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Non-covalent Modification of Graphene and MoS;

Synthesis and Characterization of Charged-Molecules and Two-Dimensional Materials
Steffen Briills

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

Graphene is a material of superlatives. It has unique properties, which are explored in various
areas of interdisciplinary research. Graphene can improve the properties of other materials or
even give them new functions and is therefore a suitable candidate for different sensor
applications. While covalent functionalization of graphene comprises the outstanding
properties of graphene, non-covalent modification of graphene does not affect the outstanding
properties of graphene. Next to graphene there are other two-dimensional materials such as
molybdenum disulfide in the focus of research, which increases the scope of applications for
two-dimensional materials.

This thesis presents the synthesis of a series of neutral and charged n-conjugated systems with
a different amount of either benzimidazole or pyridine moieties. The molecules differ in the
size of their m-conjugated system, the amount of charges, and the counter ions. Selected
molecules were used to non-covalently functionalize either graphene or molybdenum disulfide.
The new two-dimensional materials were characterized by Raman spectroscopy, X-ray
photoelectron spectroscopy, photoluminescence spectroscopy, atomic force microscopy and
Time-of-Flight secondary ion mass spectrometry. Both, neutral and charged molecules can
interact with graphene/ molybdenum disulfide via intermolecular forces. Computational studies
support experimental observations and helped to gain more insight about the intermolecular
attraction between the m-conjugated systems and graphene. Lastly, the non-covalently
functionalized graphene was used to fabricate FET-devices, which showed strong p-doping of
the underlying graphene by the n-conjugated systems.

To summarize, we showed the non-covalent functionalization of graphene and molybdenum
disulfide with m-conjugated molecules and the influence of structural and electrochemical
parameters on the interaction with graphene or molybdenum disulfide. The results presented in
this thesis can be the basis of novel sensors on the nanoscale such as a pH-meter or a humidity
Sensors.

Keywords: Graphene, molybdenum disulfide, functionalization, intermolecular interactions,
cation, anion, charged n-conjugated systems, non-covalent interactions, doping, sensors.
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1. Introduction and Background

1.1 Graphene - Material of Superlatives

The material graphene is in the centre of a fast growing interdisciplinary field of research
between natural sciences and material sciences.!!l Tt is also the best studied two-dimensional
material (2D).[2! Graphene research focuses on applications in nanotechnology and device
fabrication.!”] In 2004, the researchers Andre Geim and Konstantin Novoselov from the
University of Manchester published the Scotch tape procedure for the preparation of graphene.
Single layers of graphene were obtained by exfoliating graphite crystals. Their analyses of
single-layer graphene reviled some of its outstanding properties like the highest yet known
charge carrier mobility value.l! In recognition to this research, Andre Geim and Konstantin
Novoselov were honored with the Nobel Prize in Physics in 2010.-% Graphene is one of the
thinnest material ever obtained and at the same time the strongest known material.[”) Its
electrical!®! and thermal conductivity!!! are higher than in any other material. Graphene is
elastic and impermeable to any molecules!'? and almost transparent.!'3] These unique properties
can be explained by the structure of graphene.['*] The 2D-material consists of a one-atom-thick
layer of solely carbon atoms, arranged in a honey comb lattice with a C-C bond length of 1.42
A (Figure 1).

_ o

oo i oo

= - -

G O s e G G

= < - -
O o e L e e O

e A O O
- . -

0
A

T .

-

g Vo= »

PR g P P =

S Ty -tL" f""'."g_’f s
'y s ..=_'.o_.-

Figure 1: Optimized structures of single-layer graphene from two different perspectives in top view (top) and side
view (bottom), showing the hexagonal arrangement of the carbon atoms in the lattice.

When stacked on top of each other, several sheets of graphene form the material graphite with
an interlayer distance of 3.35 A.['5] All carbon atoms in the graphene lattice are sp>-hybridized
as in some other carbon allotropes like fullerenes!!! and carbon nanotubes.!!”) However, not all
sp?-hybridized carbon allotropes have the same properties. Because of graphene’s structure and
associated properties, graphene is expected to be a promising candidate for many applications
in the future.!'®-22 Its broad spectrum of unique properties allows graphene to be used in a series
of different applications, including amongst others high-frequency transistors,[>¥] high-



performance capacitors,?*! transparent electrodes,? sensors!?6-2°1 and energy applications.[*%-

31 Different chemical modifications of the carbon materials fullerenes®?-%! and carbon
nanotubes B3%381 have been published. These studies show that the electronic properties of
carbon allotropes can be influenced by modifying the carbon lattice chemically. Recently, an
increased interest in chemical modification of graphene can be observed to overcome problems
in production, storage, handling and processing. The modification of graphene changes its
electronic®-#!1 and photoelectrical properties!*?! and has an impact on the solubility and
stability of the material.[**-*°1 In addition to the already mentioned challenges, pristine graphene
has properties that makes it less favourable for some interesting electronic applications.
Semiconducting materials profit from a high stability in high frequency, high power, high
temperature and other harsh environmental conditions. A wide band gap semiconductor in
comparison is defined with a band gap greater than 2.2 eVI®"l between valence band (VB) and
conduction band (CB) like the materials silicon carbide and gallium nitride (third generation of
semiconductors, Figure 2B). The band gap describes the energy difference between the valence
band of electrons and the conduction band in insulators and semiconductors. It is therefore the
amount of energy, which is required to excite a valence electron of an atom to a conduction
band to move free in the crystal lattice as a charge carrier. The literature explains for metals an
overlapping of the valence band (VB) and conduction band (CB; Figure 2A). The energy level
between VB and CB is called Fermi level Ef. In contrast, graphene has a zero band gap (Figure
2C). That means that the Fermi level Erof graphene is at the Dirac point, which is the crossing-
point between valence band and conduction band. In recent years there has been an increased
interest in the engineering of the band structure of graphene to open up the band gap.°!! Both
p- and n-doping of graphene are feasible methods to introduce a semiconducting gap to
graphene based materials, which is called band gap opening. This can be done by single atom
doping, chemical modification and electrostatic field tuning. n-doping occurs when the dopants
transfer one or more electron (electron donor) to graphene and the dopant molecules are
therefore reduced and may become neutral. That leads to an increased Fermi level Ef of
graphene (Erlies in conduction band of the material). The conductivity of the doped material is
increased because the transferred electron is fed into the conduction band of graphene. In an
analogue fashion, p-doping materials accept one or more electrons (electron acceptor) and leave
a hole in the valence band of graphene, corresponding to a decrease of its Fermi level Er (Figure
2D) and band gap opening. The dopant becomes less positive or neutral. The positively charged
holes are consequently the charge carriers in p-doped materials.[?]
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Figure 2: Schematic band structures with the respective valence (VB) and conduction band (CB) of A) a metal
with band overlapping, B) a semiconductor with a band gap, C) pristine graphene with a zero bandgap and D) p-
type graphene with band gap opening. Pristine graphene has its Fermi level Er at cross-over point (Dirac point),
while the Fermi level Eris lowered for positively charged graphene.

1.2 Two-Dimensional Materials

Next to the already mentioned graphene, other 2D materials such as layered double
hydroxides,*3] molybdenum disulfide (Mo0S>) or more general transition metal dichalcogenides
(TMDs),¥ black phosphorus,!>! arsenene, antimonene and bismutene,>®! have been described
in the literature. These materials have various elemental compositions, which influence their
structure as well as their chemical and physical properties. In the same fashion as graphene,
there is a boom in research focusing on the tuning of these materials. Depending on the future
type of applications, different 2D materials can be chosen and combined and graphene may not
be the first choice, but one component. Most semiconducting applications are handicapped by
the already mentioned zero-band gap in pristine graphene. Another promising 2D material,
however with a band gap is molybdenum disulfide.®”! Molybdenum disulfide is one member
of the layered transition metal dichalcogenides.*® In the general formula MX, of TMDs, M
refers to a transition metal (elemental group I'V to VI) and X to a chalcogen like sulfur, selenium
or tellurium.®1 One layer of molybdenum atoms is sandwiched between layers of sulfide ions
(Figure 3). One single layer of molybdenum disulfide is 6.5 A thick.[*] Crystalline MoS; exists
in both hexagonal and rhombohedral symmetry, and for both symmetries are the molybdenum
atoms in the center of a trigonal prismatic coordination sphere and bonded to six sulfide ions.
In contrast, the sulfur atoms have a trigonal pyramidal geometry and are each bonded to three
molybdenum atoms.[%!! Analogously to the link between graphene and graphite, several layers
of molybdenum disulfide can stick on top of each other to form molybdenite (bulk MoS>). The
layers are held together by van der Waals interactions, in a similar way as in graphite. Similar
to graphene and graphite, the optical and electronic properties of monolayered MoS; and bulk
MoS; however differ.[®*7] For example, transforming bulk MoS: to monolayer MoS; leads to
an increase of the direct bandgap from 1.29 eV to 1.90 eV.1%%%% In a similar way to graphene
can the unique properties of MoS; be used for potential applications in emerging technologies
like solar cells,[7%-73] detectors 708! and sensors.[3>-86]



Figure 3: Three-dimensional optimized structures of MoS: from two different perspectives (vellow: sulfur atoms,
blue: molybdenum atoms). The side view (top) shows the Mo-S bridge site and top view (bottom) shows the
hexagonal arrangement of the sandwiched molybdenum layer.

1.3 Functionalization of Two-Dimensional Materials

The functionalization of 2D materials introduces new chemical and physical properties. This
allows the properties of two-dimensional materials to be tailored to best satisfy the requirements
set by sought-after technologies and applications. Graphene can be modified*?! by covalent
bonding of molecules to the graphene or by non-covalent bonding of molecules on the surface
of graphene (Figure 4).[41 Covalent modification of graphene can be performed by single atom
doping!®?! or addition of molecules to its unsaturated structure (i.e. functionalization with
diazonium reagent). Both can result in truncation of the conjugation system of graphene that
compromises some of its outstanding properties. In contrast, the structure of graphene remains
in a first approximation unaffected when modified non-covalently.

NO,

S
N? BF,
Covalent Non-covalent
modification modification
T —— —_—

Figure 4: Schematic representation of covalent functionalization for graphene with diazonium reagent (left side)
and non-covalent functionalization of graphene with pyrene (right side, dotted line).



The advantage of the non-covalent modification is that it can be used when a preservation of
the high conductivity is required.*’! The best studied chemically modified derivative of
graphene is graphene oxide. It is a 2D material related to graphene and consists of a hexagonal
o-framework of carbon atoms, which is functionalized with oxo-functional groups such as
epoxy-, hydroxyl, carbonyl- and carboxyl-groups. No exact structure or chemical formula can
be given for graphene oxide since it depends on the manner in which the graphene oxide is
prepared.®”! The first step of the preparation of graphene oxide is the oxidation of graphite,
followed by an aqueous work-up and purification to isolate graphite oxide. In a last step, a
delamination process forms single layers of graphene oxide from graphite oxide.[® During the
oxidation process defects are introduced in the carbon lattice of the formed graphene oxide.
All three previously mentioned polymorphs of molybdenum disulfide have different physical
properties and therefore already the different synthesis approaches have an dramatical impact
on the properties of MoS,*! by creating defects or introducing negative charges to the lattice.
Even a pressure dependency of the quality of MoS; during the synthesis process of CVD MoS>
was studied.”®! The surface modification is another strategy to tune the properties of MoS: in a
similar way to other layered transition metal dichalcogenides (TMDs). This can be performed
in a similar fashion to graphene in both a non-covalent and a covalent approach.!! This field
of research however needs greater exploration. Doping of MoS, particularly chemical, is highly
versatile to control its optical properties.”? The intensity of the photoluminescence!®’ of MoS,
can be tuned by surface functionalization of single layer MoS, with for example p-type
dopants.[*?]

Currently, there are a number of applications of functionalized graphene and MoS.. Both
unmodified graphenel?%21 as well as non-covalently modified graphene!®*-*7! have been used
for sensor applications. By non-covalently attaching a maltose-aminopyrene derivative on
graphene, the protein concanavalin A has been detected selectively and with high sensitivity.”]
In another application, a material with electrocatalytic activity was assembled by non-covalent
adsorption of a water-soluble iron porphyrins on graphene.® Also the non-covalent adsorption
of Prussian blue on graphene gave materials with high electrocatalytic activity.[** This growing
research area however benefits from novel molecules suitable for the non-covalent modification
of graphene. In addition, the non-covalent interaction between adsorbent and graphene has to
be studied in more depth. MoS; behaves here in a similar way. Both pristine®®! and modified
MoS; were used for sensor applications.®®-1°1] and the effect of molecular doping of MoS: was
computational studied. 1'% The controlled exfoliation of MoS: was used to develop thin film
humidity sensors!'?l and MoS, nanoparticle hybrid materials were used as a electrochemical
sensing platform to detect bisphenol A.l'%! This highlights the versatility of these interesting
class of materials.






2. Theory and Methodology

2.1 Preparation of Two-Dimensional Materials

The two materials discussed in this thesis, graphene and MoS», can be synthesized by different
methods. The following sections will discuss the most prominent methods for the preparation
of these two-dimensional materials containing the mechanical cleavage of both graphite,® 0]
and molybdenite, %6119 the reduction of graphene oxide!!'! and the chemical vapor deposition
(CVD) of graphenel!'2113] and MoS,. 1110, 114-117]

2.1.1 Mechanical Cleavage of Graphite and molybdenite

Several attempts have been performed to prepare graphene by exfoliation during writing with
a graphite pencil.'!#1241 However this method produced graphitic films (several layers of
graphene) which behave like bulk graphite. And the extraordinary properties of graphene are
just present in monolayers of graphene.[®! Andre Geim and Konstantin Novoselov were the first
to exfoliate single-layer graphene from bulk graphite by using a tape of the brand Scotch
suitable for device preparation.[® The process of this so-called Scotch tape method is as follows.
At first, the adhesive tape is pressed (Figure 5A) against the bulk graphite to transfer few layers
of graphene to the tape (Figure 5B). The tape, now with the few layers of graphene is transferred
(Figure 5C) by pressing the tape against the substrate surface of choice and gently peeling the
tape off (Figure 5D). In this way, a single layer of atoms is achieved. It has been shown that
graphene on top of a SiO2/Si substrate can be detected under an optical microscope due to a
strong color contrast arising from the air-graphite-SiO; interface.[!2>-126] For the exfoliation of
MoS: bulk material, the literature gives various approaches, which are in principle similar to
the exfoliation of graphite.[!96-110]
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Figure 5: Mechanical exfoliation of graphene with the Scotch tape method.'?”! Reprinted with permission.




2.1.2 Reduction of Graphene Oxide

Graphene oxide is a 2D material like its analogue graphene. It consists of a hexagonal c-
framework of carbon atoms that is decorated on both sides with oxo-functional groups, such as
epoxy-, hydroxyl, carbonyl- and carboxyl-groups at edges (Scheme 1).['?81 The oxo-
functionalized graphene oxide (0x0-G) can be applied to a silica wafer (Si/300nm Si0,) via the
Langmuir-Blodgett technique!'?®! and further treated with reducing agents to potentially
produce a high quality of graphene. It has been shown that black graphene-derived materials
can be produced from yellowish graphene oxide by the use of different reducing agents.['3%] The
density of lattice defects of reduced oxo-functionalized graphene (r-oxo-G) can be determined
with statistical Raman spectroscopy.!'3!] It is however hard to quantify the efficiency of the
chemical reduction of graphene oxide with too many defects. Also, the graphene surface can
be contaminated by reaction byproducts/residues. Another way of reducing graphene oxide is
the thermal disproportionation.['*2] Here are mobile oxo species formed, which might etch
already existing lattice defects in the material. Thermal reduction of graphene also avoids the
introduction of impurities from the reducing agents.

Scheme 1: Reduction of graphene oxide removes the oxo-functionalities to obtain graphene .

