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Résumé 

Les structures métallo-organiques (MOF) font partie des matériaux les plus prometteurs, avec de 

nombreuses applications dans les domaines de la science des matériaux et de l'énergie. Elles sont 

composées de nœuds métalliques et de liants organiques, qui sont reliés entre eux par des liaisons 

de coordination. Ces deux composants jouent un rôle essentiel dans la détermination des propriétés 

du MOF final. 

 

Les liants organiques, en particulier, se composent de deux parties clés: le noyau et les motifs de 

coordination. Ces deux éléments influencent considérablement les propriétés du MOF obtenu. 

Dans cette recherche, nous avons conçu et synthétisé de nouveaux liants organiques avec des 

noyaux aromatiques tels que le benzène, le triphénylène et les azacoronènes, en utilisant des 

méthodes simples. Les systèmes aromatiques et les systèmes conjugués sont connus pour améliorer 

la stabilité et les propriétés optiques des MOF finaux. De plus, nous avons incorporé une variété 

de motifs de coordination qui sont célèbres dans les réactions de coordination, notamment la 

diamino triazine, la carboxypyridine, l'acide carboxylique, l'amidepyridine et la cyanopyridine. 

Ces motifs étaient attachés symétriquement au noyau, améliorant la probabilité de formation 

réussie du MOF. 

 

Dans ce projet, nous avons exploré différents isomères des motifs de coordination. Cette approche 

visait à mettre en évidence l'influence significative du positionnement des hétéroatomes, non 

seulement sur les réactions de coordination mais aussi sur les propriétés des composés résultants. 

 

Ces lieurs organiques ont été caractérisés à l'aide de diverses techniques, notamment la 

spectroscopie UV-Vis, la RMN, l'IR et la SC-DRX. Les interactions intermoléculaires et 

intramoléculaires des lieurs organiques ont été évaluées par liaison hydrogène et analyse de surface 

de Hirshfeld à l'état solide. Les résultats ont révélé que la position des motifs de coordination et la 
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nature de leurs hétéroatomes jouent un rôle crucial dans ces interactions. Les spectres UV-Vis ont 

montré des décalages vers le rouge, attribués aux systèmes de conjugaison étendus des composés. 

De plus, l'analyse thermogravimétrique (ATG) a démontré la grande stabilité thermique de ces 

composés aromatiques. 

 

Pour les réactions de coordination, nous avons sélectionné des composés avec des groupes 

fonctionnels et des isomères spécifiques qui ont démontré un potentiel élevé de formation de 

liaison de coordination. Grâce à de multiples tentatives de synthèse, nous avons réussi à synthétiser 

un complexe à base de diaminotriazine. Ce dimère comprend deux ligands diaminotriazine, deux 

groupes hydroxyles, quatre ions formiate et quatre ions zinc. Le complexe présentait un réseau de 

liaisons hydrogène fortes et faibles et démontrait une excellente stabilité thermique, résistant à des 

températures allant jusqu'à 341 °C. 

 

De plus, au cours de ces réactions de coordination, nous avons observé qu'une oxydation pouvait 

se produire, conduisant à l'hydrolyse du groupe cyano en groupe amide et à la conversion du 

méthanol en formate. 

 

Mots-clés : [MOF, le benzène, le triphenylene, l'azacoronène, la diamino triazine, la 

carboxypyridine, l'amidepyridine et la cyanopyridine, ion zinc, and le complexe] 
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Abstract 

Metal-Organic Frameworks (MOFs) are among the most promising materials, with extensive 

applications in material science and energy. They are composed of metal nodes and organic linkers, 

which are connected to each other through coordination bonds. Both components play a critical 

role in determining the properties of the final MOF. 

 

Organic linkers, in particular, consist of two key parts: the core and the coordination motifs. Both 

these elements significantly influence the properties of the resulting MOF. In this research, we 

designed and synthesized new organic linkers with aromatic cores such as benzene, triphenylene, 

and azacoronenes. Aromatic systems and conjugated systems are known to enhance the stability 

and optical properties of the final MOFs. Additionally, we incorporated a variety of coordination 

motifs, including diaminotriazine, carboxypyridine, carboxylic acid, amidepyridine, and 

cyanopyridine. These motifs are widely used in coordination reactions and contribute to the 

formation of stable coordination compounds. 

 

To maximize the potential for obtaining MOFs or coordination polymers, we symmetrically 

attached these organic motifs to the aromatic cores. This symmetry improves the likelihood of 

successful MOF formation. 

 

In this project, we added three isomers of cyanopyridine, three isomers of amide pyridine, two 

isomers of carboxypyridine, one isomer of carboxylate pyridine, and one isomer of diaminotriazine 

to benzene cores. Additionally, we incorporated four isomers of cyanopyridine on triphenylene 

cores and attached methyl benzoate to an azacoronene core. By adding different isomers, we aimed 

to demonstrate that the position of heteroatoms plays a crucial role not only in coordination 

reactions but also in influencing the properties of the resulting compounds. Additionally, by 
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introducing various functional groups, we showcased the importance of different coordination 

motifs. 

 

It is noticeable that all compounds were purified using simple methods, avoiding the need for 

column chromatography. The purification process involved washing with solvents followed by 

filtration. 

 

These organic linkers have been characterized and investigated using various techniques, including 

UV-Vis spectroscopy, NMR, IR, and single-crystal X-ray diffraction (SC-XRD). To gain deeper 

insight into the intermolecular and intramolecular interactions of the organic linkers, hydrogen 

bonding analysis and Hirshfeld surface studies were conducted in the solid state. The results 

revealed that the position of coordination motifs and the nature of their heteroatoms play a crucial 

role in these interactions. The UV-Vis spectra exhibited red shifts, attributed to the extended 

conjugation systems of the compounds. Additionally, thermogravimetric analysis (TGA) 

demonstrated the high thermal stability of these aromatic compounds. 

 

For coordination reactions, we selected compounds with specific functional groups and isomers 

that exhibited a high potential to form MOFs. Several attempts were made to synthesize MOFs, 

ultimately leading to the formation of a diaminotriazine-based complex. In this process, we 

highlighted the critical role of solvents, which actively participate in the coordination process. 

 

The resulting complex is a dimer composed of two diaminotriazine ligands, two hydroxyl groups, 

four formate ions, and four zinc ions serving as the metal nodes. In the solid state, the complex 

displayed various strong and weak hydrogen bonds and demonstrated high thermal stability, 

withstanding temperatures up to 341 °C. Furthermore, during these coordination reactions, we 
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observed that oxidation could occur, leading to the hydrolysis of the cyano group into an amide 

group and the conversion of methanol into formate. 

 

Key words: [MOF, complex, Benzene, triphenylene, azacoronene, diaminotriazine, amide 

pyridine, cyanopyridine, carboxypyridine, coordination, and Zn ion] 
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1.1 The global energy consumption 

One of the main components of every development program is energy. Currently, the primary 

energy sources in the world are fossil fuels like coal, oil, and natural gas. Based on the international 

energy agency (IEA) report 2020, ~ 78% of energy was generated by fossil fuels (34% oil, 30.6% 

natural gas, 13.2% coal).1 However, fossil fuels are non-renewable resources that form deep 

beneath the Earth's surface over millions of years. We are utilizing them so quickly that they will 

be finished soon. 

 

Multiple reports indicate an increasing demand for energy. For example, a study shows that global 

energy consumption rose from 8,588.9 million tonnes of oil equivalent (Mtoe) in 1995 to 13,147.3 

Mtoe in 2015.2 This trend highlights the growing dependence on energy to support economic 

growth and development. In addition, according to the IEA report, it is predicted that the amount 

of energy demand will increase between 2015 and 2040 by 28%.1 

 

1.2 Problem: Fossil fuels and their effect on the environment 

The intergovernmental panel on climate change claims that fossil fuel emissions are the main 

contributor to global warming. The combustion of fossil fuel produces CO2 which is one of the 

main components of greenhouse gases (GHG). CO2 by trapping heat in the atmosphere causes 

global warming and global warming causes lots of problems like extreme weather, species 

extinction, food scarcity, sea level rise, and poverty in poor countries. 3 

 

The environmental impacts of fossil fuels extend beyond GHG emissions. The extraction and 

combustion of fossil fuels lead to land degradation, water contamination, and air pollution. A 

research highlights that while fossil fuel industries bring immediate economic benefits, such as job 

creation and infrastructure development, they also introduce environmental degradation, health 

hazards from pollutants, and social disruptions from forced displacements.4 For instance, surface 

mining for coal involves stripping away vast expanses of topsoil, leading to reduced agricultural 

productivity and food security issues for local communities.5 
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Water contamination is another critical issue associated with fossil fuels. Mining activities can 

result in acid mine drainage, where rainwater reacts with exposed minerals to produce highly acidic 

water laden with heavy metals.6 This toxic concoction can contaminate local water sources, 

rendering them unsafe for consumption and leading to severe health issues such as neurological 

disorders and cancers.4 

 

In addition, oil spills, both on land and in marine environments, have catastrophic consequences, 

affecting agriculture, local ecosystems, and marine life.7 

 

1.3 Possible solutions: Renewable energy resources 

Due to global warming, future energy demands would be impossible to meet with fossil fuels. 

Therefore, it is essential to create certain energy sources that are sustainable, clean, and renewable. 

Clean energy comes in many forms, including solar, biomass, wind, geothermal energy, and others 

(Figure 1.1).8 

 

One of the promising solutions for energy demand is solar energy. The most plentiful and 

sustainable energy source in the world is solar energy. In solar technology, photovoltaic panels 

(PV) turn sunlight into electrical energy. There are several steps to change the light of the sun to 

electricity and it needs different instruments like panels, inverter(s), racking, and solar battery 

storage unit. Although it is safe energy it has some drawbacks like high upfront cost, the size of 

the system being limited by available space, needing sunny weather to work efficiently, 

manufacturing solar panels can be harmful to the environment, low rate of energy conversion, and 

solar panels cannot be used during the night.9 

 

Wind energy is renewable and sustainable energy and has very smaller bad effects on the 

environment than fossil fuels. Wind energy defines the process by which the wind is used to 

generate mechanical power or electricity. To produce electricity from the wind the nacelle, the 

foundation, the tower, the rotor, and the hub (which includes three blades) are needed. There are 
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some difficulties with wind energy such as unpredictability, it is a threat to birds and wildlife, it 

makes noise, and wind turbines need special locations to work properly.10 

 

Hydro energy is a form of clean energy that harnesses the power of water in motion like water 

flowing to generate electricity. Hydro energy produced a sixth of the world’s total electricity in 

2020.11 Producing electricity from hydro requires a dam on the running water, a hydraulic turbine, 

and a hydroelectric generator. This energy has some limitations like high initial costs and impact 

on animals and plants which are under the water.12 

 

Tidal energy is a term used to describe a type of power produced by the rise and fall of tides. 

Turbines and energy generators are required as the fundamental infrastructure for this energy. 

There are some issues with this energy like expensive infrastructures, and it requires access to the 

sea.13 

 

Geothermal energy is heat that is produced beneath the earth’s surface. Geothermal energy is 

transported to the earth’s surface via water and/or steam. It can be utilized to produce clean 

electricity or be used for heating and cooling. To exploit this energy, the steam turbine, generator, 

condenser, cooling tower, gas removal system, and hydrogen sulfide abatement system are 

necessary. It has some difficulties like high initial costs, and it can cause earthquakes.14 
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Figure 1.1 Renewable energies.8 

 

One of the promising approaches to addressing the challenges posed by fossil fuels lies in material 

science. Rather than serving as a direct alternative, material science offers solutions to mitigate the 

negative impacts of fossil fuel usage and to enhance the efficiency of alternative energy 

technologies. Material science can be used for energy conversion systems, energy storage 

technologies, and clean and sustainable energy sources.15 Therefore, materials with energy 

applications are in high demand to decrease the rising global energy and environmental problems. 

 

1.3.1 Metal-organic frameworks (MOFs) and complexes for energy applications 

Metal-organic frameworks (MOFs) are a class of porous crystalline materials composed of metal 

ions connected to organic linkers through coordination bonds (Scheme 1.1). Their highly ordered 

structures and tunable porosity make them ideal candidates for a range of energy-related 

applications. 
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Although MOFs are not direct alternatives to fossil fuels, they support the development of cleaner 

energy systems. For example, they are widely used in gas storage and separation, including 

hydrogen storage and carbon dioxide capture—both crucial for reducing greenhouse gas 

emissions.16,17. 

 

Furthermore, MOFs and related coordination complexes have been integrated into fuel cells, solar 

cells, batteries, and other energy devices, where they contribute to improved efficiency and 

performance.18–22 Their versatility and structural tunability make them important materials in 

advancing sustainable energy technologies. 

 

Scheme 1. 1 The preparation of a MOF.23 

  

1.3.1.1 Organic linker 

One of the primary components of MOFs or complexes, alongside metal ions, is the organic linker, 

which plays a pivotal role in shaping the structure, morphology, and properties of the final 

compound.24 Organic linkers are composed of  core and coordination motifs, both of which 

significantly influence the characteristics of the resulting MOFs or complexes. 
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The core of the ligand is generally located at the center of the organic linker (Scheme 1.2). 

Aromatic cores such as benzene, triphenylene, and azacoronene enhance the stability and optical 

properties of the resulting coordination compounds.25 

 

Aromatic molecules are defined as cyclic, planar systems with conjugated π-electron networks that 

follow Hückel’s rule, possessing (4n + 2) π-electrons, where n is a non-negative integer. 

 

However, some compounds like azacoronene, although they do not strictly follow Hückel's rule, 

are still considered aromatic due to extensive π-electron delocalization. This delocalization imparts 

high thermodynamic stability and contributes to the unique electronic and chemical properties of 

these aromatic cores. 

 

Coordination motifs are typically attached to the cores of ligands and contain heteroatoms that 

facilitate the formation of coordination bonds between the metal and ligand (Scheme 1.2). The 

symmetry of these coordination motifs is particularly important for the successful construction of 

MOFs. Well-designed coordination motifs enable the formation of strong coordination bonds, 

contributing to the overall stability of the coordination compound. Furthermore, the heteroatoms 

in these motifs can engage in hydrogen bonding, both intramolecularly and intermolecularly. Such 

interactions can profoundly influence the properties of the final compound, making it highly 

suitable for applications such as gas storage and separation. 
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Scheme 1. 2  Organic linker with an aromatic core (benzene) and symmetrically attached 

coordination motifs (carboxylate), showing coordination bonds. 

 

1.4 The objective of my project: synthesis and characterization new organic linkers for 

coordination reaction and the development of metal-organic frameworks (MOFs) 

This project focuses on synthesizing organic compounds with benzene, triphenylene, and 

azacoronene cores, chosen for their aromatic nature and extended conjugated systems, which 

provide stability and enhance the optoelectronic properties of the final coordination compounds. 

Additionally, this project incorporates various coordination motifs into the ligands, including 

cyanopyridine, pyridinecarboxamide, carboxypyridine, carboxylic acid, and diaminotriazine 

groups. These motifs are symmetrically positioned on the cores and are rich in nitrogen and oxygen 

heteroatoms. 

 

In the following chapter, I will introduce various organic linkers featuring benzene, triphenylene, 

and azacoronene cores, detailing their synthesis methods and applications in coordination 

reactions. Additionally, I will discuss common coordination motifs observed in coordination 

chemistry. Subsequent chapters will then focus on novel organic linkers and coordination 

compounds which were synthesized in this project (chapter 6). 
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Chapter 2 
 
 
A review of the synthesis and coordination reactions 

of organic linkers with benzene, triphenylene, and 

azacoronene cores for MOF design 
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As mentioned in Chapter 1, this chapter introduces organic linkers based on benzene, triphenylene, 

and azacoronene cores, with a focus on their application in MOF synthesis. It also highlights that 

in MOF synthesis, multiple coordination sites and the symmetrical arrangement of these sites on 

the core of organic linkers are important for forming the MOF network. In addition, it presents 

some notable coordination motifs. 

 

2.1 Benzene core ligands 

Benzene (1) (Figure 2.1) is an aromatic organic compound with a molecular formula C6H6, It 

follows Hückel’s rule and is characterized by a planar structure with delocalized π-electrons. 

 

 
Figure 2. 1 Resonance structures of benzene 1. 

 

In the field of material science, benzene derivatives are highly valued for their exceptional stability 

and unique optical properties.26 These attributes make benzene an ideal core structure for organic 

linkers in the synthesis of metal-organic frameworks (MOFs) and complexes. By incorporating 

benzene derivatives into organic linkers, researchers can enhance the stability and tailor the 

properties of the resulting MOFs and complexes. 

 

This versatility has made benzene derivatives a cornerstone in coordination chemistry, where they 

play a pivotal role in creating materials with superior performance in energy-related applications. 

Notable uses include gas storage and separation, as well as components in fuel cells, solar cells, 

electrodes, and batteries.27–31  
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Several organic compounds with a benzene core have been synthesized for coordination reactions. 

In this section, we will introduce some of the most commonly used benzene-based ligands, 

discussing their synthesis and coordination reactions. 

 

2.1.1 Benzene-1,4- dicarboxylic acid (BDC) (2) 

Compound 2 is an organic molecule composed of a benzene ring with two carboxylic acid groups 

which are symmetrically located at the 1 and 4 positions (Figure 2.2). These carboxylic acid groups 

serve as excellent coordination motifs, which will be discussed further in the coordination motifs 

section (2. 4 Coordination motifs). The compound features a conjugated system and is primarily 

used as a precursor in the production of polyethylene terephthalate (PET) 4, which is widely 

utilized in fibers and plastics.32 Additionally, it has been extensively employed in various 

coordination reactions for making MOFs. 

 

 
Figure 2. 2 Structure of compound 2. 

 

2.1.1.1 Synthesis 

Several articles have reported the synthesis of compound 2 using various methods and oxidants. 

For instance, one report described the synthesis of compound 2 in excellent yield via a 

photocatalytic reaction. In this process, para-xylene 5 and oxygen were used as reactants, with 

FeCl₃ and 2,2,2-trichloroethanol serving as catalysts. The reaction was conducted under blue LED 

irradiation (390 nm) (Scheme 2.1).33 
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Scheme 2. 1 Synthetic route of 2. (i) FeCl3, TBACl (tetrabutylammonium chloride), Cl3CCH2OH, 

MeCN, irradiation with blue LEDs (390 nm, 100 W), 1 atm of O2 (balloon) at room 

temperature.92% yield. 

 

In another study, p-xylene 5 was oxidized using a Co-Mn catalyst, resulting in a 97% yield of 

terephthalic acid 2 (Scheme 2.2). In this reaction, the catalyst was separated by centrifugation, and 

the organic phase containing the products was subsequently analyzed by gas chromatography.34 

 

 
                                             5                                                            2 

Scheme 2. 2 Synthetic route of 2. (i) Co/Mn/Br catalyst (Co/Mn ratio 10 :1), glacial acetic acid, 

190°C, 17 atm, 3 h. 97% yield. 

 

In another research, 1,4-phenylenedimethanol 6 was dehydrogenated using a ruthenium-based 

complex as a catalyst. The reaction was conducted at 120°C under a continuous flow of nitrogen 

gas, yielding 100% of the final compound (Scheme 2.3). In this reaction, to obtain a pure 

compound the sodium salt was acidified with hydrochloric acid to obtain the free carboxylic acid 

form, which is compound 2.35 

 

 
                            6                                                         2 

Scheme 2. 3 Synthetic route of 2. (i) (1) NaOH, water/DMSO, 120°C, 12 h (2) HCl. 100% yield. 
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In addition, waste polyethylene terephthalate (PET) 4 was hydrolyzed using an alkaline hydrolysis 

process. In this reaction, potassium hydroxide was used as the hydrolysis agent, and the reaction 

was conducted at 100°C for 30 minutes, yielding 99.6% terephthalic acid 2. In this reaction, after 

hydrolysis, the resulting potassium terephthalate was acidified with hydrochloric acid (HCl) to 

precipitate the pure terephthalic acid 2.36 Also, the depolymerization of PET 4 was performed via 

hydrolysis, using t-BuNH2 as a catalyst and NaCl as a Lewis acid in the catalytic system. This 

reaction occurred under both conventional heating and microwave radiation, yielding 100% 

terephthalic acid 2 in just 10 minutes.37 

 

2.1.1.2 Coordination  

There are several examples of MOFs with compound 2 (BDC) as a ligand. For instance, UiO-66 

7 (Figure 2.3), a MOF that was constructed from compound 2 and Zr (iv), demonstrates exceptional 

thermal stability, remaining stable up to 540°C. It maintains its structural integrity under 

mechanical pressure up to 10,000 kg/cm² and is resistant to solvents such as water, DMF, benzene, 

and acetone. The pore sizes of UiO-66 7 are estimated based on the largest sphere that can fit 

through the window openings, with linkers creating openings of 6 Å, 8 Å, and 10 Å, depending on 

their lengths. The surface area of UiO-66 7 is 1187 m²/g, but extending the linkers can increase 

this surface area significantly, reaching up to 3000 m²/g with two ring linkers and 4170 m²/g with 

three ring linkers. UiO-66 7 is employed in various applications, including gas storage, 

petrochemistry, catalysis, and selective separation.38 
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Figure 2. 3 Structure of UiO-66 7. The wavy lines indicate the repetition and spatial extension of 
the framework beyond the illustrated segment. 

MIL-53 8 (Figure 2.4) is a MOF that was constructed from compound 2 and Cr (III). It 

demonstrates thermal stability up to 375°C. It has large pores, roughly 8.6 × 8.6 Å in size, and 

boasts a surface area greater than 1500 m²/g. This material exhibits unique properties, including 

zeolitic behavior, magnetic properties, high thermal stability, and notable sorption capacities.39  

 



 

 15 

 

Figure 2. 4 Structure of MIL-53 8. The wavy lines indicate the repetition and spatial extension of 
the framework beyond the illustrated segment. 

 

MIL-101 9 (Figure 2.5), a MOF that was also constructed from compound 1 and Cr (III), has a 

different structure from MIL-53 7. It exhibits thermal stability up to 275°C and features a range of 

extra-large pore sizes, approximately 30 to 34 Å, and a surface area of about 5900 m²/g. MIL-101 

9 holds potential applications as a nano mold for creating monodisperse nanomaterials and 

possesses high adsorption capacities, making it suitable for the adsorption of gases and large 

molecules.40 
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Figure 2. 5 Structure of MIL-101 9. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

MOF-5 10 (Figure 2.6), a MOF that was constructed from compound 2 and Zn (II), shows high 

thermal stability, withstanding temperatures between 300°C and 400°C. Its structure possesses a 

significant surface area, ranging from 2500 to 3000 m²/g. In hydrogen storage application, MOF-

5 10 demonstrated the ability to adsorb up to 4.5 weight percent of hydrogen at 78 K, and 1.0 

weight percent at room temperature and a pressure of 20 bar.41 
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Figure 2. 6 Structure of MOF-5 10. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

2.1.2 2,5-Dihydroxyterephthalic acid (11) 

Compound 11 is another example of an organic compound with a benzene core, derived from 

terephthalic acid 2, with two hydroxyl groups attached at positions 2 and 5 (Figure 2.7). It features 

a conjugated system and has been used in the production of polymers and polyesters.42,43 In 

addition, it has been used as an organic linker in several coordination reactions for making MOFs. 

 

 
Figure 2. 7 Structure of compound 11. 

  

2.1.2.1 Synthesis 

Several methods and oxidizing agents have been employed to synthesize compound 11. For 

example, compound 11 was obtained by first oxidizing 2,5-dibromo-1,4-dimethylbenzene 11 

using potassium permanganate (KMnO₄) as the oxidizing agent, resulting in an 81% yield of the 
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intermediate compound 13 (Scheme 2.4). The final compound 11 was then synthesized via copper-

catalyzed hydroxylation and subsequently purified by crystallization from water.44 

 

 

                                        12                                 13                              11   

Scheme 2. 4 Synthetic route of 11. (i) KMnO4, pyridine, H2O, 81% yield (ii) Na2CO3, pyridine, 

CuBr, H2O, 60% yield. 

 

In another study, the synthesis process of compound 11 started from hydroquinone 14. In this 

reaction, hydroquinone 14 was carboxylated using carbon dioxide (CO₂), with formic acid as the 

solvent and potassium carbonate (K₂CO₃) as a base to neutralize the acid formed during the 

reaction (Scheme 2.5) and compound 11 was purified by filtration after acidification.45 

 

 

                                                         14                                11 

Scheme 2. 5 Synthetic route of 11. (i) CO2, K2CO3, HCO2H. 
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2.1.2.2 Coordination  

As it mentioned earlier compound 11 has been used in several MOFs. For instance, MOF-74, a 

MOF that was made from compound 11 and various metal ions like Ni, Zn, and Cu. MOF-74(Ni) 

15 (Figure 2.8) is a metal-organic framework synthesized from Ni²⁺ and compound 11. The MOF 

has a specific surface area of 1233 m²/g, determined using the Brunauer-Emmett-Teller (BET) 

method. It features pore sizes around 11.7 Å and exhibits thermal stability up to 360°C under a 

nitrogen atmosphere. Additionally, MOF-74(Ni) 15 has shown potential for methane storage, with 

one of the highest reported storage capacities among MOFs, achieving 214 cm³ (STP) at 25°C and 

35 bars.46 

 

 

Figure 2. 8 Structure of MOF-74(Ni) 15. The wavy lines indicate the repetition and spatial 
extension of the framework beyond the illustrated segment. 

 

MOF-74(Cu) 16 (Figure 2.9) is a metal-organic framework synthesized from Cu²⁺ and compound 

11 through a solvothermal reaction. This MOF exhibits high CO₂ adsorption due to its highly 

porous structure. Additionally, MOF-74(Cu) 16 shows enhanced photocatalytic performance for 

the reduction of CO₂ to methane under visible light.47 
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Figure 2. 9 Structure of MOF-74(Cu) 16. The wavy lines indicate the repetition and spatial 
extension of the framework beyond the illustrated segment. 

 

MOF-74(Zn) 17 (Figure 2.10) is a metal-organic framework synthesized from Zn²⁺ and compound 

11. The MOF is thermally stable up to 240°C. It was used to enhance the performance of zinc-ion 

batteries by improving long-term cycling stability and rate performance.48 

 

 
Figure 2. 10 Structure of MOF-74(Zn) 17. The wavy lines indicate the repetition and spatial 
extension of the framework beyond the illustrated segment. 

 

2.1.3 1,3,5-Benzenetricarboxylic acid (BTC) (18) 

Compound 18 is an organic compound consisting of a benzene ring with three carboxylic acid 

groups which are symmetrically attached at positions 1, 3, and 5 (Figure 2.11). In our project, we 

have a similar structure, but instead of the carboxyl groups, we use a carboxypyridine unit linked 

to the benzene ring through an ether bond. Compound 18 features a conjugated system and has 
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been used as an organic linker in several coordination reactions for making MOFs. Compared to 

compound 2, compound 18 offers an additional coordination site. 

 

 
Figure 2. 11 Structure of compound 18. 

 

2.1.3.1 Synthesis 

Several methods and oxidizing agents have been employed to synthesize Compound 18. For 

instance, compound (18) was synthesized through a silyloxycarbonylation reaction of 1,3,5-

tribromobenzene 19. In this reaction, Pd(OAc)₂ and Cu(OAc)₂ were used as catalysts, and Et₃N 

was employed as a base. CO₂ served as the carbonyl source, resulting in a 97% yield (Scheme 

2.6).49 

 

 
                                                 19                                             18 

Scheme 2. 6 Synthetic route of 18. (i) (1) Cu(OAc)2.H2O, 65°C, 20 min, dioxane (2) Pd(OAc)2, 

Et3N, toluene, 20 h, 100°C, 97% yield. 

