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Summary

1 Summary

1.1 Overview of Presented Topics

In this cumulative dissertation the following topics are presented:
1. The photochemical reaction of defect-free graphene with iodine and characterization of
the resulting trans-oligoene substructures in the graphene lattice
2. The influence of lattice defects on the formation of trans-oligoene substructures in

graphene
1.2 Overview of Collaborations

The research was conducted in collaboration with the research groups of:
- Prof. Dr. Kirill I. Bolotin, Department of Physics, FU Berlin
- Dr. Patryk Kusch, Department of Physics, FU Berlin

The detailed results and experimental information can be found in the attached publications in
section 6.1 and 6.2.

1.3 Summary of Results

The covalent functionalization of graphene allows to tailor the properties of graphene by
opening a bandgap and controlling the chemical structure and is therefore under extensive
investigation. Radical addition reactions of halogens such as fluorine and chlorine are among
the most common reactions, while iodine has so far not shown any reaction with high-quality
graphene due to its lower reactivity.

This work demonstrates the first photochemical reaction between defect-free graphene and
iodine and provides a reaction mechanism for this unique reactivity. Novel Raman modes with
unprecedented intensity were observed after the reaction that exceeded graphene’s
characteristic signals. Therefore, the first part of this work focuses on elucidating the properties
of the novel material and understanding the observed reactivity. For this, graphene was reacted
with iodine and Raman spectra were recorded with various excitation energies showing the
dispersive nature of the new Raman signals and a lack of graphene D-mode formation despite a
coverage of around one iodine atom per 300 carbon atoms, as measured by X-ray
photoelectron spectroscopy. The high temperature of 400 °C needed for the reverse reaction
signifies a thermodynamically stable structure, and transport measurements (in collaboration
with Prof. Kirill I. Bolotin) revealed a strong hysteresis and a p-doping effect exceeding non-
covalent iodine doping that was further confirmed by Kelvin probe force microscopy (in
collaboration with Dr. Patryk Kusch). Based on these observations a reaction mechanism was
proposed where the bulky iodine radicals selectively add to graphene by blocking the most

reactive addition sites close to them and form trans-oligoene substructures by isolation of
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double bonds between sp3-defects. Based on these results, the influence of lattice defects on
trans-oligoene substructure formation was explored using graphene with defined defect
densities. It was confirmed that no Raman-active defects are introduced by the reaction and that
substructure formation can occur in graphene with lattice defects. Due to their own set of
characteristic Raman signals and the lack of contribution to the graphene D-mode trans-
oligoene substructures could be monitored relative to the defect density. Statistical Raman
analysis clearly showed the strong hinderance of substructure formation by lattice defects and a
critical defect spacing of around 1 nm, below which no substructure formation is observed. This
explains the absence of substructures in previous studies using highly defective graphene. It
also defines a lower length limit of substructures observed at 532 nm excitation wavelength and
comparison with model molecules suggest an average substructure length of about eleven
double bonds. The formation of the trans-oligoene substructure demonstrates the importance of
addend size and shape for regioselective addition reactions that was previously only achieved
by supramolecular networks of complex organic molecules. This work further establishes the
use of this novel functionality as a strong p-dopant that can be easily fabricated by laser
patterning. The crucial discovery of a model system with strong spectroscopic signals will allow
further investigation of substructure formation and the improved methodology for statistical
analysis of separate structures in graphene with Raman spectroscopy provides a powerful tool

for future research.
1.4 Zusammenfassung der Ergebnisse

Diese kumulative Dissertation beschreibt die erste Untersuchung von trans-Oligoen
Substrukturen in Graphen, die durch die Reaktion von Graphen mit lod erzeugt wurden. Des
Weiteren wurde der Einfluss von Gitterdefekten auf die Bildung von trans-Oligoen-
Substrukturen in Graphen untersucht.

Die Forschung wurde in Zusammenarbeit mit den Gruppen von Prof. Dr. Kirill I. Bolotin und Dr.
Patryk Kusch vom Fachbereich Physik der Freien Universitat Berlin durchgefihrt.

Die ausfuhrlichen Ergebnisse und experimentelle Informationen finden sich in den Publikationen
in den Abschnitten 6.1 und 6.2.

Die kovalente Funktionalisierung von Graphen wird intensiv untersucht da es ermdglicht die
Eigenschaften durch Offnen einer Bandliicke und Kontrolle der chemischen Struktur
anzupassen. Radikal-Additionsreaktionen von Halogenen wie Fluor und Chlor gehéren zu den
am haufigsten untersuchten Reaktionen, wahrend lod aufgrund seiner geringeren Reaktivitat
bisher keine Reaktion mit defektfreiem Graphen gezeigt hat.

Diese Arbeit beschreibt die erste photochemische Reaktion zwischen defektfreiem Graphen
und lod und liefert einen Reaktionsmechanismus fiir die einzigartige beobachtete Reaktivitét.
Nach der Reaktion wurden neuartige Raman-Moden mit beispielloser Intensitéat beobachtet, die
Uber die Intensitat der charakteristischen Signale von Graphen hinausgehen. Daher
konzentrierte sich der erste Teil dieser Arbeit darauf, die Eigenschaften des neuartigen

Materials aufzuklaren und die beobachtete Reaktivitat zu verstehen. Dazu wurde Graphen mit
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lod umgesetzt und Raman-Spektren mit verschiedenen Anregungsenergien gemessen, die die
dispersive Natur der neuen Raman-Signale aufzeigten. Trotz einer Bedeckung von etwa einem
lod-Atom pro 300 Kohlenstoffatome, wie durch Réntgen-Photoelektronen-Spektroskopie
gemessen, trat keine Graphen-D-Mode auf. Die hohe Temperatur von 400 °C, die fur die
Umkehrreaktion erforderlich ist, deutet auf eine thermodynamisch stabile Struktur hin, und
Transportmessungen (in Zusammenarbeit mit Prof. Kirill 1. Bolotin) ergaben eine starke
Hysterese sowie einen p-Dotierungseffekt, der Uber die nicht-kovalente Dotierung mit lod
hinausgeht. Dies konnte zudem durch Raster-Kelvin-Mikroskopie (in Zusammenarbeit mit Dr.
Patryk Kusch) mit einer komplementaren Technik bestétigt werden. Auf der Grundlage dieser
Beobachtungen wurde ein Reaktionsmechanismus vorgeschlagen, bei dem die sterisch
anspruchsvollen lodradikale selektiv an das Graphen addieren, indem sie die reaktivsten
Additionsstellen in ihrer N&he blockieren und trans-Oligoen-Substrukturen durch Isolierung von
Doppelbindungen zwischen sp3-Defekten bilden. Auf der Grundlage dieser Ergebnisse wurde
anschlielend der Einfluss von Gitterdefekten auf die Bildung von trans-Oligoen-Substrukturen
mit Hilfe von Graphen mit definierten Defektdichten untersucht. Es wurde bestatigt, dass durch
die Reaktion keine Raman-aktiven Defekte eingefiihrt werden und dass die Substrukturbildung
in Graphen mit Gitterdefekten stattfinden kann. Aufgrund ihres eigenen Satzes
charakteristischer Raman-Signale und des fehlenden Beitrags zur Graphen-D-Mode konnte die
Bildung von trans-Oligoen-Substrukturen als Funktion der Defektdichte verfolgt werden. Die
statistische Raman-Analyse zeigte deutlich die starke Hinderung der Substrukturbildung durch
Gitterdefekte und einen kritischen Defektabstand von etwa 1 nm, unterhalb dessen keine
Substrukturbildung beobachtet werden konnte. Dies erklart das Fehlen von Substrukturen in
friheren Studien, in denen hochdefektes Graphen verwendet wurde. Dieser Defektabstand
definiert auch eine untere Langengrenze flr Substrukturen, die bei einer Laserwellenlange von
532 nm beobachtet werden, und der Vergleich mit Modellmolekilen lasst auf eine
durchschnittliche Substrukturlange von etwa elf Doppelbindungen schlieRen. Die Bildung von
trans-Oligoen-Substrukturen zeigt die Bedeutung der GroRe und Form von Addenden fir die
Regioselektivitat auf, die bisher nur durch supramolekulare Netzwerke komplexer organischer
Molekile erreicht werden konnte. Des Weiteren zeigt diese Arbeit die Verwendung dieser
neuen Art von Funktionalitat fir die p-Dotierung von Graphen auf, das durch
Laserstrukturierung einfach hergestellt werden kann. Die wesentliche Entdeckung eines
Modellsystems mit starken spektroskopischen Signalen wird die weitere Untersuchung der
Substrukturbildung in Graphen ermdglichen, und die verbesserte Methodik zur statistischen
Analyse separater Strukturen in Graphen mit Hilfe der Raman-Spektroskopie bietet ein neues,

leistungsfahiges Instrument fur die kinftige Forschung.
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2 Introduction

2.1 Carbon and Its Allotropes

Carbon plays a special role in chemistry since approximately 95 % of all known chemical
compounds today contain it.lYl This is due to its unique ability to form strong covalent bonds with
itself and many other elements. Carbon is the sixth element of the periodic table and has a
1s22s22p? electron configuration, where four outer electrons occupy the 2s and 2p orbitals
(Figure 1A). To obtain a noble gas configuration carbon can therefore either receive or take
four electrons by forming up to four covalent bonds. This versatility is also reflected in the
number of carbon allotropes, different structural modifications of the same element. Carbon’s
ability to form covalent bonds in different hybridization states (sp, sp?, sp?) allows the formation
of several allotropes with distinct properties. While graphite and diamond have been known to
man since ancient times several new allotropes have been discovered since the 1980s and the
realm of possibilities is not exhausted yet, making it a dynamic field of research.[?! In addition,
the big breakthroughs over the past decades inspired many new fields in chemistry, physics and

material science, especially the field of two-dimensional crystalline materials.!!

A) A B) C) D)

‘ pZ pZ
S & K%
© ! ¥
> se 22 2p,  2p, L 1% N AP
= 109.5° 120° 180°
2 |

1s sp® sp’ sp

Figure 1: A) Electronic structure of carbon with four valence electrons. B) Carbon with sp3-
hybridization with a tetrahedral structure that can form four o-bonds with neighboring carbon
atoms. C) sp?-hybridized carbon where three valence electrons can form og-bonds and one
electron in the 2p:-orbital can form a m-bond with neighboring carbons. D) Carbon with sp-
hybridization, where two sp-hybridized orbitals can form o-bonds with 180° bond angle and two
unpaired electrons in 2p-orbitals can form two 1-bonds with neighboring carbon atoms.

In diamond every carbon is sp3-hybridized and forms four covalent o-bonds with a bond angle of
109.5° to its neighboring carbon atoms with a bond length of 154 pm (Figure 1B).[4l This results
in a face-centered cubic crystal lattice structure (Figure 2A), where the four strong bonds form a
covalent three-dimensional network making diamond an extremely hard material and an
electrical insulator (bandgap 5.5 eV).Bl It is typically grown at high temperatures and high
pressures, where it becomes the most stable phase of carbon.® Recently Gong et al. reported
the synthesis of diamonds in liquid metal alloy at ambient pressure where the meta-stable
diamond crystallizes out of a saturated carbon solution.[”]

At ambient conditions graphite (Figure 2B) is the thermodynamically most stable carbon
allotrope.® Here, each carbon atom is sp?-hybridized and three of its electrons (2s, 2px, 2py)
form three covalent o-bonds with a bond angle of 120° (trigonal-planar) to its neighboring
carbon atoms with a bond length of 142 pm resulting in a hexagonal two-dimensional graphene

lattice. The remaining electron in the 2pz-orbital (Figure 1C) perpendicular to the plane of the
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carbon lattice is delocalized across the graphene sheet and forms a conjugated 1-system with
its neighbors. Two sublattices form since there are two carbon atoms per unit cell, as shown in
Figure 2C.[8l Because of the binding situation of carbon atoms graphite consists of many layers
called graphene that are stacked on top of each other by weak van der Waals and 1r-1-
interactions resulting in an approximate distance of 335 pm between the graphene sheets. It
has a high electrical conductivity along the graphene sheets due to the delocalized 1T-system,
but in orthogonal direction is much lower.[¥ Graphene was the first example of a two-
dimensional (2D) carbon allotrope and will be discussed in detail in section 2.2. Since its
discovery, several other 2D carbon allotropes have been synthesized, for example covalently-
linked fullerene sheets!'® or biphenylene networks. 1]

In 1985 the fullerenes were discovered as the first of a growing number of new carbon
allotropes*? and Robert F. Curl, Harold W. Kroto and Richard E. Smalley were awarded the
Nobel Prize in chemistry in 1996 for their discovery. Fullerenes are a class of spherical or
ellipsoidal molecules that can be denoted by the empirical formula Cn, where n is an even
number. The prototypical Ceo fullerene (Figure 2D) consists of 20 hexagons and 12 pentagons
that result in a spheric shape due to the positive curvature induced by the pentagons. Due to
the inherent strain fullerenes are quite reactive compared to the other sp2-carbon allotropes and

due to their excellent electron accepting properties they are used as electron transfer layers in

organic photovoltaics.[3!

Figure 2: Overview of some carbon allotropes arranged by their hybridization. A) Diamond unit
cell with face-centered cubic crystal structure, in which all carbons are sp3-hybridizd and are
bound to four other carbons. B) AB-stacked graphite with sp?-hybridized carbon atoms. The
double bonds have been omitted for clarity. C) Graphene with its two-atom unit cell (green)
forming two sublattices A (white) and B (black). D) Fullerene Cso, a spherical molecule made of
20 hexagons and 12 pentagons with sp2-hybridization. E) Carbon nanotube (9,0) with zigzag
edges and metallic properties. F) Cyclo[18]carbon the first example of an all-sp-hybridized
carbon allotrope.

In 1991 carbon nanotubes (CNTs, Figure 2E) were discovered by lijima and Ichihashil'4 that

have a hexagonal carbon lattice arranged in a cylindrical tube. Depending on the direction that
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the lattice is oriented relative to the axis of the cylinder, their properties such as the diameter
and edge structure vary and thus the electronic properties can be varied between
semiconducting or metallic. These tunable properties make carbon nanotubes candidates for
carbon-based electronics.!® Recently Lin et. al demonstrated the fabrication of transistor
devices from aligned carbon nanotube films that are comparable to state-of-the-art 10 nm-node
silicon-based devices. 18]

Carbyne is a hypothetical carbon allotrope in which all carbons are sp-hybridized and thus have
a linear geometry forming two o-bonds with a 180° bond angle, while the two unhybridized 2p-
orbitals form two T-bonds (Figure 1D).[*"1 Synthetically, polyynes with up to 48 carbon atoms
have been synthesized, however the ends of the chains are terminated by sterically demanding
end groups to stabilize the highly reactive molecule.l'8l The first carbon allotrope in which
carbon is exclusively sp-hybridized was synthesized by Kaiser et al. in 2019.% They
synthesized a Cis ring (Figure 2F) by an on-surface atom manipulation method at cryogenic
temperatures and due to the high reactivity of carbon triple bonds and the strain induced by the
circular structure this novel class of carbon allotropes is only stable at such temperatures.
These new ring structures offer new synthons for carbon material synthesis and their unique
electron structures allow to test theories of aromaticity.[2%

Allotropes with mixed carbon hybridization states have been predicted to yield even more novel

properties but are also more challenging to synthesize.?1
2.2 Graphene

A single layer of graphite is called graphene and can not only be viewed as a two-dimensional
crystal but also as a polycyclic hydrocarbon with enormous extent in the plane of the carbon
lattice.[?2 The properties of graphene and how they emerge can be understood by looking at the
smallest aromatic carbon structure with a hexagonal lattice, the benzene molecule (Figure 3A).
Each sp?-carbon atom forms three o-bonds and adds one electron, located in a 2pz-orbital, to
the m-system, which is therefore half-filled. The six T-electrons occupy defined molecular
orbitals resulting in three bonding 11- and three anti-bonding m*-orbitals that are located below
and above the Fermi energy (Er), respectively (Figure 3A). Larger nanographenes (sizes
between 1-100 nm) can be constructed by fusing benzene rings and thus increasing the
delocalization of the Ttr-electrons, which decreases the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Their
synthesis becomes increasingly difficult due to the decreasing solubility in organic solvents.[23]
The largest nanographene reported to date is the C222 nanographene with a size of around
3.2 nm, that could be solubilized by attaching 2,6-dimethyl-phenyl groups at the edges.?4 By
extending the size only in one dimension graphene nanoribbons (GNRs) can be constructed. 25!
Their properties are also dominated by edge effects.28] Thus, GNRs with zigzag edges are
metallic while other edge structures are semiconducting, and the size of the bandgap decreases
with further extension of the ribbons.l?¢! Such edge and quantum confinement effects dominate

the properties due to the relatively small size of the structures in at least one dimension.27]
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Figure 3: A) Geometric and electronic structure of benzene. The electrons occupy defined
molecular orbitals below Er and the LUMO is located above Er. B) Structure of graphene (300
carbon atom cutout) constructed from fused benzene rings and electronic structure with cone-
shaped valence and conduction that intersect at Er.

At sizes larger than 100 nm the material can be considered as graphenel?? since the influence
of the edges becomes insignificant due to the large surface-to-edge ratio that results in a large
surface area of 2630 m2g1.128 Before its first successful fabrication in 2004 by Novoselov et
al.l? it was believed that two-dimensional crystals would not be thermodynamically stable
above 0K, as stated by the Mermin-Wagner theorem.l3% Later research found that intrinsic
ripples stabilize graphene and explain its existence at ambient temperatures.3l Andre Geim
and Konstantin Novoselov were awarded the Nobel Prize in physics in 2010 for their discovery.
The graphene lattice is defined by the two atom unit cell (Figure 2B) and therefore two bands
are formed in its electronic structure.32 Due to the large number of valence electrons and their
extensive delocalization its orbitals form a valence and conduction band that intersect at the so
called Dirac points, that have the shape of a cone in momentum space with a linear dispersion
(Figure 3B) meaning that the electron’s energy increases proportionally with the change of
momentum.[8l Graphene is therefore a bandgap-less semimetal and the electrons in graphene
behave as massless Dirac fermions.32 The linear dispersion allows the electrons to travel at
high speeds with minimal scattering allowing exceptionally high charge carrier mobilities around
3-10° cm2V-1s7! in encapsulated graphene.33 Together with its high thermal conductivity of
5500 WmK-134 this makes graphene an ideal candidate for high performance electronic devices
(see section 4.5).[39]

Stacking of graphene layers leads to the formation of Moiré superlattices that change the
properties of the material, for example causing superconductivity at a tilting angle of 1.1° and at
1.7 K.1B% The superlattices also affect the reactivity of graphene.”l The outstanding properties
of graphene depend on the intactness of the graphene lattice and is strongly affected by
defects, as discussed in the next section.
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2.2.1 Defects in Graphene

Any deviation from the infinite hexagonal carbon lattice of graphene is considered a defect and
there are several different types of defects. These defects alter the properties of graphene and
controlling the kind and density of defects can create new properties beyond the pristine
material.38 The long-range order of the carbon lattice can be disturbed by edge structures
(Figure 4A and B), 3% non-hexagonal ring structures e.g. in Stone-Wales defects (Figure 4C)40
or line defects, single and multiple carbon vacancy defects forming holes inside graphene
(Figure 4E and G),% and heteroatom substitution (Figure 4D).“2 Furthermore, the reaction of

an in-plane carbon atom with another atom or molecule can result in covalent bond formation,

converting the sp?-carbon to a sp3-carbon and hence disrupting the conjugated T-system

(Figure 4F).1431
A zigzag

armchair @

Figure 4. Examples of defects in graphene. A) Zigzag edge. B) Armchair edge. C) Non-
hexagonal ring structures, e.g. Stone-Wales defect, where one carbon-carbon bond is rotated
90°. D) Heteroatom substitution, here by a nitrogen atom. E) Single carbon vacancy. F) sps-
defect by covalent addition of addends (X, atoms or molecules) creating an out-of-plane C-X
bond. G) Multiple carbon vacancies can lead to hole formation influencing the mechanical
properties and permeability of graphene sheets. Holes can be up to several 100 nm.*4 Double
bonds have been omitted for clarity.

