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Non-covalent linking of synthetic receptors to graphene for biosensor applications
MARILOU BAGGE

Department of Chemistry and Chemical Engineering
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Abstract

Pathogenic infections pose a major risk for human health and a large part of the world’s
population do not receive the medical attention that they need due to unavailable diag-
nostic equipment. It is of interest to develop new rapid, inexpensive and highly sensitive
analytical devices to detect and treat bacterial infections in time. Development of syn-
thetic biosensors, specifically graphene-based biosensors to recognize biomarkers of the
bacterial infections has progressed significantly the past years. The scope of the exten-
sive EU-project PEST BIN is to develop a biosensor consisting of a synthetic receptor,
an aromatic linker chain and a graphene-coated chip. This Master’s thesis specifically
investigated the aromatic linker chain between the synthetic receptor and the graphene
surface. Also, a few synthetic routes utilizing click-chemistry to produce triazoles were
evaluated.

Aromatic units of dilerknt size connected to a short linker chain were prepared by O-
alkylation. The obtained aromatic compounds were analyzed and functionalized on a
graphene-coated EVA/PET chip. It was desired to attach the aromatic linker to the
graphene via non-covalent interactions and then examine the binding e Lciehcy by Hall-
e [edt measurements and Raman spectroscopy. Additionally, several triazole units were
prepared by ruthenium- or copper-catalyzed azide alkyne cycloaddition (RUAAC and
CUuAAC) reactions. The triazole units were synthesized to ultimately link them to the
aromatic units to obtain a simplified receptor model by attaching it to the graphene
surface.

Phenols and naphthols - the simplest polycyclic aromatic hydrocarbon (PAH) - were
alkylated with a propyl group, as a short model for the polyethylene glycol chain (PEG).
Several alkylated naphthols were obtained successfully by the selected synthesis method,
while no alkylated phenols were obtained. Further, the derivatized aromatic linkers were
functionalized on the graphene surface. It was not possible to confirm if the compounds
had interacted with the graphene by non-covalent interactions when analyzing the ob-
tained results. Furthermore, some triazole units were obtained successfully from the per-
formed click-reactions. However, a simple receptor model consisting of the aromatic unit
and a single triazole was not obtained in this project, thus how the triazole functionality
aledts the graphene could not be determined, but requires further studies.

Keywords: Biosensor, synthetic receptor, graphene, alkylated aromatic compound, linker
chain, functionalization
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1

Introduction

Infections caused by pathogens are a major problem and poses a high risk for human
health. A large part of the world's population is a ected by bacterial diseases and do
not receive the medical attention that they need [1]. As a result, millions of people die
worldwide every year because of the pathogens, a group of microorganisms including bac-
teria and viruses, which can cause harmful infections. Hence, it is of importance to have
a primary health care, providing the right medical techniques to detect the pathogenic
diseases and receive proper treatment. Today's most common analytical techniques are
the polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA)
which have the advantages of high sensitivity. On the contrary, these detection techniques
require expensive and professional equipment and the processes are very time-consuming
[2]. Also, hospitals in many countries and cities do not have access to highly technolog-
ical and expensive instruments, especially in developing countries [3][4]. Therefore, it is
of interest to develop new rapid, highly sensitive and inexpensive analytical devices to
recognize the bacterial infections as a complementary detection technique.

Within the scope of medical diagnostics, nano-technological biosensors are being devel-
oped for detecting biomarkers to indicate bacterial infections. In recent years, the ability

to design small synthetic receptors with the capability to bind to speci ¢ biomarkers such

as amino acids and peptides has progressed signi cantly [5]. Speci cally, graphene-based
biosensors have been developed extensively during the past years [2]. The end goal is to
create inexpensive biosensors which are portable and easy to use. Thus, by implementing
these devices and distributing them to hospitals all over the world, it would enable accu-
rate diagnosis and rapid treatment of diseases. As a result, human health would improve
which is of great bene t in societal aspects.

This Master's thesis is part of an extensive EU-funded project, PEST BIN, that focuses
on further developments of biosensor applications. The project is in collaboration with
researchers at B, K, MC2 at Chalmers University of Technology and Sahlgrenska. The
large scope of this project is to develop a complete biosensor which will consist of a
synthetic receptor attached to an aromatic linker chain which in turn is bound to a
graphene-coated chip as shown in Figure 1.1. The function of the device is to produce a
signal when a certain bacterial infection is encountered.



1. Introduction

Figure 1.1: The rst illustration represents a proposed single triazole unit attached to
a simple aromatic linker chain bound to the graphene surface. The second illustration
represents a general synthetic receptor attached to a pyrene aromatic linker chain bound
to the graphene surface.

1.1 Aim and scope

The aim of this Master's thesis is to develop an aromatic linker chain between the syn-
thetic receptor and the graphene surface to enable detection of biomarkers. The project
aims to construct several linker chains consisting of polyaromatic units and these will be
derivatized by O-alkylation. Additionally, graphene will be functionalized with the syn-
thesized aromatic linker units. It will be investigated if the linkers bind to the graphene
surface by non-covalent interactions. Lastly, two synthetic routes utilizing click-chemistry
to produce a few triazole units were performed.

The focus of this Master's thesis project is speci cally on the attachment of the biosensor
on the graphene surface, hence the limitations of this project are the other investigated
parts of the extensive project. Such limitations are the preparation of the synthetic
receptor that can bind to biomarkers such as peptides and amino acids. Also, this project
will not evaluate the binding ability of the biomolecules to the biosensor. Thus, detection
of bacterial infections will neither be tested nor evaluated in this project. An additional
limitation is whether the attached receptor can emit an electrical output on the graphene
surface. In this project, certain polyaromatic units will be prepared, but there are also
limitations on the di erent aromatic groups that will be investigated.
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Background

To prepare the components of the biosensor, including a synthetic receptor and a polyaro-
matic linker chain, some organic reactions will be described in the following section. The
theoretical background regarding the synthetic receptor will be described further as well
as the reactions to produce the cyclized chains of triazole units including Sonogashira
cross-coupling reactions and click-reactions. The aromatic linker will be prepared by
O-alkylation via a nucleophilic substitution reaction. Furthermore, the graphene-coated
chips will be functionalized with the aromatic compounds, hence the properties and the
preparation of graphene will be described.

2.1 Biosensors and synthetic receptors

Biosensors are analytical devices used to detect the presence of a certain biomolecule,
such as a protein, an amino acid or a peptide. The biosensor device consist of a sensing
component that recognizes biomolecules from bacterial infections by selective binding; a

signal transducer that produces a signal when a target molecule is encountered; and a

reader device that monitors the signal [6]. Speci cally in this project, a synthetic receptor

is the sensing component.

Synthetic receptors are compounds whose structural and functional properties correspond
to natural biosensors with recognition of biomolecules [2]. Hence, synthetic receptors imi-
tate natural systems and can selectively bind to speci ¢ biomolecules such as peptides and
amino acids. Molecular recognition is de ned as the association of two or more molecules
to the receptor via non-covalent interactions, including hydrogen bonds, van der Waals
forces, metal coordination, and electrostatic-, hydrophobic- and- -interactions. The
binding of amino acids and peptides origins from their speci ¢ properties and structures.
For instance, amino acids and peptides can have side chains that are neutral, acidic, or ba-
sic, and these contribute to electrostatic charges, molecular polarity and hydrophobicity,
which in turn result in certain interactions at the synthetic receptor. Also, the molecu-
lar structure of the biomarkers will determine the binding properties at the receptor, for
instance for di erent stereoisomers, chiral recognition is of importance [5].

2.2 Triazoles and click-chemistry

In nature, biomolecules such as DNA, RNA, as well as some peptides, and vitamins
contain nitrogen heterocycles, which is a class of compounds to which triazoles belong.
Triazoles are ve-membered heterocyclic compounds and can be either di- or trisubstituted
by side groups R as shown in Figure 2.1. The compounds are of importance in many
pharmaceutical applications due to their diverse properties. Hence, it is desirable to

3



2. Background

produce triazoles by suitable synthetic methods, for instance by using click reactions [7].
Accordingly, the synthetic receptors consist of a cyclized chain of triazole units which is
constructed by polymerization of triazole monomers. A single triazole is polymerized to
form a dimer followed by a tetramer until a desired oligomer is obtained. Next, the ring
is closed to form a cyclized chain called a macrocycle as shown in Figure 1.1 [8].

Figure 2.1: Four di erent triazoles including 1,2,3-triazole, 1,4- and 1,5-disubstituted
triazoles and 1,4,5-trisubstituted triazole.

One established synthetic method to produce triazole monomers is the one-step click reac-
tion between an alkyne and an organic azide. The click reaction is e ciently catalyzed by

a copper (Cu) or ruthenium (Ru) complex to obtain di erent isomers, either the 1,2,3- or
1,2,4-isomeric triazole. By the copper-catalyzed azide alkyne cycloaddition (CUAAC) re-
action, the 1,4 disubstituted 1,2,3-triazole is accessed. The ruthenium-catalyzed cycload-
dition (RUAAC) provides the 1,5-disubstituted 1,2,3-triazole or the 1,4,5-trisubstituted
triazole if internal alkynes are used [8]. Click reactions aim to link building units together
and click chemistry is characterized by high stereospeci city and chemoselectivity as well
as high e ciency in favorable conditions [9].

