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“The way was long, and wrapped in gloom did seem,
As T urged on to seek my vanished dream.”
— Li Sao (Author: Qu Yuan), is one of the greatest poems in Chinese poetry,

translated by Xian-Yi Yang and Gladys Margaret Tayler (Nai-Die Dai).



Acknowledgements

First of all I would like to thank my supervisor Prof. Dr. Rainer Haag for offering me
the opportunity to accomplish my Ph.D. thesis in his group, giving me the scientific
and personal supports, as well as helping me to establish the goal for the future

development.

I wish to gratitude Prof. Dr. Christoph A. Schalley for taking the second referee and

spending his valuable time on reviewing my thesis.

I am very grateful to all of my cooperators for their kind help. Particularly to Prof. Dr.
Wolfgang Kuch, Dr. Marten Piantek, Dr. Matthias Bernien, Dr. Jorge Miguel, Alex
Kriiger, Felix Hermanns, Prof. Dr. Petra Tegeder, Prof. Dr. Jose 1. Pascual, Christian
Lotze, Prof. Dr. Hans-Martin Vieth, Dr. Sergey Korchak (Freie Universitit Berlin,
Germany), Prof. Dr. Martin Wolf, Dr. Leonhard Grill (Fritz-Haber-Institute of the
Max-Planck Society, Germany), Prof. Dr. Peter Saalfrank, Dr. Jadranka Doki¢,
Manuel Utecht (Universitdt Potsdam, Germany), and Prof. Dr. Martin Weinelt, Dr.

Cornelius Gahl (Max-Born Institut, Germany).

Dr. Pamela Winchester, Dr. Christopher Popeney, and Dr. Adam Sisson must be
thanked for spending their valuable time on proofreading my manuscripts and

dissertation.

I would like to acknowledge Jutta Hans and Gabriela Hertel for dealing with the

complicated paperwork and taking care of the chemical ordering and lab techniques.

All former and current colleagues in Haag group are acknowledged for their great
help during the last years. In particular, I would like to thank the members in the
“surface subgroup”, Dr. Christopher Popeney, Dr. Carlo Fasting, Christian Kordel, Dr.
Marie Weinhart, Aileen Justies, Timm Heek, Dr. Radu-Cristian Mutihac, Katja
Neuthe, Tobias Becherer, Qiang Wei, for every discussion and useful suggestion. I
also want to thank my partners from the lab and the office, Dr. Christopher Popeney,
Dr. Juliane Keilitz, Dr. Mohiuddin Abdul Quadir, Dr. Markus Meise, Dr. Marie



Weinhart, Dr. Monika Wyszogrodzka, Dr. Marcelo Calderon, Timm Heek, Emanuel
Fleige, Gaby Hertel, Christian Kordel, Indah Nurita Kurniasih, Ilona Papp, Jonathan
Vonnemann, Maike Lukowiak, Fatemeh Mehrabadi, Pradip Dey, Shilpi Gupta, for the

pleasant work atmosphere.

I appreciate all the analysis departments of the Institute of Chemistry and
Biochemistry for the substantial NMR measurements performed by Dr. Andreas
Schifer and his colleagues, MS analyses managed by Dr. Andreas Springer and his
colleagues, and elementary analyses. Additionally, I need to thank Andrea Schulz for
TEM measurements, Winfried Miinch, Marleen Selent for their assistance on HPLC,

and Thomas Kolrep for his assistance on ESI-TOF measurements.

I also gratitude the financial support afforded by Deutsche Forschungsgemeinschaft
(SFB 658) during my Ph.D. thesis.

My family and friends must be thanked for their care throughout all this years. I am
very grateful to my parents for their understanding and support, encouraging me to

pursue my dream.

Finally, especial thanks to my husband Min Shan for his supports, patients, and
encouragements. Whenever I need you, you are around. Thank you to accompany me

through every day.



Table of Contents

Table of Contents
1 INrodUCHION. . ..o 1
1.1  Self-Assembled Monolayers (SAMS)........coeiiiiiiiiiiiiiiiiiieieaes 1
1.1.1 Concepts, Preparation, and Applications.................cooeveeieinen... 1
1.1.2 Monolayers on Gold Substrates............c..ccooeeiiiiiiiiiiiinii 3
1.1.2.1 Preparation of Planar Gold Thin Film........c.cccccevvnininnncn 4
1.1.2.2 Head Groups for Gold: Thiols, Disulfides, and Sulfides....... 5
1.1.2.3 General Protocol and Experimental Factors......................7
1.1.2.4 Growth Mechanisms of SAMS...........ccooiiiiiiiiiiiiiiinn, 9
L1.1.2.5 MixXed-SAMS. ..ot 11
1.1.3 Multi-technique Characterization of SAMs.............ccooiiiiinne. 12
1.2 Reversible Photo-induced Isomerization in Solutions........................ 14
1.2.1 Background and Survey History...........c.coooviiiiiiiiiiiiiiiiiiin 14
1.2.2 cis-/trans- (Z/E) Isomerization.............ccovieeiiiiiiiiiiniiiiiannannn, 14
1.2.2.1 AZODeNZene..........couoiuiiiniiiiiii i 14
1.2.2.2 SHIDENE....oniti i 18
1.2.2.3 TMINC. .. onniiii e 19
1.2.3 Pericyclic Ring-Opening and Closure.................cccoovevivinnn.n. 19
1.3 Reversible Photo-induced Isomerization on Surfaces........................ 21
1.3.1 Gold NanopartiCles. ........ooevvriiriiiiiiiiiiiiei i, 21
1.3.2 Planar Gold Surfaces..........cccovuiiiiiiiiiiiiiiii e 25
2 Scientific Goals.................. 30
3 Publications.................. 32
3.1 In-situ Formation and Detailed Analysis of Imine Bonds for The
Construction of Conjugated Aromatic Monolayers on Au(111)............ 32
3.2 Effective Reversible Photoinduced Switching of Self-Assembled
Monolayers of Functional Imines on Gold Nanoparticles................... 43
3.3 cis-trans Isomerization of Substituted Aromatic Imines: A Comparative



Table of Contents

Experimental and Theoretical Study...............ocooiiiiiiiiiii.. 52

3.4 In Situ Hydrolysis of Imine Derivatives on Au(111) for the Formation of
Aromatic Mixed Self-Assembled Monolayers: Multitechnique Analysis of

This Tunable Surface ModifiCation..........vueeerieeeie e iiaeaanann, 68

3.5 Imine Derivatives on Au(l11): Evidence for “Inverted” Thermal

| 103031 w4215 o) s PR 82

4 Summary and Conclusion........................... 91
S 011 11 [171) | TR 94
6 Zusammenfassung....................... 95
T ORI CIICES. ... e, 98
8 Publications and Presentations.....................cooiiiiiiiiiiiiii, 109

9 Curriculum Vitae. ... ..o, 112



1 Introduction

1. INTRODUCTION

1.1 Self-Assembled Monolayers (SAMs)

1.1.1 Concepts, Preparation, and Applications

A Self-assembled monolayers (SAM) are two-dimensional organized layers of
organic molecules that spontaneously forms on appropriate substrates based on strong
interactions between ligands and surface.' ! Initial work describing the self-assembly
of surfactants on a metal surface to form a monolayer was performed by W. A.
Zisman et al¥ In the 1980s, SAMs received extensive attention. In groups of J.
Sagivi®>® and A. Ulman,!* different silane derivatives were coated on hydroxylated
surfaces (silica, glass, etc.) to yield organic monolayers. During the same period, the
adsorption of organic disulfides on gold surfaces was achieved by R. Nuzzo and D.
Allara.”? Afterwards, SAMs on different substrates were prepared and intensively
studied by various characterization methods.

Generally, SAMs are produced by the absorption of suitable surfactants either
from dilute solution or vapor phase. Liquid-phase deposition is a convenient and
sufficient method, which can be accomplished in any ordinary laboratory. On the
other hand, vapor phase deposition requires ultra-high vacuum equipment. It is often
applied in some cases, where high level of a substrate purity is necessary or to provide
opportunities for real-time surface characterizations.!'”

In principle, self-assembling surfactants consist of three parts, i.e. head groups,
linker groups, and reactive terminal/end groups (Figure 1.1). Head groups are
normally hydrophilic and possess favorable and specific affinities for surfaces. During
the self-assembly process, they occupy all available binding sites on the surface as
much as possible through chemical bonds or by other noncovalent interactions.
Consequently, a monolayer with high chemical and thermal stabilities is formed and

[1,10

remains stable even after the rinse treatment.!""'”) Besides the two most popular SAM

systems mentioned above, e.g. silanes on SiO, and disulfides or thiols on gold, other
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molecules with different head groups can be utilized for SAM production: phosphates

[11,12 13]

and phosphonates for metal oxides,!'"'?! fatty acids for aluminum oxide!"*! and

 isonitriles for platinum,!"*! and so on.

- MR

solution of immersion time closely-packed

silver,[1

substrate

organic surfactant hours to days ordered SAMs
terminal groups
group-specific interactions —
(H-bonding, dipolar)
linker groups
intermolecular interactions
head groups

e
chemisorption at the surface

Figure 1.1. Preparation of SAMs by means of chemisorption. Driving forces for the
spontaneous formation of this two-dimensional assembly include chemical bond
formation or noncovalent interactions between head groups and surface as well as
intermolecular interactions.” Adapted with permission from reference 2. Copyright ©

1996, American Chemical Society.

The linker groups that have been studied most so far are alkyl groups. They play

an important role in the construction of an ordered and closely packed SAM due to

1[0

interchain van der Waals interactions to a order of few (<10) kcal/mol.'” In the case

of molecules incorporating a rigid & system, such as phenyl rings, n-interactions need

to be considered. The strength of these intermolecular interactions determines the

spacing between the head groups and thus affects the interface properties.!")

The end groups can be either simple methyl groups or active groups. Simple and

flexible modifications of active terminal groups by focused electron beam,!'”

[17] [18]

ultraviolet irradiation," " or chemical reaction' ™' would render novel interfaces with
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[19,20]

specific chemical and physical characteristics like wetting, corrosion

resistance, ! and biocompatibility.!***’]

Nowadays, SAMs are very important for nanoscience and technology and are
widely applied in materials, electrochemistry, biology, etc. because of their unique
structure. For instance, densely packed stable SAMs can prevent substrates from
corrosion and wear.”!! Moreover, their well-defined composition, structure, and
potentially biocompatible terminal groups allow them to be used in chemical or

(24251 SAMSs are a promising component in electro-optic devices

biochemical sensors.
based on their high molecular order parameter.”® In addition, SAMs are
advantageous in the nucleation of crystals in different configurations depending on

tunable compositions and orientations of the terminal groups.'?’*"

1.1.2 Monolayers on Gold Substrates

Since gold has several unique advantages compared to other surface materials, it
remains a standard substrate for SAM investigations despite its high cost.”! Firstly,
gold is readily available whether as a thin film or as a colloidal dispersion. In general,
thin films of gold normally can be prepared by the physical vapor deposition (PVD)
method,” whereas gold colloids are synthesized by chemical methods in solution,
the details of which will be discussed in Section 1.3.1. Secondly, inertness is a
peculiar characteristic of gold, which endows it with perfect stability in the presence
of oxidants (at the temperature below its melting point) and most chemicals.
Therefore, experiments of gold-based SAMs can be done under ambient conditions.
An ultra-high vacuum (UHV) system is not necessary. On the other hand, strong
chemical interactions between gold and sulfur derivatives result in easier formation of
SAMs utilizing thiol chemistry. Third, as a non-toxic and biocompatible material,
gold is suitable for biological studies.”” Fourth, thin films of gold are common
substrates used for multi-technology characterization, including infrared reflection
absorption spectroscopy (IRRAS), surface plasmon resonance (SPR) spectroscopy,

and ellipsometry. Lastly, easy cleaning procedures, well-defined surfaces, as well as
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capabilities for chemical etching® and photolithography™ are additional

advantages.
1.1.2.1 Preparation of Planar Gold Thin Film

Productions of planar gold thin films on substrates, e.g. glass, silicon, mica and plastic
wafers, are commonly performed via physical vapor deposition (PVD) method,
including thermal vapor deposition, electron beam vapor deposition, and sputtering.[zg]
In the case of gold supported glass and silicon wafers, adhesion layers made of
titanium, chromium, or nickel with thickness of 15-50 A have to be deposited first
onto the substrates in order to improve the adhesion of the gold film, especially when
substrate has an oxidized surface. Since some of these adhesion layers could diffuse
into the gold upper layer over time and contaminate it,”" titanium is the only viable
choice when organisms (e.g. cells) are studied on the gold surface owing to its
non-toxicity. By this means, polycrystalline gold thin films composed of contiguous
islands or grains, having a dominant (111) surface, deposit in a thickness ranging from
100 to 1000 A.”Y To obtain higher adhesion, less surface roughness, and higher
reproducibility, substrates must be cleaned oxidatively (i.e., by oxygen plasma) prior
to the coating. Besides of the substrate purity, level of vacuum, and other
experimental conditions, these methods lead to gold thin films of greatly varying
purity and grain morphology. For example, when the temperature of the substrates is
increased from room temperature to 400 °C in the thermal vapor deposition process,
the size of gold grains becomes larger and the shape simultaneously changes from
round to terraced.”**! Furthermore, incidence angles of deposited gold on substrates™®
and compositions of thin films also influence the average size of grains, which
determine these substrates are useful for the different applications. On the other hand,
even if the preparation of gold thin film has been done, the topography of these films
still can be changed by thermal annealing™®”) or chemical treatment with strong acid."”’

