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Abstract

This study was concerned with the investigation of photo-induced molecular switching processes of
azobenzene based self-assembled monolayers (SAMs) on surfaces.

The rational design of such surfaces, which often hold the potential for practical application, require a
thorough understanding of the factors that control surface assembly into highly ordered architectures
as well as photoswitching efficiency. The latter is often limited by steric hindrance, i.e., the lack
of free volume in the molecular monolayer. This work further aimed at a demonstration of the
capability of Sum Frequency Generation spectroscopy (SFG) to investigate diverse functionalized
surfaces including reflective gold and transparent quartz substrates as well as monolayers at water-air
interfaces.

SFG analysis of Azobenzene (AB) like 4-(11-Mercapto-undecanoxy)-4’-methylazobenzene (MeAB-
OC11S), 4-(10-Mercapto-decanoxy)-4’-methylazobenzene (MeAB-OC10S) on 100 nm Au (111),
(E)-12c-[4-(4-Methyl/CN phenyldiazenyl)phenyl]ethynyl-4,8,12-tri-octyl-4,8,12-triazatriangulene,
(Me/CN-Azo-8-TATA) on quartz and Azobenzenecholesterol/ Dipalmitoylphosphatidylcholine (Azo-
Chol/ DPPC) on water was used to confirm the formation of self-assembled monolayers (SAMs)
on the substrate, to depict the morphology of these SAMs and to check their photoisomerizing
ability. Characteristic spectra confirmed the adsorption of molecules on the surfaces with vibrational
signatures of different CH units. In particular, resonances of CH2 (d+, d−, d+

FR) and CH3 (r+, r−,
r+FR) and CHaromatic have been identified in SFG spectra of pure and mixed monolayers. The observed
amplitude ratios of the d+/r+ and r+/r− bonds confirm the presence of gauche defects in the mixed
monolayer, where fitting of the spectra indicate the loss of structural order of the monolayers on
dilution with coligand alkylthiol molecules.

Pure and mixed monolayers of AB thiols/ thiol on gold were used to investigate the photoisomerization
efficiency as a function of the degree of surface dilution. The SFG signals of CH3 or CN SFG marker
group at the phenyl group of azobenzene was used as direct measure of trans / cis isomerization
of azobenzene functionalized SAMs. Moreover, different thiols with various chain lengths were
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used as co-ligands to get insight into steric hindrance effects. In case of gold, the non-resonant SFG
background proved a challenging factor for spectrum acquisition and limited the reproducibility of
these experiments. Nevertheless, it could be successfully shown that most of the investigated mixed
monolayers exhibit photoswitching ability. An exception was a monolayer of MeAB-OC11S using
hexadecanethiol as a co-ligand. Obviously, the long alkyl chain of the co-ligand induced strong steric
hindrance and efficiently inhibited photoswitching. This result could also be confirmed by additional
experiments by means of UV-Vis transmission spectroscopy. Moreover, thermal back-isomerization
from the cis to trans-state with time constants in the order of 5 min to 50 min have been observed.

In addition to the systematic studies on gold, explorative SFG measurements have been performed
with many different molecular systems including TATA functionalized quartz surfaces. Intense SFG
signatures have been observed showing high degree of surface functionalization and molecular order.
However, photoisomerization of TATA based SAMs was sensitive to aging of the sample and laser
damage.

Finally, both the changes of surface pressure as well as SFG characteristics have been analyzed for
Azobenzene-Cholesterol/ Dipalmitoylphosphatidylcholine (AB-Chol/DPPC) monolayers on water.
Switching these layers to the cis-state of AB-Chol caused an increase in surface pressure going
along with better aligned alkyl chains of DPPC, hence consistent with a higher spatial demand of the
cis-state.



Zusammenfassung

In dieser Arbeit wurden photoinduzierte molekulare Schaltvorgänge von selbst-anordnenden Monola-
gen (SAMs) auf Azobenzolbasis untersucht. Die gezielte Herstellung von solchen funktionalisierten
Oberflächen, die ein hohes Anwendungspotenzial aufweisen, erfordert ein detailliertes Verständnis der
Faktoren, die einerseits die Bildung der hochgeordneten Schichten und andererseits deren Photoschalt-
barkeit beeinflussen. Dabei wird die Effizienz der Photoschaltung oft durch sterische Effekte und das
damit in Zusammenhang stehende fehlende freie Volumen in der molekularen Monolage bedingt. Ein
weiteres Ziel der Arbeit war es, die Anwendbarkeit der Summenfrequenzerzeugungs-Spektroskopie
(SFG) zur Untersuchung unterschiedlich funktionalisierter Oberflächen auf Gold, auf transparentem
Quarz und an der Wasser-Luft-Grenzfläche zu demonstrieren.

Die Analyse des SFG-Spektren von Molekülen mit Azobenzol-Schalter (AB) wie beispielsweise 4-
(11-Mercapto-Undecanoxy)-4’-Methylazobenzene (MeAB-OC11S), 4-(10-Mercapto-Decanoxy)-4’-
Methylazobenzene (MeAB-OC10S) auf 100 nm Au(111), E-12c-[4-(4-Methyl/CN- Phenyldiazenyl)-
Phenyl]-ethynyl-4,8,12-Tri-Octyl-4,8,12-Triazatriangulen (Me/CN-Azo-8-TATA) auf Quarz und
Azobenzol-Cholesterol/Dipalmitoylphosphatidylcholin (Azo-Chol/DPPC) auf Wasser erlaubte es, die
Bildung von SAMs auf den Substraten zu verifizieren, deren Morphologie zu untersuchen und die
Photoschalteffizienz zu quantifizieren. Charakteristische Spektren der SAMS zeigten eine ausgeprägte
Schwingungsstruktur, die Beiträgen unterschiedlicher CH-Bindungen zugeordnet werden konnte.
Insbesondere konnten in den Spektren von reinen und gemischten Monolagen die Resonanzen von
CH2-Gruppen (d+, d−, d+FR), von CH3-Gruppen (r+, r−, r+FR) und von aromatischen CH-Schwingungen
identifiziert werden. Die beobachteten Intensitätsverhältnisse der d+/r+ and r+/r− Signale wiesen
auf mehr oder wenig ausgeprägte gauche-Defekte in den vorhandenen Alkylketten hin. Dabei kommt
es insbesondere in gemischten SAMs mit zunehmender Verdünnung mit den als Co-Liganden ver-
wendeten Alkylthiolen zum Verlust der strukturellen Ordnung der Monolage. Reine und gemischte
Monolagen von AB-Alkylthiolen mit Alkylthiolen al Co-Liganden wurden ebenfalls verwendet, um
die Photoschalteffizient auf Gold als Funktion des Verdünnungsgrades zu untersuchen. Dabei dienten
die SFG-Signale zusätzlicher CH3- oder CN-Gruppen am AB als SFG-Marker, die Rückschlüsse auf
die trans-cis-Isomerisierung von AB gestatten. Darüber hinaus wurde untersucht, welchen Einfluss
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Co-Liganden mit unterschiedlicher Kettenlänge und damit variabler sterischer Hemmung auf die
Schalteffizienz ausüben. Im Falle von Goldsubstraten erwies sich das nicht-resonante Hintergrundsig-
nal im SFG-Spektren als schlecht reproduzierbar. Außerdem kam es sehr leicht zur Laserablation der
Oberfläche, was die Interpretation der gemessenen Spektren zusätzlich erschwerte. Trotzdem gelang
es, für die meisten untersuchten gemischten Monoschichten eine Photoschaltfähigkeit nachzuweisen.
Eine Ausnahme bildeten die Monoschicht von MeAB-OC11S mit Hexadecanethiol als Co-Ligand.
Offensichtlich übte in diesem Fall die lange Alkylkette des Co-Liganden einen so großen sterischen
Effekt aus, dass die Schicht nicht mehr geschaltet werden konnte. Dieser Befund konnte durch
zusätzliche Experimente mit sehr dünnen funktionalisierten Goldschichten bestätigt werden, die mit
UV-Vis-Spektroskopie in Transmission vermessen werden konnten. Mittels UV-Vis konnte auch die
thermische Rück-Isomerisierung von cis- zu trans-AB zeitlich verfolgt werden, die mit Zeitkonstanten
im Bereich von 5 min bis 50 min erfolgte. Zusätzlich zu den systematischen Studien an den funktion-
alisierten Goldsubstraten wurden explorative SFG-Messungen an zahlreichen weiteren molekularen
Systemen durchgeführt, einschließlich TATA-funktionalisierte Quarzoberflächen. Diese lieferten
ebenfalls intensive SFG-Signaturen, die auf eine hohe Funktionalisierungsdichte und eine hohe struk-
turelle Ordnung der Schicht schließen lassen. Allerdings erwiesen sich die TATA-basierten SAMs
als recht empfindlich gegenüber einer Alterung der Probe und es kam auch hier sehr leicht zu Laser-
ablationseffekten. Schließlich wurden noch kombinierte SFG- und Oberflächendruck-Messungen
an Azobenzol-Cholesterol/Dipalmitoylphosphatidylcholin (Azo-Chol/DPPC)-Monoschichten auf
Wasser durchgeführt. Die Schaltung der AB-Einheit zum cis-Isomer führte zu einer Erhöhung des
Oberflächendrucks, die mit besser ausgerichteten Alkylketten im DPPC einherging. Dieses Ergebnis
steht im Einklang mit dem erwarteten höheren Flächenbedarf des cis-Isomers.
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Abbreviations and Symbols

SFG: Sum frequency generation spectroscopy

BBSFG: Broadband SFG (BBSFG)

SAM: Self-assembled monolayer

AB: Azobenzene

C10S: Decanethiol

MeAB-OC11-Thiol: 4-(11-Mercapto-undecanoxy)-4’-methylazobenzene

Me-Azo-8-TATA: (E)-12c-[4-(4-Methylphenyldiazenyl)phenyl]ethynyl -4,8,12-tri-n-octyl-4,8,12 tri-
azatriangulene

CN-Azo-8-TATA: (E)-12c-[4-(4-cyanophenyldiazenyl)phenyl]ethynyl-4,8,12- tri-n-octyl-4,8,12-
triazatriangulene.

CN-Azo-8-TATA(propanol): (E)-12c-[4-(4-Cyanophenyldiazenyl)phenyl]ethynyl-4,8,12-tri-n-
propanol-4,8,12-triazatriangulene

TATA: Triazatriangulene

TOTA: Trioxatriangulenium

Azo-chol-DPPC: Azobenzene-cholesterol-dipalmitoylphosphatidylcholine(DPPC)

IR: Infra Red Vis: Visible Ar: Aromatic

χ: Second order non-linear susceptibility
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χ
(2)
R : Resonant susceptibility

χ
(2)
NR: Non-resonant susceptibility

δ : resonant phase

ε: non-resonant phase

Aω : Amplitude of the observed vibration mode

Γ: damping constant that determines the linewidth

ων : Vibrational frequency

δ : Phase change

r+: Symmetric stretching vibration modes of CH3

r+FR: Fermi resonance symmetric stretching vibration modes of CH3

r−op : Out of plane asymmetric stretching vibration modes of CH3

r−ip : In plane asymmetric stretching vibration modes of CH3

d+: Symmetric stretching vibration modes of CH2

d−: Asymmetric stretching vibration modes of CH2

CHaromatic: Aromatic CH vibration mode

Π: Surface pressure
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Chapter 1

Introduction

1.1 Motivation and Aim

With the rapid development of technology there is an ongoing trend to design, synthesize, and
characterize molecular switches [1–4]. Photochromic molecules such as azobenzene(AB)
are appealing candidates among molecular switches. They have found the applications in the
field of nanotechnology [5–7], biotechnology [8–10], and material sciences [11–13]. Such
molecules are used in devices for data storage [14–17], they offer high degree of control and
compatibility with biological systems [18, 19], and are used as target drugs [20–22].

The focus of this thesis, as initiated by the Collaborative Research Center “Function by
Switching” (SFB677), is to investigate the efficiency and photochemical dynamics of light-
driven azobenzene (AB) based molecular switches in self-assembled monolayers (SAMs) on
surfaces. Photoisomerization of molecular switches critically depends upon the substrate and
on the local environment of the functional units attached to AB. Therefore, the influence of
structural and electronic effects were systematically studied for SAMs on planar Au (111)
/ SiO2 substrate as well as at the water-air interface. Systems comprising complementary
monolayers were investigated by the sensitive and structure specific non-linear sum frequency
generation (SFG) and UV-Vis spectroscopy. One of the aims was to study the effects
of molecular structure on the morphology and switching efficiency of AB functionalized
systems, secondly, to range the potential of SFG as a sensitive probe for structural order
and electronic structure in pure and mixed self-assembled monolayers. Target systems
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were chosen to gain information of specific factors affecting photoisomerization dynamics.
Methyl (CH3) and cyano (CN) groups attached to the AB unit were used as SFG markers to
monitor the switching state of the SAMs. Both co-ligands with different chain lengths and
alkyl linkers with even or odd number of carbon atoms have been used to study the overall
structure, the available free volume, and possible even-odd effects. Moreover, alternative
photoswitchable AB monolayer based on the TATA platform approach of Herges et al.
[23, 24] and Cholesterol based SAMs have been investigated.

1.2 Self-assembled monolayers

Self-assembled monolayers (SAMs) are organic assemblies formed by the adsorption of
molecular constituents from solution or gas phase on the solid or liquid surface [25, 26].
Anchoring molecular switches on surfaces open new prospectives for the control of their
switching abilities and their integration into large assemblies. Such assemblies have success-
fully been used to change the surface properties. To investigate the switching behavior of the
molecules self-assembled monolayers (SAMs) functionalized with long chain hydrocarbon
are frequently used. In general SAMs architecture consist of three units (see Fig. 1.1):

1. a head group binding to the substrate,

2. an end group (tail group) that constitutes the outer surface of the film and,

3. a spacer that connects head and tail and has the effect of adjusting the intermolecular
separation, molecular orientation and the degree of order in the monolayer. It acts as
backbone or bridge for the molecule [27].

1.2.1 Self-assembled monolayers on solid substrate

There are a number of head groups that bind to specific metals, metal oxides, and semicon-
ductors. Each class of self-assembled monolayers is characterized by a specific head group,
typically covalently bonded to a specific type of substrate. Most widely studied systems are
alkylthiolate monolayers on gold, alkylsilane monolayers on silica, and alkylphosphonic
acids on oxide surfaces. The thiol head group that contains a hydrogen-sulfur (-SH) group is
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Fig. 1.1 Schematic of self-assembled monolayer architecture on solid surface. Commonly
used spacers are alkyl chains or tripodal linkers, commonly used head groups are -S-, -SiO-,
common substrates are Au, Ag, SiO2.

one of the rather rare functionalities forming a strong interaction with noble metals [25, 28].
Therefore, it is possible to utilize the thiol molecules to generate well-defined organic mono-
layers with alterable chemical functionalities. Generally alkanethiols spontaneously assemble
on noble metals i.e., gold [25]. They constitute a sulfur binding group for attachment to
the noble metal surface, a spacer chain (typically made up of methylene groups (CH2)n,
and a functional end group. The sulfur-gold bond and the interchain Van-der-Waals forces
between the alkyl chains act as the main driving force for assembly of the alkanethiols on
gold substrate.

It is assumed that formation of S-Au bond requires loss of hydrogen from the S-H groups
[29]. Monolayers of thiols assemble spontaneously on the gold surface through breaking of
the S-H bond and the thiolate (R− S−) is then bound to gold surface by a covalent bond
[25]. Actually sulfur-gold interaction is semi-covalent and has a strength of approximately
188 kJ / mol. However, nature of sulfur-gold bond allows the rearrangement of sulfur groups
on the underlying surface and are still not completely understood. Nevertheless, CO, O2,
H2O, and hydrocarbons can easily contaminate the gold surface, it should be stored in argon
atmosphere or cleaned directly before the monolayer adsorption. Although sulfur compounds
could also bind strongly to silver, copper, and platinum surfaces [26, 30]. Often gold surfaces
are preferred because they are chemically inert [26].

The most common procedure for preparing SAMs of thiolates on gold is immersion of a clean
gold substrate into a thiol solution for several hours or a day. The adsorption mechanism
of alkanethiol SAMs have widely been investigated. Adsorption proceeds in two distinct
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steps [31]. In the first step, a fast process that often takes only few minutes, the thiol is
adsorbed and interacts with the gold surface. In second step, a relatively slow process lasting
several hours, molecules organize themselves and reach equilibrium in the form of ordered
SAM film. For low concentrations of the immersion solution and short immersion times (in
case of adsorption from solution) [32, 33] or low exposure times (in case of adsorption in
ultrahigh vacuum conditions) [34], the molecules are physisorbed with chains parallel to
substrate [35]. Longer immersion times and high concentrations lead to chemisorption with
the alkanethiol bound through the sulfur end group. Generally, the molecular density needs
to be high enough to obtain an all-trans conformation of the alkyl chains. There are a lot of
discussions about preferential adsorption sites for alkanethiol on gold. Historically, hollow
sites (i.e., binding sites in between two or four gold atoms instead of binding sites on the top
of gold atom), are generally considered the most energetically favored sites [36].

Self-assembled monolayers with a silicon head group are another class of SAMs and have
been used to form monolayers on glass [37]. This is achieved through reaction of either
trichlorosilane monomers or alkoxysilane monomers. Trichlorosilane monomers are highly
reactive towards glass substrates but are also reactive towards water, silica gel, and other silane
monomers in solution. Hence, this class of monomers is more problematic to synthesize and
purify. The use of trialkoxysilane monomers overcomes many of these issues, but requires
more difficult assembly conditions including multiple soak and annealing steps [38, 39].
Nevertheless, the resulting monolayers are proved to exhibit high degree of monomer cross-
linking on the surface and this cross linking between monomers imparts some degree of
instability. Often, the monolayer can be peeled away from surface and, therefore, these
monolayers are more useful in short-term applications [40, 41].

1.2.2 Self-assembled monolayers on liquid substrates

A complete different method of achieving molecular assemblies with precisely layered
structures is spreading an insoluble monolayer of amphiphilic molecules on the surface of
a liquid (often aqueous) subphase in a shallow trough, known as a Langmuir trough. The
monolayer can be highly compressed by applying lateral pressure. The monolayers (termed
as Langmuir film) have an appropriate hydrophilic–hydrophobic balance. Such monolayers
are formed from surfactants, polymers, proteins, steroids, lipids, and other compounds of
biophysical nature. The Langmuir troughs are equipped with barriers (usually of Teflon)
which can be used to compress monolayers in order that the area occupied by each amphiphile
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molecule is varied. At the same time, changes in the surface pressure of the monolayer can
be monitored in situ by using a surface balance. The conventional surface balance used is
of Wilhelmy-type in which a thin rectangular plate of glass or filter paper is hung from a
force sensor and bottom half of the plate is immersed in the subphase. The area occupied
by a single amphiphile molecule can be calculated from the geometrical area of the surface
occupied by Langmuir monolayer and the number of amphiphilic molecules in monolayer
[42–44].

1.3 Molecular switches / Photoisomerization

Molecular switches are systems, either small molecules or supramolecular species, that can
reversibly interconverted between (at least) two different isomeric forms under the influence
of external stimuli [45]. A shift between the different states of a molecular switch implies
an abrupt change in its properties including geometric, electronic, optical and electrical
properties. Light energy, chemical energy or electrical energy can be used as external stimuli.
Light induced isomerization is called photoisomerization and the molecule is termed as
photoswitch. Photoswitches can be based on trans → cis isomerization [46–48] as well as
open-closed ring transition [49, 50], ligand driven [51, 52] and/ or coordination involved spin
state switching [53–56]. Mostly, trans-cis isomerization is induced by illumination with UV-
light [57, 58] and this transformation is reversed either upon irradiation with visible light or
thermal trans-cis isomerization occurs spontaneously in dark due to thermodynamic stability
of the trans isomer [59–61]. Depending on the thermal stability of the photogenerated isomer,
photochromic systems can be classified into two categories [4]:

1. P-type (photochemically reversible type); these systems do not revert to the initial
isomer even at elevated temperatures (e.g., fulgides and diarylethenes) [62].

2. T-type (thermally reversible type); the photogenerated isomer thermally reverts to the
initial form (e.g., azobenzenes, stilbenes or spiropyranes) [63].

