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Abstract 
 

As a class of crystalline porous materials which are built by organic building units, covalent 

organic frameworks (COFs) are attracting tremendous attention in recent decades. Because 

of their intrinsic properties of porous, high stability, and low density, this kind of material 

has drawn great attention in the fields of sensing, catalysis, and gas storage/separation, etc. 

Topology or crystal structure which is determined by the pore size and shape is one of the 

most important parameters of COFs. Therefore, this thesis aims to controlled synthesize 

COFs with novel topologies and explore their application in AIE, drug delivery, and 

controlled CO releasing.  

 

First, a series of 2D COFs with kgd topology, namely HFPB-TAPA, HFPB-TAPB, and 

HFPB-TABPB are synthesized via solvothermal reaction of HFPB and TAPA, TAPB, 

TABPB, respectively. The as-prepared 2D COFs constructed from monomers with C6 and 

C3 symmetry form micropores. As a proof of concept application, HFPB-TABPB with 

micropores is selected as the drug carrier for drug loading and releasing of ibuprofen (with 

a size of 6 x 12 Å). 

 

Second, by altering substituents of the building block with the same symmetry, two highly 

crystalline phase-pure 2D COFs, namely TPE-COF-OH and TPE-COF-OMe, with 

different topologies and porosities were successfully synthesized and characterized. Low-

dose HRTEM imaging combined with molecular simulation indicates that the linkage 

conformations of the COF skeletons governed by intramolecular hydrogen bonding dictate 

the resulting COF topologies. Additionally, benefit from the abundant existence of (N, O)-

bidentate Schiff base moieties in TPE-COF-OH, post-synthetic modifications of TPE-

COF-OH to form a boron complexation, namely TPE-COF-BF2, fluorescence “turn on” 

and “aggregation-induced emission” properties of the obtained TPE-COF-BF2 were also 

observed. 

 

Last, a new porous 3D COF, denoted as TamBpyda was developed via the condensation of 

(2, 2′-Bipyridine)-5, 5′-dicarboxaldehyde (BPyDA) and tetra (4-anilyl)methane (TAM). 
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The as-prepared TamBpyda was further metalated with Mn(CO)5Br to generate manganese 

carbonyl complex functionalized Mn-TamBpyda. As a proof-of-concept application, Mn-

TamBpyda was applied as the CO releasing materials, which exhibited the ability to deliver 

and release CO inside the cells upon the light irradiation. 
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Lay Summary 
 

Covalent bonds widely exist in various compounds due to their relatively high strength and 

diversity. For example, diamond is one kind of stable giant molecular solids linked by 

covalent bonds. Besides that, COFs as one kind of crystalline organic material are linked 

by covalent bonds as well. Before the discovery of COFs, which form the covalent bonds 

in two or three dimensions, most artificial synthetic structures are 0D or 1D structures, 

indicating the difficulty of forming high dimensional covalent structures. Indeed, it has 

been proved that crystallization of COFs directly is not an easy way due to that many 

covalent structures could be formed during the covalent bond formation process while their 

free energies are different from each other. Thus, applying the reversible condition is 

necessary not only to prohibit the generation of amorphous polymers but also to promote 

the crystallization of covalent organic networks. The reversible condition allows 

amorphous products to be repaired through a back reaction. This process is called “self-

healing” or “error correction”.  

 

COFs are crystalline polymers constructed by two building blocks. Besides the stability 

and high crystallinity, the topology of COFs could be adjusted via selecting building units 

that have different symmetries. It is like we playing with Lego Bricks, Lego blocks with 

different shapes can build up a different model. Building blocks with C2, C3, C4, and C6 are 

most widely used in synthesizing COFs. The combination of these building blocks that 

have different symmetries has been achieved, however, novel structures or topologies still 

deserve to be investigated. Therefore, this thesis aims to synthesize COFs with novel 

topologies. 

 

Due to the extraordinary stability porous structure of COFs, this kind of material can be 

applied widely in gas separation and gas storage, etc. In this thesis, the prepared COFs will 

be used for drug delivery, AIE, and controlled CO releasing.  
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Chapter 1 
 

Introduction  
 

The general introduction and the outline of the whole thesis will be 

described in this chapter. Based on the previous work, topology is 

regarded as one of the most important characteristics of COFs. The main 

objective of this thesis is to develop COFs with novel topologies because 

it is anticipated that the topology control will affect the physical or 

chemical properties of COFs. Firstly, a series of 2D COFs with kgd 

topology and microporous structure is to be prepared. Taking advantage 

of the microporous structure of the as-prepared COFs, drug delivery is 

selected as the proof-of-concept application. Secondly, 2D COFs with 

specific topologies is to be synthesized through hydrogen bonds tuning. 

Finally, a new 3D COF will be synthesized via solvothermal reaction, 

and further metalated with Mn(CO)5Br for the application of controlled 

CO releasing. Besides, the outcomes and findings of this thesis are 

depicted.  
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1.1 Hypothesis/Problem Statement 

 

Based on previous work, it is revealed that in terms of 2D COFs, five topologies are 

possible: hexagonal tiling (hcb)[1, 2], tetragonal tiling(sql)[3], kagome tiling (kgm)[4-6], 

triangular tiling(hxl)[7, 8],  and rhombille tiling (kgd). The pore shape and size differ 

significantly from each other. Jiang and coworkers compare the pore size of three kinds of 

topologies (i.e. triangular topology, tetragonal topology, and hexagonal topology), and 

demonstrate that the triangular topology features the smallest pore size[7], from which we 

can conclude that the higher symmetry of the building block, the smaller pore size of the 

corresponding COFs. As such, the hypothesis here is that by selecting building blocks with 

high symmetry (C6 and C3), the obtained COFs would have a microporous structure, which 

can be used for drug delivery with high performance.  

 

Topology together with composition is important in the overall properties of COFs. The 

topologies of 2D COFs are generally determined by the building units involved. Based on 

the previous work, the alkyl substituents introduced into the parent building blocks can 

affect the steric repulsion between the substituents in the COF skeleton and affect the 

topology of the resulting 2D COFs, however, the crystallinity decreased. The hydrogen 

bond is one kind of non-covalent bonds, which is strong enough to stabilize the structure 

of the COFs. As such, the hypothesis here is that the design and synthesis of 2D COFs with 

specific topology may be achieved through hydrogen tuning.  

 

Carbon monoxide (CO) has drawn great attention in the aspect of their therapeutic activities 

on inflammation, cardiovascular disease, and organ transplantation and preservation.[9] 

However, the questions remain for the control of timing, location, and dosage in the process 

of CO delivery. Incorporating effective CO releasing units into macromolecules[10, 11], 

inorganic nanomaterials[12-15], and MOFs[15, 16] has emerged as a promising strategy to deal 

with these problems. COFs have the intrinsic properties of great thermal stability, low 

density, and large surface areas, and have been used in various applications. As such, the 

hypothesis here is that 3D COFs with bipyridine building blocks in the COF skeleton can 

be metalated with manganese carbonyl complex and used for controlled CO releasing. 
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1.2 Objectives and Scope 

 

According to the aforementioned hypotheses, my objectives and scope are illustrated as 

follows.  

 

First, a series of 2D COFs with kgd topology, namely HFPB- TAPA, HFPB- TAPB, and 

HFPB- TABPB, will be developed via the condensation reaction. The obtained 2D COFs 

will be characterized by XRD, TEM, SEM, etc. Besides, taking advantage of the 

microporous structure of the as-prepared COFs, drug delivery will be selected as the proof-

of-concept application. 

 

Second, two new 2D COFs, namely TPE-COF-OH and TPE-COF-OMe with specific 

topology will be prepared through hydrogen tuning. The obtained 2D COFs will be 

characterized by XRD, Low-dose TEM, and SEM. Moreover, taking advantage of the C=N 

and adjacent OH groups in TPE-COF-OH, it is anticipated to form a boron complexation, 

namely TPC-COF-BF2, after post-synthetic modifications. The novel properties after post-

synthetic modification, such as fluorescence “turn on” and “aggregation-induced emission”, 

will be investigated.  

 

Finally, a new 3D COF (TamBpyda) will be prepared via the condensation reaction of 

TAM and Bpyda. The obtained TamBbyda will be further metalated with Mn(CO)5Br to 

generate manganese carbonyl complex functionalized 3D COF (Mn-TamBpyda). 

Characterization tools such as XRD, SEM and TEM, FT-IR, XPS, and TGA will be used 

to confirm the structure, morphology, functional groups, valence, and stability, etc. More 

than that, the potential application of the Mn-TamBbyda as the CO releasing materials 

would be explored.  

 

1.3 Dissertation Overview 

 

In this thesis, how to prepare 2D/3D COFs with new topologies and how to characterize 

the pore size distribution, morphology, and structure of the prepared COFs via various 
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characterization techniques will be addressed. Also, the thesis address how to control the 

topology of COFs through the non-covalent bond, i.e. hydrogen bonding. More than that, 

the thesis also addresses how to explore their properties and potential applications in 

various fields. 

 

Chapter 1 provides a hypothesis, objectives, and goals for the research. 

 

Chapter 2 summarizes the recent advances in the rational design and controlled synthesis 

of COFs with novel topologies, post-synthetic modification of COFs, as well as the 

application of COFs. 

 

Chapter 3 discusses the rational design and methods selected for the synthesis of COFs, 

techniques employed for characterization, and the potential applications of COFs.  

 

Chapter 4 presents the results on the preparation and characterization of 2D COFs with 

kdg topology (HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB) and the application of 

HFPB-TAPB for drug delivery. 

 

Chapter 5 elaborates on the preparation and characterization of 2D COFs with specific 

topology (TPE-COF-OH and TPE-COF-OMe) through hydrogen tuning, the post-synthetic 

modification of the prepared TPE-COF-OH, as well as the investigation of the novel 

properties of TPE-COF-BF2.  

 

Chapter 6 elaborates on the preparation and characterization of 3D COFs (TamBpyda and 

Mn-TamBpyda), and the utilization of the obtained Mn-TamBbyda as CO releasing 

materials.  

 

Chapter 7 summarizes the thesis and elaborates on some relative future works.  

 

1.4 Findings and Outcomes/Originality 

 



Introduction  Chapter 1 

5 
  

The novel outcomes of this research are summarized as follows: 

 

1. The overall properties of COFs do not only rely on their composition and 

morphology, but also on their microscale topologies, which are generally 

determined by the building units involved. By designing and choosing HFPB and 

TAPA, TAPB, TABPB as the building unites, a series of new 2D COFs (HFPB- 

TAPA, HFPB-TAPB, and HFPB-TABPB) can be synthesized. Besides, taking 

advantage of the microporous structure of the COFs, HFPB-TAPB is used for drug 

delivery. 

 

2. Rational design and meticulous control over the topologies of 2D COFs was 

achieved. Two highly crystalline phase-pure 2D COFs, namely TPE-COF-OH and 

TPE-COF-OMe, with different topologies and porosity are prepared. TPE-COF-

OH was further modified to generate TPC-COF-BF2, which exhibited novel 

properties, i.e. fluorescence “turn on” and “aggregation-induced emission” 

behavior. More than that, HRTEM imaging with a low-dose strategy was used to 

probe the pore channels and individual building blocks for understanding the 

topology at a molecular level.  

 

3. 2D COFs have been explored extensively, however, 3D COFs are rarely reported. 

In this thesis, the preparation of 3D TamBpyda can be achieved through the 

condensation reaction between TAM and Bpyda, which can be further metalated 

with manganese carbonyl complex. Importantly, for the first time, COF can be used 

for the controlled CO releasing inside the cells.  
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Chapter 2  
 

Literature Review  
 

This chapter aims at providing the recent advances in the synthesis and 

application of COFs. First, the general information of COFs is 

introduced. Second, the chemical design strategies for the topology 

control of the COFs are presented. Third, the methods for post 

modification of the COFs are described. After that, the applications of 

COFs in various areas are presented. Last, the questions are discussed 

based on the literature summarized and the context of this thesis is 

presented. 
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2.1 Overview 

 

Since the first discovery in 2015, lots of work has been done on the synthesis of COFs.[1, 2] 

Because of their intrinsic architecture and unique properties, e.g. low density, large surface 

areas, and excellent hydrothermal stability, COFs are promising in the application of gas 

separation[3, 4] and storage[5, 6], catalysis[7-11], biosensing[12], and optoelectronics[13-15]. 

Starting from unstable COFs first discovered in 2005 by Yaghi, which are linked by 

boroxine or boronate-ester groups, COFs have evolved to be ultrastable[3, 16-21]. Besides 

stability, the topology investigation, which extends the COFs from 2D to 3D, is of great 

significance as well. Up to now, rational design and synthesis COFs with novel topology 

are still in their infancy. 
 

 

2.1.1 Principle for the design and synthesis of COFs 

 

Covalent bonds widely exist in nature because of their extraordinary strength and diversity. 

COFs are one kind of porous organic materials connect by covalent bonds. Before the 

discovery of 2D/3D COFs, most artificial synthetic structures are 0D or 1D structures, 

indicating the difficulty of forming high dimensional covalent structures. Indeed, the 

construction of COFs with high crystallinity directly has been proved to be not an easy way 

due to many covalent structures of which the free energies are different from each other, 

could be formed in this process. Thus, the reversible condition is necessary to be applied 

in a reaction not only to prohibit the generation of amorphous products but also to promote 

the crystallization of covalent organic networks via repairing the formed amorphous 

products through a back reaction.[21] This process is also called “self-healing” and “error 

correction”. Based on this rule, boronate ester and imine condensation were first used to 

synthesize COFs due to their dynamic reversibility under appropriate solvothermal 

conditions[1, 22]. However, the as-formed chemical bonds are unstable, which limits their 

further application. As such, the trade-off between the degree of crystallinity and the 

chemical stability of the synthesized COFs is required. Since then, various new linkages 
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have been developed, and lots of COFs based on these linkages have been synthesized in 

recent decades (Figure 2.1)[1, 17, 23-38].  

 

 
Figure 2.1 Linkages used to crystallize COFs.  Reproduced with permission.[39] Copyright 2019, 

Elsevier Inc. 
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Figure 2.2 Topology constructed from different combinations of building blocks. Reproduced 

with permission[40]. Copyright 2012, Royal Society of Chemistry. 

 

Based on the previous work, reaction conditions, including reaction temperature, solvents, 

and catalysts (acid or alkaline) can affect the crystallinity of COFs. Besides that, the 

rational design of COFs is also important. The ability to predict the structure of COFs is 

very useful to learn COF chemistry, which relies heavily on the fact that COFs are formed 

by the use of geometrically well-defined molecules. Hexagonal, square, tetrahedral, 

trigonal, and linear linkers are most widely used, the combinations of which form COFs 

with the various crystal lattice. For example, in 2D, hcb[1], sql[41], kgm[42], hxl[43], fxt[44], 

kgd[45], and hex[46] structure have been accessed (Figure 2.2 ). In 3D, dia[22], ctn[2], bor[2], 

pts[47, 48], lon[20], srs[49], rra[50], and ffc[51] structures have been formed. More than that, the 

pore shape and size differ significantly from each other. For instance, Jiang and coworkers 

compare the pore sizes of three kinds of topologies (i.e. triangular topology, tetragonal 

topology, and hexagonal topology), and demonstrate that the triangular topology features 

the smallest pore size[43]. Defining the length between two vertices is L, the hexagonal 

topology and tetragonal topology has a pore size of 1.732L and L, respectively, while the 

triangular topology yields a pore size of 0.58L (Figure 2.3). Inspired by this, two COFs 

denoted as HPB-COF and HBC-COF were developed by Jiang and coworkers, via the 
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reaction of terephthalaldehyde with [H2N]6HPB and [H2N]6HBC, in which the pore size is 

12 Å. Such a small pore size exceeds that of the majority of 2D COFs reported to date and 

enables the as prepared COFs form supermicropores. Recently, our group rational designed 

and synthesized 2D COF nanosheets by selecting two flexible building units for 

condensation (Figure 2.4). The reason for using two flexible building units is that the 

flexibility of the building units can weaken the interlayer stacking in COFs, which makes 

it easy to be exfoliated.   

