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1 Introduction 
 

Inorganic silicon and gallium arsenide semiconductors, silicon dioxide insulators, 

and metals such as aluminum and copper have been the backbone of the semiconductor 

industry for the past forty years.1 However, there has been a growing research effort in 

�organic electronics� in the field of physics and chemistry for more than 50 years due to 

its expected low-costing, simpler processing and more physically robust properties in 

contrast to inorganic semiconductors. Up to only a short time ago, organic electronics and 

their optical phenomena have been the domain of fundamental research,2, 3 somewhat far 

from practical application.4, 5 The ability to modify chemical structures enables one to 

control the properties of the materials when deposited in thin films. Immense efforts have 

been devoted to improve the semiconducting, conducting, and light-emitting properties of 

organics (polymers, oligomers) and hybrids (organic-inorganic composites) through 

novel syntheses and fabrication techniques.6, 7  

Among the organic semiconductors, the charge transporting properties of 

macromolecules, especially conjugated polymers, are the focus of many investigations. 

For totally disordered polymer films, the charge mobilities are small (in the range of 10-6 

� 10-3 cm2/V∙s).8 The mobilities significantly increase (up to about 0.6 cm2/V∙s in a recent 

report9) when the polymer chains self-assemble into ordered structures.10, 11 Some 

intensively studied polymers are listed in Figure 1-1. 

 

Figure 1-1. Some intensively studied organic polymeric semiconductors. 
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Another class of organic electronics materials is based on small molecules with 

defined molecular structure. Oligoacenes, especially pentacene, tetracene and derivatives 

exhibit excellent semiconductive properties.12-17 For example, triphenylamines have a 

long history as organic photoconductors in the Xerox industry8 and have been extensively 

used in organic light-emitting diodes (OLEDs) as hole transporting materials in the form 

of vacuum-deposited amorphous films.18 Tetrathiafulvalene (TTF) and derivatives were 

widely studied as donor entities in highly conducting charge-transfer salts19, 20 and their 

transport properties in thin films and crystals.21-23 As one kind of liquid crystalline 

materials, discotic liquid crystals are composed of a two-dimensional, disc-like central 

conjugated cores substituted by saturated chains on the periphery. In their mesophase, the 

rigid aromatic cores separate from the attached flexible chains forming a quasi-one-

dimensional columnar supramolecular structure via ð � ð interactions, which originate 

from the overlapping of ð orbitals between adjacent aromatic layers.
24, 25 Such 1D 

columnar self-organization provide 1D pathways for electron and/or hole transport (the n- 

or p-type character can be tuned by the substitutents). The representative systems are 

based on triphenylene, porphyrin, phthalocyanine, perylenediimide and 

hexabenzocoronene (HBC) cores (Figure 1-2). By enlarging the size of aromatic core, the 

intracolumnar charge carrier mobility increases from 0.26 cm2/V∙s for triphenylenes,
26, 27 

over 0.67 cm2/V∙s for phthalocyanines,
27 to 1.0 cm2/V∙s for hexa-peri-

hexabenzocoronenes,27, 28 which is comparable with amorphous silicon.29 
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Figure 1-2. Selected organic molecular semiconductors. 

 

1.1 Polycyclic Aromatic Hydrocarbons 

When three of the four valence electrons in the carbon atom are equally shared 

covalently between another three carbon neighbors in a plane (forming ó-bonds) and the 

fourth is delocalized among all atoms (forming ð-bonds), the resulting material is 

graphite. This sp2 type of bonding builds a layered structure with strong in-plane bonds 

and weak out-of-plane bonding via van der Waals forces (Figure 1-3). The delocalization 

of ð-electrons within these layers leads to a metallic conductivity, while the weak 

interlayer interaction results in graphite�s lubricating properties. Although graphite is 

generally considered as an insulator along the direction perpendicular to those stacked 

layers, the inter sheet charge carrier mobility was found around 3 cm2/V∙s,
28, 30 which 

origins from optimized ð - ð overlap of �aromatic sheets�.  
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Figure 1-3. Schematic picture of graphite layered structure. 

Polycyclic aromatic hydrocarbons (PAHs) can be regarded as subunits of 2D 

graphite sheet and they mostly serve as the central rigid aromatic cores in discotic liquid 

crystalline materials. PAHs were first discovered in coal tar in the middle of the 19th 

century,31 also found in the residues of domestic, incomplete combustion or pyrolysis of 

organic matierials,32, 33 and even detected in comets.34 This class of compounds has 

provoked intensive investigations both in organic synthetic chemistry and material 

science.35-38 Pioneers of the direct synthesis and characterization of polycyclic aromatics 

were R. Scholl39-42 and E. Clar,43-47 who achieved the synthesis of numerous aromatic 

compounds under drastic conditions (at high temperatures in strong oxidant melts). Due 

to the limitation of analytic techniques of that time, only a limited number of relatively 

small-sized PAHs were isolated. As a result of enormous progress in analytical 

techniques, synthetic breakthroughs were achieved until recently, which allowed selective 

synthesis of various PAHs under mild conditions.48  

Depending upon the molecular structures, one class of PAHs exhibits much higher 

aromatic stability than their isomers containing the same number of rings. This kind of 

PAHs (all-benzonoid PAHs) represents only a small fraction of all the possible PAH 

isomers. For instance, there are only 17 kinds of all-benzenoid PAHs from the total of 

roughly 20600 possible alternating PAHs having between 4 and 10 fused benzene rings.49 

Although the all-benzenoid hydrocarbons are the minority in numerical terms, they are of 

special importance in both developing the theory of polycyclic aromatics38, 49, 50 and 
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forming stable columnar mesophases in discotic liquid crystalline materials. This kind of 

discotic liquid crystals are desirable in device processing due to their unique self-

assembly and self-healing capability.51-53 

 

1.2 Clar�s Sextet Rule and �All-Benzenoid� PAHs  

In 1925 R. Robinson introduced a cycle in a hexagon to describe the six identical ð 

electrons in benzene.54 It was claimed that the �six electrons are able to form a group, 

which resists disruption� and was called �Aromatic Sextet�. However, the circle was not 

only used to depict benzene but also abused to represent all ð electrons in other aromatics 

(i.e. every six-membered ring in the molecular structure was filled with such a circle) in 

the early time. For example, it stands simultaneously for six and four ð electrons in 

naphthalene; six, two and six (or six, four and four) ð electrons in anthracene; six, two 

and six ð electrons in phenanthrene; and even zero ð electrons in the central ring of 

perylene (Figure 1-4). E. Clar, later on, restricted the aromatic sextet symbolizing only 

six ð electrons in a monocyclic system, which properly describes typical aromatic or 

benzenoid stability of PAHs.55 According to Clar�s sextet rule, the stability of aromatic 

isomers increases with the number of sextets.55 This can be shown by comparing 

anthracene with phenanthrene. Anthracene has only one sextet, which is shared among all 

three rings, while two sextets exist in phenanthrene. Therefore, the aromatic energy of 

phenanthrene is 7 -12 kcal greater than that of anthracene.56 However, this statement 

applies only to the whole molecule. While the rings marked with the sextet show 

benzenoid stability, the central ring has a double bond, which is different from the double 

bonds written in naphthalene and could be easily oxidized into phenanthrenequinone with 

chromium oxide in acetic acid.57  
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Figure 1-4. Aromatic sextet represents for some PAHs. 

According to Clar�s sextet rule, the hydrocarbons containing the maximum number 

of sextets show the highest stability among their isomers and are classified as all-

benzenoid PAHs. Therefore, the number of ð electrons in all-benzenoid PAHs must be 

the integer multiple of 6, which does not always follow Hückel�s rule: (2 + 4n) ð 

electrons. The smallest all-benzenoid PAH, triphenylene (1-1), contains three sextets and 

one induced sextet (indicated by the arrows) in the central ring. Among the other cata-

condensed isomers of triphenylene, one may draw at maximum two sextets in [4]-

helicene (1-2), chrysene (1-3), benze[a]anthracene (1-4) and sole sextet in naphthacene 

(1-5) (Figure 1-5). Triphenylene (1-1) possesses a lower chemical reactivity and higher 

thermodynamic stability due to the largest resonance energy, the first ionization energy 

and the largest HOMO-LUMO gap within a molecular orbital description.52, 58 

Triphenylene is colorless, while naphthacene is orange. Experimentally, triphenylene is 

not soluble in concentrated sulfuric acid and shows an intensive phosphorescence of long 

life time at low temperature in solution in contrast to its cata-condensed isomers.35 
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Figure 1-5. The smallest PAH, triphenylen and its cata-condensed isomers. 

Although Clar�s theory is concerning more chemical structural intuition than 

theoretical quantum principles, the qualitative concept was later confirmed by a wide 

variety of quantum mechanical studies.59-61 Both experimental and theoretical studies 

suggested that Clar�s aromatic sextet rule sketched a more realistic picture for all-

benzenoid hydrocarbons. 

 

1.3 Synthesis of PAHs 

The synthesis of PAHs, however, is not easy, and becomes more difficult as 

increasing the ring numbers, in which the number of possible isomers grows at an even 

faster rate. There are two different methods to approach PAHs: i) one is the simultaneous 

production of a number of structures under drastic conditions in short unspecific 

synthesis, followed by the necessary isolation and structure determination, which has the 

advantage of yielding several different PAHs. This approach is more effective for small 

PAHs such as naphthalene, anthracene or phenanthrene, etc., which can also be separated 

from coal tar62, 63 or side products of the catalytic hydrocracking of petroleum.64 Figure 1-

6 shows a more complex example, the four- and five-ring ketones (1-6 and 1-7) are 

reacted in the presence of zinc dust/zinc chloride/sodium chloride melt at 330 � 350 °C 
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resulting in a mixture of four ten-ring (1-8 to 1-11) and one eleven-ring (1-12) PAHs as 

major products.65  

 

Figure 1-6. Mixed ketone condensation to produce new PAHs. 

ii) The other method for the preparation of PAHs is more specific. It starts from 

simple compounds and employs series of discrete synthetic sequences, leading to the 

desired product. Due to the multiple synthetic steps, this method is not always �efficient�. 

Diedrich, F. et al. reported a full synthetic route for a thirteen-ring circumanthracene (1-

13) in 1991 as exemplified in Figure 1-7.66 The overall yield for such a ten-step synthesis 

is only 3.7 %. As with many multi-step synthesis, even high yields for each step can not 

prevent a low overall yield if the number of syntheses steps is large. 
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Figure 1-7. Synthetic route to circumanthracene (1-13). 

Although the second strategy requires high synthetic efforts, it is preferred for the 

preparation of all-benzenoid PAHs. Since all-benzenoid PAHs possess 6n ð electrons, 

oligophenylenes are suitable precursors for intramolecular cyclodehydrogenation 

reactions. On another aspect, the solubility of large PAHs decreases dramatically with 

increasing the size of the rigid aromatic cores, which hinders the purification, further 

chemical modifications, characterization, and processability. To circumvent such 

problems, a successful synthetic concept is to introduce flexible alkyl chains at the 

periphery of the rigid aromatic cores.67, 68 In so doing, large PAHs become accessible 

(which possess far better processability than their parent core structures). Also the 
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introduced soft alkyl substituents induce liquid crystalline behavior. Before further 

description of popular synthetic strategy for oligophenylenes, it is appropriate to give an 

overview of the final synthesis step to all-benzenoid PAHs, intramolecular 

cyclodehydrogenation reaction, which is also named after R. Scholl as Scholl reaction.  

1.3.1 Intramolecular Scholl Reaction 

In 1910, Scholl and Seer used aluminum(III)-chloride melts with atmospheric 

oxygen as oxidant to fuse biaryls, such as 1,1�-binaphthyl, to perylenes.39-42 Subsequently, 

the intramolecular fusing of aromatic rings in the presence of Lewis acids was nominated 

as Scholl reaction. In 1960s, Kovacic used aluminum(III)-chloride and copper(II)-

chloride as Lewis acid and oxidants to catalyze the formation of aryl-aryl bonds for the 

polymerization of benzene and its derivatives.69-71 Later, he further optimized the reaction 

condition with iron(III)-chloride without other oxidants, which nowadays is the standard 

for a successful, highly selective, oxidative cyclodehydrogenation of oligophenylenes to 

PAHs.52, 72, 73 The modified conditions for intramolecular cyclodehydrogenation reaction 

avoided problems like dealkylation, migration of alkyl side chains, and dramatic 

chlorination of aromatic cores when stronger Lewis acids and oxidants were employed. 

Figure 1-8 gives an example for an intramolecular Scholl reaction, in which substituted 

hexaphenylbenzenes (1-14) were transformed to fully planarized HBC derivatives (1-15) 

with iron(III)-chloride in more than 90% yields. Although this reaction is powerful, the 

electron donating or withdrawing properties of substituents limit the varieties of 

functional groups in the later intramolecular cyclodehydrogenation step.74-76 For instance, 

nitrogen oxygen and sulfur direct attached HPBs do not always undergo the desired 

cyclodehydrogenation giving expected HBC derivatives. Trimethylsilyl group in 1-28 is 

easily cleaved under oxidative conditions. It, thus, has to be converted to halide (e.g. 

iodine, 1-30) before being oxidized to hexa-iodo HBC (1-31), a practical HBC building 

block (Figure 1-10). 
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Figure 1-8. Intramolecular Scholl reaction in the presence of iron (III) chloride. 

The preparation for suitable oligophenylene precursors in our group involves three 

different kinds of synthetic strategies: intramolecular Diels-Alder reaction with 

subsequent aromatization, cyclotrimerization and intermolecular Diels-Alder reaction 

with tetraphenylcyclopentadienone.73  

1.3.2 Synthesis of Oligophenylenes via Intramolecular Diels-Alder 

Reaction 

Intramolecular [4+2] cycloaddition with suitable phenylenevinylene derivatives, 

followed by aromatization of the newly formed cyclohexene structures, offers a 

surprisingly simple route to oligophenylenes, further to extended aromatic hydrocarbons 

after an intramolecular cyclodehydrogenation step.77, 78 As illustrated in Figure 1-9, the 

phenylenevinylene precursors 1-16 and 1-17, obtained via C-C coupling reactions, are 

heated in organic solvents, and the intramolecular Dields-Alder reaction yields 

quantatively the corresponding cyclohexene derivatives (1-18 and 1-19). After a 

rearomatization with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), the produced 

oligopheneylenes (1-20 and 1-21) can further be oxidized into corresponding PAHs (1-22 

and 1-23) via intramolecular cyclodehydrogenation reaction. 

Nevertheless, the formation of oligophenylenes, particularly the alkyl-substituted 

derivatives, by intramolecular [4+2] cycloaddition requires suitable phenylenevinylene 

precursors, which are difficult to obtain. In addition, only certain topologies are 

accessible. Thus, it is rarely used in oligophenylene synthesis.73 
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Figure 1-9. Formation of oligophenylenes via intramolecular Diels-Alder reaction with 

phenylenevinylenes. 
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1.3.3 Synethesis of Oligophenylenes via Cyclotrimerization 

Cobalt-catalyzed cyclotrimerization of symmetric diphenylacetylenes (1-24) is an 

efficient synthesis towards symmetrically six-fold substituted oligophenylenes. Alkyl 

chains, as well as certain functional groups, could be easily introduced to 

diphenylacetylene leading to hexaphenylbenzenes (1-14) and further to HBCs (1-15) 

(Figure 1-10). However, only symmetric diphenylacetylenes were widely used since 

asymmetric diphenyacetylenes (1-25) will result in 1,3,5- and 1,2,4-isomers (1-26 and 1-

27), which are difficult to separate.  

 

Figure 1-10. Route to hexaphenylbenzenes by cobalt-catalyzed cyclotrimerization. 
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Figure 1-11. Lately developed synthesis route to D3h-symmetric and triangle shaped oligophenylenes. 
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PAHs could be changed from D3h-symmetric HBCs (1-36) to triangle-shaped PAHs (1-37) 

containing 60 carbon atoms79, 80 (Figure 1-11). 

1.3.4 Synthesis of Oligophenylenes via Intermolecular Diels-Alder 

Reaction 

For oligophenylenes of lower symmetry, the intermolecular Diels-Alder reaction is 

a more efficient and widely used method. When diphenylacetylene (1-25) and substituted 

tetraphenylcyclopentadienones (1-38) are mixed in high boiling temperature solvents, an 

intermediate Diels-Alder [4+2] adduct is formed, which extrudes in situ carbon monoxide 

at evaluated temperature (200 � 205 °C) to give the corresponding hexaphenylbenzene 

(1-39)79-81(Figure 1-12).  

 

Figure 1-12. Intermolecular Diels-Alder reaction for the synthesis of hexaphenylbenzene. 

Since R1, R2, R3 and R4 could respectively be introduced at an early synthetic 

stage, hexaphenylbenzenes with various symmetries become accessible, which increases 

the versatility of functionalized HBCs. In general, halides can be introduced at specific 

periphery positions on the HBC aromatic core as important functional groups for further 

modification via transition meta-catalyzed coupling reactions. In this way, a series of low 

symmetric functionalizable HBC building blocks can be prepared82 (Figure 1-13). 

Depending on the relative position of functional substituents, the nomenclature of �ortho-

�, �meta-� and �para-�, in analogy to benzene, is declared regarding HBC as 

�superbenzene�. The synthesis of HBC building blocks will be discussed in a greater 

detail in CHAPTER 2.  
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Figure 1-13. Versatile HBC building blocks. 

By modifying the topology of cyclopentadienone and corresponding 

diphenylacetylenes, extended all-benzenoid PAHs with different topologies were 

prepared. For example, C60 (1-40),83 C78 (1-41),84 C96 (1-42),85 C72 (1-44),87 and C132 

(1-43)86 PAHs were prepared in such synthetic strategy. By combining intermolecular 

Diels-Alder reaction and cyclotrimerization, the number of carbon atoms of the aromatic 

core were even extended up to 222 (1-45),72 which is the largest reported PAH prepared 

in a bottom up way (Figure 1-14). 

 

 

 

Figure 1-14. Synthesis of extended all-benzenoid PAHs via intermolecular Diels-Alder reaction. 
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Figure 1-14. (continue) 
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1.4 Discotic Liquid Crystals 

Liquid crystals (LCs) are materials which show both liquid and crystalline phase 

properties. In 1888 F. Reinitzer discovered the first liquid crystal phase behavior. He 

observed cholesteryl benzoate to show two distinct melting points88. Upon heating, that 

kind of material melted first into a hazy liquid at 145.5 °C and further became clear at 

178.5 °C. From then on, immense research efforts have been invested resulting in daily-

used LC materials. S. Chandrasekhar was the first to use the term �mesophase� to 

describe the state between liquid and crystal of benzene-hexa-n-alkanates, the first 

discovered discotic LC molecule, in 1977.89 In this phase, the material shows both liquid-

like, �easily deformable (certain mobility)� characters and crystal-like, �(not-long-range) 

optical anisotropic� features. One distinguishes the thermotropic LCs, for which the 

formation of the mesophase is temperature dependent, and lyotropic LCs, the mesophase 

of which is formed from a multi-component mixture including solutes (providing 

crystalline features) and certain amount of solvents (filling the space around compounds 

to provide fluidity). 

The molecules of thermotropic LCs generally consist of a rigid core (often aromatic) 

surrounded by flexible substituents. According to the shape of the rigid moiety of the 

molecule, it was subdivided to calamitic LCs (with a rod-like rigid core) and discotic LCs 

(with a disc-like rigid core).51 Depending on the nature of aromatic centers and flexible 

substituents, the discotic LCs show three types of mesophases with different degrees of 

order: discotic columnar (Colh), discotic nematic (Nd) and discotic lamellar phases as 

illustrated in Figure 1-15.90 The columnar phase consists of discs stacked one on top of 

the other to form pseudo one-dimensional columns, the different columns forming a two-

dimensional lattice. Several variants of the columnar structure have been identified � 

upright columns, tilted columns (Figure 1-15d), hexagonal lattice (Figure 1-15a), 

rectangular lattice, etc. In some cases, the columns are liquid-like, i.e. their molecular 

centers are irregularly spaced within each single column as depicted in Figure 1-15e; 

while in others they are arranged in a regular, ordered fashion (Figure 1-15f). The 

discotic nematic phase (Figure 1-15b) has the lowest degree of order showing one-
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dimensional order. The discotic lamellar phase (Figure 1-15c), however, has not been 

completely elucidated.  

 

Figure 1-15. Schematic represents of mesophase of discotic LCs. a) hexagonal discotic columnar 

phase (Colh); b) discotic nematic phase (Nd); c) discotic lamellar phase; d) tilted, e) disordered and f) 

ordered molecular disc packing wihin a single column. 

The columnar arrangement of discotic LCs is a promising structure for anisotropic 

transport of charge carriers along columnar direction due to the considerable overlap of ð 

orbitals between adjacent aromatic cores. They are recognized for their potential 

applications in photovoltaic devices, field effect transistors (FETs), light-emitting diodes 

(LEDs) and other molecular electronics.91 Figure 1-16 gives some examples of the most 

intensively investigated discotic LCs. As the size of the aromatic core increases, the 

enhanced ð � ð overlap stabilizes the columnar supramolecular structure, which 

consequently leads to a broader and more stable mesophase. In the case of 

hexabenzocoronenes (HBCs, 1-52), the high intrinsic charge carrier mobility is ascribed 

to the large discotic aromatic center, the diameter of which is about 1.4 nm, 

approximately three times the size of triphenylene. This relatively large size of molecular 

discs qualifies them as promising semi-conducting materials in organic devices.28, 92 Both 

synthetic strategy and understanding of the structure-property relationships have been the 

b) a) c) 

d) e) f) 
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subjects of intensive investigation in Müllen�s group since the first hexa-alkylated HBC 

was synthesized by Herwig in 1995.93 (see also SECTION 1.3) 

 

Figure 1-16. Some examples of discotic LC molecules. 

Depending on the substituents, alkyl substituted HBCs change from �plastic 

crystalline� phase over columnar liquid crystalline phase to isotropic liquid upon 

increasing temperature. In the �plastic crystalline� phase, the degree of crystallinity of 

both flexible substituents and the rigid aromatic core reduces the mobility of molecules 

resulting in a tilted disc packing with respect to the column axis. The tilting of the discs 

disappears in the mesophase accompanied by a fast rotation around the columnar axis. 

The crystalline feature is completely overwhelmed when the material enters the isotropic 

phase, in which molecules behave like normal liquids. The phase transitions are depicted 

in Figure 1-17. 
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Figure 1-17. Schematic representation of different phases of HBCs. 

The phase behavior of LCs is generally characterized by differential scanning 

calorimetry (DSC), polarized optical microscopy (POM), and X-ray diffractometry 

(XRD). DSC shows the transition temperatures and enthalpies between different phases. 

The type of mesophase could be assigned according to the appearance of a specific 

birefringence of the optical texture by using POM. The crystalline characters of the 

compounds in both crystalline phase and mesophase could be reflected by XRD method. 

Additionally, solid state NMR spectroscopy is a useful tool to understand the packing 

mode on a molecular level.94, 95 

Two-dimensional wide angle X-ray diffractometry (2D-WAXD) is a powerful 

method for the characterization of both columnar stacking and molecular packing within 

a single column. It is applied to a pre-organized fibrillar sample, which is extruded 

through a pinhole at high temperature (depending on the phase transition temperature of 

corresponding material), whereby the molecular discs adopt a columnar arrangement 

parallel to the extrusion direction resulting in macroscopically oriented supramolecular 

arrangement (Figure 1-18A). During the measurements, the incident X-ray beam passes 

the sample fiber perpendicularly giving a 2D diffractogram with information about 

molecular ordering (Figure 1-18A). The characteristic reflexes are summarized in Figure 

1-18B. The peaks along equatorial direction in the inner part (Figure 1-18B, a) represent 

the 2D columnar arrangement in the plane perpendicular to the extrusion direction. The 

disordered flexible alkyl substituents give a �halo� ring with homogeneous reflection 

intensity (Figure 1-18B, b). The molecular packing within a single column is reflected by 

the peaks along the direction parallel to the filament. The intracolumnar periodic distance 
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is recorded by the reflexes along meridional axis (Figure 1-18B, c). If the disc is tilted 

with respect to the columnar direction, extra diffraction peaks appear in diagonal 

directions (Figure 1-18B, c�), which provide the cofacial distance between adjacent 

molecular discs within a single column. As indicated in Figure 1-18C, the tilting angle ö 

could also be estimated by the two distances, which is in good agreement with the value 

obtained from solid state NMR studies.95  

 

Figure 1-18. Schematic represent of A) experimental setup, B) 2D-WAXD pattern with typical 

reflexes (a, b, c, c�) and C) intracolumnar arrangement with tilted discs. 

 

1.5 From Visualization of Single PAH Molecule on Surface to 

Single Molecular Devices 

In 1981G. Binning and H. Rohrer developed scanning tunneling microscope (STM) 

based on the tunneling effect from quantum mechanics.96  STM is nowadays a powerful 

A 

B C 
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technique for visualization of surfaces at the atomic level. When a conducting tip is 

brought very close to a metallic or semiconducting surface, a bias between the two can 

allow electrons to tunnel through the gap in between. With low voltages, this tunneling 

current is a function of the local density of states (LDOS) at the Fermi level, Ef, of the 

sample.97 Variations in current are translated into an image as the probe passes over the 

surface. For STM, good resolution is considered to be 0.1 nm laterally and 0.01 nm in 

depth.98 The STM technique can be used in ultra high vacuum (UHV) as well as in air 

and various other liquids or gases. Temperatures ranging from near 0 K to a few hundred 

degrees Celsius can be applied.97  

STM provides a visual structure proof of single molecules. After UHV-sublimation 

of the thermally stable compound 1-23 onto a {001} face of a molybdenum sulfide single 

crystal, STM depicted the profile of single molecules, which has exactly the  shape 

according to the molecular structure.78 The image of single HBC molecules was recorded 

on a highly ordered pyrolytic graphite (HOPG) interface99 (Figure 1-19). 

 

Figure 1-19. STM images of some PAHs. 

1-23 1-15
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Beyond the visualization of molecules on surfaces, STM can be used for the 

research towards single molecular devices. For example, Rabe et. al. proposed a 

prototypical single-molecule chemical-field-effect transistor (single-molecular CFET), in 

which the tip of the scanner serves as the source electrode and the semi-conductive 

substrate as the drain electrode. Through the introduction of a nanometer-sized charge 

transfer complex (gate electrode) which are covalently linked to the molecule in the STM 

junction, the tunneling current through a hybrid-molecular diode is modified100 (Figure 1-

20). 

 

Figure 1-20. Schematic represents for single-molecule CFET and molecular structure of used 

molecules. 

During the measurement, HBC derivative 1-53 with six electron acceptor 

substituents (anthraquinone) was deposited at a liquid-graphite interface and the 

tunneling current was recorded by scanning tunneling microscopy and spectroscopy (STS) 

measurements. As the donor molecule 9,10-dimethoxyanthraquinone (DMA) 1-54 got 

onto the interface, it formed charge transfer (CT) complexes with anthraquinone moiety 
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substrate and the adsorbate�s molecular orbitals, which subsequently changed not only 

the tunneling current but also the unit cell of the molecular pattern at the interface.99  

In the devices based on a single molecule or a self-assembled monolayer (SAM), 

the HOMO-LUMO band gap of the bridge molecule plays a crucial role in the 

conductivity of the molecular bridged metal-molecule-metal junction on one hand.101 On 

the other hand, the formation of a uniform SAM on metal surfaces is also very important. 

HBCs have a small HOMO-LUMO band gap102 and excellent self-assembly ability, 

which makes them good candidates in the preparation of molecular devices. Rampi et al 

have successfully assembled Au-C18//C18-Hg (C18 represents a SAM formed by 

ocadecanethiol), Au-HBCS//C18-Hg (HBCS represent a SAM formed by HBC with thiol 

functional group), and Au-HBCS//HBCS-Hg junction. The study concluded that HBC 

units are nearly transparent to electrons in comparison with the aliphatic chains and these 

molecules can act as active components in nanometer-scale transistors.103 

 

1.6 As Semiconductors in Electronic Devices 

Discotic liquid crystalline materials have been intensively investigated as 

semiconductors in organic electronic devices. For their application in electronic devices, 

they were widely tested as active components in organic light-emitting diodes (OLEDs), 

photovoltaic cells and field-effect transistors (FETs).6, 91, 104 Compared with other 

mesogens, HBCs have larger aromatic rigid cores, which results in a larger overlap of ð 

orbitals between adjacent aromatic rings and consequently to higher one-dimensional 

charge carrier mobility. Alkyl or alkyphenyl substituted HBCs showed the highest charge 

carrier mobility (up to 1.13 cm2/V∙s) accompanied with high ordering and good solubility 

for device processing.27   

1.6.1 Organic Light Emitting Diodes 

A simple OLED consists of a transparent anode and a metallic cathode with a thin 

organic film in between. Electrons and holes respectively are injected into the lowest 

unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital 
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(HOMO) of the active organic material after applying a voltage between the electrodes. 

The electrons and holes drift in the organic layer under the external electric field until 

they combine with each other forming an exiton and emitting light at the same 

chromophore site. The good device performance requires high fluorescence quantum 

efficiency and charge carrier mobility for the active organic material.105 The first light 

emitting device based on triphenylene was reported by Wendorff in 1997.106 More 

recently, pyrene and perylene related discotic LCs were also used in constructing 

OLEDs.107 The unique charge carrier mobility of HBCs consequently promises a 

potential application as p-type conducting materials in such devices. 

 

Figure 1-21. Schematic represent for organic light-emitting diode. 

1.6.2 Photovoltaic Cells 

The photovoltaic cell, or solar cell, is a device that converts light energy to 

electrical energy. The photovoltaic cell has a similar device setup as an LED. Instead of 

light-emitting material, the active semi-conductive layer in photovoltaic cells is made of 

either inorganic silicon or a blend of donor and acceptor components. After absorbing 

energy from the light source, the active layer produces excitons. The exitons separate to 

electrons and holes at the interface between donor and acceptor components and the 

charges are separately transported (in electron- or hole-transport layers) to the 

corresponding electrodes. PAHs show good performance in photovoltaic devices. For 

example, an HBC (donor component) and perylene diimide (acceptor component) based 

photovoltaic cell has exhibited excellent external quantum efficiencies up to 34% at a 

light wavelength of 490 nm.92  
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Figure 1-22. Device setup for photovoltaic cell. 

 

1.6.3 Field-Effect Transistors (FETs) 

The field-effect transistor relies on an electric field to control the conductivity of a 

semiconductor material. There are three electrodes called source, drain and gate in such a 

device. The gate voltage adjusts the current in the channel between source and drain. The 

performance of an FET is characterized by the on/off ratio and the charge carrier mobility 

of the semiconductors in the channel. HBC based discotic liquid crystalline materials 

have been deposited on an oriented polytetrafluoroethane (PTFE) film forming a highly 

ordered film, which was used in the fabrication of FET. Van de Craats et al. reported high 

FET mobility (10-3 cm2/V∙s) with high on/off ratio of 104 for such kind of material.108 

 

Figure 1-23. Device configuration of FET device. 
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1.7 Motivation and Objective 

Discotic liquid crystalline materials show excellent electronic and optoelectronic 

properties. Therefore, they can potentially be used in organic electronic devices and 

conceptual molecular devices with good processibilities. Among the family of polycyclic 

aromatic hydrocarbons (PAHs), the large hexa-peri-hexabenzocoronenes (HBCs) have 

demonstrated superiority as organic semiconductors especially in photovoltaic cells and 

thin-film field effect transistors (FETs).109, 110 To simplify the synthetic strategy, further 

improve their performance in devices and explore novel properties as functional materials, 

the investigations of these compounds are still an attractive scientific field. Under the 

cooperation with lots of scientific colleagues in different fields, the work presented in this 

thesis covers the following topics: 

1)           As introduced above, the synthesis of PAHs with defined structure is not 

economic. The low efficiency stems from the complicated and tedious synthetic 

route. On the one hand, this leads to a low overall yield, and on the other hand, it 

needs lots of expensive transition-metal catalyzed reactions. For example, the 

current synthetic protocol for a D2h symmetric dibromo HBC building block 

requires ten synthetic steps, four of which need transition-metal catalysts.82 

Therefore, it is significant to find alternative low-cost and highly efficient ways to 

broaden their applications. A new synthetic concept, involving aryne intermediates, 

is developed to simplify the preparation of HBC derivatives. With such a synthetic 

protocol, the synthesis for D2h-symmetric HBC building blocks is optimized to a 

large extent with only four synthetic steps and low costs. Moreover, this new 

synthetic strategy also shows advantages for the preparation of the para-asymmetric 

HPBs and provides a bottom-up pathway to 1D nanographenes.  

2)          Another synthetic challenge is to achieve versatile HBC building blocks that 

could be further modified with various functional groups. Currently, the methods 

for D6h symmetric six-fold halide-substituted, D3h symmetric three-fold halide 

substituted, D2h symmetric two-fold halide substituted, and C2v symmetric three-

fold, two-fold and one-fold halide-substituted HBC building blocks have been well 

developed in the past decades (Figure 1-24). Theses building blocks have opened 
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versatile pathways to the preparation of functional HBCs. However, the direct 

introduction of different functionalities to a single HBC molecule, which requests 

different halides on the same HBC building block, is still a synthetic challenge. 

 

Figure 1-24. Synthesized HBC building blocks with different symmetry. 

Although the lately developed synthetic method shows superiority in the 

preparation of para-asymmetric HPBs, the electron withdrawing and donating 

properties of the directly attached heteroatoms limit the last intramolecular Scholl 

reaction, which transforms the HPBs into HBC analogues. In order to improve the 

versatility of the functionalized HBCs, two different halides (one iodine, the other 

bromine) is introduced on the same HBC moiety in a para relationship through the 

traditional intermolecular Diels-Alder reaction route. Different functional groups 

could then be easily attached to the same HBC core by utilizing the different 

chemical reactivity between the iodo and bromo groups on the novel HBC building 

block.  

3)         To optimize the optoelectronic properties of PAHs, heteroatoms have been 

attached to the periphery of triphenylene, which dramatically enhanced its charge 
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carrier mobility.111 In analogy, it was tried to introduce different heteroatoms 

directly onto HBC cores. Nevertheless, the electronic properties of different directly 

attached heteroatoms influence the last intramolecular cyclodehydrogenation step. 

For example, ether cleavage happens during the cyclodehydrogenation of alkoxy 

and alkylthio-substituted hexaphenylbenzenes.74, 112 The alkoxy groups can only be 

directly attached to HBC when all the periphery positions are occupied by either 

electron-donation methoxy groups or electron withdrawing fluorines on either 

side.113, 114 The mechanism how these heteroatoms influence the intramolecular 

Scholl reaction is still not well understood. Different mechanisms were proposed, 

but could not be confirmed due to the lack of experimental surport.115-117 

Conducting intramolecular Scholl reaction with hexaphenylbenzene containing 

heteroatoms and separation of intermediates or by-products will greatly help to 

accumulate data to support the mechanistic studies of this kind of reaction. 

With the newly developed method, various HPB analogues containing 

different directly attached heteroatoms can be easily accessed. This provides an 

efficient synthetic route in the preparation of the precursors for the following 

intramolecular Scholl reaction mechanistic studies. For instance, by an 

intramolecular Scholl reaction with para-dimethoxy hexaphenylbenzene, a new 

phenomenon of phenyl group migration under oxidative Lewis acid condition is 

discovered. Based on the structure verification of obtained HBC molecule and a 

single crystal structure of a by-product, the influence of electron donating 

heteroatoms on cyclodehydrogenation reaction will be studied from a mechanistic 

point of view.  

4)          The intrinsic charge carrier mobility for the HBC mesogenes depends, to a 

large extent, upon the long range molecular order in the corresponding bulk phases. 

2D WAXD and solid state NMR techniques have been applied to understand the 

macroscopic properties of HBC derivatives on a molecular level. Dielectric 

spectroscopy (DS) is another sensitive probe monitoring the molecular relaxation 

process under external frequency stimulation. This method provides supplemental 
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molecular dynamics information besides solid state NMR spectroscopy, however, 

requires a permanent molecular dipole moment.  

To further understand the molecular self-assembly, dynamics and kinetics in 

different bulk phases, permanent dipole moments are introduced into HBC 

molecule by selecting different functional groups. Four different dipole 

functionalized HBCs are synthesized and studied with 2D WAXD, site-specific 

solid state NMR and dielectric spectroscopic techniques, which contributes the 

understanding of molecular dynamics and future molecular design for different 

material applications. 

5)         The most striking electronic property of HBC derivatives is their 1D charge 

transport along columnar direction. Highly ordered columnar supramolecular 

structures will, to a large extent, improve its performance in device applications. 

Non-covalent intermolecular interactions, e.g. hydrogen bonding, dipole-dipole 

interactions and Van der Waals forces as well as ð � ð interactions are the dominant 

types of bonds in supramolecular chemistry.118 By appropriate molecular design, 

extra intermolecular interactions can be employed to stabilize the columnar stacks 

besides extending the rigidity of the aromatic cores. The introduced functional 

groups will also render HBC derivatives with new properties. For instance, a strong 

dipole moment brings HBCs non-linear optical properties and hydrogen bonds help 

HBC molecules to trap small organic solvent molecule forming organogels. 

Based on the novel �para�-asymmetric HBC building block, a series HBC 

bridged donor acceptor molecules are synthesized. Upon the introduction of strong 

dipole moments, it is expected that these HBC molecules show distinct self-

assembly behavior and non-linear optical properties (Figure 1-25 left).  

Hydrogen bonds are also included along the columnar stacking direction 

through either amido or ureido functionalities to stabilize the columnar 

supramolecular organization. Depending on the strength and position at HBC 

periphery, the hydrogen bonds dominate the molecular self-assembly behavior both 

in liquid and bulk state (Figure 1-25 right). 
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Figure 1-25. Schematic represents of the columnar stacking with extra non-covalent 

interactions; left: dipole-dipole interactions, right: hydrogen bonding interactions along single 

column. 

6)           The molecular devices are still currently at a theoretical stage. The single 

molecular CFET, based on anthraquinone and dimethylanthracene complex, can not 

be switched reversibly yet. The SAM based devices require functional molecules 

with proper HOMO-LUMO band gap and excellent self-assembly tendency on 

different surfaces. Therefore, HBCs with different functional groups are regarded as 

promising candidates in this area.  

For the application in the conceivable molecular devices, specific functional 

groups are connected with HBC moieties and their optoelectronic properties are 

investigated at a molecular level on surfaces. For example, a switchable azobenzene 

functional group is attached to the HBC aromatic core, which provides the 

reversibility in a single molecular CFET; the introduction of anchor groups assists 

HBC molecules to form long range well-ordered single molecular monolayers 

(SAMs) on specific surfaces, which qualifies such kind of materials as active 

components in metal-molecules-metal junctions.  
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2 Novel Synthesis of D2h and C2v Symmetric 
Dihalide HBC Building Blocks 

 

The importance of discotic liquid crystals has been illustrated in CHAPTER 1. HBC 

building blocks with different symmetries have opened up pathways to achieve versatile 

HBC-based liquid crystalline materials with specific functionalities.1-3 It was also pointed 

out that the preparation for polycyclic aromatic hydrocarbon (PAH)-based discotic liquid 

crystalline materials requires lengthy and tedious multiple-step synthesis and tremendous 

synthetic efforts. The lower the symmetry of the HBC derivatives, the more complicated 

is the synthetic work, which leads to low efficiency and high costs.2, 4 The synthesis for 

C2v-symmetric mono-bromo HBC, which is used for one fold functionalization, involves 

13 synthetic steps, while there are still 10 steps to go for D2h symmetric dibromo HBC 2-

1 (Figure 2-1). To synthesize the all-benzoid PAHs, the preparation of suitable precursors, 

hexaphenylbenzenes (HPBs),5-7 is of particular importance for the last step intramolecular 

cyclodehydrogenation, the so-called Scholl reaction. Herein, a more effective synthetic 

approach to D2h symmetrically dihalide substituted HPBs via one-pot Hart and Suzuki-

Miyaura cross-coupling reactions on sterically hindered substrate will be described.  

On the other hand, the diversity of the properties of functionalized HBCs increases 

the demands for various HBC building blocks. The synthesis of a HBC building block 

containing two different halide groups, which could respectively be modified, preserves 

challenge. It will be demonstrated that, although the newly developed synthetic concept 

shows not only superiority in the preparation of D2h-symmetric HBC building blocks, but 

also in the achievement of C2v-symmetric HPBs, the strict selectivity of the precursors for 

the last-step intramolecular Scholl reaction8-10 limits its application. Following the classic 

route based on intermolecular [4+2] Diels-Alder reaction, this object is realized via an 

asymmetric carbonylative coupling of benzyl halides.11  
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2.1 Old synthetic pathway to D2h symmetric dibromo HBC 

 

Figure 2-1. Ten-step synthesis for para-dibromo HBC 2-1. 

The old synthetic route starts with 4-bromo-trimethylsilyl benzene 2-2. After a 

palladium catalyzed Kumada cross coupling reaction, a flexible alkyl chain is attached to 

the para-position of the phenyl ring (2-3). In the following step, the trimethylsilyl group 

is transformed into iodo group for further functionalization. A trimethylsilyl ethynyl 

group is, then, connected to the phenyl ring via a Hagihara-Sonogashira coupling reaction 

affording 2-5. The trimethylsilyl group is removed under basic condition resulting in 

compound 2-6, which is submitted to another Hagihara-Sonogashira reaction with 2-4. 

Part of the resulting alkylated tolane 2-7 is oxidized to the corresponding benzil 2-8, 

while the rest is used in later [4+2] Diels-Alder reaction for the formation of HPB 2-11. 
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Besides 2-8, another reactant, diphenyl acetone 2-9, is synthesized from 4-bromobenzyl 

bromide and pentacarbonyl iron. Applying a Knoevelnagel condensation with 2-8 and 2-9 

leads to an important intermediate, tetraphenyl substituted cyclopentadienone 2-10, for 

the aforementioned Diels-Alder reaction. Dibromo HBC 2-1 is then obtained after an 

intramolecular Scholl reaction with the HPB 2-11.2  

Although this synthetic route was simplified later by a one-pot alkylation of 

dibromo tolane for 2-7 instead of starting with 2-2, this synthetic protocol is still 

necessary for the preparation of the mono-bromo HBC, which requires a mono bromine 

substituted tolane as intermediate. Additionally, the synthesis is very expensive not only 

due to the multiple synthetic steps but also because four out of ten reactions rely on the 

expensive transition-metal catalysts. In order to improve the efficiency and reduce the 

costs, Dr. Xiaoyin Yang and I developed a new synthetic strategy involving six steps, 

only two of which need transition-metal catalysts.  

 

2.2 New synthetic strategy for D2h symmetric HPBs 

2.2.1 General method and reaction mechanism  

In 1930 Durand reported that hexabromobenzene reacts with phenyl-magnesium 

bromide to give hexaphenylbenzene,12 Dilthey later found that the product was in fact the 

1,2,4,5-tetraphenylbenzene.13 Geissman confirmed these results and showed that the 

actual reaction product was the tetraphenyl 1,4-di-Grignard compound.14 Hart et al. 

improved Durand�s and Geissman�s reaction to give synthetically useful yields of 

tetraarylbenzenes.15 The new synthetic strategy follows the pioneering work employing 

hexahalobenzene and aryl-Grignard reagents as starting material.  

The synthesis starts with para-dichlorobenzene, which is first brominated in oleum 

with bromine and iron as catalyst (yield, 80%).16 The resulting 1,2,4,5-tetrabromo-3,6-

dichlorobenzene 2-12 is then treated with 9.5 equivalents of arylmagnesium bromide in 

THF at r.t. for 12 h. Iodine is then used to quench the product, 1,4-di-Grignard 

intermediate 2-13, for further functionalization. The product 1,4-diiodo-2,3,5,6-
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tetraarylbenzene 2-14 is then treated with different arylboronic acids via a sterically 

hindered Suzuki-Miyaura cross coupling reaction under optimized conditions affording 

D2h symmetric HPBs 2-15. Depending upon the directly attached heteroatom, some HPB 

derivatives can be oxidized to the corresponding HBCs 2-16 via the intramolecular Scholl 

reaction (Figure 2-2). 

 

Figure 2-2. Novel synthetic concept for D2h symmetric HPBs and HBCs. 

The reaction mechanism involves the 1,4-di-Grignard reagent 2-18 as key 

intermediates and various organometallic arynes as outlined in Figure 2-3. A bromine 

atom firstly exchanged with one molecule of Grignard reagent forming mono- and di-

halogenated phenylmagnesium bromide 2-17 and 2-18, which was discovered by Smith 

et al. and proved by Hart et al.17-20 Since the charges on the same molecule prefer being 

as far apart as possible, the two carbon anions should always locate at the para-position, 

which is experimentally confirmed by the isolation of the only 1,4-di-Grignard 

intermediates.18 Once 2-18 forms, a metallic aryne intermediate 2-19 appears after the 

elimination of one molecule of MgBr2. Another molecule of arylmagnesium bromide 

nucleophilically adds to the aryne intermediate 2-19 leading to another 1,4-di-Grignard 

compound 2-20 containing one aryl substitute. After a series of eliminations of MgBr2 
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and regiospecific additions of arylmagnesium bromides to aryne intermediates (2-21, 2-

23 and 2-25), the 1,4-di-Grignard product 2-26 is produced with four aryl substituents. 

The subsequent quenching with iodine consequently yields the product 2-14.  

 

Figure 2-3. Reaction mechanism for the formation of 2-14. 

2.2.2 Examples of synthesized 1,4-diiodo-2,3,5,6-tetra-arylbenzenes  

Three kinds of 1,4-diiodo-2,3,5,6-tetraaryl benzene 2-14 were synthesized based on 

easily accessable Grignard reagents (Figure 2-4). Compounds 2-14a and 2-14b were 

prepared with commercially available Grinard reagents according to the procedure 

described in the SECTION 2.2 in a yield of 40% and 60% respectively.  
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Figure 2-4. Synthesized 1,4-diiodo-2,3,5,6-tetraarylbenzene 2-14.  

In order to increase the solubility for simpler processing in later HBC chemistry, the 

3,7-dimethyloctyl substituents were introduced by a freshly prepared Grignard reagent, 

which later leads to 2-14c. The 1-trimethylsilyl-4-(3,7-dimethyloctanyl) benzene 2-3, was 

first brominated with bromine in the presence of anhydrous sodium acetate21 affording 1-

bromo-4-(3,7-dimethyloctanyl) benzene 2-27 in a 82% yield. 2-27 was then transformed 

to the corresponding arylmagnesium bromide and subjected to the reaction with 1,2,4,5-

tetrabromo-3,6-dichlorobenzene 2-12 resulting in 2-14c in 40% yield.  

2.2.3 Condition optimization of sterically hindered Suzuki-Miyaura 

cross-coupling reaction 

The Suziki-Miyaura cross-coupling reaction is one of the most powerful biaryl C-C 

bond-forming transformations nowadays. This kind of reaction enjoys a broad scope and 

wide functional group tolerance.22-25 However, in the case of sterically hindered aryl or 

alkenyl halides, special ligands and harsh conditions have to be applied.26-29 The work of 

Buchwald et al. provides a general protocol for the Suzuki-Myaura cross-coupling 

reactions on sterically hindered substrates, in which a novel and readily available 

phosphine, S-phos (2-dicyclohexylphosphino-2�,6�-dimethoxybiphenyl), was used as a 

ligand in conjunction with Pd2(dba)3.
30-33 Considering the sterically hindered nature of the 

1,4-diiodo-2,3,5,6-tetraarylbenzenes 2-14, Buchwald�s catalyst system was employed in 

the initial test, which leads to a yield of 65%. In order to improve the yield, 30, 32 the 

reaction conditions were optimized using the easily obtained compound 2-14a and 

commercially available phenylboronic acid as substrates.  
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The results are summarized in Table 2-1. The best palladium sources was found to be 

Pd(PPh3)4. The effect of the base was also examined, from which K2CO3 was found out 

to be the most effective one (entries 5-8). Furthermore, the use of solid K2CO3 (entry 6, 

94%) was more effective than the use of aqueous 2M K2CO3 solution (entry 9, 70%). 

Increasing the reaction temperature from 100oC to 120oC had a detrimental effect on the 

reaction and several by-products, such as mono-coupled and de-iodinated compounds, 

were observed (entry 10). Interestingly, the introduction of the phase transfer catalyst 

Aliquat® 336 (2 mol%) was found to accelerate the reaction rate and the desired product 

was obtained in an excellent yield of 95% after a reaction period of 12 h (entry 11). The 

structure of Aliquat® 336 is illustrated in Figure 2-5. While other phase transfer catalysts, 

such as Bu4NBr, do not seem to promote this reaction (entry 12).  

 

Figure 2-5. Molecular structure of Aliquat
®

 336.  

 

N
+

Cl
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Table 2- 1. Optimization of reaction conditions for the sterically hindered Suzuki-Miyaura coupling 

reaction. 

 

Entry Catalyst system Temp. (oC) Time(h) Base Yielda 

1 Pd2(dba)3 + S-phos 100 24 K3PO4 65% 

2 PdCl2(PPh3)2 100 24 K3PO4 30% 

3 PdCl2(dppf) 100 24 K3PO4 56% 

4 Pd(OAc)2 + PPh3 100 24 K3PO4 -b 

5 Pd(PPh3)4 100 24 K3PO4 86% 

6 Pd(PPh3)4 100 24 K2CO3 94% 

7 Pd(PPh3)4 100 24 Cs2CO3 85% 

8 Pd(PPh3)4 100 24 Ba(OH)2·8H2O -b 

9 Pd(PPh3)4 100 24 K2CO3 70%c 

10 Pd(PPh3)4 120 12 K2CO3 56% 

11 
Pd(PPh3)4 + Aliquat® 
336 

100 12 K2CO3 95% 

12 Pd(PPh3)4+ Bu4NBr 100 12 K2CO3 45% 

a Isolated yield of analytically pure compound; b No desired product was detected; c 

K2CO3 was used as a 2 M aqueous solution. 
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2.2.4 From 1,4-diiodo-2,3,5,6-tetraarylbenzenes 2-14 to versatile 

HPBs 

With this novel efficient method, different HPB derivatives can be easily prepared 

with 2-14 and the corresponding arylboronic acids in high yield. Table 2-2 lists some 

examples of the Suzuki-Miyaura coupling reaction of the tetra-aryl-diiodo benzene 2-14 

with various arylboronic acids (For more examples see reference 34).34 The electronic 

nature of the substituted phenylboronic acids have little effect on the yield of the coupling, 

and thus HPBs with electron-donating groups were synthesized in good yields (Table 2-2, 

entries 2 � 3, 5 - 6). For the coupling with 4-bromophenylboronic acid, a lower 

temperature (80 °C) and longer time (18 h) are required to achieve chemoselectivity 

between the hindered aryl iodides and the non-hindered aryl bromide on 4-

bromophenylboronic acid. Under these conditions, the dibromo HPB 2-32 was prepared 

in 91% yield on a gram scale. Additionally, the variation of the position of the substituent 

on the phenylboronic acids does not significantly reduce the yield of such a reaction 

(Table 2-2, entry 3, 6). Additionally, not only phenylboronic acids but heteroaromatic 

boronic acids also react well, which was demonstrated by the efficient formation of 

compounds 2-31 (Table 2-2, entry 4). 

This Suzuki-Miyaura cross-coupling reaction not only affords an expedient 

approach for D2h symmetric HPBs like compounds 2-28 to 2-33, but can also be used to 

prepare the C2v-symmetric HPBs with a 1-Ar1-2,3,5,6-Ar2-4-Ar3 pattern by stepwise 

Suzuki-Miyaura cross-coupling reactions. In the first step, 1.05 equivelent of arylboronic 

acid reacts with one of the iodo groups in tetraaryl diidobenzene 2-14 at relatively low 

temperature. Subsequently, the remaining iodine is coupled with 4-bromo phenyl boronic 

acid affording the C2v-symmetric HPB. (For further examples, see reference 34)34 It 

should be noticed that a relatively polar functional group is required in the first Suzuki-

Miyaura cross-coupling step for the purification.  
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Table 2-2. Preparation of symmetrically substituted HPBs by sterically hindered Suzuki-Miyaura 

coupling reaction. 

entry 2-14 ArB(OH)2 product  yield (%) 

1 2-14a 
 

 
2-28 

95 

2 2-14a 

 
 

2-29 

93 

3 2-14a 
 

 
2-30 

94 

4 2-14a 
 

 
2-31 

88 

5 2-14b 

 

 
2-32 

91 

6 2-14b 

 
 

2-33 

91 
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Figure 2-6. An example of synthesis of C2v symmetric HPB derivative; i) Pd (PPh3)4, K2CO3, Aliquat
®
 

336, toluene, 80 °C, 12 h, 35%; ii) Pd (PPh3)4, K2CO3, Aliquat
®

 336, toluene, 80 °C, 12 h, 69%. 

