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Abstract 

Covalent organic frameworks (COFs) are crystalline, porous polymers constructed from 

organic building blocks linked by covalent bonds, providing remarkable stability, low density, 

and tunable porosity. Initially introduced in 2005 by Yaghi and colleagues, COFs merge 

structural accuracy with chemical adaptability, allowing for the customization of pore 

dimensions, shapes, and electronic characteristics for uses in gas storage, catalysis, sensing, 

separation, and drug delivery. A range of bonding chemistries, including boronate esters, 

imines, ɓ-ketoenamines, hydrazones, polyimides, amides, and triazines, permit meticulous 

control over stability and functionality, while synthetic techniques such as solvothermal, 

microwave-assisted, ionothermal, and mechanochemical methods enhance their availability. 

Among these, imine-linked COFs, formed via Schiff base condensation, continue to attract 

significant attention due to their structural flexibility and straightforward synthesis. 

Promising strategies to tailor the structure, properties, and performance of COFs include pre-

synthetic, post-synthetic and hybrid modifications. Pre-synthetic modification involves altering 

the monomers or adjusting reaction conditions prior to framework formation, enabling control 

over topology, porosity, and stability. Post-synthetic modification enables the incorporation of 

new chemical functionalities into pre-formed COFs, offering access to features that are difficult 

or impossible to achieve through direct synthesis. Hybrid modifications involve one-pot 

approaches in which guest components are incorporated into the COF structure during 

synthesis, enabling simultaneous tuning of framework composition and functionality. This 

thesis presents a balanced investigation of pre-synthetic, post-synthetic and hybrid modification 

strategies. The first part of the thesis (Chapters 3 and 4) investigates the pre-synthetic 

functionalization of N,N,Nǋ,Nǋ-tetraphenyl-1,4-phenylen (Wurster, W)-anthracene(A)-based 

COFs, denoted as W-A-X (X = H, Cl, Br, I). The second part (Chapters 5) explores post-

synthetic modifications of a thiophene-based COF, constructed from benzo[1,2- b:4,5-bǋ]-

dithiophene-2,6-dicarboxaldehyde (BDT) and 4-fold amine functionalized tetraphenylethylene 

(1,1ǋ,2,2ǋ-tetra-p-aminophenylethylene) (ETTA), referred to as BDT-ETTA, aimed at enhancing 

its catalytic performance. The third part (Chapter 6) explores hybrid modification of the BDT-

ETTA COF, aimed at controlling its charge- and energy-transfer behavior.  



ii  

Following this conceptual line of research, Chapter 3 focuses on the effect of pre-synthetic 

single-atom functionalization of W-A-X COFs. Anthracene is an electron-rich building block 

with versatile photophysical characteristics, making it an ideal candidate for the construction of 

optoelectronically active COFs. Introducing a single substituent at the 2-position of the 

anthracene core prior to framework formation yielded a series of highly crystalline COFs, 

enabling systematic investigations of how subtle chemical modifications influence crystallinity, 

domain size, and optoelectronic behavior. Comprehensive experimental characterization, 

complemented by theoretical modeling, revealed clear correlations between substituent identity, 

framework morphology, and optical response, demonstrating the potential of pre-synthetic 

single-atom modification as a strategy for tuning COF properties. These findings provide a 

fundamental understanding of structure-property relationships in functional COFs and offer a 

platform for their rational design toward applications in optoelectronics and photocatalysis. 

Chapter 4 builds on the previous work and examines how pre-synthetic halogen 

functionalization affects host-guest interactions in W-A-X COFs. Single-atom modifications on 

the peripheral anthracene rings allow subtle control over structural features and local 

electrostatics, influencing CO2 adsorption behavior. Experimental CO2 sorption measurements 

showed that all halogen-functionalized COFs exhibit significantly higher CO2 uptake and 

increased isosteric heats of adsorption compared to the non-functionalized W-A-H COF. 

Computational modeling identified two main adsorption regions: the imine linkage and the 

trigonal pores between anthracene units. Halogenation reduces nitrogen basicity and porosity 

but introduces ů-hole regions that enhance CO2 binding, with interaction strength increasing in 

the order I > Br > Cl. The combination of favorable electronic interactions and framework 

crystallinity results in W-A-Br achieving the highest CO2 uptake. These findings highlight how 

single-atom pre-synthetic functionalization can tailor electrostatics over the polymeric network, 

fine-tune adsorption sites and optimize COFs for host-guest interactions. 

Chapter 5 presents a post-synthetic modification strategy of the COF in which linkage 

conversion is employed to tune the interfacial and photocatalytic properties of the (BDT-

ETTA). Conversion of imine to amide linkages alters the COF surface charge due to their 

distinct protonation behaviors, as confirmed by zeta potential measurements, which in turn 

directs in-situ Pt photodeposition. The imine-linked COF yields uniformly small Pt 
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nanoparticles, while the amide-linked COF forms larger Pt particles and acts as an electron-

transport antenna, enhancing charge separation, proton adsorption, and overall hydrogen 

evolution, achieving a 300 % increase in photocatalytic activity compared to the imine form.  

Section 5.6 in this chapter describes complementary mechanistic studies on Pt photodeposition 

in the imine-based COF BDT-ETTA. Transmission electron microscopy images confirm the 

homogeneous distribution of Pt particles within the polymeric matrix and reveal that the 

deposited particles replicate the COF structure, evidencing their incorporation into the COF 

pores. Experimental observations suggest that Pt formation within the COF pores is a multistep 

process requiring both photoexcitation and a sacrificial electron donor, with sulfur atoms in the 

BDT unit serving as active sites for hole trapping and oxidation, and the imine bonds 

coordinating and reducing the Pt precursor. Although these studies were preliminary, they 

provided valuable mechanistic insight and informed the subsequent investigation of linkage 

conversion as a strategy to modulate COF photocatalytic behavior. These results highlight that 

post-synthetic modulation of surface charge and a mechanistic understanding of active sites 

together offer a powerful approach to control interfacial processes and expand the functional 

versatility of COFs in photocatalysis. 

Finally, Chapter 6 explores a hybrid modification strategy of the BDT-ETTA COF, focusing on 

doping with carbon dots (CDs). Microwave-derived, photoluminescent, metal-free CDs were 

incorporated into the COF in a one-pot synthesis, enabling precise control over the COF:CDs 

ratio. Structural and optoelectronic characterization revealed that the CD loading governs the 

interaction mechanism between the two components. At low loadings (up to 20 wt%), strong 

interfacial contact promotes charge transfer, evident from photoluminescence quenching of 

both COF and CDs and accelerated exciton decay kinetics. At higher loadings (30 wt% and 

above), reduced contact favors Fºrster resonance energy transfer from CDs to COF, enhancing 

COF photoluminescence. The study shows how controlled incorporation of CDs allows tuning 

of charge- and energy-transfer pathways. These findings provide fundamental insights into 

structure-property relationships in the BDT-ETTA COF/CDs composites, informing the design 

of multifunctional materials for photocatalysis, optoelectronics, and sensing. 
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In conclusion, this thesis has been focused on the functionalization strategies of imine-linked 

COFs employing pre-synthetic, post-synthetic and hybrid modification strategies to tailor 

structural, optoelectronic, and interfacial properties for enhanced gas sorption and 

photocatalysis. Single-atom halogenation, linkage conversion, Pt and carbon dot incorporation 

were employed to systematically investigate and control local electrostatics, adsorption 

behavior, photodeposition mechanisms, and charge- and energy-transfer pathways. These 

studies provide fundamental insights into structure-property relationships in COFs and 

demonstrate versatile strategies for tuning their functionality, highlighting their potential for 

applications in gas capture, photocatalysis, and optoelectronic applications. 
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1. Introduction 

Porous substances have become essential in contemporary life. Zeolites are a class of 

crystalline microporous materials known for their unique structural properties, which include a 

high surface area, uniform porosity, and interconnected pore systems. They are highly versatile 

and widely applied today, whether in the petrochemical sector for hydrocarbon separation, for 

catalyzing chemical reactions, or in household applications as ion exchangers for water 

softening.[1,2] In addition to zeolites, other highly porous materials such as aerogels, made from 

silica or metal oxides, along with porous carbons, are utilized as adsorbents, catalysts, thermal 

insulators, or for energy storage.[3] The extensive array of potential uses and their commercial 

viability have also inspired research into novel nanoporous material classes, including porous 

organic polymers, metal-polymer hybrid materials, and porous liquids. Of notable interest are 

materials that demonstrate a high degree of order, allowing for large surface areas and 

accurately defined pore sizes. By integrating organic components into the porous structure of 

these materials, a broad spectrum of physical and chemical properties can be achieved.[4] In the 

following sections, two such classes of materials - metal-organic frameworks and covalent 

organic frameworks - are discussed. 

1.1. Metal-organic frameworks (MOFs)  

Metal-organic frameworks (MOFs) are a class of crystalline porous substances formed by metal 

ions or clusters linked with organic ligands, resulting in extended one-, two-, or three-

dimensional structures. Their architecture consists of metal nodes connected by organic linkers, 

allowing precise control over properties such as porosity, surface area, and chemical stability. 

Unique characteristics like high tunability, structural diversity, and exceptionally high surface 

areas make MOFs promising candidates for various applications, including gas storage, 

separation, catalysis, and sensing.[5] 

1.1.1. Discovery and development 

The first notable metal-organic frameworks (MOFs), HKUST-1[6] and MOF-5[7] were reported 

in 1999, defining a benchmark in the field of MOF chemistry. In HKUST-1, copper 
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paddlewheel secondary building units are linked through 1,3,5-benzenetricarboxylate (BTC) to 

create three-dimensional porous cubic structures (Figure 1.1). In contrast, MOF-5, with the 

chemical formula Zn4O(BDC)3Ŀ(DMF)8(C6H5Cl), where BDC refers to terephthalic acid and 

DMF denotes dimethylformamide, is made up of Zn4O clusters connected by ditopic linear 

BDC linkers (Figure 1.2). 

 

Figure 1.1. Structure of HKUST-1 - [Cu3(TMA)2(H2O)3]n polymer framework viewed down 

the [100] direction, showing nanochannels with fourfold symmetry. Reprinted with permission 

from Chui et al [6]. Copyright 1999 American Association for the Advancement of Science. 



Introduction 

3 

 

Figure 1.2. Structure of MOF-5 shown as Zn4O tetrahedra (blue polyhedra) joined by benzene 

dicarboxylate linkers (O: red and C: black) to give an extended 3D cubic framework. Reprinted 

with permission from Kaye et al.[8] Copyright 2007 American Chemical Society. 

These substances demonstrate significant porosity and surface areas, offering potential uses in 

gas separation, storage, catalysis, sensing, and drug delivery. The advancement of MOFs has 

been greatly shaped by Yaghi's contributions, which established the groundwork for the 

discipline of reticular chemistry and the modular construction approach in the development of 

novel porous materials. In recognition of their pioneering work, Omar M. Yaghi, Susumu 

Kitagawa, and Richard Robson were awarded the Nobel Prize in Chemistry in 2025. 

1.1.2. Synthesis methods 

The synthesis of MOFs has progressed remarkably, with numerous innovative techniques being 

introduced to improve their scalability, eco-friendliness, and usability. Each method presents 

distinct benefits and obstacles, adding to the varied field of MOF production. The main 

synthesis methods are discussed below. 

¶ Solvothermal synthesis. This method involves reacting metal ions with organic linkers 

in a solvent under elevated temperatures and pressures to form crystalline MOFs. It is 

highly versatile, offering control over particle size and morphology by adjusting 

reaction conditions. However, it typically requires long reaction times and may involve 

toxic solvents.[9]  
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¶ Ionothermal synthesis. This synthesis utilizes ionic liquids instead of organic solvents. 

Ionic liquids act as catalysts, charge-balancing agents, and templates, facilitating the 

introduction of ions into the cavities of the MOF, maintaining ionic charge balance, and 

guiding the structure of the framework, which includes the creation of homochiral 

MOFs featuring particular chiral anions. The usage of ionic liquids provides a wide 

temperature range and structural directing roles, enabling the formation of novel MOF 

structures with unique properties. However, the method may be limited by the 

availability and cost of suitable ionic liquids, and the potential complexity in recovering 

and recycling these liquids after synthesis.[10] 

¶ Electrochemical synthesis. To synthesize MOFs on the desired substrates, various 

electrochemical techniques can be employed:[11] 

ü Anodic dissolution. The dissolution of a metal anode in an electrolyte solution 

containing organic linkers. The metal ions released from the anode react with the 

organic linkers to form MOFs.[12] 

ü Reductive electrosynthesis. Metal ions are reduced at the cathode in the presence 

of organic linkers, leading to the formation of MOFs.[13] 

ü Electrophoretic deposition. This process involves the movement of charged 

particles (metal ions and organic linkers) under an electric field towards an 

electrode, where they deposit and form MOFs.[14] 

ü Galvanic displacement. In galvanic displacement, an active metal (e.g., copper) 

contacts a solution containing more noble metal ions (e.g., silver). The difference in 

reduction potentials drives the reduction and deposition of the noble metal, while 

the active metal is oxidized and supplies electrons for the cathodic reaction. Unlike 

electrodeposition, no external voltage or current is needed. The released metal ions 

can also serve as metal sources for MOF synthesis.[15,16] 

The key advantages of electrochemical synthesis include significantly shorter 

synthesis times, precise control over the properties of the resulting MOFs (such as 
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thickness and morphology through adjustment of current and voltage), and mild 

reaction conditions, which are particularly beneficial for preserving the functionality 

of sensitive components. The challenges in electrochemical synthesis of MOFs include 

anode erosion, electrolyte issues affecting MOF structure, limited metal selection for 

anodes, and difficulties in maintaining control over synthesis at high current 

densities.[11] 

¶   Mechanochemical synthesis. Mechanochemical synthesis involves grinding the 

reactants together, without any or just a minimal presence of a small amount of 

solvent, thus promoting the formation of MOFs. This method allows using MOF 

precursors with low solubility and is fast and cost-efficient. However, its main 

limitation is scalability, as it is typically a low-throughput, batch process.[17,18] 

¶   Microwave-assisted synthesis. This method used uses electromagnetic waves to 

rapidly and directly heat reactants, enabling fast and efficient MOF crystallization. It 

offers shorter reaction times, higher yields, smaller particle sizes, and better control 

over crystal quality compared to conventional heating. Microwave synthesis is also 

useful for defect engineering and gram-scale production. However, it can face 

challenges with reproducibility, limited scalability, and requires specialized 

equipment.[17,19,20] 

Due to their diverse synthesis methods and promising properties, such as high crystallinity and 

large surface area, MOFs have already been widely applied in various fields, including 

pollution remediation,[21,22] gas storage,[23,24] and sensing[25,26]. One major issue in the area of 

MOFs is the difficulty of ensuring chemical stability, especially in severe environments like 

acidic, basic, and aqueous environments,[27,28] which can sometimes limit their real-world 

applications. Ongoing research and the development of novel approaches to improve MOF 

stability show promise and have already resulted in the synthesis of MOFs that exhibit 

enhanced resistance to severe conditions.[29ï31]  
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1.2. Covalent organic frameworks (COFs) 

Covalent organic frameworks (COFs) are a class of crystalline porous materials that are 

constructed from organic building blocks linked by covalent bonds. Initially introduced by 

Yaghi et al. in 2005,[32] COFs represented a significant advancement in the creation of 

crystalline cross-linked polymers. Yaghi and co-workers successfully achieved the synthesis of 

COF-1 and COF-5 through the reaction of phenyl diboronic acid with itself or with 

hexahydroxytriphenylene, thus addressing a persistent challenge within the realm of polymer 

chemistry (see Figure 1.3).  

COFs possess a wide range of valuable characteristics, including: 

¶ Stability . Thanks to their covalent bonding, COFs can demonstrate significantly greater 

thermal and chemical stability compared to the metal-ligand coordination bonds found in 

MOFs.[33] 

¶ High surface area and porosity. The large internal surface area and porosity of COFs 

offer abundant space for interactions with guest molecules. This makes them especially 

effective for applications such as gas storage, catalysis, and drug delivery, where surface 

interactions are crucial.[34,35] 

¶ Low density. Composed primarily of light elements such as carbon, nitrogen, hydrogen, 

and sulfur, COFs are inherently low in density. This feature, along with the absence of 

metal ions, can enhance their biocompatibility and reduce toxicity, making them potential 

candidates for biomedical applications like drug delivery and cancer therapy.[36] 

¶ High crystallinity . The well-ordered, crystalline structure of COFs supports applications 

that rely on precise molecular alignment, such as sensing, optoelectronics, catalysis and 

separation technologies.[33] 
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Figure 1.3. Condensation reactions of boronic acids used to produce (a) COF-1 and (b) COF-5. 

Adapted with permission from C¹t® et al.[32] Copyright 2005 American Association for the 

Advancement of Science. 

1.2.1. Linkage types 

COFs can be connected through various linkage types, which affect their structural and 

functional characteristics. The selection of linkages in COFs is a key element that influences 

their photophysical properties, catalytic performance, electronic configurations, and overall 

durability. This variety in linkage chemistry enables the creation of COFs with customized 

functionalities suitable for a range of applications.[37] 

Many widely used linkages of COFs are presented in Table 1.1. The majority of them, such as 

boroxine, boronate, imide, imine, alkene, hydrazone, ketoenamine, and triazine, are typically 

obtained through direct and (slightly) reversible synthetic routes from monomers. In addition, a 
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few linkage types (such as amine, amide, and thiazole) can be formed via indirect synthetic 

routes, that is, through linkage conversion processes of pre-synthesized imine linkages, usually 

involving irreversible reactions. Specifically, the imine-to-amide linkage conversion is 

discussed in detail in Section 0. 

Table 1.1. Different types of COF linkages and their common synthetic routes.  

Linkage type Reaction conditions 

Boroxine, boronate (B-O) 

 

Self-condensation of 

boronic acids to produce 

boroxine rings, or via the 

co-condensation of 

boronic acids with 

catechols to yield 

boronate ester 

linkages.[32] 

Polyimide (C-N) 

 

Condensation between 

acid anhydrides and 

amino groups.[38] 

Imine (C=N) 

 

Schiff base condensation 

between amines and 

aldehydes.[39] 
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Alkene (C=C) 

 

Knoevenagel 

condensation between 

aldehyde-substituted 

monomer and cyano-

containing compound.[40] 

Hydrazine (C=N) 

 

Condensation of 

hydrazine with carbonyl-

containing compounds 

such as aldehydes or 

ketones.[41] 

Ketonenamine (C-N) 

 

 

Schiff base condensation 

between amines and 

carbonyl compounds. 

The resulting imine 

linkages then undergo 

irreversible enol-to-keto 

tautomerization, leading 

to a stable ɓ-

ketoenamine 

structure.[42] 

Triazine (C=N) 

 

Cyclotrimerization of 

cyano-containing 

monomers.[43] 
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Amine (C-N) 

 

 

Linkage conversion from 

pre-synthesized imine 

linkage to amine linkage 

using formic acid.[44] 

Amide (C-N) 

 

 

Linkage conversion from 

pre-synthesized imine 

linkage to amide linkage 

using suitable oxidizing 

agents.[45ï49] 

Thiazole (C-S) 

 

 

Linkage conversion from 

pre-synthesized imine 

linkage to amide linkage 

using elemental 

sulfur.[50] 

 

COFs can typically be synthesized employing methodologies analogous to those utilized for 

MOFs, including solvothermal,[51] microwave-assisted,[52,53] ionothermal,[54,55] and 

mechanochemical[56,57] techniques. Of all the techniques, the solvothermal strategy is still the 

most frequently used method for the formation of imine-based COFs, which are the main focus 

of this thesis. Generally, these reactions occur via a Schiff base condensation, conducted in 

designated organic solvents accompanied by acetic acid, which functions as a Brßnsted acid 

catalyst. The role of acetic acid is crucial, as it donates a proton to the carbonyl group of the 

aldehyde, increasing its electrophilicity and facilitates the nucleophilic attack by the amine.[58]  
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This nucleophilic attack initiates the Schiff base reaction (Figure 1.4), which proceeds through 

the formation of the imine (C=N) bond, accompanied by the elimination of water.[59]  

 

Figure 1.4. Mechanism of Schiff base (imine) formation. 

A key factor in achieving high crystallinity in COFs is the use of (slightly) reversible reactions 

during synthesis. This reversibility allows for dynamic error correction and self-repair, enabling 

the formation of highly ordered frameworks.[60] Nonetheless, high crystallinity is not limited to 

systems only formed via reversible linkages, as alternative synthetic approaches (for example, 

previously mentioned linkage conversion strategies)[44,45] and optimized reaction conditions can 

also yield well-ordered COFs. 

1.2.2. Different topologies 

Topology refers to the geometric arrangement and connectivity pattern of the building units 

within the extended 2D or 3D framework. In 2D COFs, layers are formed through in-plane 

covalent linkages and stacked via ḯ́  interactions between planar sheets, whereas in 3D COFs, 

building units are covalently connected in all directions to generate fully extended frameworks. 

The primary focus of this thesis was on 2D COFs. Typical topological design types for 2D 

COFs include "C2 + C2," "C2 + C3," "C3 + C3," "C2 + C4," "C4 + C4," and "C6 + C2" 

(Figure 1.5). In the design process of 2D COFs, it is essential to consider not only the structure 

and geometry of the building units but also their stacking configurations. Generally, the 

potential stacking modes of two-dimensional COFs include layered overlapping stacking and 

layered staggered stacking, randomly disordered stacking, and staircase stacking. The powder 

X-ray diffraction (PXRD) patterns of these stacked configurations can be simulated and 

computed using Materials Studio software, often allowing for the determination of the most 

probable structure of 2D COFs by comparing them with the PXRD patterns obtained from 

experimental data.[43,61,62] 
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Figure 1.5. Different topological structures of 2D COFs. Adapted with permission from Lohse 

et al.[63] Copyright 2018 Wiley-VCH. 

1.3. From molecule to material: aligning building blocks with function 

Choosing building blocks for COFs is an important step, as the structural and chemical 

properties of the building blocks such as geometry, functionality, and electronic characteristics 

play a critical role in determining the frameworkôs overall structure, stability, porosity, and 

potential for specific applications. 

¶ Rigidity. Rigid building blocks are typically preferred because they maintain their 

defined geometric arrangement within the crystal lattice, promoting the formation of 

highly crystalline structures with well-defined pores.[64] Their limited conformational 

flexibility ensures correct bonding orientations during polymerization, further 

supporting ordered framework formation.[65] 

¶ Flexibility. In contrast to rigidity, flexibility is often associated with a higher number of 

single bonds, allowing free rotation within the structure. This structural adaptability 

imparts unique properties, such as breathing behavior and reversible expansion or 

contraction, enabling the formation of dynamic and responsive pore environments.[64,65] 
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For example, flexible frameworks can switch their porosity state in response to external 

stimuli such as guest molecules, pressure, or temperature.[65]   

¶ Extended -́conjugation. It typically involves longer aromatic systems or linearly 

connected conjugated units. Such systems are particularly useful for modulating optical 

properties, such as tuning the bandgap energy. This is especially important in 

applications like photocatalysis, where tuning the energy levels is a key step in 

enhancing photocatalytic performance.[66,67] 

¶ Fluorescence. This feature is strongly influenced by the -́conjugation degree of the 

building unit. When fluorescent building blocks are integrated into COFs, their emissive 

ability can be transferred to the extended polymeric network. Such fluorescent COFs 

are particularly promising for sensing applications, as they can exhibit high sensitivity 

and selectivity toward specific target molecules.[68] In some cases, this is manifested as 

a selective "turn-off" fluorescence response, enabling detection through measurable 

changes in emission.[69,70] 

¶ Electroactivity. It refers to the ability to conduct, store or transfer charge through the 

extended polymeric network of COFs.[71ï73] Incorporation of electroactive building 

blocks into COFs is highly beneficial for applications such as organic electronics[74] 

including photodetectors, photovoltaics, transistors and light-emitting diodes (OLEDs), 

as well as for energy storage applications[75] like supercapacitors. 

¶ Quadrupole character. This property arises from a non-spherically symmetric charge 

distribution within a system. In COFs, this feature is particularly useful for tuning the 

electrostatic potential across the framework. By modifying this potential, it becomes 

possible to influence how gas molecules interact with and are adsorbed within the 

material's pores. Such control is essential for optimizing applications like ion and gas 

uptake, where the local electrostatic environment plays a critical role in performance.[76] 

In the following sections, we highlight the potential of the anthracene building block for 

constructing novel COF structures. In Chapters 3 and 4, this building unit was used to 

synthesize multifunctional COFs with novel structural and functional features. 
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1.3.1. Anthracene - a multifunctional building block 

Anthracene is a polycyclic aromatic hydrocarbon molecule consisting of three benzene rings. 

