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Abstract
At the interface between natural waters and the sea, an enrichment of surface-
active substances can be observed. This has a strong impact on the physical and
chemical properties of this system, including the gas exchange. Because of the
high local concentration of different organic substances and, in comparison with
the bulk, the high intensity of solar radiation, a large number of photochemically
induced reactions take place within this interfacial zone.
The scope of this thesis covers both the investigation of natural sea water surface
samples and the development synthetic model systems to study such photo-
chemical processes using surface-selective analytical techniques. Out of the
different techniques used, Vibrational Sum Frequency Spectroscopy (VSFG) was
employed as the primary experimental method.
The first part of the thesis covers the investigation of natural water surface sam-
ples by means of VSFG spectroscopy for the semi-quantitative determination of
surface-active matter abundance in the so-called Sea Surface Nanolayer (SNL),
the direct molecular interface between air and sea. A set of software tools was im-
plemented to allow for an automatized and systematic analysis of large amount
of spectral data. These were used to re-examine the data obtained by monthly
sampling of natural surface water collected at Boknis Eck time series station over
ten years with respect to seasonal variation of the surfactant abundance as well
as to correlate surfactant abundance with other oceanographic parameters. A
seasonal variation of this SNL abundance through the year could be confirmed.
The second part of the thesis describes the synthesis and characterization of a
novel class of surface-active photosensitizer molecules based on benzoylbenzoic
acid. It was possible to obtain three new substances not yet described in the
literature by esterification of the acid with three symmetric diols (hexane, nonane
and dodecane diol). Those compounds turned out to be very surface-active and
yielded VSFG spectra of remarkable quality and showing pronounced carbonyl
peaks. Upon irradiation with artificial sunlight from a xenon lamp, efficient
autophotolysis was observed for those molecules, clearly proving their pho-
tochemical reactivity. To better mimic the surface of natural waters, in which
typically only a small fraction of the interfacial molecules is susceptible to pho-
tochemistry, mixed layers of the novel sensitizers and naturally occurring fatty
acids (myristic acid, palmitic acid and stearic acid) have been prepared and in-



vestigated by means of VSFG spectroscopy, LANGMUIR compression isotherms
and simultaneous application of both methods. The mixture of the sensitizer
BX12 and stearic acid was identified as the most promising candidate for a model
system for future studies.



Kurzzusammenfassung
An der Grenzfläche zwischen natürlichen Gewässern zur Luft reichern sich
häufig oberflächenaktive Substanzen an, die einen erheblichen Einfluss auf die
physikalischen und chemischen Eigenschaften des Systems einschließlich des
Gasaustausches haben können. Durch die besonders hohe lokale Konzentration
von verschiedenen organischen Substanzen und der im Verhältnis zum Tiefen-
wasser hohen Sonneneinstrahlung kommt es in dieser Zone zu einer Vielzahl
photochemisch induzierter Reaktionen.
Im Rahmen der vorliegenden Arbeit wurden die oberflächenaktiven Substanzen
an dieser Grenzfläche anhand natürlicher Meerwasserproben und synthetische
Modellsysteme untersucht. Die dort ablaufenden photochemischen Prozesse
mithilfe oberflächensensitiver analytischer Methoden charakterisiert, wobei ins-
besondere die Vibrations-Summenfrequenzspektroskopie (VSFG) zum Einsatz
kam.
Die im ersten Teil der Arbeit beschriebene Untersuchung natürlicher Wasser-
proben basiert auf der in dieser Arbeit etablierten Verwendung der VSFG-
Spektroskopie als geeignetes Mittel zur semi-quantitativen Bestimmung der
Menge an oberflächenaktivem Material im sogenannten Sea Surface Nanolayer
(SNL), der unmittelbaren molekularen Grenzschicht zwischen Luft und Wasser.
Mithilfe einer neu implementierten Software konnte eine automatisierte und
systematische Auswertung der Spektren sowie eine komfortable Verwaltung
großer Datenmengen ermöglicht werden. Diese wurden angewandt, um die
über einen Zeitraum von fast zehn Jahren monatlich im Rahmen einer regelmäßi-
gen Ausfahrt gesammelten Oberflächenwasserproben systematisch im Hinblick
auf zeitliche Trends und Korrelation mit anderen meereschemischen Param-
etern zu untersuchen. Eine zeitliche Varianz der Oberflächenkonzentration
organischer Substanz konnte bestätigt werden. Des Weiteren wurden während
der zwei Ausfahrten (eine im Juni, eine im September 2018) der Baltic GasEx-
Kampagne mehrfach täglich Oberflächenwasserproben genommen und zusät-
zlich zur VSFG mithife eines LANGMUIRtroges und tensiometrischer Messungen
im Hinblick auf die Menge der oberflächenaktiven Substanzen untersucht und
im Zuge dessen ein Satz von einfachen komplementären Parametern definiert,
welche die Oberflächenbedeckung quantifizieren.
Der zweite Teil der Arbeit beschreibt die Synthese und Charakterisierung einer



neuen Klasse von oberflächenaktiven Photosensitizermolekülen auf Basis von
Benzoylbenzoesäure. Durch Veresterung dieser Säure mit symmetrischen Di-
olen (Hexan-, Nonan- und Dodecandiol) konnten drei bisher nicht in der Lit-
eratur beschriebene Substanzen hergestellt werden, die sich nicht nur als aus-
gesprochen oberflächenaktiv herausstellten, sondern auch VSFG-Spektren von
bemerkenswerter Qualität mit besonders ausgeprägten Carbonylbanden liefer-
ten. Unter Bestrahlung mit dem Licht einer Xenonlampe zur Simulation des
solaren Spektrums zeigten die Substanzen erhebliche Autophotolyse, was ein
klarer Beleg für ihre photochemische Reaktivität ist. Um die natürlichen Gren-
zflächensysteme, in denen typischerweise nur ein geringer Anteil der Moleküle
photochemisch aktiv ist, besser nachzustellen, wurden gemischte Schichten
aus natürlich vorkommenden Fettsäuren (Myristinsäure, Palmitinsäure und
Stearinsäure) und den künstlichen Sensitizern hergestellt und mithilfe von VSFG,
LANGMUIR-Kompressionsisothermen sowie einer gleichzeitigen Anwendung
beider Methoden (VSFG bei verschiedenen Oberflächenkompressionen) auf
ihre Grenzflächeneigenschaften und Photochemie untersucht. Bei dieser Un-
tersuchung konnte eine Mischung aus dem künstlichen Sensitizer BX9 und
Stearinsäure als vielversprechender Kandidat für ein Modellsystem identifiziert
werden.





Declaration

I hereby declare that this thesis is my own work and effort without any help
except the guidance of my supervisor Prof. Dr. Gernot Friedrichs. Where other
sources of information have been used, they have been acknowledged.

This is my first dissertation and this work has neither been used as a whole nor
in parts in any other dissertation attempts. No academic degree has aver been
withdrawn from me.

The dissertation complies to the Rules of Good Scientific Practice as proposed
by the German Research Foundation (DFG).

Kiel, 28.05.2021 Florian-David Lange





Contents

1 Introduction 1
1.1 The interfacial layer between sea and air . . . . . . . . . . . . . . . 1
1.2 Photochemistry at the air-water interface . . . . . . . . . . . . . . 4
1.3 VSFG investigation of surface monolayers . . . . . . . . . . . . . . 8
1.4 Outline of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Theoretical Background 13
2.1 Surfactants and interfacial layers . . . . . . . . . . . . . . . . . . . 13

2.1.1 Surface tension . . . . . . . . . . . . . . . . . . . . . . . . . 14
The WILHEMY Method of surface tension measurement . 15

2.1.2 Surface-active compounds . . . . . . . . . . . . . . . . . . . 17
Surface excess . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.3 Surface layers and their 2D phase behavior . . . . . . . . . 19
The LANGMUIR trough and spreading procedure . . . . . 20
2D phase behavior of LANGMUIR monolayers . . . . . . . 21

2.2 Vibrational Sum Frequency Generation Spectroscopy . . . . . . . 24
2.2.1 Generation of SFG and the macroscopic susceptibility . . . 24
2.2.2 Microscopic approach and resonance . . . . . . . . . . . . 30

2.3 Photochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.3.1 General aspects . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.3.2 Photochemistry of the carbonyl group . . . . . . . . . . . . 36

3 Experimental Section 41
3.1 Materials and Sampling Techniques . . . . . . . . . . . . . . . . . 41

3.1.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.1.2 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.1.3 Characterization of the synthesized substances . . . . . . . 43

i



ii Contents

3.2 SML sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.1 GARRETT screen . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2.2 Sampling by glass plate . . . . . . . . . . . . . . . . . . . . 44

3.3 Surface Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.3.1 Tensiometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.3.2 LANGMUIR trough compression isotherms . . . . . . . . . 45

3.4 VSFG-Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.4.1 VSFG spectrometer setup . . . . . . . . . . . . . . . . . . . 46
3.4.2 VSFG spectra acquistion . . . . . . . . . . . . . . . . . . . . 47
3.4.3 Combination of LANGMUIR trough and VSFG . . . . . . . 48

3.5 Photolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

I Natural surfactant systems 55

4 Automated data processing, storage and management based on Python 57
4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2.1 The reusable core: specsnake . . . . . . . . . . . . . . . . . 60
4.2.2 The thesis-specific package: SFG . . . . . . . . . . . . . . . 62

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.1 General usage . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.2 Application: Time series data from Boknis Eck . . . . . . . 64
4.3.3 Application: Dataset from the Baltic GasEx cruise . . . . . 66
4.3.4 Extensibility and re-usability . . . . . . . . . . . . . . . . . 68

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 The Boknis Eck time series 73
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.2 Results from earlier publications . . . . . . . . . . . . . . . . . . . 74
5.3 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.3.1 Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.3.2 VSFG spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 77
5.3.3 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.3.4 Surface coverage . . . . . . . . . . . . . . . . . . . . . . . . 78



Contents iii

5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.4.1 Typical appearance of the VSFG spectra of a sampling day 80
5.4.2 Comparison with the preliminary time series . . . . . . . . 81
5.4.3 Long-term trend . . . . . . . . . . . . . . . . . . . . . . . . 82
5.4.4 Difference between SML and bulk water . . . . . . . . . . 85
5.4.5 Seasonality . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6 Contributions to the Baltic GasEx cruise 2018 91
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.2.1 Time and location . . . . . . . . . . . . . . . . . . . . . . . . 93
6.2.2 Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

GARRETT screen sampling . . . . . . . . . . . . . . . . . . . 95
Glass plate sampling . . . . . . . . . . . . . . . . . . . . . . 95

6.2.3 Laboratory-based experiments . . . . . . . . . . . . . . . . 95
Surface tension . . . . . . . . . . . . . . . . . . . . . . . . . 96
LANGMUIR compression isotherms . . . . . . . . . . . . . 96
VSFG spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 96

6.2.4 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.3 Preliminary work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.4 Surfactant abundance indices . . . . . . . . . . . . . . . . . . . . . 102
6.5 Cruise data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.5.1 Comparison between the cruises . . . . . . . . . . . . . . . 107
6.5.2 Plate and screen sampling comparison . . . . . . . . . . . 112
6.5.3 Comparison between zodiac- and ship-based sampling . . 115
6.5.4 SML and bulk water comparison . . . . . . . . . . . . . . . 117

6.6 Inter-comparability of different indices for surfactant abundance 119
6.7 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . 122

II Systems of artificial photosensitizers 125

7 BX as surface-ative photosensitizers 127
7.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127



iv Contents

7.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.3 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

7.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
7.3.2 Synthesis of the hydroxyalkyl esters . . . . . . . . . . . . . 131
7.3.3 Characterization . . . . . . . . . . . . . . . . . . . . . . . . 131
7.3.4 VSFG spectroscopy and photolysis . . . . . . . . . . . . . . 132
7.3.5 LANGMUIR compression isotherms and VSFG spectra at

constant surface pressure . . . . . . . . . . . . . . . . . . . 132
7.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 134

7.4.1 Preliminary experiments with Humic Acid and Nonanoic
Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

7.4.2 Synthesis and preparation of spreading solutions . . . . . 136
7.4.3 VSFG spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 137
7.4.4 LANGMUIR trough Experiments . . . . . . . . . . . . . . . 141
7.4.5 Photolysis experiments . . . . . . . . . . . . . . . . . . . . 143

Time-resolved photolysis . . . . . . . . . . . . . . . . . . . 145
7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

8 Mixed layers of fatty acids and an artificial photosensitizer 147
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
8.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

8.2.1 Preparation of the spreading stock solutions . . . . . . . . 150
8.2.2 LANGMUIR trough measurements . . . . . . . . . . . . . . 151
8.2.3 VSFG spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 151
8.2.4 Combined VSFG and LANGMUIR trough measurements . 152
8.2.5 Photolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

8.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 152
8.3.1 General concept of the experiments . . . . . . . . . . . . . 152
8.3.2 SFG spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
8.3.3 Compression isotherms at variable surfactant/sensitizer

ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
8.3.4 Combined VSFG/LT experiments . . . . . . . . . . . . . . 165
8.3.5 Photolysis experiments . . . . . . . . . . . . . . . . . . . . 173

8.4 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . 177



Contents v

9 Summary 181

Bibliography 185

Appendix 215

A Python script usage 215
A.1 General remarks and prerequisites . . . . . . . . . . . . . . . . . . 215
A.2 Import . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
A.3 Usage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

B Boknis Eck Time Series 219
B.1 Baseline correction . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

C GasEx cruise 223
C.1 Statistical tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

C.1.1 Results of the MANN-WHITNEY-U test for the enrichment
factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

D Sensitizers 225
D.1 Analytical data and Synthesis . . . . . . . . . . . . . . . . . . . . . 225
D.2 NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

BX6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
BX9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
BX12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

D.3 Langmuir compression isotherms . . . . . . . . . . . . . . . . . . . 234
D.4 Space requirement . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

E Mixed layers 237

Publications 239



vi Acronyms

Acronyms

Notation Description

arb. u. arbitrary units

CDOM chromophoric (or colored) dissolved organic matter

CMC critical micell concentration

DFG difference frequency generation

DMAP 4-dimethylaminopyridine

DOC dissolved organic carbon

DPPC dipalmitoylphosphatidylcholine

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride

EF enrichment factor

FA fatty acids

IR infrared light

KDP monopotassium phosphate

LBO lithium triborate

LLG liquid light guide

Nd:YAG neodymium-doped yttrium aluminum garnet

NMR nuclear magnetic resonance

OPG optical parametric generator

OR optical rectification

ORM object-relational mapper



Acronyms vii

Notation Description

PTFE polytetrafluoroethylene

SAI surfactant abundance indices

SFG sum frequency generation

SHG second harmonic generation

SML sea surface microlayer

SNL sea-surface nanolayer

SOA secondary organic aerosols

SQL structured query language

surfactants surface-active agents

TEP transparent exopolymer particles

UV ultraviolet light

VFSG vibrational sum frequency generation

VIS visible light





CHAPTER 1

Introduction

1.1 The interfacial layer between sea and air
As a significant part of the Earth’s surface is covered by oceanic waters, the
interface between air and sea is an important subsystem of the environment
with unique physical, biological and chemical properties that differ significantly
from subsurface bulk water.[1–3] The very border between the two phases is com-
monly referred to as the sea surface microlayer (SML) defining the uppermost
1 to 1000 µm of the water column.[4] The SML is inhabited by specific forms of
microorganisms (neuston) which are distinct from those populating the rest of
the water column[5]. In addition, this zone is often enriched with amphiphilic
organic substances stemming from different origins like biogenic primary pro-
duction and degradation processes of those products, intake from rivers and
anthropogenic sources.[6,7] These compounds are referred to as surface-active
agents (surfactants). Surfactants are usually molecules with both hydrophilic
and hydrophobic moieties leading to an energetically favorable orientation at
interfaces where the hydrophobic part tends towards air and the hydrophilic
part points into the bulk water.
A broad range of substance classes can be found among the surfactants. The most
common are several saturated and unsaturated fatty acids, lipopolysaccharides,
amino acids and proteins, but also complex macromolecules like chlorophyll
and humic substances are present.[8–12] It has been found that some of those,
especially the carbohydrates, are able to form complex aggregates appearing as
transparent exopolymer particles (TEP) floating in the SML.[13–17] Some authors
describe the SML as a gelatinous film formed by gels of complex carbohydrates
and proteins.[18–21] When the surface film becomes thick enough that the cap-
illary wave damping is visible to the open eye, such films are referred to as

1



2 Chapter 1 Introduction

slicks. The surfactant concentration and chemical composition has been found to
vary spatially and temporally.[22,23] It is suggested that this variability is mainly
caused by temporal fluctuations in the primary productivity (e.g. algae blooms)
as well as differences in environmental conditions like composition of the micro-
bial communities, wind, solar radiation and temperature.[3]

It has been shown that at a depth of approx. 50 µm a sudden change in physical
and chemical parameters (e.g. pH value and dissolved organic carbon (DOC)
concentration) occurs from the bulk water towards the interface.[24] Besides
those intrinsic special physical and chemical properties of the interface itself, the
presence and assembly of the surfactants at the interface leads to a change of
the physicochemical water properties. With respect to gas transfer, the presence
of surfactants can influence the transport rates by two different mechanisms.
First, they form a physical barrier which makes it harder for gases to cross
the phase boundary. Second, they alter the viscoelastic properties leading to a
higher resistance against stress-induced curvature caused by wind resulting in
wave damping. Therefore, the presence of surfactants increases the wind speed
needed for wave formation. Waves, however, strongly enhance gas transfer
because they come along with turbulences and they increase the water surface
area.[25–29] Studies involving artificial surfactants both on the open ocean and
under laboratory conditions indicate a significant lowering of gas transfer rates
upon the presence of a surface film.[23,30–32]

The SML is the gateway to the exchange of heat, momentum and matter be-
tween ocean and air. The organic matter enriched in the interfacial layer can
be transferred to atmospheric aerosols via different mechanisms, for example
spray formation through waves and bubble bursting.[33,34] In fact, bubbles can
function as transport vesicles for organic matter by adsorbing it at the surface
during ascension through the SML and release it to the marine atmosphere upon
bursting. The resulting aerosols are enriched with organic matter, including
surface-active species. Those aerosols can be subject to aging caused by reaction
with oxidants (such as OH radicals, ozone, etc.) or photochemically induced
by ultraviolet light (UV). Primary and secondary aerosols act as condensation
nuclei for cloud droplet formation.[34–39]

A schematic overview of the different depth zones, classes of organic matter
as well as transportation and interaction processes with the environment is
presented in Fig. 1.1 Actually, the SML covers a huge area and even impacts



1.1 The interfacial layer between sea and air 3

Figure 1.1: Schematic representation of the SML including the different kinds of
organic matter, transport processes and interaction with the environment (taken
from a recent review by Engel et al.).[3]

global scale processes. Nevertheless, it is rather difficult to probe selectively.
The very small vertical dimension requires sampling techniques collecting only
the surface water as well as analytical methods with the ability to distinguish
between bulk and surface contributions. The importance of this interfacial sys-
tem lead to high efforts among researchers during the last years in order to
establish reliable and reproducible sampling procedures in addition to higher
levels of comparibility.[40] Moreover, a large variety of complementary modern
instrumental methods have been employed to improve the understanding of
the SML. Those include vibrational sum frequency generation (VFSG) spec-
troscopy and voltammetry to analyze and quantify the surfactants, BREWSTER

angle microscopy to study the morphology of SML films as well as advanced
nuclear magnetic resonance (NMR) spectroscopy and high sensitivity mass
spectrometry to characterize the substances present in the SML and marine
aerosols.[38,41–44] Considering the SML, it is feasible to distinguish it from the
zone at the very interface between the air and the water. This zone is only one
to few monomolecular layers thick and commonly referred to the sea surface
nanolayer.[3,45] The distinction between SML and nanolayer is especially useful
for those analytic techniques that offer inherent surface sensitivity and directly
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target the nanolayer. Nevertheless, besides this rather technical definition, the
question arises to what extend the composition and properties of this nanolayer
are significantly different from the underlying microlayer is still subject of ongo-
ing research.
Finally, residing directly at the surface the SML is much more exposed to sunlight
than the rest of the water column because the intensity of the light is attenuated
by passing through the organic-enriched water. In particular, the combination
of the presence of several different classes of organic compounds, many of
them susceptible to excitation by light and acting as potential photosensitizers,
qualifies the SML as an area of active photochemistry.[4,46]

1.2 Photochemistry at the air-water interface
The boundary between two phases is associated with a sudden change in prop-
erties over a small spatial distance. As chemical and photochemical reaction
dynamics often strongly depend on the local molecular environment (e.g. po-
larity, density and pH value), it is to expect that the reaction pathways, rate
constants and products differ between processes in the bulk and those at the
interface.[47–49] The photochemistry, especially photodissocation, of adsorbed
molecules at metal or semiconductor surfaces has been subject to research for
several years. Here, substrates can influence the photophysical properties of
adsorbates due to electron transfer from the photoexcited substrate states to the
adsorbate (a form of photosensitizing) and opening new pathways for excitation
and relaxation.[47,50,51] Besides these solid/gas interface, boundaries between
liquid and gas show remarkable photochemistry as well. Especially interfacial
photochemistry between water and air is constantly getting more attention. At
the boundary between a gas and a liquid, a potential photoreactant can be ac-
cessed by reaction partners from both the bulk and the gas phase, increasing
the amount of potential reaction channels. In addition, volatile products of
photochemical reactions are not trapped within solvent cages and may escape
into the gas phase which can make their formation more favorable and thus
leading to reactions different from the bulk. In addition, the high surface energy
of water leads to an accumulation of organic material at the interface increasing
the local concentration and hence the number of potential reaction partners. As a
direct consequence, the presence of surfactants at the air-water interface can lead
to accumulation of less surface active materials in the subsurface layer, enabling



1.2 Photochemistry at the air-water interface 5

them to absorb light and participate at photochemical reactions.[52,53]

Photochemistry in natural waters includes a variety of complex and strongly
interdependent processes, including halide radical formation, direct photoreac-
tions of anthropogenic heteroaromatic pollutants, reactions induced by biogenic
chromophores and various reactive oxygen species like hydroxyl radicals.[54].
Seawater contains many compounds which are somehow photoreactive and
can act as photosensitizer. One important example is the dissolved organic
matter that absorbs light in the visible spectral range, commonly referred to as
chromophoric (or colored) dissolved organic matter (CDOM), and consists of
a huge variety of different molecules and fluctuates temporally and spatially
in its composition. It has been shown that the CDOM molecules can form a
photoreactive triplet state upon excitation leading to consecutive reaction form-
ing singlet oxygen formation as well as direct reaction with photochemically
inactive substrate.[55–57] A scheme for the excitation reaction of CDOM and the
formation of singlet oxygen is outlined in eqs. 1.1 and 1.2.

CDOM + hν −→ 3CDOM∗ (1.1)

3CDOM∗ + 3O2 −→ CDOM + 1O2 (1.2)

Besides the rather unknown and variable CDOM composition, some chro-
mophoric systems in the water are better understood. In particular chloro-
phyll, being a very efficient photosensitizer, as well as humic acids formed by
degradation of dead organic material (detritus) and consisting of huge con-
jugated aromatic systems including carbonyl groups are contributing to ma-
rine photochemistry.[58–61] In fact, many of the photochemical processes within
natural waters are driven by the excitation of various aromatic carbonyl com-
pounds (often derivates of benzophenone), followed by different reactions in-
cluding proton abstraction, electron transfer and formation of reactive oxygen
species.[57,62,63]

As the interface is a region with very distinct chemical and physical properties,
it was suggested for long that photochemical processes occurring between sea
and air might differ significantly from the bulk water. One of the early pioneer
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works in the field of photochemistry at the air-water interface is the research
conducted by Ehrhardt et al. It describes experiments using anthraquinone and
similar heterocyclic organic compounds as photosensitizer and different alkyl
benzenes and alkanes as reactants under irradiation of both natural and artificial
solar radiation, leading to the formation of oxygenated products most probably
formed via radical reaction pathways.[64,65] Even the formation of low molecular
weight carbonyls as products of a photosensitized reation of aliphatic com-
pounds in water has been observed.[66] In the last few years, a series of studies
revealed the formation of unexpected reaction products like unsaturated aldehy-
des and carboxylic acids from irradiation of surface films, strongly supporting
the hypothesis of a difference between bulk and surface chemistry.[52,53,67–71]An
example of a reaction mechanism showing that the proximity to the surface
enhances reaction pathways different from those in the bulk is shown in Fig. 1.2.
In this example, the influence of the surface leads to the preferential formation of
products like unsaturated alcohols and acids which wouldn’t be formed in the
bulk process. The corresponding experiments conducted by Tinel et al. included
the usage of different photosensitizers similar to those present in natural systems
(e.g. humic acid and benzoylbenzoic acid), applied to both artificial and natural
surface samples containing fatty acids. Characterization of the products by
means of high-sensitive mass spectrometry did in fact confirm the occurrence of
unexpected unsaturated products formed upon radiation and in the presence of
an additional photosensitizer. Interestingly, in the case of nonanoic acid, even
without the presence of a photosensitizer, an unexpected direct photolysis was
observed. Being insusceptible to sunlight under normal conditions, the authors
speculate about a potential a red-shift in the absorption spectra of nonanoic
acid caused by the formation of a dense interfacial aggregation of the acid as
explanation for this behavior. In addition, quantum chemical calculations of the
possible reaction pathways indicate the stabilization of some transition states by
coordination of water molecules.[53,72]

For most of the recent studies, the question arises if the photosensitizer was
present directly at the air-water interface or if it is dissolved in the water bulk
layer near the surface. Actually, surface-sensitive spectroscopy (ATR) has shown
that rather soluble photosensitizers can accumulate in the subsurface region if
a surface film is present, leading to a situation of a high local concentration of
both sensitizer and substrate. In the example presented in Fig. 1.2 (upper left
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Figure 1.2: Tentative photochemical reaction pathways that may explain the
interface-specific formation of unsaturated carboxic acids and high molecular-
weight dimerization products (from Tinel et al.).[53]

green box), the photochemical reaction is therefore initiated by H abstraction
reaction from an octanol molecule (acting as surfactant) by the photoexcited
photosensitzer molecule. In case the substrate concentration is high enough to
compete with the fast deactivation of reactive species occurring in the bulk water.
Singlet oxygen formed for example by the reaction of excited CDOM molecules
(see eq. 1.2) are typically energy transfer reactions and classified as "indirect or
type II mechanisms", in contrast to reactions that are based on radical chemistry
and happen through electron transfer (type I mechanism).[49,73] Those processes
are described in more detail in chapter 2.3.
Besides model systems of more or less defined chemical compositions, also
biological surface samples have been photolyzed. Interestingly, the formation of
volatile products was much higher for dead biofilms, indicating that cell lysis
and enzymatic degradation of complex biological macro-molecules form species
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that accumulate at the interface to form surface layers.[69] Again, unusual unsat-
urated compounds arose from interfacial photochemistry that may contribute
significantly to the formation of secondary organic aerosols (SOA). So far, it
had been widely assumed that unsaturated compounds stem from biological
sources exclusively. This finding highlights the importance of understanding
those interface phenomena in the context of atmospheric processes on global
scale.[69,74]

1.3 VSFG investigation of surface monolayers
The selective investigation of the interface without getting a significant contribu-
tion from the bulk is demanding and requires sophisticated analytical techniques.
One of the tools that has been applied successfully to probe surface films down
to sub-monolayer sensitivity, is vibrational sum-frequency generation spec-
troscopy (VSFG). It is a nonlinear laser-spectroscopic technique relying on the
phenomenon of resonant sum frequency generation where two laser beams are
overlapped temporally and spatially. In order to gain spectral information, usu-
ally one of the two beams is tunable within a certain spectral range. As the SFG
signal is strongly enhanced if it is in resonance with a molecular transition, the
tunability allows to scan the resulting SFG resonance as function of the incident
wavelength within a certain spectral range resulting in a SFG spectrum. Note
that in case of the vibrational SFG targeting molecular vibrational transitions,
the tunable beam is always a laser beam in the infrared range of the spectrum,
although in principle SFG experiments with using a tunable visible light (VIS)
beam are possible as well and in contrast to the VSFG spectroscopy, would target
electronic molecular transitions. The SFG process is related to the hyperpolar-
izability of the probed medium which is zero for centrosymmetric systems but
non-zero for interfaces. Because at interfaces the inversion symmetry is always
broken for reasons of symmetry, VFSG is intrinsically surface-sensitive and there-
fore well-suited to study the chemical properties of surfaces and interfaces.[75]

Finally, SFG also yields information about the chemical structure. The tensor
properties of the hyperpolarizability make SFG sensitive to the polarization state
of the incident laser beams and provide, supposing that the polarization of the
detected signal and the incident fields are known, a way to determine the spatial
orientation of the probed molecular transition dipole moment.[76–79]

Shortly after the discovery of the SFG process by SHEN et al., its potential to
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study LANGMUIR monolayers has been identified.[80–83] As SFG is susceptible to
structural effects, highly ordered interfacial layers are particularly well suited
to be studied by this technique. Changes occurring in the film upon chem-
ical alteration, e.g. by oxidation processes triggered by ozone or photolysis,
as well as declining surface concentration can be monitored in real-time by
SFG.[83] In the past VFSG spectroscopy has been employed to study a variety
of interfacial systems and processes such as surfactants, chemically bound to
surfaces like gold and silica or directly at the air-water interface. For example,
the pronounced 2D phase behaviour of LANGMUIR monolayers and the chemical
transformations of surface species of extremely complex interface systems like
membrane proteins could be studied.[84–90] The alteration of the SFG spectrum
of pure water in the presence of ions and surfactants has been investigated
providing insight in the molecular-level interactions and processes taking place
at the very interface.[91–96] In the context of the investigation of the physical
properties of the air-water interface, SFG was successfully used to investigate
the structure of pure water surfaces and several model systems of surfactants in
water under laboratory conditions as well as naturally occurring surface-active
materials.[41,83,97–100] VSFG spectroscopy has also been applied to investigate
of environmentally relevant species and atmospheric reactions at surfaces and
interfaces, pioneered by GEIGER et al..[101–104] In context of the cluster of excel-
lence FUTURE OCEAN in Kiel, VSFG spectroscopy was successfully established
as a tool to study the presence and relative abundance of surface-active sub-
stances in natural sea water samples from the Baltic Sea. This was achieved by
measuring the strong VSFG signals of the characteristic stretch vibrations of the
surfactant’s alkyl chains, proving the feasibility of VSFG as a surface-specific,
structure-sensitive technique for SML/nanolayer studies.[41] Using this tool, in
a consecutive study it has been shown that the spectrum of sea water samples
exhibit certain distinct spectral signatures of carbonyl vibrations as well as vi-
brations attributed to the OH network of the water.[105] Besides that, evidence
was found that soluble surfactants (so-called "wet surfactants", typical examples
are complex carbohydrates) are dominant rather than insoluble species ("dry"
surfactants, typical examples are fatty acids).[105] Finally, in a long-term time
series VSFG analysis based on monthly SML sampling at the Boknis Eck station
of the GEOMAR in the Baltic Sea revealed a periodic annual variation in the
surfactant abundance that was not in parallel to the pronounced spring algae
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bloom. This unexpected finding challenges the paradigm of a direct relation
between surfactant concentration in the SML to primary production, In fact,
the maximum of the VSFG signal indicating the highest surfactant abundance
was typically observed in the late summer, 2-3 months after the main algae
bloom. This observation was tentatively ascribed to the presence of molecular
species acting as surfactants in the SML that are not direct products of primary
production but the result of microbial and abiotic degradation processes.[106]

To get a better understanding and confirmation of this unexpected trend and
to further work out details of the seasonal variability of the SML, observations
over a longer time have been performed in this work. Moreover, a software tool
has been developed to allow for automatized batch analysis of multiple VSFG
spectra as well as to analyze (statistical) correlations to other oceanographic
parameters obtained during the same cruises.

1.4 Outline of this thesis
The aim of this work was twofold. On the one hand it was to provide a first
simple model system for investigating of surface photochemistry by means of
surface-sensitive VSFG and LANGMUIR compression isotherms. As the com-
pounds used in the literature for those experiments are typically relatively
soluble and tend to equilibrate with the sub-phase to a certain degree, one of
the key requirements for a suitable sensitizer is strong surface activity as well as
well-known photochemical properties. An ideal model sensitizer system should
form a monolayer of the sensitizer, well-aligned at the very interface between
air and water in a way that the system is clearly dominated by the properties of
the interface rather than the bulk. This would allow for the investigation of true
surface photochemistry with the minimum possible bulk contribution. To the
best ouf our knowledge, so far no studies have been performed with photosensi-
tizers with such distinct surfactant properties. Besides that, another goal was to
apply the tool set of surface analytical techniques to natural sea water samples in
order to improve the understanding of their chemical physical properties with
the long-term goal to investigate natural surface photochemistry. This work is
structured in five result chapters, each in the form of a publication-like text cov-
ering a single topic. They are grouped in two parts, the first describing the tool
development and analysis of natural sea water samples, the second covering the
development and characterization of the artificial photosensitizer model system.
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The necessary theoretical foundations required for all of them are presented in
chapter 2. This includes the theory of surface tension, the characteristics and
behavior of amphiphilic substances at interfaces with focus on the air-water
interface as well as a brief introduction to the theory of VFSG spectroscopy and
the photochemistry at surfaces. Following the experimental part (Chapter 3),
Chapter 4 describes the custom-made software tools that were implemented and
used to support the handling and management of the various interconnected
and rather extensive data sets, especially by providing functionality of automa-
tized processing and visualization. Chapters 5 and 6 both deal with the analysis
of natural sea water samples while the last two chapters focus on purely artificial
photosensitizer systems. A time series analysis and overall summary of the SML
samples obtained during the monthly Boknis Eck long-term observation station
cruise is presented in chapter 5. The results of complementary surface analytical
techniques applied to SML samples taken during the Baltic GasEx cruise 2018
are shown in chapter 6. Chapter 7 presents the design, synthesis and VFSG
spectra of a novel class of artificial photosensitizers. Besides the basic characteri-
zation, first observations of autophotolysis of those systems are reported. The
last chapter 8 deals with the 2D phase and chemical properties of mixed layers
of naturally occurring fatty acids and the artificial photosensitizer. The ability
to form well-mixed monolayers of surfactants and sensitizers is an important
aspect for future studies of photosensitized reaction in organic monolayers.





CHAPTER 2

Theoretical Background

The following chapter introduces the basic theoretical concepts that form the
foundation of this work. At first, the interface between air and water is charac-
terized from a physical point of view introducing the concept of surface tension
and the experimental technique used in this work to measure surface pressure,
i.e. so-called WILHEMY plate technique. Subsequently, a brief discussion of
the properties of surface-active compounds and their interfacial monolayers
is presented. The third part is outline to the underlying theory of this work’s
primary experimental method, VFSG spectroscopy. Finally, a short introduction
of the photochemistry and the specific photochemical properties of carbonyl
compounds is given to set the context for the photochemical investigations
conducted within this work.

