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Chapter 1. Introduction

1.1 Froman sp?-carbon to graphene

Carbon is the 1Smost abundant element on earth and thén4the observable universe by

mass. Magnificently, carbon is the basis of lives in our world. It is involved in a large

di versity of s ub st an c eambignhtaniperature eFurthdrnaote) ie at
(nano)technology, carbon in different forms, such as carbon dots, graphite, (nano)graphene,
(nano)diamond, carbon nanotubes (CNTSs), fullerenes, and constituent for unlimited numbers
of organic compounds, offer applicais in electronics, sensing, medicine, and quantum

computing, making carblon fAthe king of all el

ethene 1,3-butadiene benzene

Figure 1.1 Schematic representation of electronic structusingble sp-carbon systems

Carbon belongs to group, with a ground state electron configuration cRE2p?, where

the four outer electrons are valence electrons. This provides carbon with a high degree of
freedom for covalent bonding. Theoretically, carbon has three kinds of orbital hybridizations
in acovalent bond sp, sp and sp, leading to linear, trigonal, and tetrahedral geometry. In
reality, the orbital hybridization and bond angle depend on substitutions. In the sp
hybridization, the three hybridized atomic orbitals stay in the same planageav intact
orthogonal porbital. In molecules, the $ybridized orbitals formd-bonding framework,

while the orthogongb-or bi t al s b u i -bothdingspleadirdy doia tplanarmgeometry,
such as the simple example ethene. Furthermore, largensyarise from connecting more
carbon atoms in a similar way. These systems are further stabilized by additional bonding
interacti ons b edbowds éhra speaal cgde,bvben i4 m ¢ 2cspbons are
linked in a cyclic, planar manner, the systbecomes especially stable, andh eelectrons

are fully delocalized. The most representative example is benzene, in which eQdpr@
possess the same bond length, indicating the samedsdadin all the six bonds. These

systems are described aspessin@romaticity.



1.1 From an sp?-carbon to graphene

1.1.1 Polycyclic aromatic hydrocarbons

Large p-systemcomposed of multiple fused aromatic rings are called polycyclic aromatic
hydrocarbons (PAH). They are a step forward from benzene, but exist in an unlimited
diversity. PAHresearh has its selevident importance, since PAHs occur in our
environment. Specifically, small PAHs are formed through biosynthesis, and larger ones
during combustion of fossil fuefsThe latter has been proven as the major source of PAHs
identified in sedirnts in Massachusetts, USABesides, as a family of $parbon
conjugated system, PAHs have their historical importance in the development of molecular
orbital theory? In addition, NASA suggested in 2014 that more than 20% of carbon by mass
in our obserable universe may be in form of PAH, and had been already existed in a young
universe after the Big BargThis implies that PAHs would be components in abiogenesis for
formation of carbofbased life in our world. Nevertheless, medisized PAHS, such as
benzo[a]pyrene, are verified as carcinogens. Metabolites of these PAHs can insert between
DNA base pairs, which could then alter DNA sequence, and cause mutation during DNA
transcriptior? In fact, PAH with more than four rings appear to be absent fronyrtiossis’

For this reason, a few decades of RAgdearch has focused on their carcinogenic,
toxicological, and environmental analysis.

Organic synthetic approaches toward PAHs were pioneered as early as |Gz

and later on byJl° in the 1950s. It was however not until the 90s that organic
synthesis of PAHs ushered in an explosive developtigartially related to the thriving
growth of organic electronics, including organic light emitting diodes (OLED), organic liquid
crystal dsplays (OLCD), organic fiel@éffect transistors (OFET), organic ligamitting
transistors (OLET), organic photovoltaic cells (OPV), organic radiguency identification

tags (RFID), and organic conductdt€rganic ebctronics utilize the higlying “ -orbitals of
organic molecules as charge conducting channels. PAHs, with their lasgstems
perpendicular to it&-bonding framework, are suitable for this transport mechanism.

Organic synthesis provides an arsenal of tools that cartuivee the core teucture and
substituents of PAHs. Core structure and substituents are closely related to crystal packing,
energy level, and energy gap of PAHs, which are especially important for electronic
applications. In fact, pentacene, a representative example dictre family, has been
developed as a prototype to investigate device fabrication, architecture, aging, and structure

property relationships in different fields of organic electroffcs.