2.1.3 Graphene Preparation by Chemical Vapor Deposition

Chemical vapor deposition (CVD)!!!2 1331 is one of the most favored techniques to produce
graphene of a high quality on surfaces. CVD graphene neither suffers from in-plane vacancy
defects nor oxo-functional groups on the basal plane, although grain boundaries are present.!!!?]
The formed numbers of layers of graphene as well as the formation mechanism changes by
using different transition metals!''>'3 such as nickel,'3* palladium,!'**] ruthenium,'3¢]
1381 The CVD formation process is divided into three main stages. At the
outset of the process is the active transition metal surface covered with native oxide (Figure
6A). Usually polycrystalline copper foils are used as substrate, since they provide a high yield
of monolayer graphene. In a first step the transition metal is annealed at around 1000 °C to
remove the native oxide layer. Subsequently, under a CH4/H> atmosphere, graphene starts to
grow at several positions on the transition metal surface (Figure 6B). In the last step neighboring
graphene flakes start to touch and form grain boundaries (Figure 6C).[''?1 The thermal

iridium!"*7 or copper.!



expansion coefficients of graphene and copper are different. This causes wrinkling of graphene
on the copper substrate during the cooling process. Suitable alternatives to copper are
germanium substrates.!'3) Due to the similar thermal expansion coefficients of germanium and
graphene, fewer wrinkles form upon cooling. The interaction forces between graphene and
germanium are also lower than the interaction forces between graphene and copper. It is
therefore easier to transfer the graphene to other substrates. CVD MoS: films are prepared in a
similar fashion to graphene with molybdenum containing compounds, such as MoS: powder!!!7]
or molybdenum based film,!!41151 and ammonium thiomolybdate films.[!!6]

A) B) 1000 °C, methane/H,

Copper Oxide

Copper |

Figure 6: Illustration of CVD process in three stages. A) In the first stage the copper surface is covered with
copper oxide. B) After annealing to 1000 °C under a CH+/H: atmosphere, graphene starts to grow on the copper
surface. C) In the last stage start the graphene flakes to touch each other and form grain boundaries.

2.2 Mechanisms

The syntheses of the molecules prepared and studied in this thesis are based on organic
reactions, such as palladium catalyzed cross-coupling, nucleophilic substitution, electrophilic
aromatic substitution, cyclotrimerization and condensation reactions. The cyclotrimerization
reaction, the palladium catalysed cross-coupling reaction and the condensation between a
carboxylic acid and a diamine were key reactions in the synthetic routes for several different
molecular targets presented in this thesis and were carried out several times. However, the
reaction conditions had to be adopted for each molecular target. Therefore, these reactions are
described in more detail below.

2.2.1 Cyclotrimerization Reaction

The (2+2+2) cyclotrimerization reaction of alkynes is an useful synthetic strategy to construct
a benzene skeleton.'*] The cyclotrimerization reaction is catalyzed by a transition metal
complex with molybdenum,'*!l cobalt,!'4*143] thodium,!** or ruthenium as the metal
catalyst.['*] During the cyclotrimerization reaction three chemical bonds are formed in one
chemical operation.!*) A wide variety of alkynes can be transformed with the
cyclotrimerization reaction. It is possible to cyclotrimerize acetylene as well as mono- and
disubstituted alkynes. Depending on the catalyst, different pathways have been proposed. The
mechanisms for cyclotrimerization using cobalt complexes as catalysts, mostly of the type

CpCoL; (L = ligand, Cp = cyclopentadiene), has been discussed in literature (Scheme 2).[146]
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Scheme 2. Mechanism of cyclotrimerization reaction.

Density functional theory (DFT) calculations have been performed to understand the
mechanism of the reaction.['*7! Initially one alkyne molecule 1 forms a complex 2 with the
catalyst precursor CpCoL. by substituting one of its ligands. An example of the ligand is
triphenylphosphine. Then, another alkyne substitutes a second ligand in the Co-complex 2 in
an activation process to form the active catalyst 3. The active catalyst 3 undergoes an oxidative
cyclization to yield the cobalt cycle 4. The transformation of that complex into the final product
5 is not yet fully understood. However, extended Hiikel theory calculations indicate the
formation of 6, where the alkyne lies parallel to the Cp-Cp bond of the metallacycle.!'*8] The
next step could in principle result in any of two possible intermediates. Complex 6 undergoes
an (4+2) Diels-Alder reaction to form 7 or it undergoes an insertion reaction that results in
complex 8. However, complexes 7 and 8 have both been deemed unlikely based on DFT
calculations.!'*®! The product is released from 9 by ligand exchange with two alkynes reforming
the active catalyst 3.



2.2.2 Phillips-Ladenburg Reaction

Benzimidazole is the benzo derivative of a heterocyclic aromatic compound, imidazole.!4%-130]
The benzimidazole core structure is a common fragment in many biological active compounds
and has appeared in a variety of medical studies.!!>!"132] The first synthesis of benzimidazole
was published in 1872.11531 A huge variety of different synthetic strategies have been describes
since then.['>%] Tn 1928 Phillips described the synthesis of benzimidazole by refluxing o-
phenylenediamine and monobasic acid in hydrochloric acid, which is known as Phillips-
Ladenburg reaction.!'>* Benzimidazole was then obtained by neutralizing the reaction mixture
with ammonium hydroxide. A modified version of this condensation reaction allows the
formation of benzimidazole derivatives using an excess of organic acids.[!>] Fatty acids and
acetic acid are condensed with o-phenylenediamine to yield its corresponding benzimidazole
derivatives. Various conditions have been reported for the condensation reaction between
trimesic acid and o-phenylenediamine.['>6-15%1 The strategy described in this thesis is based on
the Phillips-Ladenburg reaction described by Phillips (Scheme 3).['% But instead of
hydrochloric acid, phosphoric or polyphosphoric acid were used to introduce one, three or six
benzimidazole moieties in just one chemical operation. The mechanism for the reaction in both
methods is the same. The mechanism of the underlying condensation reaction in
polyphosphoric acid has been recently discussed. The rate determining step is the initial
formation of a carboxylic acid phosphate ester. [16%]
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Scheme 3. Mechanism of benzimidazole formation via Phillips-Ladenburg reaction.

Initially the carboxylic acid 10 is protonated by the presence of an acid to form 11. A
nucleophilic attack of one of the amino groups of o-phenylenediamine 12 on the protonated
acid 13 (equilibrium between 11 and 13) leads to N-acylated intermediate 14. The carbonyl
group of 14 is protonated to form 15, followed by a nucleophilic attack by the other amino
group of 15 on the carbonyl carbon (The diamine of 14 and 15 are also protonated in
equilibrium). This leads to a second N-acylation and completes the ring closure to obtain 16.
Benzimidazole 17 is formed by the dehydration of intermediate 18. During the benzimidazole
condensation reaction, two water molecules are formed.
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2.2.3 Palladium-catalyzed Reactions

In Palladium-catalysed cross-coupling reactions carbon-carbon (or carbon-hetero atom) bonds
are formed between the two coupling partners.['®!] One coupling partner is an organic halide
(or pseudo halide, e.g. tosylate or triflate) R-X (R: organic fragment, X: I, Br, CI) and the other
one is an organometallic compound R’-M (R’: organic fragment, M: main group element, here
palladium). In 2010 Richard F. Heck, Ei-ichi Negishil!®?l and Akira Suzuki'®¥ were honoured
with the Nobel prize in Chemistry for their development on palladium-catalysed cross coupling
reactions. The Sonogashira cross coupling reaction was a key reaction in the preparation of
several of the compounds discussed in this thesis.l'®* The Suzuki coupling was also a
significant reaction used extensively in the preparation of compounds explored in this work.
The mechanism for both cross-coupling reactions can schematically be explained by the same
catalytic cycle (Scheme 4).
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Scheme 4. General mechanism for Sonogashira and Suzuki-Miyaura reactions. L = phosphane, base, solvent,
alkyne.

However, the Sonogashira cross coupling reaction used to form a carbon-carbon bond between
a terminal alkyne and an aryl or vinyl halide and requires a copper co-catalyst. Thus, a second
catalytic cycle where copper acts as the catalyst is connected to the palladium cycle
(Scheme 4).1165-166] The reactions also require a base, as here illustrated using tertiary amine.



Other amines or inorganic bases however show a similar behavior. The initial step of the
palladium-cycle is a fast oxidative addition (OA) of an aryl or vinyl halide R'-X 19 to the active
palladium-catalyst 20. The initial palladium precatalyst is usually based on a 14-electron Pd°L,
in which palladium has the initial oxidation state 0. After the oxidative addition step, palladium
has in the new formed complex 21 the oxidation state II. A rate-determining transmetalation
between complex 21 and a copper acetylide 22, formed in the copper-cycle, leads to a new
palladium species 23. The formation of copper acetylide 22 in the copper-cycle is explained
later. The next step in the palladium-cycle is a cis-trans isomerization, followed by the final
step, the reductive elimination from the palladium species 23 to form the internal alkyne 24 and
the Pd’- precatalyst 20. The copper-cycle is not yet fully understood. It has been proposed that
the presence of a base (here tertiary amine) removes the proton from the terminal alkyne 25
coordinated to a copper(I) ion in an n2-complex (z-alkyne complex).['®”] This complex is
formed between a terminal alkyne 26 and a copper halide 27. However, commonly used amines
are not basic enough to deprotonate the alkyne. The acidity of the acetylenic proton is increased
by the n-coordination to copper(I). The copper acetylide 25 formed upon deprotonation by the
base enters into the already discussed transmetalation step in the palladium-cycle above.

2.3 Intermolecular Interactions between n-conjugated Molecules

The functionalization of 2D materials allows the properties of 2D materials to be tailored to
best satisfy the requirements set by sought-after technologies and applications. Graphene, as
previously mentioned, can be modified®? by covalent bonding of moieties or by non-covalent
interactions.[*’l In contrast to the covalent modification of graphene, the structure of graphene
remains in a first approximation chemically unaffected when modified non-covalently. The
advantage of the non-covalent modification is that it can be used when a preservation of the
high conductivity is required.[*”] The chemical cohesion is given by intermolecular forces.

Attractive intermolecular interactions can be divided into hydrogen bonding, ionic bonding,
ion-dipole bonding, ion-induced dipole bonding, dipole-dipole bonding, dipole-induced dipole
bonding and van der Waals forces (amongst others dispersion interactions). In comparison to
intramolecular forces, that holds a molecule together, intermolecular forces are weaker (Figure
7). The van der Waals forces are based on four major contributions: the Pauli exclusion
principle, Keesom interaction, Deby forces and London dispersion interactions. The Pauli
exclusion principle is a quantum mechanical principle, which states that certain particles cannot
be at the same place at the same time. It is therefore the origin of repulsive forces. Keesom
interactions occur between a partial positive charged dipole 6" and another partial negative
charged dipole & in permanent dipoles. Hydrogen bonding interactions are a special type of
dipole-dipole interaction with a strong binding affinity and orbital controlled geometry. The
interaction between a permanent dipole and an induced dipole of an initially non-polar molecule
results from the Deby forces. London dispersion forces occur when the electrons in an atom
form a temporary dipole. This temporary dipole itself can induce a dipole in another atom and
is therefore sometimes called induced dipole-induced dipole interaction. It can occur in polar
and nonpolar molecules and is part of the van der Waals forces. The van der Waals interactions
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are omnipresent between atoms, molecules and surfaces that are close to each other. Depending
on the source, Deby forces are also included in the van der Waals forces.
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Figure 7: Overview of different intermolecular interactions between molecules and ions./'%

Hydrogen bonds are electrostatic attractions between the lone pair on an electron rich atom
(donor) such as nitrogen, oxygen or fluorine and a hydrogen atom. Hydrogen bonding between
a molecule and graphene oxide sheets has been used to attach adsorbents non-covalently. The
strength of a hydrogen bond depends on its binding partners, the distance and the angle.!!*”]
Several hydrogen bonds add up to an even stronger attraction compared to a single hydrogen
bond. It has been shown that nano hybrid materials can be assembled with graphene oxide and
poly(vinyl alcohol) (PVA).!'7%T Here, the oxo-functional groups of graphene oxide interact with
the hydroxyl groups of the PVA chains to form a strong hydrogen bonding network. The same
phenomena have been utilized with other graphene oxide hybrid materials.['”!"173] The
interactions between aromatic molecules and graphene via aromatic interactions has been
studied extensively. The dispersive versus electrostatic contributions to the total binding
energies between aromatic molecules and graphene were computed. At larger distances the
binding energy consists mostly of dispersive interactions, while in equilibrium bonding distance
dispersive and electrostatic interactions contribute to the total binding energies between
aromatic molecules and graphene.!!”4]

The terms n- stacking and n-n interactions are often misleading.['”>! They do not describe the
forces that lead to the interaction of aromatic molecules. It has been shown that the n-electron
density of most aromatic systems leads to a quadrupole moment with a partial positive charge
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at the boundaries and a partial negative charge above and beneath the aromatic system.[!76-17]
Two of these aromatic systems would therefore avoid stacking on top of each other as this
would result in greater repulsion (Figure 8A). The terms n-n stacking and m-m interactions
however would suggest that. Two aromatic systems with the same quadrupole moment interact
via off-center parallel stacking (Figure 8B) or via edge-to-face interaction (Figure 8C).
Electron-withdrawing groups on an aromatic system lead to inverse polarization, the partial
negative charge at the center is relocated to the edges of the aromatic system. An electron-rich
aromatic system and an electron-deficient aromatic system can therefore interact with each
other via face-centered stacking.['®%! This interaction is referred to as an aromatic donor-
acceptor interaction (Figure 8D).

A) Repulsion B) Off-center parallel C) Edge-to-face D) Face-center stacking is
stacking interactions favored
S5t 5t Electron-rich
m aromatic system
5" o"
Repulsion
5" oF

_
OI’/
!m
(7]
(o]
[e7]
(7]

Electron-deficient
aromatic system

Two electron-rich aromatic systems

Figure 8: Possible interactions of two aromatic systems including A) the electromagnetic repulsing between the
partial negative charges above and beneath an aromatic system (face-center stacking is disfavored). B) Off-center
parallel stacking and C) edge-to-face interactions between aromatic systems with the same quadrupole moment.
D) The interaction between an aromatic system and electron-deficient aromatic molecules via face-centered
stacking.

The intermolecular interactions in hybrid materials between graphene and respective molecules
have been discussed. In the following section, some recent developments and applications of
graphene hybrid materials with respect to their intermolecular interactions will be discussed.
Non-covalently bound fluorescein on graphene oxide and graphene samples showed a
fluorescence quenching effect, which is studied by fluorescence quenching microscopy.[!8!]
Subsequently, the fluorescein layer is removed by rinsing the graphene samples with ethanol
or water and the fluorescence of the molecule itself is observed once again. In another project,
biocompatible compounds like lactoferrin or chitosan were bound to both graphene oxide and
graphene.['82] This introduced antibacterial properties from the native lactoferrin or chitosan to
the new hybrid materials. Additionally, doping with lactoferrin helps to form stable dispersions
and the fabrication of large area films by solvent evaporation techniques. Other scientists have
showed that non-covalently modified graphene can also be used to build up novel
electrochemical sensors. By binding a virus-specific antibody non-covalently on the surface of
graphene, the functionalized material can be used to detect a pathogenic virus through antibody-
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antigen interactions.!'®3 Organic dyes comprise mostly of a m-conjugated system and can
therefore interact with graphene via aromatic interactions. In literature, that interaction has been
computational studied e.g. by a hybrid material of highly fluorescent Rhodamine 6G and
graphene.['84 Graphene hybrid materials have shown promise as pH sensors. pH-sensitive
materials have been assembled by non-covalently binding pyrene-terminated positively
charged polymers non-covalently onto graphene.[*S] These materials reveal different solubilities
in both aqueous and organic solvents at different pH-values. By changing the pH-value of the
material solution a precipitation of the hybrid material has been observed.

2.4 Non-covalent Modification of Graphene and MoS;

Studies of non-covalently modified graphene by selective binding of molecules are limited. The
interaction between graphene and m-conjugated molecules has been studied
computationally, %] however the literature does not yet show which parameter of the n-
conjugated molecules influence the interaction with graphene. Therefore, a series of suitable
molecules with structural variations needs to be synthesized to study the interaction between
graphene and these n-conjugated molecules in depth. A bigger n-conjugated system is expected
to interact more strongly with graphene than a molecule with a smaller surface because of larger
dispersion and electrostatic interactions, which are in sum stronger than the Pauli repulsions. In
the case of a cationic charged m-conjugated system, donor-acceptor interactions between the
electron rich graphene and the cationic molecules are also favorable. The interaction between
graphene and an electron rich m-conjugated system should be unfavorable. The amount of
charges in these n-conjugated molecules should also have an influence on the interaction with
graphene, since the donor-acceptor interactions are increased.

