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Abstract

The activity of matter can be ascribed to a system, consisting of individually active
components, which exhibit a collective behavior. Multivalent interactions are common
in the activity of matter. They are based on the cooperation of many individual local
bindings leading to multivalent bonds and consequently emerging behaviors of matter
at various scales in nature. Controlling and precise adding of multivalency to
nanomaterials is the route towards a bottom-up approach to designing them, based on
form and consequent functions. Therefore, understanding the structure and control of
specific activities and functionalities of those nanomaterials are of great interest and
necessary for further advancement of active materials and interfaces in various

biological and sensor applications.

Multivalency of nanomaterials render them useful for biological mimicking and
viral inhibition applications. Only precise control and comprehension of their multivalent
interactions allow for designing them with advantageous efficiency of interactions. Due
to the large surface area of two-dimensional multivalent platforms, the overall required
concentration reduces for efficient binding with the material of interest. 2D carbon-
based nanosheets such as graphene and graphene oxide can be great candidates for
multivalent platforms of high efficiency but adding controlled and precise multivalency
to them is very difficult. Graphene oxide contains many chemical functional groups,
randomly distributed in terms of type, number and position within its structure.
However, bio-interactions of those chemical functional groups are non-specific, leading
to non-reproducible and complex interactions for graphene oxide. In addition, further
chemical modifications of the 2D graphene nano sheets affect their electronic
properties and may hinder their scope of applications in sensors and active interfaces.
Therefore, understanding how novel multivalent functionalization methods affect the
2D carbon-based sheets of graphene in terms of their geometry, physical interaction
specificity, and their electronic properties, is the goal of this thesis as they are highly

necessary for advancement of bottom-up design of 2D nanomaterials of the future.

The objective of this thesis is to investigate two novel methods of modifying 2D
graphene nanosheets through "graft to" and "graft from" techniques, which involve
[2+1] nitrene cycloaddition reactions at ambient conditions and ring-opening
multibranch polymerization of glycerol, respectively. These modified nanosheets were

then studied for their interaction with viral particles such as vesicular stomatitis virus
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(VSV) using scanning probe microscopy. The findings reveal that only sulfated post-
functionalized 2D TRGO sheets were able to strongly bind to VSV and other enveloped
viral particles. The results also suggest that the 2D multivalent binding of functionalized
TRGO sheets with viral envelopes is mostly due to non-specific electrostatic
interactions, similar to that of the extracellular matrix of a cell. However, further
specialization of these interactions is possible through the variation of post-
functionalization molecules. Overall, this study sheds light on the potential of
functionalized graphene nanosheets in various applications, particularly in the field of

virology, and provides valuable insights for future research.

Scanning probe microscopy surprisingly revealed that while functionalized 2D
TRGO could bind to VSV particles and remains flexible enough to wrinkle on a flat mica
interface, they were unable to completely wrap the envelope proteins surrounding the
viral particles. This is attributed to the high energy cost of bending large lateral
dimensions (~1-2um) of the functionalized 2D sheets compared to the 200 nm length
of the bullet-shaped VSV particles. An optimum lateral dimension of ~300 nm for
functionalized 2D TRGO sheets was found to exhibit maximum viral interactions,
inhibition efficiency, and signs of viral envelopment. Additionally, it was discovered that
the triazine-based functionalization of TRGO did not disturb electronically the
conjugated graphitic structure of 2D sheets. Contrary to previous beliefs, the
conductivity of triazine-functionalized TRGO sheets was actually enhanced after
functionalization. Furthermore, triazine could be used as a monomer to create 2D
triazine structures on a gram scale in the presence of calcium ions. Unexpectedly,
Raman spectroscopy revealed that the water content during the synthesis plays an
important role in the crystallinity and carbon content of the synthesized structures. It
was found that the crystallinity and carbon content of the 2DTS sheets were affected
by the water content during the synthesis. Synthetic graphitic crystals were observed
to form at low temperatures due to the presence of water, while a semi-crystalline
2DTS structure was formed during an anhydrous synthesis process. Potential
applications of functionalized graphene include platforms or templates for developing
new specialized antiviral therapies. For example, functionalized graphene could
potentially be used to design targeted therapies that exploit the multivalent interactions
between viruses and their cellular receptors. This could involve exploring the use of
functionalized graphene as a delivery platform for antiviral drugs. Furthermore, in case

of 2D triazine structures, electronics, optical and mechanical properties must be
9



explored in addition to the effect of functional groups on their surface properties and

doping.

Keywords

Graphene, graphene oxide, thermally reduced graphene oxide, functionalization,
hyperbranched polymers, 2D materials, active interface, atomic force microscopy, scanning

probe microscopy, Raman spectroscopy, extracellular matrix, nanographene
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Zusammenfassung

Die Aktivitat von Materie kann einem System einzelner aktiver Komponenten mit
kollektivem  Verhaltenzugeschrieben  werden. Dabei sind multivalente
Wechselwirkungen typisch. Sie beruhen auf dem Zusammenwirken vieler individueller
lokaler Bindungen, die zu multivalenten Bindungen und folglich zu emergentem
Verhalten von Materie auf verschiedenen Langen- und Zeitskalen in der Natur fuhren.
Das kontrollierte und prazise Hinzufligen von Multivalenz zu Nanomaterialien ist die
Basis fur einen bottom-up-Ansatz bei der Gestaltung von Form und damit verbundenen
Funktionen. Daher sind das Verstandnis der Struktur und die Kontrolle spezifischer
Aktivitaten und Funktionalitaten dieser Nanomaterialien von groliem Interesse und
notwendig fir die weitere Entwicklung von aktiven Materialien und Schnittstellen in

verschiedenen biologischen und sensorischen Anwendungen.

Die Multivalenz von Nanomaterialien begrundet ihre Nutzlichkeit bei der
biologischen Nachahmung und Anwendungen von viralen Hemmungen. Nur eine
prazise Kontrolle und das Verstandnis ihrer multivalenten Wechselwirkungen
ermoglichen deren hohe Effizienz. Die groRe Oberflache zweidimensionaler
multivalenter Plattformen reduziert die insgesamt erforderliche Konzentration flr
effiziente Bindungen mit dem interessierenden Material. Zweidimensionale
kohlenstoffbasierte Nanoschichten wie Graphen und Graphenoxid sind gute
Kandidaten fur multivalente Plattformen hoher Effizienz, aber eine kontrollierte und
prazise Multivalenz hinzuzufligen ist schwierig. Graphenoxid enthalt viele chemische
funktionelle Gruppen, die in Bezug auf Typ, Anzahl und Position innerhalb seiner
Struktur zufallig verteilt sind. Die biologischen Wechselwirkungen dieser chemischen
funktionellen Gruppen sind jedoch unspezifisch, was zu nicht reproduzierbaren und
komplexen Wechselwirkungen fur Graphenoxid fuhrt. Dartber hinaus beeinflussen
weitere chemische Modifikationen der 2D-Graphen-Nanoschichten ihre elektronischen
Eigenschaften und kdnnen ihren Anwendungsbereich in Sensoren und aktiven
Schnittstellen einschranken. Das Ziel der vorliegenden Arbeit besteht in dem
Verstandnis, wie neuartige multivalente Funktionalisierungsmethoden die zwei-
dimensionalen kohlenstoffbasierten Graphenschichten hinsichtlich ihrer Geometrie,
ihrer spezifischen physikalischen Wechselwirkungen sowie ihrer elektronischen
Eigenschaften beeinflussen. Damit sollte es moglich werden, das Bottom-up-Design

von 2D-Nanomaterialien wesentlich zu verbessern.
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Das konkrete Ziel dieser Arbeit ist die Untersuchung von zwei neuartigen
Methoden zur Modifizierung von 2D-Graphen-Nanoschichten durch die Techniken
"Graft to" und "Graft from", welche [2+1]-Nitren-Cycloadditionsreaktionen bei
Umgebungsbedingungen und ringéffnende mehrfach verzweigende Polymerisation
von Glycerin beinhalten. Diese modifizierten Nanoschichten wurden dann mittels
Rasterkraftmikroskopie auf ihre Wechselwirkung mit viralen Partikeln wie Vesicular
Stomatitis Virus (VSV) untersucht. Die Ergebnisse zeigen, dass nur sulfatierte post-
funktionalisierte 2D-TRGO-Sheets in der Lage waren, stark an VSV und andere
umhdullte virale Partikel zu binden. Die Ergebnisse deuten auch darauf hin, dass die
2D-multivalente Bindung von funktionalisieten TRGO-Sheets mit viralen Hullen
hauptsachlich auf unspezifischen elektrostatischen Wechselwirkungen beruht, ahnlich
wie die extrazellulare Matrix einer Zelle. Eine weitere Spezialisierung dieser
Wechselwirkungen ist jedoch durch Variation von post-funktionalisierten Molekilen
mdglich. Insgesamt wirft diese Studie ein Licht auf das Potenzial funktionalisierter
Graphen-Nanoschichten in verschiedenen Anwendungen, insbesondere im Bereich

der Virologie, und liefert wertvolle Erkenntnisse fur zukunftige Forschung.

Die Rasterkraftmikroskopie zeigte Uberraschenderweise, dass zwar
funktionalisierte 2D-TRGO an VSV-Partikel binden konnten und flexibel genug waren,
um sich auf einer flachen Glimmeroberflache zu krauseln, jedoch nicht in der Lage
waren, virale Hullen vollstandig zu umschliel3en. Dies lag an dem hohen energetischen
Preis fir das Biegen der funktionalisierten 2D-Schichten mit grol3en lateralen
Abmessungen (~1-2um) im Vergleich zu den 200 nm langen, kugelférmigen VSV-
Partikeln. Es wurde eine optimale Ilaterale Abmessung von ~300 nm flr
funktionalisierte 2D-TRGO-Schichten gefunden, um maximale virale Interaktionen,
Hemmungseffizienz und Anzeichen fur virale Einkapselung zu zeigen. Zusatzlich
wurde entdeckt, dass die Triazin-basierte Funktionalisierung von TRGO die
konjugierte graphitische Struktur der 2D-Schichten nicht elektronisch stort. Im
Gegensatz zu fruheren Annahmen wurde die Leitfahigkeit von Triazin-
funktionalisierten TRGO-Schichten tatsachlich nach der Funktionalisierung erhoht.
Daruber hinaus kann Triazin als Monomer zur Herstellung von 2D-Triazin-Strukturen
im Gramm-Malstab in Gegenwart von Calciumionen verwendet werden.
Unerwarteterweise zeigte die Raman-Spektroskopie, dass der Wassergehalt wahrend
der Synthese eine wichtige Rolle bei der Kristallinitat und dem Kohlenstoffgehalt der

synthetisierten Strukturen spielt. Es wurde festgestellt, dass die Kristallinitat und der
12



Kohlenstoffgehalt der 2DTS-Schichten vom Wassergehalt wahrend des
Syntheseprozesses abhangig waren. Synthetische graphitische Kristalle bildeten sich
bei niedrigen Temperaturen in feuchter Umgebung, wahrend in einem Wasser-freien
Syntheseprozess eine teilkristalline 2DTS-Struktur gebildet wurde. Potenzielle
Anwendungen von funktionalisietem Graphen umfassen Plattformen oder Vorlagen
zur Entwicklung neuer spezieller antiviraler Therapien. Zum Beispiel konnte
funktionalisiertes Graphen potenziell zur Entwicklung zielgerichteter Therapien
eingesetzt werden, die die multivalenten Wechselwirkungen zwischen Viren und ihren
zellularen Rezeptoren ausnutzen. Dies kdnnte die Erforschung der Verwendung von
funktionalisiertem Graphen als Ubertragungsplattform fiir antivirale Medikamente
umfassen. Darlber hinaus mussen bei 2D-Triazin-Strukturen neben dem Effekt
funktionaler Gruppen auf ihre Oberflacheneigenschaften und Dotierung auch

elektronische, optische und mechanische Eigenschaften erforscht werden.

Schlusselworter

Graphen, Graphenoxid, thermisch reduziertes Graphenoxid, Funktionalisierung,
hyperverzweigte Polymere, 2D-Materialien, aktive Schnittstelle,
Rasterkraftmikroskopie, Rastersondenmikroskopie, Raman-Spektroskopie,

extrazellulare Matrix, Nanographen

13



Chapter 1

14



1. Introduction

1.1. Motivation

Viral diseases such as Influenza, Herpes, SARS-COVID-19 and HIV are of the most
common viral infections that humanity is facing every day. Dealing with such viral
diseases cannot be ignored and its highly necessary to be ready with new tools for the
future pandemics and new mutations of such viral infections. Prevention, Diagnosis,
and Treatment are all needed as a preparation plan for pandemics, but advancement
from prevention to treatment preparedness always takes time, cost, and results in life
loss due to the time needed. Therefore, humanity requires viral inhibitors that can
possibly play an efficient role in the main three segments of preparedness (Prevention,
Diagnosis and Treatment) to deal with viral infections. Such infection inhibitors work

based on prevention of the interaction with cells both mechanistically and chemically.

Viral particles interact with cell membrane through a process of “Multivalent
interaction” that is, a strong interaction between viral particle and cell as a
consequence many weaker interactions between the ligands and receptors present on
viral particle and cell membrane, respectively. Previously, Vonnemann et al.’
demonstrated that Gold nanoparticles with Polysulfated multivalent groups are capable
of interaction and inhibition of the viral particles. However, two main problems were
encountered. Firstly, the high concentration of Gold nanoparticles was needed for a
successful inhibition of viral particles from entry into the cells. And secondly, gold
nanoparticles had limited contact area with the viral particles due to their, size,
geometry and rigidity. Therefore, in this research | focused on overcoming those
shortcomings by investigating a two dimensional and flexible interface utilized for

multivalent interactions for viral inhibition final goal.

Since the experimental isolation of graphene by Geim et al. 23, physicists and
organic chemists have extensively investigated its physical and chemical properties,
resulting in thousands of scientific articles within their communities. Indeed, the
geometrical state of graphene as a two-dimensional and atomically thin material has
been a motivator behind many experimental and theoretical investigations regarding
its mechanical strength and flexibility “-8. Due to the difficulty in achieving single-layer

and uncontaminated graphene with large surface areas, physicists and chemists have
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been forced to work with graphene variants that are also capable of undergoing
physicochemical modifications. Materials such as graphene oxide (GO) and thermally
reduced graphene oxides (TRGO) are capable of numerous modifications. Many new
applications of graphene, including the research within this thesis, are being realized
using GO and TRGO.

The large surface area of graphene and its oxidized version, GO, makes them very
interesting for biomedical interactions and sensors ®'4. Additionally, utilizing the
mechanical flexibility of graphene and its variants to maximize their surface area of
interaction for interfacial activities is an intriguing way of creating active nanomaterials
at interfaces. For example, sulfated gold nanoparticles as multivalent heparan mimic
interfaces have been successful in inhibiting viruses . Inspired by those functionalized
gold nanoparticles, two-dimensional polysulfated TRGO sheets as multivalent and
flexible structures for viral inhibition were conceived. Previously, attention has been
given to the thickness '°, lateral size 1", and structure %17 of carbon-based 2D materials
and their antiviral capabilities. However, there has been a lack of attention to
modification and control of individual 2D sheet interfaces and their precise vertical
functionalization (vertical to the plane of the 2D sheet). Thus, parameters such as the
controllability of functional groups and control of selective targeting for such 2D

functional interfaces need further research.

The two aforementioned parameters must be researched for the novel methods of
functionalization of the 2D carbon-based sheets, i.e., TRGO and graphene, for [2+1]
nitrene cycloaddition and "Graft from" strategies. In the first part of my research, | aim
to investigate and demonstrate the step-by-step post-functionalization of TRGO
through these two mentioned methods and investigate their potential for interfacial
interactions with model viral envelopes, such as Vesicular stomatitis virus and

Human/Animal Herpesvirus.

Additionally, the lateral direction of stepwise multivalent addition "2D
polymerization" based on [2+1] nitrene cycloaddition could be a controllable, low-cost,
and environmentally friendly process for creating future semiconductors. To determine
if lateral 2D growth is possible, in the second part of this research, | aim to investigate
the 2D Triazine structures and their crystallinity using Scanning Probe Microscopy and
Raman Spectroscopy. Furthermore, water, as a commonly found solvent in our
environment, could have immense effects on the nanomaterials, specifically on the
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growth of 2D structures and their crystallinity. Therefore, investigating the effects of
solvents on the structure of Triazine 2D polymerization, Graphite oxide, and the
production of the nanographenes, as well as Raman spectra of graphene, are critical

and informative for assessing the material state quantitatively and qualitatively.

1.2. Outline of Thesis

In Chapter 2, | will present the scientific fundamentals related to my research.
A brief overview of multivalent interactions and materials, along with their novelty, will
be described. Furthermore, | will outline the components of the multivalent
functionalized graphene system, specifically the base nanostructures such as
graphene oxide (GO) and thermally reduced graphene oxide (TRGO), in addition to
discussing the known properties of multivalent functionalization strategies, both 'Graft
to' and 'Graft from." Additionally, Muscovite mica and highly oriented pyrolytic graphite,
common substrates for most experiments, will be described. Subsequently, Il
fundamentally describe hyperbranched polymer structures based on polyglycerols.
The final segment of Chapter 2 will explain scanning probe microscopy, scanning force
microscopy with its quantitative nanomechanical methodology, and PeakForce TUNA
mode, complemented by the fundamentals of Raman spectroscopy and mapping.

These analytical tools were extensively used in this research and its conclusions.

Chapter 3 will describe the analytical techniques, methods, and experimental
preparations employed in my research. This includes the preparation of 2D carbon-
based nanosheets at various interfaces, both with and without viral model mixtures. It
will cover scanning force microscopy sample preparations and calibration
methodologies, quantitative nanomechanical mapping, PeakForce TUNA custom-
made sample preparations, and experimental descriptions, in addition to notes on

Raman spectroscopy experiments.

In Chapter 4, | will present the main findings and results of my research,
including datasets acquired using scanning force microscopy in quantitative
nanomechanical mapping and Raman spectroscopy and mapping. The section 4.1.1
and 4.1.2 will focus on the results of the stepwise Triazine-based functionalization and

the potential interaction activity between the functionalized TRGO and viral envelopes.
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Section 4.1.3 will describe the characteristics of 'Graft from' functionalized TRGO
nanosheets, lateral dimension statistical observations, and their combination with viral
particles. Section 4.2.1 will demonstrate the scanning force microscopy results of
electronic characterization via PeakForce TUNA methodology and Raman
spectroscopy of the 'Graft to' novel functionalization method for 2D carbon-based
nanosheets. Lastly, in section 4.2.2, the scanning force microscopy topography and
Raman spectroscopy of the metal assisted 2D Triazine structures will be

demonstrated.

Chapter 5 will delve deeper into discussing the findings demonstrated in
Chapter 4, emphasizing their importance and relevance to the current and future
design and applications of functional 2D carbon-based structures. It will primarily
discuss the covalent functionalization of thermally reduced graphene oxides (TRGO)
in two main forms: via a multistep [2+1] nitrene cycloaddition functionalization process
'Graft to' or through an in situ ring opening polymerization of polyglycerol
hyperbranched in 'Graft from' methodology utilizing the oxygen-containing sites of
TRGO. Using SFM-Quantitative nanomechanical mapping data, | will model the
topography and extent of successful functionalization of multivalent functionalized
graphene nanostructures. Additionally, in collaboration with Dr. Daniel Lauster, the
viral inhibition capacity of their interaction with vesicular stomatitis viruses in vitro will
be demonstrated. In section 5.3. | expand on that collaborative research by
demonstrating the importance of the size variations of active graphene multivalent
sheets on the viral inhibition of human and animal herpesviruses. The results of my
experimental work introduce chemists and physicists to the topography and
characteristics of the latest variations of active nanomaterials, combining the structural
functionality of a hyperbranched polymer and a highly flexible 2D atomically thin carbon
sheet—a 2D multivalent hybrid platform. Moreover, these study results find
applicability in surface modifications mimicking the extracellular matrix of cells, viral
filtration devices, and will provide information necessary for designing robust counter

methods to deal with future pandemics, as suggested by some external publications.

Furthermore, in the last part (section 5.4), | will discuss the 'Graft to' [2+1] nitrene
cycloaddition functionalization of TRGO not only as a successful method of
functionalization but also as a nondestructive process to the electronic structure of the
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Nanographene sheets, as suggested by scanning force microscopy in PeakForce-
TUNA mode and Raman spectroscopy of functionalized Nanographene structures.
Results show a conductivity enhancement in Nanographene after covalent [2+1]
nitrene cycloaddition reactions, contrary to the expected reduction of electron mobility
due to covalent modification and disruption of the conjugated system of graphene. This
implies that the TT-conjugated system is rather preserved in a 'Graft to' functionalization
method, and an n-type doping could be responsible for the conductivity enhancement

of nanographenes functionalized by Triazine.

Regarding the Triazine carbon and nitrogen-based structure, | will describe the
last segment of my research in Chapter 5. | will present the results of scanning force
microscopy and Raman spectroscopy investigations of the Triazine-based covalent
structures synthesized under the supervision of Prof. Rainer Haag and Dr. Abbas
Faghani. The results indicate that the covalent synthesis of the Triazine-based
structures is not only mediated by water as a solvent but also that the water content
during the synthesis process defines the long-range crystallinity of those
nanostructures. Using scanning force microscopy, | observed that the synthesized
Triazine structures are indeed two-dimensional and layered in their topography.
However, using Raman spectroscopy, | found that the fine line between the synthesis
resulting in the production of synthetic Graphite versus Triazine structure is the water
content during the synthesis process. This information would provide chemists and
physicists with a better understanding of the Triazine-based structures and possible

synthesis directions based on the water content of the environment.

In Chapter 6, | summarize the essence of this thesis and propose the prospects of

my work based on the current findings.
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2. Fundamentals

This chapter describes the basic concepts, theoretical fundamentals, and the
most important experimental results reported in the literature, which are the basis of

this thesis. These include:
1) A general view of the field of Multivalent interactions and its main key concepts.

2) The chemical, physical, and topographical information on the two-dimensional

carbon-based sheets and membranes.

3) Graphene folding and its flexibility as the background for maximization of viral
inhibition through bending of 2D functionalized sheets and further, the hyperbranched
polyglycerols as the main and most important post functionalization molecules in this

research.

Moreover, the technique of scanning force microscopy and its relevant modes to this
thesis, in addition to Raman spectroscopy, are discussed, including their theoretical
principles, instrumentation, and application to a multivalent functionalized 2D material

Carbon Triazine crystalline and polycrystalline structures.

2.1. Multivalent Interactions

Nature often utilizes the most efficient ways of creating harmony and
interactions. This principle is often observed in reversible strong interactions between
biological matters. Independent of scale of matter the multivalent interactions result in
strong cohesion between surfaces and prevent the shearing between those interfaces.
Making multivalency a ubiquitous phenomenon of nature involving complex binding of
matter non-covalently between m-valent ligands and n-valent matching receptors
where m & n are always more than 1 and m # n. An example of large-scale manmade
multivalency is the Velcro materials. Entanglements of hooks of a surface with the
loops of the opposing surface result in many similar weak bindings resulting in

simultaneous strong locking.