 
Figure 2.3 Scheme of topology diagrams for COFs and their pore size. Reproduced with 

permission[43]. Copyright 2015, Macmillan Publishers Limited. 
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Figure 2.4 Synthesis and structure of the TPA-COF. Reproduced with permission[12]. Copyright 

2017, American Chemical Society. 

 

2.1.2 Methods to synthesize COFs 

 

The first COF was developed via solvothermal reaction, in which two kinds of building 

units together with the solvent are placed in a tube and then the tube is degassed three times 

followed by flame-sealing. With the evolution of the COFs in recent years, a lot of methods 

including solid-state conversion, microwave-assisted synthesis, room temperature, and 

ambient pressure synthesis, have been developed,. 

 

Solvothermal reaction. The solvothermal reaction method is most widely used to 

synthesize COFs. In this method, the building units, solvents, and catalysts are mixed 

followed by flash-frozen and degassing three times. The high reaction temperature which 
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is above the boiling point of the solvents in a closed system results in increased solubility 

of the precursors. However, the drawback of this method is the low reaction rate and 

normally three days are required. Moreover, the small loading amount in this method makes 

it difficult to scale up.  

 

Solid-state conversion. The solid-state conversion method was first developed by 

Banerjee and coworkers, where three COFs were prepared successfully under grinding 

(Figure 2.5a). Different from the traditional solvothermal method, this method can be 

applied under room temperature and without solvent.[52] The identical COFs can be 

obtained by solvothermal reaction as well. As compared with COFs prepared by the 

solvothermal reaction, the crystallinity of the obtained COFs by mechano-chemical 

grinding is moderate. As such, the method is improved by Liu and coworkers to enhance 

the crystallinity of COFs prepared by solid-state conversion, where a small amount of 

solvent vapor annealing was applied.[53] In 2018, Banerjee and co-workers developed an 

improved grinding method where p-toluenesulfonic acid was added as the catalyst for the 

condensation reaction between diamine linker and 1,3,5-triformylphloroglucinol (Figure 

2.5b).[18] This method is also called a liquid-assisted grinding method. Surprisingly, the 

BET surface area of the obtained COFs is up to 3100 m2 g−1. 

 
Figure 2.5 (a) Schematic representation of the mechanochemical synthesis of TpPa-1, TpPa-2, 

and TpBD. (b) Synthesis of COFs via a molecular organization. Reproduced with permission.[18] 

Copyright 2017, American Chemical Society. 
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Microwave-assisted synthesis. As mentioned previously, solvothermal is a time-

consuming method that normally requires three days to complete the reaction. Thereby, an 

alternative method to reduce the reaction time is needed. As it is well known that 

microwave reactors can be used to synthesize small organic molecules with accelerated 

reaction time, cleaner products, and higher yields.[54] The microwave-assisted synthesis 

method also is a way for the rapid production of COFs, where the crystallization rate 

increases. It was reported by Cooper and coworkers that COFs could be prepared by the 

microwave-assisted method, and the crystallization rate is increased by a factor of 200 as 

compared with that prepared by solvothermal synthesis (Figure 2.6a).[55] More than that, a 

microwave reactor can also be employed for extraction to remove all the unreacted small 

molecules attaching inside the pores or on the surfaces (Figure 2.6b and 2.6c).  

 
Figure 2.6 Digital camera images recording the color change in the process of reaction and 

purification of COF-5: (a) gray-purple powder generated; (b) removal of trapped HHTPoxidation 

impurities; (c) purified gray COF-5 powder generated after the second extraction. Reproduced with 

permission[55]. Copyright 2009, American Chemical Society. 

 

Room temperature and ambient pressure synthesis. Even though most COFs are 

prepared via solvothermal reaction under high temperature, some COFs could be obtained 

at room temperature and ambient pressure. Dichtel and co-workers reported that the 

synthetic protocol using metal triflates as the catalyst is superior to the conventional one 

where acetic acid is used as the catalyst (Figure 2.7a).[56] The COFs obtained by this novel 

method are of higher quality than those obtained by the conventional method. More than 

that, the reaction time and reaction temperature by using metal triflates as the catalyst is 

about 10 min and room temperature. In another work, metal triflates were used as the 

catalyst as well. Freestanding COF film was prepared by interfacial polymerization of 
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TAPB and PDA with Sc(OTf)3 (Figure 2.7b-d).[57] Besides catalyst, a solvent is also critical 

for the synthesis of COFs successfully. Fang and coworkers reported that using ionic 

liquids as media can shorten the reaction time as compared with that using a conventional 

organic solvent.[58] 

 

 
Figure 2.7  (a) Synthesis of TAPB-PDA using traditional HOAc-catalyzed and Lewis acid-

catalyzed conditions (b) Synthesis of TAPB-PDA catalyzed by Sc(OTf)3 (c) photograph of the 

interfacial polymerization of TAPB-PDA. (d) Photo of a TAPB-PDA free-standing film. 

Reproduced with permission[57]. Copyright 2017, Elsevier Inc. 

 

2.1.3 Post-synthetic modification of COFs 

 

The application of COFs depends on the chemical functionality of the organic building 

units. Current strategies for the post-synthetic modification of COFs include (a) chemical 

conversion of linkages (b) covalent bond formation between existing pendant groups and 

incoming constituents (c) incorporation of metal species by using metal complexation[59]. 

Owing to the strong interaction between metal ions and organic ligands, the incorporation 

of metal species into the COFs is a popular method to functionalize COFs. In this part, only 

the last strategy will be discussed in detail. 
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Imine-based COFs. Imine-type ligand has been well demonstrated in coordination 

chemistry[60], thus, COFs with imine linkages are promising to incorporate various metal 

species. The first related work was reported by Wang and co-workers in 2011[61]. The as-

synthesized layered two-dimensional COFs-LZU1 can incorporate metal ions through 

post-modification of COFs-LZU1 with Pd(OAc)2, generating Pd/COF-LZU1 without any 

structure destroyed (Figure 2.8). After post-modification, Pd/COF-LZU1 exhibited 

excellent catalytic activity and high stability in the Suzuki– Miyaura coupling reaction.  

 

 
Figure 2.8 Schematic representation for the synthesis of COF-LZU1 and Pd/COF-LZU1 

materials (a). Proposed structures of COF-LZU1 (b) and Pd/COF-LZU1 (c, d) possessing regular 

microporous channels. C: blue, N: red, and brown spheres represent the incorporated Pd(OAc)2. 

Reproduced with permission[61]. Copyright 2011, American Chemical Society. 

 

Imine-based COFs with additional functionalities. Besides imine linages, other 

functionalities such as hydroxyl groups, bipyridine moieties, porphyrin moieties, and 

phenanthroline moieties have been incorporated in COFs for metalation. Bimetallic 

catalysts with higher activity, selectivity, and stability as compared with monometallic 

counterparts have attracted great attention in recent years. Thus, COFs containing 

bipyridine groups and imine linkages were synthesized by Gao and co-workers in 2016[62, 

63]. BPy-COF was synthesized through the reaction between 4,4,4,4 -(pyrene-1,3,6,8-

tetrayl)tetraaniline and 2,2-bipyridyl-5,5-dialdehyde (Figure 2.9). Because of their strong 
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interaction between palladium cations and nitrogen atoms, PdII@BPy-COF could be 

obtained if Pd(OAc)2 was loaded firstly (route 1). However, because of the bulky and rigid 

structure of Rh(COD)Cl as compared with Pd(OAc)2, when Rh(COD)Cl was first loaded, 

RhI@BPy-COF was obtained via the interaction between bipyridine ligand and 

Rh(COD)Cl. After the Pd(OAc)2 was added subsequently, bimetallic catalysts, denoted as 

RhI/PdII@BPy-COF was obtained (route 2).  

 
Figure 2.9 Schematic representation for the synthesis of COF-Re_Co and COF-Re_Fe covalent 

organic frameworks. Reproduced with permission[62, 63]. Copyright 2016, John Wiley and Sons. 

 

Porphyrin moieties. Porphyrin consists of nitrogen groups and has planar geometry, thus, 

it is ideal for the development of functionalized COFs through pre- and post-metalation. 

The π−π stacking of porphyrin units enabled the application of COFs in various 

applications. The COFs with two distinct metal sites combining Co/Fe-porphyrin unit and 

the Re-bipyridine unit, denoted as COF-Re-Co/Fe were reported by Marinescu and co-

workers.[64] COF-Re-Co/Fe was prepared via the following synthetic route: COF-Re was 

prepared via the condensation reaction between TAPP and Re-bipyridine (Figure 2.10). The 

post-synthetic modification was conducted to metalate porphyrin with Co or Fe precursors. 

However, direct synthesis of COF-Re-Co/Fe via the reaction between Co/Fe TAPP and Re-

bipyridine was unsuccessful. As such, post-synthetic modification provides an alternative 

way for the metalation of COFs.  
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Figure 2.10 Syntheses of COF-Re, COF-Re_Co, and COF-Re_Fe. Reproduced with 

permission[64]. Copyright 2018, American Chemical Society. 

 

2.1.4 Stability of COFs 

 

Porous materials are candidates for diverse applications, such as gas adsorption and 

separation, catalysis, sensors, drug delivery, proton conduction [65-82]. Metal-organic 

frameworks (MOFs) and COFs are two kinds of porous materials that have attracted lots 

of attention in recent years. Unfortunately, MOFs suffer from the drawback of relatively 

poor stability, which would limit their practical applications. Most of the MOFs have low 

endurance when exposed to heat, vacuum, or pressure treatment. Different from MOFs, 

COFs are much more stable than MOFs due to the reason that they are connected by 

covalent bonds which are stronger than coordination bonds. The COFs discovered in the 

early years were connected by boronate anhydride and boronate ester which were unstable 

and sensitive to the moisture.[83, 84] Thereafter, diverse new bondings were discovered to 

connect building units, such as imine and hydrazone which are stable toward the water, and 

imide which is stable toward acid and base (Figure 2.11). [85- 88] The higher stability allows 

COFs to maintain their structure after catalysis, gas separation, etc.  
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Figure 2.11 Scheme of covalent bonding in COFs. [83-88] 

 

2.1.5 Application of COFs 

 

COFs are promising in the field of gas storage and separation, catalysis, optoelectronics, 

and others, because of their intrinsic properties of high stability, porous structure, and low 

density, etc. The initial application of COFs is evaluated in gas separation and storage, 

which relies heavily on the pore sizes and distribution of COFs. To improve the sensitivity 

and selectivity in gas separation, various COFs with different topologies have been 

developed. However, the combination of symmetry of the building units is not infinite. 

Post-treatment is a way to functionalize COFs and enable them to have wider applications 

beyond gas storage and separation. In this thesis, a series of COFs are developed. The COFs 

developed in chapter 4 are utilized in drug delivery. In chapter 5, post-synthetic 

modifications like boron complexation endow the COFs with unique optical properties 

such as fluorescence “turn on” and “aggregation-induced emission”. In chapter 6, Mn-

TamBpyda COF was used for photo-responsive CO releasing.  

 

Drug delivery. COFs are promising materials for drug delivery because of their excellent 

stability, tunable composition, and pore sizes. One example reported about drug delivery 
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application of COFs is two new 3D COFs, denoted as PI-COF-4 and PI-COF-5, which are 

prepared via the condensation reaction between pyromellitic dianhydride and TAA or TAM 

(Figure 2.12a ).[89] In this work, Ibuprofen (IBU), which processes a short biological life, 

was used as a model drug. Both COFs exhibited good release control and high drug loading 

capacities. Moreover, this work also suggests that the release rate of the drug is related to 

the pore size and geometry of COFs. As shown in Figure 2.12b and 2.12c, PI-COF-5 which 

has a smaller size showed a lower release rate as compared with PI-COF-4. 

 

 
Figure 2.12 Synthesis of PI-COF-4 and PI-COF-5. (b) UV−vis spectra of ibuprofen (IBU) at 

different concentrations. (c) Release profiles of IBU-loaded 3D PI-COFs. Reproduced with 

permission[89]. Copyright 2015, American Chemical Society. 

 

The interaction between COFs and drugs is essential to better control the process of drug 

loading and release. A stable COF in which the free electrons on the imine nitrogen make 

the most contribution to anchor the guest molecules via H-bonding was reported by Lotsch 
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and co-workers [90]. In this work, Quercetin was used as the model drug, which is known 

for its anti-cancer. As a result, Quercetin with nanocarrier showed better proliferation 

control of the cancer cells as compared with that directly administrated by the cells.  

 

Even though COFs shows high loading capacity, their limitations to using for target drug 

delivery hinders their wider applications. To overturn this limitation, Banerjee and 

coworkers developed COFs which endows free hydroxyl (−OH) groups for further 

functionalization.[91] Then, post-treatment was conducted to functionalize COFs with 

amine (−NH2) groups for further introducing the desired drug molecules (Figure 2.13). 

More than that, post-treatment weakens the π−π stacking and is beneficial to exfoliate 

COFs to CONs. As a result, the drug released from the CONs results in the death of the 

cancer cells.  
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Figure 2.13 (a) Schematic presentation of COF sheets, (b) sequential post-synthetic modification 

of TpASH, (c) 13C CP MAS solid-state NMR spectra of functionalization steps after post-synthetic 

modifications, (d) SEM, and (e) TEM images of TpASH after sequential post-synthetic 

modifications. Reproduced with permission[91]. Copyright 2017, American Chemical Society. 

 

Aggregation-induced emission (AIE). Many organic luminophores exhibit different 

light-emitting behaviors in dilute and concentrated solutions. These organic luminophores 

are luminescent in dilute solutions, however, as the concentration increases, the 

phenomenon denoted as “concentration quenching” is observed. When the organic 

luminophores are in a solid-state, the luminescence will be fully quenched. One example 

to demonstrate “concentration quenching” is N,N-dicyclohexyl-1,7-dibromo-3,4,9,10-

perylenetetracarboxylic diimide (DDPD). As shown in Figure 2.13, the dilute solution of 

DDPD in THF is high luminescent, however, the addition of water into the solution causes 

the aggregation of DDPD, resulting in weakened luminescence until fully quenched.[68] The 

phenomenon opposite to “concentration quenching” is “aggregation-induced emission” 

where the organic luminophores are more emissive in high concentration solutions or solid-

state as compared with those in dilute solution. AIE has been applied in various fields, 

including photonic devices, bioimaging, etc. Even great progress has been made on the AIE 

field, and various polymers with AIE phenomenon have been reported,[92] AIE-based COFs 

have rarely been reported yet.  
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Figure 2.14 Fluorescence photographs of solutions/suspensions of DDPD (10 mM) in 

THF/water mixtures with different water contents. Reproduced with permission [92]. Copyright 2011, 

Royal Society of Chemistry. 

One example of AIE-based COF is TPE-Ph COF which was synthesized via the 

condensation reaction between 1,2,4,5-tetrahydroxybenzene (THB) and TPE-cored 

boronic acids.[93] Based on the calculation, the rotation energy of the phenyl rings in the 

COF monolayer is 9.9 kcal mol-1 which is much higher than that of the TPE vertex analog 

(7.1 kcal mol-1). More than that, the rotation energy for the phenyl rings in the layered 

structure is 216.7 kcal mol−1. Therefore, the free rotation of phenyl rings is decreased both 

at the monolayer and layered framework level, resulting in the AIE phenomenon.  

 

2.2 Research Gaps 
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According to the above-mentioned literature review, a significant advance has been 

achieved in the preparation and application of COFs. However, many questions remain to 

be answered. 

 

Firstly, even though lots of topologies of COFs have been achieved via the combination of 

different building units, there are still some topologies that need further exploration, such 

as kgd topology. Therefore, is it possible to synthesize 2D COFs with kgd topology by 

selecting building blocks with C6 and C3 symmetry. 

 

Secondly, lots of topologies of COFs have been achieved by rational design and controlled 

synthesis. However, the underlying topologies of 2D COFs are determined by the 

connectivity and symmetries of the building units involved. Once the building blocks of a 

2D COF are chosen, the regulation of substituent groups of building blocks has a limited 

effect on the effect on the COFs topology. Therefore, is it possible to manipulate the 

topology of 2D COFs via intramolecular bonding, such as hydrogen bonding? 