 

In another report, 1,3,5-trichlorobenzene 20 was used as the raw material, with Co₂(CO)₈ as the 

catalyst and NaOH as the base. The reaction was conducted under pressurized carbon monoxide 

(CO) at 2 kg/cm² and heated to 65°C. Additionally, the reaction was photostimulated using a high-

pressure mercury lamp (500 W) placed about 30 cm from the autoclave.50 
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In another study, 1,3,5-trimethylbenzene (mesitylene) 21 was converted to compound 18 through 

a Jones oxidation reaction, using CrO₃ and H₂SO₄ as the oxidizing agents, yielding 46% (Scheme 

2.7) and the pure compound was achieved by recrystallization.51 

 

 

                                                21                                                 18 

Scheme 2. 7 Synthetic route of 18. (i) H₂SO₄/ CrO₃, 46% yield. 

 

2.1.3.2 Coordination  

As mentioned earlier, compound 18 has been used in several MOFs. For instance, Co-BTC 22 

(Figure 2.12), a MOF that was made from compound 18 and cobalt ion, is investigated for its 

hydrogen storage capabilities, demonstrating excellent performance attributed to its porous 

structure and high surface area. Additionally, Co-BTC 22 MOF was employed as electrode 

materials for electrochemical capacitors, offering high capacitance due to their extensive surface 

area and porosity, which improve their electrochemical efficiency. The specific surface area of 

Co-BTC MOFs 22 varies depending on the synthesis methods and conditions.52 
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Figure 2. 12 Structure of Co-BTC 22. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

Cu-BTC 23 (Figure 2.13), a MOF that was made from 1,3,5-benzenetricarboxylic acid 17 and 

copper ion, is a framework known for its favorable hydrogen storage properties, attributed to its 

porous structure and high surface area. Furthermore, Cu-BTC 23 is effective in capturing 

benzothiophene from various fuels, demonstrating its versatility in multiple applications.53 

 

 

Figure 2. 13 Structure of Cu-BTC 23. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

MIL-100(Fe) 24 (Figure 2.14) as a MOF, which was made from compound 18 and Fe ion, 

demonstrates excellent gas adsorption performance for removing volatile organic compounds like 

toluene and p-xylene. The saturation adsorption capacity for toluene on MIL-100(Fe)_A2 24 is 
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523.3 mg/g at 298 K, while for p-xylene, it is 560.2 mg/g at 298 K. The material exhibits 

decomposition temperatures around 450°C, and the BET surface area of MIL-100(Fe)_A2 24 is 

1011 m²/g.54 

 

 
Figure 2. 14 Structure of MIL-100(Fe) 24. The wavy lines indicate the repetition and spatial 
extension of the framework beyond the illustrated segment. 

 

2.1.4 4,4'-Dicarboxydiphenyl ether 25 

Compound 25 is an organic compound consisting of two benzene rings connected by an ether 

linkage, with carboxylic acid groups attached to the para positions on each benzene ring (Figure 

2.15). It has a long-conjugated system and has been used as an organic linker in several 

coordination reactions for making MOFs. 

 

 
Figure 2. 15 Structure of compound 25. 
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2.1.4.1 Synthesis 

Several methods have been employed to synthesize compound 25. For instance, compound 25 was 

synthesized through the carbonylation of the corresponding aryl halide 26. In this reaction, CO 

was used as the carbonyl source, Co₂(CO)₈ served as the catalyst, epoxide was employed as a 

cocatalyst to activate the cobalt carbonyl complex, and K₂CO₃ was used as the base (Scheme 2.8) 

and the final compound was purified by recrystallization from water.55 

 

 
                                           26                                                         25 

Scheme 2. 8 Synthetic route of 25. (i) Co₂(CO)₈, propylene oxide, K₂CO₃, 93% yield. 

 

In another study, the process began with 4-nitrophenylacetonitrile (4-O2NC6H4CN) 27 (Scheme 

2.9). This compound reacted with KNO2 and Na2CO3 in dimethylacetamide (AcNMe2) at 170-

175°C to yield 4,4'-dicyanodiphenyl ether (NCC6H4OC6H4CN-4) 28. The intermediate was then 

hydrolyzed with NaOH in aqueous solution to obtain the final compound 24.56 

 

 
                     27                                             28                                                25 

Scheme 2. 9 Synthetic route of 25. (i) KNO2, Na2CO3, and AcNMe2 (ii) NaOH, H2O, 78.2% yield. 

 

2.1.4.2 Coordination  

As previously mentioned, compound 25 has been utilized in various MOFs and complexes. For 

example, the complex Eu(25)₂(30) 29 (where 25  = 4,4′-oxybis(benzoic acid) and 30 = 1,10-

phenanthroline) (Figure 2.16) was synthesized using compound 25 and Eu ions through a 
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hydrothermal method. The complex demonstrates outstanding luminescence properties, making it 

suitable for use in materials that necessitate photoluminescence.57 

 

 

Figure 2. 16 Structure of Eu(25)₂(30) 29. The wavy lines indicate the repetition and spatial 
extension of the framework beyond the illustrated segment. 

 

The series of lanthanide–organic frameworks [Ln(H225)(30)(33)₀.₅]ₙ 31(Figure 2.17) (where 25= 

4,4′-oxybis(benzoic acid), 30 = 1,10-phenanthroline , and 32 = oxalate) were synthesized from 

compound 25 and lanthanide ions under hydrothermal conditions. These frameworks exhibit 

thermal stability up to approximately 248°C in an air atmosphere. Their high luminescence 

efficiency, narrow bandwidth, and extended luminescence lifetime make these LnOFs 31 

outstanding candidates for applications in luminescent devices, fluoroimmunoassays, and optical 

displays.58 
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Figure 2. 17 Structure of [Eu(H225)(30)(32)₀.₅]ₙ 31. The wavy lines indicate the repetition and 
spatial extension of the framework beyond the illustrated segment. 

 

[(UO2)(C15H8O5)(DMF)]n 33 (Figure 2.18), a one-dimensional uranyl coordination polymer, was 

synthesized through a solvothermal reaction from compound 25 and uranyl. Thermogravimetric 

analysis (TGA) reveals that the material loses its coordinated DMF ligand at 200°C. The 

compound maintains its crystallinity in various solvents with different polarities when exposed to 

120°C for three days.59 
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Figure 2. 18 Structure of [(UO2)(C15H8O5)(DMF)]n 33. The wavy lines indicate the repetition and 
spatial extension of the framework beyond the illustrated segment. 

 

2.1.5 4,4′,4′′-[1,3,5-Benzenetriyltris(oxy)]tris[benzoic acid] (H₃TCPB) (34) 

Compound 34 is an organic compound with a central benzene ring linked symmetrically to three 

benzoic acid groups via ether bonds (Figure 2.19). In our project, we have a similar structure, but 

instead of the benzoic acid branch, we use a carboxypyridine unit. Compound 34 features a 

conjugated system and has been widely used as a ligand in various coordination reactions for 

making MOFs.60–64 

 

 
Figure 2. 19 Structure of compound 34. 
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2.1.5.1 Synthesis 

Compound 34 can be produced through some methods. For instance, in one work, it was 

synthesized via a nucleophilic reaction between 1,3,5-trihydroxybenzene 35 and 4-

fluorobenzonitrile 36, followed by hydrolysis using hydrochloric acid, yielding 78% (Scheme 

2.10) and the acidification step facilitated obtaining the pure compound.60,65,66 

 

 
                        35                        36                                                       34 

Scheme 2. 10 Synthetic route of 34. (i) (1) K₂CO₃, N-Methyl-2-pyrrolidone, 3 h, 180 °C (2) HCl, 

H2O, 78% yield. 

 

In another study, it was synthesized via a nucleophilic reaction between 1,3,5-trihydroxybenzene 

35 and 4-nitrobenzonitrile 37, followed by hydrolysis using hydrochloric acid, yielding 63%. The 

final compound was recrystallized from water and methanol.66 

 

2.1.5.2 Coordination 

Compound (H₃TCPB) 34 has been used in several coordination reactions. For instance, it reacted 

with uranium nitrate through a solvothermal process to produce [C29H23NO11U] (UTCPB) 38 

(Figure 2.20) with a yield of 86%. The MOF 38 was explored for its potential as a sensor, 

particularly for detecting Ru³⁺ ions, exhibiting strong luminescence quenching in the presence of 

Ru³⁺, making it a promising candidate for sensing applications. Additionally, the complex was 

tested for its ability to adsorb organic dyes, such as methyl violet, from aqueous solutions.67 
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Figure 2. 20 Structure of 38. The wavy lines indicate the repetition and spatial extension of the 
framework beyond the illustrated segment. 

 

In another report, compound 34 reacted with Zn(NO₃)₂·6H₂O through a solvothermal reaction to 

produce a MOF 39 (Figure 2.21) in which the ligand coordinated with the oxygen atoms of the 

carboxylic acid groups. The synthesized MOF was explored for its luminescent properties and 

potential applications in the detection of both aromatic and aliphatic nitro explosives. The MOF 

39 exhibited significant fluorescence quenching when exposed to these explosives, indicating high 

sensitivity and efficiency in detecting these hazardous substances. The quenching efficiency was 

reported to be as high as 86% for nitrobenzene and 57% for dimethoxy nitrobenzene, highlighting 

the MOF's effectiveness in practical sensing applications.66 
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Figure 2. 21 Structure of 39. The wavy lines indicate the repetition and spatial extension of the 
framework beyond the illustrated segment. 

 

As mentioned in other research, compound 34 was also coordinated with zinc (II) and copper (II) 

thorough solvothermal reaction. The final MOFs were used for gas adsorption. The BET surface 

area for the activated 1-Cu MOF 40 (Figure 2.22) was significantly higher than that of 1-Zn, 

indicating enhanced gas adsorption capacity. The 1-Cu MOF 40 demonstrated effective gas 

adsorption for N₂, O₂, and CO₂, making it suitable for gas storage and separation applications.65 
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Figure 2. 22 Structure of 40. 

 

All of these organic linkers with a benzene core are effective for coordination reactions. However, 

there is potential to enhance the coordination motifs by introducing flexible arms, such as etheric 

bonds, to the benzene core 1, as seen in compound 34. In addition, we aim to replace benzoic acids 

branches in compound 34 with the carboxypyridines, which provides three additional coordination 

sites compared to compound 34 (see chapter 3). As a result, the ligand will be able to coordinate 

not only through the carboxylic acid group but also via the nitrogen of the pyridine ring. 

Additionally, we intend to replace the carboxylic acid group in the branched pyridine with other 

groups, such as DAT, amide, and cyano groups, all of which are excellent coordination motifs (see 

chapter 3). This should increase the likelihood of obtaining stable coordination compounds. 

 

2.2 Triphenylene core ligands 

Triphenylene 41 is a planar organic compound composed of four fused benzene rings, forming an 

18-π-electron aromatic system with extensive delocalization in accordance with Hückel’s rule 

(Figure 2.23). Compared to benzene 1, triphenylene 41 exhibits a higher degree of conjugation due 

to its larger, more interconnected π-electron system, leading to enhanced electronic properties. The 

compound has the molecular formula C18H12 and exhibits D3h symmetry. 
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Figure 2. 23 Two resonance structures of triphenylene 41. 

 

In the field of material science, triphenylene derivatives are highly valued as ligands for creating 

metal-organic frameworks (MOFs) and complexes due to their exceptional stability and optical 

properties.68–70 These characteristics make triphenylene derivatives particularly suitable for 

applications where both structural integrity and functional optical properties are crucial. Their 

unique molecular structure allows for the formation of robust frameworks with potential 

applications in areas such as gas storage, catalysis, and optoelectronic devices.71–73 Additionally, 

the extended π-conjugation in triphenylene derivatives contributes to enhanced electronic 

properties, making them ideal for use in photovoltaic cells and light-emitting devices.74 

 

Several organic compounds with triphenylene core have been synthesized for coordination 

reactions. In this section, I will introduce some of the most commonly used triphenylene-based 

ligands, discussing their synthesis and coordination reactions. 

 

2.2.1 2,3,6,7,10,11-Hexathioltriphenylene (THT) (42) 

Compound 42 is an organic compound with a triphenylene core. In compound 42 six thiol groups 

are symmetrically linked at positions 2, 3, 6, 7, 10, and 11 (Figure 2.24). It was used in several 

coordination reactions for making MOFs and complexes. 
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Figure 2. 24 Structure of compound 42. 

 

2.2.1.1 Synthesis  

To synthesize compound 42, one report describes starting from hexabromotriphenylene 43, which 

underwent a nucleophilic aromatic substitution reaction with sodium sulfite 44 to produce 

hexamethylthiotriphenylene 45. Compound 45 was then treated with lithium in ammonia, where 

lithium acted as the reducing agent. After the reduction, hydrochloric acid (HCl) was added for 

acidification and the yield was 91%. For purification, the solid product was washed with diethyl 

ether and dichloromethane (Scheme 2.11).75 
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Scheme 2. 11 Synthetic route of 42. (i) (1) Sodium methylthiolate, dimethylimidazolidinone 70°C, 

4 h (2) 110°C, 30 min (3) Methyl iodide, rt, 15 min (ii) (1) Li, NH₃ (liq.), −78°C, 3.5 h (2) CH₃OH, 

rt, 1.5 h; (3) HCl, H₂O, Et₂O, CH₂Cl₂, 91% yield. 

 

2.2.1.2 Coordination 

Compound 42 has been utilized in various coordination reactions. For example, the MOF THTNi 

46 (Figure 2.25) was synthesized through the reaction between nickel bis(dithiolene) complex and 

compound 42. This MOF forms a 2D supramolecular polymer and exhibits excellent 

electrocatalytic performance in hydrogen evolution reactions (HER), with a Tafel slope of 80.5 

mV/decade and an operating overpotential of 333 mV at a current density of 10 mA/cm. 76 
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Figure 2. 25 Structure of THTNi 46. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

In another research, compound 42 was used as a ligand in a coordination reaction with 

[Co(MeCN)₆][BF₄]₂ 47 to produce a MOF 48 (Figure 2.26). This MOF was applied in hydrogen 

evolution reactions (HER), achieving notable catalytic current densities of 31 mA/cm² at –0.8 V 

at pH 1.3. Additionally, at pH 2.6, it demonstrated a faradaic efficiency of 97% for hydrogen 

production from water. The MOF exhibited high stability under acidic conditions, making it a 

promising catalyst for HER.77 

 

 
Figure 2. 26 Structure of 48. The wavy lines indicate the repetition and spatial extension of the 
framework beyond the illustrated segment. 

 

2.2.2 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) (49) 

Compound 49 is an organic compound with a triphenylene core 41, to which six hydroxy groups 

are symmetrically linked at positions 2, 3, 6, 7, 10, and 11 (Figure 2.27). It was used in several 

coordination reactions for making MOFs. 
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Figure 2. 27 Structure of compound 49. 

 

2.2.2.1 Synthesis 

To produce compound 49, various methods have been used. For instance, in one approach, the 

starting material was pyrocatechol 50, which was first alkylated to synthesize 1,2-

dimethoxybenzene 51. This was followed by oxidative trimerization (FeCl3) to form 2,3,6,7,10,11-

hexamethoxytriphenylene 52. Finally, the 2,3,6,7,10,11-hexamethoxytriphenylene 52 was 

demethylated using a mixture of hydrobromic acid and acetic acid to produce the pure compound 

49 (Scheme 2.12).78 

 

 
      50                           51                                        52                                                  49  

Scheme 2. 12 Synthetic route of 49: (i) (CH3)2SO4, K2CO3, Acetone, reflux (ii) (1) FeCl3, CH2Cl2

, rt; (2) CH3OH, rt (iii) HBr/HOAc, reflux, 75% yield. 

 

In another study, the synthesis started with 50, which was subjected to oxidative trimerization 

using phenyliodine(III) bis(trifluoroacetate) (PIFA) in hexafluoroisopropanol (HFIP) as the 

solvent. The reaction was conducted under mild conditions with methanesulfonic acid (CH₃SO₃H) 

as the acid catalyst, yielding 65%. The final compound was purified by washing it with water. 
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Additionally, in this study, 2,2-dimethyl-1,3-benzodioxole 53 was also used as a starting material, 

yielding 45% (Scheme 2.13).79 

 

 
                                             50                                             49 

Scheme 2. 13 Synthetic route of 49. (i) PhI(OCOCH₃)₂ (PIDA), CH₃SO₃H, (CF₃)₂CHOH, r.t, 45% 

yield. 

 

2.2.2.2 Coordination 

Compound 49 has been employed in various coordination reactions. One notable example is the 

synthesis of Cu₃(49)₂ 50 (Figure 2.28), a coordination compound formed from Cu (II) ions and 

HHTP 49, which exhibits a high surface area and a capacitance of 22 μF/cm². This compound has 

been successfully used as an electrode material in batteries, where it exhibited excellent 

performance, retaining 75% of its initial capacity even after 500 charge-discharge cycles.80 

 

 

Figure 2. 28 Structure of Cu₃(49)₂ 50. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 
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The MOF Ni₉(49)₄ 51 (Figure 2.29), synthesized from HHTP 49 and Ni(II) ions and grown on 3D 

porous laser-scribed graphene (LSG) interdigitated electrodes on polyimide substrates, was 

utilized in supercapacitors, achieving a capacitance of 15.2 mF/cm² and an energy density of 4.1 

μWh/cm².81 

 

 

Figure 2. 29 Structure of Ni₉(49)₄ 51. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

MOF Cu3(49)2 50, and MOF Ni3(49)2 51 were used as electrocatalysts for the oxygen reduction 

reaction (ORR), demonstrating high activity due to their excellent electrical conductivity and redox 

activity.82 

 

MOF Cu3(49)2 50 has been utilized as a semiconductor in photovoltaic solar cells due to its 

excellent charge transfer capabilities and high stability. It maintains its structure and properties 

under ambient conditions. The charge mobility for Cu₃(49)₂ 50 was measured at 40 °C and 70 °C, 

and it was 0.364 and 0.298 cm²·V⁻¹·s⁻¹, respectively. This high mobility facilitates efficient charge 

transport within the solar cell.83 
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2.2.3 Triphenylene-2,6,10-tricarboxylic acid (H₃TTCA) (52) 

Compound (52) is an organic compound with a triphenylene core, featuring three carboxyl groups 

symmetrically linked at positions 2, 6, and 10 (Figure 2.30). It has been used in several 

coordination reactions as an organic linker for making MOFs. 

 

 
Figure 2. 30 Structure of compound 52. 

 

2.2.3.1 Synthesis 

Compound 52 was synthesized through several steps (Scheme 2.14). First, 4-

methylcyclohexanone 53 was reacted with ZrCl₄ as a catalyst to yield 2,6,10-trimethyl-

dodecahydrotriphenylene 54. Then, this intermediate underwent dehydrogenation using 10% Pd/C 

(palladium on carbon) as a catalyst to produce 2,6,10-trimethyltriphenylene 55. Finally, 2,6,10-

trimethyltriphenylene 55 was oxidized by using Na₂Cr₂O₇·2H₂O as an oxidizing agent, and 

hydrochloric acid was added to precipitate compound 52, yieling 20% (Scheme 2.15).84 

 

 
   53                               54                                          55                                          52 

Scheme 2. 14 Synthetic route of 52. (i) ZrCl4, reflux (ii) Pd/C, triglyme, reflux (iii) NaCr2O7/H2O, 

250°C /autoclave), 20% yield. 
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2.2.3.2 Coordination 

Compound 52 has been used as a ligand in various coordination reactions. For instance, 

(Me2NH2)3[Pb2K(52)2Cl2] 56 (Figure 2.31) is a metal-organic framework (MOF) synthesized from 

compound 52 and Pb through a solvothermal reaction. This MOF exhibits photoluminescent 

properties, with a maximum emission when excited by light at 410 nm, making it useful for optical 

materials. Additionally, (Me2NH2)5[Cd2Na(52)2(H52)2]·4DMF·2H2O 57 is another MOF 

synthesized from compound 52 and Cd via a solvothermal reaction, which emits light with a 

maximum wavelength when excited at 400 nm.84 

 

                                        56                                                               57 

Figure 2. 31 Structures of compounds 55 and 56. The wavy lines indicate the repetition and spatial 
extension of the framework beyond the illustrated segment. 

 

In another study, MOF [Tb(52)(DMA)(H₂O)]•7DMA•9.5H₂O 58 (Figure 2.32) was synthesized 

using compound 52 and Tb via a solvothermal reaction. This MOF is stable up to 500°C and has 

a porosity of 72.4%. It exhibits strong emission at wavelengths of 490 nm, 546 nm, 585 nm, and 

624 nm when excited at 370 nm. Its strong luminescence makes it ideal for use as a fluorescent 
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sensor. The MOF was tested for detecting nitroaromatic explosives, demonstrating its potential for 

sensing applications.85 

 

 
Figure 2. 32 Structure of compound 58. The wavy lines indicate the repetition and spatial 
extension of the framework beyond the illustrated segment. 

 

MOF (Me₂NH₂)₃(MV)₁.₅[Cd₉(52)₈]·15EtOH 59 (Figure 2.33) was synthesized from compound 52 

and Cd through a solvothermal reaction. This MOF demonstrated high sensitivity to oxygen, 

changing color from black to dark yellow within 5 seconds upon exposure to oxygen, indicating 

its potential for use as a rapid oxygen sensor.86 
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Figure 2. 33 Structure of compound 59. The wavy lines indicate the repetition and spatial 
extension of the framework beyond the illustrated segment. 

 

All of these organic linkers with a triphenylene core 41 are effective for coordination reactions. 

However, there is potential to enhance the coordination motifs by introducing flexible arms, such 

as etheric bonds, to the triphenylene core. In this project, we intend to add six etheric bonds to the 

triphenylene core, along with cyanopyridine substitutions on these etheric bonds (see chapter 4). 

This approach introduces flexibility to the triphenylene core while incorporating cyanopyridine as 

coordination motifs, allowing coordination through the nitrogen atoms of both the pyridine rings 

and the cyano groups. Additionally, we aim to hydrolyze the cyano groups into amide, carboxylic 

acid, and DAT groups in future work, as these functional groups are excellent for coordination 

chemistry. 

 

2.3 Coronene core ligands 

Coronene 60 is a planar organic molecule composed of seven fused benzene rings, forming a 

highly conjugated system with 24 delocalized π-electrons and approximately 20 resonance 
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structures (Figure 2.34). Although it does not strictly follow Hückel’s rule, it is still considered 

aromatic due to the delocalization of π-electrons across the fused rings. It has the molecular 

formula C24H12 and displays D6h symmetry. Coronene is soluble in common solvents such as 

toluene, dichloromethane (CH2Cl2), and benzene. 

 

 

Figure 2. 34 Two resonance structures of coronene 60. 

 

In the field of materials science, coronene derivatives are highly valued for their extensive 

conjugated systems and exceptional optoelectronic properties.87–90 However, they are used less 

frequently as ligands compared to benzene and triphenylene. Incorporating coronene in 

coordination reactions can lead to the formation of metal-organic frameworks (MOFs) with unique 

optical properties.91. In this section, I will introduce some coronene-based ligands, discussing their 

synthesis and coordination reactions. 

 

2.3.1 1,2,3,4,5,6,7,8,9,10,11,12-Perthiolated coronene (PTC) (61) 

Compound 61 is an organic compound featuring a coronene core, where twelve thiol groups are 

symmetrically attached at positions 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 (Figure 2.35). This 

structure has been employed in several coordination reactions, forming metal-organic frameworks 

(MOFs). 
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Figure 2. 35 Structure of compound 61. 

 

2.3.1.1 Synthesis 

Compound (61) was synthesized through a multi-step process. It started from coronene 60, which 

underwent chlorination by reacting with aluminum chloride (AlCl₃) and iodine chloride (ICl), 

producing dodecachlorocoronene 62. Then, a nucleophilic substitution reaction was performed 

using benzyl mercaptan and sodium hydride (NaH), yielding dodecakis(benzylthio)coronene 63. 

Through reductive cleavage of the benzyl groups, dodecathiolate coronene 64 was achieved. 

Finally, dodecathiolate coronene 64 was reacted with sodium borohydride (NaBH₄) to break the 

disulfide bonds, yielding compound (61) which was purified by washing with methanol (Scheme 

2.15).92 
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Scheme 2. 15 Synthetic route of 61. (i) AlCl3, ICl, CCl4, 81 °C, 48 h, 93% (ii) benzyl mercaptan, 

NaH, DMI, 0 °C to rt, 16 h, 62%; (iii and iv) Li, THF, methanol, NH3, -78 °C to rt, 4 h; 

HCl/H2O2/water, rt, 61% yield. (v) NaBH4.92 

 

2.3.1.2 Coordination 

Several metal-organic frameworks (MOFs) incorporating compound 61 as a ligand have been 

reported. For example, Fe-PTC 66 (Figure 2.36), a MOF synthesized from compound 61 and Fe, 

has demonstrated catalytic activity in hydrogen evolution reaction (HER), oxygen evolution 

reaction (OER), and oxygen reduction reaction (ORR) with overpotentials of -0.23 V, 0.89 V, and 

0.44 V, respectively. Its efficiency is comparable to that of Pt-based catalysts and Co3O4.93 
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Figure 2. 36 Structure of Fe-PTC 66. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

In another research, Co-PTC 67 (Figure 2.37), a 2D MOF which was formed from compound 61 

and Co, demonstrated excellent electrocatalytic performance for the hydrogen evolution reaction 

(HER), exhibiting an overpotential of 227 mV at a current density of 10 mA cm⁻² and a Tafel slope 

of 189 mV/decade. The material showed high stability in acidic solutions, maintaining a stable 

current density of approximately 10 mA cm⁻² for 40 hours at a constant voltage. Additionally, it 

retained stability after 2000 cycling tests. Co-PTC 67 also displayed impressive electrical 

conductivity, measuring 45 S cm⁻¹ at room temperature.94 
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Figure 2. 37 Structure of Co-PTC 67. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

Ni-PTC 68 (Figure 2.38) as another example of coronene MOF, which was made from compound 

61 and Ni, has been used for hydrogen evolution reaction HER, OER, and ORR, with 

overpotentials of -0.31 V, 0.91 V, and 0.46 V, respectively. It demonstrated high stability during 

these catalytic reactions.93 

 

 
Figure 2. 38 Structure of Ni-PTC 68. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 
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2.3.2 Hexahydroxy triazacoronene (6OH-TAC) (69) 

Compound 69 is an organic compound with an azacoronene core 70, where three nitrogen atoms 

are positioned at the 1, 5, and 9 positions of the coronene ring and six hydroxyl groups are attached 

at positions 2, 3, 6, 7, 10, and 11 (Figure 2.39). The nitrogen atoms in azacoronene 69 enable 

potential coordination through the nitrogen sites within the azacoronene ring. Compound 69 has 

been used in coordination reaction for making MOF. 

 

 
                                                      70                                 69 

Figure 2. 39 Structures of compounds 69 and 70. 

 

2.3.2.1 Synthesis  

Compound (69) was synthesized through the demethoxylation of 3,4,7,8,11,12-Hexamethoxy-

1,5,9-triazacoronene 71 (Scheme 2.16). Compound 71 was reacted with pyridine hydrochloride at 

200°C for 4 hours, yielding 90% of compound (69) which was purified by washing with deionized 

water.95 

 

 
                                             71                                                            69 

Scheme 2. 16 Synthetic route of 69. (i) pyridine hydrocholoride, 200 °C, 4 h, 90% yield. 
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2.3.2.2 Coordination 

Cu-TAC 72 (Figure 2. 40) is a 2D metal-organic framework (MOF) formed by coordination of 

compound 69 and copper ions. This MOF has been used as an anode material for lithium-ion 

batteries, where it demonstrates a superior reversible capacity of 772.4 mAh g⁻¹ at 300 mA g⁻¹. 