At the molecular and nanoparticle scale, multivalent interactions are readily
observable. Molecular components, such as ligands and receptors, exemplify this
concept by facilitating self-organization, adhesion, and signal recognition in numerous
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biological processes'®2°. For instance, within biological systems, the multivalent
interactions of multiple ligands and receptors at cell membrane and virus interfaces
play a crucial role in viral interaction, cellular uptake, and subsequent viral infections.
Nature demonstrates the ability to modulate the efficiency of biological interactions by
varying parameters such as size, geometry, density, and types of ligand/receptor pairs

(e.g., viral particle evolution).

In proteins, proper folding is essential for functionality?'. Stabilization of the protein's
folded structure relies on multivalent interactions among multiple hydrophobic amino
acids?2. The reversibility of multivalent interactions is another crucial factor contributing
to their advantages over monovalent interactions. Given that multivalent interactions
are often based on numerous weaker individual interactions, they can exist in a

dynamic state of binding and unbinding, resulting in a multi-stable configuration.

A B e

o

Figure 2.1, A multivalent interaction of the viral particles with the cell extracellular matrix. A)
without any inhibitor B) monovalent interaction of inhibitor particles, requires high

concentrations to successfully occupy the viral particle receptors. Adapted from reference %

2.2, Viral Inhibition

Viral infections are often significant threats to life on Earth, recent outbreaks of
diseases like, SARS-CoV-19 (COVID-19), Influenza H1N1, human immunodeficiency
virus (HIV), and various others 2426, Requires addressing them and preparing for later
potential epidemics and pandemics. This preparation involves three key steps: 1)
Prevention, 2) Diagnosis, and 3) Treatment. Each of these steps requires the
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development and establishment of methodologies before widespread application.
Starting from prevention to treatment, the time and cost of research and development
increases. A versatile approach applicable across all three steps involves the
development and utilization of new "viral inhibitory" materials. Viral inhibition is a
preventive process that aims to block viral particle entry into cell membranes, primarily
using nanomaterials at the scale of the viral particle to interfere with multivalent

receptors on the viral particle's outer membrane.

2.2.1. Viral inhibition quantification and measurement

Viral inhibition measurements and quantifications are scientific experimental
processes typically conducted by virologists and biologists. However, various
microscopy methods allow access to the scale of viral particle observations, making it
possible for specific sets of microscopy methods to observe viral interactions with
materials of interest and investigate the viral inhibition process. The inhibition process
may involve all or parts of the following processes, depending on the design and
functionalities of the inhibitory nanomaterials or interfaces used: 2722 1) interaction
between the viral particle and inhibitory material, 2) competition between viruses in
binding with host cells, 3) inactivating virus particles before entry into live cells, and 4)

creation and release of reactive oxygen species. 2°

Viral inhibition can be quantified experimentally through various methods,
specifically: 1) Virus capture assays, 2) Cell viability assays, and 3) measuring the
infection quantity of healthy, live cells when incubated with viral inhibition
nanomaterials compared to a reference. In this context, the emphasis is on methods

suitable for investigating viral inhibition by 2D carbon-based nanomaterials.

Virus capture assays employing nanoparticles are designed to investigate
interactions between viral particles and host cells . In these assays, a combination of
the nanomaterial and a specific concentration of viral particles is prepared in a suitable
buffer solution, such as phosphate buffer solution (PBS). This combination is then
allowed to incubate for a specified duration known as the incubation time. After
incubation, the mixture is centrifuged to pellet and separate the nanomaterials and viral
particles from the supernatant. The supernatant is subsequently titrated for infectious
particles using an endpoint dilution assay called the “50% tissue culture infections
dose” or (TCID50). This involves infecting cultured cells in multiple wells and counting
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the infected vs. uninfected wells after a few days of incubation. Quantification of the
number of infected vs. non-infected wells can be performed either manually or through

automated means using microplate reading devices.

Cell viability assays provide another methodology for quantifying viral inhibition
by materials. These assays focus on determining cell proliferation, cytotoxicity, and the
number of healthy and viable cells in a culture after exposure to certain conditions,
such as drugs, toxins, and chemicals.®' In viability assays, it is crucial to quantify the
number of living cells at the end of the experiment. This can be achieved using the
tetrazolium (MTS) reagent to assess the metabolism or enzymatic activity of the living
cells.3? The incubation of the reagent with viable cells results in the conversion of a
substrate to a colored or fluorescent product, which can be detected using automated
microplate reading devices. Measurement of the fluorescence signal is critical for
deducing the proportional number of viable cells since the fluorescence signal

decreases with a reduction in the number of living cells.

2.3. Graphene and functionalized Graphene

Graphene, an allotrope of carbon, represents a single layer of graphite crystal
consisting of a 1-conjugated structure of carbon atoms. It forms a two-dimensional
covalently bonded structure of carbon rings arranged in a hexagonal pattern (Figure
2.2). Initially predicted to exist theoretically, graphene was experimentally rediscovered
in 2004". Subsequently, in 2010, Geim and Novoselov were awarded the Nobel Prize
in Physics for their groundbreaking experiments involving isolated graphene3:.
Extensive experimental investigations into graphene have revealed remarkable
properties, including high electrical conductivity at room temperature34, high thermal
conductivity3®, optical transparency3¢-38, as well as notable high flexibility (low bending

stiffness) and a high Young's modulus®®.
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Figure 2.2, Schematic view of A) Graphene Vs B) Graphite. Adapted from reference “.

Graphene has been proposed to be an ultra-barrier, that is an ultra-thin
impermeable barrier to small molecules 4'. This ultra-barrier property has been
considered to be due to the dense net like delocalized electron cloud that block the

center of the aromatic ring structure with a repulsion field. 42

A functionalized graphene is essentially an interface with expanded moieties for
facilitation of certain requirements. Since covalent modification of graphene is essential
for its stable functionalization, the conjugated structure modification cannot be avoided
which often leads to disruptions of the basal plane of graphene and its electronic
properties. These electronic properties that define the conductivity of the graphene can
be affected by 1) hybridization state of carbon, 2) dipole interactions enhanced via
quantum capacitance and 3) orbital hybridization with an interfering molecule. 42 often
the chemical functionalization of graphene results in disruption of the sp? hybridization

of carbon rings in graphene.

2.3.1. Graphene Folding

Graphene as a single layer of carbon atoms with in-plane covalent bonds is
considered to be a self-avoiding structure that does not self-penetrate if it overlaps with
another layer of graphene unlike the two-dimensional lipid membranes. Graphene

single layer has been observed experimentally to undergo extreme bending resulting
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in an overlap onto itself creating a bilayer graphene structure and curvature “a folded
region” and yet remain stable in this conformation. The simulation studies have
demonstrated that graphene can be modeled using finite deformation beam theory. 643
This further suggests that the graphene multilayers also may follow similar mechanical
bending behavior similar to a stack of sheets of paper. Single-wall carbon nanotubes
are in principle made by the stable longitudinal bending of the single-layer graphene
sheets, similar to rolling of a sheet of paper. Graphene bending can be considered as
highly necessary for the process of maximizing the multivalent interactions with
nanoparticles of interest within this study. Since graphene differs from a classical sheet
of paper due to its single-atom thickness, Lu Qiang et al ¢ used a first-generation
Brenner potential to calculate and drive the analytics of bending modulus for a single-
layer graphene sheet, with a bending stiffness being found to be 0.133 nN nm. This
value is a factor of 10 lower than the force required to rupture a typical covalent
bonding. Therefore, a stable folding of graphene becomes possible that is further
enhanced by the added stability of van der Waals adhesion interaction between the

overlapping layers onto each other.

Graphene fold involves at least two flat regions and an arched segment in
between. Flat regions will remain stable as long as there is enough area of interaction,
and they keep interacting via the Van der Waals forces with an interlayer distance “d”
equal to graphene thickness. The arched segment remains stable due to both the

stability of adhered flat regions and the carbon bonding flexural hindrance.

Energy requirement for a stable graphene fold is described in the below (Equation 1)
as the sum of Energy required for bending of a certain number of C-C bonds and Van
der Waals energy of adhesion between the overlapping graphene layers after bending.
Additionally, for graphene to be triggered to self-fold, 1) overlapping flat regions should
have greater adhesion energy than the bending energy required for the arched
segment. 2) A total energy is gained by bending graphene, and therefore self-folding
is preferred configuration. Based on the described, the following formulation as shown
in Equation 2, demonstrates that larger length of the overlapping region of graphene

increases the adhesion energy and further stabilizes the folded graphene sheet.
Efold = Ebending + Egdnesion Equation 1

&
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Ligia = 2(Lo + L) Equation 2

where LO and L represent the length of the flat region and the length of the half-
arc region, respectively. Figure 2.3 demonstrates the experimental observation of

graphene fold via Scanning Force Microscopy and schematics of the folded regions.

A process of folding can be initiated when there is a chance of gaining energy
by doing so or due to an external shearing force enough to induce the bending.
External energy required to bend the graphene structure could be provided by various
sources such as; possible interfacial interactions, nano-manipulation or by

physicochemical interactions between the graphene interface and other particles.

Figure 2.3, Graphene bending. A) Profile of a hairpin folded graphene sheet with its denoted
regions, where d is the bilayer distance, LO and L are the lengths of the flat and half arc
(hairpin) regions, respectively. B) Scanning force microscope height image of the folded

single | layer graphene deposited onto SiO2 layer of Si wafer. C) Schematic fold profile of the

red square area in the (B). Image copyright by Mohammad Fardin Gholami. Adapted from

reference *.

2.3.2. Graphene electronic properties

Crystal structure of the graphene is based on a lattice consisting of two atoms
of A and B per unit cell. These form a triangular structure with two sub-lattices of 'A’

and 'B'. Carbon atoms are bonded to each other by the covalent o-bonds with a length
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of 1.42 A. These covalent bonds are created by the sp2 hybrid orbitals of those carbon
atoms positioned neighboring to each other, creating a bond angle of 120°. A model
describing the Graphene electronic band structure is known as the tight-binding model
(TBM) 46, This model considers that the in-plane o-bonds are formed by three of the
valence electrons, and the fourth valence electron occupies the 2pz orbital
perpendicular to the graphene plane, forming tr-orbitals with the neighboring 2pz
orbitals*’. It is further assumed that the contribution of the in-plane o-bonds is
negligible, and the electronic properties of the graphene can be described by the -
electrons. The band structure of the honeycomb hexagonal structure of the graphene
is shown in Figure 2.4; as it can be seen, the valence band is formed by the 1r-states,
and 1" states form the conduction band. The conduction and valence bands of the
hexagonal carbon ring touch at 6 neutral zones known as Dirac points, and due to the
structural symmetry, one can consider the points K and K’ that are independent of
each other. The touching of the valence and conduction bands in graphene at the Dirac
points (point of vanishing density of states) 4647 demonstrates the Zero Band gap
semiconductor behavior of this 2D atomically thin material*8. The Zero band gap state
of the graphene is expected to be modified by means of strain or covalent modification
of the in-plane o-bonds within its hexagonal structure. Any disruption to the 1T system,
namely conversion of sp? to sp? hybridization, would result in a variation of electron

dispersion, lattice variation, and modification of band structures of graphene*?.

Figure 2.4, Graphene structure and Band structure. A) Graphene honeycomb hexagonal

Structure and positions of two atoms of the unit cell A and B. B) The 3D band structure of the
graphene and positions of the K and K~ points. C) Dirac cone dispersion of states in

graphene. Adapted from reference *.
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2.3.3. Graphene Oxide

Graphene oxide (GO) is a variation of graphene synthesized through the
oxidation process of graphite crystals and later exfoliation of it to single layer sheets.
The oxidation involves adding oxygen containing chemical functional groups such as -
OH, -COOH, -0, -COO onto the basal plane of the graphite layers, creating Graphite
oxide. These oxygen-containing functional groups are hydrophilic and capable of
forming hydrogen bonds with water molecules. This hydrophilicity allows GO to
stabilize within aqueous solutions. Several synthesis methods for graphene oxide have
been developed*®. The initial method, based on Hummer's oxidation method, also
known as Hummers -Offerman oxidation, involves reacting Graphite crystals with
oxidizing agents such as potassium hydroxide in the presence of concentrated H2SO4

acid®°.

Numerous models have been proposed for the basal plane structure of
graphene oxide. However, most of these models remain ambiguous due to
uncertainties regarding the distribution of functional groups across the structure and
variations in graphene oxide samples across different studies. Graphene oxide can be
considered as a berthollide (non-stoichiometric) compound®'2 due to the oxidation
process being influenced by point defects on the graphene sheets. The quantity and
distribution of oxidizing groups depend on the random locations of these defects on
the graphene sheets. Models proposed by Anton Lerf and Jacek Klinowski account for
the non-stoichiometric nature of graphene oxide. Nevertheless, their models remain
uncertain about the locations and presence of the (-COOH) functional groups at the
edges of each GO sheet®®%4, Figure 2.5 demonstrates the latest structural model of

the single-layer Graphene oxide.

HO

Graphene oxide (GO)

Figure 2.5, Latest structural model for graphene oxide. Only the structural connectivity is
shown and steric orientations are not demonstrated. The blue colored groups demonstrate
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the 5 and 6 membered lactol groups, epoxy groups are shown as red, ester of tertiary alcohol
is shown as pink and hydroxyl groups as black, while green only shows the keton edge

groups. Adopted from reference®.

Graphene oxide contains both states of bonded carbon, namely sp? and spS.
The ratio of the sp? and sp? is tunable with the help of reduction chemical reactions.
Therefore, graphene oxide is transformable from an insulator into a poorly conductive
material®®5’, Using a scanning force microscope, it is possible to measure the
thickness of a single-layer graphene oxide over a hydrophilic and atomically flat surface
such as freshly cleaved mica. The GO thickness was measured to be in a range of
~0.7 nm to 1 nm%8-%0_ The lateral dimensions of the graphene oxide sheets can range
from 1 to 10 ym. Dimensions often depend on the duration of ultrasonication and
oxidation reaction time. Ultrasonication can help the exfoliation of graphene oxide from
graphite oxide stacks. Fast oxidization can lead to tearing of the graphene sheets at
over-oxidized regions and non-uniform oxidization of graphene sheets. Very similar to
graphene, self-folding of the graphene oxide has also been experimentally observed,

as shown in Figure 2.6.
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Figure 2.6, Graphene oxide bilayer thickness. A) Scanning force microscope height image of
single layer graphene oxide deposited onto freshly cleaved muscovite mica. B) Step Height

profile of the Graphene oxide stable back fold onto itself.
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2.3.4. Thermally reduced Graphene Oxide

Graphene can be converted to thermally reduced graphene oxide (TRGO)%162,
This conversion is purely a synthetic process, and in the first step, graphite has to be
oxidized into graphite oxide. The oxidation methods vary. However, Hummer’s
oxidation method has been vastly studied, leading to the insertion of oxygenated
functionalities within the basal plane of graphene. This oxidation disrupts the basal

plane continuity while increasing the solubility of the graphene in water.

Thermally reduced graphene oxide (Figure 2.7) is produced using at least two
methods of thermal or chemical reductions. In the chemical process of reduction of
oxygenated groups from the graphene basal plane, often hydrazine hydrate or borane
tetrahydrofuran is used, which may not be environmentally friendly®3. When graphite
oxide is subjected to a thermal exfoliation process that increases its volume by 100 to
300 folds, with 80% of those graphene-based sheets being monolayers with an
average lateral size of 500 nm and above®¢. The thermal reduction happens under a
nitrogen atmosphere in a tube furnace at 400°C. Since in the thermal reduction
process, enough energy is supplied to the GO at above 230°C, the usual functional
groups present at GO basal plane are rapidly released. For example, the carbon

dioxide, carbon monoxide, water, diols, carbonyls, and carboxyl's®*.

Furthermore, TRGO loses the oxygenated groups but does not recover its sp?
hybridization since there still exist some remaining hydroxyl group functionalities. The
hydroxyl groups then can be specifically targeted and modified through various
methods for covalent binding of other molecules. In this research, thermally reduced
graphene oxide was used without any more modifications by the organic chemists
before further functionalization.
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Figure 2.7, Structural model suggested for the Reduced graphene oxide and Thermally

reduced graphene oxide. Adopted from reference °°.

24, Highly oriented pyrolytic Graphite (HOPG)

Highly Oriented Pyrolytic Graphite (HOPG) (Figure 2.8) is the IUPAC name for
a synthetic graphite crystal that is highly crystalline in addition to that the graphene
layers being highly aligned with each other. HOPG is mainly produced by heating a
hydrocarbon source and allowing the crystallization of carbon layers under a tensile
stressed substrate®. HOPG is a very interesting atomically flat substrate and source
of experimental graphene layers. It is possible to exfoliate the HOPG mechanically
using a tweezers to produce few layers or sometimes a single layer graphene on other
atomically flat substrates such as Muscovite Mica. Freshly cleaved HOPG is used as

a hydrophobic substrate in my research.

Using HOPG as a substrate requires understanding of its interactions with
subject molecules. This is considered as the substrate adhesion and is largely
dependent on the surface energy of the graphite or the graphene layer at interface of
HOPG crystal. %

Furthermore, the process of adsorption of matter is a parameter dependent on
the surface energy and is affected by the efficiency of a substrate in its role for

microscopy procedures.
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Figure 2.8, Highly oriented pyrolytic graphite block 1x1 cm.

2.5. Hyperbranched and dendritic polyglycerols

Dendritic and Hyperbranched polymers are a class of highly branched polymers
where each branch is a linear chain that is well defined. The topography of the dendritic
macromolecules often consists of random branch on branch structure (Figure 2.9), that
resembles a tree. Many different synthesis routes and methods are available for
production of dendritic and hyperbranched polymers®”. However, the most precise
synthesis methodology for hyperbranched and dendritic polyglycerols has been
introduced by Haag et al and in similar time frame Sunder et al via Ring Opening
multibranching polymerization (ROMP) process of glycidol.688° The polydispersity
index (PDI) is a sign of molecular weight variation in the synthesized polymer bulk and
for ROMP process of glycidol is between 1.2 — 1.9 which is considered a narrow range
for this polymerization method’®. The chemical structure of the hyperbranched and
dendritic polyglycerols (hPG & dPG) are shown in Figure 2.10, as it can be seen,
hydrophilic hydroxyl (-OH) groups can be found within the structure making it a
hydrophilic configuration soluble in water. Since the dimensions of hPG and dPG can
be controlled precisely in addition to their functionalities”! and rigid globular structure,
they are emerging as drug carrier and anti-cancer delivery drugs, supramolecular

encapsulators of guest molecules. 72

The hydroxyl groups of a hyperbranched or dendritic polyglycerol can further
undergo sulfation modification process. This process involves a change of the

electrostatic interaction capability of the hPG or dPG interface.
33



N

o 0.5-0.66 1

Linear Polymer Hyperbranched Polymer Dendrimer

Degree of Branching

Figure 2.9, lllustration of various polymer architectures and their respective degrees of

branching, DB. Adapted from Reference 70
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Figure 2.10, Synthesis of hyperbranched polyglycerols by ROMP process. Adapted from

Reference 7°.

2.6. Trichloro-triazine (triazine)

Also known as Cyanurchloride with IUPAC name of 2,4,6-Trichlor-1,3,5-triazine
(triazine) is white solid powder. It is a very important molecule used within this study
as it is a trimer of cyanogen chloride with 3 chlorine atoms that are replaceable under
certain conditions at 0, 25 and 50 °C temperature. Triazine is highly useful in basal
plane functionalization of the 2D carbon-based structures used within this study, such
molecule not only is capable of multivalent site creation within the 2D carbon-based
structures but also is capable of further trimerization from its chlorine sites to possibly

grow in two dimensions.
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2.7. Herpesvirus

There are at least 120 types of various enveloped viruses within this family that
are able to infect humans and other mammals.”® Herpes simplex virus type-1 (HSV-1)
(Figure 2.11) and equine herpesvirus type 1 (EHV-1) is both examples of family of
Herpesvirus. The geometry of herpesviruses is often observed to be varying from
spherical to pleomorphic, usually with envelope diameters ranging from 155 to 240 nm
depending on the state of the virus. The viruses contain an icosahedral capsid with a
diameter of approximately 125 nm.7#7% it is known that this virus interacts with cell

extracellular matrix through a charge interaction of the Glycoproteins B and C. 77-78

Figure 2.11, Background is a cryo-electron micrograph of herpes simplex virus (type 1) A-
capsids, empty of DNA. Foreground shows a surface shaded representation of a 3D

computer reconstruction obtained from 104 2D images. Adopted from reference °

2.8. Vesicular stomatitis Virus (VSV)

Vesicular stomatitis virus also known as VSV, is an enveloped virus particle that
belongs to the family of Rhabdoviridae or rabies virus as the most famous species.
VSV is known to interact with heparin mimic materials.'-8%81 The structure of VSV is
bullet shaped and is very distinct. Ge et al. accurately observed and modelled the bullet

shape of VSV using Cryo- electron microscope.®® VSV has application in therapeutic
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and anti-cancer agents and vaccines as some of its strains are mom toxic to normal
tissue.®283 There exist a lipid membrane that acts as the envelope to the structure of
VSV. The envelope consists of G spikes of glycoproteins and encloses the RNA and
other associated proteins. According to the Cryo-Electron microscopy imaging of the
VSV (Figure 2.12), the bullet like structure has a dimension of 196 * 8 for its length
and 70 nm diameter. As it can be seen in Figure 2.12, VSV envelope may be damaged

occasionally and the particles may be broken in half or 1/3™ smaller pieces.

Figure 2.12, Cryo-TEM image of VSV, A) VSV as seen by Cryo-TEM, the scale bar
corresponds to 200 nm. Adapted from Reference *. B) Representative 2D averages of
conical tip, trunk and base of VSV and a montage model of the tip and the Cryo-TEM map of
the trunk. N (nucleoprotein) is green, M (Matrix protein) is blue, and the inner (“2”) and outer
(“1”) leaflets of the membrane are violet and pink. Inset: illustration of the base region of the
VSV virion. The “X” marks the absence of a turn of M helix below the lowest turn of the N

helix. “B” is Adapted from Reference %

2.9. Multivalent functionalization of TRGO

2.9.1. “Graft to” [2+1] nitrene cycloaddition reaction

The "Graft to" procedure or [2+1] cycloaddition reactions have proven to be
highly potent in overcoming the drawbacks and inefficiencies associated with
traditional covalent functionalization methods 84. In these reactions, simultaneous bond
formation and cleavage occur, making them easy to perform without the need for
catalysts, all while preserving the Tr-conjugated structure of TRGO or graphene 8587,
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An essential aspect of [2+1] nitrene cycloaddition, employed in the investigated
carbon-based 2D structures in this research, is its low defect content, as
functionalization utilizes only the 1r-electron instead of dangling bonds in the basal

plane (Figure 2.13).

In [2+1] cycloaddition, two expected approaches involve the formation of
aziridine adducts and cyclopropane. Nitrene groups serve as intermediates, enabling
the creation of aziridine adducts upon reaction with the 1-conjugated structure of
graphene or TRGO. Furthermore, cyclopropane is formed through carbine insertion
reactions 8788, The main advantages of cycloaddition reactions include not requiring
dangling bonds over the basal plane of 2D carbon-based sheets and forming strong
covalent attachments. Additionally, the addition of azido ligands to the nanomaterial
allows for the investigation of different ligand conformations on the activity of these 2D
interfaces. The azido moiety is traceable using Fourier-transform infrared spectroscopy

(FTIR) to monitor reaction conversion processes.

