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Abstract 
 

Designing materials to achieve ordered structures is a chemistry and materials 

science target. In this context, covalent organic frameworks (COFs) offer a 

platform for tailoring organic materials with ordered structures, enabling 

topology-guided integration of organic units to form crystalline porous material. 

COFs are novel-type porous materials made of light elements joined by 

covalent bonds with a wide range of applications, from water purification to 

energy storage. However, the as-synthesized COF crystallites integrate 

through wild covalent self-assembly, leading to their precipitation as 

polycrystalline powders. As a result, their potential is hindered from being 

exploited. In this thesis, novel synthesis strategies have been designed to 

produce imine-based COFs' macroscopic objects in a more suitable way to 

reach their top potential application. 

The first introductory chapter of this work desires to provide a state-of-the-art 

overview of COFs, explaining their general aspects, possible processing 

methodologies and potential applications. 

The first work provides a high-yield "one-pot" green synthesis of imine-based 

COFs in water. Additionally, this aqueous synthesis can be achieved under 

microwave conditions, significantly reducing the reaction time.  

In the second work, we first report a simple three-step method to produce COF-

aerogels based on sol-gel transition. The resultant COF-aerogel have 

extremely low densities, high hierarchical porosity, and outstanding 

mechanical properties. Moreover, they show excellent water-contaminant 

capacity, with high removal efficiency.  

The third work describes a simple compression method to prepare large-scale, 

free-standing homogeneous and porous imine-based COF-membranes with 

dimensions in the centimetre range and excellent mechanical properties. COF-

membranes fabricated upon compression show good performances for 

separating gas mixtures of industrial interest, N2/CO2 and CH4/CO2.  
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Finally, two-additional works have been carried out to show COFs' potential 

possibilities. The first study presented a new procedure for the post-synthetic 

functionalization of imine-based COFs using a heterogeneous solid-gas 

reaction without a copper catalyst. The second study describes a general 

process for the preparation of centimetre-scale, hierarchically porous, 

monolithic COFs. These two works elevate the possibility of these versatile 

organic porous materials to be applied in a wide variety of applications. 

To sum up, evolution of COFs chemistry from chemical design of non-scalable, 

non-processable structures to a bulk-scale processable form tries to promote 

COFs for practical/industrial applications. In this thesis, it will be discussed 

about novel synthetic strategies to reach imine-based COF in an eco-friendlier 

way and their processability into macroscopic objects on large-scale. 
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Resumen 
 

El diseño de materiales para conseguir estructuras ordenadas es un objetivo 

de la química y la ciencia de los materiales. En este contexto, los “Covalent 

Organic Frameworks” (COFs) o redes orgánicas covalentes ofrecen una 

plataforma para poder diseñar materiales orgánicos con estructuras 

ordenadas, permitiendo la integración de unidades orgánicas guiada por la 

topología de estas para formar materiales porosos cristalinos. Los COFs son 

un tipo novedoso de materiales porosos hechos de elementos ligeros unidos 

por enlaces covalentes, con una amplia gama de posibles aplicaciones, desde 

la purificación del agua hasta el almacenamiento de energía. Sin embargo, los 

COF sintetizados se integran a través de un autoensamblaje covalente 

arbitrario, lo que conduce a su precipitación como un polvo policristalino. 

Como resultado, su potencial se ve obstaculizado para ser totalmente 

explotado. En esta tesis, se han diseñado nuevas estrategias de síntesis para 

producir objetos macroscópicos de COFs basados en enlaces iminas de una 

forma más adecuada para alcanzar su máximo potencial de aplicación.  

El primer capítulo introductorio de este trabajo se desea proporcionar una 

visión general del estado del arte de los COFs, explicando sus aspectos 

generales, posibles metodologías de procesamiento y aplicaciones 

potenciales. 

El primer trabajo proporciona una síntesis de COFs basados en enlaces 

iminas en agua con un alto rendimiento en un solo paso. Además, esta síntesis 

acuosa puede realizarse en condiciones de microondas, reduciendo 

significativamente el tiempo de reacción.  