 

Finally, because of the lower dimension of 2D COFs as compared with 3D COFs, fewer 

kinds of covalent structures with varying free energies will be generated during the 

synthetic process. Hence, various 2D COFs have been developed, however, 3D COFs are 

rarely reported. Therefore, is it possible to prepare 3D COFs by selecting suitable reaction 

conditions and building blocks? Is it possible to functionalize the prepared 3D COFs for 

further application? 

 

2.3 Scope of PhD Thesis 

 

In this thesis, I address the above-mentioned questions via the synthesis and 

functionalization of a series of new 2D COFs and 3D COFs and controlling the topology 

of 2D COFs through tuning the hydrogen bonding. 

 

Firstly, the topology selective synthesis of two highly crystallize phase-pure 2D COFs, 

namely TPE-COF-OH and TPE-COF-OMe could be achieved by altering the substituents 
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of an identical molecular liner. Importantly, the corresponding COF topologies are 

unambiguously determined by direct low-dose HRTEM imaging, which has also been 

confirmed by combined structural characterizations and simulations. Moreover, the 

presence of (N, O)-bidentate Schiff base moieties in TPE-COF-OH allows post-synthetic 

modifications such as boron complexation, yielding TPE-COF-BF2 as a COF derivative 

that is endowed with exciting fluorescence “turn on” and “aggregation-induced emission” 

properties. 

 

Secondly, a new series of 2D COFs with kgd topology, namely HFPB-TAPA, HFPB-TAPB, 

and HFPB-TABPB are synthesized via solvothermal reaction of HFPB and TAPA, TAPB, 

TABPB, respectively. The as-prepared 2D COFs constructed from monomers with C6 and 

C3 symmetry form micropores. As a proof of concept application, HFPB-TABPB with 

micropores was selected as the drug carrier for drug loading, and releasing of ibuprofen 

(with a size of 5 x 10 Å). 

 

Finally, a new porous 3D COF, denoted as TamBpyda COF has been synthesized via the 

condensation of (2, 2′ -Bipyridine)-5, 5′ -dicarboxaldehyde (BPyDA) and tetra (4-

anilyl)methane (TAM). The as-prepared TamBpyda was further metalated with 

Mn(CO)5Br to generate manganese carbonyl complex functionalized Mn-TamBpyda. As a 

proof-of-concept application, Mn-TamBpyda was applied to deliver and release CO inside 

the cells upon light irradiation. 
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Chapter 3  
 

Experimental Methodology  
 

The rationale for synthetic methods and applications in each project will 

be discussed in this chapter. Firstly, the basic principles for selecting the 

materials are described. Secondly, detailed chemicals and synthetic 

methods are summarized. Then, the characterization methods, including 

the equipment and basic principles of them are introduced. Finally, the 

applications of the COFs are presented. 
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3.1 Rationale for selection 

 

Topology defining as the pore shape and size and determining the crystal structure is the 

key design of COFs. As such, rigorous analysis has been done and reveals that in terms of 

2D COFs, five possible topologies can be constructed: hexagonal tiling (hcb)[1, 2], 

tetragonal tiling(sql)[3], kagome tiling (kgm)[4-6], triangular tiling(hxl)[7, 8], and rhombille 

tiling (kgd). The pore shape and size differ significantly from each other. Based on Jiang’s 

work[7], defining the length between two vertices is L, the hexagonal topology and 

tetragonal topology has a pore size of 1.732L and L, respectively, while the triangular 

topology yields a pore size of 0.58L, indicating that the higher symmetry of the building 

units the smaller pore size of the COFs. Microporous (< 2 nm) is desired as a feature of 

COFs because of its application in drug delivery and gas storage[9]. In principle, the smaller 

the pore size, the high ability of the COFs to store gas. Herein, COFs with kgd topology 

combining the building units with C6 and C3 symmetry are expected to form smaller sizes. 

In chapter 4, a new series of 2D COFs with kgd topology, namely HFPB- TAPA, HFPB- 

TAPB, and HFPB- TABPB are synthesized via solvothermal reaction of HFPB and TAPA, 

TAPB, TABPB, respectively. The as-prepared 2D COFs constructed from monomers with 

C6 and C3 symmetry form micropores. As a proof of concept application, drug loading and 

releasing of ibuprofen (with a size of 6 x 12 Å) was performed by using HFPB-TABPB as 

the drug carrier.  

 

Secondly, creating molecular networks with different underlying topologies using identical 

building blocks is a fundamental problem, yet requires precise chemistry control. The 

topologies of 2D COFs are generally determined by the symmetries of the building units 

involved. Once the building blocks with specific symmetries are selected, the regulation of 

substituent groups of building blocks rarely influences the topology of the COF. Recently, 

Zhao et al. demonstrated the first exception in which alkyl substituents were introduced 

into a parent building block to affect the steric repulsion between the substituents in the 

COF skeleton which subsequently affect the topology of the resulting 2D COFs. However, 

poor crystallinity of the uncommon topology was achieved due to the introduction of the 

bulky substituents. Therefore, the rational design and elucidation of the parameters to 



Experimental Methodology  Chapter 3 

33 
  

realize meticulous control over the topologies of 2D COFs remain a great challenge to 

endow more functionalities to these materials for their diverse applications. Herein, we 

propose in covalent organic frameworks (COFs) that linkage conformations can be used as 

an effective strategy to switch between different network topologies. In chapter 5, to study 

the intramolecular hydrogen bonding in the control of the 2D COF topology, the tetrakis(4-

aminophenyl)ethane (TPE-NH2) with  D2h  molecular symmetry and 2,3-

dihydroxyterephthalaldehyde (2,3-DHTA) or 2,3-dimethoxyterephthalaldehyde (2,3-

DMTA) with C2 molecular symmetry are selected as molecular linkers, because they can 

be theoretically connected to afford 2D skeletons in two crystallographic systems, i.e. 

hexagonal and orthorhombic system. More than that, HRTEM imaging with a low-dose 

strategy recently has developed as an effective characterization technique that enables the 

direct imaging of electron beam-sensitive materials at the atomic level. Using this 

technique, not only the local structure features such as crystal surfaces and interfaces, 

encapsulated guest molecules, and point- or extended-defects in MOFs but also the pore 

channels and individual building blocks in 2D COFs, have been successfully probed. 

Hence, to achieve a molecular-level understanding of the topology-modulation concerning 

their building blocks visualized observation of the detailed structural information of COFs 

with HRTEM is highly desirable. 

 

In terms of topology, most of the COFs reported are 2D COFs, stacking up in the third 

dimension to form a 3D framework. However, 3D COFs have rarely been reported. Herein, 

we propose a synthetic method to prepare 3D COFs, denoted as TamBpyda COF, via 

Schiff-base condensation of (2, 2′-Bipyridine)-5, 5′-dicarboxaldehyde (BPyDA) and 

tetra (4-anilyl)methane (TAM). More than that, post-treatment of TamBpyda COF by 

incorporating manganese carbonyl complex into the COF skeleton will be conducted. The 

metalated 3D COF, denoted as Mn-TamBpyda COF is desired to be a kind of material for 

CO releasing. Carbon monoxide (CO) is known as the ‘silent killer’ owing to its strong 

affinity for hemoglobin [10-12]. However, the potential benefits of CO have attracted great 

attention in recent decades since the discovery that the haem oxygenase enzymes which 

have the potential to generate CO can be expressed in every cell of the mammalian 

organism[13]. Of great interest are the therapeutic activities of CO in the aspect of 
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inflammation, cardiovascular disease, and organ transplantation and preservation[10]. 

However, the questions remain for the control of the timing, dosage, and location of the 

CO delivery[14]. Hence, the design and synthesis of the materials that can store CO and 

release it upon external stimuli have drawn great attention. In this context, light-responsive 

CO releasing compounds, such as photo-CORMs have been widely investigated and 

showed the ability to uncage the CO upon the stimulation of the light. Even photo-CORM-

based therapy provides more control on the timing and concentration of the CO releasing, 

the precise localization of the CO delivery is still challenging owing to their fast diffusion 

after administration, resulting in side effects[15, 16]. As such, incorporating photo-CORMs 

into the macromolecules[17, 18], inorganic nanomaterials[19-22], and MOFs [14, 22] has emerged 

as a promising strategy for the application of more precise localization of the CO delivery. 

Besides the aforementioned materials, covalent organic frameworks (COFs) are promising 

as the scaffolds to support photo-CORMs as well.  

 

3.2 Synthesis 

 

3.2.1 Chemicals and materials 

 

Hexa(4-formylphenyl)benzene (HFPB) [23]  and 1,3,5-tris[4-amino(1,1-biphenyl-4-

yl)]benzene (TABPB) [24] were synthesized according to the reported procedure with slight 

modification. Tris(4-aminophenyl)benzene (TAPB, 96%), tris(4-aminophenyl)amine 

(TAPA, 98%), N, N-diisopropylethylamine (DIEA, 99%) and acetic acid (AcOH, 99.5%), 

were purchased from Tokyo Chemical Industry Co., Ltd. Phosphate buffered saline (PBS), 

ibuprofen (IBU), and bromopentacarbonylmanganese (I) were purchased from Sigma-

Aldrich. Boron trifluoride etherate (BF3•OEt2, 98%), anisole, butanol, tetrahydrofuran 

(THF), 1,4-dioxane, acetone, methanol, ethanol (EtOH), and dimethylformamide (DMF) 

with analytical purity were purchased from Merck. (2, 2 ′ -Bipyridine)-5, 5 ′ -

dicarboxaldehyde (BPyDA, 97%), (4-anilyl)methane (TAM, 97%), , fluorescein, 

triethylamine (Et3N), allyl chloroformate, palladium(Ⅱ ) chloride (PdCl2), tetrakis(4-

aminophenyl)ethane (TPE-NH2, 97%), 2,3-dihydroxyterephthalaldehyde (2,3-DHTA, 

98%), 2,3-dimethoxyterephthalaldehyde (2,3-DMTA, 95%) were purchased from 
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Shanghai Sunway Co., Ltd.  

 

3.2.2 Preparation of TPE-COF-OH  

 

A 10 mL Pyrex tube was charged with TPE-NH2, 2,3-DHTA, and o-DCB/dioxane. After 

the mixture was sonicated for 5 min, acetic acid was added. Afterward, the tube was flash-

frozen and degassed three cycles, sealed under vacuum, and then heated at 120 °C. After 

that, a red precipitate was collected by filtration followed by washing with THF. The 

collected sample was then solvent-exchanged with tetrahydrofuran twice and dried at 

120 °C under vacuum for 12 h to give a deep red powder. IR (powder, cm-1): 1658(m), 

1619(s), 1546 (m), 1512(w),1493(m), 1430(w), 1411(w), 1362(w), 1298(m), 1203(m), 

1173(w), 1112(w), 1015(w), 1003(w), 977(w). 

 

3.2.3 Synthesis of TPE-COF-OMe 

 

A 10 mL Pyrex tube was charged with TPE-NH2 (12 mg, 0.03 mmol), 2,3-DMTA, and o-

DCB/dioxane. After sonication for 5 min, acetic acid was added. Afterward, the tube was 

flash-frozen and degassed three cycles, sealed under vacuum, and then heated at 120 °C 

for 3 days. After cooling, a yellow precipitate was collected by filtration and washed with 

acetone. The collected sample was then solvent exchanged with tetrahydrofuran twice and 

dried at 120 °C under vacuum for 12 h to give a yellow powder. IR (powder, cm-1): 1686(m), 

1618(s), 1556 (m), 1500(m),1457(m), 1408(m), 1411(w), 1360(m), 1258(s), 1210(m), 

1168(m), 1106(w), 1049(s), 1015(s), 972(w). 

 

3.2.4 Boron complexation of TPE-COF-OH to synthesize TPE-COF-BF2 

 

To a suspension of solvent-free TPE-COF-OH material in 10 mL of anhydrous 

tetrahydrofuran, BF3•OEt2 was added. A color change immediately occurred, revealing the 

formation of an in-situ intermediary. N, N-Diisopropylethylamine (DIEA) (8 µL) was 

then added to the medium, followed by heating at 40 °C for 12 h without stirring. Afterward, 

a red precipitate was collected by filtration and washed with acetone. The collected sample 
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was then solvent exchanged with tetrahydrofuran twice and dried at 120 °C under vacuum 

for 12 h to give a red powder. The FT-IR spectra of the synthesized TPE-COF-BF2 show 

almost identical features compared to the TPE-COF-OH, expect one more characteristic 

O-B stretching band at 1448 cm-1. 

 

3.2.5 Preparation of TamBpyda COF 

 

A 10 mL pyrex tube was charged with BPyDA (10 mg), TAM (10 mg) and 1,4-dioxane/o-

DCB (4:1 v/v, 0.5 mL). After sonication for 2 min, 0.05 mL of acetic acid was added to 

the mixture. Then the tube was flash-frozen, degassed three cycles, sealed under vacuum, 

and then heated at 120 °C for 3 days. The yellow product was collected by filtration and 

washed with acetone and THF, separately, and dried at room temperature under vacuum 

for 2 d to yield a yellow powder. 

 

3.2.6 Preparation of Mn-TamBpyda COF 

 

In a typical preparation of Mn-TamBpyda, TamBpyda (20 mg), Mn(CO)5Br (10 mg), and 

DMF (2 mL)were added into a 25 mL vial. The resulting mixture was stirred overnight at 

100 °C. Mn-TamBpyda was collected by centrifugation, followed by washing with DMF 

and EtOH, separately. Then, the collected product was dried at room temperature under 

vacuum for 24 h to yield an orange powder. 

 

3.3 Characterization 

 

Structure identification of COFs is similar to but more complex than that of MOFs. In the 

case of MOFs, it is easier to obtain single crystals, however, few single crystals could be 

obtained for COFs, which ruling out the possibility to use single-crystal X-ray diffraction 

to identify the structures. As such, the structure identification of COFs combines the 

techniques of PXRD and computational simulation. Besides structural regularity, 

identification of the atomic connectivity, i.e. formation bonds, is also important. The most 

useful techniques used to confirm the new bond formation is FT-IR, and solid-state NMR. 
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Other techniques, such as nitrogen adsorption-desorption measurements, electron 

microscopy, including SEM and TEM, are used for assessing the porosity, surface areas, 

and morphology, respectively. Therefore, characterization techniques used for COFs, 

including PXRD, SEM, TEM, XPS, FT-IR, UV-Vis DRS, TGA, BET, and Fluorescence 

(FL) spectroscopy, will be briefly introduced in the following.  

 

3.3.1 X-Ray diffraction (XRD) 

 

XRD is a method to characterize crystalline materials and provide information on the 

crystal structure, phase, preferred crystal orientation, and other structural parameters. The 

distinction between COFs and amorphous polymers is their crystallinity. COFs are one 

kind of polymers with high crystallinity. To confirm that, XRD is widely used in the 

characterization of COFs.  

 

Before X-ray diffraction, the definition of diffraction should be introduced first. When a 

beam comes across an item, the interference patterns are generated. Part of these patterns 

will interfere with each other and part of them will cancel each other out. This phenomenon 

is named diffraction. However, at the right distance and angle, constructive interference 

can be generated. This type of waveform interaction is general and even can be seen in all 

wave systems, including x-ray. Therefore, for crystalline samples, the crystal structure 

could be determined by detecting the angle and intensity of the diffracted X-rays. Generally, 

for crystalline samples, the smaller the crystal size, the broader the peaks. However, when 

the long-range order of the sample is destroyed, e.g., amorphous sample, the peaks cannot 

be observed. Therefore, XRD is an effective method to differentiate the crystalline and 

amorphous samples.  

 

When a constructive interference is generated (Figure 3.1), the relationship between the 

internal spacing of the crystal, the radiation wavelength, and the angle of the X-rays will 

follow the equation, which is called Bragg’s law: 

nλ=2dsinθ 

Where n stands for any integer, λ is the incident x-ray wavelength, d represents the spacing 
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between diffracting planes, and θ denotes the incident angle. To be convenient, both sides 

of the above equation are divided by n, and d/n is defined as dhkl. Thus the Bragg’s law 

becomes: 

λ=2dhkl sin θ 

 
Figure 3.1 Schematics illustrating Bragg’s law. 

 

3.3.2 Scanning electron microscopy (SEM) 

 

SEM is a method to provide the surface topography and morphology of the samples. When 

the electrons interact with the surface atoms of the sample, secondary electrons excited are 

detected by the Everhart-Thornley detector. The position of the beam combined with the 

intensity of the detected signals presents the morphology of the samples.  