Thermal activation of azido moieties at easily accessible temperatures, such as 0, 25,
and 160°C, enables controlled post-functionalization density (Figure 2.14). This is
exemplified in the synthesis of TRGO with triazine groups, post-functionalized by
hyperbranched polyglycerols attached only to the secondary chlorine atom (TRGO-
Trz-hPGlow) and another version with both secondary and tertiary chlorine atoms
reacted to contain hyperbranched polyglycerols (TRGO-Trz-hPGhigh). It is important
to note that in case of hyperbranched polyglycerols as the post functionalization macro
molecules, the process of sulfation to create a mostly negatively charged surface
charge is possible. This variation is known as TRGO-Trz-hPGS and can be created
based on both the hPGlow and hPGhigh variants of TRGO-Trz-hPG.

Furthermore, the high reactivity of nitrene species in these reactions initiates a
pericyclic [2+1] cycloaddition reaction within the graphene in-plane, forming an
aziridine ring that may or may not affect the conjugated system of graphene. Further
insights into this question are addressed in the results of this thesis in subsections
42.1and 5.4.
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Figure 2.13, Functionalization of graphene by [2+1] nitrene cycloaddition using 2-azido,4,6-
dichloro-1,3,5-triazine as nitrene precursor. Reaction conditions; i )N-methyl-2-pyrrolidon, 0

°C, 1 h and ii )Sonication, stirring, room temperature 70 °C, 24 h. Adapted from reference 32

Figure 2.14, Stepwise nucleophilic substitution of chlorine atoms of Triazine groups at

different temperatures resulted in controlled post-functionalization of TRGO-Trz. *

2.9.2. “Graft from” ring-opening multibranching polymerization

Previously, Schwartz et al. 89 introduced an approach based on surface initiated
ring opening multibranching polymerization (ROMP) for direct synthesis of specific
scaffold materials. This methodology has been shown to be applicable at the
nanomaterial scale.®® However, to achieve the access to this chemical modification in
case of 2D carbon-based nanomaterials like Graphene, oxidation and a subsequently

a thermal reduction of those groups are still necessary.

As mentioned previously, thermal reduction process results in exfoliation and
remains of some hydroxyl groups within basal plane of 2D sheets. Polyglycerols then

could graft onto the basal plane by utilization of those hydroxyl groups using ROMP.
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This methodology has been tried for fullerenes and has been demonstrated by Adeli

et al. to work. 91

Thermally activated ROMP requires the monomer in large quantity and a weak
nucleophile like hydroxyl groups that are already present within TRGO basal plane
(Figure 2.15). At the right temperature, 120 °C the hydroxyl groups are able to interact
with the monomer here glycidol. During this process an epoxide ring is opened and
polymerized. The ending of the polymerization process is then controlled using
lowering temperature or quenching 2. Furthermore, a Polysulfation process is required
to introduce the ability for potential electrostatic interactions of the now “Graft from”
functionalized TRGO sheets as active surfaces. Alban et al.% worked extensively on
the sulfation process in which specific amount of the hydroxyl groups of polyglycerols

could be converted into sulfated groups with negative charge at their interface.
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Figure 2.15, Schematic demonstrating the route in synthesis and interfacial modification of

TRGO using "Graft from" methodology.

2.10. Triazine as monomer for 2D growth

Based on the topological understanding within polymer science, the linkage of
the monomers can take place in various dimensions. One dimensional growth that is
the most common process of polymerization, often results in growth of polymer single
chains that may or may not entangle to from globular structures. A three - dimensional
growth is often observed in the process of polymerization and cross linkage, such as
seen in diamonds, that is a sp3 hybridized carbon atoms in 3D and vulcanization of

rubber. Indeed, a two - dimensional polymer also can exist, that is as long as the

39



monomer contain an n+1 number of binding sites, an n-dimensional polymerization

process is possible.

In my collaborative research work, cyanuric chloride (or Triazine) were used as
a monomer for 2D polymer synthesis and [2+1] cycloaddition reactions. Cyanuric
chloride has three highly reactive chlorine atoms that could be utilized due to its
thermally active chemical selectivity for reaction with nucleophiles. Therefore, by
manipulation of temperatures in triazine chemistry, synthesis of a mono-, di-, and tri-
substituted cyanuric chloride/ triazine derivatives became possible. Monosubstitution
of chlorine can occur below or at 0 °C, the di-substitution occur at 25 °C, and the third
chlorine could be replaced at temperatures above 60 °C (75 °C), which then creates

tri-substituted triazine derivatives (Figure 2.16) in a one-pot reaction.
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Figure 2.16, Schematic of step-wise substitution of 2,4,6-Trichloro-1,3,5-triazine(CC) by

manipulating the temperature. Adapted from reference %,

2.11. Muscovite Mica

Muscovite mica, also known commonly as mica, is a naturally occurring
inorganic monoclinic mineral crystal with a chemical composition of KAz (SisAl) O1o
(OH)2 (Figure 2.17). Muscovite Mica was named based on the location of its first
application, based on Muscovy Glass, Mica was used as glass substitute in Russia.
Water content in the structure of mica depends on the location of its formation. Mica
ranges from optically transparent to translucent depending on its thickness. It is a
suitable workbench for many atomically sensitive physical measurements such as
scanning force microscopy. This is because of its perfect layer by layer cleavage at

[001] crystal planes. Perfectly cleaved layers provide atomically flat surfaces which are
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very useful in height and other quantitative measurements done by Scanning force

microscopy.®®

Additionally, Mica with just a few micrometers of thickness is transparent to
visible range of wavelengths that make it a suitable candidate as substrate for carbon-
based materials graphene with at least ~ 10% visible light absorption®® and further
Raman spectroscopy. In this work, | use mica as transparent substrate for Graphene,
Graphene Oxide and 2D Triazine covalent structures. The highly ordered crystalline
structure of mica makes it a very good barrier to small molecules such as water and
oxygen*! and due to its hydrophilicity water molecules and hydrophilic structures tend
to adsorb onto it without need of further modifications®®.
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Figure 2.17, Mica crystal structure, Potassium atom is always present at the surface when

mica is cleaved. Adapted from Reference °°.

The covalent bonding between the silica, aluminum and hydroxide present in
the crystal structure is much stronger than the weak bonding with the potassium

molecules present between each layer.

Scanning force microscopy height image of the freshly cleaved mica is then
shown in (Figure 2.18). As it can be seen in the figure, Mica is seen as an atomically
flat surface with minimal features, that is the standard deviation of variation of the mica
flat atomically surface as measured by scanning force microscope in tapping mode is
just 26 picometers that is mainly the instrumental noise. Furthermore, Raman
spectroscopy of the freshly cleaved mica surface is shown in the Figure 2.19. When

mica is exposed to laser wavelengths 532, 638 and 784 nm, it demonstrates a few
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vibrational peaks in the range of 265 to 1115 cm! with highest intensity of frequency
at 699-702 cm-! depending on instrumental calibration and grating used. Mica Raman
spectra is featureless between 1115 to 2800 cm™'.
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Figure 2.18, Tapping Mode-SFM roughness analysis of the mica surface a, 3D view of the
height variations over freshly cleaved mica. b, Histogram of the height data extracted from
image (a). Sigma shows the RMS surface roughness to be ~ 0.026 nm. Adapted from

Reference 7.
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Figure 2.19, Raman spectrum of freshly cleaved muscovite mica at ambient conditions 35-
45%rH. The band at 1115 cm™ is the highest frequency Raman mode of mica. No other

mode is detected above this wavenumber.

2.12. Epitaxial Gold Au (111) on Mica
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Gold is an element with atomic number of 79 and symbol of Au. Chemically it is
a transition metal and is considered as a noble metal. As a result, gold does not react
with oxygen in ambient conditions or higher temperatures.®® Therefore, it remains
stable as within experiments requiring a highly conductive substrate and ambient
conditions. Epitaxial gold can be grown over various surfaces such as Muscovite mica
freshly cleaved crystal or glass within a controlled high vacuum depositing system.
Often depending on the thickness of the gold grown over the surfaces, the morphology
of the film varies, in which case, films thinner than 200 nm demonstrate islands and
terraces of gold over the mica or glass with gaps and holes separating or in between
them. Often a thickness of 200 nm over freshly cleaved mica is reproducibly

manufactured and is commercially available.

Figure 2.20, Scanning force microscopy height image of Epitaxial Au (111) grown over the

Muscovite mica.

2.13. Scanning Probe Microscopy

Scanning Probe microscopy (SPM) has been one of the most influential

microscopy methodologies of the 215t century. It was invented in 1986 by Binning et al.
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as a surface characterization methodology®® initially known as scanning tunneling
microscopy. In SPM, a probe is often used to interact with the matter at the interface
of interest under ambient, liquid and or vacuum environments. The probe may interact,
mechanically, chemically, electrically and or through quantum tunneling of electrons
with the molecules or atoms of the various interfaces as it periodically scans over an
area. The probe follows the topography of an interface following changes of the
interaction between the probe and the sample interface.’® There exist various modes
of SPM and they are often called differently, yet the common factor between them is
the scanning process of the surface of interest using a probe interaction with that

interface.

In this study, scanning probe microscopy (SPM) was employed as a
methodology to understand the topography, nanomechanics, and structure of the
functionalized 2D carbon-based structures and their two-dimensionality at scales of
few nanometres up to a few micrometres. Scanning force microscopy (SFM), also
known as Atomic force microscopy or scanning force microscopy (AFM or SFM), is a
subset of probe microscopy that includes the measurement of the attractive and
repulsive forces acting between the atoms of the probe and the interface of interest.
SFM measurements are based on a micro cantilever with a very sharp pyramidal tip
apex or blunt spherical tip at the free end, acting as an optical lever (probe) and
interacting with the interface of interest (sample). In SFM, the material and geometry
of the micro cantilever define its spring constant and consequent sensitivity to forces
of interactions. For the cantilever probes to be sensitive to the interatomic forces of
attraction and repulsion, the spring constant must be smaller than that of the
interatomic spring constant of the sample crystal lattice or molecular arrangements. To
have such small spring constant values, the cantilever probes are often in the

micrometer dimensions.

The bending of the cantilever concerning the load applied to it is monitored as
the reflected laser beam from the cantilever's Aluminum or Gold coating is detected by
a set of photodiode arrangements. The photodetectors often consist of multiple
photodiodes arranged together in square or other forms to detect the vertical and
horizontal movement of the laser beam position reflected from the cantilever. 101.102
The SFM probe is located at the free end of the cantilever and is often geometrically
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pyramidal with a typical apex radius of ~7 nm, which could be as sharp as ~1 nm too.
103 The force between the probe tip and sample interface is absolutely directly
proportional to the distance between them. SFM obtains force and topographic
information of the sample based on the interatomic forces within the regions of
repulsion and attraction, as also described in the Leonard-Jones potential for probe tip
and sample interatomic distances.

Vi (r) = 4e [(%)12 — (2)6] Equation 3

T

Where r is the distance between two interacting atoms (atoms from the probe
tip and sample interface), € is the depth of the potential energy and o is the distance

at which the particle-particle potential energy V is zero.

There are two commonly used modes of SFM microscopy that are known as,
contact mode and Tapping mode. Another SFM mode that is currently growing in its
popularity of use is Quantitative nanomechanical mapping (QNM) also known as
Quantitative imaging mode (Ql) mode. In this study, | utilize both Tapping modes and
Quantitative nanomechanical mapping mode. As it can be seen in Figure 2.21and
Figure 2.22 the interaction forces between tip and the sample causes a deflection of
the cantilever, changing the reflected position of the laser beam from the cantilever

probe onto the photodetector.
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Figure 2.21, Feedback loop system in Scanning force microscopy.
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farce

Figure 2.22. Scanning force microscopy modes overlay on Leonard Jones potential curve for

interatomic forces.

2.13.1. Contact mode

Scanning force microscopy in contact mode was the original methodology utilizing a
constant applied force during the scanning of the sample interface. A probe that is
within the repulsive regime of the Lennard-Jones interatomic potential (Figure 2.22)
with the sample interface follows the topography of the interface. Keeping the probe
tip in the constant repulsive regime potential requires constant bending of the
cantilever probe. This is achieved by means of a feedback loop system that works
based on the laser reflection from the cantilever probe, as seen by the photodiode
(Figure 2.21).

Therefore, the probe tip always exerts a constant setpoint force while in contact
mode scanning of the sample interface. During scanning, the piezoelectric Z-scanner
is responsible for adjusting for variations of the probe tip and sample distance while
maintaining the cantilever probe bending constant within the feedback loop signal.
This method allows for following the topography of hard and rigid interfaces,

such as crystals and atomically flat layers of graphene.

Voltage used by the feedback system to adjust the Z-piezo scanner extension or
retraction following the sample interface is a measure of sample height variations.
Contact mode can be destructive to adsorbed molecules at interfaces, as it can
manipulate their configurations and locations via exerted shear forces during constant
force scanning. Therefore, tapping mode, or the oscillatory mode of intermittent contact

with the sample interface, was invented.
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2.13.2. Tapping mode Scanning Force Microscopy

Tapping mode SFM is based on the prevention of sample interfacial
modification by the shear forces induced by the SFM probe onto the sample interface,
as was observed in case of SFM contact mode. This is achieved by the aid of a
piezoelectric crystal in physical contact with the micro cantilever base and that
oscillates the cantilever probe with a frequency close or equal to the cantilever's natural
resonance frequency. Thus, the micro cantilever probe of the SFM will be oscillating
between the attractive and repulsive regimes based on the Leonard-Jones potential
can be modelled as a driven and damped harmonic oscillator. This minimized the
contact between the probe tip and the sample interface, preventing excessive shear
forces resulting in surface manipulations in lateral and vertical directions. The
oscillatory excitation of the cantilever is also possible to be carried out using photo
thermal excitation (cyclic thermal expansions) with a laser beam focused at the base

of the cantilever body."%4

Due to the nature of Tapping mode SFM in oscillating the probe tip within the
repulsive and attractive regimes of the interatomic distances, it can be modeled as
driven and damped harmonic oscillator. A harmonic oscillator experiences a force
directly proportional to a displacement quantity as it undergoes harmonic motion

modeled as a sinusoidal displacement from equilibrium.

F= —-kx Equation 4
ma = —kx Equation 5
x(t) = Acos(wyt + @) Equation 6

Were ¢ is the phase and w, is the undamped angular frequency, w, = \/g

In Tapping mode, the oscillating tip experiences both a driving force and a
damping force, either due to the environment and tip-sample interactions. According
to Newton’s second law, forces present in a driven and damped oscillator can be

considered through force balance as below:

d%x .
F=mx=m. ol —kx Equation 7
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The force of damping is then expressed as a frictional force in an opposite

direction to the movement of oscillator. With “b” being the damping coefficient.
Fdamping = —b— Equation 8

The expression for driving force of the (tip) oscillator is written as:

Fariving = Fo cos(wt) Equation 9

Where Fo is the maximum amplitude and w is frequency. The sum of all the
forces

present in the system can be written as the expression for a driven and damped
oscillator.

d?x dx
YF = Fdriving + Fspring + Fdamping = mﬁ = —kx — bE + Fycos(wt)

Equation 10

Equation 7 is then solved by rewriting it in the form of,

d? dx 2 1 . .
=t 2Ywy - twix = ;Fosm(a)t) Equation 11

Where Fo is the driving amplitude and w is the driving frequency of the sinusoidal

driving mechanism.

Meanwhile, the damping ratio can be calculated by the y = 2\/% as it will define

the behavior of the damped driven oscillations of the probe. Where for y > 1 oscillator
is overdamped and so its oscillations decay to a steady state. For the case of driven
oscillator probe in microscopy, the overdamping can occur due to experimental
parameters and environmental factors such as oscillation amplitude, sample
topography variations and water meniscus formation between probe tip and sample

interface.

Furthermore, for y = 1 the oscillator is critically damped and that signifies its
return to steady state to be as soon as possible. However, in case of the y < 1 the

system is underdamped.

Tapping mode involves oscillation of the SFM probe tip at or close to its natural

resonance frequency in either 1st, 2nd or higher eigenmodes. ' often the these
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eigenmodes are based on the geometry of the SFM cantilever probe and ranges are

between few to hundreds of kHz.

Proportionality of the steady state solution to the driving force and induced
phase change of ¢ is unavoidable. Both the amplitude and the oscillation frequency of
the cantilever probe of SFM may be modified as it gets closer to the interface of the
sample. These are due to various forces such as electrostatic or Van der Waals or
even effect of meniscus of water. Therefore, the damping of the amplitude or frequency
shift could be used as a trigger of feedback to control the distance of the cantilever
probe from the sample interface. Feedback loop then reacts to the variation of the
sample topography as the oscillating cantilever probe tip is scanned line by line over
its interface. The oscillation amplitude and frequency of the tip is damped as it transits
over surfaces of different heights or chemical difference. This is both an advantage
and disadvantage of Tapping mode SFM as the chemical variation of the sample with
similar height topography may still result in tip amplitude change and consequently
unrealistic height measurements. These height artifacts and uncertainties are mostly
inherent in tapping mode and are due to the difference between Hamaker constants of
different materials which SFM tip interacts with.'® Therefore, to accurately and
reproducibly avoid the uncertainties of the height measurements by Tapping mode
SFM and manipulative shear forces inherent within the contact mode SFM, the third
mode of scanning force microscopy, namely, Quantitative Nanomechanical mapping

& Quantitative Imaging are of great interest.

2.13.3. Quantitative Nanomechanical mapping & Quantitative Imaging (QNM-
Ql)

A great advancement of the scanning force microscopy was the development
of the new Nano mechanical probing modes. Unlike the Tapping mode SFM,
Quantitative Nanomechanical mapping (QNM) and Quantitative imaging mode (Ql) are
not subject to the height artifact measurements due to chemical variations of the
sample interface. This is mainly because nanomechanical mapping in SFM does not
use tip oscillation amplitude variation as height feedback trigger. In this mode of SFM,
data is collected as the cantilever probe undergoes approach until repulsive interaction
with sample interface reaches a previously set quantity. This is done based on the
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deflection of cantilever which depends on its cantilever probe spring constant. It is
possible to accurately control and measure applied force to the sample along with
topography variation detection. The height signal trigger in these nanomechanical
modes is dependent on the deflection of the cantilever probe of specific sensitivity and
as it reaches a set-point applied force onto the sample. Therefore, it is possible to
extract also a zero-force height topography of the sample in various environments,
vacuum, air or within clear liquids. That is topographical measurements of the sample

with experimentally minimal manipulative normal forces (isoforce).'%”

During approach of the cantilever probe, parameters such as pull-in force is
measured as cantilever bends downward towards the sample, that is due to the
attractive interaction between the probe tip and sample interface. As the approach
further continues, cantilever bends upwards and reaches its initial bending state
(relative to its status far away from sample interface), that is point of contact with
sample but with zero force applied. Further upward bending of the cantilever probe is
possible as it approaches further into the sample interface. This upward bending of
cantilever can continue until a previously setpoint bending threshold in units of nm/V is
achieved. Sensitivity of the cantilever plays a direct role in conversion of its bending
into a quantified applied force onto the sample interface. This depends on calibration
of the bending of the cantilever in units of nm in relation to the reading from the SFM
photodiode arrays variation in Volts that depends on the variation of the position of
laser beam reflection from the cantilever reflective coating (Figure 2.23). Sample
deformation and elasticity can be extracted from the bending behavior of the cantilever
probe during approach into the sample interface. Additionally, during reversing of the
approach of the cantilever probe, pull-off force (adhesion of tip and sample) and
hysteresis (variation of the cantilever deflection vs sample distance between approach

and retract) are measured.

In QNM and QI mode tip is not oscillated but rather it is approached and
retracted from the sample surface using either a sinusoidal (QNM) or a triangular
movement (Ql). As it approaches, cantilever and tip are subject to an attractive force
with sample which may include also the contribution of the meniscus of water
molecules between tip and sample, if the experiment is carried out in ambient
atmosphere. The tip-sample separation may include various forces including but not
limited to the specific and non-specific pull-off (adhesion) interactions. Calibration of
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the cantilever bending is further explained in 3.8. Stiffness and Young’s modulus of the
sample can be extracted from the slope of the force-distance curves (calibrated

cantilever deflection vs tip sample distance curve).

Sensitivity of the cantilever is calculated based on the slope of the cantilever
deflection reading from photodiode array vs distance traveled by the cantilever towards
sample (Z-Piezo movement). Sensitivity estimation is absolutely required in conversion
of the cantilever deflection into quantified force applied by the probe tip onto the sample

interface.

Forces involved in the SFM nanomechanical mappings can be written in
general, as the sum of elastic (Feastic) and inelastic forces (Finelastic) Of interactions. First

approximation of the forces can be written as:

Frotar = Fetastic T Finelastic Equation 12

The sample is modelled by two independent parameters, such as the Young's
(elastic) modulus E and the Poisson ratio v. Elastic constants can be expressed as a
function of any two other constants. Therefore, the concluding expression is expressed

in terms of the bulk modulus K and the shear modulus G.108.109

In a tip—sample interface interaction, it is common to introduce an effective

elastic modulus also known as “reduced elastic modulus” E ¢ .

1 1-v2  1-v?  1-v? _

= ~ Equation 13
Eery E Etip E
3
E 4rgn o

F(DDef) — 1z ;lp Dgef Equation 14

Since the sample and tip both have finite elastic modulus then the Etp is
important to be considered. F denotes the force, E is young's modulus, v is Poisson
ratio and riip is the SFM probe tip radius. Dpefis the deformation depth. Various models
of the material elasticity, adhesion and deformation has been defined. However, mainly
Hertz model of contact for a SFM tip of paraboloid ''° and a relatively planar sample
surface is valid and also could be used while experimentation in liquid as no further
meniscus effects exist. As it can be seen in the Figure 2.23 C & D, Approach and
Retract force distance curves each contains the mechanical information of the sample

interface. In approach curve we can expect information regarding the extend of
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Deformation, Dpef = Driow - Dri That is the numerical difference of tip-sample distance

at any setpoint force smaller than that of setpoint force (PeakForce).

Retract force distance curve contains Energy dissipation of the process as well
as the tip sample adhesion forces and often is used for extraction of the Young’s
Modulus value of the Sample. However, Hertz and Derjaguin-Muller-Toropov (DMT)
"1 models both could be used to fir approach force- distance curves and extract

Young’s Modulus of sample.
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Figure 2.23, SFM-QNM & QI Schematics. A) Schematics of the tip-sample interaction during
QNM and QI imaging modes. B) Force calibrated SFM probe Cantilever bending as a result
of tip-sample interactions during approach and retract data collections. C) Approach data
curve and the noted information within it. D) Retract data curve and the important data points

contained within it. Adapted from reference 2.

2.13.4. Scanning force microscopy Tunneling current — (Peak Force TUNA)

Scanning force microscopy in Peak Force tunneling current (TUNA) mode is

also known as SFM-PFTUNA. It is a relatively new mode of SFM and is based on
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Quantitative nanomechanical mapping with ability to measure contact current during
approach and retract steps. SFM-PFTUNA can measure the resistivity of the
nanostructures on conductive substrates only. A conductive cantilever probe is often
made of Platinum or Silicon or silicon with oxide layer coated by a 100 nm thick layer
of Platinum is used to quantitatively map contact current of the sample in addition to

measurement of nanomechanical variations of the sample interface.

The measured quantitative values of this mode of SFM are limited by the
stiffness, conductivity and roughness of the measured interfaces. For this method,
substrates such as Au (111) or HOPG or other conductive and atomically flat

substrates would be required.