En el segundo trabajo, presentamos un método sencillo de tres pasos para 

producir aerogeles de COF basados en la transición sol-gel. Los aerogeles de 

COF resultantes tienen densidades extremadamente bajas, alta porosidad 

jerárquica y excelentes propiedades mecánicas. Además, muestran una 
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excelente capacidad de eliminación de contaminantes del agua, con una alta 

eficiencia de eliminación.  

El tercer trabajo describe un método de compresión sencillo para preparar 

membranas de COF homogéneas y porosas a gran escala partir de los 

aerogeles de COF descritos anteriormente. Además, mediante este método 

se pueden obtener membranas con dimensiones en el orden de centímetros 

con excelentes propiedades mecánicas. Las membranas de COF, fabricadas 

por compresión, muestran un buen rendimiento en la separación de mezclas 

de gas de interés industrial, N2/CO2 y CH4/CO2.  

Por último, se han realizado dos trabajos adicionales para mostrar las 

posibilidades potenciales de los COF. El primer estudio presenta un nuevo 

procedimiento para la funcionalización post-sintética de los COFs basados en 

enlaces iminas utilizando una reacción heterogénea sólido-gas sin catalizador 

de cobre. El segundo estudio se describe un proceso general para la 

preparación de COFs monolíticos jerárquicamente porosos a escala 

centimétrica. Estos dos trabajos elevan la posibilidad de que estos materiales 

porosos orgánicos versátiles se apliquen en una amplia variedad de 

aplicaciones. 

En resumen, la evolución de la química de los COF desde el diseño químico 

de estructuras no escalables y no procesables hasta la obtención de una forma 

más procesable a gran escala intenta promover los COF para aplicaciones 

prácticas/industriales. En esta tesis, se discutirá sobre nuevas estrategias 

sintéticas para alcanzar COF basado en iminas de una manera más ecológica 

y su procesabilidad en objetos macroscópicos a gran escala. 

.
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Chapter 1. Introduction 
 
1.1. Porous materials 

Porous materials are any solid containing void space(s) in their structure, 

space not occupied by the main framework of atoms, that confers some unique 

properties to these solids. Scientific interest has seen remarkable growth over 

the past few decades with the development of modern frameworks. However, 

it is vital to appreciate that humans have employed porous materials for longer 

than we may initially think. Some examples of this long-employed material are 

wood, charcoal and ceramics. For example, ancient Egyptians used porous 

materials for medicinal purposes. In the Ebers papyrus, reports dating back to 

1500 BC describe medical procedures employing charcoal for indigestion 

issues [1].  

The practical application of charcoal for treating gastrointestinal diseases 

continued using until the early modern era due to its adsorptive properties. 

However, it was not until 18th century Europe when we started thinking of the 

scientific theories of adsorption using porous materials, when Carl Scheele, 

Joseph Priestley and Abbé Fontana investigated gas adsorption within 

charcoal[2]. At the same time, another excellent milestone porous materials, 

zeolites, were increasing popularity in the scientific community. Natural 

zeolites, aluminosilicate mineral derivatives with highly ordered pores, were 

discovered by Axel Fredrick Cronstedt in 1756 [3]. Over a century after, in 1862, 

Henri Sainte-Claire-Deville produced the first artificial zeolites, lévyne or 

levynite[4]. However, the interest in these niche materials was limited until, in 

the 1940s, Richard Barrer established the field of modern synthetic zeolite[5]. 

Subsequently, more ordered porous materials were developed such as silica 

aerogel, produced in 1931 by Samuel Kistler. These mesoporous materials 

exceeded the pore size limits of zeolites (~2 nm) while taking advantage of the 

robust chemical benefits of silica[6]. Around the late 1940s, a porous polymeric 

structure based on non-intrinsically systems emerged, the porous polymer 
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networks (PPNs), but it was not profoundly studied until the 21st century. By 

the late 1980s, Richard Robson[7], and Susumu Kitagawa in the 1990s reported 

that coordination complexes and coordination polymers could be highly 

crystalline[8].  

