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Abstract

As the end of Moore’s law approaches, alternatives to inorganic semiconductor tech-
nology are required for the continued miniaturization of electronic devices. Candidates
for this change of paradigm are graphene nanoribbons (GNRs), one-dimensional strips
of graphene, as they have the advantage of being compatible with current transistor
technology. Their atomically precise synthesis and non destructive characterization are
important steps toward GNR application as novel building blocks in the semiconductor
industry, as control over topology and edge terminations would allow tailoring of their
electronic properties.

However, control over GNR topology is currently achieved by bottom-up synthesis
(BUS) on metallic surfaces. This is not ideal for either characterization nor practical
application, thus a post-synthesis transfer to insulating substrates is usually required.

BUS alternatives to this method are emerging but require further investigation.
One is cyclodehydrofluorination of fluorinated organic precursors, which has recently
been shown to be a promising pathway to achieve metal-free bottom-up synthesis of
nanographenes. Another is encapsulation and polymerization of already GNR-like small
molecules inside single-walled carbon nanotubes (SWCNTSs), which yields long homoge-
neous GNR.

In this work, I investigate these two synthesis methods and characterize them in a
contactless manner via photoselective resonance Raman spectroscopy.

First, I present how to apply in-situ laser annealing to induce cyclodehydrofluorina-
tion leading to nanographene formation directly on non-metallic surfaces. In-situ laser
annealing allows not only to influence chemical reactions, but also to have a fast and
contact-free monitoring of the reaction products. Optimization of the laser annealing
process adds a new level of control in the tailored synthesis of nanographenes on non-
metallic substrates. This is a very promising pathway to unravel the full application
potential of nanographenes in general and GNR in particular, enabling a fast optimiza-
tion of precursor molecules and substrate geometry engineered for specific applications.

Secondly, I use multifrequency resonance Raman spectroscopy on narrow armchair
GNR encapsulated in single-walled carbon nanotubes samples annealed at stepwise in-
creasing temperatures, in order to unravel the fingerprints of precursor and hybrid sys-
tem. I demonstrate their different responses to heating and find the goldilocks condition
for signal disentanglement with a focus on Raman modes originating from edge termi-
nations. Finally, I compare experimental results with theoretical spectra obtained via
density-functional theory calculations. Thus this study represents a critical step for-
ward in the successful analysis of the hybrid system GNRQSWCNT unraveled from its
precursor’s response.

iii



v

ABSTRACT



Zusammenfassung

Da das Ende des Moore’schen Gesetz ndher riickt, werden Alternativen zur anorganis-
chen Halbleitertechnologie fiir die weiter Miniaturisierung elektronischer Gerate benétigt.
Kandidaten fiir diesen Paradigmenwechsel sind Graphen-Nanobdnder (GNRs), eindi-
mensionale Streifen von Graphen, da sie den Vorteil haben, mit aktueller Transistoren-
Technologie kompatibel zu sein. Thre atomar prézise Synthese und zerstorungsfreie
Charakterisierung sind wichtige Schritte zur GNR-Anwendung als neuartige Bausteine
in der Halbleiter Industrie, da die Kontrolle tiber Topologie und Edge-Abschliisse die
Anpassung ihrer elektronische Eigenschaften, ermoglichen wiirde.

Kontrolle iiber die GNR-Topologie wird derzeit jedoch durch eine Bottom-up-Synthese
(BUS) auf metallischen Oberflichen erreicht. Das ist weder fiir die Charakterisierung
noch die praktische Anwendung ideal, daher ist in der Regel eine Ubertragung nach der
Synthese auf isolierende Substrate erforderlich. BUS-Alternativen zu dieser Methode
sind im Entstehen, weitere Untersuchungen werden jedoch benotigt. Eine davon ist die
Cyclodehydrofluorierung fluorierter organischer Prakursoren, die kiirzlich als vielver-
sprechender Weg zur metallfreien Bottom-up-Synthese von Nanographenen entdeckt
worden ist. FEine anderere Methode ist die Verkapselung und Polymerisation von bereits
GNR-dhnlichen kleinen Molekiilen in einwandigen Kohlenstoffnanoréhren (SWCNTS),
wodurch lange homogene GNR entstehen.

In dieser Arbeit untersuche ich diese beiden Synthesemethoden und charakterisiere
sie in einer kontaktlosen Weise mit photoselektiver Resonanz-Raman-Spektroskopie.

Zuerst prasentiere ich, wie in-situ-Lasertemperierung angewendet wird, um eine
Cyclodehydrofluorierung zu induzieren, die zur Bildung von Nanographen direkt auf
nichtmetallischen Oberflichen fithrt. In-situ Lasertemperierung ermoglicht nicht nur
die Beeinflussung chemischer Reaktionen, sondern auch eine schnelle und kontaktlose
Uberwachung der Reaktionsprodukte. Die Optimierung des Lasertemperierung-Prozesses
bietet ein neues Mafl an Kontrolle bei der mafigeschneiderten Synthese von Nanographenen
auf nichtmetallischen Substraten. Dies ist ein vielversprechender Weg, um das volle An-
wendungspotenzial von Nanographenen im Allgemeinen und GNR im Besonderen zu
erschlieffen und eine schnelle Optimierung von Préakursormolekiilen und Substratgeome-
trien fiir spezielle Anwendungen zu ermoglichen.

Zweitens verwende ich Multifrequenz-Resonanz-Raman-Spektroskopie an schmalen
Armlehnenstuhl-GNR, eingekapselt in einwandigen Kohlenstoffnanorohren Proben, die
bei schrittweise steigenden Temperaturen getempert werden, um die Fingerabdriicke
von Prakursor und Hybridsystem zu entwirren. Ich demonstriere ihre unterschiedlichen
Reaktionen auf Erwarmung und finde die Optimalbedingung fiir Signalentflechtung mit
einem Fokus auf Raman-Moden, die von Kantenabschlissen stammen. Schliefllich ver-
gleiche ich experimentelle Ergebnisse mit theoretischen Spektren, welche mit Dichte-
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funktionaltheorie berechnet wurden. Somit stellt diese Arbeit einen entscheidenden
Fortschritt in der erfolgreichen Analyse des Hybridsystems GNRQSWCNT, getrennt
vom Einfluss seines Prakursor, dar.
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Chapter 1

Motivation and Goals

As integrated circuits have become exponentially smaller, microprocessors are about to
reach the physical limits of miniaturization.[1, 2] A new paradigm in microengineering is
required for electronics to continue following Moore’s Law. Carbon nanomaterials have
emerged in the past few years as likely candidates for this technological revolution.[3, 4]

Single layer graphene was first isolated in 2004 by Geim and Novoselov and soon after
employed in an electronic device.[5, 6] This work was one most prominent breakthroughs
of the turn of the century and it was rewarded with a Nobel Prize in 2010.[7] However,
this material’s electronic applications are limited by the absence of a gap between its
valence and conduction bands.[8] Quantum confinement provides a way to open the gap
while preserving other desirable characteristics of graphene, which is realized in carbon
nanotubes (CNTs) and GNRs.[9]

Other than miniaturization CNT and GNR transistors offer other advantages, such
as their ability to operate at lower voltages than their inorganic counterparts.[10, 11, 12]
Simulations and experiments predict better on/off current ratio for single-walled carbon
nanotube (SWCNT)-based field-effect transistor (FET) than GNR-based FET[13, 14].
However other challenges arise from the synthesis of this material, as only two thirds of
SWCNTs are semiconducting and must be separated from the metallic fraction.[15] At
the present time, the purity needed for large-scale applications is still elusive.

On the other hand, the electronic characteristics of GNRs depend mainly on their
topology and can therefore be specifically tailored by employing suitable precursor
molecules. In the same way, it is possible to create GNR heterojunctions, to lower
the Schottky barrier at the contacts.[16, 17, 18]

Large scale applications are not yet available, as current high-yield state-of-the-art
synthesis requires a metal substrate as catalyst, which hinders direct characterization
of GNR and production of GNR-based transistors.[19] Therefore, research efforts into
GNR and their application would greatly benefit from a synthesis method independent
of any metallic surface. Currently available strategies under examination include on-
surface synthesis on insulators from fluorinated precursors and polymerization of small
molecules encapsulated in SWCNT.[20, 21]

Because of quantum confinement, edge morphology has a great influence over
the characteristics of GNR, as it contributes to determine the electronic transport
properties.[22, 23, 24] One well established tool in the characterization of 2D-carbon
materials is Raman spectroscopy. While modes related to width and other topological
characteristics of GNR have long since been analyzed, edge-related modes have so far

1



2 CHAPTER 1. MOTIVATION AND GOALS

only been identified.[25] However, they provide a window into edge properties, which are
pivotal for complete characterization of GNR and future applications.

In general, smaller width nanoribbons present bigger quantum confinement effects
and thus more opened bandgaps. Furthermore, GNR with armchair edge topology can
be categorized into three families according to the number of C-C dimers spanning their
width, with the family with (N+42) number of dimers having the smallest bandgaps. GNR
about 0.5nm wide (5-AGNR, 6-AGNR and 7-AGNR) are suitable for encapsulation in
SWCNT with mean diameter of 1.4 nm, which are the most easily retrievable SWCNT.
6-AGNR and 7-AGNR have been studied and characterized, while 5-AGNR, which, with
its energy gap in the order of 1 eV, would be the most suitable for electronic applications,
has yet to be investigated.[26]

The main objective of my project has been to use Raman spectroscopy for the char-
acterization of two metal-free bottom-up synthesis methods of graphene nanoribbons.
This aims at facilitating their characterization in the short term in view of eventual bulk
production and industrial application.

For this purpose, I investigate the step-by-step graphitization of a small fluorinated
precursor by using laser annealing as a localized heat source and Raman microscopy as
a contact-free and thus non-disruptive characterization method. This allows me to shed
light into the so far unknown chemical processes that take place during polymerization
of this kind of precursors, creating a template for future investigations.

Furthermore, I encapsulate a small rylene dye, terrylene into SWCNT, with a narrow
diameter distribution selected to promote precursor alignment and thus polymerization
into a 5-AGNR. I use multifrequency Raman spectroscopy to investigate the photoselec-
tive resonances in this hybrid system, in order to disentangle the edge-related vibrational
modes of GNR from those of the precursor and study for the first time the Raman re-
sponse of edge passivation-related modes.



Chapter 2

Carbon and its Allotropes

Carbon is one of the most versatile elements in the periodic table. Its ability to hybridize
and its electronegativity allow it to form an exorbitant number of stable molecules. Be-
cause of this extraordinary characteristic, carbon-based molecules are found in abun-
dance in very different environments, from minerals to living organisms.[27]

In recent years, carbon-based molecules have been the focus of intense research to
build the basis for a technological revolution that would allow the transistor industry to
surpass the physical limits of Moore’s law. This field has lead to multiple technological
breakthroughs. Some of these can be already found in commercialized products, one
high profile example of which are high contrast screens made of organic light emitting
diodes (O-LED), currently widespread especially in the smartphone market.[28, 29]

As a member of the sixth group in the periodic table, in its ground state Carbon has
two electrons in the 2s orbital and another six in the three 2p orbitals, with four electrons
available to form bonds. However, the valence orbitals can mix into hybrid sp™ orbitals,
where n indicates the hybridization type, each of which is related to different spatial
distributions of carbon bonds: linear for sp hybridization, planar for sp? hybridization
and three dimensional for sp? hybridization.

For the purposes of this work, carbon allotropes are especially interesting. These are
structures which contain only carbon in their basic molecular composition.

Hybridization can be used as the discriminating factor to classify a few examples of
interesting carbon allotropes, whose ball and stick model is depicted in figure 2.1:

sp - linear molecules cumulene and polyyne contain, respectively, carbon chains with
double carbon-carbon bonds (=C=C=) and alternated single and triple carbon-
carbon bonds (~C=C-), they are called carbyne when the carbon chain becomes
infinitely long;[30]

sp? - the template for planar carbon allotropes is graphene, which is the parent mate-
rial to both graphene nanoribbons and carbon nanotubes, while the bulk form of
graphene is graphite, which is the most thermodinamically stable form of carbon
at room temperature and pressure;|[8]

sp® - diamond is the cubic form of graphite and it is the hardest naturally occurring
material.[31, 32]
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Allotropes with mixed hybridizations are also possible. One example are small
fullerenes, the smallest of which is Cgg buckminsterfullerene. They consist of a graphene
layer curled up into a ball. Because of curvature effect, their hybridization is no longer
pure sp?, but it presents itself mixed with sp? hybridization. This contributes to the
chemical reactivity of fullerenes. Specifically, in the case of Cgg curvature effects lead to
a sp%?8 hybridization.[33]

Figure 2.1: Ball-and-stick models of some carbon allotropes with different hybridizations,
from one to three dimensional. Left to right: carbyne (sp), graphene (sp?), single-walled
carbon nanotube (sp? with curvature effects), Cgp buckminsterfullerene (sp>2%), and
diamond (sp?).

2.1 Graphene Related Nanomaterials

Graphene is a planar monolayer of sp? hybridized carbon atoms arranged in a honey-
comb pattern. It was first successfully isolated in 2004 by Geim and Novoselov, which
was recognized with a Nobel Prize in 2010.[5]

Theoretical models of graphene predict that its electrons behave as massless particles
(at least approximately at low energies around the Fermi level), it possesses extremely
large thermal conductivity and the highest tensile strength ever measured.[34, 35, 36]

Despite its extraordinary properties, its vanishing band-gap makes it unappealing
for most electronic applications.[8] One way to surmount this problem is to open the
bandgap through quantum confinement, as is the case for graphene nanoribbons and
carbon nanotubes.|[37]

Graphene nanoribbons (GNRs) are quasi-one dimensional strips of honeycomb
carbon with vanishing width-to-length ratio. Though their structure is based on their
parent material, graphene, GNRs are far superior candidates for the development of
carbon-based devices. This is due to the tunability of their electronic and optical prop-
erties, which mainly depend on the topological characteristics of the ribbon. In fact,
ribbon width, edge morphology and edge termination play a pivotal role in determining
electrical, optical and magnetic properties of GNR.
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The first paper to expressly correlate the electronic properties of finite graphene
systems to their edge topology was published in 1996 by Fujita et al.. The authors
demonstrated that control over a nanoscale ribbon’s edges influences the overall elec-
tronic state.[22] Since then, further theoretical and experimental research has confirmed
that, depending on their edge morphology and their width, GNR can behave as metals,
semiconductors or insulators.[38, 39]

As precise control over the topology is required, bottom-up synthesis (BUS) is the
ideal way to obtain nanoribbons. It was reported for the first time in 2010 by Cai et
al.. The group established what is today the most widespread synthesis route, which
consists in polymerization of small precursor molecules on a metallic surface, which acts
as reaction catalyst.[40, 25]

Figure 2.2: Ball-and-stick sketch of a GNR encapsulated in a SWCNT.

Also a semi-one dimensional derivative material of graphene, a carbon nanotube
(CNT) can be thought of as a GNR "rolled-up” into a tube. Counting the number of
walls in a CNT provides a first, rough classification into single-walled carbon nanotubes
(SWCNTs) and double-walled carbon nanotubes (DWCNTs). CNTs with more than two
walls are called multi-walled carbon nanotubes (MWCNTs).

Though some controversy exists on the discovery of MWCNT, SWCNT were first
observed in 1991 by lijima.[41]

Similarly to GNR, topological characteristics majorly affect the electronic properties
of SWCNTs. The orientation of the graphene lattice determines whether the SWCNT
is metallic or semiconducting, which exist in a 1:2 ratio. Moreover, the energy gap of
semiconducting SWCNTSs is inversely proportional to their diameter.[42, 37] The energy
gap range is between 0.5 and 1.5eV, which makes them attractive for FET integration.

Additionally, the synthesis of nanomaterials, SWCNTs can be used as nanoreactors,
as they provide a protected hollow space for transformation and polymerization of small
molecules, which is their main interesting characteristic in the scope of this work, such
as the GNR@SWCNT sketched in figure 2.2.[43]

2.1.1 Graphene-Derivatives-Based Nanoelectronics

As mentioned above, graphene is unsuitable for most electronic components, as its van-
ishing band-gap prevents graphene-based transistors from switching off.[44] However,
there are some notable applications, which include graphene-based optoelectronic com-
ponents for photonics[45] and telecommunications.[46, 47]

With the exception of metallic SWCNT, smaller dimensions (respectively, diameter
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and width) mean a bigger electronic band gap for both SWCNT and GNR. Both ma-
terials are under careful examination as building blocks for new kinds of technologies.

