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Abstract

Two-dimensional materials, such as molybdenum disulfide and gra-

phene, have attracted much attention in the past decade. Two-dimension-

al polymers, as a subclass of two-dimensional materials, are defined as

free-standing films composed of single layers of monomers that are

covalently connected to give tesselated, ordered structures.

The study of two-dimensional polymers synthesized at the air/water

interface represents a major analytical challenge, particularly in terms

of structure elucidation. In this thesis, two amphiphilic monomers that

differ in terms of flexibility and complexity were studied with regard to

their behavior at the interface, their polymerization, and the structure

of the obtained polymerized films.

To this end, various analytical techniques were employed, both at the

air/water interface and after transfer of the film onto solid substrates,

in order to prove the chemical connectivity between monomer units,

estimate the conversion of the polymerization, study the packing of

the monomers and to show that all criteria defining a two-dimensional

polymer were fulfilled. These techniques included Brewster angle mi-

croscopy (BAM), scanning electron microscopy (SEM), atomic force

microscopy (AFM), fluorescence microscopy, scanning tunneling mi-

croscopy (STM), tip-enhanced Raman spectroscopy (TERS), X-ray pho-

toelectron spectroscopy (XPS), UV-vis spectroscopy, selected area elec-

tron diffraction (SAED) and variable angle spectroscopic ellipsometry

(VASE).

The chemical connectivity was successfully proven in the case of one

monomer using TERS, backed up by DFT calculations and confocal

Raman spectra of synthesized reference compounds. A value for the

conversion was estimated based on the TERS results and was further

corroborated by XPS and a UV-vis study. It was also shown that all five

definition criteria for a two-dimensional polymer were fulfilled. In the

second case, not all aspects of structure elucidation could be resolved

in a satisfactory way. This was mainly attributed to the differences in

flexibility and complexity between the monomers. Nevertheless, in-

direct spectroscopic evidence could be furnished and this monomer

proved particularly suited for a preliminary study exploring the op-

tion of performing polymerizations post-transfer on solid substrates.

Furthermore, this study showed the possibility of using the fluorescent

monomer films for optical recording or optical data storage.
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In this thesis, the introduction will give a short overview of the tech-

niques used to synthesize two-dimensional polymers along with their

advantages and drawbacks. The challenges of structure elucidation

will be considered together with the methods that are suited for this en-

deavour and that were used within the scope of this work. The photo-

chemical and photophysical properties of anthracenes will be discussed

in detail, as they often function as reactive units of monomers for two-

dimensional polymerizations. Likewise, the spectroscopic signature of

anthracene derivatives in various spectroscopies will be reviewed as it

is of relevance for the structure elucidation of two-dimensional poly-

mers. The main part is divided in three chapters: in chapter 3, the

structure elucidation of monomer 1 is presented. Following that is

chapter 4 about the structure elucidation of monomer 2 alongside with

a comparison of the structure and properties of the two monomers. Fi-

nally, in chapter 5, the suitability of monomer 2 and monomer 3 films

as an optical recording device will be assessed.
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Zusammenfassung

Zweidimensionale Materialien wie Molybdändisulfid und Graphen ha-

ben in der letzten Dekade für viel Aufmerksamkeit gesorgt. Zweidi-

mensionale Polymere, eine Unterkategorie der zweidimensionalen Ma-

terialien, sind als freistehende Filme definiert, welche aus einer einzel-

nen Schicht Monomere bestehen, die kovalent miteinander verknüpft

sind und somit in einer geordneten, getäfelten Struktur resultieren. Die

strukturell-chemische Untersuchung von zweidimensionalen Polyme-

ren, die an der Wasser-Luft-Grenzfläche erzeugt wurden, stellt eine

große Herausforderung dar, auf Grund der geringen Probungsmen-

gen und ihrer Porösität. Die Untersuchung von zwei amphiphilen Mo-

nomeren, die unterschiedliche Flexibilität und Komplexität aufweisen,

auf ihr Verhalten an der Wasser-Luft-Grenzfläche, ihre Polymerisierung

und die Struktur der erhaltenen polymerisierten Filme hin ist Gegen-

stand dieser Arbeit.

Zur Durchführung der Charakterisierung wurden diverse analytische

Methoden angewendet, welche eine Untersuchung der Filme sowohl an

der Wasser-Luft-Grenzfläche als auch nach Übertragung auf feste Sub-

strate ermöglichten. Um die chemische Verknüpfung zwischen Mono-

meren, den Umsatz der Polymerisierung, die Packung der Monomere

und die Erfüllung aller Kriterien, welche die Definition der zweidi-

mensionalen Polymere umfasst, zu untersuchen, wurde auf Methoden

wie Brewster Winkelmikroskopie, Rasterelektronenmikroskopie, Ras-

terkraftmikroskopie, Fluoreszenzmikroskopie, Rastertunnelmikrosko-

pie, spitzenverstärkte Ramanspektroskopie, Röntgenphotoelektronen-

spektroskopie, Elektronenabsorptionsspektroskopie und SAED zurück

gegriffen.

Die chemische Verknüpfung und der Umsatz ließen sich in einem Fall

erfolgreich durch spitzenverstärkte Ramanspektroskopie nachweisen,

deren Ergebnisse wiederum durch Dichtefunktionaltheorieberechnun-

gen sowie die Aufnahme konfokaler Ramanspektren synthetisierter

Vergleichsverbindungen gestützt wurden. Des Weiteren konnten die

Ergebnisse mittels Röntgenphotoelektronenspektroskopie und Elektro-

nenabsorptionsspektroskopie abgesichert werden.

Im zweiten Fall gelang die chemisch-strukturelle Untersuchung des

Films nicht vollumfänglich, was auf Unterschiede in der Monomerfle-

xibilität und -komplexität zurückgeführt wurde. Nichtsdestotrotz fan-

den sich Anhaltspunkte für die chemische Verknüpfung und Struktur.

Gerade dieses Monomer stellte sich als besonders geeignet heraus für
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einen Exkurs in die Thematik der Polymerisierung auf festen Substra-

ten und in die Einsatzmöglichkeiten fluoreszenter Monomerfilme als

optische Datenspeicherungselemente.

Die Einleitung dieser Arbeit gibt zunächst einen kurzen Überblick über

die Synthesemethoden zweidimensionaler Polymere und deren Vor-

und Nachteile. Die Herausforderung der Strukturaufklärung, sowie

die Methoden, welche potentiell dafür geeignet sind und im Rahmen

der Arbeit dann auch verwendet wurden, werden genauer diskutiert.

Ferner wird die Kategorie der Anthracene, die häufig als reaktive Ein-

heit für Monomere zweidimensionaler Polymere verwendet werden,

detailliert beschrieben und ihre charakteristische Photodimerisierungs-

reaktion vorgestellt. Ihre spektroskopische Signatur ist für die chemi-

sche Strukturaufklärung von zweidimensionalen Polymeren von Be-

deutung, deshalb wird sie in diversen Spektroskopien analysiert. Der

Hauptteil dieser Arbeit gliedert sich in drei Teile: Der erst Teil (Kapitel

3) präsentiert die chemisch-strukturelle Untersuchung von Monomer 1

und dessen Polymerisierungsprodukt. Kapitel 4 legt dasselbe für Mo-

nomer 2 sowie dessen Polymerisierungsprodukt dar und vergleicht im

Anschluss die beiden Monomere. Sodann wird wird die Eignung der

Filme von Monomer 2 und Monomer 3 im Bereich der optischen Da-

tenspeicherung untersucht (Kapitel 5).

Parts of the thesis have been taken from the following publications:
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2017, 56, 15262-15266.

Contribution of authors: V. Müller: preparation of Langmuir films, UV-

vis spectroscopy, fluorescence, AFM, SEM, BAM, synthesis of reference

compounds; F. Shao: confocal and tip-enhanced Raman spectra, simula-

tion of Raman spectra; M. Baljozovic: X-ray photoelectron spectroscopy;

M. Moradi: AFM scratching; Y. Zhang: simulation of Raman spectra;

T. Jung: supervisor of M. Moradi and M. Baljozovic; W. B. Thompson:

synthesis of monomer; B. King: supervisor of W. B. Thompson; R. Ze-

nobi: supervisor of F. Shao; A. D. Schlüter: supervisor of V. Müller.

F. Shao, V. Müller, Y. Zhang, A. D. Schlüter, R. Zenobi, Angew. Chem. Int.

Ed. 2017, 56, 9361–9363.
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like to particularly thank Daniel Messmer for correcting my thesis.

On a similar note, I would like to thank Sophie Haberland, Dr. Sandra
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and Dr. Jovana Milic – thank you for all the funny discussions! But also

for supporting me scientifically by formulating the week’s goal anew every

Monday and by debating scientific questions. Jovana, I greatly admire your

work ethic and determination, as well as your dedication to the topic of

ix



Acknowledgements

women in science. Sophie, thank you for providing me insight into how to

set up DFT calculations. Lisa, your cleverness in scientific and interpersonal

matters always impressed me very much and I will try to channel your spirit

in these affairs. Also, you are definitely my favorite aperol spritz drinking

in the sun companion! Anatol, you were like a personal encyclopedia for

chemistry and always had good input whenever I was stuck with some-

thing, in particular when it came to tricky work-ups.

Coffee group 2 or the Roche alumni: Alina Tirla, Nicole Hauser and Mary-

line Dong, thank you for distracting me from work and for all the fun things

that we did together, as well as providing me insight into the instrument

repertoire available at LOC and the Altmann group.

Great thanks to Daniel Messmer, Gregor Hofer, Richard Bernitzky, Moh Di-

vandari, Stan van de Poll, and Jay Colman for distracting me from work

every second Tuesday evening. I very much enjoyed our DnD sessions!

I would also like to thank the other members of the SAM board for en-

thusiastically working alongside me to organize all kinds of events at the

D-MATL: thank you Christian Mathis, Max Kory, Florian Thöle, Martina
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Chapter 1

Background

Following their discovery by Herrmann Staudinger at the beginning of the

20th century, polymers became important in various areas affecting our ev-

eryday life. The need for ever improving, new polymeric materials directed

the attention of researchers towards finding synthetic methods to obtain

control over not only the molecular weight of the polymers,[1–4] but also

over their topology. From brush-like structures found in dendronized poly-

mers,[5] to star polymers,[6] ladder polymer,[7] and dendrimers,[8] all kinds

of architectures have been investigated.[9]

Exploring two-dimensional topologies of polymers leads to yet a further

class of polymers: two-dimensional polymers. Although studies towards

these materials began in the first half of the 20th century with the work

of Gee,[10,11] the isolation of graphene, a single-layer of annulated benzene

rings, in 2004[12] brought about a flurry of research in the domain of single-

atomic layer materials in the following decades.[13–15] Novoselov and Geim

themselves were awarded the Nobel prize for their discovery in 2010. Gra-

phene can be considered as a prototype of a two-dimensional polymer.

1.1 Definition of Two-Dimensional Polymer

What is a two-dimensional polymer? A two-dimensional polymer is an

“atomically thin, laterally ‘infinite’, structurally precisely defined, covalently

bonded sheet”.[16] This definition encompasses several characteristics: The

monomers possess at least three binding sites, so that they can create a

two-dimensional tessellated structure upon polymerization. This tesselated

3



1. Background

structure exhibits a high internal order and its height corresponds to that

of one layer of monomer. Furthermore, the monomer units are covalently

bonded and the resulting polymer films are sufficiently strong to be free-

standing. A graphic representation of this definition is shown in fig. 1.1.

Figure 1.1: Schematic representation of a two-dimensional polymer.

While the definition of a two-dimensional polymer is restricted to mono-

layers of covalently connected, periodic repeat units, the more general term

of two-dimensional material will be applied to all other two-dimensional

materials where the criteria of covalent bonds and periodicity are not met.

Before going into a detailed analysis of the synthetic approaches to two-

dimensional polymers, potential applications of two-dimensional polymers

should be mentioned.

As a rather young class of material the full potential of two-dimensional

polymers has not been thoroughly investigated. Possible future applications

of two-dimensional polymers could be found in diverse fields, for example

as new dielectrics, in gas separation, in miniaturized optical devices, in non-

linear optical devices, and in catalysis. Some of these applications immedi-

ately result from the characteristic structure of two-dimensional polymers,

for example, gas flow dynamics change when going from a bulk material to

ultra-thin membranes, where they approach ultimate permeation.[17] Simi-

larly, having a large surface-to-volume ratio is highly beneficial for catalysis.
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In two-dimensional polymers this ratio is essentially at its maximum. The

high order and extreme thinness of the films could aid in the miniaturiza-

tion of optical devices. While these applications have not been explored so

far, first steps have been taken to investigate some of them.[18]

1.2 Synthetic Approaches

Monomers that have at least three reactive sites are required for the syn-

thesis of two-dimensional polymers. These sites can then react with their

neighbors to give a regularly tesselated sheet. One can distinguish between

reactions under kinetic control and thermodynamic control.[19] In the former,

the monomers are assembled and preorganized before bond formation, then

reactions that are generally irreversible are carried out. Under thermody-

namic control, dynamic bonds are formed which allow for error correction

as they are reversible. While kinetic bond formation usually leads to more

stable bonds, the advantage of thermodynamic bond formation lies in its

capability of correcting defects that have formed during polymerization.

Figure 1.2: Top-down approach. Figure 1.3: Bottom-up approach.

The various synthetic approaches to two-dimensional polymers can be di-

vided into two main categories: the top-down approach (fig. 1.2), which

comprises synthesis from layered structures, and the bottom-up approach

(fig. 1.3), which includes synthesis at an interface and on-surface synthesis.

In the following, a brief overview will be given of the top-down approaches

and the bottom-up approaches, along with their advantages and drawbacks.

The types of chemistry used in these approaches will be discussed in their

corresponding sections. The air/water interface or Langmuir approach will

be discussed in more detail, before evaluating the analytical methods used

to elucidate the structure of two-dimensional polymers. In the context of the
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evaluation of analytical methods, the compound class of anthracenes, one of

the reactive units often used in monomers for two-dimensional polymeriza-

tion in both top-down and bottom-up approaches, will be discussed.

1.2.1 Top-Down Approaches

In the top-down approach, a layered material is synthesized in bulk and then

exfoliated down to the single sheet. Covalent organic frameworks (COFs)

and the single-crystal approach fall into this category.

Covalent Organic Frameworks

Covalent organic frameworks (COFs) are synthesized in bulk as covalently

bonded networks with a high porosity.[19] They have potential applications

in catalysis,[20–22] optoelectronics,[23–26] and gas capture and storage.[27–29]

The shape-persistent monomers are reacted under dynamic covalent bond

forming conditions. This means that in order to correct defects in their struc-

ture arising during synthesis, their chemistry relies on reversible reactions,

allowing the annealing of structural defects (thermodynamic bond forma-

tion control).

Figure 1.4: (a) Boron ester or boronic acid-based chemistry used in the syn-
thesis of COFs. (b) Condensation chemistry of carbonyl groups with amines
or hydrazines used in the synthesis of COFs. (c) Condensation chemistry of
nitriles used in the synthesis of COFs.

Typical chemistries used in this approach are boron condensation (to give

the boronic ester-linked COF),[30–33] carbonyl condensation (with amines or
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hydrazines to give the imine- or hydrazone-linked COF, respectively)[34–38]

or trimerization of nitriles (giving triazine-based COFs),[39–41] see fig. 1.4.

While the dynamic covalent bond formation chemistry enhances the struc-

tural perfection, it has the drawback of creating weak bonds susceptible to

hydrolysis that cannot withstand exfoliation conditions which are necessary

to obtain single-sheets. Therefore, attempts to isolate single sheets by this

approach have so far failed.

Single Crystal Approach

A further top-down approach is the single crystal approach where a trifunc-

tional monomer is crystallized in a way that results in a suitable packing for

polymerization. In such a packing, all reactive sites are close enough to each

other to react and the resulting sheets are stacked in a layered assembly,

such that they can be separated from one another. Typically, photochemical

reactions are used, most notably anthracene [4+4]-cycloadditions or [2+2]-

cycloadditions of olefins. Irradiation of the crystal results in photoreaction

of the reactive moieties, leading to an internally structured polymer crystal.

This crystal is then exfoliated in order to obtain monolayer sheets. Because

pre-organization is achieved before the reaction, no error correction is re-

quired and chemistries can be used that result in stable, covalent bonds

(kinetic bond formation control). This in turn enables exfoliation down to

the single-layer.

The advantage of this method lies in the facilitated characterization of the

crystal (by crystallographic methods) and in the low concentration of de-

fects.

A main drawback is the limitation in lateral sheet size of the two-dimensional

polymers. The lateral sheet size is not only limited by the size of the crystal,

but also by domain formation within the crystal. These limitations lead to a

reduction of the lateral sheet sizes obtained. Additionally, harsh exfoliation

conditions can lead to a further reduction in sheet size. The exfoliation can

be considered an additional disadvantage since it results in sheets varying

in both lateral sheet size and thickness. The isolation and characterization of

the ensuing sheets represents a further challenge, comparable to the charac-

terization of two-dimensional polymers obtained at the air/water interface.
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Figure 1.5: Monomers used in the single-crystal approach. Their reactive
units are highlighted in blue. Structures (a), (b), (c), (d), and (e) can be
found in [42], [43], [44], [45], and [46], respectively.

Despite these drawbacks, the single-crystal approach has so far brought

forth the highest number of systems that can confidently be classified as

two-dimensional polymers, see fig. 1.5.[42–46]

1.2.2 Bottom-Up Approaches

In the bottom-up approaches, the monomers are organized in a way that

directly yields single monolayers upon polymerization. While this circum-

vents the exfoliation step, the characterization of the ensuing sheets is in-

herently difficult. In the following, different bottom-up approaches are pre-

sented, before going into detail about the characterization required for these

single sheets.

On-Surface Synthesis

In this approach, shape-persistent monomers are sublimed onto a crystalline

metal surface and heated up to induce molecular diffusion and to activate
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covalent bond-forming reactions. The chemistry involved can be the same as

the one used for COFs described in the top-down approach,[47–49] but often

aryl-aryl couplings, such as Ullmann coupling, are used.[50–52] Further re-

ported syntheses involve halogenated porphyrins[53] and phtalocyanines.[54]

In the latter cases, the metal surface induces homolytic cleavage of the halo-

gens to generate radical species which can then recombine and thus start

lateral growth.

The advantage of this approach is that the ensuing polymer can be directly

characterized by scanning tunneling microscopy (STM) or high-resolution

atomic force microscopy (HR-AFM) to determine its structure, domain sizes

and defects. Unfortunately, the lateral size of the two-dimensional polymers

obtained in this way is limited to ca. 100 nanometers, as during monolayer

growth on the metallic surface the monomers often start building a second

layer on top of the first.[50] The approach is further restricted by the choice

of monomers which have to be sublimable to be suitable for this technique.

Interfacial Approach

In this rather new approach, reactions between monomers are confined

to the liquid/liquid interface. This can be achieved in a system where

monomers reside in the organic phase (solvent) and the catalyst necessary

for the reaction between monomers resides in the aqueous phase. Thus re-

action between monomers only occur at the interface between these two me-

dia. As the liquid/liquid interface is less sharply defined than the air/water

interface[55] and as there is usually some residual solubility of the aqueous

phase in the organic phase and vice-versa, the approach lacks control of the

interfacial synthesis which results in multilayer synthesis instead of single-

layer synthesis.[56–58]

Air/Water Interface or Langmuir Approach

In principle, the air/water interface approach could be included in the sec-

tion about interfacial approach. However, compared to liquid-liquid inter-

faces, the air/water interface is a sharp interface.[59] This has the advantage

that the molecules clearly orientate themselves at this interface (provided

that they are amphiphilic) which cannot be said for the aforementioned

liquid-liquid interface approach.
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Figure 1.6: Langmuir approach

Thus, the Langmuir approach to two-dimensional polymers consists of first

synthesizing a trifunctional, amphiphilic monomer. A solution of this mono-

mer is then deposited on the water surface of a Langmuir trough, where

the amphiphilic nature of the monomer helps orientate it such that its hy-

drophilic part will be immersed in the water, while its hydrophobic part is

exposed to the air. Compression of the monomers leads to formation of a

monomer monolayer (see fig. 1.6). This layer is then brought to polymerize,

the reactions taking place between reactive units of neighboring monomer

units. Molecular organic frameworks consist of monomers connected by

metal ions which are injected into the subphase of the Langmuir trough after

the deposition of the monomers at the air/water interface. While molecu-

lar organic frameworks are also synthesized at the air/water interface, they

fall into the category of two-dimensional materials and therefore will not

be considered further. This restricts polymerization chemistries used at the

air/water interface to photoreactions such as the [4+4]-cycloaddition that

also figure prominently in the single crystal approach and imine chemistry

which has been discussed in the section about COFs. Polymerization leads

to a highly structured network due to the preorganization of the reactive

units. This is a further example of a kinetic bond formation approach, as

the mobility on water in principle allows for error correction. Transfer of the

formed film onto a suitable substrate and characterization via various tech-

niques is necessary in order to elucidate the connectivity and the structural

perfection of the formed sheets.

The advantage of this method is that only small amounts of material (a few

hundred µg) are required to carry out a multitude of experiments. Further-

more, large lateral sheet sizes can be obtained. However, structure eluci-

dation of the film is challenging, since many analytical methods lack the

required sensitivity for the quantities probed in the ultrathin sheets which

are on the order of ng–µg, depending on the size of the probed area. Indeed,
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Figure 1.7: Monomers used for the synthesis at the air/water interface or
Langmuir approach. Their reactive units are highlighted in blue, the hy-
drophilic part is highlighted in cyan. Structures (a) and (b) can be found in
references [60–62] and [63], respectively.

there are very few publications where the structure of the films synthesized

at the air/water interface has been shown by STM or HR-AFM;[63] a study

evidencing both the chemical connectivity and the structure of the polymer

has yet to be published. Microscopic techniques are mainly used to assess

the quality and homogeneity, as well as the height of the film. Structure

elucidation of the sheets has proven particularly challenging and so far, has

not been achieved in our group.

1.3 Structure Elucidation of Two-Dimensional Polymers

1.3.1 Challenges of Structure Elucidation

In going from one dimension to two dimensions, the analytical techniques

used for characterization of polymers change from techniques commonly

used for the characterization of organic molecules to techniques used for

surface characterization. Nuclear magnetic resonance (NMR) spectroscopy,

mass spectrometry (MS), and gel-permeation chromatography (GPC) which

are often used to determine the dispersity and the molecular weight of one-

dimensional polymers are either not sensitive enough or simply unsuitable

for two-dimensional polymers as they would require dissolving or destroy-

ing the sheets. New characterization methods have to be identified that are

suitable for the characterization of two-dimensional polymers.
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For a full characterization of a two-dimensional polymer

1. its thickness,

2. its capability to be free-standing,

3. its crystallinity,

4. the size of its domains,

5. and the nature of its covalent connectivity

have to be assessed.

These assessment criteria do not only have to be explored for a material

to be called a two-dimensional polymer but also correspond to the typical

parameters that are determined for one-dimensional polymers, in particular

criteria 3–5.

Regardless of whether a top-down or bottom-up approach is used to syn-

thesize a two-dimensional polymer, characterization at the single-layer sheet

level is necessary and poses considerable analytical challenges. There are

several reasons for this. First of all, the quantities of material present in a

monomolecular layer are too small to be characterized by most analytical

techniques, particularly in regard to (5), the nature of covalent connectiv-

ity. Secondly, the structural complexity of most two-dimensional polymers,

especially when compared for example to graphene, impedes structure elu-

cidation as the newly formed bonds whose existence has to be shown are

obscured by a complicated matrix of chemically similar atoms and bonds.

Thirdly, the porosity and thus high flexibility of a single-layer sheet allows

the formed network to deform in such a way that the crystalline order is

no longer apparent when the geometric order is lost. This phenomenon is

illustrated in fig. 1.8. The problem is further exacerbated by the conforma-

tional changes the sheet might experience upon transfer from the air/water

interface to solid substrates or upon exfoliation from the single-crystal. It

can lead to a distortion of the film such that imaging techniques can no

longer resolve the structure unless they achieve atomic resolution. Finally,

the occurence of domains within the sheet obstructs all investigations that

rely on long-range crystallinity (TEM, LEED). They can be formed due to

grain boundaries between domains of differing crystallinity or of the same

crystallinity but offset by a few degrees with respect to one another.
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Figure 1.8: Loss of crystallinity as a result of flexibility. Figure adapted from
reference [64].