SFM-PFTUNA is in principle very similar to the SFM-QNM or QI with main
difference of having an extra step between approach and retract of the cantilever. That
is the contact current flow measurement due to applied voltage bias between the
sample and tip during the contact time while reaching or at the setpoint force.
Therefore, not only force — distance curves are extracted but also a Current-Distance
curve and |-V spectroscopy data can be extracted for each point of the sample interface

during pre-defined duration of tip-sample contact with time.

SFM-PFTUNA is advantageous in compare to scanning tunneling microscopy,
mainly due to its robust handling of the complicated and rough sample interfaces. This
is because the contact current over a rough interface is measured rather than the

tunneling current over a smooth sample interface during the microscopy.
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Figure 2.24, Schematics of SFM-PFTUNA. A) Schematics of approach and retract of the
conductive SFM probe onto a conductive substrate and sample in SFM-PFTUNA. B) The

position, Force and Current as a function of time during one SFM-PFTUNA. Blue indicates

approach curve while red indicates retract curve data.

2.13.5. SFM tip Broadening

Lateral dimensions of objects in SFM height images are broadened by the finite

SFM tip apex size. This is known as SFM tip dilation or convolution, which is highly

relevant in case of estimation of the lateral dimension of molecular structures. The SFM

tip dilation becomes critical to be avoided when the molecular structure measured by

SFM is expected to have lateral dimensions smaller than that of the SFM tip apex.

A geometry-based calculation can result in estimation of the radius of the tip

from measurement of objects of known dimensions or geometry for example gold Nano

particles with precise diameters.

FWHM =2 \/ 2Ry + Reampie + R
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Figure 2.25, Estimation of SFM tip broadening for a spherical object.

In the case of the measurements carried out within this research, | estimated
the broadening of the VSV virus particles by the SFM tip apex. As the SFM tip apex
radius is much smaller compared to a VSV particle, the apparent width can be
calculated by assuming the SFM tip has a pyramidal shape terminated by a
hemispherical tip apex. | also assume, for simplicity, a rectangular cross-section object.

Therefore;

SFM Imaged object width = 2 (X + Rtip) + real object width
X= (Measured object height — Rtip) tan 0

With 0 is the tip cone half angle (18° according to the tip manufacturer) and Riip is the

radius of the SFM tip apex.

2.14. Raman Spectroscopy

2.14.1. Theory

Raman spectroscopy, introduced by CV. Raman in 1928, who was later
awarded the Nobel Prize in Physics in 1930 for his work on light scattering and the
subsequent phenomena named the Raman effect''3 it involves the "elastic" or
"inelastic" scattering of light, typically in the visible range of the electromagnetic
spectrum, after interaction with matter (optical phonons)''4. This non-destructive and
rapid spectroscopy technique enables the identification of materials, both in a general
and specialized context. The "inelastic" scattering of light in Raman spectroscopy
involves an energy exchange between the incoming light photon and a molecule. This

exchange results in the photon gaining or losing energy, which can be observed by
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recording the energy change in the scattered photon. The Raman spectrum provides
information about this energy gain or loss, known as Stokes or anti-Stokes shifts in the
inelastic scattering process. The shift in the energy of the scattered photon, compared
to the initial energy of the incident photon, is expressed as the Raman shift and is

measured in wavenumbers (cm-1).

Interaction of the electromagnetic waves and matter could be described as both a
wave or particle interaction. In classical physics, Raman effect is mainly based on the
interaction of electric field of an electromagnetic wave with electrons and nuclei of a

molecule or atom and associated with polarizability a.
ﬁ = O(E Equation 16

Where a is atomic polarizability and E is the electric field, and p is the induced
dipole moment. The electric field E of the light exerts a force on all electrons, and tends
to displace them from their average positions around the positively charged nuclei.
This is polarization of the molecule. According to the “Gross selection rule” "5 the a of
a molecule varies during vibration. Therefore, when an oscillating electric field is

present, such as electric field of an incident laser beam, it can be expressed as:
E = E; sin(w;t) Equation 17

As a consequence of oscillating electric field and induced dipole, a vibration is

induced within the crystal lattice of atoms with a frequency of w, that is in sync with the

optical field.!®
a= ay+ a;sin(w,t) Equation 18

The polarization via the electric field is then can be shown by a rearrangement of

the equations:

p~ = Ep(ay + a; sin(w,t)) sin(w;t)
1 1
= E, [ao sin(w;t) + e cos(a)l- - wq) t— 5 cos(a)l- + wq) t]

Equation 19 ( from reference '"’)
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Above equations describe the fundamental interaction between the light and
molecular or atomic structures that result in the elastic scattering (Rayleigh scattering)
or inelastic scattering of light known as Raman scattering. Inelastic scattering involves
loss or gain of the photon energy that is also equal to the energy difference between

initial and final electronic levels. 118

In this study Raman spectroscopy and Raman mapping was utilized to identify the
structure of the 2D carbon-based Triazine structures. It is known that the identification

of the number of graphene layers is possible using Raman spectroscopy.'"®

2.14.2. Raman spectra of Graphene

Graphene Raman spectra can be considered as one the most informative data
sets on the structure and extend of its crystallinity. This is not limited to the graphene
but also to other 2D carbon-based structures. Raman spectroscopy would provide
immense information in regards to the number of layers, presence of charges at
interface, doping, strain,'?%12"  polymorphism, structural defects, edge forms and
further density of defects for graphene sheets. There are special features in the Raman
spectra of graphene that their band positions, band widths and even just by observation
of them, various information regarding the atomic scale structure of graphene could be
concluded both qualitative and quantitatively. This methodology would complement
other microscopy methods in deeper understanding of novel 2D carbon-based
structures and also effect of functionalization on the atomic scale of 2D carbon-based

nanosheets.

Raman spectra of Graphite and Graphene demonstrate typical features that are
specified with names and their Raman shift wavenumber. Each of the Raman bands
observed for the Graphitic structures provide various information at its atomic scale as
it provides an understanding of phonon dispersion within graphene. The two typical
Raman bands of Graphitic structures are G band at ~1580 cm™'and G” also known as
2D band at ~2700 cm-'. Other typical Raman features often observed for graphene are
D band at 1350-1360 cm™" and D’ band at ~1610-1620 cm™'. 121,122
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Figure 2.26, Example Raman spectra of Graphene. G and 2D bands are always observed
and D and D" bands observations depend on the physical status of the graphene. Adopted

from reference '%°.

The G band has been discovered to be due to the stretching of the sp? carbon
atoms in the basal plane of graphene. The 2D band (G') has always been observed
independent of the presence of physical defects within the basal plane of graphite or
graphene. However, it is called 2D since it is observed at the doubled frequency of the
D band while being a second-order phonon activity that is not affected by defects.'"®
Furthermore, the shape and symmetry of the 2D band have been utilized to define the
number of graphene layers (Figure 2.28). For example, the observation of a sharp 2D
band in graphene denotes a single-layer graphene, and as the number of layers

increases, the 2D band width increases and becomes further unsymmetrical. 25

In regards to the G band in single layer graphene, it is a result of the in plane
Transverse optical (iTO) and in plane longitudinal optical (iLO) phonon modes at the
Brillouin zone center and It is the first order Raman scattering. '2° in comparison to G
band, 2D and D bands are both due to a second order Raman scattering process.
Additionally, it has been demonstrated in previous experimentations that the width of
the G band increases with increase in the sp® C-C bonding within the graphene
plane.'? This is specifically further observed in case of the Raman spectroscopy of the
amorphous Graphene oxide sheets.'? Therefore, depending on the shape of the G
band it is possible to qualitatively infer regarding the extend of polymorphism of the

graphitic structures.

The D band of graphene is activated when structural defects exist within the
basal plane, as it is affected by the hexagonal ring breathing modes of the C-C
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bonds.'?' The D band is also observable when Raman spectra are collected from the
edges of the graphene sheets, where armchair or zig-zag arrangements are possible
due to incomplete ring structures. The D band is often observed in graphene sheets
produced through the chemical vapor deposition methodology and is often absent in

mechanically exfoliated graphene sheets. 121123124

Furthermore, in regards to the D* band, as shown also in the Figure 2.27, the
band is observed due to a weak disorder within the structure that is known to occur
because of a double resonance process. Various literature has shown that the D" band
is experimentally observable when there exist a charge doping at the interface of the

graphene sheet. 127-129
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Figure 2.27, Stretching and breathing modes of Graphene ring. A) in plane stretching of G
band. B) vibrations associated with the 2D band. C) schematic representation of first order
single resonance process for G band. D) representation of the two phonon and second order
double resonance process for 2D Band. E) representation of one phonon and second order

double resonance for D band. Adapted from reference '%.
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Figure 2.28, G” or 2D band variation and number graphene layers. a) single layer graphene.
b) 2 layers of graphene. c) 3 layers of graphene. d) 4 layers of graphene. e) highly oriented

pyrolytic graphite crystal. Adopted from reference '%.
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3. Experimental & Methods

In this chapter, the experimental procedures and methods are explained in
detail. The rationale behind the order of the description of methods and experiments is
based on the order of the motivated questions as discussed in the Introduction chapter
of this thesis. To reiterate, to achieve the initial aim of characterizing novel 2D
functionalized carbon-based sheets, experimental sample preparation followed the
requirements of scanning force microscopy for interfacial experimentation and
observation of those materials. Later, to answer the question of whether viral
interaction (immobilization) is possible with the novel functionalized 2D carbon-based
sheets, sample preparations were adjusted to experiment with the hypothesis that no
interaction may exist unless observed within experiments. The hypothesis considers
that if viral particles do not immobilize at the interface of the material, they have minimal

successful interaction, and consequently, minimal inhibition is expected.

Additionally, the size variation of viral functionalized 2D sheets was addressed
statistically, which was later observed from virologists experiments to affect viral
interactions quantity and consequently the inhibition capability of viral infections'3,
Furthermore, the question of what is the electronic effect of "graft to" functionalization
on 2D carbon-based sheets was addressed via SFM-PFTUNA methodology, which is

an extension to SFM-QNM and SFM-QI that was used in previous experiments.

Confirmation of ccapability of functionalization of 2D carbon-based sheets
perpendicular to their basal plane using Triazine molecule has been part of the
experimental objectives as described previously. However, the possibility of in plane
trimerization of the triazine as a monomer molecule and 2D growth in plane is then
experimented with in the last segment of this chapter. Investigations is carried out using
both scanning force microscopy and Raman spectroscopy. These experiments include
sample preparations for questioning the 2D nature of the triazine-carbon-based
material synthesized as 2D triazine -carbon structure and it extend of crystallinity as

investigated via Raman spectroscopy.

Initially, sample preparations of the novel functionalized 2D carbon-based

structures for experimental methodologies are described based on the publications in
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which they appear. Later, measurement methodologies, instrumentation setups for
experimentations are described based on the publications they are referenced to in

each section.

In more details, | will describe the sample preparation methodologies and steps
for the investigations carried out in my research works. These include the sample
preparation steps that | carried out for investigation of functionalized 2D and carbon-
based interfaces and their interactions with the viral inhibitors in addition to the SFM
and Raman spectroscopy characteristics of Triazine — carbon-based structures.
Methods and descriptions mentioned in this chapter are based on the descriptions in

publications 32.97130-133

3.1. Preparation of “Graft to” Functionalized Graphene Interfaces

This section describes the sample preparation for the experiments in relation to
the characterization of the TRGO sheets functionalized with Triazine and post
functionalized with hyperbranched polyglycerols according to the methods described
in the publication by Gholami et al. and Faghani & Gholami et al. Furthermore it
includes experimental preparation for observation of Viral particles and their
interactions using scanning probe microscopy as described by the publication of
Gholami et al.3? . Similar experimental sample preparations for characterization of the
TRGO sheets and their functionalization was also carried out as described in Faghani

& Gholami et al.?”.

Samples were prepared by spin-casting of the TRGO suspensions from
chloroform and the functionalized TRGO suspensions from deionized water onto highly
ordered pyrolytic graphite (HOPG - grade ZYA, Advanced Ceramics). Spin casting
process allows for an initial adsorption of the nano particles at the interfaces of the
interest and removal of the solvent by the subsequent centrifugal force of spin coater

sample rotation.

For this, the suspensions were applied onto a freshly cleaved HOPG surface for
1 minute for aqueous solutions and for a few seconds for chloroform solution, then
spun off at 40 revolutions per second (rps).3>%” To investigate virus interaction with
TRGOs, a 10 uL droplet of 0.25 mg mL™ VSV dispersed in phosphate buffer (PBS,

Fisher Scientific) was deposited over the HOPG surface coated with the functionalized
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TRGO sheets (as described previously) and incubated for 5, 10, 30, and 50 minutes,

after which the droplet was spun off at 40 rps.32

To achieve expanded ability of data analysis, two scanning force microscopes
were used, namely Nanowizard lll (JPK GmbH) and Multimode 8, Nanoscope V
(Bruker Corporation). Multimode 8 was operated with an E-scanner, that is a Piezo
scanner capable of 100x100 ym scan area, in tapping mode at a typical rate of 5 min
per image and in PeakForce-QNM mode at a typical rate of 10-15 min per image at
512 x 512 Pixels image resolution. Additonally, the JPK Nanowizard instrument was
operated in QI mode at a typical rate of 10—17 min perimage at 128 x 128 Pixels image

resolution.

It is important to note that, the contact, i.e., zero force, point was extracted from
the analysis of extent curves in QI mode of JPK Nanowizard and it was assigned to be
the topographical height of the sample with minimal indentation deformation. Extracted
zero force contact points for every force spectrum were used to create topography
mapping images. Silicon tips on silicon nitride cantilevers with a tetrahedral base were
used as the SFM probes and with a typical resonance frequency of 70 kHz and a spring

constant of 2 N m-1.32

The SFM probe tips exhibited a typical apex radius of 7 nm with an upper limit of
10 nm and a tip cone half angle of 18°, as specified by the manufacturer (Olympus
Corporation). Experiments were carried out under ambient conditions. Deflection
sensitivity was calibrated by acquiring force—distance curves on a sapphire surface
(Bruker Corporation). Cantilever spring constants were calibrated using the thermal
noise method. Set points in the range from 0.300 to 1 nN were used. The SFM images
were processed and analyzed with SPIP (Image Metrology A/S) and JPK image
processing software.

3.2. Preparation of Functionalized Graphene and Viral Model
Mixtures

Interactions between graphene sheets and VSV were further investigated by
SFM in Tapping and QNM modes. In these experiments, a droplet of buffered VSV

suspension was deposited onto a HOPG surface previously coated with the
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functionalized 2D Nanosheets. The droplet over the interface was incubated for 5, 10,
30, and up to 50 minutes. This method of preparation allows for unbound VSV to be
removed upon spinning the mounting stage with the sample interface on top. Tapping
and QNM-QI mode SFM imaging thereafter revealed if there was any immobilization
of the viral particles present at the sample interface. This methodology has been

previously described in publication by Gholami et al.3?

3.3. Preparation of “Graft from” Functionalized Graphene
Interfaces

This section describes the sample preparation for the experiments in relation to the
characterization of the TRGO sheets functionalized by ring opening polymerization of

the polyglycerols (Graft from) methodology as described by the publication of Ziem et
g/.92.130

Functionalized TRGO suspensions were initially ultrasonicated for 1-2 h in
deionized water before spin coating onto highly oriented pyrolytic graphite (grade ZYA,
Advanced Ceramics) or freshly cleaved muscovite mica surface (Ratan Industries) at
40 rps. To evaluate the sheet size two SFMs had been used, a Nanowizard Il (JPK
GmbH) and a Multimode 8, Nanoscope V (Bruker Corporation). Multimode 8 was
operated with an E-scanner in tapping mode at a typical rate of 5 min per image and

an image resolution of 512 x 512 pixels.

The Nanowizard instrument was operated in quantitative imaging mode (Ql) at a
typical rate of 10-17 min per image and an image resolution of 128 x 128 pixels. To
distinguish the accurate height, the contacts point with sample interface at zero force
of setpoint based on the extent curves in QI mode were extracted and was assigned
to be topography. For this, silicon tips on silicon nitride cantilevers with a tetrahedral
base were used. The typical resonance frequency of 70 kHz and spring constant of 2
N m~' is considered for the SFM probes used in the process. The tips exhibited a
typical apex radius of 7 nm with an upper limit of 10 nm, having a tip cone half angle
of 18°, as specified by the manufacturer (Olympus Corporation). Experiments were
carried out under ambient conditions. Deflection sensitivity was calibrated by acquiring
force—distance curves on a sapphire surface (Bruker Corporation). Cantilever spring

constants were calibrated using the thermal noise method. 13* Set points in the range
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of 1-5 nN were used. The tapping mode SFM images were then processed and
analyzed with an open source software Gwyddion and SPIP (Image Metrology A/S) in
addition to the JPK image processing software. Lastly, the topography images were
line flattened with first order polynomial to remove the bow artefact induced by the

scanning piezo movement within height data sets.30.131

3.4. Incubation of functionalized Graphene Sheets & herpesvirus
particles in SFM

The functionalized thermally reduced graphene oxide (TRGO) sheets were spin
casted from their deionized water dispersion onto the surface of a freshly cleaved
highly oriented pyrolytic graphite (HOPG, ZYA, Momentive Performance) at a casting
time of 10 minutes and speed of 40 rps for 2 minutes. Scanning force microscopy in
tapping and quantitative modes were carried out on the prepared samples using a
Nanowizard 3 (JPK, GmbH) instrument. The Nanowizard 3 instrument was operated
in Quantitative Imaging mode (Ql) at atypical rate of 10-17 min per image and an image

resolution of 128x128 pixels.

Similar to the previous experimental procedures described here, the contact,
i.e., zero force, point was extracted from the analysis of extent curves in QI mode of
JPK Nanowizard and it was assigned to be the topographical height of the sample with
minimal indentation deformation. Silicon tips on silicon nitride cantilevers with a
tetrahedral base were used with a typical resonance frequency of 70 kHz and spring
constant of 1.7 to 2 N/m (OLTESPA-R3).

Such SFM tips often exhibited a typical apex radius of 7 nm with an upper limit
of 10 nm, having a tip cone half angle of 18 degrees, as specified by the manufacturer

(Bruker Corporation).

To observe the possible interactions between the functionalized 2D sheets and
viral particles, were carried out under ambient conditions. Deflection sensitivity was
calibrated by acquiring force-distance curves on a sapphire surface (Bruker
Corporation). Cantilever spring constants were calibrated using the thermal noise

method.1 Set points in the range of 1 nN to 7 nN were used.
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The TM-SFM images were processed and analyzed with SPIP (Image
Metrology A/S) and JPK image processing software. Topography images were line
flattened with first order polynomial. For reference experiments, a 20 pL droplet of
phosphate buffer solution (PBS) was placed onto the HOPG surface accommodating
the functionalized sheets and then, the SFM scanning was carried out in liquid (PBS

buffer).130

Furthermore, experiments including both the functionalized TRGO and UV
exposed (deactivated) herpes virions were carried out by first deposition of the sheets
onto a freshly cleaved HOPG surface and then addition of 5 uL droplet of the
herpesvirus in PBS buffer solution with 15 pL of excess PBS buffer to create a 20 L
droplet on the surface of the HOPG containing functionalized sheets. Afterwards,
scanning force microscopy in quantitative imaging mode was carried out to investigate

the interaction of the functionalized TRGO sheets with herpes virions. 30

3.5. 2D Nanomaterials surface area and lateral dimensions

This section describes the procedure of lateral size determination for the

functionalized TRGO sheets as described in the publication by Ziem et al.’3°

Surface and lateral dimensions of the functionalized 2D carbon-based
Nanosheets were measured based on the height image data sets from scanning force
microscopy measurements. To carry out such an analysis, SFM height images were
first flattened using first and then second order polynomials to remove the bow effect
of the piezo movement during measurements. This was done by using Gwyddion
software and selecting pixels with height value smaller than that of the single layer 2D

Nano sheet observed are at the interface of freshly cleaved mica or HOPG surface.

After creating the height threshold selection of the substrate and flattening those
regions. The selection area was inverted to select the pixels with height values larger
than 1nm. This allowed proper selection of all the pixels with height values
demonstrating functionalized 2D Nanosheet over the substrates.

Surface area was calculated based on the number of pixels, the scale and
resolution of the SFM data set. Gwyddion v2.5 was used to create the height threshold
selection masks and additionally using Grain analysis option to calculate the statistics
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of the sample interface. This methodology described here was published as part of my

contributions into the Ziem et al. Publication.130

Martin Diameter of the functionalized 2D Nanomaterials were calculated by
considering the length of the area bisector of the irregular 2D Nanosheets. Additionally,
Maximum Feret's diameters were also calculated from the images. Feret’s diameter is

the maximum distance between two points on an irregular 2D Nanosheet.

Figure 3.1, Martin diameter and Feret’s diameter shown for an irregular projected area.

3.6. Preparation of Nanographene sheets at interface of Au (111)

This section describes the sample preparation for the experiments in relation to
the characterization of the nano graphene (nG), nano graphene oxides (nGO) and
nano graphene sheets functionalized by Triazine groups (nGTrz) as described within
the publication of Guday et al.'3?

Samples were prepared by spin casting and spin coating from suspensions in
deionized water for nano graphene oxide sheets and from chloroform dispersion in the
case of nGTrz onto unmodified epitaxial Au (111) grown over mica (PHASIS, Swiss)
and unmodified HOPG (grade ZYA, Advanced Ceramics). For spin casting, the
samples were applied onto the Au (111) or HOPG surface for 60 seconds from solvent
dispersions and then spun off at 50 rps for 60 seconds. For investigation of resistivity
of the samples, a stainless steel (alloy 430) AFM/STM metal specimen disc, @12 mm
was used to hold the substrates on top of the SFM scanner. Au (111) or HOPG
substrates with or without coated samples were attached to the steel specimen disk

using an isolative double-sided tape. A control resistor of 1 MQ (or other values) was
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attached onto the specimen disk and was simultaneously contacted with the Au (111)
or HOPG Sample surface. Resistivity was measured between the back of the steel
specimen disk and top of the Au (111) or HOPG using a multimeter and it was found
to be in the range of the attached control resistor with 1% error. The SFM used in

PFTUNA mode was a Multimode 8, Nanoscope V (Bruker Corporation). 132
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Figure 3.2, Sample setup with exchangeable control resistor in series. HOPG on the left and
Au (111) on the right can be seen. nG, nGTrz and nGO were doposited on those substrates

and measurements were carried out.

3.7. Scanning Force Microscope Imaging (SFM)

For observation of the 2DTSs structures, scanning force microscopy in
Quantitative nanomechanical mapping (SFM-QNM) and ScanAsyst mode (SFM-
ScanAsyst) were performed using a Multimode 8 with Nanoscope 4 controller. An E or
J scanner with maximum scan size of 10 and 100 ym was used for scanning samples.
For SFM-QNM measurements, both cantilevers with spring constants of 2 N/m
(OLTESPA) and 0.4 N/m (ScanAsyst Air—HR) were used. The sensitivity of cantilevers
was first calibrated by thermal tuning process. Then their spring constant was
measured over Sapphire (Bruker) as a hard surface. The force applied to the samples
by the tips was within the range of 100-2000 pN. Measurements were carried out in
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512 in 512 pixels’ resolution and speed of 6 - 15 minutes per image at room
temperatures 25-27 °C and relative humidity 30 — 35%. SFM images were processed
and analyzed with SPIP (Image Metrology A/S) software. Topography images were

line flattened with first order polynomial.