Figure 2.2: Catalyzed RUAAC and CuAAC reactions to produce 1,4- or 1,5-disubstituted
triazoles.

2.3 The Sonogashira reaction

To produce triazoles, reactions between an azide and an alkyne are performed and the
alkynes required in the click reactions can be prepared using the Sonogashira reaction. The
Sonogashira coupling is a cross-coupling reaction using a palladium(0)-catalyst to form
carbon-carbon bonds between a terminal alkyne and an aryl or vinyl halide. Addition of
the co-catalyst copper(Il)-iodide (Cul) supports the coupling of alkynes to organohalides.
The reaction is performed under mild conditions such as at room temperature and in the
presence of a base [10][11]. The general coupling reaction is presented in Figure 2.3 where
R1X is the aryl or vinyl halide. An example of how the preparation of arylated alkynes
can be made is shown in Figure 2.4.
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Figure 2.3: The general Sonogashira cross-coupling reaction.

Figure 2.4: Derivatizing aromatic units via the Sonogashira coupling.

2.4 O-Alkylation of phenols

To attach the synthetic receptor to the graphene surface, a linker chain consisting of a
polyaromatic hydrocarbon (PAH) system is the most suitable since it exhibits attraction
to the graphene surface via non-covalent interactions [12]. Simple derivatized aromatic
compounds can be prepared by usin@-alkylation which is a nucleophilic substitution,
where an alkyl chain substituent, R, is attached to the aromatic ring as in Figure 2.5.
Further, the alkyl chain can be linked to the synthetic receptor [13]. In this project,
polyaromatic groups of di erent size are investigated, including phenols with one aromatic
ring and naphthols with two aromatic rings.

Figure 2.5: The generalO-alkylation of phenol and naphthols via nucleophilic substi-
tution.

The O-alkylation in this project is performed in the presence of a primary alcohol and
a catalytic amount, either a Lewis or Brgnsted acid [10]. A proposed mechanism is
presented in Figure 2.6 for the alkylation of 2-naphthol. For this reaction, the aliphatic
alcohol reacts with the Lewis acid, providing a proton which continues to react with the
2-naphthol to form a protonated carbocation. The aliphatic alcohol is a good nucleophile
and attacks the carbocation while the leaving group, water, is displaced. This reaction is a
direct nucleophilic substitution of the hydroxy group (OH). Consequently, the OH-group
Is the substituted element and water is the by-product in this reaction [14].
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Figure 2.6: The proposed mechanism dD-alkylation.

2.5 Graphene

The synthetic receptor will be attached to a graphene surface via a polyaromatic linker
chain. Graphene is an isolated two-dimensional (2D) monolayer of carbon atoms arranged
in a hexagonal lattice structure. The carbon atoms are $ghybridized and bind to each
other via conjugated -electrons [15]. The unique structure and physical characteristics
of graphene generates special properties which are of interest in various technological
elds. Among the properties of graphene are high electron conductivity, high mobility,
thermal and mechanical stability, as well as large surface area [16] which make graphene
a great material for biosensor applications. For this speci c application, the advantage of
graphene is the one-atom thick layer which provides a sensitive surface and is able to sense
slight deviations in the surroundings. Hence, when an analyte in terms of the biomolecule
bind to the synthetic receptor, the carbon atoms in the graphene will detect the variance
of the conductivity and produce an electric output signal. The high sensitivity origins
from the high electronic mobility - delocalized -electrons moving more easily than in any
other material. Due to the high sensitivity, very small amounts of analytes are required,
thus the biosensing device has a low detection limit [2][17]. Accordingly, the peptide
binding can be detected by sensing on the graphene surface through the polyaromatic
unit [12].

Figure 2.7: One single-layer of graphene as a hexagonal lattice structure and multi-layer
graphene sheets stacked on each other.
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Layers of graphene sheets stack together by non-covalent -interactions [16]. This also
applies for stacking layers of polycyclic aromatic hydrocarbons; hence it is of interest
to investigate the binding properties between the polyaromatic units and the graphene
surface by - -interactions [18]. Generally, any molecule with aromatic rings can interact
with graphene through - -stacking. A carefully studied PAH-compound for the biosensor
application is 1-pyrenebutyric acidN -hydroxysuccinimide ester (PBASE) which consist
of an aromatic pyrenyl group - a planar polycyclic segment with four aromatic rings in
Figure 2.8 - that bind to graphene by non-covalent interactions [19]. A graphene surface
functionalized with PBASE provides an e cient and stable link for sensing [17].

Figure 2.8: 1-Pyrenebutyric acidN -hydroxysuccinimide ester (PBASE).

In general, large polyaromatic units will contribute to a stronger interaction with the
graphene surface due to a larger surface area, providing a better link. In this project,
there is a risk that the prepared aromatic compounds might not have good interaction
with the graphene surface depending on the number of aromatic rings. Compounds with
few aromatic rings can have a weaker interaction; thus, it will not be suitable as a linker
between the receptor and the graphene surface [12].

For the functionalization of graphene with the aromatic linkers, either covalent or non-
covalent interactions can be implemented [20]. The advantage with non-covalent inter-
actions are that they do not a ect the properties or the structure of graphene, thus it
retains the electronic conductivity [21]. In addition, the functionalization process with
non-covalent interaction is simple because the linker can be physically adsorbed directly
onto the graphene surface. The disadvantage of non-covalent interaction, however, is that
the compounds may have poor stability, which could contribute to false signals in the
mobility measurements. For covalent interactions, the compounds form chemical bonds
to the carbon atoms in the graphene which provides a more stable environment and no
uncertain signals. On the other hand, the covalent bonds are also more prone to damage
the graphene structure [2].

Preparation of graphene can be done by chemical vapor deposition (CVD). The process
of CVD is to produce a thin uniform Im of solid material deposited over a substrate [15].
The desired material is exposed to an active environment inside a chamber, for instance
heat, light and pressure, and becomes vaporized. Further, the vapor is deposited by
chemical reaction on the surface [22]. For this project, the graphene is grown on a copper
foil by low vacuum CVD. It is important that the copper substrate is free from oxides
and other contaminations, thus the surface is cleaned with acetic acid before the CVD
process. For the graphene growth, pre-diluted methane (5% Glih argon) and hydrogen
are added to the chamber which is heated to 980. When the graphene Im is formed on
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the copper substrate, PET is deposited on top of the graphene by using a laminator and
glue, EVA which is a copolymer adhesive. The reason for using PET plastic for the chips
Is that it is an inexpensive, transparent and exible material. It is desirable to have an

a ordable biosensor. Then, the copper is etched away with HNQeaving a sample with
graphene on top of a polymer chip [23]. The mobility of graphene can be measured by
performing Hall-e ect measurements which can be applied to materials that display the
quantum Hall-e ect (QHE) [24].
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Results and Discussion

The aim of the project was to synthesize di erent aromatic linkers that potentially could
bind to graphene via non-covalent interactions. In this section, the results of all reac-
tions to produce the linkers will be presented. The linkers were to be attached to a
graphene-coated chip by functionalization. Prior to the modi cation of the graphene sur-
face, di erent solvents were tested to optimize the functionalizaton process. The results
from the solvents experiments as well as the functionalization of graphene will be pre-
sented in this section. Additionally, some triazoles and also a triazole dimer were prepared
as part of evaluating the click-reactions.

3.1 Synthesis of aromatic compounds by  O-alkylation

Several aromatic compounds with an alkyl linker chain were prepared by utilizing O-
alkylation of phenol and naphthol derivatives via nucleophilic substitution. The reactions
were performed in the presence of a linear primary alcohol and a catalytic amount of a
Lewis acid. For this reaction presented in Figure 3.1, 1-propanol, and boron tri uoride
(BF3- OEt,) were selected. Initially, a series of phenols, with one aromatic ring, were
investigated. Two halogen substituted phenols were examined because they could possibly
be attached to another compound further on, for example the synthetic receptor. The
reactions were performed to obtain compounds 2 and 3. However, the desired products
were not formed using this experimental method and it is possible that the phenols were
not nucleophilic enough resulting in a very low reactivity. These compounds can be
produced by utilizing an alternative reaction route with alkyl halides. However, those
reactants are toxic and cancerogenic, so for this project it was desired to implement green
chemistry by using environmentally friendly chemicals.

Figure 3.1: The generalO-alkylation reaction scheme of phenols to produce three dif-
ferent aromatic compoundsl-3.
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The experiments proceeded by investigating a series of naphthols, with two aromatic rings,
that were mono- or disubstituted by hydroxyl groups. The same method was utilized to
obtain the compounds4-8 as shown in Figure 3.2.