Despite these difficulties, several analytical techniques commonly used for

surface characterization were identified as suitable in this challenge. Note

that the techniques presented here are not an exhaustive compendium of

all analytical techniques that would allow studying the obtained films, but

that the focus is rather on the techniques that were actually used within this

thesis.

1.3.2 Suitable Analytical Techniques

In this section, analytical techniques suitable for assessing criteria 1–4 will

be discussed in this order, while a separate subchapter is dedicated to the

elucidation of the chemical connectivity (5).

In order to determine the thickness (1), atomic force microscopy (AFM)

could be applicable.

Atomic Force Microscopy In atomic force microscopy, a sharp tip mounted

on a cantilever is brought into close contact with a surface and the force be-

tween tip and surface is measured. A change of the force is registered by

a laser beam trained on the cantilever and reflected onto the detector, such

that small changes in the position of the cantilever are accompanied by the

reflected light reaching the detector at a different position. This allows cor-

recting the position of the cantilever, thus creating a feedback loop. Keeping

either the force or the distance to the sample constant, the topography of

the surface can be imaged by raster scanning the surface. Molecular resolu-

tion can be achieved.[65] Depending on which force is monitored, different
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properties of the surface can be probed with a high resolution.[66–68] In the

context of this work, imaging the films created at the air/water interface

allows determining the topography of the film, as well as the height of the

film when the topography is determined at a film fold, edge or crack.

The free-standingness of the film (2) is an important criterion that the films

have to fulfill in order to meet the definition of a two-dimensional polymer

and it also allows drawing conclusions about the percolation within the

sheet. In order to exhibit mechanical coherence, a certain amount of bonds

have to be formed between neighboring monomers. The exact percentage

depends on the packing of the monomers and is predicted by percolation

theory.[69,70] The percentage is termed bond percolation threshold.[71] Thus,

the capability of spanning a grid gives a lower threshold for the conversion

reached in a two-dimensional polymerization. To determine whether a film

is capable of being free-standing (2), transfer onto a holey substrate could be

conducted and the capability to span the substrate investigated by scanning

electron microscopy (SEM).

Scanning Electron Microscopy With a scanning electron microscope, the

sample is imaged by raster-scanning the sample with an electron beam.[72]

The electrons of the beam interact with atoms in the sample, producing

secondary electrons, backscattered electrons, X-rays and other signals, thus

giving information about the topography and composition of the sample.[73]

For surface sensitive analysis, low-energy secondary electrons are collected

to produce high-resolution images of the sample. These electrons originate

from the first few nanometers of the sample. A three dimensional image

is obtained since the number of secondary electrons emitted depend on the

angle of the primary beam and the sample, with a perpendicular arrange-

ment leading to less secondary electrons than lower angles. The resolution

of the SEM depends on the spot size of the electron beam and SEM does not

allow imaging of individual atoms like transmission electron microscopy,

but recently sub-nanometer resolutions have been reported.[74]

Transmission electron microscopy (TEM) or selected area electron diffraction
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(SAED), high-resolution atomic force microscopy (HR-AFM), and scanning

tunneling microscopy (STM) are commonly used for surface characterization

and could be used to assess the homogeneity, cristallinity (3) and domain

sizes of a two-dimensional polymer (4). As atomic force microscopy was

already discussed in the section about thickness determination, it will not

be discussed here.

TEM or SAED The transmission electron microscope was developed in the

1930s by Ruska and Knoll.[75,76] It images thin specimens or a specimen that

is suspended on a grid by probing it with an electron beam that passes the

specimen and is then detected, creating an image that is determined by the

interaction of the electron beam with the sample. Due to the small de Broglie

wavelength of electrons, atomic resolution can be achieved. Selected area

electron diffraction allows measuring the diffraction pattern in chosen areas

of thin films and is therefore suitable for species where domain formation

is expected, such as two-dimensional polymers. Thus, different crystalline

domains of the film can be investigated by this technique.[77]

Scanning Tunneling Microscopy Scanning tunneling microscopy (STM) is

based on similar principles as AFM with the difference that surfaces are

imaged by monitoring the tunneling current between the probing tip and

the conducting surface. Monitoring the tunneling current enables prob-

ing the molecular orbitals of the species on a conducting substrate. The

STM achieves atomic resolution and is therefore suitable for investigating

the structure and crystallinity of the two-dimensional polymer.[78]

Thus, there are several microscopic techniques available that allow investi-

gating the crystallinity, provided the transfer of the films from the air/water

interface does not obscure it too much.

Finally, the nature of the polymer’s connectivity (5) is best assessed by

choosing methods tailored to the specific, reactive units of the monomers.

By choosing sensitive techniques where both monomer and polymer should

give characteristic, distinct signals the probability to determine the chemical

connectivity between the monomer units is maximized. In order to choose

the appropriate methods for this endeavor, the properties of anthracenes,

the reactive subunit that comprises the monomers studied in this thesis, are
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presented in the following section along with cues how these characteristics

can be used in terms of analytical techniques.

1.3.3 The Class of Anthracenes

As in the case of one-dimensional polymers, the polymerization chemistry

used for two-dimensional polymerization has to be high-yielding in order

to obtain high conversion in the two-dimensional polymer. It is for this

reason that high-yielding photoreactions are preferred. Anthracenes are of-

ten used in the design of monomers as their photoreaction has been shown

to be quantitative in the single crystal.[79] For this reason, the chemistry of

anthracenes will be discussed, along with characteristic spectroscopic prop-

erties of both anthracenes and their dimers.

Photoreaction of Anthracenes

Figure 1.9: [4+4]-cycloaddition of anthracenes to give the anthracene dimer.

The anthracene dimerization and its reversibility was first observed in 1867

by Fritzsche.[80,81] The photoreaction, shown in fig. 1.9, and its scope in terms

of substrates has been studied extensively over the years.[82] These studies

showed that the photoreaction readily gives the 9,9’,10,10’-dimer in most

solvents.[83] The reaction proceeds rapidly, with rates of kdim on the order

of 0.5–2.3 x 109M−1s−1, unless bulky substituents are present on the the 9-

and/or 10-position of the anthracenes, which slow down the dimerization

reaction to the point where it does not proceed at all due to steric hindrance

(e.g. 9,10-diethylanthracene).[84]

The product of the photoreaction of anthracenes is also concentration-depen-

dent: While oxidation to endoperoxides cannot compete with photodimer-

izations at substrate concentrations of 10−3 M or higher, it can be observed

at concentrations lower than 10−3 M. Ruling out the occurence of oxidation
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as a side reaction during polymerization is of great importance for monomer

systems based on anthracenes.

Packing Motifs of Anthracenes

The potential packing motifs of anthracenes are shown in fig. 1.10. In arenes,

the edge-to-face and end-to-face interactions are more commonly observed

than the face-to-face π-π interactions.[85]

Figure 1.10: Packing motifs of anthracenes: edge-to-face (a), slipped parallel
(b), and face-to-face (or parallel) stacking (c).

The preferred packing can be tuned by substitution of the anthracenes. Any

substitution that leads to a polarization of the anthracene, for example sub-

stitution with halogens, can influence the packing motif. To illustrate this

on the example of smaller arenes, a computational study of the packing

of benzene-fluorobenzene dimers found that the face-to-face and parallel-

displaced packing is strongly favored compared to edge-to-face packings,

by as much as 4.5 kcal/mol.[86] This tendency was also observed experimen-

tally.[87–91] The influence of substitution was also studied on a broader range

of arenes, including anthracenes.[92–94]

A further way to influence the packing is by preventing certain types of

packing through the introduction of bulky substituents or by incorporating

the anthracenes within a molecule such that certain types of packings can

no longer be achieved.

These results showed that the preference for edge-to-face stacking in arenes

can be overcome by careful design considerations. These considerations

were implemented into the design of monomer candidates for two-dimension-

al polymerizations.
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Fluorescence and Absorption Spectroscopy of Anthracenes

The [4+4]-cycloaddition of anthracenes in the solid state proceeds via ex-

cimer formation. An excimer is defined as ”a dimer which is associated in an

excited electronic state and dissociated in its ground electronic state”.[95,96]

While it is unclear whether excimer fluorescence and photodimerization are

competing processes in solution or whether the excimer formation is a re-

quired intermediate during the photoreaction,[97] it is evident that excimer

formation can only occur when an anthracene pair exhibits a certain proxim-

ity.[98] Excimer formation in aromatic molecules can be observed by excimer

emission in the fluorescence spectrum and is characterized by broad, un-

structured fluorescence between 400–600 nm. In solution, the formation of

excimers is concentration-dependent. This is because occurence of excimer

fluorescence can be correlated with proximity of the aromatic units[96] and

an at least partial overlap of the π-π planes.[99–102] Kato et al. have brought

forth the theory that the extent of π-π overlap in the planes of aromatic

molecules influences the emission maximum and FWHM of the excimer flu-

orescence, see fig. 1.11.[103–106] As this theory was developed considering

phases of liquid crystals, the observation should be considered as a relative

and not an absolute estimate for anthracene overlap, its validity only appli-

cable within one particular anthracene system. It nevertheless gives a first

indicator of how fluorescence could aid in determining the orientation of

anthracene-bearing monomers at the air/water interface. Recent work has

further investigated the correlation between anthracene packing and exhib-

ited fluorescence.[94,107]

While fluorescence spectroscopy conducted with a fluorimeter is a bulk tech-

nique, confocal laser scanning microscopy allows imaging samples with a

so-called lambda scan, recording the fluorescence spectrum in each pixel

of the image and therefore allowing for a laterally resolved fluorescence

image.[108,109] Recent advances in fluorescence microscopy could in princi-

ple permit recording the fluorescence on the nanometer scale.[110] Studying

the fluorescence in different parts of a monomer film obtained from the

air/water interface could allow drawing conclusions on the orientation of

the molecules within the film and on the domain size, if the domains differ

in their packing. This only holds true if the monomer film is not disrupted

during transfer from the air/water interface.

18



1.3. Structure Elucidation of Two-Dimensional Polymers

Figure 1.11: When the anthracene-based compound shown in (a) adopts dif-
ferent packings (b), their fluorescence spectra are affected accordingly (c).
The broadest emission (orange spectrum) is observed for the cubic phase,
which corresponds to the lower packing in (b) where the anthracenes are
parallel. For the columnar packing shown above, where the anthracenes are
slipped parallel, a narrower, blue-shifted emission is observed (blue spec-
trum). In the former case, the π-π overlap is maximized. The grey spectrum
shows the emission from the isotropic phase. Taken from [106].

Anthracenes are fluorescent, while their photoproducts (dimers or endoper-

oxides) are not. The disappearance of fluorescence can be used to monitor

the consumption of anthracene-bearing monomers, although as noted be-

fore, it does not give an indication of the product formed. Furthermore,

measuring the excimer fluorescence of a two-dimensional polymer film can

indicate a proximity of reactive units, while monitoring its intensity depend-

ing on wavelength (an excitation spectrum) gives a measure for the purity

of the film. Fluorescence spectroscopy is a highly sensitive technique and is

therefore suitable for studying two-dimensional polymers.

UV-vis absorption spectroscopy, while ca. 1000 times less sensitive than flu-

orescence spectroscopy, can still be sensitive enough to detect the absorp-

tion of a monolayer, particularly in the case of anthracene-based monomers.

Anthracenes not only absorb strongly, but exhibit a characteristic signature

in the absorption spectrum, consisting of a strong absorption band at 250

nm, corresponding to the 1A1g → 1B3u transition (to the long axis of the

molecule), and an absorption corresponding to the 1A1g → 1B2u (short axis
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Figure 1.12: UV-vis absorption spectrum of anthracene in ethanol, taken
from ref. [111]

of the molecule) which is split up into several smaller, equally spaced bands

between 300–400 nm, the vibrational fine structure of the aromatic system,

see fig. 1.12.[112–115] Substitution on the anthracenes alters the spectrum. En-

larging the π system leads to a bathochromic shift of the spectrum. A sub-

stitution that breaks the symmetry of the system leads to a gradual loss

of the fine structure bands, thus making them less discernible.[111,116] They

do not disappear but rather begin merging up to the point where the fine

structure resembles more of a broad, unstructured peak. It is noteworthy

that the shift on the main peak and the shift on the hyperfine structure does

not necessarily occur to the same extent.[111] Interestingly, slight shifts of the

vibrational fine structure have been correlated with changes in the relative

orientation of anthracene pairs along the long and short axis[117,118] and even

been used to calculate the orientation between anthracene pairs.[119] While

in principle one can deduce from this something about the relative orien-

tation of anthracene neighbors in a monomer film, a study of how exactly

the absorption spectrum is influenced by the orientation of the anthracenes

would be necessary before drawing any conclusions. Anthracene itself has

been investigated in this regard[119] but since substitution of the anthracene

also influences the appearance of the spectrum, a thorough crystallization

and spectroscopic study of the monomer system would become necessary,

something that is not feasible within the scope of this thesis. The method
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should nevertheless be mentioned within this discussion of potentially use-

ful methods for the characterization of two-dimensional polymers.

Anthracene dimers are no longer conjugated and thus their absorption spec-

trum is considerably blue-shifted. In addition, the vibrational fine structure

observed in extended aromatic systems is lost. This pronounced difference

in the spectra allows for a quick differentiation between anthracenes and re-

acted anthracenes. Contrary to fluorescence spectroscopy, one can observe

not only the disappearance of the bands characteristic to anthracenes, but

also the formation of a new band at shorter wavelengths.

Raman Spectroscopy of Anthracenes and TERS

Anthracene itself has 33 Raman-active vibrations.[120] Since substitution of

anthracenes has a strong impact on the number and type of vibrations, they

will not be discussed here, but rather the reader is referred to the discussion

in the literature.[121,122] Contrary to infrared (IR) spectroscopy, Raman spec-

troscopy is not affected by the presence of water, as water is a weak Raman

scatterer. This is of great importance in the case of Langmuir-Blodgett films

which by their nature still have layers of water attached to them. Further-

more, in Raman microscopy higher lateral resolutions can be achieved than

in IR microscopy, as shorter wavelengths are used for excitation.

While confocal Raman is not nearly sensitive enough to detect Raman sig-

nals of a monolayer, tip-enhanced Raman spectroscopy, which is 106–109

times more sensitive, could be suitable to detect the Raman spectrum of

a monolayer.[123] TERS combines Raman spectroscopy with scanning probe

microscopy (SPM), either in an AFM or STM. The SPM enables obtaining a

lateral resolution well below the diffraction limit, as the resolution will de-

pend on the sharpness of the tip and not on the wavelength of the exciting

laser. For TERS, the tip of the microscope is brought into close contact with

the metallic surface and illuminated with a focused laser, thereby creating

surface plasmons between the tip and the surface. As a result, an enhanced

electromagnetic field is created between tip and surface that intensifies Ra-

man scattering in the vicinity of the tip, thereby enhancing the collected

Raman signal that is characteristic of the probed compounds.
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X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) relies on the photoelectric effect.[124]

When a photon impinges on a surface, it can cause an electron bound to an

atom or ion to be ejected from it. The kinetic energy of this electron will

correspond to the initial energy of the photon minus the binding energy

that needs to be overcome in order to eject the electron. While both initial

energy and measured kinetic energy can be determined, one can calculate

the binding energy of the electron. This binding energy is characteristic

of the element and of the chemical environment that is was released from.

The selectivity for thin layers is accomplished due to the fact that liberated

electrons have a limited free path length, thus if they are excited within the

bulk they are lost to detection. This restricts characterization to the topmost

layers (up to 10 nm) of the material. XPS therefore reveals information on

both the speciation and elements of thin films.[125] In the case of anthracenes

and their photodimers, there is only a slight increase of sp3-hybridized car-

bon compared to sp2-hybridized carbon which will make it challenging to

differentiate the two cases.

Thus, most techniques suitable for the structure elucidation and characteri-

zation of two-dimensional polymers are most often also used to characterize

thin films. The list of techniques presented here is by no means exhaustive

but serves as an introduction to the plethora of analytical techniques used

within this work.
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Chapter 2

Aims and Motivation

The air/water interface approach used for synthesizing two-dimensional

polymers holds great promise because it provides access to macroscopic

monolayer sheets and obviates the need for exfoliation; however, to this

day, there is hardly any system that can confidently be termed as a two-

dimensional polymer that was synthesized at the air/water interface. This

can mainly be attributed to the challenging nature of the structure elucida-

tion at the single-layer level, particularly to the small analytical quantities

studied. These problems are also of relevance in the top-down approaches.

In order to make the claim of having synthesized a two-dimensional poly-

mer, the single-layer sheets obtained after exfoliation from the bulk have to

be thoroughly characterized. In both cases, the same analytical techniques

are of interest.

The presented thesis focuses on the study of single-layer films obtained

from trifunctional, amphiphilic, anthracene-bearing monomers assembled

and irradiated at the air/water interface and then transferred onto solid

substrates.

The main goals of this thesis are to study monomers at the air/water inter-

face that may react to give two-dimensional polymers and to characterize

their films in terms of thickness, structure and chemical connectivity. This

is done in order to determine whether they can indeed be classified as two-

dimensional polymers and to identify which analytical techniques are of use

for the future characterization of new monomer candidates.

Two monomers 1 and 2 will be investigated in this regard and their behav-
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iors at the air/water interface compared.

Furthermore, the possibility of performing the polymerization post-transfer

will be explored with monomer 2 and a third monomer, monomer 3. This

is of particular interest in order to achieve large-area two-dimensional poly-

mers.

The structures of the three fluorescent monomers are shown in fig. 2.1. Poly-

merizing directly on the solid substrate opens up the world of writing onto

fluorescent monolayers of the monomers by a quenching of the fluorescence;

the films of monomers 2 and 3 will be investigated in this regard, in an effort

to explore a first potential application of these materials and to determine

the mechanism behind the writing.

Figure 2.1: Monomers studied within this thesis. Their reactive units are
marked in blue, their amphiphilic part in cyan. Monomer 1 (a) will be
discussed in chapter 3, monomer 2 (b) in chapter 4 and 5 and monomer 3

(c) in chapter 5.

In the following, a brief outline of the thesis is presented. In the first part

of this thesis, monomer and polymer films obtained from monomer 1 will

be studied by various techniques, aiming at assessing the monomer’s be-

haviour at the air/water interface, film homogeneity, thickness, mechanical

coherence, and at elucidating the bond formed between repeat units, as well

as its structure. For this purpose, various analytical techniques for the study

of these extremely thin films mentioned beforehand are used.

In the second part of this thesis, monomer 2 is studied in a similar fashion,

though in less detail. Due to their differences in complexity and rigidity,

monomers 1 and 2 exhibit distinct behaviors at the air/water interface which

will be discussed.
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A potential application as molecular paper will be explored thereafter for

the monomer films of monomers 2 and 3. First steps are undertaken to

use the films in an application: the monomer films’ suitability for optical

applications in miniaturized devices is investigated.
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Part II

Results and Discussion
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Chapter 3

Structure Elucidation of Films Based

on Tetrafluoroanthracene-Based

Monomer 1

3.1 Monomer Features

As was discussed in detail in the introduction, structure elucidation of mono-

layer sheets remains extremely challenging due to the small sample size of

the sheets (ng-µg, depending on sampled area), their structural complexity

and their large mesh size. The large mesh size results in flexibility of the

sheets which can obscure crystalline ordering and facilitate lateral contrac-

tion of the sheet.

Several of these considerations influenced the design of monomer 1. It was

closely related to a monomer that reacted to give a two-dimensional poly-

mer sheet whose structure had been successfully characterized by STM.[63]

Monomer 1, is a rigid, amphiphilic, propeller-shaped molecule (see fig. 3.1a).

Its rigidity could be beneficial to avoid issues arising from an increased flexi-

bility of the polymer films. The polar carboxylic acid orientates the molecule

at the air/water interface such that it is immersed in water, while the rest

of the molecule remains in the air. Its three reactive units consist of 1,2,3,4-

tetrafluoroanthracenes. These tetrafluoroanthracenes enhance the propen-

sity of the molecules to undergo face-to-face stacking due to favorable dipole-

dipole interactions and a favorable molecular electronic quadrupole moment

between the fluorinated (electron-rich) and non-fluorinated (electron-poor)

part of the anthracene (head-to-tail packing).[126–128] This design was cho-
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sen in order to favor the desired packing of the monomers at the air/water

interface.

Figure 3.1: (a) Structure of monomer 1. (b) A top view of a potential packing
the monomers could adapt at the air/water interface which would result in
the tetrafluoroanthracenes being paired. Via a [4+4]-cycloaddition, neigh-
boring tetrafluoroanthracene units of monomers undergo dimerizations to
give the polymer. The [4+4]-cycloaddition reaction can be reversed by heat-
ing or irradiation at a shorter wavelength.

The monomer was thus reduced to its most fundamental components: the

three reactive units and a polar group that made it amphiphilic and helped

orientate it at the air/water interface. This basic design was chosen in or-

der to reduce the structural complexity as much as possible, in view of a

characterization of chemical bonds which would profit from such simplicity.

Figure 3.2: MM2 geometry optimized molecular model of monomer 1.
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3.2. Film Formation and Behavior at the Air/Water Interface

The monomer has a height of 0.67 nm as determined by a MM2 geometry

optimization and the tetrafluoroanthracene has a length of 8 Å.

The packing it may adopt at the air/water interface is shown in fig. 3.1b. Un-

der irradiation, the tetrafluoroanthracenes can undergo [4+4]-cycloaddition

to form the corresponding tetrafluoroanthracene-dimers. This reaction can

be reversed by irradiation at a shorter wavelength or by heating. Further

alternative packings are discussed in the next section (see fig. 3.3), as is the

behavior of the monomer at the air/water interface.

3.2 Film Formation and Behavior at the Air/Water In-

terface

After spreading a solution of the monomer at the air/water interface of a

Langmuir trough, the film formation during compression of the LB trough

barriers was monitored by Brewster angle microscopy. The images revealed

that from the moment of monomer deposition, laterally extended domains

were present (see fig. 3.4a). During compression, these islands exhibited a

very rigid behaviour. Pushing the domains against each other often resulted

in tearing rather than coalescence of the domains. Therefore, the exact man-

ner of deposition strongly influenced the quality of the monomer film. For

this reason, a dilute solution of 0.2 mg/mL was used for the experiments.

Figure 3.3: (a) Isotherm measured upon compression of monomers. (b)
Three packings the monomers may assume at the air/water interface.

The target surface pressure for transfer experiments was determined by con-

sulting the isotherm measurements and BAM images. At a surface pressure

of 2 mN/m, a laterally extended film was observed (see fig. 3.4b). The mean

molecular area (MMA) at this pressure was determined to be 160 Å (see
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fig. 3.3a), which corresponds to the value calculated for the proposed pack-

ing III, shown in fig. 3.3b. Packing I and II would result in mean molecular

areas of 144 and 112 Å, respectively. Compressing to higher surface pres-

sures led to a reduction of the MMA to 85 Å which is too low for either

of the alternative packings I and II. This phenomenon has been observed

previously for a structurally related monomer.[63] In theory, a mean molecu-

lar area of 85 Å could correspond to double layer formation. Indication for

this was found with AFM scratching experiments and XPS measurements.

As packing III was the only one amenable to two-dimensional polymer for-

mation, a surface pressure of 2 mN/m was used for all experiments hence-

forth. After compression to this surface pressure, the monomer film did not

change appearance over time, but remained stationary, an observation that

is in line with the rigidity observed beforehand with the Brewster angle mi-

croscope (see fig. 3.4). On the contrary, the surface pressure dropped sharply

upon start of irradiation and then gradually recovered. This is in line with

the fact that in the postulated packing, the area per monomer unit in the

polymer was smaller than it was in the monomer packing. The film there-

fore contracted upon irradiation which led to a drop in surface pressure.

With a rigid monomer that has a high propensity to adopt a certain favored

packing, a fast polymerization would occur if the tetrafluoroanthracenes of

the monomers were closely packed. As mentioned above, tetrafluoroan-

thracenes have a high propensity to stack face-to-face, the fluorinated ring of

one anthracene interacting strongly with the non-fluorinated ring of another.

This would result in a close packing of tetrafluoroanthracenes and, by exten-

sion, a fast polymerization, and would account for the rapid drop in surface

pressure observed. In line with this hypothesis is the observation that using

an irradiation source of lower intensity leads to a less drastic decrease of

the surface pressure at the start of irradiation. Using the weakest irradiation

source did not lead to decrease in the surface pressure at all which may indi-

cate that the reaction rate of the polymerization and the speed of the barrier

compression are similar enough to compensate the contraction of the film.

