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Chapter 1. Introduction 

1.1 From an sp2-carbon to graphene 

Carbon is the 15th most abundant element on earth and the 4th in the observable universe by 

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

diversity of substances that are stable at the earthôs ambient temperature. Furthermore, in 

(nano)technology, carbon in different forms, such as carbon dots, graphite, (nano)graphene, 

(nano)diamond, carbon nanotubes (CNTs), fullerenes, and constituent for unlimited numbers 

of organic compounds, offer applications in electronics, sensing, medicine, and quantum 

computing, making carbon ñthe king of all elementsò.1 

 

 

Figure 1.1 Schematic representation of electronic structure of simple sp2-carbon systems. 

 

Carbon belongs to group 14, with a ground state electron configuration of 1s22s22p2, 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 a covalent bondðsp, sp2 and sp3, leading to linear, trigonal, and tetrahedral geometry. In 

reality, the orbital hybridization and bond angle depend on substitutions. In the sp2-

hybridization, the three hybridized atomic orbitals stay in the same plane, leaving an intact 

orthogonal p-orbital. In molecules, the sp2-hybridized orbitals form ů-bonding framework, 

while the orthogonal p-orbitals build up additional ˊ-bondings, leading to a planar geometry, 

such as the simple example ethene. Furthermore, larger systems arise from connecting more 

carbon atoms in a similar way. These systems are further stabilized by additional bonding 

interactions between neighboring ˊ-bonds. In a special case, when 4 n + 2 sp2-carbons are 

linked in a cyclic, planar manner, the system becomes especially stable, and the ˊ-electrons 

are fully delocalized. The most representative example is benzene, in which every C-C bond 

possess the same bond length, indicating the same bond-order in all the six bonds. These 

systems are described as possessing aromaticity. 
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1.1.1 Polycyclic aromatic hydrocarbons 

Large p-system composed of multiple fused aromatic rings are called polycyclic aromatic 

hydrocarbons (PAH). They are a step forward from benzene, but exist in an unlimited 

diversity. PAH-research has its self-evident importance, since PAHs occur in our 

environment. Specifically, small PAHs are formed through biosynthesis, and larger ones 

during combustion of fossil fuels.2 The latter has been proven as the major source of PAHs 

identified in sediments in Massachusetts, USA.3 Besides, as a family of sp2-carbon 

conjugated system, PAHs have their historical importance in the development of molecular 

orbital theory.4 In addition, NASA suggested in 2014 that more than 20% of carbon by mass 

in our observable universe may be in form of PAH, and had been already existed in a young 

universe after the Big Bang.5 This implies that PAHs would be components in abiogenesis for 

formation of carbon-based life in our world. Nevertheless, medium-sized 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 

transcription.6 In fact, PAH with more than four rings appear to be absent from biosynthesis.7 

For this reason, a few decades of PAH-research has focused on their carcinogenic, 

toxicological, and environmental analysis.  

Organic synthetic approaches toward PAHs were pioneered as early as 1910 by Scholl et al.8 

and later on by Clar et al.9 in the 1950s. It was however not until the 90s that organic 

synthesis of PAHs ushered in an explosive development,10 partially related to the thriving 

growth of organic electronics, including organic light emitting diodes (OLED), organic liquid 

crystal displays (OLCD), organic field-effect transistors (OFET), organic light-emitting 

transistors (OLET), organic photovoltaic cells (OPV), organic radio-frequency identification 

tags (RFID), and organic conductors.11 Organic electronics utilize the high-lying -́orbitals of 

organic molecules as charge conducting channels. PAHs, with their large -́systems 

perpendicular to its ů-bonding framework, are suitable for this transport mechanism.  

Organic synthesis provides an arsenal of tools that can fine-tune the core structure 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 of the acene family, has been 

developed as a prototype to investigate device fabrication, architecture, aging, and structure-

property relationships in different fields of organic electronics.12,13 
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The synthesis of PAHs often includes a two-steps protocol. First, a molecular precursor with 

mainly sp2-carbons is synthesized, typically featuring a nonplanar overall structure. Then, the 

precursor is planarized (graphitized) into PAHs. Here, a widely used precursor is 

polyphenylene (PP), for its high accessibility. For example, hexaphenylbenzene (HPB) can be 

planarized into hexa-peri-hexabenzocoronene (HBC) (Scheme 1.1). PAHs synthesized from a 

framework of benzene, such as HBC, are called all-benzenoid polycyclic aromatic 

hydrocarbons (PBAH). More precisely, PBAH is defined as PAHs that can be represented by 

a resonance form that contains only Clarôs aromatic sextets (electronic structure of benzene) 

with no independent double bond or radical.14 Since this resonance form is energetically 

favored over the others, it has a higher weight in the ground state electronic configuration of 

PBAHs. More details about PBAHs will be discussed in section 1.2. 