Deposition of gold on freshly cleaved mica substrates provides thin films with

well-defined and large terraces, which are especially suitable for atomic force
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microscopy (AFM) and scanning tunneling microscopy (STM) measurements of

ultra-thin monolayers.Bg]

1.1.2.2 Head Groups for Gold: Thiols, Disulfides, and Sulfides

The first example of the fabrication of SAMs of dialkanedisulfide (RS-SR) on a gold
surface was reported by R. Nuzzo and D. Allara in 1983.") Subsequently,
substantially different organic compounds have been synthesized, unveiling a
relationship between head groups and formations of ordered monolayers. For example,
Bain et al.*) systematically studied the adsorption of molecules possessing different
head groups, e.g. amino (-NH;), hydroxyl (-OH), carboxyl (-COOH), cyano (-CN),
phosphine (PR3), sulfide (-S-), disulfide (-S-S-), and thiol (-SH), onto gold. All
corresponding SAMs were characterized by contact angle measurement and
ellipsometry to evaluate surface hydrophilicity and layer thickness. The results
demonstrated that only phosphorus and sulfur molecules spontaneously assembled on
the surface to form closed-packed and ordered monolayers, which is attributed to
strong interactions of gold with phosphorus and sulfur. A following competition
experiment® indicated that thiol had an even higher affinity to gold than phosphine.
In the light of its high affinity to gold and good solubility in organic solvents,
thiols are currently the most used ligands for SAM formation. Alternatively, disulfides
were corroborated to produce a similar monolayer structure as thiols if the conditions

4041 However, a multilayer

of the sample preparation have been carefully controlled.
formation has been observed in this case."*”) Compared with the oriented and ordered
SAMs produced by thiols or disulfides, SAMs from sulfides are less stable and less
ordered,'?! although their oxidation resistance makes sulfides more easily handled
during experiments.

Three different mechanisms for the spontaneous assembly of SAMs from thiols,
disulfides, and sulfides on gold surface, by formation of gold-thiolate bonds or dative

bonds, have been proposed based on previous comparative studies. In the case of

alkanethiols, although the mechanism involved in the reaction has not been
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completely understood, a two-step mechanism, oxidative addition of the S-H bond to
the gold surface followed by a reductive elimination of hydrogen, was
suggested.>***) If the SAM formation is performed in the complete absence of

oxygen, the process can be illustrated as follows:
R-S-H+Au? — RS Au’-Au) +12H,
Otherwise, the released H associates with oxidants and converts to water:
R-S-H +Au’ + oxidant —» RS Au*-Au’ +1/2 H,0O

However, because the detection of hydrogen during self-assembly is difficult,
controversy over this mechanism has existed for a long time. For example, Nuzzo et

461 and Rzeznicka et al*’! both reported nondissociative chemisorptions of

al.
short-chain alkanethiols on Au(111). In 2009 when Kankate et al.*® investigated
vapor-deposited aromatic SAMs by means of in situ X-ray photoelectron spectroscopy,
however, experimental data clearly indicated a partial reduction of
monolayer-terminal nitro groups to amino groups, which is evidence for the hydrogen
generated upon the thiol adsorption. Moreover, another theoretical study about the
formation of alkanethiol SAMs on Au(111) concluded that the mechanism of S-H
bond breakage was reasonable.[*”)

The chemisorption of dialkyldisulfides onto gold yields SAMs by a similar

means as thiols, where gold thiolate species form after a simple oxidative addition of

the S-S bond to gold, which was proven by Biebuyck et al.”® twenty years ago.
RS-SR + Au! — RS Au'-Au’

In the same study, an additional thiol molecule was chosen to perform a
replacement experiment on pre-prepared SAMs from asymmetrical disulfides
containing approximately equal proportions of the two thiolate groups. XPS data
showed that one thiolate group was replaced about 10° times more rapidly than
another thiolate group, which suggests that these two thiolates formed from a single

disulfide behave as independent entities in their subsequent reactions.”””!
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In the above two cases, an exothermic covalent gold-thiolate bond formation is
one of the most important driving forces for self-assembly. Thermodynamic

151521 demonstrated the strength of this bond to be about 45-50 kcal/mol, thus

analysis
leading to robust and stable conformations of SAMs.

Unlike thiols and disulfides, sulfides assembled on gold in a different manner:
via a nondissociative (S-C bond) adsorption process,’**! followed by the formation of
a dative bond between sulfur and gold rather than gold-thiolate.” Therefore, this
kind of monolayer is less stable and with less maximum coverage as a result of the
relatively weaker S-Au interaction. Furthermore, numerous contaminants remain on

the substrate, in contrast to the cleaner case of thiols/disulfides.!*>*®

1.1.2.3 General Protocol and Experimental Factors

Generally, SAMs on gold surfaces can be prepared via the spontaneous adsorption of
organosulfur precursors (thiols, disulfides, sulfides, etc.) from either a liquid or a
vapor phase. The widely-used protocol for the case of the liquid phase is to immerse a
freshly prepared and cleaned gold slide into a dilute organic ethanolic solution (e.g.
~1-10 mM) for ~12-18 h at room temperature. Afterwards, the resulting monolayer is
rinsed with ethanol and dried under a clean inert gas stream."

As a result of the poor solubilities of some organosulfur molecules in ethanol,
especially disulfides, tetrahydrofuran (THF) and acetonitrile can be used as
alternatives. No abnormal contact angle values are observed because, like ethanol,

[57] The direct fabrication of

these two solvents do not incorporate into the monolayer.
carboxylic acid-based SAMs on gold surface can result in the formation of bilayer due
to intermolecular hydrogen bonding (Figure 1.2). Nevertheless, an optimized choice
of solvent can solve this problem and lower the level of surface roughness.”>®

The alkyl chain length is another factor for the construction of SAMs. With the
increasing number of methylene units in alkanethiols, intermolecular van der Waals

interaction becomes stronger, which promotes the spontaneous assembly and thereby

affects the structure of monolayers.”” In addition, an odd-even effect of alkane chain
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carbon number was reported by W. Azzam,”” where oligo-para-phenyl-substituted
alkanethiols with an odd number of methylene units achieved a higher packing
density and a smaller inclination of the phenyl groups compared to thiols with an even
number of methylene units. In other words, the orientation of the phenyl backbone in
the former case was almost perpendicular to the surface. This could be interpreted by
the binding modes of sulfur on gold (Figure 1.3), in which surface-S-C angle is about

104 °, close to what is expected from sp hybridization geometry.[**"]

o7 <
hydrogen bond ~ H
_ .

ethanol 0
(()g

COOH i

ethanol (;
2% (vol.) CF;COOH s

|
Au

-I-

SH

O,I

Figure 1.2. Schemes of the structures of -COOH terminated SAMs prepared in
ethanol and in the optimized solvents.”™® Adapted with permission from reference 58.

Copyright © 2005, American Chemical Society.
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%ﬁz%ﬁé' 9000

Figure 1.3. Structural comparison of SAMs coated by oligo-para-phenyl-substituted



1 Introduction

alkanethiols with an even number of methylene units (a) and an odd number of
methylene units (b).””) Adapted with permission from reference 59. Copyright ©

2006, American Chemical Society.

The self-assembly of organic molecules from liquid phase on substrates is a very

complex process. Besides these two factors of solvent and chain length, the

[62,63] [5

configuration of adsorbates, temperature,””” and the concentration of oxygen in
solution'® have considerable bearing upon the monolayer formation, and kinetics,
stability, structure, and morphology of the responding SAMs.

SAMs deposited from the gas phase generally presented similar results as those

(46451 This method is usually

obtained from liquid phase under normal conditions.
applied for in-situ characterization and to prepare an ordered monolayer with a
“lying-down” phase. A disadvantage is that some volatile low molecular weight

compounds cannot be used as precursors.

1.1.24 Growth Mechanisms of SAMs

57 carried out kinetic studies of

To understand this self-assembly process, Bain et al.
alkanethiols on Au(111). The results of contact angle and ellipsometry measurements
demonstrated that, 80-90% of final values were already reached within the first few
minutes. The self-assembly process was only completely achieved after several hours,
however, and the final film properties were constant. Additionally, STM microscopy
performed by Sun et al.'®! supported the claim that monolayer defects disappeared
after a long immersion time of several hours. Therefore, it is likely that the
self-assembly is not a simple one-step process. Moreover, Poirier et al.l’ and
Schreiber et al.l®”! discovered the growth mechanism of alkanethiols on gold from the
vapor phase via in-situ multi-technique characterizations. They found that some
molecules first adsorbed on the surface with flat lying configurations to form islands

of “striped” phases. Afterwards, with continued deposition, these islands further grew

and finally “stood up” to give an orientation nearly perpendicular to the surface. If
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experiments were performed above 15°C, a two-dimensional liquid-like intermediate
phase was also observed between the “striped” phase and the final solid phase.!*”!

All of this experimental evidence indicated that monolayer growth was a
stepwise process consisting of transport, adsorption onto the interface governed by
interactions between gold and head groups, and subsequent two-dimensional
self-organization, in which chain-chain interactions and flexibilities of the chains on
the surface play important roles.>®® Firstly, surfactants are transported onto the
interface via diffusion and convection. Initially, molecules are randomly adsorbed on
the surface with a disordered conformation forming the first low density state.
Undergoing a long period of self-organization, a high density “solid” phase eventually
emerges, where all molecules ordered are arranged and closely packed./*®

In a review,'®® Schwartz summarized the general growth mechanism by a
cartoon sketch (Figure 1.4). In this scheme, three different intermediate phases, i.e., a
coexistence region where islands of solid phase are surrounded by isolated adsorbate

molecules, a disordered two dimensional liquid phase, and an ordered phase with

lower density, such as the “striped” phase, are depicted.

— b~
[~ A o, oo oo

solid-vapor coexistence disordered liquid phase “lying-down” phase

l l

LN el
I l —
(I

solid phase

10
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Figure 1.4. Illustration for describing the self-assembly process of surfactants on the

surface through three different intermediate phases.!*®!

1.1.2.5 Mixed-SAMs

A mixed-SAM is a monolayer composed of two or more different molecules and
provides a methodology to diversify interface properties. Thereby, it could have
promising application in the development of biosensors and cell biology.[""!
Currently, mixed-SAMs can be synthesized by several methods as following: First, by

)77 and second, by

dissociative adsorption of asymmetric disulfide (Figure 1.5a
coadsorption from a solution containing two different thiols (Figure 1.5b).*%73
However, the concentration ratio of the two components in the produced mixed SAMs

3% Clear island formation was observed

was found to deviate from that in the solution.
as well in some cases, where for example the concentration ratio of C4HoSH to
CisH37SH in the solution are 20:1 or 40:1 reported by Tamada et al.l” An attempt at
combining these two methods for mixed asymmetric disulfides (Figure 1.5¢) formed
more homogeneous SAMs compared with the mixed thiols.”™ Third, there is a partial
ligand exchange on the prepared chips (Figure 1.5d).""" Moreover, chemical

modification!™ and adsorption of asymmetric dialkylsulfides are also effective and

convenient means.