3.2.1 Evidence of π-π Stacking

Such a face-to-face stacking should result in the formation of excimers in the

fluorescence spectrum of the film. To assess the fluorescence, the monomer

film was transferred onto quartz and the fluorescence spectrum of the film
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3.2. Film Formation and Behavior at the Air/Water Interface

Figure 3.4: BAM images of the film after deposition of the monomer solution
(a), compression to the target surface pressure (b) and at very high surface
pressure (c).

was measured. The spectrum was then compared to the fluorescence spec-

trum of the monomer in acetonitrile. In case of the film, one could observe a

broad, unstructured fluorescence which is characteristic of excimers. Mean-

while, the monomeric fluorescence that the monomer showed in solution

was not observed, see fig. 3.5a.

Figure 3.5: (a) Fluorescence of the monomer in acetonitrile (2 µm, red) and
of the monomer film on quartz (black). The film reveals no monomeric
emission. (b) Comparison of the excitation spectrum of the monomer film
on quartz recorded between 270–480 nm with a detection wavelength of 500
nm (black) and absorption spectrum of the monomer in solution (red).

To confirm that the observed fluorescence stemmed exclusively from the

monomer, the excitation spectrum of the monomer film on quartz was mea-

sured. For this, the emission intensity at λ = 500 nm was monitored while

sweeping the excitation range between 270–480 nm. If the fluorescence at

that wavelength was solely due to emission from the monomer, the exci-

tation spectrum should exhibit the same characteristics as the absorption

spectrum of the monomer. If, however, some fluorescent impurity was re-

33



3. Structure Elucidation of Films Based on Tetrafluoroanthracene-Based

Monomer 1

sponsible for the emission, the excitation spectrum should differ and also

show peaks of the impurity.[129] The excitation spectrum of the monomer

film on quartz indeed matched the absorption spectrum of the monomer

measured in solution, as the main peak and the characteristic vibrational

fine structure of anthracenes in the range of 300–380 nm were conserved

(see fig. 3.5b). Slight blue shifts of ca. 10 nm were observed between the

monomer absorption spectrum in solution and the excitation spectrum of

the monomer film on quartz. These shifts could be due to the change of

environment from solution to solid state as this influences the vibrational

freedom of the molecules.[111] Furthermore, the spectra differ in terms of

increased scattering in the case of the absorption spectrum which further

decreases the signal-to-noise ratio. Overall, the two spectra do resemble one

another and no new distinct peak could be observed. This finding confirmed

that only the monomer was responsible for the excimer fluorescence.

Additionally, a TERS study provided some indirect evidence for π-π stack-

ing in the case of the LB monomer film. The molecular orientation of the

monomers within an LB film was investigated and compared to the orienta-

tion of the monomers within a spin-coated sub-monolayer. In order to study

the molecular orientation, TERS mapping was carried out on the film on

Au(111) on an area of 100 x 100 nm2 with a resolution of 5 nm/pixel. In the

case of the densely packed LB film of packing III (see fig. 3.3b), this resolu-

tion would correspond to approximately 10 monomers per pixel. Within this

map, the peak ratio of the bands at 1604 and 1445 cm−1 was plotted. Both

bands are orientation-dependent and thus their ratio may provide insight

on the orientation of the molecules within the pixel. A comparison of the

peak ratio map of the monomer LB film to the spin-coated sub-monolayer,

which can be seen in fig. 3.6, showed that the orientation within the LB film

was much more homogeneous than in the case of the spin-coated layer.

These findings indicated that the synthesis at the air/water interface led to

an orientation of the molecules prior to the transfer onto solid substrate.

Furthermore, during TERS acquisition, the orientation of the molecules was

less influenced by the imaging conditions, which can be ascribed to the π-π

stacking that locks the orientation of the molecules. In the case of the spin-

coated sub-monolayer, on the other hand, the orientation of the molecules

was random, as the deposited molecules had no incentive to orientate them-

selves in a particular manner on the Au(111) crystal (fig. 3.6b and fig. 3.6d).
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Figure 3.6: Schematic representation of LB monomer film (a) and spin-
coated sub-monolayer (b). TERS mapping of the 1600/1445 cm−1 peak ratio
of LB monomer film (c) and spin-coated submonolayer (d). (e) Left: spec-
tra of different regions in the spin-coated sub-monolayer (1–4) compared to
a spectrum of the monomer LB film (5). The spectrum of bare Au(111) is
shown in (6) while the spectrum collected with a retracted tip is shown in
(7). Right: Lorentzian line fitting of the peak at 1600 cm−1 which reveals
narrower FWHM for the LB film.

The fluctuation of the molecular orientation could also be a result of ther-

mal diffusion, molecular restructuring on the surface, different adsorption

geometries, and molecular restructuring on the surface, which play a role in

ambient TERS,[130–132] but which would be experienced in both LB and spin-

coated film and can therefore be ruled out as a cause for the fluctuation of

the molecular orientation. The homogeneous orientation within the LB film

seems to be a consequence of, and thus indirect evidence for, π-π stacking

between tetrafluoroanthracenes of neighboring monomers.

The fact that the molecules in the LB film are more strongly locked in po-

sition due to intermolecular interactions and are less prone to fluctuation

was furthermore reflected in the linewidths of the peaks in the spectra.

The linewidth (FWHM) of the peak at 1600 cm−1 in the spectrum of the

monomer LB film was significantly smaller than the linewidths of the same

peak encountered in the spectra of the random sub-monolayer spectrum. In

the case of the spin-coated submonolayer the linewidths varied from 77–103

cm−1 while it was only 62 cm−1 in the case of the LB monomer film. The

larger linewidth in the sub-monolayer was attributed to enhanced mobil-

ity of the monomers. A similar effect has been observed in the literature

when comparing TER spectra collected at room temperature to TER spectra

recorded at low temperatures.[130]
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The narrower linewidths of the peaks in the TER spectra of the monomer

LB film and mapping of the peak intensity ratio showed that the monomer

LB film exhibits a much more homogeneous orientation than that of the

spin-coated sub-monolayer, which can be attributed to intermolecular π-

π stacking. These findings corroborate that face-to-face stacking between

tetrafluoroanthracene moieties takes place, which had already been indi-

cated by the presence of excimer fluorescence in the fluorescence spectrum

of the monomer LB film.

Coming back to the different packings presented in fig. 3.3b, both packing II

(MMA: 112 Å) and III (MMA: 160 Å) would account for the presence of ex-

cimer fluorescence and the evidence of π-π stacking in the Raman spectra.

Although neither could be excluded on the basis of these two findings, the

mean molecular area of 160 Å at a surface pressure of 2 mN/m was more

in line with packing III. While packing II could also enable monomers to

react to form linear polymers, the film would contain residual unreacted

anthracenes. In the following sections, whenever experimental evidence

emerges that would allow excluding one of the two packings on the ba-

sis of the presence or absence of unreacted tetrafluoroanthracenes, it will be

pointed out and discussed.

3.3 Film Thickness

Brewster Angle Microscopy (see fig. 3.19) showed that the film has uniform

thickness at the air/water interface. To determine the thickness, the films

were characterized by AFM.

3.3.1 Thickness Determination by AFM

To determine the film height and thereby whether the films form a mono-

layer at the air/water interface, several experiments were carried out. The

question of whether or not the film is a monolayer was crucial. For one, it is

one of the five conditions that have to be fulfilled for the polymer to qualify

as two-dimensional polymer. For another, the presence of excimer emission

in the case of the monomer film and the conclusions drawn with regard to

the packing relied on the monomers being confined to two dimensions. Fi-

nally, a TERS study of the polymer gave an estimation of conversion (see

section 3.6.2) which can be correlated to the structure via percolation theory,
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based on the assumption that the monomer units reside in just one layer.

The film height was therefore assessed by two methods, namely AFM height

analysis at edges and folds of the film, and AFM scratching experiments in

the film.

Figure 3.7: (a) Film heights recorded at edges of irradiated film on SiO2/Si
wafers. The values were collected on several samples and edges. (b) Exam-
ple of an image of an irradiated LB film edge and fold on SiO2/Si, with the
height curves recorded at different locations of the edge.

AFM height analysis was carried out after transferring both the monomer

film and the irradiated film onto SiO2/Si wafers that were partially covered

with a strip of mica during transfer. Removal of the mica strip after transfer

of the LB film created a film edge where the film height could be measured.

While the mica created a clear edge where the film height could be deter-

mined, it also left some residual mica specks on the wafer (bright spots in

the image of fig. 3.7b) and in some cases removal of the mica resulted in the

film being dragged across the SiO2/Si wafer. For these reasons, film heights

were also measured at cracks and holes of the film that occured occasion-

ally (see fig. 3.8b). In the case of the monomer LB film, the film height was
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Figure 3.8: (a) Images of monomer LB film edges on SiO2/Si and the corre-
sponding height measurement curves. (b) Film heights were also measured
in cracks of the monomer LB film.

determined to be hAFM = 0.9 nm (± 0.1 nm). The monomer film exhibited

more holes and cracks than the irradiated film, which may be due to the

lack of covalent bonds that weakens the coherence of the film during trans-
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fer. For the irradiated film, the same height was obtained (see fig. 3.7a).

These values were slightly larger than what would be expected for the films

(hAFM = 0.9 nm compared to hcalc = 0.7 nm). However, the values that were

measured at a fold of the irradiated film were lower than at an edge. At

the fold, shown in fig. 3.7b, a thickness of hAFM = 0.7 nm was measured,

which is closer to what the molecular model predicted (see fig. 3.2). Slightly

higher values have been obtained before for LB films measured with the

AFM at film edges.[18,62] One reason could be the presence of residual water

trapped underneath the film. This scenario is realistic, considering the car-

boxylic acid moieties of the monomers most likely form a hydrogen bonding

network when immersed in water at the air/water interface. Regardless of

whether water layers were the reason behind the additional 0.2 nm thick-

ness recorded at film edges, all recorded values were in agreement with the

thickness of a monolayer and well below the value that a double layer would

result in.

Figure 3.9: (a) AFM image of an irradiated LB film on HOPG scratched with
an AFM tip, the height curves at different places of the scratching and the
values extracted from these curves.

Similar thickness values were also obtained in film scratching experiments.

For these experiments, AFM tips at a high setpoint voltage were driven

across the film in order to scratch it. The voltage was high enough to break

the film but did not leave any trace on HOPG, the underlying substrate,
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which was tested in a separate experiment on a bare HOPG substrate. It

was therefore possible to assess the film’s thickness. This method also indi-

cated a thickness of 0.9 nm for the film, albeit with a slightly higher standard

deviation of 0.2 nm. The higher standard deviation may be due to the fact

that the scratching pushes aside the film, creating high piles on each side of

the scratch (see fig. 3.9a). These additional residues obstruct a precise mea-

surement of the film height which explains the higher standard deviation.

Nevertheless, all values for the film heights obtained by AFM-based meth-

ods were in good agreement with one another and with the molecular model

and showed that the synthesized LB films consist indeed of a monolayer.

3.4 Mechanical Coherence of the Irradiated Film

To assess the mechanical coherence of the monomer and polymerized films,

they were transferred onto TEM grids of various mesh sizes. In fig. 3.10a, a

grid of the smallest mesh size, 20 x 20 µm2, is shown that the monomer film

was transferred onto. Aside from some residual material in one corner of a

hole, marked with a red circle, the grid was completely unspanned. In the

case of the monomer film, the film was not capable of spanning any holes of

the grid, regardless of the mesh size. The monomer film simply fell through

the grid, leaving the grid uncovered.

In fig. 3.10b, two images of grids with varying mesh size are shown. Both

grids were covered with irradiated film and showed spanning of the film

over large areas. Contrary to the monomer film, the irradiated film showed

significantly enhanced mechanical coherence, routinely spanning holes the

size of 50 x 50 µm2 and in some cases even holes up to the size of 155 x

155 µm2. These findings showed that upon irradiation, a chemical transfor-

mation took place that considerably enhanced the mechanical coherence of

the film. The chemical transformation brought about by irradiation of the

monomers at the air/water interface must have produced covalent bonds to

result in such a dramatic change in mechanical coherence. Mere intermolec-

ular interactions such as π-π stacking are not sufficient to account for the

film spanning, as evidenced by the lack of grid spanning in the case of the

monomer film.

In fig. 3.10b, an SEM image shows that a hole of the size 155 x 155 µm2

was spanned by the irradiated film which, assuming an MMA of 160 Å and
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Figure 3.10: (a) 20 x 20 µm2 holes of the grid are not spanned by the
monomer film.(b) Left: the 50 x 50 µm2 holes of the grid are completely
spanned by the irradiated film and even a 155 x 155 µm2 hole is completely
spanned, reflecting considerable mechanical coherence of the film. Right:
The 100 x 100 µm2 holes are spanned over a large area.

a bond percolation threshold of 65%, corresponds to at least 1010 reactive

units that must have reacted in order to exhibit the necessary mechanical

coherence. In the image of fig. 3.10c, 9 squares, each the size of 100 x 100 µm2

are spanned continuously, the film extending towards the holes of smaller

mesh size as well. Even if one assumes cracks on the struts, the images show

that larger areas of the grid can be spanned by the irradiated film.

Assuming that packing III of fig. 3.3b is the one adapted by the monomers at

the air/water interface, the fact that spanning is observed means that at least

65% of all tetrafluoroanthracene moieties had to have reacted, according to

percolation theory.[69,70] This value is a lower threshold for the conversion

that must have taken place in order to reach this mechanical coherence. A

more precise estimate is given in section 3.6.2.

The evidence for π-π stacking that was collected suggested that the mechan-

ical coherence of the irradiated film may be due to covalent bonds formed

between tetrafluoroanthracenes of neighboring monomers. To prove the oc-

curence of the [4+4]-cycloaddition and the formation of C-C bridgehead

bonds, the monomer film and the irradiated film were studied by different

methods, including X-ray photoelectron spectroscopy (XPS), UV-vis spec-

troscopy and confocal and tip-enhanced Raman spectroscopy. The study of

the type of covalent bond formed during irradiation and responsible for the

enhanced mechanical coherence is the topic of the next section.
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3.5 Proof for [4+4]-Cycloaddition

In order to identify the chemical bond formed during irradiation, spectro-

scopic methods that are sensitive enough to detect monolayers were used.

These included UV-vis, TERS and XPS. In order to identify characteristic

bands of the monomers and the dimers in Raman spectroscopy and UV-vis

spectroscopy, reference compounds were synthesized. In this section, the

XPS results will be discussed first. Then, the synthesis of reference com-

pounds for UV-vis spectroscopy and TERS is presented, followed by the

UV-vis spectroscopy and TER studies.

3.5.1 X-ray Photoelectron Spectroscopy

XPS spectra were collected of the monomer LB film and the irradiated LB

film. For this, both were transferred onto Au/glass substrates in order to

facilitate evaluation of the carbon peak. The Au 4f7/2 peak was set to a

binding energy of 284 eV. It must be noted that all peaks, both in the fluorine

and in the carbon spectra, are ca. 0.8 eV lower than they are expected. One

possible explanation could be that the Au 4f7/2 peak itself is shifted, which

has been observed before.[133] For the discussion, the peak binding energies

that result from the Au 4f7/2 peak being at 284 eV are used.

The results of the measurement are shown in fig. 3.11. In order to deconvo-

lute the peaks, literature of previously studied fluorinated aromatic systems

was considered.[134–138] The study of this literature revealed that the C sp2,

C sp3, C-F, and Cα-CF carbons are at distinct binding energies in fluorinated

aromatic systems. This was also the case for the monomer and irradiated

films: peaks at binding energies corresponding to C sp2, C sp3, Cα-C-F, C-F

and COOH carbons could be identified and distinguished in both monomer

and polymer film.

In the monomer film, at the same binding energy as the COOH peak, was

a further feature that may arise from the interaction of the fluorinated car-

bons with the π electronic system of the neighboring tetrafluoroanthracene

unit (see fig. 3.11a). This feature disappeared upon polymerization. Further

changes in the aspect of the peaks were observed between monomer and

irradiated film. In tables 3.1 and 3.2 the quantification tables for the decon-

voluted C1s peaks can be found. In the irradiated film, the peak at 285.3

eV (peak C1s-2), which corresponds to the binding energy of C-C and C-O
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Figure 3.11: (a) C1s spectrum of the monomer film on Au/glass.(b) C1s
spectrum of the irradiated film on Au/glass. F1s spectrum of the monomer
(c) and polymerized film (d).

sp3, increased roughly 4-fold in intensity compared to what was found in

the case of the monomer film. This increase in sp3 content is to be expected

upon polymerization. Usually, a quantification of the peak at 285.3 eV would

be difficult due to the fact that it is at the same binding energy as carbon-

based impurities. However, in this particular case, it was possible due to the

very similar F/C ratios on both monomer film and irradiated film sample,

which indicate that the level of impurities was at the same level for both

samples, see tab. 3.3. The ratio of 0.13 or 0.14 is lower than what would be

expected (12 F / 45 C ≈ 0.26) which showed that some residual impurities

contribute to the carbon peak. The F1s peak did not change in appearance

between the two samples. Both the peak maximum and shape remained

the same, see fig. 3.11c, d. This is consistent with what has been observed

before in fluorinated aromatic systems, namely that the F1s peak is barely

influenced by the chemical environment of the carbon that the fluorine is

attached to.[136,137]

However, not all peak intensities changed in the expected way when com-

paring monomer and polymer film. While the peak reflecting the sp3 content
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Table 3.1: Quantification table for the C1s peak of the monomer film. The
area gives the area of the deconvoluted peaks and the normalized area has
been adjusted using the given sensitivity values. The quantity (Q) gives the
relative amounts of carbon, while normalized Q gives it in relation to the
total amount of carbon in order to compare it to the polymer film.

Peak Energy Area/cps Sensitivity Norm. Quantity Norm.

name (eV) (eV) factor Area (Q) Q (÷ Σ)

C1s-1 284.3 1106.4262 19.387 57.07052 24.43 0.739

C1s-2 285.4 23.1683 19.367 1.19628 0.51 0.015

C1s-3 286 90.65018 19.367 4.68065 2 0.060

C1s-4 287 173.43725 19.348 8.96409 3.84 0.116

C1s-5 288.7 101.91398 19.349 5.26714 2.26 0.068

Σ 33.04

Table 3.2: Quantification table for the C1s peak of the irradiated film. The
area refers to the area of the deconvoluted peaks and the normalized area
has been adjusted using the given sensitivity values. The quantity (Q) gives
the relative amounts of carbon, while normalized Q gives it in relation to
the total amount of carbon in order to compare it to the monomer film.

Peak Energy Area/cps Sensitivity Norm. Quantity Norm.

name (eV) (eV) factor Area (Q) Q (÷ Σ)

C1s-1 284.2 1307.0456 19.366 67.49177 27.68 0.688

C1s-2 285.3 131.73791 19.377 6.79867 2.79 0.069

C1s-3 286 134.95794 19.367 6.96845 2.86 0.071

C1s-4 287.2 281.24742 19.348 14.53625 5.96 0.148

C1s-5 288.4 44.14571 19.359 2.28037 0.94 0.023

Σ 40.23

increased fourfold, as would be expected upon polymerization, the peak at

284.3 eV (peak C1s-1) which corresponds to the sp2 hybridized carbons only

decreased by a tenth, instead of the expected third. The C1s-3 peak which

corresponds to the carbons α to the fluorinated carbons should not change at

all between monomer and polymer film, however, one can observe a slight

increase. Similarly, the C1s-4 peak which corresponds to the fluorinated car-

bons should remain the same in the two systems, while the quantification

table revealed a slight increase in the case of the irradiated film. The C1s-5
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peak is particularly difficult to comment on as it not only corresponds to the

C=O component but also has a feature that arises due to π-π interactions.

The reason for these deviations could be due to the fitting or due to the

fact that the measurements were not recorded at a synchrotron facility and

therefore lack the precision required for these small quantities. One can

also not rule out the presence of residual unreacted monomers which would

make interpretation of the peak quantities even more difficult. Whatever the

reason, it was these discrepancies that prompted us to not exclusively rely

on the XPS data for a quantification of the polymerization extent and to look

for additional methods to prove the polymerization via [4+4]-cycloaddition.

Table 3.3: Quantification table for the F1s peak of polymer (P) and monomer
(M) film. The total amount of carbon of monomer and polymer film from
tab. 3.1 and 3.2 were used to compare the amount of fluorine found.

Peak Energy Area/cps Sensitivity Norm. Quantity F/C

name (eV) (eV) factor Area (Q) ratio

F1s (P) 687.6 1061.9298 80.443 13.20102 5.41 0.13

F1s (M) 687.5 916.35021 80.443 11.3913 4.88 0.14

In summary, the XPS data showed that all features that are expected to be

present, such as fluorinated carbons, carbons α to fluorinated carbons, car-

boxylic acid carbons and sp2 and sp3 carbons could be found and that they

were at distinct binding energies. The increase of the sp3 content in case of

the irradiated film was consistent with the calculated change in the sp3 ratio

for the proposed [4+4]-cycloaddition between neighboring monomer units

that may have brought about the enhanced mechanical coherence observed

on holey grids. Finally, a feature is attributed to the interaction of the C-F

carbons with the π system of a neighboring monomer disappeared upon

irradiation which is consistent with the proposed reaction as it would lead

to a break of the conjugation in the π system of the tetrafluoroanthracenes.

However, the quantification of the other peaks deviated too much from the

expected values to rely on this method for quantification. Therefore, while

these results supported our hypothesis, it was necessary to conduct further

experiments to corroborate the polymerization mechanism by independent

methods and to estimate a value for the conversion taking place.
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3.5.2 Synthesis of Reference Compounds

In order to identify characteristic bands of anthracenes, tetrafluoroanthra-

cenes, and their respective dimers in UV-vis and Raman spectroscopy, refer-

ence compounds were synthesized.

Figure 3.12: Reference compounds used in the UV-vis absorption and the
confocal Raman studies. The synthesis of compounds 4, 5, and 7 is shown
in fig. 3.13.

The reference compounds are shown in fig. 3.12. Their syntheses are de-

picted in fig. 3.13.

Reference compound 4 was obtained via a three-step synthesis, using a

slightly modified literature procedure.[139,140] The synthesis started out by

reduction of N-methylphthalimide to give isoindole 8. The reaction time of

the reduction had to be increased to 2.5 h as the reaction time stated in the

literature (1 h) led to a mixture of the isoindole and the partially reduced ph-

thalimide. Increasing the reaction time allowed to obtain 8 spectroscopically

pure, as judged by 1H NMR, and, since 8 is sensitive to light and oxygen, it

was used directly in the next step without further purification.

Using n-butyllithium, tetrafluoroaryne was generated from pentafluorochlo-

robenzene. This species was reacted with the isoindole 8 to give the epimi-

noanthracene 9. This step was particularly low-yielding, as the conversion

only reached 50% and due to the fact that a large amount of side products

were formed, as judged by TLC of the reaction mixture. Arynes are unsta-

ble and prone to react quickly, thereby forming a variety of sideproducts.

Despite these side products, compound 9 was used directly in the next re-

action without further purification due to its low stability. Subjecting 9 to

Cope elimination led to the loss of the N-methyl group and re-aromatization

to give reference compound 4. Compound 4 was subjected to column chro-

matography and was obtained spectroscopically pure, as judged by 1H NMR

and 13C NMR. The overall synthesis was low-yielding (5%), mainly due to
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Figure 3.13: Synthesis of reference compounds 4, 5, and 7 for UV-vis spec-
troscopy and Raman spectroscopy studies.

the second step which has a low conversion and was prone to side reactions.

In order to obtain the dimer 5, 4 was subjected to a photoreaction at a wave-

length of λ = 350 nm, which led to a single isomer. In order to obtain its

crystal structure, dimer 5 was recrystallized from toluene at 60 ◦C, which led

to reversion of the [4+4]-cycloaddition. Subjecting the dissolved crystals of 4

to a further photoreaction led to a 2:1 isomer mixture which corresponded to

compounds 5a and 5b. Of these isomers, one was the head-to-tail dimer and

the other was the head-to-head dimer. Despite extensive study by NMR ex-

periments, including HSQC, HMBC, 19F-13C correlation spectra and HOESY,

it was not possible to unambiguously assign the isomers. The in-depth dis-

cussion of the NMR spectra is presented in section 10.2.

Reference compound 7 was obtained from compound 6 by photoreaction
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at 350 nm in high yield. During the reaction, compound 7 precipitated

due to decreased solubility, which minimized work-up to a mere washing

procedure to remove unreacted 6.

With these compounds at hand, the UV-vis and confocal Raman spectra of

compounds 4, 5, 6, 7, and monomer 1 were recorded. In the next section,

the results of the UV-vis study will be presented, followed by the results of

the TERS study.