Many diverse molecules such as azobenzene, stilbenes, spiropyranes, fulgides, diarylethenes,
and chromenes have been investigated for molecular switching applications. Among these,
azobenzene is mostly used for basic studies of molecular photoswitching process and optical
switching applications.
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1.4 Azobenzene based photoswitches

Azobenzene (AB) is an aromatic molecule possessing a diazene group –N=N– in conjugation
with two phenyl substituents. It is a photochromic T-type system, which exhibits a reversible
isomerisation process between its trans and cis isomers of different stability shown in Fig. 1.2.
In the photoisomerization process, the photoreaction simply causes the rearrangement of the
electronic and nuclear structure of the molecule without any bond breaking. However, trans
isomer is planar whereas the cis isomer is a twisted non-planar molecule. Owing to different
structure and symmetry both isomers have different properties. AB exhibits remarkable

Fig. 1.2 Photoisomerization of azobenzene when irradiated with UV light. trans−form
converted to cis−form using 320−380 nm of light. Blue light of λ > 420 nm can be used
to convert molecule to trans isomer. Alternatively, the molecule thermally relaxes to more
stable trans-form.

photostability as negligible decomposition occurs even after prolonged irradiation and many
switching cycles. The rate of thermal cis-trans back reaction heavily depends on chemical
architecture of the system. In unsubstituted AB, net photoisomerization is significantly
faster than thermal isomerization; therefore, the two processes are well-separated in time.
It is well known that the appropriate modification of the substitution of the azobenzene
core is one of the main factors that allows modulation of the thermal relaxation rate of
azobenzene and, therefore, varies the overall response time of the photochromic molecular
switch. For many applications thermal back isomerization is unwanted, hence, molecular
systems with high backisomerization barriers, are preferred. Slow thermally back isomerising
azobenzene derivatives are required for optically–controlled storage devices and are valuable
photoactive materials for memory storage devices, where they exhibit a thermal relaxation
time of microseconds [64]. However, for azobenzene-based photochromic switches that
can be used in real-time information transmitting systems as well as optical oscillators, it
is essential that the return to thermodynamically stable trans-form in dark occurs as fast
as possible. In fact, the information is expected to be transmitted at the molecular scale
with response times ultimately within the nanosecond or picosecond range. Even though,
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some chromophores, such as spiropyranes [65], have already been proved to show very fast
thermal back reactions, occurring on the order of hundreds of nanoseconds. However, a
major advantage of azobenzene switches is that they are easy to synthesize.

1.4.1 Mechanism of photoisomerization

Fig. 1.3 Photoisomerization mechanism of azobenzene when irradiated with UV light, trans-
form converted to cis-form via different steps adopted from [66].

The AB isomerization mechanism has been the subject of interest and controversy since it was
isolated. It is important to know the dynamics of the process because rate of photoisomeriza-
tion and quantum yield depends upon the irradiation wavelength [67–69], substituents on the
phenyl rings [57, 70], solvent properties [67, 71, 72], temperature [69, 71, 73], and pressure
[74]. Four mechanisms have been proposed as possible pathways for AB photoisomerization
[70, 75–77] as shown in Fig. 1.3.
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1. Twisting around the central N=N double bond (bond—rotation): The rotational path-
way involves rupture of the π bond of N=N to allow free rotation about this bond.
Rotation changes the C–N–N–C dihedral angle while the N–N–C angle remains fixed
at 120◦ [77].

2. Inversion mechanism (inversion of both C-N-N angles): In the inversion mechanism,
one N=N–C angle increases to 180◦ while the C–N=N–C dihedral angle remains fixed
at 0◦, which results in a transition state with one sp hybridized azo-nitrogen atom [78].

3. Concerted inversion: For isomerization to occur by concerted inversion, both N=N–C
bond angles increase to 180◦ generating a linear transition state.

4. Inversion-assisted rotation: In inversion-assisted rotation, large changes in the C–N=N–C
dihedral angle and smaller but significant changes in the N=N–C angles occur simulta-
neously.

All four pathways of the switching mechanism lead to relaxation process and sometime
multiple pathways are used to explain experimental observations [79]. For more detailed
information, it is referred to the critical review of Bandara et al. [66].

1.4.2 Self-assembled monolayers and photoisomerization

Due to well-defined structure, low defect density, and chemical stability, SAMs offer unique
opportunities to probe molecular details of interfaces. Introduction of photoactive components
into the SAMs is one of the most versatile ways of generating molecular devices. Azobenzene
fuctionalized SAMs are extensively studied for their unique photoisomerization behavior.

Large number of azobenzene derivatives readily photoisomerize in solution [80, 81]. The
process is extremely rapid, occurring on femto to picosecond time scales, and is characterized
by high quantum yields. Selective and efficient light induced transfer and light induced
cycling between the states can be performed for a nearly unlimited number of times. However,
when AB adsorbs directly on a surface, the photoisomerization efficiency of the switching
process is reduced due to quenching by the underlying substrate (adsorbate-surface coupling)
[82–89] as well as due to intermolecular interactions with proximate molecules (molecule-
molecule coupling) [84, 90–93]. This includes the fast lateral dissipation of the excitation
energy due to chromophore-chromophore coupling.
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Fig. 1.4 Schematic representation of strategies used to increase photoisomerization efficiency
in SAMs. (a) Densely packed layers have no free volume for switching. Free volume
increased by (b) adding spacer of appropriate length (c) bulky group in structure (d) using a
curved surface substrate (e) tripod linker system with three groups fixed to the surface and (f)
platform molecule having a pedestal type molecular group for interaction with the substrate.

Surface quenching is reduced by attaching a non-conductive, saturated tether [84] or by
inserting the functional moiety into the SAM matrix thus spatially separating it from the
underlying substrate [85, 94, 95]. Molecule-molecule coupling reduces the volume available
for photoisomerization. Availability of free volume needed for the planar trans-form to
isomerize the non-planar cis-form is one of the main hurdles for photoisomerization on
functionalized surfaces [90, 96, 97]. As a rule of thumb azobenzene group requires 127
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Å3 volume to isomerize from trans-form to cis-form [98]. Many strategies employed to
overcome these problems have been depicted in Fig. 1.4.

The most commonly employed strategy to overcome the problems of limited free volume
is incorporation of co-ligands such as short chain alkane thiols [85, 94, 97, 99–105] into
the SAM. The approach using mixed monolayers resulting in clearly improved switching
properties [100, 101] of the SAMs. However, it was found that in mixed monolayers the
distribution and adsorption geometry of the functional groups on the surface is less ordered
and in some cases separate phase domain of pure co-ligand and pure molecular switches
have been reported [103, 106–108]. In case of mixed monolayers preferential adsorption of
one of the co-ligand is also reported [28, 109–111] which results in island formation due to
phase segregation in SAMs [110, 112]. In another strategy, steric hindrance is reduced by
using curved surface of substrate (gold nanoparticles) [101, 113]. More recently, alternative
approaches have been suggested, such as increasing the free volume of molecules in the self-
assembled monolayer by integrated bulky spacer groups [114, 115], by using unsymmetrical
azobenzene disulphides [106, 111, 116], or by employing large tripod-shaped molecules
[97, 117] or platform molecules [118–120]. Tripod linker system includes three groups fixed
to the surface and cover the surface area to allow the switching. In the platform approach,
azobenzene derivative is attached to triazatriangulene (TATA) or trioxatriangulenium (TOTA)
platform [23, 24, 117, 119, 121–123]. These platform units allow the functional groups
to mount as free standing unit perpendicular to the surface. Unfortunately, perpendicular
chemical functionalization of these molecules is possible by weak coordinative bonds. Stable
attachment of vertical functional groups to these adsorbates is therefore more difficult to
achieve. Nevertheless, well-ordered and stable monolayers on Au (111) surfaces by the
azobenzene-functionalized platforms proved a suitable method to prepare self-assembled
monolayers of functional molecules on gold with control of intermolecular distances [119,
120, 123–125]. These molecules strongly adsorb on metals, quartz, and graphite, with
the molecular plane parallel to the surfaces, and readily self-organize due to molecular
interactions. Adsorption of such units on quartz are still questionable. Immobilization
of TATA molecule on quartz surfaces is supposed to be due to physical Van- der-Waals
interactions between π electron system and substrate. The approach using platform molecule
triazatriangulene (TATA), trioxatriangulenium (TOTA) results in clearly improved switching
properties [119, 120, 124, 126, 127].



1.5 Techniques for investigating photoisomerization 11

1.5 Techniques for investigating photoisomerization

Characterization of self-assembled monolayers is challenging, and new efficient analysis
techniques are needed to investigate the properties of self-assembled monolayers. So far, sev-
eral complementary spectroscopic techniques, like X-ray photoelectron spectroscopy (XPS),
high resolution XPS (HRXPS), near edge X-ray absorption fine structure spectroscopy (NEX-
AFS), infrared reflection absorption spectroscopy (IRRAS), plasmon resonance spectroscopy,
scanning tunneling microscopy (STM), and sum-frequency generation spectroscopy (SFG)
have been applied. However, for photoswitching of molecules or SAMs on very thin substrate
layer transmission based techniques such as UV-Vis spectroscopy have been successfully
used to characterize such systems as well.

1.5.1 UV-Vis spectroscopy
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Fig. 1.5 Representative example of an UV spectrum of the azobenzene .Red spectrum:
trans-isomer; blue spectrum: cis-isomer (photostationary state).
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Photoisomerization of azobenzene derivatives in solution as well as of functionalized surfaces
[91, 115, 126, 128, 129] has been widely studied by UV-Vis spectroscopy. A representative
UV spectrum of azobenzene is shown in Fig. 1.5. The ground-state UV-Vis absorption
spectrum of azobenzene in solution exhibits a low-intensity n−π∗ absorption in the visible
region around 450 nm, and a much higher intensity π −π∗ absorption in the ultraviolet region
around 350 nm [130–132].

Azobenzene has two structural forms, one of these is trans form, and other is cis form.
The trans isomer shows two absorption bands corresponding to the π − π∗ transition in
UV region and to the n−π∗ transition in visible region. By the symmetry rules, the n−π∗

transition is not allowed. For trans isomer it appears with weak intensity as a result of
non-planar distortion and vibrational coupling [133]. In the cis isomer, π −π∗ absorption
band significantly decreases in intensity as compared to the trans-isomer and simultaneously
shifted to shorter wavelengths. Decrease in π −π∗ band is typically related to the packing of
cis isomers [134] and the lower degree of conjugation [133] due to the non-planar structure of
the phenyl group. Meanwhile the n−π∗ absorption band increases because of the non-planar
structure, this electronic transition becomes symmetry-allowed.

Azobenzene undergoes trans → cis isomerization by irradiation with wavelengths between
320− 380 nm, while exposure to 400− 450 nm favors the cis → trans photo-conversion.
During the trans− cis− trans isomerization processes significant changes of properties like
the molecular dimensions and dipole moment occur [135, 136]. The elongated trans-isomer
of azobenzene without any substitution has a zero dipole moment, while the bent cis form
has a dipole moment of 3 D [137]. An appropriate choice of substitution on azobenzene can
change the value of its dipole moment [138].

Molecules are randomly distributed without order in solution while on the surfaces azoben-
zene molecules are immobilized and are close to each other. UV spectra of azobenzene on
SAMs also consist of two absorption bands of π −π∗ and n−π∗ characters. A blue-shift
and broadening of the π −π∗ absorption band is observed in case of SAMs, which is at-
tributed to excitonic coupling of neighboring azobenzene molecules [91, 126, 139, 140]. As
it is the case for the solution, while during the trans− cis isomerization in SAMs, a pro-
nounced decrease in the π −π∗ absorption band and increase in the n−π∗ band is observed
[91, 115, 126, 134, 140]. Thus UV-Vis spectroscopy proved useful technique to study the
photoisomerization of azobenzene derivatives in solution as well as of functionalized surfaces
[91, 115, 126, 128, 129].
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1.5.2 Sum Frequency Generation Spectroscopy

Sum frequency generation spectroscopy (SFG) has broadly been used by several researchers
to study wide range of systems ranging from material surfaces, electrochemistry, biological
interfaces, and environmental interfaces due to its intrinsic usefulness as surface analytical
technique. Often SFG has been applied to self assembled monolayers [141] , metal surfaces
[142, 143], polymers [144, 145], proteins [146, 147], peptides [148, 149], DNA [150],
and lung surfactants [151, 152]. It is a second order non-linear optical technique that is
intrinsically surface sensitive for non-centrosymmetric media [153, 154]. In 1986, Ron Shen
at Berkeley obtained the first surface vibrational spectrum, using a monolayer of the dye
Coumarin on glass [155]. In 1987, Shen and co-workers obtained spectra from methanol
on glass and from pentadecanoic acid on glass and water [156]. In the same year, Harris
et al. published spectra of Langmuir-Blodgett films of cadmium arachidate on silver and
germanium and of octadecanethiol (ODT) on gold [157]. Over the following years, various
research groups have built SFG spectrometers to study molecules at surfaces, including the
gas/liquid, gas/solid, solid/vacuum, solid/liquid, liquid/vapour and solid/solid interfaces
[158, 159]. It can be used to probe all types of interfaces as long as they can be accessed by
probe light.

SFG provides a vibrational spectrum similar to those collected using Fourier Transform
Infrared (FTIR) or Raman spectroscopic techniques, but the spectrum that SFG provides
is specifically from the functional groups of molecules directly at the surface or interface.
The major advantages of SFG technique include surface specificity, ability to measure the
orientation of surface functional groups or molecules, and the capability to probe buried
interfaces. It does not require a vacuum, as opposite to many other surface science techniques
like X-ray photon spectroscopy (XPS), scanning electron microscopy (SEM), etc. SFG
has several advantages over conventional vibrational spectroscopic techniques, like surface
selectivity and sub-monolayer sensitivity, can be used in ambient conditions and of requiring
small sample volumes. Sum-frequency generation spectroscopy (SFG) can provide detailed
information and understanding of the molecular composition [160], interactions [161, 162],
orientational and conformational structure of surfaces and interfaces through quantitative
measurement and analysis. With SFG, it has been possible to detect and identify vibrations of
adsorbed molecules through their vibrational resonances [155, 156, 163, 164]. At the same
time, the specific selection rules of SFG have been used to determine the orientation of adsor-
bates towards the surface [158, 165–168]. The technique is also used to measure changes in
molecular orientations under some stimuli [168–170]. It is one of the spectroscopic studies
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used to monitor the trans− cis isomerization in monolayers [100, 117, 170, 171]. The
theoretical background of SFG will be presented in chapter 2.



Chapter 2

Sum Frequency Generation
Spectroscopy

2.1 SFG Principle

Generally SFG can be performed by using nanosecond pulses, femtosecond pulses or pi-
cosecond pulses. SFG spectroscopic measurements can be carried out in different modes as
illustrated in Fig. 2.1,

1. Scanning SFG (conventional): In case of conventional scanning SFG, the IR wave-
length is tuned stepwise over range of interest (which makes this mode slow).

2. Broadband SFG (BBSFG): Here a broad band IR beam is used. BBSFG has application
to the molecular level understanding of interfacial processes.

3. Time resolved SFG: The use of ultra-short laser pulses on time-scales of femto to
picoseconds makes measurements with ultrafast resolution possible. This can reveal
ultrafast transient changes in molecular arrangements and helps to study the dynamics
of different processes (energy relaxation, solvation, photoisomerization) at interface
[172–174].

4. Polarization dependent SFG: It is used to investigate the orientation of molecules by
using different polarization combinations of the three involved beams [175, 176].
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Fig. 2.1 Different modes of SFG measurements. Adopted from [177].

The physics of sum-frequency generation spectroscopy as well as the interpretation of SFG
spectra is well developed and explained in many reviews and articles [163, 178]. When an
electromagnetic beam (with electric field E) is incident on the dielectric planner surface, it
induces a macroscopic electric dipole moment called polarization (P). This polarization acts
as a source of radiation. At low light intensities, the induced polarization exhibits a linear
dependence on the electric field as given in equation 2.1.

P(1) = εoχ
(1)E (2.1)

P(1) and E are polarization and electric field, respectively, whereas χ(1) and ε0 are the
first order (or linear) susceptibility and the vacuum permittivity, respectively. If an external
electric field E becomes comparable to the intermolecular field felt by an electron, typically at
the order of 105 −108 V/m, non-linear polarization is induced. The non-linearity is mediated
by the medium through which the light travels rather than by the light itself. This non-linear
optical behavior is not observed when light travels in free space. The induced non-linear
polarization becomes

P = εoχ
(1)E1 + εoχ

(2)E2 + εoχ
(3)E3 + ......+ εoχ

(n)En (2.2)

and

P = P(1)+P(2)+P(3)+ ......+P(n) (2.3)
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Where χ(1), χ(2), χ(3) are first, second, and third order non-linear susceptibilities. By using
two laser beams with different wavelength for example one within the IR and other within
the Vis spectral range, the non-linearity of material induces field components oscillating with
several different frequency components.

Let us consider the second-order polarization in a material with optical fields oscillating at
two frequencies, ωIR and ωVis;

P(2) = εoχ
(2)EIR EVis (2.4)

where EIR and EVis are applied electric fields. Note that χ(2) is the tensor of the second-order
non-linear susceptibility and appropriate tensor elements need to be considered to calculate
the overall components of polarization vector (see below). For the sake of clarity, let us
consider the electromagnetic field in its most simple form,

Ei = Ei cos(ωit) (2.5)

then the second order polarization becomes

P(2)
i = εoχ

(2)[Ei cos(ωit)]2 (2.6)

Considering the two laser beams (IR and visible), P(2) becomes

P(2) = εoχ
(2)[EIR cos(ωIRt)+EVis cos(ωVist)]2 (2.7)

By using trigonometric relations cos2 α = 1
2 (1+ cos(2α)) and cosα cosβ = 1

2 (cos(α −β )+ cos(α +β ))

the solution of quadratic equation yields four contributions in term of frequency;

P(2) =
1
2

ε0 χ
(2)

(
(E2

Vis +E2
IR) OR/DC

+
(
E2

Vis cos(2ωVist) +E2
IR cos(2ωIRt)

)
SHG

+
(
2EVisEIR cos((ωVis −ωIR)t)

)
DFG

+
(
2EVisEIR cos((ωVis +ωIR)t)

))
SFG

(2.8)

Simple trigonometry shows that non-linear polarization does not only oscillate at ωIR and ωVis

but also at other new frequencies. This non-linear polarization acts as a source of radiation
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at those new frequencies. Among these four oscillating dipoles the constant term is called
optical rectification (OR) and describes a time independent component of quasi -static electric
field. The term 2ωIR and 2ωVis is called second harmonic generation (SHG) or frequency
doubling, it is the generation of light with a doubled frequency (half the wavelength). Here
two photons are destroyed creating a single photon at two times the frequency. The term
(ωIR-ωVis) is called difference frequency generation (DFG) where generated light has a
frequency that is the difference of two frequencies. The fourth term (ωIR+ωVis) is called sum
frequency generation (SFG), and is generation of light with a frequency that is the sum of
two other frequencies.

From symmetry consideration it follows that the non-linear second order polarization is
only non-zero when there is a break of inversion symmetry. Consequently, SFG can occur
in anisotropic crystals, but also at an interface where the inversion of symmetry is broken.
Whereas bulk media below or above the interface is isotropic and therefore, is not SFG active.

The generation of SFG photon is illustrated in Fig. 2.2. Next to energy conservation,

Fig. 2.2 Sum-frequency generation. (a) The frequency of output beam is the sum of fre-
quencies of two incident (IR, Vis) beams. (b) Schematic setup for the generation of a sum
frequency signal at a surface with co-propagating IR and Vis beam. ωIR,ωVis and ωSFG are
frequencies of IR, Vis and SFG beams. θIR is the angle of incidence of IR beam, θVis of
visible beam and θSFG of sum frequency beam. p-polarized radiation has an electric field
component that is in parallel orientation and the s-polarized radiation is in vertical orientation
with respect to the plane of incidence, respectively.
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ωSFG = ωIR +ωvis (2.9)

phase matching and momentum conservation needs to be considered. The general phase
matching condition is

k⃗SFG = k⃗Vis + k⃗IR (2.10)

Here k⃗ are the wave vectors of the different radiation components.

For SFG of interfaces (see Fig. 2.2) the phase matching condition can be written as

nSFGωSFG sinθSFG = nVisωVis sinθVis +nIRωIR sinθIR (2.11)

Phase matching occurs when a constant phase relationship is maintained between the gen-
erated and propagating waves. From equation 2.11 it become clear that SFG intensity is
observed in a given direction. Therefore, it is very easy to detect low SFG intensities by
spatial filtering. The direction of the emitted photon is simply given by equation

θSFG = sin−1(nIRωIR sinθIR +nVisωVis sinθVis)/nSFGωSFG (2.12)

The energy diagram in Fig. 2.3 makes clear that the SFG process can be understood as IR

Fig. 2.3 SFG process: (a) Energy level scheme illustrating the possible vibrational resonance
in SFG. (b) Energy level scheme illustrating a non-resonant SFG process:-
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excitation followed by an anti-stokes Raman transition. Whereas, the excited state does not
necessarily coincide with an eigen state of medium, resonance enhanced SFG is observed
when the IR photon is resonant with a vibrational transition. To this effect, it is possible
to measure surface IR spectra, by tuning the IR frequency. This is called sum frequency
spectroscopy, SFG [179].

A complete description of SFG from the surface must consider all possible components of
second-order nonlinear optical susceptibilityχ(2)

P(2)
SFG =

x,y,z

∑
i

P(2)
i,SFG = ε0

x,y,z

∑
i

x,y,z

∑
j

x,y,z

∑
k

χ
(2)
i jk E j,visEk,IR (2.13)

The polarization induced in the i direction by the E fields in j and k direction in terms of the
magnitudes of electric field at the interface is given in term of s and p polarization:

P(2)
i,SFG = ε0χ

(2)
i jk ĵK jEp/s,Visk̂KkEp/s,IR (2.14)

Where P(2)
i,SFG is polarization induced in i direction, K is Fresnel factor that converts the

incident field to the surface field, ĵ and k̂ are unit vectors. The non-linear polarization at the
interface generates an SFG beam in a specific angle, which is determined by phase matching
equation 2.11. The non-linear induced polarization at the interface generates a surface bound
electric field. To relate the induced polarisation to the emitted surface bound electric field and
to take into account phase matching, non-linear Fresnel factors, or L factors are employed.
The electric field components of the SFG field can be given by

Ei,SFG = LiPi,SFG (2.15)

Li takes into account additional non-linear Fresnel factors, further details are given in [180].
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Second order-nonlinear susceptibility

The second-order nonlinear optical susceptibilityχ(2) describes the nonlinear response of the
medium to the fields. It is a third rank tensor containing 27 elements, describing possible
combinations of the three Cartesian components of the polarization and of the two interacting
electric fields. The non-linear susceptibility tensor χ

(2)
i jk :

1. describes the interaction of the incident light with the medium or the molecule to
the visible and IR electric field components. It changes with IR wavenumber and
carries spectroscopic information that enables us to learn microscopic details about the
surface.