Anthracene is well-known for its fluorescence properties which makes it particularly useful in 

organic electronics such as OLEDs or visualization and analysis of molecular structures.[77ï79] 

Another interesting property of anthracene is its ability to generate dimers upon illumination, 

which constitutes one of the oldest documented photochemical reactions (see Figure 1.6)[80]. 

Dimerization represents a reversible reaction - dimers can readily undergo decomposition and 

revert to their original anthracene configuration via thermal activation. Given that the 

anthracene molecule exhibits a highly conjugated structure and the dimerized products 

experience a loss of conjugation in the central ring, the dimerization process profoundly 

modifies the electronic characteristics of the compound, thereby influencing its luminescence 

and charge transport capabilities.[81] This distinctive behavior renders anthracene a significant 

candidate for a various applications such as photoresponsive sensors and memory materials.[82ï

85] 

 

Figure 1.6. Anthracene dimerization reaction. Reprinted with permission from Novak et al.[86] 

Copyright 2019 Elsevier.  

Anthracene is also well known for its high reactivity, particularly at the central ring (the 9 and 

10 positions), while the outer rings typically show diminished reactivity.[87,88] The high 

reactivity at these positions is often exploited in synthetic chemistry to introduce functional 

groups. This behavior is especially evident in anthracene's strong tendency to undergo Diels-

Alder and photocycloaddition reactions.[89ï91] The underlying reason lies in its electronic 

structure - specifically, the distribution of -́electrons across the molecule. In contrast, the outer 

rings are less reactive due to lower electron density and the stabilizing effects of resonance 

throughout the system.[92,93] 
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1.3.2. Incorporation of anthracene into COF architectures 

Anthracene-based building blocks have been widely explored in the field of MOFs for a range 

of applications, including sensing and light-emitting devices.[94ï98] Based on this success, 

anthracene has also become an increasingly popular building block in the design of COFs. 

Below we present several reported anthracene-based COFs, where various unique properties of 

anthracene have enabled the development of functional materials for diverse applications. 

¶ Photocatalytic applications. The extended -́conjugated system of anthracene plays a 

central role in enhancing the materialôs optoelectronic properties. The three linearly fused 

benzene rings of anthracene form a long conjugation pathway that broadens visible light 

absorption, lowers the bandgap, and improves charge transport. These combined features 

are particularly beneficial for photocatalytic applications.[99,100] As a result, anthracene-

based COFs can efficiently harvest light and promote effective charge separation and 

mobility. In addition, anthracene units can serve as effective anchoring sites through their 

strong ḯ́  interactions (see Figure 1.7), which facilitate the immobilization of metal 

complexes and consequently enhance photocatalytic performance by promoting more 

efficient charge transfer, broadening the light absorption range, and optimizing interfacial 

reaction pathways.[101]  

 

Figure 1.7. Preparation of anthracene-based COFs (DaTp) with ruthenium complexes (RuX) 

for photocatalytic H2O2 production. Reprinted with permission from Jiang et al.[101] Copyright 

2024 American Chemical Society.  
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¶ Sensing applications. The planar structure of anthracene facilitates robust ḯ́  

interactions with target analytes, permitting sensitive fluorescence quenching and 

elevated selectivity in chemo-sensing applications.[102] This sensing performance is 

further augmented thanks to anthracene's capability to execute reversible 

photodimerization through a [4+́4́] cycloaddition mechanism upon UV light exposure, 

which temporarily quenches fluorescence and is restored upon heating (see Figure 

1.8).[103] In addition to fluorescence switching, this dimerization process also triggers 

notable alterations in the UV-Vis absorption spectra, which can act as an additional 

optical signal for sensing or for observing the photoresponsive state of the material.[104] 

These combined attributes make anthracene-based COFs highly suitable for sensitive, 

reusable, and light-controlled sensing systems, with further potential in advanced 

optoelectronic and synaptic applications. 

 

 

Figure 1.8. Reversible photodimerization of anthracene unit in anthracene-based COF upon 

light exposure causes interruption of the conjugated system. Adapted with permission from 

Huang et al.[103] Copyright 2015 Wiley-VCH. 

¶ Structural tuning. The spatial arrangement of anthracene units can strategically control 

the dimensionality of the final material and its resulting optical properties. In some 

frameworks, anthracene units are oriented vertically relative to the 2D layers, introducing 

steric hindrance that prevents excessive layer stacking and facilitates the formation of 3D 
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COF structures (see Figure 1.9).[105] This vertical alignment not only promotes 3D 

growth but can also contribute to fluorescence modulation. Additionally, in other designs, 

the planar eclipsed stacking of anthracene units supports efficient exciton migration, 

which is essential for light-emitting processes.[106] This stacking mode enhances the 

structural stability of the COF while also boosting photoluminescent efficiency. 

 

 

Figure 1.9. Synthesis of 3D COF using sterically demanding anthracene unit. Reprinted with 

permission from Cheng et al.[105] Copyright 2023 American Chemical Society. 

1.4. Pre-synthetic modifications 

Pre-synthetic modifications in COFs involve altering the building blocks or adjusting the 

synthesis process before the framework is fully formed. This strategy is fundamental in COF 

chemistry as it enables the design of frameworks with tailored functionalities that are often not 

achievable through direct synthesis or post-synthetic modifications. A key approach is the 

incorporation of heteroatoms into the building blocks prior to framework assembly. 

The introduction of heteroatoms must be carefully controlled to avoid undesirable reactions that 

could compromise the building blocks or the final COF structure. This requires a thorough 

understanding of the chemical reactivity of the selected heteroatoms and the conditions under 

which the COF is synthesized. Ensuring the compatibility of heteroatoms with the synthesis 

environment is essential, as their influence on the stability and integrity of the framework can 

be significant.[107]  
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When thoughtfully chosen, heteroatoms can introduce active sites for catalysis, enhance 

interactions with guest molecules, and improve the overall functional performance of the 

COF.[108] In the following sections, we present the incorporation of halogens as heteroatoms 

into the COF structure, which served as the main strategy in Chapters 3 and 4 of this thesis. 

1.4.1. Halogen functionalized COFs: Effects on functional performance 

Halogen functionalization for the building blocks that are further used for COF synthesis is one 

of the most promising strategies to modulate final properties of the COFs and to broaden their 

applications. While typical elements of COF structures are carbon, nitrogen, hydrogen, sulfur 

and oxygen, incorporation of unusual strongly electronegative atoms such as halogens can 

significantly influence the electronic properties and reactivity of the building blocks, allowing 

for tailored interactions within the COF framework.  

Here we elaborate a few aspects demonstrating the impact of halogen functionalization of 

COFs: 

¶ Electronic properties tuning. The incorporation of halogen atoms can generate active 

sites within the COF framework and modify the band structure. This is advantageous in 

chemical reactions where COFs are used as catalysts, as the presence of halogens can 

promote electron transfer mechanisms and elevate performance in applications such as 

photocatalysis, where effective light absorption and emission are crucial.[109ï111] 

¶ Increased stability. Halogen functionalization can enhance the chemical stability of 

COFs. The high electronegativity of halogen atoms, specifically fluorine, increases the 

hydrophobicity of COFs by reducing surface tension. This improves their stability in 

harsh aqueous chemical environments, including acidic and alkaline conditions.[112] 

Additionally, halogen bonding promotes denser molecular packing, further enhancing 

chemical and thermal resistance which is an important advantage for applications in 

extreme conditions.[113]  

¶ Intermolecular interactions. Halogen functionalization can enhance the adsorption 

properties of COFs by strengthening intermolecular interactions. The incorporation of 
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halogen atoms modifies surface characteristics, increasing the materialôs ability to 

capture specific molecules by introduction of additional binding sites. This is 

particularly valuable for gas storage and separation applications.[114ï117] 

 

1.4.2. Electronegativity vs. atomic size  

In the context of halogen atom categories, their different electronegativities and atomic sizes 

can result in distinct characteristics of halogen-containing COFs. 

The most electronegative halogen, fluorine, frequently demonstrates superior efficacy owing to 

its capability to efficiently modulate electronic structure, which is particularly useful for 

photocatalytic and electrochemical applications.[113,118] A good example is the work of Cao et 

al.,[110] who synthesized COFs functionalized with fluorine, chlorine, and bromine (Figure 

1.10a) and evaluated them for photocatalytic Cr6+ reduction to Cr3+ (Figure 1.10c). The 

fluorinated COF showed the highest activity, consistent with the increasing electronegativity 

trend (Br < Cl < F), which generated more negative conduction band potentials (Figure 1.10b) 

and improved charge separation. Together, these factors provided a stronger driving force for 

efficient Cr6+ photoreduction. 
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Figure 1.10. (a) Synthesis and chemical structures of halogen-functionalized COFs: 

fluorinated(TAPP-2F), chlorinated (TAPP-2Cl), and brominated (TAPP-2Br). (b) Energy gaps 

of the HUMO/LUMO for TAPP-2F, TAPP-2Cl and TAPP-2Br. (c) Schematic illustration of 

the photoreduction of Cr6+ to Cr3+.  by TAPP-2F. Adapted with permission from Cao et al.[110] 

Copyright 2024 Elsevier.  

However, in certain cases, the incorporation of larger and less electronegative halogens may be 

more advantageous. Therefore, before choosing the halogen, it is important to consider the 

specific application and desired properties. While fluorine functionalization may amplify 

electron-withdrawing effects,[119ï121] halogens with higher polarizability such as iodine exhibit 
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stronger halogen bonding capabilities, which can be advantageous in applications where 

intermolecular interactions play a significant role. For example, Hu et al.[116] synthesized COFs 

with double halogen substitutions (chlorine, bromine, and iodine) and evaluated their methane 

sorption performance. The iodinated COF demonstrated a superior isosteric heat of adsorption, 

attributed to the strongest I-CH4 interaction among the tested halogens. Although this and other 

related studies[122] from the same group confirm the superior gas-sorption affinity of larger 

halogen atoms compared to smaller ones (I > Br > Cl), detailed investigations and 

comprehensive explanations of the interaction mechanisms between halogen atoms and gas 

molecules remain unexplored. Here, another interesting phenomenon known as ů-hole, which 

was already has been well characterized in supramolecular systems[123] but not yet in COFs, is 

worth to consider. 

The ů-hole concept is a fundamental principle in chemistry that describes a low electron-

density region that exists along the extension of a covalent bond, particularly in molecules 

containing electronegative atoms such as halogens. The ů-hole is generated by the polarization 

of electron density towards the electronegative atom, creating a positive electron-deficient 

area.[124] The characteristics of the ů-hole are significantly impacted by the atomic number of 

the halogen.[125] Bromine and iodine, being heavier halogens, display more pronounced ů-holes 

compared to lighter halogens like chlorine.[126] Fluorine is frequently regarded as an exception 

among halogens concerning the formation of ů-holes. Due to fluorineôs high electronegativity, 

small atomic size, and considerable sp-hybridization, it often leads to an influx of electronic 

charge that neutralizes the ů-hole, resulting in its absence.[125] 

An important facet regarding the ů-hole is its capacity to participate in non-covalent 

interactions such as halogen bonding (Figure 1.11). In this type of bonding, the ů-hole in the 

halogen atom acts as an electrophile and interacts with electron-rich sites (nucleophiles).[127] 

Examples of nucleophiles include ˊ-electrons of unsaturated systems, negatively charged ions 

or lone pairs on atoms such as nitrogen, oxygen, and sulfur.[127,128]  Halogen bonding typically 

occurs along the C-X axis (where X is a halogen atom), which predicts a 180-degree angle; 

however, studies have already demonstrated that variations of the angle can also 

occur.[124,129,130] 
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Figure 1.11. ů-hole interacting with a nucleophile via non-covalent bonding.  

1.5. Post-synthetic modifications  

Post-synthetic modification of COFs is an important strategy for introducing novel chemical 

functionalities, modulating their properties, and thereby broadening their application potential 

beyond the initial synthesis. Post-modification strategies include approaches such as metal 

integration into the polymeric structure (for example, via photodeposition, chemical reduction 

or electrochemical modification) and chemical transformation of linkages. The following 

section summarizes several post-modification strategies employed for COFs in this thesis. 

1.5.1. Linkage conversion 

Post-synthetic linkage conversion from imine to amide linkages has been so far the most 

popular linkage conversion technique used for COFs.[45ï49,131] This method allows to alter COF 

properties without changing the overall framework structure, thus retaining crystallinity and 

porosity.[45] 

To convert imine bonds into amide bonds, mild reaction conditions are typically sufficient - the 

transformation usually occurs at room temperature and often without the need for stirring. The 

key to this process is the use of oxidizing agents such as  sodium chlorite,[45]  N-heterocyclic 

carbenes[46,47] or KHSO5
[48,49]. 

The conversion of imine linkages to amide bonds in COFs offers significant advantages: 
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¶ Enhanced chemical stability. Amide-linked COFs have higher resistance to 

degradation compared to their imine-based counterparts, which is especially important 

for applications in harsh chemical environments.[45,132] This improved stability arises 

from the formation of stable amide bonds, which significantly enhance the structural 

durability of the COFs and make them more suitable for long-term use.[133] 

¶ Improved polarity and dispersibility. Introducing an oxygen atom into the framework 

through amide formation can markedly influence the polarity and dispersibility of the 

COFs. This can be particularly beneficial in processes like photocatalysis, where 

effective intermolecular interactions with target molecules is essential.[45,131,134]  

While the transformation of imine to amide linkages in COFs presents several advantages, there 

are obstacles and factors to consider. The selection of oxidizing agent and reaction parameters 

must be optimized to avoid damage to the COF framework or the loss of functional groups. 

Aggressive oxidizing agents often reduce crystallinity.[134,135] Additionally, like many other 

post-modification techniques, linkage conversion can lead to a decrease in surface 

area.[45,136,137]  

1.5.2. Nobel metal incorporation 

Noble metals, such as gold (Au), palladium (Pd) and platinum (Pt), are often integrated into 

COFs to exploit their unique electronic and catalytic properties. This incorporation benefits 

from well-ordered COF channels allowing for stabilization of metal nanoparticles, thus 

enhancing their catalytic efficiency and reusability.[138,139] 

The main objective of integrating Pt into the polymeric COF network is to enhance 

photocatalytic activity in reactions such as CO2 reduction and water splitting. Various studies 

have explored different approaches for Pt integration into the COF structure. 

¶ Photodeposition. During the photodeposition reaction, the COF is illuminated with 

light of suitable energy to generate electrons that reduce Pt precursors such as H2PtCl6 

to Pt0. The photogenerated holes undergo reaction with a sacrificial electron donor. 

Since the COF provides both electrons and holes, the formation of Pt particles occurs 
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within the framework. Hence, under optimal conditions this process yields COF with 

evenly distributed platinum particles, serving as co-catalytic sites for hydrogen 

production.[140] 

¶ Chemical reduction. In this approach, platinum was introduced into a COF containing 

bipyridine units, which are well known for their metal-chelating ability. The COF 

suspension was treated with the Pt precursor K2PtCl4, allowing coordination between 

the bipyridine sites and Pt2+ ions. Subsequent addition of sodium borohydride reduced 

Pt2+ to metallic Pt0 nanoparticles. The resulting Pt/COF composite exhibited excellent 

catalytic performance in the hydrogen evolution reaction as well as in the 

simultaneously tested 4-nitrophenol reduction reaction.[141] A similar strategy has been 

applied in other studies using different COFs and the Pt precursor H2PtCl6, where 

sodium borohydride similarly reduced Pt4+ to Pt0. In these cases, the resulting Pt/COF 

materials were employed in electrocatalytic methanol oxidation and peroxidase-like 

reactions.[142] 

¶ Electrochemical modification. In this study, a nitrogen-rich COF with high 

conductivity and acid stability was employed as a support for platinum deposition. 

Platinum was introduced from the H2PtCl6 precursor via a mild electrochemical 

deposition process in an acidic electrolyte using cyclic voltammetry. Characterization of 

the resulting Pt/COF material revealed that platinum existed in a mixed oxidation state, 

intermediate between metallic platinum (Pt0) and fully oxidized platinum (Pt4+), 

indicating partial reduction. In situ analyses and theoretical studies further showed the 

formation of a distinct Pt-N2 coordination environment, which enhanced metal-support 

interactions, promoted electron transport, and improved the structural stability of the 

material under acidic conditions.[143] 

¶ Vacuum-assisted Pt loading. In this method, Pt nanoparticles were incorporated into 

the COF framework via a vacuum-assisted incipient wetness impregnation technique. 

The COF was impregnated with a calculated amount of the Pt precursor H2PtCl6, 

followed by reduction under a H2/Ar atmosphere at 200 ÁC. This post-synthetic 

treatment resulted in the uniform dispersion of Pt nanoparticles within the COF matrix. 
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The resulting Pt/COF composite exhibited excellent catalytic performance in the 

selective reductive amination of benzaldehyde to secondary amines.[144] 

¶ Facile dispersion. In this approach, the Pt precursor (H2PtCl6) was introduced into the 

COFs simply by exposing the precursor solution to the COF suspension under constant 

stirring for 12 hours. The COFs were specifically designed with a high density of 

oxygen and nitrogen atoms in their frameworks to provide effective anchoring sites for 

Pt species. The resulting Pt exhibited a valence state intermediate between metallic 

platinum (Pt0) and oxidized platinum (Pt2+), indicating partial reduction. The final 

Pt/COF composite was then employed for photocatalytic water splitting, where the 

presence of Pt facilitated charge separation during the reaction.[145] 

While various synthetic strategies have enabled significant progress in incorporating platinum 

into COFs and improving both catalytic activity and structural stability, the complexity of these 

hybrid systems often requires a carefully tailored integration approach. Incorporating Pt within 

the porous framework of COFs presents several challenges, particularly in achieving precise 

control over particle size, dispersion, and chemical compatibility. Successful integration is 

essential for catalytic applications, where the efficiency and durability of the catalyst depend on 

the interplay between the structural features of the COF and the chemical nature of the Pt 

species. In Chapter 5, we introduce a novel strategy based on surface charge modulation of 

COFs to guide the in situ photodeposition of Pt. This method allows for controlled growth of 

platinum particles and reveals how surface charge influences the photocatalytic hydrogen 

evolution performance of Pt/COF composites. 

1.6. Hybrid modifications 

Apart from pre- and post-synthetic modifications, there are other strategies that can be 

considered hybrid because they do not fit into either category. For example, certain 

modifications can be introduced during COF synthesis when guest components that are not part 

of the precursor structures are added together with the COF precursors. This approach is often 

applied through a one-pot method, which refers to combining all reactants in a single reaction 

vessel to obtain the desired composite material. The one-pot method allows the COF structure 
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to form while the guest component is simultaneously incorporated. One promising type of guest 

component is carbon dots, which are discussed in detail in the following sections. 

1.6.1. Carbon dots (CDs)  

Carbon dots (CDs) are a novel group of carbon-centric nanomaterials, usually measuring below 

10 nanometers, along with a number of favorable optical, electronic, and chemical features. 

Owing to their strong photoluminescence, high photostability, and resistance to photobleaching, 

CDs are excellent candidates for long-term fluorescence imaging and sensing 

applications.[146,147] Their good electrical conductivity and effective charge separation also 

make them suitable for use in solar cells and other energy-related technologies.[148] 

Additionally, CDs exhibit high water solubility, low toxicity, and good biocompatibility, 

positioning them as promising materials for biomedical applications such as drug delivery and 

bioimaging [149] Considered a green alternative, CDs can also serve as a substitute for standard 

nanomaterials including inorganic quantum dots, as they can be synthesized from biomass 

without involving toxic metals.[150ï152] CDs are often doped with nitrogen, which, due to its 

electronegativity, can significantly alter the electronic structure of CDs, leading to improved 

fluorescence, quantum yield, and other desirable properties.[153] 

1.6.2. Synthesis methods 

CD synthesis methods are generally classified as top-down or bottom-up, depending on the 

carbon course. Top-down methods rely on breaking down bulk carbon materials, whereas 

bottom-up methods produce CDs through the pyrolysis or carbonization of small organic 

molecules. Compared to top-down routes, bottom-up strategies offer higher yields, milder 

conditions, simpler operation, and easy tunability through precursor selection. As a result, they 

are typically more cost-effective, scalable, and environmentally friendly, making them 

preferable for industrial applications.[154] Below we present the main synthesis strategies. 

¶ Conventional pyrolysis.  Pyrolysis involves heating precursors to induce dehydration, 

polymerization, and carbonization, forming CDs. It is widely used due to its simplicity, 

short reaction time, broad precursor compatibility, and low cost. Common precursors 

for the pyrolysis process include citric acid, glucose, or monoethanolamine.[154,155] An 



Introduction 

27 

example of rapid (10 min) pyrolysis to obtain nitrogen-doped carbon dots (NCDs) is 

presented in Figure 1.12a.[156] The main challenges of this method are high energy 

consumption, slow or uneven heat transfer, and complex purification, which still limit 

large-scale production. 

¶ Hydrothermal/solvothermal methods. The hydrothermal or solvothermal method 

involves heating precursors in a sealed vessel at elevated temperatures and pressures, 

promoting uniform particle formation in CDs, using various precursors such as 1,3,6-

trinitropyrene, sodium alginate (SA), or indigo.[154,157,158] This approach allows high 

conversion rates, often simplifying separation and purification, and can produce CDs 

with tailored surface chemistry by selecting appropriate precursors or solvents. An 

example of the hydrothermal method, in which SA, a naturally occurring clustering-

induced emission luminogen (CLUEgen), forms a  gel in the presence of 

ethylenediamine as the ñmolecular glueò, is presented in Figure 1.12b.[159]  The main 

limitations of hydrothermal/solvothermal synthesis are long reaction times and high 

energy consumption, which can restrict efficiency in large-scale applications.[154] 

¶ Microwave-assisted synthesis. Microwave-assisted synthesis utilizes the interaction of 

polar molecules with alternating electric and magnetic fields, producing rapid 

molecular-level heating. It allows uniform heating and fast reaction rates.[160,161] Various 

precursors can utilized to form CDs using this method, such as polyethylene glycol, 

glucose, or isophorone diisocyanate (IPDI).[154] An example of a microwave-assisted 

reaction is shown in Figure 1.12c, where NCDs were formed using IPDI as a carbon 

source under microwave irradiation.[162] The main limitations of microwave-assisted 

synthesis are the current size restrictions of commercial equipment, which hinder large-

scale production.[154] 
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Figure 1.12. (a) Preparation of NCDs from citric acid in monoethanolamine via rapid synthesis 

at 170 °C. The mechanism incluses polymerization, aromatization, nucleation, and growth.  

Adapted with permission from Yu et. al.[156] Copyright 2015 Royal Society of Chemistry. (b) 

Preparation of NCDs from SA via hydrothermal method. SA and ethylendiamine aqueous 

solution formed hydrogel upon addition of Ca2+. Adapted with permission from Wang et. 

al.[159] Copyright 2012 American Chemical Society. (c) Preparation of NCDs from IPDI under 

microwave irradiation. The mechanism involves self-polymerization and condensation of IPDI. 

Adapted with permission from Tan et. al.[162] Copyright 2016 Royal Society of Chemistry. 

1.6.3. CDs doped-COFs for functional applications 

There have already been several successful integrations of CDs into COFs to enhance 

functional applications such as: 

¶ Sensing applications. NCDs were incorporated into the COF constructed from 2,4,6-

tris(4-aminophenyl)-1,3,5-triazine (TAPT) and thieno[3,2-b]thiophene-2,5-

dicarboxaldehyde (TT) to create a ratiometric fluorescent sensor for Cu2+. While the 

COF itself exhibits weak fluorescence, the NCDs provide a strong reference signal and, 

through hydrogen bonding, become encapsulated within the COF. This interaction 

reduces interlayer forces, inducing self-exfoliation into two-dimensional nanosheets 

with improved stability and dispersion. In the presence of Cu2+, NCD fluorescence is 
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quenched while the COF emission is enhanced, enabling sensitive and selective ñoff-

onò detection of copper.[163]  

¶ Photocatalytic applications. Carbon quantum dots (CQDs) were incorporated into a 

TAPT-TFP COF (built from 2,4,6-tris(4-aminophenyl)-1,3,5-triazine and 2,4,6-

trihydroxybenzene-1,3,5-tricarbaldehyde) to enhance its photocatalytic hydrogen 

evolution performance. The addition of CDs can enhance the visible light absorption 

and decrease the recombination rate of photogenerated electron-hole pairs, thus 

improving the photocatalytic performance of COFs.[164]  

¶ Enhanced electrical conductivity and energy storage. NCDs were incorporated into 

the COF constructed from 1,3,5-benzenetricarbohydrazide (BTH) and TT to produce a 

hollow rod-like composite for lithium-ion battery applications. When used as an anode 

material, the hollow COF architecture facilitates Li  transport and exposes a large 

number of active Li-storage sites, while the integrated NCDs significantly improve the 

compositeôs electrical conductivity and strengthen ḯ́  interactions within the 

framework. Together, these features enhance charge transfer and structural stability 

during cycling, enabling high reversible capacity and long-term performance in lithium-

ion batteries.[165]  

In Chapter 6, we introduce a novel method for adjusting the interaction between CDs and COFs 

to regulate energy and charge transfer mechanisms, which are particularly important for 

applications that rely on controlled photophysical processes, such as photocatalysis and 

chemical sensing.   