Figure 2-6 depicts one example of the stepwise Suzuki-Miyaura cross-coupling 

reaction. The treatment of 2-14c with 1.05 equivalent of 4-methoxyphenylboronic acid at 

80 °C for 12 h resulted in the mono-coupled product 2-34 in 35% yield. Since the 

selectivity of this step is controlled only by the stoichiometric amount of the arylboronic 

acid and a relatively low reaction temperature, small quantities of bis-coupled by-

products are unavoidable. Therefore, the polarity of the firstly introduced arylboronic 

acids is essential for the subsequent purification. The remaining iodine is transformed to 

4-bromophenyl group in the second step Suzuki-Miyaura cross-coupling reaction in 69% 

yield. By comparison of the 1H-NMR spectra of these compounds, the pronounced 

chemical shift variations of the specific hydrogen atoms clearly illustrate the changing of 

molecular symmetries (Figure 2-7).  

In the spectra, compound 2-14c has a higher symmetry than the other two. Its 

aromatic protons (Ha and Hb, 2-14c) split into two sets of doublets at 7.00 and 6.92 ppm, 

respectively, with an over-three-bond coupling constant of 7.8 Hz for each. The á-protons 

(Hc, 2-14c) give a broad signal at around 2.52 ppm.  

The introduction of the 4-methoxyphenyl group significantly reduces the molecular 

symmetry (2-34). The six kinds of aromatic protons exert three sets of resonances. The 

methoxy group shifts the signals of the adjacent two aromatic protons (Hf, 2-34) to higher 

field showing a doublet at 6.37 ppm (3J = 8.5 Hz). Although the chemical environment of 

the inner aromatic proton Ha is different from that of Hc (2-34), a sharp signal appears at 
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the lowest field with an integration number four times larger than that of Hf. Due to the 

compensation of aromatic ð electron shielding and electron-withdrawing effect from the 

methoxy group, the signal of the two inner aromatic protons on the methoxyphenyl ring 

(He, 2-34) overlaps with those from the eight outer aromatic protons (Hb and Hd, 2-34) 

showing a broad peak at 6.69 ppm. More evidently, these signals from the different á-

protons (Hh and Hi, 2-34) are separated into two sets of multiple peaks, among which 

those near the 4-methoxyphenyl group (Hh, 2-34) appear at upper field than Hi (assigned 

by comparing the spectrum with the one of 2-14c).  

 

Figure 2-7. 
1
H-NMR spectra of 2-14c, 2-34 and 2-35, (250 MHz, CD2Cl2 at r.t.) 

In the case of compound 2-35, the chemical environment of all the aromatic protons 

differs from each other. However, its 1H-NMR spectrum does not reflect the molecular 

asymmetry as that of compound 3-34. Because of the similar chemical environments, the 
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signals of the twenty aromatic protons (Ha, Hb, Hc, Hd, He and Hk) in 2-35 overlap with 

each other giving rise to an intensive signal at 6.68 ppm. The electron-withdrawing 

property of the methoxy group and the induced electron-donating nature of the bromine 

atom shift the resonance signals of their respective neighboring aromatic protons (Hf next 

to -OCH3 and Hj next to bromine, 2-35) apart from each other, and merges the resonances 

of the two kinds of á-protons (Hh and Hi, 2-35) into broad multiple peaks in the range of 

2.39 � 2.36 ppm in contrast to those in 2-34 (Figure 2-7). 

With this powerful method in hand, different oligophenylenes become easily 

accessable, which effectively expands the diversity of subsequently made PAHs. One 

example is the preparation of the longest graphene nanoribbons (up to 12 nm) by bottom-

up synthetic approach (Figure 2-8, for detailed experiments see the work cooperated with 

Dr. X. Yang).35  

 

Figure 2-8. Synthesis of graphene nanoribbons; (i) 4-bromophenylboronic acid, Pd(PPh3)4, Aliquat
®
 

336, K2CO3, toluene, 80°C, 24 h, 93%; (ii) ii-a) n-BuLi, THF, -78 °C, 1 h; ii-b) 2-isopropoxy-4,4,5,5-

tetramethyl-[1,3,2]dioxaborolane, r.t., 2 h, 82%; (iii) Pd(PPh3)4, Aliquat
®
 336, K2CO3, toluene/H2O, 

reflux, 72 h, 75%; (iv) FeCl3/CH3NO2, CH2Cl2, r.t., 48 h, 65%. 
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2.2.5 Limitations in the preparation for HBC derivatives 

 

Figure 2-9. Some HPB analogues which failed in the formation of HBC derivatives; X = O, S. 

As mentioned before, the electron donating and withdrawing property of the 

directly attached heteroatoms limits the intramolecular Scholl reaction.8, 36-38 Figure 2-9 

lists some HPB analogues which do not form the corresponding HBC derivatives in the 

intramolecular cyclodehydrogenation step.1, 10  

Although the new synthetic protocol shows superiority over the traditional 

intermolecular Diels-Alder reaction route in the preparation for HPB analogues, many 

heteroatoms (except halides) attached on the phenylboronic acids are limited by their 

compatibility with the last oxidation step. For example, compound 2-33, which contains 

two methoxy groups at para-position, was subjected to the intramolecular Scholl reaction. 

Instead of obtaining a para-dimethoxy HBC 2-39, an unexpected methoxyphenyl group 

migration was observed resulting in a metha-dimethoxy HBC 2-40 and a bis-spirocyclic 
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dienone 2-41 (Figure 2-10). The detailed structural verification and possible mechanism 

postulation are presented in CHAPTER 3.  

 

Figure 2-10. An intramolecular Scholl reaction with �para�-dimethoxy HBC leads to unexpected 

methoxylphenyl group migration and bis-spirocyclic dienone. 

In order to get a functionalizable C2v symmetric dihalide HBC derivative, the HPB 

2-35, which is asymmetrically modified with one methoxy group and one bromine atom, 

was also attempted for the intramolecular cyclodehydrogenation (Figure 2-10). During 

the reaction, 2-35 was dissolved in dichloromethane with a concentration of 8.4 ×10
-4 M, 

and then 1.9 M FeCl3 (20.4 equivalent) nitromethane solution was added dropwise. 

Depending on the reaction time, the HPB compound 2-35 was converted to the HBC 

product 2-42, however accompanied with one- and two-fold chlorination. After iterative 

purification with column chromatography, a small amount of 2-42 was collected in a 

yield of 7%. Its MALDI-TOF spectrum shows a strong peak corresponding to the target 

molecular weight and small amount of chlorinated by-products. However, lots of 

impurities are recorded in the aromatic region of its 1H spectrum (Figure 2-12). 
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Figure 2-11. Synthetic attempt for para-asymmetric HBC 2-42.  

The low yield and difficult purification strongly prevent the utilization of this rout 

to build up di-functionalized HBCs with C2v-symmetry. A different HBC building block 

has to made to reach this goal. 

 

Figure 2-12. MALDI-TOF (measured in TCNQ matrix) and 
1
H-NMR (250 MHz, THF, r.t.) spectra 

of purified 2-42  

 

2.3 Synthesis of C2v-symmetric dihalide HBC building block via 

intermolecular Diels-Alder reaction 

Despite the fact that two different 4-halophenyl groups could be introduced to HPB 

by the stepwise Suzuki-Miyaura cross-coupling reactions, the similarity of the polarities 

between the reactant and product cause purification difficulties. The approach to new 

HBC building blocks containing one iodine and one bromine atoms at para position (2-47) 
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was, thus, designed through an intermolecular Diels-Alder reaction route (Figure 2-13). 

The key step is to synthesize an asymmetrically substituted diphenylketone 2-49. 

Recently, Hughes reported a method for the preparation of such a kind of 

diphenylketones through carbonylative couplings of benzyl halides with Collman�s 

reagent.11  

 
Figure 2-13. Synthesis of para-iodobromo HBC 2-47; (i) i-a) Collman�s reagent, NMP, 0°C, 90 min. i-

b) 45 °C, 16 h, 66%; (ii) Bu4NOH, t-BuOH, 85°C, 10 min., 51%; (iii) diphenyl ether, 185°C, 12 h, 

49%, (iv) ICl, 0 °C  r.t., 40 min., 95%; (v) FeCl3/CH3NO2, DCM, r.t., 93%. 

 

2.3.1 Synthesis 

Compound 2-48 was synthesized from p-bromotoluene according to the literature 

(Figure 2-14).39 The bromo group was firstly exchanged with trimethylchlorosilane by a 

lithiation affording p-trimethylsilyltoluene 2-53 in 84% yield. The methyl group in 2-53 

was then brominated to a benzyl bromide (2-48) with NBS in the presence of a catalytic 

amount of benzoyl peroxide in tetrachloromethane (72%).  
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Figure 2-14. Synthesis of 2-48; (i) i-a) n-BuLi, THF, -78°C, 15 min. i-b) (CH3)3SiCl, r.t. 16 h, 84%; ii) 

benzoyl peroxide, NBS, CCl4, refux, 3 h, 72%. 

In the following step, p-bromobenzyl bromide firstly forms an organometallic 

complex 2-54 11, 40, 41 with 1.02 equivalents of freshly prepared Collman�s reagent (Figure 

2-15).42 The formed complex 2-54 then slowly undergoes oxidative addition to the p-

trimethylsilybenzyl bromide, followed by a rearrangement to an acetyl intermediate. 

After a reductive elimination, the asymmetric ketone 2-49 is obtained in 66% yield.11, 40, 

41. An alkylated benzil 2-8 further reacts with the asymmetric diphenylketone 2-49 in a 

Knoevelnagel condensation affording tetraarylcyclopentadienone 2-50 in a 50% yield. 

The next intermolecular [4+2] Diels-Alder reaction between the tolane 2-7 and 2-50 

affords the C2v-symmetrically dihalide functionalized hexaphenylbenzene 2-51 in 49% 

yield. It is worth to notice that the reaction temperature is not as high as that in other 

similar reactions since the Si-C bond is weak and can not stand harsh conditions. In the 

next step the trimethylsilyl group is quantitively transformed to iodine by ICl leading to 

para-iodobromo HPB 2-52 in 95% yield. Since most halides show a certain stability in 

the cyclodehydrogenation condition, this HPB derivative is then transformed into C2v-

symmetric para-iodobromo HBC 2-47 (93% yield). 

 

Figure 2-15. Presumed mechanism of carbonylative coupling of benzyl bromides.
40
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2.3.2 Structure characterization for the product and some important 

intermediates  

The molecular asymmetry of 2-49 and 2-50 containing a polar ketone groups is 

clearly reflected by the chemical shifts of specific protons in the 1H-NMR spectra (Figure 

2-16). Due to the trimethylsilyl group, the nearby aromatic protons (Hd in 2-49, Hf in 2-

50) are up-field shifted in contrast to those near bromine (Ha in 2-49, He in 2-50). 

Especially, the two kinds of á-protons in 2-49 (He and Hf), which are further away from 

the aryl substituents, also manifest the chemical-environmental difference with 0.03 ppm 

difference in chemical shifts.  

 

Figure 2-16. 
1
H NMR spectra of 2-49 and 2-50; (250 MHz, CD2Cl2, r.t.) 

After the Diels-Alder cycloaddition the disappearance of the polar ketone group 

reduces the discrepancy of these aromatic protons showing overlapped resonances 

(Figure 2-17, 2-51). When the iodine atom is introduced into the system, the chemical 

7.
50

7.
47

7.
46

7.
43

7.
16

7.
12

7.
04

7.
01

3.
74

3.
71

0.
26

ppm (t1)
1.02.03.04.05.06.07.08.0

7.
43

7.
40

7.
39

7.
36

7.
21

7.
18

7.
13

7.
09

7.
03

7.
00

6.
86

6.
83

6.
80

2.
56

0.
25



2 � SYNTHESIS OF HBC BUILDING BLOCKS 

 58 

shifts of its neighboring aromatic protons (Ha, Hb, 2-52) are low-field shifted due to the 

enhanced shielding effect.  

 

Figure 2-17. 
1
H-NMR spectra of HPB 2-51, 2-52 (250 MHz, CD2Cl2, r.t.) and HBC2-47 (250 MHz, 

THF, r.t.); inset: enlarged aromatic area of 2-47. 

Unlike that of its precursors, the 1H-NMR spectrum of the HBC building block 2-47 

is not well-resolved since the planarized structure aggregates much stronger. The six 

different aromatic protons only show broad peaks, from which four kinds of aromatic 

protons are recognizable (Figure 2-17, inset). The MALDI-TOF mass spectrum and high 

temperature 1H-NMR spectrum confirm the molecular structure by a peak representing 

exact molecular mass with exact isotope distribute pattern (Figure 2-18). 
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Figure 2-18. MALDI-TOF mass spectrum of 2-47 (measured with TCNQ as matrix) with isotope 

distribution pattern; red: calculated value. 

 

2.4 Summary 

In this chapter, a recently developed simple synthetic approach to HBC derivatives 

has been demonstrated. The new method involves the one-pot Hart-reaction and sterically 

hindered Suzuki-Miyaura cross-couplings. Instead of the basic aqueous solution, the 

condition of Suzuki-Miyaura cross-couplings is optimized by using tri-octyl-methyl 

ammonium chloride (Aliquat 336®) as a phase transfer catalyst. In the traditional reaction 

condition, such a reaction employs basic aqueous solution and proceeds at the aqueous 

and organic interface. Under the optimized reaction conditions, the inorganic K2CO3 base 

is effectively dispersed into the organic phase by the phase transfer catalyst leading to 

nearly quantitive yields. This synthetic strategy has shown superiority in the preparation 

of D2h-symmetric HBC derivatives over the traditional Diels-Alder route with fewer 

synthetic steps, high yields and low costs. Based on this method, not only were many 

HPBs with either D2h- or C2v- symmetries prepared, but novel one-dimensional graphene 

nanoribbons, with a length up to 12 nm, were also obtained. 
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Although this method opens an effective pathway to various hexaphenylbenzene 

derivatives containing directly attached heteroatoms, it is limited by the last 

intramolecular Scholl reaction in the preparation of corresponding HBC derivatives. In 

order to obtain versatile HBC functional materials, a new C2v-symmetric HBC building 

block 2-47 containing two different halogen atoms (one bromine and one iodine) at para-

position was synthesized via the classical intermolecular Diels-Alder reaction route. 

Based on the chemical reactivity difference between the bromo and iodo groups, it 

becomes possible to directly attach two different functionalities on the same HBC core. 

In so doing, it will render HBC derivatives with novel optoelectronic properties and 

expand their applications as different functional materials. The asymmetric 

functionalization of HBCs based on this building block will be further discussed in 

CHAPTER 5.  
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3 Magic of Electron Donating Heteroatoms 
in Scholl Reactions - Unexpected Phenyl 
Group Rearrangement 

 

In CHAPTER 1, it has been mentioned that the special electronic and optoelectronic 

properties of polycyclic aromatic hydrocarbons (PAHs) meet with increasing scientific 

interests.1-3 Hexa-peri-hexabenzocoronene (HBC), a disc-like, all-benzenoid PAH, and 

many of its derivatives have been successfully synthesized via the intramolecular Scholl 

reaction4 under mild reaction conditions.5, 6 The incorporation of heteroatoms to the 

periphery is desirable as the example of triphenylene shows a dramatic increase in charge 

carrier mobility. However, the direct attachment of heteroatom substituents to the 

periphery of the HBC skeleton, which influences the electronic properties,7 remains a 

synthetic challenge8, 9 despite lots of efforts invested in this area. In the literature one 

finds the synthesis of an arylamine-substituted HBC as a �coaxial� hole-transport 

material,7 a permethoxylated HBC as a host molecule for co-crystallization with C60,
10 

and an �unwrapped� HBC with three neighbouring dodecyloxy chains on one side that 

exhibits good solution processability.11 On the other hand, the attempted 

cyclodehydrogenation of hexakis-dodecyloxy-substituted hexaphenylbenzene only 

resulted in the formation of a quinoidal compound in 96% yield.9 This problem was 

recently circumvented by the introduction of electron-withdrawing fluorine atoms on 

either side of every alkoxy group.8 In this chapter it will be demonstrated that the 

cyclodehydrogenation reaction of compound 2-33, the para-dimethoxy 

hexaphenylbenzene, gives two unexpected products, namely meta-dimethoxy HBC 2-40 

and the bis-spirocyclic dienone 2-41 as well as the phase behavior of the only resulting 

HBC compound (2-40). 
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3.1 Synthesis and structure verification 

Compound 2-33 was synthesized via a Suzuki-Miyaura cross-coupling reaction12 

between the sterically crowded 1,4-diiodo-2,3,5,6-tetraphenylbenzene 2-29 and 4-

methoxyphenylboronic acid (91% yield) (Figure 3-1). Instead of the expected para-

dimethoxy HBC 2-39, the cyclodehydrogenation reaction of 2-33 with 20.4 equivalents 

of iron(III) chloride in dichloromethane surprisingly delivered 2,8-dimethoxy-5,11,14,17-

tetradodecyl-hexa-peri-hexabenzocoronene 2-40 in a yield of 20% as the only HBC 

product. Its structure was determined using mass spectrometry, 1H-NMR, 13C-NMR, 
1H,1H NOESY and 1H,1H COSY experiments. The major product of the reaction is the 

bis-spirocyclic dienone 2-41 (in 70% yield), which was successfully purified by 

recrystallization from a dichloromethane / acetone (1:1) mixture. Its structure was 

unambiguously determined by the single crystal X-ray diffraction.13 The formation of the 

spirocyclic dienone substructure was reported recently in a related cyclodehydrogenation 

reaction,14 but the formation of two of these units in the same molecule is unprecedented. 

 
Figure 3-1. Synthesis of compounds 2-40 and 2-41; (i) 4-methoxyphenylboronic acid, Pd(PPh3)4, 

K2CO3, toluene, 100 °C, 91%; (ii) FeCl3
 
(20.4 equiv.)/CH3NO2, CH2Cl2, 20 min, 20% for 2-40, 70% 

for 2-41. 

I

I

R R

RR

R R

RR

O

O

R R

R

O

R

O

O

O

R

R

R

R

R R

R

O

O

R

+

2-14b
2-33

2-40

2-41

R= 

(i)

(ii)

2-39



3 � PHENYL GROUP MIGRATION IN SCHOLL REACTION 

 65 

 

Figure 3-2. MALDI-Tof spectrum of 2-40; inset: isotope distribution pattern (red, calculated value) 

The formation of HBC-type structure (2-40) was firstly proven by MALDI-TOF 

spectrometry, which displayed an intensive m/z peak at the calculated mass of 2-40 with 

the exact isotope distribution and trace amount of one fold chlorinated product (Figure 3-

2). The structure assignment was achieved with the help of NMR spectroscopies. Figure 

3-3 shows the 1H- and 13C-NMR spectra of 2-40 in CDCl3. The three alkyl á-proton 

signals (from 2.79 to 2.35 ppm) and six well resolved aromatic proton signals (six 

singlets from 7.91 to 7.21 ppm) only fit to the meta�-dimethoxy HBC and not to the 

para-isomer, which should show signals for only one alkyl á-proton and three aromatic 

protons, or the ortho- system, which would give two alkyl á-proton and six aromatic 

proton signals. This assignment was further confirmed by 13C-NMR spectroscopy, 

whereby 24 well resolved aromatic peaks are recorded in the range of 148 to 96 ppm. 

These correspond exactly to the meta-dimethoxy HBC 2-40. By comparison, 12 and 21 

different aromatic carbon signals are expected for the para- and ortho- HBC isomers, 

respectively. 
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Figure 3-3. 
1
H and 

13
C NMR spectra of compound 2-40 (CDCl3, r.t., 500 MHz); inset: enlarged a) 

alkyl á-proton, b) aromatic proton, c) enlarged 
13

C spectrum of aromatic region and structural 

indication. 

The structure of compound 2-40 is further verified with the help of 1H,1H NOESY 

and 1H,1H COSY experiments. On the one dimensional 1H-NMR spectrum (Figure 3-3), 

the three triplets with a coupling constant 3J = 7.5 Hz in the region from 2.79 to 2.35 ppm 

are assigned to the three different alkyl á-protons next to the aromatic core. According to 

their selective integrity, the triplet at around 2.65 ppm, with an selective integrity two 
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attributed to H1, which couples with four aromatic protons, Ha, Hb, Hc and Hd in the 
1H,1H NOESY spectrum (Figure 3-4 for the correlations, Figure 3-5A for spectra). The 

alkyl á-proton signal at 2.78 ppm, which only show correlation peaks with two aromatic 

protons (Ha and Hb, which also coupled with H1) in the 1H,1H NOESY spectrum, is 

evaluated as H2. The remaining one at 2.36 ppm is finally assigned as H3, showing two 

coupling signals with the two aromatic protons He and Hf in the 1H,1H NOESY spectrum. 

The singlet peak at 3.75 ppm represents six protons on two methoxy groups, Hg, with 

same chemical environment. This assignment is also confirmed by its correlation with 

four nearby aromatic protons, Hc, Hd, He and Hf in the 1H,1H NOESY spectrum (Figure 

3-5B). 

 

Figure 3-4. 
1
H,

1
H NOESY and 

1
H,

1
H COSY correlation of compound 2-40. 

The differentiation between the aromatic protons Ha and Hb; Hc and Hd; He and Hf 

is further achieved by the 1H,1H COSY spectrum (Figure 3-5D) and supported by the data 

from the 1H,1H NOESY spectrum (Figure 3-5C). On the 1H,1H COSY spectrum, the two 

protons at 7.91 and 7.40 ppm each show only one over-five-bond coupling signal with the 

protons at 7.87 and 7.21 ppm, respectively. The one at 7.91 ppm is substantiated as Ha 

because it does not correlate with the protons on methoxy group, Hg, according to the 
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coupling with Hg, as described before. Consequently, Hb and He are, respectively, 

verified at 7.87 and 7.21 ppm as the solely coupled protons of Ha and Hf in the 1H,1H 

COSY spectrum. Theoretically, Hb should not only be correlated with Ha over five 

aromatic bonds but also with Hc over four bonds. Thus, the signal at 7.67 ppm, the other 

coupling signal of Hb, is allocated to Hc. Hd is assigned to the signal at 7.36 ppm due to 

its correlation with both He and Hc in a similar way. All the assignments are further 

proven by aromatic proton couplings in the 1H,1H NOESY spectrum, which shows 

correlations between Ha and Hb, Hc and Hd, He and Hf. 
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Figure 3-5. 
1
H,

1
H NOESY and COSY spectra of compound 2-40 (CDCl3, r.t., 500 MHz); coupling 

between A) alkyl á-protons and aromatic, B) methoxy protons and aromatic, aromatic, C) aromatic 

protons  in 
1
H,

1
H NOESY spectrum and D) aromatic protons in 

1
H,

1
H COSY spectrum 

 

The single crystal structure of 2-41 shows a face-centered monoclinic unit cell with 

parameters of a = 23.05 Å, b= 6.81 Å, c = 23.90 Å, á = ã = 90° and â = 97.8°. Every unit 

cell contains three molecules, two of which are located in the center with a cofacial 

distance of 5.12 Å and the remaining one is centered on the faces between b and c vectors 

with a dihedral angle of 75.14° between the planes of indenofluorene backbones and that 

of inner molecules (Figure 3-6). 
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Figure 3-6. A) X-ray crystallographic structure of 2-41; B) molecular packing in crystal structure. 
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3.2 Proposed mechanism for phenyl group rearrangement 

The migration of alkyl groups under Friedel-Crafts conditions15, 16 and skeletal 

rearrangements leading to planar PAHs from �non-planarizable� oligophenylenes
17 have 

been observed previously, as the degenerate rearrangement of biphenyl18 under Lewis 

acid catalysis. This is the first time that a position-exchange of substituents has been 

observed during the cyclodehydrogenation process. PM3-calculated19, 20 heats of 

formation for compounds 2-40 and 2-39 indicate that they are nearly isoenergetic (2-40 is 

0.03 kcal/mol lower in energy than 2-39). Thus the driving force for the rearrangement 

must be exerted at some intermediate stage. Mechanisms for the Scholl reaction21, 22 

involving either radical cations or arenium cations have been put forward.  Several 

mechanisms, including either type of intermediate, can be drawn to account for the 

formation of 2-40 and 2-41, which is summarized in the reaction �landscape� shown in 

Figure 3-7. This involves initial interconversion of para-HPB 2-33 to meta-HPB 3-1 and 

subsequent reaction of these two isomers by different pathways. Whatever mechanisms 

are considered, a number of interesting mechanistic questions present themselves.  

The first key question to be answered is how HPB 3-1 is formed.  This can be 

explained by invoking Scott�s biphenyl rearrangement mechanism to convert 2-33 to 3-1
 

18 (Figure 3-8). Protonation of 2-33 on the central ring ipso to a 4-methoxyphenyl group 

affords a cation 3-7 that can undergo ring closure to give phenonium ion.23, 13 Opening of 

3-8 leads to cation 3-9, which bears two aryl groups on the same carbon atom.  Migration 

of the more nucleophilic 4-methoxyphenyl group leads back towards 2-33, whereas 

migration of the 4-dodecylphenyl group affords a new phenonium ion 3-10, which can 

open to afford the cation 3-11 and then 3-1 after deprotonation. Since the formation of 2-

40 and 2-41 is favored under Curtin-Hammett control,24 the positions of the equilibrium 

between 2-33 and 3-1 are probably of little consequence.  However, it is worth noting that 

the positive charge in protonated 3-1 (i.e. 3-11) can be stabilized by both methoxy groups, 

while the positive charge in protonated 2-33 (i.e. 3-7) can only be stabilized by one 

methoxy group. Once HPB 3-1 has been generated, HBC 2-40 can form in a Scholl 

reaction. 
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Figure 3-7. Proposed Reaction �Landscape�. 
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Figure 3-8. Proposed mechanism for the methoxyphenyl migration and the formation of compound 

2-40. 
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Why does HPB 3-1 undergo Scholl reaction, but HPB 2-33 does not? Following an 

arenium cation mechanism, in which the six protonations occur on the 4-methoxyphenyl 

groups and the 4-dodecylphenyl group meta to both 4-methoxyphenyl groups (i.e. 3-1 to 

3-12a and 3-1 to 3-13a), it is evident that the cations resulting from six-membered ring 

closure (e.g. 3-12b and 3-13b) are all stabilized by direct conjugation with both methoxy 

groups.  By comparison, the pathway from 3-1 to 2-40 via cations 3-14a and 3-15a, 

proceeds through ring-closed cations akin to 3-14b and 3-15b, which are stabilized by 

neither methoxy group. More importantly, arenium cation mechanisms leading from 2-33 

to the corresponding para-HBC 2-39 (which did not form) all go through ring-closed 

cations (3-16b and 3-17b) that are only stabilized by a single methoxy group (Figure 3-9). 

If the stabilization of positive charge by the methoxy groups in these systems manifests 

itself to a significant extent in the transition state of the rate-limiting step, then the rate of 

reaction leading to 2-40 should be considerably faster than that leading to 2-39. 

Why does HPB 2-33 react to afford bis-spirocyclic dienone 2-41 instead of 

participating in a Scholl reaction to give 2-39?  Again following an arenium cation 

mechanism, 2-33 can be protonated either on a 4-methoxyphenyl group to give cation 3-

16a or on a 4-dodecylphenyl group to give cation 3-17a (Figure 3-9). Both of these 

cations can conceivably continue towards HBC 2-39 by undergoing six-membered ring 

formation to give cations 3-16b and 3-17b, respectively.  However, cation 3-17a can 

react to form a five-membered ring through the attack of the relatively nucleophilic 

carbon atom situated para to the methoxy group.  Presumably, this process (or the first 

irreversible step following it) is faster than the alternative six-membered ring forming 

process.  The question of why the C2h symmetric product 2-41 is produced and its C2 

symmetric isomer 3-2 is not formed may have its origin in strain rather than electronic 

effects.  In examining analogous mechanisms leading to 3-2 and 2-41, no significant 

electronic differences could be identified. However, PM3 calculations predict 3-2 to be 

3.18 kcal/mol higher in energy than 2-41. The difference in energy is most likely due to 

the additional strain associated with the helical conformation adopted by the indeno[2,1-

b]fluorene skeleton of 3-2 compared to the perfectly planar indeno[1,2-b]fluorene 

skeleton of 2-41 (Figure 3-10). 
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Figure 3-9. Proposed mechanism for the formation of para-dimethoxy HBC 2-39, C2h- and C2-

symmetric bis-spirocyclic dienone (2-41 and 3-2) from para-dimethoxy HPB 2-33. 
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Figure 3-10. PM3-calculated molecular geometry of compound 2-41 (A, top view; B, side view) and 3-

2 (C, top view; D, side view). All alkyl chains are neglected to simplify the calculation. 

If HPB 2-33 affords bis-spirocyclic dienone 2-41, why does HPB 3-1 not give 

analogous products (3-3a/3-3b)? Examination of the arenium cation mechanisms leading 

to such products and those leading to 2-41 does not reveal any differences that would 

foster the expectation of significantly different rates (Figure 3-11). It is worth noting that 

cations 3-14a and 3-15a, which are on unproductive pathways to 3-1 and 2-40, are also 

the first cation species en route to 3-3a/3-3b. Consequently, the wholesale difference in 

reactivity between 2-33 and 3-1 is consistent with the following scenario: the rates of 

conversion of 2-33 2-40 and those of 3-1 to analogous products (3-3a/3-3b) are 

roughly equivalent and they are intermediate between the rate of conversion of HPB 3-1 

 HBC 2-40 (fast due to cooperative stabilization of (developing) charge) and that of 

HPB 2-33  HBC 2-39 (slow).   

A B 

C D 
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Figure 3-11. Proposed mechanism for the five-membered-ring closure of meta-dimethoxy HPB 3-1 

and the formation of a possible intermediate ortho-dimethoxy HPB 3-4. 
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33) or the rate of conversion of 3-1 to 2-40 being fast enough to rule out its formation 

altogether. 

 

3.3 Phase behavior of liquid crystalline 2-40 

The bulk thermotropic liquid crystalline property of 2-40 was studied by differential 

scanning calorimetry (DSC), polarized optical microscopy (POM) and 2D wide angle X-

ray diffraction (2D WAXD). The DSC traces were recorded at 10 K/min and shown in 

figure 3-12, which revealed a first order transition from crystalline (Cr) to liquid 

crystalline (LC) phase (proved by 2D WAXD) with an enthalpy of 65.41 kJ/mol for 

heating (68.16 kJ/mol for cooling).  

 

Figure 3-12. DSC traces of 2-40 recorded at 10 K/min. 

Its thermotropic mesophase behavior was further investigated by temperature 

dependent 2D WAXD with an oriented sample, which was extruded through a pinhole 

with an approximate diameter of 0.7 mm at 120 °C.
25 2D WAXD patterns in transmission 

were recorded with vertical orientation of the filament axis and the beam perpendicular to 
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the sample fiber. Figure 3-13 illustrates the diffraction pattern recorded at 30 °C and 150 

°C. 

 

Figure 3-13. 2D WAXD pattern of 2-40 recorded at A) 30 °C and B) 150 °C and equatorial intensity 

distributions; unit cell parameters: a = 2.34 nm, b = 3.33 nm, ã = 96°, d = 0.44 nm at 30 °C; ahex =2.90 

nm, d = 0.36 nm at 150 °C.  

The large number of sharp reflections in the pattern recorded at 30 °C indicated 

pronounced supramolecular order in the crystalline phase at lower temperatures (Figure 

3-13A). HBC columns pack into a monoclinic 2D unit cell with parameters of a = 2.34 

nm, b = 3.33 nm and ã = 96°. The reflexes along the meridional direction reveal a 

periodicity of 0.44 nm along the columnar axis. The off-meridional reflections indicate a 

tilt of the discotic cores with respect to the columnar by an angle of c.a. 36° 

corresponding to the known �herringbone� structure.
27 When entering the liquid 

crystalline phase, the tilting of molecular disc disappears and the monoclinic lattice of 

columnar packing changes to hexagonal with a unit cell parameter of ahex = 2.90 nm 

according to the presence of the equatorial reflections with relative ratios of 1: 3 :2. The 
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two intense symmetric meridional arcs indicate a cofacial stacking distance of 0.36 nm, 

which is a typical value for ð - ð stacking as observed for other alkylated disc-type 

PAHs.26  

As measured by DSC, the hexagonal liquid crystalline (Colh) to crystalline (Cr) 

phase transition revealed a hysteresis (Figure 3-12). This is also supported by temperature 

dependent 2D WAXD experiments, which tracks the supramolecular order changing 

upon cooling the sample from the Colh to Cr phase. The 2D WAXD images display 

mixed reflections around the phase transition temperature and the Colh supramolecular 

organization was preserved shortly after the sample was cooled back (Figure 3-14). 

 

Figure 3-14. 2D WAXD reflection images of 2-40 recorded on heating and subsequent cooling; the 

last image was taken at 30 °C after the sample was cooled from 110 °C one hour. 

T=30°C T=100°C 

T=110°C T=30°C 
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The supramolecular ordering gradually turned back at 30 °C (as the one in Cr phase 

before heating, Figure 3-15A obtained after keeping the sample at 30 °C for 5 h). The 

slow phase transformation is also evident in the POM image of 2-40, which was taken at 

30 °C upon cooling from 227 °C. (Figure 3-15B) The image shows several circular 

textures with columnar growth around the multiple nucleation centers (Colh) and some 

spherulitic textures with a radial columnar orientation (Cr). It is also worth to note that the 

nucleation density of the former features exceeds the latter as well as the absence of any 

correlation between nucleation sites of the Colh and Cr phases.  

 

Figure 3-15. A) WAXD pattern of 2-40 recorded at 30 °C after being cooled down from 110 °C for 5h; 

B) POM image of 2-40 taken at 30 °C after being cooled from 227 °C. 

To exploit the influence of the directly attached heteroatoms on the self-assembly 

behavior of the HBC molecules in bulk state, it is appropriate to compare 2-40 with its 

analogues HBC-C12 3-31
28 and 2,8,11-trimethoxy HBC 3-32

29 (Figure 3-16). The meta-

dimethoxy HBC 2-40 shows a similar Cr to Colh phase transition temperature (109 °C 

upon heating and 71 °C upon cooling) with that of HBC-C12 3-31, the transition 

temperature of which is located at 107 °C upon heating and 82 °C upon cooling as 

determined by DSC. Upon the introduction of the third methoxy group (3-32), the Cr 

phase is expanded with the Cr to Colh phase transition temperature being elevated to a 

higher temperature (145 °C upon heating and 102 °C upon cooling). The difference 

between the transition temperatures recorded for the heating and cooling curves reflects a 

hysteresis effect due to slow phase transition kinetics. By comparing the hysteresis effect 

A B 
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of these three compounds (Table 3-1), it can be expected that the introduced electron 

donating methoxy groups increase the intermolecular interactions resulting in a slower 

phase transformation process (as shown by the phase coexistence of 2-40 in Figure 3-14 

and 3-15). The enhanced intermolecular interactions also manifest themselves as 

decreased enthalpic energy differences between Cr and Colh phases (ÄH values, Table 3-

1). The above mentioned results are in good consistence with similar studies on dipole 

functionalized triphenylene derivatives, whereby this phenomenon is attributed to 

enhanced intermolecular interactions due to strong dipole moments.30 

 

Figure 3-16. Molecular structure of HBC-C12 (3-31) and 2,8,11-trimethoxy HBC (3-32). 

Table 3-1. Phase transition data of HBC-C12 (3-31), meta-dimethoxy HBC (2-40) and 2,8,11-

trimethoxy HBC (3-32). 

 Transition temperature / °C Hysteresis ÄT / °C ÄH / KJ∙mol-1 

107 (heating) HBC-C12 

(3-31) 82 (cooling) 
25 91.96 

109 (heating) meta-dimethoxy HBC 
(2-40) 71 (cooling) 

38 68.16 

145 (heating) 2,8,11-trimethoxy HBC 
(3-32) 102 (cooling) 

43 14.56 

The three compounds demonstrate similar hexagonal columnar supramolecular 

organization in LC phase (ahex = 2.86 nm for 3-31, ahex = 2.90 nm for 2-40 and ahex = 2.51 

nm for 3-32). In the crystalline phase, the weak molecular dipole (due to the attached 

methoxy groups, see CHAPTER 4) gives rise to interesting molecular packing behavior. 
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Unlike HBC-C12 3-31, which forms a rectangular 2D lattice showing lots of relatively 

weak reflection peaks,28 the 2D WAXD reflections of meta-dimethoxy HBC 2-40 are 

more pronounced and better ordered demonstrating a monoclinic 2D unit cell. When the 

molecular dipole is slightly weakened by the introduction of the third methoxy group 

(due to molecular symmetry, 2,8,11-trimethoxy HBC 3-32), the molecules organized into 

a complex helical hexagonal superstructure like monoethynyl HBC 4-3 (see CHAPTER 4) 

under the guidance of intermolecular ð � ð and dipole � dipole interactions.29 

 

3.4 Summary 

It has been demonstrated in this chapter that the intramolecular Scholl reaction of 2-

33 resulted in the formation of two unexpected products, 2-40 and 2-41, which may mean 

that the course of the intramolecuar Scholl reaction might be subject to some degree of 

control through the judicious use of substituents.14 These results provide experimental 

facts for the mechanistic investigation of the Scholl reaction as well. Following the 

pioneers� work in this aspect, a reasonable mechanism was proposed involving common 

intermediates for the formation of both of these very unusual compounds. Moreover, two 

methoxy groups without any extra peripheral decoration have successfully been attached 

directly to the HBC core, albeit with a meta instead of the expected para relationship. 

This compound showed typical liquid crystalline phase behavior as six-fold alkylated 

HBC analogues. In addition, temperature dependent 2D WAXD and POM results implied 

very slow transformation kinetics with the coexistence of Colh and Cr phase during 

cooling the compound from Colh to Cr phase, due to the introduced weak permanent 

dipole moment (see CHAPTER 4) on HBC moiety. By comparing its phase behavior in the 

bulk state with that of related compounds (3-31 and 3-32), it can be concluded that the 

enhanced intermolecular interactions apparently increase the supramolecular ordering and 

the stability of the liquid crystalline phase.  

The influence of the dipole moment on the HBC molecular dynamics, kinetics and 

phase behavior will be further explored with the techniques of site-specific solid state 

NMR and dielectric spectroscopy in the following chapter. 
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4 Molecular Dynamics Studies of 
Dipole Functionalized HBCs 

 

As introduced in CHAPTER 1, nano-graphene sheets have the capacity to serve as 

active electronic components in electronic devices.1 Alkylated HBCs, in particular, were 

found to be promising as active semi-conductive components in organic field-effect 

transistors and photovoltaic devices.2 A key factor in the design of HBCs for electronic 

applications is the high one-dimensional charge carrier mobility (above 1 cm2/Vs) that is 

approaching the value for the intersheet mobility in graphite (3 cm2/Vs).3, 4 The origin of 

this favorable charge carrier mobility is the optimized ð - ð overlap of the aromatic cores. 

The purpose of the alkyl chains is to introduce solubility, processability and thermotropic 

behavior. During the process of self-organization, the disc-shaped molecules organize 

into columns that assemble into two-dimensional arrays, whereas the alkyl chains fill the 

intercolumnar space.5 The balance of enthalpic and entropic interactions is shifted in 

HBCs towards the former that stabilize two main columnar structures: a hexagonal liquid 

crystalline phase (Colh) and a crystalline phase (Cr), at higher and lower temperatures, 

respectively. Nevertheless, to understand the stability of these phases requires the 

investigation of the dynamics and kinetics of these materials at a molecular level. In view 

of the high charge carrier mobility of the crystalline phase, the stability of this phase 

towards temperature and pressure variations needs to be explored in detail. Since the 

electronic charge carrier mobility arises from the stacked HBC cores, the knowledge of 

the intrinsic molecular dynamics of the discs is important for the design and application 

of HBC derivatives. Earlier efforts through NMR,6-11 dielectric spectroscopy,9-17 neutron 

scattering18 and computer simulations have shed some light on the dynamics of discotic 

liquid crystals. The NMR studies have identified i) the axial rotation of the discs around 

the columnar axis, which corresponds to a so-called á-process (in the later dielectric 

spectroscopic studies, see in SECTION 4.4.1) and ii) different packing densities in certain 

regions along the columns,6, 9 which were predicted in a model proposed by Gennes and 

were described as a periodic sequence of regions of core packing.19 Hexabenzocoronenes 
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possess lower order within the columnar mesophase than conventional triphenylenes.7 In 

this respect, a study of the molecular dynamics in HBCs would be more informative.  

With respect to the molecular self-assembly, the dynamics, the thermodynamic 

phase state and the pathways of structure formation with possible meta-stable states, a 

systematic investigation of discotic liquid crystals requires a combination of model 

systems bearing dipoles (a result of non-uniform distributions of positive and negative 

charges on the various atoms due to attached electron donating or withdrawing atoms / 

groups) over the central aromatic core and different microscopic techniques that are 

sensitive probes of the time-scale and the geometry of motion. A series of dipole 

functionalized HBCs were synthesized and the effect of the dipole substitution on the 

stability of the mesophase were studied for the first time. In addition, the core dynamics 

within a single column were investigated by combining dielectric spectroscopy with site-

specific NMR spectroscopy. These probes provide unambiguously the rate and geometry 

of molecular motions. Upon variation of the pressure, the stability of both the crystalline 

and liquid crystalline phase was studied resulting in the thermodynamic phase diagrams 

for certain HBCs. This study delineates the pressure and temperature stability limits of 

the crystalline phase associated with the highest charge carrier mobility.  

These studies were conducted in the cooperation with Dr. M. Mondeshki from the 

polymer spectroscopy group of Prof. Dr. Spiess� group, MPIP and Dr. M. M. Elmahdy 

from the group of Prof. Dr. G. Floudas in the department of physics, University of 

Ioannina, Greece. 

 

4.1 Synthesis 

Four HBC derivatives were synthesized (Figure 4-1). One bears a cyano group (4-

1), one a bromine atom (4-2), one an ethynyl group (4-3) and one bears two methoxy 

groups (2-40), The synthesis of mono-bromo HBC (4-2) has been reported earlier20 and 

the preparation for dimethoxy HBC (2-40) was described in CHAPTER 3.  
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Figure 4-1. Schematic structures of the mono-cyano HBC (4-1), mono-bromo HBC (4-2), dimethoxy 

HBC (2-40) and mono-ethynyl HBC (4-3). 

The mono-cyano HBC (4-1) was isolated in a yield of 80% after treating mono-

bromo HBC (4-2) with cuprous cyanide and a catalytic amount of Pd(PPh3)4 in NMP in a 

microwave reactor for 6 h at 170 °C. The mono-ethynyl HBC (4-3) was synthesized via a 

Hagihara-Sonogashira coupling reaction between a mono-brominated HBC (4-4) 20 and 

triisopropylsilyl acetylene followed by treatment with tetra-n-butyl ammonium fluoride in 

THF to remove the silyl protection group21 (Figure 4-2). All compounds were 

characterized by MALDI-TOF mass spectrometry, 1H- and 13C-NMR spectroscopy. 
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Figure 4-2. Synthesis of A) mono-cyano HBC (4-1) and B) mono-ethynyl HBC (4-3); i) CuCN, 

Pd(PPh3)4, NMP, microwave reactor (300W) , 170 °C, 6 h, yield 80 %; ii) triisopropylsilyl acetylene, 

CuI, Pd(PPh3)4, THF/Et3N (1/1), 50 °C, 20 h, yield 56 %; iii) tetra n-butyl ammonium fluoride, THF, 

r.t., 20 min., yield 95 %. 

 

4.2 Phase characterization with DSC and 2D WAXD 

The thermal behavior of these compounds was determined by DSC on cooling and 

subsequent heating with a rate of 10 K/min revealing the absence of phase transitions for 

mono-cyano HBC (4-1) and mono-bromo HBC (4-2) within the temperature range from -

100 to 250 °C. However, a glass transition was identified at -39 °C for 4-1 with a dipole 

moment (a vector quantity which characterizes the dipole and has a magnitude equal to 

the strength of each charge times the separation between the charges) of ì = 4.55 D 

(calculated with B3LYP functional and 6-311G-d,p basis set) and -35 °C for 4-2 (ì = 
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1.62 D), respectively. For compounds 2-40 and 4-3, which have relatively weak dipole 

moments (ì = 0.64 D for 2-40, ì = 0.25 for 4-3), a first order transitions from crystalline 

phase to liquid crystalline phase are detected at 109 °C on heating (71 °C on cooling) for 

2-40 and 32 °C on heating (6.6 °C on cooling) for 4-3, respectively. The phases and 

transition temperatures determined by DSC and dielectric spectroscopy (DS) for all 

compounds are summarized in table 4-1 and the DSC traces are shown in Figure 4-3. 

 

Figure 4-3. DSC curves for dipole functionalized HBCs at 10 K/min. 

Table 4- 1 Thermal properties and transition temperatures. 

Sample Transition 

temperature 

(°C) 

Enthalpy 

(kJ/mol) 

Phase/Phase 

transition 

4-1 -39a (-45)b 
-36c 

- Colh/Glass transition 
Colh/Glass transition 

4-2 -35a (-47)b  
-36c 

- Colh/Glass transition 

2-40 109a (71)b 

30c 
65.4a 

(68.2)b 
Cr-Colh/ 

Glass transition 
4-3 32a(6.6)b 

-37c 
33.3a 

(25.0)b 
Cr-Colh/ 

Glass transition 
 

a
 heating (DSC), 

b
 cooling (DSC), 

c
 cooling (DS), Cr: crystalline phase; Colh: columnar hexagonal 

liquid crystalline phase. 
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Temperature dependent 2D WAXD experiments were performed for all compounds 

with macroscopically oriented cylindrical filaments, which were extruded through a 

pinhole with a diameter of 0.7 mm at specific temperatures22 (30 °C for 4-1 and 4-2, 120 

°C for 2-40, 40 °C for 4-3). The phase behavior of 2-40 has been described in details in 

CHAPTER 3 and the one of 4-2 was discussed elsewhere.23 

The main effect of a dipole moment in HBC derivatives is the stabilization of the 

columnar hexagonal liquid crystalline phase (Colh).
24 According to the studies of a series 

dipole functionalized discotic triphenylene25 and dibenzo[a,c]phenazine derivatives,26 

Rego, J. et al and Williams, V. et al concluded that the intermolecular dipole - dipole 

interactions limit the molecular intracolumnar rotational freedom leading to a higher 

degree of positional order in the mesophase. The 2D WAXD patterns of 4-1 is essentially 

unchanged within the investigated temperature range from -20 to 150 °C as shown in 

Figure 4-4.  

 

Figure 4-4. 2D WAXD pattern of 4-1 recorded at 150 °C (left) and intensity distributions (right, black: 

equatorial direction; red: meridional direction, unit cell parameters: ahex = 2.68 nm). 

The strong meridional reflections indicate a periodicity of 0.35 nm along columnar 

direction. Thereby, the molecular discs are arranged perpendicularly to the columnar axis. 

The set of equatorial reflexes with the relative ratios of 1: 3 : 2 reveal the typical 

hexagonal columnar packing with a parameter of ahex = 2.68 nm. Additionally, the weak 
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reflections at intermediate distances imply dipole-dipole correlations with an angle of 90° 

as disclosed by azimuthal intensity distribution.17  

In the case of compound 4-3, a similar supramolecular ordering was recorded in the 

mesophase, in which non-tilted molecular discs are oriented into a typical 2D hexagonal 

arrangement of columnar structures with a packing parameter of ahex = 2.91 nm (Figure 4-

5A). 

 

Figure 4-5. 2D WAXD pattern of 4-3 in A) mesophase, measured at 120 °C with unit cell parameter 

of ahex = 2.91 nm; B) crystalline phase, measured at -30 °C. 

In contrast to 2-40, compound 4-3 exhibits a more complicated ordering in the 

crystalline phase. The large number of reflexes along the meridional direction and 

complex reflections along equatorial direction reveal a similar supramolecular packing 

mode as hexa-hydroxypentyl HBC (4-6) and 2,8,11-trimethoxy HBC (3-32) in the 

crystalline phase.27 Thereby, the molecular discs remain non-tilted with an interval ð-ð 

interaction distance of 0.35 nm as in mesophase, but with a significantly larger 

intercolumnar distance. The reciprocal spacing of the first layer line formed by the off-

meridional reflections in the small angle indicates significantly larger repeating 

periodicity along the stacking direction,28 which could be attributed to intermolecular 

correlations of discs possessing an identical lateral position within a single column.29 This 

implies that the molecules are slightly laterally rotated by a certain angle with respect to 

each other resulting in a helical packing.30, 31 However, further accurate assignment of 

B A 
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such a crystalline supramolecular arrangement for 4-3 is impossible since the relatively 

high molecular dynamics make these reflections not as clear as the ones in the case of 4-6 

and 4-7. Such an unusual helical ordering is probably a result of the relatively weak local 

dipole moment. Both ð-stacking and dipole-dipole interaction are known to play an 

important role for the self-assembly leading to complex supramolecular organization.32-34  

 

Figure 4-6. Chemical structure of 4-6 and 3-32. 

The introduction of dipole moments leads to an antiferroelectric molecular ordering 

within the columns; in other words, the adjacent mesogens will be approximately 

antiparallel with respect to one another.26 The stronger dipole moment in the case of 4-1 

(µ = 4.55 D) will favor the antiparallel orientation of neighboring HBC molecules, which 

gives rise to a more stable mesophase over a large temperature range ruling out the 

crystalline (Cr) phase. With a relatively weaker dipole moment, 2-40 (µ = 0.64 D) forms 

stable Cr phase with high molecular ordering (sharper ordered relections on 2D WAXD 

pattern in contrast to those of HBC-C12 3-31). When the dipole moment further reduces, 

the effect of the dipole � dipole interaction decreases and results in a complex 

supramolecular organization in corporation with intermolecular ð � ð interactions (as 

shown in the case of 4-3 and 3-32). 
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4.3 Molecular dynamics and intramolecular stacking studies by 

solid-state NMR 

The measurements presented in this section were recorded and analyzed by Dr. M. 

Mondeshki. 1H magic-angle spinning (MAS) and 1H-1H double-quantum (DQ) MAS 

NMR experiments were conducted to probe the type of columnar packing of the HBC 

derivatives (2-40 and 4-3) in the crystalline states. The 1H-1H DQ MAS spectra revealed 

typical NMR signal patterns (Figure 4-7A) for 2-40, arising from a tilted arrangement of 

the HBC discs, which is also referred to a �herringbone�-type packing. One- and two-

dimensional 1H-1H DQ spectra exhibited three distinct resonances of the aromatic protons 

situated in the �bays� of the HBC cores, which are known to arise from thöe tilted 

packing effects resulting in different degrees to which the aromatic protons experience 

the ring current from adjacent aromatic layers35-37 (Figure 4-7B). When heating the 

samples to the transition temperature into the mesophase, the HBC molecules undergo a 

reorientation from the tilted to a planar arrangement and start a rapid rotation around the 

columnar axis. In the 1H MAS spectra, this transition manifests itself in the narrowing of 

the resonance lines. Moreover, the three distinct aromatic peaks observed in the solid 

state merge into a single aromatic 1H resonance. In the case of 4-3, only one kind of 

aromatic proton signal is recorded both in crystalline and mesophases indicating a non-

tilted packing of HBC molecules, which is consistent with the results obtained from 2D 

WAXD experiments.  

 
Figure 4-7 A) (Left) Two-dimensional solid-state 

1
H-

1
H DQ MAS NMR spectrum of the dimethoxy 

HBC (2-40) recorded at 37 °C (effective sample temperature), 40 s used to excite and reconvert the 

DQ coherences and 25 kHz MAS, (middle) the magnified aromatic region and (right) two one-

dimensional slices at 11.8 and 14.9 ppm with the aromatic proton chemical shifts assigned; B) 

schematic represents of (left) columnar �herring-bone� packing and (right) three kinds of aromatic 

protons with different chemical environment due to such kind of molecular packing. 
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Figure 4-7. (contiue) 

The molecular dynamics of the HBC derivatives were investigated by means of 

sideband patterns observed in 1H-13C rotor-encoded rotational echo double resonance 

(REREDOR) NMR experiments performed under fast MAS conditions.38 This is 

facilitated by the effective 1H-13C dipole-dipole coupling constants DCH, with the related 

local dynamic order parameters, S, representing the residual motional anisotropy of a 

given molecular segment,8 which is obtained experimentally as the ratio of the measured 

effective dipole-dipole coupling constant to that of a static pair: 

staticCH

tCH

t

CHCH
D

tD
tS

,

2
)(

)1)(cos3(
2

1
  ,  (1) 

while the static 1H-13C dipole-dipole coupling constant, DCH,static is calculated according 

to  

kHz
r

D HC

staticCH 21
4 3

0
, 








 

.39  (2) 

As can be derived from the formula (1), a rigid system (<DCH(t)> = DCH,static) gives a 

maximum S = 1. Whereby, S value approaches to 0 when the molecule is highly mobile.  