2. It also provides information about the surface structural symmetry.

3. Its spatial variation over the surface directly reflects the spatial variation of the surface
structure.

4. Its time variation indicates how the surface structure changes with time.

Different tensor elements can be probed by selecting different polarization contributions of
the incident and SFG light.

For molecular systems the Cartesian axis system (x,y,z) is often replaced by molecular
bound coordinate system (α,β ,γ) and non-linear susceptibilty is given as

χ
(2)
i jk =

N
ε0

∑
αβγ

〈
R(ψ)R(θ)R(ϕ)β (2)

αβγ

〉
(2.16)

N is the number of molecules per unit volume, βαβγ is molecular hyperpolarizibility, χ
(2)
i jk

is macroscopic average of molecular hyperpolarizibility. R(ψ)R(θ)R(φ) is the product of
three rotation matrices using all three Euler angles to convert from the molecular to surface
bound co-ordinate systems. Near resonance, βαβγ can be expressed as
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βαβγ =
1

2}
Mαβ Aγ

(ων −ωIR − iΓ)
(2.17)

Mαβ and Aγ are the Raman and IR transition moments respectively. When substituting βαβγ

into equation 2.16 it yields

χ
(2)
i jk =

N
ε0

∑
αβγ

〈
R(ψ)R(θ)R(ϕ)

1
2}

Mαβ Aγ

(ων −ωIR − iΓ)

〉
(2.18)

For SFG

1. χ
(2)
i jk ̸= 0, χ

(2)
i jk must change the sign if the direction of axis is reversed.

2. The IR and Raman transition moments must be non-zero. Hence, the observed vibra-
tional transition must be both IR and Raman active.

Being a third rank tensor, χ
(2)
i jk has 27 components and is direction dependent. In a centrosym-

metric environment χ
(2)
i jk is identical for opposite directions. Hence, SFG is forbidden in

centrosymmetric media. As the inversion of symmetry is broken at interfaces SFG is surface
selective. From 27 tensor components only a limited number of vector combinations of χ

(2)
i jk

can satisfy SFG selection rules. For a surface with C(∞) symmetry z ̸=−z while x ≡−x and
y ≡−y, out of 27 components only 7 components are non zero and only 4 components are
different from each other. These elements are

χ
(2)
xxz ≡ χ

(2)
yyz , χ

(2)
xzx ≡ χ

(2)
yzy , χ

(2)
zxx ≡ χ

(2)
zyy , χ

(2)
zzz

The SFG signal intensity I is related to the effective second-order nonlinear susceptibility
χ
(2)
eff of the sample surface and the intensities of the two laser input beams by the following

equation

ISFG ∝ P(2)
ωSFG (2.19)
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and

I ∝ E(2) (2.20)

For given polarization combinations, the measured SFG intensity ISFG is proportional to the
intensity of incoming light intensities.

ISFG ∝ P(2)
ωSFG ∝

∣∣∣χ(2)
eff

∣∣∣2 IIRIVis (2.21)

Non-resonant and resonant susceptibility

The non-linear susceptibility is sum of resonant χ
(2)
R and non-resonant terms χ

(2)
NR. The

non-resonant term is associated with the substrate and adsorbate while the resonant term is
associated with the vibration modes of the adsorbate.

χ
(2)
eff =

∣∣∣χ(2)
NR +χ

(2)
R

∣∣∣2 (2.22)

The non-resonant susceptibility arises from non- resonant SFG process as shown in Fig.
2.3. Its intensity is more or less invariant as the IR beam is scanned. However, for easily
polarizable surfaces, such as metals or semi-conductors, the non-resonant susceptibility can
be quite large. In contrast, for most liquid systems the non-resonant contribution is either
small or zero [181]. In all cases, the non-resonant SFG signal is only weakly dependent on
the wavelength. The resonant SFG signal provides molecularly specific information about the
identity, bonding, and orientation of molecules in the interfacial region. As the resonant term
χ
(2)
R is associated with the vibrational transition and becomes very large when the frequency

of the IR field is resonant with a vibrational transition. An important consequence of the
resonance is that the transition frequencies between two energy levels of a system can be
directly obtained from the frequency dependence of χ

(2)
eff . In practice, one measures the

intensity of the SFG signal while tuning ωIR. Assuming the presence of both non-resonant
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and resonant contributions, the total measured SFG intensity becomes:

ISFG ∝

∣∣∣χ(2)
NR +χ

(2)
R

∣∣∣2 IIRIVis (2.23)

As already mentioned, χ
(2)
NR is to be more or less constant, hence, providing a spectral

background signal only. While

χ
(2)
R =

Aω

ων −ωIR − iΓ
(2.24)

Aω is the amplitude of the observed vibration mode, Γ is damping constant that determines
the linewidth, and ων is the vibrational frequency. In order to account for the superposition
of the resonant and non-resonance signal contribution, the phases of two susceptibilities
needs to be taken in account

χR
(2) =

∣∣∣χ(2)
R

∣∣∣eiδ , χ
(2)
NR =

∣∣∣χ(2)
NR

∣∣∣eiε (2.25)

Here δ is the phase change relative to the incident beam of the resonant susceptibility, ε is
the non-resonant phase of the substrate and is fixed. The phase of non-resonant susceptibility
depends upon the properties of metal and nature of possible surface plasmon resonances.

χ
(2) =

∣∣∣χ(2)
R

∣∣∣eiδ +
∣∣∣χ(2)

NR

∣∣∣eiε (2.26)

equation 2.23 gives

ISFG ∝

∣∣∣∣∣∣χ(2)
R,i jk

∣∣∣eiδ +
∣∣∣χ(2)

NR,i jk

∣∣∣eiε
∣∣∣2 IIR IVis (2.27)

Depending on the relative phase of resonant and non-resonant contributions, the superposition
can yield constructive or destructive interference. Due to this effect, line shapes may occur
in many forms for example, vibrations and resonances may appear as positive or negative
SFG signal contributions. More detail is given in section 3.4.2 in chapter 3.
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Polarization

Polarization is a fundamental property of light. Different polarization contributions used for
SFG experiment are denoted by specifying the polarizations in the order of SFG, Visible and
IR. Contributing tensor elements to specific polarization combinations are given in Table 2.1.

Table 2.1 All possible polarization combinations and respective tensor elements that con-
tributes to the signal. Combinations are labeled according to polarization in order SFG, Vis
and IR beams.

Polarization Tensor elements metal dielectric
combination surface surface

ssp χyyz X X
sps χyzy ✗ X
pss χzyy ✗ X
ppp χzzz, χzxx,χxzx,χxxz X X

The four independent tensor elements

(χ
(2)
xxz ≡ χ

(2)
yyz ) , (χ

(2)
xzx ≡ χ

(2)
yzy ) , (χ

(2)
zxx ≡ χ

(2)
zyy ) , χ

(2)
zzz

contribute to the SFG signal under the four different polarization conditions ssp, sps, pss,
and ppp. For dielectric surfaces (e.g silica) both s and p polarization of the incident beams
produce surface electric fields and all four polarization contribution can yield SFG signal.
This is different for metallic surfaces with high reflectance (i.e., the surface electrons directly
follow the polarization induced by the incoming laser beams, and hence induce charge that
cancel out the overall polarization). Hence only resonant susceptibilities with z component
(i.e., p-polarized IR beam) yield SFG signal.

Modes of motion have parallel or perpendicular contributions, which vibrational modes
contribute to SFG signal of a particular polarization combination depends upon the polar-
ization of the IR field and the direction of the IR and Raman transition moments. The ssp
polarization combination accesses vibrational modes with dipole transition moments that
have components perpendicular to the surface plane. The sps and pss polarization combi-
nations access modes that have transition moments with components parallel to the surface
plane. The intensity under ppp polarization conditions contains contributions from all of the
tensor element. Thus vibrational modes with components perpendicular and parallel to the
surface plane will present in ppp-polarized SFG spectra. In conclusion, different possible
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SFG measurement modes yields signal according to

Issp ∝

∣∣∣χ(2)
(eff),yyz

∣∣∣2 IIR IVis (2.28)

Ippp ∝

∣∣∣χ(2)
(eff),zzz +χ

(2)
(eff),zxx +χ

(2)
(eff),xzx +χ

(2)
(eff),xxz

∣∣∣2 IIR IVis (2.29)

Isps ∝

∣∣∣χ(2)
(eff),yzy

∣∣∣2 IIR IVis (2.30)

Ipss ∝

∣∣∣χ(2)
(eff),zyy

∣∣∣2 IIR IVis (2.31)

2.2 Application of SFG to CH vibrational spectroscopy

SFG helps to identify the molecular species and chemical groups. It also provides infor-
mation of the interfacial structure such as molecular orientation. This type of information
can be obtained in regions of the spectrum that are particularly dense, such as the range
spanned by the stretching modes of CH- containing moieties. CH vibrational modes often
have high IR and Raman transition probabilities. Due to this reason many SFG studies
concentrated on CH stretching range at wavenumbers of 2800−3200 cm−1. Consequently,
organic monolayers are good candidates for analyzing CH vibrational spectra [182], and to
determine the hydrocarbon chain structure [183]. The CH stretching range is largely devoid
of contributions from other chemical moieties, which somewhat simplifies the assignment of
band structures in this region of the vibrational spectrum. However, an accurate assignment
is complicated by the fact that there is a multitude of CH stretching modes. The primary
contributing chemical moieties of an organic monolayer are the methyl (CH3), methylene
(CH2), and methane (CH) groups of sp3 hybridized carbon. Both the methyl and methylene
groups exhibit symmetric and antisymmetric stretching modes that have non-vanishing IR
and Raman cross sections. Symmetric and antisymmetric stretching vibration modes of CH3

and CH2 of aliphatic chain are termed r+ and r− for the methyl group and d+ and d− for
the methylene group, respectively. The two symmetric stretching modes of CH3 are split
by Fermi resonances with the overtone of the bending mode and with the overtone of the
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deformation mode in SFG spectra [178]. The vibrational modes of the CH2 group of an alkyl
chain, which are IR and Raman active, are shown in Fig. 2.4.

Fig. 2.4 The atoms in a CH2 group, commonly found in organic compounds, can vibrate in
six different ways: symmetric and antiymmetric stretching, scissoring, rocking, wagging
and twisting. The four vibrational modes of the CH2 group of an alkyl chain yielding SFG
intensity are shown here.

Orientational Analysis and Peak assignment of CH vibrational units

The symmetry properties of the investigated molecule or functional group is of immense
importance when performing vibrational spectroscopy as it dictates the selection rules
describing whether a particular vibration is active or not in IR and / or Raman spectroscopy.
Symmetry selection rules show that some molecular vibrational modes are SFG active. The
measured values of non-linear susceptibility tensor are related to the orientationally averaged
hyperpolarizibility tensor (β ) with the result that molecular orientation can be obtained. As
already discussed, the macroscopic susceptibility for Cartesian axis system (x,y,z) χ

(2)
xyz is

related to molecular hyperpolarizibility tensor βαβγ by equation.

χ
(2)
xyz =

N
ε0

∑
αβγ

〈
R(ψ)R(θ)R(ϕ)β (2)

αβγ

〉
(2.32)
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It is useful to determine from the symmetry properties of the functional group, which hyper-
polarizability (β ) elements carry the vibration of interest that contribute to SFG spectrum.

Methyl groups are among the best studied functional groups. Here the SFG spectrum of
the methyl group at the end of an aliphatic chain will be described, but it also applies
to other functional groups having the same symmetry properties. The methyl group has
approximately C3v symmetry assuming that it can rotate freely around the C-C bond to the
adjacent methylene group. In the molecular coordinate system the c axis coincides with the
symmetry (C3v) axis of the methyl group and the plane formed by a and b axis is perpendicular
to the c axis with the a axis along the projection of one of the CH bonds in the ab plane. The
C3v group has eleven non-vanishing hyperpolarizibility tensor(β ) elements [184]. Hirose
et al. [180] and Wang et al. [176] derived the relation of molecular orientation angle (tilt
angle) and susceptibility factor for the antisymmetric and symmetric vibrations by applying
equation 2.32 and integrating over the Euler angles. By comparing the experimental ratio
between the intensities of the symmetric and antisymmetric methyl CH stretches (r+/r−) of
the ppp spectra with a theoretical predictions, Wang and Hirose were able to approximately
determine the tilt angle of the terminal methyl groups of a monolayers. Equations given in
[180] reveal that methyl SFG intensities are extremely sensitive to the methyl axis tilt angle
(θ ). The tilt angle is angle of probed moiety with respect to the surface normal. It has been
particularly useful to characterize the conformational order of methyl terminated alkanethiols
on different metals. The alkanethiol molecules in the SAMs are oriented with an average tilt
angle of ∼ 10◦ to ∼ 30◦, depending on the metal substrate [185]. Change in the tail group can
change this angle. The methyl tilt angle θ and the SFG intensities are plotted for symmetric
and antiymmetric stretching mode in Fig. 2.5 which was adopted from [180, 186]. For small
θ , ssp intensity of the symmetric stretch vibration is larger than antisymmetric stretch. In
Fig. 2.6 the SFG intensities are plotted as a function of angle θ for different polarization
combinations for the symmetric and antisymmetric stretching vibration of methyl group of
an aliphatic chain. The figure clarifies the fact that methyl SFG intensities are extremely
sensitive to methyl axis tilt angle for different polarization combinations. The intensity of
symmetric mode of methyl group is higher in ssp than ppp polarization combination whereas
for antisymmetric mode the ppp intensity is higher than ssp polarization combination. This
is due to the fact that the intensities of vibrational modes depend upon the orientation of the
dipole moment with respect to surface normal. The symmetric and antisymmetric stretching
modes of the methyl group are orthogonal, as the C3v axis of the CH3 group tilts from 0◦ to
90◦ along the surface normal. Consequently, the direction of the transition dipole moment of
symmetric stretch is parallel to the symmetry axis of methyl group that’s why intensity of
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Fig. 2.5 Intensities of the antisymmetric (CH3-as) and symmetric (CH3-ss) methyl stretches as
a function of the tilt angel θ , for the ssp polarization combination. Adopted from [180, 186]

symmetric stretch vibration of the methyl group in ssp polarization combination is higher
than for ppp.

These intensity trends also help for the assignment of vibrations in SFG spectra. As an
example, the SFG spectrum of Dipalmitoylphosphatidylcholine (DPPC), is shown in Fig.
2.7. The peak at 2970 cm−1 in SFG spectrum of Dipalmitoylphosphatidylcholine has been
assigned as antisymmetric peak because it has larger intensity in ppp spectrum as compare
to the ssp polarization combination. While the peak at 2883 cm−1 can be assigned as
symmetric stretch of the methyl group of long alkyl chain due to high intensity in the ssp
combination. The peak at 2950 cm−1 in the ssp polarization combination can be assigned as
Fermi resonance of methyl group [158, 187].
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Fig. 2.6 Intensities of the antisymmetric (CH3-as) and symmetric (CH3-ss) methyl stretches
as a function of the tilt angle θ , for the two polarization combinations. Adopted from
[180, 186]

Structural changes studied by SFG

As discussed above, SFG intensities of symmetric and antisymmetric vibrations are extremely
sensitive to tilt angle (θ). This orientational dependence of sum frequency generation spec-
troscopy (SFG) can be used to investigate the structural changes resulting from photoiso-
merization as well. A sensitive vibrational marker is required to study the orientation and
structural changes. In this section, the SFG intensities of methyl as SFG marker group of
the photochromic molecule upon trans- to -cis photoisomerization will be discussed. Here,
the methyl group is attached to outer phenyl unit of azobenzene i.e., Methyl azobenzene
(MeAB). Schematic illustration of reversible change in tilt angle of azobenzene of alkanethiol
monolayer upon irradiation is shown in Fig. 2.8 (a). Photoisomerization changes the projec-
tion of the methyl group attached to azobenzene. If change in orientation of methyl group
increases its tilt angle, the direction of dipole moment of methyl symmetric stretch has no
longer a strong perpendicular component with respect to the surface and therefore, the SFG
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Fig. 2.7 SFG spectrum of DPPC/water interface at two different polarization combination.

intensity of symmetric mode is expected to decrease. In contrast the SFG intensity for the
antisymmetric stretch should become higher. In principle, this change in signal intensity of
the symmetric and antisymmetric stretch vibration can be used to monitor photoisomerization
process as discussed in section 1.4. Recently, SFG has been successfully employed to study
the behaviors of some cis-trans photoswitchable surfaces [100, 117, 170, 171, 188].

Even-Odd effect studied by SFG

Orientational dependence of SFG can also be employed to investigate the even-odd effect.
Depending on the even or odd number of methylene units of the alkyl chains, the marker
terminal methyl groups have different orientation. This is an example of the well-known even-
odd effects [189, 190]. For a dense monolayer of CH3(CH2)nS-Au (n = odd) the terminal
CH3-CH2 bond is more or less perpendicular to the substrate plane. While for the monolayer
with n = even, the methyl group is tilted away from the surface normal [191]. Consequently,
the intensities of the r+ and r+FR modes are higher than the intensity of the r− mode in the odd
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Fig. 2.8 Schematic illustration of the expected change of tilt angle of the azobenzene upon
photoisomerization ultimately changing the projection of SFG marker methyl group of alkane
thiol monolayer. (a) Change in θ from trans → cis should lead to change in the intensities of
the symmetric (CH3− ss) and antisymmetric (CH3− as) methyl stretches (b) orientation of
the SFG marker group is different for an even and an odd number of C atoms in alkanethiol
spacer.

case, and lower in even case. Fig. 2.8 (b) illustrates the different orientations of methyl SFG
marker group for even and odd number of alkyl spacer chain. This means that orientation
and intensity of interfacial dipoles can be tuned by changing the chemical composition and
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the number of methylenes (odd or even) of the alkyl chains of the alkanethiol adsorbates
[192, 193]. Thus, the SFG spectroscopy is highly effective technique of the even-odd effect.





Chapter 3

Experiment and Techniques

Three different systems of azobenzene derivatives (i.e, azobenzene alkylthiol, azobenzene
triazatriangulene, azobenzene cholesterol) on three different substrates (i.e, gold, quartz,
water) have been studied. Firstly, this chapter in section 3.1 describes the synthesis and SAM
preparation of azobenzene derivatives. Secondly, section 3.4 describes the experimental
techniques (SFG and UV-Vis) used to investigate the structure and switching properties of
monolayers. Finally, the procedure for simulating and fitting of recorded spectra will be
explained in some detail.

3.1 Azobenzene on Gold Substrate

Synthesis

All of the reagents used for synthesis were purchased and used as received. Solvents of
technical grade were purified by distillation under reduced pressure. Solvents of spectroscopic
grade (denoted: spec. grade) were acquired from Merck (Uvasol, 99.9%). Methyl substituted
azobenzenes with decanoxy or undecanoxy thiol were synthesized via a procedure adopted
from Lesely et al. and Brett et al. [194, 195].
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3.1.1 Synthesis of 4-(11-Mercapto-undecanoxy)-4’-methylazobenzene
(MeAB-OC11-Thiol)

Morphology and photoisomerization of the azobenzene derivatives 4-(11-Mercapto-undecanoxy)-
4’-methylazobenzene (MeAB-OC11-Thiol) and 4-(10-Mercapto-decanoxy)-4-methylazobenzene
(MeAB-OC10-Thiol) have been studied on self-assembled monolayers deposited on gold
substrates. The molecule necessary for monolayer preparation has been prepared in a four-
steps synthesis process [194, 195]. The synthetic route to the methyl substituted azobenzene
alkylthiol is outlined in Fig. 3.1.

1. Base-catalyzed azo-coupling of p-toluidine with phenol in reaction with nitrite gives
4-Hydroxy-4’-methylazobenzene (MeAB-OH) with a reasonable yield (60%).

2. MeAB-OH was used as a reagent in a Williamson ether synthesis reaction with
11-Bromo-1-undecene, yielding 4-undec-(10-enyloxy)-4’-methylazobenzene (MeAB-
C11-en) (55%).

3. The third step was a radical addition of thioacetic acid to double bond, giving 4-(11-
Thioacetoxyundecanoxy)-4’-methylazobenzene (MeAB-C11-S-Acetyl) with a yield of
65%.

4. The final product 4-(11-Mercapto-undecanoxy)-4’-methylazobenzene was obtained
via hydrolysis of MeAB-C11-S-Acetyl in acidic conditions (78%).

3.1.2 Synthesis of 4-(10-Mercapto-decanoxy)-4’-methylazobenzene (MeAB-
OC10-Thiol

To reduce the length of alkyl chain (from C11 to C10) to study the effects of even or odd
numbered alkyl chains the another azobenzene derivative MeAB-OC10S was synthesized. In
principle, the same method as used for MeAB-OC11S was employed, the four-step synthesis
procedure is described in [194].