In the simplest case edges terminate the carbon lattice and determine the electronic structure of
GNRs, CNTs and nanographenes, as discussed earlier.28! Due to its large surface-to-edge
ratio, the edges of graphene generally play a minor role but influence the electronic structure at
grain boundaries.39 Armchair and zigzag edges (Figure 4A and B) can be distinguished and in
real graphene crystals also disordered edges occur.[*] At edges and holes graphene is
terminated by heteroatoms that allow selective functionalization.[*8] All-carbon defects occur in
the form of rearranged carbon atoms. They can form during crystal lattice formation and thus
occur in natural graphite and graphene derived out of it.[*”] In a Stone-Wales defect (Figure 4C)
four hexagons are transformed into two heptagons and two pentagons by rotating one C-C
bond by 90°. They show a low barrier for proton permeation and can thus cause an
unexpectedly high proton permeability and isotope selectivity in graphene membranes.#8l When
several carbon atoms are missing from the lattice holes (Figure 4G) can form that are big
enough to strongly change the properties of graphene and e.g. allow the diffusion of small

molecules through the otherwise impermeable graphene plane.®! Such holes can be formed by
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overoxidation during the synthesis of graphene oxide with excess oxidizer or by a thermal
disproportionation reaction upon thermal reduction of graphene oxide.% The carbon atoms are
lost as COz and the resulting lattice defects will therefore remain after reduction of oxo-
functional groups but can be restored by chemical vapor deposition.®l Porous graphene with
large holes up to several 100 nm in diameter can be synthesized from graphene with small
vacancy defects.[44 52

While defects on the one hand alter the unique properties of pristine graphene, they extend on
the other hand the range of achievable properties.®3 Especially the covalent functionalization of
graphene that will be discussed in detail in the next chapter offers a plethora of new materials
with distinct properties.*3! Vacancy and hole defects for example strongly increase the reactivity
of the relatively inert graphene, by inducing strain on the neighboring carbon atoms. Therefore,
structural defects are favored reaction sites even for highly reactive radicals and allow to

functionalize such materials on the plane while greatly preserving the intact graphene lattice. 54
2.2.2 Covalent Functionalization of Graphene

As discussed in the previous chapter, edges, and in-plane defects such as carbon vacancies or
holes activate surrounding unsaturated carbon atoms, while carbon atoms within the hexagonal
lattice are more stable. Here, we focus on the covalent functionalization of in-plane carbon
atoms rather than edge or defect sites. Generally, sp3-defects allow to fabricate covalent
heterostructures out of the plane of the carbon lattice and to attach additional functionality e.g.
for sensing applications.5%! Direct laser writing allows to create arbitrary shapes, while their
resolution is limited by the spot size of the laser used.¢! The controlled addition of functional
groups at the atomic scale remains limited to being largely guided by structural defects present
in the graphene starting material or statistical addition to the graphene plane.

By reaction with other atoms or molecules the in-plane sp?-carbon atoms of the graphene lattice
can form new carbon-heteroatom bonds. Thus, new functional groups such as hydroxy or epoxy
groups can be introduced and further be used for derivatization.®”] The carbon atoms become
spé-hybridized and the bond angle decreases from 120° in the plane of the C-C bonds to 109.5°
in a tetrahedral geometry.

A) B) monolayer graphene bilayer graphene

S S S S S S

SiO,-substrate

Figure 5: A) Structural model of bitopically 1,2-functionalized graphene by forming new C-X
bonds (green). B) Reaction of substrate-supported graphene, releasing strain by addition
reaction with the SiO2-substrate.[>®!
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In the absence of defects or strain, approaches for covalent functionalization suffer from the low
reactivity of the graphene lattice that makes functionalization challenging and typically requires
preactivation or harsh reaction conditions such as high temperatures or highly reactive
reactants.[®l Many different functionalization techniques have therefore been developed to form
new in-plane carbon bonds to take advantage of the large accessible surface area. Among the
most prominent are cycloaddition reactions and radical addition reactions.3 In addition to the
modification of graphene properties, functionalization allows to attach molecules to the large
graphene plane, e.g. for sensor applications or drug delivery.3 The low reactivity compared to
fullerenes and carbon nanotubes can be explained by the lack of strain in the pristine graphene
lattice, causing an increase of strain in the system upon functionalization that makes reactions
unfavorable. In other curved carbon systems, reactions release strain from the sp2-system
due to the smaller bond angle of sp3-carbon atoms. Therefore, one strategy to increase the
reactivity of graphene without introduction of structural defects is to introduce local curvature by
deposition of graphene onto a surface covered with nanoparticles.[6%

The introduction of a sp3-defect forms a reactive m-radical that can interact with either another
reagent molecule or the substrate. By reaction with a carbon atom next to the first reaction site
a 1,2-addition can saturate the reactive r-radical and release a part of the strain from the lattice
if the addition happens from the opposite side (Figure 5A). Schéafer et al. have demonstrated
the substrate-dependent functionalization of graphene, where SiO:2 surfaces, where carbon-
oxygen bonds can be formed increased the reactivity towards the aryl radical reagent while no
reaction occurred on bilayer graphene (Figure 5B).[8 Spatial control of functionalization on the
microscopic scale can be achieved in various ways, e.g. by patterning approaches using a
resist that is developed to leave arbitrary shapes on the surface exposed while the rest is
covered by the resist and does not react at the applied conditions. By repeating this procedure
graphene materials with defined patterns of various substituents can be fabricated.64
Importantly, spatial control here is only achieved by deposition of the resist defining reactive and
blocked graphene areas without any regioselectivity towards various areas of the graphene
lattice.

2.2.3 Spatial Arrangement of Functional Groups

In addition to the introduction of sp3-defects in the graphene lattice by covalent functionalization
the spatial arrangement of the substituent substantially influences the properties of the
graphene derivative.l®2 In the absence of factors that guide the reactivity of graphene or the
reaction partners, addition reactions should result in a statistical distribution of substituents, but
the addition of a single radical breaks the symmetry of the graphene and affects subsequent
addition reactions. Due to the two sublattices of graphene (Figure 2C) addition to the A lattice
will cause the delocalization of the Tr-radical on the B lattice and vice versa, breaking the
symmetry of the periodic lattice. The addition of a second radical is more likely on the B lattice
and scanning tunnelling microscopy (STM) studies with hydrogen radicals have shown that the
addition in the 1,2 and cis-1,4 adjacent to first addition sites are the most reactive sites

(Figure 6A).183 In addition, reaction in 1,2-position from either side of the graphene plane can
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relieve some of the strain induced by the sp3-defects (Figure 5B), making the 1,2-addition even
more preferable when both sides of graphene are accessible for the reaction partner.>8 The
addition of hydrogen therefore occurs in an island fashion (Figure 6B), leaving pristine

graphene domains next to them. As these islands extend, they confine the sp?-domains causing
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Figure 6: A) Visualization of symmetry-breaking by radical addition to graphene. The carbon
atoms with the highest electron densities (highlighted in blue) are located around the first
addition site (green). B) Island growth of functionalized areas due to preferred addition around
defect sites. C) Optimized patterning maximizing the number of sp2-substructures by disrupting
the conjugated 1-system (functionalization: 10.3 %).

The emerging confinement effects hint at the possibilities of graphene modification by
controlling the spatial arrangement of functional groups with atomic precision. Gao et al. have
shown using density functional theory (DFT) calculations that the bandgap of hydrogenated
graphene can be tuned by controlling the number of nonmagnetic sp2-substructures defined by
the addition patterns between 0 and 5.4 eV (Figure 6C).[ While the theory behind the spatial
arrangement-dependent modification of graphene properties is well understood it remains
challenging experimentally to achieve the needed regiochemical control on the atomic scale and
new approaches are highly desired.[®¢! Established approaches include limiting the reaction to
the desired area by photolithography, the periodic variation of the graphene reactivity by
substrate interactions, or by using regioselective reagents. Similar to the widely used
photolithography approach on the microscopic scale, sacrificial supramolecular assemblies can
be used to confine the reaction to defined areas on the graphene that are not covered.[®
Tahara et al. used self-assembled monolayers of n-alkanes to achieve patterning of graphene
with aryl groups in lines with a periodicity between 5 and 7 nm.[671 The reactivity of graphene can
be modulated by the underlying substrate, e.g. by Moiré superlattice formation with single
crystal metal substrates or defined substrates allowing selective functionalization defined by the
superlattice.l%8 Zhou et al. used spherical silicon dioxide nanoparticles as the substrate to define
superlattices that can be tuned by using nanospheres of various size.®9 Superlattices allow to
tune the size and shape of the pattern by varying the angle between graphene and the
substrate. Order can also emerge by controlling the spatial arrangement of the reagent prior to
the reaction. For this, the reagent must be sterically demanding to overcome the preferred
addition in the most reactive positions. Yu et al. demonstrated a spatially selective
photocycloaddition reaction by using a maleimide derivative that formed a defined

supramolecular network on top of the graphene plane.l’®] These approaches allow spatially
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controlled addition to graphene, however they require highly controlled reaction conditions that
limit their large-scale applicability. Furthermore, the lack of spectroscopic signals of the formed

substructures impedes their characterization.
2.3 Trans-Polyacetylene

Polyacetylene is a polymeric chain of sp?-carbon atoms, where every carbon atom is bonded to
two neighboring carbons and one hydrogen atom. It is not an allotrope of carbon due to its
bonds to hydrogen, but it can be classified as a carbon-rich compound that is a quasi-one-
dimensional chain of sp2-carbon atoms. It was studied extensively as a simple model system for
many phenomena of solid-state physics in the one-dimensional system and the transition from
molecular to band structures.[’] Two isomeric structures exist in which all double bonds are
oriented either in cis- or trans-orientation (Figure 7A and B), and the cis-isomer can be
thermally converted to the more stable trans-isomer.[’2 The electronic properties of these chains
depend on the carbon-carbon bond lengths. Peierls distortion results in a two-atom unit cell with
reduced symmetry that lowers the symmetry and therefore breaks the degeneracy of orbitals by

electron-phonon coupling.[3!
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Figure 7: A) Chemical structure of trans- and cis-polyacetylene. The chains can be regarded as
a single row taken from a graphene zigzag and armchair edge respectively. Importantly, every
carbon atom is connected to a hydrogen atom. B) Schematic illustration of the Peierls distortion.
Electron-phonon coupling causes doubling of the unit cell and bandgap formation in one-
dimensional metals.

This stabilizes the HOMO while the LUMO is destabilized forming a bandgap (Figure 7B). The
size of the bandgap depends on the chain length due to the varying conjugation lengths. Trans-
oligoene molecules with defined chain lengths have been synthesized to study the influence of
conjugation length on the electronic properties of conjugated chains and confirmed the chain
length-dependent bandgap through characterization of their properties using Raman
spectroscopy (see section 4.1.1).["1 Above 12 double bonds the molecules were too insoluble
for analysis similar to nanographenes discussed earlier. Interest in trans-polyacetylene
polymers increased steeply after the discovery that iodine-doped trans-polyacetylene became
metallic, with conductivity increased by seven orders of magnitude.l”s For their discovery and
for contributions to the development of conductive polymers, Alan J. Heeger, Alan G.
MacDiarmid and Hideki Shirakawa were awarded the Nobel Prize in chemistry in 2000. At high
doping levels Peierls distortion is suppressed and trans-polyacetylene becomes a zero-bandgap

metal. However, there is still a debate whether the strong increase of the conductivity is really
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caused by a semiconductor-to-metal transition in bulk trans-polyacetylene.l’8! It likely consists of
a mixture of chains with finite lengths and strong doping could increase their conductivity by
facilitating electron transfer between those chains as evidenced by the strong increase of
conductivity in polymers with non-conjugated carbon chains.l’”’1 Wang et al. studied individual
trans-polyacetylene chains synthesized on a copper(110) surface at atomic resolution.[’8] They
visualized the bond alternation and confirmed the induced bandgap (2.4 eV) for electronically
decoupled trans-polyacetylene. They also observed the semiconductor-to-metal transition
through strong n-doping of the copper surface.

The characteristic Raman signals of trans-polyacetylene (see section 4.1.1) have also been
observed in nanocrystalline diamonds indicating their presence as sp2?-substructures within

grain boundaries of the sp3-carbon material.[’]
2.4 lodine and Graphene

lodine is the largest of the non-radioactive halogens and its properties are therefore dominated
by its large size and number of electrons as well as its low electronegativity compared to the
other halogens. It has 53 electrons with [Kr]5s25p°® configuration meaning that only one electron
is needed to fulfil the octet rule. The electrostatic potential of dihalogen molecules is anisotropic,
so that electron density accumulates in a belt around the axis of the molecule and an area of
low electron density forms on the opposite side of the o-bond, the so called o-hole (Figure 8A).
The large electron number makes the o-hole most pronounced in iodine (F < Cl < Br < [).189 |t
therefore acts as an amphiphile and interacts with nucleophiles in a 180° angle along the bond
axis where a large partial positive charge (&*, blue) is located, while the partial negative charge
(67, red) perpendicular to the covalent bond allows interaction with electrophiles in a 90° angle

to the iodine-iodine bond axis (Figure 8A).
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Figure 8: A) Schematic illustration of the electrostatic potential around the iodine molecule with
low electron density opposite the g-bond (blue) and high electron density around the axis of the
molecule (red). B) Is”and Is~ as examples of polyiodides that form by the interaction of an iodide
with o-holes of the iodine. C) Charge-transfer complex formation with graphene by electron
transfer from graphene to iodine causes polyiodide formation and p-doping of graphene.
Figure 8A was redrawn based on the reference.[8

lodine forms polyiodides of which the triiodide I3~ is the prototypical example (Figure 8B), that is
formed by reaction of iodine with an iodide nucleophile. Larger polyiodides form by addition of
more Iz molecules and their exact shape and bond angles depends on the counter cation

(Figure 8B).181 The formation of polyiodides is a Lewis acid-base reaction, in which the Lewis
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base iodide or polyiodide donates electron density from their HOMO into the LUMO of the Lewis
acid iodine.[8%

Due to its electronegativity iodine can p-dope carbon allotropes and carbon-rich materials. As
described in the previous chapter, the addition of iodine to trans-polyacetylene polymer films
increased the conductivity of the material by seven orders of magnitude and caused a
semiconductor-to-metal transition.”s! |odine forms charge-transfer complexes with graphene,
where one electron is transferred from graphene to iodine forming polyiodides (Figure 8C). This
non-covalent functionalization causes the removal of charge carriers leading to an increase of
the hole conductivity and thus p-doping.[#d The formation of polyiodide networks on graphene
however have mostly been studied theoretically leaving their properties, such as the extent of
polyiodide network on top of graphene experimentally unexplored.

The photochemistry of the halogens is characterized by the homolytic cleavage of the halogen-
halogen bond and halogen radical formation.[®3 Similarly, polyiodides are photochemically

cleaved by visible light yielding iodine radicals (Equation 1).184

h
55 [ > +T 1)

Due to its large electron density, iodine can stabilize the unpaired electron relatively well
compared to bromine, chlorine, or fluorine making it the least reactive.83 A large interest in the
photochemistry of polyiodides has grown since their use in dye-sensitized solar cells in which
iodide oxidation is used to convert solar energy into chemical energy in the form of covalent
iodine-iodine bonds. 8]

Many reaction schemes using halogen radical addition reactions are used to covalently
functionalize graphene.’®¢ Especially the highly reactive chlorine radicals have been studied
extensively, showing reversible covalent modification reactions and strong p-doping.B’1 A
discrepancy between the degree of functionalization as observed by X-ray photoelectron
spectroscopy (see section 4.4) and by Raman spectroscopy (see section 4.1.2) was observed
for chlorination and azidation reactions!®® while additional reversible Raman signals were
observed that were assigned to zone folding and symmetry lowering due to the strong p-doping
effect.¥ These phenomena indicate the incomplete understanding of the addition reactions of
halogens to graphene. The reaction of graphene and iodine has been studied significantly less,
and mostly defective graphene was used that made the analysis of the reaction products more
difficult.®® Thus none of the above-mentioned phenomena were observed in iodinated
graphene. Li et al. electrochemically generated chlorine, bromine and iodine radicals and found
no reaction of iodine with high-quality graphene and observed the formation of elemental iodine
instead.®Y To overcome the low reactivity of iodine the photochemical reaction of polyiodide-
doped graphene was used in this work to generate iodine radicals directly at the graphene
surface that resulted in new Raman signals with large intensities that allowed to study the

phenomena observed in chlorinated graphene in unprecedented detail.[%2
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3 Preparation of Graphene

Several routes to synthesize graphene have been developed that yield graphene with varying
sizes and qualities.[®¥l Bottom-up syntheses such as the synthesis of nanographenes and GNRs
from aromatic precursor molecules yield molecules or polymers with defined structures but they
are limited by the diminishing solubility of large aromatic molecules.?22 Chemical vapor
deposition where graphene is assembled atom by atom on a catalytically active metal surface
on the other hand is extremely successful in the synthesis of large-area graphene sheets.[®4

Top-down approaches generally use graphite as the starting material and yield graphene
monolayers either by applying mechanical forces to overcome the interaction between the
graphene sheets or by functionalization followed by exfoliation in a suitable solvent.[®*! Graphite
is readily available in large quantities and the quality of the graphene can be adjusted by the
choice of the starting material and the method used.!°! While mechanical exfoliation generally
yields graphene with high quality the wet-chemical synthesis route yields graphene with more
structural defects but in large quantities. In the following the methods that were used in this

thesis are described.
3.1 Mechanical Exfoliation

The first method that was applied to fabricate monolayer graphene was tape-assisted
micromechanical exfoliation commonly referred to as “scotch-tape method”.2% The relatively
weak van der Waals forces between the graphene sheets in the graphite are overcome by
applying mechanical shear force parallel (Fy) and normal force perpendicular (F.) to the
graphene plane via the tape separating intact monolayer flakes from the bulk material
(Figure 9A). The forces must be controlled carefully to avoid breaking of the bulk crystal and to
ensure that graphene adheres strongly to the substrate so that the interlayer interactions within

the bulk crystal can be overcome.!°]
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Figure 9: A) Schematic illustration of the tape-exfoliation process. A tape (blue) is attached onto
the bulk graphite crystal that is pressed onto a suitable substrate and a single graphene layer is
transferred by exerting normal (F.) and shear forces (F;) onto the graphene layers to overcome
the van der Waals interactions between the graphene layers. B) Optical microscopy image of
tape-exfoliated graphene flakes at 100x magnification. Mono-, few- and multilayer graphene
was transferred. Figure 9A was redrawn based on the reference.[%8]
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Single layers of 2D materials can be obtained by attaching adhesive tape to the bulk graphite
crystal and subsequent removal of the tape.l®! The thin crystals removed from the bulk are
repeatedly treated the same way until thin flakes remain that can be transferred from the tape
onto arbitrary surfaces. Optical microscopy can then be used to identify monolayers, especially
on Si wafers coated with a SiOz layer that strongly enhances the contrast (Figure 9B).19]

High quality graphite with low defect densities and large crystalline domains are necessary to
yield graphene with a high quality and to avoid fragmentation of the bulk crystal upon applying
mechanical stress. Advanced methods have been developed to facilitate the separation of
single layer crystals, for example gold-assisted exfoliation where millimeter-sized monolayers of
2D materials are exfoliated either by pressing of the bulk crystal onto a freshly prepared gold
surface and subsequent removal of the tapell or direct evaporation of thin metal films on the
bulk crystal.['%% Generally, mechanical exfoliation can be applied to all van der Waals crystals
making the method very versatile for research, especially on heterostructures of 2D
materials.[12l However, the yield of this method remains low and the method is time consuming
limiting its applications to the preparation of high-quality and large area samples for academic

research.
3.2 Wet-Chemical Synthesis of Graphene from Oxo-Graphene

Another top-down approach is the chemical conversion of graphite into graphite oxide in which
the graphene layers are functionalized with oxygen-containing (oxo) groups that can be
delaminated to monolayer graphene oxide and subsequently graphene by reduction of the oxo-
groups.1%3 The oxidation of graphite using strong oxidizers to functionalize graphene allows to

guantitatively convert graphene to few-layered graphene derivatives (Figure 10A).[104
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Figure 10: lllustration of the wet-chemical synthesis of graphene. A) Schematic illustration of
the graphene oxide synthesis. Graphite is oxidized in a strong concentrated acid (e.g. sulfuric
acid) by addition of a strong oxidizer (e.g. permanganate) forming graphite oxide after workup
that contains oxo-groups on both sides of the graphene plane and a strongly increased
interlayer spacing. Increased interlayer spacing and solubility from functional groups facilitate
delamination to graphene oxide and subsequent reduction of functional groups yields graphene.
B) Proposed structure of oxo-G with oxygen-containing functional groups on both sides of the
carbon lattice.