3.5.3 UV-Vis Spectroscopy

Figure 3.14: (a) Solution UV-vis spectrum of compound 4. (b) Solution UV-
vis spectrum of compound 5, the dimer of 4. (c) Solution UV-vis spectrum
of 6. (d) Solution UV-vis spectrum of compound 7. 4 and 6 were recorded
in acetonitrile, 5 and 7 in cyclopentane.

The UV-vis spectra of the reference compounds in solution are shown in

fig. 3.14. In the case of compound 4 and 6, the typical UV-vis signature of

anthracenes could be observed: a strong signal at 250 nm and the typical

vibrational fine structure between 300–400 nm. Both the main peak and

the fine structure completely disappeared in the case of the corresponding
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dimers, 5 and 7. Instead, an intense band at shorter wavelengths, namely

200–220 nm, appeared which is consistent with a reduction of the conjuga-

tion in the π system of the anthracenes.

These spectra were subsequently compared to the UV-vis spectra of the

monomer LB film and the irradiated LB film. It was expected that the

tetrafluoroanthracene moieties would be the main contributors to the UV-

vis spectrum of the monomer. This expectation was confirmed by a com-

parison of the UV-vis spectrum of compound 4, the UV-vis spectrum of the

monomer 1 in solution and the UV-vis spectrum of the monomer LB film

on quartz (see fig. 3.15a). A distinct bathochromic shift of the main peak

of ∆λ = 28 nm was observed between the spectrum of 4 to the spectrum of

the monomer 1 in solution, yet the overall appearance in terms of features

of the spectrum remained unchanged. The exact cause for the bathochromic

shift is not quite clear. Usually, a bathochromic shift can be observed upon

an extension of the conjugation system. While there are three tetrafluoroan-

thracene moieties in the monomer, the system is not fully conjugated. One

would therefore not necessarily expect a bathochromic shift. However, it is

well known for aromatic compounds that substitution of the ring leads to

a bathochromic displacement of the curve with little change in the overall

shape of the absorption curve, with the exception of some loss in resolution

of the vibrational fine structure.[111] This phenomenon would account for

the observed changes between the spectrum of compound 4 in solution and

the spectrum of the monomer 1 in solution. One other explanation could be

homoconjugation between the tetrafluoroanthracenes.[141] The further slight

bathochromic shift of ∆λ = 9 nm between the monomer in solution and the

monomer LB film on quartz could be due to increased dipole-dipole and

quadrupole interactions,[142,143] that arise due to π-π stacking but it could

also be due to the change from solution to the solid environment.

As was the case for compounds 5 and 7, the UV-vis spectrum of the ir-

radiated LB film showed none of the features characteristic in the UV-vis

spectra of anthracenes. The main peak at 250 nm had unequivocally dis-

appeared, but the signal-to-noise ratio did not allow for a statement on the

vibrational fine structure around 350 nm. A new distinct peak at 200–220

nm was observed instead, consistent with what was observed for the an-

thracene dimers (see fig. 3.15b). The increase in scattering observed in the

irradiated LB film was consistent with an increase in grain size as one would
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expect upon polymerization and thereby contraction of the film.

Figure 3.15: (a) Solution UV-vis spectrum of compound 4 (green) and
monomer 1 (red). The UV-vis spectrum of the monomer LB film on quartz
is shown in black. (b) UV-vis spectrum of the irradiated LB film on quartz
(blue) compared to the solution UV-vis spectrum of dimer 5 (black).

Similar to the XPS results, the findings of the UV-vis study were consistent

with the hypothesis that the proposed mechanism was at the basis of the

enhanced mechanical coherence. The UV-vis spectra of 5 and the irradiated

LB film were very similar. The UV-vis spectra of 4 and the monomer also

show great similarity, confirming that the main contribution to the spec-

trum arises from the tetrafluoroanthracene moieties. The broadening and

slight bathochromic shift observed in the spectrum of the monomer film

relative to the spectrum of the monomer in solution could be due to π-π

stacking, but could also arise due to the shift from solution to a solid envi-

ronment. The disappearance of the main band at 250 nm indicates that all

the tetrafluoroanthracene moieties were consumed during irradiation. As-

suming that the disappearance of the tetrafluoroanthracene moieties means

that they were transformed into their corresponding dimers, the conversion

would be considerably higher than the minimum value of 65% given by

percolation theory. Unfortunately, the wavelength range where the dimer

and the irradiated LB film absorb is a region where a great number of small

molecules absorb (i.e aromatic compounds, conjugated double bonds) and

is by no means singularly characteristic for anthracene dimers. An estimate

of the extent of polymerization is given in the section on conversion (see

section 3.6.2) and is subject to some uncertainty due to the increased noise

in the case of the irradiated LB film. In order to unambiguously identify

the newly formed species, the system was analyzed by a further, orthog-
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onal analytical method, namely confocal Raman and tip-enhanced Raman

spectroscopy.

3.5.4 Confocal and Tip-Enhanced Raman Spectroscopy

Confocal Raman spectra of the reference compounds and monomer 1 were

recorded. Furthermore, the spectra were simulated using DFT at the B3LYP/

6-31G(d) level for the reference compounds and monomer 1 that had re-

acted with three tetrafluoroanthracenes. This was done in order to identify

characteristic differences between unreacted anthracenes and their dimers.

The simulated and measured spectra are shown in fig. 3.16. A comparison

showed that the simulation and measured powder spectra agreed well.

Figure 3.16: (a) Chemical structures of the reference compounds. (b) Confo-
cal Raman spectra of monomer 1 and reference compounds 4, 5, 6, and 7. (c)
The corresponding calculated spectra and an additional calculated spectrum
for monomer 1 that has reacted with three tetrafluoroanthracene moieties.
The boxes in light blue and grey show the characteristic regions.

For compound 4, 6, and monomer 1, the bands at 1419, 1402, and 1444 cm−1

were identified as anthracene ring breathing mode vibrations. For monomer

1, a further contribution to this band could be due to the bridge bicyclic core

(triptycene). These bands were absent in the spectra of compounds 5, 7,
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and the simulated dimer 1’. Instead, new bands at 950–970 cm−1 appeared

that were absent in the case of unreacted anthracenes. These bands were

identified as corresponding to the bridge head C-C stretching vibrations.

Thus, both types of compounds exhibited distinct characteristic vibrations

that allowed unambiguous identification of anthracene and its dimer species

and thereby provided the opportunity to differentiate between monomer

and polymer LB film.

Confocal Raman spectroscopy is not sensitive enough to record the spec-

trum of a monolayer. TERS, on the other hand, is 106–109 times more sensi-

tive. The LB films were therefore studied with TERS. After transferring both

monomer LB film and irradiated LB film onto Au(111) substrates, their TER

spectra were collected. In the case of the monomer film, one would expect

to see the band at 1444 cm−1, whereas a band around 960 cm−1 would show

that a [4+4]-cycloaddition between monomer units had indeed taken place

at the air/water interface. The averaged spectra of the LB films are shown

in fig. 3.17a. The monomer LB film showed a strong band at 1445 cm−1, as

predicted by the calculations and shown in the confocal Raman spectrum of

the monomer. In the irradiated LB film, this band was reduced significantly

and was barely discernible in the spectrum. On the other hand, a peak at

972 cm−1 appeared in the spectrum of the irradiated LB film which had

been absent in the monomer LB film. Thus, while the absence of the peak

at 1445 cm−1 once more confirmed that the tetrafluoroanthracene moieties

were consumed during irradiation, the emergence of the peak at 972 cm−1

– characteristic for the dimers – showed that the anthracenes reacted to give

the corresponding dimer. This peak showed that the chemical bond formed

during irradiation and which had conveyed an enhanced mechanical coher-

ence to the irradiated film was indeed the result of a [4+4]-cycloaddition

between tetrafluoroanthracenes.

The reaction between anthracenes (or anthracene derivatives) is reversible.

In fig. 3.17, a TER spectrum of the monomer monolayer was compared to

a polymer monolayer and to spectra obtained after exposing an irradiated

film to depolymerization conditions. Exposing the irradiated film to depoly-

merization conditions, namely, to irradiation at a wavelength of λ = 220 nm

for 1 s (corresponds to 16.63 mW/cm2), led to a disappearance of the peak

at 972 cm−1 and a re-appearance of the peak at 1445 cm−1. This showed that

the polymerization can be reversed to give the monomer film once more and
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Figure 3.17: From bottom to top: TER spectrum of monomer LB film (pink),
TER spectrum of an irradiated LB film (in green). Subjecting an irradiated
LB film to depolymerization conditions and remeasuring the TER spectrum
gave a spectrum that greatly ressembled the monomer LB film spectrum
(light and dark blue spectra).

constitutes further proof for the type of bond formed during irradiation.

TERS also allowed excluding the possibility of oxidation during irradiation

at the trough, the most plausible side reaction that could occur during poly-

merization. By simulating the TER spectra of various oxidation products,

it was shown that the anthraquinone, the most plausible oxidation product,

would exhibit a strong band at 1714 cm−1 (see fig. 3.18a). This band was

not observed in the spectrum of the irradiated LB film. On the other hand,

during imaging, a new band appeared at 1758 cm−1. The band at 1758 cm−1

emerged during the TERS imaging process (after ≈3 hours) and is thought

to be an oxidation product that formed due to the imaging conditions. TERS

requires laser irradiation, which can lead to heating of the investigated sam-

ple. Additionally, the junction between the sample and the tip is subject to

strong electromagnetic fields which cause plasma states. Upon prolonged

imaging, these conditions can affect the sample. To test this hypothesis,

the intensity of the band at 1758 cm1 was monitored in a laterally resolved
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Figure 3.18: (a) Simulated spectra of potential oxidation products. (b) Left:
Mapping the band at 1758 cm1 showed the emergence towards the end of
the measurement and right: the extracted spectra showed that only a new
band at 1758 cm1 emerged.

TERS map. The map which was collected over an area of 100 x 100 nm2

with a resolution of 5 nm/pixel showed the signal-to-noise ratio of the peak

at 1758 cm−1 (see fig. 3.18b). Only a ratio above three (red pixels) signals

the presence of this band. Thus only in the topmost part of the map, which

corresponds to the end of the imaging process, could the signal at 1758 cm−1

be detected. Furthermore, after subjecting the sample to depolymerization

conditions, the sample was imaged once more with a shorter imaging time
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of one hour and no band at 1758 cm−1 was observed. These experiments

showed that no oxidation occured during irradiation at the LB trough, but

that prolonged imaging during TERS acquisition can lead to oxidation of

the sample.

The emergence of the oxidation product does not mean that the entire film

breaks down: to show this spectra were extracted from the region where

the band at 1758 cm−1 can be encountered (red pixels) and compared to a

spectrum recorded at the beginning of the measurement (blue pixels). A

comparison of these spectra is shown in fig. 3.18b. Apart from the newly

formed band at 1758 cm−1, no other new features appeared and the spec-

tra seemed identical. This indicates that the oxidation does not lead to a

complete breakdown of the film. The exact nature of this oxidation product

was not established but it is thought to bear a carboxylic acid as a functional

group, an oxidative degradation product of anthracene upon prolonged UV

irradiation treatment that has been reported in the literature.[144] Several po-

tential oxidation products were simulated to account for these changes and

are shown in fig. 3.18a. Nevertheless, it was not possible to unequivocally

assign this band to a specific oxidation product.

In summary, TERS proved what XPS and UV-vis studies had already indi-

cated: the irradiation at the air/water interface on a LB trough resulted in

a [4+4]-cycloaddition of neighboring tetrafluoroanthracene units to give a

covalently bonded sheet. Furthermore, this powerful method was able to

rule out oxidation to the anthraquinone as a side reaction during irradiation

at the air/water interface. Finally, the polymerized film was successfully

depolymerized by subjecting it to irradiation at short wavelength (λ = 220

nm). The TER spectrum of the depolymerized film greatly resembled the

TER spectrum of the monomer film. All these findings combined are proof

that a [4+4]-cycloaddition between tetrafluoroanthracenes takes place at the

air/water interface upon irradiation and, by extension, that a covalent two-

dimensional sheet can be obtained. Henceforth, the irradiated LB film will

be referred to as polymerized LB film or polymerized LB layer.

While the covalent bond between monomer units has been successfully iden-

tified as the product of a [4+4]-cycloaddition, the question remains of how

the monomers are packed. Evidence has been given for the type of pack-

ing adapted by the monomers at the air/water interface which indicated
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that packing III was most likely, yet it was not clear whether the packing is

homogeneous, resulting in a crystalline array, and to what extent domains

are formed. It was also of interest to investigate whether several different

packings prevailed and whether defects within the film such as holes could

be identified. These questions will be addressed in the following section.

3.6 Evidence for Structure

3.6.1 Brewster Angle Microscopy

Figure 3.19: Monomer film observed by Brewster angle microscopy. A
change of polarization from +2◦ (left image) to -2◦ (right image) showed
a homogeneous contrast change which indicates the anisotropy of the film.

To learn something about the crystallinity of the monomer film on the water

surface, the monomer film was studied with a Brewster angle microscope of

high resolution (Nanofilm ep3 system, Accurion) that allowed to change the

polarizer angle. By observing the monolayer at angles other than 0◦ and by

changing the polarizer angle from a positive to a negative value of the same

magnitude (or vice versa), conclusions can be drawn with regard to the tilt

angle of the molecules and the crystallinity of the domains.

In fig. 3.19, fragments of a monolayer are observed at polarizer angles of
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opposite sign. Looking at the contrast change of the film pieces upon ro-

tation of the polarizer from +2 (left image) to -2◦ (right image), it could be

observed that the contrast of the domains changed homogeneously. The

images revealed several features of the monolayer film. For one, the thick-

ness of the film was the same in all these areas, as indicated by the homo-

geneity of the grey tone, as well as the uniform contrast change induced

by a change of the polarizer angle, which showed that the contrast of the

film domains is reversed homogeneously upon polarization change. The

sharpness and jagged edges of the domains indicated that the monomer

film was in a cohesive, solid-like phase, rather than a liquid-expanded or

liquid-crystalline phase. Moreover, the same contrast over a larger area in-

dicated that the orientation of the anisotropy of the refractive index was

constant over this area. This meant that the orientation of the molecules at

the air/water interface was also the same within these domains. These ob-

servations have previously been used as an indication for monocrystallinity

of a monolayer.[145–148] It must be noted that due to the resolution of the mi-

croscope, one cannot exclude the possibility that the domains are composed

of much smaller domains where the molecules have the same orientation,

but in different crystalline packings (such as a mixture of packing II and III).

This could be an option in the case that the domains’ size is smaller than the

lateral resolution of the Brewster angle microscope (ca. 1 µm). Within the

method’s resolution, the domains were monocrystalline, with the exception

of bright spots that were trapped between the film edges. These spots are

most commonly observed when specks of dust are present at the air/water

interface. As the trough cannot be completely shielded from its surround-

ings, deposition of dust during the experiment cannot be prevented. The

homogeneous contrast change upon switching the polarizer angle from a

positive to a negative value was a first indicator that crystalline domains are

already formed at the air/water interface, most likely due to the π-π stack-

ing and a favorable quadrupole interaction between tetrafluoroanthracenes

of neighboring monomer units.

The homogeneity of the domains was also reflected when imaging the flu-

orescence of the monomer monolayer on solid substrates, such as glass or

quartz. In contrast to other monomer systems studied in chapter 5, the fluo-

rescence of the monomer films observed under the fluorescence microscope

was completely homogeneous.

57



3. Structure Elucidation of Films Based on Tetrafluoroanthracene-Based

Monomer 1

Figure 3.20: A lambda 5 x 5 tile scan, measured with the CLSM and a laser
line of 405 nm, reveals the fluorescence of the monomer film on a 4.25x4.25
mm2 area. The fluorescence is very homogeneous, as can be seen by extract-
ing the spectra in different areas of the film. The colored crosshairs indicate
where the spectra were collected.

The image shown in fig. 3.20 was recorded with a confocal laser scanning

microscope using a lambda scan. This scan records the fluorescence spec-

trum for every pixel and the resulting color of the imaged film reflects the

fluorescence. A change of orientation or packing between domains would be

reflected by a difference in fluorescence. The fluorescence of the monomer

film, however, was homogeneous as can be seen by measuring the fluores-

cence in different areas indicated by the crosshairs. It must be stressed that

the homogeneous fluorescence of the film does not mean that the film is

crystalline throughout the entire shown area. It could also be attributed to

a film that consisted of numerous domains of the same packing, slightly

offset to one another. This would not be resolved with the resolution of a

confocal laser scanning microscope. Indeed, as the monomer islands exhibit

a very rigid behavior when viewed with the Brewster angle microscope, this

explanation seems more plausible.

Therefore, the way that the film’s contrast changed upon rotation of the

polarizer of the Brewster angle microscope was a first indication for the

order and crystallinity of the monomer film at the air/water interface.

Upon polymerization, the film’s flexibility increases. The increase of flex-

ibility can lead the film to behave like a flexible fishernet during transfer

from the LB trough: its pores can expand and be pushed together as it is de-
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posited on the substrate and occasionally covers terraces and imperfections

of the substrate. This means that determining the way that the monomers

are physically connected and arranged on the substrate can be difficult, as

the crystallinity that was encountered at the air/water interface can be lost.

Nevertheless, it does not mean that the formed network is not a polymer: it

is sufficient that this film is crystalline in a certain conformation. With these

things in mind, encountering crystallinity is a safe indicator for order in the

film; however, lack of crystallinity does not mean that the polymer cannot

form a tesselated, ordered structure which could, for example, be observed

upon biaxial stretching of the film.[62]

3.6.2 Estimation of the Conversion

The conversion or extent of polymerization can, in principle, provide infor-

mation about the crystallinity of the system. In a two-dimensional system

with a conversion of 100% the obtained film must be crystalline, according

to percolation theory.[69,70] As both monomer and polymerized film gave

distinct, characteristic Raman signals, a quantification of the conversion was

attempted.

Figure 3.21: Normalized TER spectra of polymerized and monomer LB film
of an 100 nm x 100 nm area (a) and an area of 1 µm x 1 µm (b).

In order to estimate a value for the conversion, the results of the TERS study

were used.

The TER spectra of monomer LB film and polymerized LB film were sub-

jected to a background correction. Furthermore, to account for the intensity
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variation between the samples, two peaks at 670 and 781 cm−1 were used

to normalize the spectra. These peaks were chosen since they were present

in both monomer and polymerized film. They arise from a vibration of the

triptycene core and are unaffected during polymerization. After having nor-

malized the spectra shown in fig. 3.21a, the ratio of the peak intensities at

1445 cm−1 was calculated. According to whether 670 or 781 cm−1 was used

for normalization, this method resulted in calculated conversions of 89% or

94%, respectively.

For the peak at 670 cm−1:

Conversion A = 1 −
380/462

1500/205
= 89% (3.1)

For the peak at 781 cm−1:

Conversion B = 1 −
380/546

1500/135
= 94% (3.2)

This same calculation was carried out for a spectrum obtained from a larger

mapping area, namely 1x1 µm2, shown in fig. 3.21b, and led to very similar

results (see below).

For the peak at 670 cm−1:

Conversion A-II = 1 −
76/126

400/68
= 90% (3.3)

For the peak at 781 cm−1:

Conversion B-II = 1 −
76/172

400/36
= 96% (3.4)

The conversion for the two-dimensional polymerization obtained by TERS

therefore fluctuates between 89–96%. As mentioned previously, the trip-

tycene core may contribute to the vibration at 1445 cm−1. This would mean

that even in a perfectly polymerized film, some residual intensity at 1445

cm−1 could be encountered and that the values for the conversion may be

even higher.

The relative standard deviation for this calculation was estimated to be
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around 20% by averaging all 400 spectra for monomer and polymer. The

fluctuation of the calculated conversions might also be estimated at 20%.

This estimate results in a lower threshold for the conversion (69%) that is

still higher than the lower threshold of conversion that was determined due

to the mechanical coherence of the irradiated films (65%).

Figure 3.22: (a) Spectrum of the monomer film on quartz (black), subjected
to background correction, and simulated curves for different conversions.
(b) Spectrum of the polymer film on quartz with the same background cor-
rection as the monomer spectrum (orange) and spectrum of the polymer
film on quartz with a background correction that accounts for scattering
(purple).

The conversion was furthermore determined by UV-vis spectroscopy. In or-

der to do so, the spectrum of the monomer film on quartz was subjected to a

background correction. Furthermore, the minimum value of the absorbance

was subtracted from the spectrum. Using the corrected spectrum, the ab-

sorbance at different conversions was simulated. Peak fitting revealed that

the most intense peak has its peak maximum at 286 nm and has a value of

0.080. The spectrum of the polymer film was then corrected in the same way

as the monomer spectrum, using the background correction of the spectrum

of the monomer film. The absorbance value found at 286 nm was then used

to calculate the conversion, which resulted in a conversion of 88%. This pro-

cedure gives a conservative estimate, as the polymer spectrum experiences

more scattering than the monomer film. If the scattering is accounted for

by subtracting a scattering background, the absorbance value at 286 nm re-

sults in a conversion of 93%. In both cases, the error of the absorbance at

0.01 amounts to ±2% which gives an error range of ±0.3 in the calculated

conversion.[149]

61



3. Structure Elucidation of Films Based on Tetrafluoroanthracene-Based

Monomer 1

A high conversion suggests that the polymerized LB film must at least have

partial order. Furthermore, the high conversion also gave evidence for the

packing assumed by the monomers at the air/water interface. As mentioned

before, the presence of excimer fluorescence in the monomer film as evi-

denced by fluorescence spectroscopy did not permit the exclusion of one of

the two packings II or III. The high conversion, on the other hand, was only

compatible with packing III, as packing II could at best give a conversion

of 66%, barely above the percolation threshold. Thus, the estimated conver-

sion allowed drawing conclusions about the packing and, by extension, the

structure of the film.

3.6.3 Determining Defects

Whether in a single crystal or in a Langmuir-Blodgett film, the systems are

characterized by the formation of domains within the layer(s). These do-

mains could differ in terms of the packing adopted but could also have

the same packing and simply be offset from one another such that further

growth is prevented. In these cases, it should be possible to find defects

within the polymer. During acquisition, the TER spectra are measured in

areas of 5 nm x 5 nm over an area of 100 nm x 100 nm. This area of 25 nm2

corresponded to ≈10 repeat units. Monitoring the peak intensity ratio of the

signals at 972 cm−1 and 670 cm−1 allowed detecting areas where no polymer

had been formed (intensity of peak at 972 cm−1 = 0), thereby determining

defects.

The dark blue areas that are marked with a star in fig. 3.23a show areas

where no peak intensity at 972 cm−1 could be measured. They represent

areas of the film where no polymer was encountered, showing the defects

of the film. These dark blue pixels represented around 2–3% of all pixels.

These defects could occur at cracks in the film, domain boundaries where no

polymerization had taken place or disordered domains. The corresponding

spectra resembled the spectrum of monomers.

Red or orange pixels indicated an increased signal intensity during measure-

ments which could be due to random noise in the junction between tip and

sample on the substrate, a phenomenon that sometimes occurs in TERS, or

due to contamination during the measurement.[150,151] These yellow/orange

pixels were rare and accounted for only ≈1% of all counts. The spectra for
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Figure 3.23: (a) Polymer TERS map measured over 100 nm x 100 nm area
with a resolution of 5x5 nm2/pixel based on intensity ratio of the signals at
972 and 670 cm−1. (b) This ratio varies between 0 and 1.2, however, ≈90%
of all counts are within the range 0.3–0.6, giving a mean value of 0.455 for
the ratio with a relative standard deviation 22%. (c) Waterfall plot of the
400 spectra measured with this map. Each pixel of the map represents one
spectrum. (d) Spectra of dark blue and yellow/orange pixels.

these pixels are shown in fig. 3.23d.

The rest of the peak ratios appear more homogeneous and were distributed

in the range of 0.3–0.6 (see fig. 3.23b and fig. 3.23c). The slight fluctuations of

the ratio indicated that the molecular units in the polymer still encountered

thermal diffusion which led them to change their orientation with regard to

the substrate. A change in orientation affects the intensity of the band at 670

cm−1, as can be seen in fig. 3.24. While this change in orientation cannot

be large since movement of the monomer units is restricted by the covalent

bonds that connect them to their neighboring units, some small changes in

orientation nevertheless appear to be possible and can be induced by the

imaging conditions. Therefore, the variation within the range of 0.3–0.6 is

due to thermal fluctuations rather than further defects or domain bound-
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Figure 3.24: Simulation of the change of signal intensities according to ori-
entation of the monomer units to the substrate.

aries and within the range of 0.3–0.6 the polymer film can be considered

homogeneous.