1. Base-catalyzed azo-coupling of p-toluidine with phenol in reaction with nitrite gives
MeAB-ol with a reasonable yield (60%).
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Fig. 3.1 Reaction scheme for the synthesis of MeAB-OC11S. Methyl substituted azobenzene
attached to an alkyl chain with 11 carbons and a thiol functional group.

2. MeAB-ol was then used in a Williamson-ether-synthesis reaction with 10-Bromo-1-
decene yielding MeAB-C10-en (50%).

3. A radical addition of thioacetic acid to the double bond, yielding 4-(11-Thioacetoxy-
decanoxy)-4’-methylazobenzene MeAB-C10-S-acetyl with a yield of (60%).

4. The final product 4-(11-Mercapto-decanoxy)-4’-methylazobenzene was obtained via
hydrolysis of MeAB-C10-S-acetyl in acidic conditions (70%).

Sample preparation

Self-assembled monolayers of alkylthiols on gold can easily be prepared without any special
equipment or environmental conditions. In this study SAM preparation has been accom-
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plished via a procedure reported in the literature [42, 196, 197]. For SFG measurements,
SAMs were prepared on 100 nm thick Au (111) plated glass. Such slides of 1.5 mm thick
glass substrate, measuring 25×6 mm dimension were purchased from EMF company. Before
SAM preparation the gold slides were cleaned in freshly prepared Piranha solution (H2SO4

:H2O2, mixing ratio being 3 : 1) for 30 s. The preparation of azobenzene functionalized
SAMs was done by simply immersing those Piranha cleaned gold-coated glass plates in the
respective 1 mM thiol solution for 12− 18 h. The SAM-coated plates were washed with
ethanol and then with distilled water. Finally, the slides were dried in a nitrogen/ argon gas
flow as necessary. An alternative treatment of the sample by tempering (flame annealing)
the slides in butane gas flame was also tried by bringing the metal with a soft flame to a hot
enough temperature long enough to cause annealing. SFG spectra of both type of SAMs
depicted that the formed monolayers were not so much different in structure.

Mixed monolayers were prepared by immersing the gold slides in a mixture of two thiols
with appropriate composition. Mixed monolayers (mSAMs) were prepared from 0 % to
100 % MeAB thiol with different co-ligands, including non-deuterated like decanethiol(C10),
and deuterated compounds like perdeuterated 1-dodecane-d25-thiol, and perdeuterated 1-
hexadecane-d33-thiol. All molecular systems are illustrated in Fig. 3.2. The following pure
and mixed monolayers were prepared for SFG studies:

1. Pure MeAB-OC11S/Au

2. Pure MeAB-OC10S/Au

3. Pure AB-OC11S/Au

4. Pure C10-S/Au

5. Mixed monolayer containing 0-100 % MeAB-OC11S + C10-S/Au

6. Mixed monolayer containing 0-100 % MeAB-OC11S + dC12 or dC16-S/Au

For UV-Vis analysis 10 nm thick gold layers on glass slide manufactured by Phasis have
been used for SAMs preparation. In contrast to the 100 nm EMF substrates, these samples
allowed for measurements in transmission configuration.
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Fig. 3.2 Compilation of azobenzene derivatives deposited on gold substrates. Pure monolayers
contain just one respective thiol, whereas mixed monolayers were prepared from combination
of two different thiols (i.e, azobenzenethiol and alkylthiol).

3.2 Azobenzene derivatives on quartz

3.2.1 TATA based aromatic olefines adlayer

The second class of systems studied in this thesis were triazatriangulene (TATA) based
azobenzene derivatives on quartz substrates. The structure as well as photoswitching be-
havior of the TATA adlayers on quartz has been studied by means of SFG. The investigated
systems differed in the side alkyl chains attached to the TATA platform (either octyl or
1-hydroxypropane) or in azobenzene substitution (CH3 or CN) as SFG marker group.

Synthesis

The synthesis of TATA-based azobenzene derivatives has been accomplished in the group of
Prof. Rainer Herges at the Institute of Organic Chemistry, Kiel University. The synthesis
procedures can be found in the literature [23, 24]. The following derivatives have been used,
and their structure is outlined in Fig. 3.3.
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1. 12c-Ethynyl-4,8,12-tri-n-octyl-4,8,12 -triazatriangulene (8-TATA).

2. (E)-12c-[4-(4-Methylphenyldiazenyl)phenyl]ethynyl -4,8,12-tri-n-octyl-4,8,12 triaza-
triangulene (Me-Azo-8-TATA). The corresponding molecular structure is given in Fig.
3.3, where structure (B) is attached to functional group I.

3. (E)-12c-[4-(4-cyanophenyldiazenyl)phenyl]ethynyl-4,8,12- tri-n-octyl-4,8,12-triazatriangulene.
(CN-Azo-8-TATA). The corresponding molecular structure is given in Fig. 3.3, where
structure (B) is attached to functional group II.

4. (E)-12c-[4-(4-Cyanophenyldiazenyl)phenyl]ethynyl-4,8,12- tri-n-propanol-4,8,12-
triazatriangulene (CN-Azo-8-TATA(propanol)). The corresponding molecular structure
is given in Fig. 3.3, where structure (C) is attached to functional group II.

Sample Preparation

Azobenzene-based TATA platform SAMs on quartz substrates were prepared in a group of
Prof. Olaf Magnussen at the Institute for Experimental and Applied Physics, Kiel University
and have been used as supplied for SFG measurements. A blank quartz sample was used as
reference. The blank quartz substrate was cleaned by dipping the sample in Piranha solution
(H2SO4 :H2O2, mixing ratio being 3 : 1) for 2−3 hr and subsequent annealing for 1 min in a
blueish flame of butane gas.

3.2.2 Silanol based Azobenzene adlayers

As an alternative to the TATA platform approach, adlayers formed from azobenzene attached
to the quartz by covalent bond via silanol bridges have been studied via SFG as well.

Synthesis

The synthesis and functionalization of silanol-based azobenzene derivatives has been accom-
plished in the group of Prof. Friedrich Temps at the Institute of Physical Chemistry, Kiel
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Fig. 3.3 Molecular structure of the TATA molecules and attachment of functional group to
the TATA platform for preparation of self-assembled adlayers on quartz. (A) Structure of
bare TATA platform. (B) TATA platform with three n-octyl side chains and attached to either
one of the functional group R2 (C) TATA platform with three 1-hydroxypropyl side chains
and attached to the functional group R2= II

University. Synthesis details of azobenzene derivatives are reported in the Bachelor thesis of
Rebecca Stellmacher.

Sample Preparation

Silanol functionalized planar quartz surfaces were functionalized with azobenzene or methyl
substituted azobenzene via klick chemistry. The structure of such a layer is shown in Fig. 3.4.

3.3 Azobenzene based lipid monolayers on water

A stock solution of 5% azobenzene-cholesterol and 95% Dipalmitoylphosphatidylcholine
(Azo-chol/DPPC) was received from Bridget Murphy, Institute for Experimental and Applied
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Fig. 3.4 Silanol based azobenzene derivatives attached covalently to quartz surfaces via
silanol bridges. (A) Azobenzene (B) Methyl substituted Azobenzene

Physics, Kiel University. The structure of the molecular system of azo-chol/ DPPC is
illustrated in Fig. 3.5. A spreading solution was prepared from the 1 nmol / µL stock solution
dissolved in a mixture of methanol and chloroform (5:1).

3.3.1 Sample Preparation

A solution of 5% Azobenzene-cholestrol / DPPC in chloroform was spread on an air-water
interface in a Langmuir trough or alternatively, in a 5.2 cm diameter Teflon dish for the SFG
experiments. In the Langmuir trough from Riegler & Kirstein GmbH, two barriers were
employed to provide a symmetric film compression. The surface pressure and the mean
molecular area were continuously monitored during film compression by the Wilhelmy plate
method. The measured surface pressure was accurate to ≤ 0.5 mN m−1. The trough was
filled with pure water (18 MΩ cm from the Ultra Purelab Ultra unit) as the subphase. The
water surface could vary between 190 and 27 cm2 by means of two movable barriers. The
bottom surface of the Langmuir trough was heated by an integrated Peltier element. The
temperature during measurements was slightly below the room temperature (i.e, 21.0±0.4◦C)
to keep evaporation effects small. In order to check if freshly prepared subphase was clean, a
surface-pressure-area-isotherm was always measured before spreading the monolayer. Only if
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Fig. 3.5 Molecular structure of DPPC and Azobenzene-cholesterol.

there was no significant increase (less than ∆Π = 0.8 mN m−1) observed upon compression,
the experiment was conducted. Otherwise the Langmuir trough was cleaned with special
cleaning agent Tickopur R 33 (Dr. H. Stamm GmbH). When performing the SFG study, the
monolayer was first compressed by the two barriers to reach a given surface pressure. The
barriers were then halted, and an SFG spectrum was recorded.

3.4 Experimental Techniques

3.4.1 Sum-frequency generation spectrometer

A commercial EKSPLA SFG spectrometer based on a picosecond pump laser (PL2241A), a
harmonic unit (PL2241A) and an optical parametric generator/amplifier/ difference frequency
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generator (OPG/OPA/DFG PG 401) was used during the research. The fundamental 1064 nm
beam with the pulse duration ≤35 ps at a repetition rate of 10 Hz has been generated by a
Nd:YAG laser system. The beam diameter was about 8mm and the pulse energy was between
30 and 40mJ / pulse. The harmonic unit converted the fundamental radiation into the second
and third harmonics of 532 nm and 355 nm wavelength by using potassium dihydrogen
phosphate crystals. The pulse of the second harmonic with energies of about 600 µJ was used
in SFG process. The fundamental and third harmonic beam pumped the OPG, equipped with
a lithium triborate (BBO) crystal. The OPG/DFG unit generated the tunable IR-laser pulse
with the aid of the fundamental and the third harmonic beam. According to the equation
(2 ωpump = ωSignal+ωIdler) a signal beam (420 - 680 nm) and an idler beam (740-2300 nm) is
generated. The idler beam was used to generate IR radiation within the range of 2300−10000
nm and 200 µJ pulse energies resulting from DFG process in a silver-galliumsulphide crystal.
Other optics included: filter, mirrors, lenses, and glan prisms for shaping the beam profile
and adjusting the probe energy, and for polarization control. A motorized sample stage
with 6 axis (three translational and three rotational) enabled sample mapping. The layout
of SFG spectrometer is given in Fig. 3.6. With spatial and temporal overlap of the 532 nm

Fig. 3.6 Layout of SFG spectrometer used in our Lab [186, 198].

Vis and tunable IR incident beams at angles θVis = 59◦ and θIR = 53◦ SFG beam at angle
θSFG = 58◦ was generated. For SFG signal detection, a monochromator MS2001 along with
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a gated photomultiplier (R7899, Hamamatsu) was used. The control system on the PC was a
LabView based user interface.

Gold surfaces are quite sensitive to high-intensity incoming light beams. To avoid damage
of the substrate, an unfocused 532 nm beam of 160 µJ was used to avoid damage of gold
surface. Typically the SFG signal intensity was averaged over 100 laser pulses for each data
point. All spectra were measured in ssp polarization.

To ensure good and repeatable performance of the spectrometer, spectra of octadecyl-
trichlorosilane (OTS) on glass were recorded on daily basis.

In photoisomerization experiments, laser diodes at wavelengths of 365 nm and 455 nm (from
Nichia corporation) were used for illumination of the SAMs. The output intensities of the
365 nm and 455 nm diodes measured by a power meter were 18 mWcm −2, and 7 mW
cm−2, respectively, at the sample surface. For some experiments, an additional 532 nm diode
with output intensity of 14 mW cm −2 has been used.

3.4.2 SFG Spectra Simulations

As discussed in previous chapters, the interference between the resonant and non-resonant
responses as well as between the different contributing vibrational modes can play a large role
in the appearance of SFG spectra. Such interfering effects can be well understood by fitting
the observed SFG spectra. However, fitting of SFG spectra is difficult, and great care must be
exercised when making peak assignments [199, 200]. According to SFG principle (details
given in chapter 2), the SFG intensity measured with a certain polarization combinations and
an experimental configuration is a square function of effective second-order susceptibility
[176].

ISFG ∝

∣∣∣χ(2)
eff

∣∣∣2 IIR IVis (3.1)

With

χ
(2)
eff =

∣∣∣χ(2)
NR

∣∣∣eiε +
∣∣∣χ(2)

R

∣∣∣eiδ (3.2)
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Here the term ε refers to non-resonant phase, which is approximately invariant with IR
frequency and depends upon intrinsic properties of the substrate. In contrast, δ is the
resonant phase, which depends upon IR frequency. Being proportional to square modulus of
χ
(2)
eff , the resonant and non-resonant SFG signals do not simply add but rather interfere with

each other. Therefore, the resonant peaks in the SFG spectra may appear unsymmetrical.
The emitted SFG light intensity from the interface is:

ISFG ∝

∣∣∣χ(2)
NR

∣∣∣2 + ∣∣∣χ(2)
R

∣∣∣2 +2
∣∣∣χ(2)

NR

∣∣∣ ∣∣∣χ(2)
R

∣∣∣cos(ε −δ ) (3.3)

Whereas the magnitudes of the first two terms are positive, the cross-term might have a
positive or a negative value. A positive cross-term results from constructive interference
giving rise to a positive peak. On the other hand, a negative cross term results from a
destructive interference giving rise to a dip in the spectrum [201]. This inversion of peaks
arises from the interference between resonant molecular vibrations and the non-resonant
background from the substrate as shown in equation 3.3. In SFG experiments, only the phase
difference (ε −δ ) is measured directly. Non-resonant terms in the equation take a nearly
constant values since ωVis is fixed. The resonant contributions χ

(2)
R arise from the molecular

vibrations and essentially describe the frequency dependence of the SFG signal with respect
to ωIR. Since χ

(2)
R depends on the infrared frequency and vibrational frequencies as follows.

χ
(2)
R = ∑

i

Ai

ων i −ωIR − iΓi
(3.4)

Ai is the amplitude oscillator strength, Γi is the Lorentzian line width of vibrational resonance
(damping constant) and ων i is the vibrational frequency. Spectra in this thesis were fitted
according to the standard SFG equation 3.4 by home-written software based on the number
of vibrational modes and their corresponding peak positions using the program gnuplot. In a
spectral fit, the resonances from vibration modes can be described by four parameters:

1. Position (resonance frequency ων i)

2. Amplitude oscillator strength Ai

3. Line width Γi

4. Phase difference φ = (ε −δ )
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Fig. 3.7 Illustration of SFG signal behavior for different contribution of the parameters Ai,
Γi, and δ in fitting spectra.

In an harmonic model, δ only takes values from 0 to π in other words, considering positive
or negative signal contributions.

In order to simulate the spectra, several physical assumptions had to be considered:

• First, the assignment of individual vibrations is done by using data from literature of
SFG spectra, IR vibrational spectra, Raman spectra, and normal coordinate analysis.

• Secondly, it can be assumed that the damping constant is same for vibrational modes
arising from identical molecular groups.

• Thirdly, the resonance frequencies vary slightly around the known values from the
literature (about 3 cm−1 i.e., the laser spectral resolution). Due to constructive/
destructive interference between resonant and non-resonant signals positive or negative
SFG peaks appear in SFG spectra.
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Fig. 3.8 Simulation of CH stretching region of an SFG spectrum of decanethiol on gold
in ssp polarization. Example data and fitted curves are represented by open circles and
curves, respectively. The assignment is in agreement with literature [32] and is further
discussed in the (see chapter 2 and 4). r−ip is antisymmetric vibration in plane, where as r−op is
antisymmetric vibration out of plane.

As discussed above Ai, ων i, Γi, and δ are adjustable parameters for simulation of SFG spectra.
SFG signal behavior for the contribution of the parameters Ai, Γi is illustrated in Fig. 3.7
a and b. Here in Fig. 3.7 (a) SFG intensity is plotted as a function of IR wave-number for
a peak 2880 cm−1 with δ = π and Γi = 9 at the different values of the Ai. Larger the Ai

value more steeper the peak is but up to a certain limit. After this limit peak is inverted and
become positive i.e., for Ai = 20.0 / arb.u. the negative peak at Γi = 9 cm−1 changed to a
positive peak (gray line). In Fig. 3.7 (b) the simulated SFG signal is plotted as a function of
IR wave-number at constant value of Ai = 5 for different values of Γi . The peak with δ = 0
at the 2880 cm−1 is fitted in the figure. With larger Γi value steepness of the peak decreases.

In contrast to above discussion, the two parameters Ai, Γi are interfering with the two adjacent
peaks. Table 3.1 illustrates the correlation of Ai and Γi for two adjacent peaks at wavenumber
of 2880 cm−1 and 2868 cm−1. If Γi of one of adjacent peaks (2868 /cm −1 ) varies, the Ai of
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both peaks changes. As a result adjustment of such parameters is very critical for simulation.
A great care is required for simulating such peaks.

Table 3.1 Correlation between amplitude Ai and linewidth Γi for adjacent peaks.

Γi (2868) /cm −1 Γi (2878) /cm −1 Ai (2868) arb.u. Ai (2878) arb.u.
4.5 9 0.4 4.0
9 9 1.3 4.5
18 9 2.3 4.7

For SFG spectral fitting in this thesis, Ai and ων i of equation 3.4 were used as potential/
adjustable parameter, whereas Γi and δ were kept constant when they characterize the same
molecular vibration for samples of different surface concentrations. For each fit the initial
Ai, ων , Γi were estimated and then the software was allowed to optimize all of these fit
parameters. As an example, fit of SFG spectrum of decanethiol on gold is represented in Fig.
3.8. The spectrum is fitted by using seven resonance frequencies: For CH3, the symmetric
stretching mode (r+), its corresponding Fermi resonance (r+FR), the out-plane antisymmetric
stretch (r−op ) and the in-plane antisymmetric stretch (r−ip). For the methylene group, the
symmetric and antisymmetric stretches d+, d− vibrations are used [32, 160, 202]. The bottom
peaks in Figure 3.8 show the fitted Lorentzians for these observed peaks. The red colored
lines present the peaks for methylene group and green colored lines present peaks for methyl
group vibrations. Set of parameters giving the best fit of the SFG spectra of decanethiol on
gold is given in Table 4 in Appendix.

3.4.3 UV-Vis spectroscopy in present study

UV-Vis absorption spectroscopy was performed with a commercial double-beam and single-
monochromator UV benchtop spectrometer (UV-2401 PC Shimadzu Corporation). The
spectra of 1 mM solutions of the compounds were measured in a spectral range of 220 –
1100 nm using a quartz cuvette with the same solvent in the reference path.

UV spectra of SAMs were recorded with the same setup in transmission, using a hand-
made holder. To obtain the spectra of the azobenzene SAMs, the spectra of bare gold
substrates were measured as a reference. Gold exhibit strong absorbance band in the visible
region (500 - 600 nm). The trans-cis and cis - trans photoisomerization in the samples was
induced by irradiating the sample from the front side in the spectrometer with LEDs. The
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photoisomerization experiments were carried out at room temperature. UV-Vis absorption
spectra of the solutions and SAMs were measured before and after the irradiation experiments.
In some experiments, the photoisomerization and the thermal relaxation of the samples under
study were followed by time-resolved UV-Vis spectroscopy. The experimental process was
followed by monitoring the temporal evolution of the peak absorbance corresponding to the
π-π∗ transition. The reverse cis− trans isomerization was also observed by irradiation with
450 nm . The photo-switching could be repeated several times and the behavior was fully
reproducible indicating that under the experimental conditions no significant degradation of
sample took place.



Chapter 4

Azobenzene derivative on gold substrate

Pure and mixed monolayers of different thiols and azobenzene functionalized thiols on gold
substrate have been probed by SFG. All the spectra in this chapter have been normalized with
respect to IVis and IIR intensities to account for variations and drift in the IR and visible laser
pulse energies. Moreover, the averaged spectra were normalized to non-resonant substrate
signal. The uniformity of the film was determined by measuring spectra at different spots.
Similarity of spectra at different spots indicates the uniformity of prepared sample. All
spectra are measured in ssp polarization. The SFG intensity is plotted as function of IR
wavenumber, then corresponding spectrum is fitted by equation based on Lorentzian line
shape equation 2.24 as described in chapter 2. Molecular systems studied are shown in Fig.
3.2 in chapter 3.

4.1 Reference spectra

For background signal and peak assignment of SFG spectra of a clean gold substrate,
azobenzenethiol, and decanethiol have been recorded and analyzed.
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4.1.1 Gold substrate

SFG signal from a clean gold (Au (111)) substrate was taken before any sample measurement.
A typical non-resonant SFG signal from gold substrate is shown in Fig. 4.1.
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Fig. 4.1 Typical background-corrected, normalized SFG spectrum of a cleaned blank gold
substrate.

The SFG signal from Au (111) is expected to show non-resonant background signal across
the spectral range of interest [203]. No smoothing has been applied on the SFG spectrum of
gold shown in Fig. 4.1. The spectrum looks noisy due to strong non-resonance background
signals from the gold substrate.