The protonation or alkylation of nitrogen atoms in benzimidazole and pyridine derivatives, can
form molecules with positive charges. For different steric or solubility demands the structure
of the alkyl chains can be varied. Various counterions, such as iodide (I"), chloride (Cl"),
tetrafluoroborate (BF4") and triflate (OTf") can be added to compensate the charge of charged
n-conjugated systems, the influence of different counter-ions on the interaction with graphene
can be investigated. A chemical compound containing an organic ion is an organic salt. The
organic salts in this thesis are named by the following term: (name of cation)*"(anion)m'", were
n is the amount of positive charges from the cation and m the amount of anions. Different
counterions have different electrostatic interactions to their counterions. Halides like iodide and
chloride coordinate strongly to their counterions while tetrafluoroborate and triflate ions are
weakly coordinating. Means to control of these parameters should provide tools to specifically
influence the properties of the novel non-covalently modified graphene materials. Suitable
model molecules are shown in Scheme 5.
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Scheme 5: Indicated synthesis of suitable model molecules to study the influence of several parameters on the
interaction of these aromatic systems with graphene (E=electrophile (blue), A=anion (red)).

The salts of triflic acid result from the alkylation of methyl trifluoromethansulfonate and ethyl
trifluoromethansulfonate. The triflate ion has a moderately strong binding affinity for their
counter cation, but the binding is weaker than halide counter ions.!'*¢] Tetrafluoroborate (BF4")
derivatives can be obtained via alkylation reactions with trimethyloxonium tetrafluoroborate
and triethyloxonium tetrafluoroborate. These compounds are called "Meerwein’s salts"[!87-188]
and are one of the strongest alkylation agents available.!'3¢) Tetrafluoroborate anion has an even
weaker binding affinity than the triflate anion. Alkylation reactions with the selected alkylating
agent result in one positive charge per heteroatom in the n-conjugated system. The alkylation
of three or six heteroatoms leads to trications or hexacations, respetively. It is expected that
studies of graphene hybrid materials with the same cation, but various counterions will reveal
information about the influence of counterions on the binding affinity of cationic n-conjugated
system to graphene. As an example, changing the degree of protonation of the dopant is
expected to influence the charge density of graphene. This can be used as starting point for the
development of pH-sensitive sensors. These n-conjugated molecules will allow for the selective
detection of protons, which is necessary for a pH sensor (Scheme 6).

NaN~p

Scheme 6. Protonation of benzimidazole moieties — leading to a pH depending change of the charge density of
graphene.
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Hexaphenyl benzene (HPB) derivatives and its oxidized hexa-peri-hexabenzocoronene (HBC)
derivatives are other core structures for the doping of graphene. Both, HPB and HBC systems
have extended m-conjugated systems, which can interact via intermolecular forces with
graphene. In contrast to most HBC derivatives, their HPB precursors are soluble and have also
been intensively studied in literature.['3) HPB consists of a central benzene core surrounded by
six aromatic moieties to form a nonplanar propeller-like structure.l'®! The properties of
unsubstituted HPB can be tailored by the substituents in para and meta positions.

Another class of polycyclic aromatic hydrocarbons are the so-called hexa-peri-
hexabenzocoronene derivatives. Hexa-peri-hexabenzocoronene (HBC) is a planar graphene-
like molecule, which has been well studied!'”!"!®”] and is used in organic electronics or
optoelectronic devices.['?*-20 HBC is a small and well defined model compound for graphene
and can be amongst others computational studied as a representative of graphene. The
interaction between two HBC molecules or HBC and graphene are therefore of a similar nature
to the intermolecular interaction between two graphene layers in a graphite crystal. An aromatic
intermolecular interaction such as dispersive and electrostatic interactions lead to self-
assembly?°!l and make it possible to form both graphitic nanotubes or coils from HBC
derivatives (Figure 9).1202-203]
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Figure 9. Schematic Synthesis of HBC derivatives with long alkyl chains (R=alkyl). The self-assembly of several
HBC derivatives due to intermolecular interactions leads to graphitic nanotubes or coils.>’ Reprinted with
permission.

However, the strong tendency to self-assemble is also responsible for the poor solubility of
HBC derivatives in most solvents. The poor solubility makes HBC and many of its derivatives
difficult to purify, analyze and characterize. However, the solubility can be greatly improved
by introducing specific substituents at the periphery of HBC that prevent the self-association.
Other properties of HBC, such as redox potentials, can be tuned in the same way by decorating
the periphery with suitable substituents. Klaus Miillen pioneered the development of HBC
derivatives. His research synthesized and characterized soluble HBC derivatives with alkyl-
substitution in para position[192193. 2052081 and studied also hexa-tert-butyl-hexa-peri-
hexabenzocoronene 29, a HBC derivative functionalized with six fert-butyl groups.[?°! It has
been shown that the substituents in para position are critical for the success of the oxidation of
HPB derivatives. The Scholl oxidation has been performed with electron donating groups
(EDQ), as it is the case for alkyl-substituents in para position which makes the HPB core
susceptible to oxidation by both FeCl; and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).
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In contrast, electron withdrawing groups (EWG) deactivate the m-conjugated system by
lowering the HOMO energy. In that case are stronger oxidizing agents required.

While the oxidation of hexa(p-iodophenyl)benzene 30 to hexa(p-iodophenyl)-peri-
hexabenzocoronene 31 is described (FeCls dissolved in nitromethane), the oxidation of the
bromine derivative hexa(p-bromophenyl) benzene 31 cannot be performed under the same
conditions due to the more electron-withdrawing character of the bromines.?!%! In the case of
HPB derivatives with acetyl esters, a slightly electron withdrawing group, a large amount of
FeCls is necessary to oxidize the molecule.[?’! Coordination of the Lewis acid to the carbonyl
group of the ester makes this group even more electron withdrawing. Electron-deficient arenes
bearing bromine, fluorine and CF3 groups can be oxidized by using a mixture of the oxidant
DDQ as an oxidant in combination with triflic acid.[?!! The literature however does not always
give a full purification or characterization details of these compounds, due to solubility issues.
Recently, it has been shown that if the substituents in para position are very bulky, like in the
case of porphyrin functionalized HPB, the oxidation of the HPB molecule does not work under
the so far described conditions.[?!?]
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3. Methods

3.1 Characterization of Molecules and Functionalized Two-Dimensional
Materials

Evidence for the identity of organic molecules discussed in this thesis were collected using
proton, carbon and fluorine nuclear magnetic resonance spectroscopy (NMR),[?13] melting point
analysis as well as high resolution mass spectroscopy (HRMS) and time-of-flight secondary
ion mass spectrometry (ToF-SIMS). This thesis focuses on characterization techniques such as
NMR,2B1 ¢cyclic voltammetry, UV-Vis spectroscopy, fluorescence spectroscopy, X-ray
photoelectron spectroscopy,?!*l Raman spectroscopy!?!>2!8] and atomic force microscopy

(AFM)219,

3.2 Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is a technique to determine the molecular
structure and the purity of a compound or mixtures. In case of a known structure NMR
spectroscopy can be used to study physical properties at the molecular level such as
conformational exchange, solubility and diffusion. The Nobel Prize in Chemistry 1991 was
awarded to the chemist Richard Robert Ernst for his development of Fourier transformation
NMR spectroscopy.??Y) The principal of NMR spectroscopy is based on the physical
observation that nuclei are perturbed in a strong constant magnetic field and respond by an
electromagnetic signal. The frequency of this electromagnetic signal is characteristic for the
nucleus and depends on the strength of the applied magnetic field, the chemical environment
of the nucleus and the magnetic properties of the studied isotope. The most commonly studied
nuclei, 'H and '3C, contain an odd atomic mass number (number of protons and neutrons),
which leads to a nuclear magnetic moment and angular momentum. These isotopes have a
nuclear spin and are not NMR silent in comparison to nuclides with an even number of nuclei.
The first step in an NMR experiment is the polarization of the magnetic nuclear spin in a
constant magnetic field Bo. This alignment is perturbated by a radio-frequency (RF) pulse. The
oscillation frequency of the RF pulse depends on the applied magnetic field B and the nuclei
of observation. After the RF pulse is applied. Precession of the charged nuclei occurs with the
nuclei’s intrinsic Larmor frequency. This does not involve the transition between spin states or
energy levels.[?2!l The frequency of the resonance is collected and recorded as chemical shift,
which describes the resonant frequency of a nucleus relative to a standard in a magnetic field.
Nuclei in a different chemical environment give different chemical shifts. The NMR
spectroscopy is therefore a technique to study the structure of molecules.[*?2) The NMR
spectrometer consists of a electromagnet, which is responsible for the constant magnetic field
Bo around the NMR sample. A RF generator delivers the RF pulse to perturbate the polarization
of the magnetic nuclear spin. The oscillating resonant frequency is then transferred over an
amplifier to the detector and processed with a computer. The compound to be examined is

21



dissolved in a deuterated solvent and filled in an NMR tube. Deuterated solvents are used to
avoid the swamping of the solvent signal. Deuterium nuclei are NMR silent in a '"H NMR
experiment and do therefore not give any NMR signals.

3.3 Raman Spectroscopy

Raman spectroscopy is a fast and nondestructive characterization technique.?!%- 2232281 Tt gives
high resolution characterization of surfaces and materials such as graphene and modified
graphenel?'*) as well as MoS;. Raman spectroscopy can analyze, amongst others, the number
of graphene layer,??”! doping,!?”) chemical functionalization!! and density of lattice
defects.3!] The Raman spectrometer excites a sample with a laser beam at a specific
wavelength. The light interacts with molecular vibrations of the sample. This leads to a relative
shift of the photon emission with lower energies (Stokes scattering) or higher energies (Anti-
Stokes scattering) than the excitation wavelength. The emitted light is detected and gives
information about the vibrational modes of the sample. The Raman spectra of carbon based 2D
materials show characteristic features (Figure 10).[2!%]
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Figure 10: Raman spectra of different graphene based material including single-layer graphene (I1LG).*'9
Reprinted with permission.

The position, symmetry and intensity of the peaks in the Raman spectrum give information
about the structure and the electronic properties of the carbon based material. The Raman
spectrum of graphene shows two distinct peaks at about 1584 cm™ (G peak) and 2700 cm™! (2D
peak), respectively. When working with silica as substrate, a sharp peak at about 520 cm™! is
associated with crystalline silicon/?2234! and the broad peak between 900-1000 cm™! stems from
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the amorphous silicon dioxide on the silica wafer.[?*>] The G peak corresponds to a primary in-
plane vibration mode in the graphene lattice and is the only mode originating in a first-order
Raman scattering process. The 2D peak corresponds to a second-order overtone of a different
in-plane vibration.!?*) The 2D shows for pristine graphene a higher signal intensity than the G
peak. The position of the 2D peak is dependent on the wavelength of the excited laser.?>"1 A
peak at 1340 cm! (D peak) starts to appear when defects are introduced to the graphene lattice.
This peak also depends on the laser excitation energy and also results from a second-order
Raman scattering process.[>*”! An increase in the intensity of the D peak in the Raman spectrum
indicates an increased defect density.[!3!: 238] The 2D peak in the Raman spectra has its
maximum intensity for single-layer graphene and shows a reduced intensity for multi-layer
graphene and graphite (Figure 10). Mathematical fitting of the raw Raman spectra allows for
extraction of parameters such as the full width at half maximum (FWHM) I” of a peak, the peak
position x, and the peak intensity /. The analysis of the FWHM of the G peak and 2D peak are
important and gives information about the number of graphene layers in the sample.?*8] The I';
values should be between 12 cm™! and 51 cm! and the I>p values should be less than 50 cm™!
for single-layer graphene. Also, the ratio between the intensities for the G and 2D peaks (/6/I2p)
carries information.[?3*) The smaller the defect density of the graphene lattice, the smaller is the
I6/Iop ratio.?*) The doping effect on the Raman spectrum of graphene has been previously
studied.[?!7-23% The application of a negative top-gate voltage leads to a n-doping effect, while
the application of a positive voltage leads to a p-doping effect on graphene. Starting from the
Dirac point both, n- and p-doping lead to a stiffening of the G peak by decreasing the FWHM /¢
of the G peak. Doping of graphene also influences the 2D peak in the Raman spectrum. Doping
leads to peak broadening (increasing of FWHM [7%p) of the 2D peak and change in its peak
position x2p.123%

In a similar way to the characterization of graphene with Raman spectroscopy, both MoS; and
functionalized MoS: can be studied and characterized.!**!-2461 Four first-order Raman peaks can
be observed for bulk MoS; at 32 cm™! (E»¢?), 286 cm™ (EJg), 383 cm™! (E27) and 408 cm!(A4 ).
The E»¢ band arises from the vibration of S-Mo-S layer against an adjacent layer and the E;q
band is from the vibration of S-Mo-S layer on a basal plane. The Ez ! band comes from the
opposite vibration of two sulfur atoms with respect to the Mo atom (in-plane vibrations). The
A g band is associated with out-of-plane vibrations from sulfur atoms in opposite directions.!?4”]
In mono-layer MoS:; are the E»;/ and A, bands the most prominent peaks are at around 385
cm! and 404 cm! (Figure 11).1° These two bands however shift when having two or three
MoS: layer on top of each other and are therefore an important identification criteria for mono-
layer MoS». For mono-layer MoS: a frequency difference between Ez, ’ and 4 of 19.2 cm™is
reported. The frequency difference between E»; / and A, for two-layer MoS; is 22.3 em™ and
24.4 cm! for three-layer MoS,.[6% 92. 248]
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Figure 11: Raman spectra of one-layer, two-layer and three-layer MoS:, showing a distinct difference in
frequencies between the E>;' and Aig peaks for all 3 materials.*?! Reprinted with permission.

3.4 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful tool to analyze the surface of materials
quantitatively and qualitatively.l**”) The sample is irradiated with a beam of X-rays. Upon
irradiation with X-ray, electrons are released. The kinetic energies of the electrons being
released during the irradiation are measured. Typically, two types of spectra are recorded in
XPS studies.[?"1 The survey scan reveals the overall composition of the sample. Various
elements emit electrons of different energies and the XPS spectrum gives therefore information
about the elemental composition of a sample. A narrower scan provides information about the
chemical state of each element. The XPS spectrum of graphite mainly gives one non-symmetric
peak for the electrons from the sp?>-hybridized carbon atoms C 1s at around 284.4 eV and a low
intensity peak at 191.4 eV.1231-2531 The XPS spectrum of graphene depends on its substrate and
the C Is peak in the case of silica the is at 284.6 eV.[?*¥] The observed binding energy is
consistent with the sp?>-hybridized character of the carbon present in graphene, together with
minor contribution from certain oxidized states that cannot be completely avoided during the
preparation.[2>42531 Other observed signals correspond to silicon (Si) and oxygen (O), at 104 eV
and 533 eV, respectively,!?°% originating from the SiO,-intersurface in between the graphene
layer and silicon substrate. Comparison among the XPS spectra of pristine graphene,
functionalized graphene and the neat molecules on silica confirms the non-covalent adsorption
of the molecular systems on graphene. Nitrogen (N) is one of the most studied heteroatoms in
doped carbon containing materials and a nitrogen atom containing compound non-covalently
bound to graphene shows a N 1s signal, which arises from the molecule itself. A small nitrogen
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N1ls signal is observed for CVD graphene at 400 eV,1%>¢ likely corresponding to adsorbed
molecular nitrogen is also found in the spectra of pure CVD graphene samples. Due to its low
intensity, the signal from the molecular nitrogen is supposed to have negligible effects on the
XPS studies in the N1s region. A shift of the N Is peak between a sample of the molecule on
silica and a sample of the molecule on non-covalently bound to graphene can be interpreted as
an effect of the interaction between the non-covalently bound molecule and graphene. This can
give information about the doping of graphene by non-covalently bound molecules.[**”! In the
case of graphene functionalization with charged molecules, different counterions introduce
other elements such as iodine (I), sulfur (S), boron (B) and fluorine (F) to the surface of
graphene and can be detected. XPS studies were performed in this thesis to analyze the non-
covalent functionalization of graphene and the doping effect of non-covalently bound
molecules on graphene.

