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Summary

Investigation of dye-functionalized TiO, nanoparticles using vibrational sum-frequency
generation spectroscopy

The steadily increasing demand for energy worldwide has resulted in the depletion of the ex-
isting fossil energy resources and the pollution of the atmosphere by greenhouse gases such as
CO,, which are responsible for global warming. To curb these problems, research activities aim-
ing at CO, conversion into value-added products, e.g. fuels like methanol, using sunlight have
intensified over the last few years. In this work, TiO, nanoparticles functionalized with perylene-
based dyes containing either a carboxylic acid or anhydride group as molecular anchor to the
TiO, surface were studied as potential photocatalyst for solar light-driven CO, reduction. The
dye binding geometry is of particular importance since it influences the electron transfer from the
dye to TiO, and hence the photocurrent output of any given dye/TiO, system. Two dyes, ID1157
and ID1152, structurally identical apart from their anchor group, were selected to allow direct
comparison. In addition, a simple model substance bearing an anhydride group was investigated
to facilitate the interpretation of the lesser known anhydride binding mode. Surprisingly, de-
spite their structural similarity, the observed photocurrent amplitude of the ID1157/TiO, system
containing a carboxylic acid anchor was much higher than for the ID1152/TiO, system contain-
ing an anhydride anchor. With the help of ultraviolet/visible (UV /Vis) absorption, infrared (IR),
Raman and vibrational sum-frequency generation (VSFG) spectroscopy it was sought to deter-
mine whether the photocurrent signals were correlated to the dissimilar anchor groups and their
binding modes. From the UV /Vis spectra it was found that the anhydride group opened upon
binding. As for the IR and Raman studies it could be concluded that the carboxylic acid anchor
of ID1157 and both carboxylate groups of the opened anhydride of ID1152 bound via a bidentate
bridging pattern. Furthermore, it was shown from the background-suppressed VSFG spectra of
the bound dyes in air and water that these adsorbed in an orderly fashion, ID1157 more so than
ID1152, but with both only slightly disturbed in the presence of water. In addition, it was found
that all molecules in the ID1157 dye layer were adsorbed on the TiO, surface via chemisorption.
By contrast, the ID1152 dye layer was composed of chemisorbed as well as physisorbed dyes, the
latter being coordinated via a closed anhydride group. Also, ID1157 displayed a higher surface
density of adsorbed molecules compared to ID1152. From a preliminary polarization analysis, it
was suggested that the dyes with carboxylic acid anchor adopted a tilted binding geometry. In
view of the results obtained on the binding geometry of the dyes ID1157 and ID1152 it was pos-
sible to identify some criteria important for the generation of a high photocurrent: 1) binding of
the dye via chemisorption with 2) a high surface density and possibly through 3) a tilted geome-
try. These findings have important implications for the understanding of the mechanism of dye
functionalization. Finally, methanol and CO, adsorption on TiO, films was investigated by VSFG
spectroscopy. Only molecularly adsorbed methanol was observed which was easily displaced
by water or methanol/water mixtures. However, CO, adsorption could not be detected in the
spectral range which was investigated.



Zusammenfassung

Untersuchung von Farbstoff-funktionalisierten TiO, Nanopartikeln mittels Schwingungs-
Summenfrequenzgenerations-Spektroskopie

Der weltweit stetig ansteigende Energiebedarf resultiert bereits in der Ausbeutung der existieren-
den fossilen Energieressourcen und der Verschmutzung der Atmosphére mit Treibhausgasen wie
CO,, welche fiir die Erderwdrmung verantwortlich gemacht werden. Um diese Probleme zu
dampfen, haben sich iiber die letzten Jahre die Forschungsaktivititen mit dem Ziel der CO,
Umwandlung in wertgesteigerte Produkte, z.B. Brennstoffe wie Methanol, mit Sonnenlicht ver-
starkt. In dieser Arbeit wurden TiO, Nanopartikel funktionalisiert mit Perylen-basierten Farb-
stoffen, die entweder eine Carbonsdure- oder Anhydridgruppe als molekularen Anker an die
TiO, Oberfldche enthalten, als potentieller Photokatalyst fiir die Sonnenlicht getriebene CO, Re-
duktion untersucht. Die Bindungsgeometrie der Farbstoffe ist besonders wichtig, da sie den Elek-
tronentransfer vom Farbstoff zum TiO, und damit den Photostrom eines jeden Farbstoff/TiO,
Systems beeinflusst. Zwei Farbstoffe, ID1157 und ID1152, die strukturell identisch sind, abgese-
hen von ihrer Ankergruppe, wurden ausgewdhlt um einen direkten Vergleich zu ermoglichen.
Aufierdem wurde eine einfache Modellsubstanz mit Anhydridgruppe untersucht um die Inter-
pretation des weniger bekannten Anbindungsmodus des Anhydrids zu erleichtern. Trotz der
strukturellen Ahnlichkeit war {iberraschenderweise die Photostromamplitude des ID1157/TiO,
Systems mit Carbonsédureanker viel grofier als die des ID1152/TiO, Systems mit Anhydridanker.
Mit Hilfe von Ultraviolet/Visible (UV/Vis)-Absorptions-, Infrarot (IR)-, Raman- und Schwin-
gungs-Summenfrequenzgenerations (VSFG)-Spektroskopie sollte herausgefunden werden, ob
das Photostromsignal mit den verschiedenen Ankergruppen und ihren Bindungsmodi korre-
liert war. Durch die UV/Vis Spektren wurde gefunden, dass sich die Anhydridgruppe bei der
Anbindung 6ffnete. Unter Einbeziehung der IR und Raman Spektren konnte geschlussfolgert
werden, dass der Carbonsdureanker von ID1157 und beide Carboxylatgruppen der geoéffneten
Anhydridgruppe von ID1152 {iber eine zweizdhnige Briicke banden. Zusétzlich konnte durch
die Hintergrund-unterdriickten VSFG Spektren der gebundenen Farbstoffe in Luft und Wasser
gezeigt werden, dass diese geordnet adsorbierten, ID1157 mehr als ID1152, wobei allerdings
beide nur wenig durch die Anwesenheit von Wasser gestért waren. Dariiber hinaus wurde ge-
funden, dass alle Molekiile in der ID1157 Farbstoffschicht durch Chemisorption an die TiO, Ober-
flache gebunden waren. Im Gegensatz dazu setzte sich die ID1152 Farbstoffschicht aus chemisor-
bierten und physisorbierten Farbstoffen zusammen, wobei letztere iiber eine geschlossene An-
hydridgruppe koordiniert waren. Auch zeigte ID1157 eine hthere Oberfldchendichte an adsor-
bierten Molekiilen im Vergleich zu ID1152. Ausgehend von einer vorldufigen Polarisationsana-
lyse wurde vorgeschlagen, dass die Farbstoffe mit Carbonsdureanker eine geneigte Bindungs-
geometrie einnahmen. Mit Blick auf die Ergebnisse, die beziiglich der Bindungsgeometrie der
Farbstoffe ID1157 und ID1152 erhalten wurden, war es moglich einige Kriterien, die fiir die Erzeu-
gung eines starken Photostroms wichtig sind, zu identifizieren: 1) Bindung des Farbstoffes durch
Chemisorption mit 2) einer hohen Oberflichendichte und moglicherweise mit 3) einer geneigten
Geometrie. Diese Erkenntnisse sind wichtig fiir das Verstandnis des Mechnismus der Farbstoff-
funktionalisierung. Abschliefend wurde die Methanol und CO, Adsorption an TiO, Filmen mit
VSFG Spektroskopie untersucht. Es wurde nur molekular adsorbiertes Methanol beobachtet, das
leicht durch Wasser oder Methanol/Wasser Mischungen verdriangt wurde. CO, Adsorption je-
doch konnte nicht in der untersuchten spektralen Region detektiert werden.
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Chapter 1

Introduction

1.1 Motivation

Since the beginning of the industrial era, human activity has had an ever-increasing de-
mand for energy. To date 15TW are consumed worldwide per year. Due to progressing
industrialization and urbanization on all continents the energy consumption will even
increase to 27 TW in 2050 and may reach 43 TW by 2100 [1, 2]. Currently, fossil fuels
constitute our main energetic source. However, these resources are limited and might
be depleted in 40 to 100 years already [3]. Moreover, the combustion of fossil fuels in-
evitably leads to pollution of the atmosphere with greenhouse gases like carbon dioxide
(CO,, main contributor), nitrous oxide (N,0O) and methane (CH,) [4, 5]. It is thought that
these gases are responsible for the global temperature increase since they reflect infrared
(IR) emission back to the Earth’s surface. Global warming seems to be intimately linked
to the observed climate changes which are responsible, for example, for the increased
rates in glacial melting and desertification. In order to tackle both future energy demands
and high CO, emissions, alternative carbon-free energy resources are needed. Sunlight
immediately comes an attractive candidate since it is the most abundant and powerful
renewable energy source by providing worldwide ~100 000 TW per year [6]. The greatest
challenge with solar energy is its capture, conversion and storage for later use. Natural
photosynthesis shows impressively how sunlight can selectively drive the oxidation of
water to oxygen (O,) and reducing equivalents and the reduction of CO, to carbohy-
drates. Taking Nature as an example, it has been in recent years a human endeavor to
be able to design artificial photosynthetic devices that allow solar energy conversion into
electricity or fuels, often termed solar fuels. Electricity can already be produced by inor-
ganic or organic solar cells as will be explained below. As far as solar fuels are concerned
hydrogen can be considered as one when obtained by sunlight-driven water splitting:

2H,0 — O, +4H" +4e” E° =081V
2HT +2¢” — H, EY =042V (1.2)

Potentials E° are referenced against normal hydrogen electrode (NHE) at pH 7.
It has the highest energy density of fuels by weight and its only combustion product is
water. However, apart from these advantages, hydrogen transport and storage are com-

plicated due to its gaseous state and explosive properties. Liquid fuels are much more
desirable in terms of handling issues. An alternative solar fuel in this context is methanol

1
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(CH;0H), a CO, reduction product. Effectively converting CO, into fuels would both
reduce CO, emissions and provide an alterative energy resource. Yet, this is not an easy
task because CO, is a thermodynamically very stable compound by being fully oxidized.
Moreover, the CO, reduction is not selective but can yield several products [7]:

CO, +e~ — COy E’=-190V (1.3)
CO, +2H" +2e~ — HCOOH E’=-0.61V (1.4)
CO, +2H" +2e~ — CO + H,0 E° =053V (1.5)
CO, +4H" +4e~ — HCHO + H,0 E’ =048V (1.6)
CO, +6H" +6e~ — CH,0H + H,0 E=-0.38V (1.7)
CO, +8H" +8e~ — CH, + 2H,0 E°=-0.24V (1.8)

Potentials E° are referenced against normal hydrogen electrode (NHE) at pH 7.

Thus, the CO, reduction reaction requires a highly efficient and selective photocatalyst.
In the case of methanol production, the CO, reduction reaction is a 6-electrons process
(Eq.1.7). Since in photochemical reactions one photon can only induce the transfer of one
electron, the applied photocatalyst has to favor the conversion of a one-electron transfer
step to a multi-electron reduction of CO, i.e. by the intermediary of electron-sink entities.
Furthermore, the photocatalyst should consist of inexpensive and sustainable materials
in order to make solar fuels a marketable renewable energy alternative.

1.2 Current photocatalytic CO, conversion systems

In the style of natural photosynthesis many reported artificial photocatalysts are com-
posed of a visible (Vis) light harvesting unit mimicking the chlorophyll chromophore
in plants and a catalyst center representing the manganese and magnesium ion centers
of the photosynthetic water splitting and CO, reduction enzymes, respectively. Light
absorption can be achieved by metal complexes, organic compounds such as dyes, or
by semiconductors. These are coupled to other metal complexes, metal particles or en-
zymes for CO, reduction. Based on their combination, the types of photocatalysts can
be classified into homogenous, heterogeneous and mixed hybrid systems. A comprehen-
sive overview and literature compilation of the different types of photocatalysts has been
given previously in several reviews [8-10], the main aspects of which are summarized
below:

— Homogenous systems
Homogeneous systems are usually based on transition metal complexes. In single-
component systems Re(I) bipyridyl (bpy) carbonyl complexes function both as light
harvesting unit and as catalytic center. The main reduction product is carbon monox-
ide (CO) in the presence of a sacrificial electron donor, mostly triethanolamine (TEOA)
or triethylamine (TEA). The latter are added to recover the ground state of the photo-
sensitizer. Fe- and Co-porphyrins can also perform both the sensitizing and catalyzing
steps. With these as well CO, is mainly reduced to CO. In multi-component systems
usually one metal complex is chosen as the photosensitizer and another metal complex
as the catalyst. Mixed in solution with a sacrificial donor CO, formic acid (HCOOH)
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and even methane (CH,) are possible CO, reduction products and are selectively ob-
tained. Tris(2,2"-bipyridyl)Ru(Il) complexes mostly form the sensitizer but also Re(I)
bipyridyl carbonyl complexes or organic molecules can be applied. As catalyst, Ni,
Co and also Re complexes with nitrogen-coordinated ligands are employed. Similar
complexes are also combined in supramolecular assemblies where one sophisticated
ligand coordinates both metal centers thus bringing them in spatially defined distances
to each other. All these systems exhibit long-lived excited states thus allowing the pro-
moted electron to undergo chemical reactions right at the point of formation or after
inter- or intramolecular charge transfer at the catalytic site. Drawbacks of using tran-
sition metal complexes however, are their high costs, toxicity and their low ability to
yield more than two-electron reduction products.

— Heterogeneous systems

Heterogeneous systems are commonly based on inorganic semiconductors. In these,
light is absorbed by exciting an electron from the valence band (VB) of the semicon-
ductor to the conduction band (CB). Among other processes the excited electron can
be transferred to adsorbed acceptor molecules such as CO,. The positive charge in
the conduction band, often called hole (h*), can be filled by electrons from molecules
such as water or sacrificial donors, namely TEOA, TEA, dimethylformamide (DMF)
and isopropanol. With water as reductant the product yield is fairly low due to poor
CO, solubility, competition with H, formation and the weak electron donor strength
of water. For a successful photocatalysis, the potential of the CB must be more nega-
tive than the redox potential of the product (i.e. of CH;0OH/H,CO;) when methanol
is to be obtained from CO, and H,O, and the potential of the VB must be more posi-
tive than the oxidation potential of the donor molecule. Another important issue are
organic contaminants on the semiconductor surfaces which can function both as reduc-
tant and as carbon source [11]. Hence, all contamination has to be thoroughly removed
prior to photocatalysis in order to insure that solely CO, reduction is taking place. Var-
ious semiconductors have so far been tested, namely TiO,, ZnO, ZrO,, CdS, Fe,O;,
WO;, GaP and SiC. Among these, TiO, is the most intensively used because of its low
cost, abundance, non-toxicity, durability under reaction conditions and large bandgap.
The latter provides VB and CB potentials which are sufficiently positive and negative
for H,O oxidation and CO, reduction, respectively. However, in order to excite the
bandgap, Vis light is not sufficient but ultraviolet (UV) light is instead needed. Sem:i-
conductors are especially attractive because they can be doped or loaded with metal
particles which function as traps for the excited electrons. Thus, these so-called co-
catalysts enable multi-electron reduction reactions so that CH;OH and CH, can be ob-
tained. For instance, CH;OH could be selectively produced applying TiO, doped with
3.0 wt% of CuO under UV irradiation [12]. Also, Pd-deposited TiO, gave CH, in good
yields [13]. With bare TiO, little to no products were generated. Besides metal doping
several other approaches have been undertaken to modify TiO,. In order to narrow the
bandgap so that Vis light can be used to trigger the reduction reaction, several strate-
gies have been carried out including TiO, particle size modification, elemental doping,
combination with a narrow bandgap semiconductor, and dye-functionalization. As
such, modified photocatalysts are called hybrid catalysts.

— Mixed hybrid systems
Successful CO, reduction to CH;OH and/or CH, using Vis light was reported for Pt-
loaded TiO, combined with CdSe quantum dots [14] as well as for dye-functionalized
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metal-deposited TiO, particles. The light harvesting dyes in the latter case were Ru
bipyridyl complexes [15, 16]. An interesting three-component photocatalyst produc-
ing CO selectively is composed of TiO, nanoparticles functionalized with a Ru dye
as light collector and a natural enzyme with an active CO, reduction site [17, 18].
Dye-functionalization of TiO, is a promising way to render TiO,-based photocatalysts
excitable with solar light. This is clearly demonstrated by the already commercial-
ized dye-sensitized organic solar cell (DSSC) [19], the working principle of which will
be explained below. Basically, this cell converts solar energy in electricity using dye-
functionalized TiO, nanoparticles. Despite the success of the DSSC the CO, reduction
applying dye-functionalized TiO, as photocatalyst has so far been studied only by two
groups [15, 16]. The efficiency and selectivity achieved are not yet convincing and con-
sequently more research is needed in this field of CO, reduction. To this end, further
studies with the aim to improve the catalyst’s composition have to be performed and
the in situ analytics of the reaction have to be intensified in order to optimize reaction
parameters towards high efficiency and selectivity.

1.3 Solar2Fuel project: Novel method of CO, reduction

As stated in the previous paragraph further research on photocatalytic CO, conversion is
required. Having this in mind, the project called Solar2Fuel (S2F) was initiated by BASF
SE (Ludwigshafen, Germany) in 2009. This project is one of the various projects forming
the Leading-Edge Cluster Forum Organic Electronics located in the Rhine-Neckar region
and is supported by the German Federal Ministry of Education and Research (BMBF).
The aim of the S2F project is to convert CO, from industrial flue gas streams into value-
added products like fuels, e.g. methanol which could power combustion engines or fuel
cells, in aqueous media by the use of sunlight. The photocatalyst chosen for this task
is composed of dye-functionalized TiO, nanoparticles impregnated with different metal
particles (Fig. 1.1). The dyes under investigation are purely organic perylene derivatives.
These dyes are advantageous compared to transition metal complexes because of their
low costs and low toxicity. They possess either a carboxylic acid group or an anhydride
group to anchor to TiO,. While the carboxylic group is frequently used as anchoring
moiety for dye attachment, the anhydride group is not.

Fig. 1.1: Schematic representation of the CO, reduction reaction with water as the re-
ductant and dye-functionalized TiO, nanoparticles impregnated with metal particles as
photocatalyst.

The S2F project stems from a collaboration between five partners namely, BASF SE — Di-
vision of Dyes for Electronics, Energie Baden-Wiirttemberg (EnBW) AG in collaboration
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with Forschungszentrum Jiilich, and several research groups from the Karlsruhe Insti-
tute of Technology (KIT) (Bockhorn group), the University of Heidelberg (Biirgi group
and working team Grunze with Koelsch and Zharnikov groups), and the Ludwig Maxi-
milian University of Munich (LMU) (Schmidt-Mende group). The responsibility of BASF
within the project is to develop novel photoactive materials with strong absorption in
the Vis wavelength region and to analyze them together with the Schmidt-Mende group
at LMU in regards to conversion rate and selectivity in a test reactor. EnBW determines
the emission and energy balances as well as the economic perspectives of the CO, reduc-
tion process, thereby considering all necessary steps from the capture of the exhaust gas
stream to the separation of methanol from the reaction mixture. The Bockhorn group at
KIT focuses on both experimental and theoretical studies of the layout of a potential pho-
toreactor. Finally, completing the analysis of the photocatalytic CO, reduction, the Biirgi,
Koelsch and Zharnikov groups at the University of Heidelberg concentrate on the mech-
anistic investigation of the reaction. Both in situ and in vacuo studies of the photocatalyst
are performed. Dye/TiO, interactions with and without CO, /H,O present and with and
without irradiation are studied with linear and nonlinear vibrational spectroscopies as
well as with X-ray photoelectron spectroscopy (XPS) and temperature-programmed des-
orption (TPD). The reduction products are analyzed by gas chromatography (GC). On
one hand, these techniques provide information on dye binding properties and stabili-
ties and, on the other hand, on the CO, reduction mechanism. Knowing the fate of the
materials under reaction conditions is essential in order to optimize the reaction parame-
ters and thus the CO, reduction efficiency and selectivity. Especially important is the dye
adsorption pattern since it influences the charge transfer from the dye to TiO, and there-
fore also the CO, reduction efficiency. For this reason, the focus of this thesis lies on elu-
cidating the dye/TiO, interactions. For these investigations, vibrational sum-frequency
generation (VSFG) spectroscopy in combination with IR and Raman spectroscopy is em-
ployed.

1.4 Objectives and Hypothesis

The main objective of this thesis is the determination of the specific binding modes of
the two different dye anchoring moieties, namely the carboxylic acid and the anhydride
group, at the TiO, surface. Special focus is put on the investigation of the anhydride
group since this anchoring unit is not frequently employed and therefore its binding pat-
tern is much less known. Moreover, the present work aims at analyzing the orientational
order of the dye molecules on the TiO, surface both in air and in water. With the acquired
knowledge it is hoped to explain the photocurrent outputs of different dye/TiO, systems
which only differ in the anchoring moiety so that parameters defining an efficient photo-
catalyst for CO, reduction can be determined. Furthermore, a side objective of this thesis
is to study methanol and CO, adsorption on TiO, in order to elucidate important (inter-
mediary) steps of the CO, reduction reaction.

In the case of the carboxylic acid anchoring group it is hypothesized that it transforms
upon binding to TiO, into a carboxylate group which coordinates in a bidentate fashion
(see Section2.2.1). In contrast, for the anhydride group it is expected that it opens up
upon binding and coordinates with both newly formed groups in a bidentate pattern.
This will have an influence on the photocurrent which is assumed to depend on the an-
chor group and the packaging of the dye molecules on the TiO, surface. As for methanol
molecular and dissociative adsorption is anticipated and for CO, carbonate formation
seems most likely.
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In order to prove these hypotheses, two perylene dyes exhibiting the same structural
body but different anchor groups were chosen for direct comparison. While the binding
mode was studied with ultraviolet/visible (UV/Vis), IR, and Raman spectroscopy, the
orientational order was investigated with VSFG spectroscopy. Moreover, because of its
greater surface sensitivity, the latter method was applied to distinguish between bulk
and surface related binding modes thus enabling further insights into the dye binding
patterns. The findings were verified by studies on structurally similar dyes and also on a
simple model dye in the case of the dyes with anhydride group. The methanol and CO,
adsorption experiments were carried out in situ from the liquid phase and analyzed with
VSEG spectroscopy. In order to perform the VSFG spectroscopic studies on the rather
complex samples it was necessary to develop a sample preparation method (e.g. TiO,
nanoparticulate films coated on CaF, prisms) as well as to implement a special VSFG
measuring mode (time-delay technique).

1.5 Outline of the thesis

Chapter2 reviews the theoretical background and the current state of research essential
for the discussion of the experimental results. In the first part, the working principle
of dye-functionalization in semiconductor photocatalysis is explained and the photocat-
alytic properties of TiO, are presented. In addition, sensitizing dyes are introduced and
the charge transfer dependence on binding properties is shown. In a second part linear
spectroscopic studies on carboxylic acid and anhydride groups containing molecules are
summarized and lastly, VSFG spectroscopic studies of TiO, surfaces are discussed.

Chapter 3 introduces the materials utilized for the experiments and explains shortly the
methods employed, both theoretically and in terms of the measurement parameters used.

Chapter4 discusses the results obtained on the dye-functionalized TiO, nanoparticles
with UV/Vis, IR, Raman, and VSFG spectroscopy and relates them to photocurrent re-
sults. Prior to this, images of the TiO, surface obtained by scanning electron microscopy
(SEM) and atomic force microscopy (AFM) are shown. The remainder of the chapter is
then divided into linear and nonlinear optical spectroscopic results. Each of these sec-
tions successively analyzes data on the dyes with carboxylic acid and anhydride anchor
groups. Afterwards, the results on the two different anchoring units are compared and
related to photocurrent signals observed for the respective dye/TiO, systems. Finally,
the VSFG spectroscopic studies on methanol and CO, adsorption are presented.

Chapter5 formulates the conclusions that can be drawn from the results obtained in
Chapter 4 and gives an outlook of future prospective works.



Chapter 2

Theoretical background and current
state of research

In the following chapter the basics of dye-functionalization in semiconductor photocatal-
ysis are presented. Special focus is put on the properties of the materials involved and
on the possible binding configurations of the dye molecules on the semiconductor sur-
face depending on their anchor group. It will be shown how the binding influences the
charge transfer from the dye to the semiconductor and how optical spectroscopy can
assist to deduce the different binding modes.

2.1 Dye-functionalization of semiconductor nanoparticles

2.1.1 Dye-sensitized organic solar cells

Dye-functionalized TiO, nanoparticles are already successfully employed in DSSCs. As
mentioned above these cells convert solar irradiation into electricity. Since the first func-
tional prototype was developed by Michael Gritzel [19] it is also termed Gratzel cell.
The layout of a DSSC consists of two glass electrodes coated with a transparent conduct-
ing oxide (TCO) layer. The working electrode is covered with a mesoporous layer of
the dye-functionalized TiO, nanoparticles and the counter electrode is covered with Pt.
Other large bandgap semiconductors than TiO, such as SnO, and ZnO were tested but
found less efficient. The advantage of the mesoporous layer is its high surface area pro-
viding sufficient adsorption sites for the dyes. The space between the two electrodes is
filled with an electrolyte solvent, often acetonitrile, containing a redox mediator, usually
a mixture of iodide/triiodide (I"/I3). The TCO is generally made of tin-doped indium
oxide (In:5nO,, ITO) or fluorine-doped tin oxide (F:SnO,, FTO) in order to achieve a low
sheet resistance and a high solar light transmittance [20, 21].

When sunlight hits the dye-functionalized TiO, nanoparticles it promotes an electron
from the ground state (S) of the dye to an excited state (5*) (Fig.2.1). This electron can
then be injected into the CB of the semiconductor by electronic coupling between TiO,
and the dye transforming the dye into its oxidized state (5T). From there it migrates to the
TCO layer and continues to travel through an external load to the Pt counter electrode.
In order to close the electronic circuit the dye must be regenerated. This is achieved by
the redox mediator. It transfers an electron to the ground state of the dye being oxidized
during this process. The circuit is fully completed when the Pt-coated electrode donates
an electron to reduce the oxidized redox mediator. The redox potentials for the chosen
cell components must be adjusted such that this electron flow is enabled [20, 21].
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Fig. 2.1: Working principle of a DSSC with energy level scheme of TiO,, the dye (here
N719 which will be introduced later on) and the redox mediator I" /I5.

A similar working principle is assumed for the CO, reduction reaction using
dye-functionalized TiO, nanoparticles. The major difference however is that the pro-
moted electrons are consumed for chemical bond formation (see Fig.1.1). Here, upon
irradiation with solar light the dye is excited and an electron is transferred to the CB of
TiO,. Deposited metal particles can function as electron trap thus collecting the electrons
from the CB of the semiconductor. As such they adopt the role of a co-catalyst and act as
the CO, reduction site [22]. In the ideal case the dye is recovered by electrons generated
by water oxidation. Both water and CO, are consumed and have to be refilled in order
to allow continuous reactions.

The best solar-to-electrical energy conversion efficiencies are obtained for cells using
Ru(Il) polypyridyl complexes. The highest conversion efficiency achieved so far amounts
to ~11% employing the diprotonated cis-di(thiocyanato)-bis(2,2’-bipyridyl-4,4’-dicar-
boxylate)-Ru(II) complex (Ru(II)(LH)g(NCS)g_, where L = 2,2-bipyridyl-4,4’-dicarboxy-
late; N719) as the sensitizing dye (see Fig.2.1) [23, 24]. This value is promising but still
lower than for conventional Si-based inorganic solar cells which reach up to 25 % effi-
ciency [24]. Thus, it is important to further improve the key components of the DSSC in-
dividually and collectively. For the optimization process, a detailed understanding of the
elementary steps including electron excitation, charge injection, dye recovery, etc., and
in addition how these are influenced by the cell design is essential. This is where optical
spectroscopic techniques come into play. Time-resolved femtosecond spectroscopy can
follow the charge transfer processes [25-27] and vibrational spectroscopy can study the
dye stability, configuration, and binding in situ and non-destructively [28-31]. The anal-
ysis of the properties of the dye-functionalized TiO, nanoparticles employed in DSSCs
is much further advanced than when used in the CO, reduction reaction. Therefore, in
the present study of the dye binding properties, the former analysis is taken as a starting
point as well as for comparison.
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2.1.2 Properties of TiO,

As mentioned above TiO, is the most commonly used semiconductor in DSSCs as well as
in heterogeneous CO, reduction because of its many advantages. Besides exhibiting suit-
able VB and CB potentials for water oxidation and CO, reduction, it is photocatalytically
stable under reaction conditions, non-toxic, and inexpensive [32-34]. Its photocatalytic
properties are not only exploited in solar cells and CO, reduction but also in self-cleaning
coatings and in air and waste water treatments [35]. Moreover, due to its non-toxicity
and high reflective index it is applied as white pigment in ceramics, paints and cosmetic
products. As surface layer on Ti bone implants it has also been found to increase the
biocompatibility of the latter. Finally, it also finds applications as gas sensor since its con-
ductivity changes upon molecular adsorption [35].