Because of their earlier discovery, to date SWCNT have been researched more ex-
tensively than GNR. The first transistor that employed a single SWCNT as channel,
a CNTFET, was first built by Tans et al. in 1998.[48] Though a considerable Schot-
tky barrier was present at the contacts, this problem can be solved with appropriate
interfaces.[49] SWCNT-based field-effect transistors (FETs) are more energy efficient
than those built out of inorganic semiconductors, as they operate at higher current
densities and lower voltage.[10, 50, 51, 52]

Researchers have used this technology to build in 2013 a SWCNT-based computer
with 178 CNTFET, able to run programs and operating systems.[53] The next big step
was a microprocessor built out of 14000 CNTFET in 2019.[54]

SWCNT have also applications in the energy storage field, as they can be used to
construct better capacitors.[55]

However, as one third of SWCNT are metallic, the outstanding challenge in building
logic devices based on CNTFET is sample purity. In fact, a fast, low cost, high yield syn-
thesis or separation method that would provide a sample with a concentration of metallic
SWCNT impurities low enough for industrial applications has yet to be discovered.[56]

In FET fabrication, GNR offer a clear advantage over SWCNT, as their electronic
characteristics of depend mainly on their topology, making it possible to tailor their band
gap in with BUS methods. Specifically, GNR electronic properties are determined by
the width, usually expressed in number N of C-C dimers spanning it, edge morphology
and edge termination.[22, 23, 3§]

The width necessary to open a gap in the band structure of graphene suitable for
room-temperature nanoelectronics is 10 nm or less, which is at the limit of lithographic
possibilities but easily achievable with BUS.[57, 58] The most commonly investigated
edge morphologies are zigzag and armchair, though many other edge configurations are
possible.[59] Edge terminations are also pivotal for electronic properties. Because of this,
GNRFET could be used to build detectors for organic molecules.[60]

GNR of width N with armchair topologies, or N-AGNR, can be further categorized
into three families with slightly different electronic gap behaviour, based on the number
N.[38]

As is the case for CNTFETSs, GNR-based FETs have been demonstrated to be able to
operate at lower voltages than silicon-based transistors.[11, 12] BUS methods allow also
the creation of GNR heterojunctions, to lower the Schottky barrier at the contacts.|[16,
17, 18]

In this work, I investigate two GNR synthesis methods, in order to determine if they
are good candidates for independence form metal substrates currently required for BUS.



Chapter 3

Electronic Properties of Planar
Nanocarbons

The description of electronic properties of graphene-related materials in this chapter
follows in part the book by Jorio et al. [9].

In this chapter, electronic properties of graphene and related materials will be dis-
cussed.

When the 2D material graphene is confined in 1D, either by rolling it up into a
single-walled carbon nanotube or by cutting it into a graphene nanoribbon, the finite
length forces the electronic wavefunction into standing waves along the smaller axis, thus
introducing a quantization of the possible electronic states.

As both GNR and SWCNT's can be derived from graphene, many properties and their
modeling are shared between the two materials. Though the main interest of this work
is in GNR, I will first provide a description of SWCNT's as a template, which will also be
useful later for the interpretation of spectral data of the hybrid system GNRQSWCNT.

3.1 Electronic Properties of Graphene

Graphene is a planar allotrope of carbon. Its molecular structure is composed of sp?
hybridized carbon molecules arranged in a honeycomb pattern.

We start by defining two independent base vectors ai and a3 for the real space honey-
comb lattice of graphene (figure 3.1a), which can be expressed in Cartesian coordinates
(with z axis parallel to an arbitrary C-C bond) as:

ai = (\éga, g) ap = (?a, —;) (3.1)

where a = |di| = |d3| = 2.46 A is the lattice constant of graphene.
From the usual definition, it follows that the reciprocal lattice base vectors are:

- 2 27 - 27 27
b = —y b = =, 32
' <\/§a a > ’ <\/§a a ) 32
and the reciprocal lattice constant is 47/+v/3a (figure 3.1b).[61]
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(a) (b)

Figure 3.1: (a) Real and (b) reciprocal space lattice of graphene.

The band structure of graphene can be modeled using the well known tight-binding
model. The thus found computed energy dispersion in the first Brilluoin zone of graphene
is depicted in 3.2. At the K points valence and conduction bands touch, making graphene
a zero band-gap semiconductor, or semimetal.

(a) (b)

* 1=-3eV
T g=0.13

o
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Figure 3.2: (a) Electronic energy dispersion of graphene in the first Brilluoin zone (b)
and along high symmetry directions, generated from [62].

Figure 3.3 shows the phonon dispersion relations of graphene. As there are two
atoms in the unit cell, there are six phonon branches, three of them acoustic (A) and
the other three are optic (O). They are classified as longitudinal (L) when parallel to
the wave propagation direction or transverse (T) if perpendicular. Finally, vibrations
can be classified as out-of-the plane (0) or in-plane (i); the latter can be omitted when
focusing on longitudinal modes. The three acoustic modes (LA, iTA, oTA) and two
optical modes (LO, iTO) are degenerate at the high symmetry I" point.
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Figure 3.3: Phonon dispersion relations of graphene along high symmetry directions of
the first Brilluoin zone, adapted from [63].

3.2 Electronic Properties of Single-Walled Carbon Nan-
otubes

Single-walled carbon nanotubes (SWCNTS) are long tubular strips of honeycomb carbon,
which forces the electronic wavefunction into standing waves around the tube’s diameter.

In general, the electronic properties of SWCNTSs depend on the orientation of the
graphene lattice along the axis and on the diameter of the tube. In order to take both
parameters into account, we define the chiral vector (éh) as the vector perpendicular
to the tube’s axis:

—

Cp = nai + maj = (n, m) 0<m<n (3.3)
with || equal to the tube’s circumference. With the scalar indices (n, m) it is possible

to calculate the diameter d;:

dt ; (D + m)2 (34)

™

and the angle 6 between a1 and Ch:

V3m
m + 2n

tan = (3.5)

Therefore, a SWCNT can be uniquely characterized either by the scalar indices (n, m)
or by dy and . SWCNTs with 6 = 0° are classified as zigzag (m = 0), those with § = 30°
are called armchair (m = n), while those with intermediate values of 6 are classified as
chiral (0 < m < n). Examples of ball-and-stick models for nanotubes with diameter
~0.8nm are in figure 3.4.

The unit lattice cell of a SWCNT can be defined using Cy, and the translation
vector T

—

f = t1a] + tods Ch - f =0 (3.6)
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(a) (b) (c)

Figure 3.4: Ball-and-stick models of single-walled carbon nanotubes with diameter
~0.8nm: (a) (10,0), zigzag SWCNT; (b) (6,6), armchair SWCNT; (c) (9,2) chiral
SWCNT.

The indexes t1 and o are related to the nanotube’s indexes:

(2m + n) (2n+m)
= — 7 to= —~— 2~ 3.7
' d, 2 d, (3.7)
where d,. is the greatest common divisor of
dy = ged (2m 4 n, m + 2n) (3.8)

As an example, in figure 3.5, éh, 0 and T are drawn for a (4,2) SWCNT, which is
one of the smallest stable freestanding CNT, along with its ball-and-stick sketch.[64, 65]

The reciprocal space vectors corresponding to C_"h and T , K and I?g, are found with
the usual definition and the orthogonality condition:

éh-ﬁlzf'RQZQW C_;h~f?2:f-}?1:0 (39)

Since K; corresponds to C_"h, the reciprocal space is quantized along its direction, which
creates “cutting lines” on the electronic dispersion of graphene, whose length and direc-
tion are given by Ko (see figures 3.6a and b).

If the cutting lines cross the K point of graphene, the SWCNT has a metallic behavior
(Fig 3.6¢). Instead, if the cutting lines do not intercept any K point, the SWCNT has a
band gap and is therefore semiconducting.

The electronic behaviour of SWCNTSs is tied to their scalar indexes and can be
deduced by examining (2n+ m) /3, or (n —m) /3, depending on which convention is
adopted.
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(a) (b)

Figure 3.5: (a) Unit cell of an unrolled (4,2) SWCNT, showing Ch, 6 and T, and b) its
ball-and-stick sketch.

If (2n+m) € 3N, or (n —m) € 3N, the SWCNT is metallic. In all other cases it
is semiconducting, with a further subdivision into Type I and Type II according to the
remainder of the division. It is important to note which convention has been adopted,
as the semiconducting types are switched according to the quantity used in the division.
In this work, T will use the first convention (2n + m) € 3N.

Figure 3.6: (a) Unrolled reciprocal space of (4,2) SWCNT overlapped on reciprocal space
of graphene (adapted from [9]). (b) ”Cutting lines” for (4,2) on energy dispersion in the
Brilluoin zone of graphene (adapted from [9]). (c¢) Cutting lines in the vicinity of the K
points for a metallic (blue) and a semiconducting (purple) SWCNTs.

One third of synthesized SWCNTs are metallic and two thirds semiconducting. The
energy gap of semiconducting SWCNTs is inversely proportional to their diameter.[42]

As the electronic properties of SWCNTs are determined by their chirality, so is the
density of states (DoS) in their energy levels. SWCNTSs are a one-dimensional quantum
well, thus peaks appear in the density of states called Van Hove singularities. Optically
allowed transitions E,, are those between the n'" Van Hove singularities conduction
and valence bands (see figure 3.7a). Figure 3.7b shows an excitonic Kataura plot, which
correlates the computed E,, transition energies to the topological characteristics of

the tube, such as diameter or chirality, thus providing a template to identify unknown
SWCNTSs.[66, 67]
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Figure 3.7: (a) Examples of DoS for the smallest allowed SWCNTSs: metallic (3,3), type
I(4,2), type II (5,1). Adapted from [68]. (b) Theoretical excitonic Kataura plot showing
the relation between diameter and allowed optical transitions in SWCNTs.[66, 67]

The exact value of the transition energies depends not only on the chirality, but also
on environmental factors such as bundling and chemical environment. Techniques such
as optical absorption (OA) and photoluminescence (PL) can be used to determine the
experimental values of E,,;, and improve the theoretical calculations.

3.3 Electronic Properties of Graphene Nanoribbons

Graphene nanoribbons (GNRs) are strips of graphene with extremely large length to
width ratios and are thus quantized along their smaller dimension. They are usually
classified based on the number N of dimers spanning the width of their unit cell, and
on their longitudinal morphology, which can be zigzag graphene nanoribbon (ZGNR),
armchair graphene nanoribbon (AGNR) or chiral graphene nanoribbons, in analogy to
SWCNT.[22, 23] The number of carbon atoms in a unit cell is 2N.[9] Examples of GNR
topologies are in figure 3.8.

The chiral vector C_"h, defined as in equation (3.3), is parallel to the longitudinal axis
and the ribbon edges. C), can also be rewritten as sum of projections in the zigzag and
armchair directions:

Ch = Ch,zonr + Chacnr = (n — m)di +m (ai + d3) (3.10)

C), or the chiral angle 6 (3.5) provide some information about the edge morphology, but
GNR with the same C}, can have a different number of of edge atoms N, and dangling
bonds Ng. Thus minimal edge graphene nanoribbon are defined with:[69]

Ne=Ng=m-+n (3.11)

to provide unanambiguous identification.
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Figure 3.8: (a) N=4 zigzag GNR; (b) N = 7 armchair GNR; (c) N=4 chiral GNR with
Cr = (3,1) and w = 2. The unit cell is highlighted in yellow. The N dimers spanning
the width of the unit cell are highlighted in red. (Edge passivation not shown.)

The width of a GNR is defined as the distance between the central points of its
outmost dimers. For ideal ribbons, the width depends on N as:

WacnR = % (N-1)a (3.12)
WZGNR = \ég (N — 1) a (3.13)

where a is the lattice constant of graphene (see section 3.1). If N is odd, there is a
correspondence between ribbons and nanotubes:

e the width Wzgnr of a N-ZGNR is equivalent to the circumference of an armchair
SWCNT with indexes (%, %),

e the width Wagnr of an N-AGNR is equivalent to the circumference of a zigzag
SWCNT with indexes (¥:2,0).

No equivalent SWCNT exists for even N values.
For a chiral GNR, a width vector can be defined, parallel to the armchair direction
of the graphene lattice spanning the unit cell (Fig. 3.8c):

W = —wadi + 2wdj = (—w, 2w) weN (3.14)
Thus, the width of a chiral nanoribbon is:[70]
Wehiral = V3w a cos 0 (3.15)

From now on, we will focus only on AGNR and ZGNR, as they provide the most straight-
forward examples of GNR.
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Figure 3.9: Reciprocal lattice of graphene overlapped with the Brilluoin zone of ideal
10-AGNR (red) and 10-ZGNR (green) and their ball-and-stick sketches. Adapted from
[71].

Because of confinement along the width, only standing waves are allowed perpen-
dicularly to the GNR’s axis. Therefore, the wave vector in this direction is quantized
as:

n=0,..., N—1 (3.16)

As a consequence, the Brilluoin zone of GNRs consists in N discrete lines, spaced Ak =
WgNR apart. These cutting lines are parallel to the zigzag direction of the lattice for an
AGNR, to the armchair direction of the lattice for a ZGNR (figure 3.9).[71, 72]

GNR can be considered a supercell of graphene unit cells. Thus when their Brilluoin
zone is “unfolded” on the phonon dispersion relations of a graphene monolayer, the
latter is almost perfectly reproduced by the GNR modes and their overtones (figure
3.10). Interesting is the branch switching occurring in GNR phonon modes at the K

point, due to the wave vector rotating 120° between the 'K and KM directions.

3.3.1 Energy Gap in Graphene Nanoribbons

As a first approximation, the band structure of GNR can be calculated by tight binding
and zone folding of the graphene energy dispersion. In this approximation, a flat band
appears at the Fermi energy of ZGNRs, while a AGNRs are predicted to be semiconduc-
tors except when % € N.[22, 23, 9] However, when the localized states at the edges,
which greatly influence the band structure, are taken into account, all GNR are pre-
dicted to have a non-zero energy gap. Thus, both ab initio calculations and experiments
have shown that all nanoribbons are semiconducting with an energy gap depending on
the ribbon’s width.[38, 73]
Armchair graphene nanoribbons (AGNRs) can be further subdivided into three
families[22, 23]
N =(3p,3p+1,3p+2) peN (3.17)

Fig. 3.11 shows the energy gap E, for all three families of AGNR predicted from tight-
binding and from ab-initio local-density approximation (LDA) calculations. While tight-
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Figure 3.10: Mapping of iTO (filled squares), LO (circles), oTO (filled diamonds), iTA
(empty triangles), LA (filled triangles), oTA (crosses) fundamental frequencies and over-
tones of an 15-AGNR onto calculated phonon dispersion of graphene solid lines. Lon-

gitudinal nanoribbon modes correspond to transverse graphene modes. Adapted from
[71].

binding predicts that Ey(3p) ~ E4(3p+1) and E,4(3p+2) = 0, LDA calculations exhibit
the following energy gap trend:[38]

E,(3p+1) > E,(3p) > E,(3p+2) > 0 (3.18)

Thus AGNR of all three families are semiconductors with an energy gap that is inversely
proportional to the ribbon width. Experiments confirm the trend from LDA calculations
described in equation (3.18), showing that E,(3p + 2) is small but not zero.[74]

The highlighted data represents 5-, 6- and 7-AGNR, all of which in principle have a
suitable width to be grown inside 1.4nm SWCNT from encapsulated small molecules.

Zigzag graphene nanoribbons (ZGNRs) are also direct semiconductors with a
bandgap inversely proportional to the ribbon’s width. First-principle calculations pre-
dict them to have magnetic properties at the edges, with a magnetic insulating ground
state and antiparallel spin orientation between opposite edges.[38]

However, the energy gap is underestimated when only density functional theory
(DFT) calculations are used. A more accurate theoretical determination of the energy
gap requires ab initio calculations with the Green-Coulomb (GW) approximation, as
illustrated in figure 3.12.

When comparing theoretical results with theory, experimental conditions must be
taken into account, as presented in figure 3.12. Transport experiments are commonly
conducted via scanning tunneling spectroscopy (STS) on metallic substrates, therefore
it is necessary to consider the effect of charge transfer due to polarization between
GNRs and their substrate, for example using Image Charge (IC) corrections. Optical
experiments are influenced by the presence inside the material of excitons, interacting
electrons and holes. In order to have an agreement between measured and computed
optical gap, the binding energy of excitons must be computed with the Bethe-Salpeter
equation (BSE) and subtracted from the energy gap of a free-standing nanoribbon.[75,
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Figure 3.11: Energy gap of the three families of AGNR as a function of width, calculated
with (a) tight binding approximation and (b) ab initio LDA calculations. Adapted from
[38]. AGNR which can in principle be grown inside 1.4 nm SWCNT are highlighted.