2.1 Surfactants and interfacial layers
An interface is defined as the boundary between to immiscible phases. It must
possess a thickness of at least one molecular layer if a molecular theoretical
model shall be employed.[107] Usually, by far the most of the molecules are
located in the bulk phase and the interface often has only little contribution to
the properties of the system. Examples of matter with very high interface-to-bulk
ratios (i.e. surface-to-volume ratio) are very small particles like colloids and
aerosol droplets or substances with an extremely high surface area caused by
roughness like active charcoal or porous alumosilicates.
The air-water interface is a zone where the density of water molecules changes
extremely rapid within a few molecular layers.

13
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2.1.1 Surface tension

Molecules located in the bulk water underlie strong overall isotropic interactions
among each other mediated mainly by strong hydrogen bonds. Compared to
them, the molecules at the very interface have substantially less direct neighbor
molecules in the direction of the gas phase. Considering the sheer existence of a
liquid phase as a proof for dominating attractive forces among the molecules
being energetically favorable, molecules located at the surface have to be in a
higher energy state due to being surrounded by a lower number of interaction
partners. In order to bring molecules from the bulk to the surface and, conse-
quently, in order to increase the surface area, work needs to be performed. Thus,
water tends to minimize the surface-to-volume ratio resulting in the formation of
spherical water droplets and curved menisci. The work that is required to create
a specific amount of surface is called the surface tension σ. It can be defined in
terms of simple mechanics considering an experiment where a metal frame of
length l is pulled from water by a length dx leading to an increase of surface area
equal to the area of water caught within the frame (see Fig. 2.2). This relation is
shown in eq. 2.1. The factor of two appears because the frame creates in fact two
interfaces (front and back).

σ =
W
A

=
F · dx

2 · dx · l (2.1)

The definition as work necessary to increase the size of the surface area can
also be used to express the surface tension in the language of thermodynamics.
Assuming the simple case of a system which can only perform pressure-volume
work, the reversible change in internal energy can be expressed by

dU = ∂Q + ∂W = TdS− pdV + σdAs (2.2)

where dAs denotes the differential change in surface area. This leads to a
definition of the surface tension σ in terms of the free energy F and the GIBBS

energy G, respectively:

σ =

(︂
∂U
∂As

)︂
S,V

=

(︂
∂F

∂As

)︂
T,V

=

(︂
∂G
∂As

)︂
T,p

(2.3)
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The surface tension of liquids is inherently temperature-dependent and de-
creases with rising temperature. An empirical relation describing this behavior
was found by EÖTVÖS given in 2.4:

σmV2/3
M = kσ(Tcr − 6 K− T) (2.4)

In this expression, σm is the molar surface tension, Tcr is the critical temperature
of the substance, VM the molar volume. and kσ the EÖTVÖS constant. The
subtraction of 6 K, introduced by RAMSAY and SHIELD, reflects that the linear
trend has been found to be valid for temperatures up to six Kelvin below than
the critical temperature.[108,109]

Besides the temperature dependency, solutes in the water and substances at the
interface may alter the surface tension significantly. This is especially important
because most of the naturally occurring water contains significant amount of
dissolved salts. A plot of the surface tension as function of the salinity (for the
sake of simplicity set equal to the concentration of NaCl in the water) is depicted
in Fig. 2.1 for three different temperatures. It can bee seen that the surface
tension increases with the salt concentration which is the direct consequence of
the difference between the potential energy of the surface water molecules with
respect to the bulk phase, caused by the higher charge density inside the water
due to the salt ions. This is the opposite of the effect of surface tension lowering
by the presence of surfactants as described in section 2.1.2.

The Wilhemy Method of surface tension measurement

The surface tension can be measured by various static and dynamic methods.
A very popular technique is the so-called WILHEMY plate method. The setup
of this experiment is schematically shown in Fig. 2.2. A plate attached to a
microbalance is submerged in the liquid where the surface tension shall be
measured. The liquid forms a meniscus around the plate. The additional mass
of this meniscus can be measured as a force related to the surface tension by eq.
2.5.

σ =
Fz

2(l + z) cos θ
(2.5)



16 Chapter 2 Theoretical Background

Figure 2.1: Surface tension as function of the salinity (salt concentration in the
water) at three different temperatures.[110]

Figure 2.2: Schematic representation of the setup of the WILHELMY method. θ is
the contact angle between the immersed plate and the liquid, Fz is the force exerted
by the balance in order to keep the plate in equilibrium, z is the thickness and l the
length of the plate.[111]
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Here, θ is the contact angle between the plate and the liquid. The geometry
parameter necessary to describe the shape of the meniscus is the so-called ’wetted
perimeter’, defined by two times the length and the thickness of the plate. To
avoid the need for knowing the contact angle, in practice rough platin or paper
plates are applied. The rough surface leads to a contact angle down to zero,
due to complete wetting. Typically, to compensate for the plate’s mass and the
buoyancy which also act as forces on the balance, a calibration of the system is
necessary.
Another widespread and similar method to measure the surface tension is the
dynamic DU NOÜY–PADDAY technique.[112] A metal ring or rod, again with a
rough surface to ensure complete wetting resulting in contact angle of effectively
zero, is moved up-and downwards a few millimeters into the liquid of which
the surface tension is to be measured. The force acting on this probe is measured
by an electric or mechanic force sensor. The surface tension is related to the
maximum of this force occurring during the movement which acts on the metal
probe and can be calculated after careful calibration of the instrument.[112–114]

2.1.2 Surface-active compounds

Some molecules show a tendency to concentrate and assemble at interfaces or
surfaces spontaneously. As spontaneous processes are driven by a decrease
in GIBBS free energy, this process of migration from the bulk to the interface
must be energetically or entropically favorable. In case of the air-water interface,
surfactants possess both moieties with hydrophobic and hydrophilic properties
in spatially well-separated parts of the molecule. As the air-water interface
shows a gradient of polarity from the gaseous phase with a low density of
water molecules towards the bulk water, surfactants can assemble in a way
that the hydrophobic parts can avoid the energetically unfavorable position
being surrounded by water. This can happen by pointing the hydrophobic parts
outside the phase boundary into the air. In addition, the hydrophilic parts can
stay inside the water phase. The presence of a surface layer of amphiphiles
leads to a reduction of the surface tension of the water. Note that there is an
energetically favorable interaction of the hydrophilic groups of the monolayer
with water molecules of the interface. The resulting enrichment of the surface-
active compound at the interface can be described by the GIBBS isotherm.
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Surface excess

The model developed by GIBBS assumes a system consisting of two phases A
and B and an interface line with no vertical dimension between them (usually
referred to as the dividing surface). If an amount of substance, for example a
surfactant, is added to this system, the substance will be distributed among the
phases and the surfaces according to its solubility, but the total amount of the
i-th substance ntotal

i will remain unchanged. This is reflected by eq. 2.6.

ntotal
i = nσ

i + nA
i + nB

i = nσ + cA
i ·VA + cB

i ·VB ⇒ (2.6)

nσ
i = ntotal

i − cA
i ·VA + cB

i ·VB (2.7)

This means that the amount of substance i present at the interface nσ
i can be

determined by measuring the concentration of it in the phases A and B. As the
interface has no thickness in this model (i.e. the concentrations cA

i and cB
i can

be assumed to be stay constant up to the dividing surface ), the measured sum
of nA

i and nB
i can become bigger or smaller than the total amount of substance

ntotal
i . This is the result of an over or underestimation of the amount of substance

in the two phases near the interface, caused by the enrichment or depletion
of the compound i in the interfacial region. The ratio of nσ

i and the area of
the dividing surface A, as shown in eq. 2.8, is defined as the surface excess
concentration.[115]

Γσ
i =

nσ
i

A
(2.8)

GIBBS derived a relation between this excess concentration and the change in
surface tension σ as stated in eq. 2.9. Here ai is the activity of component i, R is
the gas constant and T the absolute temperature.

Γσ
i = − 1

RT

(︂
∂σ

∂ ln ai

)︂
p,T

(2.9)

For positive Γσ
i , σ decreases with increasing concentration of the surfactant. Note

that in contrast to surfactants, it is also possible that substances avoid the interfa-
cial region (negative surface excess concentration) which leads to an increase in
surface tension, as it can be derived from 2.9. This is observed for dissolved ions
and results from the strong electrostatic interactions between them and the water.
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Typical classes of surface-active molecules are long-chain fatty acids, bearing
a hydrophilic carboxyl group with the potential to increase the hydrophilicity
even more upon deprotonation, long-chain alcohols, phospholipids and com-
plex carbohydrates and glycoproteins. Those compounds are classified by there
ionization state as non-ionic, cationic, anionic or zwitterionic surfactants.
Depending on the solubility of the surfactant it is distinguished between rather
"soluble surfactants", which enrich in the surface region by adsorption equilibra-
tion but do not form a well-ordered film at the very interface, and insoluble ones,
which are so hydrophobic that they completely avoid the dissolution in water
and aggregation to surface films or, at high concentrations, can form micelles.
The latter are referred to as dry surfactants whereas the former are known as wet
surfactants. The dense and well-ordered monolayers formed by dry surfactants
are defined as LANGMUIR layers, the sub-phase aggregation adsorption layers
as GIBBS monolayers. Substances like long-chain fatty acids behave almost
like ideal dry surfactants which is attributed to their very low water solubility,
whereas complex biological macromolecules (e.g. lipopolysaccharids) rather
show the behavior of wet surfactants. Nevertheless, both models must be seen
as extreme cases reflecting the limits of a continuum and it is possible that a
real system shows characteristics between those extremes. This becomes clear
if the homologous series of carboxylic acids is considered: real dry-surfactant
behavior starts at carbon chain length > 12, the shorter acids are too soluble.
The enrichment of surfactant molecules at the surface can reach a maximum
value known as the critical micell concentration (CMC). If the concentration is
further increased at this point, the interfacial layer collapses and forms micells,
multilayers and other forms of aggregates in the sub-phase.

2.1.3 Surface layers and their 2D phase behavior

Besides the rather old experimental procedure of the measurement of compres-
sion isotherms, a variety of modern analytical techniques have been applied
to study the structural and physical properties of those films in detail. This
includes X-ray diffraction structure determination, BREWSTER angle microscopy,
polarized fluorescence microscopy and VFSG.
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The Langmuir trough and spreading procedure

In order to understand the complex 2D phase behavior of LANGMUIR mono-
layers, it is necessary to introduce the concept of the recording of compression
isotherms by means of a LANGMUIR trough. This instrument consists of a trough
made from an inert material (often polytetrafluoroethylene, PTFE), equipped
with two movable barriers that hold back the surface film, and a probe to moni-
tor the surface tension, usually a WILHEMLY plate. This setup can be used to
monitor the change in the surface pressure as function of the area available per
molecule by adjusting the barrier position. The trough is filled with a solvent,
often water, and the surfactant of interest is introduced by spreading a volatile
surfactant solution onto the surface of the substance in the trough. This pro-
cedure allows to form films of substances that, under normal circumstances,
wouldn’t form surface films but insular domains or micelles. The physical quan-
tity determining whether a liquid B spreads spontaneously over another liquid
A is the spreading pressure SA/B as defined in eq. 2.10.

SA/B = σA − σB − γAB (2.10)

γAB is the interfacial tension between the two liquids and σA and σB are the
surface tensions between the pure liquids and air, respectively.[116] A positive
spreading pressure indicates a spontaneous spreading. This indicates that, if
the surface tension of B is very high, it might not spread spontaneously, making
it necessary to apply the volatile solvent as described above. In this case, the
surface tension of the solvent becomes relevant for the spreading pressure, hence
leading to a spreading of the solvent containing the surfactant. Because of its
volatility, the solvent evaporates rapidly, leaving a film of the surfactant behind.
The final amount of surfactant present on the surface can be tuned by variation of
its concentration in the spreading solvent. In LANGMUIR compression isotherms,
usually the surface pressure Π is measured as function of the area per molecule
in the unit of Å

2
per molecule. Π, bearing the unit of N m−1, is defined as the

difference between the surface tension of the pure solvent σs and the actual
surface tension measured by the probe that is influenced by the presence of the
monolayer σml. This relation is stated in eq. 2.11.

Π = σs − σml (2.11)



2.1 Surfactants and interfacial layers 21

To describe the mechanical behavior of the film, the quantity surface elasticity ε

is often used. It is defined as shown in eq. 2.12 where A is the area and Π is the
surface pressure. The inverse of the elasticity is known as the compressibility
of the film and measures the resistance of the film against compression. A
high compressibility refers to a small increase in surface pressure upon a large
decrease in available area per molecule and vice versa.

ε = A · ∂Π
∂A

=
∂Π

∂ ln A
(2.12)

2D phase behavior of Langmuir monolayers

The surface pressure is, as it describes the change in the solvents surface tension
caused by the surfactant, strongly dependent on the interactions between the sur-
factant molecules on the surface. Assuming a typical compression isotherm ex-
periment, upon compression of the barriers and therefore reducing the available
space for the molecules, the intermolecular interactions increase. An idealized
isotherm obtained in this way is shown in Fig. 2.3. Starting at Π = 0, directly
after spreading, the area available for each molecule is large comparing to its
size. Thinking in a molecular picture, the surfactant molecules lay coiled and flat
on the surface of the solvent, having enough free space between each other that
no interaction can occur. As this situation of molecules not interacting with each
other is similar to the 3D situation of an ideal gas, this state is called gaseous.
The influence on the surface tension of the underlying solvent is minimal and
usually the surface pressure in this state remains close to zero. As the barriers
are moved and the area per molecule is decreased, the molecules start to interact
with each other, after lifting up existing alkyl chains from the surface into the air.
The horizontal line in the isotherm shwon in Fig. 2.3 indicates the coexistence
of the gaseous and the liquid-expanded region. After this zone of coexistence,
the liquid-expanded phase is predominant. Compressing this liquid-expanded
phase leads to, after passing an area of coexistence again, another phase transi-
tion to a state were the chains are pointing upward from the liquid in an ordered
manner, leading to a much higher structured order. This state is, according
to HARKINS, referred to as the tilted-condensed or liquid-condensed phase
because a significant tilting angle between the chains and the molecule’s surface
normal is observed.[117] As the molecules strongly interact with each other, the
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overall structural order is strongly enhanced compared to the liquid-expanded
state. Therefore, the terminus “condensed” is justified. The tilt angle is a degree
of freedom with respect to further compression until reaching the next transi-
tion point where the compressibility becomes lower, resulting in a steep rise of
the isotherm. This region is called untilted-condensed or solid, following the
HARKINS nomenclature.[117] The hydrophobic chains are well-aligned and struc-
tured and the tilt angle with respect to the surface angle is minimal, although
not necessarily equal to zero.

If the compression is continued, after reaching a specific critical surface con-
centration, the monolayer collapses. This is a chaotic process, leading to the
formation of micells, multilayers and partial dissolution into the sub-phase.
Furthermore, monolayer collapse is irreversible, meaning that upon expansion
of the barriers and repeating the compression the surface pressure as function of
the area per molecule will not be reproducible. An extrapolation of the surface-
pressure isotherm to the abscissa, starting at the collapse point as illustrated by
the dashed red line in Fig. 2.3, yields the molecular cross-sectional area. It is
a measure for the minimal space requirement of a single surfactant molecule
within the compressed monolayer.
The phase behavior, especially the position of the phase transition points and its
temperature dependence, is specific for each type of surfactant. Structural prop-
erties of the compounds like chain length, degree of chain branching, polarity
and size of the hydrophilic head group as well as the presence and configuration
of double bonds are factors that have strong influence on the appearance of
the isotherm. However, external factors like temperature and ionic strength of
the system as well as the presence of other surface-active contaminants often
change the isotherms drastically. This makes it necessary to conduct those kind
of experiments under well-defined and preferably clean-room conditions.
The described 2D phase phenomena are typically observed for dry surfactants
forming LANGMUIR monolayers. Considering wet surfactants that are enriched
in the sub-phase, up to very high concentration no measurable effect on the
surface pressure is observed. However, this does only hold true for compres-
sion speeds which are slow compared to the equilibration time of the surface
adsorption equilibrium. Under typical compression speeds used in LANGMUIR

trough experiments the upconcentration by reducing the available area exceeds
a certain critical point, both changes in surface pressure and phase transitions
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Figure 2.3: Idealized isotherm reflecting the 2D phase behavior of a LANGMUIR

monolayer. Πc is the surface pressure at which the collapse of the layer occurs and
A0 indicates the cross sectional area of the molecule. The phase naming convention
follows the suggestion of Kaganer et al.[118] Note that different nomenclatures of the
phases are present in the literature with the one of HARKINS being used frequently
for historical reasons.[117]

may be observed. In the case of high compression speed, the equilibration with
the sub-phase is too slow to keep up with the upconcentration at the surface.
If the compression is stopped, the dissolution will then lead to a decrease of
the surface pressure until the equilibrium is restored. The solubility of wet
surfactants is dependent on the temperature, the pH-value and in particular
to the presence of other species in the system. This can become relevant in
natural systems if the presence of dry surfactants at the interface may lead to
an upconcentration of rather wet surfactants in the underlying sub-phase. In
natural systems, such wet surfactants like for example humic compounds can act
as photosensitizers, especially if they are enriched in the proximity of potential
photochemical reaction partners.
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2.2 Vibrational Sum Frequency Generation Spectroscopy
2.2.1 Generation of SFG and the macroscopic susceptibility

Electromagnetic fields induce a polarization in susceptible media by displace-
ment of valence electrons. For low field strengths, the response of the medium
is linear, giving rise to phenomena like refraction and reflection. The induced
polarization, defined as the dipole moment per unit volume, can be expressed
as follows:

~P = ε0χ(1)~E (2.13)

Here, ε0 is the dielectric constant, ~E is the driving electric field and χ(1) is the
first-order susceptibility of the medium. If the external field strength is of the
same order of magnitude as the field the electrons of the medium experience by
their nuclei, the response of the material is no longer linear.[79,119] The expression
for the polarization must be extended by nonlinear terms, yielding the power
series shown in eq. 2.14.

~Ptotal =
n∑︁

i=1

~P(i) = ε0

n∑︁
i=1

χ(i)~Ei (2.14)

In this equation, χ(i) represents the ith order susceptibility. The electric field
strength required to observe significant nonlinear contributions can be achieved
by employing pulsed lasers. In the case of optically anisotropic materials χ(n)

is a tensorial quantity of rank n + 1, mapping the components of the electric
field vectors of the incident fields oscillating at ω1 and ω2 a to the resulting SFG
vector, using the sum convention of EINSTEIN:

Eω1+ω2,i = χijkEω1,jEω2,k (2.15)

It is obvious from eq. 2.15 that sum frequency generation is a second order non-
linear process occurring when two intense laser beams overlap temporarily and
spatially. In the exponential form, the time-dependent electric field generated by
those two beams of the distinct frequencies ω1 and ω2 can be expressed as the
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sum denoted in eq. 2.16.

~E(t) = ~E1e−iω1t + ~E2e−iω2t + c.c. (2.16)

In this term Ei denotes the amplitude of the electric field, i the imaginary unit
and c.c. the complex conjugate of the electric field expressions. As sum frequency
generation is a second order process, only the second order susceptibility is taken
into account.

~P(2)(t) = ε0χ(2)~E(t)2 (2.17)

Substituting the square of eq. 2.16 into eq. 2.17 yields the following expression:

~P(2)(t) = ε0χ(2)[

~E2
1e−2iω1 + ~E2

2e−2iω2 SHG

+ 2~E1~E2e−i(ω1+ω2)t SFG

+ 2~E1~E∗2 e−i(ω1−ω2)t DFG

+ c.c.]

+ 2ε0χ(2)(~E1~E∗1 + ~E2~E∗2) OR

(2.18)

As it can bee seen, the resulting electric field has several contributions oscillating
at different frequencies which are referred to by special termini, as indicated
at the right-hand side of eq. 2.18. The frequency-independent part is called
the optical rectification (OR) and describes a static polarization induced by the
external fields. The two contributions oscillating at the double frequency of both
incident waves refer to a process known as second harmonic generation (SHG).
The difference frequency generation (DFG) and the sum frequency generation
(SFG) terms describe components oscillating at the sum and the difference of the
two incident frequencies ω1 and ω2. The following considerations will focus on
the sum frequency generation.
In order to find an adequate formalism to describe the dependence of the SFG
process on the direction, polarization and intensity of the lasers, a sequence of
transformation steps is necessary. A schematic representation of the simplified
system that is used to describe SFG is shown in Fig. 2.4. The polarization of the
incident beams is defined with respect to the plane of incidence, a theoretical
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plane that is spanned by the incident beam, the surface normal and the reflected
SFG beam. If the plane in which the electric dipole of the incident beam oscillates
is perpendicular to the plane of incident, the polarization state is defined as s
(derived from German "senkrecht"), if it is parallel the state is referred to as p.
In Fig. 2.4, the polarization of the IR beam is p and the VIS beam is s-polarized,
as this combination is used most frequently in the experimental scope of this
work. The beams overlap on the surface and induce a surface field, giving rise
to a surface polarization and finally leading to the generation of SFG. The angles
of incident θIR and θVIS as well as the SFG reflection angle θSFG are measured
with respect to the surface normal. As example, one palmitic acid molecule is
depicted to symbolize the presence of a surfactant at the probed interface. Two
coordinates coexist in this model: the laboratory coordinates x,y,z which are
used to express the macroscopic susceptibility and the molecular coordinates
a,b,c of each molecule which are related to the first hyperpolarizability, i.e. the
microscopic analogy of χ(2).
The picture shows that a series of transformations is necessary to relate the
incident electric fields with the generated SFG signal. The steps for this connec-
tion are illustrated in Fig. 2.5. Beginning from the incident laser beams in s/p
polarization, the first step is the generation of a surface electric field, including
the mapping to the surface coordinates. This can be achieved by employing the
K-factors. This relation is express in eq. 2.19 where ~Ei is the resulting surface
electric field in i-direction, EI

s/p is the incident electric field in s or p polarization,
î is the corresponding unit vector in i-direction and Ki is the K-factor for the i
direction of the surface field.[120]

~Ex = KxEI
p x̂

~Ey = KyEI
s ŷ

~Ez = KzEI
pẑ

(2.19)

It can be seen that the different polarizations contribute to different components
of the surface field. Comparing the direction of the y-coordinate and the direction
of the s-polarization in Fig. 2.4 indicates clearly that the y direction of the surface
field can only be induced by s-polarized light whereas p can be separated in
a x and and a y component. The K-factors are expressions derived from the
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Figure 2.4: Illustration of the model system commonly employed to derive the
theoretical description of the SFG response. The red and green arrows indicate
the incident laser beams of frequency ω1 and ω2, respectively. The blue arrow
depicts the generated reflected SFG field. The corresponding angles of incidence
and reflection θi are defined with respect to the surface. Note that the reflected
incident beams as well as the transmitted beams are omitted for reasons clarity. All
the experiments in this work were conducted in reflection geometry. Indicated in
purple, a well-aligned all-trans molecule of palmitic acid at a tilt angle of the alkyl
chains with respect to the surface normal is shown to visualize the molecular and
laboratory coordinate systems.
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FRESNEL equations. As example, the term describing Kx is given in eq. 2.20.

Kx = ± cos θI(1− rp) (2.20)

Here, the θI is the angle of incidence relative to the surface normal and rp

is the FRESNEL factor, defined as the ratio of reflected to incident light for p-
polarization. This factor has to be taken into account because the total electric
fied of the interface is the sum of incident and reflected beam’s fields. It can
be obtained as stated in eq. 2.21, where ~ER/I

p is the reflected/incident field in
p-polarization, respectively, nT and nI are refractive index of the medium where
the beams are transmitted (T) to and occurring from (I) and θI/T the respective
angles of transmission and reflection.[120]

rp =
~ER

p

~EI
p
=

nT cos θI − nI cos θT

nI cos θT + nT cos θI
(2.21)

Having found the relation between incident fields and surface electric field, the
sum frequency polarization ~P(2)

i,SF of the medium caused by this field can now be
expressed in the following form:

~P(2)
i,SF = ε0χijk ĵKjEI

p/s,ω1
k̂KkEI

p/s,ω2
(2.22)

Here, ĵ and k̂ are the unit vectors in the three space dimensions of the respective
field components of both incident waves. To relate this polarization generated by
the surface field with the resulting SFG, a set of expressions called the L-Factors
(non-linear FRESNEL factors) has been derived.[121] This connection is shown in
eq. 2.23 where the index i represents the three cartesian coordinate and ~Ei,SF the
resulting SFG field in i direction.

~Ei,SF = Li~P
(2)
i,SF (2.23)

For each direction in space and for both reflection and transmission, one L factor
is defined. This allows one to express the intensity of the emitted SFG field
as proportional to the sum over all components of the surface polarization,
generated by the two incident beams, multiplied by the respective L factor. This



2.2 Vibrational Sum Frequency Generation Spectroscopy 29

Figure 2.5: Schematic representation of the calculation steps to relate the incident
laser intensities in s/p polarization with the resulting SFG response, including
the transformation from the microscopic molecular system to the laboratory bulk
system.

is shown in eq. 2.24 for the p-polarized SFG beam.[120]

Ip,SF ∝
⃒⃒⃒
Lx~P

(2)
x,SF

⃒⃒⃒2
+ ∝

⃒⃒⃒
Lz~P

(2)
z,SF

⃒⃒⃒2
∝

⃒⃒⃒⃒
⃒⃒Lx

x,y,z∑︁
j

x,y,z∑︁
k

ε0χ
(2)
xjkKjEI

p,ω1
KkEI

p,ω2

⃒⃒⃒⃒
⃒⃒
2

+

⃒⃒⃒⃒
⃒⃒Lz

x,y,z∑︁
j

x,y,z∑︁
k

ε0χ
(2)
zjk KjEI

p,ω1
KkEI

p,ω2

⃒⃒⃒⃒
⃒⃒
2

(2.24)

This expression relates the two incident fields with the emitted SFG wave. How-
ever, this is not yet sufficient to explain the frequency-dependence of the gener-
ated SFG signal which allows the SFG spectroscopy. To describe this in detail,
the connection of the macroscopic susceptibility to the corresponding micro-
scopic properties of the molecule is essential. Besides this frequency-dependent
resonant part of the SFG signal arising from molecular transitions, the substrate
(chemical environment the species of interest is located, typically a gold, quartz
or water interface) may contribute to the overall SFG intensity in a resonant or
non-resonant way. For surfactants bound to gold surfaces, the non-resonant sig-
nal can be significant and influence the signal shape and intensity drastically.[122]

In case of the water surfaces that are they key focus of this work, however, the
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non-resonant contribution of the water to the overall SFG signal is so small that
it can be neglected. However, it has been shown quite recently that even for
water surfaces charges in the proximity of the interface, as induced for exam-
ple by dissolved ions, may contribute a significant third-order susceptibility
term (χ(3)) which can alter the appearance of the spectral line shapes.[123] This
means that especially for high ion strength, high surfactant concentrations at
the surface and charged surfactants (e.g. deprotonated carboxylic acid residues),
special attentions has to be taken to such effects if a sophisticated modeling and
simulation of the SFG lineshapes is intended.

2.2.2 Microscopic approach and resonance

The response of a single molecule to an external electric field, hence the micro-
scopic analogue to the susceptibility a power series expansion is as shown in eq.
2.25 is employed.

~µ = ~µo + α~E + β~E2 + γ~E3... (2.25)

In this expression, ~µo is the permanent dipole moment of the molecule and
µ the overall induced dipole moment as induced by the driving electric field.
As SFG is a second-order nonlinear process, the physical quantity governing
this phenomenon is β, the so-called first hyperpolarizability. In analogy to the
changes in linear optical properties occurring if the incident wavelength is close
to the energy of a molecular transition, β strongly depends on the frequency of
the incident electric field. Large values are obtained if one (single resonance)
or both (double resonance) incident laser beams match the transition energy
between two molecular states. This is reflected by the form of β given in eq. 2.26.
It holds true for a single resonance experiment with a LORENTZIAN-type line
shape of the underlying molecular transition.

βαβγ =
1

2h̄
Mαβ Aγ

ων −ω− iΓ
(2.26)

β, being a tensor quantity as χ, also has three indices named αβγ that refer
to the molecular coordinates abc as depicted in Fig. 2.4. The frequency of the
incident field is ω, the frequency of the molecular resonance is ων, h̄ the reduced
PLANCK constant, Aγ the infrared transition moment, Mαβ the RAMAN tensor
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and Γ the mean lifetime of the excited state that determines the linewidth. This
indicates that an SFG-active transition with a nonzero value for β (being SFG-
active) must be both IR and Raman active. Actually, the resonant SFG process
can be characterized as a simultaneous Raman-and infrared transition as it is
illustrated in the schematic energy state diagram depicted in Fig. 2.6. In the
resonant case illustrated in the left schema, the IR photon matches the energy
between the ground state and an excited vibrational state, leading to absorption
and vibrational excitation. At the same time, the visible photon induces an anti-
Stokes Raman process connecting the vibrationally excited state with the ground
state via an virtual energy level S. In the non-resonant case, both transitions
correspond to virtual states and occur with a much lower probability. Based
on this model, it is clear that the hyperpolarizability strongly depends on the
incident frequencies. This allows, if one or both of the incident beams are tunable
in their frequency, to measure the arising SFG signal as function of frequency
and obtain spectral information about the probed system. In most setups, a fixed-
wavelength laser in the near-IR or visible range is used as the upconversion light
pulse and a tunable IR laser is overlapped and the spectral range of molecular
vibrational transitions is scanned, resulting in a VFSG spectrum.

Figure 2.6: Schematic representation of the involved states in the resonant (left)
and non-resonant (right) SFG process. g indicates the ground state, v an excited
vibrational state and s/s’ virtual energy levels not corresponding to molecular
eigenstates.
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In order to calculate the macroscopic susceptibility from β, first one has to take
into account that a transformation from the molecular coordinates, in which
the hyperpolarizability is defined, to the laboratory coordinate system defined
by xyz is necessary. Those coordinates are interrelated by three rotation angles
between their coordinate axes, usually referred to as the EULER angles. The
EULER transformation allows to transform from one to the other system by
applying a sequence of three rotation matrices, each corresponding to one of the
angles. Second, χ may be expressed as the macroscopic average of β within a
unit volume. Therefore, it depends on the average orientation expressed by the
gross average of the EULER angles depicted in eq. 2.27:

χijk =
N
ε0

∑︁
αβγ

〈R(ψ)R(θ)R(φ)βαβγ〉 = βeff · N (2.27)

Here, R(i) is the matrix transforming the molecular coordinate system by ro-
tation about the EULER angle i to the laboratory coordinate system and N the
number of molecules per unit volume. The average angular distribution of a
given set of molecules in a system can be obtained, for example, by molecular
dynamic simulations which, in combination with quantum-chemical calculation
of the transition moments, allows a prediction of the susceptibility in principle.
However, this approach was found to be difficult in practice and is a subject
of ongoing research.[124] As the average orientation of the molecules relative to
the laboratory coordinate system influences the signal, SFG intensity is not only
depending on the square of the number of molecules at the surface but exhibits
an additional orientation-dependence related to βeff as shown in eq. 2.28:

ISFG ∝ (βeff · N)2 (2.28)

Hereby, N is the number of surface oscillators, βeff the average (and therefore
orientation-dependent) hyperpolarizability. Note that for a surfactant monolayer
βeff is a function of N itself. As shown in section 2.1.3 the overall molecular
orientation is strongly dependent on the surface coverage. In case of a complete
isotropic distribution of surface transition dipole moments of the molecule, the
SFG signal completely vanishes because of destructive interference. This is due
to the fact that in the ideal isotropic configuration for each molecular vibration
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in a certain direction, another one with the exact same intensity and phase but
in the opposite direction will occur.
Several studies have been published investigating molecular orientation by
means of VSFG, however, usually a set of assumptions and approximations
is applied to reduce the immense complexity of the system.[125,126] A common
model is to assume the molecules exhibit a certain small range of tilt angles
with respect to the surface normal while the azimuth angles are distributed
isotropically, leading to a C∞-symmetry of the surface. In combination with a
symmetric environment of the probed functional group, e.g. C3v for a terminal
methyl group in alkyl chains, the number of independent tensor elements is
significantly reduced and the evaluation of the SFG intensities at two differ-
ent polarization combinations can be sufficient to determine the molecular tilt
angle.[127,128] A more recent approach to determine the molecular orientation
relies on the so-called polarization null angle method. This method utilizes a
p-polarized tunable IR beam in combination with an upconversion beam with a
polarization state between s and p, usually -45°. The detected SFG polarization
is than varied until a minimum of the signal is found. This SFG angle can than
be related to the molecular orientation.[129,130]

The total macroscopic susceptibility usually consists of both a resonant and a
non-resonant part. Non-resonant susceptibilities often arise from contributions
of the substrate. In case of surfactants at the air-water interface the non-resonant
background signal from water is relatively weak. In such a case and assuming
a specific vibration being in phase with the non-resonant background signal
it is possible to simply subtract the non-resonant contribution by taking the
difference between the square roots of the SFG signal intensity ISFG and the back-
ground IBG.(eq. 2.29) This corrected signal is still proportional to the number of
surface oscillators and the effective susceptibility.[131]

√︀
ISFG −

√︀
IBG ∝ βeff(N) · N (2.29)

In practice, in and out of phase interaction of the background and the resonant
signal can occur. Therefore, care should be taken in cases where the background
intensity correction becomes comparable to the resonant signal contribution.
In such cases, a simple relation of the SFG intensity with the total number of
surface oscillators may not hold true at all.
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2.3 Photochemistry
2.3.1 General aspects

The absorption of light in the UV and VIS region of the spectrum by chro-
mophoric species, such as molecules and semiconductors, initiates photochemi-
cal reactions and allows a very large variety of reactions to take place that are
almost impossible by simple thermal excitation. The most important photo-
physical processes that can occur upon excitation of a susceptible system are
shown in the JABLONSKI diagram in Fig. 2.7. In most cases, the first step is the
excitation from the ground state to the first excited state of the same multiplicity,
that is S0 → S1. From this state of high energy, the system can undergo various
pathways of relaxation. One possibility is returning to the singlet ground state
by converting the excess energy into thermal energy. This mechanism is called
vibrational relaxation, often going along with the a transition of the vibrational
state of the electronically excited state to a highly vibrational excited state of
the electronic ground state (internal conversion). From the latter, again a fast
relaxation due to thermal energy dissipation by the surrounding environment
(e.g. solid matrix or solvent) takes place. Another way of relaxation is the direct
emission of a photon corresponding to the energy difference between S0 and
S1, commonly referred to as fluorescence. Those two mechanisms are often
rather fast and lead to a deactivation of the excited state too fast for consecutive
photochemical transformations. However, in some chromophoric systems it is
possible that a radiationless transition between the excited singlet state and an
excited triplet state of similar energy takes place. This process is called inter-
system crossing, leading to a significantly enhanced lifetime of the excitation
because the transition back to the ground state S0 is spin-forbidden. The radia-
tive relaxation from such an excited triplet state leads to a relatively long-lived
emission of light known as phosphorescence.
If the photochemical system is in an electronically excited state it has electrons

with an energy much higher than at thermal equilibrium. This is the driving
force for consecutive photochemical transformations. The most simple case of
a photochemical reaction is the direct homolytic bond cleavage by absorbing
a UV photon leading to highly reactive radical products. For example, this
happens in the upper parts of the atmosphere and plays an important role in the
photochemistry of gases. In condensed matter, the spatial proximity between
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Figure 2.7: JABLONSKI diagram showing the different possible relaxation pathways
an absorber can undergo after photoexcitation.

molecules and atoms opens a variety of other reaction possibilities. A measure
to determine the probability of a specific photophysical event or photochemical
reaction is the quantum yield φ. It is defined in general for all processes involv-
ing light absorption, as shown in eq. 2.30, by the number of occurring events
per absorbed photons.[132]

φ =
number of events

number of absorbed photons
(2.30)

In the case of photochemical reactions, the number of events refers to the amount
of reactant formed or product consumed, whereas in the case of intersystem
crossing it refers to the number of molecules reaching the triplet state. In gen-
eral, the reaction can either happen through the transfer of energy (indirect
photochemistry) or the transfer of electrons (direct photochemistry) between the
reactants. Energy transfer describes in this context the quenching of the excited
state by a reaction partner that receives the energy, leading to it’s excitation. The
formation of singlet oxygen by deactivation of excited photosensitizers

3A∗ +3O2 →1O2+
1A
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is probably the most important example for such a photochemical energy transfer
reaction.
Even species without absorbance in the UV or VIS may undergo reactions by
photochemistry. This is possible if a so-called photosensitizer acts as receiver
and mediator of photon energy. Per definition, a photosensitizer is a species with
the ability to absorb light and transfer the energy to photo-inactive reactants.
Ideally, the photosensitizer should act as a catalyst and remain unchanged after
the overall reaction. Photosensitizers undergo intersystem crossing with a very
high quantum yield (e.g. φ ≈ 1 for acetone), forming a long-lived triplet state.
An efficient photosensitizer is characterized by the following set of properties:

• high absorption coefficient

• high quantum yield of the triplet state

• higher energy of the excited state than the potential acceptor

• long lifetime of the excited state

Of course, a maximum absorbance of the available light is desirable in terms of
energy efficiency. As only the triplet state is long-lived enough to be involved
in photochemistry, a maximum conversion rate from singlet to triplet is very
important. For a spontaneous energy transfer from the sensitizer to the substrate
it is necessary that the sensitizer’s excited state is higher in energy than the
one of the substrate. In addition, a long lifetime increases the probability for a
reactive encounter with a substrate species before relaxation to the ground state.
Some examples of typical, widely used natural and artificial photosensitizers
are shown in Fig. 2.8.