1.7. Photocatalytic hydrogen evolution reaction (HER) 

Serving as the reduction half-reaction in water splitting, the HER entails the conversion of 

protons (H ) into molecular hydrogen (H2) through electron transfer, making it vital for 

achieving the goal of a clean hydrogen economy. The production of hydrogen from water, 

driven by renewable energy sources such as solar light, presents an environmentally benign 

alternative to conventional hydrogen generation methods, which are typically based on fossil 

fuel reforming and emit significant greenhouse gases.[166]  As a promising strategy to obtain 



Introduction 

30 

hydrogen - an environmentally friendly and efficient energy fuel - photocatalytic HER has been 

extensively studied for decades. In 1972, Fujishima and Honda demonstrated the splitting of 

water to generate H2 with a Pt-TiO2 photo-electrode under ultraviolet light irradiation.[167] More 

efficient HER relies on photocatalytic systems that absorb visible light to drive the reaction. 

These systems typically involve a light absorber (photocatalyst) and a noble metal part (co-

catalyst).[166] 

1.7.1. COFs as photocatalysts for HER 

In 2014, Lotsch et al. demonstrated a hydrazone-based COF capable of photocatalytic 

hydrogen production from water under visible light, representing the first application of COFs 

as photocatalysts.[168] Since then, COFs have emerged as promising candidates for efficient 

HER due to their unique structural and functional properties, such as: 

¶ Crystallinity and structural integrity. The ordered and predictable structures of COFs 

minimize defects and promote efficient charge separation and transport which is crucial 

for photocatalytic reactions. This structural quality ensures that active sites are 

accessible and optimally arranged.[169] A good example is the study by Zhuo et al.,[170] 

who demonstrated that improving COF crystallinity can more than double its 

photocatalytic performance. In their work, two COFs were synthesized from the same 

building blocks - 1,3,5-triformylphloroglucinol and 4,4'-diaminobiphenyl. One material 

was obtained using the traditional acetic acid catalyst, while the other was synthesized 

using an organic base catalyst, which resulted in significantly higher crystallinity. When 

tested in photocatalytic tests, the more crystalline COF exhibited more than twice the 

activity of its less crystalline counterpart.  

¶ High porosity and surface area. The crystalline porous nature of COFs offers an 

extensive surface area for catalytic reactions. This structural attribute aids in the 

adsorption and diffusion of reactants and boosts overall photocatalytic efficiency.[171] 

For example, Ding et al.[172] reported a three-dimensional COF built from a triptycene-

based aldehyde and a porphyrin-based amine unit. Its large interconnected pores (4.6 

nm) and high surface area (2204 m2 g-1) optimize reactant diffusion, mass transport, and 
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active site accessibility. These porosity parameters directly enable the high exposure of 

porphyrin moieties, resulting in great photocatalytic performance.  

¶ Tunability. The electronic band structure of COFs can be tuned by modulating the 

degree of -́conjugation within their frameworks through the selection of appropriate 

linkers and building blocks. Extended -́conjugation and ordered ḯ́  stacking enable 

the modulation of the band gap and broaden visible-light absorption, thereby enhancing 

light harvesting and facilitating efficient charge separation for photocatalytic 

processes.[171] A good example of -́conjugation tuning was reported by Lin et al.,[173] 

who synthesized two analogous COFs using different triangular aldehyde linkers: 1,3,5-

tris(4-formylbiphenyl)benzene (TFBPB) to form BPh-COF, and 1,3,5-tri(3-hydroxy-4-

formyl-ethynylphenyl)benzene (THFEB) to form AC-COF. While the BPh-COF 

featured an extended phenyl network, the AC-COF incorporated an ethynyl-containing 

linker that increased structural planarity and strengthened -́conjugation across the 

framework. As a result, AC-COF exhibited broader visible-light absorption, a narrower 

optical band gap, and more efficient photoinduced charge separation and transfer. These 

features enabled significantly improved photocatalytic activity. Additional strategies, 

such as the incorporation of donor-acceptor units, can further promote intramolecular 

charge transfer and improve overall charge separation and transport within the 

framework.[174] For example, donor-acceptor design was reported by Liu et al.,[175] who 

synthesized COFs combining benzothiadiazole units as electron acceptors and 

triphenylamine units as electron donors. In this donor-acceptor framework, the HOMO 

is mainly localized on the donor segments (triphenylamine), while the LUMO resides 

on the acceptor units (benzothiadiazole), ensuring clear spatial separation of electrons 

and holes. This arrangement extends -́electron delocalization, reduces the band gap, 

enhances visible-light absorption, and promotes efficient photogenerated charge 

separation and transfer, leading to significantly improved photocatalytic performance.  

In a COF-supported photocatalytic system (Figure 1.13) for hydrogen production, the COF 

photocatalyst, noble metal co-catalyst, and sacrificial electron donor (SED) collectively 

participate to drive the hydrogen evolution reaction. Platinum is a commonly used co-catalyst 

in photocatalytic systems.[176] For example, Li et al.[177] reported the in situ incorporation of Pt 
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into a pyrene-based COF, specifically designed with adjacent hydroxyl groups serving as 

anchoring sites to direct Pt cluster photodeposition. They also evaluated various Pt loadings 

(0.5-5 wt%) to study their influence on photocatalytic hydrogen evolution. The activity 

generally increased with higher Pt loading and reached its maximum at 3 wt%, after which a 

decline was observed at 5 wt%. This reduced performance was attributed to light-shielding 

effects caused by excessive Pt deposition. 

Typically, Pt is introduced in the form of precursor complexes (for example H2PtCl6, 

H2Pt(OH)6, Pt(NO3)2, Pt(acac)2) followed by reduction to metallic platinum particles. The 

SEDs are crucial in photocatalytic systems, where they donate electrons to the photocatalyst 

and enable the scavenging of photogenerated holes, thereby preventing charge recombination. 

In COF-supported photocatalytic hydrogen production, common SEDs include triethanolamine, 

ascorbic acid (H2A), and methanol. The choice of SED significantly influences system 

performance and must be tailored to the photocatalyst and reaction conditions. Effective SEDs 

should donate electrons efficiently at high rate, form stable intermediates, and avoid interfering 

with the photocatalytic process.[178,179] 
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Figure 1.13. Mechanism of the HER in COF-supported photocatalytic systems. Key reaction 

steps are highlighted in blue: 1) Photon absorption and generation of charge carriers; 2) 

oxidation of SED by holes; 3) electron transfer to Pt particle; 4) H2 formation. 

In general, the overall photocatalytic reaction is governed by a sequence of key steps, each 

crucial for the efficient production of hydrogen. In COF-supported systems, these steps are as 

follows: 

1) Photon absorption and charge carrier generation. Under visible light irradiation, the 

COF (photocatalyst) absorbs photons, generating photoexcited electrons (e-) and holes 

(h+). Photoexcited electrons move from the HOMO to the LUMO level.  

 COF eï + h+       (1.1) 
 

 

2) Hole-driven oxidation. The photogenerated holes oxidize the sacrificial electron donor 

(SED). In the following example H2A is oxidized to dehydroascorbic acid, A, either 



Introduction 

34 

directly by two-electron transfer or by one-electron oxidation via formation of ascorbyl 

radical, HAÅ, as an intermediate (equation 1.2 and equation 1.3).  

 
H2A + h

+ Ÿ HAÅ + H+ (1.2)   

 HAÅ + h+ Ÿ A + H+ (1.3)  

 

 

3) Electron transfer to co-catalyst. First step: photogenerated electrons reduce Pt4+ 

precursor, leading to the formation of Pt0 particles (equation 1.4). Second step: 

photogenerated electrons are subsequently transferred from the COF to the in-situ 

formed Pt0 particles (equation 1.5).  

 
COF(4e-) + Pt4+Ÿ COF + Pt0 (1.4)  

 
COF(e-) + Pt0 Ÿ Pt(e-) + COF (1.5)  

 

4) H2 formation. Volmer step:[180] it involves the transfer of H+ from the solution to the Pt 

surface, where it is reduced to form an adsorbed hydrogen atom Hads (equation (1.). This 

is followed by H2 evolution either via Tafel
[181] (equation 1.7) or Heyrovsky[182] 

(equation 1.8) steps.  

 Pt(e-) + H+ Ÿ Pt-Hads  (1.6)  

 Pt-Hads + Pt-Hads Ÿ H2 + Pt (1.7)  

 Pt-Hads + H
+ + e- Ÿ H2 + Pt  (1.8)  

 

1.7.2. Progress in COF-based photocatalysis 

COFs were first employed for photocatalytic HER in 2014, when Lotsch et al. demonstrated a 

water-stable hydrazine-based COF (see Figure 1.14a) for HER that achieved reaction rates of 

1.98 mmol g-1 h-1.[168]  This marked a significant milestone in COF-based photocatalysis, 

paving the way for the development of COFs as platforms for solar fuel production. Over the 
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past decade, COFs have been extensively investigated for a variety of photocatalytic 

applications. 

Recent studies have focused on enhancing the photocatalytic efficiency of COFs by optimizing 

their structural and electronic properties. In 2021, Yang et al.[183] reported a high HER 

efficiency of 20.7 mmol g-1 h-1 using a COF constructed from strong acceptor (triazine) and 

donor (triphenylamine) moieties (see Figure 1.14b). The study highlighted the crucial role of 

imine linkage protonation in acidic environments, facilitated by H2A used as an SED during the 

photocatalytic reaction.  Protonation of the imine linkages was found to significantly enhance 

light absorption, promote charge separation, and increase hydrophilicity, collectively leading to 

improved photocatalytic performance. More recently, in 2023, Altinisik et al.[184] reported a 

hydrogen evolution rate of 1.03 mmol g-1h-1. While this value may appear modest compared to 

other studies, it is important to emphasize that the performance was achieved using entirely 

metal-free, viologen-based COFs with varying alkyl chain lengths (Figure 1.14c), and notably, 

without the assistance of any co-catalyst such as platinum. This work highlighted the intriguing 

role of alkyl chains, which acted as an insulating barrier between electroactive COF moieties, 

suppressing electron-hole recombination within the COF scaffold and thereby improving 

charge separation and transfer.  Overall, this work underscored the potential of structural tuning 

in metal-free systems for enhanced HER performance. A year later, a similar metal-free 

approach was further advanced by Yao et al.,[185]  who reported a thiophene-based COF (Figure 

1.14d) with HER rate of 2.87 mmol g-1h-1. Their study introduced a novel design concept, 

demonstrating that incorporating more electronegative groups into the framework or 

constructing donor-acceptor architectures can effectively modulate electronic properties and 

boost photocatalytic efficiency, even in the absence of a co-catalyst.  

Meanwhile, studies involving co-catalysts but introducing new conceptual advances also 

progressed significantly. For instance, in 2024, Hassan et. al.[186]  designed a heterostructure 

composed of a COF and graphitic carbon nitride (CN) (Figure 1.14e), achieving an impressive 

HER rate of 27.5 mmol g-1 h-1. This outstanding performance was attributed to enhanced light-

harvesting ability, effective separation of charge carriers, and the synergistic effect between 

COF and CN. A similar heterostructure approach was reported by Liu et. al.,[187]  who 

combined a cadmium sulfide (CdS) semiconductor with a COF to form a hybrid heterojunction 
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system (Figure 1.14f). Their design achieved HER efficiency of 21.8 mmol g-1 h-1, primarily 

due to the rapid charge carrier transfer at the COF-CdS interface.  

Apart from constructing hybrid systems, another promising strategy is precise molecular 

engineering. A notable example is a recent study by Xiao et. al.,[188] which highlighted the 

critical influence of both the content and spatial arrangement of nitrogen atoms within COF 

frameworks on their photoelectronic properties (Figure 1.14g). Increasing nitrogen 

incorporation was found to modulate ḯ́  stacking interactions and to tune the electronic 

structure, leading to improved charge separation and photogenerated electron transfer. Although 

higher nitrogen content slightly reduced crystallinity, it ultimately enhanced photocatalytic 

hydrogen evolution, illustrating how targeted molecular-level design can effectively control the 

structure-property-activity relationship in COFs. This team demonstrated that varying the 

nitrogen content can lead to a two- to threefold increase in photocatalytic performance.  

Despite these notable advancements, several fundamental challenges remain in the 

development of COF-based photocatalysts. Relatively low charge carrier mobility, high exciton 

binding energy, and somewhat limited stability in aqueous environments during photocatalytic 

testing continue to restrict long-term efficiency and scalability.[189ï191] However, promising 

strategies have emerged to address these issues. For instance, extending -́conjugation and 

introducing heteroatoms or metal complexes can enhance charge transport,[189] while the 

incorporation of donor-acceptor motifs[189,192,193]  or exciton-modulating elements such as 

nickel[190] can improve charge separation and exciton dissociation. Additionally, replacing 

reversible linkages with more robust covalent bonds significantly improves durability and 

stability,[194] which is especially important during the HER when COFs are continuously 

exposed to aqueous conditions.  
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Figure 1.14. (a) Hydrazine-based COFs first time used for as HER catalysts. Adapted with 

permission from Lotsch et al.[168] Copyright 2014 Royal Society of Chemistry. This article is an 

open access article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY 3.0) license (https://creativecommons.org/licenses/by/3.0/). (b) Triazine 

and triphenylamine based-COFs used for HER, highlighting the importance of imine-linkage 

protonation. Adapted with permission from Yang et al.[183] Copyright 2021 Wiley-VCH GmbH. 

This article is an open access article distributed under the terms and conditions of the Creative 

https://creativecommons.org/licenses/by/3.0/
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Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). (c) 

Viologen-based COFs with alkyl-chain insulating spacers enhancing metal-free HER 

performance. Adapted with permission from Altinisik et al.[184] Copyright 2023 American 

Chemical Society. This article is an open access article distributed under the terms and 

conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). (d) Thiophene-based COFs with (JLNU-309) 

and without (JLNU-308) electronegative nitrogen atoms in the benzene rings, designed for 

metal-free HER catalysis. Adapted with permission from Yao et al.[185] Copyright 2024 

Elsevier. (e) Hybrid composite of COF and CN for HER catalysis. Adapted with permission 

from Hassan et. al.[186] Copyright 2023 Elsevier. (f) Hydrid composite of COF and CdS for 

HER catalysis. Adapted with permission from Liu et. al.[187] Copyright 2024 Elsevier. (g) COFs 

with different numbers of nitrogen atoms for structural tuning toward optimal HER 

performance. Adapted with permission from Xiao et. al.[188] Copyright 2024 Elsevier. 

 

1.8. Motivation 

A promising strategy to tune COF electronic and optical properties is the pre-synthetic 

incorporation of halogen atoms into -́conjugated building blocks. Halogens can modulate 

electron distribution thereby benefiting optoelectronic and photocatalytic applications. Most 

reported halogenated COFs use simple building blocks, while incorporation into larger -́

extended systems is rare due to synthetic challenges. The first project (Chapter 3) aims to 

functionalize anthracene building units with halogen atoms, to explore how halogen 

substitution on a -́extended framework influences COF formation and optoelectronic 

properties. To the best of our knowledge, no studies have reported COFs featuring halogenated 

anthracene units. Given anthraceneôs highly conjugated nature, even the introduction of a single 

halogen atom can significantly alter the electronic properties of the linker and, consequently, 

the functionality of the entire COF. This unexplored design avenue presents a promising 

opportunity to further expand the structural and functional diversity of COFs. 

Apart from tuning optoelectronic properties, halogen atoms also offer a powerful strategy to 

enhance intermolecular interactions. In COFs, their incorporation can introduce additional 

binding sites for target guest molecules such as CO . A particularly intriguing feature of 

halogens is their ability to form ů-holes - electron-deficient regions that act as Lewis acids, 

enabling directional interactions with electron-rich moieties. While ů-hole interactions have 

been extensively studied in supramolecular systems, their influence within halogen-

functionalized COFs has not yet been reported. This unexplored phenomenon presents an 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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exciting opportunity to develop new design strategies for tailoring host-guest chemistry in 

COFs, which the second project (Chapter 4) seeks to uncover. 

Post- synthetic modification of COFs offers a versatile strategy to introduce functionalities that 

are difficult to achieve through direct synthesis. Transformations of framework linkages, such 

as imine-to-amide conversion, can significantly enhance structural stability and photocatalytic 

efficiency. Although their beneficial impact on photocatalytic performance is well documented, 

certain aspects - such as the role of surface charge and intermolecular interactions between 

COFs and other components during photocatalytic reactions - remain poorly understood. This 

knowledge gap presents an opportunity to gain deeper insight into the influence of surface 

charge on photocatalysis in COFs, an aspect explored in the third project (Chapter 5). 

A hybrid COF modification approach involves incorporating carbon dots (CDs) into COFs 

during their synthesis to create composites with enhanced light-harvesting and charge-transfer 

properties. CDs are nanoscale, carbon-based materials with tunable photoluminescence and 

strong electron-donating ability. While they can broaden visible-light absorption and improve 

charge separation, the effect of CD concentration on COF/CD structure and electronic 

properties is largely unknown. This gap provides an opportunity to establish structure-property 

relationships governing charge-transfer dynamics in such composites, which the last project 

(Chapter 6) aims to explore. 
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2. Characterization techniques 

2.1. Powder X-ray diffraction (PXRD) 

The characterization of Covalent Organic Frameworks (COFs) usually begins with an 

evaluation of their structural order, crystalline structure, and morphological characteristics. 

Powder X-ray diffraction (PXRD) is the primary method utilized for examining the crystallinity 

of COFs. This analytical approach evaluates the crystallinity and structural properties of 

powders, films, and single crystals across a diverse range of compounds, while also enabling 

the characterization of phase compositions. The PXRD technique stands out as an excellent tool 

for characterization of COFs, covering aspects like topology, lattice parameters and stacking 

arrangement.  

The discovery of X-rays, which possess typical wavelengths between 5 pm and 100 pm, was 

made by Wilhelm Conrad Rºntgen in 1895.[1] Fundamentally, X-rays are generated when 

accelerated and focused electrons collide with a metallic target. This process typically leads to 

an empty spot forming in the atom's inner electron shells, which is then occupied by an electron 

from an outer shell, resulting in the release of an X-ray photon that matches the energy 

difference between the two configurations. The wavelength and intensity of the emitted X-rays 

are contingent upon the specific metal target utilized, with variations attributable to the 

differing electron shell structures of various target materials, as articulated by Moseleyôs law. 

 

 

(2.1)  

ɚ is the X-ray wavelength; Z is the atomic number; K and ů are constants associated with a particular 

spectral line. 

To isolate a prominent segment of the spectrum, typically KŬ radiation, distinct metal filters 

and a collimator are employed. Upon interaction with a collimated X-ray beam, the crystalline 

phases present within the specimen cause diffraction of the rays in accordance with Braggôs 

law:[2] 

  (2.2)  
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n is an integer; d is the spacing between the lattice planes; ɗ is the angle between the incident X-rays 

and the lattice planes. 

This methodology is based on the concept that X-rays are influenced by scattering at crystallite 

lattice planes characterized by a spacing similar to that of the X-ray wavelength. The angle at 

which X-rays strike can result in various scattering phenomena, implying that the scattered X-

rays may interfere either in a constructive or destructive manner. The conditions under which 

constructive interference can be observed are elucidated through Bragg's law. As a result, the 

resultant pattern of constructive interference can be converted into a graphical representation of 

intensity as a function of the diffraction angle 2ɗ, commonly referred to as a diffraction pattern, 

which provides insights into the atomic arrangement within the crystal. Within this one-

dimensional diffraction pattern, the constructive interference of diffracted X-rays is 

characterized by a peak, identified as a reflection, for which the measured intensities largely 

depend on the lattice atoms and their specific spatial arrangements (Figure 2.1). 

The resulting diffraction data can significantly depend on the size of crystalline domains. In 

cases where the domains are small, the diffraction patterns exhibit a broadening of the 

reflections in contrast to those from larger domains. Evaluating peak broadening through the 

full width at half maximum (FWHM) makes it possible to estimate the size of crystallite 

domains.[3] The relationship between peak broadening and the domain size D is articulated in 

the Scherrer equation:[4] 

 

 

(2.3)  

D is the domain size, k is a form-dependent factor, ɓ is the FWHM of the reflection. 
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Figure 2.1. Schematic representation of diffraction and Braggôs law. Two X-ray beams are 

directed at a crystalline sample, reflecting off the crystal planes and being captured by a 

detector positioned to ensure that the angles of the incident and scattered X-rays are identical 

(ɗ-ɗ geometry). 

This method was used to determine the crystallinity and structure of the samples and to 

calculate Pt particle size. The PXRD measurements were performed with a Bruker D8 Discover 

with Ni-filtered Cu-KŬ- radiation and a position-sensitive semiconductor detector (LynxEye). 

2.2. Gas sorption 

The gas sorption analysis is method used to characterize porous materials like COFs and to 

determine porosity properties including surface area, pore size and pore volume. The ratio of 

the complete pore volume to the mass or volume of solid particles quantitatively defines the 

porosity of a particular sample. Throughout the adsorption phase, molecules or ions frequently 

accumulate close to an interface. Two primary categories of adsorption can be identified, that 

is, physisorption (without forming bonds), and chemisorption, defined by the establishment of 

chemical bonds. In chemisorption, the molecules that are adsorbed create bonds with certain 

regions of the surface, generally (but not always) leading to a single layer formation. This 

process is frequently associated with elevated heats of adsorption, in contrast to physisorption, 
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which is merely linked to minimal thermal exchanges with the surrounding environment. 

Furthermore, in physisorption surface coverage generally is not restricted to a single layer and 

may manifest as multilayer adsorption at elevated relative pressures. Besides, the chemical 

arrangement of the adsorbent is unaffected as physisorption takes place. The physical 

interactions that occur between the gas or vapor (adsorptive) and the surface of the sample 

(adsorbent) are predominantly governed by van der Waals forces. The surface of the sample 

(adsorbent) may be externally covered by the adsorptive, occurring outside the pores, as well as 

internally, within the pores. Another distinguishing characteristic between the two main 

adsorption types is that the physisorbed molecules (adsorbate) exist in a state of dynamic 

equilibrium with the adsorptive. Owing to the reversible nature of the interaction between 

adsorptive and adsorbent, the fluid phase can revert to its original form post-desorption. In 

contrast, a chemisorbed molecule is typically not recoverable through desorption due to 

reactions or dissociations that transpire during the adsorption process, thus rendering the 

sorption isotherms irreversible.[5,6] 

To classify porous materials, the IUPAC established definitions in 1985 based on their pore 

diameter, categorizing macropores as those with widths greater than approximately 50 nm, 

mesopores as having sizes ranging from 2 to 50 nm, and micropores as being no more than 2 

nm. The IUPAC has identified six major categories of physisorption isotherms, which can be 

generated by plotting the relative pressure of the adsorptive against the volume of gas adsorbed 

at a standard pressure and constant temperature.[7] 
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Figure 2.2. Classification of the physisorption isotherms according to IUPAC.  Adapted with 

permission from Alothman.[8] Copyright 2012 MDPI. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution (CC BY) 

license (http://creativecommons.org/licenses/by/4.0/). 

Type I isotherms are characteristic of microporous adsorbents. They exhibit a steep increase in 

adsorption at low relative pressures P/P0 (with P0 being the saturation pressure and P the actual 

pressure of the adsorptive) due to micropore filling, which eventually reaches saturation 

determined by the micropore volume. 

Type II isotherm is associated with nonporous or macroporous adsorbents. The initial uptake 

results from monolayer coverage, which is succeeded by multilayer adsorption.  