Figure 3.2: The generalO-alkylation reaction scheme of naphthols to prepare the aro-
matic compounds4-8.

The formation of 1-propoxynaphthalene4 had a yield of 54% while the synthesis of 2-
propoxynaphthalene5 had a higher yield of 71 %. When comparing the conversion &f
and 5 considering the starting materials 2-naphthol and 1-naphthol, it is supposed that
the 2-naphthol has a higher reactivity to form the carbocation due to a higher mesomeric
e ect than the 1-naphthol. Moreover, the higher reactivity of the 2-naphthol originates
from the higher electronic charge density at the rst carbon in 2-naphthol compared to
the second carbon in the 1-naphtol [14].

For a broader scope of investigation, dihydroxynaphthalenes were studied to obtain the
compounds6a, 6b, 6¢, 7a and 7b. In the reaction of 1,6-dihydroxynaphthalenesa, also
monosubstituted products were obtained as a mixture of 6-propoxynaphthalene-161

and 5-propoxynaphthalene-2-o6c. The yields obtained were 52% o6a and 39% of6b

and 6¢c. The formation of 1,5-dihydroxynaphthalene7a had a low yield of 5% while the
monosubstituted 5-propoxynaphthalene-1-ofb was the major product formed in this
reaction, but still with a low yield of 24%. The higher formation of6a in comparison

to 7a can also be explained by the proposed suggestion that 2-naphthols have a higher
reactivity than the 1-naphthol derivatives due to the electronic charge densities.

Additionally, one reaction using a halogenated naphthol was performed to obtain 2-bromo-
1-propoxynaphthalene8 but the product was not detected. Perhaps, there was no con-
version due to a low reactivity caused by the electronic e ect.

Moreover, all reactions were performed only once, consequently, the results could be
a ected by the human source of error and the reaction conditions including choice of Lewis

10



3. Results and Discussion

acids, reaction time and temperature. To optimize the reactions for a desired product
and full conversion of the starting material, they should be repeated several times and
the conditions should perhaps be changed.

3.2 Synthesis of aromatic compounds by N -arylation

The last aromatic reaction performed was to produc&l -propylaniline 9 containing a
nitrogen instead of oxygen because it was of interest to investigate how it would a ect the
interaction with graphene and then compare it with theO-alkylated compounds. For this
reaction, another method was implemented by usinly -arylation shown in Figure 3.3.

Figure 3.3: The generalN -arylation reaction scheme to prepare the aromatic uni®.

Propylamine was reacted with phenylboronic acid and BuOK, and the reaction was cat-
alyzed by copper acetate in 40% aqueous solution of BOH and stirred at room tem-
perature overnight. The product9 was not obtained however. Presumably, the reaction
did not work because an acid, HCI, was added during the extraction which could have
protonated the product, so it ended up in the water phase and was lost. Another possible
reason why the reaction did not work is that one of the reagents was no longer reactive.

3.3 Synthesis of triazoles

A few triazoles were prepared using click-chemistry, either via CUAAC or RUAAC reac-
tions. The ambition was to ultimately attach one of the synthesized triazoles to a selected
aromatic linker which had been prepared in previous experiments.

For the formation of the rst triazole 10 in Figure 3.4, the reaction was performed under
nitrogen atmosphere and in the presence of ruthenium-catalyst [RUCI(COD)] which
was dissolved in DCM. Then propargyl alcohol followed by benzyl azide were added to
the reaction mixture that was allowed to stir at room temperature overnight. The desired
product 10 was not obtained however since no conversion was observed. The reaction
was performed twice because the rst time, benzyl azide was added prior to the propargy!

11



3. Results and Discussion

alcohol which could have deactivated the catalyst. Despite adding the compounds in
di erent order the second time, the reaction did not work.

Figure 3.4: Preparation of the triazole10 via the catalyzed RUAAC reaction.

To produce the second triazold1 shown in Figure 3.5, the reaction was performed under
a nitrogen atmosphere and in the presence of the copper-catalyst, copper(ll)sulfate, and
the reducing agent, sodium ascorbate. The solvent used was a mixture of water and
the alcohol tert-butanol in a ratio of 1:1 to solubilize the substrates. After addition of
propargyl alcohol and methyl azidoacetate, the reaction was stirred at room temperature
overnight. As a result, the product was obtained since it could be observed in thé
NMR spectrum. However, the product contained a lot of water, which could also be
observed in the'H NMR spectrum, hence the yield could not be calculated.

Figure 3.5: Preparation of the triazole11 via the catalyzed CuAAC reaction.

A substrate commonly used for interaction with graphene is called PBASE2 and the
compound is commercially supplied. Since PBASE has formerly been used for graphene
modi cation within biosensing application [25][17], it was interesting to further analyze
the compound for this purpose. The aim was to attach a simple triazole to the PBASE as
shown in Figure 3.6, to obtain a simple synthetic receptor. The four aromatic rings would
enable interaction with graphene and the the triazole would interact with biomolecules.

Figure 3.6: Preparation of the alkynel3 via Sonogashira reaction and further reaction
to produce the triazole14 via the catalyzed RUAAC reaction.

The rst step was to produce the alkynel3 by reacting PBASE with propargyl amine in
solution with DCM. The reaction was stirred at room temperature during three days for

12



3. Results and Discussion

formation of 13 and a yield of 77% was obtained. Next, it was desired to produce the tri-
azolel1l4 and two methods were implemented. The same methods utilized for compounds
11 and 10 were applied but no product was obtained in neither of the attempts. It is
assumed that the reaction conditions must be optimized in order to obtain the desired
product. An option could be to prepare a triazole separately and then attach it ta3.

3.4 Synthesis of a triazole dimer

To produce a dimer, a certain reaction route was followed starting with preparing an
alkyne. For the formation of the alkynel5, a solution of N -Boc-propargylamine, iodoben-
zene and copper(l)-iodide in dry acetonitrile was prepared and the reaction was catalyzed
by a palladium complex under nitrogen atmosphere. Triethylamine was added and the
reaction was stirred at room temperature overnight to obtain a yield of 94% of compound
15. In the following reaction, the alkyne was used for the synthesis of triazol&a via the
catalyzed RUAAC reaction. The ruthenium catalyst was dissolved in DCM under nitro-
gen atmosphere followed by addition of the alkyne and methyl azidoacetate. The reaction
was performed twice and the rst time, a mixture of the two triazole isomers were ob-
tained, 67% vyield of the rst isomerl6a and 14% of the second isomei6b, which could

be conrmed in the *H NMR spectrum. Later, it could be distinguished which isomer
was which by studying 2D NOESY NMR to obtain stereochemical information. This was
done by supervisor Flavia Ferrara. The second time, the isomers were not completely
separated so only a fraction of the rst isomerf6a could be isolated with a yield of 52%
and was used further.

Figure 3.7: Synthetic route for producing an alkynel6 via Sonagashira followed by
formation of two triazole isomersl6a and 16b via catalyzed RUAAC reaction.

Next, deprotection of the Boc-group was made on the rstisomek6a in solution of DCM
and THF to obtain the Boc-deprotected productl?7 in Figure 3.8. The second isomet6b
was used for ester hydrolysis to transform the ester to a carboxylic acid. The isomer
was dissolved in Me-THF and NaOH was added. Then the reaction mixture was put into
a microwave for 15 minutes at 100C. However, this reaction did not work, which a ected
the following dimer synthesis. Another method was tried and therefore the triazoles had
to be reproduced. As mentioned earlier, only the rst isomefi6a could be isolated and
this was used for the new ester hydrolysis method to produd®. For this reaction, the
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3. Results and Discussion

triazole isomer was dissolved in methanol reacted with LIOH to form a carboxylic acid.
This method worked because the dime20 was formed in the following reaction which
could be con rmed by*H NMR. Compound 17 and 19 were reacted in a solution of DCM
and in the presence of HATU and DIPEA. As a result, the dimer was obtained with a
yield of 5%. By repeating the reaction and possibly by optimizing the reaction conditions,
a higher yield can most likely be obtained. Perhaps by using dimethylformamide (DMF)
in a ratio of 1:1 (DMF:DCM ) together with HATU and DIPEA could increase the yield.

Figure 3.8: Synthetic route to produce the dimer20 via deprotection of the Boc-group
17 and ester hydrolysis ofl6a to 19.

3.5 Solvent e ect on graphene

The next experimental part was to examine if the obtained aromatic compound§ 5,

6a, 6b, 6¢, 7a, 7b bind to the graphene via non-covalent interactions. The compounds
were to be dissolved in a selected solvent to enable the dissolution of the compounds
on the graphene surface. Accordingly, to prepare for the functionalization of graphene,
some solvents were investigated to optimize the conditions in order to improve the nal
experiments. It was important that the solvents were compatible with the EVA/PET
chips as well as the graphene and should not dissolve or damage the chips. Also, the
solvents should not change the mobility of graphene since it should only be a ected when
something is binding to the surface, for example the aromatic compounds, the receptors
and the biomarkers. Hence, di erent solvents were tested to see which could be suitable
and compatible with the EVA/PET and graphene samples.