2.3.2 Photochemistry of the carbonyl group

Carbonyl groups are present in many different classes of biological systems
and other organic matter and possess remarkable photochemical properties,
making them key functional groups for the understanding of environmental
photochemistry. Most of both artificial and natural photosensitizers utilized in
the investigation of surface photochemistry in aqueous systems receive their
photochemical properties by light absorption of a carbonyl group. Besides the
omnipresence of carbonyl compounds in typical natural photosensitizers (e.g.
humic acids, curcumin, ...), the reason for this is the detailed knowledge of their
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Figure 2.8: Some examples for widely used artificial (benzophenone, rose ben-
gal) and natural (porphyrine, curcumin) sensitizers. Porphyrine ring derivates
often appear coordinated with a metal ion inside the aromatic ring, for example in
chlorophylle (Mg) and heme (Fe).

photophysics and specific photochemical reaction pathways that has been in the
focus of research for decades.[133]

Saturated, conjugated and aryl carbonyls can be excited and undergo efficient
intersystem crossing from singlet S1 to triplet T1, although the exact involved
states and excitation wavelength vary (see tab. 2.1). The excitation leads to a
shift of electron density from the oxygen center to a carbon atom, leading to
a decrease of the dipole moment with respect to the ground state, a negative
partial charge at the carbon and a positive partial charge at the oxygen atom.
The excited state shows biradical character and the unpaired electron located at
the oxygen is considered to be the reason for its high reactivity. The mesomeric
resonance structures of this excited state are shown in Fig. 2.9. Initiated from this
excited state, hydrogen abstraction, cycloadditions and rearrangement reactions
may occur. However, for photochemistry in the proximity of organic matter in
the subsurface region in aquatic systems, the hydrogen abstraction reactions are
probably the most relevant. The excited carbonyl species can abstract a hydrogen

Table 2.1: Wavelengths and states of photochemically significant transition for
conjugated and saturated carbonyls.

saturated conjugated

wavelength/ nm 270-280 310-330
transition π → π∗ n→ π∗
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Figure 2.9: Schematic representation of the two limiting mesomeric structures of
the excited state of carbonyl compounds.

either from a donor molecule like an amine, alcohol or an aliphatic chain or
undergo intramolecular abstraction. Those reaction pathways are depicted in
Fig. 2.10. Abstraction of a hydrogen atom from a donor leads to the formation
of a radical bearing a hydroxy group which can undergo further reactions. In
aqueous systems, a regeneration of the initial molecule is possible by reaction
with dissolved molecular oxygen, initially yielding peroxy- or hydroperoxyradi-
cals. A scheme of this reaction is shown in Fig. 2.11. Because of this, carbonyl
photochemistry can act as source for reactive oxygen compounds. Besides this
sensitizing path with the carbonyl compound remaining unchanged after re-
action, the excited state may also undergo NORRISH type I or II reactions. A
NORRISH type I reaction begins with a homolytic cleavage of the bond between
the carbonyl carbon and the adjacent α-C atom. The two formed radicals may
react further through different reaction channels, including the release of carbon
monoxide and radical recombination. In contrast, a NORRISH type II reaction
occurs typically in systems with a hydrogen atom in γ position to the carbonyl
group. Via a cyclic transition state, an intramolecular H abstraction leads to a
biradical which then either undergoes fragmentation by homolysis yielding two
unsaturated products or, by intramolecular radical recombination, forms a cyclic
product. The latter reaction is known as YANG cyclization.
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Figure 2.10: Schematic representation of the carbonyl photochemical pathways
beginning with an initial hydrogen abstraction. This schema is reproduced from
Canonica et al.[62]

Figure 2.11: Reaction scheme of the reaction of a possible reaction between carbon
radicals and dissolved oxygen.





CHAPTER 3

Experimental Section

3.1 Materials and Sampling Techniques
3.1.1 Materials

A list of the compounds and substances used for the synthesis of the artificial
model sensitizers and the preparation of the spreading solutions with their
respective purities and manufacturers is provided in tab. 3.1. The table col-
umn "purpose" specifies the particular application context of the respective
substance. Compounds that were used to carry out the synthesis are labeled
as "reagents", solvents to prepare the spreading solutions with "solvents", sur-
factants for surface-sensitive experiments have the purpose "surfactant", photo-
active substances for photosensitization or photochemical reaction are labeled
with "sensitizer". Solvents used for column chromatography are labeled with
the tag "chromatography". All purchased chemicals have been used without
further purification.The ultrapure water used for different kinds of experiments
and calibration procedures was obtained from a laboratory purification system
(PURELAB ULTRA by ELGA) with a specified resistance of 18.2 MΩ.
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3.1.2 Synthesis

In the course of this theses, three novel surface-active compounds have been
synthesized by the procedure described below. A more detailed description of
the synthesis strategy and procedure is given in chapter 7. The reaction schema
was the same for all three variants as only the length of the symmetric diol was
different. 4-dimethylaminopyridine (DMAP) (0.2 mmol,) and the respective diol
(5 mmol) were dissolved in 30 mL of dichloromethane. 4-benzoylbenzoic acid
(1 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) (1.5 mmol) were dissolved in 20 mL of ice-cooled dichloromethane. This
mixture was added to the diol/DMAP solution and stirred for 4 h at room
temperature. Afterwards, the reaction was quenched with sat. aqueous NaHCO3

solution. The phases were separated and the organic phase was washed with
brine (sat. aqueous NaCl solution), dried over anhydrous magnesium sulfate
and evaporated. The crude product was purified by column chromatography
using pentane/ethyl acetate as the mobile phase. Afterwards, the product was
dried in vacuo.

3.1.3 Characterization of the synthesized substances

The novel sensitizers have been characterized by a set of standard analytical
techniques. The instrumental details of those methods are provides in tab. 3.2.

Table 3.2: Standard analytical techniques.

Method Instrument manufacturer Model

CHNS ELEMENTAR Micro cube
IR BRUKER Alpha-P ATR IR

NMR BRUKER AvanceNeo 500
MALDI BRUKER MALDI-TOF Autoflex
UV/Vis SHIMADZU UV-1800
Raman BRUKER FRA 106

3.2 SML sampling
As the small dimensions of the SML makes it necessary to employ special
methods of sampling, the following paragraph describes the utilized sampling
procedures that were applied to collect natural SML samples from the Baltic Sea.
Sampling by GARRET screen was the default mode of operation whereas the
plate sampling was applied during the Baltic GasEx cruise in 2018 to comply
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with the standard sampling procedure of the other cruise participants. All
sampling procedures followed the best-practice-guide established by Wurl et.
al.[40]

3.2.1 Garrett screen

All SML samples were collected in PE bottles with a volume of 500 mL. The
stainless steel screen (30 cm diameter, ASTM 16 mesh, LINKER INDUSTRIES)
was attached to a stainless steel chain that was then connected to a long rope,
submerged under the water surface from the ship’s deck and moved aside to
avoid uptake of bubbles and foam caused by the perturbation during the dipping
process. Before the first sample was taken, the bottle and funnel were rinsed with
surface water gathered by the screen. If not otherwise stated, seven consecutive
dips of the screen followed by slightly tilting it and allowing the water to flow
via a stainless steel funnel into the sampling bottle were taken. Typically, seven
consecutive yielded 250- 300 mL water. The samples were transferred into the
lab for the measurements After usage, all metal parts where thoroughly rinsed
with fresh water to avoid corrosion. Cleaning of the funnel and the screen was
carried out with a laboratory dishwasher employing a strongly alkaline cleaning
agent at a temperature of 85 ◦C for the metal parts and 55 ◦C for the plastic
bottles, respectively.

3.2.2 Sampling by glass plate

The glass plate was made of borosilicate and had a dimension of 500 mm in
length, 250 mm in width and a thickness of 5 mm. To collect the SML samples,
typically from a zodiac, the plate was submerged into the water perpendicular
to the surface. Afterwards, the plate was withdrawn from the water at a slow
speed. The SML samples were collected in PE bottles with a volume of 500 mL
which were cleaned by means of a standard laboratory dish washer using a
strong alkaline cleaning agent at 55 ◦C. To transfer the water into the samples,
the plate was inserted into a slit formed by two Teflon wipers attached in a
manner that the water flew into a funnel. Typically, 10 consecutive dips yielding
yielded 250-300 mL were conducted. Before sampling, the glass plate and wiper
were cleaned by washing with aqueous HCl (10 mol-%) and rinsed subsequently
with ultrapure water.
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3.3 Surface Analysis
3.3.1 Tensiometry

Measurements of surface tension were carried out using a AQUAPI+ tensiometer
by KIBRON at laboratory ambient temperature (21 ◦C). Suitable polytetraflu-
oroethylene (PTFE) sample holders by KIBRON were used. The instrument
was calibrated with ultrapure water according to the manufacturer’s manual.
Briefly, the dish was filled with the water and the automatic calibration routine
was started from the instrument’s control software. The surface tension of this
sample is than interpreted by the software as the surface tension of water at 20
°C (72.8 mN m−1). To check the stability, another sample of ultrapure water was
measured to ensure the same surface tension reading is reproduced. During a
set of consecutive measurements, stability of the calibration was checked after
each sample by measuring the surface tension of ultrapure water again and the
calibration routine was repeated if a drift from the expected reference tension
value occurred. The manufacturer states an accuracy of 0.1 mN m−1 for this
method.

3.3.2 Langmuir trough compression isotherms

Compression isotherms were recorded using a RIEGLER & KIERSTEIN LANG-
MUIR trough with a surface area adjustable between 190 cm2 and 27 cm2 by two
step motor-controlled movable PTFE barriers. Surface pressure was measured
by means of a WILHELMY film balance (accuracy ca. 0.5 mN m−1) equipped
with a custom-cut filter paper attached to a stainless steel hook. For a regular
measurement, the trough was filled with approx. 100 mL of ultra-pure water. Af-
terwards, a chloroform solution of the surfactant to measure was dropped from
an EPPENDORF pipette held at a flat angle. The typical spreaded volume was in
the range of 30-60 µL. After evaporation of the solvent, the surface pressure was
recorded upon compression and expansion of the barriers with an acquisition
interval of 0.5 s per data point. The compression speed was typically in the range
of 0.3 - 3.2 Å

2
min−1molecule−1. After finishing the measurement, the water was

removed from the trough using a vacuum tube. To clean the trough, few drops
of a special cleaning agent (TICKOPUR R 33, DR. H STAMM GMBH) were added,
followed by consecutive rinsing with hot, then ultrapure water until the surface
pressure upon rapid compression remained below 0.8 mN m−1.
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3.4 VSFG-Spectroscopy
3.4.1 VSFG spectrometer setup

VSFG spectroscopy was performed using a commercially available, user-modified
spectrometer by EKSPLA. The pump laser was a passive-active mode-coupled
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser operating at a
wavelength of 1064 nm with a pulse duration of 30 ps, a repetition rate of 10 Hz
and a pulse energy of 30-40 mJ. To achieve tunable IR radiation, a combination
of an optical parametric generator (OPG) and difference frequency generator
(DFG) was employed. To feed this OPG, the spectrometer contains an Harmonic
Unit built around a non-linear monopotassium phosphate (KDP) crystal con-
verting the pump laser into its second (532 nm) and third (355 nm) harmonic.
The energy of the second harmonic had a pulse energy of 600 µJ per pulse.
The OPG, equipped with a lithium triborate (LBO) crystal, was pumped by
the third harmonic, generating a signal (420-680 nm) and the corresponding
idler (740-2300 nm) beam. The output wavelength can be tuned by rotating
the nonlinear crystal. The idler output in the range of 1210-1980 nm is sent to
the DFG sub-unit, containing an AgGaS2 nonlinear crystal, to generate tunable

Figure 3.1: Schematic, simplified representation of the VSFG spectrometer. The
symbol P represents a polarizer, L a Lense, Ref a reference detector and F a filter.
Reflected VIS and infrared light (IR) beams are omitted for clarity.
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coherent IR radiation with an energy of approx. 200 µJ per pulse and a spectral
band width of 3.5 cm−1. The spectral tuning of this IR output was 2300-10000 nm
(4350-1000 cm−1). The polarization of the visible upconversion beam can be
adjusted using a half-wave plate as polarizer P1. Temporal overlap of the IR
and the Vis beams is achieved by employing a tunable delay line. To reach the
sample holder, which is located at a different height than the incident beam
path, the IR beam was guided through a periscope. The energy of both IR and
Vis beam was monitored using two reference detectors. Care was taken that
the beam path length from the beam splitter to the reference detector and the
sample was the same to allow for proper normalization of the SFG signal with
respect to CO2 and H2O absorption in air. Spatial overlap was attained by two
adjustable mirrors guiding the IR beam to the sample. Both incident beams
were focused on the sample using a set of lenses (LVIS and LIR). The angles of
incidence for the IR and the Vis beam were 53° and 59°, respectively. The SFG
beam was emitted at an angle of approx. 58°. After spatial separation of the
beams and removing the remaining green scattered light by a combination of
an iris, low-pass and a notch-filter (F), the polarization of the SFG was selected
by a glan prism polarizator P2. After passing a monochromator, the SFG beam
intensity was detected by a gated high-sensitivity photomultiplier tube with a
detection limit of about two photons per pulse.

3.4.2 VSFG spectra acquistion

In a usual experiment, a certain volume (typically 10-50 µL) of a solution
(c = 1 - 5 mmol L−1) of the surfactant was dropped from an EPPENDORF pipette
held at a sharp angle onto a water surface in a teflon dish. The diameter of the
dish was 5.1 cm for artificial samples and 14 cm for sea water samples. Before
measurement, the solvent was allowed to evaporate and the system to equili-
brate for approx. 5-20 minutes.
The spectra were recorded either in ssp or ppp polarization with ssp as the
default, so all reported spectra without additional information about the polar-
ization state were measured in ssp. To obtain one data point, 100 pulses were
averaged. The spectral step width between two adjacent points was typically
set between 2 cm−1 and 5 cm−1 in the spectral region of interest and more coarse-
grained in the other parts of the spectrum where no signals were expected. An
overview about regions of the spectrum that were probed and the corresponding
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molecular vibrations and applied step widths for SML analysis are summarized
in tab. 3.3.
For spectra analysis, the obtained intensity values were divided by the product
of the VIS and IR intensities as recorded on the reference detectors and reported
in "arbitrary units (arb. u.)" as function of the IR wavelength given in reciprocal
centimeters. At the beginning of each day of measurement, the setup was ad-
justed and controlled by preparing a fresh sample of DPPC (40 Å

2
per molecule)

by the procedure described above, setting the wavelength to 2880 cm−1 corre-
sponding to the r+ band of the CH stretch vibration and optimizing the overlap
of the upconversion beam and the IR beam as well as the guidance of the SFG
beam towards the detector in order to maximize the SFG signal intensity. A
DPPC reference spectrum was recorded before and after a day of measurement
to allow normalization to the average of those spectra in order to correct for
daily spectrometer performance fluctuations. In thus way it was possible to ob-
tain reliable and comparable intensity readings for time-series studies spanning
months to years. Analysis of the repeatability of the setup can be found in the
supplement of a past publication of our group. The direct repeatability of SF
measurements was found to be about 8%, the long term stability ± 11%.[105]

3.4.3 Combination of Langmuir trough and VSFG

In addition to separate SFG and LANGMUIR trough measurements, the customiz-
able setup allowed for a combination of those techniques by placing the trough
on a height-adjustable mount inside the laser’s beam path, as it is demonstrated
in Fig. 3.2. For those experiments, the trough was operated in the constant
surface pressure mode, so the pressure was set to a certain value at the begin-
ning of the experiment and the electronic trough control adjusted the barriers

Table 3.3: Spectral regions probed during VSFG measurements of the SML samples.

range/ cm−1 typical step width spectral region

1600-1800 5 CO (carbonyl)

2750-3050 5 CH (alkyl)

3050-3150 5 CH (aryl)

3050-3600 20 OH, bulk

3650-3840 5 dangling OH
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automatically to hold on to this surface pressure during the SFG measurement.
In this state of constant pressure, SFG spectra were recorded to probe the spectral
features of the sample at a given state of surface coverage. Before the beginning
of a set of combined VSFG/LT measurements, a DPPC sample was prepared
in the trough as described in 3.3.2, a surface pressure of 38 mN m−1 (assuming
a dense monomolecular layer of the substance) corresponding approx. to an
area per molecule of 40 Å

2
was set and the height of the mount and the laser

setup were adjusted in order to achieve maximum signal intensity, exactly like
for regular samples. A DPPC reference spectrum was recorded to ensure the
setup was working correctly and to allow for normalization between the days of
measurement

Figure 3.2: Photograph of the combined SFG/ LANGMUIR trough setup.
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3.5 Photolysis
In this thesis, a new photolysis setup has been installed for combined photoly-
sis/SFG measurements. The photolysis experiments were carried out using a
150 W Xenon arc lamp manufactured by NEWPORT. Bundled with the lamp, a
set of accessories was used to allow a direct coupling of the lamp with the SFG
experiment. This accessories included a filter utility to cut off the IR part of the
spectrum consisting of a transparent chamber filled with water and attached to
an external cooling circuit, a focusing lens assembly to lead the output of the
lamp into a flexible fiber filled with a light-guiding liquid (liquid light guide
(LLG)) and an output collimator to refocus the highly divergent output of the
LLG. A custom-made hemispheric stainless steel reactor that has been built in the
past for SFG monitoring of oxidation experiments has been modified to allow a
direct connection of the LLG. Its lid was equipped with a plug allowing to fit the
LLG directly into it. A detailed description of the reactor is given elsewhere.[131]

For the photolysis experiments, different configurations to irradiate the sample
were possible, depending on the exact set of utilities connected to the lamp:

• plug the LLG directly into the SFG reactor

• illuminate the sample from above with the LLG without collimator

• illuminate the sample from above with the LLG using the collimator

An overview about all those accessories, including the corresponding NEWPORT

product identifier is provided in tab. 3.4. For the experiments in this theses, only

Figure 3.3: Schematic representation of the Xe lamp setup used for photolysis. The
IR filter is a transparent water-filled chamber attached to an external cooling circuit
driven by a small water pump.
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the LLG capable of transmitting near UV radiation has been utilized for all the
employed sensitizers possess absorption maxima in this region. The influence of
both the LLG and the water filter on the appearance of the lamp’s spectrum is
depicted in Fig. 3.4. It shows that infrared radiation is reliably removed but the
spectral region of interest remains unaffected.
Typical photolysis time was in the range of a few minutes for most of the
experiments but up to three hours in some cases. As the output of the liquid light
guide was spatially divergent, the intensity was determined with a calibrated
power meter. Those values are provided in tab. 3.5. The typical distance of the
probe output from the sample was 1-5 cm, ensuring that the lighting field of the
beam did not exceed the sample surface, so the loss in energy was minimized.
This was necessary. Note that the intensity distribution of the resulting light
spot was spatially non-uniform with a maximum in the middle of the lighting
field. This can be seen from the increase of the calculated Imax

total in Tab. 3.5, where
the values at high distance of the detector from the LLG are systematically too
high (447 mW represents the correct value).
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Figure 3.4: Transmission curves of the lamp setup with and without the liquid light
guide and the water filter. For comparison, the AM 1.5 standard spectrum (ASTM
G-173-03) showing the terrestrial solar spectral irradiance is shown (normalized to
λ = 493 nm) , reproduced from ISLAM,[134] is included.

Table 3.4: List of accessories for the photolysis setup.

component NEWPORT identifier comment

lamp 66907-150XF-R1 ozon-free Xe lamp
liquid light guide (UV/VIS) 7759 for VIS and near UV
liquid light guide (VIS) 7757 for VIS
infrared filter 61945 water filter to remove IR
beam probe 76600 collimator to focus LLG output
focusing lens assembly 77800 connect lamp to LLG
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Table 3.5: Lamp output power per area as function of the distance from the sensor
of the powermeter. It was always ensured that the middle of the lighting field hit
the middle of the detector.

distance from sensor/ cm power/ mW cm−2 spot diameter/ cm A/ cm2 Imax
total

0 447 - - 447
1 311 1.4 1.5 479
5 53 3.6 10.2 541
11 14 8.5 56.8 795
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CHAPTER 4

Automated data processing, storage and management based

on Python

4.1 Background
Managing and analyzing big amounts of experimental data obtained by different
instrument operators over a long time and, with the necessity of preceding steps
of preparation like normalization and baseline correction, can easily become a te-
dious and error-prone task. Also, the handling of those data in a central database
simplifies exchange between cooperation partners and within working groups.
Therefore, it is highly desirable to employ auxiliary software tools to simplify
and unify this procedure. Ideally, the underlying programming language needs
to offer simplicity, readability and concise syntax to avoid a steep learning curve
for scientists who are typically not trained software engineers. Furthermore, the
availability of reliable libraries for recurring tasks in scientific programming as
well as open source availability of the software involved are key ingredients,
allowing for reliable and freely available software. The programming language
Python is a dynamically typed, interpreted language with drastically growing
popularity during the last years.[135,136] Python is especially popular in the scien-
tific community because the language is beginner-friendly and has a concise and
readable syntax while being much less verbose then other popular programming
languages in science and engineering like for example C/C++, Java or Fortran.
Besides that, a set of very useful and popular scientific libraries are available:
numpy for high.-performance numerical computation and handling of typed
arrays, pandas for data analysis as well as handling of tabular-like data and
matplotlib for scientific plotting and data visualization.[137–139] In this work, two
reasonable use cases for automatized analysis tools are described. The first is the
analysis of VSFG spectra of Natural sea water samples, obtained during a time

57
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series running over almost ten years. The other case are related measurements
of different analytical techniques applied to the same samples taken during a
research cruise. The second example deals with the need that the VSFG spectra
need to be properly normalized to the intensity of the IR and VIS laser intensities
as well as the ro signal of with respect to the reference samples recorded at
exactly the same day. Faced with the initial situation of several hundreds of
spectra distributed over a manifold of directories, named with different naming
conventions and by different operators, it was decided to develop a software
tool to support, automatize and accelerate the process of data handling.

4.2 Implementation
The architecture of the software, indicated in fig. 4.1, intends the separation of
the data import logic from the analysis, evaluation and visualization, as usually
the import occurs once shortly after acquisition, whereas data processing and
analysis is an ongoing process. In addition, this allows the distribution of the
database yielded during import to others without the necessity to deal with a
huge amount of raw data files. To simplify the selection of data according to
certain criteria, it was chosen to use a structured query language (SQL) database
as output of the import sequence. However, to avoid sticking to a specific
database implementation and, keeping in mind that the target audience might
not be familiar with SQL, simplify the query syntax the object-relational mapper
(ORM) sqlalchemy was used.[140] During import, metadata of the measurements
is extracted from the file (timestamp of creation) as well as its name (by parsing
using regular expressions). Of course, correct parsing of the file names requires
the experimentalist to follow a strict naming convention. The sub-package ORM

contains classes to manage the file import and the mapping of the spectral data
on database tables as well as expose convenience query functions to the user in
order to access the data. This design is extensible, it is simple to add new types
of spectra and additional metadata tables. The sub-package natural_samples
uses this extensibility to add information about the sampling time and condi-
tions, the relation of multiple complementary measurements applied to the same
water sample as well as providing simple functions to select data by those new
parameters (see sections 4.3.2 and 4.3.2).

The functionality to work with spectra is isolated in a separate package as
this part is so general that it might be used by other researchers and for dif-
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Figure 4.1: Schematic view of the organization and working steps involved in the
sfg package. Black arrows indicate the import routine, red arrows show the regular
analysis interaction. specsnake is an external package that contains the classes
representing spectral data and that is intended for reuse by others.

ferent applications as well. Because of this, it is a stand-alone project that can
be installed and shared. This package called specsnake (available at GitHub
under https://github.com/Darkskald/specsnake) follows an object-oriented
approach, representing each measurement as a spectrum object containing the
data, metadata and methods to operate on them. In general, a spectrum is con-
sidered to be an entity with an array of x and y data with the same dimension.
In addition, they need to have a LATEXstring x_unit and y_unit defining the axis
labels upon plotting. To ensure no spectrum object can be instantiated without
those four essential properties, the metaclass MetaSpectrum is used for all types
of spectra. The mechanism preventing instantiation of malformed spectra is
demonstrated in listing 4.1. If the spectrum does not have the four essential
properties, an exception will be raised.

All spectra objects, no matter if they are UV/Vis absorption spectra, VSFG
spectra or LANGMUIR compression isotherms, need a set of common functions
to operate on them. These are, for example, functions returning the spectral
range (maximum and minimum x values including step widths), splitting the
spectrum in a given interval, normalize the dataset either to an external value
or its maximum as well as numerical integration of the whole or parts of the
spectrum. To avoid redundancy, this shared behavior is implemented in an base

https://github.com/Darkskald/specsnake


60 Chapter 4 Automated data processing, storage and management based on Python

class MetaSpectrum(type):
"""Metaclass responsible for the correct runtime behaviour of

spectrum objects derived from it."""↪→

def __call__(cls, *args, **kwargs):
"""This methods ensures that no spectrum may be instantiated

without the required properties that are↪→

essential for plotting."""
temp = super().__call__(*args, **kwargs)

for attr in ("x", "y", "x_unit", "y_unit", "name"):
if not hasattr(temp, attr):

raise InvalidSpectrumError(f'Tried to
instantiate spectrum object without
suitable attribute {attr}!')

↪→

↪→

return temp

Listing 4.1: Demonstration of the code that prevents malformed spectrums from
being instantiated.

class BaseSpectrum from which all specific types of spectra classes are derived.
In conclusion, the interplay between the data management sub-packages (orm,
natural_samples) and the bundled analysis capacities in the specsnake pack-
ages reflect the initial architectural intention that makes the code easy to use,
maintain and extend. The documentation and usage guide of this package is
available under https://specsnake.readthedocs.io/en/latest/. The follow-
ing sections will provide an overview about the core functionality and features
of the software utilities.

4.2.1 The reusable core: specsnake

The specsnake package abstracts the logic of dealing with spectral data to a
set of reusable interconnected classes and functions that are able to accomplish
reoccurring tasks like, for example, batch import of files from a folder and their
visualization.

Interaction with the framework and extensibility
The design of the package allows new types of spectra with specific functionality,
names for x and y units and file extraction routines to be added with ease. This
can be done on-the-fly by applying a set of convenience function and using a
modified version of an existing spectrum class or by extension of the package

https://specsnake.readthedocs.io/en/latest/
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and registering the new class to the existing logic. A concrete example is given
in section 4.3.4.

BaseSpectrum as general-purpose data structure for spectra
The BaseSpectrum class is the most general representation of a simple x/y data
set and the base class for all other spectrum types. It needs representations for
the x and y units as strings to be used as axis labels. It offers comparison to other
spectra by the underlying file’s timestamp of creation, so it is possible to sort a
list of spectra by their time of measurement. In addition, it allows file export to
JSON and CSV format, integration of parts or the whole data set and provide
information about the maximum and minimum x values and step widths and
spectral range used to record the spectrum was recorded (spectral range).

Representation of VSFG spectra
The functionality for SFG spectra covers the automatic normalization of the
spectra to the intensity of the infrared and visible laser intensities, automatic
integration of specific spectral regions (as they are typically of relevance for SML
samples), automatic baseline correction and export to common data formats like
CSV and JSON. In addition, an auxiliary class is able to average any desired
number of spectra including preceding interpolation of them to a common x-
scale. As it can be necessary to normalize the spectra with respect to a reference
spectrum. This reference was typically measured at the same day, but as it is
not guaranteed that all spectra were recorded at one day, the averager applies
an effective normalization value ce f f for all spectra, which is calculated by the
equation

ce f f =
∑︁ ni

n
· ci (4.1)

where n is the total number of spectra to average, ni is the number of spectra
recorded at one specific day and ci is the reference value (in the usual case, the
average dipalmitoylphosphatidylcholine (DPPC) integral over the CH stretch
vibbration spectral region) obtained at this day.

Representation of Langmuir compression isotherms
Dealing with isotherms obtained during LANGMUIR trough measurements is
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supported by the langmuir_isotherm module which includes the handling of
multiple data columns (area, area per molecule, time, surface pressure) allowing
a simple switch between them for plotting, calculation of the compression factor
(area divided by max. available area), calculation of the surface elasticity (as
defined in eq. 2.12) as well as averaging over multiple isotherms.

4.2.2 The thesis-specific package: SFG

The SFG package contains the code that is specially tailored for this thesis.
This means that the direct re-usability might be restricted but nevertheless,
some concepts might be useful to others. This code is hosted at GitHub under
https://github.com/Darkskald/SFG.

Data import and database generation
This package is responsible for the bundling of raw data into a relational
database. A core feature is the extraction of the measurement data, popula-
tion of the single-file database and building the relations between its tables. The
final SQLite database contains 2400 SFG spectra, 520 compression isotherms,
metadata for the Baltic GasEx cruises and the Boknis Eck time series campaign
as well as minor amounts of UV, Raman and IR spectra. The file is only about
33 megabyte in size and the complete procedure of generation takes about 14
seconds on a standard PC equipped with an INTEL i7-8565, quad core CPU (4.6
GHz). For everyday use, only this single file is required.

Database access
For the purpose of interacting with the data, a convenient wrapper class1 DbIn-
teractor is provided. This allows the user to fetch data from the database without
the need for explicit SQL query strings and convenient generation of spectrum
objects as implemented in the specsnake package. As the database is built with
many relations between the entities, it is easy to access the objects that "belong"
to each other, for example all SML SFG spectra that belong to a specific station
of the Baltic GasEx cruise. Filtering of the data to match certain criteria (e.g.

1 A wrapper in the context of programming is a piece of code "wrapping" another, usually
more complex, class or function. Often it is used to allow a simpler usage of complex library
functions.

https://github.com/Darkskald/SFG
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a certain data of sampling or measurement, containing a specific compound,
being of a certain type) is included.

Calculation of relevant data from natural samples
The sub-package natural_samples contains the classes and functions that have
been used to calculate the data for the Baltic Gas Ex cruise (chapter 6) and the
Boknis Eck time series (chapter 5) directly from the values stored in the database
in a transparent way, hence the logic of calculation is separated from the import
and database construction. Those classes make heavy use of the relations of the
database tables as it is demonstrated in section 4.3.3.