Type III isotherms characterize nonporous or macroporous substances that exhibit weak 

interactions with the adsorbate. 

http://creativecommons.org/licenses/by/4.0/
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Type IV isotherms illustrate the behavior of mesoporous adsorbents. At first, a single layer 

forms and then multiple layers start to accumulate, eventually leading to condensation in the 

pores, which culminates in the complete filling of the pores by the adsorbate. Pore 

condensation involves the process where a gas inside a pore changes into a liquid-like form. 

Hysteresis in mesoporous gas adsorption can arise because gas condenses and evaporates in 

pores at different pressures (capillary condensation, typically in pores > 4 nm diameter). It can 

occur if pore shapes (ink-bottle, cylindrical, interconnected networks) alter the filling/emptying 

mechanism, or if energy barriers for liquid nucleation and metastability (of the meniscus) delay 

evaporation relative to condensation.  

Type V isotherms are observed for water adsorption on hydrophobic microporous or 

mesoporous materials. In general, these situations involve weak interactions between the 

adsorbent and the adsorbate, along with the process of pore filling and the aspect of hysteresis. 

Type VI isotherms are frequently seen in nonporous materials that display a highly uniform 

surface. Each step in the uptake corresponds to an adsorbed monolayer.[7] 

The Brunauer-Emmett-Teller (BET) technique is widely recognized as a standard method for 

determining the surface area of porous substances. In order to facilitate the modeling of the 

intricate interactions that occur between adsorbate molecules and solid surfaces, this 

methodology is predicated upon several simplifying assumptions: 

¶ Monolayer formation. Gas molecules initially form a monolayer on the surface of the 

adsorbent prior to the onset of multilayer adsorption. This aspect is paramount for 

accurately assessing the surface area of the adsorbent.[9] 

¶ Uniform surface energy. All adsorption sites across the surface exhibit equivalent 

energy levels, resulting in a consistent adsorption potential throughout the surface.[9] 

¶ Non-interacting adsorbates. Adsorbed molecules do not interact (laterally) with each 

other, thus simplifying the calculations related to adsorption isotherms.[10]  
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¶ Equilibrium conditions. The BET equation's derivation is contingent upon the 

assumption that equilibrium exists between the adsorbed and gaseous phases, which is 

significant for precise modeling.[11] 

The application of the BET method involves two stages:[7] 

1) Converting a physisorption isotherm into the óBET plotô and from this deriving the 

value of the BET monolayer capacity.  It is standard practice to apply the BET equation 

in its linear form:  

 

(2.4) 

 

 

P/P0 is the relative pressure; P is the equilibrium pressure; P0 is the saturation pressure; n is the 

amount adsorbed per gram adsorbent; nm is the specific monolayer capacity; C is BET constant. 

 

The linearity interval of the BET plot remains consistently limited to a particular 

segment of the isotherm, typically found within the P/P0 range of roughly 0.05-0.30 for 

Type II and Type IV isotherms. 

 

2) Calculation of specific BET surface area a(BET) from nm by using an appropriate 

molecular cross-sectional area, ům. 

 

 

(2.5) 

 

 

Na is the Avogadro number; m is the mass of the adsorbent. 

The typical gas used for gas sorption in determining the BET surface area of COFs is nitrogen 

(N2) at 77 K, as it is a non-reactive gas that interacts predictably with various porous materials. 

In addition, sorption isotherms allow for the calculation of pore size through simulations based 

on density functional theory (DFT). In this process, the interactions between adsorbates and 

various pore shapes and surface characteristics were simulated, leading to the creation of 
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several models known as kernels. These kernels enable the theoretical modeling of isotherms, 

which can be adjusted to align with experimental data by modifying pore sizes. This system can 

use either non-local density functional theory (NLDFT) or the more innovative quenched-solid 

density functional theory (QSDFT), as NLDFT misses surface roughness and changes. The 

choice between these methods often depends on the specific characteristics of the material 

being studied and the level of accuracy required for modeling the adsorption process.[12] 

Nitrogen sorption experiments were performed to determine BET surface area, pore size and 

pore volume. Isotherms were recorded on a Quantachrome Autosorb 1 at 77 K within a 

pressure range from P/P0 = 0.001 to 0.98. Prior to the measurement of the sorption isotherms, 

the samples were heated for 24 h at 120 ÁC under turbo-pumped vacuum. 

2.3. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a method used to examine changes in the mass of a 

sample over time as the temperature increases. The sample is heated in a selected atmosphere 

(such as synthetic air, inert gases, vacuum, etc.), while a precise balance measures any mass 

losses or gains that may occur due to processes such as evaporation, decomposition, oxidation, 

or reduction. In the field of COFs, this technique is primarily used to assess the thermal 

stability of various COF materials and to identify solvent molecules that may be confined 

within the channel structure.[13] 

In this thesis, TGA method was utilized to determine the thermal stability of the synthesized 

COFs. TGA measurements were performed on a Netzsch Jupiter ST 449 C instrument equipped 

with a Netzsch TASC 414/4 controller ((heating rate of 10 ÁC min-1 in a stream of synthetic air 

or nitrogen of about 25 mL min-1). 

2.4. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a surface imaging method that utilizes a focused 

electron beam to gather information about the sample's topography and composition. This 

approach achieves a much higher resolution compared to light microscopes, owing to the 

significantly smaller de Broglie wavelength associated with electrons. An electron beam is 

systematically scanned over the sample, producing either backscattered or secondary electrons 
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that are subsequently detected. The variation in the quantity of detected electrons at distinct 

scanning locations allows for the generation of an image. 

Two primary types of electron sources can be employed for SEM: a thermal emitter or a field 

emission gun (FEG). In this context, the emission of electrons can be initiated either thermally 

or through a strong electric field from a source like a tungsten cathode situated in a vacuum. 

The electrons are then guided towards the anode. Electromagnetic lenses generate a non-

uniform magnetic field that focuses the electrons, which are then scanned over the sample. The 

SEM setup schematic is illustrated in Figure 2.3. When the electrons strike the sample, various 

interactions may occur, as depicted in Figure 2.3b. These processes take place within a pear-

shaped interaction volume whose dimensions depend on the acceleration voltage and the 

atomic number of the material. 

The key interactions for imaging in SEM include secondary electrons (SE) and backscattered 

electrons (BSE). SE originate from the top few nanometers of the sample due to their very low 

energies (<50 eV), which limits their escape depth. Therefore, SE imaging provides high-

resolution topographic information. In contrast, BSE have significantly higher energies and can 

exit the sample from deeper regions of the interaction volume. Because the BSE yield increases 

with the average atomic number (Z) of the material, BSE imaging provides Z-contrast, enabling 

compositional or phase differentiation. Together, SE and BSE signals enable SEM to deliver 

both surface topography and elemental contrast.   

The signals generated in SEM can be collected using different detector types, each designed for 

a specific class of emitted electrons. Due to their very low energies, SE are typically detected 

with scintillator-photomultiplier detectors. The most common is the Everhart-Thornley (ET) 

detector. This detector employs a positively biased collector that attracts the low-energy SE 

toward a scintillator, where they are converted into photons. The resulting light is amplified by 

a photomultiplier tube and used as the intensity signal for image formation, enabling high-

resolution surface topography. BSE are typically detected using semiconductor detectors or 

scintillator-photomultiplier detectors. In a semiconductor detector, a doped silicon single 

crystal featuring a p-n-junction beneath the surface generates electron-hole pairs when 

illuminated by electrons. An external voltage or field is applied to separate these charge 
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carriers, allowing the signal to be detected and monitored. Utilizing a scintillator-

photomultiplier detector, electrons are accelerated into the scintillator that generates photons, 

which are converted in the photomultiplier into a cascade of electrons, thereby producing the 

signal.[14] 

In this thesis, the SEM technique was used to examine the morphological properties of the   

synthesized COFs. SEM images were recorded using an FEI Helios NanoLab G3 UC 

microscope at acceleration voltages of 1-30 kV. 

 

Figure 2.3. (a) Diagram illustrating the operational principles of SEM. Free electrons are 

produced within the electron gun and propelled towards the specimen. A series of condenser 

lens systems and apertures concentrates the electron beam onto the sample. The scanning coils 

manipulate the trajectory of the beam, thereby enabling the scanning process across the 

specimen. (b) The interaction volume established between the incident electron beam and the 
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sample (schematic), resulting in the generation of Auger electrons, secondary electrons, 

backscattered electrons, as well as characteristic X-rays and fluorescence.  

2.5. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a powerful analytical tool used to image and 

analyze objects far smaller than 10 nm and to obtain information about the internal structure of 

a material and for imaging of the internal structure. Through electron diffraction, data regarding 

samples can also be collected in reciprocal space. A key requirement for analyzing samples 

using TEM is their durability in the beam. Because high voltages ranging from 60 kV to 400 

kV are employed during measurements, less stable samples may deteriorate or break down, 

resulting in reduced resolution and compromised image quality.[15] 

The working principle of TEM is complementary to that of SEM. In the case of TEM, electrons 

that pass through the specimen are directed onto a detector area to create a visual 

representation. This method necessitates thin specimens (with thicknesses typically under 100 

nm) and offers significantly higher resolution compared to SEM. Furthermore, unlike 

traditional SEM, TEM yields both imaging and diffraction data about the sample. Figure 2.4 

illustrates a schematic representation of the two different modes, which vary only in the 

imaging configuration of the intermediate lens. In both modes, the sample is illuminated by a 

nearly parallel beam of electrons, generated by the condenser lenses and a condenser aperture. 

Electrons detected could either be those that traveled through the sample without any scattering 

or those that experienced scattering from interactions with the sample. Inelastic scattering 

arises from the interactions between the primary electron beam and the electrons within the 

sample, influenced by variations such as composition and morphology. Consequently, electrons 

of differing intensities are captured and utilized for imaging purposes. Diffraction data from the 

sample can be gathered using the elastically scattered electrons, which do not experience 

energy loss. This technique enables the study of the crystal structure along with the 

morphology.[16] 

In this thesis, the TEM technique was utilized to investigate the crystalline structure of the 

synthesized COFs, determine the sizes of crystalline domains, and to analyze the distribution 
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and size of Pt particles within the polymeric matrix. TEM images were recorded on an FEI 

Titan Themis transmission electron microscope equipped with a FEG run at 300 kV. 

 

Figure 2.4. Schematic view of imaging and diffraction modes in TEM. Adapted from Ralf 

Mikut, Karlsruhe Institute of Technology (KIT).[17] Licensed under the Creative Commons 

Attribution-Share Alike (CC BY-SA 4.0) license. Available at 

https://commons.wikimedia.org/wiki/File:Schematic_view_of_imaging_and_diffraction_modes

_in_TEM..tif 

2.6. Infrared spectroscopy (IR) 

Infrared spectroscopy (IR) is an analytical technique that can be used to identify and 

characterize the functional molecular groups within a material. This method is based on the 

interaction between infrared radiation and matter. Molecules absorb infrared radiation 

https://commons.wikimedia.org/wiki/File:Schematic_view_of_imaging_and_diffraction_modes_in_TEM..tif
https://commons.wikimedia.org/wiki/File:Schematic_view_of_imaging_and_diffraction_modes_in_TEM..tif
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according to their chemical composition and structure, with the corresponding resonant 

frequencies aligning with the vibrational or rotational excitations of the molecules. These 

frequencies are determined by the masses of the individual atoms as well as the nature and 

strength of the chemical bonds (coupling) within the molecules. A vibrational mode is 

considered IR-active only if there is a change in the dipole moment during the vibration. The 

number of vibrational modes can be calculated using the formula 3N-5 for linear molecules and 

3N-6 for non-linear molecules, where N is the number of atoms. IR spectral analysis 

encompasses three regions: near-IR (14,000-4,000 cm-1, associated with overtone or harmonic 

vibrations), mid-IR (4,000-400 cm-1, corresponding to fundamental vibrations), and far-IR 

(400-10 cm-1, relevant to rotational spectroscopy). Among these, the mid-IR region is primarily 

used in IR spectroscopy. 

Fourier transform infrared (FT-IR) spectroscopy is commonly employed to collect IR spectra. 

Starting with a broad spectrum of wavelengths, the light beam passes through a Michelson 

interferometer - a specific arrangement of moving mirrors and a beam splitter. By adjusting the 

position of one mirror, the spectrum is modulated through wave interference. After passing 

through the sample, the beam is attenuated due to absorption and then detected. Computational 

(Fourier transform) analysis is used to determine absorption at each wavelength, thereby 

generating the IR spectrum. This technique enables efficient, precise measurements with an 

excellent signal-to-noise ratio.[18,19] 

In this thesis, the IR method was employed to confirm the formation of linkages in the 

synthesized COFs from the monomers and to identify newly formed linkages resulting from the 

linkage conversion reactions. IR spectra were recorded using a PerkinElmer Spectrum BX II 

FT-IR system equipped with a diamond attenuated total reflectance (ATR) unit. 

2.7. Ultraviolet-visible spectroscopy (UV-Vis) 

Ultraviolet-visible (UV-vis) spectroscopy is a powerful analytical technique used to measure 

the absorbance or transmittance of ultraviolet and visible light by a sample, providing valuable 

information about the extent of -́conjugation and electronic transitions within the system. This 

method is based on the principle that different substances absorb light at specific wavelengths, 

allowing, for example, the identification and quantification of various compounds in a mixture. 
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The electromagnetic radiation in the UV-Vis range interacts with absorbing substances, leading 

to electronic transitions (wherein electrons transition from their ground state to an elevated 

energy state). In addition to liquids, solid samples can also be assessed both quantitatively and 

qualitatively via absorption.[20] 

 

Figure 2.5. Expected electronic transitions in substances involving ů, ˊ, and n electrons. 

The connection between the intensity of transmitted light that is observed, the concentration of 

the absorbing medium, and the length of the optical path is defined by the Lambert-Beer 

law:[21] 

 

 

(2.6) 

 

 

A is the absorbance; I is the intensity of transmitted light; I0 is the intensity of incident light; Ů is the 

extinction coefficient; c is the concentration of the absorbing sample; L is the length of the medium.  

Conversely, the absorption can be determined by measuring both the transmittance (T) and 

reflectance (R) using the formula:[22] 

  (2.7)  

In this work, UV-Vis spectroscopy was used to measure absorbance and reflectance of the 

precursors (soluble monomers) and COFs (insoluble powders). To calculate absorption spectra 

for the solids (powders), the Kubelka-Munk (KM) theory is used.[23] The theory assumes that 
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the sample is an (optically) infinitely thick, homogeneous, and isotropic scattering medium 

(absorption coefficient K and scattering coefficient S are assumed to be constant throughout). 

Light propagation is described by only two diffuse fluxes, one downward into the sample, the 

other upward into the detector, and specular reflection (and luminescence) are considered 

negligible. Under these conditions, the KubelkaïMunk function (Equation 2.8) KM=R/S relates 

the measured diffuse reflectance R to the absorption coefficient K and the scattering coefficient 

S, thereby enabling semiquantitative estimation of band gaps. For the powder measurements, 

pure barium sulfate served as a reference standard for diffuse reflectance. During the 

measurement, a minimal quantity of the sample was meticulously ground with barium sulfate to 

create a homogenous mixture suitable for analysis. The measured R can be transformed using 

the Kubelka-Munk equation into a spectrum that closely approximates the absorption 

characteristics: 

 

 

(2.8)  

Reflectance data, converted using the Kubelka-Munk function, or direct absorbance 

measurements can also be used to determine the optical bandgap of a material via the Tauc plot 

method:[24] 

 
 

(2.9)  

Ŭ (or K above) is the absorption coefficient or absolute absorbance; ɜ is the frequency of light; h is 

Planckôs constant; r is a constant that defines the type of electronic transition in a material, determining 

whether it is direct (r = 0.5) or indirect (r = 2); Eg is the optical bandgap; A is the proportionality 

constant. 

UV Vis NIR spectra were recorded using a Perkin Elmer Lambda 1050 spectrometer equipped 

with a 150 mm integrating sphere and photomultiplier tube and InGaAs detectors. Diffuse 

reflectance spectra were collected with a Praying Mantis (Harrick) accessory. 

2.8. Photoluminescence spectroscopy (PL) 

Photoluminescence spectroscopy (PL) is a powerful optical technique used to characterize the 

electronic and optical properties of semiconductors and their nanostructures. The working 

principle of PL is presented in a Jablonski diagram,[25] involving the observation of the 

spontaneous emission of electromagnetic radiation within the visible spectrum subsequent to 
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the absorption of photons, thereby serving as a complementary technique to UV-Vis 

spectroscopy. Conceptually, two distinct phenomena can be discerned through PL 

spectroscopy, specifically fluorescence and phosphorescence (Figure 2.6). Fluorescence 

represents the radiative transition from the excited electronic state S1 to the ground electronic 

state S0 and typically transpires with short temporal delays (at the order of ps to ns) in 

comparison to the absorption process. Conversely, phosphorescence transpires when the 

excited singlet state S1 experiences a non-radiative intersystem crossing to the triplet state T1 

(or its higher vibrational states), which subsequently transitions radiatively to the ground 

electronic state. Given that transitions involving a change in multiplicity are formally 

prohibited, phosphorescence manifests over extended timescales relative to fluorescence and 

generally exhibits diminished intensity levels.[26] 

 

 

Figure 2.6. Jablonski diagram showing possible transitions between the ground state and 

excited states. 
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In this thesis, the PL method was used to evaluate the luminescence properties of the 

synthesized linkers and COFs. PL measurements were performed using two different setups: a 

home-built confocal laser scanning microscope (CLSM) equipped with a spectrometer 

(ANDOR SHAMROCK SRi303) and CCD camera (ANDOR NEWTON DU920), and a 

FluoTime 300 system (PicoQuant GmbH) for PL and PL anisotropy measurements, using 

pulsed excitation at 378 nm and 510 nm (~100 ps pulses, 500 kHz, ~300 ɛJ cm-2/pulse) with 

detection via a high-resolution monochromator and photomultiplier (PMAC 192-N-M, 

PicoQuant GmbH). 

2.9. Time-correlated single-photon counting (TCSPC) 

Time-Correlated Single Photon Counting (TCSPC) represents a sophisticated methodology for 

the time-resolved examination of photoemission, instead of the absolute energy and intensity of 

the emitted photons in the case of steady-state PL measurements. 

A pulsed laser is employed to activate the sample, potentially leading to the emission of a 

single photon. The detector logs the temporal intervals, referred to as start-stop times, during 

which a solitary photon is detectable. It is imperative to ensure that only one or no photon is 

emitted throughout the duration of a single laser pulse cycle. The count of detected photons is 

then graphically represented against the corresponding time interval from excitation to 

emission. As illustrated in Figure 2.7, this process is reiterated multiple times to accumulate 

adequate data for the assessment of fluorescence lifetimes.[27] 

Utilizing a pulsed laser operating at frequencies ranging from 100 kHz to 80 MHz facilitates 

this highly repetitive photon registration, resulting in histograms that exhibit the exponential 

decay of excitation along with the associated lifetimes. The half-life of the excited species can 

be deduced from the exponential decay depicted in the subsequent histogram (Figure 2.7). 
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Figure 2.7. The principle of the lifetime measurement with TCSPC. (a) the TCSPC device 

typically measures the time between one START event and one STOP event (like a stopwatch). 

(b) A histogram of startstop times is reconstructed by counting a high number of photon events 

to reach statistical convergence. Reprinted with permission from Wang et al.[28] Copyright 2022 

Springer Nature. 

In this thesis, TCSPC measurements were employed to determine the lifetime of excited states 

in the synthesized COFs. TCSPC measurements were performed using an avalanche 

photodiode (MPD PDM) and TCSPC electronics (BECKER UND HICKL) integrated into the 

same CLSM setup, with samples excited at 476 nm. 

2.10. Zeta potential 

Zeta potential (also described with the Greek letter ɕ) is a surface characteristic of 

nanomaterials that estimates the surface charge and and is related to colloidal stability in a 

medium. In aqueous environments, nanoparticles are predominantly defined by a (slight) 

charge induced by the dissociation of surface functional groups or the adsorption of charged 

solvent molecules. Therefore, ions of differing charges from the dispersion medium stick to the 

nanoparticle's surface, resulting in the development of an electric double layer (Figure 2.8). 

The inner layer comprises counter ions that are firmly bound, referred to as the Stern layer, 

whereas the outer layer contains counter ions that are more loosely bound (extending to the 

slipping plane). This double layer (up to the slipping plane) remains associated with the 

nanoparticle and moves in accordance with its Brownian motion. The electrical potential 

gradient existing between this dual layer and the adjacent dispersive medium is referred to as 

the zeta potential.[30,31] 
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Figure 2.8. Block diagram of surface charge zeta potential. Reprinted with permission from 

Yadav et al.[32] Copyright 2022 Elsevier. This article is an open access article distributed under 

the terms and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

The determination of zeta potential can be conducted in a cuvette equipped with two gold 

electrodes, wherein laser illumination is used to track the motion of the particles as an external 

electric field is applied. The laser detects the movement of the particles by measuring shifts in 

the scattered light caused by their velocity, allowing accurate determination of electrophoretic 

mobility. Charged particles will migrate toward the electrode bearing the opposing charge. The 

velocity of this action, termed the electrophoretic mobility of the particles, relates to the zeta 

potential through the Henry equation:[33,34] 

 

 

(2.10)  

ɕ is the zeta potential; ɖ is the viscosity of the medium; Ue is the electrophoretic mobility; Ů is the 

dielectric constant; f(əa) is Henry's function.  

http://creativecommons.org/licenses/by/4.0/
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The magnitude of the zeta potential indicates how stable colloidal systems are, showing the 

degree of repulsive interactions among charged particles in the mixture. High zeta potential 

values, whether positive or negative, suggest enhanced colloidal stability due to the pronounced 

electrostatic repulsion acting on individual particles. On the other hand, diminished zeta 

potential readings, associated with lowered colloidal stability, can result in particle clustering 

and flocculation, as insufficient repulsive forces enable particles to agglomerate due to 

dispersive forces.[35] 

In this thesis, zeta potential measurements were utilized to evaluate the surface charge of the 

synthesized COFs and to study their protonation behavior in an acidic environment. Zeta 

potential measurements were performed on Malvern Zetasizer Nano equipped with a 4 mW He-

Ne laser (ɚ = 633 nm) and an avalanche photodetector. 

2.11. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a technique widely used in fields such as material 

science, chemistry, and nanotechnology for determining the elemental composition, oxidation 

states, and electronic states of materials with outstanding surface sensitivity. This method 

utilizes the expulsion of photoelectrons into a vacuum from a sample, triggered by the 

bombardment with X-rays released from an Al KŬ1 or Mg KŬ1 source. Upon striking the 

surface of the sample, the incident X-ray beam generates elastically scattered electrons. These 

electrons are subsequently analyzed using an electron analyzer, which measures their kinetic 

energy. Utilizing the evaluated kinetic energy allows for the computation of the binding energy 

(BE) of the electrons, thereby analyzing the material's chemical characteristics. XPS is 

particularly sensitive to surface layers, with a penetration depth that barely reaches 0.5 to 2 nm. 

because only electrons originating from very close to the surface can escape without losing 

energy through inelastic scattering. Electrons emitted from deeper layers lose energy through 

interactions with other atoms and therefore do not contribute to the sharp, well-defined peaks 

used for analysis. To alleviate the energy loss of electrons resulting from scattering phenomena 

in the gas phase, XPS is performed in ultra-high vacuum (UHV) conditions, usually spanning 

from 10-9 to 10-8 Pa. Maintaining these ultra-high vacuum conditions is crucial for minimizing 
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contamination and ensuring accurate measurements, as even trace amounts of atmospheric 

gases can significantly affect the results obtained during XPS.[36,37] 

The foundation of XPS is linked to the equation established by Ernest Rutherford in 1914:[38] 

 

 

(2.11)  

Ek is the kinetic energy of the photoelectron; hɜ is the energy of the X-ray; Eb is the binding energy of 

the electron. 

From XPS results, one can gain insights into chemical details by interpreting the BE values that 

come from the captured electron spectrum. Given that the BE of electrons is thoroughly 

examined, XPS provides the capability to investigate the electronic core levels of various 

atoms, including s, p, and d levels along with their respective splitting due to spin-orbit 

coupling. Furthermore, the valence state of the corresponding atoms can be evaluated, as a 

reduction in valence charge (for instance, oxidation) results in elevated BE values, whereas an 

increase (for example, reduction) corresponds to diminished BE values.[39] This can be 

described by the formula:[37] 

  (2.12)  

æE is the change in BE of a core level; k is a constant; æq is the charge change; æV is the potential 

difference. 