Additionally, Cu-TAC 72 retains 83% of its capacity after 600 cycles at 300 mA g⁻¹, emphasizing 

its excellent long-term stability.95 

 

 
Figure 2. 40 Structure of Cu-TAC 72. The wavy lines indicate the repetition and spatial extension 
of the framework beyond the illustrated segment. 

 

These organic linkers with coronene 60 and azacoronene 70 cores are effective for coordination 

reactions, but there is a potential to further enhance their coordination motifs. In this project, we 

added three benzoic acid groups to the 2, 6, and 10 positions of 1, 5, 9-azacoronene 70 (see chapter 

5). Attaching benzoic acid to the azacoronene core increases the conjugated system, while 

introducing carboxylic acid group, which is an excellent coordination motif, provides additional 

coordination sites. There is the potential to coordinate through the nitrogen atoms of the 

azacoronene core and the oxygen atoms of the carboxylic acid groups. These coordination sites, 

combined with the extended conjugation, will contribute to forming stable coordination 

compounds. 

 

2.4 Coordination motifs 

For coordination reactions and the synthesis of MOFs and complexes, specific coordination motifs 

are essential for linking organic linkers to metal centers. Several coordination motifs are 
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commonly used in these reactions, most of them contain heteroatoms such as nitrogen and oxygen. 

In this section, I will introduce the coordination motifs used in this project, which include 

carboxylic acid, pyridine carboxamide, cyanopyridine, and diaminotriazine. Several articles have 

reported coordination compounds incorporating these motifs. They contain multiple heteroatoms 

and possess conjugated systems that can extend conjugation with the core of the organic linker. 

These features facilitate the formation of coordination bonds between the organic linkers and metal 

ions. 

 

2.4.1 Cyanopyridine-based coordination motifs (73-75) 

Cyanopyridine (72-74) compounds are organic molecules consisting of a cyano group attached to 

a pyridine ring (Figure 2.41). These compounds have emerged as versatile building blocks with a 

range of biological activities, including anticancer, antibacterial, insecticidal properties, and kinase 

inhibition.96 Additionally, they are considered valuable coordination motifs in coordination 

chemistry.97–99 

 

 

                                              73                     74                      75 

Figure 2. 41 Structure of cyanopyridine (73-75). 

 

Cyanopyridines (73-75) exhibit versatile coordination behavior, acting either as monodentate or 

bridging ligands in the synthesis of MOFs and complexes (Figure 2.42). They can coordinate 

through both the nitrogen of the nitrile group (NCN) and the nitrogen of the pyridine ring (Npy).100 
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For instance, 3-cyanopyridine 74 can coordinate with metal centers through the nitrogen of the 

pyridine ring (Npy), functioning as a monodentate ligand. Alternatively, 3-cyanopyridine 74 can 

serve as a bridging ligand by coordinating through both the nitrogen of the nitrile group (NCN) and 

the nitrogen of the pyridine ring (Npy). This dual coordination capability enables 3-cyanopyridine 

(74) to efficiently link metal centers.100 

 

 

      [MX2(CNpy)4]n                [MX2(CNpy)2]n                         [MX2(CNpy)1]n                     [MX2(CNpy)1]n 

Figure 2. 42 Connectivity patterns of cyanopyridine compounds [MX2(CNpy)x]n, (M= Mn, Fe, 

Co, Ni, Cu) (X=Br and Cl).100 

 

In another study, the complex [Ag₂(73)₂(NO₃)₂]ₙ 76 was synthesized using 2-cyanopyridine 73 as 

bidendate ligand and Ag (I) ions, with coordination occurring through both the pyridine nitrogen 

(Npy) and the cyano nitrogen (NCN), each binding to different Ag centers. This complex exhibited 

a conductivity of 3.1 × 10⁻⁷ S·cm⁻¹ at room temperature. Additionally, they reported that the 

complex [Ag₄(73)₈(SiF₆)₂(H₂O)₂]ₙ 77, synthesized from 3-cyanopyridine 74 and Ag (I) ions, forms 

a two-dimensional network. In this polymer, ligand 74 acts as a monodentate ligand, coordinating 

exclusively through the pyridine nitrogen (Npy). Furthermore, the complex [Ag(74)₂(NO₃)]ₙ 78, 
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synthesized from 3-cyanopyridine 78 and Ag (I) ion, features a one-dimensional helical chain in 

which ligand 74, acting as a monodentate, coordinates exclusively through the pyridine nitrogen 

(Npy). It exhibits a conductivity ranging from 1×10⁻¹¹ to 1 × 10⁻¹³ S·cm⁻¹, classifying it as an 

insulator.101 

 

One study explores the coordination of mixed ligands 4-cyanopyridine 75 and phthalic acid (where 

H2pta= phthalic acid) with Ag(I), resulting in various complexes. These include [Ag(75)2(Hpta)] 

79, a zero-dimensional (0D) mononuclear molecule; [Ag2(75)2(Hpta)2] 80, a zero-dimensional 

(0D) tetranuclear motif; [Ag4(75)2(pta)2(H2O)]n 81, a two-dimensional (2D) coordination polymer; 

and [Ag2(89)2(pta)3(H2O)]n 82, a one-dimensional (1D) chain structure. In all these structures, 

Ag(I) exclusively coordinates with the nitrogen atom of the pyridine ring, while the nitrogen of 

the cyano group remains non-coordinated, and cyanopyridine functions as a monodentate ligand. 

The resulting structures are dependent on the pH.102 

 

[Cd(NCS)2(73)2]n 83 is a one-dimensional (1D) coordination polymer in which Cd is coordinated 

to 3-cyanopyridine 74. In this polymer, 74 acts as a monodentate ligand, coordinating solely 

through the nitrogen atom of the pyridine ring.103 

  

[Mn(NCS)2(75)2]n 84 forms a one-dimensional (1D) chain structure in which Mn (II) is 

octahedrally coordinated by two terminal N-bonded thiocyanate anions and two 4-cyanopyridine 

75 ligands. Ligand 75 acts as a monodentate ligand and coordinates to Mn solely through the 

nitrogen atom of the pyridine ring.104 

 

In complex Zn(NCS)2(74)4 85, the Zn(II) ion is octahedrally coordinated by four nitrogen atoms 

from the pyridine rings of four 3-cyanopyridine (74) ligands and two nitrogen atoms from 

terminally bonded thiocyanate anions. While in complex Zn(NCS)2(74)2 86, the Zn(II) ion forms 
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a tetrahedral complex, where it is coordinated by two nitrogen atoms from the pyridine rings of 

two 3-cyanopyridine 74 ligands and two nitrogen atoms from terminally bonded thiocyanate 

anions. In both complexes, ligand 74 is a monodentate ligand and coordinates to the metal solely 

through the nitrogen atom of the pyridine ring.105 

 

In this project, we synthesized three novel isomers of cyanopyridine with a benzene core and four 

isomers of cyanopyridine with a triphenylene core (see chapters 3 and 4). These compounds can 

coordinate through both the nitrogen of the nitrile group (NCN) and the nitrogen of the pyridine 

ring (Npy) (Figure 2.16).100 

 

2.4.2 Pyridine carboxamide-based coordination motifs (87-89) 

Pyridine carboxamide compounds are organic molecules featuring an amide group connected to a 

pyridine ring (Figure 2.43). These compounds are a form of vitamin B3 (niacin) and are vital in 

numerous biological processes.106 Additionally, they serve as excellent coordination motifs. In all 

isomers of pyridine carboxamide, including nicotinamide, picolinamide, and isonicotinamide, the 

coordination sites are the nitrogen atom in the pyridine ring and the oxygen and nitrogen atoms in 

the carboxamide group.107 

 

 

                               87                           88                             89 

Figure 2. 43 Structure of nicotinamide (87), picolinamide (88), and isonicotinamide (89). 
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There are numerous examples of complexes and coordination polymers that employ pyridine 

carboxamide ligands, and the position of the amide group on the pyridine ring plays a crucial role 

in determining the types of coordination bonds formed (Figure 2.44). For instance, [Co(90)2Cl2] 

91 is a complex where the Co (II) ion is coordinated by the nitrogen atoms of the pyridine rings 

and the oxygen atoms of the amide groups of the (90) ligands, forming a distorted octahedral 

environment and demonstrating high thermal stability up to 200°C. In complex [Zn(90)2(ClO4)2] 

92, the Zn (II) ion is coordinated by the nitrogen atoms of the pyridine rings and the oxygen atoms 

of the amide groups of the (90) ligands as bidentate ligands. Complex [Ag(90)2NO3] 93 features 

the Ag(I) ion coordinated by the nitrogen atoms of the pyridine rings from two 90 ligands. The 

dimeric complex [Ag2(91)2(μ−91)2]2ClO4·2H2O 94 has each Ag(I) ion coordinated by the nitrogen 

atoms of the pyridine rings from two 91 ligands and one oxygen atom from the amide group of a 

third centrosymmetric ligand, forming a trigonal coordination geometry with both monodentate 

and bidentate bridging ligands. Complex [Cu(91)2(ClO4)2] 95 involves the Cu (II) ion coordinated 

by the nitrogen atoms of the pyridine rings and the oxygen atoms of the amide groups of the 91 

ligands as bidentate ligands. In complex [Cu(90)2(NO3)2(H2O)1.5] 96, the Cu (II) ion is coordinated 

by the nitrogen atoms of the pyridine rings from two 90 ligands, two nitrate anions, and water 

molecules. Complex [Co(91)2(H2O)2]n·2NO3 97 forms a one-dimensional (1D) polymeric 

complex where the Co(II) ion is coordinated by the nitrogen atoms of the pyridine rings from two 

91 ligands and two water molecules. Lastly, complex [Zn2(91)2(μ−91)2(NO3)4] 98 is a two-

dimensional (2D) coordination polymer where the Zn (II) ion is coordinated by the nitrogen atoms 

of the pyridine rings from two 91 ligands and oxygen atoms from nitrate anions (Figure 2.44).108 
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                                                              90                             91       

Figure 2. 44 Structures of compounds 90 and 91 and their coordination patterns (R = 

diisopropyl).108 

 

In another study, pyridine carboxamides 92, 93, and 94 (Figure 2.45) were coordinated with metal 

ions, resulting in diverse coordination chemistries. [Tb3(92)4(18)3(H2O)3] 95 is a MOF where Tb 

(III) ions are coordinated to the carboxylate groups of 18 and the nitrogen atoms of the pyridine 

rings of ligand 92. [Zn(92)2Cl2] 96 is a complex where Zn (II) ion is coordinated to the nitrogen 

atoms of two 92 ligands and two chloride ions. [Cu(92)2(SCN)2(H2O)] 97 is a coordination 

polymer where Cu (II) ions are coordinated to two nitrogen atoms from two 92 ligands, one water 

molecule, and two thiocyanate groups. [Cu(92)2Cl2] 97 is a complex where Cu (II) ions are 

coordinated to two nitrogen atoms of ligand 92 and two chloride ions. [Eu(93)3(H2O)3] 98 is a 

complex where Eu (III) ion is coordinated to the nitrogen atoms of the pyridine rings and the 

oxygen atoms of the amide groups of ligand 93. [Cu(94)2Cl2] 99 is a complex where Cu (II) ion is 

coordinated to the nitrogen atoms of two 94 ligands and two chloride ions. [Cu(94)2(SCN)2] 100 

is a coordination polymer where Cu (II) ions are coordinated to the nitrogen atoms of two 92 

ligands and two thiocyanate groups.109 
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                                 92                                    93                                     94 

Figure 2. 45 Structures of 92, 93, and 94 linkers. 

 

In this project, we synthesized three novel isomers of pyridine carboxamide with a benzene core 

(see chapter 3). As previously mentioned, these compounds can coordinate through the nitrogen 

atom of the pyridine ring, as well as the oxygen and nitrogen atoms of the amide group.107 

 

2.4.3 Pyridine carboxylic acid-based coordination motifs  

Pyridine carboxylic acids are organic molecules distinguished by a carboxyl group attached to a 

pyridine ring (Figure 2.46). They are considered among the best coordination motifs. In all isomers 

of pyridine carboxylic acids, including isonicotinic acid 101, picolinic acid 102, and nicotinic acid 

103, the coordination sites are the nitrogen atom in the pyridine ring and the oxygen atoms in the 

carboxyl group.110 

 

 

                               101                        102                        103 

Figure 2. 46 Structures of isonicotinic acid 101, picolinic acid 102, and nicotinic acid 103. 
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Several complexes and MOFs have been synthesized using pyridine carboxylic acids (Figure 2.47) 

as coordination motifs. For example, in a particular study, pyridine-2,6-dicarboxylic acid 104 was 

employed as a ligand to coordinate with Cu (II) ions. The coordination involved nitrogen atoms 

from the pyridine ring and oxygen atoms from the carboxylate groups, resulting in the formation 

of a metal-organic framework (MOF) with the composition [Cu(105)(104)] 107. Additionally, 

104, thiocyanate (SCN), and water (H2O) were used as ligands to coordinate with Cu (II), resulting 

in [Cu(104)2(SCN)2(H2O)] 108, a coordination polymer. In this polymer, nitrogen atoms from the 

pyridine ring of 104, nitrogen atoms from the thiocyanate ions, and oxygen atoms from the water 

molecule are coordinated to the metal ion. Another example is complex [Zn(104)2Cl2] 109, was 

synthesized using 104, chloride (Cl), and Zn (II) ion, where the ligands coordinated through 

nitrogen atoms from the pyridine ring of 104 and chloride ions. Lastly, Eu (III) was coordinated 

with 104 and water (H2O) through nitrogen atoms of the pyridine ring, oxygen atoms of the 

carboxylic groups, and oxygen atoms from water molecules to form [Eu(104)3(H2O)3] 110.11187 

 

 

                                           104                           105                         106 

Figure 2. 47 Structures of 104, 105, and 106. 

 

In another research, Co-MOF 1 111 (Figure 2.48-a), a metal-organic framework (MOF) consisting 

of 5-bromopyridine-2,3-dicarboxylic acid 106 and water molecules as ligands, was synthesized by 

a solvothermal reaction. In this MOF, Co (II) is coordinated with two oxygen atoms and one 

nitrogen atom from the ligand, as well as three oxygen atoms from coordinated water molecules. 

It exhibited high thermal stability, remaining stable up to about 280°C. Conversely, Co-MOF 2 

112 (Figure 2.48-b), also synthesized by a solvothermal reaction, is a MOF in which the Co (II) 
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ion is coordinated with two carboxyl oxygen atoms and one nitrogen atom from the ligand, along 

with three oxygen atoms from coordinated water molecules. This MOF demonstrated stability up 

to 190°C.112 

 

 

a 

 

b 

Figure 2. 48 (a) 1D chain structure of Co-MOF 1 111 (b) 1D Chain structure of Co-MOF 2 112. 

Atom color code: C gray, Co pink, O red, and N blue.112 

 

In another study, Pd(II) and Pt(II) ions were coordinated with 2,2′-bipyridyl-5,5′-dicarboxylic acid 

113 and 2,2′-bipyridyl-4,4′-dicarboxylic acid 114 under hydrothermal conditions. In all 

synthesized complexes [Pd(113)Cl2·2H2O] 115, [Pt(113)Cl2·2H2O] 116, [Pd(114)Cl2·H2O] 117, 

and [Pt(114)Cl2·H2O] 118 the metal ions were coordinated to two nitrogen atoms from the 

bipyridyl ligands and two chlorine atoms (Figure 2.49).113 
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Figure 2. 49 Structures of 113-118.113 

  

In this project, we synthesized three novel isomers of pyridine carboxylic acids with a benzene 

core (see chapter 3). As previously mentioned, these compounds can coordinate through the 

nitrogen atom of the pyridine ring and the oxygen atoms of the carboxyl group.110 

 

2.4.4 [1,3,5] Triazine-2,4-diamine-based coordination motifs (119) 

[1,3,5]triazine-2,4-diamine 119 is a heterocyclic compound characterized by the presence of both 

a pyridine ring and a triazine ring (Figure 2.50). The triazine ring in this compound has two amine 

groups (-NH2) located at position 2 and position 4, and a pyridine ring is attached at position 6. 

This compound can be used in various chemical applications, including materials science and 

pharmaceuticals, due to its unique structural properties.114  

 

Figure 2. 50 Structure of [1,3,5] triazine-2,4-diamine 119. 
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Several coordination compounds have been synthesized using [1,3,5] triazine-2,4-diamine 119 

derivatives. These compounds exhibit various coordination sites, including nitrogen atoms in the 

triazine ring, amine groups, and nitrogen atoms in the pyridine ring. For instance, in a study, 

various metal ions were coordinated with 119, resulting in the formation of the complexes 

[Co(119)2(NO3)2] 120, [Ni(119)2(NO3)2] 121, [Cu(119)2(NO3)2] 122, and [Zn(119)2(NO3)2] 123. 

In all these complexes, the coordination sites include two nitrogen atoms from the pyridine rings, 

two nitrogen atoms from the triazine rings, and two oxygen atoms from nitrate ions (Figure 

2.51).115 

 

 

Figure 2. 51 Coordination of 119 to Metal Ions (M= Co, Ni, Cu, and Zn).115 

 

In another study, copper (II) was coordinated with 6-chloro-N,N,N',N'-tetrakis-pyridin-2-

ylmethyl-[1,3,5]triazine-2,4-diamine 124  and 6-chloro-N,N'-bis-pyridin-2-ylmethyl-N,N'-bis-

thiophen-2-ylmethyl-[1,3,5]triazine-2,4-diamine 125  (Figure 2.52). In the complex [Cu2Cl4(124)] 

·3MeOH 126, the copper (II) ion is coordinated by three nitrogen atoms from the dipicolylamine 

unit of 124 and two chloride anions. In complex [Cu4(NO3)8(124)2] ·2.07CH2Cl2·0.93MeOH 127, 

copper (II) ions are coordinated by three nitrogen atoms from the dipicolylamine moiety of 124 

and two nitrate ions. For complex [Cu2Cl4(125)2] 128, the copper (II) ion is coordinated by two 

pyridine nitrogens, one nitrogen from the triazine unit, and two chloride anions. Lastly, in complex 

[Cu(NO3)2(125)]·CH2Cl2 129, the copper(II) ion is coordinated by two nitrate oxygens, two 

pyridine nitrogens, and one nitrogen from the triazine ring.116 
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                                         124                                                         125 

Figure 2. 52 Molecular structures of the ligands 124 and 125.116 

 

In a different report, DAT-MOF-1, constructed from compound 130 (Figure 2.53) and Cu (II) ions, 

features copper centers coordinated to both a nitrogen atom of the triazine ring and an oxygen atom 

of the carboxylate group. This MOF was designed for the selective separation of benzene from 

cyclohexane. Ideal adsorbed solution theory (IAST) calculations revealed an adsorption selectivity 

for equimolar benzene/cyclohexane mixtures exceeding 200, highlighting the material’s high 

efficiency in hydrocarbon separation.117 

 

 

Figure 2. 53 Structure of compound 130. 

 

In this project, we synthesized a novel [1,3,5]-triazine-2,4-diamine, in which two [1,3,5]-triazine-

2,4-diamine units are linked to a benzene core through etheric bonds (see chapter 3). As previously 

mentioned, this compound can coordinate with metal ions through the nitrogen atoms of the 

triazine ring, amine groups, and nitrogen atoms of the pyridine ring.115 
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2.5 Conclusion  

In conclusion, this literature review demonstrated that organic linkers with benzene, triphenylene, 

and coronene cores have been employed in various coordination reactions, showcasing unique 

properties and highly conjugated systems. Furthermore, the study revealed that coordination motifs 

such as carboxylic acid, [1,3,5]triazine-2,4-diamine, pyridine carboxylic acids, pyridine 

carboxamide, and cyanopyridine can effectively facilitate coordination reactions, leading to the 

formation of stable MOFs and complexes. In addition, it is essential to have organic linkers with 

multiple coordination motifs that are symmetrically connected to the cores. 

 

In this project, we intend to add etheric bonds to the benzene core to increase flexibility and the 

conjugated system, along with adding DAT groups, pyridine carboxamide, cyanopyridine, and 

pyridine carboxylic acids as coordination motifs. Similarly, we plan to add etheric bond to the 

triphenylene core to enhance flexibility and conjugation, along with adding cyanopyridines as 

coordination motifs. Furthermore, we intend to attach benzoic acid groups to an azacoronene core 

to increase the conjugated system and improve the coordination motifs. In all these designed 

compounds, the symmetry of the coordination motifs on the cores was considered to enhance the 

likelihood of obtaining MOFs. 

 

In the following sections in different chapters, I will introduce the benzenes, triphenylenes, and 

azacoronene synthesized in this project for coordination chemistry. 
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Chapter 3 
 
 
Organic linkers with benzene cores 
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3.1 Introduction 

Benzene serves as the core structure of ligands that have been utilized in various coordination 

compounds. In this chapter, we present the synthesis and characterization of ten novel organic 

linkers based on the benzene core. The design of these molecules incorporates multiple 

coordination motifs symmetrically positioned on the benzene core. This symmetry enhances the 

likelihood of forming coordination polymers or metal-organic frameworks (MOFs). 

 

These molecules include three isomers of 1,3,5-tri-cyanopyridine-benzene (compounds 121-133), 

three isomers of 1,3,5-tri-pyridinecarboxamide-benzene (compounds 134-136), two isomers of 

1,3,5-tri-carboxypyridine-benzene (compounds 137 and 139), 1,3,5-tri-carboxylatepyridine-

benzene (compound 141), and diamino triazine (compound 145) (Figure 3.1). 
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Figure 3. 1 Molecular structure of 34, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 

143, 145, and 119. 
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3.2 Compounds 131, 132, 133, 134, 135, 136, 137, 139, and 141 

4,4′,4′′-[1,3,5-benzenetriyltris(oxy)]tris[benzoic acid] 34 (Figure 3.1) is an organic compound with 

a central benzene ring linked to three symmetrically distributed benzoic acid groups via ether 

bonds. This compound has been widely used as a ligand in various coordination reactions, 

efficiently coordinating through the oxygen atoms of its carboxylic acid groups (as mentioned in 

chapter 2).60–64 

 

In this research, we aim to introduce novel organic linkers with additional coordination sites by 

replacing all three benzene rings, which act as branches, with pyridine rings 137-139 (Figure 3.1). 

This modification will enhance the coordination capabilities of 34 by enabling coordination 

through both the nitrogen atoms of the pyridine rings and the oxygen atoms of the carboxylic acid 

groups like other carboxypyridine compounds.118–121 

 

3.2.1 Synthesis 

3.2.1.1 Neocleophilic substitution reaction 

As described in chapter two (section 2.1.5.1), compound 143 was synthesized via various 

nucleophilic substitution reactions.60,66 In this research to synthesize compounds 137-139, we first 

prepared 1,3,5-tri-cyanopyridine-benzenes 131-133 through nucleophilic substitution reactions, as 

illustrated in (Scheme 3.1). In this reaction, benzene-1,3,5-triol 35 was reacted with the 

corresponding cyano-bromo-pyridines, producing cyanopyridines 131-139. These compounds 

were purified by extraction with dichloromethane, followed by evaporation of the CH₂Cl₂ under 

reduced pressure to yield a solid residue. The residue was further purified by washing with diethyl 

ether. The yields of 131-133 were 67%, 65%, and 68% respectively. Cyanopyridine compounds 

131-133 are characterized by the presence of a cyano group (-CN) attached to a pyridine ring. 

Besides serving as precursors to the target carboxylic acids 137-139, these derivatives are excellent 

candidates for coordination reactions, coordinating through both the nitrogen atom of the pyridine 

ring and the nitrogen of the cyano group.122–124 Furthermore, these compounds exhibit potential 
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biological activities, including anticancer, antibacterial, insecticidal activities, and kinase 

inhibition.125–127  

  

 
Scheme 3. 1 Synthesis route for synthesizing 131, 134, and 137. (i) corresponding bromopyridine 

carbonitrile, K2CO3, DMF/Toluene, reflux (ii) KOH, H2O reflux (iii) HCl. 

 

3.2.1.2 Hydrolysis of cyanopyridines 

Several methods have been used to hydrolyze the cyano group. Cyano compounds can be 

hydrolyzed in acidic, basic, and catalytic conditions.128–130 In this research, basic conditions were 

chosen, avoiding both acidic conditions and catalysts. Basic hydrolysis is milder than acidic 

hydrolysis, resulting in fewer side reactions, and it also eliminates the challenges associated with 

catalyst separation. An additional advantage of the basic conditions used in this project is that they 

allowed for the synthesis of both amide and carboxylic acid derivatives, which were easily 
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purified. In contrast, the acidic conditions reported in previous studies (section 2.1.5.1) yielded 

only carboxylic acid derivatives.60,66 

 

Compounds 131-133 were hydrolyzed under basic conditions and formed amidepyridines 134-

136, carboxylicacidpyridine 137 and 139, and carboxylate 141 (Scheme 3.1). Compounds 134-

136 also serve as effective coordination motifs, offering the potential for coordination bonds 

between metal ions, amide groups, and the nitrogen atoms of the pyridine rings.131–133 

 

In hydrolysis reactions, reaction time is an important factor affecting the yield of the final 

compounds. The results reveal that after four hours, cyanopyridine was entirely consumed, 

yielding only amide and carboxylate salt (Table 3.1). After the consumption of all cyano groups, 

the amide group is converted to carboxylate group. Therefore, after 24 hours, the percentage of 

carboxylate increases while the percentage of the amide group decreases. 

 

Additionally, the hydrolysis of the cyano compounds was investigated using different equivalents 

of KOH (Table 3.1). The results show that increasing the KOH equivalent from 5 to 10 led to a 

significant increase in the yield of carboxylate, while the yield of the amide decreased. This 

suggests a direct conversion of the amide to carboxylate, highlighting the impact of KOH 

equivalence on the reaction pathway. 

 

It is noticeable that, upon acidification, all carboxylate groups 140-142 precipitated to produce 

carboxylic acids. However, the carboxylate salt of compound 138 did not precipitate and remained 

in its carboxylate form compound 141. 
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Table 3. 1 Reaction conditions and yields for the hydrolysis of cyano compounds 131, 132, and 

133. 

Compound 

Reaction conditions : 

4h, 5 eq. KOH, reflux, 

200 µL HCl 37% 

Reaction conditions : 

24h, 5 eq. KOH, reflux, 

200 µL HCl 37% 

Reaction conditions : 

24h, 10 eq. KOH, 

reflux, 300 µL HCl 37% 

Cyano 

compound 

hydrolysed 

Amid 

formed 

Acid 

formed 

Yield of 

amide (%) 

Yield of 

acid (%) 

Yield of 

amide (%) 

Yield of 

acid (%) 

Yield of 

amide (%) 

Yield of 

acid (%) 

131 134 137 26 40 22 46 ~1 63 

132 135 138 24 - 20 - ~1 - 

133 136 139 30 29 23 33 ~1 52 

 

3.2.2 Results and discussion 

3.2.2.1 Comparison of 131-133 

1,3,5-tri-cyanopyridine-benzenes 131-133 were synthesized by a nucleophilic reaction between 

bromo cyanopyridines and benzene-1,3,5-triol 34.134 In all three isomers, there are four distinct 

types of protons, each with its unique characteristics (Figure 3.2). In all isomers, the Hd protons 

of the benzene core are less deshielded compared to the others, peaking at 7.10, 7.24, and 7.10 

ppm for isomers 131, 132, and 133, respectively. The Hd protons in compounds 131 and 133 

exhibit the same deshielding effect due to their identical conjugation and chemical environment. 

In molecule 131, Hc, with a doublet pattern peaked at 8.08 ppm. Hb displays a doublet of doublets 

pattern at 7.77 ppm. Ha is showing a doublet peak at 8.64 ppm. In molecule 132, Hb is observed 

as a doublet of doublets at 7.48 ppm, Ha as a doublet peaked at 7.92 ppm and Hc as a doublet 

peaked at 8.65 ppm. In molecule 133, Hc is identified as a doublet of doublets at 8.34 ppm. Hb 

presents itself as a doublet at 7.29 ppm. Ha appears as a doublet at 8.70 ppm. These chemical shift 

values are within the standard range.135 
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One can see that protons in pyridine rings are more deshielded compared to those in benzene rings. 