11
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Figure 1.5. Illustration of mixed-SAMs synthesized by asymmetric disulfide (a),!’"
coadsorption of thiols (b),'"*) adapted with permission from reference 73, copyright ©
1989, American Chemical Society, coadsorption of mixed asymmetric disulfides
(c),’" adapted with permission from reference 76, copyright © 2001, American

Chemical Society, and ligand exchange (d),l’” respectively.
1.1.3 Multi-technique Characterization of SAMs

Once SAMs have been constructed, surface and bulk properties need to be studied via
different analytical tools. Ellipsometry is a common optical technique for determining
thickness ranging from nanometer to several micrometers and the uniformity of

1,79

freshly prepared monolayers.'"””) The wettability of a surface is generally evaluated

by its contact angle with different liquids, in other words, where the liquid/vapor and
solid/liquid phases meet, and by the resultant interaction between the interfaces.*”
The wettability is determined to be superhydrophilic, hydrophilic, hydrophobic, or

superhydrophobic according to the size of the contact angle 6 with a suitable liquid,

e.g. water (Figure 1.6). Besides the static sessile drop method, dynamic sessile drop

12
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method for measuring advancing and receding contact angle is used as well. Contact
angle measurements not only indicate the surface wettability, but also give
information about the surface composition and the structure, especially for the study

of mixed SAMs. 8182

6

Figure 1.6. Contact angle of water on hydrophobic (left) and hydrophilic (right)

surfaces.!

Fourier transform infrared (FTIR) spectroscopy is a powerful tool for
investigating the molecular packing and orientation in the thin film.!'! Two main
modes, attenuated total reflection (ATR) and grazing-angle (GA), are commonly used
to characterize surfaces. In the case of grazing-angle FTIR spectroscopy, for example,
a high angle of incidence, e.g. 80-85°, is applied in order to efficiently measure the
reflection-absorption spectrum.®™ By this method, the direction of the transition
dipoles of molecules and then the orientation of the molecules on the surface can be
extrapolated on the basis of the surface dipole selection rule, which points out that
only vibrational modes with a transition dipole or a component of the transition dipole
perpendicular to the surface can be observed in infrared spectroscopy on metal
surfaces.[*"

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic
technique for analyzing surface compositions and elemental chemical states in the
range of nm scale in a film.!"! Although XPS gives a relatively low spatial resolution,
it still is a fruitful tool for characterizing single component SAMs and mixed SAMs.
For obtaining images of SAMs with an atomic resolution, scanning tunneling

85]

microscopy (STM)® and atomic force microscopy (AFM)®*® have been utilized. So

13
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far, these methods are extensively applied in in-situ kinetic studies for SAM growth

and for measuring and manipulating single molecules on surfaces.

1.2 Reversible Photo-induced Isomerization in Solutions

1.2.1 Background and Survey History

Reversible photo-induced isomerization is one kind of reaction upon exposure to light,
resulting in a reversible transformation of a molecule between two different isomeric
states.®”! In this reaction, some molecules normally undergo color changes after
photoirradiation, and therefore are called photochromic compounds. Photochromism
is defined for this phenomena, or is more accurately described as a reversible
transformation of a chemical species by absorption of electromagnetic radiation
between two forms with different absorption spectra.®™*”) The first report on

%1 in 1867, in which reversible color changes

photochromism was given by Fritsche!
of tetracene between orange and colorless under conditions of light and heating were
introduced. In the following half century, the studies of photochromism focused more
on different compounds, [87] including benzalphenylhydrazone[g1] and osazone.*”
From 1940 onward, the interests in photochromism moved to investigations of a
mechanism of the photochromic process and structures of intermediates and products.
Afterwards, with a development of physical techniques such as the discovery of flash
spectroscopy, the understanding of the reactivities of photochromic molecules and
their corresponding excited states became possible. So far, many of the photochromic
compounds have been found and synthesized (Table 1). More attention has been
devoted to the reversible conversions of properties (e.g., optical, chemical, electrical,

and bulk) in these compounds and materials.®”! In the next sections, some of these

photochromic compounds will be introduced and compared.
1.2.2 cis-/trans- (Z/E) Isomerization

1.2.2.1 Azobenzene

14
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E/Z isomerization is a type of stereoisomerization involving the orientations of
functional groups in a molecule containing double bonds, e.g., -N=N-, -C=C-, -C=N-,
etc. An aromatic molecule possessing a diazene group —N=N- in conjugation with two
phenyl substituents is commonly called an azobenzene, which is interesting due to its
transformation between E and Z configurations upon external stimuli (Table 1, entry
1). The first reversible E/Z isomerization of azobenzene was observed by Hartley in
1937 during a determination of its solubility.””) He not only observed the color
change of azobenzene solution exposed to sunlight that was made reversible by
keeping the solution in the dark but also isolated a product from this photochemical
reaction. Eventually, the isolated compound was identified as the previously unknown
Z-azobenzene isomer after chemical and physical characterizations. In order to
acquire higher quantum yield in the process of E to Z isomerization, radiation with an
appropriate wavelength, at which the trans-isomer has a higher absorption intensity
than the corresponding cis-isomer, has to be chosen.” Thereby, analyses and
understanding of electronic structures for azobenzene and its derivatives under
different external conditions are essential.

A UV/Vis absorption spectrum of frans-azobenzene shows three absorption
bands resulting from the electronic structure of the diazene group —N=N-: the lowest
energy transition (n—»n*, € ~ 500) at 440 nm, the second transition (n—nt*, e ~ 17000)
at 314 nm, and the highest energy transition localized in the phenyl rings (c—o") at ca.
280 nm.”*! Certainly, these bands could undergo a certain degree of hypsochromic or
bathochromic shifts owing to substitutent and solvent effects, among others.

Depending on their reactivity, Rau®*"”

classified three types of azobenzene
derivatives: azobenzene, aminoazobenzene, and pseudostilbene. Obviously, the
azobenzene type of compounds affords similar spectra as the parent azobenzene. The
main feature of the spectrum in this case is a large separation of the long wavelength
band from the shorter wavelength bands. Moreover, substituents except for the amino
group or solvents, only give a minor effect on the absorption spectroscopy for this

class of compounds.”® While in the aminoazobenzene-type system, molecules are

functionalized with an electron donor group, such as -NH, or -OH on the
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para-position of azo ring. The n—m transition is lowered in energy and red shifted to
the visible region, causing the two bands of n—m transition and n—n transition to
overlap. Especially in an environment of polar solvent, such as ethanol, these two

I If further substitution of an electron

transitions may appear as one band.”®
withdrawing group (-NO;) on the opposite or 4’-position is carried out on an
aminoazobenzene-type compound, such as 4-aminoazobenze, the band of n—m
transition buries in the n—m" absorption due to the still decreased n—m transition
energy. Similarly, polar solvents furthermore enhance the red shift of n—m bands in
this push-pull system."”!

Since the energy of 6—o transition is too high, the corresponding singlet state
normally is not involved in the photo-induced E to Z isomerization, and thus no
change of 6—¢" absorption of azobenzene could be observed. On the other hand, both
n—n and —n bands shift to lower wavelength regions of 430 nm and 280 nm after
the photo irradiation, respectively. Additionally, the transition of molecular
configuration from a planar to a more three-dimensional one causes significant
alterations of absorption intensities.”” Compared to the trans-isomer, cis-azobenzene
is thermodynamically unstable by about 56 kJ/mol.'®” The moderate activation
energy (ca. 85-100 kJ/mol) allows Z to E isomerization of azobenzene derivatives to

be accomplished by means of visible light or heat!'®"!

although it is sometimes a slow
process and takes more than a couple of hours at room temperature, e.g. the
half-lifetime of this process at 25°C in the case of 4-dimethylaminoazobenzene was
calculated to be 220 minutes.!**

The change in molecular configuration of azobenzene attributed to the reversible
E/Z photo-induced isomerization has been proven to have potential application in
optoelectronics, biological science, and material technology.””'®'® For example,

“molecular scissors” for light-triggered ion extraction and transport,!*>1%!

photo-responsive biomaterial to control protein activities in cell,l'"”

and light
activated ion channel are recent systems that utilize the isomerization of
azobenzene.'™ However, the stabilities of these systems still need to be further

studied before they can be practically applied.
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Entry | Compounds Schemes
1 azobenzene
2 stilbene
3 imine
4 diarylethene
5 fulgide
6 spiropyran

closed form

open form (Merocyanine)

Table 1: Some organic photochromic compounds for photo-induced isomerization.*’

17
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1.2.2.2 Stilbene

Similarly, stilbene, containing a C=C double bond, undergoes reversible Z/E
isomerization as well (Table 1, entry 2). This process and the corresponding solvent
substituent effects have been extensively studied since the middle of the last
century.""% Tt was found that frans-stilbene converted to the cis-isomer with a
quantum efficiency of about 0.9 upon direct irradiation with light of 313 nm
wavelength.''"! Light with a shorter wavelength could lead to lower conversion
efficiency, however."'>!"*! In contrast to cis-azobenzene, cis-stilbene is much more
thermally stable as a result of smaller energy difference (10-20 kJ/mol"'¥, 56 kJ/mol
in the case of azobenzene!'"”) between the two isomers of stilbene. Furthermore,
owing to a far higher energy barrier (ca. 170 kJ/mol)"'”) in the thermal relaxation,
cis-stilbene cannot be readily isomerized to the frams-isomer by simple heating.
Experimental results demonstrated that only 8% conversion was observed after 20 h
even at 214 °C."'%) However, modifications of stilbene or introduction of catalysts
could strongly influence activation energy and effectively promote the Z to E
isomerization.!''7-!®!

Additionally, unlike azobenzene, there are several reactions competing with
reversible Z/E isomerization in the case of stilbene (Figure 1.7)."") One is the
photodimerization of trans-stilbene that was first discovered by Ciamician and Silber
in 1902.1'%) This side reaction probably decreases the quantum yield of the
isomerization from E to Z. Another is the electrocyclic rearrangement of
cis-stilbenen.!"'*'?!1 In most systems, the produced dihydrophenanthrene (DHP) with
a close-ring form could thermally relax back to cis-state in the absence of oxygen.
Otherwise, oxidation of this form results in the formation of phenanthrene so that
more and more cis-isomers are consumed and reversible photo-induced E/Z
isomerization is hampered. Therefore, the applications of stilbene derivatives as

light-driven molecular switches are sometimes limited.
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CeHs CeHs Q
j:E [2 2]
distilbene trans (E) cis (Z) DHP phenanthrene

Figure 1.7. Two side reactions in the process of Z/E photoisomerization of stilbene:

photodimerization and electrocyclic rearrangement.
1.2.2.3 Imine

Imine, one type of chemical compound containing a C=N double bond, is

photoisomerizable as well (Table 1, entry 3).[122]

In contrast to azobenzene and
stilbene, relatively little is known about the phtoisomerization of this compound due
to the limited hydrolytic stability of this double bond. Imine derivatives can be readily
synthesized via a coupling reaction of aldehyde (R-CHO) or ketone (R;R,CO) with an
amine (R’-NH;). Further functionalization on the two precursors easily provides
diverse products. Therefore, the convenient chemical synthesis of imine derivatives is
regarded as one of the advantages of this system. Furthermore, compared with
azobenzene, only about half of the energy barrier needs to be overcome for managing
the photo-induced E to Z transition. The activation energy of 16-17 kcal/mol in the

thermal relaxation process!'>!

is also appreciably lower than for stilbene (42
keal/mol)!'** and azobenzene (23 keal/mol),!'*”! which leads to a far shorter half-life
(about 1 sec. at 25°C) of the cis-isomer."** As a result, imine compounds could have
potential application as a light-driven molecular motor, for which the extremely rapid

reversible geometrical change under light stimuli is a prerequisite.!'?”

1.2.3 Pericyclic Ring-Opening and Closure

In addition to the above-mentioned Z/E isomerization, reversible photo-induced
isomerization can be accomplished in ring opening and closure systems as well by the
electrocyclic mechanism. So far, these systems have gradually become promising
candidates for chiroptical molecular switches. The transition process can be readily

detected by means of circular dichroism (CD) and optical rotatory dispersion (ORD)
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attributed to differences in chirality between two states of the photochromic

molecule.!'* The typical members of these systems, diarylethenes,!'*” fulgides,!'**'*?

(133341 are recently being intensively investigated in regard to

and spiropyrans
modification, photoswitching, and the corresponding applications.