Unmodified or undoped TiO, itself is photocatalytically active because the electron pro-
motion from the VB to the CB due to light irradiation generates electron-hole pairs in the
bulk structure i.e. excess negative and positive charges come to reside in the CB and VB,
respectively. There exist several pathways for the deactivation of the electron-hole pairs.
The unwanted one is charge recombination without catalytic activity. The desired one is
charge separation and its migration to the semiconductor surface where oxidation or re-
duction of adsorbed species can occur. Usually the surface is covered with adsorbed oxy-
gen and water molecules. Their reduction creates oxygen and hydroxyl radicals which
attack adsorbed organic molecules and decompose them. This mechanism explains the
self-cleaning properties of TiO, [22, 36].

The photocatalytically important crystal phases of TiO, are rutile and anatase. In each
crystalline structure the Ti** atoms are encased by six O*~ atoms forming an octahedron.
The structures differ by the distortion and assembly of the single octahedra. In rutile
these octahedra are connected via their corners and edges and the unit cell dimensions
area = b= 4.584 A and ¢ = 2.953 A (Fig.2.2 A). The crystal structure belongs to the point
group D} and the space group P4,/mnm. As for anatase the octahedra are linked via
edges and planes forming a unit cell with a = b = 3.782A and ¢ = 10.24 A (Fig.2.2B).
The point group is D} and the space group is I4;/amd. Both the space groups of ru-
tile and anatase exhibit centrosymmetry [35]. The dissimilar lattice structures of rutile
and anatase lead to slightly different bandgap energies (3.0eV and 3.2 eV for rutile and
anatase, respectively [37]). Hence, an electron can only be excited from the VB to the
CB applying UV light (A 2 3eV). Rutile is the thermodynamically more stable poly-
morph which is why the pure bulk phase of anatase transforms into rutile at temper-
atures above 600 °C. However, small TiO, particles, i.e. nanoparticles, mainly exist in
the anatase phase. This is due to the fact that the latter exhibits a lower surface energy
compared to the rutile phase [38]. Furthermore, anatase shows better photocatalytic per-
formance as a result of a higher surface-adsorbed hydroxyl radical concentration and a
slower charge recombination after excitation [37].

In addition, each of the TiO, crystal phases has a face which is most thermodynami-
cally stable. In rutile crystals and in anatase nanoparticles, the (110) and (101) faces, re-
spectively, exhibit highest stability and, consequently, are predominantly exposed. These
surfaces expose twofold coordinated bridging oxygen atoms (Oz.) and fivefold coordi-
nated Ti atoms (Tis.), in addition to three-bonded oxygen atoms (Os.) and sixfold coor-
dinated Ti atoms (Tig.). The latter two are the typical bulk species. Therefore, the under-
coordinated Tis. atoms form reactive chemisorption sites, e.g. for anchor groups of dye



2.1. Dye-functionalization of semiconductor nanoparticles

molecules. Moreover, surface defect sites, i.e. oxygen vacancies, release underlying Tis.
atoms which form reactive sites as well [35, 39]. Side views of both planes are displayed
in Fig.2.2 A and B.

Fig. 2.2: Ball-and-stick models of the (A) rutile(110) and (B) anatase(101) crystal faces
(side view). The red and blue balls represent oxygen and Ti atoms, respectively.

For the study of the dye adsorption, it is important to know that under ambient condi-
tions the TiO, surface is hydroxylated. Molecularly adsorbed water partly dissociates
to form two types of hydroxyls: 1) terminal hydroxyls which are adsorbed to Tis, sites
and 2) bridging hydroxyls which result from protonation of O, atoms [40, 41]. It is
known that the terminal hydroxyls are preferred adsorption sites for carboxylic acid an-
chor groups [42].

2.1.3 Sensitizing dyes

The performance of a DSSC depends strongly on the properties of the sensitizing dye and
consequently the CO, reduction efficiency will depend on it as well. In order to be effi-
cient, a photosensitizer must satisfy several criteria: 1) it must possess an anchor group
(e.g. carboxylic acid, phosphonic acid or anhydride group) which binds it covalently via
the hydroxyl groups on the semiconductor surface, 2) it must exhibit broad absorption
overlap with the solar spectrum including the near-IR region with high molar extinction
coefficient (¢ > 10000 L mol~! cm™!) for strong solar light harvesting, 3) it must have a
long-lived excited state which is localized near the anchor group and which lies ener-
getically above the CB of TiO,, 4) it must have a ground state which is localized on the
periphery of the dye in order to prevent charge recombination between TiO, and the ex-
ited dye and which lies below the energy level of the redox mediator or water, 5) it must
be stable under working conditions and, finally, 6) it must not aggregate on the semicon-
ductor surface so that radiationless decay of the excited state is avoided [42-45].

The aforementioned Ru bipyridyl transition metal complexes fulfill most of these require-
ments. However, they exhibit relatively low molar extinction coefficients (¢ < 20000L
mol~! em™?) so that ~10 um-thick TiO, films in DSSCs and high TiO, particles suspen-
sion concentrations in CO, reduction are needed in order to achieve efficient light har-
vesting, thereby increasing the material consumption. Furthermore, Ru complexes are
expensive due to the costs of raw Ru material and labor-intensive because of the numer-
ous sophisticated purifications steps required [45].

For these reasons, several organic dyes such as merocyanine, coumarin, indoline, tetrahy-
droquinoline, cyanine, carbazole, porphyrins and rylene dyes, have been tested in solar
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cell applications [46]. Advantageously, organic dyes are rather inexpensive, less toxic,
possess high molar extinction coefficients and their light absorption and energy level
properties can be tuned via molecular design. However, efficiencies and stabilities of or-
ganic dye-based DSSCs still need to be improved [44, 47].

Perylene dyes are particularly interesting as sensitizers in DSSCs because of their strong
absorption in the Vis regime with a high molar extinction coefficient (in some cases ¢ <
100000 L mol~! em~!), chemical and photochemical stability, and highly emissive excited
state which allows ultrafast (fs timescale) electron injection from the dye into TiO, [48,
49]. The stability and chromaticity of the perylene dyes is clearly demonstrated by their
commercial use as pigments in automotive paints, as colorants of synthetic fibers and
engineering resins [50]. The structures of the two most important and well-characterized
pigments whose derivatives form the class of perylene dyes used in solar cells are shown
in Fig. 2.3, namely 3,4,9,10-perylene-tetracarboxylic dianhydride (PTCDA) and 3,4,9,10-
perylene-tetracarboxylic diimide (PTCDI). Furthermore, these dyes display organic semi-
conductor characteristics which make them suitable for application in optoelectronic de-
vices [51].
i
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Fig. 2.3: Molecular structure of PTCDA and a PTCDI derivative. R designates a side-
chain group, often an H atom or an alkyl chain.

The first successful DSSC employing perylene-based dyes was presented in 1997 by Fer-
rere et al. [52, 53]. They sensitized a colloidal SnO, film with perylene derivatives an-
choring via two carboxylic acid groups and reached efficiencies of 0.89 %. One year be-
fore, Burfeindt ef al. investigated the interfacial charge injection dynamics at a perylene-
modified TiO, electrode via femtosecond pump-probe spectroscopy [54]. Perylene deriva-
tives are suitable candidates for such fundamental experiments because of their highly
emissive excited states allowing the detection of spectra with good signal-to-noise (S/N)
ratios. After these proof-of-principle experiments, many other perylene derivatives with
both carboxylic acid and anhydride groups as anchoring units were synthesized by mod-
ifying the PTCDA and PTCDI pigments and tested in solar cells but efficiencies remained
low (for a recent review, see [50]). A reason for the latter were the poor electron-donating
abilities of the used perylene dyes thus achieving only low electron transfer from the
excited state of the dye to the CB of the semiconductor. Solar cell efficiencies however
could be greatly improved by adding electron donor groups to the dye structures thus
creating dyes with intramolecular push-pull properties. As donor groups, alkyl or aryl
amine substituents proved effective [55-60]. Adopting this strategy, the most promising
perylene sensitizer obtained to date yields 6.8 % efficiency [57]. It is a direct derivative
of PTCDA: one anhydride group is kept as the binding moiety, whereas the other one is
replaced by a bulky diphenylamine donor group at the 9-position, thus preventing dye
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aggregation on the TiO, surface. Furthermore, it bears two thiophenol groups at the 1-
and 6-positions.

The perylene dyes investigated in this thesis show very similar molecular designs
(Fig.3.1). The latter as well as the other donor-acceptor perylene dyes exhibit ground
states localized on the donor moiety with energies below the ones of the typical redox
mediator I" /I3 and excited states localized on the anchoring moiety with energies higher
than the CB of TiO,. Thus, efficient dye regeneration and charge injection, respectively, is
possible. In general, a strong donor group directly connected to the acceptor part shifts
both ground state and excited state energy levels showing the potential of molecular de-
sign in tuning the photochemical dye properties [50].
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Fig. 2.4: Chemical structures of perylene dyes investigated in this work.

2.1.4 Link between dye binding and charge injection

As stated above high charge injection efficiencies improve the overall performance of a
DSSC and presumably the CO, reduction efficiencies as well. Charge injection depends
on the energy level matching of the CB of TiO, and the excited state of the adsorbed dye
molecule as well as on the electronic coupling strength between semiconductor and dye.
Both processes are determined by the anchor group which connects the dye to the TiO,
surface. This is due to the fact that the anchor group in most cases influences the dye’s
excited state energy and that it mediates the electron transfer from the dye to the semi-
conductor. Moreover, the anchoring strength plays a role in the stability of the device
[27, 43, 61-63]. Most frequently dyes are attached to metal oxide surfaces by phospho-
nic acids, carboxylic acids and derivatives of the latter, e.g. esters, acid chlorides, acetic
anhydrides, carboxylate salts or amides. They all form bonds by reacting with surface
hydroxyl groups [20, 61]. The most frequently applied and successful functional groups
are based on carboxylic acids because these have proven to achieve strong electronic cou-
pling by tight binding which in turn leads to fast electron injection rates [42, 64, 65].

In search of alternative anchor groups which might even perform better than the car-
boxylic acid group, Ambrosio et al. calculated electron injection times from perylene
bound to rutile(110) and anatase(101) surfaces by various possible anchor groups. The
excited state energy level was kept at a constant value above the CB energy of TiO,. They
found that phosphonic acid, dihydroxyl (like in catechol), hydroxamic acid and imide
groups exhibited faster electron injection times than the carboxylic acid group [63]. This
indicates that dyes with different anchor groups should be more explored as photosensi-
tizers in order to improve electron injection efficiencies and overall device performance.
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However, electron injection is not only influenced by the nature of the anchor group but
also by the orientation and molecular packing of the dye on the surface induced by the
anchor group. Despite the relevance of the dye configuration for interfacial processes
like through-space charge tunneling, dipole moment alignment of the dye, interfacial
local electric field, and undesired recombination reactions, experimental studies remain
scarce [66]. However, it is known that dye multilayer formation and dye aggregation
influence the charge injection efficiencies negatively. In the case of multilayers the outer
dye layers just absorb light without contributing to photosensitization and attenuate the
light needlessly which should excite the anchored dye molecules [67]. As for dye aggre-
gation such as dimer formation, radiationless deactivation pathways of the dye’s excited
state are enhanced and charge injection is reduced [45].

Only few examples exist where dye orientation on the semiconductor surface was stud-
ied in the context of charge transfer dynamics. For instance, Imahori et al. could show
that Zn-porphyrin sensitizer molecules coupled via a spacer and a carboxylic acid an-
chor to a TiO, electrode adopted a tilted geometry on the surface which greatly influ-
enced charge injection. In comparison to more upright bound Zn-porphyrins the charge
injection time of the tilted ones was much faster. As a consequence, they concluded that
through-space charge tunneling from the core of the chromophore to the semiconduc-
tor surface occurred rather than charge transfer through the anchor group. Furthermore,
they argued that gaining knowledge about the binding geometry of the dye on the sur-
face should allow to correlate it to electron injection rates thus providing a ground for
the design of photosensitizers with predictable characteristics [68, 69]. Similarly, Gund-
lach et al. investigated the electronic coupling strength, tilt angle and electron injection
dynamics of perylene dyes attached through different rigid spacers and anchor groups
(carboxylic and phosphonic acid) to both single crystal rutile(110) and colloidal anatase
surfaces. They found faster electron injection through the carboxylic acid group because
of stronger electronic coupling and fast through-space electron transfer components at
the anatase particle surface in the case of a tilted dye geometry induced by a long rigid
spacer. They explained these fast injection rates by the rough particulate surface incor-
porating many cavities which brought the dye in closer proximity to other TiO, particles
than the one onto which it was bound, thus creating shorter routes for through-space
charge tunneling [70-72]. Another interesting experiment by Griffith et al. determined
the orientation of several porphyrin dyes on a planar amorphous TiO, surface with high
accuracy by X-ray reflectometry. They showed that dye structure and dye surface layer
depended on each other. However, they did not measure electron injection rates [66].
Furthermore, Lim et al. could show that strongly adsorbed and non-aggregated N719
dye molecules improved photoinduced electron generation [73]. In their work, they de-
veloped a low-temperature stearic acid-assisted anchoring method which enabled the
dye molecules to bind with two carboxylic acid groups. In order to improve solar cell and
CO, reduction efficiencies a better understanding of dye binding geometry and packag-
ing on the semiconductor surface is needed. To this end, the work of this thesis was
carried out.

13



2.2. Linear vibrational spectroscopic studies of dye attachment

2.2 Linear vibrational spectroscopic studies of dye attachment

2.2.1 Carboxylic acid group binding to TiO,

Generally, the anchor groups can adopt different binding modes on the TiO, surface.
Thus, not only the nature of the anchor group but also its coordination influences the
electron injection efficiency from the dye to the semiconductor. Consequently, in a first
step, the determination of the binding mode is essential for the understanding of the
dye sensitization phenomenon and, in a second step, for the optimization of the overall
device efficiency and the design of new photosensitizers [61]. Both IR and Raman spec-
troscopy are specially suited techniques in order to study the dye/TiO, interaction since
they simultaneously provide structural information on the dye, the anchor group and the
TiO, surface. Experiments can be performed in situ to follow the dynamics of the bind-
ing process [31, 74] and ex situ to study the adsorbed state/configuration of the dye after
sensitization [28-30]. However, other methods such as photoelectron spectroscopy (PES)
[75-77] and near edge X-ray absorption fine structure (NEXAFS) spectroscopy [78] pro-
vide information on the dye/TiO, interface as well. Most IR and Raman studies found
in the literature investigate the binding of the Ru complex N719 and its variants, e.g. the
fully protonated species (Ru(II)(LHz2)2(NCS)2, N3) or complexes where the thiocyanato
groups are replaced by another bpy ligand. The bpy ligands may be dicarboxylated or
not giving Ru(II)(LHQ)(bpy)gJr (Fig.2.5). Only very few studies can be found on purely
organic dyes [79-81]. All these dyes possess a carboxylic acid or carboxylate group as
anchoring moiety.

COCH

Ru(l1)(LHy)(byp),2* Ru(11)(LH2)5(NCS), (N3) Ru(l1)(LH)x(NCS),*> (N719)

Fig. 2.5: Structures of Ru complexes. Ru(II)(LHg)(bpy)ng, N3 and N719.

Upon interaction with the TiO, surface the carboxylic acid group either stays protonated
or reacts in a dissociative way with the surface hydroxyl groups to form a surface-bound
carboxylate group. The possible binding modes of a carboxylic acid or carboxylate group
with Ti atoms are depicted in Fig.2.6. They can bind via chemisorption in a monoden-
tate fashion to form an ester-like linkage or they can bind with each of their two oxygen
atoms either to one Ti atom (bidentate chelating) or to two of them (bidentate bridging).
Moreover, they can interact with the TiO, surface via physisorption through hydrogen
bonding either with a surface-bound hydroxyl group and/or a lattice oxygen atom [30].

The chemisorptive binding modes can be distinguished by vibrational frequency analysis
of the C—O stretching frequencies according to an empirical rule established by Deacon
and Phillips [82]. They evaluated the vibrational spectra of a series of acetate salts with
known crystallographic structure and found a correlation between the frequency differ-
ence of the asymmetric (as) and symmetric (s) COj; stretching modes (Av = 1,5(CO;3) -
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Fig. 2.6: Possible binding modes of carboxylic acid and carboxylate groups.

v5(COy)) of the free carboxylate group (e.g. the sodium salt of the compound, Avg,;) and
the one of the adsorbed species (Av,gs) [82]. If Av,gs > Avgt, then monodentate bind-
ing is most likely. On the contrary, if Av,gs < Avg,y, then one has chelating or bridging
coordination. In most cases chelating coordination is observed for Av,qs < Avgy and
bridging coordination for Av,qs < Awvs,y [28]. This classification is based on the fact that
with different binding modes the bond order of the C—O bond changes [82]. Monoden-
tate coordination of the two oxygen atoms in a carboxylate group removes their equiva-
lence and the C—O bond order is strongly affected, which increases v,5(CO;), decreases
v5(CO3) and, in turn, increases Av,4s compared to the Avg,; value of the free carboxylate
groups. Chelating or bridging coordination should not alter the bond order too much
and hence, Av,4s is found to be similar to Avg,y values. Typical wavenumber values for
the 1,5(CO3) and v5(CO3) stretching vibrations, respectively, lie between 1750-1550 cm~*
and 1450-1350 cm ™~ [82].

In the present thesis the binding mode of the perylene dyes with carboxylic acid as well
as anhydride group anchors will be investigated by applying the above-mentioned rule
and by comparing the obtained data to the studies available in the literature on the car-
boxylic acid anchors of the Ru metal complexes and organic dyes. In the early studies of
the Ru metal complexes the determination of the binding mode is at variance showing
the difficulty to identify the actual binding mode. Different modes of coordination were
concluded because the quality of the spectra was not high enough [83], band assignments
were partly wrong [64] and reference spectra of e.g. the salt of the compound or simpler
model substances were not taken. This only changed in 1998 with the study by Finnie et
al. who systematically investigated the salt compounds of the N3 dye and compared the
resulting spectra with the ones of benzoic acid and benzoate salt [28].

Umapathy et al. were the first in 1990 to perform in situ Raman studies on the interaction
of Ru(Il)(L);~ and Ru(II)(L)g(HZO)g’ complexes with colloidal TiO,. They found that
the first complex adsorbed through a solvation layer to the semiconductor and that the
second complex coordinated directly via the water ligands and not via the carboxylate
groups of the bipyridyl ligand. The coordination mode was not determined [84]. Further
Raman experiments were carried out by Meyer et al. on TiO, powder samples function-
alized with Ru(Il)(LHy)(bpy)3*. They suggested ester-type binding based on the lack of
a v5(COy) stretching band in their Raman spectrum [85]. In contrast to that, Vinodgopal
et al. who investigated the same complex bound also to TiO, powder using diffuse re-
flectance infrared fourier transform (DRIFT) spectroscopy, assumed a carboxylate link
but could not distinguish between chelating or bridging coordination due to a band of
bound water overlapping the v,5(CO5) stretching band [83]. Later on, Duffy et al. con-
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cluded from their in situ attenuated total internal reflection (ATR)-FTIR spectra of the
very same dye bound to a TiO, nanoparticulate film a bidentate bridging coordination
[86].

Several groups afterwards focused on the elucidation of the binding mode of the N3
dye. One of them were Murakoshi and coworkers who applied FTIR spectroscopy in re-
flectance geometry to dye-coated nanoparticulate TiO, films. After spectral band assign-
ment they identified both ester-like linkage and bidentate chelating coordination of the
carboxylic acid groups [64]. Going along with that, Falaras et al. found ester-type binding
when they investigated TiO, nanoparticle powder samples using FTIR spectroscopy in
transmission geometry [87]. By contrast, Finnie et al. who performed a detailed spec-
tral comparison between the dye powder samples, their salt counterparts and the species
adsorbed to TiO, nanocrystalline films with FTIR spectroscopy in reflection geometry,
proposed instead bidentate chelating or bridging coordination of two out of the four
carboxylic acid anchor groups and hydrogen bonding as well as non-bonding of the re-
maining acid groups [28]. The same binding mode was found by Nazeeruddin et al. who
characterized it even further. They employed ATR-FTIR spectroscopy to similar samples
and determined the coordination type as bidentate bridging. According to their data,
they concluded that two out of the four carboxylic acid anchor groups were involved
in the link to the TiO, surface and went even further by saying that these two groups
belonged to two different bipyridyl ligands [88]. Their findings were also supported by
simulations [39].

The most recent studies are concerned with the investigation of the N719 dye, it being
the most efficient sensitizer to date. Leon ef al. investigated dye-coated nanocrystalline
TiO, films with Raman and ATR-FTIR spectroscopy. They concluded from their spectral
analysis that the carboxylic acid and carboxylate groups, respectively, bound in a biden-
tate chelating or bridging coordination. They also found spectral contributions from free
acid groups which they partly assigned to non-adsorbed dyes or unbound acid groups
[29]. Hirose and coworkers studied the dye binding process under varying experimental
conditions with multiple-internal-reflection geometry-infrared absorption spectroscopy
(MIR-IRAS) but did not comment on the binding mode. They showed that the dye
binding process occurred via surface hydroxyl group consumption [89]. Furthermore,
they observed that heating the dye solution during the adsorption process increased
the amount of chemisorbed dyes [90]. Lee et al. were also interested in the role of sur-
face bound water molecules and hydroxyl groups. They applied ATR-FTIR and Raman
spectroscopy to different dye-sensitized nanostructured TiO, films. Their analysis of the
binding mode led them to the conclusion that the dye N719 bound via two neighbor-
ing carboxylic acid/carboxylate groups to the TiO, surface. One group coordinated in
a bidentate bridging fashion and the other one via hydrogen bonding either with sur-
face hydroxyl groups in the case of a carboxylate group or with bridging oxygen atoms
in the case of a carboxylic acid group [30]. The latest binding mode study was carried
out by Suto et al. who investigated the binding dynamics on nanoporous TiO, films us-
ing Raman and FTIR spectroscopy in transmission geometry. They observed bidentate
chelating or bridging coordination [31].

As mentioned before only very little organic sensitizers were analyzed with respect to

their binding mode on TiO,. Hara et al. investigated coumarin and dimethylaniline
dyes with cyanocarboxylic acid anchor adsorbed to TiO, nanoparticulate films employ-
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ing both ATR-FTIR spectroscopy and simulations of the IR spectrum of the dye salt. By
comparing the experimental and theoretical spectra they suggested bidentate carboxy-
late formation [79, 80]. Srinivas et al. studied anthracene-based dyes with cyanoacrylic
or malonic acid anchor. The dyes were bound to TiO, nanoparticulate films and ana-
lyzed with ATR-FTIR spectroscopy in combination with density functional theory (DFT)
calculations. The binding mode of the formed carboxylate groups was determined as
bidentate bridging. In the case of the malonic acid anchor only one out of the two car-
boxylic acid groups was observed to bind [81]. A summary of the literature reviewed can
be found in Tab. 2.1 including the characteristic bands the binding mode assignment was
based on.

2.2.2 Anhydride group binding to TiO,

The binding process of the anhydride group is assumed to involve the attack of a car-
bonyl carbon by a surface-bound hydroxyl group, thereby opening the anhydride group
(Fig.2.7). Thus, a carboxylate group is formed that is directly bound to the TiO, sur-
face, e.g. in a bidentate bridging fashion, and a carboxylic acid group [91, 92]. The latter
one can stay isolated, interact via hydrogen bonding or bind in one of the chemisorptive
modes illustrated in Fig. 2.6.
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Fig. 2.7: First step of the anhydride opening mechanism.

Since the anhydride group is not as often incorporated in sensitizer molecules as the
carboxylic acid group its anchoring mechanism is not as frequently studied. Hence, in-
vestigations on complex molecules do not exist, however small model molecules like
acetic anhydride and maleic anhydride have been studied with various techniques. For
instance, Do et al. applied FTIR spectroscopy to analyze the binding mode of maleic an-
hydride from the gas phase onto TiO, powder used as catalyst support. They concluded
from their spectra that the anhydride opened up upon interaction with surface hydrox-
yls and bound with two carboxylate groups in a monodentate coordination [93]. Wilson
et al. studied the adsorption of maleic anhydride on the rutile(001) single crystal sur-
face by TPD and computational calculations. They suggested that the anhydride groups
bound dissociatively by involving one surface oxygen and one Ti atom, thus forming
a monodentate coordination for both carboxylates, bound to the same Ti atom though
[94]. Johansson et al. looked at the binding mechanism of maleic anhydride from the gas
phase onto the anatase(101), (100) and (001) surfaces using XPS. After spectral analysis,
they proposed that maleic anhydride bound dissociatively in a bidentate fashion on the
(101) and (100) surfaces. Their binding model for the predominantly exposed (101) sur-
face predicts bidentate bridging coordination for both carboxylates involving one surface
oxygen atom [95]. Furthermore, Ashima et al. studied the adsorption of acetic anhydride
on the rutile(110) surface with XPS, low-energy electron diffraction (LEED) and high res-
olution electron energy loss spectroscopy (HREELS). They observed dissociative adsorp-
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Tab. 2.1: List of literature studies of Ru complexes” and organic dyes’ binding modes by linear vibrational spectroscopy.

Dye Anchor groups Surface Method Characteristic bands [em ~ 1] Binding mode Reference
v(C=0) va5(CO3) v5(CO3)
(1) Ru(I)(L)3 ™~ -COO™ TiO, colloids Raman — — — (1) adsorption through solvation layer [84]
(2) Ru(I)(L)2(H,0)5 (2) direct physisorption via H,O ligands
WCQCAFENXU@SM.T -COOH TiO, powder Raman 1690 1544 — monodentate [85]
WEEXFENXUENVWJr -COOH TiO, powder DRIFT — 1650 (broad) 1380 carboxylate link, either chelating or bridging [83]
Ru(I)(LH2)(bpy)3 -COOH TiO, film ATR-FTIR — 1599 1379 bidentate bridging [86]
N3 -COOH TiO, nanoparticulate film FTIR 1728 1610 — both monodentate and bidentate chelating [64]
N3 -COOH TiO, nanoparticulate powder FTIR 1738 — — monodentate [87]
N3 -COOH TiO, nanocrystalline film FTIR 1770,1740 1610 1380 bidentate chelating or bridging of two carboxylates and free acid [28]
N3 -COOH TiO, nanocrystalline film ATR-FTIR 1722 1593 1383 bidentate bridging of two carboxylates and free acid [88]
N719 -COOH/-COO™ TiO, nanocrystalline film ATR-FTIR, Raman 1715 1602 1375 bidentate chelating or bridging and free acid [29]
N719 -COOH/-COO~ anatase surfaces MIR-IRAS 1713 1607 1375 — [89,90]
N719 -COOH/-COO™  TiO, nanostructured film ATR-FTIR, Raman 1713 1607 1377 bidentate bridging of one carboxylate and hydrogen bonding [30]
N719 -COOH/-COO~ TiO, nanoporous film FTIR — 1605 1381 bidentate chelating or bridging [31]
coumarin, dimethylaniline dyes -COOH TiO, nanoparticulate film ATR-FTIR — ~1580 — bidentate carboxylate [79, 80]
anthracene based dyes -COOH TiO, nanoparticulate film ATR-FTIR 1730 1586, 1587 1382,1395  bidentate bridging [81]

Legend: L = 2,2"-bipyridyl-4,4’-dicarboxylate and bpy = bipyridyl.
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tion of the anhydride group and binding of two carboxylates in a bidentate coordination
by involving one surface oxygen atom [96].

2.3 Nonlinear spectroscopic studies of TiO, surfaces

VSEG spectroscopy is a surface/interface-specific method and as such particularly suited
to examine the interfacial dye/TiO, binding. As a vibrational method it has the same
advantages as IR and Raman spectroscopy, meaning it provides structural information
both on the surface-adsorbed species and the substrate while at the same time being
non-destructive and functionable under ambient conditions. Moreover, polarization-
dependent measurements allow the determination of the molecular orientation of the
adsorbate on the surface.

VSEG spectroscopic studies of TiO, surfaces are not very numerous despite the frequent
use of these surfaces in photocatalytic applications. This is especially true for nanopar-
ticulate films were studies are scarce. Important results on nanoparticulate films were
mainly obtained by Wang and coworkers. They studied the species adsorbed to an
anatase film and detected a contaminating hydrocarbon layer that could be removed un-
der UV irradiation. Furthermore, they could show that the UV irradiation increased the
amount of surface-adsorbed hydroxyl groups [97]. In addition, they examined the ad-
sorption of methanol and found both molecularly and dissociatively adsorbed molecules
[98]. Performing a competitive adsorption study of acetic acid, methanol and water they
detected preferential adsorption of acetic acid [99, 100]. Asong et al. investigated the in-
fluence of Fe-doping of the TiO, film on the methanol adsorption. They could show that
Fe-doping quenched dissociative adsorption [101]. The Fe-free nanoparticulate anatase
films were also investigated with respect to their interaction with ionic liquids (including
binding geometry) by Aliaga et al.. [102].

Furthermore, thin TiO, films vapor-deposited on Pt(111) surfaces were studied by Chen
et al. with formate as probe molecule. They concluded from their spectra that the majority
of formate molecules adsorbed in a bidentate fashion and the reminder in a monoden-
tate coordination. Their studies also allowed them to distinguish between three different
kinds of surface active sites in the TiO, film [103]. Paszti et al. examined the adsorption
of different amino acids on amorphous TiO, films. They observed that aspartic acid and
glutamic acid both possessing a side chain with carboxylic acid group formed ordered
layers on TiO,, whereas amino acids without an extra carboxylic acid did not interact
strongly with TiO,. Moreover, a detailed investigation of aspartic acid showed that one
of its two carboxylic acid groups adsorbed in a monodentate fashion and the other one
via hydrogen coordination [104].