4.3 Discussion
4.3.1 General usage

To achieve maximum convenience, a lot of the database interaction functionality
is wrapped in classes designed for every day usage while working with the data.
In order to use the tools to work on the data, import and database construction
have to be done. This is handled in the ORM module and the details depend
on the concrete shape of the data, so the discussion is beyond the scope of this
section. Assuming the database exists and contains all data, the workflow is the
following:

1. Instantiate of the database interaction class, usually the DbInteractor

2. Call query functions to retrieve the data of interest

3. Convert the data to spectrum object representations

4. Operate on this spectrum objects

5. Visualize the results

A typical use case for this approach is demonstrated in fig. 4.2. Here, all spectra
recorded on the first of August shall be retrieved. As these are natural samples
from the Boknis Eck sampling site and the inclusion of the reference samples
from the same day shall be avoided in the plot, the type of spectra is restricted.
The DbInteractor collects the desired spectra by invoking SQL queries filtering
by date and converts them to SfgSpectrum objects as defined in the spectrum
sub-package. In the next step, the spectra shall be averaged. This can be achieved
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by invoking the SfgAverager class which takes a list of SFG spectra objects as
argument and calculates the average spectrum. If the spectral ranges and step
widths do not exactly match, it is able to interpolate the input spectra to achieve a
common x/y scaling. The result of this process is visualized using a plotter class.
In Fig 4.2, the partly transparent lines and data points refer to the input spectra,
the red line the resulting average. This demonstration shows the interaction
between the sub-packages of the program. A more sophisticated demonstration
and explanation of the program’s features is provided in the appendix A.
Different query functions are available to filter the spectra not only for mea-
surement date and type but also for the substances and the operator of the
experiment. Of course, this applies to all kinds of spectral data, not only the
SFG example. Averaging is a typical task in the scope of spectra analysis, but
many other features are also included in the spectrum classes. The following list
names the most important:

• apply a baseline correction

• pick peaks

• slice the spectrum in a user defined interval

• integrate the spectrum

• export the spectrum to CSV or JSON files

4.3.2 Application: Time series data from Boknis Eck

The Boknis Eck campaign included collecting SML samples each month over
a time span of almost ten years, performed by different researchers. Thus the
initial situation was a variety of raw measurement and reference data distributed
over many directories and named according to different conventions. A central
EXCEL spreadsheet served as sample and metadata (e.g. temperature, wind
speed, depth...) register. The capabilities of the Python package were enabled to
interpret the name of the measurement files using different regular expression
patterns for each naming convention and map them to their date of sampling,
their date of measurement and their entry in the spreadsheet. The tracking of
both the day of sampling and measurement, obtained automatically by eval-
uating the file creation timestamp, is very important because each sample is
normalized to the reference signal obtained on its day of measurement to achieve
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Figure 4.2: Demonstration of the workflow of the program for fetching data from
the database, averaging and plotting of selected data using a browser-based Jupyter
notebook environment.

comparability between different spectra. But as in many cases not all samples of
one sampling day have been measured on the same day, the normalization has
to take this into account. This is, if not automatized, tedious and error-prone.
The Python package writes all metadata from the spreadsheet to a database table,
maps the measurement data table to the correct sampling date and calculates
several parameters like the average surface coverage in advance. Automatic
look-up of the corresponding reference spectra, normalization and calculation
of average spectra specified by selection conditions (e.g. include all samples
from the SML, only the bulk, with a certain number of dips...) are provided as
functions. The result is a comprehensive and related set of database tables which
makes it possible to find all spectra belonging to a certain cruise date, differenti-
ate between bulk water and surface samples and keep track of additional data
from other sources like the chlorophyll and oxygen concentration, temperature
and wind speed. Tasks like getting all samples taken during a specific time
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of the year, normalize them to the annual maximum and investigate seasonal
variation is just a matter of a few nested query functions and simplifies time
series analysis significantly.

4.3.3 Application: Dataset from the Baltic GasEx cruise

During the cruise, many of the samples were probed with different analytical
techniques. In addition, the samples were collected under different conditions.
The software toolset was used to keep track of the interrelated measurements and
especially the metadata. The first step was to apply a naming convention to make
sure that measurements of the same sample are recognized. This was ensured
by generating an unambiguous sample hash1 from the filenames. As all samples
were taken during a certain station of the cruise registered in the cruise log, also
a station hash was extracted from the file names. Those hashes were used to
create and populate a database table, mapping the measurements to the samples
and the samples to the stations. The metadata of the stations (e.g. geographical
coordinates, temperature, salinity...) were loaded from a spreadsheet produced
by the ship information system, the sample meta information like sampling tool
and location were generated from the systematic name. A schematic overview
of the database is shown in fig. 4.3. It can be seen that the actual measurement
data (raw x/y values as obtained from the instrument) is still resting inside the
sfg and lt tables. Only the metadata and the relation between measurements,
samples and stations is constructed from the systematic names. The SFG and
LANGMUIR trough data are mapped via a foreign key relation2 to the tables
gasex_sfg and gasex_lt, respectively. Those contain the sample id which points
as foreign key to the samples table. This table does not only point to the station
table but does also contain additional information about each sample, like, for
example, the value of the measured surface tension. Because of this relational
structure, one can easily perform tasks like obtaining all SFG spectra belonging

1 A string that is generated from the systematic name of the sample to identify the correspond-
ing sample. All measurement file names of the same sample yield the same sample hash. In
general, a hash function in computer science maps a sequence of bytes to another and the
exact purpose and algorithm can be very different.

2 In databases, primary keys are unique identifiers for each database record. In the case of
SQL, this comparable to a row in a table. If one record has a relation to another, it can contain
its primary key as field to model this relation. From the perspective of the containing item,
this primary key of the other is a foreign key.
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Figure 4.3: Database scheme of the columns used to map the GasEx data.

to a certain station via SQL queries wrapped in convenience functions of the orm
package database interaction classes. Invoking the functionality of the spectrum
package in the next step, it is possible to calculate parameters of interest (surface
coverage, max. surface pressure ...) from the raw measurement data, average
them and visualize the results. A map from the station to the day of the year is
predefined, so time trend analysis can be performed with few lines of code. The
software toolset prepares some calculations of station characteristics in advance
and stores it in another database table called station_stats which is not included
in the figure due to lack of space. This includes different average values, based
on the sampling device type, sampling depth and location. This ensures that the
data of interest is available ahead of time without the need of time-consuming
computation.
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4.3.4 Extensibility and re-usability

This section demonstrates how a new type of spectra can be added ad-hoc and
make use of the framework capabilities. As use case, a scenario is assumed
where a number of UV/Vis-spectra are located in a target directory (called ’uv’)
and the goal is to visualize them all in one plot. The way how this can be
achieved is shown in listing 4.2 and the resulting plot is depicted in fig. 4.4.
The general procedure for this is to define a function which extracts the data
from the files (extractor), a function that produces the instances of the spectrum
class (constructor) and optionally a function that converts the file name in a
meaningful string that can appear in the legend of a plot (name transformer).
As many files resulting from measurements are somehow column-based, with
a variable number of lines to skip at the beginning and different separators,
the framework has a way to provide customized extractor functions based
on those parameters (ExtractorFactory), so no explicit implementation of the
extractor is necessary. Similarly, the BaseSpectrum class is so generic that it can
fit many typical application cases for spectra. Because of this, the spectrum has
a built-in function called provide_spectrum_constructor, which can be used to
pass custom values for the x_unit and y_unit parameters and to specify which
data columns to use, that returns a pre-configured BaseSpectrum constructor.
Finally in this example a name transformer which removes the file ending and
everything after the first underscore is passed. With those three functions, the
CustomSpectrumFactory can be called to create a spectrum factory object which
is able to extract all files in a given directory and converting them to spectrum
objects that can be passed to a plotter to visualize.
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from pathlib import Path
from specsnake.plotting import Plotter
from specsnake.builtin_loaders import ExtractorFactory,

provide_spectrum_constructor↪→

from specsnake.spectrum_factory import
CustomSpectrumFactory↪→

# spectra are located in the directory 'uv' and obey the
sheme <name>_<nr>.csv↪→

base_dir = Path('uv')
# configure the new spectrum type
col_names = ("wavelength", "absorbance")
extractor = ExtractorFactory(columns=(0, 1),

column_names=col_names, skip=2,sep=',').build()↪→

config = {'y_unit': 'absorbance', 'x_unit': 'wavelenth/
nm'}↪→

constructor = provide_spectrum_constructor('wavelength',
'absorbance', **config)↪→

name_transformer = lambda x: x.stem.split('_')[0]
factory = CustomSpectrumFactory(extractor, constructor,

name_transformer)↪→

# extract and plot
spectra = factory.build_batch(Path(base_dir))
p = Plotter(spectra)
p.show()

Listing 4.2: Demonstration of how to use the specsnake framework to quick-plot a
set of spectra of a custom type on-the-fly from a directory.
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Figure 4.4: Framework extension demonstration, see text.
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4.4 Conclusion
In summary, this Python software toolset provides a convenient way to manage
data obtained by physicochemical methods and analytical techniques in general.
However, as it it becomes clear from the listings provided in this chapter, a
basic understanding of Python and SQL is needed to take advantage of the full
functionality of the software tools. In addition, a detailed description of the tools
as provided in the documentation is required to allow a new user to make use
of the software’s full capabilities.
Storing the data inside a relational database, including the metadata, instead
of the traditional way of having several directories with single measurement
files profits from the fast optimized table look-up of modern database imple-
mentations, reflects the internal connection between much better and allows the
user to make use of the very elaborated filter and query methods of SQL. From
the scientist’s perspective, automated processing makes it possible to handle
significantly larger amounts of data compared to manual approach. It is possible
to generate several hundreds of high-quality plots in a few minutes. In addition,
data processing steps by means of an algorithm prevents a possible bias, which
may happen if humans with previous knowledge and experience work with
experimental data (thinking of, for example, setting the anchor points for a base-
line correction by eye). The extensible approach of the spectrum representation
makes it possible to add new kinds of spectral data without too much effort.
The next step of software development is to implement a generic way of adding
new types of spectra in the form of configuration text files and the generaliza-
tion of the package, decoupling it from the special requirements of this work.
Looking towards a future where web-based applications become more and more
important, connecting the functionality of this package and database with a web
front end is feasible, opening the road for cooperation and sharing data in a very
convenient way. In addition, this kind of application layout makes it easy to pass
the spectral data to machine learning and big data libraries, which has become
an important tool in scientific data analysis, especially for amounts of data which
are beyond human capabilities. For the future, it might be useful to migrate the
core part (mainly the specsnake package) to a modern statically-typed language
like Rust, Julia or Kotlin to enforce type correctness for the spectrum data struc-
tures and to further increase the performance for situations where huge amount
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of spectra needs to be processed.



CHAPTER 5

The Boknis Eck time series

5.1 Introduction
The Earth’s surface is vastly covered by the oceanic waters. The sea-air interface
between sea and air is therefore one of the most important interfaces.It couples
the ocean to atmospheric processes on global scale. Because exchange of mass,
heat and momentum must necessarily occur through this border.[2,4,141] Sev-
eral chemical and biological processes occurring in the sea water column yield
chemical substances containing both moieties with hydrophilic and hydropho-
bic properties, the interface is enriched in organic material. Typical classes of
such substances (known as surfactants) that have been found to be present in
the ocean’s surface microlayer (SML) include complex carbohydrates, proteins,
humic substances and fatty acid compounds.[3,4,16] The uppermost water layer,
is also the part of the sea which has the strongest exposure to solar radiation.
Therefore, the SML is not only a place of intense exchange of matter and inter-
facial chemical reactions but also a dynamic environment for interface-specific
photochemistry. In general, the presence of surface-active matter can change the
physical and chemical properties of the interface significantly. Examples are the
reduction of surface tension and the alteration of gas transfer coefficients.[45] This
phenomenon has been confirmed by laboratory experiments and field studies
conducted with artificial and naturally occurring surfactants.[18,26,27,32,142–146]

The outermost boundary between air and water which is in the order of mag-
nitude nanometer thickness, and often only consisting of one molecular layer,
is referred to as sea-surface nanolayer (SNL). In comparison to the SML, the
nanolayer is assumed to be dominated by surface-active species, thus exhibiting
a certain degree of structural order. A detailed understanding of the processes
at microscopic level is highly desirable. For example, it has to be examined

73
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whether the nanolayer is really a well-confined layer that needs to be considered
separately from the microlayer. For sure, there is in constant exchange of organic
matter between SNL and SML, but it is yet unclear, if the dominating kinds of
surfactants are rather soluble or insoluble ones. Though much effort was spent
on investigation and understanding of the SML, studies specifically targeting the
nanolayer are scarce because of the challenge to selectively probe the nanolayer.
Its exploration requires at least analytical methods that are able to distinguish
between the signal contribution of this layer with its small vertical dimension
from the underlying bulk water and being still sensitive enough to trace the
very low amounts of organic surface-active matter. Only few methods fulfill
those requirements. Examples are some electrochemical method such as AC
voltammetry, BREWSTER angle microscopy and VFSG, the technique used in this
study.[41–43]

The composition and structure of the highly dynamic and complex SML and
SNL are subject to seasonal and spatial dynamics. However, until today quanti-
tative information about the seasonal and spatial changes within the SML (and,
even more valid for the SNL) is very limited.[3] Therefore, a time series analysis
of the SML were accompanied by other oceanographic experiments in order to
keep track of the kind and magnitude of those variability is highly desirable.
The Boknis Eck time series station, since 1957 a well-established observation
point in the Baltic Sea[147], provides a well-suited spot for a long-term analysis
of the SML by means of surface-sensitive analytical techniques because other
important parameters such as temperature, salinity or chlorophyll concentration
are measured on a routine basis as well. Besides the easy-to-access physical
and chemical parameters, an interesting property of the Bocknis Eck site is the
seasonal occurrence of pronounced algae blooms leading to a significant and
seasonal increase in biomass. To understand the mutual relationship of the
SML/SNL state and the rate of primary production of phytoplankton in the
underlying water column, a time series VSFG analysis can provide valuable
insights in the SML/SNL formation mechanisms.

5.2 Results from earlier publications
The Kiel research group of Friedrichs has successfully established VSFG spec-
troscopy as a tool to investigate the SNL directly on natural samples obtained by
GARRETT screen sampling, resulting in semi-quantitative measure of the surfac-
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tant abundance.[41,105,106] VSFG spectroscopy is a nonlinear laser spectroscopy
based on the second-order nonlinear effect of sum frequency generation. A de-
tailed description of this process is provided in Chapter 2.2. Due to the selection
rules of the underlying quantum chemical process, the technique is inherently
surface-sensitive. VSFG spectra are obtained by varying the frequency of tunable
incident IR beams and measures the SFG more or less resembles an IR spectrum
of the surfactant residing at the air-water surface.
The evaluation of SNL spectra showed that the presence of surfactants in the
samples leads to a reduction of the intensity of the dangling OH bond (i.e. the
"free" OH bond of water).[148] Apart from that, the surfactant signal is dominated
by alkyl signals, probably stemming from lipid-like compounds arranged to
surface films with a certain degree of order. Interestingly, as it was deduced
from the similarity of the spectra at low and high surface coverages, the struc-
tural order seems to be retained even at low organic SNL abundance of surface
coverage.[105] Moreover, indications have been found that soluble (wet) surfac-
tants are dominant over insoluble (dry) surfactants within the SML samples. In
stirring experiments, it was found that the reformation of the film upon distur-
bance occurs immediately (within seconds).[41] Hence such surface films may
form quickly, even under harsh weather conditions and strong winds. In ad-
dition, remarkable spectral features at 3400-3500 cm−1 and 2920 cm−1 appeared
which were tentatively associated with the presence of carbohydrate-rich matter.
A very interesting finding of the early time-series data from Boknis Eck was that
both the appearance and intensity of the VSFG spectra exhibited a low spatial,
but high seasonal variability. As the Baltic Sea is known for having three algae
blooms per year with the spring bloom (typically taking place end of March)
being most pronounced, it was an obvious assumption to investigate a possible
correlation between the primary productivity (which is typically quantified by
utilizing the chlorophyll concentration as a proxy) and the surfactant abundance
measured by VSFG spectroscopy. The results of the Boknis Eck data up to mid
2013 have already been published.[106] An annual trend of the SFG intensity with
a maximum in the summer months (June/July) was observed. With a typical
offset to the aforementioned spring algae bloom of about 2.5 months and no
clear correlation to the measured chlorophyll intensities, the common paradigm
of a direct relation of SML/SNL abundance and primary productivity going
along with high organic surfactant abundance could not be confirmed. As a
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possible explanation, it was postulated that sloppy feeding of zooplankton and
microbial degradation of macro-molecules resulting from primary production
might be the most important sources for surface-active compounds.[106] Directly
building on these first findings, the main goals of this study can be summarized
as follows:

• Continuation of the monthly time series sampling measurements to allow
a longer time-trend analysis

• Validation of the preliminary results of the 2013 paper[106] with respect
to the reported annual trend of the surfactant abundance, based on a
prolonged time series and supported by automatized batch spectra analysis

• Validation of the observation made in the previous study[106] indicating the
presence of a distinct spectral feature appearing at 3400-3500 cm−1, based
on a prolonged time-series and semi-automatized gross averaging and
spectra analysis

5.3 Experimental
5.3.1 Sampling

SML sampling was performed using a GARRET Screen sampler made of stainless
steel (30 cm diameter, ASTM 16 mesh, Linker industries) attached to a chain.
The screen and the steel funnel used to transfer the sample into the bottle was
rinsed with sea water before sampling.[40] The sampling was performed from
the side of the ship facing towards the wind and the incoming waves. To sample
the SML,the screen was submerged under the water surface from the ship’s
deck and moved aside to avoid uptake of bubbles and foam caused by the
perturbation during the dipping process. After pulling it back on board and
allowing the excess water to drain, the screen was tilted to fill the SML water via
a steel funnel into the PE sampling bottle. This procedure was repeated until the
desired volume (typically 150 - 250 mL for 7 dips) of water was collected.The
samples were transferred to the lab for the actual measurements. Cleaning of
both the metal parts and the plastic bottles was achieved in a lab dishwasher
using a strongly alkaline cleaning agent.
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5.3.2 VSFG spectroscopy

The detailed description of the experimental setup can be found elsewhere[106]

and in chapter 3. Briefly, the VSFG measurements were performed using a
spectrometer by EXPLA. A Nd:YAG laser with a pulse duration of 30 ps at a repe-
tition rate of 10 Hz served as the primary light source. Tunability of the infrared
beam is achieved by employing an optical parametric generator (OPG), gener-
ating coherent infrared generation in the wavelength range of 2300-10000 nm
(4350-1000 cm−1) with a maximum pulse energy of 200 µJ. For upconversion,
the second harmonic of the pump laser (532 nm) was used, typically operat-
ing at a maximum pulse energies of 600 µJ. The samples were filled in Teflon
dishes with a diameter of 14 cm and were allowed to rest for half an hour before
measurement. SFG spectra were recorded in the range of 2750-3840 cm−1 with a
step width of 5 cm−1, for covering the spectral range of the aliphatic CH stretch
vibrations (2750-3050 cm−1) and the dangling OH bond (3650-3840 cm−1) and
a step width of 20 cm−1 for the region of the hydrogen-bonded water network
signals. For each set of measurements, a dense se DPPC monolayer with a
surface coverage of 40 Å2 area per molecule served as the referecne sample for
day-to-day spectrum normalization.[105] Small day-to-day changes of SFG inten-
sity are inevitable and are caused by adjustment of the optical setup and light
beams alignment and laser performance.

5.3.3 Software

Analysis of the new data and revision of the already published data has been
performed using a newly-developed Python software package (see chapter 4).
Assuming the initial situation of the raw SFG measurement files being present in
folders corresponding to their respective day of measurement and accompanied
by an Excel sheet with the sample metadata (geographical location, wind speed,
ambient and water temperature, sampling depth ...), the script performs the
following tasks:

• map the table entries to the corresponding raw data file

• write the data to an SQL database

• fetch the measurement day’s DPPC reference spectra CH integral for nor-
malization purposes
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• compute average spectra for specified time intervals (e.g. each sampling
day or different months), differentiating between bulk and SML samples

• perform automatic baseline correction and calculate surface coverage for
each of those spectra (according to eq. 5.1)

• yield a compiled table for each day of measurement including number of
SML and bulk samples and the corresponding surface coverage values

• provide different convenient functions to visualize the generated data

5.3.4 Surface coverage

The term "surface coverage" is used in the sense of a proxy that reduces the
information contained in the spectra to a single number. It is a raw measure of
the fraction of the surface that is covered by surfactants, sc, with the purpose
to share this value with other researches investigating surfactant properties
of the SML without the need to input the complete spectral information. It is
operationally defined as the integral over the CH region of the SFG spectrum
normalized to the average DPPC reference integral measured the same day.
Before, the intensities of both the reference and the samples are divided by
the product of IR and Vis intensity (to correct for laser intensity fluctuations)
and baseline-corrected to remove additional background SFG intensity caused
by non-resonant interfering signal stemming from water (indicated by IH2O in
eq. 5.1). Because of the square dependence of the SFG signal on the surface
concentration (see Chap. 2.2), it is necessary to take the square root of the integral
ratio.[41,120] As it is not absolutely sure if the interference with the background is
strictly constructive or destructive, this equation is a practical compromise to
provide a consistent way of background subtraction.

sc =

⎯⎸⎸⎷ ´ 3000
2750 (ISample(ν̃)− IH2O, sample(ν̃))dν̃´ 3000

2750 (IReference(ν̃)− IH2O, reference(ν̃))dν̃
(5.1)

This relation is based on the assumption that alkyl surfactants dominate the
signal and structural changes of the monolayer that could affect the signal are
negligible. for sure, the latter assumption may fail at low surface coverage,
yielding too low signal and surface coverage values due to the loss of structural
order. Moreover, also the assumption that surfactant coverage is always going
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along with CH signal may be flawed. Therefore, it should be emphasized that
over-interpretation of the calculated relative surface coverage should not be over-
interpreted. More research is needed to fully recognize the relationship between
VSFG signal and abundance of surface active material. Note that alternative
baseline correction, accounting for the situation of constructive interference be-
tween sample signal and background by subtracting the root of the background
from the root of the signal yielded the same trend (see Appendix, Fig. B.2).
A demonstration of the data processing that was done for each day of sampling
is depicted in Fig. 5.1. Here, the spectra are first grouped by their category
(either SML or bulk water), second the average spectrum of each category is
calculated and baseline-corrected and third the coverage calculated using the
reference integrals according to 5.1.
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Figure 5.1: Demonstration of the analysis procedure performed for each Boknis
Eck sampling day. Here, the dataset of 2015-03-17 is shown as example. The SML
spectra and the resulting average spectrum (indicated in red) are shown at the top,
the bulk water samples and the resulting average spectrum (indicated in blue) are
indicated in the middle and at the bottom the DPPC reference spectra from the
corresponding day of measurement are displayed. The filled area under the average
curve indicates the region over which the integral is calculated. In the legends, the
values for the resulting integral and surface coverages are provided.

5.4 Results and Discussion
5.4.1 Typical appearance of the VSFG spectra of a sampling day

Fig. 5.1 shows many of the most important spectral features present in the spectra
of SML and bulk water samples. The SML spectra exhibit the typical signals of
an aliphatic group: a peak at 2850 cm−1, corresponding to the symmetric stretch
vibration of the methylene group (d+) and a pronounced peak at 2880 cm−1

belonging to the symmetric stretch vibration of the terminal methyl group (r+).
At about 2950 cm−1, the spectra show a broad peak which corresponds to signals
stemming from the FERMI resonances of both the d+ and r+ mode. The bulk
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water samples do not show those aliphatic CH signals but a pronounced peak
at approx. 3750 cm−1 which is usually attributed to the so-called "dangling OH
bond", an OH bond reaching out of the water surface towards air. Typically, this
signal is observed only if no significant amount of surfactant is covering the
surface.[148] The example of this sampling day shows significant CH signal for
the SML samples, indicating a high surfactant abundance, and no CH signal and,
in addition, the prominent dangling OH bond as indicator for a more or less
surfactant-free water sample. Note, however, that the amount of signal present
in the SML samples was, in comparison with other sampling days, rather high,
as well as the extreme difference to the underlying bulk water spectra, and this
ideal example was chosen for reasons of clarity here.

5.4.2 Comparison with the preliminary time series

A comparison of the VSFG surface coverage data as function of the respective
day of the yearfrom samples collected between 2009 and 2012 on the one hand
and the complete data set (2009-2018), both analyzed with the new automatic
routines, is shown in Fig. 5.2. The blue line indicates the rolling mean with
a window size of 8 data points. It can be seen that, in general, the maximum
values occur in the middle of the year rather than in early spring or winter. This
holds true for both the old and full data, but the trend is less pronounced for the
larger data set. This can be explained by two factors:

1. In the later years, the overall surface coverage was very often very low

2. The variance among the different sampling days was quite big, resulting
in a blurring of the trend

In addition to the surface coverage data, chlorophyll and oxygen concentration
measures are depicted as well. The chlorophyll data exhibits the pronounced
spring algae bloom and a second, less prominent bloom occuring in autumn.
Both are typical features of the Boknis Eck sampling site. The annual oxygen
maximum coincides with the spring algae bloom and follows a clear trend during
the year. It can be seen from those figures that the findings published in the
past[106], i.e. that the annual maximum of the surfactant abundance determined
by VSFG does not coincide with the algae bloom indicated by the chlorophyll
concentration, holds still true for the new analysis based on a larger data set. All
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in all, although the seasonal trend is not so clear like in the previous published
results, the general findings remain valid.

5.4.3 Long-term trend

The long-term trend of the surface coverage as function of sampling date is
shown in the lower sub-figure of Fig. 5.3. The green dots indicate the average
surface coverage obtained per day of sampling from the SML samples, the blue
squares show the average coverage of bulk samples taken from the ship‘s CTD in
a depth of 1, 5 and 25 m. Although the variation is quite pronounced among the
month, two observations can be made: in most of the cases, the detected surface
coverage for SML samples is higher than for the corresponding bulk water sam-
ples which is in agreement with the expectation of enrichment of surface-active
substances at the interface. Second, the detected coverages are usually lowest
in the late autumn and winter months, although the annual maximum occurs
in different months. The seasonal trend of a re-occurring annual maximum in
the early summer months, as reported in the preceding analysis,[106] which was
obtained by using a sinusoidal fit with a period length of one year to the data of
the coverage, cannot clearly be observed in the data based on the customized
data analysis routine. This is probably the result of the gross averaging, taking
into account also spectra that were considered of not having any peak in the
preliminary way of analysis, as well as the automatic baseline correction routine
which may lead to different results than a manual analysis by an experienced
VSFG researcher.
To compare the long-term variation of the surface coverage of the SML and bulk
and visualize the annual trends more clearly, Fig, 5.4 depicts the coverages nor-
malized by their corresponding annual maxima. In addition, the figure shows
annually normalized data for the temperature, chlorophyll and oxygen concen-
tration measured at one meter depth to detect possibly occurring correlations
between those parameters. A clear seasonal trend with distinct annual maxima
in spring and summer is obvious for the oxygen and temperature, respectively.
The (unfortunately not that dense) chlorophyll data also exhibit an annual "up
and down" but with seemingly varying dates of the annual maximum. The
same holds true for the coverage data: There is a fluctuation during the year,
typically with rather low values in late autumn and winter, but the maximum
is not re-occurring at about the month. The strong scatter of the coverage data
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Figure 5.2: Comparison of the VSFG surface coverage data obtained during the
phase reported in the first publication[106] (2009-2012) and all collected samples
(2009-2017). For comparison, also the oxygen and chlorophyll a concentration is
displayed.

among the month as well as the absence of a clear periodicity makes it difficult to
identify any direct correlation between those parameters. The only observation
that may be reported with some confidence is that the annual maxima of the
SML and bulk water coverage appears after the maximum in oxygen (appearing
typically in March). For the chlorophyll data, this is in agreement with the obser-
vations published before[106] and confirms the assumption that there is no direct
correlation between primary production (for which chlorophyll concentration
acts as proxy; actually a much debated issue as well)[149] and coverage of the
sea surface with surfactants. In the following, this general statement will be
analyzed by a more rigorous statistical analysis.
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Figure 5.3: Time series of the SML and bulk surface coverage of the monthly Boknis
Eck samples calculated according eq. 5.1.

Figure 5.4: Time series of the SML and bulk surface coverage of the monthly Boknis
Eck samples calculated according eq. 5.1 and other oceanographic parameters[147],
all normalized to their corresponding annual maximum.
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5.4.4 Difference between SML and bulk water

To evaluate a possible correlation between the measured surface coverages of the
SML samples with water samples from 1 m depth, or from higher depth (usually
5 and 25 m depth) have been compared by calculating the pairwise PEARSON

coefficient. This statistical value describes the degree of linear correlation be-
tween two data sets and takes values from -1 (strong negative) to 1 (identical,
so strong positive). A coefficient of 0 indicates that the data sets are totally
uncorrelated. The results of this calculation as well correlation scatter plots of
the categories and histograms showing the coverage value distribution of each
category are presented in Fig. 5.5. The category "bulk" contains all bulk water
samples, including the ones from 1 meter depth, the category "> 1" contains the
coverages of all samples collected at sampling depths greater than one meter.
The correlation between SML samples and samples from 1 meter depth is, with
a PEARSON coefficient of 0.46, relatively weak whereas the correlation between
samples with sampling depth > 1 m and 1 m is slightly higher (0.6). Surprisingly,
the correlation between SML and samples from depth > 1 m is nearly the same
like SML and 1 m depth (0.48). This indicates a clear difference between the SML
and depth = 1 m or > 1 m on the one hand, but also for the samples from 1 m
and greater depth on the other hand. This finding may suggest that the 1 meter
depth might be considered as a kind of transition zone. The different character
of the sample depth categories is also reflected in the histrograms at the main
diagonal of Fig. 5.5. Whereas for the bulk samples > 1m the vast majority of
coverage values is between 0.1- 0.2, the SML values are wider distributed with a
center inbetween 0.2 and 0.4. The distribution of the samples collected at 1 m
sampling depth exhibit, similarly to the deepest sampling depths, but occasional
occurring of clusters at higher coverage values. All those findings are supported
by the result of pairwise MANN-WHITNEY-U for equality of means between
the different sample categories (see the results of the SHAPIRO-WILKS testing
for required normal distribution are provided in Tab. B.1 in the Appendix).
Those results are shown in Tab. 5.1. The null hypothesis of equal means can-
not be accepted for any of those pairs, meaning that the one meter sample is
significantly different from both the surface layer samples and the deep water
samples. Comparing the p values, again it is reflected that the one meter sample
is somewhere in between the SML samples and those stemming from greater
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Figure 5.5: Scatter matrix plot of the SML and bulk samples, the samples taken from
1 m depth and the samples taken from depth > 1m. The pairwise PEARSON correla-
tion coefficients are depicted in red in the corresponding scatter plots, histograms
of the distribution of the single categories are displayed on the main diagonal.

depths, as the value is extremely low for the pair SML/greater one but closer
to the significance level of 0.05 for SML/one and greater one/one. This clearly
supports the hypothesis that the one meter samples reflect a zone of transition
between two clearly distinct zones.

5.4.5 Seasonality

To approach the question of a potential seasonal variation in the SML signal
in a more quantitative way, the samples belonging to each quarter of the year
have been analyzed together. This division scheme has been chosen because the
results of preliminary studies indicated a relatively low surface coverages during
spring and the winter months but a high surface coverage during summer and
early autumn.[106] All spectra were mapped to the corresponding quarter, nor-
malized to the reference integral of the day they were measured and afterwards
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Table 5.1: Results of the MANN-WHITNEY-U test for equal mean for the surface
coverages from SML samples, samples from 1 meter depth, greater than 1 meter
depth and "bulk" which contains both the latter. The null hypothesis H0 of equal
mean is accepted if the p value is higher than the significance level of 0.05.

category 1 category 2 statistics p-value H0 accepted

SML bulk 39774 1.02·10−8 n
SML one 16263 0.034 n
SML greater one 23510 1.08·10−9 n
greater one one 3272 0.009 n

all spectra of a quarter were averaged. The resulting averaged spectra are shown
in Fig. 5.6. The number of spectra used for each average spectrum is indicated
in the legend. The intensities in the CH region are significantly lower in late
autumn and early winter (quarter 4, Oct-Dec.). The CH intensities from the
first quarter is only slightly lower (if at all) than in quarter 2 (Apr-Jun.) and 3
(Jul-Sept.). A significant difference can be seen in the spectral region of the water
OH network signal (3000-3650 cm−1). Here, the signals from quarters 1 and 4
are lower whereas those from quarters 2 and 3. The highest values for both the
CH region and the OH network appear in late summer/early autumn (quarter
3). With increasing intensity of the OH network signal, the dangling OH bond
that appears typically at clean surfaces about 3700 cm−1 becomes more and more
blurry. However, it is still visible as a distinct peak, even in the quarter averages
with high CH and OH network intensities. Overall, it is most prominent in
winter and early autumn (quarter 4 and 1), indicating a general lower presence
of surfactants in the corresponding spectra. These findings confirm a seasonal
variation in the shape of the spectra with a maximum in CH and OH hydrogen
network signals in samples taken between late spring and early autumn and a
minimum in late autumn till early spring. However, due to averaging of spectra
with a rather high variability in the single spectra, the resulting overall trend is
not very pronounced.
The OH signals appearing in VSFG spectra of natural aqueous systems are
significantly influenced by the presence of a surfactant monolayer. In general,
the surfactant layer that changes the order and orientation of the underlying
water interacting with its polar head groups, often causing a strong increase in
VSFG signal intensity.[148] This is consistent with the observed seasonal trend
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Figure 5.6: Average SFG spectra calculated for four quarters of the year. All spectra
were divided by the DPPC reference integral of the day before averaging.The
number in brackets inside the legend indicates the total number of spectra included
in this average.

of the shape of the spectra in this example. A higher presence of surfactants
indicated by a high signal intensity in the aliphatic CH region coincides with a
high intensity in this OH region. The distinct peak at approx. 3450 cm−1 that has
been reported in the previous studies and was attributed to the presence of car-
bohydrate species[105,106], typically appearing in late summer or early autumn, is
not clearly visible in this batch average. This may be the result of the averaging
process which can lead to the loss of individual spectral shape features if they are
not present in many of the averaged spectra. Note, however, that the intensity of
the broad peak at about 3500 cm−1 is higher than that at about 3250 cm−1. This is
quite unused for a surfactant (see for example the DPPC spectrum included in
Fig. 5.1)
One of the biggest pitfalls in the automatized gross averaging over defined
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Figure 5.7: Boxplot of the monthly averages of the SML surface coverage as deter-
mined by VSFG in total and normalized to the annual maximum.

time intervals is the high variance among the CH integrals of SML samples
obtained during a single day of sampling (see Fig. B.1) This variance remains
visible if the surface coverage averages per sampling days are grouped by the
corresponding months, as it is shown in the boxplots in Fig. 5.7. The surface
coverage is strongly varying in between the data from different years for the
same month (upper plot). This holds true even if all values are normalized to
their corresponding annual averages to account for differences between different
years (lower plot). In fact, many months exhibited the highest value of surface
coverage in one of the years and, using this kind of analysis, no obvious annual
trend of the relative surface coverage can be seen in Fig. 5.7. Moreover, for
January and February, only few sampling days where in those month, leading to
a strong influence of those individual values on the result and thus being not
fully statistically reliable. To this ends, the only obvious finding from Fig. 5.7 is
a remarkably low coverage for November and December which is in agreement
with the previous findings from the 2013 publication.[106] This shows that the
result batch analysis is sensitive to individual samples with coverages far above
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or below the average.

5.5 Conclusion
All in all, the analysis and re-evaluation of the Boknis Eck time series sampling
data confirmed a difference in the appearance of the spectra and the amount
of surfactant coverage during the course of the year. Spectra from the winter
months and early spring show a higher presence of surfactants in their average
spectra, although fine spectral features may disappear upon rigorous mass-
averaging. What is absolutely clear is that here is a significant difference in the
amount of surfactants present in the bulk water samples compared to the SML,
which complies with the model of surface enrichment. However, using this way
of analysis, the seasonal trend was not following a clear pattern peaking in the
early summer month with some delay to the spring algae bloom at it has been
reported earlier.[106] The scatter among the individual day of measurements is
significant. Here, the automatized data analysis routine, has the clear advantage
of being able to process huge amounts of data in an unbiased manner. However,
a disadvantage of such an automatic data evaluation in comparison to a manual
analysis, in particular for noisy data, is that data of bad quality may enter the
analysis that have been easily identified by an experienced physical chemist to
be unreliable.