The synthesis is a two-step process that starts with the formation of an acceptor-type graphite

intercalation compound (GIC), where an electron is transferred from graphite to the strong

oxidizer and subsequently H2SO4/HSO4~ can intercalate into the galleries of the graphite
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crystal.1%] This process was first described by Schafhaeutl in 1840.11% Ridorff and Hofmann
found an idealized stoichiometric formula of (C24"HSO4™ x 2 H2SO4)n and that the degree of
oxidation cannot be increased further by addition of more oxidizer.l1°1 The interlayer distance
between the graphene sheets is extended from 335 pm to 798 pm. In the second step the
oxidizer and sulfuric acid functionalize the GIC. The oxidation of graphite via such a GIC was
first described by Brodie by heating graphite in a mixture of concentrated nitric acid and
potassium chlorate for several days.[1%8 Many syntheses have been developed since then that
all have in common that graphite dispersions in a strong acid such as sulfuric acid or nitric acid
react with an oxidizer such as permanganate, persulfate, nitrate or chlorate.% Most methods
used today are based on the method introduced by Hummers and Offeman using
permanganate as the oxidizer in concentrated sulfuric acid.''® Aqueous workup of such
reaction mixtures then yields graphite oxide, where oxygen containing functional groups are
attached to the edges and in-plane carbon atoms of the graphene sheets and the interlayer
distance is strongly increased up to 1160 pm in aqueous solutions due to the swelling caused
by the intercalation of the solvent.['11l The increased dispersibility in suitable solvents and the
reduced van der Waals forces between the layers facilitate the delamination to graphene
oxide.['1? Graphene oxide typically contains many defects due to overoxidation that leads to
lattice defect formation by oxidation of carbon atoms to CO/CO2. The gaseous reaction products
escape from the reaction mixture leaving an irreversibly damaged graphene lattice.[*% To
improve the quality of the final product it is imperative to reduce the amount of overoxidation
that results in carbon loss and hole formation. Therefore, keeping the temperature below 10 °C
was found to be necessary throughout the complete synthesis to yield graphene oxide with an
intact carbon lattice that was subsequently termed oxo-functionalized graphene (oxo-G) to
emphasize the intact carbon lattice.[*13! Generally, all methods can yield high quality graphene if
the reaction conditions are controlled.!24 Oxo-G is a non-stoichiometric compound and the
exact composition strongly depends on the synthetic method used but is mainly composed of
epoxide, hydroxy and organosulfate groups and the degree of functionalization is typically
around 50 % (Figure 10B).11%9 Carbonyl, carboxylates and lactol groups terminate the edges
and holes. The delaminated monolayers are separated from few- and multilayers by
centrifugation according to their hydrodynamic radius. Centrifugation allows to separate
graphene oxide sheets according to their dimensions.['’® Reduction of the oxo-groups finally
yields graphene films and can be performed either directly in solution using surfactants to
stabilize the graphene or as thin films on a substrate. Thermal reduction is a convenient method
to remove oxo-goups but yields relatively low-quality graphene due to the introduction of
defects. A disproportionation process leads to the extension of large holes by oxidation to
CO/CO2 and the reduction of in-plane carbon atoms yielding intact graphene domains next to
large holes.[>%. 1161 Chemical reduction offers the advantage to remove functional groups without
thermally induced overoxidation reactions. Reduction of substrate-supported oxo-G with hot
vapors of hydroiodic acid and trifluoroacetic acid was found to quantitatively reduce oxo-groups

without the introduction of additional lattice defects.[17]
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3.3 Chemical Vapor Deposition

While the previously described methods fabricated graphene monolayers from bulk graphite
starting material, chemical vapor deposition (CVD) builds monolayer graphene on metal
substrates atom by atom in a bottom-up process. This approach can be applied to a wide array
of other 2D materials such as hexagonal boron nitride (hBN), transition metal dichalcogenides
and metal oxides and thus is a general scheme for 2D material synthesis.[®4 Due to the
scalability of the process and the high quality of graphene it is also a good candidate for large-
scale production.!18 The size of the monolayer films is only limited by the area of the metal
substrate used and therefore allows the large-scale production of monolayer graphene.[118l

Graphene growth has been reported on many metals and alloys, but copper foils have been
used extensively due to their commercial availability and convenient graphene growth
conditions.[19 The process was first described by Li et al. using the decomposition of methane
gas on copper surfaces at high temperatures slightly below the melting point of copper
(~1000 °C) at a low pressure and the reaction mechanism is displayed in Figure 11.1120 Due to
the low solubility of carbon in copper the process follows a surface self-limiting mechanism

yielding monolayer graphene.[121]
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Figure 11: Schematic depiction of the graphene growth mechanism on copper foil. Methane
decomposes and carbon radicals adsorb on the copper surface. The carbon radicals migrate on
the surface to active sites and graphene grows. Hydrogen adsorbed onto the copper surface
facilitates methane decomposition and controls the growth and morphology of graphene.

The carbon-containing precursor gas (typically methane) is mixed with hydrogen gas and flowed
over the catalytically active metal surface at high temperatures and low pressure (Figure 11A)
causing the decomposition of the reactant and the adsorption of reactive methane radicals at
the metal surface.l'?2 Hydrogen plays multiple important roles during the growth process:
Hydrogen decomposes more easily at the copper surface compared to methane by forming
adsorbed hydrogen (Hs) that facilitates the subsequent decomposition of methane (Figure 11B).
The methane radicals are further dehydrogenated leaving carbon atoms chemisorbed at the
metal surface (Figure 11C). The adsorbed carbon atoms and methane radicals can migrate and
begin to grow into larger carbon clusters, which turn into defective graphene before reorganizing
into defect-free graphene at sufficiently high temperatures (Figure 11D).[*231 Hydrogen reacts
with carbon side products and oxidative contaminants so that they can be pumped out
(Figure 11E). The hydrogen ratio thus controls the morphology and size of the graphene
domains since it etches away adsorbed carbon species. By using a large hydrogen/methane

ratio the growth of bilayers can be favored.l'?4l The growth process strongly depends on the
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process temperature either favoring kinetic growth of carbon clusters at lower temperatures or
thermodynamically favored high-quality graphene. Prior to the growth phase, the copper foil
must be annealed in a hydrogen atmosphere to remove any copper oxides from the surface and
to cover the surface with reactive adsorbed hydrogen species (Hs).[1?51 Additional pre-treatment
with etchant can also be used to remove oxide layers and to achieve smooth and
monocrystalline domains. Jin et al. reported a contact-free annealing method that converts
commercially available polycrystalline copper foil into monocrystalline foil that allows to grow
single crystalline graphene films.[126] While the main focus of research is on the large-scale
synthesis of defect-free graphene this insight allows to tune the properties of the graphene
further and use CVD graphene with defined defect densities for studies on defect-related
phenomena.l®?! Furthermore, the process allows to tune the graphene properties by adding
additional gaseous precursors to the reaction mixture, such as ammonia for nitrogen-doped
graphenel!271 or bromine.[128]

Many techniques have been developed to transfer graphene grown on copper onto arbitrary
substrates. Among the most widely used are wet-transfers, where typically, a protective layer of
a polymer such as polymethyl methacrylate (PMMA) is applied onto graphene that increases its
mechanical stability and then the graphene is transferred onto a water surface by etching away
the copper’?? or electrochemically by evolution of hydrogen gas between substrate and
graphene.['30 After deposition onto a suitable substrate the PMMA can be removed yielding

pristine graphene.!131
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4 Characterization Methods

4.1 Raman Spectroscopy

The inelastic scattering of light was first observed experimentally by Chandrasekhara Venkata
Raman in 1928132 who was awarded the Nobel Prize in physics in 1930 for this discovery that
is named Raman scattering after him. Today, Raman spectroscopy is a central tool for the study
of carbon-rich compounds due to the plethora of information that can be gained from it.[133]
Figure 12A shows the fundamental principle where a photon hits a sample (molecule or crystal)
and most of photons are scattered elastically (same energy before and after scattering,
Rayleigh scattering) but a small number of photons will be inelastically scattered and their
energy is reduced (Stokes) or increased (Anti-Stokes) by the energy of molecular or lattice

vibration vibrational excitations.
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Figure 12: A) Schematic illustration of the Raman effect. Light is scattered at a molecule and a
small portion of energy is exchanged causing the emission of light with a higher (Anti-Stokes) or
lower (Stokes) energy than the incident laser light. B) Jablonski diagram illustrating the
scattering processes.
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The change of the photon energy is relatively small (~ meV) compared to the incident photon
energy (eV) and therefore excitation with defined energies and a precise detection are
necessary. The energy is typically reported as “Raman shift” in wavenumbers (cm™1), which is
the energy difference between the incident laser light (defined as zero Raman shift) and the
detected Raman light. In general, Raman scattering is not a resonant phenomenon
(Figure 12B) and therefore the scattering happens by the transition of an electron from the
electronic ground state (So) to a virtual state. If the electron is excited to a real electronic state
(S1) the Raman cross section is greatly enhanced but is also in competition with fluorescence
(Figure 12B).1134

Inelastic scattering is induced by a change of the polarizability (a) that describes the induced
dipole moment pinduced by an external electric field Eexterna. It describes the extent to which the
external field drives the electron density of the molecule out of its equilibrium compared to the
state without the presence of an external electrical field (Equation 2). The size of the

polarizability is influenced by vibrations of the molecule/solid.
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Pinduced = @ Eexternal (2)

The selection rule for the Raman process is that the polarizability must change as the molecule
vibrates and thus not all vibrations are Raman-active depending on their symmetry and there is
the rule of mutual exclusion stating that any Raman-active vibration is not IR-active and vice
versa.l'3] Therefore, Raman spectroscopy is uniquely suited to probe allotropes that have no

dipole moments due to lack of dipole moments in the ensemble.
4.1.1 Raman Spectroscopy of Trans-Polyacetylene

One-dimensional systems are often studied due to their simple structure as a model system to
understand spectroscopic features in systems with more dimensions. Similarly, the Raman
spectroscopy of trans-polyacetylene has enabled a deeper understanding of conjugated carbon
systemsl('3¢l and can also guide our understanding of 2D systems such as graphene.[37]

Trans-Polyacetylene has a Czn symmetry and thus it has two Raman- (4ag, bg) and two IR-active
(au, 2by) vibrational states that can be probed and due to the chain length-dependent bandgap
these Raman-active modes are strongly enhanced by the resonance Raman effect.l'38 The
Raman spectra of tert-butyl-capped trans-oligoene molecules (Figure 13A) with defined
numbers of double bonds show three modes (v1, vz, v3) that demonstrate the decreasing Raman

shift, especially of the vs-mode, with increasing number of double bonds (Figure 13B).
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Figure 13: A) Molecular structure of the molecules synthesized by Schaffer et al. with a defined
number of double bonds (N, orange) and tert-butyl end groups. B) Raman spectra of trans-
oligoene molecules with N =3-12. C) Schematic illustration of probing a mixture of trans-
oligoenes with finite length according to their length-dependent bandgap. Depending on the
wavelength of the laser light used a small subset of the mixture is probed. Figure 13B was
reproduced from the referencel®3® with permission from the Journal of Chemical Physics,
Copyright 2024, license number 5774131174839. Figure 13C was redrawn based on the
reference.a

bandgap

Due to the length-dependent bandgap of trans-oligoenes with well-defined lengths can be
clearly distinguished by the position of their Raman signals.['3° The changing properties should
converge for the infinitely long polymer trans-polyacetylene and Raman spectroscopy can thus

be used to probe these properties. However, since the system is quasi-one-dimensional any
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defect such as a sp3-defect will effectively terminate the conjugation since there is no “way
around” the defect.['*9 Trans-polyacetylene can thus be modelled as a material with an
unknown distribution of trans-oligoene chains that are separated by defects. Due to the
resonance Raman conditions a small subset of chains can be probed with a given laser
wavelength which must match the bandgap (Figure 13C).41 Schen et al. studied trans-
polyacetylene samples with defined molecular weights and found a distribution of chain lengths
in the polymer material using resonant Raman spectroscopy.*42 Theoretical calculations on the
DFT level are also in good agreement with the observed properties.l'43 Due to this property,
Raman spectroscopy can be used to analyze finite elements in bulk trans-polyacetylene by
probing samples at various wavelengths and monitoring the shift of the Raman modes as well

as their intensities.
4.1.2 Raman Spectroscopy of Graphene

Raman spectroscopy can be used to study many properties of graphene such as the number of
graphene layers in few-layer graphene, number of defects, doping, covalent functionalization, or
mechanical strain.['*4 Since graphene has no bandgap any excitation within a broad range of
wavelengths will lead to absorption of photons and therefore a resonance Raman effect.[14%]

The Raman-active modes of graphene can be rationalized by considering the symmetry and
electronic structure of graphene. It has a Den symmetry with two atoms in its unit cell and is
therefore composed of two sublattices with a hexagonal lattice structure (Figure 2C). In the
reciprocal space the hexagonal lattice can be constructed from the two momentum vectors kx
and ky that form the first Brillouin zone (Figure 14A). At the corners of the Brillouin zone are the
K and K' points called the Dirac points where the valence and conduction band intersect. The

fundamental selection rule states that the phonon wave vector Qphonon = 0, SO that momentum is

L,=2nm

conserved upon energy transfer.[146]
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Figure 14: A) lllustration of the first Brillouin zone of graphene in the reciprocal space. B)
Schematic illustration of the Raman-active Ezg phonon responsible for the G-mode. C) Evolution
of Raman spectra from pristine graphene (black) to defective graphene (red) with their
corresponding average defect distances.

The double degenerated Ezg phonon fulfils the criterium for first-order Raman scattering, is
termed the G-mode (Figure 14B) and appears at around 1580 cm™1. The Raman spectrum of
pristine graphene (Figure 14C, black spectrum) shows a second mode at around 2650 cm™ (at
532 nm excitation wavelength), that is due to second order Raman scattering, where two

22



Characterization Methods

phonons with opposite momentum are excited at the same time and is called the 2D mode.
While the D is derived from the word “defect” the 2D-mode is also present in the absence of
defects due to the double resonant process.*4”l The D-mode requires an in-plane transversal
optical phonon and a defect for its activation and can thus be used to analyze defects in
graphene. The D-mode emerges at around 1340 cm™ (at 532 nm excitation wavelength) when
defects such as vacancies or sp3-defects are introduced since the ring breathing phonon
(Figure 15A) is a second order process. The D'-mode at around 1620 cm™! originates from a
double resonant process by an intravalley process between K and K'. Comparison between the
D- and D'-mode intensities can be used to distinguish between sp3- and vacancy defects.[148]
Importantly, while the defect-induced graphene modes are observed upon introduction of
arbitrary functional groups, no new Raman signals originating from the new groups are
observed. Therefore, statistical Raman spectroscopy allows to compare material properties
across 2D samples to extract statistical values and is not constrained to a certain kind of
defects.'*9! In combination with a microscopy setup, samples can be mapped and spatially
resolved spectroscopic information can be obtained, making it especially suited for the
investigation of 2D materials.[*5] However, not all defects in graphene are Raman-active. Zigzag
edges, doping and strain in the graphene lattice for example do not contribute to the Raman D-
mode.#4 Due to symmetry reasons zigzag edges cannot transfer momentum and thus do not
satisfy the conditions for momentum conservation. Consequently, they do not contribute to D-

mode formation.50]
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Figure 15: A) Ring breathing phonon (Aig) causing the D-mode. B) Definition of structurally
disordered area (rs) and activated area (ra) around a defect site. C) Plot of Io/lc versus the
defect distance Lp as calculated by Equation 3. The colored dots are the corresponding values
of the spectra shown in Figure 14C.

To quantify defects in graphene a thorough understanding of graphene structure and the
respective changes of the Raman spectrum are necessary. Tuinstra and Koenig empirically
found that the Ip/lg ratio is inversely proportional to the average crystallite size of the graphite
(Lo), as described by Equation 3.1151 Here, C(A) is a wavelength-dependent parameter that

describes the maximum Ip/lc ratio that can be obtained.
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This equation however is only valid at low defect densities and is therefore of little use to
describe a wide range of graphene materials. A more general description of the Raman spectra
of graphene with defects was found empirically by Lucchese and Cancado (Equation 4):[152
They used Ar* sputtering to introduce defined defect densities into graphene and follow the
change of the Raman spectra with respect to the average distance between defects (Lo). Here,
the Io/lg ratio is described again by a factor Ca that is wavelength-dependent and represents the
maximum of the Io/lc ratio in graphene. Two circular areas around a point-defect are defined
that are given by the “structurally-disordered” area disrupted by the defect (rs) and the activated
area (ra) around it in which a phonon formed can diffuse to the defect and induce a D-mode
(Figure 15B). The values of radii that characterize the circular areas ra and rs were determined

to be 3 and 1 nm respectively (corresponding to ~958 and ~120 carbon atoms respectively).
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As more defects are introduced first ra starts to overlap and cover more areas of the pristine
graphene. Adding more defects decreases the activated area by overlapping of structurally-
disordered domains that do not cause a D-mode due to their lack of intact lattice domains. The
resulting curve rises with the introduction of defects and reaches a maximum at a defect
distance around 3 nm and decreases steeply at smaller defect distances (Figure 15C). Below
Lp values of 1 nm the Ipo/lc ratio does not decrease anymore and is therefore not a good
parameter to measure defect densities above 1 %.

At defect densities above 1 % Equation 4 is not a good tool to follow changes in graphene
anymore. Instead, Vecera et al. proposed the integrated area of the D- or G-mode.['53 The area
of these modes increases due photoluminescence (PL) induced by the confinement of sp?
domains (Figure 6B) and the PL-intensity increases exponentially. Using reference samples
with known degree of functionalization the samples can be measured across the full range of

defect densities.
4.2 Atomic Force Microscopy

Raster probe microscopy techniques are widely used because of their high spatial resolution,
which is independent of the diffraction limit. It was developed by Gerd Binnig and Heinrich
Rohrer in 1981 and they were awarded the Nobel Prize in physics in 1986 for their discovery
(shared with Ernst Ruska).[*>¥ Atomic force microscopy (AFM) was developed from STM and
first reported by Binnig, Quate and Gerber in 1986.1*%% Since no electromagnetic radiation is
involved in the process, the spatial resolution is not limited by the diffraction limit, and sub-
atomic resolution can be achieved if well-defined one atom thick tips are used.['5¢1 An additional
key advantage of AFM is that contrary to STM the sample does not need to be conductive and
thus arbitrary samples can be imaged.[57]

In a typical AFM setup, a sharp tip is mounted on a cantilever and is brought in close contact
with the sample surface. An area is scanned in x and y direction by moving the sample
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underneath the tip using the scanner stage (Figure 16A). A signal is detected by the changes of
the deflection of a laser beam on the back of the cantilever due to the tip-surface interaction and
resulting forces (Figure 16A). Three main driving modes are used that differ in the way how the
tip interacts with the sample.[!58] In contact mode the tip is brought into physical contact with the
sample, and it follows the topography of the sample upon scanning. In the constant force mode,
the force that the tip in contact with the sample exerts is held constant by regulating the height
of the cantilever and the change of the voltage used is detected. With this method the sample
and the cantilever can be easily damaged but it can also be used to clean surfaces by wiping
adsorbents off the sample surface.l*>? The sample can also be scanned in a constant height
mode, where the height is held constant and changing force exerted by changing topography is
measured. Sufficiently smooth surfaces are necessary to prevent the tip from crashing into a

surface structure larger than the constant height that the tip is set to.
: 30.1 nm

Controller

X,y scanner stage
Figure 16: A) Schematic illustration of the AFM setup. A tip attached to a cantilever is used to
scan the topography of the sample. Changes induced by forces acting on the cantilever are
measured by the deflection of a laser beam on the back side of the cantilever. B) Topography
image of iodinated CVD graphene on SiO2/Si substrate. Figure 16A was redrawn based on the
reference.[160]

In the non-contact mode, the cantilever oscillates at a frequency close to its resonance
frequency while close to the sample surface and upon scanning the surface, long-range forces
such as electrostatic forces change the oscillation frequency. The distance of the oscillating tip
is then regulated so that the initial oscillation frequency is kept and the changes necessary are
detected. The third driving mode, the intermittent mode, is used to combine both techniques
discussed before. While the cantilever is oscillating, the distance is held between contact and
non-contact mode so that the oscillation frequency is influenced by forces such as van der
Waals forces, electrostatic forces, and dipole-dipole interactions.l*69 AFM can thus provide
detailed topographic information on samples, such as layer numbers of 2D materials by
measuring the step heights at the edge of a material, adsorbed species and visualization of
heterostructures (Figure 16B).1%1 In addition, it can deliver additional information such as

mechanical, electrochemical and optical properties of the sample.[1¢
4.3 Kelvin Probe Force Microscopy