Rutile(110) and (001) single crystal surfaces were investigated by Ishibashi ef al. and An-
fuso et al., respectively. The first group studied retinoic acid adsorption and could prepare
ordered layers bound through a carboxylate group in a bidentate bridging coordination
[105]. The second group examined the adsorption geometry of the Re(CO)3CIl(LH2) com-
plex. In combination with DFT calculations they could show that the complex bound
in an upright orientation with either both carboxylic acid groups coordinated in a mon-
odentate fashion or only one adsorbed with a monodentate binding pattern and the other
one with a bidentate bridge [106]. Finally, thin TiO, films on SiO, substrates were studied
in contact with water. Uosaki et al. investigated the interfacial water structure under the
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influence of UV light illumination and found an increased ordering of the water layer
which they ascribed to an increase in hydroxyl groups on the TiO, surface [107].

The above-described studies are all somewhat relevant for the adsorption studies of the
perylene dyes on TiO, performed in the work of this thesis. In particular, the ones deduc-
ing the binding geometry of the molecules possessing carboxylic acid groups. Moreover,
the investigations on methanol adsorption are important since methanol is the desired
product of the CO, reduction reaction to be performed with the dye-functionalized TiO,
nanoparticles.

However, the TiO, interface has not only been studied by VSFG spectroscopy but also
by surface second-harmonic generation (SHG) spectroscopy, a related surface-selective,
nonlinear spectroscopic method whose response at double the frequency than the excit-
ing frequency originates from the resonant enhancement of electronic transitions from
surface atoms or interfacial molecular species. In this resonant mode, the intensity of the
SHG signal depends on the number density and the second-order hyperpolarizability
averaged over all molecular orientations of these species. For instance, Liu et al. could
show, in a study relevant for the present work, that an interfacial charge-transfer com-
plex is formed upon adsorption of catechol bearing two hydroxyl anchor groups onto
colloidal anatase particles in aqueous solution [108]. Moreover, this technique allows to
determine surface defects on the rutile(110) surfaces [109-111], symmetry characteristics
of single crystal faces [112, 113] as well as surface electronic states [114].

20



Chapter 3

Materials, Methods, and Instruments

In this chapter the experiments performed in this thesis are described and a short theo-
retical background on each instrumental method applied is given. The substrate as well
as the sample preparations are considered in detail. Special focus is put on VSFG spec-
troscopy and the special measuring mode implemented.

3.1 Dyes and TiO, particles

The perylene dyes ID1157, ID1152, SF18 and ID28 studied in this work were provided
as powder samples by BASF SE (Ludwigshafen, Germany). Their chemical structures
are shown in Fig.3.1. To date, only the synthetic route of ID28 has been published [56].
Additionally, the structurally simpler model dye 1,8-naphthalic anhydride (NA) was pur-
chased from Sigma-Aldrich (Germany) and used as received. NA was chemically cleaved
to obtain the 1,8-naphthalene dicarboxylic acid dipotassium salt (K2NA) (see Section 3.4).
The structures of the model substances are included in Fig.3.1. The TiO, nanoparticle
powder used was also provided by BASF SE and corresponds to the AEROXIDE® TiO,
P25 particles from Evonik Industries AG (Germany). This powder is composed of anatase
and rutile particles in the ratio 80:20. The Brunauer-Emmett-Teller (BET) surface of the
23.5nm-sized particles amounts to 55m?/g.
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Fig. 3.1: Chemical structures of investigated dyes.

In all experiments water of MilliQ grade (>18.2MQ-cm at 25°C; Synergy UV, Milli-
pore, Germany) was used and found to be slightly acidic (pH 5-6) owing to dissolved
atmospheric CO,. The CO, adsorption studies were performed using CO, (> 99.9 vol.%;
basi Schoberl GmbH & Co.KG, Germany) dissolved in water. Dissolution was achieved
by passing the gas through a glass frit. Most of the solvents (acetone ((CH;),CO), di-
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chloromethane (CH,Cl,), ethanol (C,H5;OH) and tetrahydrofuran (THF)) used for clean-
ing and dye solutions preparation were of the highest grade (CHROMASOLV® HPLC
grade) and purchased from Sigma-Aldrich (Germany), with the exception of isopropanol
((CH3),CHOH) which was from Carl Roth (Germany). Methanol (CH;OH) used for ad-
sorption studies was also of the highest grade and purchased from Sigma-Aldrich. The
deuterated compounds, i.e. deuterated methanol (CD;0D, 99.8 atom%D) and deuterium
oxide (D,0O, standard, 99.98 + 0.01 atom%D) were bought from Carl Roth and Sigma-
Aldrich, respectively.

3.2 Substrates

For most measurements done on TiO, films, CaF, was chosen as substrate because of
its high transparency in the Vis and IR ranges (>75-95 % for 1 mm thickness over 0.4-
10.0 um). CaF, plates (10mm x 10mm x 1mm; two-sided, optically polished (60/40);
MaTecK, Germany) were used for UV /Vis absorption spectroscopic studies of the bound
dyes, while CaF, hemicylindrical prisms (RCX-13-20-10CF, A = 13mm x 20mm, r =
10 mm; optically polished (10/20); Laser Components, Germany) were used for AFM,
SEM and VSFG spectroscopy.

For VSFG measurements, half of the basal face of each prism was coated with a 100 nm-
thick Au layer on top of a 10nm-thick Ti adhesion layer by radio-frequency (RF) mag-
netron sputtering in the laboratory of M. Bruns (Institute for Applied Materials — Ma-
terial Process Technology (IAM-WPT, KIT-Campus North, Eggenstein-Leopoldshafen,
Germany) in order to facilitate the sample alignment in the VSFG setup. Sputtering was
made on an Au target (3.00" diameter x 0.125" thickness (7.62 cm x 0.32 cm), 99.99 %; EJT-
AUXX403A2, Kurt J. Lesker Materials Group, Germany) in an Ar atmosphere. A special
holder was designed (D. Verreault, Department of Applied Physical Chemistry (APC),
University of Heidelberg, Heidelberg) and fabricated (K. Schmitt and coworkers, ma-
chine shop of APC, University of Heidelberg) specifically for the sputtering of the CaF,
prisms.

Only for CO, adsorption studies by VSFG spectroscopy was the basal face of one prism
sputter-coated with a 30 nm-thick layer of SiO, covering the Au film and the free CaF,
surface. The SiO, layer is needed in order to improve the adhesion of the TiO, film in
acidic aqueous media. An SiO, target (3.00" x 0.125", 99.995 %; EJT-SI02453A2, Kurt J.
Lesker Materials Group) was used. A gas mixture of Ar/O, (80:20v/v%) was chosen as
pre-sputtering and sputtering atmospheres in order to compensate for the oxygen loss
from the SiO, target.

Some VSFG experiments were also performed on TiO, films deposited on Au substrates.
These substrates were fabricated in the laboratory of M. Bruns again using RF magnetron
sputtering. Si wafers (Si-Mat Silicon Materials, Germany) were covered with a 10 nm-
thick Cr adhesion layer, followed by an Au layer to produce a 100 nm-thick polycrys-
talline (predominantly with (111) orientation) Au film. The wafers were cut into small
pieces (~10mm x 10 mm) for sample preparation.
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3.3 Preparation of substrates

Prior to TiO, film preparation, the Au-free parts of the CaF,-based substrates were cleaned
for 20 min in acetone and subsequently for 20 min in isopropanol in an ultrasonic bath
(Elmasonic® S10 H, Elma, Germany). Afterwards these were blown dry under a nitro-
gen (N,) flow and put in a UV/o0zone cleaner (42-220, Jelight, USA) for 1 hr. In the case of
used TiO,-covered CaF, substrates, the TiO, film was gently removed with optical lens
cleaning tissue before putting them into the solvents. As for the Au surfaces, they were
cleaned for 2.5 hrs by UV /ozonolysis only.

3.4 Chemical cleavage of anhydride anchor group of NA

The dipotassium salt K2NA for the dye binding studies was obtained by chemical cleav-
age of the anhydride group of NA. The reaction could be carried out with the help of D.
Jacubcyk at the Institute of Functional Interfaces (IFG, KIT-Campus North, Eggenstein-
Leopoldshafen, Germany) based on a reaction protocol adapted from Ref. [115]. Briefly,
NA powder (200 mg) was suspended in 50 mL water in a 250 mL two-neck round bottom
flask. Under stirring 130 4L of a 85 wt% potassium hydroxide (KOH) aqueous solution
was added and the mixture was heated up to 60-70°C for 4 hrs. The reaction scheme
of this cleavage is shown in Fig.3.2. After cooling to room temperature the water was
removed and the residue was dissolved in methanol for recrystallization. Upon placing
this solution on dry ice the product precipitated and could be obtained by filtration. The
completeness of the cleavage was confirmed by *C-NMR analysis. In the NMR spec-
trum of the product no peak attributed to anhydride carbons was observed but instead
a peak associated with the carboxylate carbons was detected. All other peaks present in
the spectrum could be assigned to the naphthalene unit, confirming that a pure product
was obtained.
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Fig. 3.2: Reaction scheme of chemical cleavage of (A) NA to (B) K2NA.

3.5 Preparation of dye solutions and bulk samples

The dye solutions for ex situ dye adsorption onto TiO, were prepared by dissolving the
dyes containing a perylene ring system (ID1157, ID1152, SF18 and 1D28) in dichloro-
methane, NA in THF and K2NA in ethanol at a concentration of 0.5 mM (for comparison
see [116]). Dilutions of 1:50 of the 0.5 mM dye solutions were made to obtain transparent
solutions, necessary for the study of free dyes with UV /Vis absorption spectroscopy.

Prior to further processing, the TiO, nanoparticle powder (P25) was cleaned by UV /ozo-
nolysis for 2hrs in order to remove remaining organic impurities from the production
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process as well as adsorbed hydrocarbons. For IR and Raman spectroscopy measure-
ments of the adsorbed dyes, the cleaned TiO, powder (~30mg) was suspended in 4 mL
of the concentrated dye solutions (ID1157, ID1152, SF18, ID28, NA and K2NA) in Eppen-
dorf vials by ultrasonication for at least 5min. The immersion step was carried out
overnight. To remove any unbound dye from the particles, the samples were centrifuged
and washed five times with pure solvent. Finally, the samples were let to dry in air. As
a reference sample pure TiO, powder was suspended in dichloromethane. Spectra of the
free dyes were taken from the powder samples as received.

3.6 TiO, film preparation

For the TiO, film preparation, the TiO, nanoparticle powder was suspended in ethanol
using an ultrasonic homogenizer (45 %, 90 min, pulsed mode; SONOPULS® HD 3200,
Bandelin electronic & Co.KG, Germany). The suspension was spin-coated (G3P-8 Spin-
coat, Cookson Electronics Equipment, USA; Fig.3.3 A) onto the various cleaned sub-
strates. For the CaF, hemicylindrical prisms a special holder was designed and custom-
built in the machine shop of the APC (University of Heidelberg; Fig. 3.3 B). The film thick-
ness and quality depends on the suspension concentration, the spin speed, and also on
the number of spin-coating steps. After many trial and error tests, transparent and ho-
mogeneous TiO, films on CaF, substrates were obtained for a suspension concentration
of 8 g/L, spin speeds of 2000 rpm for 30s followed by 3000 rpm for 3s, and subsequent
spin-coating steps (6 x 60 L) of the prepared suspension (Fig. 3.3 C). On Au substrates,
fewer steps (4 x 30 uL) were needed. These fresh films were put face down on a hot plate
at ~300 °C for 2 hrs in order to stabilize the film. After cooling in air for 15 min, the films
were rinsed with water because it was found that this step improved the film stability,
cleaned by UV /ozonolysis for 1 hr and then, after another cooling period of 15 min, incu-
bated in the dye solutions (concentrations were identical compared to the preparation of
the dye-coated particles) overnight (>20hrs). Finally, the films were thoroughly rinsed
with copious amounts of solvent and dried under a nitrogen stream.

3.7 Characterization of TiO, film

3.71 Atomic force microscopy

In order to determine their thickness and roughness the TiO, films were analyzed by
AFM in dynamic contact mode. This technique is based on measuring the forces (van der
Waals, ionic repulsion forces, etc.) between the sample surface and a very sharp probe
tip which is attached to a cantilever (spring constant of about 0.1-1.0 N/m) and scanned
over the sample surface. The movement of the tip is realized by a piezoelectric element.
The change of the force on the cantilever with surface topography results in a deflection
of the cantilever. This deflection is optically detected by reflecting a focused laser beam
onto the surface of the cantilever. A photodiode divided into four quadrants (A, B, C,
and D) then detects the position of the reflected beam. If the laser beam is displaced ver-
tically between the bottom (C-D) and top (A-B) quadrants, a bending force is exerted on
the cantilever which is due to topography; in contrast, if the beam is displaced horizon-
tally between the left (A-C) and right (B-D) quadrants, then a torsion force is present due
to friction of the cantilever with the surface. These deflections can be used to generate
either a depth profile that shows the vertical deviations along the surface or, by scanning
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Fig. 3.3: Spin-coating system and spin-coated film. (A)Commercial spin-coater,
(B) custom-built spin-coater holder for hemicylindrical CaF, prims and (C) spin-coated
TiO, film on CaF, prism (basal face view with TiO, film and TiO, film on Au on the left
and right halves, respectively.).

the sample laterally, a topographic image of the surface. Spatial resolutions range from
the pm to the atomic scale. The microscope is usually operated in constant force mode
meaning that the force between the tip and the surface is kept constant by adjusting the
height of the cantilever while scanning over the surface. If the tip was scanned over the
surface at constant height, it could hit the surface leading to damages. The advantage of
AFM is that it is possible to analyze both conductive and non-conductive materials under
vacuum, in air and in liquid.

The operation modes of AFM can be divided into static and dynamic modes. While in
static mode the cantilever is just moved over the sample surface, in dynamic mode the
cantilever is oscillated close to its resonance frequency and then moved over the sur-
face. In the former mode surface information is obtained directly from the deflection of
the cantilever, while in the latter it originates from changes in the oscillation frequency
due to tip/surface interactions. An attractive (repulsive) force destabilizes (stabilizes) the
spring and the resonance frequency is decreased (increased). With the resonance curve
fixed, profiles of constant gradient can be measured and hence the topography is imaged.
In static mode the tip of the cantilever is usually brought in mechanical contact with the
surface, whereas in dynamic mode non-contact and tapping (intermittent contact) mode
are distinguished. In tapping mode the damage done to the surface and the tip is reduced
compared to full contact [117-119].

An AFM (Dimension 3100, Digital Instruments, USA) mounted on an electrical damping
unit (Halcyonics, Accurion, Germany) was operated with the help of L. Péttinger (APC,
University of Heidelberg). Representative TiO, films on CaF, prisms were investigated.
In order to measure the film thickness half of the film was wiped away and the result-
ing edge was imaged in tapping mode and analyzed with respect to its height profile
using the AFM analysis software (Nanoscope 6.11, Digital Instruments, Veeco Metrology
Group, USA).
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3.7.2 Scanning electron microscopy

SEM was applied to study the homogeneity and porosity of TiO, film surfaces. An SEM
micrograph is obtained by scanning a focused electron beam over an electrically conduc-
tive sample in vacuum. The interactions of these so-called primary electrons (PEs) with
the sample result in the generation of emitted electrons and photons that can be collected
by appropriate detectors to give information on the composition and topography of the
sample surface. When the PEs hit the sample they lose energy by different pathways in
a teardrop-shape interaction volume within the specimen. As a consequence secondary
electrons (SEs), backscattered electrons (BSEs) and X-ray irradiation are produced. SEs
and BSEs are the result of PEs scattered by the atoms in the sample. The scattering pro-
cess is called inelastic when a PE collides with an atomic electron and an energy transfer
occurs. If the transferred energy is greater than the work function of the electron this
electron can leave the material. Emitted electrons with less than 50 eV are referred to as
SEs. BSEs are the result of elastic scattering, meaning a PE bounces against the nucleus
of an atom in the sample without loss of energy. The energy of BSEs is typically greater
than 50 eV. The probability of elastic scattering increases with higher value of the atomic
number (Z) of the material, thus leading to elemental contrast in the image. Character-
istic X-ray irradiation is generated when a PE removes an inner shell electron from the
sample and the atom decays to its ground state by emitting irradiation.

SEs originating within a few nanometers from the sample surface are mainly used to im-
age the topography of the specimen because of their low energy. This low energy makes
their collection easily achievable by a positively biased collector grid which is placed on
one side of the sample. Behind the grid the electrons are accelerated towards a scintillator,
also positively biased, and the generated photons are then detected by a photomultiplier
(Everhart-Thornley detector). Modern SEMs also have a so-called InLens-detector, lo-
cated at a small distance above the sample. Hence, very bright images can be recorded
even at high resolutions due to effective SE capture. The more energetic BSEs originating
from several nanometers deep are usually collected by a semiconductor detector installed
above the sample because they leave the sample on straight trajectories [118, 120].

The micrographs of TiO, films on CaF, substrates were recorded with an SEM (Zeiss
Supra 55, Carl Zeiss NTS, Germany) equipped with a highly energetic (~0.5-50keV)
Schottky field emission electron gun (Vae. = 0.1-30kV) and an Everhart-Thornley and
an InLens SE detector. The magnification was chosen between 5000 and 10000x, the
accelerating voltage was set to 15.0kV, and the working distance was in the range of
2.3-2.5mm. The resolution for this SEM instrument is 1.7 nm at 1kV. The measurements
were performed in collaboration with U. Geckle IAM-WPT, KIT-Campus North).

3.7.3 Photocurrent

The photocurrent of the dye/TiO, system was measured by an Au electrode coated with
a dye-functionalized TiO, film and a Pt counter electrode, both immersed in a 1M KCI
solution. When the film is irradiated with Vis light (75 W Xe light source (Oriel Instru-
ments) with 435 nm cut-off filter) the electrons excited in the dye are transferred via the
TiO, film to the Au electrode and can thus be detected as current. The higher the pho-
tocurrent the better the electronic coupling between the dye and TiO, and thus the charge
injection from the excited dye into the CB of TiO, [61]. The photocurrent measurements
were performed by F. Staier (APC, University of Heidelberg).
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3.8 Spectroscopic characterization of dye binding at TiO, films

3.8.1 Ultraviolet-visible absorption spectroscopy

Optical spectroscopy in general investigates light-matter interactions, meaning the ab-
sorption or scattering of electromagnetic radiation by molecules. In the case of UV /Vis
absorption spectroscopy radiation from the UV to the Vis range (A = 200-800 nm) is ap-
plied to the sample. This photon energy is sufficient to excite transitions between energy
states of valence electrons in the molecule [121]. Thus, the technique was applied here in
order to observe changes in the electronic structure of the dye molecules upon binding to
TiO,.

In a molecule atomic orbitals combine to molecular orbitals, which can be of single bond
(0), multiple bond (7), non-bonding (n) or anti-bonding (¢*, 7*) character. o electrons
are energetically the lowest lying ones and thus not excitable by conventional UV light
(A > 200nm). Consequently, only molecules with 7 or n electrons can be excited. More-
over, the transition dipole moment must change. Typical electronic transitions are n — 7*
and 7 — 7* transitions. In the case of aromatic systems with donor and acceptor groups
so-called intramolecular charge transfer (CT) transitions from the donor to the acceptor
group can be triggered within one molecule. In contrast, intermolecular CT transitions
take place between two different molecules, e.g. a ligand and a metal or metal oxide cen-
ter.

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are termed the frontier orbitals of a molecule, independent of their or-
bital character. The HOMO usually corresponds to the ground singlet state (S,) of the
molecule and the LUMO to the first excited singlet state (S;). The light (hv) impinging on
the sample must, according to Bohr’s frequency condition, match or be greater than the
energy gap between the HOMO and the LUMO in order to promote an electron i.e.

hv 2 E2 - El, (31)

where v is the frequency, & is the Planck’s constant, and E; and E» are the energy states
of the HOMO and LUMO, respectively.

Also, an electron can be promoted from a lower lying occupied molecular orbital (HOMO-
1) to the LUMO or even a higher unoccupied molecular orbital (LUMO+1), if the photon
energy matches this gap, resulting in more than one possible electronic transition for a
compound. The color of a substance is dependent on the gap energy. For example, a dye
absorbing yellow light (A ~ 600 nm) appears blue and vice versa.

If the m-electrons are part of a conjugated system, i.e. highly delocalized, the energies
of the orbitals lie closer together and the energy required for a transition is less. In this
case the maximum transition energy AFE,, can be obtained from the quantum mechanical
one-dimensional particle-in-a-box model:
2 2 52 2 2) 52
AE —hu—hc—<nf_ni)h (i) (3.2)
TN 8mel? 8me(N 4+ 1) ‘

where ¢ denotes the speed of light, A the wavelength of the exciting photon, and ny and
n; are the integral (non-zero) quantum number of the LUMO and the HOMO, respec-
tively. The length L of the conjugated chain is approximated as the spacing between the
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walls of the box. m, is the mass of the excited electron and N represents the number of
m-electrons [122, 123].

In the case of inorganic compounds such as semiconductors (e.g. TiO,), the HOMO cor-
responds to the valence band and the LUMO corresponds to the conduction band. A
semiconductor usually exhibits minimal optical absorption for photons with energies
smaller than the bandgap and high absorption for photons with energies greater than
the bandgap. As a result, there is a sharp increase in absorption at energies close to the
bandgap resulting in an absorption edge in the spectrum.

Typically, an UV /Vis absorption spectrum exhibits a few broad absorption bands instead
of sharp lines as would be expected from the discrete energy levels. This broadness is the
result of vibrational transitions that are superimposed on the electronic transitions. As
a consequence to the electron displacement upon excitation, the nuclei in the molecule
start vibrating. The absorption process can be quantified by the Beer-Lambert law:

I
A=log;,T~" =logy, 0((5)) =e(v)-c-d, (3.3)

where A and T are the absorbance and transmittance of the material, Ip(v) is the inten-
sity of monochromatic light entering the sample and () is the transmitted light intensity
both at frequency v, ¢(v) is the molar extinction coefficient, characteristic of the material,
c the concentration of the light-absorbing substance, and d the thickness of the material.
This law is a limiting law for dilute solutions, meaning that the extinction coefficient is
only independent of the concentration at a given wavelength for diluted solutions [124].

The transmittance of the dye solutions and the dye-coated TiO, films on CaF, plates in
the UV to Vis spectral range was measured using a commercial UV /Vis high-resolution
spectrophotometer (HR2000+, Ocean Optics, Germany). Input and output UV /Vis light
beams are provided by a balanced deuterium tungsten-halogen light source (DH-2000-
BAL, Ocean Optics) and transmitted through two steel-jacketed optical fibers (QP400-
2-SR-BX, Ocean Optics; 400 um core diameter) optimized for transmission in the spec-
tral range 200-1100nm. The transmitted light beam is dispersed into its various wave-
lengths by a monochromator and send to a CCD detector. All spectra were recorded and
processed using the SpectraSuite software (Ocean Optics). The absorption spectra were
taken as the negative logarithmic ratio of background-corrected signals. For the dye so-
lutions a quartz cuvette (101-QS, Hellma Analytics, Germany) with d = 10 mm was used.
As reference the pure solvent was recorded. As for the dye-coated TiO, films, a bare
TiO, film on a CaF, plate was measured as reference. For comparability the spectra were
Min/Max normalized.

3.8.2 Fourier-transform infrared absorption spectroscopy

In contrast to UV/Vis absorption spectroscopy, FTIR spectroscopy applies light in the
IR spectral range (A = 1-100 #m) to the sample. Instead of electronic transitions, transi-
tions between vibrational energy states are triggered. Many vibrational modes involve
the displacement of just a few atoms while the rest of the molecule stays stationary. The
frequencies of these vibrations are characteristic for the type of bond and the group of
atoms involved and are very weakly affected by the nature of the other atoms in the
molecule. Certain spectral features are thus indicative of a specific chemical group in a
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molecule. Other vibrational motions vary from molecule to molecule and cause spec-
tral features known as fingerprint bands [125]. Hence, because of its chemical selectivity,
FTIR spectroscopy was employed to deduce which functional groups participate in the
binding process of the dye molecules to the TiO,. In addition, it enables to elucidate the
coordination mechanism of the functional groups.

Vibrations involving the displacement of nuclei in a molecule only occur if they induce a
change in dipole moment (permanent or induced)

o
(aq>0 #0, (3.4)

where ¢ denotes the vibrational coordinate.

For example, in a diatomic molecule, small movements of the atoms from their equilib-
rium position follow a nearly harmonic displacement. The restoring force F(r) of the
bond, which compares to a spring, obeys Hooke’s law:

F(r)=—k(r—re), (3.5)

with the potential energy V' (r) described by:
V(r) = %k (r—re)?, (3.6)

where £ is the force constant of the bond, indicating the bond stiffness, and r the dis-
placement from r., the equilibrium position of the molecule.

The allowed energy levels or vibrational states E,, of the harmonic potential are given by:

1
1 k\ 2
E, = <U+ 2) fw with v=0,1,2,... and w= <M> , (3.7)
where v is the vibrational quantum number, w is the frequency, / the reduced Planck
constant, and p the reduced mass of the molecule [122].

The picture of a harmonic potential, albeit simple, is only partly realistic since it does not
allow for a possible dissociation of the molecule. In addition, it predicts a finite energy if
the two atoms find themselves in the same place (i.e. an intercept of the potential curve
with the energy axis exists). In contrast, an anharmonic potential is found to account bet-
ter for the higher energy vibrational states of a molecule. An example of an anharmonic
potential is given by the Morse potential:

V(r) = Defl —e N2 with a = (3.8)

2D,’

where D, denotes the minimum of the potential well and a the force constant of the bond.
The dissociation energy for the diatomic molecule can be calculated by subtracting the
zero point energy V(0) from D,.

The IR spectra of the dye powder samples and the dyes bound to TiO, were recorded
using an ATR unit built into an FTIR spectrometer (Tensor 27, Bruker Optics, Germany).
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ATR-IR spectroscopy has for advantage that it requires little to no sample preparation so
that even opaque samples (like the dyes) can be measured easily. The sample is placed
in contact with an internal reflection element, e.g. a diamond or Ge crystal, and the IR
light is directed into the crystal at an incident angle so that it undergoes total internal
reflection (TIR) at the crystal/sample interface before it leaves the sample towards the
detector. This TIR condition gives rise to a traveling surface wave called evanescent wave
whose electric field decays along the normal to the interface. The penetration depth d,, of
the evanescent field is given by:

A
 2mny V/sin26 — (ng/n1)2’

d, (3.9)

where 6 is the angle of incidence and ny, ny are the refractive indices of the ATR crystal
and the sample, respectively. Since the penetration depth is dependent on the wavelength
an ATR-IR spectrum will have different band intensities compared to an IR transmission
spectrum [125].

As the reference in the ATR-IR experiments the spectrum of the bare ATR crystal was
recorded. The IR light source used was a Globar (resistively-heated Si carbide rod) and
the signal coming from the sample via a Michelson interferometer was captured by a lig-
uid nitrogen-cooled mercury-cadmium-telluride (MCT) detector. The spectral informa-
tion from the interferogram was obtained after FT analysis. The IR spectra were recorded
with 32 sample scans at a resolution of 4cm™! and processed with the OPUS software
(Bruker Optics). As data preprocessing steps the spectra of both the free and bound dyes
were corrected for atmospheric contributions from water vapor and CO, when necessary
and the spectra of the bound dyes were divided by a spectrum of a pure TiO, sample in
order to remove spectral features originating from TiO, and bound water. Finally, all
spectra were vector-normalized for better comparison. Thus, the absolute intensity of
the spectra presented is only due to normalization and not to the amount of dye.

3.8.3 Fourier-transform Raman spectroscopy

Raman spectroscopy is concerned with the scattering of light from a molecule and is an-
other type of vibrational spectroscopy like IR spectroscopy [126]. For this reason, it was
also applied to investigate the binding of the dyes to TiO,. In contrast to UV /Vis and
IR spectroscopy, the incident light does not need to correspond to the difference between
two energy levels in a molecule to scatter from the latter. In fact, applied monochromatic
light distorts (polarizes) the electron cloud around the nuclei in the sample molecule to
form a short-lived virtual state. Two scattering types are known: (i) elastic (Rayleigh) and
(ii) inelastic (Raman) scattering. The first one occurs when only electron cloud distortion
is involved. In this case the frequency of the scattered light does not change and it is the
dominant process. In the second case nuclear motions are induced and the scattered pho-
ton has either lost or gained energy corresponding to one vibrational transition. Energy
loss is known as Stokes scattering and energy gain is known as anti-Stokes scattering.
However, the latter process is less intense. Overall, Raman scattering is an inherently
weak process as only one out of 10°~108 scattered photons undergoes Raman scattering.
To compensate for this drawback, intense lasers are used to increase the amount of in-
elastically scattered photons. Moreover, the cross section of a molecule, describing the
likelihood of a scattering event to take place, determines the Raman intensity. Finally, in-
cident light in the UV to Vis wavelength range is usually chosen over light in the IR range
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since the Raman scattering process is dependent on the fourth power of the frequency of
the incident light:
Istores o (wo —wr)* |af?, (3.10)

where I represents the intensity of the incident light, wp the incident frequency, wr the
Raman frequency, and « the polarizability, a property characteristic of the material which
depends on the molecular structure and the type of bonds.