The photoreactivity of diarylethenes (Table 1, entry 4) containing heterocyclic
aryl groups is greatly affected by the molecular conformation, since in the two
conformers of C, symmetry (anti-parallel) and mirror symmetry (parallel) (Figure 1.8)
only the former has a capability to proceed by the conrotatory electrocyclic
photocyclization reaction.!'*”! Therefore, in order to enhance the photoreactivity and
the quantum yield of the cyclization, the ratio of anti-parallel conformers needs to be
increased as much as possible via various methods, for example by the introduction of

[135

bulky groups at the 2 and 2’-positions of the benzothiophene rings,'* or by

embedding diarylethene derivatives into cyclodextrin cavities."*” Due to their
potential applications in fatigue resistance and their thermal stability, diarylethenes

are indispensable compounds for exploitation in optoelectronic devices.!'*”]

C, symmetry (anti-parallel) mirror symmetry (parallel)

Figure 1.8. Two different molecular conformations of diarylethene: anti-parallel (left)

and parallel (right).'*’

Another system, the fulgides (Table 1, entry 5), has also shown a potential
application as photo-mode rewritable recording media, although in the initial stage of
the studies it was found that fulgide underwent some reversible and irreversible side
reactions, e.g., hydrogen rearrangement and oxidation.'**"*"3¥] These drawbacks
were eventually solved by Heller et al. by employment of heteroaromatic rings instead

139]

of the phenyl group!"**! and by replacing all H atoms on ring closing carbon atoms by
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methyl groups.'*” Since then, thermally irreversible photochromic fulgides have been
successfully prepared, which has permitted the investigation of their applications in
optical devices.

Spiropyrans (Table 1, entry 6) were first proposed as a photochemical memory
model by Hirshberg in 1955 when he observed reversible color changes of these
compounds upon photo irradiation, which resulted from an interconversion of the
closed spiropyran state and the open merocyanine state.!'*"! Afterwards, substantial
research to discover the reversible physical and chemical properties of spiropyran-like
compounds under similar conditions was carried out. The corresponding results and
applications as photochromic materials, optical recording media have been

reviewed.[128:132:134]

1.3 Reversible Photo-induced Isomerization on Surfaces

Ways to take advantage of the unique properties of photo-responsive molecules to
achieve their photo-induced isomerization on surfaces is a challenging topic of intense
research. Among these molecules, azobenzene derivatives are most studied due to
their higher quantum yields of the photoisomerization in solution, simple molecular
structures, and relatively good stability of both isomers. In the next sections, research
about the photoisomerization of azobenzene molecules in SAMs on gold

nanoparticles and gold planar surfaces will be introduced.
1.3.1 Gold Nanoparticles

Since ancient times, gold colloids have been used in decoration and even in medicine,
although their exact nature was unknown at that time. The initial scientific research
about gold nanoparticles (Au NPs) was carried out by Faraday. In 1857, he published
the first paper of Au NPs and articulated that a red color of the Au NPs solution is

related to their colloid nature.l'**

Consequently, researchers observed the
size-dependent surface plasmon absorption band of Au NPs when their size is above 3

nm. Nowadays, gold nanoparticles are widely applied in areas of biology,
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biomedicine, catalysis, and electronics owing to their special nanoscale sizes and their
peculiar optic properties.t'**+]

The synthesis of gold nanoparticles can be accomplished either in aqueous
solution or in organic solvents, where the produced nanoparticles have diameters
ranging from one to hundreds of nanometers. In the typical procedure, gold(III) salts
(e.g. HAuCly) are first reduced to Au’ by different reducing agents. Surfactants are
subsequently added to stabilize the gold colloids via strong Au-S chemical bonds or
other kinds of ligand-substrate interactions to form gold nanoparticles of reduced
polydispersity and controlled size (Figure 1.9).1"*") The two most popular methods are

[147-149]

citrate reduction and the Brust-Schiffrin method.**'*"! The citrate reduction

[47) Tn this method, citrate was applied as a

was introduced by Turkevitch in 1951.
reducing agent and gold nanoparticles in the size of ca. 20 nm could be normally
prepared in aqueous solution (Figure 1.9A). Moreover, Au NPs with different sizes
from 16 to 147 nm could be synthesized by the same procedure as well by adjusting

(148191 Currently, this method is

the ratio between reducing and stabilizing agents.
often used to prepare Au NPs possessing a rather loose shell of ligands for further
modification. On the other hand, the Brust-Schiffrin method was reported in 1994, in
which a two-phase system (toluene/water) is needed (Figure 1.9B). Firstly, AuCly is
transferred to toluene phase by a phase-transfer reagent, e.g. tetraoctylammonium
bromide. This gold salt is then reduced by NaBH, in the presence of a stabilizer such
as an organic thiol compound."*¥ By this method, Au NPs with diameters ranging
from 1.5 to 5.2 nm are obtained. These nanoparticles can be readily handled and
functionalized as normal organic molecules.!'** Furthermore, based on the above two
methods, subsequent place-exchange reactions (Figure 1.9C) are another means
developed for preparing the Au NPs with a mixed shell or with a targeting organic
shell that contains functional groups, such as aldehydes and ketones, which are not

compatible with the classic reduction condition.["*"
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citrate

A: surfactant N

Sss®
) phase transfer phase separation sodium borohydride /
B: _ > surfacant
-
c d

Figure 1.9. Schematic representation of gold nanoparticles synthesized by different
methods. A: citrate reduction. a) Gold salt (HAuCls) in water. B: Brust-Schiffrin
method. b) Two-phase system (HAuCly in water and phase transfer agent in toluene);
¢) Gold colloids are transferred to the organic phase by the phase transfer agent. The
toluene phase changes to red-wine color, while the aqueous solution changes to
colorless; d) Organic phase is separated by extraction to inhibit the hydrolysis of
NaBHyj in the next step. C: place-exchange reaction for preparing mixed SAMs on Au
NPs or Au NPs with an organic shell containing functional groups which are not

compatible with the reducing agents.

Attempts to realize the photo-induced isomerization on surfaces of different
chromophores, mainly from azobenzene, began at the end of the last century. In 1998,

Evans et al.l'>?!

managed to observe reversible photo-induced Z/E isomerization of an
azobenzene derivative in mixed SAMs on a gold colloid that was synthesized by
place-exchange reaction. However, only a small number of reversible switching
cycles with low quantum yields were obtained due to significant aggregation and

precipitation of Au NPs. Afterwards, Whitesell and his colleagues!'™

investigated a
relationship between the photoisomerization quantum yields of azobenzene molecules
and the chain length in the system of alkanethiol-capped gold nanoparticles. It was

found that the quantum yields markedly increased upon longer linker lengths,
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although they were still much lower than with the corresponding free thiols. The
authors attributed these results to length-dependent quenching of the excited state by
the metallic core and less free volume for isomerization of the azobenzene unit. In
order to improve the photoisomerization efficiency, some optimized systems (Figure
1.10) with mixed SAMs fabricated by  asymmetric  disulfides
(C6H13-azo-OC12H24SSC12H25)[154] or supramolecular complexes with cyclodextrin
(CD) (HSCoHy00-azo + a-CD)!"**! were designed. In the light of these successful
approaches, applied research on the photo-induced isomerization of azobenzenes on

Au NPs was carried out. So far, the control of salvation and precipitation of gold

156]

nanoparticles have already been achieved,!'* affording nanoparticle suprastructures

[157]

via light-controlled self-assembly and nanoparticle networks by varying the

158] [159]

interparticle spacing.! Moreover, light-controlled molecular recognition,

[160]

photoswitchable catalysis, and an invention of self-erasable and rewritable

[161

materials!'®"! have been realized as well.

trans- azobenzene

uv
( __> ( cis- azobenzene

Vis C-12 alkyl chain
C-6 alkyl chain
/A ’ P 5
L) 4 o > trans- azobenzene
e uv CanS
!\ ( R _> "\ ( N\ \:' cis- azobenzene
Vv NV Y
”\ ~ <__— . 1 (S~ C-10alkyl chain
o5 40" Vis - §
o < / ~a-CD
$

Figure 1.10. Idealized representation for the photoisomerization of azobenzene in the

[154]

mixed SAMs fabricated by asymmetric disulfides (top) and by supramolecular

complexes with cyclodextrin (bottom).'> Adapted with permission from reference
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154. Copyright © 2003, American Chemical Society.
1.3.2 Planar Gold Surfaces

Compared to gold nanoparticles, the reversible photo-induced isomerization on planar
gold surfaces, which lacks positive curvature, is even more difficultly managed due to
steric hindrance of the isomerization in SAMs. So far, it has been recognized that an
area of ~0.45-0.50 nm” per azobenzene unit is required for the efficient frans- to
cis-isomerization in monolayers.!'®”! On the basis of this argument, scientists designed
various azobenzene derivatives in order to increase the free volume between
chromophores (Figure 1.11) and tested their photoresponsive capacities on gold

[163

surfaces, the results of which have been reviewed by Klajn.'® Among these systems,

the mixed SAMs made from an asymmetrical disulfide composed of an azobenzene
and a short alkane thiolate (Figure 1.11a) is most popular. As a result, the surface

density of azobenzene molecule is diluted, and enough free area of ~0.43 nm” for

4. [164-166

isomerization is acquire ! However, phase segregation of the two thiolates after

annealing was observed, which could result in a reduced photoreactivity.!'®

[167-169) (Figure 1.11b) were used instead in some

Therefore, asymmetrical sulfides
research because of their nondissociative adsorption process, but the disadvantage of
the corresponding monolayers on gold was that they were less stable than with

disulfides, which probably limited the development of these systems.
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R = -n-Pr, -n-Hex, -n-
OCt, -CHQCHon

e f 9

R =-OCH,COOH

Figure 1.11. Chemical structures of different azobenzene surfactants designed to

[163]

increase the free volume of azobenzene for photoisomerization. a: asymmetric

disulfide!"®"; b: asymmetric sulfide!'®”; ¢: alkylated azobenzene!'®®; d: p-carborane
incorporating azobenzene!'’?; e: calix[4]resorcinarene-based azobenzene!'”); f:
[174], [175]

tripodal azobenzene' "; g: triazatriangulenium carbocation-based azobenzene.

Installing alkyl substituents on aromatic rings in azobenzene!**'"*'"!! (Figure
1.11c), as well as introducing a bulky group somewhere in the molecule!’” (Figure
1.11d) is another method to increase the free area of chromophores. Tamada et al.!'*®

modified azobenzenethiol and asymmetrical azobenzene disulfide by attaching a
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methyl group to the azobenzene ring. The isomerization efficiencies of these
“methyl-functionalized” molecules on gold surfaces were comparable to that of
non-functionalized molecules. It was found that the photoactivity of the methylated
molecule was dramatically improved in the case of azobenzenthiol due to the steric
effect of methyl group. On the other hand, in the case of asymmetrical azobenzene
disulfide, the modified system revealed a similar photoresponse on the surface as the
unmodified disulfides. Surprisingly, the SAMs prepared by methylated azobenzene
disulfide still had a high photoreactivity even in the phase segregation produced after
annealing. Modification of methyl groups on the azobenzene ring and the introduction
of a bulky group in molecules are both beneficial for increasing the bulkiness of
ligands. For example, Ito et all'” published that SAMs incorporated a
three-dimensional cluster of p-carborane which exhibited a much higher and more
reversible photochemical response than those without the p-carborane. Compared
with the alkyl-substituted systems, the introduction of p-carborane was much more
flexible and could be applicable for various other molecules.

In addition, utilization of bulky anchor groups or platforms, such as

[173] 74 (Figure 1.11f), and

calix[4]resorcinarene (Figure 1.1le), tripodall
triazatriangulenium ions!'” (Figure 1.11g) can decrease the surface density of
azobenzene units as well. The presence of these bulky anchor groups effectively
inhibits adsorbate-substrate and adsorbate-adsorbate interactions, thus enabling the
photo-induced switching.