3.8. SFM-QNM and SFM-QI Calibration Methodologies

Calibration process of the Scanning force microscopy for the quantitative
nanomechanical mapping (QNM) and quantitative imaging modes (Ql) are required for
translation of the vertical deflection of cantilever into applied setpoint force during
measurements. The calibration process commonly involves measurement of the
sensitivity of the cantilever over a hard surface such as Sapphire or Muscovite Mica
substrates. Depending on the sample to be measured softness, two methods of

calibration could be carried out, Relative and absolute methods.

In “Relative calibration method”, Cantilever bending sensitivity is measured at
the interface of a stiff and undeformable interface. This is done in addition to “Thermal
tuning” to obtain the spring constant of the cantilever and finally measuring elasticity of
a known reference sample. For further accuracy of quantitative measurements finding
out the SFM probe tip diameter is important that results in correct elasticity value for
reference sample. Tip radius may change during the measurement of the reference

sample and before measurement of the unknown sample.

In “Absolute calibration method”, Thermal tuning of the of the cantilever is
carried out initially to know the spring constant of it. In next step, using an SFM tip
radius calibration sample that could be for example Gold nanoparticles of known
diameter immobilized on a mica surface or sample with repetitive pattern of titanium
micro pyramids. SFM tip broadening is calculated and diameter is found based on the
observed measurements and the known sample particle diameters or the pyramid
dimensions. Quantitative nanomechanical mapping of the unknown sample then could
follow. In absolute calibration mode cantilever sensitivity measurement on hard
substrate is carried out after measurement of the unknown sample and the
experimental data are then adjusted to the later calibrated cantilever sensitivity. This

is to avoid SFM tip deformation and diameter change before actual experiment.
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3.9. Peak Force TUNA Measurements and Analysis

This section describes the sample measurements and analysis of the experiments
in relation to the characterization of the nano graphene (nG), nano graphene oxides
(nGO) and nano graphene sheets functionalized by Triazine groups (nGTrz) as

described within the publication of Guday et al.'3?

In order to investigate the conductivity of the Nano graphene sheets, initially an
overall scan of the sample topography at sample bias of zero volts and a setpoint force
of 0.8 to 2 nN was carried out. The SFM tip was next contacted onto various nano
graphene sheets in ramp mode for point measurements with different heights at
setpoint forces of 15 to 300 nN while a sample bias was ramped. Local | — V curves
were plotted for both Substrate and Nano Graphene or variants. Characterization of |
— V data was preferred over the contact current images since the small normal forces
(0.8 to 2nN) applied during the scanning was not enough to ensure a low noise contact
current measurements on sample surface. Though our measurements were carried
out in ambient conditions we could find highly reproducible | — V curves on both
unmodified HOPG, air plasma modified HOPG and Nano graphene sheets (and Nano
graphene oxides). We also found that the setpoint force applied by the tip can influence

the contact current measured on nGs.

SFM-PFTUNA height images of the samples on a clean Au (111) surface show
lateral dimensions between 50-200 nm for both nG and nGTrz, while nGO
demonstrates smaller lateral sizes (30-100 nm). Furthermore, SFM-PFTUNA pull-off
force images demonstrates contrast between the Au (111) and HOPG surface and
locations at which the sheets are found. The pull-off force contrast is reproducibly lower
on nG, nGTrz, and nGO in comparison to both Au (111) and HOPG substrates.
However, it is possible to observe a reduction in the contrast values with time,
attributed to tip contamination and degradation of the platinum coating in the case of
conductive SFM tips. The contact current vs time (I-T) data demonstrates the maximum
contact current at a constant bias between tip and sample. |-T measurements are
carried out simultaneously during the force spectra measurements. Characterization
of I-V and I-T data is simpler compared to contact current scanning images, as the

small normal forces (0.8 to 2 nN) applied during the scanning and contact time
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durations of (100 to 250 us) are not sufficient to ensure low-noise contact current
measurements on sample surface.

In addition, tip contamination during the scanning time with the small particles
and resulting decrease in the overall conductivity of the tip, are found to be
unavoidable. Our measurements are carried out in ambient conditions. However, we
can find reproducible ohmic I-V curves on both Au (111), nG, nGTrz as well as nGO,
due to the small sample bias and the control resistor connected in series with the
sample. We also find that increasing setpoint force above 26 nN does not influence the
contact current significantly, though the high forces increase the probability of the
platinum coating wearing out and permanent conductivity loss of the tip.

The contact time needed to achieve maximum contact current between the tip
and the sample differs for Au (111), nGTrz, nG, and nGO. In case of the nGTrz, the
contact current vs time graph at constant bias demonstrates a flat plateau at a
maximum current reached within the contact time. In contrast, for nG and nGO this flat
plateau of current vs time is accompanied with a sudden rise in current just before
reduction of the setpoint force between tip and subsequent separation of the tip from

sample. The resistivity of the nanographene sheets are calculated per equation below:

R, = R,s + R + R, Equation 20

Where total resistivity (Rt) is the sum of substrate resistivity (Rs), resistivity of
the connected control resistor (Rc), and the resistivity of the contacted nanosheet (Rns).
The slopes of the I-V curves from samples measured on clean Au (111) substrates are

the inverse total resistivity (1/Rt) of those surfaces.

3.10. Photodynamic experiments of 2D Triazine Structures

The UV-Vis absorption spectroscopy measurements were performed for

investigating the singlet oxygen release capability in case of the product of the
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polymerization of the Triazine molecules in planar configuration known as 2D Triazine
sheets (2DTSs). For this, initially, 2DTSs were dispersed in ethanol. A solution of
1,3 diphenylisobenzofuran (DPBF) (3.7x107 mol, 100 ug) was then prepared using
ethanol (1 mL).

Synthesized 2DTSs as dispersed (100 pg/mL) in EtOH were exposed to 10 minutes
of ultrasonication. Then, 900 pl of prepared DPBF solution in EtOH was mixed with
100 pl of 2DTSs from EtOH dispersion in a Quartz UV-Vis cell (HELLMA GmbH, Quarz
Glass SUPRASIL 114-QS) with a path length of 10 mm.

Reference samples were prepared in Quartz cell containing only EtOH. Absorption
spectra were measured with a double-beam UV-Vis spectrometer Shimadzu UV-
2101PC. Samples were then exposed to a laser irradiation, while being stirred within
the cuvette. A diode infrared laser with 808 nm wavelength and a power density of 0.5
W/cm2 was used. Interval times of laser exposures were as follow, 5, 10, 15, 20, 25,
30, 35, 40, 45, and 50 minutes. A UV-Vis absorption spectrum of 2DTSs was then
measured in EtOH Figure 4.33.

3.11. Raman spectroscopy and Raman Mapping of 2D Triazine
Structures

The description here is mainly the common sample and experimental
preparations carried out for the Raman spectroscopy within this research. It is
important to note that the following is based on the described experimental methods in

the Faghani & Gholami et al. Publication.'33

Samples were prepared by drop casting the ethanol dispersion of 2DTSs onto
mica or Si wafer with SiO2 layer. Hundreds of 2DTSs sheets were measured using
either mapping or individual points using a 100X objective NA = 0.9 (Mitutoyo,
Olympus) at 532, 638, and 785 nm, with an Xplora one (Horiba) Raman spectrometer
with ~1.7cm™" spectral resolution and power well lower than ~ 1 mW. A grating of 1800

grooves/mm was used in the setup.

The instrument was calibrated using a Si spectral peak of a Si wafer in addition
to the calibration against Neon lamp spectral lines. This was done to improve the

spatial accuracy of the collected data for the range of the Raman bands of Carbon-
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based structures. It is important to care specially to assure that the accumulation times
and laser power used, improve the signal to noise ratio but do not adversely affect the
carbon-based structures or 2DTSs sheets, i.e., preventing from thermally induced
effects.’® For Raman Mapping process, the 2DTSs dispersion from various solvents
were deposited by drop casting onto the a TEM grid with . Often an area of 20 x 20 ym

of the TEM grid was selected and the Raman mapping was carried out.
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4. Results

This chapter presents sets of results describing observations related to the thesis
title. It is important to note that the discussion on the meaning and interpretations of

these results is presented in the next chapter, "Discussion." Here, under the
subheadings 4.1.1 to 4.2.2, are the results of experimental research conducted over
several years, addressing various research questions. Results include information on
the structure and topography of "Graft to" 32°7 and "Graft from" 130131 functionalization
methods for TRGO, "Graft to" interfacial interactions with viral particles, and "Graft
from" functionalized 2D sheets' size dependency of interfacial viral interactions’0.
Additionally, the effect of functionalization in "Graft to" on the preservation of
conjugation of carbon-based 2D sheets'3? was addressed. Furthermore, "Triazine" as
a molecule capable of in-plane trimerization and further polymerization was
investigated via scanning force microscopy and Raman spectroscopy. The results
described here are also detailed in the publication by Faghani & Gholami et al. '3 The
results presented in this chapter are based on the demonstrated outcomes in the

referenced publications in each case.

4.1. Topography and interfacial activity of 2D carbon-based
Structures

The rationale behind the experimental results described in this subsection is
based on questions regarding the structural characteristics of controlled multivalent
functionalized 2D graphene sheets. The key inquiries include whether covalent
functionalization is successful and stable, if post-functionalization with hyperbranched
polyglycerols (hPG) is possible and its topographical features dependency with the
extend of post functionalization with hPG (low vs high content) and whether the
functionalized interfaces can immobilize viral particles of VSV, what the average lateral
sizes and typical topographical features of the "Graft from" functionalized sheets are.
Answering these questions is essential for developing a topographical understanding
of the novel methodology utilized in the functionalized 2D materials in both cases of

"Graft to" and "Graft from" methods. The results are then presented in the order of
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experimental progression as described in the previous chapter and based on the

publications reference here after.

4.1.1. Topographical and Nanomechanical characteristics of the “Graft to”

functionalized 2D carbon-based Nanosheets

The topography and structure of the functionalized TRGO sheets were
systematically investigated using Scanning Force Microscopy (SFM) in Quantitative
Nanomechanical Mapping mode (SFM-QNM) (2.13.3) and occasionally with Tapping
mode. Employing these experimental methodologies, | determined the height at zero
force and pull-off force (adhesion) of the TRGO-Trz structures using SFM-QNM and
compared that information with post-functionalized TRGO after the covalent
attachment of hyperbranched polyglycerols (hPG) onto the TRGO-Trz. This
investigation was carried out comparatively for higher contents of hPG attached to Trz

functional sites, based on two classifications of "hPGlow" and "hPGhigh."

Furthermore, the topography of post-functionalization with sulfated and non-
sulfated hPG sites were investigated. Functionalized 2D sheets, as deposited onto
freshly cleaved HOPG or mica surface in combination with viral envelopes, were also
examined. Vesicular stomatitis virus (VSV) was chosen as a model system for
biological interaction studies and the inhibitory potential of these 2D carbon-based
materials. The results overall demonstrate that graphene sheets with a high density of
sulfate groups efficiently bind to VSV particles, while their analogs with hydroxyl groups
did not show significant affinity toward VSV at a comparable concentration level. This
section's results and descriptions are published 32, and the written parts here are in

accordance with that publication.

Figure 4.1 shows a high-resolution Tapping mode SFM height image of the
TRGO sheets as deposited onto freshly cleaved mica interface in ambient conditions.
Brighter regions correspond to higher topographical height and the cross-sectional line
demonstrate the profile of the sample topography. Height profile crossing between
single layer and double layer region shows a typical interlayer distance of ~0.6 nm for
TRGO single layer in ambient conditions with 45% rH. TRGO is observed as plateaus

with different steps and occasional wrinkles and folds.
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Figure 4.1, SFM-Tapping mode height image of TRGO deposited onto the freshly cleaved
mica. Step height of single layer TRGO corresponds to 0.6 nm.

SFM-QNM height images of TRGO-Trz (Figure 4.2) deposited onto HOPG
substrates show sheets with various heights in the range of 4—10 nm. These sheets
exhibited occasional terrace steps with the smallest step height of 2.2 + 0.5 nm with
the error here and in the following being the standard deviation. 3> The TRGO thickness

in this study was found to be 0.6 nm (Figure 4.1).

In further steps of post functionalized TRGO-Trz, naming is based on the mass
contribution of the hPG content to the TRGO sheets, namely TRGO-hPGhigh and
TRGO-hPGlow as also described in the chapter 2.
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Figure 4.2, A) SFM-QNM height image of TRGO-Trz few layers at zero force height at HOPG
interface. B) SFM-QNM Pull off force image of (A). Scale bar is 100 nm for (A and B). C)
close up height image of the TRGO-Trz bilayer, scale bar is 50 nm. D) Height histogram of
the bilayer TRGO-Trz. Adapted from reference *2.

TRGO-Trz sheets are later post functionalized by the “Graft to” methodology
again to include hyperbranched polyglycerols of molecular weight of 6300 Daltons.
These structures are then named as TRGO-Trz-hPG which then contain mainly —OH
groups at the hyperbranched polyglycerols interface. The topography of such post

functionalized 2D carbon-based sheet is shown in Figure 4.3.
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Figure 4.3, A) Typical High resolution SFM Tapping mode height image of the TRGO-Trz-
hPG as deposited onto the freshly cleaved mica surface (Darker region in A). B) A typical
close up view of the hyperbranched spherical polyglycerols attached covalently onto the
TRGO-Trz interface.

SFM-QNM height images of TRGO-Trz-hPGlow ( Figure 4.4A) revealed
sheets of variable thickness with the height of the thinnest sheets being 8 £+ 1 nm at
the thickest sections. The surfaces of TRGO-Trz-hPGlow exhibit occasional
depressions with depths of ~2.5 -5 nm ( Figure 4.4). SFM imaging of TRGO-
Trz-hPGhigh (Figure 4.8Figure 4.5) displays sheets with a height of 8 + 0.8 nm without
detectable depressions but with wrinkles commonly observed also on non-
functionalized TRGO-Trz and or TRGO or GO and even Graphene.
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Figure 4.4, SFM-QNM height image of TRGO-Trz-hPGlow at (A) zero force. B) SFM-

QNM pull-off force image of (A). Scale bars are 100 nm for all images. Adapted from reference
32

SFM-QNM pull-off force (adhesion) images shows different contrast responses
and provide information to differentiate between the interfaces independent of height

variations (Figure 4.4b).

TRGO-hPGhigh sheets deposited onto the HOPG surface exhibited a
homogeneous pull off force contrast different from the substrate specially for the
wrinkles (Figure 4.5B). TRGO-Trz-hPGlow, however, showed less homogeneous
height and Pull off force contrasts and it was possible to observe regions of higher
height than the HOPG substrate but with similar pull off force contrast to HOPG surface
(Figure 4.4)

The pull-off force contrast behavior turned out to be reproducible for fresh SFM
tips. Contrast levels occasionally decayed with time as seen in the pull-off force images
and some scan lines This artefact is attributed to tip contamination during scanning by
free matter at the sample interface. This temporary contamination of the tip was

observed to disappear within the surface scan time occasionally.
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Figure 4.5, A) SFM-QNM height at zero force of TRGO-Trz-hPGhighand B) pull-off force
images of TRGO-Trz-hPGhigh. C) Single layer TRGO-Trz-hPGhigh. D) Thickness

Histogram. Scale bars are 100 nm for all images. Adapted from reference *.

SFM-QNM also provides the deformation mapping of the sample interfaces. As
it can be seen in Figure 4.6, pull off force or tip-sample adhesion force data
demonstrates a lower adhesion force in circular regions tightly packed within the area
of the functionalized TRGO surface. Those circular regions with lower pull off force
also demonstrate a higher relative deformation. Additionally, Figure 4.6 demonstrates
different high and low variants of TRGO-Trz-hPG. The density of observed deformable
circular regions with relatively lower pull off forces varies between TRGO-Trz-hPGhigh
and TRGO-Trz-hPGlow variant. Furthermore Figure 4.7 and Figure 4.8 demonstrate a

quantitative data set of deformation and pull off force of the hPG units distributed over
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TRGO-Trz interfaces. Mostly less deforming regions correspond with higher

topographical structure and higher pull off force with the SFM tip.

Figure 4.6, Deformation and pull off force images of TRGO-Trz-hPGlow A) SFM-QNM pull off
force image of TRGO-Trz-hPGlow . B) Deformation image of the TRGO-Trz-hPGlow from the
same area as the (A), white circles show hyperbrach polyglycerol (hPG) locations in (A, B).
C) SFM-QNM pull off force image of TRGO-Trz-hPGhigh. D) Deformation image ofthe
TRGO-Trz-hPGhigh from the same area as the (C), red circle shows hyperbrach polyglycerol
hPG location in (C and D), green dotted line shows the proximity with higher adhesion in (C)
and lowest deformation in (D) low deformation is attributed to the higher TRGO hardness in

compare to hPG. Scale for A, B, C and D is 20 nm. Adapted from reference *’.
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Figure 4.7, A) SFM-QNM height image of the TRGO-Trz-hPGlow. B) inset area from (A). C)
Deformation data corresponding to inset data in (B). D) Deformation data from the line cross
section in (C). E) Pull off force data corresponding to inset data in (B). F) Pull off force data

from the line cross section in (E).
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Figure 4.8, A) SFM-QNM height image of the TRGO-Trz-hPGhigh. B) inset area from (A). C)
Deformation data corresponding to inset data in (B). D) Deformation data from the line cross
section in (C). E) Pull off force data corresponding to inset data in (B). F) Pull off force data

from the line cross section in (E).
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Figure 4.9, demonstrates the topographical difference between the two species
of TRGO-Trz-hPG with low and High hPG contents after the sulfation process. As it
can be seen, the topography of the TRGO-Trz-hPG low or high variant is not drastically
changed by the post functionalization sulfation process in compare to original TRGO-
Trz-hPG variants. Height and Pull off force data from SFM-QNM shows occasional
depressions and inconsistencies of coverage for low hPG content TRGO-Trz-hPG
variants. The depressions observed are topographically similar to the observation that

was made in Figure 4.4.
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Figure 4.9, Sulfated version with low polymer content A) SFM-QNM height image at zero
force of TRGO-Trz-hPGS Low, B) TRGO-Trz-hPGSLow Pull off force image of same area as
(A). C) SFM-QNM height image at zero force of TRGO-Trz-hPGShigh. C) SFM-QNM Pull off

force image of same area as (C). Scale bar in all images are 100 nm. Substrate is freshly

cleaved HOPG interface. Adapted from reference *.

Figure 4.10, demonstrates a typical topography and height distribution of a
TRGO-Trz-hPGShigh sheet that is a high hPG content with sulfation post

modifications. A typical height value 7.9 + 0.7 nm. This value demonstrates a very
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close value to that of original TRGO-Trz-hPGhigh without any sulfation. As it can be
observed, similarity of homogenous coverage of the TRGO-Trz interface with hPG

units exist for both variants of non-sulfated and sulfated hPG.

2 0 2 4 B 8 10 12 14
TRGO-TrzPGS nign height deposited over HOPG (nm)

Figure 4.10, Thickness of sulfated high polymer content TRGO-Trz-hPGShigh. A) SFM-QNM
height image at zero force of TRGO-Trz-hPGS high that is a sulfated variant as deposited
onto freshly cleaved HOPG surface. Scale bar is 250 nm. B) Height histogram of (A) fitted

with Gaussian functions shown in red. The difference between mean values of the two

Gaussian functions is assigned the height of TRGO-Trz-hPGS high. Adapted from reference

32

4.1.2. Interfacial activity and viral inhibition of the “Graft to” Functionalized 2D

carbon-based Nanosheets

Further to investigate the existence of any multivalent interaction between the
TRGO-Trz-hPG with model viral particles of VSV, SFM and Cryo-TEM
instrumentations were utilized. The VSV particles were initially prepared by the

virologists by exposure to UV light. As a consequence deactivation of the DNA and
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RNA content within the viral envelope takes place.’® In this process, viral envelope

remains intact while the viral particle becomes harmless.

Later VSV were incubated at the interface of functionalized 2D TRGO sheets
previously deposited onto inert freshly cleaved HOPG surface (explained in section
3.1). After incubation of VSV and functionalized TRGO sheets at predefined durations,
the excess viral particle solution was spun off from the sample interface and SFM
measurement were carried out in ambient conditions with 35-45% rH. Figure 4.11,
demonstrates a typical VSV particle observed using SFM-QNM. The average length of
VSV particles on TRGO-Trz-hPGShigh surfaces was 134 £ 29 nm (mean +/- standard
deviation).3? The length of the longest VSV particles on TRGO-Trz-hPGShigh was
roughly 180 nm with a height of 20 + 3 nm and a width of 60 £ 5 nm. The latter values
were again in agreement with our cryo-TEM (Figure 4.11 D) and other data that

revealed a length of 196 + 8 and a diameter of 70 nm for VSV, respectively. &
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Figure 4.11, SFM observation of VSV viral particle. A) SFM-QNM height image of VSV found

over TRGO-Trz-hPGhigh, Scale bar is 50 nm. The red dotted line shows the line profile
88



shown in the (B) blue dotted line in (A and C), which shows the edge of a deformed section
of the virus’s outer membrane. B) The cross section reveals VSV height of 18.6 nm and
width of 58-60 nm. C) Pull off force image acquired simultaneously with (A). D) Negative

stain TEM (1% PTA, pH 7.4) image of VSV. Scale bar is 50 nm. Adapted from reference

Figure 4.12 & Figure 4.13, demonstrates SFM Tapping mode height images of
the sulfated and non-sulfated variants of TRGO-TRZ-hPGhigh deposited onto after
incubation with VSV viral particles. As it can be seen, the sulfated version of the
functionalized TRGO demonstrates particles with length more than 100 nm or around
65 nm (red dotted) being immobilized onto it while none observed over HOPG surface

and non-sulfated TRGO-Trz-hPGhigh.
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Figure 4.12, Cryo-TEM & SFM images of A) TRGO-PGhigh and B) TRGO-PGShigh, each
incubated with VSV. Tapping mode SFM height images of C) TRGO-PGhigh and (D) TRGO-
PGShigh, each incubated with VSV. Virus particles are outlined by red dashed contours;
edges of the graphene sheets are marked by blue dashed contours. The scale bar is 200 nm

in all images. Adapted from reference .

90



TRGO-Trz-hPG
P

Graphite 250 nm

M .. TRGO

RGO-Trz-hPGS R4 :
*  TRGO-Trz-hPG
[ " o

]

Graphite

o l. L]
‘ LR
VSV
resides

Graphite 200nm

Figure 4.13, Interaction of VSV with low and high hPG content 2D sheets. A) SFM height

image of high polymer content and sulfated functionalized 2D sheet anchoring VSV intact

and pieces. B) SFM height image of high polymer content and Non-sulfated functionalized
2D sheet anchoring VSV intact and pieces. C) SFM height image of low polymer content and
sulfated functionalized 2D sheet anchoring VSV pieces. D) SFM height image of low polymer

content and Non-sulfated functionalized 2D sheet anchoring VSV pieces.