The findings outlined here, namely the high conversion and rarity of de-

fects, gave a first indication of the crystallinity, and thereby the order, of the

polymerized LB film. It was further investigated by other methods such as

HR-AFM (high-resolution atomic force microscopy), STM (scanning tunnel-

ing microscopy) and SAED (selected area electron diffraction spectroscopy).

3.6.4 Imaging techniques

Three potential packings for the monomer film at the air/water interface

were proposed in fig. 3.3. Irradiation of the film would lead to [4+4]-

cycloadditions between neighboring tetrafluoroanthracenes in the case of

packing II and packing III. The resulting polymer structures differ from the

monomer structures. In fig. 3.25 a comparison of monomer and polymer

structures is attempted.

For packing III, the polymer structure can be approximated using the crys-

tal structure of a structurally similar polymer obtained in the single-crystal

approach.[45] Upon polymerization, the pore size is reduced by ca. 3–4 Å.
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Figure 3.25: Change of the monomer packings (a) upon irradiation with UV-
vis light (b). In packing I, the monomers cannot react, while in packing II
they would form linear polymers. Only packing III would lead to a two-
dimensional polymer.

Furthermore, the pore changes from an hexagonal shape in the monomer

packing to a more elongated, rectangular shape in the case of the polymer

packing.

In the case of packing II, a [4+4]-cycloaddition would result in the forma-

tion of ribbons of one-dimensional polymers. The distance between these

ribbons would increase compared to the packing II, as the tetrafluoroan-

thracene dimers would repel the non-reacted monomer (marked by a blue

circle, see fig. 3.25). The extent of the repulsion is unknown and difficult

to quantify without the crystal structure. The distance between face-to-face

stacked tetrafluoroanthracenes in the monomer packing is 3.5 Å and as

[4+4]-cycloaddition occurs, the distance between the tetrafluoroanthracene
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bridgeheads decreases to 1.5 Å while the distance between the extremities

of the tetrafluoroanthracenes increases to 5 Å. The increase of 1.5 Å (from

3.5 Å to 5 Å) would cause the non-reacted monomer to be displaced by at

least this distance – whether it is even more is difficult to predict without

theoretical calculations.

High-Resolution Atomic Force Microscopy

For high-resolution AFM, the polymer LB film was transferred onto HOPG

and imaged using ScanAsyst high resolution AFM tips in peak force mode.

The AFM images showed that the film covered the HOPG wafers over large

areas, without tearing on the HOPG steps (see fig. 3.26a), which revealed

that it is flexible. Closer up, some very small tears were revealed (see

fig. 3.26b). These tears may be correlated to the fine structures observed

within the film islands by Brewster Angle microscope (see fig. 3.19) which

means that they already exist at the air/water interface.

When zooming in further, the imaging speed has to be increased and the

peak force setpoint decreased to avoid damaging the film during imaging.

The imaged structure therefore becomes grainier and while the film is un-

doubtedly flat, it has a rougher appearance as one zooms in (see fig. 3.26c).

On this scale, the film has a porous appearance, but the pores are difficult

to discern and do not appear regular.

Occasionally, larger holes were observed in the film (see fig. 3.26d). Mea-

suring the height of the film at these holes confirmed that these holes were

part of the film itself, as height values of 0.8–0.9 nm were measured (see

fig. 3.26e). Furthermore, it once more confirmed the film height determined

by AFM imaging at edges and AFM scratching. The holes were presumably

formed at the air/water interface and not during transfer, as tears during

transfer usually manifest themselves as long strips that are oriented in a

certain fashion, most often horizontally to the dipping direction.

Therefore, while AFM images of higher quality and resolution were ob-

tained, molecular resolution could not be achieved. It was unclear whether

this was due to the used imaging settings or because the crystallinity of the

film observed at the air/water by BAM was lost upon polymerization and

transfer, as illustrated in fig. 1.8. Therefore, high-resolution AFM did not
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Figure 3.26: AFM images of the polymer film at different scales. The film
evenly covers the HOPG substrate over large areas (a). Zooming in further
reveals some small cracks (b) and eventually the film exhibits some rough-
ness (c). Occasionally, holes or tears in the film can be observed (d). The
step heights measured at the holes were 0.8–0.9 nm. The arrows of profile 2
indicate where the step height was measured and show the HOPG step of
ca. 4 nm, which did not lead to tearing of the film.

elucidate the structure of the film. On the other hand, scanning tunneling

microscopy provided insight into the structure of the polymerized films.

Scanning Tunneling Microscopy

For STM, polymerized LB films were transferred onto HOPG substrates.

The films were imaged in vacuo at room temperature from below, while

suspended, which caused some issues with the signal stability. The wafers

had to be mechanically fastened to prevent this. Despite these difficulties, it

was possible to obtain images of the film (see fig. 3.27a).

The image shows one domain of the film that is similar to a distorted fisher-

man’s net: it has pores of different sizes that have an ellipsoid/rectangular

shape (see fig. 3.27b). Ellipsoid pores would also be expected in the case of

the polymer model (see fig. 3.25b). The variation in size shows that the film

is flexible and is distorted when exposed to strain, as encountered during

transfer from the air/water interface. Accounting for strain allowed fitting a

distorted polymer to the obtained image (for details on the image processing

script, see section 9.4).
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Figure 3.27: (a) STM image (-1.13 V, -1.3 nA) of a structure reminiscent
of a fisherman’s net. The close-up image (b) showed the area where this
structure is most apparent. The proposed model for this region is the two-
dimensional polymer, however, the distortion of the film is quite severe
which required introducing flexibility into the polymer model in order to
create an overlap between the model and the image (c).

The image was direct evidence that the postulated packing III was adopted

at least to some extent at the air/water interface. Furthermore, it showed

that the [4+4]-cycloaddition proven by TERS led to formation of a two-

dimensional polymer. The reason why other methods that relied on crys-

tallinity and long-range order did not reveal the film’s structure becomes

obvious when looking at the image in fig. 3.27b: all crystallinity is lost as

the flexible film distorts.

Furthermore, during polymerization, the pores in the film shrink consid-

erably which makes them harder to discern. In combination with strain,

the pores are even less visible. Only imaging methods of the highest reso-

lution would be capable of resolving these structures. Knowing about the

distortion of the film, one can go over the HR-AFM images in fig. 3.26b and

fig. 3.26c once more. The porous appearance of the film could be due to

the pores formed, but the AFM tip does not seem to be sensitive enough

to detect these pores. The irregularity of the pores as a direct result of the

distortion of the film exacerbates this issue.

A different area of the film shows that a further structure is present. The

structure consists of several ribbons that are evenly spaced by 2 nm (see
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fig. 3.28a,b,c). At first glance, this could be attributed to packing II after

[4+4]-cycloaddition of monomers in one dimension had occured, forming

one-dimensional polymers (see fig. 3.25). However, upon closer inspection,

it becomes clear that this model does not fit the obtained image well. The

distance between the ”ribbons” of monomers is 1.3 nm in the monomer

model. It is expected to increase upon cycloaddition, as the kink of the

reacted tetrafluoroanthracene dimers repulse the unreacted monomers in

the neighboring row. Unfortunately, the exact distances between ribbons

after polymerization are unknown, as there is no crystal structure that could

be used to estimate them. It is, however, unlikely that they would increase

by as much as 0.7 nm, which would mean an increase of 54%, and still

maintain some molecular interactions that prevents them from being torn

apart during transfer from the air/water interface.

Figure 3.28: STM image of a structure that resembles ribbons (a: -1.13 V,
-0.11 nA; b: -1.13 V, -3.3 nA) and a close-up (c). A three-dimensional pro-
jection reveals that the ribbons are regularly connected (d), while its Fourier
transform reveals crystallinity (e).
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Furthermore, a three-dimensional projection of the image showed that the

ribbons appeared regularly interconnected (see fig. 3.28d), an observation

that was supported by the fourier transform of the image that showed reg-

ularity in two dimensions (see fig. 3.28e). When measuring the distances in

the fourier transform image, a regular spacing of 2 nm was calculated which

corresponded to the distance between the ”ribbons”. This is slightly higher

than the 1.8 nm that would be expected. Orthogonally to that direction, a

regular spacing of 0.3 nm and 0.5 nm was found. At this point, it is not clear

what these values correspond to. Assuming that the ribbons are in fact a

two-dimensional structure, what could cause this morphology?

Considering the anticipated polymer structure shown in fig. 3.25 once more,

one can see that the pores are not perfectly symmetric, but have an elongated

shape. Furthermore, the polymer of the crystal structure shown lacks the

carboxylic acid moieties of monomer 1. If one assumes that these would

prop up the polymer, then a scenario such as the one shown in fig. 3.29

could account for the formation of the ribbons, where the longest axis of

the pore defines the inter-ribbon distance (marked with arrows) and the

carboxylic acids marked with red dots. With a low resolution, the features

within the pink rectangles could no longer be resolved (see fig. 3.29b) and

would lead to the ribbon-like structure seen with the STM. Unfortunately,

without images of higher resolution, this hypothesis cannot be confirmed.

The question of whether the images in fig. 3.27 and fig. 3.28 represent

the same kind of polymer subjected to different strains during transfer or

whether they represent two different domains of packing II and III, respec-

tively, cannot be answered in a final manner at this point. This also means

that the question of domains of different packing (mosaicity) cannot be an-

swered.

What is clear, however, is that the STM images provided the final evidence

required to show that a two-dimensional polymer has indeed been synthe-

sized at the air/water interface and that all five criteria of the definition of a

two-dimensional polymer have been satisfied.
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Figure 3.29: (a) Potential explanation of the ribbon structure, taking into
account the carboxylic acid moieties missing in the crystal structure (red
dots) and the ribbons that may be perceived due to low resolution (b).
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Chapter 4

Structure Elucidation of

Diazaanthracene-Based Monomer 2

In the previous chapter, the structure elucidation of the two-dimensional

polymer synthesized from monomer 1 was achieved. The chemical con-

nectivity and the packing could be proven experimentally. There are other

monomers where this analysis was not met with success. One such monomer,

which nevertheless proved useful for exploring a potential application, is

shown in fig. 4.1a. It was first synthesized by Dr. Ming Li.[152] A struc-

turally very similar monomer is compound 11, which differs only in terms

of reactive moieties used and was synthesized by Dr. Patrick Kissel (see

fig. 4.1b).[60,61] Films synthesized from monomer 11 have been thoroughly

studied at the air/water interface, both by him and Dr. Payam Payam-

yar.[62,153] Further work was conducted on synthesizing copolymer LB films

using monomers 2 and 11.[154]

Due to the structural similarity of the two systems, some of the results ob-

tained for monomer 11 can be translated for understanding the behavior of

monomer 2. Films of monomer 2 were investigated in terms of mechan-

ical coherence and film thickness by Dr. Tim Hungerland and further in-

vestigated within the scope of this thesis. After describing the monomer’s

behavior at the air/water interface and on solid substrates, differences to

monomer 1 will be discussed, in particular with regard to the question why

one monomer system was easier to characterize than the other. In the next

chapter, films of this monomer will be investigated for their potential as a

miniaturized optical writing device.
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Figure 4.1: Chemical structure of monomers 2 (a) and 11 (b). Their main dif-
ference lies in the reactive moieties which are methylated diazaanthracenes
in the case of 2 and anthracenes in the case of 11.

4.1 Characteristics of Monomer 2

Monomer 2 is amphiphilic, bearing three polar hydroxyl groups that help

orientate the molecules at an air/water interface as they would be immersed

in water whereas the rest of the molecule would stick into the air. As reac-

tive units, it contains three diazaanthracenes (DAA) that can undergo [4+4]-

cycloaddition upon irradiation. The reaction is reversible by irradiating at a

shorter wavelength or by heating (see fig. 4.2b).

In fig. 4.2c, a top view of a potential packing of the monomers at the air/water

interface is shown. In this packing, all diazaanthracenes (in red) would

be paired and could, upon irradiation, react with the neighboring diazaan-

thracenes, according to the reaction shown in fig. 4.2b. Note that the pro-

posed packing was simulated for monomer 11 at the air/water interface and

does not take into account defects and domain formation which are highly

likely to occur. A follow-up large-scale DFTB molecular dynamics study

for monomer 11 showed that the shown packing densifies within 4 ps upon

polymerization as the former anthracene moieties deform (see fig. 4.2).[62]

This loss of visible order is problematic in terms of structure elucidation

and was presumably the reason why structure elucidation by STM or HR-

AFM was not met with success. In the following, the behavior of monomer

2 at the air/water interface will first be described and then compared to that

of monomer 1.
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Figure 4.2: (a) Surface pressure versus mean molecular area curve
of monomer 2 recorded at the air/water interface. (b) Via a [4+4]-
cycloaddition, neighboring diazaanthracene units of monomers undergo
dimerizations to give the polymer. This reaction is accompanied by a loss
of fluorescence, as the monomers are highly fluorescent, while their corre-
sponding dimers are not. The [4+4]-cycloaddition reaction can be reversed
by heating or irradiation at a shorter wavelength. (c) A potential packing
of 2 that could be assumed at the air/water interface which would result
in all diazaanthracenes (in red) being paired. (d) Upon polymerization, a
structural collapse occurs as the flexibility of the system increases (c and d
were simulated for monomer 11 and taken from reference [155]).

After spreading a solution of monomer 2 in CHCl3 at the air/water interface

on a Langmuir trough, Brewster angle microscopy was used to follow the

film formation process during compression of the trough barriers (fig. 4.3).

Prior to compression of the barriers, at a low surface pressure of SP = 0.5

mN/m, islands of film were observed which, upon compression, started to

merge to form a laterally extended film. At a surface pressure of 20 mN/m,

a homogeneous grey tone of the film was observed, indicating a uniform

thickness over a macroscopic size range. This surface pressure was chosen

for all transfer experiments. Further compression of the barriers to a surface

pressure of SP = 45 mN/m led to crease formation in the otherwise uniform
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film which could indicate the onset of monolayer collapse.

Figure 4.3: BAM images of the film formation at different surface pressures:
after deposition of the monomer solution (a), compression to the target sur-
face pressure of 20 mN/m (b) and at high surface pressure, leading to for-
mation of wrinkles due to the onset of monolayer collapse (c).

4.2 Evidence for π-π stacking

At the air/water interface, the monomers are presumed to assume a pack-

ing where DAA units of neighbouring monomers stack face-to-face (ftf)

(fig. 4.2c). In the case of face-to-face stacking of diazaanthracenes, excimer

fluorescence may be observed.[156,157] To confirm this, the fluorescence of

the monomer film was investigated at the air/water interface at a surface

pressure of SP = 20 mN/m using an excitation source of λ = 373 nm. The

monomer layer at the air/water interface exhibited broad excimer fluores-

cence centered around 560 nm. No monomeric fluorescence was observed at

the air/water interface, whereas the fluorescence of the monomer in solution

was exclusively monomeric (see fig. 4.4a).

This was a first indication that the diazaanthracenes of the monomer film

were paired at the air/water interface. One should note that lone excited di-

azaanthracenes could be obscured when funneling their energy into excited

diazaanthracene pairs.[62,158] Nevertheless, irradiation of the monolayer with

an LED of wavelength λ = 373 nm at the air/water interface led to a gradual

and complete loss of fluorescence. After irradiation for 24 hours, no residual

fluorescence could be measured, as can be seen in fig. 4.4b. At this point,

with the excimer emission gone, if the monomeric fluorescence of diazaan-

thracenes had been obscured by excited diazaanthracene pairs, monomeric

fluorescence should have been observable once more. As it was not, the only
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Figure 4.4: (a) Fluorescence of monomer 2 in acetonitrile (in black) compared
to the fluorescence of a monomer monolayer at the air/water interface (in
red). (b) After compressing the film to a surface pressure of SP = 20 mN/m,
irradiation of the monomer monolayer at the air/water interface was carried
out which led to a gradual loss of the fluorescence.

other plausible alternative explanation for the observed complete loss of flu-

orescence (other than all diazaanthracenes being paired) would be oxidation.

In the case of the diazaanthracene-based monomer 2, oxidation would lead

to endo-peroxides.[159] These endo-peroxides are not stable and in the case

of anthracenes, usually react to give the corresponding anthraquinones or

revert back to the anthracenes. In case of monomer 2, the follow-up reaction

to the diazaanthraquinone is prevented by the presence of a methyl group in

the C9-position of the diazaanthracene moieties.[160] One would therefore ex-

pect the quenching due to oxidation to be reversible and in equilibrium and

thus, the fluorescence should not be quenched completely. The fact that the

fluorescence completely disappeared indicates that the loss of fluorescence

was due to a more permanent photochemical transformation that had taken

place and that there most likely were no single excited diazaanthracenes

present. Conversely, the excimer fluorescence and complete quenching of it

indicated that all diazaanthracenes were paired, as suggested by the pack-

ing in fig. 4.2c. The excimer fluorescence was preserved upon transfer onto

solid substrates.

4.3 Absorption and Excitation Spectroscopy

By transferring the films from the air/water interface onto solid substrates,

further spectroscopic characterization could be carried out. In order to

unequivocally attribute the excimer fluorescence to the monomer and ex-
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clude the presence of fluorescent impurities, the excitation spectrum of the

monomer layer on quartz was recorded. In the excitation spectrum, the

intensity variation of the fluorescence emission at one wavelength is moni-

tored while sweeping the excitation wavelength spectrum. If the observed

fluorescence at the monitored wavelength is due to a certain compound, the

excitation spectrum will match the absorption spectrum of that compound.

If, however, other components contribute to the fluorescence, one would

observe an altered absorption spectrum.[129]

Figure 4.5: (a) Solution UV-vis absorption spectrum of monomer 2 in ace-
tonitrile. (b) A cut-out of the absorption spectrum in solution of the wave-
length range relevant for a comparison to the excitation spectrum. (c) Nor-
malized excitation spectrum (black) and normalized absorption spectrum
(blue) of the monomer monolayer on quartz.

In fig. 4.5, the absorption spectrum of the monomer in solution is compared

to the absorption spectrum of the monomer monolayer on quartz and to

the excitation spectrum. The spectra all show the same features, namely

the vibrational fine splitting between 350–475 nm that is characteristic of

anthracenes in general.[84,161] As fluorescence spectroscopy is more sensitive

than UV-vis spectroscopy, the excitation spectrum has less noise than the ab-
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sorption spectrum. In all cases, the spectra were very similar, indicating that

the observed fluorescence can be attributed to emission from the monomer.

The similarity of the spectra excluded the possibility of the observed excimer

fluorescence at the air/water interface and also on solid substrate (quartz)

being due to an impurity and, by extension, confirmed that it was exclu-

sively due to diazaanthracene pairs of the monomers.

4.4 Mechanical Coherence of the Irradiated Film and

its Origin

To probe the mechanical coherence of the films and, in particular, to see

whether there was a change of the mechanical coherence of the films upon ir-

radiation, the films were transferred onto Cu TEM grids. When transferring

a monomer film onto TEM grids, the layer was incapable of spanning the

grid holes (see fig. 4.6c), instead falling through the grid holes. In contrast,

an irradiated layer was capable of supporting its own weight and spanned

the grids over large areas (fig. 4.6a). The enhanced mechanical coherence

was most likely due to covalent bonds formed between the monomers dur-

ing irradiation. Assuming the proposed packing in fig. 4.2c is correct, the

increase in mechanical coherence gives a lower threshold for the conversion

that must have taken place, which is 65%, according to percolation theory.

To investigate the nature of the covalent bonds, XPS experiments were car-

ried out on the irradiated and non-irradiated films.

For this, both monomer layer and irradiated layer were transferred from

the air/water interface onto Au/glass substrates. The XPS spectra recorded

from the samples appeared quite similar. The C1s spectra of the monomer

and the irradiated film can be seen in fig. 4.6b and fig. 4.6d. The C1s peak

of monomer and irradiated film resembled each other; deconvolution of the

peaks revealed only slight differences. While deconvolution allowed sepa-

rating the sp3 component from the other carbons, the sp component could

not be differentiated from the sp2 component. In the case of the irradiated

film, an increase of the sp3 content in the C1s peak was observed. The sp3

content was on the order of 10% in the spectrum of the monomer film, while

it rose to 18% in the spectrum of the irradiated layer, as can be seen in the

quantification table (tab. 4.1). In the case of complete polymerization, a rise

from 10% to 16% would be expected, as a percentage of the total amount
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4. Structure Elucidation of Diazaanthracene-Based Monomer 2

Figure 4.6: (a) Transfer of an irradiated monolayer from the air/water in-
terface onto Cu TEM grids show that it was capable of carrying its own
weight. This reflects considerable mechanical coherence which was absent
in the case of the monomer film (c). The increase in mechanical coherence
could be due to dimerization between neighboring diazaanthracene units.
An indication for this was given by XPS which showed an increase of the
sp3 content in case of C 1s spectrum of the irradiated film (b) compared to
the C 1s spectrum of the monomer film (d).

of carbon. In general, these values should be taken with a grain of salt, as

the peak at 284.7 eV, which corresponds to sp2-hybridized carbon, is at the

same binding energy as carbon-based impurities which may vary between

the two samples.

While XPS studies could not unequivocally prove that the monomers poly-

merize to give a two-dimensional polymer, as suggested by the proposed

packing model, the increase of the carbon sp3 content was consistent with

what would be expected upon dimerization of neighboring DAA units. This

result, together with the disappearance of excimer fluorescence and the en-
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Table 4.1: Quantification table for C1s of the monomer and irradiated film.
The areas given are those of the deconvoluted peaks, the normalized areas
have been adjusted using the given sensitivity values. Q gives the rela-
tive amounts of carbon, while normalized Q gives it in relation to the total
amount of carbon for better comparability.

Peak Energy Area/cps Sensitivity Norm. Quantity Norm.

name (eV) (eV) factor Area (Q) Q (÷ Σ)

Monomer

C1s-1 284.65 1836.4647 19.377 94.77549 42.3 0.845

C1s-2 285.7 336.2006 19.367 17.35946 7.75 0.154

Σ 50.05

Polymer

C1s-1 284.65 1873.7998 19.377 96.70227 43.17 0.913

C1s-2 285.55 177.20183 19.367 9.14968 4.09 0.086

Σ 47.26

hanced mechanical coherence of the film upon irradiation, is indicative of

a reaction taking place between diazaanthracene units, presumably a [4+4]-

cycloaddition. While the evidence for this particular type of reaction is not

strong, a sidereaction like a [4+2]-addition between the acetylene and the

anthracene moieties was ruled out in a TERS study of monomer 11.[153]

Due to the structural similarity of these two monomers, one can assume

that this particular side reaction does not take place with monomer 2 either.

The TERS study also showed that there were no characteristic signals of the

monomer 11 films or the irradiated film that could be used to provide ev-

idence for polymerization. TERS was therefore not capable of elucidating

the type of bond formed in the case of monomer 11 and was therefore not

attempted for monomer 2 either.

Finally, a UV-vis spectroscopy study was not feasible due to the lack of an

appropriate reference compound that would account for all absorbing func-

tional groups and, upon irradiation, adopt the syn orientation achieved in

the case of a [4+4]-cycloaddition between monomer diazaanthracenes. As

the results do not unequivocally show that a polymer film is formed, the

nomenclature of monomer layer and irradiated layer, rather than polymer-

ized layer, will be used for this monomer system.
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4.5 Film Thickness Determination by AFM

Both monomer layer and irradiated layer were monolayers. This was shown

by transferring the layers onto mica substrates by Langmuir-Schaefer trans-

fer and measuring the film height by AFM (see fig. 4.7). AFM height analysis

revealed a thickness of 1.8 and 2.0 nm for the monomer layer and irradiated

layer, respectively.

Figure 4.7: (a) AFM height analysis at an edge of the monomer layer on
mica. The measured height of 1.8 nm corresponds to a monolayer. (b) AFM
height analysis at a crack in the irradiated layer on mica. The measured
height of the irradiated layer is 2.0 nm.

These values are in good agreement with the values obtained for monomer

11.[62] While both values are slightly higher than what was calculated from

the molecular model (1.6 nm) they were too small to correspond to double-

or even multilayers. The discrepancies between molecular model and mea-

sured film height may be due to layers of water trapped between film and
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substrate. The transfer therefore did not seem to affect the monolayer nature

adopted by the amphiphilic molecules at the air/water interface. Further-

more, it showed that the reaction that took place upon irradiation of the

monolayer at the air/water interface was confined within a single layer, an

aspect that was of particular importance to rule out other exotic mechanisms

that could also have accounted for the loss of excimer fluorescence.