While benzene protons are mainly deshielded by the ring's 𝜋 electrons, pyridine's protons face 

additional deshielding due to the nitrogen atom within the ring. Particularly, protons at the α-

position of the N-pyridyl group experience heightened deshielding. Therefore, Ha in isomer 131 

(8.64 ppm) and 133 (8.70 ppm) and Hc in isomer 132 (8.65 ppm) are more deshielded than the 

others (7.29 to 8.34 ppm). In addition, it is observed that the 3J coupling constant in molecule 132 

(5.8 Hz) is lower than in molecules 131 and 133 (̴ 8.6 Hz) because the nitrogen atom in the pyridine 

ring of molecule 132 is closer to Hc. This difference highlights the variation in chemical 

environments of protons among the isomers.136 

 

Furthermore, based on the IR spectra of all three isomers of cyanopyridine benzene 131-133 ( 

Figure 3.3) (Table 3. 4), the presence of peaks around 2235 cm⁻¹ indicates the existence of a cyano 

group similar to those observed in compounds 143137 and 144138 and the peaks at around 1120 cm-

1 in all isomers indicate the formation of the C-O bond similar to those observed in compounds 

146139 and 34140. 
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Figure 3. 2 1H NMR for molecules 131-133 in DMSO-d6. 

 

 

Figure 3. 3 IR spectra for molecules 131-133. 



 

 73 

3.2.2.2 Comparison of 134-136 

1,3,5-tri-pyridinecarboxamide-benzene derivatives 134-136 were synthesized by the hydrolysis of 

the respective cyanopyridine derivatives 131-133. They were characterized by 1HNMR as shown 

in (Figure 3.4). Differences in the chemical shifts of the amide protons are observed in all isomers 

and can be attributed to the influence of hydrogen bonding, including both intramolecular and 

intermolecular interactions. These factors restrict the rotation of the amide groups, resulting in 

differing degrees of deshielding for the protons of NH2. As a result, the protons in the amide groups 

exhibit distinctive chemical shifts in the NMR spectra. Similar behavior has also been observed in 

related compounds.139 In compounds 134-136, like in 131-133, the Hd protons of the benzene ring 

are less deshielded compared to the protons of the pyridine ring, peaking at 6.87, 7.14, and 6.94 

ppm respectively. 

 

In molecule 134, two singlet peaks are detected at chemical shifts of 7.59 ppm and 8.02 ppm, 

attributed to the protons within the amide functional group HN2. Hb displays a doublet of doublets 

at a chemical shift of 7.68 ppm, while Hc appears as a doublet peak at 8.05 ppm. Ha is also 

observed as a doublet peak with a chemical shift of 8.46 ppm. In molecule 135, Hb exhibits a 

doublet of doublet at 7.29 ppm. Ha is a doublet peak located around 7.61 ppm. Two singlet peaks 

at chemical shifts of 7.72 ppm and 8.16 ppm are attributed to the protons within the amide 

functional group. Hc is observed as a doublet peak at 8.55 ppm. In molecule 136, Hb is observed 

at a chemical shift of 7.15 ppm, appearing as a doublet peak. Two singlet peaks at chemical shifts 

of 7.50 ppm and 8.07 ppm are attributed to the protons within the amide functional group. Hc 

appears as a doublet of doublets peak at 8.27 ppm, while Ha is observed as a doublet peak at 8.66 

ppm. These chemical shift values are in close to those reported for structurally similar 

compounds.139 

 

In amide pyridine, analogous to cyanopyridine, the deshielding of protons in pyridine rings 

exceeds that of benzene rings. Notably, protons at the α-position of the N-pyridyl group undergo 

more intensified deshielding. Therefore, Ha in isomer 134 (8.46 ppm) and 136 (8.66 ppm) and Hc 
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in isomer 135 (8.55 ppm) are more deshielded than the others (7.29 to 8.27 ppm). In addition, it is 

observed that the 3J coupling constant in molecule 135 (̴ 5.5 Hz) is lower than in molecules 134 

and 136 (̴ 8.6 Hz) because the nitrogen atom in the pyridine ring of molecule 135 is closer to Hc. 

This difference highlights the variation in chemical environments of protons among the isomers.136 

 

Furthermore, based on the IR spectra amide pyridine benzenes 134 and 136 (Figure 3.5) (Table 3. 

4), the presence of peaks at ~ 3159 cm⁻¹ and ~ 3400 cm⁻¹ indicates the existence of a NH2 group 

close to compound 146 which is 3204 cm⁻¹ and 3374 cm⁻¹ and the peaks at ~ 1674 cm-1 in all 

isomers indicate the formation of the conjugated C=O bond consistent with the value observed for 

compound 146 (1674 cm⁻¹).139 

 

 

Figure 3. 4 1H NMR for molecules 134, 135, and 136 in DMSO-d6. 
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Figure 3. 5 IR spectra for molecules 134, 135, and 136. 

 

3.2.2.3 Comparison of 137, 141, and 139 

Compounds 137, 141, and 139 were synthesized through the hydrolysis of their corresponding 

cyanopyridine benzenes 131-133. In each of the three isomers, there are four different proton types, 

each displaying its own unique characteristics (Figure 3.6). Across all isomers, the Hd protons 

within the benzene core show less deshielding compared to the others, reaching peaks at 6.96, 7, 

and 7.03 ppm for isomers 137, 141, and 139, respectively. In molecule 7, Hb is observed as a 

doublet of doublets, peaking at 7.66 ppm. Hc is a doublet, peaked at 8.07 ppm. Ha is another 

doublet, peaking at 8.54 ppm. In molecule 141, Hb is observed as a doublet of doublets, peaking 

at 7.14 ppm. Hc is a doublet, peaked at 7.51 ppm. Ha is another doublet, peaking at 8.49 ppm. In 

molecule 139, Hb is a doublet and peaked at 7.18 ppm. Hc is a doublet of doublets, peaking at 8.31 

ppm. Ha is a doublet detected at 8.72 ppm. These chemical shift values are close to reported for 

similar compounds.141 
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Furthermore, the IR spectra for all compounds 137, 141, and 139 (Figure 3.7) (Table 3. 4) reveal 

significant features. The presence of a broad peak exceeding 3300 cm⁻¹ signifies the presence of 

the hydroxyl (OH) group in the carboxylic moiety, while the peaks around ~1700 cm⁻1 in all 

isomers indicate the presence of the conjugated C=O bond. These observations are consistent with 

those reported for compound 147.142 Additionally, the characteristic peak of the cyano group at 

approximately 2235 cm⁻¹ has disappeared, indicating the conversion of all cyanopyridines into 

amide or carboxylic acids. 

 

 

Figure 3. 6 1H NMR for molecules 137, 141, and 139 in DMSO-d6. 
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Figure 3. 7 IR spectra for molecules 137, 141, and 139. 

 

3.2.2.4 Comparison of the ¹H NMR Spectra of Compounds 131, 134, and 137 

As shown in (Figure 3.8), among compounds 131, 134, and 137 which have different functional 

groups at the same position on the same pyridine rings, Ha proton in molecule 131 (8.64 ppm) 

which has a cyano group is more deshielded than Ha protons in 134 (8.46 ppm) and 137 (8.54 

ppm). Also Ha in molecule 137 which has a carboxylic acid group is more deshielded than Ha 

proton in 134. It shows cyano group is the strongest electron-withdrawing group among the three 

(cyano, carboxylic acid, and amide) and carboxylic group is stronger electron-withdrawing group 

than amide group. 
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Figure 3. 8 1H NMR comparison of molecules 131, 134, and 137 in DMSO-d6. 

 

3.2.2.5 Comparison of IR in 131, 132, 133, 134, 135, 136, 137, 139, and 141 (cyano, amide, and 

carboxylic acid) 

The IR data (Table 3.4) for compounds 131, 132, and 133 include values at 2233, 2240, and 2233 

cm⁻¹, respectively, corresponding to the presence of cyano (CN) groups. These values fall within 

the expected range and can be compared to compound 144, which exhibits a CN stretching band 

at 2217 cm⁻¹.143 In the IR spectra of compounds 134, 135, and 136, the characteristic cyano (C≡N) 

stretching bands have disappeared, and new absorption bands appear at 1682, 1678, and 1662 cm⁻¹, 

respectively. These values indicate the formation of carbonyl (C=O) groups and are comparable 

to the C=O stretch observed in compound gg, which appears at 1675 cm⁻¹.139 Additionally, two 

values are listed at (3351 and 3462 cm⁻¹), (3337 and 3444 cm⁻¹), and (3212 and 3382 cm⁻¹) for 

molecules 134, 135, and 136, respectively, indicating the presence of NH₂ groups, suggesting the 

formation of amide groups and these values are comparable to compound 146 (3204 and 3374 

cm⁻¹).139 

 

For molecules 137, 141, and 139, the IR data show carbonyl (C=O) values at 1736, 1630, and 1698 

cm⁻¹, with no CN and NH₂ values, indicating the formation of carboxylic groups. The C=O 

stretching band for compound cc appears at 1735 cm⁻¹, providing a comparable reference.142 These 
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changes in the IR data suggest the successful transformation of the initial cyano groups 

(compounds 131–133) into amide groups (compounds 134–136), and subsequently into carboxylic 

groups (compounds 137, 141, and 139). In addition, compounds 131 and 133 (CN group in the 

para position) exhibited peaks at lower wavelengths than compound 132 (CN group in the meta 

position). This difference arises because the cyano group at the meta position cannot participate in 

conjugation with the oxygen atom of the ether group, whereas in the para position, conjugation is 

possible. Additionally, the inductive effect of the cyano group may also contribute to the observed 

differences. 

 

3.2.2.6 Single Crystal X-ray Diffraction (SCXRD) of 131, 132, 134, and 137 

Single crystal x-ray diffraction (SCXRD) analysis has been conducted on well formed crystals of 

compounds 131, 132, 134, and 137 to determine the molecular structure and the precise spatial 

arrangement of atoms within these crystals. Regrettably, appropriate crystals required for 

conducting XRD analysis were not obtained for the remaining compounds. The precise 

determination of atomic positions and coordination motifs is essential for understanding and 

predicting coordination reactions. Detailed crystallographic data for these molecules can be found 

in Table 3.2. Crystal structure of 131, 132, 134, and 137 (Figure 3.9) show that compounds 131 

and 132, a cyanopyridine moiety with an etheric bond is linked to the benzene ring. Compound 

134 features an amide pyridine with an etheric bond attached to the benzene ring, while in 

compound 137, a carboxypyridine with an etheric bond is linked to the benzene ring. In all these 

compounds, the substituent branches are oriented out of the plane of the benzene ring. Since similar 

compounds (34 and 143) have not been characterized by SCXRD, no direct crystallographic 

comparison was made with literature references. 
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                                           131                                                132 

 

 

134                                                         137 

Figure 3. 9 Crystal structures of compounds 131, 132, 134, and 137. Carbon atoms are depicted 
in gray, hydrogen atoms in white, nitrogen atoms in blue, oxygen atoms in red. 
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In crystallography, crystals are categorized into seven crystal systems based on unit cell geometry, 

specifically the lengths of the cell axes (a, b, c) and the angles between them (α, β, γ). Compounds 

131, 132, and 134 crystallized in the triclinic system, while compound 137 crystallized a 

monoclinic system, despite all being crystallized from DMF. This difference is likely attributed to 

variations in molecular structure and the resulting intermolecular interactions, such as hydrogen 

bonding and packing arrangements. 

 

Beyond the crystal system, the symmetry of a crystal is described by its space group. Crystals are 

classified into 230 distinct space groups. Compounds 131, 132, and 134 belong to the space group 

P-1, whereas compound 137 crystallizes in the space group P21/n, reflecting differences in 

molecular structure and the resulting molecular interactions. 

 

The number of formula units per unit cell, denoted as the Z value, is 2 for compounds 131 and 

134, and 4 for compounds 132 and 137. Notably, isomers 131 and 132, although similar in 

composition, exhibit different lattice parameters. This reflects subtle differences in atomic 

positions that affect unit cell dimensions and overall crystal geometry. 

 

The total number of electrons in the unit cell, represented by F (000), is 444, 888, 1008, and 1272 

for compounds 131, 132, 134, and 137, respectively. 

 

The average bond lengths of molecules 131, 132, 134, and 137, as listed in Table 3.3, fall within 

the anticipated and normal range, underscoring the uniformity and stability observed in their 

molecular structures. 
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Table 3. 2 Crystallographic data for 131, 132, 134, and 137. 

Compound 131 132 134 137 

Empirical formula C24H12N6O3 C24H12N6O3 C48H36N12O12 C29H29N5O10 

Formula weight 432.4 432.4 972.89 607.57 

Temperature/K 293(2) 150 100 150 

Crystal system triclinic Triclinic triclinic monoclinic 
Space group P-1 P-1 P-1 P21/n 
a/Å 7.3661(7) 8.1235(6) 9.8017(6) 7.0998(2) 
b/Å 11.6507(8) 14.0498(10) 14.5623(9) 13.5450(4) 
c/Å 11.8113(5) 18.1664(13) 17.5635(9) 30.0098(8) 
α/° 101.881(5) 95.021(3) 108.110(5) 90 
β/° 92.179(6) 101.662(3) 98.989(5) 91.492(2) 
γ/° 93.556(7) 90.878(4) 105.535(5) 90 
Volume/Å3 988.68(12) 2021.6(3) 2215.8(2) 2884.97(14) 
Z 2 4 2 4 
ρcalcg/cm3 1.452 1.421 1.458 1.399 
μ/mm-1 0.833 0.518 0.908 0.577 
F(000) 444 888 1008 1272 

Crystal size/mm3 0.2 × 0.1 × 0.05 0.15 × 0.11 × 
0.07 0.2 × 0.1 × 0.05 0.15 × 0.09 × 0.06 

Radiation Cu Kα (λ = 1.54184) Ga Kα (λ = 1.34139) 
Cu Kα (λ = 
1.54184) Ga Kα (λ = 1.34139) 

2Θ range for data 
collection/° 7.66 to 144.97 6.682 to 

121.698 5.484 to 144.146 7.65 to 121.464 

Index ranges -9 ≤ h ≤ 8, -13 ≤ k ≤ 
14, -12 ≤ l ≤ 14 

? ≤ h ≤ ?, ? ≤ k 
≤ ?, ? ≤ l ≤ w? 

-11 ≤ h ≤ 11, -17 
≤ k ≤ 16, -15 ≤ l ≤ 
21 

-9 ≤ h ≤ 9, -17 ≤ k ≤ 17, -
38 ≤ l ≤ 38 

Reflections collected 6472 9264 15234 42818 

Independent reflections 3634 [Rint = 0.0390, 
Rsigma = 0.0523] 

9264 [Rint = 
0.0456, Rsigma 
= 0.0264] 

8488 [Rint = 
0.0337, Rsigma = 
0.0532] 

6636 [Rint = 0.0910, 
Rsigma = 0.0615] 

Data/restraints/parameter
s 3634/0/310 9264/0/595 8488/0/651 6636/103/464 

Goodness-of-fit on F2 1.139 1.053 1.027 1.035 

Final R indexes [I>=2σ 
(I)] 

R1 = 0.0652, wR2 = 
0.1792 

R1 = 0.0453, 
wR2 = 0.1291 

R1 = 0.0508, wR2 
= 0.1232 

R1 = 0.0588, wR2 = 
0.1519 

Final R indexes [all data] R1 = 0.0866, wR2 = 0.2173 
R1 = 0.0489, 
wR2 = 0.1324 

R1 = 0.0738, wR2 
= 0.1369 

R1 = 0.1014, wR2 = 
0.1819 

F(000): Total number of electrons in the unit cell contributing to scattering 
T = Data collection temperature (K) 
V = Volume of the unit cell (in Å³) 
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Table 3. 3 The mean bond distances for compounds 131, 132, 134, and 137. 

 

  Bond lengths* (Å) 

Bond 131 132 134 137 Literature 

C=C 1.38 1.38 1.39 1.38 1.41 (61)144 

C=O - - 1.23 1.23 1.25(78)145 

C-O 1.38 1.38 1.38 1.38 1.37 (77)146 

C≡N 1.14 1.15 - - 1.15 (0.9)147 

*Bond lengths are given as average values. 

 

3.2.2.7 UV 

The UV spectroscopy of molecules 131, 132, 133, 134, 135, 136, 137, and 139 (Table 3.4) (Figure 

3.9) reveals a distinct sharp peak around 270 nm, attributed to the π → π* transition of the benzene 

cores. Among molecules 131 to 133, which are isomers of cyano pyridines, the structures of 

molecules 131 and 133 bear closer resemblance, with their λmax values closely aligned at 271 nm 

for 131 and 272 nm for 133. In molecule 132, where the position of the cyano group is altered, the 

peak shifts to 267 nm. This shift indicates that the position of the cyano group on the pyridine ring 

affects the UV spectra. When the cyano group is in the para position, there is a longer conjugated 

system, causing the UV spectra to shift to lower energy. Similar trends have been observed for 

corresponding amide 134-136 and carboxylic acid derivatives 137 and 139. In addition, molecule 

143, which has a benzene ring instead of a pyridine ring and has greater aromaticity, exhibits a π 

→ π* transition at 305 nm, showing a red shift compared to compound 131 (271 nm).148 The UV 

spectrum of compound 141 differs from the other compounds. It exhibits a peak at 310 nm, 

attributed to the π → π* transition, and a peak at 358 nm, corresponding to the n → π* transition. 

The π → π* transition of compound 141 shows a red shift compared to the other compounds. This 

arises from the delocalization of charge on the oxygen atoms of the carboxylate group. This 

delocalization facilitates conjugation, reduces the energy gap between the π and π* molecular 

orbitals, and shifts the π → π* transition to lower energy compared to other molecules. 
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Additionally, the delocalized charge on the oxygen atoms lowers the energy of the non-bonding 

(n) orbital, facilitating the n → π* transition. 

 

 

 
Figure 3. 10 UV spectra of compounds 131, 132, 133, 134, 135, 136, 137, 139, and 141 in DMF 

at room temperature. 

 

The molar absorptivity coefficient (ε) values indicate that compound 132 and compound 135, 

which feature cyano and amide groups substituted at the meta position, respectively, have lower ε 

values compared to compounds with substitutions at the para position. This is likely due to the 

longer conjugated system afforded by para substitution, which enhances electron delocalization 

and increases the molar absorptivity. 
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To examine solvent effects, the UV spectra of compounds 131, 132, 133, 134, 135, 136, 137, and 

139 were also recorded in acetonitrile (Figure S31). Compared to their spectra in DMF, all peaks 

exhibited a blue shift, accompanied by an additional shoulder, which can be attributed to a π → π* 

transition. Due to the low solubility of compound 141 in acetonitrile, its UV spectrum could not 

be recorded in this solvent. 

 

3.2.2.8 TGA 

The thermogravimetric analysis (TGA) data (Table 3.4) (Figure 3.10) for compounds 131, 132, 

133, 134, 135, 136, 137, 139, and 141 indicate that these compounds exhibit high thermal stability, 

with decomposition temperatures ranging from 200°C to 419°C. A comparison between 

compounds 131 (288°C), 134 (363°C), and 137 (292°C), which share the same core structure but 

differ in their functional groups, suggests that the type of functional group, along with its moiety 

and hydrogen bonding interactions, can significantly influence the thermal stability of the 

compounds.149 Compound 131 exhibits more stability compared to the similar Compound 143, 

which contains a benzene ring in place of a pyridine ring. This difference in stability may be 

attributed to the nitrogen atoms in the pyridine ring of Compound 131, which can form more 

hydrogen bonds than Compound 143.148   



 

 86 

 
Figure 3. 11 Thermogravimetric analysis of compounds 131, 132, 133, 134, 135, 136, 137, 139, 

and 141 (TGA). 
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Table 3. 4 Infrared spectral data, maximum absorption wavelengths (λmax), and decomposition 

temperatures for compounds 131, 132, 133, 134, 135, 136, 137, 139, 141, 34, 144, 146, and 147. 

Cpd. 
FTIR data λmax abs 

(nm) / ε 
(M-1cm-1) 

Td a 
(TGA) 
(°C) 

-CN group 
(cm−1) 

C-N aromatic 
(cm−1) 

C-O ether 
(cm−1) 

C=O 
(cm−1) 

O-H 
(cm−1) 

NH2 
(cm−1) 

131 2233 1567 999 --- ---  --- 271/ 
18224  288 

132 2240 1564 1006 --- ---  --- 267 / 
6617  419 

133 2233 1586 1006 --- ---  --- 272/ 
20909  374 

134 --- 1614 1004 1682 ---   3351-
3462 

271/ 
19275  363 

135 --- 1570 1004 1678 ---   3337-
3444 

267/ 
6550  297 

136 --- 1591 1004 1662 ---   3212-
3382 

272/ 
19902  346 

137 --- 1570 993 1736 3025  --- 270/ 
21153  292 

141 --- 1563 1007 1630 ---  --- 310-443/-
---  200 

139 --- 1590 998 1698  3315 --- 272/ 
21987  317 

143148 ~ 2300 --- ~ 1000 --- ---  --- 365 200 
3465 --- --- ~ 1010  1689   --- --- --- 
144b136 2217 1587 --- --- ---  --- --- --- 

146c139 --- 1586 1022 1674 ---  3204-
3374 --- --- 

147d142 --- --- --- 1735 3075  --- --- --- 
a Td - decomposition temperature at 5 % weight loss measured by thermogravimetric analysis (TGA). 
b BZ4 CYBR (144) is referenced from Manohara et al. (2019). 
c 3-Methoxypicolinamide (3j) (146) is referenced from Han et al. (2016). 
d BA-4 (147) is referenced from Han et al. (2014). 

 

3.2.2.9 Fluorescence 

The emission properties of cyanopyridine benzene isomers were studied using an excitation 

wavelength of 270 nm (chosen due to the highest absorption at this wavelength) (Table 3.5) (Figure 

3.12) under air. The fluorescence intensity observed can be lower or higher depending on the 

quantum yield, which may be quenched by factors such as oxygen or influenced by the molecular 

structure.150 Compound 131 exhibited peaks at 313 nm and 412 nm, while Compound 132 showed 
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peaks at 312 nm, 365 nm, and 414 nm. This demonstrates that the position of the nitrogen in the 

pyridine ring significantly influences the optical properties of these compounds. Additionally, 

compound 132 displayed peaks at 311 nm and 422 nm, indicating that the positions of both the 

nitrogen atom in the pyridine ring and the cyano group affect the emission characteristics. Notably, 

the second peak is shifted to a higher wavelength. 

 

 
Figure 3. 12 Fluorescence spectra of compounds 131, 132, 133, 134, 135, 136, 137, 139, and 

141 in DMF at room temperature, λex = 270 nm. 

 

The emission properties of the amide pyridine isomers 134-136 were investigated using 270 nm 

as the excitation wavelength (Table 3.5) (Figure 3.12). Compound 134 exhibited peaks at 314 nm 

and 414 nm, while Compound 135 showed peaks at 310 nm and 423 nm, and Compound 136 

peaked at 311 nm and 416 nm. Notably, in compound 135, similar to compound 132, the second 

peak is shifted to a higher wavelength. These results indicate that changing the functional group 

from cyano to amide does not significantly affect the emission properties of these compounds. 
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The emission properties of carboxypyridine isomers were investigated using the same excitation 

wavelength of 270 nm (Table 3.5) (Figure 3.12). Compound 137 exhibited peaks at 314 nm and 

419 nm, while Compound 141, which is a carboxylate, showed peaks at 309 nm and 418 nm. 

Compound 139 displayed peaks at 312 nm and 414 nm. These findings indicate that changes in 

the functional group from cyano to carboxylate do not significantly alter the emission properties 

of these compounds. 

 

In addition, to evaluate the effect of solvent on the emission properties, fluorescence measurements 

were performed on compounds 131, 132, 133, 134, 135, 136, 137, 139, and 141 in acetonitrile. 

These compounds exhibited emission peaks around 308 nm, showing a blue shift compared to 

those measured in DMF. Notably, the emission peak of compound 131 observed around 363 nm 

in DMF disappeared or was integrated into the aggregation band when measured in acetonitrile 

(Figure S32). To assess the possibility of aggregation, fluorescence spectra were recorded at 

different concentrations. The spectra at different concentrations showed broad emission bands 

around 400 nm, which are attributed to aggregation-induced emission (Figure S33). For compound 

141, due to its low solubility in acetonitrile, the emission spectrum could not be recorded. 

 

In conclusion, the position of functional groups (cyano, amide, and carboxylic acid) on the pyridine 

ring has a greater influence on the emission spectra than the nature of the functional group itself. 

Changing the solvent can also lead to spectral shifts. Fluorescence measurements at different 

concentrations revealed a broad emission peak around 400 nm, which is attributed to aggregation-

induced emission. 
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Table 3. 5 Fluorescence spectroscopy data of compounds 131, 132, 133, 134, 135, 136, 137, 139, 

and 141. 

Compound  Peak (nm) 

131 313, 412 

132 311, 422 

133 312, 365, 414 

134 314, 414 

135  310, 423 

136 311, 416 

137 314, 419 

141 309, 418 

139 312, 414 

 

3.2.2.10 Hydrogen bond simulation of 131, 132, 134, and 137 

Hydrogen bond simulations in the solid state reveal diverse interactions among different molecules 

131, 132, 134, and 137 (Figure 3.12) (Table 3.6). In the comparison between compounds 131 and 

132, which are isomers, the hydrogen bonding is different. In compound 131, there is only a weak 

hydrogen bond between the proton of the benzene core and the nitrogen of the cyano group. 

However, in compound 132, hydrogen bonding is observed between the protons of the pyridine 

ring and the nitrogen of the cyano group, and between the protons of the pyridine ring and the 

nitrogen of the pyridine ring. 

 

In compound 134, which has more diverse types of hydrogen bonds, there are hydrogen bonds 

between the protons of the benzene core and the oxygen of the amide group, the protons of the 

amide group and the nitrogen of the pyridine ring, the protons of the amide group and the oxygen 

of another amide, and finally between the protons of the pyridine ring and the oxygen of the etheric 

bond. 

 

In compound 137, which has more diverse types of hydrogen bonds, hydrogen bonding occurs 

between the hydrogen of the pyridine ring and the oxygen of the carbonyl group, the hydrogen of 
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the benzene core and the oxygen of the carbonyl group, and between the proton of the carboxylic 

group and the oxygen of the carbonyl group. 

 

These data show that compounds 131 and 132 exhibit distinct hydrogen bonding patterns, 

highlighting that the position of atoms can influence the formation of hydrogen bonds. 

Additionally, as seen in compounds 131, 134, and 137, different functional groups and heteroatoms 

lead to varying hydrogen bonding patterns. Furthermore, it is predicted that compounds 131 and 

132, with only weak hydrogen bonds, are likely to result in less stable coordination compounds. 

In contrast, compounds 134 and 137, with stronger hydrogen bonds, are predicted to form more 

stable coordination compounds due to the presence of stronger hydrogen bonding.151 Moreover, 

hydrogen bonding behavior in solution differs from that in the solid state. This is evidenced by the 

proton NMR, where the protons of the benzene core in solution exhibit the same chemical shift, 

indicating uniform bonding interactions. However, in the solid state, only one proton of the 

benzene core participates in hydrogen bonding. 

 

 

131 
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132 

 

134 
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137 

Figure 3. 13 The hydrogen bonding configurations in molecules 131, 132, 134, and 137 are 

depicted. Dashed lines represent the hydrogen bonds. Carbon atoms are depicted in gray, hydrogen 

atoms in white, nitrogen atoms in blue, oxygen atoms in red, and sulfur atoms in yellow. 

