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Chapter 1. Introduction 
 

Carbon allotropes and carbon based materials have played an indispensable role in all 

aspects of our life, from healthcare, energy, electronics to aerospace, we are, indeed, living in 

a “carbon world”. As one of the abundant elements in Earth’s crust that constitute the basis of 

all known organisms, carbon has several allotropes which can occur as either bulk materials 

like graphite or discrete particles like fullerene, their structures can be either amorphous or 

crystalline (Figure 1). Interestingly, allotropes of carbon possess physical properties that span 

a wide range: diamond is one of the hardest natural substances known, while graphite is the 

one of the softest and slipperiest. When taking a single sheet out of the multilayered graphite, 

a giant two-dimensional (2D) material consists of sp2 carbons tightly bound in a hexagonal 

honeycomb lattice can be produced, this is named graphene. Although graphene has been 

predicted to be thermodynamically unstable in early theoretical studies,1-3 the ground-breaking 

work by Geim and Novoselov, after peeling off separate graphene layers from graphite, has 

profoundly changed the world of materials science.4 Graphene has a tremendous relevance for 

various applications, including electronics, optical sensing, biological labelling and energy 

conversion and storage. These are based on its extraordinary electronic, optical, thermal, 

biological and mechanical properties.5 For their pioneering work, Geim and Novoselov 

together won the Nobel Prize in Physics in 2010 "for ground-breaking experiments regarding 

the two-dimensional material graphene." 

 

Figure 1. Different allotropes of carbon. 

 

The outstanding properties of graphene, along with variable preparation methods have 

catalysed the development of science and technology in chemistry, materials and physics 

related to graphene. According to the crystallographic orientation, there are two basic 
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peripheral structures in graphene, namely, armchair and zigzag (Figure 2a). When the size of 

graphene reaches nano level, zigzag periphery exhibits nonbonding edge states while it is 

absent in armchair periphery.6 Clearly, hundreds of research groups and institutes around the 

world are exploring, explaining and extending the different phenomena and results within 

graphene since the Nobel Prize of graphene. An important recent discovery on graphene has 

surprised the solid-state physics field, two graphene sheets stacked together, but with a rotation 

angle of 1.1° (Figure 2b), which called “magic angle”, turns the normally metallic graphene 

into a superconductor.7,8 The finding of magic twist angles in graphene has opened a window 

to design tailor-made and atomically thin materials with appealing properties that could be 

invaluable for future electronics. The discovery of superconductivity in twisted bilayer 

graphene has already ignited a frenzied race in “twistronics” based on a large class of 2D 

materials, including graphene, boron nitride, and molybdenum disulfide. 

 

Figure 2. (a) Peripheral structures of graphene; (b) illustration of magic-angled graphene 

bilayer. 

Graphene nanoribbons (GNRs) are quasi-one-dimensional (1D) graphene cutouts, 

typically with widths in the range of 1–100 nm and length/width ratio larger than 10.9 Notably, 

graphene is a kind of semimetal with zero-bandgap.10 Comparing the electronic characters of 

the quasi-1D GNRs with those of 2D graphene sheets reveals interesting differences. In 

particular, the fascinating properties of graphene exhibit various relevant potential applications, 

ultrahigh charge-carrier mobility (>2 × 105 cm2 V−1 s−1 at room temperature with the electron 

density of 2 x 1011 cm-2) for example,11 however, its vanished electronic bandgap makes it non-

applicable for field-effect transistors (FETs) and optoelectronic devices as an active component, 

since a current always flows between source and drain electrodes. An opening of the bandgap 

and thus a significant on-off ratio could be achieved by a geometric confinement in GNRs, 

leading to huge potential applications of GNRs in future nanoelectronics.12-14 
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Polycyclic aromatic hydrocarbons (PAHs), consisting of periodically annelated 

benzene rings, feature the same basic unit with graphene. Nowadays, when we talk about PAHs, 

we should not ignore the names of pioneers such as Robinson, who first introduced the aromatic 

π-sextet in 192515. This was further refined in the theory of molecular orbitals by Hückel in 

1931.16 Clar proposed his famous sextet rules in 1964 which offers an easier and predictable 

approach of the stability of larger aromatic systems;17,18 Clar and Scholl also laid the 

groundwork for fundamental aspects of PAH chemistry which lead to the various bottom-up 

methodologies to numerous PAHs.17,19-21 Looking back into the past, since its first discovery 

in coal tar and fossil fuels in the 19th century, PAHs have played an indispensable role in the 

evolution of modern organic chemistry and materials science. 

 

Figure 3. Periodical annelation of four benzene rings to triphenylene 1 and tetracene 2 with 

different edge peripheries. 

With intriguing electronic and optoelectronic properties, resulting from the delocalized 

electrons over its large π-domains, PAHs have attracted attention from different fields of 

science.22-28 Typically, when PAH disks substituted with peripheral alkyl chains, the nanophase 

separation between soft alkyl chains and hard aromatic cores leads to the existence of discotic 

mesophases, which promotes their applications in solar cells, light-emitting diodes, photo-and-

electroluminescent devices as well as field-effect transistors.29 Actually, for various 

applications, one of the most appealing properties of PAHs is the tuneable electronic properties 

through molecular design. PAHs with different peripheries, such as armchair, zigzag and 

heteroatom-doped exhibit considerably different physical and chemical properties. Taking 

triphenylene 1 and tetracene 2 as examples (Figure 3), four benzene rings can be arranged in 

different fashions. Triphenylene with armchair periphery is extremely stable against oxidation 

and maintains a relatively large optical energy gap while tetracene with zigzag edge can be 

easily oxidized and displays an optical absorption at longer wavelengths.30 

PAHs and GNRs with armchair edge structures, usually exhibit larger energy gaps and 

higher stability, which makes them promising candidates for electronic applications, FET 
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devices for example.29 Contrarily, PAHs and GNRs with zigzag peripheries always suffer from 

issues of stabilization because of the low highest occupied molecular orbital (HOMO)-lowest 

unoccupied molecular orbital (LUMO) gaps and inherently contain unpaired electron as a result 

of unsatisfied atomic valences, respectively.31-33 Electronic properties and chemical reactivity, 

accordingly, are related to the peripheral structures of PAHs and GNRs. Nowadays, it is widely 

known that doping of silicon-based semiconductors by group III (p-doing) or group V (n-

doping) elements has played a pivotal role in the semiconductor industry. Similarly, in 

molecular electronics based on carbon-rich materials, heteroatom doping, such as boron (B) 

and nitrogen (N), is of high importance, as it offers additional opportunities in modulating the 

electronic, magnetic, and catalytic properties.34 Modifying the peripheral structure of the π-

conjugated system thus provides a viable approach to control the electronic structure. 

The great advances in synthetic methods, which have largely avoided harsh reaction 

conditions, have greatly facilitated the extensive research on PAHs and GNRs from both 

chemical and physical perspectives. Nonetheless, other developments have further stimulated 

PAHs and GNRs research. Among these are the ingenious invention of scanning probe 

techniques (e.g., scanning tunnelling microscopy (STM), scanning tunnelling spectroscopy 

(STS) and non-contact atomic force microscopy (nc-AFM)) that have enabled the visualization 

of PAHs and GNRs in real space and with atomic resolution.35-37 These developments have 

culminated in a unique combination of surface science, synthetic chemistry, and scanning 

probe techniques. Specifically, if suitable molecular precursors are deposited on metal surfaces 

followed by thermally induced intra- or intermolecular reactions, PAHs or GNRs with different 

sizes and edge structures are obtained and in-situ visualized by STM. It provides a feasible way 

which allows one to achieve structural information on PAHs or GNRs with high resolution as 

well as electronic properties. Further, a reliable structure-property relationship can be derived. 

The discovery of graphene has provided an extra impetus for the research on PAHs. At 

the same time, the electronic features and applications of graphene in molecular electronics 

have catalysed the development of GNRs. Researches based on PAHs and GNRs have 

expanded rapidly over the past decade. Both PAHs and GNRs have been the subject of 

interdisciplinary research in the field of chemistry, physics, biology and materials science. 

Regarding the application of PAHs and GNRs in electronics, more emphasis has been put on 

the physical properties and device behaviour. However, the “reliability” of the materials is 

always derived from the intrinsic structural features. For those carbon-based materials with low 

dimensionality, PAHs and GNRs as typical examples, this structure-property relationship is of 
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particular significance. Therefore, this introduction will focus on the engineering of peripheries 

in PAHs and GNRs, including i) the different synthetic strategies, ii) the relationship between 

the peripheral structure and electronic properties and iii) potential applications. 

 

1.1 Synthetic strategies for PAHs 

 

 

Figure 4. (a) Illustration of the two-stage synthetic protocol (“precursor route”) to p-HBC; (b) 

on-surface synthesis of tribenzo[a,g,m]coronene and STM image of PAH 10 on Au(111) 

surface. Reprinted with permission from Ref.38, copyright (2010) Springer Nature; (c) synthesis 

of ovalene via π-extension strategy. 

At the early stage of the development of PAHs, distillates directly from coal tar and 

catalytic hydrocracking of petroleum provided a straightforward approach to smaller PAHs, 

like naphthalene, anthracene, pyrene and triphenylene. Those smaller PAHs gradually adopted 

an important role in many fields of science. Along with social progress and industrial 

development, however, a more defined preparation of PAHs, i.e. organic synthesis, was 

urgently needed. Fundamental contributions to the synthesis and characterization of PAHs go 
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back to the pioneering works of Scholl, Clar and Zander. During that time, the synthesis of 

PAHs always required vigorous reaction conditions, as well high temperature and pressure. 

The development of modern synthetic methods has furnished milder synthetic methods with 

high regioselectivity to the chemistry of PAHs. 

In general, the synthetic routes to PAHs can be separated into two categories: two-stage 

synthesis and aromatic core extension. Specifically, two-stage synthesis consists of formation 

of precursors and further cyclodehydrogenation to generate the ring-fused systems. Taking 

hexa-peri-hexabenzocoronene (p-HBC) for instance (Figure 4a), hexaphenylbenzene as 

precursor is first synthesized via different ways, such as metal catalyzed cross-coupling,39 

cobalt-mediated [2 + 2 + 2] cyclotrimerization40 and Diels-Alder reaction,41 and then 

cyclodehydrogenation by subjecting the precursor hexaphenylbenzene to Scholl reaction 

provides the fully planarized p-HBC. As a newly developing field of research, on-surface 

synthesis aims at making use of defines solid surfaces, mostly single-crystal metal surfaces, as 

confinement templates to initiate chemical reactions. On-surface synthesis of planar PAHs 

from polyphenylene precursors can also proceed as two-stage synthesis (Figure 4b). As 

exemplified by the synthesis of a triangular nanographene molecule, cyclohexa-o-p-o-p-o-p-

phenylene as precursor was first synthesized in solution, followed by cyclodehydrogenation on 

a Cu(111) surface, resulting in tribenzo[a,g,m]coronene as a triangular PAH which was directly 

visualized by STM.38 So far, a majority of PAHs have been fabricated through this two-stage 

(precursor) protocol.42  

The second synthetic strategy toward PAHs based on the π-extension of existing 

aromatic cores plays an important role in the further diversification of PAHs. One typical 

example is the Diels-Alder cycloaddition  in the bay regions (concave armchair edge) of PAHs, 

which have a diene-like feature and thus can react with dienophiles, such as alkenes, alkynes, 

arynes and quinones, to make PAHs with extended π-domains.43 Based on this concept, Scott 

et al. demonstrated a synthesis of ovalene through the Diels-Alder reaction of bisanthene with 

the dienophile nitroethylene (Figure 4c).44 Moreover, different approaches for aromatic core 

extension have been reported, resulting in various PAHs with larger π-systems in past 

decades.45-53 

 

1.2 Peripheral structure makes difference in PAHs  
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Figure 5. Schematic of typical periphery of PAHs. 

The electronic nature of PAHs can be dramatically altered by changing the size of π-

conjugation and edge structure. Figure 5 illustrates typical edge structures of PAHs. According 

to Clar’s aromatic sextet rules, PAHs with only armchair (also known as bay regions) 

peripheral structuries often possess high stability since their chemical structures can be drawn 

in an all-benzenoid fashion, thus more synthetically accessible. When benzene rings are fused 

at peri-positions in a triangular manner, one obtains a full zigzag periphery (also known as L 

region) which make it not possible to draw the whole molecule in Kekulé-style resonant 

structures, resulting in one or more unpaired electrons.54 The K-region of PAHs, an isolated 

carbon–carbon double bonds not being part of a Clar sextet, can be used for further reaction.51,55 

Consequently, PAHs with K-regions offer regioselectivity during the synthesis of PAHs with 

extended π-domains.51 PAHs with cove regions normally have non-planar configurations due 

to steric congestions between the hydrogen atoms in the cove regions. Noteworthy, the edge 

structures of PAHs make impact on their chemical and physical properties, while peripheral 

heteroatom doping of PAHs offers tremendous opportunities to modulate the key electronic, 

magnetic and catalytic properties.34 

 

1.2.1 PAHs with armchair-edged structure 

 

As one of the most extensively investigated PAHs, p-HBC 8 has fully armchair-edged 

structure with seven aromatic-sextets. Pioneering works on the synthesis of HBC under mild 

conditions and with high efficiency were reported by Müllen et al.56 After that, different PAHs 

with armchair edge structures have been synthesized (Figure 6).57-62 The attachment of flexible 

aliphatic chains to the PAHs’ periphery not only provides sufficient solubility and solution 

processability, but also favors self-assembly into columnar liquid-crystalline phases.29 Owing 
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to the symmetrical disk-like shape and large π-skeleton, p-HBC with substituents has often 

been employed as a building block for the formation of discotic liquid crystals. 

 

Figure 6. Some examples of PAHs. 

Specifically, HBC can assemble into columnar structures in solution due to π-stacking 

interactions between the aromatic cores. The follow organization process, nanophase 

separation take place between the highly ordered, rigid aromatic cores and the distorted 

aliphatic chains offers final superstructures (Figure 7). The ordered and oriented columns 

intrinsically enable transport of charge carriers. It is obvious that organic materials which 

exhibit a high intermolecular charge carrier mobility are particularly favourable for the 

implementation in devices, such as field effect transistors (FETs) and photovoltaic devices. In 

2005, FET devices based on a highly ordered layer of HBC with six dodecyl chains have been 

fabricated by Müllen et al.63 A zone-casting technique was applied to prompt HBCs to adopt 

an edge-on arrangement on surfaces. The transfer and output characteristics of the devices, 

which are measured along the columnar alignment, revealed a good on-off ratio of 104 and a 

field-effect mobility of 5 × 10-3 cm2/(Vs). 
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Figure 7. Schematic of the organization of alkyl-substituted PAHs in solution. Reprinted with 

permission from Ref.29, copyright (2007) American Chemical Society. 

With regard to the molecular structure of p-HBC 8, the hexagonal symmetry suggests 

its description of “superbenzene”, in which each peripheral benzene rings can be depicted as 

one sp2 carbon in benzene. The UV-vis study of HBC revealed a weak α-band at 463 nm which 

could be ascribed to 0–0 transition forbidden because of its perfect mirror symmetry. The 

absorption maxima of HBC is located at 360 nm.64 For PAHs with armchair edge but different 

size, as illustrated in Figure 6, their optical energy gap displays a size-dependence, namely, 

larger size leads to smaller energy gap. The reason lies in the fact that larger PAHs possess 

more delocalized π-electrons. PAH 17 with 96 sp2 carbons showed an absorption at 460 nm 

with a low-energy tail extending to roughly 700 nm.60 When compared with that of 8, a large 

red shifted feature can be easily figured out, corresponding to a smaller optical energy gap for 

17. Until now, the largest armchair-edged PAHs is 19 with 222 sp2 carbons which was reported 

by Müllen et al.,62 possessing an optical energy gap as low as 1.6 eV. 

 

1.2.2 PAHs with zigzag-edged structure  

 

PAHs with either partial or full zigzag edge structures were synthesized in solution or 

on-surface. Appealing electronic phenomena have been revealed by modulating the zigzag 

edge. An exemplary case to illustrate the essence of edge engineering of PAHs is the edge 

extension of HBC (Figure 8). By adding extra π-centers (K-regions) onto the bay-region of 

fully benzenoid p-HBC, PAHs with partial zigzag edge structures can be obtained. 

Simultaneously, significant influences on electronic properties can be observed. The optical 

absorption of 20 with only one K-region appears at 380 nm, exhibiting a red shift with respect 

to the corresponding band of p-HBC 8.65 As the number of K-region increases, drastic changes 

in photophysical characteristics were observed, as evidenced by prominent red shift of the 
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absorption maxima when going from 20 to π-annelated derivatives 21 and 22 with two and 

three K-regions, respectively. A further increase of K-regions, which means more zigzag 

moieties is not easy, resulting from the lack of sufficient synthetic methods. Recently, HBC 

with four additional K-regions 23 was synthesized by Feng and Müllen et al.,66 in which four 

relatively short zigzag edges were generated. 23 displayed a significantly lowered optical gap 

when compared with that of 8 and its derivatives with one to three K-regions. By adding six 

K-regions to p-HBC, compound 24 with a full zigzag edge has attracted much theoretical 

interest, but its synthesis remains challenging and unachieved. More importantly, the K-region 

provides further options for functionalization, thus unlocking a wide range of PAH chemistry. 

For example, Müllen et al. demonstrated the selective oxidation of the K-region of a derivative 

of 20, leading to the formation of a α-diketone moiety, which was used as a building block to 

synthesize large heteroatom-containing PAHs. 

 

Figure 8. Modulation of electronic properties of p-HBC by K-region integration. 

Acenes composed of benzene rings fused in a linear fashion are a unique class of PAHs 

featuring long zigzag edges. As a prototype of organic semiconductors, pentacene has been 

studied broadly, but its practical applications were seriously hindered by its high chemical 

reactivity, being particularly vulnerable to oxygen and light. Higher acenes are generally less 
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stable. The instability issues have obstructed both their syntheses and applications. In pursuing 

the goal of higher acene fabrications, Müllen et al. developed an ingenious strategy, in which 

pentacene 26 was synthesized in the solid state via the retro Diels-Alder reactions (Figure 9a).67 

Later, Neckers and Bettinger et al. achieved a serious of higher aecenes up to nonacene 28 

through photochemical extrusion of bridging α-diketones in polymer matrices which function 

as inert atmosphere (Figure 9b).68-70 Currently, the highest acene is undecacene 30 which was 

synthesized by Godlewski and Echavarren et al. on a metal surface under ultrahigh vacuum 

(UHV) which protects the sensitive product from oxygen efficiently (Figure 9c).71 

 

Figure 9. Synthesis of different acenes with zigzag periphery: (a) pentacene; (b) higher acenes 

up to nonacene; (c) undecacene. 

There is another kind of PAHs, featuring paralleled zigzag and armchair edges (Figure 

10a), among them peri-acenes, comprising two row of linear acenes, are typical examples. In 

the large family of peri-acenes, perylene 31 represents the smallest one (Figure 10b). Lateral 

extension based on perylene leads to bisanthene 32, which is a well-known closed-shell 

structure. However, further extension creates higher homologues of peri-tetracene 33 and peri-

pentacene 34 which both exhibit open-shell diradical features, thereby posing challenges for 

syntheses. In 2018, in-solution syntheses of peri-tetracene derivatives were reported 

independently by Liu and Feng et al. and Wu et al,72,73 which revealed a singlet biradical 

character and narrow optical/electrochemical energy gap (around 1.1 eV). Although the 

synthesis of peri-pentacene in solution remains challenging, Crommie and Fisher et al. 

demonstrated a surface-assisted approach to the desired product through cyclodehydrogenation 

of 6,6’-bispentacene on Au(111) surface under UHV.74 Further extension along the 

longitudinal direction of perylene and bisanthene provided opportunities for new PAHs, 

rylenes and anthenes. For example, Kubo et al. reported teranthene 35 and quateranthene 36 

via expanding bisanthene into a longitudinal direction (Figure 10c).75,76 Electrons strongly 
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delocalized at the zigzag peripheries and biradical characters of these two anthenes have been 

revealed by the analyses of their crystal structures together with simulation. 

 

Figure 10. (a) General classification of PAHs with zigzag periphery; (b) examples of different 

peri-acenes; (c) teranthene and quarteranthene. 

 

 

Figure 11. PAHs with full zigzag-edged structures. 

PAHs with only zigzag periphery can be divided into two different categories (Figure 

11), as their smallest member represented by pyrene 37 and the phenalenyl radical 41, 

respectively. As shown in Figure 11a, being one of the full zigzag PAHs, pyrene is quite stable 

which can be interpret by its photophysical property, whose α-band was located at 372 nm.77 
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Coronene 38, also called circumbenzene, displaying D6h symmetry is another PAH with full 

zigzag edges. Its α-band located at 375 nm is identical to that of pyrene in spite of a larger 

molecular size and more extended conjugation.78 As two more sextet benzenoid rings can be 

drawn for ovalene 39 compared to bisanthene, ovalene with full zigzag-edged structure, 

showing a larger HOMO-LUMO gap, is more stable than bisanthene. Notably, ovalene 

sometimes named as circumnaphtalene. In 1991, Diederich et al. reported the first synthesis of 

a higher generation of circumacenes, namely circumanthracene.79 The other category of fully 

zigzag-edged PAHs has a in triangular shape (Figure 11b). The phenalenyl radical 41, in which 

three benzene rings are fused in a triangular manner with a spin delocalized over the completely 

molecular skeleton, represents the most fundamental and widely explored member of this 

family.80 The first study of phenalenyl radical dates back to the 1950s and it was found to be 

so reactive that it can be only handled in degassed solution under inert atmosphere.81 For 

applications of phenalenyl radical, kinetically stabilizing the reactive sites by bulky substitutes 

is necessary. Accordingly, the synthesis of higher homologues of phenalenyl radical is much 

more challenging. π-Extension of phenalenyl radical in a triangular way leads to triangulene 

42 which keeps two unpaired electrons. Synthesis and characterization of pristine triangulene 

has not been achieved because of its extreme reactivity. Only recently, Pavliček et al. reported 

the on-surface synthesis of it under UHV.82 The planar structure with high-spin ground states 

were revealed by STM, which makes it potentially useful in organic spintronic devices. 

 

1.2.3 PAHs with cove-edged structure 

 

Armchair and zigzag edges are the most appealing peripheral structures in PAHs, 

however, when overlooking the development of PAH chemistry, PAHs with contorted 

structures have gained more and more attentions.83,84 One direct molecular feature integrated 

into the design of this contorted configuration is benzophenanthrene 43 (Figure 12), which is 

also known as [4]helicene (the number indicating how many benzene rings are ortho-fused 

together). The four ortho-fused benzene rings construct the cove periphery. The steric 

congestion caused by the two hydrogen atoms in the cove region results in a non-planar π-

skeleton of [4]helicene. The cove structure has been widely used for the fabrication of PAHs 

with non-planarity, yielding novel electronic and supramolecular properties.85,86 
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Figure 12. [4]Helicene with cove-edged structure. 

 

 

Figure 13. Cove-edged PAHs featured with contorted configurations. 

A representative example is contorted HBC (c-HBC) 44 featuring six cove regions 

which was first reported by Clar in 1965 et al.87 and later by Nuckolls et al.88 (Figure 13a) with 

a more efficient synthesis. Single-crystal X-ray diffraction data reveals the nonplanarity of c-

HBC with the exterior benzo-groups at the cove regions folding alternatively above or below 

the π-plane. When compared with the fully planar benzenoid p-HBC, c-HBC displays 

reasonable solubility in chloroform or xylene with an intense red fluorescence with emission 

bands at 616 and 627 nm. In spite of a large π-electron number of 48, the absorption spectrum 

of c-HBC displays a blue shifted feature when compared to that of c-HBC. FET devices based 

on c-HBC with four dodecycloxy chains exhibit a charge-carrier mobility of 0.02 cm2v-1s-1 and 

high on-off current ratio of 106.88 Moreover, a larger contorted PAH, octabenzocircumbiphenyl 

(c-OBCB) 45, with six cove-edged regions was reported by Nuckolls et al89 in 2013 (Figure 

13b). Tetradodecyloxy-substituted c-OBCB exhibits a good solubility in solvents like 



Chapter 1. Introduction 

15 

 

chloroform and o-xylene. Strong absorbances at 411 nm, 433 nm and 493 nm are found, which 

is red shifted by about 65 nm when compared to that of c-HBC. Besides, organic photovoltaic 

devices based on tetradodecyloxy-substituted c-OBCB give power conversion efficiencies of 

2.9 % under 100 mW cm2 illumination. Another two PAHs with cove-edge region were 

reported by Liu et al. in 2011,90,91 as shown in Figure 13c and d. By far, PAHs with cove 

periphery are still less explored. 

 

1.2.4 PAHs with heteroatom-doped peripheral structure 

 

 

Figure 14. PAHs with N-doped zigzag periphery. 

PAHs with zigzag periphery, for example peri-acenes, are particularly appealing for 

their localized edge states that are spin-polarizable, making them promising for the 

implementation of magnetic and spintronic applications. However, their syntheses and 

characterizations are largely hampered by the issue of stability. Edge heteroatom-doping 

provides a solution for stable PAHs with zigzag edge. In 2014, Beljonne, Feng, and Müllen et 

al.92 announced the synthesis of N-doped zigzag peripheries with dibenzo-9a-azaphenalene as 

a basic unit (Figure 14). Monomer 49 (Figure 14a) and dimer 51 (Figure 14b) were successfully 

obtained. The dibenzo-9a-azaphenalene is highly reactive when taking a look at its diradical 

and zwitterionic azomethine ylide resonance structures. The UV-vis absorption spectra of 49 

and 51 recorded in situ under inert conditions exhibit broad absorptions at 580 nm and an 

absorption maximum at 751 nm, respectively. This large red shifted absorption of 51 compared 
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to that of 49 stems from not only the extended conjugation but also an additional quinoid 

resonance, stabilizing the two nitrogen centers (Figure 14b). 