The doping of graphene with an electron deficient molecule has been studied previously with
XPS in the literature.[?°8-25°1 While the N1s peak of tetracyanoethylene (TCNE) is at 400.4 eV,
the N 1s peak of TCNE on graphene is shifted to 398.8 eV. The charge-transfer from graphene
to TCNE is interpreted as a result of p-doping of graphene. In an analogue way has
tetrathiafulvalene (TTF) been deposited onto graphene and showed two S 2p signals. One signal
at 163.5 eV is for the neutral TTF2%) and one signal at 164.7 eVI[26!l corresponds to the
positively charged TTF due to n-doping of graphene.

3.5 Mass Spectrometry

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a fast but destructive analytical
technique to analyze the surface of materials.[>2l ToF-SIMS gives information about the
elemental content and the molecular composition of a surface. Both atoms and molecules can
be determined simultaneously. The surface of a sample is bombarded by a focused primary ion
beam. This causes the emission of particles. A small amount of these particles (< 1%) is ionized
to positively or negatively charged ions the so-called secondary ions. The mass/charge ratios of
these secondary ions are detected by a mass spectrometer. In the case of already charged
molecules, can the ionization lead to the acquirement or loss of at least one electron. The
detection limit of ToF-SIMS is very low (ppb, fmol) and ToF-SIMS can detect both positively
and negatively charged ions between 0-1000 Da. Mass spectrometry imaging (MSI) has
emerged into a powerful tool for the simultaneously mapping of multiple species. It allows the
distribution of molecules on a surface to be monitored. The focused primary ion beam scans
the sample surface and acquires spectra at different locations on the sample surface.

Matrix-assisted laser desorption/ionization (MALDI) is an ionization technique in mass
spectrometry that is used to determine and detect molecules with a large mass (mass range: 600
to 750,000 Da). During the sample preparation, the analyte is mixed with a suitable matrix
molecule and applied to a metal plate. The matrix absorbs the energy from the used laser and
helps to ionize the analyte. Therefore, the matrix should have its maximum adsorption at the
same wavelength as the operated laser from the MALDI. In the next step the sample is irradiated
with a pulsed laser, which causes the fragmentation and desorption of both the analyte and
matrix molecules. This is followed by protonation or deprotonation of the analyte. The ions are
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then detected with a mass spectrometer. MALDI is widely used with ToF spectrometer due to
the large detection range. MALDI-ToF mass spectrometry is often the only way to analyze
insoluble PAH with a molecular weight of >2000 Da.[?53] The matrix for the analysis of PAH
such as HBC derivatives was TCNQ chosen because it is a strong electron acceptor and has its
maximum adsorption at 337 nm The same wavelength of the operated laser from the MALDI.
Other tested matrix molecules showed a lower signal-to-noise ratio. However, the even stronger
electron accepting 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino dimethane (TCNQF4) did not
show an increase signal-to-noise ratio. The used matrix was mixed with the analyte in a ratio
up to 1:500 and suspended in water. After sonification of the suspension, the sample was
applied onto the MALDI sample holder and the solvent was evaporated before analyzation. The
homogeneous mixing of analyte and matrix is essential for a successful analysis. The group of
Klaus Miillen has reported the poor solubility of hexa(4-iodo)-peri-hexabenzocoronene 31.124]
It is a solid, which cannot be dissolved in common solvents. For its purification, 31 is washed
with methanol to remove unreacted FeCls, side products and starting material. So far, no other
purification method has been reported. The molecule however was successfully detected using
MALDI-ToF mass spectrometry.

3.6 Cyclic Voltammetry of Organic Molecules

Cyclic voltammetry is a dynamic electrochemical method to measure and study the redox
properties of molecules.!?>2¢7] Tn a cyclic voltammetry experiment, a potential is applied to an
electrode. The linear rate of change in voltage over time is called scan rat (V/s). The standard
set-up for a cyclic voltammetry experiment consists of a three-electrode cell including reference
electrode, counter electrode and working electrode. While the potential of the three-electrode
cell is measured between working electrode and reference electrode, the current of the three-
electrode cell is measured between working electrode and counter electrode. The recorded data
are plotted as current versus applied potential. If the reduction potential of an analyte is reached,
the current increases. The decrease in current that follows on the initial increase reflects the
decrease in concentration of the reducible analyte. If the reduction event of a species is
reversible, the reduced species will be re-oxidized during the reverse scan. That can be observed
by an increased current with reverse polarity to the reduction event. The more symmetric the
reduction and re-oxidizing events are, the more reversible the analyzed process. The peak
current is directly proportional to the square root of the scan rate. The diffusion of analyte
molecules can cause an adsorption of the molecules on the surface of the working electrode.

This physical process is described in the Randles-Sevcik equation (1)126%]
1
i, = 0.4463 - nFAC (@)2 (1)
RT

where ip is the current maximum, # is the number of electrons transferred in the redox event,
F is the Faraday constant, 4 is the electrode area, C is the concentration, v is the scan rate, D is
the diffusion coefficient, R is the Gas constant and 7 is the temperature. This equation can be
used to extract the diffusion coefficient D from a cyclic voltammogram. Adsorption of the

analyte on the surface of the working electrode decreases the peak current. The reversible
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electrode reaction (E) is described by an equilibrium between the reducing agent, R, and the
oxidizing agent, O.®1 The oxidizing agent can undergo in a second step a nonreversible
chemical reaction (C), which is described by the rate constant kzc. A combination of both steps
is called electrolysis reaction (EC reaction, Figure 12).

(E) R + e

(C) @) ———  Products

Figure 12: Overview of the EC mechanism. The reversible formation of O in the electrode reaction (E) is
subsequentially followed by an irreversible chemical reaction (C).

3.7 Photophysical Characterization of Organic Molecules and MoS>

The interaction between light and matter is a fundamental physical process. Light can be
described as an electromagnetic radiation as well as a particle, the so-called photon. This
concept is called wave-particle duality. The energy of photons is described by the Planck’s
equation (2):
E=h-v=1 )
2

h is the Planck’s constant, v is the frequency of the electromagnetic wave, c is the speed of
light in vacuum and 2 is the wavelength.[>’%! Photoluminescence (PL) is a physical process in
which a molecule absorbs and re-emits a photon. The interaction between the electrical
component of light and electrons in a molecule change the charge distribution of the molecule
and result in an excited state. The energy of the light needs to match the energy difference
between ground state and excited state of the molecule. This phenomena is described by Bohr's

frequency condition (3).270]
AE = Efinai- Einitiqt =h " v (3)

The excited electron in the so-called Franck Codon state relaxes subsequent to the lowest
vibrational level of the singlet excited state (released as heat), which has the same spin
multiplicity as the ground state and are called Si, S, ..., Sn. The relation between matter and
light is displayed in the Jablonski diagram in Figure 13.
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Figure 13: One form of the Jablonski diagram. The thick horizontal lines represent the energy levels of singlet
(Sn) or triplet states (T,) and the thin horizontal lines represent the vibrational energy levels. The diagram shows
the principal luminescence processes of excited organic molecules.

Electrons in a higher electronic excited state can relax back to the ground state by either a
radiative- or non-radiative processes. The radiative process is a singlet to singlet electronic
relaxation, were the molecule emits a photon from the excited state and goes back to the ground
state, So. This process is called fluorescence and the typical lifetime of standard fluorescent
dyes, such as fluorescein, is on the nanosecond scale. The non-radiative processes are either
intersystem crossing or internal conversion. The intersystem crossing, were the spin
multiplicity is changed from a singlet to a triplet state (or other spin multiplicity) leads to a
photon emission called phosphorescence. Phosphorescence is more unlikely to occur due to the
change of spin and therefore has a typical lifetime of milliseconds to hours, longer than that
of fluorescence.?’”! The internal conversion brings the molecule to a lower spin state without
energy loss followed by vibrational relaxation to the lowest vibrational level.[?”2] Photons that
match the energy gap of the analyte are adsorbed and bring the molecule to an excited state.
The sample has the complementary color of the absorbed light. The intensity difference
between received and transmitted light is measured. The absorption of a sample is, according
to the Lambert-Beer rule, directly proportional to the concentration of the sample ¢, the
thickness of the cuvette / and the molar absorptivity & (4)27)

A=logIT“=e-c-l 4
The Stokes shift of a molecule describes the difference in energy between the position of its
band maxima of the absorption and emission spectra of the same electronic transition. The

excited molecule loses energy due to molecular vibrations. Therefore the emitted light has a
larger wavelength compared to the excitation wavelength. UV-Vis spectroscopy is used to
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characterize the absorption of different organic salts in liquid and solid state. It is a
nondestructive and nonintrusive method to study the optical and electronic properties of
molecules and materials.

A

Intensity (a. u.)

1.4 1.6 1.8 2.0 2.2
Photon Energy (eV)

Figure 14: PL spectra of monolayer (1L), two-layer (2L) and three-layer (3L) MoS>. The two main peaks A and B
arise from the direct band gap transition, while the peak I is due to the indirect band gap transition.*’! Reprinted
with permission.

In the case of the semiconducting MoS,, a strong photoluminescence has been detected for
monolayer MoS».[2731 The enhancement of the photoluminescence is a factor of 10* stronger for
monolayer MoS;, compared to bulk MoS>. This can be explained by transition from the
indirect-gap bulk MoS; to the direct-gap nature of monolayer MoS,.?#] The synthetic method
of MoS; impacts the intensity of the photoluminescence, and variation has been reported.®”]
The PL spectrum of monolayer MoS: has two main peaks at approximately 1.85 eV (A) and
2.05 eV (B; Figure 14). Both peaks arise from a direct band gap transition and their energy
differences at the band maxima corresponds to a valence-band splitting. The peak intensity is
inversely proportional to the number of MoS: layers on top of each other. Another weaker PL
peak (I) is observed at lower energies for two-layer (2L) and three-layer (3L) MoS,. This peak
comes from an indirect band gap transition.[?’3-274] The A peak is associated to a exciton peak
(approximately 1.88 eV) and a negative trion peak (approximately 1.84 eV) in a Lorentzian
fitting. The chemical doping of MoS: changes the spectral weight of these two peaks and leads
therefor to a shifting of the A peak.”?! While treatment of MoS; with p-type dopants like
TCNQF4 and TCNQ showed a drastic increase of the photoluminescence in monolayer MoS;
as well as a blue shift of the peak energy from the PL spectrum. In contrast, n-type dopants like
nicotinamide adenine dinucleotide (NADH) caused a suppression of the PL intensity monolayer
MoS:; and a red shift of the peak energy from the PL spectrum. The intensity enhancement of
the photoluminescence was explained with an extraction of electrons and the decrease of the
photoluminescence was explained with an injection of electrons.®?l Another example for the
enhancement of the PL of monolayer MoS> can be done by surface functionalization with
gallium nanoparticles. This showed a 9.2 times increased photoluminescence for monolayer
MoS,.127]
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3.8 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a versatile imaging technique, which is used to analyze
surfaces and gain information about the topology of a surface.[?’¢! It is the most powerful tool
to study the thickness of graphene flakes and films since its height detection resolution is up to
0.1 nm (Figure 15). The AFM consists of a cantilever on which a sharp tip is mounted. This tip
scans the sample surface in X/Y direction, while a laser beam is shining on the cantilever. The
deflection of the laser gives information about the interaction between the tip and the sample
surface. The AFM can operate in several imaging modes according to the nature of the tip
motion: contact mode, non-contact mode, and tapping mode (intermitted mode). The terms
contact mode and non-contact mode already explain that the cantilever tip has physical contact
or no physical contact to the sample surface. The cantilever is vibrated or oscillated in tapping
mode and has periodic contact to the sample surface. Van der Waals forces, dipole-dipole
interactions and electrostatic forces with the sample surface change the oscillation frequency.
A feedback loop is needed to maintain a constant oscillation frequency. The tapping mode is
preferred for functionalized 2D materials since it can better cope with impurities such as
adsorbed dirt on the cantilever tip or scratched samples.

1 2 3 4
Length (um)

Figure 15: A) AFM image of a silica wafer (Si/300nm SiO:) coated with oxo-G and B) height profile of an oxo-G
flake along the white arrow is shown, showing a flake thickness of approximately 1.4 nm.
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4. Hypothesis and Aims

This thesis is based on three major ideas. First, graphene and MoS; can be non-covalently
functionalized by cationic m-conjugated systems. Second, different anionic counter ions result
in a different binding affinity between the cationic n-conjugated systems and graphene or MoSo.
And third, the number of positive charges and/or the size of the n-conjugated system will affect
both the binding strength and doping ability. From these ideas the following aims can be
derived:

- Synthesis and characterization of a series of cationic m-conjugated systems
(monocationic, trication and hexacationic) with different counterions.

- Develop of a method to non-covalently functionalize graphene and MoS; non-
covalently with cationic m-conjugated systems and their uncharged precursors.

- Find analytical tools to characterize and study the non-covalent interactions
between cationic n-conjugated systems and graphene (and MoS>).

- Study the binding affinities between the n-conjugated systems and graphene.
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5. Results and Discussion

5.1 Synthesis and Characterization of Organic Molecules

To study the doping effect of non-covalently bound cationic molecules on graphene, a series of
n-conjugated molecules was synthesized. These systems are adhered to graphene via van der
Waals forces, here in particular via dispersion forces. Orbital hybridization between the n-
conjugated molecules and graphene makes also a substantial contribution. The comparison
between molecules with a small, medium or large n-conjugated structures will help to reveal
the structure-property relationships of the non-covalent interactions between charged n-
conjugated molecules and graphene. This thesis focusses on different synthetic routes and
strategies for the synthesis of imidazole, imidazolium and pyridinium derivatives as well as
hexaphenylbenzene (HPB) and hexa-peri-hexabenzocoronene (HBC) derivatives.

5.1.1 Synthetic Strategies

Imidazole and its benzo derivative benzimidazole can be obtained via various of different
synthetic approaches.?’71 The condensation reaction between a carboxylic acid and a diamine
(see mechanism in 2.2.2) is favoured, because it is an easy and fast method to build up a series
of different imidazole derivatives from commercial available starting materials. Imidazole and
its derivatives can undergo an N-alkylation reaction to introduce an alkyl chain to the molecular
structure. This intermediate can undergo a second N-alkylation reaction to obtain a cationic
benzimidazolium molecule. Imidazole and its derivatives can also undergo a twofold N-
alkylation in one-pot synthesis. Sometimes it is however more practical to perform a double N-
alkylation in two separate reaction steps. The N-alkylation reaction of a pyridine moiety leads
to a cationic pyridinium compound.

There are two main synthetic strategies to prepare HPB derivatives (Scheme 7). The first
strategy is used to obtain star-shaped HPB derivatives. Here, three diphenylacetylene
derivatives 32 (functionalized in para-position) are cyclotrimerized in a transition metal
catalysed reaction to HPB derivatives 33.278] The substitution pattern of HPB derivatives can
be designed individually by the choice of the respective alkynes. The second route is based on
the Diels-Alder reaction between diphenylacetylene derivative 32 and a cyclopentadienone
derivative 34 and is used for the synthesis of HPB derivatives with different symmetries.[27%-28%]
The use of diyne derivatives 35 in cyclotrimerization reactions yield another class of
hexaarylbenzene derivatives 36. It has been also shown that dialkynes like 1,4-bis(4’-(fert-
butyl)phenyl)-buta-1,3-diyene 37 can also react with cyclopentadienone derivative 38 to form
arylethynylene(pentaaryl)benzene derivative 39 (Scheme 7).128!1 Molecules, created either via
the Diels-Alder reaction or the cyclotrimerization reaction can be oxidized yielding molecules
with a more planar molecular geometry. A discussion about geometric properties will be
introduced in the following chapter.
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Scheme 7. Schematic synthesis of HPB via Diels-Alder reaction or cyclotrimerization reaction.

In principle there are two main strategies to synthesize HBC derivatives 40. In the first one,
HPBs with tailored periphery 41 are oxidatized under Scholl conditions (Scheme 8). In the
second strategy, the six-fold iodinated hexa(4-iodo)-peri-hexabenzocoronene 312 is used as
starting material for further palladium catalyzed cross coupling reactions. One example is the
Sonogashira-cross coupling between compound 31 and six 1-tetradecyne molecules to obtain a
soluble HBC derivative in high yields (82%).[2!% 31 however is synthesized from molecule 30
via Scholl oxidation (Scheme 8). Therefore, the Scholl oxidation is a key step for both
strategies. The Scholl reaction was reported for the first time in 1910.1282! Tt is a dehydrogenation
reaction induced by Lewis acids, such as AICl;, that results in a condensed ring system.[283-284]
Protocols for the Scholl oxidation with various Lewis acids and solvent combinations have been
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reported, for example CuClo/AlCIs, Cu(OTf)2/AlCI; in CS,,1'*3 or with FeCls dissolved in
nitromethane.?°’1 The common Lewis acid FeCls was one of the first reagents used for this
cyclization reaction.[?8] However, the best oxidation conditions have not yet been standardized.
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Scheme 8. Synthesis of hexa-peri-hexabenzocoronene derivatives 40 via two different synthetic routes.