Kelvin probe force microscopy (KPFM) is a non-contact AFM method that measures the contact
potential difference (CPD) between the measuring tip of the AFM experiment and the sample
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while simultaneously measuring the topography of the sample. It was first reported by
Nonnenmacher et al. in 1991162 and is named after Lord Kelvin who first described the concept
of contact potential differences in 1898.11631 A CPD occurs when two dissimilar semiconducting
materials are brought into contact causing an equilibration of their Fermi energies by transfer of
electrons from the material with the lower work function to the material with a higher work
function. The work function (®) is the minimum energy required to remove an electron from its
electronic ground state to the vacuum level (Evac) and is an intrinsic property of a material
(Figure 17A). The tip and the sample will generally have a different @ and their level will
therefore equilibrate by electron transfer from the material with a lower @ to the other material.
This buildup of opposite charges creates the CPD and can be measured by a potential

difference Vcro.
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Figure 17: A) lllustration of the KPFM working principle. The tip and sample are brought into
electrical contact causing equilibration of ErF and consequently charge buildup that can be
measured by applying a potential. B) KPFM image of the sample shown in Figure 16B. The
pattern visible due to the reaction of graphene with iodine is not visible in the topography image.
By applying an external field the charge can be nullified and detected. If the work function of the
tip (Pup) is known the unknown work function of the sample (®sampie) can be calculated using
Equation 5 where e is the elementary charge and Vcep is the potential that is measured

between the two materials.[164

d>sample = (Dtip —eVepp 5)

Importantly, the sample must be electrically connected to the setup to ensure that
Er, sample = EF, tip Otherwise the measured voltage is not identical to the work function difference.
Thus, in addition to the topography image of the AFM measurement by using a conductive tip
with a known work function, the local work function at every point can be extracted
(Figure 17B). The change of the work function within a material can be used to extract a Fermi
energy shift, that is caused by the changing material properties such as functionalization or
doping.55 1651 For graphene KPFM can be used to visualize addition patterns,[166 Moiré
superlattices!'¢”] and interlayer modulations in van der Waals heterostructures.[168 It is therefore
a powerful tool to map material properties with high spatial resolution not limited by the

diffraction limit.
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4.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) can be used to assess the elemental composition as
well as the bonding and oxidation states of the elements in a material.['%9 The technique is
based on the photoelectric effect, that was discovered by Heinrich Hertz in 1887117% and its
quantum mechanical origin was accurately explained by Albert Einstein in 1905, for which he
was awarded the Nobel Prize in Physics in 1921.0071 Electrons are emitted from a material by
irradiation with X-rays and the electrons emitted in this process are commonly called
photoelectrons. XPS measurements must be carried out under ultra-high vacuum conditions
since X-rays are attenuated by residual gas molecules and to avoid scattering of the
photoelectrons with gas molecules (~70 nm mean free path at ambient pressure).['”2 The small
mean free path of the photoelectrons in the sample limits the escape depth to 1-10 nm and thus
XPS is a surface-sensitive technique despite the penetration depth of X-rays in the pm
range.l'73l The ionization process is depicted in Figure 18A for a carbon atom, where a C 1s
core electron is emitted upon irradiation with X-rays. After the expulsion of the core electron the
system can relax by filling the core shell with an electron from the outer shell and the energy
difference is emitted as light (X-ray fluorescence). Alternatively, the energy can be transferred
onto a second electron with lower binding energy that leaves the system, a so-called Auger
electron.'74 Auger emission is more likely for the lighter elements including carbon, while X-ray
fluorescence is dominant for heavier elements.l'7®l Every core electron has a binding energy
(Ep) that is defined as the minimum energy required to remove an electron from a sample
(Figure 18B). To eject an electron the energy of the photon (hv) must be larger than Eg and the
work function of the sample (®sample) Must be exceeded to remove the electron from the sample.
The additional energy of the photon is converted to kinetic energy (Ekn) depending on the

energy of the incident photon, according to Equation 6.

Eg = hv- E, — ¢sample (6)

The emitted electrons can be analyzed by an electron analyzer that measures the effective
kinetic energy (Exin, eff) that is Ekint®sampie. IMmportantly, the sample must be electrically contacted
with the analyzer so that Er levels are similar and charging effects can be avoided.['7¢1 By
subtracting @anayzer, however there remains a discrepancy since typically @sample # Panalyzer
(Figure 18B). XPS also yields information on the chemical state such as the oxidation state or
bond order. A binding energy shift is observed when the electron distribution around an atom
changes and can thus be detected as a change of Exn. Two kinds of spectra are typically

distinguished: Survey and elemental spectra with high resolution.
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Figure 18: A) Schematic illustration of the photoelectron emission process. B) Energy level
diagram illustrating the binding energy calculation from the measured kinetic energies. The
sample and analyzer must be in electrical contact to ensure same Fermi energies and to avoid
sample charging effects.

Survey spectra are collected by scanning across a large range of kinetic energies and can be
used to identify the elements present in a sample. In addition, elemental information can also be
quantified since the peak area is proportional to the quantity of each element present in the
probed sample volume.['73 The relative intensity of the signals also depends on the X-ray cross
section of each orbital that is expressed by relative sensitivity factors (RSF) to account for these
variations and scale the observed intensities to derive atomic concentrations. The atomic
fraction X of an element A in a mixture of elements j can thus be determined using

Equation 7.0177]

X(at%) = L (7)

Scofield derived RSF values from theoretical calculations using a relativistic Hartree-Slater
model to describe the atomic behavior.178] Here, the RSF value of the C 1s orbital is defined as
1.0 whereas the RSF of the | 3ds2 for example is 19.87 meaning that at similar atomic fractions
the area of the C 1s peak is 19.87 times the size of the | 3ds2 peak. To extract chemical
information from elemental spectra high resolution spectra that only scan a small range are
necessary. By deconvolution of the elemental peaks various components, for example from
various hybridization states can be detected and quantified.l!”® The background spectrum
represents a significant portion of the elemental peak area and must be subtracted. It originates
from various side effects such as photoelectrons generated by Bremsstrahlung, Compton
scattering, satellite features and scattering of emitted photoelectron. Typically, this is achieved

using a Shirley-background correction that empirically removes the background.[280
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4.5 Graphene-based Field-Effect Transistors

Field-effect transistors (FETs) are central in modern technology to achieve energy-efficient and
fast switching of electronic signals.'81 They are therefore omnipresent in current electronic
devices and since their first development the quest was to decrease the device dimensions
since power consumption and switching speed increase exponentially with it.[1821 2D materials
offer advantages such as reduction of leakage currents due to the electron confinement in
atomically thin channels compared to thin films of bulk materials that have dangling bonds at
their surfaces.['83 Graphene is well suited for the fabrication of FETs due to the high charge
carrier mobility up to 3-10% cm2V-1s~! achieved by hBN-encapsulated samples!3? surpassing
silicon by about three orders of magnitude. Its high thermal conductivity could deliver superior
heat dissipation, a bottle neck in the current silicon-based devices.['84 The lack of a bandgap
however causes small on/off ratios and graphene-based FETs cannot be completely turned off
at ambient temperatures.'85] The initial work on graphene by Novoselov et al. was motivated by
atomically thin metal layers to demonstrate unprecedentedly high charge carrier densities.[?9]
The basic structure of a back-gated graphene FET is shown in Figure 19A. It is a three-terminal
device made from a semiconducting channel (here graphene) that bridges a drain and a source
electrode. The current flow between the drain and source electrode through the channel can be
modulated via a gate voltage Vg that is applied to a highly conductive silicon substrate that is
separated from the channel by an insulating (e.g. silicon dioxide) dielectric layer. It is applied
perpendicular to the channel and changes graphene’s Fermi level and thus the number of

charge carriers such that either no current can flow (off-state) or the flow of current is enhanced

(on-state).
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Figure 19: A) Schematic illustration of a graphene back-gate field-effect transistor device. A
drain and source electrode are bridged by a semiconducting channel that is separated from a
third gate electrode by an insulating dielectric layer. Application of a gate voltage changes the
Fermi level of the semiconducting channel and thus the number of charge carriers. B) Plot of Vas
against Vg of pristine tape-exfoliated graphene showing p-doping as apparent from the Vcne
shift from zero to positive values.

The electronic properties of the graphene channel can be visualized by plotting Vas against Vg
(Figure 19B). Starting from negative Vg the Vus increases until it reaches a maximum, the
charge neutrality point Vcne where the valence band is filled and the charge carrier density is
thus zero, resulting in a minimum conductivity. In a perfect graphene sample Vene would be at

0V, but doping by adsorbed molecules can change the doping level and thus shift the curve.

29



Characterization Methods

The charge carrier density n can be calculated from such a measurement using Equation 8

where Crotis the total areal capacitance and e is the elementary charge.

(Vg — Vene)
e

n = Cip (8)
The total area gate capacitance describes the ability of the system to store electric charges and
is given by Equation 9. It consists of the classical geometric areal capacitance Cgeo and the
guantum areal capacitance Cquant.188 Geometric capacitance depends on the dielectric material
and dimensions of the device (Ac). The dielectric constant of the silicon dioxide layer is
gsioz = 3.9 Fm™, & is the vacuum permittivity, and dsio2 is the thickness of the silicon dioxide

layer.

Ciot = Cgen + Cauant = Ap( g+ <(2ez)(th)_1J§>) ©
Si02 n
Cquant describes the effect of the density of states (DOS) near the Fermi energy Er on the ability
of the system to store electric charges. While a part of the applied voltage creates charge
carriers in the graphene channel, another part changes Er and therefore also the DOS reducing
the number of charge carriers that is induced at the same voltage.[*87] Here, e is the elementary
charge, h is the reduced Planck’s constant, vr is the Fermi velocity near the K/K' point
(~10% m s1). Near the Dirac point the DOS is small and therefore Cquant plays a significant role
while for large Vg values the DOS becomes high as Er is lowered or increased.88 The transport
curve of graphene shown in Figure 19B is p-doped by the SiO: substrate, adsorbed moisture
as well as impurities trapped between graphene and the substrate and Vene is therefore shifted
to a larger Vg (~15 V).[189 This sensitivity of graphene-based FETs towards adsorbed molecules
allows sensing of gases that adsorb to the large surface area of graphene.!1% The gate voltage
is limited by the breakdown of SiO:2 dielectric at field strengths of < 0.3 V/nm.[**1 To overcome
this limitation, ionic gating can be used to create electric fields over an order of magnitude
stronger than dielectrics can withstand.'%2 The commercialization of graphene-based
transistors will also depend on their compatibility with established methods of fabrication for
silicon-based electronics. Recently, graphene grown on silicon carbide was demonstrated to
have a bandgap of 0.6 eV due to covalent bonding with the substrate in a defined pattern. It
retains a high charge carrier mobility of up to 5500 cm?V-1s-1 which is ten times higher than the

mobility of silicon.[292]
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5 Synopsis of Results

5.1 Evidence for Trans-Oligoene Chain Formation in Graphene
Induced by lodine

F. Grote, B.l. Weintrub, M. Kre3ler, Q. Cao, C.E. Halbig, P. Kusch, K.l. | 6.1
Bolotin, S. Eigler;

Evidence for Trans-Oligoene Chain Formation in Graphene Induced by lodine
Small 2024, e2311987.

The covalent addition of atoms or molecules to graphene is crucial to tailor its properties to
introduce e.g. a bandgap or new functionalities. Raman spectroscopy is the central technique to
follow such reactions since the formation of the characteristic D-mode at ~1340 cm™ allows
quantitative analysis of addition reactions. Halogenation reactions are among the best studied
addition reactions. In contrast to the lighter halogens, the reaction of high-quality graphene with
iodine was not reported, which was explained by the low reactivity of iodine.

In this work, derivatization of high-quality graphene with iodine was achieved for the first time by
photochemical reaction of polyiodide-doped graphene. Surprisingly, additional Raman modes
were observed at around 1130 and 1500 cm™! with unprecedented intensity exceeding the
characteristic Raman signals of graphene, while no D-mode formation was observed. The
Raman modes resembled the characteristic signals of trans-polyacetylene (1125 and
1514 cm™) in which carbon atoms are linked by alternating single and double bonds indicating
the formation of substructures within the graphene lattice upon reaction with iodine.

To rationalize the observed reactivity and to investigate the properties of this novel material the
iodination of high-quality graphene was studied in detail. Impurities from the fabrication process
or side reactions e.g. with the substrate (silicon dioxide, hexagonal boron nitride, gold) were
experimentally excluded, leaving the reaction of iodine with graphene as the only source of the
observed Raman signals. Resonance Raman measurements with different laser excitation
wavelengths (532, 633, 638 nm) demonstrated the dispersive behavior of the new Raman
modes as expected for trans-oligoene chains with a length-dependent bandgap. In addition, the
complete conversion of graphene in some areas, as indicated by the disappearance of the
characteristic graphene Raman signals around 1580 and 2650 cm™, proved the strong
interaction of iodine with the graphene lattice. At higher laser energies (405 nm)
defunctionalization occurred, leading to a change in Raman signal intensities at lower excitation
energies. The reaction is thermally reversible at 400 °C as expected for sp3-defects
demonstrating that the Raman signals must originate from a thermodynamically stable structure.
The strong change of graphene properties was further demonstrated by transport
measurements (in collaboration with Prof. Kirill 1. Bolotin, FU Berlin). The iodinated graphene
showed strong p-doping (5.8 x 102 holes cm™2, corresponding to a AEF = 173 meV compared to
the pristine graphene) of the iodination reaction, which exceeded the non-covalent doping by
polyiodides (3.2 x 10*2 holes cm™2). lodinated graphene showed superior stability under high-
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vacuum conditions. The strong p-doping effect was also confirmed by KPFM measurements (in
collaboration with Dr. Patryk Kusch, FU Berlin), which showed a difference in work function
between pristine and functionalized regions, confirming the value extracted from transport
measurements (AEr = 141.5 meV). XPS measurements of iodinated graphene revealed a low
carbon-iodine ratio of about one iodine per 300 carbon atoms that was close to the detection
limit of the instrument.

Based on these observations and previous observations of hydrogen radical addition to
graphene by STM, a reaction mechanism was proposed. The large size of the iodine radical
was identified as the critical factor for the regioselective addition by blocking the most reactive
positions (1,2 and cis-1,4) of the m-radical guiding the second addition. Thus, trans-oligoene
substructures form within the graphene lattice due to the isolation of double bonds between sp3-
defects located along the delocalization path. An unknown distribution of trans-oligoene
substructures forms that explains the dispersion of the Raman signals.

This work presents a first demonstration of the unique reactivity of iodine and graphene and
provides evidence for regioselective addition of iodine in the complete absence of defects or
patterns guiding the reactivity. The reaction mechanism presented will serve as a starting point
for further research and may also provide an explanation for anomalies observed for
chlorination and azidation reactions in earlier studies. It demonstrates the importance of addend
size and shape in achieving regioselective addition reactions to graphene and may therefore
open up new avenues for regioselective addition reactions and patterning at the atomic scale.

5.2 Influence of Lattice Defects on Trans-Oligoene Substructure

Formation in Graphene

F. Grote and S. Eigler; 6.2
Influence of Lattice Defects on Trans-Oligoene Substructure Formation in Graphene
Chem. Eur. J. 2024, €2024010331.

The initial research on the photochemical reaction of graphene with iodine revealed the
fundamental mechanism of trans-oligoene substructure formation but did not consider the
influence of lattice defects. Previous reports of iodination reactions of highly-defective graphene
however did not report similar Raman signals at around 1130 and 1500 cm™! indicating a
hinderance of substructure formation. This was surprising since defects increase the reactivity
of graphene by activating adjacent double bonds. Therefore, the aim of this work was to
elucidate the influence of lattice defects on the trans-oligoene substructure formation induced by
iodine.

Using graphene with defined defect densities, it was shown that the characteristic trans-
oligoene signals at around 1130 and 1500 cm™ can be induced in the presence of lattice
defects albeit at lower intensities. Statistical Raman spectroscopy of the graphene D-mode in
the most Raman-sensitive defect regime (defect distances around 2-3 nm) verified that no
Raman-active defects are introduced in the photochemical reaction. Since the substructure
formation did not induce a D-mode, the iodination reaction could be monitored as a function of
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the defect density by analyzing the two independent subsets of Raman signals. Statistical
analysis revealed a strong negative dependence of the substructure formation on the presence
of lattice defects since the intensity of the trans-oligopene modes decreases strongly as more
lattice defects are introduced into the graphene. At an average defect spacing of ~1 nm no
substructure formation was observed in agreement with previous reports, giving a lower limit for
the size of the substructures probed at 532 nm. This explains lack of substructure formation
upon iodination of highly-defective graphene in earlier studies. Based on the Raman shift of the
trans-oligoene signals at around 1130 and 1500 cm™ and the laser energy an average length of
about eleven double bonds seems likely for the trans-oligoene substructures, derived by
comparison with model molecules.

These results were explained using the previously proposed reaction mechanism. In contrast to
the previously reported radical addition reactions where defects increase the reactivity of
graphene by activating double bonds, the iodination reaction depends on the availability of
intact graphene domains for substructure formation and is therefore negatively affected by
lattice defects. As the average distance between defects decreases fewer substructures form
and their average lengths becomes shorter.

The study extends the research from defect-free graphene to arbitrary graphene derivatives and
highlights the novelty of the observed reactivity compared to other radical addition reactions. It
demonstrates for the first time the use of statistical Raman spectroscopy in combination with
defined defect densities to probe substructure properties due to their independent set of Raman

signals.
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Evidence for Trans-Oligoene Chain Formation in Graphene

Induced by lodine

Fabian Grote, Benjamin |. Weintrub, Mira Krefiler, Qing Cao, Christian E. Halbig,

Patryk Kusch, Kirill I. Bolotin, and Siegfried Eigler*

Functionalization of pristine graphene by hydrogen and fluorine is well
studied, resulting in graphane and fluorographene structures. In contrast,
functionalization of pristine graphene with iodine has not been reported.
Here, the functionalization of graphene with iodine using photochemical
activation is presented, which is thermally reversible at 400 °C. Additional
dispersive dominant Raman modes that are probed by resonance Raman
spectroscopy are observed. Additionally, iodinated graphene is probed by
Kelvin probe force microscopy and by transport measurements showing
p-doping surpassing non-covalent iodine doping by charge transfer-complex
formation. The emergent Raman modes combined with strong p-doping
indicate that iodine functionalization is distinct from simple iodine doping. A
reaction mechanism based on these findings is proposed, identifying the large
size of iodine atoms as the probable cause governing regiochemically
controlled addition due to steric hinderance of reactive sites. The modification
of the electronic structure is explained by the confinement of 1D
trans-oligoene chains between sp*-defects. These results demonstrate the

methods have been developed to achieve
the controlled functionalization of pristine
graphene,l?) such as strong n-doping by
alkali metals enabling the reaction with
electrophiles, for example, diazonium ions
or alkylhalides.’] Another approach re-
lies on cycloaddition reactions, for exam-
ple with azido compounds.[*l Radical ad-
dition reactions have been widely used
in graphene functionalization with hydro-
gen, oxygen,’! halogens, alkyl, nitrenes,
and phenyl groups.>¢! However, they of-
ten require activated graphene, for exam-
ple by defects. Therefore, reduced graphene
oxide is often used as a defect-activated
graphene starting material. In earlier stud-
ies, we demonstrated that organic and hy-
droxyl radicals preferentially react close
to defect sites and thus, defects guide
the regiochemical addition of addends.!”]

uniqueness of iodine reactivity toward graphene and the modification of the
electronic structure of iodinated graphene, highlighting its dependence on the

spatial arrangement of substituents.