CHAPTER 6

Contributions to the Baltic GasEx cruise 2018

6.1 Introduction
The interface between air and sea is a place of permanent exchange of heat, mat-
ter and momentum between the two phases. As the ocean can act as important
sink and source for many environmentally relevant gases such as CO2 and N2O,
a detailed and microscopic understanding of the interfacial phenomena related
to gas transfer is essential for the investigation and prediction of global-scale
atmospheric processes.[2–4,12,149]

Because of the bipolar nature of this interface, bordered by the highly po-
lar solvent water in the one and the apolar medium low-density medium
air in the other direction, amphiphilic organic matter tends to accumulate in
this region. This matter is produced by biological primary production and
anthropogenic entry and altered by consecutive photochemistry and biolog-
ical degradation.[1,6,19,46,150] The surface-active material is composed of sev-
eral classes of substances, for example complex carbohydates, fatty acids and
proteins.[10,13,17,151] The presence of these substances as well as the sudden
change in molecular density in the interfacial region gives rise to a remarkable
alteration of the surface layer’s physical and chemical properties in comparison
with the bulk phase.[16,152] Because of this distinct properties, the uppermost
millimeter or nanometer of the sea is referred to as the SML or surface nanolayer
(SNL) and is subject to ongoing interdisciplinary research.[3,45]

Theoretical considerations, laboratory experiments in tanks and wind channels
as well as field studies with artificial surfactants have shown that the surfac-
tant layers assembled at the air-water interface can influence the gas transfer
mainly by two different mechanisms: by forming a physical diffusion barrier
and by changing the viscoelastic properties of the water which lead to a higher

91
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resistance against wind-driven wave formation and therefore a reduction in
turbulent gas transfer.[18,26,27,32,142–146]

Examples for surface-sensitive techniques found to be suitable for the measure-
ment of surfactants in the SML are laser spectroscopic technique like VFSG,
electrochemical methods like AC voltammetry and indirect techniques target-
ing the surface tension which can be significantly reduced in the presence of
surface-active substances.[41,42,105] VSFG, being a vibrational spectroscopy, holds
the advantage of providing additional information about the surfactant compo-
sition whereas the other techniques yield only information about the amount
of surfactants. As bioproduction is considered as one of the most important
sources of the surfactants, there have been several attempts to correlate the
surfactant abundance with indicators for the level of primary production (e.g.
chlorophyll concentration) but until now no non-ambiguous correlation between
such indicators has been found, indicating that the relation is rather complex and
might involve biotic and abiotic decomposition of the matter generated by pri-
mary production.[106,153] The concentration and composition of the surfactants
has been found to vary spatially and temporarily. For example, in long-term
SML VSFG experiments with samples collected from the Boknis Eck time series
sampling station in the Baltic Sea an annual variation of the surfactant concen-
tration with a maximum in the late summer months was observed (see chap.
5). This finding was interpreted as a consequence of the annual cycle of algea
abundance, starting with a strong bloom in spring with drastically enhanced
primary production.[106] The observed delay of the surfactant concentration
maximum with respect to the bloom indicates that at least a significant part of
the surfactants are secondary products formed by degradation of organic matter
built up during the bloom.
The purpose of the Baltic GasEx cruise 2018 was the simultaneous measurement
of gas-transfer rates and amount of surfactants present at the interface to obtain
a direct correlation between these physical parameters and to eventually proof
and quantify the influence of surfactants presence on gas exchange in a field
setting. To measure gas exchange rates, two complementary techniques (dual
tracer release experiment and eddy covariance measurement) have been applied.
The surfactant abundance in the SML was determined by AC voltammetry,
VSFG, surface tension and Langmuir compression isotherm measurements. As
the preliminary time-series studies at the Boknis Eck time series station of SML
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samples by means of VSFG spectroscopy indicated an annual variation of the
surfactant abundance it was decided to schedule one cruise at a time where
usually a low surfactant concentration could be expected (early summer) and
the other later in the year when the concentration is typically higher.[106]

6.2 Experimental
6.2.1 Time and location

The first cruise took place from 06/03 - 06/15, the second from 09/12 - 09/22
in 2018. As the Baltic Sea around Kiel and the Bay of Eckernförde has been
studied in detail during the last years, especially due to the Boknis Eck time
series station,[147,154] the gases for the dual tracer experiments have been released
in this region after a suitable spot was found. After the release of the tracers,
the vessel followed the tracer patch. Stops to take samples (stations) were
scheduled in a systematic way. This procedure was the same for both cruises.
The geographical location of those cruise stations as well as the position of the
Boknis Eck time series station are displayed in Fig. 6.1. The stations of the first
cruise are indicated in green, the ones from the second cruise in red.

6.2.2 Sampling

During the cruise, the ship stopped at certain times during the day to perform
a variety of sampling procedures. These "stations" were subdivided in "big"
and "small" stations. During a small station, the vessel stopped only for a short
period of time to allow for GARRETT screen SML sampling from the ship’s deck.
In contrast, a big station typically took up to several hours and included the
launching of a zodiac to perform SML sampling in a bigger distance from the
ship, avoiding possible contamination caused by the ship. In addition to the SML
sampling, bulk water samples were collected during big stations by the CTD
rosette sampler of the ship. These samples were always taken from the station’s
sampling depth, hence in proximity to the seabed. An overview of the number
and types of samples collected during big and small stations is given in Tab.
6.1. In both cruises, each day two big stations (one in the morning, one in the
afternoon) were scheduled. During the first cruise, one small station took place
at 12 pm and one at midnight. During the second cruise, the midnight station
was omitted. The zodiac was positioned as far upwind of the ship as possible
and away from the path taken by the ship. During sampling, the outboard
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Figure 6.1: Stations of both the GasEx cruises, located in the Baltic Sea (Bay of
Eckernförde). The Boknis Eck time series station is indicated with a blue arrow. The
plot was generated using the cartopy Python package.[155]

Table 6.1: Number and type of samples taken during the Batlic GasEx cruise 2018.

(a) Big station

type no. of samples

plate 3
screen 2
CTD 1

(b) Small station

type no. of samples

screen 2
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motor was switched off. Samples were collected in upwind clean waters with
the waves moving towards the boat using both screen and glass plate sampling.
PE bottles for SML and bulk water sampling with a volume of 500 mL were
cleaned before the cruise by means of a conventional laboratory dish washer
with a strongly alkaline cleaning agent. The samples were stored at -18 °C until
performing the laboratory measurements.

Garrett screen sampling

This sampling procedure has first been described by GARRETT.[156] From the
edge of the zodiac, the screen was submerged into the water, moved away from
the position were it was dipped in and withdrawn from the water. After slightly
tilting the screen to remove bulk water from the gap between the sieve and the
mantle, the surface water was transferred from the meshes into a metal funnel
by tilting the screen strongly. The water was collected in clean PE bottles. After
sampling, all metal parts were washed immediately with fresh water to prevent
corrosion. Before the next usage, the screen was treated with a neutral detergent,
washed repeatedly with hot freshwater and finally rinsed with ultrapure water
(MilliQ).

Glass plate sampling

The borosilicate plate of 500 mm length, 250 mm in width had a thickness of
5 mm. A teflon wiper was used to remove the water from the glass surface.
Before sampling, the glass plate and wiper were cleaned by washing with
aqueous HCl (10 %) and rinsed subsequently with ultrapure water. To collect
the SML samples the plate was submerged into the water perpendicular to the
surface and withdrawn slowly. Afterwards, the wiper was used to transfer the
water into a clean PE bottle.

6.2.3 Laboratory-based experiments

The deep-frozen samples were allowed to thaw. VSFG spectroscopy was per-
formed first. To record the surface tension, the PTFE sample holder of the
tensiometer was immersed into the big SFG teflon dish carefully to fill it. In case
a compression isotherm was recorded as well, after finishing the SFG measure-
ment, the SML sample was poured from the big teflon dish into a clean glass
beaker. From this, about 100 mL where filled into the LANGMUIR trough.
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Surface tension

The surface tension was recorded at 21 ◦C ambient laboratory temperature using
a commercially available AQUAPI+ tensiometer by the manufacturer KIBRON.
Suitable teflon sample cups with a volume of 3 mL by KIBRON were used. The
tensiometer was calibrated to the surface tension of ultrapure water several
times a day using the built-in automatic calibration routine. Stability of the
calibration was checked after each sample. After measurement, the teflon cups
were cleaned by applying few droplets of TICKOPUR detergent, washing with
hot water for about a minute and subsequent rinsing with ultrapure water.

Langmuir compression isotherms

The compression isotherms were obtained by using a LANGMUIR trough by
RIEGLER & KIRSTEIN. The trough had two movable teflon barriers allowing
to vary the sample’s surface area in between 190 cm2 and 27 cm2. The surface
pressure was measured by a WILHEMY film balance attached to one of the mov-
able barriers. SML samples were poured into the trough and compressed at a
speed of 0.3 cm2

s until the lowest possible area has been reached. If a significant
increase in surface pressure was detected, the barriers were reset to the initial
position and the compression experiment was repeated at 3.5 cm2

s compression
speed.
Cleaning of the trough was achieved by adding few drops of TICKOPUR deter-
gent and subsequent cleaning with hot water. Finally, the trough was rinsed
with ultrapure water. The success of the cleaning procedure was checked by
recording an isotherm of clean water afterwards. If the surface pressure at full
compression was below 0.8 mN m−1, the instrument was considered clean.

VSFG spectroscopy

The exact procedure is described in detail elsewhere.[41,105] Briefly, the VSFG
measurements were performed using a modified VSFG spectrometer by EKSPLA,
which was based on a mode-coupled Nd:YAG laser emitting at a wavelength of
1064 nm. For upconversion, the second harmonic of the laser (532 nm) was used.
The sample was poured into a teflon dish with a diameter of 14 cm, placed on the
sample holder table of the spectrometer. The tunable IR, generated by an optical
parametric generator, and the fixed-wavelength VIS beam were overlapped on
the sample’s surface by adjusting the height of the sample holder. The samples
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were measured within the spectral ranges stated in tab. 6.2. At the beginning
and the end of a measurement day, a VSFG spectrum of the reference substance
DPPC was recorded. The initial reference sample was also used to adjust the
optical components of the spectrometer setup to yield maximum SFG intensity.

Table 6.2: Spectral regions probed during VSFG measurements of the SML samples.

range/ cm−1 step width spectral region

2750-3050 5 CH (alkyl) stretch vibrations
3050-3600 20 OH stretch vibrations, bulk hydrogen-bonded network
3650-3840 5 dangling OH stretch vibration

6.2.4 Software

The analysis and calculation of all data was performed using a custom Python
package that is available at GitHub and described in detail in chapter 4. Briefly,
the raw measurement data is loaded in a relational database to map the rela-
tion experimental data 7→ sample 7→ station, so each station object is aware of the
samples that belong to it and each sample has access to the measurements of
surface tension, SFG and compression isotherms (if performed). The surface
tension values have been normalized to reference salinity of 17 PSU according
to an empiric equation derived from a systematic set of surface tension measure-
ments published in the literature (see also section 2.1.1).[110] The values of the
different measures for surfactant abundance were calculated for each sample
and the samples are either averaged per station or categorized by their type (e.g.,
plate or screen) for further analysis. Note that all statistical tests utilized have
been performed using the Python implementations bundled in the scipy.stats
module.[157]

6.3 Preliminary work
To prepare for the sampling and data analysis of the GasEx cruise, a set of
laboratory experiments was conducted within the scope of the Bachelor thesis
of Nhat-Thao Ton-Nu associated with this work and was co-supervised by the
author of this thesis.[158] The most important findings are summarized here. The
aim of this thesis was the investigation of LANGMUIR compression isotherms of
pure and mixed samples of both soluble (wet) and insoluble (dry) surfactants.
This set included artificial and natural samples. The natural SML consist of a

https://github.com/Darkskald/SFG
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complex mixture of multiple compounds. Earlier experiments in the context of
the Boknis Eck time series SFG studies revealed that a significant fraction of the
surfactants is rather soluble. Dry and wet surfactants may influence sea/air gas
transfer by slightly different mechanisms. Whereas the dry surftactants are in
principle able to form a physical diffusion barrier by forming a well-ordered
surface monolayer in addition to the change in the viscoelastic properties, the wet
surfactant’s contribution is based on the latter effect only. An illustration of those
surfactant effects is depicted in Fig. 6.2. However, to get a better understanding
on how dry and wet surfactants and a mixture of both behave and which of the
variants is more representative for the behavior of the natural SML samples, a
systematic measurement series of compression isotherms has been performed.
Experiments have been conducted both for natural SML samples from the Baltic
Sea and humic acid as laboratory proxy compounds. Here, arachidic acid has
been selected as a dry surfactant known to form well-structured monolayers
and Triton X, a polythelene glycole derivate which is frequently used as wet
surfactant. The molecular structures of both compounds are depicted in Fig. 6.4.
Finally, experiments have been performed with humic acid, a complex mixture
of compounds with varying amount of polyaromatic groups.

Figure 6.2: Schematic representation of dry and wet surfactants and the mechanisms
by which they are able to influence air-sea gas exchange. Red arrows indicate a
location of reduced gas exchange rate due to surfactant presence.
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Comparison of the isotherms of natural SML samples and both dry and wet
surfactants clearly showed that the SML isotherms are more similar to the
isotherms measured for the wet surfactant proxies, as they do not exhibit a 2D
phase transition and the appearance of the isotherm is more strongly dependent
on the selected compression speed. To illustrate this, Fig. 6.3 shows isotherms
of the soluble surfactants Triton-X and humic acid, the insoluble surfactant
arachidic acid, and a freshwater sample collected using a GARRETT screen from
a pond on the Kiel university campus at three different compression speeds.
This complies with the hypothesis mentioned above that a significant fraction of
natural surfactants is rather soluble.
The compression experiments were conducted at three different compression
speeds. In general, a higher compression speed led to an earlier lift-off point
and a higher value for the maximum recorded surface pressure (see Fig. 6.5).
This is due to the necessary equilibration of the 2D structure and (in case of wet
surfactants) surface adsorption equilibria, which may be too slow compared
to the compression at high compression speeds. Moreover, another interesting
observation was a hysteresis phenomenon occurring when performing multiple
consecutive compression experiments of the same sample, as it is shown in
Fig. 6.5. After each repetition, the lift-off point was observed at slightly higher
area values. This unexpected observation could indicate an accumulation of the
soluble surfactant in the proximity of the surface induced by the compression. If
this accumulation is faster than the equilibration of the excess surfactant with the
sub phase, the resulting sequential increase in surfactant surface concentration
could cause the observed shift in lift-off points and surface pressure.

Spreading a monolayer of arachidic acid on a sub phase with dissolved Triton
X led to a change in the compression isotherms with respect to those of the iso-
lated compounds, manifested in an earlier lift-off point and a higher maximum
surface pressure. The pronounced phase behavior of the arachidic acid became
blurred, especially for low surface concentrations. However, for increasing
surface concentrations of arachidic acid the isotherm became more and more
similar to the isotherm of pure arachidic acid. A qualitative interpretation of this
effect could be the following: on the one hand, it could be the result a possible
interaction between the surface monolayer and the wet surfactant in the sub
phase can lead to an exchange of molecules. At low concentrations of arachidic
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Figure 6.3: Comparison of compression isotherms of different surfactants (soluble
and insoluble) and a fresh water sample collected from a pond located on the Kiel
university campus. Adapted from Nhat-Thao Ton-Nu’s thesis.[158]

Figure 6.4: Molecular structure representations for the dry surfactant arachidic
acid and the wet, polymeric surfactant Triton-X, Humic acid consits a complex and
varying amount of polyaromatic compounds and is omitted for simplicity.
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Figure 6.5: Visualization of the behaviour of the artificial wet surfactant Triton-X
upon compression at different compression speeds (top) and consecutive compres-
sions at the same speed, here 0.3 cm2 s−1 (bottom).

acid, this exchange with the sub phase might prevent the formation of a dense
monolayer and therefore explain the absence of the typical 2D phase transition.
On the other hand, the diffusion of the Triton-X molecules from the surface into
the bulk may be much slower than the enrichment effect induced by the fast
compression, leading to an overall increase in the surface concentration and the
formation of a highly compressed mixed layer.
All in all, the preliminary experiments can be summarized as follows:

• Isotherms of natural sea samples are more similar to isotherms of wet than
of dry surfactants.

• For wet surfactants, consecutive compression at the given speeds yields
a hysteresis effect, showing that the system’s equilibration time is rather
long.
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• Isotherms of mixtures of dry and wet surfactants appear significantly
different from isotherms of the pure substances indicating the formation of
mixed monolayers or strong near-surface interactions of those compounds.

• Although quite unexpected, wet surfactants yield compression isotherms,
even at low compression speeds. This shows that the equilibiration with
the sub phase is indeed a very slow process such that the accumulation
of wet surfactants can be induced by the mechanical compression. In
consequence, this effect allows the determination of a lift-off point in
analogy to the dry surfactants which can be used as an indicator for the
total amount of surfactants present at the surface. Moreover, as the lift-off
point is typically related to a surface concentration that corresponds to
a fully covered surface, the compression ratio at the lift-off point can be
taken as a simple indicator for the surface coverage of the (uncompressed)
organic layer- no matter if dry, wet or a mixture of both surfactant classes
are present.

6.4 Surfactant abundance indices
Index from VSFG measurements
As the employed analytical techniques are rather complex and a cruise in the
context of ocean science is a very interdisciplinary project with the requirement
to exchange data between researchers frequently, it is highly desirable to reduce
the complexity of the data as much as possible while keeping the most important
aspect of information detected from a specific analytical technique. However,
the question arises how the VSFG and Lanfmuir trough measurement results
can be related to the presence and amount of surfactants in natural samples.
In this context, it is beneficial to reduce the rather complex VSFG spectra and
compressions to simple numeric quantities that carry information about the sur-
factant abundance in the corresponding samples. Therefore, the next paragraphs
describe how such surfactant abundance indices (SAI) were obtained from the
raw measurements. From VSFG spectra, an index termed the surface coverage
sc was calculated according to the following equation:

sc =

⎯⎸⎸⎷ ´ 3000
2750 (ISample(ν̃)− IH2O(ν̃)) dν̃´ 3000

2750 (IReference(ν̃)− IH2O(ν̃)) dν̃
(6.1)



6.4 Surfactant abundance indices 103

This equation defines the surface coverage as the integral over the CH region of
the SFG spectrum normalized to the average DPPC reference integral measured
the same day. This definition of the coverage relies on the assumption that
a DPPC film with an area per molecule of 40 Å2 corresponds to full surface
coverage (one monolayer), thus the ratio of the integrated SFG intensities for the
DPPC reference and the natural seawater sample reflects the degree of surface
coverage ranging from zero (no coverage) to one (full coverage). The intensities
of both the reference and the samples were first divided by the product of the
corresponding IR and Vis intensity to correct for laser intensity fluctuations (not
included in eq. 6.1 where I corresponds to the already corrected intensities) and
baseline-corrected to remove additional background SFG intensity caused by
the water (indicated by IH2O). Because of the square dependence of the SFG
signal on the surface concentration, it is necessary to take the square root of
the integral ratio. By directly referencing the VSFG intensity to the intensity
measured for a well-ordered monolayer, this definition does not account for
surface structure effects (i.e the alignment and and distribution of the probed
surface oscillators with respect to surface normal, see chapter 2). A justification
for this rather crude simplification comes from previous work where the VSFG
signal has been examined in dependence of the surface coverage for several
characteristic peaks, yielding a surprisingly linear correlation.[105] However, in
general VSFG intensity is known to diminish at low surface coverages because
of the increased disorder of the interfacial molecules (compare section 2.1.3).
Therefore, the surface coverage as defined by eq. 6.1 is prone to a bias towards
too low calculated surface coverages at least in the case of very low surface
concentrations.
The region of the spectrum which is integrated in order to get the coverage as
well as the automatic baseline correction being performed by the Python routine
(see chapter 4) is shown in Fig.6.6 for a typical signal.

Index from Langmuir trough measurements
To use Langmuir compression isotherms as indicator for the amount of sur-
factants, the maximum surface pressure of the measurement and the so-called
"lift-off point" can be used. On the one hand, the maximum surface pressure is
simply the highest value the surface pressure reached during the compression.
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Figure 6.6: SFG spectrum of a natural seawater sample with some signal in the
aliphatic CH region. The upper subfigure demonstrates the automatic baseline
correction, the lower indicates the region of the spectrum that is integrated to obtain
the surface coverage.

As the presence of surfactants lowers the surface tension and therefore increases
the surface pressure, a high maximum surface pressure corresponds to a high
amount of surfactants. On the other hand, the lift-off point is defined as the
point in the isotherm from which the surface pressure starts to increase upon
further compression. In a simplified model view it can be assumed that as soon
as there is full coverage of the surface with surfactants, the surface pressure
starts to increase if the system is compressed further. This qualifies the lift-off
point as index for the amount of surfactants on the surface. Both the lift-off
point and maximum surface pressure are specified in the example shown in Fig.
6.7. The isotherms selected for this figure were recorded during the analysis of
the Baltic GasEx cruise data and therefore are typical examples for natural sea
sample isotherms. The isotherm depicted in red shows a steep increase in sur-
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face pressure after the lift-off point, reaching a relatively high maximum surface
pressure above 15 mN m−1. Such ah high surface pressure was only observed
in few cases and was interpreted as a relatively high amount of surfactants.
Much more often, isotherms like the one depicted in green were observed. The
lift-off point occurred nearly at the end of the compression range of the trough
barriers, meaning that the formed layer was not completely compressed at the
end of the measurement, hence not reaching high maximum values. Finally, the
blue isotherm indicates a situation with no measurable surfactant concentration.
Even at the highest possible compression ratio, no increase in surface pressure
could be observed. This occurred typically for water samples taken from higher
depths.

Index from surface tension measurements
The salinity-corrected surface tension obtained via tensiometry was used without
any further modification as a measure for surfactant abundance since a decrease
in surface tension is a direct indicator for surfactant presence. Note that there is a
difference in the dynamic range of detectable values for the different techniques
whereas a strong effect on surface tension can only be expected if a large part of
the surface is already covered by a surfactant layer, VSFG offers sub-monolayer
sensitivity but may be somewhat biased at low surface coverages due to the
structural effect mentioned above. The LANGMUIR trough, relying on measuring
the surface tension as well, makes use of an artificial upconcentration of the
surfactants at the surface by the compression. For the trough model used in this
work, the maximum compression ratio is sc,

sc =
27 cm2

190 cm2 = 0.13

which is equal to an enhancement of the surface concentration by a factor of
7. This means that even for surfactant concentrations in a magnitude where
they are "invisible" for a surface tension measurement in uncompressed state,
recording of a compression isotherm may indicate their presence down to a
surface coverage of sc=0.13.
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Figure 6.7: Demonstration of the characteristic features of VSFG spectra and com-
pression isotherms that have been employed for the calculation of the SAI at three
different levels of surfactant abundance (no surfactants, low concentration, high
concentration).

6.5 Cruise data
As the collection of samples took place under various conditions it is useful to
carefully examine the differences between and the distribution of the resulting
values for the four SAI obtained from different types of samples. The sample
category pairs treated in this analysis are the following:

• samples collected by the glass plate and samples collected by the screen

• samples collected from the zodiac and samples collected directly from the
research vessel "Alkor"

• bulk water samples and SML samples

• samples collected during cruise 1 and samples collected during cruise 2

An overview about the number of samples present in each category is given in
Tab. 6.3. In addition to the total count, numbers how many of the samples have
been investigated by the respective techniques are given for each category.
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Table 6.3: Overview about the total numbers of samples and measured samples
grouped by cruise and sample category. The number of samples which were
analyzed by the corresponding techniques are given in the column n (method).
In n (lift-off) the number of samples with a detectable lift-off point is reported
(corresponding to sc>0.13).

cruise category total n (coverage) n (tension) n (isotherm) n (lift-off)

1 plate 54 54 48 33 9
screen 67 65 59 36 9
Alkor 29 29 24 4 0
zodiac 92 90 83 65 18
bulk 18 18 15 1 0

2 plate 53 52 43 50 11
screen 59 59 49 54 21
Alkor 22 22 15 19 6
zodiac 90 89 77 85 26
bulk 17 17 15 16 0

To compare those category pairs, two steps of analysis have been performed:
The data sets were visualized using a box plot to illustrate the distribution, mean
and median of the values side-by-side and a MANN-WHITNEY-U-test1 test has
been utilized to test for the null hypothesis H0 of equal mean of each of the
SAI. With this procedure it was possible to identify similarities and differences
between the various sample categories.

6.5.1 Comparison between the cruises

Because preliminary VSFG long-term studies at the Boknis Eck time series sta-
tion have indicated an annual variation of the surfactant abundance in the
microlayer, the two GasEx cruises were scheduled to potentially coincide with
different states of the annual surfactant cycle, resulting in a significant difference
in SML surfactant concentration.
Fig. 6.8 and 6.9 visualize, on a day-of-the-year x scale, the average data per sta-
tion calculated from the SML samples (plate and screen samples were combined).
The scatter points represent the resulting mean values for each station, the error
bars show the standard deviation. As there was only one bulk water sample, no

1 A statistical test for the null hypothesis of equal mean of two independent sets of values
which are not normal-distributed. All data sets have failed the SHAPIRO-WILKS test for
normal distribution, so a regular t-test was not suitable
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averaging was performed for those and therefore no error bars are provided. Fig.
6.8 illustrates the course of the surface coverage and the surface tension. The
values for the surface coverage as determined from VSFG data are in general
quite low, typically below 0.2 and the difference between SML and bulk samples
does not appear significant. No obvious trend of the surface coverage appeared
during the course of the cruise. For the surface tension, the variation between
the individual samples collected at one station (indicated by the error bars) are
too high to postulate any significant day-to-day variation during the cruise.
The results of the Langmuir trough measurement of the maximum surface pres-
sure and the lift-off compression ratio are shown in Fig. 6.9. In comparison to the
surface tension and VSFG coverage measurements, the error bars (and therefore
the differences between the samples of a single station) are even more prominent.
In many cases, only one or two of the SML samples from one station showed
a significant increase in surface pressure upon compression while the others
remained close to zero. A significant difference is, however, detectable between
the values for bulk samples in comparison to SML samples. As seen from the
averaged values (dashed horizontal lines) from the second cruise, the surface
pressures are in general much lower. Actually, in no case of a lift-off point was
detected for the bulk water samples. This is remarkable because surface tension
and VSFG coverage data did not allow for such a clear distinction was found.
Note that, however, during the first cruise only one isotherm of bulk water
samples was measured (see Tab. 6.3), hence a comparison is only valid for the
data from the second cruise.
To further examine if there is any statistical difference between the cruises, the

SAI for SML and bulk samples have been examined by visualization in a box
plot and a MANN-WHITNEY-U-test for equal mean has been performed.Here, in
the data shown in 6.8 and 6.9, no averaging per station was performed but all
single data points have been used. The resulting plot is shown in Fig. 6.10. The
boxes (representing 50% of the data points, lower and upper quartile) for the
surface tension and coverage are small, indicating that the vast majority of the
measured value was in this range. However, in particular the SML data for the
max. surface pressure contained many data points with significantly higher val-
ues, depicted as dots above the box. Because of their relatively small number and
their large distance to the median of the distribution, they could be statistically
classified as "outliers" and therefore shown beyond the whiskers (identified by
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Figure 6.8: Plot of the surface coverage (measured by VSFG) and surface tension as
function of the day of the year. The values are calculated as per-station average of
all samples of one category(either SML, indicated in red, or bulk, indicated in blue)
with the standard deviation of this average shown as error bar. The cruise means
are indicated as the thick dashed horizontal lines. The stated theoretical value for
the surface tension was calculated from the relations derived by Nayar et al.[110]

the 1.5 inter-quartile range of the data) of the box plot. Here, it is assumed that
there is a physical relevance of those measured surface pressures and therefore
they were retained for the interpretation of the data. None of the isotherms of
any bulk sample had a visible lift-off point, so no boxes for the bulk samples
appear in the corresponding subplot. Looking at the difference between both
the cruises, at first glance the boxes (C1, SML vs. C2, SML etc.) mostly overlap,
indicating that the variation between the values is not significant. This visual
impression is actually not confirmed by the results of the MANN-WHITNEY-U
presented in Tab. 6.4. Only the p-values for the surface tension indicated that the
null hypothesis H0 of equal mean between the cruises has to be accepted. In the
case of the SML, the hypothesis had to be rejected for the surface pressure and
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Figure 6.9: Plot of the max. surface pressure and lift-off compression ratio as
function of the day of the year. The values are calculated as per-station average of
all samples of one category (either SML, indicated in red, or bulk, indicated in blue)
with the standard deviation of this average as denoted error bar. The cruise means
are indicated as the thick dashed horizontal lines.

lift-off ratio values. For the bulk, this was the case for the surface coverage. Al-
though not all SAI are significantly different, these findings could be taken as an
indication for a slight difference in surfactant concentration for both the cruises,
with the second cruise being lower in surfactant abundance. Note, however, that
this finding of the generally low surfactant abundance during both cruises that
was difficult to detect with the employed techniques. It remains to be seen if a
detectable correlation of the surfactant abundance and the gas transfer rate (the
data is targeting this issue have not yet been evaluated) and if the results of the
complementary AC voltammetry measurements conducted by another group
(also not made available yet) comply with the result of this work.
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Figure 6.10: Box plots of the four SAI grouped by category (SML and bulk water
samples) and cruise. SML samples are indicated in red, bulk samples are indicated
in green. The mean and median values are indicated by a dotted and a solid line,
respectively.

Table 6.4: Statistical analysis of the SML SAI quantity means by a MANN-WHITNEY-
U-test. Comparison between the SML samples from cruise 1 vs. SML samples from
cruise 2 and the same comparison for the bulk. H0 is the null hypothesis, i.e. equal
mean of surface tension of SML and bulk water samples.

category quantity statistics p-value H0 accepted

SML surf. tension 6387 0.22 y
surf. coverage 6321 0.19 y
max. surf. press. 4625 1.4 ·10−5 n
lift-off ratio 1970 4.4 ·10−5 n

bulk surf. tension 125 0.177 y
surf. coverage 88 0.02 n
max. surf press. - - -
lift-off ratio - - -
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6.5.2 Plate and screen sampling comparison

Sampling of the SML with the GARRETT screen and the glass plate are both
well-established widely used sampling techniques in sea-surface science. How-
ever, because of the physical mechanisms, the chemical characteristics of the
sampler surface and the depth up to which the water is sampled there might be
differences in the composition and the detected abundance of the surfactants.
To examine whether those effects are of relevance in the context of this cruise,
samples collected by the screen and glass plate are compared by means of a box
plot and MANN-WHITNEY-U-tests for all four SAI. The results of the statistical
analysis are described in tab 6.6. For the first cruise, the p- values indicate equal
means for all the SAI except for the lift-off compression ratio, indicating that un-
der the conditions of the cruise no significant difference between both sampling
techniques was observed. For the second cruise, the means for the parameters
of max. surface pressure as well as lift-off compression ratio where the found
to be of distinct mean on 5 % significance level. This is an interesting finding
that could indicate a higher sensitivity for lower surfactant abundances of the
LANGMUIR trough since the surface tension and coverage are still of equal mean.
How small the differences are is visible from the box plot depicted in Fig. 6.12.
The distribution of values looks very similar in the case of the surface tension,
coverage and compression ratio, only the boxes for the max. surface pressure
of the second cruise appear distinct from each other with the screen samples
showing slightly higher pressures.

In SML research, it is very common to express differences in (chemical or
biological) observables in terms of the enrichment factor (EF) which is usually
defined as the ratio of the SML value of the quantity and the bulk value of
the quantity. If the resulting number is greater than one, the corresponding
observable (e.g. surfactant concentration) is considered enriched in the SML. To
allow a comparison with the results of other SML investigations and see if the
SML sampling method leads to a difference in enrichment, for each station the
ratios of the SAI obtained from plate and screen sampling have been divided by
the corresponding bulk value, in analogy to the EF calculation. The results of
this calculation are displayed in Fig. 6.11. As for no bulk sample a measurable
lift-off point was detected, the lift-off compression ratios are not evaluated here.
For both the surface tension and the coverage obtained by VSFG the resulting
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Figure 6.11: Illustration of "enrichment factors" (EF), obtained (per station) i.e.
the ratio of the station average SAI values of plate and screen samples and the
corresponding bulk water sample values.

enrichment factors are very close to one. For the surface pressure, the variance
is much broader with values between 1-8. Plate and screen sampling did not
yield a significant EF difference in all three SAI, as confirmed by the MANN-
WHITNEY-U test (see Tab. C.1) Note, however, that a calculation of the EF based
on surface tension may be not reasonable since the surface tension is not directly
proportional to the surfactant concentration. It should be considered in this con-
text only as a simple measure between the difference in surface tension between
bulk and SML.

Table 6.5: Results of the MANN-WHITNEY-U test for equal mean for the enrichment
factors of plate and screen sampling. The null hypothesis H0 of equal mean is
accepted if the p value is higher than the significance level than 0.05.

enrichment factor 1 enrichment factor 2 statistics p-value

tension (plate) tension (screen) 306 0.11
surf. pressure (plate) surf. pressure (screen) 78 0.12
coverage (plate) coverage (screen) 500 0.44

This is comparable to the observations made by Guitart et al. where the
enrichment factor of polycyclic aromatic hydrocarbons (as a proxy for soluble
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SML organics in general) has been investigated by applying both screen and plate
sampling, yielding no significant EF difference between those techniques.[159]

In addition, the calculated EF values are comparable to enrichment factors of
carbohydrates at Boknis Eck reported by Engel et al. where the found mean
values where slightly greater than one.[160]

Table 6.6: Statistical analysis of the SML SAI means by a MANN-WHITNEY-U-test:
Comparison of plate and screen samples grouped by the cruises.

cruise quantity statistics p-value H0 accepted

1 surf. tension 1754 0.39 y
surf. coverage 1543 0.08 y
max. surf. press. 1721 0.32 y
lift-off ratio 831 1.7 4.4 ·10−7 n

2 surf. tension 1355 0.11 y
surf. coverage 1431 0.22 y
max. surf press. 1215 0.02 n
lift-off ratio 650 5.7 ·10−8 n
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Figure 6.12: Box plots of the four SAI grouped by category (plate and screen SML
samples) and cruise. Plate samples are indicated in red, bulk screen are indicated
in green. The mean and median values are marked by a dotted and a solid line,
respectively.