 

 

Scheme 1.1 Synthesis of PAH from nonplanar molecular precursor. 

 

Of course, many PAHs cannot be classified as PBAHs. These PAHs can possess more 

olefinic or open-shell radical characters, and their ˊ-electrons are usually more delocalized 

than in PBAH. Taking tetracene as an example, in all the close-shell resonance forms of 

tetracene, there are always twelve ˊ-electrons that are not included in a Clarôs sextet. As a 

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 1.2a).15 In 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 three sp2-hybridized orbitals of carbon have a 120° angle between 

their symmetry axes, leading to a 120° bond angle between two adjacent sp2-sp2 ů-bonds. 

Thus, there is no ring strain in a hexagon composed of sp2-carbons. Nevertheless, PAHs can 
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also possess non-hexagons in its skeleton, as long as it is still aromatic and polycyclic. 

Azulene is the simplest example of a PAH with no hexagon in its skeleton, but a fused 

pentagon-heptagon-pair. Notably, azulene is an isomer of naphthalene, which is composed of 

two fused benzene rings (Figure 1.2b). Although both azulene and naphthalene are ten- -́

electron aromatic systems, they portray fundamentally different characters. First, azulene is 

blue in color while naphthalene is white. Second, the five-membered ring of azulene has 

higher electron density than its seven-membered ring, leading to an intrinsic dipole moment 

of 1.04 Debye, while naphthalene is non-polar. Besides, azulene is very basic as a 

hydrocarbon, while the basicity of naphthalene is rarely considered.  

 

 

Figure 1.2 Two pairs of isomers that belong to different classes of PAHs. (a) Triphenylene, a 

PBAH; and tetracene, a non-PBAH (an acene). (b) Naphthalene, an alternant PAH; and 

azulene, a non-alternant PAH. 

 

Similar to azulene, PAHs having odd-membered rings in their skeleton belong to non-

alternant hydrocarbons, while those only holding even-membered rings, such as naphthalene, 

are called alternant hydrocarbons. The former ones normally have uneven electron density 

distribution in their ground state electronic configurations. More non-alternant hydrocarbons 

will be discussed in section 1.3. 

 

1.1.2 Graphene 

Research on PAHs is embracing its second explosive growth in these two decades.10 This 

shall be in close relationship with the first isolation of graphene, which can be considered as 

an infinitely large PAH with only hexagons in its skeleton (Figure 1.3), by Geim and 

Novoselov in 2004.16 The isolation of graphene opened a new carbon era and quickly earned 

Geim and Novoselov a 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 CNTs, 

or enfolding into 0D fullerenes (Figure 1.3).17,18 However, although Wallace had already 

defined a suitable crystal lattice for graphene, and successfully predicted its unique band 

structure in as early as 1947,19 for a long time, graphene itself was regarded as unrealistic, 
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since its long-range 2D order is theoretically easily destroyed by thermal fluctuation.20 In fact, 

evidence on isolation of CNTs and fullerene apperaed much earlier in 1952 and 1985, 

respectively,21,22 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 compounds.23 

 

 

Figure 1.3 Relationship between graphene and other carbon allotropes in different 

dimensions. Reprinted with permission from Ref. 17; copyright: 2007, Springer Nature. 

 

The ground breaking isolation of single layer graphene by Geim and Novoselov in 2004 

immediately revealed some of its exotic properties,16 such as optical transparency, zero band 

gap, high charge carrier mobility above 10000 cm2Vī1sī1, 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 mobility24 as high as 200000 

cm2Vī1sī1 (100 times higher than that of silicon transistors) and a thermal conductivity25 

exceeding 5300 Wmī1Kī1 (10 times higher than that of copper) have been measured. Besides, 
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graphene is extremely robust and stiff, with the largest ever-measured Youngôs modulus 

around 1 TPa.26 The outstanding mechanical strength partially explains why a graphene flake 

with up to 0.01 mm2 size can exist as suspended free-standing membranes without scrolling 

or folding.27  

Uncovering the marvelous nature of graphene requires proper fabrication methods, which has 

been a never-ending pursue, especially in a view of the balance between product quality and 

high-throughput production.28 Fabrication principle of graphene can be roughly categorized 

as ñtop-downò and ñbottom-upò, where the former involves exfoliation of graphite and the 

latter stems from atomic or molecular precursors. Geim and Novoselov originally 

micromechanically exfoliated highly oriented pyrolytic graphite using adhesive tape.16 This 

method can produce graphene with extremely good quality, but is also extremely inefficient, 

limiting it to only fundamental studies. Besides, other physical exfoliation methods, such as 

employing shear-force, fulfil requirements for industrial production,29ï31 but cause more 

damage to the graphene products, resulting in a drop of mobility to around 100 cm2Vī1sī1.28 