1. Introduction

Pristine graphene is highly inert and requires harsh reaction con-
ditions to form additional out-of-plane chemical bonds for de-
veloping advanced post-functionalization strategies.!!] Efficient

F. Grote, Q. Cao, C. E. Halbig, S. Eigler
Institut fiir Chemie und Biochemie

Freie Universitit Berlin

Altensteinstrale 23a, 14195 Berlin, Germany
E-mail: siegfried.eigler@fu-berlin.de

B.I. Weintrub, M. Krefler, P. Kusch, K. I. Bolotin
Institut fir Physik

Freie Universitit Berlin

Arnimallee 14, 14195 Berlin, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202311987
© 2024 The Authors. Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/smll.202311987

Small 2024, 2311987 2311987 (1 of 7)

Among the functionalization reactions of
pristine graphene hydrogenation and flu-
orination have been widely studied. The
syntheses of those materials typically re-
quire either preactivation by n-doping,!®
or high temperatures and highly reactive
reactants such as fluorine or xenon difluoride making reaction
control challenging.!®]

In contrast to the extensive reports of halogenation reactions
including chlorine and bromine,[') there is, to the best of our
knowledge, no example of iodination of high-quality graphene.
Previous studies have reported the iodination of graphene but
using reduced graphene oxide as starting material, where the re-
activity is dominated by defects.['!] Li et al. investigated the elec-
trochemical iodination of graphene and found no reaction of io-
dine radicals with graphene but reported deposition of molecu-
lar iodine instead. This was explained by the lower reactivity of
iodine radicals compared to other halogen radicals.['?! In addi-
tion to the bare halogenation reaction of graphene, the substan-
tial van der Waals radius of iodine radicals (198 pm('*) should
result in distinctive regiochemical control of addition patterns
on graphene!!*l, besides the most stable 1,2-addition.!*>) How-
ever, thus far, only a few Raman studies have hinted at the exis-
tence of such reactivity, with minor Raman bands being reported
for arylated graphenel'®l and a few more accounts of similar
modes can be found, which were assigned to trans-polyacetylene
chain formation.!'”) Similar signals in chlorinated graphene have
been assigned to doping-activated Raman modes, making the

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Schematic illustration of the iodination process. A solution
of iodine in methanol is deposited on graphene supported on SiO,/Si
substrate. Upon evaporation of methanol, polyiodides 13~ and I5~ form
by charge-transfer complex formation. Irradiation of this complex with
Aexe = 532 nm forms iodine radicals (Equation 1) that react with the
graphene and excess iodine evaporates.

origin of these signals disputed.'! Scanning tunneling mi-
croscopy (STM) experiments of hydrogen radicals on graphene
allowed direct observation of effects of addition patterns on
graphene properties.'?! Additionally, DFT calculations suggest
considerable influence of the addition patterns on electronic and
magnetic properties (e.g., bandgap opening).1?%! To date, a lack of
insight into possible reaction mechanisms prohibits the rational
design of regular addition patterns on 2D materials.

Here, we present a novel approach to photochemically iodinate
defect-free graphene after doping with polyiodides (Figure 1). We
observe new dispersive Raman signals with unprecedented in-
tensity and a strong p-doping effect measured by transport mea-
surements, X-ray photoelectron spectroscopy (XPS), and Kelvin
probe force microscopy (KPFM), that exceeds iodine doping. A
reaction mechanism is proposed to explain the observed proper-
ties, in which steric hinderance of reactive sites due to the large
iodine atom size forms well-defined addition patterns of trans-
oligoene chains between sp?-defects.

2. Results and Discussion

In this study, we used single-layer graphene obtained either by
tape exfoliation or by chemical vapor deposition (CVD). With
those approaches we ensure high quality of graphene to exclude
dominant effects of pre-existing defects or residues from the fab-
rication process on the iodination reaction (Figure 1). To miti-
gate the influence of the substrate, we deposited monolayers of
graphene on SiO,, Au, and h-BN, respectively (Figure S1, Sup-
porting Information). The graphene structures were thermally
annealed (T = 200 °C, p = 1 X 10~* mbar, 2 h) to ensure stable
adhesion of graphene to the substrate and to remove volatile im-
purities. Before inducing the iodination reaction, the density of
defects was quantified by Raman spectroscopy.

First, we deposited iodine onto graphene from a methanol so-
lution (20 mMw), leading to p-doping of graphene and polyio-
dide formation.!1'#2!] After evaporation of methanol at room tem-
perature, the doped graphene was iteratively irradiated using the
laser of the Raman microscope (4., = 532 nm, 3.03 mW, 30
accumulations). The Raman spectrum (Figure 2, purple spec-
trum) of iodinated graphene features two new dominant Raman
modes at 1115 and 1498 cm™!, while no new signals are observed
on the substrate. This excludes reactions with the substrate or
adsorbates as the cause of these signals. The observed signals
were persistent after evaporation of iodine in a vacuum (T = rt,
p =1x 1073 mbar, 16 h) and washing with water or alcohols that
should remove any non-covalently bound iodine. To gain further
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insights into the proceeding reaction, we elucidated the reaction
mechanism, focusing our attention on the iodine species.

Polyiodides I,~ and I;~, detected by Raman spectroscopy at 107
and 162 cm™! (Figure S2, Supporting Information) are observed
exclusively on graphene while no polyiodide signals are detected
on the substrate. The doping effect is apparent by the shift of the
G-peak by up to 15 cm™! (Figure S2, Supporting Information) and
partial 2D-peak suppression.[??l When iodine-doped graphene is
irradiated with 4., = 532 nm, iodine radicals I' and I, are gen-
erated through the photodissociation of I~ and I;~ anions, as
shown by Gardner et al. (Equation 1).12%]

—_ hV —1* — .
- [13] -5+l (1)

The 1, radical can further dissociate into an I* radical and
iodine anion.['*l While the photoredox chemistry of polyhalides
is widely studied in metal halide complexes, examples on the
photochemistry of halides at the surface of 2D materials are
rare.[18324] The nascent radicals near the graphene surface sub-
sequently react with sp?-carbon atoms to form carbon-iodine
bonds. Throughout this manuscript we will refer to the product
of this reaction as “iodinated graphene” without distinction be-
tween tape-exfoliated and CVD graphene since we did not find
a difference for the reactivity of the starting materials. Although
only triiodide and pentaiodide are directly observed in the Ra-
man spectra, higher polyiodides could form a network on the
graphene surface.l”! To the best of our knowledge this is the first
time that a photochemical reaction of a polyhalide and graphene
is described. In contrast to the common evolution of Raman spec-
tra of functionalized graphene,[?®! the G/2D-ratio increases from
0.52 to 0.92 indicating increased disorder in the graphene lattice
(Figure 2), however, no D-peak at ~#1340 cm™ is observed.

Signals with smaller intensity evolve (v,, 2v;, and v,+v;,
Figure 2), of which a detailed description can be found in the
SI (Figure S3A, Supporting Information). The lack of a D-peak

graphene
iodinated

v, 1115 | v, 1498

Intensity / a.u.

v,, 1288

1000 1500 2000 2500

Raman shift / cm™

Figure 2. Raman spectrum (Ao = 532 nm) of tape-exfoliated graphene
on SiO,/Si before (black) and after iodination (purple). Two strong new
modes (v, v3) and three smaller modes (v,, 2vq, and v,+v3) are observed
in the same range.
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either indicates absence of functionalization or formation of Ra-
man silent defects, as reported, for example, for zigzag edges,
charged impurities, and intercalants.[”’]. Raman probing iodi-
nated samples with A.,. = 638 nm (1.94 eV) shows dispersion
of the new Raman modes and a strong change in the intensity
relative to the graphene signals (Figure 3A). At higher excita-
tion energies (A, = 405 nm, 3.06 €V) no Raman modes were
observed, while the signal intensities measured at longer wave-
lengths were shifted after irradiation due to defunctionalization
(Figure S5A, Supporting Information). Surprisingly, in some ar-
eas of the sample, using the same reaction conditions, the G- and
2D-peaks typical for graphene completely vanish, indicating the
formation of a new material (Figure 3B). A strong increase of
the photoluminescence background is observed and formation
of two strong new signals at 1121 and 1504 cm™ that show a
striking similarity to trans-polyacetylene (Table S1, Supporting
Information). Trans-polyacetylene has two strong modes at 1125
and 1512 cm™! (upon irradiation with A, = 532 nm(?®)) and a
similar pattern of signals and overtones.[*! It also shows reso-
nance Raman effects due to the chainlength-dependent bandgap
and a large Raman cross section leads to high intensities of the
Raman modes (Figure S4A, Supporting Information).*%! The Ra-
man results therefore suggest a structure like trans-polyacetylene
polymer (Figure S3B, Supporting Information). Those localized
conjugated double bonds may result from a regioselective addi-
tion reaction of large and sterically demanding iodine atoms to
graphene. To distinguish the structures in iodinated graphene
from trans-polyacetylene, where each carbon atom is bonded to
a hydrogen atom, we refer to the chains we propose in iodinated
graphene as trans-oligoene chains. These 1D carbon chains are
bonded to carbon atoms within the graphene structure, have vary-
ing finite lengths and are spread randomly across the iodinated
graphene area with an unknown distribution. While we expect
different Raman signal positions between trans-polyacetylene
and graphene-embedded trans-oligoenes, we expect to observe
similar trends depending on the chain length due to bandgap
opening.B!l

The reversibility of iodination reactions is of special interest
for patterning applications, for example, for writing, reading, and
erasing information.'® Thus, we investigated the thermal de-
functionalization of iodinated graphene, which we find to occur
between 150 and 400 °C. Interestingly, a thermal iodination of
graphene occurs without irradiation, as identified by the appear-
ance of similar but less intense Raman modes at 150 °C under
ambient conditions (Figure S6, Supporting Information). After
extended times of vacuum annealing at 200 °C, an increase of
the new modes is observed that remain stable up to 300 °C. This
may be due to iodine intercalated between graphene and the
SiO, substrate that is unable to evaporate, and thus, the iodine
can react with graphene.?’®) Heating of iodinated graphene to
400 °C removes the new modes and a broad D-peak at 1349 cm™!
(FWHM = 171 cm™) forms. Additionally, the base of the G-peak
broadens, while the top remains sharp (Figure 3C). The broad
D-peak is reminiscent of disordered carbon*?l and may origi-
nate from amorphous carbon on the graphene surface formed
by graphitization of organic adsorbates from the environment.[*]
Defunctionalization was also observed when high laser intensi-
ties were used, probably due to local heating or assisted pho-
tochemical bond dissociation, shifting the distribution of trans-
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Figure 3. A) Raman spectra of tape-exfoliated graphene on hBN/SiO,/Si
after iodination measured at 532 nm (purple) and 638 nm (red), show-
ing signal dispersion and a strong decrease of intensity relative to the
graphene signals. B) Example spectra of vanished graphene Raman
modes. No Raman signals are observed at 638 nm indicating the com-
plete conversion of graphene. C) Raman spectra of pristine tape-exfoliated

graphene, iodinated graphene, and graphene annealed at 400 °C. The
graphene rests on a SiO, /Si substrate.
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oligoene chains (Figure S5B, Supporting Information). The high
thermal stability indicates a thermodynamically stable structure.

With XPS the halogen content was determined and cova-
lent bond formation of halogens to graphene was confirmed.**
We functionalized CVD graphene on a large area (Figure S7A,
Supporting Information) and thoroughly washed it (water, iso-
propanol, acetone) to remove all residues on the material before
measurements. The survey spectrum (Figure S7B, Supporting
Information) shows the characteristic I 3ds;, and I 3d;,, peaks
at 619.5 and 630.5 eV respectively, but with very low signal in-
tensities (Figure S7C, Supporting Information). The deconvolu-
tion of the C 1s signal shows no significant change of the carbon
composition (Figure S7D, Supporting Information), as expected
due to the small amount of iodine present. With respect to the
intensity of the C 1s peak at ~284.4 eV, we estimated the atomic
ratio of iodine to carbon to be ~#1-300. Thus, deconvolution of the
high-resolution C 1s and I 3d core spectra cannot provide further
meaningful information due to the small signal-to-noise ratio in
the present spectra. Hence C 1s core spectra of graphene before
and after functionalization are practically similar (Figure S7D-F,
Supporting Information).

Similar Raman signals emerge when graphene is irradi-
ated under similar conditions with bromine instead of iodine
(Figure S8D, Supporting Information). The larger difference of
electronegativity between carbon and bromine should cause a
stronger separation of XPS signals. We thermally brominated
CVD graphene (Figure S9A, Supporting Information) to ensure
homogenous functionalization across a large sample. The survey
spectrum shows the characteristic Br 3d peak at 70 eV albeit with
a low intensity (Figure S9B,C, Supporting Information) but the
broadness of the bromine high resolution Br 3d core spectrum
indicates the presence of C—Br bonds.*S] Deconvolution of
the C 1s signal showed no significant change of the carbon
composition, as expected from the low intensity of the bromine
signals (Figure S9D, Supporting Information).

The introduction of semiconductive trans-oligoene chains
and difference in electronegativity between carbon and iodine
should cause p-doping of the iodinated graphene. To test this,
we performed electrical transport measurements on graphene
transistors before and after iodination. In contrast to Raman
spectroscopy where we can only observe a small portion of the
trans-oligoene chain distribution the entire system is probed in
transport measurements. The carrier density of graphene for
the transport measurements can be calculated using Equation 2,
where n = carrier density, C = total areal capacitance, V, = gate
voltage, Vyp = charge neutrality point, and e = elementary
charge.

we e Vour) 2
e

We find that pristine graphene has a carrier density of
0.9 x 10'2 holes cm™ (Vg = 11.5 V), probably due to the
SiO, substrate as well as water and impurities trapped be-
tween graphene and the substrate.*®) Graphene exposed to
gaseous iodine is also p-doped due to charge-transfer complex
formation.[*”l Measurements of iodine-doped graphene prepared
by our process under ambient conditions showed decreasing
doping levels during the measurement (~30 min) due to its con-
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Figure 4. A) Drain-source voltage versus gate voltage of graphene field-
effect transistor before (black) and after (purple) iodination. B) Energy
level diagram of graphene and iodinated graphene. The Fermi energy (Ef)
is significantly decreased upon iodination as evidenced by KPFM and
transport data. C) Topography image of iodinated CVD graphene show-
ing no signs of patterning. D) KPFM image of the same area. A4 X 4 um
pattern was made by irradiation with A, = 532 nm and 1 um step size,
visualized by black dots wihich indicate a lower work function relative to
unfunctionalized areas.

siderable vapor pressure and did not exceed 3.2 x 10'? holes cm ™2

(Venp = 43 V), consistent with literature values (Figure S10C,
Supporting Information). To minimize iodine doping effects in
our device, we stored the samples under high vacuum condi-
tions (~10~> mbar) for several hours to evaporate any leftover
iodine from the functionalization process. Iodination strongly
increased the hole density to 5.8 X 10'2 holes cm™2 (Vyp =77V,
Figure 4A), corresponding to a Fermi energy difference of
AE; = 173 meV, exceeding doping levels from charge-transfer
into polyiodide molecules. A significant hysteresis is observed
for iodinated graphene that is distinct from the pristine or iodine-
doped graphene. This may be explained by capacitive charging
of trap states that are formed by the trans-oligoene chains.*®)
In contrast to iodine-doped graphene, the carrier density was
stable under vacuum conditions and over several gate voltage
sweeps, since the covalently attached iodine is not removed in
low pressure conditions (Figure S10D, Supporting Information).
It is interesting to note that iodine functionalization induces
a free carrier concentration in graphene close to the limit of
conventional SiO, gating. Other halogenated graphene devices
showed strong p-doping as well, however in these examples no
Venp Of the functionalized graphene were reported, due to the
limited measurement window.!?**] Calculating carrier densities
is limited, since it relies on accurately extracting Vi, from the
transport curves, which is in some cases beyond the range of V,
values which could be applied without destroying the sample.
Thus, we used KPFM as a complementary experimen-
tal method to measure local carrier density differences. The
work function difference of pristine (W,) and iodinated areas
(W;) directly corresponds to the difference of the Fermi level
(AE; = W; — W,) of the two areas (Figure 4B). We measured
KPFM on a graphene flake with both pristine and iodinated areas
and compared the work functions between these areas to calcu-
late a local work function difference. The topographic scan shows
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no significant variation of sample height between pristine and
iodinated areas (Figure 4C), but the overall height of the mono-
layer reveals the presence of adsorbates despite extensive wash-
ing (water, isopropanol, acetone) and evaporation in vacuum.
If the material properties would result from adsorbates on the
surface of graphene, differences in the intensity of the Raman
and KPFM signals must be detectable between cleaned and un-
cleaned domains. To investigate this we measured Raman spectra
and KPFM of the CVD graphene sample before (Figure 4C,D)
and after (Figure S11D,E, Supporting Information) removal of
adsorbates by mechanical cleaning with an AFM tip.[*l After
cleaning of the graphene surface, the v, and v; mode remain un-
changed in the cleaned areas while no change of Raman signal
was observed for the piled adsorbates (Figure S11B,C, Support-
ing Information). Also, the work function patterns remain in the
KPFM image (Figure S11E-I, Supporting Information), while the
contrast between functionalized and unfunctionalized areas is
improved due to the removal of adsorbates with a higher work
function (Figure S11G,I, Supporting Information). No change
of the Raman signals of brominated graphene (Figure S8C,D,
Supporting Information) was observed after mechanical clean-
ing. The adsorbates therefore have no significant influence on
the material properties and consequently, the new Raman modes
must stem from the carbon lattice.

To extract a reliable work function difference, we prepared a
tape-exfoliated graphene sample contacted with a gold electrode
to ensure proper grounding (Figure S12A, Supporting Informa-
tion). The sample was patterned, and the functionalization was
followed by Raman spectroscopy (Figure S12B, Supporting In-
formation). The average difference of the work function between
pristine and iodinated areas measured by KPFM was 141.5 meV
(Figure S12C-E and Table S2, Supporting Information). This is
in good agreement with AE;; extracted from transport measure-
ments (173 meV) considering that these two values are measured
on different samples and by different techniques. The observed
shift of E suggests that the carrier density changes by iodina-
tion exceed iodine doping and are stable against decay by iodine
evaporation.

In an earlier report by Englert et al. small Raman modes at
1139 and 1512 cm™! (A, = 532 nm) were observed in the co-
valent functionalization of graphene with aryl radicals, similar
to the v; and v; modes of iodinated graphene.l'®l They assigned
the observed modes to trans-oligoene chains formed within ar-
eas defined by sp’-defects based on their similarity to Raman
modes observed in nano-crystalline diamond samples.l*] Sim-
ilar modes were observed upon photochlorination of graphene
with chlorine gas; again with relatively low intensities.['8! They
assigned the signals to effects of strong doping by chlorine addi-
tion leading to symmetry lowering and zone folding that activate
new Raman modes by comparison to potassium-doped graphene
(n-doped).[*!l The modes observed in that system however are
observed at 1134 and 1267 cm™' while no signal ~1500 cm™
was observed that would account for the v;-modes. Instead, a
Fano-shaped G-peak is observed and such a mode is also not pre-
dicted by calculations of the Raman modes of KCg.l*?) If the ob-
served Raman modes would arise from a doping effect, then they
should evolve without irradiation of the sample and should be
sensitive toward removal of the dopant by washing or evapora-
tion. Interestingly, in other reports of chlorination of graphene,
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these spectral features were not reported.'>2*#] We find that
the spectral modes of the polyiodides vanish, while two strong
new modes appear (Figure 2), which we would not expect for
a non-covalent polyiodide network. The Raman modes of iodi-
nated graphene are also persistent under ambient and high vac-
uum conditions or washing with water and organic solvents in
contrast to the polyiodide signals. The complete disappearance
of graphene Raman signals in some areas and the dispersive na-
ture of the Raman modes indicate the direct interaction with the
carbon lattice. Their unprecedented intensity allowed us to ob-
serve the v, mode and additional overtone modes that have not
been reported for any functionalized graphene before and fur-
ther indicate an origin from a trans-polyacetylene like structure.
Their strong p-doping effect exceeds doping by non-covalently
adsorbed polyiodides as shown by transport and KPFM mea-
surements, and the weak doping effect of iodine makes doping-
activated Raman modes appear unlikely.