6.5.3 Comparison between zodiac- and ship-based sampling

It is often considered being problematic to sample the SML directly from ship
because of potential contamination caused by the vessel itself (oil, waste...).[40]

Consequently, within this section a comparison of the samples taken from board
of the Alkor (as performed during small stations) and the samples taken from
the zodiac is drawn. Box plots of the four SAI and grouped by the respective
cruise and the location of sampling (Alkor vs. zodiac) are presented in Fig.
6.13 . Regarding the surface tension and the surface coverage, the values fall
in the same range and, except for some outliers, the box plots appear very
similar. With respect to the max. surface pressure and the lift-off compression
ratio, the situation is different. During the first cruise, only four isotherms of
samples from the Alkor have been collected, so the sample size is too low for
a reasonable statistical comparison and the obvious difference in the shape of
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the box plot is not meaningful. During the second cruise, however, more Alkor
samples have been analyzed by means of the Langmuir trough. Here, the box
plots overlap except for some outliers present in the zodiac samples. For the
lift-off compression ratio, the same constraints apply: the sample size during
the first cruise was extremely small and in addition, none of these four had an
observable lift-off point, therefore no box plot could be drawn. Although the
boxes of the data from the second cruise do not overlap as clear as in the case
of the surface coverage or tension, a MANN-WHITNEY-U-test of the hypothesis
of equal means between the lift-off compression ratio of samples taken during
cruise 2 from Alkor and the zodiac could not be rejected at the significance level
of 5 %. The statistical tests were performed for all pairs of the SAI and the result
of this analysis is presented in Tab. 6.7. Except for the surface pressure and
coverage during cruise 1 (where the pressure value has to be treated with caution
because of the low sample size), and the missing value for lift-off compression
ratio during cruise one, the null hypothesis of equal means has to be accepted.
From this data it is not clear if there is a difference between the samples taken
from the zodiac in comparison with those collected directly from board of the
Alkor, especially because of the different results for the first and the second
cruise. What can be safely stated is that if there is a difference, it is not a big one-
contamination stemming from the ship was not a problem here. In summary,
contamination from the ship does not seem to be a relevant problem, although
the surfactant presence was very low.

Table 6.7: Statistical analysis of the SML coverage SAI means by a MANN-WHITNEY-
U-test: Comparison of samples taken from the ship and samples taken from the
zodiac grouped by the cruises.

cruise quantity statistics p-value H0 accepted

1 surf. tension 1076 0.06 y
surf. coverage 1009 0.02 n
surf. press. 852 0.001 n
lift-off ratio - - -

2 surf. tension 857 0.17 y
surf. coverage 811 0.1 y
surf press. 973 0.45 y
lift-off ratio 668 0.01 n
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Figure 6.13: Box plots of the four SAI grouped by category (SML samples taken
from the zodiac and from the Alkor) and cruise. Samples collected from board of
the Alkor are indicated in red, zodiac samples are indicated in green. The mean and
median values are visualized by a dotted and a solid line, respectively.

6.5.4 SML and bulk water comparison

As it is assumed that surfactants accumulate at the surface, a difference in the
surfactant SAI between SML and bulk water samples would be expected. The
intuitive visualization of the value distribution of the two sample categories has
already been presented in Fig. 6.10. The corresponding MANN-WHITNEY-U-test
analysis of those results are presented in 6.8. For the surface tension, neither
during cruise 1 nor cruise 2, a significant difference between the means of bulk
water and microlayer samples could be determined. For the second cruise, the
difference in the means of max. surface pressure was found to be statistically
significant and, as not a single bulk water sample exhibited a measurable lift-
off point, although the statistical test could not be performed, but this is an
obvious difference between the two sample types. Also, the surface coverage
was found to be significantly different between bulk and SML for the first cruise,
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but not for the second. Those data gives rise to the assumption that, at surfactant
abundances as low as during those cruises, the experimental methods that leave
the surface "as it is", hence without artificial concentration at the interface like it
is done during isotherm compression, are not well-suited to distinguish between
SML and bulk water samples and detect any enrichment. However, with caution,
the hypothesis of surfactant enrichment at the sea surface seems to be supported
by the fact that none of the bulk water sample showed a significant surface
pressure upon compression.

Table 6.8: Statistical analysis of the SML SAI means by a MANN-WHITNEY-U-test:
Comparison of SML and bulk water samples grouped by the cruises.

cruise quantity statistics p-value H0 accepted

1 surf. tension 1032 0.36 y
surf. coverage 731 0.01 n
max. surf. press. - - -
lift-off ratio - - -

2 surf. tension 778 0.11 y
surf. coverage 948 0.5 y
max. surf press. 647 0.02 n
lift-off ratio - - -
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6.6 Inter-comparability of different indices for surfactant abundance
As for each sample multiple independent measurements with complementary
methods providing quantitative measures for the amount of surfactants have
been performed, it is of interest to analyze the data with respect to a correlation
between those parameters. Since those methods target different physical proper-
ties it is not guaranteed that the information is translated one to one among them.
As mentioned before, the overall low signal makes the analysis difficult and the
results have to be interpreted with care. Nevertheless, all data has been analyzed
with respect to the four SAI (surface coverage determined by SFG, max. surface
pressure and lift-off point determined by Langmuir compression isotherms and
surface tension) visually by means of a plot and numerically by employing the
PEARSON correlation coefficient. The latter is a statistical measure for the degree
of correlation between two datasets and can take values from -1 (strong negative
correlation) to 1 (strong positive correlation). All this information is presented
in terms of a scatter matrix plot in Fig. 6.14.
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Figure 6.14: Correlation plots of the four SAI. Red indicates the PEARSON correlation
coefficient between the displayed quantities which is a measure for the degree of
linear correlation.

Distribution of the values (histograms)
The surface tension (first element of the main diagonal) in Fig. 6.14 is distributed
within a small window of values between 72.5 and 73.4 mN m−1 with few mea-
surements outside this range. The distribution is relatively symmetric with a
median of approx. 73- 73.2 mN m−1. The maximum surface pressure (second
element) values cluster in the regime of low surface pressure (ca. 0-3 mN m−1)
and only few measurements exceed this value significantly, resulting in an asym-
metric distribution of values. Measurement results for the lift-off compression
ratio are close to a normal distribution around a mean of 0.28. However, it
has to be taken into account that only a fraction of the samples exhibited a
detectable lift-off point (see Tab. 6.3), so the number of data is lower than in the
other histograms. Surprisingly, some values lay out of this range at significantly
higher compression ratios of ca. 0.56 which corresponds to a very early lift-off.
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Surface coverage values typically fall in the range of 0.06 - 0.19 with a strong
accumulation at ca. 0.13, corresponding to a surface coverage of 13 %. Note
that such low surface concentrations are hard to detect by VSFG because of the
square dependency of the signal level.

Surface coverage vs. surface tension
The correlation between surface coverage as determined from VSFG measure-
ments and the surface tension is relatively weak with a PEARSON coefficient of
ca. -0.47. The negative coefficient is consistent with the expectation, where a
higher value of the surface coverage leads to a decrease in surface tension.

Surface coverage vs. max. surface pressure
With a coefficient of ca. 0.3, this correlation is weak and the scatter plot exhibits a
rather wide, blurry distribution of the points. Based on this data it is not possible
to proof an interrelationship between those quantities.

Surface coverage vs. lift-off compression ratio
The scatter plot of this relation is far from being straight and the PEARSON

coefficient of 0.2 supports that those two quantities do not correlate.

Surface tension vs. max. surface pressure
With a coefficient of 0.07, this correlation is the weakest of all examined ones
which means that there is, from a statistical point of view, no connection between
the surface tension and the max. surface pressure as determined by compression
isotherm measurements. The scatter plot appears as blurry cloud and is far from
showing a linear dependence.

Surface tension vs. lift-off compression ratio
The correlation between the lift-off compression ratio and the surface tension is
again a very weak one (r = 0.161). As the lift-off point could only be determined
for the subset of the samples which show a measurable increase in surface
pressure, it is no surprise that those quantities are statistically not linked, since
the correlation with the max. surface pressure is extremely weak.
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Max. surface pressure vs. lift-off compression ratio
The strongest correlation in this set has been found between the max. surface
pressure and the lift-off compression ratio (r = 0.651). Despite considerable
scatter, this plot is the one closest to a linear relation. This is not unexpected,
as only samples with a measurable surface pressure exhibit a lift-off point. In
addition, it is reasonable that samples with a high compression ratio (̂︀= early
lift-off point) corresponds to higher mean values of the max. pressure as there
is a higher free area range from the appearance of the first increase in surface
pressure.

6.7 Conclusion and outlook
It can be stated that during both cruises the amount of surfactants, at least with
respect to the detection limit of the applied methods, have been quite low and
often close to the detection limit. Only in few cases a concentration was high
enough to yield VSFG signal with clear spectral signatures in CH region. Even
upon surface compression, in many cases the surface pressure did not show any
increase. There is some statistical evidence for a small difference in surfactant
abundance between both the cruises with slightly higher values in the first one.
What is remarkable is that none of the water samples taken from the depth
showed any significant increase in surface tension nor a detectable lift-off point.
This finding indicates that the overall surfactant concentration in bulk water
samples was even lower than in the SML, which supports the models stating
an enrichment in the surface layers. Neither a great differences between plate
and screen sampling (except for a deviation of the surface pressure and lift-off
compression ratio in the second cruise) nor between a direct sampling from the
ship and from a zodiac in a certain distance to the ship could be confirmed. All in
all, it seems to be beneficial to apply those complementary techniques resulting in
different SAI in order to get a more complete picture of the nature of the complex
SML samples. For the purpose of communication with other researches in this
highly interdisciplinary research field it is useful to utilize this simple numeric
values instead of reporting the complete spectra and isotherms to simplify batch
data analysis, correlation with other oceanographic parameters and knowledge
transfer. As a future perspective it would be highly desirable to repeat this set
of experiments in a situation with significantly higher surfactant abundance
to check if the findings from this work hold true under those conditions as
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well. Also, a correlation of this results with other complementary SML sampling
techniques such as AC voltammetry is necessary to get a broader database
and understanding of the sample nature. Finally, it would be reasonable to
evaluate numerical relations between the SAI as presented here and gas transfer
velocities obtained in situ parallel to the SML sampling. If such a relation exists,
it could probably be used to advance the phenomenological understanding of
the surfactant influence on sea-air gas transfer and parameterize those processes
in theoretical models.
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CHAPTER 7

Benzoylbenzoic Acid Hydroxyalkyl Esters as a Class of

Surface-Active Photosensitizers at the Air-Water Interface

7.1 Abstract
The air-sea interface is one of the largest interfaces on earth. It is a region of
active photo-chemical processes due to its direct exposure to the solar radiation
and enrichment with tenside-like organic compounds. Because of the signifi-
cant difference in chemical and physical properties interfacial photochemical
reaction mechanisms may differ from the bulk leading to unexpected products.
Reactions at the very interface are difficult to study with conventional analytic
techniques and therefore little is known about the mechanistic details of the
interface photochemistry. In this work, a novel class of surface-active photosen-
sitizers is introduced. The benzoylbenzoic acid hydrooxyalkyl esters with long
alkyl chains (termed BX compounds) form LANGMUIR-BLODGETT-Films at the
air-water interface and as such can be used to initiate photochemistry directly at
the interface. BX can be obtained by a simple esterification reaction of a tenside
spacer with the well-known photosensitizer moiety benzoylbenzoic acid.
Characterization of the surface properties is accomplished by means of surface-
selective vibrational sum frequency laser spectroscopy. These measurements
reveal remarkably strong signals, indicating a high degree of molecular order
in the surfactant monolayer. Moreover, photolysis experiments with visible
light revealed the photochemical activity of the substance leading to a complete
destruction of the film on a minute timescale. hence ideal for future experiments.

7.2 Introduction
The sea surface microlayer (SML) is defined as the uppermost 1000 micrometers
of the sea at the air-water interface.[3,16] In comparison to the bulk, the SML ex-

127



128 Chapter 7 BX as surface-ative photosensitizers

hibits very special physical, chemical and biological properties.[2,24] It is enriched
with organic substances like lipids, polysaccharides, proteins and amino acids.
The SML changes the viscoelastic properties of the sea surface and influences
the gas transfer between the ocean and the atmosphere.[12,45] Field experiments
have shown that a significant part of the world’s ocean is covered by this or-
ganic film.[16] Therefore, the question arises to what extent these films impact
global-scale environmental processes. Because of the proximity to the very inter-
face the amount of solar radiation the SML is exposed to is higher than within
the bulk water. The combination of a relatively high concentration of organic
substrates and significant energy uptake by light suggest that photochemistry
might play an important role in the chemical fate and dynamics of the SML.
Furthermore, understanding those processes is also important when it comes to
photochemistry of organic compounds in aerosols. Marine aerosols can contain
big fractions of organic surfactants,[35] exhibit high surface-to-volume ratios and
are directly exposed to solar radiation.[34,161] Besides this, the photosynthetic
centers of autotroph organisms often employ membrane-bound chromophors
and are therefore interface-dominated systems. Gaining insight in mechanistic
details of interface photochemistry may contribute to the understanding of those
important biological membrane reactions as well.
Photochemistry at the sea-water interface can be induced by different molecules.
The photochemical production of reactive halogen species from dissolved anions
at the sea surface has been studied for several years.[54,162,163] Besides those, a
fraction of the organic material enriched in the interface layer is known to absorb
sunlight in the visible range and may act as direct photosensitizer. The most
important substance classes exhibiting those properties are quinones, phenols,
chlorophylls and different kinds of carbonyl compounds.[49] Especially the pho-
tochemistry of aromatic ketones, in particular derivates of benzophenone, is
widely used as a model system to understand the processes occurring in natural
systems. They can undergo a variety of different photochemical reactions (see
section 2.3.2) such as NORRISH type I and type II reactions, YANG cyclizations
and indirect sensitization by production of singlet oxygen.[49,53,62,164] Recent
studies indicate that the occurrence of unusual unsaturated compounds and
high molecular weight radical recombination products is the result of interface
specific photochemical reaction pathways leading to unique products that are
different from the products of the bulk reaction.[52] The accessibility of the sub-



7.2 Introduction 129

strates from both the gas and the liquid phase, the weaker interaction with
the solvent in comparison to the bulk as well as the high density of molecules
in the surface film form a unique reaction system.[49] In particular, reaction
mechanisms involving intermolecular hydrogen abstraction by excited states are
more likely to occur if the sensitizer is surrounded by alkyl chains of reactant
molecules in contrast to a solvent-separated arrangement.
Interface photochemistry was found to be one of the major sources of volatile or-
ganic compounds (VOC) in the atmosphere[74], even compounds like isoprene[67]

were identified as products of such processes. Besides the primary photochemi-
cal processes occurring in the SML, their products are discussed to significantly
contribute to the formation of secondary organic aerosol particles.[165] A compar-
ison of photolysis products of natural surface samples with artificial mixtures
resulted in similar composition.[69]

The general experimental challenge for studying interface photochemistry usu-
ally includes the combination of a surfactant not directly susceptible to photolysis
and a surface-active photosensitizer absorbing light in the near UV or visible
spectral region in order to simulate the interaction with sunlight. Ideally both
substances are either directly obtained from natural sources or, in terms of a lab-
oratory model system, include functional groups which are known to be present
in naturally occurring organic (and inorganic) molecules.[68] Next to monitoring
the fate of the interfacial organics, a full characterization of the photosensitized
reaction could include the analysis of gas and bulk phase reaction products. For
example, the gas phase products formed upon irradiation can be analyzed by
means of mass spectrometry, but in fact there are only few examples reported
where the very interface has been characterized by direct time-resolved methods.
This is due to the fact that truly surface-selective techniques are rare.[53,70,166]

One of the few available surface-sensitive spectroscopic techniques is vibrational
sum frequency generation (VSFG) spectroscopy .[79,167] It is surface-selective
intrinsically due to the symmetry constraints set by the underlying spectroscopic
selection rules that require a break of inversion symmetry, which is fulfilled at
interfaces.[75] As it is based on a nonlinear optical effect, strong light intensities
are necessary in order to create detectable signals. In a typical VSFG experiment,
short light pulses of a tunable IR laser beam is overlapped temporarily and
spatially with a fixed wavelength upconversion beam in the visible or near
infrared spectral range. VSFG provides, besides excellent surface selectivity, sub-
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monolayer sensitivity and surface-structure information. VSFG spectroscopy
yields a (orientation-dependent) vibrational spectrum of interface species in
which the signal intensities are proportional to the square of the surface concen-
tration and the degree of molecular order of the analyte. Besides the sensitivity
to the film structure in terms of molecular order, the method offers direct access
to information about the molecular orientation relative to the surface normal
by varying the polarization of the lasers and the detected SFG signal.[41] In the
context of marine chemistry, VSFG has successfully been used to study SML
samples from the Baltic Sea. For example, the seasonal variation of the observed
surfactant signal intensity can be used as a direct measure for the amount of
surface-active material in the sample.[105,106,168].
Following the successful experimental approach in the work of Ciuraru et al.,[68]

we tried to study the nonanoic acid/humic acid system employing VSFG spec-
troscopy. Unfortunately, both substances are rather soluble surfactants and
turned out to be not suitable for our experimental approach. The degree of order
or the concentration of nonanoic acid at the interface yielded only weak SFG
signals whereas the humic acid was SFG-inactive even at high concentrations.
To the best of our knowledge, no surface-active model photosensitizer with
the required surfactant properties has been described in the literature as yet,
although there exist some studies using similar compounds to study micelle
photochemistry[169] and to label membrane-forming molecules.[170]

Unfortunately, the molecules used in those works are products of complex syn-
thesis and too hydrophobic to be suitable for air-water interface studies.[171] In
order to overcome this lack of feasible surface active photosensitizers, this study
reports the design, synthesis and characterization of a model substance which
carries a sensitizer moiety with well-known photochemical properties attached
to a tenside scaffold to force the formation of a LANGMUIR-BLODGETT film at
the aqueous interface. A suitable sensitizer unit is 4-benzoylbenzoic acid, which
was used as a model sensitizer before in the context of interface photochemistry.
A straightforward method of transforming this compound into a tenside is the
esterification with symmetric diol. This approach offers variable hydrophobicity
by adjusting the alkyl spacer length as well as a hydrophilic terminal group that
ensures interaction with the water.
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7.3 Experimental
7.3.1 Materials

4-benzoylbenzoic acid, 1,6-hexanediol, 1,9-nonanediol, 1,12-dodecanediol, an-
hydrous chloroform, DMAP where purchased from Sigma-Aldrich. EDC was
obtained from Carbolution chemicals. Dichloromethane was purchased from
Walter CMP. All chemicals had a purity > 98% and were used without further
purification.

7.3.2 Synthesis of the hydroxyalkyl esters

The hydroxyalkyl esters were synthesized according to a variant of the orig-
inal STEGLICH esterification.[172–174] N,N-Dimethyl-pyridin-4-amine (DMAP)
(0.2 mmol,) and the diol (5 mmol) were dissolved in 30 mL of dichloromethane. 4-
benzoylbenzoic acid (1 mmol) and N-Ethyl-N’-(3-dimethy-laminopropyl) carbodi-
imide-hydrochloride (EDC) (1.5 mmol) were dissolved in 20 mL of ice cooled
dichloro-methane. This mixture was added to the diol/DMAP solution and
stirred for 4 h at room temperature. Afterwards, the reaction was quenched with
sat. aqueous NaHCO3 solution. The phases were separated and the organic
phase was washed with brine, dried over anhydrous magnesium sulfate and
evaporated. The crude product was purified by column chromatography using
pentane/ethyl acetate as mobile phase, where the solvent ratio was depending
on the diol chain length (see Tab. D.1 in the Appendix). Analytical data of
the esters can be found in the Supplementary (Appendix D). The yields were
typically about 30-40 %.

7.3.3 Characterization

CHNS combustion gas analysis was carried out on a vario MICRO CUBE by the
manufacturer ELEMENTAR. IR spectra were recorded using a BRUKER ALPHA-
P ATR IR-Spektrometer. Raman spectra were measured on a FT-Raman spec-

Figure 7.1: Reaction scheme for the synthesis of the surface-active photosensitizers.
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trometer FRA 106 by BRUKER. NMR spectra were measured using a BRUKER
AVANCENEO 500 NMR spectrometer. MALDI mass spectra were recorded using
a BRUKER MALDI-TOF AUTOFLEX instrument. UV spectra were measured
using a SHIMADZU UV-1800 UV/Vis spectrophotometer.

7.3.4 VSFG spectroscopy and photolysis

All SFG experiments were performed with a picosecond VSFG spectrometer
based on m a commercially available system by EKSPLA. Details of this spec-
trometer is described elsewhere.[41] Briefly, the output of a pump laser (Nd:YAG
laser) with a repetition rate of 10 Hz, a pulse duration of 30 ps and an output
wavelength of 1064 nm was used for pumping an optical parametric generator
to generate the tunable infrared pulses and to provide the second harmonic
at 532 nm as the visible upconversion beam. The pulse energies of the tun-
able IR light and the visible pulse were up to 200 µJ and 600 µJ, respectively.
The polarization applied in all measurements in this work was ssp, hence s for
the SFG and the visible and p for the IR pulse, respectively. Photolysis was
performed using a 150 W xenon arc lamp (66907-150XF-R1) by NEWPORT. To
block the strong IR lamp radiation, a water filter (Model 61945, NEWPORT) was
applied. In some experiments a liquid light guide (transparent in the visible
and near UV, Model 7759, NEWPORT) was used in order feed the photolysis
light into a custom-made reaction chamber. A schematic representation of the
experimental setup described in the above section is depicted in Fig. 7.2 The
samples were prepared in a Teflon dish (5.1 cm diameter). The dish was filled
with 10 mL of ultrapure water (R=18.2 MΩ) and the surfactant was spread using
a stock solution of the compound in anhydrous chloroform. The spreading was
accomplished by dropping the stock solution on the water with an EPPENDORF

pipette held in a sharp angle. Concentrations of the stock solution were typically
in the range of 1-5 mM while spreading 2-20 µL.

7.3.5 Langmuir compression isotherms and VSFG spectra at constant surface
pressure

The LANGMUIR compression isotherms have been recorded using a commer-
cially available system by RIEGLER & KIRSTEIN GMBH with two movable Teflon
barriers allowing to change the total area from 190 cm2 to 27 cm2. A WILHEMY

film balance equipped with a filter paper and attached to one of the barriers
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Figure 7.2: Schematic representation of the experimental setup used for the com-
bined VSFG and photolysis experiments. The numbers denote the wavelengths in
units of nm.

served as the surface pressure probe. Calibration of the system was performed
by recording the isotherm of the reference substance arachidic acid and ad-
justing the surface pressure read to the characteristic 2D phase transition at
24.5 mN m−1. Cleaning of the trough was achieved by adding a few drops of a
special cleaning agent (TICKOPUR R 33, DR. H. STAMM GMBH) in the trough
followed by consecutive rinsing with hot,then ultrapure water until the surface
pressure upon rapid compression remained below 0.8 mN m−1. For all the com-
pression experiments the compression speed was set to 0.35 cm2 s−1. In a typical
experiment, the trough was filled with 100 mL of ultrapure water (R=18.2 MΩ),
ensuring that the trough was completely filled and a convex meniscus formed at
the boundaries.
In order to record VSFG spectra at a constant surface pressure, the trough was
mounted on a height-adjustable stage integrated into the VSFG spectrometer’s
beam path. The trough control unit offers a mode were the barrier position
is regulated in a way that a preset value of surface pressure is held constant.
The initial adjustment of the VSFG spectrometer using DPPC in this setup was
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accomplished by spreading a certain amount of DPPC in chloroform (typically
about 40 µL of a 1 mM solution) at a surface pressure > 30 mN m−1 to ensure that
the monolayer was in the solid 2D state (see section 2.1.3) with full monolayer
coverage.

7.4 Results and Discussion
7.4.1 Preliminary experiments with Humic Acid and Nonanoic Acid

The model system consisting of humic acid as a naturally occurring photosen-
sitizer with a well-studied photochemistry and nonanoic acid as a proxy for
natural surfactants has successfully been employed in photochemical experi-
ments by George et. al.[68] In these experiments the formation of unexpected
products has been reported which the authors associated with an interface-
specific reaction mechanism. Preliminary experiments have been performed
to expand the understanding of the system utilized in the previous study by
using VSFG spectroscopy. Unfortunately, it turned out that this system is not
suitable for this purpose for two reasons: The first problem is the low surface
activity of nonanoic acid. In contrast to its higher homologues (e.g. stearic acid),
it has a much higher solubility and requires high amounts of substance to be
spread on the interface in order to achieve a detectable SFG signal. The necessary
amount is so high that a significant fraction of the nonanoic acid dissolves into
the bulk and hence interfering bulk photochemistry cannot be ruled out. In Fig.
7.3, the SFG spectra of a sample with nonanoic acid spread upon humic acid
solution before and after 15 or 30 min. of photolysis is depicted. In addition, a
reference sample was allowed to stand for one hour in the dark to ensure that
the observed spectral change was due to photochemical alteration. Actually,
it turned out that the spectra of both the dark reference and the photolyzed
sample look are more ore less the same. The initial spectrum clearly reveals a
typical fatty acid spectrum with a small peak at 2850 cm−1, corresponding to the
symmetric stretch vibration of the methylene groups (d+) and a pronounced
peak at 2880 cm−1 belonging to the symmetric stretch vibration of the terminal
methyl group (r+). Centered at about 2950 cm−1, the spectra show a broad signal
which can be assgined to the overlapping FERMI resonances of the d+ and r+

modes that are expected at 2935 and 2945 cm−1, respectively.[86] The spectra after
photolysis or resting in the dark both show in comparison with the initial one a
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significant decrease in the intensity of the r+ and d+ bands. The methylene band
nearly disappears whereas the methyl vibration is still visible as a peak. The
intensity of the broad band located at 2950 cm−1 remains unaltered but a slight
shift towards higher wavenumbers is apparent. As the spectral trends were
reproducible, it is very likely that upon initial spreading, the system is not in
equilibrium and that over time a part of the nonanoic acid slowly dissolves into
the subphase, hence leading to an increase in the OH bulk signal and a strong
decrease in the CH spectral region. THe fact that the broad 2945 cm−1 band
remains rather strong may indicate a spectral contribution of the humic acid.
However, VSFG spectra of humic acid solution (withoud nonanoic acid) did not
exhibit VCSFG signals. Prolonged time of photolysis did not lead to any further
alteration of the system. Once in the state of "equilibrium", the VSFG spectra did
not change, no matter how long photolysis was performed or the samples were
allowed to rest. It might be associated with another, yet unidentified vibration.
Because of the instability of the system, the poor surface activity of nonanoic acid
and the absence of spectral changes for long equilibration times it was decided
to discontinue the experiment. The question remains if the experiments reported
in Ref.[68] by the relatively high solubility of nonanoic acid as well.
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Figure 7.3: Demonstration of the photolysis of a "monolayer" of nonanoic acid
(nominal area per molecule = 0.2 Å2, at higher areas no SFG signal was observed)
spread on a solution of humic acid probed by VSFG spectroscopy in the region
of alkyl CH vibrations. For comparison, a spectrum before and after a allowing
another sample to stand one hour in the dark is shown below. The gray lines
indicate the position of the methyl and methylene symmetric stretch vibrations and
their corresponding FERMI resonances.

7.4.2 Synthesis and preparation of spreading solutions

As described in the Experimental section 7.3.2, the synthesis of the surface-active
BX photosensitizers were carried out as a one-step STEGLICH-type esterification.
After several unsuccessful attempts using protection group chemistry to ensure
the monoesterification of the diol, this straightforward synthesis approach using
a significant excess of the diol compound was chosen and found to yield the
monoester in sufficient quantities. The ease of this one-step synthesis in terms of
instrumentation and reaction control as well as the reliable removal of byprod-
ucts by standard column chromatography made this approach fully suitable for
the purposes of this work. In addition, it was easily possible to vary the length
of the CH chain by choosing another diol. The spacer length influences the
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surface activity of the compound. The synthesized compounds are abbreviated
with respect to their chain length n (see Fig. 7.1) with the term BXn where B
stands for bezoylbenzoic acid and Xn for the lipid component with n methylene
groups in the chain. The systematic names following the IUPAC convention are
6-hydroxyhexyl-4-benzoylbenzoate (BX6), 9-hydroxynonyl-4-benzoylbenzoate
(BX9) and 12-hydroxydodecyl-4-benzoylbenzoate (BX12). Because the synthe-
sized compounds are not yet described in the literature, a full analytical char-
acterization is provided in the Supplement. After synthesis, characterization
and purification, the solid esters were dissolved in chloroform to prepare a stock
solution for spreading it on a water surface to prepare LANGMUIR-BLODGETT

films.

7.4.3 VSFG spectroscopy

VSFG spectra of BX compounds with long alkyl chain (n = 9 and 12) yielded
strong spectral signatures, at least three very intense signals were visible. In-
terestingly, two very strong vibrations occurred in the carbonyl range of the
spectrum. To the best of our knowledge, such strong carbonyl signals are not
very common for VSFG spectroscopy and clearly indicate a structural order
of the benzoylbenzoic acid moiety in the resulting monolayer. In contrast, the
short chain species (n = 6) did not show intensive VSFG signals, indicating that
the surface-activity of this compound was not sufficient to form stable surface
layers.
For SFG can be visualized as a synchronous IR and Raman transition (see Chap.
2), to be SFG-active vibration needs to be both Raman and IR-active.[75,80] In
order to identify and assign the observed SFG signals, combined IR and Ra-
man data can be employed. A comparison of SFG, Raman and IR data of the
hydroxyalkyl ester BX9 is shown in Fig. 7.4. Moreover, quantum-chemical
vibration frequency calculation shave been performed using GAUSSIAN 09 soft-
ware suite[175] at the B3LYP/6-31G(d) level of theory. For better comparability,
the theoretical wavenumbers determined by the calculation were corrected for
the known systematic error of this theoretical method by multiplication with a
specific correction factor.[176] The VSFG signal which was closest to a calculated
vibration being both IR and Raman-active can be assigned to the corresponding
molecular vibration. According to this, the VSFG signal appearing at 1655 cm−1

was assigned to the symmetric stretch vibration of the carbonyl group located
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between the two benzene rings whereas the signal at 1720 cm−1 belongs to the
ester carbonyl group. The intense signal at 3070 cm−1 corresponds to a CH-
stretch vibration of the benzene rings. By this procedure, it was not possible
to make an unambiguous assignment for the aliphatic CH region (peaking at
2955 and 2850 cm−1) yet because many different methylene CH-vibrations of the
chain fall in this region. An overview about this peak assignment is presented
in 7.1. However, a typical assignment of the two bonds in agreement with the
assignment of nonanoic acid (see section 7.4.1) would be a dominating CH2

group vibration with the symmetric stretch at 2850 cm−1 and a corresponding
FERMI resonance at 2955 cm−1.
In order to illustrate the molecular shape of those new compounds, a 3D rep-
resentation of the geometry-optimized gas phase structure of BX9 is shown in
Fig. 7.5. Remarkable is the twist between both the aromatic rings, resulting
in an arrangement where they lay in different planes, as well as the distinct
angle between the aromatic system and the aliphatic tail at the ester group. This
gives rise to the assumption that, even in dense layers of those substances, they
are not able to form the same stretched long linear-shaped arrangement that is
typical for saturated fatty acid monolayers. A comparison of the VSFG spectra
of the three different artificial photosensitizers is presented in Fig. 7.6. BX9
and BX12 exhibit very similar spectra with pronounced signals of the carbonyl
stretch vibrations at 1655 and 1720 cm−1 and the aromatic CH stretch vibration
at 3070 cm−1. The signals of the alkyl chain at 2955 and 2850 cm−1 are, compared
to the other signals, rather small which could be an indicator for ordered alkyl
chains where the resulting VSFG signals at least partly cancel out because of

Table 7.1: SFG peak assignment for the BX photosensitizers. DFT frequencies are
scaled by a factor of 0.9613 according to Ref.[176]

ν ( SFG) / ν (exp. IR/Raman) / ν (corr. DFT) / assignment

cm−1 cm−1 cm−1

1655 1651 1672 CO symm. stretch, benzoyl

1720 1713 1728 CO symm. stretch, ester

2850 2847 2862 aliphatic CH2 stretch, d+

2955 2947 2964 aliphatic CH2 stretch, d+
FR

3070 3060 3082 aromatic CH stretch
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Figure 7.4: Comparison of the VSFG, Raman and IR spectra of the sensitizer BX9.
All spectra are normalized an shown in arbitrary units and a shifted with respect to
each other for clarity.

