bands 9 and 10 in the
spectrum of [Fe(salten)Cl] observed at 1310 and 1298 cm−1,
respectively, are assigned to these vibrations.
Between the imine stretching vibrations at ∼1600 cm−1 and

the phenolate C−O stretching vibrations at ∼1300 cm−1, several
characteristic C−C ring deformations and C−H bending
vibrations of the aliphatic and aromatic parts of the salten ligand
are found (Table 1). These vibrations are associated with bands 4
to 7 in Figure 8. Below 1300 cm−1, further C−Hbending and C−
C ring deformation vibrations are found (bands 10−17 in Figure
8). Assignments of all bands and correlations with calculated
vibrational modes are given in Tables 1 and S3.

trans-[Fe(salten)(py)](BPh4). In contrast to the [Fe(salten)-
Cl] complex considered above, [Fe(salten)(py)]BPh4 has the
trans configuration (cf. Figure 3a). Experimental spectra in a
broad wavenumber range are given along with theoretical
simulations in Figures S9 and S10. Experimental IR and Raman
spectra of [Fe(salten)(py)](BPh4) in the fingerprint region are
shown in Figure 7. The analysis of the experimental spectrum of
this compound is complicated by the presence of the BPh4

−

counterion. A comparison between the experimental and
calculated spectra of this anion is given in Figure S11.
The imine stretching vibrations of [Fe(salten)(py)]+ are found

at about the same frequencies as in [Fe(salten)Cl]. However, a
C−C stretching vibration of the pyridine ring is found in the
same frequency region such that three bands (bands 1−3) are
now observed (Figure 7). In the trans configuration of the

Figure 6. Experimental IR and Raman spectra of [Fe(salten)Cl].
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[Fe(salten)(py)]+ fragment, the imine stretching vibrations split
into a symmetric (in-phase) and an antisymmetric (out-of-
phase) combination, both of which are oriented within the
equatorial plane. The symmetric combination is calculated at
1587 cm−1 whereas two antisymmetric combinations mixed with
C−H bending vibrations are calculated at 1586 and 1578 cm−1

(for the eigenvectors cf. Figure S12). Observed positions of
bands 1−3 are between 1627 and 1579 cm−1 (cf. Tables 1 and
S5). For the phenolate C−O stretches, however, no such
symmetric−antisymmetric splitting is found, and stretching
modes are localized on either of the phenolate moieties (bands
9/10, for the eigenvectors see Figure S13; calculated frequencies
1297 and 1294 cm−1).

Between the imine stretching vibration at∼1600 cm−1 and the
phenolate C−O stretching vibrations at ∼1300 cm−1, several
characteristic modes of C−C stretching and C−H bending
character are found (bands 4−7). Furthermore, characteristic
vibrations appear at frequencies <1300 cm−1 (bands 11−17).
Assignments of all bands and correlations to calculated vibrations
are given in Tables 1 and S5.

[Fe(salten)(pyS)]2(BPh4)2 (1-1). As expected, the IR and
Raman spectra of [Fe(salten)(pyS)]2(BPh4)2 (1-1) (Figures S14
and S15) are very similar to those of [Fe(salten)(py)](BPh4)
considered in the previous section. The IR spectrum of 1-1 in the
fingerprint region is given in Figure 8; the positions and
assignments of the numbered bands are given in Table 1.
Significant bands in the region of 1570 cm−1 can be assigned to
the C−C phenyl ring stretching vibrations that mix with
stretching vibrations of the salten unit. C−C phenyl ring
stretching vibrations are also derived from the counterion (vide
supra). Another significant band of the counterion at around
1400 cm−1 can be assigned to C−Hbendingmodes of the phenyl
ring, which are also present in the salten unit.

IRRAS of [Fe(salten)(pyS)]+ (1). On the basis of the
experimental and theoretical information collected in the
previous sections, the vibrational features observed in the
IRRA spectrum of [Fe(salten)(pyS)]+ (1) on Au(111) can be
assigned (Table 1). In Figure 8, this spectrum is shown along
with those of [Fe(salten)Cl], trans-[Fe(salten)(py)](BPh4)
(calculated and observed), and [Fe(salten)(pyS)]2(BPh4)2 (1-
1). To consider the possibility that the surface-attached
[Fe(salten)(pyS)]+ (1) complex attains the cis configuration
on the surface, hypothetical complex cis-[Fe(salten)(py)]+ has
also been treated by DFT. The theoretical IR spectrum of this
complex (cf. Figure S16) is given in Figure 8 as well;

Table 1. Frequency Calculations and Vibrational Assignments for [Fe(salten)(pyS)]+ (1) on Au(111) and Analogous Systems
Studied for Comparison

peak
no.

bulk
[Fe(salten)-

Cl]

calculated
[Fe(salten)-(py)]+

(trans)

bulk
[(Fe(salten)-
(py)](BPh4)

bulk [Fe(salten)-
(pyS)]2 (BPh4)2

calculated
[Fe(salten)-(py)]+

(cis)
IRRAS [Fe(salten)-
(pyS)]+ on Au(111) assignments

1 1626 1589 1627 1588 1623 (CC) pyridine ring, (CN) and
(CC) phenyl stretching1587 1617 1613 1586 1616

2 1595 1586 1599 1597 1583
1580 1576
1578 1574

3 1563 1579 1579 1563 1598 (CC) pyridine ring deformation
4 1542 1520 1545 1543 1523 1543 (CC) phenyl ring deformation

1517 1514
5 1469 1449 1469 1468 1449 1472 (CH2) and (CHarom) bending
6 1442 1420 1444 1443 1425 1448 (CH2) and (CHarom) bending
7 1390 1372 1393 1395 1412 1399 (CH2) bending
8 1329 1338 1329 1335 1341 1338 (CHpyridine), (CHarom), and

(CH2) bending1331 1340
1320

9 1310 1297 1297 1292 1303 1313 (CHarom) and (CH2) bending;
(C−O) stretching10 1298 1294 1294 1268

11 1205 1209 1203 1202 1204 1215 (CHarom) and (CH2) bending
12 1144 1153 1146 1149 1152 1149 (CH) phenyl deformation;

(CH2) wagging
13 1121 1123 1124 1123 1117 1121 (CHarom) and (CH2) bending
14 1089 1082 1101 1099 1077 1097 (CH2) bending
15 1063 1064 1060 1064 1064 (CHpyridine) bending
16 1049 1044 1052 1049 1047 1047 (CHpyridine), (CHarom), and

(CH2) bending
17 1028 1027 1029 1031 1021 1021 (CHpyridine), (CHarom), and

(CH2) bending

Figure 7. Experimental IR and Raman spectra of [Fe(salten)(py)]-
(BPh4).
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corresponding vibrational frequencies are collected in Table S7.
Vibrational bands of 1 adsorbed on Au(111) are numbered by
analogy to those of the complexes studied for comparison.
Band 1 of complex 1 observed at 1623 cm−1 is assigned to a

pyridine ring deformation. Bands 2 and 3 observed at 1616 and
1598 cm−1 are associated with the imine stretching vibrations.
Band 4 observed at 1543 cm−1 corresponds to one of two C−
C(arom) deformation vibrations. Bands 5 and 6 observed at 1472
and 1448 cm−1, respectively, are assigned to CH(arom)/CH2
bending vibrations. Band 7 observed at 1399 cm−1 is a CH2
bending vibration. Band 8 observed at 1338 cm−1, finally,
corresponds to a vibration of mixed CH(pyridine)/CH(arom)/CH2
bending character.
Notably, bands 9 and 10 exhibit a very large splitting for

complex 1 adsorbed on Au(111). On the basis of a comparison
with the bulk spectra, both of these bands have to be attributed to
phenolate−CO stretches. With respect to these vibrations, the
axial mode of cis-[Fe(salten)(py)]+ is calculated at 1294 cm−1

and the equatorial mode is calculated at 1303 cm−1 (eigenvectors
are given in Figure S18). Note that the calculated splitting (9
cm−1) is larger than in the trans complex where “the” C−O
stretch is relatively sharp and, because of the small splitting
between the two components (calcd ∼3 cm−1), intense. The
calculation of the cis complex, however, cannot account for the
much larger splitting (∼45 cm−1) between bands 9 and 10
observed in the IRRA spectrum of 1. Moreover, such a large
splitting does not appear in any of the other spectra (cf. Figure 8).
From this observation, we conclude that one axial phenolate arm

decoordinates from the complex and rebinds to the Au(111)
surface (Figure 9). This reaction might be induced by a trans
effect of the pyridine thiol ligand that electronically couples the
metal center with the surface.

To test this hypothesis, we deposited salicylaldehyde on
Au(111) and measured the IRRA spectrum. A peak observed at
1250 cm−1 (cf. Figure S19) is attributed to the C−O stretch of
the phenolate−Au bond. We thus conclude that peak 10 at 1268
cm−1 in the IRRA spectrum of [Fe(salten)(pyS)]+ (1)
corresponds to the Au-coordinated phenolate unit and peak 9
at 1313 cm−1 corresponds to the Fe-coordinated phenolate.
Importantly, no evidence for the surface selection rule is found
for the monolayer of 1 on Au(111) (i.e., the intensities in the
IRRA spectrum of 1 more or less match those of the
corresponding bulk spectra (Figure 8)).

Bulk and Surface Spectra of [Fe(thiotolylsalten)(NCS)]2 (2-
2). For comparison, complex [Fe(thiotolylsalten)(NCS)]2 (2-2)
has been synthesized and deposited on Au(111) as well. In this
system, the metal should be more decoupled from the surface
than in complex 1, which was bound to Au(111) by a pyridine
thiol linker. Experimental spectra of 2-2 recorded over a broad
wavenumber range are given along with theoretical simulations
in Figures S20 and S21. IR and Raman spectra of 2-2 in the
fingerprint region are given in Figure S22. As expected, these
spectra are very similar to those of [Fe(salten)Cl] and
[Fe(salten)(pyS)]2(BPh4)2 (1-1). Of course, vibrations 3 and
15 are missing because no pyridine unit is present. Band
positions and assignments based on DFT calculations are
collected in Table 2.
In Figure 10, the IRRA spectrum of [Fe(thiotolysalten)-

(NCS)] (2) is shown (red) along with the bulk spectrum of
[Fe(thiotolylsalten)(NCS)]2 (2-2, calculated and observed) and
the IRRA spectrum of [Fe(salten)(pyS)]+ (1, blue).
The intense bands at 1617 and 1600 cm−1 (bands 1 and 2) in

the IRRA spectrum of [Fe(thiotolylsalten)(NCS)] (2) can be
assigned to the imine stretching vibrations. Band 4 at 1542 cm−1

corresponds to the C−C phenyl ring deformation. At 1471 and
1448 cm−1, CH2 and CHarom bending vibrations, at 1396 cm−1,

CH2 bending vibrations, and at 1337 cm−1, CHarom and CH2
bending vibrations are observed (bands 5−8, cf. Table 2). The
C−O stretching region (bands 9 and 10) is the most interesting
region compared to [Fe(salten)(pyS)]+ (1). In contrast to the
IRRA spectrum of 1where a large splitting of the C−Obands has
been observed (vide supra), no such splitting is observed in the
spectrum of [Fe(thiotolylsalten)(NCS)] (2) on Au(111). This
indicates that the phenolate coordination of surface-adsorbed
complex 2 corresponds to that present in compound 2-2 in the
bulk, which has the cis configuration.
The NCS stretching vibration of compound 2 is observed at

2040 cm−1 in the IRRA spectrum; however, it has a smaller
intensity as compared to that in the bulk spectrum. This indicates
that the NCS stretching vibration of the adsorbed complex is

Figure 8. Comparison of the bulk IR of [Fe(salten)Cl], the DFT-
calculated spectrum of trans-[Fe(salten)(pyS)]+ and cis [Fe(salten)-
(pyS)]+, bulk IR of trans-[Fe(salten)(py)](BPh4), bulk IR of [Fe-
(salten)(pyS)]2(BPh4)2 (1-1), and the IRRA spectrum of [Fe(salten)-
(pyS)]+ (1) on Au(111).

Figure 9. Hypothetical geometry of complex [Fe(salten)(pyS)]+ on
Au(111).
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oriented at a small angle with respect to the surface and thus
appears with reduced intensity. Interestingly, the C−N
stretching frequency of 2 adsorbed to the Au(111) surface
(2040 cm−1) is lowered by 40 cm−1 with respect to the bulk value
of 2-2 (2080 cm−1), indicating that the Fe(III) centers of surface-
adsorbed 2 are more electron-rich as compared to those of bulk
2-2.
As shown by the analysis of the S 2p XP spectra of 2, about

one-third of the 2-2 molecules appear to have retained the
disulfide bond in the monolayer. From the existing data, we
cannot decide whether these molecules are weakly attached to
the gold surface by the S−S moieties or physisorbed to the
thiolate-bound monolayer of 2. In the IRRA spectrum of 2,
however, the presence of disulfide-bridged (i.e., non-Au-bound)
complexes in the monolayer does not lead to a splitting or a
broadening of the vibrational peaks associated with the
thiotolylsalten ligand. We therefore conclude that the splitting
of the disulfide bridge has only minor consequences with respect
to the electronic and geometric structures of the iron center in
this system. This is supported by the similarity of the NEXAFS
spectra (in particular, that for Fe 2p) for the monolayer and the
thick film (cf. Figure S4).

■ SUMMARY AND CONCLUSIONS
In the preceding sections, XP and vibrational spectra of
[Fe(salten)(pyS)]+ (1) and [Fe(thiotolylsalten)(NCS)] (2)
complexes adsorbed to Au(111) have been recorded and
interpreted. These molecules are generated from corresponding
dinuclear Fe(III) precursors [Fe(salten)pyS](BPh4) (1-1) and

[Fe(thiotolylsalten)(NCS)] (2-2) upon adsorption to an
Au(111) surface. Monomeric fragments [Fe(salten)(pyS)]+

(1) and [Fe(thiotolylsalten)(NCS)] (2) are bound to the
surface via pyridine thiol and thiotolyl groups, respectively.
These findings are supported by NEXAFS data. For compound
2, however, XPS indicates that 36% of the molecules retain their
S−S bond in the monolayer. The higher efficiency of 1 with
respect to S−S cleavage may be due to an electron-withdrawing
effect of the pyridine groups bound to the center S−S moiety,
possibly activating the S−S bond toward cleavage. For
compound 2 having tolyl groups bound to the S−S moiety
instead, this effect would be absent, leading to less-complete S−S
bond cleavage on the surface. Although both thiols and disulfides
lead to thiolate-bound monolayers on Au, it is known that
disulfides less effectively displace thiolate-bound molecules from
surfaces than thiols.47 Correspondingly, molecules of 2-2 might
be less effective than molecules of 1-1 in forming thiolate-bound
complexes on a surface that is already partially covered with
thiolate-bound molecules. From this perspective, an activation of
the disulfide bond may in fact be relevant to achieving complete
coverage of the surface by one monolayer of thiolate-bound
molecules.
Peak positions and intensities in the IRRA spectra along with

the information from XPS and NEXAFS indicate that
monolayers of 1 and 2 are present on the Au(111) surfaces.
For complex 1, however, the phenolate C−O stretches exhibit an
anomalously large splitting. As a matter of fact, this splitting
cannot be accounted for by DFT calculations on intact trans- and
(hypothetical) cis-[Fe(salten)(py)]+ complexes and hence is
attributed to a decoordination of one phenolate arm from the
iron center and a possible rebinding to the Au(111) surface. The

Table 2. Frequency Calculations and Vibrational Assignments
for [Fe(thiotolylsalten)(NCS)]2 (2-2) in the Bulk and for
[Fe(thiotolylsalten)(NCS)] (2) on Au(111)

peak
no.

bulk
[Fe(thio-
tolylsalten)
NCS]

calculated
[Fe(thiotolyl-
salten)NCS]

IRRAS
[Fe(thiotolyl-
salten)NCS] on

Au(111) assignments

NCS 2080 2108 2040 NCS stretching
vibration

1 1611 1660 1617 (CN) and (CC)
phenyl stretching2 1597 1572 1600

(3) (CC) pyridine ring,

4 1543 1524 1542 (CC) phenyl ring
deformation

5 1469 1483 1470 (CH2) and
(CHarom) bending

6 1445 1459 1447 (CH2) and
(CHarom) bending

7 1401 1445 1396 (CH2) bending

8 1339 1419 1338 (CHarom) and
(CH2) bending

9 1312 1340 1315 (CHarom) and
(CH2) bending;
(C−O) stretching

10 1290 1324 1290

11 1248 1203 1248 (CHarom) and
(CH2) bending

12 1204 1144 1199 (CH) phenyl
deformation;
(CH2) wagging

13 1152 1119 1149 (CHarom) and
(CH2) bending

14 1122 1075 1123 (CH2) bending

(15) (CHpyridine) bending

16 1047 1051 (CHarom) and
(CH2) bending

17 1029 1027 (CHarom) and
(CH2) bending

Figure 10. Comparison of the DFT-calculated cis-[Fe(thiotolylsalten)-
(NCS)], bulk IR of [Fe(thiotolylsalten)(NCS)]2 (2-2), IRRA spectrum
of [Fe(thiotolylsalten)(NCS)] (2) on Au(111), and IRRA spectrum of
[Fe(salten)(pyS)]+ (1) on Au(111).

Langmuir Article

dx.doi.org/10.1021/la400663y | Langmuir 2013, 29, 8534−85438541

43



deposition of [Fe(thiotolylsalten)(NCS)]2 (2-2) on a gold
surface, in contrast, does not lead to such a splitting of the
phenolate C−O stretches in the adsorbed monolayer of
[Fe(thiotolylsalten)(NCS)] (2). On the basis of X-ray structural
data, this complex has cis geometry in the bulk.22 From the
spectroscopic data, it is concluded that this geometry is retained
on the surface. The relative intensity of the C−N stretch is lower
in the monolayer than in the bulk; this observation indicates that
the thiocyanate group is significantly tilted with respect to the
surface normal. The fact that the C−N stretching frequency of 2
adsorbed to the Au(111) surface (2040 cm−1) is lowered by 40
cm−1 with respect to the bulk value of 2-2 (2080 cm−1) reflects
some transfer of electron density from the surface to the Fe(III)
center of surface-adsorbed 2.
What are the reasons for the decoordination of one phenolate

arm of the salten ligand from the metal center of surface-
adsorbed [Fe(salten)(pyS)]+ (1) as opposed to the retention of
the phenolate coordination observed for complex 2? From other
surface-spectroscopic studies, it is known that the gold surface
acts as both a strong and an electron-donating ligand for
transition-metal complexes.8 For complexes directly deposited
on gold, this has the consequence that these complexes in general
do not add axial ligands any more (vide supra). In coordination
chemistry, this influence is described as the trans effect, which
means that a strong ligand weakens the ligand trans to it. A
similar phenomenon observed for surface-adsorbed complexes
has been termed the surface trans effect.8 We tried to avoid or
minimize this interaction by attaching complex 1 via a
bifunctional organic linker molecule to the surface. Nevertheless,
the results obtained in this study indicate that the trans effect is
still present if the complex is bound to the surface by a relatively
short linker exhibiting a delocalized π system such as pyridine
thiol. In particular for phenolate acting as a strong π donor, the
metal−ligand bond trans to the surface-bound ligand is
weakened to such a degree that this ligand is decoordinated.
For complex 2, which is attached to the surface via a thiotolyl

group, the interaction of the metal center with the gold surface is
much weaker, and the mixed salten−NCS coordination of
dimeric precursor complex 2-2 is retained. This may be due to
the CH2 group of the thiotolyl moiety that electronically
decouples the iron center from the surface. Nevertheless, the
lowering of the thiocyanate CN stretching frequency by 40 cm−1

with respect to the bulk indicates that there is still a nonvanishing
electronic influence of the Au(111) surface on themetal center of
the adsorbed complex. Understanding and controlling these
phenomena is of paramount importance when applications of
surface-attached transition-metal complexes in the fields of spin-
switching1,48 and catalysis are addressed.4
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Thimm, W.; Herges, R.; Tuczek, F. Fe(III) Spin Crossover Complexes
with Photoisomerizable Ligands: Experimental and Theoretical

Investigations on the LD-LISC Effect. Eur. J. Inorg. Chem. 2012,
2776−2783.
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2.4 Conclusion

In this publication we successfully reported the synthesis of two different dinuclear [Fe(III)

(salten)] complexes bridged by disulfide bridged ligands. The [Fe(salten)(pyS)]2(BPh4)2

presents a new unknown dinuclear system and forms mononuclear monolayers after the disul-

fide bridge bond cleaves on the gold surface. The second system [Fe(thiotolylsalten)(NCS)]2

was investigated by different TEM/SEM techniques on gold nanoparticles before by Mayer et

al..[130] This system also forms mononuclear monolayers on gold after disulfide bond cleavage

through the reduction of the electron rich gold surface.

We presented the spectroscopic characterization of the ligand systems in bulk material by

elemental analysis, NMR, Raman and IR and the characterization of the formed Fe(III) com-

plexes with elemental analysis, Raman and IR. After a detailed vibrational analysis of these

two [Fe(salten)] complexes, in comparison with performed DFT calculations, the adsorbed

monomers on Au(111) surfaces were analyzed in detail using XPS, NEXAFS and IRRAS.

The two systems were analyzed in detail in their chemical compositions and vibrational

information on Au(111).

Figure 28: Comparison of the calculated IR spectrum of [Fe(salten)(pySH)], bulk IR spectrum
of [Fe(salten)(pyS)]2(BPh4)2 and IRRA spectrum of [Fe(salten)(pyS)]+ monolayers
on Au(111).
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Due to a reproducible finding in all recorded IRRAS data of the [Fe(salten)(pyS)]+ complex

on Au(111) (Fig. 28), we achieved a possible model system to understand the resulting

anomaly. We proposed a structural geometry change of the ligand system by decoordination

of a phenolate arm from the Fe(III) central atom to the Au(111) surface (Fig. 29, left). We

were able to find a suitable reason for the big shift of one of the C-O stretching vibrations

of the ligand system on the surface.

By decoordination of one phenolate arm of the salten ligand, the phenolate can bind to

the gold surface. One possible reason could be that the pyridine thiolate is a conjugated

system and transfers electrons from the surface to the iron center of the complex. Due to

this, one phenolate arm can decoordinate and bind to the surface and the resulting geometry

of the adsorbed molecules changes in comparison to the bulk material.

We supported this assumption by adsorbing salicylaldehyde to a Au(111) surface. In this

spectrum we clearly observe a band at 1250 cm-1 (Fig. 29, right). Due to the result of this

experiment, we assigned the band in the IRRA spectrum of [Fe(salten)(pyS)]+ to a decoor-

dinated phenolate-arm to the surface.

Figure 29: Decoordination of the phenolate arm of the salten ligand to the gold surface and
IRRAS of salicylaldehyde on Au(111).

We achieved a new way for the fixation of spin crossover systems to Au(111) surfaces by

using disulfide containing linkers and showed that these complexes can bind to the surface in
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spite of their bulky ligand systems. Some percent of dinuclear complexes are still remained

on surface. The dinuclear molecules of [Fe(salten)(pyS)]2
2+ with intact disulfide bridge were

analyzed using STM and the results are presented in the next chapter.

In summary, we demonstrated a new and gainful method to fix transition metal complexes

by covalent attachment to Au(111) surfaces. Surface vibrational information about the ad-

sorbed complexes, the geometry of the complexes on the surface as well as quantitative and

qualitative information about the chemical composition of the molecules were obtained.
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2.5 Outlook

Further projects on the fixation of spin crossover materials on surfaces are in progress in our

working group. The deposition of spin crossover complexes from chemical vapor deposition

in cooperation with the working group of Prof. Dr. Richard Berndt are also the focus of

current research.

Moreover, reactions on prefunctionalized SAMs like azides can offer new possibilities to

obtain metal containing functionalized surfaces. SAMs of azide terminated alkanethiols are

well known in literature and their behavior on surface has been well researched.[124]

Azide terminated SAMs show time dependent radiation damage under synchrotron and X-

ray radiation. After a click reaction of an alkine terminated molecule, 1,2,3 triazole groups

result from a 1,3 dipolar cycloaddition.[131,132]

Figure 30: 1-4-Click product of the Huisgen click reaction.

Our first experiments on Huisgen click reaction (Fig. 31) on Au(111) with a spin crossover

ligand system, Bis(2,6-pyrazol-1-yl)4- pyridin (bpp), were successful according to Darlatt et

al., who successfully clicked a terpyridine ligand system to an azide terminated SAM.[124]

In most cases, click reactions are carried out in the presence of water or water containing

solutions and copper(I)salts act as catalyst. Copper(II) salts in the presence of a reducing

agent like sodium ascorbate or hydrazine can also be used.[133,134]
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Figure 31: Bulk IR spectra of 11-azido-undecanethiol and bpp ligand in comparison with the
IRRA spectra of 11-azido-undecanethiolate and the click product of 11-azido-
undecane-thiolate with the bpp ligand on Au(111).

The functionalization of the salten ligand with a benzyl group and an alkine for click reaction

can be successfully reached in a functionalization reaction of the secondary amine unit (Fig.

32). In different experiments we tried to click this functionalized ligand to an azide termi-

nated SAM with common click reaction conditions. The salten ligand, however, is not stable

in the presence of water containing solutions because of the labile imine groups. Different

click reaction conditions were carried out. A click reaction in toluene with a Ru(Cl2)COD

catalyst seems to be a potential way to click this labile ligand system to a prefunctionalized

SAM. First experiments on this system showed the reduction of the azide stretching vibra-

tion band in the IRRA spectrum and new appearing bands in the fingerprint region. If this

system can be successfully clicked to an azide terminated SAM, there will be the possibility

to change an anionic ligand through an azobenzene as a light switchable unit to realize the
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LD-LISC effect in these monolayers (Fig. 34). One option would be the abstraction of an an-

ionic chlorine ligand through silver triflate and coordinating thiocyanate or a neutral ligand

like azobenzene with an IR active headgroup to follow the trans to cis isomerization under

irradiation via IRRAS. To detect the LD-LISC effect special surface sensitive techniques

like NEXAFS or XMCD can be used. The grafting of dinuclear complexes with azobenzene

containing ligands, like the system shown in Figure 33, has been also tried out.

Figure 32: Synthetic route for salten-ligand functionalization with an alkine for click reactions.

These systems were successfully synthesized and the adsorption of these complexes from

solution to Au(111) surfaces were tried out in all available solvents. These huge complexes

are completely insoluble in organic solvents and all surface preparations were impossible. A

click reaction would be more efficient because of the smaller salten-systems, which lead to

a better solubility. The post coordination of metal containing ligands to ligand functional-

ized SAMs is also well known in literature. Layer by layer can be coordinated to SAMs.[135,136]

52



2.5 Outlook

Figure 33: Dinuclear [Fe(thiotolylsalten)]2 complex with an coordinated azobenzene unit.

Figure 34: Resulting monomer of [Fe(thiotolylsalten)azopyridine] on the surface.

Moreover, the functionalization of triazatriangulenum (TATA) derivatives with an alkyne-

functionalized salten ligand could lead to a new system for surface functionalization (Fig. 35).

In these systems the molecules are more separated from each other and offer the possibility

to coordinate switchable units. In this systems the switchable units obtain more sterical

freedom for the isomerization process.
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Figure 35: [Fe(III)(ethinyltolylsalten)(NCS)] functionalized TATA platform.

Furthermore, Fe(III)TMTAA (tetramethyltetraazaannulene) complexes with azobenzene func-

tionalized molecules were synthesized and characterized regarding their switching behav-

ior in solution (Fig. 36). These systems did not show adequate switching effiency. The

best result was obtained with the [Fe(III)(TMTAA)Cl(1-methyl-5-(4’methoxyphenylazo)-

imidazole)].[137]

Figure 36: TMTAA molecules with different switchable units for IRRAS investigations.

These molecules were deposited from solution to Au(111) surfaces and vibrational informa-

tion were obtained using IRRAS. DFT calculations were performed and compared with ob-

served frequency bands. These molecules are potential light switchable monolayers. Switch-

ing experiments have been performed but did not lead to visible changes in the spectra

yet.
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3 Functionalization of Au(111) surfaces with

dinuclear complexes

3.1 Chemical wires

Chemical wires have an analog functionality compared to a convention wire. The function

of a wire is to conduct electric charge from one place connected to another. A fundamental

question is the understanding of the transport of charge through a single molecule.[138-140]

Figure 37: Schematic view of a chemical wire.

To understand this transport phenomenon, different chemical wires with different lengths

were connected to an electrode and measured.[141] Different chemical wires are known in

literature. Well known systems are polyenes, polypyrroles, dendrimers, polythiophenes and

nanotubes. These systems can offer interesting applications in optoelectronic components

like displays, sensors or semiconducting materials.[142]

Conjugated organic polymers have found applications today; in light emitting diodes, thin

film fieldeffect transistors and photovoltaic cells.[143-149] An example of this are huge molecules

with conjugated double bonds and delocalized π-electron systems which make the charge

transport possible. The embedding of these chemical wires in mesoporous materials can

be achieved through direct embedding of the synthesized polymer and also through direct
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polymerization in the cavities.[150,151]

Different mechanisms for this charge transport can be responsible for tunnel mechanisms

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-

ular orbital (LUMO) or hopping-mechanism. The discovery of the metallic conductivity of

polysulfurnitride (SN)n in the 1960s also raised the interest of scientists to find applications

for chemical wires.[152]
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3.2 Motivation

Transition metal complexes can show interesting behavior on surfaces. Spin state switching

of molecules on surface can lead to interesting applications such as data storage devices or

sensors.

In our first step to find a suitable way to adsorb and bind transition metal complexes to

metal surfaces, we investigated the physisorbed mononuclear complex [Fe(salten)Cl] with

the help of IRRAS, XPS and STM on Au(111).

Figure 38: STM pictures of different types of [Fe(salten)Cl] dimers on Au(111).

The formation of dimers leads to the motivation to investigate a possible coupling be-

tween the two iron metal centers. For this reason, we investigated the dinuclear complex

[Fe(salten)(pyS)]2
2+ on a Au(111) surface (Fig. 39). Dinuclear complexes can have spe-

cial interesting behavior on surface. The magnetic intramolecular coupling between the two

iron(III) centers has been investigated using low temperature STM on a Au(111) surface.

The main goal of this project was to synthesize a dinuclear iron complex which can be

used as a chemical wire on surface. Electrospray deposition can be used to deposite huge

molecules with high molecular weights and counter-ions. These can be removed and com-

plexes with charge can be deposited.
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Figure 39: Dinuclear [Fe(salten)(pyS)]2
2+ complex with two iron(III) central atoms for STM

investigations.