In addition to mono-heteroatom doping, Zhang and Feng et al. demonstrated multiple 

heteroatoms doped zigzag edges.93 Nitrogen-boron-nitrogen (NBN)-doped zigzag peripheries 

52 and 53 (Figure 15) based on the 1,9-diaza-9a-boraphenalene structural motif were 

synthesized. Alternatively arranged nitrogen and boron atoms impart high chemical stability to 

the zigzag-edged periphery. The UV-vis absorption maxima for 52 appear around 350 nm, 

while shifted further to 435 nm for dimer 53. 4.5,12.13-Dibenzoheptazethrene 54 reported by 

Clar et al.94 is an all-carbon analogue of 53, displaying an absorption at 572 nm which is by 

137 nm greater than that of 53. A larger optical energy bandgap of 53 (2.74 eV) can be deduced, 

thus a higher stability can be demonstrated just by incorporating multi-heteroatoms at the 

periphery. 

 

Figure 15. PAHs with NBN-doped zigzag periphery and all carbon zigzag periphery. 

As mentioned previously, peri-acenes are an important family of PAHs with zigzag-

edged structure but are highly instable under ambient conditions, especially those larger than 

bisanthene. To overcome the issue of instability, Müllen’s group reported an efficient approach 

for the synthesis of peri-tetracene and peri-hexacene analogues through OBO-doping at the 

zigzag sites (Figure 16). In solution, OBO-doped peri-tetracenes were obtained via a tandem 

demethylation-aryl borylation strategy (Figure 16a).95 An intense absorption at 430 nm was 

found for 56b, displaying a large blue-shifted absorption pattern when compared to that of its 

all-carbon analogue 57.72,73 The optical bandgap estimated from the lowest energy absorption 

onset is 2.84 eV for 56b, while 1.11 eV for 57, indicating that the OBO-doped bistetracene 

analogue exhibits excellent stability in contrast to the unstable all-carbon bistetracene. 

Moreover, by utilizing the the on-surface synthesis, OBO-doped peri-hexacene 59 was 

successfully formed on Au(111) surface by applying a precursor with helical feature under 

visualization with scanning probe techniques (Figure 16c,d).96 To date, this OBO-doped peri-

hexacene turns out to be the longest peri-acene analogue. In the meantime, the success in 
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obtaining such peri-acence anologues highlights the importance of combining in-solution and 

on-surface chemistry to pursue a further variety of PAHs with different peripheral structures. 

 

Figure 16. (a) Synthesis of OBO-doped peri-tetracene 56; (b) all-carbon peri-tetracene; (c) 

surface-assisted synthesis of OBO-doped peri-hexacene 59; (d) nc-AFM images of 59 on 

Au(111) surface. Reprinted with permission from Ref.96, copyright (2017) American Chemical 

Society. 

 

 

Figure 17. Synthesis of N-doped HBC 61 incorporating pyrimidine rings. 

Inspired by the synthetic method for p-HBCs, incorporating heteroatoms into the p-

HBC skeleton just by replacing phenyl groups with other heteroaromatic rings in the 

hexaarylbenzene precursor appears straighforward. Indeed, Draper et al. synthesized the first 

N-doped HBC 61 in 2002 through cyclodehydrogenation of the corresponding pyrimidine-

substituted precursor (Figure 17).97 The UV-vis spectrum of N-doped HBC exhibits the 

characteristic bands of p-HBC but a new band at 372 nm and reduced extinction coefficient. 
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The incorporation of pyrimidine rings endows PAH with electron-accepting properties as 

compared with the parent HBC. Furthermore, the N atoms in the bay region serve as a 

coordinating site with transition metals (e.g., Pd(II) and Ru(II)). Such metal complexes display 

profoundly changed absorption and emission properties. 

 

Figure 18. Syntheses of PAHs with S-doped periphery. 

Fusing or embedding thiophene rings at the periphery leads to PAHs with S-doped edge 

structure. In 2007, Müllen et al.57 synthesized tribenzothiophene HBC 63a through 

cyclodehydrogenation of tailor-made precursor 62 as the first example of PAHs with S-doped 

periphery (Figure 18a). UV-vis and fluorescence spectra of 63a exhibit a blue shift of 10 nm 

and about 30 nm, respectively, as compared to that of HBC. Besides, a series of derivatives 

63b,c with  alkoxyl and alkyl chain were also reported by the same group, in which an obvious 

variation of HOMO and LUMO levels was observed. In 2011, Draper et al.98 figured out 

another strategy to directly embed thiophene ring into S-doped HBC analogue 65 (Figure 18b). 

Notably, a dimerized product of 65 was also found during the cyclodehydrogenation process. 

The UV-vis absorption spectrum of 65 displays two intense peaks at 358 and 369 nm, 

respectively, similar to that of HBC, but a longer wavelength absorption. 
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1.2.5 PAHs with functionalized periphery 

 

Halogenation, which has been used as reliable technique in graphene research for 

bandgap opening,99,100 also serves as powerful tool for the engineering of physical and 

electronic properties of PAHs. An efficient edge chlorination protocol for large PAHs with an 

excess amount of iodine monochloride and a catalytic amount of aluminum chloride have been 

developed by Feng and Müllen et al. in 2013.101 PAHs with different size, featuring chlorinated 

edge have been synthesized (Figure 19). Significantly, a greatly enhanced solubility has been 

observed for the chlorinated products. More interestingly, the absorption bands of those edge 

chlorinated compounds displayed a significant red shift with respect to their pristine molecules, 

leading to a decreased optical bandgap. Furthermore, due to the electron-withdrawing effect, 

chlorine atoms have an obvious consequence of lowering the energetic position of the frontier 

molecular orbitals. Most importantly, chlorine atoms at the edge provide a new window to the 

further functionalization of large PAHs.102-104  

 

Figure 19. Examples of PAHs with edge chlorinated periphery. 

As an approach toward graphene functionalization, hydrogenation can break C=C 

bonds, generating randomly distributed sp3-hybridized carbon centers and dramatically change 
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graphene from semimetal (pristine) to bandgap opened semiconductor (partially hydrogenated), 

and then to insulator (fully hydrogenated, graphane). Similarly, hydrogenation of PAHs 

possesses great advantages for electronic property modulation. Unlike the use of techniques 

such as a hydrogen plasma for graphene hydrogenation, Müllen et al.105 reported hydrogenation 

of p-HBC derivatives 73 under a moderate hydrogen pressure with the presence of 

commercially available palladium on activated carbon as catalyst, resulting in stereoselective 

generation of peralkylated coronenes (Figure 20a). As indicated by the profile of absorption 

spectra, the new substituted coronene exhibits a red shift by approximately 25 nm to that of 

pristine coronene (Figure 20b). It is worth noting that a different aromatic core featuring 

alkylated periphery was obtained efficiently via a totally opposite fashion of π-extension. 

Altogether, these enlightening results offer a great promise and this is, not more and not less 

than a completely different strategy to fabricate PAHs with unique π-skeletons. 

 

Figure 20. (a) Regioselective hydrogenation of p-HBC derivatives 73 toward peralkylated 

coronenes 74; (b) UV-vis spectrum of coronene and 74. Reprinted with permission from Ref.105, 

copyright (2004), American Chemical Society. 

 

1.2 Synthetic strategies for GNRs 

 

Generally, GNRs can be fabricated via either “top-down” or “bottom-up” approaches. The 

former involves the use of some other carbon allotropes such as graphene sheets and carbon 
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nanotubes as starting materials (Figure 21). Specifically, lithography techniques which are 

frequently used in semiconductor industry have been applied to the fabrication of GNRs 

through graphene “cutting”.106 Besides, unzipping CNTs along the longitudinal direction via 

solution-based oxidative treatment107 or exploiting transition metal particles (e.g. Co, Ni, or 

Cu) as chemical scissors to cut CNTs108 or polymer-protected plasma etching has also turned 

out be effective way.109 A wide range of GNRs with width differing from over 500 nm down 

to sub 5 nm thus have been fabricated through the “top-down” protocol.110 However, 

drawbacks cannot be avoided for “top-down”, entailing unidentified structural disorder and 

defects as well as imprecise edge structure, which are unfavourable for the performance of the 

resulting GNRs. Besides, when GNRs with sub-2-nm width, a practical energy bandgap can be 

achieved, however, it still remains challenging to achieve widths as narrow as 1–3 nm by means 

of top-down methods, not to mention the limited control over the edge structure.  

 

Figure 21. Top-down synthesis of GNRs. Reprinted with permission from Ref.110, copyright 

(2012) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Bottom-up synthesis including solution-mediated and surface-assisted protocols 

appears more promising for atomically precise GNRs (Figure 22). Based on rational design 

and synthesis of molecular precursors, GNRs with well-defined width and atomically precise 

edge structure can be obtained. The most representative work on in-solution synthesis of GNRs 

was reported by Muellen et al.111 in 2014 via AB-type Diels–Alder polymerization followed 

by cyclodehydrogentaion, leading to GNRs with much longer length than that of through AA-

type Yamamoto112 or A2B2-type Suzuki polymerization113 methods (Figure 22a). Pioneering 

work of on-surface synthesis was developed by Müllen and Fasel et al114 through direct growth 

of GNRs on metal surfaces under UHV conditions (Figure 22b). Simultaneously, the 

atomically precise structures of resulting GNRs can be clearly visualized in situ by using state-
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of-the-art high-resolution STM and nc-AFM. On-surface synthesis of GNRs has become a 

popular approach in the field of GNR research nowadays. 

 

Figure 22. Bottom-up synthesis of GNRs: (a) In solution synthesis; (b) on surface synthesis. 

 

1.3 Peripheral structure makes difference in GNRs 

 

Until now, armchair GNR and zigzag GNR are two representative cases that have 

attracted the greatest interest in the GNR field (Figure 23a, b). The number of carbon atoms 

across the ribbon has been used to distinguish ribbons with different widths. For example, the 

armchair GNR shown in Figure 24a, N = 9 is typically referred to 9-AGNR, whereas for the 

zigzag GNR shown in Figure 24b, N = 6 is 6-ZGNR. In 1996, Nakada et al.116 first revealed 

that the electronic properties of armchair and zigzag GNRs are quite different through tight-

bonding calculations. AGNRs can be divided into three families with N = 3n, 3n + 1, and 3n + 

2, where n is a positive integer. Compared to AGNRs from N = 3n and 3n + 1, GNRs from N 

= 3n + 2 have much lower bandgaps.115,117 While the bandgaps of each family decrease as the 

ribbon widths increase, suggesting that the bandgap is inversely proportional to the ribbon’s 

width (Figure 23c). Nevertheless, unlike AGNRs, ZGNRs are predicted to have nonbonding 

edge states that can be manipulated via an external electric field, promising for the application 

of spintronics.115,118 Besides, bandgaps of ZGNRs display smaller width dependence than that 

of AGNRs. Moreover, as demonstrated in Figure 23d, ZGNRs with width narrower than 7 nm 

and an electronic bandgap of about 0.2–0.3 eV are semiconductors. Further increasing the 

ZGNRs width, a semiconductor-to-metal transition is observed.115 
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Figure 23. (a, b) Chemical structures of N = 9 armchair GNRs (9-AGNRs) and N = 6 zigzag 

GNRs (6-ZGNRs) with illustration of width N; (c, d) bandgaps in AGNRs and ZGNRs as a 

function of ribbon widths. Reprinted with permission from Ref.115, copyright (2014), Springer 

Nature. 

 

1.4.1 GNRs with armchair-edged structure 

 

In 2008, Müllen et al.113 first established a pioneering method for the solution synthesis 

of N = 9 GNRs with armchair-edged structure (9-AGNRs) through A2B2-type Suzuki 

polymerization, followed by cyclodehydrogenation of the polyphenylene precursor (Figure 

24a). Notably, the introduction of alkyl chains to 84 brings about sufficient solubility in 

common solvents such as dichloromethane and tetrahydrofuran, which is promising for 

solution processing. The UV-vis spectrum of 84 shows an intense absorption at 485 nm but a 

significant red shift of around 200 nm compared to that of 83, confirming the extended aromatic 

system of 84. While synthetically remarkable, A2B2-Suzuki polymerization is challenging to 

approach GNRs with high molecular weight due to the difficulties of avoiding stoichiometric 

imbalances between two monomers. An improved AB-type Suzuki polymerization was 

reported by Dong’s group119 in 2016 via the designed monomer of 2,3-bisarylated 4-
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bromophenylboric acid ester 85 (Figure 24b). The polyphenylene precursor 86 with a 

molecular weight of 30.6 KDa was synthesized and a polydispersity index of 1.40. Upon 

cyclodehydrogenation, the resulting N = 9 armchair GNR 87 exhibits semiconducting 

properties with a bandgap of approximately 1.1 eV as characterized by U-vis-NIR spectroscopy 

as well as cyclic voltammetry. Besides, the absorption band founded at 900 nm indicates the 

largely extended π-skeleton of 9-AGNRs. Besides, the feasibility of large-scale production 

makes this kind of armchair-edge GNRs promising for electronic applications, logic transistors 

for example. 

 

Figure 24. In-solution synthesis of GNRs with armchair periphery: (a) A2B2-type Suzuki 

polymerization; (b) AB-type Suzuki polymerization. 

Proving the structural characteristics of such AGNRs synthesized in solution at the 

atomic level remains a challenge task. Therefore, on-surface synthesis combining with the 

state-of-the-art of scanning probe techniques is valuable, which enabled an in situ visualization 

of the obtained GNRs and further detection of its electronic property. In 2010, the seminal work 

of Müllen and Fasel et al.114 demonstrated the on-surface synthesis of N = 7 GNR with 

atomically smooth armchair edges. 10,10’-Dibromo-9,9’-bianthryl 78 was used as precursor, 

which underwent metal-surface-assisted homocoupling to form linear polymer. Subsequent 

thermal-induced cyclodehydrogenation directly furnished GNR 80 on a metal surface (Figure 

25). The metal surface serves as not only substrate for supporting, but also catalyst for biradical 

formation and coupling. High-resolution STM unambiguously revealed the well-defined 

structure of 7-AGNRs at an atomic level. Besides, STS characterization gives a bandgap of 2.3 

eV for this 7-AGNR supported on Au(111). This work has become a game changer in the field 

of GNRs fabrication and opened up a new field of on-surface synthesis of atomically precise 
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GNRs. Since 2010, the surface-assisted synthesis has become a popular and reliable strategy 

for the preparation of atomically precise GNRs. Various GNRs with different widths, featuring 

armchair-edged structure have been made, such as 5-AGNRs,120,121 9-AGNRs122 and 13-

AGNRs,123 intriguing electronic properties have been revealed. 

 

Figure 25. Surface-assisted synthesis of 7-AGNRs. High-resolution STM images were 

reprinted with permission from Ref.114, copyright (2010), Springer Nature. 

 

1.4.2 GNRs with zigzag-edged structure 

 

Unlike armchair GNRs, the research in bottom-up synthesis of GNRs with zigzag 

periphery is remaining largely underdeveloped. Considering the model compound of ZGNRs, 

i.e. peri-acenes, either the difficulty of precursor synthesis or the intrinsic instability explain 

the difficult access to ZGNRs in solution. Nevertheless, the problem can be eliminated by 

surface-assisted synthesis under UHV, which prevents side reactions of oxidation and stabilizes 

the resulted conjugated structure by interaction with the metal surface. Although on-surface 

synthesis provides a feasible approach, ZGNR’ syntheses are beyond the strength of 

conventional surface-assisted linear benzene-benzene coupling, which is efficient for AGNRs. 

Thus, a new precursor design concept is particularly needed and pivotal. 
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Figure 26. (a) Surface-assisted synthesis of 6-ZGNRs; (b) nc-AFM image of 85; (c) 

experimental dI/dV map of 90 on sodium chloride substrate; (d) theoretical dI/dV map of 90 .(c) 

and (d) were reprinted with permission from Ref.33, copyright (2016), Springer Nature. 

A landmark breakthrough has been made by Müllen and Fasel et al.33 in 2016. In their 

work, the atomically precise 6-ZGNRs was achieved from a rationally designed umbrella-

shaped monomer 88 possessing a short zigzag edge intrinsically and methyl groups (Figure 

26a). Those two protruding methyl groups underwent oxidative cyclization with the 

neighbouring benzene rings to form full zigzag edges on Au (111) surface under UHV. It is 

worth to mention that only the synthesis of 88 took 14 steps, highlighting the indispensable 

role of demanding chemistry in the bottom-up fabrication of GNRs. nc-AFM imaging with a 

CO-functionalized tip enables the direct observation of local bond formation, which clearly 

proves the edge morphology of 6-ZGNRs 90 (Figure 26b). Because of the strong electronic 

coupling between the ribbons and metal surface, the detection of the electronic edge states of 

6-ZGNRs on Au(111) surface becomes difficult. However, by manipulation with the STM tip, 

6-AGNR can be directly dragged onto post-deposited insulating sodium chloride island, the 

effect of metal substrate thus is excluded and local electronic edge state is observed which is 

well consistent with theoretical predictions (Figure 26c,d). Up to now, the synthesis of 

atomically precise GNRs with zigzag periphery has been rarely reported. To investigate the 

width-dependent properties, ZGNRs with a variety of width should be explored. This remains 

a long-term goal in GNR research. 
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1.4.3 GNRs with heteroatom-doped edge structure 

 

Doping of GNRs is a key aspect to fully develop the possibilities of these nanostructures 

as alternative material for semiconductor applications, since heteroatoms have been expected 

to modify either electronic properties or assembly behaviour of GNRs. In 2013, N-doped 

chevron-type GNR was reported by Bronner, Hecht, and Tegeder et al.124 through applying 

4,4’-(6,11-dibromo-1,4-diphenyltriphenylene-2,3-diyl)dipyridine 91 as precursor on Au(111) 

surface synthesis (Figure 27a). Later, the precise structure of N-doped GNR 92 was revealed 

by high-resolution STM.125 Interestingly, due to the attractive N⋯H interactions, N-doped 

GNRs took a side-by-side alignment (Figure 27b). Furthermore, the N-doping makes no 

significant changes in the bandgap, while simultaneously lowering the energy levels of the 

valence and conduction bands of peripheral N-doped GNRs. In 2014, Müllen and Fasel et al.126 

reported the on-surface synthesis of a GNR composed of alternating N-doped and pristine 

chevron-type ribbon segments (Figure 27c), which represents the first example of a molecular 

p-n junction in a single-GNR 95 (Figure 27d,e). Significantly, this N-doped GNR 

heterojunction represents the first example of a molecular p–n junction in single-GNR, 

exhibiting a band offset of approximately 0.5 eV and and an electric field of 2 × 108 V m–1. 

 

Figure27. (a) Surface-assisted synthesis of N-doped chevron-type GNR 92. (b) High-

resolution STM image of GNR 92, displaying a side-by-side alignment via the inter-ribbon 
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N⋯H interactions. Reprinted with permission from Ref.125, copyright (2014) AIP Publishing 

LLC. (c) Surface-assisted synthesis of GNR heterojunction 95. (d,e) STM images of GNR 

heterojunction 95, with N-doped and pristine GNR segments highlighted in blue and light gray 

dash lines, respectively. Reprinted with permission from Ref.126, copyright (2014) Macmillan 

Publishers Ltd. 

 

Figure 28. (a) Surface-assisted synthesis of Chevron-type GNRs featuring O-doped periphery; 

(b) bond-resolved STM image of 97; (c) bond-resolved image of heterojunction 98. (b) and (c) 

were reprinted with permission from Ref.127, copyright (2017), Springer Nature. 

Later on, another type of GNR heterojunction was described by Louie, Fischer and 

Crommie et al.127 Starting from a single precursor molecule 96, which contains sacrificial 

carbonyl groups, chevron-type GNRs featuring a regular pattern of 9H-fluoren-9-one 

substituents along their convex edges were prepared on Au(111) surfaces (Figure 28a). Bond-

resolved STM clearly proves the chevron-type GNR backbone as well as the 

cyclopentadienone groups derived from fluorenone substituents (Figure 28b). The resulting 

bandgap for fuorenone GNR 97 is 2.33 eV, smaller than that of the pristine chevron-type GNR 

by 0.20 eV. Upon further thermal annealing, all of the carbonyl groups were cleaved within 

localized segments of fluorenone GNRs, thus a heterojunction consisting of a segment of 

decarbonylated chevron GNR and a segment of fluorenone GNR was formed (Figure 28c). 

STS measurements revealed that the bandgap of functionalized and unfunctionalized 

nanoribbons is quite different, thus an effective field of 5 × 108 V m–1 across the GNR 98 

heterojunction interface is generated, which are of considerable interest for future application 
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in nanoelectronics. Through molecular engineering of the triphenylene-based monomers, 

Louie and Fischer et al. further succeeded in making heteroatom-doped chevron-type GNRs 

with trigonal planar S-, N-, and O-dopant atoms.128 A characteristic shift of valence band and 

conduction band as well as reduced bandgap were observed for the doped GNRs.  

In 2017, two independent works on S-doped GNRs were reported. One describes the 

on-surface synthesis of S-doped GNR 100 by employing 6,11-dibromo-1,4-diphenyl-2,3-di-

(thien-3-yl)-triphenylene 99 as the monomer (Figure 29a).129 Because of the rotation of the 

single bonds connecting thienyl rings and the triphenylene core, different isomers are obtained 

when deposited onto the Au(111) surface. Further polymerization and cyclodehydrogenation 

on Au(111) surface result in different S-doped GNR segments (Figure 29b), giving rise to a 

sequence of tunable bandgaps, as confirmed by experimental STM and STS as well as 

theoretical DFT calculations. The other study demonstrated a S-doped 13-AGNR 102 by 

applying a precursor of 10,10’-dibromo-9,9’-bisanthracene 101 featuring (2-phenyl)thiophene 

substituents followed by the on surface protocol (Figure 29c,d).130 

 

Figure 29. (a) Surface-assisted synthesis of S-doped GNR 100; (b) STM images of GNR 100; 

(c) surface-assisted synthesis of S-doped GNR 102; (d) STM image of GNR 102. (b) was 

reprinted with permission from Ref.129, copyright (2017) Tsinghua University Press and 

Springer-Verlag GmbH Germany. (d) was reprinted with permission from Ref., copyright 

(2016) American Chemical Society. 
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The bottom-up synthesis of GNRs with multiple heteroatom-doped edge structure is 

much less described compared to that of single heteroatom-doped. However, the study and 

understanding of the doping effects of multiple heteroatoms on electronic properties is of 

particular significance. Thus, in 2018, Fasel, Müllen and Narita et al.131 claimed the surface-

assisted synthesis of the first oxygen–boron–oxygen (OBO)-doped chiral (4,1)-GNR 104 from 

the rationally designed precursor 6,16-dibromo-9,10,19,20-tetraoxa-9a,19a-

diboratetrabenzo[a,f,j,o]perylene 103 (Figure 30a). The structure of the OBO-doped chiral 

GNRs is corroborated by STM and nc-AFM (Figure 30b-d). STS study demonstrates that this 

OBO-doped GNR has a larger bandgap of 3.33 eV when compared to that of all-carbon chiral 

(4,1)-GNR, which can be ascribed to the weak conjugation of the pz orbitals of the OBO 

segments with the extended π-system of the carbon backbone of the GNR. Furthermore, the 

OBO-doped GNRs are found to laterally align on the Au(111) substrate, arising from 

interribbon O···H interactions. This unique self-assembly property of this kind of OBO-doped 

GNRs could hold great promises for the application in GNR-based devices since a good 

connection between electrodes could be achieved. 

 

Figure 30. (a) Surface-assisted synthesis of the OBO-doped (4,1)-GNR 104. (b) Large-area 

STM image and (c) high-resolution STM image of GNR 104 on Au(111). (d) nc-AFM of GNR 

104. Images were reprinted with permission from Ref., copyright (2018) American Chemical 

Society. 
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1.4 GNR theory: topological phase 

 

Materials in nature can be basically divided into three categories: conductor, semiconductor 

and insulator, based on their electric transport property. In a conductor, such as a metal, there 

is no energy gap between the valence band (VB) and conduction band (CB), and electrons can 

flow from VB to CB easily, realizing electric conduction (Figure 31a). For an insulator, the 

energy gap lies between VB and CB is quite large, and makes electrons hard to jump from VB 

to CB, thus disallowing electrical conduction (Figure 31c). For a semiconductor, the energy 

gap can be covered by an appropriate external excitation, like an electrical field, thus generating 

conductivity (Figure 31b). 

In 2016 the Noble Prize in physics has brought a new member into the classification of 

materials, the topological insulator. Comparing with normal insulator which keeps a totally 

opened energy gap, topological insulator behaves as insulator in its interior but whose surface 

or edge contains a gapless state (Figure 31d). The zero energy boundary state is protected by 

the intrinsic topological property of materials, thus defects or impurities in topological 

insulators cannot impose any influence on it. Simultaneously, electrons with different spin only 

move along within different edge of topological insulators. These unique properties of a 

topological insulator could bring promising applications in electronics. It has attracted 

enormous attention from scientists and engineers which seem to be confused and frustrated by 

“the ending of Moore’s law is approaching”. 

 

Figure 31. Band structures of (a) metal; (b) semiconductor; (c) insulator; and (d) topological 

insulator. 
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The more and more shrunken size in semiconductor devices has caused vast energy 

losses and heat production. When looked upon from classic thermodynamics, this is because 

of the chaotic motion of electrons, and concomitant collisions, like cars in a traffic jam (Figure 

32a). However, in a topological insulator this kind of situation can be totally avoided, electrons 

can move smoothly and rapidly, just analogous to cars drives in two-lane highway (Figure 32b). 

The advent of topological insulators will greatly promote the development of the electronics 

and semiconductor industry. As an achievement great significance, Zhang et al.132,133 have 

initially brought the topological insulator, HgTe, into reality. 

 

Figure 32. Illustration of (a) traffic jam in chips today; (b) info highways for the chips in the 

future. 

 

 

Figure 33. (a) The two degenerate structures in trans-polyacetylene based on SSH model; (b) 

a soliton separates the two degenerate structures. 