 

3.3.3 Transmission electron microscopy (TEM) 

TEM, one of the most important tools for the characterizations of devices and nanoscale 

materials, has improved resolution as compared to light microscopes. Electrons are emitted 

by the electron gun on the top, and then are accelerated by an electric field, deflected by a 

column of magnetic lenses, and finally transmit through an ultrathin specimen to form an 

image.  

 

When the electrons come across the sample, various signals can be generated (Figure 3.2). 
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Some are scattered while some are unaffected. When electrons are scattered, part of them 

does not deviate far from the incident-electron direction, which is TEM interested, while 

other electrons that scattered through large angles, such as secondary electrons and 

backscattered electrons are interested in SEM. The non-uniform distribution provides us 

all the information on structure, chemistry, and other information about the specimen. In 

this report, imaging and SAED are used to characterize samples; the principle of these 

methods would be introduced in the following part. 

 
Figure 3.2 Signals generated when an electron beam is an incident onto the sample. 

 

The way TEM works is like a slide projector. The beam generated by a projector transmits 

through certain parts of the slides, allowing the pattern of the slides to be replicated, 

forming an enlarged image of the slide. Similarly, TEMs shine an electron beam through 

the specimen. As a result, an image with contrast, representing the non-uniform density of 

the specimen, is generated.  

 

After the beam of electrons from the electron gun goes through the condenser lens, it is 

focused into a small beam. The beam then hit the specimen. If the specimen is thin and 

transparent enough, part of the electrons will transmit. This transmitted part is focused into 

an image by the objective lens on a charge-coupled device (CCD) camera, allowing the 

user to see the image. In the area with higher mass or higher thickness, more electrons 
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would be scattered at larger angles, which are excluded by the objective aperture. The fewer 

electrons from the high mass area contribute to the darker imaging. That is the reason that 

when preparing the TEM specimen, it should be as thin as possible.  

 

3.3.4 X-Ray photoelectron spectroscopy (XPS) 

 

XPS is a widely used surface-sensitive spectroscopic tool, which can be used to measure 

the chemical composition, valence state, and crystal phase of nanomaterials. It is not 

difficult to identify the elemental composition of the materials using XPS because of the 

unique binding energy peaks of each element. The number of electrons and binding energy 

can be measured simultaneously once a beam of X-ray irradiates the material, generating 

the characteristic XPS spectrum. However, it should be noted that XPS is used for the study 

of the surface of nanosheets within 10 nm. 

 

3.3.5 Fourier transform infrared (FT-IR) spectroscopy 

 

FT-IR spectroscopy is a method to identify the functional groups and chemical bonding of 

molecules. The principle of the FT-IR spectroscopy is that the light in the IR region 

absorbed by molecules corresponds to the bonds present in the molecules. The absorbed 

light is then converted to the molecular vibration, resulting in a spectrum that gives a 

“molecular fingerprint”.  

 

3.3.6 UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) 

 

UV-vis DRS is a method for determining the bandgap of the semiconductors in a solid-

state. UV Vis DRS represents the percentage of reflectance as a function of wavelength. 

 

3.3.7 Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis (TGA) is a method to provide the information about physical 

and chemical properties of the samples, including the temperature of thermal 
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decomposition, transition transitions, absorption, adsorption, and desorption of the 

materials by measuring the mass of the samples over time as the temperature changes. 

 

3.3.8 Brunauer Emmett Teller (BET) 

 

Specific surface area and pore size distribution are important characteristics for COFs. BET 

theory first published in 1938 explain the physical adsorption of gas molecules on a solid 

surface and serves as the basis for the measurement of the specific surface area of materials. 

The gases utilized in the BET theory are those that do not react chemically with the material 

surfaces. For this reason, nitrogen (N2) is commonly used as the probing gas and the 

standard BET analysis normally is conducted under the boiling temperature of N2 (77K).  

 

3.3.9 Fluorescence (FL) spectroscopy 

 

Fluorescence (FL) spectroscopy is a method to analyze the fluorescence of samples. When 

the molecule absorbs the photon, the electron is excited from the ground state to an excited 

electronic state. The electron then reached the lower state after the excited molecule 

collision with other molecules until they finally reach the lowest state. The fluorescent 

intensity over the frequency of light emitted provides the structure information of the 

molecules.  

 

3.4 Application 

 

3.4.1 Drug loading and release using 2D COFs with kgd structure 

 

The ibuprofen (IBU) was loaded by immersing solvent-free COF materials in IBU hexane 

solution with a certain concentration. A typical experiment for loading IBU in HPB-TAPB 

was as follows: 20 mg of HPB-TAPB were suspended in 2 mL of 0.1 M IBU hexane 

solution and kept unstirred for 12 h to achieve the adsorption-desorption equilibrium. Then, 

the drug-loaded HPB-TAPB was separated from the solution by filtration, washed with 

hexane, and dried at room temperature. A typical experiment for releasing IBU from HPB-



Experimental Methodology  Chapter 3 

42 
  

TAPB was as follows: the drug-loaded HPB-TAPB (10 mg) was placed in a vial and dipped 

in 2 mL of phosphate-buffered saline (PBS, pH = 7.4, standard buffer solution from Sigma) 

at 37 °C. Sample liquors were internally replaced with 2 mL of fresh PBS, and the 

withdrawn liquors were taken for the UV-Vis absorption analysis to determine the drug 

concentration. The release study was continued until no drug was detectable in the 

withdrawn liquors. 

 

3.4.2 Boron complexation of TPE-COF-OH to synthesize TPE-COF-BF2. 

 

To a suspension of solvent-free TPE-COF-OH material (13 mg, 0.02mmol) in 10 mL of 

anhydrous tetrahydrofuran, BF3•OEt2 (6 µL, 0.05 mmol) was added. A color change 

immediately occurred, revealing the formation of an in situ intermediary. N, N-

Diisopropylethylamine (DIEA) (8 µL, 0.05 mmol) was then added to the medium, and the 

mixture was heated at 40 °C for 12 h without stirring. Afterward, a dark red precipitate was 

collected by centrifugation and washed with anhydrous tetrahydrofuran and anhydrous 

acetone, separately. The collected sample was then solvent-exchanged with anhydrous 

tetrahydrofuran for 2-3 times and dried at 120 °C under vacuum for 12 h to give a dark red 

powder (12.6 mg, 85% isolated yield). The FT-IR spectra of the synthesized TPE-COF-

BF2 show almost identical features compared to the TPE-COF-OH, expect one more 

characteristic O-B stretching band at 1448 cm-1. 

 

Fluorescence emission spectra analysis. To compare the fluorescence emission spectra 

between TPE-COF-OH and TPE-COF-BF2, the following experiments were conducted. 

TPE-COF-OH was dispersed in THF at 25 °C and ultrasonicated for 5 minutes. The 

emission spectra of TPE-COF-OH was collected by exciting TPE-COF-OH at 400 nm. 

Similarly, TPE-COF-BF2 was dispersed in THF at 25 °C. The emission spectra of the as-

obtained TPE-COF-BF2 was collected by exciting TPE-COF-OH at 400 nm. 

 

3.4.3 Mn-TamBpyda COF for CO releasing  
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Synthesis of the fluorescent probe. The fluorescent probe was synthesized 

according to the reported procedure with slight modification[25]. Briefly, after 

fluorescein was dissolved in dry THF, Et3N was added under the nitrogen 

atmosphere. After the resulting solution cooled down in an ice-bath, allyl 

chloroformate was added dropwise and stirred at room temperature overnight. The 

crude product was collected by filtration and further purified by column 

chromatography. 

 

Cell culture procedure. In a typical preparation of extracellular simulation scaffold, 

PDMS layer and 1 mg of Mn-TamBpyda (or TamBpyda) were deposited on a glass-bottom 

(35 mm) dish by spin coating. Human mesenchymal stem cells (hMSCs) were cultured in 

the prepared glass-bottom dish, including a PDMS/ Mn-TamBpyda (or PDMS/ TamBpyda) 

layer, with 1 mL of DMEM culture medium. hMSCs were cultured at 300 K in an 

atmosphere of 5% (v/v) CO2 in the air for 24 h. After that, 1 mL of 1.0 μM CO probe was 

used to culture the cells for 1 h to introduce the CO probe into hMSCs. Afterward, hMSCs 

were transferred to the DMEM and incubated at 300 K for 1 h. 

 

Confocal fluorescence imaging. The illumination of hMSCs labeled with CO probe was 

carried out using light (500 nm, light power 150 W) for 2 min and then incubated for 10 

min at 37 °C in 5% CO2 before imaging. 
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Chapter 4 

 

Isoreticular Series of 2D COFs with kgd Topology  
 

In this chapter, rational design and controlled synthesis of two-

dimensional (2D) covalent organic frameworks (COFs) with kgd 

topology is achieved. The preparation, characterization, and 

applications of 2D COFs, denoted as HFPB- TAPA, HFPB- TAPB, and 

HFPB-TABPB are presented. Moreover, taking advantage of the 

microporous structure of the as-prepared COFs, drug delivery is selected 

as the proof-of-concept application.  
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4.1 Introduction 

 

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

organic building units linked by covalent bonds. Due to their intrinsic properties of porous, 

high stability, and low density, this kind of material has drawn great attention in the fields 

of gas separation[1, 2] and storage[3, 4], catalysis[5-9], biosensing[10], and optoelectronics[11-13]. 

Following the principle of reticular chemistry[14], COFs can be synthesized with precisely 

controlled topology and pore structure. Topology defining as the pore shape and size 

determines the crystal structure and is the key design of COFs. The introduction of a new 

topology can not only diversify the structure but also broaden the application of COFs. As 

such, rigorous analysis has been done and reveals that in terms of 2D COFs, five possible 

topologies exist: hexagonal tiling (hcb)[15, 16], tetragonal tiling(sql)[17], kagome tiling 

(kgm)[18-20], triangular tiling(hxl)[21, 22], and rhombille tiling (kgd). The pore shape and size 

differ significantly from each other. However, COFs with kgd topology still have not been 

reported. Herein, in this chapter, rational design and synthesis of COFs with kgd topology 

will be investigated. COFs with kgd topology can be synthesized by using high symmetry 

building blocks (C6 symmetry) for Schiff-base polymerization with building blocks with 

C2 symmetry. As shown in Figure 4.1, hexagonal topology using C3 and C2 symmetric 

building blocks leads to a pore size of 3√3 L, and hexagonal topology using C3 symmetric 

building blocks generates a smaller pore size of 2√3 L. By contrast, kgd topology leads to 

the smallest pore size of √3 L. In this context, kdg topology using C6 symmetric building 

blocks has great potential to form microporous COFs, which might be useful for gas 

storage[23] and drug delivery. 

 

In this work, 2D COFs with kgd topology, namely HFPB- TAPA, HFPB- TAPB, and 

HFPB- TABPB are synthesized via solvothermal reaction of HFPB and TAPA, TAPB, 

TABPB, respectively. The as-prepared 2D COFs constructed from monomers with C6 and 

C3 symmetry can form micropores. Additionally, taking advantage of the small pore sizes 

of the COFs, drug loading and releasing of ibuprofen (with a size of 6 x 12 Å), was 

performed by using HFPB-TABPB as the drug carrier.  
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Figure 4.1 Scheme of topology diagrams for COFs and their pore size. 

 

4.2 Results and Discussion 

 
4.2.1 Synthesis and characterization of COFs 
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Figure 4.2 (a) Schematic Representation of the Synthesis and kgd Topology Structure of COFs 

with kgd topology. (b,c) Structural representations of the AA stacking mode of HFPB-TAPB 

viewed along the (b) [001] and (c) [100].  

Guided by the reticular chemistry, the combination of building units with C6-symmetry and 

C3-symmetry can theoretically generate 2D COFs with kgd topology. In this chapter, HFPB 

with C6 molecular symmetry and TAPA, TAPB, TABPB with C3 molecular symmetry are 

chosen as the building blocks to form 2D COFs with kgd topology (Figure 4.2). Through 

the Schiff-base reaction between HFPB and TAPA in the mixture of anisole /ethanol at 

120°C for 5 days, HFPB- TAPA was isolated as powder. The successful formation of imine 

linkages was confirmed by FT-IR, in which the aldehyde band of HFPB is attenuated 

obviously, while a typical C=N at around 1622 cm-1 is observed. (Figure 4.3a) The TGA 

analysis reveals that HFPB- TAPA is thermally stable up to ca. 460 °C (Figure 4.4). The 



Isoreticular Series of 2D COFs with kgd Topology                  Chapter 4 

51 
  

DR-UV-vis analyses reveal that the absorbance band of HFPB- TAPA is at around 500 nm 

with a corresponding bandgap of 2.86 eV (Figure 4.5). SEM images demonstrate that 

HFPB- TAPA crystallizes in a nanoparticle morphology (Figure 4.6).  

 

Similarly, HFPB- TAPB was synthesized via the condensation of HFPB and TAPB in a 

mixture of anisole/butanol, and HFPB- TABPB was synthesized via the condensation of 

HFPB and TABPB in a mixture of anisole/butanol. The FT-IR spectra of HFPB- TAPB and 

HFPB- TABPB exhibit a characteristic C=N stretching band at around 1626 and 1623 cm-

1, respectively (Figure 4.3b, c). Based on the TGA analyses, HFPB-TAPB and HFPB-

TABPB can be stable up to 460 °C as well (Figure 4.4). The DR-UV-vis analyses reveal 

that the absorbance bands of HFPB- TAPB and HFPB- TABPB are at around 500 nm with 

a corresponding bandgap of 2.36 and 2.78 eV, respectively (Figure 4.5). SEM images reveal 

the aggregated nanoparticle morphology of HFPB- TAPB, and HFPB- TABPB (Figure 4.6). 

Crystalline structure and unit cell parameters of HFPB- TAPB were characterized by the 

PXRD analyses combined with the structural simulation and Pawley refinement. (Figure 

4.7) The optimized lattice parameters and the atomic fractional coordinates of HFPB- 

TAPA, HFPB- TAPB, and HFPB- TABPB were listed in Table 4.1- 4.6. The Pawley-refined 

PXRD patterns are consistent with the experimental PXRD patterns, evident by the 

negligible difference with Rwp and Rp values converged to 4.06% and 7.21% for HFPB- 

TAPA, 2.91% and 6.62% for HFPB- TAPB, and 5.63% and 8.99% for HFPB- TABPB, 

respectively. The Pawley refinement yielded the unit cell with parameters of a = b = 

23.1788 Å and c = 4.2425Å for HFPB-TAPA, a = b = 25.4084 Å, and c = 3.80570 Å for 

HFPB- TAPB, and a = b =31.7563 Å and c = 4.2750 Å for HFPB- TABPB. Such grid 

stacking along the c axis results in one-dimensional pore channels with theoretical pore 

sizes of ca. 6.5, 7.0, and 11.0 Å for HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB, 

respectively. The interlayer distances of HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB 

were estimated to be 4.2425, 3.8057, and 4.2750 Å, respectively. 

 

The assigned topology structures for HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB 

were further confirmed by N2 sorption isotherms. HFPB- TAPA, HFPB- TAPB, and HFPB- 

TABPB adopt reversible type I isotherms, indicating the microporous structures (pore size 
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less than 2 nm). The BET surface areas for HFPB- TAPA, HFPB- TAPB, and HFPB- 

TABPB are calculated to be 852, 1115, and 960 m2 g-1, respectively (Figure 4.8a). Pore size 

distribution calculated based on the nonlocal density functional theory (NLDFT) method 

reveals the main pore distributions of ca. 6.7 Å, 7.3 Å, and 1.2 nm for HFPB- TAPA, HFPB- 

TAPB, and HFPB- TABPB, respectively, which is in agreement with the theoretical values 

predicted from their crystal structures and indicates their microporous structures. (Figure 

4.8b). 

 
Figure 4.3 FT-IR spectra of (a) TAPA, HFPB, and HFPB- TAPA. (b) TAPB, HFPB, and 

HFPB- TAPB. (c) TABPB, HFPB, and HFPB- TABPB. 
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Figure 4.4 TGA curve of HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB. 