In summary, spreading a solution of monomer 2 on the LB trough and com-

pressing to a surface pressure of 20 mN/m led to the formation of a ho-

mogeneous film that exhibited exclusively excimeric emission, meaning that

the diazaanthracenes were face-to-face stacked. Irradiation of this film led

to (1) a disappearance of excimer emission and by extension a consumption

of excited diazaanthracene pairs and (2) an increase in mechanical coher-

ence which can be correlated to a minimum conversion of 65%, and (3) an

increase of the carbon sp3 content as measured by XPS. All the while, the

film consisted of a monolayer, so that the chemical transformation taking

place could only occur in two dimensions (within the layer), between neigh-

bouring monomers. While there was evidence that the suggested polymer-

ization took place, we refrain from postulating it at this point as, contrary to

the monomer system 1 studied in the previous chapter, there was no direct

spectroscopic proof for the nature of the netpoints formed.

4.6 Comparison of Monomers 1 and 2

Both monomer 1 and 2 are amphiphilic and based on anthracene derivatives

as reactive units. The anticipated connection reaction in both cases was the

photoinduced [4+4]-cycloaddition of anthracenes of neighboring monomers

which was chosen due to its high yield (in the single crystal) and its re-

versibility.

LB films of monomer 1 and monomer 2 were fluorescent due to their anthra-

cene-derived reactive units and exhibited excimer emission in the fluores-

cence spectra on solid substrates, a sign that their π systems are interacting

in the closely packed monomer films. On the other hand, in solution, the

monomers only exhibited monomeric emission. In both cases, the excimer

fluorescence could unequivocally be attributed to the proximity of the reac-

tive units of the monomers to one another by excitation spectroscopy. The

excimer emission was lost in the case of the polymerized films derived from
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both monomers. In the case of monomer 2, the loss of excimer fluorescence

during irradiation could be monitored at the air/water interface. This exper-

iment could not be performed with films of monomer 1 as the set-up uses an

excitation source of wavelength λ = 373 nm. At this wavelength, monomer 1

absorbs so weakly that it was not possible to record a fluorescence response.

The height analysis of the films synthesized from monomer 1 and 2 indi-

cated the height of a monolayer, regardless of whether the monomer film or

the polymerized film were measured. In both cases, the presence of water

in the AFM height analyses led to a slightly larger height than predicted by

the molecular models, but nevertheless the heights were in good agreement

with those of single layers in all cases.

For both monomer 1 and 2, irradiation of the film at the air/water interface

led to an enhancement of the mechanical coherence of the films. In case of

the polymerized films, spanning of Cu TEM grids was observed by SEM

while this was not the case for the monomer film. The enhanced mechani-

cal coherence indicates that covalent bonds were formed between monomer

units upon irradiation. In the case of polymerized LB films of monomer

1, spanning occured over larger areas. It was not clear whether this could

reflect a higher conversion, as the amount of spanning also naturally varies

from sample batch.

In both cases, XPS showed an increase of the sp3-hybridized carbon con-

tent for the irradiated films but it was not precise enough to estimate the

conversion or account for all observed changes. In particular, the different

chemical environment of the carbons of monomer 1 allowed distinguishing

them well, while in the case of monomer 2 there was only one peak for car-

bon that had to be deconvoluted and even then did not allow for distinction

between carbon sp2 and carbon sp.

There are several differences in the monomer structures that affect the mono-

mers’ behavior at the air/water interface and thus the obtained polymerized

film. Most importantly, they influenced the capability of elucidating the

structure of the polymerized films.

In contrast to monomer 1, monomer 2 has greater flexibility. This was re-

flected in the study of the films by Brewster angle microscopy, where the

domains formed by monomer 2 at the air/water interface coalesced over

time and exhibited a very homogeneous grey tone. In contrast, monomer 1
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formed domains that did not merge, but exhibited a rather rigid behaviour,

even tearing when compressed into another by the barriers rather than

merging together. The flexibility also leads to a loss of visible order upon

polymerization of monomer 2, as shown by DFT simulation using monomer

11.

Monomer 2 is structurally much more complex than monomer 1 and this

made structure elucidation much more challenging due to several reasons.

First, the abundance of functional groups in monomer 2 made it necessary

to rule out side reactions, such as the [4+2]-cycloaddition between acetylene

and anthracene which had been observed before in the single-crystal ap-

proach,[42] but ruled out at the air/water interface in the case of monomer

11.[153] Furthermore, in the case of monomer 1, it was possible to synthesize

reference compounds for a UV-vis study, as it was the tetrafluoroanthracenes

that contributed to the absorption spectrum, while for monomer 2 the multi-

tude of absorbing functional groups (phenyls, acetylenes, diazaanthracenes)

did not allow to rationally choose a simple reference compound that would

reflect all changes encountered during polymerization and adopt the re-

quired syn conformation that the diazaanthracenes have in the monomer

film. Successful AFM/STM imaging requires that the pores of the polymer

are still visible and the high flexibility of monomer 2 was detrimental in this

regard, while the more rigid films of monomer 1 were successfully imaged

using these techniques.

In the case of monomer 1, TERS enabled the chemical connectivity to be

elucidated and the conversion of this reaction to be estimated (90%), as

well as defects within the film to be visualized. This is possible since both

monomer and polymerized LB film exhibited a characteristic signal in the

Raman spectrum. TERS of monomer 11 had not shown a characteristic band

for the polymerization product and therefore it was not suitable for investi-

gating the polymerization product of monomer 2. As mentioned before, no

simple reference compound could be used to elucidate the polymerization

product by UV-vis spectroscopy. While these methods were highly useful

in the case of monomer 1, they did not allow to elucidate the exact nature

of the covalent bonds formed between the diazaanthracenes. The unsuc-

cessful characterization of films formed from monomer 2 can therefore be

attributed to a combination of factors, most notably the chemical complexity

of this system, the flexibility and the lack of characteristic signals in Raman
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spectroscopy.

The spectroscopic methods that were suitable for elucidating the chemical

connectivity of the polymer composed of monomer 1 did not lead to a suc-

cessful structure elucidation which shows that sensitivity of the method is

not the only factor that has to be considered for the characterization of two-

dimensional polymers.

In the case of monomer 1, evidence for the crystallinity of the monomer film

at the air/water interface was provided by high-resolution Brewster angle

microscopy. This experiment was not carried out with monomer 2, as the

instrument was in a different facility.

Figure 4.8: Comparison of normalized absorption spectra of monomer 1 film
(blue) and 2 film (black) on quartz.

The extended conjugation of monomer 2 has a direct effect on its absorption

spectrum, which extends to longer wavelengths, well into the visible region,

compared to the absorption spectrum of monomer 1 (see fig. 4.8). This

aspect is of particular interest with regard to the topic of the next chapter.
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Chapter 5

Towards Applications: Molecular

Paper

For centuries, the way to preserve and store information was by writing or

drawing onto walls, papyrus or cellulose paper with some sort of ink. In the

digitalization age, information is encoded in basic units of information (bits)

of 0 and 1. 0/1 can stand for true/false, on/off or yes/no. This binarisation

of information has expanded the means for writing and information storage.

A few examples include magnetic writing,[162] optical writing,[163] and, even

more recently, qubit storage[164–166] and storage using DNA.[167] Common to

these techniques is the desire to miniaturize the writing as much as possible,

in order to cope with the ever-increasing amounts of data that have to be

stored.

One potential application of two-dimensional polymers already mentioned

in the introduction could be as miniaturized optical devices. In the case

of anthracene-based monomers, irradiation is accompanied by a measur-

able optical change, namely the loss of excimer fluorescence. This is due

to the fact that anthracene-based monomers are fluorescent, while their cor-

responding dimers and thus the two-dimensional polymer, are not. This

reaction is reversible. If it turned out that polymerization could be carried

out on solid substrates and that this polymerization could be confined to

the irradiated areas, a loss of fluorescence can be induced in specific areas

of the monomer film. The change in fluorescence can be considered as a

binary on/off state, such that the loss of fluorescence in the film could be

used for data storage in optical recording devices as a molecular paper.
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For the films to be suitable as optical recording devices, they would have to

fulfill several criteria:

1. Transfer of monomer layers preserves the excimer fluorescence ob-

served at the air/water interface, leading to strongly fluorescing mono-

layers.

2. The fluorescent monomer layers show reasonable lateral extension, al-

lowing them to be incorporated into an optical device.

3. Irradiation of a predetermined area leads to a measurable optical change

which is durable and not subject to ageing.

4. This optical change can be reversed.

The aspect of on-substrate polymerization was also of interest with regard

to a different issue encountered in the Langmuir approach. Conducting

polymerization directly on solid substrates, post-transfer, instead of at the

air/water interface (pre-transfer) was of particular interest in view of ob-

taining laterally extended polymer films: A big advantage of the air/water

interface approach is the large lateral size of the sheets that can be obtained,

which is in theory only restricted by the size of the Langmuir trough and by

the lateral extension of the irradiation. However, the issue of domains within

the film also plays a role at the air/water interface, limiting polymer size.

Even disregarding the limitation of lateral size due to domain formation

within the film, the area of the film that can be polymerized at the air/water

interface is limited by irradiation time. This is because extended irradiation

leads to evaporation of the aqueous subphase which causes the film to leak

outside the barriers and to a loss of control over film formation. It would

therefore be of advantage to be capable of performing the polymerization

post-transfer, directly on solid substrates. While this would not prevent the

formation of domains that limit the lateral size of the film, at least irradia-

tion could be carried out without limitations. This would reinforce the main

advantage that this approach has over the single-crystal approach whose

major drawback is the limited sheet size of the obtained two-dimensional

polymers. The sheet sizes are limited in size by the dimensions of the crys-

tal - depending on the orientation of the lamellar structure within the crystal

and the exfoliation conditions, the obtained sheets are on the order of a few

hundred micrometers at best.[64] It was with these considerations in mind

that the on-substrate polymerization was investigated.
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5.1 Choice of Monomer

In principle, all monomers that fulfil the above criteria could be considered

for this project. Apart from monomers 1 and 2 which were introduced in

the previous chapters, a third monomer was also considered, monomer 3

(see fig. 5.4a). This monomer carries anthracenes as reactive units and is ori-

entated at the air/water interface due to the hydrophilic diethylene glycol

chains attached to one of the central benzene rings. Monomer 3 was syn-

thesized and its films were characterized in terms of spanning, film height

and presence of excimer fluorescence by Dr. Marco Servalli. It exhibited ex-

cimer fluorescence at the air/water interface, a film height corresponding

to a monolayer and the capability of spanning TEM grids after having been

irradiated at the air/water interface (unpublished results).

All monomers 1, 2, and 3 have reactive units that are anthracene-derived and

thus their corresponding monomer films are fluorescent. From the point of

view of structure elucidation, monomer 1 is surely the most thoroughly

studied and best characterized system of the three. However, monomer 2 is

more flexible which may lead to less brittle films and, by extension, presum-

ably to more extended domains. More importantly, the absorption spectrum

of monomer 2 showed that the monomer absorbed up to a wavelength of λ

= 475 nm, whereas monomer 1 did not absorb above the wavelength of λ =

390 nm (see fig. 4.8). The absorption range of the monomer is of particular

importance, as it allowed switching from an UV irradiation source to an ir-

radiation source that operated in the visible range. This was relevant, since

the fluorescence microscope which was used in this study did not allow for

UV irradiation. Both monomer 2 and monomer 3 absorb in the visible range.

Furthermore, monomer 3 had exhibited a particularly intense fluorescence

which also made it an interesting candidate. In the end, monomers 2 and 3

were investigated in terms of their suitability in optical recording films.

5.2 Molecular Paper

5.2.1 Monomer 2

The behavior and properties of monomer 2 were explored in the previ-

ous chapter. As mentioned before, transferring a monomer monolayer of

monomer 2 onto quartz did not lead to a loss of the excimer fluorescence
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observed at the air/water interface and thus the layer presumably retained

its packing adopted at the air/water interface. This was not to be taken

for granted, as there are several forces during transfer – shear, drying, ad-

sorption amongst others – that could disrupt the packing assumed at the

air/water interface. The fluorescence remained unchanged not only upon

transfer onto quartz but also upon transfer onto various other non-flexible

substrates.

The transferred fluorescent monomer layers were visualized in a confocal

laser scanning microscope (CLSM) using a laser line of λ = 458 nm. At

this wavelength, the monomers absorb only slightly as it is at the very

edge of their absorption spectrum (see fig. 4.5). The emission spectra of the

monomer monolayer on different substrates were recorded with the CLSM

(see fig. 5.1).

Figure 5.1: (a) The image was composed of 8x8 850 µm x 850 µm images,
showing the monomer layer on C18-SAM modified SiO2/Si wafer and the
excimer emission recorded with the CLSM using a laser line of 458 nm. (b)
An image of the monomer layer on polystyrene and its excimer emission
recorded with the CLSM. As the substrate was quite rough it was difficult
to focus over large areas. (c) The image was composed of 10x10 850 µm
x 850 µm images, showing the monomer layer on SiO2/Si and its excimer
emission recorded with the CLSM.

For all substrates, the monomer layer exhibited homogeneous excimer fluo-

rescence over large areas, exhibiting occasional cracks or gaps. These gaps

had also been observed directly at the air/water interface (see fig. 4.3) while

the cracks may have formed during transfer. The fact that the fluorescence

is nevertheless homogeneous over large areas of the substrate showed that

intermolecular forces must exist that retain the packing. In fig. 5.1, the flu-

orescence images of the monomer layer on three different substrates are

shown. These substrates varied in roughness (rough polystyrene, smooth Si
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wafers) and hydrophobicity (hydrophilic SiO2/Si, hydrophobic polystyrene

and C18-SAM modified silicon wafer).

Using a laser line of λ = 405 nm, it was indeed possible to irradiate desig-

nated areas of the film with a spatially confined loss of fluorescence.

Figure 5.2: Writing a rectangle on the film on a PS substrate (a, b) and
”2DP” on a C18-SAM substrate (c, d). The writing is accompanied by a loss
of excimer fluorescence (b, d).

The loss of fluorescence had two important implications:

1) It might indeed be possible to carry out irradiation post-transfer. It was

therefore of interest to show that the loss of fluorescence was due to poly-

merization.

2) This loss of fluorescence and its restriction to certain areas allow the cre-

ation of arbitrary patterns on the monolayer, therefore enabling writing on

a single-molecule thin film.

Henceforth, the term ”molecular paper”will be used for the monomer layer

when used for writing purposes, as it is a single-layer thin film composed of

molecules which can be written on in a controlled fashion and, theoretically,

with a precision that is on the length scale of a few molecules.[18] Further-

more, the spatially confined irradiation at a wavelength of λ = 405 nm that

leads to loss of fluorescence in this area will be called writing in order to

distinguish the actual writing process from images that were recorded us-

ing a longer wavelength (458 nm), which nevertheless entails an irradiation,

but with the purpose of visualizing the fluorescence of the film.
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Writing was possible on several substrates (for examples, see fig. 5.2): glass,

quartz, SiO2/Si, polystyrene (PS), and C18-SAM. The only two substrates

where writing was not successful were gold (Au) and cyclic olefin copoly-

mer (COC) film. In the case of Au, this may be due to the reflectivity that the

metal has in the visible range.[168] In the case of COC, a thin, flexible mate-

rial, removing the COC substrate from the dipping stage after film transfer

without bending the substrate was impossible. Therefore, the bending of

the substrate may have affected the film.

Interestingly, it was possible to reverse or ’erase’ the writing by heating the

samples to 200 ◦C for two hours (see fig. 5.3). To prevent oxidation of the

film during heating, this process was carried out under N2. This restored the

fluorescence completely, regardless of the substrate used. Some substrates

were not suitable for this treatment and were therefore not subjected to it, for

example polystyrene which would melt at such high temperatures. Initially,

a heating time of 4 hours was used, but after a systematic investigation of

the heating time it was established that heating for 2 hours was sufficient to

restore the fluorescence.

While heating the samples to 200 ◦C led to a recovery of the excimer fluo-

rescence in the formerly bleached part, it was not possible to re-write onto

the layer after the heat treatment. Irradiating areas of the sample after heat

treatment did not lead to a loss of fluorescence, regardless of whether the

irradiation was carried out in the area that had formerly been irradiated or

in a new area. The heat treatment, while not destroying the fluorescence

or other features of the film on a macroscopic scale, nevertheless seemed to

have affected the packing of the monomers on a molecular scale. Plausible

explanations could be slight changes in the packing of the monomer due

to the heat or an onset of monomer desorption from the substrate at this

temperature. No experiments were carried out that would allow to rule out

one or the other.

However, it was attempted to circumvent this problem by using a different

approach for the erasing of the writing. For this approach, the quartz slides

were irradiated at a wavelength of λ = 220 nm under N2. At this wavelength,

the monomers do not absorb but the [4+4]-cycloaddition product does. It

is therefore plausible that the [4+4]-cycloaddition of diazaanthracenes could

be reversed using this treatment. A number of irradiation conditions were
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Figure 5.3: (a) Writing of a circle on the molecular paper on SiO2/Si using
a laser line of λ = 405 nm, then erasing by heating to 200 ◦C for two hours.
(b) Writing of a rectangle into the molecular paper on SiO2/Si using a laser
line of λ = 405 nm, then erasing by heating to 200 ◦C for two hours.

tested. As the ex-situ irradiation of the substrates required them to be re-

moved from the microscope slides, the samples grew increasingly dirtier

with each irradiation cycle. None of them succeeded in erasing the writing

(see tab. 5.1). In the case of monomer 1 an irradiation time of 2 s using

this irradiation set-up was sufficient to induce the reversion reaction of the

polymer. While it is possible that monomer 2 has entirely different reaction

kinetics, one would expect to see the onset of a reversion reaction after 5

minutes. However, this was not the case.

From the point of view of applications, this implies that the molecular pa-

pers could only be used for non-rewritable optical devices and thus perma-

nent data storage.

Films composed of monomer 2 therefore fulfilled all four criteria stated at

the beginning of the chapter: The monomer films exhibited excimer fluo-

rescence after transfer onto solid substrates, the films showed considerable
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Table 5.1: Irradiation conditions tested on different substrates. The irradi-
ation time was gradually increased, the irradiation length indicated is the
cumulated irradiation time.

Sample Substrate Irradiation Length Outcome

number (Cumulative)

1 quartz 2 s no change

4 s no change

64 s no change

364 s slight lessening of fluorescence

2 quartz 30 s no change

330 s no change

3 SiO2/Si 10 s no change

310 s no change

lateral extension, and irradiation within a specified area of the film led to an

optical change (disappearance of the fluorescence) which could be reversed

by heating. Using the CLSM, it was possible to write and erase writing

down to a scale of about 30 µm. If the writing and erasing was due to [4+4]-

cycloaddition and reversion, respectively, the writing could theoretically be

performed on the nanometer scale, at monomer level. This is provided that

an irradiation source can be focussed well enough to achieve these length

scales – a molecular pen, in a manner of speaking. It was envisioned to

do this with the help of a metalens, however, calculations showed that the

required metalens, that allows focussing at the necessary excitation wave-

length, could not be constructed.

Before going into the possible mechanisms responsible for the writing, the

films of monomer 3, a further potential candidate will be investigated.

5.2.2 Monomer 3

In order to gain more understanding of the optospectroscopic characteristics

of monomer 3, LB films formed from 3 were characterized in terms of their

optical spectroscopic behavior. For this, the monomer film was transferred

onto quartz from the air/water interface at a surface pressure of 20 mN/m.

The absorption and emission spectra of the monomer film on quartz were
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measured.

Figure 5.4: (a) Structure of monomer 3. Absorption spectrum (b), fluores-
cence spectrum (c) and excitation spectrum (d) of a monomer 3 LB film on
quartz.

Furthermore, its excitation spectrum was recorded. The results are shown

in fig. 5.4. Even as a monolayer, the absorption spectrum showed strong

absorption well into the visible region. The characteristic absorption signa-

ture of anthracenes dominated the spectrum with a particularly well-defined

vibrational fine structure. The well-resolved fine structure was a direct re-

sult of the fact that unsubstituted anthracenes were used. The expansion of

the absorption into the visible domain of the spectrum was a consequence

of the extended conjugation of the molecule via the acetylene bridges. As

mentioned above, the absorption above a wavelength of λ = 400 nm was a

prerequisite for the monomer to be of interest in this project.

The emission spectrum of the monomer film on quartz showed unstructured

excimer fluorescence centered around λ = 490 nm which was a first sign that
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the monomer units experience face-to-face packing. This excimer emission

had also been observed at the air/water interface, indicating that film trans-

fer did not disrupt the assumed packing. Thus, it met the first requirement

mentioned above.

The excitation spectrum of the monomer LB film on quartz was recorded

by monitoring the fluorescence at its maximum while sweeping the exci-

tation wavelength range. The excitation spectrum confirmed that the ob-

served excimer fluorescence exclusively stemmed from the monomers, as

it was superimposable with the absorption spectrum of the monomer film

and showed no additional bands that would have indicated a fluorescent

impurity.

Investigation of the monomer film using the confocal laser scanning micro-

scope revealed a laterally extended film with few cracks. These cracks may

have been caused during transfer from the air/water interface or could be

a result of the way the monomers arrange themselves at the air/water in-

terface. The former is more likely and the fact that the films still showed

excimer fluorescence is an indicator that some molecular interactions had to

exist between neighboring monomers in order to preserve face-to-face stack-

ing. The packing itself was not completely homogeneous. A lambda scan,

a scan that records the specific fluorescence in each pixel, showed different

types of excimer fluorescence, visualized by cyan and dark blue areas of the

film (see fig. 5.5a,b). The colors recorded during a λ scan reflect differences

in the fluorescence of these areas and small shifts in the excimer fluorescence

are represented by a change of color. Some of the dark blue areas exhibited

an intense fluorescence, such that saturation of the detector occured as can

be seen from the cropped appearance of the curve (see fig. 5.5c). A second

fluorescence measurement in a less intensely dark blue area revealed that

in the dark blue areas, the maximum of the excimer fluorescence is hyp-

sochromically shifted to approximately 450 nm. The cyan fluorescence, on

the other hand, is centered around 500 nm (see fig. 5.5c). As films in these

images were deposited on quartz, the fluorescence was exclusively due to

the monomer and the substrate did not contribute to the fluorescence, as

quartz does not absorb above a wavelength of 190 nm. These differences

in fluorescence cannot be measured with a conventional emission spectrum

which averages over a larger area. The differences in fluorescence could be

due to different packings of the monomer within the film. Unfortunately,
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it was not possible to determine which emission corresponded to which

packing. It was, however, only possible to write within the cyan area of the

film. Attempting to write on the dark blue areas of the film left the fluo-

rescence completely unaffected. These findings indicated that the packing

found within the dark blue region is one that does not permit anthracene

dimerizations with neighboring monomer units. This point will be further

discussed in the next section that deals with the origin of the writing.

Figure 5.5: (a) Fluorescence of the monomer film of 3 on quartz recorded
with a lambda scan. (b) The dark blue and cyan areas of the film correspond
to a difference in fluorescence. The corresponding color-coded fluorescence
spectra are shown in (c).

Writing into the monomer film in the cyan areas led to a significant loss of

fluorescence in that area. As in the case of monomer 2, films of monomer

3 can be used as molecular paper. Attempting to reverse the writing led

to an interesting observation: the fluorescence of the film changed once

more. This change, which occured upon heating of the substrate to 200 ◦C

for two hours, but which was also observed to appear over time at room

temperature, led to a drastic bathochromic shift of the excimer fluorescence

maximum by approximately 100 nm. The shift was not restricted to certain

areas (for example, only to areas of the film exhibiting cyan fluorescence)

but was observed over the entire substrate (see fig. 5.6b). Writing into films

of this changed fluorescence was still possible (see fig. 5.7a).

While the change of fluorescence could in principle be due to evaporation

of residual water, it would be quite a significant shift for a mere change of

environment. A different reason could be that the monomer film under-

went a structural reordering of the film over time, presumably to a packing

that is thermodynamically more favored on solid substrates. Furthermore,
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Figure 5.6: (a) Image of the fluorescent monomer film of 3 on quartz
recorded with a lambda scan. Below it, the fluorescence that corresponds
to the cyan color is shown. (b) After heating, this same sample showed a
completely different fluorescence. The fluorescence was bathochromically
shifted to 600 nm, as can be seen in the fluorescence curve extracted from
the image.

one could observe that writing was not reversed by heating to 200 ◦C for

two hours. Heating for a further two hours also did not lead to a reversal

of writing. Whether different reaction conditions, such as higher reaction

temperatures, would be required for erasure could not be ruled out.

After the change of the fluorescence, the type of excimer fluorescence of the

film did not change further, but remained stable over a long period of time.