B 
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Figure 4-8. 
13

C-
1
H REREDOR spinning sideband patterns for the dimethoxy HBC (2-40) recorded at 

25 kHz MAS, 80 µs recoupling time at 37 °C in the crystalline phase (Cr), with the calculated patterns 

(in blue) superimposed. The derived 
1
H-

13
C dipole-dipole coupling constants for the respective CH2 

moieties are presented together with the related local dynamics order parameters, for the HBC core 

S = 0.90 (top, left), the alkyl chains S = 0.40 (bottom, left), the most mobile chain ends (CH3) S = 0.28 

(bottom right), and typical herring-bone supramolecular packing (top, right).  

For dimethoxy HBC (2-40), these experiments were performed both in the 

crystalline phase and in the mesophase at 37 °C and 127 °C. In the crystalline phase, the 

measured 1H-13C dipole-dipole coupling constant for aromatic CH pairs is c.a. 19 kHz (S 

= 0.90) showing that the aromatic core is essentially rigid. The slight reduction of the 1H-
13C dipole-dipole coupling constant from the �ideal� rigid state (S = 1) can be attributed 

to the slight in-plane fluctuations as well as the out-of-plane disc excursions. On the 

contrary, the alkyl chains retain significant mobility within the crystalline state. The 

effective dipole-dipole coupling constants measured for the CH2 groups in the alkyl chain 
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(DCH = 8.5 kHz, S = 0.4) and the chain ends (DCH ~ 5.9 kHz, S ~ 0.28) clearly show that, 

on average, the alkyl chains remain flexible and amorphous. Therefore, HBC discs are 

not completely fixed in the lattice but are able to undergo small-angle rotations whereas 

the alkyl chains retain significant mobility (Figure 4-8). 

 

Figure 4-9. 
13

C-
1
H REREDOR spinning sideband patterns for the dimethoxy HBC (2-40) recorded at 

25 kHz MAS, 160 µs recoupling time at 127 °C in liquid crystalline phase (Colh), with the calculated 

patterns (in blue) superimposed. The derived 
1
H-

13
C dipole-dipole coupling constants for the 

respective CHn (n =2, 3) moieties are presented together with the related local dynamics order 

parameters S; for the aromatic core, S = 0.45 suggesting both in-plane rotation and out-of-plane 

excursions, while the higher degree of motional freedom for the alkyl chains results in S values in the 

range of 0.29 to 0.14; the columnar supramolecular organization is shown at top right.  

In the mesophase, the fast disc rotation decreases the 1H-13C dipole-dipole 

couplings for the aromatic CH pairs by a factor of two as long as the rotation axis 
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parallels the columnar axis and both are perpendicular to the HBC core plane.39 In 

contrast to the crystalline phase, the dynamic order parameter of the aromatic core CH 

segments is reduced to an out-of-plane disc excursion of 24°, which is determined by 

assuming that the local dynamics order parameter, S, results from a Gaussian orientation 

distribution of displacement angles.40 The alkyl chain dynamics is further increased in the 

mesophase exhibiting a mobility gradient from the spatially most restrained á-CH2 

groups (DCH = 6.0 kHz, S = 0.29) to the distant alkyl groups (DCH = 3.0 kHz, S = 0.14) 

(Figure 4-9). 

Although mono-cyano (4-1) and mono-bromo (4-2) HBCs do not show phase 

transitions within the investigated temperature range of the DSC measurement, similar 

solid state behavior was observed in a glassy phase at the temperature below -33 °C (the 

glass transition temperature recorded by DSC), where the aromatic core is practically 

immobilized (DCH = 21.5 kHz, S  1). In the case of compound 4-1, the 1H-13C dipole-

dipole coupling constants of the CH2 groups in alkyl chains are reduced to an average 

value of DCH = 14.5 kHz, S = 0.69.  

In the mesophase of 4-1, the 1H-13C dipole-dipole couplings for aromatic CH 

moieties are substantially reduced due to the fast in-plane rotation and out-of-plane 

excursions leading to further reduction of the dynamic order parameter to S = 0.42 at 87 

°C. The mean angle (38°) of this kind of motion is determined. At intermediate 

temperatures, the disc dynamics interferes with the frequencies in the kHz range pertinent 

to the NMR experiments. At the glass transition temperature of organic compounds, the 

time scale of the molecular dynamics often exhibits a heterogeneous distribution of the 

correlation times.41, 42 Indeed, such behavior is found here by recording 1H-13C 

REREDOR spinning sideband patterns with different recoupling time at an intermediate 

temperature of -6 °C. For a short recoupling time of 40 µs, the sideband patterns of the 

fixed discs with S  1 are recorded, whereas the sideband pattern recorded using a 

recoupling time of 160 µs gives S = 0.42, due to the fraction of mobile discs performing 

in- and out-of-plane motion (Figure 4-10). For the recoupling time of 80 µs, the spinning 

sideband pattern shows both features.  
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Figure 4-10. 
1
H-

13
C REREDOR spinning sideband patterns of 4-1 recorded at 25 kHz MAS and 160 

µs recoupling time (middle) and 40 µs recoupling time (right) at -6 °C with the simulated patterns (in 

blue) superimposed; and schematic represent of molecular in- and out-of-plane motion (left). 

 

4.4 Molecular dynamics and kinetics studies by dielectric 

spectroscopy 

4.4.1 Basic background of dielectric spectroscopy (DS) 

The results presented herein are investigated and analyzed by Dr. M. M. Elmahdy 

from University of Ioannina, Greece. Dielectric spectroscopy is based on the universal 

property of a substance to respond to an external electrodynamic stimulation, which 

measures the dielectric properties of a medium as a function of frequency.43, 44 The value 

and the temporal delay of a response as functions of the external stimulation are 

expressed in terms of measurable quantities, i.e. dispersion and absorption, which are 

determined only by the microscopic properties of a substance in a linear approximation. 

Depending on the frequencies of the responding processes, the dielectric mechanisms can 

be divided into relaxation (lower frequency) and resonance (higher energy) processes 

(Figure 4-11). The resonance processes constitute of electronic and atomic polarizations 

corresponding to different inducing frequencies. The electronic polarization resonance 

process occurs in a neutral atom when the electric field influences the electron density 

relative to the nucleus it surrounds. The deformation of the electronic cloud under the 
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force of the applied field results in a formation of the negative and positive charge, i.e. 

atomic polarization. The relaxation process (dielectric relaxation) is the result of the 

movement of dipoles (dipole relaxation) and electric charges (ionic relaxation) due to an 

applied alternating field, and usually observed in the frequency range 102-1010 Hz. 

Relaxation mechanisms are relatively slow in contrast to resonant electronic transitions or 

molecular vibrations, which usually have frequencies above 1012 Hz.44  

In the case of dipole relaxation, broadband dielectric spectroscopy is a powerful 

tool to analyze the details of the scaling of relaxation processes. Typically four dielectric 

loss processes are observed: the dynamic glass transition (á-relaxation), a slow secondary 

relaxation (ßslow), a fast secondary relaxation (ßfast) and the boson peak at 1012 Hz. Below 

1010 Hz, the dynamic glass transition and the ßslow relaxation are primarily present. 

 

  

Figure 4-11. A dielectric permittivity spectrum over a wide range of frequencies. The real (å�) and 

imaginary (å��) parts of permittivity are shown, and various processes are depicted: ionic and dipolar 

relaxations, and atomic and electronic resonances at higher energies. 

The dipole relaxation is often described in terms of dielectric permittivity, � , as a 

function of frequency, which is expressed as a pair of quantities, namely the real (å�) and 

imaginary parts (å��) as '''�  i  and can, for ideal systems, be described by the Debye 

equation43:  

http://en.wikipedia.org/wiki/Permittivity
http://en.wikipedia.org/wiki/Frequency
http://en.wikipedia.org/wiki/Debye_relaxation
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s  is the static, low frequency permittivity, and ô is the characteristic 

relaxation time of the medium. The Debye relaxation model could be empirically 

modified to Havriliak-Negami form (HN equation) accounting for the asymmetry and 

broadness of the dielectric dispersion curve. The model was first used to describe the 

dielectric relaxation of some polymers by adding two exponential parameters,45 in which 

m, and n are called fractional shape parameters describing symmetrical and asymmetrical 

broadening of the dispersion, whereas m > 0, mn ≤ 1 holds.43, 46, 45  
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The parameters m and n are related to the limiting behavior of the complex 

dielectric function at low and high frequencies: 
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 for ù << 1/ôHN  

å�(ù) - å∞ ~ ù
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 for ù >> 1/ôHN with n = mn. 

For a glassy material (non-crystalline solid including the so-called plastic crystals 

and orientational glasses except amorphous polymers and glass ceramics), a molecule 

fluctuates in the cage of its neighbors. Its �rattling� motion is assigned to a fast secondary 

ß-relaxation, which takes place on a time scale of 10-10 s to 10-12 s following an 

Arrhenius-type temperature dependence 
















Tk

E

Be0  

where E is the activation energy, kB, the Boltzmann constant and ô0, the relaxation time at 

the high temperature limit. The reorientations of the molecules forming the �cage� 

corresponds to the dynamic glass transition (or á-relaxation) obeying the empirical 

Vogel-Fulcher-Tammann (VFT) temperature dependence 
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where B is a constant and T0 denotes the Vogel temperature (ideal glass transition 

temperature).43 In some cases, the á-relaxation is attributed to transverse dipole moments 

rotating around the mesogen�s long axis.47 Additionally, many systems show a slow 

secondary ß-relaxation (with an Arrhenius-type temperature dependence). This process 

observed for relaxation rates ~< 108 Hz can often be assigned to intramolecular 

fluctuations. The slow ß-relaxation separates from the á-process in the freqencey range 

from 107 to 108 Hz.43 In the DS experiment, these relaxation processes are tracked and the 

changes give information about the molecular dynamics and phase transitions. 

4.4.2 Dynamics investigation with dielectric spectroscopy 

Dimethoxy HBC (2-40) undergoes a transformation from the crystalline to the 

columnar hexagonal liquid crystalline phase. Figure 4-12 depicts a series of dielectric loss 

curves measured at different temperatures, both below and above the transition, reflecting 

the in-plane disc rotation (á-process). The curves show increasing broadening and a 

reduction in the dielectric strength when going from the high temperature Colh phase to 

the Cr phase. The crystallization temperature (71 °C) determined by DSC is substantially 

higher than the one assigned by DS (30 °C / 303 K; based on the broadening of the loss 

curves; Table 4-1) reflecting a strong rate dependence of the critical temperature Tc. The 

figure also depicts some faster process known as ß-process. 

The relaxation times of the different processes in 2-40 are shown in Figure 4-13 

with Arrhenius representation. The low-temperature â-process has an Arrhenius 

temperature dependence (ô(T)) with a single activation energy E = 50±4 kJ/mol and ô0 = 4 

× 10
-14 s, which are characteristic values of a local process associated with small 

amplitude vibrations due to the high mobility of alkyl substituents within the Cr phase. A 

broad distribution of relaxation times is evident by the values of the HN shape parameters 

(m = mn = 0.3). The mere presence of this process is in consistence with the NMR results 

(S = 1, within Cr phase), in which averaging of 1H-13C dipole-dipole couplings requires 

motions on a time scale faster than 10-5 s. 
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Figure 4-12. Dielectric loss for the dimethoxy HBC (2-40) obtained on cooling at 0.1 MPa, shown at 

different temperatures: (filled squares): 353.15 K, (filled up triangles): 343.15 K, (filled rhombus): 

323.15 K, (open squares): 303.15 K, (open up triangles): 293.15 K and (open right triangles): 278.15 

K. Notice the loss in dielectric strength and the broadening of the relaxation spectrum on entering 

the Cr phase. The spectrum at 343.15 K corresponds to the DSC exotherm and the one at 303.15 K is 

the critical temperature suggested by DS. 

 

Figure 4-13. Temperature dependence of the relaxation times (obtained on cooling) for all 

dielectrically active processes and of the ionic mobility in the dimethoxy HBC (2-40) (filled squares): 

ionic mobility,  (open squares): â-process, (left triangles): á-process. Notice the change in the á-

process dynamics in going from the high temperature Colh to the Cr phase (vertical dashed-dotted 

line). Full and dotted lines extrapolate to the glass temperature (defined at ô~10
2
 s) of the Colh 

(hypothetical) and Cr phases, respectively. 
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NMR techniques reveal the geometry of motions on longer time-scales.6, 40 Based 

on the combined information from NMR (geometry of motion) and DS (rate of motion), 

the á-process reflects collective axial disc motions around the columnar axis. The á-

process displays unique characteristics in going from Cr to the Colh phase. Within the 

Colh phase, its relaxation time (ô(T)) follows the VFT-temperature dependence as 

described in SECTION 4.4.1. The B, T0 and Tg parameters assume the following values: 

1345±50 K, 185±7 K, 236±7 K, respectively. On entering the Cr phase, the á-process 

displays a stronger T-dependence with B, T0 and Tg parameters assuming values of 

1013±2 K, 214±4 K, 253±4 K, respectively. The ionic relaxation process is also extracted 

from the dielectric modulus representation. This process is about 7 orders of magnitude 

slower than the á-process dynamics but shows a similar VFT temperature dependence. 

This suggests that the dynamics of ionic impurities, presumably introduced during 

intramolecular cyclodehydrogenation step, are affected by the disc rotational dynamics.  

 

Figure 4-14. Temperature dependence of the low- (m) and high- (mn) frequency slopes characterizing 

the distribution of relaxation time spectrum of the á-process. Dotted and dashed lines give the critical 

temperatures of the Colh to Cr transformation as seen from DSC and DS, respectively. 

The HN shape parameters for the á-process are also sensitive indicators for the 

phase transformation. Figure 4-14 depicts the low- (m) and high- (n) frequency slope of 
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the á-process as a function of temperature. The plot shows a narrow, non-Debye process 

(m = mn = 0.9) within the Colh phase, and a much broader distribution within the Cr state. 

Therefore, the axial disc motion within the crystalline phase is a collective process 

characterized by a heterogeneous environment, which gives rise to the broad distribution 

of relaxation times. The onset of such a broadening coincides with the DSC transition 

(cooling), however the transition, as seen from DS (assigned to the temperature where the 

width of the á-process doubles its high T value), appears at even lower temperatures (Tc
DS 

~ 30 °C), implying kinetic effects.  

In the case of mono-cyano HBC (4-1), three dielectrically active processes are 

detected associated with the cyano dipole relaxation and one process associated with the 

ionic mobility. The relaxation times of the different processes are shown in Figure 4-15A 

in the usual Arrhenius representation. The low-temperature ß-process has an Arrhenius 

temperature dependence like 2-40 with a single activation energy E = 55±5 kJ/mol and ô0 

= 4 × 10
-16 s, which is characteristic for a local process. Thus, the ß-process is assigned to 

small angular vibrational motions of the cyano group induced by the more mobile alkyl 

chains. At higher temperatures, two processes exist, called á and á�, with a stronger 

temperature dependence that can be described by the VFT equation. The B, T0 and Tg 

parameters assume the following values: 900±23 K, 161±2 K and 237±3 K for á-process 

and 1730±115 K, 128±6 K and 255±6 K for á�-process. The characteristic relaxation 

times of the ionic mobility also display the common VFT dependence. Interestingly, the 

Tg recorded by DSC corresponds to the freezing of the DS á-process (at ô ~ 10
2 s). This 

process is less restricted and less volume demanding (see below with respect to the 

pressure dependence) and thus freezes at a lower temperature. Both processes are non-

Debye with low-(m) and high-(mn) frequency HN slopes of m = mn = 0.7 and m = mn = 

0.4 for the á- and á�-processes, respectively. Clearly, the fast axial motion, as seen in 

NMR, leaves an uncompensated residual dipole moment as the dipole breaks the 

symmetry of the HBC disc and results in unevenly populated sites for the axial motion. 

This residual dipole moment then relaxes in the slower á�-process with considerably 

lower relaxation strength. Consistent with the results of NMR and X-ray diffraction, the 

á-process reflects collective axial motions of the discs, which leaves a residual dipole 

with a defined average orientation with the column. The orientation correlation of the 
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dipoles within the columns (i.e. small blocks, in which several molecular discs are 

correlated with each other through intermolecular dipole � dipole interactions within a 

single column), however, has a limited lifetime and relaxes through highly collective 

intra- and perhaps inter-columnar rotational dynamics (á�-process) (Figure 4-15B). In 

other words, these dipole � dipole interaction �define� molecular blocks relaxing in a 

much slower process (á�-process) in comparison with the single molecule relaxation (á-

relaxation). 

 

Figure 4-15. A) Arrhenius relaxation map for all dielectrically active processes and ionic relaxation., 

whereas the â-process (circles) with an Arrhenius T-dependence; the á (up triangles) and á� (down 

triangles) processes with VFT dependence; and the �slow� process (rhombus) that is coupled to the 

ionic conductivity. B) Schematic represent of á-process � both in- and out-of-plane molecular motion 

(left); and á�-process � a relaxation of orientation correlation of dipoles within the columns (right).  

The axial disc dynamics (including both in- and out-of-plane motions) are 

compared among the four HBC molecules (2-40, 4-1, 4-2 and 4-3) in Figure 4-16. Within 

the Colh phase, the ô(T) dependencies are nearly identical. Additionally, there is no 
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remarkable change in the distribution of relaxation times, reflecting that the phase state 

(Colh) largely controls both the ô(T) and distribution of relaxation times. From the VFT 

dependence of the á-process, the glass transition temperature assumes similar values for 

the three HBCs (4-1, 4-2, and 4-3), in the range 235-237 K. The nearly indistinguishable 

ô(T) dependencies for the three samples within the same phase (Colh) suggest that the 

time-scale of the collective axial disc motion depends on T, P and only weakly on alkyl 

chain branching. On the other hand, for dimethoxy- (2-40) and mono-ethynyl (4-3) HBCs 

undergoing a phase transition, the temperature dependence ô(T) becomes much stronger 

on entering the Cr phase, which again indicates that the dynamics are controlled � to a 

large extent � by the thermodynamic state.  

 
Figure 4-16. Comparison of the á-process relaxation times for the different dipole functionalized 

discotics: mono-cyano HBC (4-1, open squares), mono-bromo HBC (4-2, open circles), mono-ethynyl 

HBC (4-3, filled rhombus), and  dimethoxy HBC (2-40, filled up triangles). Notice: the similarity in 

the ô(T) dependence within the Colh phase and the steeper ô(T) within the Cr phase for the 

dimethoxy- (2-40, thick vertical dash line) and mono-ethynyl HBC (4-3, dotted vertical line). 

Applications of HBCs as advanced electronic materials require knowledge of the 

thermodynamic temperature and pressure boundaries and stability of the different phases. 

Introducing pressure as an additional thermodynamic parameter helps the construction of 

the complete phase diagram (P-T). In these experiments, pressure is applied isothermally 

at temperatures corresponding to Colh phase where the á-process for dimethoxy HBC (2-
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40) or á- and á�-process for mono-cyano HBC (4-1) are probed within the experimental 

window.  

 
Figure 4-17. A) (top) á-process relaxation times as a function of pressure for the following 

�isotherms�: (filled squares): 393.15 K, (filled circles): 383.15 K, (filled up triangles): 373.15 K, (filled 

down triangles): 363.15 K, (filled rhombus): 353.15 K, (filled left triangles): 343.15 K, (filled right 

triangles): 333.15 K, (open circles) 323.15 K, (stars): 313.15 K, (filled polygons): 303.15 K and (half-

filled circles): 293.15 K. Lines represent linear fits to the respective regimes. The dashed black line 

gives the critical pressure (Pc) for the Colh - Cr transformation. (Bottom): HN low frequency 

parameter of the á-process as a function of pressure for the different isotherms (as above). The black 

dashed line gives again the critical pressure Pc; B) Temperature dependence of the apparent 

activation volume corresponding to the crystalline (Cr) and liquid crystalline (Colh) phases of the 

dimethoxy HBC (2-40); C) phase diagram for the dimethoxy HBC (2-40) depicting the pressure 

dependence of the Colh-Cr transition temperature (squares) and of the glass temperature (up 

triangles) the latter defined as the temperature where the á-relaxation times are at ~1 s. 

Figure 4-17A shows a pressure dependent á-process relaxation of 2-40. Increasing 

the pressure slows down the á-process initially, and subsequently induces the 

transformation to the Cr phase. The transformation is evident by the stronger ô(P) 

dependence within Cr state, and manifests itself as the increased broadening of the á-
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process. The included low-frequency HN parameter depicts a dramatic pressure induced 

broadening under isothermal conditions. Thus the critical pressure, Pc, required for the 

transformation, can be obtained either from the change in the ô(P) dependence or from 

the m(P) dependence as indicated by the thick line. 

The linear dependence of log ô vs. P can be used to extract the apparent activation 

volume, ÄV
#, as  

,
log

303.2#

TP
RTV 















 

where ÄV
# represents the difference between the molar volumes of the initial and final 

(activated) states.47 ÄV
#  is plotted in Figure 4-17B within the Colh and Cr phases, as a 

function of temperature and reveals a higher activation volume for the á-process within 

the Cr state, which is also the case in crystallizing polymers and suggests a more 

cooperative disc rotation within the Cr phase.48  

Based on the T- and P-investigations, the phase diagram for 2-40 can be 

constructed and is depicted in Figure 4-17C. The figure contains the pressure dependence 

of the glass temperature corresponding to the freezing of the disc axial motion within the 

crystalline phase and the pressure dependence of the critical temperature, Tc, for the Colh 

to Cr transformation obtained from the data of Figure 4-17A. The former can be described 

by the empirical equation:49 
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where Tg(0) = 253 K, b and c are fitting parameters (b = 6±1, c = 810±90 MPa and 

  3.0/ 0  p
PT K/MPa). These dependences separate the T-P phase space in three 

regimes depicted as �glass�, �Cr� and Colh�. As a result of the stronger pressure 

dependence of the first order phase transition (from Cr to Colh), the increase of pressure 

effectively stabilizes the Cr phase. For example, the crystalline phase can be stabilized to 

450 K at 600 MPa, i.e. about 150 K above its atmospheric pressure limit. This 
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stabilization of the crystalline phase at higher temperatures can have consequences in 

applications in view of the higher charge carrier mobility found in the Cr phase. 

Similar experiments were performed with mono-cyano HBC (4-1), where both á- 

and á�-processes are probed within the experimental window. Both processes are slowed 

down by increasing the pressure, but are more effective for á�-process with a stronger P-

dependence (Figure 4-18). The apparent activation volume, ÄV
#, is plotted in the inset as 

a function of the temperature difference from the respective Tg. The apparent activation 

volume for the two processes decreases with increasing temperature and ÄVá�
# > ÄVá

#, 

which indicates that the pressure slows down the highly collective slower process (á�-

process) more than the less volume demanding axial motion of the discs (á-process). The 

phase diagram for the 4-1 is constructed in a similar way as for 2-40 and shown in Figure 

4-19. The two Tg(P) dependences corresponding to the freezing of the fast axial (á-

process) and of the slower collective re-orientation (á�-process) are described by the 

empirical equation used for 2-40, with b = 3.9, c = 540 MPa and 

  44.0/ 0  pPT K/MPa for the á-process and b = 4.8, c = 370 MPa and 

  69.0/ 0  p
PT K/MPa for the á�-process. These dependencies separate the T-P 

phase space into three regimes depicted as �glass I�, �glass II� and Colh. As a result of the 

stronger pressure dependence for the slow collective re-orientation, increasing the 

pressure effectively stabilizes the �glass II� phase, whereby no dipole-correlated 

molecular block relaxation happens. 

Comparing the dynamics of these dipole functionalized HBCs, it is noticed that á- 

and á�-processes are clearly separated only for the HBCs bearing the stronger dipoles (4-

1 and 4-2). In the mono-ethynyl HBC (4-3), the peak shape of the DS spectrum is still 

asymmetric. However, the deconvolution of the two processes (á-relaxation and á�-

relaxation processes) is difficult. This is consistent with the assignment of the á�-

relaxation process as the orientation correlation of the discs within the columns due to 

strong molecular dipole � dipole coupling, whereas, this kind of interaction is expected to 

be much less effective for the molecules bearing weak dipole moments (4-3 and 2-40).  
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Figure 4-18. Pressure dependence of the relaxation times at maximum loss corresponding to the á- 

(left) and á´- (right) processes of mono-cyano HBC (4-1). The symbols indicate temperatures in the 

range from 303 (squares) to 403 K (crosses) in steps of 10 K. The lines are the result of the fit giving 

rise to the apparent activation volume. (Inset) Temperature dependence of the apparent activation 

volumes (ÄV
#
) plotted as a function of the temperature difference from the respective Tg 

 

Figure 4-19. Phase diagram for the monocyano-HBC (4-1) showing two �glass� phases and the 

columnar hexagonal liquid crystalline phase (Colh) at higher temperatures. 
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4.5 Summary 

A series of dipole functionalized HBCs, their self-assembly and disc dynamics 

within the columnar phases were studied with DSC, 2D WAXD, site-specific NMR 

techniques and dielectric spectroscopy (DS). DSC and 2D WAXD experiments 

demonstrated that there exist both Cr and Colh phases in the HBC molecules bearing a 

relatively weaker dipole (in the case of dimethoxy HBC 2-40 and mono-ethynyl HBC 4-

3); and the mesophase of strong-dipole-functionalized HBCs (mono-cyano HBC 4-1 and 

mono-bromo HBC 4-2) are stabilized over a large temperature range excluding the Cr 

phase. Site-specific NMR experiments revealed a fast rotation dynamics of the HBC discs 

along the column axis within the Colh phase, which is recognized as á-relaxation process 

in DS studies, and this kind of rotation is frozen in the Cr phase causing an abrupt 

broadening of the á-relaxation curve in the DS spectrum. Additionally, the molecular 

orientation correlation of the dipoles within the columns was detected in DS as a 

relatively slower relaxation, which also fits the VFT equation and is called á�-relaxation 

process. It has also shown that the glass transition temperature, associated with the 

freezing of the axial disc rotation, is around -37 °C for these discotics within the liquid 

crystalline phase and at 30 °C for the dimethoxy HBC (2-40) in the crystalline state. 

Therefore, it is concluded that the phase state controls the dynamic response. The 

relaxation times and wideness of the á-relaxation curves have different temperature and 

pressure dependencies on entering the crystalline state.  

These studies help us to recognize the phase behavior of HBC molecules from a 

molecular dynamics point of view and understand the property differences in various 

phases, for instance, the sudden drop of the intramolecular charge-carrier mobility of 

HBC derivatives from Cr to Colh phases.50 Through creating the phase diagram (T-P), the 

Cr phase of dimethoxy HBC 2-40 is stabilized up to 177 °C under 600 MPa with possible 

consequent preservation of high charge carrier mobilities. This opens an alternative 

pathway to achieve the distinct low-temperature material properties at elevated 

temperatures. 

Although the introduced strong dipole moment fails in the formation of more 

ordered Cr phase, the enhanced intermolecular interactions have been observed through 
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á�-relaxation process, which is crucial for the uniform alignment of these columnar 

superstructures on surfaces, and consequently improves the self-healing abilities of these 

molecular columns leading to a good long-time performance of a device.8 
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5 Synthesis of Donor-HBC-Acceptor 
Molecules from para-Iodo-bromo-HBC 
Building Block and their Self-assembly 
Behaviors Studies 

 

The discovery of conducting and semiconducting organic polymers in 1970s has led 

to applications in the field of organic electronics.1-3 Following the pioneers, organic 

chemists have pursued various ð-conjugated systems as active components for the 

electronic and optoelectronic devices, such as light-emitting diodes, field-effect 

transistors (FET) and solar cells.4, 5 Conjugated polymers and oligomers are a class of 

organic semiconductors that are by far the most intensively investigated. However, the 

one-dimensional nature of these chain structures possesses several limitations since it 

results in low-dimensional conductors in the solid state.6-8 Disc-like PAHs are considered 

as two-dimensional charge transporting materials with high purity and have attracted 

intensive scientific interest.9-11 Typical examples of these materials are triphenylenes and 

hexa-peri-hexabenzocoronene (HBC) derivatives. As introduced in CHAPTER 1, the 

device performance depends upon the order of these discotic molecules in thin films.12-14 

Tremendous efforts have, therefore, been invested to achieve monodomain ordered 

structures. Extra intermolecular interactions, such as hydrogen bonds,15-18 amphiphilic 

interactions,19-23 and even covalent bonding interaction24-27 were added to stabilize their 

columnar supramolecular organization.  

As it will be demonstrated in CHAPTER 6, the introduced rigid hydrogen bonds 

(along the columnar direction) either assist the HBC molecules to form stable columnar 

structures or compete against ð � ð interactions resulting in short-range ordered 

supramolecular arrangement. Unlike hydrogen bonds, the strength of which is in the 

range of 10 - 65 kJ mol-1, dipole-dipole interactions are relatively weak having a 

comparable strength value of 5 - 50 kJ mol-1 with ð - ð interactions (0 - 50 kJ mol-1).28 In 

order to achieve highly ordered stable columnar supramolecular organization, strong 



5 � DONOR�HBC-ACCEPTOR MOLECULES 

 118 

dipole moments are, thus, introduced by the asymmetric functionalization of HBC cores 

with one electron donating and one electron accepting group. In addition, it has also been 

shown that hexa(4-dodecylpheny)hexa-peri-hexabenzocoronene (HBC-PhC12) is able to 

form highly oriented films under the influence of a magnetic field leading to a 

significantly enhanced charge carrier mobility with respect to the unaligned material.29 

The strong molecular dipoles will further provide extra interactions between single 

molecules and an external electromagnetic field, probably, resulting in optimal films for 

future device applications. 

On the other hand, electron-transfer (ET) reactions between separate molecules 

(intermolecular) or between distinct regions within a single molecule (intramolecular), 

are some of the most frequently encountered photochemical processes.30 The ET reaction 

product in such an inter- or intramolecular processes is usually called charge-transfer 

(CT), or an intramolecular CT state (ICT). The photoinitiated ET processes and the 

resulting CT states play a fundamental role in photosynthesis, and in numerous existing 

or conceived applications (e.g. the molecular devices of future technologies, see 

examples in CHAPTER 7).30 These phenomena were mainly found in the compounds 

containing electron donating (D) and accepting (A) moieties, i.e. D-bridge-A (DBA) 

systems.31-36 When the bridge group is a ð system (the so-called D-ð-A molecule), the CT 

phenomenon renders this kind of materials nonlinear optical properties.37 The precedent 

ð-electron linker covers conjugated oligomers,37 hexaphenylbenzenes,38 porphyrins,39-41 

perylene diimides,42 naphthyridine,43 tetra-phenylethynyl benzenes,44 and boron-fluorine 

complexes,45 etc. The spontaneous introduction of one donor and one acceptor group to 

an HBC core constitutes a novel D-ð-A system, which contains the largest ð-bridge group 

so far. In so doing, the application of HBC derivatives will be further expanded to 

nonlinear optics.  

Following the aforementioned concepts, two D-HBC-A molecules with different 

dipoles (5-1, µ = 8.25 D and 5-2, µ = 8.64 D)46 were synthesized (Figure 5-1). 

Additionally, another HBC derivative (5-3), which has no dipole moment but similar 

symmetry, was prepared to compare the effect of the introduced strong dipole moments. 

The self-assembly behaviors of these compounds in solution were systematically studied 
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by means of 1H NMR and spectroelectronic spectroscopies. The UV/Vis absorption and 

photoluminescence spectroscopy is also used to characterize the CT effects of these D-

HBC-A molecules. The morphology and inner structure of the molecular aggregates are 

visualized by Scanning Electron and Transmission Electron microscopes (SEM and 

TEM). The liquid crystalline characters are investigated by Differential Scanning 

Calorimetry (DSC) and two-dimensional Wide Angle X-ray Diffraction (2DWAXD) 

techniques.  

 

Figure 5-1. Molecular structures of D-HBC-A systems (5-1, 5-2) and HBC without dipole moment (5-

3). 

 

5.1 Synthesis 

Compound 5-1 and 5-2 were synthesized from the novel para-iodo bromo-HBC 

building block 2-47 (Figure 5-2). Like para-iodo bromo-benzene, the iodine in 2-47 

shows higher reactivity than bromine at the para position and can easily be converted to a 

cyano group by treatment with cupper(I)-cyanide and Pd(PPh3)4 in THF at 65 °C, which 

leads to 5-4 in 81% yield. The remaining bromo group was then reacted with the 

corresponding diphenyl amines via Buchwald cross couplings affording 5-1 in 79% yield, 

and 5-2 in 74% yield. Lithiation of dibromo HBC 2-1, followed by quenching with 

methanol, gives 5-3 in 90% yield, which contains only protons at the para position. The 

structures of these compounds are characterized by MALDI-TOF spectrometry, 1H- and 
13C-NMR spectroscopy. Figure 5-3 illustrates the MALDI-TOF spectra of these 

compounds with calculated isotope distribution patterns. 
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Figure 5-2. Synthesis of 5-1, 5-2 and 5-3; i) CuCN, THF, Pd(PPh3)4, reflux, 15 h, 81%; ii) di-tolyl 

amine, Pd2(dba)3, t-Bu3P, sodium butoxide, toluene, 80°C, 16 h, 79%; iii) di-4-methoxylphenyl amine, 

Pd2(dba)3, t-Bu3P, sodium butoxide, toluene, 80°C, 16 h, 74%; iv) n-butyl lithium, -78 °C, 30 min., 

MeOH, 90%. 

 

Figure 5-3. MALDI-TOF spectra of A) 5-1, B) 5-2 and C) 5-3 (measured with TCNQ as matrix); 

insets: corresponding isotope distribution patterns (black: measured, red: calculated value). 
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5.2 Self-assembly behavior in solution studied by 
1
H-NMR 

spectroscopy 

The aggregation of aromatic cores influences the local electron density and / or the 

aromatic ring current.47 As a result, the 1H-NMR spectra of the molecular aggregates 

differ from those of monomers. The temperature / concentration dependency can be used 

as a probe of molecular self-association propensity.48-50 Thereby, the aggregates typically 

give rise to significant line broadening and shielding effect (characterized by up-field 

shifts of proton signals) on the 1H-NMR spectra.51 The temperature and concentration 

dependent 1H-NMR spectroscopy has, therefore, been used frequently to estimate the 

molecular aggregation tendency.48 Both change of aromatic proton and á-CH2 resonances 

in temperature and concentration-dependent 1H-NMR spectra proves that the molecular 

self-association propensity increases dramatically with the increase of molecular dipole 

moments. 

5.2.1 Temperature dependent 
1
H-NMR spectroscopic studies 

The temperature dependent 1H-NMR spectra of 5-1, 5-2 and 5-3 were recorded over 

a temperature range of 30 - 140 °C with d2-1,1,2,2-tetrachloroethane solutions  (2.05 × 

10-2 M) as shown in Figure 5-4. Similar to the hexadodecyl-HBC (HBC-C12 3-31), the 

aromatic signal of which is shifted to lower field by 0.26 ppm (from 8.11 to 8.37 ppm) 

when the temperature is increased from 60 °C to 120 °C,52 the two sets of aromatic 

signals of 5-3 show a 0.38 ppm down-field shift with the increase of temperature from 30 

°C to 140 °C (Figure 5-4A). Additionally, the signal of the two aromatic protons (Ha) at 

the bay positions can only be resolved as a triplet signal (7.83 ppm) at elevated 

temperatures and show a 0.30 ppm down-field shift (from 7.54 to 7.83 ppm) when the 

sample is heated from 30 °C to 140 °C. For the á-CH2 groups the 3,7-dimethyloctyl 

substituents, a less pronounced down-field shift (0.25 ppm, from 30°C to 140 °C) is 

observed. Interestingly, the molecular aggregation enhances the difference between the 

two kinds of á-protons (Hb and Hc, on the same carbon atom) due to the nearby chiral 

carbon atom on the alkyl chains (*). This results in two separated multiple signals with an 

interval of 0.09 ppm at 30 °C. The discrepancy of the two kinds of á-protons diminishes 

and shows one broad multiple signals at 3.14 ppm at elevated temperature indicating a  
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Figure 5-4. Temperature dependent 
1
H-NMR spectra of A) 5-3 (500 MHz, CDCl2CDCl2), B) 5-1 (500 

MHz, CDCl2CDCl2), and C) 5-2 (700 MHz, CDCl2CDCl2); measured with 2.05 × 10
-2

 M solution; S: 

solvent signal, * one of the chiral centers. 
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Figure 5-4. (Continue).  

weakened aggregation effect and the existence of larger aggregates at lower temperatures, 

which is in congruence with the often observed phenomena in other disc-like aromatic 

systems. 27, 49, 53-60  

The temperature dependent 1H-NMR spectra of 5-1 and 5-2 (Figure 5-4B,C) 

display similar trends as that of 5-3. In contrast to 5-3, the three sets of aromatic signals 

of which are clearly resolved at 30 °C (Figrue 5-4A), the line shape of the spectra of 5-1 

and 5-2 (Figure 5-4B,C) at lower temperatures is much broader and the six different 

aromatic proton signals can only be well recognized at above 90 °C. In the case of 5-3, 

the aromatic signal (Ha, Figure 5-4A) is down-field shifted by 0.38 ppm with the increase 

of temperature from 30 to 140 °C. The signals of the aromatic protons (Ha) next to the 

cyano group in 5-1 and 5-2 (the one shows lowest chemical shift) are down-field shifted 

by only 0.20 and 0.11 ppm, respectively (Figure5-4B,C), which indicates a weaker 
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temperature effect on the molecular aggregates than that in the case of 5-3. This is also 

supported by the later temperature dependent UV/Vis absorption spectroscopic studies 

(see SECTION 5.3.1). 

The four kinds of á-CH2 protons of 5-1 give rise to two sets of broad multiple 

signals in the region of 2.46 to 3.12 ppm (Figure 5-4B). The difference between the two 

á-protons on the same carbon atom for each set (Hb/Hc and Hd/He, Figure 5-4B) is 

recorded as 0.05 ppm and 0.08 ppm at 60 °C, respectively. At temperatures above 120 °C, 

this difference disappears leaving two sets of broad multiple peaks corresponding to the 

two chemically environmentally different alkyl substituents. In the case of 5-2 (Figure 5-

4C), the two pairs of á-protons (Hb/Hc and Hd/He, Figure 5-4C) respectively show a 

difference of 0.07 ppm and 0.09 ppm at 60 °C, and the four different á-protons are still 

clearly recognized even at 140 °C, which stands in strong contrast to 5-1. These 

phenomena imply that the strong-dipole-functionalized compounds 5-1 and 5-2 have a 

stronger aggregation tendency than the non-polar 5-3. The change of the resonance 

signals of aromatic and á-protons further indicates that 5-2, which has a stronger dipole 

moment (µ = 8.64 D), has the stronger self-association propensity than that of 5-1.  

5.2.2 Concentration dependent 
1
H-NMR spectroscopic studies 

Concentration dependent 1H-NMR spectra also provide a sensitive probe for the 

detection of molecular aggregates in solution.50, 57 Figure 5-5 shows the concentration 

dependent 1H-NMR spectra of 5-1 and 5-2 in d2-1,1,2,2-tetrachloroethane.The aromatic 

protons next to the cyano group resonance in 5-1 (Ha, Figure 5-5A) is up-field shifted by 

0.38 ppm (from 8.89 to 8.51 ppm) as the concentration increases from 1.00 × 10
-5 M to 

2.05 × 10
-2 M; a comparable up-field shift (0.39 ppm, from 8.93 to 8.54 ppm) of such a 

proton (Ha, Figure 5-5B) is observed in 5-2 within an even narrower concentration range 

(from 3.00 × 10
-5 M to 1.20 × 10

-2 M). At lower concentrations, the four kinds of á-

protons give rise to one set of multiple peaks and they are split into two sets of signals as 

the increase of concentration for both compounds. In the case of 5-1 (Figure 5-5A), the 

four different á-protons are not completely recognized and show three multiple peaks at a 

concentration of 2.05 × 10
-2 M. For 5-2 (Figure 5-5B), they are well resolved as four 

individual peaks even at a relatively lower concentration (1.20 × 10
-2 M). 
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Figure 5-5. Concentration dependent 
1
H-NMR spectra of A) 5-1 and B) 5-2 (500 MHz, 60 °C, 

CDCl2CDCl2, 9.6 - 2.2 ppm region); S: solvent signal. 

These observed changes are consistent with the results obtained from the 
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further supports the expectation that a stronger molecular dipole moment (µ = 8.64 D for 

5-2, µ = 8.25 D for 5-1) leads to a stronger molecular aggregation tendency. This is in 

good agreement with the results obtained in CHAPTER 4, whereby the introduced strong 

dipole moment effectively stabilizes the columnar mesophase of HBC derivatives due to 

the intermolecular dipole � dipole interactions in the bulk state.  

5.2.3 Thermodynamic studies 

In order to quantize the strength of intermolecular interactions, the molecular self-

association process has been described in different mathematic models in terms of 

molecular thermodynamics. As reviewed by Martin, R. B.,48 two models, called Equal K 

(EK) and Attenuated K (AK) model, are widely used concerning the equilibrium constant 

(KE) in the EK model and self-association constant (KA) in the AK model. The EK model 

simplified the mathematic calculation by assuming an identical free energy and 

equilibrium constant (KE) during the addition of each monomer to an existing aggregate. 

Although the enthalpy of adding a monomer to a growing stack may be constant, 

successive additions should be increasingly less probable and hence less favored 

entropically, and successive equilibrium constants (K) should taper off in value. The AK 

model goes beyond the EK model with an ensemble term (KA) by considering the 

entropic changes during the successive addition of monomer to an aggregate. Both 

models have been applied to osmometry, sedimentation equilibria and NMR experiments, 

wherein the NMR technique gives direct concentration information without concern for 

nonideality.48   

In our group, the AK model has been used to fit the concentration dependent 1H-

NMR data for hexa-alkylated HBCs deriving association constants, which demonstrated 

the distinct self-assembly abilities of HBC derivatives.49, 50 Hereby, similar studies were 

applied to characterize the dipole functionalized HBC 5-1 and 2,8,11-trimethoxy HBC 3-

32. The 1H-NMR data of 5-1 were collected with d2-1,1,2,2,-tetrachloroethane solutions 

over a concentration range from 5.00 × 10
-7 to 2.05 × 10

-2 M on 500MHz NMR 

spectrometer at 60°C. The 1H-NMR data of 3-32 (measured d2-1,1,2,2,-tetrachloroethane 

solutions with the concentration ranging from 2.38 ×10
-5 to 1.19 × 10

-2 M on 500MHz 

NMR spectrometer at 60 °C) were provided by Dr. Xinliang Feng. The mathematical 
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curve fitting was performed with a program based on the non-linear least squares method 

by Lei Xie from Prof. R. Nordmann�s group at TU-Darmstadt. Detailed AK-model setup 

and the original mathematical curve fitting program code are described in appendix.  

Table 5-1. Experimental data of 5-1, 3-32 and parameters calculated for the AK models; KA: 

association constant; ô: factor by which dimer formation differs from other polymer formation in 

AK models (K2=ôKA/2); f: factor relating shift of end molecule to that of the monomer and the 

interior molecule (Pë=(1-f)Pá+fPæ); Pá: NMR shift of  monomer; Pæ: NMR shift of the interior 

molecule. 

Experimental data of 5-1  

concentration 

 / M 
2.05×10-2 2.05×10-3

 1.02×10-3 5.12×10-4 6.00×10-5 3.00×10-5 1.00×10-5 5.00×10-6 1.00×10-6 5.00×10-7 

chemical shift 

/ ppm 
8.51 8.63 8.67 8.71 8.76 8.82 8.89 8.98 9.04 9.06 

Experimental data of 3-32 

concentration 

 / M 
1.19 ×10

-2 7.16×10
-3 2.38×10

-3 1.19 ×10
-3 7.16×10

-4 2.38×10
-4 1.19 ×10

-4 7.16×10
-5 2.38×10

-5 

chemical shift 

/ ppm 
8.36 8.44 8.62 8.65 8.79 8.88 8.90 8.93 8.95 

AK model calculation 

5-1 KA =1405.93(4) L/mol  = 25.915(7) f = 0.117(3) P = 8.985(7) ppm P = 6.520(2) ppm 

3-32 KA =658.05(4) L/mol  = 3.653(4) f = 0.597(5) P = 8.88(4) ppm P = 7.459(2) ppm 

HBC-C12 (3-31) KA = 457.32 L/mol  = 3.834 f = 0.3773 P = 8.978 ppm P = 7.239 ppm 

Table 5-1 lists the 1H-NMR data and calculated parameters in AK model for 5-1, 

2,8,11-trimethoxy HBC 3-32 and HBC-C12 3-31. The association constant KA of 5-1 is 

about three times larger than that of non-polar HBC-C12 3-31 and more than two times 

that of 2,8,11-trimethoxy HBC 3-32, a compound shows enhanced intermolecular 

interactions leading to helical supramolecular organization.61. The calculated chemical 

shifts for the monomers (Pá) of all three compounds do not show obvious difference. 
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Whereas, the simulated chemical shift of the molecule within a stack (Pî) of 5-1 is more 

than 1 ppm smaller than those of 3-31 and 3-32. These reflect a much stronger self-

association propensity in compound 5-1 comparing with the other two. 

The parameter ô describes the ability of forming a dimer in contrast to that in 

formation of bigger aggregates (see Appendix I).48 The dipole � dipole interaction 

enhanced intermolecular association is unambiguously proved by the dramatically 

increased ô value (in comparison with those of the other two compounds) during the 

formation of molecular dimers. 

In congruence with the quantitive studies in SECTION 5.2.1 and 5.2.2, these results 

demonstrate that the introduced strong molecular dipole moment effectively increases the 

intermolecular interactions in solution from the thermodynamic point of view. However, 

to derive these parameters for compound 5-2 is limited by the unreachable monomeric 

chemical shift due to the reduced sensitivity of experimental NMR technique to the very 

dilute solutions. It will be demonstrated in the following section that the strong 

intermolecular dipole � dipole interactions not only result in larger molecular aggregates 

in solution, but also give rise to a series of interesting spectroelectronic changes. 

 

5.3 Spectroelectronic spectroscopy  

The spectroelectronic spectroscopy gives the information of both the molecular 

electronic states and the molecular aggregates in solution.62, 63 In this part, it will first be 

used to probe the molecular self-assembly behavior and then to investigate the charge 

transfer states of 5-1 and 5-2.  

5.3.1 Self-assembly behavior studies 

Figure 5-6 shows the concentration dependent UV/Vis absorption and 

photoluminescence spectra of 5-1, 5-2 and 5-3 in chloroform and DMF/THF (1/1) 

solutions. 
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Figure 5-6. Concentration dependent UV/Vis absorption and fluorescence spectra (excited at 377 nm) 

of A,B) 5-1, C,D) 5-2 and E,F) 5-3; measured at r.t. in chloroform (A,C and E) and DMF/THF 1/1 co-

solvent (B,D and F); the intensity of fluorescence spectra were respectively normalized at 492 (A), 

531 (B), 495 (C), 479 (D), 465 nm (E, F); inset: the á-bands of 5-3 recorded in chloroform.  

Non-Lambert-Beer behavior is observed for all three compounds in the 

concentration dependent UV/Vis absorption spectra.50 The extinction coefficients of these 

compounds, especially in the case of 5-2, dramatically decrease as the concentration 

increases. In the case of 5-3, which bears neither donor nor acceptor moieties, the typical 

absorption bands for polycyclic aromatic hydrocarbons, the p, â, â� bands (according to 

Clar�s nomenclature),64 are well recognized as three intensive sharp peaks at 389, 360 and 
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Clar�s nomenclature),64 are well recognized as three intensive sharp peaks at 389, 360 and 

343 nm. Additionally, the á-bands are clearly recorded as well in the region of 439 � 465 

nm. This series of bands are normally weak and correspond to not strictly forbidden 

transitions from the ground state, S0, to the first excited state, S1, due to the molecular 

geometry.64, 65 As indicated by the 1H-NMR spectroscopic studies, 5-1 and 5-2 have 

stronger self-association propensities than the non-polar 5-3. The line shapes of their 

UV/Vis absorption spectra are much broader and the absorption bands are red-shifted in 

contrast to those of 5-3. Interestingly, when increasing the concentration from 1 × 10
-7 M 

to 1 × 10
-4 M, the absorption bands of 5-2 are either red-shifted by 9 nm (from 365 to 374 

nm, Figure 5-6C) with loosing vibrational transition details (transition bands become 

broader) in chloroform or blue-shifted by 20 nm (from 393 to 373 nm, Figure 5-6D) in 

DMF/THF 1/1 solutions.  

The temperature-dependent UV/Vis absorption spectra demonstrate similar 

spectroscopic changes (Figure 5-7). Unlike the concentration dependent UV/Vis spectra, 

2 nm red-shifts and 3 nm blue-shifts are respectively recorded with a decrease of 

temperature from 60 °C to 10 °C (limited by the boiling temperature of solvents) in 

chloroform and DMF/THF solutions. 

 

Figure 5-7. Temperature-dependent UV/Vis absorption spectra of 5-2; measured in A) chloroform 

and B) DMF/THF 1/1 solution at a concentration of 1 × 10
-5

 M; arrows indicate the direction of 

change with decreasing temperature.  
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The red- and blue-shift of absorption bands are related to the one-dimensional 

alignment of molecules in aggregates and called J-aggregation and H-aggregation, 

respectively.66-71 They are widely observed in porphyrins55, 72-74 but seldom reported in 

HBC derivatives.17, 75 The J-aggregation is formed with the monomeric molecules 

arranged in one dimension so that the transition moment of the monomers are parallel and 

the angle between the transition moment and the line joining the molecular centers is zero 

(idea case).76 The strong coupling of several identical monomers results in a coherent 

excitation at red-shifted wavelengths relative to the monomer. In addition, the sgnal gets 

narrower and the vibrational coupling to the molecular modes will be largely absent.72 H-

aggregation is also a one-dimensional arrangement of strongly coupled monomers, but 

the transition moments of the monomers are perpendicular (idea case) to the line of 

centers.76 In contrast to the side-by-side arrangement of molecules in J-aggregates, the 

molecular arrangement in H-aggregates is face-to-face. Theory predicts that the dipolar 

coupling between monomers leads to a blue shift of the absorption band.77, 78 Additionally, 

the H-aggregates are not known to have sharp spectra like the J-aggregates. Both J-

aggregation and H-aggregation are commonly observed for donor, acceptor modified 

dyes.79, 80 For a polar compound, there exist much stronger interactions between solute 

molecules and solvent molecules in polar solvents than in apolar solvents. The 

intermolecular interactions between solute and solvent can only be maximized in J-

aggregates in contrast to in H-aggregates (as interpreted in Figure 5-8C,D). This 

consequently explains the formation of J-aggregates in a polar solvent (chloroform), and 

nearly invisible spectral shifts in non-polar solvent systems. Hereby the spectrum of 5-2 

recorded with dilute chloroform solution (1 × 10
-7 M) shows sharp well-resolved 

absorption bands in contrast to those measured with concentrated solutions, which serves 

as the criterion for J-type aggregation.72, 78 Although DMF/THF 1/1 co-solvent is also a 

kind of polar solvent, the molecules stack in a H-aggregation mode (bathochromic blue-

shifts at high concentrations) presumably due to the much lower solubility reflecting the 

cofacial molecular stacks of the aromatic ð-systems, which is consistent with former 

studies.49 The temperature-dependent UV/Vis absorption spectroscopic changes confirm 

the formation of J- and H-type aggregations in chloroform and DMF/THF 1/1 solutions, 

whereby the much less pronounced red- / blue-shifts coincide with the results obtained 
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from temperature dependent 1H-NMR spectroscopic studies: the intermolecular dipole � 

dipole interactions are not effectively influenced by a temperature factor. The formation 

of H-/J-aggregates in solution unambiguously demonstrates the enhanced self-

aggregation tendency by the introduction of strong dipoles. 

 

Figure 5-8. Proposed A) J- and B) H-aggregates formed by 5-2; and schematic represents of 

intermolecular interactions between solute and solvent molecules in C) J-aggregates and D) H-

aggregates. 

Figure 5-8 shows cartoons of the proposed molecular stacks in solution. Similar 

changes are recorded for 5-1, which bears a weaker electron donating group comparing 

with 5-2, though, in a much less pronounced fashion.  