 

Table 3. 6 The hydrogen bonding patterns in molecules 131, 132, 134, and 137. The angle (Ɵ) 

between the donor and acceptor atoms, as well as the length (d) of the hydrogen bond. 

Cpd. Bond θ (°) d (Å) 
Type of hydrogen 

bond 

131 NCN…H-CBn 158.98 2.47 Weak 

132 
NPy…H-CPy 162.42 2.42 Weak 

NCN…H-CPy 145.73–156.88 2.44–2.49 Weak 

134 

OCarbonyl…H-CBn 157.47–172.46 2.32–2.43 Weak 

NPy…H-N 103.89–154.61 2.28–2.49 Weak 

OCarbonyl…H-N 149.49–144.99 2.27–2.29 Weak 

OEther…H-CPy 167.77 2.32 Weak 

OCarbonyl…H-N 153.83–168.34 2.04–2.09 Strong 

NPy…H-N 148.28 2.1 Strong 

137 

OCarbonyl…H-CPy 98.81 2.42 Weak 

OCarbonyl…H-CBn 171.4 2.32 Weak 

OCarbonyl…H-O 164.17–165.73 1.58–1.77 Strong 

 

3.2.2.11 Hirshfeld surface analysis of 131, 132, 134, and 137 

In the context of metal-organic frameworks (MOFs) and complexes, the organic linkers play a 

crucial role in determining the overall structure and properties of the material. By using Hirshfeld 

surface analysis, we visualized the molecular packing and quantified the close contacts of organic 

linkers 131, 132, 134, and 137 within the crystal lattice (Figure 3.14). 
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As indicated in Figure 3.15, compound 131 exhibits a predominant interaction of 34.9% for N…H, 

17% for H…H, and 15.3% for C…H. In contrast, compound 132 displays a higher percentage of 

40.2% for N…H, 16.2% for C…H, and 13% for H…H. Compound 134 demonstrates a notable 

presence of 28.9% for N…H, 23% for H…H, and 15.4% for C…H. Compound 137, shows 35.2% 

for O…H, 28% for H…H, and 15.2% for C…H. 

 

These findings suggest that the positioning of nitrogen in the pyridine rings and the cyano group 

can influence the close contacts, as evidenced by the variations between compounds 131 and 132, 

which are isomers. Furthermore, a comparison between compounds 131, 134, and 137 underscores 

the importance of functional groups in modulating interactions. 

 

 

                                   131                                                                        132 

 
     

                                          134                                                                  137 

Figure 3. 14 Hirshfeld surface of molecules 131, 132, 134, and 137 with dnorm mapping for 

visualizing intermolecular interactions. 
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134 

 

137 

Figure 3. 15 Percentage contribution of intermolecular interaction for molecules 131, 132, 134, 

and 137. 
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3.3 Compound 145 

Another coordination motif suitable for linking to a benzene core to create an effective 

coordination linker is pyridine diamino triazine (compound 119), as discussed in Chapter 2 (Figure 

3.1). This motif coordinates to metal atoms through the nitrogen atoms of both the pyridine ring 

and the diamino triazine group. In this project, we propose a new diamino triazine with a benzene 

core (compound 145) (Figure 3.1), featuring a longer conjugated system and more coordination 

sites compared to previous pyridine diamino triazine (compound 119), thereby enhancing its 

potential for coordination applications.30 

 

3.3.1 Synthesis of compound 145 

Compound 143 was synthesized following a previously reported method, which is known to 

provide a high yield.152 In this reaction, one equivalent of compound 129, three equivalents of 

dicyandiamide, and three equivalents of KOH were refluxed in 2-methoxyethanol for four hours. 

After the reaction, water was added, followed by hydrochloric acid, which led to the precipitation 

of pure compound 143 with a yield of 72% (Scheme 3.2). 

 

Our goal was to obtain compound 148 (Scheme 3.2) bearing three pyridine–diamino triazine 

branches. Mass spectrometry confirmed the formation of the fully substituted intermediate 

containing all three pyridine–triazine groups. However, under the reaction conditions, a 

nucleophilic substitution occurred in which a hydroxide ion attacked the β-position carbon of one 

of the pyridine–diamino triazine branches, leading to the cleavage of that unit and the loss of a 

pyridine–diamino triazine group. The reaction stopped at this stage, likely due to a decrease in the 
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electrophilicity of the remaining sites, possibly caused by the accumulation of negative charge, 

which hindered further substitution. 

 

 
Scheme 3. 2 Synthetic route to prepare compound 145. (i) (a) Dicyandiamide, KOH, 2-

methoxyethanol, 4 hr reflux (ii) KOH (iii) H2O, HCl 37%. (ii)  

 

3.3.2 Result and discussion 

3.3.2.1 NMR and IR of compound 145 

In the proton NMR spectrum of compound 145, seven distinct types of protons are identified. As 

illustrated in (Figure 3.15). He and Hd protons (from the benzene rings) are observed as singlets 

at 6.33 ppm and 6.36 ppm, respectively. There is a broad peak, which corresponds to the 

overlapping signals of the Hf protons from the amine group (-NH₂) and the Hg proton from the 

hydroxyl group (-OH). These protons are seen as a broad peak around 6.64–7.03 ppm, due to 

possible hydrogen bonding and proton exchange. The Hb proton appears as a doublet of doublets 
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at 7.58 ppm. The Hc proton resonates as a doublet at 8.24 ppm, showing coupling with Hb and Ha. 

The Ha proton appears as a doublet at 8.46 ppm showing coupling with Hb. Ha proton is more 

deshielded than the other protons because it is closer to the nitrogen atom in the pyridine ring. Hb 

proton is less deshielded than Hc proton because it is farther from the nitrogen atom in the pyridine 

ring compared to Hc. All proton NMR signals fall within the expected chemical shift range and 

are comparable to those of compound 119.153 

 

 
Figure 3. 16 1H NMR of 145 in DMSO-d6. 

 

Based on the IR spectrum of compound 145 (Figure 3.16) (Table 3.7), the cyano peak observed in 

compound 131 has disappeared, and new peaks have emerged at 3313 and 3470 cm⁻¹, indicating 

the presence of NH₂ groups and suggesting the formation of amide groups. Additionally, a broad 

peak at 3188 cm⁻¹ suggests the formation of a hydroxyl group. The IR data fall within the expected 

range and are consistent with those observed for the similar compound 119 (Table 3.7). 



 

 100 

 
Figure 3. 17 IR spectrum of compound 145. 

 

3.3.2.2 UV of compound 145 

Compound 145, with an extended conjugated system, was analyzed for its absorption properties 

using UV spectroscopy (Figure 3.17) (Table 3.7). A characteristic π → π* electronic transition 

was observed, with a maximum absorption wavelength (λmax) at 300 nm and a molar absorptivity 

coefficient (ε) of 18,987 M⁻¹cm⁻¹ (Table 6), both of which are higher than those of compounds 

131 and 119. This red shift and increased molar absorptivity coefficient (ε) are attributed to the 

longer conjugated system in compound 145.154 
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Figure 3. 18 The UV spectrum of compound 145 in acetonitrile. 

 

3.3.2.3 TGA of compound 145 

Thermogravimetric analysis shows that compound 145 exhibits high thermal stability, with 

decomposition occurring at 310°C, which is higher than that of compound 131 (Figure 3.18) (Table 

3.7). This enhanced stability can be attributed to the more extensive conjugated system and the 

increased number of heteroatoms, which promote additional hydrogen bonding in compound 145. 
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Figure 3. 19 Thermogravimetric analysis (TGA) for compound 145. 

 

Table 3. 7 IR data, λmax, and TGA for compounds 131, 119, and 145. 

Cpd. 

FTIR data 
λmax abs (nm) / 

ε (M-1cm-1)  

Td a 

(TGA) 

(°C) 
-CN group 

(cm−1) 

C-O ether 

(cm−1) 

O-H 

(cm−1) 
NH2 (cm−1) 

131 2233 1229 --- --- 271/ 18224 288 

119 --- --- --- 3398, 3464 265/12100 --- 

145 --- 1221 3188 3313, 3470 300 / 18987  310 

a Td - decomposition temperature at 5 % weight loss measured by thermogravimetric analysis (TGA). 

 

3.4 Conclusion 

In this study, we synthesized three isomers of cyanopyridine benzenes with yields exceeding 65%. 

Subsequently, we hydrolyzed them to amide and carboxylic groups in aqueous basic conditions 
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without using any catalyst. The resulting amide and nicotinic acid were purified without using any 

organic solvents or column chromatography. The yields of the amide and carboxylic acid 

derivatives vary depending on reaction conditions, such as reaction time and the amount of base 

used. Hydrogen bonding simulations in the solid state were conducted to show the effect of the 

position of heteroatoms in different isomers on molecular interaction. In addition, the results 

indicated that in the cyano isomers, only weak hydrogen bonds were observed. In contrast, the 

amide and carboxylic acid isomers exhibited both weak and strong hydrogen bonds, highlighting 

the influence of functional groups on the nature and strength of the hydrogen bonding network. 

Furthermore, Hirshfeld studies were conducted to show close contact between atoms. 

 

The reaction time and the equivalents of base were investigated, showing that after four hours, all 

cyano groups convert to amide and carboxylic acid. Over time, the amide further converts to 

carboxylic acid, with the percentage of amide decreasing and carboxylic acid increasing. 

Additionally, using more equivalents of base increased the yield of carboxylic acid. UV spectra 

revealed that when cyano, amide, and carboxylic groups are in para positions, the higher 

conjugation system causes a red shift in λmax compared to when they are in meta positions. In 

compound 141 the delocalized charge on the oxygen atoms of the carboxylate group causes a red 

shift in the π → π* transition and facilitates the n → π* transition. Proton NMR showed that 

protons of the pyridine ring closer to the nitrogen of the pyridine ring experience greater 

deshielding than other protons. TGA analysis shows all compounds 131, 132, 133, 134, 135, 136, 

137, 139, and 141 have high thermal stability and hydrogen bonding can influence the thermal 

stability. The fluorescence results demonstrated that changes in the position of heteroatoms can 

alter the emission properties and also indicate aggregation. 

 

In addition, compound 145 was synthesized with a yield of 72% and characterized using NMR, 

IR, UV spectroscopy, and mass spectrometry. The UV spectrum revealed a red shift compared to 

compounds 131 and 119, attributed to the extended conjugated system of compound 145. Thermal 

gravimetric analysis (TGA) demonstrated that the high degree of conjugation in compound 145 
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contributes to its superior thermal stability, withstanding temperatures up to 341°C, compared to 

compound 131. 

 

All these compounds—cyano, amide, carboxylic, and diamino triazine—have significant potential 

for coordination reactions and the synthesis of metal-organic frameworks (MOFs) and complexes.  
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Chapter 4 

 
 
Organic linkers with triphenylene cores 
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4.1 Introduction 

In the field of molecular materials, triphenylene scaffold has received wide interest. It is a 

symmetrical and flat polyaromatic hydrocarbon consisting of four fused benzene rings.155–163 

These compounds have diverse properties that depend on the substituents introduced on the 

triphenylene core.156,157,164 They are used in a wide range of applications such as organic light-

emitting diodes (OLEDs), optical compensation films for liquid crystal display (LCD), organic 

field-effect transistors (OFET), photovoltaic solar cells, gas sensors, and so forth.155,156,158–163,165–

174 Although they are well-exploited in the field of functional materials, triphenylene derivatives 

are less used as a platform for coordination chemistry. Even though these compounds have been 

studied for more than a century, to the best of our knowledge, oxytriphenylenes with pyridine 

substituents (TPOPy) have never been reported (Figure 4. 1, top). 

 

In this chapter, we present the synthesis and characterization of four novel organic linkers (Figure 

4.1) based on the triphenylene core. These compounds feature six cyanopyridyl groups 

symmetrically substituted on a hexaoxytriphenylene platform. This symmetrical arrangement 

increases the likelihood of forming coordination polymers or metal-organic frameworks (MOFs). 

 

According to the structures reported for substituted triphenylenes, the cyanopyridine arms of 150-

153 should ideally protrude out of the triphenylene plane, thereby orienting the ligating sites in 

three directions.175–180 Cyanopyridine contains two nitrogen donors (the Npy and the NC≡N atoms) 

capable of serving as coordination sites.181 181 In addition, the cyano group in this series of 

compounds has the potential to be oxidized to a carboxylic group, which could further enhance 

their value and versatility for coordination reactions.182 Although numerous triphenylene 

derivatives have been documented, those incorporating cyanopyridines remain unreported.183–186 

In this study, triphenylene was synthesized following a previously reported procedure.187,188 

Subsequently, a nucleophilic reaction was used to introduce cyanopyridine isomers onto the 

triphenylene core. Notably, high yields were obtained without resorting to flash chromatography 

for purification. Thus, our primary objective in designing these ligands: to access the compounds 

using a simple and straightforward method allowing good yields, is met. Furthermore, the 

compounds were characterized by Fourier transform infrared spectroscopy (FTIR), 1H and 13C 



 

 107 

nuclear magnetic resonance (NMR) spectroscopy, high-resolution mass spectrometry - 

electrospray ionization (HRMS-ESI), and CHN elemental analysis. Their absorption and emission 

properties were determined by UV absorption and fluorescence spectroscopy and 

thermogravimetric analysis (TGA) was used to assess their thermal stability. 

 

 
Figure 4. 1 Molecular structures of 150-153. 
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4.2 Synthesis 

2,3,6,7,10,11-hexahydroxy-triphenylene (HHTP) 49, prepared in two synthetic steps following 

reported methods,187,188 was reacted with 4-bromo-pyridine-2-carbonitrile 154, 5-bromo-pyridine-

2-carbonitrile 155, 6-bromo-nicotinonitrile 156, and 6-bromo-pyridine-2-carbonitrile 157, 

respectively, to give, by nucleophilic substitution, the compounds 150-153 in very good yields 

(higher than 85%), as air stable pale beige powders (Scheme 4.1). Remarkably, no flash 

chromatography was required to isolate the pure products. Extraction and washing of the crude 

products were sufficient to isolate 2,3,6,7,10,11-hexamethoxy-triphenylene (HMTP) 52, 

2,3,6,7,10,11-hexahydroxy-triphenylene-(HHTP) 49, and 150-153. These compounds 

demonstrate significant solubility in various common solvents, such as DMF 

(dimethylformamide), DMSO (dimethyl sulfoxide), CH2Cl2 (dichloromethane), CHCl3 

(chloroform), and acetonitrile.  

 

4.3 Result and discussion 

4.3.1 IR, TGA, and NMR 

The identities of 150-153 were confirmed by HRMS-ESI, in positive mode, for their molecular 

formula C54H24N12O6 (M) as [M+H]+ ionized species and CHN elemental analysis was used to 

prove their purity (see Experimental section for details). Infrared spectra were recorded for 150-

153 and confirm the presence of characteristic vibration frequencies of the -CN groups (2232 – 
2241 cm-1), C-N aromatic (1570 – 1596 cm-1), C-O (1002 – 1013 cm-1), and C-H bonds (3060 – 

3088 cm-1) (Figure 4.2 and Table 4.1).143 In addition, 1H and 13C NMR spectroscopy data for 150-

153 (Figures 4.4 and S21-S28) are in accordance with their expected formulated structures. 

Furthermore, as shown by TGA analysis (Table 4.1 and Figure 4.3), isomers 150-153 exhibit 

decomposition temperatures ranging from 359 to 402 °C, indicating their high thermal stability, 

which exceeds those of previously reported triphenylenes.189 
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Scheme 4. 1 Synthetic route to prepare 150-153. Reagents and conditions: i. FeCl3, HCl/H2SO4, 

CH2Cl2, reflux, 2 h (87%).188 ii. HBr, acetic acid (75%).187 iii. Corresponding 

bromopyridinecarbonitrile 154-157, K2CO3, DMF/Toluene, reflux (150, 90%, 151, 87%, 152, 92% 

and 153, 89%). 
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Table 4. 1 FTIR data, λmax absorption and emission values, and decomposition temperatures for 

150-153 and selected relevant reported triphenylene-based compounds 158-161a. 

Cpd. 

FTIR data  

ν (cm−1) 
λmax abs (nm) /  

ε (× 105 M-1cm-1)a  

λmax em (nm) (λexc = 270 nm)a  
Td b 

(TGA) 

(°C) 
-CN 

group 

C-N 

aromatic 
C-O 

C-H 

aroma

tic 

Main 

band 
Shoulders 

Other 

bands 

150 2241 1571 1007 3060 271 / 1.5 377 360, 396 - 397 

151 2234 1570 1013 3061 275 / 1.2 380 363, 398 - 402 

152 2232 1596 1002 3075 273 / 1.5 375 364, 393 - 400 

153 2236 1590 1011 3088 269 / 1.3 374 362, 394 473 359 

157c, 

143 
2217 1587 1019 2945 330 431 - - - 

159d, 

189 
- - - - 362, 407 460 - - 305 

160e, 

175 
- - - - - 305, 382 - - - 

161f, 

190 
- - - - - 415, 430 - 525 - 

162g 
191 

- - - - 275 / 0.6 - - - - 

ain acetonitrile, at room temperature 

bTd - decomposition temperature at 5 % weight loss measured by thermogravimetric analysis (TGA) 
c158 is BZ4 CYBR, a triphenylene-based compound: C29H34N2O3 (Figure 4.2) 
d159 is PTPT, a triphenylene-based compound: C46H62O4 (Figure 4.2)  
e160 is a triphenylene-based compound: C342H390F54N48O72 (Figure 4.2) 
f161 is a triphenylene-based compound: C102H174N6O12 (Figure 4.2) 
g162 is compound 6a in ref. 185, a triphenylene-based compound: C68H107NO4S2 (Figure 4.2) 
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                               160 

 
                            161                                                 162 

 

Figure 4. 2 Structure of compounds 158143, 159189, 16073, 161190, and 162190. 
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Figure 4. 3 FT-IR spectra of compounds 150-153. 
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Figure 4. 4 Thermogravimetric analysis (TGA) for compounds 150-153 (30 to 700 °C, heating 

rate of 10 °C/ min, N2 atmosphere). 

 

The 1H NMR spectra of isomers 150-153 reveal distinct proton resonance chemical shifts, coupling 

constants, and multiplicities (Figure 4.4). Each isomer presents the Hd protons belong to 

triphenylene cores as singlets, at different chemical shifts: 150at δ 9.05 ppm (s, 6H), 151 at δ 8.96 

ppm (s, 6H), 152 at δ 8.86 ppm (s, 6H), and 153 at δ 8.91 ppm (s, 6H). Isomer 150 exhibits two 

doublets: Hc proton at δ 8.56 ppm (d, 3J = 5.8 Hz, 6H) and Ha proton at δ 7.82 ppm (d, 4J = 2.5 

Hz, 6H), together with a doublet of doublets at δ 7.31 ppm for Hb proton (dd, 3J = 5.8, 4J = 2.6 Hz, 

6H). Isomer 151 displays two doublets: Ha proton at δ 8.48 ppm (d, 4J = 2.5 Hz, 6H) and Hc proton 

at δ 7.98 ppm (d, 3J = 8.7 Hz, 6H), along with a doublet of doublets for Hb proton at δ 7.58 ppm 

(dd, 3J = 8.7, 4J = 2.9 Hz, 6H). Isomer 152 shows two doublets: Ha proton at δ 8.59 ppm (d, 4J = 

1.9 Hz, 38H) and Hb proton at δ 7.13 ppm (d, 3J = 8.7 Hz, 46H), along with a doublet of doublets 

for Hc proton at δ 8.26 ppm (dd, 3J = 8.7, 4J = 2.3 Hz, 47H). Isomer 153 exhibits three doublets of 

doublets: Hc proton at δ 8.01 ppm (dd, 3J = 8.5, 3J = 7.4 Hz, 6H), Ha proton at δ 7.73 ppm (dd, 3J 
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= 7.3, 4J = 0.7 Hz, 6H), and Hb proton at δ 7.31 ppm (dd, 3J = 8.5, 4J = 0.7 Hz, 6H), indicating 

coupling among Ha, Hb, and Hc protons. Moreover, all Hd protons in the triphenylene cores 

exhibit more deshielding than others due to the strong induced field of triphenylene. Furthermore, 

Hc proton in isomer 150, Ha proton in isomer 151, and Ha proton in isomer 152 are deshielded 

more than other protons of the pyridine rings, as they are located at the α-position of the N-pyridyl 

atom. These observations provide insights into the positional effects of protons relative to the N-

pyridyl atom. Moreover, while isomers 150, 151, and 152 share identical splitting patterns, isomer 

153 displays a different pattern due to the absence of a proton at the α-position of the N-pyridyl 

atom (Figures 4.5 and S21-S28). 

 

 
Figure 4. 5 1H NMR spectra of 150-153 in DMSO-d6. 

 

4.3.2 UV absorption and emission properties 

Compounds 150-153, characterized by the extended conjugated system of the triphenylene core, 

were examined for their absorption properties by UV spectroscopy (Table 4.1, Figure 4.6). 

Characteristic π → π* electronic transitions were found with maximum absorption wavelength 

(λmax abs) and molar absorptivity coefficient (ε) values in the range of 269-275 nm and 1.2 ×105 – 
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1.5 ×105 M−1cm−1, respectively. These values align well with those found for other triphenylene 

chromophores (250–320 nm).189 Slight differences in λmax abs observed for 150-153 are attributed 

to the effect of distinct substitutions on the triphenylene core. The placement of the cyano group 

in para position relative to the ether group (in 151 and 153) results in an extended conjugated 

system compared to the situation when its placement is in meta position (in 150 and 153). 

Consequently, a red shift of the λmax abs is observed for 151 and 153 vs. 150 and 153. In addition, 

compounds 150–153 exhibited significantly higher molar extinction coefficients (120,000 to 

150,000 L·mol⁻¹·cm⁻¹) compared to similar compounds (Table 4.1, cpd. 162, 60,000 

L·mol⁻¹·cm⁻¹)191, attributed to an extended conjugated systems in compounds 150–153. These 

findings highlight the impact of specific molecular modifications on the electronic structure and 

absorption properties of triphenylene derivatives. The improved absorption properties of the 

compounds herein suggest them as good candidates for light harvesting devices.  

 

Fluorescence spectroscopy offers valuable insights into the molecular organization of compounds 

150-153. As depicted in Figure 4.6 (right), the fluorescence spectra of freshly prepared acetonitrile 

solutions, excited at 270 nm, reveal that all compounds exhibit a consistent pattern indicative of 

typical triphenylenes.175 (a main band (350 to 425 nm) with λmax em in the interval 374-380 nm and 

two shoulders (360-364 nm and 393-398 nm) (Table 4.1). Interestingly, compound 153 

demonstrates a distinct behavior, featuring an additional broad band at 473 nm, attributed to 

excimer emission. This phenomenon, also observed in other triphenylene derivatives, is ascribed 

to variations in aggregation/ packing arrangements of triphenylene moieties.190,191  For compound 

153, the intensity of the emission feature at 400-550 nm increases vs. the emission intensity of the 

350-400 nm band, with increasing concentration from 5 x 10-7 M to 1 x 10-5 M, supporting the 

assignment of the former as aggregation based (Figure 4.7). Measurements at higher 

concentrations are hindered by the poor soluibility of the compound. The position of the nitrogen 

atom in the pyridine ring with respect to the protons in the triphenylene core, as well as the position 

of the cyano group within the four isomers, dictate the force of intra- and intermolecular (hydrogen 

bonding) interactions (see also X-ray structure determination and Hirshfeld surface analysis 

sections, vide infra). As a result, the planarization degree of each isomer 150-153, and 

consequently its capacity to aggregate, are determined. The emissive properties of 153, uniquely 
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displaying aggregation behaviour, can, thus, be rationalized by considering the combined effect of 

the above-mentioned structural features. 

 

 
Figure 4. 6 UV absorption (left) and emission (right) spectra of compounds 150-153 in acetonitrile 

at room temperature. 
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Figure 4 . 7  Emission spectra of compound 153 in acetonitrile at room temperature at different 

concentrations. 

 

4.3.3 X-ray structure determination 

Single-crystal X-ray diffraction (SCXRD) analysis was carried out to elucidate the solid state 

structures of 150 and 151. Yellowish crystals of 150 and 151 were grown by partial evaporation 

of DMSO and acetonitrile solutions of the compounds, respectively. It is worth noting that despite 

many attempts to crystallize compounds 152 and 153, suitable crystals for SCXRD couldn’t be 

obtained. Well-formed crystals of 150 are triclinic, space group P-1 (Z = 2), while crystals of 151 

are monoclinic, space group P21/c (Z = 4). Crystal data and structure refinement details for 150 

and 151 are given in Table 4.2, and views of the structures are illustrated in Figure 4.8. The 

structures of compounds 150 and 151 reveal that the six cyanopyridine substituants are positioned 

out of the plane of the triphenylene core and are covalently bonded to the oxytriphenylene moiety, 

through etheric bonds. The average bond length of C=C192, C-O193, and C≡N147 bonds in 150 and 

151 are in the normal ranges (Table 4.3).144,146,147  
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Table 4. 2 Crystal data and structure refinement details for 150 and 151. 

Compound 150 151 

CCDC no. 2379513 2379447 

Empirical formula C54H24N12O6S0.5 C54H24N12O6 

Formula weight 952.903 936.85 

Temperature/K 100.00(10) 150.15 

Crystal system triclinic monoclinic 

Space group P-1 P21/c 

a/Å 10.4850(2) 5.9205(9) 

b/Å 14.6692(3) 26.389(4) 

c/Å 16.9754(5) 30.767(5) 

α/° 73.345(2) 90 

β/° 77.370(2) 95.092(8) 

γ/° 77.189(2) 90 

Volume/Å3 2405.27(10) 4787.8(13) 

Z 2 4 

ρcalcg/cm3 1.316 1.3 

μ/mm-1 0.936 0.466 

F(000) 979.6 1920 

Crystal size/mm3 0.19 × 0.03 × 0.02 0.2 × 0.02 × 0.02 

Radiation Cu Kα (λ = 1.54184) GaKα (λ = 1.34139) 

2Θ range for data collection/° 6.38 to 155.78 3.844 to 106.518 

Index ranges 

-13 ≤ h ≤ 10,  

-18 ≤ k ≤ 18,  

-21 ≤ l ≤ 21 

-6 ≤ h ≤ 6,  

-31 ≤ k ≤ 31,  

-36 ≤ l ≤ 36 

Reflections collected 31959 45617 

Independent reflections 
9688 [Rint = 0.0229,  

Rsigma = 0.0244] 

8414 [Rint = 0.1041,  

Rsigma = 0.0873] 

Data/restraints/parameters 9688/0/688 8414/156/662 

Goodness-of-fit on F2 1.039 1.023 

Final R indexes [I>=2σ (I)] R1 = 0.0520, wR2 = 0.1475 R1 = 0.0788, wR2 = 0.2243 

Final R indexes [all data] R1 = 0.0585, wR2 = 0.1530 R1 = 0.1611, wR2 = 0.2846 
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Table 4. 3 Bond lengths (Å) in 150 and 151. 

Bond 
Bond lengths* (Å) 

150 151 Literature 

C=C 1.39 (51) 1.38 (57) 1.41 (61)144 

C-O 1.38 (23) 1.38 (42) 1.37 (77)146 

C≡N 1.15 (15) 1.13 (53) 1.15 (0.9)147 

*Bond lengths are given as average values. 