Figure 4.5  (a)UV-Vis DRS spectra, and (b) the plots of the Kubelka-Munk function of HFPB- 

TAPA, HFPB- TAPB, and HFPB- TABPB. 
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Figure 4.6 SEM images of (a) HFPB- TAPA (b) HFPB- TAPB and (c) HFPB- TABPB with 

aggregated nanoparticles morphology. 

 



Isoreticular Series of 2D COFs with kgd Topology                  Chapter 4 

55 
  

 

Figure 4.7 PXRD patterns of (a) HFPB- TAPA, (b) HFPB- TAPB, and (c) HFPB- TABPB 

obtained experimentally (red) and through Pawley refinement (black). The blue plot is the 

difference pattern between experimental and simulated data of the synthesized COFs. 
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Figure 4.8 N2 sorption isotherms for HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB at 77 

K. (b) pore size distributions of HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB.  

 

4.2.2 Applications in drug delivery 

 

Ibuprofen (IBU, molecular size is 6 Å × 12 Å) is well known for its therapeutic activities 

in the aspect of antiinflammation. Even though the short biological life (2 h) of IBU 

negatively affects their application[24], it allows IBU to be a candidate for the investigation 

of controlled drug delivery. Up to now, MOFs have been used as a drug carrier for 

controlled drug delivery. Due to the high stability and tunable pore sizes, COFs are 

promising to have a good performance in this application[25]. Herein, encouraged by the 

small pore size and large surface area, HFPB- TAPB was employed as a drug carrier for 

controlled drug delivery.  

 

The IBU was loaded by immersing solvent-free COF materials in IBU hexane solution and 

kept unstirred for 12 h to achieve the adsorption-desorption equilibrium, followed by 

washing filtration and washing. IBU content was evaluated by TGA analysis. Based on 

TGA analysis results, IBU contents in IBU-loaded HFPB- TAPA, HFPB- TAPB, and 

HFPB- TABPB are at concentrations of 14 wt%, 16 wt%, and 4 wt%, respectively (Figure 

4.9). The drug release profiles were detected by UV−vis spectrophotometry using a 

calibration curve for IBU (Figure 4.10a). For HFPB- TAPB, the majority of the IBU was 

released after about 5 days, and total delivery could reach ca. 99% of the initial IBU loading 
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(Figure 4.10b). Besides, the typical C=N and residual aldehyde band of HFPB- TAPB in 

FT-IR (Figure 4.10c) and PXRD (Figure 4.10d) of HFPB- TAPB remain, indicating the 

structural integrity after IBU loading. 

 

 

Figure 4.9 TGA curve of IBU-loaded (a) HFPB- TAPA (b) HFPB- TAPB and (c) HFPB- 

TABPB.  
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Figure 4.10  (a) UV-vis spectra of ibuprofen (IBU) in phosphate-buffered saline (PBS, pH 7.4) 

at different concentrations. Inset: IBU calibration curve. (b) Release profiles of IBU-loaded COFs. 

(c,d) FT-IR spectra (c) and PXRD profiles (d) of HFPB- TAPB before and after IBU loading. 

confirming the structural stability of HFPB- TAPB before and after IBU loading. 

 

4.3 Conclusion  
 
In summary, a series of new 2D COFs with kgd topology, namely HFPB- TAPA, HFPB- 

TAPB, and HFPB- TABPB are synthesized via solvothermal reaction. The as-prepared 2D 

COFs constructed from monomers with C6 and C3 symmetry form micropores. 

Additionally, taking advantage of the small pore size of the COFs, drug loading and 

releasing of ibuprofen (with a size of 6 x 12 Å), was performed by using HFPB- TABPB 

as the drug carrier. IBU content can reach a concentration of 16 wt%. Moreover, the 
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majority of the IBU could be released after about 5 days, and total delivery could reach ca. 

99% of the initial IBU loading. 
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Table 4.1 Crystallographic information of modeled HFPB- TAPA 

Sample HFPB-TAPA 

Empirical formula C45H30N4 

Fw 626.75 

Stacking model eclipsed-AA 

a [Å] 23.1788 

b [Å] 23.1788 

c [Å] 4.2425 

α [deg] 90 

β [deg] 90 

γ [deg] 120 

Interlayer distance (Å) 4.2425 

 

Table 4.2  Atom sites for modeled HFPB- TAPA 

Atom site label Atom site fraction x Atom site fraction y Atom site fraction z 

C1 1.06264 1.14686 0.63660 

C2 1.10447 1.17031 0.89484 

C3 1.14339 1.23825 0.96462 

C4 1.13156 1.28429 0.80803 

C5 1.08173 1.26088 0.58163 

C6 1.04849 1.19371 0.49586 

C7 0.92800 0.95794 0.56211 

C8 1.54424 -0.21458 1.14697 

C9 1.50939 -0.27856 1.01564 

C10 1.44106 -0.31803 1.06240 

C11 1.40562 -0.29489 1.24096 

C12 1.44161 -0.23166 1.38209 

C13 1.51011 -0.19189 1.33545 

N16 0.81063 1.16411 0.89074 

C17 0.82940 1.21390 1.08325 

H18 1.10311 1.13273 1.04351 

H19 1.17732 1.25365 1.16040 
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H20 1.06931 1.29495 0.46617 

H21 1.01265 1.18154 0.32164 

H22 1.53450 -0.29773 0.87076 

H23 1.41598 -0.36627 0.95326 

H24 1.41639 -0.21160 1.51642 

H25 1.53615 -0.14278 1.44094 

H27 0.87773 1.23721 1.19516 

N1 -0.66667 -0.33333 1.26095 

 
Table 4.3 Crystallographic information of modeled HFPB- TAPB 

Sample HFPB-TAPB 

Empirical formula C45H30N4 

Fw 626.75 

Stacking model eclipsed-AA 

a [Å] 25.4084 

b [Å] 25.4084 

c [Å] 3.8057 

α [deg] 90 

β [deg] 90 

γ [deg] 120 

Interlayer distance (Å) 3.8057 

 

Table 4.4 Atom sites for modeled HFPB- TAPB 

Atom site label Atom site fraction x Atom site fraction y Atom site fraction z 

C1 1.06673 1.13774 0.54295 

C2 1.11090 1.15975 0.79748 

C3 1.15312 1.22179 0.84581 

C4 1.14239 1.26508 0.69265 

C5 1.09145 1.24520 0.48515 

C6 1.05523 1.18352 0.41059 

C7 0.93296 0.96433 0.48038 

C8 1.58226 -0.17212 1.11618 
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C9 1.55390 -0.23408 1.03375 

C10 1.49438 -0.27311 1.13556 

C11 1.46202 -0.25174 1.33318 

C12 1.49160 -0.18971 1.42602 

C13 1.55095 -0.15016 1.31430 

C14 1.39665 -0.29324 1.41452 

C15 1.35634 -0.27076 1.42554 

N16 0.84717 1.17472 0.79244 

C17 0.86923 1.22484 0.99655 

H18 1.11006 1.12502 0.95144 

H19 1.19028 1.23616 1.02590 

H20 1.07866 1.27733 0.38744 

H21 1.01519 1.17484 0.29340 

H22 1.57685 -0.25238 0.87945 

H23 1.47342 -0.31941 1.04231 

H24 1.46946 -0.17149 1.58753 

H25 1.57260 -0.10256 1.38544 

H26 1.37405 -0.22237 1.41873 

H27 0.91597 1.24874 1.08333 
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Table 4.5 Crystallographic information of modeled HFPB- TABPB 

Sample HFPB-TABPB 

Empirical formula C45H30N4 

Fw 626.75 

Stacking model eclipsed-AA 

a [Å] 31.7563 

b [Å] 31.7563 

c [Å] 4.2750 

α [deg] 90 

β [deg] 90 

γ [deg] 120 

Interlayer distance (Å) 4.2750 

 

Table 4.6 Atom sites for modeled HFPB-TABPB 

Atom site label Atom site fraction x Atom site fraction y Atom site fraction z 

C1 1.10559 1.04051 0.40114 

C2 1.12397 1.02251 0.63077 

C3 1.17374 1.04285 0.67669 

C4 1.20658 1.08369 0.50472 

C5 1.18897 1.10243 0.27697 

C6 1.13898 1.08032 0.22070 

C7 0.98030 1.03184 0.36838 

C8 1.87672 0.20247 0.89464 

C9 1.82636 0.17697 0.84833 

C10 1.79758 0.19417 0.97790 

C11 1.81866 0.23703 1.15596 

C12 1.86924 0.26261 1.19963 

C13 1.89807 0.24518 1.07147 

N14 1.14672 1.25687 0.58772 

C15 1.18273 1.27596 0.78300 

C16 -0.78785 -0.25515 1.28978 

C17 -0.73709 -0.22578 1.28549 
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C18 -0.70763 -0.24377 1.39081 

C19 -0.72826 -0.29153 1.50292 

C20 -0.77908 -0.32053 1.51548 

C21 -0.80862 -0.30240 1.41135 

C22 -0.69693 -0.31270 1.56429 

C23 -0.71698 -0.36324 1.56284 

H24 1.09797 0.99062 0.78393 

H25 1.18793 1.02625 0.85502 

H26 1.21535 1.13583 0.13632 

H27 1.12542 1.09500 0.02552 

H28 1.80885 0.14207 0.70446 

H29 1.75656 0.17340 0.93961 

H30 1.88702 0.29781 1.34038 

H31 1.93906 0.26582 1.11114 

H32 1.19958 1.25379 0.87080 

H33 -0.71997 -0.18689 1.19485 

H34 -0.66639 -0.21962 1.38631 

H35 -0.79651 -0.35916 1.61117 

H36 -0.84988 -0.32605 1.42487 

H37 -0.75814 -0.38806 1.56042 
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Chapter 5*  
 

Topology Control through Intramolecular Hydrogen 

Bonds Tuning 
 

In this chapter, rational design and controlled synthesis of two-

dimensional (2D) covalent organic frameworks (COFs) with specific 

topology through hydrogen bonds tuning are achieved. The preparation, 

characterization, and application of two highly crystalline phase-pure 

2D COFs, namely TPE-COF-OH and TPE-COF-OMe, with different 

topologies and porosity are presented. Moreover, taking advantage of 

post-synthetic modifications on the C=N and adjacent OH groups in 

TPE-COF-OH to form a boron complexation, namely TPC-COF-BF2, 

fluorescence “turn on” and “aggregation-induced emission” behavior 

of the obtained TPE-COF-BF2 were observed. 

 

 
 
 
 
 
 
 
____________ 
* This section was published substantially in Journal of the American Chemical Society. 2020, 142, 13162-

13169. Reproduced with permission. Copyright 2020, American Chemical Society.  
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5.1 Introduction 

 

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

organic building units linked by covalent bonds.1-9 Due to their intrinsic properties, these 

materials have drawn great attention in the application fields of gas storage and 

separation,10-13 catalysis,14-18 optoelectronics,19-22, and others.23-31 The functional diversity 

endowed with COFs is largely attributed to their versatile structural tunability where a 

variety of organic building blocks can be combined to generate an almost infinite number 

of novel materials.6-9 The overall properties of such porous materials do not rely only on 

their composition and morphology, but also on their microscale topologies.32,33 

Nonetheless, the topologies of two-dimensional (2D) COFs are generally dictated by the 

symmetries of the building blocks involved. Once the symmetries of building blocks of a 

2D COF are selected, regulation of substituent groups of building blocks rarely influences 

the topology of the COF.34-36 Recently, Zhao et al. demonstrated the first exception in which 

alkyl substituents were introduced into a parent building block to affect the steric repulsion 

between the substituents in the COF skeleton which subsequently affect the topology of 

the resulting 2D COFs. However, poor crystallinity of the uncommon topology was 

achieved due to the introduction of the bulky substituents.32 Therefore, the rational design 

and elucidation of the parameters to realize meticulous control over the topologies of 2D 

COFs remain a great challenge to endow more functionalities to these materials for their 

diverse applications. 

 

Recently, HRTEM imaging with a low-dose strategy has been developed as an effective 

characterization technique that enables the direct imaging of electron beam-sensitive 

materials at the atomic level.37,38 Using this technique, not only the local structure features 

such as crystal surfaces and interfaces,39,40 encapsulated guest molecules,41 and point- or 

extended-defects42 in MOFs, but also the detailed framework information,28 including the 

pore architectures and building blocks in 2D COFs, have been successfully probed. Hence, 

to achieve a molecular-level understanding of the topology-modulation concerning their 

building blocks visualized observation of the detailed structural information of COFs with 

HRTEM is highly desirable.  
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Herein, by altering substituents of the building block with the same symmetry, two highly 

crystalline phase-pure 2D COFs, namely TPE-COF-OH and TPE-COF-OMe, with 

different topologies and porosities were successfully synthesized and characterized. A 

combination of low-dose HRTEM imaging and molecular simulation indicates that the 

linkage conformations of the COF skeletons governed by intramolecular hydrogen bonding 

dictate the resulting COF topologies. Additionally, benefit from the abundant existence of 

(N, O)-bidentate Schiff base moieties in TPE-COF-OH, post-synthetic modifications of 

TPE-COF-OH to form a boron complexation, namely TPE-COF-BF2, fluorescence “turn 

on” and “aggregation-induced emission” properties of the obtained TPE-COF-BF2 were 

also observed. 

 

5.2 Results and Discussion 

 

5.2.1 Synthesis and characterization of COFs 

 

From the topological point of view, the combination of tetrakis(4-aminophenyl)ethane 

(TPE-NH2) with D2h molecular symmetry and 2,3-dihydroxyterephthalaldehyde (2,3-

DHTA) or 2,3-dimethoxyterephthalaldehyde (2,3-DMTA) with C2 molecular symmetry  

can theoretically generate 2D skeletons in two crystallographic systems, i.e. hexagonal and 

orthorhombic system. By the schiff base reaction between TPE-NH2 and 2,3-DHTA or 2,3-

DMTA in the mixture of o-dichlorobenzene (o-DCB)/dioxane/acetic acid (2:4:0.6, by vol.) 

at 120 °C for 3d (Figure 5.1), TPE-COF-OH (from TPE-NH2 and 2,3-DHTA) and TPE-

COF-OMe (from TPE-NH2 and 2,3-DMTA) were isolated as powders. (Figure 5.1). 
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Figure 5.1 Synthesis of TPE-COF-OH and TPE-COF-OMe by the condensation of D2h 

symmetry TPE-NH2 and C2 symmetry 2,3-DHTA /2,3-DMTA. 

 

FT-IR spectra of TPE-COF-OH and TPE-COF-OMe exhibited a typical stretching band of  

C=N at 1619 cm-1. Moreover, the aldehyde stretching band of starting material (2,3-DHTA 

at 1658 cm-1; 2,3-DMTA at 1686 cm-1) is largely attenuated, indicating the condensation 

reaction and the formation of imine-linked bonds (Figure 5.2 and 5.3). The TGA analysis 

revealed that these two COFs show good thermal stability up to 400 °C. The presence of a 

gradual weight loss for TPE-COF-Me in the temperature range of 340 to 400 °C is 

attributed to the decomposition of methoxy groups in TPE-COF-OMe (Figure 5.4). SEM 

and TEM images demonstrated that TPE-COF-OH crystallized in a well-defined hexagonal 

sheet-shaped morphology, whereas TPE-COF-OMe exhibited a rectangular belt-shaped 

morphology (Figure 5.5 and 5.6). 
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Figure 5.2 FT-IR spectra of TPE-NH2, 2,3-DHTA, and TPE-COF-OH. 

 
Figure 5.3 FT-IR spectra of TPE-NH2, 2,3-DMTA, and TPE-COF-OMe. 
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Figure 5.4 The thermogravimetric analysis (TGA) analysis revealed that these two COFs show 

thermal stability up to 400 °C. The presence of a gradual weight loss for TPE-COF-Me in the 

temperature range of 340 to 400 °C is attributed to the decomposition of methoxy groups in TPE-

COF-OMe. 

 
Figure 5.5 SEM images of TPE-COF-OH (a) and TPE-COF-OMe (b), exhibiting the sheet-

shaped and belt-shaped morphologies for TPE-COF-OH and TPE-COF-OMe, respectively. 
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Figure 5.6 TEM images of TPE-COF-OH (a) and TPE-COF-OMe (b), confirming the 

hexagonal sheet-shaped and rectangular belt-shaped morphologies for TPE-COF-OH and TPE-

COF-OMe, respectively. 