It was well known that steric hindrance is a factor that influences the motion of
neighboring molecular switches, it is, however, not the only one. Exciton coupling
was corroborated as another factor restricting the photoswitching within a well

(176} 11 this research, Gahl et al. investigated the

ordered and closely packed SAMs.
optical properties and geometric structure of SAMs of azobenzene functionalized
alkanethiols and observed energetic shifts in optical reflection spectroscopy as a result
of dipole-dipole interaction between the neighboring chromophores. Due to this
exciton coupling, the optical excitation was quenched and thus the photo-induced

isomerization in SAMs was hampered.!'™®
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Although the free volume of azobenzene plays a very important role in the
photoisomerization process discussed above, it is likely that it only applies to
monolayers of self-assembled azobenzene-derived alkane sulfur compounds. In 2007,

Pace and his colleagues!'””

successfully observed E/Z photoisomerization of a
terminally thiolated azobiphenyl rigid rod molecule on gold surface by STM (Figure
1.12a). Interestingly, this switching occurred in a densely packed single-component
SAM domain comprising hundreds of molecules. The authors attributed this
photochemical response to a cooperative effect resulting from the rigidity of the
aromatic backbone. Furthermore, the authors investigated the photoisomerization
behavior of another methylated azobiphenyl derivative (Figure 1.12b), and attempted
to unveil discrepancies between these two corresponding SAMs and to understand the
steric effect of methyl groups in this rigid system.'” Different from the
tightly-packed SAMs in the first case, molecules in SAMs of the methylated
azobiphenyl derivative were less organized and loosely packed, although both cases
presented high photoisomerization efficiency (close to 100%) from the trans- to
cis-state. The switching of “methyl-functionalized” molecules occurred individually
in SAMs rather than a collective switching behavior.

165]

Apart from the factors discussed above, end groups presenting on SAMs!'**! and

179]

linker groups between the azobenzene moiety and the alkanethiol'” influence the

photoactivity of the chromophore on surfaces. In the light of these effective
fundamental investigations, some successful systems have been put into practice,

including light-triggered molecule adsorption,''®* DNA release,!'®! cell adhesion, "™

181,182] [183,184]

surface wetting control,! and electron transfer.

"1
360 nm N
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Figure 1.12. Schematic representation of (a) photo-induced isomerization of
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azobiphenyl molecules on gold surface,!'’” (b)methylated azobiphenyl derivative on
gold."™  Adapted with permission from reference 178. Copyright © 2008
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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2. SCIENTIFIC GOALS

The goal of this project is to carry out fundamental research on the reversible
photo-induced Z/E isomerization of aromatic imines in solution and its corresponding
photoactivity on gold surfaces.

As discussed in the Introduction (Section 1.2.2.2), the applications based on the
photo-responsive property of stilbene could be limited due to the smaller energy
discrepancy between two isomers, much higher energy barrier of thermal
isomerization, and several side reactions, e.g., photodimerization and photocyclization
of cis-stilbenen. On the other hand, although azobenzene (Section 1.2.2.1) is able to
perform the reversible Z/E isomerization with higher isomerization efficiency, and no
obvious by-product was observed, the slower thermal back reaction could also be
problematic when the photo reaction is carried out on the surfaces.

In this work, conjugated imine derivatives have been chosen as the target system
(Figure 2.1). Their reversible isomerization in solution will be investigated. An
attempt to achieve the light-induced switching of the corresponding SAMs on gold
surfaces will be conducted. However, the relatively low activation energy in the
thermal relaxation process of the imine bond is sometimes problematic. Although it
results in an extremely rapid reversible isomerization, in most cases the cis-isomers
are too unstable at room temperature to be observed by most methods. Therefore, the

characterization of cis-transition state still remains a challenging.
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Figure 2.1. Schematic representation of modular imine-switches.
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This thesis has the following objectives:

1. To synthesize several different aromatic thiol functionalized imines for SAM
construction on gold surfaces. Due to the instability of free thiol in the presence
of oxygen and the easier decomposition of imine under acidic conditions,

purification of the final products should be carefully considered and performed.

2. To investigate reversible photo-induced isomerization of series of conjugated
imine compounds in solution, e.g., N-benzylideneaniline. Solvent effects and
substituent effects in these processes, especially for the thermal back reaction
(from Z to E), should be better understood by NMR experiments and theoretical

calculation.

3. To test photo-activities of imine switches in SAMs on gold nanoparticles. For
this purpose, the corresponding gold nanoparticles will be synthesized by an
optimized Brust-Schiffrin method.!'**! Afterwards NMR measurements at low
temperature will be performed to monitor the switching process. The
isomerization efficiency of this system will be compared to those for the
corresponding free thiol molecule and other azobenzene-modified gold

nanoparticles.

4. To construct imine switches on gold planar surface by two different
approaches, i.e., either by direct immobilization of the pre-synthesized free thiol
molecules containing the imine groups on gold or in-situ imine formation on the
surface-presenting amino-terminal groups. The produced SAMs will be
characterized by IRRAS, XPS, NEXAFS, and contact angle measurement to
examine the monolayer structure and molecular orientation. These measurements
should also be performed for mixed SAMs prepared by in-situ imine hydrolysis.
Finally, the photo-induced isomerizations of the normal SAMs and mixed SAMs

will be studied by NEXAFS.
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4 Summary and Conclusion

4. SUMMARY AND CONCLUSION

In this thesis, several conjugated imine compounds, such as N-benzylideneaniline, and
imine-functionalized free thiols were successfully synthesized. Their reversible
photo-responsive Z/E isomerization has been investigated in detail in three different
environments: in solution, in SAMs on convex surfaces of gold nanoparticles, and in
SAMs on planar gold surfaces. In some cases, effective switching was finally
achieved.

To better understand the reversible photo-induced isomerization process of imine
molecules in solution, especially for the thermal back reaction, kinetic studies
including substituent effects and solvent effects in cis- to tranms-transitions of
N-benzylideneaniline derivatives were performed experimentally and theoretically.
According to the theoretical calculation, an inversion mechanism was speculated
during this process. When an electron acceptor group, e.g., cyano group, was located
at the para-position on the aniline ring, a perpendicular transition state (TS, B-f’~90°)

[185] Meanwhile, the activation

(Figure 4.1) is favored, as suggested by Yamataka.
energy became lower and thus the corresponding cis-isomer decayed faster. In
contrast, if an electron donor group, like a methoxyl group, was located at the
para-position on the aniline ring instead, a transition state different from
perpendicular TS was observed, but with a value of B-B> = 60°. On the other hand,
solvent effect does not obviously influence either reaction mechanism or activation
energy as much as the substituent effect.

Furthermore, although with a similar trend, theoretical rates are typically two to
five orders of magnitude larger than the experimental rates, which could be attributed
to a simplified treatment of the solvent in the theoretical computations. Nevertheless,

this study provides valuable information to identify “optimal” switches with good

photochromicity and reasonable thermal stability.
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Figure 4.1. Two different transition states during the thermal isomerization of

N-benzylideneaniline derivatives.!'*

In the second study, a novel gold nanoparticle coated by a self-assembled
monolayer of a conjugated imine derivative was synthesized with satisfactory yield.
These nanoparticles were characterized by transmission electron microscopy (TEM)
and were confirmed to have an average diameter of 3.6 +£ 0.9 nm with a relatively
narrow size distribution range. The subsequent isomerization experiments
demonstrated that the switching efficiency of this system reached up to 50%, which is
comparable to free molecules under the same condition. Even after eight reversible
isomerization cycles, no significant decomposition or aggregation was observed.

In order to achieve the Z/E isomerization on planar gold surfaces, on which an
intermolecular distance in ordered SAMs is relatively smaller than that in SAMs on
gold nanoparticles, it could be necessary to reduce the steric hindrance of the imine
chromophore. The third part, therefore, concentrated on the construction of SAMs
composed of imine functional groups on gold followed by the chemical modification
of these monolayers to acquire more free volume for imine groups. Initially, amine
terminated SAMs were formed by the direct fabrication of 4'-aminobiphenyl-4-thiol.
However, there was only a small amount of orientation detected for this layer by near
edge X-ray absorption fine structure (NEXAFS) measurements due to the interaction

between amino group and gold surface. Although the following in-situ imine
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condensation of terminated amino group with different benzaldehyde derivatives was
successful, this reaction was incomplete as a result of the limited order. Taking into
account the disorder of molecules assembled on this layer, photoactivity investigation
of this system is meaningless.

The alternative approach was performed in which a mixed SAM, via in-situ
partial hydrolysis of monolayer on the gold surface coated by pre-synthesized free
thiol molecules containing the imine groups, was prepared. This hydrolysis reaction
was accomplished either in chloroform or in acetic acid aqueous solution with a pH
value of 3. Surface densities of two components could be controlled to some extent
based on the reaction time. Moreover, XPS and NEXAFS results suggested that the
surface quality and the molecular orientation were well maintained during this process.
Unfortunately, a preliminary photoswitching test was failed.

In conclusion, it has been corroborated that imine derivatives with different
terminal groups could be well fabricated on not only gold nanoparticles but also
planar gold surfaces. Additionally, a novel approach taking advantage of in-situ
hydrolysis of imine double bond was introduced successfully to construct the mixed
SAMs consisting of two components with the controllable surface densities. Although
switching of such dilute SAMs still remains a challenge a rapid and effective
reversible photo-induced switching process was shown on gold nanoparticles, which
might have a potential application in the design of switchable surface properties.
Furthermore, the fundamental research about thermal relaxation of imine compounds
beneficial for further optimization the switching system and thus for a better

achieving of the photoisomerization on the surfaces more effectively.
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5. OUTLOOK

Since the mixed SAMs consisting of two components, imine compounds and amine
produced by the hydrolysis, with the different surface density have been successfully
established, further tests about the photo-induced isomerization of these systems
should be carried out in the future. The chromophore density depended photoactivities
could also be detailed surveyed.

It has been shown that the cis-isomer of imine compound is only stable at low
temperature due to the far smaller activation energy of thermal back reaction, which
could limit its practical application. Thereby, further modifications of imine
compounds are essential to improve their stabilities under ambient conditions and
meanwhile to provide better photochromicities.

Furthermore, like imine, oxime ether and hydrazone possess C=N double bonds
and can undergo the reversible photo-induced isomerization as well. Designs,

syntheses, and photoactivity evaluations of these alternate systems could be of interest.
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6 Zusammenfassung

6. ZUSAMMENFASSUNG

In dieser Doktorarbeit wurden verschiedene konjugierte Iminverbindungen wie
N-benzylidenanilin und iminfunktionalisierte Thiole erfolgreich dargestellt. Deren
reversible lichtinduzierte Z/F  Isomerisierung wurde detailliert in drei
unterschiedlichen Systemen (Losung, in SAMs auf konvexen Oberflichen auf
Goldnanopartikel und in SAMs auf planaren Goldoberflichen) untersucht. In einigen
Fillen konnte ein effektives Schalten gezeigt werden.

Um den Prozess, vor allem die thermische Riickreaktion, der lichtgesteuerten
Isomerisierung von Iminen besser zu verstehen, wurden kinetische Studien beziiglich
Substituenten- und Losungsmitteleffekte der Cis zu Trans Uberginge von
N-benzylidenanilin sowohl experimentell als auch theoretisch durchgefiihrt. Den
theoretischen Berechnungen zufolge wurde {iber einen Inversionsmechanismus des
Prozesses spekuliert. Befand sich eine Elektronen-Akzeptor-Gruppe wie die
Cyanogruppe in der para-Position des Anilinrings ist nach Yamataka ein
rechtwinkliger Ubergangszustand (UZ, B-p’=90°) bevorzugt (Abbildung 6.1).!'®
Wihrenddessen sank die Aktivierungsenergie, was zu einer schnelleren Abnahme des
korrespondierenden cis-Isomeres fiihrte. Im Gegensatz dazu resultiert ein
Elektronendonor, wie die Methoxygruppe, in para-Position des Anilinrings zu einem
anderen, nicht rechtwinkligen, UZ mit einem Winkel von B-p’ = 60°. Auf der anderen
Seite beeinflussen Losungsmitteleffekte augenscheinlich nicht den
Reaktionsmechanismus oder die Aktivierungsenergie in dem Malle wie
Substituenteneffekte.

Desweiteren zeigen theoretisch berechnete Raten einen &hnlichen Trend,
typischerweise liegen sie aber um zwei bis finf GroBenordnungen iiber den
experimentellen Daten, was an der vereinfachten Betrachtung des Losungsmittels in
den theoretischen Berechnungen liegen kann. Trotzdem liefert diese Studie wertvolle
Information um einen optimalen Schalter mit guter Photochromie und angemessener
thermischer Stabilitdt zu erhalten. Der Trend fiir funktionalisierte Systeme wurde

richtig wiedergegeben.

95



6 Zusammenfassung
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Abildung 6.1. Zwei verschiedene Ubergangszustinde wihrend der thermischen

Isomerisierung von N-benzylidenanilinderivaten.!'*”!