Figure 4.14, shows dependence of surface density of VSV pieces attached to
sheets on the incubation time. As it can be observed, the two variants of sulphated and
non-sulfated versions of hPG demonstrated different extent of immobilization of the

viral particles and pieces. Here, the immobilization of the viral particle from its free state
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within the solvent is considered to be associated with the viral inhibition of those
functionalized interfaces. The surface density was estimated by counting VSV pieces
found in SFM-QNM height images within area of 400 x 400 nm. Surface density of VSV
was reproducibly higher on TRGO-Trz-hPGS sheets compared to TRGO-Trz-hPG.
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Figure 4.14, Dependence of the densities of VSV pieces attached to TRGO-Trz-hPGS (red
squares) and TRGO-Trz-hPG (black squares) upon incubation time. The errors bars are

standard deviations. Adapted from reference 2.

Figure 4.15, shows a histogram of the length of long axes of “Vesicular
stomatitis virus” or VSV particles counted and found to be immobilized over the 2D
functionalized TRGO sheets with high density of sulfated hyperbranched polyglycerols
post functionalization that are known as “TRGO-Trz-hPGShigh”. The long axes are
shorter than the length of the virus in solution (200 nm according to Cryo-TEM), and
the distribution is broad. Gaussian fitting is used to demonstrate the normal distribution
values of each population distribution for the dimensions of the viral particles found
immobilized on the functionalized TRGO-Trz 2D sheets. As found and described in the
publication by Gholami et al, the distribution of long axes can be well-fitted by three
Gaussians, describing three populations of the virus particles found immobilized at the
interface of the functionalized 2D sheets. The longest particles found were measuring
around 140 nm. Considering tip broadening estimated at 8.44 nm within these
experimental results, the real length of the longer particles is estimated to be around

132 nm.3? The three found populations of the viral particles imply that the viral envelope
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may have been broken down during the sample preparation or already within the virus-
buffer solution. shorter particles are likely VSV pieces as well, as they have also been

observed via Cryo-TEM measurements.
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Figure 4.15, Histogram of lengths of the long axes of VSV anchored onto TRGO-Trz-hPGS
as imaged by SFM- QNM. The red line is the fit of the histogram with three Gaussian

functions. Adapted from reference .

Figure 4.16, demonstrates the time-dependent structural variation between VSV
particles attached to TRGO-Trz-hPGhigh and TRGO-Trz-hPGShigh. The figure
illustrates the effect of sulfation of the functionalized 2D sheets on the integrity of the
VSV particles attached to them. By evaluating consecutively recorded SFM-QNM
datasets of VSV particles found over TRGO-Trz-hPGhigh, it was possible to observe
subsequent deterioration of the virus structure (Figure 4.16A, B). Surveying regions of
the sample not yet scanned by the SFM probe showed that VSV particles in those
areas remained unaffected (Figure 4.16C, D).
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Figure 4.16, Structural changes of VSV over functionalized 2D sheets. SFM-QNM height
images of VSV trapped over TRGO-Trz-hPGhigh with B) the corresponding pull-off force
images. C) SFM-QNM height images of VSV trapped on TRGO-Trz-hPGShigh sheets with

D) the corresponding pull-off force images. In rows (B) and (D), darker regions demonstrate

that the pull off forces between the tip and the VSV were lower. Brightest regions in the pull-

off force images correspond to the HOPG. All scale bars correspond to 100 nm. Adapted

from reference *2.

4.1.3. Size dependency of interfacial activity for “Graft from” Functionalized 2D

Nanosheets for Inhibition of viral Particles
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[2+1] nitrene cycloaddition reaction “Graft to” method of functionalization of
TRGO perpendicular to its basal plane has been explored in the previous subsection
4.1.1. Here | will demonstrate characterization results of the “Graft from” synthesis
approach. This section is in accordance with the collaborative publication of Ziem &

Gholami et al 130.131,

The "graft to" method enhances the solubility of thermally reduced graphene
oxide and provides a suitable 2D surface for multivalent ligand presentation. In this
case, dendritic polyglycerols (dPG) were polymerized at the hydroxyl-containing
functional sites of TRGO Nanosheets. Later, polysulfation of these dendritic
polyglycerols was used to mimic the heparan sulfate-containing surface of cells and to
compete with the natural binding sites of viruses. This goal is similar to previously
demonstrated results, with the main difference being the structural variation in the
method of functionalization, based on ring-opening polymerization rather than the

utilization of Triazine molecules.

Considering the limitations of ring-opening polymerizations, the density and
controlled functionalization are only possible based on the percentage of remaining
functional groups after the thermal reduction of graphene oxide. The percentage of
conversion of those oxygen-containing groups by the polymerization reaction affects
the final product. In correlation with the degree of sulfation and the grafted polymer
density, the interaction efficiency of these systems can vary.'3! This thesis investigates
the functionalization topography to answer the question of whether the "graft from"
functionalization has been successfully done and is covalent. Additionally, the results
of this studies were published %139 and written parts here are in accordance with those

publications.

Figure 4.17, shows the Typical SFM topography of the Functionalized TRGO
via “Graft from” methodology at the freshly cleaved mica interface in ambient conditions
(35 - 45% rH). Tapping mode SFM height images were used for quick revelation of the
topography, and SFM —QNM was used for further studies. The nomenclature used for
the “Graft from” synthesized functionalized TRGO is based on the nanomaterial name
followed by the dendritic polyglycerol's acronym “TRGO — dPG” for unsulfated and
“TRGO — dPGS?” for sulfated derivatives.
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Figure 4.17, A) Typical SFM Tapping mode height image of the TRGO-dPG deposited onto
freshly cleaved mica surface from water dispersion. B) SFM Tapping Mode Phase image of

the same area as in (A). Adapted from reference ™'

In Figure 4.17A, the 2D TRGO sheets can be seen as plateaus with higher false
color brightness over the freshly cleaved mica interface. Additionally, there exist
spherical objects with bump-like higher topography, which also demonstrate a lower
oscillation phase variation with the SFM probe tip in Tapping mode. This lower phase
of oscillation compared to other regions of the scanned interface of the sample would
mean variation of chemical structure. Those spherical objects are only present at the
interface of the functionalized TRGO sheets and cannot be seen or found over freshly

cleaved mica.

Figure 4.18 demonstrates the typical thickness distribution and histogram of the
TRGO-dPG Nanosheets with their Gaussian distribution or normal distributions, as
deposited from the water dispersion onto the freshly cleaved mica interface at ambient
conditions (30-45% rH). The distributions of the height in Figure 4.18A clearly
demonstrate two populations of pixel heights for Mica substrate and 2D functionalized
sheets deposited onto it. Additionally, the lateral dimensions of the functionalized 2D
TRGO-dPG sheets were measured based on the SFM tapping mode height images. It
was observed that the lateral dimensions of the 2D Nanosheets could be classified into
three groups of small (300-400 nm), medium (500-600 nm), and large (800-900 nm)
based on their longest axis length and the normal distributions found after fitting the
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lateral size data with Gaussian fits. Even after the sulfation process, lateral dimensions
of the sheets remained with similar variations. Table 4.1 demonstrates the lateral
dimension classification of sulfated TRGO-dPG sheets based on the normal

distribution of the most frequent sizes found.
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Figure 4.18, A) Histogram analysis of the height of a typical single layer TRGO-dPG sheet
shown as inset when deposited from solution onto a freshly cleaved mica surface fitted with
two Gaussian functions shown in red. B) Histogram analysis of the lateral dimensions of the
TRGO-dPG sheets of three main variations of small, medium and large. Individual data sets

are fitted with a Gaussian function shown in purple, red and green, based on the Feret’s

diameter of the irreqularly shaped 2D sheets of TRGO-dPG. Adapted from reference "*°

Medium

Figure 4.19, Typical lateral size variations of TRGO-dPG sheets deposited onto the freshly
cleaved mica surface: (A—C) SFM-Tapping mode height images (typical height 3.5—4.0 nm
as seen in Figure 4.18) of the different TRGO-dPGS sheet sizes showing the polyglycerol

functionalization as spherical objects attached to the TRGO sheet. Adapted from reference’™"
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Table 4.1, Table of the mean diameters and surface area of the surveyed TRGO-dPGS

sheets (the total number of counted sheets were 97). Adapted from reference ™°

Mg | o, | Shest
(nm) (um) type
800 - 900 |0.780+0.28| Large
500 - 600 |0.385+0.08 | Medium
300 - 400 |0.107 £0.10 Small

In Figure 4.19, the typical SFM height image and lateral variations depicted for
both TRGO-dPG and TRGO-dPGS variants. This provides insight into the surface
morphology and characteristics of these functionalized graphene oxide sheets. Moving
to Figure 4.20, it showcases the typical state of the small and medium-sized
functionalized TRGO at the HOPG & PBS buffer solid-liquid interface. This allows for
an understanding of how the functionalized TRGO interacts with the buffer solution and
the underlying substrate. Figure 4.21, focuses on the state of the TRGO- dPGS
(sulfated variant) at the HOPG & PBS buffer interface, both with and without the
presence of the Herpes viral particles. As it can be seen, large aggregates are formed
as the TRGO-dPGS (the sulfated version) is in presence of Viral particles at the HOPG

interface in buffer solution.
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{ nm

Figure 4.20, SFM-QNM mode height image of the functionalized TRGO sheet at the HOPG &

PBS buffer solution interface (liquid, solid interface). Surface, as imaged in PBS buffer
droplet in solid-liquid interface. Adapted from reference "*.
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Figure 4.21, Aggregate formation in mixture of TRGO-dPGS and Herpesvirus in buffer (A)
Large scan area (88 um?®) of functionalized TRGO sheets deposited onto the HOPG surface
from water dispersion (Measurement in ambient). (B) Close up of the functionalized TRGO
sheets of small size with their typical heights with open but wrinkled morphology containing

sulfated spherical hyperbranched polyglycerols (dPG). (C) Large scan area (100 um?) of the
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functionalized TRGO sheets forming large aggregates (sacks) around the virions in a 20 uL
PBS buffer solution (Measurement in liquid). (D) Typical geometries and heights of the
aggregates (sacks) of functionalized TRGO sheets containing virion. Adapted from

reference "%,

In Figure 4.22, the geometrical distributions of the functionalized TRGO-dPGS
after incubation with Herpes viral particles are illustrated. This includes the diameter,
area, and material volume calculated from typical SFM-QNM height images of the 2D
nanosheets and viral particle mixtures at the HOPG & PBS buffer solid-liquid interface.
Gaussian fitting of each dataset provides insight into the normal distribution of these
data, highlighting the most frequent values for the diameter, area, and volume of the

formed aggregates of functionalized sheets after interaction with viral particles.

Observations reveal an average diameter of approximately 500 nm, larger than
that of a single Herpes virus particle. Similarly, the volume of the particles was found
to be approximately 1.7e7 nm”3 on average, significantly increased compared to the
2D mostly flat functionalized sheets at the interface of the substrate. These values
were obtained using height-based pixel selection within the SFM-QNM height datasets
with a threshold of height up to 20 nm.'30

Moreover, according to the Figure 4.23, the larger aggregates formed after
incubating TRGO-dPGS and Herpes viral particles at the solid-liquid interface of HOPG
and PBS buffer are softer than HOPG substrate. The slope of the Force-distance curve
that often describes the stiffness value within SFM-QNM data, demonstrate at least
20 nm deformation at 7nN setpoint forces. This deformation cannot be observed when
TRGO- dPGS is present at the HOPG & PBS buffer interface without any viral particle

in the mixture.
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Figure 4.22, (A) Histogram of distribution of the diameter of aggregates attributed to the
sacks of virion. (B) Histogram of distribution of the area of aggregates attributed to the sacks
of virion. (C) Histogram of distribution of the volume of aggregates attributed to the sacks of

virion. (D) An example of the height-based pixel filtration of the SFM-QNM height images

used to calculate the diameter, area and material volume. Adapted from reference 130,

The number of aggregates of TRGO-dPGS with Herpesvirus content, (sacks of
virions) formed in an area of 100 um? at the HOPG & PBS buffer solid-liquid interface
directly depends on the concentration of the 2D functionalized TRGO in the solution
dispersion.
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Figure 4.23, (A) The force spectra extracted from quantitative imaging of the 2D Nanosheets
and herpesvirus mixture in liquid (PBS) (red square in C) over HOPG shows a very steep
slope of extend and retract curves which is fitted with a line. (B) The force spectra extracted
from quantitative imaging of the sample in liquid (PBS) over the sack of virion (blue square in
C). (C) Stiffness map plotted based on the value of Extend curve slope extracted from every

pixel of the SFM-QNM imaging mode. Adapted from reference "*°

4.2, Electronic & structural characterization of “Graft to”
Functionalized 2D carbon-based Nanosheets & Triazine based 2D
Structures

102



4.2.1. Electronic and structural characterization of “Graft to” Functionalized 2D

carbon-based Nanosheets

As part of the characterization of the functionalized 2D carbon-based
nanosheets, it is crucial to understand the effect of the "Graft to" [2+1] nitrene
cycloaddition reaction as a versatile multivalent functionalization method on the
graphene platforms. The main question addressed in this results series is: What is the
extent of the conjugated structure modification of the graphene by the "Graft to"
functionalization method? To answer this question, both scanning force microscopy in
Tunneling current measurement SFM-PFTUNA and Raman spectroscopy were utilized
to investigate the resistivity of the triazine-functionalized 2D graphene nanosheets and

their possible doping effects.

The resistivity of graphene nanosheets was compared to their variants,
nanographene triazine, and nanographene oxide sheets, based on their contact
current measurements at similar bias voltages and similar substrates. These
experiments were conducted under ambient conditions at 25°C and 30-45% relative
humidity. The results of this study are published, and the written parts here are in

accordance with that publication. 132

Figure 4.24, demonstrates the typical SFM-PFTUNA height images of the
Nanographene as deposited onto the fresh Au (111) epitaxial layer over mica.'3? SFM
height images demonstrates gold substrate as mainly islands and terraces with line
gaps separating them only partially. Nano graphene oxide sheets tend to be
immobilized over the Au (111) interface and also close to the island partial gaps over
the substrate. Nanographene Triazine sheets were often found randomly located over
the gold substrate and often demonstrated few layers and terraces. Often multiple
points over the 2D Nanosheets were examined by SFM-PFTUNA in ramp mode, were
cantilever was placed onto the 2D Nanosheets or substrate with predefined setpoint
force of 2 to maximum 26 nN and then bias voltage applied and I-V curves or I-time

curves were measured.
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Figure 4.24, SFM-PFTUNA height images of nGTrz and nGO at Gold interface. (A) Large
nGTrz sheets deposited onto Au (111) substrate by spin coating from chloroform dispersion.
(B) SFM-PFTUNA height image of the nG deposited onto Au (111) from water dispersion. C)

SFM-PFTUNA height image of the nGO deposited onto Au (111) from water dispersion.

Scale bars in both images is 1um. Adapted from reference "*2.

The SFM-PFTUNA "approach and retract mode — Ramp mode" investigation
onto the nGTrz, nG, and nGO was conducted under similar experimental conditions.
Specifically, Au (111) was used as the substrate with ambient humidity maintained at
35-45% relative humidity. Similar setpoint forces and substrate resistivities were
controlled by ensuring substrate similarities and utilizing the same reference resistor

in series.

Figure 4.25A, depicts the Tunneling Current through the sample interface
measured over a time scale of 15 milliseconds (I-T curve) during the tip-sample
interaction. The data is segmented into three regions: Approach (Blue), Contact (Gray),
and Retract (Red) shown in Figure 4.25A, These regions describe the position of the
tip relative to the sample during the measurements. The current increases as the tip
approaches the sample, reaching a maximum value at the setpoint force. During the
"Contact" region, the tip remains in contact with the sample, maintaining a continuous
flow of charges. Finally, the current decreases as the tip is retracted from the sample
interface. The experiment was repeated for more than 10 samples of each material

using different tip-sample bias values.

Figure 4.25B, demonstrate the Current vs Sample Bias (millivolts) or I-V curve
for the 2D Nanographene variants. It is important to note the observed ohmic contact
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shape of the |-V curve data at the Bias range of +60 mV for nGTrz, nG and nGO. It
was observed after Au (111) I-V curve data slope, the nGTrz demonstrated the second
highest slope of an |-V curve and nG and nGO in all experiments at similar conditions.
nG demonstrated the third highest slope within the data visualization of the I-V curves

and nG showed the smallest slope of |-V curve data.
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Figure 4.25, Current vs Time and Current vs Bias for nGTrz, nG and nGO. A) Contact current
over time at constant bias of 60 mV (squares) and -60 mV (triangles) on Au (111) substrate,
for nG, nGTrz, and nGO, with standard error values. The setpoint force was 26 nN. B)
Averaged current-voltage (I-V) measurements of Au (111) substrate, nG, nGTrz, and nGO
over gold substrate with 110 kQ resistor in series, at 26 nN contact force. Detail inset to

better see differences between Au (111), nG, and nGTrz. Adapted from reference .

The Raman spectra (Figure 4.26A) of the graphite powder (starting material),
nG, and nGTrz deposited from solution dispersion onto an oxidized layer of a silicon
wafer in ambient show only slight variations. Notably, differences between nG, graphite
powder, and nGTrz were observed mainly within the region around 1610-1620 cm-’,
often associated with the D’ peak positions of graphene. 27137 All 2D carbon-based
structures demonstrated a band within the 1320 — 1380 cm™' wavenumbers, a small D
peak and a G peak at a position of 1589 cm-! according to the observations within
Guday & Gholami et al.’®2. Various data presentations were created based on the
Raman spectra peak positions observed for “Graphite powder’, nG and nGTrz

Nanosheets and shown in following figures.
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To compare the observations of the spectroscopy information, the ratio of the
intensity of the D peak vs G peak (ID/IG) was plotted against the Full Width at Half
Maximum (FWHM) of 2D ('2D) in (Figure 4.26B). A clear differentiation of the data for
nG and nGTrz was observed based on the FWHM of the 2D peaks. Additionally, the
ratio of (Io/lg) vs position of G peak (wG) and the position of 2D peak (w2D) vs the wG
were plotted for the nG and nGTrz Nanosheets. With linear fitting, the slope of the
(w2D) vs (wG) for nG was 1.19 £ 0.17, while for nGTrz, the slope value was 0.58 *
0.09. nG presents a 2D peak near 2700 cm™" with a FWHM of 25.8 + 0.7 cm™.
Specifically measuring the Raman spectra of nG Nanosheets with higher concentration
over substrate and multilayers demonstrated a 2D peak FWHM of 65.0 + 1.1 cm™".

These are according to the observations as published in Guday & Gholami et al.'3?

nG demonstrated an (lo/lg) ratio of 1.75 £ 0.12 and nGTrz that of 1.04 £ 0.07
which is significantly lower (Figure 4.26C). Moreover, as part of a collaborative
research activity and as reported in the publication by Guday & Gholami et al.'®?,
Raman intensities were calculated in regions of interest for atomistic models of nG,
nGTrz and def-nGTrz containing stone-wales defective structures. For these, phonon
frequencies were determined by calculating the Hessian matrix using finite differences
as implemented in Vienna Ab initio Simulation Package, as also described in the
publication by Guday & Gholami et al.’®? Furthermore, The Raman intensities were
simulated by calculating the macroscopic dielectric tensor, as shown in spectra (Figure
4.26A) generated for the nGTrz model system as well as the nG and defective nGTrz
systems. As demonstrated, simulated Raman intensities compare quite well to the
primary peaks from experimental results. The D, G, and D’ bands of the experimentally
measured nGTrz spectrum can be assigned to peaks in the simulated spectra arising

from the cumulative calculated spectra.
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Figure 4.26, Raman spectra and analysis comparison of the nGTrz and nG. A) Raman
spectra of graphite starting material, nG, and nGTrz along with theoretically calculated peaks
arising from nG, nGTrz, and Stone—Wales defective nGTrz (def-nGTrz). Raman intensities
are calculated in regions of interest, with phonon frequencies determined by calculating the
Hessian matrix using finite differences as implemented in Vienna Ab initio Simulation
Package. Raman intensities were simulated by calculating the macroscopic dielectric tensor.
B) I/l versus the FWHM of the 2D (I"2p) band for nG and nGTrz. C) I.p/lc versus G band
wavenumber (w) for nG and nGTrz. D) w2p versus we for nG and nGTrz. Adapted from

reference ¥

4.2.2. Triazine and carbon-based two-dimensional materials

In this section of the thesis, the focus is on the physical characterization of a
metal-assisted and solvent-mediated reaction between calcium carbide and cyanuric

chloride to synthesize two-dimensional Triazine structures (2DTSs). The main
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objectives are to investigate whether the [2+1] cycloaddition reaction of cyanuric
chloride and/or Triazine as a monomer could result in 2D structures and to determine
the crystalline or disordered nature of these structures. Scanning Force Microscopy
(SFM) in quantitative imaging mode was employed to examine the two-dimensionality
of the 2DTSs, while Raman spectroscopy and mapping were used to assess the extent
of their ordered structure. The results of this study have been previously published 33

and are described here in accordance with that publication.

Measurements using SFM-QNM of the 2DTSs deposited onto freshly cleaved
muscovite mica revealed layered structures with lateral sizes ranging from 2 to 3 ym
and thicknesses ranging from 100 to 350 nm. These layers and terraces included
smaller layers with self-overlapping regions (folds) and exhibited an inhomogeneous
distribution of mobile and small interconnected particles above the larger flakes. The
root mean square (RMS) roughness was measured to be 1 nm. This information is
further illustrated in Figure 4.27 and Figure 4.28 and was published in the work of
Faghani & Gholami et al 133,

Figure 4.28 is mainly consist of two height images (A, C) and two height profiles
(B and D). The height image (A) demonstrate the typical topographical interface of the
2D Triazine structures found at the interface of Mica substrate with thickness of tens
to hundreds of nanometers (height profile B). The height image (C) demonstrates the
typical topographical variation of the 2D Triazine structures in more details. Therefore,
height image in Figure 4.28C is indeed a zoom in from the height image in (A)
demonstrating smaller structures with folds and wrinkles and with height variations

found to be as small as 5 nm (height profile D).

8 nm 24 nm 23 nm

Fold lines

A
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Figure 4.27, SFM height images of 2D Triazine structure. A) SFM-QNM height image of the

product of the reaction under anhydrous conditions with plateaus and terraces. B) Close-up
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image of a sheet obtained under anhydrous conditions with back folding. A planar layer
topography is evident from the height image. C) SFM-QNM height images of a large plateau

of graphitic material. Adapted from reference 3
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Figure 4.28, Height profiles of 2D Triazine structures. A) SFM-QNM height image product of
reaction obtained under anhydrous conditions B) the line height profile shown in (A). C) a
close up SFM-QNM height images of different areas over a typical plateau as sown in (A). D)

line height profile shown in (C). Adapted from reference

Figure 4.29, Demonstrate the topography of the smaller 2D sheets found via
SFM-QNM from deposition of the 2DTSs dispersion from Ethanol or chloroform onto
freshly cleaved Mica. Figure 4.29, shows the typically found thinnest structures. Mainly
these Nanosheets are found to have a typical height of 0.5 nm based on the statistical
height distribution in Figure 4.29 D. Lateral sizes between 100 to 250 nm were
commonly observed for those Nanosheets. Measurement were carried out in ambient
environment. Ethanol and Chloroform solvents used for dispersion without 2DTSs did

not show such structures on freshly cleaved mica.

Figure 4.30A and B, demonstrate the SFM-QNM height image of the structures
produced as a result of the reaction of Triazine and calcium carbide in presence of
EDTA that is specifically used to interact with the metal ions and specifically Ca ions
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present within the synthesis reactions. Furthermore, Figure 4.30C and D, show the

product of the reaction of Triazine and calcium carbide in presence of sodium
carbonate.