Classical theory explains Raman scattering by the resultant dipole moment p induced by
the incident time-harmonic electric field E(t):

p=ao- Et), (3.11)

or, equivalently,
u = akqycoswot, (3.12)

where E) is the amplitude or strength of the incident electric field.

For a vibrating molecule the nuclear displacement dg from the equilibrium position can
be written as:
dq = qo cos wrt, (3.13)

where ¢ is the vibrational amplitude. For small enough amplitudes of vibration around
the equilibrium position ¢o, a can be approximated as a linear function of ¢:

a=alq) = ap+ <M> dq, (3.14)
0

dq
where oy = «(qo) is the polarizability at the equilibrium position, and (a%) .18 the rate

of change of a with respect to the change in ¢, evaluated at the equilibrium position.

After combining Egs.3.12, 3.13 and 3.14, one has that

0
W= {ao + <8Z) qo COs th}Eo cos wot. (3.15)
0

Finally, Eq. 3.15 can be rearranged to give

E
i = agFEp cos wot + Utk [(804) cos (wg —wg)t+ <8a> cos (wg + wg) t] . (3.16)
2 dq ), 0q ),

The first term represents an oscillating dipole that emits light without change in fre-
quency wy (Rayleigh scattering), whereas the second and third terms correspond to the

Raman scattering of frequency (wp—wr) (anti-Stokes) and (wo+wg) (Stokes). If (%‘;‘) . #0

(compare with Eq. 3.4), the vibration is considered as Raman-active. In other words, vi-
brations which come along with a change in the polarizability of the molecule, are ex-
citable. As a rule of thumb this is the case for symmetric vibrations and nonpolar molec-
ular fragments [127].

Fluorescence is a major problem in Raman spectroscopy, especially if light in the Vis

wavelength region is used because it will also excite electronic transitions. Once elec-
tronic transitions are stimulated, one possible decay pathway is fluorescence which is a
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much stronger process than Raman scattering. As a result, the fluorescence signal gener-
ally overshadows the Raman signal. The influence of fluorescence can be minimized by
using lasers with wavelengths in the near-IR such that electronic excitation cannot occur.
One of the frequently used wavelengths is the 1064-nm line of the neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser. It can be made intense enough to make up for
the drastic Raman signal loss which results due to the fourth power dependence on the
incident photon frequency when going from Vis to IR radiation (see Eq. 3.10). Not only
the Raman signal decrease but also the low sensitivity of the detectors needed in the IR
region is a problem. A solution to the latter is the use of a Michelson interferometer with
FT analysis. In general, the Rayleigh-scattered light is filtered out by a so-called notch
filter [125]. Since the dyes studied exhibit a strong electronic transition in the Vis the FT-
Raman technique was applied to circumvent fluorescence.

In this work, the Raman spectra of the dye powder samples and the dye-functionalized
TiO, particles were recorded on a FT-Raman spectrometer (Vertex 80, Bruker Optics)
equipped with a Nd:YAG laser and a liquid nitrogen-cooled Ge detector. The Raman
spectra were recorded with 100 sample scans at a resolution of 4cm™! and the data
was analyzed using the OPUS software (Bruker Optics). The spectra were also vector-
normalized for comparison.

3.9 Characterization of dye, methanol and CO, binding by VSFG
spectroscopy

VSEFG spectroscopy is a surface-specific nonlinear vibrational technique with sub-mono-
layer sensitivity. In a typical VSFG experiment, two intense laser beams, one at fixed Vis
frequency and one at a tunable IR frequency are temporally and spatially overlapped at
the surface between two bulk media. Because of the inherent lack of inversion symme-
try at interfaces, another beam is generated at the sum of the two incident frequencies
through a second-order nonlinear process called sum-frequency generation (SFG). This
non-centrosymmetric condition is a selection rule and confers to VSFG its surface speci-
ticity. The VSFG signal is resonantly enhanced when the tunable IR frequency matches a
vibrational mode of interfacial and adsorbed molecular species. As a consequence the vi-
brational spectrum of these species can be obtained by scanning through a defined range
of IR frequencies. The underlaying physical principle of this technique will be discussed
below.

Shortly after the development of the first ruby laser in 1960 [128], the phenomenon of
frequency conversion or frequency generation was demonstrated by Franken et al. in
1961 who generated a second-harmonic signal (conversion of light at frequency w to light
at frequency 2w) from the bulk of a quartz crystal [129]. This was rapidly followed by
the discovery of similar processes in other materials as well as other nonlinear processes
[130, 131]. Later on, the theoretical basis of such nonlinear phenomena was laid down
by Bloembergen et al. [132, 133]. Much later, in 1987, Shen et al. [134-136] and Harris et
al. [137] independently reported the first applications of VSFG as a surface vibrational
spectroscopy.
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3.9.1 SFG Theory

As already stated in the previous section the electric field E of a light beam interacting
with the bulk or a surface of a given medium polarizes the material and creates induced
molecular electric dipoles p. In the case of a weak electric field the induced dipole is
proportional to the strength of the field:

u = pg + ok, (3.17)

where p, is the static electric dipole [138]. In a condensed phase, the sum of the dipole
moments gives rise to a dipole moment per unit volume or bulk polarization P:

P =P, +coxVE, (3.18)

where ¢ is the vacuum permittivity and x") = N{a) is the first-order or linear suscep-
tibility and IV is the number density. Only few materials have a static polarization, thus
the term Py is not carried on in the following equations.

The electric fields of intense pulsed lasers might become comparable in strength to the
fields felt by the electrons in a molecule and as a consequence the response of the elec-
trons to the electric field is no longer linear. Higher order terms must be included in the
description of the induced dipole moment:

p=a - E+3:E 4+~ E3+ . .. (3.19)

$ and ~ are known as the first- and second-order hyperpolarizabilities. Accordingly, the
bulk polarization is written as:

P:Eo(X(l)-E—I-X(Q) :E2+X(3)3E3—|—...)

(3.20)
=PW 4L pPA 4 pO 4

where x(2) = N(B) and x(®) = N{v) are the second- and third-order nonlinear suscepti-

bilities, respectively [139, 140].

As a result of the higher-order terms in Eq. 3.20 the refractive index and absorption co-
efficient become dependent on the intensity of the light. Moreover, the frequency of the
light can change. This is demonstrated here in nonlinear optical processes such as SHG
and SFG, whose dominant polarization term is of second-order:

PO = go? : E?, (3.21)

where the second-order nonlinear susceptibility x(? is a third-rank tensor describing the
relationship between the applied electric field and the resulting polarization field. The
combined electric field of two intense laser beams overlapping at an interface can be
expressed as the sum of the two corresponding electric fields oscillating at different fre-
quencies w; and wo:

E = E; coswit + Eg cos wat. (3.22)

Inserting Eq. 3.22 into Eq. 3.21 gives:

P® = cox@ : (E? 4 E3 + E? cos 2wit + E2 cos 2wot

(3.23)
+ 2E1E; cos (w1 — wo)t 4+ 2E1Es cos (w1 + ws)t)
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with the different frequency components of the second-order polarization P(?) given by

P (0) = egox® : (E2 + E3) (OR),
P® (2w:) = cox? : (E? cos 2wy t) (SHG),
P (2wy) =eox? : (E2cos 2w2t) (SHG), (3.24)
P?(w; —wy) =eox® : (2E1E; cos (w; — wo)t) (DFG),
PO (wi +ws) =eox@ : (2E1E; cos (wy + wa)t) (SFG).

The underlying physical processes of the different frequency components are optical
rectification (OR) (with no frequency dependence), second-harmonic generation (SHG),
difference-frequency generation (DFG), and sum-frequency generation (SFG).

In the case of VSFG spectroscopy with incident IR and Vis electric fields the SFG polar-
ization field can then be written as (ignoring the time-dependence):

P® X(2) : ElrEvis. (3.25)

In order to achieve selectively an SFG process at an interface, the two incident light beams
must be coincident spatially and temporally. A coherent SFG signal is subsequently gen-
erated at a definite angle fspg relative to the surface normal, which can be calculated
using the conservation of momentum (k) of all three beams parallel to the interface:

ksra,| = kiR, + Fvis)| (3.26)
or, equivalently,

n(wsra)wsra sin Ospg = n(wir )wir sin Or + n(wvis )wvis sin Byis, (3.27)

where n is the refractive index of the medium for each beam of frequency wsrq, wir or
wvis and Osrq, Oir and Oy;s are the angles relative to the surface normal for each beam.
SFG beams are generated in both the reflected and transmitted directions and the more
accessible and /or most intense of these two beams is usually detected.

3.9.1.1 Second-order susceptibility y(?)

The second-order nonlinear susceptibility x?) is characteristic of the material and a third-
rank tensor that can be expressed as a sum of 33 = 27 different elements:

2oy X (3.28)

Jkil

where the indices j, k, [ can take any of the axes (z, y, z) of the surface rectangular coordi-
nate system.
(2 ) leads to the surface specificity of the SFG process. In a

2 . . . . .
centrosymmetric environment X§ k)l must be invariant under the inversion operation and

thus

The intrinsic symmetry of Xk

2 2
ng)l = X(,])',k,l (329)
must apply. In addition, Xgi)z is a polar tensor i.e. a tensor which changes sign under the
inversion operation:

=% (3.30)

34



Materials, Methods, and Instruments

In order to satisfy both conditions (Egs. 3.29 and 3.30) Xﬁ:)l must be equal to zero. Hence,
the SFG process is forbidden in centrosymmetric media. Since the inversion symmetry is
broken at an interface between two centrosymmetric media (and in the bulk of some non-
centrosymmetric crystals), an SFG signal can be generated. At the interface molecules can
adopt a net polar orientation and thus Xﬁ)l is non-zero and SFG can occur. Consequently,

the magnitude of Xﬁ)l is very sensitive to the degree of orientational order. Figure3.4

gives a schematic representation of the air/dye-TiO, interface investigated in the present
work.

w Vis

s o
® .

TiO, [d
R °

©009°040%9646°0.60 V60 ¢° 0 o
dye
Fig. 3.4: Schematic representation of air/dye-TiO, interface leading to a non-zero X(Q).

The number of non-zero components of Xﬁ)z are constrained by symmetry considerations.

At a surface with C, symmetry around the z-axis, which corresponds to the surface
normal in the chosen cartesian coordinate system, only seven non-zero Xﬁ)l components

may contribute to a generated SFG signal:

x2=x3) x2.=x2) xZ.E=x3) (2.

By appropriately choosing the polarization combination of the incident beams it is possi-
ble to selectively probe certain components of Xﬁ)l This is due to the fact that s-polarized
light has its electric field component solely along the y-axis whereas p-polarized light

possesses components along the x- and z-axis. In Tab. 3.1 it is summarized which polar-
ization combination probes which Xﬁ)z elements [138].

Tab. 3.1: Xﬁ)l elements probed by specific incident polarization combinations. The po-
larization states of each beam are listed in the order of increasing wavelength (SFG, Vis,
IR).

Polarization combination Probed elements of Xﬁ:)z

pss Xzyy
sps (2)
P Xyzy
ss (2)
P XyQyZ 2 2 2
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3.9.1.2 VSFG spectrum

The recorded VSFG beam intensity Isrc(wir) is proportional to the intensity of the two
incident beams (/g and Ivis), scaled with the second-order susceptibility and is given by:

(2)

2 2
(wir) : EREvis| = ‘X(Q) (WIR)‘ Iirlvis. (3.31)

Ispg(wir) o< )P@)‘ ‘X

For the spectral analysis it is important to know that P(?) and x(?) stem from non-resonant
(NR) as well as resonant (R) contributions thus giving:

9 9
Ispg(wir) o< ’Pl(\?;){ + PS)\ x ’X](\?}){ + Xg) (wir)| Tirlvis, (3.32)

where Pl(\IF){' Xl(\?P){ and P% , X(Z) are the non-resonant and (frequency-dependent) resonant

parts of the polarization field and second-order nonlinear susceptibility originating from

interfacial adsorbed molecular species and from the bulk of the substrate, respectively.

In the case of dielectrics such as CaF, or SiO,, Xl(\ll)% ~ 0 but for conducting materials such

as noble metals the NR contributions are significant. These contributions are the result
of electronic transitions within the band structure of the conducting material [141]. Fur-
thermore, in an VSFG experiment using a broadband SFG laser system, Iv;s is considered
constant over the spectral region of interest and I1r can be modeled using a Gaussian
function due to the near-Gaussian-shaped profile of the broadband IR beam, which is
applied in the present work.

Both Xl(\?l)% and Xg ) are complex parameters and can be put in polar form with an ampli-

tude and a phase. Moreover, xﬁf ) represents the sum over the single resonant vibrational

modes, each of which can be modeled by a Lorentzian-like line shape:

Al

e'PR.q(WIR)

ei(bNR + N Z ‘Xg)q (OJIR)

(Wr) \x%
(3.33)

ei¢R,q (WIR) ,

A
ePNR N, R q
* Z’ (WiR — wq) + il

2

where AR 4, wy and I'y represent the amplitude, center frequency, and half-width half-
maximum line width, respectively, of the Lorentzian line shape of the ¢ vibrational
mode. IV, is the number surface density of molecular species. ¢nr and ¢r 4 are the phase
factors associated with the non-resonant and resonant contributions. From Eq. 3.33 it is
seen that the SFG intensity is enhanced when wir — wj.

The energy level diagram of the SFG process is depicted in Fig.3.5. The diagram shows
that the IR pulse excites a molecular vibration, which is up-converted by the Vis pulse to
a virtual state. The latter decays by the emission of an SFG photon through an anti-Stokes
Raman process. This demonstrates that only vibrational modes which are both IR- and
Raman-active can be probed with SFG.

Because of the complex nature of both the resonant and NR terms, they interfere with
each other when the intensity is computed. This can be seen more clearly if Eq.3.33 is
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Fig. 3.5: Energy level diagram of the SFG process. A molecular vibration is excited by
the IR pulse, up-converted by the Vis pulse and an SFG pulse is generated through an
anti-Stokes Raman process.

inserted into Eq. 3.32 (considering only one resonant vibrational mode):

2

ISFG(UJIR) o Hxl(\?l)% elONR ‘Xg) (WIR) PR (wWiR) Iir Ivis
x HXI(\IQF){ e'oNm ‘Xg) (wir)| e"or(em)] . HXI(\?P){ etoNm 4 ’Xg)(wm)‘ e~ 1R g Ty
2 2
x U)ﬁ(\?r){‘ + ‘xéf) (WIR)‘ +2 ‘Xﬁ%‘ ‘Xg)’ cos(fNRr — ¢R(W1R)):| Ir Ivis,
(3.34)

Clearly, Eq.3.34 exhibits a cross-term which is responsible for the interference of reso-
nant and NR contributions [138, 142]. In some cases the NR signal can be very strong and
thus overwhelms the resonant signal. Therefore it is desirable to be able to suppress the
non-resonant background from the resonant signal. A recently developed background
suppression technique applied in this work will be introduced in the next section in com-
bination with the SFG spectrometer setup used because both are related.

3.9.2 Instrumentation

As mentioned in the previous section, the generation of nonlinear signals from molecules
adsorbed at interfaces requires high intensity laser light sources. Therefore, picosecond
(ps) and femtosecond (fs) laser setups are most often used in SFG spectroscopy [143].
Ps-based SFG systems usually have a large scanning range (~1000cm™!) but a spectral
acquisition time on the order of tens of minutes. In this system, the frequency of the nar-
rowband ps IR pulse is tuned within a certain frequency range and the VSFG signal is
recorded by integrating the intensity at each frequency. In contrast, fs-based SFG systems
produce a broadband fs IR pulse allowing the detection of a narrower spectral window
of ~100-200cm ™! however with a temporal resolution usually on the order of seconds.
Thus, dynamic processes on time scales from seconds to minutes can be followed in real-
time and over a broad spectral range.

The fs-based IR-Vis SFG spectroscopy setup used in the present work is based on a broad-
bandwidth scheme [144] in which broadband, fs IR and narrowband, ps Vis (or NIR)
pulsed laser beams are mixed at the interface of interest. All optical components and
lasers are mounted on optical tables (RS 2000TM, Newport-Spectra Physics, Germany)
and are protected by a clean room hood (Opta, Germany) maintaining a constant tem-
perature and humidity (typically, RH < 40% and T = 22 4+ 1°C). The setup is shown in
Fig. 3.6 [145].
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Fig. 3.6: General optical layout of the SFG spectrometer setup. Several components such
as (1) the pump laser of the seed laser, (2) the seed laser, (3) the pump laser of the ampli-
fier, (4) the regenerative amplifier, (5) the optical parametric amplifier, and (6) the delay
stages are shown. The Vis (red line) as well as signal/idler (white line) beams are also rep-
resented. For clarity, the beams have been drawn until they reach the purging chamber
(Source: D. Verreault).

It consists of a fs regenerative amplifier (RGA) (Spitfire Pro 35F XP, Spectra-Physics, Ger-
many; sub-35fs, 1 kHz) seeded by a mode-locked Ti:sapphire oscillator (Tsunami 3941-
MS, Spectra-Physics; sub-30fs, 80 MHz) with a tunable wavelength centered at 800 nm.
The regenerative amplifier and seed laser are pumped by frequency-doubled Q-switched
Nd:YLF (Empower 30, Spectra-Physics; 30 W, 1 kHz, 527 nm) and Nd:YVO, (Millenia Pro
5s, Spectra-Physics; 5 W, 532 nm) solid-state lasers, respectively. The RGA generates 90-fs
duration pulses centered at 800 nm with a repetition rate of 1kHz and an average power
of 4 W. The amplified output beam is then split up and the larger fraction (~80 %) is used
to pump an automated optical parametric amplifier (OPA) (TOPAS-C, Light Conversion)
coupled to a non-collinear difference-frequency generator (NDFG) (Light Conversion,
Lithuania). This generates broadband (FWHM~100-200cm™!) IR pulses which can be
tuned from 2.6 to 12 um. The signal and idler beams are spatially separated and spectrally
filtered by a Ge plate (Crystec, Germany; OD = 3" (7.62cm), d = 5mm). The remaining
fraction of the output beam (~20 %) is fed into an air-spaced Fabry-Perot etalon (SLS Op-
tics, UK; spacing d = 12.5 um, free spectral range FSR = 398.29 cm™!, effective finesse
Fygs = 57.48 at 790 nm) which gives narrowband (FWHM~1nm), time-asymmetric ps Vis
pulses. After being focused in a telescope the beam is directed onto a motorized delay
line, which is basically made of hollow retroreflectors, allowing for the exact adjustment
of the temporal overlap of IR and Vis beam. The generated SF signal can be maximized
by optimizing the temporal overlap with the help of the delay line. The maximal ob-
tainable output energies for the IR and Vis beams were ~20 pJ /pulse and ~25 ] /pulse,
respectively. However, in order to prevent heat-induced damages of the sample or the
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used CaF, prism, the IR and Vis energies were reduced to 3.5 ;1] /pulse each by the use of
pinholes and kept at this value over the spectral range investigated.

The sample stage is mounted to a vertically aligned breadboard restricting the beam
paths to the same plane. The stage itself consists of a rolling block with manual microm-
eter screws coupled to a goniometer (GO90, Owis, Germany; +15° rotation). Thus, it can
be moved in the z, y and z directions and the incident angles can be changed without
changing the mirror positions. The incident Vis beam is focused onto the sample through
a BK7 lens at an incident angle of 54° (relative to the surface normal) while the IR beam is
focused by a curved mirror and incident on the sample at an angle of 64°. The goniome-
ter is set to its maximum position in the positive direction increasing the incident angles
of Vis and IR beam to 81° and 71°, respectively. Thus, TIR condition at the CaF,/H,0O
interface is achieved. The two beams were overlap and focused at the sample surface
within a spot of ~200 ym in diameter (Fig. 3.7).

Fig. 3.7: Beam profile of the Vis beam at the sample stage. The Vis beam is incident on
a small piece of paper and the image was acquired using a microscope mounted directly
above the sample stage.

The generated SF signal is directed by several mirrors through a telescope to be colli-
mated and any Vis light reflected from the sample is filtered out. After being dispersed by
an imaging spectrograph (Shamrock SR-301i-B, Andor Technology) equipped with both
a photomultiplier (R9110, Hamamatsu, Germany) and a water-cooled, back-illuminated
high-resolution CCD camera (iDus DU420A-BR-DD, Andor Technology) the SFG beam
is recorded by the latter. SFG spectra with reasonable S/N ratio on gold are typically
obtained on a time scale of milliseconds to seconds. For alignment purposes, spectra can
be recorded within one or two pulses, allowing real-time intensity optimization and fre-
quency adjustment. The polarization combination (ppp and ssp) for the SFG, Vis, and IR
beams is adjusted by rotation of the Vis beam through the use of half-wave plates and/or
a periscope.

The NDFG stage, the whole IR beam path as well as the previously described sample
stage are incorporated in a custom-built purging chamber to remove ambient water va-
por and hence prevent IR beam absorption. The atmosphere in the chamber is constantly
dried by two FTIR purging gas generators (75-45-12 VDC, Parker-Balston, Germany). The
use of the chamber enables measurements in lower wavenumber spectral regions (e.g. in
the Amide I region centered around 1650 cm ') which would be otherwise not accessible
due to IR beam attenuation by water vapor absorption.

3.9.21 NR background suppression

As mentioned in Section 3.9.1.2 it is desirable to suppress NR contributions interfering
with the resonant SFG signal. In 2007 Lagutchev et al. developed a NR background sup-
pression technique using a broadband SFG spectrometer equipped with an air-spaced
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Fabry-Perot etalon [146, 147]. The use of an etalon enables to produce time-asymmetric
ps Vis pulses. Then by time-delaying this Vis pulse with respect to the fs IR pulse the
NR background can be suppressed. In contrast, the same procedure applied with a time-
symmetric picosecond pulse does not achieve a high level of discrimination between NR
background and resonant contributions [146].

In order to understand this, it is useful to consider the time-dependence of the SFG polar-
izations Pf\?ﬁ(t) and Pg ) (t). As previously described Pl(\?g{(t) is due to electronic transi-
tions and Pg ) (t) is the result of vibrational transitions. Figure 3.8 illustrates the temporal
development of P1(\?1)a(t)r Pg ) (t) and the ps Vis pulse in the case of zero time delay be-
tween the Vis and the IR pulse and in the case where the Vis pulse is time-delayed past

the P2 ().
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Fig. 3.8: NR background suppression by time-delaying the time-asymmetric ps Vis pulse
taking advantage of the differing time-dependencies of the SFG polarizations Pl(\?g{(t) and

P(Ff ) (t). (A) The Vis pulse interacts with Pl(\?f){(t) and Pg ) (t) creating a NR and a resonant

response. (B) The Vis pulse is time-delayed past Pl(\?l)%(t) generating only a resonant signal.

Once the IR pulse has decayed it cannot up-convert the electronic transitions causing the
NR contribution (Pl(\?l)%(t)) anymore [141]. However, the longer-lived vibrations (Pg )(t))
can still be up-converted by the ps Vis pulse when the IR pulse has already decayed. The
involved SFG processes are depicted in Fig. 3.9. For example, the NR contributions from
a metallic substrate are due to electronic interband transitions excited by the Vis pulse. In
the case of Au, transitions between d- and s-bands are involved. The electronic transitions
are up-converted by the IR pulse to the Fermi level (Efermi) of the metal and then the
SFG beam is generated [141]. Simultaneously, the vibrational transitions of adsorbed
molecular species causing the resonant contributions are first excited by the IR pulse, then
up-converted by the Vis pulse thus finally leading to an SFG output. Since the interaction
time of the fs IR pulse with the electronic transitions is much shorter than the decay time
of the longer-lived vibrations, shifting the temporal overlap of IR and Vis pulse allows to
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record background-suppressed VSFG spectra. Fortunately, the delaying process weakens
the resonant contributions only slightly and purely resonant SFG spectra can be obtained
by time delay-shifting the Vis pulse.

short-lived case long-lived case
— Erormi = = » = » = = Virtual state
s band
W W
SFG (A)Vis SFG
C()Vis
vibrational state
d band — ground stat
substrate, sample

e.g. Au

Fig. 3.9: Origin of NR contributions. The NR contributions of a metallic substrate (e.g.
noble metals like Au) due to electronic interband transitions (for Au, between d- and s-
bands) are excited by the Vis pulse and up-converted by the IR pulse. In contrast, the
resonant contributions are due to vibrational transitions excited by the IR pulse and up-
converted by the Vis pulse. The NR contributions are shorter-lived than the resonant
ones.

3.9.2.2 Photocatalytic flow cell

The measuring cell for the VSFG studies of the dyes, methanol and CO, bound to TiO,,
hereafter called photocatalytic flow cell, was designed by D. Verreault (APC, University
of Heidelberg) and fabricated in the machine shop of APC (University of Heidelberg).
It allows in situ VSFG measurements in TIR geometry of light-induced processes in air
and solution. In order to achieve this, the sample cell is made of three parts (Fig.3.10).
The bottom part consists of a reservoir which can be filled with a temperature-controlled
medium from a thermostated bath by an inlet and outlet provided by commercial quick
disconnect couplings (Cole-Parmer, USA) to adjust the sample temperature. The reser-
voir is designed such that a gold mirror at a 45° angle can be placed in the center of the
cell. The mirror reflects light provided through an optical fiber to the sample surface. A
round quartz window in the intermediary plate lets UV and Vis light pass. Moreover,
the intermediary plate houses inlet and outlet for the solutions to be studied in contact
with the sample surface. The solutions are transported by a peristaltic pump (REGLO
Digital MS-4/8, Ismatec, Germany) through Tygon tubings (MHSL 2001, Ismatec). As a
reminder the sample surface is the base plane of a CaF, prism. This prism is fixed in a
cavity centered on the top plate by a prism adapter which can be fastened via a threaded
rod and a round nut which are stabilized by an overhead bridge. The solution reser-
voir is formed between the intermediary and top plates through an O-ring sealing. This
reservoir has a capacity of ~300 L. The quartz window and the prism are also sealed by
O-rings to make the cell leakproof. All parts are made of acetal resin, with the exception
of the thermostated reservoir and the overhead bridge which are made of stainless steel.
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Fig. 3.10: Photocatalytic flow cell. (1) Fiber port, (2) quick disconnect couplings, (3) bot-
tom plate, (4) thermostated reservoir, (5) gold mirror, (6) intermediary plate, (7) solution
inlet/outlet, (8) solution reservoir, (9) quartz window, (10) top plate, (11) CaF, prism, (12)
prism adapter, (13) threaded rod, (14) round nut, (15) overhead bridge.

3.9.3 Measurements

The dye spectra were recorded in the spectral regions from 3100-2800 cm™! and 1900-
1200 cm~!. Each spectral range was subsequently scanned in 100cm™~! steps. For each
spectral window the sample was newly aligned by maximizing the VSFG signal orig-
inating from the Au stripe in real-time. This was achieved by optimizing spatial and
temporal overlap of IR and Vis beam. After alignment the sampling spot was moved
on the TiO, film assuming unchanged spatial and temporal overlap of IR and Vis beams
and a background spectrum with only the Vis beam reaching the sample was recorded.
Usually in real-time no signal was observed from the TiO, film. Thus, integrations times
of 2 (accumulations) x 20s or 2 x 30s were chosen for ID1152, ID28, NA, K2NA and 2
x 5s for ID1157, SF18. In the case of the methanol and CO, adsorption studies, spectra
were recorded at 2 x 30s. Background-corrected spectra were recorded using the spec-
trograph software (Andor SOLIS v.4.12, Andor Technology). In order to suppress the
NR background in the VSFG spectra the time delay was subsequently shifted after each
spectrum acquisition by 33 fs (corresponding to 10 um change in Vis beam path length)
until all resonant features had disappeared. Doing so, sets of time-delay shifted spectra
with different center frequencies were obtained. For each spectral window, the optimal
NR background-suppressed spectrum of each set was selected and was used to compose
a complete VSFG spectrum covering the whole spectral range of interest.

After data acquisition all spectra were processed in the graphing and data analysis soft-
ware OriginPro (v.8.6, OriginLab, USA) using customized routines. The spectra were
freed from most of the cosmic spikes by a percentile filter (5 points and percentile 50),
then they were smoothed applying a Savitzky-Golay filter (10 data points) and finally
normalized by the integration time to give the SFG intensity in counts/s (cps). Unre-
moved cosmic spikes were manually masked with the Origin masking tool.

42



Chapter 4

Results

In this chapter the investigations of the interaction of purely organic perylene dyes pos-
sessing different anchor groups with TiO, nanoparticles as powder or deposited as thin
film on a substrate are presented. Both linear and nonlinear optical methods are used in
order to deduce the binding mode of the anchoring moiety of the dye molecules on TiO,
as well as to learn about the organization of the dyes at the TiO, film surface. Prior to
this, a qualitative analysis of the pure TiO, films by SEM and AFM is presented. Then,
UV /Vis absorption, IR and Raman spectroscopic data obtained from bulk samples in air
and VSFG spectroscopic results of dye-coated TiO, films in different environments and
on different substrates are discussed. The experimental findings are correlated with the
photocatalyst’s efficiency which can be accessed by measuring the photocurrent of the
dye/TiO, system. Finally, VSFG spectroscopy studies of methanol and CO, adsorption
on TiO, are presented.