In this thesis, the XPS method was used to investigate the changes of the oxidation states of the 

elements of COFs before and after linkage conversion. The XPS measurements were performed 

with a VSW TA10 X-ray source providing non-monochromatized Al KŬ radiation (hɜ = 1486.6 

eV) set at 15 mA and 12 kV and a VSW HA100 hemispherical analyzer. The spectra were 

recorded with a pass energy of 22 eV and a dwell time of 0.1 s per measurement point. The 

obtained spectra were fitted in Igor Pro 6.0.2.4 using a convolution of Doniach-ȃunjiĺ and 

Gaussian functions after a linear background subtraction. 

2.12. Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is an electrochemical technique that provides insights into the redox 

behavior of chemical species by measuring the current response to a linearly varying potential. 

CV is employed to investigate electrochemical phenomena occurring at and within electrodes. 
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With this experimental set-up, a regular three-electrode design is applied, incorporating a 

working electrode (the material of interest), a counter electrode, and a reference electrode, all 

positioned within an electrochemical cell filled with an electrolyte solution. The electrodes are 

interfaced with a potentiostat connected to a computer for comprehensive data analysis. 

Typically, the potential is systematically varied over a predetermined range, and the resultant 

current is recorded. By manipulating various parameters such as scan rate, scan direction, or 

step size, one can examine both oxidation and reduction processes within the electrochemical 

cell. By employing CV, various types of data can be extracted such as capacitance, cycle 

stability, photocurrent values, and the reversibility of redox reactions. In the context of organic 

molecules, determination of the HOMO energy level is particularly significant, given that the 

LUMO level can be readily determined by adding the optical band gap derived from UV-Vis 

absorption measurements to the electrochemically derived HOMO level. Understanding the 

HOMO and LUMO levels facilitates the incorporation of organic compounds into various 

devices that necessitate precise energy alignment, including solar cells, transistors, and hole-

only devices. 

The CV technique applied to organic semiconductors facilitates the estimation of the HOMO 

level by analyzing the initial oxidation event within the scan. Ferrocene serves as the reference 

for the electrochemical process. HOMO level can be calculated using the following 

equation:[40ï42] 

 
 

(2.13)  

E(HOMO) is the estimated HOMO level; e is the elementary charge (the minus sign ensures HOMO 

energy is negative);  is the oxidation onset potential,  is the HOMO energy of ferrocene. 

In this thesis, the CV method was utilized to determine HOMO levels of the COFs with a 

further evaluation of LUMO levels. The CV measurements were carried out on an Autolab 

PGSTAT204 potentiostat/galvanostat at 0.1 V s-1 scan speed. The electrochemical setup was 

made of a single chamber electrochemical cell, filled with 0.1 M NBu4PF6 in acetonitrile, using 

a Pt wire as counter electrode and Ag as pseudo-reference standardized to the 

ferrocene/ferrocenium couple. 
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2.13. Gas chromatography (GC) 

Gas chromatography (GC) is an analytical method used for the separation, identification, and 

quantification of components in a mixture of volatile compounds. The procedure entails the 

introduction of a minute volume of the sample into a carrier gas (predominantly helium or 

nitrogen), which facilitates the transit of the sample through a capillary column that is lined 

with a stationary phase. 

As the sample advances through the column, its constituents engage in varying interactions 

with the stationary phase, influenced by their intrinsic chemical characteristics, including 

polarity and boiling point. Such disparities lead to differential migration rates of the 

components within the column, thereby achieving their separation. 

Upon reaching the terminal end of the column, a detector (frequently a flame ionization 

detector or thermal conductivity detector) quantifies the separated entities as they emerge from 

the column, thereby generating a chromatogram - a graphical representation delineating signal 

intensity against time. Each peak present on the chromatogram signifies a distinct compound 

found within the sample. The area under each peak corresponds to the concentration of that 

specific compound, allowing for quantitative analysis and comparison between different 

samples.[43] 

In this thesis, the GC method was used determine the hydrogen production rate during the 

photocatalytic test. GC measurements were performed using a PerkinElmer Clarus 580 gas 

chromatograph equipped with a thermal conductivity detector (TCD). 

2.14. Nuclear magnetic resonance spectroscopy (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique used for the 

characterization of chemical molecular structures. This method facilitates the determination of 

molecular architectures as well as the examination of dynamic processes within organic, 

inorganic, and biological matter. Furthermore, the electronic environments surrounding 

magnetic isotopes within molecules and their interactions with adjacent atoms can be 

systematically investigated. The elucidation of molecular structure is achievable, as the 
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interaction between an oscillating radio-frequency electromagnetic field and a collection of 

nuclei situated within a strong external magnetic field is quantifiable. Atoms possessing nuclear 

spin exhibit distinctive behaviors when subjected to an external magnetic field, contingent upon 

their respective chemical environments. NMR spectroscopy enables the measurement of nuclei 

with intrinsic spin; consequently, the nuclei of interest must contain an odd number of protons, 

neutrons, or both, exemplified by 1H, 13C, or 19F. These nuclei have a spin, linked to a spin 

angular momentum vector ŸὛ, and this relationship is described by the gyromagnetic ratio ɔ, 

as shown in equation 2.14:  

  (2.14)  

Ÿ ɛ is the magnetic moment. 

When subjected to an external magnetic field, the potential orientations of atomic magnetic 

moments are constrained. Only specific quantum states are permissible, which are governed by 

the spin quantum number I. For any given spin quantum number, there exist 2I+1 possible 

orientations. These spin states are non-degenerate in an external magnetic field and 

consequently experience a splitting into discrete energy levels. When electromagnetic radiation 

in the radio frequency range is absorbed, it can cause transitions between these states, as long 

as the following equations are satisfied: 

 

 

(2.15)  

  (2.16)  

ɜ is the resonance frequency; B0 is the external magnetic field; Bloc is the local magnetic field; Bint is the 

internal magnetic field. 

The varying electronic environments of the atoms will induce a difference between the external 

and local magnetic fields, which in turn will result in a variation in resonance frequency. This 

variation is measurable and can consequently yield significant insights into the electronic 

structure and chemical environment surrounding the nuclei under investigation. 

In this thesis, liquid-state 1H and 13C NMR methods were used to analyze the chemical 

composition and structure of the synthesized building blocks, while solid-state 13C CP/MAS 

NMR (MAS = magic angle spinning) was employed to evaluate chemical composition and 
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structure of synthesized COFs. Liquid-state 1H and 13C NMR spectra were recorded using 

Bruker AV 400 and AV 400 TR spectrometers. Solid-state 13C CP/MAS NMR spectra were 

acquired on a Bruker Avance III-500 spectrometer equipped with a 4 mm double resonance 

MAS probe, using a MAS rate of 10.0 kHz, contact time of 2-5 ms, and a pulse delay of 4 s. 

2.15. Elemental analysis 

Elemental analysis is a method used to determine the atomic composition of a given substance 

by identifying the presence and quantity of elements such as carbon, hydrogen, nitrogen, sulfur, 

or chlorine. This analysis relies on transforming the sample into an analyzable form, typically 

through combustion in an oxygen-rich environment. This procedure liberates gaseous products, 

which are subsequently captured and quantified to ascertain the concentrations of particular 

elements, including carbon, hydrogen, and nitrogen (CHN analysis). This method, initially 

developed by Fritz Pregl, can exhibit a high degree of precision and can be used at the 

microscale, necessitating only milligram quantities of the specimen. The precision of elemental 

analysis is imperative for validating the atomic composition and overall purity of substances.[44] 

In this thesis, CHNSCl analysis was used to determine the percentages of carbon (C), hydrogen 

(H), nitrogen (N), sulfur (S), and chlorine (Cl) in the synthesized building blocks and COFs, 

providing information on the elemental composition and enabling comparison with the 

theoretical values based on the proposed molecular structures.  Elemental analysis was 

performed using the vario EL and vario micro cube systems from Elementar, with 

high-temperature digestion, dynamic gas component separation, and detection in a single 

apparatus. Samples were weighed in tin boats. Combustion of the samples occurred at 1150 ÁC 

in an oxygen-enriched helium atmosphere. The resulting combustion products were collected 

and separated with gas chromatography. 

2.16. Mass spectrometry (MS)  

Mass spectrometry (MS) is a tool for identifying a compound based on the molecular or atomic 

mass(es) of its components. Using this method, the elements present and the molecular formula 

of the molecule can be identified. The idea behind mass spectrometry is rather straightforward: 
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first, ions are created from the sample of interest. These ions are then separated and measured 

based on their different mass-to-charge (m/z) ratios.  

In practice, a very small amount of the sample is vaporized and sent into an ionization chamber, 

where it gets bombarded by an electron beam, turning the molecules into positively charged 

ions. A small positive voltage pushes these ions out of the ionization chamber, and they are 

then accelerated by an electrostatic field toward the analyzer. Inside the analyzer, the ions are 

separated. A strong magnetic field, placed perpendicular to their motion, bends their paths into 

curves - lighter ions bend more, heavier ions bend less - depending on their mass-to-charge 

ratio. Finally, the ions pass through an exit slit and hit a collector electrode, creating a small 

electric current. This current is then amplified and recorded, showing up as a function of either 

the magnetic field strength or the accelerating voltage.[45,46] 

In this thesis, the MS method was used to evaluate the molecular masses of the synthesized 

compounds. Compounds were analyzed using electron ionization (EI),[47] also known as 

electron impact ionization or simply electron impact. MS were recorded using an Advion 

expression compact mass spectrometer (CMS) with the atmospheric solid analysis probe 

(ASAP) technique. The ion source was set to ñlow temperature and low fragmentationò and 

spectra were acquired with a mass range of 500 m/z at a speed of 104 m/z units per second. 

Analysis was performed using Advion's CheMS Express 5.1.0.2 software after background 

subtraction. 
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3.1. Abstract 

In this study, we report the synthesis and comprehensive characterization of a series of 

halogenated anthracene-based covalent organic frameworks (COFs), W-A-X (X = H, Cl, Br, I), 

obtained through Schiff-base condensation with a N,N,Nǋ,Nǋ-tetraphenyl-1,4-phenylen 

(Wurster-type) building block. Systematic substitution of a single halogen atom at the 2-
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position of the anthracene core revealed significant effects on the resulting COFsô structural and 

optoelectronic properties. Powder X-ray diffraction and transmission electron microscopy 

analyses demonstrate that halogenation influences both crystallinity and domain size, with W-

A-Br COF exhibiting notably larger crystalline domains (200ï400 nm), while W-A-Cl formed 

much smaller ones (~50 nm). This variation was attributed to both the choice of solvent and the 

electrostatic potential of the halogen substituents, as supported by density functional theory 

(DFT) calculations. Optical absorption and photoluminescence measurements revealed a clear 

redshift in both UV-vis absorption and emission maxima across the halogen series (H < Cl < Br 

< I), consistent with enhanced -́conjugation and increased polarizability. These trends were 

further validated and complemented by theoretical calculations, including DFT-based 

electronic and optical band gap analysis of the molecular fragments and COFôs structure. 

Collectively, our results underscore the critical role of single-atom halogen substitution in 

tailoring the morphology and optoelectronic response of anthracene-based COFs, offering a 

modular strategy for precision design of organic framework materials. 

3.2. Introduction 

Covalent organic frameworks (COFs) are porous crystalline polymers constructed from a 

diverse set of molecular organic building blocks, linked through covalent bonds in a periodic 

arrangement.[1] This structural regularity enables precise control over their properties, resulting 

in a rich spectrum of functionalities. The ability to design COFs with high structural precision 

allows for a direct connection between their architecture and (opto-)electronic properties, 

establishing well-defined structureïproperty relationships that are critical for the development 

of novel functional materials. These frameworks can be designed with numerous organic 

molecules capable of engaging in extensive chemical interactions, further broadening their 

utility. [2] The choice of molecular building units is therefore pivotal in defining structural, 

electronic, and chemical characteristics of COFs, directly influencing their applicability in 

fields such as photocatalysis,[3] photovoltaics,[4] sensing,[5] and gas storage.[6] 

A particularly compelling molecular building block for the synthesis of COFs is anthracene, an 

aromatic polycyclic compound composed of three linearly fused benzene rings. While it has 

been extensively utilized in metal-organic frameworks,[7ï10] its integration into COFs remains 
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relatively limited. First anthracene-based COFs have been applied in photocatalysis,[11ï13] 

fluorescence quenching,[14,15] sensing,[16,17] supercapacitors,[18] and optoelectronic devices.[19,20] 

Given anthraceneôs intrinsic optoelectronic properties including strong photoluminescence,[21] 

efficient intramolecular charge transfer[21] and mechanochromic[22] behavior, it holds significant 

promise as a versatile building block for the development of advanced COF materials.  

In its native form, anthracene primarily absorbs and emits in the UV region, which limits its 

direct applicability in visible-light-driven technologies. To fully exploit its potential in solar 

energy conversion systems, a redshift in its optical response is required.[23,24] This can be 

achieved by integrating anthracene units into extended ˊ-conjugated frameworks such as COFs, 

or through peripheral chemical functionalization that preserves the integrity of the aromatic 

core.[25,26] However, the inherent planarity and rigidity of anthracene, combined with the 

positions of its functional groups, often impede the formation of crystalline COFs, as it may 

cause imperfect layer alignment and steric hindrance.[27,28] 

In this context, N,N,Nǋ,Nǋ-tetraphenyl-1,4-phenylen (Wurster-type) building blocks offer a 

particularly attractive option for COF synthesis due to their structural flexibility, which stems 

from free rotation around single bonds.[29,30] This adaptability allows them to conform to more 

rigid components such as anthracene, facilitating the formation of well-ordered, crystalline 

frameworks. Notably, the additional aromatic rings in Wurster-type building blocks enhance ˊ-

conjugation enabling fine-tuning of the (opto-)electronic properties and expanding the design 

space for modular and functional COF architectures.[29,31] Specifically, the combination of 

electron-donating Wurster-type units with electron-accepting anthracene moieties can promote 

the formation of donor-acceptor COFs, a design strategy known to enhance charge carrier 

separation and improve the efficiency of light-induced processes.[32] 

One effective strategy for modulating the properties of COFs is the integration of functional 

groups or atoms, among which halogen functionalization stands out as particularly impactful. 

The incorporation of halogens into the COF backbone can enhance charge separation and 

transfer efficiency owing to their electron-withdrawing characteristics[33,34] or tune the COFôs 

electrostatic potential.[35] Additionally, halogen modifications have been shown to directly 

impact charge carrier mobility and electrical conductivity.[36] Furthermore, halogen-framework 
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interactions can induce changes in both the electronic structure and the molecular geometry of 

the framework, making halogenation a powerful tool for tuning materials properties.[37] To the 

best of our knowledge, no studies have reported COFs featuring halogenated anthracene units. 

Given anthraceneôs highly conjugated nature, even the substitution of a single halogen atom 

can significantly alter the electronic properties of the linker and, consequently, the functionality 

of the entire COF.[38] This unexplored design avenue presents a promising opportunity to 

further expand the structural and functional diversity of COFs. 

In this study, we present a series of novel anthracene-based COFs functionalized with various 

halogen atoms on the peripheral position of the anthracene core and incorporating Wurster-type 

building blocks. We demonstrate that even a single-atom substitution leads to significant 

changes in crystallite size, morphology, and optoelectronic properties. Furthermore, we provide 

comprehensive insights into the electronic and optical behavior of these systems, supported by 

extensive theoretical calculations performed on functionalized building blocks, extended 

molecular fragments and the corresponding COF structures. 

3.3. Results and discussion 

Novel anthracene-based linkers, functionalized with different halogens at the 2-position, were 

synthesized following a general synthetic route outlined in Scheme 3.1.[39] The synthesis 

involves a Diels-Alder reaction between halogenated anthracene precursors (2-X-anthracene 

(A-X); X = Cl, Br, I) and vinylene carbonate to form a cyclic carbonate intermediate. This 

intermediate is subsequently converted into the corresponding diol, which is then oxidized to 

yield the target compound: 2-halogen-9,10-anthracenedialdehyde (A-X-CHO; X = Cl, Br, I). 

Details on the synthesis are provided in the Appendix (Figure 3.6 - Figure 3.21). 

The freshly synthesized halogenated A-X-CHO linkers, along with the commercially available 

non-halogenated analog, were employed to construct four novel crystalline COFs (W-A-X, 

where X = H, Cl, Br, I) via a Schiff-base condensation reaction with the electron-rich 

N,N,Nǋ,Nǋ-tetrakis(4-aminophenyl)-1,4-phenylenediamine (W-NH2) building block (see Figure 

3.1a, Figure 3.22 to Figure 3.25). Powder X-ray diffraction (PXRD) analysis reveals well-

ordered structures of all synthesized COFs (see Figure 3.1b-d). All four COFs exhibit 
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prominent diffraction peaks corresponding to the (100), (110) and (210) lattice planes at similar 

positions. Additionally, (200) and (310) peaks were observed for W-A-H, W-A-Cl and W-A-

Br. Intense and sharp diffraction peaks for W-A-H, W-A-Cl, and W-A-Br COFs establish high 

crystallinity, while the W-A-I COF features somewhat lower crystallinity.  

Building on the PXRD characterization, we further investigated the structure of all four W-A-X 

COFs using density functional theory (DFT) simulations. For better comparison of the four 

models, we assumed hexagonal lattice symmetry with a Kagome structure in all cases. Each 

unit cell comprised six mono-halogenated anthracene and three Wurster units per layer, 

arranged in an eclipsed vertical stacking geometry. Due to the asymmetric structure of the 

functionalized anthracene building blocks, various orientations and combinations of the 

halogenated units relative to the smaller and larger pores are possible. Multiple halogen atom 

arrangements were explored (see Figure 3.26), yielding the most energetically favorable 

configuration (shown in Figure 3.1a), which also exhibited the best agreement with the 

experimental PXRD data. In this structural model, two halogen atoms per unit cell are oriented 

toward the smaller trigonal pore (highlighted with pink arrows), while the remaining four 

halogen atoms are facing the larger hexagonal pore (blue arrows). For comparison, the non-

halogenated analog (W-A-H), in which halogen atoms were replaced by hydrogen, was used as 

a reference structure in the simulations. 

Based on the structural DFT-models and the PXRD patterns (Figure 3.1b-e, Table 3.1 to Table 

3.4), we performed Pawley refinement of the four COFs, adopting P-3 symmetry for W-A-H 

and P-1 for W-A-X (X = Cl, Br, I), as detailed in the SI. The refined unit cell parameters are: 

W-A-H (a = b = 4.236 nm, c = 0.411 nm), W-A-Cl (a = b = 4.265 nm, c = 0.408 nm), and W-

A-Br (a = b = 4.263 nm, c = 0.409 nm). These COFs exhibited excellent agreement between 

the simulated and experimental diffraction peaks with Rp values of 4.66%, 5.09%, and 5.64%, 

respectively. All observed diffraction peaks were successfully indexed to specific lattice planes, 

confirming the high crystallinity of the synthesized frameworks. The W-A-I (a = b = 4.263 nm, 

c = 0.408 nm) COF exhibits slightly lower crystallinity compared to the other three COFs. 

Nevertheless, its experimental PXRD pattern shows a good agreement with the simulated 

pattern of the dual-pore hexagonal structural model, with refinement factor of Rp = 3.34%. 
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We note that minor additional reflections were observed in the PXRD patterns of the W-A-Cl 

and W-A-Br COFs. Specifically, diffraction peaks at 5.25° and 5.30°, respectively, could not be 

assigned to the simulated dual-pore hexagonal model, suggesting the presence of a minor phase 

impurity in these frameworks, possibly caused by the asymmetry of the halogenated anthracene 

linker.  

To gain deeper insight into the structural properties of the synthesized COFs, transmission 

electron microscopy (TEM) was performed for W-A-H, -Cl, -Br COFs as representatives of the 

series. Hereby, the images confirm the Kagome-type hexagonal lattice. The crystalline domain 

sizes were found to range from 50ï100 nm for W-A-H COF, up to 50 nm for W-A-Cl, and as 

large as 200-400 nm for W-A-Br, see Figure 3.1f-h. Additional TEM images for W-A-Br are 

shown in  Figure 3.27, clearly exhibiting lattice fringes.  

The observed differences in crystalline domain sizes can be rationalized by nucleation and 

growth dynamics. Slower nucleation rates tend to promote the growth of larger domains, as 

fewer nucleation sites are formed, allowing each crystal domain to grow more extensively. In 

contrast, faster nucleation rates typically lead to smaller crystallite sizes due to the formation of 

numerous nucleation sites, which limits individual crystal growth.[40ï42]  

Addressing the potential impact of halogenation, the introduction of a single halogen atom into 

anthracene-based linkers can induce polarization due to the high electronegativity of halogens, 

creating regions of distinct electrostatic potential (ESP). This polarization can influence 

monomer interactions during COF formation, thereby affecting nucleation. To explore this 

point further, we performed ESP calculations of the four A-X-CHO linkers (X = H, Cl, Br, I), 

as well as for the W-NH2 linker (Figure 3.28). The calculations show that halogen atoms 

covalently bonded to the anthracene unit in a C-X fashion, particularly Br and I, exhibit a 

region of positive ESP opposite the C-X bond axis, which are known as the ů-hole (ESP = 

+0.011, +0.021, and +0.038 a.u. for Cl, Br, and I, respectively).[43,44] This ů-hole can engage in 

directional halogen bonding with electron-rich species, such as the amino groups of the W-NH2 

building block used for COF synthesis.[45,46] To hypothesize, such non-covalent interactions 

may play a crucial role in stabilizing the early stages of COF nucleation. Their directionality 

and specificity can lead to more ordered supramolecular assemblies, potentially slowing down 
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nucleation and allowing larger crystallite growth.[47,48] Consistent with literature[49,50], Figure 

3.28 shows that the size and strength of the ů-hole increase with halogen polarizability (I > Br > 

Cl), enhancing interactions with nucleophiles.[49,50] This trend may explain why W-A-Br COF, 

containing the more polarizable Br, exhibits large crystalline domains (200ï400 nm), while W-

A-Cl COF does not show a comparable effect. In the case of W-A-I COF, the very strong 

halogen bonding associated with iodineôs large ů-hole may act as an ñovermodulatingò factor, 

somewhat disrupting regular framework formation and contributing to its slightly reduced 

crystallinity.[51ï53] Notably, the large ů-hole of iodine can engage in directional noncovalent 

interactions with electron-rich amino groups, either through halogen bonding or charge-transfer 

complexation,[54] potentially leading to off-target interactions that interfere with the intended 

framework connectivity. In contrast, the more moderate ů-hole of bromine may act as a gentler 

modulator, supporting controlled interactions that enhance crystallinity, while the stronger 

interactions of iodine may slightly interfere with ordered framework growth.[55,56] 
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Figure 3.1. (a) Schematic representation of Schiff -base reaction to obtain W-A-X COFs (X = 

H, Cl, Br, I). Arrows indicate the orientation of the halogen atoms of the energetically most 

stable configuration with two halogens facing the smaller trigonal pore (pink) and the 

remaining four halogens directed toward the larger hexagonal pore shown in blue. Simulated 

and experimental PXRD patterns of (b) W-A-H, (c) W-A-Cl, (d) W-A-Br, (e) W-A-I. TEM 

images of (f) W-A-H, (g) W-A-Cl, (h) W-A-Br.  

The morphologies of the COFs were evaluated via scanning electron microscopy (SEM). SEM 

images demonstrate that despite the similar crystal structure, morphologies of all four COFs 

differ (Figure 3.29). The pristine W-A-H COF consists of small platelets, W-A-Cl COF 

contains a mixture of platelets and spherical particles, W-A-Br COF is composed mainly of 

spherical particles and W-A-I COF exhibits rods. The morphology of COFs can be significantly 

influenced by solvent polarity and electrostatic repulsion, the latter of which may arise from the 
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presence of electronegative halogen atoms.[57,58] These factors affect layer spacing and 

solvation, possibly leading to different morphologies. 