Low-dose HRTEM imaging integrated with a direct-detection electron-counting camera 

has demonstrated to provide structural solutions of beam-sensitive materials,37,38 like 

MOFs,39-42, and 2D COFs.28 Accordingly, the 2D crystal structures of TPE-COF-OH and 

TPE-COF-OMe are directly imaged by HRTEM using such a low-dose strategy. Electron 

diffraction patterns of these 2D COFs along their [001] directions are shown in Figure 5.7, 

which has a hexagonal symmetry for TPE-COF-OH and an orthorhombic symmetry for 

TPE-COF-OMe, respectively. Besides, the observed extinction rules of h = 2n and k = 2n 

for (hk0) reflections indicate the presence of 21 screw axes parallel to the a and b axes. As 

shown in Figure 5.8a, an HRTEM image and corresponding fast FFT patterns of TPE-

COF-OH have been successfully acquired along the [001] direction with a total electron 

dose ~ 28e- Å-2 (FFT as inset in Figure 5.8a). The hexagonally arranged star-shaped bright 

contrasts surrounded by dark contours are observed in the chemically interpretable CTF 

corrected and denoised HRTEM image (Figure 5.8b). The contrast of the projected 

structure can be more clearly observed from a real-space averaged image motif in Figure 

5.8c. According to these observations, the bright and dark contrasts can be assigned to the 

1D open hexagonal/triangular channels and the COF network composed of the 4-connected 

TPE and 2-connected DHTA molecular fragments, respectively. These two different types 

of molecular fragments appear as dark dots and can be well discriminated from each other 
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based on their distinct connectivity in the image. Moreover, the dark contrast referring to 

the TPE molecular fragment is shaped as “four-claw” protruding towards the neighboring 

DHTA fragment, which is characterized for the four benzene rings in the TPE fragment. 

We note that the dark dot contrast for the DHTA fragment is much darker than expected 

and displaced towards the center of the hexagonal channel rather than the triangular one. 

Considering the exposed OH groups in the DHTA fragments are highly prone to bond with 

metal cations came from chemical reagents involved, we carried out the EDS analysis on 

the TPE-COF-OH and confirmed the presence of abundant Na species in the structures 

(Figure 5.9). The location of captured Na cations in return helps to determine the 

orientations of OH groups in the network. So far, the crystal structure model for TPE-COF-

OH with a P6 symmetry can be proposed (Figure 5.8d) and the simulated projected 

potential (Figure 5.8e) matches well with the CTF-corrected images (Figure 5.8b). 

Similarly, the TPE-COF-OMe can be imaged by HRTEM along the [001] direction with a 

total electron dose ~ 20 e- Å-2 (FFT as an inset in Figure 5.8f). From the CTF-corrected and 

denoised image along with the averaged image motif, the crystal structure model for TPE-

COF-OMe composed of identical molecular fragments with those in TPE-COF-OH can be 

proposed (Figure 5.8k), based on their respective connectivity and “four-claw” contrast. 

The TPE-COF-OMe exhibits a rhombic-pore network distinct from the star-pore network 

in TPE-COF-OH. The orientations of OMe groups in the TPE-COF-OMe structure are not 

directly observed in the HRTEM image but can be determined based on the extinction rules 

observed by electron diffraction and by imposing a P21212 symmetry in the network. To 

the best of our knowledge, this is the first time that individual topologies of 2D COFs are 

directly observed and distinguished by HRTEM. 
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Figure 5.7 Electron diffraction patterns of TPE-COF-OH (a) and TPE-COF-OMe (b) along 

their [001] directions, confirming the hexagonal symmetry and the orthorhombic symmetry for 

TPE-COF-OH and TPE-COF-OMe, respectively. 
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Figure 5.8 HRTEM characterization of TPE-COF-OH and TPE-COF-OMe. (a) Low-dose 

high-resolution motion-corrected TEM image of a typical TPE-COF-OH. Inset: FFT from the blue 

dashed circle indicated. (b) Enlarged HRTEM image of the typical TPE-COF-OH denoised by 

using a Wiener filter. (c) CTF corrected and denoised HRTEM image of the typical TPE-COF-OH 

based on a – 200 nm defocus value. (d, e) Projected structural model (d) and lattice-averaged with 

CTF-corrected model (e) of the typical TPE-COF-OH. (f) Low-dose high-resolution motion-

corrected TEM image of a typical TPE-COF-OMe. Inset: FFT from the blue dashed circle indicated. 

(i) Enlarged HRTEM image of the typical TPE-COF-OMe denoised by using a Wiener filter. (j) 

CTF corrected and denoised HRTEM image of the typical TPE-COF-OMe based on a – 426 nm 

defocus value. (k, l) Projected structural model (k) and lattice-averaged with CTF-corrected model 

(l) of the typical TPE-COF-OMe. 



Topology Control through Intramolecular Hydrogen Bond Tuning   Chapter 5 
 

77 
  

 
Figure 5.9 (a) HAADF-STEM and (b-e) STEM-EDS elemental. 

Taking the low-dose HRTEM observation in hand, the crystalline structures and unit cell 

parameters of TPE-COF-OH and TPE-COF-OMe were characterized by the 

PXRDanalysis combined with the structural simulation and Pawley refinement (Figure 

5.10 and Table 5.1-5.4). Base on low-dose HRTEM imaging in conjunction with the 

geometry of building blocks and their connection patterns, two typical structural models 

with hexagonal P6 and orthorhombic P21212 space group and eclipsed 2D stacking were 

built using the Materials Studio software package.43 The experimental PXRD profile of 

TPE-COF-OH (curve 1 in Figure 5.10a) matches well with the simulated pattern obtained 

using the 2D hexagonal eclipsed stacking model (curve 4 in Figure 5.10a) both in the peak 

position and intensity. The PXRD pattern of TPE-COF-OH exhibits an intense peak at 2.71° 

along with some minor peaks at 4.72°, 5.43°, 7.30°, 8.12°, and 9.91°, which can be assigned 

to the diffractions of (100), (110), (200), (210), (3600) and (310) planes, respectively. In 

contrast, The experimental PXRD profile of TPE-COF-OMe (curve 1 in Figure 5.10b) 

exclusively reproduces the simulated pattern obtained using the 2D orthorhombic eclipsed 

stacking model (curve 4 in Figure 5.10b). TPE-COF-OMe demonstrates main diffraction 

peaks originating from the diffraction of (110) plane at 4.78°, as well as some minor peaks 

at 5.53°, 7.86°, and 9.91°, corresponding to the diffractions of (200), (120) and (220) planes, 

respectively. The presence of slightly broad peaks in TPE-COF-OH (curve 1 in Figure 

5.10a) and TPE-COF-OMe (curve 1 in Figure 5.10b) observed at higher 2θ angles of (001) 

plane suggests that the periodicity of 2D sheets is extended to the third dimension (c axis). 

To seek a closer correlation with the experimental PXRD pattern and elucidate the unit cell 
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parameters, Pawley refinement was performed. The Pawley-refined PXRD patterns of 

TPE-COF-OH (curve 2 in Figure 5.10a) and TPE-COF-OMe (curve 2 in Figure 5.10b) are 

in good agreement with their experimental PXRD profiles, evident by their negligible 

difference (curve 3 in Figure 5.10a and curve 3 in Figure 5.10b), with Rwp and Rp values 

converged to 3.82% and 5.72% for TPE-COF-OH, 3.72% and 5.16% for TPE-COF-OMe, 

respectively. The Pawley refinement yielded the hexagonal unit cell with parameters of a 

= b = 38.7587 Å, c = 5.0105 Å for TPE-COF-OH, and the orthorhombic unit cell with 

parameters of a =  31.4076 Å, b = 22.1729 Å, and c = 5.2386 Å for TPE-COF-OMe. Such 

grid stack along the c axis results in one-dimensional open channels with dual-pore (ca. 7 

Å and 27 Å, Figure 2c) and one single pore (ca. 11 Å, Figure 5.10d) as well as the interlayer 

distances of 5.01 Å (Figure 5.10e) and 5.24 Å (Figure 5.10g) for TPE-COF-OH and TPE-

COF-OMe, respectively. The reason behind this entire difference in topology among these 

two COFs is the presence of intramolecular O-H• • •N=C hydrogen bonding interactions 

between the imine nitrogen and the hydroxy functionality of the aldehyde core in TPE-

COF-OH, which influences all imine and olefin bonds in the cis- conformation and the 

resulting more favorable hexagonal topology (Figure 5.10f). By contrast, TPE-COF-OMe 

does not contain such hydrogen bonding, as the TPE-NH2 blocks are connected by 2,3-

DMTA blocks where these OH functionalities in 2,3-DHTA have been replaced by OCH3 

groups. As a result, all imine and olefin bonds in TPE-COF-OMe are in the trans- 

conformation (Figure 5.10h), which subsequently leads to the orthorhombic topology for 

TPE-COF-OMe. 
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Figure 5.10 Characterization of TPE-COF-OH and TPE-COF-OMe. (a, b) Experimental and 

simulated PXRD patterns of TPE-COF-OH (a) and TPE-COF-OMe (b). Inset: High-magnification 

experimental PXRD patterns of TPE-COF-OH and TPE-COF-OMe. (c, d) Crystal structure of TPE-

COF-OH (c) and TPE-COF-OMe (d) assuming the eclipsed 2D stacking model of hexagonal star-

pore topology and orthorhombic rhombic topology, respectively, viewed along [001] direction. (e) 

Eclipsed stacking model of TPE-COF-OH viewed along [100] direction with the interlayer distance 

of 5.01 Å. (f) Ball and stick diagram of DHTA linker unit from the olive dashed circle indicated in 

(b) shows the presence of the intramolecular hydrogen bonds, all C=C and C=N bonds are in the 

cis conformation. (g) Eclipsed stacking model of TPE-COF-OMe viewed along [100] direction 

with the interlayer distance of 5.24 Å. (h) Ball and stick diagram of 2-connected DMTA linker unit 

from the olive dashed circle indicated in (d), all C=C and C=N bonds are in the trans conformation. 

The assigned topology structures for TPE-COF-OH and TPE-COF-OMe were further 

confirmed by N2 sorption isotherms measured at 77 K (Figure 5.11). TPE-COF-OH 

exhibits a reversible type IV isotherm with a step observed at P/P0 = 0.10-0.20 suggesting 

narrowly distributed mesopores (pore size between 2 and 50 nm). whereas, TPE-COF-OMe 

adopts reversible type I isotherms indicating their microporous structures (pore size less 

than 2 nm). The Brunauer-Emmett-Teller (BET) surface areas for TPE-COF-OH and TPE-

COF-OMe are calculated to be 1422 m2 g-1 and 746 m2 g-1, respectively. Pore size 

distribution calculated based on the nonlocal density functional theory (NLDFT) method 
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reveals two main pore distributions of ca. 7 Å and 25 Å for TPE-COF-OH, while one 

narrow pore distribution of ca.12 Å for TPE-COF-OMe, matching well with their predicted 

pore sizes according to their modeled structures (Figure 5.10c, d). 

 
Figure 5.11  (a) N2 sorption isotherms for TPE-COF-OH and TPE-COF-OMe measured at 77 K. 

(b) Pore size distribution of TPE-COF-OH and TPE-COF-OMe. 

5.2.2 Post-treatment for fluorescence enhancement 

Since the strong π–π stacking interactions and rotationally labile imine linkages in 2D 

COFs, most of the imine-linked 2D COFs based on 4-connected TPE-NH2 building blocks 

reported previously were non- or weakly fluorescent due to fluorescence quenching 

processes.44-46 To prevent fluorescence quenching by imine isomerization, covalent 

bridging, or complexation guest molecules with C=N to restrict the rotation of imine bonds 

and enable a great improvement of fluorescence, has been well demonstrated in the study 

of imine-linked organic fluorophores. Among them, boron complexes with (N, O)-

bidentate Schiff base ligands have been described as promising fluorescent dyes with 

potential applications in the biotechnologies field and optoelectronic devices.47-48 

Considering the sheet-shaped morphology and the abundant existence of (N, O)-bidentate 

Schiff base moieties in TPE-COF-OH, boron complexation of TPE-COF-OH and their 

fluorescence properties were studied. As shown in Figure 5.12a, by treating the solvent-

free TPE-COF-OH material with boron trifluoride etherate in the presence of N, N-

diisopropylethylamine (DIPA) at 40 °C for 12 h, the boron complexed TPE-COF-OH, 

namely TPE-COF-BF2, was synthesized. Compared to TPE-COF-OH, TPE-COF-BF2 

exhibits an isoreticular crystal structure (Figure 5.12b) with a bit smaller BET surface areas 
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of 1188 m2 g-1 and pore sizes of ca. 23 Å than those of TPE-COF-OH (Figure 5.13), 

suggesting the graft of BF2 groups in TPE-COF-BF2. Moreover, the morphology of TPE-

COF-OH is well preserved in TPE-COF-BF2 (Figure 5.14 and 5.15). The successful 

preparation of TPE-COF-BF2 was further confirmed by FT-IR (Figure 5.16), UV-Vis 

diffuse reflectance spectroscopy (DRS, Figure 5.17), and TGA (Figure 5.18). As shown in 

Figure 5.12c, fluorescence emission spectra analysis revealed that TPE-COF-OH dispersed 

in THF at 25 °C emits a very weak blue luminescence at 468 nm on excitation at 400 nm. 

By contrast, after boron complexation, the as-obtained TPE-COF-BF2 displayed a 

prominent enhancement of luminescence, which was about 8 times enhancement in 

intensity than that of TPE-COF-OH under otherwise the same conditions. More 

interestingly, adding a certain amount of water (ca. 30% fraction of solution) to the THF 

dispersed of TPE-COF-BF2 caused a further enhancement of fluorescence intensity, 

suggesting the typical aggregation-induced emission (AIE) character of TPE-COF-BF2, 

which has never been observed in imine-linked 2D COF system before. In contrast, TPE-

COF-OH did not show the AIE behavior, evident by the gradual decrease of fluorescence 

intensity with the increased amount of water added. The enhanced fluorescence property 

of TPE-COF-BF2 could be attributed to its increased rigidity and the resulting elimination 

of electron transfer from C=N linkage to COF skeleton compared to TPE-COF-OH. 
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Figure 5.12 Synthesis and fluorescence study of TEP-COF-BF2. (a) Schematic illustration of the 

synthesis of TPE-COF-BF2 by boron complexation of TPE-COF-OH. (b) Experimental and 

simulated PXRD patterns of TPE-COF-BF2. Inset: High-magnification experimental and simulated 

PXRD patterns of TPE-COF-BF2. (c) Fluorescence emission spectra of TPE-COF-OH and TPE-

COF-BF2 in THF solution under different experimental conditions. The concentration of TPE-

COF-OH and TPE-COF-BF2 is 12 μg mL-1. The excitation wavelength is 400 nm. 

  



Topology Control through Intramolecular Hydrogen Bond Tuning   Chapter 5 
 

83 
  

 

 

Figure 5.13 (a) N2 sorption isotherms for TPE-COF-OH and TPE-COF-BF2 measured at 77 K. 

(b) Pore size distribution of TPE-COF-OH and TPE-COF-BF2. 

 

Figure 5.14 SEM images of (a) TPE-COF-OH and (b) TPE-COF-BF2. The morphology of 

synthesized TPE-COF-BF2 is well preserved compared to the TPE-COF-OH. 
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Figure 5.15 TEM images of (a) TPE-COF-OH and (b) TPE-COF-BF2. The morphology of 

synthesized TPE-COF-BF2 is well preserved compared to the TPE-COF-OH. 

 

 

Figure 5.16 FT-IR spectra of TPE-COF-OH and TPE-COF-BF2. 
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Figure 5.17 UV-Vis DRS spectrum of TPE-COF-OH and TPE-COF-BF2. Inset: The plot of 

Kubelka-Munk function used for the bandgap extraction. 