4.1 TiO, film properties

4.1.1 Surface morphology

The surface morphology can be well visualized with SEM. Figure4.1 shows the SEM
micrographs of a TiO, film spin-coated on a CaF, prism at 10000x and at 100000 x
magnification. Similar films were employed in all experiments. It can be seen that the
spherical-like TiO, nanoparticles cover the substrate surface completely giving a highly
porous film. The resulting large surface area offers many docking sites for dye molecules
so that these molecules can anchor numerously and harvest immense amounts of light.
Moreover, a high surface area is advantageous because it provides enough adsorption
sites also for CO, molecules which can only be reduced during the photocatalytic cycle
if adsorbed. The majority of the TiO, particles can be identified as single particles and
their average diameter proves to be around 25nm in good agreement with the specifica-
tions given by Evonik Industries AG. The film is rather homogeneous with some peaks
in height (visible as bright spots in Fig. 4.1 B).

4.1.2 Film thickness

The film thickness is estimated from AFM and SEM images (Fig.4.2). With the help of
AFM, a height profile of an edge between the substrate where the TiO, film is wiped off
and the TiO, film itself is measured in the center of the substrate (Fig. 4.2 A). The differ-
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Fig. 4.1: SEM micrographs of a TiO, film spin-coated on a CaF, prism. (A) 10 000x mag-
nification, (B) 100 000x magnification (in collaboration with U. Geckle (IAM-WPT, KIT-
Campus North)).

ence in height amounts to 439 nm for the presented sample. This value falls in the average
film thickness range of 300-500 nm measured for various other samples. The AFM image
itself could not be obtained in very high quality since the AFM tip tends to scratch some
particles off during the scan over the film resulting in a loss of resolution. Furthermore,
the SEM image of the side of a TiO,-coated CaF, prism is shown (Fig.4.2B). The dark
grey and compact region of the image represents the CaF, prism, while the white and
porous layer on top corresponds to the TiO, film. The film measured 1700 nm. This value
is about four times higher than the one obtained by AFM because the film is measured
directly at the rim of the prism and not in the center as for AFM. The thicker film at the
edge is a result of TiO, suspension accumulation during the spin-coating process due to
the prism holder rim being slightly higher than the prism. Consequently, the value of
1700 nm confirms the film thickness measured with AFM since it is reasonable to assume
that the film is much thicker at the rim than in the center of the substrate.
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Fig. 4.2: TiO, film thickness determination by AFM and SEM. (A) AFM height profile
of an edge between substrate and TiO, film (in collaboration with L. Péttinger (APC,
University of Heidelberg)). (B) SEM image of one side of a TiO,-coated CaF, prism (in
collaboration with U. Geckle IAM-WPT, KIT)).
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4.2 Dye-TiO, interaction

4.2.1 Dye selection

The main focus of the dye investigation will lie on the comparison of the spectra of the
two perylene dyes ID1157 and ID1152 (Fig. 4.3) since they differ only in their anchoring
moiety but are otherwise structurally completely identical. This fact allows to relate dif-
ferences detected in any kind of spectra directly to the anchor group. The binding moiety
of ID1157 is called a glycine anchor with the carboxylic acid functionality playing the ac-
tive anchoring part. By contrast, ID1152 anchors via its anhydride group. The dye SF18
differs from the dye ID1157 by one phenyl spacer between the perylene system and the
diphenylamine group. The respective spectra of these two dyes can thus be compared
directly in order to confirm results obtained for the dye ID1157. The dye ID28 was cho-
sen in order to complement the results found on the dye ID1152. Both dyes contain an
anhydride group but differ in their side chains; ID1152 possesses oligo(ethylene glycol)
(OEG) chains, while ID28 has 1,1,3,3-tetramethylbutyl side chains. The comparison of
the spectra of these two dyes should hence help to study the influence of different side
chains on the binding of the dye molecules. An advantage of the dye ID28 is that it is well
documented in literature [56, 116]. The model substance NA is chosen in order to have a
structurally simpler molecule containing the anhydride anchor. Beneficially, the spectral
band assignment of this molecule is known. Therefore it is hoped that a spectral compar-
ison between NA and dyes ID1152 and ID28 will assist the interpretation of the spectra
of the latter two so that the binding mode of the anhydride group can be elucidated. To
this end, the cleaved analogue K2NA is also investigated.
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Fig. 4.3: Chemical structures of investigated dyes and model substances.

4.2.2 Photocurrent behavior of the systems ID1157/TiO, and ID1152/TiO,

As stated above the dyes ID1157 and ID1152 structurally differ only in their anchoring
group, with ID1157 possessing a carboxylic acid and ID1152 an anhydride group as an-
choring unit. Surprisingly, this difference in anchoring group leads to very different pho-
tocurrent outputs for these two dyes. Figure 4.4 shows the time evolution of the photocur-
rent for ID1157 and ID1152 over three light-on/-off cycles. For the first light-on phase the
photocurrent peak intensity is maximal. During the first light-off phase the dyes cannot
regenerate fully so that the peak intensity for the second light-on phase amounts only to
about half the value as compared to the first light-on phase. This process repeats itself for
subsequent light-on/-off cycles. Since the experimental setup does not include a redox
mediator, e.g. I /I3, which gets oxidized during the irradiation cycle and fills the holes
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in the dye molecules, the photocurrent decreases with time. It can be seen that the first
peak intensity amounts to 7 A for ID1157 and only to 0.5 pA for ID1152 indicating that
ID1157 injects electrons more efficiently than ID1152.
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Fig. 4.4: Photocurrents of dyes ID1157 and ID1152 bound to TiO, films on gold (in col-
laboration with F. Staier (APC, University of Heidelberg)).

This poses the question whether it is possible to define a structure-function relation-
ship between the catalyst’s efficiency (photocurrent) and the type of dye binding (an-
chor group).

4.2.3 UV/Vis transmittance of dye-loaded TiO, films

Figure 4.5 depicts the UV /Vis absorption spectra of the dyes ID1152, ID28, ID1157 and
SF18 free in solution and bound to TiO,. Upon binding of ID1152 and ID28, a blue shift
of the absorption maximum from 548 nm to 488 nm and 613 nm to 497 nm, respectively,
is observed. This change of absorption maximum can also be followed by eye. While the
dye ID28 free in solution appears blue, it changes color towards purple upon binding to
TiO,. These shifts indicate changes in the dye structures related to the binding process
which most probably involves the opening of the anhydride group. A confirmation of
this mechanism comes from the fact that the same blue-shift is observed in the spectra
of the disodium salts of the dyes when the anhydride group is chemically cleaved with
sodium carbonate [56]. With the opening of the anhydride group the effective conjuga-
tion length of the molecule shortens and thus the absorption maximum is blue-shifted
(see Section 3.8.1). In contrast, no shift is observed upon binding of the dyes ID1157 and
SF18 pointing to very little to no change in the bound dye structure compared to the free
dye structure. The main absorption bands correspond to electronic transitions from the
HOMO to the LUMO. Since the HOMO is mainly located on the diphenylamine donor
and the LUMO mainly on the perylene acceptor core, excitation of this transition leads to
an intramolecular CT from the donor to the acceptor enabling directed electron injection
from these dyes into TiO, [56, 116, 148].
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Fig. 4.5: UV /Vis spectra of dyes (A) ID1152, (B) ID28 (blue), (C) ID1157 and (D) SF18
(magenta) free in solution (dotted curves) and bound (solid curves) to TiO,.

4.2.4 Dye binding in bulk samples
4.2.4.1 Assignment of IR bands in spectra of free dyes

In addition to UV /Vis absorption spectroscopy the dye/TiO, interaction is examined by
IR and Raman spectroscopy in order to study the dyes” anchoring to TiO,. A thorough
interpretation of the spectra of the pure dyes is essential before analyzing the spectra of
the bound dyes in order to understand the changes between the spectra of the free and
the bound dye. In Fig.4.6 the IR spectra of the four selected dyes ID1157, SF18, ID1152
and ID28 are compared. Since the Raman spectra are not composed of more bands than
the IR spectra an assignment of the bands will only be carried out for the latter. The
dye structures are rather complex and such are their spectra. Fortunately, the precursors
of the dyes, PTCDA and PTCDI derivatives, have already been studied with vibrational
spectroscopies and a band assignment of the obtained spectra with the help of simu-
lations has been achieved [149-161]. The band assignment of the present dye spectra,
which has to be regarded as tentative, is carried out on the basis of the data available on
the precursor dyes in literature.
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Fig. 4.6: Comparison of IR powder spectra of ID1157 (magenta), SF18 (purple), 1D1152
(blue) and ID28 (cyan).

Of importance are the bands representing the anchor groups. They can be assigned with
good certainty since they occur at characteristic spectral positions and are not present
in the spectra of the other class of dyes. For dyes ID1157 and SF18 the v(C=O0) stretch-
ing vibrations of the carboxylic acid groups are found as broad bands at 1742 cm ™! and
1738 cm ™!, respectively. Further characteristic bands originate from the v5(C=0) and
vas(C=0) stretching vibrations of the imide functionality at 1690 and 1652 cm™! for both
dyes. The v(C—N) stretching vibrations are assigned among others to the bands at 1406
and 1364 cm™! also for both dyes. In contrast, the anhydride anchoring moiety of the
dyes ID1152 and ID28 is represented by pairs of v5(C=0) and v,5(C=0) stretching vibra-
tions at 1757 and 1718 cm ™! and 1762 and 1727 cm ™!, respectively. The assignment of the
v5(C=0) stretching mode to a higher frequency than the v,(C=0) stretching vibration
is confirmed by ab initio calculations [149]. The v,s(C—O—C) stretching vibrations are
found at 1022cm™! for both dyes. The v5(C—O—C) stretching vibrations are expected
below 1000 cm ™.

Bands originating from 1(C=C—C) stretching vibrations of the perylene system are found
at 1592, 1565, 1497, 1452, 1406, 1391, 1364, 1337 and 1317 cm ™. §;,(C=C—C—H) in plane
(ip) bending vibrations of the perylene core are assigned to bands at 1290, 1191, 1171,
1149, 1129, 1095 and 1063 cm~!. Although the CH stretching region of the dye spectra
is not considered further in the context of the present work its assignment and that of
the CH bending vibrations are given here for the sake of completeness. The v5(C=C—H)
stretching vibrations of the aromatic rings are clearly seen at 3042 cm ™! for all dyes. Fur-
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thermore, it can be distinguished between the »(CH;) and v(CH,) stretching vibrations
of the OEG and alkyl chains. Both the v,5(CHj;) and v,s(O—CHj) stretching vibrations are
represented by the bands at 2950 for ID28 and 2953 cm ™! for ID1157, SF18 and ID1152, re-
spectively. The corresponding v5(CH;) and vs(O—CHj) vibrations are found at 2872 cm ™!
for all dyes. The deformation vibrations d,s(CHs), das(O—CHs;), 6s(CH,) and 65(O—CH,)
lie at 1452 cm . The §5(O—CHj,) bending vibrations are found at 1406 cm ™. However,
the assignment of the Js(CH;) bending vibration is more complicated because of the
branched structure of the alkyl chain of the dye ID28. The §5(CH;) bending vibration
of the trimethyl group is found as a doublet at 1406 and 1417 cm~! and the §5(CH;) bend-
ing vibration of the gem-dimethyl group as another doublet at 1304 and 1317 cm™!. Last
but not least the v,5(O—CH,), vas(CH,), vs(CH,) and v5(O—CH,) stretching vibrations
are assigned to the bands at 2917, 2900, 2835 and 2820 cm !, respectively. The v(C—-0O)
stretching vibrations within the OEG chains appear at 1233 and 1095 cm™*. §;,(C—H) vi-
brations are assigned to bands at 1264 and 1207 cm™~!. The complete band assignment is
summarized in Tab.4.1.

4.2.4.2 Binding of the carboxylic acid group of ID1157 and SF18

The preceding band assignment of free dyes should help towards an interpretation of
the spectra of the bound dyes. As already discussed in Section2.2.1 (Fig.2.6) the car-
boxy group can coordinate in different ways to the TiO, surface. With the aid of the IR
and Raman spectra of the free and bound dyes and their comparison it is sought to as-
sign the 1,5(CO;3) and v5(COy) stretching modes of the bound anchoring groups and thus
determine their binding mechanism. One may notice that the IR spectra of the bound
dyes look a bit distorted in the spectral region around 1640 cm™!. This is because the
absorption peak of water bound on TiO, is found at 1640 cm ™! [162] and the spectra are
corrected for this peak by dividing them by a spectrum of pure TiO, after the measure-
ment. In the case where the intensity of the water band is not the same in both spectra
because adsorbed dye molecules displaced water molecules from the surface, the inten-
sity of bands in close proximity to the water band will be influenced when the spectrum
is corrected against the TiO, spectrum (see Section 3.8.2).

Figure 4.7 shows the IR and Raman spectra of powder samples of all dyes in their free
and adsorbed states. In particular, the plots Fig.4.7 A and B display the spectra of dyes
ID1157 and SF18, respectively. The most obvious spectral difference observed between
the IR spectra of the free and the adsorbed dyes can be found with the band located
around 1740 cm~! assigned to the v(C=0) stretching vibration. This band completely
disappears in the spectra of the bound dyes indicating a loss of the carbonyl function-
ality of the acid group and thus binding of the dyes via this group. Since no new band
appears in the region between 1750-1720cm ™! characteristic for ester carbonyl vibra-
tions [151], a monodentate binding coordination of the carboxy group can already be
ruled out. Consequently, it must be possible to find two bands in the spectra of the
bound dyes corresponding to the v,5(CO;) and v5(COy3) stretching modes of the formed
carboxylate. In fact, two new bands can be identified in the IR spectra of the bound
dyes at 1404 and 1422cm™! for both dyes. These two bands fall in the spectral region
where 15(CO5) stretching vibrations are expected [28-30] and are therefore both possi-
ble candidates. With the help of the Raman data it should be feasible to tell which of
the two bands actually represents the 15(CO5) vibration. Since this vibration is strongly
Raman-active due to its symmetry it should appear as a new or stronger band in the Ra-
man spectra of the bound dyes. Unfortunately, neither of the two bands can be found
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Tab. 4.1: Tentative IR band assignment for dyes ID1157, SF18, ID1152 and ID28.

Band assignment Wavenumber [cm ]
ID1157 SF18 ID1152 ID28
vs(C=C—H)*bcd 3042 3042 3042 3042
Vas(CH3), 25(O—CH;)> b d 2953 2953 2953 2950
Vas(O—CH,)P < d 2917 2917 2917 —
Vas(CH,)< 4 — — — 2900
vs(CHj), v5(O—CH,)P ¢ d 2872 2872 2872 2872
vs(CH,)P 4 — — — 2835
vs(O—CH,)" 4 2820 2820 2820 —
vs(C=0)**f anhydride — — 1757 1762
v(C=0)>4 acid 1742 1738 — —
Vas(C=0)* ¢ f anhydride — — 1718 1727
vs(C=0)>P &8N iimide 1690 1690 — —
Vas(C=0)>? ¢ imide 1652 1652 — —
v(C=C—-C)*>ef8hijperylene 1592 1592 1592 1592
v(C=C—-C)*> &M iikperylene 1565 1565 1565 1565
v(C=C—C)*>f perylene 1497 1497 1497 1497
v(C=C—C)*8 M perylene and 1452 1452 1452 1452
8as(CH3), 6,5(O—CH,), 6,(CH,), §,(O—CH,)* ¢
8s(CH,)¢ trimethyl — — — 1417
v(C=C—C)** ¥ perylene and (1406) 1406 1402 1406
8s(CH,)¢ trimethyl, §,(O—CHj,)® and v(C—N)®
v(C=C—-C)* 1 perylene 1391 1391 — —
v(C=C—C)>& "I perylene and v(C—N)*®1 1364 1364 1372 1364
v(C=C—C)>h perylene — — 1337 1337
v(C=C—C)8 perylene and Js(CH,)" ¢ gem-dimethyl 1317 1324 (1317) 1317
8s(CH,)* 4 gem-dimethyl — — — 1304
8ip(C=C—C—H)= vk 1290 1290 1283 —
Sip(C—H)»! — 1264 (1264) 1264
¥(C—0) ? OEG and §;,(C—H)> > 1233 1233 1233 (1233)
Sip(C—H)4 ? — — — 1207
8ip(C=C—C—H)* 1191 1191 1191 1191
8ip(C=C—C—H)*! 1171 1171 — —
8ip(C=C—C—H)f — — 1149 1149
8ip(C=C—C—H)* 1 1129 1129 1129 1129
8ip(C=C—C—H)# ™! and v(C—O-C)! OEG 1095 1095 1101 (1095)
8ip(C=C—C—H)M ¥ 1063 1063 1063 (1056)
Vas(C—O—C)*f anhydride (1022)  (1022) 1022 1022

Legend: v, stretching; §, bending; s, symmetric; as, asymmetric; ip, in plane; values in parenthesis indicate very
weak bands.

Literature assignment: 2, Ref. [149], b Ref. [150], ¢, Ref. [151], 4, Ref. [152], ¢, Ref. [153], f, Ref. [154], 8, Ref. [155],
h Ref. [156], 1, Ref. [157],, Ref. [158], ¥, Ref. [159], !, Ref. [160].

as such. But it might also be that a new band is hidden under the already present band
at 1404 cm ™. In this case the contribution of this new band to the Raman spectra of the
bound dyes is just too subtle to be distinguished. In contrast, Voelker could detect a new
Raman band at 1404 cm ™! in the spectrum of the bound dye called ID176 [148] featuring
a glycine anchor and an aromatic body like the dye ID28 [163]. This discrepancy might
be due to the different excitation wavelengths used in both experiments, namely 1064 nm
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vs 473 nm. Nevertheless, with this Raman spectrum it is now possible to assign the band
at 1404 cm ! to the 15(CO53) stretching vibration.
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Fig. 4.7: IR and Raman spectra of dyes (A) ID1157, (B) SF18 (magenta/ purple) (the rise
of the baseline in the IR spectrum of the bound dye towards higher wavenumbers is a
result of data pre-processing (see Section 3.8.2)), (C) ID1152 and (D) ID28 (blue/ cyan), free
(dotted curves) and bound (solid curves) to TiO,. The IR and Raman spectra are given by
the pairs of upper and lower curves, respectively.

The assignment of the v,5(CO5) stretching vibration is even more difficult. There should
be a new or intensified band in the characteristic region of this vibration between 1610-
1550 cm ™! [151]. But no such band can be identified. Nonetheless, Voelker managed to
detect a small band variation in the IR spectrum of the bound dye ID176 at 1635cm™!
[163] which was assigned to the v,5(CO;) stretching vibration. On the basis of Voelker’s
result it is assumed that the bound dyes ID1157 and SF18 also exhibit a 1,5(CO;) stretch-
ing vibration which leads to a band at 1635cm™!. A possible reason for the different
results are most certainly the different detection methods used. The present spectra were
recorded from powder samples in ATR-FTIR reflection mode, whereas the spectrum of
the bound dye ID176 was taken in normal FT-IR transmission mode through a TiO, film
coated on a transparent Si wafer. In addition, the measurement was performed under
vacuum so that the influence of atmospheric water bands which occur in the region from
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1800-1400cm ™! could be excluded [125]. Since the spectra of ID1157 and SF18 were
recorded under ambient conditions and afterwards corrected for atmospheric bands it
is likely that the weak new band at 1635cm™! got deleted. The decrease of the band at
1652cm ™! in the IR spectrum of bound ID1157 is also ascribed to this data processing
step since the absorption peak of bound water on TiO, is found at 1640 cm ™! [162]. Thus,
the intensity of bands in close proximity to this water band can be influenced when the
spectrum is corrected against the TiO, spectrum (see Section 3.8.2).

The two binding possibilities for the carboxylate, considering that the ester-type binding
is excluded, are the bidentate chelating or bidentate bridging coordination. It is yet not
easy to differentiate between the two coordinations. A common approach is to calculate
the wavenumber difference Av of the v,5(CO;) and v5(CO;) bands for the free (e.g. the
sodium salt of the compound) carboxylate and the adsorbed one and to compare the two
(see Section 2.2.1). The salts of the dyes ID1157 and SF18 are not available and therefore
it is not possible to compare the calculated Av,gs = 231 cm~! to the Av value of the free
acid. From calculations however it is known that the bidentate bridging coordination is
the more stable binding type of the two [164, 165]. Hence, it can be assumed that the
dyes with the carboxy anchor most likely bind via a bidentate bridging coordination of
the formed carboxylate, a conclusion also reached by Voelker for the dye ID176 [163].
The binding of the carboxylic acid group is accompanied by other structural changes
occurring in the dye molecule upon binding. This is indicated by band shifts (e.g. around
1245 cm™1) in the spectra of the bound dyes and also by relative intensity changes. Some
groups arrange differently in the bound dye than in the free dye so that they come to
reside in different chemical environments.

4.2.4.3 Binding of the anhydride group of ID1152 and ID28

The binding of an anhydride group as anchoring moiety as part of a complex molecule
is not as commonly studied as the binding of the carboxylic acid group. This is due to
the fact that most dye molecules employed in DSSCs are anchored with a carboxylic acid.
Nevertheless, the anhydride group interaction with TiO, surfaces was analyzed for small
molecules [93-96]. The attachment of dyes with anhydride anchor involves the opening
of the anhydride group by a surface bound hydroxyl group, which then leads to the for-
mation of carboxylate and carboxylic acid groups [91, 92]. Similar to dyes with a single
carboxylic acid anchoring group, the binding of the formed carboxylate and acid groups
can be analyzed spectroscopically. However, a difficulty in the analysis of this type of an-
choring comes from the fact that it has to be found out whether one or both of the newly
formed groups bind and if so whether they bind in the same way.

The opening of the anhydride group in the molecules of the dyes ID1152 and ID28 is
already proven by UV/Vis spectroscopy (see Section4.2.3). The binding mode itself is
investigated by IR and Raman spectroscopy just as it was for the dyes ID1157 and SF18.
The respective IR and Raman spectra of the free and bound dyes ID1152 and ID28 are
overlayed in Fig.4.7C and D. It is seen that the intensity of the band pairs at 1757 and
1718cm™!, and at 1762 and 1727 cm ™! associated with the anhydride group decreases
in the IR spectra of the bound dyes. This is in contrast to the band of the carboxylic
acid group which completely disappears upon binding of the dye. This fact indicates
that there are also unopened dye molecules adsorbed to TiO, in addition to the opened
ones. The question arises whether they are in contact with the surface or simply at-
tached through multilayer formation. At this point it has to be mentioned that Voelker
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did not observe remaining intensity of the anhydride group bands in the IR spectra of
bound ID28 [163]. This fact indicates that in her samples the anhydride groups of all
adsorbed dye molecules were open. Most probably, the same dye molecules behave dif-
ferently in different laboratories because they were bound to dissimilar TiO, substrates.
Whereas in the present study the dye was bound to TiO, (P25) nanoparticles, the dye in
Voelker’s study was bound to a standard anatase nanoparticulate paste for the fabrica-
tion of DSSCs, Dyesol-18-NRT. Dyesol most probably possesses more hydroxyl groups
on its surface than TiO, (P25), and thus provides more units for the opening of the anhy-
dride groups. Further discussion on that will follow in the VSFG section.

In the same manner as for the dyes with the carboxylic acid group, the 1,5(CO3) and
vs(COy) stretching modes of the the adsorbed carboxylates of the molecules with the
opened anhydride group have to be identified in the spectra of the bound dyes. The
formation of carboxylates is very probable because no new band appears in the region
between 1750-1720 cm ™! characteristic for ester carbonyl vibrations [151] and therefore
a monodentate coordination can be ruled out for the opened anhydride groups as well.
The IR spectra exhibit for both dyes a new band at 1440 cm ! and a band with significant
stronger intensity at 1370 cm™~!. Again it has to be ascertained which of these two bands
stands for the v5(CO;) vibration. In this case a look at the Raman spectra is helpful. The
Raman spectra of both dyes bound clearly show a new band at 1355 cm~!. This demon-
strates that neither the band at 1440 cm ™! nor the one at 1370 cm ™! is associated with the
vs(COyj) vibration. The intensity of the latter band increases because of an underlying
new band, the band at 1355cm™~!. Consequently, this band is assigned to the v5(CO3)
stretching vibration.

The assignment of the 1,5(CO;3) stretching vibration is equally difficult as for the car-
boxylic acid group. The only possible assignment seems to be the high energy tail of the
band at 1592 cm™!. This results in a 1,5(CO3) stretching vibration band at 1605cm ™! for
the dye ID1152 and at 1617 cm™! for the dye ID28, similar to the position observed by
Voelker with the dye ID28 [163].! Since only one pair of ,5(CO3) and v5(CO53) stretching
vibrations is found for both dyes, it is assumed that both the carboxylate and the car-
boxylic acid group of the opened anhydride group bind in the same way.

For ID1152 and ID28, the calculated wavenumber difference amounts to Av, 4 = 250 cm ™!
and Av,gs = 262 cm™?, respectively. Also here the salts of the dyes ID1152 and ID28 are
not available and it can only be assumed that both the carboxylate and the carboxylic
acid group of the opened anhydride group bind via a bidentate bridging coordination.
Consistently to the dyes ID1157 and SF18 the binding of ID1152 and ID28 goes along
with further structural changes as indicated by band shifts and intensity changes in the
IR spectra of the bound dyes.

4.2.4.4 In situ adsorption studies of ID1157 and ID1152

In order to remove all doubts and to demonstrate that the residual anhydride group
intensity in the ATR-IR spectra of bound 1D1152 and ID28 is not an experimental artifact
but rather due to the substrate, Fig. 4.8 shows the IR spectra of the in situ adsorbed dyes
ID1152 and ID1157 to a thin film of TiO, (P25) nanoparticles on a Ge substrate. After in

1. Itis interesting to note that the v,5(CO3) stretching vibrations appear at different positions for the single
carboxylic acid group and the groups of the opened anhydride group. Possibly different dye arrangemets at
the TiO, surface are preferred.
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situ adsorption the films were rinsed in situ for 30 min with solvent. These as-prepared
samples exhibit the same residual anhydride group bands as the powder samples. The
band representing the carboxylic acid group of the dye ID1157 disappears as it does for
the powder samples. In conclusion, differently prepared and measured samples on the
same substrate give the same spectra. The spectra were kindly provided by L. Péttinger
(APC, University of Heidelberg).
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Fig. 4.8: Comparison of ATR-IR spectra of bound ID1157 (magenta) and 1D1152 (blue).

4.2.4.5 Binding of model dye NA

With the aid of the model dye NA it is sought to shed more light on the binding type
of the anhydride group as part of an aromatic molecule. The idea is to investigate a
structurally simpler molecule of which the vibrational spectra are well-known so that the
bands of the 1,5(CO5) and v5(COy) stretching vibrations in the spectra of bound NA can
be identified and assigned with high certainty. In turn it should be possible to check the
assignment for the dyes ID1152 and ID28 and if necessary to correct it. Another advan-
tage of the NA molecule is that it is commercially available in good quantities. This fact
allows for the chemical cleavage of some part of it into the potassium salt (K2NA). The
salt is needed for a comparison of the spectra of free and bound NA so that it can finally
be determined whether the formed carboxylates bind via bidentate chelating or bridging
coordination. A model substance was exclusively chosen only for the anhydride anchor-
ing group because the binding of the latter is far less studied and understood than the
binding of the carboxylic acid group. In addition, the results of the binding study of NA
should be transferrable to the binding of the carboxylic acid group because after opening
of the anhydride group a carboxylic acid group and a carboxylate are formed.

The IR spectra of both NA and K2NA free and bound are displayed in Fig.4.9. The
spectrum of free NA possesses a rather complicated band pattern due to the vibrations of
the aromatic naphthalene ring. This pattern changes drastically upon binding of 1) NA
to TiO,, 2) cleaving of the anhydride group, and 3) binding of K2NA, albeit in the same
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way for all three processes. The strong similarity of the spectra of free and bound K2NA
with the spectrum of bound NA demonstrates first that the anhydride group opens upon
binding and second that the structural configuration of bound K2NA and thus bound
NA is comparable to the configuration of free K2NA.
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Fig. 4.9: Comparison of IR spectra of NA (black) and K2NA (red), free (dotted curves) and
bound (solid curves) to TiO,.

The band assignment of NA and the dicarboxylic acid of NA can be found in the litera-
ture [149, 166-168]. With the help of this data the assignment of the bands in the spectra
at hand is achieved (Tab.4.2). Especially the comparison of the spectra of K2NA and
the corresponding dicarboxylic acid (literature data, Ref. [166]) leads to a valid assign-
ment of the bands associated with the 1,5(CO3) and v5(CO;) stretching vibrations in the
spectrum of the bound NA molecule. The characteristic anhydride group bands of the
vs(C=0) and 1v,5(C=0) stretching vibrations in the spectrum of NA are found at 1769
and 1734 cm™?, respectively. Upon binding of NA the intensity of these bands decreases
to a very small contribution. This is consistent with the behavior of the dye molecules
ID1152 and ID28. The spectra of free and bound K2NA do not show any anhydride
group contribution demonstrating the successful chemical cleavage of this functional
group. The pair of v,5(C—O—C) and vs(C—O—C) stretching vibrations is found at 1172
and 1120cm~!. The other bands in the region between 1630-1000 cm ! are assigned to
v(C=C-C), §(C=C-C), w(C=C—-C—H), and 6;p(C=C—C—H) vibrations of the naphtha-
lene ring system. Almost the same aromatic ring vibrations are found in the spectra of
free and bound K2NA and bound NA although with different relative intensities and
band widths. In addition, two intense and broad bands appear in the spectra of these
compounds at 1551 and around 1350 cm™!. These two bands are not observed as such
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in the spectrum of free NA and are thus good candidates for the v,5(CO;) and v5(CO5)
stretching vibrations of the newly formed carboxylates. Especially, since all other bands
in the spectra can be associated with ring vibration modes. The band at 1551 cm™! is as-
signed to the 1,5(CO5) stretch because it is a new band that is not found in the spectrum
of NA and is also not listed as a band in the spectrum of the dicarboxylic acid [166].