76] Excitonic effects are also responsible for optical resonances observed in Raman, OA
and PL spectroscopies.[77]
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Figure 3.12: (a) Comparison between contributions to ab initio calculations of the GNR
band gap in vacuum (blue), and the electronic (red) and optical (green) band gaps
determined experimentally. Adapted from [76]. (b) Energy gap of 7-AGNR, calculated
by TB, LDA, GW, GW corrected for substrate polarization (IC) or excition binding
energy (BSE), and determined experimentally by STS, RDS and WDRS.[38, 76]

As an example of how dramatic the differences between estimates are, some calculated
and measured values of the energy gap of 7-AGNR are reported in figure 3.12b. The
values from figure 3.11 are compared with values reported in Denk et al., in which the
gap was calculated via DF'T and GW approximation, corrected for substrate polarization
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via IC and for excitionic presence via BSE; moreover the transport gap was measured via
scanning tunneling spectroscopy (STS) and reflectance difference spectroscopy (RDS).
Furthermore, the observed optical gap from Kuzmany et al. measured via wavelength
dependent Raman spectroscopy (WDRS) is reported.

The GW approximation increases dramatically by about 2.5eV the energy gap esti-
mate for a free standing GNR. The IC correction lowers the estimate by about 1.2eV,
and is in agreement with experimental values registered with STS. In the same way, BSE
correction to yields an optical gap of about 2eV, very close to the experimental values
of 2.1 and 2.18eV found by RDS and WDRS, respectively.

Therefore, precise tailoring of the final topology provides control over the GNR’s
electronic and optical properties.

Zig-zag and armchair GNR hybrids have interesting transport properties, leading
for example to localized states behaving as massless Dirac fermions or to non-trivial
quantum phases at the hybridization junction.[78, 79, 80]

Not only topology but also edge passivation and doping influence the band
gap of the ribbon.[24] The edge bonds can be left dangling][73] or terminated with
heteroatoms.[81, 17] Heteroatoms can also be inserted in the honeycomb lattice to create
localized states[82] or deposited on the GNR to act as charge donors.[83]

Other influences on the band structure are electrostatic interaction with the
substrate[75] and physical distortion of GNR geometry, such as lattice relaxation.[84,
85, 86].
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Chapter 4

Synthesis of Graphene
Nanoribbons

4.1 State of the Art

Since the first theoretical work on graphene nanoribbon in 1994, tailored synthesis of
GNR has been an active research topic.

The earliest synthesis trials used a top-down approach, which consists in nanolithog-
raphy on graphene[87, 88] or on CNT.[89] This technique results in GNR with relatively
large widths (Z10nm) and irregular edge topology.[90]

The study of atomically precise, small-width GNR was made possible by the develop-
ment of BUS techniques. They allow to atomically tailor the final electronic and optical
properties of the GNR by selecting the organic precursor used for the synthesis.[91, 80, 92]

4.1.1 Solution-Mediated Polymerization

One noteworthy BUS method is solution-mediated polymerization. This is a very high
yield method which has led to the synthesis of GNR of various topologies with lengths
in the order of ~100nm.[93] Despite these successes, characterization and application
of GNR synthesized in solution present challenges due to bulky solubilizing side groups
and to their large size, which in turn raises concerns on their structural perfection.[94,
95, 96, 97]

Moreover, ordered deposition on substrates of long macromolecules is a well-known
issue in the field of organic semiconductors, whose solutions require a compromise be-
tween good alignment and time efficiency.

4.1.2 Chemical Vapour Deposition on Metal Substrates

At the present time, the established high-yield BUS route to obtain atomic-precision
GNR is on-surface cyclodehyodrogenation (CDH): a halogenated precursor (e.g. with Br
or I atoms) is deposited in ultra-high vacuum (UHV) through chemical vapour deposition
(CVD) on a metal substrate, then heat-treated to induce polymerization with Ullmann-
like coupling reaction, during which the bond between halogen and precursor molecule
is broken and hydrogen halides are formed (e.g. HBr or HI), and finally some of the
remaining C-H bonds are endothermically broken leading to hydrogen gas and cyclization
of the dangling C-C bonds.

19
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CVD followed by on-surface CDH provides the most control over the morphology
of the final product among the established BUS synthesis routes for GNR, which al-
lows to tailor electronic, optical and magnetic properties by choosing the appropriate
precursor.[96, 98].

The first reported instance of on-surface CDH was published by Cai et al. in 2010.[40]
The reaction schemes they used are in figures 4.1a and b, together with STM overviews
that confirmed polymerization into GNR in figures 4.1c and d.

During the decade that has elapsed since this breakthrough article, knowledge and
expertise in GNR polymerization has grown enough to allow the same group to commence
systematic, relatively high yield production of material with a “GNR reactor”.[25]

State of the art bottom-up synthesis has led to the production of atomically precise
GNR with interesting edge topologies, such as armchair[40], zigzag[73|, cove type[99]
or chevron shaped GNR.[40, 17] New exotic hybrid structures have been investigated,
including GNR with staggered edges or in-line extended edges[80] and GNR syntesized
from a sequence of oppositely oriented pyrene subunits (pGNR).[79]

Moreover, GNR with similar topology but different index N can be synthesized or
attached together forming a junction, which may prove useful in future technological
applications.[18, 100]

Figure 4.1: First reported on-surface bottom-up synthesis of GNR, adapted from [40].
Reaction schemes from halogenated precursors to (a) 7-AGNR and (b) chevron-type
GNR. STM overview after CDH of (¢) 7-AGNR and (d) chevron-type GNR.

The metal substrate in on-surface CDH acts both as catalyst for the Ullmann-like
coupling reaction and as a two-dimensional template for the final GNR pattern. How-
ever, restraining the growth of GNR on metals is not ideal for multiple reasons. Metal
substrate hinder the direct measurement of optical and electrical properties of the re-
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action products.[75, 98] Moreover, for most of current technological applications GNR-
based devices could only operate on insulating substrates. Although GNR synthesized
on metals can be transferred to insulating surfaces, the process lowers the quality of the
synthesized products significantly.[17, 14, 25] Finally, as the topological characteristics
of the GNR strongly depend on the crystalline properties of the metal substrate that is
employed during synthesis, it poses a limit to the variety of GNR that may be achieved.

4.2 Metal-Free Synthesis of Graphene Nanoribbons

As described in the previous paragraph, CDH on metal substrates is a pivotal tech-
nological breakthrough that has allowed most of experimental studies on GNR in the
past decade. Unfortunately, the presence of a metal substrate is now also a practical
impediment.

In view of an easier and better characterization and even future industrial appli-
cations, it is desirable to decouple the synthesis of GNR from the metallic catalytic
substrate. Here I will summarize some of the metal-free techniques currently under
study.

4.2.1 Semiconductors as Deposition Substrates

Chemical vapour deposition of carbon precursor such as CH4 or CoHy on germanium
Ge(001) and on germanium-on-silicon Ge/Si(001) has also been used successfully for
synthesis of GNR.[101, 102]

However, this method, which is usually employed for bottom-up synthesis of mono-
layer graphene, allows only marginal control over the GNR width. It is therefore not
ideal for tailoring the properties of synthesized GNR.

4.2.2 Cyclodehydrofluorination

One candidate reaction is cyclodehyodrofluorination (CDHF), so called because fluorine
is the halogen atom employed in precursors. In the absence of a metal substrate, the
fluorine atom acts as catalyst for CDH.

Intramolecular Aryl-Aryl coupling by C-F bond activation in fluorinated aromatic
molecules on thermally activated vy-aluminum oxide was found to be very effective for
the synthesis of various graphene-like nanostructures by a bottom-up approach.[103, 104,
105, 106, 107]

The CDHF reaction is characterized by high efficiency and high regio- and
chemoselectivity.[106, 108] It allowed to synthesize various nanographenes (NGs) in
near quantitative yields under mild conditions, including highly strained bowl-shaped
systems.[106, 107, 108, 109]

Moreover, virtually linear oligophenylenes bearing fluorine functionalities in defined
positions were successfully “rolled up” to the respective target nanographenes in domino-
like fashion by tandem cyclization via HF elimination.[110, 111] This oligophenylene
zipping approach was also successfully performed directly on a semiconducting rutile
titania surface and it was later employed for the synthesis of precisely tailored 7-AGNR,
as depicted in figure 4.2.[112, 20]



22 CHAPTER 4. SYNTHESIS OF GNR

Figure 4.2: Cyclodehyodrofluorination pathway to 7-AGNR, relying on sequential ac-
tivation of carbon-bromine (C-Br) and carbon-fluorine (C-F) bonds, and subsequent
cyclodehyodrogenation. Adapted from [20].

4.2.3 Graphene Nanoribbons encapsulated in Carbon Nanotubes

Another possible approach to eliminate the dependence on metals is the encapsu-
lation of precursors inside single or double wall carbon nanotubes (SWCNT and
DWCNT) and synthesis of graphene nanoribbons inside single-walled carbon nanotube
(GNRQSWCNT) or in double-walled carbon nanotubes (GNRQDWCNT).

In fact, it has been shown that the chemically inert internal environment of CNT
can be used as a nanoreactor to synthesize and stabilize one-dimensional products, such
as GNR,[113, 114] inner concentric SWCNT,[115, 116, 117, 118] and long linear car-
byne chains.[119, 120, 121, 122] The synthesis of GNRQCNT allows to use virtually
any kind of organic precursor small enough to fit inside the SWCNT. The presence of
heteroatoms in precursors may allow the final GNR’s edges to be terminated and thus
more thermodynamically favoured than an inner concentric SWCNT.[113, 123]

The geometry of the encapsulating nanotube influences the final characteristics of the
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GNR. In fact, the GNR’s width can be selected very precisely by choosing the diameter
of the enveloping CNT. The preferred width for an encapsulated GNR is slightly bigger
than the encapsulating SWCNT’s diameter. Because of this, the SWCNT’s section is
deformed into an oval and the GNR assumes a helical twist. [113, 124]

The similarity between precursors’ widths and encapsulating SWCNT’s diameters
has been shown to strongly influence the yield of GNRQSWCNT. It is thought that if
the two are similar enough, the distortion of the nanotube’s section caused by the first
encapsulated precursor molecules forces the alignment of all other following molecules,
thus facilitating the polymerization into planar nanocarbons. The alignment can’t hap-
pen if the SWCNT diameter is too big, while van der Waals strain prevents encapsulation
with too small diameters.[125, 26]

Figure 4.3: First reported synthesis of the hybrid system GNRQ@QSWOCNT. Fullerene
molecules functionalized with a sulphur containing organic group (a) are encapsulated
into host SWCNTs (b). Under irradiation with an electron beam, the functionalized
fullerenes decompose and reassemble into GNRs with sulphur terminated edges: (c)
experimental AC-HRTEM image, (d), calculated model of S-GNRQSWNT and (d) sim-
ulated AC-HRTEM image from the model. Adapted from [113].

Finally, the encapsulated molecule is far more stable under investigation with Raman
spectroscopy, as GNR on substrates are quickly destroyed under laser irradiation.[19]
This hybrid system allows a fundamental study of the Raman response of the GNR,
with beneficial effects such as signal enhancement, as has been reported for encapsulate
dyes in single-walled carbon nanotubes (SWCNTSs).[126]

The first example of GNRQSWCNT was reported in 2011, when fullerene molecules
functionalized with a sulphur containing organic group were encapsulated into host SWC-
NTs (see figures 4.3a and b). Energy was then supplied to the system by heating or
electron bombardment. Encapsulation and synthesis of GNRQSWCNT were confirmed
by Raman spectroscopy and aberration-corrected high resolution transmission electron
microscopy (AC-HRTEM) (see figure 4.3c). Thermodynamic calculations and modelling
of the GNRQSWCNT system demonstrated that the sulphur contained in the precursor
terminated the GNR edges (see figures 4.3d and e).

Further experiments have been conducted with a variety of encapsulated precursor,
such as perylene or ferrocene. If the precursor already has nanoribbon topology, the
expected behaviour is heat induced polymerization into a long GNR. Otherwise, the
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precursor has to first decompose and provide matter for nanographenes to form. In this
case, the width of synthesized GNR is not uniform and can vary according to other
parameters, such as the encapsulating nanotube’s diameter.

One such example from Kuzmany et al. is in figure 4.4, which reports a two dimen-
sional Raman map of GNR in 1.3nm SWCNCT grown from encapsulated ferrocene.[26]
The strongest resonance is found for 6-AGNR, but also present are nanoribbons of sim-
ilar width, 7-AGNR and 5-AGNR, though the latter is only visible in overtones. Also
present are signals from syntesized inner tubes that form DWCNT. Figure 4.4 makes it
clear that the resonance window of GNR is not as wide as that of SWCNT, so using
the right excitation energy during Raman spectroscopy is pivotal for investigation into
these materials.

Figure 4.4: Raman map of 6-AGNR and 7-AGNR encapsulated in SWCNT with a mean
diameter of 1.3nm. Adapted from [26].

The encapsulation approach still cannot be applied to semiconductor-based electronic
devices since an extraction method for the synthesized GNR has not yet been developed,
but reports of successful extraction of materials from SWCNTs give hope for future
developments.[21]



Chapter 5

Raman Spectroscopy, an Analysis
Tool into Nanocarbons

The description of Raman spectroscopy in this chapter follows in part the books by Mc-
Creery [127], by Kuzmany [128] and by Jorio et al. [9].

5.1 Characterization Methods of GNR

The final structure of on-surface prepared GNR is directly confirmed by scanning tun-
nelling microscopy (STM) and transmission electron microscopy (TEM). However, both
methods present setbacks, as the former requires a metallic substrate and the latter a
free-standing sample.

As is the case for their parent material graphene, GNR are Raman active and
their vibrational modes have extensively been explored both theoretically[71, 129] and
experimentally.[40]

Therefore, Raman spectroscopy is nowadays a widespread established method to
investigate the properties of GNR by their vibrational fingerprint.[25] It can be used to
determine in a contact-free manner the optical band gap together with excitonic effects,
the presence of defects, edge morphology and passivation, the width and, in limited
cases, the length of a GNR.

5.2 General Description of Raman Spectroscopy

Raman spectroscopy is an experimental technique that allows to investigate the vibra-
tional properties of photoexcited materials. It was first observed in 1928 and named
after one of its discoverers, Chandrasekhara Venkata Raman.[130] In recent years, Ra-
man spectroscopy has found application in the study of organic materials because it is
a contactless, fast method to characterize carbon-based samples.

5.2.1 Theoretical Description of Raman Spectroscopy

For a classical description of the Raman effect, let us analyze the interaction between a
generic molecule and a photon hvg with electric field:

E = E cos (2mut) (5.1)
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The interaction between a generic electric field E and a molecule induces changes in
the latter’s polarization P, proportional to the molecule’s polarizability tensor o':

P =oE (5.2)

This will originate vibrations in the molecule’s electric field. To describe them, we
use the normal modes of molecular vibrations @;:

Qj = QYcos(2myjt)  jEN,1<j< (3N —6) (5.3)

for a generic molecule with N atoms.
The polarizability is therefore a function of ();. For small changes of « its Taylor
expansion is:
foe
a—ao—|—<6Qj>Qj—|—... (5.4)
Using these equations and the trigonometry relation cosacosbd =
[cos(a + b) + cos(a — b)] /2, we find the first order expansion of polarization:

da '\ cos (27 (v + vj) t) + cos (2 (v — vj) )
) 2

Classically, polarized electrons radiate photons with energies proportional to their
oscillation frequency. Therefore light will not only be elastically re-emitted at frequency
vy, but also inelastically at vg & v;. The elastic process is called Rayleigh scattering.
The inelastic processes are referred to as anti-Stokes and Stokes scattering, for a

higher and lower energy emitted photon, respectively.
Raman spectroscopy observes the inelastically scattered photons. Only modes where

(5.5)

P = agEy cos (2mvot) + Eo Q) <

(B%Yj) =% 0, which therefore cause changes in the polarizability tensor, can be Raman

active.

During a Raman active transition, an electron is scattered to a higher energy virtual
state by the incoming photon. It is then scattered by one or more phonons inside
the material and decays radiatively. This process can be visualized conceptually as an
electronic transition that starts in the ground state and ends in a vibrational energy
state (Stokes scattering) or viceversa (anti-Stokes scattering), as represented in figure
5.1.