Chapter 1. Introduction

The synthesis of PAHs often includes a tsteps protocol. Firsg mokcular precursor with
mainly sp-carbonds synthesized, typically featuring a moanar overall structure. Then, the
precursor is planarized (graphitized) into PAHs. Here, a widely used precursor is
polyphenylene (PP), for its high accessibilityr Egample, hexaphenylbenzene (HPB) can be
planarized into hexperi-hexabenzocoronene (HBC) (Scheme 1.1). PAHs synthesized from a
framework of benzene, such as HBC, are calledbetizenoid polycyclicaromatic
hydrocarbos (PBAH). More precisely, PBAH isafined as PAHSs that can be represented by

a resonance form that <contains only Clarbds
with no independent double bond or radi¢aSince this resonance form is energetically
favored over the others, it hashigher weight in the ground state electronic configuration of
PBAHSs. More details about PBAHs will be discussesgiction 1.2

HPB

Scheme 1.8ynthesis of PAH from nonplanar molecular precursor

Of course, many PAHs caonbe classified as PBAHs. These PAHs can possess more
olefinic or openshellr adi c al c h ar aetettrensase, usually moretdélasalized
thanin PBAH. Taking tetracene as an example, in all the etbs# resonance forms of
tetracene, there @ralways tve | v-@ectronst hat are not included in
result, tetracene is prone to reactions such as hydrogenation, bromination, oxidation, and
Diels-Alder (D-A) reaction. In comparison, its isomer triphenylene, which is a PBAH, is an
especially chemically inert molecule (Figure 1.Za)n addition, the energy gap between
highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO) of tetracene is also much smaller than that of triphenylene.

Most of PAHs,such as those mentioned above, are composed of mainly hexagons. This is
naturally related to the fact that PAHs derived from organic synthesis usually have PP
precursors. Moreover, the threeybridized orbitals of carbon have a 120° angle between
their symmetry axes, leading to a 120° bond angle between two adjaéespf spbonds.

Thus, there is no ring strain in a hexagon composed?afapons. Nevertheless, PAHs can

9



1.1 From an sp?-carbon to graphene

also possess ndmexagons in its skeleton, as long as it is still aromatic arygcyaic.
Azulene is the simplest example of a PAH with no hexagon in its skeleton, fosed
pentagorheptagorpair. Notably, azulene is an isomer of naphthalene, which is composed of
two fused benzene rings (Figure 1.2b). Although both azulene andhakple are ten-
electron aromatic systems, they portray fundamentally different characters. First, azulene is
blue in color while naphthalene is white. Second, the-rinegnbered ring of azulene has
higher electron density than its seuaembered ring, leading to an imic dipole moment

of 1.04 Debye, while naphthalene is rAoolar. Besides, azulene is very basic as a

hydrocarbon, while the basicity of naphthalene is rarely considered.

[seqeees fSeRat

triphenylene tetracene naphthalene  azulene

Figure 1.2 Two pairs of isomers that belong iffedent classes of PAHs. (ajiphenylene, a
PBAH; and tetracee, a noAPBAH (an acene). (b) &phthalene, an alternant PAH; and
azulene, a nolternant PAH.

Similar to azulene, PAHs having ocdtembered rings in their skeleton belong to -non
alternant hydbcarbons, while those only holding everembered rings, such as naphthalene,

are called alternant hydrocarbons. The former ones normally have uneven electron density
distribution in their ground state electronic configurations. Moreaitarnant hydrocéons

will be discussed isection 1.3.

1.1.2 Graphene

Research on PAHSs is embracing its second explosive growth in these two dédcEuss.

shall be in close relationship with the first isolation of graphene, which can be considered as
an infinitely laree PAH with only hexagons in its skeleton (Figure 1.3), |} and
-/in 2004 The isolation of graphene opened a new carbon era and quickly earned
B - = Nobel Prize in 2010. Notably, graphene is the basis for other carbon
allotropes in different dimensions, such as stacking up to 3D graphite, rolling up to 1D CNTSs,
or enfolding into 0D fullerenes (Figure 13)® However, althoug{jE had already
defined a suitable crystal lattice for graphene, and successfully predictauqgte uand

structure in as early as 19%7for a long time, graphene itself was regarded as unrealistic,

10



Chapter 1. Introduction

since its longrange 2D order is theoretically easily destroyed by thermal fluctu®tiarfact,
evidenceon isolation of CNTs and fullereneapperad much earlier in 1952 and 1985,
respectivel\’!?? while in the 70s and 80s researches related to graphene were focused on
adjusting electronic properties of graphite, especially its conductivity, by synthesizing

graphite intercalation compounés.

.........................................................................
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,,,,,,,,,,,,,,, B T S TR Ve, TRE e T, e Tk S W AU
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Figure 1.3 Relationship between graphene and other carbon allotropes in different
dimensions. Reprinted with permission from R&fcopyright: 2007 Springer Nature

The ground breaking isolation of single layer graphendiiiil§ and |l in 2004
immedately revealed some of its exotic properti@such as optical transparency, zero band
gap, high charge carrier mobility above 1000°¢ims ! as well as an abnormal ambipolar
field-effect carrier concentration change, which does not exist for metallic conductors.
Thanks to improved sample preparation, a charge carrier mébidigy high as 200000
cm?V' ¥ 1(100 times higher than that oflison transistors) and a thermal conductitity
exceeding 5300 WK™ (10 times higher than that of copper) have been measBesites,

11



1.1 From an sp?-carbon to graphene

graphene is extremely robust and stiff, with the largest-emera s ur ed Youngos
around 1 TP&® The outstandig mechanical strength partially explains why a graphene flake
with up to 0.01 mrhsize can exist as suspended fstéanding membranes without scrolling

or folding?’