Tab. 4.2: IR band assignment for NA, NA@TiO,, K2NA and K2NA@TiO, according to
Ref. [166] and references therein.

Band assignment Wavenumber [cm™!]

NA NA@TiO, K2NA K2NA@TiO,

vs(C=C—H) 3070 — 3063 3063
v5(C=0) anhydride 1769 1769 — —
Va5(C=0) anhydride 1734 1744 — —

v(C=C-C) (1628) (1623) 1618 1618
v(C=C-C) 1579 1579 — (1579)
V25(CO3) — 1551 1551 1551
v(C=C-C) 1510 1499 1499 1499
v(C=C-C) — 1466 — 1466
(C=C-C) 1435 1435/1444 1429 1435
w(C=C-C-H) 1406 1416 1413 1413
?7? — — 1398 —
0ip(C=C—-C—-H) 1383 — 1380 —
v(C=C-C) — 1362 — —
U(C=C—C), 15(CO;) 1354 1346 1346 1351
w(C=C-C-H) 1301 — — 1308
0ip(C=C—-C—-H) 1264 — 1270 —
0ip(C=C—-C—-H) 1230 1225 — 1225
9ip(C=C-C-H) 1213 — 1218 —
w(C=C-C-H) 1191 — 1199 —
v(C-0) anhydride 1172  — — —
v(C—-O0O) carboxylate — — 1146 —
v(C—0) anhydride 1120 — — —
v(C—-0O) carboxylate — — 1082 —
(C=C-C) 1074 — — —
i(C=C-C) 1005 — 1019 —

Legend: v, stretching; §, bending; w, wagging; s, symmetric; as, asymmetric; ip, in plane.

Concerning the band around 1350 cm™! it is seen that there is already a band at this
position in the spectrum of NA but with very low intensity. The strong increase of this
band in the spectra of K2NA, bound K2NA and bound NA indicates the contribution
of a new vibration to this band like it was observed for the dyes ID1152 and ID28. All
doubts about the assignment of this band to the v5(CO5) stretching vibration are removed
by analyzing the Raman spectra of free and bound NA and K2NA. In Fig.4.10 A the IR
and Raman spectra of free and bound NA are compared and in Fig. 4.10 B the respective
spectra of K2NA are shown. The strong bands at 1768, 1744cm ™! and 1579 cm ™! in the
Raman spectrum of NA are due to the anhydride group vibrations and a »(C=C-C)
ring vibration, respectively. The Raman spectrum of bound NA could only be obtained
in low quality and the signal intensity is very weak. Nevertheless, the absence of the
bands representing the vibrations of the anhydride group is not due to the low quality
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of the spectrum but indicates the opening of the anhydride group. The band observed at
1579 cm™! is observable because it is already strong in the spectrum of free NA. The same
argumentation however cannot hold true for the other band observed at 1351 cm ™! since
the intensity of this band is low in the spectrum of free NA. The only explanation for the
existence of this band is the appearance of a new vibration in the bound NA molecule,
namely the v5(CO53) stretching vibrations of the carboxylates. The same picture is found
for the Raman spectra of free and bound K2NA (Fig.4.10B). A very strong band in the
spectrum of free K2NA is observed at 1354 cm ™! which is also present in the spectrum of
bound K2NA. Since there is no such similarly intense band found in the spectrum of free
NA it becomes certain that the band around 1350 cm ™! is due to the v5(CO;) stretching
vibration both in the Raman and the IR spectra.
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Fig. 4.10: IR and Raman spectra of (A) NA and (B) K2NA (blue/ cyan), free (dotted curves)
and bound (solid curves) to TiO,. The IR and Raman spectra are given by the pairs of
upper and lower curves, respectively.

This finding confirms the assignment of the band at 1355 cm ™! in the spectra of the bound
dyes ID1152 and ID28 to the v5(COy3) stretching vibration. In contrast, the assignment of
the band at 1605cm ™! and 1617 cm™1, respectively, to the 1,5(CO5) stretching vibration
cannot be confirmed. Since the assignment was without proof and only conducted be-
cause the presence of a 15(CO5) stretching vibration calls for the presence of a 1/,5(COyj)
stretching vibration, the assignment itself should be thought over. It can also be that there
is aband at around 1551 cm ™! in the IR spectra of the bound dyes ID1152 and ID28 which
is simply hidden by the strong v(C=C—C) vibrations of the perylene ring. Further inves-
tigations on the binding of NA will follow in the VSFG section. An open question still
remains as to whether the formed carboxylates bind in a bidentate chelating or bridging
coordination. In order to answer this question, the calculated IR wavenumber differ-
ence Av,gs = 205cm ! of NA is compared to that calculated for free K2NA, i.e., Avgyy =
205cm™L. Because Av,gs = Avg,; bridging coordination is most likely.

4.2.5 Dye binding at the TiO, surface

With IR and Raman spectroscopy it was already possible to deduce detailed information
on the coordination type of both the carboxylic acid and anhydride anchors. However,
these techniques cannot differentiate between contributions from the dye/TiO, interface
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and contributions from the bulk of the sample. In order to obtain further knowledge
on the binding mechanism, especially at the interface, as well as to get an idea about
the orientation of the dye molecules on the TiO, nanoparticles VSFG spectroscopy is
employed. This technique is intrinsically surface selective and allows for the detection
of buried interfaces in situ [169] as well as the determination of molecular organization,
conformation and orientation [170]. The following section describes in detail how the
VSEG spectra are obtained from the dye-coated TiO, films and what can be learned about
the dye binding at the interface.

4.2.5.1 VSFG survey spectrum using the example of ID1157 bound to TiO,

One advantage of broadband VSFG spectroscopy is the recordability of spectra in a short
time (s to ms). However, the spectral width (200-150 cm™1) is not broad enough to en-
compass the entire dye spectrum from 3100-1200cm™~!. This is only achieved by scan-
ning over the whole spectral range in 100 cm ! steps and combining all spectra into one
single spectrum (see Section3.9.3). Figure4.11 shows VSFG spectra of the dye 1ID1157
bound to TiO, in air for a selection of three different center frequencies, namely at 1380,
1480, and 1680 cm~!. The dye ID1157 is chosen here as a representative of the other dyes
because it gives clear VSFG spectra with strong signal intensity. The spectra are taken
with increasing time delay between the Vis pulse and the IR pulse giving a set of Vis
beam time delay-shifted spectra per center frequency. The procedure of delay-shifting
was implemented because a strong NR contribution to the VSFG spectra is observed,
which distorts peak positions and complicates the determination of the number of peaks
present [142, 170-174]. The identifiable part of the NR contribution is labeled with a black
arrow in the sets of delay-shifted spectra. Upon delay-shifting the suppression of the NR
background can be followed as a red-shifting band for wavenumbers below 1900 cm !
and as a blue-shifting band in the CH stretch region. The NR background is completely
suppressed when a straight baseline with the resonant peak contributions is obtained.
The delay-shifting is continued in the ideal case until a flat line is obtained to ensure that
the peaks are due to vibrations from the sample with a certain lifetime and not to perma-
nent external light sources or stray light from the sample.

A real vibrational peak is characterized by a longer lifetime than that of the NR contribu-
tion (from the time delay-shifted spectra it is observed that the NR background vanishes
on average in about one third to half of the time compared to a vibration) and a more or
less fixed position. Peaks are bound to shift slightly around their spectral position like
the peaks e.g. at 1290 or 1490 cm ! in the different sets of delay-shifted spectra because
of the chirp of the Vis laser pulse. This chirp is caused in the amplifier and means that
the Vis pulse exhibits a changing instantaneous frequency. As a consequence, at different
time delays slightly different Vis pulse frequencies overlap with the constant IR pulse
frequency. For this reason the position of the peaks in the spectra changes slightly during
a time delay-shifting series [171, 175]. The peak around 1692 cm~! seems to shift from a
slightly lower spectral position to its final position at 1692 cm™'. This effect is attributed
to a phase-relation change between the resonant and NR contributions during the delay-
shifting process.

The observed amplitude or intensity of a peak is dependent on the center frequency of the
probing IR pulse and the sample itself. The center frequency of the IR pulse plays a role
in the observed peak intensity because of its Gaussian-like profile. At the low intensity
flank of the IR profile less molecular groups are excited to vibrate than at the maximum
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Fig. 4.11: Creation of resonant VSFG survey spectrum using the example of ID1157. Top
panel: Sets of Vis beam time delay-shifted spectra of ID1157 bound to TiO, centered at
1380cm!, 1480 cm ™!, and 1680 cm~!. Bottom panel: Resultant resonant VSFG survey
spectrum.

intensity of the same profile. This fact explains why the observed peak intensity of the
very same vibration appears different for different center frequencies. Finally, the peak
intensity of a vibration correlates with the overall signal intensity of a sample. An ex-
ample is here the perylene ring vibration at 1565 cm ™! in the dye molecules ID1157 and
ID1152. It seems to have a lower peak intensity in the spectra of dye ID1152 as will be
seen in the next section. This might be due to, among other factors, the amount of dye
adsorbed. Another criterion for the identification of a real peak is that it must appear
for different center frequencies at more or less the same spectral position. That is why
the center frequency is changed in 100 cm~! steps although the pulse width is broader.
Therefore, one part of the currently probed spectral region always overlaps with the pre-
vious one. Any change in the center frequency has an influence on the spectra with NR
contribution since the background is frequency-dependent [172]. This fact has to be con-
sidered when comparing spectra of different samples at zero time delay taken at slightly
different center frequencies. The spectra will look somewhat different.

59



4.2. Dye-TiO, interaction

The question arises about the origin of the NR contribution. For a long time the substrate
was considered to be the only source of the NR background, but recently it was shown
that the NR contribution changes also with frequency, aging of the sample and a differ-
ent solvent environment [142]. In the present case it seems reasonable to assign the NR
background to contributions from the TiO, film as well as the adsorbed dye itself. The
freshly cleaned TiO, film shows little VSFG signal as can be seen in Fig.4.12. The sig-
nal increases slightly with increasing frequency. It can be noted that contaminations due
to hydrocarbons adsorbed from the environment cannot be avoided. They are already
detected on the freshly cleaned film as can be seen by bands in the CH stretch region.
The NR signal of TiO, films is assumed to originate from surface defect sites which de-
stroy the centrosymmetry of the TiO, crystals as it was observed for a MgO(001) surface
[176]. However, the biggest part of the NR contribution is ascribed to the dye because a
NR background is still observed when the dye is measured in dichloromethane against
the pure CaF, substrate without TiO, present (spectra not shown). A possible reason for
the strong NR contribution from the dye could be the electronic resonance condition un-
der which the VSFG spectra are taken. For instance, at wig = 1680 cm ™!, Aspg ~ 705nm
which falls at the onset of the electronic absorption band of the bound dye (see Fig. 4.5 C).
This condition enhances the sensitivity for the dye detection [105, 177] but also leads to a
large NR contribution from the dye [178].

In the case where wir is near a surface vibrational transition and wspg or wyjs is near a
surface electronic transition, one then speaks of doubly-resonant SFG (DR-SFG) [179].
However, DR enhancement occurs only when the probed vibrational and electronic tran-
sitions are coupled. This allows for more selective and sensitive spectroscopic informa-
tion and better assignment of the vibrational modes [180]. In the present case the excited
electronic transition in the adsorbed dye molecule involves the diphenylamine group
and the perylene core. The strong peaks observed in the VSFG spectra of the bound dyes
must thus be due to vibrations accompanying this transition, i.e. vibrations related to
the aromatic system of the dye. This finding is confirmed by resonant Raman studies on
PTCDA and PTCDI derivatives that predominantly exhibit peaks related to the perylene
core [155, 158, 161]. On one hand this enhancement of the perylene vibrations is advan-
tageous because it allows for a sensitive detection of the dye molecules but on the other
hand it means that vibrations of the anchoring groups outside the aromatic ring are most
probably not enhanced and thus only little information on the binding coordination can
be expected from VSFG. However, VSFG can still provide valuable information on the
molecular organization of the dye molecules at the TiO, surface. Especially, since it is
known that the dominant band at 1565 cm ™! is associated with a symmetrical 7;,(C=C)
vibration of the two parallel naphthalene fragments of the perylene core [159], it should
be possible to determine the orientation of the dipole moment of this vibration and, in
turn, of the entire molecule, with respect to the surface normal by polarization-dependent
measurements of this particular mode.

Electronic resonance enhancement of vibrational features accompanying an electronic
transition within DR-SFG experiments has already been demonstrated for various sys-
tems; for the first time for a spin-coated film of the dye Rhodamine 6G on a silica sub-
strate [177]. Following that a series of other molecules were studied on different sub-
strates exploiting the enhancement effect of DR-SFG [181-187]. Particularly important
for the work in this thesis is the study of a retinoate monolayer prepared on rutile(110)
[105]. The electronic resonance condition was chosen in order to sensitively detect the
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molecule on the surface and to determine the order of the retionate monolayer. Further
details on the theory of the DR-SFG phenomenon can be found in Refs. [179, 180].

The preceding arguments explain the sensitivity for the perylene dye and thus the high
S/N ratio in the obtained VSFG spectra but so far not the origin of the NR background.
Actually, the NR contribution is also tributary to the DR condition. For instance, Wu et
al. observed an interfering continuous NR background when measuring the dye Rho-
damine 6G adsorbed at the air/water interface with DR-SFG [178]. In this case, the NR
contribution could not be related to the interfacial water molecules but had to originate
from the dye molecules themselves. Since optical interference can only occur when two
or more coherent processes are involved, they concluded that the NR background was of
coherent nature. The origin of this coherent event could be unraveled by a closer look at
the DR-SFG process as illustrated in Fig. 4.13.

EA

S,

W Vis|

Fig. 4.13: Schematic energy level diagram of the DR-SFG process.

In general there are two ways in which the IR and the Vis pulse can interact doubly res-
onant with the sample: 1) in an IR-Vis DR-SFG process, meaning an excited vibrational
transition followed by an electronic transition and, oppositely, 2) in a Vis-IR DR-SFG pro-
cess, meaning an electronic absorption followed by a vibrational absorption. The latter
process is usually neglected because the electronic relaxation times are generally much
shorter than the vibrational ones [177]. However, if the decay dynamics of the excited
state Sy are ultrafast, it indicates that the S; state undergoes very fast non-radiative de-
cay, thereby causing a continuous vibronic band structure. In this particular case the
Vis-IR DR-SFG process can lead to a continuous SFG spectrum. Similar to that of a nobel
metal substrate. In the case of Rhodamine 6G the decay time of the S; state was found
to be less than 30fs supporting the contribution of a continuous Vis-IR process to the
VSEG spectrum. In the case of the perylene dye a decay time of the S; state is not directly
available but it can be assumed that it is very similar to the one of the PTCDA molecule.
The decay time of the latter could be determined by femtosecond spectroscopy with a
duration of 250-360 fs, which is still ultrafast [188]. Keeping this in mind, the Vis-IR DR-
SFG process is a very likely origin of the NR background also in the VSFG spectra of
the perylene dye bound to TiO,. This assumption is confirmed by the fact that the NR
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contribution increases with IR frequency, thus causing Asgg to fall closer in the electronic
absorption maximum of the dye (e.g. for wr = 2890 cm~ !, Aspg = 650 nm). It seems that
the dye spectra are only the second example of a NR background observed due to the DR
condition.

The advantage of the delay-shifting procedure is clearly seen in the set of spectra cen-
tered at 1680 cm™! (Fig.4.11). The spectrum at zero delay looks as if there are four peaks
at 1568, 1593, 1674 and 1729 cm~!. Upon delay-shifting however it is observed that the
peaks at 1674 and 1729 cm~! are not real peaks but actually the result of the NR back-
ground interfering with a resonant contribution at 1692 cm~! leading to a dip in the spec-
trum. Hence, without the use of the delay-shifting, the VSFG spectrum would have been
misleading and its interpretation fundamentally wrong.

Still, the best proof for real peaks remains to compare the VSFG spectra with its IR and
Raman counterparts since the VSFG spectra should represent bands that are simultane-
ously IR- and Raman-active. In order to do so, a survey spectrum is created from chosen
time delay-shifted spectra without NR contribution by combining them over the entire
spectral range (see Fig.4.11, bottom panel). The selected individual spectra are marked
in black within the sets of delay-shifted spectra. It is not necessary to pick a resonant
spectrum from every delay set since some peaks are redundant. For the survey spectra it
is important that they contain all peaks observed during the delay-shifting process. The
CH stretch region is not depicted in the survey spectra since this region is not relevant for
the analysis of the dye binding type and also because contributions from contaminations,
e.g. adsorbed hydrocarbons, cannot be excluded. The relative intensities in the survey
spectrum cannot be compared since the spectral parts are taken from different sets and
at different time delays. Nevertheless, intensity trends of entire spectra can be compared
when delay-shifted spectra with the same time delay and the same center frequency are
compared over the same spectral range. Absolute intensities are not obtained because
the spectra are not corrected against a reference sample for laser intensity fluctuations
and intensity losses due to manual alighment issues. However, trends as already stated
above can be compared since input beam powers were always kept at the same values
and observed to be very stable. Besides, for the study of the dye binding mechanism the
intensity plays only a minor role compared to the existence and position of a peak. All
resonant survey spectra in the course of the thesis are obtained as described and the se-
lected time delay-shifted spectra are highlighted in black. The complete assembly of sets
of delay-shifted spectra of the bound dye ID1157 is depicted in Fig. 4.14. One may notice
that some of the spectra in the delay sets discussed later on might show a disconnection
which is due to the manual removal of spikes as a result of cosmic radiation hitting the
detector during measurement.

4.2.5.2 Discussion of VSFG spectra of ID1157 bound to TiO,

An overlay of the IR and Raman spectra of bound ID1157 with the VSFG spectra at zero
time delay of the Vis beam over the spectral window from 1200-1900 cm ™! is shown in
Fig.4.15 A. It can be easily seen that each peak is detected at least twice in the course of
the tuning of the IR pulse center frequency. This is the control which guarantees that the
peaks are real. More importantly, the peaks can be found both in the IR and the Raman
spectra which demonstrates that they originate from the bound dye. An overlay of the
VSFG spectra with temporal delay of the Vis pulse, namely the resonant spectrum (same
as in Fig.4.11, bottom panel), with the IR and Raman spectra is presented in Fig.4.15B.
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Fig. 4.14: Sets of time delay-shifted spectra of ID1157 bound to a TiO, film spin-coated
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It is observed that the detected bands again represent bands both IR- and Raman-active
but this time only the ones with strong intensity. Bands which are present in the IR
and Raman spectrum but with low intensity are not clearly seen in the resonant VSFG
spectrum. This is due to the fact that for the resonant spectrum only delay-shifted spectra
without NR contribution are chosen and thus weak bands are not present in these spectra
anymore. With this it becomes clear that the sets of delay-shifted spectra are the most
precise source when it has to be decided whether a peak is existent or not.
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Fig. 4.15: (A) Overlay of VSFG spectra without temporal delay of the Vis beam (rainbow
colors) and (B) with temporal delay (black) of bound ID1157 at different spectral positions
in comparison with IR (magenta) and Raman (purple) spectra of bound 1ID1157.

Strong peaks are found at 1292, 1370, 1402, 1493, 1565 and 1692 cm 1. They are all, apart
from the latter, due to perylene ring vibrations as expected because of the DR-SFG con-
dition (compare Tab.4.1). The latter peak at 1692cm™! is due to the v5(C=0) stretch of
the imide group [189]. The strong bands from the perylene system and in general the fact
that an VSFG spectrum of the bound dye is detectable, implies that the dye molecules ad-
sorb in an ordered arrangement. This is ascribed to the fact that the VSFG signal intensity
shows an order dependence [190]. At first glance, the observation of order on the rough
and highly porous nanoparticulate TiO, film without defined interface between the dye
layer and the TiO, film seems surprising. Especially, knowing that the VSFG signal is ob-
tained from a relatively large sampling spot (~200 ym in hight) and thus averaged over
multiple dye-coated TiO, nanoparticles randomly oriented in the film. However, a re-
sultant net order in the dye layer might be measurable because the anatase nanoparticles
mostly expose their (101) faces [39, 191]. This in turn leads to a rough TiO, film but with
preferred orientation. Moreover, an atomically rough surface can still be optically flat
enough [101].

The adsorption behavior of small organic molecules with carboxylic acid anchor onto the
(101) anatase surface was previously studied by scanning tunneling microscopy (STM)
and DFT calculations [164, 192]. According to these works, the molecules bind side by
side in a bidentate bridging coordination to the rows of fivefold coordinated Ti atoms
(Tisc) [192]. Under complete surface coverage the molecules pack densely achieving addi-
tional order among themselves on the TiO, surface. In the case of the dye molecules a full
surface coverage is expected because of the long immersion times and thus also a close

65



4.2. Dye-TiO, interaction

packing of the molecules. During the adsorption process the perylene cores most proba-
bly orient parallel since this configuration enables adsorption of the most molecules. This
preferential alignment of the dye molecules on the (101) surfaces including the alignment
of the perylene cores leads to an ordered dye/TiO, interface detectable with VSFG spec-
troscopy. An interaction of the perylene rings due to 7-7 stacking is unlikely because
the distance of the rows of Tis, atoms is about 5.11 A (see distance ¢/2 in Fig.2.2) [39],
i.e. larger than the observed spacing of 3-4 A observed in 7-7 stacks of PTCDI deriva-
tive films without substrate interaction [193, 194]. Negligible 7-7 interaction of aromatic
adsorbates was also observed within STM studies [195, 196]. Another important fact is
that there is no new band found in the spectral region from 1750-1700 cm ™! indicative of
a surface-bound ester [151]. With VSFG spectroscopy it is thus possible to obtain further
information on the dye arrangement on the TiO, surface as well as to confirm the results
obtained with IR and Raman spectroscopy from the bulk.

4.2.,5.2.1 Comparison of VSFG spectra of ID1157 and SF18 both bound to TiO, Since
there are no similar studies on dye-coated TiO, nanoparticles with VSFG spectroscopy
to compare the obtained results with, an experimental proof is thus desirable. For this
reason the dye SF18 bearing the carboxylic anchor as well but not the spacer between
the perylene unit and the diphenylamine group is investigated under conditions simi-
lar to the ones used for ID1157. The sets of time delay-shifted spectra are depicted in
Fig.4.16. By comparing the sets of delay-shifted spectra of bound ID1157 (Fig. 4.14) and
SF18 (Fig.4.16) it is seen that overall the signal intensity of bound SF18 at zero delay is
stronger. Fluctuations in input beam powers can be excluded as possible cause since they
were the same for both measurements. However, a possible reason can be the sample it-
self. Sample preparation was always carried out in the same way but slight variations
in the TiO, film quality were always observed. Consequently, the NR contribution to the
spectra will be different [142]. Another reason might be the different electronic structure
of both molecules. While ID1157 exhibits an absorption maximum at Apax = 543nm,
SF18 has one at Apmax = 599nm. Therefore, the electronic resonance condition which
enhances the signal of the dye is already reached for SF18 at lower center frequencies.
The spectral shapes of the delay-shifted spectra at comparable center frequencies how-
ever are very similar for both dyes. For instance, the sets of delay-shifted spectra at
1680 cm ™! (Fig.4.14 E and Fig.4.16 E) show the same spectral behavior. In contrast, the
sets of delay-shifted spectra centered at 1480 cm ™! (ID1157) and 1450 cm~! (SF18) show
the influence of a slightly different center frequency. Both detected spectral windows
display the same bands but with different relative intensities. Whereas for the center fre-
quency of 1480 cm~! the band at 1565 cm ™! is stronger, the band at 1370 cm ™! is stronger

at a center frequency of 1450 cm L.

An overlay of the VSFG spectra of bound SF18 at zero delay (of the Vis beam at different
spectral positions) with the IR and Raman spectra of SF18 bound to TiO, is depicted in
Fig.4.17 A. The spectra with temporal delay are compared to the IR and Raman spectra
in Fig.4.17 B. In order to better analyze the peak positions in the VSFG spectra of SF18
with the ones of ID1157, a direct comparison of the resonant spectra of ID1157 and SF18
is shown in Fig.4.17 C. The latter shows that the resonant spectra can be nicely overlaid.
In the spectrum of SF18 the same peaks are observed as in the spectrum of ID1157. Ac-
cordingly, it can be concluded that both dyes bind and align in the same way on the TiO,
surface. This in turn confirms the VSFG spectra obtained from ID1157 and the results
drawn from them. Even the resonant intensities of the peaks at 1370 cm ™! can be com-

66



Results

SFG Intensity / cps

198
132
66
0

T L L h L h
1300 1400 1500 1600 1400 1500 1600 1700

Wavenumber / cm™ Wavenumber / cm™
90 T T T T T T T T
E a4 ¢ L i
i2sifs 801 CE . : ad
1188 —r - 1254 fs A TV AAM A Men] 924 s
Huzz e Jues LA o]
1056 oF o~ — 122 250 A ) N
792
‘I-’"———IOSG
.

= ? y—/\l\a—r\w -

SFG Intensity / cps

264

108 . ) 264
132 i\ ! 1 %gg
66 ' ' 66
L L o 0 L L 0 L ' ' |
1400 1500 1600 1700 1800 1500 1600 1700 1800 1500 1600 1700 1800 1900
Wavenumber / cm™ Wavenumber / cm™ Wavenumber / cm™

SFG Intensity / cps

i
0

L L
2800 3000 3200

Wavenumber / cm™
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Fig. 4.17: (A) Overlay of VSFG spectra without temporal delay of the Vis beam (rainbow
colors) and (B) with temporal delay (black) of bound SF18 at different spectral positions in
comparison with IR (magenta) and Raman (purple) spectra of bound SF18. (C) Comparison
of delay-shifted spectra of ID1157 (magenta) and SF18 (black).

pared because the corresponding spectra are taken at very similar delay times, namely
726 fs for ID1157 and 660 fs for SF18 (see spectra marked in black at center frequencies
around 1380 cm™1). Since the intensity decreases with time delay and the one of ID1157
is slightly longer the intensity difference of the peak at 1370 cm ! is negligible. Therefore,
the intensity differences found for the spectra at zero time delay can be solely attributed
to NR contributions.

4.2.,5.2.2 Comparison of VSFG spectra of SF18 bound to TiO, obtained in ppp and ssp
polarizations By applying VSFG spectroscopy with different input beam polarization
configurations, information on the relative orientation of a certain functional group with
respect to the surface normal can be obtained [197]. In this work two polarization combi-
nations, namely ppp and ssp (where the configuration refers to the polarization states of
the input and output beams in the order of increasing wavelength, i.e. SFG, Vis and IR),
are used. These two polarization configurations are sufficient to probe components of
the vibrational transition dipole moment that lie perpendicular and parallel to the sam-
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ple surface. The ppp/ssp intensity ratio obtained by the two polarization combinations
for a single mode can be used as an indicator of orientation [138, 198, 199]. As previ-
ously mentioned, the mode at 1565cm™~! (dipole moment along molecular axis) should
be analyzed in order to obtain orientational information on the perylene unit of the dye
molecules.

The sample of bound SF18 is chosen for a polarization-dependent measurement because
of the high signal intensity of its VSFG spectra both in ppp and ssp polarization combi-
nations. In the ppp polarization combination, the sample alignment is usually performed
via a signal obtained from an Au stripe vapor-deposited on the basal face of the CaF,
prism. With the ssp combination, the Au stripe does not provide enough signal output
for alignment purposes due to decreased reflectivity [198] and the low laser powers that
have to be used in order not to damage the CaF, substrate. Fortunately, as a result of the
strong signal intensity of the spectra of SF18, the VSFG signal from the TiO, film can be
used directly to align the sample.

The sets of delay-shifted spectra recorded in ssp polarization combination are summa-
rized in Fig.4.18. Comparing the intensities of the spectra at zero time delay with the
ones of the same sample obtained in ppp polarization (Fig.4.16) it can be seen that they
are slightly weaker, even more so for the spectrum centered at 1550 cm™'. In contrast,
the observed spectral shapes are similar at comparable center frequencies. For the two
sets of delay-shifted spectra at a center frequency around 1350 cm™ !, it appears that the
spectra without temporal delay strongly differ in shape. However, the spectrum of SF18
recorded in ssp polarization at a time delay of 132 fs is very alike to the spectrum of SF18
without temporal delay measured in ppp polarization. This fact can be related to the sub-
jectively chosen time of zero delay. At zero time delay the signal intensity on the Au
reference should be maximal. But falling on the maximum is not always straightforward
because the intensities are very similar for subsequent time delays. Consequently, the
spectral shape difference of the discussed spectra might be a result of the choice of the
initial time of zero delay. The latter might also be different because in ssp polarization the
sample was not aligned on Au but on the TiO, film.