As it can be seen in the Figure 4.30, typical product of synthesis in the
aforementioned experimental as measured by SFM-QNM are structures devoid of any
smooth interface, terraces and any wrinkling or folding. Additionally, the object varied
in their lateral dimensions and height widely, varying from few hundreds of nanometers
to micrometers in height. For this observations, SFM-QNM samples were prepared
exactly in the same procedure used to create the structures observed in Figure 4.27

by deposition of material from solvent dispersions onto mica interface in ambient.
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Figure 4.29, SFM-QNM topography of thin 2D structures from 2DTSs. A) SFM-QNM height
image of the thin sheets found in 2DTSs dispersions on freshly cleaved mica interface. B)
Close up of laterally small and thin sheets of 2DTSs observed. C) Distribution of 2D area of
the sheets from (A). D) Height histogram of the thickness of the thin sheets.
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Figure 4.30, SFM-QNM height image of Triazine based structure without Ca assist. A) SFM
height images of product of Triazine and Calcium carbide reaction in presence of EDTA. B)
same as (A) with higher height contrast. C) SFM height images of product of Triazine and
Calcium carbide reaction in presence of Sodium carbonate. D) similar sample to (C) but

larger particle. Adapted from Reference '

Mainly two types of Raman spectra were observed for 2DTSs, both types
demonstrated qualitative similarities with the often-observed Raman spectra for
graphite and that of a carbon-based disordered structure reminiscent of Graphene
oxide when exposed to the 532 wavelength of laser. Later experiments allowed
separation of those two main Raman spectra based on the synthesis routes of them.
Raman spectra of the product of Triazine and calcium carbide at 25 °C and in presence
of water, product of the same reaction but at 120 °C and in Non-dry DMF solvent and
lastly product of the Triazine & Calcium carbide reaction at 120 °C in anhydrous DMF.
The Raman spectra were named 2DTSs (Figure 4.32) and Graphitic material (GM)
(Figure 4.31), where 2DTSs, Raman spectra was observed only from the reaction
product in anhydrous conditions and GM Raman spectra was observed only for

reaction product in presence of water.
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Furthermore, reaction product of the Non-dry synthesis in DMF resulted in

observation of mixture of particles demonstrating both the 2DTSs and GM spectra

properties.
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Figure 4.31, Raman-mapping spectra cluster of 2D Triazine material in the white square
region shown in (C). (A) A typical Raman spectrum of particles found in the mapping region.
(B) Optical microscope image of the Raman-mapped region of particles synthesized with
water content (GM) as deposited onto TEM grid. Adapted from reference ">
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Figure 4.32, Raman spectra overlay comparison of 2D Triazine mixtures with GM And the G
and D' peak frequency regions of the 2DTSs, GM, and highly oriented pyrolytic graphite
(HOPG).
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The photochemical properties of 2DTSs were investigated by different methods.
2DTSs showed a maximum UV absorption at 235-276 nm as seen on the Figure
4.33A. Using 1,3- diphenylisobenzofuran (DPBF) as a specific singlet oxygen
scavenger, singlet oxygen production of the 2DTSs structures were investigated,
Figure 4.33B. The singlet oxygen production of the 2DTSs were then measured by
observation of how the DPBF absorbance changed with time of exposure of the
solution of 2DTSs and DPBF in ethanol to 638 nm Laser beam. The rate of singlet

oxygen release was then measured by plotting the natural log ratio of:
—In ([DPBF],) / ([DPBF],)

That is ratio of measured concentration of DPBF at time (t) and to initial
concentration of DPBF in the mixture which is directly dependent on the absorbance
change of DPBF in presence of singlet oxygen release in the solution. The slop of the
plot against time in minutes gives the rate of release of singlet oxygen in the solution
at different exposure times. These values were then compared quantitatively to the
singlet oxygen release of Methylthioninium chloride also known as “Methylene Blue”

reference measured in similar experimental settings.

It was observed for the mixture of the 2DTSs, DPBF and ethanol that the absorbance

of DPBF decreased as the irradiation time to the exciting laser wavelength increased.
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Figure 4.33, UV-Vis spectrum and Singlet oxygen release of 2D Triazine structures. A) UV-
Vis spectrum. B) DPBF & 2D Triazine mixture absorbance change in Ethanol. Adapted from

reference’.
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Chapter 5
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5. Discussion

In this chapter, the results as described in chapter 4 are further discussed in
more details. Discussion subsections 5.1 & 5.2 includes, topographical and interfacial
interactivity of the 2D functionalized carbon-based sheets mainly based on the “Graft
to” functionalization as it is highly relevant to the controlled functionalization using
triazine molecules as the initial multivalent structural modification of the 2D carbon-
based sheets of TRGO and their post-functionalization. These discussions are based
on the discussions of the experimental results as published in Gholami et al.3? &
Faghani & Gholami et al.%”

Subsection 5.3, discusses the lateral size dependency of the viral interactions
for the “graft from” method of functionalization based on the described results in 4.1.3
and Experimental & methods 3.3 & 3.4 and as described in the publications by Ziem &
Gholami et al.’3%131 The discussion in this chapter also provides a comparison point of

view with the “graft to” method of functionalization and its characteristics.

In subsection 5.4, the results described in 4.2.1 are further discussed in
accordance to the publication by Guy et al.’3? These mainly include the discussion on
the evidence regarding the resistivity measurement of current through Graphene,
Graphene -Triazine and in comparison thereof with Graphene oxide. The discussion
further describes the intactness of the t-conjugation of graphene after covalent
functionalization with Triazine. Discussion further describes the possible reason for the
lower resistivity of Graphene-Triazine in compare to Graphene through Raman

spectroscopy experimental result discussion.

Lastly, in subsection 5.5, results described in 4.2.2 will be discussed in more
details based on the publication of Faghani & Gholami et al.'33. This subsection
discusses the possibility of utilization of the Triazine not only as an out of plane
multivalent functionalization agent for 2D carbon-based sheets but also as an in plane
2D monomer. As observed in the results chapter, SFM methods in combination with
far field Raman spectroscopy of the new synthetic structures based on Triazine and
Carbon can both inform topographically and atomically regarding the two dimensional

and possible atomic scale crystallinities of those novel materials, respectively.
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5.1. Topography and interfacial activity of 2D carbon-based
Structures

The topography and structure of the functionalized TRGO sheets were
investigated systematically using Scanning force microscopy in quantitative
nanomechanical mapping mode (SFM-QNM). Stepwise increase in the thickness of
the functionalized TRGO demonstrates the covalent attachment of the external
molecules onto it. This is more precisely observable in case of increase in the interlayer
distance of the functionalized sheets laying over each other. Since the interlayer
distance measures is from one functionalized sheet to another, the height
measurement artifacts present in the SFM-Tapping mode do not apply due to similarity
of material layers measured. Nevertheless, the quantitative nanomechanical mapping
allow measurement of the height and topography of functionalized 2D sheets
accurately with omission of their height reduction due to deformation. Therefore, the
quantitative nanomechanical mapping and quantitative imaging modes of SFM in
which the applied set point force can be controlled accurately and height measurement
is not triggered by chemical differences of the sample are the most accurate and

suitable methods of data collection for these multivalent 2D carbon-based Nanosheets.

Thermally reduced graphene oxide as the initial platform of multivalent
functionalization is itself a variation of Graphene oxide (GO). It is known that GO
contains various randomly distributed oxygen containing functional groups within its
basal plane. TRGO on the other hand has been produced by exposure of the GO to
high temperature reduction process under inert atmosphere. Although most of the
oxygen containing functional groups of GO are reduced and removed during this
Thermal reduction process, the —OH functional groups remain at the TRGO interface.
This renders TRGO a more hydrophilic interface than a pure graphene sheet. Presence
of those —OH groups also adds to the overall thickness of the TRGO, increasing the
thickness from observed value for graphene 0.3 nm 238 to 0.6 nm as observed in this
study, Figure 4.1. Since, the thickness of TRGO sheets was previously reported to be
in the range of 0.5-1.3 nm, 39140 we attributed the thicker sheets and terraces
observed experimentally in this research to the multi- and single layers of TRGO-Trz,

respectively.

Covalent bonding of the Triazine (Trz) groups to the basal plane of TRGO

sheets using [2+1] nitrene cycloaddition reactions is the initial step for “Graft to”
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methodology. This process creates the (TRGO — Trz) sheets. The density of the
Triazine groups covalently at the interface of the TRGO is controllable by the amount
of the (Trz) used during the synthesis, reaction time and number of the repeated
reaction runs. Initially after functionalization of TRGO with Trz groups the Nitrogen
content was estimated using elemental analysis (Appendix Table 11.1). This was an
estimate, on the number of the conjugated Triazine groups to TRGO. The degree of

functionalization is then written as:

Number of Triazine groups (N wt. %
f groups ( 0) < 100

~ Number of carbon atoms of Graphene(C wt.%)

Considering elemental analysis results, the DF of TRGO-Trz is around 1.7% for

the synthesis carried out at 70 ‘C. That is one Triazine group per ~59 carbon atoms.

Although, other methods of investigation such as; Infrared spectroscopy (IR),
X-ray photoelectron spectroscopy (XPS) and Thermogravimetric analysis (TGA) can
demonstrate the effect of Triazine presence along with the TRGO characteristics, only
Scanning force microscopy can demonstrate the direct observation of the covalent
attachment of Triazine onto the TRGO 2D sheets interface. The SFM observation can
therefore, rule out the presence of the Triazine as a free molecule in mixture with
TRGO sheets.

As a result of a homogenous functionalization, TRGO-Trz variant now
demonstrate a higher topographical height in compare to the unmodified TRGO as
seen in Figure 4.2. Typically, thinnest observed layer of TRGO-Trz was found to be
2.2 nm as also described in the publication by Gholami et al.3? This demonstrate the
attachment of a thickening layer onto the typically known TRGO sheets which is, a
homogenously distributed molecular layer containing chlorines, covalently attached
perpendicular (out of plane) to the basal plane of graphene, that is stable and

unmodified after continues SFM scans.

Successful covalent attachment of Triazine to TRGO created a multivalent 2D
Carbon-based structures that could be altered chemically similar to a dichloro-triazine.
This implies that, later replacement of the chlorine atoms with nucleophilic
hyperbranched polyglycerols containing —(NH2) are possible and each chlorine
replacement could be controlled using reaction temperature control. The first chlorine

of TRGO-Trz can undergo nucleophilic reaction at room temperature, producing the
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TRGO-Trz-hPGlow variant in which polymer content per Triazine is only one

hyperbranched polyglycerols.

Furthermore, later reaction of the TRGO-Trz-hPGlow with further hPG with —
(NH2) end groups at 100 °C, creates the higher polymer coverage variant of TRGO-
Trz-hPGhigh. Therefore, topographical observation of difference between low polymer
content and high polymer content TRGO-Trz 2D sheet demonstrate the successful
covalent control on the density of multivalency on those 2D nanomaterials. Both low
and high hPG coverage TRGO- Trz were characterized as the novel graphene-based
interfaces with hyperbranched polymer coverage, Figure 4.4 and Figure 4.5,
respectively. SFM-QNM and SFM-QI were used to understand the interfaces based
on their nanomechanical variations and make sure that polymer coverage is covalent
and not just an adsorbate onto the TRGO-Trz. Figure 4.4, shows the typical TRGO-
Trz-hPGlow with its incomplete polymer coverage over the TRGO-Trz areas.
Elevations and depressions observed in case of the 2D sheets with low hPG content
are attributed to the areas of the TRGO that are not functionalized by the polyglycerols
mainly due to lack of high polymer content during reaction. These hPG less regions
within TRGO-Trz-hPGlow sheets also demonstrated a pull off force contrast that was
similar to that of the HOPG substrate, Figure 4.4B. In contrast, the high polymer
content TRGO-Trz-hPGhigh demonstrate a fully covered interface of TRGO-Trz with
easily deformable spherical objects relative to the TRGO covering its interface, Figure
4.8.

The SFM-QNM data verifies the hypothesis that the hPG coverage and
attachment is controllable in those functionalized 2D Nanosheets. Figure 4.3,
demonstrates a high resolution SFM height image of the high polymer content variant
(TRGO-Trz-hPGhigh) sheet with its edge as deposited over freshly cleaved mica. As
it can be seen, high density of spherical objects with diameters varying between 5-10
nm are observed. Figure 4.3, demonstrates the hPG dense coverage that are extended
even to the edges of the TRGO-Trz-hPGhigh, creating a homogenous structure. This
correlates well with the pull-off force mapping of the functionalized sheets Figure 4.5B,
showing a homogenous contrast of the repetitive spherical objects at the TRGO-Trz-

hPGhigh interface in compare to the HOPG substrate in the experiment.

Based on the topographical observations using Scanning force microscopy, it is
possible to model and thought about the topography of the TRGO-Trz-hPG sheets
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similar to topography of a low- or high-density jungle over a plateau of land. This
comparison is demonstrative of a new stable conformation of hybrid 2D flexible
nanomaterials that are functional depending on type of the Grafted molecules or in
terms of example here, “Trees”. Similarly, the effect of packing density of
hyperbranches on their spherical structures and roughness of the observed
functionalized 2D sheet are similar to observation of the high density packing of trees

in a jungle.

Functionalized 2D Sheets TRGO-Trz-hPG were later post functionalized with a
sulfation process that exchanges the end groups of the hPG from (OH) to the (SO4).
This effectively changes the surface charges of the hPG to a highly negative value and
creates the TRGO-Trz-hPGS structures. Similar to the precursors, the sulfated
versions were created for both low and high hPG content sheets. Figure 4.10,
demonstrates a typical TRGO-Trz-hPGS as deposited onto a freshly cleaved HOPG
surface. As it can be seen, the structure topography is unchanged relative to the non-
sulfated high polymer content precursor and the height variation between the two

variants is very small.

5.2. “Graft to” functionalized 2D Nanosheets & Viral Interactions

One grave issue for a systematic study of such nanoscale multivalent
structures, is the full recognition of the interacting surfaces and in particular their
functionalities. 893141 In the case of the TRGO-Trz-hPG and its sulfated variant
TRGO-Trz-hPGS, the homogeneity of the polymer coverage remains similar after
sulfation, yet the surface charges change greatly. This renders those systems more
potent for possible electrostatic interactions that as well could be non-specific. This
brings up the next stage of utilizing these functional active interfaces for interaction

studies with the viral model, in this case VSV.

The SFM-QNM data and Cryo-TEM images provided insight into the binding
capacity of TRGO-PGShigh with the VSV viral enveloped models. Tapping and Ql
mode SFM imaging thereafter revealed that virions adhered to the surface of TRGO-
PGShigh and to a much lower extent to TRGO-PGhigh see Figure 4.14.This was also
confirmed by the Cryo-TEM images of Individual sheets of roughly 1 ym x 1 ym size

that could bind to about 20 virions in case of the sulfated variant. In control
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experiments, where VSV buffer solution was applied onto freshly cleaved HOPG or

onto graphite coated with TRGO-Trz, no virions were observed.

Since a few virions could also be found at the surface of TRGO-Trz-hPGhigh,
an evaluation of the consecutively recorded SFM-QNM & SFM-QI images of VSV on
TRGO-Trz-hPGhigh sample areas revealed subsequent deterioration of the virus
structure see Figure 4.16A &B. Surveying larger areas, which had not been repeatedly
scanned before, revealed no deterioration of VSV. Thus, repeated scanning caused
subsequent disintegration of the virions. Remarkably, topography of VSV particles
attached to the surface of TRGO-Trz-hPGShigh did not change after sequential

scanning with time.

The observed difference in the structural integrity of the VSV particles found
over sulfated and non-sulfated functionalized 2D sheets had to be assigned to the type
of functionalities involved, namely effect of sulfation rather than topographical
differences which are mostly insignificant for TRGO-Trz-hPGhigh and its sulfated
version, TRGO-Trz-hPGShigh. The interaction property of the sulfated variant of
functionalized 2D sheets is attributed to the electrostatic interactions between the
negatively charged multivalently sulfated surface of TRGO-Trz-hPGShigh and positive
available charges at the tightly packed glycoprotein on the VSV envelope. 142143
Furthermore, not only for the process of virus binding but also for stability against
mechanical stress induced by the normal and shear forces applied by the scanning
force microscopy. Both the amount of virion attached to the surface of functionalized

TRGO sheets and their sizes were investigated.

Furthermore, In Vitro assays found that TRGO-Trz-hPGShigh showed potent
binding towards VSV at low concentrations, while higher concentrations were required
for TRGO-Trz-hPGhigh to interact significantly with VSV. It was further understood that
the performance of TRGO derivatives in a cellular environment by assessing their side
effects such as unspecific cell binding, cytotoxicity, and hemolytic activity. They found
that TRGO-PGShigh did not show agglutination character, accounting for no unspecific
binding to cell membranes up to 200 ug mL-1 concentrations. They also observed that
polyglycerol coverage substantially reduced the hemolytic activity of TRGO-Trz

precursor.
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Based on the work done by Group of Prof. Andreas Hermann and Dr. Daniel
Lauster, cell viability assay with Baby Hamster Kidney (BHK) cells were carried out.
Experiments did not show any cytotoxicity upon incubating cells for 24 h with different
TRGO-Trz-hPG & TRGO-Trz-hPGS variants up to concentrations of 200 ug mL-1.
Therefore, it was concluded that the hyperbranched polyglycerol coating of TRGO-Trz
reduces undesired side effects in a cellular environment, providing TRGO variants
features for the further development of an antiviral material with high viral absorbance

character.

5.3. Size dependency of interfacial activity for functionalized 2D
carbon-based Nanosheets

In this part of the studies, different lateral sizes of 2D Nanosheets were
functionalized with dendritic polygylcerols through a “Graft from” polymerization
process to form new Multivalent interfaces capable of viral inhibiting after post-
modification (polysulfation). Polysulfation of 2D Nanosheets introduces a mimic of the
heparan sulfates present at the mammalian cell surface #4145, As observed in the
previous discussion, sulfation of the multivalent functionalized 2D Nanosheets is
expected to have electrostatic interactions with the glycoprotein or the envelop protein
of some viral particles and reasoned to be able to compete with the binding sites of
orthopoxvirus, herpes simplex virus type 1 (HSV-1) and equine herpesvirus type 1
(EHV-1). These viruses all cause maijor global health issues. This section of the thesis,
discusses the topographical characteristics of the “Graft from” functionalization method
for 2D carbon-based Nanosheets. Additionally, effect of lateral size of the
functionalized 2D Nanosheets on the interaction efficiency & inhibitory efficiency of the
virus model particles are discussed. The combined system of sulfated functionalized
2D Nanosheets and virus particles demonstrated formation of soft and 3D aggregates
of similar height to the viral particles of EHV-1. Implying interaction of functionalized
2D sheets of 200-300 nm lateral sizes with viral particles through electrostatic
interactions and geometrical entrapment (wrapping of virus) and consequent viral
inhibition. Therefore, the size of the 2D nanomaterials in addition to their degree of
sulfation was found to be the key to efficient viral inhibition through entrapment. The

most efficient inhibiting functionalized 2D sheets were on average ~300 nm in lateral
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sizes and had a degree of sulfation of ~10%. Further, discussions on this study are

published30.131,

According to the SFM-QNM height images, it was noticeable that the height of
the TRGO-dPGS sheets were less than that of the TRGO-Trz-hPG and its sulfated
variant measured in section 4.1.1. Furthermore, the typical height image in Figure 4.19,
shows topographically higher plateaus with folding and wrinkling within the TRGO-dPG
structure, demonstrating its flexibility and versatility. Moreover, Analysis of the tapping
mode scanning force microscopy (SFM-TM) height images revealed a mean sheet size
of 0.79 + 0.24 ym? and demonstrated that the polymers were equally distributed on the
TRGO sheets Figure 4.17.

The dimensions of the dendritic polyglycerol grafted TRGO sheets were
determined using tapping and quantitative mode scanning force microscopy, as shown
in Figure 4.19. The longest axis of the sheets was measured from height profiles and
used to group them into three size categories: small (300-400 nm), medium (500-600
nm), and large (800-900 nm). To determine the surface area of the sheets, height-
dependent area measurements were conducted. However, this method was limited to
individual sheets and did not account for overlapping sheets on the mica surface.
Additionally, functionalized nanodiamonds (ND-dPGS) were used as a comparative 3D
Nanomaterial to 2D functionalized carbon-based sheets. The average size of those

nanodiamonds were determined by dynamic light scattering (DLS)."3

To investigate the potential of the different synthesized functionalized 2D
carbon-based sheets to inhibit virus infection, viruses (HSV-1 & EHV-1) were
incubated with the those 2D multivalent Nanosheets and then added mixture to the
cells. After few hours of exposure of cells to the mixture (8-12 hours) flow cytometry
was used to find out the percent infection. This was carried out by group of Prof.
Osterrieder and Dr. Walid Azab. The results demonstrated that not only sulfation
content but also lateral sizes of the functionalized 2D Nanosheets, affected the viral

inhibition efficiencies.

In vitro assays show then that the smaller is the TRGO-dPGS Nanosheets, the
stronger is their effect in inhibition of the viral infection of cells. The TRGO-dPGS
derivatives in small sizes demonstrated a greater inhibition of both viruses in

comparison to the medium-sized and large-sized TRGO-dPGS or even the positive
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control, acyclovir. Notably, the effect was more prominent for HSV-1 as compared to
EHV-1. As anticipated, the virus infection rates remained unchanged in the presence
of pristine TRGO or nonsulfated TRGO-dPG. The infection rates were comparable to

those observed in the absence of any nanomaterials.

Consistent outcomes were noted for Nanodiamonds, as only sulfated ND-dPGS
demonstrated the potential to inhibit both viruses, namely HSV-1 and EHV-1. On the
contrary, non-sulfated ND-dPG did not manifest any effect. The size and potency of
the nanodiamonds inhibition was found to be similar to that of small-sized TRGO-
dPGS. 130

Figure 4.21 to Figure 4.23, illustrate the formation of aggregates between small
TRGO- dPGS and Herpesvirus particle envelopes in a PBS buffer solution as observed
through SFM-QNM & SFM-QI. Force distance curves collected over the aggregates
show greater deformation with setpoint forces ranging from 500pN to 2nN. Conversely,
force distance curves collected over HOPG substrates near the aggregates
demonstrate minimal deformation. These results suggest that the SFM tip is interacting
with large, soft aggregates measuring 80-100 nm in height, likely containing soft
matter. The observed deformations cannot be explained by the dPG units over TRGO,
thus the aggregates are attributed to functionalized 2D Nanosheets interacting with
Herpesvirus particles in solution. This corrolates well with the in vitro assays
demonstrating the interaction of the virus and small TRGO-dPGS sheets and viral
particles to be inhibiting infection of cell as they are mostly geometrically entrapped by

multivalent functionalized 2D sheets and cannot undergo cell entry.