5.2.2 Resonance Raman Scattering

Raman transitions usually have a low probability, as an electron is excited to a virtual
state, a short lived perturbation in the electron distribution, before its radiative decay.
However, if the exciting photon energy hyy = Ej is close to that of an electronic tran-
sition Fy, which is usually in the near infrared/optical range, the transition probability
is enhanced by a factor 10% to 10%; this is called resonance Raman.
Its intensity is a function of Ey and Fy, yielding the Raman excitation profile:

A 2

I(Ep) = (Eg — E; — i) - (Eg — (EtiEq)—ZT)

(5.6)

where E is the energy of phonons scattered during the transition and I' is the resonance
window width, related to the lifetime of the photoexcited states.

Tn three dimensions, the polarizability « is a 3x3 symmetric tensor.
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Figure 5.1: Conceptual image of Raman active transitions (resonant or non-resonant
Stokes and anti-Stokes scattering) and their competitive phenomena (Rayleigh scatter-
ing, photoluminescence, infrared absorption).

5.2.3 Competitive Spectroscopic Phenomena

Other spectroscopic phenomena compete with Raman emission, hindering its observa-
tion.

Elastic or Rayleigh scattering, the zero order expansion of polarization in equation
5.5, is 10'° times more common than inelastic scattering such as Raman phenomena.
It can be removed from Raman spectra using monocromators or the proper band-pass
filters.

The main competitive non-elastic effect is infrared (IR) absorption, which is 101°
times more likely a phenomenon than Raman scattering. During this process, a photon
is absorbed to promote an electron from the ground state to a higher energy vibrational
state. While Raman active transitions require changes in the polarizability tensor, a
transition is only IR active if the polarization vector P is modified.

Another competitive phenomenon is fluorescence, which is a photoluminescence
effect with lifetime shorter than 10°s. In this process, the emitted photon has a lower
energy than the incident photon because of photonic non-radiative relaxation prior to
emission. This is not a scattering process and it can be several orders of magnitude
greater than Raman effect.

Spectroscopic transitions related to Raman scattering and its competitive processes
are depicted in figure 5.1.

5.2.4 Practical Raman Spectroscopy

Raman spectroscopy requires monochrome illumination in the near infrared (NIR) and
optical range with sufficiently high intensity. Therefore, lasers are an ideal light source,
as they provide coherent, high-luminosity emission.

As the response of photoexcited materials depends on exciting wavelength, and the
resolution depends also on the width of the exciting laserline, the selection of proper
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laser radiation is very important. Common available technology includes gas lasers and
semiconducting lasers, which only emit in limited wavelengths. On the other hand,
tunable lasers, such as dye lasers, allow to span the whole visible spectrum.

In general, the intensity of inelastically scattered light is much lower in anti-Stokes
than in Stokes processes. Therefore, the latter are usually detected, also with the help
of a low pass filter to cut away the much more intense elastic scattering.

A Raman spectrometer can be combined with microscope for higher spatial resolu-
tion, which in turn can be combined with an atomic force microscopy (AFM) setup to
allow for spatial investigation of the sample.

With excessive fluorescence, Fourier-Transform (FT) Raman spectrometers can be
used. These are Michelson interferometers that use a laser in the NIR, which does
not provide enough energy to create an excited electronic state. This means that no
fluorescence is present, but also that Raman processes are not in resonance. Fortunately,
available NIR lasers provide brightness orders of magnitudes higher than usual optical
lasers, which allows detection of Raman signals outside of the resonance window.

Multifrequency Raman Spectroscopy

If a sample is investigated with multiple laser exciting energies, the investigation tech-
nique is called multifrequency Raman spectroscopy.

It can be used as a photoselective process to discern between multiple materials
present on an sample. In fact, as transition energies F; are material-specific, it is possible
to distinguish different material present in multi-part samples, as each could be resonant
with different laser energies.

In the field of nanocarbons, photoselective multifrequency Raman spectroscopy is
commonly used in the identification of carbon nanotubes, as optical transitions are
chirality dependent.[131]

Laser Annealing

Laser annealing is a process where thermal energy is supplied to a material via irradiation
with a laser beam. It provides the advantages of very localized, efficient heating and ease
of control, as the amount of thermal energy supplied is determined by laser irradiation.
This technique has been used for a very long time in the semiconducting industry for local
photo-stimulated crystallization of silicon[132, 133]. Laser annealing can also be applied
to organic materials to activate heat-induced transformations, such as the creation of
crystalline domains from amorphous materials.[134]

When combined with Raman spectroscopy, this is a powerful, contactless tool to
study in situ and step-by-step heat-induced reactions. Examples include the synthesis
of inner SWCNTs and carbyne chains inside SWCNT and functionalization of potassium-
intercalated graphite.[135, 136, 137]

5.2.5 Determination of Local Temperature via Stokes and anti-Stokes
Modes

The intensity of Stokes and anti-Stokes Raman lines depends on the population of the
ground and excited states. Under thermal equilibrium, the population level can be
obtained from the Boltzmann distribution and can be approximated to:
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QZ)A VL + VUnm A hvp,
_— = _— — A == 4 .
os \vp—vm) TP\ KgT)’ % (5:7)

where vy, is the exciting laser frequency, v, is the mode frequency, T is the temper-
ature, Kp is the Boltzmann constant and h is the Plank constant.[138, 139, 128] The
exponent A depends on the detection method used: according to Gallardo et al., A =3
provides more accurate results for photon counting detectors such as charge-coupled
devices (CCD), while A = 4 is better suited for energy-based detection.[140]

From eq. 5.7, the temperature is:

o hvy, bA vE + Unm -
TIK] = Ty {— log <¢S> + Alog <VL_V7n>:| (5.8)

The linewidth of a Raman mode is also dependent on temperature. This dependence
is, in the case of a three phonon decay, that is when an optical phonon decays into two

acoustic phonons:
L' (m,T) =T (vm,0) |1+ 2 hw -1 B (5.9)
v, v, m .
" m P 2KpT
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5.3 Raman Spectra of sp?> Carbon Materials

Raman spectroscopy is a fast and effective method to characterize carbon-based mate-
rials. The most prominent spectral features which are present in all Raman fingerprints
of graphene-related materials are the G-band, the D-band and the 2D-band. Additional
modes arise with shape effects and quantum confinement, such as the radial breathing
mode in SWCNT and the radial breathing-like mode in GNR.[141] As an example, the
Raman spectrum recorded at 568 nm of a high-purity (9,2) SWCNT sample is depicted
in figure 5.2, and that of a 7-AGNR is in figure 5.3.
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Figure 5.2: Raman spectrum recorded at 568 nm of a high-purity (9,2) SWCNT sample.
Typical high intensity SWCNT modes are visible: RBM, D-band, G-band split into G+
and G-, and 2D- (or G’-) mode. Additional peaks in the RBM region are due to slight
contamination by other chiralities. Data adapted from [142].

The origin of Raman modes in one-dimensional sp? carbon materials can be under-
stood with zone folding applied to the two-dimensional phonon dispersion relations of
graphene in figure 3.3, as sketched in figure 5.4 and in the paragraphs below.

5.3.1 Graphene Related Modes
G-Band

The G-band is a first order vibrational mode which is present in all Raman spectra of
sp? hybridized carbon materials. It is called so because it was first identified in graphite
single crystals.[143] Tt is found at energies around ~1585cm™.

This mode originates from LO and iTO branches close to the I' point, where they
are degenerate.
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Figure 5.3: Raman fingerprint of a 7-AGNR. Visible Raman modes are the G-band at
1600 cm™, the RBLM at 396cm™, the DLM at 1341 cm™, and modes related to CH
vibrations between 950 cm™ and 1260 cm™. Adapted from [40].

Figure 5.4: Phonon energy dispersion of graphene overlapped with cutting lines due to
quantum confinement. Raman active modes for one-dimensional carbon materials can
arise at the intersections. Adapted from [76].

Because of quantum confinement in SWCNT and GNR, the degeneracy is broken and
the G-band of SWCNT splits into a doublet, as shown in figure 5.2. The G- and G+
modes originate from LO and iTO branches respectively. Their spectral position down-
shifts with increased strain, thus measuring the wavenumber distance of the splitting
provides a way to measure the nanotube’s diameter.

D- and 2D- (or G’-) bands

The D-band and 2D-band are second order resonant processes. The first one is observed
in the range 1250 to 1400 cm™, the latter in the range 2500 to 2800cm™, as shown
in figure 5.2. They are both dispersive modes: their spectral positions shift with the
exciting laser wavelength.
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The D-band originates from modes on the iTO branch near the K point. In graphene
related materials, it reveals the amount of defects present in the honeycomb lattice, such
as heteroatoms or holes, but also curvature effects in SWCNT. The presence of the defect
is required to enable the optically forbidden vibration.

The 2D-band is also historically called G’-band because it was first identified in the
Raman spectrum of graphite single crystals together with the G-band.[143] Contrarily
to the D-band, it arises from two-phonon scattering and it is thus always observable,
irrespective of the presence of sp? defects. In the phonon dispersion relations graph, it
originates on the 2i'TO branch near the K point.

5.3.2 Additional Modes in One-Dimensional sp? Carbon Allotropes
Radial Breathing Mode of Carbon Nanotubes

The radial breathing mode (RBM), so called because it originates from CC vibrations
of SWCNT in the radial direction (figure 5.5a), is usually found between 100 and
350 cm™! for diameters between 2.6nm and 0.7nm. This mode does not have a cor-

responding vibration in graphene. The Raman spectral position of the RBM expressed
1

in cm™ can be calculated in a first approximation from the diameter of the SWCNT:
A
WRBM = — +B (5.10)
t

where the factor A = 227.0cm™ -nm is a proportionality constant and B is an offset due
to van der Waals interactions with the environment.

(a) (b)

Figure 5.5: (a) Sketch of atomic displacement in a single-walled carbon nanotube
(SWCNT) giving rise to the radial breathing mode (RBM). (b) Experimental RBM
data as a function of tube diameter d;. Solid line is a fit of equation 5.10 with A = 227.0
and B = 0.3. Adapted from [144].

This equation can predict experimental results rather accurately, as reported in figure
5.5b. However, wrgm should vanish for infinitely large diameters so as to accurately
predict graphene values, which is not possible unless B=0. Therefore, a better estimate
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Figure 5.6: Sketches of atomic displacement in a 9-AGNR related to (a) RBLM and (b)
SLM. (c) Width-dependent wavenumbers for RBLM and SLM, calculated using density
functional theory (DFT). Adapted from [18]

can be made with:

A 2
WRBM = dft\/l—{—Ce-dt (5.11)

where C, accounts for effects of interaction with environment.[145]

Therefore, from the spectral position of the RBM (expressed in cm™) it is possible
to calculate the diameter of a SWCNT using the previous equations. For example,
the RBM of (9,2) in figure 5.2 is found at 289 cm™, yielding a diameter of 0.8nm in
agreement with previously reported values.[146, 66, 67]

Radial Breathing-Like and Shear-Like Modes of Graphene Nanoribbons

The radial breathing-like mode (RBLM), so called in analogy to the RBM of carbon nan-
otubes, is a low energy acoustic mode. It is generated by transversal atomic displacement
away from the GNR’s long axis (figure 5.6a).
The shear-like mode (SLM) is a lower intensity width-related vibration. It is called
so because it originates from shearing longitudinal atomic displacement (figure 5.6b).
Similarly to the RBM in SWCNT, both the RBLM’s and the SLM’s spectral positions
show a dependence on GNR width:

+b (5.12)

1
w=a
vW
Calculated positions for both modes are reported in figure 5.6¢.[147, 129, 148, 18]

Additional GNR modes

The spectrum of GNR is characterized by strong, non dispersive, in-plane bending
CH-modes that appear above 1200 cm™.[40] These modes have been observed also in
GNRQ@QSWCNT Raman spectra, as is visible in figure 5.7, in which they are called C,
modes. The CH,, modes are found between 1200 cm™ and 1400 cm™.[149, 125] Addi-
tional small out of plane CH-modes appear around 800 cm™.[71]

The CH mode with the highest wavenumber is usually denominated DLM. This is an
edge-related mode, where the CC bonds give a greater contribution than the termination
bonds.[150]
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Figure 5.7: Raman modes of transformed ferrocene (molecular sketch in inset) encap-
sulated in SWCNT: RBLM at 465cm™, CH; at ~1245cm™, CH mode at ~1275cm™,
D-like mode (DLM) at ~1362cm™ and G-band at 1594 cm™. Adapted from [125].

For short GNR, it has been possible to identify a length-related mode, the longitudi-
nal compressive mode (LCM). Atomic displacement is analogous to that of the RBLM.
The mode has been observed in the 100 cm™ to 200 cm™ range for GNR shorter than 10
unit cells, and it is predicted to be close to 0cm™ for infinitely long GNR.[151]
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Experimental Methods

In this Chapter, I will introduce the experimental methods I employed in this work.
I will describe sample synthesis and preparation, together with details on the main
investigation technique I employed to complete this work, Raman spectroscopy.

6.1 Synthesis of Graphene Nanoribbons

In this work, I used two different approaches to polymerize small molecular precursors
into nanographitic structures.

The first one relied on cyclodehyodrofluorination (CDHF) of a small fluorinated
precursor, activated by visible light irradiation.

The second approach relied on encapsulation and endothermic polymerization of a
small molecule into single-walled carbon nanotubes.

6.1.1 Fluorinated Molecules as Precursors for Graphene Nanoribbons

The fluorinated precursor tetrafluoro-diphenyl-quinquephenyl was synthesised by Dr.
Ann-Kristin Steiner and provided by Prof. Konsantin Amsharov.

The fluorinated precursor tetrafluoro-diphenyl-quinquephenyl (TDQ) (ball-and-stick
model in figure 6.1a) is pre-programmed for subsequent fourfold cyclodehydrofluorination
reaction into heptacene dipyrene, a nanographene (NG), as depicted in figure 6.1b. It was
synthesized by Dr. Ann-Kristin Steiner according to the protocol described in Steiner
et al. (2017).

The total formula of the TDQ is Cy2 Hog Fy4, its molecular weight is 606,66 g/mol.
Its optical gap is in the ultra-violet (UV).[110]

As the CDHF reaction involves synthesis of the corrosive and poisonous gas hydrogen
fluoride (HF), any investigation had to be conducted in a sealed environment to be
carried out safely. For this reason, the molecule was either sealed inside a glass tube or
put in a high vacuum (HV) chamber connected to the fume hood exhaust system.

Finding the Evaporation Temperature of TDQ

As a preliminary investigation, I determined the evaporation temperature of TDQ.
The powdered molecule was inserted into a glass vial connected to a UHV system
with an internal pressure better than 10 mbar. Heating wire was coiled around the vial

35
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(a) (b)

Figure 6.1: (a) Ball-and-stick sketch of tetrafluoro-diphenyl-quinquephenyl (TDQ). (b)
TDQ precursor and expected cyclodehydrofluorination into heptacene dipyrene (NG)
under ideal conditions [110].

into an home-made heater, which I connected to a voltage generator to apply stepwise
heating. Each increase in temperature was approximately 10 °C , after which the sample
was left to stabilize for about one hour. I monitored the local temperature of the sample
with a custom-built thermocouple.

I was able to determine the approximate evaporation temperature of the molecule
by observing at which heating temperature TDQ crystals formed in a condensation ring
just outside the coil heater.

Experimental Setup

The cyclization of TDQ was investigated using laser annealing. Our setup combined a
con-focal microscope Raman system with a tunable wavelength laser and a small vacuum
chamber with a gas inlet connected to an argon gas reservoir.[136, 137] The Raman laser
was focused on the sample inside the vacuum chamber through an optical window. The
annealing was performed by supplying thermal energy via laser irradiation.[135]

For preliminary determination of the best wavelength to be used, in order to prevent
evaporation the vacuum chamber was filled with Ar until a pressure of about 950 mbar
was reached.

A small amount of TDQ molecule was deposited on an TEM gold grid support covered
in amorphous carbon and brought into HV (~10® mbar). The sample was then heated
with visible laser irradiation at 568 nm, 8 mW of power, irradiance of (1.6 x 10*) W cm™2.
We collected the inelastically scattered radiation in 180° backscatter geometry to perform
concomitant in-situ Raman spectroscopy on the sample. During laser annealing, the HV
chamber was kept at a pressure better than 1077 mbar. A sketch of the setup used for
laser annealing is in figure 6.2.

For the measurement of the Stokes and anti-Stokes processes, the precursor was
sealed in vacuum better than 10 mbar in a pyrex glass vial with square cross section.
From this measurement we were able to correlate Raman linewidths with temperature
and calculate the temperature evolution during the laser annealing process.
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Figure 6.2: Sketch of the UHV setup for laser annealing on TDQ. A small amount
of TDQ molecule was deposited on an TEM gold grid support covered in amorphous
carbon. The small vacuum chamber with a gas inlet connected to an argon gas reservoir
and to a turbopump.