The photoluminescence spectroscopy is more sensitive to the existence of molecular 

aggregates.50 The photoluminescence spectra of these compounds were recorded with 

different solutions in the same concentration range and normalized at the first intensive 

fluorescence band (Figure 5-6). The spectra of 5-3 show three sharp fluorescence bands 

(465, 495 and 525 nm) from the HBC moiety. As increasing the concentration, the shape 

of the bands becomes broader and the intensity of the bands in the long-wavelength 

region (above 500 nm) is dramatically pronounced. This is a typical character for the 

formation of molecular aggregates in conjugated ð-systems caused by the excimer 

A) B) H-aggregation J-aggregation 

C) 

solvent molecule solute molecule 

D) 
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formation or migration of photogenerated species to low-energy domains.81-84 In the case 

of 5-1 and 5-2, the fluorescence peaks from the HBC moiety can only be partially 

recognized in diluted chloroform solution. Additionally, the spectra measured in polar 

solvents (DMF/THF 1/1) show particular features in contrast to 5-3. Only one broad peak 

at 536 nm is observed in the spectra of 5-1 for all different concentrations. While for 5-2, 

the sole broad peak recorded at high concentration is split into two sharp peaks at 479 and 

515 nm and a new broad peak at 568 nm with decrease of concentration. The two sharp 

peaks are assigned to the HBC moiety by the comparison with the spectra of 5-3; and the 

new broad peak is attributed to the intramolecular charge transfer (see SECTION 5.3.2), 

which is a typical feature of charge separation in Donor-Acceptor molecules. The 

changes of photoluminescence spectra of 5-1 and 5-2 are rather complicated due to the 

existence of intramolecular charge transfer bands. However, the less-resolved broad 

fluorescence bands recorded at higher concentrations, in contrast to those obtained with 

dilute solutions, ambiguously point out the existence of molecular aggregates.  

5.3.2 Intramolecular charge transfer  

5.3.2.1 Twisted intramolecular charge-transfer 

The small analogous molecules, 4-(N,N-dimethyamino)-benzonitrile (DMABN) and 

its derivatives, have been discovered as �amazing� molecules that emit two fluorescence 

bands. The two bands strongly depend on solvent polarity.85, 86 In nonpolar solvents, only 

the fluorescence band at short-wavelength appears, which origins from the 1Lb state and 

is called as B fluorescence (FB) or locally excited fluorescence (LE). In polar solvents, a 

further long-wavelength fluorescence band (from 1La state) grows, while the intensity of 

the first band decreases with increasing polarity of the medium. Lippert et al86 initially 

explained the origin of the second fluorescence band as follows. With the polar solvent 

reorientation, an inversion of states turns 1La into the lowest excited state, within the life 

time of the excited state (Figure 5-9). The two emissions are usually called fluorescence 

B (or FB) and A (FA).85 The long wavelength-emitting state (A*) is characterized by its 

very large dipole moment.30 The Lippert hypothesis lasted over a decade until new 

experimental evidence compelled several authors to seek new interpretations. Starting 

from 1970s, numerous hypotheses were proposed covering the formation of excimer, 
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protonated species, exciplex with solvent, intramolecular structural change (TICT), 

pseudo-Jahn-Teller (PJT) distortion, rehybridization of the amino group or cyano group 

and planarization of the molecule in the CT state, etc.30 The vivid discussions and 

controversial views have lasted for 30 years and seem to reach final conclusions now, 

which concerns intramolecular twisted charge transfer (TICT).30 This hypothesis assigns 

the FB band to an approximately coplanar structure and FA to a CT excited-state 

conformation with a highly twisted NMe2 group, possibly perpendicular to the aromatic 

ring (A*, Figure 5-9B). 

 

Figure 5-9. A) Lippert�s scheme of the inversion of states of different polarity; in polar solvent, the 

orientational relaxation of the solventshell leads to an avoided level crossing (potential barrier Eba); 

after relaxation, the more polar state, 
1
La, becomes the lowest excited singlet (fluorescent) state;

85
 B) 

TCIT model of DMABN; A*: the pair of mutually orthogonal radical ions, linked by a single bond; in 

the scheme of terms, the 90° twist corresponds to the top of a potential barrier to internal rotation.
87

 

5.3.2.2 Intramolecular charge transfer in 5-1 and 5-2 

Typical CT emissions undergo strong red-shifts with an increase of the polarity of 

solvents. Both compounds (5-1 and 5-2) show strong solvatochromic effects. The 

fluorescence color of the solutions of 5-1 and 5-2 changes from green to light yellow and 

green to orange, respectively (Figure 5-10A,C). The fluorescence spectra in different 

solvent systems provide more detailed information (Figure 5-10B,D). A 20 nm red-shift 

(from 518 to 538 nm) of maximum fluorescence peak is observed for 5-1 as increasing 

solvent polarity. 5-2 exerts a more pronounced effect showing a 73 nm red-shift within 

the same solvent systems as in the case of 5-1. More remarkably, the band shape of 5-2 in 

A) B) 
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polar solvents (DMSO/THF 1/1 and DMF/THF 1/1 co-solvents) is well resolved with an 

appearance of a broad CT band at long-wavelength region. At higher concentrations, this 

CT band merges with the bands from HBC moiety to one broad peak (Figure 5-6C,D). 

 

Figure 5-10. Images of fluorescent solutions and fluorescence spectra of 5-1 (A,B) and 5-2 (C,D) in 

different solvent (excited at 377 nm, measured with 1 × 10
-6

 M solutions at r.t., normalized at 

maximum fluorescence bands); solvents in images (from left to right): DMSO/THF 1/1, DMF/THF 

1/1, THF, chloroform, cyclohexene, toluene; pictures were taken under irradiation of UV light at 366 

nm.  

Since the electron donating ability of the donor substituent in 5-1 (N,N-ditolylamino 

group) is weaker than the one in 5-2 (N,N-di-4-methoxylphenylamino group) and the 1La 

state is much more red-shifted than 1Lb with increasing donor and acceptor strength,30 5-1 

shows less pronounced solvatochromic dependency than 5-2. Although, The CT band of 

5-1 is not as clearly resolved as that of 5-2, it can still be recognized. Figure 5-11 depicts 

the normalized photoluminescence spectra of all three compounds measured in the same 

solvent system (DMF/THF 1/1). No CT band is expected in the spectrum of 5-3 and the 

typical p, â and â� bands of HBC derivatives are well recognized. In contrast, the â and â� 

bands are red-shifted to 495 and 479 nm in the spectrum of 5-2, which also shows an 
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intensive broad CT band at 568 nm. Because the donor group in 5-1 is weaker and the 

molecule demonstrates lower aggregation tendency in comparison with 5-2, the â band of 

5-1 must be located at a position between 495 and 512 nm (the â bands of 5-2 and 5-3). 

Additionally, the CT band in 5-2 exerts a higher intensity than that of the â band in all 

well-resolved spectra (in both DMF/THF 1/1 and DMSO/THF 1/1 solutions with 

concentrations below 1 × 10
-4 M). Therefore, the fluorescence maximum at 538 nm in 5-1, 

which is at the right side of 495 � 512 nm region, must be due to a CT band rather than a 

â band from HBC moiety. The merging of CT and LE band is also often observed in 

other relatively weaker donor-ð-acceptor systems.88  

The low resolution of the fluorescence spectra of 5-2 at higher concentrations 

(Figure 5-6C,D) can be attributed to the strong molecular aggregation. As introduced in 

SECTION 5.3.2.1, the FA fluorescence band originates from a twisted intramolecular CT 

state, which requires a perpendicular arrangement of the N,N-dimethoxylphenylamino 

group with respect to the HBC disc plane. The large molecular aggregates at higher 

concentration, on the one hand, hinder the rotation of the N,N-dimethoxylphenylamino 

group reducing the probability of the formation of TICT state, and, on the other hand, 

change the molecular electronic states leading to new broad fluorescence bands in longer 

wavelength region.58  

 

Figure 5-11. Normalized fluorescence spectra of 5-1, 5-2 and 5-3; measured with 1 × 10
-6

 M
 

DMF/THF 1/1 solutions at r.t.(excited at 377 nm, normalized at maximum peaks). 
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5.4 Morphology of molecular aggregates of 5-2 on surfaces 

For the solution processing of organic semiconductors in electronic devices, the 

control of the morphology formation on surfaces is an essential procedure which 

determines in many cases the performance. Much effort has thus invested to achieve 

homogeneous, highly ordered thin films.89 Zone-casting and Langmuir-Blodgett (LB) 

techniques, expiaxial growth on preoriented and friction-deposited 

poly(tetrafluoroethylene) (PTFE) surfaces layers, strong gradient magnetic field and 

homeotropic alignment by cooling the sample from isotropic phase have been used with 

HBC derivatives.89 Before the application of these complicated techniques, it is logical to 

first study the morphologies of these molecular aggregates on surfaces.  

Depending on the solvents, the molecules of compound 5-2 self-associate into either 

J- or H-type aggregates. Different 5-2 solutions (in different solvents) with a 

concentration of 1 × 10
-4 M were respectively dropped on silicon wafers and studied by 

scanning electronic microscope (SEM). Interestingly, lots of flat slice-like structures 

(abbreviated as �slices�) of different sizes were observed for the sample prepared from a 

DMSO/THF 1/1 solution, in which HBC molecules formed H-aggregates (Figure 5-12). 

The largest slice extends up to 13 µm in length and 3 µm in width. The spherical particles 

on their surface indicate that these slices are formed in solution rather than during the 

solvent evaporation process on silicon wafer. High-resolution transmission electron 

microscopy (HR-TEM) provides more detailed structural information about these slices 

(Figure 5-13). The highly oriented columnar domains are visualized in the image with an 

enlarged scale. As indicated by these lines, HBC columns align parallel to the long side 

of a slice. The sharp reflexes in the electron diffraction pattern (inset of Figure 5-13) 

correspond to a ð � ð stacking distance of 0.35 nm indicating the well-oriented columnar 

structures. An intra-columnar distance of 2.6 nm is evaluated, which is in good agreement 

with the value determined in the bulk state (2D WAXD, see SECTION 5.6). 
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Figure 5- 12. SEM images of 5-2 prepared from 1 × 10
-4

 M DMSO/THF 1/1 solution. 

 
Figure 5-13. HR-TEM images of slices obtained from 1 × 10

-4
 M DMSO/THF 1/1 solution of 5-2; lines 

indicating columnar alignments; insets: small-area selected electron diffraction pattern. 

The morphology of the compound on silicon surfaces is highly solvent dependent. 

Like from DSMO/THF 1/1 solution, the sample prepared with DMF/THF 1/1 forms 

similar slices, which, however, stack densely together (Figure 5-14A). With chloroform 

solution, from which molecules self-assemble into J-aggregates, an amorphous film was 

obtained (Figure 5-14B). Not only were these slices and film observed, but also the 

typical fibrillar structures were visualized. Depending on the solubility, these molecules 

form either long soft fibers in toluene or bundles of rigid needle-like assembles in 

cyclohexane solutions like other HBC derivatives (Figure 5-14C,D).17, 49, 50, 61  
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Figure 5- 14 SEM images of 5-2 nano-aggregates obtained from A) DMF/THF 1/1, B) chloroform, C) 

toluene, D) cyclohexane solutions. 

The mechanism of the formation of these nano-sized molecular aggregates might be 

complicated. However, there is no wonder that, under the influence of solvent polarity, 

the strong dipole moment along the molecular axis dominates the self-association process. 

One mechanism for the formation of those unique morphologies is proposed as follows. 

For a dipole-functionalized discotic molecule, antiparallel molecular arrangement is 

expected in the bulk state (see CHAPTER 4).90 In DMSO/THF 1/1 and DMF/THF 1/1 

solvent mixtures, HBC molecules self-assemble into H-type aggregates under the 

guidance of ð � ð and dipole � dipole interactions. Different from ð � ð interactions, 

which take effect along the HBC columnar axis, the dipole � dipole interactions also exist 

between adjacent HBC columns (Figure 5-15A). As demonstrated in the TEM image 

(Figure 5-13), this kind of intercolumnar dipole � dipole interactions assembles 

individual HBC columns into large-sized slices. In the side-by-side J-type aggregates (in 

chloroform solution), it can be imagine that the HBC columnar structures are not as 

A) 

C) 

B) 

D) 
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uniform as those in H-aggregates and the overlapping area of molecules between 

neighboring columns are much bigger than that in H-aggregates (Figure 5-15 B), which 

results in homogeneous films. Additionally, it is also worth to be aware that the rate of 

solvent evaporation should also play a role since the volatilization ability of these 

solutions decides the morphology of the precipitates during solvent evaporation. 

 

Figure 5-15. Schematic represents of intercolumnar aggregation in A) H-type aggregates and B) J-

type aggregates. 

 

5.5 Energetic level characterization 

The future application in electronic devices requires the knowledge of the molecular 

energy levels. Computer simulation and cyclic voltammetry (CV) experiments were 

performed for 5-1 and 5-2 to obtain an overview of the electronic levels. 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) were calculated by using ZINDO semi-empirical method with B3LYP 

functional and 6-311G(d,p) basis set-optimized molecular geometries91 (Figure 5-16). To 

determine the electron affinity and thus the absolute LUMO values, CV measurements 

were carried out under inert atmosphere in a DCM solution of Bu4NPF6 (0.1 M) in a 

three-electrode cell using a Pt wire as working/counter electrodes and a Ag quasi-

reference electrode (calibrated with the Fc/Fc+ redox couple E° = -4.8 eV). One reversible 

redox wave related to the oxidation of the amine group was recorded in the positive scans 

of both 5-1 and 5-2 (Figure 5-17) suggesting effective charge delocalization through the 

adjacent ð system in the oxidized radical mono-cation species.92 From the onsets of these 

A) B) 

HBC molecule HBC columnar axis 
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redox peaks in CV curves and the p bands in UV/Vis absorption spectra, the energy 

levels of the HOMO and LUMO are calculated as -5.2 eV and -2.6 eV for 5-1, -5.2 eV 

and -2.7 eV for 5-2, respectively, which is in good agreement with the calculated values 

(-5.2 eV and -2.2 eV for 5-1; -5.1 eV and -2.1 eV for 5-2)46. When comparing with 

2,5,8,11,14,17-hexa-(2�-ethyl-hexyl)-hexa-peri-hexabenzocoronene (HBC-C6,2),
93 the 

HOMO / LUMO band gap drops from 2.9 eV (HBC-C6,2) over 2.6 eV (5-1) to 2.5 eV (5-

2) with the increase of the dipole moment. The lowered HOMO-LUMO band gap 

optimizes the optoelectronic properties of these materials and will improve their 

performance as n-type organic field effect transistors.94 

 
Figure 5-16. Pictorial represents of the HOMO / LUMO orbitals of A) 5-1 and B) 5-2; calculated at 

the B3LYP/6-31g* level in vacuum. 

 
Figure 5-17. A) Cyclic voltammograms of 5-1 and 5-2; measured with a scan rate of 50 mV/s at r.t. 

under argon; B) HOMO/LUMO energetic level scheme of HBC-C6,2, 5-1 and 5-2. 
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5.6 Bulk state characterization  

The bulk thermotropic properties of 5-1 and 5-2 were characterized with differential 

scanning calorimetry (DSC) and two-dimensional wide angle X-ray diffraction (2D 

WAXD) techniques. As expected, no phase transition is observed in a temperature range 

of -100 °C to 250 °C in DSC traces for both compounds (Figure 5-18) which coincides 

with the conclusions obtained in CHAPTER 4 that a strong molecular dipole moment 

effectively enlarges the mesophase.  

 

Figure 5-18. DSC traces of 5-1 and 5-2 recorded at 10 K/min.  

The 2D WAXD experiments of both compounds are performed at different 

temperatures (Figure 5-19). Both compounds display the exactly same supramolecular 

organization in the mesophase. The reflection patterns further reveal that these two 

compounds form a stable hexagonal liquid crystalline phase showing a set of equatorial 

reflexes with the relative ratios of 1: 3 :2 (Figure 5-20). Due to the increase of the 

molecular thermodynamic energy, the hexagonal 2D unit cell parameter expands from 

ahex = 2.52 nm over ahex = 2.59 nm to ahex = 2.65 nm and the cofacial disc distance 

increases from 0.34 to 0.36 nm as the temperature changes from -80 °C over 30 °C to 170 

°C. Additionally, the correlations between dipole moments manifest themselves through 

the four reflexes at the intermediate distance, which overlaps with the �halo ring� aroused 

by alkyl substituents.95 
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Figure 5-19. Temperature dependent 2D WAXD patterns of A) 5-1 and B) 5-2; from left to right: 

temperature changes from -80 °C over 30 °C to 170 °C. 

 

Figure 5-20. Equatorial and meridional intensity distributions of 2D WAXD diffragrams of 5-2; (unit 

cell parameters: ahex = 2.52 nm, d = 0.34 nm at -80 °C, ahex = 2.59 nm, d = 0.34 nm at 30 °C, ahex = 2.65 

nm, d = 0.36 nm at 170 °C. 
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2D WAXD experiments were performed under an external electronic field with an 

intensity of 2.5 × 10
5 V/m within a temperature range of -80 °C to 150 °C. However, no 

apparent change on the diffraction pattern was recorded. This can be understood from 

two aspects. On the one hand, since the molecular mobility is high within liquid 

crystalline phase and HBC molecules undergo a fast rotation along columnar axis (see 

CHAPTER 4), it might be difficult for the molecules to overcome an entropic energy 

barrier and align towards a uniform direction even under external forces. On the other 

hand, 2D WAXD collects an ensemble average over a relatively large time scale, during 

which a slow motion of molecules might compensate a short-time directional alignment. 

Additionally, the strength of external forces should also be considered. Therefore, the 

study of the influence of external forces on the molecular superstructure requires a 

guidance of computer simulation, which is currently undergoing in corporation with Dr. 

Denis Andrienko from Prof. Kremer�s group. 

 

5.7 Summary 

With the novel asymmetric para-iodo bromo HBC (2-47), two HBC molecules 

bearing strong dipole moment (µ = 8.25 D for 5-1 and µ = 8.64 D for 5-2) have been 

synthesized. Additionally, a compound bearing no dipole moment but similar symmetry 

(5-3) was prepared as well from para-dibromo HBC (2-1) for comparison. By 

temperature and concentration dependent 1H-NMR and spectroelectronic spectroscopic 

studies, it has been demonstrated that the introduced strong dipole moment effectively 

enhanced the molecular self-association propensity in solution. Interestingly, the 

concentration and temperature dependent UV/Vis absorption spectroscopic studies 

demonstrate that the strong intermolecular dipole � dipole interactions control these HBC 

molecules to self-assemble into either H- or J-type aggregates in different polar solvents, 

which leads to unique morphologies on surfaces (as being visualized by electronic 

microscopes). The long range well-ordered supramolecular organization highlights the 

performance optimization in electronic devices.89 
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Like many other donor-acceptor systems, the intramolecular charge transfer (ICT) 

phenomenon was observed by both solvatochromic effect and the appearance of charge 

transfer emission band at long wavelength in photoluminescence spectra. The ICT 

phenomenon brings this kind of HBC materials non-linear optical properties and further 

expands the application of these materials in non-linear optics.30 The computer simulation 

and cyclic voltammetry experiments revealed that the HOMO-LUMO band gap of these 

molecules was reduced with increasing the strength of the molecular dipole moments in 

contrast to other HBC derivatives. The simultaneous introduction of different donor and 

acceptor groups provides a new synthetic approach to optimize the HBC molecular 

HOMO-LUMO band gap for their application in electronic devices. 

In the bulk state, the conclusions withdrawn from CHAPTER 4 are verified. On one 

hand, the strong molecular dipole moment stabilizes the mesophase showing no phase 

transition over a large temperature range. On the other hand, the molecular dynamics in 

liquid crystalline phase is high resulting in little influence of external electronic field (up 

to 2.5 × 10
5 V/m electronic field intensity) on the supramolecular organization. 
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6 Reinforced Self-assembly of HBCs by 
Hydrogen Bonds 

 

As introduced in the first chapter, ð-interactions have aroused both theoretical1 and 

experimental2 interest during the past several decades. They are the origin of the semi-

conductive properties of PAHs and the driving force for the supramolecular self-assembly. 

Like hydrogen bonds, the strength of which ranges from 4 to 120 kJ mol-1,3 ð-interactions 

(0 to 50 kJ mol-1) are important secondary interactions for the construction of 

supramolecular architectures.3 Hydrogen bonding has been described as the �master key 

interaction in supramolecular chemistry� because of its relatively strong and highly 

directional nature,3 In particular, hydrogen bonds are responsible for the overall shape of 

many proteins, the recognition of substrates by numerous enzymes and the double helix 

structure of DNA.3 On the other hand, the comparatively weak ð-interactions are 

responsible for the slippery feel of graphite and its useful lubricant properties.3 By 

combining hydrogen bonding and ð-interactions, it has been possible to obtain, for 

example, nanotubes,4 organogels5 and a diversity of helical filaments6, 7 via self-assembly.  

In the case of hexa-peri-hexabenzocoronenes (HBCs), ð-interactions induce a 

columnar self-assembly and provide the basis for the distinct intrinsic charge-carrier 

mobility.8 Considerable effort has therefore been invested into the successful 

implementation of these materials in electronic devices such as field-effect transistors 

(FETs),9 light-emitting diodes (LEDs)10 and photovoltaic cells.11 Hereby, the device 

performance depends, to a large extend, upon the degree of intra-columnar order of these 

discotic molecules in thin films, which is an important factor to reach high charge-carrier 

mobilities.12 The processing of such materials is a key issue in the production of well-

ordered films, which can be obtained either by a thermal13 or solution-based treatment.12, 

14  

It has already been shown for HBCs bearing carboxylic-acid-terminated alkyl 

chains that intercolumnar hydrogen-bonds can strongly influence the ð-mediated 
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columnar self-assembly in the bulk state.15 To enhance the degree of order of discotic 

molecules within a single column, relatively strong and directional hydrogen bonds were 

brought into play by attaching ureido or amido groups to HBC, either directly or linked 

through rigid spacers. In so doing, it was expected that intracolumnar hydrogen bonds 

would form instead of the aforementioned intercolumnar hydrogen-bond networks.15 In 

this chapter, some novel HBC derivatives containing either amido or ureido units were 

synthesized (Figure 6-1). These functional groups are commonly used in hydrogen-bond-

assisted supramolecular chemistry.3, 16 Generally, ureido groups supply stronger and more 

rigid hydrogen bonding interactions than amido groups.17 A second ureido group was 

added to further enhance the interactions between these discotic molecules. The 

intermolecular interactions between compounds bearing the same kind of hydrogen bond 

providers were further adapted by adjusting the size of subsituents. The self-assembly 

properties of these compounds in solution were investigated by electronic spectroscopy, 

whereas bulk behavior was examined by differential scanning calorimetry (DSC) and 

two-dimensional wide-angle X-ray scattering (2D WAXS) experiments.  

Finally, some of the compounds form organogels as expected. The gelation ability 

of these compounds was tested in different solvent systems. Thus, a novel potential 

application of HBC derivatives as low molecular-mass organic gelators (LMOGs)5 will 

be demonstrated. 
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Figure 6-1. A) Synthesized HBC derivatives bearing amido (6-1a and 6-1b) and ureido groups (6-2a, 

6-2b and 6-3); B) schematic representation of assumed intracolumnar hydrogen bonding interactions 

and ð-stacking of mono-substituted HBC moieties. 

 

6.1 Synthesis  

Mono-functionalized compounds 6-1a, 6-1b, 6-2a, and 6-2b were synthesized from 

2-bromo-5,8,11,14,17-penta(3,7-dimethyloctanyl)-hexa-peri-hexabenzocoronene18 (4-2) 

as shown in Figure 6-2. Compound 4-2 was reacted with benzophenonimine via a 

Buchwald-Hartwig cross-coupling to yield 2-benzophenonimino-5,8,11,14,17-penta(3,7-

dimethyloctanyl)-hexa-peri-hexabenzocoronene (6-4) in 95% yield. The hydrolysis of 6-4 

in 2.5 M aqueous hydrochloric acid quantitatively afforded the amino-substituted HBC 

(6-5), 2-amino-5,8,11,14,17-penta(3,7-dimethyloctanyl)-hexa-peri-hexabenzocoronene as 

its hydrochloride salt. Compound 6-5 was then reacted with the corresponding acetyl 

chlorides or isocyanates to give 6-1a, 6-1b, 6-2a, and 6-2b. Compound 6-3 was generated 

via a Hagihara-Sonogashira cross-coupling reaction between 2,11-diiodo-5,8,14,17-

tetra(dodecyl)-hexa-peri-hexabenzocoronene (6-6) and N-(4-ethynylphenyl)-N�-(3,4,5-

tridecyloxyphenyl)urea19 (6-7) in 13% yield. The low yield originated from the difficult 

workup, which was presumably a consequence of strong intermolecular hydrogen bonds. 
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Figure 6-2. Synthesis of compounds 6-1a, 6-1b, 6-2a, 6-2b, 6-3: i) Pd2(dba)3, BINAP, NaOC(CH3)3, 

toluene, 80 °C, 16 h, 95%; ii) 2.5 M HCl/THF, 5 h, 87%; iii) corresponding acetyl chlorides or 

isocyanates, Et3N, THF/toluene (1:1), 80 °C, overnight, 6-1a, 88%; 6-1b, 81%; 6-2a, 60%; 6-2b, 54%; 

iv) Pd(PPh3)4, CuI, Et3N/THF (2/1), 50 °C, 4 d, 13%. 
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effects. For example, a variation of concentration and / or temperature can result in 

significant changes of the intensities, shapes, positions and / or number of the bands.21, 22 

Therefore such investigations were conducted for all the compounds described here. 

In contrast to the other compounds, only 6-2b (Figure 6-3D) and 6-3 (Figure 6-4) 

showed distinct changes in their respective concentration dependent UV-Vis absorption 

spectra. With decreasing concentration, not only do the extinction coefficients of 

compounds 6-2b and 6-3 increase substantially, but the resolution of some bands (297, 

349 and 397 nm) also improves. Additionally, a slight blue-shift of 4 nm was recorded at 

higher concentrations for some absorption bands (301, 373 nm) in the case of 6-3. 

 

Figure 6-3. Concentration dependent UV/Vis spectra of A) 6-1a, B) 6-1b, C) 6-2a and D) 6-2b 

measured in toluene; black, 1.0×10
-5

 M; red, 1.0×10
-6

 M. 

The fluorescence spectra of 6-2a, 6-2b and 6-3 vary with increasing concentration 

(Figure 6-5). In particular, the bands at longer wavelengths became more intense and 

broader. 
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Figure 6-4. Concentration dependent UV-Vis absorption spectra of 6-3 in toluene solution: black line 

1.56×10
-5

 M; red line 1.56×10
-6

 M; green line 1.56×10
-7

 M. 

The observed non-Lambert-Beer law behavior and the concentration dependence of 

the absorption spectra (sharp, well resolved band shape with larger extinction coefficient 

at lower concentration) indicate the existence of larger aggregates at higher 

concentrations.13c The slight blue shift of one of the absorption bands (from 373 to 369 

nm) in the spectrum of 6-3 is also consistent with cofacial stacking of the aromatic ð-

systems in the aggregates.13a ,23b This phenomenon has been studied both theoretically and 

experimentally.23b The existence of increasing aggregation with increasing concentration 

for 6-2a, 6-2b and 6-3 is further supported by concentration dependent fluorescence 

experiments, which exhibit broad, less resolved and concentration-dependent bands 

above 500 nm. The relatively weaker photophysical changes in the cases of 6-1a and 6-

1b point to lower self-association propensities, which are likely due to the weaker 

hydrogen bonding interactions between amido functionalities than these between ureido 

groups.17 
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Figure 6-5. Concentration dependent fluorescence spectra of 6-1a, 6-1b, 6-2a, 6-2b (A) and 6-3 (B) in 

toluene: black 10
-5

 M, red 10
-6

 M, green 10
-7

 M; for 6-1a, 6-1b, 6-2a, 6-2b, excited at 360 nm and 

normalized at 471 nm; for 6-3, excited at 369 nm and normalized at 482 nm. 

In the temperature dependent absorption spectra of the mono-functionalized HBCs, 

compound 6-2b exhibits the most pronounced effects. Compounds 6-1a (Figure 6-6A) 

and 6-2a (Figure 6-6C) show similar, but gentler effects, whereas 6-1b does not display 

any recognizable change (Figure 6-6B). Upon increasing the temperature of the solutions 

of 6-1a and 6-2b (Figure 6-6A,D), the absorption bands at shorter wavelength gain 

resolution and some broad bands at longer wavelengths (approximate 410 � 420 nm) 

become less intense with the appearance of an isosbestic point at around 400 nm. 

Moreover, the á bands (named according to Clar�s nomenclature
24), which are generally 

very weak for HBC derivatives,25 are also much better resolved at higher temperature. 

Significant changes are also observed in the temperature dependent UV-Vis 

absorption spectrum of 6-3 (Figure 6-7), where two isosbestic points are apparent (at 349 
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intensity decreases with increasing temperature, while the one between the isosbestic 

points changes in the opposite sense.  

 

Figure 6-6. Temperature dependent UV-Vis absorption spectra of A) 6-1a, B) 6-1b, C) 6-2a and D) 6-

2b; measured with 1.0 ×10
-5

 M toluene solutions; arrows indicate the direction of change with 

increasing temperature 

As the aromatic moieties of the compounds 6-1a, 6-1b, 6-2a and 6-2b consist of the 

same basic structure, only little difference in the strength of the ð-interactions is expected. 

Therefore, the different self-assembly abilities can be attributed to the differences in the 

degree of hydrogen bonding,16, 17a which is strongly influenced by the temperature,26 the 

steric demands of the side chains attached to the hydrogen bonding groups and the 

number of hydrogen bonding functionalities. Concerning the influence of the temperature, 

the effects are effectively suppressed upon moderate heating as indicated by the close 

similarity of the absorption spectra at 82 °C and their marked differences at 25 °C 

regardless of the nature of the hydrogen bonding group (Figure 6-6). Superimposed upon 
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the temperature effect is a steric effect. Specifically, the spectrum of 6-1b, which carries 

the most voluminous side chain (2-(R)-(-)-á-methoxy-á-

(trifluoromethyl)phenylethylamido group), shows very little changes with respect to 

temperature variation (Figure 6-6B). In contrast, the spectrum of 6-1a, which bears a less 

bulky substituent, displays more pronounced changes (Figure 6-6A). The dominant effect 

is the nature of the hydrogen bonding group. The spectra of the ureido-containing HBCs, 

6-2a and 6-2b (Figure 6-6C, D) exhibit much greater temperature-dependence than those 

of the amido-containing HBCs (6-1a and 6-1b). The number of hydrogen bonding groups 

present also plays a significant role, as demonstrated by the strong temperature 

dependence observed in the spectrum of 6-3 (two ureido groups). In this case, the 

spectrum is still changing at the upper temperature limit (85 °C), which indicates that 

hydrogen bonding interactions are not yet suppressed. 

 

Figure 6-7. Temperature dependent UV-Vis absorption spectra of 6-3, measured with 1.56×10
-6

 M 

toluene solution; arrows indicate the direction of change with increasing temperature. 

Compound 1b and 2b each carry one chiral center in the functional substituent. 

Circular dichroism (CD) spectroscopy reveals weak Cotton effects for 6-1b, but not 6-2b, 

presumably due to the size of the molecule in relation to the number of chiral centers 

(Figure 6-8). Nevertheless, the observed pattern is congruent with a clockwise helical 
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aggregation of the molecular dipole moments in solution.27 The SEM images of xerogel 

prepared from 6-2b (which show no CD signal) appear to show discernable left-handed 

helical structure in the gel fibers of 2b (Figure 6-15B-D). 

 

Figure 6-8. CD spectrum of compound 6-1b in 1.02 ×10
-4

 M n-heptane solution measured at 20 °C. 

 

6.3 Hydrogen bonding interactions and self-assembly behavior 

in the bulk state 

Infrared spectroscopy of the bulk samples supports the establishment of hydrogen 

bonds in these compounds according to the characteristic changes of the vibrational 

frequency of the N-H groups and carbonyl groups.28 

The characteristic stretching vibrations of the N-H bond and the carbonyl group are 

listed in Table 6-1 (see reference 29 for full spectra). For amide and urea compounds, 

which involve hydrogen bonds, the characteristic N-H stretching vibrations usually give 

rise to multiple bands in the range of 3400 � 3060 cm-1 and the carbonyl stretching 

vibrations, so-called amide I bands, appear at lower frequencies (1700 � 1640 cm-1) in 

contrast to a saturated aliphatic ketone (1715 cm-1) due to the resonance effect.28a For 

compounds 6-1b, carrying a sterically hindered amido functionality, and 6-3, bearing two 
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ureido groups, only one kind of N-H and carbonyl stretching bands were recorded. 

Specifically, both the N-H and carbonyl stretching bands for 6-1b are located at higher 

wavenumbers than those for 6-3. The other compounds all show two kinds of N-H 

stretching bands and 6-2a even shows two carbonyl stretching signals. 

Table 6-1. Stretching frequencies [cm
-1

] of N-H and carbonyl groups of compounds 6-1a, 6-1b, 6-2a, 

6-2b and 6-3 in KBr pellet. 

The differences in the degree of hydrogen bonding interactions in the bulk state are 

also obvious. The observation of multiple N-H stretching vibrations for 6-1a, 6-2a and 6-

2b in their FT-IR spectra (Table 6-1) suggests the amido / ureido groups might bind to 

produce dimers with an s-cis conformation or polymers with an s-trans conformation.28a 

In comparing the two amido-containing compounds (6-1a and 6-1b), the carbonyl 

stretching of 6-1a is observed at 40 cm-1 lower wavenumber than the one of 6-1b, 

suggesting the existence of stronger hydrogen bonds in 6-1a. Among the ureido-

containing compounds, 6-2b and 6-3 give only one carbonyl stretching signal (1640 cm-1 

for 6-2b, 1650 cm-1 for 6-3), whereas two carbonyl stretching bands are observed for 6-6-

2a (1710 cm-1 and 1650 cm-1). This may reflect different hydrogen bonding interactions 

compound N-H stretch vibrations 
Carbonyl stretch 

vibrations 

3430 (medium, broad) 
6-1a 

3310 (shoulder) 
1660 (medium) 

6-1b 3400 (medium, broad) 1700 (medium) 

3430 (medium, broad) 1710 (medium) 
6-2a 

3310 (shoulder) 1650 (weak) 

3390 (medium, broad) 
6-2b 

3310 (medium, broad) 
1640 (medium) 

6-3 3310 (medium, broad) 1650 (medium) 
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in these three compounds.30 These observations are in congruence with the results 

obtained from solution studies: 6-1b, with a bulky amido substituent, forms the weakest 

hydrogen bonds and that hydrogen bonding is significantly strengthened by both reducing 

the size of subsituent and using a more effective hydrogen bonding ureido group. 

DSC is a commonly used method for the investigation of thermotropic phase 

behavior.31 For 6-1a, 6-1b and 6-3, there was no visible phase transition peak recorded in 

the temperature range from -100 °C to 250 °C. In the case of 6-2b, the DSC trace showed 

only an irreversible endothermic transition at 220 °C during both the first and second 

heating cycles (Figure 6-9). 

 

Figure 6-9. DSC traces of 6-2b recorded at 10 K/min.  

2D WAXS experiments,32 which provide information about supramolecular 

arrangement in the solid state, were conducted for all compounds at both ambient and 

elevated temperatures.  Compounds 6-1a, 6-2a and 6-2b show similar phase behavior. 

Figure 6-10 presents the temperature-dependent 2D WAXS patterns of 6-1a and 6-2b (for 

6-2a see reference 29). At 30 °C, the characteristic distribution of the reflections indicates 

an identical monoclinic columnar stacking for both compounds.32 From the meridional 

and off-meridional scattering intensities, it is determined that the discotic molecules are 
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tilted by approximately 40°, the columnar axis has a periodic distance of 0.47 nm and the 

co-facial ð-stacking distance is 0.37 nm.32a 

Upon heating to 170 °C, the 2D patterns of both compounds (Figure 6-10) display a 

typical liquid crystalline (LC) arrangement of the molecules,32 where the discs self-

arrange perpendicularly to the columnar axis with a stacking distance of 0.37 nm in a 

hexagonal columnar lattice. Interestingly, upon cooling the samples to room temperature 

after about one hour at 170 °C, the highly ordered LC organization does not return to the 

previously recorded crystalline phase (as observed for other alkylated disc-type PAHs),33 

but rather keep the non-tilted, hexagonal 2D packing observed in the mesophase. 

 

Figure 6-10. Temperature-dependent 2D-WAXS experiments of a) 6-1a and b) 6-2b; 2D monoclinic 

unit cell parameters (at 30 °C): a = 2.46 nm, b = 1.93 nm, ã = 115° for 6-1a and a = 2.50 nm, b = 1.86 

nm, ã = 95° for 6-2b; hexagonal unit cell parameters (at 170 °C and after annealing):  ahex= 2.77 nm 

for 6-1a and ahex= 2.80 nm for 6-2b 

Compound 6-3 shows significantly less order over the entire temperature range, 

which renders the assignment of the unit cell impossible. At room temperature, no ð-

30 °C 170 °C 30 °C

coolingheating

a)

b)
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stacking signal is recorded. At 120 °C, meridional reflections are apparent, which 

correspond to a co-facial stacking distance of 0.38 nm. The ð-ð distance decreases to a 

typical aromatic stacking value of 0.36 nm at 180 °C. In contrast to the behavior observed 

for 6-1a, 6-2a and 6-2b, the LC organization at higher temperature is not retained after 

annealing (Figure 6-11). Unlike the above mentioned derivatives, 6-1b shows a non-tilted, 

hexagonal columnar stacking (ahex = 2.58 nm) with a cofacial distance of 0.36 nm over 

the whole investigated temperature range (Figure 6-12). 

 

Figure 6-11. Temperature dependent 2D WAXD diagrams of extruded fibers of 6-3 at A) room 

temperature, B) 120 °C, C) 180 °C and D) cooled to room temperature. 
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Figure 6-12. . Diffractogram and equatorial (blue line) and meridian (red line) intensity distribution 

graphs of 6-1b at room temperature; hexagonal unit cell parameters: ahex = 2.58 nm, and a - 

stacking distance, 0.36 nm 

The supramolecular columnar arrangements of these compounds at different 

temperatures investigated by 2D WAXS indicate that the hydrogen bonding interactions 

strongly influence the stacking and especially the thermal properties of these materials. 

The most interesting observation is the irreversibility of the mesophase formation for the 

compounds 6-1a, 6-2a and 6-2b after annealing, which is a quite unique property for 

HBC derivatives. The columnar stacking at room temperature before annealing resembles 

that of most other HBC molecules in the crystalline phase.32a The periodic distance along 

columns is determined to be 0.47 � 0.46 nm (0.47 nm for 6-1a/6-2b, and 0.46 nm for 6-

2a), which is in good agreement with the length of hydrogen bonding units between 

ureido and amido groups (0.44 � 0.48 nm).16, 17a, 34 This provides the opportunity for a 

near optimum arrangement of hydrogen bonding functional groups. As the temperature is 

increased to 170 °C, the effect of the hydrogen bonds is weakened and ð-interactions 

become the dominant influence on the supramolecular arrangement. This leads to a 

typical LC organization with non-tilted molecular discs, a typical intermolecular ð-

stacking distance (0.36 nm) and a hexagonal 2D columnar packing. Thereby stacked 

arenes separated by 0.36 nm and hydrogen bonds of 0.47/6 nm can be simultaneously 

accommodated in the structure shown in Figure 6-13, which has a helical arrangement. 

The unexpected preservation of the LC supramolecular organization after prolonged 

annealing is in line with the observation of only an irreversible endothermic transition 

during the heating cycle on the DSC diagram (6-2b). This behavior can be explained in 
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terms of the relative importance of various weak interactions at different temperatures. At 

low temperature, the hydrogen bonding and the crystallinity of the alkyl substituents 

dictate the supramolecular arrangement to give a monoclinic columnar packing with tilted 

molecular discs. At high temperature, the relative importance of hydrogen bonding drops 

off26 and ð-interactions become dominant. As such, a hexagonal columnar arrangement 

forms. Upon cooling, the order imposed by the ð-stacking remains in place and 

intermolecular hydrogen bonding between side chains stabilizes the structure. Thus, the 

cooperative effects of the weak interactions (ð-stacking, hydrogen bonding and side chain 

crystallinity) are responsible for the preservation of the LC phase. Again, it is noteworthy 

that the functional groups are attached directly to the aromatic cores and the 

intracolumnar hydrogen bonds are thus established between discs within the same 

supramolecular column. This stands in strong contrast to the previously reported HBC 

derivatives, which had hydrogen-bonding functionalities that were separated from HBC 

cores by long alkyl spacers and resulted in the formation of intercolumnar hydrogen 

bonds.15 

 

Figure 6-13. Schematic representation of the coincidence of hydrogen bonding interactions and ð-ð 

interactions after annealing for 6-2b. 
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The observation that 6-1b maintains the same columnar arrangement over the whole 

temperature range suggests a less pronounced influence of hydrogen bonds on the 

supramolecular arrangement at low temperature. 

Upon inclusion of a second ureido group (i.e. 6-3), the 2D WAXS pattern reveals an 

increased disorder at low temperature, implying an even stronger influence of the 

hydrogen bonds. The decrease of the co-facial stacking distance (from 0.38 to 0.36 nm) 

upon increasing the temperature (from 120 °C to 180 °C) shows that the supramolecular 

arrangement induced by the ð-interactions can only be obtained after the hydrogen bonds 

are significantly weakened at higher temperatures. The loss of long range order upon 

cooling not only indicates that hydrogen bonding is more important than ð-interactions at 

room temperature, but also that the two effects do not operate cooperatively in this 

system. 

All the results discussed above clearly demonstrate that, for a successful 

cooperative implementation of two secondary forces to improve the self-assembly 

propensity, the spatial demands and geometrical requirements need to coincide. By 

selecting a stronger hydrogen bond provider, i.e. the ureido unit, and reducing the size of 

the side chain attached to the functional group, e.g. as in 6-2b, the HBC derivative 

exhibits excellent self-assembly ability both in solution and in the solid state. The 

introduction of a second strong hydrogen bond provider at the �para-� position (in the 

case of 6-3) is, however, counterproductive. A voluminous side chain and a relatively 

feeble hydrogen bonding group, in the case of 6-1b, results in a nearly undetectable 

influence on the self-assembly behavior of the HBCs. 

 

6.4 Gelation ability test 

For initial gelation testing, attempts to dissolve each of the compounds in a small 

amount of an apolar solvent (e.g. hexane, heptane or toluene) at refluxing temperature 

were made. THF was then progressively added as a polar solvent if a particular 

compound did not dissolve under the initial conditions. The solution was then slowly 



6 � HYDROGEN BONDS AND HBC SELF-ASSEMBLY 

 168 

cooled down (by placing it in a 60 °C oil bath and allowing the oil bath to cool to ambient 

temperature) and the substance was judged to be a gel if the vessel could be inverted 

without apparent movement of the content.17 The minimum gelation concentration, which 

describes the gelation ability of the compounds, was determined by continuously diluting 

a gel (with the same solvent mixture as the one used to form the gel) with heating and 

cooling cycles until the gel did not regenerate. Another important parameter of gels, the 

so-called sol-to-gel phase transition temperature (Tg), which describes their 

thermodynamic stability, was measured using the �falling drop� method.
35 

The efficient combination of hydrogen bonding and ð-interactions leads to distinct 

gelation properties of two of the compounds (6-2b and 6-3). Only these two examples 

developed stable fluorescent organogels (Figure 6-15A) in the tested solvents. The 

minimum gelation concentrations are shown with the corresponding Tg values in Table 6-

2. Laser scanning confocal microscopy (LSCM) indicated that the fluorescence comes 

from the fibrillar structure itself and not from amorphous material (Figure 6-14). 

  

Figure 6-14. LSCM images for A) 6-2b and B) 6-3 drop-cast on cover glas; two photon exitation mode 

ëex = 780 nm. 

Table 6-2. Gelation test of 6-2b and 6-3 in n-hexane/THF, n-heptane/THF and toluene/THF. 

 
Hexane 

/ mL 

THF 

/ mL 

Min.G.C.[a] 

/ w.t.% 

Phase/Tg 

/ °C 

Heptane 

/ mL 

THF 

/ mL 

Min.G.C. 

/ w.t.% 

Phase/Tg 

/ °C 

Toluene 

/ mL 

THF 

/ mL 

Min.G.C. 

/ w.t.% 

Phase/Tg 

/ °C 

6-2b  

(1 mg/vol) 
0.55 1.30 0.068 G[b]/43 0.60 1.10 0.081 G/31 0.50 0.35 0.15 G/A[c] 

6-3  

(0.6 mg/vol) 
        1.90 0 0.035 G/42 

[a] Min. G.C. = minimum gelation concentration; [b] G = gel at room temperature; [c] A = being destroyed by mechanical agitation. 

A B 
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Figure 6-15. A) Photograph of fluorescent gel from 6-3 in toluene; SEM images of xerogel prepared 

from B-D) 6-2b in hexane/THF; E,F) 3 in tolunene    

To visualize how the nanoscale hydrogen-bonding interactions manifest themselves 

in the macroscopic superstructures, an SEM image of a xerogel of 6-2b was recorded 

(Figure 6-14B, C, D).36 The molecules aggregate into long fibrillar structures (up to 

several microns in length) with a diameter of approximate 100 nm. These fibers further 

A B 

C D 

E F 
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interwind with each other, establishing three-dimensional networks, which are the only 

known examples for HBC derivatives. Due to the stronger hydrogen bonds existing in 6-3 

and solvent effect, shorter and more rigid aggregates are observed for the xerogel formed 

from 6-3 in toluene. (Figure 6-15E, F). 

It has been previously observed that amphiphilic HBCs are capable of gelling some 

organic solvents under certain conditions.37 In the case of compounds 6-2b and 6-3, the 

combination of stronger and more rigid hydrogen bonds and their intrinsic ð-interactions 

cause the behavior of these HBCs as LMOGs. Both materials show excellent gelation 

abilities with very low minimum gelation concentrations compared to perylene-38 and 

porphyrin-based17c,d, 34g LMOGs, which also combine ð-interactions with hydrogen bonds. 

The gelling process could be assumed to be as follows. The hydrogen bonds are initially 

significantly weakened in the refluxing solution and the ð-interactions dominate the 

molecular aggregation. As in the bulk state, the hydrogen bonding interactions stabilize 

these aggregates upon cooling and further accumulate these microscopic aggregates into 

fibrillar supramolecular structures. An SEM image of the xerogel (Figure 6-15) shows 

that the resulting three-dimensional network traps small solvent molecules and stabilizes 

the substance in a �meta-state� between liquid and solid leading to fluorescent organogels. 

 

6.5 Summary 

By the introduction of hydrogen bonds along the HBC columnar axis, the self-

association propensities of HBC derivatives have been considerably improved, which are 

strongly influenced by varying both the size of the substituents and the nature of the 

hydrogen bonding groups at the same time. The self-assembly abilities of these 

compounds increase substantially as the hydrogen bonding interactions become stronger 

and the steric demand of the side chains diminishes. Accordingly, the compound having 

the weaker hydrogen bonding group and the bulkier substituent (6-1b) show the lowest 

aggregation tendency. By the same token, either reducing the steric hindrance of 

substituent (6-1a) or incorporating a stronger hydrogen bonding unit (6-2a, 6-2b) endows 

the HBCs with stronger self-assembly ability. When a second hydrogen-bond exerting 
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group is connected to the aromatic core at the �para-� position (6-3), the molecule 

displays the strongest aggregation tendency in solution. 

Nevertheless, in the bulk state, depending upon the strength of the intermolecular 

interactions and the geometry of functional groups, hydrogen bonds either cooperate with 

ð-interactions to stabilize the HBC columnar superstructures, which even result in the 

preservation of a highly ordered LC phase after annealing (6-1a, 6-2a and 6-2b), or 

compete against the ð-interactions leading to a short-range ordered supramolecular 

arrangement (6-3). 

Finally, the relatively stronger hydrogen bonds of 6-2b and 6-3 render these HBC 

derivatives as LMOGs, which has previously not been characterized for this kind of 

compounds. HBC molecules 6-2b and 6-3 assemble into stable, three-dimensional 

networks under the collaboration of hydrogen bonding and ð-interactions, which trap 

small solvent molecules to form fluorescent organogels. Although the hydrogen bonds 

incorporating HBC systems fail to decrease the intermolecular distance within molecular 

columns like the hydrogen bonds decorated triphenylene derivatives,30b the cofacial 

molecular distance of which was reduced to 3.18 Å, the hydrogen bonds significantly 

enhance the self-assembly abilities of the HBCs resulting in distinct self-healing 

abilities32a and thus endow them with excellent gelation abilities. In so doing, the 

optoelectronic properties of HBCs have been made available for the exploitation in the 

area of functional organogels.17 Owing to the intrinsic semiconducting properties of the 

stacked HBCs, such gels are also promising candidates for the application in the areas 

such as energy transfer along one-dimensional aligned chromophores,17d, 39a and enhanced 

charge transport based on organic semi-conducting layers39b with a long time 

performance.32a 
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7 Synthesis and Self-assembly of Mono-
Functionalized HBC Derivatives on 
Surfaces � Approaching Molecular 
Devices 

 

One of the major issues in electronics is the construction, measurement, and 

understanding of the current-voltage response of an electronic circuit. Traditional metal-

molecule-metal junctions comprises thin molecular films between macroscopic metal 

electrodes.1-5 As the semiconductor technology nowadays leads us making devices of 

ever smaller size, the transistors approach the size of molecules. Thereby the single-

molecule transport junctions are currently the subject of substantial experimental, 

theoretical, and technological interests.6-10 These nanoscale molecular interconnects act 

as novel chemical environments, such as switches, gates or transport elements, providing 

new molecular functions, and may help to minimize the computer circuit dimensions and 

enhance their performance. Molecular conductors can be subdivided into single-molecule 

junctions and molecular monolayer junctions.10 The molecules in the junctions can be 

divided into rigid, linear structures such as carbon nanotubes and silicon nanowires11, 12 

and soft, molecular organic materials like 1,4-benzene dithiol,1, 13 copper 

phthalocyanine,14 or 4,4�-biphenyl dithiol.12, 15 In the latter case, small (nano-ampere) 

currents are recorded between two electrodes, one of which, the measuring tip, is not 

bonded to the molecular component, and the other one is connected with the molecules 

through either strong interactions, e.g. ð � ð interactions between highly oriented 

pyrolytic graphite (HOPG) and PAH molecules,16 or anchor group, e.g. sulfur with Au 

electrode in most scanning probe measurements.10 As an important member of organic 

semiconductor materials, hexa-peri-hexabenzocoronenes (HBCs) show distinct self-

assembly propensity and outstanding charge carrier mobility. Thus, they, are selected as 

active component for such kind of measurements. Rabe, et. al. reported a prototype 

single-molecular chemical-field-effect transistor (single-molecular CFET) based on HBC
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molecules, whereas the current-voltage characteristics through HBC moiety is tuned via 

the formation of charge-transfer complex between guest molecules and the substitutents 

of HBC molecules at a solid-liquid interface.8 Rampi et. al. studied the electron transport 

across the self-assembled monolayers (SAMs) formed by HBC molecules bearing thiol 

anchor group between a metal-molecules-metal junction.6, 7  

Although HBC molecules have displayed excellent properties, there is still space to 

improve their performance in these devices by designing new derivatives carrying special 

functionalities. In the case of single-molecular CFET, the irreversible complex formation 

and the consequent switching are due to the diffusion of an electron donor in the solution 

towards the acceptor at the interface, which is a random and slow process. By the 

incorporation of a functional group which changes the dipole moment when being 

exposed to irradiation, transistor switching processes will be accelerated and better 

controlled. A suitable candidate is azobenzene, which can be switched optically from a 

trans- to cis-conformation17, 18 with a dipole moment change from 0 D (in trans-

conformation) to 3 D (in cis-form).19-26 Two azobenzene substituted HBC derivatives 

were synthesized and their light induced trans / cis transformation was studied in solution 

by UV/Vis absorption and NMR spectroscopic techniques. The molecular monolayers 

were characterized by scanning tunneling microscopy (STM) at a liquid-solid interface. 