In the rst test, seven di erent solvents were tested as presented in Table 3.1. The control
samples were left as a reference and were therefore not treated with the solvents. From
the results, it could be concluded that DCM and tetrahydrofuran were incompatible with
PET because the chips were damaged after being exposed to these two solvents for two
hours. Itis mainly the PET that has low resistance to the solvents and gets dissolved. The
other solvents displayed higher compatibility and could be tested in further experiments.
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3. Results and Discussion

It is expected that the mobility changes or di ers slightly between measurements, as seen
for the control samples, because the Hall-e ect measurements are inevitably performed
on di erent sites of the graphene samples each time. In all three experiments, it could
be observed that the ve other solvents a ected the mobility a lot when comparing the
measured mobilities prior to and after the experiment in Table 3.1. Thus, it was convenient
to understand why this was happening and what could be done to prevent the deviations
of the mobility. It was assumed that the solvents were not evaporated completely because
they got trapped between the multi-layer patches of graphene. During the growth of
graphene by CVD, perhaps an uneven distribution of layers were formed, resulting in
two or more layers of graphene. This contributed to intercalation of the solvents and the
amount of solvent trapped under the multi-layers di ered for di erent samples. Hence,
the solvents a ected the mobility of graphene to di erent degrees. Therefore, the samples
were kept in nitrogen gas overnight in an attempt to evaporate some solvent as shown in
Table 3.1. As a result, the mobility of the graphene samples changed and returned closer
to the original value, but it was still a big di erence.

Table 3.1: Mobility (cm?V 's ') measured by Hall-e ect measurements prior to and
after graphene chips were treated in di erent solvents for two hours. The mobility was
also measured after exposed to,Njas overnight.

Test 1
Vial | Solvent Mobility before Mobility after Mobility after N
1 Control 1296 1199 1470
2 Diethyl ether | 3677 11270 3555
3 DCM 3968 Damaged Damaged
4 Ethanol 2980 4888 4750
5 1,4 dioxane | 4089 4501 4303
6 THF 2964 Damaged Damaged
7 Acetone 7165 5167 8928
8 EtOAc 3883 4258 4479
9 Control 2466 2880 2866
Test 2
Vial | Solvent Mobility before Mobility after Mobility after N,
1 Diethyl ether | 4444 6812 5322
2 Control 2460 2891 3095
3 Ethanol 7940 Damaged Damaged
4 1,4 dioxane | 7796 28980 Damaged
5 Acetone 7178 8321 8454
6 EtOAC 4264 5518 5105
Test 3
Vial | Solvent Mobility before Mobility after Mobility after N,
1 Control 2420 2730 2670
2 Diethyl ether | 3990 584 2970
3 Ethanol 3410 1120 4840
4 1,4 dioxane | 2630 4070 3830
5 Acetone 1220 758 2890
6 EtOAc 1590 3830 5105
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3. Results and Discussion

The reason for performing these experiments was to optimize the process and to have more
reliable results in the functionalization experiments. Therefore, one solvent was selected
in a fourth test to be more consistent and the solvent e ect on mobility was investigated.
Diethyl ether was selected since it was compatible with the graphene samples and dissolved
most of the aromatic compounds. This time, the remaining solvent was evaporated by
keeping the samples in a chamber at 6 and in constant ow of nitrogen overnight.

Table 3.2: Mobility (cm?V 's ') measured by Hall-e ect measurements prior to and
after graphene chips were treated in diethyl ether for two hours. The mobility was also
measured after exposed to Ngas overnight and at 60°C overnight.

Test 4
Vial | Mobility before Mobility after Mobility after N, | Mobility 60 °C
1 2760 -2080 -815 3000
2 3000 -914 246 3020
3 2240 -1890 -979 2080
4 2190 -2080 -769 2650
5 3520 -3940 -2170 3710
C 4080 4340 4210 4430

After treatment with diethyl ether, it appeared that the graphene samples had been
electron doped because the measured mobility after the experiment had negative values.
After keeping the sample in N overnight, some of the trapped solvent evaporated, so the
mobility recovered to some extent. However, some amount of solvent was still trapped
resulting in either negative mobility values or low mobility. After keeping the samples at
60 °C under constant ow of N, overnight, the mobilities recovered to the original values
and it could be assumed that all solvent was removed completely.

Another factor that could a ect the change in mobility to some extent is contaminations
that could be trapped between the PET and the graphene layer. The contaminations
could have appeared from the CVD process even though the substrates were cleaned.
Therefore, it is uncertain as to whether the mobility measurements are a ected by both
solvent and contaminations.

3.6 Attachment of the linker to graphene

With knowledge from the solvent experiments, a better method was developed and could
now be implemented in the experiments of attaching the aromatic compound to the
graphene surface. The synthesized compoundk, 5, 6a, 6b, 6¢, 7a, 7b presented in
Figure 3.2 and two commercially supplied compounds, PBASIE2 and 1-pyrenecarbox-
aldehyde21 in Figure 3.9 were tested in the experiments. The compounds were dissolved
in diethyl ether at a concentration of 5 mM and the graphene samples were incubated
in each compound for two hours at room temperature. The mobility of the graphene
samples was measured prior to and after the experiments.
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3. Results and Discussion

Figure 3.9: Commercially supplied compound42 and 21 which were used for function-
alizing of graphene.

The purpose of the experiments was to examine if the aromatic linker interacted with
graphene and attached to its surface by non-covalent bonds. By measuring the change of
mobility, it could indicate if something is on the surface. A slight change in mobility is
expected since the measurement points will di er for each measurement, as is observed
for the control samples. The uctuation of mobility should also be considered for all
graphene samples which were functionalized. Hypothetically, it is expected that when a
compound binds to the graphene surface, the mobility will decrease because the compound
contributes to a resistance for the electron to move over the graphene surface.

Table 3.3: Mobility (cm?2V s 1) measured by Hall-e ect measurements prior to and
after graphene samples were functionalized with seven di erent compounds for two hours.
Graphene samples were rinsed with clean solvent after functionalization.

Test 1
Vial | Compound Mobility before Mobility after N, and 60 °C
1 4 4030 4400
2 5 3180 3710
3 7b 2940 3990
4 7a 3630 3680
5 6a 3540 4060
6 6b, 6¢C 3330 2400
7 21 1440 1600
8 Control 940 1390

From the results in the rst experiment, it is observed that the mobility for most com-
pounds returned to the original mobility after the functionalization as presented in Table
3.3. The compounds that showed a decrease in mobility were the mono-substituted naph-
thols 6b and 6¢, which could indicate that the compounds have attached to the surface of
graphene. Regarding the other compounds which did not a ect the mobility signi cantly,

it is possible that they did not interact with the graphene but were washed o when
rinsing the samples with clean solvent to remove excess compound.
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3. Results and Discussion

Table 3.4: Mobility (cm?2V s 1) measured by Hall-e ect measurements prior to and
after graphene samples were functionalized with seven di erent compounds for two hours.
Graphene samples were not rinsed with clean solvent after functionalization.

Test 2

Vial | Compound Mobility before Mobility after N, and 60 °C
1 4 2070 Damaged

2 5 5110 4590

3 7b 5620 4830

4 6a 5780 5350

5 6b, 6¢C 2400 2180

6 12 4400 2380

7 21 4980 4920

8 Control 3290 3400

A second experiment was performed without washing the the samples with clean solvent
after the functionalization. Damaged samples are most often due to handling the chips
with the tweezers. From the results, it could be observed that compound® and 12
had a signi cantly lower mobility, which could indicate that the compounds attached
to the graphene surface. However, it could not be excluded that the compounds solely
are present on top of the surface without interaction. Hence, this method is not enough
for establishing if the compounds are on the surface or not. In order to conrm if the
compounds have bound to the graphene, it is convenient to utilize other characterization
techniques.

Table 3.5: Mobility (cm?V !s ') measured by Hall-e ect measurements prior to and
after graphene samples were functionalized with six di erent compounds for two hours.
Graphene samples were not rinsed with clean solvent after functionalization.

Test 3

Vial | Compound Mobility before Mobility after N, and 60 °C
1 4 5270 3620

2 5 6590 3790

3 7b 5500 3320

4 6a 3470 2580

5 6b, 6¢ 3060 Damaged

6 12 4420 3240

7 Control 4840 5160

To gain more understanding of the interaction between the compounds and the graphene,
Raman spectroscopy was performed prior to and after the functionalization in the third
experiment. Also, no rinsing with clean solvent was performed. It was observed that most
compounds resulted in a lower mobility which could indicate that the compounds had
interacted with graphene, however, it is not possible to know if the mobility also changes
because the compounds are laying on top of the graphene surface. When studying the
Raman spectra as presented in Appendix B, no new peaks appeared for compouhds,

and 6a. The existing peaks in their spectra are from PET/EVA on graphene which could
be con rmed by Munis Khan at MC2. If the peaks of the compounds were in the same
range as the PET/EVA, they would therefore not be visible.
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3. Results and Discussion

Interpreting the results of Raman spectra for compoundgb, 6b, 6¢c and 12, new peaks
appeared after the functionalization which could be signals from the linkers. For the
mono-substituted compounds/b, 6b and 6¢, a broad peak is present from 1700 to 2600
cm ! which could perhaps be from the hydroxy group. For PBASH?2, the visible peak
at 1400 cm ! is similar to literature results, so it is most likely an indication that PBASE
bind to graphene [17]. However, it is not evident if the compounds have formed non-
covalent bonds to the surface or if they are laying on top.