Figure 7.5: 3D representation of the geometry-optimized (B3LYP/6-31G(d) level of
theory) BX9 molecule gas phase structure.
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Figure 7.6: Comparison of the VSFG spectra of the three BX sensitizers. Each
spectrum has been normalized to its maximum intensity to allow a comparison.
Total intensities have been about a factor of nine lower fox BX6 compared to BX9
and BX12.

the pseudo-inversion symmetry of two neighboring CH2 groups in all-trans
conformation. Interestingly, the spectrum of BX6 looks very different compared
to its longer homologues. Neither the carbonyl vibrations nor the signal of
the aromatic group could be detected in any VSFG spectrum of BX6. In order
to obtain any SFG intensity at all, much higher surface concentrations of BX6
compared to BX9 and BX12 where necessary, leading to a theoretical surface cov-
erage well above than expected for single monolayer. This is a clear indication
that the surface activity of BX6 is significantly lower than the one of its higher
homologues, which is, considering the chain length and relative number of polar
functional groups, not surprising. The BX6 VSFG spectrum shows only weak
signals in the aliphatic region of the spectrum at 2850, 2880 and 2990 cm−1. The
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carbonyl vibrations of BX6 have not been detected in any measurement, indi-
cating statistical orientation of the aromatic moieties in the sample. In contrast,
a possible explanation for the extraordinary high carbonyl and aromatic CH
signals of the higher homologues is a high degree of structural order as a result of
energetically favorable π − π stacking of the aromatic moieties. The importance
of this kind of intramolecular interactions within LANGMUIR monolayers has
already been reported in the past.[177]

7.4.4 Langmuir trough Experiments

To get a better understanding of the surface film structure and properties, both
LANGMUIR compression isotherms of the sensitizers as well as VSFG mea-
surements at constant surface pressure have been performed. Compression
isotherms of the three sensitizers are shown in Fig. 7.7. The isotherm of the
lowest homologue (BX6) starts to increase approx. at a value of the area per
molecule of about 14 Å2. This is a very low value if one considers that the typ-
ical space demand for a fatty acid chain is about 27 Å2. This is in agreement
with the very low signal intensities observed in the VSFG measurements and
supports the hypothesis of a low surface activity. The situation of for the higher
homologues is more complex. Here, the reproducibility of single compression
isotherms was rather poor, so the depicted data are the result of averaging mul-
tiple measurements. As such, the isotherms visualize the general trend rather
than allowing for a quantitative comparison. It is obvious that the increase in
surface pressure which is caused by structural changes and the resulting from
intermolecular interactions in the film (lift-off point) occurs much earlier than for
BX6. Considering the dimensions of the molecule, this is not surprising. A rough
estimation of the surface space requirements (demonstrated in Appendix D.4)
yields a maximum space requirement of 130, 154 and 179 Å2 for a flat-lying BX6,
BX9 and BX12 molecule. The isotherms of BX9 and BX12 both exhibit roughly
three "zones" characterized by their slopes: a zone of relatively steep increase
of the surface pressure following the lift-off, a rather flat region reaching from
approx. 100 to 50 Å2, and a third zone of very steep increase in surface pressure
up to maximum compression or collapse. Visible collapse points appeared in
some single measurements of BX12, typically at about 15 Å2. The second zone
of low slope in the case of BX12 appeared as a real plateau, whereas in case
of BX9 a constant increase of surface pressure was observed. Such regions in
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compression isotherms are typically associated with the coexistence of two 2D
phases. In many single measurements of BX 12 (see Appendix D), a slight decay
in the surface pressure before the plateau was observed, a phenomenon that has
been described in the literature as "roll-over collapse" caused by the formation
of multilayers.[178,179] Considering the very high SFG intensity of the carbonyl
group signals, this observation could indicate the formation of some type of
aggregates driven by π-π stacking interaction, resulting in stable layers even at
rather low theoretical area per molecule values. To investigate the surface film
characteristics of BX9 and BX12 further, VSFG measurements in the LANGMUIR

trough at defined surface pressures have been performed. It was tried to mea-
sure the system at two different states: within the plateau/ low slope region in
the middle of the isotherm as well as in the zone of high slope at the end. The
results of this approach are shown in Fig. 7.8. Sub-figure (a) contains the mea-
surements of BX12, (b) the ones for BX9 and (c) those for BX9 normalized to their
corresponding maximum to allow for a better comparison since the absolute
intensities are extremely different. BX12 exhibits similar spectra for both surface
pressure zones with slightly lower intensities for the lower surface pressure.
The most significant difference is a strong increase of the carbonyl signal at
1720 cm−1 whereas the other signal only increase moderately. In case of BX9,
the difference between the two surface pressure values is much more distinct.
The absolute intensity of the spectrum obtained at 6 mN m−1 is much lower. In
addition, all the signals exhibit comparable intensities (see Fig. 7.8 c). Moreover,
the intensity of the two carbonyl signals are almost equal whereas in the high
surface pressure measurement the peak at 1655 cm−1 is much higher. Note that
the apparent splitting of the carbonyl peak in the spectrum at 6 mN m−1 was
not well reproducible and probably is a spectral artifact from the normalization
procedure of the low-intensity spectra caused by very low IR intensities in this
spectral region. The weak CH vibrations which are barely visible in the high
pressure spectra of both BX9 and BX12 are visible and in the same order of
magnitude as the carbonyl signals in the low pressure measurement. Comparing
BX9 and BX12, the position of the alkyl signals slightly differ (BX12: 2865 and
2955 cm−1, BX9: 2850, 2930 cm−1). The relative decrease of CH2 alkyl intensity is
consistent with better aligned akly groups at higher surface concentration (see
above).
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Figure 7.7: LANGMUIRcompression isotherms of the three sensitizers. The BX6 mea-
surement is a single measurement, the other isotherms are averaged from 10 (BX9)
and 7 (BX12) single measurements (see Appendix D). The single measurements are
shown in Fig. D.13 and D.14, respectively.

7.4.5 Photolysis experiments

Photolysis experiments were performed by exposing the Teflon dish containing
the sample to radiation generated by a Xenon arc lamp, simulating solar radi-
ation. VSFG spectra were recorded before and after the photolysis in order to
detect changes in the spectrum and therefore changes in the interface charac-
teristics. The results of a typical photolysis experiments are shown in Fig. 7.9.
Although at the beginning of the experiment strong signals of the hydroxyalkyl
ester are present, after 30 minutes all photosensitizer signals ed completely
vanished. A blank experiment where a sample was rest without photolysis for
more than one hour did not show significant changes in the spectrum before and
after at all, so it can be certainly stated that the drastic change of the spectrum
is a direct consequence of the irradiation. Assuming a similar photoreactivity
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Figure 7.8: VSFG spectra of the sensitizers obtained at low and high surface pres-
sures. The depicted spectra are averaged from 2-3 single measurements. Subfigure
(a) shows the measurements for BX12, (b) for BX9 and (c) the BX9 measurements
with both spectra normalized to their corresponding maxima for better comparison.

of this species as it is well-known for pure benzoylbenzoic acid and other ben-
zophenones, a likely explanation for this observation is autophotolysis of the
substrate.[63,169] As the intense SFG signals indicate that a dense layer is present,
the excited sensitizer moiety has several alkyl chains of the tail of nearby hydrox-
yalkyl ester molecules around it. Therefore, it is likely that H atom abstraction
reactions take place, leading the way to NORRISH-type chemistry. This results in
breaking the chains and therefore altering the molecule in a way that it is not
longer surface active and leaves the interface. This could either, in case of more
hydrophilic products, occur by dissolving into the water subphase, or, in case of
volatile species, escape into the gas phase.
The photolysis occurred no matter whether the liquid light guide or the direct
lamp radiation was used. Because the lamp setup includes a water filter cut-
ting of the IR part of the Xenon lamp spectrum, the observed effect cannot be
explained by heating the sample but indicates that the sensitizer is susceptible
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to irradiation of light in the visible and near-UV region of the spectrum. This
confirmed that the benzoylbenzoic acid hydroxyesters are suitable candidates as
a model systems designed to study surface photochemistry.

Time-resolved photolysis

Time-dependent photolysis experiments have been performed. SFG spectra of
the intense carbonyl peak at 1655 cm−1 were recorded (with the lamp switched
off) after steps of one minute photolysis. The result of this experiment for the
sensitizer BX12 is shown in fig. 7.10. Note that the total time of the experiment
was about 30 minutes because the spectrum acquisition (with the lamp switched
off) took about three minutes each time. The time stated on the x-axis of Fig. 7.10
refers to the photolysis time with the lamp switched on. It can be seen that, after
an apparently slower phase at the beginning of the experiment, the decrease in
signal intensity is fast and takes place on a timescale of less than 10 minutes. In
all systems used in the course of this study the signal decrease took place in a
maximum of one hour.

Figure 7.9: SFG spectrum of the sensitizer BX9 before and after 30 minutes of
irradiation.
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Figure 7.10: Typical result of a time-dependent photolysis measurement. The
number in the legend indicates the number of minutes the samples was photolyzed
before the spectrum was recorded. Note that because of the square dependency of
the SFG signal on the surface concentration, a linear decay with time is not expected.

7.5 Conclusion
A novel class of surface-active photosensitizers forming interfacial well-ordered
surface monolayers has been synthesized and characterized by VSFG measure-
ments. The synthesis is reliable, simple in terms of instrumentation and includes
only one reaction step. This class of molecules turned out to be highly suitable
for VSFG measurements and susceptible to photolysis. It is therefore an excellent
model system for photochemical studies at the very interface of an air-water
system. The SFG spectra revealed besides the usual aliphatic and aromatic CH
vibrations unexpected strong carbonyl vibrations indicating a high degree of
order in the layer which could be a result of π-π stacking interaction between
the aromatic compartments of the molecules. This observation alone justifies
further investigations targeting the surface behavior and detailed structure of the
monolayers of this compounds in more detail. Using a standard solar simulation
lamp, the photolysis of the sensitizer happens on a time-scale reasonable for
lab experiments. Future investigations should focus in the characterization the
photolysis kinetics in more detail and head in the direction of the formation of
mixed layers between a photo-inert surface-active substance and those photo-
sensitizers to be a more realistic model system for the SML processes. These next
steps will be taken in the following chapter of this thesis.



CHAPTER 8

Mixed layers of fatty acids and an artificial photosensitizer

8.1 Introduction
The interfacial zone between sea and air resembles a complex and highly dy-
namic environment. It is, in many parts of the world’s oceans, enriched with a
variety of surface-active chemical compounds. The spatial and temporal vari-
ability of the composition and concentration of those substances in this so-called
Sea Surface Microlayer (SML) contributes to the complexity of this system.[2,3,16]

For instance, a huge variety of chemical compounds like proteins, complex
carbohydrates, fatty acids, humic substances and amino acids with distinct
chemical properties have been found to be present in this zone with an extension
of 1-1000 µm from the surface.[8,10,180] Those substances stem from a variety
of different sources, including anthropogenic and riverine input, atmospheric
deposit, biological primary production and degradation of organic matter by
microbes and photolysis.
However, it has been shown that the presence of surface-active materials at the
interface can alter the chemical and physical properties drastically. One impor-
tant example is the influence of those compounds on air-sea gas exchange.[18,45]

At higher levels of surfactant enrichment at the interface, the same wind speed
leads to the formation of lower waves than for pure water, hence resulting in
less turbulence and therefore reduced gas transfer.[25,32,144,153] As gas transfer is
a key step in modeling atmospheric processes on global scale, quantification of
those phenomena as well as the implementation of numerical models relies on a
profound understanding of the underlying microscopic processes. This includes
the consideration of the mechanisms that lead to the formation and alteration of
the SML.
One of the processes that has been found to be responsible for alteration of the
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SML’s chemical composition is photochemistry. As the SML is a zone of the
with high exposure to sunlight in combination with a relatively high concen-
tration of organic molecules, it is not surprising that many photophysical and
-chemical processes occur. In addition, some substance typical classes present in
the SML exhibit high absorption of light in the near UV and visible range of the
spectrum.[49] For example, humic acids are strongly absorbing compounds are
able to act as so-called photosensitizers: their excited state reacts with other types
of molecules in the direct neighborhood and thus allows for a light-induced
transformation of compounds that are usually inert to sunlight.[53,68] This kind of
processes and its role for SML chemistry is not understood in detail yet because it
is difficult to directly observe them in situ. During the last years several attempts
have been made to create suitable model systems of representative model surfac-
tants with suitable behavior to mimic a typical SML photosensitizers. Of special
interest for this kind of experiments is the question whether the photochemi-
cal mechanisms occuring directly at the interface differ significantly from the
somewhat (better-known) ones taking place in surface bulk water. Recent model
studies employed a model system of humic acid as a sensitizer and nonanoic
acid, as a so-called wet (i.e. partly soluble) surfactant. Irradiated by artificial
sunlight, the formation of unexpected unsatured compounds has been observed
that can be associated with surface-enhanced reaction pathways, indicating that
the unique combination of surfactant accumulation and solar irradation in the
SML triggers a yet unexplored photochemistry. Of course, such processes will
also play a role for other atmospheric processes (such as aerosol aging).[53,68–70]

Recently, (see chapter 7 of this thesis), a novel class of photosensitizers (benzoyl-
benzoic acid hydroxyalkyl esters, so-called BX compounds) has been developed.
BX compounds with long hydroxyalkyl chain are supposed to show high surface-
activity to ensure their presence at the very interface between air and water.
Moreover, these compounds yield strong and characteristic spectral features in
VFSG spectra, thus allowing surface-specific spectroscopic studies. With such a
photosensitizer it should be possible to study interface-specific photochemical
processes in a much more direct way than before. First irradiation experiments
of BX monolayers with artificial sunlight clearly revealed an effective decompo-
sition a the air-water interface. This autophotolysis is a clear indicator for the
photoreactivity of this compounds.
In order to reflect the situation in natural SML more realistically, it is neces-
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sary to create well-mixed organic monolayers of photosensitizer and reactant
to suppress this autophotolytic process in favor of the cross-reaction between
photosensitizer and the reactant of interest. Consequently, the next step towards
the study of monolayer photosensitized reactions is the preparation of mixed
monolayers with substances that are inert towards photolysis under regular
conditions and ideally are present in natural SML systems. If the sensitizing
process works as expected upon irradiation of such mixed monolayers, the
photosensitizer will induce reactions of the photochemically inert molecules in
its proximity.
A pictorial scheme of the desired interfacial mixed layer is shown in Fig. 8.1.
A class of molecules suitable for the role as surfactant in this kind of experi-
ments are fatty acids (FA). Their surface-behavior is well-known and has been
studied with different analytical techniques.[43,82,118,181,182] Moreover, fatty acids
are typically present in natural systems such as the SML and they are, except
for the case of short-wave UV radiation, relatively inert towards photolysis.
This work describes the preparation of mixed FA/BX surface monolayers, their
physichochemical surface properties, and first photolysis experiments of these
mixed systems.

Figure 8.1: Schematic illustration of the structure of a FA/BX monolayer. The
benzoylbenzoic acid moiety of BX serves as the sensitizer group, the alkyl spacer
induces surface activity with the hydrophylic head group pointing towards the
water side.
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8.2 Experimental
8.2.1 Preparation of the spreading stock solutions

For the experiments, different mixture ratios of the saturated fatty acids with vari-
able alkyl chain length n, i.e. myristic acid (YA, n=14), palmitic acid (PA, n=16)
and stearic acid (SA, n=18), with the two benzoylbenzoic acid hydroxyalkyl
ester sensitizers BX9 and BX12 have been prepared. Details of the synthesis of
BX9 and BX12 are described in section 7.3.2. The structures of FA and sensitizers
are shown in Fig. 8.2. Note that the number in the sensitizer name indicates the
count of methylene groups in the alkyl chain. In order to prepare a mixed layer of
sensitizer and fatty acid (from here on referred to as "surfactant"), stock solutions
of all compounds with an initial concentration of 5 mM in chloroform have been
prepared. Directly before the measurement, the desired mixture was obtained by
adding the suitable volume of surfactant and sensitizer stock solution to a flask
and diluting it with the necessary amount of anhydrous chloroform to yield the
desired concentration. If not otherwise stated, the final concentration was 1 mM
in total such that a 1 to 1 mixture contained 0.5 mM of the surfactant and 0.5
mM of the sensitizer.

Figure 8.2: Chemical structures of the fatty acids and artificial photosensitizers.
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8.2.2 Langmuir trough measurements

LANGMUIR compression isotherms have been recorded using a commercially
available system by RIEGLER & KIRSTEIN GMBH. The maximum available area
of the trough was 190 cm2, which could be compressed using two step motor-
controlled movable PTFE barriers to a minimum area of 27 cm2. The compression
speed was set to 0.35 cm2 s−1. The surface pressure Π was recorded by a WIL-
HEMY film balance equipped with a filter paper. The balance was attached to one
of the movable barriers. At the beginning of a set of measurements the balance
was calibrated by recording the isotherm of the reference substance arachidic
acid and by adjusting the surface pressure read with respect to its characteristic
2D phase transition at Π = 24.5 mN m−1. Cleaning of the trough was achieved
by adding a few drops of a special cleaning agent (TICKOPUR R 33, DR. H.
STAMM GMBH) to the trough followed by consecutive rinsing with hot, then
ultrapure water until the surface pressure upon rapid compression remained
below 0.8 mN m−1. In a typical experiment, the trough was filled with 100 mL of
ultrapure water (R = 18.2 MΩ), ensuring that the trough was completely filled
and a convex meniscus formed at the boundaries. The substances of interest,
dissolved in chloroform, were dropped from an EPPENDORF pipette held at an
sharp angle upon the water surface.

8.2.3 VSFG spectroscopy

VFSG spectra have been recorded using a modified, commercially available
spectrometer by EKSPLA. This system was based on a ps-Nd:YAG laser with an
output wavelength of 1064 nm. This laser pumped a harmonic unit generating
the second (532 nm) and third harmonic (355 nm) of the fundamental. The sec-
ond harmonic was used for upconversion in the SFG process, the third harmonic
was used to feed an OPG/DFG unit which generated a coherent tunable infrared
beam in the wavenumber range of 1000-4350 cm−1. The resulting IR beam and
the VIS beam from the harmonic unit were overlapped spatially and temporally
on the sample surface. The generated SFG response (in reflection geometry) was
separated from the reflected incident beams by spatial separation employing an
iris diaphragm as well as an optical filter and a monochromator. The SFG signal
was measured using a gated photomultiplier tube.
The samples were prepared in a Teflon dish (5.1 cm diameter). The dish was
filled with 10 mL of deionized water and the surfactant was spread using the
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stock solution of the compounds as described above. To optimize the beam
line’s optical alignment, at the beginning of each day, a sample of the reference
substance DPPC (for details, see section 3.4.2) was measured. In order to check
the stability of the spectrometer performance, an additional DPPC spectrum was
recorded at the end of each set of measurements.

8.2.4 Combined VSFG and Langmuir trough measurements

For combined experiments LANGMUIR trough/VSFG experiments, the trough
was mounted on a height-adjustable stage and placed in the beam path of the
SFG spectrometer. This stup was used to record spectra while holding the
system at a constant surface pressure. The spectrometer beam adjustment was
performed similar to the setup without the trough using DPPC as reference. A
solution of DPPC in chloroform was spread upon water in the trough and, after
adjusting the height of the movable stage correctly, compressed until the surface
pressure was about 30 mN m−1 to ensure that the system was in the solid 2D
state (see 2.1.3) with full monolayer coverage.

8.2.5 Photolysis

Photolysis was performed using a 150 W xenon arc lamp (66907-150XF-R1), by
NEWPORT. To block the strong IR lamp radiation, a water filter (Model 61945,
NEWPORT) was applied. A liquid light guide (transparent in the visible and near
UV, Model 7759, NEWPORT) was used to transfer the light to the sample. The
samples were located in a Teflon dish , prepared as described in section 8.2.3.
The sample was irradiated with the light guide located approx. 1 cm above
the sample’s surface. Typical photolysis durations were about 15-45 minutes,
depending on the decline in VSFG signal intensity.

8.3 Results and Discussion
8.3.1 General concept of the experiments

To investigate the structural properties of the mixed monolayers, complementary
experimental approaches have been taken:

• single VSFG measurements at different surfactant/sensitizer ratios to ex-
plore the general appearance of the spectra and to identify suitable mixture
ratios and surface concentration for a more detailed analysis
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• systematic measurement of LANGMUIR compression isotherms of differ-
ent surfactant/ sensitizer ratios to identify the 2D phase behavior of the
resulting surface films which can be either mixed layers or composed of
domains of the individual compounds due to phase separation

• combined VSFG and LANGMUIR trough measurements to record spectra
at fixed surface pressures to identify potential structural characteristics of
different 2D phases of the systems

• the photolysis of selected monolayers to investigate whether it is possible to
decompose the (usually photochemically inert) fatty acids in the presence
of the photosensitizers

The results of those different approaches are reported in the following sections.

8.3.2 SFG spectra

As a first approach towards the preparation and understanding of the surface
characteristics of the monolayers of mixtures of the FA and the sensitizers (BX),
various mixtures and FA/BX ratios have been prepared and investigated by
means of SFG spectroscopy. The mixtures were chosen based on the criterion
of yielding good SFG signals rather than corresponding to a nominal value of
the area per molecule. In this way, the resulting area was typically between 24
and 7 Å2. Note that at such low area per molecule regimes the coverage can
be expected to be above one molecular layer. However, due to the excellent
quality of the obtained VSFG spectra at this high surface concentrations that
were obtained directly after the successful synthesis of the substance. Especially
the strong carbonyl vibrations, most likely a consequence of structural order,
indicated low area that a stable layer was present at the interface even at such
low nominal areas per molecule. An example for an VSFG spectrum of a mixture
of stearic acid and the sensitizer BX12 in the ratio 1:1 is displayed in Fig. 8.3.
For comparison, this figure includes spectra of the pure compounds as well and
all spectra are normalized to the maximum peak intensities of each spectrum.
Clearly the spectrum of the mixture contains all signals of the sensitizer and
the fatty acid: the strong carbonyl peaks at 1655 and 1720 cm−1, the strong
aromatic CH vibration at 3070 cm−1, the CH vibrations of the sensitizer at 2850
and approx. 2950 cm−1 as well as the strong characteristic d+(2850 cm−1) and
r+(2880 cm−1) fatty acids bands and their corresponding FERMI resonances (2935
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and 2945 cm−1). The CH vibrations of both compounds overlap in the final
spectrum whereas the aromatic and carbonyl peaks are well-separated. This
particular spectrum of a mixture resembles a situation where its appearance
is mainly dominated by the photosensitizer compound. This was not the case
for all the mixtures. As expected, the FA/BX ratio and the type of surfactants
(depending on the chain lengths of both substances) had a strong influence
on the overall spectral appearance. An interesting observation was that the
position of the peak of the aromatic stretch vibration shifted from 3070 cm−1

in for the pure sensitizers to 3065 cm−1 in the mixture (compare Fig. 8.3). This
was observed for most of the mixed layer spectra. One possible explanation of
such a shift is, assuming a well-aligned surface structure of the aromatic rings
due to an energetically favorable interaction such as π-stacking (see chapter
7), a disturbance of this alignment due to concurring interaction with the fatty
acid molecule. As such, the signal shift could be an indicator for the presence
of a mixed layer at the interface. Unfortunately, repeated VSFG spectra of the
mixtures yielded quite variable relative peak intensities, hence did not allow
for a straightforward, statistically significant evaluation of the peak ratios. An
example for this problem of reproducibility is demonstrated in Fig. 8.4. The two
spectra show significant different peak patterns. In the spectrum obtained in the
first measurement, the aromatic (ar) peak is the highest and both the r+ and d+

peaks are of similar intensity but smaller than the carbonyl peaks. For the second
measurement two, the r+ peak is the highest whereas the d+ peak is only slightly
higher than in the first measurement, indicating the presence of well-aligned
fatty acid molecules (bearing the terminal methyl group) at the interface. A
possible explanation for such a behavior is the presence of domains of different
composition at the interface, such that during both measurements, different
domains have been probed. If the size of the domains is larger or in the same
order of magnitude of the laser spot (ca. 1 mm), consecutive measurement of the
same sample could in principle lead to two very different results. Nevertheless,
an attempt was undertaken to identify general trends in the spectra. An overview
of some characteristics of the measured spectra is compiled in Tab. 8.2. A naming
convention for the peaks of the photosensitizer as shown in Tab. 8.1 have been
adopted. The overview table lists three peak ratios: ca1/r+, ca1/d+, and
r+/d+. These ratios are a measure whether the spectrum is dominated by the
surfactant or the sensitizer. On the one hand, the signal of the terminal methyl
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Figure 8.3: SFG spectra of a mixture of stearic acid and the photosensitizer BX12
(black) as well as spectra of the pure substances (red and green). For comparability,
all spectra have been normalized to their corresponding maximum. The stated apm
values refer to the available area per molecule as evaluated from the number of
molecules in the spreading solution.

Table 8.1: Symbols to refer to the characteristic VSFG peaks of the photosensitizers.

peak position /cm−1 naming convention assignment

1655 ca1 carbonyl CO symm. stretch
1720 ca2 carbonyl CO symm. stretch
3070 ar aromatic CH symm. stretch
2955 ch alkyl CH symm. stretch

group (r+) corresponds to the fatty acid alone and does not overlap with any
sensitizer signals and the carbonyl signal(ca1) is usually the strongest sensitizer
peak. The r+/d+ ratio is often used as an indicator of the degree of order within
monolayers consisting of long-chain methylene-terminated surfactants. The
higher the order, the higher the relative CH3 signal and r+/d+ peak ratio.[183]

Finally, ca1/d+ is included as additional information. A remarkable finding
that in case of the short fatty acid YA and the long-chain sensitizer BX 12 the
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Figure 8.4: Demonstration of the irreproducibility of the VSFG spectra of a mixed
layer (SA/BX12 1:2, apm = 12 Å2), sometimes leading to very different spectra if the
same sample is measured two times directly after each other. The peak assignments
is indicated by dashed lines, black for the sensitizer, blue for the fatty acid bands.

Table 8.2: Overview about characteristics obtained from VSFG spectra of various
fatty acid/photosensitizer mixtures. The apm column reports the area per molecules
in Å2. The "no." column reports the number of averaged spectra and the following
columns the peak ratios of interest. Numbers marked with a star exhibit a standard
deviation on which was in the same order of magnitude or even larger than the
actual mean, hence indicating irreproducible spectra.

surfactant sensitizer ratio apm no. ca1/ r+ ca1/ d+ r+/ d+

YA BX12 1:1 35 2 > 200 172 0.2
YA BX9 1:1 18 2 7.7 0.84 0.12
YA BX9 1:4 18 2 1.8 0.35 0.2
YA BX9 4:1 7 4 0.7 0.44 0.8

PA BX12 1:1 12 3 3 0.7 2
PA BX12 1:2 24 10 32* 8 1.5*

SA BX9 1:1 7 2 0.06 0.6 9
SA BX12 1:2 24 8 3.7* 5.3* 1.5
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sensitizer signals completely dominates the spectrum as it is reflected by a very
high ratio of ca1 to r+. In case of YA mixed with the short-chain sensitizer BX9,
this ratio is much lower. This is in agreement with the expectation because both
the FA and sensitizer are of comparable chain length and presumably exhibit
about the same hydrophobicity. At a ratio of 4:1 of the YA/BX9 mixture, the
methyl stretch vibration finally is stronger than the carbonyl peak. This trend is
even more obvious in case of SA/BX9. Already at a ratio of 1:1, the sensitizer’s
signals are barely visible and the spectrum is dominated by the fatty acid. In this
case, the high ratio r+/d+ indicates a well-ordered fatty acid layer. In conclusion,
this set of measurements is in agreement with a straightforward interpretation
that the more hydrophobic (and/or more abundant) compound is predominant
at the interface.

8.3.3 Compression isotherms at variable surfactant/sensitizer ratios

Since the reproducibility of the isotherms of the same mixture was, in many
cases, not satisfactory, four isotherms for each surfactant/sensitizer/ratio sample
have been measured and averaged in the following way, typical example of this
procedure of averaging is demonstrated in Fig. 8.5:

• the isotherms were concatenated to allow averaging even if the area per
molecule ranges was not identical

• after concatenation, the samples were reduced to evenly spaced x (area per
molecule) intervals

• the resulting noisy curve was smoothed by a moving average, choosing
the window size such that the noise mostly disappeared (typically 100-
400 points) but the characteristic zones of the underlying isotherms were
retained

Multiple combinations of the surfactants YA, PA and SA, the sensitizers BX9
and BX12 mixed in the ratios of 1:1, 1:2, 2:1, 4:1 and 1:4 have been analyzed.
The results of this series of measurements are presented in Fig. 8.6 for the
ratios 1:1, 2:1 and 1:2 and in Fig. 8.7 for the ratios 1:4 and 4:1. Representative
isotherms for pure fatty acid monolayer can be found in the appendix (Fig.
E.1). To compare the isotherms with each other and to get a first hint whether
they may indicate rather a mixed or a phase-separated layer of the surfactant
and the sensitizer, they have been classified according to characteristic features.
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Figure 8.5: Demonstration of the averaging of multiple isotherms (SA/BX9 1:2 in
this example). The reduced concatenated average is indicated in turquoise, the final
smoothened curve in red.

These are schematically depicted in Fig. E.2 in the Appendix. and consist of the
number of zones (parts of the isotherms determined by different slopes) and the
number of plateaus (defined as regions with a slope close to 0 or very small).
According to the work of KITA et. al., for mixed surface layers it is possible to
distinguish between miscible compounds forming true mixed monolayers and
such forming separated domains with the help of the compression isotherms.[184]

An isotherm with no obvious steps and plateaus typically indicates miscibility
whereas the appearance of such features can be the result of separate 2D phase
transitions of the underlying phase-separated compounds. Such isotherms or
zones of isotherms of nonlinear increase without plateaus or steps will be called
smooth in the following discussion. A general overview about the determined
features of all measurement, including sparklines and a short statement if the
single measurements contained in the average diverged significantly from each
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other, is given in Tab. 8.3 and 8.4. The following sections describe the results,
subdivided into the different surfactant/sensitizer combinations.

YA/BX9
The isotherms of the 1:1 mixture used for averaging were very similar, indicating
a good reproducibility of the measurements. Starting from low compression, the
overall isotherm follows a smooth shape up to a molecular area of 20 Å2 where
it is followed by another zone of rather linear increase (see Fig. 8.6 and Fig.
8.7). In case of the ratios 1:2, 2:1 and 1:4, the single measurements were much
more diverging, reflecting a rather bad reproducibility of the measurements.
Therefore, the reported zones of the averaged isotherms have to be treated with
some caution as they may contain artifacts from the averaging process. Moreover,
the overall shapes are similar to the 1:1 isotherm with a mainly smooth curvature,
ending at a break point, followed by a second zone of small linear increase. The
single measurements of the ratio 4:1 were again very consistent and exhibit a
plateau zone between 19 and 12 Å2. The transition between the smooth part and
the linear zone is most prominent for the 1:4 and 4:1 ratios. This could indicate
that in those cases the system is composed of domains rather than consisting of
a mixed layer.

YA/BX12
Single measurements for the ratios 1:1 and 1:2 showed high variability, for the
others the reproducibility was better. Although the exact position of the charac-
teristic points of the isotherm somewhat varied, the overall shapes were well
reproducible. In comparison with the mixture of YA with the lower homologue
BX9, the isotherms typically exhibited multiple zones of different slopes. Note
that these are not artifacts caused by the averaging procedure. A typical motif
appearing in most of the isotherms were two region of constant, steep slope,
separated by a a small drop in surface pressure. In case of the 1:4 ratio, a long
plateau at a surface pressure around 6 mN m−1 was observed. Concluding from
the shapes of the isotherms and in comparison with the YA/BX9 system, the
occurrence of domains is more likely for the YA/BX12 system.

PA/BX9
For this mixture, measurements were only made for the ratios 1:1 an 4:1. The
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Figure 8.6: Overview of the averaged isotherms for different surfac-
tant/sensitizer/mixture ratio combinations, Part I: ratios 1:1, 2:1, 1:2.

reproducibility in both cases was acceptable. Both systems did show a smooth
shape, although for the 1:1 samples revealed a zone of low slope in the beginning
and, after a breakpoint at ca. 11.6 Å2, a zone with higher slope at the end of the
isotherm. Surprisingly, even in the 4:1 example the isotherm appeared smooth
despite the high concentration of fatty acid that may force phase separation.
Concluding from the shapes, both isotherms reflect rather mixed layers than
domain structure, although this applies more clearly for the 4:1 mixture.

PA/BX12
For the ratios 1:1 and 1:2, the single measurements diverged significantly. For
the other samples, the observed shape of the isotherm was similar. Similar to
YA, the different zones of the isotherm are much more pronounced. Another
similarity is the appearance of a pronounced plateau with a surface pressure
above 7 mN m−1 in the 1:4 measurement. This observation, since it appears at
high sensitizer concentrations, could be an indicator for the formation of some
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Figure 8.7: Overview of the averaged isotherms for different surfac-
tant/sensitizer/mixture ratio combinations, Part II: ratios 4:1, 1:4.

kind of multilayer structure driven by π-π stacking interactions between the
sensitizer molecules. The motif of two regions of constant slope separated by a
a small drop in surface pressure that was observed in the YA/BX12 isotherms
as well in the 2:1 and 4:1 measurements. In general, the isotherms of this
surfactant/sensitizer combination again seem to reflect a domain-like structure
rather than a mixed layer.

SA/BX9
The mixtures of SA and BX9, showed a good reproducibility for all mixing
ratios. For the ratios of 1:1, a pronounced plateau indicates a rather domain-like
structure. For the other ratios, more or less distinct zones of slopes have been
observed, presumably indicating a better mixing than for the 1:1 ratio.

SA/BX12
The reproducibility of the isotherms in this mixture was good for all ratios
(except for 1:1 and 4:1). All isotherms exhibit pronounced zones of different
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slope, indicating that for this mixture all ratios should be considered consisting
of domains rather than a mixed monolayer.



8.3 Results and Discussion 163

Table 8.3: Comparison of the characteristics of the LANGMUIR compression
isotherms of different surfactant/sensitizer combinations and ratios, part I. The col-
umn titled "diverging" states whether the single isotherms contained in the average-
differed significantly from each other (t=true, f=false).

surfactant sensitizer ratio plateaus zones diverging sparkline

YA BX9 1:1 0 3 f

2:1 1 4 t

1:2 0 3 t

4:1 0 4 f

1:4 0 2 t

YA BX12 1:1 0 2

2:1 0 2 t

1:2 0 2 f

4:1 0 3

1:4 1 3

PA BX9 1:1 0 3 f

4:1 0 3 f
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Table 8.4: Comparison of the characteristics of the LANGMUIR compression
isotherms of different surfactant/sensitizer combinations and ratios, part II.

surfactant sensitizer ratio plateaus zones diverging sparkline

PA BX12 1:1 0 2 t

2:1 1 4 f

1:2 1 3 t

4:1 0 3 f

1:4 1 4 f

SA BX9 1:1 0 2 t

2:1 0 2 t

1:2 0 2 f

4:1 0 2 f

1:4 0 2 f

SA BX12 1:1 0 2 t

2:1 1 4 f

1:2 1 3 f

4:1 0 3 t

1:4 1 4 f
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8.3.4 Combined VSFG/LT experiments

To get more insight into of the mixture’s properties on a molecular level, VSFG
spectra at selected surface pressures have been measured for a different surfac-
tant/sensitizer combinations. For most of the systems, one low and one high
surface pressure value was selected with the intention to probe different 2D
states of the system. In each case, the surface pressure was kept constant by
adjusting the barrier position during the duration of a measurement which was
typically about 30 minutes. In case of very low intensities of the sensitizer car-
bonyl peaks, intensties are less accurate because the procedure of normalization
to the IR and Vis intensity may cause the appearance of ghost peaks. This is
due to the low IR intensities in the spectral range of the carbonyl peaks. This
problem could be partially overcome by applying an additional manual baseline
correction to the raw SFG intensity data (see Appendix E.3 for an example). A
comparative overview about the most characteristic spectral features including
all the peak ratios that will be discussed in the following sections are presented
in Tab. 8.5. The results of these measurements of the systems SA/BX9 and
YA/BX9 at mixture ratios of 5:1 and 1:5 are shown in 8.8.