Nitrogen sorption isotherms were recorded to analyze the porosity of all four COFs (Figure 

3.30). A gradual reduction in surface area is observed with increasing atomic radius of the 

halogen r (r(H) < r(Cl) < r(Br) < r(I)): W-A-H 548 m2 g-1, W-A-Cl 490 m² g-1, W-A-Br 187 m2 

g-1 and W-A-I 170 m2 g-1. These values are considerably lower than the theoretical network-

accessible surface areas per gram calculated from perfect crystal structures using 

PoreBlazer:[59] W-A-H, 897 m2 g-1; W-A-Cl, 806 m2 g-1; W-A-Br, 674 m2 g-1; and W-A-I, 653 

m2 g-1 (Table S5). Nevertheless, the experimental pore volumes for W-A-H (0.35 cm3 g-1) and 

W-A-Cl (0.33 cm3 g-1) are in good agreement with the theoretical values of 0.364 cm3 g-1 and 

0.317 cm3 g-1, respectively, indicating good crystallinity and stability during activation prior to 

the N2 adsorption experiment. By contrast, W-A-Br and W-A-I COFs show both substantially 

lower experimental pore volumes (0.18 cm3 g-1 and 0.13 cm3 g-1, respectively) and BET surface 

area than their theoretical counterparts. For the iodine derivative, this is attributed to reduced 

crystallinity compared with the other three materials (Figure 3.1e). Furthermore, the activation 

process (vacuum drying) of COFs may cause partial pore collapse. Due to steric hindrance, this 

effect may be more pronounced in materials functionalized with larger atoms, such as Br and I, 

compared to H and Cl,[60,61] leading to a further reduction in the overall BET surface area and 

accessible pore volume. 

Using non-local density functional theory (NLDFT)[62] for slit and cylindrical pores for 

evaluation of the isotherms, average pore sizes were calculated to be 1.1 nm and 1.7 nm for W-

A-H, 1.1 nm and 2.0 nm for W-A-Cl, 1.1 nm and 2.0 nm for W-A-Br, and 1.1 nm and 2.0 nm 

for W-A-I, respectively. Additionally, porosity parameters were simulated using Zeo++ 

software[63] (Table 3.5 and Figure 3.31), providing theoretical pore sizes and pore volumes. 

The results indicated pore sizes of 0.7 nm and 2.0 nm for W-A-H, 0.7 nm and 1.9 nm for W-A-

Cl, 0.7 nm and 1.9 nm for W-A-Br, and 0.7 nm and 1.8 nm for W-A-I. The deviations between 

the experimental and theoretical pore sizes can be attributed to the idealized nature of the 

theoretical models, which assume a perfectly ordered and defect-free COF structure. In reality, 

structural imperfections, defects, distortions, and variations in the distribution of halogen 

substituents can occur, leading to differences in the experimentally observed porosity 
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parameters. Additionally, the same Zeo++ software was applied to calculate average unit cell 

densities, yielding 0.67 g cm į for W-A-H, 0.74 g cm į for W-A-Cl, 0.81 g cm į for W-A-Br, 

and 0.90 g cm į for W-A-I. The increase in unit cell density for halogenated COFs compared to 

the non-halogenated W-A-H COF is attributed to the incorporation of halogen atoms, which 

increase the overall framework density.[64] A comparison of theoretical and experimental 

porosity parameters is presented in Table 3.5.  

Fourier Transform Infrared Spectroscopy (FTIR) analysis was conducted to confirm the 

formation of imine bonds following the condensation reaction of the monomers (Figure 3.32). 

All four COFs show an FTIR-band at 1609 cm-1 which is assigned to the newly formed imine 

(C=N) bonds.[65,66] We note that the stretching vibrations of the carbon-halogen bonds are 

hidden in the fingerprint region (< 600-840 cm-1 C-Cl, < 700 cm-1 C-Br, < 600 cm-1 C-I),[67] 

therefore these vibration bands are not presented in FTIR spectra. 

To further characterize the chemical structure of the four COFs, 13C cross-polarization magic 

angle spinning (CPMAS) analysis was performed (Figure 3.33). All COFs exhibited a distinct 

peak at 157 ppm, confirming imine bond formation. An additional peak at 93 ppm in the 13C 

spectrum of the W-A-I COF indicates the presence of a C-I bond. In contrast, the 13C NMR 

signals corresponding to carbons bonded to chlorine (123.14 ppm) and bromine (122.87 ppm) 

in the W-A-Cl and W-A-Br COFs, respectively, were less distinct due to overlap with other 

carbon resonances in the 109-140 ppm region of the spectrum. 

A good thermal stability of the COFs was confirmed by thermogravimetric analysis (TGA), 

Figure 3.34. A weight loss of 10% under the dynamic TGA conditions was observed at 403 °C, 

419 °C, 404 °C and 378 °C for W-A-H, W-A-Cl, W-A-Br and W-A-I COFs, respectively.  

The optical properties of the COFs were examined using in UV-vis diffuse reflectance 

absorption spectroscopy and are presented as the Kubelka-Munk function (F(R)) for solid 

materials.[68] W-A-H and W-A-Cl COF exhibit an absorption maximum at 580 nm, W-A-Br at 

611 nm and W-A-I at 572 nm (Figure 3.2a). Assuming direct optical transitions for all COFs, 

the optical bandgap energies were determined using Tauc plots, yielding 1.70 eV for W-A-H 

COF, 1.66 eV for W-A-Cl, 1.62 eV for W-A-Br and 1.61 eV for W-A-I eV (Figure 3.2a, 

inset). The observed decrease in the optical band gap energy correlates with the increasing size 
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of the halogen atom, consistent with previously published results.[34,38,69,70] This results from 

changes in orbital participation.[71,72] Additionally, the optical properties of the W-A-H COF 

were compared to the previously reported[73] Wurster-terephthalaldehyde (W-TA) COF, which 

is structurally similar to the anthracene moiety but lacks the additional fused benzene rings 

(Figure 3.35). UV-vis spectra revealed that the W-A-H COF exhibits a redshift of 97 nm 

relative to the W-TA COF, along with a significantly reduced optical gap energy (1.70 eV vs. 

1.89 eV). The transition towards longer wavelengths and the concomitant reduction in bandgap 

can be attributed to the augmented conjugation provided by the tri-fused benzene rings present 

in anthracene.[11,74]  

To further investigate the optical properties of the materials, photoluminescence (PL) 

spectroscopy was performed on the series of W-A-X COFs (Figure 3.2b). All anthracene-based 

frameworks exhibited strong emission in the red to near-infrared region, with emission maxima 

at 755 nm for W-A-H, 757 nm for W-A-Cl, 771 nm for W-A-Br, and 776 nm for W-A-I. 

Consistent with the trend observed in the UV-vis spectra, the emission profiles display a 

gradual redshift with increasing halogen atomic size, indicating enhanced ˊ-conjugation and 

modulated electronic interactions within the framework. Additionally, PL measurements were 

performed for the W-TA COF to serve as a reference (Figure 3.36). In contrast to the 

anthracene-containing systems, W-TA exhibited a markedly blue-shifted emission maximum at 

670 nm, consistent with its reduced conjugation. This mirrors the trend seen in the UV-vis data. 

The consistent redshift across both absorption and emission spectra highlights the impact of the 

extended ˊ-system provided by the anthracene core in lowering the energy of electronic 

transitions.[14,75] 
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Figure 3.2. Optical properties of W-A-H (black), W-A-Cl (green), W-A-Br (blue), W-A-I 

(red): (a) F(R) and Tauc plots (inset), (b) PL spectra. 

Transient PL spectroscopy measurements were performed for the W-A-X COFs to investigate 

the excited-state lifetimes as a function of the halogen atom present in the anthracene linker, 

with the W-TA COF included as a reference (Figure 3.37). The W-A-Cl COF exhibits a 

significantly longer average lifetime of 7 ps, whereas the lifetimes of the other COFs fall below 

the resolution limit of 3 ps. Chlorine is the most electronegative halogen among those used in 

these COF systems, and the extended luminescence lifetime can be attributed to its enhanced 

electron-withdrawing character. The combination of the A-Cl-CHO linker with an electron 

donor such as W-NH2 enhances donor-acceptor interactions within the COF, thereby stabilizing 

the excited state and extending its lifetime.[76]  

To understand the observed redshift in UV-vis absorption and the corresponding decrease in 

optical band gap energy across the W-A-X COF series (X = H, Cl, Br, I), DFT calculations 

were first performed to determine their electronic band structures. The band structure of W-A-

H (Figure 3.3b) shows typical Kagome-like band features[77] along the in-plane high-symmetry 

path (ũ ï M ï K ï ũ) with moderate band widths, while the band dispersions in the out-of-plane 

direction (ũ ï A) are significantly stronger. Consistent with the strategy of tuning anthraceneôs 

(opto-)electronic properties through framework integration, the electronic band gap is observed 

to be relatively low, indicative of semiconducting behavior. The W-A-H COF has a direct band 

gap of 0.85 eV. The halogenated COF derivatives exhibit the same electronic band features as 
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well as a direct band gap of similar size (W-A-Cl: 0.85 eV, W-A-Br: 0.84 eV, W-A-I: 0.85 eV; 

see Figure 3.3e and Figure 3.38). However, the asymmetric halogenated anthracene moieties 

break the threefold symmetry that underlies the distinct Kagome-band-like features. This 

becomes noticeable in the band structure by a gap opening of the Dirac-cone at the K point in 

the Brillouin zone (Figure 3.3a) in the halogenated COFs as well as the emergence of small 

band dispersions for the former flat bands (Figure 3.3e, highlighted in green). 

More detailed analyses of the HOMO and LUMO states show that they are highly localized on 

the electron-rich donor (Wurster) and electron-deficient acceptor (anthracene) fragments, as 

exemplarily shown in Figure 3.3 d and c for W-A-H, respectively. The same localization 

tendencies are found in the halogenated COFs (see Figure 3.38), emphasizing the donor-

acceptor character of all four COFs. The energetic comparison of the W-NH2 and (non-

)halogenated anthracene (A-X, X = H, Cl, Br, I) building blocks in the gas phase (Figure 3.39) 

confirms the profound donor character of W-NH2 with an energetically high HOMO and the 

acceptor character of the A-X fragments (energetically low lying LUMO). 

 

Figure 3.3. (a) Schematic representation of the high symmetry path in the Brillouin Zone of a 

primitive hexagonal unit cell. (b) Electronic band structure of W-A-H with the partial charge 

densities of (c) LUMO band in orange and (d) HOMO band in blue. (e) Electronic band 

structure of W-A-Br with Kagome-like band feature highlighted in green.  

After the analysis of the electronic band gap we focus on the optical band gap. Note that the 

reduced electronic band gaps of the W-A-X COFs as compared to the COF building blocks W-

NH2 and A-X (Figure 3.39) do not in general permit a quantitative prediction of an optical 
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band gap. Unfortunately, optical simulations of the W-A-X COFs are computationally not 

feasible due to size limitations. Therefore, to study the impact of anthracene halogenation on 

the optical properties of the W-A-X COFs, we simulated the UV-vis absorption spectrum of the 

halogenated and non-halogenated anthracene molecules A-X (Figure 3.4a) with time-

dependent density functional theory (TD-DFT, more details in the experimental section of the 

Appendix). The spectra show a distinct redshift in the absorption maximum from anthracene 

(A-H) to the halogenated derivatives (A-ClA-Br < A-I). These maxima are dominated by 

transitions between the HOMO and LUMO of the molecules, while other energetically close 

orbitals have substantially lower weights in these transitions. The energetic shift of the 

absorption maxima (A-Cl: - 35 meV, A-Br: - 40 meV, A-I: - 59 meV) with respect to anthracene 

is consistent with the observed trend in the electronic HOMO - LUMO gaps of the halogenated 

anthracenes with respect to A-H (A-Cl: - 31 meV, A-Br: - 34 meV, A-I: - 49 meV). In order to 

extrapolate these findings to the larger COF systems, a systematic extension of anthracene 

towards a combined anthracene-Wurster fragment of W-A-H, as present in the COF (see 

Figure 3.4b), was studied next. Already at the level of extension with phenyl groups, we 

observe a redshift of the absorption maxima into the visible region (Figure 3.4c). 

Concomitantly, the LUMO energy is significantly lowered, while the energetic position of the 

HOMO remains unaffected (more details in the Appendix, Figure 3.40). The same redshift 

trend is also observed for the halogenated AX-2(CN-Ph) fragments, although on a smaller scale 

(Figure 3.41), shifts of optical excitation energy w.r.t. A-H-2(CN-Ph) for Cl: - 13 meV, Br: -

 16meV, I: - 27 meV). Following this trend, we expect the COFs to inherit the absorption 

properties of their fragments (i.e., the redshift of halogenated anthracenes) in the low-energy 

regime. 
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Figure 3.4. (a) Theoretical absorption spectrum of anthracene (A-H, black) and its halogenated 

derivatives (A-X, X = Cl (green), Br (blue), I (red)) with an inset showing the absorption 

maxima. (b) Molecular structure and (c) theoretical absorption spectrum of extended 

anthracene molecules A-H (black), A-H-CN-Ph (turquoise) and A-H-2(CN-Ph) (purple) 

simulating a combined Wurster-anthracene fragment. 

 

We finally note that the experimental optical band gaps of the COFs (1.60ï1.70 eV) do not 

coincide with the calculated electronic band gaps (~0.85 eV). Typically, one would expect a 

significant exciton binding energy to reduce the electronic band gap toward the optical band 

gap. In the present case, however, the calculated electronic band gap is substantially lower than 

the observed optical band gap, and a negative exciton binding energy is physically implausible. 

To gain insight into this apparent discrepancy, we analyzed the spatial localization of the 

HOMO and LUMO states (see Figure 3.3d and c). This would indicate a charge-transfer-type 

transition at the lowest energy, i.e. around the electronic band gap, which however is typically 

dark. In contrast, our theoretical results from the gradual extension of the anthracene units 

suggest a predominantly local, anthracene-based excitation rather than a charge-transfer-type 

transition. In a, the electronic bands formed by atomic orbitals located on the anthracene units 

in W-A-H are colored in dark red, while those dominated by contributions from Wurster units 

are shown in dark blue. A local, anthracene-dominated transition from the highest valence band 

to the lowest conduction band in W-A-H (with anthracene character) requires about 1.91 eV. 

Accounting for the exciton binding energy, this value is close to and consistent with the 

experimental optical band gap. Similar conclusions can be drawn for the halogenated COFs 

(see Figure 3.5b-c; local halogenated-anthracenes transitions for W-A-Cl: 1.93 eV, W-A-Br: 
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1.93 eV, W-A-I: 1.93 eV), while the influence of the halogen atoms is more clearly discernible 

in the optical simulation data. 

3.4. Conclusion 

This work presents the first detailed investigation into the effects of single-atom halogen 

substitution on the structure and optoelectronic properties of anthracene-based covalent organic 

frameworks. Through systematic synthesis and characterization of W-A-X COFs (X = H, Cl, 

Br, I), we demonstrate that even minimal structural modifications, namely, the introduction of a 

single halogen atom, induce pronounced changes in crystallite size, morphology, and optical 

properties. Our findings reveal that larger halogens such as bromide promote the formation of 

larger crystalline domains, while smaller or more electronegative halogens lead to reduced 

domain growth. We hypothesize that this behavior is closely linked to reaction conditions and 

halogen-mediated electrostatic interactions, as confirmed by electrostatic potential surface 

modeling. Furthermore, both UV-vis absorption and photoluminescence measurements exhibit 

a redshift across the halogen series, correlating with increased polarizability and extended 

 

Figure 3.5. Projected band structure of (a) W-A-H, (b) W-A-Cl, (c) W-A-Br and (d) W-A-I with 

bands solely located on (halogenated) anthracene fragments colored in dark red. 
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conjugation, in excellent agreement with theoretical simulations. Importantly, the band 

structure calculations affirm the donor-acceptor nature of these frameworks and highlight the 

role of local anthracene-based transitions in determining the optical bandgap. This joint 

theoretical-experimental study provides comprehensive insight into structureïproperty 

relationships in halogenated COFs, establishing halogenation as a powerful design tool for 

modulating the physical and functional properties of COFs and paving the way for their rational 

design in optoelectronic and photocatalytic applications. 
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3.6. Appendix 

3.6.1. Experimental section 

Chemicals. All materials were purchased from Aldrich, Fluka, Acros, Activate Scientific, or 

TCI Europe in the common purities purum, puriss, or reagent grade. Materials were used as 

received without additional purification and handled in air unless noted otherwise. All used 

solvents were anhydrous and purged with inert gas. 

Powder X-ray diffraction (PXRD) measurements. PXRD measurements were performed on 

a Bruker D8 Discover diffractometer using Ni-filtered Cu KŬ radiation and a position sensitive 

LynxEye detector in Bragg-Brentano geometry. 

Nitrogen sorption measurement. Nitrogen sorption isotherms were recorded on a 

Quantachrome Autosorb 1 at 77 K within a pressure range from p/p0 = 0.001 to 0.98. Prior to 

the measurement of the sorption isotherms, the samples were heated for 24 h at 120 ÁC under 

turbo-pumped vacuum. For the evaluation of the surface area the BET model was applied 
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between 0.05 and 0.28 p/p0. Pore size distributions were calculated using the NLDFT 

equilibrium model with a carbon kernel for slit/cylindrical pores. 

The structure models of the COFs were constructed using the Accelrys Materials Studio 

software package. For W-A-H, P-3 symmetry and for W-A-Cl, W-A-Br and W-A-I COFs P-1 

symmetry was applied. The structure models were optimized using the Forcite module with the 

Dreiding force-field. Further refinements using the Pawley method were carried out as 

implemented in the Reflex module of the Materials Studio software. Thompson-Cox-Hastings 

peak profiles were used, and peak asymmetry was corrected using the Berar-Baldinozzi 

method. 

Liquid state 1H and 13C nuclear magnetic resonance (NMR) analysis. Liquid state NMR 

spectra were recorded on Bruker AV 400 and AV 400 TR spectrometers. Proton chemical shifts 

are expressed in parts per million (ŭ scale) and are calibrated using residual non-deuterated 

solvent peaks as internal reference (e.g. CDCl3: 7.26 ppm in 
1H NMR and 77.0 ppm in 13C 

NMR). 

Solid state 13C NMR analysis. The solid state 13C cross-polarization magic angle spinning 

(CP/MAS) spectra were obtained on a Bruker Avance III-500 solid state NMR spectrometer 

with a 4 mm double resonance MAS probe and at a MAS rate of 10.0 kHz with a contact time 

of 2-5 ms and a pulse delay of 4 s. 

Fourier-transform infrared (FT-IR) spectra. FT-IR  measurements  were  performed  with  a  

Bruker Vertex 70 FTIR instrument by focusing light of a globar (silicon carbide) as MIR light 

source through a KBr beam splitter with integrated gold mirrors and an ATR sample stage with 

a Ge crystal. The spectra were recorded by an N2-cooled MCT detector with a resolution of 2 

cm-1 and averaged over 1000 scans. 

Thermogravimetric analysis (TGA). TGA measurements were performed on a Netzsch 

Jupiter ST 449 C instrument equipped with a Netzsch TASC 414/4 controller. The samples 

were heated from room temperature to 900 ÁC under a synthetic air flow (25 mL min-1) at a 

heating rate of 10 K min-1. 
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Scanning electron microscopy (SEM) images. SEM images were recorded with an FEI 

Helios NanoLab G3 UC scanning electron microscope equipped with a field emission gun 

operated at 3 kV. Prior to the measurements, the samples were sputtered with carbon.  

Transmission electron microscopy (TEM) images. TEM images were recorded with an FEI 

Titan Themis 60 - 300 equipped with a field emission gun operated at 300 kV. 

Ultraviolet-Vis-infrared (UV-vis) absorption spectra. The UV-vis spectra were recorded on 

a Perkin-Elmer Lambda 1050 spectrometer equipped with a 150 mm integrating sphere with 

InGaAs detector. Diffuse reflectance spectra were collected with a Praying Mantis (Harrick) 

accessory and were referenced to barium sulfate powder as white standard. The specular 

reflection of the sample surface was removed from the signal using apertures that allow only 

light scattered at angles > 20Á to pass. 

Steady-state photoluminescence (PL) and time-correlated single-photon counting 

(TCSPC). 

A home-built confocal laser scanning microscope (CLSM) setup was used for characterizing 

the photoluminescence of powder of W-A-X COFs (X = H, Cl, Br, I) and their linkers A-X-

CHO (X = H, Cl, Br, I). The samples were measured in the epi-direction using an air objective 

(0.85 NA, Fluor 40, NIKON). A beamsplitter (MELLES GRIOT 03BTL005) and a 490 nm 

long-pass filter were utilized to separate the laser from the photoluminescence (PL) light. 

Excitation was provided by a sub-picosecond laser (iChrome TOPTICA) operating at 476 nm 

with repetition rate of 40 MHz. The detection system was divided into two components. The 

first part featured an avalanche photodiode (APD, type: MPD PDM, with a detector size of 50 

Ĭ 50 ɛm), which was used in combination with time-correlated single-photon counting 

(TCSPC) electronics (BECKER UND HICKEL) to measure time-resolved PL transients. The 

second part comprised a spectrometer (ANDOR SHAMROCK SRi303) connected to a CCD 

camera (ANDOR NEWTON DU920) for capturing spectra. The data were recorded using a 

customized LABVIEW (National Instruments) program that integrated the manufacturersô 

software with our specific measurement requirements. Further data processing and analysis, 

including extracting PL spectra and TCSPC transients, were performed using MATLAB 

(MATHWORKS). 
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Density functional Theory (DFT). Theoretical calculations of structural and electronic 

properties of the four COFs and their fragments were performed with Vienna Ab initio 

Simulation Package (VASP),[1ï4] utilizing the projector-augmented wave (PAW) method[5,6] in 

combination with the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional[7] and 

periodic boundary conditions. For the gas-phase calculations for all building blocks and their 

extended fragments, a vacuum of at least 5 ¡ in each direction was applied. For the COF 

structures, we employed the Becke-Johnson damping variant of DFT-D3[8] to correct the van 

der Waals (vdW) dispersion. Geometry optimization of the atomic positions and the lattice 

parameters of the molecular structures were optimized in an alternating fashion with multiple 

steps, where an energy convergence value of 10-6 eV and a kinetic energy cutoff of 400 eV (for 

atom relaxation) and 520 eV (for lattice relaxation, only for 2D COFs) were used. 

The electronic band structure was computed along the high symmetry paths in the Brillouin 

zone of the primitive hexagonal unit cell. Each segment along the high symmetry paths ũ ï M ï 

K ï ũ ï A was sampled by 10 points. To account for the opening of the band gap and to 

estimate the band gap at the Hybrid-DFT level (HeydïScuseriaïErnzerhof (HSE06) 

functional),[9] we employed a scissors shift[10] along the high symmetry path. 

Time-Dependent Density Functional Theory (TD-DFT). For calculations of optical 

absorption data on the building blocks and the extended fragments, we used TD-DFT[11] with 

the HSE06 exchange correlation functional and a triple zeta basis set[12], as implemented in the 

Gaussian16 software package[13]. To account for spectral broadening, a Gaussian broadening 

with a finite width (ů = 0.2 eV) was applied. Since our focus lies on the relative, chemically 

induced shifts rather than absolute excitation energies, we did not apply any additional 

empirical offset, as is sometimes done.[14] 
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3.6.2. Linker synthesis 

 

Scheme 3.1. Synthetic route to 2-halogen-9,10-anthracenedialdehyde (A-X-CHO, X = Cl, Br, 

I) linkers. 

 

2-Chloro-9,10-dihydro-9,10-[4,5]epidioxoloanthracen-13-one (A-Cl-epO) 

 

The following procedure was adapted from the previously published literature.[15] 2-

Chloroanthracene (1.175 g, 5.541 mmol, 1 equiv.) and vinylene carbonate (3.484 g, 40.452 

mmol, 7.3 equiv.) were heated under reflux with stirring for 18 hours, slowly forming a dark 

brown solution. The consumption of 2-chloroanthracene was monitored by thin-layer 

chromatography (CH2Cl2/hexane 1:49 , R=0.30). The mixture underwent rotary evaporation 

under high vacuum to remove the excess vinylene carbonate, providing 2-chloro-9,10-dihydro-
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9,10-[4,5]epidioxoloanthracen-13-one (A-Cl-epO) as a light-brown solid (1.62 g, 5.43 mmol, 

98.1 %). The product was used for the further reaction without additional purification. 

1H NMR (400 MHz, CDCl3) ŭ 7.35 ï 7.11 (m, 7H), 4.86 ï 4.75 (m, 2H), 4.67 ï 4.58 (m, 2H). 

 

Figure 3.6. 1H NMR spectra (400 MHz in CDCl3) of A-Cl-epO. 