Uncovering the marvelous nature of graphene requires proper fabrication methods, which ha
been a neveending pursue, especially aview of the balance betwegmoductquality and
high-throughput productio® Fabrication principle of graphene can be roughly categorized
as Hdoowmo ane pdbhotwtheme t he f or mgraphite andthd v e s
latter stems from atomic or molecular precursdii} and [ originally
micromechanically exfoliated highly oriented pyrolytic graphite using adhesive%djnés
method can produce graphene with extremely good quality, bigdseatremely inefficient,
limiting it to only fundamental studies. Besides, other physical exfoliation methods, such as
employing sheaforce, fulfil requirements for industrial productiéh®' but cause more
damageo the graphene products, resultingaimrop of mobility to around 100 éw' § 128
Recently, electrochemical exfoliation has appeared as a promisingthnggighput
physical/chemical exfoliation methoahich is able to produce graphene with hole mobility

up to 400 criv' ¥ 13234 Alternativdy, chemical exfoliation of graphite by oxidizing them

into graphene oxide (GO), followed by ba@duction, can produce reduced graphene oxide
(rGO) in high efficiency?®> Nevertheless, rGO is normally heavily damaged graphene,
exhibiting mobility only ataround 1 crfV" ¥  Notably, some recent reports have employed
milder chemical conditions, reaching rGO with mobility higher than 1008Vt !
suggesting that chemical exfoliation of graphite is worth a re\istt.

Different from a feature of mass production inghof the topdown graphene fabrication
techniques, the advantage of bottap approaches lies in achieving graphene with high
guality and large area, by avoiding possible damage and breaking during graphite exfoliation.
This is particularly important fdrigh-performance electronic and optical device applications.
Specifically, a graphene sheet with exceptionally good quedity beepitaxially grown on
monocrystalline surface of SiCQypically, C-terminated face of Si& heatecabove 1000 °C

to produce graphenes with remarkably high charge carrier mobility of 1080000

cm?V' § 1n parallel, chemical vapor deposition (CVD) of small molecular carbon sources
on monocrystalline surfaces, typically a metal surface, is able to fabricate large acea (23
wide and 10@n-long®®) and high fieldeffect transistor (FET) mobility > 4000 éw § !

polycrystalline graphene sheets. Besides, monocrystalline graphene is achieved with large

12



Chapter 1. Introduction

domainsize (diameter > &nv¥) and high FET mobility of 1506@0000 cmdV' § ! making

CVD the most promising protocol for growing largeea highquality graphene.

Graphene, as a transparent, flexible, tough, and super good conductor, holds great potential
especially as next generation electronic applications in solar cells;efigtiing diodes,

touch panels, smart and wearable deviéeBesides, graphene exhibits outstandingly high
surface area, with theoretical and experimental values @500 and 400700 ntfg !
respectively’>#4S i n c e-electiors of graphene are exposed on its surface, they are easily
affected by external stimulus. Thus, graphene is also suitable for applications in
supercapacitors, sensors, and systems for DNA sequérdéingowever,the zero band gap
semiconducting nature of graphene limits its digital and logic applications. Although
transistors using graphene as conducting channel can reach incredible transistor frequencies
higher than 100 GHZ the on/off electric current ratioo{llo) is generally below 5. There

are four ways that could potentially solve this proldequantization, defect engineering,
functionalization, as well as using bilayer graph&®Moreover, these modifications could

also adjust the other propertidsgpaphene, and add new stimtdisponsiveness.

13



1.2 Quantization of graphene

Similar to other metallic and semiconducting materials, when the domain of graphene shrinks
from bulk material to a smaller size, quantum confinement can play a role on itsretect
properties. When the confinement occurs in both dimensions of graphene, graphene quantum
dots (GQDs) are obtained. GQDs can also be considered assizegePAHs that contain
almost only hexagons. Besides, graphene nanoribbons (GNRS) are cha&ddigriaz one
dimensional confinement. Notablyquantum confinement effects domina&ectronic
transport in FETs based on GQDs with diameters smaller than 109 Innparallel, the
conductivity of GNRsalso exhibits a major dropt a width below 100 nif. Thus,
nanographenes (NGwhich include GQDs and GNRs, can be specified as-nabouts of
graphene with confinement in at least one of its dimensions in a rang&Qsf Am?8

The synthesis of NGs can be categorized into two strategies, similae tiabrication of
graphend fitop-downd andfibottomupd methods. The former involves ripping graphene and
other higherdimensional carbon allotropes into lowadimensional nanebjects, while the

latter stems from combining quasro dimensional molecular omatic building blocks.

1.2.1 Topdown graphene quantization

a ' Electron beam

PMMA mask

Figure 1.4 Schematic representation of -tigpvn synthesis of NGs by (a) pattered
lithography with masking and (b) dimensional reduction of carbon allotropes. Reprinted with
permission from ReR8; copyright: 2017, Nature publishing group.