Recently, electrochemical exfoliation has appeared as a promising high-throughput 

physical/chemical exfoliation method, which is able to produce graphene with hole mobility 

up to 400 cm2Vī1sī1.32ï34 Alternatively, chemical exfoliation of graphite by oxidizing them 

into graphene oxide (GO), followed by back-reduction, can produce reduced graphene oxide 

(rGO) in high efficiency.35 Nevertheless, rGO is normally heavily damaged graphene, 

exhibiting mobility only at around 1 cm2Vī1sī1. Notably, some recent reports have employed 

milder chemical conditions, reaching rGO with mobility higher than 1000 cm2Vī1sī1, 

suggesting that chemical exfoliation of graphite is worth a revisit.36ï39 

Different from a feature of mass production in most of the top-down graphene fabrication 

techniques, the advantage of bottom-up approaches lies in achieving graphene with high 

quality and large area, by avoiding possible damage and breaking during graphite exfoliation. 

This is particularly important for high-performance electronic and optical device applications. 

Specifically, a graphene sheet with exceptionally good quality can be epitaxially grown on 

monocrystalline surface of SiC. Typically, C-terminated face of SiC is heated above 1000 °C 

to produce graphenes with remarkably high charge carrier mobility of 10000ï30000 

cm2Vī1sī1. In parallel, chemical vapor deposition (CVD) of small molecular carbon sources 

on monocrystalline surfaces, typically a metal surface, is able to fabricate large area (23-cm-

wide and 100-m-long40) and high field-effect transistor (FET) mobility > 4000 cm2Vī1sī1 

polycrystalline graphene sheets. Besides, monocrystalline graphene is achieved with large 
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domain size (diameter > 1 cm2) and high FET mobility of 15000ï30000 cm2Vī1sī1,41 making 

CVD the most promising protocol for growing large-area high-quality graphene. 

Graphene, as a transparent, flexible, tough, and super good conductor, holds great potential 

especially as next generation electronic applications in solar cells, light-emitting diodes, 

touch panels, smart and wearable devices.42 Besides, graphene exhibits outstandingly high 

surface area, with theoretical and experimental values of > 2500 and 400ï700 m2gī1, 

respectively.43,44 Since the ˊ-electrons 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 sequencing.45ï47 However, 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,48 the on/off electric current ratio (Ion/Ioff) is generally below 5. There 

are four ways that could potentially solve this problemðquantization, defect engineering, 

functionalization, as well as using bilayer graphene.49,50 Moreover, these modifications could 

also adjust the other properties of graphene, and add new stimuli-responsiveness. 



 

14 
 

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 its electronic 

properties. When the confinement occurs in both dimensions of graphene, graphene quantum 

dots (GQDs) are obtained. GQDs can also be considered as large-sized PAHs that contain 

almost only hexagons. Besides, graphene nanoribbons (GNRs) are characterized by a one-

dimensional confinement. Notably, quantum confinement effects dominate electronic 

transport in FETs based on GQDs with diameters smaller than 100 nm.51 In parallel, the 

conductivity of GNRs also exhibits a major drop at a width below 100 nm.52 Thus, 

nanographenes (NG), which include GQDs and GNRs, can be specified as nano-cut-outs of 

graphene with confinement in at least one of its dimensions in a range of 1ï100 nm.28  

The synthesis of NGs can be categorized into two strategies, similar to the fabrication of 

grapheneðñtop-downò and ñbottom-upò methods. The former involves ripping graphene and 

other higher-dimensional carbon allotropes into lower-dimensional nano-objects, while the 

latter stems from combining quasi-zero dimensional molecular or atomic building blocks. 

 

1.2.1 Top-down graphene quantization 

 

Figure 1.4 Schematic representation of top-down synthesis of NGs by (a) pattered 

lithography with masking and (b) dimensional reduction of carbon allotropes. Reprinted with 

permission from Ref. 28; copyright: 2017, Nature publishing group. 