5.1.2 Synthesis and Synthetic Outcomes

The Cs symmetric hexa(p-iodophenyl)benzene 30 was chosen as a key intermediate, for the
subsequent palladium catalysed cross-coupling reactions, to build up a series of the hexaphenyl
benzene derivatives (41). These derivatives were later used to non-covalently functionalize
graphene and monolayer MoS,. For the synthesis of hexaphenylbenzene, 42,
diphenylacetylene, 43 reacts in a transition metal catalysed cyclotrimersation reaction (Scheme
9).12781 The use of catalyst bis(acetonitrile)dichloropalladium(II) gave 42 in 82% yield after a
reaction for 24 h under inert atmosphere at room temperature. 42 was subsequently iodinated
in a second step with bis(trisfluoroacetoxy)iodobenzene, 44 and elemental iodine in the absence
of light to obtain the key intermediate 30 in 70% yield.!**®) The presence of light did not result
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in product formation. Hexa(p-iodophenyl)benzene, 30 is used for the reaction with 4-
ethynylpyridine 45 to form 46 (HexaPyCC) as shown in Scheme 10.1287]
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Scheme 9. Synthesis of key compound 30 via iodination reaction of hexaphenylbenzene 42.

b
>

Piperidine, 52 °C, 1 day

[
O ‘ Pd(PPhs),,Cul

30

Scheme 10. Synthesis of 46 via six-fold Sonogashira-Hagihara cross-coupling reaction between hexa(p-
iodophenyl)benzene 30 and 4-ethynylpyridine 45.

In this thesis, I show a different synthetic method which results in improved yield when
compared to published protocols. 30 was allowed to react in the presence of 12 equivalents of
31, using tetrakis(triphenylphosphine)palladium(0) and copper iodide as catalysts in piperidine
as solvent. The reaction mixture was heated to 52 °C and stirred for 24 hours. The four times
and five times coupled products could be identified in the reaction mixture via NMR studies
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and MS analysis. Therefore, the Sonogashira-Hagihara reaction is not quantitative. The reaction
mixture was purified via column chromatography giving the 5- and 6-times (46) substituted
products in 29% and 30% yield, respectively. Altering the reaction time or the stoichiometric
amount of 45 did not result in a higher yield. Molecule 30 was also reacted under the same
conditions with 3-ethynylpyridine to receive another star-shaped pyridine functionalized 41,
however in lower yields. Further, the pyridine moiety of 46 can be alkylated using different
alkylation agents to form pyridinium functionalities with different counterions and alkyl chains.
Another pyridine functionalised HPB derivative, 47 (HexaPy), has been synthesized using a
palladium catalysed Suzuki cross-coupling reaction (Scheme 11).[288]
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Scheme 11. Synthesis of HPB 47 by six-fold Suzuki cross-coupling reaction between hexa(p-iodophenyl)benzene
22 and 4-pyridine boronic acid pinacol ester 48.

During this work the protocol was modified to increase the yield of 47 from 50% to 70%. Thus
30 is allowed to react together with 4-pyridine boronic acid pinacol ester 48 in the presence of
a catalytic amount of tetrakis(triphenylphosphine)palladium(0) and caesium carbonate in a
mixture of toluene and dimethylformamide at 80°C for 24 hours.

Another key HPB compound in this thesis is hexa(p-carboxyphenyl)benzene 49, which can
undergo condensation reactions together with diamines. The product of this reaction is a HPB
derivative modified with six benzimidazole moieties in para position. In contrast to trimesic
acid, 49 is not commercially available and had to be synthesized (Scheme 12). The synthesis of
49 commences with the preparation of 1,4-bis(p-carbomethoxybenzene)-1,2-acetylene 50. This
acetylene was obtained from methyl-4-iodobenzoate 51 in a palladium catalyzed Sonogashira-
Hagihara cross-coupling reaction with trimethylsilylacetylene 52 in 90% yield in a single
step.[289-2%0 This was possible, because the trimethylsilyl (TMS) protecting group was removed
under the performed reaction. Trimethylsilylacetylene 52 is used instead of acetylene, because
it has the benefit of being a liquid. It is also more electron rich and therefore a better coupling
partner in this reaction. Acetylene 50 was subsequently cyclotrimerized in a second reaction
step using Coz(CO)sg as the catalyst to form hexa(p-carbomethoxyphenyl)-benzene 53 in 95%
yield.?*! It was crucial to use only a small amount of solvent, even if the starting material did
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not dissolve completely. Otherwise a conversion of the starting materials could not be observed.
A possible explanation is that the reaction requires high concentrations of the acetylene
derivatives to push the equilibrium towards the catalytically active bis(acetylene)cobalt
complex (see section 2.2.1). The hexaester, 53 is deprotected with potassium hydroxide in a
mixture of tetrahydrofuran and methanol to obtain hexa(p-carboxyphenyl)benzene 49 in 95%
yield.
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Scheme 12. Synthesis of hexa(p-carboxyphenyl)benzene 49, one of the significant compounds in this thesis.

2-Methylbenzimidazole 54 (MeBim) and 2-phenylbenzimidazole 55 (PhBim) were chosen as
small m-conjugated systems with a single benzimidazole moiety (Figure 16). Both molecules
can interact with graphene via intermolecular interaction such as dispersive and electrostatic
interactions. Previous studies of 2-phenylbenzimidazole 55 revealed its planar nature from the
crystal structure and computational studies.[*?! Both, benzimidazole derivatives 54 and 55 are
commercially available or could be synthesized via condensation reaction between benzoic acid
and o-phenylenediamine. The benzimidazole moieties of 54 and 55 can undergo further
functionalization.
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Figure 16. Lewis structures of neutral molecules 2-methylbenzimidazole 54 and 2-phenylbenzimidazole 55.

1,3,5-tris(benzimidazolyl)benzene 56 (TriBim) is another key structure in this thesis. The
medium sized m-conjugated molecule consists of a central benzene ring, which is meta-
trisubstituted with three benzimidazole moieties. It is expected that both the benzene core as
well as the benzimidazole moieties can interact via intermolecular interactions with graphene.
In contrast to 54 and 55 is 56 not commercially available but readily accessible via condensation
reaction of trimesic acid 67 with o-phenylenediamine 68 in poly phosphoric acid (Scheme 13).
The reaction is reported in the literature and can be performed either by heating the reaction
mixture with an ordinary heating plate or by using a microwave reactor.!13% 1382931 The synthesis
using microwave heating is faster and results in a higher product yield. In this thesis, a
previously reported microwave based protocol'>! was applied to obtain the molecule 56 in
40% yield.!?*4]
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Scheme 13. Synthesis of 1,3,5-tris(benzimidazolyl)benzene 56 and 1,3,5-tris(N-methyl-benzimidazolyl)benzene 70.

This protocol could also be applied using N-methyl-1,2-phenylenediamine 69 to form 1,3,5-
tris(N-methyl-benzimidazolyl)benzene 70. However, a lower yield of product was obtained
(10%) in this case. The condensation reaction between hexa(p-carboxyphenyl)benzene 49 and
o-phenylenediamine 68 was attempted employing microwave heating and similar conditions as
for the synthesis of 56 but did not result in any product formation. Therefore, the reaction
conditions had to be modified. Instead of mixing hexa(p-carboxyphenyl) benzene 49 and o-
phenylenediamine 68 initially in poly phosphoric acid, only hexa(p-carboxyphenyl) benzene
49 was dissolved in poly phosphoric acid and heated for six hours at 100 °C. This step was
necessary to form the initial carboxylic acid phosphate hexaester (see section 2.2.2). The ester
intermediate is then allowed to react with 6.6 equivalents of diamine 68 at 180 °C (Scheme 14).
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The work-up protocol was the same as for the synthesis of C3 symmetric 56 and gave Cs
symmetric hexa(2-benzimidazolyl-1,4-phenylene)benzene 71 (HexaBim) and the target
compound was obtained in 33% yield. The analogous condensation reaction between hexa(p-
carboxyphenyl)benzene 49 and N-methyl-1,2-phenylenediamine 69 was in spite of several
attempts not successful. Hexa(4-phenyl-2-benzimidazolyl)benzene 71 was also not accessible
via coupling reaction between hexa(p-iodophenyl)benzene 30 and benzimidazole.

N H™
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Scheme 14. Synthesis of hexa(4-phenyl-2-benzimidazolyl)benzene 71 via condensation reaction between 49 and
o-phenylenediamine 68 in polyphosphoric acid.

5.1.3 Oxidation Reaction under Scholl Conditions

The Scholl oxidation with selected molecules, described in Chapter 5.1.1, was performed with
either DDQ (together with triflic acid in dichloromethane) or FeCls (together with nitromethane
in dichloromethane) as oxidising agents. As already mentioned, HPB derivatives 41 with
electron withdrawing groups in para position are less likely to the oxidation reaction. Therefore,
the Cs symmetric hexa(p-carbomethoxyphenyl)benzene 53 and the hexa(p-
carboxyphenyl)benzene 49 do not undergo a Scholl oxidation under the conditions specified
above. Hexa(p-iodophenyl)benzene 30 and hexa(4-tert-butylphenyl)benzene 72 could be
oxidized with FeCls (together with nitromethane in dichloromethane) as oxidising agent.
Arylethynylene(pentaaryl)benzene derivative 39 was transformed into the chiral pentaphene
derivative 73 with FeCl3 as Lewis acid catalyst as part of a collaboration with Philipp
Rietsch.?®! This unprecedent ring-closing reaction proceeded in a similar fashion to the
synthesis of HBCs. In comparison with hexa-fert-butyl-hexa-peri-hexabenzocoronene 29 and
its 42 sp-carbon atoms show 73 a twisted geometry, similar to helicenes. The geometry
differences are also responsible for a different packing in the crystal structures. The crystal
structures of 73 and 29 are shown in Figure 17. It was however not possible for the Cs
symmetric molecules 46 or 47 or 71 to undergo a Scholl oxidation reaction with either DDQ
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(together with triflic acid in dichloromethane) or FeCls (together with nitromethane in
dichloromethane) as oxidising agents.

Figure 17. A) Lewis structures of unsymmetric hexaarylbenzene derivatives 73 and 29 and B)

single-crystal structures?®!/ of 73 and 29. Reprinted with permission.

5.1.4 Synthesis of Charged n-conjugated Systems

The previously described pyridine- and benzimidazole derivatives can undergo further
functionalization such as the N-alkylation. In a first synthetic step, 2-phenyl-benzimidazole 55
was deprotonate with NaH and subsequently reacted with methyl iodide. In a second reaction
step intermediate 74 reacts with an excess of methyl triflate forming the organic salt
(PhBim)*'(OTf)! (75) (with the monocationic 1,3-dimethyl,2-phenyl-benzimidazolium ion
75 ((PhBim)*') as a white crystalline solid (Scheme 15). Monocationic 1,2,3-trimethyl
benzimidazole (TriMeBim)!* (76'") was synthesized according to a similar protocol.[?”]
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Scheme 15. Synthesis of organic salt 75 from its neutral derivatives 55 and 74.

1,3,5-tris(benzimidazolyl)benzene 56 is subjected to several N-alkylation reaction conditons
with different alkylating agents to synthesize a series of tricationic compounds with various
alkyl chain lengths and different counter ions (77-83, Scheme 16). These differences resulte in
various solubilities of the obtained salts. While triflate salts show the best solubility in
acetonitrile, halide salts dissolve best in more polar solvents like dimethyl sulfoxide. The
synthesis of these organic molecules (77-83) is possible to complete in either a two-step or a
one-pot synthesis. The first strategy is similar to the synthesis of 75. The reaction sequence
starts with a deprotonation step of 56 with subsequent quenching with methyl iodide to obtain
methyl benzimidazole derivative 84. In a second reaction, molecule 84 undergoes another N-
alkylation reaction with an excess of alkylation agent. By using an excess of methyl iodide as
alkylation agent and dry potassium carbonate as base at elevated temperature, a one-pot
synthesis from 1,3,5-tris(benzimidazolyl)benzene 56 to 1,3,5-tris (N-
methylbenzimidazolyl)benzene 77%* is possible. The iodide counterion can be exchanged via
ion exchange with silver salts. The latter protocol did not work with other alkylation agents,
such as trimethyloxonium tetrafluoroborate or ethyl iodide.

>: Q 77:R' = -methyl, A= -I"
9,

78: R' = -methyl, A = -OTf

-methyl, A = -BF
-ethyl, A= -I

N N<p1
o —IR¢g TR
Alkylation A AY 79: R
H agent R 80: R’
N ,\j > N ,\f 81: R' = -ethyl, A= -OTf
N N - . p1 - _ -
Q/ \\© @Eﬁ fg@ 82 R _ -ethyl’ A : -BF4

83: R' = -octyl, A = -OTf

Scheme 16. Chemical modification of 1,3,5-tris(N-methylbenzimidazolyl)benzene 56.

By using the respective triflate alkylating agent the triflate salts (TriDiMeBim)**(OTf)s!" (78),
81 and 83 were obtained. Trimethyloxonium tetrafluoroborate and triethyloxonium
tetrafluoroborate were used to obtain the tetrafluoroborate salts 79 and 82, respectively. Using
methyl or ethyl iodide as alkylating agents organic salts 77 and 80 were obtained.
Hexa(4-phenyl-2-benzimidazolyl)benzene 71 was transformed into a hexacationic molecule in
a similar fashion to the synthesis of tricationic molecules. 71 was dissolved in DMF,
deprotonated by sodium hydride and subsequently reacted with methyl iodide to obtain hexa(4-
phenyl-2-methylbenzimidazolyl)benzene HexaMeBim (85)(Scheme 17) in 42 % yield.
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Scheme 17. Synthesis of hexa(4-phenyl-2-methylbenzimidazolyl)benzene 85.

In a second reaction 85 was dissolved in acetonitrile and reacted with an excess of methyl
triflate to give the organic salt (HexaDiMeBim)®*(OTf)s!" (86)(Scheme 18).

Methyl-OTf
—_—
ACN, 24 h, RT

85 86
Scheme 18. Synthesis of the organic salt (hexa(4-phenyl-2-dimethyl-benzimidazolyl)benzene 86.

A one-step reaction from hexa(4-phenyl-2-benzimidazolyl)benzene 71 to 86 is not successful
with alkylating agents such as methyl triflate or methyl iodide. Proton NMR studies of DMSO-
d6 samples of the reaction mixture showed a shift of all peaks in the spectrum compared to the
"H NMR spectrum of the starting material 71 (both in DMSO-d6). However, no peak for the
expected N-methyl groups was found. Also, mass spectroscopy did not show any signals that
could be assigned to the organic salt 86. The Cs symmetric pyridine molecules 46 and 47 were
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used to synthesize two more organic salts (HexaMePy)* (OTf)¢!- (87) and
(HexaMePyCC)%"(OTf)6!" (88) with different geometries. The N-alkylation of both molecules
was in principle comparable with the synthesis of the previously discussed C3; symmetric
molecules (Scheme 19).

Methyl-OTf
S
ACN, 24 h, RT

47 87

]
oTf

Methyl-OTf
S
ACN, 24 h, RT

S)
oTf

46 88
Scheme 19. Synthesis of hexapyridyl organic salts 87 and 88.

Table 1 gives an overview of all performed N-alkylation reactions to obtain monocationic,
tricationic and hexacationic molecules. The product yields vary between 38% and 88%. Lower
product yields are observed by using methyl triflate as alkylation agents instead of
trimethyloxonium tetrafluoroborate. By increasing the size of the alkyl chain (-methyl, -ethyl,
-octyl) a decreasing of the product yield of the respective triflate- and tetrafluoroborate salts
was observed. In contrast to that a higher yield was obtained with ethyl iodide compared with
methyl iodide. Comparing the methylation reactions of 2-methylbenzimidazole 54 and 2-
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phenylbenzimidazole 55 with the synthesis of the organic salts 78, 86, 87 and 88 (always
methyl triflate as alkylation agent), no significant decrease of the overall product yield was
observed even though six alkylation reactions were completed in one synthetic step, instead of
just one.