The theoretical and experimental study of topological phases is nowadays concentrating 

on either 2D or 3D inorganic materials, like HgTe, Bi2Te3 and Sb2Te3, but topological phases 

in 1D materials have remained a matter of theory, while there is no experimental evidence. The 

earliest theoretical research into 1D materials with topological phase can be traced to the 

introduction of the SSH model by Su, Schrieffer and Heeger134,135 in which the concept of 

solitons in conducting polymers has been raised to explain the conductivity of trans-
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polyacetylene. The thermodynamically stable configuration of polyacetylene is a sequence of 

alternating single and double bonds, thus, there are two different states in linear conjugated 

polyacetylene, as shown in Figure 33a. When those two modes of bond arrangement coexist in 

one polyacetylene chain, a structural “defect” is created at the interface, which is soliton 

(Figure 33b). Intriguingly, interfaces between these two states are related to zero energy 

boundary states. A soliton can propagate along within a polyacytylene chain, leading to 

conductivity. In particular, as described by the SSH model, for a finite chain of polyacetylene 

there are gapless topological states localized at its ends. The key component in the SSH model 

is an alternation of weak and strong coupling strength between neighbouring orbitals of carbons. 

Recently, Louie et al.136 introduced the classification of topological phase in AGNRs. 

According to their theoretical works, AGNRs can be classified into a topological trivial 

category and a topological non-trivial category based on its width and terminating unit cell. An 

integer 0 or 1, called Z2 topological invariant, is introduced to describe the difference. Z2 = 0 

indicates a trivial topological insulator, whereas Z2 = 1 demonstrates a nontrivial topological 

insulator. Topology is the mathematical study of global properties of an object preserved under 

continuous deformations and characterized by invariants. The global properties are stable and 

only change in integer steps. For example, a bun has zero hole, while a donut keeps one and a 

pretzel has two holes, thus, the number of holes is topologically invariant that is always an 

integer but never anything between. Interestingly, when two kinds of AGNRs possessing 

different topological invariants combine together, a zero energy state can be produced at the 

interface. There are two possible junctions which can be formed when 7-AGNRs connect with 

9-AGNRs, as shown in Figure 34. For the nonsymmetric junction, both the 7-and 9-segments 

have Z2 = 1, which is topologically equivalent, therefore, there is no interface state. While for 

the symmetric junction, 7-AGNRs shift laterally with 9-AGNRs, leading to topological 

inequivalence between these two segments, and one localized interface state emerges as a result. 

 

Figure 34. Heterojunctions formed with N = 9 and N = 7 armchair graphene nanoribbons (9-

AGNR/7-AGNR) between two (a) topologically equivalent segments and (b) topologically 

inequivalent segments. 
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Theoreticians have predicted such topological phases in 1D systems, however, it is desirable 

to rationally engineer topological phases into materials with stability and processibility to 

exploit the corresponding properties. The above described chemical approach has offered 

absolute structure control of 1D materials at the atomic level, on-surface synthesis for example, 

and thus can serve as an enabling strategy to develop unprecedented topological phases 

featuring exceptional properties. 

 

1.5 Objectives and motivation 

 

Heteroatom-doped PAHs have long been used as chromophores and semiconducting 

materials. The rise of graphene at the turn of 21st has created a new impetus for research into 

atomically precise heteroatom-doped PAHs, which serve as model systems to establish concise 

structure-property relationships on graphene. Much beyond their role as model systems, 

heteroatom-doped PAHs with different sizes and edge structures, already in their own right, 

facilitate the development of material science extensively by their intriguing photophysical 

properties, being explored as NIR-active dyes, two-photon absorbers and fluorescence sensors. 

Noteworthy, except the size and peripheral structure of PAHs, attention should also be paid to 

the type and position of heteroatom doping. Heteroatom-doping of PAHs also promotes the 

synthesis of stable π-systems with charges or spins. 

 

Figure 35. Structure of oxaborin-annelated pyrene derivatives. 

As depicted in previous sections, PAHs with zigzag periphery exhibit unique electronic 

properties thanks to the spin-polarized states at zigzag sites. Despite such appealing 

characteristics, their syntheses and characterizations are hindered by the low stability. 

Heteroatom doping of all-carbon zigzag edges provides an opportunity to stabilize PAHs 

featuring zigzag periphery. Extending π-conjugated cores by fusing heteroatoms has uncovered 

not only intriguing electronic properties, but is also of particular interest for self-assembly, 
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showing promising applications in photonics and optoelectronics. Nevertheless, examples of 

PAHs with heteroatom-doped edges are still scarce, which is ascribed to the lack of efficient 

synthetic protocols. This, in turn, is an obstacle for developing new types of functional 

materials with unique properties. In chapter 2, a new kind of oxaborin-annelated pyrene-based 

chromophores featuring zigzag peripheral structure was synthesized via tandem 

demethylation-borylation reaction (Figure 35). The direct π-extension at chemically inert non-

K-region of pyrene with multiple heteroatoms provides a new access to photonic and 

optoelectronic materials. 

 

Figure 36. π-Truncation towards peralkylated circumbiphenyl. 

As mentioned before, the synthesis of large PAHs is mainly dominated by either the 

two-stage strategy or the π-extension approach. Indeed, exciting PAHs featuring different 

shapes, sizes and edge structures have been targeted. However, for the synthesis of some PAHs 

with unique π-skeleton and periphery, such as circumbiphenyl, those two approaches can only 

play a limited role. Noteworthy, the properties of PAHs are primarily dependent on its aromatic 

core structure and thus the synthesis of different aromatic structures is essential. The 

aforementioned protocols towards PAHs are the “expansion” of the aromatic cores. 

Nevertheless, there are only very limited examples to obtain certain PAH structures starting 

from larger PAHs, namely by “shrinking” the aromatic cores. Inspired by the hydrogenation of 

HBC, in chapter 3, a π-truncation strategy was first developed to acquire a circumbiphenyl core 

with alkylated edge structure. Distinguished from the aforementioned ways, in this π-truncation 

motif, a large PAHs consisting of 60 sp2 carbons featuring armchair edges served as starting 

material for PAHs with unique aromatic core and edge (Figure 36). Remarkably, hydrogenation 

only restricted to the peripheral sites, displaying high regioselectivity. Characterizations on the 

resulted peralkylated circumbiphenyl revealed interesting optoelectronic properties, offering 

promising applications in future nanoelectronics as optical gain materials.  

Since the seminal work of Müllen and Fasel et al on atomically precise GNRs, 

researches into GNRs field have attracted tremendous attentions. Intriguing properties of GNRs 
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with different widths and peripheral structures have been uncovered, especially related to spin-

localized state in GNRs with full zigzag-edge structure. Recently, devices based on bottom-up 

synthesized GNRs have been realized, which takes a step further towards the promising 

applications of GNRs in future electronics, such as transistors and spintronics. It is noticeable 

that interdisciplinary collaborations among chemists, physicists and material scientists have 

played an indispensable role in the achievements of GNRs. Curiosity has always pushed human 

beings to unceasingly explore new domains. Is there any unexplored aspect about GNRs? As 

discussed above, topological insulators have become one of the hottest research fields of 

condensed physics, and until now 2D and 3D materials with topological phase have been 

studied, but 1D materials with topological phases is still in the dark. GNRs with atomically 

precise structures are typical 1D materials, without doubt, they are ideal candidates to verify 

the existence of topological phases. Even though, computational works have predicted such 

topological phases, experimental evidence is missing due to the great difficulty encountered in 

material fabrication. Chemistry-wise, in chapter 4, two kinds of GNRs with partially hybridized 

armchair and zigzag edge peripheral structures have been successfully produced via rational 

precursor design combined with surface-assisted synthesis (Figure 37). By varying precursor 

molecules though careful design, the topological phase in GNRs can be precisely tuned from 

trivial to non-trivial, to finally offer an experimental realization of the SSH model. 

 

Figure 37. Structure of GNRs with topological phase. 
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A straightforward C–H borylation at the 2- and 2,7-positions of pyrene derivatives has 

been demonstrated, generating a new type of non-K-region heteroannelated pyrene-based 

chromophores, i.e. 2-(tert-butyl)-10,11-dioxa-10a-boratribenzo[a,f,l,m]perylene (1) and 

11,12,23,24-tetraoxa-11a,23a-diboratetrabenzo[a,f,n,s]terrylene (2). Compound 1 exhibits 

strong blue fluorescence (λmax: 442 nm) with a quantum yield of 70%, whereas compound 2 

with alkyl substituents displays green fluorescence (λmax: 525 nm) with a quantum yield of 84%. 

Furthermore, p-type charge transport has been revealed for both compounds by organic field-

effect transistors. 
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Polycyclic aromatic compounds have attracted tremendous interest from both synthetic 

chemists and materials scientists during the past decades.[1] They are often intriguing chromo-

phores which form the basis of industrial dyes and colorants due to the extended π-
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conjugation,[2] and serve as semiconductors in electronic and optoelectronic devices, such as 

in organic field-effect transistors (OFETs),[3] organic light-emitting diodes (OLEDs),[4] and 

organic photovoltaic cells.[5] There has been a continuous demand for versatile organic 

materials, for example, stable blue emitters for OLEDs,[6] high-mobility semiconductors for 

OFETs,[7] light absorbers for solar energy conversion,[8] and radical-bearing compounds for 

spintronics.[9] Among various candidates, heteroatom-embedded organic π-conjugated 

molecules are of particular interest because of their intriguing optical, electronic, and magnetic 

properties.[10] 

Pyrene, a classical polycyclic aromatic hydrocarbon and promising chromophore, has 

been frequently employed as a building block to develop novel π-extended systems.[11] It can 

be readily functionalized at the 1-, 3-, 6-, and 8-postions by electrophilic substitution.[12] The 

4-, 5-, 9- and 10-positions (K-region) are also available for modifications through oxidation 

and further functionalizations (Figure 1a).[13] In contrast, the 2-and 7-positions are less 

reactive, which can be explained by looking at the frontier molecular orbitals of pyrene (Figure 

1b,c): In its highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO), there is a nodal plane passing through the 2- and 7-positions; reactions at 

these positions are thus very difficult. Remarkably, Marder et al. have developed an Ir-

catalyzed borylation at the 2- and 7-positions of pyrene,[14] providing a new entry to 2- and 

2,7-substituted pyrene derivatives.[15] The π-annulation at the non-K-region (1-, 2-, 3-, and 6-, 

7-, 8-postions) of pyrene has thus been achieved recently through substitution at the 2- and 7-

positions followed by further cyclizations.[16] 

 

Figure 1. (a) The numbering of pyrene with its K-region and non-K-region. (b,c) HOMO and 

LUMO of pyrene, calculated at the B3LYP/6-31G(d) level. 

Herein, we demonstrate that direct C–H borylation[17] readily occurs at the 2- and 7-

positions of pyrene derivatives in the presence of BBr3 (Scheme 1). This reactivity provides an 
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alternative pathway to π-extension at the non-K-region of pyrene and results in a new kind of 

oxaborin-annelated pyrene-based chromophores. Singly annelated 2-(tert-butyl)-10,11-dioxa-

10a-boratribenzo[a,f,lm]perylene (1) and doubly annelated 11,12,23,24-tetraoxa-11a,23a-

diboratetrabenzo[a,f,n,s]terrylene (2a without substituents and 2b with dodecyl chains) have 

been obtained. Interestingly, compound 1 displays blue fluorescence with an emission 

maximum (λmax) at 442 nm and a high quantum yield (ΦF) of 70%, whereas 2b shows green 

fluorescence (λmax: 525 nm; ΦF: 84%). Both molecules also function as p-type semiconductors 

in OFET devices. 

 

Scheme 1. Synthetic route to compounds 1 and 2a,b. 

The synthesis of compounds 1, and 2a,b is depicted in Scheme 1. First, 7-(tert-butyl)-

1,3-bis(2-methoxyphenyl)pyrene (4) was obtained through Suzuki coupling of 1,3-dibromo-7-

(tert-butyl)pyrene (3) with (2-methoxyphenyl)boronic acid in 88 % yield. Then, demethylation 

and subsequent direct C−H borylation were performed by heating a solution of compound 4 

and BBr3 in o-dichlorobenzene (ODCB) at 150 °C, furnishing compound 1 in 96% yield. In a 

similar approach, four-fold Suzuki coupling of 1,3,6,8-tetrabomopyrene (5) with (2-

methoxyphenyl)boronic acid provided 1,3,6,8-tetrakis(2-methoxyphenyl)pyrene (6a) in 82% 

yield, followed by tandem demethylation-borylation of 6a affording compound 2a in 95 % 

yield. Compound 2b with dodecyl chains was synthesized in the same manner to improve the 

solubility of the target compound. The chemical structures of 1 and 2b were verified by 1H, 

13C, and 2D NMR as well as high-resolution MALDI-TOF MS (see the Supporting 
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Information). However, further characterization of 2a, except high-resolution MALDI-TOF 

MS, was prevented by its poor solubility. 

 

Figure 2. UV-vis absorption and fluorescence spectra of (a) 4 and 6b in CHCl3 (5 × 10-5 M and 

2 × 10-5 M, respectively) and (b) 1 and 2b in CHCl3 (5 × 10-5 M and 1 × 10-5 M, respectively). 

Insets: pictures of (a) compounds 4 and 6b as well as (b) compounds 1 and 2b in CHCl3 under 

UV light (365 nm). 

The photophysical properties of compounds 1 and 2b were investigated in CHCl3 

solutions to elucidate the consequence of π-annulation at the non-K-regions (Figure 2). The 

absorption/emission maxima of 1 (426/442 nm) and 2b (506/525 nm) are significantly red-

shifted relative to their respective precursors 4 (357/406 nm) and 6b (378/423 nm), indicating 

that the cyclization effectively extends the π-conjugation. Compared with K-region π-extended 

pyrene derivatives, these non-K-region fused chromophores exhibit more significant red-shifts 

of the absorption and emission maxima upon cyclization.[18] Additionally, compared with the 

one-side π-extended pyrene derivative 1, the double-side π-extended compound 2b exhibits a 
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lower optical gap (2.35 eV for 2b; 2.81 eV for 1) and a higher maximum absorption coefficient. 

These observations clearly reveal that the π-annulation at the non-K-region of pyrene has a 

significant impact on the optical and electronic properties. The fluorescence quantum yields of 

compounds 1 and 2b were measured with 9,10-diphenylanthracene and fluorescein as the 

respective references.[19] Notably, compound 1 displays a blue fluorescence (λmax: 442 nm) with 

a quantum yield as high as 70%, whereas it reaches 84% for 2b with a green fluorescence (λmax: 

525 nm). The Stokes shifts of 1 and 2b are 16 and 19 nm, respectively, presumably due to the 

relatively rigid molecular skeletons. Both compounds are very stable under ambient conditions, 

having no changes in their photophysical features and in their NMR spectra after several 

months. The electrochemical properties of compounds 1 and 2b were studied by cyclic 

voltammetry (Figure S1). With ferrocene as an external standard, the HOMO and LUMO 

energy levels of 1 were estimated to be –5.24 and –2.72 eV, respectively. Only the oxidative 

wave was observed for 2b, whose HOMO level was determined as –5.03 eV. The LUMO level 

was thus calculated by the electrochemical HOMO level and the optical energy gap as –2.68 

eV. 

 

Figure 3. DFT-calculated frontier molecular orbitals and their energy levels of (a) compound 

1 and (b) compound 2a at the B3LYP/6-31G(d) level. 

Density functional theory (DFT) calculations were performed to acquire more insights 

into the geometries and electronic properties of 1 and 2a. As illustrated in Figure S3, the 

optimized geometries of both 1 and 2a display a slightly twisted conformation because of the 

steric hindrance at the cove regions. Obviously, the HOMOs and LUMOs of 1 and 2a are 

distributed across the entire backbones (Figure 3), revealing the effective π-extension in both 
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molecules. The DFT-calculated HOMO level of 2a is higher than that of 1, whereas the LUMO 

level of 2a is lower than that of 1, resulting in a lowered energy gap of compound 2a. These 

observations indicate that π-annulation at the non-K-region of pyrene is able to modulate the 

HOMO and LUMO energy levels and thus the photophysical and electrochemical properties. 

 

Figure 4. UV-vis absorption spectra of (a) compound 1 and (b) compound 2b in a series of 

mixed solvents of CHCl3 and CH3OH. The arrows indicate the spectral changes upon 

increasing the amount of CH3OH. 

Temperature-dependent 1H NMR analysis of compounds 1 and 2b in C2D2Cl4 (Figure 

S4) revealed that the aromatic protons from both molecules exhibited an upfield shift as the 

temperature decreased from 403 K to 298 K, indicating a strong aggregation tendency in a face-

to-face manner.[10d] To further investigate the self-assembly behavior of compounds 1 and 2b, 

solvent-dependent UV-vis absorption spectra in a mixed solvent of CHCl3/CH3OH were 

acquired with a fixed concentration at room temperature. CHCl3 is a good solvent for the 
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solvation of 1 and 2b, which does not hold true for CH3OH. As illustrated in Figure 4, 

compound 1 in pure CHCl3 displays an absorption spectrum with well-resolved vibronic 

structures (Figure 4a), corresponding to a monomer-dominated absorption. Upon increasing 

the CH3OH content in the mixed solvent from 30% to 80%, the aggregation starts to appear as 

evidenced by the spectral changes. The prominent feature is a reduction of the monomer-

dominated absorption maximum at 426 nm and a relative increase of the aggregate-induced 

peak which is blue-shifted to 402 nm. The blue-shift of the absorption maximum is consistent 

with the characteristic of an H-aggregation behavior.[20] A similar trend in the solvent-

dependent absorption spectra was observed for compound 2b (Figure 4b), displaying a 

decreased peak intensity at 506 nm (monomer-dominated) and relatively increased peak 

intensity at a blue-shifted wavelength 473 nm (aggregate-dominated) upon increasing the 

amount of CH3OH in the binary solvent. These features also suggest H-type aggregation of 

compound 2b in the presence of a poor solvent.[20] It is however noteworthy that obvious 

spectral changes are already observed at a lower CH3OH content (from 5% to 20%) for 2b than 

that for 1 (starting to see the changes from 40%), suggesting a stronger π-π interaction of 2b 

due to the larger π-skeleton.  

The absorption spectra of compounds 1 and 2b in drop-casted thin films were also 

recorded (Figure S5). Compared with their absorption spectra in CHCl3 solution, both 

compounds in the solid state exhibit blue-shifted absorption maxima, in agreement with the 

aggregation behavior in solution. The fluorescence properties of both compounds in the solid 

state were studied in a polystyrene (PS) matrix and in a neat film. At low concentrations (<1 

wt%) in PS, both compounds display monomer-dominated fluorescence, whereas at high 

concentrations in the PS matrix and in the neat film, they show significantly red-shifted 

emission maxima due to the aggregation (Figure S6). The strong intermolecular interaction 

observed for both compounds is believed to be interesting for self-assembly studies and 

favorable for charge transport. 

The charge transport properties of compounds 1 and 2b were investigated based on 

bottom-gate top-contact OFET devices. Heavily n-doped silicon wafers were used as the gate 

electrode and thermally grown SiO2 (300 nm thick) was employed as the dielectric layer. 

Organic thin films were fabricated on the Si/SiO2 substrate and gold was then deposited as the 

source and drain electrodes to furnish the OFET devices. To deposit the organic films, the spin-

coating method was first performed for both 1 and 2b, but only compound 2b exhibited a 

homogenous film. The spin-coated film of compound 1 was discontinuous, probably caused by 
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the dewetting effect due to the lack of flexible alkyl chains.[22] Accordingly, dip-coating was 

performed for compound 1 by using a blend of compound 1 and poly(methyl methacrylate) 

(PMMA) in CHCl3 with a weight ratio of 1 : 1 to deposit the thin film (Figure S7). In contrast, 

discontinuous fibres of compound 2b were obtained by the same dip-coating process due to its 

low concentration caused by the limited solubility (Figure S7). Therefore, OFETs based on the 

dip-coated film of compound 1 exhibited a hole mobility around 1.5 × 10-3 cm2 V-1 s-1 with an 

on/off ratio of 5 × 104 (Figure 5a,b), and the devices based on the spin-coated film of compound 

2b gave a hole mobility around 2 × 10-4 cm2 V-1 s-1, with an on/off ratio of 6 × 104 (Figure 

5c,d). The device performance of these two molecules cannot be directly compared because of 

the different fabrication methods, but the preliminary results have demonstrated the charge 

transport capability for both compounds. The mobility could be improved by further optimizing 

the device fabrication parameters, for example, the film deposition conditions and the surface 

modification of the substrates, etc.  

 

Figure 5. (a,c) Transfer and (b,d) output characteristics of the OFETs based on (a,b) dip-coated 

compound 1 and (c,d) spin-coated compound 2b. 
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In summary, we have demonstrated that direct C–H borylation readily occurs at the 2- 

and 2,7-positions of pyrene, furnishing the first oxaborin-annelated pyrene derivatives in high 

yields. The extended π-conjugation at the non-K-region of pyrene has shown a significant 

impact on the optical and electronic properties. It is remarkable that strong blue fluorescence 

(λmax: 442 nm; ΦF: 70%) has been observed for compound 1, which would be desirable for 

OLEDs as stable blue emitters. Compound 2b, on the other hand, resembles the famous 

perylene diimide (PDI) dyes[23] in many ways, e.g. a similar absorption feature, bright green 

fluorescence (λmax: 525 nm; ΦF: 84%), and a strong self-assembly tendency in solution. It could 

be an interesting new chromophore for optical and supramolecular studies. Furthermore, charge 

transport properties of 1 and 2b have been demonstrated by OFET devices. This work has 

revealed a new way of π-extension based on pyrene derivatives and provided a novel kind of 

materials which are promising for photonic and optoelectronic applications. 

 

Experimental Section 

General information 

All commercially available chemicals were used without further purification unless 

otherwise noted. Column chromatography was conducted with silica gel (grain size 0.063–

0.200 mm or 0.04–0.063 mm) and thin layer chromatography (TLC) was performed on silica 

gel-coated aluminum sheets with F254 indicator. Nuclear magnetic resonance (NMR) spectra 

were recorded on Bruker Avance 300 or 500 MHz spectrometer. Chemical shifts were reported 

in ppm. Coupling constants (J values) were presented in Hertz (Hz). 1H NMR chemical shifts 

were referenced to CD2Cl2 (5.32 ppm) or C2D2Cl4 (6.00 ppm). 13C NMR chemical shifts were 

referenced to CD2Cl2 (53.84 ppm) or C2D2Cl4 (73.78 ppm). Abbreviations: s = singlet, d = 

doublet, dd = double doublet, t = triplet, m = multiplet. High-resolution mass spectrometry 

(HRMS) was performed on a SYNAPT G2 Si high resolution time-of-flight (TOF) mass 

spectrometer (Waters Corp., Manchester, UK) by matrix-assisted laser desorption/ionization 

(MALDI). Melting points were measured with a Büchi B-545 apparatus. Absorption spectra 

were recorded on a Perkin-Elmer Lambda 900 spectrophotometer. Photoluminescence spectra 

were recorded on a J&MTIDAS spectrofluorometer. The quantum yield was measured with 

9,10-diphenylanthracene (in toluene under air, ΦF: 0.70) or fluorescein (in 0.1 N NaOH under 

air, ΦF: 0.90 ) as a reference.[19] Cyclic voltammetry (CV) was performed on a WaveDriver 20 

Bipotentiostat/Galvanostat (Pine Instruments Company) and measurements were carried out in 
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tetrahydrofuran (THF) containing 0.1 M n-Bu4NPF6 as supporting electrolyte (scan rate: 100 

mV s–1). A glassy carbon electrode was used as a working electrode, a platinum wire as a 

counter electrode and a silver wire as a reference electrode. 

 

Synthesis of 7-(tert-butyl)-1,3-bis(2-methoxyphenyl)pyrene (4) 

To a Schlenk tube charged with 1,3-dibromo-7-tert-butylpyrene (3) (300 mg, 0.721 

mmol), (2-methoxyphenyl)boronic acid (438 mg, 2.88mmol), potassium carbonate (797 mg, 

5.77 mmol) and tetrakis(triphenylphosphine)palladium(0) (83 mg, 0.072 mmol) under argon 

was added toluene (25 mL, degassed) and a mixture of water/ethanol (7 mL : 7 mL, degassed). 

The reaction mixture was stirred at 90 °C for 12 h. After cooling to room temperature, the 

mixture was extracted with Et2O and washed with water. Then the organic phase was dried 

over MgSO4. After removal of the solvent under reduced pressure, the residue was purified by 

column chromatography over silica gel (eluent: hexane/CH2Cl2 = 2 : 1) to give compound 4 as 

a white solid (300 mg, 88% yield). M.p.: 162.8 – 163.9 °C. 1H NMR (500 MHz, C2D2Cl4, 403 

K, ppm) δ 8.22 (s, 2H), 8.01 (dd, J = 9.3, 1.4 Hz, 2H), 7.94 – 7.86 (m, 3H), 7.54 – 7.45 (m, 

4H), 7.21 – 7.11 (m, 4H), 3.77 (d, J = 11.8 Hz, 6H), 1.61 (s, 9H); 13C NMR (125 MHz, C2D2Cl4, 

403 K, ppm) δ 157.79, 149.05, 133.67, 132.37, 131.14, 130.72, 130.02, 128.68, 128.47, 126.67, 

125.75, 124.79, 123.24, 121.78, 121.74, 120.74, 112.66, 56.01, 31.67; HRMS (MALDI) m/z: 

Calcd for C34H30O2: 470.2246; Found: 470.2238 [M]+. 

 

Synthesis of 1,3,6,8-tetrakis(2-methoxyphenyl)pyrene (6a) 

To a Schlenk tube charged with 1,3,6,8-tetrabromopyrene (5) (500 mg, 0.966 mmol), 

2-methoxybenzeneboronic acid (1.18 g, 7.76 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (224 mg, 0.194 mmol) under argon was added THF 

(45 mL, degassed) and a solution of potassium carbonate in water (8 mL, 2 M). The resulting 

mixture was stirred at 90 °C for 48 h. After cooling to room temperature, the reaction mixture 

was filtered off and washed with water, methanol and CH2Cl2 consecutively. The residue was 

then dissolved in hot 1,1,2,2-tetrachloroethane and filtered through a PTFE membrane into a 

filter flask containing methanol. Precipitates were thus obtained and collected by filtration to 

give compound 6a as a white solid (496 mg, 82% yield). M.p.: 337.5 – 338.9 °C. 1H NMR (500 

MHz, C2D2Cl4, 403 K, ppm) δ 7.96 (s, 2H), 7.87 (s, 4H), 7.50 (dd, J = 18.1, 8.5 Hz, 8H), 7.20 
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– 7.14 (m, 8H), 3.76 (s, 12H); 13C NMR (125 MHz, C2D2Cl4, 403 K, ppm) δ 157.79, 133.58, 

132.40, 130.79, 130.30, 128.71, 128.63, 125.10, 120.67, 112.53, 55.99; HRMS (MALDI) m/z: 

Calcd for C44H34O4: 626.2457; Found: 626.2480 [M]+. 