 

The top-down 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 well-developed strategy is cage-opening of fullerene or unzipping of CNTs 

(Figure 1.4b). Top-down 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 material from 2D to 1D, while the latter lower to 0D. Second, the most 

attractive application of graphene is utilizing its ultra-high charge carrier mobility for next 



Chapter 1. Introduction  

 

15 
 

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.53 

 

 

Figure 1.5 (a) Reciprocal value of band gap (Eg) as a function of GNR width (W). Reprinted 

with permission from Ref. 52; copyright: 2007, American Physical Society. (b) Correlation 

between Ion/Ioff and GNR width of GNR-based FETs. Reprinted with permission from Ref. 54; 

copyright: 2009, American Chemical Society. 

 

Band gap opening already occurs in relatively wide GNRs (Figure 1.5a).52 However, for 

applying GNR in a transistor, an insufficiently large band gap results in very low Ion/Ioff, 

leading to a device that cannot be reasonably switched off. Importantly, it is shown that an 

Ion/Ioff larger than ten can be achieved in FETs using GNR narrower than 10 nm (Figure 

1.5b).54 As a trade-off, narrowing GNRs causes a drop of charge carrier mobility, due to 

increase of effective charge carrier masses.55,56 Thus, a technique that fabricates GNR with a 

width of 5ï10 nm is immensely desired, where a balance between Ion/Ioff and mobility in a 

FET is plausible. 

Electron-beam lithography (EBL) is widely applied for graphene nanopatterning, because of 

its high resolution.51,52 Employing EBL, FET devices fabricated from 10-nm-wide GNR 

achieve high mobility of 800ï1000 cm2Vī1sī1 and Ion/Ioff > 106 at 4 K.57 Furthermore, 

lithography resolution can be enhanced by using heavier particle beams, such as Helium55 

and Argon58 ions, leading to sub-5-nm GNRs. However, EBL is a time- and energy-

consuming process, requiring strict operating conditions, making it impractical for industrial 

manufacturing. To improve this, more productive lithography processes, such as reactive-ion 

and plasma etching, have been combined with efficient nano-masking protocols, e.g., water 

adsorption at step-edge of substrate,59 inorganic nanowires (i-NW),54 printed organic 
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nanowires,60 and self-assembled block copolymers,61 for potential large-scale production of 

sub-10-nm GNRs from high quality graphene sheets. Notably, Yu and Duan fabricated 

bilayer-GNR FET by lithography of i-NW masked bilayer graphene. The FET device gave a 

high room temperature Ion/Ioff
  ~ 3000 with an off-state under external electric field, which 

came from the behavior of bilayer graphene.62 

Besides, solution chemical/physical methods provide another approach for mass-production 

of GNRs. Remarkably, Daiôs group reported on a synthesis of GNRs, with a distribution of 

width from 50 nm down to sub-10-nm, as byproduct during exfoliation of graphite in 1,2-

dichloroethane by sonication.63 FETs based on the sub-10-nm GNRs exhibited mobility up to 

200 cm2Vī1sī1 and the highest Ion/Ioff up to 107 ever achieved for GNR-based FETs. The same 

group also reported on unzipping oxidized multi-wall CNTs by sonication to fabricate 10ï30-

nm-wide GNRs with FET mobility up to 1500 cm2Vī1sī1.64 

The solution-based wet chemical/physical top-down syntheses of GNRs are usually under 

milder conditions than the lithography methods. This can often lead to GNRs with smoother 

edge structure and roughness. Moreover, solution-based methods are more promising for 

high-throughput GNR production. However, for applications as transistor, especially in an 

integrated circuit, material processing and device fabrication using the resulting GNRs 

become a cumbersome task. Conversely, lithography processes gain advantage for patterning 

densely aligned transistor channels, along with direct circuit design. Notably, Daiôs group 

attempted on combining the advantages by slow chemical etching of wide GNR (20 nm) 

prepared from EBL.65 The protocol succeeded in narrowing down the GNRs to sub-5-nm, 

and rendered a high Ion/Ioff  > 104 for their FET. Such trials of balancing the quality of GNRs, 

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

is the core-concern of current GNR researches. 

 

1.2.2 Bottom-up synthesis of nanographenes on monocrystalline surface 

Bottom-up synthesis is another strategy to achieve NGs with a much better structural control. 

Specifically, the bottom-up protocols can be categorized into two classes. First, primarily 

based on CVD methods, NGs are grown on confined templates or starting from a nano-sized 

seed. Second, NGs with atomically precise structure are derived from organic synthesis with 

or without surface-assisted reaction steps.   