6.2 Small Molecule Encapsulation in SWCNT

SWCNT wused in this experiment were syntesized and put into bucky paper form by my
colleague Weili Cui in the laboratory of Prof. Yanagi Kazuhiro.

In this section, I describe my investigation into terrylene encapsulation inside metal-
licity separated semiconducting SWCNT with a narrow diameter distribution around
1.4nm.

SWCNTs with a mean diameter of 1.4 nm were synthesized by discharge method by
my colleague Weili Cui in the laboratory of Prof. Yanagi Kazuhiro. Semiconducting
SWCNT with a narrow diameter distribution around 1.4nm were selected by density-
gradient ultracentrifugation (DGU) using sodium dodecyl sulfate (SDS) as gradient ma-
terial according to the existing protocol, and deposited into bucky paper form.[152] A
picture of these SWCNT after dispersion into D2O for optical investigation is in figure
6.5d.

Molecules in the family of rylene nanoemitters are an obvious choice as precursor
molecule, since they already have the structure of a very short 5-AGNR. The shortest
members of this family, perylene, terrylene and quaterylene, are respectively made of
two, three and four unit cells of 5-AGNR. Their molecular structure is in figure 6.3.

The shortest, perylene, is the most easily commercially available of the three. How-
ever, due to their short length, perylene molecules have been observed to stack at an
angle to the encapsulating SWCNT’s axis, which hinders polymerization into GNR.[153]
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Therefore, in this contribution I used the longer molecule from the rylene family, ter-
rylene. It has the same 5-AGNR structure, but its length prevents stacking effects and
forces it to align parallel to the axis of 1.4 nm diameter SWCN'T used for encapsulation,
which facilitates polymerization.

SWCNT in the form of bucky paper were opened by heating in air at 450 °C for thirty
minutes. [154]

The opened SWCNT bucky paper and terrylene dye were sealed inside a borosilicate
glass vial at an internal pressure of 10~7 mbar. The vial was kept at 350 °C for 455 h (19
days) in a tube furnace. A schematics of the encapsulation process is in figure 6.4.

As a side product, small amounts of van der Waals terrylene crystals formed on the
inner walls of the vial. A photo of the crystals taken with an optical microscope is in
figure 6.5a.

A common issue in synthesis of GNRQCNT is the excess precursor molecules which
remains attached to the outside of the nanotube walls, which interferes with the char-
acterization of encapsulated structures.[114] Most can be removed by washing with a
solvent, however the final mono-layer on the outside is very hard to remove, since it has
a much higher evaporation temperature than its non-bonded counterpart.

In order to remove excess terrylene material on the outside of the SWCN'T, I washed
the filled bucky paper multiple times with dichloromethane (DCM). The suspension
of terrylene dispersed in DCM has a bright pink color, as visible in figure 6.5c. The
washing procedure consisted in a first soak overnight in DCM, then rinsing the sample
with 2ml DCM five consecutive times, until the solvent remained colorless. Both soaking
overnight and rinsing were repeated a second time.

Raman spectra gathered before and after the washing procedure in figure 6.6 show a
dramatic increase in signal-to-noise ratio and a quenching of fluorescence, which indicates
that excess terrylene was successfully removed. However, the last mono-layer may still
be present.

After encapsulation inside SWCNTSs, terrylene molecules were polymerized with heat
treatment forming 5-AGNR. Optical and microscope investigation shows growth of long
GNR at the filling temperature of 350 °C, which is consistent with reported values.[155]

Afterwards, the filled SWCNT was cut into smaller samples, such as the one depicted
in the optical microscope photo in figure 6.5b. Each them was annealed in vacuum
better than 10~ mbar for two hours, each at a different temperature between 400°C
and 800°C with 50°C steps. Additionally, temperatures of 1300 °C and 1550°C were
used to confirm filling by providing enough thermal energy for the formation of double-
walled carbon nanotubes. A photo of the mixed UHV and furnace setup I used for
sample annealing under vacuum is in figure 6.7.
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Figure 6.3: Molecular structure of rylene nanoemitters: (a) a rylene dye unit cell, which
is also the unit cell of 5-AGNR; (b) perylene with a length of 2 unit cells; (c) terrylene
with a length of 3 unit cells; (d) quaterrylene with a length of 4 unit cells.

Figure 6.4: Schematics of the setup for encapsulation of terrylene inside SWCNT.
Opened SWCNTs in the form of bucky paper were sealed together with terrylene in
a quartz vial with internal vacuum at room temperature better than 10~7 mbar. The
vial was then kept at 350 °C for 455 h (19 days) in a tube furnace.
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(a) (b) (c) (d)

Figure 6.5: (a) Optical microscope image of van der Waals terrylene crystals formed
as a side product of the encapsulation procedure. (b) Optical microscope image of
one bucky paper sample after filling, washing and annealing under vacuum for two
hours. (c) Terrylene dispersed in dichloromethane (DCM) inside an optical cuvette. (d)
Semiconducting metallicity sorted SWCNTSs in 2% weight DOC in DoO with typical
coloring inside an optical capillary cuvette.

6.3 Raman Spectroscopy

A key expertise of the research group Electronic Properties of Materials, where I have
conducted this work, is Raman spectroscopy. It is a powerful optical tool for the in-
vestigation and characterization of graphene-related materials. Several complementary
spectrometers for multifrequency resonance Raman spectroscopy including the corre-
sponding lasers are available to the research group. The systems I used for the work
described in my thesis are listed below

Horiba Jobin Yvon LabRAM HR

Horiba Jobin Yvon LabRAM HR is a multi-frequency Raman microscopy system with
multiple Rayleigh filters available. The system was modified and adapted for multi-
frequency use[156, 157]. A photo of the setup is depicted in figure 6.8. The backscattered
Raman fingerprints are recorded by a liquid Ng cooled CCD. The resolution is laser
dependent, but it is in general between 2 and 3 cm™. Unless otherwise specified, all the
measurements were done at ambient conditions with a 50x objective (about 2 pm laser
spot), a 1000 ym hole, a 100 pm slit, and a 600 gr/mm grating. Two external lasers
are coupled to the system, namely a He-Ne laser (~ 633nm) and a multiwavelength
Ar+/Kr+ laser (Coherent Innova 70C, available wavelengths ~ 458, 488, 515, 531, 568,
647 nm).

The laser power for all wavelengths was kept at 1mW for the measurements of
GNRQSWCNT, while the laser annealing of TDQ was executed at 8 mW. The measure-
ments were done as follows: a camera connected to the microscope was used to visually
focus on the sample, and then a series of continuous measurements with acquisition time
between 1s and 10s were made to find maximum signal intensity. The final measure-
ments were done in single window mode for laser annealing and multi-window mode for
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Figure 6.6: 568 nm Raman spectra of terrylene after encapsulation in 1.4 nm semicon-
ducting CNT, before and after washing with DCM. Spectra recorded with 1 mW laser
power and normalized to the exposition time.

all other measurements.

Horiba T64000

The Horiba T64000 is a triple grating spectrometer confocal Raman system with
1800 gr/mm grating. A photo of the setup is depicted in figure 6.9. Raman signals
in a 180° backscattering geometry are recorded by a liquid Ny cooled CCD. This setup
allows the measurement of Stokes and anti-Stokes signals. Within the scopes of this
work, the system was coupled with a diode laser emitting at 532 nm.

Brucker Fourier Transform Infrared Raman Spectrometer RFS 100

A Brucker Fourier Transform Infrared Raman (FT-IR) Spectrometer RFS 100 was used
to record the Raman fingerprint of TD(Q and its target NG without background fluo-
rescence. The spectrometer is coupled with a Cobolt 05-01 high power single frequency
CW diode pumped laser source emitting at a wavelength of 1064 nm. The measurements
were taken with the samples deposited on a supporting quartz optical slide. A photo of
the system is in figure 6.10.

WiTech Alpha 300A AFM/Raman System

Finally, I used a WiTech Alpha 300A high-resolution combined atomic force microscopy
(AFM)/Raman system for the non-destructive characterization of nanostructures, avail-
able at the Faculty Center for Nanostructure Research of the University of Vienna. Sam-
ples are placed on a digital zzy micrometer stage. The backscattered signal is recorded
by a Peltier cooled CCD. A photo of the system is in figure 6.11. This setup is used for
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Figure 6.7: UHV and furnace setup for sample annealing under vacuum.

Figure 6.8: Horiba Jobin Yvon LabRAM HR multi-frequency Raman microscopy system.
Green: microscope; yellow: light meter; red: micrometer xy stage.

spectroscopic measurements of molecules and solids with high spectral and lateral resolu-
tion. For the purposes of this work, I used the system coupled with a diode pumped laser
source emitting at 785 nm. Measurements were taken with a 100x objective. Photos of
the samples were taken with a 10x objective.
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Figure 6.9: Horiba T64000 triple monocromator Raman microscopy system.

Figure 6.10: Brucker Fourier Transform Infrared Raman (FT-IR) Spectrometer RFS
100.

6.3.1 Multifrequency Resonance Raman Spectroscopy

The wide variety of spectrometers at my disposal allowed me to use multifrequency
resonance Raman spectroscopy, so as to better investigate the resonance behaviours of
the materials under examination. Though the available frequencies did not allow for a
detailed Raman map, they were enough to discern different materials from one another.
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Figure 6.11: WiTech Alpha 300A high-resolution combined atomic force micro-
scope/Raman system, available at the Faculty Center for Nanostructure Research of
the University of Vienna.

Such an identification is reported in chapter 8, where the modes originating from
terrylene, SWCNT with mean diameter of 1.4nm and 5-AGNRQSWCNT are thus sep-
arated. In fact, the optical band gap of terrylene is at 557 nm, that of SWCNT is
between 630nm and 700nm depending on the exact tube diameter, and that of 5-
AGNRQ@QSWCNT is observed to be close to 785 nm. The approximate resonance be-
haviour of these materials is reported in figure 6.12.

6.3.2 Peak Fitting of Raman Features

Whenever peak analysis of the Raman spectral features were required, the modes were
fitted with Voigt profiles using the data processing and curve fitting tool Fityk.[158]
The full width at half maximum (FWHM) of a Voigt profile is estimated to be

FWHM = 0.5346wr, + \/0.216920% + w, (6.1)

where wy, and wg are, respectively, the FWHM of the convoluted Lorentzian and Gaus-
sian distributions.[159]

The Gaussian width wg depends on the laser emission linewidth and on the spec-
trometer resolution. Therefore, I determined the wq of the experimental peaks by fitting
a Gaussian profile on the laserline measured at 0cm™, as in the example reported in
figure 6.13a.[160]. On the other hand, the Lorentzian width wy depends both on vi-
brational lifetime and on Raman resonance.[9] Therefore either the physical conditions
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Figure 6.12: Approximate Raman resonance behaviour of terrylene, SWCNT with mean
diameter of 1.4 nm and the hybrid system 5-AGNRQSWOCNT. The dashed lines highlight
were the 586, 633 and 785 nm laserlines are.

of the sample or the resonance with the exciting laser can be investigated if the other
parameter is maintained unchanged. An example of peak identification via Voigt fitting
is in figure 6.13b, where the CH modes of crystalline terrylene were fitted.

(a) (b)

Figure 6.13: (a) Fitting of laserline of 633 nm laser with a gaussian distribution and a
linear background. (b) Fitting of CH lines of terrylene with Voigt profiles. Residuals of
fitting are represented in the lower graphs.



46

CHAPTER 6. EXPERIMENTAL METHODS



Chapter 7

Synthesis of Nanographenes by
Cyclodehydrofluorination

This chapter represents the results of my paper: “In-situ laser annealing as pathway for
the metal free synthesis of tailored nanographenes”.[160]

My contribution consisted in experiment preparation, data acquisition, data analysis,
manuscript writing including text and figures.

The molecules tetrafluoro-diphenyl-quinquephenyl and its target nanographene were
synthesized by Dr. Ann-Kristin Steiner and provided by Prof. Konstantin Amsharov.
Simulations of Raman spectra for this chapter were provided by Prof. Manuel Melle-
Franco.

7.1 Finding the Best Experimental Conditions for Cy-
clodehydrofluorination

The fluorinated molecule tetrafluoro-diphenyl-quinquephenyl (TDQ), programmed for
fourfold cyclodehydrofluorination into the nanographene (NG) heptacene dipyrene, was
synthesized by Dr. Ann-Kristin Steiner at the Department of Organic Chemistry of the
Friedrich Alexander University Erlangen-Nuremberg.

Both TDQ and the target NG were provided to me by Prof. Konstantin Amsharov.

After having acquired the TDQ precursor, I needed to determine the best way to
transform it into NG. In order to do this, I found the approximate evaporation temper-
ature under HV of TDQ and used multifrequency resonance Raman to determine which
exciting wavelength would provide the best signal-to-noise ratio (SNR) ratio.

7.1.1 Evaporation Temperature of TDQ

As the CDHF reaction releases the highly dangerous gas HF, any investigation at any
temperature higher than room temperature had to be conducted in a HV connected to
the fume hood exhaust system in order to be carried out safely.

Using a HV setup with a home-made coil heater connected to a voltage generator, I
subjected the powdered molecule to stepwise heating. Local temperature on the sample
was measured with a custom-built thermocouple. Each increase in temperature was
approximately 10°C, after which the sample was left to stabilize for about one hour.

47
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By observing at what temperature TDQ crystals formed in a condensation ring just
outside the coil heater, I found that the evaporation temperature of the molecule was
(110 #+ 10)°C at a pressure of about 10 mbar.

7.1.2 Multifrequency Resonance Raman

Figure 7.1 shows the Raman fingerprint of the TDQ molecule recorded at room temper-
ature with laser wavelengths of 458nm, 488nm, 514nm, 568nm, 1064nm.
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Figure 7.1: Raman fingerprint of TDQ deposited on aluminum oxide at exciting laser
wavelengths of 458nm, 488nm, 514nm, 568nm and 1064nm. Inset: experimental photo-
luminescence background vs. exciting laser energy.

In order to analyze the relative response of the intrinsic Raman signal, I subtracted
complementary fluorescence backgrounds, taking into account the shape of the photolu-
minescence (PL) background. Intensities were normalized to the G-peak at ~1600 cm™.

The inset in figure 7.1 shows the dependence of PL on exciting laser energies in the
visible range, quantified as the background area under the TDQ spectra.

It is possible to observe an increase in photoluminescence and a decrease in the rela-
tive intensity of the sample’s characteristic emission for shorter wavelengths, which leads
to higher noise levels after background subtraction and normalization. This happens be-
cause the optical gap of TDQ is in the ultraviolet range: increasing the incident photon
energy, therefore, tunes the laser to the emission spectrum of the molecule, which is a
complementary process to the vibronic excitation of the sample.[110)]

The best SNR is achieved with the exciting wavelength of 1064nm, as its energy is
too low to excite PL. However, acquisition at this wavelength is too slow to allow in-situ
investigation of chemical processes.
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The wavelength chosen for investigation into TDQ is thus 568nm, whose spectrum
has the lowest PL among visible wavelengths.

As an additional reference, I acquired the target NG spectrum with exciting laser
wavelength 1064nm. Because of excess PL, it was not possible to record this molecule’s
spectrum for visible wavelengths.

Additionally, the Raman spectra for the most likely conformations in the TDQ
molecule and in the target NG were computed with DFT by prof. Manuel Melle-Franco.
A graphic comparison between experimental acquired at 1064nm for TDQ and NG and
their computed spectra is in figure 7.2a.

The presented simulated spectrum corresponds to the most populated conformation
as all computed conformers yielded fundamentally similar spectra. The identification
and analysis of the Raman active modes with sizable contributions by F atoms were
obtained by prof. Melle-Franco computing and ranking the ratio of the F displacements
with respect to the total.[161]

As further comparison between theory and experiment, I executed a peak analysis
on the G-line and on the strongest fluorine related Raman active modes of TDQ, both
the computed and the experimental 568nm spectra, results for which are in tables 7.1
and 7.2, respectively.

All experimental components of the G-band have a correspondence in predictions by
TDQ calculations, except for the feature at 1591, which is not visible in the experimental
spectrum (table 7.1). This is likely due to the lower intensity of the mode with respect
to its spectral neighbors.

In the case of fluorine related Raman active modes (table 7.2), theoretical predictions
fit remarkably well the experimental spectrum, allowing the correct identification of
spectral features corresponding to CF vibrations.