 

4.3.4 Hydrogen bonding 

The hydrogen bonding pattern in 150 (Figure 4.7-a) reveals a combination of strong and weak 

hydrogen bonds (Table 4.4).194 These bonds involve interactions between hydrogen atoms and 

both nitrogen and oxygen atoms of the molecule, as well as the co-crystallized solvent. In 151 

(Figure 4.7-b), the presence of various weak and strong hydrogen bonds involving nitrogen atoms 

are found. These observations underscore the importance of atom positioning in the isomers and 

its impact on inter- and intramolecular interactions, as well as on packing arrangements. Of note, 

the crystal packing in 150 and 151 does not involve the columnar π-π stacking commonly observed 

in many other triphenylene derivatives (Figure 4.6). This deviation is attributed to the steric bulk 

created by the presence of cyanopyridyl substituents. Additionally, the existence of multiple 

interactions, in both 150 and 151, such as hydrogen bonds involving cyanopyridyl substituents, 

partly hinders the columnar phenomenon (Figure 4.7). To contextualize the behavior of 150 and 

151 in comparison to other derivatives exhibiting this columnar phenomenon of triphenylene, the 

crystal packing of compounds (2,3,6,7,10,11-hexamethoxytriphenylene)195 52 and (triphenylene-

2,3,6,7,10,11-hexacarboxylic acid hexamethyl ester)196 163 (Figure 4.8) is analyzed. In these 

cases, a distinctive columnar packing arrangement is evident, explained by the relatively modest 

size of the methoxy and ester groups, which do not significantly disrupt the inherent columnar 

packing system of triphenylene. In the case of molecule 52, a weak hydrogen bond is observed 

between the hydrogen of the methyl group and the oxygen atom (O…H–C(sp3), d = 2.39(1) Å and 

θ = 154.3(1)°) (Figure 4.9). In molecule 163, two weak hydrogen bonds are identified. One 

involves the hydrogen of triphenylene and oxygen (O…H–C(sp2), d = 2.47(1) Å and θ = 123.3(1)°), 

while the other is between the hydrogen of the methyl group and the oxygen of the carbonyl group 
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(O…H–C(sp3), d = 2.35(1) Å and θ = 100.7(1)°) (Figure 4.9). These interactions play a crucial role 

in maintaining the overall stability of crystal packing by influencing the arrangement of molecules 

within the lattice. Importantly, these effects are achieved, in case of 52 and 163, without disrupting 

the columnar packing system of triphenylene (Figure 4.8).  

 

Table 4. 4 The type of hydrogen bonds in 150 and 151. 

Cpd. Bond θ (°) d (Å) Type of hydrogen bond197 

150 N…H-C 163.1(2) 2.4(3) Weak 

150 O…H-C 161.2(1) 2.2(3) Strong 

150 O…H-C 148.7(2) 2.1(4) Strong 

150 N…H-C 170.0(4) 2.3(4) Weak 

151 N…H-C 158.3(1) 2.4(4) Weak 

151 N…H-C 149.0(2) 2.2(4) Strong 

151 N…H-C 172.8(2) 2.4(3) Weak 

151 N…H-C 158.3(2) 2.4(3) Weak  

 

 



 

 121 

 
Figure 4. 8 The solid-state structures of molecules 150 and 151 are depicted in (a1) and (a2) (top 

views), and (b1) and (b2) (side views) of individual molecules. Stereoviews displaying molecular 

packing are presented in (c1) and (c2). Atom color code: C gray, H white, N blue, and O red. To 

enhance clarity in molecule 150, a green layer highlights the packing, and DMSO molecules are 

depicted in yellow (c1). In molecule 151, a yellow layer marks the packing (c2). 
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b 

Figure 4. 9 Hydrogen bonding patterns in the crystal structures of 150 and 151. The hydrogen 

bonds are shown by dashed lines. Atom color code: C gray, H white, N blue, O red, and S yellow. 
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                                 52                                                                    163 

Figure 4. 8 Molecular packing in the solid state structures of 52195 and 163196. For better 

visualization, one of the layers is shown in yellow. Atom color code: C gray, H white, N blue, O 

red, and S yellow. 
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163 

Figure 4. 9 Hydrogen bonding patterns in the crystal structures of 52195 and 163196. The hydrogen 

bonds are shown by dashed lines. Atom color code: C gray, H white, and O red. 

 

4.3.5 Hirshfeld surface analysis 

To gain deeper insights into the molecular organization, the intermolecular interactions in the 

crystal packing of 150 and 151 have been further examined by Hirshfeld surface analysis (Figures 

4.10 a-d and S14-15). Figures 4.10a and 4.10c show the dnorm, mapping in which short 

intermolecular contacts corresponding to N · · · H, O · · · H, and H · · ·H are represented by red 

spots. The overall fingerprint plot (Figures 4.10b and 4.10d) display prominent types of contacts 

corresponding to N · · · H (33.4%), H · · · H (17.5%), C · · · H (16.0%), C · · · N (10.7%), C · · · C 

(8.0%), O · · · H (7.8%), C · · · O (2.7%), N · · · N (1.9%), O · · · N (1.5%) and O · · · O (0.1%) for 

150 and N · · · H (34.8%), H · · · H (20.6%), C · · · H (12.9%), C · · · N (11.6%), C · · · C (8.3%), 

O · · · H (4.4%), C · · · O (2.7%), N · · · N (2.7%), O · · · N (1.4%) and O · · · O (0.2%) for 151.  
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Figure 4. 10 Hirshfeld surfaces for the molecular unit of 150 and 151. dnorm mapping in 150 (a); 

percentage contribution of intermolecular interaction in 150 (b); dnorm mapping in 151 (c); 

percentage contribution of intermolecular interaction in 151 (d). 

 

Based on the percentage contribution of intermolecular interactions in compounds 150 and 151, it 

is evident that most of the interactions involve nitrogen atoms. This highlights the significance of 

nitrogen in these interactions. Therefore, the position of the cyano group and the nitrogen in the 

pyridine ring likely plays an important role in influencing the intermolecular interactions. 

 

4.4 Conclusion 

In this study, we have successfully synthesized a novel series of hexaoxytriphenylene derivatives 

substituted with cyanopyridyl groups (150-153). Notably, the purification after each synthetic step 

is facile, consisting only of extraction and washing the crude product with solvents, thus greatly 

facilitating the isolation of final products 150-153 in very good yields (87 – 92%). The compounds 

are thermally stable (up to ~ 400 oC) and present exciting spectroscopic properties. In particular, 

all 150-153 derivatives exhibit triphenylene-based emission at around 375 nm, while interestingly, 
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isomer 153 displays an additional broad peak at 475 nm, attributed to aggregation effects. The 

solid state structures of 150 and 151 show that the columnar organization found in other 

triphenylene-based compounds is not observed due to the positioning of cyanopyridyl substituents 

out of the terphenylene core plane and their participation in multiple molecular interactions, as 

shown by packing and hydrogen bonding analysis, as well as by Hirshfeld surface analysis. These 

compounds are promising for designing ordered materials as they present the possibility of facile 

-CN group conversion into carboxylate198 or diaminotriazinyl (DAT)199 groups. They can also be 

used to develop new coordination polymers (CP) with tailored properties by linkage with metal 

ions, as evidenced by the synthesis of a cyanopyridine CP of Cd(II), used in humidity sensing.200 
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Chapter 5 
 
 
Organic linker with azacoronene core 
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5.1 Introduction  

In the field of material science, long conjugated systems have garnered significant attention due to 

their potential applications in organic optoelectronics, such as field-effect transistors, photovoltaic 

cells, and light-emitting diodes.201–203 A longer conjugated system can induce a red shift in the UV 

spectrum204 and enhance thermal stability.205 One of the notable structures that has been 

extensively studied is coronene, known for its extended conjugated system. Azacoronene, a 

derivative of coronene, is an organic compound where one or more CH groups in the coronene 

core are replaced by nitrogen atoms. The substitution of carbon with a more electronegative atom 

like nitrogen can enhance electron transport within the conjugated system. Additionally, in the 

field of coordination chemistry, the presence of heteroatoms such as nitrogen increases the 

potential for coordination bonds, contributing to the formation of more stable metal-organic 

frameworks (MOFs) and complexes.206 

 

In this research, our newly synthesized azacoronene, compound 164, (Figure 5.1) demonstrates 

improved coordination sites and an extended conjugated system compared to hexahydroxy 

triazacoronene (compound 69) by incorporating three benzoic acid groups at the 2, 6, and 10 

positions of triazacoronene. These enhancements suggest the potential for increased stability and 

superior electronic properties in the resulting coordination compound.25 

 

 
                                             164                                                                      69  

Figure 5. 1 Structure of compounds 69 and 164. 
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Several methods have been employed for the synthesis of azacoronene derivatives. In this research, 

we utilized the 6π azaelectrocyclization strategy, a reported method involving an oxidative 

aromatization process. This approach offers several advantages, including simplicity, high yields, 

and broad substrate scope, while eliminating the need for any catalysts.207 

 

5.2 Synthesis 

In this research, we synthesized compound 164 (Scheme 5.1). The reaction began with oxidative 

aromatization of veratrole 51 using FeCl3, leading to the synthesis of hexamethoxytriphenylene 

52. Following this, an electrophilic aromatic substitution reaction was carried out to introduce 

three nitro groups onto the hexamethoxytriphenylene 52. The nitro groups were then reduced to 

amine groups using Ni(OAc)2 and NaBH4. Finally, a 6π azaelectrocyclization reaction between 

1,5,9-triamino-2,3,6,7,10,11-hexamethoxytriphenylene 166 and 4-formylbenzoate resulted in the 

formation of compound 164. 
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Scheme 5. 1 (i) 1. HCl, H2SO4, FeCl3, CH2Cl2, 2 hr reflux 2. MeOH. 30 min reflux (ii) PhSO2Cl, 

AgNO3, Bu4N+, CHCl3, 3d reflux, 60 °C (iii) 1. Ni (OAc)2, MeOH, THF, 5 min, rt 2. NaBH4 (iv) 

4-formylbenzoate 150, DMSO, Ar 140 24 hr, O2 at 120 °C. 

 

5.3 Result and discussion 

5.3.1 IR and NMR 

Based on the proton NMR spectrum of compound 166 (Figure 5.2-a), four types of protons are 

identified. NH₂ protons peaked at 5.14 ppm, triphenylene protons (Hf) peaked at 8.10 ppm, and 

methoxy protons (Hc and Hb) peaked at 3.79 ppm and 3.90 ppm, respectively. In contrast, the 

spectrum of compound 164 (Figure 5.2-b and Figure S29) displays five types of protons. The 

benzene protons (Hd and He) appear as singlets at 8.33 and 7.99 ppm, respectively. The methoxy 

protons (Hb and Hc) also appear as singlets at 4.06 and 3.82 ppm, while the ester group protons 

(Ha) appear as a singlet at 4.53 ppm. 
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a 

 
b 

Figure 5. 2 a: 1H NMR of 166 in DMSO-d6 and b: 1H NMR of 164 in CDCl3-d6. 

 

The IR spectrum of compound 164 (Figure 5.3) reveals the absence of symmetric and asymmetric 

amine peaks and displays an ester carbonyl group peak at 1716 cm⁻1. 
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Figure 5. 3 IR spectra of 164. 

 

In conclusion, the absence of triphenylene protons in the 1HNMR spectrum, along with the lack of 

symmetric and asymmetric amine peaks and the presence of an ester carbonyl group peak at 1716 

cm⁻¹ in the IR spectrum of compound 164, indicates that the reaction proceeded as expected. 

 

5.3.2 UV 

Compound 164, characterized by the extended conjugated system of the azacoronene core, was 

examined for its absorption properties using UV spectroscopy (Figure 5.4). Characteristic π → π* 

electronic transitions were observed with maximum absorption wavelengths (λmax) at 232, 274, 

and 366 nm, with corresponding molar absorptivity coefficients (ε) of 61543, 68103, and 55436 

M⁻¹cm⁻¹, respectively. Like other azacoronene compounds, compound 164 exhibits multiple π → 

π* transitions, which can be attributed to various functional groups within the conjugated system, 

such as ester and methoxy groups.208 The UV spectrum of compound 69 has not been reported. 
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Figure 5. 4 UV absorption spectrum of compound 164 in acetonitrile at room temperature. 

 

5.3.3 TGA 

Thermogravimetric analysis (Figure 5.5) shows that compound 164, like other azacoronenes209, 

demonstrates high thermal stability, remaining stable up to 367 °C. This stability can be attributed 

to its highly conjugated structure and hydrogen bonding interactions.148,209 The TGA data for 

compound 69 has not been reported. 
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Figure 5. 5 Thermogravimetric analysis (TGA) for compound 164. 

 

5.4 Conclusion 

In this study, we synthesized a novel azacoronene, compound 164, which was characterized using 

NMR, IR, UV-Vis, and mass spectrometry. The NMR analysis revealed the presence of 15 distinct 

carbon environments and 5 types of protons. Thermogravimetric analysis (TGA) indicated high 

thermal stability up to 367 °C. The UV-Vis spectrum displayed multiple π → π* transitions, likely 

attributed to various functional groups within the compound’s conjugated system. Due to its 

extensive conjugation, compound 164 holds potential as a ligand for coordination reactions, 

offering promising applications in the development of metal-organic frameworks (MOFs) and 

complexes with optoelectronic properties.210 
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Chapter 6 
 
 
Exploring Coordination Reactions for MOF 

Development 
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6.1 Introduction 

Coordination compounds, such as MOFs or complexes, are composed of metal ions and organic 

linkers. The structure of the organic linker plays a key role in the formation of these materials. 

Specifically, the position and number of coordination motifs on the organic linkers are crucial in 

determining whether the resulting structure will form a complex, dimer, polymer, or MOF. In this 

project, we utilized multi-motif ligands. The strategy was to design MOFs by ensuring that all 

coordination motifs were symmetrically arranged on the cores (benzene, triphenylene, 

azacoronene). This symmetry in the organic linkers increases the likelihood of forming polymers 

or MOFs. 

 

We attempted to coordinate the ligands synthesized in this project with several abundant metal 

ions available in our lab (Table 1), including Zr, Co, Cd, Zn, Cu, and Ni, which are widely studied 

in coordination chemistry and they have several catalytic applications. 

 

6.2 Synthesis 

In a coordination reaction, organic linkers and metal ions react to form coordination compounds. 

If the formation of coordination bonds between the metal ion and the organic linker occurs quickly, 

the resulting coordination compound is more likely to precipitate. However, if the process is slow, 

the final coordination compound may form as crystals. 

 

Obtaining coordination compounds in crystal form is crucial because their structural 

characterization primarily relies on single-crystal X-ray diffraction (SCXRD). This technique 

provides precise information about the atomic arrangement and connectivity within the compound 

and requires single crystals rather than powdered samples. Other characterization methods, such 

as nuclear magnetic resonance (NMR) spectroscopy, are often less effective due to the poor 

solubility of most metal-organic frameworks (MOFs) and coordination complexes in common 
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solvents. Additionally, recrystallizing precipitates after a coordination reaction is challenging, 

making it essential to prevent early precipitation. Therefore, in this project, we employed 

solvothermal reactions, which offer scalability and a higher likelihood of obtaining crystalline 

products compared to other methods.211  

 

As part of this approach, we decided to start coordination reactions with compound 137 (Figure 

6.1) which has one of the best coordination motifs (pyridine carboxylic acids). Therefore, 

compound 137 was tested with various metal salts under different conditions (reactions 1–13 of 

table 6.1). Each reaction used one equivalent of the ligand and three equivalents of the metal salt, 

as compound 137 contains three pyridine carboxylic acid groups capable of coordinating with 

metal ions. Metal salts were selected based on their ability to remain soluble upon initial mixing 

with the ligand, thereby avoiding immediate precipitation at the start of the reaction. We used 

DMF as the primary solvent in reactions 1–3 (Table 6.1) because it effectively dissolves both the 

metal salts and compound 137. Its high boiling point allows for high-temperature reactions, while 

its basic properties help activate the ligand by facilitating deprotonation. For reactions 4–13 (Table 

6.1), we used varying percentages of water and methanol mixed with DMF to adjust the solution's 

polarity. Both water and methanol are miscible with DMF and have moderate boiling points, 

ensuring suitable reaction conditions. Considering all these factors, we obtained precipitates at the 

end of the reactions, possibly due to the rapid reaction between the metal ions and compound 137. 

 

 

Figure 6. 1 Structure of compound 137. 
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Other organic linkers chosen for coordination reactions were compounds 150 and 151 (Figure 6.2). 

These compounds were selected for coordination reactions because, compared to compound 137 

(which features a carboxylic group at the same position), the cyano group is predicted to coordinate 

with metal ions more slowly. This slower coordination reduces the likelihood of precipitation, as 

the cyano group has a lower tendency to coordinate with metals than the carboxylic acid group. 

Additionally, there is a possibility that compounds 150 and 151 could undergo hydrolysis during 

the coordination reaction, converting the cyano group into an amide or carboxylic group, which 

could then coordinate with the metal ion.182 It was anticipated that this process would take more 

time, increasing the likelihood of obtaining crystals compared to using a carboxylic acid directly. 

An interesting observation was made during reaction 24, compound 151 contained a small amount 

of impurity from its synthesis, identified as 5-bromo-pyridine-2-carbonitrile 170. This impurity 

underwent hydrolysis to form an amide group, which then coordinated with cobalt, leading to the 

formation of compound 171 (Figure 6.3). The lack of reactivity of compound 145 with cobalt may 

be attributed to its low solubility in acetonitrile and significant steric hindrance, whereas 

compound 170, being more soluble and less sterically demanding, was able to coordinate with the 

metal center. In this complex, cobalt is coordinated to two oxygen atoms from the nitrate groups, 

two nitrogen atoms from two pyridine rings, and two oxygen atoms from the amide groups of two 

ligands, resulting in an octahedral structure (Figure 6.3). 
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                                      150                                                                  151 

Figure 6. 2 Structures of compounds 144 and 145. 

 

 

Figure 6. 3 Crystal structure of compound 171. Dashed lines represent the coordination bonds. 

Carbon atoms are depicted in gray, hydrogen atoms in white, nitrogen atoms in blue, oxygen atoms 

in red, cobalt atom in pink, and bromine atoms in purple. 

 

In all reactions involving compounds 150 and 151 (14–23 and 24–39 of table 6.1), one equivalent 

of the ligands and six equivalents of the metal salt were used, as these compounds contain six 

cyanopyridine groups. 
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Choosing an appropriate solvent for compounds 150 and 151 was challenging due to their limited 

solubility in common solvents. However, they were found to be soluble in DMSO, DMF, and 

slightly soluble in acetonitrile. 

 

For compounds 150 and 151, reactions (14–21 and 24–35 of table 6.1) were conducted at low 

temperatures to allow sufficient time for crystal formation. Additionally, experiments were 

performed at higher temperatures (22, 23, and 36-39 of table 6.1) with shorter reaction times to 

explore the possibility of forming coordination compounds. 

 

Despite these conditions, crystalline materials, whether as complexes or MOFs, could not be 

obtained from 150 and 151. 

 

Another ligand used in this project is compound 145 (Figure 6.3) (reactions 40–75 in Table 6.1). 

This compound was selected because, unlike compound 139—which reacts rapidly with metal 

ions and forms a precipitate rather than crystals—compound 145 reacts more slowly with metal 

salts, thereby increasing the likelihood of obtaining high-quality single crystals. Compound 145, 

which features two diamino triazine rings at the α-position of the N-pyridyl atom and one hydroxy 

group, serves as an excellent coordination motif. Consequently, we used three equivalents of metal 

salt and one equivalent of compound 145 in all these reactions (40-75 of table 6.1).  

 

We employed DMF as the main solvent (reactions 40–44 of table 6.1) due to its ability to solubilize 

both the metal salt and the ligand. For the remaining reactions (45-75 of table 6.1), we adjusted 

the solvent polarity by adding water, acetonitrile, and methanol to DMF. These solvents are 

miscible with DMF and are suitable for solvothermal reactions. Among all these reactions, reaction 
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52 (Table 6.1) yielded high-quality crystals. Under this optimized condition, a solution was 

prepared by dissolving one equivalent of compound 145 and three equivalents of Zn(ClO₄)₂·6H₂O 

168 (in a mixture of 3 mL of DMF and 6 mL of methanol) (Scheme 6.1). This solution was 

transferred to a 25 mL sealed vial and heated in an oven at 80 °C for 48 hours. After heating, the 

vial was allowed to cool slowly to room temperature, leading to the formation of crystals of the 

final compound, 169. 

 

It is notable that during the reaction, methanol was oxidized to formic acid. It is proposed that 

methanol was oxidized by ClO4− to produce formic acid, hydroxyl groups, and chloric acid 

(ClO3H) (Scheme 6.2). The ClO3H generated could act as an oxidant, further contributing to the 

oxidation process. The presence of methanol as the solvent and ClO4− as the counterion plays a 

crucial role in the formation of compound 169. This is because methanol is oxidized to formic acid 

and hydroxyl groups, which are subsequently coordinated to the metal ion. 

 

Table 6. 1 Reaction conditions for the coordination of compounds 136, 145, 150, and 151 with 

different metal salts. 

Reaction Cpd metal salt 

Eq of 

organic 

linker 

Eq of 

metal 

salt 

reaction 

time 

(day) 

T 

(°C) 
Solvent 

Vial 

(ml) 
Result 

1 137 Co(NO3)2·6H2O 1 3 3 100 1.6mL DMF 5 × 

2 137 Co(OAC)2·4H2O 1 3 3 100 1.6mL DMF 5 × 

3 137 Cd(NO3)2·4H2O 1 3 3 100 1mL DMF 5 × 

4 137 Zr(OCl2)·8H2O 1 3 2 80 3mL DMF/3mL MeOH 25 × 

5 137 Zr(OCl2)·8H2O 1 3 2 80 3mL DMF/6mL MeOH 25 × 

6 137 Zr(OCl2)·8H2O 1 3 2 80 3mL DMF/3mL H2O 25 × 

7 137 Zr(OCl2)·8H2O 1 3 2 80 3mL DMF/6mL H2O 25 × 

8 137 Zr(OCl2)·8H2O 1 3 2 90 3mL DMF/3mL MeOH 25 × 

9 137 Zn(OAC)2∙2H2O 1 3 2 80 3mL DMF/6mL MeOH 25 × 

10 137 Zn(NO₃)₂·6H₂O 1 3 2 80 3mL DMF/6mL MeOH 25 × 
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11 137 Co(BF4)2·6H2O 1 3 3 100 0.5mL DMF/0.5mL H2O 5 × 

12 137 Co(NO3)2·6H2O 1 3 3 100 0.5mL DMF/0.5mL H2O 5 × 

13 137 Co(OAC)2·4H2O 1 3 3 100 0.5mL DMF/0.5mL H2O 5 × 

  

14 150 CoCl2 1 6 14 25 10 mL DMSO 25 - 

15 150 Co(NO3)2·6H2O 1 6 14 25 5 mL DMF 25 - 

16 150 Co(OH)2 1 6 14 25 5 mL DMF 25 - 

17 150 CoCl2 1 6 14 25 10 mL DMF 25 - 

18 150 Ni(ClO4)2·6H2O 1 6 14 25 10 mL DMF 25 - 

19 150 Ni(OAC)2·4H2O 1 6 14 25 10 mL DMF 25 - 

20 150 Cu(NO3)2·H2O 1 6 14 25 5 mL DMF 25 - 

21 150 Co(BF4)2·6H2O 1 6 14 25 5 mL DMF 25 - 

22 150 Cu(NO3)2·H2O 1 6 1 90 15 mL DMSO 25 - 

23 150 CoCl2 1 6 3 90 5 mL DMF 25 - 

  

24 151 Co(NO3)2·6H2O 1 6 14 25 10 mL Acetonitrile 25 ✓ 

25 151 Cu(ClO4)2·6H2O 1 6 14 25 10 mL Acetonitrile 25 - 

26 151 Cu(ClO4)2·6H2O 1 6 14 25 10 mL DMF 25 - 

27 151 Cu(ClO4)2·6H2O 1 6 14 25 10 mL DMSO 25 - 

28 151 Co(BF4)2·6H2O 1 6 14 25 10 mL DMSO 25 - 

29 151 Co(ClO4 )2·6H2O 1 6 14 25 10 mL DMSO 25 - 

30 151 CuI 1 6 3 25 5 mL DMSO 25 - 

31 151 Cu(CH3CN)4PF6 1 6 14 25 10 mL DMSO 25 - 

32 151 Co(NO3)2·6H2O 1 6 1 25 20 mL Acetonitrile 25 - 

33 151 Cd(NO3)2·4H2O 1 6 1 25 10 mL DMSO 25 - 

34 151 Cd(NO3)2·4H2O 1 6 3 25 20 mL Acetonitrile 25 - 

35 151 CuI 1 6 14 25 
5mL DMSO/5mL 

Acetonitrile 
25 - 

36 151 Ni(OAC)2·4H2O 1 6 1 80 7 mL DMSO 25 - 

37 151 Zn(BF4)2·H2O 1 6 1 80 10 mL DMSO 25 - 

38 151 CoCl2 1 6 4 80 10 mL DMSO 25 - 

39 151 Cu(CH3CN)4BF6 1 6 2 80 10 mL DMSO 25 - 

  

40 145 Zn(NO₃)₂·6H₂O 1 3 3 80 5mL DMF 25 - 

41 145 Zn(NO₃)₂·6H₂O 1 3 3 100 5mL DMF 25 - 
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42 145 Zn(BF4)2·H2O 1 3 3 90 5mL DMF 25 - 

43 145 Zn(ClO4)2·6H2O 1 3 2 100 5mL DMF 25 - 

44 145 Co(OAC)2·4H2O 1 3 2 80 4mL DMF 25 - 

45 145 Zn(OAC)2∙2H2O 1 3 3 80 3mL DMF/6mL MeOH 25 - 

46 145 Zn(OAC)2∙2H2O 1 3 3 80 3mL DMF/6mL H2O 25 - 

47 145 Zn(NO₃)₂·6H₂O 1 3 3 80 
3mL DMF/2mL 

Acetonitrile 
25 - 

48 145 Zn(NO₃)₂·6H₂O 1 3 3 80 3mL DMF/2mL H2O 25 - 

49 145 Zn(ClO4)2·6H2O 1 3 2 80 
2mL DMF/4mL 

Acetonitrile 
25 - 

50 145 Zn(ClO4)2·6H2O 1 3 2 80 
2mL DMF/6mL 

Acetonitrile 
25 - 

51 145 Zn(ClO4)2·6H2O 1 3 2 80 
3mL DMF/2mL 

Acetonitrile 
25 - 

52 145 Zn(ClO4)2·6H2O 1 3 2 80 3mL DMF/6mL MeOH 25 ✓ 

53 145 Co(NO3)2·6H2O 1 3 2 80 
3mL DMF/3mL 

H2O/3mL EtOH 
25 - 

54 145 Co(OAC)2·4H2O 1 3 2 80 3mL DMF/1mL H2O 25 - 

55 145 Co(OAC)2·4H2O 1 3 2 80 3mL DMF/9mL H2O 25 - 

56 145 Co(OAC)2·4H2O 1 3 2 80 
3mL DMF/6mL 

Acetonitrile 
25 - 

57 145 Co(OAC)2·4H2O 1 3 2 80 
3mL DMF/3mL 

Acetonitrile 
25 - 

58 145 Co(OAC)2·4H2O 1 3 2 80 3mL DMF/3mL EtOH 25 - 

59 145 Co(OAC)2·4H2O 1 3 2 80 3mL DMF/3mL H2O 25 - 

60 145 Co(OAC)2·4H2O 1 3 2 80 3mL DMF/6mL H2O 25 - 

61 145 Co(OAC)2·4H2O 1 3 2 80 3mL DMF/6mL MeOH 25 - 

62 145 CoCl2 ·6H2O 1 3 2 80 3mL DMF/6mL MeOH 25 - 

63 145 CoCl2 ·6H2O 1 3 2 80 3mL DMF/6mL H2O 25 - 

64 145 Co(BF4)2·6H2O 1 3 2 80 
3mL DMF/3mL 

Acetonitrile 
25 - 

65 145 Co(BF4)2·6H2O 1 3 2 80 3mL DMF/3mL MeOH 25 - 

66 145 Co(BF4)2·6H2O 1 3 2 80 3mL DMF/6mL MeOH 25 - 

67 145 Zr(OCl2)·6H2O 1 3 2 90 3mL DMF/3mL MeOH 25 - 

68 145 Zr(OCl2)·8H2O 1 3 2 80 3mL DMF/3mL MeOH 25 - 
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69 145 Zr(OCl2)·8H2O 1 3 2 80 3mL DMF/6mL MeOH 25 - 

70 145 Zr(OCl2)·8H2O 1 3 2 80 3mL DMF/3mL H2O 25 - 

71 145 Zr(OCl2)·8H2O 1 3 2 80 3mL DMF/6mL H2O 25 - 

72 145 Co(NO3)2·6H2O 1 3 2 80 3mL DMF/6mL H2O 25 - 

73 145 Co(NO3)2·6H2O 1 3 2 80 3mL DMF/9mL H2O 25 - 

74 145 Co(NO3)2·6H2O 1 3 2 80 
3mL DMF/6mL 

Acetonitrile 
25 - 

75 145 Co(NO3)2·6H2O 1 3 2 80 
3ml DMF/6mL 

Acetonitrile 
25 - 

✓: Formation of crystals        × Precipitation       -: No crystallisation nor precipitation occured 
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Scheme 6. 1 Synthetic route to prepare 169. (i) DMF/MeOH, 80 °C, 48 hr. 
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Oxidation of methanol to formaldehyde: 

Ox: CH3OH → CH2O + 2H+ + 2e− 

Red: ClO4− + 2H+ + 2e− → ClO3H + OH− 

CH3OH + ClO4− → ClO3H + CH2O + OH− 

Oxidation of formaldehyde to formic acid: 

Ox: CH2O + H2O → HCO2H + 2H+ + 2e− 

Red: ClO4− + 2H+ + 2e− → ClO3H + OH− 

CH2O + H2O → HCO2H + ClO3H + OH− 

Oxidation of methanol to formic Acid: 

2ClO4− + CH3OH + H2O → 2ClO3H + HCO2H + 2OH− 

Scheme 6. 2 Proposed sequential oxidation of methanol to formic acid by perchlorate. 