CVD growth of graphene often employs metals as template. Indeed, bottom-up fabrication of 

NGs on a nano-sized metal substrate is possible. Kato and Hatakeyama patterned a dumbbell-

shape Ni.66 When current passed through this nanostructure, the narrower part heated up 
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more quickly, and became more reactive. Consequently, graphene could be selectively grown 

on the narrower part. Using this method, 23-nm-wide multi-layer GNR was fabricated with a 

direct Ni electrode connection, and transistor based on the nano-connection reached Ion/Ioff up 

to 104. Nevertheless, using EBL for Ni nano-patterning was inevitable. Alternatively, GNRs 

with width down to 20 nm could be grown at edge of a Ni thin film, sandwiched between 

insulators, avoiding EBL etching.67  

Besides, direct CVD growth of GNRs on specific facets of SiC or Ge is reported. De Heerôs 

group reconstructed a deep abrupt step on SiC (001) at 1200ï1300 °C to form a SiC (110) 

nano-facet.68 Next, GNR selectively grew on the (110) nano-facet at 1450 °C, because of a 

lower stability of SiC (110) than SiC (001). Remarkably, a 40-nm-wide GNR could then be 

in-situ fabricated, and a transistor based on such GNR reached Ion/Ioff ratio ~ 10 and charge 

carrier mobility as high as 2700 cm2V-1s-1. In another approach, applying a very slow CVD 

growing rate (< 5 nm h-1), Arnold et al. demonstrated growth of GNRs with width < 10 nm 

and uniform crystallography and smooth edge on a Ge (001) facet.69 These methods are 

highly valuable for allowing direct growth of GNRs on an insulating substrate. Thus, they 

avoid transfer of GNRs from otherwise a metal surface, often used in CVD processes. Such a 

feature largely facilitates device fabrication. For example, large-scale integrated transistors 

were produced on SiC substrates with a channel density of up to 40000 cm-2.68 

It is important to stress that, although the NGs synthesized by the above-mentioned methods 

are frequently described as ñsmoothò and ñstraightò, there exists a common drawbackðthe 

nano-structure of products, in an atomic aspect, are extremely ill-controlled, especially at the 

peripheries of NGs.28 This uncertainty leads to NGs with varied property, especially for 

small-sized ones, where the size is already comparable with the error-scale. For example, a 

width variation of GNRs provided by block-copolymer-masked lithography resulted in losing 

synchrony in multichannel transistor, and led to a poor Ion/Ioff.
61,70 

 

1.2.3 Organic synthetic strategy for large nanographenes 

Organic synthesis is a bottom-up method with atomically precise control. With such power, 

syntheses of monodispersed GQDs or width-unified GNRs are possible, which is drastically 

different from the above-mentioned methods. In section 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 a milestone indicating PAHs entering the field of NGs. Yet, to 

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



1.2 Quantization of graphene 

18 
 

chemical conversion efficiency, as well as structural characterization of the giant molecules. 

However, development of proper organic reactions, typically the Scholl reaction, together 

with advances in characterization techniques, in particular scanning tunneling microscopy 

(STM), non-contact atomic force microscopy (nc-AFM), and matrix-assisted laser desorption 

ionization mass spectroscopy (MALDI) (Figure 1.6),71ï73 have opened the gate toward 

bottom-up organic synthesis of large NGs.  

 

 

Figure 1.6 (a) MALDI spectrum of a NG containing 216 carbons in its core structure. Inset: 

comparison between theoretical and experimental isotope distribution of the molecule. (b) 

STM image of the self-assembly of a porphyrin-embedded NG containing 112 carbons in its 

core structure. Reprinted with permission from (a) ref. 72, copyright: 2016, American 

Chemical Society; (b) ref. 73, copyright: 2018, John Wiley and Sons. 

 

Importantly, increasing size of PAHs, such as lateral extension of anthracene to 

quarteranthene, can quickly decrease their stability.74 This is a result of increasing tendency 

for oxidation and an open-shell electronic structure. Thus, PBAHs, with stable electronic 

structures containing only Clarôs sextet, is a class of PAHs that is especially suitable for size 

expansion into ultra-large NGs.14 In this section, we will discuss the development and 

principle of organic synthetic bottom-up approach for quantized graphene, focusing on the 

synthesis of large-size BPAHs. 

As briefly mentioned in section 1.1.1, organic synthesis of PAHs often base on a two-step 

protocol of precursor synthesis and subsequent planarization. For BPAHs, 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. Importantly, in both cases, to enable complete 
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planarization of PP precursors, their structures must be carefully designed to allow a 2D 

projection without overlapping benzene rings in a graphene-related lattice. 