We explain these experimental results by the formation of
trans-oligoene chains formed with regiochemical control due to
the large iodine size. Their formation depends on the reactivity
of the iodine radical on the graphene sheet,!*!] since the reac-
tion of an iodine radical with graphene forms a z-radical that
initially resides in a non-bonding orbital adjacent to the iodine
addition site (Figure 5A). The delocalization of the z-radical was
directly observed for hydrogenated graphene by STM causing a
long-range modification of the local spin density of states and
showing a threefold symmetry,[*] reaching as far as 6 nm or 20—
25 lattice constants.[* It corresponds to the delocalization of the
r-radical on the B sublattice and can be interpreted as delocal-
ization along the trans-oligoene paths shown in red in Figure 5B.
The highest spin density, and therefore highest reactivity, is lo-
cated on the three carbon atoms in 1,2-position adjacent to the
addition site and at the 3 cis-1,4-positions (grey, Figure 5B) across
six-membered rings“! and the second hydrogen radical addition
thus occurs at these positions, as observed experimentally.'S The
high reactivity of radicals may enable other addition patterns to
form under kinetic control,* but here the low reactivity of io-
dine radicals is expected to lead to thermodynamic rather than
kinetic reactivity. Equally important, addition in the 1,2-position
is sterically blocked by iodine due to the large van der Waals
radii of the iodine atoms (198 pm) and the resulting electrostatic
repulsion.['*] The cis-1,4-addition motif (A, Figure 5C) leads to a
separation of the iodine pair of 284 pm (assuming C—C bond dis-
tance of 142 pm), which is only slightly longer than the covalent
bond length of diiodine (267 pm), making it also unlikely. By ad-
dition in the trans-1,4-position (B, Figure 5C) the defect distance
is 376 pm, making a stable addition possible, explaining the ob-
served regioselectivity. Since in our experiment the whole surface
is covered with iodine, the second reaction step may be very fast
and could potentially even extend beyond the irradiated area due
to the delocalization of the z-radical on the graphene sheet. The
confinement of localized double bonds between sp*-defects in-
duces bond length alternation through Peierls distortion, causing
chain-length dependent local bandgap opening and hence reso-
nance Raman effect.[*’] A distribution of various chain lengths is
formed that explains the varying intensities and dispersion of the
Raman modes (Figures S4B and S5B, Supporting Information).

Up to three trams-oligoene chains may form from a sin-
gle sp’-defect, following the symmetry observed for the spin

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. A) Addition of an iodine radical to graphene. The z-radical is
located adjacent to the sp*-defect and can be delocalized on the sub-
lattice. B) Scheme showing potential sites for secondary iodine addition
on graphene forming all-trans-oligoene chains. The 1,2-, and cis-1,4 posi-
tions are precluded due to iodine atom size and I-I bond length (bottom
right). C) Schematic illustration of the proposed iodinated graphene struc-
ture, explaining the observed Raman signals and doping properties. Trans-
oligoene chains (red) with varying lengths and localized double bonds are
embedded in graphene domains (grey) with a delocalized z-system. A The
cis-1,4-addition is unlikely given the small |-l distance, despite the high
spin density in this position. B Addition along a trans-1,4-oligoene chain
ensures sufficient distance between iodine atoms. C Up to three trans-
oligoene chains can extend from a single sp3-defect, connecting to adja-
cent sp3-defects across the graphene sheet. D Perfect zigzag edges sep-
arate the chains from graphene domains along the length of the chains.
The delocalized double bonds have been omitted for clarity.

density (C, Figure 5C). The absence of a D-peak in the Raman
spectra can be attributed to the perfect zigzag edges to the neigh-
boring graphene domains (D, Figure 5C), rendering them Ra-
man silent.[2*®] The polydisperse nature of iodinated graphene
makes it impossible to give a definite structure since the patterns
formed will be randomly distributed across the illuminated area
and only a small part of the distribution is probed at a given laser
wavelength matching the bandgap of the chains. As more and
more radicals are added to the graphene sheet more conjugated
double bonds become confined between defects and the uninter-
rupted graphene domains become smaller. The distribution of
trans-oligoene chains will shift due to the decreasing defect dis-
tance, making long chains less likely.

3. Conclusion

In summary, defect-free graphene was functionalized by a pho-
tochemical iodination reaction for the first time and strong new
Raman modes were observed. Thermal reversibility of the reac-
tion, dispersion of Raman modes and complete disappearance of
graphene Raman modes in some areas indicate the interaction of

Small 2024, 2311987 2311987 (6 of 7)
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iodine with the graphene lattice carbon atoms. KPFM and trans-
port measurements demonstrate the strong p-doping effect of
iodinated graphene, exceeding non-covalent iodine doping. Due
to the size of iodine atoms the usually observed 1,2- and cis-1,4-
position addition patterns are sterically hindered, leading to re-
gioselective functionalization of graphene, and generating trans-
oligoene substructures. Those trans-oligoene structures generate
new Raman modes by the isolation of conjugated double bonds
between sp*-defects. The proposed structure and reaction mech-
anism will serve as a starting point for further experimental and
theoretical inquiries toward the rational design of regioselective
patterning of graphene. The iodination-based functionalization
approach paths a way to patterning applications accompanied
with a strong p-doping effect and the ability of readout due to
the strong Raman modes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Abstract: Functionalization of pristine graphene by hydrogen and fluorine is well studied, resulting in graphane and fluorographene structures.
In contrast, functionalization of pristine graphene with iodine has not been reported. Here, the functionalization of graphene with iodine using
photochemical activation is presented, which is thermally reversible at 400 °C. Additional dispersive dominant Raman modes that are probed
by resonance Raman spectroscopy are observed. Additionally, iodinated graphene is probed by Kelvin probe force microscopy and by transport
measurements showing p-doping surpassing non-covalent iodine doping by charge transfer-complex formation. The emergent Raman modes
combined with strong p-doping indicate that iodine functionalization is distinct from simple iodine doping. A reaction mechanism based on these
findings is proposed, identifying the large size of iodine atoms as the probable cause governing regiochemically controlled addition due to steric
hinderance of reactive sites. The modification of the electronic structure is explained by the confinement of 1D trans-oligoene chains between
spi-defects. These results demonstrate the uniqueness of iodine reactivity toward graphene and the modification of the electronic structure of
iodinated graphene, highlighting its dependence on the spatial arrangement of substituents.

DOI: 10.1002/smll.202311987

Experimental Procedures

Materials and chemicals: Methanol used for sample preparation was distilled in a solvent circulation apparatus to remove any
impurities before use. lodine was purchased from TCl and was used as-received. For tape-exfoliation of graphene Kish graphite (Grade
200) from Graphene Supermarket was used. Si wafers with a 300 nm thick SiO; layer were purchased from Fraunhofer Institut fur
Integrierte Systeme und Bauelementetechnologie IISB in Erlangen.

Raman spectroscopy: Raman spectra were measured on a Horiba Jobin Yvon XploRA™ PLUS spectrometer equipped with a
confocal microscope and an automated XYZ table at 532 nm (2.33 eV) combined with a 100x objective (NA = 0.9). The Raman shift
was calibrated to the Si peak before measurement. Experiments using 638 nm (1.94 eV) laser light were performed on a Horiba Jobin
Yvon XploRA™ spectrometer equipped with a 532 nm and 638 nm laser source and 100x objective (NA = 0.9). Experiments using
633 nm (1.96 eV) and 405 nm (3.06 eV) laser light were performed on a Horiba Jobin Yvon LabRAM Evolution spectrometer equipped
with a 405 nm, 532 nm, and 633 nm laser source and 100x objective (NA = 0.9).
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Atomic Force Microscopy (AFM) and Kelvin Probe Force Microscopy (KPFM): KPFM experiments were conducted under ambient
conditions using the neaSNOM that is a scattering type scanning near-field optical microscope with a KPFM extension (neaSPEC). We
used Pt-Ir coated Si tips (ACCESS-EFM probes, AppNano, k =2.7 N m™). The setup operates in non-contact mode. AM-KPFM was
used, which is sensitive to electrostatic forces and the surface potential measured. The work function of the samples (®Psampie) is defined
by the following formula, ®sampie = q Vcro + Pyp, Where Vepp is the contact potential difference measured by the KPFM, @y, is the work
function of the tip, and q is the elementary charge. The potential profile is measured by oscillating the tip at 100 kHz and with a tapping
amplitude of 30 nm while maintaining a minimum distance of 1 nm between the tip and the sample surface.

Removal of adsorbates: Removal of non-covalently bound adsorbates from the surface of functionalized graphene was achieved by
mechanical cleaning using a JPK Nanowizard AFM instrument in contact mode. We used ContAl-G tips (k = 0.2 N m™") with 4 nN force
as setpoint for imaging. To remove adsorbed species, the setpoint was increased up to 60 nN and the sample area was repeatedly
scanned until no further change was observed. To avoid damaging graphene, the scans were carried out parallel to graphene edges.
Transport measurements: Transport measurements were performed at low pressure (~107° mbar) and room temperature inside a
Lakeshore TTPX probe station. Both a gate voltage (|Vy| <80 V) and drain-source current (lss = 1 uA) were supplied by individual
Keithley 2450 source measure units. The leakage current was negligible for all measurements. The carrier density of graphene at
V4 = 0 Vis calculated using the gate voltage corresponding to the charge neutrality point in the transport curves. The system is modeled
by considering the areal capacitance of the system: Ci = en/(Vq - Vene), Where e is the fundamental charge, n is the carrier density, Vq4
is the gate voltage, Vone is the charge-neutrality point voltage, and Ciot = (1/Cgeo + 1/Cquant)™’ is the series connection of geometric and
quantum areal capacitances. The geometric and quantum areal capacitances are given respectively as Cgeo = €&/d and Cgyant =
(2e?)(hve) ' (n/1T)""2, where & is the vacuum permittivity, & = 3.9 is the dielectric constant of SiO,, d = 300 nm is the thickness of the SiO,
h is the reduced Planck’s constant, and ve = 10° m/s is the Fermi velocity of graphene near the K/K' point. Fermi level shifts were
calculated using areal density of states of graphene using the following formula: DoS = dn/dE = 2(five)'(n/m)"2.

Gold electrodes for transport and KPFM measurements were patterned by electron beam lithography using a Raith Pioneer Il or by
optical lithography using a Heidelberg Instruments uMLA for direct maskless writing. A thermal evaporator was used to evaporate 3 nm
Crand ~70 nm Au.

X-ray Photoelectron Spectroscopy (XPS): XPS spectra of graphene samples were recorded on SiO./Si substrates using a SPECS
EnviroESCA (Al Ka,1486.7 eV) under high-vacuum conditions (< 5 x 107 mbar). Survey spectra (50-700 eV) were measured using an
analyzer pass energy of 100 eV, while high resolution spectra (e.g. C 1s, | 3d and Br 3d) were recorded using 15 eV pass energy in a
suitable binding energy range.

All XPS spectra were processed with the UNIFIT software. A Shirley background was subtracted from the high resolution spectra and
pseudo-Vogt peak shape model (Gaussian:Lorentzian; 50:50) was used to fit the individual components. An asymmetric pseudo-Vogt
line shape (0.14) was used to fit the sp? carbon component (C=C) in the C 1s high-resolution spectrum, according to the literature."
The XPS spectra were referenced to the C 1s signal at 284.4 eV.

Preparation of CVD graphene: Graphene was prepared by chemical vapor deposition on copper foil using the envelope method. After
annealing of the copper envelope for 1 h (1035 °C, 10 sccm Ha, 5 sccm Ar) a flow of methane (5 sccm) was added to the mixture for
10 min growth time. Then, the sample was rapidly cooled down to rt. Arbitrary pieces of graphene were transferred onto substrates by
a wet-transfer method.

Preparation of monolayer tape-exfoliated graphene: High quality samples of graphene were prepared by tape exfoliation using the
Scotch tape method and directly transferred onto SiO./Si substrates. After transfer, the sample was mildly annealed in vacuum
(T=150°C, p=1x10"3mbar, t = 2 h) to remove water and residuals stemming from the transfer process.

Preparation of h-BN/G heterostructure: Few-layer h-BN was mechanically exfoliated from bulk h-BN via PDMS and transferred onto
a SiO,/Si wafer. Monolayer graphene was mechanically exfoliated from HOPG via PDMS and transferred onto few-layer h-BN flake.
According to the transfer method reported previously, the transfer process was carried out under a microscope equipped with a self-
built transfer stage.”? The thicknesses of the exfoliated h-BN and graphene were determined by optical contrast and Raman
spectroscopy. After every transfer step, the sample was mildly annealed in vacuum (T = 150 °C, p = 1 x 107 mbar, t = 2 h) to remove
water and residuals stemming from the transfer process.

Preparation of iodine-doped graphene: Graphene deposited on SiO2(300 nm)/Si wafers (0.5 x 0.5 cm) was covered with 10 yL of a
20 mM solution of I, in methanol. Methanol was evaporated under ambient conditions.

Functionalization experiments: Measurements of Raman spectra and the patterning experiments were performed at 3.03 mW laser
power. Initial spectra were measured with an acquisition time of 0.1 s. The light dosage was controlled by the exposure time and the
number of accumulations per patterning spot. Typically, between 10 and 30 accumulations of 0.1 s exposure times were used at each
spot of the patterned area. Improved results were obtained this way compared to direct exposure for similar times.

For large-area functionalization used for XPS measurements 6.7 mW laser power combined with a 10x objective (NA = 0.25) was used.
The sample was scanned in SWIFT mode (0.1 s exposure time, 80 um step size) to ensure sufficient irradiation of a large sample area.

44



WILEY-VCH

Results and Discussion

Supplementary Note 1: Functionalization on different substrates
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Figure S1. Raman spectra of graphene (black) and iodinated CVD graphene (purple) on a gold-coated (3 nm Cr/ 70 nm Au) SiO2/Si substrate, demonstrating that

the functionalization reaction does not depend on the substrate.

Figure S1 shows Raman spectra of CVD graphene and iodinated graphene on Au substrate with similar characteristics as on SiO,/Si
(e.g. Figure 2) and on h-BN on SiO,/Si (Figure 3). In all cases no new signals were observed upon irradiation of the substrate excluding
the possibility of iodine-substrate or iodine-adsorbate reactions as the cause of the new Raman modes. Due to the etching effect of
iodine on gold small amounts of iodine solution (typically 5 uL were used), however repeated deposition of iodine solution led to the
visible degradation of the gold substrate.

Supplementary Note 2: Polyiodide-doped graphene
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Figure S2. A) Raman spectrum of iodine-doped tape-exfoliated graphene with strong polyiodide signals. B) Zoom of the polyiodide signals. Two distinct peaks are
observed corresponding to Is™ and Is™ respectively.

Figure S2A shows the spectrum of iodine-doped tape-exfoliated graphene. Polyiodide signals are observed at 107 cm™ and 162 cm™’
(Figure S2B) consistent with literature values.®! The G-peak shifts up to 1598 cm™ and a decrease of the G/2D ratio becomes larger
than 1 (FWHM(2D) = 27 cm™). The 2D-peak intensity is partially restored in iodinated graphene and the G-peak shifts back to lower
Raman shifts (Figure S3). After extended irradiation the polyiodide signals disappear, indicating the evaporation of the adsorbed iodine
species.
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Supplementary Note 3: Discussion of Raman modes and overtones
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Figure S3. A) Full Raman spectrum of iodinated tape-exfoliated graphene. Three new modes (v1- v3) and four overtones are observed. The Raman shifts are given

in Table S1. B) Chemical structures of thermodynamically more stable trans- and less stable cis-polyacetylene polymer.

Figure S3a shows the full Raman spectrum of iodinated tape-exfoliated graphene. Two strong new peaks evolve after irradiation at
532 nm at 1115 cm™ (v1) and 1498 cm™ (v3), that are stronger than the G- and 2D-peak. A relatively small mode is observed at
1289 cm™" termed v.. Four overtones are observed: The second harmonic 2v; at 2219 cm™, the combination mode v4+vs at 2598 cm™
and two broad signals are observed at 2964 cm™ and 3004 cm™' that were assigned to a Fermi resonance between the mode 2vj/v4
in trans-polyacetylene. The small v, mode was described for trans-polyacetylene and appears in varying intensities depending on the
chain length.®! Experimental data of t-butyl group-capped trans-oligoenes!® and DFT calculations!”! show trends in the peak positions
of resonant Raman spectra; with increasing chain length, the v4 and vs peaks shifts to smaller Raman shifts and a small v, signal is
primarily observed at shorter chain lengths. The similarity of these signals and their positions compared to known trans-polyacetylene
spectra give further evidence for structural similarity of the iodinated graphene (Table S1).

Table S1. Characteristic Raman modes of graphene, iodinated graphene and trans-polyacetylene (taken from ref.!l) showing strong similarity to between the
observed new modes and trans-polyacetylene.

Sample vi/cm™ va/cm™! va/cm™! G/cm™ 2vi/cm™! vi+vz / cm™! 2D /cm™ 2v3/v®/ cm™
Graphene - - - 1587 - - 2680 - -
lodinated 1115 1288 1498 1587 2219 2598 2682 2964 3004
grpahene

trans- 1108 1255 1486 - 2187 2577 - 2954 2994
polyacetylenel®

[a] Measured at 520.8 nm, taken from ref.! [b] Fermi resonance

Figure S4A illustrates the difference between Raman and resonance Raman. While virtual states are excited in Raman scattering
leading to a relatively low scattering probability (typically in the range of 1076 to 107®) real states are excited in resonance Raman
scattering strongly increasing scattering probability and phonon formation due to the greater perturbation efficiency (typically in the
range of 10™* to 1072). Since graphene has metallic character, excitation with light in a broad range resonantly excites graphene. [®
Trans-polyacetylene polymer in contrast is a semiconductor due to the Peierls distortion of the 1D-conjugated double bonds with a
chain length-dependent bandgap, varying between 3.1 eV for a tbu-capped trans-polyenel® with 6 double bonds to 1.7 eV measured
in the polymer.® As mentioned in the main text, while exact energy values may differ in our system where the trans-oligoene chains
are bonded to carbon atoms of the surrounding graphene instead of hydrogen atoms, similar trends can be expected.
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Figure S4. A) Schematic illustration of Raman and resonance Raman scattering. Electrons are excited into virtual states and loses energy to phonons emitting light
with lower energy. If an electron is excited into a real excited state, the process is similar, but the signal intensity is strongly increased. B) Schematic illustration
showing the influence of resonance Raman excitation on the unknown distribution of trans-oligoene chains of the functionalized system. Only a small portion of
those exhibits a bandgap close to the probed excitation energy and is therefore probed.

The spectral modes arise from resonant Raman scattering, that is observed when the sample is excited near its electronic resonance
energy, leading to a strong increase of the Raman signal. Since the trans-oligoene chains in iodinated graphene are of a finite length
and can be categorized by their discrete length (given by the number of double bonds) we can visualize the system as an unknown
distribution from which the contribution to the Raman signals will originate from trans-oligoene chains with a bandgap that is close to
the laser energy (Figure S4B). By varying the excitation energy, the resonance energy and thereby the chain length that is excited,
changes. By decreasing the excitation energy longer trans-oligoene chains are resonantly excited, but still only a portion of the complete
distribution is observed.”®! Therefore, it is not possible to characterize the complete distribution by measurement at a single wavelength.
The resulting Raman modes are a sum of the resonantly excited trans-oligoene chains at the given laser wavelength, explaining the
varying peak intensities and positions observed for various samples and after either heat treatment or irradiation with 405 nm laser light
(Figure S5A).

Supplementary Note 4: Defunctionalization after irradiation at 405 nm and evidence for shift of unknown trans-oligoene
chain distribution
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Figure S5. A) Raman spectrum of iodinated tape-exfoliated graphene (purple) and the same spot measured at 633 nm (red), before and after irradiation with 405 nm
laser light (blue, 5 s irradiation time). No trans-oligoene signals are observed at 405 nm but the intensity of trans-oligoene signals at 532 nm is significantly decreased
after irradiation. Signals at 633 nm increase, indicating a shift of distribution by high energy laser light. B) Schematic illustration of the shifted distribution after
irradiation at 405 nm. Irradiation causes defunctionalisation shifting the distribution to longer chain lengths.

Figure S5A shows a series of Raman spectra of tape-exfoliated graphene taken before and after excitation with 405 nm (3.06 eV) laser
light. Before irradiation the v4 and vz modes at 532 nm (v4/G = 1.04) are larger relative to the G-peak compared to the modes at 633 nm
(v4/G = 0.91). At 405 nm only graphene signals are observed, indicating no trans-oligoene chains with a matching bandgap. After
irradiation with 405 nm the signal intensities at 532 nm decrease (v1/G = 0.24) and increase at 633 nm (v4/G = 1.0), consistent with a
change of chain distribution due to partial removal of sp3-defects leading to longer trans-oligoene chains with smaller bandgaps between
the remaining defects, as shown schematically in Figure S5B. While the hypothetical chain distribution shown only shifts to longer
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chain lengths in comparison to Figure S4B, in a real system the partial removal functionalization will also decrease the total number of
chains.

Supplementary Note 5: Thermal iodination of graphene
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Figure S6. Raman spectra of CVD graphene before (black) and after (purple) thermal iodination in ambient conditions (150 °C, 10 min). Small v1 and vs modes are

observed indicating successful reaction, however at a low intensity compared to photochemical reaction.