4.1.2 Thiol and Azobenzenethiol

For the assignment of vibrational peaks from thiol co-ligands and AB moieties SFG spectra
of decanethiol (C10S) (Fig. 4.2) and azobenzenethiol (AB-OC11S) (Fig. 4.3) have been
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recorded for reference. Peak assignments for the spectrum were adopted from the litera-
ture [32, 160, 168, 202, 204–208]. The SFG spectrum of decanethiol shown in Fig. 4.2
has characteristic resonance features from CH2 and CH3 vibrations in a range of 2800 -
2970 cm−1. Among these resonances, four peaks are assigned to methyl stretching modes:
the symmetric stretching mode (r+) at 2878 cm−1, its corresponding Fermi resonance (r+FR)
at 2938 cm−1, the out-plane antisymmetric stretch (r−op ) at 2950 cm−1, and in-plane
antisymmetric stretch (r−ip) at 2964 cm−1 [32, 160, 202]. Peaks at 2809 cm−1, 2848 cm−1,
and 2868 cm−1 are assigned to the symmetric stretching modes of methylene groups and
referred as (d+) [32, 160]. The methylene d+ peak at 2868 cm−1 appears as a positive peak,
whereas 2848 cm−1 appears as negative which may be due to the different orientation of
CH2 groups. In the molecular structure, different types of methylene groups are present
in the alkyl chain which may have different orientations [32, 209]. A peak at 2900 cm−1

assigned to antisymmetric stretching of CH2 group (d−), is fitted with very low amplitude in
the spectrum and appears with negative phase, whereas CH3,r− yields positive peak, again
indicating the different overall orientation of both groups in the monolayer. The assignment
of the peaks is tabulated in Table 4.1. Overall CH3 peaks are more dominant than CH2 peaks
in the spectrum indicating the fact that there is well-ordered monolayer of alkylthiol. In
trans configuration CH2 groups are centrosymmetric and thus SFG inactive (i.e., the SFG
intensities canceled).

The SFG spectrum of AB-OC11S recorded in ssp polarization on gold is shown in Fig. 4.3.
In contrast to the decanethiol spectrum, the spectrum has features of stretching vibration
from the azobenzene unit at wavenumber above 3000 cm−1. Three peaks at 2849, 2857 and
2868 cm−1 are assigned to methylene stretches (d+) [32, 160], whereas the peaks at 2922
cm−1 is commonly assigned to the Fermi resonances d+

FR [210, 211]. A peak at 2900 cm−1

as d− is also fitted with small amplitude. Three peaks in CH vibrations range of 3052−3079
cm−1 are assigned to the CH vibrations of phenyl group [168, 202, 205, 208]. Out of these
three peaks, two peaks at 3053 cm−1, 3071 cm−1 appear with negative phase, whereas
peak at 3079 cm−1 has a positive phase with respect to the non-resonant gold background.
The SFG spectrum of AB-OC11S is distinctly different from typical SFG spectrum of an
alkylthiol. First of all because of the missing terminal methyl group but also the molecular
surrounding of the methylene groups of AB-OC11S is different from that of decanethiol. In
AB-OC11S there are at least three types of methylene groups. Among these: one is the CH2

unit attached to sulphur (also present in alkylthiol) and another is attached to the oxygen of
ethoxy group. The remaining CH2 groups have other methylene group in their vicinity but it
can be expected that the CH2 groups on β -position to the oxygen / sulphur groups are also
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Fig. 4.2 SFG spectrum of decanethiol on Au (111) measured in ssp polarization.

spectroscopically different. The main difference, however, is the presence of CH resonances
of phenyl group and absence of methyl stretch mode in spectra of azobenzene thiols.

Methyl substituted AB (MeAB-OC11S)

The MeAB-OC11S molecule has a CH3 substituted azobenzene and CH2 groups of the
alkyl chain of the spacer in its structure. The SFG spectrum of MeAB-OC11S in Fig.
4.4 is markedly different from the spectrum of AB-OC11S and decanethiol. The MeAB-
OC11S spectrum on gold has five negative peaks at 2875,2922,2993,3024, and 3057 cm−1,
respectively, and three positive peaks at 2857, 2957, and 3071 cm−1, respectively. According
to Hommel et al. [205] and Achtyl et al. [206] the symmetric stretching mode (r+) of methyl
group attached to a phenyl ring appears in the region 2915− 2920 cm−1. Consequently,
the strong negative peak in the SFG spectrum of MeAB-OC11S at 2922 cm−1 in Fig. 4.4
can be assigned to the symmetric stretch vibration of the CH3 group [205, 206]. A weak
negative peak also appears at this wavenumber, in case of AB-OC11S indicating the small
contributions from CH2 of C11 carbon alkyl chain as well. However, in case of MeAB-
OC11S the peak is at least two times more intense than that for AB-OC11S, although both
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Fig. 4.3 SFG spectrum of AB-OC11S on Au (111) to show resonance signals for vibrational
modes of CH2 & CHaromatic in the CH vibrational region.

have same length of alkyl chain. So, the major contribution can clearly be attributed to
CH3. The negative peak at 2875 cm−1 is assigned to the Fermi resonance of the stretching
and bending mode or overtone of CH3 stretching vibration or may be some combination
band [205, 212]. Small contribution of d− appears at 2901 cm−1. The peaks at 2957 cm−1

and 2993 cm−1 correspond to out of plane and in plane antisymmetric stretch vibration of
the methyl group [32, 205]. Three peaks in a range of 3025− 3079 cm−1 are assigned to
the CH of phenyl group as in the spectrum of AB-OC11S [168, 202, 205, 208]. Similar
to AB-OC11S spectrum, two out of three peaks at the 3025, 3053 cm−1 are negative and
one positive peak at 3071 cm−1 (see Fig. 4.4). The spectral position of the CH stretches of
the phenyl group of MeAB-OC11S is somewhat different from that of AB-OC11S because
substitution on the phenyl ring may shift the vibration frequencies and the reduced symmetry
may change the intensity pattern. All the spectra are shown in comparison in Fig. 4.5.
Note that the spectra have been shifted by arbitrary offset to facilitate an easy comparison.
Assignment of peaks is given in Table 4.2 while corresponding fitting parameter including
the phase of peaks is given in Tables in the Appendix.
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Table 4.1 Summary of peaks assignment of reference and probed SAMs in CH range.

Vibrational mode MeAB-OC11S AB-OC11S Decanethiol
ν̃ /cm −1 ν̃ /cm −1 ν̃ /cm −1

CH3 (r+) 2922 - 2878
CH3 (r−op) 2957 - 2950
CH3 (r−ip) 2993 - 2964
CH3 (r+FR)/comb/overtone 2875 - 2938
CH2 (d+) 2845 2857, 2868 2809, 2848, 2868
CH2 (d+

FR) - 2922 -
CH2 (d−) 2901 2900 2900
CH (aromatic) 3024, 3053, 3071 3053, 3071, 3079 -
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Fig. 4.4 SFG spectrum of MeAB-OC11S on Au (111) to show resonance signals for vibra-
tional modes of CH2, CH3, CH(aromatic) in CH vibrational region.

Morphology of mixed monolayer

Photoswitching in SAMs is affected by steric constraints between neighboring chromophore
molecule. In order to reduce the steric hindrance and provide free volume between chro-
mophore molecules, mixed monolayers with alkylthiol co-ligand of different chain lengths,
non-deuterated and deuterated ones were prepared.
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Fig. 4.5 Comparison of SFG spectrum of pure thiol monolayers on gold for Au, AB-OC11S,
MeAB-OC11S, and Decanethiol. The normalized spectra have been shifted for clarity by
units of -1, +1, +2 as indicated in the plot.

MeAB-OC11S/ Decanethiol monolayer

The spectrum of a MeAB-OC11S diluted with decanethiol is shown in Fig. 4.6. It has
a number of peaks in CH vibration region that are characteristic of CH2 and CH3 group
of MeAB-OC11S and of decanethiol. Actually, in the 50 : 50 mixed monolayer (MeAB-
OC11S:C10S) the assignment of the peaks turned out to be very challenging as the resonance
peaks of the CH3 and CH2 stemming for the vibration of decanethiol and MeAB-OC11S are
overlapping. Keeping in mind that there should be contribution from both thiols in the CH
vibration region, it was first tried to fit the spectrum as the superposition of two independent
pure MeAB-OC11S and decanethiol spectra. Such superposition fit is represented by the
green line in Fig. 4.7. As it is clearly visible in Fig. 4.7, that the fit does not describe the
experimental data of the mixed monolayer. Consequently, in order to improve the fit, the
peak positions were allowed to slightly shift and the resulting fit is given as a black curve
in Fig. 4.7. The peaks are best fitted by slightly shift in wavenumber. The contributions
of decanethiol and MeAB-OC11S in a 50 : 50 mixed monolayer have been labeled in more
detail in Fig. 4.6.
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Fig. 4.6 SFG spectrum of mixed monolayer MeAB-OC11S:C10S in 50 : 50 mixing ratio.
Peaks assignment is done by consulting reference spectrum of decanethiol and MeAB-
OC11S.

The peak of the mixed monolayer at 2852 cm−1 is assigned to CH2 symmetric stretch of
decanethiol as it is present in reference spectrum of decanethiol at 2849 cm−1. A negative
peak at 2880 cm−1 is expected to yield from the contribution of CH3 of both thiols as both
have negative peaks at 2875, and 2878 cm−1, respectively. Next, the negative peak at 2915
cm−1 is assigned to CH3 contribution of MeAB-OC11S and at 2937 cm−1 is assigned to
decanethiol. As already mentioned above, these two peaks are clearly visible in spectrum
in contrast to superposition spectrum. Since the pure MeAB-OC11S has a positive peak at
2957 cm−1 due to antisymmetric stretch of its CH3 group so the positive peak of the mSAM
at 2941 cm−1 is considered as CH3 contribution of MeAB-OC11S and the 2969 cm−1 has
to be assigned as a contribution to the methyl group of decanethiol. Three peaks above
3000 cm−1 are from the aromatic CH of MeAB-OC11S. Contribution of CH2 and CH3 is
summarized in Table 4.2.
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Fig. 4.7 SFG spectrum of mSAM for MeAB-OC11S and C10S in a 50 : 50 mixing ratio.
Green spectra is fitted by superposition of the fit of pure MeAB and C10. Superposition fit
(green) is different from the fit of experimental spectra (black circle) which is fitted by slight
shift of peaks (black line).

Table 4.2 Summary of contribution CH3 and CH2 of MeAB-OC11S and decanethiol in
mSAM of equimolar solution.

Vibrational mode MeAB-OC11S ν̃ / cm −1 Decanethiol ν̃cm −1

CH3 2880 2880
- 2915 2937
- 2941 2969
- 2999 -
CH2 - 2852
CH(aromatic) 3020, 3055, 3071 -

In the case of mixed monolayers, it has been reported that phase separation may occur [213].
Phase separated domain of pure thiol and MeAB would not provide the free volume and
hence spoil the aims of this study. If separated domains would be present, however, then it
would be expected that the SFG spectrum of the mixed monolayer should be approximately
given by superposition spectrum. This is obviously not the case. Hence the slight shift in the
spectra of mSAM can be taken as indicator of the presence of mixed domains. Moreover, the
peak shift indicates that the surrounding around the molecules in the mixed monolayer is
different from the pure SAMs.
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Morphology of MeAB-OC11S/ perdeuterated co-ligand monolayer

For better separation of vibrational features of MeAB-OC11S from that of the thiol co-ligand,
the perdeuterated co-ligands, i.e., dodecanethiol (dC12S) and hexadecanethiol (dC16S) were
used. Perdeuterated dodecanethiol (dC12S) or hexadecanethiol (dC16S) have vibration peaks
of CD2 and CD3 stretching in the spectral range between 2000 and 2250 cm−1 [214]. The
SFG spectrum of pure perdeuterated dodecanethiol (dC12S) is given in Fig. 4.8, whereas the
peak assignment is outlined in Table 4.3.

Table 4.3 Peak assignment of perdeuterated dodecanethiol in CD range.

Vibrational mode ν̃ /cm −1

CD3 (r+) 2079
CD2 (d+) 2100
CD3 (r+FR) 2130
CD2 (d+

FR) 2158
CD3 (r−) 2220

The SFG spectrum of pure perdeuterated hexadecanethiol is very similar to dC12S and is
given in Fig. 1in the Appendix.

Fig. 4.9 illustrates SFG spectrum of a mSAM for MeAB-OC11S : dC12S in a 50 : 50
mixing ratio. The spectrum shows CH resonances originating from MeAB moiety and CD
resonances from perdeuterated co-ligand. The CH vibrational features of CH3 and CH2 of
MeAB-OC11S moiety appear in the 2800−3100 cm−1 spectral region, whereas the CD3 and
CD2 of dC12S appear in 2000 - 2250 cm−1 region. As it was the case for the MeAB-OC11S/
Decanethiol monolayer, a shift in line position is also observed for mixed monolayer. The
peaks at 2845 cm−1 and at 2903 cm−1 are assigned to d+ and d− of CH2 group. Whereas
peak at 2920 is assigned to r+ of the CH3 group. The SFG spectrum of monolayer with
different compositions is given in Fig. 2 in the Appendix, and the corresponding fitting
parameters are listed in Table 5 for the CH range and Table 8 for the CD range in Appendix.

The SFG spectrum of similar system of mixed monolayer having long chain co-ligand
hexadecanethiol is shown in Fig. 3 and Table 9 in Appendix. The spectrum clearly shows the
vibrational features of MeAB-OC11S and dC16 as well.
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Fig. 4.8 SFG spectrum of a dC12S monolayer on Au (111).
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Fig. 4.9 SFG spectrum of 50 : 50 mixed monolayer containing MeAB-OC11S:dC12S.
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4.2 Surface composition and structure

The SFG signal is sensitive to orientation and surface coverage (surface concentration of
vibrating molecule on the surface). To investigate the composition and structural order
of mixed thiol monolayers, the intensities of the methyl and methylene symmetric and
antisymmetric stretch peaks in the SFG spectra are examined for the samples prepared from
1 mM thiol and at several successive lower concentrations of the immersion solution of
thiol. Fig. 4.10 reveals a distinct change of the intensity of methyl symmetric stretch with
decreasing MeAB-OC11S in the immersion solution. Here, it is important to mention that the
ratio of the thiol in immersion solution used for surface functionalization does not necessarily
reflect their exact ratio at the surface [215, 216]. Intensities of other peaks also vary with the
concentration of the respective thiol in the immersion solution. As it is clear in Fig. 4.10 in
CH range and Fig. 4.11 in CH as well as in CD range, peak intensities for CH vibrational
modes (also revealed from amplitude of the peaks) decrease from 100% to 50% MeAB-
OC11S in immersion solution, on other hand peak intensities of thiol increase. A similar
trend is observed for all percentages from 100-0% of dC12S in C-D range in agreement
to previous studies [100, 160]. Similar behavior is observed for MeAB-OC11S:dC16S in
Fig. 3 in Appendex. Bain et al. [160] studied the SFG spectra of mixed monolayers of
octadecanethiol and perdeuterated octadecanethiol on gold and silver. They found a linear
relationship between the intensity of SFG peaks and composition of mixed monolayer. Valley
et al. [100] also observed the same relationship between the amplitude of the resonant stretch
signal of azobenzene moiety and percent composition of mixed monolayer. In contrast X-ray
spectroscopy by Moldt et al. [101] revealed that the total number of thiolates in the SAM
increases slightly by diluting azobenzene with alkylthiol.

The fits of the spectra of mixed monolayers indicate that peak intensities of the respective
thiols are correlated with the concentration of immersion solution. Tables for all fitting
parameters of vibrational resonances for several successive lower concentrations of the
immersion solution of thiol are given in Tables in Apendix. In Fig. 4.12 relative intensities
deduced from the spectral fitting parameter A (amplitude) is plotted as function of composition
of immersion solution. This figure indicates that peak intensities for the co-ligand (dC12S)
consistently decreases with decrease in its concentration in immersion solution, revealing the
expected linear correlation of dC12S intensities with concentration of immersion solution.
This behaviour represents the ideal mixing of alkylthiol, whereas different trend is observed
for MeAB-OC11S spectra. Here, the decrease in signal intensity is not linear. The decrease
starts earlier with dilution of MeAB moiety. This is clearly observable from the peak intensity
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Fig. 4.10 SFG spectra of pure and mixed thiol monolayers of dC12 and MeAB-OC11S on
gold.
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Fig. 4.11 SFG spectra of pure and mixed thiol monolayers of dC12 and MeAB-OC11S on
gold.
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Fig. 4.12 Amplitude of CH3, CH (aromatic) of MeAB and CD3 of perdeuterated dode-
canethiol in ssp polarized spectra as function of MeAB immersion solution used to form
SAM. Loss of aromatic CH signals of MeAB on dilution is prominent as compared to CD3
of perdeuterated dodecanethiol.

of CH 3(r+) and CH (aromatic) in Fig. 4.12. The curve with blue filled squares in the Figure
reveals the loss of projection of MeAB group with respect to the surface. Whereas the curve
with blue open squares may indicate the loss of chromophore-chromophore interaction of
neighbor in the MeAB units. As it is described in Fig. 4.13, at higher MeAB-OC11S surface
concentration there might be π-π stacking, whereas at intermediate surface concentration
there is no π-π stacking but still an ordered structure with upright direction of AB moieties.
Hence, the relative orientation of phenyl rings is lost leading to a significant loss of aromatic
CH signals. Thirdly, at lower concentration, the MeAB units lost their upright orientation.
Consequently, the loss of MeAB signal may be attributed to the fact that orientation of MeAB
moiety changes from upright-standing position to a flat-lying position. This is in agreement
with the fact reported by Moldt et al. [101]. They concluded from their data that orientation
of the chromophores with respect to the surface normal changes from a tilted to an upright
position with increasing azobenzene density. Their optical spectroscopic studies for planar
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gold substrate and curved gold nanoparticle system revealed a pronounced excitonic shift
with the chromophore density.

Fig. 4.13 Schematic drawings of the orientation of MeAB-OC11S for its different surface
concentration.

The methylene CH2 stretch is sensitive to conformation order of the alkyl chains in monolayer.
CH2 signal is only present when alkyl chain exhibit gauche defects in the chain. The number
of gauche defects in the alkyl chain also affect the intensity of the methyl peaks, as a large
number of gauche defects causes random methyl group orientation. Comparison of SFG
spectrum of pure and mixed monolayer reveals that there is only one d+ peak that can be
clearly assigned to CH2 groups at 2845 cm−1 in the pure monolayer, whereas in mixed
monolayers there are two peaks; one in the range of 2845−2853 cm−1 and the other in the
range of 2860− 2870 as shown in Table 4.1 and Tables given in the Appendix. The data
indicate that for diluted monolayers the number of shoulders for CH2 stretching increases in
the spectra. This reveals the fact that the larger number of molecules in pure monolayer are in
trans conformation as compared to mixed monolayers. The amplitude ratio between CH3 and
CH2 modes is an other parameter to infer the degree of conformational order for adsorbed
alkyl chains. This methodology has widely been used by many groups to qualitatively assess
the degree of conformational order of MeAB-OC11S at interface [165, 175, 178, 217–219].
As shown in Fig. 4.14 this ratio of amplitudes of corresponding CH3 and CH2 modes of
MeAB-OC11S (taken from the fitting parameters given in Tables in Appendix) increases
with dilution of thiol in mixed monolayer. The increase in this ratio is an indication of
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conformational order of chains in monolayer [165, 219]. The r+/r− and r+/d+ ratios of the
experiments are shown in Fig.4.14. In contrast to expectations these seem to be an increase of
both ratios upon dilution. Note that the uncertainty in the fitting was quite large, in particular
below 50% azobenzene content the relative error in the ratio was large. As the methyl group
tilts away from the surface normal, the intensity of the r− mode should increase, whereas
the r+ mode should decrease. In fact the intensities for the CH3 symmetric stretches (r+)
are higher than for the CH3 antisymmetric stretches (r−) in the spectra of pure and mixed
monolayer, however the ratio of the intensities for the symmetric and antisymmetric CH3

stretches (r+/r−) calculated from the fitting parameter increases with dilution of MeAB-
OC11S (see Fig. 4.14). However, within error limits this trend is not really robust. It may
concluded that the spectra is not efficient to uncover the overall effect and/or that there is in
fact not much in the structural orientation of the terminal CH3 group down to surface dilution
of about 50 %.
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Fig. 4.14 Ratio of the amplitudes (left) for the symmetric and antisymmetric CH3 stretches(
r+/r−) (right) for the CH3 symmetric stretch and CH2 symmetric stretch (r+/d+ ).
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4.3 Photoswitching

4.3.1 Photoswitching probed by SFG Spectroscopy

Having determined the structural properties of the MeAB functionalized SAMs on gold,
these systems were finally subjected to photoswitching experiments. In such systems the
azobenzene carries a methyl group at the para position of the phenyl ring which acts as a
marker group for the position of AB moieties. To investigate the cis–trans isomerization of
the azobenzene unit by SFG, the intensity change of r+ stretching vibration occurring upon
photo-irradiation was monitored. Photoswitching experiment was performed as follow:

1. SFG spectra measurement: The SFG spectrum of the sample was measured in the
spectral region of CH stretch vibration. Terminal methyl and methylene of alkylthiol
and azobenzene fuctionalized thiols are the primary source of signal in this region.

2. Switching experiment: The time dependence of the SFG intensities was recorded at
resonance and reference wavenumber in repeated cycles with the sample irradiated
with LED of 365 nm(on) or not irradiated (off).