HBC is a good example for understanding both precursor synthesis and the subsequent 

planarization reaction in PBAH chemistry. Although early approaches used partially 

planarized precursors,75 contemporary synthetic methods are often based on pure PP 

structures because of their facile synthesis. Particularly, Hyatt developed a Co2(CO)8-

catalyzed cyclotrimerization of tolanes that efficiently produces C6-symmetric HPB skeletons 

(Scheme 1.2).76 Furthermore, C3-symmetric HPB could also be produced in this way, but 

tolanes with two substituents that are different in polarity shall be applied, to facilitate 

product separation.77 Besides, synthesis of HPB with other substitution patterns, particularly 

ñparaò and ñorthoò, employed a D-A reaction between tetraphenylcyclopenta-2,4-dien-1-one 

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

In addition, metal-catalyzed cross coupling reactions, such as Suzuki-coupling, were also 

efficient enough for synthesizing HPBs.78 From a strategic point of view, the 

cyclotrimerization works as a convergent method to combine three building blocks, whereas 

the D-A method can be considered as a divergent method to equip a structural core with 

multiple phenyl substitutions. 

 

Scheme 1.2 Synthesis of HPB by cyclotrimerization or D-A reaction. 

 

To convert HPB into HBC, six additional C-C bonds are formed, together with loss of twelve 

hydrogen atoms. This cyclodehydrogenation reaction was attempted in early years by 

conventional Scholl reaction, namely, coupling aromatic rings in the presence of Lewis acids, 

though poor yields were encountered (Scheme 1.3, condition (a)).79 In contrast, addition of 

oxidants or using oxidative Lewis acids, such as FeCl3,
80 MoCl5,

81 or Cu(II)/AlCl3,
82 

significantly improved the conversion (Scheme 1.3, conditions (b)ï(d)). Rempala, Kroulík, 

and King conducted a systematic comparison and suggested that, for the Scholl reaction of 

pristine HPB, a use of MoCl5 achieved the highest yield of HBC (Scheme 1.3, condition 
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(b)).81 Nevertheless, chlorination or chopping off of substituents were observed as side 

reactions for Scholl reactions using MoCl5 or Cu(II)/AlCl3 (FeCl3 also led to some 

chlorination). Notably, an effective reagent system developed by Zhai, Shukla, and Rathore 

has risen recently.83 This reagent system employed an organic oxidant 2,3-dichloro-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 

cyclodehydrogenation reactions that ill-performed using conventional reagents. 

 

 

Scheme 1.3 Converting pristine HPB into HBC by the Scholl reaction. Conditions: (a) 18 eq. 

AlCl3/NaCl, 120ï130 °C, 3%. (b) 12 eq. MoCl5, dichloromethane (DCM), rt, 99%. (c) 12 eq. 

CuCl2/AlCl3, CS2, rt, 60%. (d) FeCl3, DCM, rt, 118% (with inseparable iron residue). (e) 9 

eq. PhI(O2CCF3)2/BF3ẗEt2O, DCM, -40 °C, 78%. (f) 6 eq. DDQ, MeSO3H, DCM, 0 °C, 99% 

(HPB with alkyl substituent). Data extracted from: (a) ref. 79, (b)ï(e) ref. 81, and (f) ref. 83. 

 

The Scholl reaction of HPB is a magnificent chemical conversion, forming multiple C-C 

bonds in one pot. The successful procedure suggests a high efficiency in each single bond-

formation step. Notably, the original Scholl reaction used non-oxidative Lewis acid, such as 

AlCl 3.
84 Thus, it was believed to proceed via an arenium cation intermediate, followed by 

deprotonation and dehydrogenation upon heating (Scheme 1.4, path I). However, the last step 

was controversial, since quantitative generation of H2 gas was not observed.85 Notably, 

abundant O2 gas, which often existed in the experimental environment, could also serve as 

oxidant to transform easily oxidizable species, such as dihydro intermediate 6aôô (Scheme 

1.4), without H2 extrusion. 

Importantly, most of the Lewis acids currently used for Scholl reaction are also oxidants, 

including FeCl3 and MoCl5. 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 Rempala, Kroulík, and King, deriving from computational and experimental 

evidences, it was suggested that the arenium cation mechanism (Scheme 1.4, path I) was the 
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thermodynamically favored pathway.81 However, in reality, the reaction could be much more 

complicated, involving various intercrossing 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.86 

 

 

Scheme 1.4 Schematic representation of the mechanism of the Scholl reaction. Path I: 

arenium cation pathway. Path II: radical cation pathway. Path III: skeleton rearrangement 

as side reaction. 