Expecting no charge conductance, the reference system [Fe(salten)(dimethylpy)]2
2+ complex

with an isolating ethyl bridge, was synthesized.

Figure 40: Dinuclear [Fe(salten)(dimethylepy)]2
2+ complex with two iron(III) central atoms for

STM investigations as isolating reference molecule.
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ABSTRACT: Binuclear organometallic molecules are
model systems for investigating intramolecular spin-
coupling and charge-transfer processes. Using electrospray
ionization, Fe(salten) dimers linked by dipyridyl disulfide
are deposited on gold for probing with a low-temperature
scanning tunneling microscope. Each monomer constitutes
a multistable switch owing to its geometric isomerism.
Controlled and reversible remote switching within a single
dimer is demonstrated. The process is attributed to
intramolecular electron transfer.

One approach to molecule-based functional devices relies
on switches on surfaces. Switching in molecular layers

has been achieved using stimuli like light, temperature, and
electric fields.1−8 Upon injecting current with a scanning
tunneling microscope (STM), changes of molecular conforma-
tion, spin, and adsorption state have been observed.9−15

Usually the current-induced changes occur directly under the
STM tip.16 For molecule-based logic, however, a lateral energy
transfer appears to be necessary. Few examplescontrolled
molecular hopping17 and tautomerization propagating over an
intervening molecule18have been reported from custom-
made molecular arrays. Implementing a pathway for energy
transfer within a single molecule by chemical synthesis is a
desirable alternative to on-surface preparation with a STM.
Here we demonstrate controlled and reversible remote

switching within a single binuclear organometallic molecule. By
injecting current to one subunit, a reversible isomerization of
the other via a Bailar twist19 is induced. The choice of the linker
between the subunits is seen to be crucial for electron transfer
comparing results from electron-rich disulfides and less
conducting ethyl chains.
As a switch we synthesized the binuclear compound

[Fe(salten)pyS]2 (Figure 1a).
20 It is composed of two iron(III)

bis(3-salicylideneaminopropyl)amine (Fe-salten) subunits that
are coupled via a dipyridyl disulfide (pySSpy) linker. To enable
single-molecule experiments in ultrahigh vacuum and at low
temperature (∼5 K), we used electrospray ionization for
deposition of molecules onto Au(111).21

The geometry of pseudo-octahedral [Fe(salten)L] complexes
depends on the coligand L. Strong or bulky ligands, e.g.,
pyridine or pyridine derivatives, lead to a trans geometry

(Figure 1b).22 Weaker ligands favor a cis configuration (Figure
1c).23 While the cis configuration is dissymmetric, the trans
configuration exhibits a C2 axis. Besides these geometries, which
have been observed in crystals before,22,23 two additional
configurations are conceivable, namely a symmetric cis
configuration with a mirror plane (Figure 1d), and a second
dissymmetric configuration with both phenolate groups cis to

Received: January 10, 2014
Published: April 14, 2014

Figure 1. Structures of [Fe(salten)pyS]2 dimer and monomers. H
atoms are not shown. (a) Calculated structure of [Fe(salten)pyS]2.
(b−e) Geometrical isomers of the (thiopyridine)-Fe(salten) subunit:
(b) symmetric trans (st), (c) dissymmetric cis (dc), (d) symmetric cis
(sc), and (e) second dissymmetric cis (dc′). Solid and dotted ellipses
indicate phenolate and the coligand L = pyridine thiolate, respectively.
The molecular structures in the left panel are represented by simplified
symbols of the quasi-octahedral cores on the right. Arches indicate the
positions of phenolate rings.
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the axial ligand (Figure 1e). Below we use the naming scheme
st, dc, sc, and dc′ introduced in Figure 1. The dimer of Figure
1a with two st subunits is accordingly denoted st-st. Our
calculations (see Computational Methods in the Supporting
Information for details) show that with L = pyridine thiolate,
the st and dc isomers are most stable (see Table S1). The
energies of dc′ and sc are higher by ∼0.5 and 0.9 eV,
respectively, in agreement with the fact that dc and st are
experimentally observed22 whereas dc′ and sc are hypothetical.
After deposition of sub-monolayer amounts of [Fe(salten)-

pyS]2 onto Au(111), STM images reveal three closely related
dimeric patterns (Figure 2). They may be divided in halves

(dotted line in Figure 2a) that exhibit either three (Figure 2a)
or three major and one minor (Figure 2b) lobes. Two patterns
are composed of identical halves (Figure 2a,b), and the third
one (Figure 2c) is a combination thereof. The submolecular
contrasts may be understood on the basis of the structures of
dimers (Figure 2d−f) comprising combinations of the isomers
shown in Figure 1. The molecules are assumed to adsorb with
the disulfide linker attached to the substrate. The molecule of
Figure 2a is a symmetric dc-dc dimer. Its highest lobes appear
to originate from the phenolate ligand. The pattern of Figure
2b is consistent with a st-st dimer (Figure 2e) where the
phenolate ligands are located at heights similar to that Fe, with
a propyl chain (C3 linkage) above one of them. The propyl
chain is likely causing the extra lobe in the image. Finally, the
asymmetric species of Figure 2c combines the dc and st
subunits and is denoted dc-st. The abundances of st-st, dc-st,
and dc-dc dimers determined from large-scale images (∼40%,
35%, and 25%, respectively) are consistent with the calculated
sequence of energies (Table S1). A dc configuration of a
subunit of the adsorbed [Fe(salten)pyS]2 seems to be at
conflict with the st configuration reported for bulk materials.
However, infrared reflection absorption spectra indicate that on

Au(111) a dc configuration is also possible,20 which is
consistent with our STM observations.
Spectra of the differential conductance dI/dV of the three

species (Figure 2g−i) were acquired at the positions marked in
the STM images. With the tip above the disulfide moiety, all
species show a prominent unoccupied electronic state at ∼2.35
V (black lines). Indication of this resonance is also discernible
closer to the centers of the individual subunits (orange lines).
The similarity of the spectra of all species lends support to the
geometric interpretation of the STM images in Figure 2a−c.
dc-st molecules display a striking anomaly when the tip is

placed over the center of the dc subunit (blue circle and line in
Figure 2c,i). Fluctuations occur at sample voltages exceeding
∼1.5 V, which signal rapid changes of the tunneling junction.
Figure 3b presents the result of current injection to the dc

subunit of the dc-st dimer shown in Figure 3a. The st subunit
has switched to a new state with a bright protrusion at its
center. We attribute it to the dc′ isomer of Figure 1e, where the
phenolate ligand with its conjugated π system is located above
the Fe center (Figure 3f).
The manipulated monomer is located ∼1 nm away from the

point of current injection; i.e., the switching occurs remotely.
The process is fully reversible. By injecting another current
pulse on the dc side, the original dc-st state is restored.
Remarkably, the dc unit itself does not switch to any other
configuration so long as nondestructive currents and voltages
are used.
On st-st dimers (Figure 3c) a transformation to st-dc′ was

occasionally found (Figure 3d). However, the switching took
place locally, i.e., at the st subunit to which the current was
injected. st-dc dimers behaved similarly (reversible, local
switching to dc′-dc).
We suggest that the isomerization between st and dc′ is

effected by a Bailar twist,19 whereby two opposite triangular
faces of the octahedral coordination shell rotate by 120° with
respect to each other. Figure 4 shows the transformation of a
dc′ isomer to st via a twist of the upper triangle, while the lower
one is fixed to the substrate. It involves only one flexible C3

Figure 2. (a−c) STM images (3.5 × 2.4 nm2) of three distinct
structures of [Fe(salten)pyS]2 on Au(111). The data are displayed in a
pseudo-three-dimensional fashion with the color scale covering a range
of 0.21 nm. Images (in all the figures) were acquired with sample
voltages V = 0.20−0.25 V at constant currents I = 10−50 pA. A dotted
line in (a) separates the two subunits of the binuclear molecule.
Colored circles indicate the positions where dI/dV spectroscopy was
performed. In (a) and (b), top views of models of dc and st monomers
are overlaid over one half. (d−f) Side views of [Fe(salten)pyS]2
comprising different isomers. (g−i) dI/dV spectra recorded at the
positions indicated in a−c. Before opening the current feedback, the
STM was operated at V = 2.7 V and I = 100 pA.

Figure 3. Reversible isomerization of dc-st and st-st molecules. STM
images recorded (a,c) before and (b,d) after injecting current at 1.6 V
at the positions marked by red circles in a and c. Scale bars correspond
to 1 nm. (e,f) Side views of st and dc′ subunits, respectively.
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linkage, while all other metal−ligand bonds remain fixed. It may
be reversed, but the ligands do not allow for further rotation.
Consequently, the st subunit represents a two-state configura-
tional switch. The absence of any switching from dc subunits
can also be understood on the basis of this mechanism (see
Figure S1). A twist from dc to dc′ would involve a propylene
and an iminophenol bridge. The conjugated π system of the
latter is more rigid and thus suppresses this twist. Another
conceivable twist involving only a flexible C3 linkage leads to
the unfavorable (vide supra) sc configuration. This explains why
remote switching is found only when injecting electrons into
the dc part of dc-st dimers (or the resulting dc-dc′ dimers) and
not on st-st dimers. dc cannot be switched and thus serves as a
relay to transfer the excitation energy to the other subunit,
while st uses the energy itself to convert to dc′.
The mechanism of the remote switching is of particular

interest. Remote switching on dc-st and only local switching on
st-st are difficult to reconcile with a force-related mechanism.
Moreover, the threshold voltage of ∼1.5 V, which is close to the
onset of the unoccupied molecular resonance, and the absence
of switching at reversed polarity favor an electron-induced
process.
The different total energies of the dimers (Table S1) are

essentially due to the different energies of their subunits rather
than their mutual interaction. This means that a sufficient
fraction of the excitation energy has to be transferred from the
dc to the st subunit to achieve isomerization to dc′.
The injection of an electron to the dc subunit locally creates

an electronically and possibly vibrationally excited state. To
discriminate between vibrational and electronic energy-transfer
mechanisms, a dimer linked by a less electron-rich dipyridyl-
ethane moiety was synthesized. Using deposition conditions
similar to those used before, ∼60% st-st and ∼40% dc-st dimers
were observed (see Figure S2a), which appear very similar to
the disulfide-linked molecules. Switching experiments on
dipyridylethane-linked dimers, however, led to strikingly
different results. On the dc-st species, remote switching was
never observed. Occasionally, we found local interconversion
between st and dc′ when tunneling directly into these subunits
(Figure S2b,c).
The results from the dipyridylethane-linked dimers allow for

the following conclusions. First, through-space tunneling from
the excited dc subunit to the st part is not relevant for
switching. The absence of remote switching of sulfide-linked st-
st molecules is also in line with this interpretation. Next,

vibrational energy transfer may tentatively be excluded. The
energies of the S−S stretching and bending modes are lower
than the energies of the modes of the Fe(salten) monomers.
This, along with the bonding of the S atoms to Au, is expected
to make vibrational energy transfer over the S−S linker rather
inefficient. The fact that the dipyridylethane bridge does not
enable remote switching despite its different vibrational modes
does not favor vibrational energy transfer. This leaves electron
transfer through the disulfide bridge, possibly involving the S−
Au bonds, as the most likely scenario. Our calculations for
sulfide-linked dimers indeed show that the lowest unoccupied
molecular orbital exhibits a high electron density at the disulfide
bridge and overlaps with the Fe(salten) subunits (see Figure
S3). With a dipyridylethane bridge, this orbital is localized to
the separate subunits and hardly overlaps via the ethyl chain
(Figure S3).
In conclusion, a custom-made binuclear Fe(salten) complex

on Au exhibits geometrical isomerism of the individual
subunits. Reversible switching between two isomers has been
achieved within single molecules. A disulfide bridge connecting
the molecular subunits enables remote switching, whereas an
ethyl link is inactive. It is conceivable that our approach may be
extended to implement basic logic functions within a single
molecule.
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3.4 Conclusion

Controlled and reversible switching of a single dinuclear [Fe(salten)(pyS)]2
2+ molecule was

presented using STM. The switching process is attributed to an electron transfer through

the dipyridinedisulfide linker between the two iron(III) centers. By injecting electrons with

the STM tip into one subunit of the molecule, a geometric isomerization of the other subunit

can be observed. The linkage pyridinedisulfide bridge is a conjugated electron rich system

and can conduct the injected electrons through the molecule.

An electron poor system, a dipyridine with an ethyl chain, was also investigated. This

system does not show the reversible switching. The synthesized complexes were deposited

by electrospray ionization in UHV at around 5 K onto an Au(111) single crystal. From bulk

characterization it is known that the geometry of this pseudo-octahedral [Fe(salten)X]) com-

plex depends on the coligand X. If a strong or sterically demanding ligand is coordinated

to the iron center, the complex will tend to adopt a trans geometry regarding the imine

groups while weaker and smaller ligands favor a cis geometry. These two configurations

were observed in bulk crystal material.

Moreover, two different additional configurations are possible; a symmetric cis which ex-

hibits a mirror plane and a dissymetric configuration where the two phenolate groups are

oriented cis to the axial ligand. Three different configurations of dimers were found on the

surface in different percentages which are consistent with the calculated sequences of ener-

gies. A dc-dc, st-st and dc-st dimer. A dc configuration was not observed from bulk material,

but as published in Langmuir, we showed that a dc configuration on surface is possible for

this complex. This behavior in the STM images supports our explanation of the anomaly

in the obtained IRRA spectra. Only the dc-st and st-st dimer can be reversibly switched

by injecting a current of 1.6 eV. This remote switching process is effected by the Bailar twist.

Coordination compounds can exist in different enantiomers when they belong to a chiral
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point group. Different mechanisms for ligand exchange are known. This process can be dis-

sociative and non-dissociative. For example, in trigonal pyramidal coordinated compounds

(coordination number 5), a Berry Pseudorotation can take place. For octahedrally coordi-

nated compounds, a Ray-Dutt twist and a Bailar twist are known racemization mechanisms.

These mechanisms are very similar and have been studied in detail in theoretical and experi-

mental studies. [153,154]

Figure 41: Schematic figure of the observed Bailar-twist in the salten ligand system. Nitrogen
atoms are shown as blue balls and oxygen atoms as red balls.
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The Bailar twist can be explained as a trigonal geometrical isomerization of the coordinated

ligands to a metal center. This process is non-dissociative. The Bailar twist involves a 120°

rotation of a trigonal face of the octahedron to the opposite trigonal face. Compared to the

Ray Dutt twist, that involves a rotation of an imaginary C3 axis, the Bailar twist contains

a rotation of a C3 axis. This twist can be observed by injecting electrons with the STM tip

into a st conformation of the salten system. The st conformation changes to a dc’ confor-

mation. The twist from a dc conformation to a sc or dc’ conformation is not observed in the

experiments. A change from the dc to a dc’ conformation would involve a twist around the

rigid imine bridge. Furthermore the change from the dc to a sc’ conformation is too high in

energy and was determined by DFT calculations.

In summary, this publication shows a new controlled and reversible switching concept of

a dinuclear iron(III) complex.
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3.5 Outlook

In further projects with the Department of Applied Physics, Christian-Albrechts-University

of Kiel, new chemical wires shall be synthesized and tested with STM for the switching and

electron transport behaviors. These new molecules were designed as shown in Fig. 42.

Figure 42: Iron(III)-salten complexes with different pyridine containing linkers for STM
investigations.

These new molecules have a similar salten-ligand system and iron(III) as a metal center. The

linkage molecule will be modified through different conjugated linker. In order to understand

these geometrical tip-induced isomerization processes, dinuclear (dyads) and trinuclear (tri-
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ads) iron (III) complexes with different elemental compositions shall be measured. Disulfide,

sulphur as well as azobenzene containing linkers are possible. The linker molecules can vary

in length and composition to increase and decrease the distance between the ”input” and

”output”.

Furthermore, other substrates like Au(110) and Cu2N on Cu(100) shall be tested because

they have no surface state near the Fermi level. Regarding the transport of the excitation

energy, the role of the metal surface and the Au-S bond is still not fully understood.

Moreover, another spin crossover compound [Fe(pap)2]ClO4 (pap=N-2-pyridyl-methylidene-

2 hydroxyphenylaminato) was synthesized for STM measurements in cooperation with Sujoy

Karan and Torben Jasper-Tönnies (working group of Prof. Berndt, Institute of Applied

Physics, Christian-Albrechts-University of Kiel).

Figure 43: [Fe(pap)2]+ on Cu2N.

These molecules were successfully deposited on Au(111) and Cu2N surfaces and investigated

at cryogenic temperatures in UHV. The [Fe(pap)2]ClO4 was successfully deposited with ESI

and can be also evaporated without destroying by chemical vapor deposition. On Au(111),

the molecules are still intact on the surface but release their ClO4
- counter ions. Unfor-

tunately, these counter ions are mobile on the surface and lead to disturbing noise of the

tunneling current. Furthermore, measurements on Cu(100) were performed. On this sub-

strate, the mobility of the counter ions was suppressed. On Cu(100), no switching behavior

of [Fe(pap)2]+ molecules could be observed. To decouple the molecules electronically from

the surface, Cu2N monolayers were used as the surface. In this case, single molecules of
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[Fe(pap)2]+ were resolved. Current injection with the STM tip leads to 3 different separated

states with different shapes in the images. These states can be interpreted as a conforma-

tional changes of the ligand system and perhaps as a spin change. To understand these

systems in more detail, the paramagnetic [Ni(pap)2] and the diamagnetic [Co(pap)2]ClO4

were synthesized and are a subject of current research (Fig. 44).

Figure 44: Pap-containing molecules for STM measurements.

The explanation of these results and a manuscript for publication is currently in progress.
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4 Characterization of switchable azobenzene

functionalized Triazatriangulene platforms

(TATA)

4.1 Switchable Surfaces

Surfaces with tailored properties are helpful for a lot of applications like self-cleaning sur-

faces, corrosion protection and optical devices. In literature, several examples of switchable

surfaces and materials are known. For example, the Ikeda polymer which acts as a small

molecular motor through the isomerization process of the embedded switchable molecules

in a polymer.[35] The big challenge in building switchable surfaces is the arrangement of the

molecules on the surface. By using azobenzene containing self assembled monolayers with

alkyl chains, the sterical freedom of the molecules has to be big enough for the geometric

conformation change. In densely packed monolayers the azobenzene moieties are sterically

hindered in the isomerization process.[155-157] In only several cases, photoswitching of azoben-

zene containing thiolate bounded self-assembled monolayers can show switching behavior.

The formation of mixed SAMs with diluter molecules leads to more space and freedom for

the azobenzene molecules. The construction of molecules with huge spacer groups also can

help to realize more freedom for the molecules. Tegeder et al. published a thiol functionali-

zed tripodal adamantane derivative with an azobenzene switchable unit, perpendicular to

the surface. This system can be reversibly switched in the monomer as well as in SAMs

formed on a substrate.[157-159]

To obtain well ordered and arranged SAMs on surfaces, new concepts for the deposition are

needed. The construction of tripodale and functionalized surface binding ligand system can

lead to more efficient switchable surfaces.
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4.2 Motivation

In the last years, the ”bottom-up” approach has become more and more famous and promises

a lot of practical innovations. To be based on atoms and molecules, molecular machines,

molecular motors and molecular storage devices can be built up gradually. In literature, a lot

of synthetic molecular shuttles, rotors and machines which are partly imitations of natural

phenomena are known.[160-172]

The attempt to miniaturize data storage devices is relevant to many fields of industry.

Figure 45: SEM picture of a ciliated epithelium in a human lung.[173]

A ciliated epithelium is a layer of epithelial cells which can be found in the respiratory pas-

sages and has a cleaning function. Cilia are versatile and make up the main component of the

ciliated epithelium (Fig. 45). They are able to transport mucus and unwanted substances

from our lungs.

The so called ’platform-approach’ was published from Kubitschke et al. in 2009. This

’platform approach’ can be used to realize a synthetic molecular cilia adsorbed on a surface

to mimic a fascinating natural phenomenon and to reach a directional transport of particles

on a surface.[174]
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Moreover, these systems are reversible molecular switches for potential storage devices.

This concept achieves a completely new concept to realize monomolecular adlayers on metal

surfaces.

Figure 46: Schematic view of the platform approach.

For this approach, flat platform molecules will be used and a molecular switch can be con-

nected to a reactive center on this platform. In contrast to alkanethiol SAMs, this approach

offers more sterical freedom for the switching process. Side chains of the platform are vari-

able in length in order to adjust the space of the molecules on surface to each other. The

molecular platform is connected to a rotatable spacer, an alkyne group, which is linked to

an isomerizable functionalized molecule.

Laursen and Krebs published a synthesis of triazatriangulenum salts in 2000 and Kubitschke

et al. the functionalization of these molecules with azobenzene containing switching units

perpendicular to the ”platform”.[175,176] STM measurements show the formation of well or-

dered monolayers of these molecules on gold surfaces with different lattice constants by

varying the alkyl chains connected to the platform.[177]

These molecules were characterized in detail in their switching behavior in solution as well

as adsorbed on surfaces. A lot of spectroscopic techniques were used to understand these

molecules on surfaces in detail.[178-184]
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The main goal of this project is the detection of the azobenzene unit on the platform with

IRRAS. Due to the surface selection rule, the vibrations of the azobenzene unit perpendic-

ular to the surface can be observed in the IRRA spectrum. A lot of different functionalized

TATA platforms were measured with IRRAS but did not lead to a clear significant observa-

tion of the azobenzene unit (Fig. 47).

Figure 47: Several functionalized TATA molecules with different head-groups.

The methoxyazo-functionalized TATA however, gave a significant IRRA spectrum and showed
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the C-O stretching vibration of methoxy-goups of the azobenzene unit on the TATA platform

(Fig. 48).

Figure 48: A methoxyazo-functionalized TATA platform.

As already reported in our Langmuir and Chemistry - A European Journal publication, the

C-O stretching vibration leads to a strong absorbance band in the IR bulk spectra as well

as in the IRRA spectra. This marker group seems to be the best candidate to investigate

these molecules in their switching behavior from trans to cis isomer by irradiation with UV

light with a wavelength of 365 nm.

Figure 49: Schematic view of the trans to cis isomerization.

The following publication shows the results of the methoxy-azo-TATA regarding its switching
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behavior in solution, DFT frequency vibrational analysis and the investigation of the ad-

sorbed molecules on Au(111) surfaces using STM, XPS, SERS and IRRAS. The vibrational

information of these molecules were analyzed in detail and assigned fully in bulk as well as

on surface. Furthermore, PM-IRRAS data were recorded and the main prominent stretch-

ing vibration of the C-O-methoxy marker group was analyzed regarding time dependent

irradiation experiments.
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Spectroscopic evidence of a reversible, photoinduced trans 2 cis photoisomerization is provided for an

azobenzene-functionalized triazatriangulene (TATA) platform on Au(111). As shown by scanning tunneling

microscopy (STM) and X-ray photoelectron spectroscopy (XPS), these molecules form a well-ordered self-

assembled monolayer (SAM) on Au(111). The surface-adsorbed azo-TATA platforms are also investigated

by infrared reflection absorption spectroscopy (IRRAS); a methoxy marker group at the upper phenyl ring

of the azo moiety is employed to monitor the switching state. The IRRAS data are analyzed by comparison

with theoretical and transmission IR spectra as well as bulk and surface-enhanced Raman spectroscopic

(SERS) data. IRRAS shows that the methoxy group is oriented perpendicular to the surface in trans- and

tilted with respect to the surface normal in cis-configuration. This indicates that the photoswitching

capability of the azobenzene moieties is retained on the gold surface. The lifetime of the cis-configuration

is, however, reduced by a factor of B103 with respect to the homogeneous solution.

Introduction

The functionalization of surfaces with monolayers of switchable
molecules is both of fundamental importance and of significant
interest with respect to applications as in data storage, sensors,
and molecular electronics.1,2 While azobenzenes are a class of well
investigated molecular switches exhibiting reversible cis–trans
photoisomerization in homogeneous solution,3,4 switching of
these molecules in monolayers on metal surfaces is more intri-
cate. The main problems that arise are as follows: (i) azobenzene-
modified alkylthiols form highly-packed monolayers, therefore
the switching process may be sterically hindered;5 (ii) electronic
coupling to the metal surface can efficiently quench the excited
state;6–9 the lifetime of the photo-switched isomer thus may be
short and the quantum yield of isomerization may be small.
Triazatriangulene (TATA) platforms, in contrast, both reduce the

electronic coupling with the surface and control the distance of
the switchable units from each other as a function of the size of
the side chains at the platforms.10 Moreover, the bare TATA cation
as well as the azobenzene-functionalized TATA molecules form
well-ordered and stable hexagonal monolayers on Au(111) surfaces
with commensurate lattice constants.11 The ‘‘platform approach’’ is
thus a suitable method to prepare self-assembled monolayers of
functional molecules on, e.g., gold with control of intermolecular
distances (Fig. 1).

Here we present spectroscopic proof that our approach allows
the deposition of well-defined SAMs of azobenzenes on Au(111)
that retain their photoswitching capability. In previous publica-
tions we investigated the switching behaviour of functionalized

Fig. 1 The platform approach: general scheme (left), methoxy-azo-TATA
(right).
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TATA molecules on gold surfaces by means of electrochemistry
and surface plasmon spectroscopy.12,13 Whereas the half-life of
the thermal back-isomerization of the azobenzene unit from cis
to trans is about 20 hours in solution, cyclic voltammetric
measurements on the surface indicated half-lives that are shorter
by 4–5 orders of magnitude. As a possible explanation for this
finding an influence of the surface on the switching process
was invoked.12 To further address this issue, we synthesized
(E)-12c-[4-(4-methoxyphenyldiazenyl)-phenyl]ethynyl-4,8,12-tri-
n-octyl-4,8,12-triazatriangulene (‘‘methoxy-azo-TATA’’), an
azobenzene-TATA with a methoxy group in the para position
to the azobenzene unit.14 Herein this molecule is investigated
in solution by NMR and UV/Vis spectroscopy as well as
adsorbed on a gold surface by STM, XPS and (PM-) IRRAS.
The methoxy group is used as a spectroscopic marker to
monitor the switching process on the Au surface. Based on
an upright position of the azo group and the surface selection
rule, the C(phenyl)–O stretching vibration in the IRRAS experi-
ment exhibits a higher intensity in the trans as compared to
the cis configuration of the azo group. The implications of our
findings on the preparation of switchable monolayers on
surfaces based on the platform concept are discussed.

Results and analysis

The switching behaviour of (E)-12c-[4-(4-methoxyphenyldiazenyl)-
phenyl]ethynyl-4,8,12-tri-n-octyl-4,8,12-triazatriangulene (‘‘meth-oxy-
azo-TATA’’) was first investigated by UV/Vis- and NMR spectroscopy
in solution. Upon irradiation with UV light (365 nm) the trans
isomer switches to the cis isomer.

This can be monitored in the UV/Vis spectra by a decreasing
intensity of the p - p* band at 333 nm and 368 nm and an
increasing intensity of the n - p* band at 451 nm (Fig. 2).
Furthermore, new sets of signals appear in the NMR spectra,
which can be assigned to the cis isomer (Fig. 3).

Reisomerization from cis to trans either occurs thermally or
can be initiated by irradiation with blue light (440 nm); this
process has also been followed by UV/Vis and NMR spectro-
scopy. The maximum cis concentration was determined by
comparing the integrals of specific 1H-NMR signals, and the

half-life of the cis configuration under ambient conditions was
obtained by following the decrease of the cis signals after irradia-
tion for several days. The maximum cis concentration (74%)
after irradiation with UV light (365 nm) of methoxy-azo-TATA is
in good agreement with other azobenzene-functionalized TATA
platforms,14 and thermal back-isomerization follows a first-order
rate law with a half-life of 920 min (cf. Fig. 4).

Having demonstrated the reversible photoisomerization of
the title compound in solution, its switching properties on a
gold surface were investigated. STM measurements of methoxy-
azo-TATA adlayers on Au(111) reveal a hexagonally ordered
superstructure with intermolecular distances of 12.7 � 0.5 Å
(see Fig. 5a). Specifically, the lattice constants and the angles
between different rotational domains are in agreement with a
ffiffiffiffiffi
19
p

�
ffiffiffiffiffi
19
p� �

R23:4� superstructure (Fig. 5b), which was also
found in previous STM studies of self-assembled adlayers based

Fig. 2 UV spectra of methoxy-azo-TATA in toluene under ambient
conditions. Upon irradiation with UV light (365 nm) the p-p* transition
band decreases and the n-p* transition band increases in intensity.

Fig. 3 Aromatic region of the 1H-NMR spectra of methoxy-azo-TATA in
trans (bottom) and after irradiation with UV light (365 nm) in cis (top)
configuration in toluene under ambient conditions.

Fig. 4 Plot of the natural logarithm of the cis concentration as a function
of time to determine the half-life of methoxy-azo-TATA in toluene.

Fig. 5 (a) STM image (25 � 25 nm2) of a methoxy-azo-TATA adlayer on
Au(111), (b) schematic model of a

ffiffiffiffiffi
19
p

�
ffiffiffiffiffi
19
p� �

R23:4� superstructure, where
the C (black) and N (blue) atoms of the platform are shown (hydrogen atoms
omitted, only first C atoms of octyl side-chains are shown).
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on octyl-TATA platforms, including those with vertically
attached azobenzene units.10,11 The triangular shape of the
observed molecules, clearly visible in the STM images, indicates
a planar adsorption of the octyl-TATA platform unit and sug-
gests an orientation of the methoxy-azo moiety perpendicular
to the surface.

Chemical and structural information on a monolayer of
methoxy-azo-TATA deposited on Au(111) was also obtained by
X-ray photoelectron spectroscopy. The survey XP spectrum is
dominated by the Au 4d and 4f core levels and furthermore
exhibits, as expected, O 1s, N 1s and C 1s features (Fig. 6, left).
The thickness of the adlayer was estimated from the ratios of
the C 1s/Au 4f7/2 signals and a known reference substance (here
dodecylthiol with a known thickness of 1.7 � 0.1 nm)15 giving a
value of 1.15 nm for methoxy-azo-TATA. Taking into account
the lower packing density of this molecule on gold as compared
to dodecylthiol SAMs this result indicates the presence of a
complete monolayer of methoxy-azo-TATA on the Au(111) surface.