 

6.3 Result and discussion of compound 169 

6.3.1 IR 

Based on the IR spectra of compounds 145 and 169 (Figure 6.4), the C=N bond of the pyridine 

ring in compound 145 appears at 1605 cm⁻¹, while in compound 169, it shifts to 1524 cm⁻¹. 

Similarly, the C=N bond of the triazine ring in compound 145 is observed at 1532 cm⁻¹, but in 

compound 169, it shifts to 1492 cm⁻¹. Additionally, the IR spectrum of compound 169 shows a 

new peak at 1563 cm⁻¹, which corresponds to the carbonyl of the formate group. The peak of NH₂ 

in compound 169 appears broadened and shifted to a lower wavenumber, likely due to hydrogen 

bonding between the hydroxyl group and the NH₂ group. To conclude, the IR spectra reveal a shift 

in the C=N stretching frequencies, indicating coordination of the C=N groups to the metal ion, as 

well as the presence of new hydroxy and formate groups in the complex. 
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Figure 6. 4 FT-IR spectra of compounds 145 and 169. 

 

6.3.2 UV 

In the UV spectrum of compound 169, measured in a suspension in DMF (Figure 6. 5), a peak 

appears at 300 nm, attributed to the π → π* electronic transition of ligand 145. No d-d transition 

is observed, as the d orbitals of Zn are fully occupied. Similarly, in compound 172 (Figure 6. 7) 

(in compound 172, compound 119 is coordinated with zinc) with Zn, no charge transfer occurs 

between the metal and the ligand.212 
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Figure 6. 5 The UV–vis spectrum of compound 169 in the solid state. 

 

6.3.3 TGA 

TGA analysis (Figure 6.6) reveals that compound 169 demonstrates high thermal stability, with 

decomposition occurring at 341 °C, closely comparable to the decomposition temperature of 

compound 172, which decomposed at 345 °C. This stability is likely attributed to the presence of 

strong hydrogen bonding.212 
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Figure 6. 6 Thermogravimetric analysis (TGA) for compound 169. 

 

6.3.4 Single crystal x-ray diffraction (SCXRD) 

Single-crystal X-ray diffraction (SCXRD) was conducted on well-formed crystals of compound 

169 to determine its solid-state structure. Compound 169 crystallized in the triclinic space group 

P-1 (Z = 1). The crystal data for compound 169 are summarized in (Table 6.2), with structural 

views and packing shown in (Figure 6.7). 

 

The structure shows that compound 169 forms a dimer, with four Zn atoms. Each Zn is coordinated 

by nitrogen atoms from both the pyridine and diamino triazine rings, as well as oxygen atoms from 

the phenol, hydroxyl, and formate groups. It is notable that, similar to other pyridine diamino 

triazine compounds, compound 169 coordinates through the nitrogen atoms of both the pyridine 

ring and the diamino triazine group. The average bond lengths for Zn–Npyridine and Zn–Ntriazine are 

2.093(2) Å and 2.171(2) Å, respectively, which fall within the normal range when compared to 

those observed in compound 172 (Table 6.3).212,213 
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Table 6. 2 Crystallographic data of compound 169. 

Compound 169 

Empirical formula C54H54N26O18Zn4 

Formula weight 1616.71 

Temperature/K 150.15 

Crystal system triclinic 

Space group P-1 

a/Å 12.1076(6) 

b/Å 12.9007(6) 

c/Å 13.0664(6) 

α/° 81.249(2) 

β/° 62.965(2) 

γ/° 70.603(2) 

Volume/Å3 1714.73(14) 

Z 1 

ρcalcg/cm3 1.566 

μ/mm-1 1.528 

F(000) 824.0 

Crystal size/mm3 0.13 × 0.1 × 0.09 

Radiation GaKα (λ = 1.34139) 

2Θ range for data collection/° 6.32 to 121.21 

Index ranges -15 ≤ h ≤ 15, -16 ≤ k ≤ 16, -16 ≤ l ≤ 16 

Reflections collected 46865 

Independent reflections 7847 [Rint = 0.0474, Rsigma = 0.0375] 

Data/restraints/parameters 7847/28/509 

Goodness-of-fit on F2 1.064 

Final R indexes [I>=2σ (I)] R1 = 0.0687, wR2 = 0.2022 

Final R indexes [all data] R1 = 0.0722, wR2 = 0.2079 
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Table 6. 3 The average coordination bond lengths of compounds 169 and 172. 

Bond 
Average bond length of 

compound 169 (Å) 

Average bond length of 

compound 172 (Å) 

Zn-Ohydroxy 1.941(2) --- 

Zn-Ophenol 2.1545(19) --- 

Zn-Oformate 1.974(2) --- 

Zn-Npyridine 2.093(2) 2.1034(13) 

Zn-Ntriazine 2.171(2) 2.2173(13) 

Zn-Onitrate --- 2.1808(11) 

 

 

 
                                        a                                                                           b 
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                                                                                   c 

 
Figure 6. 7 Solid-state structures of molecule 169 in (a1) and (b1) are shown, with stereoviews 

illustrating molecular packing in (c1). Solid-state structures of molecule 172 in (a2) and (b2) are 
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shown, with stereoviews illustrating molecular packing in (c2). The atom color scheme is as 

follows: Zn is pink, C is gray, H is white, N is blue, and O is red. 

 

6.3.5 Hydrogen bonding 

Hydrogen bonding simulation in the solid state was conducted for compound 169 and 172 (Figure 

6.8), revealing the presence of various weak and strong hydrogen bonds in both compounds (Table 

6.4). In compound 169, strong hydrogen bonds are observed between the hydrogen atoms of the 

amine group and the solvent (DMF), as well as between the solvent molecules themselves. These 

interactions likely contribute to the retention of the solvent at elevated temperatures. Additionally, 

strong hydrogen bonding occurs between the hydrogen of the amine group and the oxygen atom 

of the formate group. 

 

In contrast, compound 172 exhibits strong hydrogen bonds between the hydrogen atoms of the 

amine group and the oxygen atoms of the nitrate group, as well as with the nitrogen atoms of the 

triazine ring. These findings highlight the crucial role of the hydrogen atoms in the amine group 

in the hydrogen bonding behavior of these compounds. 
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Table 6. 4 The hydrogen bonding patterns in molecules 169 and 172. The angle (Ɵ) between the 

donor and acceptor atoms, as well as the length (d) of the hydrogen bond. 

Cpd. Bond θ (°) d (Å) 
Type of hydrogen 

bond 

169 

Oformate…H-Namine 125.44(5) 2.47(1) Weak 

Oformate…H-Namine 139.34(5) 2.10(1) Strong 

Oformate… H-CBn 156.16(5) 2.47(1) Weak 

Ohydroxy… H-Cformaldehyde 146.15(5) 2.46(1) Weak 

Oformate…H-Namine 145.66(5) 2.38(1) Weak 

Oformate…H-Namine 159.19(5) 1.91(1) Strong 

Ntriazine…H-Namine 159.14(5) 2.23(1) Weak 

Oformate…H-Cpy 129.97(5) 2.41(1) Weak 

Oformate…H-Namine 162.23(5) 1.94(1) Strong 

ODMF…H-Nhydroxy 148.69(5) 2.071(1) Strong 

Ntriazine…H-Namine 141.45(5) 2.54(1) Weak 

NDMF…H-CDMF 120.57(5) 1.92(1) Strong 

ODMF…H-CDMF 144.06(5) 2.11(1) Strong 

172 

Ntriazine…H-Cpy 102.37(5) 2.43(1) Weak 

ONO3…H-Namine 156.03(5) 2.09(1) Strong 

ONO3…H-Namine 145.36(5) 2.42(1) Weak 

Ntriazine…H-Namine 172.08(5) 2.17(1) Strong 

ONO3…H-Namine 158.76(5) 2.18(1) Strong 

ONO3…H-Namine 163.04(5) 2.17(1) Strong 
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Figure 6. 8 The hydrogen bonding configuration in molecule 169 is depicted. Dashed lines 

represent the hydrogen bonds. Carbon atoms are depicted in gray, hydrogen atoms in white, 

nitrogen atoms in blue, oxygen atoms in red, and zinc atoms in pink. 

 

6.3.6 Hirshfeld 

To explore the intermolecular interactions of compounds 169 and 172 and compare their 

properties, a Hirshfeld surface analysis was conducted. Figures 6.9a and 6.9c illustrate the dnorm 

mapping, where short intermolecular contacts involving N···H, O···H, C···H, and H···H 

interactions are highlighted as red spots. Figures 6.9c and 6.9d present the percentage contributions 
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of various atomic interactions. For compound 169, the contributions are as follows: N···H (15.5%), 

H···H (33.7%), C···H (15.2%), C···N (2.1%), C···C (2.7%), O···H (26.4%), C···O (1.6%), O···N 

(2.5%), and O···O (0.4%). In contrast, for compound 172, the contributions are: N···H (19.6%), 

H···H (23.2%), C···H (12.2%), C···N (3.2%), C···C (1.7%), O···H (31.5%), C···O (5.1%), N···N 

(0.1%), and O···N (3.4%). 

 
Figure 6. 9 Hirshfeld surfaces for the molecular unit of 169 and 172. dnorm mapping in 169 (a); 

percentage contribution of intermolecular interaction in 169 (b); dnorm mapping in 172 (c); 

percentage contribution of intermolecular interaction in 172 (d). 

 

The percentage contributions of intermolecular interactions indicate that Zn atoms in both 

compounds 169 and 172 do not engage in interactions with other atoms. In compound 16, the 

highest interaction occurs between H···H atoms, whereas in compound 172, O···H interactions 

dominate. 

 



 

 157 

6.4 Conclusion 

In conclusion, various organic linkers with different functional groups positioned at the α-position 

relative to the N-pyridyl atom have been tested for coordination with metal ions under different 

conditions. 

 

In conclusion, various organic linkers bearing different functional groups at the α-position relative 

to the N-pyridyl atom were tested for their coordination with metal ions under varying conditions. 

This study focused on three coordination motifs: cyanopyridine (compounds 150 and 151), 

carboxypyridine (compound 137), and diaminotriazine-pyridine (compound 145). All three motifs 

showed potential for metal coordination; however, carboxypyridine reacted too rapidly with metal 

ions, leading to precipitation rather than crystal formation. Thus, controlling its reactivity is crucial 

for obtaining high-quality crystals. Notably, the reaction between compound 145 and compound 

161 successfully produced well-formed crystals of compound 169. The compound was 

characterized using single-crystal X-ray diffraction (scXRD), IR, and UV spectroscopy. ScXRD 

analysis reveals that in compound 169, each zinc ion is coordinated by the nitrogen atoms of the 

pyridine and triazine rings, as well as the oxygen atoms of the hydroxy and formate groups. The 

coordination bond lengths are found to be within the typical range. The IR spectra reveal shifts in 

the C=N bond peaks of the pyridine and triazine rings in compound 169 compared to compound 

145, attributed to the effect of coordination between zinc and nitrogen atoms. Additionally, it 

proposes the formation of formate groups, produced from the oxidation of methanol. The UV 

spectrum exhibits a π → π* electronic transition at 300 nm. TGA analysis demonstrates high 

thermal stability, with degradation occurring above 341 °C. Hydrogen bonding simulations in the 

solid state indicate a diversity of both strong and weak hydrogen bonds. Hirshfeld analysis 

provides deeper insights into the molecular packing and interactions. Based on the catalytic 

applications of similar compounds154,213, compound 169 shows promise as a candidate for catalytic 

applications. In addition, by synthesizing compound 171, we confirmed that the oxidation of the 

cyano group to an amide group can occur during the coordination reaction. 
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Chapter 7  
 

Conclusion and prospective 
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The project is divided into two parts: the organic and inorganic components. 

 

In the organic components, we successfully synthesized 15 new organic linkers for coordination 

reactions and the formation of metal-organic frameworks (MOFs). These compounds were 

characterized using NMR, IR, UV-Vis spectroscopy, single-crystal X-ray diffraction (SCXRD), 

and thermogravimetric analysis (TGA). 

 

The organic linkers are categorized into three groups based on their core structures: benzene, 

triphenylene, and azacoronene. 

 

For the benzene core, three isomers of cyanopyridine were synthesized using a simple method. 

These compounds were purified efficiently by washing with solvents, without the need for column 

chromatography. 

 

We demonstrated that the cyano group can be converted into other functional groups, such as 

amide, carboxylic acid, and DAT. Through hydrolysis, the cyano group was transformed into 

amide and carboxylic acid groups under basic conditions, without the use of a catalyst. The 

resulting compounds were purified by simple filtration of the products. 

 

Our study highlights that reaction the time and the percentage of base are critical factors in this 

hydrolysis process. Initially, the cyano group undergoes hydrolysis to form amide and carboxylic 

acid groups. Over time, the percentage of amide decreases, while the percentage of carboxylic acid 

increases. 

 



 

 160 

To delve deeper into the molecular interactions of these benzene-core compounds, hydrogen 

bonding simulations and Hirshfeld surface analyses were conducted. These studies revealed that 

the type of functional groups plays a crucial role in molecular interactions. Compounds with amide 

and carboxylic acid groups, which have more heteroatoms, exhibit a combination of strong and 

weak hydrogen bonding, whereas compounds with cyano groups display only weak interactions. 

 

UV-Vis spectroscopy showed π → π* electronic transitions in these compounds. It was observed 

that when functional groups are in para positions, a red shift occurs due to the extended conjugation 

between the oxygen of the etheric group and the functional groups. Additionally, n → π* electronic 

transitions were identified, which can be enhanced by delocalized electrons, further boosting the 

transition. 

 

Thermogravimetric analysis (TGA) demonstrated high thermal stability for these compounds, 

likely due to their hydrogen bonding and conjugated structures. The compounds were stable within 

the temperature range of 200 to 419 °C. 

 

Fluorescence studies indicated that changes in the positions of heteroatoms influence the emission 

properties of these compounds. 

 

For the triphenylene core, we synthesized four isomers of cyanopyridine using a simple method, 

achieving yields greater than 90%. Purification was effectively performed by washing with 

solvents, without the need for column chromatography. The higher yields compared to 

cyanopyridines with benzene cores can be attributed to the lower solubility of these compounds in 

common solvents. 
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Single-crystal X-ray diffraction (SCXRD) analysis revealed that these triphenylene-based 

compounds do not exhibit the columnar structures typically observed in other triphenylene 

derivatives. This deviation is likely due to the structural constraints imposed by the cyanopyridine 

groups. 

 

Hydrogen bonding simulations indicated that these compounds exhibit different behaviors, 

ranging from weak to strong interactions, depending on the position of the nitrogen and cyano 

group on the pyridine ring. 

 

UV-Vis spectroscopy showed π → π* electronic transitions and a red shift when the cyano group 

is in the para position compared to the meta positions. Additionally, the triphenylene compounds 

exhibited a red shift relative to the benzene-core analogs, which can be attributed to the higher 

conjugation in the triphenylene system. 

 

Fluorescence studies demonstrated that the emission properties are influenced by the structural 

characteristics of the compounds, particularly due to aggregation effects. 

 

In this project, one azacoronene derivative was synthesized with a yield of 89%. UV-Vis 

spectroscopy revealed several π → π* transitions at 232, 274, and 366 nm, which can be attributed 

to the presence of various functional groups within the conjugated system. Thermogravimetric 

analysis (TGA) demonstrated high thermal stability up to 367 °C, likely due to the compound's 

aromaticity and the stabilizing effects of hydrogen bonding. 
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In the inorganic part of the project, we attempted to coordinate organic linkers that had a higher 

likelihood of forming coordination compounds. It was observed that carboxylic acids exhibited 

fast kinetics in the coordination reaction, and to obtain crystalline coordination compounds, we 

needed to slow down the reactions using various methods, such as changing solvents, metal ions, 

and reaction temperature. Additionally, we confirmed that during the reaction, cyano groups could 

hydrolysis to form amide groups. This suggests that cyanopyridines can not only directly 

coordinate with metal ions but also undergo hydrolysis during the reaction, allowing them to 

coordinate with the metal ions afterward. We also confirmed that the solvent plays an important 

role in the coordination reaction, as it can be oxidized and participate in the process. Ultimately, 

these reactions resulted in the formation of one complex which was characterized by IR, UV, and 

SCXRD. 

 

To gain deeper insights into intermolecular and intramolecular interactions of the complex, 

hydrogen bonding and Hirshfeld surface studies were conducted. These studies revealed that 

heteroatoms play a significant role in the interactions of the complex. Moreover, TGA analysis 

showed high thermal stability up to 341 °C, which can be attributed to strong hydrogen bonding. 

 

For future work on organic linkers, although several attempts to attach a pyridine ring to the 

benzene core via an etheric bond (compound 176) (Figure 7.1) using reactions between 1,3,5-

trihydroxybenzene 34 and 173 were unsuccessful, an alternative approach could involve 

synthesizing compound 176 by reacting 1,3,5-tribromobenzene 174 with 4-hydroxypyridine 175 

(Figure 7. 1). The resulting compound has the potential to coordinate with metal ions through the 

nitrogen atoms of the pyridine rings. Furthermore, the presence of flexible ether bonds enhances 

structural adaptability, facilitating the formation of the desired MOFs. 
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          173                                174                                    175                              176 

Figure 7. 1 Structure of compounds 173, 174, 175, and 176. 

 

In addition, although several attempts to hydrolyze cyanopyridine triphenylenes into their 

corresponding amides and carboxylic acids were unsuccessful, an alternative approach could be 

explored. Reacting hexahydroxytriphenylene 49 with 5-bromopyridine-2-carboxylic acid methyl 

ester (177), followed by hydrolysis of the resulting ester (178), may provide a viable pathway to 

synthesize the target carboxylic acid (179) (Figure 7.2).  

 

 

                177                                       178                                              179 

Figure 7. 2 Structure of compound 177, 178, 179. 
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Furthermore, cyanopyridines can be transformed into their diaminotriazine derivatives, which are 

rich in heteroatoms and possess an extended conjugated system. These features enable effective 

interactions with metal ions and other molecules, making them suitable for various applications. 

 

For future work on the inorganic part, there is potential to further explore the cyanopyridine 

compounds for coordination reactions by modifying reaction conditions and components. This is 

due to the possibility of hydrolyzing the cyano group to amide and carboxylic acid during the 

coordination reaction. Additionally, by slowing down the coordination reaction between 

carboxylic acids, and metal ions through the use of auxiliary ligands, it may be possible to obtain 

the desired MOF. 
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Experimental Section 
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8.1 Chemicals and instruments 

All solvents used in this project were purchased from Fisher Chemical. The other chemicals 

required for the syntheses were purchased from Sigma Aldrich and used without further 

purification. FTIR spectra were recorded in the range of 550– 4000 cm−1 on a Thermo Scientific 

Nicolet iS10 FT-IR spectrometer, in transmittance mode. UV-visible absorption spectra were 

measured using a Cary 630 spectrophotometer. Emission spectra were recorded on a Cary Eclipse 

spectrofluorometer from Agilent. 1H and 13C NMR spectra were recorded in DMSO-d6 and CDCl3-

d6 at room temperature using a Varian Oxford 200 MHz and a Bruker ASCEND 400 MHz Neo 

Advance spectrophotometer. Chemical shifts (δ) are reported in part per million (ppm) relative to 

TMS, using the residual solvent protons (2.50 ppm) as reference. Melting points were measured 

on an Electrothermal IA9300 instrument. Thermal gravimetric analyses (TGA) were performed 

using a Mettler Toledo TGA1 instrument. The temperature program ranged from an initial 

temperature of 30 °C to a final temperature of 700 °C, with a ramp rate of 10 °C/ min, while 

maintaining a nitrogen atmosphere throughout the experiment. The mass spectrometry analyses 

were performed on Bruker microTOF II and Agilent TOF/Q-TOF instruments by electrospray 

ionization (ESI) method, in positive mode at the Mass Spectrometry Service at Université de 

Montréal. The CHN microanalyses were performed on a Thermo Scientific FlashSmart instrument 

by the Elemental Analysis Service at Université de Montréal. X-ray structure determination was 

realized on a XtaLAB Synergy, Dualflex, HyPix diffractometer (at 100 K) for 150 and on a Bruker 

Venture Metaljet diffractometer (at 150 K) for 132, 137, 151, and 172, and a Rigaku 

Gemini/Xcalibur diffractometer (at 293 K) (at 100 K) for 131 and 134 respectively. The 

corresponding crystallographic information files (cifs) for 131, 132, 134, 137, 150, 151, and 169 

(CCDC 2223475, 2465679, 2224142, 2465687, 2379447, 2379513, and 2465688 respectively) 

(for the rest of the compounds I have not submitted) contain complete information on the X-ray 

structure determination of the compounds.  
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8.2 General synthesis methods 

8.2.1 General synthesis method for 131-133 

The tricyanopyridine benzenes 131-133 (Figure 8.1) were synthesized by the reaction of benzene-

1,3,5-triol 35 (500 mg, 1 mmol), corresponding bromocyanopyridine (290 mg, 4 mmol), and 

potassium carbonate (219 mg, 4 mmol) in DMF/Toluene (60:60 mL). The mixture was refluxed 

for 72 hours. The resultant volatile components were subsequently eliminated via evaporation 

under reduced pressure. The solid residue was then subjected to extraction using dichloromethane 

extracted (3 × 50 mL). Afterward, the CH2Cl2 was evaporated under reduced pressure, yielding a 

solid residue. This residue underwent purification through washing with diethyl ether, followed by 

filtration to isolate the desired pure product. 

 

 
                                     131                                     132                                            133 

Figure 8. 1 Structures of compounds 131, 132, and 133. 

 

Compound 131 

 Pale beige powder; Yield 67%  (1.14 g, 2.636 mmol) mp 166-169 °C; IR (ATR, solid sample, cm-

1) 3086, 2233, 1567, 1455, 1419, 1383, 1288, 1229, 1129, 999 . 1H NMR (400 MHz, DMSO-d6) δ  

Ha 8.64 (d, 4J = 2.6 Hz, 3H), Hc 8.08 (d, 3J = 8.7 Hz, 3H), Hb 7.77 (dd, 3J = 8.6, 4J =  3.0 Hz, 3 

H), Hd 7.10 (s, 3H) ppm. 13C NMR (400 MHz, DMSO-d6) δ 157.3, 156.5, 142.7, 131.1, 127.2, 

126.0, 117.9, 109.7 ppm.  HRMS (ESI-TOF) m/z [M + H]+ calcd for C24H12N6O3 433.10, found 

433.10; HRMS (ESI-TOF) m/z [M + H]+ calcd for C24H12N6O3 937.2006; Found 937.2015. UV 
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(DMF, r.t, 10-4 - 10-5 M) λmax = 271 nm, ε = 1.8 × 104 M-1cm-1. Fluorescence (DMF, r.t, 10-4 M): 

λex = 270 nm, λmax em = 313, 412 nm. 

 

Compound 132 

Pale beige powder; Yield 65% (1.11 g, 2.567 mmol) mp 140-143 °C; IR (ATR, solid sample, cm-

1) 3067, 2240, 1564, 1450, 1403, 1294, 1267, 1157, 1116, 1006. 1H NMR (400 MHz, DMSO-d6) 

δ Hc 8.65 (d, 3J = 5.8 Hz, 3H), Ha 7.92 (d, 4J = 2.3 Hz, 3H), Hb 7.48 (dd, 3J = 5.8, 4J =  2.5 Hz, 

3H), Hd 7.24 (s, 3H) ppm. 13C NMR (400 MHz, DMSO-d6) δ 164.6, 156.2, 153.6, 134.8, 118.5, 

117.6, 116.6, 111.7 ppm. HRMS (ESI-TOF) m/z [M + H]+ calcd for C24H12N6O3 433.10528; Found 

433.10436. UV (DMF, r.t, 10-4 - 10-5 M) λmax = 267 nm, ε = 6.6 × 103 M-1cm-1. Fluorescence 

(DMF, r.t, 10-4 M): λex = 270 nm, λmax em = 311, 422 nm. 433.10528. 

 

Compound 133 

Pale beige powder; Yield 68% (1.16 g, 2.682 mmol, 68%) mp 179-181 °C; IR (ATR, solid sample, 

cm-1) 3077, 2233, 1586, 1449, 1378, 1310, 1254, 1132, 1116, 1006. 1H NMR (400 MHz, DMSO-

d6) Ha δ 8.70 (d, 4J =  2.0 Hz, 3H), Hb 8.34 (dd, 3J =  8.6, 4J = 2.3 Hz, 3H), Hc 7.29 (d, 3J = 8.6 

Hz, 3H), Hd 7.10 (s, 3H) ppm. 13C NMR (400 MHz, DMSO-d6) δ 164.9, 154.3, 152.7, 144.1, 

117.4, 112.9, 112.8, 104.6 ppm. HRMS (ESI-TOF) m/z [M + H]+ calcd for C24H12N6O3 433.10, 

found 433.10; HRMS (ESI-TOF) m/z [M + H]+ calcd for C24H12N6O3 433.10436; Found 

433.10563. UV (DMF, r.t, 10-4 - 10-5 M) λmax = 272 nm, ε = 2.0909 × 104 M-1cm-1. Fluorescence 

(DMF, r.t, 10-4 M): λex = 270 nm, λmax em = 312, 365, 414 nm. 

 

8.2.2 General synthesis method for 134, 136, 137, and 139 

The amide pyridine benzenes 134 and 136 and carboxy pyridine benzenes 137 and 139 (Figure 

8.2) were synthesized through the hydrolysis of the corresponding cyanopyridine benzenes 131 

and 133 (Figure 8.1). Initially, a mixture of cyanopyridine benzenes 131 and 133 (500 mg, 1.16 

mmol) and potassium hydroxide (324 mg, 5.77 mmol) was refluxed in 50 ml water at 110 °C. 