 

Notably, rearrangements can occur as side reactions during Scholl reactions (Scheme 1.4, 

path III). In an extreme example, heating o-terphenylene (6) at 140 °C in the presence of 

strong acid led to formation of m-terphenylene and p-terphenylene as a final mixture in a 

ratio of 65:35.87 The reaction proceeded via a 1,2-phenyl shift, driven by the higher stability 

of m-terphenylene arenium cation (Scheme 1.4, path III). Although contemporary Scholl 

reactions were performed at much lower temperature, similar side reactions could still occur. 

For example, our group revealed that, during the Scholl reaction of an extended HPB 9, a 

significant amount of the o-terphenylene side arms isomerized into m-terphenylene (Scheme 

1.5a).88 On the bright side, in some cases rearrangement could also ñcorrectò kinks in PP 

precursors, such as a successful complete planarization of PP 11 through a possible 

equilibrium between isomers with different connectivity of phenylenes (Scheme 1.5b).89 
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Nevertheless, to ensure a desired NG product structure, PP precursors shall be designed to 

avoid rearrangement during Scholl reaction.90 

 

 

Scheme 1.5 Skeletal rearrangement during Scholl reaction of PP 9 and 11. 

 

Because of lacking solubility, solution-synthesized large NGs are often challenging for 

conventional characterization, such as NMR, single crystal X-ray diffraction, and mass 

spectrometry. To overcome this obstacle, our group and Roman Faselôs group developed a 

protocol in 2010 to combine advantages of organic synthesis with surface-assisted 

chemistry.91,92 This technique depended on sublimation of molecular precursor, synthesized 

in solution, onto a monocrystalline metal surface under ultra-high vacuum (UHV) conditions. 

Upon further heating, the metal surface promoted a homolytic cleavage of, e.g. C-H bond, 

forming radical species. Then, the radical species further reacted intra- or intermolecularly, 

followed by dehydrogenation into 2D graphitic structures.93  

The power of this method lies in two points. First, the flat monocrystalline metal surface 

facilitates a perfect planarization of precursors. Second, NG products can be in-situ 

characterized by scanning microscopy, especially STM and nc-AFM, under UHV conditions, 

to extract structural and electronic information with atomic resolution. For the first 

demonstration, the cyclohexaphenylene 13 was used, leading to a triangular-shaped 

monodispersed GQD 14 (Scheme 1.6a).92 Although a requirement of sublimable precursors 
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limited the size of obtainable monodispersed GQDs, for synthesis of GNRs this was not so 

much a problem. For example, monomeric precursor 15 with halogen substituents was 

sublimed onto Au(111). Upon heating, 15 underwent C-X cleavage, and the generated radical 

intermediates polymerized into polymeric precursor 16. Upon further enhancing the 

temperature to 670 K, surface-assisted cyclodehydrogenation occurred, and 16 planarized 

into GNR 17 (Scheme 1.6b).94 The solution synthesis combined with a surface-assisted 

reaction is now widely applied, especially for fundamental studies, to systematically 

investigate different NGs on surfaces. 

 

 

Scheme 1.6 The First demonstration of on-surface synthesis of (a) a GQD and (b) a GNR, 

and their STM images taken in-situ. Reprinted with permission from (a) ref. 92, copyright: 

2011, Nature Publishing group; (b) ref. 94, copyright: 2010, Nature Publishing group. 

 

1.2.4 Organic synthesis of large monodispersed graphene quantum dots 

Either applying the divergent or convergent synthetic strategy of HPB mentioned in section 

1.2.3, PPs rapidly expend into dendritic structures that could be planarized into 

monodispersed GQDs. Synthesis of PP 21, serving as potential precursor for GQD with a Z-

shape C2h-symmetry, was a representative example (Scheme 1.7a).95 This divergent synthesis 

relied on two-layer-extension of 3,3ô,5,5ô-tetraethenyl-1,1ô-biphenyl (18) by repetitive D-A 

reactions with CPs (Scheme 1.7a). Notably, 2D projections of 20 or 21 in a graphene-related 

lattice (like in Scheme 1.7a) exhibit no spatial overlap benzene ring. This enabled the 

conversion of 20a into a square-shape D2h-symmetric GQD with 132-carbon aromatic 

core.96,97 The exact mass of this GQD was observed by MALDI-TOF mass analysis. Despite 

the successfulness of 20a, a graphitization of 21 was not reported.  
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Our group also reported a highly efficient Scholl reaction of an even larger dendritic PP 

precursor 24. The reaction led to GQD 25 with a D6h-symmetric 222-carbon ˊ-core (Scheme 

1.7b).98 This is a perfect demonstration of convergent synthesis of dendritic PP precursors for 

bottom-up approach of GQDs. Remarkably, 25, with a diameter close to 3 nm, is the largest 

GQD ever reported with a relatively clean MALDI-TOF spectrum showing desired product 

as the dominating peaks. Notably, PP precursors, as well as partially planarized intermediates, 

exhibit much stronger signals in MALDI-TOF analysis than the fully planarized GQD 

targets.99 Accordingly, observing dominating peak of GQD over the others suggests a high 

content of fully-converted GQD in the product mixture.  