In der zweiten Untersuchung wurden neuartige Goldnanopartikel beschichtet mit
einer selbstorganisierten Monolage konjugierter Iminderivate mit einer guten
Ausbeute synthetisiert. Diese Nanopartikel wurden mittels
Transmissionselektronenmikroskopie (TEM) charakterisiert und zeigten einen
durchschnittlichen Durchmesser von 3.66 + 0.9 nm mit einer relativ kleinen
GroBenverteilung. Die folgenden Isomerisierungsexperimente zeigten eine
Schalteftizienz von 50%, was vergleichbar mit freien Molekiilen unter den gleichen
Bedingungen ist. Selbst nach acht reversiblen Isomerisierungszyklen wurde keine
signifikante Zersetzung oder Aggregation beobachtet.

Um die Z/E Isomerisierung auf planaren Goldoberflichen zu erreichen, ist es
aufgrund des kleineren zwischenmolekularen Abstandes in geordneten SAMs im
Vergleich zu SAMs in Goldnanopartikeln notwendig den sterischen Anspruch der
Iminchromophore zu reduzieren. Daher konzentrierte sich der dritte Teil dieser
Doktorarbeit mit der Konstruktion von SAMs aufgebaut aus Imingruppen auf Gold
gefolgt von der chemischen Modifizierung dieser Monolagen um mehr freies
Volumen fiir die Imingruppen zu schaffen. Zuerst wurden aminterminierte SAMs
durch die direkte Herstellung mit 4'-Aminobiphenyl-4-thiol gebildet. Jedoch wurde

nur eine geringe Orientierung dieser Schicht durch Rontgen Nahkanten Absorptions
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Spektroskopie (NEXAFS) detektiert, was sich auf die Wechselwirkung der
Aminogruppe mit der Goldoberflache zuriickfiihren ldsst. Obwohl die nachfolgende
in-situ  Iminkondensation der terminalen Aminogruppe mit verschiedenen
Benzaldehydderivaten erfolgreich war, war die Reaktion aufgrund der begrenzten
Ordnung unvollstindig. Bertlicksichtigt man jedoch die Unordnung der Molekiile in
der Monolage sind Untersuchungen der Photoaktivitit bedeutungslos.

Ein alternativer Ansatz, der hier durchgefiihrt wurde, beinhaltet die teilweise
in-situ Hydrolyse gemischter SAMs bestehend aus vorher synthetisierten freien
Thiolen mit Imingruppen. Die Hydrolyse wurde mit Chloroform und in waBriger
Essigsdure (pH Wert = 3) durchgefiihrt. Die Oberfldchendichten beider Komponenten
konnte in einem gewissen Mall {iber die Reaktionszeit kontrolliert werden.
Desweiteren zeigten XPS und NEXAFS Daten, dass die Qualitdt der Oberflache und
die Orientierung der Molekiile wihrend des Prozesses erhalten blieben.
Ungliicklicherweise schlug das lichtinduzierte Schalten fehl.

Zusammenfassend wurde bestétigt, dass Iminderivate mit unterschiedlichen
Endgruppen nicht nur auf Goldnanopartikeln sondern auch auf planaren
Goldoberfldchen hergestellt werden konnten. Zusétzlich ist ein neuer Ansatz etabliert
worden, der erfolgreich die Vorteile der in-situ Hydrolyse von der Imindoppelbindung
ausnutzt, um gemischte SAMs bestehend aus zwei Komponenten mit kontrollierbaren
Oberflichendichten zu konstruieren. Obwohl ein Schalten solch verdiinnter
Oberflachen immer noch eine Herausforderung ist, wurde ein schneller, effektiver und
reversibler licht-induzierter Schaltprozess auf Goldnanopartikeln gezeigt, was
potenzielle Anwendung im Design schaltbarer Oberflicheneigenschaften haben kann.

Desweiteren erweist sich die grundlegende Erforschung der thermischen
Relaxation von Iminderivaten vorteilhaft fiir die weitere Optimierung schaltbarer
Systeme und daher fiir eine Steigerung der Effektivitit der Photoisomerisierung auf

Oberflachen.

97



7 References

7. REFERENCES

[1]

2]
[3]

[4]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

A. Ulman, An Introduction to Ultrathin Organic Films: From
Langmuir—Blodgett to Self-Assembly, Academic Press, Inc., 1991.

A. Ulman, Chem. Rev. 1996, 96, 1533-1554.

J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, G. M. Whitesides,
Chem. Rev. 2005, 105, 1103-1169.

W. C. Bigelow, D. L. Pickett, W. A. Zisman, J. Colloid Sci. 1946, I,
513-538.

J. Sagiv, J. Am. Chem. Soc. 1980, 102, 92-98.

L. Netzer, J. Sagiv, J. Am. Chem. Soc. 1983, 105, 674-676.

N. Tillman, A. Ulman, J. S. Schildkraut, T. L. Penner, J. Am. Chem. Soc.
1988, 110, 6136-6144.

N. Tillman, A. Ulman, T. L. Penner, Langmuir 1989, 5, 101-111.

R. G. Nuzzo, D. L. Allara, J. Am. Chem. Soc. 1983, 105, 4481-4483.

D. K. Schwartz, Annu. Rev. Phys. Chem. 2001, 52, 107-137.

G. Hahner, R. Hofer, 1. Klingenfuss, Langmuir 2001, 17, 7047-7052.

R. Helmy, A. Y. Fadeev, Langmuir 2002, 18, 8924-8928.

H. Ogawa, T. Chihera, K. J. Taya, J. Am. Chem. Soc. 1985, 107, 1365-1369.
N. E. Schlotter, M. D. Porter, T. B. Bright, D. L. Allara, Chem. Phys. Lett.
1986, /32, 93-98.

J. J. Hickman, P. E. Laibinis, T. J. Gardner, G. M. Whitesides, M. S.
Wrighton, Langmuir 1992, 8, 357-359.

W. Eck, V. Stadler, W. Geyer, M. Zharnikov, A. Go6lzhduser, M. Grunze,
Adv. Mater. 2000, 12, 805-808.

K. Critchley, J. P. Jeyadevan, H. Fukushima, M. Ishida, T. Shimoda, R. J.
Bushby, S. D. Evans, Langmuir 2005, 21, 4554-4561.

N. Herzer, S. Hoeppener, U. S. Schubert, Chem. Commun. 2010, 46,
5634-5652.

98



7 References

[19]
[20]
[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

R. Yamada, H. Tada, Langmuir 2005, 21, 4254-4256.

M. J. Mackel, S. Sanchez, J. A. Kornifield, Langmuir 2007, 23, 3-7.

J. Scherer, M. R. Vogt, O. M. Magnussen, R. J. Behm, Langmuir 1997, 13,
7045-7051.

K. L. Prime, G. M. Whitesides, Science 1991, 252, 1164-1167.

J. D. Patel, M. Ebert, K. Stokes, R. Ward, J. M. Anderson, J. Biomater, Sci.
Polym. Edn. 2003, 14,279-295.

Jiti Homola, Chem. Rev. 2008, 108, 462-493.

Y .-E. Choi, J.-W. Kwak, J. W. Park, Sensors 2010, 10, 428-255.

B. de Boer, H. Meng, D. F. Perepichka, J. Zheng, M. M. Frank, Y. J. Chabal,
Z. Bao, Langmuir 2003, 19, 4272-4284.

D. Ji, C. M. Arnold, M. Graupe, E. Beadle, R. V. Dunn. M. N. Phan, R. J.
Villazana, R. Benson, R. Colorado, T. R. Lee, J. M. Friedman, J. Cryst.
Growth 2000, 218, 390-398.

A.Y. Lee, A. Ulman, A. S. Myerson, Langmuir 2002, 18, 5886-5898.

J. A. Venables, Introduction to Surface and Thin Film Processes, Cambridge
University Press: Cambridge, U.K., 2000.

Z. Fohlerova, P. Skladal, J. Turdnek, Biosensors & Bioelectronics 2007, 22,
1896-1901.

G. Lu, Y. Chen, B. Li, X. Zhou, C. Xue, J. Ma, F. Y. C. Boey, H. Zhang, J.
Phys. Chem. C 2009, 113,4184-4187.

J. Jaczewska, A. Budkowski, A. Bernasik, 1. Raptis, E. Moons, D.
Goustouridis, J. Haberko, J. Rysz, Soft Matter 2009, 5, 234-241.

M. A. George, W. S. Glaunsinger, T. Thundat, S. M. Lindsay, Thin Solid
Films 1990, 189, 59-72.

L. H. Dubois, R. G. Nuzzo, Annu. Rev. Phys. Chem. 1992, 43, 437-463.

N. G. Semaltianos, E. G. Wilson, Thin Solid Films 2000, 366, 111-116.

J. J. Skaife, J. M. Brake, N. L. Abbott, Langmuir 2001, 17, 5448-5457.

M. Wanunu, A. Vaskevich, 1. Rubinstein, J. Am. Chem. Soc. 2004, 126,
5569-5576.

99



7 References

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

R. Naumann, S. M. Schiller, F. Giess, B. Grohe, K. B. Hartman, 1. Kércher, I.
Koper, J. Liibben, K. Vasilev, W. Knoll, Langmuir 2003, 19, 5435-5443.

C. D. Bain, J. Evall, G. M. Whitesides, J. Am. Chem. Soc. 1989, 111,
7155-7164.

H. A. Biebuyck, C. D. Bain, G. M. Whitesides, Langmuir 1994, 10,
1825-1831.

C. Jung, O. Dannenberger, Y. Xu, M. Buck, M. Grunze, Langmuir 1998, 14,
1103-1107.

J. C. Love, D. B. Wolfe, R. Haasch, M. L. Chabinyc, K. E. Paul, G. M.
Whitesides, R. G. Nuzzo, J. Am. Chem. Soc. 2003, 125, 2597-2609.

H. Takiguchi, K. Sato, Langmuir 2000, 16, 1703-1710.

M. Brust, M. Walker, D. Bethell, D. J. Schiffrin, R. Whyman, J. Chem. Soc.,
Chem. Commun. 1994, 801-802.

O. Chailapakul, L. Sun, C. Xu, M. Crooks, J. Am. Chem. Soc. 1993, 115,
12459-12467.

R. G. Nuzzo, B. R. Zegarski, L. H. Dubois, J. Am. Chem. Soc. 1987, 109,
733-740.

I. I. Rzeznicka, J. Lee, P. Maksymovych, J. T. Yates, J. Phys. Chem. B 2005,
109, 15992-15996.

L. Kankate, A. Turchanin, A. Go6lzhduser, Langmuir 2009, 25, 10435-10438.
F. Tielens, E. Santos, J. Phys. Chem. C 2010, 114, 9444-9452.

H. A. Biebuyck, G. M. Whitesides, Langmuir 1993, 9, 1766-1770.

L. H. Dubois, B. R. Zegarski, R. G. Nuzzo, Proc. Natl. Acad. Sci. U.S.A.
1987, 84, 4739-4742.

D. J. Lavrich, S. M. Wetterer, S. L. Bernasek, G. J. Scoles, Phys. Chem. B
1998, 102, 3456-3465.

C.-J. Zhong, R. C. Brush, J. Anderegg, M. D. Porter, Langmuir 1999, 15,
518-525.

H. Takiguchi, K. Sato, T. Ishida, K. Abe, K. Yase, K. Tamada, Langmuir
2000, /6, 1703.

100



7 References

[55]

[56]

[57]

[58]
[59]

[60]

[61]
[62]

[63]

[64]

[65]

[66]
[67]

[68]

[69]

[70]

[71]

C. Jung, O. Dannenberger, Y. Xu, M. Buck, M. Grunze, Langmuir 1998, 14,
1103-1107.

J. Noh, T. Murase, K. Nakajima, H. Lee, M. Hara, J. Phys. Chem. B 2000,
104, 7411-7416.

C. D. Bain, E. B. Troughton, Y.-T. Tao, J. Evall, G. M. Whitesides, R. G.
Nuzzo, J. Am. Chem. Soc. 1989, 111, 321-325.

H. Wang, S. Chen, L. Li, S. Jiang, Langmuir 2005, 21, 2633-2636.

W. Azzam, A. Bashir, A. Terfort, T. Strunskus, C. Woll, Langmuir 2006, 22,
3647-3655.

H. Sellers, A. Ulman, Y. Shnidman, J. E. Eilers, J. Am. Chem. Soc. 1993,
115,9389-9401.

Y.-T. Tao, C.-C. Wu, J.-Y. Eu, W.-L. Lin, Langmuir 1997, 13, 4018-4023.
S.-W. Tam-Chang, H. A. Biebuyck, G. M. Whitesides, N. Jeon, R. G. Nuzzo,
Langmuir 1995, 11, 4371-4382.