The C 1s spectrum (Fig. 6 middle) consists of three signals.
The main peak centered at 284.5 eV is due to the aliphatic and
aromatic C atoms of the platform and the azo group, the peak at
285.6 eV can be assigned to the C atoms directly connected to
nitrogen atoms, and the C atoms directly connected to the
oxygen atom correspond to the signal at 287.2 eV. The relative
intensities of these three contributions (0.9 � 0.03/0.09 � 0.03/
0.01 � 0.01) deviate somewhat from the expected values (0.78/
0.19/0.03). Whereas the discrepancy of the relative C(O) signal
intensity can be attributed to the uncertainty of the fit procedure
associated with the low oxygen content of methoxy-azo-TATA, the
deviation of the relative C(N) signal intensity from the expected
value (found 0.09/calc. 0.19) is outside the experimental error.
A similar discrepancy is found when comparing the intensity
of the N 1s signal at 400 eV (Fig. 6 right) to the total C 1s
signal intensity (found: 0.05 � 0.02/1; calc. 0.09/1). It should be
mentioned, however, that these C/N ratios have been determined
on the basis of a homogeneous surface layer.16 For the mono-
layer of methoxy-azo TATA on gold this condition is not met. The
molecular monolayer rather consists of close-packed, horizontal
TATA platforms directly on top of the metal surface (vide supra)
carrying vertically oriented, laterally separated azo moieties. The
assumption of a uniform photoelectron inelastic mean free path
(IMFP)16 for such a strongly inhomogeneous arrangement is
certainly problematic. Specifically, the octyl side chains of one
platform may partly cover adjacent platforms such that the XPS
signals of the platforms are attenuated with respect to the azo

moieties and the octyl sidearms. As the platforms have a higher
nitrogen content than the other constituents of the methoxy-
azo-TATA molecule, the N/C values are systematically under-
estimated in the presented analysis of the XPS data. The actual
attenuation of the XPS signals associated with the C- and N-
atoms of the platform is, however, difficult to assess.

Having characterized the structure and the composition of
the monolayer of methoxy-azo-TATA on gold by STM and XPS,
this system was then investigated by vibrational spectroscopy.
First, gap-mode surface-enhanced Raman spectroscopy (SERS)
was employed.17–20 As shown in Fig. 7, the SERS data closely
correspond to the bulk Raman spectrum of methoxy-azo-TATA
on the one hand and the calculated Raman spectrum of
methoxy-azo-benzene on the other. Furthermore, the SERS
spectra of methoxy-azo-TATA are in good agreement with those
of our previous study performed on a series of azobenzene-
functionalized TATA adlayers on Au(111).21a

To interpret the experimental SERS data density functional
theory calculations on methoxy-azo-TATA were performed. Octyl
side chains were replaced by propyl to save computational costs
(see Experimental section). The theoretical Raman spectrum
derived from this calculation together with a previous study21a

allows a complete assignment of the spectral peaks, as presented
in the ESI† (Table S2).

In the range between 1100 and 1650 cm�1 the spectra mainly
consist of valence vibrations of the aromatic rings constituting
the azobenzene moiety. The two intense peaks below 1200 cm�1

have contributions from C–N stretching motions whereas those
in the range between 1400 and 1500 cm�1 have contributions
from the NQN unit as well as aromatic in plane C–H bending
and CH3O bending vibrations. The C–C stretch of the ethynyl
group is observed at 2220 cm�1. Contributions from other
molecular constituents are much less pronounced; in particular,
the TATA platform exhibits a much smaller Raman scattering
cross section than azobenzene.21a Nevertheless, as found by DFT

Fig. 6 XP spectra of the methoxy-azo-TATA monolayer. Left: survey-
spectrum; middle: C 1s-spectrum along with fit (blue: aliphatic and
aromatic C, magenta: C connected to N, green: C connected to O); right:
N 1s spectrum with fit (blue).

Fig. 7 Calculated Raman spectrum (B3LYP/6-31++G** level of DFT) of
methoxy-azo-TATA (black), SERS spectrum of methoxy-azo-TATA on
Au(111) (blue) and the bulk Raman spectrum of methoxy-azo-TATA (green).
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most of the peaks between 450 and 1650 cm�1 have small
contributions from this group.

Complementing the vibrational information from SERS, the
surface-adsorbed methoxy-azo-TATA platform was also investi-
gated by infrared absorption-reflection spectroscopy (IRRAS).
Through the surface selection rule this technique also provides
specific information about the orientation of the adsorbed
molecules with respect to the surface. In order to assign the
vibrational bands bulk IR data were recorded as well, and
theoretical spectra were generated from DFT based on the same
optimized structure of methoxy-azo-TATA as that employed for
SERS (vide supra). Theoretical, bulk and surface vibrational
spectra are given in Fig. 8 for the high-frequency vibrations
(left) and for the fingerprint region (right). Scaling of the
calculated frequencies has been performed in analogy to the
theoretical Raman spectrum (cf. Experimental). Comparison of
the surface and bulk data on one hand with predictions from
DFT on the other hand allows a detailed assignment of the
observed vibrations; the numbering of the bands refers to the
DFT calculation comprising all normal modes of the molecule
(cf. Table S3, ESI†).

At around 3000 cm�1 the calculated bulk spectrum (Fig. 8
left top) exhibits a number of bands, which mostly derive from
C–H stretching vibrations of the phenyl units constituting the
TATA platform, the phenyl rings of the azo unit and C–H
stretching vibrations of the alkyl side chains (cf. Table S3, ESI†).
In the region of aliphatic C–H stretching vibrations, the experi-
mental bulk spectrum of methoxy-azo-TATA exhibits four broad
features at B2950 cm�1, B2920 cm�1, B2870 cm�1 and
B2850 cm�1 (Fig. 8 left bottom). The shoulder at 2950 cm�1

can be assigned to asymmetric CH3 stretching vibrations of the
aliphatic side chains and the CH3 group on top of the azo unit.
The most intense feature at 2920 cm�1 corresponds to asym-
metric CH2 stretching vibrations from the alkyl side chains of

the TATA platform, the shoulder at 2870 cm�1 probably corre-
sponds to the symmetric CH3 stretching vibrations of the alkyl
side chains, and the more intense feature at 2850 cm�1 is
associated with symmetric CH2 stretching vibrations. All of
these features are also observed with slightly different inten-
sities in the IRRA spectrum (Fig. 8 left middle).

Above 3000 cm�1 the bulk spectrum shows four additional
bands which, in contrast to the theoretical prediction, are much
weaker than the bands below 3000 cm�1 (Fig. 8 left bottom).
The bands at 3094 cm�1 (band 1) and 3071 cm�1 (band 2) can
be assigned to aromatic C–H stretching vibrations from the
TATA-platform whereas two bands at 3044 cm�1 (band 3) and
3019 cm�1 (band 4) can be attributed to a C–H stretch of the
phenyl ring connected to the platform and another aromatic
C–H stretch from the TATA platform, respectively. In IRRAS most
of these bands are absent except one small peak at 3017 cm�1.
Assignment to an aromatic C–H stretch of the platform (peak 4)
would at first appear incompatible with the surface selection
rule; however, closer inspection shows that the transition dipole
moment (TDM) of this vibration makes an angle of 451 with
respect to the surface.

The ‘‘fingerprint’’ region ranging from B1700 to 1000 cm�1 is
shown in the right panel of Fig. 8. At around 1600 cm�1 three
vibrations of CQC character appear which also include CQC
vibrations of the azo phenyl groups and correspondingly are visible
in the IRRA spectrum (see also Fig. S1, ESI†). Between 1500 and
1300 cm�1 C–H bending vibrations of the methoxy group, the NQN
stretching vibration and C–C ring deformations from the azo group
are located. At 1260 cm�1 the C(phenyl)–O(Me) stretch of the methoxy
group is observed. Importantly, this is by far the most intense peak
in the IRRA spectrum (Fig. 8 right middle), thus proving that the
methoxy-azo unit in azo-functionalized TATA platforms is in fact
oriented perpendicular to the surface. The remaining bands, in
particular below 1200 cm�1, can mostly be attributed to C–H
bending vibrations (cf. Table S3 and Fig. S1, ESI†).

Having determined the vibrational properties of the methoxy-
azo functionalized TATA platforms on gold, these systems were
finally subjected to switching experiments. To investigate the
cis–trans isomerization of the azobenzene unit by IRRAS, the
intensity change of the most intense C(phenyl)–O(Me) stretching
vibration occurring upon photoirradiation was monitored. Based
on the surface selection rule the intensity of this vibrational band
should be correlated with the trans or cis configuration of the azo
group, as shown in Fig. 9. Due to the upright orientation of the
methoxy group (vide supra), the C(phenyl)–O(Me) transition dipole
moment (TDM) is nearly perpendicular to the surface plane in the
trans configuration. In the cis configuration, on the other hand,
the TDM makes an angle of 301 with respect to the surface.
By switching the molecule to the cis isomer, the intensity of the
C–O stretching band thus should decrease by 75% in the IRRA
spectrum.

In order to rapidly detect a switching process after optical
excitation, PM-IRRAS was employed.22,23 A special illumination
unit was constructed and inserted into the PM-IRRAS sample
chamber to directly irradiate the samples on the sample holder
and immediately start the IRRAS measurement after irradiation.

Fig. 8 IR data of methoxy-azo-TATA. Left: CH-stretching vibration
region, right: fingerprint region. The spectra in the top panels show the
calculated, the spectra in the middle in blue the IRRAS of the surface-
adsorbed monolayer and the green spectra at the bottom the bulk data.
Band numbers correspond to Table S3 (ESI†).
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Additional advantages of the PM-IRRAS technique over conven-
tional IRRAS are that no background measurements are necessary,
atmospheric disturbances are absent and scan times are much
shorter. However, treatment of the experimental data is more
complicated as a Bessel-type background has to be subtracted.24

All irradiation spectra were recorded with a resolution of 4 cm�1.
For an analysis of the C(phenyl)–O(Me) stretching vibration the
PM maximum efficiency was set for the half-wave retardation at
1800 cm�1 with a sensitivity of 100 mV (gain factor 10).

The results of the switching experiments are shown in
Fig. 10. Upon continuous irradiation with 365 nm the intensity
of the C(phenyl)–O(Me) peak drops from a value of 0.0013 to
0.006, corresponding to a reduction of 54% and a transition to
the cis configuration. Subsequent measurements in time intervals
of 15 s (20 scans) after switching the LED off revealed an
exponential increase of the peak corresponding to a thermal
backrelaxation of cis to trans (cf. Fig. S2, ESI†).

The spectra obtained over 20 scans shown in Fig. 10 result
from summing up of 10 individual runs. A logarithmic intensity
vs. scan time plot (cf. Fig. 11) gives a monoexponential decay
with a half-life of 42� 10 seconds for the photoinduced cis state
of the TATA platform on Au(111), about 3 orders of magnitude
smaller than in solution.

Discussion and conclusions

In the preceding sections surface-analytical and -spectroscopic
investigations on an azobenzene functionalized TATA platform
have been presented. The switching behavior of methoxy-azo-
TATA was analyzed in solution by using UV spectroscopy and
NMR. Moreover, the molecules were adsorbed on Au(111)
surfaces. XPS and STM measurements indicate that the
adsorbed molecules are intact and form well-ordered mono-
layers. Vibrational-spectroscopic data of the adlayers on
Au(111) were obtained using SERS and IRRAS and interpreted
with the help of DFT. The dominant intensity of the C(phenyl)–O
(Me) stretch in the IRRA spectrum shows that the azobenzene
moieties attached to the TATA platform are in the trans configu-
ration. The absolute intensity of this peak in the IRRA spectrum
conforms to the surface coverage determined for the TATA
platforms.11 IRRA spectra of a SAM of an alkoxy-azobenzene-
terminated alkanethiol give an intensity of the C(phenyl)–O (Me)
stretch of about 0.01.25 From STM data it is known that the area
per molecule is 137 Å2 for 8-TATA derivatives.21a On the other
hand, the area per molecule was determined to be 25.2 Å2 for
pure SAMs of azobenzene-containing molecules with amide–thiol
functions and 30.4 Å2 for pure SAMs of azobenzene-containing
molecules with ether–thiol functions.21b This indicates that the
surface coverage of methoxy-azo-TATAs is about 1/5 compared to a
SAM of corresponding linear azobenzene-containing thiols and
would correspond to an absolute IRRAS intensity of 0.020 for the
C(phenyl)–O (Me) stretch of a monolayer of methoxy-azo-TATA
molecules. Our experimentally obtained value is 0.010–0.020,
depending upon the sample, in good agreement with this
estimate.

By PM-IRRAS it was demonstrated that the azobenzene unit
attached on the TATA platforms can reversibly be switched
from the trans to the cis configuration. For these experiments
the C(phenyl)–O(Me) stretching vibration from the headgroup of
the azo functionalized platform molecule has been employed.
The transition dipole moment (TDM) in the trans configuration
is nearly perpendicular to the surface whereas in the cis
configuration it makes an angle of 301 with respect to the
surface. The corresponding intensity reduction (theoretically
75%) is experimentally found to be somewhat smaller (55%).
The origin of this discrepancy is not entirely clear; however, in a

Fig. 9 Different orientations of the transition dipole moment of the C–O
stretching vibration in trans and cis conformation.

Fig. 10 C(phenyl)–O(Me) stretching band data of methoxy-azo-TATA
monolayer on Au(111) obtained with PM-IRRAS under continuous irradia-
tion with 365 nm (red) and after 20, 40, 60, 80 and 100 scans (cyan, green,
brown, violet and orange, respectively) with the LED switched off. The
spectrum of trans is shown for comparison (blue).

Fig. 11 Plot of ln[(IN � I)/(IN � I0)] vs. time, showing a monoexponential
decay of cis to trans with a half-life of 42 � 10 s.
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spectroscopic investigation of another azobenzene-functionalized
self-assembled monolayer (SAM) a comparable intensity change
upon trans-to-cis isomerization has been found.26

Importantly, the present study contributes another case to
the – so far – very limited number of studies where spectroscopic
evidence for a reversible photoisomerization in a monolayer on
a metal surface has been obtained. Apart from the mentioned
trans 2 cis isomerization of an azobenzene-functionalized self-
assembled monolayer (SAM) on Au(111) the photoisomerization
of a spiropyran on gold has been monitored by sum-frequency
generation (SFG) vibrational spectroscopy.26,27 HREELS has been
employed to detect the photoswitching of tert-butyl azobenzene
on Au.28 Furthermore, reversible photoswitchability was observed
for azo-functionalized SAMs by ellipsometry and dynamic contact
angle measurements.29 In one case IRRAS has been used to detect
a trans–cis isomerization in a molecular adlayer.25

An interesting result of the present investigation is the rapid
thermal relaxation of the cis-azobenzene moieties back to the
trans configuration, which is found to proceed with a half-life of
42 � 10 s. Notably, within the experimental error, this agrees with
the thermal half-life of the photoexcited cis-state determined for
an azobenzene-functionalized TATA platform on gold by surface-
plasmon spectroscopy (time constant t = 54.0 � 9.9 s;12 i.e.,
t1/2 = 37.4 � 6.8 s) and corresponds to a decrease of the half-life
by a factor of B103 with respect to the homogeneous solution
(t1/2 = 920 min).

Possible origins of the enhanced cis - trans relaxation rate
for surface-adsorbed, azobenzene-functionalized platforms
have been considered in ref. 12. For molecules adsorbed on a
metal surface, spin exchange with the electrons of the conduc-
tion band is possible. As found by DFT, highly delocalized
molecular orbitals of the platform are located close to the Fermi
energy of the gold substrate, mediating strong electronic
coupling between the metal surface and the adsorbed molecule.
This opens a new pathway for cis - trans backisomerization with
a distinctively lowered energy barrier than in solution. To the best
of our knowledge, the present study is the first example where
such a thermal backrelaxation process after photoisomerization of
a surface-adsorbed molecule has been evidenced by IRRAS.

Experimental

The synthesis of the triazatriangulenium (TATA) cation was
performed by the procedure of Laursen and Krebs,30 and the
azobenzene-functionalized TATA platforms methoxy-azo-TATA
were synthesized as published by Kubitschke et al.14 NMR spectra
were recorded using a Bruker DRX 500 (1H-NMR: 500 MHz,
13C-NMR: 125.8 MHz) spectrometer with toluene-d8 as solvent.
UV spectra were measured in toluene with the UV/Vis spectrometer
Perkin-Elmer Lambda 14. STM and XPS measurements were
performed on Au(111) single crystals (MaTecK GmbH, Jülich,
Germany). For gap-mode SERS17–20 (111)-oriented Au films
(250 nm) with a Cr adhesion promotor (5 nm) on glass (‘‘Arrandees’’
supplied by Dr D. Schroer, D-33824 Werther, Germany) were used.
Glass substrates with a 50 Å titanium base layer and a 1000 Å

evaporated gold film were purchased from EMF Corporation
(Ithaca, NY) for IRRAS and PM-IRRAS measurements.

All gold substrates were annealed in a butane gas flame,
single crystals for five minutes and glass substrates with gold
film for one minute. The monolayers were prepared by immer-
sing the substrate into a solution of bare TATA molecules in
ethanol (Merck, p.a.) at room temperature or functionalized
derivatives in toluene (Merck, p.a.) at 80 1C for one hour.
Afterwards, excess molecules were removed by immersing the
substrates for 15 minutes at the same temperature as before in
pure solvent. Finally, samples were removed from the solution
and dried in the air.

In order to assign the peaks in the Raman and IRRA spectra
to molecular vibrations, quantum chemical calculations were
performed at the B3LYP/6-31++G(d,p)31,32 level of density func-
tional theory (DFT) using Gaussian09.33 We corrected the
calculated frequencies in such a way that they optimally match
the experimental values. Consequently, after scaling with the
equation 0.927�calc. wavenumber + 63.318 cm�1 we found very
good agreement between theory and experiment. The octyl side
chains were replaced by propyl side chains due to the fact that
the corresponding vibrational modes are not important for the
comparison between the experimental and the theoretical
results as well as to save computational costs. The optimized
geometry of methoxy-azo-TATA is given in Table S1 (ESI†).

XPS measurements were performed at the beamline
HE-SGM of the synchrotron facility BESSY II using the PREVAC
endstation. The experimental station is equipped with a hemi-
spherical VG Scienta R3000 photoelectron analyzer. The energy
resolution E/DE of the beamline with 150 mm slits is 800. XP
survey spectra were acquired at 700 eV photon energy using an
analyzer pass energy of 100 eV. For the C 1s and N 1s spectra the
photon energy was 400 eV and 500 eV with pass energies of
20 eV and 50 eV, respectively. All spectra were acquired at
normal electron emission. For quantitative comparison the
spectra were corrected by the number of individual scans, the
effective X-ray beam current, and the photoionization cross
sections.34,35 Background correction was performed using a
Shirley background for the Au 4f signals, a combination of a
Shirley and a linear background for the C 1s signal and a linear
background for all other signals. Peak fitting was performed
using the program Fityk36 employing Voigt profiles.

Scanning Tunneling Microscopy (STM) measurements were
performed in a PicoPlus SPM (Agilent, Inc., Santa Clara, USA)
under ambient conditions, using mechanically cut Pt/Ir tips.
Samples for gap-mode SERS measurements18–20,21a were prepared
by immersion of the adlayer-modified substrates into aqueous
gold colloid solutions (particle size of about 20 nm)37 for B48 h.
Afterwards, the samples were dried in air. The gold colloid was
prepared by reduction of HAuCl4 by sodium citrate. For Raman
spectroscopic measurements two spectrometers were used: (i) a
Dilor XY-Raman spectrometer (Horiba) with an Ar/Kr mixed
gas laser (RM 2018, Spectra Physics) emitting at a wavelength of
lex = 647.1 nm (Pex = 10 to 30 mW, size of laser spot on the
sample: 0.5 mm � 1 mm); and (ii) an ISF66/FRA106 Fourier
transform Raman spectrometer (Bruker AXS GmbH) with a
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Nd:YAG laser at a wavelength of lex = 1064 nm. All Raman
spectroscopic measurements were carried out under ambient
conditions.

Bulk IR spectra were recorded using a Bruker ATR FT-IR
spectrometer in the range of 400 to 4000 cm�1 with a resolution
of 4 cm�1. The surface adsorbed molecules were investigated by
using a Bruker VERTEX 70 FT-IR spectrometer equipped with a
Polarization Modulation Accessory (PMA) 50 unit (Bruker Optik
GmbH, Ettlingen, Germany). This instrument allows recording of
IRRAS and PM-IRRAS data with a spectral range from 4000 down to
800 cm�1. IRRAS data were collected with a liquid nitrogen cooled
MCT detector in a horizontal reflection unit for grazing incidence
(Bruker A518). The sample chamber was purged with dry nitrogen
before and during measurements. A deuterated hexadecane–thiol
SAM on Au(111) was used as a reference for the background
spectrum for conventional IRRA spectra. Each spectrum contains
2048 averaged spectra. A p-polarized beam at an incident angle
of 801 to the surface normal was used for measurements. All
spectra were recorded with 4 cm�1 resolution. PM-IRRAS data were
collected with the PMA 50 accessory using a liquid nitrogen-cooled
MCT detector. The PEM maximum efficiency was set for the
half-wave at 1800 cm�1 for analysis of the C–O stretching mode.
All spectra were recorded at 4 cm�1 resolution.

Processing of IRRAS and PM-IRRAS data was carried out
using the OPUS software Version 6.5 (Bruker, Germany). Base-
line correction of the resulting IRRAS data was performed by
the rubber band method in an interactive mode. PM-IRRAS
data were processed by the implicit removal of the Bessel
function through manual baseline correction.24

For the trans-to-cis isomerization of methoxy-azo-TATA the
samples were irradiated using a LED (Nichia NC4U133(T), peak
wavelength: 365 (�9) nm, 1 LEDs, power dissipation: 12 W,
luminous flux: 10 lm, distance B5 cm).
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14 J. Kubitschke, C. Näther and R. Herges, Eur. J. Org. Chem.,
2010, 5041–5055.

15 T. Kondo, M. Yanagida, K. Shimazu and K. Uosaki,
Langmuir, 1998, 14, 5656–5658.

16 Surface Analysis by Auger and X-Ray Photoelectron Spectro-
scopy, ed. D. Briggs and J. T. Grant, IM Publications and
Surface Spectra Limited, Chichester and Manchester, 2003,
ISBN: 1-901019-04-7.

17 M. Fleischmann, P. J. Hendra and A. J. McQuillan, Chem.
Phys. Lett., 1974, 26, 163–166.

18 D. L. Jeanmaire and R. P. Van Duyne, J. Electroanal. Chem.,
1977, 84, 1–20.

19 M. G. Albrecht and H. Creighton, J. Am. Chem. Soc., 1977, 99,
5215–5217.

20 U. Jung, M. Müller, N. Fujimoto, K. Ikeda, K. Uosaki,
U. Cornelissen, F. Tuczek, C. Bornholdt, D. Zargarani,
R. Herges and O. Magnussen, J. Colloid Interface Sci.,
2010, 341, 366–375.

21 (a) U. Jung, S. Kuhn, U. Cornelissen, F. Tuczek,
T. Strunskus, V. Zaporojtchenko, J. Kubitschke, R. Herges
and O. Magnussen, Langmuir, 2011, 27, 5899–5908;
(b) U. Jung, O. Filinova, S. Kuhn, D. Zargarani,
C. Bornholdt, R. Herges and O. Magnussen, Langmuir,
2010, 26, 13913–13923.

22 M. A. Ramin, G. Le Bourdon, N. Daugey, B. Bennetau,
L. Vellutini and T. Buffeteau, Langmuir, 2011, 27, 6076–6084.

23 A. H. Kycia, K. Koczkur, J. J. Leitch, J. Lipkowski,
V. Zamlynny and M. W. P. Petryk, Anal. Bioanal. Chem.,
2013, 405, 1537–1546.

24 T. Buffeteau, B. Desbat, D. Blaudez and J. M. Turlet, Appl.
Spectrosc., 2000, 54, 1646–1650.

25 S. Y. Wang, D. C. Huang and Y. T. Tao, Chin. Chem. Soc.,
2012, 59, 9–17.

PCCP Paper

Pu
bl

is
he

d 
on

 1
7 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 C
hr

is
tia

n 
A

lb
re

ch
ts

 U
ni

ve
rs

ita
t z

u 
K

ie
l o

n 
02

/1
0/

20
14

 1
7:

07
:5

5.
 

View Article Online

88



22650 | Phys. Chem. Chem. Phys., 2014, 16, 22643--22650 This journal is© the Owner Societies 2014

26 S. Wagner, F. Leyssner, C. Kördel, S. Zarwell, R. Schmidt,
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4 CHARACTERIZATION OF SWITCHABLE AZOBENZENE FUNCTIONALIZED
TRIAZATRIANGULENE PLATFORMS (TATA)

4.4 Conclusion

In this publication we successfully reported the characterization of an azobenzene function-

alized TATA platform. This TATA platform contains a methoxyazobenzene switching unit

perpendicular to the triazatriangulenium platform. The trans to cis isomerization with

UV light of a wavelength at 365 nm in a toluene solution was followed with the help of

UV/Vis and NMR spectroscopy whereas the maximum cis concentration was determined to

74 % and the half-life follows a first-order rate law to 920 minutes. The adsorption of these

molecules on a Au(111) single crystal surface led to hexagonally ordered monolayers with

intermolecular distances of 12.7 ± 0.5 Å and clearly visible triangular shapes. XPS data

of methoxy-azo-TATA contain carbon, oxygen and nitrogen and allow a determination of

the thickness of this layer to 1.15 nm. The SERS data of methoxy-azo-TATA show a clear

similarity to the bulk Raman data and observed bands were assigned and compared with

the DFT calculated Raman spectrum.

The focus in this publication lays on the IRRAS data analysis. The surface selection rule

of this technique provides important information regarding the orientation of the adsorbed

monolayer on a metal surface. Methoxy-azo-TATA adsorbed on Au(111) result in a clear

IRRA spectra with intensities of around 10-3 absorbance units. This indicates the presence

of a very thin film of a monomolecular layer. Close packed alkoxy-azobenzene terminated

alkanethiols show an intensity of 0.01 absorbance units.[185] The absolute intensity of the

C-O stretching vibration fits well with the determined surface coverage for the methoxy-azo-

TATA by STM. The surface coverage of the methoxy-azo-TATA is around 1/5 of a linear

azobenzene thiol. Theoretical DFT calculated infrared spectrum, the bulk IR spectrum and

IRRA spectrum of methoxy-azo-TATA were compared and showed obvious similarities. A

complete vibrational analysis of the molecule has been performed and the assignements of all

calculated frequencies have been compared to the observed bands in bulk and IRRAS. The

high frequency region clearly shows the phenyl C-H stretching vibration of the azobenzene

unit and the presence of the alkyle chains connected to the platform as well as the CH3
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4.4 Conclusion

head-group on top of the methoxyazobenzene unit. The fingerprint region clearly shows

significant vibrational features of the azo-phenyl groups like C=C ring stretching vibrations,

C-H bending vibrations, C-C ring deformation vibrations and the N=N stretching vibration

of the azobenzene unit. The most prominent band in the IRRAS, the C-O stretching vibra-

tion at 1260 cm-1, clearly shows the perpendicularly located azobenzene unit on the TATA

platform. Due to the strong intensity of the C-O stretching vibration, this band was used as

a marker group for performing switching experiments. This vibration has a perpendicular

to the surface oriented transition dipole moment in the case of the trans isomer and changes

to a transition dipole moment with an angle of 30° with respect to the surface in the cis

configuration (Fig. 50).

Figure 50: Change of the transition dipole moment through isomerization.

By irradiation the trans isomer with 365 nm UV light, we expected a decrease of 75 % of

the C-O stretching vibration intensity in the IRRA spectrum by cos(60)2 in the case that all

azobenzene units switch to the cis configuration. Upon continuous irradiation of the sam-

ple directly in the spectrometer chamber and recording a spectrum in the photostationary

state, the result was a 54 % decrease of the C-O stretching vibration. The intensities of the

absorbance units change from 0.0013 for the trans isomer to 0.0006 for the cis isomer. The

reason for this can be that the maximum cis concentration in solution, however, not add up
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to 100%. Furthermore, time dependent measurements without continuous irradiation were

performed by recording PM-IRRA spectra in intervals of 15 seconds after switching off the

365 nm LED. The C-O stretching vibration clearly increases from spectra to spectra due

to the thermal back-relaxation of the methoxyazo-unit from cis to trans isomer. An expo-

nential slope can be observed during 15 to 75 seconds of relaxation time. The logarithmic

intensity versus the scan time results in a monoexponential decay and provides a half-life of

42±10 seconds. Compared to the half-life in solution of 55200 seconds, the half-life is much

smaller with 3 orders of magnitude.

This result is, of course, very interesting and comparable with thermal back-relaxation times

of other different azobenzene functionalized TATA platforms detected by SPR spectroscopy.[179]

The much faster thermal back-relaxation of molecules on surfaces is still not fully understood.

The strong electronic coupling with the electron rich surface and the molecules can be a pos-

sible reason.

In summary, this publication presents a photoswitchable methoxyazobenzene functional-

ized TATA platform and a monitoring of the thermal back-relaxation of these molecules

with time dependent PM-IRRAS measurements. Only a very limited number of studies are

known in literature where the reversible switching of a monolayer was monitored using a vi-

brational spectroscopy.[185,186] This publication is the first known in literature which monitors

the spectroscopical evidence of a thermal back-relaxation using IRRAS.
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4.5 Outlook

As outlook for the platform project in cooperation with Prof. Dr. Rainer Herges, Otto

Diels-Institute for Organic Chemistry (Christian-Albrechts-University of Kiel), new azoben-

zene and diazozine functionalized TATA platforms were sythesized. As presented in our

publication in Physical Chemistry Chemical Physics the half-life for the methoxy-azo-TATA

molecules in solution is 920 minutes and decreases to 42 ± 10 seconds when the molecules

are adsorbed on Au(111). The molecules have a smaller relaxation time of 3 orders of mag-

nitudes. The main goal is to increase the half-life of the molecules on the surface in a way

that a thermodynamically stable cis isomer could be achieved. A trans isomer which can be

switched to a stable cis isomer would lead to two separate states which can be distinguished.

So far it is not clear why the thermal back-relaxation of these molecules is drastically de-

creased on surface. A probable reason could be the electronic coupling of the azo-function

with the gold surface. This could lead to a lowering of the rotation-barrier for the isomer-

ization process. To avoid this fast thermal back-relaxation, the electronic coupling between

the azobenzene unit and the surface has to be minimized. This idea can be realized by

introducing not conjugated, isolating groups.