The topdown synthesis of NGs from graphene often involves lithography techniques with
the help of masking, similar to those in the silicon semiconductor industry (Figure 1.4a).
Besides, another wetlevelopedstrategy is cagepening of fullerene or unzipping of CNTs
(Figure 1.4b). Toglown synthesis of GNR is more intensely investigated than GQD for two
reasons. First, cutting graphene into GNR is easier than GQD, since the former lower the
dimension of matéal from 2D to 1D, while the latter lower to OD. Second, the most

attractive application of graphene is utilizing its uliigh charge carrier mobility for next

14



Chapter 1. Introduction

generation semiconductors, and GNRs have advantages in device fabrication, channel
alignment,and consistency of performance (when aspect ratio (AR) is high). Nevertheless,
GQD has its advantage in other applications such as OLED, OPV, bioimaging, and

biosensing?

a 03 b
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= = -
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==
0.0 == of . . . . .
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Figure 1.5 (a) Reciprocal value of band gap)(Bs a function of GNR width (\Reprinted
with permission from Re&2; copyright: 2007, American Physical Society. (b) Correlation
betweendy/lorr and GNR width of GNHRasedFETs. Reprinted with permission from RB4;
copyright: 2009, American Chemical Society.

Band gap opening akely occurs in relatively wide GNRs (Figure 1.%aHowever, for
applying GNR in a transistor, an insufficiently large band gap results in veryohiws, |
leading to a device that cannot be reasonably switched off. Importantly, it is shovam that
lo/loft larger than ten can be achieved in FETs using GNR narrower than 10 nm (Figure
1.5b)>* As a tradeoff, narrowing GNRs causes a drop of charge carrier mobility, due to
increase of effective charge carrier mas$é8Thus, a technique that fabricatebl® with a

width of 510 nm isimmenselydesired, where a balance betweg#id: and mobility in a

FET is plausible.

Electronbeam lithography (EBL) is widely applied for graphene nanopatterning, because of
its high resolutior?*> Employing EBL, FET deices fabricated from t@im-wide GNR
achieve high mobility of 800000 cmV' § tand bi/ler > 1P at 4 K>’ Furthermore,
lithography resolution can be enhanced by using heavier particle beams, such as®Helium
and Argor® ions, leading to sub-nm GNRs. Hwever, EBL is a timeand energy
consuming process, requiring strict operating conditions, making it impractical for industrial
manufacturing. To improve this, more productive lithography processes, such as fieactive
and plasma etching, have been cameli with efficient nananasking protocols, e.g., water

adsorption at stepdge of substraf¥, inorganic nanowires {NW),>* printed organic
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1.2 Quantization of graphene

nanowires? and selassembled block copolyméisfor potential largescale production of
sub10-nm GNRs from hig quality graphene sheets. Notabjij and [ fabricated
bilayerGNR FET by lithography ofNW masked bilayer graphene. The FET device gave a
high room temperaturedlos ~ 3000 with an ofistate under external electric field, which
came from the betvior of bilayer graphen®.

Besides, solution chemical/physical methods provide another approach fepnodisstion

of GNRs. RemarkabjjJllo s group reported on a synthesis
width from 50 nm down to subO-nm, as byproductiuring exfoliation of graphite in 1,2
dichloroethane by sonicatiGAFETs based on the sdi-nm GNRs exhibited mobility up to

200 cnfV' § land the highest¥lor up to 10 ever achieved for GNRased FES. The same

group also reported on unzipping dimed multiwall CNTs by sonication to fabricate i180-

nm-wide GNRs with FET mobility up to 1500 éw § 14

The solutiorbased wet chemical/physical tdpwn syntheses of GNRs are usually under
milder conditions than the lithography methods. This cagnoftad to GNRs with smoother

edge structure and roughness. Moreover, sohkiiased methods are more promising for
high-throughput GNR production. However, for applications as transistor, especially in an
integrated circuit, material processing and deualerication using the resulting GNRs
become a cumbersome task. Conversely, lithography processes gain advantage for patterning
densely aligned transistor channels, along with direct circuit design. Nojilii,s gr oup
attempted on combining the advantad®/ slow chemical etching of wide GNR (20 nm)
prepared from EBI®® The protocol succeeded in narrowing down the GNRs te5sur,

and rendered a higlallorr > 10* for their FET. Such trials of balancing the quality of GNRs,

their production rate, andage of patterning on, especially, insulator or semiconductor surface,

is the coreconcern of current GNR researches.

1.2.2 Bottomup synthesis of nanographenes on monocrystalline surface

Bottomup synthesis is another strategy to achieve NGs with a neitdr Istructural control.
Specifically, the bottorup protocols can be categorized into two classes. First, primarily
based on CVD methods, NGs are grown on confined templates or starting fromsizeano
seed. Second, NGs with atomically precise strectue derived from organic synthesis with
or without surfaceassisted reaction steps.