 

Synthesis of 1,3,6,8-tetrakis(4-dodecyl-2-methoxyphenyl)pyrene (6b) 

To a Schlenk tube charged with 1,3,6,8-tetrabromopyrene (5) (200 mg, 0.386 mmol), 

(4-dodecyl-2-methoxyphenyl)boronic acid (618 mg, 1.93 mmol) and 

tetrakis(triphenylphosphine)palladium(0) (89 mg, 0.077 mmol) under argon was added THF 

(20 mL, degassed) and a solution of potassium carbonate in water (2 mL, 2 M). The reaction 

mixture was stirred at 90 °C for 48 h. After cooling to room temperature, the mixture was 

extracted with Et2O and washed with water. Then the organic phase was dried over MgSO4. 

After removal of the solvent under reduced pressure, the residue was purified by column 

chromatography over silica gel (eluent: hexane/ CH2Cl2 = 2 : 1) to afford compound 6b as 

colorless oil (397 mg, 79% yield). 1H NMR (500 MHz, C2D2Cl4, 403 K, ppm) δ 7.93 (s, 2H), 

7.87 (s, 4H), 7.39 (d, J = 7.5 Hz, 4H), 7.02 – 6.97 (m, 8H), 3.74 (s, 12H), 2.80 (t, J = 7.7 Hz, 

8H), 1.84 (p, J = 7.3 Hz, 8H), 1.39 (s, 72H), 0.98 (t, J = 6.7 Hz, 12H); 13C NMR (125 MHz, 

C2D2Cl4, 403 K, ppm) δ 157.64, 143.75, 133.60, 132.14, 130.52, 128.70, 128.11, 125.03, 

120.68, 112.84, 55.06, 35.88, 31.57, 30.85, 29.32, 29.29, 22.25, 13.52; HRMS (MALDI) m/z: 

Calcd for C92H130O4: 1298.9969; Found: 1298.9901 [M]+. 

 

Synthesis of 2-(tert-butyl)-10,11-dioxa-10a-boratribenzo[a,f,lm]perylene (1) 

To a solution of 4 (100 mg, 0.212 mmol) in anhydrous dichlorobenzene (10 mL) under 

argon was added BBr3 (1.0 M in heptane, 0.32 mL, 0.32 mmol). Then the mixture was heated 

to 150 °C and stirred at this temperature for 12 h. After cooling to room temperature, the 

reaction mixture was quenched with methanol and concentrated under reduced pressure. Then 

the residue was purified by column chromatography over a short pad of silica gel with 

dichloromethane as the eluent to give compound 1 as a yellow solid (92 mg, 96% yield). M.p.: 

295.6 – 296.5 °C. 1H NMR (500 MHz, C2D2Cl4, 403 K, ppm) δ 9.05 (d, J = 9.3 Hz, 2H), 8.74 

(dd, J = 8.1, 1.6 Hz, 2H), 8.36 (s, 2H), 8.27 (d, J = 9.4 Hz, 2H), 7.66 (d, J = 8.2 Hz, 2H), 7.60 

– 7.53 (m, 2H), 7.47 – 7.40 (m, 2H), 1.73 (s, 9H); 13C NMR (125 MHz, C2D2Cl4, 403 K, ppm) 

δ 152.49, 150.75, 132.46, 131.80, 129.87, 129.49, 129.05, 127.96, 125.15, 125.06, 124.52, 
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123.73, 122.79, 122.71, 120.35; HRMS (MALDI) m/z: Calcd for C32H23BO2: 450.1791; Found: 

450.1787 [M]+. Element analysis calcd (%) for C32H23BO2: C 85.35, H 5.15; found: C 85.15, 

H 5.09. 

 

Synthesis of 11,12,23,24-tetraoxa-11a,23a-diboratetrabenzo[a,f,n,s]terrylene (2a) 

To a solution of 6a (100 mg, 0.160 mmol) in anhydrous dichlorobenzene (10 mL) under 

argon was added BBr3 (1.0 M in heptane, 0.49 mL, 0.49 mmol). Then the mixture was heated 

to 150 °C and stirred at this temperature for 12 h. After cooling to room temperature, 20 mL of 

methanol was added. The precipitate was filtered and washed with methanol as well as 15 mL 

of CH2Cl2. The solid was dried under vacuum to give compound 2a as a red solid (89 mg, 95% 

yield. M.p.: > 380 °C. The poor solubility of this compound prevents any NMR 

characterizations. HRMS (MALDI) m/z: Calcd for C40H20B2O4: 586.1548; Found: 586.1567 

[M]+. Element analysis calcd (%) for C40H20B2O4: C 81.96, H 3.44; found: C 81.75, H 3.42. 

 

Synthesis of 2,9,14,21-tetradodecyl-11,12,23,24-tetraoxa-11a,23a-

diboratetrabenzo[a,f,n,s]terrylene (2b) 

To a solution of 6b (150 mg, 0.115 mmol) in anhydrous dichlorobenzene (12 mL) under 

argon was added BBr3 (1.0 M in heptane, 0.35 mL, 0.35 mmol). Then the mixture was heated 

to 150 °C and stirred at this temperature for 12 h. After cooling to room temperature, the 

reaction mixture was quenched with methanol and concentrated under reduced pressure. Then 

the residue was purified by column chromatography over a short pad of silica gel with hot 

chloroform as the eluent to give compound 2b as a red solid (140 mg, 96% yield). M.p.: 146.3 

– 147.8 °C. 1H NMR (500 MHz, C2D2Cl4, 403 K, ppm) δ 9.00 (s, 4H), 8.72 (d, J = 8.1 Hz, 4H), 

7.51 (s, 4H), 7.33 (d, J = 8.1 Hz, 4H), 2.89 (t, J = 7.6 Hz, 8H), 1.90 (p, J = 7.5 Hz, 8H), 1.40 

(s, 72H), 0.98 (t, J = 6.7 Hz, 12H); 13C NMR (125 MHz, C2D2Cl4, 403 K, ppm) δ 152.46, 

144.96, 133.34, 130.04, 129.18, 124.77, 124.74, 123.00, 121.84, 119.82, 35.42, 31.58, 30.46, 

29.34, 29.30, 29.27, 29.24, 29.21, 29.16, 29.11, 28.95, 22.25; HRMS (MALDI) m/z: Calcd for 

C88H116B2O4: 1258.9060; Found: 1258.9042 [M]+. Element analysis calcd (%) for 

C88H116B2O4 : C 83.92, H 9.28; found: C 83.61, H 9.15. 
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Device fabrication and measurement 

The electrical properties were measured by fabricating bottom-gate top-contact OFET 

devices. Heavily n-doped silicon wafers were used as the gate electrode and thermally grown 

300-nm-thick SiO2 (capacitance: 11.0 nF cm–2) was adopted as the dielectric layer. The Si/SiO2 

substrates were sonicated in acetone and 2-propanol, respectively, and then treated by an 

oxygen plasma. The semiconductor layer of compound 2b was spin coated from a CHCl3 

solution (1 mg/mL); that of compound 1 was dip-coated by using a blend of compound 1 and 

PMMA in CHCl3 with a weight ratio of 1 : 1. Then source and drain gold electrodes were 

deposited on top of the organic thin films. The characteristics of the OFETs were measured at 

room temperature in a glove box by using a Keithley 4200 semiconductor parameter analyzer. 

The charge carrier mobility was calculated in the saturated region by the equation Isd = 

(W/2L)Ci μ(Vg – Vth)
2, where Isd is the source/drain current in the saturated regime; W is the 

channel width (500 μm) and L is the channel length (25 μm); Vg and Vth are the gate and 

threshold voltage, respectively; Ci is the capacitance per unit area of the gate dielectric layer. 

Current on/off ratio was calculated from the Isd at Vg = 0 V (Ioff) and Vg = −100 V (Ion). 
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Direct C–H Borylation at the 2- and 2,7-Positions of Pyrene Leading to Brightly Blue- 

and Green-Emitting Chromophores 

 

1. Synthetic Procedure 

 

 

Scheme S1. Synthetic route to compound 9. 

 

Synthesis of 1-bromo-4-dodecyl-2-methoxybenzene (8) 

To a solution of 9-borabicyclo[3.3.1]nonane (9-BBN) (10 mL, 0.50 M, 5.0 mmol) in 

THF in a Schlenk tube was added 1-dodecene (0.50 mL, 3.7 mmol) at room temperature under 

argon. After stirring at room temperature for 12 h, the mixture was transferred into another 

dried Schlenk tube containing 1-bromo-4-iodo-2-methoxybenzene (1.57 g, 5.00 mmol), 

tetrakis(triphenylphosphine)palladium(0) (289 mg, 0.250 mmol), potassium carbonate (1.38 g, 

10.0 mmol), 20 mL of degassed dry THF and 3 mL of degassed water. The reaction mixture 

was refluxed under argon for 12 h, and then cooled down to room temperature. The mixture 

was poured into 1 M aqueous HCl and extracted by ethyl acetate. The combined organic layers 

were washed with brine and dried over MgSO4. After removal of the solvent under reduced 

pressure, the residue was purified by flash chromatography over silica gel (eluent: 

hexane/CH2Cl2 = 5 : 1) to give compound 8 as colorless oil (1.61 g, 91 % yield). 1H NMR (300 

MHz, CD2Cl2, 298 K, ppm) δ 7.39 (d, J = 8.0 Hz, 1H), 6.75 (s, 1H), 6.67 (d, J = 8.0 Hz, 1H), 
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3.86 (s, 3H), 2.57 (t, J = 7.7 Hz, 2H), 1.60 (t, J = 7.5 Hz, 2H), 1.30 – 1.26 (m, 18H), 0.93 – 

0.83 (m, 3H); 13C NMR (75 MHz, CD2Cl2, 298 K, ppm) δ 156.01, 144.63, 133.06, 122.17, 

108.49, 56.40, 36.17, 32.31, 31.76, 30.06, 30.03, 29.97, 29.85, 29.74, 29.62, 23.08, 14.27; 

HRMS (MALDI) m/z: Calcd for C19H31BrO: 354.1558; Found: 354.1562 [M]+. 

 

Synthesis of (4-dodecyl-2-methoxyphenyl)boronic acid (9) 

To a solution of 1-bromo-4-dodecyl-2-methoxybenzene (5.00 g, 14.1 mmol) in dry 

THF (70 mL) under argon was added n-butyllithium (n-BuLi) (10 mL, 16 mmol, 1.6 M in 

hexane) dropwise at –78 °C. The reaction mixture was stirred at this temperature for 1 h, and 

then warmed to room temperature for another hour. The mixture was then cooled to –78 °C 

again. Triethyl borate was added, and then the mixture was allowed to gradually warm to room 

temperature. After stirring for 12 h, the reaction was quenched by adding 2 M aqueous HCl, 

and the mixture was stirred for 2 h at room temperature. The product was extracted with diethyl 

ether and the combined organic layers were washed with water and dried over MgSO4. After 

removal of the solvent under reduced pressure, the residue was purified by flash 

chromatography over silica gel using CH2Cl2 and then ethyl acetate as the eluent to obtain 

compound 9 as a white solid (3.83 g, 85 % yield). M.p.: 66.3 – 67.4 °C. 1H NMR (300 MHz, 

CD2Cl2, 298 K, ppm) δ 7.69 (d, J = 7.5 Hz, 1H), 6.86 (d, J = 7.5 Hz, 1H), 6.77 (s, 1H), 6.17 (s, 

2H), 3.90 (s, 3H), 2.63 (t, J = 7.8 Hz, 2H), 1.60 (t, 2H), 1.27 – 1.31 (m, 18H), 0.89 (t, 3H); 13C 

NMR (75 MHz, CD2Cl2, 298 K, ppm) δ 165.23, 149.17, 136.84, 129.44, 121.61, 110.67, 55.77, 

36.75, 36.35, 32.33, 31.88, 31.69, 30.07, 30.05, 30.00, 29.89, 29.76, 23.09, 14.28; APCI-MS 

m/z: Calcd for C19H33BO3: 320.3; Found: 321.3 [M + H]+. 

 

Table S1. Summary of the photophysical and electrochemical properties of 1 and 2b. 

Compound λmax
abs/nm λmax

em/nm ФF Eg
opt/eV HOMO/eV LUMO/eV Eg

cv/eV 

1 402, 426 442, 462 0.70 2.81 –5.24 –2.72 2.57 

2b 445, 473, 

506 

525, 556 0.84 2.35 –5.03 –2.68a N. A. 

a Calculated from the HOMO level and the optical gap.  
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2. Photophysical and Electrochemical Properties 

 

Figure S1. Cyclic voltammograms of compounds 1 and 2b measured in THF containing 0.1 

M n-Bu4NPF6 at a scan rate of 100 mV s−1. Ferrocene as an external standard. A glassy carbon 

electrode was used as a working electrode, a platinum wire as a counter electrode and a silver 

wire as a reference electrode. Due to the limitedsolubility of 2b, its reductive wave could not 

be clearly observed. 

 

Fluorescence quantum yield determination  

The quantum yield (Φ) of compound 1 and compound 2b were determined by using 

9,10-diphenylanthracene (in toluene under air, ΦF: 0.70) and fluorescein (in 0.1 N NaOH under 

air, ΦF: 0.90) as references, respectively. As a standard measurement, the 9,10-

diphenylanthracene was dissolved in toluene (HPLC grade, refractive index η =1.497) and the 

fluorescein was dissolved 0.1 N NaOH (η =1.335). Compound 1 and 2b were dissolved in 

chloroform (η = 1.446). All samples were measured by using UV-Vis spectrometer to obtain 

the absorbance intensities. Additionally, the absorbance values were kept below 0.1 in order to 

minimize re-absorption effects. Emission spectra were obtained after excitation at 380 nm for 

9,10-diphenylanthracene and compound 1, 452 nm for fluorescein and compound 2b. 

Integrated fluorescence intensity between a fixed wavelength range (390 nm to 800 nm for 
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9,10-diphenylanthracene and compound 1, 460 nm to 800 nm for fluorescein and compound 

2b) was calculated. All measurements were conducted under air condition at room temperature. 

Absolute values are calculated according to the following equation: 

∅𝑥 = ∅𝑆𝑇 (
𝐺𝑟𝑎𝑑𝑋

𝐺𝑟𝑎𝑑𝑆𝑇
) (

𝑋
2

𝑆𝑇
2 )  

Where the subscripts ST and X denote standard and test compound respectively, Ф is the 

fluorescence quantum yield, Grad the gradient from the plot of integrated fluorescence 

intensity vs absorbance, and η the refractive index of the solvent. 

 

Figure S2. Absorbance, excitation and fluorescence spectra of (a) 9, 10-diphenylanthracene 

(DPA) in tolueneand (b) fluorescein in 0.1 N NaOH. The excitation spectrum of DPA and 

fluorescein was detected at 440 nm and 520 nm, respectively. The fluorescence spectrum of 

DPA and fluorescein was excited at 380 nm and 452 nm, respectively. All the spectra were 

normalized by the maximum intensity. 

 

3. Computational Studies 

 

DFT calculations were performed using the Gaussian 09 software package.[1] The geometries 

were optimized at the B3LYP/6-31G(d) level, and energies were calculated at the same level 

of theory. 
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Figure S3. DFT-optimized geometries of (a) compound 1 and (b) compound 2a. U and D were 

denoted as “Up” and “Down”, respectively, relative to the pyrene unit which was placed on the 

paper plane. 

 

Reference: 
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4. Aggregation Studies 

 

 

Figure S4. Temperature-dependent 1H NMR spectra of (a) 1 and (b) 2b (500 MHz, C2D2Cl4). 
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Figure S5. UV-vis absorption spectra of (a) compound 1 and (b) compound 2b in chloroform 

solutions and in drop-casted films on quartz. 

 

 

Figure S6. Fluorescence spectra of (a) compound 1 and (b) compound 2b in a series of mixed 

solvents of CHCl3 and CH3OH. Fluorescence spectra of (c) compound 1 and (d) compound 2b 

in PS films upon varying the concentrations from 0.25 wt% to neat film. The fluorescence 

spectra were normalized by the maximum intensity. 
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Figure S7. Polarized optical microscopy images of (a, b) compound 1 and (c, d) compound 2b 

on silicon wafers by dip-coating. 

 

5. NMR and MS Spectra 

 

 

Figure S8. 1H NMR spectrum of compound 8 (300 MHz, CD2Cl2, 298 K). 
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Figure S9. 13C NMR spectrum of compound 8 (75 MHz, CD2Cl2, 298 K). 

 

 

Figure S10. 1H NMR spectrum of compound 9 (300 MHz, CD2Cl2, 298 K). 
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Figure S11. 13C NMR spectrum of compound 9 (75 MHz, CD2Cl2, 298 K). 

 

 

Figure S12. 1H NMR spectrum of compound 4 (500 MHz, C2D2Cl4, 403 K). 
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Figure S13. 13C NMR spectrum of compound 4 (125 MHz, C2D2Cl4, 403 K). 

 

.  

Figure S14. 1H NMR spectrum of compound 6a (500 MHz, C2D2Cl4, 403 K). 
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Figure S15. 13C NMR spectrum of compound 6a (125 MHz, C2D2Cl4, 403 K). 

 

 

Figure S16. 1H NMR spectrum of compound 6b (500 MHz, C2D2Cl4, 403 K). 
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Figure S17. 13C NMR spectrum of compound 6b (125 MHz, C2D2Cl4, 403 K). 

 

 

Figure S18. 1H NMR spectrum of compound 1 (500 MHz, C2D2Cl4, 403 K). 
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Figure S19. 13C NMR spectrum of compound 1 (125 MHz, C2D2Cl4, 403 K). 

 

 

Figure S20. 1H NMR spectrum of compound 2b (500 MHz, C2D2Cl4, 403 K). 
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Figure S21. 13C NMR spectrum of compound 2b (125 MHz, C2D2Cl4, 403 K). 

 

 

Figure S22. 1H-1H correlation spectroscopy (COSY) NMR spectrum of compound 1 (500 MHz, 

C2D2Cl4, 403 K). 
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Figure S23. 1H-1H nuclear Overhauser effect spectroscopy (NOESY) NMR spectrum of 

compound 1 (500 MHz, C2D2Cl4, 403 K). 

 

Figure S24. 1H-1H correlation spectroscopy (COSY) NMR spectrum of compound 2b (500 

MHz, C2D2Cl4, 403 K). 
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Figure S25. 1H-1H nuclear Overhauser effect spectroscopy (NOESY) NMR spectrum of 

compound 2b (500 MHz, C2D2Cl4, 403 K). 

 

Figure S26. High-resolution MALDI-TOF MS spectrum of compound 1. Inset displays the 

isotopic distribution in comparison with the simulated pattern. 



Chapter 2. Direct C-H Borylation at the 2- and 2, 7-Positions of Pyrene Leading to Brightly 

Blue- and Green-Emitting Chromophores 

77 

 

 

Figure S27. High-resolution MALDI-TOF mass spectrum of compound 2a. Inset displays the 

isotopic distribution in comparison with the simulated pattern. 

 

Figure S28. High-resolution MALDI-TOF MS spectrum of compound 2b. Inset displays the 

isotopic distribution in comparison with the simulated pattern. 
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Chapter 3. Regioselective Hydrogenation of a 60-Carbon Nanographene Molecule 

towards a Circumbiphenyl Core 

 

Key words: π-truncation, hydrogenation, nanographene molecule, circumbiphenyl 

ToC figure 

 

Regioselective peripheral hydrogenation of a nanographene molecule with 60 

contiguous sp2 carbons provides unprecedented access to peralkylated circumbiphenyl (1). 

Conversion to the circumbiphenyl core structure was unambiguously validated by MALDI-

TOF mass spectrometry, NMR, FTIR, and Raman spectroscopy. UV-vis absorption spectra 

and DFT calculations demonstrated the significant change of the optoelectronic properties upon 

peripheral hydrogenation. Stimulated emission from 1, observed via ultrafast transient 

absorption measurements, indicates potential as an optical gain material. 
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Reprinted with permission from (J. Am. Chem. Soc.2019, 141, 104230-4234), copyright (2019)  

American Chemical Society. 

 

Large polycyclic aromatic hydrocarbons (PAHs),1 i.e., with size >1 nm, can be regarded 

as nanographene molecules, and have attracted attention for their unique optical, electronic, 

and magnetic properties.2 These properties are critically dependent on their aromatic core 
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structure, motivating development of novel synthetic pathways to a variety of distinct aromatic 

frameworks.3 Conventional synthetic strategies towards nanographene molecules are mostly 

based on π-expansion, mainly through planarization of tailor-made oligoarylene precursors, 

e.g., by oxidative cyclodehydrogenation,4 photochemical cyclization,5 and/or flash vacuum 

pyrolysis.6 π-expansion of smaller PAH structures also provides access to larger PAHs, for 

example through Diels–Alder cycloaddition7 or a sequence of arylation and cyclization at the 

periphery.8 

 

Figure 1. “π-Expansion” towards circumbiphenyl 2 by E. Clar and the post-synthetic “π-

truncation” to peralkylated circumbiphenyl 1. 

Alternatively, it is possible to modify the aromatic structures of PAHs by “shrinking” 

the π-conjugated cores, for example through peripheral hydrogenation. We have previously 

reported that peripheral hydrogenation of hexa-peri-hexabenzocoronene (HBC) selectively 

leads to peralkylated coronenes.9 More recently, Shionoya et al. described a catalytic reductive 

C-C bond cleavage of a corannulene derivative, leading to a benzo[ghi]fluoranthene structure.10 

On the other hand, “π-truncation” of aromatic structures has been applied to fullerene, with the 

formation of a hoop-shaped cyclic benzenoid compound by Nakamura et al. as one of the most 

elegant examples.11 Nevertheless, compared with the π-expansion procedure, the “π-truncation” 
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strategy is underdeveloped. We have been particularly interested in peripheral hydrogenation 

to produce new PAH or nanographene structures other than known skeletons such as coronene. 

However, hydrogenation of nanographene molecules larger than HBC has remained elusive. 

Circumbiphenyl (2) is a PAH consisting of a biphenyl core encircled by an annulene 

ring (Figure 1). The parent 2 was accidentally obtained by E. Clar nearly half a century ago 

during his attempts to synthesize tetrabenzoperopyrene by reductive condensation of 

naphthanthrone (3).12 However, this first reported synthetic approach yielded a complex 

mixture and required multi-step separation processes to isolate 2. In 2013, Nuckolls et al. 

reported a synthesis of a contorted octabenzocircumbiphenyl.13 However, a straightforward and 

efficient synthesis of the pristine aromatic structure of circumbiphenyl has never been achieved. 

Herein, we report an efficient synthesis of peralkylated circumbiphenyl 1 through “π-

truncation”, namely by regioselective hydrogenation of a nanographene molecule 4 with 60 sp2 

carbons (Figure 1). Standard spectroscopic characterization corroborates the successful 

formation of the circumbiphenyl core. UV-vis absorption spectroscopy combined with DFT 

calculations demonstrate the modulating effect of peripheral hydrogenation on electronic 

properties, while ultrafast spectroscopy highlights the presence of optical gain. This work 

offers possibilities not only for acquiring new or unobtainable aromatic structures but also for 

tuning (opto-)electronic properties of PAHs.  

The synthesis of peralkylated circumbiphenyl 1 is outlined in Figure 1. The 

hydrogenation of nanographene molecule 4, which was prepared following reported 

procedures,14 was carried out with Pd/C in dry tetrahydrofuran (THF). The reaction mixture 

was pressurized to 150 bar H2 and stirred at 120 °C in an autoclave for 1 week to complete the 

reaction. At a lower pressure of 120 bar and the same temperature of 120 °C, the hydrogenation 

needed 2 weeks for completion. These conditions are indeed much harsher than those used for 

the previous hydrogenation of HBC with six dodecyl chains (55-65 bar, 60 °C, 12 h).9 After 

cooling, the catalyst was removed by passing through a short pad of silica gel with THF as 

eluent, and the crude product was obtained as yellowish brown powder in 30% yield. 

High-resolution MALDI-TOF MS analyses of 4 and the hydrogenation product 

revealed exact mass of m/z = 1414.9216 and 1437.0945, respectively, in agreement with the 

formation of 1 (C108H140) possessing 22 more hydrogen atoms than 4 (C108H118) (Figure 2). The 

isotopic distribution observed for 1 perfectly matched the simulated pattern, validating the 

successful hydrogenation of 4. Compound 1 was soluble even in n-hexane (0.65 mg/mL), in 



Chapter 3. Regioselective Hydrogenation of a 60-Carbon Nanographene Molecule towards a 

Circumbiphenyl Core 

81 

 

which 4 showed little solubility. Both the room-temperature and high-temperature 1H NMR 

spectra of 1 revealed the disappearance of signals from protons attached to aromatic systems 

and appearance of new signals in the aliphatic region, indicating the peripheral hydrogenation 

of 4. 2D NMR analyses of 1 could distinguish different aliphatic proton signals originating 

from >CH-, –CH2- and -CH3. (NMR spectra see Figure S1-S6 in the Supporting Information). 

However, accurate assignment of each proton signal of 1 was hampered by the existence of 

multiple diastereotopic peripheral protons and 1H signal overlap. Compound 1 might consist 

of multiple stereoisomers, depending on the relative orientations of the four alkyl chains, which 

is under further investigation in our laboratory. 

 

Figure 2. High-resolution MALDI-TOF MS spectrum of 1 and 4; inset: the corresponding 

experimental and simulated isotopic distributions of 1. 