 

Figure 5.18 TGA curve of TPE-COF-OH and TPE-COF-BF2.  
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Table 5.1 Crystallographic information of modeled TPE-COF-OH 

Sample TPE-COF-OH 

Empirical formula C42H28N4O4 

Fw 652.7 

Stacking model slipped-AA 

a [Å] 38.7587 

b [Å] 38.7587 

c [Å] 5.0105 

α [deg] 90 

β [deg] 90 

γ [deg] 120 

Interlayer distance (Å) 5.0105 
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Table 5.2 Atom sites for modeled TPE-COF-OH 

Atom site label Atom site fraction x Atom site fraction y Atom site fraction z 

C1 0.48109 0.48144 0.57914 

C2 0.4437 0.48035 0.57864 

C3 0.41334 0.45731 0.39169 

C4 0.37691 0.45725 0.38747 

C5 0.36935 0.48035 0.57006 

C6 0.39898 0.50255 0.7625 

C7 0.43501 0.50206 0.76607 

C8 0.47786 0.44299 0.5804 

C9 0.45186 0.41235 0.75761 

C10 0.44903 0.37461 0.7613 

C11 0.47259 0.36626 0.58872 

C12 0.49786 0.3959 0.40663 

C13 0.5 0.43319 0.40323 

N22 0.33403 0.47958 0.54586 

N23 0.46984 0.33006 0.59445 

C24 0.32191 0.50253 0.67257 

C25 0.2852 0.50088 0.64041 

C26 0.25513 0.47613 0.45359 

C27 0.21804 0.47546 0.45317 

C28 0.21175 0.49985 0.63739 

C29 0.24258 0.52587 0.8117 

C30 0.27918 0.52623 0.81387 

C31 0.17611 0.50063 0.65875 

O32 0.25974 0.45202 0.27878 

O33 0.18969 0.45074 0.27836 

  



Topology Control through Intramolecular Hydrogen Bond Tuning   Chapter 5 
 

88 
  

 

Table 5.3 Crystallographic information of modeled TPE-COF-OMe 

Sample TPE-COF-OMe 

Empirical formula C46H36N4O5 

Fw 724.8 

Stacking model slipped-AA 

a [Å] 31.4076 

b [Å] 22.1729 

c [Å] 5.2386 

α [deg] 90 

β [deg] 90 

γ [deg] 90 

Interlayer distance (Å) 5.2386 

  



Topology Control through Intramolecular Hydrogen Bond Tuning   Chapter 5 
 

89 
  

 

Table 5.4 Atom sites for modeled TPE-COF-OMe 

Atom site label Atom site fraction x Atom site fraction y Atom site fraction z 

C1 0.95668 0.93945 0.3173 

C2 0.94551 0.89415 0.13885 

C3 0.90547 0.86556 0.1472 

C4 0.87526 0.88175 0.33475 

C5 0.88601 0.92679 0.51251 

C6 0.92634 0.95424 0.50641 

N7 0.64334 0.6781 0.59411 

C8 0.65171 0.72889 0.45875 

C9 0.6935 0.75026 0.41381 

C10 0.74325 0.82459 0.22459 

C11 0.70073 0.80576 0.28371 

O17 0.74875 0.87739 0.09004 

O18 0.6645 0.83725 0.21716 

C19 0.46733 0.42744 0.67925 

C20 0.46493 0.38318 0.4848 

C21 0.42888 0.34618 0.45681 

C22 0.39378 0.35223 0.62328 

C23 0.39652 0.39424 0.8241 

C24 0.43295 0.43072 0.85303 

N25 0.164 0.14287 0.35557 

C26 0.17903 0.19596 0.26693 

C27 0.22182 0.21189 0.30412 

C28 0.2711 0.28503 0.48845 

C29 0.22945 0.26667 0.43335 

C37 -0.00262 0.9677 0.31095 

C38 0.84115 0.39134 0.92957 

C39 0.72163 0.39518 1.10512 
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5.3 Conclusions 

 

In summary, we have demonstrated that linkage conformation switching modulated 

through intramolecular hydrogen bonding in 2D COFs can be exerted as an effective way 

to regulate the topologies of COF networks. By simply altering the substituents of an 

identical molecular linker, two highly crystalline phase-pure 2D COFs with different 

topologies and porosities have been synthesized, which are observed and determined by 

low-dose HRTEM imaging and other characterizations. Furthermore, taking advantage of 

the presence of (N, O)-bidentate Schiff base moieties in TPE-COF-OH, after boron 

complexation, the as-obtained TPE-COF-BF2 exhibits the unique optical property 

including fluorescence “turn on” and “aggregation-induced emission”. Our unique strategy 

sheds light on the precise design and synthesis of 2D COFs with specific topology and 

unique properties, which might be used for diverse promising applications. 
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Chapter 6  
 

Manganese-Metalated 3D Covalent Organic Frameworks 
 

In this chapter, the preparation, characterization, and application of Mn 

functionalized 3D COF, denoted as TamBpyda are presented. TamBpyda 

COF is prepared through the condensation reaction between BPyDA and 

TAM. The as-prepared TamBpyda is further metalated with Mn(CO)5Br 

to generate manganese carbonyl complex functionalized Mn-TamBpyda 

COF. As a proof-of-concept application, Mn-TamBpyda is used as the 

CO releasing materials, which exhibits the ability to deliver and release 

CO inside the cells upon light irradiation. 
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6.1 Introduction 

 

Carbon monoxide (CO) is known as the ‘silent killer’ owing to its strong affinity for 

hemoglobin.1-3 However, the potential benefits of the CO have attracted great attention in 

recent decades since the discovery that the haem oxygenase enzymes, which have the 

potential to generate CO, can be expressed in every cell of the mammalian organism.4 Of 

great interest are the therapeutic activities of CO in the aspect of inflammation, 

cardiovascular disease, and organ transplantation and preservation.1 5, 6 However, 

challenges remain on precise control of the timing, dosage, and location of the CO delivery, 

as well as the toxicity and the gaseous state of CO.7 Currently, photo-activated CO 

releasing moiety (photo-CORMs) have been widely investigated and show the ability to 

uncage the CO upon the light stimulation, and photo-CORM based therapy provides more 

control over the timing and concentration of the CO releasing. However, the precise 

localization of the CO delivery is still challenging owing to their fast diffusion after 

administration, resulting in side effects. In this context, incorporating photo-CORMs into 

the macromolecules8, 9, inorganic nanomaterials,10-13, and metal-organic frameworks 

(MOFs)7, 13 has emerged as a promising strategy for the application on more precise 

localization of the CO delivery.  

Besides the aforementioned materials, COFs are promising as the scaffolds to support 

photo-CORMs as well. COFs are one kind of porous and crystalline polymers, in which 

organic building blocks are linked by reversible covalent bonds.14 Owing to their intrinsic 

property of great thermal stability, low density, and large surface areas, COFs are utilized 

in the application of gas separation15, 16 and storage17, 18, catalysis19-22, and sensing23. In the 

past decades, great efforts have been dedicated to the synthesis of two-dimensional COFs 

containing building units of bipyridine and porphyrin, which could be metalated with 

transition metals24-26 (e.g. cobalt, iron, and rhenium) to produce photo-CORM based 2D 

COFs. However, the exploration of 3D COFs incorporating building units that could be 

further metalated is still limited. Here, we report the synthesis and characterization of a 

new porous 3D COF, denoted as TamBpyda, via the condensation reaction of tetra (4-

anilyl)methane (TAM) and (2, 2′-Bipyridine)-5, 5′-dicarboxaldehyde (BPyDA). The as-

prepared TamBpyda can be further metalated with Mn(CO)5Br to generate photo-CORM-
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based Mn-TamBpyda. Mn-TamBpyda can be served as the CO releasing materials, which 

exhibited the ability to deliver and release CO inside the cells upon light irradiation.  

 

6.2 Results and Discussion 

 

6.2.1 Synthesis and characterization of Mn-TamBpyda COF 

 

The TamBpyda COF was developed by the condensation reaction between BPyDA and 

TAM (Figure 6.1). The successful formation of imine linkages was confirmed by FT-IR 

(Figure 6.2a), in which the aldehyde band of BPyDA (1696 cm-1) was attenuated, while a 

typical C=N at 1618 cm-1 was observed. Powder XRD patterns of COF show prominent 

diffraction peaks, indicating its high crystallinity nature. The initial structure of 

TamBpyda was constructed via adopting the crystalline structure of LZU-301 with 

the dia topology28, except for replacing the edge linker ([3,3'-bipyridine]-6,6'-

dicarbaldehyde) with the [2,2'-bipyridine]-5,5'-dicarbaldehyde used in our experiments. 

The experimentally obtained PXRD pattern was refined by the Pawley method via using 

the Pseudo-Voigt function for the peak profile fitting, and the optimized lattice parameters 

of TamBpyda COF were listed in Table 6.1. The atomic fractional coordinates of COF 

were derived from geometry optimization via fixing the optimized cell parameters and 

corresponding data were listed in Table 6.2. The DR-UV-vis analysis (Figure 6.3) revealed 

that the absorbance band of the TamBpyda COF was at around 520 nm with a 

corresponding bandgap of 2.57 eV. To investigate the porosity of the as-prepared 

TamBpyda COF, N2 adsorption isotherms at 77 K were measured. As shown in Figure 6.2c, 

the surface area of TamBpyda COF is 251.91 m2 g−1. According to the TGA analysis 

(Figure 6.4), the TamBpyda COF could be stable up to 500 °C. Scanning electron 

microscopy (SEM) image (Figure 6.5a).and transmission electron microscopy (TEM) 

image (Figure 6.6a)  revealed the rice-like morphology of the TamBpyda COF. 
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Figure 6.1 (a) Synthesis of TamBpyda and Mn-TamBpyda. In the process of TamBpyda 

synthesis, BPyDA was converted from trans to cis form in an acidic environment, which facilitates 

further metalation. (b) Structural representation of TamBpyda (space-filling, C gray, N blue). 
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Figure 6.2 (a) FT-IR spectra of BPyDA, TAM, Mn(CO)5Br, TamBpyda, and Mn-TamBpyda. 

(b) PXRD patterns of Mn-TamBpyda (blue) and TamBpyda obtained experimentally (red), through 

Pawley refinement (black). The purple plot in the middle panel is the difference pattern between 

experimental and simulated data of TamBpyda. (c) N2 sorption isotherms for the TamBpyda and 

Mn-TamBpyda collected at 77 K. (d) Pore size distributions of TamBpyda and Mn-TamBpyda. 

  



Manganese-Metalated 3D Covalent Organic Frameworks Chapter 6 

98 
  

 
Figure 6.3 UV-Vis DRS spectrum of TamBpyda (red), Mn-TamBpyda (blue), and Mn(CO)5Br 

(magenta). Inset: The plot of Kubelka-Munk function used for the bandgap extraction. 

 
Figure 6.4 TGA curve of the TamBpyda and Mn-TamBpyda. 
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Figure 6.5 SEM images of (a) TamBpyda and (b) Mn-TamBpyda. The morphology of 

TamBpyda COF is maintained after the reaction with Mn(CO)5Br. 

 

Figure 6.6 TEM images of (a) TamBpyda and (b) Mn-TamBpyda. The morphology of 

TamBpyda is maintained after the reaction with Mn(CO)5Br.  
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Mn(CO)3Br moiety was then implanted into TamBpyda through the reaction between 

Mn(CO)5Br and bipyridine ligand to generate Mn-TamBpyda (Figure 6.1). It is noteworthy 

that the HOAc solution used in the reaction not only plays the role to catalyze the 

condensation reaction but also facilitate the interconversion of TamBpyda from trans to 

monocationic cis conformer. As reported earlier, the pKa value of Bpyda estimated by 

potentiometric titration is about 3.8329. Based on the calculation, the pH of the reaction 

mixture (Dioxane/o-DCB/6M HOAc) is about 2.51, indicating that Bpyda would be singly 

protonated during the condensation reaction. As such, Bpyda units in TamBpyda after 

reaction are in a cis conformation, which is beneficial for the further metalation. The 

successful formation of Mn-TamBpyda is firstly evidenced by the FT-IR (Figure 6.2a), in 

which the additional peaks at 1937 cm-1 and 2031 cm-1, corresponding to the –CO 

vibrational stretching of Mn(CO)3Br moiety is observed. It is worth to mention the blue 

shift of the –CO vibrational stretching band of the as-prepared Mn-TamBpyda as compared 

with those of the Mn(CO)5Br (1990 cm-1, 2043 cm-1, and 2066 cm-1), which could be 

attributed to the interaction between bipyridine ligand and Mn(CO)3Br. The absorbance 

band of the Mn-TamBpyda with the maxima of 500 nm is observed in the DR-UV-vis 

spectrum (Figure 6.3), corresponding to a bandgap of 2.30 eV. Mn-TamBpyda exhibits 

similar thermal stability with the TamBpyda, which can be stable up to 450 °C. It is 

noteworthy that another decomposition process between 100 to 180 °C is observed in Mn-

TamBpyda, which corresponds to the CO loss (Figure 6.4). The XRD pattern (Figure 6.2b) 

of Mn-TamBpyda matches well with the parent TamBpyda, indicating the preservation of 

its crystal parameters after Mn incorporation. Compared with the parent TamBpyda, the 

BET surface area of Mn-TamBpyda (242.94 m2g−1) exhibits a slight decrease (Figure 6.2c), 

but the pore size of Mn-TamBpyda (6.8 Å) (Figure 6.2d) exhibits little change. As shown 

in Figure 6.5b and Figure 6.6b, after the impregnation of the manganese carbonyl complex, 

there is no distinguishable morphology change. XPS analysis was then conducted to 

provide additional proof. As shown in Figure 6.7b, two peaks locating at 396.41 and 397.01 

eV in N 1s spectrum could be ascribed to the pyridinic nitrogen and secondary nitrogen of 

the TamBpyda, respectively. After the reaction between TamBpyda and Mn(CO)5Br, 

signals at 639.43 and 650.98 eV are observed as shown in Figure 6.7a and Figure 6.8, 

which can be ascribed to Mn 2p1/2 and Mn 2p3/2, implying the successful metalation of 
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TamBpyda. More importantly, after the incorporation of manganese carbonyl complex into 

TamBpyda, the binding energy of pyridinic nitrogen shifts from 396.41 eV to 397.84 eV, 

while the binding energy of secondary nitrogen remains at the same position (Figure 6.7c), 

which reveals the coordination of manganese carbonyl complex with pyridinic nitrogen 

rather than secondary nitrogen. The shift to the higher binding energy of the pyridinic 

nitrogen could be ascribed to the electron transfer from pyridinic nitrogen to manganese 

carbonyl complex30. EDX mapping via transmission electron microscopy (TEM) further 

confirms the composition of Mn-TamBpyda. As shown in Figure 6.7d, all the component 

elements C, N, and Mn, distribute homogeneously in Mn-TamBpyda.  
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Figure 6.7  (a) XPS profiles of TamBpyda and Mn-TamBpyda. (b,c) XPS N 1s spectra of (b) 

TamBpyda and (c) Mn-TamBpyda. (d) Energy-dispersive X-ray spectroscopy (EDS) mapping of 

the Mn-TamBpyda and corresponding composition element, C, N, and Mn, respectively. 
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Figure 6.8 XPS Mn 2p spectra of Mn-TamBpyda. 
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6.2.2 Mn-TamBpyda COF for controlled CO-releasing 

 

As a proof-of-concept application, Mn-TamBpyda was selected as the material for 

investigation on their potential application toward CO-releasing. Before testing the 

photoreactivity of the as-prepared Mn-TamBpyda (or TamBpyda) in the solid-state, FT-IR 

was used to monitor its response upon the visible light irradiation (500 nm, 100W). As 

shown in Figure 6.9a, after irradiation, the characteristic -CO vibrational stretching peaks 

immediately start to decrease, indicating the release of CO. After 2 min, the CO is released 

completely. In comparison, Mn(CO)5Br shows no decrease of the -CO vibrational 

stretching peaks even after light irradiation for 30 min (Figure 6.10). Inspired by the results 

shown above, the developed Mn-TamBpyda (or TamBpyda) was processed into the 

cellular substrate for microscopic imaging and cell culture. Human mesenchymal stem 

cells (hMSCs) were selected to be cultured in the prepared glass-bottom dish, including a 

PDMS/ Mn-TamBpyda (or PDMS/ TamBpyda) layer. After incubation, the fluorescent 

probe was introduced to hMSCs to monitor the light-induced delivery and uptake of CO. 