3. After a waiting period or by following back-switching illumination with a 455 nm
LED on, the SFG spectrum has been measured again to check if the sample has been
damaged during the measurement or not.

Typically, light exposure with the 365 nm at photon dose of 4×1016 (number of photons, np)
for 1−3 minutes lead to an increase of the amplitude of the CH3 (r+). However, the overall
change of the signal was small compared to the uncertainties in the spectral intensities. In
fact the determination of exact changes of the signal intensities from the normalized spectra
was very sensitive to the baseline correction. A normalized SFG spectra before and after
illumination is also shown in Fig. 4.15. Nevertheless, in most cases the peak intensity of the
negative r+ peak decreased and peak intensities of positive r− peak increased.

A better signal contrast could be obtained by repeated on-off cycle experiment. Such a time
dependent behavior of MeAB-OC11S:C10S monolayers in 50 : 50 is shown in Fig. 4.16,
where the CH3 signal intensity has been monitored at 2915 cm−1 wavenumber.
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Fig. 4.15 Raw and normalized SFG spectrum before and after illumination.

The Figure depicts the photoisomerization experiment of an azobenzene functionalized
sample and a unfunctionalized reference (gold) sample. Moreover, the signal behavior at
wavenumber of 2600 cm−1 (where there is no CH3 vibrational mode) is also shown in Fig.
4.16. No change for pure gold sample has been observed at 2600 cm−1 as well as at 2915
cm−1. In contrast, a pronounced change in signal intensity of the functionalzed surfaces
upon UV exposure has been observed. The changes in average signal for different samples
are summarized in Table 4.4.

During these measurements, there is a change in signal intensity on non-resonant reference
wavenumbers (where there is no CH3 vibrational mode) with UV-illumination. So, the signal
change cannot be totally attributed to the change in orientation of the marker group alone
but has also contributions from the gold substrate. Probably, the background variations arise
from changes in the strong non-resonant inter-band contribution from bulk gold upon sample
heating and for structure damages in the monolayer. The pulse energy is mainly received
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Fig. 4.16 Change in signal intensity upon illumination with 365 nm for a (a) pure gold
and (b) mSAM with MeAB:C10 (50 : 50) at 2915 cm−1 (c) SFG signal of functionalized
mSAM at 2600 cm−1 (non-resonant gold background), used for background correction of
the observed signal change at 2915 cm−1.

Table 4.4 Average signal change of resonance vibration (2915 cm−1) for SAMs upon 365
nm illumination.

Monolayer Average signal change %
Blank Gold 2.0 ±2.1
Pure MeAB-OC11S 7.5±3.1
Pure MeAB-OC10S 11.5±3.1
Short chain co-ligand C10 or dC12 7.7±3.1
Long chain co-ligand 3.3±0.4

by the electrons of gold. The excess energy of the hot electrons accounts for the dominant
part of heat transfer from the gold surface to the monolayer. It has been reported, this
strong non-resonant contribution cause amplification of SFG signals [220]. These effects are
pronounced in functionalized surfaces as compared to pure gold surfaces. The heat transfer
from the Au substrate into the SAM may cause thermal orientational disorder in the chain of
organic coating and its structural state has an influence on the intensity of the non-resonant
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background as well [221]. Keeping these factors in mind, the change in signal intensity
measured on resonance needs to be corrected for changes in the non-resonant background.
The change in signal intensity of the r+ resonance vibration due to isomerization is evaluated
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Fig. 4.17 Calculation of switching efficiency of functionalized surfaces taking into account
background corrections.

by background correction which is explained in following steps as well as in Fig. 4.17.

Step 1

% signal change needs to be corrected by the measured off-resonance signal at reference
wavenumber (i.e., 2600cm−1).

%ref change
100

=
y′′on −y′′off

y′′off
=

y′′on

y′′off
−1 (4.1)
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on rearrangement, equation 4.1 becomes

y′′on

y′′off
=
(
1+

%ref change
100

)
= F (4.2)

Step 2

Light induced baseline offset is corrected by assuming that %reference change is wavelength
independent. Hence an approximate correction can be applied by considering a correction
factor F, assuming F is wavelength independent, and that the baseline offset behaves linear
w.r.t total signal intensity. This mean all measured y values with the LED switched on can be
corrected by

y′′on = F.y′′o f f (4.3)

Step 3

Signal change obtained from switching experiment is

(%signal change)′

100
=

y′2 − y′1
y′1

=
y′2
y′1

−1 (4.4)

y′2
y′1

=
(%signal change)′

100
+1 (4.5)

Step 4
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From normalized spectrum, measured in the switching experiment, one would obtain

%signal change
100

=
x1 − x2

x1
=

(1− y1)− (1− y2)

(1− y1)
=

y2 − y1

1− y1

∣∣∣ . 1− y1

y1
(4.6)

1− y1

y1

%signal change
100

=
y2 − y1

y1
=

y2

y1
−1 (4.7)

The ratio
y2
y1

from the spectra measurements should be equal to the corrected ratio

(
y′2
y′1

)
corr

from the fixed frequency experiments. From equation 4.3

(y′2
y′1

)
corr

=
y′2

y′1.F
(4.8)

1− y1

y1

%signal change
100

=
y′2

y1 ′.F
−1 (4.9)

substituting the
y′2
y′1

from equation 4.7 and F from equation 4.2

1− y1

y1

%signal change
100

=
(

1+
(%signal change)′

100

)(
1+

%ref change
100

)−1
−1

∣∣∣ . y1

1− y1
(4.10)

%signal change
100

=
y1

1− y1

[(
1+ (%signal change)′

100

)
.
(

1+ %ref change
100

)−1
−1

]
(4.11)
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Calculated values are given in Table 4.5

Table 4.5 Calculated background corrected % signal change.

% Composition signal change %
Pure MeABC10 4.7±1.2
Pure MeABC11 2.8±1.0
MeAB-OC11S + dC12
90 8.9±4.6
75 2.9±1.0
60 4.5±2.4
50 6.1±1.0
35 7.4±7.4
MeAB-OC11S + dC16
90 -0.2±1.9
75 0.1±1.9
60 0.4±0.9
50 0.0±2.4
35 11.0±4.5
MeAB-OC11S + C10
50 7.4±16

Results given in Table 4.5 reveal that already the pure monolayer of MeAB-OC11S and
MeAB-OC10S switches which was unexpected. This may be due to the fact that the
monolayer is not densely packed. Some chains may be tilted toward the surface such that
space is available for photoisomerization. Alternatively, monolayer molecules adsorbed on
defects of gold surface may have been responsible for switching effect [222, 223]. In such
locations, the molecules are more weakly bonded to the substrate or are loosely packed.
For such substrates morphology may affect the molecular structure of monolayer, however,
quantitative study relating SFG spectra and average defect density in SAMs are not available.
The free volume of the azobenzene moiety to change its conformation is increased by dilution
with simple thiol molecules. It was expected that dilution of the monolayer increases the
switching efficiency of the mixed monolayers. The switching contrast of the substituted
azobenzene monolayer has been calculated by procedure mentioned above and shown in Fig.
4.18. Overall, the SAMs show low switching efficiency contrasts, which can be attributed
either to disordered structure of the monolayers or due to non-resonant signal contribution or
to the fact that the switching process simply does not induce an overall change of structural
orientation of SFG marker. Unfortunately, during the switching experiments it turned out
that it was difficult to reproduce the switching behavior of a given mSAM composition.
Often, sample damage occurred during the measurements, so that overall laser beam intensity
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(particularly of the up conversion pulse) had to be reduced. This resulted in very low signal
intensities, which made the experiments very challenging.

Simillarly Valley et al. [100] observed a decrease of 10 % SFG signal intensity upon
illumination of azobenzene on polycrystalline gold using a cyano group as the SFG marker.
In their case, 100 % azobenzene SAMs did not exhibit photoisomerization due to tight
packing, but reversible switching was observed for the mixed SAMs with 34% and 50% of
alkane thiol spacers. They also discussed that preferential orientation of cis− isomer lead
to 5% (per molecule per photon) quantum yield of photoisomerization in the monolayer on
the surface being approximately one-half of that in solution i.e.,11%. The pure azobenzene
SAMs did not isomerize in their case but isomerize in our case. Wagner et al. [117] also
studied the reversible, photoinduced trans/cis isomerization of an azobenzene-functionalized
SAM using tripodal linker system on a gold surface with a cyano marker group and observed
signal change upon UV irradiation and found 4×10−18 cm2 effective cross sections for the
reaction.

Another important information revealed in Fig. 4.18 is that switching contrast for mSAMS
with long-chain co-ligand i.e, dC16 was low as compared to short chain co-ligand (i.e., dC12
or C10). The reason may be strong steric hindrance. This important finding will be discussed
in section 4.4.

4.3.2 Photoswitching probed by UV-Vis Spectroscopy

To check if monolayers switch, photoswitching experiments were also performed by UV-Vis
spectroscopy. UV-Vis experiments were performed as follows:

1. UV-Vis spectrum of the MeAB solution in ethanol, SAMs and pure gold sample were
measured.

2. The spectrum of SAMs subsequently irradiated with 365 nm LED and then with 455
nm were measured.

3. The time dependent absorbance of the absorption band at 350 nm was measured
in repeat cycles with the sample irradiated with LED of 365 nm for known time.
Afterwards, irradiated with 455 nm to follow the back-switching.
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Fig. 4.18 Switching contrast of pure (blue) and mixed monolayer with short (green, black)
and long alkyl chain (red) alkylthiol as co-ligand.

Fig. 4.19 shows UV-Vis spectra of MeAB-OC11 thiol solution in ethanol and its correspond-
ing SAM on 10 nm polycrystalline gold. The absorption spectrum in solution showed two
typical peaks at 350 nm and 450 nm that are due to π-π∗ and n-π∗ transitions. Upon irradia-
tion with UV light (365 nm) the trans isomer switches to the cis isomer with photoefficiency
of more than 95% in the photostationary state. The irradiation induces photoisomerization
and leads to a decrease in intensity of π-π∗ and slight increase in n-π∗. This can be moni-
tored in the UV-Vis spectra by a decreasing absorbance of the π −π∗ band at 350 nm and an
increasing absorbance of the n−π∗ band at 450 nm. The molar absorption coefficient for
0.036 M solution of MeAB calculated from Fig. 4.19 is 2.2×104 L mol−1 cm−1 at 350 nm
for trans isomer. Fig. 4.19 shows the comparison of MeAB SAM difference spectra on gold
with that in solution. Gold substrate has strong background in UV-Vis region, nevertheless,
the change in π −π∗ band at 350 nm illumination can be identified. From the difference of
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Fig. 4.19 (a) UV absorption spectra of MeAB thiol SAM on gold in comparison with gold
substrate. (b) Absorption spectra of 1 mM thiol solution in a 1 cm cuvette.

the spectra of pure gold and the functionalized gold the surface coverage can be estimated.
Surface coverage for SAM is calculated from Fig. 4.19 and is given as follows:

A = 4.4×10−3 and ε = 2.2×104 L mol−1 cm−1 assumed to be the same as in solution

A = εc

c is surface concentration in mol/cm2 with c = 1.99×10−10 mol/cm2.

This corresponds to cNA = 1.2×1014 molecules / cm2 or surface area of 83 Å2 per molecule.
Typically a densely packed monolayer has a surface area of 25 Å2 per molecule [224–226].
In Fig. 4.20 change in intensity of the π −π∗ band at 350 nm and n-π∗ at 450 nm upon
illumination for SAMs as well as for solution is shown. For the monolayer the change of
π −π∗ absorption band for SAM is 2× 10−3, indicating that the switching efficiency for
such SAM is 50% . After the illumination with 455 nm , the absorbance yields limited value
,hence the switching is 100% reversible.
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Fig. 4.20 comparison of switching properties of MeAB SAM with corresponding solution.

Time dependent measurements for the photoisomerization were performed by monitoring
the absorption band at a fixed wavelength of 350 nm for monolayers on gold as shown in
Fig. 4.21. In such experiment, first the sample was irradiated by 365 nm UV light and then
followed by 455 nm blue light until a photo-stationary state was reached. During the light
illumination there were instantaneous jumps of the signal. These jumps were caused by stray
effects and have been removed in the presented data. In the experiments absorbance changed
from 0 to 8×10−4. This change was highly reversible and reproducible.

UV back isomerization dynamics

UV-Vis transmission spectra of pure MeAB-C10 monolayers on 10 nm thin polycrystalline
gold revealed good switching properties with highly stable cis layers, even more stable
than in solution. But three times constants τ1 = 5 min, τ2 = 50 min, and τ3 = 17 h have
been observed, as shown in Fig. 4.22. These time constants are calculated from time
dependent measurements of solution and SAMs by using a tri-exponential fit equation.
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Fig. 4.21 Photoisomerization measurement of the absorption change at 350 MeAB-OC10S
SAM upon UV and blue light irradiation.

For the SAM systems initially the back isomerization is fast with a short time constant.
Unexpectedly, the process is retarded as described by the second time constant (τ2 = 50 min).
This may be indicating different domains that switch with different probabilities. Whereas for
solution single time constant τ1 = 33 min (see Fig. 4.22) have been observed. The cis-trans
isomerization at different illumination wavelengths as a function of time is shown in Fig.
4.23. The time constant for the process is calculated from the fit of ∆ absorbance verses time
for each wavelength. The photo efficiency of switching process describes the constant k at
different wavelengths and then calculated by taking account the power P of the respective
LEDs.

∆A = ∆A0 exp(− t
τ
) (4.12)

1
τ
= kP (4.13)

= ∆A0 exp(−kPt) (4.14)

The calculated parameters are tabulated in Table 4.6.
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Fig. 4.22 Thermal back isomerization of cis to trans. Data are fitted by a tri exponential
equation to determine the time constants for the process.

Table 4.6 Time constants for photoisomerization monolayer on gold when illuminated with
three diodes of different wavelengths.

LED λ / nm 365 455 530
P /(mW /cm2) 25 9.3 2.7
τ /s 3 15.6 259
k / s mW/cm2 75 145 700

Note that during SFG measurements 532 nm up-conversion pulse may induce backisomer-
ization.

4.4 Photoisomerization for co-ligand of different chain length

The switching property of azothiolates with long alkylthiolate co-ligands dC16 as well with
short alkylthiolate co-ligands C10, dC12 is also compared. As the used photoswitches have a
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Fig. 4.23 cis-trans isomerization as function of time at different illumination wavelengths.

chain length of 11 carbons, the co-ligand with 10 and 12 carbons reach up to the benzene
ring of the azo-moiety, whereas the co-ligand C16 reaches above the benzene unit. Therefore,
it is expected that the dC16 co-ligand causes strong steric hindrance, whereas the mixed
SAMs with 10 and 12 should switch more efficiently. As already mentioned, the SFG
studies reveal that mixed monolayers with short chains show more pronounced switching
effects as compared to the ones with long chain co-ligands (see Table 4.4 and Fig. 4.18).
Steric hindrance within these monolayers is assumed to be the main reason of low switching
with dC16 as co-ligand. UV-Vis analysis also depicts that the mixed monolayers with the
short-chain co-ligands yield higher absorbance change opon irradiation. This is shown in Fig.
4.24. About the same change in absorbance was observed for pure monolayer and the mSAM
with dC12 co-ligand. Whereas mSAM with short chain co-ligand (dC12S) exhibits more
absorbance change on irradiation as compared to the mSAMs with the long chain co-ligand
(dC16S).
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Fig. 4.24 Effect of the co-ligand on the photo switching properties of mixed monolayers.
Whereas change in absorbance upon UV illumination is about the same for pure mono-
layer and the MeABC10/ dC12 layer, it is significantly reduced for the MeABC10/ dC16
monolayer.

4.5 Even-Odd effect

An even or odd number of methylene groups in the alkyl chain influences the orientation
of end group in monolayer, this is called Even-Odd effect as discussed in section 2.2.
Monolayers with sufficient packing density and molecular length form ordered structures
whereas the backbones of the molecules are tilted in a certain direction. Consequently, the
direction of the terminal methyl group of alkyl chain or SFG marker group for MeAB thiol
tends to the surface normal or the surface parallel depending on the alkyl carbon number
[227–230]. Porter et al. [230] found that the structure of SAMs is dependent on the length,
short chains (n < 12) exihibit a disordered structure and highly ordered structure for long
chains (n > 12). Using XRD, Fenter et al. [231] reported that the tilt angle for short
alkanethiols (10 ≤ n ≤ 14) was larger compared with long ones (n ≥ 14). They also reported
that short molecules were tilted closer towards their nearest neighbor, whereas long ones were
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closer towards their next nearest neighbor. W. Azzam [232] reported that 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 surface.

Even-Odd effects induce corresponding odd-even alternation in various chemical, physical,
and interfacial properties of self-assembled monolayers. In order to see if an even-odd
effect of azobenzene of variable alkyl chain length can be observed, the SFG spectrum of
MeAB-OC10S and MeAB-OC11S have been monitored. Comparison of the intensities and
the corresponding fitting parameters are given in Fig. 4.25 and in Table 2, respectively. The
comparison of symmetric and antisymmetric vibration stretch of the methyl group shows
that the amplitude of r+ is slightly higher for MeAB-OC10S than for the amplitude of
r+ of MeAB-OC11S. Whereas the intensity of r− mode in MeAB-OC11S is higher than
MeAB-OC10. This feature is well known for the odd–even effect. Nishi et al. [189]
studied the structure of self-assembled monolayers of n-alkanethiols using broad-band sum
frequency generation spectroscopy and reported that intensities of r+, r+FR mode are higher
and intensities of r− are lower for odd number of alkyl chain. As discussed before, the
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Fig. 4.25 SFG spectrum of MeAB functionalized SAM with 11 and 10 carbon chain.

photoisomerization of the azobenzene depends on the alignment. So, the photo-efficiency
of SAMs with odd or even number of carbon chains is expected to be different. Actually,
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only a little odd-even effect on the photoisomerization for azobenzene moiety with C10 and
C11 on UV light illumination is observed. % average signal change are about same for pure
monolayer shown in Table 4.4. However, electronic and steric effect of non-bonding electron
of O-atom causes distortion from trans conformation. Due to this reason the prediction of
conformation of azobenzene with O-atom is difficult [233].

4.6 Conclusion

Pure and mixed monolayers of azobenzene functionalized thiols of various fractions on
100 nm gold substrate have been probed by the SFG. Non-resonant SFG signal of the gold
substrate interferes with the molecular resonances leading to positive or negative peaks in
the spectra is a result of constructive or destructive interference. The SFG spectrum of
decanethiol and AB SAM has been used as a reference for peak assignment of the probed
methyl substituted azobenzene thiol.

The MeAB-OC11S spectrum on gold has negative and positive peaks predominantly corre-
spond to CH3 and CH of phenyl group of azobenzene. A strong negative peak at 2922 cm−1

can be assigned to the symmetric stretch vibration of the CH3 group of MeAB-OC11S
indicating its more or less perpendicular orientation with respect to surface normal. The
peaks at 2957 cm−1 and 2993 cm−1 correspond to out of plane and in plane antisymmetric
stretch vibration of the methyl group. CH of phenyl group are represented by three peaks in
the range of 3024−3071 cm−1.

Slight shift in CH peak positions for mixed monolayer indicate the formation of well mixed
monolayer instead of separate domains. The SFG spectrum of a 50 : 50 of decanethiol and
MeAB-OC11S mixed monolayer exhibits peaks from decanethiol at 2853 cm−1 (assigned
to CH2 symmetric stretch) and 2937 cm−1 (assigned to CH3 contribution). The peaks at
2917 cm−1, 2941 cm−1, and 2999 cm−1 are considered as contribution of CH3 from MeAB-
OC11S and three peaks above 3000 cm−1 are of aromatic character. A negative peak at
2880 cm−1 in mixed monolayers arise from the contribution of CH3 of both thiol. The SFG
spectrum of a 50 : 50 of MeAB-OC11S with perdeuterated dC12 is less congested because the
perdeuterated thiol dC12 yields contributions of CD2 and CD3 in the range of 2000−2250
cm−1. Shift in peak position with dilution, however could not be clearly observed as seen in
the mixed azobenzene thiol without deuteration. For dC12S a linear correlation of the signal
intensities and the respective concentration in the immersion solution was found. In contrast,
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the signal intensity trend is not linear for the MeAB moiety. CH 3(r+) and CH (aromatic)
peak intensities of of MeAB decrease strongly with dilution. Even more rapid decrease in
CH (aromatic) signal intensity with dilution may be due to loss of phenyl-phenyl interaction.
Upon dilution the phenyl rings bent down which causes the loss of signal intensity. All these
findings lead to the conclusion that at low surface concentrations of MeAB moiety loose its
structural order in monolayers. The amplitude ratio of CH3 and CH2 (r+/d+) as well the
ratio of intensities for symmetric and antisymmetric CH3 stretches (r+/r−) increases with
dilution of MeAB thiol in mixed monolayer. Change in signal intensity of the r+ resonance
vibration upon 365 nm reveals that the monolayer switches. Pure monolayers as well as
mixed monolayer switch, whereas the dilution of the monolayer could not significantly
enhances switching efficiency. The signal from MeAB moiety in the mixed monolayers is
lost earlier upon dilution due to loosely packed disordered morphologies. For SAMs, initial
back isomerization calculated from UV-Vis absorbance is fast, but the switching process
is retarded as apparent from a second time constant which may indicate different domains.
For solution, as expected, a single time constant is calculated. Due to steric hindrance
the mixed monolayer with long chain alkyl co-ligand exhibit less UV absorbance change
upon irradiation as compare to short chain co-ligand. Comparison of spacer of even and odd
number of carbon chain shows that the intensities of symmetric vibration stretch of the methyl
group (r+) is slightly higher for MeAB-OC10S than amplitude of (r+) of MeAB-OC11S.
whereas the intensity of antisymmetric (r−) mode in MeAB-OC11S is higher than MeAB-
OC10. However, the expected higher switching contrast for even number carbon containing
monolayer could not be observed. The signal change due to the photoisomerization for
MeAB-OC10S is only slightly more efficient than for MeAB-OC11S, which may taken as
an indication for a possible odd-even effect.