Even after a year, the fluorescence exhibited the same maximum and the

writing was still clearly visible. It was, however, possible to see a decrease

of the fluorescence intensity in general, which was attributed to ageing (see

fig. 5.7b).

Once more, it was not possible to correlate the observed fluorescence with

a specific packing. As mentioned in the introduction, Kato’s work found
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Figure 5.7: (a) Image of the fluorescence of the monomer film of 3 on quartz
recorded with a lambda scan after heating to 200 ◦C. Below it, the fluo-
rescence curves extracted from different areas of the image indicated by
crosshairs are shown. The circle was bleached onto the layer after it had
already changed its fluorescence. (b) The same sample after one year. The
fluorescence is the same, as can be seen in the fluorescence curves extracted
from areas of the image indicated by crosshairs, but the film showed signs
of ageing. The bleached regions remained unchanged.

a correlation between extent of face-to-face stacking of the anthracene π sys-

tems and the maximum and FWHM of their excimer fluorescence. Applying

these findings to the observed excimer fluorescence, one could tentatively

assign the yellow excimer fluorescence to a full overlap of the anthracene

moieties at an optimal distance (ca. 3.5 nm). The cyan fluorescence could

correspond to a packing where the anthracenes’ π-π systems have enough

overlap to react but where either the distance between anthracenes is greater

or there was slipping from the full overlap. For a definite answer to this

question, theoretical calculations of the excimer fluorescence would be re-

quired. As writing was possible in regions of cyan or yellow fluorescence,

but not in regions of dark blue fluorescence, it is assumed that dark blue flu-
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orescence is presumably exhibited by a packing of unknown nature where

reaction between monomers cannot take place. The consequences of this

observation for the mechanism behind writing and erasing will be further

discussed in the following section.

Therefore, while films of monomer 3 showed excimer fluorescence over large

areas, they also exhibited what was most likely different packings within one

film and therefore the existence of domains of different packing, something

that has not been observed in films composed of monomer 1 (see section

3.6.1) or monomer 2, which did not exhibit domains of different fluores-

cence within the microscope’s resolution. Furthermore, films of monomer

3 showed a change of fluorescence over time which might be an indicator

that the initial packing is not stable but subject to rearrangement. Finally,

the writing in molecular paper composed by monomer 3 was not reversible.

With these results in hand, it became obvious that monomer 2 was the bet-

ter candidate for molecular paper. It was therefore with this monomer that

further investigations into the origin of writing were conducted.

5.3 Origin of Writing

The loss of excimer fluorescence upon irradiation with a laser line of λ = 405

nm and its recovery by heating to 200 ◦C could be due to various distinct

processes. The three most probable ones are shown in fig. 5.8.

Quenching (and thereby irreversible destruction) of the fluorophore might

occur under intense UV irradiation. This phenomenon is used in fluores-

cence recovery after photobleaching (FRAP) where the migration of fluo-

rophores into a photobleached region is monitored to assess certain diffu-

sion kinetic parameters.[169] The photobleached fluorophores are irreversibly

destroyed and fluorescence in the bleached region can only be recovered by

migration of fluorophores into the area (process 1).

Oxidation of the diazaanthracenes would also result in loss of fluorescence.

Usually, oxidation of anthracenes and their derivatives leads to anthraqui-

none formation via the intermediate endo-peroxides.[170] As the C9 position

of the diazaanthracenes is blocked by a methyl group, oxidation would stop

at the stage of endo-peroxides (process 2). Oxidation of anthracenes can

occur in the presence of oxygen under UV irradiation and in the case of a
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reaction in solution, is concentration dependent. If a packing existed that

had all anthracene reactive units poised to react with their neighbor, it is

unlikely that oxidation could compete. Nevertheless, this needed to be ruled

out.

Finally, dimerization of neighbouring DAA units and thus polymerization

would also lead to a loss of fluorescence (process 3).

Figure 5.8: Possible mechanisms behind disappearance and recovery of flu-
orescence.

In order to identify the underlying phenomenon and rule out the other

potential pathways, several control experiments were carried out. In the

case of both oxidation and polymerization, the loss of fluorescence is re-

versible by heating, while in the case of bleaching, the fluorophores are de-

stroyed permanently and irreversibly. This means that once the fluorophores

have been destroyed, the fluorescence cannot be recovered unless fluorescent

monomers diffuse into the bleached areas. Monitoring the samples over a

time period of three months showed that the non-fluorescent areas remained

unchanged and the borders of the bleached regions stayed sharp. Heating

the samples for 2 hours to 100 ◦C, a temperature that is still well below the

temperature that leads to cycloreversion,[171–173] had no effect on the fluores-

cence of the samples either (see fig. 5.10). If the recovery of fluorescence was

only due to migration of fluorophores into the bleached regions, one would

expect to see the onset of this process, either by heating to 100 ◦C or by moni-

toring the sample over a longer time period. Likewise, one would expect the

fluorescent monomers to diffuse into the cracks between the films. Finally,

one would expect the recovered fluorescence to be different from the initial

one: since the packing of the monomers would be more loose, one would

expect to see the emergence of monomeric fluorescence, although it must be
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said that the microscope’s resolution may simply not be powerful enough to

detect these changes. None of these three phenomena were observed. These

findings do not support the mechanism of process 1.

As mentioned above, the fluorescence of the sheet was successfully recov-

ered by heating the sample to 200 ◦C. This temperature is in the range re-

quired for the reversal of anthracene dimerization as it is reported in the

literature. Both oxidation (process 2) and polymerization (process 3) are

reversible.

Figure 5.9: (a) Writing on monolayer of 2 on SiO2/Si under reduced oxygen
conditions: A TEM grid served as a mask for writing in a quartz cuvette
under N2 with an LED of 400 nm. This was followed by writing of ”ETH”
with the CLSM using a laser line of 405 nm. The fluorescence intensity
decay in three different spots of the image is shown during writing at the
CLSM. The fluorescence spectra recorded at the red, blue, and white circle
are shown as red, blue, and black spectra, respectively.

To rule out oxidation as an underlying mechanism, the irradiation was per-

formed under oxygen-reduced conditions (see fig. 5.9). To start with, the

irradiation was carried out in an external irradiation set-up in a quartz cu-

vette that was continuously flooded with argon. This set-up lowered the

residual oxygen content to 35 ppm and allowed making an imprint of a

TEM grid on the film. Afterwards, the irradiation was carried out inside

the CLSM with a nitrogen-flooded flow cell, which had a residual oxygen

content of 1000 ppm. There, the letters ”ETH” were written onto the film in

a region formerly covered by the TEM grid. With both irradiation set-ups,

writing into the monomer layers was still possible. The irradiation set-up

used outside the CLSM was less powerful than the laser of the CLSM, which
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explains why the imprint of the TEM grid is less distinct than the ”ETH” pat-

tern. The loss of fluorescence in different parts of the film was monitored

(see fig. 5.9b). The fluorescence recorded during the writing process in the

blue, red, and white circle is visualized by the blue, red, and black spectra,

respectively. The fact that writing is also possible under oxygen-reduced

conditions made it less likely that process 2 is the underlying mechanism

for fluorescence disappearance and recovery. However, in both experimen-

tal set-ups, the oxygen content is not quite low enough to completely rule

out oxidation.

One further aspect that should be considered is the fact that irradiation at the

air/water interface led to the formation of mechanically coherent films. If

the process occuring at the air/water interface and on solid substrate during

irradiation was the same, oxidation could not account for this increase in

mechanical coherence, as a mere oxidation of monomers would not increase

the mechanical coherence of the film. This observation provided indirect

evidence for the irradiation on solid substrate.

Figure 5.10: Left: SiO2/Si wafer with a circle bleached into the film. Heating
the wafer to 100 ◦C did not affect the writing (right).

Finally, the packing of the monomers in the film is only relevant for mecha-

nism 3. Therefore, the fact that writing was not successful on a substrate that

had been bent after LB film transfer (monomer 2 on COC), as well as the ob-

servation that bleaching was only possible in areas of a certain fluorescence

in the case of monomer 3 was a strong argument for the polymerization

mechanism. While bleaching in areas of ”yellow” and ”cyan” fluorescence
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was possible, it was not successful in areas of ”dark blue” fluorescence, as

mentioned before. However, the type of fluorescence, which reflects the

packing of the monomers, should be irrelevant in the case of oxidation of

monomers or in the case of the irreversible destruction of fluorophores, as

these proceed regardless of how the monomers are arranged with respect to

one another. A loss of fluorescence due to polymerization is the only mech-

anism where the packing of the monomers is of relevance. The observation

that the type of fluorescence played a role in the writing therefore indicates

that process 3 takes place, assuming that the same mechanism took place in

both films of monomer 2 and monomer 3. The observation that the writing

was not reversible in the case of films composed of monomer 3 does not

support process 3, however, one cannot rule out that different reaction con-

ditions are required or that a different process is taking place in the case of

this monomer.

While ruling out the other two mechanisms does not mean that one can

unambiguously attribute the phenomenon to process 3, it seems neverthe-

less plausible that the loss of excimer fluorescence due to irradiation and

its recovery by heating are due to [4+4]-cycloaddition and cycloreversion

of neighboring monomer units, respectively. It also shows that monomer

2 fulfills all the conditions required for optical recording, as listed above.

For incorporation into an optical recording device, the question of the exact

mechanism behind writing and the reversal of writing is not essential – even

in the case of oxidation, the writing could be restricted to a molecular scale.

However, from the point of view of structure elucidation, these findings

were of great interest. Contrary to monomer 1 discussed in the previous

chapter, the complex molecular structure and the flexibility of monomer 2

did not allow to elucidate the exact structure of the polymerized film ob-

tained at the air/water interface. In the absence of hard spectroscopic evi-

dence, the finding that the effects of irradiation - namely, loss of fluorescence

- could be reversed and the excimer fluorescence recovered strongly indicate

that a packing is adopted where monomers are packed in a way that they

can undergo [4+4]-cycloadditions, as would be the case in the postulated

packing (see fig. 4.2c). Furthermore, it showed that polymerization may

indeed be possible post-transfer, on solid substrates.

The monomer films of monomer 2 and 3 can both be used as molecular pa-

per - but only on films of monomer 2 can writing and erasing both occur.
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The writing in the shown examples is on the scale of tens of micrometers

and a further miniaturization would be desirable with regard to applications

such as data storage. Assuming that the proposed mechanism is correct, the

further miniaturization is dependent on the irradiation source or ”pen”, not

the monomer film. All techniques that aim at focusing light below its diffrac-

tion limit are of interest. One approach – using metalenses – was briefly

explored but failed due to the short wavelength required for polymerization

which was impossible to implement in the available metalenses.

105





Part III

Conclusion and Outlook

107





Chapter 6

Conclusion

Two amphiphilic monomers were studied at the air/water interface and on

solid substrates in order to elucidate the structures of their corresponding

polymer films and to explore potential applications. Both monomers were

based on anthracene derivatives as reactive units, but they differed signifi-

cantly in terms of rigidity and structural complexity. These differences were

of relevance when it came to the challenging structure elucidation of the

synthesized monolayers. In case of monomer 1, due to its rigidity and struc-

tural simplicity, structure elucidation was more successful than in the case

of the flexible and structurally complex monomer 2.

For monomer 1, all five criteria of the structure of two-dimensional poly-

mers were investigated: It was shown by tapping-mode atomic force mi-

croscopy and by AFM scratching that the synthesized films had the thick-

ness of a monolayer. The films were capable of carrying their own weight,

as evidenced by transfer onto Cu TEM grids and analysis by scanning elec-

tron microscopy. These findings were the first indicators that the monomer

units were connected by covalent bonds. The exact nature of these covalent

bonds was shown subsequently. The [4+4]-cycloaddition occuring between

tetrafluoroanthracene blades of monomers was proven by tip-enhanced Ra-

man spectroscopy and corroborated by X-ray photoelectron spectroscopy

and UV-vis spectroscopy. Moreover, a conversion of 90% was estimated

based on these results. Oxidation of anthracene moieties to the correspond-

ing anthraquinones during irradiation at the air/water interface was shown

not to occur, thereby eliminating the most likely side reaction that could take

place during synthesis at the Langmuir trough.
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Indirect evidence for the type of packing most likely assumed at the air/water

interface was given. Of the three types of packing considered, packing III

was the most likely, as it fitted well with the value for the mean molecular

area, the occurence of excimer fluorescence, the evidence of π-π stacking

found in a combined DFT-TERS study of the monomer layer, and the ob-

served mechanical coherence. The value for the conversion obtained by

TERS makes it unlikely that the two other proposed packings play an im-

portant role. Furthermore, images of the polymer film were obtained by

STM, which showed that the polymer synthesis is successful and that trans-

fer from the air/water interface leads to deformation of the polymer film

that results in the loss of long-range crystallinity.

The occurrence of defects was investigated using tip-enhanced Raman spec-

troscopy. Regions in the film were found where no reaction had taken place

between monomers. These accounted for 2–3%, which confirmed that the

conversion was high, as mentioned above. The investigation of the domains

in the monomer film by fluorescence microscopy did not show different do-

mains within the resolution of the method. However, it may be possible that

domains that show the same packing are offset by a few degrees to one an-

other which cannot be shown using the confocal laser scanning microscope.

Assuming that the structure of the monomer film reflects the situation at

the air/water interface, one could conclude that in fact there were several

domains of similar packing within the LB film. This was indicated by the

high-resolution BAM images obtained from the air/water interface which

exhibited a homogeneous contrast change upon rotation of the polarizer, in-

dicating monocrystallinity within the method’s resolution. STM could not

provide a definite answer to this question, as two packing scenarios could

not be distinguished with the resolution of the images obtained.

These findings lead to the conclusion that the criteria for a two-dimensional

polymer were met by this particular monomer system. It must be stressed

that this is the first time that a monomer system used for two-dimensional

polymerization at the air/water interface has been investigated this thor-

oughly and also the first time that the chemical transformation taking place

between monomers could be proven and quantified, marking a breakthrough

for two-dimensional polymerizations at the air/water interface.

Although many useful techniques have been identified that are of relevance
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for the investigation of these extremely thin films, there is no ”standard”

recipe that could be followed. At this point, it is only possible to character-

ize the films on different length scales using different solid substrates and

assuming that the found results can be correlated to one another and that

the nature of the substrate does not change the structure of the film during

transfer from the air/water interface. In particular, the evidence for the bond

formation between monomers required identifying spectroscopic techniques

where the reactive units were known to have characteristic signatures. Even

then, many analytical techniques failed to deliver unambiguous results.

Structural investigation of two-dimensional polymers synthesized at the

air/water interface remains challenging, a fact that is highlighted by the

case of monomer 2, where only indirect evidence for the formation of a two-

dimensional polymer could be found. The difficulties that arise are a direct

consequence of the design of the monomer: a large variety of functional

groups, a multitude of carbon atoms of similar chemical environment, and

the general complexity of the system impeded studies that rely on UV-vis

or X-ray photoelectron spectroscopy. Furthermore, a characteristic Raman

signal to distinguish and identify polymer and monomer, which proved so

useful in the case of monomer 1, was not present for monomer 2. All these

factors combined were the reason why the characterization of the chemical

connectivity was not successful. There were further features in the design

which turned out to be a liability when it came to structural characterization:

the high flexibility of the monomers, which further increased upon polymer-

ization, leads to a collapse of the regular monomer film structure, thereby

reducing the pore size of the irradiated film which are not particularly large

to start with, in their initial monomer film packing. As a consequence, no

visible order is detectable and no molecular resolution can be achieved using

STM or AFM imaging techniques.

This work also provided some insight into how monomers behave at the

air/water interface depending on their rigidity and their propensity to ar-

range themselves in a particular fashion. From these observations and the

lessons learned due to the characterization of monomer 2, one could derive

some guidelines for the monomer design and characteristics a monomer

should possess in order to

1. facilitate structural characterization as much as possible and
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2. obtain a maximally laterally extended two-dimensional polymer with

a low amount of defects.

For the structure elucidation (1), a monomer should be rigid and its reactive

units should favor a specific arrangement at the air/water interface. These

two properties increase the chances of obtaining a crystalline film at the

air/water interface which can subsequently be analyzed by imaging tech-

niques (STM, AFM, TEM) but also by techniques that rely on diffraction

(SAED, LEED). In particular for diffraction-based techniques, heavy atoms

are desirable. For XPS, having carbons that differ dramatically in terms

of their chemical environment is beneficial for characterization of the thin

films. In the case of anthracenes, their Raman signal is maximized when

their long axis is perpendicular to the air/water interface and the substrate.

This also holds true for the case that they are polymerized and form the an-

thracene dimers, as the dimers, too, have a maximized characteristic signal

in this orientation. In order to not compromise the reaction between an-

thracene moieties, the 9- and 10- positions of the anthracenes should not be

substituted. Finally, the monomer has to be asymmetric, with one side ex-

hibiting a higher propensity to be in the water to help orientate the monomer

at the air/water interface.

On the other hand, if the two factors rigidity and propensity to pack in a certain

way are maximized, it is at the expense of objective (2). These monomers

behave in a very rigid fashion at the air/water interface and once deposited

no longer coalesce or merge to increase domain size and correct for defects.

Thus, these factors favor a higher amount of small domains and the synthe-

sis parameters at the trough have to be optimized even more carefully. On

the other hand, a more flexible monomer leads to a film with laterally more

extended domains, but its flexibility has a detrimental effect on the film in

terms of crystallinity and thus on the elucidation of its structure. It is thus

with great care that a compromise between the two criteria should be found

during monomer design.

Despite the lack of structure elucidation in the case of monomer 2, it never-

theless proved useful when it came to taking first steps towards applications.

It was chosen for the study of post-transfer polymerization over monomer 1

due to its absorption spectrum which extended well into the visible range,

such that polymerization could be carried out using a visible light source.
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Furthermore, its flexibility was of advantage when it came to producing

films of extended domain sizes. This became particularly clear when con-

trasting the appearance of its films to the films produced by monomer 3, a

more rigid monomer, which showed distinct regions of different packing.

The irradiation on solid substrates proved successful in the cases of both

monomer 2 and monomer 3 films. Due to the fluorescent nature of the films,

the spatially confined irradiation led to a disappearance of the fluorescence

in the affected areas and to the creation of patterns on the fluorescent films.

The writing was reversible by heating to 200 ◦C in the case of monomer

2. It was hypothesized that the observed writing and its erasing could be

due to the [4+4]-cycloaddition and its reversion, respectively, of monomer

units. This finding was of particular interest as it may allow for the synthe-

sis of laterally more extended two-dimensional polymers, compared to the

polymerization at the air/water interface.

Efforts were made to rule out alternative pathways for the disappearance of

fluorescence, such as oxidation or photobleaching with subsequent fluores-

cence recovery. While these control experiments indicated that polymeriza-

tion and depolymerization were likely the causes of writing and erasing, it

was not possible to unequivocally prove that it was indeed this reaction that

was taking place.

Regardless of the mechanism behind writing and erasing, it was shown that

the monomer films could be suitable for incorporation into a miniaturized

optical recording device, in particular in the domain of permanent data stor-

age. The miniaturization step of the writing is dependent on the irradiation

source, or ”pen” that is used for writing. One potential candidate as a pen

could be a metalens that enables focussing the laser beam below its Rayleigh

diffraction limit. The attempt to incorporate the monomer film into a met-

alens was abandoned at an early stage, as no metalens was available that

could focus light at a wavelength below λ = 500 nm.
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Outlook

As mentioned in the conclusion, there is a trade-off between designing a

monomer that can be easily characterized due to its rigidity and simplicity

and a monomer that is flexible enough to re-adjust at the Langmuir trough,

thereby correcting defects between domain boundaries which favors large,

defect-free domains. With the appropriate analytical techniques in hand,

this choice may no longer have to be made and tuning the synthesis parame-

ters at the Langmuir trough in order to achieve large lateral two-dimensional

polymers would become possible.

In principle, there are two approaches to this goal: either, one works with

flexible monomers that lead to fewer domains which requires more ad-

vanced characterization methods or one uses monomers that are rigid and

tries to increase the domain sizes.

In the first approach, the characterization techniques play a central role.

In order to further advance the structure elucidation of two-dimensional

polymers, new characterization methods have to be chosen that also enable

characterizing polymers made of flexible, more complex monomers.

For structure elucidation, it would be desirable to have techniques that can

be used on a variety of substrates and that provide information on different

length scales simultaneously, rather than having to combine information

from molecular, domain, and macroscopic levels.

Of all techniques, tip-enhanced Raman spectroscopy and atomic force micro-

scopy-IR seem like the most promising techniques, as they combine sensitive

spectroscopic analysis with a high lateral resolution on the order of nanome-
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ters. They do not rely on the rigidity or crystallinity of the monomer sys-

tems, which means that they are also suitable for polymers synthesized from

less rigid monomers. On the other hand, they too suffer when the monomer

system becomes too complex as the interpretation of the obtained spectra

usually relies on DFT calculations. Furthermore, they are limited when it

comes to the choice of substrate to substrates that promote the TER effect.

Any other technique that would combine sensitive spectroscopic analysis

(ellipsometry, UV-vis, fluorescence) with nanometer resolution (by coupling

with an AFM or STM) would also be of particular interest.

Fluorescence microscopy may also be of use, as it allows visualizing both

domain extent and the arrangement of the monomers, provided a compre-

hensive computational study is carried out to understand how the fluores-

cence of the systems change according to the orientation of the monomers in

order to correctly identify and interpret the fluorescence spectra obtained.

There is hope that conducting these calculations for one anthracene system

facilitates calculating or at least estimating it for another. Furthermore, ad-

vances in fluorescence microscopy have led to ever-increasing resolutions,

which could mean that at some point even small changes in packing could

be readily visualized by this technique.

Furthermore, the loss of order that ensues upon irradiation of the monomer

film may not be as detrimental to structure elucidation if the packing of

the monomers could be determined directly at the air/water interface using

methods such as grazing-incidence small angle X-ray scattering (GISAXS)

or grazing-incidence wide angle X-ray scattering.

In the second approach, increasing the domain size and decreasing the num-

ber of domains is vital to achieving large polymer sizes. The deposition and

irradiation parameters would have to be optimized: using low concentra-

tions in the monomer stock solution, as well as irradiation sources where

the rate of polymerization is kept low in order to facilitate defect corrections

during polymerization. Another plausible approach could be to heat up the

water subphase to attempt to anneal the monomer film and thereby correct

defects.

Whichever approach is chosen, the synthetic parameters will have to be op-

timized in order to obtain extended films with few domains and defects

before further applications of these systems can be explored.
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The exact nature of the applications are not fully established. Achieving

a large lateral extension of packing III for monomer 1 may allow to test its

suitability as a gas separation membrane. The application for optical storage

outlined within this thesis also relies on having laterally extended, defect-

free films. With recent further advances in the field of metalenses,[174,175]

the films of monomer 2, which were shown to be suitable for optical writ-

ing, could be combined with a metalens to achieve optical writing on the

nanometer scale. This is of particular interest in order to use the films in

optical recording and data storage.
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Chapter 8

Sample preparation

8.1 Langmuir trough

A KSV 2000 System 2 and a KSV minitrough were used for all film transfer

experiments. Both are equipped with a platinum Wilhelmy plate and a dip-

per. The troughs are made from teflon and the barriers from Delrin. Prior

to experiments the trough was cleaned successively with millipore H2O,

CHCl3, EtOH, CHCl3, millipore H2O, wiping them dry using dust-free pa-

per towels (Kimtech Science Precision Wipes, Kimberly-Clark Professional,

Woodbridge, Ontario, Canada) after every solvent, followed by a final rinse

with millipore H2O. The barriers were cleaned with millipore H2O, EtOH

and then millipore H2O, wiped off with Kimtech Precision Wipes after each

solvent and given a final rinse with millipore H2O. The Wilhelmy plate was

cleaned by heating with a Bunsen burner, then rinsing with millipore H2O.

The stage for the substrates was cleaned with EtOH and millipore H2O. The

stage carrying the substrate was immersed in the water prior to deposition

of the monomer solution (transfer from below). Solutions of monomer were

applied using a 100 µL glass microsyringe. After a time lag of 30 minutes

that allowed for evaporation of the solvent, the barriers were compressed

to a surface pressure specific to the monomer. The barriers moved with a

speed of 2 mm/min and 3 mm/min for the minitrough and the KSV 2000,

respectively.

Parameters used for monomer 1: a stock solution of concentration 0.2 mg/mL

in CHCl3 with 5% iPrOH was used. For the small LB trough, 20–25 µL were

applied. A target surface pressure of 2 mN/m was used for transfer experi-
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8. Sample preparation

ments.