CVD growth of graphene often employs metals as template. Indeed, haqttéetrication of
NGs on a nansized metal substrate is possi i} and |l @atternech dumbbell

shape NF® When current passed through this nanostructure, the narrower part heated up
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Chapter 1. Introduction

more quickly, and became more reactive. Consequently, graphene could be selectively grown
on the narrower part. Using this method;i28-wide multi-layer GNR was fabricated with a
direct Ni electrode connection, and transistor based on thecoamection reachednllos up

to 1¢f. Nevertheless, using EBL for Ni napatterning was inevitable. Alternatively, GNRs
with width down to 20 nm could be grown atgedof a Ni thin film, sandwiched between
insulators, avoiding EBL etchirfy.

Besides, direct CVD growth of GNRs on specificefs of SiC or Ge is report o s
group reconstructed a deep abrupt step on SiC (001) ai 1200 °C to form a SiC (110)
nancfacet®® Next, GNR selectively grew on the (110) n&facet at 1450 °C, because of a
lower stability of SiC (110) than SiC (001). Remarkably, andBwide GNR could then be
in-situ fabricated, and a transistor based on such GNR reage#ikd fatio ~ 10 and charge
carrier mobility as high as 2700 éwi's?. In another approach, applying a very slow CVD
growing rate (< 5 nm'H, Arnold et al. demonstrated growth of GNRs with width < 10 nm
and uniform crystallography and smooth edge on a Ge (001)°fathese methods are
highly valuablefor allowing direct growth of GNRs on an insulating substrate. Thus, they
avoid transfer of GNRs froratherwisea metal surface, often used in CVD proessSuch a
feature largely facilitates device fabrication. Fexample, largescale integrated transistors
were produced on SiC substrates with a channel density of up to 40638 cm

It is important to stress that, although the NGs synthesized by the-atsnt®ned methods
are frequently desstrriabiegdhekmisa cbshaeodveivbackthea n d
nanastructure of products, in an atomic aspect, are extremadgnlirolled, especially at the
peripheries of NG# This uncertainty leads to NGs with varied property, especfally
smaltsized ones, wherthe size is already comparable with the escaile. For example, a
width variation of GNRs provided by bloalopolymermasked lithography resulted in losing

synchrony in mulchannel transistor, and léd a poor d/los.5"°

1.2.3 Organic synthetic stategy for large nanographenes

Organic synthesis is a botteap method with atomically precise control. With such power,
syntheses of monodispersed GQDs or widhified GNRs are possible, which is drastically
different from the abovenentioned methods. Isection 1.1.1 development history of PAH

has been introduced. When the size of PAH (with mainly hexagons as skeleton) becomes
larger than 1 nm, it can be considered as NGs. Accordingly, HBC (Scheme 1.1), with its size
just exceeding 1 nm, serves as aestibne indicating PAHs entering the field of NGs. Yet, to

be relevant at a molecular scale larger than 1 nm, organic synthesis faces obstacles in
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1.2 Quantization of graphene

chemical conversion efficiency, as well as structural characterization of the giant molecules.
However, develpment of proper organic reactions, typically the Scholl reaction, together
with advances in characterization techniques, in parti@danning tunneling microscopy
(STM), nonrcontact atomic force microscopy (A¢-M), and matrixassisted laser desorption
ionization mass spectroscopy (MALDI) (Figure 1’6}3 have opened the gate toward

bottomup organic synthesis of large NGs.

(a) C216 (exp.)|

i e
}\_AMJULM
Mo

2640 2642 2644 2646
maz

! ’ - - - v .

T
1000 2000 3000 4000 5000
m/z

Figure 1.6 (a) MALDI spectrum of a NG containing 216 carbons in its core structure. Inset:
comparison between theoretical angpberimental isotope distribution of the molecule. (b)
STM image of the sedfissembly of a porphyrieambedded NG containing 112 carbons in its
core structure. Reprinted with permission from (a) ré2, copyright: 2016, American
Chemical Society; (b) re?3, copyright: 2018, John Wiley and Sons.

Importantly, increasing size of PAHs, such as lateral extension of anthracene to
quarteranthene, can quickly decrease their stabflitis is a result of increasing tendency

for oxidation and an opeshell eleatonic structure. Thus, PBAHSs, with stable electronic
structures containing only Clardéds sextet,
expansion into ultrdarge NGst* In this section, we will discuss the development and
principle of orgait synthetic bottorup approach for quantized graphene, focusing on the
synthesis of largsize BPAHSs.

As briefly mentioned irsection 1.1.1 organic synthesis of PAHs often base a twoestep
protocol of precursor synthesis and subsequent planarizabolBHAHS, PPs are especially
valuable precursors. To synthesize large BPAHs that can be considered as monodispersed
GQDs, dendritic PPs are used. Similarly, synthesis of GNRs employs linearly developed PPs

with multiple phenyl substitutions. Importantlyn iboth cases, to enable complete
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Chapter 1. Introduction

planarization of PP precursors, their structures must be carefully designed to allow a 2D
projection without overlapping benzene rings grapheneelated lattice.