Center (cm™) Intensity x 100 (a.u.) FWHM (cm™)

T E T E T E
1436 1437 21,4 6,6 85 138
1470 1464 9,1 5,9 80 33
1490 1495 7.9 10,7 80 143
1500 1519 34,5 2,3 80 16,4
1533 1536 39,7 22,0 80 14,1
1581 1576 52,6 20,5 8,2 138
1591 = 26,4 = 97 =

1607 1597 83,0 93,4 8,3 123
1614 1612 64,3 33,5 70 1,8
1622 1618 51,4 28,2 8,8 10,6

Table 7.1: Peak deconvolution of the G-line of TDQ, comparison between the theoretical
computed spectrum (T) and experimental spectrum measured at 568nm (E). The peak
predicted to be at 1590 was not identifiable in the experimental spectrum.
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Figure 7.2: Raman fingerprint of (a) TDQ and (b) target NG at exciting laser wavelength
of 1064nm, compared to DFT simulations at the PBE-6-31G(d,p)-D3 level. In figure (a)
computed vibrations of TDQ with large F displacement are reported in green dashed
lines.
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Center (cm™) Intensity x 100 (a.u.) FWHM (cm™)

T E T E T E

255 255 1,2 20,1 82 86
268 272 0,4 12,7 77 118
304 306 1,4 03,2 79 7.6
311 316 2,2 24,1 80 89
324 330 0,8 06,8 79 10,1

Table 7.2: Peak deconvolution of the strongest Raman active modes with large F dis-
placement in the TD(Q spectrum, comparison between the theoretical computed spec-
trum (T) and experimental spectrum measured at 568nm (E).

7.2 Laser Annealing on TDQ

The precursor was annealed through laser irradiation in HV using the Raman spectro-
scopic HV set-up with a 568nm laser at (1.6 x 10*)W cm™? irradiation. This laser line,
being in the vanishing tail of the fluorescence spectrum of the target precursor molecule,
enables us to have a weak luminescence Raman spectrum, which concomitantly allows
to study the transformation to nanographene from both a decrease of the luminescence
and a change in the Raman fingerprint.[110]

A selection of original spectra gathered during laser annealing are in figure 7.3a. The
acquisition time for each laser annealing cycle was 100s, while the time between the end
of an acquisition and the start of the next was about 20s.

During the laser annealing process, the molecule’s color turned from white to black.
An indication of TDQ decomposition came from the quartz optical window of the HV
chamber, whose inner surface was etched by hydrogen fluoride during the experiment.
No other fluorinated materials were present inside the HV chamber, therefore hydrogen
fluoride must have originated from the first step of cyclodehydrofluorination, in which
the molecule decomposes by breaking its CF bonds.

A dramatic increase in fluorescence between the first and second cycles was observed,
followed by a slow decrease that continued through the whole process. At the same time,
the Raman fingerprint of the molecule progressively lost intensity, leading to a decreasing
signal-to-noise ratio.

In order to highlight the molecular fingerprint, a background subtraction was needed.
It is now important to note that the spectral background is made of two separate com-
ponents.

The most prominent one is the photoluminescence of TDQ, which is approximately
linear in shape, but, as has already been observed, evolves with increasing irradiation
time.

An additional component, which is constant for all acquired spectra, is the stray
Raman fingerprint of the fused quartz UHV window. Though the laser was focused on the
TDQ precursor below the window, stray Raman signals from out-of-focus materials have
already been reported.|[164] Moreover, this background component was isolated from the
spectrum with the lowest SNR, namely cycle 32, as reported in figure 7.3 and its shape
is consistent with the fingerprint of fused quartz glass reported in literature.[162, 163]

After executing a subtraction of the stray quartz signal, the changes in photolumi-
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Figure 7.3: (a) Selection of unprocessed spectra acquired during in situ laser anneal-
ing. The photoluminescence background increases dramatically between the first and
the second acquisition cycle, then it decreases slowly throughout the whole process (b)
Constant component of the background extrapolated from the acquisition cycle with
lowest SNR, cycle 32. The shape and the highlighted peaks are compatible to a fused
quartz glass fingerprint,[162, 163] thus it originates from the stray Raman signal from
the UHV window.

nescence were quantified by integration of the remaining background area. Acquisition
cycles were equally spaced in time, with each cycle starting 120s after the previous one:

Time [s] = 120s - Cycle (7.1)

Using this equality, I was able to plot the photoluminescence evolution against time, as
is represented in figure 7.4a. The changing photoluminescence indicates that a transfor-
mation of the TDQ precursor took place.

After further subtraction of the photoluminescence background found in the previous
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Figure 7.4: (a) Evolution of the area of the photoluminescence background during laser
annealing: after a sharp increase between cycle 1 and 2, it decreases gradually. The
changing photoluminescence indicates that a transformation of the TD(Q precursor took
place. (b) Spectral evolution under laser annealing at 568nm. The spectrum loses def-
inition as the intensity decreases (background was subtracted, spectra were normalized
to the G-line).

ste, all spectra were normalized to the G-band at ~1600cm™ in order to highlight the
spectral evolution of the Raman fingerprint, a selection of which is reported in figure
7.4b. The main spectral features persist during the whole laser annealing process, even
as the signal loses definition leading to a diminishing SNR.

In summary, the processes I described are the changes in photoluminescence and
molecular color, the etching of the quartz UHV window, the diminishing SNR.If consid-
ered together, they all point to transition of TDQ into another molecular species.

In order to gain better understanding into the physical and chemical processes that
had happened during laser annealing, the next step I took was to determine the local
temperature a posteriori, which can be done by correlating the lineshape width I' to the
sample temperature.
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7.3 Extrapolation of Temperature from Raman Spectra

7.3.1 Correlation between Linewidth and Temperature

In order to determine the local temperature of the precursor during laser annealing, I
used a T64000 spectrometer with exciting laser wavelength of 532nm to record Stokes
and anti-Stokes peaks at increasing laser irradiation.

I chose to examine Stokes and anti-Stokes scattering of the mode at 1326 cm™, as it
is the second highest intensity feature in the TDQ spectrum. This mode is preferable to
the higher intensity G-line because modes at the intensity of anti-Stokes lines decreases
dramatically for modes with higher wavenumber.[139]

At equilibrium, equation 5.7 is a valid approximation of the ratio between Stokes
and anti-Stokes intensities, Ig and 4. In my calculations, though the detectors I used
were CCDs, I used both values of A to provide a comparison between the two forms of
the equation.

I executed a lineshape analysis on the recorded peaks which allowed me to find each
peak’s linewidth. I then correlated the linewidths thus found to sample temperature us-
ing equation 7.3. Results are reported in table 7.3 for each value of used laser irradiance.

I then plotted T (vy,,T) as a function of temperature for all data reported in table
7.3. From these values, I was able to find an estimate for T (v,,0) for A = 3,4 by
executing a non-linear fit of equation 5.9, as pictured in figure 7.5.

7.3.2 Extrapolation of Temperatures during Laser Annealing

The temperatures during laser annealing were then found by simply inverting equation

5.9:
T g (e (T T ey)) £

and using the Lorentzian width found from fitting a Voigt profile on the peak at
1326 cm™ with the program Fityk.[158]

The greatest contribution to the standard deviation on the temperature comes from
the error of the estimate I' (v, 0), in comparison to which all other contributions are
negligible. The standard deviation on the temperature calculated by 7.2 is thus:

Irradiance (W-cm™?) | I (a.u.) | Is (a.u.) | T (K), A=3 | T (K), A=4

1.4-102 13.3 2336.5 341.5 333.0
3.4-102 85.7 4016.2 446.4 432.1
6.0-102 17.5 1032.8 424.0 411.1
1.0-103 42.0 1028.9 526.3 506.5

Table 7.3: Experimental data of Stokes and anti-Stokes processes measured with T64000
spectrometer at 532 nm laser wavelength and temperatures calculated from equation 5.8
with A = 3,4.
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Figure 7.5: Non-linear fit on (T, I' (v, T)).
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The term opy,,, o) is the standard deviation of I' (v,,0), which is found from the
non-linear fit in figure 7.5.

Results of Temperature Calculations

The results to my temperature extrapolation are reported graphically in figure 7.6 and
numerically in appendix A.2.

The temperatures predicted by the two values of A follow the same trend. Temper-
atures calculated with A = 3 are in the order of 50 K higher than those calculated with
A = 4. The biggest discrepancies are present in calculations on lower SNR spectra. The
error o, though, is always bigger for values calculated with A = 4. For this reason,
from now on only temperatures calculated with A = 3 will be considered.

At the beginning of the laser annealing process, the precursor molecule heats almost
immediately to about 1100K (green shading). The temperature is then about constant
until cycle 4, when it starts decreasing (orange shading). After cycle 23 (grey shading)
calculated values are unreliable due to the too low SNR. The trend change indicates that
two different regimes were present before and after cycle 4.
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Figure 7.6: Temperature evolution during laser annealing calculated with equation 5.9.
The standard deviation was calculated with equation 7.3. The temperature increases
sharply from room temperature to about 1100K at the beginning of the process (green
shading) and then gradually decreases (orange shading). The values after cycle 23 (grey
shading) are unreliable due to lower signal-to-noise ratios.

7.4 Phase Transition during Laser Annealing

The temperature trend found in the previous paragraph suggests that at about cycle
4 of laser annealing a phase transition between two different regimes took place in the
sample.

During the laser annealing process, the signal-to-noise ratio of the molecular Raman
fingerprint decreased, while the color change of the molecule and etching on the inside
of the optical window suggest a defluorination and graphitization of TDQ.

The Raman fingerprint of the target NG presents peaks between 1200cm™ and
1600 cm™, with a very low SNR because of strong photoluminescence when measured
with visible light excitations. Therefore, the high photoluminescence is an indication
that the target nanographene or similar molecules were synthesized by cyclodehydroflu-
orination of TDQ.

At the same time, the absence of signal from the decomposition products points to
a non-uniform synthesis and to their fast transition into amorphous carbon due to the
high irradiance used during laser annealing.[19]

A quantitative study of the spectrum’s decay can be made after subtraction of the
background. As suggested by the temperature trend above, the intensity decay can be
separated at cycle 4 (480s) into two well defined regimes of exponential decrease (fig.
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7.7). Each regime can be modeled by an exponentially decaying trend:
I=e N (7.4)
In this case, the decay constant A is a function of laser irradiation. In the second
regime, between cycles 4 and 23, also the photoluminescence and the temperature decay
exponentially (see figure 7.8).

Time (s)
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—%— Intensity of peak at 1325¢cm™
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Figure 7.7: Intensity decay of the peak at 1326cm™. Two distinct regimes can be

identified: during the first, the decay is governed by evaporation, during the second by
molecular decomposition into graphitized amorphous carbon.

Regime A (cycle™) oy (cycle™) A (s71) oy (571
Evaporation 796.85 0.04 6.64-102 3.01-10™*
Decomposition 744.47 0.03 6.20-102  2.46.*

Table 7.4: Decay constants from fit.

In the first regime, the intensity decay is governed by the evaporation of the molecule
Aev- In this regime, the calculated temperature is stable around 1100K within experi-
mental error. At cycle 4 (480s), a phase change occurs, after which the intensity decay
is governed by the decomposition of the precursor molecule until the end of the laser
annealing. The later regime, therefore, is governed by the decomposition rate of the
precursor molecule, Agec.

From the analysis of the two regimes, we can conclude that a transformation occurred
in the molecule. As the temperature is stable in the first regime, already before cycle 2
a steady state is reached between heating by laser irradiation and heat dissipation.
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Figure 7.8: Fit of temperatures and photoluminescence (PL) in the decomposition regime
(cycles 4 to 23). Dashed line: hypothetical constant temperature if no phase change
between evaporation and decomposition regimes had occurred.

The high temperature reached fuels endothermal processes like evaporation and cy-
clodehydrofluorination, with a fraction of precursor molecules starting to decompose
by breaking of CF and CH bonds, as sketched in figure 7.9a. This in turn leads to
the formation of HF and CC bonds, which leads to small local clusters of graphitized
material.

A phase change between unpercolated and percolated clusters of graphitized material
occurs at cycle 4, as sketched in figure 7.9b. As observable in figure 7.8, in this regime
both the temperature and the PL decrease exponentially, which means that heat conduc-
tivity increases dramatically as the light emission from the sample becomes quenched.
If percolation did not occur, the temperature would be constant as the system would
remain in the steady state reached during the evaporation regime.

The decrease in temperature is further evidence supporting the transformation of the
precursor, as percolated graphitized materials lead to a more efficient heat exchange in
comparison to single molecules held together by van der Waals interactions.



7.4. PHASE TRANSITION DURING LASER ANNEALING 59

Figure 7.9: (a) Evaporation regime: heat conductivity in the precursor sample is small,
temperature is constant, Raman signal decrease is mostly due to evaporation. (b) De-
composition regime: heat conductivity is high, temperature decreases, Raman signal de-
crease is dominated by molecular decomposition. The decomposed precursor molecules
bond, creating graphitized material, which increases heat dissipation.



60

CHAPTER 7. SYNTHESIS OF NG BY CDHF



Chapter 8

5-AGNR encapsulated in
SWCNT

This chapter represents the results of a manuscript currently under preparation, which
was written together with my colleague Claudia Berkmann. Claudia Berkmann executed
preliminary experiments that demonstrated the feasibility of the work, acquired and ana-
lyzed optical absorption data and prepared the draft for the manuscript. My contribution
was to execute the main experiment, acquire Raman spectroscopy data and analyze it.
The final version of the manuscript is the result of countless hours of discussion, inter-
pretation and rewriting by both of us.

Stmulations of Raman spectra for this chapter were provided by Prof. Manuel Melle-
Franco and Jorge Laranjeira. AC-HRTEM pictures were taken by Prof. Kecheng Cao
and contrast profiles were created by Prof. Lei Shi.

8.1 Optical Properties of Rylene Dyes

In order to study the optical properties of a small width GNR, I filled SWCNT with
the rylene dye terrylene, which already has the structure of a very short 5-AGNR.
A preliminary determinatino of the optical properties of rylene dyes was necessary to
properly distinguish precursor from synthesis product.

8.1.1 Raman Fingerprint of Terrylene

The molecule I used for encapsulation into SWCNT and polymerization into GNR is
terrylene, the second shortest molecule in the rylene dyes family.[165] Because of its
relevance into this work, a detailed analysis of the molecule’s Raman spectral features
was necessary.

When it is in powder form, terrylene presents excessive fluorescence under Raman
investigation, which is to be expected from a molecular dye. However, during the filling
procedure, some van der Waals crystals of terrylene formed as condensation on the
internal walls of the sealed glass vial used for filling. Crystalline alignment reduces
dramatically the amount of fluorescence emitted by the molecule.

Nevertheless, fluorescence was still too high to obtain a detailed spectrum with a
visible light excitation, therefore I used an exciting wavelength of 785 nm to record the
Raman fingerprint of terrylene.
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The Raman spectra for the most likely conformations in the free terrylene molecule
were computed with DFT calculations by prof. Manuel Melle-Franco and Jorge Laran-
jeira.
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Figure 8.1: Raman fingerprint of terrylene acquired at exciting wavelength of 785nm,
the DF'T computed spectrum of free terrylene and the fitted model of experimental data,
with peak identification. Inset: peak identification in the CH-modes region highlighted
in the main graph by the dotted box.

Position (ecm™) Identification References

247 longitudinal compressive mode (LCM)  calculated from [151]
390 shear-like mode (SLM) [19, 18]

538 radial breathing-like mode - (RBLM-) [151]

584 radial breathing-like mode + (RBLM+) [151]

792 - 1299 CH-modes [71]

1359 - 1367 D-like mode (DLM) [150]

1555 G-band [148]

Table 8.1: Identification of terrylene Raman features found from peak analysis in figure
8.1.

Figure 8.1 reports both experimental data and the DFT calculations of free terrylene
executed by Prof. Melle-Franco. The calculated spectrum of terrylene agrees remarkably
well with the experimental one. The main difference between the two is the splitting into
doublets of experimental DLM and CH-modes, due to a different dielectric environment.
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Additionally, I fitted the most prominent spectral features with Voigt profiles as
described in section 6.3.2, in order to find exact center and linewidth of each component.

Experimental peaks found by peak analysis are reported and their origin identified
in table 8.1. Like all sp? hybridized structures, terrylene has a G-band vibration, which
is found at 1557 cm™' [148]. As terrylene has the molecular structure of very short 5-
AGNRs, it also shares most of their Raman features, such as CH-modes[71] and the
shear-like mode (SLM)[19, 18].