J.R. 1. Lee, T. M. Willey, J. Nilsson, L. J. Terminello, J. J. D. Yoreo, T. van
Buuren, Langmuir 2006, 22, 11134-11141.

M. A. D. Millone, H. Hamoudi, L. Rodriguez, A. Rubert, G. A. Benitez, M.
E. Vela, R. C. Salvarezza, J. E. Gayone, E. A. Sanchez, O. Grizzi, C.
Dablemont, V. A. Esaulov, Langmuir 2009, 25, 12945-12953.

L. Sun, R. M. Crooks, J. Electrochem. Soc. 1991, 138, 1.23-25.

G. E. Poirier, E. D. Pylant, Science 1996, 272, 1145-1148.

F. Schreiber, A. Eberhardt, P. Schwartz, S. M. Wetterer, D. J. Lavrich, L.
Berman, P. Fenter, P. Eisenberger, G. Scoles, Phys. Rev. B 1998, 57,
12476-12481.

D. K. Schwartz, Annu. Rev. Phys. Chem. 2001, 52, 107-137.

C. S. Chen, M. Mrksich, S. Huang, G. M. Whitesides, D. E. Ingber, Science
1997, 276, 1425-1428.

X. Zhang, V. K. Yadavalli, Biosensors and Bioelectronics 2011, 26,
3142-3147.

K. Heister, D. L. Allara, K. Bahnck, S. Frey, M. Zharnikov, M. Grunze,

101



7 References

[72]
[73]
[74]

[75]
[76]

[77]

[78]

[79]

[80]

[81]
[82]
[83]

[84]
[85]
[86]
[87]

[88]
[89]
[90]
[91]

Langmuir 1999, 15, 5440-5443.

J. Noh, M. Hara, Langmuir 2000, 16, 2045-2048.

C. D. Bain, G. M. Whitesides, J. Am. Chem. Soc. 1989, 111, 7164-7175.

J. F. Kang, S. Liao, R. Jordan, A. Ulman, J. 4m. Chem. Soc. 1998, 120,
9662-9667.

K. Tamada, M. Hara, H. Sasabe, W. Knoll, Langmuir 1997, 13, 1558-1566.
S. Chen, L. Li, C. L. Boozer, S. Jiang, J. Phys. Chem. B 2001, 105,
2975-2980.

B. Liissem, L. Miiller-Meskamp, S. Karthduser, R. Waser, M. Homberger, U.
Simon, Langmuir 2006, 22, 3021-3027.

R. G. Chapman, E. Ostuni, L. Yan, G. M. Whitesides, Langmuir 2000, 16,
6927-6936.

R. M. A. Azzam, N. M. Bashara, Ellipsometry and Polarized Light,
North-Holland Publishing Company: Amsterdam, 1977.

R. Forch, H. Schonherr, A. T. A. Jenkins, Surface design: applications in
bioscience and nanotechnology, Wiley-VCH, 2009.

A. B. D. Cassie, Discuss. Faraday Soc. 1948, 3, 11-16.

J. N. Israelachvili, M. L. Gee, Langmuir 1989, 5, 288-289.

J. F. Blanke, S. E. Vincent, J. Overend, Spectrochim. Acta, Part A 1976, 324,
163-173.

R. Arnold, A. Terfort, C. Woll, Langmuir 2001, 17, 4980-4989.

G. Binnig, H. Rphre, C. Gerber, E. Weibel, Phys. Rev. Lett. 1982, 49, 57-61.
G. Binnig, C. F. Quate, C. Gerber, Phys. Rev. Lett. 1986, 56, 930-933.

H. Bouas-Laurent, H. Diirr, Organic Photochromism, in Photochromism:
Molecules and Systems, H. Diirr, H. Bouas-Laurent, Eds., Elsevier B. V.,
Amsterdam, 2003, XX VII-LII.

M. Irie, Chem. Rev. 2000, 100, 1683-1684.

H. Bouas-Laurent, H. Diirr, Pure Appl. Chem. 2001, 73, 639-665.

M. Fritsche, Comp. Rend. 1867, 69, 1035-

W. Wislicenus, Ann. Chem. 1893, 277-

102



7 References

[92] H. Biltz, Phys. Chem. 1899, 30, 527-528.

[93] G. S. Hartley, Nature 1937, 140, 281.

[94] E. Fischer, M. Frankel, R. Wolovsky, J. Chem. Phys. 1955, 23, 1367.

[95] . Griffiths, Chem. Soc. Rev. 1972, 1, 481-493.

[96] H. Rau, Azo Compounds, in Photochromism. Molecule and Systems, H.
Diirr, H. Bouas-Laurent, Eds., Elsevier, Amsterdam, 2003, 165.

[97] H. Knoll, Photoisomerism of Azobenzenes, in CRC Handbook of Organic
Photochemistry and Photobiology, W. Horspool, F. Lenci, Eds., CRC Press,
Boca Raton, FL, 2004, 89-1.

[98] H. Bisle, M. Romer, H. Rau, Ber. Bunsenges. Physik. Chem. 1976, 80,
301-305.

[99] S. Makita, A. Saito, M. Hayashi, S. Yamada, K. Yoda, J. Otsuki, T. Takido,
M. Seno, Bull. Chem. Soc. Jpn. 2000, 73, 1525-1533.

[100] F. W. Schulze, H. J. Detrik, H. K. Camenga, H. Klinge, Z. Phys. Chem. 1977,
107, 1-19.

[101] E. R. Talaty, J. C. Fargo, J. Chem. Soc. Chem. Commun. 1967, 65-66.

[102] E. Fischer, Y. Frei, J. Chem. Phys. 1957, 27, 328-330.

[103] F. Ciardelli, O. Pieroni, Photoswitchable Polypeptides, in Molecular
Switches, B. L. Feringa, Ed., Wiley-VCH, Weinheim, 2001, 399-441.

[104] E. R. Kay, D. A. Leigh, F. Zerbetto, Angew. Chem. Int. Ed. 2007, 46,
72-191.

[105] S. Shinkai, O. Manabe, Top. Curr. Chem. 1984, 121, 67-104.

[106] T. Muraoka, K. Kinbara, Y. Kobayashi, T. Aida, J. Am. Chem. Soc. 2003,
125, 5612-5613.

[107] G. Fischer, Angew. Chem. Int. Ed. 1994, 33, 1415-1436.

[108] M. Banghart, K. Borges, E. Isacoff, D. Trauner, R. H. Kramer, Nature
Neuroscience 2004, 7, 1381-1386.

[109] H. Gorner, H. J. Kuhn, cis-trans Photoisomerization of Stilbenes and
Stilbene-Like Molecules, in Advances in Photochemistry (Volume 19), D. C.
Neckers, D. H. Volman, G. von Biinau, Eds., John Wiley & Sons, Inc., NY,

103



7 References

1995, 1-31 and cited references.

[110] G. M. Wyman, Chem. Rev. 1955, 55, 625-657.

[111] 1. Hausser, Naturwissenschaften 1949, 36, 315-317.

[112] A. Smakula, Z. Physik. Chem. 1934, B25, 90-98.

[113] G. N. Lewis, T. T. Magel, D. Lipkin, J. Am. Chem. Soc. 1940, 62,
2973-2980.

[114] G. Fischer, K. A. Muszkat, E. Fischer, J. Chem. Soc. B 1968, 10, 1156-1158.

[115] G. B. Kistiakowsky, W. R. Smith, J. Am. Chem. Soc. 1934, 56, 638-642.

[116] T. W.J. Taylor, A. R. Murry, J. Chem. Soc. 1938, 2078-2086.

[117] M. Calvin, H. W. Alter, J. Chem. Phys. 1951, 19, 768-770.

[118] J. E. Gano, B.-S. Park, A. A. Pinkerton, D. Lenoir, J. Org. Chem. 1990, 55,
2688-2693.

[119] H. Go6rner, H. J. Kuhn, cis-trans Photoisomerization of Stilbenes and
Stilbene-Like Molecules, in Advances in Photochemistry (Volume 19), D. C.
Neckers, D. H. Volman, G. von Biinau, Eds., John Wiley & Sons, Inc., NY,
1995, 72-78.

[120] G. Ciamician, P. Silber, Ber. Dtsch. Chem. Ges. 1902, 35, 4128-4131.

[121] F. B. Mallory, C. W. Mallory, Org. React. 1984, 30, 1-456.

[122] R. Kuhn, H. M. Weitz, Chem. Ber. 1953, 86, 1199-1212.

[123] E. Fischer, Y. Frei, J. Chem. Phys. 1957, 27, 808-809.

[124] G. M. Wyman, Chem. Rev. 19585, 55, 625-657.

[125] G. S. Hartley, J. Chem. Soc. 1938, 633-642.

[126] G. Wettermark, J. Weinstein, J. Sousa, L. Dogliotti, J. Phys. Chem. 1965, 69,
1584-1587.

[127] J.-M. Lehn, Chem. Eur. J. 2006, 12, 5910-5915.

[128] B. L. Feringa, R. A. van Delden, N. Koumura, E. M. Geertsema, Chem. Rev.
2000, 700, 1789-1816.

[129] K. Uchida, M. Irie, Photochromism of Diarylethene Derivatives, in CRC
Handbook of Organic Photochemistry and Photobiology, W. Horspool, F.
Lenci, Eds., CRC Press, Boca Raton, FL, 2004, 35-1.

104



7 References

[130] Y. Yokoyama, Chem. Rev. 2000, 100, 1717-1739.

[131] J. Whittal, 4n+2 Systems: Fulgides, in Photochromism. Molecule and
Systems, H. Diirr, H. Bouas-Laurent, Eds., Elsevier, Amsterdam, 2003,
467-492.

[132] Y. Yokoyama, M. Kose, Fulgides and Related Systems, in CRC Handbook
of Organic Photochemistry and Photobiology, W. Horspool, F. Lenci, Eds.,
CRC Press, Boca Raton, FL, 2004, 86-1.

[133] G. Berkovic, V. Krongauz, V. Weiss, Chem. Rev. 2000, 100, 1741-1753.

[134] R. Guglielmetti, 4n+2 Systems: Spiropyrans, in Photochromism. Molecule
and Systems, H. Diirr, H. Bouas-Laurent, Eds., Elsevier, Amsterdam, 2003,
314-466.

[135] K. Uchida, E. tsuchida, Y. Aoi, S. Nakamura, M. Irie, Chem. Lett. 1999,
63-64.

[136] M. Takeshita, M. Irie, J. Chem. Soc., Chem. Commun. 1997, 23, 2265-2266.

[137] H. Stobbe, Liebigs Ann. Chem. 1911, 380, 1-129.

[138] A. Santiago, R. S. Becker, J. Am. Chem. Soc. 1968, 52, 3654-3658.

[139] H. G. Heller, J. R. Langan, J. Chem. Soc., Perkin Trans. 2 1981, 2, 341-343.

[140] H. G. Heller, R. M. Megit, J. Chem. Soc., Perkin Tras. 1 1974, 8, 923-927.

[141] Y. Hirshberg, J. Am. Chem. Soc. 1956, 78, 2304-2312.

[142] M. Faraday, Philos. Trans. R. Soc. London 1857, 147, 145-181.

[143] D. Bethell, D. J. Schiffrin, C. Kiely, M. Brust, J. Fink, Hyper-Structured
Molecules Il : Chemistry Physics and Application, CRC, Sapporo, 1999.

[144] M.-C. Daniel, D. Astruc, Chem. Rev. 2004, 104, 293 —346.

[145] E. Boisselier, D. Astruc, Chem. Soc. Rev. 2009, 38, 1759 —1782.

[146] R. A. Sperling, P. R. Gil, F. Zhang, M. Zanella, W. J. Parak, Chem. Soc. Rev.
2008, 37, 1896-1908.

[147] J. Turkevitch, P. C. Stevenson, J. Hillier, Discuss. Faraday Soc. 1951, 11,
55-75.

[148] G. Frens, Nature: Phys. Sci. 1973, 241, 20-22.