Chapter 5

Azobenzene derivative on quartz
substrate

During the SFG measurements with gold, the metal surface turned out to be very sensitive to
high-intensities of the laser beams. As discussed in chapter 4, the resulting surface damage as
well as non-resonant background signals of gold turned out to be disadvantageous. Eventually,
the gold substrate had been replaced by a quartz substrate to analyze the structural features
and photochemical properties of azobenzene molecular switches. As quartz has neither
electronic nor vibrational resonances in the visible and infrared region, the non-resonant
susceptibility of fused quartz is insignificant in comparison to that of metals such as gold or
silver. In this chapter azobenene functionalized monolayers deposited on quartz substrate
has been analyzed and discussed.

5.1 Azobenzene-TATA

As discussed in chapter 3 the availability of free volume [90] is the main obstacle for
photo isomerization. As an alternative to mixed monolayers large platform molecules
triazatriangulene (TATA) can be used [118–120]. These platform units allow one to mount
the functional groups as free standing units perpendicular to the surface. Well-ordered and
stable monolayers of these azobenzene-functionalized platform on Au (111) surfaces have
been reported in the literature [119, 120, 123, 124] and proved suitable for preparation of
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self-assembled monolayers with controlled intermolecular distances [120, 124, 125]. So far,
no SFG measurements on such systems have been reported in the literature. Here, molecular
systems consisting of a triazatriangulenium unit with three octyl substituents at the three
angular nitrogen atoms and an azobenzene unit attached to the central carbon atom of TATA
molecule have been used as sample. Samples have been kindly provided by research group of
Prof. Olaf Magnussen at the Institute for Experimental and Applied Physics, Kiel University.
Molecular structure of TATA molecule is shown in Fig. 3.3 in chapter 3. In contrast to thiol
layers on gold, immobilization of TATA molecule on quartz surfaces is supposed to be due
to physical Van der Waals interaction in particular between π electron system of the TATA
platform and the quartz.

This thesis presents spectroscopic evidence that TATA platform system can be deposited on
quartz surface and such monolayers exhibit a high degree of structural order. Furthermore,
photo isomerization experiments have also been performed.

5.2 Blank Quartz

Before investigating functionalized surfaces on quartz, it was necessary to acquire SFG
spectra of the cleaned blank quartz samples. In the bulk, quartz is represented as a network
of SiO4 units while on the surface quartz may simply be considered as a SiO2 network with
neutral or charged silanol groups (SiO- or SiOH) [234, 235]. The SFG spectrum of blank
quartz is shown in Fig. 5.1.

The peak at 3840 cm−1 is attributed to the Si-OH stretch mode [236], while the broad
peak at 3200−3400 cm−1 is assigned to hydrogen-bonded OH stretching modes [237, 238].
These OH bond SFG signals are broad due to the strong coupling between the vibrations
of neighboring water molecules and/ or a Fermi resonance with the overtone of the H-OH
bending mode [238–240]. The presence of water signals in the spectrum can readily be
explained by the ambient humidity in the laboratory, which can actually affect the behavior
of a substrate’s surface [241]. Blank quartz samples exhibit small CH vibration signals as
well around 2800−3000 cm−1. These peaks indicate a small amount of organic impurities
on the sample’s surface. Many attempts have been made (which were discussed in chapter
3) to remove these impurities but small signals in the CH stretch vibration region always
remained. Interestingly, assignment of the most prominent peak at 2400 cm−1 is not yet clear.
To the best of my knowledge, it has not been reported in the literature. It may be attributed
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Fig. 5.1 SFG spectrum of a blank quartz measured in ssp polarization.

to a vibration peak of carbon dioxide adsorbed on the surfaces [242] or of course much
less likely may be due to hydrogen bonded water having D2O as contamination [243, 244].
In principle, this spectral region is typical for strong band of NH...N= for five membered
hetrocyclic aromatic rings [245, 246]. Thus, the assignment of this peak is still debatable.
To ensure that this peak is specific for quartz samples, the spectrum was compared with a
reference OTS (octadecyltrichlorosilane) spectrum on glass (see Fig. 5.2). The 2400 cm−1

peak is absent in case of the glass substrate, which may indicate that peak, in fact arises from
quartz substrate. Further investigation is necessary to clarify the origin of this prominent
peak.

5.3 8-TATA

In this work, sum frequency generation spectroscopy has been employed to elucidate the
structure of TATA adlayers on quartz. The structure of such molecules is represented by
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Fig. 5.2 SFG spectrum of OTS (octadecyltrichlorosilane) on glass substrate.

molecule A in Fig. 3.3. In order to analyze the SFG spectrum of TATA layers with attached
azobenzene units the SFG spectrum of bare TATA platforms deposited on quartz needs to
be recorded first. The occurrence of the SFG resonances that are not related to the quartz
substrate, indicates the formation of a TATA adlayer. The SFG spectrum of a TATA adlayer is
shown in Fig. 5.3 in direct comparison with corresponding quartz peak. The TATA spectrum
is normalized with respect to 2400 cm−1. It can be characterized as follow: (a) a broad peak
at 2520−2650 cm−1 which can be assigned to vibrations of the tertiary nitrogen present in
the platform structure [120], (b) signals from CH arising from vibrations at 2840−2968
cm−1, (c) a broad peak at 3200−3400 cm−1 assigned to H-bonded H-OH, and (d) peaks at
3787 cm−1 and 3858 cm−1attributed to free H-OH and Si-OH. The signals present in the CH
vibrational range are characteristics for terminal methyl (CH3) and methylene (CH2) vibration
modes present in the TATA platform. The structure of CH region can be tentatively assigned
as usual (see in set of Fig. 5.3 and chapter 4). Most likely, the two peaks at 2880 cm−1 and
2964 cm−1 correspond to the symmetric and antisymmetric CH3 stretch mode, respectively
[32, 160, 168, 202]. The resonance at 2945 cm−1 is attributed to the Fermi resonance of
the CH3 symmetric stretch vibrations and the peak at 2843 cm−1 is characteristic for the
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Fig. 5.3 SFG spectrum of TATA platform in ssp polarization setup. The inset shows the CH
vibrational spectral range.

symmetric (d+) stretch vibration of CH2 (methylene) group [32, 160]. The methylene stretch
vibrational modes appear with comparable intensity as the CH3 resonances, serving as an
indicator for gauche defects in the octyl chains. However, the fact that relatively strong CH3

peaks can be observed, revealing that alkyl chains point away from the surface. No obvious
contributions from aromatic CH vibration region (3000−3100 cm−1) have been observed,
which is consistent with the fact that the platforms lying flat on the surface. The free OH
peak and the broad band from water are also present in spectra. It is tempting to assign
the broad peak at 3300−3500 cm−1 to free NH bond, however assuming as intact TATA
platform unit, these should not be present in the spectrum. Therefore, it is more likely that
this band arises from structured residual water as well. In Table 5.1, all mode assignments
are summarized.
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Table 5.1 SFG peak assignment for 8-TATA on quartz.

Wavenumber ν̃ / cm −1 Peak assignment
2400 from quartz
2520−2650 tertiary N
2843−2945 CH alkyl
3100−3500 H...OH
3787 free H-OH
3858 Si-OH

5.4 Me-Azo-8-TATA

Methyl substituted azobenzene unit is attached to TATA platform through C C bond in Me-
Azo-8-TATA on quartz, the molecular structure has been shown in Fig. 3.3 (molecule I). For
comparison with the 8-TATA in Fig. 5.4, the spectrum is normalized with respect to the peak
at 2400 cm−1. The spectrum shows two very prominent stretching resonances characteristic
of CH3 symmetric stretch vibration and its corresponding Fermi resonances at 2879 cm−1

and 2945 cm−1 [32, 160, 168, 202, 204–208]. The relative intensity of the CH3 vibration
peaks of Me-Azo-8-TATA shows up more than four times higher than that of bare TATA. This
indicates that the observed signal is mainly from the CH3 group located on the azobenzene
unit instead of the resulting from the alkyl chains attached to the platform. Obviously, the
overall orientation of this methyl group is more or less perpendicular to the surfaces, as it
is expected for upright standing MeAB unit. A peak at 2850 cm−1 and a shoulder at 2915
cm−1 is assigned to symmetric stretch vibration of CH2 groups [32, 160, 168, 202, 207].
They can only arise from the alkyl side chain of the platform, nevertheless theyare much more
intense than for 8-TATA. The question arises if the normalization of the two spectra with
respect to 2400 cm−1 peak is really valid. However, even if the spectra would be normalized
to the intensity of the CH2 bands, the CH3 peaks would still be significantly enhanced in the
Me-Azo-8-TATA spectrum. A small peak at 2190 cm−1 can be assigned to C C, while the
broad peak in the spectral range 2520−2650 cm−1 as for 8-TATA platform can be assigned
to the tertiary nitrogen. The peak assignments are summarized in Table: 5.2.
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Table 5.2 Peak assignment of Me-Azo-8-TATA

Wavenumber ν̃ / cm −1 peak assignment
2190 C C
2400 from quartz
2520−2650 tertiary N
2850 d+

2880 r+

2915 d−

2945 r+FR

2964 r−

3200−3400 H...OH
3787 free H-OH
3858 Si-OH
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Fig. 5.4 SFG spectrum of CH3-Azo-8-TATA with the methyl substituted azobenzene unit
attached to TATA platform via C - C triple bond. The spectrum exhibits strong features of
r+, r+FR modes stemming of methyl group attached to azobenzene unit.
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5.5 CN-Azo-8-TATA

A cyano group attached to azobenzene unit, serves as an alternative SFG marker. The
molecular structure is shown in Fig. 3.3 (molecule II). The spectrum is shown in Fig. 5.5. In
comparison with the Me-Azo-8-TATA spectrum (in Fig. 5.4) a new peak appears at 2200
cm−1 and the strong methyl stretch signals disappear. Consequently, the 2200 cm−1 peak
can be assigned to the CN group [117, 247, 248]. Despite the fact that the cyano group is
attached at the para position of the azobenzene ring and therefore, should be perpendicular to
surface normal, the signal intensity remains low compared to the corresponding methyl group.
Reasons for this comparable low intensity may be (a) a lower transition dipole moment of
the CN group, (b) a less well aligned CN-AB moiety that can not be ruled out or, (c) a
lower surface coverage of this particular sample. Some characteristic signals for CH stretch
vibrations, tertiary nitrogen vibration, and the prominent quartz peak are similarly observed
again, hence consistent with the other TATA functionalized surfaces. The peak assignments
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Fig. 5.5 SFG spectra of CN-Azo-8-TATA (octyl) on quartz.

are summarized in Table: 5.3.
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Table 5.3 Peak assignment for CN-Azo-8-TATA on quartz

Wavenumber ν̃ / cm −1 Peak Assignment
2190 C C
2200 CN
2400 from quartz
2520-2650 tertiary N
2845-2945 alkyl CH

5.6 CN-Azo-8-TATA-propanol

Another modification of the Azo-8-TATA unit was studied to (i) investigate the source of
residual CH signals and (ii) to elucidate the role of the TATA side chain on the overall structure
and surface coverage of the adlayers. Octyl side chains of TATA platform were replaced by
1-hydroxypropyl in CN-Azo-8-TATA (propanol). The molecular structure is given in Fig.
3.3 molecule C. Since the OH functional group of the propanol side chains interacts with
the quartz surface, these chains are expected to be no longer oriented perpendicular to the
surface. This further reduces the SFG sensitivity of these groups in SFG spectroscopy. The
Fig. 5.6 compares with other derivatives. All spectra are normalized with respect to the 2400
cm −1 peak. For CN-Azo-8-TATA-propanol intensities of CH vibrational signals in Fig. 5.6
have been reduced to half of the intensity of the signals originating from TATA platforms
functionalized with octyl side chains. This is consistent with the expected trend. Surprisingly,
the peaks assigned to tertiary nitrogen are missing in the spectrum. If this is simply a
spectrometer artifact or real effect, it is unclear. All peak assignments are summarized in
Table: 5.4.

Table 5.4 Peak assignment for CN-Azo-8-TATA (propanol).

Wavenumber ν̃ / cm −1 Peak assignment
2190 C C
2200 CN
2400 from quartz
2520-2650 tertiary N
2856-2945 alkyl CH
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Fig. 5.6 SFG spectra of CN-Azo-8-TATA (1-hydroxy propyl) on quartz. In order to reduce
contribution of side chain of octyl chain of TATA platform 1-hydroxy propyl is used as side
chain of platform. The intensity of peaks in CH region has been reduced as compare to TATA
platform carrying octyl side chain.

5.7 Summary for substituted Azobenzene-TATA molecule
on quartz

A comparison of the results obtained for the substituted azobenzene TATA molecules with
octyl side chain is given in Fig. 5.7. All samples showed a prominent peak at 2400 cm−1.
For comparison, all spectra have been normalized to the intensity of peak at 2400 cm−1. As
this study has been based on a limited number of samples, more comprehension and synthetic
measurements are needed to support these findings. Several conclusions can be drawn from
these preliminary studies.

1. SFG spectrum of TATA platform shows the contribution of methylene and methyl of
octyl side chain, of tertiary nitrogen, a peak for H...OH and a peak for Si...OH.
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2. TATA platform bonded to methyl or cyano substituted azobenzene show contribution
of TATA platform as well as for methyl stretching in case of Me-Azo-8-TATA and for
cyano in case of CN-Azo-8-TATA.

3. CH intensities in normalized spectra of CN-Azo-8-TATA-propanol (where octyl side
chains are replaced by 1-hydroxypropyl chain) are reduced as compared to the other
molecules.

2 0 0 0 2 2 5 0 2 5 0 0 2 7 5 0 3 0 0 0 3 2 5 0 3 5 0 0 3 7 5 0 4 0 0 0
0 . 0 0 0

0 . 0 0 1

0 . 0 0 2

0 . 0 0 3

0 . 0 0 4

0 . 0 0 5

C H

S i . . . O HF r e e
O H

H . . . O H

t e r t . N

 B l a n k  q u a r t z
 8 - T A T A  
 C N - A z o - 8 - T A T A ( p r o p a n o l )   
 M e - A z o - 8 - T A T A
 C N - A z o - 8 - T A T A  

 

 

 

 

W a v e n u m b e r  /  c m - 1

SF
G 

Int
en

sit
y /

 ar
b.u

.

F r o m  q u a r t z

C º NC º C

Fig. 5.7 Comparison of substituted Azobenzene-TATA molecule on quartz. Spectra was
normalized with respect to the peak at 2400 cm−1.

5.8 Switching of Azobenzene-TATA SAMs on quartz

Azobenzene derivatives represent a well investigated group of the photo-switchable SAM
systems. These moieties display a trans → cis isomerization. The photo and thermally
induced switching process of molecular arrays of free-standing azobenzene groups, formed
by self-assembly of TATA functionalized on gold surfaces, have been studied by photo
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electrochemical methods such as cyclic voltammetry, chronoamperometry as well surface
plasma resonance spectroscopy and IRRAS [124, 126, 219, 249]. Here, such free standing
molecular system has been adsorbed at quartz and probed by SFG for finite time. Possible
changes in peak intensity of SFG marker groups (CN, CH3) on illumination with UV and
blue light have been investigated. Actually a change in signal was observed, but only for
fresh samples and only for one switching cycle. The issue was comparable with the problems
encountered with SAMs on gold substrate and can be attributed to an irreversible change in
the structure of the monolayer or simply ablation effects induced by high-intensity laser light.
In the light of these problems to reproduce the photo-switching effect, these data will not be
discussed here further. Clearly, more measurements are needed to draw definite conclusions
with regard to the photo-switching behavior of functionalized TATA on gold.

5.9 Sample aging

Photoswitching could not be observed as yet with older samples (i.e., 8 weeks sample kept
at atmospheric condition). As an example, a comparison is drawn for relatively fresh (few
days older) and 8 weeks old sample of CN-Azo-8-TATA in Fig. 5.8. There was a decrease in
TATA-related signals as well of SFG marker CN band at 2205 cm −1. On the other hand the
signals corresponding to CH strongly increased. This may be explained by contamination of
the sample with time or may be laser damage the structure of monolayer. A series of more
systematic experiments are needed to further investigate the aging behavior. First of all, also
samples should be analyzed directly after preparation as well.

5.10 AB on quartz

Flat quartz substrate were directly functionalized with azobenzene by click chemistry and
were analyzed by SFG spectroscopy. Samples for this preliminary study were provided
by research group of Prof. Friedrich Temps at the Institute of Physical Chemistry, Kiel
University. The question arises as to what degree such monolayers are surface functionalized
and if the formed adlayer is structurally ordered. Relying on the high quality spectra obtained
for OTS on glass (see Fig. 5.2) it can be assumed that both criteria are fulfilled for AB layers
as well. As seen in the spectrum shown in Fig. 5.9, interestingly other two strong peaks at
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Fig. 5.8 Comparison of fresh and few weeks old sample.

2542- 2700 cm−1 show up. The assignment of these peaks remain unclear. Such monolayers
show very intense and rich spectra, which in fact indicate both a high degree of surface
functionalization and molecular order. The molecular structure is shown in Fig. 3.4. The
SAMs spectra exhibit resonances for methylene and aromatic CH region (2800−3100) cm−1,
as well as characteristic hydrogen bonded OH, Si-OH and free water signals. Another peak
appeared at 1600 cm−1 which probably can be assigned to N=N bond of azobenzene. The
typical peak for the quartz substrate at 2400 cm−1 is also present in spectrum.

5.11 MeAB on quartz

Similarly methyl substituted azobenzene were synthesized by click chemistry and covalently
bonded to quartz surfaces. As expected, the corresponding SFG spectra show much stronger
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Fig. 5.9 Spectrum of AB on quartz surface. The azobenzene derivative was attached to quartz
surface covalently via silanol bonds.

resonances of CH which particularly can be assigned to methylene and methyl group. The
molecular structure is shown in Fig. 3.4. The symmetric stretch vibration (r+) of methyl
group attached to the phenyl group of azobenzene unit was assigned to peak at 2925 cm−1

[205, 206]. Also, the corresponding antisymmetric resonance (r−) at 2979 cm−1 was
observed (see Fig. 5.10). Signal for aromatic CH groups are in quite low intensity as
compared to MeAB-OC11S. The two prominent resonances at 2554 and 2688 cm−1 were
assigned to tertiary nitrogen from triazole ring. The typical peak of quartz substrate at
2400 cm−1 is clearly visible in the spectrum. The peak assignments are summarized in
Table: 5.5 Monolayers with methyl group at para position have also been subjected to
photoisomerization experiments. The signals of SFG marker group (methyl group) were
monitored on irradiation with UV/blue light. The change of methyl signal intensity has been
observed however reproducibility again proved to be a major issue. In all cases, the switching
process could only be studied once.
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Fig. 5.10 Spectrum of MeAB on quartz surface. The azobenzene derivative was attached to
quartz surface covalently via silanol bonds,see Fig. 3.4.

Table 5.5 Peak assignment for MeAB on Quartz

Wavenumberν̃ / cm −1 Peak assignment
2100−2200 Si−OSi
2400 from quartz
2850 d+

2925 r+

2979 r−

3152 CH(aromatic)
3400 H...OH
3740 Free H...OH
3858 Si...OH

5.12 Conclusion

As an alternative to mixed monolayers of AB functionalized thiol on gold, a preliminary SFG
study of azobenzene-functionalized triazatriangulene (TATA) platform adlayers on quartz
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has been performed for first time. In all cases, intense and spectrally rich SFG spectra have
been observed, hence evidence of high degree of surface functionalization and surface order.
in the SFG spectrum of the pure TATA platforms at quartz surfaces the signal of its alkyl side
chains show up. Spectrum also shows the presence of H-bonded H-OH (3200−3400 cm−1),
free HOH (3787 cm−1) as well as Si-OH (3858 cm−1). It is not clear if either coverage is
incomplete or strong water signals are due to the presence of some co-adsorption layer.

SAMs of TATA platforms functionalized with substituted azobenzene units show clear
features of attached groups. For example, methyl substituted azobenzene TATA adlayer
exhibits the stretching resonances of the terminal CH3, the symmetric stretch vibrations of
side alkyl-chains, and small peak for C C. Peaks for H-bonded H-OH, free H-OH and
Si-OH and prominent peaks at 2400 cm−1 are also visible in spectrum. SFG spectrum of the
cyano substituted azobenzene TATA adlayer reveals the resonances of the CN group. Another
modified and substituted AB-TATA adlayer where octyl side chains of TATA platform were
replaced by 1-hydroxypropyl in CN-Azo-8-TATA (propanol), elucidate the role of the TATA
side chains, and unravel the source of CH signals in SFG spectrum. Intensities of CH
vibrational signals attributed to the side chains of the TATA platform reduced to half the
intensity of 1-hydroxypropyl in CN-Azo-8-TATA (propanol).