The fluorescent probe was synthesized according to the reported method with slight 

modification27, which shows high sensitivity for CO but has to work with PdCl2. As shown 

in Figure 6.9b, the probe shows no fluorescence in the absence of CO or Pd2+. When 

hMSCs are cultured in the prepared glass-bottom dish, including a PDMS/TamBpyda layer, 

no fluorescence is observed before and after light irradiation (500 nm, 150 W, Figure 6.11a-

d). However, when the hMSCs are incubated in PDMS/ Mn-TamBpyda layer, strong 

fluorescence is observed after light irradiation (Figure 6.9c-d and Figure 6.12), indicating 

that CO was released from Mn-TamBpyda and diffused through PDMS to react with the 

fluorescent probe in the hMSCs.  
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Figure 6.9 (a) Change in the FT-IR spectra of Mn-TamBpyda upon light irradiation (500±20 

nm). (b) Fluorescent spectra of the probe in the presence of PdCl2 and CO (red line), in the absence 

of PdCl2 (orange line). or CO (blue line), and in the absence of PdCl2 and CO (purple line). (c, d) 

Fluorescent images of CO in hMSCs on the PDMS-embedded Mn-TamBpyd (c) before light 

irradiation and (d) after light irradiation. 
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Figure 6.10 Change in the FTIR spectra of Mn(CO)5Br upon light irradiation (500±20 nm). 
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Figure6.11 Fluorescent imaging of CO in hMSCs on the PDMS-embedded TamBpyda. (a) 

Bright-field images before light irradiation, (b) Bright-field images after light irradiation, (c) 

fluorescent images before light irradiation, and (d) fluorescent images after light irradiation. 
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Figure 6.12  Fluorescent imaging of CO in hMSCs on the PDMS-embedded Mn-TamBpyda. (a) 

Bright-field images before light irradiation, (b) Bright-field images after light irradiation, (c) 

fluorescent images before light irradiation, and (d) fluorescent images after light irradiation. 

 
6.3 Conclusions 

In summary, a new 3D COF (TamBpyda) and the corresponding metalated Mn-TamBpyda 

can be synthesized. Both 3D COFs have been characterized by various techniques. 

Moreover, the as-prepared Mn-TamBpyda was used as the photoactive CO delivery 

material and was proved to be able to deliver and uncage CO in the hMSCs upon the light 

irradiation. This new material provides a way for the precise localization of the CO delivery 

to avoid side effects, such as CO toxication in the blood, which paves the way for the 

application of 3D COFs in the therapeutic field. 

 
Table 6.1. Crystallographic information of modeled TamBpyda 

Sample TamBpyda 

Empirical Formula C98H64N16 

Formula Weight 1465.65 

Crystal system Tetragonal 

Space Group I-42d 

Z 2 

a (Å) 24.01 

b (Å) 24.01 

c (Å) 8.52 

α (o) 

V (Å3) 

90 

4911 

  

Rp (%) 5.01 

Rwp (%) 3.80 

ρ (g cm-3) 0.991 

Porosity (%) 27.1 

Pore volume (cm3g-1) 0.273 
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Table 6.2. Atom sites for modeled TamBpyda 

Atom site 

fraction x 

Atom site 

fraction y 

Atom site 

fraction y 

Atom site 

fraction z 
Occupancy 

N1 -0.02939 0.15465 0.50973 1 

N2 -0.11989 0.2117 0.80878 1 

C2 -0.01173 0.04892 0.11265 1 

C3 -0.0597 0.04625 0.2074 1 

C4 -0.06748 0.08268 0.33248 1 

C5 -0.0269 0.12268 0.36811 1 

C6 0.02081 0.12628 0.27484 1 

C7 0.02862 0.08989 0.14862 1 

C8 -0.07477 0.16696 0.58535 1 

C9 -0.07216 0.19362 0.74002 1 

C10 -0.0217 0.1988 0.82029 1 

C11 -0.02132 0.21936 0.97287 1 

C12 -0.07088 0.23841 1.04343 1 

C13 -0.12031 0.23488 0.95419 1 

H3 -0.08928 0.01299 0.19026 1 

H4 -0.1032 0.07667 0.40764 1 

H6 0.05323 0.15578 0.30466 1 

H7 0.06798 0.09169 0.0872 1 

H8 -0.11538 0.15708 0.53794 1 

H10 0.01692 0.18564 0.76647 1 

H11 0.01795 0.21908 1.03442 1 

H13 -0.15945 0.25072 0.99759 1 

C1 0.00000 0.00000 0.00000 1 
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Chapter 7  
 

Conclusion and Future Work 
 

This chapter concludes the whole thesis. A series of 2D COF with kgd 

topology were synthesized and used as the drug carrier for drug delivery. 

Besides, rational design and controlled synthesis of 2D covalent organic 

frameworks (COFs) with specific topology through hydrogen bonds 

tuning are achieved and fluorescence “turn on” and “aggregation-

induced emission” behavior of the obtained 2D COF are observed. 

Furthermore, manganese-metalated 3D COF was synthesized and used 

as CO releasing materials to deliver and release CO inside the cells upon 

the light irradiation. Further work based on the current research status 

will be suggested.  
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7.1 Conclusions 

 

COFs as an emerging class of porous crystalline materials have attracted wide attention in 

various applications, especially in gas storage and gas separation, in which topology plays 

a significant role. Currently, lots of COFs have been synthesized by combining different 

building units, or pre/post-treatment of the building units. However, rational design and 

controlled synthesis of COFs with specific topology are still in their infancy. Herein, a 

series of COFs with different topologies are synthesized via different strategies.  

 

Firstly, a series of 2D COFs with kgd topology, namely HFPB- TAPA, HFPB- TAPB, and 

HFPB- TABPB are synthesized via solvothermal reaction of HFPB and TAPA, TAPB, 

TABPB, respectively. The as-prepared COFs have a main pore size distribution of 0.67, 

0.73, and 1.2 nm, respectively, indicating their microporous structures. As shown in table 

7.1, HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB with kgd topology exhibit smaller 

pore sizes than other COFs which are constructed by lower symmetric building blocks. 

Microporous is desired as a feature of COFs because of its application in gas storage[1]. In 

principle, the smaller the pore size, the high ability of the COFs to store gas. Inspired by 

this, Ibuprofen (IBU) is selected as a model drug (molecular size is 6 Å × 12 Å) for 

controlled drug delivery. In this work, HFPB- TAPB was the drug carrier for controlled 

IBU delivery. The TGA analyses revealed the IBU concentration of 14 wt%, 16 wt%, and 

4 wt% for HFPB- TAPA, HFPB- TAPB, and HFPB- TABPB, respectively. Based on the 

UV−vis spectrophotometry results, the majority of the IBU was released after about 6 days, 

and total delivery could reach ca. 95% of the initial IBU loading.  
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Table 7.1 Pore size comparison of COFs. 

 

Secondly, rational design and controlled synthesis of 2D COFs with specific topology 

through hydrogen bonds tuning are achieved. In chapter 5, by altering substituents of the 

building block with the same symmetry, two highly crystalline phase-pure 2D COFs, 

namely TPE-COF-OH and TPE-COF-OMe, with different topologies and porosities were 

successfully synthesized and characterized. Additionally, low-dose HRTEM imaging and 

molecular simulation assist in the linkage conformations of the COF skeletons governed 

by intramolecular hydrogen bonding dictate the resulting COF topologies. More 

importantly, by treating the solvent-free TPE-COF-OH material with boron trifluoride 

etherate in the presence of N, N-diisopropylethylamine (DIPA), boron complexed TPE-

COF-OH, namely TPE-COF-BF2, was synthesized. Interestingly, TPE-COF-BF2 exhibits 

the phenomenon of fluorescence “turn on” and “aggregation-induced emission”.  

 

Finally, a 3D COF and its corresponding functionalized 3D COF, denoted as Mn-

TamBpyda are prepared. TamBpyda is prepared through the condensation reaction between 

BPyDA and TAM. As shown in Figure 7.1, the pore size of the as-prepared three-

dimensional COFs (6.9 Å) is even comparable with that of two-dimensional COF (HFPB- 

TAPA, 6.7 Å) which has the smallest pore sizes as reported. The as-prepared TamBpyda is 

further metalated with Mn(CO)5Br to generate manganese carbonyl complex 

functionalized Mn-TamBpyda. Since therapeutic activities of CO in the aspect of 

COF name Dimension Symmetry Pore sizes Reference 

PI-COF-3 2D C3+C2 51 Å [2] 
HPB-COF 2D C6+C2 12 Å [3] 
HBC-COF 2D C6+C2 18 Å [3] 

HEX-COF 1 2D C6+C2 11 Å [4] 
TPA-COF 2D C3+C3 18 Å [5] 

HFPB- TAPA 2D C6+C3 6.7 Å Work in Chapter 4 

HFPB- TAPB 2D C6+C3 7.3 Å Work in Chapter 4 
HFPB- 
TABPB 2D C6+C3 12 Å Work in Chapter 4 

TamBpyda 3D Td+C2   6.9 Å Work in Chapter 6 
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inflammation is of great interest, the as-prepared Mn-TamBpyda is used as the CO 

releasing materials. Mn-TamBpyda exhibits the ability to deliver CO and release CO inside 

the cells upon the light irradiation, which overcomes the limitations of traditional CO 

releasing compounds, and the timing, dosage, and location can be controlled.  

 

7.2 Reconnaissance Work and Future Work 

 

7.2.1 Conversion of imine to thiazole or oxazole linkages via linker exchange 

Stability is one of the most important parameters of COFs. When utilizing COFs as the 

photocatalysts, the key bottleneck still is the stability of the reticular frameworks.[6] 

Therefore, Wang and coworkers reported the preparation of LZU-190, LZU-191, and LZU-

192 which are linked by benzoxazole. Benzoxazole-related small molecules have shown 

photophysical properties and can undergo photoinduced electron transfer in the solid-

state.[7] Even though such benzoxazole-linked COFs show higher stability and excellent 

photophysical properties, the synthesis is difficult. Therefore, how to prepare such kinds 

of COFs via a gentle method is worth investigating. Linker exchange is a strategy to convert 

unstable linkages into stable linkages. For example, Yaghi and coworkers convert imine-

linked ILCOF-1 to COF-921 and COF-192 into thiazole and oxazole linkages, respectively, 

via linker exchange followed by cyclization and oxidation.[8] (Figure 7.1) More than that, 

Han and coworkers achieve the structural transformation in the 3D COFs and dimensional 

transformation from 3D to 2D via linker exchange.[9] 

 

Inspired by this work, a new 2D COF is designed and synthesized via linker exchange. As 

shown in Figure 7.2, Por-PDA COF will be synthesized first according to the reported work 

(step 1). After that, the linker exchange will be conducted by sinking Por-PDA COF into 

2,5-Diamino-1,4-benzenedithiol solution at a reaction temperature of 100 °C to generate 

Ex-Por-PDA COF (step 2). Porphyrin has been widely studied because of its important 

roles in nature as well as its special redox features. More importantly, as porphyrin has four 

coordinating sites open to metal ions and, it has been widely used as the building unit for 

COF. As such, the as-prepared Ex-Por-PDA COF is further metallated with Cu2+ or Fe2+/3+ 

(step 3).  
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Figure 7.1 Synthesis of Azole-Linked COF-921 and LZU-192 Materials from the Imine 

Precursor, ILCOF-1. Reproduced with permission[8]. Copyright 2018, American Chemical Society. 
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Figure 7.2 Schematic illustration of the synthesis of Ex-M-Por-PDA COF. 

 

7.2.2 Fully conjugated two-dimensional sp2 -carbon covalent organic frameworks 

Schiff base condensation reaction and boronate ester bond formation are the most widely 

used methods for COF synthesis. Even though the extended p-conjugation can propagate 

through the -N=C- double bonds in the Schiff base structure, the imine-linkage displays 

relatively poor stability and weak electron delocalization.[10] As such, other linkages such 

as C=C linkages which can create novel electronic and magnetic properties, and are more 

stable than boronate ester bond and imine linkages are attractive for investigation. The first 

sp2c-COF was reported by Jiang and coworkers via the condensation reaction of tetrakis(4-
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formylphenyl)pyrene and 1,4-phenylenediacetonitrile, in which the sp2 carbon networks 

were extended with chain propagation along with both x and y directions.[11] Such kind of 

sp2c-COFs is difficult to synthesize as compared with other imine linked COFs because of 

the irreversibility of the sp2 carbon bond formation reactions. Recently, more sp2c-COFs 

were reported. For example, COF-701 was synthesized by Yaghi and coworkers via the 

Aldol condensation reaction between 2,4,6-trimethyl-1,3,5-triazine (TMT) and 4,4′

biphenyldicarbaldehyde (BPDA).[12] Wang and coworkers reported the successful 

synthesis of Por-sp2c-COF through the condensation reaction of 5,10,15,20-tetrakis(4-

benzaldehyde)porphyrin (p-Por-CHO) and 1,4-phenylenediace- tonitrile (PDAN), which 

can be used as the photocatalyst for visible-light-induced aerobic oxidation of amines.[13] 

Li and coworkers reported the TP-COF through the condensation reaction of 2,4,6-Tris(4-

formylphenyl)-1,3,5-triazine (TFPT) and 2phenylacetonitrile (PDAN).[10]  

 

Inspired by this work, it is proposed that the condensation reaction of, 4,4′,4′′4′′′-(1,2-

ethenediylidene)tetrakis-benzaldehyde (TPE-CHO)/4,4,4,4 -(1,1,2,2-

ethenetetrayl)tetra(4-biphenylcarbaldehyde) (TBPE) and 1,4-phenylenediacetonitrile 

(PDAN) can form sp2 COFs which are more stable than COFs with imine linkages (Figure 

7.3). More importantly, selecting TPE-CHO and TPBE as the building units probably 

would enable the as prepared COFs with aggregation-induced emission (AIE) or 

aggregation-enhanced emission (AEE) phenomenon. TPE is a well-known AIE 

luminogen[14], and polymers in which TPE luminogens are knitted up by vinylene linkages 

exhibit AEE nature[15]. 
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Figure 7.3 Chemdraw of the structure of TPE-PDAN-COF and TBPE-PDAN-COF. 

 

7.2.3 COF based composite 

Nanocomposites are materials composed of at least two individual parts, which can harness 

the useful properties of both parts. 2D materials-based composites have attracted great 

attention in recent years due to their intriguing properties in various fields. For example, 

graphene-based composites have been successfully made with MOFs, organic crystals, and 

inorganic nanostructures, and are exploited in various fields such as supercapacitors, 

batteries, photocatalysis, sensing platforms, and so on.[16-18] COFs based composites have 

been investigated as well, of which the most widely investigated are COF-metal composites. 

COFs are porous polymers with high crystallinity. However, their applications are impeded 

due to the limited functionality of their skeleton. To overcome this problem, post-treatment 

of COFs, such as incorporating COFs with metals is conducted.  

 

As the high surface areas of COFs and high content of imine linkages inside the COFs 

skeleton, lone pair electrons of nitrogen atoms can be utilized to stabilize metal 

nanoparticles. Besides that, due to the porous structure of COFs, metal nanoparticles can 

grow in-situ inside the cavity of the COFs and be stabilized by the functional groups of the 

COFs. For example, Zhang and coworkers prepared ultrafine and highly dispersed metal 
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nanoparticles in a thioether-containing COFs.[19] The prepared Pt NPs@COF and 

PdNPs@COF showed excellent catalytic properties toward the reduction of nitrophenol. 

More importantly, due to the strong interaction between -SH and metal nanoparticles, the 

prepared catalysts are pretty stable and can easily be recycled and reused without catalytic 

activity loss. Besides -SH group, it is proposed that ionic COFs are a good candidate to 

form COFs-metal composites. On the one hand, the ionic COFs can absorb metal 

precursors such as PtCl4
2- or PdCl42- to allow metal precursors distributed on the COFs 

homogeneously rather than only attaching on the surface. On the other hand, due to the 

strong interaction between ions and metal nanoparticles, ionic COFs can stabilize metal 

nanoparticles and be recycled and reused without activity loss in catalysis.  
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