In the aforementioned investigations of current metal-molecules-metal junctions, 

which are based on the SAMs formed by HBCs,6, 7 the tether between anchor group and 

the rigid aromatic core is undecyl 1,2-dithiolane-3-pentanoate. The linker group contains 

17 carbon atoms. The long, soft, insulating spacer hinders the conductivity of the 

monolayers. For a desired metal-molecules-metal junction, an upright orientation of the 

molecular plane with respect to the metal electrode surface is required.7 Following this 

concept, two HBC molecules containing sulfur anchor groups were designed. The anchor 

groups are connected to the HBC moiety by either a short stiff ethynylbenzyl tether or a 

short flexible propyl spacer. Both compounds were deposited on the Au (111) electrodes 

and the formed SAMs were investigated by STM and Reflection Absorption Infrared 

Spectroscopy (RAIR). 
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7.1 Azobenzene substituted HBCs 

 

7.1.1 Synthesis  

  

Figure 7-1. Synthesis of compound 7-1 and 7-2; i) trimethylsilyl acetylene, Pd(PPh3)4, CuI, Et3N / 

THF (1/1), 80 °C, 15 h, 76%; ii) Bu4NF, THF, r.t., 20 min, 97%; iii) 4�-iodo-4-dimethylamino 

azobenzene, Pd(PPh3)4, CuI, Et3N / THF (1/1), 50 °C, 16 h, 46%; iv) Zn, DMA, 80 °C, 16 h; v) 

Pd(dppf)Cl2, THF, 50 °C, 18 h, 91%; vi) FeCl3, CH3NO2, DCM, r.t., 20 min, 88%; vii) LiAlH4, THF, 

r.t., 12 h, 92%; viii) 4-dimethylaminoazobenzene-4�-carboxylic acid, EDC, DMAP, Et3N, THF, r.t., 3 

d, 41%. 
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The 4-N,N-dimethylamino azobenzene group was connected to the HBC core by 

either a rigid ethynyl bridge (7-1) or a soft alkyl ester linker (7-2). The synthetic route is 

depicted in Figure 7-1. Compound 7-6 was synthesized via a palladium catalyzed 

Hagihara-Sonogashira coupling between the mono-bromo HBC (4-2) and trimethylsily 

acetylene (in 76% yield) followed by the treatment with tetra-n-butyl ammonium fluoride 

in THF to remove the silyl protection group (in 97% yield).27 Compound 7-6 was then 

reacted with 4-iodo-4�-dimethylamino azobenzene via Hagihara-Sonogashira coupling 

reaction affording compound 7-1 in 46% yield. To prepare compound 7-2, a methyl 

valerate was first attached to the mono-bromo HPB (7-7)28 via a Negishi coupling 

reaction29 giving 7-8 in 91% yield. After an intramolecular Scholl reaction, the methyl 

valerate substituted HBC (7-9) was obtained as yellow powder in a yield of 88%. The 

ester group in 7-9 was then quantitatively reduced to a hydroxyl group with LiAlH4 in 

THF. An EDC ester coupling reaction between the 5-hydroxyl pentyl HBC (7-10) and 4�-

dimethylamino azobenzene-4�-carboxylic acid led to the final compound 7-2 in 41% 

yield. All these compounds were characterized with mass spectrometry, 1H- and 13C-

NMR spectroscopy. The MALDI-TOF spectra of the two destination compounds (7-1 

and 7-2) show exact molecular mass peak and perfect coincident isotope distribution 

pattern with calculated one (Figure 7-2). 

 

Figure 7-2. MALDI-TOF mass spectra of A) 7-1 and B) 7-2, measured with TCNQ as matrix and 

isotope distribution patterns (insets); red: calculated value. 
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7.1.2 trans- / cis- Photoisomerization of 7-1 and 7-2 in solution 

Generally, the isomerization of azobenzene derivatives can be induced by light in 

both directions or by heat from cis to trans conformation. In the UV/Vis absorption 

spectrum of the trans-isomer, a weak, low-energy band is identified, which is well 

separated from the intense, higher-energy bands.18 The less intensive low energy band is 

attributed to the transition from a non-bonding orbital to the anti-bonding orbital (n  

ð*), which is forbidden under the C2h symmetry of trans-form azobenzene.30-32 In the 

spectrum of cis-azobenzene, the n  ð* transition is allowed under a symmetry of C2v. 

The intensity of the n  ð* band is consequently much higher than that of trans-

azobenzene. And the variation of this band is widely used to track the trans / cis 

isomerization. The ð  ð* band in trans-azobenzene shows an intense absorption peak 

and is situated in the higher energy region.31 Therefore, the trans to cis isomerization 

normally manifests itself as diminishing the ð  ð* band in the shorter wavelength 

region and increasing the n  ð* band intensity in the longer wavelength region. Figure 

7-3 shows the photoisomerization of 7-1 and 7-2, which differs from each other by the 

rigidity of the linker group leading to different molecular packing on surfaces (see STM 

studies). The isomerization test between trans- to cis-conformation in solution was 

performed by the irradiating the corresponding solution with UV light and tracked by 

UV/Vis absorption spectroscopy. 

 
Figure 7-3. Photo-induced trans / cis isomerization of 1 and 2.  
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Figure 7-4. A) Pictures of 7-1 and 7-2 solutions; a � g, 7-1 in DCM solution (initial state (a), irradiated 

for 90 min (b), 180 min (c), heated at 40 °C for 20 s (d), 10 min (e); reflux at 60 °C for 10 s (f), 30 s 

(g)); h � o, 7-2 in chloroform solution (initial state (h), irradiated for 30 min (i), 70 min (j), 120 min 

(k), 150 min (l) 180 min (m) reflux at 80 °C for 20 s (n), 15 min (o); B) UV light (366 nm) irradiation 

time dependent UV/Vis absorption spectra of 7-1 (left, measured in 1.02 × 10
-5

 M DCM solution) and 

7-2 (right, measured in 3.20 × 10
-5

 M chloroform solution), arrow directs the increasement of 

irradiation time. 

When illuminating the solutions with UV light (366 nm), the trans-isomers of 7-1 

and 7-2 gradually convert to the cis-isomers accompanied by a color change from yellow 

to purple. The trans-isomers can be fully recovered by simply heating afterwards (Figure 

7-4A). Prolonging the UV irradiation time, the UV/Vis absorption spectra of both 7-1 and 

7-2 show nearly unchanged absorption bands from the HBC moieties around 366 nm and 

a gradual decrease of the ð  ð* transition band (around 450 nm, from trans-isomer) 

with an increase of the n  ð* transition band (around 550 nm, from cis-isomer, Figure 

7-4B). Thermal isomerization from the photogenerated cis- to trans-conformer was 
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realized by heating within seconds.17 The isosbestic points (slightly below 500 nm) 

indicate a clean switching between these two states under these conditions.  

Similar studies were also carried out in 1,2,4-trichlorobenzene solutions for these 

two compounds. Instead of using 366 nm UV light, these solutions were illuminated by a 

light with a 450 nm wavelength, which corresponds to the ð � ð* transition of the trans-

isomer. The same experimental results were obtained, where the trans-band diminishes 

with an increase of the cis-band around 552 nm with irradiation time and the trans-isomer 

can be recovered by heating (Figure 7-5). The light-induced isomerization at different 

incident light (366 nm and 450 nm) indicates a strong electronic coupling between the 

HBC and azobenzene moieties since the excitation of the former, which fluoresces above 

450 nm,33 switches the latter. 

 

Figure 7-5. Optical absorption spectra of A) 7-1 in 1.0 × 10
-5

 M 1,2,4-trichlorobenzene solution and B) 

7-2 in 3.2 × 10
-5

 M 1,2,4-trichlorobenzene solution; irradiated at 450 nm. 

1H-NMR spectroscopy reveals the chemically different environment of protons. The 

change of molecular conformation, which causes a chemical environmental difference for 

a specific hydrogen atom, and consequently manifests itself as a variation of chemical 

shift. The conformation change of these compounds was studied with 1H-NMR 

techniques. Figure 7-6 shows the change of the 1H-NMR spectra of compound 7-1 in 

THF-d8 solution upon the irradiation with the 366 nm UV light. It is obvious that the 

intensity of the doublet peak at 6.88 ppm decreases accompanied by the appearance of 

four new doublets with increasing intensity at 8.61, 7.86, 7.09 and 6.69 ppm (Figure 7-
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7B). Additionally, another new peak at 3.03 ppm appears, which originates from a 

splitting of the dimethyl amino group (Figure 7-6).  

 

Figure 7-6. 
1
H-NMR spectra of 7-1 (measured in THF-d8 at r.t., 250 MHz) with an irradiation of UV 

light (366 nm) up to 4 h and subsequent heating (reflex 20s). 
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Figure 7-7. A) schematic represents of the shielding and de-shielding effect from aromatic ð electron 

ring in cis-conformation of 7-1; B) Enlarged aromatic region (5 to 10 ppm) of the 
1
H-NMR spectra of 

7-1.  

The appearance of new peaks at 8.61, 7.86, 7.09 and 6.69 ppm (Figure 7-7B) 

indicates a non-planar molecular geometry and can be elucidated by the influence of the 

adjacent anisotropy magnetic cone created by the HBC ð electrons on these specific 

protons (Figure 7-7A). When the molecule is in a trans-conformation, the chemical 

environment of Hb and Hg is identical giving rise to a doublet signal at 6.88 ppm. Upon 
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one, in which the outer benzene ring bends out of the molecular plane and the chemical 

environment of Hb differs from the one of Hg due to the rigid ethynyl liker between HBC 

and azobenzene moieties. In this conformation, Hb is on top of the ð electron ring of the 

aromatic core and Hg extends out of the ð electron ring. In the external magenetic field 

Bex, the ð electron ring generates a weak local magnetic field B0, the direction of which is 

opposite to the external one (Bex) inside the ð electron ring and parallel to that of Bex 

outside the ð electron ring. Hb is thus situated in a weaker magnetic field (Bex-B0) and Hg 

is in a stronger magnetic field (Bex+B0). Consequently, the signal of Hb is up-shifted to 

6.69 ppm while Hg is down-shifted to 7.09 ppm (Figure7-7B). In a similar senario, the 

chemical environmentally identical Ha and Hf (in trans-conformaiton) differentiates from 

each other in the cis-conformer giving rise to two new signals at 7.86 and 8.61 ppm. 

Similarly, the resonance signal of He and Hh at 3.14 ppm (in trans-conformation) are 

also split into two signals at 3.03 and 3.14 ppm in cis-conformation (Figure 7-6). (Notice, 

the broad peak, which overlaps the signal of He, originates from the á-protons of the 

alkyl substituents.) 

The same experiments were also carried out for the compound 7-2, the azobenzene 

moiety of which is linked to HBC core via a relatively long soft alkyl chain. Unlike 7-1, 

no obvious change was observed in the 1H-NMR spectra of 7-2, which implies that the 

chemical environments of these protons on the azobenzene group in 7-2 are not 

apparently affected by the molecular conformation change. This can be elucidated by the 

different freedom of azobenzene moieties in these two kinds of compounds. In the case of 

7-1, the bridge between azobenzene and HBC core is rigid and short. The chemical 

environments of these protons attached to the azobenzene group are, to a large extent, 

influenced by the ð-electron rings on the HBC aromatic core, which results in the obvious 

degenerations of the protons on the azobenzene part during the molecular trans / cis 

isomerization. Since the linker in 7-2 is relatively long and flexible, the azobenzene group 

has a much higher freedom and the chemical environment change of the protons is not as 

apparent as these in 7-1 showing nearly identical 1H-NMR spectra for both trans- and cis-

isomers. 
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These results imply that the 7-1 possesses a rigid non-planar molecular geometry in 

the cis-conformation and the azobenzene group in 7-2 suspends around the HBC aromatic 

core like other alkyl substituents. It turns out that the non-planarity in the cis-isomer of 7-

1 obstructs the surface adsorption process in the later STM investigation and hinders its 

future application in the single-molecular CFET devices. 

7.1.3 STM studies at solid-liquid interfaces 

The STM experiments were performed by Min Ai and Nikolai Severin from Prof. 

Dr. Rabe�s group at Humboldt University, Berlin. The packing behaviors of both 7-1 and 

7-2 were studied by STM at the interface between an organic solution and the basal plane 

of HOPG under ambient conditions.34, 35 Both compounds align flatly on the HOPG 

surface in a so-called �face-on� mode.  

Figure 7-8 displays the in situ STM images of the trans-isomers of 7-1 (measured 

between a solution of 1,2,4-trichlorobenzene and the basal plane of HOPG) showing a 

double row pattern with grain boundaries, which reflects the three-fold symmetry of the 

substrate (Figure 7-8A). The high resolution image reveals a nanophase corresponding to 

the azobenzene moieties with their rigid linker between the flat lying HBC cores (Figure 

7-8B). However, no cis-isomer was visualized at the interface after irradiating the 

solution with 450 nm light for more than hour (the formation of cis-isomer in this 

condition has been proved by UV/Vis absorption spectroscopic studies, SECTION 7.1.2). 

The dimerized structure has been observed for small azobenzene derivatives both 

on Cu (110)36 and Au (111)37, 38 surfaces by STM under ultra-high vacuum (UHV). The 

formation of such a dimer supramolecular organization in 7-1 can be attributed to the 

intermolecular Ph-H∙∙∙N hydrogen bonds, which is the same as the situation of other 

azobenzene derivatives.36-39 Due to the non-planarity of the cis-isomer, the cis-

azobenzene derivatives are seldom detected by STM. Thereby, they were only observed 

on Au (111)37, 39 but not on Cu (110)36 surfaces. In the UHV-STM images of cis-isomers, 

few cis-isomeric azobenzene molecules are surrounded by a large amount trans-isomers 

in a well-ordered array showing bright protrusions, which represents the upward pointing 

phenyl ring.37 As concluded from 1H-NMR studies, the cis-isomer of 7-1 also has a non-
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planar molecular geometry, which subsequently explains the failure of observing cis-

isomer of 7-1 at solid-liquid interfaces.  

 

Figure 7-8. STM images of monolayer formed by 7-1 at the interface between an organic solution in 

1,2,4-trichlorobenzene and the basal plane of HOPG; A) characteristic double row pattern with grain 

boundaries; B) in larger scale. 

The in situ STM images of the monolayer formed by 7-2 are shown in Figure 7-9 

(measured between a solution of octylbenzene and the basal plane of HOPG). In contrast 

to compound 7-1, which forms a dimer superstructure, the molecule of 7-2 self-assembles 

into a less ordered pattern. Since the azobenzene moiety is connected with HBC core via 

a soft alkyl spacer, it possesses much higher mobility in contrast to the one in 7-1. 

Therefore, the HBC cores are able to pack together in a denser fashion, like other hexa-

alkylated HBC,40, 41 with the azobenzene moieties being dissolved in the liquid phase and 

suspending around in the liquid phase as presumed in SECTION 7.1.2. The compact 

ordered molecular islands in the middle area prove that the azobenzene substituents are 

bent up into the supernatant solution (Figure 7-9B). 

It is expected that the azobenzene group can freely undergo trans/cis isomerization 

in the liquid phase without disturbance of the packing of HBC moieties at the interface. 

The change of the dipole moment in azobenzene part induced by the trans/cis 

isomerization might consequently adjust the scanning tunnelling current in STS 

investigation and guarantees 7-2 as a good candidate in the single-molecular CFET 

application. The further investigation in this field is currently undergoing. 

A B 
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Figure 7-9. STM images of a monolayer formed by 7-2 at the interface between an octylbenzene 

solution and the basal plane of HOPG; A) in big length scale; B) enlarged area. 

 

7.2 Mono-sulfur substituted HBCs and their self-assembly on 

Au (111) surface 

7.2.1 Synthesis 

Mono-sulfur substituted HBC derivatives were made by linking a thiol acetyl group 

to the HBC core by either a short rigid ethynyl-benzyl bridge (7-3) or a short flexible 

propyl chain (7-4). The synthetic route is depicted in Figure 7-10. 7-3 was prepared via a 

Hagihara-Sonogashira coupling reaction between the mono-ethynyl HBC (7-6) and 4-

iodo-benzyl thiolacetate (7-11)42 in a yield of 41%. To synthesize 7-4, HBC substituted 

by a mono-ethyl propionate (7-12) was first prepared via a palladium-catalyzed Negishi 

coupling reaction between the mono-bromo HBC (4-2) and a freshly prepared Zink 

reagent29 in 42% yield. The ester group was subsequently reduced to a hydroxyl group by 

LiAlH4 in THF affording a mono-hydroxyl HBC (7-13, 97% yield). The hydroxyl group 

in the resulting 7-13 was then converted into a mesylate group with methanesulfonyl 

chloride followed by a nucleophilic substitution with potassium thioacetate leading to 7-4 

in 56% yield. The structure of these compounds was fully characterized by mass 

spectrometry, 1H- and 13C-NMR spectroscopy. 

4 nm 10 nm 

A B 
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Figure 7-10. Synthesis of compound 7-3 and 7-4; i) Pd(PPh3)4, CuI, Et3N / THF (1/1), 80 °C, 15 h, 

41%; ii) Zn, DMA, 80 °C, 16 h; iii) Pd(dppf)Cl2, THF, 50 °C, 2 d, 42%; iv) LiAlH4, THF, r.t., 12 h, 

98%; v) methanesulfonyl chloride, potassium thioacetate, DMF / THF (1:1), 45 °C, 6 d, 56%. 

Since the sulfur-carbon bond is weak, the molecule is easily fragmentized by the 

intensive laser beam during the desorption process of the mass spectrometric 

measurements. Figure 7-11 demonstrates the change of the MALDI-TOF mass spectra 

upon different incident laser beam power. With higher laser beam power, lots of 

molecular fragments were detected. The relative intensity of these peaks decreases with 

the incident laser beam power, which implies that these peaks arise rather from 

fragmentation than impurities. Additionally, these peaks can be assigned to specific 

fragments based on the rupture of the S-C bond. For instance, the m/z peak at 1369 g/mol 

represents the cleavage of acetyl group; the peak at 1352 g/mol might be a result of the 

cleavage of thiolacetate group followed by an addition of one methyl group; a fragment, 
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which has lost a thiolacetate, gives rise to a peak at 1337 g/mol; the one located at 1323 

g/mol may be due to the cleavage of the phenyl-methylene bond. 

 

Figure 7-11. MALDI-TOF Mass spectra of 7-3 under different incident laser beam power; inset: 

isotope distribution (black: measured and red: calculated). 

The structure of 7-3 and 7-4 was unambiguously proven by the 1H-NMR 

spectroscopy. In the spectrum of 7-3 (Figure 7-12A), six signals of aromatic protons on 

the HBC core are well resolved in the range from 8.64 to 8.35 ppm. The signal of the 

proton next to the ethynyl group (He) is downfield-shifted to 8.64 ppm in contrast to the 

rest due to the enhanced shielding effect of the ethynyl neighbor. The two phenyl protons 

on the benzyl group (Hc and Hd) give rise to two doublets at 7.56 and 7.85 ppm, 

respectively. The singlet at 4.31 ppm is assigned to the methylene proton (Hb). The three 

acetyl group signals are downfield-shifted to 2.44 ppm in comparison to the remaining 

methyl protons in the alkyl substituents. The ten á-protons of the alkyl chains lead to a 

broad peak at 3.06 ppm. In the case of 7-4 (Figure 7-12B), the 12 aromatic proton signals 

merge to three singlets around 8.20 ppm and the signals of the two alkyl á-protons (Hd) 

in the propyl thiolacetate chain are separated from the those in the alkyl substituents (Hf) 
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giving a triplet at 3.14 ppm. The methyl proton signal of the acetyl group in 7-4 (He) 

appears as a single peak at 2.44 ppm at the same position as these in 7-3. 

 

Figure 7-12. 1H-NMR spectra of A) 7-3 (250 MHz, THF-d8, r.t.) and B) 7-4 (250 MHz, CD2Cl2, r.t.). 
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7.2.2 STM studies of the self-assembled monolayer on Au (111) electrode 

The studies of the self-assembled monolayers (SAMs) on Au (111) electrodes 

formed by 7-3 and 7-4 were performed by Asif Bashir from Prof. Dr. Wöll�s group at 

Rhur-Universität, Bochum. The SAMs of 7-3 and 7-4 on Au (111) surfaces were 

prepared by immersing the Au (111) substrates into an ethanol solution (0.1 µM) of either 

7-3 or 7-4 for 18 � 24 h followed by rinsing with acetone, ethanol and drying under N2 

stream. The STM measurements were conducted either in ambient condition or in 

vacuum. 

7.2.2.1 Monolayer formed by 7-3 

 

Figure 7-13. Constant-current STM images of the SAMs on Au(111) formed by 7-3 (SAMs prepared 

at 273 K, measured in ambient); a) large scale image showing the presence of characteristic close step 

edges of the substrate; b) small scale image with the coexistent phases labeled as A and B; tunneling 

parameters: Ut=500 mV, It= 100 pA. 

Figure 7-13 shows the STM images of a large area of a SAM on Au (111) surface 

formed by 7-3. Interestingly, the depressions or etch pits, which have been reported in the 

studies of the SAMs on Au (111) surfaces formed by alkynethiol or aromatic thiols 

(biphenyl, terphenyl) compounds,43-46 were not found. This is probably due to the lower 

surface strain on the gold surface after the adsorption of the bulky discotic molecules. In 

analogy to the bulk state, 7-3 forms long range well-ordered columnar structures with 

equidistance. Two kinds of relatively small domains with lateral dimensions of 50 � 100 

nm are observed, which are respectively marked as phase A and B in Figure 7-13b.The 
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adlayer is stable for a repeated scanning (on the same sample area) over 1 � 2 hours 

without any morphological changes. Phase A reveals a similar packing as in the one of 7-

4 (see SECTION 7.2.2.2). In phase B, the molecules are self-assembled into a denser 

pattern with a unit cell size half of the one in phase A (see below). 

 

Figure 7-14. Constant-current STM data of the SAMs on Au (111) (phase A) formed by 7-3 (SAMs 

prepared at 273 K, measured in ambient); a) single domain of phase A with domain boundary being 

indicated by a white arrow; b) cross-sectional height profiles along lines A and B (labeled in (a)), 

revealing corrugation periodicity; c) high-resolution STM micrograph with a substructure labeled by 

green arrows and circles; d) cross-sectional height profiles along line C (marked in (c)); e) schematic 

sketch of the substructure found in the lamella shown in (d); tunneling parameters: Ut=500 mV, It= 

100 pA. 

The STM micrograph presented in Figure 7-14a demonstrates the equidistant 

columnar structure in phase A. The boundary of the domain is indicated with a white 

arrow. Figure 7-14b shows the cross-sectional height profiles along the intra-and inter-

columnar direction (labeled as lines A and line B in Figure 7-14a). Line A and B define 

the rectangular unit cell with a length of 5.0 ± 0.5 Å and 59.5 ± 0.5 Å respectively. By 

scanning between the two adjacent columns (along line C, labeled in Figure 7-14c), it is 
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determined that the molecules are oriented parallel to the < 211 > azimuth and 

perpendicular to the close packed <1 10 > direction of the underlying gold substrate. A 

close inspection of the STM data further reveals the presence of well defined 

substructures (marked with green circles and arrows in Figure 7-14c) between the 

regularly spaced rows. The distance of these substructures is calculated to be 11 Å from 

the corresponding height profile graph (Figure 7-14d), which is correlated to the alkyl 

substituent in good agreement with a theoretical value for a 3,7-dimethyloctyl substituent 

(9.6 Å, Figure 7-14e).47  

 

Figure 7-15. Constant-current STM images obtained from the SAMs on Au (111) (phase A) formed 

by 7-3 (SAMs prepared at 273 K, measured in UHV); a) in large scale, black arrows indicate the 

characteristic herringbone reconstruction direction; b) in small scale with schematic molecular 

structure; tunneling parameters: Ut=500 mV, It= 100 pA. 

In order to achieve the detailed structure information about the SAMs, another 

SAMs of 7-3 were scanned in ultra-high vacuum (UHV). The large scale constant-current 

STM image (Figure 7-15a) displays the formation of well-ordered long range columnar 

alignment on the Au (111) substrate driven by ð � ð interactions. The stiff discotic HBC 

molecules and even the sulfur groups are individually recognized in the high-resolution 

STM image (as indicated with schematic structure in 7-15b). It is clear that two HBC 

columns pair together with sulfur groups next to each other in a so-called �edge-on� 

fashion. As indicated by the black arrow in Figure 7-15a, the long distance columnar 

b) 
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pattern reflects the well-known herringbone arrangement of the gold substrate. The 

periodicities along inter- and intra-columnar directions amount 5.0 ± 0.5 Å and 59.5 ± 0.5 

Å in congruence with the values measured in ambient condition. It is also worth to notice 

that the intermolecular distance along a single column (5.0 ± 0.5 Å) is slightly larger than 

a typical cofacial ð �ð stacking value (3.6 Å), 48 which implies a tilted packing mode with 

respect to the normal direction of the gold substrate (see SECTION 7.2.2.2). A two-

dimensional rectangular unit cell (a = 60 Å, b = 1 Å) is subsequently derived with respect 

to the unit cell of Au (111) substrate containing two HBC molecules per unit cell (Figure 

7-16).  

 

Figure 7-16. Top view of the structural model for phase A in the SAMs on Au (111) formed by 7-3; 

the unit cell is marked by a large rectangle; the unit cell of Au (111) is marked by a small oblique. 

The SAMs formed by 7-3 in phase B are packed in a similar fashion as the one in 

phase A showing an equidistant columnar structure (Figure 7-17a). However, the distance 

between these paired columnar structures (28.0 ± 0.2 Å) was found to be almost half of 

the one in phase A implying denser packing. This indicates stronger overlapping between 

the adjacent HBC molecules and a more upright oriented molecular configuration (Figure 

7-17b). Interestingly, the cross-sectional height profile (Figure 7-17c) along line A 

(labeled in Figure 7-17b) reveals a substructure with an interval of 5.0 ± 0.2 Å, which 

further proves the existence of overlap between the adjacent molecules. 



7 � MOLECULAR DEVICES 

 196 

 

Figure 7-17. Constant-current STM images of the SAMs on Au (111) (phase B) formed by 7-3 (SAMs 

prepared at 273 K, measured in ambient; a) a single domain of phase B; b) the densely packed 

equidistant columnar structure; c) the cross-sectional height profiles along line A (labeled in (b)) 

revealing a corrugation periodicity of 28 ± 0.2 Å; tunneling parameters: Ut=500 mV, It= 100 pA.  

The periodicities along the inter-columnar direction and intra-columnar direction in 

phase B account 28.0 ± 0.2 Å and 5.0 ± 0.2 Å, which spans a rectangular unit cell as a = 

28 Å, b = 1 Å containing two HBC molecules per unit cell (Figure 7-18). (Discussion see 

the end of Section 7.2.2.2) 

 

Figure 7-18. Top view of the structural model for phase B in the SAMs on Au (111) formed by 7-3; 

the unit cell is marked by a large rectangle; the unit cell of Au (111) is marked by a small oblique. 
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7.2.2.2 Monolayer formed by 7-4 

Different from the SAMs formed by 7-3, the adlayer formed by 7-4 shows a 

homogeneous long range columnar orientation with a height of 2.4 Å (Figure 7-19). 

Remarkably, the size of the domain, which corresponds to a lateral dimension of 150 � 

200 nm shown in Figure 7-19a, extends over the whole gold terrace without being 

affected by the step edges on the substrate (Figure 7-19a). The homogeneity of the SAMs 

over the whole substrate probably benefits from the soft propyl tether, which gives the 

molecule higher flexibility to construct such a large monolayer. A close inspection of 

these STM data further discloses that the domains of 7-4 SAMs are rotated by 120° 

relative to each other reflecting the symmetry of the underneath gold substrate. The 

adlayer formed by 7-4 is also as robust as the one formed by 7-3 with no apparent 

morphological changes during a 1 � 2 hours repeated scanning on the same sample area. 

The high-resolution STM image clearly depicts that the HBC columnar structure is 

oriented parallel to the < 211 > azimuth and perpendicular to the <1 10 > direction of the 

gold substrate like the SAMs formed by 7-3 (Figure 7-19b). The periodicity within a 

single column was determined to be 5.0 ± 0.5 Å and the distance between two adjacent 

columns amounts 59.5 ± 0.5 Å (line I,II,III and line A marked in Figure 7-19b). The 

height profiles along single columns (line I,II,III) also reveal a slight mismatch between 

two consecutive columnar rows (Figure 7-19d), which consequently constitute a 

substructure in the height profiles of the �inter-columnar� scanning (along line A, Figure 

7-19c). This indicates that there exist not only the intra-columnar molecular interactions 

but also inter-columnar correlations between the molecules in neighboring columns. 

Based on the STM data, a rectangular unit cell of the SAMs, containing two HBC 

molecules per unit cell, was deduced with respect to the unit cell of Au (111) substrate: a 

= 60 Å, b = 1 Å. A proposed structural model is schematized with a unit cell of 59.5 Å × 

5.0 Å in Figure 7-19e. 
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Figure 7-19. STM data and structural model of the SAMs on Au(111) formed by 7-4, measured in 

ambient; a) large scale STM micrograph, inset: structural formula of 7-4; b) high resolution STM 

image with line scans (black, red, blue showing the periodicity along a single column and green 

showing the periodicity perpendicular to column direction); c,d) height profiles of line scans; e) 

schematic represent of structural model, the unit cell of SAMs is marked by the large rectangle and 

the unit cell of the substrate is marked by an oblique; tunneling parameters: Ut=500 mV, It= 100 pA. 

As mentioned above, the periodicity along a single column (5.0 ± 0.5 Å) in both 

SAMs formed by 7-3 and 7-4 is c.a. 1.4 Å larger than a typical cofacial ð � ð stacking 

distance. Reflection absorption infrared spectroscopy (RAIR) is used to characterize the 

SAMs and the molecular orientation can be evaluated according to a so-called surface 

e) 
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selection rule.49 This method compares the difference between the out-of-plane 

vibrational bands (having the transition dipole moment perpendicular to molecular axis) 

and the in-plane vibrational bands (having the transition dipole moment parallel to 

molecular axis). To measure the RAIR spectrum, a SAM of 7-4 was prepared on a 

polycrystalline gold substrate. The low and high frequency regions of the RAIR spectra 

of the SAM are shown in Figure 7-20A with a spectrum obtained in the bulk state 

(measured with KBr pellet). The lower frequency region shows complicated vibrational 

absorptions, which are related to the complex vibration modes of the aromatic core. 

Moreover, a new band at 734 cm-1 appeares in the RAIR spectra representing an out-of-

plan vibration of the aromatic hydrocarbons.49 This can be used to derive the qualitative 

information about the aromatic molecular orientation. For a perpendicularly oriented 

HBC molecule (with respect to the surface normal), the intensity of the out-of-plane 

vibration absorption is zero since the corresponding transition dipole moment is oriented 

parallel to the surface.49 The presence of such a band at 734 cm-1 in Figure 7-20, therefore, 

indicates a tilted molecular orientation from the surface normal, which has been predicted 

with the results obtained from STM studies. The quantitative analysis of the molecular 

orientation by this method is difficult due to the complicated aromatic vibrations. 

 

Figure 7-20. A) RAIR spectra of 7-4 in bulk (KBr) and in SAMs on Au (111) surfaces; B) enlarged 

area around 743 cm
-1

; inset: schematic represent of molecular orientation (TDM: transition dipole 

moment). 

The strong ð � ð interactions between HBC moieties assist the self-assembly of both 

compounds into robust monolayers with long range columnar supramolecular structures. 
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The HBC molecular plane packs in an upright fashion in both cases, which fulfills the 

required molecular orientation for the SAMs-based electronic devices. The tilting of the 

molecule discs, with respect to the normal plane of the Au (111) surface, clearly 

manifests the strong ð � ð interactions between adjacent HBC molecules.48  

In the previous studies on the charge transport across a single molecule, it has been 

demonstrated that the charge transport ability depends on the details of the interaction 

between the molecule and the metallic electrodes, such as the anchoring groups50, 51 and 

the molecular orientation52-54. Silva, R. et al pointed out that the simple benzene-1,4 

dithiol (BDT) molecule has the lowest adsorption energy, which gives rise to the most 

relevant charge transport, with either a perpendicular or close to a perpendicular 

configuration relative to the Au surface.24 However, the obtained experimental 

conductance for BDT molecules coincidences with the calculated value52, 55 for these 

molecules having their phenyl rings closer to being parallel to the surface.24 The 

achievement of desired molecular upright orientation relies on a sufficiently high surface 

coverage. By the comparison of the SAMs formed by 7-3 and 7-4 with these of their 

analogous compound 7-14,56 which contains a much longer soft alkyl tether between thiol 

anchor group and HBC core (Figure 7-21), the SAMs formed by 7-3 and 7-4 possess 

much more homogeneous and highly condensed features. This will ambiguously improve 

the molecular conductance of HBC derivatives in electronic devices. 

 

Figure 7-21. Molecular structure of 7-14 (left) and the STM image of its SAMs (right). 

115 × 115 nm² 
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7.3 Summary  

In order to extend the application of discotic HBC derivatives in electronic devices 

at a molecular level, different functional groups were introduced to the HBC core. It has 

been demonstrated that the molecular orientation on a surface can easily be controlled in 

a �face-on� or �edge-on� mode by incorporating different functional groups. The 

influence of the tether groups on the supramolecular organization was investigated at a 

molecular level by STM techniques.  

In the case of azobenzene substituted HBCs, a short rigid linker group results in a 

well-ordered dimer-like supramolecular structure. In contrast, the rigidity of the molecule, 

which is caused by a stiff bridge, limits the non-planar cis-azobenzene isomer to adsorb 

onto the HOPG surfaces. Through a soft alkyl tether, the azobenzene moiety is liberated 

from the adlayer and the HBC cores pack densely at the liquid-solid interface in a �face-

on� fashion. It is expected that the free azobenzene moiety can undergo trans / cis 

isomerization in the liquid phase, and the change of the dipole moment (caused by the 

azobenzene trans /cis conversion) can subsequently adjust the tunneling current in the 

future scanning tunneling spectroscopic (STS) experiments. As a consequence, the 

reversible azobenzene trans/cis isomerization overcomes the irreversible drawback of 

anthraquinone-based single molecular CFET8 and further improves the performance of 

HBC derivatives in monomolecular electronics.  

The incorporation of specific anchor groups leads to the formation of HBC SAMs 

in an �edge-on� mode with an increased molecular-surface interaction. Both compounds 

containing sulfur anchors form stable monolayers on Au (111) surfaces in a large area. 

The molecular packing density is tuned by the rigidity of the bridge groups. The SAMs of 

the molecule with short soft alkyl linker homogeneously grow over the whole substrate, 

though, in a relatively loose molecular packing mode. The short rigid linker promotes the 

formation of a more condensed monolayer, however, with loosing homogeneity. More 

importantly, both kinds of HBC molecules orient in an upright conformation showing 

condensed molecular superstructure in contrast to the one bearing long flexible alkyl 

tether 7-14.24 This guarantees them having higher mechanical stability and better 

electrical conductivity in a metal-SAMs-metal junction.6, 7  
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8 Summary and Outlook 

 

Discotic hexa-peri-hexabenzocoronene (HBC) derivatives have attracted intensive 

scientific interest due to their unique optoelectronic properties,1 which depends, to a large 

extend, upon the attached functional groups. The presented work covers the synthesis of 

novel HBC building blocks and new HBC derivatives as functional materials.  

I. Synthesis of HBC building blocks: 

The preparation of HBC derivatives requires elaborate synthetic techniques and 

tremendous effort. Especially, more than 10 synthetic steps are usually necessary to 

approach HBCs with lower symmetries. In order to simplify the synthetic work and 

reduce the high costs, a novel synthetic strategy involving only four steps was developed 

based on 2,3,5,6-tetraphenyl-1,4-diiodobenzene 2-14 intermediates and palladium 

catalyzed Suzuki cross coupling reactions (Figure 8-1). This method has shown 

superiority in the preparation of hexaphenyl benzenes (HPBs) 2-16, the precursors of 

HBCs, with different symmetries. Additionally, the so-far longest graphene nanoribbons 

(with a length up to 12 nm) were prepared by using a similar synthetic strategy in 

corporation with Dr. X. Yang.2  

On another aspect, the synthesis of versatile HBC building blocks with different 

symmetries, e.g. D6h-, D3h- and D2h-symmetries, has been well developed in the past 

decades. However, the only known HBC building blocks with C2v-symmetry are mono-

halide substituted HBCs (monobromo and monoiodo HBCs) before. In order to introduce 

various functionalities and expand the diversity of multi-functionalizations, a novel C2v-

symmetric dihalo HBC building block 2-47, which contains one iodine and one bromine 

in para positions, was prepared following the traditional intermolecular [4+2] Diels-

Alder reaction route (Figure 8-1). The outstanding chemical selectivity between iodo and 

bromo groups in this compound consequently leads to lots of HBC derivatives bearing 

different functionalities. 
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Figure 8-1. Lately developed synthetic strategy towards versatile HPBs, para-dibromo and D1 

asymmetric para-iodo bromo HBC building blocks.  

II. From the introduction of different functionalities to novel functional materials: 

In all-benzoid PAH chemistry, the last cyclodehydrogenation step (intramolecular 

Scholl reaction) from oligophenylene to PAH results in planarized structures. However, 

the intramolecular Scholl reaction is limited by the electronic properties of the appended 

heteroatoms, which would improve the material properties. In the past, different 

mechanisms of this reaction have been postulated, however, without sufficient 

experimental support. With the aforementioned powerful method, different heteroatoms 

can easily be attached to the HPB periphery, which provide experimental support of the 

later mechanistic studies. For example, a phenyl group rearrangement was observed when 

para-dimethoxy HPB 2-33 was subjected to an intramolecular cyclodehydrogenation 

affording a meta-dimethoxy HBC 2-40 (Figure 8-2). Thereby, several interesting 

mechanistic details were discussed involving arenium cation intermediates.  

For the better utilization of a material, it is important to understand the molecular 

dynamics in different phases. The two oxygen groups introduced directly to the aromatic 

core, albeit with a �meta� instead of the expected �para� relationship, bring this HBC 

molecule a weak dipole moment and a phase transition from crystalline to liquid 

crystalline phase. The weak dipole moment could consequently serve as a probe in 

dielectric spectroscopy measurements, which traces the molecular relaxation process 
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under inducing electronic pulses revealing molecular dynamics. With another three more 

dipole-functionalized HBCs 4-1, 4-2 and 4-3, the self-assembly behavior and dynamics in 

different phases were systematically investigated using DSC, 2D WAXD, site-specific 

NMR and dielectric spectroscopic (DS) techniques. It was concluded that the dipole 

moment can effectively stabilize the mesophase and the correlation between molecular 

dipoles manifests itself as a new á-type relaxation process, called á�-relaxation, in DS 

spectra. 

 

Figure 8- 2. An unexpected phenyl group migration during intramolecular Scholl reaction and 

dipole-functionalized HBCs. 

High charge carrier mobility is an important parameter for a semiconductive 

material and depends on the degree of intramolecular order of the discotic molecules in 

thin films for HBC derivatives. A large amount of effort has, thus, been devoted to obtain 

well-ordered films by thermal or solution-based processes. From the molecular 

interaction point of view, different non-covalent interactions were considered to 

strengthen the intracolumnar order. Dipole-dipole interactions and hydrogen bonds were, 

therefore, utilized to stabilize the columnar supramolecular organization. Starting from 

the para-iodo bromo HBC 2-47, one cyano and one amino group were consequently 

connected to the HBC aromatic core resulting in compounds (5-1 and 5-2) with large 

dipole moments (up to 8.64 D) (Figure 8-3). Besides a stabilized mesophase in a wide 
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temperature-range, the strong dipole moment prompts HBC molecules to self-assemble 

into either H- or J-aggregates (depending on the solvents) in solutions and gives rise to 

different morphologies on surfaces. Additionally it shows obvious intramolecular charge 

transfer phenomena, which broadens the application of such materials in non-linear optics.  

Directly attached hydrogen bonds were also brought into play to improve the 

intramolecular order (Figure 8-3). These HBC derivatives (6-1, 6-2 and 6-3) are 

functionalized with either amido or ureido groups. They form stable aggregates in 

solution and reveal a unique phase behavior in the bulk state. Whereas, depending upon 

the strength of the intermolecular interactions and the geometry of functional groups, the 

hydrogen bonds either cooperate with ð � ð interactions to stabilize the HBC columnar 

superstructures or compete against the ð � ð interactions resulting in a short-range 

ordered supramolecular arrangement. In addition, strong hydrogen bonding interactions 

also render these molecules new properties as low molecular-mass organic gelators 

(LMOGs). 

 

Figure 8-3. Molecular structures of dipole and hydrogen bonds functionalized HBC derivatives and 

cartoon represents of presumed molecular stacks. 

In the field of conceivable electronic devices at a molecular level, HBCs hold high 

promise. They have been employed in single-molecular chemical field effect transistors 
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(single-molecular CFET)3 and their self-assembled monolayers (SAMs) have been used 

between two metal junctions at a molecular level.4 In order to improve their performance, 

azobenzene functionalities and thiol acetate anchor groups were connected to HBC cores 

through either a rigid ethynyl bridge or a soft short alkyl tether (Figure 8-4). In the case 

of azobenzene substituted HBCs (7-1 and 7-2), the trans- / cis-isomerization was realized 

by irradiation with UV lights and thermal treatment. The accompanied dipole moment 

change in the azobenzene moiety is expected to induce scanning tunneling current 

switching in single-molecular CFET devices. Depending on the length and rigidity of the 

linking group, the thiol functionalized HBCs (7-3 and 7-4) self-assembled into well-

ordered monolayers on Au (111) with different densities. The outstanding properties 

shown in both kinds of materials promise their exciting potential applications in 

molecular devices. 

 

Figure 8-4. Molecular structure of synthesized azobenzene and thiol acetate attached HBCs. 

The novel efficient synthetic strategy facilitates a bottom up apoach of graphene 

nanoribbons. However, the length and size-dispersity of these ribbons are limited by the 

solubility of corresponding precursors, oligophenylenes. In the future, the dove-shaped 2-

decyl tetradecyl alkyl substituents, which have dramatically improved the processibility 

of HBC derivatives,5 can be incorporated. In so doing, longer ribbon lengths and lower 

polydispersities can be expected.  
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Concerning the superiority of this method in the preparation of asymmetric HPBs, 

HBC 8-1 is designed, which can be synthesized via two steps Negishi cross coupling 

reactions (Figure 8-5). After hydrolysis, an A-B HBC building block 8-2 can be obtained. 

The subsequent polycondensation polymerization will afford a new polymer doped with 

HBC units, which will improve the mechanical property through the HBC cofacial ð � ð 

interactions. 

 

Figure 8-5. Synthesis of HBC doped polymer. 

The donor-HBC-acceptor molecules have shown interesting self-assembly behavior 

and intramolecular charge transfer phenomena. The more than ten-micrometer aggregates 

have reached the length requirement for FET devices. By the adjustment of solvents and 

concentrations, these aggregates can be utilized as active components in FETs. The 

intramolecular charge separation also broadens the application of HBC derivatives as new 

functional materials in non-linear optics. With para-iodo bromo HBC 2-47, series of 

donor-HBC-acceptor molecules can be designed bearing different electron donating and 

accepting groups to improve their device performances.  

The dipole-dipole interactions and hydrogen bonds have effectively influenced the 

molecular stacking. One can consider to bring both non-covalent interactions together to 

achieve supramolecular organization. For instance, through the attachment of an alkyl 

chain containing hydrogen bonding groups to the HBC core at specific distance on one 

side and a strong electron acceptor on the other, these two kinds of non-covalent 

interactions are brought together and should be able to cooperatively stabilize the 

columnar superstructure, which can be regarded as a HBC �double-chain� column 

(Figure 8-6). It is important to be aware that the length of the alkyl linker between 
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hydrogen bonding groups and the HBC core must satisfy the distance of both 

corresponding hydrogen bonds and ð � ð stacking. In addition, helical columnar 

supramolecular structure can be obtained by selecting enantiomerically pure alkyl 

substituents. This would produce a series of interesting self-assembly phenomena and 

find new applications of HBC derivatives in supramolecular chemistry.  

 

 

Figure 8- 6. Schematic represents of HBC �double-chain� columns. 

Overall, the versatile HBC building blocks with different symmetries make it 

possible to realize lots of functionalities on the liquid crystalline HBC molecules 

expanding the application of HBC derivatives as functional materials. 
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9 Experimental Details 

 

Materials: Chemicals were obtained from Fluka, Aldrich, and ABCR and used as received. 

Column chromatography and TLC was performed with Merck silica gel 60 (70-230 mesh) 

and Merck silica gel 60 F254, respectively. THF was freshly distilled over Na metal. Hexane 

was distilled with CaH2. 

Microwave assisted reactions: Some reactions were performed in a microwave oven 

(CEM GmbH, Kamp-Lintfort,Germany, model: Discover) using the maximum power to 

heat the system. The temperature was adjusted by changing the flow rate for a jet of air 

around the glass reaction vessel. The reaction vessels were sealed and could hold a 

pressure of 10 bars. 

Field Desorption (FD) Mass spectrometry (MS): FD mass spectra were obtained on a 

VG Instruments ZAB 2-SEFPD. 

MALDI- TOF Mass Spectrometry: MALDI-TOF mass spectra were measured using a 

Bruker Reflex II-TOF spectrometer using a 337 nm nitrogen laser and 7,7,8,8-

tetracyanoquinodimethane (TCNQ) as matrix. 

Electron Spray Ionization High Resolution Mass Spectrometry (ESI-HRMS): 

Solution NMR Spectroscopy: 
1H-NMR, 13C-NMR, 1H,1H COSY, 1H,1H COSY and 

NOESY experiments were carried out with 

    Bruker DRX-700  

    Bruker DRX-500 

    Bruker AMX-300  

Elementaranalyse (EA): the Elemental Analysis was measured in Institut für 

Organische Chemie der Johannes Gutenberg Universität in Mainz for: C, H, N: Foss 

Heraeus vario EL.  
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Solid state NMR Spectroscoty: The two-dimensional rotor-synchronized double 

quantum (DQ) magic-angle spinning (MAS) spectra were recorded on a Bruker Avance 

700 spectrometer using a standard double-resonance probe supporting rotor of 2.5 mm 

outer diameter. The 1H-1H back-to-back (BABA) recoupling technique for the excitation 

and reconversion of double-quantum coherences (DQCs) was applied for one cycle at 25 

kHz MAS. The molecular dynamics investigations were performed by recording 13C-1H 

REREDOR spinning sideband patterns, at 80 ìs recoupling time and 25 kHz magic angle 

spinning (MAS) on a Bruker Avance 500 spectrometer using a Bruker double-resonance 

probe supporting rotors of 2.5 mm outer diameter. All experimental temperatures were 

corrected for the frictional heating effects arising from the fast rotor spinning. 

Infrared-Spectroscopy (IR): Infrared spectroscopy was measured with Nicolet FT-IR 

320 spectrometer. 

UV-Vis Absorption Spectroscopy: The optical absorption measurements were 

performed at ambient temperature using a UV/vis/NIR Perkin-Elmer Lambda 900 

spectrometer. 

Photoluminescence Spectroscopy: The photoluminescence in solution was recorded on 

a SPEX Fluorolog 2 type 212 steady-state fluorometer. 

Dielectric Spectroscopy: Dielectric measurements were made under �isobaric� 

conditions as a function of temperature and under �isothermal� conditions as a function 

of pressure. The �isobaric� measurements were performed at different temperatures in the 

range 123.15-423.15 K, at atmospheric pressure, and for frequencies in the range from 

10-2 to 106 Hz. The �isothermal� measurements were made for temperatures in the range 

from 303.15 to 403.15 K and for pressure up to 300 MPa.  

Differentialcalorimetry (DSC): DSC was measured by Mettler DSC 30 with heating 

rare 10 K/min in the range from �150 °C to 250 °C. 

Polarized Optical Microscopy: Zeiss Axiophot optical microscope with a nitrogen 

flushed Linkam THM 600 hot stage. 
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X-ray diffraction: 2D WAXS measurements of oriented filaments were conducted using 

a rotating anode (Rigaku 18 kW) X-ray beam (CuK, pinhole collimation, double 

graphite monochromator) and CCD camera. The patterns were recorded with vertical 

orientation of the filament axis and with the beam perpendicular to the filament. Data 

collections for the single crystal structure analyses were performed on a Nonius KCCD 

diffractormeter with graphite monochromated Mo Ká radiation at a temperature of 120 

K.  
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1,4-Diiodo-2,3,5,6-tetraphenyl benzene (2-14a): 

 

A suspension of 1,4-dichloro-2,3,5,6- tetrabromobenzene (1.85 g, 4.0 mmol) in dry 

THF (20 mL) was added to a solution of phenylmagnesium bromide (32 mmol) in dry 

THF (32 mL) under argon atmosphere and the resulting mixture was stirred at r.t. for 12 h. 

I2 (6.35 g, 25 mmol) was added directly to the reaction mixture at 0 oC and the mixture 

was further stirred at r.t. for 2 h. The reaction was quenched with water and the resulting 

mixture was extracted with CHCl3 (100 mL × 3). The combined organic layers were 

washed with 2M aqueous NaHSO3 solution (200 mL × 2), brine (50 mL) and water (50 

mL), and dried with MgSO4. After filtration off the MgSO4, the solvent was removed in 

vacuo and the resulting mixture was filtered. The solid was washed with a little bit 

benzene and hexane to give 0.7 g of 2-14a. The filtrate was purified with chromatography 

with an eluent (n-Hexane/Benzene = 30/1) to give 0.3 g of 2-14a as white solid. The total 

yield is 40%. 

FD-MS (8 kV): m/z = 634.7 (100%, M+), (calcd. for C30 H20 I2 = 634.3 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2):  = 7.05 (m, 20 aryl-H) ppm.  

13
C-NMR (75 MHz, CD2Cl2):  = 146.8, 143.6, 141.9, 130.1, 127.6, 108.9 ppm.  

HRMS (ESI): calcd. for C30 H20 I2 [M
+] = 633.9654, found: 633.9629. 
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1,4-Diiodo-2,3,5,6-tetrakis(4�-dodecylphenyl) benzene (2-14b): 

 

A suspension of 1,4-dichloro-2,3,5,6- tetrabromobenzene (4.16 g, 9.0 mmol) in dry 

THF (45 mL) was added to a solution of 4-dodecylphenyl magnesium bromide (72.0 

mmol) in dry THF (72 mL) under argon atmosphere and the resulting mixture was stirred 

at r.t. for 12 h. I2 (12.7 g, 50.0 mmol) was added directly to the reaction mixture at 0 oC 

and the mixture was further stirred at r.t. for 2 h. The reaction was quenched with water 

and the resulting mixture was extracted with CH2Cl2 (200 mL × 3). The combined 

organic layers were washed with 2M aqueous NaHSO3 solution (200 mL × 2), brine (250 

mL) and water (250 mL), and dried over MgSO4. After filtering off the MgSO4, the 

solvent was removed in vacuo and the resulting mixture was purified with 

chromatography with an eluent (n-Hexane/Benzene = 30/1) to give 7.1 g of 2-14b as 

white solid in a yield of 60%. 

FD-MS (8 kV): m/z = 1307.4 (100%, M+), (calcd for C78H116I2 = 1307.6 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2):  = 6.81 (d, J = 7.7 Hz, 8H，aryl-H), 6.75 (d, J = 7.6 Hz, 

8H, aryl-H), 2.43 (t, J = 7.2 Hz, 8H, á-CH2), 1.24 (m, 80H, alkyl-H), 0.72 (t, J = 6.6 Hz, 

12H, -CH3) ppm. 

13
C-NMR (75 MHz, CD2Cl2):  = 146.9, 143.7, 142.0, 130.2, 127.7, 109.0, 35.9, 32.4, 

31.7, 30.2, 30.1, 29.9, 29.8, 29.6, 23.1, 14.3 ppm.  

HRMS (ESI): calcd. for C78H116I2 [M
+]: 1306.7166, found: 1306.7169. 
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4-(3�,7�-Dimethyloctyl)phenyl bromide (2-27): 

 

1-Trimethylsilyl-4-(3,7-dimethyloctyl) benzene (23.6g, 81.4mmol) and  sodium 

acetate (13.4g, 163.3mmol) were dissolved in THF (400 mL) at 0 °C. Then, bromine 

(26.7g, 171.1mmol) was added dropwise via a dropping funnel. The mixture was stirred 

for 20 min. The reaction was quenched with saturated sodium sulfite aqueous solution 

(300 mL). The organic layer was then extracted with CH2Cl2 (500 mL × 3) and dried over 

MgSO4. After being filtered out, the solvent was removed in vacuo and the crude product 

was purified by column chromatography (eluent petroleumether) affording 19.7g 2-27 as 

transparent oil in a yield of 82%.  

FD-MS (8 kV): m/z = 296.1 (100%, M+), (calcd. for C16H25Br = 297.3 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 7.38 (d, J = 8.5 Hz, 2H, aryl-H), 7.10 (d, J = 8.5 Hz, 

2H, aryl-H), 2.59 (m, 2H, á-CH2), 1.59-1.15 (m, 10H, alkyl-H), 0.94-0.87 (m, 9H, -CH3) 

ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 142.83, 131.58, 130.60,119.40, 39.70, 39.18, 37.48, 

33.23, 32.84, 28.39, 25.08, 22.86, 22.77, 19.72 ppm. 