The spectra without temporal delay at various center frequencies are compared for both
polarization combinations in Fig.4.19 A. Similarly, the resonant spectra are overlayed
with each other in Fig.4.19B. The same peaks are found for both polarization combi-
nations. In the present case spectra from the same center frequency with identical time
delay are selected to present the peaks at 1372 and 1565cm™~!. As a consequence their
intensities can be directly compared. The ppp/ssp intensity ratio for the two polarization
combinations of the mode at 1565 cm™! representing the symmetrical v;,(C=C) stretch-
ing vibration of the two parallel naphthalene fragments of the perylene core is 1.2. This
value is not definite because the spectra were not recorded under the same alignment
conditions but it is a hint that the dye molecules orient neither completely upright nor
flat on the surface but with a certain tilt relative to the surface normal. In order to acquire
absolute numbers substantial calculations like detailed in Ref. [198] are needed. For other
dye/TiO, systems with aromatic dyes as large as the present dyes and also coupled via
a carboxylic acid group tilt angles of about 50° with respect to the surface normal have
been reported [66, 68, 69, 71]. It can be expected that the perylene dyes adopt a similar
tilt angle due to the similarity of the dyes under investigation.
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Fig. 4.18: Sets of time delay-shifted spectra of SF18 bound to a TiO, film spin-coated
on a CaF, prism at various spectral positions in ssp polarization. Set (A) is centered at
1250cm™!, (B) at 1350cm ™!, (C) at 1450cm ™!, (D) at 1550cm ™!, (E) at 1650cm ™!, (F) at
2860 cm ™! and (G) at 2900 cm ™.
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bound SF18 recorded in ppp (top row) and in ssp polarization (bottom row) and (B) over-
lay of the corresponding VSFG spectra with temporal delay in ppp (magenta) and in ssp
(black) polarization.

Even though the preceding analysis seems reasonable one should keep in mind that the
TiO, film does not possess a defined surface. Therefore the measured ratio of 1.2 could
also mean that the dyes themselves bind e.g. in an upright fashion and the observed tilt
is only due to the random orientation of the nanoparticle surfaces (Fig. 4.20). Most proba-
bly the VSFG response contains a combination of both cases. The intensity of the band at
1372cm ™}, also assigned to a ¥(C=C—C) stretching vibration of the perylene ring, does
not exhibit the same intensity ratio as the band at 1565 cm L. Instead, it is much lower
for the spectrum taken in ssp combination. However, since the orientation of the pery-
lene is sufficiently determined by the vibration representing the band at 1565 cm ™! this is
ascribed to the dissimilar conditions of the measurement. These polarization-dependent
measurements show that there is no additional peak information obtained by chang-
ing the polarization combination. Hence, the preceding and the following spectra are
recorded in ppp polarization combination, also because they yield higher signal intensi-
ties.

/ dye
AR
CaF,

Fig. 4.20: Possible arrangement of the dye molecules on the TiO, nanoparticles within
the TiO, film.
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4.2.5.2.3 Water influence on ID1157 dye layer bound to TiO, thin film Since it is fa-
vored to perform the CO, reduction reaction in water the influence of the latter on the
dye’s organization, namely binding mode and alignment, on the TiO, surface is inves-
tigated. In order to do so a thin water film is added underneath the TiO, film via the
solution inlet of the measuring cell. The obtained time delay-shifted spectra are depicted
in Fig. 4.21. Only the sets of relevant spectral regions were measured.
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Fig. 4.21: Sets of time delay-shifted spectra of ID1157 bound to a TiO, film spin-coated

on a CaF, prism in contact with water at various spectral positions. Set (A) is centered at
1270cm™~1, (B) at 1360 cm ™1, (C) at 1450 cm ™! and (D) at 1700 cm !,

It is found that the spectral shape for similar center frequencies is the same for spectra
measured in air (Fig.4.14) and in water. However, the signal intensity of the spectra at
early time delays measured in water is different. For all center frequencies it is much
stronger than the corresponding intensities of the spectra measured in air. One must
keep in mind that a quantitative intensity comparison is not possible because the spectra
are not corrected against a reference, only the input beams’ laser powers were always
set to the same values. In addition, it must be considered that the reflectivities at the
air/dye-TiO, interface are different than at the water/dye-TiO, interface. This reflectiv-
ity difference might also contribute to the signal increase. An intensity increase upon
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addition of water was repeatedly observed for different samples. Therefore, it is not
due to this specific sample and/or the specific measurement conditions under which the
spectra were taken, that being laser power and sample alignment. In the case where only
the spectra at zero time delay would have been measured in air and water, it could be
concluded that the addition of water drastically increases the order of the adsorbed dye
layer. This result though would contradict findings which demonstrate that the order of
self-assembled monolayers of OEG-terminated alkanethiols in air is disturbed when wa-
ter is added to the sample due to the repulsive interaction of the water molecules with the
OEG units [200]. In the present case the ID1157 dye molecules contain OEG side chains
which should also interact with the water molecules and, in turn, hinder the perylene
systems from packing densely.

This inconsistency can be cleared up by comparing the resonant spectra recorded in air
and in water as will be seen in the following discussion. In Fig.4.22 A the spectra at zero
time delay for consecutive center frequencies taken in air and in water are compared.
The intensity increase upon addition of water is clearly seen. The overlay of the corre-
sponding survey spectra of the time delay-shifted spectra is shown in Fig. 4.22 B. For both
conditions, the survey spectra are composed of three time delay-shifted spectra taken at
center frequencies around 1380 cm 1, 1480 cm ! and 1680 cm—!. Moreover, for each cen-
ter frequency identical time delays are selected. Consequently, differences in the spectra
can only be due to the dye-coated TiO, film itself and addition of water. It is observed
that the peak positions do not change under the influence of water but that a new peak
appears at 1520 cm ™. Since there is no equivalent peak in the IR or Raman spectra of the
bound dye ID1157 and since this peak is not fixed in position upon time delay-shifting,
it is not classified as a real peak. Thus, it must be related to the NR contribution. The
survey spectrum of ID1157 in air, in contrast, is free of NR contributions. As a result the
peak at 1520cm™! is assigned to an interference effect between a changed NR contribu-
tion due to the presence of water. This demonstrates also that the time delay at which
all NR background is suppressed depends strongly on the sample. The purely resonant
spectrum of bound ID1157 in contact with water is obtained 198 fs later than the one in
air. Solvent-dependent changes in the NR contribution were also found by Curtis et al.
who studied octadecyltrichlorosilane (OTS) films in methanol and water [173].

In Fig.4.22 B it is observed that the intensity of the peak at 1565 cm ™! is stronger in the
spectrum taken in water. But this is only the case because this spectrum still contains
NR background. If the purely resonant spectrum of the sample in water (at 528 fs time
delay of the Vis pulse) is compared to the one taken in air, it is found that the peak
intensity decreases by half its initial value (spectrum in grey in Fig.4.22 B). Going along
with that the intensity of the band at 1370 cm ™! is also lower in the spectrum recorded in
water. From the set of time delay-shifted spectra taken at a center frequency of 1380 cm ™!
it is seen that this spectrum is already the purely resonant spectrum (flat baseline with
solely resonant peaks). All this indicates that some degree of order is lost in the dye film
upon addition of water and agrees with the findings obtained with OEG films. Despite
reduced ordering, the dye is still chemically bound to the TiO, film when the latter is in
contact with water because there are no other bands found than the ones detected in the
spectrum taken in air. In conclusion, an aqueous environment has little effect on the dye
layer bound to TiO,, such that the film should keep its properties under CO, reduction
conditions.
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Fig. 4.22: (A) Comparison of VSFG spectra without temporal delay of the Vis beam of
bound ID1157 in air (bottom row) and in water (top row) and (B) overlay of the corre-
sponding VSFG spectra with temporal delay, in air (magenta) and in water (black). Res-
onant spectrum at 528 fs time delay at a center frequency of 1450 cm~! (grey). (C) Com-
parison of VSFG spectra without temporal delay of the Vis beam of bound ID1157 on
CaF, prism (bottom row) and on Au wafer (top row) and (D) overlay of the correspond-
ing VSFG spectra with temporal delay, on CaF, prism (magenta) and on Au wafer (black).
Resonant spectrum at 528 fs time delay at a center frequency of 1480 cm ™! (grey).

4.2.5.2.4 Substrate influence on VSFG spectra of ID1157 bound to TiO, thin film Us-
ing the CaF, prism as substrate the VSFG spectra of the dye-functionalized TiO, films are
obtained under TIR conditions after transmission of the light through the substrate. It
is assumed that the VSFG signal is generated at the free interface, namely the air/dye-
TiO, or water/dye-TiO, interface, because the signal originating from the dye is strong.
However, it cannot be totally excluded that the CaF, /TiO, interface, the so-called buried
interface, is probed since dye molecules diffusing into the porous TiO, film can also be
present at this interface. By changing to a different substrate such as an Au film on an Si
wafer it should be possible to deduce which of the two interfaces is actually probed. Since
the different materials have differing nonlinear reflectivities, the VSFG response from the
buried interface should vary with the substrate and consequently, in case a signal is gen-
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Fig. 4.23: Sets of time delay-shifted spectra of ID1157 bound to a TiO, film spin-coated
on an Au wafer at various spectral positions. Set (A) is centered at 1280cm~!, (B) at
1380 cm™t, (C) at 1480cm ™!, (D) at 1580cm ™!, (E) at 1680 cm ™!, (F) at 1780cm ™!, (G) at
2890cm ™!, (H) at 2980 cm ™! and (I) at 3080 cm .
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erated at both the free and buried interface, these signals should interfere and effect the
measured spectra [142, 201]. If the VSFG signal does not change with the substrate it is
very likely that the free interface is the one being probed.

The sets of time delay-shifted spectra recorded from a ID1157 dye-coated TiO, film on an
Au wafer are presented in Fig.4.23 (previous page). It can be seen that the signal inten-
sity is much stronger than the one of the spectra taken from a similar film but on a CaF,
substrate (Fig.4.14). This intensity increase is most probably attributed to the fact that
the Au wafer is a reflective substrate and intensity losses due to transmission do not play
a role. Moreover, the Au layer exhibits its own NR background due to d — s interband
transitions in the metal [141, 198]. As the TiO, film is transparent, this background can
add on to the one coming from the dye. The shape of the spectra taken on the Au and
CaF, substrates is very similar, for both the spectra without temporal delay and the reso-
nant spectra (Fig.4.22 C and D). As mentioned previously, this fact indicates that the free
interface of the samples is probed. The time delay-shifted spectra for the assembled res-
onant spectrum are selected in the same way as for the spectrum of the sample in contact
with water. Consequently, the same considerations regarding the intensity comparison
of the spectra hold. Also upon change of substrate the peak positions do not change
but cause the appearance of a new band at 1520cm ™. Just as for the spectra recorded
from the sample in water this peak disappears in the purely resonant spectrum of the
dye-functionalized TiO, film on the Au substrate at a time delay of 528 fs (Fig.4.23 C).
The intensity of the peak at 1565 cm™! in the purely resonant spectrum (spectrum in grey
in Fig.4.22 D) is identical to the one in the spectrum taken from the sample on the CaF,
substrate. This indicates that the dye layer ordering is the same in both samples and once
more that the substrate has no influence on the TiO, film.

4.2.5.3 Summary of the binding properties of dyes with carboxylic acid group

With the help of UV /Vis absorption, IR, Raman and VSFG spectroscopy it can be con-
cluded that the dye ID1157 binds its carboxylic acid anchor in a bidentate coordination to
the TiO, surface. This finding is confirmed by the same studies on the bound dye SF18.
Moreover, it is suggested that the dye molecules form an ordered layer adopting a tilted
geometry on the TiO, surface. This order is slightly disturbed by the presence of water
but not completely destroyed. In addition, the binding mode is not changed upon wa-
ter contact. VSFG-specific results show that the free interface of the TiO, film is probed
and that measurements with other polarization combinations than ppp do not provide
further peak information on the sample. Based on these findings, a tentative and simplis-
tic binding model of ID1157 dye molecules on a TiO, film is proposed and depicted in
Fig.4.24.

4.2.5.4 Discussion of VSFG spectra of ID1152 bound to TiO,

In contrast to the dye ID1157 it is not as straightforward to obtain a VSFG spectrum of the
bound dye ID1152. For instance, the samples of freshly bound 1D1152 exhibit rather poor
signal intensity. Only the strong band at 1565 cm ™! can be detected but with very little
intensity. However, it is possible to increase the signal intensity drastically by bringing
the dye-coated TiO, film in contact with water. As previously mentioned, the measuring
cell is built such that a thin water film can be pumped underneath the sample while
continuously measuring the same spot. The corresponding VSFG spectra at zero time
delay are shown in Fig. 4.25.
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Fig. 4.24: Binding model of ID1157 to TiO,.

A sixtyfold intensity increase is seen for the first addition of water. Although the signal
decreases again when the film has dried (most probably due to changes in reflectivities
and NR background contribution), it does not revert back to its initial intensity. The in-
tensity increase of the spectra without temporal delay also parallels an intensity increase
of the resonant spectra (not shown). These facts demonstrate that the first addition of
water triggers ordering in the dye layer bound via the opened anhydride group. It is
assumed that the presence of water enables at least one of the two bound carboxylates to
detach and rebind at a different surface site. As a consequence the bound dye molecules
can rearrange in a way that enables more efficient packing and creation of a low energy
state. Moreover, this observation allows the speculation that reimmersing the dried film
in dye solution should lead to additional dye binding and in turn to more efficient light
harvesting properties. Bazzan ef al. could already show for the dye N719 that the reim-
mersing procedure increases the amount of dye adsorbed and as a result also the overall
DSSC efficiency [202]. A second addition of water again enhances the signal, although to
a slightly higher value than for the first addition. As seen for the dye ID1157 this inten-
sity increase is due to an enhancement of the NR contribution to the spectrum measured
from the sample in contact with water. The water influence on the bound dye ID1152 will
be discussed in more detail later on. For now it is important to remember that the bound
dye ID1152 only exhibits a distinct VSFG spectrum after contact with water. Hence, the
following spectra in air are taken from a dried film.

The sets of time delay-shifted spectra of bound ID1152 are shown in Fig. 4.26. The pres-

ence of a NR contribution is observed also for the dye ID1152 and eliminated by gradu-
ally delaying the Vis pulse with respect to the IR pulse. However, the NR contribution
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for the dye ID1152 is not as pronounced as for the dye ID1157 presumably because Aspg
coincides less with the absorption maximum of ID1152 than with the one of ID1157. As a
consequence the VSFG signal of ID1152 is less enhanced than the one of ID1157. The res-
onant spectra which are taken to compose the survey spectrum (Fig. 4.27 B) are marked
in black. Two spectra are taken from the delay set centered at 1380 cm~!. The top one is
chosen to represent the band at 1286 cm™! because the delay set centered at 1300 cm™!
does not give a meaningful resonant spectrum. Accordingly, the bottom one is used to
represent the peak at 1342 cm ™!, the part of the NR contribution is cut off.

The resonant survey spectrum as well as the spectra at zero time delay are compared to
the IR and Raman spectra of bound ID1152 in Fig.4.27 A and B, respectively. The spec-
tra at zero delay suggest already that all simultaneously IR- and Raman-active bands are
present in the VSFG spectra. This is more clearly seen in the resonant survey spectrum
where peaks are found at 1286, 1342, 1451, 1493, 1563, 1606 and 1740 cm~ L. Similar to
the VSFG spectra of bound ID1157 the bands are all, except for the latter, associated with
ring vibrations of the perylene core indicating also here an ordered arrangement of the
aromatic rings. The bands at 1451 and 1606 cm™ are not as clearly recognizable as in
the spectrum of bound ID1157 and a band at 1342cm ™! is observed in place of the one
at 1370cm~!. A possible reason for this could be the unequal anchors of the otherwise
structurally completely identical molecules which connect with different angles to the
perylene cores.

The anhydride group is linked in a planar configuration to the perylene body whereas the
carboxylic acid group is linked via a methylene group to the imide functionality which
extends into the perylene system. This methylene group could be the origin for a dissim-
ilar tilt of the two dye molecules on the TiO, surface leading to a different detection of
vibrations of the perylene system (compare Figs. 4.24 and 4.37). In addition, whereas the
anhydride group is open in the bound dye ID1152, the imide group is closed in the bound
dye ID1157. As a result the perylene core vibrations should be per se slightly different.
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Relevant to the analysis of the binding type of the anhydride group is the band at
1740 cm™!. This band does not exactly overlap with corresponding IR and Raman bands.
This means that the associated vibration is due to a surface-specific behavior of the dye
molecules which cannot be resolved with IR and Raman spectroscopy. It is possible that
this band is a shifted anhydride group band or a new band. In order to clarify the origin
of this band it is useful to recall the binding mechanism of the anhydride group (Fig. 4.28).
An hydroxyl group from the TiO, surface attacks the anhydride group and opens it. A
carboxylate bound in a bidentate coordination and a free acid group are formed. The
acid group can stay free or react further, if there are enough TiO, docking sites, to form a
bidentate coordination. The vibration of the carbonyl stretch in a free acid group would
occur around 1740cm™"! [29, 30]. A further hint that the band at 1740cm ™! is due to a
carbonyl stretch in a free acid group comes from the IR spectra of the free dyes ID1157
and SF18 which exhibit their band associated to the carbonyl stretch of the acid group at
1740 cm~! (Fig. 4.7 A and B).

Another possibility would be that some dye molecules bind in a bidentate fashion and
additional dye molecules incorporate into the ordered dye layer through 7-7 stacking
but only bind by physisorption via a closed anhydride group. Through physisorption
the anhydride group ends up in a different molecular environment resulting in a shift of
the band corresponding to the anhydride carbonyl stretches. Here -7 stacking might be
a possible interaction between the perylene cores of the dye molecules because the bind-
ing position of the dyes with closed anhydride group is not restricted by docking sites.
This possibility will be discussed further in the context of the VSFG spectra of bound
NA and K2NA. The adsorption of dyes with closed anhydride group would explain the
remaining IR intensity of the anhydride group bands in the spectrum of the bound dye
ID1152 (Fig.4.7 C). Although this intensity could also come from multilayer formation
due to dye-dye interactions other than incorporation in the ordered layer. If that was
the case VSFG spectroscopy gives us the possibility to look through this multilayer and
detect the band arising from a free acid group which is obscured by the anhydride group
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Fig. 4.28: Possible binding mechanism of the anhydride group to TiO,.

bands in the IR spectrum. With this technique it is possible to distinguish between dye
behavior in the bulk of the sample and at the surface of a thin TiO, film.

4.2.5.4.1 Comparison of VSFG spectra of ID1152 and ID28 both bound to TiO, Just
as the results of the binding mode of bound ID1157 should be confirmed by studies of the
dye SF18, those obtained from the bound dye ID1152 are supposed to be confirmed by
investigations on the dye ID28. The measured time delay-shifted spectra of bound 1D28
are presented in Fig.4.29. The comparison of the spectra of ID1152 (Fig.4.26) with the
ones of ID28 shows that the intensity of the spectra of ID28 is slightly stronger. The rea-
son might be, as for the comparison of the spectra of the dyes ID1157 and SF18, a slightly
different sample quality. The spectral shapes of the delay-shifted spectra at comparable
center frequencies (1280, 1460, and 1560 cm~ 1) are very similar and different at differing
center frequencies (1370, 1620, 1720, and 1820 cm™h). Especially the sets at 1370 cm™!
differ strongly in shape as well as peakwise. A detailed peak comparison is shown in
Fig.4.30. Peak positions appear to be slightly different in the resonant VSFG spectra
of bound ID1152 and ID28. The most striking difference is the presence of a peak at
1344 cm™! in the spectrum of ID1152 which is not present in the spectrum of ID28 (the
latter shows a band instead at 1371 cm™!). Similar to the comparison of the peaks in the
spectra of ID1152 and ID1157 it is assumed here that the different side chains cause differ-
ent perylene vibrations to dominate. Furthermore, the peaks around 1450 and 1500 cm !
are slightly shifted. This peak-shift is ascribed to the chirp of the Vis pulse as previously
mentioned. This is relevant here because the resonant spectra representing these peaks
are chosen at different time delays in order to account for all peaks detected in the series
of delay-shifted spectra.

As of now, no explanation can be given as to why the peak at 1606 cm ™! is not present in
the spectrum of bound ID28. Besides, it is important to note that the band at 1740 cm™!
in the spectrum of ID1152 appears slightly shifted to 1750 cm™! in the spectrum of ID28.
Consequently, the band at 1750 cm ™! overlaps exactly with the anhydride group band in
the IR spectrum of bound ID28. This finding supports the assumption that dye molecules
with a closed anhydride group incorporate into the layer of bound dye molecules at the
TiO, surface and rules out the option of a free acid group. Overall however the VSFG
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Fig. 4.29: Sets of time delay-shifted spectra of ID28 bound to a TiO, film spin-coated
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study of ID28 confirms the outcome of the investigations of ID1152, meaning that both
dyes form an ordered layer on the TiO, surface and show a band in the region of the
anhydride group.
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Fig. 4.30: (A) Overlay of VSFG spectra without temporal delay of the Vis beam (rainbow
colors) and (B) with temporal delay (black) of bound ID28 at different spectral positions in
comparison with IR (blue) and Raman (cyan) spectra of bound ID28. (C) Comparison of
delay-shifted spectra of ID1152 (blue) and ID28 (black).

4.2.5.4.2 Water influence on ID1152 dye layer bound to TiO, thin film Similar to
ID1157, the influence of water on the ID1152 layer is studied. The sets of time delay-
shifted spectra that are obtained from the ID1152 dye layer in contact with water are pre-
sented in Fig. 4.31. As with the dye ID1157 the intensity of the spectra of ID1152 taken in
air at zero time delay (Fig. 4.26) increases upon addition of water. This intensity enhance-
ment is not due to a further ordering of the previously dried dye layer (see Section 4.2.5.4)
induced by water but to an increase of NR background as will be seen in the following
discussion.

The overall spectral shape of the spectra taken in air and in water is the same due to
the choice of identical center frequencies. The spectra without temporal delay and the
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Fig. 4.31: Sets of time delay-shifted spectra of ID1152 bound to a TiO, film spin-coated
on a CaF, prism in contact with water at various spectral positions. Set (A) is centered at
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resonant spectra recorded of the ID1152 dye layer under both conditions are compared
in Fig.4.32 A and B, respectively. The intensity increase upon addition of water as well
as the high similarity of the spectral shapes is clearly seen and the peak position is also
the same. It is important to note that the resonant spectra of ID1152 measured in air
and in water are composed of time delay-shifted spectra taken from sets obtained at
identical center frequencies but slightly different time delays. This was necessary in order
to preserve peak information. However, the peak at 1565cm ™! is for both conditions
represented by a time delay-shifted spectrum obtained at a center frequency of 1480 cm ™!
and a time delay of 231 fs. These spectra still contain a weak NR background but both to
the same degree (Fig. 4.26 C and Fig. 4.31 C) so that the intensity of the peak at 1565 cm ™!
can be compared. Just as in the spectra of ID1157, the peak intensity decreases by a
little bit more than half the value upon addition of water. This demonstrates that also
for the dye with the anhydride group the order of the dried dye layer bound to TiO,
induced by a first addition of water is reduced under the influence of subsequently added
water. Furthermore, the band at 1740 cm ™! is present in both spectra indicating that the
coordination of the dye molecules does not change in an aqueous environment.

4.2.5.4.3 Substrate influence on VSFG spectra of ID1152 bound to TiO, thin film To
complete the picture the influence of the substrate on the VSFG spectra of bound ID1152
is studied as well. It is sought to confirm that VSFG probes the free interface of the sam-
ple. The sets of time delay-shifted spectra that are obtained from a ID1152 layer adsorbed
to a TiO, film on an Au wafer are depicted in Fig. 4.33. The intensity of the spectra at early
time delays is significantly higher for the film on Au than on CaF, (Fig. 4.26) showing the
strong NR contribution originating from the Au substrate itself. However, this large in-
tensity difference for the spectra at early time delays vanishes in the course of the delay-
shifting process so that at later time delays the intensities of spectra taken on different
substrates become similar again and thus comparable. The present sets of time delay-
shifted spectra hence show once more the power of the delay-shifting technique which
allows for the suppression of NR contributions to the VSFG spectrum. Not only the in-
tensities become similar but also the spectral shapes. One exception though is found for
the sets of time delay-shifted spectra recorded at a center frequency of 1380cm™'. The
spectra measured of the sample on the Au wafer exhibit more and sharper peaks. This
it not seen in the corresponding spectra of the dye ID1157 (Fig.4.23 B). A possible reason
might be the less pronounced electronic enhancement of the perylene peaks for the dye
ID1152. As a result no dominating peaks are observed, only peaks with similar intensity.
Moreover, the spectra of ID1152 only appear to show more peaks since the same peaks
are also found in the spectrum of ID1157 upon closer inspection. The peak at 1370 cm™!
is just too strong so that small side peaks seem to disappear. Not only the set of time
delay-shifted spectra of bound ID1152 on Au at a center frequency of 1380 cm ™! shows
some peculiarities but also the one centered at 1780cm™!. This last set seems to con-
tain an unidentified peak at 1717 cm~!. However, this peak was found to be an artifact
as it could be traced back to the background spectrum taken before the measurement.
The presence of this peak in the VSFG spectrum indicates that the external background
changed during the course of the measurement. Knowing this, the interpretation of res-
onant peaks can still be carried out.

Just as with the other samples the spectra without temporal delay and the resonant spec-

tra of bound ID1152 on Au are compared to the corresponding spectra of bound 1D1152
on the CaF, substrate in Fig.4.32C and D, respectively. The peak positions are equiva-
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Fig. 4.32: (A) Comparison of VSFG spectra without temporal delay of the Vis beam of
bound ID1152 in air (bottom row) and in water (top row) and (B) overlay of the corre-
sponding VSFG spectra with temporal delay, in air (blue) and in water (black). (C) Com-
parison of VSFG spectra without temporal delay of the Vis beam of bound ID1152 on
CaF, prism (bottom row) and on Au wafer (top row) and (D) overlay of the correspond-
ing VSFG spectra with temporal delay, on CaF, prism (blue) and on Au wafer (black).

lent but the intensities cannot be compared because the delay-shifted spectra could not
be chosen from sets at similar center frequencies and with identical time delays without
losing peak information. With the chosen parameters the intensity of the resonant spectra
differs slightly. This observation should not lead however to the conclusion that different
interfaces are probed on the different substrates because high quality spectra which could
be readily compared for the dye ID1157 are hardly obtained from the dyes with the an-
hydride group due to the low signal output of these samples. Thus, data reproducibility
is more complicated. Since the same film preparation and the same experimental condi-
tions were used as for ID1157, also the same interface as for ID1157 should be probed.
Nevertheless, the band at 1755cm ™! in the spectrum of bound ID1152 on Au supports,
just as with the spectra of bound 1D28, the idea that some dye molecules with a closed
anhydride group are involved in the dye coordination on the TiO, surface.
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Fig. 4.33: Sets of time delay-shifted spectra of ID1152 bound to a TiO, film spin-coated
on an Au wafer at various spectral positions. Set (A) is centered at 1280cm™1!, (B) at
1380 cm™!, (C) at 1480cm ™!, (D) at 1580cm ™!, (E) at 1680 cm ™!, (F) at 1780cm ™!, (G) at
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4.2. Dye-TiO, interaction

4.2.5.5 Surface specific binding of anhydride group of NA

With the help of the surface specific binding study of NA and K2NA it is sought to clarify
which of the two theories regarding the origin of the band at 1740 cm ™! in the spectra of
bound ID1152 and ID28 is more likely. Is the band a result of free acid groups due to bind-
ing of only the carboxylate after opening of the anhydride group or a result of molecules
with closed anhydride group present at the TiO, surface? The obvious advantage of the
model substance NA lies in its simpler structure compared to the dye structures as well
as the known band assignment. The binding mode of NA as well as of K2NA was de-
fined as a bidentate bridging coordination for both of the newly formed groups of the
opened anhydride (Section 4.2.4.5). The origin of the residual anhydride group intensity
in the IR spectra of bound NA was not tackled. In comparison to the dye VSFG spectra,
those of the model substances are much more difficult to obtain. The spectra without
temporal delay of the Vis beam (Fig. 4.34 and Fig. 4.35) exhibit a much lower VSFG signal
so that great care is necessary in order to distinguish the resonant signal from noise or
external background peaks which become more dominant if the overall signal from the
sample is low. In order to validate the results the measurements were repeatedly per-
formed and the spectra were found to be reproducible. In addition, the obtained spectra
were compared to the external background spectra to avoid having background-related
peaks interpreted as resonant peaks.

However, the intensities of the resonant spectra of the dyes (ID1152 and ID28) and the
model substances are almost the same. The intensity difference at the beginning of the
time delay series must thus be due to NR contributions. The only NR source apart from
TiO, are the dyes themselves. The question arises why the spectra of the dyes exhibit
a strong NR background whereas the ones of NA and K2NA do not. The answer is
the electronic resonance condition under which the spectra are recorded. An electronic
resonance condition is not fulfilled for NA as it possesses its electronic absorption max-
ima below 360nm and is hence not excitable by Vis light [203]. This must also be the
reason why NA and K2NA are not as readily detected as the dyes because their signal
is not resonantly enhanced. Hence, the NR contribution in the VSFG spectra of bound
NA and K2NA must be due to the TiO, film. This finding is understood by comparing
the sets of delay-shifted spectra of pure TiO, with the ones of NA and K2NA (compare
Fig.4.12 to Fig.4.34 and Fig. 4.35). Their intensities and spectral shapes are almost iden-
tical apart from the peaks in the spectra of NA and K2NA. These measurements on- and
off-resonance nicely confirm the assumption that the origin of the NR contribution in the
dye spectra is a result of an electronic resonance enhancement.