Based on analysis of physical and biological data, two significant factors

affecting inhibitory efficiency can be identified:

The sulfation and the lateral size of the 2D Nanosheets. The correlation between
sulfation content and inhibitory efficiency can be attributed to a stronger Multivalent
effect resulting from higher density of negatively charged sulfate groups, allowing for
stronger interactions with viral envelope proteins. As for 2D Nanosheets lateral size,
much higher inhibition was observed for smaller sheets, this is attributed to be due to
the required bending energy for the smaller functionalized TRGO sheet being less than
that of laterally larger sheets. Membrane bending is fundamental in the endocytosis

process and the presence of membrane proteins can alter the curvature of the
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membrane.'46-14° However, this remodeling process requires significant energy that
exceeds the binding energy gained by monovalent or limited multivalent interactions.
By applying this knowledge to new Multivalent functionalized 2D Nanosheets, it is
concluded that the observed size effect in viral inhibition was consistent with Reynwar
et al.’™® theory that multiple binding is the essential aspect for remodeling large
geometries such as cellular membranes and laterally larger Functionalized 2D carbon-

based Nanosheets.

5.4. Electronic & structural characterization of 2D carbon-based
Nanosheets

Scanning force microscopy in quantitative nanomechanical mapping and tunneling
current (SFM-PFTUNA) was used to characterize the electronic properties of the

functionalized graphene by the “[2+1] nitrene cycloaddition” functionalization method.

Experiments were carried out with the hypothesis that triazine functionalization may
disrupt the free charge transport in plane of the graphene structure due to the covalent
bonding disruption of the 1T-conjugation within the graphitic carbon rings. Therefore,
measurement of the current flow through the functionalized 2D graphene sheets is
indeed a property that will be affected by the covalent functionalization and a
comparative study using SFM in Tunnelling and contact current (SFM-PFTUNA)
measurement between Graphene, Graphene-triazine and Graphene oxide sheets

would clearly and directly allow clarification of the hypothesis.

Nanographene (nG) and its functionalized variants, Nanographene-Triazine
(nGTrz) and Nano graphene oxide (nGO) were experimented on and compared. In
this part of the study, main discussion follows the resistivity or conductivity of the nG,
nGTrz and nGO 2D carbon-based nanosheets as deposited from solvent dispersions
onto an Au (111) epitaxially grown over mica substrate. Additionally, Raman
spectroscopy of those Nanographene variants were carried out to understand the
effect of Nitrogen content and on the disorder and doping of the 2D graphitic structures.
These structures demonstrated a typical lateral dimensions between 100 to 1000 nm

and that allows classification of them as 2D Nanosheets. %1
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In this study nG was produced by incubating graphite powder at 40 °C in a sodium
hypochlorite solution for seven days with later purification.’3? This is considered the
difference in the source of the precursor 2D carbon-based material for Triazine
functionalization in compare to the TRGO material used in previous sections.
According to the elemental analysis carried out by the Guday et al. The graphene
structure produced through this method is atomically Based on the SFM-QNM height
images of these structures as deposited over freshly cleaved mica, the average lateral
size of the nG was found to be 68 + 21 nm and for Triazine added variant (nGTrz)
lateral sizes ranging from 74 + 26 nm to 900 + 100 were observed. nG demonstrated
a height value of 0.58 + 0.07 nm which was close to the observed value of height for
TRGO 0.6 nm. Average thickness of nG and TRGO as 2D carbon-based Nanosheets
is higher than a mechanically exfoliated Graphene layer of thickness ~0.3 nm. This
implies presence of oxygen containing functional groups within the basal plane of nG
similar to TRGO.

SFM-PFTUNA often provide quantified information yet it suffers from possible
physicochemical modifications of the sample due to high Tunneling currents. The effect
of Joule heating of the tip at high sample bias voltages at the contact area with the
sample is an example of a limiting parameters in the mapping measurements. As well,
the contact area of the tip, contact time between tip and sample also can reduce the
maximum current measured during mapping. Additionally, variation of the sample
resistivity due to inconsistencies of the conductive tape in sample preparations and
thickness of the conductive substrate are complicating factors. To avoid these
complexities in the experiments, a simple yet useful sample preparation was
established. A replaceable control resistor is connected in series with the sample
surface. This arrangement allows observation of the variation of the resistivity of the
nG sheets from the overall resistivity measurable between the tip and conductive
substrate and other possible influences such as ambient humidity (ambient at =30—
45% relative humidity) and atmosphere. It is important to note that the experimental
setup is, as a result, less sensitive to the tip area of contact due to the presence of the
control resistor in series with the unknown sample here nG, nGO and nGTrz but the
trend in resistivity variation between nG and nGTrz sheets was observed to remain

unaffected.
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Nanographene oxide (nGO) was produced based on a modified Hummer’s
oxidation method'®? and was used as a reference sample in comparison to the nG and
nGTrz samples. It is known that the graphene oxide is an insulating structure due to its
sp3 segments within its basal plane. Other properties of the nGO have also been well
characterized in literature. 59315 The nGO sheets are 43 + 27 nm in diameter and
2.61 £ 0.84 nm in height with minimum heights of about 1 nm as measured using SFM-
TM.

|-V curves of nGTrz as measured by SFM-PFTUNA demonstrate a slope of data
that is useful to calculate the additional resistivity in series with the control resistor used
in the experiment. Based on the |-V curve slopes (Figure 4.25B), nGTrz demonstrates
a resistivity of 125 + 50 kQ. In comparison, resistivity of nG was found to be 345 + 120
kQ, and that of nGO to be significantly higher at =200 MQ. The variations of resistivity
within each sample correspond to their thickness, which can be observed after

deposition onto Au (111) substrate interface from dispersions.

Contact current versus time (Figure 4.25A) and |-V plots show that nGO behaves
as an insulating layer with higher resistivity over the Au (111) interface. This correlates
with the known structural characteristics of the graphene oxide. However, Comparison
between contact current versus time data of nGTrz, nG, and nGO on the Au (111)
substrate presents the same trend in resistivity at constant bias (Figure 4.25A), where
nGTrz demonstrates lower resistance (higher maximum currents during tip — sample

contact) compared to nG and with nGO displaying the highest resistivity.

In Current vs time graphs of the nG, it is possible to observe variations of current
during contact time as the tunneling current increases before retraction of the tip from
its interface. | attribute this to the electrochemical changes of the sample to a lower
resistivity state under the setpoint force and tunneling currents applied. However,
nGTrz sheets demonstrated stability of the nGTrz sheets. Therefore, nGTrz
demonstrated a stable low resistivity in compare to unstable higher resistivity of nG
when subject to tunneling current of + 60 mV sample Bias and other experimental

conditions. nGTrz demonstrated a reproducible low resistivity over Gold substrates.

Moreover, Raman spectroscopy in its statistical investigation was carried out under
my supervision and with suggestions within this study to address the possible doping

of the nGTrz in compare to nG precursor. nG and nGTrz Raman spectra demonstrate
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small variations in the defect content of the sheets. This can be due to the similarity
between the lateral sizes of the nG and nGTrz Nanosheets that were exposed to the
light beam during the Raman spectroscopy. Graphite powder had median diameter of
7-10 microns and nG with much smaller lateral dimensions shows only a small increase
in Io/lG ratio as compared to the graphite starting material. Io/lc increased for Graphite
powder from 0.19 + 0.04 to 0.23 + 0.01 for nG, this signifies the low number of sp?
carbon atoms in nG structures. After functionalization of nG, nGTrz shows only a slight
increase of Io/lg ratio to 0.29 + 0.02, also implying that the hybridization of sp? the

nGTrz is not significantly different from nG.

Defect estimation based on Raman spectroscopy in carbon-based 2D
structures is well-established to be understood with the relation between Io/lg ratio for
those structures. These can be used to approximate the average distance between
structural inconsistencies as well as the defect density'®%1%6 put without any
consideration for the edge effects of 2D Nanosheets. Although, the smaller size of the
2D carbon-based Nanosheets used here can create a non-representative or deviating
results but the trend of data value of o/l for both nG and nGTrz is clear to show low

or no defects being introduced by the functionalization of nG with Triazine.

The 2D peak of nG can be used to determine the number of graphene layers in
flakes, with monolayer graphene exhibiting a FWHM of approximately 24 cm~" under
ambient, humid conditions.’3” However, the position and width of the peak depend on
various factors such as substrate, experimental and environmental parameters, and
nanometer-range strain or defects.'2%137.157 Multilayer graphene generates a weaker
and broader peak, composed of four overlapping signals for bilayer and six signals for
trilayer graphene, each with a FWHM of 24 cm™". For bilayer and trilayer graphene, the
resulting 2D bands have a FWHM of over 40 cm™" and over 60 cm™, respectively.
Although four-layers graphenes follows this general trend, distinguishing between

layers becomes increasingly difficult for thicker structures. 119120158

nG displays a 2D peak near 2700 cm~" with a FWHM of 25.8 + 0.7 cm™', which
is too narrow to arise from multilayer graphene. Less extensive purification of nG can
increase the yield by including a mixed fraction of few-layer nG, which presents an

FWHM of 65.0 + 1.1 cm™, suggesting the presence of bi- and trilayer graphene.

127



The peak area ratio of the 2D and G bands can be used to quantitatively
describe graphene materials. nG has an l20/IG ratio of 1.75 £ 0.12 (Figure 4.26), which
agrees closely with reported values on the order of 2 for pristine graphene measured
under ambient conditions. In contrast, the l2o/lg ratio of nGTrz is significantly lower
(1.04 £ 0.07), indicating a doped graphene material (Figure 4.26C)."5%160 Furthermore,
plotting the position of the 2D band against the position of the G band and assigning a
linear fit shows that the distribution for nG follows a slope of 1.19 £ 0.17, while modified
nGTrz falls along a slope of 0.58 + 0.09. It has been previously reported that the slope
will shift higher due to mechanical strain, approaching about 2.2, while doping
decreases the slope toward 0.6.'%® Thus, upon modification, nGTrz behaves as a
doped graphene material. Doping effects can be observed when a heteroatom is
conjugated with the t-conjugated system of graphene, as has been reported with

carbon nanotubes. 161

Based on the experimental results of SFM-PFTUNA & statistical Raman
spectroscopy, nGTrz, behaves similar to a doped graphene layer. This is achieved by
conjugating a heteroatom with the 1T-conjugated system of graphene, which is possible
when the nitrogen-containing three-membered rings of nGTrz are in an open form.
Therefore, the covalent functionalization of nGTrz does not impair the 1T-system's
conjugated nature, and the involved carbon atoms retain their sp? character. These
findings are supported by computational results and previous reports on carbon

nanotubes (Figure 5.1).

. ]
nGTrz
Figure 5.1, The carbon atoms in the cycloaddition reaction site are sp2 hybridized after

functionalization, maintaining the aromaticity of the system. Adopted from reference "%
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5.5. Triazine and carbon-based two-Dimensional Materials

Scanning force microscopy was initially used to address the question, what is
the conformation of the Triazine (Carbon-Nitrogen) based structures in a metal
assisted and solvent mediated synthesis. Although the Triazine based structures has
been subject to many studies on their physicochemical properties previously 162-166,
Reactions for synthesis of Triazine based structures often take place at very high
temperatures and this leads to partial carbonization and undefined structures, lack of
a band gap or other useful optoelectronics.'®” Therefore, in this section of the thesis,
results of a new strategy of synthesis for Triazine structures are investigated and
characterized. This novel synthesis method is based on reaction of the Triazine and
calcium carbide in anhydrous dimethylformamide (DMF) at relatively low temperature
of 120 °C. Additionally, to understand the role of water, reaction of Triazine and
Calcium carbide was carried out also in presence of water at room temperature and
another reaction in Non-dry DMF at 120 °C.

Scanning force microscopy in quantitative imaging and quantitative
nanomechanical mapping were used to observe and characterize the product of the
reaction product of Triazine and calcium carbide. Figure 4.27, demonstrates the
SFM - QNM height images of the product of the reaction of Triazine with Calcium
carbide under anhydrous reaction conditions at 120 °C. As it can be seen, the
topography of the 2DTSs structure demonstrate plateaus and Terraces with occasional
wrinkles and blackfolds. This observation of topography implies the covalent and self-
avoiding nature of those structures ”#° which may be simulated on a macroscale using
a sheet of A4 paper (Figure 5.3) for 2DTSs observed in Figure 4.27 B. This does not
only demonstrate high flexibility in the 2DTSs structures but also is a direct
consequence of the strong covalent bonding in a 2D network. This characteristic of the
observed 2DTSs also is in contrast with the self-assembled 2D structures based on
lipid bilayers & membranes, as those structures can self-penetrate and reconfigure

back to a single layer rather than remaining stable in a folded state. 133

The folding possibility is mainly due to the gain in energy of the system by
bending and remaining stable. This is often achieved by energy gain through van der

Waals interlayer forces as also seen within layers of a crystal. The folding may often

129



be triggered by the process if drying during surface deposition of the 2D Nanosheets.
45

Laterally smaller and thinner 2D structures could also be found present at
interface of the plateaus and terraces (Figure 4.27 A & Figure 4.29), with lateral
dimensions not larger than 200 nm and thickness of 0.5 nm. Since the thickness of the
observed 2DTSs layers as deposited onto the mica interface were often between 5
and 10 nm, we believe that we did not observe a single-layer exfoliation of the layered
structures in most cases and the laterally smaller 2D structures are pieces separated
from the larger plateaus during ultrasonication processes carried out before sample

deposition on the mica substrates.

To prove the role of Calcium within the synthesis reaction, monovalent metal
such as sodium present in sodium carbonate was added to the reaction medium. The
reaction between Triazine and calcium carbide was performed in DMF and in the
presence of EDTA chelating agent or sodium carbonate, no 2D structure was achieved
as it can be seen in the Figure 4.30. This is due to the production of sodium carbonate
and the absence of any driving force to conjugate monomers in a sheet like manner.
Therefore, the 2D nature of 2DTSs structures are assigned to the influenced growth in

two dimensions due to presence of Calcium.

Above mentioned observation of the SFM was further corroborated by the
computational modelling based on Density Functional Theory (DFT) in the GPAW
program'8-170 These analysis was carried out by the group of Prof. Beate Paulus. In
that theoretical work, Coordination of one or two calcium ions with nitrogen atoms of
the triazine rings in an intermediate compound shown in Figure 5.2 was simulated and
any rotation around the C1-C2 and C3-C4 bonds caused 0.05 and 1.6 eV barrier
energy, respectively (Figure 5.2B). Those energy barriers are the main forces acting
on growing triazine-benzene structures in 2D. It has been discussed in the literature
that, calcium ions are able to form complexes with nitrogen-containing ligands.'7".172
this is while interactions between these ligands and calcium ions are not as strong as
those of oxygen-containing ligands,”3174 they are able to induce enough rigidity for the
two-dimensional coupling of monomers.'%-170 The weakness of the interactions, on
the other hand, enables the metal ions to be removed completely from the final product
if needed.
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Figure 5.2, Simulated structure of the model compound coordinated with two calcium ions.
A) DFT energy difference AE = E - E [dihedral angle = 0°] of the system against the dihedral
angle with 5° each step for the free model structure shown in (D). B) the total energy of the
system with different dihedral angles with a step size of 5°. C) DFT energy difference of the
system with one coordinated Ca2* atom. D) considered dihedral angle is marked with red
line. Calculations were performed on the PBE/dzp level of accuracy. E) considered dihedral

angle. Adapted from reference

Q&

200 nm

Figure 5.3, Macroscale model of a folded and wrinkled 2DTSs as seen in the inset SFM-
QNM height image of the 2DTSs Nanosheet. Adapted from reference ',
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In order to further understand the structure of the 2DTSs, characterization of the
synthesized materials through investigation of their polymorphism and crystallinity was
carried out. Raman spectra were individually evaluated and mapped for 2DTSs

products (Figure 4.32 and Figure 4.31).

The G peaks of 2DTSs and GM were detected at 1562 and 1582 cm™,
respectively. In the case of 2DTSs, broadening of Raman peaks ranging from
1320-1360 cm™" was noted, with a center at 1345 cm™'. The peaks ranging from
1550-1620 cm™", with a noticeable peak at 1562-1565 cm™", were also observed. The
vibrational frequencies of C=N and C=C are analogous within the 1000-2000 cm™’
range, as previously reported by Ferrari et al."”® The C=N vibrational frequencies are
very similar to the C=C frequencies within the 1000-2000 cm~" range and this has
been also observed and modelled previously within the literature.’”® Consequently,
the peaks observed in the Raman spectra of 2DTSs were assigned to a structure
containing nitrogen atoms, as substantiated by the elemental analysis. Furthermore,
the G peak position in the Raman spectra shifted with the nitrogen content of the
product when visible laser light was used. For instance, a G peak at 1560-1565 cm™
was detected for a product with 20-30% nitrogen content, consistent with literature
data.’' This downshift in comparison to the G peak of HOPG was ascribed to the

difference between the GM composition and HOPG.'7®

The correlation between this shift and the nitrogen content of the materials is
further evidence of the preparation of 2DTSs under anhydrous conditions. 2DTSs/GM
mixtures exhibited Raman bands at ~1332 and ~1564 cm™', along with an occasional
weak and broad band at ~1610-1620 cm™, in addition to a broad band centered at
~2700 cm™ (Figure 4.32). The Raman bands at ~1345 and ~1620 cm™,
corresponding to the D peak, were assigned to the domain boundaries or nucleation
sites within the structure. Conversely, the D' peak observed occasionally at ~1620
cm™'! suggested doping by a heteroatom, suggesting nitrogen atoms of triazine in the
structure of 2DTSs (Figure 4.32). Notably, no band at ~2100 cm™" was detected in the
spectrum of 2DTSs, providing further evidence of the trimerization of triple bonds, in

agreement with Infrared spectroscopy and NMR spectra 177178,
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2DTSs demonstrated a maximum UV absorption at 235-276 nm corresponding
to n — 1" transitions. Due to their large 1-conjugated system, 2DTSs were able to
produce singlet oxygen under irradiation with a near-infrared (NIR) laser (808 nm) as
well as 638 nm wavelength of laser. 2DTSs released singlet oxygen with a higher
production rate, in comparison to methylene blue 179180 gas observed by the absorbance
change of DPBF, in a similar solvent. This characteristic is useful for various

applications ranging from photodynamic therapy to photocatalyst.
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6. Summary and Outlook

In summary, this thesis demonstrates the development of new structures based
on carbon 2D Nanomaterials, namely Graphene modified covalently with multivalent
functional groups on the bases of Triazine and Polyglycerols. | addressed the physical
characteristics of the well-defined and tailored multivalent active interfaces mimicking
extracellular matrix of the cell. Using controlled functionalization of graphene sheets,
in both “Graft to” and “Graft from”, interfaces capable of binding with viral particles for
viral inhibitions were created and their topography and covalently modified structures
were investigated. Moreover, the SFM in quantitative nanomechanical mapping, SFM-
PFTUNA and Raman spectroscopy were demonstrated to be the suitable
characterization methodologies of topography, electronics, structural order and the
interactions of the multivalent functionalized 2D carbon-based nanomaterials with

biologically relevant interfaces.

“Graft to” methodology based on the [2+1] nitrene cycloaddition reactions is a
relatively mild method for the controlled covalent functionalization of TRGO. This
method also further allows controlled & stepwise attachment of similar of different
molecules to the Triazine structure. Functionalized graphene sheets can be
transformed into defined 2D surfaces by stepwise post-modification in high yields. The
advantage of this method is the construction of bifunctional carbon nanomaterials with
controlled ligand densities, which even allows the conjugation of sensitive

bio(macro)molecules at room temperature.

Upon high density functionalization by a heparin sulfate post-functionalization,
Graphene Nanosheets can be changed from inert surfaces to highly active interfaces
for virus binding. A 2D material consisting of 6% graphene and 94% sulfated
polyglycerol could trap 20 VSV virions as observed via scanning force microscopy and
Cryo-transmission electron microscopy. These data highlight the versatility of
graphene as a flexible material for promoting viral infection (TRGO-PGShigh). The in
vitro assays showed potent binding of TRGO-PGShigh toward VSV at low yg mL™"
concentrations, in contrast to hundred times higher concentrations needed for TRGO-
PGhigh to have a substantial interaction with VSV. Therefore, the sulfated variant
(TRGO-Trz-hPGShigh), might be relevant for the improvement of vaccines or
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supporting the delivery of gene therapeutic vectors and active interfaces of filtration of

water.

“Graft from” covalent functionalization based on ROMP was demonstrated to be
also capable of creating active interfaces upon sulfation post functionalization. The
main difference was found to be the smaller overall thickness of the TRGO-dPGS in
compare to the TRGO-Trz-hPGS structures which is attributed to lack of presence of
Triazine structures and the variation of average molecular weight (diameter of dPG)
for the dendritic polyglycerols grafted from TRGO functionalities in compare to pre-
synthesized hyperbranched polyglycerols grafted to the TRGO-Trz. The structural
differences also contain variance in the density of the multivalent functional sites.
Moreover, the size of the TRGO-dPGS was found to be critical parameter in defining
the efficiency of interaction with viral enveloped models as observed in in vitro assays
and the Scanning force microscopy investigation of the TRGO-dPGS sheets combined
with viral particles in buffer solution. It was observed that soft aggregates of the TRGO-
dPGS were formed within the solution mixture that imply entrapment of the viral
particles possibly by envelopment, since otherwise the similarly charged TRGO-dPGS
Nanoshhets do not aggregate in solution. This envelopment process can be further
studied using Cryo-TEM in future to understand the details of the interactions between
the sulfated multivalent sites of 2D Nanosheets and the envelope proteins of the viral

particles.

Furthermore, NanoGraphene (nG) sheets functionalized with Triazine via “Graft
to” method showed doping effects as observed via SFM-PFTUNA in correlation with
statistical Raman spectroscopy. nGTrz demonstrated that the cycloaddition reaction
between the triazine functional group and graphene is a consequence of an opened
[4.4.1] bicyclic structure. The doping effect of Triazine functionalization was then
attributed to be by the nitrogen atoms acting as a dopant that is integrated into the -
conjugated system of nG. Thus, the observed doping effects necessitate the opening
of the aziridine ring and restoration of extended aromaticity. Furthermore, this
conjugated dopant introduces geometric irregularities or wrinkles that give nGTrz a
crystalline structure while retaining the sp? characteristics of graphene. This is a unique
combination of functionalization possibilities and while retaining electronic properties
of 2D carbon-based structures like graphene. The intrinsic properties of the Nano
Graphene sheets make them a great platform for the conductive ink materials and
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printed electronics, while Graphene with Triazine functionalizations provide low
resistance benefit in addition to capability of higher degrees of interface functionalities
and larger design freedom. A range of applications including but not limited to thermal

interface materials, coating for specialized sensor could be then considered.

At last, this work demonstrated with a mechanistic study using scanning force
microscopy and Raman spectroscopy that it is possible to synthesize 2D crystalline
and polycrystalline carbon-based structures containing Triazine groups. The metal
assisted route to forcing growth of Triazine in 2D plane and without a template in a 3D
reactor using calcium ions works. Moreover, it was revealed water content within the
synthesis process has large effect on the reaction route, and in the presence of water,
graphitic material was created. Due to its interesting physicochemical properties,
straightforward synthesis, and cheap precursors, the presented two-dimensional
nanomaterial is a promising candidate for a wide range of future applications, including
photodynamic therapy methods as it can be used to create surfaces capable of release

of singlet oxygen.
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11. Appendix

11.1. Elemental analysis on the Triazine content of TRGO-Trz
(Degree of functionalization)

Table 11.1, Nitrogen content of the functionalized and non-functionalized graphene

derivatives. Adopted from reference *2.

Compound N% C% H% S%
Pristine TRGO 0.058 87.75 1.74 0
TRGO-Trz @ 2.70 82.1 0.52 0
25°C
TRGO-Trz @ 6.5 75.72 0.111 0
75°C
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