Table 1. Overview of all performed N-alkylation reactions to form cationic molecules. The neutral precursors
were suspended in dry acetonitrile before the alkylating agent was added. The reaction mixture was stirred for 24
hour at room temperature

Molecule  Cation charge Alkylation agent Yield (in %)
54 n Methyl triflate 60
55 Methyl triflate 38
78 Methyl triflate 60
81 Ethyl triflate 59
83 Octyl triflate 30
79 3+ Trimethyloxonium tetrafluoroborate 88
82 Triethyloxonium tetrafluoroborate 58
77 Methyl iodide 30
80 Ethyl iodide 58
86 Methyl triflate 72
87 6+ Methyl triflate 66
88 Methyl triflate 47

5.1.5 Theoretical Characterization of Charged n-conjugated Systems

Information about the molecular geometries and the electronic structures of the compounds
were obtained by DFT calculations (PBE[**), GGA functional/ CASTEP basis set within
Material Studios framwork). The geometry optimized structures of MeBim (54), PhBim (55),
TriBim (56) and HexaBim (71) are shown in Figure 18. 2-Methylbenzimidazole MeBim and
2-phenylbenzimidazole 55 are planar molecules, indicated by a dihedral angle of 7.4° between
the phenyl and the benzimidazole plane for 55 (Table 2). Its planar geometry would suggest an
increased interaction via intermolecular interactions that scale with size, such as dispersion
forces, compared with 2-methylbenzimidazole 54. The polybenzimidazole system 56 is
characterized by an average dihedral angle of 5.4° and therefore almost flat. The Cs symmetric
71 has a higher average dihedral angle of 8.3° and in addition an average dihedral angle between
the core benzene and the six surrounded phenyl rings of 60° and is therefore propeller shaped.
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Figure 18. Optimized structures (PBE**°, GGA functional/ CASTEP basis set within Material Studios framework)
of neutral molecules MeBim (54), PhBim (55), TriBim (56) and HexaBim (71).

The polybenzimidazole systems are propeller shaped. The average dihedral angle between the
phenyl and the benzimidazole plane varies significantly within the series of molecules. The
dependence of the average dihedral angle on the redox state was explored by performing
geometry optimizations of the all systems after addition of an additional electron, i.e. after
reduction (Table 2). The neutral molecule 54 and its reduced derivative 54! does not show any
significant structural change. The other neutral molecules 55, 56 and 71 however get more
planer after a one-electron transfer, which is characterized by a decrease of the average dihedral
angle.

This planarization effect is strongest for 55, defined by the highest ratio between the average
dihedral angles before and after a one-electron transfer. Also, the monobenzimidazolium and
polybenzimidazolium molecules were studied computationally before and after reduction (one-
electron transfer). The monocationic molecule (TriMeBim)'* (76'") shows no structural
change after a one-electron transfer. The optimized geometry of (DiMePhBim)'* (75'%) is
strongly twisted, characterized by an average dihedral angle of 56° between the benzene ring
and the appended benzimidazolium moieties (Table 2, Figure 19). In contrast to the neutral
molecule 56 is the tricationic molecule (TriDiMeBim)** (78%") propeller-shaped with an
average dihedral angle of 58°. Hexacationic (HexaDiMeBim)®" (86%") is twisted between the
benzimidazolium moiety and its neighboring benzene ring with an average dihedral angle of
51°. The hexa-benzene core is propeller-shaped with an average dihedral angle of 75° (Table
3).
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(TriMeBim)'* (76'*) (DiMePhBim)™ (75')  (TriDiMeBim)3* (78%*) (HexaDiMeBim)®* (86%*)

Figure 19. Optimized structures (PBE**°, GGA functional/ CASTEP basis set within Material Studios framework)
of monocationic (TriMeBim)'* (76"*) and (DiMePhBim)'* (75) as well as tricationic (TriDiMeBim)>* (78%*)
and hexacationic (HexaDiMeBim)*" (86%").

Table 2. Overview of the average dihedral angles between the benzimidazolium moieties and the benzene ring in
2’-position

Avarage dihedral angles (in°)

Compound n+ (n-1)+ n+/(n-1)+
75 56 30 1.9
78 58 50 1.2
86 51 45 1.1
55 7.4 0.3 22.0
56 5.4 1.6 3.4
71 8.3 8.4 0.9
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Table 3. Overview of the average dihedral angles between the central benzene ring and its six surrounded benzene
rings in Cs symmetric HexaBim and (HexaDiMeBim)®

Avarage dihedral angles (in°)

Compound n+ (n-1)+ n+/(n-1)+
71 60 55 1.1
86 75 64 1.2

The monocationic ion 75" shows the strongest flattening effect when compared to 78** and
86%*. The LUMO of tricationic molecule 78" is mainly bonding between the central benzene
and the benzimidazolium moieties (Figure 20A). The bonding trait of the LUMO is responsible
for a flattening of the overall geometry, when one electron is added. This will be discussed later
on.

Figure 20. LUMO of A) tricationic 78%* (PBE**", GGA functional/ CASTEP basis set within Material Studios
framework) with singlet spin multiplicity and B) hexacationic 86%" with triplet spin multiplicity (blue: positive
phase of MO, yellow: negative phase of MO).
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The same flattening effect is observed in the case of molecule 86%. The LUMO of 86%* is
bonding mainly on one of the six molecular branches (Figure 20B). The addition of one electron
to the hexacation 86°* is therefore resulting in both a decrease of, the outer and inner average
dihedral angles. The overall geometry of 86% is however still very twisted. An overall flatter
geometry of these m-conjugated molecules is more likely to strengthen the interaction with
graphene, because the distance between graphene and the molecules is decreased, leading to an
increase of intermolecular interactions.[***] The electron affinities of the neutral and cationic -
conjugated molecules were calculated and are discussed together with the electrochemical
analysis of these compounds in the next chapters.

5.1.6 Photophysical Characterization of n-conjugated Systems

The synthesized organic salts such as (TriDiMeBim)**(OTf);! (78), (HexaMePy)*" (OTf)s!
(87), (HexaMePyCC)s**(OTf)! (88) and (HexaDiMeBim)®*(OTf)s! (86) and their neutral
precursors were studied photophysically as part of a collaboration with Philipp Rietsch. An
overview of the photophysical data of these compounds is shown in Table 4. All compounds
show an absorption in the UV region and emit between 374 nm and 392 nm. The emission
spectrum of hexacationic molecule 87 is bathochromically shifted to 452 nm. The fluorescence
quantum yields were studied in solid state and solution (DMSO). Interestingly, the organic salts
are generally non-emissive in solution (@), but emissive in the solid state (@), whereas the
opposite is observed for the neutral molecules. This phenomena can be ascribed to aggregation-
induced-emission, due to the restriction of intramolecular rotations and the restriction of
intramolecular vibrations, which can be caused by 7-n stacking.!*®”) For instance, the neutral-
organic salt pair of TriBim (56) and 78 has @y of 43 % and <1 %, respectively, but reversed
D455 of 2 % (56) and 26 % (78). There are however two exceptions: The two hexa-cationic
compounds 88 and 86. The organic salt 88 is emissive both in solution (@; = 43 %) and the
solid state (@7°° = 18 %). And the organic salt 86 shows very weak emission in solution (@4 =
2 %) and the solid state (@5 = < 1 %). The low @4 of the neutral compounds is most likely
caused by m-m stacking, leading to non-radiative relaxation through excimer formation. The
counterions and different crystalline structures probably limit that relaxation pathway in the
cationic compounds. The lifetimes of the two C3; symmetric compounds 56 and 78 are
remarkably long, 8.0 ns and 6.9 ns, compared to the relative short lifetimes of all other
compounds, which are between 1.0 ns (46 and 88) and 1.6 ns (71). The fluorescence lifetime in
the solid state (zss) is emission wavelength dependent for 46, 88 and 56. As one example, 88
shows a 75 of 2.5 ns at 400 nm and 3.8 ns at 500 nm. Weather two emissive species are formed
in the crystal, or different transitions arise due to the restriction of rotations will be part of future
investigations.
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Table 4. Overview of the photophysical properties of the title compounds 56 (TriBim), 71 (HexaBim), 85
(HexaMeBim), 47 (HexaPy) and 46 (HexaPyCC) as well as organic salts 78 (TriDiMeBim)>*(OTf)s", 87
(HexaMePy)*"(0OTf)s", 88 (HexaMePyCC)* (OTf)s" and 86 (HexaDiMeBim)*'(OTf)s"-. The value for the
normalized Dimroth-Reichardt parameter ENT was taken from literature.**/

Solid In solution!®
Compound Aabs Egqp! Aem DS T Dy 7
(nm) (¢ (M-1cm-1)) (eV) (m) (%) (ns) (%) (ns)
56 317 (6329) 3.56 380 2 0.4-3.0 43.0 8.0
78 290 (4126) 3.64 392 26 2.8 <1 6.9
71 319 (23070) 3.49 392 <1 n.a. 56.0 1.6
85 304 (19921) 3.57 391 <1 n.a. 33.0 1.4
86 284 (18445) 3.67 391 <1 n.a. 2.0 1.3
47 278 (17785) 3.80 374 <1 n.a. 55.0 1.3
87 321 (21377) 3.21 452 26 6.9 0.0 n.a.
294/312
46 (13082/13581) 3.68/3.58 380 5 0.8[bl-1.5[¢<1 54,0 1.0
270/350
88 (8257/10495) 3.81/3.40 387 18 2.5M-3.81 430 1.0

[a] In DMSO Emission. [b] Emission 400 nm, Excitation 330 nm. [c] Emission 460 nm, Excitation 330 nm. [d] Emission 400

nm, Excitation 330 nm. [e] Emission 500 nm, Excitation 330 nm. [f] Calculated optical band gap./**’!

5.1.7 Electrochemical Characterization of n-conjugated Systems

To examine the effect of (TriMeBim)"(OTH- (76), (DiMePhBim)!*(OTH! (75),
(TriDiMeBim)**(OTf);"- (78) and (HexaDiMeBim)®*(OTf)s"" (86), as well as their neutral
precursors, on the adsorption strength and doping effect on graphene, their redox potentials
were investigated by cyclic voltammetry. The reduction potentials obtained for the series of
imidazolium ions are given in Table 5. In comparison, the neutral precursor molecules have
their reduction potential at less negative potentials compared with the cationic molecules. In
the series of cationic m-conjugated molecules, the tricationic molecule 78* and the
monocationic molecule 75! have the least negative reduction potential at E,eq; =-1.70 V (78%")
and Eyeq; = -1.65 V (75') an can therefore be reduced most effectively by graphene, after
deposition, in comparison to the other molecules (Figure 21).

The simulated CV spectra of tricationic molecule 783" shows three separate reduction peaks
and first electron transfer is pseudo reversible (at high sweep rates). No other molecules show
reversible electrochemistry due to chemical follow-up reactions, probably related to
conformational changes. A chemical step follows the first reduction peak (EC mechanism)
associated with a small rate constant and the subsequent second and third electron transfer take
place at different potentials. From the simulations a diffusion coefficient of 2.5-10° cm?/s was
obtained. As previously discussed is the LUMO of 783 localized between the central benzene
and the benzimidazolium moieties (Figure 20). The electron added during reduction is therefore
localized in the core of the molecule. A second electron transfer reaction would however disturb
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this symmetry and therefore is the second reduction potential of 783" at less negative potentials
than the first reduction potential. Therefore, we see three different reduction peaks for 78%*.

1.0E-05
C=1mM;n=1;a=0.5 ks =0.007 cm/s;
D =4.510% cm?s; E® = -2.39 V vs. Ag/Ag*
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0.0E+00
-2.7

-5.0E-06

I/A

-1.0E-05

-1.5E-05

-2.0E-05

E/V vs. Ag/Ag*

C=1mM; D =2.510% cm?s;
E®=-1.65V vs. Ag/Ag+

Figure 21. Cyclic voltammograms of the first reduction peak of TriBim (left side) and (TriDiMeBim)*" (right side)
at different sweep rates (green: 1000 mVs™, black: 500 mVs™, red: 250 mVs™, blue: 100 mVs™) in DMF with 0.1
M (TBA-BF4) vs. Ag/Ag*. The dashed lines show the simulated cyclic voltammograms. An EC mechanism was
used in the simulation with a first order chemical reaction following the electron transfer step for both molecules.

Table 5. Experimental reduction potentials Ei2 (in V) and electron affinities EA (in eV) calculated in the absence

of counter ions. [a] obtained by simulation.

Eizvs E%[a] vs

Compound Ag/Agt Ag/Ag+ EA

V) V) (V)
Neutral
TriMeBim -2.95 -2.6--28 1.1
DiMePhBim -2.70 -2.68 -0.2
TriBim -2.45 -2.39 1.5
HexaBim -2.64 23--24 0.7
Cationic
(TriMeBim)'* -2.45 -2.28 -4.0
(DiMePhBim)' -1.65 -1.58 -4.2
(TriDiMeBim)** -1.70 -1.65 -6.9
(HexaDiMeBim)®* -2.00 -1.90 -9.5

The first reduction event of 86%* and its neutral derivative HexaBim (71) come at less negative
potentials compared with the C3 symmetric derivatives 78" and TriBim (56). The simulated
CV spectra of hexacationic 86 shows no reversibility for the first electron transfer at high
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sweep rates. It was assumed that the electrochemical reduction events of hexacationic 86%*
follow the same diffusion coefficient as obtained for tricationic molecule 78%** and the data
could be therefore fitted into six consecutive electron transfer reactions followed by a chemical
step. All six electron transfer reactions occur on similar redox potentials. An explanation here
can be also the already discussed LUMO of hexacationic 86%*, which is localized on one of the
six molecular branches of the molecule (Figure 22). This shows that the MO from the molecular
branches are more or less independent from each other and could therefore possibly react in a
similar manner upon an electron transfer reaction. A second electron transfer reaction would
affect another molecular branch and still leaves the molecular core largely unaffected. The same
goes one for further electron transfer reactions. The monocationic molecule 75! shows no
reversibility with a considerably higher diffusion coefficient of 7-10° ¢m? s*!, which is not
unusually high for organic compounds. The other monocationic molecule 76'* shows an
irreversible reduction potential at even more negative potentials compared with the other
cationic m-conjugated molecules. The results show that the redox potential are coupled in some
way to the number of electrons. The tricationic molecule 78 is more easily reduced by
graphene then hexacationic 86%". However, also the geometrical aspects play an important role
in the reduction of these cationic m-conjugated systems as previously discussed.
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Figure 22. Cyclic voltammograms of the first reduction peak of HexaBim (left side) and (HexaDiMeBim)®" (right
side) at different sweep rates (orange: 2000 mVs™, green: 1000 mVs™, black: 500 mVs™, red: 250 mVs™, blue: 100
mVs™) in DMF with 0.1 M (TBA-BF4) vs. Ag/Ag". The dashed lines show the simulated cyclic voltammograms. Six
consecutive one electron transfers were followed by a first order chemical reaction following the last electron
transfer step (EEEEEEC mechanism).
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5.2 Study of Interactions between Charged n-conjugated Systems and
Graphene

5.2.1 Non-Covalent Functionalization of Graphene

As a next step, the obtained molecular structures from chapter 4.1 are deposited onto graphene
or MoS; and the properties of these two-dimensinal hybrid materials were studied. Polycyclic
aromatic hydrocarbons,** imidazolium and pyridinium salts have a relatively high vapour
pressure. Sublimation of these molecules cannot be performed easily with standard laboratory
pumps. Drop-casting a solution of the organic salt (TriDiMeBim)3**(OTf)3!- (78) onto the
graphene sample is also not the method of choice, because the molecules crystallize at the edges
of the silica wafer during the evaporation of the solvent, leaving behind a heterogenous layer
on the graphene sample. Instead, a CVD graphene wafer can be non-covalently functionalized
by incubation of the graphene sample in a solution of the molecule (Figure 23). The attraction
between the m-conjugated molecules and graphene leads to a homogeneous deposition of the
molecules on graphene surface. For that purpose a 12 mM solution of the respective analyte in
triple distilled methanol was prepared and the graphene sample was incubated in the solution.
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Figure 23. Functionalization of a graphene wafer via non-covalent functionalization with organic salts. The
cationic molecules and their derivatives were dissolved in methanol and a graphene wafer was incubated in the
solution at room temperature. The wafer was removed after two hours and was rinsed with methanol before
subsequent further analyzation.