Overall the intensity of the delay-shifted spectra of K2NA is slightly higher than the one
of the spectra of NA. This result suggests that the ordering of the NA molecules is less
pronounced than the one of the K2NA molecules. Moreover, this could mean that less
NA molecules are bound. This observation agrees well with the finding that K2NA gives
already reasonable VSFG signal after overnight immersion of the TiO, film whereas NA
only gives a signal after at least two days of immersion. The reason most probably lies
in the required opening of the anhydride and the related fact that its binding takes more
time than the binding of the two carboxylates of K2ZNA. In addition, the binding might
occur less frequently.

The detected peaks for both samples are presented in a summarizing way in Fig.4.36
which shows the spectra at zero time delay and the resonant survey spectra overlaid
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Fig. 4.34: Sets of time delay-shifted spectra of NA bound to a TiO, film spin-coated
on a CaF, prism at various spectral positions. Set (A) is centered at 1320cm™!, (B) at
1370cm™~t, (C) at 1450cm ™, (D) at 1500cm ™!, (E) at 1540 cm~!, (F) at 1630cm ™!, (G) at
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with the IR and Raman spectra of the free and bound molecules in order to allow exact
assignment of the observed peaks in the VSFG spectra. The spectra at zero time delay
do not clearly show the resonant peaks which are obvious in the sets of delay-shifted
spectra because of the overwhelming NR background. During the delay-shifting process
though resonant peaks became clearly observable. For comparison, the resonant spec-
tra were build up using delay-shifted spectra taken at identical center frequencies and
time delays. The most obvious difference between the two resonant spectra is seen in
the spectral region around 1800 cm~!. While bound NA exhibits two bands at 1760 and
1841 cm™! in this region, K2NA exhibits no bands. The band at 1760 cm ! is assigned to a
shifted anhydride group band and not to a free acid group because the shift amounts only
to 9cm ™! compared to the free anhydride group band. This goes along with the finding
for the dye ID28. The VSFG spectrum of this dye shows a band that overlaps with a corre-
sponding anhydride group band in the IR spectrum of bound ID28 (Fig. 4.30 B). Since the
anchor moiety is the same for the dye ID1152, it is concluded that the band at 1740 cm ™!
in the VSFG spectrum of bound ID1152 (Fig.4.27 B) is also due to a closed anhydride
group vibration. Moreover, the absence of a band in the VSFG spectrum of bound K2NA
indicates that the band in the spectrum must originate from a group that is distinct from
those of the NA molecule, thus leaving the anhydride group as only possibility.

The VSFG spectra of the bound anhydride group molecules thus demonstrate that the
molecules form an ordered layer of dye molecules on the TiO, surface. Some molecules
bind with an opened anhydride group and others just incorporate into the ordered layer
with a closed anhydride group. The molecules with the closed anhydride group can-
not just lie on top of the bound dye molecules because in this case the symmetrical car-
bonyl stretch of the anhydride group could not be detected with VSFG spectroscopy.
This conclusion is based on symmetry arguments. Free molecules lying flat on the bound
molecules would arrange with the anhydride groups pointing in every direction rather
than lining up like pearls on a chain. A random, i.e. isotropic orientation of the related
dipole moment, which most presumably lies along the long axis of the molecules for the
symmetric stretch [204], leads to a cancelation of its contribution to the VSFG signal.

It can also be excluded that the dye molecules all adsorb with a closed anhydride group
firstly because the UV /Vis absorption spectra show that the anhydride group opens up
and secondly because there is a band observed at 1357 cm ™! in the VSFG spectrum of
bound NA and K2NA. This band is associated with the 15(CO53) of a carboxylate group
as shown in Section 4.2.4.5. The same assignment was made on a similar band observed
in a VSFG spectrum of a retinoate monolayer prepared on rutile(110) [105]. This band
would not be detected, if all anhydride groups were closed. Not surprisingly, the band is
stronger in the spectrum of bound K2NA since these molecules contains two carboxylate
groups already in the free state.

The other bands in the spectra of bound NA and K2NA are observed at 1485, 1593,
3066 cm~! and 1452, 1580, 3055cm 1, respectively. These bands are all associated with
the aromatic naphthalene system. While the bands around 1580 cm~! and 3060 cm ™!
directly overlap with corresponding IR and Raman bands, this is not observed for the
bands around 1460 cm ™. One reason might be that bound NA and K2NA orient slightly
differently on the surface due to the adsorbed molecules with closed anhydride group
in the case of NA. Besides, it is not seldom that surface-specific spectra exhibit slightly
different band positions compared to the normal IR and Raman spectra but still represent
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Fig. 4.36: (A) Overlay of VSFG spectra without temporal delay of the Vis beam (rainbow
colors) and (B) with temporal delay (black) of bound NA at different spectral positions
in comparison with IR (blue) and Raman (cyan) spectra of NA, free (dotted curves) and
bound (solid curves) to TiO,. (C) Overlay of VSFG spectra without temporal delay of the
Vis beam (rainbow colors) and (D) with temporal delay (black) of bound K2NA at different
spectral positions in comparison with IR (blue) and Raman (cyan) spectra of K2NA, free
(dotted curves) and bound (solid curves) to TiO,.

the same vibrations [142, 173, 205, 206]. Finally, the band at 1841 cm ™! in the spectrum of
bound NA is due to an overtone or combination of w(C=C—C—H) vibrations [166].

4.2.5.6 Summary of the binding properties of dyes with anhydride group

UV /Vis absorption, IR and Raman spectroscopic studies on the anhydride group con-
taining molecule ID1152 show that most of the anhydride groups open up upon binding
to TiO, and that the newly formed carboxylic and carboxylate groups bind in a bidentate
bridging coordination to the TiO,. With further VSFG spectroscopic studies examining
also ID28 and NA it is found that the bound dye molecules form an ordered layer on
the TiO, surface, just as for ID1157, and that additional molecules with closed anhydride
group incorporate into this layer. Especially the investigations on the model substance
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NA and its cleaved analogue K2NA help in the assignment of new bands in the spectra
of the bound molecules and allow to reinforce interpretations of the dye spectra. Wa-
ter presence slightly disturbs the dye layer ordering but does not destroy its integrity.
A simplistic binding model of the dye layer formed by ID1152 on TiO, is presented in
Fig. 4.37.

Fig. 4.37: Binding model of ID1152 to TiO,.

4.2.5.7 Comparison of VSFG spectra of ID1157 and ID1152 bound to TiO,

After defining the binding mode of the dyes ID1157 and ID1152, a direct comparison of
their resonant VSFG spectra can be used to deduce further differences between the two
spectra beyond the binding pattern. The respective spectra are compared in Fig. 4.38. It
is found that the intensity of ID1157 is about one order of magnitude stronger than the
one of ID1152. This is valid for the spectra at zero time delay as well as for the reso-
nant survey spectra. It is to be mentioned that the delay-shifted spectra for both dyes
are taken from different spectral regions and at different delay times in order to account
for all peaks found during the measurements of the delay series and to combine spectra
with all NR background removed. Nevertheless, the intensity trends can be evaluated
because the selected delay-shifted spectra of the dye ID1157 are for every spectral region
taken at later delay times than the ones of ID1152. And despite the fact that in general
the intensity decreases with delay time, the signal intensity of the spectra of ID1157 still
remained stronger than that of ID1152.

There are two possible explanations for this difference: 1) a higher surface density and 2)
a higher degree of order in the dye layer of ID1157 compared to ID1152. A higher surface
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Fig. 4.38: Comparison of the VSFG spectra of ID1157 (magenta) and 1D1152 (blue) bound
to TiO,.

density can be rationalized with the hydroxyl consumption during the adsorption of the
two different anchoring moieties. Fig. 4.39 shows that for the adsorption of the carboxylic
acid into a bidentate coordination only one hydroxyl group is needed, whereas for the ad-
sorption of an anhydride group two hydroxyl groups are consumed. As a consequence,
double the amount of ID1157 can bind compared to ID1152 with the same amount of hy-
droxyl groups present [74, 163]. A higher ordering of ID1157 can be a result of the higher
flexibility of the glycine anchor due to the methylene group around which the bound dye
can rotate and align with already bound dyes. This is also necessary for a dense packing
of the dye molecules. In the case of the anhydride group, the orientation of the dye on
the surface is fixed once bound.
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Fig. 4.39: Scheme of hydroxyl consumption for both anchoring moieties.
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The amount of dyes that adsorbed to a defined quantity of TiO, nanoparticles with from
BET measurements known surface area was determined by UV /Vis absorption spec-
troscopy. The transmittance of a dye solution of known concentration before dye adsorp-
tion and the transmittance of the supernatant after dye adsorption was measured. The
difference in transmittance was used to calculate the amount of dye molecules adsorbed
to the TiO,. The experiment was performed both for ID1157 and ID1152 and it was found
that double the amount of ID1157 molecules adsorbed compared to the amount of ID1152
molecules. The experiments were carried out by L. Pottinger.

Other important factors that have to be considered when judging the signal intensity are
the previously mentioned electronic resonance enhancement condition and the Raman
cross sections of the two dyes. It was discussed that the dye ID1157 is more strongly
enhanced than the dye ID1152 so that this fact could be a further reason for the higher
signal intensity of ID1157 spectra. However, the Raman cross sections are the same for
both dyes as can be seen from Raman spectra taken of the free dyes under the same
experimental conditions (Fig. 4.40). Both spectra exhibit the same intensity. Moreover, the
corresponding IR spectra are also shown. Their intensity is also very similar. Therefore,
the VSFG signal from the two dyes, being the result of an IR and Raman process, is
expected to be of the same strength as well. The Raman cross section can thus be ruled
out as a reason for the VSFG signal difference of the two dyes. This thus leaves the
electronic resonance enhancement condition as the only additional explanation for the
signal difference apart from differences in surface density and dye layer ordering. The
former most certainly influences the VSFG signal to some degree but the latter two are
most probably stronger contributors to the dissimilar signal strength.
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Fig. 4.40: Unnormalized IR and Raman spectra of dyes ID1157 (magenta) and 1D1152
(blue). The IR and Raman spectra are given by the pairs of upper and lower curves,
respectively.
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4.2.5.8 Structure-function relationship between photocurrent and type of dye bind-
ing

As shown in the preceding sections, further insights have been gained into the binding
modes of the different dyes on TiO,. For example, it was found that the carboxylic acid
group binds completely all dye molecules present at the TiO, surface presumably under
a certain tilt angle via a bidentate coordination. In contrast, for the anhydride group it
was found that not all molecules bind via bidentate coordination of both of the formed
carboxylate groups but that some additional molecules also present at the TiO, surface
bind only via physisorption of the closed anhydride group. Furthermore, it was found
that the surface density of the adsorbed dyes was dependent on the anchoring group.
The carboxylic acid group enables double the amount of dye to bind compared to the
anhydride anchor. At the same time, the higher flexibility of the acid group as part of
the glycine anchor allows for an increased order in the densely packed dye layer. Now,
it remains to be determined how these different binding modes can be correlated to the
dyes’ photocurrent (see Section 4.2.2).

The electron injection from the dye to the TiO, depends on the electronic coupling be-
tween the LUMO of the dye and the CB of TiO, [27]. Among others the electronic cou-
pling is influenced by the anchor group of the dye and its binding strength. In the sit-
uation where the anhydride group opens and binds both the carboxylic acid and the
carboxylate formed, electron injection is superior through this group to electron injection
through the carboxylic acid group [58]. However, when the anhydride group binds in
its closed form, electron injection is much faster through the carboxylic acid anchor [63].
In addition, the photocurrent is dependent on the amount of dye adsorbed since more
dyes can absorb more light and consequently generate more electrons. In this regard, an
ordered dye layer is advantageous because it accommodates more dye molecules. Know-
ing the conditions for a high photocurrent it becomes quite understandable why ID1157
exhibits a much stronger one than ID1152: the dye layer of ID1157 is much denser and, in
addition, all of its molecules are strongly bound. Moreover, the tilted geometry of ID1157
might allow for fast through-space electron tunneling from the perylene core to the TiO,
surface [72].

4.3 Methanol-TiO, interaction studied by VSFG spectroscopy

Since the main idea of the S2F project is to use the dye-functionalized TiO, nanoparti-
cles to convert CO, to methanol (MeOH) it was attempted in a first experiment to detect
methanol on a pure TiO, film with VSFG. Only if pure methanol or a mixture of methanol
and water can be probed, VSFG can be employed as a technique for the in situ detection
of methanol as a potential product during the CO, reduction reaction. The focus of the
investigations is put on the CH vibrations of methanol since most spectral information is
expected there. Fig.4.41 A shows a set of time delay-shifted VSFG spectra of a TiO, film

in contact with methanol at a center frequency of 2890 cm ™.

The spectrum at zero time delay exhibits two bands with the high-frequency one being
asymmetric. These bands, found at 2835 and 2938 cm ™!, can be considered as real because
they keep their position and disappear at longer delay times. The asymmetry of the lat-
ter band is most probably the result of an underlying band at 2900 cm™!. All these bands
can be attributed to molecularly adsorbed methanol. They are assigned to the symmet-
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shifted spectra of CD;0D in contact with a TiO, film spin-coated on a CaF, prism. (D)
Rinsing of a CD;0OD on TiO, sample with a 1:1 mixture of CD,;0D:D,O0.

ric stretching vibration of the CH; group and Fermi resonances of the symmetric stretch
with overtones of the CH; bending vibration in the order of increasing frequency. The
asymmetric stretching vibration of the CH; group to be found at ~2970 cm™~! could not
be detected [135, 207, 208]. Methanol is only molecularly bound in this sample because
dissociative, i.e. chemisorptive, binding only occurs on the less abundant (100) crystalline



4.4. CO, binding studied by VSFG spectroscopy

face of anatase and not on the predominant (101) face mostly exposed by the relatively
large nanoparticles in this sample [101, 209]. Moreover, it was found that contamina-
tions of the TiO, surface due to adsorbed hydrocarbons suppress dissociative adsorption
of methanol [97, 101]. As seen in Fig.4.12H and I, the investigated samples are always
slightly contaminated.

In a next step it is examined whether methanol is still detectable at the TiO, surface when
water is present as well. To do so, a sample in contact with pure methanol was rinsed in
situ with 1:1 and 1:100 mixtures of methanol and water (Fig. 4.41 B). It can be seen that the
methanol bands disappear upon rinsing with both concentrations. This indicates that the
water molecules displace the methanol molecules from the interface. Since the same re-
sult is obtained for both concentrations it can be excluded that the methanol molecules in
the more concentrated solution form a double layer in which the methyl groups face each
other at the TiO, surface in order to avoid mixing with water. Such a double layer would
not be detectable with VSFG spectroscopy [208]. However, at the low concentration, it
is assumed that only monolayer formation is possible. A monolayer should be detectable.

The measurements with methanol are repeated with deuterated methanol (CD;0D) in or-
der to exclude that bands originating from contaminations of adsorbed hydrocarbons in-
terfere with detected methanol bands. The set of time delay-shifted spectra of a TiO, film
immersed in pure CD;OD at a center frequency of 2180 cm ™! is depicted in Fig.4.41 C.
The spectrum at zero time delay shows four bands which are associated with CD stretch-
ing vibrations. The band at 2077 cm™! is assigned to the symmetric stretch of the CD,
group, the bands at 2125 and 2210 cm ™! to the Fermi resonances and the band at 2261 cm ™
to the asymmetric stretch of the CD; group [207, 210, 211]. Upon rinsing of the sample
with a 1:1 mixture of CD;0D:D,0, the CD;0D signal disappears as observed for normal
methanol (Fig. 4.41 D).

1

The results obtained on methanol and deuterated methanol show that pure methanol in
contact with TiO, can be observed with VSFG spectroscopy. However, in the presence of
water the methanol signal is immediately lost. The same phenomenon was already stud-
ied by Wang et al. who investigated the competitive adsorption of water and methanol
on TiO, in the gas phase also using VSFG spectroscopy. They found that high amounts
of water readily displace methanol [100]. Similarly, Zhang et al. found that VSFG spectra
of methanol/water mixtures at fused silica surfaces are hardly detectable at all concen-
trations [212]. Consequently, using solely VSFG spectroscopy, it could prove difficult to
detect low amounts of evolving methanol during the CO, reduction reaction in aqueous
media.

44 CO, binding studied by VSFG spectroscopy

Beside the methanol adsorption, attempts were made to study the CO, adsorption from
aqueous solution onto TiO, films on CaF, prisms with VSFG spectroscopy. CO, adsorbs
as carboxylate or carbonate species on the TiO, surface which lead to characteristic bands
between 1700 and 1300 cm ™! in the IR spectrum [213-215]. Thus, the center frequency
was put to 1600cm ™! in order to detect the strongest of them. In case it is possible to
obtain a spectrum of adsorbed CO,, the photocatalytic degradation or conversion of CO,
under irradiation could be studied. Unfortunately, it was observed that the film being
relatively stable in contact with pure water, detaches from the substrate quite rapidly
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when the water was saturated with CO,. This finding is assumed to be related to the
progressive decrease in pH (pH =~ 4) upon addition of CO,:

CO, + H,0 = CO% 4 2HT. (4.1)

Good adhesion of the TiO, film under acidic conditions was however found on fused
silica slides. A transition from the CaF, to a SiO, substrate could not be carried out
because silica is opaque throughout the IR region lower than 2000 cm™!. To circumvent
these limitations, the IR transmittance properties of the CaF, prism were combined with
the adhesion properties of the fused silica slides by sputtering a 30 nm-thick layer of SiO,
on the base plane of the CaF, prism. The IR transmittance of a SiO,-coated CaF, plate
was tested by IR spectroscopy and compared to the transmittance of a pure CaF, plate.
The respective spectra are shown in Fig. 4.42 A.
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Fig. 4.42: (A) Comparison of IR transmission spectra of a CaF, plate (black) and a CaF,
plate coated with 30 nm SiO, (red) and (B) Influence on the VSFG spectrum of a pure CaF,
prism upon consecutive coating with layers of SiO,, TiO,, H,O and H,O + CO,.

It is seen that the thin SiO, layer reduces the IR transmittance of the CaF, substrate
(~70 %) only at wavenumbers lower than 1300cm™~!. In addition, the adhesion of the
TiO, film on the SiO,-coated CaF, plate and prism was found to be as good as on the
fused silica slides. As a result, a suitable substrate for the investigation of carbonate
species is found. Very recently, Padermshoke et al. published data about the suitability
of a novel SiO,-deposited CaF, substrate for VSFG spectroscopy [216]. The VSFG spectra
centered at 1600 cm™! of the bare, SiO,-coated, and TiO,/SiO,-coated CaF, prisms, are
shown in Fig. 4.42 B. The first two spectra are both flat lines and it is thus demonstrated
that the S5iO, does not influence the VSFG signal from the CaF, substrate. Upon addi-
tion of a layer of TiO, a small NR background signal is observed. This stays at first very
similar when the film is brought in contact with water. However, after around 30 min
the NR background signal increases, presumably due to a change in the TiO, film. Upon
exchanging the pure water with CO, saturated water, the NR signal remains the same
and no new band is observed, even after 30 min immersion time. The CO, adsorption
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4.4. CO, binding studied by VSFG spectroscopy

most probably takes place but the adsorbed species do not perform SFG-active vibra-
tions. Thus, it seems not possible to study the CO, adsorption in the spectral range
where strong IR bands of adsorbed CO, species show up and in a second step its con-
version with VSFG spectroscopy. Nevertheless, this technique can still be employed, as
shown in the preceding sections, to study the dye behavior during the CO, reduction
reaction.
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Chapter 5

Conclusions and Outlook

A photocatalyst for solar light-driven CO, reduction based on dye-functionalized TiO,
nanoparticles was investigated by UV /Vis, IR, Raman and VSFG spectroscopy. The dyes
employed in this work were perylene-based with either carboxylic acid or anhydride
groups as molecular anchor to the TiO, surface. Particular focus was put on elucidating
the binding mode and molecular arrangement of the dyes ID1157 and ID1152, the two
being structurally identical apart from their anchor group. Whereas ID1157 bears a car-
boxylic acid, ID1152 contains an anhydride group anchor. For further comparison and
confirmation of the results obtained with the previous dyes, structurally similar perylene-
based dyes, SF18 and ID28, bearing the same anchor groups, i.e. a carboxylic acid anchor
in the case of SF18 and an anhydride group in the case of ID28, have been studied as
well. Moreover, the model substance NA and its salt counterpart K2NA with cleaved
anhydride group were chosen to facilitate the band assignment of the spectra taken from
dyes with anhydride group. The dye binding geometry is particularly important because
it influences the electron injection efficiency from the excited dye to the CB of TiO, and
hence also the photocurrent output of any given dye/TiO, system. For the ID1157/TiO,
and ID1152/TiO, systems, respectively, significantly different photocurrent amplitudes
were observed; in the case of ID1157 it was 14 times higher than for ID1152. Subsequent
spectroscopic analysis was then used to determine whether the dissimilar anchor groups
of the dyes and their binding modes were the cause for the observed photocurrents.

With the help of UV/Vis absorption spectroscopy changes in the electronic structure
upon binding of the dyes to TiO, were studied. For all dyes one main absorption band
was observed which was attributed to an HOMO to LUMO transition with a strong CT
character from the diphenylamine donor group to the perylene acceptor core. While this
band did not shift upon binding of the carboxylic acid group, it blue-shifted upon coor-
dination of the anhydride group. The latter observation was explained by the opening
of the anhydride group. This could be concluded since the UV /Vis absorption spectra
of the disodium salts of the chemically-cleaved dyes showed the same absorption maxi-
mum.

By employing IR and Raman spectroscopy to the powder samples of the free and bound
dyes a detailed binding mode analysis of the carboxylic acid and anhydride anchor
groups could be performed. In order to apply the empirical rule of Deacon and Phillips
the spectra of the free and bound dyes were compared and spectral changes could be
ascribed to a certain binding mode. In the case of ID1157 the binding mode of the car-
boxylic acid group was determined as bidentate bridging, while for ID1152 it was found
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that the anhydride group opened to form a bidentate bridging coordination with two car-
boxylate groups. The IR and Raman spectra of bound NA and K2NA were of great use
for unraveling the anhydride group binding mode since they showed distinct bands that
could be assigned to v,5(CO;) and v5(CO;) stretches. However, it remained unclear why
a residual anhydride group signal was still observed in the spectra of the bound dyes.

In situ VSFG spectroscopy was applied to thin dye-functionalized TiO, films spin-coated
on CaF, substrates using a photocatalytic flow cell in order to examine the surface-
specific binding mode of the dyes and their molecular arrangement on the TiO, surface
both in air and in water. In addition, since very few VSFG spectroscopic studies have
dealt with complex nanoparticulate surfaces, it was therefore desirable to gain further
VSEG-specific information on these samples. This was achieved by switching to a reflec-
tive Au substrate which changed the sampling geometry from TIR to normal reflection.
Thus, it was possible to determine whether the free or buried dye/TiO, interface was
probed. Finally, methanol and CO, adsorption on TiO, films was also investigated.

The VSFG spectra of the bound dyes could be obtained with good sensitivity, despite
the presence of a strong NR background. These findings could be explained by the DR
enhancement condition under which the spectra were recorded. The high sensitivity and
NR background were attributed to simultaneous IR-Vis DR-SFG and Vis-IR DR-SFG pro-
cesses. Usually the latter process is neglected because the electronic relaxation times are
generally much shorter than the vibrational ones. However, in the case of perylene dyes
the vibrational relaxation time of the excited state was found to be on the same timescale
as the electronic one. As a consequence, both processes could interfere to give VSFG
dye spectra with resonant and NR contributions. In order to remove the NR background
the experimental suppression technique developed by Lagutchev et al. [146, 147] was
applied and NR background-free survey spectra could be acquired. These spectra were
taken for the surface-specific binding mode and dye arrangement analysis. Hence, the
binding mode of the dye ID1157 determined with IR and Raman spectroscopy could be
confirmed with VSFG spectroscopy. Moreover, based on the fact that the bound dyes
gave rise to detectable VSFG signals in air, it was concluded that they had to be ad-
sorbed in an orderly fashion, thus creating a defined dye/TiO, interface. The results
found for ID1157 could be reproduced with the dye SF18. In addition, the VSFG signal
strength of the spectra of bound SF18 allowed for polarization-dependent measurements
using ppp and ssp polarization combinations. With the help of these, it was suggested
that dye molecules adsorbed at the TiO, surface adopted on average a tilted geometry.
When the ID1157 dye-coated TiO, film was brought in contact with water the binding
mode remained unchanged but the order of the adsorbed dye layer decreased slightly.
By switching substrates it could be shown that the free dye/TiO, interface was the one
actually probed by VSEG spectroscopy.

For the dye ID1152 with anhydride group anchor the VSFG spectroscopic results were
largely comparable to the ones found on ID1157. The binding mode analysis performed
with IR and Raman spectroscopy was corroborated by VSFG spectroscopy. Moreover,
the origin of the residual anhydride group signal could be explained. It was shown that
dye molecules with closed anhydride group incorporated into the ordered layer of bound
dye molecules. This was confirmed by measurements on the dye ID28 and more so on the
model substance NA. In the VSFG spectrum of bound NA, a band assigned to the v5(CO5)
stretching vibration was observed, indicating the opening of the anhydride group of at
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least some molecules; another band assigned to the 15(C=0) stretching vibration related
instead to the coordination of closed anhydride groups. Similar to ID1157 the binding
mode of ID1152 was not altered upon addition of water and the order of the bound dye
layer was also slightly diminished. In the case of ID1152 the substrate change did not
provide a clear answer as to whether the free or buried interface was probed but consid-
ering that the same film preparation and the same experimental conditions were used, it
could be argued that the same interface as for ID1157 was probed. The direct comparison
of the VSFG spectra of bound ID1157 and ID1152 revealed that ID1157 dye molecules
adsorbed with a higher surface density and ordering.

In view of the results obtained on the binding geometry of the dyes ID1157 and ID1152 it
was possible to give an interpretation of the dissimilar photocurrent signals from the two
dye/TiO, systems. It is believed that the photocurrent output of ID1157 was much higher
because dye molecules present at the TiO, surface adsorbed numerously via chemisorp-
tion, whereas in the case of ID1152 the surface density of bound molecules was lower
and the binding occurred partly also via physisorption.

Finally, the methanol and CO, adsorption on TiO, films was studied with VSFG spec-
troscopy. In the case of 100 % methanol, the VSFG spectrum showed bands of molec-
ularly adsorbed molecules. These bands disappeared upon addition of either water or
methanol/water mixtures. Therefore, it was concluded that methanol evolving from
a CO, reduction reaction in an aqueous phase would be easily displaced and, in turn,
would be hardly detectable by VSFG spectroscopy. As for CO, adsorption, the CaF, sub-
strate had to be modified with a thin SiO, layer in order to improve TiO, adhesion in
acidic aqueous media. Nevertheless, no carbonate bands could be observed even after
long contact times between the TiO, film and a CO,-saturated aqueous solution.

Additional experiments on the dye/TiO, systems are needed to provide further insights
on the dye arrangement at the TiO, surface and to assure the present results. Concern-
ing the binding mode of the carboxylic acid and anhydride groups IR, Raman and VSFG
spectroscopy studies of the sodium or potassium salts of the dyes should be carried out
in order to obtain Avg,; values that can be compared to the Av,q45 values of the adsorbed
dyes. Moreover, the IR measurements should be performed under dry atmosphere so
that the spectra do not have to be corrected for water vapor absorption after the exper-
iment. Thus, the detection and assignment of the band of the v,5(CO5) stretching vibra-
tion should be facilitated. Speaking of the band assignment, simulations of the free/salt
and bound dye spectra should be conducted to assist spectral interpretation and bind-
ing mode identification (compare Ref. [165]). Further VSFG spectroscopic experiments
should not only study the influence of pure water on the bound dye layer but also the in-
fluence of pH. For instance, under basic conditions it could be verified that some 1D1152
dye molecules bind with closed anhydride group and do not expose a protonated acid
group. This should be possible because a free carboxylic acid group should become de-
protonated and hence a spectral change should be observable. By contrast, an anhydride
group should remain unaltered. Moreover, it seems worth to follow subsequent wash-
ing (with water) and reimmersing (in dye solution) steps of the dye-bound samples by
VSEG spectroscopy in order to elucidate how dye reorganization on the TiO, surface in-
fluences the photocatalyst’s performance (compare Ref. [202]). Furthermore, it would be
interesting to study the dye adsorption on single-crystalline anatase(101) surfaces with
polarization-dependent VSFG spectroscopy in combination with other techniques, e.g.
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XPS and NEXAFS (compare Ref. [78]), to determine the tilt angle of the bound dyes on
a surface with predefined orientation. Thus, it could be found out whether the tilted ge-
ometry suggested by the VSFG spectra in this thesis was actually a result of the binding
geometry of the dye or the averaged orientation of the different crystal faces on the TiO,
nanoparticles in the film. In addition, VSFG spectroscopic studies with a tunable Vis and
IR laser beams could be applied to prove that the NR background in the VSFG spectra of
the bound dyes was actually due to the DR condition. By changing the Vis wavelength
off-resonance with the electronic CT transition of the dyes, the NR background should
vanish.

So far CO, conversion applying the dye-functionalized TiO, nanoparticles as photocata-
lyst has not been successful. Future experiments applying a different dye-functionalized
semiconductor, e.g. Cu-deposited ZnO, as catalyst to address this problem are on the
way. However, the results obtained regarding the dye binding are equally useful and
relevant for DSSC research.
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