For example, a trioxabicyclo[2.2.2]octane spacer or a diazocine spacer connected to the TATA

platform avoids the direct conjugation to the azobenzene unit and still retains the orthogo-

nality of the switching unit (Fig. 51). STM measurements of the trioxabicyclo[2.2.2]octan-

azobenzene-TATA and UV experiments to determine the half-life are in progress in the work-

ing group of Prof. Magnussen, Institute for Applied Physics (Christian-Albrechts-University

of Kiel). If these molecules form stable ordered monolayers, IRRAS measurement and switch-

ing experiments on surfaces will be performed in the hope of longer thermal back-relaxation

times through the isolating unit.
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Figure 51: (E)-12c-[(4-4-[(4-Methoxyphenyl)diazenyl]phenyl-2,6,7-trioxa-bicyclo[2.2.2]octan-1-
yl)ethinyl]-4,8,12-tri-n-octyl-4,8,12-triazatriangulen.
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5 Characterization of switchable glyco-SAMs on

Au(111)

5.1 Glycosides and cell adhesion

Carbohydrates are one of the fundamental class of biomolecules and have a lot of important

functions in our body. Carbohydrates are formed of different sugar units and have a concern

of metabolic pathways, in the regulation of our water balance and electrolyte balance. In

our body, carbohydrates can be found on cell surfaces like the glycocalix (gr. glykos-sugar;

kalyx-coat).

Figure 52: TEM image of a B. subtilis bacterium with the visible glycocalyx around the cell.[187]

The glycocalix is a thin mucus wallet of a complex glycoconjugate system of over 100 nm

around the cell membrane of eucaryotic cells and at the cell wall of procaryotic cells. The out-

ward lipid film contains phospholipids and glycolipidss which have oligosaccharides to their

outward oriented ends. Plants, in contrast, do not posses a glycocalix. The oligosaccharides

of the glycocalix are covalently bound to glycoproteins and glycolipids.[188] The substantial

glycosides of the glycocalyx are glucose, galactose, fructose, mannose and glucosamine.
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The interaction of these glycoconjugates plays an important role in different biological pro-

cesses like cell communication, protection against chemical influences, receptor binding and

cell adhesion. The processes around the glycocalyx are not fully understood yet. Because

of this important role and complex function, the understanding of this biological topic has

a high relevance in biological and medical research. The Glycoscience tries to understand

the molecular interactions on these surfaces between glycosides and bacteria such as lectins

(sugar binding proteins).
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5.2 Motivation

This project focusses on the preparation and characterization of carbohydrate containing self

assembled monolayers on gold surfaces. These molecules, obtained from the working group

of Prof. Dr. Thisbe K. Lindhorst, (Otto Diels-Institute of Organic Chemistry, synthetic

work was done by Dr. Vijayanand Chandrasekaran, Christian-Albrechts-University of Kiel),

contain azobenzene groups as a light switchable unit. The N=N double bond of the trans

isomer is isomerizable by irradiation of light of 365 nm to a meta stable cis isomer. This

cis isomer can be irradiated with blue light of 440 nm and the trans isomer will be obtained

again.

The synthesis of these molecules can be done in a four step synthesis to obtain different

alkanethioacetate derivatives of azobenzene α-D mannosides with different chain lengths.

These molecules contain acetyl-protected mannoside units. Mannose was employed because

of being involved in many important biological recognition processes. The mannose units

are connected to an azobenzene group via an ether-group, a long alkyl chain as spacer group

and a thioacetate group as an anchor group for the gold surface.

The sulfur was protected as a thioacetate group. This thioacetate group can be deprotected

in situ with the help of an ammoniumhydroxide solution as a base. The isomerization of

these molecules in solution works very well with a half-life of 25 hours. Due to the bulky

mannose head groups of these molecules, a diluter molecule was added to form mixed SAMs.

The diluter molecules, 1-undecane-thioacetate, contain the same number of carbon atoms in

the alkyl chain as the azomannose-molecule to obtain optimal van-der-Waals interactions

between the diluter molecules and the mannose functionalized molecules. The resulting

SAMs on the gold surface are stabilized by non covalent van-der-Waals interactions and

form a densly packed film.

Optimal conditions for SAM formations have been found out and formations of SAMs both

with and without adding a base for deprotection have been compared. The main long term

goal of this project in the future is to build up model systems to create a switchable glyco-

calix model system and to control cell adhesion in different states. The adhesion to the trans
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5 CHARACTERIZATION OF SWITCHABLE GLYCO-SAMS ON AU(111)

Figure 53: Investigated mannose-containing molecules with different chain length and diluter
molecule for mixed SAM preparation.

isomer shall be allowed for bacteria and the adhesion to the cis isomer shall be undesirable.

For this, the adhesion behavior of the E. coli bacteria containing FimH proteins will be

tested. The lectin FimH proteins adhere selectively to mannose sugar units. E. coli bacteria

can lead to sepsis, urinary tract infections and meningitis. The switching of the adhesion

behavior of bacteria to the sugar containing groups on the surface was recently published by

Weber et al. in Angewandte Chemie.[189]

Figure 54: Schematic view of the adhesion of E.coli to the mannose containing molecules on the
surface.[189]
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& Photoswitchable Glycoconjugates

Synthesis and Surface-Spectroscopic Characterization of
Photoisomerizable glyco-SAMs on Au(111)

Vijayanand Chandrasekaran,[a] Hanne Jacob,[b] Finn Petersen,[b] Ketheeswari Kathirvel,[b]

Felix Tuczek,*[b] and Thisbe K. Lindhorst*[a]

Abstract: Photoisomerizable glyco-SAMs (self-assembled
monolayers), utilizing synthetic azobenzene glycoside deriva-
tives were fabricated. The ultimate goal of this project is to
assay the influence of the 3D arrangement of sugar ligands
on cell adhesion, and eventually make cell adhesion photo-
switchable. However, it is a prerequisite for any biological

study on the spatial conditions of carbohydrate recognition,
that photoisomerization of the surface molecules can be
verified. Here, we employed IRRAS and XPS to spectroscopi-
cally characterize glyco-SAMs. In particular and unprecedent-
ed to date, we prove reversible E!Z!E isomerization of
azobenzene glycoside-terminated SAMs.

Introduction

The glycocalyx of eukaryotic cells is one of the most important
and exciting surfaces in biology. This layer adopts a width of
100 nm and more on the cell surface and is composed of a re-
markable variety of complex glycoconjugates.[1] Molecular in-
teractions of specific proteins such as the lectins[2] with glyco-
calyx components exert multiple biological functions, for ex-
ample, in cell adhesion, cell signaling and immune response.[3]

Hence, protein–carbohydrate interactions are essential in both
health and disease states of an organism. Consequently, it is
an important goal of the glycosciences to understand how the
plenty of molecular interactions occurring at the glycosylated
cell surface are orchestrated in their biological and supra-
molecular context. It has been known for long that carbohy-
drate structure is critical for specific carbohydrate–protein in-
teractions,[4] however, only recently it has been recognized that
also the 3D presentation of saccharides is at least equally im-
portant.[5]

This modern perception of carbohydrate recognition has led
to a need for glycomimetic systems, allowing for controlled
manipulation of carbohydrate presentation on a surface. Azo-
benzene glycosides are suited for this purpose as photoisome-

rization of the azobenzene N=N double bond effects a very ex-
plicit change in the 3D orientation of conjugated glycosides or
other biomolecules.[6] In addition, azobenzene glycosides are
easily accessible and their photoisomerization in solution
works perfectly.[7]

Here, we extend our work on photoswitchable azobenzene
glycosides towards their investigation on surfaces employing
self-assembled monolayers, in short SAMs.[8] SAMs offer a well-
defined and reliable system for functional surface studies.[9]

Carbohydrate-terminated SAMs, so-called glyco-SAMs,[10] have
been fabricated before, as well as SAMs in which photorespon-
sive azobenzene derivatives were employed.[11] Our project is
built on this methodology, involving synthesis of azobenzene
glycoside derivatives for fabrication of photoswitchable glyco-
SAMs and photoisomerization of such glycosylated monolayers
(Figure 1). In a final step, a biological study will be performed
to assay carbohydrate–lectin interactions on SAM, dependent
on the isomerization state and thus the mode of carbohydrate
presentation on the surface. This will eventually provide infor-
mation about the significance of spatial arrangement in carbo-
hydrate recognition.

However, it is difficult to verify if irradiation of the surface
has the desired effect on the immobilized molecular monolay-
er, while this is of primary importance for any biological study
with switchable surfaces. Here, we have investigated photoiso-
merization of azobenzene glyco-SAMs using infrared reflection
absorption spectroscopy (IRRAS).[12] This technique in principal
allows us to observe E!Z isomerization as well as Z!E back
isomerization, and to assess if dilution[13] of an azobenzene gly-
coside-terminated SAM is necessary for effective photoisomeri-
zation (Figure 1).
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Christiana Albertina University of Kiel
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Results and Discussion

Synthesis of azobenzene glycosides for SAM fabrication

For SAM fabrication, alkanethiol derivatives are required to
allow immobilization of the respective molecules on gold
wafers through formation of S�Au bonds on the surface. As
thiols are rather prone to air oxidation,[14] thioacetates can be
employed alternatively. Thus, we have targeted alkanethioace-
tate derivatives of azobenzene glycosides. a-Mannose (man)
was employed as a typical monosaccharide component of
complex glycoconjugates, which is involved in many important
biological recognition processes.[15]

Synthesis of a-azobenzene mannosides started from the lit-
erature-known azobenzene diol 1,[16] which can be readily
mono-functionalized, as shown recently.[7c] Here, monoglycosy-
lation of 1 with the well-established mannosyl donor 2[17]

under standard conditions led to the mannosyloxy-azobenzene
alcohol 3 in 41 % yield (Scheme 1). Next, alcohol 3 can be re-
acted in a Mitsunobu reaction with w-bromoalkanols of the de-
sired chain length. Here, 6-bromohexanol and 10-bromodeca-
nol were employed to lead to the respective azobenzene w-
bromoalkyl ethers 4 and 5 in 82 and 79 % yield, respectively.
Then, the bromo substituent was replaced in a substitution re-
action with potassium thioacetate at room temperature lead-
ing to the desired thioacetates 6 in 88 % and 7 in 91 % yield.
These were utilized for the formation of SAMs in the next step.

Fabrication of SAMs and characterization by IRRAS

First, optimal conditions for SAM fabrication were evaluated
using thioacetate 6. The compound was dissolved in ethanol
and SAM formation was attempted either directly,[18] or after
addition of ammonium hydroxide as a base to effect in situ-de-
protection of the thioacetyl group and formation of the free
thiol. The latter method has also often been employed in SAM
fabrication[19] and can be controlled so that O-acetates remain
intact.

The resulting SAMs were investigated using IRRAS and com-
pared to the IR bulk spectrum of 6 (Figure 2). Based on the sur-
face selection rule (SSR), only the vibrations with a component
of the transition dipole moment (TDM) perpendicular to the
surface plane can interact with the incident light and are ob-
served in IRRAS. As a result, a lower number of bands appear
in the IRRA than in the bulk IR spectra. Moreover, vibrational
bands with TDMs perpendicular to the gold surface are more
intense than those with TDMs nearly parallel to the surface. Of
course, most TDMs are neither exactly parallel nor exactly per-
pendicular and therefore appear in IRRAS with comparable in-
tensity of the bulk material.

Figure 1. Upon photoisomerization (E to Z and, vice versa, Z to E) of azobenzene glycoside-decorated SAMs on Au(111) the spatial situation of carbohydrate
exposition on the surface should considerably be changed. “Diluter molecules” could provide enough space for the isomerization process. This cartoon is pur-
posely suggesting some of the 3D complexity on the surface that might occur upon switching.

Scheme 1. Synthesis of 6 and 7, two alkanethioacetate derivatives of azo-
benzene a-d-mannoside with varied chain length.
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In the bulk spectrum of compound 6 (Figure 2, top) the
C=O stretching vibrations of the O-acetyl groups of the sugar
ring are observed at ~1750 cm�1. The carbonyl band of the ter-
minal thioester functionality is found at a lower frequency,
namely at 1690 cm�1. In both, direct (middle spectrum) and
base-promoted (bottom spectrum) adsorption of 6, the ab-
sence of the thioester C=O stretching band indicates complete
conversion of the thioacetate to the respective thiol. We have
to note, however, that also some deprotection of the manno-
side acetyl groups takes place. On the other hand, IRRAS meas-
urements with SAMs formed from a solution of thioacetate 6
without any addition of base showed a rather broad and in-
tense band between 1000 and 1200 cm�1 whereas base-pro-
moted SAM formation gave a well-defined IRRA spectrum in
this region. In addition, direct SAM formation from thioacetates
is slower[20] and higher concentrations of 6 were required to
achieve reproducible SAMs. From these results it became clear,
that base-promoted SAM fabrication from thioacetates such as
6 is superior over direct deposition from a neutral solution and
results in SAMs of better quality. Consequently, for the forma-
tion of all other monolayers investigated in this study, the
base-promoted method was employed.

Then thioacetate 7, having a longer alkyl chain than 6 was
investigated. The base-promoted method was employed for
immobilization and the resulting SAM was again investigated
by IRRAS (Figure 3). In this Figure, bulk IR and calculated spec-
tra are provided for comparison, and vibrational modes of 7
were assigned in full detail (cf. Table S1, Supporting Informa-
tion). The most intense band in the IRRA spectrum of 7-SAM at
~1250 cm�1 contains the Caryl–O stretching vibrations of the
azobenzene moiety as well as (at least) one C–O(acetyl) stretch
of the O-acetyl groups oriented perpendicular to the surface.
According to the SSR, this indicates that the molecules are
preferentially oriented perpendicular to the gold surface. Im-
portantly, comparison of 6-SAM and 7-SAM shows rather simi-
lar IRRA spectra in the mid- to low-frequency regions (Figures
2 and 3, 1800–1000 cm�1) whereas the CH2 symmetric and

asymmetric stretching vibrations at 2850 and 2950 cm�1 are
much more pronounced in the case of 7-SAM than in the case
of 6-SAM (cf. Figure S22, Supporting Information). As the inten-
sity increase upon going from 6 to 7 is much larger than 66 %
(corresponding to a transition from a C6 to a C10 chain length),
we conclude that the coverage is increased in case of the
long-chain alkanethioacetate 7. Indeed, it has been reported
earlier that thiols and thioacetates, respectively, of longer chain
length result in better SAMs than when their analogs with
shorter alkyl chains are used.[21]

Consequently, for the following irradiation experiments, azo-
benzene mannoside 7 having the long decyl chain was em-
ployed. First, photoisomerization of the azobenzene glycoside
7 was tested in solution.

Photoisomerization of compound 7 in solution

Irradiation of a 0.04 mmolar solution of E-7 in EtOH was carried
out under exclusion of ambient light at room temperature
using a 365 nm light-emitting diode (LED). Photostationary
states (pss) were reached after 8–10 minutes as monitored by
UV/Vis and 1H NMR spectroscopy. Based on the integration of
the anomeric sugar proton H-1 (5.61 ppm for E and 5.48 ppm
for Z isomer), E/Z ratios were determined. According to 1H
NMR spectroscopy azobenzene mannoside 7 is E-configured
by more than 99 % in the ground state (gs) and after irradia-
tion, >98% of the Z isomer is obtained (cf. Supporting Infor-
mation, Figure S21). UV/Vis spectra show the typical absorp-
tion maximum of 353 nm for the E isomer and after irradiation
absorption of the Z isomer at 312 and 444 nm (Figure 4). Z!E
back isomerization by irradiation at 440 nm led back to ~70%
of E isomer (Figure S21). Stable switching between E and Z
was shown through five cycles (Figure 4, inset). The half-life
t1/2 of the Z isomer was determined by UV/Vis spectroscopy as
25 h (cf. Supporting Information).

Figure 2. Mid- to low-frequency regions of the bulk IR spectrum of 6 (top)
and of IRRA spectra of SAMs formed from a solution of 6 in ethanol without
base (middle) or base-promoted (bottom).

Figure 3. Mid- to low-frequency regions of the bulk IR spectrum of 7 (top)
and the IRRA spectrum of the SAM formed from a slightly basic solution of
7 (bottom), in comparison to the calculated IR spectrum (middle).
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IRRAS study of E!Z isomerization of photoswitchable
glyco-SAMs

As the azobenzene mannoside derivative 7 shows a reliable
switching behavior in solution, photoisomerization on SAM
was investigated next. Thus, SAMs were formed from a solution
of E-7 and then irradiated with 365 nm LED light for 30–45 mi-
nutes to effect isomerization of the azobenzene unit on SAM.
IRRAS then indicated a slight decrease in the intensity of the
prominent band at 1250 cm�1 which contains the Caryl–O
stretching vibrations of the azobenzene unit. The mid- to low-
frequency regions of the IRRA spectra of 7-SAM before (in
black) and after irradiation (in gray) are compared in Figure 5.
The observed changes are reproducible but weak, though E!
Z isomerization of 7 in solution was almost complete. There-
fore, it was reasoned that in contrast to the situation in solu-
tion, a SAM formed from azobenzene mannoside 7 might be
too densely packed to allow easy E!Z isomerization on the
surface. Additional steric hindrance could arise from the fact
that the immobilized molecules might be tilted on the sur-
face,[8] which can also impair the E!Z isomerization process.
To address this problem and to diminish steric hindrance of
E!Z isomerization on the surface, in the next step so-called
mixed SAMs were prepared in which 7 was immobilized to-
gether with less bulky alkanethioacetates.

Fabrication of mixed SAMs and characterization by IRRAS

Mixed SAMs (mSAMs) were fabricated by immersion of gold
wafers in a mixed solution of 7 and an appropriate “diluter
molecule”. In our first attempt, 6-phenoxy-hexylthioacetate (8)
was employed as diluter as it was expected that the terminal
phenoxy moiety might effectively separate the more bulky

azobenzene glycoside molecules (7). Solutions with
7/8 ratios of 1:1, 3:7, and 1:10 were employed, but
according to IRRAS E!Z isomerization was not im-
proved. Next, 1-undecanethioacetate (9) was used as
diluter molecule. Different ratios of 7 and 9 were
tested and the best result was obtained with 7:9 in
a 1:4 ratio. Hence, gold wafers were typically im-
mersed in a 1 mm ethanolic solution of a 1:4 mixture
of E-7 and 9 for co-adsorption within 24 h. Compari-
son of the IRRA spectra of the mSAM with the SAM
formed from pure 7, however, shows that the intensi-
ty of azobenzene mannoside 7 only decreases by
about 40 % (and not by 80 %, as anticipated) upon
going from the concentrated to the diluted SAM (cf.
Figure 6). This indicates that less molecules of the di-
luter compound 9 have been adsorbed to the surface
than expected. However, the band at ~1250 cm�1

gets more symmetric upon dilution, which indicates
that the packing of 7 in the mSAM has changed, sug-
gesting that indeed a diluted SAM was formed. Nev-
ertheless, statistical distribution of the azobenzene
mannoside (7) and diluter molecules (9) might be
compromised by segregation effects evolving with
time.[22]

To further characterize the obtained mSAMs, fabricated from
mixtures of E-7 and 9 on Au(111), X-ray photoelectron spec-
troscopy (XPS) was employed. C 1s, S 2p and N 1s spectra
were measured (Figure 7, for XPS characterization of pure SAM
cf. Figure S25). The C 1s XP spectrum of the mSAM shows
three different species. The major peak at 284.6 eV (red, 71 %
of the total intensity) belongs to aromatic and aliphatic carbon
atoms, the minor peak at 285.2 eV (blue, 24 % intensity) can be
assigned to carbon atoms bound to heteroatoms (C–N, C–O),
and a third peak at 286.6 eV (green, 5 %) corresponds to the
carbon atoms of the carboxyl groups.[23] The N 1s XP spectrum
of mSAM shows one species. According to the literature the

Figure 4. UV/Vis spectra of azobenzene glycoside derivative 7 (4.0 � 10�5 mol L�1 in EtOH,
18�1 8C): E and Z isomer and after reisomerization from Z to E. Inset : Reversible photo-
switching of 7 (4.0 � 10�5 mm in EtOH, 18�1 8C): alternating irradiation at 365 and
440 nm through 5 cycles.

Figure 5. Mid- to low-frequency region of IRRA spectra of 7-SAM before (in
black) and after irradiation (in gray). The observed change in the intensity of
the important peak at ~1250 cm�1 is enlarged in the inset.
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peak at 400.0 eV (magenta) corresponds to the nitrogen atoms
of the azobenzene N=N double bond.[24] The S 2p spectrum of
mSAM, finally, exhibits three components. The highest contri-
bution (60 % of the total intensity) derives from a species with
a doublet at 161.9/163.1 eV (red) which corresponds to thiolate
bound to Au.[25] At lower energies, that is, at 161.2/162.4 eV,
a second species (23 %, blue) is observed which is assigned to
sulfur atoms adsorbed to Au.[8c] This contribution is generally
observed in this type of experiments and associated with de-
composition of sulfur-containing molecules on the Au sur-
face.[26] The third species of the spectrum at 163.0/164.2 (17 %,
green) indicates thiolate units which are not bound to the sur-
face. Based on the literature, we assume that the relatively
large fraction of unbound thiolate is due to the employed sol-
vent (EtOH) which is necessary to dissolve mannoside 7, but
which is otherwise known as less favorable solvent for long-
chain alkanethiols.[25c]

In summary, XPS supports the formation of mixed SAMs
from 7 and 9, as the XP spectra show the expected signals for
N 1s, S 2p and C 1s.

IRRAS study of E!Z isomerization of mSAMs

Having demonstrated the structural integrity of the mixed
SAMs formed from a mixture of 7 and 9 on Au(111), these sys-
tems were finally subjected to photoisomerization experi-
ments. Irradiation with light of 365 nm for 10 minutes indeed
led to a reduction of the intensity of the 1250 cm�1 band
which contains the Caryl–Oman stretching vibrations of the azo-
benzene units (Figure 8). Although this reduction in intensity is
not very pronounced, it is larger than observed in the concen-
trated SAM fabricated from pure 7 (cf. Figure 5). This observa-
tion indicates that the dilution concept was principally success-
ful.

Based on the SSR and supporting data from the literature,[27]

we assume that the intensity reduction of the 1250 cm�1 band
indicates an E!Z conversion of the azobenzene moiety of 7
(see above). This hypothesis can be checked by the Z!E back
isomerization experiment using irradiation with 440 nm light
(Figure 8). In order to be able to perform these irradiation ex-
periments within the sample chamber of the IRRA spectrome-
ter, polarization modulation (PM)-IRRAS was employed, using
a photo-elastic modulator and a custom-built illumination
setup (cf. Experimental Section and Figure S24). In fact, 440 nm

Figure 6. Mid- to low-frequency regions of the IRRA spectra of SAMs formed
from pure E-7 (SAM in gray) and from a mixed solution with 7/9 1:4 (mSAM
in black).

Figure 7. XPS characterization of mixed SAMs, fabricated from a 1:4-mixture of E-7 and 9. Carbon 1s, sulfur 2p and nitrogen 1s XP spectra of mSAM are
shown from left to right.

Figure 8. Photoisomerization on SAM: Prominent band ~1250 cm�1 of E-
and Z-isomeric 7-SAM containing the Caryl–O stretching vibrations of the
switchable azobenzene moiety (PM-IRRA spectra).
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irradiation of the mixed SAM of Z-7 and 9 on Au(111) was
found to restore the initial intensity of the 1250 cm�1 band.
Moreover, forward and back isomerization could be effected
several times, indicating that these processes are fully reversi-
ble within the mSAM (Figure 8). Apart from the 1250 cm�1

band, we also observe reversible intensity changes in other re-
gions of the PM-IRRA spectra which can be correlated with a re-
versible E!Z!E isomerization of the azobenzene moiety in 7;
for example, within the double peak at 1585/1600 cm�1, which
corresponds to C–C deformation vibrations of the azobenzene
phenyl rings (cf. supporting information, Table S1, Figure S23).

Conclusion

Photoisomerizable glyco-SAMs were fabricated from suitably
diluted solutions of synthetic azobenzene mannoside alkane-
thioacetates. The characterization of these monolayers was
performed using IRRAS and XPS. Then, photoisomerization of
azobenzene mannoside 7 was studied in solution and, in par-
ticular, E!Z isomerization of the azobenzene double bond
was shown on SAM. There, photoirradiation at appropriate
wavelengths led to a characteristic change in the intensity of
the prominent band at ~1250 cm�1 containing the Caryl–Oman

stretching vibrations. This indicates E!Z conversion of the
azobenzene N=N double bond and thus a spatial change of
the orientation of the immobilized glycosides on the surface.
Moreover, reversible isomerization of the azobenzene glyco-
SAM could be shown employing PM-IRRAS. To date, this study
is unprecedented in the literature, paving the way to function-
al studies with photoisomerizable glyco-SAMs.

In the next step, the switching efficiency of azobenzene gly-
coside SAMs has to be improved, and in parallel biological
assays with photoswitchable glyco-SAMs can be commenced
to investigate photosensitive cell adhesion.[28] This project in-
volves the perspective to turn carbohydrate-specific adhesion
on and off by irradiation, both spatially and time-resolved. In
addition, photoswitchable glyco-SAMs bear the potential to in-
vestigate the importance of three-dimensional presentation of
sugar ligands for carbohydrate recognition

Experimental Section

General procedures

Thin-layer chromatography was performed on silica gel plates (GF
254, Merck). Detection was effected by UV and subsequent char-
ring with 10 % sulphuric acid in EtOH followed by heat treatment.
Flash chromatography was performed on silica gel 60 (230–400
mesh, particle size 0.040–0.063 mm, Merck) using distilled solvents.
Optical rotations were measured with a Perkin-Elmer 241 polarime-
ter (sodium D-line: 589 nm, length of cell : 1 dm) in the noted sol-
vents. 1H and 13C NMR spectra were recorded with Bruker DRX-500
and AV-600 spectrometers. Chemical shifts are reported relative to
internal tetramethylsilane (d = 0.00 ppm) or to D2O solvent (d =
4.76 ppm). IR spectra were measured with a Perkin Elmer FT-IR Par-
agon 1000 (ATR) spectrometer and for bulk measurements with
compounds 6 and 7 (cf. Figures 6 and 7) on a Bruker ATR FT-IR
spectrometer in the range of 400 to 4000 cm�1 with a resolution of

4 cm-1. ESI-MS measurements were recorded at the mariner ESI-
TOF 5280 instrument (Applied Biosystems) and high resolution
mass spectral analysis (HRMS) was performed on a JEOL JMS-
T100GCV. MALDI-TOF mass spectra were recorded on a Bruker
Biflex III instrument with 19 kV acceleration voltage. 2,5-Dihydroxy-
benzoic acid (DHB) was used as matrix. Air/moisture-sensitive reac-
tions were carried out under nitrogen. UV-Vis absorption spectra
were performed on Perkin-Elmer Lambda-14 and Varian Cary-5000
at 18�1 8C.

For assignment of NMR spectra of compounds 3–7, the indicated
numbering was used.

Specific material and procedures

Gold surfaces : Glass substrates with a 50 � titanium base layer
and a 1000 � evaporated gold film were purchased from EMF Cor-
poration (Ithaca, NY) for IRRAS and PM-IRRAS measurements. The
polycrystalline gold substrates for XPS were prepared by physical
vapor deposition of 5 nm of titanium and subsequently 100 nm of
gold onto polished (100) oriented silicon wafers (Wacker) in an
evaporation chamber operated at a base pressure of 10�7 mbar.
These substrates were subsequently used for the surface deposi-
tion of SAMs from solution.

Preparation of SAMs : Self-assembled monolayers (SAMs) were pre-
pared on Au(111) by two different methods. First, thioacetates
were prepared as 1 mm ethanolic solutions in which the gold
wafers were immersed at RT for direct adsorption. According to
a superior method, SAMs were formed by immersion of gold
wafers in the in 1 mm ethanolic thioacetate solutions with added
ammonium hydroxide (~60 mm), also at RT. In both cases, the
wafer was removed from the solution after 24 h, thoroughly rinsed
with ethanol and finally dried in a stream of nitrogen gas. Used
glassware was cleaned with Caro’s acid before use.

IRRAS : IRRAS was performed using a Bruker VERTEX 70 FT-IR spec-
trometer equipped with a liquid nitrogen cooled MCT detector
and a horizontal reflection unit for grazing incidence (Bruker A518).
A p-polarized beam at an incident angle of 808 to the surface
normal was used for measurements. The resolution was set to
4 cm�1. The sample chamber was purged with dry nitrogen before
and during measurements. A deuterated hexadecanethiol SAM on
Au(111) was used as a reference for the background spectrum.
Each spectrum contains 2048 averaged spectra. The IRRAS data
were processed using the OPUS program (Bruker, Germany). PM-
IRRAS data were collected with the PMA 50 accessory using
a liquid nitrogen-cooled MCT detector. The PEM maximum efficien-
cy was set for the half-wave retardation at 1600 cm�1 for analysis
of the Caryl–Oman stretching region. All spectra were recorded with
4 cm�1 resolution with a sensitivity of 100 mV (gain factor 10). A
special illumination unit was constructed and inserted into the PM-
IRRAS sample chamber to directly irradiate the samples on the
sample holder and immediately start the IRRAS measurement after
irradiation.
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Irradiation experiments : For the E!Z isomerization of mSAMs,
the samples were irradiated with a LED (Nichia NC4U133(T), peak
wavelength: 365(�9) nm, monochromator LED with power dissipa-
tion 12 W, luminous flux: 10 [lm]). The Z!E isomerization of
mSAMs was performed with a LED from Nichia Corporation
(NS6C083AT, peak wavelength: 455 nm, monochromator LED with
power dissipation 1.5 W, luminous flux: 10 [lm]. During irradiation,
the distance between the LED light source and the sample was
~5 cm.

IR data processing : Bulk IR spectra were used without any base-
line correction. The processing of IRRAS and PM-IRRAS data was
carried out using the OPUS software Version 6.5 (Bruker, Germany).
The baseline correction of the resulting IRRAS data was done by
the rubber band method in an interactive mode. PM-IRRAS data
have been processed by the implicit removal of the Bessel function
by manual baseline correction.

Calculation details : The vibrational frequencies were calculated
using a commercial program package, Gaussian 09, B3LYP (Becke-
3-Parameter-Lee-Yang-Parr) functional together with a 6-31 + +
G(d,p) basis set.[29] After geometry optimizations, theoretical fre-
quencies were calculated. No negative frequencies were observed.
The vibrational modes were assigned by using the GaussView pro-
gram.