The extension of BPAHs into GQDs gradually lower their HOMO-LUMO gap, roughly 

proportional to reciprocal of the number of carbon atoms in their p-core.96 The 222-carbon 25 

possesses a HOMO-LUMO gap approaching 1.4 eV. However, these large PAHs are often 

insoluble, hindering a thorough investigation of their photophysical properties. 

 

 

Scheme 1.7 (a) Divergent and (b) convergent synthesis of dendritic PPs that can serve as 

precursors for large monodispersed GQDs. 

 

The extension of BPAHs into GQDs gradually lower their HOMO-LUMO gap, roughly 

proportional to reciprocal of the number of carbon atoms in their -́core.96 The 222-carbon 25 



Chapter 1. Introduction  

 

25 
 

possesses an HOMO-LUMO 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 PPs 26 and 27, aiming at fabricating 

monodispersed GQDs with a diameter exceeding 5 nm (Figure 1.7). Both PP precursors were 

achieved through divergent two-layer-extension by D-A reactions, similar to 21 (Scheme 

1.7a). The triangular-shape PP 26 was ideally a precursor for a monodispersed GQD with D3h 

symmetry and a 474-carbon -́core. However, its full planarization was especially 

challenging. Interestingly, MALDI-TOF analysis of products after the Scholl reaction 

compared with model compounds suggested that partial graphitization occurred within each 

three arms, and a propeller structure likely formed.100 On the other hand, PP 27 was extended 

from a HBC core.101 Notably, 2D projection of 27 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 into D6h-symmetric 

monodispersed GQD with a 546-carbon -́core after losing six phenyl groups. However, 

Scholl reaction of 27 was complicated and could not be fully clarified. 

 

 

Figure 1.7 Extended dendritic PPs as potential precursors for monodispersed GQDs 

approaching 5 nm. 

 

1.2.5 Organic synthesis of wide graphene nanoribbons 

Organic synthesis provides opportunities for not only atomically precise bottom-up 

fabrication of GNRs but also their systematic investigation by series of oligomers. 

Representatively, two series of monodispersed GQDs derived from 1D-extended HBC were 

synthesized by our group (Figure 1.8). The ñarmchairò series (28ï30) extended HBC toward 
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the ñangleò direction,96,97 whereas the ñsuperaceneò series (28, 31, 32) on ñsidesò.102,103 These 

monodispersed GQDs could 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 UV-Vis absorption spectroscopy 

(Figure 1.8). Similar to some other conjugated 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 ñarmchairò and the ñsuperaceneò GNRs, respectively, with infinite repeating 

units and large ARs.  

 

 

Figure 1.8 Two series of 1D-extended HBCs and their estimated energy gap (EG). Predicted 

EG for corresponding GNRs are shown in the parentheses. 

 

To synthesize GNRs based on the ñarmchairò series shown in Figure 1.8, our group pioneered  

on an A2B2-type Suzuki polymerization between HPB boronic ester 33 and 

diiodotetraphenylbenzene (Scheme 1.8a).104 However, because of a high steric hindrance, the 

efficiency of the Suzuki reaction was low.105 Nevertheless, the PP precursor 34 was isolated 

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

as small as 1.2.104 However, the Scholl reaction of 34 using FeCl3 as oxidant only gave GNR 

35 with a band gap at around 2.2 eV. This indicated that the effective conjugated length of 35 

would be even smaller than 29 (Figure 1.8 and Scheme 1.8). Excitingly, an improved 

synthesis has been developed recently by Zhu and Dong (Scheme 1.8b).106 This approach 
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utilized AB-type Suzuki-polymerization of 4-bromo-2,3-diphenylboronic ester 36. 

Remarkably, Mn of the resulting polymer 37 reached a higher value up to 31 kDa. Moreover, 

it was found out that DDQ/triflic acid is more efficient over FeCl3 for converting 37 into 

GNR 38. Consequently, GNR 38 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 on-surface synthesis of pristine GNR 38 without alkyl substituents.107 

 

Scheme 1.8 Laterally extended GNRs belonging to BPAHs made by various synthetic 

strategies and monomer design. 

 














































































































































































































































































































































































































































