The influence of confinement effects must also be taken into account. In fact, if we
consider terrylene a 3-naphtalene unit 5-AGNR, the peak at 247 is clearly its longitudinal
compressive mode (LCM), as can be extrapolated from the observed values reported in
Overbeck et al.. Moreover, due to the short length of terrylene, the radial breathing-like
mode (RBLM) of 5-AGNRs usually found around 540 cm™! loses its purely transversal
character and splits into a doublet with lower (RBLM-) and higher energy (RBLM+)
modes.[151]

This peak identification will be helpful later, in unraveling the terrylene signal from
that of GNR encapsulated in SWCNT.

8.1.2 Length Related Effects in Rylene Dyes

In order to understand the influence of length on CH-vibrations and properly distin-
guish between the Raman modes of unpolymerized terrylene longer encapsulated 5-
AGNR@SWCNT, a preliminary study was performed the rylene dyes perylene, terrylene
and quaterrylene (molecular structures in figure 6.3).

The comparison between Raman fingerprints of perylene, terrylene and quaterrylene
recorded at 568 nm is in figure 8.2. The CH-modes in the 1200-1400 cm™' region of the
spetra have a different intensity ratios and their position shifts to smaller wavenumbers
with increasing length. The highest CH-modes of perylene, terrylene and quaterrylene
are at 1355cm™, 1272cm™ and 1251 cm™! respectively.

We can hypothesize a dependence of the highest mode on the inverse length, in
analogy to LCM, RBLM and SLM modes. In this case, the data can be fitted as shown
in the inset in figure 6.3, to obtain the fitting function:

y = (1138 + 23) + (428 £ 61) - x (8.1)

It follows that the highest CH mode of an infinitely long 5-AGNR is to be found
around 1150 cm™, and that of 5-AGNR with intermediate lengths between 1150 and
1250 cm™t.
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Figure 8.2: Comparison of Raman fingerprints of perylene, terrylene and quaterrylene
recorded at 568nm, after background subtraction and normalization to the G-line. Inset:
position of the highest CH-mode as function of inverse number of rylene groups in the
molecule, overlapped with linear fit and one standard deviation confidence band.

8.2 Confirmation of filling

The first step I took after filling was to determine whether the encapsulation procedure
had been successful.

Therefore, I washed the bucky paper sample thoroughly with DCM and acquired
Raman spectra before and after the wash (see section 6.2). The background fluores-
cence disappeared, while the intensity of the sample’s Raman response almost tripled,
as reported in figure 6.6. On the one hand the absence of fluorescence demonstrates
that excess terrylene was removed with washing, and on the other an increase of Raman
signal is commonly seen in dyes after successful encapsulation in SWCNT because of
increased sample order [126].

Further confirmation of successful encapsulation comes from the synthesis of inner
tubes via heat treatment of the hybrid sample at 1550°C[115, 116, 123]. RBMs of
syntesized DWCNTs with many inner tube diameters are visible in the Raman spectra
in figure 8.3a. Their diameter is calculated in section B.1. Moreover the RBM of
SWCNTs up-shifts and changes its shape significantly after encapsulation as reported
figure 8.3b, due to a changed force constant.[166, 167]

However, as mentioned above the last mono-layer is harder to wash away,[114] and
although the PL of the dye is quenched a lot in the Raman spectra, there are still some
peaks present which can be attributed to terrylene monomers. Additionally, in this layer
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Figure 8.3: (a) RBMs of DWCNTSs synthesized after heating at 1550 °C, recorded at
568nm, 633 nm and 785nm. (b) Comparison between RBMs of encapsulating SWCNT
before and after filling. The modes up-shift and change shape due to a changed force
constant. Recorded at at 568 nm (top) 633 nm (middle) and 785 nm (bottom).

the PL quenching can also be explained by Forster resonance energy transfer (FRET)
from the dye molecules to the tubes [168, 169, 170, 171, 172].

Successful filling was also confirmed by aberration-corrected high resolution trans-
mission electron microscopy (AC-HRTEM) pictures taken by Prof. Kecheng Cao. Figure
8.4a clearly shows the presence of long flat molecules inside SWCNT already after filling
at 350°Cand DCM washing. Structures on the outside of the tubes are also visible.
Contrast analysis was executed by Prof. Lei Shi on the highlighted bars and results
are reported in figure 8.4b. The flat molecules encapsulated in SWCNT have a width
compatible with the computed value of 0.49 nm for 5-AGNR.

Multifrequency resonance Raman on encapsulated terrylene recorded at exciting
wavelengths of 568, 633 and 785 nm is reported in figure 8.5, together with Raman
spectra of unfilled SWCNTSs and crystalline terrylene recorded at 785 nm. These wave-
lengths were used as 568 nm is close to the terrylene optical band gap at 557 nm, 633 nm
is in resonance with SWCNTs and 785 nm is close to the 5-AGNR band gap.

In the CH-mode region, between 1200 cm™ and 1400 cm™, multiple peaks originated
by CH vibrations are present. Their relative intensities vary according to the exciting
wavelength. This indicates the presence of different molecular species, as in resonance
Raman their signal is enhanced in the vicinity of their energy gap.

The terrylene monomer peaks are dominant in the spectra after filling at the laser
lines 568 nm and 633 nm, while their intensity is much lower at 785 nm. In addition to
that, new lines appear in the RBLM and CH-modes regions in resonance with the 785 nm
excitation, that are related to neither SWCNT nor terrylene and possibly belong to the
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Figure 8.4: (a) AC-HRTEM image of terryleneQSWCNT after filling. Flat encapsulated
structures are already present inside the tubes. (b) Contrast profile of the highlighted
lines in (a).
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Figure 8.5: Raman spectra of pristine SWCNT, terrylene, both acquired at 785 nm, and
terrylene @ SWCNT after filling at 350 °C and washing with DCM, acquired at 568 nm,
633nm and 785nm. The presence of modes not attributable to either terrylene nor
SWCNT points to successful filling and polymerization.
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encapsulated 5-AGNRQSWCNT. The most dominant of these is found at 1230 cm™.

Normalized Intensity (a.u.)

Raman shift (cm ™)

Figure 8.6: Peak fitting model (orange) of CH-modes of 633nm spectrum after filling
(blue dots). Most of the identified features originate from terrylene (magenta) or to
SWCNT (black), while others, highlighted in green, are possible GNR vibrations.

Position (cm™)

Terrylene SWCNT 5-AGNR

1271 1312 1233
1281 1247
1298
1355
1360

Table 8.2: Centers of peaks identified by peak fitting in figure 8.6.

In order to start to quantitatively unravel features arising from different molecular
species, I executed a peak deconvolution on the CH-mode region of the 633 nm spectrum
by fitting Voigt profiles to the spectrum and is reported in figure 8.6. Centers of identified
peaks are reported in table 8.2.

This wavelength was chosen to facilitate peak deconvolution, as features of different
origin, such as terrylene-related modes and the one at 1230 cm™, have comparable in-
tensities. On one hand, most of the peaks found this way are identifiable with known
terrylene CH-vibrations or with the SWCNT D-band. On the other hand, the peak
at 1230cm™ and a feature at 1247 cm™ highlighted in the graph must originate from
another molecular species, likely 5-AGNRQSWCNT.

Despite thorough washing, multiple features attributable to terrylene are present in
the Raman spectra after filling and persist even after thorough washing with DCM.
Thus, in order to unravel the properties of the CH-modes of the GNR alone, further
analysis on the spectra is required.



68 CHAPTER 8. 5-AGNR ENCAPSULATED IN SWCNT

These results show that the terrylene encapsulation and GNR, growth was successful,
but despite thorough washing, multiple features attributable to terrylene are present
in the Raman spectra after filling and persist even after thorough washing with DCM.
Thus, in order to unravel the CH—modes of the GNR alone, further analysis on the
spectra is required.

8.3 Annealing Series

Let us now turn to Raman spectral changes as a function of annealing temperature. This
will be helpful in unravelling the signal of the hybrid system 5-AGNRQSWCNT from
that of its precursor, as we expect mono—layer terrylene on the outside of SWCNTs to
burn away at a temperature lower than the decomposition temperature of encapsulated
GNR.

Filled SWCNT samples underwent heat treatment under vacuum better than
10~° mbar for two hours, each at a different temperature between 400°C and 800°C
with 50°C steps.

Laser lines 568 nm, 633 nm and 785 nm where chosen for investigation with Raman
spectroscopy. The first two resonantly enhance the optical band gap of terrylene at
557 nm and the latter is in resonance with the much lower band gap of longer 5-AGNR.
The spectra were normalized to the G-band of SWCNTs.

The exponentially decaying background due to the laserline was fitted with a sum of
linear background and exponential decay:

a+ bz + c-exp(—(z/d)) (8.2)

and subtracted from all spectra.
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Figure 8.7: Evolution under heat treatment of the hybrid system 5-AGNRQSWCNT
recorded at 568 nm exciting wavelength.
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Figure 8.8: Evolution under heat treatment of the hybrid system 5-AGNRQSWCNT

recorded at 633 nm exciting wavelength.
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recorded at 785 nm exciting wavelength.
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The data I gathered is reported in figures 8.7, 8.8 and 8.9 for exciting wavelengths
568 nm, 633 nm and 785 nm respectively. The spectra were normalized to the G-band of
SWCNTs, which was prominent in all spectra.

It is interesting to observe how the spectral features evolve dependent on annealing
temperature. In general, most of the signals in the 568 nm spectrum that don’t belong
to SWCNT decay rapidly, while in the 785 nm spectrum additional features are visible
until heating at 800°C. This behaviour suggests that, as expected, the encapsulated
GNR and the unpolymerized terrylene left on the outside of the sample react differently
to heat exposure.

One example of this is the RLBM, which is found at around 539 cm™ for both 5-
AGNR and terrylene. Modes from the two molecular species are therefore too close
to be resolvable with the spectrometer used. However, we can use the photoselectivity
of resonance Raman spectroscopy to observe that the RBLM in the 568 nm spectrum,
whose biggest contribution comes from terrylene, undergoes a different evolution from
the RBLM in the 785 nm spectrum, which mainly originates from 5-AGNR@SWCNT.

The feature with the most peculiar behaviour is that at about 1272 cm™. It is visible
in all spectra after filling: it decays rapidly at 568 nm and is stable at 785 nm before
gaining in intensity. It is prominent in the 633 nm spectrum, where its center downshifts
to 1266 cm™! before undergoing a slight upshift. This behavior strongly indicates that
multiple components of different origin constitute the feature.

8.3.1 Terrylene Removal under Heat Treatment

I executed a lineshape analysis by fitting a Voigt profile on the G-band of terrylene
at 1555 cm™ [158] so as to quantitatively identify the influence of residual mono-layer
terrylene on the Raman spectra of 5-AGNRQSWCNT. We find that its intensity decays
exponentially with increasing temperatures, as evidenced by the fitted model in figure
8.10, which can be used as scaling factor for the terrylene signal.

The last mono-layer of the precursor molecule is notoriously difficult to remove from
the tube outside, but the exponential decrease in terrylene signal demonstrates its re-
moval with increasing annealing temperatures. This heating procedure cleans the hybrid
material 5-AGNRQSWCNT, preparing it for further characterization devoid of influence
of the precursor molecule.

The existence of multicomponent features such as the RBLM and the peak at
1272 cm’™! | indicates that a subtraction of the terrylene fingerprint should be executed
to properly disentangle it from the signal of 5-AGNRQSWCNT.

A detailed Raman fingerprint of crystalline terrylene was only available for excitation
at 785 nm, so I had to create an empirical model to take into account laserline broadening
and different CCD sensibilities at other exciting wavelengths. I did this by fitting the
terrylene spectrum and then adapting the fitted model to take into account the varying
laserline widths and detection resolutions at different wavelengths. The appropriate
intensity was found by observing the intensity of the terrylene G-band as a function of
temperature and using its fitted model from figure 8.10 as an intensity scaling factor.

The detailed process for the creation of empirical terrylene models is described in
section 8.4.
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Figure 8.10: (a) The G-band of terrylene at 1555cm™ (yellow) was extrapolated from
the experimental spectra (purple) by fitting a Voigt profile (red) over a linear baseline
(green). (b) The peak’s intensity, correspondent to the height of the fitted Voigt, is
found for all annealing temperatures. Its evolution as a function of temperature is fitted
by an exponential decay, which is used as scaling factor in subsequent analysis.

8.4 Empirical Terrylene Model for Subtraction

In order to properly highlight the Raman features of 5~ AGNRQSWCNT over those of
the last mono-layer of terrylene, the spectrum of the latter must be suitably subtracted
from the Raman fingerprint of the samples.

Because of excess fluorescence, a detailed terrylene spectrum is only available at
exciting wavelength 785 nm. In order to subtract correctly the signal of terrylene from
spectra acquired with other exciting wavelengths, we used the fit from section 8.1.1 to
construct an empirical model.

A spectral feature in Raman spectra can be approximated with a Voigt profile, which
is a convolution of a Gaussian and a Cauchy-Lorentz distributions. Its full width at half
maximum (FWHM), extimated with equation (6.1), is a function of the Gaussian width
wg and of the Lorentzian width wy,.

wg depends on the laser emission linewidth and on the spectrometer resolution,
while wy, depends on vibrational lifetime and Raman resonance. These influences must
be taken into account when building an empirical model.

The terrylene G-line at 1555 cm™ had to be isolated in each spectrum after filling in
order to be used as reference. Thus I subtracted an appropriate spectrum from the after
filling spectra:

e either the spectrum of pristine SWCNTs, if the shape of the SWCNT G-band was
unchanged before and after filling, as is the case for 568nm;

e otherwise, for 633nm, the spectrum of the sample annealed at 600°C.
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The example in figure 8.11a shows the subtraction process for the 633 nm wavelength.
The terrylene line at 1555 cm™ thus found was fit with a Voigt profile with the correct
wg for the exciting wavelength. This fitting allowed me to find the broadening factor b;
to the wy, component due the different Raman resonance and detect possible shifts in
spectral calibrations.

The fitted model of crystalline terrylene acquired at 785 nm found in section 8.1.1 was
used as base for the empirical model. Each Voigt profile was modified in the following
way:

e the Gaussian width wg was set at the value found by Gaussian fitting of elastic
scattering detected at 0 cm™;

the Lorentzian width wy, was multiplied by the broadening factor by;

the intensity was multiplied by the scaling factor found in figure 8.10b;

finally, calibration shifts were compensated for.

An example of this procedure for the empirical model at 633 nm is summarized in figure
8.11b.
The empirical model was then subtracted from the experimental spectra.

8.5 Unraveling the 5-AGNR@SWCNT Fingerprint

This empirical procedure allowed us to highlight other peaks that can be attributed to
neither terrylene nor SWCNT, but consequently belong to 5-AGNR. The most prominent
CH-vibration is confirmed to be the peak at 1230 cm™, previously found in the peak
deconvolution reported in Figure 8.6, which we name CH; gnRr.

Especially interesting is the peak found at 1272cm™ before subtraction: it seems
to downshift about 10 wave-numbers with increasing temperature in the unmodified
spectra. With the help of the subtraction procedure it becomes apparent that this
is due to the superposition of a CH mode of 5-AGNRQSWCNT at 1266 cm™, which
we name CHj gnr, and a peak from terrylene at 1272 cm™!. Additional GNRQSWCNT
modes include a CH mode which we called CHj gnRr at 1294 cm™', DLMgng at 1350 cm™,
and the RBLM-adjacent mode at 492 cm™ mentioned above. A summary of CH-modes
for both terrylene and 5-AGNRQSWCNT is available in table 8.3.

In figure 8.13a I repeated the lineshape analysis on the peaks at 492cm™ and
1230 cm™! in the spectra after subtraction and observed their intensity evolution as func-
tion of the annealing temperature. They are stable until heating at temperatures be-
tween 550 °Cand 600°C, while their intensity decays linearly at higher temperatures
(see figure 8.13b).

The lineshape analysis confirms the different origins of the terrylene G-band and the
peaks at 492 cm™! and 1230 cm™! |, thus the assignation of the latter features as modes of
5-AGNRQ@SWCNT is correct. Moreover, the hybrid structure GNRQSWCNT is stable
under heating until temperatures between 550°C and 600 °C, after which the decrease
in signal-to-noise ratio points to the decomposition of GNRs into amorphous carbon,
until the thermal energy supplied is enough to form inner SWCNTs.



8.6. COMPARISON TO DFT COMPUTED SPECTRA 73

(a) (b)

Terrylene
G-band
from
subtraction

Empirical
Terrylene
Model

for 633 nm

Intensity (a.u.)
Intensity (a.u.)