Elemental Analysis: C 65.04%, H 8.59% (calcd. for C16H25Br, C 64.65%, H 8.48%, Br 
26.88%). 
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1,4-Diiodo-2,3,5,6-tetrakis[4�-(3��,7��-dimethyloctyl)phenyl] benzene(2-14c): 

 

2-27 (19.7 g, 66.4 mmol) was dissolved in dry THF (100 mL) and the solution was 

added dropwise to magnesium (2.4 g, 100 mmol), which was first activated with 1,2-

dibromoethane (0.5 mL), in a pre-dried 250 mL three-necked flask at 0 °C. The mixture 

was stirred for 12 h at ambient temperature. The obtained Grignard reagent was 

transferred to another 500 mL three-necked flask under argon atmosphere. 1,4-diiodo-

2,3,5,6-tetrachlorobenzene (3.2 g, 7.0 mmol), which was suspended in dry THF (50 mL), 

was added dropwise. The mixture was stirred for another 12 h at r.t. followed by adding 

iodine (16.9 g, 66.4 mmol). Three hours later, the reaction was quenched with large 

amount of saturated sodium sulfite aqueous solution (200 mL). The organic phase was 

then extracted with CH2Cl2 (300 mL × 3) and washed with brine (300 mL). The obtained 

organic phase was dried with MgSO4. The solvent was removed in vacuo. The residue 

was purified by column chromatography with an eluent of petroleum ether (PE), followed 

by twice recrystallization from CH2Cl2/acetone (1/1) mixture (50 mL). 3.4 g 2-14c was 

obtained as white solid in a yield of 40%.  

FD-MS (8 kV): m/z = 1194.7 (100%, M+), (calcd. for C70H100I2 =1195.4 g mol-1).  

1
H-NMR (250 MHz, CD2Cl2): ä = 6.97 (d, J = 7.75 Hz, 8H, aryl-H), 6.89 (d, J = 7.75 Hz, 

8H, aryl-H), 2.52 (m, 8H, á-CH2), 1.55-1.13 (m, 40H, alkyl-H), 0.88-0.86 (m, 36H, -CH3) 

ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 146.70, 143.56, 142.19, 130.09, 127.62, 109.03, 

39.69, 39.03, 37.45, 33.41, 32.78, 28.36, 25.07, 22.83, 22.75, 19.77 ppm. 
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Elemental Analysis: C 70.27%, H 8.47% (calcd. for C70H100I2, C 70.34%, H 8.43%, I 
21.23%). 

 

Hexaphenylbenzene (2-28) 

 

A pre-dried 100 mL Schlenk tube equipped with a magnetic stirring bar and a 

septum was charged with a suspension of 2-14a(100 mg, 0.16 mmol, 1.0 equiv), 

phenylboronic acid (58 mg, 0.47 mmol, 3.0 equiv), K2CO3 (441 mg, 3.2 mmol, 20 equiv) 

and aliquat® 336 (1.0 mg, 3.3 ìmol, 0.020 equiv) in toluene (15 mL). The mixture was 

degassed by three �freeze-pump-thaw� cycles and then Pd(PPh3)4 (9.1 mg, 7.9 ìmol, 0.05 

equiv) was added. The resulting mixture was degassed again by �freeze-pump-thaw� 

cycle. The mixture was heated to 100 °C and stirred for 12 h under argon. The reaction 

mixture was quenched with methanol and extracted with CH2Cl2. The organic layer was 

washed with brine (150 mL ×3), dried over MgSO4 and concentrated in vacuo. Flash 

chromatographic purification on silica gel (eleuent petroleum ether (PE) /CH2Cl2 (7/1)) 

furnished 80 mg 2-28 as white solid in a yield of 95%. 

FD-MS (8 kV): m/z = 534.9 (100%, M+), (calcd for C42H30 = 534.7 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2):  = 7.05 (m, 30H, aryl-H) ppm. 

13
C-NMR (75 MHz, CD2Cl2):  = 140.6, 142.0, 131.4, 126.6, 125.2 ppm.  

Elemental Analysis: C 94.31%, H 5.69% (calcd. for C42H30, C 94.34%, H 5.66%). 
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1,4-Bis(4�-trimethylsilylphenyl)-2,3,5,6-tetraphenyl benzene (2-29): 

 

The synthetic procedure follows that in the preparation of 2-28 with 2-14a (200 mg, 

0.32 mmol, 1.0 equiv), 4-trimethylsilylphenylboronic acid (183 mg, 0.95 mmol, 3.0 

equiv), K2CO3 (871 mg, 6.31 mmol, 20 equiv), aliquat® 336 (2.5 mg, 6.3 ìmol, 0.020 

equiv), Pd(PPh3)4 (18.2 mg, 0.0158 mmol, 0.05 equiv) and toluene (20 mL). Flash 

chromatographic purification on silica gel (eleuent petroleum ether (PE) /CH2Cl2 (8/1)) 

afforded199 mg 2-29 as white solid in a yield of 93%. 

FD-MS (8 kV): m/z = 678.8 (100%, M+), (calcd for C48 H46Si2 = 679.0 g mol-1). 

1
H-NMR (250 MHz, CDCl3):  = 6.89 (d, J = 7.8 Hz, 4H, aryl-H), 6.73 (m, 20H, aryl-H), 

6.69 (d, J = 8.0 Hz, 4H, aryl-H), 0.00 (s, 18H, -CH3) ppm. 

13
C-NMR (75 MHz, CDCl3):  = 142.2, 141.8, 141.6, 141.5, 137.7, 132.7, 132.6, 131.9, 

127.7, 125.3, 0.00 ppm.  

Elemental Analysis: C 84.27%, H 5.68% (calcd. for C48H46Si2, C 84.90%, H 6.83%, Si 

8.27%). 

 



9 � EXPERIMENTAL SECTION 

 221 

1,4-Bis(3�-methoxyphenyl)-2,3,5,6-tetraphenyl benzene (2-30): 

O

O

 

The synthetic procedure follows that in the preparation of 2-28 with 2-14a (200 mg, 

0.32 mmol, 1.0 equiv), 3-methoxyphenylboronic acid (144 mg, 0.95 mmol, 3.0 equiv), 

K2CO3 (871 mg, 6.31 mmol, 20 equiv), aliquat® 336 (2.5 mg, 6.3 ìmol, 0.020 equiv), 

Pd(PPh3)4 (18.2 mg, 0.0158 mmol, 0.050 equiv) and toluene (20 mL). The resulting 

mixture was degassed again by �freeze-pump-thaw� cycle. The mixture was heated to 

100 °C and stirred for 12 h under argon. The reaction mixture was quenched with 

methanol, extracted with CH2Cl2. The organic layer was washed with brine (150 mL ×3), 

dried over MgSO4 and concentrated in vacuo. Flash chromatographic purification on 

silica gel (eleuent n-hexane/ethyl acetate 8/1) resulted in182 mg 2-30 as white solid in a 

yield of 94%. 

FD-MS (8 kV): m/z = 593.6 (100%, M+) (calc. for C44H34O2 = 594.76 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 6.91-6.8764 (m, 20H, aryl-H), 6.77 (t, 3J = 7.75 Hz, 

2H, aryl-H), 6.47-6.38 (m, 6H, aryl-H), 3.48 (s, 6H, -OCH3) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 158.56, 142.29, 141.15, 141.11, 140.73, 140.61, 

140.47, 131.74, 131.68, 131.63, 131.54, 127.77, 126.89, 125.70, 125.63, 125.57, 124.57, 

124.53, 117.19, 111.86, 55.30 ppm. 

HRMS (ESI): calcd for C44H34O2Na [M+Na+]: 617.2457, found 617.2449. 
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1,4-Bis(3�-thiophene)-2,3,5,6-tetraphenyl benzene (2-31): 

 

The synthetic procedure follows that in the preparation of 2-28 with 2-14a (200 mg, 

0.32 mmol, 1.0 equiv), 3-thiopheneboronic acid (122 mg, 0.95 mmol, 3.0 equiv), K2CO3 

(871 mg, 6.31 mmol, 20 equiv), aliquat® 336 (2.5 mg, 6.3 ìmol, 0.020 equiv), Pd(PPh3)4 

(18.2 mg, 0.0158 mmol, 0.05 equiv) and toluene (20 mL). Flash chromatographic 

purification on silica gel (eleuent n-hexane/ethyl acetate 8/1) gave 152 mg 2-31 as white 

solid in a yield of 88%. 

FD-MS (8 kV): m/z = 546.0 (100%, M+) (calc. for C30H26S2 = 546.76 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 6.97-6.87 (m, 20H, aryl-H), 6.81-6.78 (m, 2H, aryl-

H), 6.53-6.48 (m, 4H, aryl-H) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 141.58, 141.38, 141.32, 141.17, 140.95, 140.81, 

140.73, 135.90, 131.69, 131.36, 131.05, 130.87, 127.16, 127.03, 126.93, 125.88, 125.75, 

125.64, 125.03, 123.03 ppm. 

HRMS (ESI): calcd for C38H26S2Na [M+Na+]: 569.1374, found 569.1395. 
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1,4-Bis(4�-bromophenyl)-2,3,5,6-tetrakis(4�-dodecylphenyl) benzene (2-32): 

 

The synthetic procedure follows that in the preparation of 2-28 with 2-14b (196 mg, 

0.15 mmol, 1.0 equiv), 4-bromophenylboronic acid (90 mg, 0.45 mmol, 3.0 equiv), 

K2CO3 (414 mg, 3.0 mmol, 20 equiv), aliquat® 336 (1.0 mg, 3.0 ìmol, 0.020 equiv), 

Pd(PPh3)4 (9.0 mg, 7.5 ìmol, 0.05 equiv) and toluene (20 mL) at 80 °C for 18 h under 

argon. Flash chromatographic purification on silica gel (eleuent petroleum ether (PE) / 

CH2Cl2 (15/1)) gave 186 mg 2-32 as transparent oil in a yield of 91%. 

FD-MS (8 kV): m/z = 1365.6 (100%, M+) (calc. for C90H124Br2 = 1365.7 g mol-1). 

1
H-NMR (250 MHz, CDCl3): ä = 6.88 (d, J = 8.4 Hz, 4H, aryl-H), 6.62 (d, J = 8.4 Hz, 

4H, aryl-H), 6.60 (s, 16H, aryl-H), 2.29 (t, J = 7.5 Hz, 8H, á-CH2), 1.18 (m, 80H, alkyl-

H), 0.80 (t, J = 6.9 Hz, 12H, -CH3) ppm. 

13
C-NMR (75 MHz, CDCl3):  = 140.7, 140.6, 140.3, 139.7, 138.0, 133.5, 131.5, 129.9, 

127.1, 119.5, 35.6, 32.3, 31.6, 30.2, 30.1, 30.0, 29.9, 29.8, 29.2, 23.1, 14.3 ppm. 

Elemental Analysis: C 80.93%, H 9.38% (calcd. for C90H124Br2, C79.15 %, H 9.15%, Br 

11.70%). 
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1,4-Bis(4�-methoxyphenyl)-2,3,5,6-tetrakis(4�-dodecylphenyl) benzene (2-33): 

 

The synthetic procedure follows that in the preparation of 2-28 with 2-14b (1.3 g, 

1.0 mmol, 1 equiv), 4-methoxyphenylboronic acid (0.76 g, 5.0 mmol, 5 equiv), Pd(PPh3)4 

(60 mg, 0.050 mmol, 0.05 equiv), K2CO3 (2.7 g, 19.6 mmol, 20 equiv), Aliquat® 336 (7 

mg, 0.02 mmol, 0.02 equiv) and toluene (30 mL) at 100 °C for 48 h. The residue was 

purified by column chromatography using petroleum ether (PE) / CH2Cl2 (8/1) as eluent 

(Rf = 0.2). Compound 2-33 (1.15 g, 91%) was isolated as a colorless oil.  

FD-MS (8 kV): m/z = 1267.6 (100%, M+) (calcd. for C92H130O2 = 1268.06 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 6.73-6.64 (m, 20H, aryl-H), 6.40 (d, 3

J = 8.8 Hz, 4H, 

aryl-H), 3.59 (s, 6H, -OCH3), 2.37 (t, 3
J = 6.8 Hz, 8H, á-CH2), 1.43-1.13 (m, 80H, alkyl-

H), 0.88 (m, 12H, -CH3) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 157.3, 140.9, 140.2, 139.8, 138.7, 133.9, 132.8, 

131.6, 126.9, 112.2, 55.2, 35.6, 32.3, 31.6, 30.09, 30.06, 30.0, 29.9, 29.82, 29.76, 29.3, 

23.1, 14.3 ppm. 

Elemental Analysis: C 87.03%, H 10.01%, (calcd. for C92H130O2, C 87.14%, H 10.33%). 

 



9 � EXPERIMENTAL SECTION 

 225 

1-Iodo-4-(4�-methoxyphenyl)-2,3,5,6-tetrakis[4�-(3��,7��-dimethyloctyl)phenyl] 

benzene (2-34): 

 

The synthetic procedure follows that in the preparation of 2-28 with 2-14c (597 mg, 

0.5mmol, 1 equiv), 4-bromophenyl boronic acid (83.6 mg, 0.55 mmol, 1.1 equiv), 

Pd(PPh3)4 (30 mg, 0.03 mmol, 0.06 equiv), K2CO3 (1.38 g, 10 mmol, 20 equiv) and 

toluene (20 mL) at 80 °C for 12 h. The product was purified by a column 

chromatography with Petroleum ether (PE) / CH2Cl2 (20/1) as eluent affording 201mg 2-

34 as white solid (yield, 35%). 

FD-MS (8 kV): m/z = 1176.1 (100%, M+), (calcd. for C77H107IO = 1175.6). 

1
H-NMR (250 MHz, CD2Cl2): ä = 6.97 (m, 8H, aryl-H), 6.72 (m, 10H, aryl-H), 6.37 (d, 

3J = 8.5Hz, 2H aryl-H), 3.55 (s, 3H, -OCH3), 2.54-2.34 (m, 8H, á-CH2), 1.33-1.13 (m, 

40H, alkyl-H), 0.88-0.79 (m, 36H, -CH3) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 157.53, 146.30, 143.70, 141.94, 141.85, 141.58, 

140.56, 138.56, 132.95, 132.54, 131.21, 130.69, 127.56, 126.90, 112.27, 107.67, 39.79, 

39.17, 38.96, 37.55, 37.49, 33.52, 33.23, 32.88, 32.60, 30.14, 28.44, 25.16, 25.11, 22.91, 

22.84, 19.85, 19.80 ppm. 

Elemental Analysis: C 78.40%, H 9.34%, (calcd. for C77H107IO, C 78.67%, H 9.17%, I 

10.79%, O 1.36%). 
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1-(4�-Bromophenyl)-4-(4�-methoxyphenyl)-2,3,5,6-tetrakis[4�-(3��,7��-dimethyloctyl) 

phenyl] benzene (2-35): 

 

The synthetic procedure follows that in the preparation of 2-28 with 2-34 (572 mg, 

0.49 mmol, 1.0 equiv), 4-bromophenyl boronic acid (489 mg, 2.44 mmol, 5.0 equiv), 

Pd(PPh3)4 (28.1 mg, 0.02 mmol, 0.04 equiv), K2CO3 (1.3 g, 9.74 mmol, 20 equiv) and 

toluene (100 mL) at 80 °C for 12 h. The product was purified by a column 

chromatography with Petroleum ether (PE) / CH2Cl2 (8/1) as eluent affording 407 mg 2-

35 as colorless oil in a yield of 69%. 

MALDI-TOF MS (TCNQ): m/z = 1205 (100%, M+), (calcd. for C83H111BrO = 1204.7). 

1
H-NMR (250MHz, CD2Cl2): ä = 6.97 (d, 3J = 8.4Hz, 2H, aryl-H), 6.68 (s, 20H, aryl-H), 

6.40 (d, 3J = 8.7Hz, 2H aryl-H), 3.59(s, 3H, -OCH3), 2.40-2.36 (m, 8H, á-CH2), 1.26-1.13 

(m, 40H, alkyl-H), 0.88-0.80 (m, 36H, -CH3) ppm. 

13
C-NMR (62.5MHz, CD2Cl2): ä = 157.39, 141.01, 140.73, 140.69, 140.58, 140.43, 

140.21, 139.30, 138.43, 138.37, 138.21, 133.65, 133.58, 132.75, 131.58, 129.83, 127.01, 

126.87, 119.32, 112.21, 55.17, 39.72, 38.97, 37.44, 33.19, 33.16, 32.52, 32.39, 28.35, 

25.04, 22.83, 22.76, 22.75, 19.72 ppm. 

Elemental Analysis: C 82.61%, H 9.41%, (calcd. for C83H111BrO, C 82.75%, H 9.29%, 

Br 6.63%, O 1.33%). 

 



9 � EXPERIMENTAL SECTION 

 227 

1,4-Bis(4�-bromophenyl)-2,3,5,6-tetrakis[4�-(3��,7��-dimethyloctyl)phenyl] benzene 

(2-11): 

RR

R R

BrBr

R =  

The synthetic procedure follows that in the preparation of 2-28 with 2-14c (1.2 g, 

1.0 mmol), 4-bromophenylboronic acid (800 mg, 4.0 mmol), K2CO3 (2.76 g, 20 mmol), 

Aliquat ® 336 ( 8 mg, 0.02 mmol), Pd(PPh3)4 (58 mg, 0.05 mmol) and toluene (30 mL) at 

80 °C for 18 h. The residue was purified by column chromatography (petroleum ether 

(PE) / CH2Cl2 (15/1)) to give 2-11 as a yellow solid (1.17 g, yield, 93%). 

FD-MS (8 kV): m/z = 1253.7, (calcd.for C82H108Br2 = 1253.6 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 6,87 (d, 3J = 8.26 Hz , 4H, aryl-H), 6.60 (m, 20H, 

aryl-H), 2.30 (m, 8H, á-CH2), 1.50-0.90 (m, 40 H, alkyl-H), 0.78-0.73 (m, 36H, -CH3) 

ppm.  

13
C-NMR (62.5 MHz, CD2Cl2): ä = 141.1, 141.0, 140.9, 140.2, 138.4, 133.9, 131.9, 

130.3, 127.5, 119.8, 40.1, 39.3, 37.8, 33.6, 32.8, 28.8, 25.5, 23.2, 23.2, 20.1 ppm. 

Elemental Analysis: C 78.51%, H 8.72% (calcd. for C82H108Br2, C 78.57%, H 8.68%, Br 

12.75%). 
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1,4-Bis[4�-(4��,4��,5��,5��-tetramethyl-1��,3��-dioxaborolan-2��-yl)penyl]-2,3,5,6-

tetrakis[4�-(3��,7��-dimethyloctyl)phenyl] benzene (2-36): 

 

To a solution of 2-11 (600 mg, 0.48 mmol) in dry THF (8 mL) under argon at -78 oC, n-

BuLi( 1.6 M/n-Hexane, 0.78 mL, 1.24 mmol) was added and the resulting solution was stirred at 

� 78 oC for 1 h. Then 2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane (267 mg, 

1.44 mmol) was added at -78 oC and the reaction was allowed to be stirred at r.t. for 3 h. 

The reaction was quenched with water (5 ml) and the resulting mixture was extracted 

with CH2Cl2 (15 mL × 3). The combined organic layers were washed with brine (10 mL), 

dried with MgSO4 and concentrated in vacuum. The residue was purified by column 

chromatography (eluent, n-hexane/CH2Cl2 = 4/1) to give 530 mg 2-36 as oily liquid in a 

yield of 82%. 

 

FD-MS (8 kV): m/z = 1347.0 (100%, M+), (calcd. For C94H132B2O4 = 1347.7 g mol-1).  

1
H-NMR (250 MHz, CD2Cl2): ä = 7.14 (d, 3J = 7.91 Hz, 4H, aryl-H), 6.78 (d, 3J = 7.88 

Hz, 4H, aryl-H), 6.61 (d, 3J = 8.44 Hz, 8H, aryl-H), 6.57 (d, 3J = 8.54 Hz, 8H, aryl-H), 

2.83 (m, 8H, á-CH2), 1.55-0.93 (m, 40 H, alkyl-H) 0.78-0-71 (m, 36H, -CH3) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 145.0, 141.0, 140.9, 140.7, 138.6, 133.6, 132.0, 

131.6, 127.2, 84.3, 40.1, 39.3, 37.8, 33.6, 32.9, 28.7, 25.5, 25.4, 23.2, 23.2, 20.2 ppm. 

Elemental Analysis: C 83.56%, H 9.93% (calcd. for C94H132B2O4, C 83.77%, H 9.87%, 

B 1.60%, O 4.75%). 
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1-(4�-Trimethylsilylphenyl)-3-(4�-bromophenyl)-propan-2-one (2-49): 

O
BrSi

 

Freshly prepared Collman�s reagent (450 mg, 1.2 mmol) was charged in a flame-

dried 50 mL Schlenk tube. 4-Trimethylsilybenzyl bromide (2-48) (243 mg, 1 mmol) in 7 

mL dry NMP was carefully degassed with three �freeze-pump-thaw� cycles method three 

times in another 25 mL Schlenk tube. The solution of 2-48 was then transferred to the 

Schlenck tube containing Collman�s reagent dropwise at 0 °C. The mixture was stirred at 

0 °C for 30 min followed by warming to r.t. 1 h later, the mixture was cooled to 0 °C 

again and 4-bromobenzyl bromide (500 mg, 2 mmol), which was dissolved in 10 mL dry 

NMP and carefully degassed with �freeze-pump-thaw� method, was added dropwise. The 

reaction mixture was allowed to be heated to 45 °C and stirred for 14 h. large amount of 

saturated NH4Cl aqueous solution (10 mL) was used to quench the excess Collman�s 

reagent after cooling down. The crude product was extracted with CH2Cl2 (150 mL × 3) 

and washed with brine. After being dried over MgSO4, the organic phase was filtered out 

and the solvent was removed under reduced pressure. The residue was purified by 

column chromatography (eluent, hexane/ethyl acetate 20/1). 210 mg 2-49 was collected 

as white solid in a yield of 58%. 

FD-MS (8 kV): m/z = 362.5 (100%, M+), (calcd. for C18H21BrOSi = 361.4 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 7.50 (d, 3J = 7.9Hz, 2H, aryl-H), 7.46 (d, 3J = 8.4Hz, 

2H, aryl-H), 7.16 (d, 3J = 7.8Hz, 2H, aryl-H), 7.04 (d, 3J = 8.3Hz, 2H aryl-H), 3.74 (s, 2H, 

-CH2-CO-), 3.71 (s, 2H, -CH2-CO-), 0.26 (s, 9H, -CH3) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 205.03, 139.47, 134.89, 134.04, 133.72, 131.93, 

131.74, 129.27, 121.17, 49.65, 48.65, -1.11 ppm. 

 



9 � EXPERIMENTAL SECTION 

 230 

2-(4�-Trimethylsilylphenyl)-5-(4�-bromophenyl)-3,4-bis[4�-(3��,7��-

dimethyloctyl)phenyl]cyclopentadien-1-one (2-50): 

O

R R

Si Br

R =  

Compound 2-49 (210 mg, 0.6 mmol) and compound 2-8 (299 mg, 0.6 mmol) were 

dissolved in 3 mL t-butanol in a 25 mL Schlenk tube under argon. The mixture was 

heated to 85 °C. Subsequently, Bu4NOH (0.75 mL, 1 M solution in methanol) was added 

dropwise. 10 min later, the mixture was cooled in an ice bath and diluted with CH2Cl2 (10 

mL). After being washed with brine (30 mL) and extracted with CH2Cl2 (30 mL × 3), the 

organic layer was dried over MgSO4. The solvent was removed in vacuo and the residue 

was purified by column chromatography with an eluent of petroleum ether (PE) /CH2Cl2 

(6/1). 297 mg 2-50 was collected as dark reddish solid in a yield of 51%. 

FD-MS (8 kV): m/z = 816.7 (100%, M+), (calcd. for C52H67BrOSi = 816.1 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 7.43 (d, 3J = 8.2Hz, 2H, aryl-H), 7.39 (d, 3J = 8.6Hz, 

2H, aryl-H), 7.21 (d, 3J = 8.1Hz, 2H, aryl-H), 7.13 (d, 3J = 8.6Hz, 2H, aryl-H), 7.03 (d, 3J 

= 8.1Hz, 2H aryl-H), 6.86 (d, 3J = 7.1Hz, 2H, aryl-H), 6.83 (d, 3J = 6.9Hz, 2H, aryl-H), 

2.62-2.53 (m, 4H, á-CH2), 1.40-1.14 (m, 20H, alkyl-H), 0.89-0.86 (m, 36H, -CH3), 0.25 

(s, 9H, -CH3) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 200.36, 156.11, 155.27, 144.66, 144.43, 140.12, 

133.27, 132.09, 131.81, 131.46, 130.69, 130.64, 130.44, 129.59, 129.54, 128.36, 128.27, 

125.59, 124.25, 121.77, 39.68, 38.91, 38.88, 37.49, 33.64, 32.83, 28.34, 25.09, 22.82, 

22.75, 19.73, -1.15 ppm. 
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Elemental Analysis: C 76.90%, H 8.65% (calcd. for C52H67BrOSi, C 76.53%, H 8.28%, 

Br 9.79%, O 1.96%, Si 3.44%). 

 

1-(4�-Trimethylsilylphenyl)-4-(4�-bromophenyl)-2,3,5,6-tetrakis[4�-(3��,7��-

dimethyloctyl)phenyl] benzene (2-51): 

R

RR

R

Br Si

R =  

Compound 2-50 (4.2 g, 5.15 mmol) and compound 2-7 (2.36 g, 5.15 mmol) were 

dissolved in 9 mL diphenyl ether. The mixture was heated to 185 °C under argon 

atmosphere. The reaction lasted for 12 h and diluted with CH2Cl2 after being cooled to r.t.. 

The organic phase was washed with brine (30 mL), extracted with CH2Cl2 and dried with 

MgSO4. After evaporation of solvent under reduced pressure, the product was purified by 

column chromatography with gradient eluent (petroleum ether  petroleum ehter/CH2Cl2 

8/1  petroleum ehter/CH2Cl2 5/1). 2.54 g compound 2-51 were collected as white solid 

in a yield of 40%. 

FD-MS (8 kV): m/z = 1245.8 (100%, M+), (calcd. for C85H117BrSi = 1246.87 g mol-1) 

1
H-NMR (250 MHz, CD2Cl2): ä = 7.01 (d, 

3J = 7.8Hz, 2H, aryl-H), 6.98 (d, 3J = 8.2Hz, 

2H, aryl-H), 6.72-6.63 (m, 18H, aryl-H), 2.40-2.33 (m, 8H, á-CH2), 1.27-1.14 (m, 41H, 

alkyl-H), 0.88-0.80 (m, 35H, -CH3), 0.10 (s, 9H, -CH3) ppm. 

13
C-NMR (125 MHz, CD2Cl2): ä = 141.81, 141.22, 140.80, 140.73, 140.59, 140.51, 

140.41, 139.51, 138.27, 138.19, 136.94, 133.61, 131.71, 131.61, 131.13, 129.87, 127.05, 
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126.83, 119.38, 39.77, 39.74, 39.25, 38.96, 37.48, 33.32, 33.18, 32.73, 32.42, 28.37, 

25.06, 25.04, 22.84, 22.77, 19.78, 19.75, 1.15, -1.13 ppm. 

Elemental Analysis: C 81.83%, H 9.45% (calcd. for C85H117BrSi, C 81.88%, H 9.46%, 

Br 6.41%, Si 2.25%). 

 

1-(4�-iodophenyl)-4-(4�-bromophenyl)-2,3,5,6-tetrakis[4�-(3��,7��-

dimethyloctyl)phenyl] benzene (2-52): 

R

RR

R

Br I

R =  

Compound 2-51 (860 mg, 0.69 mmol) was dissolved in 30 mL chloroform. The 

solution was bubbled with argon for 20 min at 0 °C. ICl in CH2Cl2 solution (0.72 mL, 1 

M) was then added dropwise. After being stirred for 10 min at 0 °C, the mixture was 

allowed to warm to ambient temperature. 40 min. later, large amount of 10 % Na2SO3 

aqueous solution (50 mL) was added to quench the excess ICl. The crude compound was 

further washed with brine (50 mL) and extracted with CH2Cl2 (100 mL × 3). The 

combined organic layer was dried over MgSO4 and filtered. The solvent was evaporated 

under reduced pressure and the residue was further purified by column chromatography 

with petroleum ether (PE) /CH2Cl2 15/1 as eluent affording 854 mg 2-52 as white solid in 

a yield of 95.2%. 

FD-MS (8 kV): m/z = 1301.6 (100%, M+), m/z = 650.5 (8%, M2+), (calcd. for C82H108BrI 

= 1300.6 g mol-1). 
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1
H-NMR (250 MHz, CD2Cl2): ä = 7.17 (d, 3J = 7.9Hz, 2H, aryl-H), 6.97 (d, 3J = 8.1Hz, 

2H, aryl-H), 6.69 (s, 18H, aryl-H), 6.58 (d, 3J = 8.0Hz, 2H, aryl-H), 2.43-2.35 (m, 8H, á-

CH2), 1.26-1.14 (m, 38H, alkyl-H), 0.88-0.81 (m, 36H, -CH3) ppm. 

13
C-NMR (175 MHz, CD2Cl2): ä = 141.20, 140.78, 140.73, 140.66, 139.96, 139.89, 

138.02, 135.96, 133.85, 133.58, 131.59, 129.94, 127.12, 119.50, 90.98, 39.80, 39.01, 

37.52, 33.23, 32.49, 30.11, 28.41, 25.11, 22.88, 22.82, 19.82, 19.78 ppm. 

Elemental Analysis: C 74.98%, H 8.31% (calcd. for C82H108BrI, C 75.73%, H 8.37%, Br 

6.14%, I 9.76%). 

 

2-Iodo-11-bromo-5,8,14,17-tetra(3�,7�-dimethyloctyl)-hexa-peri-hexabenzocoronene 

(2-47): 

R

RR

R

Br I

R =  

Compound 2-51 (89 mg, 0.07 mmol) was dissolved in CH2Cl2 (83 mL). The 

solution was bubbled with argon for 15 min at r.t.. FeCl3 (255.6 mg, 1.57 mmol) in 

nitromethane (0.84 mL) solution was then added dropwise. The mixture was stirred for 

40 min at r.t. and the reaction was quenched with methanol (300 mL). The solvent was 

removed in vacuo and the residue was filtered through a silica gel pad with hot toluene. 

After removing toluene, the residue was dissolved in THF (2mL) and precipitated in 

methanol (100 mL). 84 mg 2-47 was collected as yellow powder in a yield of 93%. 

MALDI-TOF MS (TCNQ): m/z = 1288 (100%, M+), (calcd. for C82H96BrI = 1288.49 g 

mol-1). 
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1
H-NMR (250 MHz, CD2Cl2): ä = 6.95-6.41 (m, 12H, aryl-H), 2.11-2.03 (m, 8H, á-

CH2), 1.43-0.84 (m, 76H, alkyl-H) ppm. 

13
C-NMR (125 MHz, CD2Cl2): ä = 138.18, 138.01, 133.66, 131.13, 129.84, 128.88, 

127.93, 127.69, 127.31, 126.62, 126.08, 125.79, 125.62, 125.51, 121.82, 121.73, 119.95, 

119.48, 118.99, 116.20, 115.74, 115.48, 115.34, 91.49, 40.24, 39.92, 37.74, 34.49, 33.91, 

30.07, 28.51, 25.46, 23.09, 22.95, 20.01 ppm. 

Elemental Analysis: C 76.05%, H 7.47% (calcd. for C82H96BrI, C 76.44%, H 7.51%, Br 

6.20%, I 9.85%). 

 

2,8-Dimethoxy-5,11,14,17-tetradodecyl-hexa-peri-hexabenzocoronene (2-40): 

RR

O R

OR

R =  

2-36 (200 mg, 0.16 mmol) was dissolved in CH2Cl2 (200 mL) and the solution was 

bubbled with argon for 20 min. FeCl3/CH3NO2  solution (1.7 mL, 1.89 M, 3.2 mmol) was 

then added dropwise. The reaction was quenched by adding methanol (300 mL) after 20 

min. The solvent was removed under reduced pressure and the crude product was filtered 

through a short silica-pad with hot toluene. 2-40 (40 mg, 20%) was obtained as a yellow 

powder after purification by recrystallization from toluene. 

MALDI-TOF MS (TCNQ): m/z = 1256 (100%, M+), (calcd. for C92H118O2 = 1255.97 g 

mol-1). 
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1
H-NMR (500 MHz, CDCl3): ä = 7.91 (s, 2H, aryl-H), 7.87 (s, 2H, aryl-H), 7.67 (s, 2H, 

aryl-H), 7.40 (s, 2H, aryl-H), 7.36 (s, 2H, aryl-H), 7.21 (s, 2H, aryl-H), 3.75 (s, 6H, -

OCH3), 2.78 (t, 3J = 7.7 Hz, 2H, á-CH2), 2.65 (t, 3J = 7.7 Hz, 4H, á-CH2), 2.36 (t, 3J = 7.7 

Hz, 2H, á-CH2), 1.85 (m, 2H, ß-CH2), 1.77 (m, 6H, ß-CH2), 1.52-1.23 (m, 86H, alkyl-H), 

0.88 (m, 12H, -CH3) ppm. 

13
C-NMR (125 MHz, CDCl3): ä = 148.0, 130.3, 130.1, 130.0, 121.9, 121.8, 120.4, 120.3, 

119.8, 119.6, 113.9, 113.7, 111.9, 111.8, 111.7, 110.5, 110.4, 110.2, 110.1, 109.9, 108.8, 

108.5, 97.1, 97.0, 46.2, 28.4, 28.2, 27.9, 23.4, 23.3, 23.1, 22.9, 21.3, 21.3, 21.2, 21.1, 21.0, 

20.9, 20.8, 20.5, 13.8, 5.1 ppm.  

Elemental Analysis: C 87.25%, H 9.88%, (calcd. for C92H118O2, C 87.98%, H 9.47%). 

 

5,11-Bis[4�-dodecylphenyl]-2,8-didodecyl-6,12-bis[spiro(6�-oxo-cyclohexa-1�,4�-

diene)-3�]indeno[1,2-b]fluorene (2-41): 

 

The mother liquor, which was used for the recrystallization of 2-40, was 

concentrated. Column chromatography was used for the purification with an eluent of 

petroleum ether (PE) /CH2Cl2 (2/3). The resulting product was further recrystallized from 

a CH2Cl2/acetone (1/1) mixture to afford 2-41 (138 mg, 70% yield) as brown crystals.  

FD-MS (8 kV): m/z (%) = 1236.8 (100%, M+), 618.2 (21%, M2+), (calcd. for C90H122O2 

= 1235.97 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 7.19 (s, 8H, aryl-H), 6.82 (s, 2H, aryl-H), 6.81 (d, 3J 

= 8.6 Hz, 2H, aryl-H), 6.54 (d, 3J = 9.8 Hz, 4H, ethenyl-H), 6.19 (d, 3J = 7.9 Hz, 2H, aryl-
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H), 6.05 (d, 3J = 9.8 Hz, 4H, ethenyl-H), 2.69 (t, 3J = 7.2 Hz, 4H, á-CH2), 2.46 (t, 3J = 7.7 

Hz, 4H, á-CH2), 1.67 (m, 4H, ß-CH2), 1.39-1.21 (m, 76H, alkyl-H), 0.91-0.84 (m, 12H, -

CH3) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 185.7, 149.9, 144.0, 143.4, 143.3, 142.8, 139.7, 

139.2, 136.2, 133.9, 130.0, 129.3, 128.9, 128.4, 124.5, 123.7, 56.9, 36.1, 32.3, 32.3, 31.9, 

31.9, 30.1, 30.1, 29.99, 29.97, 29.91, 29.8, 29.7, 29.6, 23.1, 14.3, 14.2 ppm. 

Elemental Analysis: C 87.35%, H 9.98%, (calcd. for C90H122O2, C 87.46%, H 9.95%). 

 

2-Cyano-5,8,11,14,17-penta(3,7-dimethyloctanyl)-hexa-peri-hexabenzocoronene (4-

1): 

 

113 mg (0.09 mmol) 2-Bromo-5,8,11,14,17-penta(3,7-dimethyloctanyl)-hexa-peri-

hexabenzocoronene (4-2) and 15.5 mg (0.18 mmol) cuprous cyanate were mixed with 5 

mg (4.4 × 10
-3 mmol) Pd(PPh3)4 in 3 mL NMP in a 5 mL septum-sealed microwave tube. 

The solution was irradiated in a monomode microwave cavity (170 °C, 300 W, 6 h). 

After cooling, the mixture was washed with 3× 15 mL saturated ammonium chloride 

solution and extracted with dichloromethane. The organic phase was dried over MgSO4 

and the solvent was removed under reduced pressure. The residue was purified by 

column chromatography using petroleum ether (PE) / CH2Cl2 (3/1) as eluent. The product 

was further precipitated in 80 mL methanol and collected as yellow powder in a yield of 

80 % (87mg). 
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MALDI-TOF MS (TCNQ): m/z = 1249 (100%, M+) (calcd. for C93H117N = 1248.98 g 

mol-1). 

1
H-NMR (250 MHz, THF-d8): ä = 7.92 (s, 2H, aryl-H), 7.79 (s, 2H, aryl-H), 7.46 (s, 2H, 

aryl-H), 7.39 (s, 2H, aryl-H), 7.31 (s, 2H, aryl-H), 7.11 (s, 2H, aryl-H), 2.94 (bs, 2H, á-

CH2), 2.72 (bs, 4H, á-CH2), 2.36 (bs, 4H, á-CH2), 1.37 - 0.98 ppm (m, 95H, alkyl-H). 

13
C-NMR (125 MHz, THF-d8): ä = 141.02, 140.52, 140.42, 130.20, 129.68, 129.36, 

129.18, 127.71, 125.73, 123.13, 122.73, 122.53, 122.26, 122.00, 121.64, 121.42, 121.07, 

120.29, 120.00, 119.29, 118.81, 117.00, 109.31, 41.30, 41.09, 40.66, 40.60, 40.58, 38.56, 

35.86, 35.73, 35.33, 34.63, 34.57, 34.50, 30.57, 29.08, 26.05, 23.29, 23.18, 20.47, 20.39 

ppm. 

Elemental Analysis: C 88.20%, H 9.62%, N 0.86%, (calcd. for C93H117N, C 89.44%, H 

9.44%, N 1.12%). 

 

2-[2�-Tris(1���-methylethyl)silylethynyl]-5,8,11,14,17-penta(dodecyl)-hexa-peri-

hexabenzocoronene (4-5): 

R R

R

R R

R =

Si

 

2-Bromo-5,8,11,14,17-penta(dodecyl)-hexa-peri-hexabenzocoronene (200 mg, 0.14 

mmol), triisopropylsilyl acetylene (38.3 mg, 0.21 mmol), Pd(PPh3)4 (8 mg, 7×10
-3 mmol) 

and  CuI (2.7 mg, 0.01 mmol) were dissolved in THF/Et3N 1/1 co-solvent (6 mL). The 

mixture was carefully degassed three times by the freeze-and-thaw method and stirred at 

50 °C for 20 h. After cooling to r.t., the reaction was quenched with water (30 mL). The 
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organic phase was extracted with CH2Cl2 (3 × 50 mL) and dried over MgSO4. The 

solvent was removed in vacuo and the product was purified by column chromatography 

by using petroleum ether (PE) /CH2Cl2 (10/1) as the eluent to afford product as a yellow 

powder (121 mg, 56 %).  

MALDI-TOF MS (TCNQ): m/z = 1544 (100%, M+) (calc. for C113H158Si = 1544.60 g 

mol-1). 

1
H-NMR (250 MHz, THF-d8): ä = 8.72 (s, 2H, aryl-H), 7.95 (s, 2H, aryl-H), 7.82 (s, 2H, 

aryl-H), 7.78 (s, 2H, aryl-H), 7.73 (s, 2H, aryl-H), 7.71(s, 2H, aryl-H), 3.01-2.95 (m, 4H, 

á-CH2), 2.84 - 2.79 (m, 6H, á-CH2), 1.99 - 1.96 (m, 10H, â-CH2), 1.36 - 1.11 (m, 105H, 

alkyl-H), 0.92 - 0.90 ppm (m, 21H, alkyl-H). 

13
C-NMR (75 MHz, THF-d8): ä =140.00, 139.92, 139.88, 129.80, 129.61, 129.04, 

124.81, 123.08, 122.82, 122.07, 121.48, 121.44, 120.46, 119.68, 119.46, 119.11, 118.44, 

110.81, 91.20, 90.22, 82.14, 66.33, 38.10, 33.32, 33.16, 32.77, 31.19, 31.15, 31.10, 30.91, 

30.80, 30.70, 30.60, 30.22, 23.39, 19.63, 18.76, 14.21, 12.84, 12.18 ppm.  

Elemental Analysis: C 87.61%, H 10.14%, (calcd. for C113H158Si, C 87.87%, H 10.31%, 

Si 1.82%). 

 

2-Ethynyl-5,8,11,14,17-penta(dodecyl)-hexa-peri-hexabenzocoronene (4-3): 

R R

R

R R

R =
 

Mono-triisopropylsilylethynyl HBC 4-5 (100 mg, 0.06 mmol) and tetra n-butyl 

ammonium fluoride (34 mg, 0.11 mmol) were dissolved in dry THF (20 mL). The 
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mixture was stirred at ambient temperature for 20 min. The mixture was poured into 

methanol (60 mL). The organic phase was washed with brine, extracted with 

dichloromethane (3 × 150 mL) and dried over MgSO4. The product was precipitated in 

100 ml methanol after the solvents were removed in vacuo. 75 mg product was collected 

as brown solid in a yield of 95 %.  

MALDI-TOF MS (TCNQ): m/z = 1388 (100%, M+) (calc. for C104H138 = 1388.26 g 

mol-1). 

1
H-NMR (250 MHz,THF-d8): ä = 7.92 (s, 2H, aryl-H), 7.58 (s, 2H, aryl-H), 7.49 (s, 2H, 

aryl-H), 7.41 (s, 2H, aryl-H), 7.37 (s, 2H, aryl-H), 7.12 (s, 2H, aryl-H), 3.69 (s, 1H, CH≡), 

2.59 - 2.44 (m, 10H, á-CH2), 1.37 - 1.28 (m, 95H, alkyl-H), 0.94 - 0.93 ppm (m, 20H, 

alkyl-H). 

13
C-NMR (62.5 Hz, THF-d8): ä = 139.71, 139.49, 130.92, 129.43, 129.27, 129.15, 

129.04, 128.87, 128.82, 128.46, 124.27, 124.19, 122.51, 122.38, 121.34, 121.05, 120.98, 

120.90, 119.02, 118.69, 118.50, 86.22, 33.01, 31.28, 31.10, 31.01, 30.94, 30.89, 30.84, 

30.49, 23.65, 14.54 ppm.  

Elemental Analysis: C 89.97%, H 10.01%, (calcd. for C104H138, C 89.98%, H 10.02%). 

 

2-Cyano-11-bromo-5,8,14,17-tetra(3�,7�-dimethyloctyl)-hexa-peri-

hexabenzocoronene (5-4): 
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para-Iodo bromo HBC 2-47 (130 mg, 0.10 mmol), CuCN (10.8 mg, 0.12 mmol) 

and Pd(PPh3)4 (5.8 mg, 0.01 mmol) were mixed with THF (6 mL) in a 25 mL Schlenk 

tube with a cooling condenser. The system was degassed with two �freeze-pump-thaw� 

cycles. After warming to r.t., the mixture was heated to 65 °C and stirred for 15 h under 

argon atmosphere. Methanol (15 mL) was then added to quench the reaction when the 

mixture was cooled down. The organic phase was washed with brine (3 × 100 mL) and 

extracted with DCM. After being dried over MgSO4, the solvents were removed in vacuo. 

The residue was absorbed on minimum silica gel and purified by column chromatography 

(eluent: petroleum ether (PE) / CH2Cl2 (7/4)). The product was further precipitated in 

methanol (100 mL) affording 97 mg compound 5-4 as yellow powder in a yield of 81%.  

MALDI-TOF MS (TCNQ): m/z = 1188 (100%, M+) (calc. for C83H96BrN = 1187.56 g 

mol-1). 

1
H-NMR (500 MHz, CDCl2-CDCl2, 140 °C): ä = 8.17 (s, 2H, aryl-H), 8.13 (s, 2H, aryl-

H), 7.94 (s, 4H, aryl-H), 7.84 (s, 2H, aryl-H), 7.78 (s, 2H, aryl-H), 3.01 � 2.99 (m, 8H, á-

CH2), 2.05 � 1.29 (m, 40H, alkyl-H), 1.04 � 0.87 ppm (m, 36H, -CH3). 

13
C-NMR (125 Hz, CDCl2-CDCl2, 140 °C): ä =157.50, 141.36, 140.41, 128.52, 127.91, 

126.69, 123.16, 122.81, 122.46, 121.36, 120.66, 108.75, 39.81, 39.30, 38.03, 37.64, 34.43, 

33.64, 29.73, 28.24, 25.15, 25.12, 22.85, 22.79, 20.49, 19.98 ppm. 

Elemental Analysis: C 82.54%, H 7.98%, N 1.01%, (calcd. for C83H96BrN, C 83.94%, H 

8.15%, N 1.18%). 
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2-Cyano-11-(ditolyamino)-5,8,14,17-tetra(3�,7�-dimethyloctyl)-hexa-peri-

hexabenzocoronene (5-1): 

 

5-4 (120 mg, 0.11 mmol), ditolyl amine (99.7 mg, 0.51 mmol), Pd2(dba)3 (4.6 mg, 

0.01 mmol), t-Bu3P (2.0 mg, 0.01 mmol) and sodium tert-butoxide (48.5 mg, 0.51 mmol) 

were mixed in a pre-dried 25 mL Schlenck tube with dry toluene (12 mL). The system 

was degassed with three �freeze-pump-thaw� cycles. After warming to r.t., the mixture 

was heated to 80 °C and stirred for 16 h under argon atmosphere. Methanol (10 mL) was 

then added to quench the reaction after the mixture was cooled down. The organic phase 

was then washed with brine (3 × 100 mL) and extracted with DCM. After being dried 

over MgSO4, the solvents were removed in vacuo. The residue was absorbed on 

minimum silica gel and purified by column chromatography (eluent: petroleum ether (PE) 

/ CH2Cl2 (3/1)). The product was further precipitated in methanol (100 mL) affording 104 

mg compound 5-1 as yellow powder in a yield of 79%.  

MALDI-TOF MS (TCNQ): m/z = 1303 (100%, M+) (calc. for C97H110N2 = 1302.87 g 

mol-1). 

1
H-NMR (500 MHz, CDCl2-CDCl2, 90 °C): ä = 8.56 (s, 2H, aryl-H), 8.28 (s, 2H, aryl-

H), 8.20 (s, 2H, aryl-H), 8. 09 (s, 2H, aryl-H), 7.89 (s, 2H, aryl-H), 7.66 (s, 2H, aryl-H), 

7.49 (d, 3J = 8.05 Hz, 4H, aryl-H), 7.36 (d, 3J = 8.00 Hz, 4H, aryl-H), 3.13 � 3.07 (m, 4H, 

á-CH2), 2.88 � 2.80 (m, 4H, á-CH2), 2.50 (s, 6H, aryl-CH3), 2.00 � 1.17 (m, 40H, alkyl-

H),0.96 - 0.92 ppm (m, 36H, -CH3). 
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13
C-NMR (125 Hz, CDCl2-CDCl2, 110 °C): ä = 147.38, 147.35, 145.89, 141.03, 140.95, 

133.60, 131.70, 130.57, 129.73, 129.60, 129.47, 127.81, 125.61, 123.09, 123.02, 122.61, 

122.22, 121.93, 121.84, 121.13, 120.18, 120.01, 119.93, 119.89, 118.91, 115.73, 108.92, 

39.80, 39.59, 39.47, 37.77, 37.74, 34.80, 34.74, 33.50, 33.40, 29.82, 28.21, 25.13, 25.07, 

22.88, 22.80, 21.12, 20.04, 20.02 ppm. 

Elemental Analysis: C 86.88%, H 8.40%, N 2.05%, (calcd. for C97H110N2, C 88.35%, H 

8.50%, N 2.15%). 

 

2-Cyano-11-[bis-(4�-methoxylphenyl)-amino]-5,8,14,17-tetra(3�,7�-dimethyloctyl)-

hexa-peri-hexabenzocoronene (5-2): 

R

RR

R

NNC

R =

O

O

 

5-4 (120 mg, 0.11 mmol), di-(4-methoxylphenyl) amine (125 mg, 0.55 mmol), 

Pd2(dba)3 (5.0 mg, 0.01 mmol), t-Bu3P (2.2 mg, 0.01 mmol) and sodium tert-butoxide 

(52.5 mg, 0.55 mmol) were mixed in a pre-dried 25 mL Schlenck tube with dry toluene 

(12 mL). The system was degassed with two �freeze-pump-thaw� cycles. After warming 

to r.t., the mixture was heated to 80 °C and stirred for 16 h under argon atmosphere. 

Methanol (10 mL) was then added to quench the reaction after the mixture was cooled 

down. The organic phase was then washed with brine (3 × 100 mL) and extracted with 

DCM. After being dried over MgSO4, the solvents were removed in vacuo. The residue 

was absorbed on minimum silica gel and purified by column chromatography (eluent: 

petroleum ether (PE) / CH2Cl2 (2/3)). The product was further precipitated in methanol 

(100 mL) affording 108 mg compound 5-2 as yellow powder in a yield of 74%.  
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MALDI-TOF MS (TCNQ): m/z = 1336 (100%, M+) (calc. for C97H110N2O2 = 1335.92 g 

mol-1). 

1
H-NMR (700 MHz, CDCl2-CDCl2, 90 °C): ä = 8.57 (s, 2H, aryl-H), 8.43 (s, 2H, aryl-

H), 8.31 (s, 2H, aryl-H), 8. 27 (s, 2H, aryl-H), 8.16 (s, 2H, aryl-H), 7.90 (s, 2H, aryl-H), 

7.54 (d, 3J = 7.56 Hz, 4H, aryl-H), 7.14 (d, 3J = 7.57 Hz, 4H, aryl-H), 3.96 (s, 6H, -OCH3), 

3.16 � 3.12 (m, 4H, á-CH2), 2.96 � 2.89 (m, 4H, á-CH2), 2.02 � 1.16 (m, 40H, alkyl-

H),0.96 - 0.92 ppm (m, 36H, -CH3). 

13
C-NMR (75 Hz, CDCl2-CDCl2, 120 °C): ä = 195.00, 191.14, 190.59, 157.23, 141.56, 

141.34, 131.80, 130.03, 129.90, 129.87, 128.24, 127.41, 123.37, 123.10, 122.54, 122.13, 

121.45, 120.38, 119.19, 115.89, 109.22, 91.86, 56.08, 39.76, 39.48, 37.72, 34.77, 34.73, 

33.41, 33.28, 29.78, 28.17, 25.05, 25.01, 22.81, 22.74, 20.03, 19.98 ppm. 

Elemental Analysis: C 87.24%, H 8.33%, N 2.02%, (calcd. for C97H110N2O2, C 87.21%, 

H 8.30%, N 2.40%). 

 

2,5,11,14-Tetra(3�,7�-dimethyloctyl)-hexa-peri-hexabenzocoronene (5-3): 

 

Dibromo HBC 2-1 (200 mg, 0.16 mmol) and n-butyl lithium (0.61 mL 1.6 M 

hexane solution, 0.97 mmol) were mixed with THF (6 mL) in a flame-dried 25 mL 

Schlenk tube at -78 °C. The mixture was stirred at -78 °C for 30 min followed by 

quenching with methanol (2 mL). The solution was washed with brine (3 × 100 mL) and 

extracted with DCM. After being dried over MgSO4, the solvents were removed under 
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reduced pressure. The residue was dissolved in minimum amount of THF and 

precipitated in MeOH (100 mL). 157 mg 5-3 were collected as brown solid in 90% yield. 

MALDI-TOF MS (TCNQ): m/z = 1083 (100%, M+) (calc. for C82H98 = 1083.65 g mol-

1). 

1
H-NMR (500 MHz, CDCl2-CDCl2, 140 °C): ä = 8.70 (d, 3J = 7.21 Hz, 4H, aryl-H), 

8.51 (s, 8H, aryl-H), 7.82 (t, 3J = 7.42 Hz, 2H, aryl-H), 3.11 (m, 8H, á-CH2), 2.04 � 1.18 

(m, 40H, alkyl-H),0.97 - 0.95 ppm (m, 36H, -CH3). 