FT-IR spectroscopic analysis of 1 and 4 demonstrates the disappearance of aromatic 

C−H stretching bands at around 3073 cm-1,15 as well as the fingerprint aromatic C-H bending 

bands between 730 and 860 cm-1, corroborating peripheral hydrogenation (Figure 3, for full 

spectra, see Figure S7). Additionally, appearance of bands at 1080 cm-1 and 465 cm-1 from the 

saturated C-C stretching vibrations and out-of-plane bending, respectively, verifies the 

hydrogenated periphery of 1.16 In Raman spectra (Figure S8), the ratios between D and G bands, 

I(D)/I(G) for 4 and 1 are 0.50 and 0.56, respectively, in accordance with the fact that I(D)/I(G) 

varies inversely with the extension of the π-conjugation.17 
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Figure 3. Representative FTIR spectra regions of 1 (blue line) and 4 (red line) measured on 

powder samples. 

In contrast to the broad optical spectra of 4, which could be ascribed to the presence of 

aggregates,18 those of 1 (THF solution, see Figure 4a) reveal well-resolved vibronic structures, 

indicating a significant improvement of solubility after peripheral hydrogenation, suppressing 

the aggregation.19 The absorption maximum of 1 (λmax = 381 nm) exhibits a significant blue-

shift with respect to 4 (λmax = 411 nm), indicating truncation of the π-skeleton. Notably, the 

absorption profile of peralkylated circumbiphenyl 1 perfectly matches that of the parent 

circumbiphenyl 2 (absorption maximum: 364 nm) reported by E. Clar,12 with a red-shift of the 

absorption maximum by 17 nm. Peralkylated circumbiphenyl 1 displays a green fluorescence 

with the emission maximum at 512 nm. The fluorescence quantum yield ΦF of 1 was measured 

as 12% using 9,10-diphenylanyhracene (in toluene under air, ΦF: 70%) as reference.20 

Compound 4 exhibits a broad fluorescence peaking at 700 nm. The broad peak originates from 

aggregation, as revealed by concentration-dependent fluorescence studies, whereas the 

emission maximum of the monomer is at 555 nm (Figure S9). The weak fluorescence of 4 

hindered the determination of its fluorescence quantum yield. 
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Figure 4. (a) Normalized UV-vis absorption and fluorescence spectra (excited at the absorption 

maxima) of 1 and 4 in THF solution (2 × 10-5 M); inset: emission of 1 and 4 under 365 nm 

wavelength of UV lamp; (b) Frontier molecular orbitals and energy diagrams of 1, 2 and 4 at 

the B3LYP/6–311G(d) level. For simplicity of computation, dodecyl chains of 1 and 4 were 

removed. 
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DFT calculations were performed to compare the electronic properties of pristine 4, 

peripheral hydrogenated 1 and parent circumbiphenyl 2 (Figure 4b). The HOMO and LUMO 

energy levels of 4 are calculated to be −5.18 eV and −2.27 eV, respectively, with a HOMO-

LUMO gap of 2.91 eV. Peripheral hydrogenation results in a higher lying HOMO (−4.78 eV) 

and LUMO energy levels (−1.61 eV) of 1, with an energy gap of 3.17 eV which is by 0.26 eV 

greater than that of 4. These observations are in accordance with the UV-vis experiment, 

indicating the ability of electronic tuning of PAHs through peripheral hydrogenation. Besides, 

the DFT-calculated HOMO and LUMO of peralkylated circumbiphenyl 1 reveal the same 

orbital distribution pattern as that of 2. In addition, the HOMO-LUMO gap of 1 is smaller than 

that of 2 (3.32 eV), in line with the red-shifted onset of absorption of 1. 

Ultrafast transient absorption (TA) spectroscopy (see the supporting information) 

discloses the effect of peripheral hydrogenation on the excited state photodynamics of the 

molecules. Figure 5 presents the TA spectra for 1 and 4 excited at the low-energy absorption 

edge (470 nm). Interestingly, whereas for 4 we can distinguish two photobleaching (PB) peaks 

(500 nm and 530 nm) and a broad photoinduced absorption (PA) from 600 nm to 750 nm, 1 

exhibits a sharp positive band at 500 nm that can be attributed to stimulated emission (SE), as 

it overlaps with one of the multiple well-resolved fluorescence peaks and cannot be connected 

to ground state absorption. Note that the other potential SE signals (550 nm and 600 nm) are 

overlapped with the strong and broad PA in the mid-visible, which is typical for conjugated 

systems.21 The reason why 1 displays SE likely lies in its improved solubility brought about by 

selective peripheral substitution, as we have recently reported that intermolecular interactions 

in nanographenes lead to the formation of aggregates with charge-transfer character, in which 

charge generation quenches SE and gain.22 The TA dynamics (probe at 500 nm, Figure 5b) 

show a longer lifetime for 1 (τ1 = 0.4 ± 0.04 ps; τ2 = 420 ± 20 ps) than 4 (τ1= 0.1 ± 0.01 ps ; τ2 

= 120 ± 15 ps), a result that can also correlate with the poorer solubility of 4 with respect to the 

hydrogenated molecule. In general, these findings highlight the potential of peralkylated 

circumbiphenyl 1 for applications in photonics and optoelectronics. 

In summary, we have presented hydrogenation as a “π-truncation” strategy leading to 

the first peralkylated circumbiphneyl 1. MALDI-TOF MS, 1D and 2D NMR combined with 

FT-IR and Raman results provided an explicit structure proof of the regiospecific peripheral 

hydrogenation of nanographene molecule 4, leading to a peralkylated circumbiphenyl core. 

Moreover, investigation of 1 by ultrafast transient absorption measurements revealed 

stimulated emission, which was absent for 4 before the hydrogenation, pointing toward the  
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Figure 5. (a) Femtosecond transient absorption spectra of 1 and 4 in THF solution at 1 fs 

pump-probe delay obtained by exciting at 470 nm and probing with a broadband probe light. 

(b) Transient dynamics for 1 and 4 at a probe wavelength of 500 nm. The solid blue and red 

lines represent the bi-exponential best-fit curves for 1 and 4, respectively. 

possible application of such hydrogenated nanographene molecules as optical gain materials, 

for example to develop an organic laser. Considering the directness and efficiency of π-

truncation, this strategy could serve as a general approach to other unique aromatic structures 
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not available by π-expansion, providing new candidates for (opto-)electronic devices and 

supramolecular chemistry. 
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1. Experimental section 

 

Materials and Methods. All commercially available chemicals were used without further 

purification unless otherwise stated. Absorption spectra were recorded on a Perkin-Elmer 

Lambda 900 spectrophotometer at room temperature. Photoluminescence spectra were 

recorded on a J&MTIDAS spectrofluorometer. The quantum yield was measured with 9,10-

diphenylanthracene (in toluene under air, ΦF: 70%) as reference. High-resolution mass 

spectrometry (HRMS) was performed on a SYNAPT G2 Si high resolution time-of-flight (TOF) 

mass spectrometer (Waters Corp., Manchester, UK) by matrix-assisted laser 

desorption/ionization (MALDI) with 7,7,8,8-tetracyanoquinodimethane (TCNQ) as matrix. 

The micro-FTIR measurements were carried out through a diamond anvil cell (transmission 

mode) with a Nicolet Nexus FT-IR spectrometer coupled with a Thermo Electron Continuμm 

IR microscope. Raman spectra were measured with a Bruker RFS 100/S Raman spectrometer 

excited by 488 nm laser. Melting points were measured with a Büchi B-545 apparatus. DFT 

calculations were performed using the Gaussian 09 software package.1 The geometries were 

optimized at the B3LYP/6-311G(d) level, and energies were calculated at the same level of 

theory. 

Nuclear Magnetic Resonance (NMR) spectra were recorded with a 5 mm PATXI 1H-

13C/15N/D z-gradient on the 850 MHz spectrometer with a Bruker Avance III system. High 

temperature NMR was recorded on Bruker Avance 500 MHz spectrometer. 

For quantitative 1H NMR measurements 512 transients were used with a 9.0 µs long 

90° pulse and a 13600 Hz (16 ppm) spectral width together with a recycling delay of 8 s. The 
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13C NMR (214 MHz) measurements were obtained with a J-modulated spin-echo for 13C-nuclei 

coupled to 1H to determine the number of attached protons with decoupling during acquisition. 

The used 90° pulse was 12.0 s long for carbon with a relaxation delay of 2 s. The proton and 

carbon spectra were conducted in C2D2Cl4 and the spectra were referenced with the residual 

C2DHCl4 at 5.98 ppm ((1H)). The carbon spectra were referenced with the carbon signal of 

the solvent C2D2Cl4 at 74.19 ppm. 

For the 2D NOESY experiments a spectroscopic width of 11900 Hz (14ppm) in both 

dimensions (f1 and f2) was used and the relaxation delay was 2.0 s. The mixing time used in 

the 2D NOESY was kept at 300ms. The spectroscopic widths of the homo-nuclear 2D COSY 

experiments were typically 11900 Hz in both dimensions (f1 and f2) with a relaxation delay of 

2.0 s. The 2D correlation between proton and carbon used 1H-13C-HSQC (heteronuclear single 

quant correlation) edited2 pulse program via double inept transfer for sensitivity improvement 

and with decoupling during acquisition via trim pulses in the inept transfer and with 

multiplicity editing during the selection step. 1JCH = 145 Hz was used for optimizing observable 

intensities of cross peaks from multiple bond 1H-13C correlation. 

Transient absorption experiments were performed with a home-built setup powered by 

an amplified Ti:sapphire laser (Coherent Libra) emitting 100-fs, 4-mJ pulses at 800 nm and 1 

kHz repetition rate. The pump pulses were generated by an optical parametric amplifier, while 

the broadband probe pulses were obtained by white-light continuum generation in a sapphire 

plate. Pump and probe pulses were non-collinearly overlapped on the sample and the 

transmitted probe spectrum was measured by an optical multichannel analyzer working at the 

full 1-kHz laser repetition rate. The pump pulse was chopped at 500 Hz and the differential 

transmission (T/T) spectra were calculated for pairs of consecutive pulses and averaged over 

300 pulse pairs. 

Hydrogenation of nanographene molecule 4. Nanographene molecule 4 (100 mg, 0.07 mmol) 

and Pd/C (10% Pd, 100 mg) was placed in an autoclave (“limbo” 350 bar/350 °C/100 mL 

autoclave system, Brüchi AG), and 50 mL of degassed dry THF was added. The autoclave was 

sealed and pressurized to 150 bar H2, and then the pressure was slowly and carefully released. 

This process was repeated for 3 times. The reaction mixture was then stirred at 150 bar H2 and 

120 °C for 1 week. After cooling down the system to a room temperature, the reaction mixture 

was passed through a short pad of silica gel with THF as eluent. After removing the solvent 

under reduced pressure, peralkylated circumbiphenyl 1 was obtained as yellowish brown 
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powder (30 mg, 30% yield). M.p.: 201.1 – 202.3 °C. 1H NMR (850 MHz, C2D2Cl2/CS2, 298 

K, ppm) δ 4.27 – 3.65 (m, 20H), 3.56 – 3.45 (m, 2H), 3.39 – 2.99 (m, 7H); 2.73 – 2.67 (m, 1H), 

2.57 – 2.48 (m, 4H), 2.41 – 2.28 (m, 1H), 2.07 – 2.01 (m, 1H), 1.88 – 1.82 (m, 4H), 1.81 – 1.74 

(m, 8H), 1.48 – 1.44 (m, 8H), 1.34 – 1.28 (m, 60H), 0.97 – 0.81 (m, 24H) 13C NMR (214 MHz, 

C2D2Cl2/CS2, 298 K, ppm) δ 130.15, 130.00, 129.92, 129.81, 129.76, 129.58, 129.52, 129.34, 

129.29, 125.63, 125.04, 122.70, 122.56, 121.11, 120.90, 120.18, 120.11, 120.04, 118.95, 37.14, 

36.99, 36.93, 35.15, 35.11, 34.85, 34.83, 34.55, 34.37, 32.34, 30.61, 30.57, 30.32, 30.19, 30.13, 

29.82, 29.06, 27.90, 26.59, 24.23, 23.25, 14.62, HRMS (MALDI) m/z: Calcd for C108H140: 

1437.0955; Found: 1437.0945 [M]+. 

 

2. NMR spectra 

 

 

Figure S1. 1H NMR at 850 MHz at 298 K of compound 1 in C2D2Cl4/CS2. 
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Figure S2. 1H NMR at 500 MHz at 413 K of compound 1 in C2D2Cl4. 

 

 

Figure S3. 13C NMR (jmod: attached proton test) at 214 MHz at 298 K of compound 1 in 

C2D2Cl4/CS2 (up C and CH2 and down CH and CH3). 
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Figure S4. 2D NOESY NMR at 850 MHz at 298 K of compound 1 in C2D2Cl4/CS2. 

 

 

Figure S5. 2D COSY NMR at 850 MHz at 298 K of compound 1 in C2D2Cl4/CS2. 
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Figure S6. 2D 1H-13C HSQCed NMR at 850 MHz at 298 K of compound 1 in C2D2Cl4/CS2 

(signals in red (CH and CH3) in black CH2). 

 

3. FT-IR and Raman spectra 

 

Figure S7. Full region of FT-IR spectra of 1 and 4. 
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Figure S8. Raman spectra of 1 and 4 recorded with 488 nm excitation laser wavelength. 

 

4. Concentration-dependent fluorescence spectra 

 

Figure S9. UV-vis spectrum and concentration-dependent fluorescence spectra of compound 

4. 
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5. Supplementary transient absorption information 

 

In a typical TA experiment, a pump pulse populates the excited states while a broadband 

probe pulse investigates both the differential transmission (
𝑇𝑝𝑢𝑚𝑝 𝑂𝑁−𝑇𝑝𝑢𝑚𝑝 𝑂𝐹𝐹

𝑇𝑝𝑢𝑚𝑝 𝑂𝐹𝐹
=

∆𝑇

𝑇
 ) and the 

lifetime of those states. When the probe is in resonance with the S0-S1 transition, its 

transmission will be enhanced by the pump-induced ground state depletion (ΔT/T > 0). For this 

reason, such a positive transient signal overlapping with ground state absorption is called 

photobleaching (PB). On the other hand, the probe transmission decreases when it is in 

resonance with excited states absorption (S1-Sn), and the resultant negative feature is called 

photoinduced absorption (PA). Finally, when the probe pulse is in resonance with the S1-S0 

transition it will cause stimulate emission (SE) of a second photon, and the transient band 

associated with such an effect will be positive and, in general, overlapping with the emission 

spectrum. 
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Boundaries between distinct topological phases of matter support robust, yet exotic 

quantum states such as spin-momentum locked transport channels or Majorana fermions.1-3The 

perspective to use such states in spintronic devices or as Qubits in quantum information 

technology is a strong driver of current research in condensed matter physics.4-6 The 

understanding of topological properties of quantum states has seen early success in explaining 

the conductivity of doped trans-polyacetylene (trans-PA) in terms of dispersionless soliton 

states.7-9 In their seminal paper Su, Schrieffer and Heeger (SSH) described the occurrence of 

these exotic quantum states using a one-dimensional Tight Binding (TB) model.10,11 Because 
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the SSH model describes chiral topological insulators, charge fractionalization, and spin-

charge separation in one-dimension (1D), numerous efforts have been made to realize the SSH-

Hamiltonian in cold atom, photonic, and acoustic experimental configurations.12-14 It is, 

however desirable to rationally engineer topological electronic phases into stable and 

processable materials to exploit the corresponding quantum states. Here we present a flexible 

strategy based on atomically precise graphene nanoribbons (GNR) to design robust 

nanomaterials exhibiting valence electronic structures described by the SSH-Hamiltonian.15-17 

We demonstrate the controlled periodic coupling of topological boundary states18 at junctions 

of armchair GNRs to create quasi-1D trivial and non-trivial electronic quantum phases. This 

strategy has the potential to tune the bandwidth of the topological electronic bands close to the 

energy scale of proximity-induced spin-orbit coupling19 or superconductivity,20 and may allow 

the realization of Kitaev like Hamiltonians3 and Majorana type end states.21 

 

Figure 1 | The SSH model and its realization in edge-extended graphene nanoribbons. a, 

Schematic representation of the dimerized 𝑐𝑖𝑠-PA like SSH chain with illustration of the intra-

cell coupling 𝑡𝑛  and inter-cell coupling  𝑡𝑚  within and between dimers, respectively. b, 

Dispersion relation 𝐸(𝑘) of the SSH chain displayed in a as a function of the phase factor  𝜙 

which governs the coupling strengths 𝑡𝑛  and 𝑡𝑚  (see text). c, Energy level diagram as a 

function of 𝜙 for a finite SSH chain of 25 dimers, revealing topological zero energy modes for 
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𝜙 <
𝜋

4
 (that is, 𝑡𝑛 < 𝑡𝑚). The inset in c displays the wave functions of the frontier orbitals (that 

is, closest to E = 0 eV) for a short 8 dimer chain with localized end state character for  𝜙 <
𝜋

4
 

and extended bulk like character for 𝜙 >
𝜋

4
. d, Wave function of the 𝑁 to (𝑁 + 2)-AGNR 

boundary state at an isolated smooth 7-AGNR to 9-AGNR junction. Marker size in d denotes 

wave function amplitude and color (blue-red) parity. e, Schematic representation of the frontier 

orbitals (marker size denotes charge density) of a 7-AGNR with staggered edge extensions 

leading to short 9-AGNR segments. The corresponding 7- to 9-AGNR boundary states couple 

within the 9-AGNR segments (𝑡𝑛) and across the 7-AGNR backbone (𝑡𝑚), in analogy to the 

cis-SSH chain illustrated in a. 

The fundamental features of the SSH model which describes a 1D chain of dimerized, 

coupled, and spinless fermion states are summarized in Fig. 1. Conceptually, its basic elements 

are an ensemble of equivalent fermion states |𝜓𝑖⟩ at each site 𝑖  of the chain, an intra-cell 

coupling 𝑡𝑛  between two such states within the same dimer, and an inter-cell coupling 𝑡𝑚 

between states of neighboring dimers (Fig. 1a). The corresponding spinor-based Hamiltonian 

𝐻(𝑘) = 𝑑𝑥(𝑘)𝜎𝑥 + 𝑑𝑦(𝑘)𝜎𝑦  (with 𝑑𝑥(𝑘) = 𝑡𝑛 + 𝑡𝑚 cos(𝑘); 𝑑𝑦(𝑘) = 𝑡𝑛 + 𝑡𝑚 sin(𝑘)) leads 

to the energy spectrum 𝐸(𝑘) = ±√𝑡𝑛
2 + 𝑡𝑚

2 + 2𝑡𝑛𝑡𝑚cos (𝑘)  [11]. This dispersion relation 

yields three extremal phases: (i) An intra-cell decoupled, insulating phase with 𝐸(𝑘) = ±𝑡𝑚 

for 𝑡𝑛 = 0  and 𝑡𝑚 ≠ 0; (ii) a metallic phase with 𝐸(𝜋) = 0𝑡𝑛  and 𝐸(0) = ±2𝑡𝑛  for equal 

coupling strengths 𝑡𝑛 = 𝑡𝑚 ≠ 0 ; and (iii) an inter-cell decoupled, insulating phase with 

𝐸(𝑘) = ±𝑡𝑛 for 𝑡𝑛 ≠ 0 and 𝑡𝑚 = 0. 

These three extremal solutions of the SSH chain can be smoothly connected by 

introducing a phase factor 𝜙 ∈ [0, 𝜋 2⁄ ]  governing the strength of 𝑡𝑛  and 𝑡𝑚  via 𝑡𝑛 = 𝛾 ∙

𝑠𝑖𝑛2(𝜙) and 𝑡𝑚 = 𝛾 ∙ 𝑐𝑜𝑠2(𝜙), where 𝛾 denotes the bandwidth. The corresponding series of 

band structures (BS) 𝐸(𝑘, 𝜙)  in Fig. 1b reveals non-dispersive BSs (orange) for the two 

insulating chain configurations at 𝜙 = 0 and 𝜙 =
𝜋

2
, while for 𝜙 =

𝜋

4
 (blue) a gapless metallic 

phase is found. That the smooth transition between two insulating phases can only occur by 

closing the gap is a clear evidence of their distinct topological class. This class can be assigned 

using the winding number of 𝑟(𝑘, 𝜙) = (𝑑𝑥(𝑘, 𝜙), 𝑑𝑦(𝑘, 𝜙))  around the origin as a ℤ2 

topological invariant,11 which is ℤ2 = 1 for 𝜙 <
𝜋

4
 and 𝑡𝑛 < 𝑡𝑚 , making the corresponding 

phases topologically non-trivial, and topologically trivial with ℤ2 = 0 for 𝜙 >
𝜋

4
 and 𝑡𝑛 > 𝑡𝑚. 

However, the winding number cannot be directly determined in experiments. Fortunately, the 
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bulk-boundary correspondence, i.e. the relation between the bulk winding number and the 

existence or absence of boundary states, offers a convenient experimental approach to 

determine a topological class. In the energy spectrum of a finite SSH chain of 25 dimers (Fig. 

1c) the topologically non-trivial phases for 𝜙 <
𝜋

4
 can readily be distinguished from the trivial 

ones with 𝜙 >
𝜋

4
 by the presence of two degenerate zero energy states localized at the chain 

ends. 

Specifically designed graphene nanoribbons (GNRs) provide the platform to realize a 

novel class of robust solid state nanomaterials which can flexibly encompass all three 

aforementioned quantum phases of the SSH chain. The atomically precise structural control 

required to rationally engineer the corresponding electronic structures can be achieved by on-

surface synthesis.22 Since the first successful bottom-up synthesis of GNRs by polymerization 

of dedicated molecular precursors.15 a wide variety of GNRs exhibiting different width, 

chirality, edge structure and chemical doping has been realized.16,17 The chemical robustness 

of GNRs allows their handling under ambient conditions23 and their integration into high-

performance electronic nanodevices,24 promising a technological exploitation of GNR based 

topological quantum phases.12 

The ability to flexibly engineer SSH-like topological quantum phases in GNRs requires 

a suitable electronic state representing  |𝜓𝑖⟩ . We identify such a state in the zero energy 

boundary state at the junction of two armchair graphene nanoribbons (𝑁-AGNR) of different 

width. Here 𝑁 denotes the number of transverse carbon atom rows.15 The boundary state we 

are considering here is itself of topological origin.18 To understand this, we consider that 𝑁-

AGNRs can be classified into three families according to their electronic properties. For 𝑁 =

3𝑝  and 𝑁 = 3𝑝 + 1  ( 𝑝  integer) the corresponding AGNRs exhibit a gapped electronic 

structure, whereas for 𝑁 = 3𝑝 + 2 a gapless (that is metallic) behavior is observed at the TB 

level of theory.25 At a smooth junction of a gapped 𝑁-AGNR with 𝑁 = 3𝑝 + 1 and a gapped 

𝑁 = 3𝑝 + 3 AGNR (that is, with two additional rows of carbon atoms) (Fig. S1-S4), a zero 

energy boundary state occurs due to the gapless 𝑁 = 3𝑝 + 2 intermediate (Fig. S5-S9). This 

situation is analogous to PA, where the smooth transition from one bond alternation pattern to 

the complementary one can only proceed via closure of the gap, leading to a zero energy soliton 

state.8,11 The wave function of the corresponding boundary state at a 7-AGNR / 9-AGNR 

junction is displayed in Fig. 1d. Creating a periodic sequence of such boundary states along  
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Figure 2 | Electronic structure of the staggered edge-extended 𝟕 -AGNR- 𝑺(𝟏, 𝟑) 

nanoribbon. a,b, Structural models and TB band structure diagrams for the pristine 7-AGNR 

backbone a and the staggered 7-AGNR-𝑆(1,3) (with γ0 = 3 eV). b. Marker size and color 
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(black to yellow) denote the magnitude of |⟨�⃗⃗�|𝜓𝑛(𝑘)⟩| i.e. the projection of the electronic states 

onto free electron states (Brillouin zone unfolding). Solid blue lines in b denote the analytical 

bands of the 𝑐𝑖𝑠-SSH chain. c, Schematic representation of the on-surface synthesis route from 

monomer 1 to the 7 -AGNR- 𝑆(1,3) . d, Constant-height nc-AFM image (with CO 

functionalized tip) of the frequency shift Δf of a 7-AGNR-𝑆(1,3) segment on Au(111). e, 

Series of constant-current dI/dV maps of the GNR shown in d at selected energies close to EF 

(which corresponds to 0 V sample bias). The set-point currents are 300 pA (U = −0.6 V), 600 

pA (U = −0.05 V), 800 pA (U = 0.65 V) and 1 nA (U = 0.9 V). f, Sequence of TB derived 

constant-height charge density maps at the VB and CB extrema (at −1 eV, −0.2 eV, +0.2 and 

+1.0 eV from bottom VB to top CB). The 1 nm scale bar in (e) applies to all maps d-f. 

and across the 𝑁-AGNR backbone, by local extension to a finite (𝑁 + 2)-AGNR segment (Fig. 

1e), produces an effective solid-state analogue of a cis-SSH chain. Here, the index 

𝑛 denotes the length of the (𝑁 + 2)-AGNR segment and 𝑚  corresponds to the separation 

between the opposite segments across the backbone. The resulting staggered ( 𝑆 ) ribbon 

structure is labeled 𝑁-AGNR-𝑆(𝑛, 𝑚). Thereby, the structure shown in Fig. 1e and Fig. 2b 

with 𝑁 = 7, 𝑛 = 1 and 𝑚 = 3 is denoted as 7-AGNR-𝑆(1,3) (see Fig. S1-S4 for details). In 

terms of the SSH Hamiltonian, 𝑛  is directly related to the intra-cell coupling 𝑡𝑛  while 𝑚 

determines the inter-cell coupling 𝑡𝑚. 

The tight-binding bulk band structure of the staggered 7-AGNR-𝑆(1,3) is compared to 

the band structure of the pristine 7 -AGNR backbone in Fig. 2. The appearance of four 

dispersive bands around the Fermi energy of the 7-AGNR backbone structure is readily 

observed (see also Fig. S10 and S11). These bands are in excellent agreement with the zone-

folded SSH energy spectrum 𝐸(𝑘) (blue solid lines in Fig. 2b) with 𝑡𝑛 = 0.45 𝑒𝑉 and 𝑡𝑚 =

0.59 𝑒𝑉. 