HBC is a good example for understanding both precursothegis and the subsequent
planarization reaction in PBAH chemistry. Although early approaches used partially
planarized precursors, contemporary synthetic methods are often based on pure PP
structures because of their facile synthesis. Particul- developed a GgCO)-
catalyzed cyclotrimerization of tolanes that efficiently produ@gesymmetric HPB skeletons
(Scheme 1.2%° Furthermore Cs-symmetric HPB could also be produced in this way, but
tolanes with two substituents that are different olapty shall be applied, to facilitate
product separatioff. Besides, synthesis of HPB with other substitution patterns, particularly
Aparao and @ or {Ameaclion between tetrapreemylcyalopéBid-dien1-one

(CP) and tolane, which is dirégtfollowed by extrusion of carbon monoxide (Scheme 1.2).

In addition, metatatalyzed cross coupling reactions, such as Stukpling, were also
efficient enough for synthesizing HPBS.From a strategic point of view, the
cyclotrimerization works as eonvergent method to combine three building blocks, whereas
the DA method can be considered as a divergent method to equip a structural core with

multiple phenyl substitutions.
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G
) & Q
R 3 R

R
Scheme 1.2 Synthesis of HPB by cyclotriraéion or D-A reaction

To convert HPB into HBC, six additionalC bonds are formed, together with loss of twelve
hydrogen atoms. This cyclodehydrogenation reaction was attempted in early years by
conventional Scholl reaction, namely, coupling aromatiggiin the presence of Lewis acids,
though poor yields were encountered (Scheme 1.3, conditiof’ (a)contrast, addition of
oxidants or using oxidative Lewis acids, such as E&¥CMoCls8! or Cu(ll)/AICI322
significantly improved the conversion (Sehe 1.3, conditions (bjd)). [ KGN
and- conducted a systematic comparison and suggested that, for the Scholl reaction of
pristine HPB, a use of Mo€lachieved the highest yield of HBC (Scheme 1.3, condition
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1.2 Quantization of graphene

(b)) 8 Nevertheless, chlorinath or chopping off of substituents were observed as side
reactions for Scholl reactions using MeGdr Cu(ll)/AICIz (FeCk also led to some
chlorination). Notably, an effective reagent system develop<iil Il an

has risen recent8? This reagent system employed an organic oxidantd2fdoro-5,6-
dicyanobenzoquinone (DDQ), combined with strong acid, typically methanesulfonic acid or
triflic acid (Scheme 1.3, condition (f)), and has been proven especially valuable for many

cyclodehydrogeation reactions that #berformed using conventional reagents.

O O O Scholl reaction
O O conditions (a)-(f)

HPB (4) HBC (5)

Scheme 1.3 Converting pristine HPB into HBC by the Scholl reaction. Conditions: (a) 18 eq.
AICI3/NaCl, 120 130 °C, 3%. (b) 12 eq. Mog;Idichloromethane (DCM rt, 99%. (c) 12 eq.
CuCk/AICI3, CS, rt, 60%. (d) Fed, DCM, rt, 118% (with inseparable iron residu¢g) 9

eq. Phl(QCCR)2/BF:£Et,0, DCM,-40 °C, 78%. (f) 6 eddDQ, MeSGH, DCM, 0 °C, 99%
(HPB with alkyl substituent). Data extracted from: (a) i, (b)i (e) ref.81, and (f) ref.83.

The Scholl reaction of HPB is a magnificent chemical conversion, forming multhile C
bonds inone pot. The successful procedure suggests a higheafficin each single bond
formationstep. Notably, the original Scholl reaction used-pgitative Lewis acid, such as
AICI3.8% Thus, it was believed to proceed via an arenium cation intermedidteyédl by
deprotonation and dehydrogenation upon heating (Scheme 1.4, path I). However, the last step
was controversial, since quantitative generation efghs was not observéd.Notably,
abundant @gas, which often existed in the experimental environmesuld also serve as
oxidant to transform easily oxidizable species, such as dihydro intermédat@oheme

1.4), without H extrusion.

Importantly, most of the Lewis acids currently used for Scholl reaction are also oxidants,
including FeC3 and MoGQs. Thus, the Scholl reaction can occur via another plausible
mechanism using these reagents, that is, the radical cation pathway (Scheme 1.4, path II). In

the work of ||l I, and . deriving from computational and experimental
evidences, it &s suggested that the arenium cation mechanism (Scheme 1.4, path I) was the
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Chapter 1. Introduction

thermodynamically favored pathw&yHowever, in reality, the reaction could be much more
compicated, involving various interossing steps. Notably, for the Scholl reaction using
DDQ/acid, the transformation did not proceed in case of precursors with high oxidation
potential. Thus, the reaction under this condition more likely proceeded through a radical

cation pathway®

1,2-shifts

path Il

Scheme 1.4 Schematic repentation of the mechanism of the Scholl reaction. Path I:
arenium cation pathway. Path II: radical cation pathway. Path Ill: skeleton rearrangement
as side reaction.