After
Filling Fit of
Experimental
Terrylene
Fingerprint

_J

600°C
T T T T Ill T
1525 1550 1575 1200 1250 1300 1350 1500 1550 1600
Raman Shift (cm ") Raman Shift (cm ")

Figure 8.11: Creation of the empirical terrylene model for the 633nm wavelength.
(a) The difference between spectra after filling (red spectrum) and after annealing at
600 °C (blue spectrum) is computed. The resulting peak is the extrapolated G-band of
terrylene, which is then fitted to a Voigt profile to find the width broadening factor &;
and possible calibration shifts. (b) The data found in (a) is used to adapt the fitted
model for the experimental terrylene fingerprint found in section 8.1.1 to the wavelength
under examination.

Comparing the dependence on temperature of both terrylene and the hybrid system
5-AGNRQSWCNT signals in Figures 8.10 and 8.13, we conclude that the spectra gath-
ered after annealing at 600 °C are best suited for further peak analysis, as the 5-AGNR
signal has just started to decrease, while the terrylene signal is already below 20% its
original intensity.

8.6 Comparison to DFT Computed Spectra

Raman spectra were computed for 5-AGNRQSWCNT whose edges were terminated by
one H atom by Prof. Manuel Melle-Franco and Jorge Laranjeira.

Figure 8.14 compares the spectrum of a hybrid system sample annealed
600 °C gathered at exciting wavelength of 785nm to computed DFT spectra of 5-
AGNR@(19,0) semiconducting SWCNT and 5-AGNR@(18,0) metallic SWCNT. Com-
puted GNR edges were passivated with one H atom. The highest intensity signal of
5-AGNR@(19,0) is predicted to be the G-band, followed by CH-modes at 1234 cm™ and
1280 cm™!, with a small side mode at 1298 cm™. On the other hand, the G-band signal of
5-AGNR@(18,0) is quenched, highest contribution from mode 1280 cm™tand 1298 cm™,
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Figure 8.12: From the terrylene spectrum at 785 nm (green) multiplied by the scaling
factor, we build an empirical model for exciting wavelength 633 nm (yellow). The em-
pirical model is then multiplied by the scaling factor and subtracted from the spectra
at 633nm (purple). The resulting spectra (pink) highlights modes belonging only to
GNR@SWCNT. Process shown for (a) after filling and (b) after annealing at 600 °C .
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Terrylene@633 nm 5-AGNR@785 nm

CH-mode Position CH-mode Position
() (cnr)
- - CH1 6nR 1230
CH1 Ter 1272 CHz gnR 1266

1285

CHa Ter 1299 CHs gnR 1294
1313

DLMe, 1359 DLMgnr 1350
1367

Table 8.3: The dominant CH-modes of terrylene and 5-AGNRs are listed. They were
measured at the resonance laser line of terrylene at 633nm and 5-AGNR at 785 nm.
Because of symmetry breaking effects, the CH lines of Terrylene have additonal peak
compared to GNRs
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Figure 8.13: (a) The CH; gnr mode of 5-AGNR at 1230 cm™ (yellow) was extrapolated
from the experimental spectra (purple) by fitting a Voigt curve (red) over a linear baseline
(green). The same procedure was repeated for the RBLM-adjacent mode at 492 cm™ (not
shown). This process allowd us to find (b) intensities for CH; gng mode and RBLM
(multiplied by 10). The intensities are stable (orange area) until annealing at about
550 °C . For higher annealing temperatures the signal loses intensity (yellow area). Thus
GNRQ@QSWCNT are stable until about 550°C, after which they start to convert into
amorphous carbon inside SWCNTs. Process shown for exciting wavelength 633 nm.
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Figure 8.14: Comparison between DFT computed spectra of 5-AGNR@(19,0) semi-
conducting SWCNT and 5-AGNR@(18,0) metallic SWCNT to encapsulated 5-
AGNR@SWCNT annealed at 600°C gathered at 785 nm. The calculated positions
of major CH vibrations are consistent with experimental data, with the peaks at
1230cm™ (highlighted in yellow) and 1266 cm™ (highlighted in blue) being a super-
position of signals from 5-AGNR encapsulated both in metallic and semiconducting
SWCNTSs, while the biggest contribution to the peak at 1294 cm™' comes from 5-AGNR
encapsulated in metallic SWCNTSs (highlighted in orange).

followed by mode at 1234 cm™, then by RBLM at 534 cm™ and SWCNT mode at 480
cm™!, all of which are stronger than the G-line. Additional modes arise in the low-
frequency region of encapsulated system, also due to the contribution of the encapsulat-
ing SWCNT. One such modes is the RBLM-adjacent mode at 492 cm™, which represents
an asymmetric nanotube vibration. A second mode originating from mixed nanotube-
nanoribbon vibration is found at 205cm™ in the computed spectrum of 5-AGNR@(18,0).

In summary, we were able to assign CH-vibrational modes to specific vibrations in
the hybrid system 5-AGNRQ@QSWCNT. This comparison with theory also allowed us to
demonstrate that the edges of synthesized 5-AGNRQSWCNT are terminated with one
H atom, which is consistent with the expected outcome of terrylene polymerization.



Chapter 9

Summary and Outlook

In conclusion, in my thesis I investigated two metal-free bottom-up synthesis methods of
graphene nanoribbons using photoselective resonance Raman spectroscopy as a contact
free characterization method.

Firstly, I used laser annealing coupled with Raman microscopy to investigate the
step-by-step graphitization of a new fluorinated precursor, therefore creating a template
for future investigation into the cyclodehydrofluorination reaction.

I reported for the first time the experimental and computed Raman fingerprints of the
fluorinated precursor tetrafluoro-diphenyl-quinquephenyl (TDQ). TDQ was processed in
a pilot study on laser annealing as a pathway to induce heat- and photo-induced reactions
in fluorinated precursors. During the process, we found evidence that the molecule
underwent photo-induced cyclodehydrofluorination, though the high laser irradiance led
to the almost immediate decay into amorphous carbon of the reaction products. Further
studies will be required on the TDQ molecule and related fluorinated precursors to
optimize the laser annealing process.

Laser annealing allows to influence the reaction by laser irradiation, while at the
same time providing quick, in-situ measurements of the Raman fingerprint without
requiring a metallic substrate or physical contact between probe and reagents. Therefore,
it was demonstrated to be the perspective technique to optimize nanographene synthesis
through cyclodehydrofluorination and unravel its full potential in engineering tailored
bottom-up synthesized GNR.

Secondly, encapsulation of a small rylene dye, terrylene, into SWCNTs with small
diameter distributions allowed me to investigate the vibrational properties tied to edge
terminations of small width armchair graphene nanoribbon, disentangling them from the
signal of the precursor.

I demonstrated successful encapsulation of terrylene into 1.4nm diameter SWCNT
and concomitant transformation into 5-AGNR@QSWCNT. These results strongly suggest
that using terrylene as a precursor molecule encapsulated in SWCNT's represents a viable
pathway to produce truly width-controlled armchair nanoribbons.

Moreover, I used photoselective multifrequency resonance Raman spectroscopy to
investigate the samples, from which we identified the presence of multiple molecular
species, leading to the identification of possible new GNR features. The resonance
observed suggest that the electronic gap of 5-AGNR is in a suitable range for integration
in current nanodevices technology.

1
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To confirm the different origin of the peaks, samples were subjected to a heat treat-
ment. This procedure allowed me to untangle terrylene-related peaks from the Raman
fingerprint of 5-AGNR@QSWCNT by creating a subtraction procedure to highlight CH
vibrations belonging to the hybrid encapsulated system. We were thus able to unravel
for the first time the Raman signal of encapsulated GNR from that of the precursor.

I identified the evolution as a function of temperature of isolated modes belonging
to 5-AGNRQSWCNT, thus finding the goldilocks annealing temperature that would
allow to study the samples free of the influence of residual not-encapsulated terrylene.
I determined that 600 °Cis the ideal annealing temperature for sublimation of residual
terrylene monolayer without damage to 5-AGNR@QSWCNT.

Finally, I compared the experimental data to computed spectra of 5-AGNR @ 1.4nm
SWCNT, which predict the experimental results remarkably well and demonstrate that
synthesized 5-AGNRQSWCNT are terminated with one H atom.

9.1 Outlook

Both techniques show great potential for future investigations.

The fluorinated molecule TDQ has the potential to allow synthesis of GNR if the
correct substrate for adsorption is found. Both this molecule and its related fluorinated
precursors can be heated via laser annealing and studied in-situ via concomitant reso-
nance Raman.

Encapsulation of small molecules in SWCNT has the potential to allow synthesis
of extremely different species of long homogeneous GNR. I believe that the analysis
method I reported will be pivotal for future Raman characterization the hybrid system
GNRQ@QSWCNT unravelled from its precursor’s fingerprint.



Appendix A

Additional data on TDQ

A.1 AFM measurements of TDQ@MgO

Atomic force microscopy (AFM) measurements of TDQ@MgO were carried out by Dr.
Wim Cuypers at the Department of Chemistry of the University of Vienna.

Further testing went into finding an appropriate surface for cyclodehyodrofluorination
(CDHF).

I used a custom made evaporator built inside a UHV chamber to deposit the
tetrafluoro-diphenyl-quinquephenyl (TDQ) precursor on a magnesium oxide substrate.
Pressure during evaporation was better than 10~ mbar. The TDQ precursor was de-
posited in a quartz vial connected to the UHV chamber and heated with a custom-built
coil heater connected to a voltage generator. The temperature was monitored with a
custom built thermocouple.

AFM measurements of TDQ@MgO were carried out by Dr. Wim Cuypers, depicted
in figure A.1. Unfortunately, the deposition procedure did not yield a smooth monolayer.
Instead it led to islands with a base diameter in the order of 2nm and a height of several
tens of nanometers.

These conditions are not ideal for testing CDHF on insulator surfaces. Further
testing will have to be carried out to determine the best insulating substrate for TDQ
deposition.
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Figure A.1: (a) Heat map of AFM of TDQ@M¢gO . (b) AFM profile of TDQ@MgO along
the line highlighted in (a).
A.2 Numerical Results of Temperature Calculations

Numerical results of temperature calculations, reported graphically in section 7.3.2, are
in table A.1.
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A=3 | A=4

Cycle Temperature (K) o7 (K) Temperature (K) o7 (K)
1 1016,26 130,93 983,88 145,78
2 1166,80 129,19 1134,98 142,65
3 1178,74 129,25 1146,91 142,66
4 1102,46 129,37 1070,54 143,27
) 1132,09 129,22 1100,23 142,90
6 966,62 132,57 933,76 148,23
7 965,30 132,62 932,43 148,30
8 1030,19 130,47 997,94 145,11
9 918,81 135,17 885,23 151,93
10 988,11 131,79 955,48 147,07
11 1021,03 130,76 988,69 145,54
12 1041,80 130,28 1009,61 144,80
13 854,08 140,42 819,02 159,38
14 999,76 131,47 967,23 146,58
15 703,12 165,89 660,72 197,80
16 903,79 136,29 869,90 153,50
17 790,98 148,14 753,75 170,55
18 747,42 155,65 708,03 181,78
19 634,36 189,60 584,65 238,81
20 685,58 170,98 641,66 206,07
21 689,01 169,98 645,40 204,42
22 670,74 175,88 625,33 214,27
23 676,54 174,01 631,70 211,09
24 330,20 1248.,19 - -
25 657,24 180,69 610,36 222,58
26 - - - -
27 - - - -
28 484,54 323,51 372,14 828,69
29 570,83 226,30 508,52 317,92
30 - - - -
31 - - - -
32 408,17 536,02 - -

Table A.1: Temperatures and standard deviations calculated with eqq. 7.2 and 7.3
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Appendix B

Additional Data on Encapsulated
5-AGNRQSWCNT

B.1 Diameter of Inner SWCNT Synthesized via Heat
Treatment

In order to confirm successful encapsulation of terrylene into SWCNTs, I subjected
the hybrid sample to heat treatment at 1550°C to synthesize inner tubes. RBMs of
syntesized DWCNTs with many inner tube diameters are visible in the Raman spectra
in figure 8.3a.

The diameter of the inner tubes formed under heat treatment can be calculated with
the formula [173]:

d = 234/ (wrpM — 10) (B.1)

Results are in table B.1.

Raman Shift (cm™) Calculated diameter (nm)

239 1,02
251 0,97
265 0,92
273 0,89
279 0,87
289 0,84
297 0,82
305 0,79
309 0,78
334 0,72

Table B.1: Calculated diameters of inner SWCNT's synthesized by heat treatment.
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Figure B.1: Spectra acquired at exciting wavelength 633 nm, after subtraction the em-
pirical terrylene model.

B.2 Spectra after Subtraction of Terrylene Empirical
Model

Spectra acquired at exciting wavelength 633 nm, after subtraction the empirical terry-
lene model are in figure B.1. The SWCNT spectrum was not subtracted because of a
broadening after filling, which would have led to negative values between 1500 cm™ and
1550 cm™L.

The peaks at 492cm™ and 1233cm™' were not influenced by the subtraction,
which confirms they are modes of 5~ AGNRQSWCNT. After subtraction, the peaks
at 1266cm™, 1294cm™ and 1350 cm™ were isolated, which are also modes of 5-
AGNR@SWCNT.

As the dielectric environment for mono—layer terrylene outside SWCNT is different
from that of van der Waals crystals of terrylene, the empirical model has a limit in
the precision with which it predicts position and intensity of the individual peaks. One
example is the dip present after filling at 390 cm™. Imperfections in the empirical model
of terrylene led to negative values in some areas where the peak intensity was imperfectly
predicted. Moreover, a peak at 240 cm™ is still present after subtraction: this is probably
due to an imperfect prediction of position and intensity for the terrylene LCM.

Despite the imperfections, this method is a powerful tool to highlight Raman features
belonging to 5-AGNRQSWCNT.

Spectra acquired at exciting wavelength 568 nm, after subtraction the empirical terry-
lene model and of the pristine SWCNT spectrum are in figure B.2. Similar considerations
to those in the previous paragraph can be made.

The procedure works best with 633 nm spectra because the peak used for creating
the model, the G-band of terrylene at 1555 cm™, has high relative intensity.



B.2. AFTER SUBTRACTION OF TERRYLENE EMPIRICAL MODEL 85

240 390 488 1162 1230 1266 1350
I I I I [
| — At I i 750°C
I I I I
1 T T I I 700°C
I I I | 1 i
L I I I I 650°C
5 | 1 Pl i I 600°C
AL I I I AN
>h t i 1 \” I
‘@ |1 I | ‘ |
g h 1 I I ‘ I 200°C
E : 450°C
I

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Raman Shift (cm ™)

Figure B.2: Spectra acquired at exciting wavelength 568 nm, after subtraction of
SWCNT spectra and empirical terrylene model.
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Abbreviation and Nomenclature

Abbreviations

AC-HRTEM . aberration-corrected high resolution transmission electron microscopy

AF M atomic force microscopy
AGNR ... armchair graphene nanoribbon
BSE Bethe-Salpeter equation
BUS bottom-up synthesis
CDHEF .. cyclodehyodrofluorination
CDH . cyclodehyodrogenation
CIN T carbon nanotube
CV D chemical vapour deposition
DO dichloromethane
D T density functional theory
DGU .. density-gradient ultracentrifugation
DL M D-like mode
DoOS density of states
DWCNT double-walled carbon nanotube
FE T field-effect transistor
o e Fourier-Transform
FWHM full width at half maximum
GIN R graphene nanoribbon
GNRQSWCNT ........ graphene nanoribbons inside single-walled carbon nanotube
GW Green-Coulomb approximation
HV high vacuum
O image charge
TR infrared
LM longitudinal compressive mode
LD A local-density approximation
MWOCNT e e multi-walled carbon nanotube
NG nanographene
NI R near infrared
O A optical absorption
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RB M radial breathing mode
RBLIM .. radial breathing-like mode
RDS reflectance difference spectroscopy
P L photoluminescence
S S sodium dodecyl sulfate
SN R signal-to-noise ratio
S M L shear-like mode
S M e scanning tunnelling microscopy
SIS it scanning tunnelling spectroscopy
SWON T single-walled carbon nanotube
TDQ o tetrafluoro-diphenyl-quinquephenyl
TEM transmission electron microscopy
UHV ultra-high vacuum
UV ultra-violet
WDRS .. wavelength dependent Raman spectroscopy
ZGNR zigzag graphene nanoribbon
Nomenclature

D broadening factor
B0« v ettt buckminsterfullerene
6h ...................................................................... chiral vector
HE hydrogen fluoride
73 T Gaussian width

L, et e ettt e e e e e e e e e e Lorentzian width
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