Parameters used for monomer 2: a stock solution of concentration 1 mg/mL

in CHCl3 with 10% MeOH was used. For the small LB trough, 20–25 µL were

applied. The monomer was occasionally purified by rGPC in pure CHCl3.

A target surface pressure of 20 mN/m was used for transfer experiments.

Parameters used for monomer 3: a stock solution of concentration 0.25

mg/mL in CHCl3/cyclohexane (1:1). For the small LB trough, 20–25 µL

were applied. A target surface of 20 mN/m was used for transfer experi-

ments.

8.2 Preparation of Substrates

Silicon (SiO2/Si, Thermo, 300 nm) and quartz substrates were cleaned with

Piranha solution (H2SO4, H2O2 3:1) under sonication for 15 minutes, fol-

lowed by sonication in millipore H2O (3 x 15 min). In the case of SiO2/Si,

this was done to remove a coating of photoresist (10 µm of AZ9260, Merck

Performance Materials GmbH, Germany). They were then stored under mil-

lipore H2O. Prior to use they were rinsed with EtOH, then millipore water.

TEM grids were used as provided by the manufacturer (PLANO GmbH,

Wetzlar, 35578 Germany).

Au substrates for TERS and XPS (Au grown on glass and glued to a silicon

slide, as described in [176]) were removed from the silicon slide protecting

them, rinsed with EtOH and then millipore H2O.

All other substrates (polystyrene, COC) were rinsed with millipore H2O.

Polystyrene supports were prepared using polystyrene beads (158 K, BASF

Ludwigshafen) that were dissolved in chloroform (10w%) and poured into

a Petri dish. After evaporation of the solvent under ambient conditions (2–3

days), the formed films were further dried in a vacuum oven for one day at

40 ◦C.

C18-SAMs were prepared following a literature procedure.[177] SiO2/Si wafers

were cleaned with Piranha solution, then by oxygen-plasma treatment. Sub-

sequently, they were immersed for 2 h in a solution of octadecyltrichlorosi-

lane (OTCS) in dry decalin (cis/trans mixture; approx. 3 µM). The contact
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8.3. Polymerization and Film Transfer

angle was determined to be 105◦, which is in accordance with the reported

value for the self-assembled ML.

Highly ordered pyrolitic graphite (HOPG SPI-2 ZYB, SPI supplies, Westch-

ester, PA, USA) and mica substrates (PLANO GmbH, Wetzlar, 35578 Ger-

many) were exfoliated with scotch tape and rinsed with millipore H2O prior

to use.

8.3 Polymerization and Film Transfer

Figure 8.1: Compressed film on
Langmuir trough.

Figure 8.2: Langmuir trough during
irradiation of the film.

Polymerization on the LB trough was carried out using LEDs of wavelength

λ = 365 nm (Omicron Laser LEDMOD365.250.OEM) after the film had been

kept at the target surface pressure for one hour. Film transfer was achieved

by raising the stage carrying the substrate. This stage had been mounted

underneath the water surface prior to monomer deposition. The stages used

were horizontal or had a tilt angle of 45◦. The lifting speed of the dipper was

0.5 mm/min. In the case of film transfer onto TEM grids, the copper grids

with a mesh size of 1000 (PLANO, G2780C, Wetzlar, Germany) or mixed

mesh (PLANO G2770C, Wetzlar, Germany) were deposited onto the film

with tweezers. A piece of writing paper was then placed onto the grids and,

upon adsorption of the grids to the paper, peeled of the water surface and

dried in a covered petri dish in the dark.
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Chapter 9

Analytical techniques

9.1 Brewster Angle Microscope (BAM)

The used BAM was a KSV MicroBAM (KSV NIMA, Finland) which was

incorporated within the KSV 2000 system 2. The BAM operated with a 659

nm laser.

For BAM images of a higher resolution, a Nanofilm ep3 BAM (Accurion,

Göttingen, Germany) was used equipped with an internal solid-state laser

of a wavelength λ = 658 nm. A CCD camera (768 x 562 pixels) and a 10x

objective were used to record the images. The lateral resolution was 1 µm.

9.2 Scanning Electron Microscopy (SEM)

The TEM grids used were placed on a holder (PLANO, G3662, Wetzlar,

Germany) and imaged with FEG-SEM (Zeiss LEO Gemini 1530, Germany)

microscope with an in-lens detector.

9.3 Atomic Force Microscopy (AFM)

Height analyses of the film were carried out using OMCL-AC160TS silicon

tips (Olympus, Shinjuku, Japan) were used for imaging with a resonance fre-

quency between 200 and 400 kHz and a spring constant of about 26 N/m.

The microscope was a Bruker Dimension Icon (Bruker, Billerica, MA, USA)

used in tapping mode. The substrates used most commonly were SiO2/Si,

HOPG and mica. The film heights were measured at film edges created

by placing a strip of mica on the substrate prior to film transfer which was
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9. Analytical techniques

removed after transfer from the LB trough to reveal the bare substrate. Re-

moval of the mica strip afforded a clearly defined edge of the film, however,

mica residues (bright specks in AFM image) remained and occasionally, re-

moval of a mica strip led to the monomer film covering the mica strip to

glide in part onto the substrate.

Film scratching was carried out using a peak force setpoint of 4 V and a

Bruker Nanoscope-Multimode-AFM (Bruker, Billerica, MA, USA) in peak

force tapping mode.

A molecular model of the monomer giving the theoretical height was ob-

tained using a MM2 geometry optimization in Chem3D 16.0 (ChemOffice

2016, PerkinElmer, Waltham, MA, USA).

For high-resolution AFM imaging, a Bruker Nanoscope-Multimode AFM

was used in peak force tapping mode with ScanAsyst-air-hr nitride can-

tilevers (Bruker, Billerica, MA, USA).

AFM images were processed with the software Gwyddion.[178]

9.4 Scanning Tunneling Microscopy

Figure 9.1: Step-by-step procedure used to fit the contorted polymer to the
image.
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The microscope is a SPECS SPM Aarhus 150 with a SPC 260 Control System

(Specs, Berlin, Germany). All of the STM measurements were performed in

vacuo at room temperature in constant current mode using Pt-Ir tips (90% Pt,

10% Ir) prepared by mechanical cutting and cleaned by in-situ sputtering.

The STM images were processed using the WSxM software.

To fit the model of the polymer with the image of the contorted film, an

algorithm was used that used the following steps: the image was first bina-

rized (fig. 9.1a) and the centers of the pores were defined (red dots). Then,

the pores were parted into equal pieces by lines at the middle of the center-

center distances (fig. 9.1b,c). Only pores of a certain size and with a certain

number of sides were considered (fig. 9.1d) and in those, the monomers

were plotted (fig. 9.1e,f).

9.5 Confocal and Tip-enhanced Raman Spectroscopy

All confocal Raman and TER spectra were acquired on a combined STM/Ra-

man microscope (Ntegra Spectra, NT-MDT, Zelenograd, Russia).[179,180]

Confocal Raman spectra were obtained by averaging 5 accumulations with

an acquisition time of 10 s each, using a 632.8 nm HeNe laser at an incident

power of 0.5 mW for excitation.

For TERS imaging, an exposure time of 5 s and 4 accumulations was used

for all pixels. A 632.8 nm HeNe laser at an incident power of 0.3 mW was

used as the excitation source. Based on the diameter of the laser focus,

which is around 1.0 µm, the laser fluence was estimated to be 6.4 x 103

mW/cm2. During measurements, the bias voltage was set to 0.2 V and the

tunneling current was kept at 0.1 nA. All TERS images were obtained after

overnight measurements to minimize the drift of the system. The instrument

was equipped with an electron multiplying charge-coupled device (EMCCD,

Newton 971 UVB, Andor, Belfast, UK).

The TERS imaging data were fed into MatLab (R2015a, MathWorks, USA)

for plotting peak intensity ratio maps. The background was subtracted by an

automatically applied MatLab function (msbackadj) to each individual spec-

trum, followed by gently smoothing with another MatLab function (rloess).

Cosmic rays on individual CCD pixels were using custom-made MatLab

codes. Peak heights were determined by means of the automatic peak finder
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Figure 9.2: TER spectra obtained of the polymer monolayers synthesized
from monomer 1 when varying acquisition time and excitation power to
find the optimal imaging conditions.

based on MatLab, and the individual threshold (signal-to-noise ratio ≥3)

was calculated for each spectrum (after aforementioned preprocessing) at

every position of the maps.

9.6 DFT calculations

Theoretical Raman spectra were calculated using Gaussian 09 (Gaussian,

Wallingford, USA) by means of DFT. All calculations, including full geome-

try optimizations and frequency predictions, were performed using B3LYP/

6-31G(d) basis. The keyword Integral = (Grid=UltraFine, Acc2E=11) was

used to increase the two-electron integral accuracy when SCF calculations

failed to converge using default run parameters. Molecular orientation de-

pendence calculations based on the dipole approximation was carried out

as described in [181, 182]. Briefly, a Raman tensor α was extracted from the

DFT calculation results. By assuming that the local vertical field (ZZ axis)
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provides the primary plasmon enhancement, only the vertical component of

the Raman tensor (αZZ) and polarization were taken into account. Molec-

ular bending and twisting was ruled out from the orientation dependent

calculation. All calculated frequencies were scaled with a factor of 0.977.

The optimized geometry and the calculated vibrational modes were visual-

ized using the Gaussview 5 package.

9.7 UV-Vis spectroscopy

The spectra were recorded on a JASCO V-660 UV-VIS-NIR Spectrophotome-

ter (Jasco Inc., Tokyo, Japan). The scanning speed was 400 nm/min. The

spectral resolution was 1 nm. The substrates used were Suprasil quartz

(Suprasil 1, 0.5 mm thick, Heraeus, Hanau, Germany). In the case of solu-

tion UV-Vis spectroscopy, quartz cuvettes (0.6 mL, light path 2 mm) were

used. The solvents of choice were CHCl3, cyclopentane or CH3CN.

9.8 Fluorescence and excitation spectroscopy

The fluorimeter used for recording the excitation and emission spectra of

the film on quartz was a Fluorolog 3 fluorimeter (Horiba Jobin Yvon, Kyoto,

Japan). A sample holder for solid substrates was used and the probing

mode was set to front-facing (FF). The side entrance slit, side exit slit and

first intermediate slit were set to 5 nm bandpass. The integration time was

0.1 sec. For the excitation spectrum, the monitoring wavelength was set to

578 nm and the excitation was swept between 300 and 558 nm, taking care

to avoid 289 nm in order to prevent Rayleigh scattering. The data were

processed in Origin.

9.9 X-Ray Photoelectron Spectroscopy (XPS)

XPS spectra were collected using SPECS Analyzer Phoibos 150, with a mono-

chromatic AlKα source (energy of 1486.6 eV, power 400 W). The base pres-

sure in the spectrometer was 10−11 mbar. Data acquisition was controlled

using SpecsLab2 software, while analysis was done using Unifit2013 soft-

ware. The binding energy (BE) scale was referenced by setting BE of Au4f7/2

peak from the substrate to 84.0 eV.
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9.10 Confocal Laser Scanning Microscope (CLSM)

A Zeiss LSM 880 upright laser scanning confocal microscope (Zeiss, Oberko-

chen, Germany) was used. The system comprises a motorized X-Y stage

(135 cm x 80 cm), a tunable chameleon multi photon laser, two conventional

PMTs and a highly sensitive GaAsP detector. Images were recorded using a

laser line of 458 nm (diode) for fluorescence images or 633 nm (HeNe) for

phase contrast images and a 10x 0.3NA EC Plan-Neofluar Ph1 M27 objective.

Furthermore, Zeiss LSM 780 inverted laser scanning confocal microscope

(Zeiss, Oberkochen, Germany) was used in order to record lambda-scans.

It features a motorized X-Y stage (Märzhäuserstage Scan 120x100 IM), a

piezo stage that enables fast focussing, two Quasar PMTs, 1.32 PMT GaAsP

detector, a transmission PMT and two APDs. Images were recorded using

a laser line of 633 nm (HeNe), 458 nm (Argon) or 405 nm (diode) and a 10x

0.3NA EC Plan-Neofluar objective.

Image processing was done using Zen Black 2012 software (Zeiss, Oberkochen,

Germany) and Fiji (U.S. National Institutes of Health, Bethesda, Maryland,

USA).

9.11 Photoreaction

The photoreaction for solid substrates was carried out under N2 in an in-

house built quartz reactor (see fig. 9.3). The longer metal tube was the inlet

for N2, while the shorter one served as an outlet. N2 was continuously

blown through the tube for five minutes prior to start of the irradiation and

during the irradiation experiment. The photoreactor used was an RMR-

600 (Rayonet, Branford, CT, USA) equipped with 6 lamps (λ = 350 nm, 4 W

each). For the reversion of the cycloaddition, an ABM deep UV mask aligner

(ABM-USA, Inc. San Jose, CA, USA) was used with a laser line of λ = 220

nm and a 1000 W Hg light source. A second of irradiation corresponds to

16.4 mW/cm2 or 33 mJ. The quartz cell was kept under N2 for the entire

irradiation time.
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Figure 9.3: Quartz photoreaction cell

131





Chapter 10

Synthetic Procedures

Reagents and solvents were purchased at reagent grade from commercial

suppliers and used without further purification unless otherwise stated. Sol-

vents (hexane, EtOAc, CH2Cl2) for extraction and chromatography were ob-

tained in technical grade and distilled before use. Unless otherwise stated,

all reactions were performed under an inert atmosphere by applying a posi-

tive pressure of N2 or Ar. Reaction monitoring was achieved by NMR or by

thin layer chromatography. The photoreactor used was a RMR-600 (Rayonet,

Branford, CT, USA) equipped with 8 lamps (λ = 350 nm, 4 W each).

Flash column chromatography (FC): Carried out with SiO2 60 (particle size

0.040–0.063 mm, 230–400 mesh ASTM; Fluka).

Thin layer chromatography (TLC): Conducted on aluminium sheets coated

with SiO2 60 F254 (Merck). Visualization occured by UV light (254 nm or

366 nm).

1H-, 13C-, 19F-NMR spectra: Measured on a Varian Mercury 300, a Bruker

DRX 400 or on a Bruker Avance 500 spectrometer. Chemical shifts are re-

ported in ppm relative to the signal of SiMe4. Residual solvent signals in

the 1H and 13C NMR spectra were used as an internal reference. Coupling

constants (J) are given in Hz. The resonance multiplicity is described as s

(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br. (broad).

Mass spectrometry (HR-MS): Performed by the MS-service of the Labora-

tory for Organic Chemistry, ETH Zurich. High resolution matrix-assisted

laser desorption/ionization (HR-MALDI) spectra were measured on a Var-

ian Ionspec FT-ICR spectrometer using trans-2-[3-(4-tert-butylphenyl)-2-methyl-
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10. Synthetic Procedures

2-propenylidene]malonitrile (DCTB) (for compound 4) and DCTB+Ag (for

compounds 3 and 5) as matrices.

10.1 1,2,3,4-Tetrafluoroanthracene 4

1,2,3,4-Tetrafluoroanthracene was synthesized via a three-step synthesis that

had been adapted from two procedures previously reported in the litera-

ture.[139, 140]

2-methyl-2H-isoindole 8

THF (24 mL) was cooled to 0 ◦C, LAH (60 mmol, 2.4 M in THF, 25 mL) was

added, then a solution of MeOH (4 mL) in THF (24 mL) was added dropwise

over 15 min. The mixture was cooled to -78 ◦C and N-methylphthalimide

(3.30 g, 20 mmol) was added portionwise. The resulting colorless mixture

was stirred for 60 min at -78 ◦C, then at 0 ◦C. After 1 h, TLC indicated

two products, one which corresponded to the isoindole and the other to the

partially reduced phthalimide. After 2.5 hours, TLC of the yellow solution

indicated only one product. Sat. aq. Na2SO4 (12 mL) was added, the mix-

ture filtered and the residue washed with acetone. The filtrate was dried

(MgSO4) and concentrated to give 8 as a pale green solid (2.2 g, 8.6 mmol,

83%) which was pure judging by NMR spectroscopy and due to its instabil-

ity was used as such in the next reaction step.
1H NMR (300 MHz, CDCl3) δ in ppm: 7.50 (dd, J = 6.5, 3.1 Hz, 2H), 7.04 (s,

2H), 6.91 (dd, J = 6.6, 3.0 Hz, 2H), 3.99 (s, 3H, N-Me).
13C NMR (76 MHz, CDCl3) δ in ppm: 124.73 (qC), 120.73, 119.45, 111.82

(CH-N), 37.66 (N-Me).

1,2,3,4-tetrafluoro-11-methyl-9,10-dihydro-9,10-epiminoanthracene 9

n-BuLi (10.5 mL, 1.6 M in hexane) was added dropwise over 2 min to

chloropentafluorobenzene (2.16 mL, 16 mmol) in Et2O (9 mL) at -78 ◦C and

then stirred for 30 min. 8 (2.2 g, 8 mmol) in Et2O (9 mL) was added drop-

wise over 5 min and the resulting yellow-green suspension was allowed to

warm to RT. After 18.5 h, the brown solution was poured onto dist. H2O, the

org. phase was separated and the aq. phase extracted with CH2Cl2 (2x). The

comb. org. portions were dried (MgSO4), filtered and concentrated to give 9

as a brown solid (3.43 g), exhibiting peaks at 2.26 and 5.23 ppm ascribed to
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10.2. Tetrafluoroanthracene Dimer 5

N-Me and the bridgehead protons, respectively. Approximately 45% start-

ing material remained, as determined by comparison of the N-Me peaks of

starting material and product in the 1H NMR. The crude was used as such

in the next step.

1,2,3,4-Tetrafluoroanthracene 4

9 (3.43 g, 16 mmol) was dissolved in CHCl3 (60 mL), cooled to 0 ◦C and

mCPBA (5.506 g, 24.56 mmol) was added. The resulting mixture was stirred

at 0 ◦C for 3 h, allowed to warm to RT and stirred for 18 h. The mixture was

filtered, the residue washed with CH2Cl2, the org. portions washed with

sat. aq. Na2CO3, dried (MgSO4), filtered and concentrated to give a brown

oil. CC (100% hexane) afforded 4 as a pale yellow solid (135 mg, 6% over

two steps).
1H NMR (300 MHz, CDCl3) δ in ppm: 8.55 (s, 2H), 8.01 (dd, J = 6.5, 3.3 Hz,

2H), 7.56 (dd, J = 6.6, 3.2 Hz, 2H).
13C NMR (76 MHz, CDCl3) δ in ppm: 144.27–139.61 (m), 132.01, 128.34,

127.25, 119.58 (p, J = 3.0 Hz), 118.97-117.75 (m).
19F NMR (282 MHz, CDCl3) δ in ppm: -150.74, -159.47.

HR-MALDI-MS: m/z: 250.03996 ([M]+, calcd for C14H6F4
+: 250.04001).

10.2 Tetrafluoroanthracene Dimer 5

4 (56 mg, 0.2 mmol) was dissolved in deoxygenated benzene (2.5 mL) in a 10

mL Schlenk tube and irradiated in a Rayonet photoreactor at a wavelength

of λ = 350 nm for 12 h. The yellow supernatant was pipetted off, the solid

washed with benzene and dried to give spectroscopically pure 5 (100 mg,

89%) as colorless crystals. Recrystallization (and heating to 60 ◦C) resulted

in the dimers reverting back to the tetrafluoroanthracenes. Subjecting these

dissolved crystals to a further photoreaction gave a mixture of anti- and syn-

dimer (5a, 5b) at a ratio of 2:1. Even though a HOESY NMR was measured

to assign the two stereoisomers, it was not possible to unambiguously do

so. However, due to the difference in the shifts in the 19F NMR spectra it

was possible to assign all peaks to the corresponding isomer.

Due to its low solubility and stability, it was not possible to obtain a 13C

NMR spectrum where the peaks of carbons connected to or α to fluorines

were visible. Nevertheless, two-dimensional 19F-13C NMR correlation spec-
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troscopy, HSQC and HMBC allowed assignment of the chemical shifts of all

carbon peaks for both isomers.

Major component 1H NMR (500 MHz, benzene-d6) δ in ppm: 6.66 (dd, J

= 5.5, 3.2 Hz, 4H), 6.56 (dd, J = 5.4, 3.3 Hz, 4H), 4.55 (s, 4H).
13C NMR (500 MHz, benzene-d6) δ in ppm determined from HSQC and

HMBC: 143.57 (C-F, inner), 140.44 (qC), 138.35 (C-F, outer), 127.48 (C-H),

126.90 (C-H), 126.24 (qCα-CF), 44.64 (bridgehead C-H).
19F NMR (500 MHz,benzene-d6) δ in ppm: -146.02 (m, J = 20.3 Hz), -157.62

(m, J = 20.3 Hz).

Minor component 1H NMR (500 MHz, benzene-d6) δ in ppm determined

from HSQC and HMBC: 6.69 (dd, J = 5.4, 3.3 Hz, 4H), 6.63 (dd, J = 5.5, 3.2

Hz, 4H), 4.54 (s, 4H).
13C NMR (400 MHz, benzene-d6) δ in ppm: 143.51 (C-F, inner), 140.44

(qC), 138.15 (C-F, outer), 127.01 (C-H), 127.46 (C-H), 125.91 (qCα-CF), 44.70

(bridgehead C-H).
19F NMR (500 MHz, benzene-d6) δ in ppm: -145.36 (m, J = 20.4 Hz), -159.15

(m, J = 20.4 Hz).

HR-MALDI-MS: m/z: 606.98561 ([M+Ag]+, calcd for C28H12AgF8
+: 606.98567).

10.3 Dianthracene 7

Anthracene 6 (300 mg, 5.61 mmol) was dissolved in deoxygenated benzene

(70 mL) and irradiated at λ = 350 nm for 24 h at room temperature in a rayo-

net reactor. The precipitated solid was washed with benzene, recrystallized

in EtOH and 7 was obtained as white crystals (540 mg, 90%).
1H NMR (C2D2Cl4, 300 MHz): 6.94 (dd, J = 5.4, 3.3 Hz, 8 H), 6.81 (dd, J =

5.4, 3.3 Hz, 8H), 4.54 (s, 4 H) ppm.
13C NMR (C2D2Cl4, 76 MHz): 143.24, 127.08, 125.46, 53.23 ppm.

HR-MALDI-MS: m/z(%): 463.0610 ([M+Ag]+, calcd for C28H20Ag+: 463.0616).
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Figure 11.1: 1H NMR spectrum of compound 4 in chloroform-d.
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Figure 11.2: 13C NMR spectrum of compound 4 in chloroform-d.
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crystallization. Only one isomer is present.

140



102030405060708090100110120130140150160170180190
f1 (ppm)

-200

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

4
4
.7

0

1
2
7.

0
1

1
2
7.

4
6

1
2
8
.0

6
 C

6
D

6

1
4
0
.4

4

127.0127.5128.0128.5129.0
f1 (ppm)

0

500

1000

1500

2000

1
2
7.

0
1

1
2
7.

4
6

1
2
8
.0

6
 C

6
D

6

Figure 11.5: 13C NMR spectrum of compound 5 in benzene-d6, prior to
recrystallization. Only one isomer is present. The carbons bearing fluorines
or α to carbons bearing fluorines cannot be discerned due to coupling which
decreases the signal intensity significantly.

141



11. NMR Spectra

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
f1 (ppm)

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

4
.0

0

8
.0

3

4
.5

4

4
.5

5

6
.5

5

6
.5

6

6
.5

6

6
.5

7

6
.6

3

6
.6

3

6
.6

4

6
.6

4

6
.6

5

6
.6

6

6
.6

6

6
.6

7

6
.6

8

6
.6

8

6
.6

9

6
.6

9

7.
1
6
 C

6
D

6

6.556.606.656.70
f1 (ppm)

0

1000

2000

3000

4000

5000

6000

A (dd)

6.56

B (dd)

6.66

C (dd)

6.69

D (dd)

6.63

4.504.524.544.564.58
f1 (ppm)

0

5000

100004
.5

4

4
.5

5
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of the fluorine-bearing carbons of both isomers.
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Figure 11.15: 1H NMR spectrum of 9 in chloroform-d.
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Chemical Imaging of Interfacial Monolayers by Tip-Enhanced Raman

Spectroscopy” Angew. Chemie Int. Ed. 2017, 56, 9361–9366.

4. V. Müller, F. Shao, M. Baljozovic, M. Moradi, Y. Zhang, T. Jung, W. B. Thomp-

son, B. T. King, R. Zenobi, A. D. Schlüter ”Structural Characterization
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