XPS : The XPS data were recorded in the electron storage ring
BESSY II, Berlin, at the HE-SGM beamline. XP spectra for C, N and S
were measured in normal emission with a Scieta SES 100 analyser
at 50 eV pass energy. Carbon 1s spectra were measured with an
excitation energy of 400 eV, nitrogen 1s spectra with 500 eV and
Sulfur 2p spectra with 350 eV. XP spectra were fitted with the pro-
gram CASA-XPS.[30] Sulfur 2p spectra were fitted with two lines of
equal width with a fixed splitting of 1.2 eV and a fixed intensity
ratio of 1:2 for the doublet.[27]

Synthesis

E-4-(4’-Hydroxyphenylazo)phenyl 2,3,4,6-tetra-O-acetyl-a-d-man-
nopyranoside (3): To a solution of the azobenzene derivative
1 (653 mg, 3.05 mmol) and the mannosyl donor 2 (1.00 g,
2.03 mmol) in dry CH3CN (15 mL), BF3-etherate (260 mL, 2.03 mmol)
was added at 0 8C under nitrogen atmosphere. It was stirred at this
temperature for 15 min and then at room temperature overnight.
The reaction was quenched by the addition of satd. aq. NaHCO3

solution (5 mL) and further diluted with ethyl acetate (100 mL). The
phases were separated and the organic layer was washed with
water (2 � 20 mL), dried over Na2SO4 and filtered. The filtrate was
concentrated under reduced pressure to get the crude product
which after purification by column chromatography (cyclohexane/
ethyl acetate 6:4) gave the desired mannoside 3 as a yellow crys-
talline solid (450 mg, 0.827 mmol, 41 %). Rf = 0.26 (cyclohexane/
ethyl acetate 1:1) ; m.p. 109–110 8C; [a]20

D = + 0.75 (c = 1.0 in
CH2Cl2) ; 1H NMR (600 MHz, CDCl3, 300.1 K): d= 7.85 (d, J = 8.9 Hz,
2 H; H-14, H-18), 7.83 (d, J = 8.9 Hz, 2 H; H-9, H-11), 7.19 (d, J =
8.9 Hz, 2 H; H-15, H-17), 6.94 (d, J = 8.8 Hz, 2 H; H-8, H-12), 5.61 (d,
J1,2 = 1.6 Hz, 1 H; H-1), 5.59 (dd, J3,2 = 3.4 Hz, J3,4 = 10.0, 1 H; H-3),
5.48 (dd, J1,2 = 1.8 Hz, J2,3 = 3.5 Hz, 1 H; H-2), 5.39 (t, J4,3 = J4,5 =
10.1 Hz, 1 H; H-4), 4.30 (dd, J5,6a = 12.1, J6a,6b = 5.3 Hz, 1 H; H-6a),
4.12–4.08 (m, 2 H; H-5, H-6b), 2.22, 2.07, 2.06, 2.04 (each s, each
3 H; 4 OAc); 13C NMR (150 MHz, CD3OD, 299.9 K): d = 170.7, 170.3,
170.1, 169.8 (4 COCH3), 158.3 (C-7), 157.2 (C-16), 148.5 (C-13), 147.1
(C-10), 124.8 (C-14; C-18), 124.3 (C-9, C-11), 116.8 (C-15, C-17), 115.8
(C-8, C-12), 95.7 (C-1), 69.4 (C-5), 69.3 (C-2), 68.9 (C-3), 65.9 (C-4),
62.1 (C-6), 20.9, 20.7, 20.7, 20.7 (4 COCH3); IR (ATR): ñ = 3407, 1744,

1587, 1498, 1368, 1211 cm�1; MS (ESI): m/z : calcd for C26H28N2O11 +
Na+ : 567.51 [M+Na+] ; found: 567.16.

E-4-(4’-Bromohexylphenylazo)phenyl 2,3,4,6-tetra-O-acetyl-a-d-
mannopyranoside (4): To a solution of acetyl-protected mannoside
3 (300 mg, 0.55 mmol), 1-bromohexanol (150 mg, 0.83 mmol), tri-
phenylphosphine (217 mg, 0.83 mmol) in dry THF (6 mL) and DEAD
(144 mg, 0.83 mmol) were added at under N2 atmosphere and the
mixture was stirred at 0 8C 15 min. Then, the reaction mixture was
allowed to warm to RT and was stirred for another 5 h. The reac-
tion mixture was evaporated to dryness and the crude product pu-
rified by column chromatography (cyclohexane/ethyl acetate 3:2)
to give the title compound 4 as a yellow solid (320 mg, 0.45 mmol,
82 %). Rf = 0.41 (cyclohexane/ethyl acetate 3:2); m.p. 99–100 8C; [a]
20
D = + 0.59 (c = 1.0 in CH2Cl2) ; 1H NMR (500 MHz, CDCl3, 300.0 K): d

= 7.81 (d, J = 8.9 Hz, 2 H; H-14, H-18), 7.80 (d, J = 8.9 Hz, 2 H; H-9,
H-11), 7.14 (d, J = 8.9 Hz, 2 H; H-8, H-12), 6.92 (d, J = 8.9 Hz, 2 H; H-
15, H-17), 5.54 (d, J1,2 = 1.4 Hz, 1 H; H-1), 5.51 (dd, J3,4 = 3.5 Hz, J3,4 =
10.0, 1 H; H-3), 5.41 (dd, J1,2 = 1.8 Hz, J2,3 = 3.4 Hz, 1 H; H-2), 5.31 (t,
J3,4 = J4,5 = 10.2 Hz, 1 H; H-4), 4.22 (dd, J5,6a = 5.5 Hz, J6a,6b = 12.3, 1 H;
H-6a), 4.03 (m, 2 H; H-5, H-6b), 3.98 (t, J = 6.4 Hz, 2 H; H-19), 3.37 (t,
J = 6.8 Hz, 2 H H-24), 2.14, 1.99, 1.98, 1.96 (each s, each 3 H; 4 OAc),
1.87–1.80 (m, 2 H; H-23), 1.79–1.73 (m, 2 H; H-20), 1.48–1.46 (m, 4 H;
H-22, H-21); 13C NMR (125 MHz, CDCl3, 300.0 K): d = 170.5, 169.9,
169.9, 169.7 (4 COCH3), 161.5 (C-16), 157.1 (C-7), 148.6 (C-10), 146.9
(C-13), 124.6 (C-14, C-18), 124.2 (C-9, C-11), 116.7 (C-8, C-12), 114.7
(C-15, C-17), 95.8 (C-1), 69.4 (C-5), 69.3 (C-2), 68.8 (C-3), 68.1 (C-19),
65.9 (C-4), 62.1 (C-6), 33.8 (C-24), 32.7 (C-23), 29.0 (C-20), 27.9 (C-
21), 25.3 (C-22), 20.9, 20.9, 20.7, 20.7 (4 COCH3); IR (ATR): ñ= 2941,
2860, 1747, 1597, 1494, 1225 cm�1; MS (ESI): m/z : calcd for
C32H39BrN2O11: 708.56 [M+1]+ ; found: 708.19.

E-4-(4’-Bromodecylphenylazo)phenyl 2,3,4,6-tetra-O-acetyl-a-d-
mannopyranoside (5): To a solution of acetyl-protected mannoside
3 (250 mg, 0.46 mmol), 1-bromodecanol (163 mg, 0.69 mmol), tri-
phenylphosphine (181 mg, 0.69 mmol) in dry THF (5 mL) and DEAD
(120 mg, 0.69 mmol) were added at 0 8C under N2 atmosphere and
the reaction mixture was stirred for 15 min. Then, the reaction mix-
ture was allowed to warm to RT and stirred for another 5 h. The re-
action mixture was evaporated to dryness and the crude product
purified by column chromatography (cyclohexane/ethyl acetate
3:2) to give the title compound as yellow solid (277 mg,
0.36 mmol, 79%). Rf = 0.19 (cyclohexane/ethyl acetate 3:7) ; m.p.
107–1098C; [a]20

D = + 0.56 (c = 1.0 in CH2Cl2) ; 1H NMR (500 MHz,
CDCl3, 300.0 K): d = 7.87 (d, J = 9.0 Hz, 2 H; H-14, H-18), 7.86 (d, J =
9.0 Hz, 2 H; H-9, H-11), 7.20 (d, J = 9.0 Hz, 2 H; H-8, H-12), 6.99 (d,
J = 9.0 Hz, 2 H; H-15, H-17), 5.61 (d, J1,2 = 1.8 Hz, 1 H; H-1), 5.58 (dd,
J2,3 = 3.6 Hz, J3,4 = 10.0, 1 H; H-3), 5.48 (dd, J1,2 = 1.8 Hz, J2,3 = 3.5 Hz,
1 H; H-2), 5.38 (t, J3,4 = J4,5 = 10.1 Hz, 1 H; H-4), 4.29 (dd, J5,6a = 5.5 Hz,
J6a,6b = 12.2, 1 H; H-6a), 4.12–4.09 (m, 1 H, H-5; H6b), 4.04 (t, J =
6.6 Hz, 2 H; H-19), 3.41 (t, J = 6.9 Hz, 2 H; H-28), 2.21, 2.06, 2.05, 2.03
(each s, each 3 H; 4 OAc), 1.89–1.79 (m, 4H; H-20, H-27), 1.51–1.45
(m, 2 H; H-21), 1.38–1.27 (m, 10 H; H-22, H-23, H-24, H-25, H-26); 13C
NMR (125 MHz, CDCl3, 300.0 K): d= 170.5, 169.9, 169.9, 169.7 (4
COCH3), 161.6 (C-16), 157.1 (C-7), 148.6 (C-10), 146.9 (C-13), 124.6
(C-14, C-18), 124.2 (C-9, C-11), 116.7 (C-8, C-12), 114.7 (C-15, C-17),
95.8 (C-1), 69.4 (C-5), 69.3 (C-2), 68.8 (C-3), 68.3 (C-19), 65.9 (C-4),
62.1 (C-6), 34.0 (C-28), 32.8 (C-20), 29.4 (C-27), 29.4 (C-22), 29.3 (C-
23), 29.2 (C-24), 28.7 (C-25), 28.2 (C-26), 20.9, 20.9, 20.7, 20.7 (4
COCH3); IR (ATR): ñ = 2930, 2854, 1744, 1583, 1497, 1373,
1214 cm�1; MS (ESI): m/z : calcd for C36H47BrN0O11: 764.67 [M+1]+ ;
found: 764.09.

E-4-(4’-Acetylthiohexylphenylazo)phenyl 2,3,4,6-tetra-O-acetyl-a-
d-mannopyranoside (6): A mixture of the alkyl bromide 4
(300 mg, 0.42 mmol) and KSAc (53.0 mg, 0.47 mmol) in DMF (5 mL)
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was stirred at RT overnight. Then, the reaction mixture was diluted
with diethyl ether (100 mL) and the combined organic phase was
washed with water (2 � 25 mL) and dried over MgSO4. It was fil-
tered and the filtrate was evaporated to obtain the crude product,
which was purified by column chromatography (cyclohexane/ethyl
acetate 3:2) to yield the title compound as a yellow solid (262 mg,
0.37 mmol, 88 %). Rf = 0.38 (cyclohexane/ethyl acetate 3:2) ; m.p.
102–1038C; [a]20

D = + 0.39 (c = 0.81 in CH2Cl2) ; e = 48842 +

1000 L mol�1 cm�1; 1H NMR (500 MHz, CDCl3, 300.1 K): d= 7.88 (d,
J = 9.0 Hz, 2 H, H-14, H-18), 7.87 (d, J = 9.0 Hz, 2 H, H-9, H-11), 7.20
(d, J = 9.1 Hz, 2 H, H-8, H-12), 6.99 (d, J = 9.1 Hz, 2 H, H-15, H-17),
5.61 (d, J1,2 = 1.8 Hz, 1 H, H-1), 5.58 (dd, J2,3 = 3.6 Hz, J3,4 = 10.0, 1 H,
H-3), 5.48 (dd, J1,2 = 1.8 Hz, 1 H, J2,3 = 3.5 Hz, H-2), 5.38 (t, J3,4 = J4,5 =

10.1 Hz, 1 H, H-4), 4.03 (t, J = 6.5 Hz, 2 H, H-19), 2.89 (t, J = 7.0 Hz,
2 H, H-24), 2.33 (s, 3 H, SCOCH3), 2.22, 2.06, 2.05, 2.03 (each s, each
3 H, 4 COCH3), 1.85–1.79 (m, 2 H, H-23), 1.65–1.59 (m, 2 H, H-20),
1.52–1.43 (m, 4H, H-22, H-21); 13C NMR (125 MHz, CDCl3, 300.0 K): d

= 195.9 (C-25, SCOCH3), 170.5, 169.9, 169.9, 169.7 (4 COCH3), 161.5
(C-16), 157.1 (C-7), 148.6 (C-10), 146.8 (C-13), 124.6 (C-14, C-18),
124.2 (C-9, C-11), 116.7 (C-8, C-12), 114.7 (C-15, C-17), 95.7 (C-1),
69.4 (C-5), 69.3 (C-2), 68.8 (C-3), 68.1 (C-19), 65.9 (C-4), 62.1 (C-6),
30.7 (C-26), 29.5 (C-20), 29.1 (C-23), 29.0 (C-26, SCOCH3), 28.5 (C-21),
25.6 (C-22), 20.9, 20.9, 20.7, 20.7 (4 COCH3) ; IR (ATR): ñ = 2937,
2855, 1746, 1688, 1597, 1253, 1213 cm�1; HRMS (EI): m/z : calcd for
C34H42N2O12S: 702.2458 [M+] ; found: 702.2458; elemental analysis
calcd (%) for C34H42N2O12S: C 58.11, H 6.02, N 3.99, S 4.56; found C
57.77, H 6.20, N 4.03, S 4.29.

E-4-(4’-Acetylthiodecylphenylazo)phenyl 2,3,4,6-tetra-O-acetyl-a-
d-mannopyranoside (7): A mixture of the alkyl bromide 5
(250 mg, 0.33 mmol) and KSAc (41 mg, 0.36 mmol) in DMF (5 mL)
was stirred at RT overnight. Then, the reaction mixture was diluted
with diethyl ether (100 mL) and the combined organic phases
were washed with water (2 � 25 mL) and dried over MgSO4. It was
filtered and the filtrate was evaporated to obtain the crude prod-
uct, which was purified by column chromatography (cyclohexane/
ethyl acetate 3:2) to yield the title compound as a yellow solid
(226 mg, 0.29 mmol, 91 %). Rf = 0.17 (cyclohexane/ethyl acetate
7:3) ; m.p. 113–1148C; [a] 20

D = + 0.32 (c = 0.67 in CH2Cl2) ; e =

18715�498 L mol�1 cm�1; 1H NMR (500 MHz, CDCl3, 300.1 K): d=

7.87 (d, J = 9.0 Hz, 2 H; H-14, H-18), 7.86 (d, J = 9.0 Hz, 2 H; H-9, H-
11), 7.20 (d, J = 9.0 Hz, 2 H; H-8, H-12), 6.99 (d, J = 9.0 Hz, 2 H; H-15,
H-17), 5.61 (d, J1,2 = 1.7 Hz, 1 H; H-1), 5.58 (dd, J2,3 = 3.6 Hz, J3,4 =

10.0, 1 H; H-3), 5.48 (dd, J1,2 = 1.8 Hz, J2,3 = 3.5 Hz, 1 H; H-2), 5.38 (t,
J3,4 = J4,5 = 10.2 Hz, 1 H; H-4), 4.30 (dd, J5,6a = 5.9 Hz, J6a,6b = 12.6, 1 H;
H-6a), 4.13–4.07 (m, 2 H, H-5; H-6b), 4.03 (t, J = 6.4 Hz, 2 H; H-19),
2.87 (t, J = 6.9 Hz, 2 H; H-28), 2.32 (s, 3 H; SCOCH3), 2.22, 2.06, 2.05,
2.03 (each s, each 3 H; 4 COCH3), 1.84–1.79 (m, 2 H; H-20), 1.59–1.54
(m, 2 H; H-27), 1.50–1.44 (m, 2 H; H-21), 1.37–1.26 (m, 10H; H-22, H-
23, H-24, H-25, H-26); 13C NMR (125 MHz, CDCl3, 300.0 K): d = 196.1
(C-29, SCOCH3), 170.5, 169.9, 169.9, 169.7 (4 COCH3), 161.6 (C-16),
157.1 (C-7), 148.6 (C-10), 146.8 (C-13), 124.6 (C-14, C-18), 124.2 (C-9,
C-11), 116.7 (C-8, C-12), 114.7 (C-15, C-17), 95.7 (C-1), 69.4 (C-5),
69.3 (C-2), 68.8 (C-3), 68.4 (C-19), 65.9 (C-4), 62.1 (C-6), 30.6 (C-30,
SCOCH3), 29.5 (C-27), 29.4–26.9 (C-20, C22-C28), 26.0 (C-21), 20.9,
20.9, 20.7, 20.7 (4 COCH3); IR (ATR): ñ = 2925, 2853, 1744, 1691,
1581, 1497, 1365, 1223 cm-1; HRMS (EI): m/z calcd for C38H50N2O12S:
758.3084 [M+] ; found: 758.3084; elemental analysis calcd (%) for
C38H50N2O12S: C 60.14, H 6.64, N 3.69, S 4.23; found C 60.20, H 6.78,
N 3.74, S 4.05.
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5.4 Conclusion

5.4 Conclusion

In this publication we successfully prepared SAMs of azobenzene containing mannose deriva-

tives and also mixed SAMs of these molecules with the diluter molecule undecanethiole (Fig.

55). We characterized these functionalized Au(111) surfaces with the help of IRRAS and

XPS. For the first time, pure SAMs of azobenzene mannosides were characterized and op-

timal conditions for SAM formations were found. Here we tested the formation of SAMs

by adding a base for the deprotection of the thioacetate group in comparison to a non-base

formation.

Figure 55: Schematic model of mixed SAM formation of the azomannose-derivatives and the
diluter molecule.

Due to the surface selection rule, only vibrations which have a transition dipole moment

or a component of the transition dipole moment perpendicular to the surface, the IRRAS

data have clearly shown the formation of azobenzene containing mannose SAMs. Because

of the small intensities of absorbance units in IRRAS and the XP survey spectrum we can

be sure that the molecules form a monolayer on Au(111). From IRRAS data we were able

to assign all bands in comparison to a DFT calculation. A full frequency calculation was

performed to understand the bulk and IRRA spectra. The XP spectra were performed

to define the chemical composition of the resulting SAMs. The carbon 1s spectrum shows
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5 CHARACTERIZATION OF SWITCHABLE GLYCO-SAMS ON AU(111)

different species which can be assigned to aliphatic carbon atoms of the alkyl chain, aromatic

carbon atoms and carbon atoms bound to hetero atoms (C-O carbonyl groups). The S 2p

spectrum clearly shows the presence of thiolate bound to the surface. This indicates the

formation of covalently bound SAMs and a successful deprotection of the thioacetate groups

with the base NH4OH in solution. Some molecules with a thioacetate group still remain

on the surface and can be detected due to the second duplett in the S 2p XP spectrum.

The third duplett can be assigned to oxidized sulfur atoms or sulfur atoms bound in an

alternative way to Au(111). Irradiation experiments with these mixed SAMs have shown

a change in the intensity of the C-O stretching vibration. The trans isomer shows higher

intensity compared to the cis isomer. This process can be reversibly observed by irradiation

with 365 nm from the trans to the cis isomer and with 440 nm from the cis to the trans

isomer.

Figure 56: Schematic model of mixed SAM formation of the azomannose-derivatives in cis
configuration and the diluter molecule.

With this publication we have laid the foundations for the preparation and spectroscopically

understanding of a small thin glycocalix model system on a solid surface and shown the

reversible switchability of these molecules with IRRAS for the first time.
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5.5 Outlook

5.5 Outlook

As outlook for this project, Thisbe K. Lindhorst in cooperation with Prof. Andreas Ter-

fort (Goethe University of Frankfurt) recently published the switchable adhesion of cells to

azobenzene functionalized surfaces.[189] This model system for the glycocalix of eucaryotic

human cells has a thickness of only 4 nm. Therefore, unprotected azobenzene functionalized

mannose derivatives were synthesized and monolayers of these molecules were formed out of

solution. The E. coli bacteria can adhere to the saccharide molecules of this functionlized

gold surface by their contained FimH proteins.

Figure 57: Schematic model of the adhesion of E. coli bacteria to an azobenzene mannose
functionalized surface.[189]

By irradiation of this functionalized surface with light of a wavelength of 365 nm, the azoben-

zene units of these molecules can switch their conformation from trans to cis. During this

switching process, the molecules change their sterical environment and can not adhere to the

FimH proteins anymore. After irradiation with 440 nm, the molecules change their confor-

mation back to the trans isomer and the bacteria can adhere again. This process resembles

a recognition process like a lock and key principle. These findings succesfully show that

the spatial orientation of the saccharide molecules is crutial for this process and can help to

understand the interaction between cells and bacteria in more detail. The opportunity to

influence the glycocalix will lead to new insights in medicine for healing processes.
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6 Summary and Outlook

Figure 58: Summary of the presented dissertation.

In summary, this dissertation shows the surface spectroscopic characterization of different

types of molecules. Spin crossover complexes were functionalized with disulfide bridging

ligands for surface fixation. The resulting monomers on the surface were analyzed in detail

with IRRAS, XPS and NEXAFS. The vibrational information of these adsorbed complexes

were compared with DFT calculations and geometries of the adsorbed complexes were ob-

tained.

Furthermore, a dimere of a spin crossover system was analyzed with STM regarding the

behavior by injecting electrons to a metal centre. This system showed a ’remote’ reversible

switching process in the ligand conformation.

Moreover, organic self assembled monolayers of an azobenzene functionalized TATA plat-

form were characterized with different techniques like SERS, XPS, STM, IRRAS and PM-
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6 SUMMARY AND OUTLOOK

IRRAS. The azobenzene unit has a perpendicular orientation to the surface. The thermal

back-relaxation from cis to trans of the azobenzene unit on top of the platform was detected

by time dependent PM-IRRAS measurements.

Self assembled monolayers of mannoside-azobenzene derivatives were characterized with IR-

RAS and XPS. By using diluter molecules, mixed SAMs of these molecules were obtained

and the light induced reversible isomerization process was followed by IRRAS.

In the future, the ultimate goal of this project is the detection of the spin state switch-

ing of spin crossover complexes on the surface to realize bistable systems for data storage

materials. Photoisomerizable ligands coordinated to the iron(III) center should realize the

LD-LISC effect in monomolecular films on the surface. Alternative techniques to detect the

spin state switching such as NEXAFS and XMCD can be useful.
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7 General procedures and analytical techniques

Solvents for surface preparation

All used solvents for surface preparation were of pro analysis grade.

Gold substrates

For IRRAS and PM-IRRAS measurements 5.08 cm x 2.29 cm gold (1000 Å) on glass slides

with an adlayer of Ti (50 Å) or Cr (50 Å) were used. These slides were purchased from EMF

Corporation (Ithaca, NY).

For XPS and NEXAFS measurements sputtered Au/Cr, Au/Ti on polished (100) oriented

Si wafers (Wacker) were used (Au 200 nm, Cr or Ti 8 nm).

Reference sample

For all conventional IRRAS measurements, monolayers of perdeuterated hexadecylthiol on

gold-coated glass slides were used as background samples. This background sample is used

to avoid spurious contamination of the gold substrate. The deuterated background SAM

was prepared by immersing the annealed gold substrates into an ethanolic solution of the

perdeuterated hexadecylthiol for about 24 hours. The solution was prepared by dissolving

a drop of perdeuterated hexadecanethiol (C16D33SH) in 80 ml of ethanol. Each spectrum

contains 2048 averaged spectra.

Bulk infrared spectrocopy

Bulk IR spectra were recorded with a Bruker ATR FT-IR spectrometer in the range of

400 to 4000 cm−1 with a resolution of 4 cm−1.
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7 GENERAL PROCEDURES AND ANALYTICAL TECHNIQUES

Infrared reflection absorption spectrocopy

IRRAS measurements were performed using a Bruker VERTEX 70 FT-IR spectrometer

equipped with a liquid nitrogen cooled MCT detector and a horizontal reflection unit for

grazing incidence (Bruker A518). A p-polarized beam at an angle of 80° to the surface nor-

mal was used. The resolution was set to 4 cm1 for all recorded spectra. The sample chamber

was purged with dry nitrogen one hour before and during the measurements. PM-IRRAS

data were collected with the PMA 50 accessory using a liquid nitrogen-cooled MCT detector.

All spectra were recorded with 4 cm1 resolution and a sensitivity of 100 mV (gain factor 10).

IR data processing

Processing of IRRAS and PM-IRRAS data were carried out using the OPUS software Ver-

sion 6.5 (Bruker, Germany). Baseline corrections of the resulting PM-IRRAS data were

performed by the rubber band method in an interactive mode. PM-IRRAS data were pro-

cessed by the implicit removal of the Bessel function through manual baseline correction.

Irradiation Experiments

For the trans to cis isomerization of SAMs on surfaces, the samples were irradiated with

a LED (Nichia Corporation NC4U133(T)), peak wavelength: 365 nm, 1 LED with power

dissipation: 12 W, luminous flux: 10 lm with a distance of 5 cm to the sample. For the cis to

trans isomerization of SAMs on surfaces, a LED (Nichia Corporation (NS6C083AT)), peak

wavelength: 455 nm, 1 LED with power dissipation 1.5 W, luminous flux: 10 lm with a dis-

tance of 5 cm to the sample was used. This irradiation unit was placed into the spectrometer

chamber (Fig. 59).
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Figure 59: Irradiation-setup in Bruker Vertex 70 PMA-50 spectrometer.

Raman spectroscopy

The bulk Raman spectra were measured using an ISF66/FRA106 Fourier transform Ra-

man spectrometer (Bruker AXS GmbH, Karlsruhe, Germany) with a resolution of 2 cm−1

with a 330 mW Nd-YAG laser at a wavelength of λex = 1064 nm.

Quantum chemical calculations

Density functional theory (DFT) was used for calculating vibrational frequencies. The

structure of the molecules was first optimized before a frequency calculation was performed.

Quantum chemical calculations were carried out with the commercial program package Gaus-

sian 09. The calculated results were loaded in GaussView software to animate all vibrational

modes. The assignement of all appearing bands was compared to the observed bands in the

bulk IR and Raman spectra. The transition dipole moments of all vibrational modes were

analyzed to determine the orientation of the molecules on the surface in consideration of the

surface selection rule in IRRAS.

119





8 Appendix

8.1 Supporting information on the Langmuir publication

Supporting Information

Langmuir

H. Jacob, K. Kathirvel, F. Petersen, T. Strunskus, A. Bannwarth, S. Meyer, F. Tuczek

”Grafting of functionalized [Fe(III)(salten)] complexes to Au(111) surfaces via thiolate

groups: Surface spectroscopic characterization and comparison of different linker designs”

Langmuir 2013, 29(27), 8534-8543.

DOI: 10.1021/la400663y.
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2 

1. Syntheses and chemical analysis 

H2salten = Bis(3-salicylideneaminopropyl)amine 

The salten ligand was synthesized using 13.1 g (100 mmol) of 1,7-diamino-4-azaheptane 

(bis(3-aminopropylamine)) and 24.4 g (200 mmol) of salicylaldehyde in 100 ml dry methanol. 

The mixture was refluxed by continuous stirring for 20 min. The ligand is obtained as a yellow 

oily material after removing the solvent in vacuo and was used for the preparation of the 

[Fe(salten)Cl] complex and the thiotolylsalten ligand without any further purification.30 

EA: Calcd for CHN C 70.8, H 7.4, N 12.4, Found C 70.5, H 7.6, N 12.9. 

1H NMR (400 MHz, CDCl3, 300 K): δ = 13.42 (bs, C-OH, 2 H), 8.32 (s, CH=N, 2 H), 7.28 (mc, 

2 H, Harom), 7.21 (d, 2 H, Harom), 6.93 (d, 2 H, Harom), 6.85 (t, 2 H, Harom), 3.63 (s, 4 H, N-CH2), 

2.71 (s, 4 H, NH-CH2), 1.87 (s, 4 H, N-CH2-CH2-CH2) ppm.  

13C{1H} NMR (100 MHz, CDCl3, 300 K): δ = 165.0 (C=N), 161.2 (C-OH), 132.1 (Carom), 131.1 

(Carom), 118.7 (Carom), 118.5 (Carom), 116.9 (Carom), 57.3 (C-N), 47.5 (C-NH), 31.0 (NH-CH2-CH2-

CH2) ppm. 

IR: 1/λ 3056 (Carom/ring), (CH2), 1632 (N=C), (Carom/ring), 1317 (C-O) cm-1. 

 

[Fe(salten)Cl] 

A solution of 1.62 g (10.0 mmol) anhydrous iron(III) chloride in 50 ml dry methanol was added 

to a solution of 3.70 g (10.0 mmol) of the salten ligand in 40 ml dry methanol. The mixture was 

stirred for 10 min at 50°C. After that 2.79 ml (20.0 mmol) triethylamine was added and stirred 
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3 

for 1 h at 50°C. After cooling the mixture, black-violet crystals were obtained. These crystals 

were washed three times with methanol and diethyl ether and dried in vacuo. 31 

EA: Calcd for CHNCl C 56.0, H 5.41, N 9.8, Cl 6.9, Found C 56.6, H 5.5, N 10.1, Cl 7.5. 

IR: 1/λ 3237 (NH), 2928,2867 (CH2), 1627 (N=C), 1596 (Carom/ring), 1310 (C-O). 

 

[Fe(salten)(pyS)]2(BPh4)2 (1-1) 

The dinuclear complex was prepared by dissolving 430 mg (1.00 mmol) [Fe(salten)Cl] in 

50 ml dry methanol. Then 110 mg (0.50 mmol) 4,4’-di(thiopyridine) was added to the solution 

and stirred at 60°C for 30 min. Afterwards 860 mg (1.00 mmol) NaBPh4 were added. The 

mixture was stirred for 4 h at 60°C and stored in the fridge over night. After filtration 

violet/black crystals were obtained and were washed with methanol and diethyl ether.32 

 

EA: Calcd for CHNS C 72.4, H 7.3, N 6.1, S 3.5, Found C 71.7, H 6.6, N 6.2, S 3.9. 

 

4,4’-Dithiobis(benzylbromide) 

To a solution of 2.50 g (6.19 mmol) p-tolyldisulfide in 30 ml tetrachloromethane 4.30 g 

(24.2 mmol) of N-bromosuccinimide and 60.0 mg 2,2’-azobis(2-methylpropionitrile) were added. 

The reaction mixture was refluxed for 4 h by irradiation with a portable floodlight. The resulting 

solution was filtered and washed with saturated Na2S2O3 solution, saturated NaHCO3 solution, 

water and brine. The organic layer was dried over MgSO4 and the solvent was removed in vacuo. 

The light orange precipitate was recrystallized in a mixture of 30 ml cyclohexane:ethylacetate 

(9:1).33 
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EA: Calcd for CHSBr C 41.6, H 2.9, S 15.9, Br 39.5, Found C 41.4, H 2.9, S 15.9, Br 38.5. 