Notably, rearrangements can occur as side reactions during Scholl reactions (Seheme 1.
path Ill). In an extreme example, heatiogerphenylene®) at 140°C in the presence of
strong acid led to formation ofiterphenylene ang-terphenylene as a final mixture in a
ratio of 65:35%" The reaction pro@sled via a 1phenyl shift driven ly the higher stability

of mterphenylene arenium cation (Scheme 1.4, path IIl). Although contemporary Scholl
reactions were performed at much lower temperature, similar side reactions could still occur.
For example, our group revealed that, during the Bchaction of an extended HP® a
significant amount of the-terphenylene side arms isomerized intderphenylene (Scheme
1.5a)% On the bright side i n some cases rearrangement
precursors, such as a successful coraplganarization of PPL1 through a possible

equilibrium between isomers with different connectivity of phenylef@sheme 1.50%
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1.2 Quantization of graphene

Nevertheless, to ensure a desired NG product structure, PP precursors shall be designed to

avoid rearrangement during Schalhction®

Scheme 1.5 Skeletal rearrangement during Scholl reaction &fariel 11.

Because of lacking solubility, solutiesynthesized large NGs are often challenging for
conventional characterization, such as NMR,gkincrystal Xray diffraction, and mass
spectrometry. To overcome this obstacle, our groupj |l llllel s o9roup devel c
protocol in 2010 to combine advantages of organic synthesis with sadarsted
chemistry?>%2 This technique depended on soidtion of molecular precursor, synthesized

in solution, onto a monocrystalline metal surface under-ualtgh vacuum (UHV) conditions.
Upon further heating, the metal surface promoted a homolytic cleavage of-ld.gpo@d,
forming radical species. Thethe radical species further reacted inta intermolecularly,
followed by dehydrogenatianto 2D graphitic structure®®

The power of this method lies in two points. First, the flat monocrystalline metal surface
facilitates a perfect planarization ofrgoursors. Second, NG products can ibesitu
characterized by scanning microscopy, especially STM asfHM, under UHV conditions,

to extract structural and electronic information with atomic resolution. For the first
demonstration, the cyclohexaphenyed3 was used, leading to a triangukdraped
monodispersed GQ4 (Scheme 1.6 Although a requirement of sublimable precursors

22



Chapter 1. Introduction

limited the size of obtainable monodispersed GQDs, for synthesis of GNRs this was not so
much a problem. For example, monaioeprecursorl5 with halogen substituents was
sublimed onto Au(111). Upon heatirh underwent €X cleavage, and the generated radical
intermediates polymerized into polymeric precursid. Upon further enhancing the
temperature to 670 K, surfaessistd cyclodehydrogenation occurred, ahé planarized

into GNR 17 (Scheme 1.6b}* The solution synthesis combined with a surfassisted
reaction is now widely applied, especially for fundamental studies, to systematically

investigate different NGs on sucks.

1. C-H cleavage
2. cyclization
3. dehydrogenation

Cu(111), 470 K

QO e (OO fovar:
2 polymerlza'uon
= ) eV wrrrai® W
Ele! O T KOO
) i Nﬁ]ﬁ]
17 —

15 16

Scheme 1.6 The First demonstration ofsonface synthesis of (a) a GQD and (b) a GNR,
and their STM images taken-situ. Reprinted with permission from (a) ré&2, copyright:
2011, Nature Publishing group; (b) réf4, copyright: 2010, Nature Rilishing group.

1.2.4 Organic synthesis of large monodispersed graphene quantum dots

Either applying the divergent or convergent synthetic strategy of HPB mentiosedtion

1.2.3 PPs rapidly expend into dendritic structures that could ptanarized ito
monodisperse®&QDs. Synthesis of PPL, serving as potential precursor for GQD with-a Z
shapeCzr-symmetry,was a representative example (Scheme P°7Eis divergent synthesis
relied on twelayere x t e n s i o n -tewatthedyll 3-lighdnyl 88 by repetitive DA
reactions with CPs (Scheme 1.7a). Notably, 2D projectio2® of 21 in a grapheneelated

lattice (like in Scheme 1.7a) exhibit no spatial overlap benzene ring. This enabled the
conversion of20a into a squareshape Dor-symmetric GQD wh 132carbon aromatic
core®9" The exact mass of this GQD was observed by MAIDIF mass analysis. Despite

the successfulness 20, a graphitization o21 was not reported.
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1.2 Quantization of graphene

Our group also reported a highly efficient Scholl reaction of an even |degatritic PP
precursor24. The reaction led to GQR5 with a Der-symmetric 22 a r b-core (SCheme
1.7b)%8 This is a perfect demonstration of convergent synthesis of dendritic PP precursors for
bottomup approach of GQDs. Remarkab®h, with a diameteclose to 3 nm, is the largest
GQD ever reported with a relatively clean MAL-DOF spectrum showing desired product

as the dominating peaks. Notably, PP precursors, as well as partially planarized intermediates,
exhibit much stronger signals in MALBIOF analysis than the fully planarized GQD
targets’® Accordingly, observing dominating peak of GQD over the others suggests a high
content of fullyconverted GQD in the product mixture.