13
C-NMR (75 Hz, CDCl2-CDCl2, 120 °C): ä = 140.85, 130.14, 130.08, 130.01, 125.16, 

123.32, 121.60, 121.52, 120.00, 119.86, 39.83, 39.53, 37.74, 34.81, 33.39, 29.79, 28.21, 

25.06, 22.84, 22.78, 20.11 ppm. 

Elemental Analysis: C 89.96%, H 9.39%, (calcd. for C82H98, C 90.88%, H 9.12%). 

 

2-Benzophenonimino-5,8,11,14,17-penta(3,7-dimethyloctyl)-hexa-peri-

hexabenzocoronene (6-4): 

N

R
1

R
1

R

R
1

R
1

R =  

In a 25 ml Schlenk flask, 2-bromo-5,8,11,14,17-penta(3,7-dimethyloctanyl)-hexa-

peri-hexabenzocoronene (4-2) (261.3 mg, 201.0 mmol), Pd2(dba)3 (4.9 mg, 5.0 mmol), 

BINAP (10.0 mg, 16.0 mmol), and sodium tert-butoxide (461.0 mg, 4.8 mmol) were 

dissolved in 10 ml of dry toluene and heated to 80 °C under argon. benzophenonimene 

(870.0 mg, 4.8 mmol) were added dropwise. The mixture was stirred at 80 °C for 16 h. 

After cooling, the mixture was poured into methanol (100 mL). The precipitated yellow 
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solid was filtrated, redissolved in a minimum amount of THF and precipitated in 

methanol twice. 6-4 (265 mg) was obtained as yellow solid in 95% yield. 

MALDI-TOF MS (TCNQ): m/z = 1404 (100%, M+), (calcd. for C105H127N = 1403.2 g 

mol-1). 

1
H-NMR (250 MHz, CDCl3): ä = 8.26 � 8.30 (m, 6H, aryl-H), 8.12 � 8.16(m, 6H, aryl-

H), 7.59 � 7.60 (m, 4H, aryl-H), 7.37 � 7.40 (m, 2H, aryl-H), 7.11 � 7.20 (m, 4H, aryl-H), 

2.90 � 3.04 (m, 10H, á-CH2), 1.14 � 1.98 (m, 65H, alkyl-H), 0.90 � 0.92 (m, 30H, -CH3) 

ppm. 

13
C-NMR (62.5 MHz, THF-d8): ä = 168.1, 148.9, 141.2, 140.8, 140.7, 140.6, 138.0, 

131.6, 130.9, 130.6, 130.5, 130.4, 130.3,129.4, 129.1, 129.0, 123.8, 123.7, 123.6, 122.3, 

121.9, 121.7, 120.0, 119.9, 119.8, 116.2, 41.1, 41.0, 40.5, 38.6, 38.5, 35.8, 34.4, 29.1, 

23.3, 23.2, 20.4 ppm.  

 

2-Amino-5,8,11,14,17-penta(3�,7�-dimethyloctyl)-hexa-peri-hexabenzocoronene 

hydrochloride (6-5): 

NH3

R
1

R
1

R

R
1

R
1

Cl

R =

+

 

Compound 6-4 (297.3 mg, 0.2 mmol) was dissolved in THF (10 mL) and 2.5 M 

HCl (70 ml) was added under an argon atmosphere. The solution immediately but 

temporarily turned black, followed by a yellow powder-like solid suspended in the 

aqueous solution. The mixture was stirred vigorously for 5 h and filtered out. The solid 

washed with water until the pH value of the filtrate was close to 7, then washed by 
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acetone to remove the excess diphenylketone as monitored by TLC. The ammonium salt 

6-5 (236 mg) was collected as a yellow powder in 87% yield after being dried under high 

vacuum.  

MALDI-TOF MS (TCNQ): m/z = 1239 (100%, M+), (calcd. for [C92H121N]+ =1240.0 g 

mol-1).  

This compound was directly used for the next step, due to the instability of 2-amino-

5,8,11,14,17-penta(3,7-dimethyloctanyl)-hexa-peri-hexabenzocoronene. The NMR 

spectroscopy was not used for the structural characterization, but rather that of derivatives 

was measured. 

 

2-Nonylamido-5,8,11,14,17-penta(3�,7�-dimethyloctyl)-hexa-peri-hexabenzocoronene 

(6-1a):  

N
H

O

R
1

R
1

R

R
1

R
1

R =  

Compound 6-5 (0.06 mmol, 74.3 mg), triethyl amine (0.5 mL) and LiBr (110.0 mg) 

were mixed in toluene/THF (1:1) mixture (5 mL) and heated to 80 °C under argon 

atmosphere. The nonanoyl chloride (10.6 mg, 0.6 mmol) was added dropwise. The 

mixture was stirred at 80 °C overnight. After cooling to r.t., the mixture was poured into 

methanol (100 mL). The precipitate were collected and further purified by column 

chromatography with petroleum ether (PE) /CH2Cl2 (2/1) as eluent affording 6-1a (79 mg) 

as yellow powder in 88% yield. 
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MALDI-TOF MS (TCNQ): m/z = 1379 (100%, M+), (calcd. for C101H135NO = 1379.2 g 

mol-1). 

1
H-NMR (250 MHz, THF-d8/LiBr, 50 °C): ä = 10.91 (s, 1H, -NH), 9.32 (s, 2H, aryl-H), 

8.47 (s, 2H, aryl-H), 8.36 (s, 2H, aryl-H), 8.19 � 8.27 (m, 6H, aryl-H), 3.00 (b, 12H, á-

CH2), 2.01 (b, 12H, â-CH2), 1.15 � 1.57 (m, 65H, alkyl-H), 0.88 � 0.96 (m, 33H, -CH3) 

ppm. 

13
C-NMR (62.5 MHz, THF-d8/LiBr, 50 °C): ä = 173.3, 146.3, 140.8, 140.3, 140.2, 

138.9, 135.7, 130.8, 130.6, 130.4, 130.2, 130.0, 129.9,125.9, 123.7, 123.5, 122.4, 121.7, 

121.6, 121.4, 119.9, 119.6, 119.5, 119.4, 114.6, 41.0, 40.9, 40.5, 38.5, 34.4, 34.3, 32.8, 

31.8, 31.0, 30.9, 30.5, 29.0, 23.2, 23.1, 20.3, 14.4 ppm. 

 

2-(R)-(-)-á-methoxy-á-(trifluoromethyl)phenylethylamido-5,8,11,14,17-penta(3�,7�-

dimethyloctyl)-hexa-peri-hexabenzocoronene (6-1b): 

N
H

O

O

CF3

R
1

R
1

R

R
1

R
1

R =  

Compound 6-5 (0.06 mmol, 74.3 mg), triethyl amine (0.5 mL) and LiBr (110.0 mg) 

were mixed in toluene/THF (1:1) mixture (5 mL) and heated to 80 °C under argon 

atmosphere. The (R)-(-)-á-methoxy-á-(trifluoromethyl)phenylacetyl chloride (152 mg, 

0.6 mmol) was added dropwise. The mixture was stirred at 80 °C overnight. After 

cooling to r.t., the mixture was poured into methanol (100 mL). The precipitate were 

collected and further purified by column chromatography with petroleum ether (PE) / 

THF (10/1) as eluent affording 2-1b (72 mg) as a yellow powder in 81% yield. 
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MALDI-TOF MS (TCNQ): m/z = 1455 (100%, M+), (calcd. for C102H126F3NO2 = 

1455.1 g mol-1). 

1
H-NMR (250 MHz, THF-d8): ä = 10.01 (s, 1H, -NH), 9.57 (s, 2H, aryl-H), 8.77 (b, 4H, 

aryl-H), 8.69 (s, 2H aryl-H), 8.61 � 8.63 (m, 4H, aryl-H), 7.96 (d, 3J = 7.2 Hz, 2H, aryl-H), 

7.53 � 7.57 (m, 3H, aryl-H), 3.90 (s, 3H, -OCH3), 3.3 (m, 10H, á-CH2), 1.21 � 2.01 

(m,68H, alkyl-H), 0.91 � 0.93 (m, 33H, -CH3) ppm. 

13
C-NMR (175 MHz, THF-d8): ä = 168.8, 144.5, 144.3, 144.2, 140.4, 137.8, 134.7, 

133.9, 133.7, 133.6, 127.2, 126.9, 126.1, 123.3, 123.1, 116.9, 44.1, 43.9, 43.5, 41.5, 38.8, 

38.7, 37.3, 37.2, 33.6, 32.0, 26.2, 26.1, 23.3 ppm. 

 

2-(N�-Octanyl-ureido)-5,8,11,14,17-penta(3�,7�-dimethyloctyl)-hexa-peri-

hexabenzocoronene (6-2a): 

N
H

O

N
H

R
1

R
1

R

R
1

R
1

R =  

Compound 6-5 (123.9 mg, 0.1 mmol), LiBr (55 mg) and triethyl amine (0.5 mL) 

were mixed in toluene/THF (1:1) mixture (5 mL) and heated to 80 °C under argon. Octyl 

isocyanate (202 mg, 1.3 mmol) was added dropwise, and the reaction stirred at 80 °C for 

45 h. After the mixture was cooled down, the crude product was precipitated in methanol 

(250 mL) and dried under vacuum after filtration. The crude product was further purified 

by column chromatography petroleum ether (PE) /CH2Cl2 (3/1) as eluent affording 6-2a 

(75 mg) as brown solid in 60% yield. 

MALDI-TOF MS (TCNQ): m/z = 1394 (100%, M+), (calcd. for C101H136N2O = 1394.2 

g mol-1). 
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1
H-NMR (250 MHz, THF-d8/LiBr, 50 °C): ä = 9.81 (s, 1H, -NH), 8.97 (b, 2H, aryl-H), 

8.64 (s, 2H, aryl-H), 8.17 � 8.41 (m, 8H, aryl-H), 7.59 (s, 1H, -NH), 3.41 (b, 2H, á-CH2), 

3.13 (b, 10H, á-CH2), 1.83 � 2.17 (m 12H, â-CH2), 1.14 � 1.65 (m,65H, alkyl-H), 0.82 � 

0.95 (m, 33H; -CH3) ppm. 

13
C-NMR (175MHz, THF-d8/LiBr, 50°C): ä = 160.8, 144.5, 144.6, 144.3, 144.2, 135.8, 

133.6, 126.9, 126.6, 125.7, 125.3, 125.1, 123.6, 123.3, 122.6, 44.7, 44.3, 44.2, 43.8, 43.6, 

41.6, 38.8, 38.6, 37.5, 37.4, 37.2, 36.1, 35.9, 33.9, 33.8, 33.7, 33.5, 33,4, 33,3 32.1, 31.2, 

23.4, 17.5 ppm. 

 

2-(N�-(S)-(-)-1�-phenylethyl-ureido)-5,8,11,14,17-penta(3�,7�-dimethyloctanyl)-hexa-

peri-hexabenzocoronene (6-2b):  

N
H

O

N
H

R
1

R
1

R

R
1

R
1

R =  

Compound 6-5 (123.9 mg, 0.1 mmol), LiBr (55 mg) and triethyl amine (0.5 mL) 

were mixed in toluene/THF (1:1) mixture (5 mL) and heated to 80 °C under argon. (S)-(-

)-á-methylbenzyl isocyanate (191.3 mg, 1.3 mmol) was added dropwise, and the reaction 

stirred at 80 °C for 45 h. After the mixture was cooled down, the crude product was 

precipitated in methanol (250 mL) and dried under vacuum after filtration. The crude 

product was further purified by column chromatography petroleum ether (PE) /CH2Cl2 

(3/2) with LiBr and then LiBr/THF as eluent as eluent affording 6-2b (81 mg) as brown 

solid in 54% yield. 
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MALDI-TOF MS (TCNQ): m/z = 1386 (100%, M+), (calcd. for C101H128N2O = 1386.1 

g mol-1). 

1
H-NMR (250 MHz, THF-d8/LiBr; 50 °C): ä = 10.12 (s, 1H, -NH), 9.01 (s, 2H, aryl-H), 

8.51 (b, 4H, aryl-H), 8.42 (b, 2H, aryl-H), 8.33 (b, 4H, aryl-H), 8.03 (b, 1H, -NH), 7.78 (d, 
3J = 7.2 Hz, 2H, aryl-H), 7.41 (t, 3J = 7.9 Hz, 2H, aryl-H), 7.24 (t, 3J = 7.5 Hz, 1H, aryl-

H), 5.50 (s, 1H, t-CH), 3.14 (m, 10H, á-CH2), 1.23 � 2.05 (m, 65H, alkyl-H), 0.93 � 0.97 

(m, 33H, -CH3) ppm. 

13
C-NMR (125 MHz, THF-d8/LiBr, 50 °C): ä = 157.1, 147.2, 140.6, 140.1, 139.9, 139.7, 

130.9, 130.4, 130.3, 130.2, 129.9, 129.1, 127.3, 127.1, 123.7, 123.6, 123.5, 122.5, 121.6, 

121.5, 121.3, 120.9, 119.9, 119.5, 119.2, 119.1, 113.8, 50.5, 41.1, 40.9, 40.8, 40.5, 38.5, 

35.9, 35.7, 35.6, 34.4, 34.34, 30.5, 29.0, 23.2, 23.1, 20.4 ppm.  

2,11-Bis-[N�-(3��,4��,5��-tris-(dodecyloxyphenyl)-ureido)-4�-phenyl-1�-ethylnyl]-

5,8,14,17-tetra-dodecanyl-hexa-peri-hexabenzocoronene (6-3): 

N
H

N
H

O

RO

RO

RO

RR

R R

N
H

N
H

O OR

OR

OR

R =  

Compound 6-6 (109 mg, 0,08 mmol), compound 6-7 (152 mg, 0,19 mmol), 

Pd(PPh3)4 (18 mg, 0,02 mmol), CuI (6 mg, 0,03 mmol) and LiBr (100 mg) were 

dissolved in Et3N/THF (2:1) mixture (15 mL). The mixture was carefully degassed twice 

by �freeze-pump-thaw� method and the reaction lasted for 4 days at 50 °C under argon 

atmosphere. After it was cooled to r.t., the reaction was quenched with water. The organic 

phase was extracted with CH2Cl2 (50 mL × 3) and dried over MgSO4. After evaporation 

of solvent in vacuo, the residue was purified by column chromatography using 

THF/CH2Cl2 (3/1) with LiBr as eluent affording 6-3 (81 mg) as yellow powder in 13% 

yield. 
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MALDI-TOF MS (TCNQ): m/z = 2770 (100%, M+), (calcd. for C192H278N4O8 = 2770.4 

g mol-1). 

1
H-NMR (500 MHz, THF-d8/LiBr, 50 °C): ä = 8.53 (s, 4H, aryl-H), 8.01 � 8.22 (m, 

12H, aryl-H), 7.72 (d, 4H, 3J = 7 Hz, 4H, aryl-H), 7.51 (d, 4H, 3J = 7 Hz, 4H, aryl-H), 

6.82 (s, 4H, aryl-H), 3.91 (t, 2J = 6 Hz, 12H, -OCH2), 2.89 (b, 8H, á-CH2), 1.30 � 1.56 (m, 

180H, -CH2), 0.87 � 0.92 (m, 50H, akyl-H) ppm. 

13
C-NMR (125 MHz, THF-d8/LiBr, 50 °C): ä = 166.0, 159.5, 151.7, 140.8, 138.6, 135.8, 

133.9, 133.7, 133.1, 123.2, 118.3, 116.5, 116.5, 114.6, 114.5, 114.2, 113.8, 113.0, 112.8, 

112.6, 109.3, 107.3, 106.2, 60.1, 33.0, 32.7, 30.6, 27.9, 26.4, 25.0, 22.7, 21.2, 18.1, 18.0, 

15.3, 15.2, 12.5 ppm. 

2-[2�-(4��-Dimethylazobenzene-4���-yl)-ethyn-1-yl]-5,8,14,17-penta-(3�,7�-

dimethyloctyl)hexa-peri-hexabenzocoronene (7-1): 

 

7-6 (64 mg, 0.05mmol), Pd(PPh3)4 (15 mg, 0.01mmol), CuI (5mg, 0.02 mmol) and 

4-iodo-4�-dimethylamino azobenzene (90mg, 0.26mmol) were  mixed in 5 mL THF and 

5 mL Et3N. The mixture was degassed with two �freeze-pump-thaw� cycles and heated to 

50 °C. The mixture was then stirred overnight. The reaction was quenched with methanol 

after being cooled to r.t.. After being washed with brine, further extracted with DCM and 

dried over MgSO4, the solvents were evaporated under reduced pressure. The catalysts 

were removed by a short silicon pad with DCM as eluent. The concentrated product was 

then dissolved in minimum amount of THF and precipitated in MeOH. 35mg 7-1 was 

collected as reddish solid in a yield of 46%.  
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MALDI-TOF MS (TCNQ): m/z =1472, (100%, M+), (calcd. for C108H131N3 = 1472.2 g 

mol-1). 

1
H-NMR (250 MHz, r.t. THF-d8): ä = 8.61-7.92 (m, 18H, aryl-H), 6.88 (d, 3J = 7.5 Hz, 

2H, aryl-H), 3.14 (s, 6H, -NCH3), 3.01 (m, 10H, á-CH2), 1.47-0.95 (m, 95H, alkyl-H) 

ppm. 

13
C-NMR (62.5 MHz, r.t. THF-d8): ä = 153.9, 153.7 144.9, 140.7, 140.5, 133.4, 130.3, 

130.1, 129.9, 129.3, 126.0, 125.7, 124.8 124.4, 123.5, 123.3, 123.2, 122.0, 121.7, 121.6, 

120.6, 120.1, 119.8, 118.8, 112.4, 94.2, 90.4, 74.3, 41.3, 41.2, 41.1, 40.5, 40.3, 38.5, 35.9, 

35.8, 35.7, 35.1, 34.5, 30.6, 30.5, 29.1, 26.2, 26.0, 23.3, 23.2, 20.4, 14.4 ppm. 

Elemental Analysis: C 87.58%, H 8.44%, N 1.99% (calcd. for C108H131N3, C 88.17%, H 

8.97%, N 2.86%). 

 

1-[4�-(Ethoxylcarbonylbutyl)phenyl]-2,3,4,5,6,-pentakis-[4�-(3��,7��-

dimethyloctyl)phenyl]-benzene (7-8): 

 

Zink (0.82 g, 12.52 mmol) and iodine (79.40 mg, 0.31 mmol) were mixed in 30 mL 

anhydrous DMA in a flame-baked Schlenk flask. After the color of iodine disappeared, 

ethyl 5-bromovalerate (1.30 g, 6.26 mmol) was added to the solution. The mixture was 

then stirred at 80 °C for 16 h. The obtained zink reagent was transferred to another flame-

baked two-neck flask, which was charged with mono-bromo HPB (7-7) (823 mg, 0.63 
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mmol), Pd(dppf)Cl2 (816.60 mg, 0.03 mmol) and 30 mL dry THF. The mixture was 

stirred at 50 °C under argon overnight. After being cooled to r.t., the reaction was 

quenched with water (50 mL). The organic phase was extracted with DCM and washed 

with brine. The solvents were removed in vacco after being dried over MgSO4. The 

product was then purified by column chromatography using petroleum ether (PE) / 

CH2Cl2 (4/1) as eluent. 778 mg compound 7-8 was collected as yellow oil. 

FD-MS (8 kV): m/z = 1365.9 (100%, M+), (calcd. for C99H142O2 = 1364.41 g mol-1). 

1
H-NMR (250 MHz, CD2Cl2): ä = 6.66 (m, 24H, aryl-H), 4.09 (tetra, 2H, 3J = 7.5Hz, �

OCH2-), 2.40-2.28 (m, 12H, á-CH2), 2.21 (t, 3J = 7.5Hz, 2H, -CO-CH2-), 1.44-1.13 (m, 

54H, alkyl-H), 0.88-0.85 (m, 48H, -CH3) ppm. 

13
C-NMR (62.5 MHz, CD2Cl2): ä = 172.5, 139.6, 139.5, 138.9, 138.0, 137.8, 137.5, 

130.6, 130.5, 125.6, 59.2, 38.6, 38.0, 36.3, 34.1, 33.2, 32.1, 31.4, 29.8, 28.9, 27.2, 23.9, 

23.4, 21.7, 21.6, 18.6, 13.3 ppm. 

Elemental Analysis: C 86.96%, H 9.91% (calcd. for C99H142O2, C 87.16%, H 10.49%, O 

2.35%). 

 

2-(Ethoxylcarbonylbutyl)-5,8,14,17-penta-(3�,7�-dimethyloctyl)hexa-peri-

hexabenzocoronene (7-9): 

 

Compound 7-8 (200 mg, 0.15 mmol) was dissolved in 200 mL dry DCM. The 

solution was bubbled with argon for 15 min.  FeCl3 (573.60 mg, 3.53 mmol) in 
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nitromethane (1.86 mL) was added dropwise. After being stirred at r.t. for 35 min with 

argon bubbling, the reaction was quenched by adding large amount methanol (300 mL). 

The solvents were evaporated under reduced pressure and the residue was filtered over a 

silica-gel pad with hot toluene. The concentrated residue was then dissolved in minimum 

amount THF and precipitated in methanol affording 174 mg product as yellow powder in 

a yield of 88%. 

MALDI-TOF MS (TCNQ): m/z = 1352 (100%, M+), (cacld. for C99H130O2 = 1352.41 g 

mol-1). 

1
H-NMR (250 MHz, THF-d8): ä = 8.53 (s, 12H, Ar-H), 4.09 (tetra, 2H, 3J = 7.04Hz, �

OCH2-), 3.08 (m, 12H, á-CH2), 2.44 (m, 2H, -CO-CH2-), 2.05-1.21 (m, 54H, alkyl-H), 

0.97-0.94 (m, 35H, -CH3) ppm. 
13

C-NMR (175 MHz, THF-d8): ä = 173.2, 141.2, 141.20, 141.18, 141.2, 130.7, 124.1, 

122.1, 122.0, 120.4, 120.3, 67.8, 67.6, 60.4, 40.8, 40.4, 38.4, 37.6, 35.6, 34.7, 34.2, 34.1, 

32.5, 30.4, 28.9, 26.0, 25.79, 25.78, 25.6, 25.5, 24.9, 24.8, 23.0, 22.9, 20.2, 14.6 ppm. 

Elemental Analysis: C 86.25%, H 9.20% (calcd. for C99H130O2, C 87.94%, H 9.69%, O 

2.37%). 

 
2-(5�-Hydroxylpentyl)-5,8,14,17-penta-(3�,7�-dimethyloctyl)hexa-peri-

hexabenzocoronene (7-10): 

 

Compound 7-9 (150 mg , 0.11 mmol) and LiAlH4 (42 mg, 1.10 mmol) were mixed 

in a 250 mL two-neck pre-dried flask with 60 mL dry THF at 0 °C. The mixture was 
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slowly warmed to r.t. and stirred overnight under argon atmosphere. The reaction was 

then quenched with MeOH. After being washed with brine and extracted with DCM, the 

organic phase was dried over MgSO4. The solvents were removed under reduced pressure 

and the product was precipitated in 100 mL MeOH resulting in 133 mg compound 7-10 

as yellow powder in a yield of 92%. 

MALDI-TOF MS (TCNQ): m/z = 1311 (100%, M+), (calcd. for C97H128O = 1310.41 g 

mol-1). 

1
H-NMR (250 MHz, r.t., THF-d8): ä = 8.49-8.45 (m, 12H, aryl-H), 3.07-3:05 (m, 12H, 

á-CH2), 2.48 (s, 2H, -CH2-OH), 2.02-2.00 (m, 8H, alkyl-H), 1.34-1.21 (m, 55H, alkyl-H), 

0.98-0.95 (m, 45H, alkyl-H) ppm. 

13
C-NMR (75 MHz, r.t., THF-d8):  = 140.1, 139.3, 129.6, 123.1, 121.2, 119.4, 63.0, 

40.2, 39.8, 37.8, 35.1, 33.6, 33.4, 28.4, 25.3, 23.2, 20.1 ppm. 

Elemental Analysis: C 88.98%, H 9.33% (calcd. for C97H128O, C 88.93%, H 9.85%, O 

1.22%). 

 

2-[5-(4��-Dimethylazobenzene-4���-carboxyl)-pentanoate]-5,8,14,17-penta-(3�,7�-

dimethyloctyl)hexa-peri-hexabenzocoronene (7-2): 

 

4-dimethylamino-azobenzene-4�-carboxylic acid (221.9 mg, 0.82 mmol), EDC 

(157.9 mg, 0.82 mmol) and DMAP (20.1 mg, 0.17 mmol) were dissolved in 5 mL dry 

DCM in a 50 mL Schlenck tube. The mixture was stirred for 20 min at r.t. and cooled to 0 
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°C. A DCM solution (5 mL) of Compound 7-10 (135 mg, 0.10 mmol) was then added 

dropwise. The solution was kept being stirred for 30 min at 0 °C and then slowly warmed 

to r.t. The reaction lasted for 3 d and was quenched by methanol. After being washed 

with brine and extracted with DCM, the organic phase was dried over MgSO4. The 

solvents were removed in vacco. The residue was purified by column chromatography 

using petroleum ether (PE) / CH2Cl2 1:3 as eluent. 66 mg product was collected as 

reddish solid in a yield of 41%.  

MALDI-TOF MS (TCNQ): m/z = 1561 (100%, M+), (calcd. for C112H141N3O2 = 

1561.39 g mol-1). 

1
H-NMR (250 MHz, r.t., THF-d8): ä = 8.40 (s, 12H, aryl-H), 8.14 (d, 3J = 8.6 Hz, 2H, 

aryl-H), 7.79 (d, 3J = 9.3 Hz, 2H, aryl-H), 7.74 (d, 3J = 9.4 Hz, 2H, aryl-H), 6.73 (d, 3J = 

9.1 Hz, 2H, aryl-H), 4.45 (t, 3J = 6.8 Hz, 2H, -CO-CH2), 3.06 (s, 6H, -N-CH3), 2.98 (bs, 

12H, á-CH2), 2.08 - 1.99 (m, 12H, â-CH2), 1.54 � 0.93 (m, 80H, alkyl-H) ppm.  

13
C-NMR (62.5 MHz, r.t., THF-d8):  = 166.2, 156.7, 153.9, 141.1, 141.07, 141.01, 

131.5, 131.1, 130.6, 126.0, 123.9, 122.6, 121.9, 120.24, 120.21, 112.1, 66.5, 41.1, 40.5, 

40.1, 38.5, 35.78, 35.75, 34.3, 30.6, 29.0, 23.3, 23.2, 23.1, 20.3 ppm. 

Elemental Analysis: C 86.19%, H 9.04% N 2.02% (calcd. for C112H141N3O2, C 86.16%, 

H 9.10%, N 2.69%, O 2.05%). 
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2-[2�-[4��-(S-Acetylthiomethyl)phenyl]ethyn-1-yl]-5,8,14,17-penta-(3�,7�-

dimethyloctyl)hexa-peri-hexabenzocoronene (7-3): 

R

R R

R R

R

S
O

 

Mono-ethynyl HBC 7-6 (100 mg, 0.08 mmol), 4-iodo-benzylthioacetate 7-11 (233.6 

mg, 0.8 mmol), Pd2(dba)3 (3.67 mg, 4×10
-3 mmol), CuI (1.5 mg, 0.01 mmol) and P(o-

tol)3 (4.87 mg, 0.02 mmol) were mixed in a flame-baked Schlenck tube with DIEA (1 

mL). THF (4 mL) was then added. The mixture was carefully degassed by two �freeze-

pump-thaw� cycles. The mixture was heated to 50°C and stirred for 3 d. After being 

cooled to r.t., the mixture was washed with brine and extracted with DCM. The organic 

phase was dried over MgSO4 and the solvents were removed in vacco. The crude product 

was further purified by column chromatography with petroleum ether (PE) / CH2Cl2 

(15/1) as eluent. 46 mg product was collected as yellow powder in a yield of 41%.  

MALDI-TOF MS (TCNQ): m/z = 1412 (100%, M+), (calcd. for C103H126OS = 1412.17 

g mol-1); fragmentization was found with high incident laser power. 

1
H-NMR (250 MHz, r.t. THF-d8): ä = 8.64 (s, 2H, aryl-H), 8.35 (m, 10H, aryl-H), 7.81 

(d, 3J = 8 Hz, 2H, aryl-H), 7.52(d, 3J = 8 Hz, 2H, aryl-H), 4.31 (s, 2H, -S-CH2), 3.06 (bs, 

10H, á-CH2), 2.44 (s, 3H, -CO-CH3), 1.99-2.05 (m, 6H, alkyl-H), 1.29-1.46 (m, 50H, 

alkyl-H), 1.29-1.46 (m, 50H, alkyl-H), 0.94-0.98 (m, 45H, -CH3) ppm. 

13
C-NMR (125 MHz, THF-d8): ä = 225.5, 141.5, 141.3, 139.9, 132.9, 130.9, 130.7, 

130.6, 130.1, 129.90, 129.86, 124.9, 123.9 122.6, 122.3 120.5 120.2 41.1, 41.0, 40.6 38.6 

35.83, 35.78, 34.4, 30.7 29.1 23.2, 23.1, 20.4 ppm. 
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2-(Ethoxylcarbonylethyl)-5,8,14,17-penta-(3�,7�-dimethyloctyl)hexa-peri-

hexabenzocoronene (7-12): 

 

Zinc (1 g, 15.40 mmol) and iodine (97.7 mg, 0.38 mmol) were mixed with 10 mL 

dry DMA in a flash-baked 25 mL Schlenk tube. After the color of iodide disappeared, 

ethoxy-carbonylethyl bromide (1.4 g, 7.70 mmol) was added. The mixture was heated to 

80 °C and stirred overnight. The resulted zinc reagent was then transferred to another 

flame-baked 50 mL Schlenk tube, which was charged with mono-bromo HBC 2-40 (200 

mg, 0.15 mmol), Pd(dppf)Cl2 (6.28 mg, 0.01 mmol) and 10 mL dry THF. The mixture 

was further stirred at 50 °C for 2 d. After being cooled down, the mixture was washed 

with brine and extracted with DCM. The combined organic layer was dried over MgSO4 

and the solvents were evaporated under reduced pressure. The crude compound was 

purified by column chromatography using Hexane / THF 10:1 as eluent affording 84 mg 

7-12 as yellow powder in a yield of 42%. 

MALDI-TOF MS (TCNQ): m/z = 1323 (100%, M+), (calcd. for C97H126O2 = 1323,21 g 

mol-1). 

1
H NMR (250 MHz, r.t. THF-d8): ä = 8.54 (m, 12H, aryl-H), 4.21 (s, 

4H, -COCH2, -OCH2), 3.12-2.94 (m, 12H, á-CH2), 2.45 (s, 3H, -CO-CH2-CH3), 2.04-

1.99 (m, 8H, alkyl-H), 1.32-1.22(m, 50H, alkyl-H), 1.21-0.93 (m, 45H, -CH3) ppm. 
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13
C-NMR (125 MHz, 50 °C, THF-d8): ä = 172.6, 141.1, 141.0, 130.6, 130.5, 130.4, 

123.8, 123.7, 121.8, 121.6, 120.1, 120.0, 67.6, 60.4, 40.6, 40.2, 40.1, 40.0, 38.1, 38.0, 

36.7, 35.4, 35.3, 34.0, 33.9, 33.8, 32.6, 30.2, 28.7, 22.8, 22.7, 20.0, 14.5 ppm. 

Elemental Analysis: C 86.71%, H 9.91% (calcd. for C97H126O2, C 87.99%, H 9.59%, O 

2.42%). 

 

2-(3�-Hydroxylpropyl)-5,8,14,17-penta-(3�,7�-dimethyloctyl)hexa-peri-

hexabenzocoronene (7-13): 

 

Compound 7-12 (84 mg , 0.16 mmol) and LiAlH4 (1 mL, 1M THF solution) were mixed 

in a 100 mL two-neck pre-dried flask with 40 mL dry THF at 0 °C. The mixture was 

slowly warmed to r.t. and stirred overnight under argon atmosphere. The reaction was 

then quenched with MeOH. After being washed with brine and extracted with DCM, the 

organic phase was dried over MgSO4. The solvents were removed under reduced pressure 

and the product was precipitated in MeOH (100 mL) resulting in 76 mg compound 7-13 

as yellow powder. This compound was directly used in the next step without further 

purification. 
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2-(3�-S-Acetylthiopropyl)-5,8,14,17-penta-(3�,7�-dimethyloctyl)hexa-peri-

hexabenzocoronene (7-4): 

R

R R

R R

R

S

O

 

Compound 7-13 (76 mg, 0.06 mmol) was dissolved in THF (1 mL). The solution 

was cooled to 0 °C followed by adding Et3N (0.2 mL) and methanesulfonyl chloride (0.1 

mL). After being stirred at 0 °C for 1 h, the mixture was warmed to r.t. and stirred 

overnight. H2O (5 mL) was used to dilute the mixture and the organic phase was 

extracted with DCM. The solvents were then removed under reduced pressure and the 

residue was further dried under high vacuum. The residue was mixed with potassium 

acetate (277 mg, 2.1 mmol) in dry DMF (1 mL). The resulting solution was the stirred at 

45 °C for 6 d. After being cooled down, the reaction was quenched with water and the 

organic phase was extracted with DCM. The combined organic layer was dried over 

MgSO4 and then the solvents were removed in vacco. The crude product was purified by 

column chromatography with hexane / chloroform 10:1 as eluent. 45 mg 7-4 was 

collected as yellow powder in a yield of 56%. 

MALDI-TOF MS (TCNQ): m/z = 1340 (100%, M+), (calcd. for C97H126OS = 1340.10 g 

mol-1); fragmentization was observed with high incident laser beam power. 

1
H NMR (250 MHz, r.t. CD2Cl2): ä = 8.25-8.12 (m, 12H, aryl-H), 3.14 (t, 3J = 7.25 Hz, 

2H, á-CH2), 3.01 (m, 10H, á-CH2), 2.44 (s, 3H, -CO-CH3), 2.21 (t, 3J = 7.5 Hz, 

2H, -S-CH2), 2.00-1-26 (m, 52H, alkyl-H), 0.97-0.83 (m, 45H, -CH3) ppm 
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13
C-NMR (125 MHz, CD2Cl2): 147.1, 145.1, 141.44, 141.42, 141.3, 133.5, 131.3, 130.9, 

130.85, 130.79, 130.7, 130.3, 128.4, 124.1, 123.2, 122.3, 122.13, 122.10, 120.9, 120.5, 

120.4, 120.3, 114.87, 114.84, 113.6, 40.7, 40.3, 38.3, 35.5, 34.1, 30.4, 29.5, 28.8, 23.0, 

22.9, 20.1 ppm. 
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Appendix I 

Set-up of Attenuated Model (AK) for Molecular 

Aggregation in solution 

 

The attenuated model for molecular aggregation in solution was set up according to 

�Comparisons of Indefinite Self-Association Models�, Martin, R. B., Chem. Rev. 1996, 

96, 3034-3064.  

In a solution, the formation of molecular dimer, trimer, tetramer�. can be described by 

the following reactions: 
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where K2 is the equilibrium constant of the formation of dimer, K3 is the equilibrium 

constant of the formation of trimer, ········. The concentration of the sample CT can thus be 

written as equation 1. 

              ...)321(...32 2
32232  AKKAKAAiAAAC

iT
 (1) 

Two dimensionless variables, L and x, which are related with the solution conce CT 

and the monomer concentration [A], are defined as follow 

TA CKL   (2) 

 AKx
A
  (3) 
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In the Attenuated model (AK) model, it considers the fact that the probability for a 

monomer to attach to an (i-1)-mer leading to an i-mer gradually decreases due to the 

entropic reason, i.e. K2 > K3> K4>···> Ki. The relation between Ki and the ensemble 

association constant, KA, is assumed as 
i

K
K

K
K

K
K A

i
AA  ,...

3
,

2 32 . Since the dimer 

forms much easier than the subsequent additions, it is reasonable to introduce a new 

parameter ô to individually describe the K2. For a simplification reason, this kind of 

parameters is assumed as 1 for the equilibrium constant (Ki) of forming larger aggregates, 

which leads to  

i

K
K

K
K

K
K A

i
AA  ,...

3
,

2 32   (4) 

A value of ô>2/3 indicates the favor of dimer formation. 

The substitution of eq.4 into eq.1 eq.2 and eq.3 gives the following equation 5. 
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In the AK model, only the property of the monomer, the molecule within a stack 

and the molecules at the two ends of a stack are considered to contribute the overall 

property of the system. The mole fractions of the monomer, the end molecules and those 

molecules within a stack are respectively defined as á, ë and î, which are quantized as  
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where it holds á+ë+î = 1. From eq.2, eq.3, eq.5, eq.6 and eq.7 it can be derived that 
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As mentioned before, the overall property (P) of a system can be expressed as the 

linear summation of those of the monomer (Pá), the end molecules (Pë) and the molecules 

within a stack (Pî): 

  PPPP   (12) 

In order to simplify the later mathematic simulation, it is necessary to reduce the 

number of parameters. The property of these ending molecules (Pë), therefore, is assumed 

as a linear combination of these of monomer (Pá) and molecules within a molecular stack 

(Pî). A new parameter, f, is then introduced, which describes the relationship between the 

properties of Pë, Pá and Pî.  

 PfPfP  )1(  (13) 

With eq.5, eq.9, eq.10, eq.11 and eq.13, the eq.12 can be re-written as 
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where x and KA hold the relationship:  

))1(1(  x

TA
exCKL    (15) 

In the 1H-NMR experiments, the overall property (P) corresponds the measured 

chemical shift of a specific proton in a solution with the concentration of CT. By applying 

a series mathematic curve fitting operations, the five parameter KA, ô, f, Pá and Pî can 

then be deduced. 
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Program used for curve fitting 

A mathematic program was composed based on non-linear least square analytical 

method with MATLAB® 7.4.0.287 (R2007a) software by Lei Xie from Prof. R. 

Nordmann�s group at TU-Darmstadt.  

With this program, the association constant of HBC-C12 3-31 was first derived with 

the NMR data from Dr. A. Fechtenkötter to verify the accuracy of this new program. 

Table App-1 show the results obtained from the new program ant the one used by 

Fechtenkötter (see Fechtenkötter�s PhD thesis, Uni-Mainz, 2001).  

Table App-1.  

calculated from the program used 
by Fechtenkötter 

calculated with new program Difference in percent 

KA = 457.32 L/mol KA = 462.16(6) L/mol 1.049 % 
 = 3.834  = 3.832(6) 0.026 % 
f = 0.3773 f = 0.379(0) 0.500 % 

P = 8.978 ppm P = 8.979(0) ppm 0.011 % 
P = 7.239 ppm P = 7.245(5) ppm 0.097 % 

The maximum 1.05% difference between the values calculated from the two 

different programs provides the liability of the data calculated with the new program.  

 

Original Program Codes 
 
clc 
clear all 
close all 
  
  
load data_dou253          % load experimental data  
xCT = data_dou253(:,1);   % concentration / CT 
yppm = data_dou253(:,2);  % Chemical shift ppm 
figure(1) 
semilogx(xCT,yppm,'*-') 
xlabel('Concentration / CT') 
ylabel('Chemical Shift [ppm]') 
title(' Experimental data and AK model') 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Set the starting parameters   
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% 
% Ka  = starting(1); 
% Pal = starting(2); 
% Pxi = starting(3); 
% f   = starting(4); 
% tao = starting(5); 
%%%%%%%%%%%%%%%%%%%%% 
starting = [457.32;8.978;7.239;0.3773;3.834]; 
options = optimset('Display','iter'); 
estimation = fminsearch(@modelfit,starting,options, xCT, yppm); 
  
CT = [1e-7:1e-2:1e-1]'; 
CT = [xCT(end):1e-2:xCT(1)]'; 
fit_yppm = model(estimation,CT); 
hold on 
semilogx(CT,fit_yppm,'r-') 
 
2 model.m 
function output = model(params,input) 
  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%  Constant parameters for the simplest AK model  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% 1. Ka  KA: association constant;  
% 2. Pal Pá: NMR shift of  monomer; 
% 3. Pxi Pæ: NMR shift of the interior molecule.  
% 4. f   f:  factor relating shift of end molecule to that of the 
monomer 
%            and the interior molecule ( Pë=(1-f)Pá+fPæ ), 0<f<1 
% 5. tao ô:  factor by which dimer formation differs from other polymer 
%            formation in AK models (K2=ôKA/2);  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%  Varialbels  for the simplest AK model  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% xCT  : input  concentration / CT 
% yppm : output Chemical shift ppm 
% x    : Intermediate variables 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Reference  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% R. Bruce Martin, "Comparisons of Indefinite Self-Association Models�, 
% Chemical Review. 1996 Dec 19;96(8):3043-3064 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Xie lei, Dou xi 18,06,2008 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
Ka = params(1); 
Pal = params(2); 
Pxi = params(3); 
f = params(4); 
tao = params(5); 
xCT = input; 
x = fncxCT(params,xCT); 

javascript:AL_get(this, 'jour', 'Chem Rev.');
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output = 1./(1+tao.*(exp(x)-1))*Pal +... 
    [(1-f)*Pal+f*Pxi]*2*tao.*(exp(x)-1-x)./(Ka.*xCT)+... 
    [1- 1./(1+tao.*(exp(x)-1)) - 2*tao.*(exp(x)-1-x)./(Ka.*xCT)].*Pxi; 
3 modelfit.m 
function sse = modelfit(params , input , actual_output) 
 
fit_curve = model(params,input); 
error_vector = fit_curve - actual_output; 
% when curve fitting , a typical quantity to  
% minimize is the sum of squares error 
sse = sum(error_vector.^2); 
 
4.fncxCT.m 
function x = fncxCT(params,xCT); 
  
Ka  = params(1); 
Pal = params(2); 
Pxi = params(3); 
f   = params(4); 
tao = params(5); 
  
L = Ka * xCT; 
x_list = [0:1e-4:100]; 
L_list = x_list.*(1+tao.*(exp(x_list)-1)); 
  
  
if(max(L)>max(L_list) || min(L)< min(L_list)) 
    disp('the L = Ka* xCT is out of the L list setting,please reset') 
    keykoard   
end 
  
  
for i = 1:length(xCT) 
    [y,index] = min(abs(L_list-L(i))); 
    x(i,1) = x_list(index); 
     
end 
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Appendix II 

Single crystal structure data of 5,11-Bis[4�-

dodecylphenyl]-2,8-didodecyl-6,12-bis[spiro(6�-oxo-

cyclohexa-1�,4�-diene)-3�]indeno[1,2-b]fluorene (2-41): 

 

Atom Label Xfrac Yfrac Zfrac 

O1 0.0494 0.0465 0.2938 
C1 0.0245 0.6460 0.5416 
C2 0.0544 0.5783 0.4974 
C3 0.0306 0.4417 0.4570 
C4 0.0738 0.3911 0.4144 
C5 0.0503 0.4272 0.3545 
C6 0.0447 0.2931 0.3153 
C7 0.0609 0.0857 0.3283 
C8 0.0898 0.0487 0.3857 
C9 0.0955 0.1867 0.4254 
C10 0.1231 0.5344 0.4351 
C11 0.1741 0.5635 0.4106 
C12 0.2152 0.6956 0.4335 
C13 0.2063 0.7964 0.4836 
C14 0.1550 0.7684 0.5085 
C15 0.1134 0.6388 0.4838 
C16 0.2716 0.7336 0.4089 
C17 0.2719 0.9371 0.3802 
C18 0.2321 0.9603 0.3248 
C19 0.2303 11.725 0.3035 
C20 0.1880 12.183 0.2512 
C21 0.1791 14.369 0.2413 
C22 0.1291 14.931 0.1946 
C23 0.1181 17.155 0.1907 
C24 0.0646 17.737 0.1502 
C25 0.0545 19.919 0.1462 
C26 0.0000 20.517 0.1058 
C27 0.0100 22.738 0.1048 
C28 0.0509 0.7877 0.5843 
C29 0.0455 0.9914 0.5758 
C30 0.0707 11.208 0.6162 
C31 0.1005 10.599 0.6671 
C32 0.1059 0.8580 0.6754 
C33 0.0812 0.7268 0.6350 
C34 0.1254 11.989 0.7139 
C35 0.0846 12.297 0.7590 
C36 0.1160 13.273 0.8125 
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C37 0.1372 15.354 0.8068 
C38 0.1773 16.091 0.8575 
C39 0.1929 18.223 0.8568 
C40 0.2439 18.839 0.9012 
C41 0.2561 21.033 0.9052 
C42 0.3069 21.639 0.9478 
C43 0.3184 23.824 0.9515 
C44 0.3691 24.474 0.9941 
C45 0.3796 26.664 0.9972 
H51 0.0399 0.5587 0.3445 
H61 0.0299 0.3305 0.2777 
H81 0.1066 -0.0775 0.3933 
H91 0.1138 0.1532 0.4622 

H111 0.1807 0.4939 0.3776 
H131 0.2356 0.8855 0.4998 
H141 0.1490 0.8291 0.5431 
H161 0.3044 0.7240 0.4376 
H162 0.2745 0.6359 0.3811 
H171 0.2596 10.305 0.4057 
H172 0.3109 0.9659 0.3740 
H181 0.1935 0.9202 0.3293 
H182 0.2465 0.8797 0.2973 
H191 0.2192 12.528 0.3328 
H192 0.2685 12.079 0.2965 
H201 0.1512 11.589 0.2542 
H202 0.2032 11.663 0.2193 
H211 0.1697 14.898 0.2757 
H212 0.2146 14.934 0.2330 
H221 0.0944 14.267 0.2009 
H222 0.1401 14.529 0.1594 
H231 0.1109 17.567 0.2271 
H232 0.1517 17.812 0.1811 
H241 0.0307 17.089 0.1596 
H242 0.0716 17.340 0.1136 
H251 0.0484 20.318 0.1830 
H252 0.0880 20.568 0.1359 
H261 -0.0334 19.887 0.1169 
H262 0.0060 20.066 0.0694 
H271 -0.0435 23.054 0.0784 
H272 -0.0158 23.181 0.1413 
H273 0.0235 23.360 0.0938 
H291 0.0250 10.373 0.5411 
H301 0.0680 12.586 0.6103 
H321 0.1257 0.8122 0.7104 
H331 0.0856 0.5895 0.6409 
H341 0.1613 11.454 0.7315 
H342 0.1323 13.231 0.6981 
H351 0.0691 11.057 0.7676 
H352 0.0534 13.143 0.7442 
H361 0.0901 13.275 0.8402 



APPENDIX II 

 270 

H362 0.1496 12.501 0.8255 
H371 0.1040 16.189 0.8001 
H372 0.1583 15.405 0.7753 
H381 0.1572 15.894 0.8892 
H382 0.2121 15.326 0.8617 
H391 0.1600 19.012 0.8617 
H392 0.2047 18.493 0.8209 
H401 0.2339 18.439 0.9367 
H402 0.2783 18.169 0.8940 
H411 0.2221 21.692 0.9139 
H412 0.2643 21.434 0.8690 
H421 0.2994 21.178 0.9836 
H422 0.3412 21.024 0.9381 
H431 0.2842 24.430 0.9615 
H432 0.3253 24.281 0.9155 
H441 0.3622 24.027 10.303 
H442 0.4034 23.865 0.9842 
H451 0.4123 26.962 10.246 
H452 0.3456 27.284 10.073 
H453 0.3868 27.123 0.9613 
O1 -0.0494 10.464 0.7062 
C1 -0.0245 0.3541 0.4584 
C2 -0.0544 0.4216 0.5026 
C3 -0.0306 0.5584 0.5430 
C4 -0.0738 0.6088 0.5856 
C5 -0.0503 0.5729 0.6455 
C6 -0.0447 0.7069 0.6847 
C7 -0.0609 0.9142 0.6717 
C8 -0.0898 0.9512 0.6143 
C9 -0.0955 0.8134 0.5746 
C10 -0.1231 0.4655 0.5649 
C11 -0.1741 0.4364 0.5894 
C12 -0.2152 0.3045 0.5665 
C13 -0.2063 0.2037 0.5164 
C14 -0.1550 0.2317 0.4915 
C15 -0.1134 0.3613 0.5162 
C16 -0.2716 0.2663 0.5911 
C17 -0.2719 0.0628 0.6198 
C18 -0.2321 0.0398 0.6752 
C19 -0.2303 -0.1726 0.6965 
C20 -0.1879 -0.2182 0.7488 
C21 -0.1791 -0.4369 0.7587 
C22 -0.1291 -0.4932 0.8054 
C23 -0.1181 -0.7155 0.8093 
C24 -0.0646 -0.7736 0.8498 
C25 -0.0545 -0.9920 0.8538 
C26 0.0000 -10.517 0.8942 
C27 0.0100 -12.739 0.8952 
C28 -0.0509 0.2123 0.4157 
C29 -0.0455 0.0085 0.4242 
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C30 -0.0707 -0.1209 0.3838 
C31 -0.1005 -0.0600 0.3329 
C32 -0.1059 0.1419 0.3246 
C33 -0.0812 0.2731 0.3650 
C34 -0.1253 -0.1990 0.2861 
C35 -0.0846 -0.2298 0.2410 
C36 -0.1160 -0.3272 0.1875 
C37 -0.1372 -0.5353 0.1932 
C38 -0.1773 -0.6091 0.1425 
C39 -0.1929 -0.8224 0.1432 
C40 -0.2439 -0.8839 0.0988 
C41 -0.2561 -11.034 0.0948 
C42 -0.3069 -11.638 0.0522 
C43 -0.3184 -13.823 0.0485 
C44 -0.3691 -14.475 0.0059 
C45 -0.3796 -16.663 0.0028 
H51 -0.0399 0.4413 0.6555 
H61 -0.0299 0.6696 0.7223 
H81 -0.1066 10.776 0.6067 
H91 -0.1138 0.8469 0.5378 

H111 -0.1807 0.5060 0.6224 
H131 -0.2356 0.1146 0.5002 
H141 -0.1490 0.1710 0.4569 
H161 -0.3044 0.2760 0.5624 
H162 -0.2745 0.3642 0.6189 
H171 -0.2596 -0.0305 0.5943 
H172 -0.3109 0.0340 0.6260 
H181 -0.1935 0.0797 0.6707 
H182 -0.2465 0.1203 0.7027 
H191 -0.2192 -0.2528 0.6672 
H192 -0.2685 -0.2078 0.7035 
H201 -0.1512 -0.1588 0.7458 
H202 -0.2032 -0.1664 0.7807 
H211 -0.1697 -0.4898 0.7243 
H212 -0.2146 -0.4934 0.7670 
H221 -0.0944 -0.4266 0.7991 
H222 -0.1401 -0.4530 0.8406 
H231 -0.1109 -0.7568 0.7729 
H232 -0.1517 -0.7811 0.8189 
H241 -0.0307 -0.7088 0.8404 
H242 -0.0716 -0.7340 0.8864 
H251 -0.0484 -10.319 0.8170 
H252 -0.0880 -10.569 0.8641 
H261 0.0334 -0.9886 0.8831 
H262 -0.0060 -10.065 0.9306 
H271 0.0435 -13.055 0.9216 
H272 0.0158 -13.182 0.8587 
H273 -0.0235 -13.360 0.9062 
H291 -0.0250 -0.0373 0.4589 
H301 -0.0680 -0.2586 0.3897 
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H321 -0.1257 0.1877 0.2896 
H331 -0.0856 0.4104 0.3591 
H341 -0.1613 -0.1454 0.2685 
H342 -0.1323 -0.3231 0.3019 
H351 -0.0691 -0.1058 0.2324 
H352 -0.0534 -0.3143 0.2558 
H361 -0.0901 -0.3274 0.1598 
H362 -0.1496 -0.2502 0.1745 
H371 -0.1040 -0.6188 0.1999 
H372 -0.1583 -0.5405 0.2247 
H381 -0.1572 -0.5893 0.1108 
H382 -0.2121 -0.5325 0.1383 
H391 -0.1600 -0.9012 0.1383 
H392 -0.2047 -0.8494 0.1791 
H401 -0.2339 -0.8438 0.0633 
H402 -0.2783 -0.8169 0.1060 
H411 -0.2221 -11.693 0.0861 
H412 -0.2643 -11.434 0.1310 
H421 -0.2994 -11.178 0.0164 
H422 -0.3412 -11.024 0.0619 
H431 -0.2842 -14.430 0.0385 
H432 -0.3253 -14.280 0.0845 
H441 -0.3622 -14.026 -0.0303 
H442 -0.4034 -13.865 0.0158 
H451 -0.4123 -16.962 -0.0246 
H452 -0.3456 -17.284 -0.0073 
H453 -0.3868 -17.122 0.0387 
O1 10.494 -0.0465 0.2938 
C1 10.245 0.6460 0.5416 
C2 10.544 0.5783 0.4974 
C3 10.305 0.4417 0.4570 
C4 10.738 0.3911 0.4144 
C5 10.503 0.4272 0.3545 
C6 10.447 0.2931 0.3153 
C7 10.609 0.0857 0.3283 
C8 10.898 0.0487 0.3857 
C9 10.955 0.1867 0.4254 
C10 11.231 0.5344 0.4351 
C11 11.741 0.5635 0.4106 
C12 12.152 0.6956 0.4335 
C13 12.063 0.7964 0.4836 
C14 11.550 0.7684 0.5085 
C15 11.134 0.6388 0.4838 
C16 12.716 0.7336 0.4089 
C17 12.719 0.9371 0.3802 
C18 12.321 0.9603 0.3248 
C19 12.303 11.725 0.3035 
C20 11.880 12.183 0.2512 
C21 11.791 14.369 0.2413 
C22 11.291 14.931 0.1946 
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C23 11.181 17.155 0.1907 
C24 10.646 17.737 0.1502 
C25 10.545 19.919 0.1462 
C26 10.000 20.517 0.1058 
C27 0.9900 22.738 0.1048 
C28 10.509 0.7877 0.5843 
C29 10.455 0.9914 0.5758 
C30 10.707 11.208 0.6162 
C31 11.005 10.599 0.6671 
C32 11.059 0.8580 0.6754 
C33 10.812 0.7268 0.6350 
C34 11.253 11.989 0.7139 
C35 10.846 12.297 0.7590 
C36 11.160 13.273 0.8125 
C37 11.372 15.354 0.8068 
C38 11.773 16.091 0.8575 
C39 11.929 18.223 0.8568 
C40 12.439 18.839 0.9012 
C41 12.561 21.033 0.9052 
C42 13.069 21.639 0.9478 
C43 13.184 23.824 0.9515 
C44 13.691 24.474 0.9941 
C45 13.796 26.664 0.9972 
H51 10.399 0.5587 0.3445 
H61 10.299 0.3305 0.2777 
H81 11.066 -0.0775 0.3933 
H91 11.138 0.1532 0.4622 