1H NMR (400 MHz, CD3OD, 300 K): δ = 7.47 (mc, 4 H, H-2 & H-6), 7.38 (mc, 4 H, H-3 & H-

5), 4.54 (s, 2 H, CH2-Br) ppm. 

13C{1H} NMR (100 MHz, CD2Cl2, 300 K): δ = 137.77 (Carom,q), 137.65 (Carom,q), 130.39 (Carom), 

128.13 (Carom), 127.84 (Carom), 127.42 (Carom), 33.47 (CH2-Br) ppm. 

 

Thiotolylsalten-ligand and [Fe(thiotolylsalten)(NCS)]2 (2-2) 

The ligand and the complex were synthesized according to the literature. 22 

EA: Calcd for CHNS C 70.4, H 6.6, N 9.1, S 6.9, Found C 69.1, H 6.4, N 7.5, S 6.4. 

1H NMR (400 MHz, CDCl3, 300 K): δ = 13.53 (bs, 4 H, OH), 8.21 (s, 4 H, CH=N), 7.41 (d, 4 H, 

Harom-S), 7.22 – 7.30 (m, 8 H, Harom), 7.17 (dd, 4 H, Harom), 6.93 (d, 4 H, Harom-S), 6.85 (t, 4 H, 

Harom), 3.57 (t, 8 H, C=N-CH2), 3.51 (s, 4 H, CH2-Ph), 2.50 (t, 8 H, CH2-N(CH2)2), 1.83 (quin, 

8 H, CH2-CH2-CH2) ppm. 

 

13C{1H} NMR (75 MHz, CDCl3, 300 K): δ = 164.9 (C=N), 161.2 (C-OH), 139.1 (C-S), 135.4 (S-

C=CH-CH=C), 132.1 (CH=CH-C-OH), 131.1 (CH-C-C=N), 129.5 (S-C=CH-CH=C), 127.6 (S-

C=CH-CH=C), 118.7 (CH=CH-C-C=N), 118.4 (C-C=N), 116.9 (CH=C-OH), 58.1 (N-CH2-Ph), 

57.2 (CH2-CH2-CH2-N=C), 51.2 (N-CH2-CH2-CH2), 28.3 (CH2-CH2-CH2) ppm. 

 

NMR  
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13C{1H} NMR spectra were measured with a Bruker Avance 600 instrument with a resonance 

frequency of 100 or 75 MHz at a temperature of 300 K. The 1H NMR spectra were recorded with 

a Bruker Avance 400 Pulse Fourier transform spectrometer operating at proton resonance 

frequency of 400 MHz at a temperature of 300 K. The sample was measured with deuterated 

solvents. Deuterated solvents for NMR measurements were purchased from Deutero and used as 

supplied. 

 

Elemental analyses 

Elemental analyses were carried out on a EuroVector EuroEA3000 elemental analyzer 

configured for CHNS. Halogenide analysis were done by reduce the compound to ashes and 

made a potentiometric titration againt silvernitrate. 
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2. XPS/ NEXAFS of [Fe(salten)pyS]2(BPh4)2 (1-1) and [Fe(salten)pyS]+ (1) 

 
Figure S1. XP spectra of [Fe(salten)pyS]2(BPh4)2 (1-1) thick film. 

 

Table S1. Fit parameters for the XP spectra of [Fe(salten)pyS]+ (1). 

 

C 1s Major 
Component 

Minor 
Component 

π π π π to π∗ π∗ π∗ π∗ shake-
up 

Binding Energy 
(ev) 

285.88 287.35 290.46 

Area (%) 63 30 7 

fwhm 1.5 1.9 2.7 
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N 1s Imine Sec. Amin Py-N 

Binding Energy 
(ev) 

399.50 400.12 401.26  

Area (%) 50 25 25 

fwhm 1.6 1.6 1.6 

S 2p Ionic/atomic 
sulfur 

Thiolate Disulfide 

Binding Energy 
(eV) 

161.2, 162.4 162.0, 163.2 163.7, 164.8 

 

Area (%) 19, 9 36, 18 12, 6 

fhwm 0.7 0.7 0.7 

Fe 2p Fe2p3/2 Sat1 Fe2p1/2 Sat2 

Binding Energy 
(eV) 

710.35 715.02 722.47 727.11 

Area (%) 37 27 19 17 

fhwm 4.4 6.0 3.5 4.6 
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Figure S2. NEXAFS spectra of [Fe(salten)pyS]2(BPh4)2 (1-1) thick film in comparison with 

[Fe(salten)pyS]+ (1) monolayer. 

 

Analysis: 

NEXAFS spectra of [Fe(salten)(pyS)]2(BPh4)2 (1-1) and [Fe(salten)(pyS)]+ (1), respectively, 

obtained at the C K, N K and the Fe L2,3 edges are shown in Figure S2. We do not intend to 

present a complete analysis here, which would require theoretical calculations, but give some 

tentative assignments or use the spectra as fingerprints of the electronic structure of the 

investigated molecules. For the thick film of [Fe(salten)(pyS)]2(BPh4)2 (1-1) a pronounced 

resonance is observed at 285.0 eV at the carbon K edge, accompanied by some smaller 
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resonances at 287.4 eV, 289.0 eV and 293.1 eV. The strong resonance at 285.0 eV is typical for 

C 1s-π* resonances of C-C conjugated systems. That the relative intensity decreases so much 

upon going from the multilayer to the monolayer can be taken as further indication that the BPh4
- 

anion of [Fe(salten)(pyS)]2(BPh4)2 (1-1) is no longer present in the monolayer. The resonances at 

287.4 eV and 289.0 eV are present in the multilayer as well as in the monolayer, indicating that 

they mainly originate from the salten complex. The resonance at 287.4 eV is tentatively assigned 

to a C 1s- π* transition of imine groups overlapping with a typical resonance observed for 

pyridine compounds. The assignment of the resonance at 289.0 eV which is present in the thick 

film and in the monolayer is less straightforward. The resonance at 293.1 eV, finally, is a σ* 

resonance typical for conjugated C-C bonds, indicating that rather similar carbon-carbon bonds 

are present in the multilayer and the monolayer. 

At the N K edge, we mainly observe three resonances for the thick film. The first at 398.9 eV is 

assigned to an imine-type N 1s- π* transition, the second at 399.9 eV is tentatively assigned to a 

second N 1s- π* transition of the salten ligand overlapping with the pyridine N 1s- π* transition, 

and the resonance at 408.0 eV again corresponds to a σ* resonance. In the monolayer the second 

resonance increases in intensity and a new feature appears as a shoulder at 401.0 eV. These 

findings indicate that the electronic structure monitored by the nitrogen atoms must have changed 

upon going from the multilayer to the monolayer. Note that a structural change of the 

[Fe(salten)(pyS)]+ (1) complex is also inferred from the analysis of the Fe-NEXAFS and IRRAS 

data (vide infra). 
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3. XPS/ NEXAFS of [Fe(thiotolylsalten)NCS]2(BPh4)2 (2-2) and [Fe(thiotolylsalten)NCS] (2) 

 

Figure S3. XP spectra of [Fe(thiotolylsalten)NCS]2 (2-2) thick film. 

 

Table S2. Fit parameters for the XP spectra of [Fe(thiotolylsalten)(NCS)] (2). 

C 1s Major 
Comp. 

Minor 
Comp. 

π π π π to 
π∗ π∗ π∗ π∗ shake-up 

Binding 
Energy (ev) 

285.49 286.57 289.67 

Area (%) 65 30 5 

fwhm 1.3 1.8 3.0 

N 1s NCS Imine Tert. Amin Comp4 Comp5 
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Binding 
Energy (eV) 

398.61 399.27 400.31  401.59 402.79  

Area (%) 21 41 20 10 8 

fhwm 1 1 1 1 1 

S 2p Ionic/atomic 
sulfur 

Thiolate Disulfide 

Binding 
Energy (eV) 

161.1, 162.3 162.1, 163.3 163.8, 165.0 

 

Area (%) 18, 8 32,16 17, 9 

fhwm 1 1 1 

Fe 2p Fe2p3/2 Sat1 Fe2p1/2 Sat2 

Binding 
Energy (eV) 

711.18 715.28 722.89 728.82 

Area (%) 47 28 17 8 

fhwm 4.0 4.6 5 3.7 
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Figure S4. NEXAFS spectra of [Fe(thiotolylsalten)NCS]2 (2-2) thick film in comparison with 

[Fe(thiotolylsalten)NCS] (2) monolayer  

 

Analysis: 

NEXAFS data obtained at the C K, N K and Fe L2,3 edges of [Fe(thiotolylsalten)(NCS)]2 (2-2) 

and [Fe(thiotolylsalten)(NCS)] (2) are shown in Figure S4. For the thick film a pronounced 

resonance is observed at 285.6 eV at the carbon K edge, accompanied by some smaller 

resonances at 287.8 eV, 289.5 eV and 293.8 eV. The assignments are similar to those made for 

[Fe(salten)(pyS)]+ (1). In general, all resonances are present in the multi- as well as in the 
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monolayer. Therefore it can be concluded that an intact [Fe(thiotolylsalten)(NCS)] complex 2 is 

present in the monolayer. 

At the N K edge, three resonances appear for the thick film. The first two at 398.9 eV and 

399.7 eV are again assigned to N 1s- π* transition of the salten ligand. The resonance at 401.5 eV 

is tentatively assigned to a N 1s- π* transition of the NCS group. Here only small changes in 

relative intensities are observed between multilayer and monolayer, indicating that for this 

complex the bonding situations of the nitrogen atoms remain unchanged.  

The resonances at the Fe L2,3 edge look similar for the multi- and the monolayer. For the 

monolayer, only the relative intensity of the first resonance at 707.0 eV is slightly decreased 

relative to the second resonance at 708.3 eV. We attribute this to small changes of the excitation 

cross sections between multilayer and monolayer due to the proximity of the Fe atoms to the Au 

metal surface in the monolayer. This would be consistent with a transfer of electron density from 

the Au to the Fe center. 
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4. Vibrational Analysis - complementary data 

 

Figure S5. Experimental and calculated IR spectra of [Fe(salten)Cl]. 

 

Figure S6. Experimental and calculated Raman spectra of [Fe(salten)Cl]. 
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Table S3. Calculated infrared vibrational frequencies of [Fe(salten)Cl] + assignments of the 

expt. spectrum. 

Calculation method: UBP86; Basis set: TZVP; Charge: zero; Spin: sextet 

 

Mode Frequency IR- 

Int. 

Raman-
Activity 

Assignments Band Nr.  Freq. 

71 1019.3065 13.33 31.38 (CCarom) ring deformation 

72 1025.6362 11.38 55.95 (CCarom) ring deformation 
17 1028 

73 1036.3983 44.04 6.26 (CHarom) & (CH2) bending 16 1049 

74 1065.8412 8.05 1.46 (CH2) bending   

75 1071.3846 17.31 4.93 (CH2) bending   

76 1072.699 25.64 6.79 (CH2) bending 14 1089 

77 1078.9705 11.57 2.70 (CH2) bending 

78 1113.7722 7.55 19.33 (CHarom) bending 

79 1116.8788 6.65 25.22 (CHarom) bending 

80 1120.5088 11.67 21.52 (CHarom) & (CH2) bending 

81 1145.348 7.47 9.50 (CHarom) bending 

82 1146.9734 10.25 9.80 (CHarom) bending 

83 1167.9477 0.77 1.58 (CH2) bending 

84 1203.088 11.57 4.94 (CCarom) stretching & (CH) 
bending 

12,13 
1144, 

1121 

85 1205.8857 29.44 32.30 (CCarom) stretching & (CH) 
bending 

11 1205 

86 1216.6981 14.83 4.36 (CHarom) & (CH2) bending   
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87 1232.2698 9.81 7.60 (CHarom) & (CH2) bending   

88 1233.5256 3.89 7.16 (CHarom) & (CH2) bending   

89 1239.6383 4.09 8.14 (CHarom) & (CH2) bending   

90 1253.0122 3.06 10.62 (CH2) bending   

91 1262.9401 2.19 9.77 (CH2) bending   

92 1291.6548 3.37 16.46 (CH2) bending   

93 1314.4131 74.48 43.02 (CHarom) & (CH2) bending; 
(C-O) stretch 

10 1298 

94 1321.8391 71.87 253.00 (CHarom) & (CH2) bending; 
(C-O) stretch 

9 1310 

95 1328.7095 10.46 20.80 (CH2) bending 

96 1331.3369 21.61 25.09 (CH2) bending 

97 1336.0991 15.07 63.21 (CH2) bending 

98 1340.8089 4.16 102.63 (CH2) bending 

99 1343.2986 12.27 343.07 (CHarom) & (CH2) bending 

100 1345.1557 3.22 16.70 (CH2) bending 

101 1349.4727 6.02 338.55 (CHarom) & (CH2) bending 

8 1329 

102 1359.6117 28.70 2.46 (CHarom) & (CH2) bending 

103 1377.5119 29.96 14.89 (CHarom) & (CH2) bending 

104 1389.172 14.44 4.06 (CH2) bending 

105 1410.3869 8.31 12.20 (CH2) bending 

7 1390 

106 1417.712 56.81 115.63 (CC)arom def. & (CHarom) 
bending 

107 1424.2142 15.22 13.60 (CH2) bending 

108 1430.3949 65.04 303.53 (CC) arom def. & (CHarom) 
bending 

109 1434.4386 21.98 46.66 (CHarom) & (CH2) bending 

110 1437.452 15.35 21.54 (CHarom) & (CH2) bending 

6 1442 
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111 1437.8799 34.86 41.02 (CHarom) & (CH2) bending 

112 1445.5004 3.26 23.48 (CH2) bending   

113 1450.8743 6.01 28.44 (CHarom) & (CH2) bending   

114 1452.2933 48.93 7.22 (CHarom) & (CH2) bending 5 1469 

115 1458.6997 8.88 19.25 (CH2) bending   

116 1511.5084 84.43 19.32 (CC)arom deformation 

117 1520.6642 54.29 9.12 (CC)arom deformation 

4 1541 

118 1584.2968 50.44 406.64 (CC)arom & (C=N) stretch 2 1595 

119 1587.3017 1.73 86.62 (CC)arom & (C=N) stretch   

120 1593.8883 271.35 205.88 (CC)arom & (C=N) stretch 

121 1606.1682 210.29 136.12 (CC)arom & (C=N) stretch 
1 1626 

 

Table S4. Cartesian coordinates of the optimized structure for [Fe(salten)Cl] 

50 

XYZ file generated by gabedit : coordinates in Angstrom 

Fe          0.7049570000         -0.4967800000         -0.6340270000 

Cl          1.8878220000         -1.8309490000         -2.1326170000 

O         -1.0533350000         -0.5130300000         -1.4379430000 

O          0.0283600000          0.6554530000          0.9677330000 

N          0.0655880000         -2.2014500000          0.5554310000 

N          2.6819460000         -0.2601130000          0.5564850000 

N          1.2574630000          1.4130950000         -1.3812030000 

C         -2.1908110000         -1.0877330000         -1.1443710000 

C         -3.3672000000         -0.7222100000         -1.8534260000 

C         -4.5902500000         -1.3121410000         -1.5660540000 
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C         -4.7012270000         -2.3038060000         -0.5709410000 

C         -3.5635090000         -2.6875300000          0.1256190000 

C         -2.2998400000         -2.1038090000         -0.1321370000 

C         -1.1668210000         -2.6034750000          0.6077940000 

C          1.0435980000         -2.9402420000          1.3560450000 

C          1.9493100000         -2.0333020000          2.2052070000 

C          3.0976020000         -1.3782670000          1.4357220000 

C          3.8438910000          0.1878210000         -0.2591830000 

C          3.6674990000          1.5195350000         -0.9967770000 

C          2.5453170000          1.5606380000         -2.0521580000 

C          0.4843620000          2.4540810000         -1.2581190000 

C         -0.6246040000          2.5731020000         -0.3527220000 

C         -2.4828550000          3.9426560000          0.4586810000 

C         -2.6100010000          3.0821910000          1.5716770000 

C         -1.7648570000          1.9967450000          1.7398970000 

C         -0.7588230000          1.6814250000          0.7796890000 

C         -1.4878050000          3.6915250000         -0.4718850000 

H          4.0378820000         -0.6162480000         -0.9861570000 

H          4.7351560000          0.2727080000          0.3950600000 

H          3.8702050000         -1.0237560000          2.1474280000 

H          3.5805060000         -2.1294340000          0.7889420000 

H          2.4005130000         -2.6612390000          2.9913280000 

H          1.3387320000         -1.2717150000          2.7176480000 

H          0.5171200000         -3.6577580000          2.0139940000 

H          1.6696460000         -3.5271610000          0.6603840000 

H         -1.8604320000          1.3336420000          2.6018860000 

H         -3.3847680000          3.2781930000          2.3177840000 
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H         -3.1500530000          4.7980530000          0.3419820000 

H          0.7285760000          3.3558690000         -1.8511250000 

H          2.6707780000          0.7331060000         -2.7675510000 

H          2.5915630000          2.5214850000         -2.5999710000 

H         -3.2726050000          0.0448960000         -2.6237150000 

H         -5.4778580000         -1.0044620000         -2.1247900000 

H         -5.6660120000         -2.7644050000         -0.3532910000 

H         -3.6294570000         -3.4641560000          0.8938850000 

H          2.3323770000          0.5132540000          1.1371200000 

H         -1.3559960000          4.3605090000         -1.3280960000 

H          4.6245030000          1.7341500000         -1.5017030000 

H          3.5059610000          2.3376800000         -0.2723160000 

H         -1.4020900000         -3.4466510000          1.2848490000 

 

 

 

 

 

Figure S7. Imine stretching modes (modes 118,121) of [Fe(salten)Cl]. 
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Figure S8. Phenolate C-O stretching modes (modes 93,94) of [Fe(salten)Cl]. 

 

Figure S9. Experimental and calculated IR spectra of trans [Fe(salten)py](BPh4). 
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Figure S10. Experimental and calculated Raman spectra of trans [Fe(salten)py](BPh4). 

 

Table S5. Calculated infrared vibrational frequencies of trans [Fe(salten)(py)]+ + assignment of 

expt. spectrum. 

Calculation method: UBP86; Basis set: TZVP; Charge: one; Spin: sextet 

Mode Frequency IR-Int. Raman-
Activity 

Assignments Band No. Freq. 

84 1000.2213 17.36 31.61 (CC)pyridine ring 
deformation 

85 1022.6205 3.24 55.49 (CC)pyridine ring 
deformation 

17 1029 

86 1024.0332 4.97 113.56 (CHpyridine), (CHarom) & 
(CH2) bending 

  

87 1026.6139 7.65 21.55 (CHpyridine), (CHarom) & 
(CH2) bending 
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88 1033.282 11.31 62.30 (CHpyridine), (CHarom) & 
(CH2) bending 

  

89 1043.5912 34.13 2.10 (CHpyridine), (CHarom) & 
(CH2) bending 

16 1052 

90 1061.7369 9.05 2.55 (CHpyridine), (CHarom) & 
(CH2) bending 

  

91 1062.8979 15.57 0.53 (CHpyridine) bending 15 1064 

92 1063.4014 6.41 0.45 (CHpyridine) bending 

93 1071.242 8.76 1.69 (CH2) bending 

94 1081.5176 8.39 14.22 (CH2) bending 

95 1115.7906 6.00 14.57 (CHarom) & (CH2) bending 

96 1119.9146 2.90 229.79 (CHarom) & (CH2) bending 

97 1123.1806 8.43 9.10 (CHarom) & (CH2) bending 

98 1152.8926 8.52 24.25 (CHarom) bending 

99 1153.4882 10.23 18.61 (CHarom) bending 

100 1153.958 3.82 2.62 (CHpyridine) bending 

101 1170.3381 0.43 17.89 (CHarom) & (CH2) bending 

102 1202.4374 11.65 30.58 (CHpyridine) bending 

12,13,14 

1146, 

1124, 

1101 

103 1208.7381 28.46 29.38 (CHarom) & (CH2) bending 11 1203 

104 1211.0298 5.90 246.59 (CHarom) & (CH2) bending   

105 1220.3019 18.52 9.94 (CH2) bending   

106 1228.4876 0.33 9.82 (CHarom) & (CH2) bending   

107 1233.0211 2.87 45.09 (CHarom) & (CH2) bending   

108 1237.5721 3.33 3.88 (CHarom) & (CH2) bending   

109 1249.9709 2.22 47.48 (CH2) bending   

110 1254.0739 0.72 7.23 (CH2) bending   

111 1282.6394 4.36 7.40 (CH2) bending   
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112 1286.332 2.42 0.71 (CC) pyridine ring 
deformation 

  

113 1294.3631 113.68 1177.01 (CHarom) & (CH2) bending; 
(C-O) stretch 

114 1297.2226 97.92 1344.97 (CHarom) & (CH2) bending; 
(C-O) stretch 

9,10 1297 

115 1320.0371 11.05 22.74 (CH2) bending 

116 1328.388 4.10 66.49 (CH2) bending 

117 1330.6919 5.87 24.88 (CH2) bending 

  

118 1338.4415 8.62 109.25 (CHpyridine) bending   

119 1340.4704 0.67 586.76 (CHpyridine), (CHarom) & 
(CH2) bending 

120 1340.8863 0.60 32.06 (CH2) bending 

121 1344.0698 5.89 294.26 (CHpyridine) & (CH2) 
bending 

8 1329 

122 1344.4569 1.06 173.06 (CH2) bending   

123 1367.9457 9.96 14.31 (CHarom) & (CH2) bending   

124 1372.0615 38.38 10.48 (CH2) bending 7 1393 

125 1377.5624 12.77 3.49 (CH2) bending   

126 1414.6788 6.69 21.34 (CH2) bending   

127 1418.1099 2.53 640.11 (CHarom) & (CH2) bending 

128 1420.1806 125.55 14.84 (CHarom) & (CH2) bending 
6 1442 

129 1430.0564 23.02 20.23 (CH2) bending   

130 1434.2337 21.05 0.04 (CHpyridine) bending   

131 1435.5059 15.06 56.47 (CH2) bending   

132 1436.8604 3.37 47.61 (CH2) bending   

133 1444.1254 1.90 41.16 (CH2) bending   

134 1448.2988 2.26 85.33 (CHarom) & (CH2) bending   
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135 1449.373 38.36 17.74 (CHarom) & (CH2) bending 5 1469 

136 1454.3664 2.35 26.57 (CHarom) & (CH2) bending   

137 1458.8276 8.93 28.17 (CH2) bending   

138 1467.3787 2.52 2.65 (CHpyridine) bending & 
(CNpyridine) stretch 

  

139 1517.2906 122.24 14.88 (CC) arom deformation 4 1545 

140 1519.6982 20.04 95.12 (CC) arom deformation   

141 1562.9847 0.24 6.98 (CC) pyridine ring 
deformation 

  

142 1577.6484 292.34 107.77 (CC)arom & (C=N) stretch 3 1579 

143 1580.4022 27.94 2663.86 (CC)arom & (C=N) stretch 2 1599 

144 1586.1007 58.83 16.17 (CC)arom & (C=N) stretch 

145 1586.9993 15.72 33.22 (CC)arom & (C=N) stretch 

146 1589.1216 31.29 6.67 (CC)pyridine ring stretch 

1 

1604 

1617, 

1627 

       

       

       

 

145



 

25 

Table S6. Cartesian coordinates of the optimized structure for trans [Fe(salten)py]+. 

60 

XYZ file generated by gabedit : coordinates in Angstrom 

Fe         -0.0177690000         -0.3703110000          0.0431590000 

O         -1.7212440000         -0.2997030000          1.0228390000 

O          1.6379620000         -0.2069750000         -1.0120130000 

N         -1.1730550000         -0.7684380000         -1.6859640000 

N          1.2088920000         -0.5952690000          1.7474640000 

N         -0.1011890000          1.8887700000          0.0139580000 

C         -2.8940950000          0.1404890000          0.6074230000 

C         -3.8563050000          0.5775350000          1.5524750000 

C         -5.1044450000          1.0355790000          1.1470680000 

C         -5.4584700000          1.0640540000         -0.2159910000 

C         -4.5459070000          0.6174530000         -1.1604840000 

C         -3.2570630000          0.1600990000         -0.7879840000 

C         -2.4083160000         -0.3760260000         -1.8209720000 

C         -0.5264990000         -1.4953470000         -2.7833260000 

C         -0.3383040000         -2.9781080000         -2.4104730000 

C          0.5497660000         -3.2483500000         -1.1908070000 

C          0.5941220000         -3.2849400000          1.2879360000 

C          0.0237310000         -2.6428030000          2.5574610000 

C          0.6544020000         -1.2737090000          2.9268080000 

C          2.4395890000         -0.1688050000          1.7997730000 

C          3.2198750000          0.3740030000          0.7186370000 

C          4.5023550000          0.8938340000          1.0258270000 

C          5.3515310000          1.3618890000          0.0339060000 

C          4.9400460000          1.2911270000         -1.3116050000 
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C          3.6985120000          0.7680420000         -1.6527320000 

C          2.8005340000          0.3046860000         -0.6576760000 

C          0.3064420000          2.5851740000         -1.0691340000 

C          0.2686540000          3.9779940000         -1.1245320000 

C         -0.1956360000          4.6851400000         -0.0123030000 

C         -0.6133960000          3.9692320000          1.1128220000 

C         -0.5576300000          2.5763890000          1.0831880000 

H         -3.5867750000          0.5412190000          2.6097220000 

H         -5.8227820000          1.3698940000          1.8990500000 

H         -6.4428230000          1.4191720000         -0.5228790000 

H         -4.8152200000          0.6129350000         -2.2204830000 

H         -2.8814730000         -0.4882110000         -2.8132560000 

H         -1.1319650000         -1.4211320000         -3.7046950000 

H         -1.3294820000         -3.4416410000         -2.2590160000 

H          1.5495490000         -2.8114720000         -1.3378900000 

H          0.6745510000         -4.3419590000         -1.0794580000 

H          1.6856490000         -3.1542530000          1.2276290000 

H          0.3985840000         -4.3728230000          1.2942660000 

H         -1.0646720000         -2.5274860000          2.4361080000 

H          0.1711590000         -3.3300630000          3.4037710000 

H         -0.1211560000         -0.6299690000          3.3701570000 

H          1.4520990000         -1.4101420000          3.6776330000 

H          2.9710680000         -0.2517880000          2.7645880000 

H          4.8168780000          0.9237610000          2.0728510000 

H          6.3310770000          1.7666780000          0.2905400000 

H          5.6086090000          1.6433610000         -2.1003830000 

H          0.6777820000          1.9905980000         -1.9051690000 
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H          0.6042130000          4.4939050000         -2.0249980000 

H         -0.9846920000          4.4781440000          2.0031810000 

H         -0.8927410000          1.9745600000          1.9294130000 

N         -0.0038590000         -2.6778080000          0.0681470000 

H         -1.0136600000         -2.8665410000          0.0949560000 

H          0.4562480000         -1.0344720000         -2.9654360000 

H          0.1132290000         -3.4909010000         -3.2747750000 

H          3.3852500000          0.6976170000         -2.6961380000 

H         -0.2317140000          5.7761100000         -0.0222130000 
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Figure S11. Bulk IR of Sodium tetraphenyl borate and calculated IR of counter ion (BPh4)
- 

(region: 1800 cm-1 to 1000 cm-1). 
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Figure S12. Imine stretching modes (modes 142, 143, 144) of trans [Fe(salten)py]+. 

 

 

Figure S13. Phenolate stretching modes (modes 113, 114) of trans [Fe(salten)py]+. 
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Figure S14. Experimental and calculated Raman spectra of [Fe(salten)(pyS)]2(BPh4)2 (1-1). 

 

 

Figure S15. Experimental IR and Raman spectra of [Fe(salten)(pyS)]2(BPh4)2 (1-1). 
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Table S7. Calculated infrared vibrational frequencies of cis [Fe(salten)py]+. 

Calculation method: UBP86; Basis set: TZVP; Charge: one; Spin: sextet 

 

Mode Frequency 
IR-
Intensity 

Raman-
Activity 

Assignment 
Peak 
No. 

146 1587.7191 33.75 13.36 (CC)pyridine ring stretch 1 

145 1586.0741 72.43 51.41 (CC) arom. & (C=N) stretch  

144 1583.2432 3.14 389.88 (CC) arom. & (C=N) stretch  

143 1576.3572 232.95 834.95 (CC) arom. & (C=N) stretch 2 

142 1574.1068 52.34 825.12 (CC) arom. & (C=N) stretch 3 

141 1562.8659 1.59 9.95 (CC) pyridine ring deformation  

140 1522.8637 61.07 56.86 (CC) arom. deformation  

139 1514.2012 82.40 82.42 (CC) arom. deformation 4  

138 1469.0519 5.18 3.54 (CHpyridine) bending & (CNpyridine) 
stretch 

 

137 1467.9496 1.72 12.20 (CH2) bending  

136 1452.1737 31.27 25.96 (CHarom) & (CH2) bending 5 

135 1451.2683 11.97 17.67 (CHarom) & (CH2) bending  

134 1449.3147 14.36 45.41 (CHarom) & (CH2) bending  

133 1444.7531 1.86 14.73 (CH2) bending  

132 1443.6947 18.72 67.88 (CH2) bending  

131 1437.0055 13.90 46.94 (CH2) bending  

130 1432.9132 21.82 0.92 (CHpyridine) bending  

129 1430.3572 14.19 4.40 (CH2) bending  

128 1425.2079 35.41 377.39 (CHarom) & (CH2) bending 6 

127 1415.5981 57.31 67.92 (CHarom) & (CH2) bending  
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126 1412.3688 13.55 140.07 (CH2) bending 7  

125 1385.8037 43.47 11.59 (CH2) bending  

124 1377.3661 7.23 21.85 (CH2) bending  

123 1364.4431 24.32 8.02 (CHarom) & (CH2) bending 

122 1351.8347 4.32 31.71 (CH2) bending 

121 1348.7029 0.23 30.67 (CHpyridine) & (CH2) bending 

120 1345.8111 2.56 193.97 (CH2) bending 

119 1341.0612 1.59 367.79 (CHpyridine), (CHarom) & (CH2) 
bending 

118 1340.4566 2.38 51.46 (CHpyridine) bending 

117 1336.1246 9.40 77.23 (CH2) bending 

116 1331.586 12.62 31.95 (CH2) bending 

115 1326.4523 11.47 28.59 (CH2) bending 

8  

114 1302.8211 58.13 1173.91 (CHarom) & (CH2) bending;  

(C-O) stretch 
9 

113 1293.9479 67.29 512.86 (CHarom) & (CH2) bending;  

(C-O) stretch 
10 

112 1289.0604 13.43 99.71 (CC) pyridine ring deformation  

111 1283.0141 0.78 2.39 (CH2) bending  

110 1261.3376 5.90 11.03 (CH2) bending  

109 1254.4253 0.76 10.35 (CH2) bending  

108 1242.7254 6.26 15.43 (CHarom) & (CH2) bending  

107 1234.9306 4.77 21.76 (CHarom) & (CH2) bending  

106 1232.4911 6.47 8.51 (CHarom) & (CH2) bending  

105 1216.8309 25.81 43.65 (CH2) bending  

104 1212.4097 30.76 108.01 (CHarom) & (CH2) bending  

103 1211.3071 7.06 44.43 (CHarom) & (CH2) bending 11 
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102 1203.6455 19.83 9.40 (CHpyridine) bending 

101 1163.8209 1.26 5.55 (CHarom) & (CH2) bending 

100 1154.3777 10.18 23.01 (CHpyridine) bending 

99 1154.0774 1.57 3.70 (CHarom) bending 

98 1151.9555 11.41 20.18 (CHarom) bending 

97 1122.1712 11.59 77.12 (CHarom) & (CH2) bending 

96 1119.723 4.47 67.96 (CHarom) & (CH2) bending 

95 1117.2373 2.77 40.39 (CHarom) & (CH2) bending 

94 1077.1154 1.63 2.83 (CH2) bending 

93 1070.8026 16.22 5.74 (CH2) bending 

92 1067.2499 11.76 2.60 (CHpyridine) bending 

12-14 

 

91 1064.051 18.27 2.12 (CHpyridine) bending 15 

90 1062.7028 22.51 1.37 (CHpyridine), (CHarom) & (CH2) 
bending 

 

89 1060.4163 3.97 1.34 (CHpyridine), (CHarom) & (CH2) 
bending 

 

88 1033.1861 27.00 27.16 (CHpyridine), (CHarom) & (CH2) 
bending 

 

87 1029.0185 16.33 75.13 (CHpyridine), (CHarom) & (CH2) 
bending 

16  

86 1023.4921 2.05 51.36 (CHpyridine), (CHarom) & (CH2) 
bending 

 

85 1020.6502 19.86 46.42 (CC) pyridine ring deformation 17  

84 998.4752 44.08 24.40 (CC) pyridine ring deformation  
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Table S8. Cartesian coordinates of the optimized structure for cis [Fe(salten)py]+. 