Attempts were also undertaken to study photoisomerizatin by monitoring the changes in
peak intensity of the SFG marker groups (CN, CH3) on illumination with UV and blue light.
Typically signal changes were observed but only for fresh samples and only for one switching
cycle. Reproducibility problems of these experiments were comparable with the problems
encountered with SAMs on gold substrate. They can be attributed to irreversible changes
in the structure of monolayer and ablation effects induced by the high-intensity laser light.
Moreover, sample aging lead to a decrease of adlayer-related signals and show indication for
increasing the contamination of the sample with time.

Finally flat quartz substrates functionalized with azobenzene and methyl AB by click chem-
istry showed very intense and rich spectra indicating high surface functionalization and
molecular order. SAMs spectra show resonances for methyl, methylene and aromatic CH
bonds (2800−3100) cm−1, but also characteristic hydrogen bonded OH, Si-OH and free wa-
ter peak. Another peak appeared at 1600 cm−1 can be assigned to N=N group of azobenzene.
A strong peak typically for quartz substrate at 2400 cm−1 is also present in all spectra.

Although in all cases prominent SFG peaks could be observed, much more work is needed
to be able to draw clear conclusion. In particular, future experiments should be performed
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with larger set of samples and SFG experiments should be performed directly after sample
preparation. As the purpose of this Ph.D study was to assess the application of SFG spec-
troscopy in an explorative manner of all the different types of sample system would have
been well beyond the possibilities. As a thorough analysis in laboratory future studies should
concentrate on selected test system.





Chapter 6

Azobenzene derivative on the air-water
interface

Azobenzene based lipids introduced into phospholipid monolayers help to investigate the
characteristic properties of membranes. In this study, mixed monolayers of Azobenzene-
Cholesterol-Dipalmitoylphosphatidylcholine (DPPC) (Azo-Chol/ DPPC) have been prepared.
The structure of the molecular system of Azo-Chol/ DPPC is illustrated in Fig. 3.5. Addi-
tion of DPPC molecule can be assumed to affect the structural order of the monolayer of
azobenzene based lipids. In order to test this hypothesis, the surface-selective vibrational
spectroscopic technique (SFG) has been combined with a Langmuir film balance setup,
allowing for reversible control of the surface pressure and the molecular ordering of the lipids
in the monolayer. For example, it is reported in literature that cholesterol has marked effect on
the phospholipid behavior [250–252]. Mischa Bonn et al. [250] studied the conformational
and orientational order in the phospholipid as the function of surface pressure and cholesterol
content by using SFG. They found an increase of molecular order upon addition of relatively
small amounts of cholesterol. In addition to this structural effect, azobenzene functionalized
cholesterol can undergo photo induced trans−cis isomerization. The question arises to what
extent the structural order of a mixed Azo-Chol/ DPPC monolayer can be modulated by
switching the trans to cis isomer. The cis isomer is expected to exhibit a higher interfacial
area, hence switching should induce an increase in surface pressure accompanied by a better
structural order.
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6.1 SFG spectra

When a surface active compound is deposited on a surface, it tends to spread out in order to
increase the surface coverage and to decrease the surface pressure. One of the most intriguing
features of binary mixtures of cholesterol with Dipalmitoylphosphatidylcholine (DPPC) is
the formation of a presumably homogeneous phase [253]. However, small heterogeneities
are also reported [254, 255]. In order to get the initial information of surface behavior
of Azo-Chol/ DPPC mixed monolayers, SFG spectra at respective surface pressure and
mixing ratio have been measured. The SFG spectrum of a mixed monolayer containing 5%
Azobenzene-Cholesterol and 95% DPPC is shown in Fig. 6.1. Vibrational bands stemming
from cholesterol are expected to be small and actually could not be observed because of the
N2 dependence of the SFG signal intensity. Vibrational peaks of CH2 and CH3 of DPPC
are most prominent. The spectrum has the typical structure with a symmetric (r+) and
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Fig. 6.1 Comparison of SFG spectrum for Azobenzene—cholesterol/DPPC in chloroform
monolayer with pure DPPC spread in Teflon dish. Spectrum has vibrational peaks for DPPC
molecule.

Fermi resonance (r+FR) at 2880 cm−1 and 2945 cm−1 of the terminal CH3 group of DPPC.
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The shoulder at 2850 cm−1 is due to (d+) band [187, 256, 257] whereas, resonance of
antsymmetric vibration of (r−) appears with very small intensity. Compared with a pure
DPPC spectrum, at the same surface concentration, the intensity of the CH2 signal of the
mixed monolayer is present, while it is absent in pure DPPC monolayer. Presence of CH2

signal indicates a less-ordered alkyl chain, with gauche defects, where the ratio of CH3 to
CH2 depends upon structural order of monolayer [258, 259]. Furthermore, the intensity of
the CH3 stretch vibration is higher when no cholesterol is present.

Actually the peak intensity difference is much more pronounced as it is expected from DPPC
concentration ratio. Fig. 6.2 displays two SFG spectra of two different surface concentration
of a mixed Azo-Chol/ DPPC monolayer. As expected, there is an increase in the CH3 signal
of the DPPC molecules with an increase in surface concentration.
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Fig. 6.2 SFG spectrum of Azobenzene-cholestrol-DPPC monolayer for different surface
concentration. Addition of relatively small amounts of cholesterol, in DPPC monolayer is a
witness of increase in CH3 signals.
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The ratio of CH3 to CH2 signal intensities for pure DPPC monolayer is higher as compared
to mixed monolayer indicating that there is an expansion of the monolayer in the presence of
cholesterol.

6.2 Two dimensional phase behavior

The two dimensional phase behavior of the mixed Azo-Cholesterol/DPPC monolayer has
been studied in a Langmuir trough experiment. By compression (i.e., reduction of interfacial
area) the monolayer undergoes transformation from its two dimensional gaseous to a liquid
and then to solid state at high surface pressure. Typical spectra measured in such a Langmuir
trough experiments are shown in Fig. 6.3. The peak assignment is given in Table 6.1

Table 6.1 Peak assignment of Azobenzene-cholesterol/DPPC in Langmuir trough experiment.

Vibrational mode Wavenumber ν̃ / cm −1

d+ 2851
r+ 2879
d− 2905
d+

FR 2930
r+FR 2946
r− 2962

At 2 mN/m surface pressure corresponding to an area per molecule of 100 Å2 / molecule,
the peaks from the methylene groups (CH2) are clearly observed in spectra at 2850 cm−1

and 2930 cm−1. As the surface area is compressed to 80 Å2 / molecule, the surface pressure
increased to 3 mN/m and the peak intensity of CH3(r+) and CH3(r+FR) increased. The
intensity of the methylene stretching further decreases for 8 mN/m to 57 Å2 / molecule,
indicating the orientational order of monolayer. The SFG spectrum at 2 mN/m is dominated
by CH2 band near 2850 cm−1, for a DPPC monolayer in the expanded liquid (LE) state
with a conformationally disordered state containing gauche defects [165, 250]. The spectrum
can be discussed in terms of a surface pressure isotherm as well. Fig. 6.4 illustrates the
lateral surface pressure as function of molecular area (Π-A). Based on literature data, two
dimensional phases are termed as gas-phase, liquid-expanded (LE), and liquid-condensed
(LC) phases. Pressure–area isotherms of the mixed monolayer exhibits region of, liquid-
condensed (LC) phase and liquid-expanded (LE) shown in Fig. 6.4 [260]. Liquid-condensed
(LC) phase is dispersed in the less ordered liquid-expanded (LE) phase [260, 261]. Upon
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Fig. 6.3 SFG spectrum for Azobenzene-cholesterol/DPPC monolayer spread in a Langmuir
trough.

compression of monolayer in its thermally stable trans state of AB unit, a transition from
gaseous/ liquid expanded state to liquid expanded state occurs when the surface pressure
becomes 40 Å2 / molecule. At a density below 32 Å2 / molecule, the monolayer collapses as
shown in Fig. 6.4.

6.3 Photoisomerization

Morphological changes in the azobenzene within the surface films during photoisomerization
have been investigated and reported in literature [170, 262–264]. Photoisomerisation of the
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Fig. 6.4 Pressure–area isotherms for Azo-cholesterol-DPPC monolayer. The isotherm has
gas (G), liquid expanded (LE), and condensed phases (LC). Assignment according to [260]

monolayers induced large changes in molecular surface pressure of monolayer [170, 261].
Ellen et al. [170] studied the molecular structures of mixtures of a photoswitchable lipid
with the DPPC using SFG. They reported that the surface pressure and molecular ordering
of DPPC can be influenced by switching the azobenzene-based lipid between its two states.
As expected, the cis state corresponds to a higher surface pressure as compared to trans-
state. The cis state, although exhibiting a higher surface pressure, showed lower structural
order. This was explained by a direct interaction of the cis-molecule with the water-interface.
Consequently, the order of the alkyl chains in the layer decreased. Photoisomerization
experiments of Azo-chol in DPPC monolayers were performed by irradiating the monolayer
with 365 nm LED for 30 minutes in order to switch the AB into its cis state [265]. This
cis-solution, after spreading, was compressed to 35 mN/m and left for 1 hour to be relaxed
and attained a stable surface pressure. Upon irradiation with 455 nm, the cis-state is switched
to the trans-state, which has a lower spatial foot print. Fig. 6.5 illustrates the measured
surface pressure as a function of time. Upon UV irradiation, a clear step towards lower
surface pressure is observed. This change in surface pressure upon irradiation directly relates
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Fig. 6.5 Surface pressure change after illumination of cis-isomer with a 455 nm LED.

to the photoisomerization. Actually, it was possible to reversibly switch in-between the cis
and trans-state. A corresponding surface-pressure is shown in Fig. 6.6.

Again, the cis− trans isomerization is clearly observed. However, as the absolute change
in surface pressure about 0.25 mN/m, was close to the sensitivity of the surface pressure
measurements, the signal was somewhat noisy. Moreover, during repeated experiments it was
observed that continuous exposure of the monolayer caused a slow drift in surface pressure.

Yet in another experiment the SFG spectra of a mixed monolayer following photoisomeriza-
tion were measured. Figure 6.7 illustrates an experiment at a surface area of 57 Å2 / molecule.
Corresponding SFG spectra in the CH spectral range show an increase of CH3 signal intensity
with a surface pressure upon irradiation with 365 nm. Upon 450 nm illumination, the CH3

intensity decreases again but did not reach to its original value.

The reproducibility of SFG signal intensity was low.
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Fig. 6.6 Surface pressure modulation of a Azo-chol-DPPC monolayer 57 Å2 / molecule upon
365/455 nm illumination are clearly observed.

6.4 Conclusion

SFG spectra of binary mixtures of Azobenzene-cholesterol-Dipalmitoylphosphatidylcholine
(Azo-Chol-DPPC) shows the typical structure of a symmetric (r+) and Fermi resonance
((r+FR) band of CH3 stemming from DPPC. Due to the N2 dependence of SFG intensity,
vibrational bands attributed to cholesterol could not be observed. Compared with a pure
DPPC spectra at the same surface pressure, the intensity of the CH2 signal is somewhat
more intense for the mixed monolayer, indicated that incorporation of cholesterol into the
monolayers increases the conformational and orientational order of the alkyl chains of DPPC.
By compressing monolayer from 2− 8 mN/m however, the ratio of CH2/CH3 decreases,
which means that compression induces conversion of chains from the disordered state to a
more or less ordered state. The surface pressure and molecular ordering of DPPC can be
influenced by reversible switching of azobenzene-based lipid between its two states. Due
to larger cross section area and dipole moment favors interaction with water, the cis-state
corresponds to a higher surface pressure as compared to trans-state. Corresponding SFG
spectra in CH spectral range show an increase of CH3 signal intensity upon irradiation with
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365 nm. Upon 450 nm illumination, the CH3 intensity decreases again but didn’t reach to its
original value.





Appendix

Following tables depict the fitting parameter for SFG spectra

Table 1 Fitting parameters of MeAB-OC10S SAM on gold substrate.

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

MeABC10 d+ 2849 0.9 0 9
d+ 2857 0.5 π 9
r+/r+FRcomb/overtone 2880 1.2 π 9
d− 2901 0.5 π 9
r+ 2925 3.3 π 9
r−op 2949 1 0 9
r− 2969 1E-3 π 9
r−ip 2993 0.2 π 9
Ar 3030 1.3 π 9
Ar 3063 1.4 π 9
Ar 3074 2.2 0 9

Table 2 Fitting parameters of MeAB-OC11S SAM on gold substrate.

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

MeABC11 d+ 2845 0.4 0 9
r+/r+FRcomb/overtone 2875 1.4 π 9
d− 2901 0.5 π 9
r+ 2922 3.0 π 9
r−op 2957 1.3 0 9
r− 2969 0.01 π 9
r−ip 2993 0.2 π 9
Ar 3024 0.9 π 9
Ar 3057 1.3 π 9
Ar 3071 1.5 0 9
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Table 3 Fitting parameters of AB-OC11S SAM on gold substrate.

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

AB-C11 d+ 2849 0.4 0 9
d+ 2857 0.2 π 9
d+ 2868 0.9 0 9
d− 2900 0.5 π 9
d+

FR 2922 1.1 π 9
Ar 3053 1.7 π 9
Ar 371 1.5 π 9
Ar 3079 1.0 0 9

Table 4 Fitting parameters of Decanethiol SAM on gold substrate.

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

C10S d+ 2848 0.8 π 9
d+ 2868 1.3 0 9
r+ 2878 4.5 π 9
d− 2900 0.2 π 9
r+FR 2938 2.8 π 9
r−op 2950 1.0 π 9
r−ip 2964 0.8 π 9
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Table 5 Fitting parameters of Azobenzene functionalized SAMs on gold substrate with
perdeuterated co-ligands dodecanethiol (dC12) in CH spectral range.

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

90%MeABC11 +dC12 d+ 2845 0.3 0 9
d+ 2870 0.3 π 9
r+FRcomb/overtone 2881 0.8 π 9
d− 2906 0.4 π 9
r+ 2929 2.6 π 9
r−op 2963 1.0 0 9
r− 2969 0.01 π 9
r−ip 2999 0.01 π 9
Ar 3032 0.06 π 9
Ar 3060 0.7 π 9
Ar 3078 0.9 0 9

75%MeABC11 +dC12 d+ 2845 0.05 0 9
d+ 2858 0.7 π 9
r+FRcomb/overtone 2879 0.5 π 9
d− 2901 0.6 π 9
r+ 2925 2.3 π 9
r−op 2958 0.8 0 9
r− 2969 0.01 π 9
r−ip 2993 0.5 π 9
Ar 3030 0.9 π 9
Ar 3058 1.1 π 9
Ar 3079 0.5 0 9

60%MeABC11 +dC12 d+ 2852 0.1 0 9
r+FRcomb/overtone 2877 0.5 π 9
d− 2905 0.5 π 9
r+ 2925 1.7 π 9
r−op 2962 0.5 0 9
r− 2970 0.3 π 9
r−ip 3007 0.5 π 9
Ar 3034 0.3 π 9
Ar 3054 0.5 π 9
Ar 3066 0.2 0 9

50%MeABC11 +dC12 d+ 2845 1E-3 0 9
r+FRcomb/overtone 2879 0.3 π 9
d− 2903 0.09 π 9
r+ 2920 1.3 π 9
r−ip 2993 0.05 π 9
Ar 3023 0.2 π 9
Ar 3069 0.2 π 9
Ar 3079 0.2 0 9
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Table 6 Fitting parameters of Azobenzene functionalized SAMs on gold substrate with
perdeuterated co-ligands dodecanethiol (dC16) in CH spectral range.

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

90%MeABC11 +dC16 d+ 2853 0.2 0 9
d+ 2870 1.1 π 9
r+FRcomb/overtone 2880 1.3 π 9
d− 2901 0.5 π 9
r+ 2927 3.0 π 9
r−op 2950 1.0 0 9
r− 2960 0.01 π 9
r−ip 3003 0.7 π 9
Ar 3029 1.0 π 9
Ar 3060 1.0 π 9
Ar 3078 1.7 0 9

75%MeABC11 +dC16 d+ 2849 0.1 0 9
d+ 2860 1.0 π 9
r+FRcomb/overtone 2877 0.5 π 9
d− 2901 0.05 π 9
r+ 2925 2.7 π 9
r−op 2955 0.9 0 9
r− 2969 1E-3 π 9
r−ip 2993 0.4 π 9
Ar 3030 0.6 π 9
Ar 3050 0.9 π 9
Ar 3079 1.5 0 9

60%MeABC11 +dC16 d+ 2849 0.09 0 9
d+ 2863 0.2 π 9
r+FRcomb/overtone 2874 0.1 π 9
d− 2901 0.02 π 9
r+ 2925 2.0 π 9
r−op 2955 0.4 0 9
r− 2970 1E-3 π 9
r−ip 2993 0.3 π 9
Ar 3028 0.5 π 9
Ar 3057 0.5 π 9
Ar 3077 1.5 0 9

50%MeABC11 +dC16 d+ 2848 0.005 0 9
d+ 2865 0.5 π 9
r+FRcomb/overtone 2875 0.1 π 9
d− 2901 1E-3 π 9
r+ 2922 1.5 π 9
r−op 2955 0.6 0 9
r− 2969 0.01 π 9
r−]ip 3001 0.15 π 9
Ar 3031 0.4 π 9
Ar 3057 0.4 π 9
Ar 3079 0.4 0 9
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Table 7 Fitting parameters of Azobenzene functionalized SAMs on gold substrate with
perdeuterated co-ligands decanethiol (dC10) in CH spectral range.

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

75%MeABC11 +dC10 d+ 2853 0.6 π 10
r+FRcomb/overtone 2880 1.0 π 10
d+ 2915 2.0 π 13
r+ 2937 2.5 π 12
r−op 2941 3.0 0 17
r− 2965 0.8 0 6
r−ip 2999 0.5 π 20
Ar 3020 0.2 π 5
Ar 3065 0.2 π 5
Ar 3078 0.3 0 7

50%MeABC11 +dC10 d+ 2852 0.9 π 10
r+FRcomb/overtone 2880 1.3 π 10
d+ 2915 2.5 π 13
r+ 2937 2.5 π 12
r−op 2941 2.7 0 17
r− 2969 0.7 0 10
r−ip 2999 0.5 π 20
Ar 3020 0.2 π 5
Ar 3055 0.2 π 5
Ar 3071 0.2 0 7
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Table 8 Fitting parameters of Azobenzene functionalized SAMs on gold substrate in CD
spectral range for deuterated dodecanethiol

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

100%dC12 r+ 2079 3.0 π 9
d+ 2100 0.3 π 9
r+FR 2130 2.0 π 9
dr+FR 2158 0.3 0 9
r− 2215 1.1 0 9

90%dC12 r+ 2079 3.0 π 9
d+ 2100 0.3 π 9
r+FR 2130 1.8 π 9
dr+FR 2158 0.3 0 9
r− 2215 1.1 0 9

75%dC12 r+ 2079 3.0 π 9
d+ 2100 0.3 π 9
r+FR 2130 1.3 π 9
dr+FR 2158 0.2 0 9
r− 2215 1.1 0 9

65%dC12 r+ 2079 2.1 π 9
d+ 2100 0.3 π 9
r+FR 2130 0.8 π 9
dr+FR 2158 0.1 0 9
r− 2215 0.3 0 9

50%dC12 r+ 2079 2.1 π 9
d+ 2100 0.2 π 9
r+FR 2130 0.7 π 9
dr+FR 2158 0.1 0 9
r− 2215 0.3 0 9
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Table 9 Fitting parameters of Azobenzene functionalized SAMs on gold substrate in CD
spectral range for deuterated hexadecanethiol.

SAMs Mode ν̃ / cm −1 A arb.u. phase Γ /cm −1

100%dC16 r+ 2079 2.8 π 9
d+ 2100 0.3 π 9
r+FR 2130 1.3 π 9
dr+FR 2158 0.2 0 9
r− 2224 0.5 0 9

90%dC16 r+ 2079 2.5 π 9
d+ 2105 5E-4 π 9
r+FR 2131 2.1 π 9
dr+FR 2162 0.5 0 9
r− 2223 0.3 0 9

75%dC16 r+ 2080 2.5 π 9
d+ 2100 1E-4 π 9
r+FR 2130 1.3 π 9
dr+FR 2158 0.8 0 9
r− 2220 0.2 0 9

65%dC16 r+ 2074 1.4 π 9
d+ 2109 0.2 π 9
r+FR 2131 1.5 π 9
dr+FR 2158 0.02 0 9
r− 2220 0.5 0 9

50%dC16 r+ 2079 1.4 π 9
d+ 2109 0.05 π 9
r+FR 2131 0.4 π 9
dr+FR 2158 0.1 0 9
r− 2218 0.7 0 9
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Fig. 1 SFG spectrum of a pure monolayer of dC16 on gold.
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Fig. 2 SFG spectra of a pure and mixed thiol with dC12 as a co-ligand on gold. Peak
intensities are decreasing with decreasing mole ratio of respective thiol in both CH and CD
range.
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Fig. 3 SFG spectra of a pure and mixed AB thiol with dC16 as a co-ligand on gold. Peak
intensities are decreasing with decreasing mole ratio of respective thiol in both CH and CD
range.
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