We have conceived a synthetic design to experimentally realize the staggered 7 -

AGNR- 𝑆(1,3)  structure by using 6,11-bis(10-bromoanthracen-9-yl)-1,4-dimethyltetracene 

(BADMT, monomer 1) as precursor monomer. The methyl groups can form zigzag edges 

bridging smoothly the 7- and 9-AGNR segments via cyclization with the neighboring aromatic 

rings, forming the intermediate 8-AGNR structure. The corresponding on-surface synthesis 

route (Fig. 2c) consists of the sublimation of monomer 1 onto a clean Au(111) surface, 

subsequent thermal precursor activation (dehalogenation) and polymerization at 200 °C, and 

finally cyclodehydrogenation of the polymer at 400 °C. A constant-height non-contact atomic 
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force microcopy (nc-AFM) image of the resulting structure is shown in Fig. 2d. The chemical 

stability of this GNR has been investigated by Raman spectroscopy (Fig. S27), and no spectral 

changes were detected after 5 days under ambient conditions, consistent with the high stability 

of the pristine backbone 7-AGNR.23 

STS investigation reveals that the 2.4 eV band gap of the pristine 7-AGNR on 

Au(111)26,27 is drastically reduced to 0.65 ± 0.1 eV for the 7-AGNR-𝑆(1,3). Constant current 

dI/dV maps of the main spectroscopic features around the gap (Fig. 2e) can be reliably assigned 

to bottom and top of the valence band (VB) and conduction band (CB), respectively, by 

comparison with TB simulations (Fig. 2f). The experimentally observed total bandwidth ΔEexp 

= 1.6 eV (VB minimum to CB maximum, see Fig. S15 and Fig. S17) is in good agreement with 

the one found from the TB calculations ∆𝐸TB = 2√𝑡𝑛
2 + 𝑡𝑚

2 + 2𝑡𝑛𝑡𝑚 = 2.08 𝑒𝑉  with 𝑡𝑛 =

0.45 𝑒𝑉  and 𝑡𝑚 = 0.59 𝑒𝑉 . From Density functional theory (DFT, Fig. S12) we deduce 

∆𝐸DFT = 1.95 𝑒𝑉 with 𝑡𝑛 = 0.37 𝑒𝑉 and 𝑡𝑚 = 0.60 𝑒𝑉. The symmetry of 𝐸(𝑘) with regard 

to exchange of 𝑡𝑛 and 𝑡𝑚  does not allow to determine which coupling term prevails and it 

remains open whether the 7-AGNR-𝑆(1,3) structure belongs to the topologically non-trivial 

(ℤ2 = 1 with 𝑡𝑚 > 𝑡𝑛) or the topologically trivial class (ℤ2 = 0 with 𝑡𝑚 < 𝑡𝑛). 

To clarify this question we exploit the bulk-boundary correspondence11 and check for 

the presence of end states at the termini of the 𝑁-AGNR-𝑆(𝑛, 𝑚) nanoribbon family. There is, 

however, a complication arising from the concomitant presence of zigzag termini related end 

states of the 𝑁-AGNR backbone.28 Both types of end states have topological origins but of 

different nature. As detailed in the Supplementary Materials (Fig. S18-S20), these two states 

can interact and hybridize such that the SSH end state is no longer present at zero energy. To 

prevent this, the terminus of the 𝑁-AGNR-𝑆(𝑛, 𝑚) needs to be extended by a sufficiently long 

segment of the pristine 𝑁-AGNR backbone, as illustrated in Fig. 3a,b. The resulting local 

density of states (LDOS) at the end of the 𝑁-AGNR-𝑆(𝑛, 𝑚) segment (indicated by the arrows) 

as a function of 𝑚 is shown in Fig. 3a and 3b for the 7-AGNR-𝑆(1, 𝑚) and 7-AGNR-𝑆(3, 𝑚) 

nanoribbon families, respectively. 

The (𝑚 = 1) 7-AGNR-𝑆(1,1)  exhibits a zero energy end state, indicating that it 

belongs to the topologically non-trivial phase (𝜙 <
𝜋

4
) with 𝑡𝑛 < 𝑡𝑚. Increasing 𝑚 decreases 

𝑡𝑚 while 𝑡𝑛 remains approximately constant (𝑛 = 1 = 𝑐𝑜𝑛𝑠𝑡.). For 𝑚 = 2 the LDOS shows a 

closing of the gap corresponding to 𝑡𝑛 ≈ 𝑡𝑚 (𝜙 ≈
𝜋

4
), thus marking the metallic intermediate  
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Figure 3 | Bulk-boundary correspondence for the staggered edge-extended 𝟕-AGNR-

𝑺(𝒏, 𝒎) nanoribbon family. a,b, LDOS plots for the 7-AGNR backbone extended 7-AGNR-

𝑆(1, 𝑚) a and 7-AGNR-𝑆(3, 𝑚) b nanoribbon families, evaluated at the end of the 7-AGNR-
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𝑆(𝑛, 𝑚)  segment (see LDOS-labeled red arrows). The 7-AGNR-𝑆(1,3) , whose structural 

model is depicted in a, exhibits no zero energy end state (LDOS indicated by red arrow) and 

thus belongs to the topologically trivial ℤ2 = 0  class. Conversely, the 7 -AGNR- 𝑆(3,2) 

structure (model in b, LDOS indicated by red arrow) reveals zero energy end states and thus 

belongs to the topologically non-trivial ℤ2 = 1 class. c, Synthetic pathway to the 7-AGNR 

backbone extended 7-AGNR-𝑆(1,3) nanoribbon using 1 and 2 as precursor molecules. d, 

Constant-height nc-AFM frequency shift (Δf) image of a 7-AGNR-𝑆(1,3) segment (acquired 

with CO functionalized tip). e, STS dI/dV spectra taken at positions indicated by the markers 

of the corresponding color in e. f, Experimental constant-current dI/dV maps at the top of the 

VB (−0.05 V, I = 200 pA), in the gap (+0.25 V, I = 500 pA) and at the bottom of the CB (+0.65 

V, I = 500 pA) of the 7-AGNR-𝑆(1,3) shown in e. g, TB simulated charge density map of the 

bottom of the CB, computed for the experimental structure d. The 1 nm scale bar in d applies 

also to panel f and g. 

separating the non-trivial 7-AGNR-𝑆(1,1) from the trivial 7-AGNR-𝑆(1,3) which shows a 

gap again but with no zero energy end states. For 𝑛 = 3 (Fig. 3b) 𝑡𝑛 is reduced and the non-

trivial to trivial transition with 𝑡𝑛 ≈ 𝑡𝑚 should occur at larger 𝑚 (that is, smaller 𝑡𝑚) than in 

the 𝑛 = 1 case. As can be seen from Fig. 3b, zero-energy end states occur indeed for 𝑚 = 1, 2 

and 3, indicating that, according to the TB calculations, the experimentally realized 7-AGNR-

𝑆(1,3) belongs to the topologically trivial ℤ2 = 0 class. 

To verify this finding experimentally, the synthetic route shown in Fig. 2 was modified 

to allow the required extension of the staggered nanoribbon structure with a pristine 7-AGNR 

backbone segment. This is realized by sequential deposition of monomer 1 for the 7-AGNR-

𝑆(1,3) and dibromo-bianthryl (DBBA, monomer 2) for the 7-AGNR (Fig. 3c, Fig. S25). 

Differential conductance dI/dV spectroscopy at the end of the SSH GNR segment (red curve 

and marker in Fig. 3d,e) and at the internal SSH chain site (blue) shows nearly identical spectra 

with no indication of an end state. This is further corroborated by dI/dV mapping at selected 

energies around E = 0 eV (Fig. 3f). At U = −0.05 V the onset of the spatially extended VB 

states of the 7-AGNR-𝑆(1,3) can be seen; at U = 0.25 V we are in the gap with no particular 

features, and at +0.65 V the bottom of the CB can be observed, in good agreement with the TB 

charge density simulation of the lowest energy CB state of the 7-AGNR – 7-AGNR-𝑆(1,3) 

heterostructure (Fig. 3g). The experiment therefore confirms the TB prediction that the 7-

AGNR-𝑆(1,3) is topologically trivial with ℤ2 = 0. 
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Figure 4 | Non-trivial topological (ℤ2 = 1) phase of the inline edge-extended 𝟕-AGNR-

𝑰(𝟏, 𝟑) structure. a, On-surface synthesis route to the 7-AGNR backbone extended 7-AGNR-

𝐼(1,3) nanoribbon. b, LDOS plots evaluated at the end of the 7-AGNR-𝐼(1, 𝑚) segment (see 

arrow in a) as a function of inter-segment spacing 𝑚, revealing the ℤ2 = 1 to ℤ2 = 0 transition 

at 𝑚 = 4 with nearly complete gap closure and disappearance of the zero energy states for 

𝑚 > 3. d, Constant-height nc-AFM frequency shift (Δf) image of a 5 unit 7-AGNR-𝐼(1,3) 
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segment with 7-AGNR extensions at both ends. c, dI/dV spectra (-0.6 V and 100 pA set-point 

before opening feedback loop) taken at the locations indicated by the markers of corresponding 

color in d. e, Experimental dI/dV maps of the main spectroscopic features at +0.15 V, +0.25 V 

and +0.7 V (all with I = 500 pA). f, TB simulated charge density maps at the top of the VB, at 

E = 0 eV, and at the bottom of the CB, computed for the experimental structure d.  

The staggered 𝑁-AGNR-𝑆(𝑛, 𝑚) exhibits boundary states only for nanoribbon widths 

𝑁 = 3𝑝 + 1  ( 𝑝  integer) and provides an electronic cis-PA analogue. If instead of an 

asymmetric 𝑁 - to (𝑁 + 2) -AGNR junction an axially symmetric 𝑁 - to (𝑁 + 4) -AGNR 

junction is considered, as illustrated in Fig. 4a, the resulting “inline” edge-extended GNR will 

yield zero energy boundary states for all backbone widths 𝑁 (Fig. S6). Similar to the staggered 

structure, the (𝑁 + 4) segment length is denoted by 𝑛 and the segment spacing by 𝑚, and the 

inline “𝐼” structure is thus labeled 𝑁 -AGNR-𝐼(𝑛, 𝑚). The structure shown in Fig. 4a is 

therefore a 7-AGNR-𝐼(1,3). The LDOS series for the 7-AGNR-𝐼(1, 𝑚) family in Fig. 4b 

reveals topological end states for 𝑚 = 2 and 𝑚 = 3 with the non-trivial to trivial phase transition 

between 𝑚 = 3 (ℤ2 = 1) and 𝑚=4 (ℤ2 = 0). The bulk BS for the 7-AGNR-𝐼(1,3) exhibits two 

trans-PA like bands with 𝑡𝑛 = 0.45 eV and 𝑡𝑚 = 0.65 eV (Fig. S11), which is very similar to 

7 -AGNR- 𝑆(1,3) . Topological phase diagrams for the 7-AGNR- 𝑆(𝑛, 𝑚)  and - 𝐼(𝑛, 𝑚) 

structures are given in Fig. S14 for 𝑛 ∈ [1,9] and 𝑚 ∈ [1,9].  

The synthetic route to the 7 -AGNR extended 7 -AGNR- 𝐼(1,3)  inline structure is 

analogous to the one for the staggered structure, but using 6,13-bis(10-bromoanthracen-9-yl)-

1,4,8,11-tetramethylpentacene (BATMP, monomer 3) as the precursor molecule. Fig. 4d 

presents the nc-AFM image of a 5 unit 7-AGNR-𝐼(1,3) that is extended by 7-AGNR segments 

at both ends. dI/dV spectra recorded at the 7-AGNR / 7-AGNR-𝐼(1,3) junction (dark blue and 

red in Fig. 4c and 4d) reveal a state at approximately 0.25 V that is only present at the chain 

ends, as confirmed by dI/dV mapping (Fig. 4e). Comparison with TB calculations (Fig. 4f) 

reveals that the extended state at 0.15 V can be assigned to the top of the VB, the 4 lobe state 

at +0.7 V in the center of the chain to the CB minimum, and that the state at +0.25 V is indeed 

the expected topologically non-trivial bulk-boundary end state (see Fig. S26 for a high-

resolution dI/dV map). This state is not observed at exactly 0 V due to charge doping of the 

nanoribbon by the substrate, which is well known to occur for low bandgap GNRs on 

Au(111)29,30 and its non-mid-gap position might be due to substrate dependent many-body 

energy renormalization.31 Altogether, this analysis shows that, in contrast to the staggered 
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trivial 7-AGNR-𝑆(1,3), the inline edge-extended 7-AGNR-𝐼(1,3) belongs to the topologically 

non-trivial ℤ2 = 1 class and hosts topological end states. 

For our discussion we have chosen the topological invariant related to the winding 

number of the SSH model (ℤ2) as identifier of the topological class. Alternatively, the Zak 

phase of all occupied bands can also be used, yielding the topological invariant ℤ2
′ 18, which is 

ℤ2
′ = 1 − ℤ2 for the structures considered here (see Fig. S13). 

The presence of short zigzag edge segments in the structure families discussed here 

suggests the possibility of magnetic ordering.32 For the 7-AGNR-𝑆(1,3) and 7-AGNR-𝐼(1,3) 

structures the relatively strong coupling suppresses magnetic ordering, but the formation of 

antiferromagnetic spin-chains is expected for structures with larger 𝑛 and 𝑚 (Fig. S21-S23). A 

more direct effect of the (𝑛, 𝑚) dependent coupling strength is that the band gap can be tuned 

over a wide range without changing the ribbon width (Fig. S14). 
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Methods 

 

Tight Binding calculations of electronic structure. The calculations of the electronic 

structure are based on the nearest-neighbor hopping Tight Binding (TB) Hamiltonian 

considering the 2pz orbital of the carbon atoms only:  

𝐻 = ∑ 𝜀𝑖𝑐𝑖
†𝑐𝑖𝑖 − ∑ 𝛾0𝑐𝑖

†𝑐𝑗<𝑖,𝑗>   (1) 

Here 𝑐𝑖
†
and 𝑐𝑖 denote the usual creation and annihilation operators on site 𝑖. 〈𝑖, 𝑗〉 denotes the 

summation over nearest-neighbour sites, the on-site energies 𝜀𝑖  are all set to zero, and the 

nearest-neighbour hopping parameter is chosen to be 𝛾0=3 eV.  

Band structures (BS) are calculated by taking into account the wave-vector dependent 

complex Bloch phase factors in the TB Hamiltonian. Unfolding of the BS into the extended 

Brillouin zone is achieved by projection of the wave functions of energy 𝐸𝑛(�⃗⃗�∥) on plane 

waves |⟨�⃗⃗�∥ + �⃗⃗�⊥|𝜓𝑛(�⃗⃗�∥)⟩|. The corresponding weight is displayed by marker size and color. 

Here �⃗⃗�∥  and �⃗⃗�⊥  denote the wave vectors parallel and perpendicular to the GNR axis, 
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respectively. The perpendicular wave vector �⃗⃗�⊥ for the projection is chosen non-zero in order 

to cut through the Dirac point of the parent graphene structure at �⃗⃗�⊥ = 2𝜋 3𝑎⁄  and �⃗⃗�∥ =

2𝜋 √3𝑎⁄  with a=2.44 Å being the length of the graphene basis vector.  

Wave functions are reconstructed from the TB Eigenvectors 𝛼𝑖,𝑛  of energy 𝐸𝑛  by 

summing up the C 2pz Slater type orbitals with = 1.625/au over the atomic sites 𝑖 of the 

structure. 

𝜓𝑛(𝑟) = ∑ 𝛼𝑖,𝑛 ∙ 𝑧 ∙ exp (−𝜉|𝑟 − 𝑟𝑖|)𝑖          (2) 

STS-mapping simulations are achieved in first approximation by displaying the charge 

density of the considered states in the energy interval [𝜀1, 𝜀2] at constant height 𝑧0 according 

to: 

𝐿𝐷𝑂𝑆(𝑥, 𝑦, 𝑧0) = ∑ |𝜓𝑛(𝑟)|2
𝑛   for all 𝑛 with 𝐸𝑛 ∈ [𝜀1, 𝜀2] (3) 

The results of the BS calculations for the 7-AGNR-S(1,3) and 7-AGNR-I(1,3) 

structures are compared to DFT calculations in supplementary Fig. 12. 

 

Molecular precursor and nanoribbon synthesis. The chemical synthesis of the monomers 1 

(BADMT), 2 (BATMP) and 3 (DBBA) is detailed in the Supplementary Information together 

with details of the on-surface synthesis of the corresponding GNRs (Supplementary Scheme 1, 

Supplementary Figs. 28–38, 24–26). 

 

STM/STS and nc-AFM characterization. A commercial low-temperature STM/AFM system 

(Scienta Omicron) with a base pressure below 1 × 10−10 mbar was used for sample preparation 

and characterization under ultrahigh-vacuum conditions. STM images and differential 

conductance dI/dV maps were recorded in constant-current mode unless noted otherwise. 

Constant-height tunnelling current and nc-AFM frequency shift images were recorded with a 

CO-functionalized tip attached to a quartz tuning fork sensor (resonance frequency 23.5 kHz). 

dI/dV spectra were recorded using the lock-in technique (Urms = 20 mV at 680 Hz modulation). 

All data shown were acquired at a sample temperature of 5 K. 
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Data availability. The datasets generated and/or analysed during the current study are 

available from the corresponding author on reasonable request. 

 

Code availability. The tight-binding calculations were performed using a custom-made code 

on the WaveMetrics IGOR Pro platform. Details of this tight-binding code can be obtained 

from the corresponding author on reasonable request. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4. Engineering of Robust Topological Quantum Phases in Graphene Nanoribbons 

115 

 

Copyright (2018) Springer Nature. 

 

Supporting information 

 

Engineering of Robust Topological Quantum Phases in Graphene Nanoribbons 

 

1. Structure classification and nomenclature 

 

The atomic structure of the graphene nanoribbons (GNRs) discussed in this work is 

based on an armchair GNR (AGNR) backbone having 𝑁 rows of carbon atoms in the transverse 

direction (𝑁-AGNR). This 𝑁-AGNR backbone is locally asymmetrically extended to a (𝑁 + 

2)-AGNR or symmetrically extended to a (𝑁 + 4)-AGNR, as illustrated in Fig. S1. These edge 

extensions produce boundary regions at the junction with the 𝑁-AGNR backbone. 

 

Figure S1. Schematic representation of the structural elements of the asymmetric (𝑁 + 2)-

AGNR (top) and the symmetric (𝑁 + 4)-AGNR (bottom) segments on the 𝑁-AGNR backbone. 

The displayed structures are exemplary for a 𝑁 = 7 backbone (7-AGNR). The left and right 

junction regions between the 7-AGNR backbone and the 9- or 11-AGNR segments, 

respectively, are highlighted by ovals. 
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The periodic arrangement of these basic segments on the 𝑁-AGNR backbone yields 

non-trivial, edge extended AGNR structures. The two specific structures of interest in the 

context of this work are the so-called “staggered” (𝑆-type, based on asymmetric 𝑁 + 2 segments) 

and the “inline” (𝐼-type, based on axially symmetric 𝑁 + 4 segments) structures that are 

discussed in detail below. 

 

1.1. The staggered (“𝑺”-type) structure 

 

For the staggered 𝑆-structure the segment length is denoted by the integer 𝑛 ≥ 1, which 

refers to the number of units constituting the (𝑁 + 2)-AGNR segment (Fig. S2a). 

 

Figure S2. a, Schematics of edge extension producing a (𝑁 + 2)-AGNR segment structure 

(reddish to yellow color) on a 𝑁-AGNR backbone (light blue color). The length of the (𝑁 + 2)-

AGNR segment is denoted by index 𝑛. b, Schematic illustration of the inter-edge separation 𝑚 

of two (𝑁 + 2) segments. 

In order to realize the periodically staggered structure of interest, the edge extensions 

producing the (𝑁 + 2) segments are alternatingly placed at opposite edges of the 𝑁-AGNR 

backbone. The separation of the segments is denoted by index 𝑚, which denotes the axial 

distance of the left hand terminus of the lower edge segment with respect to the right hand 

terminus of the upper edge segment (Fig. S2b). The same separation applies for the left hand 

terminus of the upper edge segment with respect to the right hand terminus of the lower edge 

segment.  

The index 𝑚 denotes the axial displacement in terms of unit cells of the backbone (a0 = 

3*ac=3*1.41 Å = 4.23 Å). Although 𝑚 can be smaller than 1 we do not consider such structures 

because the resulting segment overlap will yield local (𝑁 + 4)-AGNR structures. 
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Figure S3. Examples of staggered edge-extended AGNRS: a, 𝑁 = 7, 𝑛 = 2 and 𝑚 = 2 (“7-

AGNR-(2,2)”); and b, 𝑁 = 8, 𝑛 = 3 and 𝑚 = 1.5 (“8-AGNR-𝑆(3,1.5)”). 

The resulting staggered edge-extended GNR structures are denoted as 𝑁-AGNR-(𝑛, 𝑚), with:  

𝑁: Width of the backbone, counting the number of transverse rows of carbon atoms.  

𝑆: Identifier for “Staggered”  

𝑛: (𝑁 + 2) segment length, starting with 𝑛 ≥ 1  

𝑚: Across the ribbon (𝑁 + 2) segment spacing, with 𝑚 ≥ 1 (𝑁 odd → 𝑚 integer, 𝑁 even → 

𝑚 half integer) 

 

1.2. The inline “𝑰”-type structure  

 

In addition to the staggered (𝑆) structure, the inline (𝐼) arrangement of two (𝑁 + 2) 

aligned segments across the 𝑁-AGNR backbone is possible. 𝑁, 𝑛 and 𝑚 retain the meaning 

used to describe the 𝑆-structures with the index 𝑚 denoting the separation of the segments 

along the same edge as well as across the backbone. In contrast to the 𝑆-structure, the 𝑁-AGNR 

backbone of the 𝐼-structure is locally extended to a finite length (𝑁 + 4)-AGNR segment with 

𝑁 being odd.  

The nomenclature for this inline arrangement is 𝑁-AGNR-(𝑛, 𝑚), with:  

𝑁: Number of transverse rows of carbon atoms in the backbone 𝑁, must be odd.  

𝐼: Identifier for “Inline”  

𝑛: (𝑁 + 4) segment length, starting with (𝑛 ≥ 1)  
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𝑚: Across the ribbon (𝑁 + 4) segment spacing (𝑚 ≥ 2) 

Figure S4 shows schematically a 7-AGNR-(2,3) (a) and a 7-AGNR-𝐼(1,4) (b) structures. 

 

Figure S4. Examples of inline edge-extended AGNRs: a, 7-AGNR-(2,3), and b, 7-AGNR-

𝐼(1,3). 

 

2. Electronic properties of the 𝑺 and 𝑰 edge-extended AGNR structures 

 

The specific electronic properties of the 𝑆- and 𝐼-structures are rooted in the particular 

electronic character of their parent 𝑁-AGNR.  

 

2.1. The 𝑵-AGNR backbone structure  

The 𝑁-AGNRs can be classified according to their electronic character in 3 families:1 

Two semiconducting families with 𝑁 = 3𝑝 or 𝑁 = 3𝑝 + 1 and a metallic family with 𝑁 = 3𝑝 + 

2, with 𝑝 ≥ 0 integer. These families can be well distinguished by the evolution of their energy 

gap with increasing ribbon width 𝑁, as displayed in Fig. S5 (from Tight-Binding (TB) 

calculations with the nearest-neighbor hopping γ0 = 3 eV). 

The sequence of semiconducting and metallic properties of AGNRs as a function of 

ribbon width 𝑁 can be regarded as a discrete topological phase diagram, where the metallic 

structures represent the boundaries separating one topological family of semiconducting 𝑁-

AGNRs (e.g., 𝑁 = 3𝑝 or 𝑁 = 3𝑝 + 1) from the next one (e.g. 𝑁 = 3𝑝∗ or 𝑁 = 3𝑝∗ + 1 with 𝑝∗ = 

𝑝 + 1). In this context the junctions formed between the 𝑁-AGNR backbone and the edge-

extended 𝑁 + 2 segments of the 𝑆-structure (or the 𝑁 + 4 segments of the 𝐼-structure) can be 

regarded as “smooth” electronic transition regions within the same topological class if the 
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transition can proceed without closing the gap (i.e., there is no intermediate metallic 𝑁-AGNR). 

On the other hand, the transition is considered to be across topological classes if it cannot 

proceed without closing the gap, i.e., if there is a metallic 𝑁-AGNR intermediate. Although a 

gap closure is not always required it is a hallmark of a topological phase transition.2 The 

topological nature of AGNRs and the occurrence of boundary states have been discussed 

recently by Louie et al.3 

 

Figure S5. Dependence of the 𝑁-AGNR nearest-neighbor TB energy gap on ribbon width 𝑁. 

The electronic family is denoted by the marker color. The three electronically different types 

of junctions i) – iii) for the staggered 𝑁/(𝑁 + 2) (Fig. S3) and the inline 𝑁/(𝑁 + 4) (Fig. S4) 

structures are indicated. 

As we will see, this result has consequences on the appearance of topologically 

protected zero-energy (E = 0) boundary states, as discussed in the following. 