H111 11.807 0.4939 0.3776 
H131 12.356 0.8855 0.4998 
H141 11.490 0.8291 0.5431 
H161 13.044 0.7240 0.4376 
H162 12.745 0.6359 0.3811 
H171 12.596 10.305 0.4057 
H172 13.109 0.9659 0.3740 
H181 11.935 0.9202 0.3293 
H182 12.465 0.8797 0.2973 
H191 12.192 12.528 0.3328 
H192 12.685 12.079 0.2965 
H201 11.512 11.589 0.2542 
H202 12.032 11.663 0.2193 
H211 11.697 14.898 0.2757 
H212 12.146 14.934 0.2330 
H221 10.944 14.267 0.2009 
H222 11.401 14.529 0.1594 
H231 11.109 17.567 0.2271 
H232 11.517 17.812 0.1811 
H241 10.307 17.089 0.1596 
H242 10.716 17.340 0.1136 
H251 10.484 20.318 0.1830 
H252 10.880 20.568 0.1359 
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H261 0.9666 19.887 0.1169 
H262 10.060 20.066 0.0694 
H271 0.9565 23.054 0.0784 
H272 0.9842 23.181 0.1413 
H273 10.235 23.360 0.0938 
H291 10.250 10.373 0.5411 
H301 10.680 12.586 0.6103 
H321 11.257 0.8122 0.7104 
H331 10.856 0.5895 0.6409 
H341 11.613 11.454 0.7315 
H342 11.323 13.231 0.6981 
H351 10.691 11.057 0.7676 
H352 10.534 13.143 0.7442 
H361 10.901 13.275 0.8402 
H362 11.496 12.501 0.8255 
H371 11.040 16.189 0.8001 
H372 11.583 15.405 0.7753 
H381 11.572 15.894 0.8892 
H382 12.121 15.326 0.8617 
H391 11.600 19.012 0.8617 
H392 12.047 18.493 0.8209 
H401 12.339 18.439 0.9367 
H402 12.783 18.169 0.8940 
H411 12.221 21.692 0.9139 
H412 12.643 21.434 0.8690 
H421 12.994 21.178 0.9836 
H422 13.412 21.024 0.9381 
H431 12.842 24.430 0.9615 
H432 13.253 24.281 0.9155 
H441 13.622 24.027 10.303 
H442 14.034 23.865 0.9842 
H451 14.123 26.962 10.246 
H452 13.456 27.284 10.073 
H453 13.868 27.123 0.9613 
O1 0.9506 10.464 0.7062 
C1 0.9755 0.3541 0.4584 
C2 0.9456 0.4216 0.5026 
C3 0.9694 0.5584 0.5430 
C4 0.9262 0.6088 0.5856 
C5 0.9497 0.5729 0.6455 
C6 0.9553 0.7069 0.6847 
C7 0.9391 0.9142 0.6717 
C8 0.9102 0.9512 0.6143 
C9 0.9045 0.8134 0.5746 
C10 0.8768 0.4655 0.5649 
C11 0.8258 0.4364 0.5894 
C12 0.7848 0.3045 0.5665 
C13 0.7937 0.2037 0.5164 
C14 0.8450 0.2317 0.4915 
C15 0.8866 0.3613 0.5162 
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C16 0.7284 0.2663 0.5911 
C17 0.7281 0.0628 0.6198 
C18 0.7679 0.0398 0.6752 
C19 0.7697 -0.1726 0.6965 
C20 0.8121 -0.2182 0.7488 
C21 0.8209 -0.4369 0.7587 
C22 0.8709 -0.4932 0.8054 
C23 0.8819 -0.7155 0.8093 
C24 0.9354 -0.7736 0.8498 
C25 0.9455 -0.9920 0.8538 
C26 10.000 -10.517 0.8942 
C27 10.100 -12.739 0.8952 
C28 0.9491 0.2123 0.4157 
C29 0.9545 0.0085 0.4242 
C30 0.9293 -0.1209 0.3838 
C31 0.8995 -0.0600 0.3329 
C32 0.8941 0.1419 0.3246 
C33 0.9188 0.2731 0.3650 
C34 0.8746 -0.1990 0.2861 
C35 0.9154 -0.2298 0.2410 
C36 0.8839 -0.3272 0.1875 
C37 0.8628 -0.5353 0.1932 
C38 0.8227 -0.6091 0.1425 
C39 0.8071 -0.8224 0.1432 
C40 0.7561 -0.8839 0.0988 
C41 0.7439 -11.034 0.0948 
C42 0.6931 -11.638 0.0522 
C43 0.6816 -13.823 0.0485 
C44 0.6309 -14.475 0.0059 
C45 0.6203 -16.663 0.0028 
H51 0.9601 0.4413 0.6555 
H61 0.9701 0.6696 0.7223 
H81 0.8934 10.776 0.6067 
H91 0.8862 0.8469 0.5378 

H111 0.8193 0.5060 0.6224 
H131 0.7644 0.1146 0.5002 
H141 0.8510 0.1710 0.4569 
H161 0.6956 0.2760 0.5624 
H162 0.7255 0.3642 0.6189 
H171 0.7404 -0.0305 0.5943 
H172 0.6891 0.0340 0.6260 
H181 0.8065 0.0797 0.6707 
H182 0.7535 0.1203 0.7027 
H191 0.7808 -0.2528 0.6672 
H192 0.7315 -0.2078 0.7035 
H201 0.8488 -0.1588 0.7458 
H202 0.7968 -0.1664 0.7807 
H211 0.8303 -0.4898 0.7243 
H212 0.7854 -0.4934 0.7670 
H221 0.9056 -0.4266 0.7991 
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H222 0.8599 -0.4530 0.8406 
H231 0.8891 -0.7568 0.7729 
H232 0.8483 -0.7811 0.8189 
H241 0.9693 -0.7088 0.8404 
H242 0.9284 -0.7340 0.8864 
H251 0.9516 -10.319 0.8170 
H252 0.9120 -10.569 0.8641 
H261 10.334 -0.9886 0.8831 
H262 0.9940 -10.065 0.9306 
H271 10.435 -13.055 0.9216 
H272 10.158 -13.182 0.8587 
H273 0.9765 -13.360 0.9062 
H291 0.9750 -0.0373 0.4589 
H301 0.9320 -0.2586 0.3897 
H321 0.8743 0.1877 0.2896 
H331 0.9144 0.4104 0.3591 
H341 0.8387 -0.1454 0.2685 
H342 0.8677 -0.3231 0.3019 
H351 0.9309 -0.1058 0.2324 
H352 0.9466 -0.3143 0.2558 
H361 0.9099 -0.3274 0.1598 
H362 0.8504 -0.2502 0.1745 
H371 0.8960 -0.6188 0.1999 
H372 0.8417 -0.5405 0.2247 
H381 0.8428 -0.5893 0.1108 
H382 0.7879 -0.5325 0.1383 
H391 0.8400 -0.9012 0.1383 
H392 0.7953 -0.8494 0.1791 
H401 0.7661 -0.8438 0.0633 
H402 0.7217 -0.8169 0.1060 
H411 0.7779 -11.693 0.0861 
H412 0.7357 -11.434 0.1310 
H421 0.7006 -11.178 0.0164 
H422 0.6588 -11.024 0.0619 
H431 0.7158 -14.430 0.0385 
H432 0.6747 -14.280 0.0845 
H441 0.6378 -14.026 -0.0303 
H442 0.5966 -13.865 0.0158 
H451 0.5877 -16.962 -0.0246 
H452 0.6544 -17.284 -0.0073 
H453 0.6132 -17.122 0.0387 
O1 0.4506 -0.5465 0.7062 
C1 0.4755 0.1460 0.4584 
C2 0.4456 0.0784 0.5026 
C3 0.4694 -0.0583 0.5430 
C4 0.4262 -0.1089 0.5856 
C5 0.4497 -0.0728 0.6455 
C6 0.4553 -0.2069 0.6847 
C7 0.4391 -0.4143 0.6717 
C8 0.4101 -0.4512 0.6143 
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C9 0.4045 -0.3134 0.5746 
C10 0.3769 0.0345 0.5649 
C11 0.3258 0.0635 0.5894 
C12 0.2848 0.1956 0.5665 
C13 0.2937 0.2964 0.5164 
C14 0.3450 0.2683 0.4915 
C15 0.3866 0.1388 0.5162 
C16 0.2283 0.2336 0.5911 
C17 0.2281 0.4372 0.6198 
C18 0.2679 0.4602 0.6752 
C19 0.2697 0.6725 0.6965 
C20 0.3120 0.7182 0.7488 
C21 0.3209 0.9370 0.7587 
C22 0.3708 0.9932 0.8054 
C23 0.3819 12.155 0.8093 
C24 0.4354 12.738 0.8498 
C25 0.4455 14.920 0.8538 
C26 0.5000 15.517 0.8942 
C27 0.5101 17.739 0.8952 
C28 0.4491 0.2878 0.4157 
C29 0.4546 0.4915 0.4242 
C30 0.4292 0.6209 0.3838 
C31 0.3995 0.5600 0.3329 
C32 0.3941 0.3581 0.3246 
C33 0.4188 0.2269 0.3650 
C34 0.3747 0.6990 0.2861 
C35 0.4154 0.7298 0.2410 
C36 0.3839 0.8274 0.1875 
C37 0.3627 10.354 0.1932 
C38 0.3227 11.091 0.1425 
C39 0.3071 13.223 0.1432 
C40 0.2561 13.840 0.0988 
C41 0.2438 16.033 0.0948 
C42 0.1931 16.640 0.0522 
C43 0.1815 18.825 0.0485 
C44 0.1309 19.475 0.0059 
C45 0.1204 21.663 0.0028 
H51 0.4601 0.0587 0.6555 
H61 0.4701 -0.1696 0.7223 
H81 0.3934 -0.5774 0.6067 
H91 0.3862 -0.3468 0.5378 

H111 0.3193 -0.0060 0.6224 
H131 0.2644 0.3854 0.5002 
H141 0.3510 0.3292 0.4569 
H161 0.1956 0.2239 0.5624 
H162 0.2255 0.1357 0.6189 
H171 0.2404 0.5305 0.5943 
H172 0.1891 0.4659 0.6260 
H181 0.3065 0.4203 0.6707 
H182 0.2535 0.3796 0.7027 
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H191 0.2808 0.7528 0.6672 
H192 0.2315 0.7078 0.7035 
H201 0.3488 0.6587 0.7458 
H202 0.2968 0.6664 0.7807 
H211 0.3303 0.9898 0.7243 
H212 0.2854 0.9935 0.7670 
H221 0.4056 0.9266 0.7991 
H222 0.3599 0.9530 0.8406 
H231 0.3891 12.567 0.7729 
H232 0.3483 12.812 0.8189 
H241 0.4693 12.087 0.8404 
H242 0.4284 12.340 0.8864 
H251 0.4516 15.319 0.8170 
H252 0.4120 15.568 0.8641 
H261 0.5334 14.887 0.8831 
H262 0.4940 15.066 0.9306 
H271 0.5435 18.054 0.9216 
H272 0.5158 18.182 0.8587 
H273 0.4765 18.359 0.9062 
H291 0.4750 0.5372 0.4589 
H301 0.4320 0.7585 0.3897 
H321 0.3743 0.3123 0.2896 
H331 0.4144 0.0895 0.3591 
H341 0.3387 0.6454 0.2685 
H342 0.3677 0.8231 0.3019 
H351 0.4309 0.6058 0.2324 
H352 0.4466 0.8143 0.2558 
H361 0.4099 0.8274 0.1598 
H362 0.3504 0.7502 0.1745 
H371 0.3960 11.189 0.1999 
H372 0.3417 10.404 0.2247 
H381 0.3428 10.894 0.1108 
H382 0.2879 10.327 0.1383 
H391 0.3400 14.011 0.1383 
H392 0.2953 13.493 0.1791 
H401 0.2661 13.438 0.0633 
H402 0.2217 13.169 0.1060 
H411 0.2779 16.692 0.0861 
H412 0.2357 16.434 0.1310 
H421 0.2006 16.177 0.0164 
H422 0.1588 16.025 0.0619 
H431 0.2158 19.431 0.0385 
H432 0.1747 19.279 0.0845 
H441 0.1378 19.026 -0.0303 
H442 0.0966 18.866 0.0158 
H451 0.0877 21.962 -0.0246 
H452 0.1544 22.283 -0.0073 
H453 0.1132 22.123 0.0387 
O1 0.5494 0.5465 0.2938 
C1 0.5245 -0.1460 0.5416 
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C2 0.5544 -0.0784 0.4974 
C3 0.5306 0.0583 0.4570 
C4 0.5738 0.1089 0.4144 
C5 0.5503 0.0728 0.3545 
C6 0.5447 0.2069 0.3153 
C7 0.5609 0.4143 0.3283 
C8 0.5899 0.4512 0.3857 
C9 0.5955 0.3134 0.4254 
C10 0.6231 -0.0345 0.4351 
C11 0.6742 -0.0635 0.4106 
C12 0.7152 -0.1956 0.4335 
C13 0.7063 -0.2964 0.4836 
C14 0.6550 -0.2683 0.5085 
C15 0.6134 -0.1388 0.4838 
C16 0.7717 -0.2336 0.4089 
C17 0.7719 -0.4372 0.3802 
C18 0.7321 -0.4602 0.3248 
C19 0.7303 -0.6725 0.3035 
C20 0.6879 -0.7182 0.2512 
C21 0.6791 -0.9370 0.2413 
C22 0.6291 -0.9932 0.1946 
C23 0.6181 -12.155 0.1907 
C24 0.5646 -12.738 0.1502 
C25 0.5545 -14.920 0.1462 
C26 0.5000 -15.517 0.1058 
C27 0.4899 -17.739 0.1048 
C28 0.5508 -0.2878 0.5843 
C29 0.5454 -0.4915 0.5758 
C30 0.5707 -0.6209 0.6162 
C31 0.6005 -0.5600 0.6671 
C32 0.6059 -0.3581 0.6754 
C33 0.5812 -0.2269 0.6350 
C34 0.6253 -0.6990 0.7139 
C35 0.5846 -0.7298 0.7590 
C36 0.6161 -0.8274 0.8125 
C37 0.6373 -10.354 0.8068 
C38 0.6773 -11.091 0.8575 
C39 0.6929 -13.223 0.8568 
C40 0.7439 -13.840 0.9012 
C41 0.7562 -16.033 0.9052 
C42 0.8069 -16.640 0.9478 
C43 0.8185 -18.825 0.9515 
C44 0.8691 -19.475 0.9941 
C45 0.8796 -21.663 0.9972 
H51 0.5399 -0.0587 0.3445 
H61 0.5299 0.1696 0.2777 
H81 0.6066 0.5774 0.3933 
H91 0.6138 0.3468 0.4622 

H111 0.6807 0.0060 0.3776 
H131 0.7356 -0.3854 0.4998 
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H141 0.6490 -0.3292 0.5431 
H161 0.8044 -0.2239 0.4376 
H162 0.7745 -0.1357 0.3811 
H171 0.7596 -0.5305 0.4057 
H172 0.8109 -0.4659 0.3740 
H181 0.6935 -0.4203 0.3293 
H182 0.7465 -0.3796 0.2973 
H191 0.7192 -0.7528 0.3328 
H192 0.7685 -0.7078 0.2965 
H201 0.6512 -0.6587 0.2542 
H202 0.7032 -0.6664 0.2193 
H211 0.6697 -0.9898 0.2757 
H212 0.7146 -0.9935 0.2330 
H221 0.5944 -0.9266 0.2009 
H222 0.6401 -0.9530 0.1594 
H231 0.6109 -12.567 0.2271 
H232 0.6517 -12.812 0.1811 
H241 0.5307 -12.087 0.1596 
H242 0.5716 -12.340 0.1136 
H251 0.5484 -15.319 0.1830 
H252 0.5880 -15.568 0.1359 
H261 0.4666 -14.887 0.1169 
H262 0.5060 -15.066 0.0694 
H271 0.4565 -18.054 0.0784 
H272 0.4842 -18.182 0.1413 
H273 0.5235 -18.359 0.0938 
H291 0.5250 -0.5372 0.5411 
H301 0.5680 -0.7585 0.6103 
H321 0.6257 -0.3123 0.7104 
H331 0.5856 -0.0895 0.6409 
H341 0.6613 -0.6454 0.7315 
H342 0.6323 -0.8231 0.6981 
H351 0.5691 -0.6058 0.7676 
H352 0.5534 -0.8143 0.7442 
H361 0.5901 -0.8274 0.8402 
H362 0.6496 -0.7502 0.8255 
H371 0.6040 -11.189 0.8001 
H372 0.6583 -10.404 0.7753 
H381 0.6572 -10.894 0.8892 
H382 0.7121 -10.327 0.8617 
H391 0.6600 -14.011 0.8617 
H392 0.7047 -13.493 0.8209 
H401 0.7339 -13.438 0.9367 
H402 0.7783 -13.169 0.8940 
H411 0.7221 -16.692 0.9139 
H412 0.7643 -16.434 0.8690 
H421 0.7994 -16.177 0.9836 
H422 0.8412 -16.025 0.9381 
H431 0.7842 -19.431 0.9615 
H432 0.8253 -19.279 0.9155 
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H441 0.8622 -19.026 10.303 
H442 0.9034 -18.866 0.9842 
H451 0.9123 -21.962 10.246 
H452 0.8456 -22.283 10.073 
H453 0.8868 -22.123 0.9613 
O1 0.4506 0.4536 0.7062 
C1 0.4755 11.459 0.4584 
C2 0.4456 10.783 0.5026 
C3 0.4694 0.9417 0.5430 
C4 0.4262 0.8910 0.5856 
C5 0.4497 0.9271 0.6455 
C6 0.4553 0.7932 0.6847 
C7 0.4391 0.5858 0.6717 
C8 0.4101 0.5488 0.6143 
C9 0.4045 0.6866 0.5746 
C10 0.3769 10.346 0.5649 
C11 0.3258 10.636 0.5894 
C12 0.2848 11.955 0.5665 
C13 0.2937 12.964 0.5164 
C14 0.3450 12.683 0.4915 
C15 0.3866 11.387 0.5162 
C16 0.2283 12.335 0.5911 
C17 0.2281 14.371 0.6198 
C18 0.2679 14.603 0.6752 
C19 0.2697 16.726 0.6965 
C20 0.3120 17.182 0.7488 
C21 0.3209 19.369 0.7587 
C22 0.3708 19.931 0.8054 
C23 0.3819 22.156 0.8093 
C24 0.4354 22.737 0.8498 
C25 0.4455 24.920 0.8538 
C26 0.5000 25.518 0.8942 
C27 0.5101 27.739 0.8952 
C28 0.4491 12.877 0.4157 
C29 0.4546 14.914 0.4242 
C30 0.4292 16.208 0.3838 
C31 0.3995 15.599 0.3329 
C32 0.3941 13.580 0.3246 
C33 0.4188 12.269 0.3650 
C34 0.3747 16.989 0.2861 
C35 0.4154 17.298 0.2410 
C36 0.3839 18.273 0.1875 
C37 0.3627 20.354 0.1932 
C38 0.3227 21.092 0.1425 
C39 0.3071 23.223 0.1432 
C40 0.2561 23.839 0.0988 
C41 0.2438 26.033 0.0948 
C42 0.1931 26.639 0.0522 
C43 0.1815 28.824 0.0485 
C44 0.1309 29.475 0.0059 
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C45 0.1204 31.663 0.0028 
H51 0.4601 10.588 0.6555 
H61 0.4701 0.8304 0.7223 
H81 0.3934 0.4225 0.6067 
H91 0.3862 0.6532 0.5378 

H111 0.3193 0.9941 0.6224 
H131 0.2644 13.854 0.5002 
H141 0.3510 13.291 0.4569 
H161 0.1956 12.240 0.5624 
H162 0.2255 11.358 0.6189 
H171 0.2404 15.306 0.5943 
H172 0.1891 14.658 0.6260 
H181 0.3065 14.204 0.6707 
H182 0.2535 13.797 0.7027 
H191 0.2808 17.527 0.6672 
H192 0.2315 17.078 0.7035 
H201 0.3488 16.588 0.7458 
H202 0.2968 16.664 0.7807 
H211 0.3303 19.897 0.7243 
H212 0.2854 19.934 0.7670 
H221 0.4056 19.266 0.7991 
H222 0.3599 19.530 0.8406 
H231 0.3891 22.567 0.7729 
H232 0.3483 22.812 0.8189 
H241 0.4693 22.088 0.8404 
H242 0.4284 22.341 0.8864 
H251 0.4516 25.320 0.8170 
H252 0.4120 25.568 0.8641 
H261 0.5334 24.887 0.8831 
H262 0.4940 25.066 0.9306 
H271 0.5435 28.053 0.9216 
H272 0.5158 28.183 0.8587 
H273 0.4765 28.360 0.9062 
H291 0.4750 15.373 0.4589 
H301 0.4320 17.586 0.3897 
H321 0.3743 13.123 0.2896 
H331 0.4144 10.894 0.3591 
H341 0.3387 16.455 0.2685 
H342 0.3677 18.232 0.3019 
H351 0.4309 16.058 0.2324 
H352 0.4466 18.144 0.2558 
H361 0.4099 18.274 0.1598 
H362 0.3504 17.502 0.1745 
H371 0.3960 21.189 0.1999 
H372 0.3417 20.405 0.2247 
H381 0.3428 20.894 0.1108 
H382 0.2879 20.326 0.1383 
H391 0.3400 24.012 0.1383 
H392 0.2953 23.493 0.1791 
H401 0.2661 23.438 0.0633 
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H402 0.2217 23.170 0.1060 
H411 0.2779 26.692 0.0861 
H412 0.2357 26.433 0.1310 
H421 0.2006 26.178 0.0164 
H422 0.1588 26.024 0.0619 
H431 0.2158 29.430 0.0385 
H432 0.1747 29.280 0.0845 
H441 0.1378 29.026 -0.0303 
H442 0.0966 28.865 0.0158 
H451 0.0877 31.963 -0.0246 
H452 0.1544 32.284 -0.0073 
H453 0.1132 32.123 0.0387 
O1 0.5494 15.464 0.2938 
C1 0.5245 0.8541 0.5416 
C2 0.5544 0.9217 0.4974 
C3 0.5306 10.583 0.4570 
C4 0.5738 11.090 0.4144 
C5 0.5503 10.729 0.3545 
C6 0.5447 12.068 0.3153 
C7 0.5609 14.142 0.3283 
C8 0.5899 14.512 0.3857 
C9 0.5955 13.134 0.4254 
C10 0.6231 0.9654 0.4351 
C11 0.6742 0.9364 0.4106 
C12 0.7152 0.8045 0.4335 
C13 0.7063 0.7036 0.4836 
C14 0.6550 0.7317 0.5085 
C15 0.6134 0.8613 0.4838 
C16 0.7717 0.7665 0.4089 
C17 0.7719 0.5629 0.3802 
C18 0.7321 0.5397 0.3248 
C19 0.7303 0.3274 0.3035 
C20 0.6879 0.2818 0.2512 
C21 0.6791 0.0631 0.2413 
C22 0.6291 0.0069 0.1946 
C23 0.6181 -0.2156 0.1907 
C24 0.5646 -0.2737 0.1502 
C25 0.5545 -0.4920 0.1462 
C26 0.5000 -0.5518 0.1058 
C27 0.4899 -0.7739 0.1048 
C28 0.5508 0.7123 0.5843 
C29 0.5454 0.5086 0.5758 
C30 0.5707 0.3792 0.6162 
C31 0.6005 0.4401 0.6671 
C32 0.6059 0.6420 0.6754 
C33 0.5812 0.7731 0.6350 
C34 0.6253 0.3011 0.7139 
C35 0.5846 0.2702 0.7590 
C36 0.6161 0.1727 0.8125 
C37 0.6373 -0.0354 0.8068 
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C38 0.6773 -0.1092 0.8575 
C39 0.6929 -0.3223 0.8568 
C40 0.7439 -0.3839 0.9012 
C41 0.7562 -0.6033 0.9052 
C42 0.8069 -0.6639 0.9478 
C43 0.8185 -0.8824 0.9515 
C44 0.8691 -0.9475 0.9941 
C45 0.8796 -11.663 0.9972 
H51 0.5399 0.9412 0.3445 
H61 0.5299 11.696 0.2777 
H81 0.6066 15.775 0.3933 
H91 0.6138 13.468 0.4622 

H111 0.6807 10.059 0.3776 
H131 0.7356 0.6146 0.4998 
H141 0.6490 0.6709 0.5431 
H161 0.8044 0.7760 0.4376 
H162 0.7745 0.8642 0.3811 
H171 0.7596 0.4694 0.4057 
H172 0.8109 0.5342 0.3740 
H181 0.6935 0.5796 0.3293 
H182 0.7465 0.6203 0.2973 
H191 0.7192 0.2473 0.3328 
H192 0.7685 0.2922 0.2965 
H201 0.6512 0.3412 0.2542 
H202 0.7032 0.3336 0.2193 
H211 0.6697 0.0103 0.2757 
H212 0.7146 0.0066 0.2330 
H221 0.5944 0.0734 0.2009 
H222 0.6401 0.0470 0.1594 
H231 0.6109 -0.2567 0.2271 
H232 0.6517 -0.2812 0.1811 
H241 0.5307 -0.2088 0.1596 
H242 0.5716 -0.2341 0.1136 
H251 0.5484 -0.5320 0.1830 
H252 0.5880 -0.5568 0.1359 
H261 0.4666 -0.4887 0.1169 
H262 0.5060 -0.5066 0.0694 
H271 0.4565 -0.8053 0.0784 
H272 0.4842 -0.8183 0.1413 
H273 0.5235 -0.8360 0.0938 
H291 0.5250 0.4627 0.5411 
H301 0.5680 0.2414 0.6103 
H321 0.6257 0.6877 0.7104 
H331 0.5856 0.9106 0.6409 
H341 0.6613 0.3545 0.7315 
H342 0.6323 0.1768 0.6981 
H351 0.5691 0.3942 0.7676 
H352 0.5534 0.1856 0.7442 
H361 0.5901 0.1726 0.8402 
H362 0.6496 0.2498 0.8255 
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H371 0.6040 -0.1189 0.8001 
H372 0.6583 -0.0405 0.7753 
H381 0.6572 -0.0894 0.8892 
H382 0.7121 -0.0326 0.8617 
H391 0.6600 -0.4012 0.8617 
H392 0.7047 -0.3493 0.8209 
H401 0.7339 -0.3438 0.9367 
H402 0.7783 -0.3170 0.8940 
H411 0.7221 -0.6692 0.9139 
H412 0.7643 -0.6433 0.8690 
H421 0.7994 -0.6178 0.9836 
H422 0.8412 -0.6024 0.9381 
H431 0.7842 -0.9430 0.9615 
H432 0.8253 -0.9280 0.9155 
H441 0.8622 -0.9026 10.303 
H442 0.9034 -0.8865 0.9842 
H451 0.9123 -11.963 10.246 
H452 0.8456 -12.284 10.073 
H453 0.8868 -12.123 0.9613 

 

Atom1 Atom2 Bond length / Å Atom1 Atom2 Bond length / Å 
 

C1 C2 1.415 
C2 C3 1.399 
C3 C4 1.557 
C4 C5 1.480 
C5 C6 1.303 
O1 C7 1.226 
C6 C7 1.484 
C7 C8 1.463 
C4 C9 1.491 
C8 C9 1.329 
C4 C10 1.530 
C10 C11 1.397 
C11 C12 1.366 
C12 C13 1.419 
C13 C14 1.407 
C2 C15 1.498 
C10 C15 1.409 
C14 C15 1.375 
C12 C16 1.520 
C16 C17 1.548 
C17 C18 1.512 
C18 C19 1.532 
C19 C20 1.510 
C20 C21 1.518 
C21 C22 1.539 
C22 C23 1.537 

C23 C24 1.513 
C24 C25 1.506 
C25 C26 1.531 
C26 C27 1.531 
C1 C28 1.475 
C28 C29 1.406 
C29 C30 1.377 
C30 C31 1.376 
C31 C32 1.393 
C28 C33 1.377 
C32 C33 1.380 
C31 C34 1.518 
C34 C35 1.536 
C35 C36 1.534 
C36 C37 1.512 
C37 C38 1.506 
C38 C39 1.498 
C39 C40 1.532 
C40 C41 1.522 
C41 C42 1.500 
C42 C43 1.513 
C43 C44 1.508 
C44 C45 1.512 
C5 H51 0.949 
C6 H61 0.950 
C8 H81 0.950 
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C9 H91 0.951 
C11 H111 0.949 
C13 H131 0.950 
C14 H141 0.951 
C16 H161 0.950 
C16 H162 0.950 
C17 H171 0.951 
C17 H172 0.950 
C18 H181 0.951 
C18 H182 0.950 
C19 H191 0.950 
C19 H192 0.949 
C20 H201 0.951 
C20 H202 0.950 
C21 H211 0.950 
C21 H212 0.949 
C22 H221 0.950 
C22 H222 0.951 
C23 H231 0.949 
C23 H232 0.950 
C24 H241 0.951 
C24 H242 0.951 
C25 H251 0.950 
C25 H252 0.950 
C26 H261 0.950 
C26 H262 0.950 
C27 H271 0.951 
C27 H272 0.950 
C27 H273 0.949 
C29 H291 0.951 
C30 H301 0.950 
C32 H321 0.950 
C33 H331 0.950 
C34 H341 0.949 
C34 H342 0.949 
C35 H351 0.951 
C35 H352 0.951 
C36 H361 0.950 
C36 H362 0.951 
C37 H371 0.950 
C37 H372 0.950 
C38 H381 0.949 
C38 H382 0.951 
C39 H391 0.950 
C39 H392 0.952 
C40 H401 0.949 
C40 H402 0.951 
C41 H411 0.951 
C41 H412 0.950 
C42 H421 0.949 

C42 H422 0.951 
C43 H431 0.949 
C43 H432 0.949 
C44 H441 0.950 
C44 H442 0.950 
C45 H451 0.949 
C45 H452 0.951 
C45 H453 0.949 
C3 C1 1.406 
C1 C2 1.415 
C1 C3 1.406 
C2 C3 1.400 
C3 C4 1.557 
C4 C5 1.480 
C5 C6 1.302 
O1 C7 1.226 
C6 C7 1.484 
C7 C8 1.463 
C4 C9 1.492 
C8 C9 1.329 
C4 C10 1.530 
C10 C11 1.397 
C11 C12 1.365 
C12 C13 1.419 
C13 C14 1.407 
C2 C15 1.498 
C10 C15 1.408 
C14 C15 1.375 
C12 C16 1.520 
C16 C17 1.548 
C17 C18 1.512 
C18 C19 1.532 
C19 C20 1.510 
C20 C21 1.518 
C21 C22 1.540 
C22 C23 1.537 
C23 C24 1.513 
C24 C25 1.507 
C25 C26 1.531 
C26 C27 1.531 
C1 C28 1.475 
C28 C29 1.407 
C29 C30 1.377 
C30 C31 1.376 
C31 C32 1.393 
C28 C33 1.377 
C32 C33 1.380 
C31 C34 1.518 
C34 C35 1.536 
C35 C36 1.534 
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C36 C37 1.512 
C37 C38 1.507 
C38 C39 1.498 
C39 C40 1.531 
C40 C41 1.523 
C41 C42 1.500 
C42 C43 1.513 
C43 C44 1.508 
C44 C45 1.511 
C5 H51 0.950 
C6 H61 0.950 
C8 H81 0.951 
C9 H91 0.951 
C11 H111 0.949 
C13 H131 0.950 
C14 H141 0.951 
C16 H161 0.950 
C16 H162 0.951 
C17 H171 0.951 
C17 H172 0.950 
C18 H181 0.951 
C18 H182 0.950 
C19 H191 0.950 
C19 H192 0.949 
C20 H201 0.950 
C20 H202 0.949 
C21 H211 0.950 
C21 H212 0.949 
C22 H221 0.950 
C22 H222 0.951 
C23 H231 0.949 
C23 H232 0.949 
C24 H241 0.951 
C24 H242 0.951 
C25 H251 0.950 
C25 H252 0.950 
C26 H261 0.951 
C26 H262 0.950 
C27 H271 0.951 
C27 H272 0.950 
C27 H273 0.948 
C29 H291 0.951 
C30 H301 0.949 
C32 H321 0.950 
C33 H331 0.950 
C34 H341 0.949 
C34 H342 0.949 
C35 H351 0.951 
C35 H352 0.951 
C36 H361 0.950 

C36 H362 0.951 
C37 H371 0.950 
C37 H372 0.950 
C38 H381 0.949 
C38 H382 0.951 
C39 H391 0.949 
C39 H392 0.952 
C40 H401 0.949 
C40 H402 0.950 
C41 H411 0.951 
C41 H412 0.950 
C42 H421 0.949 
C42 H422 0.951 
C43 H431 0.949 
C43 H432 0.949 
C44 H441 0.951 
C44 H442 0.951 
C45 H451 0.949 
C45 H452 0.951 
C45 H453 0.949 
C1 C2 1.415 
C2 C3 1.399 
C3 C4 1.557 
C4 C5 1.480 
C5 C6 1.303 
O1 C7 1.226 
C6 C7 1.484 
C7 C8 1.463 
C4 C9 1.491 
C8 C9 1.329 
C4 C10 1.530 
C10 C11 1.397 
C11 C12 1.366 
C12 C13 1.419 
C13 C14 1.407 
C2 C15 1.498 
C10 C15 1.409 
C14 C15 1.375 
C12 C16 1.520 
C16 C17 1.548 
C17 C18 1.512 
C18 C19 1.532 
C19 C20 1.510 
C20 C21 1.518 
C21 C22 1.539 
C22 C23 1.537 
C23 C24 1.513 
C24 C25 1.506 
C25 C26 1.531 
C26 C27 1.531 
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C1 C28 1.475 
C28 C29 1.406 
C29 C30 1.377 
C30 C31 1.376 
C31 C32 1.393 
C28 C33 1.377 
C32 C33 1.380 
C31 C34 1.518 
C34 C35 1.536 
C35 C36 1.534 
C36 C37 1.512 
C37 C38 1.506 
C38 C39 1.498 
C39 C40 1.532 
C40 C41 1.522 
C41 C42 1.500 
C42 C43 1.513 
C43 C44 1.508 
C44 C45 1.512 
C5 H51 0.949 
C6 H61 0.950 
C8 H81 0.950 
C9 H91 0.951 
C11 H111 0.949 
C13 H131 0.950 
C14 H141 0.951 
C16 H161 0.950 
C16 H162 0.950 
C17 H171 0.951 
C17 H172 0.950 
C18 H181 0.951 
C18 H182 0.950 
C19 H191 0.950 
C19 H192 0.949 
C20 H201 0.951 
C20 H202 0.950 
C21 H211 0.950 
C21 H212 0.949 
C22 H221 0.950 
C22 H222 0.951 
C23 H231 0.949 
C23 H232 0.950 
C24 H241 0.951 
C24 H242 0.951 
C25 H251 0.950 
C25 H252 0.950 
C26 H261 0.950 
C26 H262 0.950 
C27 H271 0.951 
C27 H272 0.950 

C27 H273 0.949 
C29 H291 0.951 
C30 H301 0.950 
C32 H321 0.950 
C33 H331 0.950 
C34 H341 0.949 
C34 H342 0.949 
C35 H351 0.951 
C35 H352 0.951 
C36 H361 0.950 
C36 H362 0.951 
C37 H371 0.950 
C37 H372 0.950 
C38 H381 0.949 
C38 H382 0.951 
C39 H391 0.950 
C39 H392 0.952 
C40 H401 0.949 
C40 H402 0.951 
C41 H411 0.951 
C41 H412 0.950 
C42 H421 0.949 
C42 H422 0.951 
C43 H431 0.949 
C43 H432 0.949 
C44 H441 0.950 
C44 H442 0.950 
C45 H451 0.949 
C45 H452 0.951 
C45 H453 0.949 
C3 C1 1.406 
C1 C2 1.415 
C1 C3 1.406 
C2 C3 1.400 
C3 C4 1.557 
C4 C5 1.480 
C5 C6 1.302 
O1 C7 1.226 
C6 C7 1.484 
C7 C8 1.463 
C4 C9 1.492 
C8 C9 1.329 
C4 C10 1.530 
C10 C11 1.397 
C11 C12 1.365 
C12 C13 1.419 
C13 C14 1.407 
C2 C15 1.498 
C10 C15 1.408 
C14 C15 1.375 
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C12 C16 1.520 
C16 C17 1.548 
C17 C18 1.512 
C18 C19 1.532 
C19 C20 1.510 
C20 C21 1.518 
C21 C22 1.540 
C22 C23 1.537 
C23 C24 1.513 
C24 C25 1.507 
C25 C26 1.531 
C26 C27 1.531 
C1 C28 1.475 
C28 C29 1.407 
C29 C30 1.377 
C30 C31 1.376 
C31 C32 1.393 
C28 C33 1.377 
C32 C33 1.380 
C31 C34 1.518 
C34 C35 1.536 
C35 C36 1.534 
C36 C37 1.512 
C37 C38 1.507 
C38 C39 1.498 
C39 C40 1.531 
C40 C41 1.523 
C41 C42 1.500 
C42 C43 1.513 
C43 C44 1.508 
C44 C45 1.511 
C5 H51 0.950 
C6 H61 0.950 
C8 H81 0.951 
C9 H91 0.951 
C11 H111 0.949 
C13 H131 0.950 
C14 H141 0.951 
C16 H161 0.950 
C16 H162 0.951 
C17 H171 0.951 
C17 H172 0.950 
C18 H181 0.951 
C18 H182 0.950 
C19 H191 0.950 
C19 H192 0.949 
C20 H201 0.950 
C20 H202 0.949 
C21 H211 0.950 
C21 H212 0.949 

C22 H221 0.950 
C22 H222 0.951 
C23 H231 0.949 
C23 H232 0.949 
C24 H241 0.951 
C24 H242 0.951 
C25 H251 0.950 
C25 H252 0.950 
C26 H261 0.951 
C26 H262 0.950 
C27 H271 0.951 
C27 H272 0.950 
C27 H273 0.948 
C29 H291 0.951 
C30 H301 0.949 
C32 H321 0.950 
C33 H331 0.950 
C34 H341 0.949 
C34 H342 0.949 
C35 H351 0.951 
C35 H352 0.951 
C36 H361 0.950 
C36 H362 0.951 
C37 H371 0.950 
C37 H372 0.950 
C38 H381 0.949 
C38 H382 0.951 
C39 H391 0.949 
C39 H392 0.952 
C40 H401 0.949 
C40 H402 0.950 
C41 H411 0.951 
C41 H412 0.950 
C42 H421 0.949 
C42 H422 0.951 
C43 H431 0.949 
C43 H432 0.949 
C44 H441 0.951 
C44 H442 0.951 
C45 H451 0.949 
C45 H452 0.951 
C45 H453 0.949 
C1 C2 1.415 
C2 C3 1.399 
C3 C4 1.557 
C4 C5 1.481 
C5 C6 1.303 
O1 C7 1.226 
C6 C7 1.484 
C7 C8 1.463 
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C4 C9 1.492 
C8 C9 1.329 
C4 C10 1.529 
C10 C11 1.398 
C11 C12 1.365 
C12 C13 1.419 
C13 C14 1.407 
C2 C15 1.498 
C10 C15 1.409 
C14 C15 1.375 
C12 C16 1.521 
C16 C17 1.548 
C17 C18 1.513 
C18 C19 1.532 
C19 C20 1.510 
C20 C21 1.519 
C21 C22 1.539 
C22 C23 1.537 
C23 C24 1.513 
C24 C25 1.506 
C25 C26 1.531 
C26 C27 1.531 
C1 C28 1.475 
C28 C29 1.406 
C29 C30 1.377 
C30 C31 1.376 
C31 C32 1.393 
C28 C33 1.377 
C32 C33 1.380 
C31 C34 1.518 
C34 C35 1.536 
C35 C36 1.535 
C36 C37 1.512 
C37 C38 1.506 
C38 C39 1.498 
C39 C40 1.532 
C40 C41 1.522 
C41 C42 1.500 
C42 C43 1.513 
C43 C44 1.507 
C44 C45 1.511 
C5 H51 0.949 
C6 H61 0.950 
C8 H81 0.950 
C9 H91 0.951 
C11 H111 0.949 
C13 H131 0.950 
C14 H141 0.952 
C16 H161 0.949 
C16 H162 0.951 

C17 H171 0.951 
C17 H172 0.950 
C18 H181 0.950 
C18 H182 0.950 
C19 H191 0.950 
C19 H192 0.950 
C20 H201 0.951 
C20 H202 0.949 
C21 H211 0.950 
C21 H212 0.948 
C22 H221 0.950 
C22 H222 0.951 
C23 H231 0.949 
C23 H232 0.949 
C24 H241 0.951 
C24 H242 0.951 
C25 H251 0.950 
C25 H252 0.950 
C26 H261 0.950 
C26 H262 0.949 
C27 H271 0.951 
C27 H272 0.950 
C27 H273 0.949 
C29 H291 0.950 
C30 H301 0.949 
C32 H321 0.950 
C33 H331 0.950 
C34 H341 0.950 
C34 H342 0.949 
C35 H351 0.950 
C35 H352 0.950 
C36 H361 0.950 
C36 H362 0.951 
C37 H371 0.951 
C37 H372 0.949 
C38 H381 0.950 
C38 H382 0.950 
C39 H391 0.950 
C39 H392 0.951 
C40 H401 0.950 
C40 H402 0.951 
C41 H411 0.951 
C41 H412 0.950 
C42 H421 0.950 
C42 H422 0.951 
C43 H431 0.950 
C43 H432 0.948 
C44 H441 0.950 
C44 H442 0.950 
C45 H451 0.950 
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C45 H452 0.951 
C45 H453 0.949 
C3 C1 1.408 
C1 C2 1.415 
C1 C3 1.407 
C2 C3 1.399 
C3 C4 1.557 
C4 C5 1.481 
C5 C6 1.303 
O1 C7 1.226 
C6 C7 1.484 
C7 C8 1.463 
C4 C9 1.492 
C8 C9 1.329 
C4 C10 1.529 
C10 C11 1.398 
C11 C12 1.365 
C12 C13 1.419 
C13 C14 1.407 
C2 C15 1.498 
C10 C15 1.409 
C14 C15 1.375 
C12 C16 1.521 
C16 C17 1.548 
C17 C18 1.513 
C18 C19 1.532 
C19 C20 1.510 
C20 C21 1.519 
C21 C22 1.539 
C22 C23 1.537 
C23 C24 1.513 
C24 C25 1.506 
C25 C26 1.531 
C26 C27 1.531 
C1 C28 1.475 
C28 C29 1.406 
C29 C30 1.377 
C30 C31 1.376 
C31 C32 1.393 
C28 C33 1.377 
C32 C33 1.380 
C31 C34 1.518 
C34 C35 1.536 
C35 C36 1.535 
C36 C37 1.512 
C37 C38 1.506 
C38 C39 1.498 
C39 C40 1.532 
C40 C41 1.522 
C41 C42 1.500 

C42 C43 1.513 
C43 C44 1.507 
C44 C45 1.511 
C5 H51 0.949 
C6 H61 0.950 
C8 H81 0.950 
C9 H91 0.951 
C11 H111 0.949 
C13 H131 0.950 
C14 H141 0.952 
C16 H161 0.949 
C16 H162 0.951 
C17 H171 0.951 
C17 H172 0.950 
C18 H181 0.950 
C18 H182 0.950 
C19 H191 0.950 
C19 H192 0.950 
C20 H201 0.951 
C20 H202 0.950 
C21 H211 0.950 
C21 H212 0.948 
C22 H221 0.950 
C22 H222 0.951 
C23 H231 0.949 
C23 H232 0.949 
C24 H241 0.951 
C24 H242 0.951 
C25 H251 0.950 
C25 H252 0.951 
C26 H261 0.950 
C26 H262 0.949 
C27 H271 0.951 
C27 H272 0.950 
C27 H273 0.949 
C29 H291 0.950 
C30 H301 0.949 
C32 H321 0.950 
C33 H331 0.950 
C34 H341 0.950 
C34 H342 0.949 
C35 H351 0.950 
C35 H352 0.950 
C36 H361 0.950 
C36 H362 0.951 
C37 H371 0.951 
C37 H372 0.949 
C38 H381 0.949 
C38 H382 0.950 
C39 H391 0.950 
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C39 H392 0.951 
C40 H401 0.949 
C40 H402 0.951 
C41 H411 0.951 
C41 H412 0.950 
C42 H421 0.950 
C42 H422 0.951 
C43 H431 0.950 
C43 H432 0.948 
C44 H441 0.950 
C44 H442 0.950 
C45 H451 0.950 
C45 H452 0.951 
C45 H453 0.949 
C1 C2 1.415 
C2 C3 1.399 
C3 C4 1.557 
C4 C5 1.481 
C5 C6 1.302 
O1 C7 1.226 
C6 C7 1.484 
C7 C8 1.463 
C4 C9 1.491 
C8 C9 1.329 
C4 C10 1.530 
C10 C11 1.398 
C11 C12 1.364 
C12 C13 1.419 
C13 C14 1.407 
C2 C15 1.498 
C10 C15 1.408 
C14 C15 1.375 
C12 C16 1.521 
C16 C17 1.548 
C17 C18 1.513 
C18 C19 1.532 
C19 C20 1.510 
C20 C21 1.518 
C21 C22 1.539 
C22 C23 1.538 
C23 C24 1.513 
C24 C25 1.507 
C25 C26 1.531 
C26 C27 1.531 
C1 C28 1.475 
C28 C29 1.406 
C29 C30 1.377 
C30 C31 1.376 
C31 C32 1.393 
C28 C33 1.377 

C32 C33 1.380 
C31 C34 1.518 
C34 C35 1.536 
C35 C36 1.534 
C36 C37 1.512 
C37 C38 1.507 
C38 C39 1.497 
C39 C40 1.532 
C40 C41 1.522 
C41 C42 1.500 
C42 C43 1.513 
C43 C44 1.507 
C44 C45 1.511 
C5 H51 0.950 
C6 H61 0.950 
C8 H81 0.951 
C9 H91 0.951 
C11 H111 0.949 
C13 H131 0.951 
C14 H141 0.951 
C16 H161 0.949 
C16 H162 0.950 
C17 H171 0.951 
C17 H172 0.950 
C18 H181 0.950 
C18 H182 0.950 
C19 H191 0.949 
C19 H192 0.950 
C20 H201 0.951 
C20 H202 0.949 
C21 H211 0.950 
C21 H212 0.948 
C22 H221 0.950 
C22 H222 0.950 
C23 H231 0.949 
C23 H232 0.949 
C24 H241 0.951 
C24 H242 0.950 
C25 H251 0.950 
C25 H252 0.949 
C26 H261 0.951 
C26 H262 0.950 
C27 H271 0.951 
C27 H272 0.950 
C27 H273 0.949 
C29 H291 0.951 
C30 H301 0.950 
C32 H321 0.949 
C33 H331 0.951 
C34 H341 0.949 
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C34 H342 0.950 
C35 H351 0.950 
C35 H352 0.950 
C36 H361 0.950 
C36 H362 0.951 
C37 H371 0.951 
C37 H372 0.949 
C38 H381 0.950 
C38 H382 0.950 
C39 H391 0.951 
C39 H392 0.951 
C40 H401 0.949 
C40 H402 0.950 
C41 H411 0.951 
C41 H412 0.950 
C42 H421 0.949 
C42 H422 0.951 
C43 H431 0.950 
C43 H432 0.949 
C44 H441 0.950 
C44 H442 0.951 
C45 H451 0.950 
C45 H452 0.951 
C45 H453 0.949 
C3 C1 1.407 
C1 C2 1.415 
C1 C3 1.406 
C2 C3 1.399 
C3 C4 1.557 
C4 C5 1.481 
C5 C6 1.302 
O1 C7 1.226 
C6 C7 1.484 
C7 C8 1.463 
C4 C9 1.491 
C8 C9 1.329 
C4 C10 1.530 
C10 C11 1.398 
C11 C12 1.364 
C12 C13 1.419 
C13 C14 1.407 
C2 C15 1.498 
C10 C15 1.408 
C14 C15 1.375 
C12 C16 1.521 
C16 C17 1.548 
C17 C18 1.513 
C18 C19 1.532 
C19 C20 1.510 
C20 C21 1.518 

C21 C22 1.539 
C22 C23 1.538 
C23 C24 1.513 
C24 C25 1.507 
C25 C26 1.531 
C26 C27 1.531 
C1 C28 1.475 
C28 C29 1.406 
C29 C30 1.377 
C30 C31 1.376 
C31 C32 1.393 
C28 C33 1.377 
C32 C33 1.380 
C31 C34 1.518 
C34 C35 1.536 
C35 C36 1.534 
C36 C37 1.512 
C37 C38 1.507 
C38 C39 1.497 
C39 C40 1.532 
C40 C41 1.522 
C41 C42 1.500 
C42 C43 1.513 
C43 C44 1.507 
C44 C45 1.511 
C5 H51 0.950 
C6 H61 0.950 
C8 H81 0.951 
C9 H91 0.951 
C11 H111 0.949 
C13 H131 0.951 
C14 H141 0.951 
C16 H161 0.949 
C16 H162 0.950 
C17 H171 0.951 
C17 H172 0.950 
C18 H181 0.950 
C18 H182 0.950 
C19 H191 0.949 
C19 H192 0.950 
C20 H201 0.951 
C20 H202 0.950 
C21 H211 0.950 
C21 H212 0.948 
C22 H221 0.950 
C22 H222 0.950 
C23 H231 0.949 
C23 H232 0.949 
C24 H241 0.951 
C24 H242 0.950 
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C25 H251 0.950 
C25 H252 0.950 
C26 H261 0.951 
C26 H262 0.950 
C27 H271 0.951 
C27 H272 0.950 
C27 H273 0.949 
C29 H291 0.951 
C30 H301 0.950 
C32 H321 0.949 
C33 H331 0.951 
C34 H341 0.949 
C34 H342 0.950 
C35 H351 0.950 
C35 H352 0.950 
C36 H361 0.950 
C36 H362 0.951 
C37 H371 0.951 
C37 H372 0.949 
C38 H381 0.949 

C38 H382 0.950 
C39 H391 0.951 
C39 H392 0.951 
C40 H401 0.949 
C40 H402 0.950 
C41 H411 0.951 
C41 H412 0.950 
C42 H421 0.949 
C42 H422 0.951 
C43 H431 0.950 
C43 H432 0.949 
C44 H441 0.950 
C44 H442 0.951 
C45 H451 0.950 
C45 H452 0.951 
C45 H453 0.949 

   
   

 