60 

XYZ file generated by gabedit : coordinates in Angstrom 

Fe         -0.1975610000         -0.2128590000          0.1291650000 

O          0.8959940000          1.0107850000         -0.8731180000 

O          1.3327030000         -1.1258620000          0.9912920000 

N         -0.3259880000          1.2596910000          1.7098510000 

N         -1.5184760000         -1.7096780000          1.3023680000 

N         -0.1157940000         -1.8110210000         -1.2621790000 

C          1.5755440000          2.0914810000         -0.5457300000 

C          2.4967580000          2.6458270000         -1.4671800000 

C          3.2301580000          3.7829310000         -1.1455390000 

C          3.0699080000          4.4173730000          0.1000440000 

C          2.1665250000          3.8933280000          1.0156570000 

C          1.4039520000          2.7353010000          0.7262180000 

C          0.4800950000          2.2831290000          1.7360650000 

C         -1.1692260000          1.0656720000          2.9002330000 

C         -1.1768490000         -0.3769150000          3.4250960000 

C         -2.0677740000         -1.3360530000          2.6364990000 

C         -2.5288480000         -2.5007950000          0.5360050000 

C         -1.9747830000         -3.2925430000         -0.6515690000 

C         -1.3277180000         -2.4560400000         -1.7692650000 

C          1.0444370000         -2.2643330000         -1.6552490000 

C          2.3132330000         -1.9988430000         -1.0347470000 

C          4.7337850000         -2.3358820000         -1.0840670000 

C          4.8158950000         -1.8557770000          0.2401110000 

C          3.6787810000         -1.4629950000          0.9330110000 
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C          2.4029610000         -1.4955480000          0.3155050000 

C          3.4937570000         -2.4237760000         -1.6957540000 

H         -3.3048000000         -1.7991640000          0.1902630000 

H         -3.0259320000         -3.2114970000          1.2230080000 

H         -2.2522190000         -2.2526050000          3.2271320000 

H         -3.0540210000         -0.8700880000          2.4702510000 

H         -1.5601850000         -0.3502620000          4.4577600000 

H         -0.1455970000         -0.7614450000          3.4843900000 

H         -0.8353380000          1.7479530000          3.7021890000 

H         -2.2037670000          1.3609890000          2.6447990000 

H          3.7388490000         -1.1007840000          1.9605750000 

H          5.7888800000         -1.7997140000          0.7335290000 

H          5.6346350000         -2.6510110000         -1.6118380000 

H          1.0631100000         -2.9659010000         -2.5085340000 

H         -2.0339230000         -1.6854690000         -2.1155480000 

H         -1.0882830000         -3.1102410000         -2.6272450000 

H          2.6217620000          2.1455140000         -2.4288070000 

H          3.9389690000          4.1866750000         -1.8718890000 

H          3.6482640000          5.3090810000          0.3441500000 

H          2.0311680000          4.3793280000          1.9859950000 

H         -0.6975300000         -2.3086660000          1.4679200000 

H          3.4105390000         -2.8239820000         -2.7101190000 

H         -2.8162060000         -3.8575610000         -1.0848370000 

H         -1.2468800000         -4.0430780000         -0.2982240000 

H          0.4706360000          2.9101730000          2.6454160000 

C         -1.8144300000          1.1992930000         -2.1894810000 

C         -3.2099100000          0.9679470000         -0.3585650000 
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C         -2.7887090000          1.9075060000         -2.8937020000 

H         -0.8271080000          1.0078920000         -2.6131240000 

C         -4.2353230000          1.6724830000         -0.9889750000 

H         -3.3416000000          0.5836880000          0.6549880000 

C         -4.0232220000          2.1493960000         -2.2852800000 

H         -2.5743200000          2.2651910000         -3.9015990000 

H         -5.1796230000          1.8410540000         -0.4695000000 

H         -4.8037870000          2.7044220000         -2.8088670000 

N         -2.0155970000          0.7262750000         -0.9389290000 

 

 

Figure S16. Calculated Raman and IR spectra of cis [Fe(salten)py](BPh4). 
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Figure S17. Imine stretching modes (modes 142, 143, 145) of cis [Fe(salten)py]+. 
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Figure S18. Phenolate stretching modes (modes 113, 114) of cis [Fe(salten)py]+. 

Table S9. Cartesian coordinates of the optimized structure for cis [Fe(thiotolylsalten)NCS]. 

66 

XYZ file generated by gabedit : coordinates in Angstrom 

Fe         -0.1415290000         -0.8489310000         -0.9588150000 

N          1.0580040000         -1.7909250000         -2.1606190000 

O         -1.6622170000         -1.3159600000         -1.9870070000 

O         -1.2694220000         -0.0331030000          0.3229580000 

N         -0.3087250000         -2.5014440000          0.1438230000 

N          1.7003560000         -0.0350780000          0.0064560000 

N         -0.1693660000          0.8076700000         -2.0466640000 

C         -2.7027280000         -2.0478620000         -1.5888770000 

C         -3.9005790000         -1.9826710000         -2.3428440000 

C         -5.0109130000         -2.7197120000         -1.9725600000 

C         -4.9765000000         -3.5674090000         -0.8443740000 

C         -3.8076530000         -3.6651880000         -0.1138130000 
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C         -2.6556700000         -2.9146740000         -0.4611490000 

C         -1.4402350000         -3.1403270000          0.2604640000 

C          0.8512030000         -3.0662260000          0.8595120000 

C          1.6313930000         -2.0134590000          1.6442600000 

C          2.4661300000         -1.1081740000          0.7437340000 

C          2.6660880000          0.4789000000         -1.0507950000 

C          2.1610900000          1.5483710000         -2.0207660000 

C          0.9883190000          1.1059460000         -2.9045110000 

C         -1.1871620000          1.6169550000         -2.0586450000 

C         -2.2925600000          1.6110390000         -1.1410570000 

C         -4.4021240000          2.6175350000         -0.4400120000 

C         -4.3608340000          1.8471980000          0.7391880000 

C         -3.3129470000          0.9734650000          0.9815650000 

C         -2.2655290000          0.8220880000          0.0446930000 

C         -3.3710430000          2.5025290000         -1.3559350000 

H          2.9625900000         -0.3928250000         -1.6262720000 

H          3.5560360000          0.8535540000         -0.5352310000 

H          3.2648990000         -0.6294500000          1.3161510000 

H          2.9420200000         -1.7245890000         -0.0171800000 

H          2.3228620000         -2.5355750000          2.3122850000 

H          0.9479160000         -1.4472170000          2.2794740000 

H          0.5048950000         -3.8538130000          1.5355200000 

H          1.5074110000         -3.5335910000          0.1208870000 

H         -3.2758210000          0.3718180000          1.8781640000 

H         -5.1603620000          1.9343260000          1.4635570000 

H         -5.2252010000          3.2940360000         -0.6215910000 

H         -1.1886520000          2.4173180000         -2.8004380000 
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H          1.2428940000          0.2100060000         -3.4638560000 

H          0.7346480000          1.9031290000         -3.6100870000 

H         -3.9131830000         -1.3326650000         -3.2053610000 

H         -5.9185430000         -2.6456780000         -2.5578220000 

H         -5.8494310000         -4.1403420000         -0.5652990000 

H         -3.7554930000         -4.3298330000          0.7408370000 

H         -3.3779620000          3.1015180000         -2.2591070000 

H          3.0061160000          1.8041820000         -2.6674420000 

H          1.8832500000          2.4675960000         -1.4991900000 

C          1.2573920000          1.0738740000          0.9572980000 

C          1.6226700000         -2.5879370000         -2.8334140000 

S          2.4698010000         -3.6782170000         -3.7604830000 

C          2.3313430000          1.7150590000          1.8189550000 

C          3.0999160000          2.7969290000          1.3587770000 

C          2.5459310000          1.2714700000          3.1344990000 

C          4.0614850000          3.4016420000          2.1722330000 

C          4.2598440000          2.9386360000          3.4734330000 

C          3.5049820000          1.8685420000          3.9555420000 

S          5.5874190000          3.6999240000          4.5403480000 

H         -1.4661720000         -3.9810670000          0.9553480000 

H          0.4749140000          0.6465720000          1.5746390000 

H          0.7708530000          1.8262030000          0.3435160000 

H          2.9411770000          3.1855420000          0.3619210000 

H          1.9506510000          0.4573170000          3.5270160000 

H          4.6489190000          4.2285620000          1.8002930000 

H          3.6626330000          1.5090110000          4.9621020000 

H          4.7804820000          4.6554570000          5.1417790000 
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Figure S19. IRRA spectrum of salicylaldehyde on Au(111). 

A 1 mM solution of salicylaldehyde has been prepared in ethanol and the wafer was immersed 
for 1 day in this solution. Afterwards the sample was rinsed with ethanol p.a. and dried in a 
stream of nitrogen. 

 

Figure S20. Experimental and calculated IR of [Fe(thiotolylsalten)NCS]2 (2-2). 
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Figure S21. Experimental and calculated Raman of [Fe(thiotolylsalten)NCS]2 (2-2). 
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Figure S22. Bulk IR and Raman spectra of [Fe(thiotolylsalten)(NCS)]2 (2-2) (Region: 1700 cm-1 

to 1000 cm-1). 
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Table S1. Cartesian coordinates of the optimized structure for methoxy-azo-TATA (propyl 

side chains) trans. 

XYZ file  

90 

Energy = -2008.147853891 Basis = RB3LYP 6-31++G(d,p), Charge O, Singlet 

C     3.9673356    1.9951678   -1.1887097  

N     3.7169768    1.3405710   -2.4086399  

C     3.7131519   -0.0668466   -2.4518879  

C     3.4349548   -0.7880758   -1.2661601  

C     3.0133737   -0.0367514   -0.0061244  

C     3.7006529    1.3249226    0.0282536  

C     3.9542420    1.9493814    1.2730930  

N     3.6801526    1.2418173    2.4595123  

C     3.6745915   -0.1646937    2.4406177  

C     3.4197272   -0.8422233    1.2252023  

C     3.9953742   -0.7846636   -3.6402232  

C     3.9617283   -2.1833473   -3.6308746  

C     3.6765189   -2.9030012   -2.4655329  

C     3.4198689   -2.2026837   -1.2623749  

N     3.1501584   -2.8869616   -0.0631139  

C     3.4133347   -2.2563100    1.1683781  

C     4.4832745    3.3137774   -1.1557025  

C     4.7376452    3.9215787    0.0783031  

C     4.4926374    3.2598209    1.2864429  

C     3.9199662   -0.9168163    3.6151050  

C     3.9244731   -2.3140732    3.5478931  

C     3.6873274   -2.9920968    2.3470260  

H     4.2684892   -0.2632361   -4.5677117  

H     4.1851983   -2.7312646   -4.5611776  
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H     3.6783410   -4.0006821   -2.4917989  

H     4.7089262    3.8559465   -2.0834539  

H     5.1620113    4.9388512    0.1001290  

H     4.7501611    3.7580256    2.2308774  

H     4.1398821   -2.8960283    4.4591902  

H     3.7457855   -4.0888963    2.3306655  

C     1.5395275    0.1368587   -0.0092328  

C     0.3142937    0.2581117   -0.0072291  

C    -1.1061037    0.3759060   -0.0027081  

C    -1.9273026   -0.7891121   -0.0282530  

C    -1.7388457    1.6470235    0.0292178  

C    -3.3153636   -0.6888109   -0.0212981  

C    -3.9392960    0.5843966    0.0117210  

C    -3.1313382    1.7446929    0.0362505  

N    -5.3314493    0.7955394    0.0225559  

N    -6.0377652   -0.2632053    0.0014276  

C    -7.4272127   -0.0607840    0.0123860  

C    -8.2286471   -1.2221207   -0.0122266  

C    -9.6267420   -1.1424768   -0.0046416  

C   -10.2486621    0.1253174    0.0286955  

C    -9.4498687    1.2991877    0.0540267  

C    -8.0638815    1.2095175    0.0460325  

H    -1.4396372   -1.7774700   -0.0536940  

H    -1.1153166    2.5545635    0.0484612  

H    -3.9588734   -1.5813929   -0.0405844  

H    -3.6382875    2.7225928    0.0615738  

H    -7.7172762   -2.1976837   -0.0380395  

H   -10.2215949   -2.0673638   -0.0246384  

H    -9.9651727    2.2727876    0.0800961  

H    -7.4282772    2.1078192    0.0652199  
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H     4.1296223   -0.4197847    4.5715869  

C     3.4552273    1.9397525    3.7253146  

H     4.2326132    1.6585721    4.4745531  

H     3.5867375    3.0228196    3.5446912  

C     2.6509254   -4.2605835   -0.1200996  

H     3.3775654   -4.9245717   -0.6456328  

H     2.5860855   -4.6416637    0.9157392  

C     3.5206291    2.1376046   -3.6195277  

H     4.4212792    2.7610896   -3.8322007  

H     3.4253339    1.4415171   -4.4734828  

O   -11.5906685    0.3266612    0.0390498  

C   -12.4535041   -0.7960901    0.0151910  

H   -12.3122175   -1.4050793   -0.9088674  

H   -12.3043017   -1.4495288    0.9070105  

H   -13.4856422   -0.3915861    0.0295559  

C     1.2569513   -4.3769422   -0.7602882  

H     1.2813339   -3.9625341   -1.7919614  

H     0.5544843   -3.7329256   -0.1832331  

C     2.2571087    3.0138521   -3.5753674  

H     2.3026013    3.6955753   -2.6974438  

H     1.3792593    2.3502264   -3.4077246  

C     2.0742162    3.8279616   -4.8592742  

H     1.1515239    4.4460408   -4.8136401  

H     2.9306810    4.5189419   -5.0313937 
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Table S2. Raman band positions and assignments for methoxy-azo-TATA (propyl side 

chains) trans. The frequencies are given in wavenumbers (cm-1) obtained from bulk Raman, 

calculated and SERS spectra. Mode numbers derive from the Gaussian frequency calculation 

(RB3LYP 6-31++G(d,p)). 

 

Peak 
# 

Mode 
No. 

Calc. freq. 
uncorrected 

Calc. freq. 
corrected 

Calc. 
Intensity 

Bulk 
freq. 

SERS 
freq. 

Assignment 

 223 2301.8 2197.1 16040.9 2202 2198 Alkine stretching 

30 219 1647.5 1590.6 4248.4 1598 
1598 

C=C stretching 
Phtop 

35 212 1547.1 1497.5 8318.3 1495 
1493 

N=N stretching. 
C-H bending Ph 

43 204 1509.1 1462.2 9126.1 - 
1485 

C-H bending 
CH3 Methoxy 

44 201 1505.9 1459.3 9093.8 1453 
1452 

C-H bending 
CH3 Methoxy 

47 188 1456.8 1413.7 3849.1 1418 
1417 

C=C ring 
deformation Phtop 

 187 1442.3 1400.4 3711.0 1403 
1403 

C=C ring 
deformation Phbot 

52 177 1371.9 
1335.1 

160.8 
1363 

- 
C=C ring 
deformation, 
Phtop 

 173 1341.3 
1306.7 

620.6 
1311 

1312 
C=C ring 
deformation, 
Phbot 

 166 1322.9 1289.7 477.8 1302 
1304 

C-H bending 
Phtop 

 164 1305.2 
1273.2 

110.5 
1287 

- 
C=C ring 
deformation 
PhTATA 

 160 1281.2 1251.0 1797.6 1253 
1253 

C-Alkine 
stretching 

55 154 1262.6 1233.7 17.0 1234 
- 

C-H twisting. 
Alkyl TATA 

56 153 1219.0 1193.3 4146.1 1188 
1190 

C-H bending 
Phtop, Phbot 

61 140 1163.4 1141.8 12937.3 1140 
1140 

C-H bending 
Phtop, Phbot 

 137 1125.2 1106.4 242.4 1103 
1108 

C-H bending 
Phtop, Phbot 

64 123 1011.4 1000.8 270.3 991 998 
CtertTATA-Alkine 
stretching 
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Figure S1. IR data of methoxy-azo-TATA. Left: CH-stretching vibration region, right: 

fingerprint region. The spectra in the top panels show the calculated, the spectra in the middle 

the bulk and the blue spectra at the bottom the IRRAS data of the surface-adsorbed 

monolayer. Band numbers correspond to Table S3.  
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Table S3. Infrared vibrational band assignments for methoxy-azo-TATA (propyl side chains) 

trans. The vibrational frequencies are given in wavenumbers (cm-1) obtained from ATR, 

calculated and IRRAS. Mode numbers derive from the Gaussian frequency calculation 

(RB3LYP 6-31++G(d,p)). The orientation of the transition dipole moment (TDM) is given 

with respect to the surface plane (perpendicular: ⊥⊥⊥⊥, parallel: ||  and neither totally parallel nor 

totally perpendicular: /). *For broad features the experimental frequency regime is indicated 

instead of exact wavenumbers 

 

Peak 
# 

Mode 
No. 

Calc. freq. 
uncorrected 

Calc. freq.  
corrected 

Calc. 
Intensity 

Bulk 
freq./ 

regime* 

IRRAS 
freq. TDM Assignment 

 264 3234.2 3061.4 8.0   / C-H stretching 
PhTATA. 

 263 3233.8 3061.0 10.8   || 
C-H stretching 
PhTATA 

 262 3233.5 3060.8 15.5   || 
C-H stretching 
PhTATA 

 261 3229.8 3057.4 19.8   || 
C-H stretching 
PhTATA 

 260 3229.7 3057.2 8.7   || 
C-H stretching 
PhTATA 

 259 3228.9 3056.5 12.1   ⊥⊥⊥⊥ 
C-H stretching 
Phtop 

1 258 3228.1 3055.7 10.2 C-Harom 
- / C-H stretching 

Phtop 

2 257 3227.8 3055.5 13.0 C-Harom 
- || 

C-H stretching 
PhTATA 

 256 3227.1 3054.8 2.2  
 / C-H stretching 

Phbot 

 255 3213.0 3041.8 7.8  
 / C-H stretching 

Phbot 

 254 3205.0 3034.3 3.0  
 / C-H stretching 

Phtop 

 253 3202.6 3032.1 8.5  
 / C-H stretching 

Phtop 

 252 3200.2 3029.9 6.6  
 / C-H stretching 

Phbot 

 251 3197.7 3027.6 8.6  
 ⊥⊥⊥⊥ 

C-H stretching 
Phbot 

3 250 3186.0 3016.7 13.8 C-Harom 
/ C-H stretching 

PhTATA 

4 249 3185.7 3016.5 16.5 C-Harom 
3014 

/ C-H stretching 
PhTATA 

5 248 3185.4 3016.2 17.1 C-Harom 
- / C-H stretching 

PhTATA 
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6 247 3156.9 2989.7 16.7 CH2 νas - || 
C-H stretching 
Alkyl TATA 

7 246 3156.4 2989.3 25.8 CH3 νas CH3 νas ⊥⊥⊥⊥ 
C-H stretching  
CH3-methoxy 

8 245 3155.9 2988.8 15.2 CH2 νas CH2 νas / C-H stretching 
Alkyl TATA 

9 244 3154.4 2987.4 15.1 CH2 νas - || 
C-H stretching 
Alkyl TATA 

10 243 3108.8 2945.2 29.6 / C-H stretching 
CH3-Alkyl TATA 

11 242 3108.4 2944.8 29.2 / C-H stretching 
CH3-Alkyl TATA 

12 241 3108.2 2944.6 29.4 

 
 
CH3 νas CH3 νas 

 

/ C-H stretching 
CH3-Alkyl TATA 

13 240 3104.4 2941.1 32.5 / C-H stretching 
Alkyl TATA 

14 239 3104.3 2941.0 36.1 / C-H stretching 
Alkyl TATA 

15 238 3104.1 2940.9 36.8 

 
 
CH2 νas 
 

CH2 νas 
 

/ C-H stretching 
Alkyl TATA 

16 237 3087.4 2925.4 34.5 CH3 νas - || 
C-H stretching  
CH3-methoxy 

 236 3082.1 2920.4 5.0  
 / C-H stretching 

Alkyl TATA 

 235 3081.6 2919.9 5.3  
 / C-H stretching 

Alkyl TATA 

 234 3081.5 2919.9 6.0  
 / C-H stretching 

Alkyl TATA 

17 233 3054.5 2894.8 30.7 / C-H stretching 
Alkyl TATA 

18 232 3053.5 2893.9 30.8 / C-H stretching 
Alkyl TATA 

19 231 3051.2 2891.8 36.0 

 
 
CH2 νs 
 

CH2 νs 
 

/ C-H stretching 
Alkyl TATA 

20 230 3030.6 2872.7 39.2 CH3 νs - || 
C-H stretching 
CH3-Alkyl TATA 

21 229 3030.3 2872.4 53.3 CH3 νs - || 
C-H stretching 
CH3-Alkyl TATA 

22 228 3030.1 2872.2 68.5 CH3 νs - || 
C-H stretching 
CH3-Alkyl TATA 

23 227 3021.6 2864.3 97.0 CH3 νs CH3 νs / C-H stretching  
CH3-methoxy 

24 226 3019.4 2862.3 45.5 / C-H stretching 
Alkyl TATA 

25 225 3017.9 2860.9 46.8 / C-H stretching 
Alkyl TATA 

26 224 3016.9 2860.0 44.8 

 
 
 
CH2 νs 
 

 
 
 
CH2 νs 
 
 / C-H stretching 

Alkyl TATA 

 223 2301.8 2197.1 28.9   ⊥⊥⊥⊥ Alkine stretching 
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27 222 1655.5 1598.0 190.7 1606 ⊥⊥⊥⊥ 
C=C stretching 
Phtop 

28 221 1654.4 1596.9 266.0 - || 
C=C stretching 
PhTATA 

29 220 1654.3 1596.9 262.3 - || 
C=C stretching 
PhTATA 

30 219 1647.5 1590.6 203.2 

 
 
 
 
~1600 

1606 ⊥⊥⊥⊥ 
C=C stretching 
Phtop 

 218 1638.2 1581.9 17.7  
 ⊥⊥⊥⊥ 

C=C stretching 
Phtop 

31 217 1621.1 1566.0 139.0 ~1590 
- || 

C=C stretching 
PhTATA 

32 216 1620.7 1565.7 140.1 ~1585 
- || 

C=C stretching 
PhTATA 

33 215 1616.9 1562.2 69.9 ~1580 1589 ⊥⊥⊥⊥ 
C=C stretching 
Phtop 

 214 1611.3 1557.0 0.1  
 / C=C stretching 

PhTATA 

34 213 1596.7 1543.4 28.6 ~1580 
1589 ⊥⊥⊥⊥ 

C=C stretching 
Phbot 

35 212 1547.1 1497.5 59.4 ~1500 1504 ⊥⊥⊥⊥ 
N=N stretching. 
C-H bending Ph.  

36 211 1535.9 1487.1 64.0 ~1485 - ⊥⊥⊥⊥ 
C-H bending 
Phtop.bot 

37 210 1534.7 1485.9 46.9 ~1475 - ⊥⊥⊥⊥ 
C-H bending 
Phtop, Phbot 

38 209 1520.2 1472.5 24.8 / C-H bending 
Alkyl TATA 

39 208 1519.6 1472.0 26.8 
 

~1470 
1468 

/ C-H bending 
Alkyl TATA 

40 207 1517.6 1470.2 46.0 - || 
C-H bending 
Alkyl TATA 

41 206 1516.0 1468.6 130.0 - / C-H bending 
Alkyl TATA 

42 205 1515.3 1468.0 106.7 - || 
C-H bending 
Alkyl TATA 

43 204 1509.1 1462.2 41.5 

 
 
 
~1460 
 

- ⊥⊥⊥⊥ 
C-H bending  
CH3 Methoxy 

 203 1507.3 1460.6 2.8  
 || 

C-H bending 
Alkyl TATA 

 202 1507.3 1460.6 3.6  
 / C-H bending 

Alkyl TATA 

44 201 1505.9 1459.3 23.2 ~1460 
 

- ⊥⊥⊥⊥ 
C-H bending  
CH3 Methoxy 

 200 1505.9 1459.2 4.8  
 / C-H bending 

Alkyl TATA 

 199 1505.0 1458.4 8.3  
 / C-H bending 

Alkyl TATA 

 198 1504.8 1458.3 12.2  
 / C-H bending 

Alkyl TATA 
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 197 1503.2 1456.8 11.0  
 / C-H bending 

Alkyl TATA 

 196 1500.0 1453.8 0.4  
 / C-H bending 

Alkyl TATA 

 195 1499.9 1453.7 0.7  
 / C-H bending 

Alkyl TATA 

 194 1499.1 1452.9 0.3  
 / C-H bending 

Alkyl TATA 

 193 1496.9 1451.0 8.5  
 || 

C-H bending  
CH3 Methoxy 

45 192 1486.4 
1441.2 

79.4 - || 
C=C ring 
deformation, 
PhTATA 

46 191 1486.1 
1440.9 

76.8 

~1450 
 

- || 
C=C ring 
deformation, 
PhTATA 

 190 1482.3 
1437.4 

1.5 
 

 || 
C=C ring 
deformation, 
PhTATA 

 189 1478.1 1433.6 19.3  
 ⊥⊥⊥⊥ 

C-H bending. 
CH3-Methoxy 

47 188 1456.8 
1413.7 

30.2 ~1420 1420 ⊥⊥⊥⊥ 
C=C ring 
deformation, 
Phtop 

 187 1442.3 
1400.4 

5.2 
 

 || 
C=C ring 
deformation, 
Phbot 

48 186 1428.1 1387.1 67.9 - || 
C-H bending 
Alkyl TATA 

49 185 1427.7 1386.8 68.1 
~1390 

- || 
C-H bending 
Alkyl TATA 

 184 1421.3 1380.8 0.7  
 || 

C-H bending 
Alkyl TATA 

 183 1418.2 1378.0 5.8  
 || 

CH3 bending 
Alkyl TATA 

 182 1417.2 1377.1 2.7  
 || 

CH3 bending 
Alkyl TATA 

 181 1416.4 1376.3 1.1  
 || 

CH3 bending 
Alkyl TATA 

50 180 1402.4 1363.3 115.5 - || 
C-H bending 
Alkyl TATA 

51 179 1401.4 1362.4 119.8 
~1375 

- || 
C-H bending 
Alkyl TATA 

 178 1379.5 1342.1 0.3  
 || 

C-H bending 
Alkyl TATA 

52 177 1371.9 
1335.1 

65.0 ~1370 1380 ⊥⊥⊥⊥ 
C=C ring 
deformation, 
Phtop 

 176 1361.3 1325.2 1.1  
 || 

C=C ring 
deformation, 
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PhTATA 

 175 1361.0 
1325.0 

1.3 
 

 || 
C=C ring 
deformation, 
PhTATA 

 174 1345.0 
1310.2 

0.3 
 

 || 
C=C ring 
deformation, 
PhTATA 

 173 1341.3 
1306.7 

4.9 
 

 / 
C=C ring 
deformation, 
Phbot 

53 172 1340.4 1305.8 22.2 ~1295 
- || 

C-H bending 
Alkyl TATA 

 171 1339.5 1305.0 4.5  
 || 

C-H bending 
Alkyl TATA 

 170 1338.7 1304.3 16.6  
 || 

C-H bending 
Alkyl TATA 

 169 1334.4 1300.3 1.3  
 || 

C-H bending 
Alkyl TATA 

 168 1332.6 1298.7 0.5  
 || 

C-H bending 
Alkyl TATA 

 167 1327.0 1293.5 0.3  
 / 

C-H bending 
Alkyl TATA 

 166 1322.9 1289.7 6.5  
 ⊥⊥⊥⊥ 

C-H bending, 
Phtop 

 165 1317.8 1284.9 0.3  
 || 

C-H bending, 
Phbot 

 164 1305.2 
1273.2 

10.9 
 

 ⊥⊥⊥⊥ 
C=C ring 
deformation, 
PhTATA 

54 163 1287.9 
1257.2 

645.3 ~1245 1257 ⊥⊥⊥⊥ 

C-O stretching. 
C=C Phtop. C-H 
bending CH3 

Methoxy 

 162 1286.7 1256.1 25.4  
 || 

C-H twisting, 
Alkyl TATA 

 161 1285.8 1255.2 29.6  
 || 

C-H twisting, 
Alkyl TATA 

 160 1281.2 1251.0 86.1  
 ⊥⊥⊥⊥ 

C-Alkine 
stretching 

 159 1274.4 1244.7 17.7  
 || 

C-H bending 
PhTATA 

 158 1273.9 1244.2 12.9  
 || 

C-H bending 
PhTATA 

 157 1269.7 1240.3 2.9  
 / 

C-H twisting, 
Alkyl TATA 

 156 1267.4 
1238.2 

11.0 
 

 ⊥⊥⊥⊥ 
C-N stretching, 
C-H bending 
Phtop, Phbot 

 155 1263.0 1234.1 209.2  
 || 

C-H twisting, 
Alkyl TATA 
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55 154 1262.6 1233.8 200.6 - || 
C-H twisting, 
Alkyl TATA 