 

2.2. Boundary states at the 𝑺- and 𝑰-segment junctions and their on-segment interaction  

 

Considering a 𝑁-AGNR backbone with a single edge-extended segment (as shown in 

Fig.S1) one realizes that the junctions between the 𝑁-AGNR backbone and the (𝑁 + 2)- 

respectively (𝑁 + 4)-AGNR segments mark the transition from one electronic structure type to 
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another. Accordingly, as a function of the width 𝑁 of the backbone 𝑁-AGNR we can identify 

three different junction types:  

For the staggered edge extensions (𝑆-structure): 

i) 𝑁 = 3𝑝            (sc) → (𝑁 + 2) = 3𝑝 + 2                          (met)  

ii) 𝑁 = 3𝑝 + 1     (sc) → (𝑁 + 2) = 3𝑝 + 3 = 3𝑝∗               (sc with 𝑝∗ = 𝑝 + 1)  

iii) 𝑁 = 3𝑝 + 2    (met) → (𝑁 + 2) = 3𝑝 + 4 = 3𝑝∗ + 1      (sc with 𝑝∗ = 𝑝 + 1)  

For the inline edge extensions (𝐼𝐼 structure):   

i) 𝑁 = 3𝑝              (sc) → 𝑁 + 4 = 3𝑝 + 4 = 3𝑝∗ + 1          (sc with 𝑝∗ = 𝑝 + 1)  

ii) 𝑁 = 3𝑝 + 1       (sc) → 𝑁 + 4 = 3𝑝 + 5 = 3𝑝∗ + 2          (met with 𝑝∗ = 𝑝 + 1)  

iii) 𝑁 = 3𝑝 + 2      (met) → 𝑁 + 4 = 3𝑝 + 6 = 3𝑝∗              (sc with 𝑝∗ = 𝑝 + 2)  

where “sc” and “met” indicate the semiconducting and metallic nature of the corresponding 

ribbon structure, respectively. 

 

 

Figure S6. Catalogue of highest occupied molecular orbital (HOMO, i.e. closed to E = 0) TB 

wave functions (color denoting the parity) for the six possible junction types i) to iii) for the 

staggered 𝑁 → (𝑁 + 2)-AGNR and the inline 𝑁 → (𝑁 + 4)-AGNR junctions. 
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It can be seen from Fig. S6 that the different junction types yield different types of low 

energy states. In the staggered case only junction type ii) with 𝑁 = 3𝑝 + 1 yields a zero-energy 

state localized at the junction. In the two other cases i) and iii) the states closest to E = 0 are 

the metallic states of either the backbone (for 𝑁 = 3𝑝 + 2) or of the metallic (𝑁 + 2)-segment 

(for 𝑁 = 3𝑝). In contrast the inline (𝑁 + 4) structure exhibits localized junction states for all 

three cases i)-iii).  

 

Figure S7. Local density of states (LDOS) maps (DOS at the segment boundary) for a, an 

isolated 9-AGNR and b, an isolated 11-AGNR segment of varying length 𝑛 within a 7-AGNR 

backbone. c, Wave function plots for the bonding and anti-bonding hybrid states for 𝑛 = 7 in 

the two cases. 

If the segment length 𝑛 is reduced to finite values, the junction states at the left and 

right ends of the edge-extended segment can no longer be regarded as isolated because they 

can interact with each other. In fact, a segment of finite length 𝑛 can be viewed as the intra-cell 
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dimer of the SSH model. Depending on segment length 𝑛, the boundary states at either end 

(left |𝐿⟩ and right |𝑅⟩) will hybridize to form bonding and antibonding hybrid states with energy 

𝐸 = ±𝑡𝑛 where 𝑡𝑛 = ⟨𝐿|𝐻|𝑅⟩ (𝐻 denoting the Hamiltonian of the system). The energy splitting 

𝑡𝑛 will generally decrease (exponentially for large 𝑛) with 𝑛 as shown in Fig. S7. 

The interaction of the |𝐿⟩ (left) and |𝑅⟩ (right) boundary states does not only depend on 

segment length 𝑛 but also on backbone width 𝑁 as can be seen from the LDOS maps of Fig. 

S8. 

 

Figure S8. LDOS maps (DOS at the segment boundaries) for an isolated (𝑁 + 2)-AGNR 

segment within a 𝑁-AGNR backbone for backbone widths 𝑁 = 4, 5, … , 21. a, Short segment 

length 𝑛 = 5. b, Long segment length 𝑛 = 25. 

The three junction types i) - iii) discussed above can be well distinguished in the energy 

level spectra for different values of 𝑁 (Fig. S8a). For the case iii) with 𝑁 = 3𝑝 + 2 the 𝑁-AGNR 

backbone is metallic and no states with particularly strong weight at the junction can be 

discerned. The situation is different for the cases i) with 𝑁 = 3𝑝 and ii) with 𝑁 = 3𝑝 + 1, where 

two low-energy states localized in the junction region (i.e. with high amplitude in the LDOS) 

can clearly be observed. If the 𝑁 + 2 segment length is increased from 𝑛 = 5 to 𝑛 = 25 (Fig. 

S8b), localized states remain only in the case ii) with 𝑁 = 3𝑝 + 1. In the limit of 𝑛𝑛 → ∞ this 

junction state collapses to 𝐸 ≅ 0 with 2-fold degeneracy. 
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Figure S9. LDOS maps (DOS at the segment boundaries) for an isolated (𝑁 + 4)-AGNR 

segment within a 𝑁-AGNR backbone for backbone widths 𝑁 = 5, 7, … , 21. a, Short segment 

length 𝑛 = 5. b, Long segment length 𝑛 = 25. The color scale displays the summed square of 

the wave function amplitude on the center atoms of the four zigzag kink sites. 

In the case of the inline edge-extended (𝑁 + 4)-AGNR segment again all three cases i) 

- iii) can be well distinguished in the sequence of energy level spectra for increasing backbone 

width 𝑁 (Fig. S9). For the short segment length 𝑛 = 5, states localized at the junctions are 

observed in all cases. If the segment length is increased to 𝑛 = 25 (Fig. S9b) a 2-fold degenerate 

zero-energy state appears for all backbone widths 𝑁, and not just for 𝑁 = 3𝑝 + 1 as in the case 

of the 𝑆-type structure.  

This behavior can be understood when looking at the staggered 𝑁-AGNR / (𝑁 + 2)-

AGNR and the inline 𝑁-AGNR / (𝑁 + 4)-AGNR junctions as regions of gradual increase of 

AGNR width, i.e. by considering the (𝑁 + 1) and the (𝑁 + 1), (𝑁 + 2) and (𝑁 + 3) intermediate 

widths for the two cases, respectively (Fig. S6). For the staggered structure only the 𝑁 = 3𝑝 + 

1 case (case ii) in Fig. S6) features a metallic (𝑁 + 1) = 3𝑝 + 2 intermediate. In this case we 

can understand the junction as connecting two insulating/semiconducting AGNR segments via 

closure of the gap. Accordingly, we have the appearance of a topologically protected zero-

energy state at the junction, very much like for the soliton case of polyacetlylene.4 For the 

inline structure there is always an intermediate width with metallic properties between the 𝑁-

AGNR and the (𝑁 + 4)-AGNR segments, and we will thus find a topologically protected zero-

energy state at the junction for all AGNR backbone widths 𝑁. 
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2.3. Periodic coupling of junction states  

 

For small 𝑛 and m the junction states interact with each other and split in energy. 

Furthermore, the junction states can hybridize with the metallic 𝑁-AGNR backbone for case 

iii) or the metallic (𝑁 + 2) segment in case i) of the staggered 𝑁-AGNR-(𝑛, 𝑚). 

 

Figure S10. Band structure calculations for the staggered edge-extended 5-AGNR-(1,3) (left), 

7-AGNR-𝑆(1,3) (middle) and 9-AGNR-𝑆(1,3) (right), representing the cases iii), ii) and i), 

respectively. The green solid curves in the panel 7-AGNR-S(1,3) denote the fit with the 

analytical solution of the 𝑐is-PA structure. 

The impact of hybridization can clearly be observed in Fig. S10. Only the case where 

𝑁 = 7 (i.e. 𝑁 = 3𝑝 + 1 with 𝑝 = 2) shows nearly undistorted 𝑐is-PA like bands around E = 0. In 

the case 𝑁 = 5 (i.e. 𝑁 = 3𝑝 + 2) no such band can be identified, and for 𝑁 = 9 (i.e. 𝑁 = 3𝑝 with 

𝑝 = 3) the PA like bands hybridize at about +/- 0.8 eV with the valence and conduction band 

states of the backbone AGNR. 

For the 𝐼-type structures shown in Fig. S11 the 𝑡rans-PA like bands (highlighted in light 

green) near E = 0 show little tendency of hybridization. 
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Figure S11. Band structure calculations for the inline edge-extended 5-AGNR-(1,3) (left), 7-

AGNR-𝐼(1,3) (middle) and 9-AGNR-𝐼(1,3) (right), representing the cases iii), ii) and i), 

respectively. As in Fig. S10 the solid green curves denote the fits with the analytical solution 

for the 𝑡rans-PA structure. 

 

2.4. Comparison of Tight-Binding (TB) and Density Functional Theory (DFT) band 

structures 

 

In Fig. S12 we compare the band structures obtained from TB with the ones from DFT. 

Very good agreement is observed for the frontier bands around the Fermi energy EF (dashed 

line).  

The DFT simulations were performed with the plane wave code quantum espresso.5 

The generalized gradient approximation within the PBE6 parameterization was used for the 

exchange correlation functional. Ultrasoft pseudopotentials from the Standard Solid State 

Pseudopotentials accuracy library7 were employed to model the ionic potentials. A cutoff of 50 

Ry (400 Ry) was used for the plane wave expansion of the wave function (charge density). For 

the convergence of the wave function a grid of 10 / 17 k-points was used to sample the 1D 

Brillouin zone for the 7-AGNR-𝑆(1,3) / 7-AGNR-𝐼(1,3) ribbons, respectively. The unit cell of 

the 7-AGNR-(1,3) / 7-AGNR-𝐼(1,3) ribbon contained 120 / 66 atoms corresponding to a length 

of 25.75 A / 12.86 A, respectively. The simulation cell contained 15 Å of vacuum in the non-

periodic directions to minimize interactions among periodic replica of the system. The 
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thickness of the vacuum region, the sampling of the BZ, and the cutoff ensure convergence for 

the computed band structures. The atomic positions of the ribbon and the cell dimension along 

the ribbon axis were optimized until fall orces were lower than 0.002 eV/Å and the pressure in 

the cell was negligible. The DFT band structures shown in Fig. S12 are aligned to the vacuum 

level, which was computed from the average electrostatic potential in the vacuum region. All 

calculations were performed through a Jupiter based GUI for the AiiDA platform.8 

 

Figure S12. Comparison of the DFT bands close to EF (dotted line) with the nearest neighbor 

TB bands calculated with γ0 = 3 eV. a, The staggered edge-extended 7-AGNR-𝑆(1,3). b, The 

inline edge-extended 7-AGNR-𝐼(1,3). 

 

2.5. SSH ℤ𝟐 and Zak phase related ℤ2
′  topological invariants  

 

In our principal discussion, we have chosen to classify the topology of our GNR 

structures by the winding number 0 or 1 of the SSH Hamiltonian that describes the frontier 

bands (i.e. closest to the charge neutrality point). We have labeled this SSH related topological 
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invariant as ℤ2. In this picture the role of the 7-AGNR backbone is reduced to a bystanding 

host structure. However, in analogy to the treatment of Cao, Zhao and Louie,3 we can also 

attribute a {0,1} topological invariant to these structures using the Zak phases (γn) including 

all the occupied bands and not just the frontier ones. With the Zak phase being the integral of 

the Berry connection 〈⟨𝜇𝑘𝑛|
𝜕𝜇𝑘𝑛

𝜕𝑘
⟩〉 in the first Brillouin zone:3 

 

Here the parameter a denotes the size of the unit cell and ukn the periodic part of the 

electron Bloch wave function of the nth band. With ℤ2
′  given by the relation(−1)ℤ2

′
=  𝑒𝑖 ∑ 𝛾𝑛𝑛 , 

summing over all occupied bands n. The value of ℤ2 as well as ℤ2
′  depends on the choice of the 

unit cell as shown in Fig. S13. 

 

 

Figure S13. Topological character of the 7-AGNR-(1,3) and 7-AGNR-𝐼(1,3) depending on the 

choice of the unit cell. 

The relation between the two topological invariants for the A type unit cell (which is 

the one realized in the experiments) is: 
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ℤ2
′  = 1 − ℤ2       if m is odd  

and  

ℤ2
′  = ℤ2             if m is even. 

 

Figure S14 shows the topological phase diagram (according to ℤ2) of the 7-AGNR-𝑆(𝑛, 𝑚) and 

7-AGNR-𝐼(𝑛, 𝑚) structure family on a TB level of theory with γ0 = 3 eV. 

 

Figure S14. SSH ℤ𝟐 topological phase diagram calculated from TB of the 7-AGNR-(𝑛, 𝑚) and 

7-AGNR-(𝑛, 𝑚) structure family. The color scale encodes the band gap of the SSH bands 

(white-blue for ℤ2 = 0 and white-red for ℤ2 = 1). The experimentally realized structures (1,3) 

are highlighted by squares. The solid black line denotes the topological ℤ𝟐 phase boundary in 

both diagrams. 

The gap displayed in Fig. S14 is related to SSH coupling strengths 𝑡𝑛 and 𝑡𝑚 by the 

relation 𝐸gap = 2|𝑡𝑛 − 𝑡𝑚| such that the column (𝑛, 9) reflects in first approximation 2𝑡𝑛 (for 𝑛<6 

where 𝑡𝑛 ≫ 𝑡𝑚). Similarly, the row (9, 𝑚) reflects 2𝑡𝑚 (for 𝑚<6 where 𝑡𝑚 ≫ 𝑡𝑛). 

 

3. Scanning Tunneling Spectroscopy (STS) of the GNR structures  

 

In the case of the 7-AGNR-(1,3) the dI/dV spectra using a metallic tip are rather 

featureless except for the strong valence band maximum. In order to identify the band onsets, 
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we typically use a sequence of constant current tunneling spectroscopy maps (CITS), which 

show states associated with the bands with higher contrast. 

 

Figure S15. Sequence of CITS maps revealing the band gap of the 7-AGNR-𝑆(1,3) together 

with TB LDOS simulations of the valence band maximum (VB Max.) and conduction band 

minimum (CB Min.) respectively. The extent of the energy gap and the position of the localized 

state are given schematically in the top part of the figure. 

Figure S15 shows the presence of an end state at the terminal of the pristine 7-AGNR-

(1,3) (B site at 0.15-0.25 V bias). In contrast there is no localized state visible at the junction 

between the 7-AGNR-(1,3) and the 7-AGNR. Complementary to the discussion in the main 

text of the paper, this can be understood by the non-trivial ℤ2
𝑍𝑎𝑘 invariant of the 7-AGNR-(1,3) 

structure, which interfaced to the (ℤ2
𝑍𝑎𝑘 trivial) vacuum at B will yield an end state. At the A 

junction however the ℤ2
𝑍𝑎𝑘 non-trivial 7-AGNR-(1,3) meets the likewise non-trivial 7-AGNR 

and resulting in an absent interface state. 

The corresponding CITS sequence for the 7-AGNR-(1,3) is exhibited in Fig. S16 

displaying the end state of the 7-AGNR at 0.05 V, the VB Max. at 0.15 V, the SSH end state 

at 0.25 V and CB Min. at 0.65 V.   
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Figure S16. Sequence of CITS maps revealing the band gap of the 7-AGNR-(1,3) anagloge to 

Fig. S15 

As indicated in the main text and as can also be seen in Fig. S16, the location of the 

SSH topological end states is not exactly at E = 0 and is also not in the middle of the gap. 

Whereas the upshift in energy can be attributed to charge transfer with the substrate, the non-

mid-gap position cannot be explained by this effect. However, one needs to keep in mind that 

all the calculations we are considering here do not take into account the metallic substrate, 

which can significantly renormalize the energy positions of the electronic states of GNR. This 

is due to many-body interactions such as the image charge potential energy (as mentioned in 

the main text). The image charge correction tends to lower the energy of a given electron state 

and depends on the details of the spatial extend of its wave function. We therefore assume that 

the renormalization of the localized end states is stronger than the one of the extended band. 

Accordingly we expect this effect to be a probable origin of the asymmetric position of the 7-

AGNR-I(1,3) topological end state on the gap of the SSH bands. 

Whereas the dI/dV spectra of the 7-AGNR-(1,3) are generally rather featureless, under 

specific tip conditions the band edges can also be clearly discerned in the dI/dV spectrum. The 

spectra in figure S17 for the 7-AGNR-(1,3) have been measure with a tip that has been 

conditioned on an NaCl island and picked up a NaCl cluster or individual Na or Cl atom. As 

can be seen in comparison with the DFT derived DOS (compare with Fig. S12a) we find a good 

correspondence between gap energy and the bandwidth of the SSH like band. However these 
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imaging conditions are not generally reproducible and accordingly we have systematically used 

the CITS mapping with a metallic tip for the band edge determination. 

 

Figure S17. a, STM topography image with a NaCl conditioned tip of the pristine 7-AGNR-

𝑆(1,3). b, DFT calculated DOS of the 7-AGNR-𝑆(1,3) and STS dI/dV spectra at selected 

positions on the GNR edge together with the reference on Au(111), also measured with the 

NaCl functionalized tip. 

 

4. Conservation of the topological end states in finite 𝑺 and 𝑰 edge-extended AGNR 

structures  

 

The terminus of a 𝑁-AGNR-(𝑛, 𝑚) can host two kinds of zero-energy states: A 

topological end state originating from the segment boundary states, and the zigzag end state of 

the N-AGNR backbone (Fig. S21a).11 Therefore, the E = 0 states occurring at the ends of non-

trivial 𝑁-AGNR-𝑆(𝑛, 𝑚) and 𝑁-AGNR-𝐼(𝑛, 𝑚) structures need to be protected from 

hybridization with the zigzag end states of the backbone 𝑁-AGNR. Figure S18 shows the end 

of a 7-AGNR-(1,1) structure (a topologically non-trivial insulator) that is longitudinally 

extended by 8 units (Fig. S18a) or 2 units (Fig. S18b) of the backbone 7-AGNR. 
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Figure S18. a, 7-AGNR- 𝑆(1,1) structure with terminus longitudinally extended by 8 units of 

the 7-AGNR backbone. The charge density of the frontier orbitals close to E = 0 are overlaid 

to the structural drawing. b, Same as (a) but for a shorter end extension of only 2 backbone 

units. 

Fig. S18a reveals that the zigzag end state of the 7-AGNR backbone and the topological 

end state of the 7-AGNR-𝑆(1,1) show only marginal (if any) orbital overlap for reasonably 

long backbone extension (8 units). The situation is different if the backbone extension length 

is reduced to 2, as shown in Fig. S18b. In this case the two end states overlap strongly and split 

in energy. For the inline 𝑁-AGNR-(𝑛, 𝑚) structures the situation is analogous. 

The dependence on backbone extension length of the hybridization between the 

backbone end state and the end state of topologically non-trivial staggered and inline AGNRs 

is illustrated in Fig. S19 for a 7-AGNR-(1,1) and a 7-AGNR-𝐼(1,3). For both hybrid structures 

it can be observed, that a backbone extension exceeding 7 or 8 7-AGNR units effectively 

suppresses hybridization of the two different end states. For backbone extensions less than 5 

7-AGNR units, however, a sizeable bonding and anti-bonding splitting of the zero-energy end 

states is observed. In the case of the experimentally realized 7-AGNR-(1,3) structure the end 

states are completely suppressed for backbone extensions shorter than 2 units. 



Chapter 4. Engineering of Robust Topological Quantum Phases in Graphene Nanoribbons 

133 

 

 

Figure S19. LDOS at the junction end state as a function of the length of the backbone 

extension in (terms of 7-AGNR unit cells) for a, the 7-AGNR-(1,1) and b, the 7-AGNR-𝐼(1,3). 

In the case of a topologically trivial structure such as the experimentally realized 7-

AGNR-(1,3), only the zigzag backbone end state is present. Due to particle-hole symmetry, it 

remains at E = 0 independent of the length of the backbone extension. This can clearly be seen 

in Fig. S20a where the LDOS at the short zigzag 7-AGNR terminus is plotted as a function of 

the backbone extension length. Even in the absence of any backbone extension the zero-energy 

state persists and can be observed experimentally, as is confirmed in Fig. S20b. 
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Figure S20. a, LDOS map of the 7-AGNR-𝑆(1,3) structure at the zigzag terminus as a function 

of 7-AGNR backbone extension length. b, Wave function map of the E = 0 state for a 7-AGNR-

𝑆(1,3) (without backbone extension), and c, corresponding TB-STS simulation of the E = 0 

state (marked by red rectangle in a)). d, Experimental dI/dV map acquired from a corresponding 

7-AGNR-𝑆(1,3)  end segment at +0.15 eV (500 pA). 

 

5. Magnetic properties of the edge-extended AGNRs  

 

The zigzag edge structure at the boundary of the N-AGNR backbone and the edge-

extended ribbon segments suggests the possibility of magnetic ordering of the corresponding 

boundary states. To explore this, Mean-Field Hubbard Tight-Binding (MFH-TB) calculations 

were carried out in the single-band scheme by considering only the nearest-neighbor hopping 

parameter 𝛾0 = 3 eV in the tight binding term of the Hamiltonian, and an on-site Coulomb 

repulsion 𝑈 = 1 ∗ 𝛾0.
9,10 Half filling, i.e. charge neutrality, was assumed for all calculations. 

The iterative self-consistent solution of the Hubbard Hamiltonian was initiated with a weak 

antiferromagnetic (AFM) bias on the zigzag edges of 0.05 µB per atom in all cases. 

The localized nature of the spin-degenerate zero-energy junction states implies that they 

can be susceptible to Hubbard type splitting due to Coulombic electron-electron interaction. 

This energy splitting, which is the analogue of the opening of the Hubbard gap in regular zigzag 

edge GNRs, is accompanied with spin polarization of the corresponding states.9 The effect is 

also analogous to the spin polarization occurring at the short zigzag ends of 𝑁-AGNRs for 𝑁 

≥ 7.11 

 

Figure S21. Spin polarization at a, the short zigzag end of a 7-AGNR, and b, at the 7-ANGR 

/ 9-AGNR junction. Marker size denotes the absolute value of the spin polarization|𝑛𝑖,↑ − 𝑛𝑖,↓| 
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and marker color the relative value of the spin imbalance 𝜇𝑖 = 𝜇𝑖 =  𝑛𝑖,↑ −  𝑛𝑖,↓ (red -1/3 µB to 

blue +1/3 µB). 

For the two examples shown in Fig. S21 the maximum spin polarization occurs at the 

center of the 3 atom short zigzag edges and amounts to |µmax| = 0.28 µB and |µmax| = 0.20 µB for 

the pristine 7-AGNR end state (Fig. S21a) and the 7-AGNR – 9-AGNR boundary state (Fig. 

S21b), respectively. The total absolute spin anisotropy 𝜇𝑡𝑜𝑡 =  ∑|𝑛𝑖,↑ −  𝑛𝑖,↓| is µtot = 1.64 µB 

and µtot = 1.73 µB for the two cases. Here 𝑛𝑖,↑ denotes the spin-up density on the atomic site 𝑖 

of the structure. The Hubbard energy splitting of the up- and down-spin localized state is 0.129 

γ0 and 0.070 γ0, respectively. 

This Hubbard type spin dependent energy splitting and the associated spin polarization 

of the boundary state is strongly suppressed upon hybridization with neighboring boundary 

states or metallic states. One should thus only expect sizeable spin polarization and energy 

splitting for 𝑁 = 3𝑝 + 1 and large 𝑛 and 𝑚. 

 

Figure S22. Total absolute magnetization µtot per 𝑁-AGNR / (𝑁 + 2)-AGNR boundary state 

as a function of segment length 𝑛 with 𝑚 ∼ ∞ for a 7-AGNR (red) and a 13-AGNR backbone 

(blue). 
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Figure S23. Spin polarization expressed by the spin-density (𝑛↑ −  𝑛↓) for the 7-AGNR-(2,4) 

with 𝑈𝐶 = 1.6 ∗ 𝛾0. Marker color and size denote the magnitude (𝑛↑ − 𝑛↓) and absolute 

magnitude (|𝑛↑ − 𝑛↓|) of the spin polarization. 

Fig. S22 reveals that the interaction of the left and right boundary state for short (i.e. 𝑛 

< 4) edge-extended (𝑁 + 2)-AGNR segments is so strong that the Hubbard splitting is 

effectively suppressed, as evidenced by suppression of the spin polarization (for an on-site 

Coulomb repulsion chosen as 𝑈𝐶 = 1 ∗ 𝛾0 = 3 eV). This means that the experimentally realized 

structures (𝑛 = 1) are essentially non-magnetic, also if values of 𝑈𝐶 up to 2𝛾0 are considered. 

For structures of larger 𝑛 and 𝑚 (i.e. smaller 𝑡𝑛 and 𝑡𝑚), however, the system will exhibit spin 

polarization. Figure S23 shows the spin polarization of a 7-AGNR-(2,4) revealing formation 

of a staggered, antiferromagnetic spin chain for a high, yet not unrealistic12 value of 𝑈𝐶 = 1.6 

∗ 𝛾0. 

 

5. On-surface synthesis  

 

Synthesis of the 7-AGNR-(1,3) and 7-AGNR-𝐼(1,3) nanoribbon structures has been 

realized by means of dehalogenative aryl-aryl coupling and subsequent cyclodehydrogenation 

of the precursor monomers 1 and 3 (for details see section 7. “Precursor synthesis”), 

respectively, on a Au(111) surface under ultrahigh-vacuum conditions. The on-surface 

synthesis strategy is analogous to the one described by Cai et al.13 for the synthesis of 7-AGNRs, 

but complemented by the use of methyl groups that undergo cyclization with the neighboring 

aromatic rings to form smooth zigzag edges.  

Au(111) single crystal substrates were cleaned by standard argon ion sputtering and 

annealing cycles. Molecular precursors were sublimated using a homemade six-fold evaporator, 



Chapter 4. Engineering of Robust Topological Quantum Phases in Graphene Nanoribbons 

137 

 

which allows sublimation of two molecules sequentially or at the same time. The deposition 

flux was around 2Å/min as determined by a quartz crystal microbalance.  

7-AGNR-(1,3) nanoribbons were synthesized via a multiple step annealing process to 

achieve high-quality samples. The molecular precursor (monomer 1, 6,11-bis(10-

bromoanthracene-9-yl)-1,4-dimethyltetracene, BADMT) was deposited on a clean Au(111) 

substrate held at room temperature. Subsequently, the sample was annealed at 200° C, 250° C, 

280° C and 400° C for 10 minutes at each temperature. This procedure results in the stepwise 

monomer activation (i.e., radical formation by dehalogenation), polymerization of the radical 

intermediates, and subsequent cylcodehydrogenation to form the fully conjugated AGNR 

structure. GNRs of lengths up to 60 nm with excellent quality could be grown on Au(111), as 

is illustrated in Fig S24. 