 

2-Chloro-9,10-dihydro-9,10-ethanoanthracene-11,12-diol (A-Cl-(OH)2) 

 

The following procedure was adapted from the previously published literature.[15] Solid 

potassium hydroxide (1.175 g, 5.225 mmol, 4 equiv.), deionized water (19.60 mL), and 

absolute ethanol (2.1 mL) were added to the A-Cl-epO (1.568 g, 5.225 mmol, 1 equiv.). The 

solution was stirred at 75Á C for 3 hours. The consumption of the A-Cl-epO was monitored 



Pre-synthetic modification of Wurster-Anthracene COF: tuning the structural and optoelectronic 

properties 

109 

through thin-layer chromatography (100% CH2Cl2, R=0.30). Afterwards, the solution 

underwent rotary evaporation under reduced pressure to remove the ethanol and roughly half of 

the water volume. Additional water (39.2 mL) was added to the solution and the solution was 

stirred at room temperature for one hour, resulting in the formation of a light-tan solid. The 

contents were vacuum-filtered and then washed with deionized water. The vacuum-filtration 

receiving flask was changed and the solid was washed with ethyl acetate through the filter 

paper. The ethyl acetate was removed through rotary evaporation, leaving a yellow solid 

residue. The product was purified through column chromatography (hexane/ethyl acetate 1:1, 

R=0.55 & R=0.50), providing two isomers of 2-chloro-9,10-dihydro-9,10-ethanoanthracene-

11,12-diol (A-Cl-(OH)2) as a white solid (1.006 g, 3.70 mmol, 70.8 %). 

1H NMR (400 MHz,CHCl3) ŭ (ppm): 7.30 (d, J = 2.0 Hz, 1H), 7.27 ï 7.19 (m, 3H), 7.15 ï 7.07 

(m, 3H), 4.36 ï 4.29 (m, 2H), 4.04 ï 3.97 (m, 2H) 

1H NMR (400 MHz,CHCl3) ŭ (ppm): 7.30 (dd, J = 5.4, 3.3 Hz, 2H), 7.26 ï 7.04 (m, 5H), 4.33 

(dd, J = 7.3, 2.5 Hz, 2H), 4.03 ï 3.95 (m, 2H) 
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Figure 3.7. 1H NMR spectra (400 MHz in CDCl3) of A-Cl-(OH)2 (isomer 1). 
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Figure 3.8. 1H NMR spectra (400 MHz in CDCl3) of A-Cl-(OH)2 (isomer 2). 

 

2-Chloroanthracene-9,10-dicarbaldehyde (A-Cl-CHO) 

 

The following procedure was adapted from the previously published literature.[15] The A-Cl-

(OH)2 (0.995 g, 3,66 mmol, 1 equiv.) was dissolved in anhydrous acetonitrile (63 mL) and 

heated to reflux with stirring, forming a transparent, light-tan solution. Lead tetraacetate (3.243 

g, 7.316 mmol, 2 equiv.) was added portion-wise to the solution over a period of 5 minutes, 

quickly turning the solution opaque and brown in color. The solution was then stirred at reflux 

for 4 hours, resulting in the formation of a dark-orange precipitate within the brown solution. 
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The consumption of the A-Cl-(OH)2 was monitored through thin-layer chromatography 

(CH2Cl2/ethyl acetate 8:2, R=0.50 & R=0.33). After the reaction was complete, the reaction 

mixture was concentrated via rotary evaporation and gave a burgundy residue. 10% Aqueous 

sodium carbonate (70 mL) was added to the residue, allowing the residue to be suspended in 

the aqueous solution. The organic contents were extracted from the aqueous layer using 

dichloromethane. The opaque, yellow organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated to give a yellow-orange solid residue. The residue was purified by 

column chromatography (hexane/CH2Cl2/ethyl acetate/hexane 10:1:1, R=0.3), providing 2-

chloro-9,10-anthracenedialdehyde (A-Cl-CHO) as an orange solid (0.630 g, 2.350 mmol). Yield 

64.26 %. 

1H NMR (400 MHz, CDCl3) ŭ 11.39 (s, 1H), 11.37 (s, 1H), 8.80 (d, J = 2.1 Hz, 1H), 8.71 ï 

8.60 (m, 3H), 7.72 ï 7.62 (m, 2H), 7.57 (dd, J = 9.5, 2.1 Hz, 1H). 

13C NMR (101 MHz, CDCl3) ŭ 193.88, 193.40, 135.30, 133.05, 132.79, 131.33, 130.41, 

129.62, 128.98, 128.55, 128.06, 126.13, 124.19, 123.94, 123.14. 

Elemental analysis calculated: C (69.06 %), H (3.23 %), Cl (13.20 %). Theoretical: C (71.52 

%), H (3.80 %), Cl (13.19 %).  
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Figure 3.9. 1H NMR spectra (400 MHz in CDCl3) of A-Cl-CHO. 
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Figure 3.10. 13C NMR spectra (101 MHz in CDCl3) of A-Cl-CHO. 

 

2-Bromo-9,10-dihydro-9,10-[4,5]epidioxoloanthracen-13-one (A-Br-epO) 

 

The following procedure was adapted from the previously published literature.[15] 2-

Bromoanthracene (2.4 g, 9.39 mmol, 1 equiv.) and vinylene carbonate (5.9 g, 58.56 mmol, 7.3 

equiv.) were heated under reflux with stirring for 18 hours, slowly forming a dark brown 

solution. The consumption of 2-bromoanthracene was monitored by thin-layer chromatography 

(CH2Cl2/hexane 1:49 , R=0.30). The mixture underwent rotary evaporation under high vacuum 

to remove the excess vinylene carbonate, providing the as 2-bromo-9,10-dihydro-9,10-

[4,5]epidioxoloanthracen-13-one (A-Br-epO) light-brown solid (3.18 g, 9.30 mmol, 66.6%). 

The product was used for the further reaction without additional purification. 
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1H NMR (400 MHz, CDCl3) ŭ 7.46 (dd, J = 3.6, 1.9 Hz, 1H), 7.35 ï 7.26 (m, 3H), 7.23 ï 7.14 

(m, 3H), 4.81 (dt, J = 3.7, 1.8 Hz, 2H), 4.61 (dq, J = 7.1, 1.6 Hz, 2H). 

 

Figure 3.11. 1H NMR spectra (400 MHz in CDCl3) of A-Br-epO. 

 

2-Bromo-9,10-dihydro-9,10-ethanoanthracene-11,12-diol (A-Br-(OH)2) 

 

The following procedure was adapted from the previously published literature.[15] Solid 

potassium hydroxide (2.56 g, 45.59 mmol, 5.1 equiv.), deionized water (42.6 mL), and absolute 

ethanol (4.5 mL) were added to the A-Br-epO (3.06 g, 8.94 mmol, 1 equiv.). The solution was 

stirred at 75Á C for 3 hours. The consumption of the A-Br-epO was monitored through thin-

layer chromatography (100% CH2Cl2, R=0.30). Afterwards, the solution underwent rotary 
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evaporation under reduced pressure to remove the ethanol and roughly half of the water 

volume. Additional water (85 mL) was added to the solution and the solution was stirred at 

room temperature for one hour, resulting in the formation of a light-tan solid. The contents 

were vacuum-filtered and then washed with deionized water. The vacuum-filtration receiving 

flask was changed and the solid was washed with ethyl acetate through the filter paper. The 

ethyl acetate was removed through rotary evaporation, leaving a yellow solid residue. The 

product was purified through column chromatography (CH2Cl2/ethyl acetate 9:1, R=0.30 & 

R=0.15), providing two isomers of 2-bromo-9,10-dihydro-9,10-ethanoanthracene-11,12-diol 

(A-Br-(OH)2) as a white solid (2.01 g, 79%). 

1H NMR (400 MHz, CDCl3) ŭ 7.40 (d, J = 1.9 Hz, 1H), 7.34 ï 7.06 (m, 6H), 4.32 (dd, J = 6.1, 

2.4 Hz, 2H), 4.01 ï 3.94 (m, 2H). 

Elemental analysis calculated: C (60.59 %), H (4.07 %). Theoretical: C (60.59 %). H (4.13 %). 

 

Figure 3.12. 1H NMR spectra (400 MHz in CDCl3) of A-Br-(OH)2 (mixture of two isomers). 
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2-Bromoanthracene-9,10-dicarbaldehyde (A-Br-CHO) 

 

The following procedure was adapted from the previously published literature.[15] A-Br-(OH)2 

(2.00 g, mmol, 1 equiv.) was dissolved in anhydrous acetonitrile (127 mL) and heated to reflux 

with stirring, forming a transparent, light-tan solution. Lead tetraacetate (5.595 g, mmol, 2 

equiv.) was added portion-wise to the solution over a period of 5 minutes, quickly turning the 

solution opaque and brown in color. The solution was then stirred at reflux for 4 hours, 

resulting in the formation of a dark-orange precipitate within the brown solution. The 

consumption of the A-Br-(OH)2 was monitored through thin-layer chromatography 

(CH2Cl2/ethyl acetate 8:2, R=0.50 & R=0.33). After the reaction was complete, the reaction 

mixture was concentrated via rotary evaporation and gave a burgundy residue. 10% Aqueous 

sodium carbonate (130 mL) was added to the residue, allowing the residue to be suspended in 

the aqueous solution. The organic contents were extracted from the aqueous layer using 

dichloromethane. The opaque, yellow organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated to give a yellow-orange solid residue. The residue was purified by 

column chromatography (ethyl acetate/hexane 2:8, R=0.3), providing 2-bromo-9,10-

anthracenedialdehyde (A-Br-CHO) as an orange solid (1.71 g, 5.465 mmol). Yield 86.35 %. 

1H NMR (400 MHz, CDCl3) ŭ 11.39 (s, 1H), 11.37 (s, 1H), 8.97 (dd, J = 1.9, 0.5 Hz, 1H), 8.71 

ï 8.55 (m, 3H), 7.73 ï 7.63 (m, 3H). 

13C NMR (101 MHz, CDCl3) ŭ 192.75, 192.40, 131.21, 130.92, 130.14, 129.63, 129.38, 

129.23, 127.95, 127.57, 127.11, 125.50, 124.96, 123.15, 122.97, 122.87. 

Elemental analysis calculated: C (60.44 %), H (2.98 %). Theoretical: C (61.37 %), H (2.90 %). 
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Figure 3.13. 1H NMR spectra (400 MHz in CDCl3) of A-Br-CHO. 
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Figure 3.14. 13C NMR spectra (101 MHz in CDCl3) of A-Br-CHO. 

 

2-Iodoantracene (A-I)  

 

The following procedure was adapted from the previously published literature[16]. A mixture of 

2-bromoanthracene (2.582 g, 10.09 mmol), KI (15.12 g, 91.09 mmol, 9.03 equiv.) and CuI 

(5.934 g, 31.16 mmol, 3.09 equiv.) in 38.7 ml 1,3-dimethyl-2-imidazolidinone was placed in 

100 ml flask. The mixture was purged with N2 and heated with vigorous stirring at 200 ÁC for 

20 hours. After cooling to room temperature, brine and ice were added. The reaction vessel was 

placed in an ice bath for several hours, then precipitated inorganic salts were removed by 

filtration. The mixture underwent rotary evaporation under high vacuum to remove the excess 

of 1,3-dimethyl-2-imidazolidinone. The solid residue was extracted with DCM and the product 
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was purified through column chromatography (hexane/CHCl3/ethyl acetate 5:3:1, R=0.9), 

providing 2-iodoanthracene (A-I) as a yellow solid (1.466 g, 4.82 mmol). Yield 47.8 %. 

1H NMR (400 MHz, CDCl3) ŭ 8.36 (dt, J = 1.5, 0.8 Hz, 1H), 8.31 (s, 1H), 8.23 (s, 1H), 7.96 ï 

7.89 (m, 2H), 7.70 ï 7.64 (m, 1H), 7.58 (dd, J = 9.0, 1.6 Hz, 1H), 7.47 ï 7.38 (m, 2H). 

13C NMR (101 MHz, CDCl3) ŭ 136.71, 133.49, 132.77, 131.79, 131.52, 129.76, 129.48, 

128.07, 126.38, 126.04, 125.70, 125.17, 125.03, 91.03. 

HRMS-EI: Calculated (m/z): 303.97, measured (m/z): 303.97 

 

Figure 3.15. 1H NMR spectra (400 MHz in CDCl3) of A-I. 
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Figure 3.16. 13C NMR spectra (101 MHz in CDCl3) of A-I. 

 

2-Iodo-9,10-dihydro-9,10-[4,5]epidioxoloanthracen-13-one (A-I -epO) 

 

The following procedure was adapted from the previously published literature.[15] A-I (1.446 g, 

4.76 mmol, 1 equiv.) and vinylene carbonate (2.99 g, 34.73 mmol, 7.3 equiv.) were heated 

under reflux with stirring for 18 hours, slowly forming a dark brown solution. The consumption 

of A-I was monitored by thin-layer chromatography (CH2Cl2/hexane 1:49 , R=0.30). The 

mixture underwent rotary evaporation under high vacuum to remove the excess vinylene 

carbonate, providing the 2-iodo-9,10-dihydro-9,10-[4,5]epidioxoloanthracen-13-one (A-I-epO) 

as a dark-brown solid (1.73 g, 92.8 %). The product was used for the further reaction without 

additional purification. 
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1H NMR (400 MHz, CDCl3) ŭ 7.64 (s, 1H), 7.54 ï 7.41 (m, 1H), 7.34 ï 7.23 (m, 2H), 7.16 (dd, 

J = 9.2, 4.0 Hz, 2H), 7.03 (dd, J = 7.7, 2.9 Hz, 1H), 4.83 ï 4.70 (m, 2H), 4.56 (d, J = 9.4 Hz, 

2H). 

HRMS-EI: Calculated (m/z): 391.99, measured (m/z): 389.96 

 

 

Figure 3.17. 1H NMR spectra (400 MHz in CDCl3) of A-I-epO. 

 

2-Iodo-9,10-dihydro-9,10-ethanoanthracene-11,12-diol (A-I -(OH)2) 

 

The following procedure was adapted from the previously published literature.[15] Solid 

potassium hydroxide (0.985 g, 17.6 mmol, 5.1 equiv.), deionized water (16.4 mL), and absolute 
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ethanol (1.75 mL) were added to the A-I-epO (1.72 g, 4.39 mmol, 1 equiv.). The solution was 

stirred at 75Á C for 3 hours. The consumption of the A-I-epO intermediate was monitored 

through thin-layer chromatography (100% CH2Cl2, R=0.30). Afterwards, the solution 

underwent rotary evaporation under reduced pressure to remove the ethanol and roughly half of 

the water volume. Additional water (33 mL) was added to the solution and the solution was 

stirred at room temperature for one hour, resulting in the formation of light-tan solid. The 

contents were vacuum-filtered and then washed with deionized water. The vacuum-filtration 

receiving flask was changed and the solid was washed with ethyl acetate through the filter 

paper. The ethyl acetate was removed through rotary evaporation, leaving a yellow solid 

residue. The product was purified through column chromatography (CH2Cl2/ethyl acetate 8:1, 

R=0.30 & R=0.15), providing a mixture of two isomers of 2-iodo-9,10-dihydro-9,10-

ethanoanthracene-11,12-diol (A-I-(OH)2) as a white-yellowish solid (1.189 g, 3.25 mmol), 

Yield 74.0 %. 

1H NMR (400 MHz, CDCl3) ŭ 7.65 (d, J = 1.7 Hz, 1H), 7.48 (dd, J = 7.8, 1.7 Hz, 1H), 7.23 

(dd, J = 5.3, 3.3 Hz, 2H), 7.12 ï 7.03 (m, 3H), 4.30 (dd, J = 7.3, 2.6 Hz, 2H), 4.07 ï 3.96 (m, 

2H). 
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Figure 3.18. 1H NMR spectra (400 MHz in CDCl3) of A-I-(OH)2. 

 

2-Iodoanthracene-9,10-dicarbaldehyde (A-I -CHO) 

 

 

The following procedure was adapted from the previously published literature.[15] A-I-(OH)2 

(0.159 g, 0.43 mmol, 1 equiv.) was dissolved in anhydrous acetonitrile (10 mL) and heated to 

reflux with stirring, forming a transparent, light-tan solution. Lead tetraacetate (0.380 g, 0.86 

mmol, 2 equiv.) was added portion-wise to the solution over a period of 5 minutes, quickly 

turning the solution opaque and brown in color. The solution was then stirred at reflux for 4 

hours, resulting in the formation of a dark-orange precipitate within the brown solution. The 
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consumption of the diol intermediates were monitored through thin-layer chromatography 

(CH2Cl2/ethyl acetate 8:2, R=0.50 & R=0.33). After the reaction was complete, the reaction 

mixture was concentrated via rotary evaporation and gave a burgundy residue. 10% Aqueous 

sodium carbonate (30 mL) was added to the residue, allowing the residue to be suspended in 

the aqueous solution. The organic contents were extracted from the aqueous layer using 

dichloromethane. The opaque, yellow organic layer was dried over anhydrous sodium sulfate, 

filtered, and concentrated to give a yellow-orange solid residue. The residue was purified by 

column chromatography (ethyl acetate/hexane 2:8, R=0.3), providing 2-iodo-9,10-

anthracenedialdehyde (A-I-CHO) as an orange solid (0.414 g, 1.15 mmol). Yield 36.0 %. 

1H NMR (400 MHz, CDCl3) ŭ 11.35 (s, 1H), 11.33 (s, 1H), 9.13 (d, J = 1.7 Hz, 1H), 8.62 (ddt, 

J = 10.8, 7.1, 3.3 Hz, 2H), 8.39 (d, J = 9.4 Hz, 1H), 7.82 (dd, J = 9.4, 1.7 Hz, 1H), 7.68 ï 7.62 

(m, 2H). 

13C NMR (101 MHz, CDCl3) ŭ 192.68, 192.52, 135.82, 132.31, 131.10, 129.88, 129.80, 

129.47, 129.19, 127.90, 127.67, 127.35, 124.55, 123.13, 123.09, 95.10. 

HRMS-EI: Calculated (m/z): 359.96, measured (m/z): 360.02 
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Figure 3.19. 1H NMR spectra (400 MHz in CDCl3) of A-I-CHO. 
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Figure 3.20. 13C NMR spectra (101 MHz in CDCl3) of A-I-CHO. 
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FT-IR analysis of linkers 

 

Figure 3.21. FT-IR spectra of N,N,N',N'-tetrakis(4-aminophenyl)-1,4-phenylenediamine (W-

NH2) (grey), anthracene-9,10-dicarbaldehyde (A-H-CHO) (black), A-Cl-CHO (green), A-Br-

CHO (blue) and A-I-CHO (red). The vibration of the NïH group in the WïNH2 moiety is 

visible at 3370 cm-1.[17] The carbonyl stretch of the AïXïCHO linker appears at 1672 cm-

1.[18,19] 

3.6.3. COF synthesis 

W-A-H COF synthesis 

W-NH2 (9.22 mg, 19.52 ɛmol, 1.0 eq.) and A-H-CHO (9.14 mg, 39.05 ɛmol, 2.0 eq.) were 

filled into a 6 mL pyrex tube followed by the addition of chlorobenzene (400 ɛL), benzyl 

alcohol (BnOH) (400 ɛL), and 6 M acetic acid (100 ɛL). The tube was sealed and the reaction 

mixture was heated at 100 ÁC for 3 d. After cooling to room temperature, the resulting dark red 

precipitate was suction filtered, Soxhlet-extracted with dry THF, and dried under reduced 

pressure. 
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Figure 3.22. Simulated structure of W-A-H COF. 

W-A-Cl COF synthesis 

W-NH2 (9.22 mg, 19.52 ɛmol, 1.0 eq.) and A-Cl-CHO (10.47 mg, 39.05 ɛmol, 2.0 eq.) were 

filled into a 6 ml pyrex tube, followed by the addition of CHCl3 (400 ɛL), BnOH (400 ɛL), and 

6 M acetic acid (100 ɛL). The tube was sealed and the reaction mixture was heated at 100 ÁC 

for 3 d. After cooling to room temperature, the resulting dark red precipitate was suction 

filtered, Soxhlet-extracted with dry THF, and dried under reduced pressure. 
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Figure 3.23. Simulated structure of W-A-Cl. 

W-A-Br COF synthesis 

W-NH2 (9.22 mg, 19.52 ɛmol, 1.0 eq.) and A-Br-CHO (12.18 mg, 39.05 ɛmol, 2.0 eq.) were 

filled into a6 ml pyrex tube, followed by the addition of chlorobenzene (400 ɛL), BnOH (400 

ɛL), and 6 M acetic acid (100 ɛL). The tube was sealed and the reaction mixture was heated at 

100 ÁC for 3 d. After cooling to room temperature, the resulting dark red precipitate was suction 

filtered, Soxhlet-extracted with dry THF, and dried under reduced pressure. 
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Figure 3.24. Simulated structure of W-A-Br COF. 

W-A-I COF synthesis 

W-NH2 (9.22 mg, 19.52 ɛmol, 1.0 eq.) and A-I-CHO (14.40 mg, 39.05 ɛmol, 2.0 eq.) were 

filled into a 6 ml pyrex tube, followed by the addition of CHCl3 (400 ɛL), BnOH (400 ɛL), and 

6 M acetic acid (100 ɛL). The tube was sealed and the reaction mixture was heated at 100 ÁC 

for 3 d. After cooling to room temperature, the resulting dark red precipitate was suction 

filtered, Soxhlet-extracted with dry THF, and dried under reduced pressure. 



Pre-synthetic modification of Wurster-Anthracene COF: tuning the structural and optoelectronic 

properties 

132 

 

Figure 3.25. Simulated structure of W-A-I COF. 

W-TA COF synthesis 

The synthesis procedure for W-TA COF was adapted from the literature.[20] W-NH2 (18.00 mg, 

40.00 ɛmol, 1.0 eq.) and ÔÅÒÅÐÈÔÈÁÌÁÌÄÅÈÙÄÅ ɉ4!Ɋ (10.20 mg, 80.00 ɛmol, 2.0 eq.) were filled 

into a 6 ml pyrex tube, followed by the addition of mesitylene (1500 ɛL), BnOH (1500 ɛL), 

and 6 M acetic acid (150 ɛL). The tube was sealed and the reaction mixture was heated at 100 

ÁC for 3 d. After cooling to room temperature, the resulting dark red precipitate was suction 

filtered, Soxhlet-extracted with dry THF, and dried under reduced pressure. 

 

3.6.4. Structural analysis 

W-A-H COF unit cell 

a = b = 4.236 nm, c = 0.411 nm 

Ŭ = ɓ = 90.00°, ɔ = 120° 
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Table 3.1. Fractional coordinates of W-A-H with symmetry P-3. 

C1 0.70734 0.56751 0.60940 

C2 0.52990 0.53593 0.50241 

C3 0.53125 0.50786 0.67043 

C4 0.49792 0.52722 0.33204 

C5 0.59545 0.57758 0.51776 

C6 0.60421 0.55308 0.37057 

C7 0.63887 0.55808 0.39287 

C8 0.66658 0.58820 0.56048 

C9 0.65819 0.61366 0.69219 

C10 0.62337 0.60823 0.67529 

C11 0.95223 0.55381 0.50720 

C12 0.94484 0.57836 0.67222 

C13 0.91017 0.57340 0.68044 

C14 0.88109 0.54336 0.52481 

C15 0.88826 0.51799 0.37159 

C16 0.92312 0.52334 0.35874 

C17 0.84118 0.56510 0.52090 

C18 0.80702 0.56468 0.54597 

C19 0.77596 0.53626 0.70500 

C20 0.74362 0.53883 0.73748 

C21 0.74221 0.56919 0.60540 

C22 0.77359 0.59808 0.45408 

C23 0.80592 0.59547 0.42049 

C24 0.77629 0.50581 0.84592 

C25 0.74663 0.47906 0.00730 

C26 0.71502 0.48163 0.04268 

C27 0.71387 0.51088 0.91449 

C28 0.77356 0.62899 0.32065 

C29 0.80341 0.65610 0.16437 
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C30 0.83491 0.65340 0.12595 

C31 0.83579 0.62376 0.24725 

H1 0.68372 0.53991 0.62531 

H2 0.55546 0.51377 0.80818 

H3 0.49613 0.54824 0.19620 

H4 0.58347 0.52995 0.23539 

H5 0.64517 0.53934 0.26614 

H6 0.67954 0.63722 0.81915 

H7 0.61749 0.62806 0.78314 

H8 0.96684 0.60149 0.79646 

H9 0.90505 0.59211 0.82215 

H10 0.86592 0.49463 0.25129 

H11 0.92802 0.50371 0.23224 

H12 0.86523 0.59228 0.49733 

H13 0.80086 0.50421 0.82365 

H14 0.74796 0.45641 0.11737 

H15 0.69198 0.46111 0.18171 

H16 0.68991 0.51313 0.96071 

H17 0.74905 0.63066 0.34629 

H18 0.80235 0.67921 0.06184 

H19 0.85816 0.67424 0.99131 

H20 0.85983 0.62169 0.19996 

N1 0.55972 0.57173 0.50399 

N2 0.70180 0.59478 0.59326 

N3 0.84581 0.53720 0.52106 

 

W-A-Cl COF unit cell 

a = b = 4.265 nm, c = 0.408 nm 

Ŭ = ɓ = 90.00°, ɔ = 120° 
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Table 3.2. Fractional coordinates of W-A-Cl with symmetry P-1. 