Figure S6 shows Raman spectra of iodine-doped CVD graphene before and after thermal treatment (150 °C, 10 min). lodine in
methanol solution was deposited on graphene on SiO,/Si wafer. After complete evaporation of the solution the sample was placed on
a hot plate at ambient conditions. Despite the considerable vapor pressure of iodine new Raman signals were found while no D-peak
was introduced in the process and the G- and 2D-peak remain almost unchanged. Due to the weak iodine-iodine bond homolytic
dissociation can already occur at relatively low energies. While this approach only yields small trans-oligoene modes compared to the
photochemical functionalization it may be interesting for wafer-scale functionalization of large graphene films.
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Supplementary Note 6: XPS characterization of iodinated graphene
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Figure S7. XPS characterization of iodinated CVD graphene on SiO2/Si substrate. A) Example spectrum of iodinated CVD graphene used for XPS measurements.
B) XPS survey spectrum of iodinated graphene. C) High-resolution spectrum of the | 3d signals at 619.5 eV (I 3ds;2) and 630.5 eV (I 3ds»2) respectively. The
characteristic signals can be clearly distinguished from the noise. D) High-resolution C 1s spectrum of iodinated graphene. The inset shows the residual of the fits.
E) Survey spectrum of pristine CVD graphene. F) High-resolution C 1s spectrum of pristine CVD graphene. The inset shows the residual of the fits.

Figure S7A shows a representative Raman spectrum of CVD graphene after functionalization with iodine. Since the tape-exfoliated
graphene layers are too small for XPS measurements (spot size ~300 um), large-area CVD graphene was functionalized
photochemically on a large scale using modified conditions (10x, 6.7 mW, SWIFT mode, 0.1's, 20 ym step size). Prior to the
measurements the samples were thoroughly cleaned by complete evaporation of the reaction mixture followed by washing with water,
isopropanol and acetone.

The survey XPS spectrum of iodinated graphene (Figure S7B) shows two small signals at 619.5 eV (I 3ds;) and at 630.5 eV (I 3dsp)
for iodine.P! The intensity of these signals is at the resolution limit (Figure S9C) but can be clearly distinguished from the noise of the
background.

The deconvolution of the C 1s peak (Figure S9D) does not show a new component for C-I bonds due to the low concentration if lodine
bound to the graphene and the low difference in electronegativity, responsible for a weak chemical shift. For carbon-iodine bonds a
signal at 286.3 eV or less would be expected — the same position as carbon-oxygen single bonds.!
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Supplementary Note 7: Trans-Oligoene chain formation induced by bromine and characterization by Raman and XPS
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Figure S8. Photochemical bromination of tape-exfoliated graphene. A) Optical microscopy image showing graphene flake after mechanical cleaning of 7x7 um area.
The cleaned area is bordered by the piled adsorbates moved to the sides. B) AFM image of the area marked by the red square in A showing the mechanically
cleaned area. C) Raman map showing the intensity of the v1 peak. No difference is observed in the cleaned and uncleaned areas. The piled adsorbates do not give
a measurable Raman signal. Each pixel has an area of 0.7x0.7 pm. A preferred reactivity of bromine at the edges of the graphene flake can be observed. D) Raman
spectrum of the strongest signal observed in the cleaned area at the edge of the graphene flake.

Figure S8A shows a microscopy image of tape-exfoliated graphene after photochemical functionalization with bromine and subsequent
mechanical cleaning of a 7x7 ym area with an AFM tip (Figure S8B). The sample was brought in contact with bromine vapor for 30 s
followed by laser irradiation (3.03 mW, 0.1s, 10 accumulations). The v{ and vz mode emerge, similar to iodinated graphene
(Figure S8D) however at lower intensities. To the best of our knowledge this is the first report of such Raman signals in brominated
graphene. Notably, a strong difference between the edges and the plane is observed, as apparent from the Raman map (Figure S8C)
that could be due to the increased reactivity of graphene at the edges.
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Figure S9. XPS characterization of thermally brominated CVD graphene on SiO2/Si substrate. A) Raman spectrum of CVD graphene after thermal bromination
(150 °C, 10 min). B) Survey spectrum of brominated graphene revealing a small Br 3d signal around 70 eV binding energy. C) High-resolution spectrum of the Br 3d
signal showing a broad signal around 70 eV. The shaded area in brown indicates the location of adsorbed Br-Br species, while the yellow shaded area indicates

the expected location of covalent C-Br signal.'® D) High-resolution spectrum of the C 1s signal. No significant change compared to the pristine graphene
(Figure S7F) can be observed. The inset shows the residual of the fits.

Figure S9A shows a Raman spectrum of CVD graphene after thermal functionalization with bromine (150 °C, 10 min) used for XPS
measurements. The v4 and vs signals indicate the successful functionalization of the sample. The XPS survey spectrum of thermally
brominated graphene (Figure S9B) shows a small signal around 70 eV from Br 3d electrons that is persistent after thorough washing
and extended times under the high-vacuum conditions inside the XPS instrument, while other characteristic bromine signals with lower
relative sensitivity factors, e.g. Br 3p at ~185 eV cannot be observed.['” The intensity of the signal is at the limit of detectability, but
high-resolution measurement of the Br 3d signal reveals two distinguishable components (Figure S9C) that have been assigned to Br-
Br adsorbed to graphene (68.5 eV) and carbon-bromine (70.2 eV).l'0
The deconvolution of the C 1s peak (Figure S9D) does not show a measurable alteration of the material compared to the starting

material (Figure S7F). For carbon-bromine bonds a signal at 286.5 eV together with C-O signals would be expected.['%
A reliable quantification of the signal areas cannot be made due to the low signal intensity, but the bromine content must be below
1 %.
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Supplementary Note 8: Transport measurements of pristine and iodinated graphene
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Figure S10. A) Optical image (100x) of the transistor with the tape-exfoliated flake area outlined. The green dot shows where Raman measurements were performed.
B) Raman spectra from the flake before (black) and after (purple) iodination C) Drain-source voltage vs. gate voltage of pristine graphene (black) and polyiodide-
doped graphene (colour gradient). lodine causes hole doping in graphene by charge-transfer complex formation forming polyiodides. As we sweep the gate 3 times
consecutively (~30 min total), the iodine evaporates over time, causing the initial doping of the graphene to tend toward its pristine value. D) Reproduction of
Figure 4A from the main text showing all forward and backward sweeps of the data taken showing reproducibility of the data over time.

Figure S10A shows a microscopy image of the transistor device where the tape-exfoliated graphene flake area is outlined by the dotted
lines. The green dot marks where the spectra in Figure S10B were taken before and after iodination. After fabrication and measurement
of the pristine device iodine in methanol solution was deposited on the wafer (10 pL, 20 mM) and after complete evaporation of the
solvent the sample was irradiated several times to ensure complete functionalization of the device area. Vcne of graphene doped with
iodine did not exceed 50 V and significant decrease of doping was already observed within the measurement time of around 30 min at
ambient conditions (Figure S10C). Three cycles were measured of graphene before and after iodination to verify the reproducibility of
the observed curves. Figure S10D shows all three cycles of the measurements shown in Figure 4A highlighting the reproducibility of
the observed features.
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Supplementary Note 9: Mechanical cleaning of patterned CVD graphene
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Figure S11. Mechanical cleaning of iodinated CVD graphene. A) Microscopy image showing graphene flake. The cleaned area is marked in red. B) Raman map of
patterned area showing the vs mode before and C) after mechanical cleaning. The range was chosen so that a small portion of the G peak is included so that the
outline of the graphene flake is visible and one pixel has a dimension of 0.7 x 0.7 um . D) AFM image of mechanically cleaned area. The inset shows the area shown
in F-1. E) KPFM image of the patterned area after mechanical cleaning. The highlighted adsorbates show a larger work function compared to graphene, contrary to
the patterned areas. F) AFM image before mechanical cleaning. G) KPFM image before mechanical cleaning. H) AFM image after mechanical cleaning showing
increased contrast due to removal of adsorbates. I) KPFM image after mechanical cleaning showing increased contrast between graphene and patterned areas
due to removal

Figure S11A shows a microscopy image of the CVD graphene sample shown in Figure 4C and D. The Raman maps of the v; mode
show no change of the signal intensity or location after mechanical cleaning (Figure S11B and C). The patterned area topography
image (Figure S11D and H) reveals new features such as folds of the graphene sheet but no patterns that are visible in the KPFM
image (Figure S11E). No change of the KPFM signal position can be observed in the patterned regions. The removed adsorbates
show a large work function contrary to the patterns observed (Figure S11E). The contrast between the functionalized pattern and the
surrounding graphene is increased by the removal of the adsorbates (Figure S11G and 1).
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Supplementary Note 10: KPFM measurements of contacted sample to ensure grounding for reliable data extraction
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Figure S12. Experiments with a contacted tape-exfoliated graphene layer to ensure proper grounding of the sample during KPFM measurements. A) Microscopy
image (100x) showing the monolayer graphene strip contacted by a gold electrode. The marked area corresponds to the irradiated area. B) Raman spectra of the
areas indicated by the coloured dots (green and blue) in the KPFM image of Figure S7C. C) Overview image of the iodinated area. C) Overview topography (left)
and KPFM (right) image of the iodinated area. D) Zoom on the iodinated area right of the bilayer. The white boxes mark areas from which AEF was calculated given
in black. E) Zoom on the iodinated area left of the bilayer. The white boxes mark areas from which AEr was calculated given in white.

To quantify the work function measured by KPFM proper grounding of the sample must be ensured. Therefore, a tape-exfoliated
graphene flake was contacted with a gold electrode to ensure electrical grounding (Figure S12A). An area of 8x3 um was repeatedly
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irradiated (step size = 0.5 um, Aexc = 532 nm, 0.1 s, 30 accumulations, 8 times, 3.03 mW, Figure S12B) and remaining iodine was
evaporated (T =rt, p =1 x 1073 mbar, t = 2 h). The sample was contacted by applying conductive silver paint to the gold electrode. The
measurements were performed under ambient conditions. Regular, flower-like structures can be observed on the surface of graphene
that may be iodine/polyiodide crystals that have not completely evaporated. These structures show a reduction of the work function,
however smaller compared to the iodinated areas, which is in line with the transport measurements showing stronger p-doping for the
iodinated graphene compared to iodine-doped graphene (Figure S2). The height of the flake compared to the substrate is 4 nm
indicating the coverage of graphene with adsorbates, e.g. remaining iodine. Less structures are observed in the iodinated areas, maybe
due to the increased evaporation by laser irradiation, giving a contrast in the topography image. Nevertheless, the measured work
function is lower in irradiated areas consistent with the increased doping level of iodinated graphene compared to iodine-doped
graphene in transport measurements.

Table S2. Extracted contact potential difference values from contacted KPFM measurement each from a 25x25 pixel square.

Sample iodinated / pristine / mV AEF

mV / mV
Right of 50.56 175.1 124.5
bilayer # .62 16 .45

(Figure S8D)

Left of bilayer 46.56 205.1 158.5
(Figure S8E) 18 .35 +24.4

Average 48.56 190.1 141.5
16 .48 +15.4

To extract the work function differences an average of 25x25 pixels in the pristine areas were compared to the same number of pixels
in the iodinated area (white squares, Figure S12D and E) in two different areas of the sample and averaged, giving a value of 141.5 mV
(Table S2).
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Influence of Lattice Defects on Trans-Oligoene Substructure

Formation in Graphene

Fabian Grote®™ and Siegfried Eigler*®

The photochemical reaction of iodine and graphene induces
strong new Raman modes due to the formation of trans-
oligoene substructures in graphene domains. This unique
reactivity was demonstrated before on defect-free graphene,
however leaving the influence of e.g. carbon vacancies, unex-
plored. Here, we investigate the photochemical reaction applied
on graphene with varying average distances of lattice defects
and statistically analyze the characteristic Raman modes which
develop with the iodination reaction. We show that the
iodination reaction does not lead to Raman-active defects and

Introduction

The regioselective functionalization of graphene modifies its
electronic structure by periodic variations on the nanometer
scale within the graphene lattice To date, examples of
reactions generating defined substructures within the material
are rare due to a lack of functionalization strategies with strong
regioselectivity.”) Moiré superlattices of graphene and its metal
substrate have been used to guide the reactivity in periodical
patterns.”’ Similar to the patterning on the microscopic scale,
masks of supramolecular assemblies can be used to introduce
periodic structures.”

In our recent report, the evolution of trans-oligoene
substructures induced by a photochemical iodination reaction
applied on defect-free graphene was observed.” However,
previous reports using defective graphene, e.g. reduced
graphene oxide did not display specific Raman modes, that
would suggest a reaction with iodine.” Thus, the substructure
formation seems to be strongly influenced and limited by the
presence of lattice defects. Generally, lattice defects strongly
influence the electronic properties and determine the Raman
scattering properties of graphene.”” Accordingly, vacancy
defects can activate surrounding unsaturated carbon bonds
and thus guide the reactivity of radical addition reactions, a
process, which can be followed by Raman spectroscopy.”
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thus, the newly formed trans-oligoene substructures do not
contribute to the D-mode of graphene. A statistical analysis
reveals the correlation between the average distance of lattice
defects and the intensity of the v;-mode. For defective
graphene with average defect distances below ~1 nm no new
Raman modes evolve, which is the lower limit of the
substructure size probed at 532 nm and explains why this
observation was not possible before using common graphene
oxide as graphene source.

Consequently, the introduced functional groups majorly accu-
mulate around defect sites, while large areas between them
remain graphene-like. In addition, lattice defects act as scatter-
ing sites for phonons and therefore activate the D-peak in
Raman spectra, which is used to quantify the distance of
defects.” Statistical Raman spectroscopy can be used to assess
the quality of graphene” and follow functionalization reactions
with pm-scale spatial resolution."” A precise relation between
the Raman modes and the distance of defects was developed
by Lucchese and Cancado® (Equation 1, Table S2) that empiri-
cally describes the relation of the ratio between the intensity of
the D-mode (Ip) and the G-mode (/) and the average distance
of defects in graphene.

2 2 ar P
2= aon) {e_—eu} 8
G (ra —2r3)

Here, L;, is the distance of defects in nm, C, is an empirically
derived parameter that depends on the laser energy used
(2.33 eV, 532 nm in this work). The radius of the activated area
(ra) and the radius of the structurally disordered region (r)
describe the contributions of these areas around the defects.
This model was derived for graphene bombarded with Ar* ions
and its applicability was also shown for other defective
graphene materials proving its general applicability.!'*®'?

Since trans-oligoene modes can be generated in defect-free
graphene, but are not yet reported in reduced graphene oxide,
statistical correlations between the trans-oligoene Raman
modes, see Figure 1, and the distance of lattice defects may
provide structural information of the novel substructures. Thus,
we studied the extend of trans-oligoene substructure formation
induced by the iodination reaction of different graphene
samples with Ly-values ranging from no detectable defects
down to below 1 nm. We show that the characteristic Raman
modes emerge in defective graphene under similar reaction
conditions reported for defect-free graphene. We further show
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Figure 1. Schematic illustration of the functionalization process: Graphene is
doped with polyiodides (purple) and is subsequently irradiated by laser light
(Aexe=532 nm) to generate iodine radicals that induce trans-oligoene
substructures (red). A) In graphene without defects the length of the
substructures is only limited by the delocalization of the n-radical. B) Radical
addition reactions occur around defects that also limit the length of the
substructures. C) Raman spectrum of iodinated CVD graphene without
defects. Strong v, and v;-modes emerge and the v,-mode can be observed
but no D-mode. D) Raman spectra of r-oxo-Ggy,, With Ly ~2 nm before (black)
and after (red) iodination reaction. The v, and v; modes form while no
significant change of the graphene modes is observed.

that no Raman-active defects are introduced by the reaction
and hence the formation of trans-oligoene substructures can be
followed. With Statistical Raman spectroscopy (SRS) we reveal a
correlation between the distance of defects and the intensity of
the trans-oligoene Raman modes. The characteristic modes do
not appear at defect distances below about 1 nm, which
therefore is the lower limit of trans-oligoene substructure
length probed under the given conditions.

Results and Discussion

To investigate the influence of lattice defects on trans-oligoene
chain formation, we iodinated different graphene derivatives on
300 nm SiO,/Si substrate with various distances of lattice
defects. Graphene with a heterogenous quality was prepared
by chemical vapor deposition (CVD) that cover the full range of
defects in the Raman-sensitive range. Furthermore, we wet-
chemically prepared oxo-graphene with defined distances of

Chem. Eur. J. 2024, €202401031 (2 of 6)

defects depending on the oxidation conditions. Purified oxo-
graphene was transferred onto SiO,/Si substrate by drop-
casting and reduced with hot vapors of hydrogen iodide and
trifluoroacetic acid, as reported earlier."” Depending on the
oxo-functionalized graphene derivative, two kinds of graphene
were prepared. The graphene derivative r-oxo-Ggy, (the sub-
script indicates the degree of functionalization of oxo-graphene
before reduction and the prefix “r” indicates that it was reduced
to yield graphene) with I/lc=2.6 relates to L, ~2 nm, (Fig-
ure STA) and r-oxo-G,, with Ip/l;=3.1 relates to Ly ~6 nm
(Figure S1B), according to Equation 1. The atomic structures of
those materials have been visualized by ac-TEM before.'" A
methanolic iodine solution (20 mM, 10 uL) was deposited onto
the sample for the photochemical reaction and after complete
evaporation of the solvent the sample was irradiated by the
Raman laser (532 nm, 0.1 s irradiation time, 10 accumulations,
Figure 1A and B). To exclude laser induced side reactions the
experiments were tested without iodine as well, but no
significant changes were observed.

Further on, we investigated whether Raman-active defects
are introduced by the iodination reaction. No D-peak formation
was observed for graphene without defects, as depicted in
Figure 1C. Next, we used reduced oxo-graphene with an
average defect distance of about 2 nm, for which Raman
spectroscopy is most sensitive on changes in the distance of
defects by monitoring the Ip/l; ratio (Figure 1D). Despite the
significant density of defects, v, and v; modes emerge in the
Raman spectra, however with a ~10 times decreased intensity
compared to defect-free graphene. Interestingly, the Ip/l; ratio
did not change within the limits of the reference experiment
(Table S1) showing that any defects introduced by the iodina-
tion reaction must be either Raman silent or below the
detection limit.

The covalent addition of substituents without significant D-
mode introduction in graphene has been reported earlier, e.qg.
for chlorination and azidation reactions."™ It has also been
reported for the addition of nitrenes on carbon nanotubes,
where re-aromatization after the addition reaction is proposed
as explanation."” We expect that for halogen reactions zigzag
edges are formed between the trans-oligoene chains and the
graphene domains, which are known as Raman silent."”
Consequently, this allows us to correlate the Raman modes of
graphene with lattice defects and the trans-oligoene signals.
Thus, we used the heterogenous CVD graphene to ensure same
experimental conditions (laser power, amount of iodine) for all
data points of the Raman maps, as displayed in Figure 2A. 528
spectra were collected and filtered to exclude substrate and
adlayer spectra prior to analysis yielding a data set of 256
monolayer spectra of heterogenous CVD graphene. Those
spectra were fitted using Lorentzian functions (Figure S2A). The
area of the D-mode (Ap) was used as a measure for defects since
it steadily increases with increasing density of defects and is
also related to the distance of defects. Vecera et al. reported
that A; increases exponentially with the introduction of defects,
which is also observed in our data set (Figure S2B)."® This
strong sensitivity allows the detection of minor changes within
the graphene lattice.
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Figure 2. A) Scatter plot of I, against Ap of heterogenous CVD graphene.
The coloured dots are the spectra shown in B. B) Raman spectra of iodinated
CVD graphene with increasing defect densities (A, =532 nm). The impor-
tant Raman modes are marked with grey lines.

1

Plotting the full-width at half-maximum (I, ~38cm™,
Figure 2A) and the peak position (xc,;, ~1125 cm™) against Ap
shows that these properties do not significantly vary over a
large range of defect distances (Figure S3A and B). After
irradiation, we generally observe that the intensity of the v;-
and v;- modes are lower when the D- and D'-mode are stronger
(Figure 2B). At L, <2 nm the decreasing intensity of the v;-
mode and the simultaneous increase of the D-mode make
proper fitting of peaks challenging (spectra marked with an
asterisk in Figure 3A) due to the overlap of D- and v,-peak
(Figure S4) and I, was approximated here. Plotting A,, and |/,
against A, shows that they are stable over three orders of
magnitude before they drop at A,~10,000 when plotted on a
double logarithmic scale (Figure S3C and D) and increase again
at high defect densities due to the increasing overlap of the D-
mode in the area (Figure S4). Since /,; decreases as the number
of defects increases, we assume that it is related to the number
of trans-oligoene substructures with a matching bandgap in the
probed area by the 532 nm laser.