 

Figure S24. a, Large scale constant current STM image of 7-AGNR-𝑆(1,3) ribbons grown on 

Au(111). Scale bar: 10 nm. b, Zoomed-in constant current STM image of 7-AGNR-𝑆(1,3) 

ribbons. Scale bar: 5 nm. 

Fig. S24 and Fig. S25 reveal that the alternating sequence of the dimethyltetracene units 

which leads to the staggered 7-AGNR-(1,3) structure is perfect. This indicates a very high 

conformational selectivity in the precursor coupling process, details of which will be discussed 

elsewhere.14 

On-surface synthesis of backbone extended 7-AGNR / 7-AGNR-(1,3) heterostructures 

was achieved via sequential deposition of monomer 1 and monomer 2 (10,10'-dibromo-9,9'-

bianthryl, DBBA). In a first step, monomer 1 was deposited on the Au(111) substrate held at 
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room temperature, followed by an annealing step at 150° C for 10 minutes. In a second step, 

monomer 2 was deposited onto the sample held at 150° C, followed by annealing steps at 200° 

C, 250° C, and 400° C for 10 minutes at each temperature. With this recipe, the 7-AGNR 

segments always locate at the termini of heterostructures, as seen in Fig. S25. 

 

Figure S25. a, Schematic representation of the synthetic pathway to the backbone extended 7-

AGNR – 7-AGNR-𝑆(1,3) heterostructure. b, Constant-current STM image (−1.5 V / 10 pA) of 

a single 7-AGNR-𝑆(1,3) ribbon whose right terminus is extended by a short 7-AGNR backbone 

segment. c and d, constant-height nc-AFM images of the tunneling current at 10 mV (c) and 

the frequency shift (d) of the hybrid structure in b. The scale bar is 2 nm in all panels. 
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Figure S26. a, Schematic representation of the synthetic pathway for the backbone extended 

7-AGNR – 7-AGNR-𝐼(1,3) heterostructure. b, Constant-current STM image (10 mV / 50 pA) 

of a single 7-AGNR-𝐼(1,3) ribbon whose right terminus is extended by a 7-AGNR backbone 

segment. c, Constant-height frequency shift nc-AFM image of the heterostructure shown in (a). 

d, Constant-current STS dI/dV map (at +0.25 V / 500 pA) of the topological end state. e, TB 

computed charge density map of the topological end state superimposed on a structural model. 

f, Wave function map associated with (e). The scale bar is 2 nm. 

7-AGNR / 7-AGNR-(1,3) heterostructures were synthesized using the same recipe than 

the one described above for 7-AGNR / 7-AGNR-𝑆(1,3) heterostructures, but with the precursor 

monomers 2 and 3 (6,13-bis(10-bromoanthracene-9-yl)-1,4,8,11-tetramethylpentacene, 

BATMP) (Fig. 26a). High resolution STM and nc-AFM images of a resulting heterostructure 

are shown in Figs. S26b and S26c, respectively. A high-resolution STS dI/dV map acquired at 

+0.15 V clearly reveals the topological end state at the terminus of the 7-AGNR-(1,3) (Fig. 

S26d). The corresponding TB simulation of the end state charge density (Fig. S26e) and the 

corresponding end state wave function (Fig. S26f) show excellent agreement with experimental 

data. 

 

6. Raman characterization  

 

Experimental Raman data from a sample of 7-AGNR-𝑆(1,3) grown on Au(111) were 

obtained under ambient conditions using a Raman Bruker Senterra spectrometer (3 × 60 

seconds, 2 mW) with an incident wavelength of 532 nm.  

Raman modeling of the 7-AGNR-(1,3) was conducted with a combination of density 

functional theory (DFT) based calculations to determine the normal modes of the structure and 

of a bond-polarization model for the determination of Raman intensities. The DFT calculations 

were performed with the VASP package15 using projector-augmented-wave (PAW) 

pseudopotentials, the Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional [6] 

and a plane-wave cutoff energy of 400 eV. Prior to building the dynamical matrix for the 

calculation of phonons, all the atomic positions were relaxed until residual forces were below 

0.001 eV/Å. Phonon calculations were performed utilizing the Phonopy package, written by 
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Atsushi Togo.16 From the atomic positions and phonon normal mode information, non-resonant 

Raman spectrum intensities were calculated using an empirical bond-polarization model.17 

 

Figure S27. Raman analysis of the staggered edge-extended 7-AGNR-(1,3) ribbon structure. 

a, Comparison of DFT simulated spectrum (black curve) and experimental Raman spectra 

taken directly after growth (blue curve) and after 5 days in air (red curve). Both experimental 

and simulated spectra show multiple radial breathing like modes (RBLM) centered at about 

300 cm−1 (experiment: 308 and 370 cm−1; DFT: 307 and 370 cm−1, labeled RBLM-a and 

RBLM-b) and a multitude of TO and LO mode analogues. These are located around 1580 cm−1 

(experiment) and at 1579, 1587, 1595, and 1603 cm−1 (DFT) and labeled TO-a, TO-b, LO-a, 

and LO-b, respectively. These rich features are unique fingerprints of GNRs with non-trivial 

edge structure. The good agreement between experimental and theoretical data underlines the 

quality of the sample. A 5-day stability study proves the robustness of the 7-AGNR-(1,3) under 

ambient conditions, with no significant changes in the main Raman modes (“5-day 

experimental”, measured under the same conditions as “0-day experimental”). b, Phonon mode 

schematics of selected Raman-active modes for the staggered edge-extended 7-AGNR-𝑆(1,3) 

as well as for the pristine 7-AGNR for comparison. 
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7. Precursor synthesis 

 

General: Column chromatography was conducted with silica gel (grain size 0.063–0.200 mm 

or 0.04–0.063 mm) and thin layer chromatography (TLC) was performed on silica gel-coated 

aluminum sheets with F254 indicator. Nuclear Magnetic Resonance (NMR) spectra were 

recorded on a Bruker Avance 300 MHz spectrometer. Chemical shifts were reported in ppm. 

Coupling constants (J values) are reported in Hertz. 1H NMR chemical shifts were referenced 

to C2D2Cl4 (6.00 ppm). 13C NMR chemical shifts were referenced to C2D2Cl4 (73.78 ppm). 

Abbreviations: s = singlet, d = doublet, dd = double doublet, t = triplet, m = multiplet. High-

resolution mass spectrometry (HRMS) was performed on a SYNAPT G2 Si high-resolution 

time-of-flight mass spectrometer (Waters Corp., Manchester, UK) by matrix-assisted laser 

desorption/ionization (MALDI). Melting points were measured with a Büchi B-545 apparatus. 

 

Scheme S1. Synthesis of monomers 1 and 3. 
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Materials: All commercially available chemicals were purchased from TCI, Aldrich, Acros, 

Merck, and other commercial suppliers and used without further purification unless otherwise 

noted. Monomer 2 (10,10'-dibromo-9,9'-bianthryl) was synthesized according to our previous 

report [13]. 2,3-Bis(bromomethyl)-1,4-dimethylbenzene (4) and 1,4,8,11-tetramethyl-6,13-

pentacenedione (6) were prepared following reported procedures.18,19 

 

Synthesis of monomers 1 and 3  

Monomers 1 and 3 were synthesized as shown in Scheme S1. 7,10-Dimethyltetracene-5,12-

dione (5) was initially prepared through Diels–Alder cycloaddition of 1,4-napthoquinone and 

an o-quinodimethane in-situ generated from 2,3-bis(bromomethyl)-1,4-dimethylbenzene (4) 

through iodide-induced debromination.18 Subsequently, 5 was reacted with 10-bromo-9-

anthracenyllithium generated by mono-lithiation of 9,10-dibromoanthracene, followed by 

dehydroxylation with sodium iodide/sodium hypophosphite monohydrate to give monomer 1 

in 40% yield over two steps. Synthesis of monomer 3 was conducted in a similar manner, 

through the reaction of 1,4,8,11-tetramethyl-6,13-pentacenedione (6)19 with 10-bromo-9-

anthracenyllithium, followed by the dehydroxylation to afford monomer 3 in 18% yield over 

two steps. 

 

7,10-dimethyltetracene-5,12-dione (5) 

 

A mixture of 2,3-bis(bromomethyl)-1,4-dimethylbenzene (4) (3.00 g, 10.3 mmol), 1,4-

naphthoquinone (1.62 g, 10.3 mmol) and KI (17.1 g, 103 mmol) in dry dimethylformamide 

(DMF) (50 mL) was stirred at 110 °C for 48 h. The reaction mixture was cooled to room 

temperature and then 100 mL of water was added. After filtration, the resulting precipitates 

were intensively washed with water, ethanol, ethyl acetate and hexane to obtain the title 

compound as an orange-yellow solid (1.54 g, 53% yield). M.p.: 273.4–274.6 °C. 1H NMR (300 

MHz, C2D2Cl4, 298 K, ppm) δ 8.89 (d, J = 1.3 Hz, 2H), 8.32 (ddd, J = 5.9, 3.3, 1.3 Hz, 2H), 

7.81 (ddd, J = 5.9, 3.3, 1.3 Hz, 2H), 7.36 (d, J = 1.3 Hz, 2H), 2.75 (d, J = 1.3 Hz, 6H); 13C 
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NMR (75 MHz, C2D2Cl4, 298 K, ppm) δ 183.09, 135.23, 134.73, 134.35, 134.27, 130.22, 

128.70, 127.37, 126.28, 19.48. HRMS (MALDI-TOF, positive) m/z: Calcd for C20H14O2: 

286.0994; Found: 286.0989 [M]+. 

 

6,11-bis(10-bromoanthracen-9-yl)-1,4-dimethyltetracene (1) 

 

To a suspension of 9,10-dibromoanthracene (1.01 g, 3.00 mmol) in dry diethyl ether 

(30 mL) was added a solution of n-Butyllithium (n-BuLi) (1.5 mL, 2.4 mmol, 1.6 M in hexanes) 

dropwise at –78 °C. The reaction mixture was stirred for 2 h under argon to obtain an orange 

solution of 10-bromo-9-anthracenyllithium. To a suspension of 7,10-dimethyltetracene-5,12-

dione (7) (258 mg, 0.900 mmol) in 20 mL of dry diethyl ether was added at 0 °C the separately 

prepared solution of 10-bromo-9-anthracenyllithium via a double-tipped needle under argon. 

The reaction mixture was stirred for 1 h at this temperature, and then allowed to gradually 

warm to room temperature. After stirring for 12 h, the reaction was quenched by adding 3 mL 

of glacial acetic acid. The precipitates were then collected by filtration and washed with diethyl 

ether. To the resulting crude material placed in a 100-mL round-bottom flask was added glacial 

acetic acid (45 mL), NaI (1.35 g, 9.00 mmol) and NaH2PO2・H2O (1.43 g, 13.5 mmol). The 

reaction mixture was refluxed for 3 h under the exclusion of light. After cooling down to room 

temperature, the precipitates were collected by filtration, and then washed with water and 

methanol to afford analytically pure monomer 1 as an orange solid (288 mg, 40% yield). For 

the on-surface experiments, further purification was performed by recrystallization through 

slow diffusion of degassed methanol into a degassed solution of 1 in dichloromethane under 

argon, which was repeated 8 times. M.p.: >315 °C. 1H NMR (300 MHz, C2D2Cl4, 298 K, ppm) 

δ 8.80 (d, J = 9.1 Hz, 4H), 7.99 (s, 2H), 7.71 – 7.67 (m, 4H), 7.39 (d, J = 8.8 Hz, 4H), 7.33 (dt, 
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J = 9.9, 4.6 Hz, 4H), 7.22 (d, J = 8.1 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 6.91 (s, 2H), 2.01 (s, 

6H); 13C NMR (75 MHz, C2D2Cl4, 298 K, ppm) δ 132.48, 130.53, 128.14, 127.46, 127.16, 

126.55, 125.85, 125.66, 123.18, 19.15. HRMS (MALDI-TOF, positive) m/z: Calcd for 

C48H30Br2: 764.0714; Found: 764.0705 [M]+. 

 

6,13-bis(10-bromoanthracen-9-yl)-1,4,8,11-tetramethylpentacene (3) 

 

To a suspension of 9,10-dibromoanthracene (300 mg, 0.893 mmol) in dry diethyl ether 

(20 mL) was added a solution of n-BuLi (0.45 ml, 0.72 mmol, 1.6 M in hexanes) dropwise at 

–78 °C. The reaction mixture was stirred for 2 h under argon to obtain an orange solution of 

10-bromo-9-anthracenyllithium. To a suspension of 1,4,8,11-tetramethyl-6,13-pentacenedione 

(6) (97.6 mg, 0.268 mmol) in 10 mL of dry diethyl ether was added at 0 °C the separately 

prepared solution of 10-bromo-9-anthracenyllithium via a double-tipped needle under argon. 

The reaction mixture was stirred for 1 h at this temperature, and then allowed to gradually 

warm to room temperature. After stirring for 12 h, the reaction was quenched by adding 5 mL 

of glacial acetic acid. The precipitates were then collected by filtration and washed with diethyl 

ether. To the resulting crude material placed in a 100-mL round-bottom flask was added glacial 

acetic acid (30 mL), NaI (405 mg. 2.70 mmol) and NaH2PO2・H2O (429 mg. 4.05 mmol). The 

reaction mixture was refluxed for 3 h under the exclusion of light. After cooling down to room 

temperature, the precipitates were collected by filtration, and then washed with water and 

methanol to afford analytically pure monomer 3 as a dark blue solid (140 mg, 18% yield). For 

the on-surface experiments, further purification was performed by recrystallization through 

slow diffusion of degassed methanol into a degassed solution of 3 in chloroform under argon, 

which was repeated 7 times. M.p.: >315 °C. 1H NMR (300 MHz, C2D2Cl4, 298 K, ppm) δ 8.82 
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(d, J = 8.9 Hz, 2H), 7.98 (s, 2H), 7.68 (t, J = 7.8 Hz, 2H), 7.38 (d, J = 8.8 Hz, 2H), 7.29 (t, J = 

7.7 Hz, 2H), 6.85 (s, 2H), 1.99 (s, 6H); 13C NMR (75 MHz, C2D2Cl4, 298 K, ppm) δ 132.50, 

130.52, 128.09, 127.65, 127.40, 126.51, 125.56, 123.04, 19.12. HRMS (MALDI-TOF, positive) 

m/z: Calcd for C54H36Br2: 842.1184; Found: 842.1197 [M]+. 

 

Single crystal X-ray diffraction analysis  

 

The single crystal of 1 suitable for X-ray analysis was obtained by slow diffusion of degassed 

methanol into a degassed solution of 1 in dichloromethane under argon and exclusion of 

light. 

 

Crystal data 

formula C48H30Br2 

molecular weight 766.54 gmol-1 

absorption µ = 2.049 mm-1  correction with 7 crystal faces 

transmission Tmin = 0.7275, Tmax = 0.9053 

crystal size 0.06 x 0.06 x 0.24  mm3 brown needle 

space group P 21/n (monoclinic) 

lattice parameters a = 9.0127(6)Å    

(calculate from b = 23.8476(11)Å ß = 93.029(6)° 

14422 reflections with c = 18.7144(13)Å  

2.2° < θ < 28.1°) V = 4016.7(4)Å3 z = 4 F(000) = 1552 

temperature -80°C 

density dxray = 1.268 gcm-3 

 

data collection 

diffractometer STOE IPDS 2T 

radiation Mo-Kα Graphitmonochromator 

 

Scan – type ω scans 

Scan – width 1° 

 

scan range 2° ≤ θ < 28° 

  -11 ≤ h ≤ 9   -31 ≤ k ≤ 27   -24 ≤ l ≤ 24  

number of reflections: 

measured 22569  

unique 9881 (Rint = 0.0688) 

observed 4323 (|F|/σ(F) > 4.0) 

 

data correction, structure solution and refinement 

corrections Lorentz and polarisation correction.  

Structure solution Program: SIR-2004 (Direct methods) 

refinement Program: SHELXL-2014 (full matrix). 454 refined 

parameters, weighting scheme: 

 w = 1/[σ2(Fo
2) + (0.1088*P)²]  

with (Max(Fo
2,0)+2*Fc

2)/3. H-atoms at calculated 
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positions  and refined with isotropic displacement 

parameters, non H- atoms refined anisotropically. 

R-values wR2 = 0.22  (R1 = 0.0687 for observed reflections, 

0.1593 for all reflections) 

goodness of fit S = 0.943 

maximum deviation  

of parameters  0.001 * e.s.d 

maximum peak height in  

diff. Fourier synthesis 0.65, -0.89  eÅ-3 

remark structure contains two molecule CH2Cl2 which are 

completely disordered – SQUEEZE was used 

 

 

Figure S28. X-ray single-crystal analysis of 1 (ORTEP drawings with thermal ellipsoids set at 

50% probability). Bromine atoms are labelled in brown. 

 

The single crystal of 3 suitable for X-ray analysis was obtained by slow diffusion of degassed 

methanol into a degassed solution of 3 in chloroform under argon and exclusion of light . 

Crystal data 

formula C54H36Br2, 1(CHCl3) 

molecular weight 1083.38 gmol-1 

absorption µ = 2.129 mm-1  correction with six crystal faces 

transmission Tmin = 0.480, Tmax = 0.934 

crystal size 0.04 x 0.05 x 0.64  mm3 brown needle  

space group P -1 (triclinic) 

lattice parameters a = 8.4370(6)Å α = 113.069(5)°  

(calculate from b = 12.4974(8)Å ß = 103.666(5)° 

7729 reflections with c = 13.0211(8)Å γ = 101.311(6)° 

2.6° < θ < 28.4°) V = 1161.63(14)Å3 z = 1 F(000) = 546 

temperature -80°C 

density dxray = 1.549 gcm-3 
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data collection 

diffractometer STOE IPDS 2T 

radiation Mo-Kα Graphitmonochromator 

 

Scan – type ω scans 

Scan – width 1° 

 

scan range 2° ≤ θ < 28° 

  -11 ≤ h ≤ 10   -16 ≤ k ≤ 16   -17 ≤ l ≤ 17 

number of reflections: 

measured 11053  

unique 5729 (Rint = 0.0448) 

observed 3711 (|F|/σ(F) > 4.0) 

 

data correction, structure solution and refinement 

corrections Lorentz and polarisation correction.  

Structure solution Program: SIR-2004 (Direct methods) 

refinement Program: SHELXL-2014 (full matrix). 291 refined 

parameters, weighting scheme: 

 w = 1/[σ2(Fo
2) + (0.0477*P)²+3.26*P]  

with (Max(Fo
2,0)+2*Fc

2)/3. H-atoms at calculated 

positions and refined with isotropic displacement 

parameters, non H- atoms refined anisotropically. 

R-values wR2 = 0.1483 (R1 = 0.0576 for observed reflections, 

0.1064 for all reflections) 

goodness of fit S = 1.034 

maximum deviation  

of parameters  0.001 * e.s.d 

maximum peak height in  

diff. Fourier synthesis 0.51, -0.55 eÅ-3 

remark crystal contains two molecules of solvents per main 

molecule,which has Ci symmetry  
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Figure S29. X-ray single-crystal analysis of 3 (ORTEP drawings with thermal ellipsoids set at 

50% probability). Solvent molecules (CHCl3) are omitted for clarity. Bromine atoms are 

labelled in brown. 

 

NMR and mass spectra 

 

Figure S23. 1H NMR spectrum of 5 (300 MHz, C2D2Cl4, 298 K). 
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Figure S24.13C NMR spectrum of 5 (75 MHz, C2D2Cl4, 298 K). 

 

 

Figure S25. 1H NMR spectrum of monomer 1 (300 MHz, C2D2Cl4, 298 K). 
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Figure S26.13C NMR spectrum of monomer 1 (75 MHz, C2D2Cl4, 298 K). 

 

 

Figure S27. 1H NMR spectrum of monomer 3 (300 MHz, C2D2Cl4, 298 K). 
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Figure S28.13C NMR spectrum of monomer 3 (75 MHz, C2D2Cl4, 298 K). 

 

Figure S29. High-resolution MALDI-TOF mass spectrum of 7. Inset displays the isotopic 

distribution in comparison to the simulated pattern. 



Chapter 4. Engineering of Robust Topological Quantum Phases in Graphene Nanoribbons 

153 

 

 

Figure S30. High-resolution MALDI-TOF mass spectrum of monomer 1. Two small signals 

from [M–Br]+ and [M＋O]+ were also detected most probably due to debromination and 

oxidation, respectively, under the measurement condition or during sample preparation. Inset 

displays the isotopic distribution in comparison to the simulated pattern. 
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Figure S31. High-resolution MALDI-TOF mass spectrum of monomer 3. A small signal from 

[M–Br]+ was also detected most probably due to debromination under the measurement 

condition. Inset displays the isotopic distribution in comparison to the simulated pattern. 
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Chapter 5 Summary and future outlook 

 

For both PAHs and GNRs, size and edge structure serve as two crucial ingredients in 

modulation of electronic properties. According to this motif, a serious of PAHs and GNRs with 

different peripheral structures have been fabricated via bottom-up strategies. Intriguing 

properties have been revealed by combination of various techniques, such as transient 

absorption spectroscopy and scanning probe techniques. Most importantly, those works 

unequivocally revealed a tight connection between edge structure and property in PAHs and 

GNRs. 

In chapter 2, a tandem demethylation-electrophilic borylation method was developed 

to furnish the first oxaborin-annelated pyrene derivatives, featuring OBO-doped peripheries. 

The extended π-conjugation at the non-K-region of pyrene with multiple heteroatoms showed 

a significant impact on both the optical and electronic properties, as well as self-assembly 

behaviour in solution. The favourable fluorescence property makes the oxaborin-annelated 

pyrene derivatives an interesting new chromophore for optical studies. Furthermore, charge 

transport measurements illustrated p-type semiconducting behaviour. 

Heteroatom-doping of PAHs and GNRs provides numerous opportunities to tune 

molecular properties and raises many challenges in synthesis. Thus, the development of novel 

and efficient synthetic methods has always been urgently needed, including precise and 

concentration-controllable doping strategies. Besides, there is an inadequate development in 

the research of catalytic activity of PAHs and GNRs featuring edge doped or basal plane doped 

structures. Moreover, as mentioned before, the full zigzag GNRs carry spin-polarized states 

which makes them unlikely to exist under ambient conditions, its application in devices is thus 

inevitably hindered. The demonstration of stabilization effects of heteroatoms in PAHs with 

zigzag periphery may provide new ideas for achieving a heteroatom-doped full zigzag GNRs. 

In general, examples of PAHs and GNRs with heteroatom-doped peripheral structures are still 

scarce, and there is much space to explore new structures and properties. 

In chapter 3, a “π-truncation” strategy, namely, regioselective hydrogenation, was 

developed as an efficient synthesis of peralkylated circumbiphenyl possessing unique 

peripheral structure. Moreover, investigations of this peralkylated circumbiphenyl by ultrafast 

transient absorption measurements revealed a stimulated emission, which was not observed in 

PAHs featuring full armchair periphery before “π-truncation”. Comparing with the 
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conventional approach towards PAHs, the elegance and efficiency of π-truncation offered an 

“opposite” direction to other unique aromatic structures, providing promising candidates for 

electronic devices and supramolecular chemistry. 

 

Up to now, there are few reports on larger PAHs and GNRs with functionalized 

peripheral structures. The reason might be ascribed to the lack of appropriate synthetic methods. 

The “π-truncation” concept developed in chapter 3 could provide a powerful toolbox for PAH 

and GNR functionalization. The development of PAHs has already provided a huge reservoir 

for “π-truncation”. 7-AGNRs is the first synthetic example with atomically precise structure, 

while it only succeeded in on-surface synthesis, solution processable 7-AGNRs is still not 

available. Thus, the “π-truncation” method provides an alternative way to 7-AGNRs, as shown 

above. 9-AGNRs, which had already been synthesized in a large scale in solution, could be 
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used as starting material to the desired 7-AGNRs. As a model compound, a larger PAH with 

78 sp2 carbon, has been tested, and the preliminary results verified the regioselective 

hydrogenation, leading to an aromatic core with alkylated periphery. 

While PAHs with zigzag-edged structure display distinct electronic properties, their 

accessibility is always hampered because of their poor stability. Peripheral hydrogenation 

provides a promising approach just by rationally pick starting materials from the sample 

reservoir, as shown above. Alkyl chains could not only offer sufficient protection to those 

reactive zigzag sites but also enhance the solubility. Besides, we could apply this kind of 

hydrogenation to GNRs to obtain full zigzag GNRs in solution. The “π-truncation” strategy 

could provide fresh ideas to the research field of PAHs and GNRs. 

In chapter 4, topological phases in 1D systems have been first realized. Starting with 

rationally designed precursor molecules, combining with on-surface synthesis, GNRs with 

regularly alternating zones constituted from periodically arranged zigzag segments have been 

fabricated. A combination of nc-AFM, STM and STS characterizations visualized the desired 

structures clearly and revealed the electronic properties with atomic-scale spatial resolution. A 

very robust and localized quantum state was created at the interface of different GNRs in a 

synthesis-driven approach. Such topological phases hold great potential for the implementation 

of nanotransistors in the future, serving as a fundamental step towards nanoelectronics.  

According to the SSH model elucidated in chapter 4, topological phases in 1D GNRs 

can be successfully tuned from trivial insulator to non-trivial insulator by structural variation, 

where chemical design plays an indispensable role. Considering the flexibility of design, GNRs 

with topological phases will be an extremely promising research direction in the future. GNRs 

with various edge structures and widths can be achieved via tailor-made precursor molecules, 

and thus different GNRs possessing topological phases can be brought to reality. More 

importantly, further possibilities in applications can be imagined, for example in the field of 

spintronics and quantum informatics. Besides, when we push the limit of GNRs to GNRs with 

topological metallic phases, which is a long-pursued goal among both physicists and materials 

scientists, then an even more fascinating scenario lies just ahead. Last but not least, all those 

visions remain fancy bubbles without synthetic chemistry to rationally designed structures with 

atomic precision. 
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