After four hours, a white precipitate formed, which was subsequently filtered and dried in a 

vacuum oven to obtain the amide pyridine benzenes 134 and 136. After acidifying the remaining 

solution beneath the filter with 200 µL of 37% HCl (pH= 4), a precipitate formed. Following 
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filtration and drying in a vacuum oven, the product obtained was identified as the carboxy pyridine 

benzenes 137 and 139. 

 

 

                           134                              136                            137                            139 

Figure 8. 2 Structures of compounds 134, 136, 137, and 139. 

 

Compound 134 

White powder; Yield 26 % (0.145 g, 0.30 mmol) mp 248-252 °C; IR (ATR, solid sample, cm-1) 

3462, 3351, 1682, 1614, 1477, 1456, 1409, 1368, 1222, 1123, 1004. 1H NMR (400 MHz, DMSO-

d6) δ Ha 8.46 (d, 4J =  2.7 Hz, 3H), Hc 8.05 (d, 3J =  8.6 Hz, 3H), NH2 8.02 (s, 3H), Hb 7.68 (dd, 
3J =  8.6, 4J = 3 Hz, 2.7 H) NH2 7.59 (s, 3H), Hd 6.87 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-

d6) δ 165.9, 158.3, 155.4, 146.2, 139.8, 126.6, 124.1, 107.3 ppm; HRMS (ESI-TOF) m/z [M + H]+ 

calcd for C24H18N6O6 487.13606; Found 487.13495. UV (DMF, r.t, 10-4 - 10-5 M) λmax = 271 nm, 

ε = 1.9275 × 104 M-1cm-1. Fluorescence (DMF, r.t, 10-4 M): λex = 270 nm, λmax em = 314, 414 nm. 

 

Compound 136 

White powder; Yield 30 % (0.170 g, 0.35 mmol) mp 270-274 °C; IR (ATR, solid sample, cm-1) 

3382, 3212, 1662, 1635, 1612, 1591, 1489, 1454, 1400, 1367, 1279, 1249, 1134, 1112, 1004. 1H 

NMR (400 MHz, DMSO-d6) δ Ha 8.66 (d, 4J = 2.3 Hz, 3H), Hc 8.27 (dd, 3J = 8.7, 4J = 2.4 Hz, 

3H), NH2 8.07 (s, 3H), Hb 7.50 (s, 3H), NH2 7.15 (d, 3J = 8.6 Hz, 3H), Hd 6.94 (s, 3H) ppm. 13C 

NMR (100 MHz, DMSO-d6) δ 166.3, 164.5, 155.2, 147.9, 140.1, 126.2, 111.6 ppm; HRMS (ESI-

TOF) m/z [M + H]+ calcd for C24H18N6O6 487.13606; Found 487.13550. UV (DMF, r.t, 10-4 - 10-
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5 M) λmax = 272 nm, ε = 1.9902 × 104 M-1cm-1. Fluorescence (DMF, r.t, 10-4 M): λex = 270 nm, λmax 

em = 311, 416 nm. 

 

Compound 137 

Pale beige powder; Yield 40 % (0.225 g, 0.46 mmol) mp 252-255 °C(not sure); IR (ATR, solid 

sample, cm-1) 3072, 1736, 1605, 1570, 1452, 1348, 1297, 1220, 993. 1H NMR (400 MHz, DMSO-

d6) δ Ha 8.54 (d, J = 3 Hz, 3H), Hc 8.07 (d, J = 9 Hz, 3H), Hb 7.68 (dd, J = 9, 3 Hz, 2.7 H), Hd 

6.96 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 165.9, 157.4, 155.9, 143.7, 140.7, 126.9, 

125.9, 108.2 ppm. HRMS (ESI-TOF) m/z [M - H]- calcd for C24H15N3O6 488.07355; Found 

488.07421. UV (DMF, r.t, 10-4 - 10-5 M) λmax = 270 nm, ε = 2.1153 × 104 M-1cm-1. Fluorescence 

(DMF, r.t, 10-5 M): λex = 270 nm, λmax em = 314, 419 nm. 

 

Compound 139 

Pale beige powder; Yield 29 % (0.166 g, 0.34 mmol) mp 270-273 °C; IR (ATR, solid sample, cm-

1) 3076, 1698, 1590, 1456, 1419, 1376, 1240, 1113, 998. 1H NMR (400 MHz, DMSO-d6) δ Ha 

8.72 (d, J = 2.4 Hz, 3H), Hc 8.31 (dd, J = 8.5, 2.4 Hz, 3H), Hb 7.18 (d, J = 8.6 Hz, 3H) Hd 7.03 

(s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 166.2, 165.4, 154.9, 147.9, 150.0, 141.7, 123.0, 

112.2, 111.9 ppm. HRMS (ESI-TOF) m/z [M + H]+ calcd for C24H12K3N3O9 488.07355; Found 

488.07079. UV (DMF, r.t, 10-4 - 10-5 M) λmax = 272 nm, ε = 2.1987 × 104 M-1cm-1. Fluorescence 

(DMF, r.t, 10-4 M): λex = 270 nm, λmax em = 312, 414 nm. 

 

8.2.3 General synthesis method for 135 and 141 

The amide pyridine benzenes 135 and carboxylate pyridine benzene 141 (Figure 8.3) were 

synthesized through the hydrolysis of the corresponding cyanopyridine benzene 132 (Figure 7.1). 

Initially, a mixture of cyanopyridine benzene 132 (500 mg, 1.16 mmol) and potassium hydroxide 

(324 mg, 5.77 mmol) was refluxed in 50 ml water at 110 °C. After four hours, a white precipitate 

formed, which was subsequently filtered and dried in a vacuum oven to obtain the amide pyridine 

benzene. The remaining solution beneath the filter was acidified with 200 µL of 37% HCl to adjust 

the pH to approximately 4. Unlike compounds 137 and 139, compound 141 does not precipitate 
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upon acidification. The solution was then evaporated under reduced pressure to obtain compound 

141. 

 

 

                                               135                                               141 

Figure 8. 3 Structures of compounds 135 and 141. 

 

Compound 135 

White powder; Yield 24 % (0.136 g, 0.28 mmol) mp 240-245 °C; IR (ATR, solid sample, cm-1) 

3444, 3337, 1678, 1570, 1432, 1364, 1283, 1244, 1133, 1004. 1H NMR (400 MHz, DMSO-d6) δ 

Hc 8.55 (d, 3J = 5.6 Hz, 3H), NH2 8.16 (s, 3H), NH2 7.72 (s, 3H), Ha 7.61 (d, 4J = 2.1 Hz, 3H), Hb 

7.29 (dd, 3J = 5.5, 4J =  2.4 Hz, 3H), Hd 7.14 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 

165.8, 165.0, 156.5, 153.2, 151.2, 115.2, 110.9, 110.8 ppm; HRMS (ESI-TOF) m/z [M + H]+ calcd 

for C24H18N6O6 487.13606; Found 487.13495. UV (DMF, r.t, 10-4 - 10-5 M) λmax = 267 nm, ε = 

2.1987 × 104 M-1cm-1. Fluorescence (DMF, r.t, 10-4 M): λex = 270 nm, λmax em = 310, 423 nm. 

 

Compound 141 

Pale beige powder; Yield 76 % (0.531 g, 0.88 mmol) mp 370-375 °C (not sure); IR (ATR, solid 

sample, cm-1) 3315, 1630, 1563, 1454, 1406, 1366, 1285, 1238, 1136, 1007. 1H NMR (400 MHz, 

DMSO-d6) δ Ha 8.49 (d, J = 5.6 Hz, 3H), Hc 7.51 (d, J = 2.5 Hz, 3H), Hb 7.14 (dd, J = 5.6, 2.5 

Hz, 3H), Hc 7.00 (s, 3H) ppm. 13C NMR (100 MHz, DMSO-d6) δ 166.2, 165.4, 156.5, 153.2, 

151.2, 115.2, 110.9, 110.8 ppm. HRMS (ESI-TOF) m/z [M-3Na+2H-e] calcd for C24H14N3O9 
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488.07355; Found 488.06973. UV (DMF, r.t) λmax = 310, 443 nm. Fluorescence (DMF, r.t): λex = 

270 nm, λmax em = 309, 418 nm. 

 

8.2.4 Synthesis method of 145 

To synthesize compound 145 (Figure 8.4), a mixture of 1,3,5-tri-cyanopyridine-benzene 131 (0.30 

g, 0.69 mmol), dicyandiamide (0.18 g, 2.42 mmol), and KOH (0.12 g, 2.08 mmol) in 10 mL of 2-

methoxyethanol was refluxed for 4 hours. After cooling down, 10 ml of water was added to the 

solution, and the pH was adjusted to around 3 by using 200 µl HCl 37%. Upon acid addition, a 

precipitate formed. The supernatant was filtered, and the yellow residue was dried under a vacuum 

oven to obtain the final product. 

 

 
145 

Figure 8. 4 Structure of compound 145. 

 

Compound 145 

Yellow powder; Yield 72% (0.247 g, 497 mmol); mp 225-235 °C; UV (acetonitrile) λmax = 300 

nm; IR (neat) νmax = 3470, 3313, 3188, 1605, 1531, 1435, 1398, 1220, 1141, 1114, 992 cm-1. 1H 

NMR (400 MHz, DMSO-d6) δ Hd 8.46 (s, 3H, CH),  Ha 8.25 (d, 3J = 8.6 Hz, 3H, CH), Hb 7.58 

(dd, 3J = 8.6, 4J = 2.0 Hz, 3 H, CH), HNH2 6.84 (s, 12H, NH), Hc 6.34 (d, 3J = 11.5 Hz, 3H, CH) 

ppm; 13C NMR (100 MHz, DMSO-d6) δ = 169.9, 168.0, 160.6, 158.3, 154.53, 150.3, 140.7, 126.1, 

124.9, 102.6, 101.2 ppm; HRMS (ESI-TOF) m/z [M + H]+ calcd for C22H18N12O3 499.46; Found 

499.17. 
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8.2.5 General synthesis method for compounds 150-153 

To synthesis compounds 150-153 (Figure 8.5), a mixture of triphenylene-2,3,6,7,10,11-hexaol (0.5 

g, 1.54 mmol), corresponding bromocyanopyridine (2.5 g, 13.8 mmol), and K2CO3 (1.9 g, 13.8 

mmol) in DMF/toluene (1/1) was heated at reflux for 72 hours. Volatiles were then removed from 

the mixture by evaporation under reduced pressure, and the solid residue was extracted with 

CH2Cl2 (4 × 50 mL). CH2Cl2 was removed by evaporation under reduced pressure, and the solid 

residue was washed with hot methanol. A subsequent filtration allowed the pure product to be 

isolated. 

 

 
Figure 8. 5 Structures of compounds 150-153. 
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Compound 150 

Pale beige powder. Yield 90% (0.94 g, 1.003 mmol). mp 333-337 °C; 1H NMR (DMSO-d6, 200 

MHz),  δ, ppm: Hd 9.05 (s, 6H, CH),  Hc 8.56 (d, 3J = 5.8 Hz, 6H, CH), Ha 7.82 (d, 4J = 2.5 Hz, 

6H, CH), Hb 7.31 (dd, 3J = 5.8, 4J=2.6 Hz, 6 H, CH). 13C NMR (DMSO-d6, 100 MHz) δ, ppm: 

164.6, 153.5, 144.9, 134.7, 129.1, 120.3, 117.5, 117.3, 115.4. HRMS (ESI-TOF) m/z [M+H]+ calcd 

for C54H24N12O6 937.20145; Found 937.20139; (relative error -0.07). Elemental analysis: Calcd. 

(%) for C54H25N12O6 (CH3OH): C 68.18, H 2.91, N 17.35; Found: C 68.06, H 2.72, N 17.64; IR 

(ATR, solid sample, cm-1): 3060, 2240, 1571, 1464, 1419, 1419, 1297, 1270, 1160, 1007. UV 

(acetonitrile, r.t, 10-4 - 10-6 M) λmax = 271 nm.  Fluorescence (acetonitrile, r.t): λex = 270 nm, λmax 

em = 377, 360, 369 nm. X-ray quality crystals were obtained at 25 °C by slow evaporation of a 

solution of the compound in DMSO (~5 mg/mL). 

 

Compound 151 

Pale beige powder. Yield 87% (0.92 g, 0.982 mmol). mp 274-278 °C. 1H NMR (DMSO-d6, 200 

MHz) δ, ppm: Hd 8.96 (s, 6H, CH), Ha 8.48 (d, 4J = 2.5 Hz, 6H, CH), Hc 7.98 (d, 3J = 8.7 Hz, 6H, 

CH), Hb 7.58 (dd, 3J = 8.7, 4J =  2.9 Hz, 6H, CH). 13C NMR (DMSO-d6, 100 MHz) δ, ppm: 156.6, 

145.5, 141.3, 131.1, 128.9, 126.9, 124.4, 119.6, 117.7. HRMS (ESI-TOF) m/z [M + H]+ calcd for 

C54H25N12 O6 937.2015; Found 937.2006 (relative error 0.96 ppm).Elemental analysis: Calcd (%) 

for C54H25N12O6(H2O)1.8(CH3OH): C 65.97, H 3.18. N 16.79; Found: C 66.46, H 2.71, N 16.53. 

IR (ATR, solid sample, cm-1): 3059, 2234, 1570, 1503, 1463, 1416, 1283, 1227, 1129,1013. UV 

(acetonitrile, r.t, 10-4 - 10-6 M) λmax = 275 nm. Fluorescence (acetonitrile, r.t, 10-5 M): λex = 270 

nm, λmax em = 380, 363, 398 nm. X-ray quality crystals were obtained at 25 °C by slow evaporation 

of a solution of the compound in acetonitrile (~5 mg/mL). 

 

Compound 152 

Pale beige powder. Yield 92% (0.89 g, 0.949 mmol). mp 366 °C. 1H NMR (DMSO-d6, 200 MHz) 

δ, ppm: Hd 8.86 (s, 6H, CH), Ha 8.59 (d, 4J = 1.9 Hz, 6H, CH), Hc 8.26 (dd, 3J = 8.7, 4J =  2.3 Hz, 

6H, CH), Hb 7.13 (d, 3J = 8.7 Hz, 6H, CH). 13C NMR (DMSO-d6, 100 MHz) δ, ppm: 164.9, 152.6, 

144.0, 145.1, 128.1, 119.8, 117.3, 111.8, 104.5. HRMS (ESI-TOF) m/z [M+H]+ calcd for 

C54H25N12 O6 937.2015; Found 937.2046 (relative error -3.31 ppm). Elemental analysis: Calcd (%) 

for C54H25N12O6(H2O): C 67.92, H 2.74. N 17.60; Found: C 67.61, H 2.72, N 17.60 . IR (ATR, 
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solid sample, cm-1)  3074, 2232, 1595, 1504, 1472, 1414, 1288, 1255, 1117, 1017. UV (acetonitrile, 

r.t, 10-4 - 10-6 M) λmax = 273 nm. Fluorescence (acetonitrile, r.t, 10-5 M): λex = 270 nm, λmax em = 

375, 364, 393 nm. 

 

Compound 153 

Pale beige powder. Yield 89% (0.87 g, 0.928 mmol). mp 332-336 °C. 1H NMR (DMSO-d6, 200 

MHz) δ, ppm: Hd 8.91 (s, 6H, CH), Hc 8.01 (dd, 3J = 8.5, 3J = 7.4 Hz, 6H, CH), Ha 7.73 (dd, 3J = 

7.3, 4J =  0.7 Hz, 6H, CH), Hb 7.31 (dd, 3J = 8.5, 4J = 0.7 Hz, 6H, CH). 13C NMR (DMSO-d6, 200 

MHz) δ, ppm: 163.0, 145.0, 142.3, 129.8, 128.1, 125.3, 119.8, 117.1, 116.5. HRMS (ESI-TOF) 

m/z [M+H]+ calcd for C54H25N12O6 937.20145; Found 937.20265; (relative error 1.28). Elemental 

analysis: Calcd (%) for C54H25N12O6(CH3OH)2: C 67.20, H 3.22, N 16.79; Found: C 67.77, H 2.77, 

N 16.88. IR (ATR, solid sample, cm-1) 3088, 2236, 1589, 1505, 1436, 1413, 1321, 1269, 1205, 

1130, 1010. UV (acetonitrile, r.t, 10-4 - 10-6 M) λmax = 269 nm. Fluorescence (acetonitrile, r.t, 10-5 

M): λex = 270 nm, λmax em = 362, 394, 473 nm. 

 

8.2.6 Synthesis method of 2,3,6,7,10,11-hexamethoxytriphenylene (52) 

To synthesize compound 51 (Figure 8.6), according to the reported study214, in a 1000 mL round-

bottom flask equipped with a magnetic stirrer, veratrole 50 (21.3 mL, 166.5 mmol) was gradually 

introduced into a well-stirred suspension of FeCl₃ (81.0 g, 499.4 mmol) in dichloromethane (500 

mL) with concentrated sulfuric acid (0.9 mL, 16.3 mmol). As the veratrole 50 was added, hydrogen 

chloride gas was released, causing the temperature to rise until the dichloromethane began boiling. 

The reaction mixture was then stirred for an additional 2 hours. To halt the reaction, methanol (300 

mL) was carefully added (this step generates heat and formaldehyde, so it is recommended to 

perform it in a well-ventilated fume hood). After complete addition of methanol, the mixture was 

stirred for another 30 minutes, then filtered. The remaining solid was thoroughly washed with 

methanol (5 × 80 mL) and vacuum dried, yielding 2,3,6,7,10,11-hexamethoxytriphenylene 51 as 

a grey solid. 1H NMR (400 MHz, DMSO-d6) Ha δ 7.99 (s, 6H), Hb 4.04 (s, 18H) ppm. The melting 

point is more than 300°C as reported (19.7 g, 87%). 

 



 

 176 

 
                                                                          52 

Figure 8. 6 Structure of compound 52. 

 

8.2.7 Synthesis method of 1,5,9-trinitro-2,3,6,7,10,11-hexamethoxytriphenylene (165) 

To synthesize compound 165 (Figure 8.7), according to the reported study214, in a 500 mL round-

bottom flask fitted with a magnetic stirrer, dry CHCl₃ (250 mL) was added along with TBAB (7.9 

g, 24.5 mmol), AgNO₃ (25.0 g, 147.0 mmol), and 2,3,6,7,10,11-hexamethoxytriphenylene 52 (10.0 

g, 24.5 mmol). Benzene sulfonyl chloride (18.8 mL, 147.0 mmol) was then slowly introduced, and 

the mixture was heated to 60 °C for three days. Afterward, the reaction mixture was filtered, and 

the resulting solution was added to water and extracted with CH₂Cl₂. The organic phase was 

washed with water, dried over anhydrous Na₂SO₄, and concentrated under reduced pressure. The 

product was purified through silica gel column chromatography (PE : DCM = 4 : 1, v/v) and 

recrystallized in ethanol, yielding a yellow solid 165. 1H NMR (400 MHz, CDCl3-d6) δ 7.61 (s, 

3H), Hb 4.08 (s, 9H), Hc 4.01 (s, 9H) ppm. The melting point is between 245-246°C as reported 

(7.2 g, 54%). 
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Figure 8. 7 Structure of compound 165. 
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8.2.8 Synthesis method for 2,3,6,7,10,11-hexamethoxytriphenylene-1,5,9-triamine (166) 

To synthesize compound 166 (Figure 8.8), according to the reported study214, in a 500 mL round-

bottom flask equipped with a magnetic stirrer, a solution of 1,5,9-trinitro-2,3,6,7,10,11-

hexamethoxytriphenylene 165 (5.0 g, 9.2 mmol) was prepared in a 200 mL THF/MeOH mixture 

(4:1 v/v). To this solution, Ni(OAc)₂•4H₂O (2.3 g, 9.2 mmol) was added, and the mixture was 

stirred for 5 minutes. Finely powdered NaBH₄ (5.22 g, 138.0 mmol) was then gradually introduced, 

leading to the immediate formation of a fine black precipitate. The mixture was stirred until thin-

layer chromatography (TLC) indicated the reaction was complete. At the end, 100 mL of water 

was added, the mixture was filtered, and the solvents were evaporated under reduced pressure. The 

remaining solid was recrystallized from ethanol to yield a gray solid 166. 1H NMR (400 MHz, 

DMSO-d6) δ Hf 8.10 (s, 3H), NH2 5.14 (s, 6H), Hb 3.79 (s, 9H), Hc 3.90 (s, 9H) ppm. The melting 

point is between 173-174°C as reported (4.0 g, 96%). 
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Figure 8. 8 Structure of compound 166. 
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8.2.9 Synthesis method of compound 165 

To synthesize compound 165 (Figure 8.9), 1,5,9-triamino-2,3,6,7,10,11-hexamethoxytriphenylene 

159 (50 mg, 0.11 mmol) and 4-formylbenzoate (91 mg, 0.55 mmol) were placed in a dried 25 mL 

schlenk tube. The tube was purged with nitrogen, followed by the addition of 5 mL of DMSO. The 

reaction mixture was heated at 150 °C for 24 hours under a nitrogen atmosphere. Subsequently, 

the reaction was continued under an oxygen atmosphere at 120 °C and monitored by TLC until 

completion. After cooling to room temperature, the mixture was extracted with water (15 mL) and 

dichloromethane (2 × 40 mL). The organic layer was separated, and the solvent was evaporated. 

The resulting yellow residue was washed with water and acetone, then dried under vacuum to 

afford the final product, compound 165. 
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Figure 8. 9 Structure of compound 165. 

 

Compound 165 

Yellow powder; Yield 89%  (0.868 g, 0.098 mmol) mp 227-232 °C; 1H NMR (400 MHz, CDCl3-

d6)) δ Hb 8.33 (d, 3J  = 8.5 Hz, 6H, CH), Ha 7.99 (d, 3J  = 8.5 Hz, 6H, CH), Hc 4.53 (s, 9H, CH3), 

He 4.06 (s, 9H, CH3), Hd 3.82 (s, 9H, CH3) ppm; 13C NMR (100 MHz, CDCl3-d6) δ 167.2, 158.6, 

150.1, 148.4, 147.6, 140.0, 129.6, 129.5, 128.7, 123.5, 116.5, 112.6, 63.1, 61.9, 52.3 ppm; IR 

(ATR, solid sample, cm-1) 2945, 1716, 1610, 1564, 1455, 1407, 1374, 1272, 1188, 1103 cm-1; 
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HRMS (ESI-TOF) m/z [M + H]+ calcd for C51H39N3O12 885.87; Found 890.2929; UV (acetonitrile, 

r.t, 10-4 - 10-6 M) λmax = 232, 274, 366 nm. 

 

8.2.10 Synthesis method of 169 

To synthesize compound 169 (Figure 8.10), a solution of one equivalent compound 145 (10 mg, 

0.020 mmol) and three equivalents of Zn(ClO₄)₂·6H₂O 168 (16.32 mg, 0.044 mmol) dissolved in 

a mixture of 3 mL of DMF and 6 mL of methanol was prepared. The solution was then transferred 

to a 25 mL sealed vial and heated in an oven at 80 °C for 48 hours. After heating, the vial was 

allowed to slowly cool to room temperature, resulting in the formation of crystals of the final 

compound 169 (Figure 7.11). 

 

 
Figure 8. 10 Structure of compound 169. 

 

Compound 169  

Yellow crystal (Figure 8.11); Yield 65%  (0.098 g, 0.065 mmol); IR (ATR) 3395, 2934, 2360, 

1652, 1494, 1456, 1412, 1387, 1339, 1253, 1150, 1099, 1016, 995 cm-1; HRMS (ESI-TOF) m/z. 
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Figure 8. 11 Photo of crystal of compound 169. 

  



 

 a 

Annex 

 

 

 

 

 

 

 

 

 

 
  



 

 b 

 
Figure S. 1 1H NMR (400 MHz) spectrum of compound 131. Solvent: DMSO-d6. 
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Figure S. 2 13C NMR (100 MHz) spectrum of compound 131. Solvent: DMSO-d6.  
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Figure S. 3 1H NMR (400 MHz) spectrum of compound 132. Solvent: DMSO-d6. 
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Figure S. 4  13C NMR (100 MHz) spectrum of compound 132. Solvent: DMSO-d6. 



 

 f 

 
Figure S. 5 1H NMR (400 MHz) spectrum of compound 133. Solvent: DMSO-d6. 
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Figure S. 6 13C NMR (100 MHz) spectrum of compound 133. Solvent: DMSO-d6. 
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Figure S. 7 1H NMR (400 MHz) spectrum of compound 134. Solvent: DMSO-d6. 

 

 



 

 i 
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Figure S. 9 1H NMR (400 MHz) spectrum of compound 135. Solvent: DMSO-d6. 
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Figure S. 10 13C NMR (100 MHz) spectrum of compound 135. Solvent: DMSO-d6. 



 

 l 

 
Figure S. 11 1H NMR (400 MHz) spectrum of compound 136. Solvent: DMSO-d6. 
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Figure S. 12 13C NMR (100 MHz) spectrum of compound 136. Solvent: DMSO-d6. 
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Figure S. 13 1H NMR (400 MHz) spectrum of compound 137. Solvent: DMSO-d6. 
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Figure S. 14 13C NMR (100 MHz) spectrum of compound 137. Solvent: DMSO-d6. 
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Figure S. 15 1H NMR (400 MHz) spectrum of compound 139. Solvent: DMSO-d6.  
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Figure S. 16 13C NMR (100 MHz) spectrum of compound 139. Solvent: DMSO-d6. 
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Figure S. 17 1H NMR (400 MHz) spectrum of compound 141. Solvent: DMSO-d6. 



 

 s 

 
Figure S. 18 13C NMR (100 MHz) spectrum of compound 141. Solvent: DMSO-d6. 
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Figure S. 19 1H NMR (400 MHz) spectrum of compound 145. Solvent: DMSO-d6. 
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Figure S. 20 13C NMR (100 MHz) spectrum of compound 145. Solvent: DMSO-d6. 
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Figure S. 21 1H NMR (200 MHz) spectrum of compound 150. Solvent: DMSO-d6. 
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Figure S. 22 13C NMR (100 MHz) spectrum of compound 150. Solvent: DMSO-d6. 
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Figure S. 23 1H NMR (200 MHz) spectrum of compound 151. Solvent: DMSO-d6. 
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Figure S. 24 13C NMR (100 MHz) spectrum of compound 151. Solvent: DMSO-d6. 
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Figure S. 25 1H NMR (200 MHz) spectrum of compound 152. Solvent: DMSO-d6. 
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Figure S. 26 13C NMR (100 MHz) spectrum of compound 152. Solvent: DMSO-d6. 
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Figure S. 27 1H NMR (200 MHz) spectrum of compound 153. Solvent: DMSO-d6. 



 

 cc 

 
Figure S. 28 13C NMR (100 MHz) spectrum of compound 153. Solvent: DMSO-d6. 
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Figure S. 29 1H NMR (400 MHz) spectrum of compound 164. Solvent: CDCl3-d6. 
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Figure S. 30 13C NMR (100 MHz) spectrum of compound 164. Solvent: CDCl3-d6. 
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Figure S. 31 Emission spectra of compounds 131, 132, 133, 134, 135, 136, 137, and 139 in Acetonitrile at room 
temperature. 
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Figure S. 32 Emission spectra of compounds 131, 132, 133, 134, 135, 136, 137, and 139 in Acetonitrile at room 
temperature. λex = 240 nm. 
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Figure S. 33 Emission spectra of compounds 131, 132, 133, 134, 135, 136, 137, and 139 in acetonitrile at room temperature 
at different concentrations. λex = 240 nm. 
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