The measured data were fitted by an exponential decay
function, as described by Equation 2 where I, is the intensity of
v, without defects and a is an empirical parameter (Figure 3A).
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Figure 3. A) Plot of /,, over A, including the spectra shown in A. The data are
in good agreement with an exponential decay fit (Equation 2). For spectra
marked with an asterisk v, and v; could not be fitted anymore and /,; was
estimated (Figure S3). B) I/l ratios plotted against Lp; the solid line follows
Equation 1. HD: high defect regime, LD: low defect regime. To distinguish
between the HD and LD, I, (50 cm™) was used.

Ao

I (Ap) = loe™* 2

The observed correlation demonstrates the dependance of
lattice defects in graphene and the formation of trans-oligoene
substructures upon iodination reaction. The fitted parameters
are summarized in Table S2. The fitting function covers the full
range of defects and reveals a continuous correlation in the
low- and high defect regimes (Figure 3B). For highly defective
graphene with Ly <1 nm the material structure significantly
differs from intact graphene since defective graphene is
polydisperse with carbon domains, which even no longer bear
hexagonal carbon lattices and thus contain next to point-like
defects, large holes, and also amorphous carbon domains."”
Therefore, graphene with such high defect density is not suited
for the formation trans-oligoene substructures. This observation
can explain the absence of characteristic signals in defect-rich
reduced graphene oxide, since the absence of sufficiently large
graphene domains and the exponential increase of the
graphene Raman modes would prevent the detection of trans-
oligoene substructures.

Due to the resonance Raman effect only trans-oligoene
chains with a bandgap close to the laser energy (2.33 eV) can
be detected.”” The observed signals are in good agreement
with those of tbu-capped trans-oligoene molecules (Figure S5)
reported by Schaffer et al.?" containing around eleven double
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bonds (bandgap: 2.35eV, v;=1125.1cm™, v;=1514cm™).
Such a carbon chain would have a length of ~2.6 nm, larger
than the observed limit in our Raman spectra but on the same
order of magnitude. Shorter substructures with a larger
bandgap may also be present within the graphene domains
(Figure 4) but are difficult to probe due to the reported
defunctionalization at higher excitation energies.”’

In graphene without defects the maximum chain length of
trans-oligoene substructures is only limited by the extent of the
n-radical delocalization within the graphene lattice. In defective
graphene the reactivity towards iodine radicals is increased on
the one hand, on the other hand defects limit the extension of
n-radicals and therefore, the achievable trans-oligoene chain
length is limited. In defective CVD graphene typical lattice
defects are rearranged carbons, such as Stone-Wales defects
and extended line defects.”” In addition, the carbon lattice may
be ruptured by the transfer process causing additional lattice
defects. Reduced oxo-graphene consists of graphene with point
defects and larger holes that are introduced by overoxidation of
the graphene lattice during the functionalization process. From
previous aberration corrected transmission electron microscopy
(ac-TEM) studies the atomic structure of thermally annealed
0x0G,,, was visualized and consists of graphene domains with
few point-defects and holes due to the disproportionation of
oxygen containing groups, resulting in L, values of about 5-
10 nm.”?

Even for graphene with more defects, e.g. obtained from
thermal annealing of ox0-Ggy,, at 300 °C highly intact graphene
domains with diameters of ~5 nm have been observed by ac-

trans-oligoene chains
probed at 532 nm

— structural defect — trans-oligoene chains

@ Iodine

Figure 4. Schematic illustration of the proposed trans-oligoene substructures
in defective graphene. Structural defects are starting points of substructure
formation due to increased reactivity and limit the size of intact graphene
domains. Substructures with a bandgap close to the laser energy (2.33 eV)
are probed (green) while shorter ones with a larger bandgap (red) do not
contribute significantly to the resonance Raman signal. Double bonds of
graphene have been omitted for clarity.
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TEM that would still allow trans-oligoene substructure forma-
tion, although most other graphene domains have diameters of
about 1 nm."? This demonstrates the heterogeneity of defective
graphene and the limitation of the model of statistically
distributed defects within an otherwise intact graphene lattice.
Thus, the inhomogeneity of materials can explain the emer-
gence of trans-oligoene Raman signals at defect distances
smaller than the length of the probed substructures. Due to the
small number of such domains the observed signal is minor,
since the major amount of present carbon results in larger
signals (see Supplementary Note 5). The constant I, and xc,,
suggest a narrow distribution of trans-oligoene substructures
(Figure S2), as expected by resonance Raman spectroscopy.”
The strong decrease of [, is in good agreement with the
necessity of intact graphene domains for trans-oligoene sub-
structure formation, as evident in Figure 4: lodine radicals add
to defect-activated carbon bonds close to lattice defects and
form trans-oligoene substructures by isolation of double bonds
between the sp-defects. Thus, the number and length of the
substructures are limited by the size of the intact graphene
domains, which explains the disappearance of the trans-
oligoene Raman modes in the high defect regime.

Conclusions

Trans-oligoene substructure formation can be induced in
graphene with lattice defects via photochemical iodination
reaction and characteristic Raman modes are observed. No
significant change of the D-mode intensity is detected in the
most Raman-sensitive defect regime with defect distances
around 2-3 nm, suggesting that newly formed defects by the
iodination reaction are Raman silent or below the detection
limit. For addition reactions to graphene, the reaction is mostly
followed by D-mode formation and therefore, no study was
possible investigating reactions on graphene without affecting
the D-mode. Since the formation of trans-oligoene substruc-
tures does not affect the D-mode of graphene, the iodination
reaction could be monitored by Raman spectroscopy as a
function of defect density. Statistical Raman analysis of
graphene samples with varying defect distances reveals the
correlation between [,; and the number of lattice defects,
underscoring the strong dependence of trans-oligoene sub-
structure formation on structural defects within the graphene
lattice. At defect distances below ~1nm no trans-oligoene
Raman modes are observed, indicating that the size of the
remaining intact graphene domains becomes too small for their
formation and ability for probing by 532 nm laser excitation.
Our observations may be exploited in the future to drive
regiochemical functionalization strategies of graphene-type
materials, leading to periodically functionalized materials suit-
able for various fields of research.
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Experimental Section

Materials and Methods

Methanol used for sample preparation was distilled in a solvent
circulation apparatus to remove any impurities before use. lodine
was purchased from TCl and used as received. Graphite type 3061
was obtained from Asbury Carbon Mills and all other materials
were purchased from Sigma-Aldrich and used as received. Si wafers
with a 300 nm thick SiO, layer were purchased from Fraunhofer
Institut flr Integrierte Systeme und Bauelementetechnologie 1ISB in
Erlangen. Thermal annealing of samples in vacuum was made using
a Nabertherm 30-3,000°C oven.

Raman Spectroscopy

Statistical Raman spectroscopic characterization was carried out on
a Horiba Jobin Yvon XploRA™ PLUS spectrometer equipped with a
confocal microscope and an automated XYZ table. Spectra were
recorded with a green laser (532 nm, 2.33 eV) combined with a
100x objective resulting in a spot size of about 700 nm and 1,200
groves mm™' grating was used. The Raman shift was calibrated to
the Si peak before measurement.

Raman data were analyzed using the Origin 2019b software and
signals were fitted using single Lorentzian functions. Baseline
corrections were directly made in the LabSpec6 software of the
instrument and spikes were removed prior to data analysis.
Statistical Raman data were analyzed using a Python script. The v;-,
D- and 2D-modes were fitted using single Lorentzian functions,
while a triple Lorentzian function was used between 1450-
1650 cm ™ to fit the v;-, G- and D’-modes.

Preparation of CVD Graphene

Graphene was prepared by chemical vapor deposition on copper
foil using the envelope method.?” After annealing of the copper
envelope for 1 h (1035°C, 10 sccm H,, 5 sccm Ar) a flow of methane
(5 sccm) was added to the mixture for 10 min growth time. Then,
the sample was rapidly cooled down to rt. Controlling growth time
is critical if a heterogenous quality of graphene is desired.” The
exact reaction time depends however on the setup. Arbitrary pieces
of graphene were transferred onto substrates by wet-transfer
method.

Preparation of oxo-G,,,

High-quality oxo-functionalized graphene was prepared by our
earlier reported method."” The oxo-graphite crystals were repeat-
edly washed by centrifugation and decanting of excess aqueous
solution until a neutral pH was reached. The oxo-graphite crystals
were freeze-dried in a lyophilizer to remove remaining water. High
quality samples were prepared by tape exfoliation using the Scotch
tape method and directly transferred onto SiO,/Si substrates. After
reduction, the samples were annealed in vacuum (T=300°C, p=
11073 mbar, t=2 h) to remove any remaining residues.

Preparation of 0x0-Gsgq,

Oxo-graphene with a degree of functionalization around 50% was
prepared by our controlled synthesis approach, reported earlier."

Chem. Eur. J. 2024, €202401031 (5 of 6)

Reduction of oxo-G with HI/TFA

Oxo-graphene was reduced using a mixture of HI and TFA
according to our method published elsewhere.” Samples were
reduced in the vapors of Hl and TFA at 80°C for 5 min. The wafers
were placed on the hotplate for 5 min to remove any remaining
reducing agents.

Photochemical lodination Reaction

A solution of iodine in methanol (20 mM, 10 ulL) was applied to the
sample on the wafer. After complete evaporation of the solvent the
sample was irradiated. Measurements of Raman spectra and the
patterning experiments were performed at 3 mW laser power.
Spectra were measured with an acquisition time of 0.1 s. The light
dosage was controlled by the exposure time. For functionalization,
10 accumulations per spot were used with a total irradiation time
of 1s.
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Abstract: The photochemical reaction of iodine and graphene induces strong new Raman modes due to the formation of trans-oligoene
substructures in graphene domains. This unique reactivity was demonstrated before on defect-free graphene, however leaving the influence
of e.g. carbon vacancies, unexplored. Here, we investigate the photochemical reaction applied on graphene with varying average distances of
lattice defects and statistically analyze the characteristic Raman modes which develop with the iodination reaction. We show that the
iodination reaction does not lead to Raman-active defects and thus, the newly formed trans-oligoene substructures do not contribute to the D-
mode of graphene. A statistical analysis reveals the correlation between the average distance of lattice defects and the intensity of the v4-
mode. For defective graphene with average defect distances below ~1 nm no new Raman modes evolve, which is the lower limit of the
substructure size probed at 532 nm and explains why this observation was not possible before using common graphene oxide as graphene
source.
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Supplementary Note 1: Introduction of Raman-active defects by iodination reaction
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Figure S1. A) Representative Raman spectrum of r-oxo-Gso» showing the formation of the characteristic Raman modes in the high defect regime. B)
Representative Raman spectrum of r-oxo-Gass showing the formation of the characteristic Raman modes in the low defect regime.
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The results of the iodination tests with two reduced oxo-graphene samples shown in Figure S1 is summarized in Table S1. No
significant change of the D-peak is observed in the samples. Since no significant correlation between functionalization and the D-
mode can be observed, the defect-dependent signal intensity of vq and vs within a Raman spectrum can be assumed not to change
the graphene related Raman signals.

Table S1. Intensity ratios of reduced oxo-graphene samples before and after iodination reaction showing no change within the error margin upon iodination
reaction.

Compound Io/le Nc
r-oxo-Gso%_iodinated (lv1 > 100) 2.66 £ 0.19 (45) 125+ 11
r-oxo-Gsov_pristine (lv1 < 100) 2.73 £0.22 (694) 130 £ 14
r-oxo-Gay_iodinated 3.10+0.23 (97) 942 + 180
r-oxo-Gao,_pristine 3.11+0.22 (127) 942 + 150

Supplementary Note 2: Selection of spectroscopic parameters
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Figure S2. A) Raman spectrum of iodinated CVD graphene with Lorentzian peak fits. While the v4- and D-mode fits are undisturbed by other peaks, vs-, G- and
D'-modes are close together and the Lorentzian fits overlap complicating the deconvolution of the signals. B) Plot of Ap against Lo calculated from Equation 1
showing its exponential increase with decreasing defect distance. At around 5 nm there appears lack of data that may be due to the inaccurate description of the
data in that region.

Figure S2A shows a representative Raman spectrum of iodinated CVD graphene with the peak fits to demonstrate the deconvolution
of a typical Raman spectrum. Seven modes can be fitted that yield information on various properties of graphene and the trans-
oligoene substructures.

The D-peak indicates the presence of scattering sites in the graphene lattice and is analyzed using the Ip/lg ratio by fitting of the data
to Equation 1. Since no significant D-mode formation is observed upon iodination we assume no change by trans-oligoene
substructure formation. At high defect densities (below Lp ~3 nm) the obtained values become inaccurate due to the non-linear
variation of Ip.

The vi-mode was chosen to analyze trans-oligoene substructures due to its Lorentzian line shape and its isolated position in the
spectrum that allows fitting without overlap for intact graphene. At large defect densities, the D-peak starts to overlap with vy in
addition to its decreasing intensity (Figure S3). The proximity of the vi- and G-peak complicate the fitting of both peaks and
especially the extraction of the ¢ value, that is typically used as a quality criterium, becomes problematic at higher defect densities
when the D'-mode is also present. A triple Lorentzian fit function must be used.

Instead, we used the full-width at half-maximum of the 2D-mode (/2p) to select spectra in that range due to its baseline-separation
from the other peaks. It remains below 50 cm™ for the highly intact region up to ~3 nm and increases strongly at smaller defect
distances."

In the high-defect regime the assignment has a high uncertainty since small changes of the ratio strongly influence the associated
degree of functionalization.

The optimized values given in Table S2 were used for all calculations using Equation 1. Ca is the maximum possible Ip/lg ratio if all
carbons contributed to the D-peak signal. The radii rs and ra correspond to the structurally disordered and the activated graphene
area respectively and were assigned phenomenologically.?!
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Table S2. Parameters used in Equation 1 to obtain Lp values from Io/lg ratios. 2o (50 cm™") was used as a quality criterium to distinguish between the low- and
high-defect region.

Parameter value
EL 2.33 eV
Ca=160*EL* 5.429
ra 3.1 nm
Is 1nm

To calculate a defect degree in % from the measured spectra the statistical defect distance was converted to the area of intact
graphene between defects Fp using Equation S1.
V3

Fp (nm?) = 7%

(S1)

The area can be used to extract the number of intact carbon atoms N¢ by division of Fp by the area of a single carbon atom using
Equation S2.

defect area

N =

area of a single carbon
(S2)

The space taken by a single carbon in the graphene lattice of 0.02623 nm?was taken form literature.®® The number of carbon atoms per
defect then gives the defect degree 6 using Equation S3.

1
6 (%) = 7~ * 100
C

(S3)
Table S3. Fitted values of the exponential decay fit in Figure 3A.
Parameter value
lo 436 + 10
a 13475 + 608
Reduced Chi-Square 144.6
R-square 0.99
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Supplementary Note 3: Statistical analysis of functionalization data
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Figure S3. Statistical analysis of the spectroscopic parameters of vi-mode from heterogenous CVD graphene. A) Scatter plot of xcv1 against Ap. B) Scatter plot of
I against Ap. C) Scatter plot of Av1 against Ap. D) Scatter plot of Iv1 against Ap showing steep decline at large Ap values.

Figure S3 shows the statistical distribution of the Lorentzian peak fit parameters (lv1, Av1, v1, XCy1) plotted against Ap. Only a small
variation of the peak position (~1125 cm™') before increasing at high defect densities, which may also be due to the increasing
difficulty to fit the small peaks with the strong influence of the adjacent D-peak. The full-width at half-maximum 4 (~38 cm™) is also
constant at low defect densities and, increases as the modes become smaller at high defect densities. These changes are likely
influenced by the increasing contribution of the overlapping D-mode with the vi-mode.
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Supplementary Note 4: Fitting of vi mode at high structural defect densities
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Figure S4. Raman spectra of iodinated graphene marked with an asterisk in Figure 3A. A) While the vi-mode is only slightly influenced by the strong D-mode, the
vz-mode is only visible as a shoulder. B) Due to the strong overlap of the vi- and D-mode, deconvolution is necessary to exclude the influence of the D-mode.

Figure S4 shows the Raman spectra corresponding to the data points marked with an asterisk in Figure 3A that are in the high-
defect region. Without deconvolution of the spectra I,1 is overestimated since the overlapping D-peak contributes to the signal
intensity, while |1 decreases substantially. This causes the v4 and vs-modes to increase at high defect densities for the script-based
data analysis and must be corrected manually.

Supplementary Note 5: Geometric considerations, effects of structural defects on substructure formation

A Raman spectrum is the sum of all carbon atoms within the irradiated area. Here, the laser spot size is about 700 nm corresponding
to an area of 1.1 um? per spectrum with ~4.2 x 107 carbon atoms (single carbon atom area: 0.02623 nm??l). Point defects in the
graphene lattice would not significantly reduce the number of intact carbon atoms available for trans-oligoene substructure formation.
For example at Lp = 10 nm the number of intact carbons is only reduced by 0.03 %, while I,1 is reduced by ~60 % compared to
defect-free graphene. In this range graphene properties are still largely unchanged as reflected by the sharp 2D-mode. In contrast, at
Lp =1 nm the number of intact carbon atom decreases to 3 % on average and graphene signals change strongly due to the
exponential increase of the peak area and the 2D-mode becomes broad. However, defect formation does not occur in a defined
manner as the statistical calculations suggest since larger holes are also formed e.g. by disproportionation reactions or rupture
introduced during the transfer process, leading to areas with relatively intact graphene domains and large defective areas in which no
substructure formation will be possible.

Supplementary Note 6: Tbu-capped trans-oligoene molecules

Figure S5. Molecular structure of a tbu-capped trans-oligoene with eleven double bonds possess a bandgap of 2.35 eV, close to the laser energy used in our
experiments (2.33 eV) showing similar Raman signals.

Figure S5 shows the molecular structure of a tbu-capped trans-oligoene molecule synthesized by Knoll and Schrock® and was
subsequently characterized in a series of trans-oligoenes to assess the chain-length dependent Raman properties. A bandgap of
around 2.33 eV was measured for molecules with ten (2.25 eV, v4 = 1130 cm™, v3 = 1521 cm™) and eleven (2.35 eV, v; = 1125 cm™,
v3 = 1514 cm™) double bonds that have peak positions close to the Raman signals observed in iodinated graphene (Figure S3A).
The length of such a chain containing 22 carbon atoms is ~2.6 nm.
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2D
A

A
a.u.
AFM

Cgeo
Cquant
Chot
Ca
CNP
CNT
CPD
CvD

DFT
DOS
Es

Er

Ekin
Eexternal
eV
Evac

F

Fi

Fi

FET
GIC
GNR
hBN

two-dimensional

area

Angstrém (10710 m)

arbitrary units

atomic force microscopy

capacitance

geometric capacitance

guantum capacitance

sum of geometric and quantum capacitance
maximum Ip/lc ratio obtainable in graphene
charge neutrality point

carbon nanotube

contact potential difference

chemical vapor deposition

thickness

density functional theory

density of states

binding energy

Fermi energy

Kinetic energy

external electric field

electron volts

energy of the vacuum level

Farad

force acting parallel to the graphene plane (shear
force)

force acting perpendicular to the graphene plane
(normal force)

field-effect transistor

graphite intercalation compound

graphene nanoribbon

hexagonal boron nitride
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HOMO

KPFM
Lo

La
LUMO
N

n

nm

0OXO-
oxoG

Pinduced
pm

PMMA
Qphonon

la

pm

VF

highest occupied molecular orbital
intensity

Kelvin

Kelvin probe force microscopy
average defect distance

crystallite size

lowest unoccupied molecular orbital
number of double bonds

charge carrier density

nanometer (107° m)

oxygen-containing
oxo-functionalized graphene

induced dipole moment

picometer (10712 m)

polymethyl methacrylate

phonon wave vector

Radius of activated graphene area
Radius of structurally disordered area
relative sensitivity factor

second

scanning tunnelling microscopy
voltage

charge neutrality point voltage
contact potential difference voltage
gate voltage

Watt

atomic fraction

X-ray photoelectron spectroscopy
polarizability

full width at half maximum
wavelength

micrometer (1076 m)

Fermi velocity

work function
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