Table 3.6: Mobility (cm?V 's ') measured by Hall-e ect measurements prior to and
after graphene samples were functionalized with six di erent compounds for two hours.
Graphene samples were rinsed with clean solvent after functionalization.

Test 4

Vial | Compound Mobility before Mobility after N, and 60 °C
1 4 1420 1390

2 5 4050 3290

3 7b 4720 3120

4 6a 4860 4370

5 6b, 6¢C 3760 1900

6 12 3020 Damaged

7 Control 5700 5210

In the fourth experiment, the samples were washed with clean solvent after functional-
ization to exclude the possibility that the compounds are present on the surface. Once
again, Raman measurements were made and the observed results were similar to the re-
sults in the third experiments. For compound4, 5, and 6a no new peaks appeared and
also no signi cant changes in the mobility were observed. Hence, it is most likely that
these compounds do not bind to graphene. For compounds, 6b, 6¢c and 12, new peaks
appeared again. When comparing the Raman spectra from the third and the fourth ex-
periment, the peaks for the same compounds looked di erent, and this could be due to
the clean washing of the samples. Additionally, the mobilities for compoundd, 6b, 6¢
and 12 were decreased. The results from both Raman and mobility measurements are an
indication that the compounds interacted with the graphene, but further investigation is
required to con rm it.

Furthermore, it is of importance that the compounds dissolve well in the solvent in order
to properly distribute the compounds on the graphene surface. It was di cult to dis-
solve PBASE 12 due to its larger size and this could a ect the ability for the compound

to interact with graphene. As mentioned before, PBASE has been used for biosensing
applications by modi cation of graphene and this compound is assumed to be the most
promising. In general, from this experiment, is not possible to distinguish if the com-
pounds bind to graphene or not by utilizing this method. Multiple experiments should
be performed while also varying functionalization time, concentration, solvent and char-
acterization techniques for example Mass Spectroscopy (MS) and X-ray Photoelectron
Spectroscopy (XPS).
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3. Results and Discussion

3.7 Future studies

For future studies it would be interesting to synthesize a series of PAH-compounds with
varying size, from two to several aromatic rings. Itis assumed that larger linkers consisting
of four or more aromatic rings, will have a stronger and more stable non-covalent inter-
action with graphene due to the larger surface area. For instance, tricyclic anthracenes
and pyrenes with four aromatic rings such as PBASE are some options which could be
investigated further. It would also be interesting to compare several aromatic compounds
with both oxygen- and nitrogen-substituted alkyl chains and examine how the substituted
atom will a ect the interaction with graphene. In addition, a more complex polyaromatic
group can be prepared using transition metal-catalyzed cyclotrimerization.

For the functionalization of graphene, another method could possibly be implemented.
Sublimation of the compound over the surface is an alternative way of distributing the
compounds on the graphene instead of using solvent. This would avoid several drawbacks
such as di culties in dissolving larger compounds in a suitable solvent, and also having
solvent stuck in the multi-layers of graphene, a ecting the mobility. Another aspect to
consider is if the linker compounds are stable enough to be vaporized without degrading.
Not only do the aromatic chains need to be stable, but also the synthetic receptor that
eventually is obtained and connected to the linker. It would require more knowledge
about the compounds before this method could be established.

The ambition was to ultimately attach one of the synthesized triazole units to a selected
poly-aromatic compound through the alkyl linker chain which had been prepared in pre-
vious experiments. Thus, such a product consisting of both the aromatic compound and
a single triazole unit would resemble a simpli ed synthetic receptor that could be further
investigated in the graphene experiments. It would be interesting to see how the triazole
unit would a ect the mobility of graphene and also if the Raman measurements would
show more distinct peaks. At last, it requires further studies to produce a complete syn-
thetic biosensor which consists of a PAH-system such as PBASE and a cyclized chain of
triazole units, perhaps a tetramer. It would also be convenient to investigate the geometry
of the complete molecule since it could a ect the interaction to graphene depending on
if it is planar to the surface or not. Further, it would be interesting to investigate if the
compound binds to graphene via non-covalent interactions.
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Conclusion

In this Master's thesis, the linking of synthetic receptors to a graphene surface for biosen-
sor applications was investigated and evaluated. Synthesis of polycyclic aromatic hydro-
carbons (PAH) linker chains byO-alkylation was performed. Initially, simple aromatic
compounds including phenols and naphthols, were alkylated with a propyl group. As a
result, several aromatic linker chains derived from mono- and di-substituted naphthols
were obtained successfully with the selected synthesis method, while no alkylated phenols
were obtained.

Furthermore, the derivatized aromatic compounds as well as two commercially supplied
pyrenes, with four aromatic rings, were functionalized on a graphene-coated EVA/PET
chip. Then, the binding of the compounds to the graphene surface via non-covalent inter-
actions was investigated. The experiments were performed using Hall-e ect measurements
to observe the electron mobility of the graphene and how it changed after functionaliza-
tion. Also, Raman spectroscopy was implemented to examine if the polyaromatic com-
pounds had attached to the graphene surface. However, it could not be con rmed if the
linkers had interacted with the graphene but the results showed an indication that some
of the compounds did interact. Consequently, it was not possible to evaluate the non-
covalent interactions from the obtained results. PBASE is the most promising compound
in this project and it has also been used to modify graphene in previous studies.

In addition, further experiments are required and what should be considered is that PAH-
compounds with more aromatic units such as anthracenes and pyrenes have a stronger
and more stable non-covalent interactions with graphene due to a larger surface area.
Also, additional characterization techniques could be used to analyze the functionalized
graphene surface, for instance Mass Spectroscopy (MS) and X-ray Photoelectron Spec-
troscopy (XPS).

Synthetic reactions utilizing click-chemistry to produce triazoles and one triazole dimer
were performed. The triazoles and the dimer were synthesized successfully, however, the
reactions could be optimized further to obtain higher yields. Moreover, a goal was to
attach one of the triazole units to a synthesized polyaromatic compound through the
alkyl linker chain, for instance the PBASE-linker. This product was never obtained but

it is of interest to continue with this in future studies. The product would resemble a
simpli ed synthetic receptor that could be studied in the graphene experiments.
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Experimental procedures

The polyaromatic linker chain units between the synthetic receptor and the graphene

chip were synthesized and the selected experimental meth@dalkylation is described

in this section. The compounds were then functionalized on a graphene surface and the
interaction between the linker chain and graphene was examined. Also, the procedures
for synthesizing single triazole units and a triazole dimer are described in this section
including Sonogashira coupling to produce arylated alkynes followed by click-reactions.

5.1 General methods

All reactions were conducted using magnetic stirring in either air or dry nitrogen atmo-
sphere. All reagents used were commercially supplied and no further puri cation was
made. Thin layer chromatography (TLC) was performed on aluminum foils coated with
silica gel (0.20 mm, 254 nm) and visualized under ultraviolet lightn(= 365 nm). Sepa-
rations using Biotage Isolera Flash column chromatography were performed on Biotage
Sfar Silica D 60um. 'H NMR spectra were obtained utilizing the instrument VARIAN
400 at 400 MHz in CDC} and the reference peak of CDGlwas set to 7.26 ppm. The
graphene PET/EVA chips were provided from a collaborate researcher, Munis Khan, at
the MC2 department. The graphene was grown on 2&m copper foil by low vacuum
chemical vapor deposition (CVD) at a maintained pressure of 70 mBar. The graphene
was transferred to EVA/PET chips (1 cm x 1 cm) by hot lamination and the copper was
etched with HNO:.

5.2 Preparation of aromatic linkers by O -alkylation

Eight di erent aromatic compounds were synthesized according to the general proce-
dure and the reaction schemes of propoxybenzehgel-iodo-4-propoxybenzen, 1-iodo-
2-propoxybenzene3, 1-propoxynaphthalene4, 1-propoxynaphthalene5, 1,6-dipropoxy-
naphthalene6a, 1,5-dipropoxynaphthalenera and 2-bromo-1-propoxynaphthalend, are
presented in Table 5.1.