The extension of BPAHs into GQDs gradually lower their HOMOMO gap, raughly
proportional to reciprocal of the number of carbon atoms in fhewre® The 222carbon25
possesses HOMO-LUMO gap approaching 1.4 eV. However, these large PAHs are often

insoluble, hindering a thorough investigation of their photophysicakeptiep.
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Scheme 1.7 (a) Divergent and (b) convergent synthesis of dendritic PRsathaerve as
precursors for larganonodisperse®&QDs.

MS-ethynyl R  20a, 20b

2.7 nm

The extension of BPAHs into GQDs gradually lower their HOM@MO gap, roughly

proportional to reciprocal of the number of carbon atoms in thewre®® The 222carbon25
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Chapter 1. Introduction

possesses an HOMOUMO gap approaching 1.4 eV. However, these large PAHs are often
insoluble, hindering a thorough investigation of their photophysical properties.

Our group also synthesized highly extended dendritic 7Pand 27, aiming at fabricating
monodisperse@&QDs with a diameter exceeding 5 nm (Figure 1.7). Both PP precursors were
achieved through divergent twayerextension by BA reactions, similar t®21 (Scheme

1.7a). The triangulashape PR6 was ideally a precuos for amonodisperse@QD with Dzn
symmetry and a 47darbon “-core. However, its full planarization was especially
challenging. Interestingly, MALDTOF analysis of products after the Scholl reaction
compared with model compounds suggested that partial graphitization occurred within each
three arms, and a propellgructure likely formed® On the other hand, PE7 was extended

from a HBC coré?! Notably, 2D projection o27 shows overlap of benzene rings (Figure
1.7). Considering that the rearrangement or extrusion of phenyl groups could occur during the
Scholl reaction (section 1.2.3) 27 could be ideally planarized int®er-Symmetric
monodispersedsQD with a 546écarbon’ -core after losing six phenyl groups. However,

Scholl reaction 027 was complicated ancbuld not be fully clarified.
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Figure 1.7Extended dendritic PPs as potential precursorsmmmodisperse®&QDs
approaching 5 nm.

1.2.5 Organic synthesis of wide graphene nanoribbons

Organic synthesis provides opportunities for not only atomically precise bagiom
fabrication of GNRs but also their systematic investigation Seyies of oligomers
Representatively, two series wionodspersedGQDs derived from 1E:xtended HBC were
synthesized by our group @2%30gxtended HBC&yjard T h e
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thefi a n glireetion®®wher eas t he 1 s28 ple3P)a coenn effss’FEtesesi oe.s  (
monodisperse®QDs caild be considered as GNRs with a width close to 1 nm and a very

small AR. Importantly, long alkyl chains were equipped to enhance solubility of the large
GQDs, enabling energy gap estimation in solution by-\4% absorption spectroscopy

(Figure 1.8). Simiar to some otheconjugated materials, gradual decrease of energy gap

along increment of repeating units was observed, and band gap of 1.1 eV and 1.7 eV is
predicted for the @ar mcshrespectigely,avithdnfinitehnrepeafing u p e r a

unitsandlarge ARs.

"Armchair” series
EG= 29eV 1.7eV 1.4eV (1.1eV)

R R R R
oG esveasada
sSesetedele
OO
G- OO0

R R R R 30
R

R

n-dodecyl

EG= 29eV
"Superacene” series

Figure 1.8 Two series of XBxtended HBEand their estimated energy gap (EG). Predicted
EG for corresponding GNRs are shownthe paretheses

TosynthesizeGNRbased on t he far rrigureali8roar greup pioneesed s h ow
on an ABotype Suzuki polymerization between HPB boronic est&8 and
diiodotetraphenylbenzene (Scheme 1384However, because of a high steric hindrance, the
efficiency of the Suzuki reaction was Id#.Neverthelessthe PP precurs@4 was isolated

with number average molecular weight,j of up to 14 kDa and a polydispersity index (PDI)

as small as 1.%4 However, the Scholl reaction 8% using Fe as oxidant only gave GNR

35with a band gap at around 2.2 eV.igmdicated that the effective conjugated lengtB®of

would be even smaller thaR9 (Figure 1.8 and Scheme ).8xcitingly, an improved

synthesis has been developed recent\JJilj and |l (Scheme 1.8b)°® This approach
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utilized AB-type Suzukipolymeization of 4bromo2,3-diphenylboronic ester 36.
Remarkably M of the resulting polyme87 reached a higher value up to 31 kDa. Moreover,

it was foundout that DDQ/triflic acid is more efficient over Fefdbr converting37 into

GNR 38. Consequently, GNRS8 possessed a band gap close to 1.1 eV, which agreed with
what predicted from oligomers (Figure 1.8). Our group have also utilized similar monomeric
structure for orsurface synthesis of pristine GNE without alkyl substituent&®’

Scheme 1.8 Laterally extended GNRs belonging to BPAHs made by various synthetic
strategies and monomer design.
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