[149] T. Yonezawa, T. Kunitake, Colloids Surfaces A: Physicochem. Eng. Aspects

105



7 References

1999, /49, 193-199.

[150] M. Brust, J. Fink, D. Bethell, D. J. Schiffrin, C. J. Kiely, J. Chem. Soc.,
Chem. Commun. 1995, 1655-1656.

[151] M. C. Daniel, J. Ruiz, S. Nlate, J. C. Blais, D. Astruc, J. Am. Chem. Soc.
2003, 125, 2617-2628.

[152] S. D. Evans, S. R. Johnson, H. Ringsdorf, L. M. Williams, H. Wolf,
Langmuir 1998, 14, 6436-6440.

[153] J. Zhang, J. K. Whitesell, M. A. Fox, Chem. Mater. 2001, 13, 2323-2331.

[154] A. Manna, P.-L. Chen, H. Akiyama, T.-X. Wei, K. Tamada, W. Knoll, Chem.
Mater. 2003, 15, 20-28.

[155] F. Callari, S. Petralia, S. Sortino, Chem. Commun. 2006, 1009-1011.

[156] C. Raimondo, F. Reinders, U. Soydaner, M. Mayor, P. Samori, Chem.
Commun. 2010, 46, 1147-1149.

[157] R. Klajn, K. J. M. Bishop, B. A. Grzybowski, Proc. Natl. Acad. Sci. USA
2007, 104, 10305-103009.

[158] D. S. Sidhaye, S. Kashyap, M. Sastry, S. Hotha, B. L. V. Prasad, Langmuir
2005, 21, 7979-7984.

[159] C. Luo, F. Zuo, Z. Zheng, X. Cheng, X. Ding, Y. Peng, Macromol. Rapid
Commun. 2008, 29, 149-154.

[160] Y. Wei, S. Han, J. Kim, S. Soh, B. A. Grzybowski, J. Am. Chem. Soc. 2010,
132,11018-11020.

[161] R. Klajn, P. J. Wesson, K. J. M. Bishop, B. A. Grzybowski, Angew. Chem.
Int. Ed. 2009, 48, 7035-7039.

[162] M. Nakagawa, R. Watase, K. Ichimura, Chem. Lett. 1999, 28, 1209-1210.

[163] R. Klajn, Pure Appl. Chem. 2010, 82, 2247-2279.

[164] K. Tamada, H. Akiyama, T.-X. Wei, Langmuir 2002, 18, 5239-5246.

[165] H. Akiyama, K. Tamada, J. Nagasawa, K. Abe, T. Tamaki, J. Phys. Chem. B
2003, 707, 130-135.

[166] K. Tamada, H. Akiyama, T.-X. Wei, S.-A. Kim, Langmuir 2003, 19,
2306-2312.

106



7 References

[167] S. Sortino, S. Petralia, S. Conoci, S. Di Bella, J. Mater. Chem. 2004, 14,
811-812.

[168] F. L. Callari, S. Sortino, J. Mater. Chem. 2007, 17, 4184-4188.

[169] F. L. Callari, S. Petralia, S. Conoci, S. Sortino, New J. Chem. 2008, 32,
1899-1903.

[170] M. Han, D. Ishikawa, T. Honda, E. Ito, M. Hara, Chem. Commun. 2010, 46,
3598-3600.

[171] M. Han, T. Honda, D. Ishikawa, E. Ito, M. Hara, Y. Norikane, J. Mater.
Chem. 2011, 21, 4696-4702.

[172] M. Tto, T. X. Wei, P. L. Chen, H. Akiyama, M. Matsumoto, K. Tamada, Y.
Yamamoto, J. Mater. Chem. 2005, 15, 478-483.

[173] K. Ichimura, S. K. Oh, M. Nakagawa, Science 2000, 288, 1624-1626.

[174] S. Wagner, F. Leyssner, C. Kordel, S. Zarwell, R. Schmidt, M. Weinelt, K.
Riick-Braun, M. Wolf, P. Tegeder, Phys. Chem. Chem. Phys. 2009, 11,
6242-6248.

[175] B. Baisch, D. Raffa, U. Jung, O. M. Magnussen, C. Nicolas, J. Lacour, J.
Kubitschke, R. Herges, J. Am. Chem. Soc. 2009, 131, 442-443.

[176] C. Gahl, R. Schmidt, D. Brete, E. R. McNellis, W. Freyer, R. Carley, K.
Reuter, M. Weinelt, J. Am. Chem. Soc. 2010, 132, 1831-1838.

[177] G. Pace, V. Ferri, C. Grave, M. Elbing, C. von Hénisch, M. Zharnikov, M.
Mayor, M. A. Rampi, P. Samori, Proc. Natl. Acad. Sci. USA 2007, 104,
9937-9942.

[178] M. Elbing, A. Btaszczyk, C. von Hinisch, M. Mayor, V. Ferri, C. Grave, M.
A. Rampi, G. Pace, P. Samori, A. Shaporenko, M. Zharnikov, Adv. Funct.
Mater. 2008, 18,2972-2983.

[179] U. Jung, O. Filinova, S. Kuhn, D. Zargarani, C. Bornholdt, R. Herges, O.
Magnussen, Langmuir 2010, 26, 13913-13923.

[180] D. Liu, Y. Xie, H. Shao, X. Jiang, Angew. Chem. Int. Ed. 2009, 48,
4406-4408.

[181] H. S. Lim, J. T. Han, D. Kwak, M. Jin, K. Cho, J. Am. Chem. Soc. 2006, 128,

107



7 References

14458-14459.

[182] D. Yang, M. Piech, N. S. Bell, D. Gust, S. Vail, A. A. Garcia, J. Schneider,
C.-D. Park, M. A. Hayes, S. T. Picraux, Langmuir 2007, 23, 10864-10872.

[183] T. Kondo, K. Uosaki, J. Photochemistry and Photobiology C:
Photochemistry Reviews 2007, 8, 1-17.

[184] S. Karpe, M. Ocafrain, K. Smaali, S. Lenfant, D. Vuillaume, P. Blanchard, J.
Roncali, Chem. Commun. 2010, 46, 3657-3659.

[185] H. Yamataka, S. C. Ammal, T. Asano, Y. Ohga, Bull. Chem. Soc. Jpn. 2005,
78, 1851-1855.

108



8 Publications and Presentations

8. PUBLICATIONS AND PRESENTATIONS

Publications

11. Ying Luo, Matthias Bernien, Alex Kriiger, Christian F. Hermanns, Jorge Miguel,
Yin-Ming Chang, Simon Jaekel, Wolfgang Kuch, Rainer Haag, In Situ Hydrolysis of
Imine Derivatives on Au(l11) for the Formation of Aromatic Mixed Self-Assembled
Monolayers: Multitechnique Analysis of This Tunable Surface Modification,
Langmuir 2012, 28, 358-366.

10. Ying Luo, Manuel Utecht, Jadranka Doki¢, Sergey Korchak, Hans-Martin Vieth,
Rainer Haag, Peter Saalfrank, cis-trans Isomerization of Substituted Aromatic Imines:
A Comparative Experimental and Theoretical Study, ChemPhysChem 2011, /2,
2311-2321.

9. Johannes Mielke, Felix Leyssner, Matthias Koch, Stephan Meyer, Ying Luo, Sofia
Selvanathan, Rainer Haag, Petra Tegeder, Leonhard Grill, Imine Derivative on
Au(l1l): Evidence for “Inverted” Thermal Isomerization, ACS Nano 2011, 5,
2090-2097.

8. Ying Luo, Sergey Korchak, Hans-Martin Vieth, Rainer Haag, Effectively
Reversible Photo-induced Switching of Self-Assembled Monolayers of Functional
Imines on Gold Nanoparticles, ChemPhysChem 2011, /2, 132-135.

7. Laszl6 Ovari, Ying Luo, Felix Leyssner, Rainer Haag, Martin Wolf, Petra Tegeder,
Adsorption and switching properties of a N-benzylideneaniline based molecular

switch on a Au(111) surface, J. Chem. Phys. 2010, /33, 44707.

6. Sebastian Hagen, Ying Luo, Rainer Haag, Martin Wolf, Petra Tegeder, Electronic
structure and electron dynamics at an organic molecule/metal interface: interface

states of tetra-tert-butyl-imine/Au(111), New Journal of Physics 2010, /2, 125022.

5. U. Kemelbekov, Y. Luo, Z. Orynbekova, Zh. Rustembekov, R. Haag, W. Saenger,
K. Praliyev, IR, UV and NMR Studies of p-Cyclodextrin Inclusion Complexes of

109



8 Publications and Presentations

Kazcaine and Prosidol Bases, J. Incl. Phenom. Macrocycl. Chem. 2010, 69, 181-190.

4. Shangjie Xu, Ying Luo, Ralph Graeser, André Warnecke, Felix Kratz, Peter Hauff,
Kai Licha, Rainer Haag, Development of pH-Responsive Core-Shell Nanocarriers for
Delivery of Therapeutic and Diagnostic Agents, Bioorganic & Medicinal Chemistry
Letters 2009, 79, 1030-1034.

3. Ying Luo, Marten Piantek, Jorge Miguel, Matthias Bernien, Wolfgang Kuch,
Rainer Haag, In-situ Formation and Detailed Analysis of Imine Bonds for The
Construction of Conjugated Aromatic Monolayers on Au(111), Appl. Phys. A 2008, 93,
293-301.

2. Shangjie Xu, Ying Luo, Rainer Haag; Structure-Transport Relationship of
Dendritic Core-Shell Nanocarriers for Polar Dyes, Macromolecular Rapid

Communications 2008, 29(2), 171-174.

1. Shangjie Xu, Ying Luo, Rainer Haag; Water-Soluble pH-Responsive Dendritic
Core-Shell Nanocarriers for Polar Dyes Based on Poly(ethylene imine),
Macromolecular Bioscience 2007, 7(8), 968-974.

Poster Presentations

5. 7th. Deutsches BioSensor Symposium (3-6 April 2011, Heilbad Heiligenstadt,

Germany)

Poster: Controllable Formation of Mixed Self-Assembled Monolayers via Hydrolysis
of Imine on Au(111); Ying Luo, Matthias Bernien, Alex Kriiger, Felix Hermanns,
Wolfgang Kuch, Rainer Haag

4. Faraday Discussion 143 — Soft Nanotechnology (15-17 June 2009, London, United

Kingdom)

Poster: Photo-induced Switchable Gold Nanoparticles Based on Imine Derivatives;

Ying Luo, Sergey Korchak, Hans-Martin Vieth, Rainer Haag

3. SFB Conference — Molecular Switches: Elementary Processes and Applications

110



8 Publications and Presentations

(27-29 May 2009, Salzau, Germany)

Poster: Molecular Switches on Surfaces Based on Conjugated Imine Compounds;

Ying Luo, Rainer Haag

2. Polydays 2008 — Active and Adaptive Polymeric Materials (1-2 October 2008,

Berlin, Germany)

Poster: Development of pH-Responsive Core-Shell Nanocarriers for Delivery of
Therapeutic and Diagnostic Agents; Ying Luo, Shangjie Xu, Ralph Graeser, André
Warnecke, Felix Kratz, Peter Hauff, Kai Licha, Rainer Haag

1. 7th. International Symposium on Polymer Therapeutics: From Laboratory to

Clinical Practice (26-28 May 2008, Valencia, Spain)

Poster: Development of pH-Responsive Core-Shell Nanocarriers for Delivery of
Therapeutic and Diagnostic Agents; Ying Luo, Shangjie Xu, Ralph Graeser, André
Warnecke, Felix Kratz, Peter Hauff, Kai Licha, Rainer Haag.

111



9 Curriculum Vitae

9. CURRICULUM VITAE

For reasons of data protection, the Curriculum vitae is not published in the online
version.

112



	“The way was long, and wrapped in gloom did seem,
	As I urged on to seek my vanished dream.”
	— Li Sao (Author: Qu Yuan), is one of the greatest poems in Chinese poetry, translated by Xian-Yi Yang and Gladys Margaret Tayler (Nai-Die Dai).
	cv.pdf
	“The way was long, and wrapped in gloom did seem,
	As I urged on to seek my vanished dream.”
	— Li Sao (Author: Qu Yuan), is one of the greatest poems in Chinese poetry, translated by Xian-Yi Yang and Gladys Margaret Tayler (Nai-Die Dai).