General procedure: To a 10 mL tube, the aromatic compound (1 mmol), propanol (10
mmol, 0.75 mL) and boron tri uoride (1.2 mmol, 0.3 mL) were added. The tube was
sealed and the reaction mixture was allowed to stir at 8C for 15 hours. To indicate if
the product was obtained, TLC was performed on the crude product (petroleum ether :
ethyl acetate = 9:1). Further, the organic reaction mixture was transferred to a separatory
funnel, quenched with distilled water (10 mL) and extracted with DCM (3 x 10 mL) three
times. The organic phase was collected and washed with brine (10 mL) and then dried with
sodium sulfate. At last, the crude product was lItrated and the solvent was evaporated.
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To isolate and purify the product, ash column chromatography was performed with a
gradient of 0 to 10% ethyl acetate in petroleum ether. Further!H NMR was used to
analyze the product and control if the desired product was obtained.

Table 5.1: O-alkylation reactions performed with the aromatic units, 1-propanol and
boron tri uoride (BF ;- OEt,) at 80°C for 15 hours.

Reaction | Reaction scheme

Continued on next page
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Table 5.1 continued from previous page
Reaction | Reaction scheme

1-Propoxynaphthalene 4.  The general procedure was followed on a 1 mmol scale to
obtain 102 mg of the product as a yellow oil (54% yield)}!H NMR (400 MHz, CDCl):

8.33 (d,J =9.8 Hz, 1H), 7.81 (d,J = 9.9 Hz, 1H), 7.53 - 7.48 (m, 2H), 7.45 - 7.37 (m,
2H), 6.82 (d,J = 7.3 Hz, 1H), 4.12 (t,J = 6.4 Hz, 2H), 2.02 - 1.94 (m, 2H), 1.17 (tJ =
7.4 Hz, 3H).

2-Propoxynaphthalene 5.  The general procedure was followed on a 1 mmol scale to
obtain 132 mg of the product as a yellow oil (71% yield}H NMR (400 MHz, CDCL):

7.78 - 7.70 (m, 3H), 7.43 (tJ = 6.8 Hz, 1H), 7.32 (t, J = 6.8 Hz, 1H), 7.14 (d,J =
11.1 Hz, 2H), 4.04 (t,J = 6.6 Hz, 2H), 1.93 - 1.84 (m, 2H), 1.09 (tJ = 7.4 Hz, 3H).

1,6-Dipropoxynaphthalene 6a.  The general procedure was followed on a 1 mmol scale
to obtain 126 mg of the di-substituted product6a as a white solid (52% yield) and 79 mg
of the mono-substituted products6b and 6¢ as a white solid (39% vyield).

For 6a: 'H NMR (400 MHz, CDCL):  8.19 (d,J = 9.0 Hz, 1H), 7.33 - 7.28 (m, 2H),

24



5. Experimental procedures

7.13 - 7.08 (m, 2H), 6.66 (dJ = 5.9 Hz, 1H), 4.10 - 4.02 (m, 4H), 1.98 - 1.83 (m, 4H),
1.14 - 1.06 (m, 6H).

For mixture of 6b and 6¢: *H NMR (400 MHz, CDCL): 8.21 (d,J = 9.0 Hz, 1H),
8.07 (d,J =9.1 Hz, 1H), 7.33 - 7.22 (m, 4H), 7.15 - 7.03 (m, 4H), 6.65 (d, = 7.2 Hz,
2H), 5.15 (br s, 1H), 4.91 (br s, 1H), 4.09 - 4.02 (m, 4H), 1.97 - 1.83 (m, 4H), 1.21 (s,
2H), 1.16 - 1.06 (m, 7H), 0.94 - 0.86 (m, 2H).

1,5-Dipropoxynaphthalene 7a.  The general procedure was followed on a 1 mmol scale
to obtain 11 mg of the di-substituted product as a white solid (5% yield) and 48 mg of
the mono-substituted product7b was obtained as a white solid (24% yield).

For 7a: *H NMR (400 MHz, CDCL):  7.86 (d,J = 8.6 Hz, 2H), 7.35 (t, J = 8.0 Hz,
2H), 6.83 (d,J = 7.5 Hz, 2H), 4.09 (t, J = 6.4 Hz, 4H), 1.98 - 1.91 (m, 4H), 1.13 (tJ =
7.4 Hz, 6H).

For 7b: 'H NMR (400 MHz, CDCL):  7.90 (d,J = 8.4 Hz, 1H), 7.71 (d,J = 8.5 Hz,
1H), 7.38 (t, J = 7.6 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 6.84 (t,J = 5.2 Hz, 2H), 4.10 (t,
J = 6.4 Hz, 2H), 2.0 - 1.91 (m, 2H), 1.13 (tJ = 7.4 Hz, 3H).

5.3 Preparation of aromatic linkers by N -arylation

N -Propylaniline 9. To a round bottom ask, copper acetate (Cu(OAc)) (0.2 mmol,
36 mg) and BuOK (2 mmol, 224 mg) were added followed by propylamine (1 mmol, 0.082
mL), Bu,NOH in 40% aqueous solution (2 mmol, 1.3 mL). At last, phenylboronic acid
(1.5 mmol, 183 mg) was added as shown in Table 5.2. The reaction mixture was stirred at
room temperature overnight. TLC was performed on the crude product (petroleum ether :
ethyl acetate = 5:1). The reaction mixture was transferred to a separatory funnel together
with distilled water (1 mL) and HCI (1 mL). The crude product was extracted with ethyl
acetate (3 x 8 mL) three times. At last, the crude product was dried with sodium sulfate,
Itrated and the solvent was evaporated. To isolate and purify the product, ash column
chromatography was performed with a gradient of 0 to 5% ethyl acetate in petroleum
ether. To analyze the product,'H NMR was used. No product was obtained.

Table 5.2: Reaction scheme foN -arylation catalyzed by copper.

Reaction | Reaction scheme
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5.4 Preparation of alkynes by Sonogashira coupling

In this experimental section, two di erent alkynes as presented in Table 5.3 were synthe-
sized and used in further reactions to produce triazoles.

Table 5.3: Sonogashira reactions to produce alkynes used in further reactions.

Reaction | Reaction scheme
13
15
N -(Prop-2-yn-1-yl)-4-(pyren-1-yl)butanamide 13. To a 10 ml round bottom ask,

PBASE 13 (0.3 mmol, 115 mg), propargylamine (3 mmol, 50 mg) and DCM (2 mL) were
added. The reaction mixture was stirred at room temperature for 72 hours. To indicate
if the product was obtained, TLC was performed on the crude product (petroleum ether
. ethyl acetate = 1:1). The reaction mixture was transferred to a separatory funnel
together with distilled water (10 mL) and ethyl acetate (25 mL) and the crude product was
extracted with ethyl acetate (2 x 10 mL) two times. Next, the organic phase was washed
with brine (5 mL) and additional ethyl acetate (5 mL). At last, the crude product was
dried with sodium sulfate (NgS0O,), Itrated and the solvent was evaporated. To isolate
and purify the product, ash column chromatography was performed with a gradient of
5 to 40% ethyl acetate in petroleum ether. To analyze the productH NMR was used.

The general procedure was followed on a 0.3 mmol scale to obtain 98 mg of the product
13 as a yellow solid (77% yield). Then, the general procedure was followed on a 0.1 mmol
scale to obtain 45 mg of the productl3 as a yellow solid (72% yield).*H NMR (400
MHz, CDCl3): 8.30 (d,J = 9.4 Hz, 1H), 8.18 - 8.11 (m, 4H), 8.03 (s, 2H), 8.0 () =

7.7 Hz, 1H), 7.86 (d,J = 8.0 Hz, 1H), 5.53 (s, 1H), 4.05 (g, 2H), 3.41 (tJ = 7.0 Hz,
2H), 2.31 - 2.21 (m, 5H).

tert -Butyl(3-phenylprop-2-yn-1-yl)carbamate 15. The dry reagentstert -butyl prop-
2-yn-1-ylcarbamate (2 mmol, 310 mg), Pd(PPCI, (0.023 mmol, 16.56 mg) and copper(l)-
iodide (0.046, 8.74 mg) were added to a sealed two-neck round bottom ask under dry
nitrogen atmosphere. Then, iodobenzene (2.07 mmol, 0.23 mL) and dry acetonitrile (5
mL) were added. The solution was cooled to°Q by putting the round bottom ask in an
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ice bath. At 0°C, NEt; (4.14 mmol, 0.58 mL) was added and then the reaction mixture
was allowed to warm to room temperature while stirred overnight. TLC was performed
on the crude product (petroleum ether : ethyl acetate = 9:1) to see if the reaction was
done. Next, the solvent was evaporated and the crude product was puri ed using ash
column chromatography with a gradient of O to 10 % ethyl acetate in petroleum ether.
At last, 'H NMR was used to analyze the product.

The general procedure was followed on a 2 mmol scale to obtain 437 mg of the product
15 as a brown solid (94 % yield).'H NMR (400 MHz, CDCkL):  7.43 - 7.38 (m, 2H),
7.33 - 7.29 (m, 3H), 4.76 (s, 1H), 4.15 (s, 2H), 1.47 (s, 9H).