I found that an incubation time of two hours at room temperature was sufficient to non-
covalently functionalize the graphene substrates. After incubation, the sample was removed
from the methanolic solution and washed twice by rinsing the wafer with triply distilled
methanol to remove excess of molecules and other impurities like dust from the silica wafer.
The prepared samples were stored at 4 °C in a fridge before further characterization. Raman
and AFM studies of MoS; samples before and after non-covalent functionalization with the
same protocol resulted in a change in position of the exfoliated MoS; flakes on the wafer.
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Therefore, a modified protocol of the already described procedure was used. A wafer with
mechanically exfoliated MoS> was drop casted with a 12 mM methanolic solution of the
appropriate molecule. After 10 seconds, the excess of the solution was absorbed by tissue paper.
Using this modified method of the sample preparation Raman and PL studies with the same
flakes before and after functionalization could be successfully performed.

5.2.2 Atomic Force Microscopy Studies of Functionalized Graphene

AFM studies were performed to analyze non-covalently functionalized graphene. Silica wafer
coated with oxo-G were subsequently reduced. The here used r-oxo-G is graphene with a
density of lattice defects of approximately 0.5-0.8%, according to statistical Raman
spectroscopy.[!3!! Before further functionalization, the thickness of r-oxo-G is 2.5 nm (Figure
24). The literature value for one single layer of graphene ranges between 0.4 and 1.7 nm for
different sample preparations.[*°!) The observed thickness of the graphene sample is most likely
higher due to species trapped between the substrate and the basal plane of reduced oxo-G or by
adsorbed byproducts or residues from the reduction process. Since 0xo-G is reduced on the
substrate, which leads to C-O cleavage of functional groups between the substrate and the basal
plane, water (from epoxy and hydroxyl groups) and sulfate-species (from organosulfate) are
partially trapped.

o N A O ©
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Figure 24: AFM image of a silica wafer (Si/300nm SiO2z) A) coated with oxo-G and B) after functionalization with

the organic salt (TriDiMeBim)>*(OTf)s" (78). The respective height profiles of an oxo-G flake along the grey line
is shown below the AFM images.

Previous studies on reduced 0xo-G showed that under ambient conditions species that lead to a
decrease of thickness to 1.2 nm can be removed.[?*¥! Although the measured height appears to
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be quite high, adsorption of molecules is still possible. After functionalizing r-oxo-G non-
covalently with organic salt (TriDiMeBim)**(OTf)3!" (78) , the thickness of the hybrid material
r-oxo-G/78 increases to about 5 nm.

The surface of the r-oxo-G flake is overall homogeneously functionalized, which can be seen
from the surface roughness. In addition to the cations there is also the counterions of 78 on the
surface of the graphene sample (see chapter 5.2.6). This shows that the protocol of non-
covalently functionalizing graphene results in a surface functionalization and not the formation
of clusters on the surface. AFM studies with the neutral C3 symmetric molecule TriBim (56)
show that it also binds non-covalently to r-oxo-G flakes. The thickness of the graphene flakes
increases from 2.5 nm to 3.5 nm. The smaller overall thickness compared with r-oxo-G/78 is in
agreement with the flatter structure of molecule 56 compared with tricationic 78 and the fact
that no additional counterions are on the r-oxo-G/56 materials.

5.2.3 Raman Analysis of Functionalized Graphene

Molecules non-covalently bound to graphene can dope graphene.[*%2-393 Therefore, the doping
effect of cationic m-conjugated molecules on graphene was studied.!?!”> 231 Raman spectra of
CVD graphene and functionalized CVD graphene were compared with Raman spectra of the
molecules itself on a silica wafer. The Raman spectra of the organic salts (TriMeBim)'*(OTf)!-
(76), (DiMePhBim)!*(OTf)!- (75) and (TriDiMeBim)**(OTf)3!- (78) on a silica substrate are
different but also show similar trends (Figure 25, A-C). All cationic molecules show aromatic
C-H bond vibrations in the region between 2980-3020 ¢cm™!, C=N bond vibrations between
1610-1680 cm™! and aromatic ring vibrations between 1450-1610 cm™. The bond vibrational
signals at 1170-1410 cm! and between 670-780 cm™ stem from the C-F and C-S bonds,
respectively, in the triflate counterions. CVD graphene on silica substrate shows two distinct
Raman peaks, the G peak at around 1584 cm™! and the 2D peak at around 2700 cm! (Figure
25D).

CVD graphene non-covalently functionalized with 76 looks like the Raman spectrum of CVD
graphene and no significant change in position or geometry of the characteristic G and 2D peaks
was observed (Figure 25E). On the other hand, the samples with cationic molecules 75 and 78
non-covalently bound to CVD graphene give rise to spectra featuring new signals and shifts
and broading of the characteristic graphene signals. For both molecules broad and overlapping
signals between 1200-1600 cm! are observed in the (Figure 25F-G). Broadening could be due
to molecular decomposition but this was avoided by adjusting the applied laser power
(1.7 mW). Usually an inhomogeneous broadening is observed for amorphous samples, where
the chemical composition, crystal size, morphology or local environmental can vary
significantly for different areas on the sample. A change in these parameters, which can be also
caused by the interaction with graphene itself, causes a slightly different Raman scattering,
which leads to a shifted Raman signal. The overlapping of these slightly different signals is
observed as a peak broadening. The broadening of the molecular peaks might instead arise from
the interaction of the tricationic molecules with graphene and are therefore not as sharp as in
the case of silica as the substrate. The assignment of Raman peaks of small molecules bound
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non-covalently to graphene have not yet been intensively studied in the literature.?%4! The
absence of these peaks in the case of the functionalized graphene with monocationic 76 might
mirror the weaker attractions between the smaller and less charged molecule and graphene.
Analysis of the shift of the position of the G peak, which is sensitive to doping,?* is not reliable
due to the overlapping signals.
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Figure 25. Raman spectra of organic salts A) 76 (TriMeBim)"* (OTf)!-, B) 75 (DiMePhBim)" (OTf)!- and C) 78
(TriDiMeBim)>*(OTf)s" as well as D) CVD graphene. E) Organic salt 76 on CVD graphene, F) organic salt 75
on CVD graphene and G) organic salt 78 on CVD graphene. As substrate for all samples silica wafer (300 nm of
SiO:z on surface) were used showing at x' = 520 cm™ the signal for crystalline silicon and at x* = 900-1000 cm™!
the signal for amorphous silicon dioxide on the silicon surface.’*” The signal intensities from x! are not fully
shown. For all Raman studies was CVD graphene used.
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Instead, the 2D peak is analyzed statistically for CVD graphene and functionalized CVD
graphene, respectively. Only the sample with CVD graphene functionalized with organic salt
78 shows a significant shift of the peak position of the 2D peak by 23 cm™! (median value). In
the same way, a significant increase in the FWHM I7p of the 2D peak is only observed for this
sample (broadening by 11 c¢cm™). The change in position and geometry of the 2D peak
corresponds to p-doping of CVD graphene by 78. Since no p-doping was observed based on
the shift and shape of the 2D peak of CVD graphene functionalized with the monocationic
organic salts 76 and 75, it can be speculated that both molecules interact less with graphene,
compared with tricationic organic salt 78 or are not bound to the CVD graphene at all. The
organic salt (HexaDiMeBim)®"(OTf)s!" showed on both the silica substrate and CVD graphene
substrate a high fluorescent background and therefore a further Raman study with the available
laser (523 nm) was impossible.

5.2.4 Raman Analysis of Functionalized MoS>

The doping of monolayer MoS; should be reflected in a shift of the E»,’ and 4, bands of MoS..
Recorded spectra for all prepared MoS, samples display the E», ’ peak at 384.2 cm™ and the 4,
band at 404.0 cm™!,which is in good agreement with the reported values.[*”) The difference in
peak position between Ez; ! and 44 bands is 19.8 cm™! and confirms that the prepared MoS;
samples consisted of monolayer MoS».[6% 2 2481 None of the neutral molecules HexaPy (47),
HexaBim (71) or HexaMeBim (85) induced any significant shift of the characteristic >,/ and
A bands when adsorbed on the MoS: monolayers. The C; symmetric trication
(TriDiMeBim)**(OTf);!- (78) induces a small shift in the peak position of the 4, band (shift
of 1.9 cm™! towards higher wavenumbers) when non-covalently bound to MoS, (Figure 26).
Similarly, both hexacationic derivatives (HexaMePy)®*(OTf)s!" (87) and (HexaDiMeBim)®*
(OTf)6"" (86) induce small shifts of 1.8 cm! in the peak position of the 4, band (also towards
higher wavenumbers). The non-covalent functionalization of MoS; with oleylamine, which is
known to n-dope MoS,,3%] shows a shifting of 3 cm! of the 4;; band towards lower
wavenumbers.?% The treatment of monolayer MoS, with oxygen plasma shows due to
adsorption of oxygen the p-doping effect to MoS». This corresponds to a shifting of the 4,4
band towards higher wavenumbers.?%1 The p-doped MoS, samples were further non-
covalently functionalized with Rhodamine 6G and also Raman peaks, corresponding to the dye,
were observed. The shifting of the 4;; band towards higher wavenumbers band in our studies
can be therefore also interpreted as p-doping effect to MoS,. However were no molecular peaks
from the molecules itself found in the MoS; Raman spectra in contrast to results in the
literature.3%7]
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Figure 26. Raman spectra of A) organic salt 78 on MoS:z, B) neutral molecule 56 on MoS: and monolayer MoS:.
The dashed lines represent the Raman peaks positions of the characteristic Ez' and Aig bands from monolayer
MoS: (difference: 19.8 cm™).

5.2.5 XPS Analysis of Functionalized Graphene

X-ray photoelectron spectroscopy was used to study the interaction between the adsorbates and
graphene, as well as to determine the elemental composition of the surface of the CVD-
graphene/hybrid materials.*%! All neutral imidazole systems contain two sets of chemically
distinctly different nitrogen atoms, i.e. imine nitrogen atoms (R2C=NR) and secondary amine
type of nitrogen atoms (R2-NH). Therefore, these systems are expected to display two Nls
signals in the XPS spectra. On the other hand, all nitrogen atoms in the organic salts are
chemically equivalent. A single N1s peak corresponding to an imidazolium nitrogen is therefore
expected to be found in the XPS spectra of these systems.
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The recorded N1s spectra for both the neutral and the charged systems on silica substrate are in
line with what is expected for these systems. However, the peak positions corresponding to the
two different binding state are different for all molecules. For example, the spectrum of TriBim
(56) exhibits two deconvoluted peaks in a 1:1 area ratio and with the binding energies of 398.6
and 400.7 eV, respectively, while the spectrum of the organic salt (TriDiMeBim)**(OTf)3!-
(78) shows one major peak at 402.1 eV. Comparing the nitrogen concentration of all neutral
molecules on the CVD graphene substrate, the molecule 56 has a 3-times higher concentration,
indicating a stronger binding of 56 to graphene. This is in agreement with the overall planar
geometry of 56, which leads to strong dispersion interactions between 56 and graphene. Even
though the larger size of HexaBim (71), the binding of 71 to graphene is disfavored due to its
twisted molecular geometry (Table 2-3). An overview of all N1s spectra recorded for both silica
and CVD graphene substrates incubated with the organic salts (TriMeBim)!"(OTf)',
(DiMePhBim)!*(OTf)!", (TriDiMeBim)**(OTf)3!" and (HexaDiMeBim)*"(OTf)s!" is shown
in Figure 27. All four organic salts on silica substrate show one major peak in the N1s signal,
which is consistent with the fact that the two imidazolium nitrogen atoms are chemically
equivalent.?®) Non-covalently bound to CVD graphene, all organic salts except
(HexaDiMeBim)®* (OTf)s!" shows two peaks, with more or less the same signal intensity in the
Nls region.

This observation can be explained by a combination of two reasons. Due to the twisted
geometry of (DiMePhBim)'* and (TriDiMeBim)3", half of the nitrogen atoms are facing to the
surface of graphene, while the other nitrogen atoms are pointing away from graphene. Thus,
the two sets of nitrogen atoms sets of nitrogen atoms experience different chemical
environments, which results in different binding energies. However, the highly twisted
hexacationic molecule (HexaDiMeBim)®" shows just one peak in the Nls signal. A more
reasonable explanation is, that different adsorbates are not equally influenced by their
counterions. Computational quantum mechanical modelling shows that the hexacationic system
(HexaDiMeBim)$* can bind six triflate ions (OTf)!" in its six pincer-like clefts. Upon binding,
the anions form tight ion pairs with the benzimidazolium units that constitute the walls of the
clefts. Therefore, each three triflate ions tend to lie on the upper side and lower side of the
molecule. Together with the six bound triflate ions, (HexaDiMeBim)*"(OTf)¢!" forms an
uncharged disk-shaped entity (Figure 28) that is more like a large neutral species. The
(HexaDiMeBim)® (OTf)q!" entity would therefore favor to bind non-covalently to graphene
via London dispersion interactions. That also explains the observation that the N1s signal of
(HexaDiMeBim)%"(OTf)s!- on CVD graphene shows a substantially higher nitrogen content
compared to the other organic salts on CVD graphene. Thus, graphene shows a higher affinity
for this system than any other of the systems studied.
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Figure 27. High resolution scan of the Nls region of A) (TriMeBim)'*(OTH)* (76) on silica and B) on CVD

graphene; C) (DiMePhBim)"*(OTf)*- (75) on silica and D) on CVD graphene; E) (TriDiMeBim)**(OTf)s" (78)
on silica and F) on CVD graphene; G) (HexaDiMeBim)* (OTf)s" (78) on silica and H) on CVD graphene.
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Figure 28. Optimized structure (PBE**%!, GGA functional/ CASTEP basis set within Material Studios framework)
of the hexacation (HexaDiMeBim)®" together with six triflate ions.