56 153 1219.0 1193.3 1.2 
~1240 

- ⊥⊥⊥⊥ 
C-H bending 
Phtop, Phbot 

 152 1215.8 1190.4 0.6  
 / 

C-H bending 
PhTATA 

 151 1215.4 1190.0 1.0  
 / 

C-H bending 
PhTATA 

 150 1211.3 1186.2 1.0  
 / 

C-H bending 
PhTATA 

 149 1204.6 1180.0 13.5  
 / 

C-H rocking, 
CH3 Methoxy 

57 148 1192.6 1168.8 23.4 ~1165 
- || 

C-H bending 
PhTATA 

 147 1192.2 1168.5 9.7  
 || 

C-H bending 
PhTATA 

 146 1192.1 1168.4 32.6  
 || 

C-H bending 
PhTATA 

58 145 1174.0 1151.6 175.2 ~1160 1144 ⊥⊥⊥⊥ 
C-H bending, 
Phtop. Phbot 

 144 1169.5 1147.4 0.8  
 || 

C-H rocking CH3 

Methoxy 

 143 1167.3 1145.4 10.8  
 || 

C-H rocking 
Alkyl TATA 

59 142 1166.4 1144.6 70.9 - || 
C-H rocking 
Alkyl TATA 

60 141 1166.0 1144.2 65.8 
~1150 

- || 
C-H rocking 
Alkyl TATA 

61 140 1163.4 1141.8 57.1 ~1140 1144 / 
C-H bending 
Phtop, Phbot 

 139 1133.4 1114.0 0.2  
 / 

ring deformation, 
PhTATA 

62 138 1129.8 1110.7 18.5 ~1100 1105 / 
C-H bending 
Phtop, Phbot 

 137 1125.2 1106.4 4.1  
 / 

C-H bending 
Phtop, Phbot 

 136 1123.8 1105.1 6.1  
 || 

ring deformation, 
PhTATA 

 135 1123.3 1104.6 6.8  
 || 

ring deformation, 
PhTATA 

 134 1121.6 1103.0 0.2  
 || 

C-H rocking 
Alkyl TATA 

 133 1118.8 1100.5 0.0  
 || 

C-H rocking 
Alkyl TATA 

 132 1118.5 1100.1 0.1  
 || 

ring deformation, 
PhTATA 

 131 1094.0 1077.4 4.3  
 ⊥⊥⊥⊥ 

N-C stretching 
Alkyl TATA 

63 130 1061.8 1047.6 86.8 ~1130 1045 / 
O-CH3 stretching 
Methoxy, ring 
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deformation 
Phtop 

 129 1043.2 
1030.4 

1.3 
 

 / 
C-H bending, 
PhTATA, 
Alkyl TATA 

 128 1040.5 1027.9 0.1  
 || 

C-C stretching 
Alkyl TATA 

 127 1039.2 1026.7 0.1  
 || 

C-C stretching 
Alkyl TATA 

 126 1036.2 1023.8 0.0  
 || 

C-C stretching 
Alkyl TATA 

 125 1026.3 1014.7 15.4  
 ⊥⊥⊥⊥ 

ring deformation, 
Phbot 

 124 1017.4 1006.4 1.8  
 / 

ring deformation, 
Phtop 

64 123 1011.4 1000.8 33.9 ~998 998 ⊥⊥⊥⊥ 
CtertTATA-Alkine 
stretching 

 122 993.2 984.1 0.2  
 || 

C-H twisting 
Phbot 

 121 984.0 975.5 0.1  
 || 

C-H twisting 
Phtop 

 120 979.8 971.6 0.4  
 || 

C-H twisting 
Phbot 

 119 965.5 958.3 0.8  
 / 

C-H twisting 
PhTATA 

 118 964.5 957.4 0.8  
 || 

C-H twisting 
PhTATA 

 117 962.8 955.8 0.6  
 ⊥⊥⊥⊥ 

C-H twisting 
PhTATA 

 116 916.8 913.2 0.2  
 / 

C-H twisting 
PhTATA 

 115 960.9 954.1 0.2  
 / 

C-H twisting 
PhTATA 

 114 955.5 949.0 1.3   || 
C-H twisting 
Phtop 

 

 

184



 

Figure S2. Intensity of the C(phenyl)-O stretch as a function of time and exponential function 

resulting from the fit of Figure 11 (main paper). 
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1. 1H and 13C NMR spectra of synthetic compounds 
  

NMR spectra of compound 4 

 

 

Figure S1. 1H NMR spectrum (500 MHz, CDCl3, 300.0 K).  

 

 

 

 

Figure S2. 13C NMR spectrum (125 MHz, CDCl3, 300.0 K).  

190



S3 
 

NMR spectra of compound 5 

 

 

Figure S3. 1H NMR spectrum (500 MHz, CDCl3, 300.0 K). 

 

 

 

 

Figure S4. 13C NMR spectrum (125 MHz, CDCl3, 300.0 K). 
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NMR spectra of compound 6 

 

 

Figure S5. 1H NMR spectrum (500 MHz, CDCl3, 300.1 K). 

 

 

 

 

Figure S6. 13C NMR spectrum (125 MHz, CDCl3, 300.0 K). 
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NMR spectra of compound 7 

 

 

Figure S7. 1H NMR spectrum (500 MHz, CDCl3, 300.1 K). 

 

 

 

 

Figure S8. 13C NMR spectrum (125 MHz, CDCl3, 300.0 K). 
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NMR spectra of compound 8 

 

 

Figure S9. 1H NMR spectrum (500 MHz, CDCl3, 300.0 K). 

 

 

 

 

Figure S10. 13C NMR spectrum (125 MHz, CDCl3, 300.0 K). 
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NMR spectra of compound 9 

 

 

Figure S11. 1H NMR spectrum (200 MHz, CDCl3, 299.8 K). 

 

 

Figure S12. 13C NMR spectrum (125 MHz, CDCl3, 299.8 K). 
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2. Photoirradiation of synthetic compounds 
 

General procedures 

Photoirradiation was performed using LED (emitting 365 nm light). From the Nichia 

Corporation (NC4U133A) with a FWHW of 9 nm and optical power output (PO) ~1 W. 

By 1H NMR spectroscopy E/Z ratios were calculated by irradiating the sample in the NMR 

tube. The distance between the LED and sample in the NMR tube was about ~5 cm. The 

ground state (gs) as well as in the photostationary state (pss) were determined by the 

integration of H-1 proton of the sugar. 

By UV-Vis spectroscopy, samples were irradiated in the UV cuvette with a distance 

between LED and cuvette of ~5 cm. Upon irradiation of gs azobenzene glycosides at 365 

nm, the absorption spectra showed an increase in the absorbance in the n-π* transition 

and simultaneous decrease in the π-π* transition, indicating the generation of the 

respective Z isomer.  

The kinetics of the Z→E relaxation process were determined by UV-Vis spectroscopy in 

the dark. For determination of the rate constants, a graph of ln(Ainfinitive-Atime) was plotted 

as a function of time; where Ainfinitive is the absorbance of ππ* transition at infinitive time 

and Atime is the absorbance at time t after start of the relaxation process. The negative 

slope k of the linear plot is the rate constant of the Z→E relaxation process. The half life 

τ1/2 was determined as τ1/2 = ln2/k. 
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NMR spectra and their interpretation of Z-6  

 

 

Figure S13.  1H NMR spectrum (500 MHz, CDCl3, 300.0 K). 

 

 

Figure S14.  13C NMR spectrum (125 MHz, CDCl3, 299.9 K). 

Z-4-(4′-Acetylthiohexylphenylazo)phenyl 2,3,4,6-tetra- O-acetyl- αααα-D-
mannopyranoside ( Z-6):  

1H NMR (500 MHz, CDCl3, 300.0 K): δ=7.00 (d, J=8.9 Hz, 2H; H-8, H-12), 6.88 (d, J=8.9 
Hz, 2H; H-14, H-18), 6.87 (d, J=8.9 Hz, 2H; H-9, H-11), 6.76 (d, J=8.9 Hz, 2H; H-15, H-
17), 5.52 (dd, J2,3=3.5 Hz, J3,4 = 10.0, 1H; H-3), 5.48 (d, J1,2=1.8 Hz, 1H; H-1), 5.41 (dd, 
J2,1=1.8 Hz, J2,3=3.5 Hz, 1H; H-2), 5.35 (t, J3,4=J4,5=10.1 Hz, 1H; H-4), 4.27 (dd, J5,6a=5.9 
Hz, J6a,6b=12.6, 1H; H-6a), 4.09-4.06 (m, 2H; H-5, H-6b), 3.92 (t, J=6.5 Hz, 2H; H-19), 
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2.87 (t, J=7.0 Hz, 2H; H-24), 2.32 (s, 3H; SCOCH3), 2.19, 2.05, 2.03, 2.01 (each s, each 
3H; 4 COCH3), 1.79-1.73 (m, 2H; H-23), 1.63-1.57 (m, 2H; H-20), 1.48-1.42 (m, 4H; H-
22, H-21); 13C NMR (125 MHz, CDCl3, 299.9 K): δ=195.9 (C-25, SCOCH3), 170.5, 170.0, 
169.9, 169.7 (4 COCH3), 158.6 (C-16), 154.4 (C-7), 148.9 (C-10), 146.1 (C-13), 123.2 (C-
14, C-18), 122.1 (C-9, C-11), 116.7 (C-8, C-12), 114.3 (C-15, C-17), 95.9 (C-1), 69.3 (C-
5), 68.7 (C-2), 68.0 (C-3), 68.0 (C-19), 65.9 (C-4), 62.1 (C-6), 30.6 (C-26), 29.4 (C-20), 
29.0 (C-23), 28.9 (C-24), 28.5 (C-21), 25.6 (C-22), 20.9, 20.9, 20.7, 20.7 (4 COCH3). 

ɛ = 4579 + 192 L x mol-1 x cm-1. 

 

 

NMR spectra and their interpretation of Z-7 

 

 

Figure S15.  1H NMR spectrum (500 MHz, CDCl3, 300.1 K). 

 

 

Figure S16.  13C NMR spectrum (125 MHz, CDCl3, 300.0 K). 
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Z-4-(4′-Acetylthiodecylphenylazo)phenyl 2,3,4,6-tetra- O-acetyl- αααα-D-
mannopyranoside ( Z-7):  

1H NMR (500 MHz, CDCl3, 300.1 K): δ=7.00 (d, J=8.9 Hz, 2H; H-18, H-12), 6.88 (d, J=8.9 
Hz, 2H; H-14, H-18), 6.87 (d, J=8.9 Hz, 2H; H-9, H-11), 6.76 (d, J=8.9 Hz, 2H; H-15, H-
17), 5.52 (dd, J2,3=3.5 Hz, J3,4 = 10.0, 1H; H-3), 5.48 (d, J1,2=1.7 Hz, 1H; H-1), 5.41 (dd, 
J1,2=1.8 Hz, J2,3=3.5 Hz, 1H; H-2), 5.35 (t, J3,4=J4,5=9.9 Hz, 1H; H-4), 4.27 (dd, J5,6a=6.0 
Hz, J6a,6b=12.6, 1H; H-6a), 4.09-4.06 (m, 2H, H-5; H6-b), 3.92 (t, J=6.6 Hz, 2H; H-19), 
2.86 (t, J=7.4 Hz, 2H; H-28), 2.32 (s, 3H; SCOCH3), 2.19, 2.05, 2.03, 2.01 (each s, each 
3H; 4 COCH3), 1.78-1.72 (m, 2H; H-20), 1.58-1.53 (m, 2H; H-27), 1.44-1.39 (m, 2H; H-
21), 1.34-1.26 (m; 10H); 13C NMR (125 MHz, CDCl3, 300.0 K): δ=196.0 (C-30, SCOCH3), 
170.5, 170.0, 169.9, 169.7 (4 COCH3), 158.7 (C-16), 154.4 (C-7), 148.9 (C-10), 146.1 (C-
13), 123.2 (C-14, C-18), 122.1 (C-9, C-11), 116.7 (C-8, C-12), 114.3 (C-15, C-17), 95.9 
(C-1), 69.3 (C-5), 69.3 (C-2), 68.7 (C-3), 68.3 (C-19), 65.9 (C-4), 62.1 (C-6), 30.6 (C-30), 
29.5 (C-27), 29.4-26.9 (C-20, C22-C28), 26.0 (C-21), 20.9, 20.9, 20.7, 20.7 (4 COCH3). 

ɛ = 1780 + 69 L x mol-1 x cm-1. 
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UV–Vis spectra of thermal Z→E isomerization of 6  
 

 

Figure S17.  UV-Vis spectra showing thermal Z→E isomerization of 6 in ethanol (35 µM) 
at 18 ± 1°C in the dark.  

 

 

 

Figure S18.  First order kinetics plot for the thermal Z→E isomerization of 6 as a function 
of time. 
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UV–Vis spectra of thermal  Z→E isomerization of 7 
 

 

Figure S19.  UV-Vis spectra showing thermal Z→E isomerization of 7 in ethanol (35 µM) 
at 18 ± 1°C in the dark. 

 

 

Figure S20.  First order kinetics plot for the thermal Z→E isomerization of 7 as a function 
of time. 
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Efficacy of Z→E photoisomerization of 7  
 

 

Figure S21.  1H NMR spectra (500 MHz, CDCl3, 300.1 K) of 7. The following states of 7 
were recorded: 

Bottom: E-7 in its ground state. 
Middle: photostationary state (PPS) of Z-7 obtained after 8 min of irradiation at 365 nm 
(> 98% of Z-isomer). 
Top: photostationary state (PPS) of E-7 obtained after 8 min of irradiation at 440 nm 
(~70% E-isomer). 

E:Z-ratios were deduced on the basis of integration of H-3 resonances for each isomer.  
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3. IRRAS studies  
 
IRRA spectra of 6- and 7-SAMs  

 
 
 

 
 
Figure S22.  High frequency region of IRRA spectra (CH2 symmetric and asymmetric 
stretching vibrations) of SAMs formed from ethanolic solutions of E-6 and E-7, 
respectively. 
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PM-IRRA spectra of mSAM 

 

    
Figure S23.  PM-IRRA spectra of mSAM prepared from a 1:4 mixture of 7 and 9. The left 
spectrum shows the mid- to low frequency region upon E→Z isomerization with 365 nm 
light and Z→E back isomerization effected by irradiation at 440 nm through five cycles. 
In the spectrum on the right, the mid-frequency region is enlarged, showing the changes 
of the1580 cm-1 band during isomerization.  

 

 

Figure S24.  For the E→Z isomerization of the molecules on surface the samples were 
irradiated with a LED (Nichia NC4U133(T), peak wavelength: 365 (±9) nm, 1 LEDs, power 
dissipation: 12 W, luminous flux: 10 lm, distance ~5 cm). Z→E conversion was performed 
with a LED from Nichia Corporation (NS6C083AT, peak wavelength: 440 nm, 1 LEDs, 
power dissipation: 1.5 W, luminous flux: 10 lm) The distance between the sample and 
LED is 5 cm for IRRAS measurements. This illumination unit was constructed by 
Sahlmann Photochemical Solutions (http://www.sahlmann-ps.de/). 
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Vibrational frequency calculation and assignment of  E-7 

 

Table S1.  The vibrational frequencies (wavenumber, cm-1) for compound 7 obtained from 
the calculation, transition dipole moment (TDM) with respect to the surface 
(perpendicular: ⊥; parallel: ǀǀ; neither parallel nor perpendicular: /) and assignment of the 
bands are given; man = α-D-mannoside residue. 

Calculation method: B3LYP; Basis set: 6-31G(d,p); Charge: zero; Spin: singlet 

 
Mode 
No. Calculated  Intensity  IRRAS TDM Assignments 

288 3241.2 5.1  / (CHazobenzene ring) stretch 
287 3239.9 2.5  / (CHazobenzene ring) stretch 
286 3236.3 9.5  || (CHazobenzene ring) stretch 
285 3232.2 8.8  / (CHazobenzene ring) stretch  
284 3221.9 10.6  || (CHazobenzene ring) stretch  
283 3219.3 3.1  || (CHazobenzene ring) stretch 
282 3217.0 9.4  / (CHazobenzene ring) stretch  
281 3216.0 6.7  || (CHazobenzene ring) stretch  
280 3178.1 4.2  || (CH) stretch (O-acetyl) 
279 3177.2 5.0  || (CH) stretch (O-acetyl) 
278 3175.0 5.3  / (CH) stretch (O-acetyl) 
277 3174.4 5.4  / (CH) stretch (O-acetyl) 
276 3172.2 6.5  / (CH) stretch (O-acetyl) 
275 3148.2 6.7  / (CHman) stretch 
274 3142.8 7.0  ⊥⊥⊥⊥ (CHman) stretch 
273 3138.1 19.8  || (CH2) asymmetric stretch (alkyl unit) 
272 3128.8 3.0  / (CH) stretch (O-acetyl) 
271 3126.9 2.9  || (CH) stretch (O-acetyl) 
270 3125.6 3.3  || (CH) stretch (O-acetyl) 
269 3124.8 2.7  || (CH) stretch (O-acetyl) 
268 3119.3 3.5  / (CHman) stretch 
267 3113.5 4.4  / (CHman) stretch 
266 3108.5 18.0  ⊥⊥⊥⊥ (CH2) stretch (man unit) 
265 3091.1 74.1  || (CH2) stretch (alkyl unit) 
264 3068.3 7.1  / (CHman) stretch 
263 3075.2 27.1  || (CH2) stretch (alkyl unit) 
262 3074.8 72.1  || (CH2) stretch (alkyl unit) 
261 3064.2 71.4  || (CH2) stretch (alkyl unit) 
260 3061.0 0.7  || (CH) stretch (O-acetyl) 
259 3060.5 0.6  / (CH) stretch (O-acetyl) 
258 3059.6 1.0  / (CH) stretch (O-acetyl) 
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257 3058.8 22.4  || (CH2) stretch (alkyl unit) 
256 3055.2 2.2  / (CH) stretch (O-acetyl) 
255 3053.5 1.0  || (CH2) stretch (alkyl unit) 
254 3041.1 3.0  || (CH2) stretch (alkyl unit) 
253 3040.5 35.5  || (CH2) stretch (alkyl unit) 
252 3031.9 0.1  || (CH2) stretch (alkyl unit) 
251 3029.9 31.1  || (CH2) stretch (alkyl unit) 
250 3026.6 1.0  || (CH2) stretch (alkyl unit) 
249 3022.9 0.0  || (CH2) stretch (alkyl unit) 
248 3015.0 88.0  / (CH2) stretch (alkyl unit) 
247 3013.6 68.3  / (CH2) stretch (alkyl unit) 
246 3008.5 0.4  / (CH2) stretch (alkyl unit) 
245 3002.6 1.5  / (CH2) stretch (alkyl unit) 
244 3001.2 0.1  ⊥⊥⊥⊥ (CH2) stretch (alkyl unit) 
243 2999.3 0.4  || (CH2) stretch (alkyl unit) 
242 2997.8 0.2  / (CH2) stretch (alkyl unit) 
241 2473.1 22.9  / S-H stretch 
240 1735.2 346.2  ⊥⊥⊥⊥ C=O stretch (O-acetyl) 
239 1716.2 179.5  || C=O stretch (O-acetyl) 
238 1712.5 273.0 1760 || C=O stretch (O-acetyl) 
237 1708.4 97.5  / C=O stretch (O-acetyl) 
236 1642.6 18.3  / (CCazobenzene ring) stretch 
235 1640.2 409.5 1600 ⊥⊥⊥⊥ (CCazobenzene ring) stretch 
234 1620.1 79.2 1580 ⊥⊥⊥⊥ (CCazobenzene ring) stretch 
233 1615.0 21.5  / (CCazobenzene ring) stretch 
232 1536.0 8.1  ⊥⊥⊥⊥ (CH2) & (CHaryl) bending 
231 1529.3 21.6  / (CH2) & (CHaryl) bending 
230 1525.5 94.8  ⊥⊥⊥⊥ (CH2) & (CHaryl) bending 
229 1523.1 113.0 1500 ⊥⊥⊥⊥ (CHaryl) bending 
228 1520.4 33.5  ⊥⊥⊥⊥ (CH2) & (CHaryl) bending 
227 1515.6 23.9  ⊥⊥⊥⊥ (CH2) & (CHaryl) bending 
226 1509.8 2.3  ⊥⊥⊥⊥ (CH2) bending (alkyl unit) 
225 1504.5 0.2  / (CH2) bending (alkyl unit) 
224 1503.4 0.5  / (CH2) bending (alkyl unit) 
223 1502.8 9.4  || (CH) bending (O-acetyl) 
222 1499.88 0.5  ⊥⊥⊥⊥ (CH2) bending (alkyl unit) 
221 1499.2 0.1  / (CH2) bending (alkyl unit) 
220 1496.9 0.6  ⊥⊥⊥⊥ (CH2) bending (alkyl unit) 
219 1493.4 16.2 1475 / (CH) bending (O-acetyl) 
218 1490.8 2.1  / (CH) bending (O-acetyl) 
217 1489.9 13.4  || (CH) bending (O-acetyl) 
216 1489.4 10.5  || (CH) bending (O-acetyl) 
215 1489.2 12.5  || (CH) bending (O-acetyl) 
214 1482.8 11.1  / (CH) bending (O-acetyl) 
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213 1480.7 13.5  || (CH) bending (O-acetyl) 
212 1480.1 13.6  / (CH) bending (O-acetyl) 
211 1476.1 3.3  / (CCazobenzene ring) deformation; N=N stretch 
210 1455.6 6.0  || (CCazobenzene ring) deformation 
209 1429.8 15.7  / (CH2) & (CHman) bending 
208 1425.2 38.1 1390 ⊥⊥⊥⊥ (CH2) bending (alkyl unit) 
207 1416.9 12.4  / (CCazobenzene ring) deformation; N=N stretch 
206 1414.4 31.8  || (CH) bending (O-acetyl) 
205 1414.1 2.1  / (CH2) bending (alkyl unit) 
204 1413.9 57.6 1370 / (CH) bending (O-acetyl) 
203 1412.1 2.8  || (CH) bending (alkyl unit) 
202 1411.4 20.4  ⊥⊥⊥⊥ (CH) bending (O-acetyl) 
201 1407.9 51.1  || (CH) bending (O-acetyl) 
200 1404.3 11.2  || (CH2) bending (alkyl unit) 
199 1400.8 8.2  || (CH) bending (O-acetyl) 
198 1388.9 0.4  / (CH2) bending (man unit) 
197 1384.6 2.9  / (CH2) bending (alkyl unit) 
196 1381.7 52.9  ⊥⊥⊥⊥ (CHman) bending 
195 1375.5 1.1  / (CH2) & (CHman) bending 
194 1362.8 31.1  / (CH2) & (CHman) bending 
193 1356.1 21.3  ⊥⊥⊥⊥ (CH2) bending (alkyl unit) 
192 1350.8 2.0  / (CH2) & (CHman) bending 
191 1350.5 0.1  ⊥⊥⊥⊥ (CH2) bending (alkyl unit) 
190 1348.4 0.2  ⊥⊥⊥⊥ (CH2) bending (alkyl unit) 
189 1346.5 25.6  || (CH2) & (CHman) bending 
188 1343.7 0.7  || (CH2) & (CHman) bending 
187 1339.3 0.1  / (CH2) twist (alkyl unit) 
186 1337.0 0.1  || (CH2) twist (alkyl unit) 
185 1335.8 6.1  || (CH2) & (CHman) bending 
184 1327.8 0.1  ⊥⊥⊥⊥ (CH2) twist (alkyl unit) 
183 1323.6 0.9  / (CHazobenzene ring) & (CHman) bending 
182 1319.6 2.1  || (CHazobenzene ring) bending 
181 1318.0 6.0  ⊥⊥⊥⊥ (CHazobenzene ring) bending; (CH2) twist (alkyl unit) 
180 1316.6 1.9  ⊥⊥⊥⊥ (CH2) twist (alkyl unit) 
179 1316.2 1.8  || (CHazobenzene ring) bending 
178 1291.2 0.2  || (CH2) twist (alkyl unit) 
177 1290.1 8.8  || (CH2) & (CHman) bending 
176 1281.8 6.5  / (CH2) twist (alkyl unit) 
175 1266.4 13.2  || (CH2) twist (man unit) 
174 1258.6 0.1  / (CH2) twist (alkyl unit) 

173 1254.5 236.8 1300 ⊥⊥⊥⊥ (CCazobenzene ring) deformation; (CHazobenzene ring) 
bending; aryl-N stretch 

172 1249.0 14.7  / (CH2) twist (alkyl unit) 
171 1240.3 43.6  / (CH2) twist (man unit); (CHman) twist 
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170 1234.6 50.2  ⊥⊥⊥⊥ (CCazobenzene ring) deformation; 
(CH) bending (O-acetyl) 

169 1231.1 363.2  ⊥⊥⊥⊥ (CCazobenzene ring) deformation, 
Caryl-Oalkyl chain stretch 

168 1227.9 0.5  / (CH2) twist (alkyl unit) 
167 1224.6 6.5  / (CH2) twist (alkyl unit) 
166 1220.0 431.1  1250 / C-O stretch (O-acetyl) 
165 1214.4 783.1  ⊥⊥⊥⊥ C-O stretch (O-acetyl) 
164 1207.4 138.9  / (CCazobenzene ring) deformation 
163 1206.5 236.9  || C-O stretch (O-acetyl)  
162 1191.1 345.5  ⊥⊥⊥⊥ (CCazobenzene ring) deformation, Caryl-Oman stretch 
161 1186.3 1.2  / (CH2) twist (alkyl unit) 
160 1174.9 16.6  / (CH2) & (CHman) bending 
159 1161.0 514.6 1150 ⊥⊥⊥⊥ (CCazobenzene ring) deformation 
158 1151.7 55.7  ⊥⊥⊥⊥ (CCazobenzene ring) deformation 
157 1149.0 116.5  ⊥⊥⊥⊥ (CH2) & (CHman) bending 
156 1125.2 12.4  || (CHazobenzene ring) bending 
155 1122.3 7.2  / (CHazobenzene ring) bending 
154 1120.7 2.4  / (CHazobenzene ring) bending 
153 1119.5 24.5  ⊥⊥⊥⊥ (CHazobenzene ring) bending 
152 1112.1 18.8  / (C-C) stretch (man unit) 
151 1089.2 0.4  / (C-C) stretch (alkyl unit) 
150 1085.9 0.9  || (CH2) rocking (alkyl unit) 
149 1078.9 29.2  || (C-C) stretch (man unit) 
148 1070.9 12.1  / (CH3) rocking (O-acetyl) 
147 1070.7 4.2  / (CH3) rocking (O-acetyl) 
146 1070.4 18.3  || (CH3) rocking (O-acetyl) 
145 1068.8 14.9  || (CH3) rocking (O-acetyl) 
144 1058.9 1.7  ⊥⊥⊥⊥ (C-C) stretch (alkyl unit) 
143 1057.3 0.1  || (C-C) stretch (alkyl unit) 
142 1054.6 1.4  ⊥⊥⊥⊥ (C-C) stretch (alkyl unit) 
141 1043.4 1.1  / (CH2) rocking (alkyl unit) 
140 1037.7 26.8  / (CH2) rocking (man unit) 
139 1032.6 9.2  ⊥⊥⊥⊥ (C-C) stretch (alkyl unit) 
138 1030.0 58.1  / (CH3) rocking (O-acetyl) 
137 1029.6 5.6  / (C-C) stretch (alkyl unit) 
136 1022.4 7.0  / (CCazobenzene ring) deformation 
135 1020.9 242.2 1040 / (CH3) rocking (O-acetyl) 
134 1018.7 7.8  ⊥⊥⊥⊥ (CCazobenzene ring) deformation 
133 1016.5 97.6  / (CH3) rocking (O-acetyl) 
132 1012.3 127.2  / (CH3) rocking (O-acetyl) 
131 997.4 161.5  || (CH3) rocking (O-acetyl) 
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Fit parameters for the XP spectra of mSAM 

Table S2.  Fit parameters for the XP spectra of mSAM; fwhm: full width at half maximum. 

C 1s Major component 

(aliph+aryl C) 

Minor component 

(hetero atom-C) 

Carboxyl 

Binding energy 
(eV) 

284.6 285.2 286.6 

Area (%) 71 24 5 

fwhm 1.1 1.1 1.1 

N 1s Azobenzene N=N  

Binding energy 
(eV) 

400.0 

Area (%) 100 

fwhm 1.8 

S 2p Ionic/atomic 
sulfur 

Thiolate Unbound thiolate 

Binding energy 
(eV) 

161.2, 162.4 161.9, 163.1 163.0, 164.2 

 

Area (%) 15, 7 40, 20 12, 6 

fwhm 0.78 0.78 0.82 
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Figure S25.  XPS characterization of SAM formed from E-7. 
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Eur. J. Inorg. Chem. 2008, 3614-3623.

[131] H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. Int. Ed. 2001, 40, 2004.

[132] M. Orchin, R. S. Macomber, A. R. Pinhas, R. M. Wilson, The Vocabulary and Concepts

of Organic Chemistry, 2. Auflage, John Wiley & Sons, Hoboken 2005, 583-584.

[133] W. B. Austin, N. Bilow, W. J. Kelleghan, K. S. Y. Lau, J. Org. Chem. 1981,

46, 2280-2286.

224



[134] B. Tang, F. Yu, P. Li, L. Tong, X. Duan, T. Xie, X. Wang, J. Am. Chem. Soc.

2009, 131, 3016-3023.

[135] J. Poppenberg, S. Richter, E. Darlatt, Ch. H.- H. Traulsen, H. Min, W. E. S. Unger,

Ch. A. Schalley, Surf. Sci. 2012, 606, 367-377.
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- durch mich eigenständig verfasst worden. Sie ist nach den Regeln guter wissenschaftlicher

Praxis der Deutschen Forschungsgemeinschaft verfasst worden und hat, außer in Auszügen
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