5.5 Preparation of triazoles by cycloaddition

A few single triazole units,10, 11, 14 and 16 as well as a triazole-dimeR0O were prepared
by performing CUAAC and RUuAAC click-reactions between an alkyne and an organic
azide. The reaction schemes are presented in Table 5.4.

Table 5.4: Click-reactions via RUAAC and CuAAC to produce di-substituted triazoles.

Reaction | Reaction scheme

10

11

14A

14B

Continued on next page
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Table 5.4 continued from previous page
Reaction | Reaction scheme

16

(1-Benzyl-1H-1,2,3-triazol-5-yl)methanol 10. The catalyst [Cp*RuCI(COD)] (0.02

mmol, 7.6 mg) was dissolved in anhydrous DCM (7.5 mL) in a two-neck round bottom
ask under dry nitrogen atmosphere. Next, propargyl alcohol (1 mmol, 0.06 mL) and
benzyl azide (1 mmol, 0.13 mL) were added to the sealed round bottom ask. The
reaction mixture was stirred overnight at room temperature. TLC was performed to see
if the reaction was done (petroleum ether : ethyl acetate = 1:1). No product was detected.

1-Benzyl-4-phenyl-1H-1,2,3-triazole 11. To a two-neck round bottom ask, sodium
ascorbate (0.024 mmol, 4.8 mg) and CuS@0.008 mmol, 1.27 mg) was added under dry
nitrogen atmosphere. Thentert-butanol (0.5 mL) and distilled water (0.5 mL) (1:1) were
added followed by phenyl acetylene (0.4 mmol, 0.044 mL) and benzyl azide (0.4 mmol,
0.05 mL). The reaction mixture was allowed to stir at room temperature overnight. TLC
was performed (petroleum ether : ethyl acetate = 1:1) to see if product had formed.
Next, the reaction mixture was transferred to a separatory funnel together with brine (20
mL). The organic phase was extracted with ethyl acetate (3 x 20 mL) three times. Then,
the crude product was dried with sodium sulfate, ltrated and evaporated. To purify the
product, ash column chromatography was performed with a gradient of 10 to 20 % ethyl
acetate in petroleum ether. The compound became a solid inside the chromatography
equipment, so the gradient was changed to 0 to 5 % methanol in DCM. At lastd NMR
was used to analyze the product which was obtained but the yield could not be calculated.

The general procedure was followed on a 0.4 mmol scale and the product was obtained,
however no yield could be calculated*H NMR (400 MHz, CDCL): 7.80 (d,J = 8.1
Hz, 2H), 7.66 (s, 1H), 7.42 7.31 (m, 8H), 5.59 (s, 2H).

N -((1-Benzyl-1H-1,2,3-triazol-4-yl)methyl)-4-(pyren-1-yl)butanamide 14.

General procedure A:  The previously synthesized alkynel 3, (0.14 mmol, 45.3 mg) was
added to a two-neck round-bottom ask under dry nitrogen atmosphere. Next, sodium
ascorbate (0.06 eq., 1.65 mg) and CuS@.02 eq., 0.44 mg) were added followed by benzyl
azide (0.14 mmol, 0.017 mL). A solution ofert-butanol (2 mL) and distilled water (2
mL) (1:1) was added. The reaction mixture was stirred at room temperature overnight
and then the reaction was checked using TLC (petroleum ether : ethyl acetate = 1:1).
No product was obtained.
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General procedure B: The alkyne, 13, (0.23 mmol, 75.1 mg) was dissolved in anhy-
drous DCM (5 mL) and was added to a two-neck round bottom ask under dry nitrogen
atmosphere. The catalyst [Cp*RuCI(COD)] (0.05 eq., 4.37 mg) followed by benzyl azide
(0.23 mmol, 0.3 mL) were added. The reaction mixture was stirred at room tempera-
ture for 48 hours and then the reaction was checked using TLC (petroleum ether : ethyl
acetate = 1:1). No product was obtained.

Methyl 2-(4-((( tert -butoxycarbonyl)amino)methyl)-5-phenyl-1H-1,2,3-triazol-
l-yl)acetate 16a. The catalyst [Cp*RuCIl(COD)] (0.05 eq., 75.6 mg) was added to
a two-neck round bottom ask under dry nitrogen atmosphere and then dissolved in
anhydrous DCM (4 mL). The previously synthesized alkynel5, (1.9 mmol, 437.3 mg)
and methyl azidoacetate (1.9 mmol, 0.19 mL) were then added. The reaction went on
at room temperature with stirring overnight, and thereafter TLC was performed to see if
the reaction was done (petroleum ether : ethyl acetate = 1:1). Further, the solvent was
evaporated and the crude product was puri ed using ash column chromatography with
a gradient from 10 to 40% ethyl acetate in petroleum ethetH NMR was used to analyze
the product.

The general procedure was followed on a 1.9 mmol scale to obtain 442 mg of the rst
isomer 16a (67 % yield) and 94 mg of the second isomd6b (14 % yield). *H NMR
(400 MHz, CDCL):  7.67 (d,J = 6.9 Hz, 2H), 7.49 7.38 (m, 3H), 5.38 (app br s, 2H),
4.55 (d,J = 6.1 Hz, 2H), 3.83 (s, 3H), 3.81 (s, 2H), 1.43 (s, 9H).

5.6 Preparation of a triazole dimer

To prepare a dimer, a certain synthetic route was followed starting with two triazoles, one
of which was Boc-deprotected and the other of which was hydrolyzed to form a carboxylic
acid. Then, HATU-mediated amide coupling was performed.

Table 5.5: Synthesis of a dimer via Boc-deprotection and ester hydrolysis of the two
triazole isomers followed by HATU-mediated amide coupling.

Reaction | Reaction scheme

17

18

Continued on next page
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Table 5.5 continued from previous page
Reaction | Reaction scheme

19

20

(1-(2-Methoxy-2-oxoethyl)-5-phenyl-1H-1,2,3-triazol-4-yl)methanaminium 17.

For the deprotection of the amine, the rstisomerl6a (0.46 mmol, 153 mg) was dissolved
in DCM (0.8 mL) and THF (11.6 eq., 0.4 mL) (2:1). The reaction mixture was stirred at
room temperature for 1.5 hour. Then, the solvent was evaporated and the crude product
was used directly in the next reaction to form a dimer.

2-(4-((( tert -Butoxycarbonyl)amino)methyl)-5-phenyl-1H-1,2,3-triazol-1-yl)ac-

etic acid 18. For the ester hydrolysis, the second isomer6b (0.46 mmol, 153 mg) was
dissolved in Me-THF (1.38 mL) in a vial. The vial was sealed and then NaOH (1.38
mmol, 1.38 mL) was added. The reaction mixture was placed in a microwave in which
the solution was stirred for 50 seconds. The reaction proceeded for totally 15 minutes at
100°C. Next, DCM (2 mL) was added to the vial followed by dropwise addition of HCI
(1 M, 2 mL). The crude product was extracted with DCM (3 x 5 mL) three times and
the dried over sodium sulfate, Itrated and evaporated. The product was used directly in
the next reaction to form a dimer.

2-(5-((( tert -Butoxycarbonyl)amino)methyl)-4-phenyl-1H-1,2,3-triazol-1-yl)ac-

etic acid 19. The rst isomer 16a (0.42 mmol, 145.5 mg) was dissolved in methanol
(7 mL) in a round bottom ask and then LiOH (0.65 mmol, 0.65 mL) was added. The

reaction mixture was stirred at room temperature for 1.5 hour. Distilled water (5 mL)

was added followed by dropwise addition of 1 M HCI (0.6 mmol, 0.6 mL) while stirring.
The product solution was transferred to a separating funnel and extracted with DCM
four times (4 x 5 mL). The organic phase was dried with sodium sulfate, ltrated and

the solvent was evaporated. The product was used directly in the next reaction to form
a dimer.

Methyl 2-(4-(((2-(5-(((  tert -butoxycarbonyl)amino)methyl)-4-phenyl-1H-1,2,3-
triazol-1-yl)acetoxy)amino)methyl)-5-phenyl-1H-1,2,3-triazol-1-yl)acetate 20.
HATU-mediated amide coupling: The Boc-deprotected triazolel7 (0.42 mmol, 145
mg) and the carboxylic acid19 (0.42 mmol, 145 mg) were added to a vial and dissolved
in DCM (8 mL). To the vial, HATU (0.42 mmol, 160 mg) was added followed by dropwise
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addition of DIPEA (1.68 mmol, 0.28 mL). The reaction was stirred at room temperature
overnight. Next, TLC was performed (petroleum ether : ethyl acetate = 1:2) to see if
product had formed. The crude product was added to a separatory funnel together with
NH,CI (8 mL) and then the organic phase was extracted with ethyl acetate (3 x 8 mL)
three times. Further, the crude product was dried over NaSQ Itrated and evaporated.
Flash column chromatography was performed with a gradient of 10 to 60 % ethyl acetate
in petroleum ether to purify the product. *H NMR was used to analyze the product.