C1 0.43306 0.14027 0.59845 

C2 0.85976 0.29280 0.59807 

C3 0.70704 0.56673 0.59648 

C4 0.47008 0.46413 0.49627 

C6 0.53587 0.00592 0.49643 

C8 0.99405 0.52993 0.49670 

C10 0.53118 0.50771 0.67036 

C11 0.49231 0.02349 0.67014 

C12 0.97655 0.46881 0.67023 

C13 0.50199 0.47269 0.66659 

C14 0.52732 0.02928 0.66658 

C15 0.97073 0.49801 0.66692 

C16 0.59543 0.57729 0.51861 

C17 0.42270 0.01820 0.51835 

C18 0.98187 0.40453 0.51781 

C19 0.60395 0.55273 0.36941 

C20 0.44718 0.05126 0.36863 

C21 0.94879 0.39595 0.36854 

C22 0.63851 0.55757 0.38892 

C23 0.44227 0.08095 0.38802 

C24 0.91909 0.36135 0.38801 

C25 0.66639 0.58758 0.55566 

C26 0.41227 0.07879 0.55496 

C27 0.92125 0.33350 0.55468 

C28 0.65824 0.61307 0.68999 

C29 0.38686 0.04516 0.68992 

C30 0.95490 0.34171 0.68915 

C31 0.62348 0.60780 0.67596 

C32 0.39221 0.01573 0.67621 
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C33 0.98435 0.37650 0.67522 

C34 0.44599 0.39847 0.50353 

C35 0.60153 0.04745 0.50377 

C36 0.95248 0.55401 0.50476 

C37 0.42136 0.36650 0.66712 

C38 0.63353 0.05478 0.66696 

C39 0.94512 0.57860 0.66890 

C40 0.42625 0.33678 0.67442 

C41 0.66327 0.08938 0.67409 

C42 0.91048 0.57367 0.67677 

C43 0.45632 0.33777 0.51964 

C44 0.66229 0.11848 0.51949 

C45 0.88140 0.54362 0.52196 

C46 0.48175 0.37033 0.36781 

C47 0.62972 0.11136 0.36781 

C48 0.88855 0.51824 0.36946 

C49 0.47646 0.39984 0.35563 

C50 0.60019 0.07656 0.35585 

C51 0.92337 0.52356 0.35673 

C52 0.43469 0.27616 0.51592 

C53 0.72392 0.15849 0.51605 

C54 0.84140 0.56525 0.51712 

C55 0.43533 0.24256 0.53961 

C56 0.75750 0.19274 0.53954 

C57 0.80715 0.56462 0.53963 

C58 0.46392 0.24001 0.69571 

C59 0.76004 0.22387 0.69574 

C60 0.77605 0.53604 0.69510 

C61 0.46161 0.20522 0.72628 

C62 0.79481 0.25637 0.72597 
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C63 0.74344 0.53813 0.72245 

C64 0.43136 0.17343 0.59383 

C65 0.82661 0.25794 0.59335 

C66 0.74191 0.56847 0.59195 

C67 0.40241 0.17582 0.44448 

C68 0.82424 0.22662 0.44382 

C69 0.77333 0.59751 0.44324 

C70 0.40459 0.21056 0.41515 

C71 0.78951 0.19403 0.41472 

C72 0.80585 0.59524 0.41267 

C73 0.49431 0.27082 0.83616 

C74 0.72924 0.22341 0.83683 

C75 0.77642 0.50568 0.83693 

C76 0.52120 0.26805 0.99596 

C77 0.73199 0.25305 0.99664 

C78 0.74663 0.47827 0.98988 

C79 0.51884 0.23399 0.02985 

C80 0.76603 0.28481 0.02989 

C81 0.71476 0.48048 0.01316 

C82 0.48968 0.20356 0.90162 

C83 0.79645 0.28610 0.90123 

C84 0.71333 0.50971 0.89017 

C85 0.37161 0.14490 0.30980 

C86 0.85514 0.22677 0.30859 

C87 0.77313 0.62826 0.30885 

C88 0.34396 0.14715 0.16048 

C89 0.85291 0.19689 0.15906 

C90 0.80297 0.65551 0.15429 

C91 0.34639 0.18129 0.13275 

C92 0.81879 0.16515 0.13168 
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C93 0.83465 0.65314 0.11899 

C94 0.37593 0.21206 0.24990 

C95 0.78802 0.16389 0.24930 

C96 0.83572 0.62366 0.24143 

Cl1 0.67712 0.44583 0.20520 

Cl2 0.31157 0.18418 0.94356 

Cl3 0.81592 0.12746 0.94238 

H1 0.46064 0.14425 0.61416 

H2 0.85579 0.31640 0.61371 

H3 0.68343 0.53914 0.60877 

H4 0.55533 0.51348 0.80786 

H5 0.48655 0.04189 0.80754 

H6 0.95817 0.44465 0.80773 

H7 0.50372 0.45159 0.80120 

H8 0.54842 0.05210 0.80132 

H9 0.94791 0.49628 0.80191 

H10 0.58307 0.52971 0.23475 

H11 0.47019 0.05342 0.23358 

H12 0.94660 0.41681 0.23383 

H13 0.64457 0.53876 0.26083 

H14 0.46098 0.10582 0.25924 

H15 0.89421 0.35521 0.25954 

H16 0.67970 0.63654 0.81646 

H17 0.36338 0.04312 0.81656 

H18 0.95694 0.32027 0.81580 

H19 0.61779 0.62764 0.78603 

H20 0.37243 0.99020 0.78683 

H21 0.00989 0.38224 0.78546 

H22 0.39821 0.36532 0.79098 

H23 0.63472 0.03281 0.79055 
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H24 0.96709 0.60173 0.79281 

H25 0.40740 0.31290 0.81440 

H26 0.68716 0.09439 0.81377 

H27 0.90541 0.59245 0.81753 

H28 0.50516 0.37140 0.24861 

H29 0.62869 0.13370 0.24821 

H30 0.86622 0.49487 0.24975 

H31 0.49617 0.42441 0.23052 

H32 0.57562 0.07171 0.23071 

H33 0.92824 0.50389 0.23090 

H34 0.40749 0.27294 0.49376 

H35 0.72716 0.13451 0.49435 

H36 0.86537 0.59246 0.49398 

H37 0.49576 0.29691 0.81482 

H38 0.70317 0.19873 0.81605 

H39 0.80120 0.50440 0.82049 

H40 0.54381 0.29206 0.10534 

H41 0.70799 0.25162 0.10677 

H42 0.74754 0.45542 0.09888 

H43 0.53949 0.23158 0.16737 

H44 0.76843 0.30786 0.16726 

H45 0.48764 0.17743 0.94622 

H46 0.82257 0.31022 0.94540 

H47 0.68869 0.51082 0.92831 

H48 0.37020 0.11881 0.33065 

H49 0.88122 0.25147 0.32911 

H50 0.74850 0.62971 0.33229 

H51 0.32068 0.12320 0.05880 

H52 0.87685 0.19759 0.05682 

H53 0.80179 0.67850 0.05109 
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H54 0.85792 0.67412 0.98623 

H55 0.37694 0.23774 0.20976 

H56 0.76234 0.13920 0.20938 

H57 0.85994 0.62187 0.19684 

N1 0.44021 0.42839 0.49344 

N3 0.57160 0.01177 0.49375 

N5 0.98818 0.55980 0.49420 

N7 0.70156 0.59403 0.58582 

N8 0.40578 0.10751 0.58453 

N9 0.89254 0.29829 0.58436 

N10 0.46251 0.30870 0.51550 

N11 0.69137 0.15374 0.51519 

N12 0.84612 0.53743 0.51799 

 

W-A-Br COF unit cell 

a = b = 4.263 nm, c = 0.409 nm 

Ŭ = ɓ = 90.00°, ɔ = 120° 

Table 3.3. Fractional coordinates of W-A-Br with symmetry P-1. 

Br1 0.67315 0.44214 0.21732 

Br2 0.30794 0.18448 0.93193 

Br3 0.81566 0.12360 0.93048 

C1 0.43303 0.14022 0.60062 

C2 0.85982 0.29285 0.60076 

C3 0.70711 0.56692 0.59855 

C4 0.47009 0.46412 0.49630 

C6 0.53589 0.00595 0.49637 

C8 0.99402 0.52992 0.49652 

C10 0.53119 0.50773 0.67069 

C11 0.49228 0.02347 0.67052 
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C12 0.97656 0.46881 0.67063 

C13 0.50199 0.47269 0.66696 

C14 0.52731 0.02929 0.66691 

C15 0.97071 0.49800 0.66714 

C16 0.59543 0.57735 0.51898 

C17 0.42265 0.01815 0.51872 

C18 0.98192 0.40454 0.51838 

C19 0.60400 0.55279 0.37018 

C20 0.44715 0.05124 0.36927 

C21 0.94881 0.39595 0.36937 

C22 0.63859 0.55767 0.39009 

C23 0.44223 0.08093 0.38904 

C24 0.91910 0.36133 0.38932 

C25 0.66644 0.58774 0.55683 

C26 0.41219 0.07873 0.55607 

C27 0.92131 0.33350 0.55621 

C28 0.65824 0.61323 0.69074 

C29 0.38676 0.04507 0.69065 

C30 0.95499 0.34172 0.69030 

C31 0.62346 0.60791 0.67631 

C32 0.39213 0.01563 0.67658 

C33 0.98444 0.37652 0.67589 

C34 0.44604 0.39846 0.50396 

C35 0.60155 0.04751 0.50403 

C36 0.95242 0.55398 0.50483 

C37 0.42139 0.36649 0.66771 

C38 0.63355 0.05483 0.66728 

C39 0.94509 0.57859 0.66910 

C40 0.42631 0.33677 0.67555 

C41 0.66329 0.08945 0.67487 
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C42 0.91045 0.57367 0.67732 

C43 0.45642 0.33779 0.52107 

C44 0.66228 0.11856 0.52059 

C45 0.88134 0.54360 0.52270 

C46 0.48187 0.37035 0.36908 

C47 0.62971 0.11145 0.36884 

C48 0.88846 0.51818 0.37010 

C49 0.47655 0.39986 0.35640 

C50 0.60018 0.07664 0.35645 

C51 0.92328 0.52350 0.35706 

C52 0.43476 0.27617 0.51763 

C53 0.72391 0.15856 0.51752 

C54 0.84144 0.56534 0.51798 

C55 0.43537 0.24256 0.54142 

C56 0.75751 0.19281 0.54120 

C57 0.80723 0.56479 0.54157 

C58 0.46396 0.24000 0.69789 

C59 0.76004 0.22393 0.69793 

C60 0.77614 0.53622 0.69774 

C61 0.46162 0.20519 0.72860 

C62 0.79484 0.25643 0.72852 

C63 0.74353 0.53833 0.72501 

C64 0.43135 0.17340 0.59597 

C65 0.82664 0.25799 0.59581 

C66 0.74200 0.56868 0.59448 

C67 0.40239 0.17578 0.44632 

C68 0.82427 0.22667 0.44578 

C69 0.77344 0.59774 0.44566 

C70 0.40462 0.21055 0.41687 

C71 0.78952 0.19411 0.41625 
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C72 0.80594 0.59543 0.41463 

C73 0.49436 0.27082 0.83851 

C74 0.72923 0.22346 0.83912 

C75 0.77652 0.50585 0.83964 

C76 0.52124 0.26803 0.99856 

C77 0.73198 0.25311 0.99926 

C78 0.74666 0.47832 0.99155 

C79 0.51886 0.23394 0.03260 

C80 0.76605 0.28486 0.03281 

C81 0.71482 0.48057 0.01315 

C82 0.48968 0.20351 0.90425 

C83 0.79649 0.28616 0.90416 

C84 0.71334 0.50982 0.89185 

C85 0.37156 0.14486 0.31184 

C86 0.85520 0.22681 0.31082 

C87 0.77324 0.62851 0.31138 

C88 0.34385 0.14709 0.16269 

C89 0.85299 0.19689 0.16131 

C90 0.80307 0.65575 0.15632 

C91 0.34639 0.18127 0.13565 

C92 0.81883 0.16523 0.13432 

C93 0.83473 0.65334 0.12041 

C94 0.37592 0.21209 0.25178 

C95 0.78800 0.16391 0.25073 

C96 0.83580 0.62384 0.24285 

H1 0.46060 0.14416 0.61681 

H2 0.85588 0.31647 0.61698 

H3 0.68349 0.53931 0.61051 

H4 0.55535 0.51353 0.80847 

H5 0.48650 0.04185 0.80823 
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H6 0.95821 0.44464 0.80842 

H7 0.50372 0.45159 0.80184 

H8 0.54842 0.05210 0.80191 

H9 0.94790 0.49627 0.80230 

H10 0.58313 0.52972 0.23559 

H11 0.47018 0.05342 0.23418 

H12 0.94661 0.41680 0.23452 

H13 0.64468 0.53885 0.26247 

H14 0.46095 0.10584 0.26053 

H15 0.89419 0.35516 0.26113 

H16 0.67970 0.63673 0.81724 

H17 0.36326 0.04300 0.81731 

H18 0.95705 0.32029 0.81706 

H19 0.61772 0.62775 0.78597 

H20 0.37233 0.99007 0.78684 

H21 0.01002 0.38229 0.78577 

H22 0.39820 0.36530 0.79114 

H23 0.63475 0.03283 0.79046 

H24 0.96710 0.60174 0.79274 

H25 0.40744 0.31288 0.81553 

H26 0.68719 0.09446 0.81448 

H27 0.90539 0.59246 0.81817 

H28 0.50530 0.37142 0.25012 

H29 0.62867 0.13382 0.24948 

H30 0.86610 0.49479 0.25055 

H31 0.49627 0.42444 0.23119 

H32 0.57560 0.07179 0.23127 

H33 0.92814 0.50381 0.23118 

H34 0.40756 0.27298 0.49559 

H35 0.72714 0.13456 0.49599 
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H36 0.86545 0.59252 0.49368 

H37 0.49583 0.29693 0.81703 

H38 0.70314 0.19878 0.81810 

H39 0.80132 0.50459 0.82372 

H40 0.54387 0.29205 0.10804 

H41 0.70798 0.25168 0.10939 

H42 0.74763 0.45545 0.09950 

H43 0.53950 0.23152 0.17037 

H44 0.76845 0.30792 0.17045 

H45 0.48762 0.17736 0.94899 

H46 0.82262 0.31027 0.94864 

H47 0.68868 0.51097 0.92854 

H48 0.37011 0.11874 0.33288 

H49 0.88130 0.25150 0.33173 

H50 0.74861 0.62998 0.33529 

H51 0.32054 0.12306 0.06204 

H52 0.87702 0.19766 0.06016 

H53 0.80189 0.67875 0.05320 

H54 0.85800 0.67430 0.98718 

H55 0.37701 0.23783 0.21283 

H56 0.76227 0.13926 0.21168 

H57 0.86001 0.62202 0.19782 

N1 0.44023 0.42837 0.49346 

N3 0.57163 0.01182 0.49365 

N5 0.98813 0.55978 0.49391 

N7 0.70163 0.59422 0.58760 

N8 0.40571 0.10745 0.58606 

N9 0.89259 0.29830 0.58637 

N10 0.46261 0.30871 0.51708 

N11 0.69136 0.15384 0.51643 
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N12 0.84608 0.53746 0.51917 

 

W-A-I COF unit cell 

a = b = 4.263 nm, c = 0.408 nm 

Ŭ = ɓ = 90.00°, ɔ = 120° 

Table 3.4. Fractional coordinates of W-A-I with symmetry P-1. 

C1 0.43346 0.14046 0.59726 

C2 0.85957 0.29298 0.59642 

C3 0.70711 0.56680 0.59298 

C4 0.47008 0.46414 0.49659 

C6 0.53586 0.00592 0.49644 

C8 0.99406 0.52993 0.49648 

C10 0.53119 0.50771 0.67007 

C11 0.49231 0.02348 0.67021 

C12 0.97654 0.46883 0.67019 

C13 0.50200 0.47270 0.66663 

C14 0.52731 0.02927 0.66666 

C15 0.97072 0.49803 0.66667 

C16 0.59542 0.57726 0.51772 

C17 0.42278 0.01825 0.51808 

C18 0.98178 0.40454 0.51772 

C19 0.60393 0.55270 0.36842 

C20 0.44730 0.05128 0.36821 

C21 0.94874 0.39604 0.36804 

C22 0.63849 0.55755 0.38731 

C23 0.44248 0.08102 0.38751 

C24 0.91900 0.36147 0.38712 

C25 0.66639 0.58758 0.55354 

C26 0.41253 0.07895 0.55447 
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C27 0.92108 0.33358 0.55375 

C28 0.65824 0.61305 0.68830 

C29 0.38707 0.04535 0.68960 

C30 0.95468 0.34171 0.68874 

C31 0.62349 0.60777 0.67490 

C32 0.39233 0.01586 0.67600 

C33 0.98417 0.37647 0.67524 

C34 0.44599 0.39849 0.50382 

C35 0.60152 0.04741 0.50373 

C36 0.95256 0.55410 0.50446 

C37 0.42136 0.36651 0.66717 

C38 0.63352 0.05475 0.66670 

C39 0.94526 0.57873 0.66839 

C40 0.42628 0.33680 0.67432 

C41 0.66324 0.08936 0.67401 

C42 0.91065 0.57387 0.67624 

C43 0.45637 0.33784 0.51966 

C44 0.66222 0.11845 0.51979 

C45 0.88153 0.54384 0.52179 

C46 0.48178 0.37041 0.36792 

C47 0.62966 0.11130 0.36807 

C48 0.88863 0.51842 0.36934 

C49 0.47646 0.39990 0.35585 

C50 0.60015 0.07651 0.35594 

C51 0.92342 0.52368 0.35653 

C52 0.43487 0.27625 0.51650 

C53 0.72382 0.15855 0.51701 

C54 0.84158 0.56551 0.51683 

C55 0.43564 0.24271 0.53870 

C56 0.75735 0.19287 0.53894 
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C57 0.80733 0.56488 0.53928 

C58 0.46426 0.24020 0.69443 

C59 0.75986 0.22400 0.69469 

C60 0.77623 0.53631 0.69488 

C61 0.46200 0.20543 0.72460 

C62 0.79462 0.25654 0.72430 

C63 0.74361 0.53837 0.72109 

C64 0.43179 0.17363 0.59193 

C65 0.82641 0.25814 0.59123 

C66 0.74202 0.56863 0.58974 

C67 0.40285 0.17599 0.44214 

C68 0.82405 0.22684 0.44137 

C69 0.77344 0.59767 0.44116 

C70 0.40498 0.21070 0.41363 

C71 0.78935 0.19424 0.41334 

C72 0.80598 0.59544 0.41150 

C73 0.49460 0.27102 0.83521 

C74 0.72906 0.22350 0.83616 

C75 0.77657 0.50597 0.83731 

C76 0.52150 0.26828 0.99501 

C77 0.73180 0.25313 0.99587 

C78 0.74667 0.47842 0.98848 

C79 0.51919 0.23424 0.02860 

C80 0.76582 0.28491 0.02867 

C81 0.71471 0.48051 0.00951 

C82 0.49008 0.20381 0.90002 

C83 0.79624 0.28624 0.89959 

C84 0.71340 0.50985 0.88738 

C85 0.37210 0.14511 0.30680 

C86 0.85491 0.22700 0.30537 
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C87 0.77318 0.62835 0.30579 

C88 0.34431 0.14728 0.15887 

C89 0.85273 0.19704 0.15734 

C90 0.80300 0.65558 0.15106 

C91 0.34659 0.18138 0.13323 

C92 0.81865 0.16519 0.13228 

C93 0.83471 0.65326 0.11664 

C94 0.37620 0.21217 0.24968 

C95 0.78787 0.16400 0.24931 

C96 0.83583 0.62386 0.24008 

H1 0.46100 0.14438 0.61338 

H2 0.85564 0.31660 0.61253 

H3 0.68353 0.53918 0.60332 

H4 0.55536 0.51348 0.80728 

H5 0.48655 0.04188 0.80761 

H6 0.95815 0.44467 0.80759 

H7 0.50375 0.45161 0.80122 

H8 0.54841 0.05208 0.80145 

H9 0.94791 0.49630 0.80148 

H10 0.58303 0.52965 0.23424 

H11 0.47028 0.05337 0.23317 

H12 0.94664 0.41694 0.23336 

H13 0.64450 0.53869 0.25940 

H14 0.46123 0.10586 0.25863 

H15 0.89416 0.35540 0.25838 

H16 0.67972 0.63651 0.81462 

H17 0.36363 0.04338 0.81628 

H18 0.95664 0.32024 0.81544 

H19 0.61781 0.62760 0.78537 

H20 0.37252 0.99037 0.78683 



Pre-synthetic modification of Wurster-Anthracene COF: tuning the structural and optoelectronic 

properties 

150 

H21 0.00967 0.38215 0.78595 

H22 0.39820 0.36529 0.79097 

H23 0.63474 0.03278 0.79003 

H24 0.96725 0.60185 0.79218 

H25 0.40741 0.31290 0.81387 

H26 0.68714 0.09436 0.81331 

H27 0.90563 0.59269 0.81678 

H28 0.50519 0.37150 0.24870 

H29 0.62861 0.13364 0.24861 

H30 0.86628 0.49506 0.24975 

H31 0.49616 0.42447 0.23085 

H32 0.57558 0.07165 0.23084 

H33 0.92824 0.50398 0.23073 

H34 0.40762 0.27294 0.49654 

H35 0.72714 0.13461 0.49729 

H36 0.86554 0.59271 0.49299 

H37 0.49599 0.29708 0.81406 

H38 0.70302 0.19880 0.81572 

H39 0.80136 0.50472 0.82220 

H40 0.54408 0.29229 0.10464 

H41 0.70781 0.25168 0.10624 

H42 0.74781 0.45562 0.09579 

H43 0.53985 0.23185 0.16612 

H44 0.76820 0.30796 0.16598 

H45 0.48808 0.17770 0.94436 

H46 0.82234 0.31038 0.94338 

H47 0.68881 0.51116 0.92188 

H48 0.37073 0.11903 0.32647 

H49 0.88098 0.25173 0.32453 

H50 0.74852 0.62974 0.32857 
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H51 0.32112 0.12315 0.05858 

H52 0.87685 0.19800 0.05643 

H53 0.80177 0.67851 0.04701 

H54 0.85796 0.67423 0.98371 

H55 0.37739 0.23797 0.21297 

H56 0.76208 0.13937 0.21301 

H57 0.86008 0.62211 0.19612 

I1 0.66838 0.43786 0.22862 

I2 0.30377 0.18485 0.91586 

I3 0.81519 0.11890 0.91510 

N1 0.44021 0.42841 0.49403 

N3 0.57158 0.01174 0.49382 

N5 0.98823 0.55982 0.49392 

N7 0.70158 0.59407 0.58353 

N8 0.40613 0.10772 0.58366 

N9 0.89231 0.29840 0.58286 

N10 0.46263 0.30881 0.51502 

N11 0.69125 0.15373 0.51526 

N12 0.84628 0.53769 0.51821 



Pre-synthetic modification of Wurster-Anthracene COF: tuning the structural and optoelectronic 

properties 

152 

3.6.5. Simulations of different halogen positions 

 

Figure 3.26. Simulated structures of W-A-Br COF when halogens atoms are facing (a) 

exclusively into the trigonal pore (pink arrows), (b) facing exclusively into the hexagonal pore 

(blue arrows) and (c) with a combination of two halogens facing trigonal pores and four 

halogens facing the hexagonal pores per unit cell. (d) Experimental PXRD pattern for W-A-Br 

COF (black) and simulated PXRD patterns for simulated structures of all halogens facing into 

the trigonal pores (pink) and into the hexagonal pores (blue), as well as the simulated PXRD 

pattern for the combinational structure with halogens facing both types of pores (purple). 
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3.6.6. TEM images 

 

Figure 3.27. TEM images of W-A-Br COF showing (a) dominant Kagome structure with 120° 

angle and (b) distorted crystalline structure and revealing a lattice angles of approximately 

100°. 
































































































































































































































































































