SA/BX9, 5:1
In the low surface pressure measurement of this mixture (see Fig. 8.8, Πmin =

10 mN m−1), the ca1 and ca2 signals appear very weak. The spectrum is dom-
inated by the fatty acid signals and the d+ signal is, as expected for the low
pressure system, higher than the r+ signal (d+r/d+ = 0.5). For the high surface
pressure spectrum (Πmax = 26 mN m−1), the situation is inverse. The sensitizer
signal remains unchanged whereas the signal of the fatty acid strongly increases.
In the spectral region of the FERMI resonance, a new signal at approx. 2965 cm−1

is observed. Interestingly, this signal cannot be directly attributed to any of
the expected signals of the individual compounds. Thus, this signal might be
an indicator for a molecular interaction and within a mixed layer, of the two
compounds. Considering the results of the LANGMUIR isotherm measurement
of the 4:1 ratio mixture of SA/BX9 (which exhibits two distinct zones), this
mixture is probably dominated by the presence of the fatty acid.
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Figure 8.8: VSFG spectra recorded at constant surface pressure for the mixtures
YA/BX9 and SA/BX9 with the ratio 1:1.

Figure 8.9: VSFG spectra recorded at constant surface pressure for the mixtures
YA/BX9 and SA/BX9 with the ratio 1:1.
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Figure 8.10: VSFG spectra recorded at constant surface pressure for the YA/BX12
mixture with a ratio of 1:1, 1:4 and 4:1.

YA/BX9, 5:1
The spectra of this ratio are shown in Fig. 8.8 (Πmin = 8 mN m−1, Πmax =

24 mN m−1).The low pressure spectrum of this mixture exhibits, like in its
SA/BX9 analogue, very weak sensitizer carbonyl signals at Πmin which also do
not become much stronger at Πmax measurement. Interestingly, the r+ signal is
slightly higher than the d+ signal already in the low pressure spectrum (d+r/d+

= 1.1).This is remarkable because the chain length of YA is relatively short. As
expected becomes even higher in the high pressure sample. Again at Πmax, the
unassigned signal at 2965 cm−1 is observed.
The corresponding LANGMUIR isotherm (4:1 ratio, see Fig. 8.7) shows a stepped
structure rather than a smooth shape, indicating a film with separate domains.
Considering the very low sensitizer intensities, the observations are thus in
agreement with a film that is primarily dominated by the fatty acid with minor
(if at all) contributions of the sensitizer. Taking into account the extremely low
amount of sensitizer in the 5:1 mixture, the degree of order of its aryl groups may
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be so low that they do not yield a significant contribution to the VSFG spectrum.
This cannot be stated with confidence from these data.

SA/BX9, 1:5
The spectra of this ratio are shown in Fig. 8.8 (Πmin = 8 mN m−1, Πmax =

31 mN m−1). For this sample, the low surface pressure measurement yielded
both the ca1 and ca2 peak of the sensitizer with the latter being significantly
higher than the other. The d+ and r+ peaks of the fatty acid appear but in this
case the d+ band is stronger than the r+ band (d+/d+ = 0.5). Interestingly, the
shape of the FERMI resonance peak appears as three resolved peaks. Most likely
this is caused by an overlap of the signals from the fatty acid and the methylene
groups of the sensitizer. At high surface pressure the r+/d+ ratio increases as
expected while the sensitizer carbonyl signals remain unchanged. However, the
shape of the FERMI resonance is again different compared to its appearance in
spectra of pure fatty acids. It exhibits two distinct peaks (2935 and 2965 cm−1).
The latter is clearly distinct from the expected value of about 2945 cm−1 for the
r+ FERMI resonance and could be an indicator for a molecular interaction of
both compounds in mixed domains. Indeed, this is in consistence with the
corresponding isotherm (ratio 1:4, see Fig. 8.7), that shows two well-separated
zones of slope with a rather smooth transition. In summary, the unusual shape
of the FERMI resonance region, together with the observed LANGMUIR isotherm,
may indicate some degree of mixture between surfactant and sensitizer.

YA/BX9, 1:5
The spectra of this ratio are shown in Fig. 8.8 (Πmin = 10 mN m−1, Πmax =

25 mN m−1). In the low pressure measurement of this mixture, the ca1 and ca2
peaks of the sensitizer are higher in intensity than the signals of the fatty acid,
again with ca2 being more intense than ca1. The intensity of the d+ band is
much higher than for the r+ band (r+/d+ = 0.2). In comparison to the SA/BX9
sample of the same ratio, the ar vibration of the sensitizer appears weakly at
3065 cm−1 but, surprisingly, only in the low pressure measurement. At Πmax, the
ca1 and ca2 intensities decrease with respect to the low pressure measurement
whereas the intensities of the r+ and d+ bands increase. This is a surprising
finding at this high abundance of the sensitizer. Contrary to SA/BX9 of the same
mixing ratio, the shape of the FERMI resonances band is usual. Together with
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the results of the LANGMUIR isotherm measured for the 1:4 ratio, it seems likely
that the spectrum resembles a phase-separated domain.

SA/BX9, 1:1
Fig. 8.9 shows the results for SA/BX9 and YA/BX9 at a ratio of 1:1 (Πmin =

12 mN m−1, Πmax = 38 mN m−1). At low surface pressure, the mixture of SA/BX9
reveals the typical sensitizer peaks at 1655 and 1720 cm−1. They appear in similar
intensities as the d+ and r+ vibration of the fatty acid with a d+/d+ ratio of 1.1.
The FERMI resonances of the r+ and d+ signal are visible as well. All possible
other sensitizer SFG signals are absent. For the high surface pressure measure-
ment, the intensity of the fatty acid signals is drastically increased in comparison
with the Πmin spectrum. Remarkably, the intensities of the carbonyl bands of the
sensitizer remain nearly unchanged. The r+ band in the high pressure sample
is significantly higher than the d+ band (ratio = 4.3) , indicating a well-ordered
fatty acid monolayer. The corresponding averaged LANGMUIR isotherm shows
distinct slope zones, hence both VSFG and the LANGMUIR trough measurements
are most consistent with a domain-like structure of the monolayer.

YA/BX9, 1:1
The spectra for this ratio can be found in Fig 8.9 (Πmin = 11 mN m−1, Πmax =

24 mN m−1). In the low pressure measurement, the signals of the carbonyl
vibrations of the sensitizer are very weak. The spectrum is dominated by the
peaks of the fatty acids with a r+/d+ ratio of 1:1. As observed for SA/BX9, at
Πmax the r+/d+ ratio strongly increases, indicating a dense layer of fatty acid
molecules with well-aligned alkyl chains, whereas the sensitizer signals remain
unchanged. The averaged LANGMUIR isotherm recorded for this mixture with
distinct zones of slopes does support the assumption that this mixture is strongly
dominated by the fatty acid.

YA/BX12 1:1
The results of the VSFG measurements at constant surface pressures are shown
in fig. 8.10 (Πmin = 3 mN m−1, Πmax = 12.5 mN m−1). In the low pressure mea-
surement of this sample, overall intensites are quite low. The sensitizer signals
are not visible and the only prominent peak is the d+ peak. This situation
changes drastically upon compression: at high surface pressure, the spectrum is
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fully dominated by the signals of the sensitizer. The d+ and r+ beaks are barely
visible in this case, even the ch peak of the sensitizer (2950 cm−1) which was
usually only observed as a shoulder of the FERMI resonance region is clearly
visible. This spectrum, since the amount of substance is equal for both species,
indicates a clear predominance of the sensitizer in this surface layer. This is most
likely a consequence of the large difference in chain lengths. Considering the av-
eraged isotherm obtained for this mixture which however showed pronounced
separated zones, the combined insight from VSFG and LANGMUIR trough data
point in the direction of a film strongly dominated by the sensitizer surrounding
some domains of fatty acids which are not sufficiently large to yield significant
SFG signal. Another possible explanation would be that, assuming the system
was over-compressed, the fatty acid as the less hydrophobic compound was
completely displaced from the surface.

YA/BX12 1:4
The results of the measurement of this ratio are shown in Fig. 8.10 (Πmin =

4 mN m−1, Πmax = 19 mN m−1). Both the high and the low surface pressure
measurement of this sample are dominated by the signals of the sensitizer. The
fatty acid bands are nearly invisible whereas all characteristic sensitizer signals
(ca1, ca2, ar, ch) are clearly detectable. Interestingly, except for an increase in
the intensity of the ar band, the spectra of the low and high surface pressure
measurement are very similar. Considering the isotherm for this mixture, which
clearly indicate separated zones, it is likely that this system is dominated by the
sensitizer.

YA/BX12 4:1
The spectra for this ratio are depicted in Fig. 8.10 (Πmin = 11 mN m−1, Πmax =

24 mN m−1). Unfortunately, for this sample only one measurement at high
surface pressure is available. Interestingly, in this measurement the signals of the
sensitizer and the surfactant are similar in intensity despite the fatty acid excess.
Although the surface pressure was quite high, the d+ band is higher in intensity
than the r+, indicating a rather unordered structure. The ca1 peak is significantly
higher than the ca2 peak (ratio =3.9). The ar signal is not visible at all, what
is kind of unexpected considering the relatively high carbonyl intensity. The
isotherm of this mixture shows well-separated zones in the single measurements
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although the average curve appears smooth because of mutual compensation
of the different slope regions. This mixture is especially interesting. Although
the fatty acid is much more abundant, the sensitizer is clearly visible in the SFG
spectrum and influences the isotherm. It would be of great interest to investigate
the nature of this mixture further since the current data does not allow a clear
statement whether this layer is well-mixed or domain-like.
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8.3.5 Photolysis experiments

First photolysis measurements have been performed utilizing selected FA/BX
combinations by irradiating the sample dish with light from a Xe lamp. A typical
result of this kind of experiment is depicted in Fig. 8.11. For comparison, the
figure also shows the photolysis of a monolayer of pure palmitic acid, demon-
strating the inertness of this compound to radiation at this wavelength. The
black curve represents the initial measurement before any photolysis, the blue
after 15 min. and the red after 45 minutes of photolysis. Note that in between
the continued photolysis of the samples some time elapsed because each SFG
measurement took approx. 20 minutes. Comparing those curves, it is obvious
that the signals associated with the sensitizer (the two carbony bands and the
aromatic vibration) which are the most prominent peaks in the initial measure-
ment, disappear almost completely already after 15 minutes. The same applies
for the r+ band (symmetric stretch vibration of the terminal methyl group of the
fatty acid). In contrast, the d+ of the fatty acid at 2850 cm−1 shows only a small
decrease in intensity. Comparing the measurements after 15 and 45 minutes of
photolysis, only small changes in the CH region are visible. In particular the
intensity of the r+ band of the PA declined, which can be interpreted as the
equilibration of the remaining PA to a steady state after the photolysis is com-
plete, most likely occurring after all sensitizer molecules already disappeared. If
the photolysis induced some cross-reactivity between the photosensitizer and
the fatty acid, can not be answered from from this experiment. Although the
r+ band of the fatty acid significantly decreases, this might be an effect of the
total decrease in surface concentration alone. Neglecting all effects of structure
and assuming that the photosensitizer (i.e. the photolysis product) completely
disappeared from the interface, the of the fatty acid signal would decrease with
the square of the concentration (see chapter 2.2.2). This would result in an
expected decrease in fatty acid signal of a factor of about nine. Although the
r+ band disappears completely, the nearly unchanged methylene signal may
indicate that photolysis products remain at the surface and/or the structural
order of the alkyl chains is reduced. Actually, the results are more compatible
with a sole photodecomposition of the sensitizer. Keeping in mind that at the
studied mixing ratio of 1:2 the FA and the sensitizer form separate domains (as
it is indicated by the LANGMUIR isotherm measurements), this may not be fully
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surprising.
Multiple experiments of this kind employing different sensitizer/surfactant
combinations and ratios have been performed. In these experiments the changes
in the r+ and d+ bands were analyzed and compared with the expected change
of signal intensity if only the sensitizer would be degraded. These results are
compiled in Tab. 8.6. Again, the expected change was calculated under the
assumption of full removal of the photosensitizer but leaving the FA unchanged.
For example, in the case of a 1:4 mixture, the expected ratio re is calculated as
follows:

re =

(︂
1− 4

5

)︂2

=

(︂
1
5

)︂2

= 0.04 (8.1)
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In nearly all of the photolysis experiments, the VSFG signals of the sensitizer
disappeared completely within approx. 30 minutes. In almost all of the cases,
the change of either the r+ or d+ band was equal to or lower than the expected
one determined by the sensitizer degradation. The only notable exception
was the mixture of YA/BX9 with a ratio of 4:1 (hence a high percentage of
the fatty acid). In 2 of 3 measurements, the decrease in both CH signals was
much higher than expected. The same held true for two measurements of
YA/BX9 in the ratio 1:1. Before coming to conclusions from these promising
results, it should be stated that in most of the measurements the initial area per
molecule was chosen rather high, so it is well possible that one of the species was
displaced from the surface, making the interpretation of the results even more
challenging. Considering the situation in a natural system with few sensitizer
molecules surrounded by an excess of photoinert material, the experimental
composition is not desirable for mimicking natural systems. Therefore, future
experiments should focus on mixtures with a lower sensitizer concentration,
especially to avoid the autophotolysis. Note that the reaction mechanisms of the
photochemical processes as well resulting products remain unclear. In principle,
three options (or a combination of them) are possible:

• Formation of soluble reaction products followed by dissolution into the
bulk water, thus disappearing from the interface.

• Formation of insoluble reaction products that remain at the interface.

• Formation of volatile, gas phase products that evaporate from the surface.

To determine which of this scenarios applies, further investigation is necessary.
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Figure 8.11: SFG spectra before and after photolysis of monolayers of palmitic acid
(PA) and a mixture with the sensitizer BX12 with a ratio of 1:2. Below, the photolysis
of a monolayer of pure palmitic acid is demonstrated.

8.4 Summary and Outlook
All in all, this systematic investigation of mixed monolayer composed of the
novel surface photosensitizers and fatty acids, both with variable alkyl chain
lengths, using complementary surface-sensitive techniques yielded valuable
insight. Data about the molecular and, in particular, surface properties of the
BX photosensitizer and their behavior when incorporated into mixed surface
layers was not available beforehand. This made it necessary to choose a more
systematic-explorative experimental approach for this work, heading towards
a basic understanding of those interfacial systems. Summarizing all the in-
sights gained throughout the various analysis approaches, some preliminary
conclusions may be drawn. In general, the mixtures based on BX12 yielded
data indicating the presence of domain structures rather than mixed layers. In
compression isotherm measurements, the determined number of distinct slope
regions and the overall quality of the isotherms was not well reproducible for
BX12. More consistent results were obtained with BX9. In VSFG experiments,
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the BX12 signals often dominated the spectrum, especially at high surface con-
centrations. In addition, the difference in molecule size (or, more precisely,
hydrophobicity induced by the variable chain lengths) lead to the dominance
of the respective larger molecule. In extreme cases spectra have been obtained
where only the signals of the smaller species was present. Note that this obser-
vation could also be the result of overcompression of the system, leading to a
collapse of the layer with only one compound (the more surface-active) remain-
ing at the interface. Based on the insights gained from the systematic LANGMUIR

isotherm measurements and supported by the additional VSFG measurements,
a tentative assessment mixed layers or separated domains of the compounds
are present in surface layers of the corresponding FA/BX mixtures was possible.
The results are summarized in Tab. 8.7. Although those results have to be inter-
preted with caution because of the aforementioned issues with reproducibility
and the current lack of deep molecular-level understanding of this systems.The
most promising candidate for the preparation of a SML photochemistry model
system without well-mixed monolayer is the mixture of SA and BX9 system.
This could indicate that, in principle, mixtures of short sensitizers and long
fatty acids tend do form mixed layers instead of domains. Upon photolysis, the
sensitizers were reliably degraded, but whether the fatty acid reacted as can not
be concluded from these experiments alone. As the used mixture’s sensitizer
ratio was always high, the complete degradation of the sensitizer caused a strong
reduction of molecule density at the surface. Therefore, a strong decrease of
SFG signal intensity was expected anyway. Besides that, the general very high
surface concentrations that were applied in these set of experiments for the sake
of good signal quality are not optimal for thermodynamically equilibrated and
well-defined mixed layers. For those reasons, in future experiments it is highly
desirable to utilize much lower amounts of the sensitizer and apply overall
lower surface concentrations. Moreover, complementary analytical techniques
to determine the nature of the surface layers (mixed layers or domains) are
required since the SFG/LT data do not yield enough information. A suitable
method for this purpose would be BREWSTER angle microscopy, a technique
that has been applied successfully to investigate domain formation upon phase
transition in LANGMUIR films. Another interesting approach for future experi-
ments would be the alteration of the photochemical reactivity of the surfactants
component within the mixtures. This could be achieved by modifying the chem-
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Table 8.7: Estimation if the experimental results indicate rather mixed layers (m) or
separated domains (d).

surfac- sensi- ratio layer

tant tizer type

YA BX9 1:1 m
2:1 d
1:2 d
4:1 d
1:4 d

YA BX12 1:1 m
2:1 d
1:2 d
4:1 d
1:4 d

PA BX9 1:1 d
2:1 -
1:2 -
4:1 m
1:4 -

surfac- sensi- ratio layer

tant tizer type

PA BX12 1:1 d
2:1 d
1:2 d
4:1 d
1:4 d

SA BX9 1:1 d
2:1 m
1:2 m
4:1 m
1:4 m

SA BX12 1:1 d
2:1 d
1:2 d
4:1 d
1:4 d

ical composition in a way that the formation of mixed layers with BX is more
favorable. A possible modification to achieve this could be to place an aromatic
moiety within the surfactant’s chain, trying to induce energetically favorable
π-π stacking interaction with the photosensitizer BX.





CHAPTER 9

Summary

The focus of this work was the systematic investigation of natural sea surface
nanolayer samples and a first step towards the systematic study of the surface
nanolayer photochemistry by means of modern surface-sensitive analytical tech-
niques. The project was structured in complementary subtasks. First, a software
tool set to support handling, systematic storage and automatized batch analysis
of analytical data has been implemented as open source code. Second, these
tools have been employed to analyze the SML abundance data in terms of newly
established surfactant indices based on vibrational sum frequency generation
spectroscopic and LANGMUIR trough compression isotherms. Monthly samples
from the Boknis Eck Time series and from the Baltic GasEx cruise in 2018 served
as examples. Third, a novel class of surface-active photosensitizers as a model
system for photochemistry taking place at the very interface between air and
water was created. This covered design, synthesis and characterization of the
new class of surface active photosensitizers (so-called BX) with respect to its
interfacial behavior and photochemical properties. As next step towards better
mimicking natural systems, mixed surface layers of the sensitizers with fatty
acids have been prepared, characterized and photolyzed.

Implementation of software tools to support analytical data handling and visualization

The efficient management of experimental data as they are typically obtained in
scientific studies is a challenge. Keeping track of metadata such as environmen-
tal conditions, performing (unbiased) analytical tasks upon massive amounts of
data and sharing them among co-working researcher can be simplified by apply-
ing the knowledge and tools of modern software engineering. Such tools are also
required to comply with the FAIR (Findability, Accessibility, Interoperability,
and Reusability) guide principles of digital data management. In this work, a
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collection of tools to support the handling and analysis of the experimental data
measured in its course have been implemented using Python. The features of
those tools include systematic storage of the data and metadata in a relational
database, functionality for automatic baseline correction, integration and averag-
ing of multiple VSFG spectra and visualization tool chains for several different
measurement data. The database organization allows efficient grouping and
statistical evaluation of related measurements, e.g. comparing samples obtained
during the same month or automatically normalizing a spectrum to the reference
that was measured on the same day. Those tools have been published as open
source code on the GitHub platform.

Investigation of natural SML/NL surfactants

Those tools have been applied to analyze the VSFG spectra (carrying informa-
tion about the surfactant abundance) of sea surface water samples obtained
during the monthly cruise to the Boknis Eck time series station. Besides the
collection of new samples in 2017 and 2018, the old data (obtained 2009-2015)
were re-evaluated using the new routines (sorting, automatic baseline correction,
averaging and normalization). The enrichment of surfactants in the Sea Surface
Microlayer (SML) with respect to the underlying bulk water as well as the higher
VSFG intensity occurring in the middle of the year compared to early spring
and winter as found in the first analysis published 2013 could be confirmed
by the new results. In addition, also using the new procedures no coincidence
of the annual VSFG signal maximum with the annual chlorophyll maximum
was found, supporting the hypothesis of sloppy feeding and organic matter
transformation as prerequisite for nanolayer abundance. However, the larger
amount of data as well as a generally lower surfactant abundance in the later
years of the analysis lead to a less pronounced seasonal trend of the signal in the
course of the year than could be expected from the previously published work.
In 2018, the Baltic GasEx campaign with the goal to investigate the influence
of surfactant abundance on the gas transfer velocity was conducted. During
both cruises of the campaign, sea surface water samples have been collected
several times a day using both GARRETT screen and glass plate SML sampling.
It was sampled from both a zodiac and from board of the cruise vessel. The
samples have been analyzed by means of VSFG spectroscopy and, complemen-
tary, LANGMUIR compression isotherm and surface tension measurements to
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characterize the surfactant abundance. A set of simple numeric indices for sur-
factant abundance were extracted as the most relevant core information from
the rather complex measurement data. Such simple to use surfactant indices
facilitate interdisciplinary data exchange and communication. Unfortunately,
The surfactant abundances measured during the campaign were generally very
low. No significant differences in the resulting surfactant abundance indices
in between plate and screen sampling or between sampling from the ship and
from the zodiac were found. The difference in surfactant abundance between
the cruises of the campaign was very low, with slightly higher values for the first
cruise. For future investigations, this kind of study should be repeated at higher
surfactant concentrations to ensure the reliability of the proposed surfactant
abundance indices.

Artificial photosensitizers at the air/water interface

The physichochemical investigation of the photochemistry occurring at the direct
interface between the ocean and air is, because of the small lateral dimension
of this zone, very challenging. Ideally, it requires model systems that form
stable surface layers and are active as photosensitizers. In this work, a novel
class of photosensitizers (so-called BX sensitizers) with those properties has
been designed, synthesized and characterized. The three new molecules were
obtained by a one-step esterification of the well-known photosensitizer benzoyl-
benzoic acid with three symmetric diols of different chain length (6, 9 and 12 C
atoms). The resulting sensitizers, especially BX9 and BX12, turned out to form
well-ordered monolayers and are susceptible to photolysis initiated by the light
of a solar simulator. In addition, they yielded VSFG spectra of excellent quality
with two untypically pronounced carbonyl signals and a strong aromatic CH
vibration. This finding indicates a dense monolayer with high structural order,
probably induced by π − π-stacking of the aromatic systems.
As in the SML typically only a small amount of the organic material is pho-
tochemically active, instead of using monolayers of the pure sensitizers, the
next step towards a more realistic model system was the preparation of mixed
layers of BX9 and BX12 with naturally-occurring, surface-active fatty acids with
different chain length (myristic acid (C14), palmitic acid (C16), arachidic acalkyl
id (C18)) at five different ratios (1:1, 1:2, 2:1, 5:1, 1:5). Using VSFG analysis
combined with LANGMUIR compression isotherm measurements, these mea-
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surements were designed to find hints whether the resulting surface layers were
rather separated domains of the single compounds or well-mixed layers. Mixed
layers can be considered the better SML photochemistry model system. Based
on the obtained data, the combination stearic acid/BX9 (sensitizer with chain
length=9) was identified as the most promising candidate for future studies on
SML photochemistry.
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A Python script usage

A.1 General remarks and prerequisites
The application and usage of the SFG Python package. In its current state it
still requires Python programming skills are necessary. To use this package it
is necessary to install specsnake and all of its dependencies as well as the de-
pendencies of this module by using an appropiate Python package manager
(usually pip). The installation of specsnake is described here: https://specsnake.
readthedocs.io/en/latest/. The SFG package itself should be downloaded or
checked from GitHub (https://github.com/Darkskald/SFG). The dependen-
cies may be installed by running

pip install -r requirements.txt

from the command line while being in the root directory of the project.

A.2 Import
A script (import_interfacy.py) to intended simplify the file import can be
found in the SFG directory in the project root directory. In general, the import
routine relies on a strict directory organization with a directory called "newport"
inside the same directory as the import_interface script is located. This folder
must contain the following subdirectories:

• boknis (for the Boknis Eck SFG spectra)

• gasex_lt (for the GasEx Langmuir trough measurements)

• gasex_sfg (for the GasEx SFG trough measurements)

• IR (for infrared spectra)

• lt (for regular Langmuir trough measurements)

• Raman (for Raman spectra)

• regular (for regular SFG spectra)
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• UV (for UV/Vis spectra)

The SFG directories and the one for regular lt must contain one directory for
each day of measurement named by the date and an abbreviation for the person
measuring (e.g. 20190111 FL). In case of gasex_lt, all isotherm raw data are
located in the subdirectory "all" inside gasex_lt. At the moment, the import
routine is not customized and adjusted to the specific needs of this work, so
using it is not recommended. Running the import script using the Python
interpreter

python import_interface.py

yields a file called "orm.db" as output which is the sqlite database containing all
the data.

A.3 Usage
The import and working with the data is completely decoupled. Once the
database is generated, it is possible to use all analysis and visualization func-
tionality without dealing with a particular import directory layout. The most
convenient way is to run

pip install .

while being in the project root directory. This makes the library available as
import in the local python directory. Now, a new Python script or Jupyter
Notebook should be created and placed, together with the database file, in a
directory. The class to interact with the database is the DbInteractor from the
interact module. This class can be used to establish a connection to the database
and allow to access it conveniently. The class is used as follows:

from SFG.orm import interact

itc = interact.DbInteractor()

# get an SFG spectrum from the database by its name

spec = itc,get_spectum_by_name("BX6_6_x1_#1_20mM.sfg")

# calculate the integral of the aliphatic region of the

# spectrum and output it

print(spec.calculate_ch_integral())
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Most of functions to interact with the database are documented in the package
source code but especially the interaction with the database in a non-standard
way requires understanding of the sqlalchemy library. As a general remark,
the DbInteractor has a "session" attribute which corresponds to an sqlalchemy
session, allowing to perform SQL operations on the database. The database
models are located in the orm submodule within the files containing "dto (for
data transfer object)". The general syntax of querying the database follows the
scheme

spectra = itc.session.query(<object>).filter(<object> \

.<property> == <value>).all()

and should by understandable for someone familiar with sqlalchemy syntax .
In this example, <object> is the underlying database model and <property> one
of its class attributes.





B Boknis Eck Time Series

B.1 Baseline correction
The baseline correction is performed following this scheme:

• The wavenumber/VSFG intensity arrays were splitted into two parts:
from the lowest wavenumber until 3030 cm−1 and from there to the highest
wavenumber value

• for each of the halfs, the (linear) baseline was calculated using the baseline
function of the peakutils package

• the calculated baselines was subtracted from the data

• the two halves were concatenated to obtain the full spectrum again

Figure B.1: Visualization of variability of the calculated CH integral values. For this
plot all samples measured during one day have been normalized by the respective
mean value of that day. In this way the plot depicts the relative variabilities of the
VSFG signal.
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sc =

⎯⎸⎸⎸⎸⎷
´ 3000

2750

(︁√︁
ISample(ν̃)−

√︁
IH2O, sample(ν̃)

)︁2
dν̃

´ 3000
2750

(︁√︀
IReference(ν̃)−

√︁
IH2O, reference(ν̃)

)︁2
dν̃

(B.1)

Figure B.2: Comparison of the results obtained for the seasonal variation of the SML
surface coverage obtained by the "normal" baseline correction (red) as described
in the text (see eq. 5.1) and an alternative baseline correction (according to eq.
B.1, green) assuming a purely constructive interference of surfactant and water
background signal.
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Table B.1: Shapiro test for normal distribution among the surface coverages of
samples from the SML, one meter depth, greater than one meter depth and bulk
(one + greater one). The statistics column contains the numerical value that is
calculated by the test, commonly referred to as the so-called test statistics W. The
null hypothesis H0 of normal distribution of the coverage values is accepted if the p
value is higher than the significance level than 0.05.

category statistics (W) p-value

SML 0.912 2.7·10−17

bulk 0.72 9.5·10−18

1 m 0.84 7.7·10−7

> 1 m 0.63 3.8·10−16





C GasEx cruise

C.1 Statistical tests
C.1.1 Results of the Mann-Whitney-U test for the enrichment factor

Before performing the test, it was confirmed that the data was not normal
distributed by employing the SHAPIRO-WILK test.

Table C.1: Results of the MANN-WHITNEY-U test for equal mean for the enrichment
factors of plate and screen sampling. The null hypothesis H0 of equal mean is
accepted if the p value is higher than the significance level than 0.05.

enrichment factor 1 enrichment factor 2 statistics p-value

tension (plate) tension (screen) 306 0.11
surf. pressure (plate) surf. pressure (screen) 78 0.12
coverage (plate) coverage (screen) 500 0.44
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D Sensitizers

D.1 Analytical data and Synthesis

Table D.1: Solvent ratios used for the different BX compounds in the chromato-
graphic purification.

compound Pentane Ethyle acetate

BX6 1 1
BX9 3 1
BX12 4 1

Table D.2: Elemental analysis

compound element found/ % calculated/ % deviation/ %

BX6 N 0.021 0 +0.021
C 72.32 73.6 -1.28
H 6.95 6.79 +0.19

BX9 N 0.003 0 +0.003
C 74.63 74.97 -0.34
H 7.6 8.03 -0.43

BX12 N 0.002 0 +0.002
C 76.44 76.06 +0.38
H 8.44 8.35 -0.09
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Figure D.1: UV/Vis spectra of the three BX sensitizers BX6, BX9 and BX12.

Figure D.2: Infrared spectra of the three BX sensitizers BX6, BX9 and BX12.
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Figure D.3: Raman spectra of the artificial sensitizers BX9 and BX12. The BX6
spectrum has not been measured.

D.2 NMR
BX6

Figure D.4: Numbering of the C atoms for NMR peak assignment for BX6.

1H NMR: (600 MHz, CDCl3) δ = 8.17 – 8.12 (m, 2H, C8), 7.85 – 7.82 (m, 2H, C7),
7.81-7.78 (m, 2H, C2), 7.65-7.59 (m, 1H, C4), 7.53 – 7.47 (m, 2H, C3), 4.37 (t, J =
6.6 Hz, 2H, C11), 3.67 (t, J = 6.5 Hz, 2H, C16), 1.85 – 1.76 (m, 1H, C12), 1.65 – 1.58
(m, 1H. C15), 1.54 – 1.42 (m, 4H, C13 and C14).

13C NMR: (151 MHz, CDCl3) δ = 196.10 (C5), 165.91 (C10), 141.27 (C9), 136.98
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(C1), 133.55 (C6), 132.96 (C4), 130.13 (C8), 129.79 (C7), 129.47 (C2), 128.48 (C3),
65.43 (C11), 62.84 (C16), 32.62 (C15), 28.69 (C12), 25.8 (C13)5, 25.44 (C14).

BX9
1H NMR: (600 MHz, CDCl3) δ = 8.17 – 8.12 (m, 2H, C8), 7.86 – 7.83 (m, 2H, C7),
7.82 – 7.79 (m, 2H, C2), 7.65 – 7.59 (m, 1H, C4), 7.53 – 7.47 (m, 2H, C3), 4.36 (t, J =
6.7 Hz, 2H, C11), 3.64 (t, J = 6.6 Hz, 2H, C19), 1.83 – 1.75 (m, 2H, C12), 1.56 (dt, J
= 7.9, 6.3 Hz, 2H, C18), 1.50 – 1.31 (m, 10H, C13-C17).

13 C NMR:(151 MHz, CDCl3) δ = 196.11 (C5), 165.92 (C10), 141.24 (C9), 136.98
(C1), 133.62 (C6), 132.96 (C4), 130.13 (C8), 129.77 (C7), 129.47 (C2), 128.47 (C3),
65.59 (C11), 63.05 (C19), 32.77 (18), 29.46 (C16), 29.34 (C16), 29.19 (C14), 28.67
(C12), 26.01 (C17), 25.71 (C13).

BX12
1H NMR: (500 MHz, CDCl3) δ = 8.18 – 8.12 (m, 2H, C8), 7.87 – 7.82 (m, 2H, C7),
7.82 – 7.78 (m, 2H, C2), 7.66 – 7.59 (m, 1H, C4), 7.54 – 7.47 (m, 2H, C3), 4.36 (t, J =

Figure D.5: 1H-NMR Spectrum of BX6.
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Figure D.6: 13C NMR spectrum of BX6.

Figure D.7: Numbering of the C atoms for NMR peak assignment for BX9.

6.7 Hz, 2H, C11), 3.64 (t, J = 6.6 Hz, 2H, C22), 1.84 – 1.74 (m, 2H, C12), 1.56 (m,
2H, C21), 1.50 – 1.11 (m, 16H, C13-C20).

13C NMR: (126 MHz, CDCl3) δ = 196.09 (C5), 165.91 (C10), 141.22 (C9), 136.99
(C1), 133.63 (C6), 132.94 (C4), 130.12 (C8), 129.77 (C7), 129.46 (C2), 128.46 (C3),
65.62 (C11), 63.10 (C22), 32.81 (C21), C13-C20: 29.59, 29.54, 29.50, 29.42, 29.25,
28.67, 26.02, 25.74.
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Figure D.8: 1H-NMR Spectrum of BX6.
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Figure D.9: 13C NMR spectrum of BX9.

Figure D.10: Numbering of the C atoms for NMR peak assignment for BX12.
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Figure D.11: 1H-NMR Spectrum of BX12.
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Figure D.12: 13C NMR spectrum of BX12.
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D.3 Langmuir compression isotherms

Figure D.13: Demonstration of the high variability of compression isotherms ob-
tained for BX9.

Figure D.14: Demonstration of the high variability of compression isotherms ob-
tained for BX12.

D.4 Space requirement
A rough estimate of the space requirement of the sensitizer molecules lying flat
on the surface is calculated as follows: a rectangular shape of the molecule as
depicted in Fig. D.15 is used to approximate the molecular area. To account for
some space between two adjacent molecules, 1.5 Å are added to each dimension.
The results of this calculations are presented in Tab. D.3. Note that this is repre-
sents the extreme maximum space requirement because it assumes a completely
stretched and plain orientation of the molecule on the surface. At high surface
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concentrations, the BX molecules are expected to form monolayers with upright
position of the alkyl chains (see text).

Figure D.15: Demonstration of the simple estimate for the molecule’s space maximal
space requirement. All numbers are reported in units of Å.

Table D.3: Space requirements of the sensitizers. All numbers are reported in units
of Å for the lengths and Å2 for the areas.

compound chain length ring length ring height max. total area

BX6 8.8 10 4.9 130
BX9 12.5 10 4.9 154
BX12 16.4 10 4.9 179





E Mixed layers

Figure E.1: Langmuir compression isotherms of the pure fatty acids.

Figure E.2: Schematic representation of the different characteristics derived from an
isotherm to allow a comparison of different isotherms in a systematic manner. Here,
the roman numbers depict typical zones of different slopes appearing in isotherms.
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Figure E.3: Demonstration of the occurrence of spectral artifacts ("ghost peaks")
caused by the low IR intensity in the carbonyl region of the spectrum.
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