The general procedure was followed on a 0.42 mmol scale to obtain 12 mg of the dimer
20 as a white solid (5% yield). 'H NMR (400 MHz, CDCL): 7.61 (d,J = 7.1 Hz,
2H), 7.52 (d,J = 6.8 Hz, 2H), 7.46 (br s, 1H), 7.40 7.37 (m, 5H), 5.49 (br s, 1H), 5.32
(s, 2H), 5.05 (s, 2H), 4.68 (dJ = 5.6 Hz, 2H), 4.42 (d,J = 6.1 Hz, 2H), 3.72 (s, 3H),
1.42 (s, 9H).

5.7 Solvent e ect on graphene

Seven di erent solvents; diethyl ether, DCM, ethanol, 1,4-dioxane, tetrahydrofuran, ace-
tone and ethyl acetate, were investigated in four di erent experiments according to Table
5.6. The general procedure was followed to see how the solvents would a ect graphene
and the EVA/PET chip.

General procedure: Prior to the solvent experiments, the mobility of the graphene
samples was measured by Hall-e ect measurements. One or two graphene samples in each
set were left as a reference control sample to see if external factors like transportation
would a ect the samples. The other graphene samples were put into separate dry vials
and the di erent solvents (0.6 mL) were added in each vial, which was sealed and left for
two hours. Then, the samples were taken out and dried with Ngas. The mobility was
measured once again directly after the experiment. Next, the samples were put into a
chamber with constant ow of N, gas overnight. The mobility was measured again after
this step. In the fourth test, only one solvent (diethyl ether) was tested and after the
experiment, the samples were kept in a chamber at 6C and in N, gas overnight.

Table 5.6: Graphene samples treated in di erent solvents in separate vials (V). Four
experiments were made. One or two samples were left as control samples.

Test 1 Test 2 Test 3 Test 4
V | Solvent V | Solvent V | Solvent V | Solvent
1 | Control 1 | Diethyl ether | 1 | Control 1 | Diethyl ether
2 | Diethyl ether | 2 | Control 2 | Diethyl ether | 2 | Diethyl ether
3 | DCM 3 | Ethanol 3 | Ethanol 3 | Diethyl ether
4 | Ethanol 4 | 1,4 dioxane |4 | 1,4 dioxane |4 | Diethyl ether
5 | 1,4 dioxane |5 | Acetone 5 | Acetone 5 | Diethyl ether
6 | THF 6 | EtOAc 6 | EtOAC 6 | Control
7 | Acetone - |- - |- - |-
8 | EtOAC - |- - |- - |-
9 | Control - |- - |- - |-
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5.8 Attachment of synthesized aromatic units on the
graphene surface

Four experiments to functionalize the graphene surface with nine di erent aromatic com-
pounds were performed. The compounds tested were 1-propoxynaphthalén2-propoxy-
naphthalene5, 1,6-dipropoxynaphthalene6a, 6-propoxynaphthalen-1-ol6b, 5-propoxy-
naphthalen-2-ol 6¢, 1,5-propoxynaphthalene7a, 5-propoxynaphthalen-1-ol7b and had
previously been synthesised as shown in Table 5.1. Two commercially supplied com-
pounds, PBASE13 and 1-pyrenecarboxaldehyd@2 shown in Figure 3.9 were also tested.

General procedure: The mobility of each graphene sample was measured by Hall-e ect
measurements prior to the experiments. One graphene sample in each set was left as a
control sample. To separate dry vials, the aromatic compounds (5 mM) were added and
also diethyl ether (0.6 mL) according to Table 5.7. Then, one graphene sample was added
into each vial. The vials were sealed and left for two hours at room temperature. Each
graphene sample was taken out and in the rst and fourth experiment the samples were
washed with clean solvent to remove excessive compound. All samples were dried wigh N
gas. After keeping the samples in a chamber at 6C and under constant ow of N, gas
overnight, the mobility was measured again. In addition to the mobility measurements,
Raman spectroscopy was used in the third and fourth experiment in Table 5.8 prior to
and after the experiment.

Table 5.7: Dierent aromatic compounds dissolved in diethyl ether to bind to graphene
samples by non-covalent interactions.

Test 1
Vial | Compound |V (mL) | C (mM) | n (mmol) | M (g/mol) m (mg)
1 4 0.6 5 0.003 186.25 0.558
2 5 0.6 5 0.003 186.25 0.558
3 7b 0.6 5 0.003 202.25 0.606
4 7a 0.6 5 0.003 244.33 0.733
5 6a 0.6 5 0.003 244.33 0.733
6 6b, 6¢C 0.6 5 0.003 202.25 0.606
7 21 0.6 5 0.003 230.27 0.691
8 Control - - - - -
Test 2

Vial | Compound [V (mL) [ C (mM) | n (mmol) | M (g/mol) m (mg)
1 4 0.6 5 0.003 186.25 0.558
2 5 0.6 5 0.003 186.25 0.558
3 7b 0.6 5 0.003 202.25 0.606
4 6a 0.6 5 0.003 244.33 0.733
5 6b, 6C 0.6 5 0.003 202.25 0.606
6 12 0.6 5 0.003 385.42 1.1562
7 21 0.6 5 0.003 230.27 0.691
8 Control - - - - -
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Table 5.8: Di erent aromatic compounds dissolved in diethyl ether to bind to graphene
samples by non-covalent interactions. Raman spectroscopy was used prior to and after
the two experiments.

Test 3
Vial | Compound |V (mL) | C (mM) | n (mmol) | M (g/mol) m (mg)
1 4 0.6 5 0.003 186.25 0.558
2 5 0.6 5 0.003 186.25 0.558
3 7b 0.6 5 0.003 202.25 0.606
4 6a 0.6 5 0.003 244.33 0.733
5 6b, 6C 0.6 5 0.003 202.25 0.606
6 12 0.6 5 0.003 385.42 1.1562
7 Control - - - - -

Test 4
Vial | Compound |V (mL) | C (mM) | n (mmol) | M (g/mol) m (mg)
1 4 0.6 5 0.003 186.25 0.558
2 5 0.6 5 0.003 186.25 0.558
3 7b 0.6 5 0.003 202.25 0.606
4 6a 0.6 5 0.003 244.33 0.733
5 6b, 6C 0.6 5 0.003 202.25 0.606
6 12 0.6 5 0.003 385.42 1.1562
7 Control - - - - -
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A

1H NMR spectra

1-Propoxynaphthalene

Figure A.1: H NMR spectrum of the O-alkylated compound4.



A. 'H NMR spectra

2-Propoxynaphthalene

Figure A.2: 'H NMR spectrum of the O-alkylated compound5.



A. 'H NMR spectra

1,6-Dipropoxynaphthalene

Figure A.3: 'H NMR spectrum of the O-alkylated compoundé6a.



A. 'H NMR spectra

6-Propoxynaphthalene-1-ol and 5-Propoxynaphthalene-2-ol

Figure A.4: H NMR spectrum of the O-alkylated compounds6b and 6c.



A. 'H NMR spectra

1,5-Dipropoxynaphthalene

Figure A.5: H NMR spectrum of the O-alkylated compound7a.



A. 'H NMR spectra

5-Propoxynaphthalene-1-ol

Figure A.6: 'H NMR spectrum of the O-alkylated compound7b.
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A. 'H NMR spectra

1-Benzyl-4-phenyl-1H-1,2,3-triazole

Figure A.7: H NMR spectrum of the triazole11.
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A. 'H NMR spectra

N -(Prop-2-yn-1-yl)-4-(pyren-1-yl)butanamide

Figure A.8: H NMR spectrum of the alkyne13.

VIl



A. 'H NMR spectra

tert -Butyl (3-phenylprop-2-yn-1-yl)carbamate

Figure A.9: 'H NMR spectrum of the alkynel5.



A. 'H NMR spectra

Figure A.10: 'H NMR spectrum of the triazole compoundi6a.



A. 'H NMR spectra

Methyl 2-(4-(((2-(4-(((  tert butoxycarbonyl)amino)methyl)-5-phe-
nyl-1H-1,2,3triazol-1-yl)acetoxy)amino)methyl)-5-phenyl-1H-1,2,-
3-triazol-1-yl)acetate

Figure A.11: 'H NMR spectrum of the dimer20.
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B

Raman spectra

1-Propoxynaphthalene

Figure B.1: Raman spectrum of theO-alkylated compound4 in the third test.

Figure B.2: Raman spectrum of theO-alkylated compound4 in the fourth test.

Xl



B. Raman spectra

2-Propoxynaphthalene

Figure B.3: Raman spectrum of theO-alkylated compound5 in the third test.

Figure B.4: Raman spectrum of theO-alkylated compound5 in the fourth test.
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B. Raman spectra

5-Propoxynaphthalene-1-ol

Figure B.5: Raman spectrum of theO-alkylated compound7b in the third test.

Figure B.6: Raman spectrum of theO-alkylated compound7b in the fourth test.
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