As previously mentioned, the elemental composition of surfaces can be analyzed with XPS.
The XPS spectra of all organic salts on both substrates were analyzed with respect to the N1s
and F1s signals to calculate the ratio between the number of anions and cations on the surfaces.
This is possible because nitrogen atoms are only present in the cations of the organic salts and
fluorine atoms are only present in the triflate anions. All samples give a peak at 688.4 ¢V in the
F1s, corresponding to an organic fluoride. The ratio between the areas for the nitrogen and
fluorine signals (N:F) is in agreement with the molecular formula of the organic salts on silica
substrate. Surprisingly, XPS spectra of the monocationic and tricationic organic salts on CVD
graphene substrate indicate a lower fluorine content than expected. This observation suggests a
loss of some counterions in the process of binding to graphene. The counterions can either be
exchanged (ion exchange) during the sample incubation or by a partial charge transfer between
graphene and the cations. This will be discussed in chapter 5.2.7. Sulfur is also only present in
the anion and an analogous analysis based on this element gives the same result. The XPS
spectra of CVD functionalized with (HexaDiMeBim)®*(OTf)s'- show no very little loss of
triflate anions. This is due to the already discussed tight ion pairing between the hexacation
(HexaDiMeBim)®* and its counterions.
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5.2.6 ToF-SIMS Analysis of Functionalized Graphene

In this thesis time-of-flight secondary ion mass spectrometry (ToF-SIMS) was used to study
and confirm the existence of positively charged and negatively charged ions on the surface of
non-covalently functionalized graphene surfaces. Samples of r-oxo-G were non-covalently
functionalized with the organic salts (DiMePhBim)'*(OTf)!- (75), (TriDiMeBim)**(OTf)3!-
(78) and (HexaDiMeBim)®*(OTf)s!" (86). Previous Raman and XPS studies showed, that the
cationic molecules are not interaction with the silica substrate. Using r-oxo-G as substrate we
expected to detect the molecular cations and anions just on the surface of the graphene flakes
and not on the silica substrate. In agreement, chemical imaging by ToF-SIMS ofSi/SiO, wafers
submersed in methanol solutions of organic salts reveal that the tricationic molecules do not
bind to the Si/Si0O: surface. Chemical imaging of r-oxo-G samples functionalized with organic
salt 75 shows the presence of the cation and its counterion on flake like areas expected to be
found on r-oxo-G samples. The observed areas fit well with the size and shape of flakes of r-
ox0-G observed by other techniques, such as optical microscopy. Therefore, we suggest that
the observed areas of molecular cation and counter ion mass hits represent the functionalized
r-oxo-G flakes on the sample. Using CVD graphene instead of r-oxo-G results in molecular
mass hits of both the cation and the anion on the whole surface, which indicates a homogeneous
non-covalent functionalization all over the CVD graphene surface. Chemical imaging by ToF-
SIMS of samples with the organic salt 78 non-covalently bound to r-oxo-G show similar results.
The calculated mass for the C3 symmetric cation 78" is m/z = 513.28 and the calculated mass
for the triflate anion is m/z = 148.95. The most prominent signal in positive ion mode was found
at m/z = 811.16. This corresponds to the trication 78%* plus two triflate anions. Also, although
with lower signal intensity, signals were observed at m/z = 662.73 and m/z = 513.28
corresponding to the mass of the reduced trication without 2 and 3 counterions, respectively
(Figure 29A). Figure 29B shows the chemical images recorded in negative ion mode of r-oxo-
G non-covalently functionalized with organic salt 78. The highest signal intensity of m/z =
148.95 can be assigned to the triflate counterions of the organic triflate salt. In agreement with
the studies in positive ion mode, the mass hits corresponding to the triflate counterions are
observed as a flake-like pattern. Figure 29C shows the optical image of a silica wafer coated
with r-oxo-G flakes with a size of approximately 5 and 20 pm. Also, r-oxo-G samples
functionalized with the organic salt 86 were studied with ToF-SIMS. Studies in negative ion
mode show the signal for the triflate counter ions at m/z = 148.95 in a flake-like pattern and
only mass hits corresponding to the silica substrate is detected around the flake-like pattern.
The analysis of the cation 86%* is however not trivial. ToF-SIMS is a destructive method and
lots of fragments are possible. HR-ESI-MS experiments show that the reduced derivatives of
86°%" can be detected. However, none of these mass hits was detected for the cation 86%" with
ToF-SIMS. The most prominent signals are m/z = 126.93, 360.80, 362.80, 596.66 and can be
observed in a flake-like pattern in the same way as the triflate counterions. These mass peaks
must be related to fragments of 86%*. The structure of these fragments is however not known.
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A) Positive ion mode B) Negative ion mode

miz = 811.16 ‘mlz = 148.95

Figure 29. A) ToF-SIMS imagine in positive ion mode showing the trication 785" together with two counterions
on reduced oxo-G on silica substrate in flake like pattern. Red: m/z 811.16, green: Si+. B) ToF-SIMS imagine in
negative ion mode showing the triflate anion from the organic salt 78 on reduced oxo-G on silica substrate in flake
like pattern. Red: m/z 148.95, green: Si-. C) Optical image of r-oxo-G flakes functionalized with organic salt 78.
The flake size varies between 5 and 20 pum.

5.2.7 Computational Studies of Functionalized Graphene

The XPS analysis of non-covalently functionalized graphene with the organic salts
(TriMeBim)!*(OTf):"" (76), (DiMePhBim)!*(OTf);!- (75), (TriDiMeBim)**(OTf);'" (78) and
(HexaDiMeBim)®* (OTf)s!" (86) and their uncharged precursor indicated, that a partial charge
can be transfered between graphene and the non-covalently bound molecules. To gain more
insights about the interaction between graphene and charged molecules, computational
quantum mechanical modelling was performed together with Valentina Cantatore. DFT
calculations were applied (PBE®, GGA functional/ CASTEP basis set within Material
Studios framework) to study the overall electron distribution in a unit cell tricationic molecule
78%* on top of a 9 x 9 supercell of graphene.

The optimized structure of 783" is as previously discussed in chapter 5.1.5 propeller shaped
(Figure 30A). The addition of an electron to the trication 783" forms the dication 78** with an
overall charge of +2. The additional electron causes also a flattening of the molecular geometry
as previously discussed from 58° to 50°. On top of graphene, a decrease of the dihedral angle
from 58° to 24° was observed (Figure 30B). The overall planar geometry of 78** contributed to
the strong interactions between 78" and graphene.[***! The computational calculations show
that approximately half an electron is transferred from graphene to the trication 78%*. Some
stabilizing effects can be derived from this partial electron transfer. The increased electron
density at the central benzene (LUMO of 78%, Figure 20) ring decreases the coulombic
repulsion between the cationic benzimidazolium moieties. This results in a planarization of
dication 782", The planar geometry of 782" allows a shorter distance between 782" and graphene.
A further decrease of the overall charge of the unit cell does not show a larger partial electron
transfer from graphene to the trication 78%**. The observed charge transfer from graphene to the
trication 78%* explains also the observations in XPS studies of graphene samples that were non-
covalently functionalized with the organic salt (TriDiMeBim)**(OTf)3!- (78). The trication
78%* is surrounded by three counterions in the organic salt unit (TriDiMeBim)3*(OTf)3!- (78).
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This corresponds to an elemental ratio of nitrogen atoms and fluorine atoms of 1:3, which was
found for the organic salt 78 on silica substrate. The trication non-covalently bound to graphene
is getting partially reduced by the charge transfer. This leads to a more delocalized positive
charge. As a consequence, the positive charge density decreases as well as the Coulomb
interactions between the trication 78%" and its anions decreases. Some counterions become
therefore superfluous and are rinsed off during the sample preparation. This could be the reason
why less counterions are observed in non-covalent functionalized graphene (lower elemental
ratio between nitrogen and fluorine atoms) compared with samples of the cationic molecules
on silica substrate.

A) (TriDiMeBim)3* in vacuo

B) (TriDiMeBim)?* on graphene

Figure 30. Optimized geometry (PBE**", GGA functional/ CASTEP basis set within Material Studios framework)
of A) tricationic molecule (TriDiMeBim)3*(78%*) in vacuo and B) (TriDiMeBim)**(78%*) non-covalently bound to
graphene.!?¥
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5.2.8 Applications of Functionalized Graphene

Previous characterizations with non-covalent functionalized graphene showed a p-doping effect
of the cationic n-conjugated molecules on graphene. The organic salt (TriDiMeBim)**(OTf)s"
1(78) and the neutral molecule TriBim (56) were used to fabricate together field-effect
transistor device (FET) from with r-oxo-G as part of a cooperation with Zhenping Wang (Figure
31). Transfer curves (las—Vas) with unipolar character for FET device before and after non-
covalent modification with 78 are shown in Figure 30. A hysteresis effect of the monolayer r-
ox0-G on Si0O; is observed after sweeping continuously from -50 to 50 V and then back to -50
V. Therefore, each two carrier mobilities for r-oxo-G and the functionalized r-oxo-G/78 were
calculated. The carrier mobilities were based on the minimum (blue dash lines) and the
maximum slopes (green dash lines) of both curves. For the r-oxo-G, the fluctuation of its carrier
mobilities is between 26.4 and 28.6 cm? V! s, After functionalization with the organic salt 78,
the carrier mobilities of r-ox0-G/78 are between 17.8 and 20.7 cm? V-! 571, This shows that the
effect of the hysteresis on carrier mobilities is less than the effect of non-covalently
functionalization of r-oxo-G.
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Figure 31. Transport measurements of monolayer r-oxo-G-based FET. A) Optical image of the fabricated
graphene device. A channel width of 20 um and length of 3 um between electrode 1 and 2. B) Comparison of each
two carrier mobilities at the maximum (green dash lines) and minimum slopes (blue dash lines) for r-oxo-G (black)
and r-oxo-G/78(red). Vis = 10 mV.1>** Reprinted with permission.

After doping r-oxo-G with organic salt 78 lu—Vas curves still keep the unipolar character, but
these curves lean to a higher p-doped direction. Reference experiments showed that neutral
molecule 56 non-covalently bound to r-oxo-G also results in p-doping of the underlying
graphene. However, the effect is weaker compared with the organic salt 78 on graphene. These
results do not tell us which molecule interacts stronger with graphene in comparison, however
the cationic nature of organic salt 78 together with the already discussed charge transfer from
graphene to the cationic molecule is responsible for a stronger change in the charge density of
graphene, which results in a stronger p-doping of graphene. Also, the reduction potential of the
organic salt 78 is higher (-1.70 V) compared to neutral molecule 56 (-2.45 V). A charge transfer
is therefore more likely between graphene and the cation of the organic salt 78.
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5.2.9 Photoluminescence Studies of Functionalized MoS;

To study the influence of cationic m-conjugated molecules on monolayer MoS, the intensity of
mechanically exfoliated MoS, was measured before and after non-covalent functionalization
with the organic salts (TriDiMeBim)**(OTf);! (78), (HexaDiMeBim)®*(OTf)s! (86) and
(HexaMePy)$"(OTf)¢! (87), and their neutral precursors TriBim (56), HexaBim (71),
HexaMeBim (85) and HexaPy (47). As already discussed in previous chapters, the trication
molecule 783" of the organic salt 78 caused a p-doping on graphene. The non-covalently
functionalization of monolayer MoS; with the organic salt 78 caused a photoluminescence (PL)
intensity enhancement by 475%, which corresponds to a p-doping of monolayer MoS,.l?!
Interestingly, already the neutral C3 symmetric molecule 56 caused a photoluminescence (PL)
intensity enhancement of monolayer MoS: by 250%. The lower PL intensity enhancement of
functionalized MoS; with molecule 56 compared to the organic salt 78 can be explained by a
lower p-doping character of the neutral molecule 56. However was also a slight red-shift of the
PL peak observed (Figure 32A), which corresponds to a n-doping of Mo0S,.B3!% The non-
covalently functionalization of monolayer MoS, with the neutral Cs symmetric polypyridine
molecule 47 and the organic salt 87 showed a similar trend. Already the neutral molecule 47
caused a strong PL intensity enhancement of the MoS: by 560%. However the binding of the
organic salt 87 to MoS, showed an even stronger PL intensity enhancement by 1140% (Figure
32B). It is therefore in the series of tested molecules the strongest p-dopant. No significant PL
intensity maximum shifting was observed.
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Figure 32. PL spectra of chemical functionalized MoS>. A) Normalized PL spectra of MoS: (black color), with
neutral TriBim (56) functionalized MoS: (blue color) and with (TriDiMeBim)**(OTf)s" (78) functionalized MoS:
(red color). B) Normalized PL spectra of MoS: (black color), with neutral HexaPy (47) functionalized MoS: (blue
color) and with (HexaMePy)* (OTf)s" (87) functionalized MoS: (red color). No significant peak shifting is
observed. The dashed line shows the position of the peak energy of the PL spectrum of MoS-.
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The polybenzimidazole derivatives 71, 85 and the organic salt 86 however displayed a different
behavior, when non-covalently bound to MoS;. The neutral Cs symmetric molecule 71 was the
only molecule in this series, which increased the PL intensity of MoS; by 130%. This was much
lower than the other already discussed neutral molecules 47 and 56. The neutral molecule 85
non-covalently bound to MoS; showed an decrease of the PL intensity (33% quenched).
Surprisingly, binding the organic salt 86 non-covalently to MoS., a very strong quenching of
the PL intensity (91% quenched) was observed. The PL intensity decrease for MoS>
functionalized with 85 and 86 corresponds to a n-doping of MoS,.51% The red shifting of the
PL intensity maxima for the MoS2/86 sample supports this assumption. The lower HOMO
energy level of 86%* (-15.3 eV) compared with the HOMO energy level of the tricationic
molecule 78%** (-13.4 €V) would suggest a p-doping of MoS; in the same way it was observed
for MoS; samples, which were functionalized with the organic salt 78. This assumption
however does not take the counterions of 86 into account. And as previously discussed binds
the hexacation 86% its counterions tight to form a large neutral species (Figure 28). The
counterions of this disk-shaped entity shield the hexacation 86+ and therefore, no p-doping of
MoS; is observed. Computational studies show, that the other organic salts 78 and 87 are not
as tight shielded by their counterions. Therefore is the p-doping character of the cations 78%*
and 87°* not weakened to the same extent.
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6. Conclusion and Outlook

Aim 1: Synthesis and characterization of a series of cationic m-conjugated systems
(monocationic, trication and hexacationic) with different counterions.

Herein, the synthesis of a series of benzimidazole and pyridine derived n-conjugated systems
of different sizes and with different amount of charges was shown. Benzimidazole derivatives
with three benzimidazole moieties could be reacted in a microwave reactor according to a
customized protocol. For the synthesis of m-conjugated systems with six benzimidazole
moieties was the development of a different protocol necessary. Both benzimidazole and
pyridine derived m-conjugated systems were alkylated to form monocationic, trication and
hexacationic m-conjugated systems. The variation of the alkylation agent in the N-alkylation
reaction did not have a significant overall change of the product yield, but had an impact on the
solubility of the final compound. The molecules were purified and characterized. The
photophysical and electrochemical properties of selected were studied and got support from
computational studies of the same n-conjugated systems.

Aim 2: Develop a method to non-covalently functionalize graphene and MoS> non-covalently
with cationic n-conjugated systems and their uncharged precursors.

A developed protocol was successfully used to non-covalently functionalize different types of
graphene with both neutral and charged m-conjugated systems. The graphene samples were
incubated in a methanolic solution of the respective molecule and subsequently rinsed with
methanol to remove an excess of the molecules. The same protocol was not successful for the
functionalization of MoS>. A more advanced protocol was applied to non-covalently
functionalize MoS,. The MoS> samples were drop-casted with a methanolic solution of the
respective molecule and the excess of solvent was removed from the sample surface.

Aim 3: Find analytical tools to characterize and study the non-covalent interactions between
cationic m-conjugated systems and graphene (and MoS;).

The successfully functionalized graphene and MoS; samples were characterized with different
spectroscopic methods to obtain an overall picture of the functionalized materials. The
combination of AFM spectroscopy, Raman spectroscopy and ToF-SIMS showed exclusively
an overall homogeneous functionalization of the graphene surface with the m-conjugated
systems. The doping effect on graphene was studied with XPS and computational analyses. A
charge transfer from graphene to the tricationic molecule (TriDiMeBim)** leads to a p-doping
of graphene, when non-covalently functionalized with the organic salt
(TriDiMeBim)**(OTf);'". The neutral molecules showed a weaker p-doping effect on graphene
compared with the organic salts. The fabrication of a FET device confirmed the p-doping effect
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of both the neutral molecule TriBim and the organic salt (TriDiMeBim)**(OTf);!". Also
photoluminescence studies of non-covalently functionalized MoS showed that both the neutral
molecule TriBim and the organic salt (TriDiMeBim)**(OTf);'- have a p-doping effect on
MoS,. The tested hexacationic organic salts (HexaMePy)**(OTf)¢"" and
(HexaDiMeBim)® (OTf)s!" could either p or n-dope MoS,.

Aim 4: Study the binding affinities between the n-conjugated systems and graphene.

Lastly, different structural parameter as well es different counter ions from the cationic n-
conjugated molecules were studied on the binding affinity to graphene. In the series of neutral
molecules, the flat C;3 symmetric molecule TriBim has the highest affinity. Due to a short
binding distance, London dispersion interactions are favored. The even larger Cs symmetric
molecule HexaBim has a weaker interaction with graphene due to the longer binding distance
enforced by its twisted geometry. Of the tested organic salts, the highest binding affinity to
graphene was found for the hexacationic salt (HexaDiMeBim)% (OTf)s!". In this organic salt,
the hexacation (HexaDiMeBim)®* forms a uncharged disk-shaped entity with its tightly bound
counterions. Even though the high charge of the hexacation, the interaction with graphene is
controlled by London dispersion interactions.

In summary it could be shown that the binding affinity of neutral and charged molecules is not
favored by the amount of positive charges on the adsorbate, nor is it only dependent on the size
of the m-conjugated system of the adsorbate molecules. However the geometry of the adsorbates
plays a much more important role together with the binding strength between the cationic
molecules and its counterions. A proper design of the organic cations can prevent the cations
from losing their counterions and has therefore an influence on the doping of non-covalently
functionalized graphene and MoS;.

This thesis highlights that the process of non-covalent functionalization of 2D materials like
graphene and MoS: is a promising field of research for the development of new 2D hybrid
materials. This research field is young and needs to be explored more in depth and opens the
door for many exciting research projects or developments. Planar HBC derivatives might lead
to a very strong binding affinity to the surface of n-conjugated systems like graphene and would
therefore be able to introduce either a strong p- or n-doping of graphene. The challenging part
however remains the synthesis and purification of these organic molecules.
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