The innovation of porous coordination materials induced, in the late 1990s, 

Omar Yaghi and co-workers to develop designed, stable and permanently 

porous metal-organic frameworks (MOFs)[9]. The high interest in MOFs has 

also produced the research of new materials based on many of the same 

features, such as highly ordered porosity and design through the self-

correction of non-covalent interactions. Thus, porous coordination cages 

(PCCs) were discovered in 1990 by Makoto Fujita[10]. Later, the concept of 

PCCs combined with polymers of intrinsic microporosity (PIMs)[11] gave rise to 

porous organic cages[12]. The challenge of control over the design of extended 

organic solids based on covalent bonds meant that they remained largely 

undeveloped throughout the 20th century.  

Thus, a reticulation process must be carried out under synthetic conditions that 

maintains the molecule's stability while allowing microscopic reversibility to 

afford ordered, crystalline products[13]. The challenge was addressed in the 

discovery of two-dimensional (2D) and three-dimensional (3D) covalent 

organic frameworks (COFs)[14], in which extended networks are made by 

stitching organic molecules together through strong covalent bonds in a 

process termed reticular synthesis. The well-defined crystalline porous 

structures, together with tailored design, offered COFs a wide range of 

applications, such as gas storage, ionic conductors, energy storage and 

production, sensing, adsorption, optoelectronic, and catalysis[15]. 

 

1.2. Covalent Organic Frameworks 

In 2005, Adrien Côté, Omar Yaghi, and co-workers reported for the first time 

the synthesis of an organic solid porous crystalline polymer that enables the 

integration of organic units into the well-defined primary and high-order 
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structure named covalent organic frameworks, shortened to the acronym 

COFs[16]. The discovery of this promising material expands the scope of 

reticular synthesis from its coordination counterpart, metal-organic 

frameworks, to their purely organic material[14]. Since then, COF research has 

quickly developed into an interdisciplinary field with a massive range of 

applications. 

1.3. General aspects of COFs 

COFs are tailored and designable materials. The properties can be modified 

by selecting between the different monomers or building blocks, type of bond 

and topology, the pore size and shape and functional moieties. Thus, structural 

design can be associated with the Lego® game, in which building blocks, as 

shown in Figure 1.1, can be simplified as geometrical pieces that can be linked 

through the vertices creating a periodic and ordered network. Although some 

molecules or bonds are restricted to certain symmetries, the wide variety of 

available building blocks has led to the development of a myriad of different 

COFs structures. The subsequent discussion deals with these aspects that 

must be decided to design a COF[17]. 

 

 

Figure 1.1. Scheme of the formation of a 2D hexagonal COF from two building blocks 

with appropriate geometry and functional groups. Adapted from reference 18. 
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1.3.1.  Topology 

Conceptually, the critical element in the layout of new COFs is the topological 

design, which will significantly influence the primary intrinsic properties of 

COFs, i.e., crystallinity and porosity. As monomers determine the framework 

structure, COFs are fully predesignated and synthetically controllable 

polymers. COFs utilize step-growth polymerization for chain propagation in a 

2D or 3D manner (Figure 1.2). The polymerization process involves the 

integration of both covalent bonds and non-covalent interactions in shaping the 

well-defined yet extended crystalline structures. In 2D-COFs, the network is 

restricted to propagating covalent bonds in a plane, forming layers. As 

expected, non-covalent interaction, aromatics π-π staking, hydrogen bonds 

and Van der Waal´s forces prevent these layers from remaining isolated, 

tending to aggregate, leading to a formation of layered material. 3D topologies 

allow the extension of covalent bonds in all directions. The material is isotropic, 

generating lattice structures supported solely by the same type of interaction 

in every direction. However, since the first synthesis reported of 3D-COFs in 

2007[19], only a handful of new 3D-COF structures have been reported. With 

the limited number of topologies and building blocks, most report network 

examples rely on tetrahedral nodes such as ctn, bor, dia, or pts, which is 

related to the difficulty of obtaining organic monomers with another type of 

vertices such as octahedra[20].  
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Figure 1.2. Topology diagrams for designing 2D COFs and 3D COFs to create different 

skeletons and pores. Adapted from reference 15. 
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1.3.2.  Linkages 

After the topological design, the reaction to be used is one of the most critical 

aspects in COFs modelling since the nature of the bond is related to vital 

properties. Linkage formation must be reversible under the given reaction 

conditions to afford extended crystalline solids. For every new bond, the 

“crystallization problem” must be overcome, and synthetic conditions of 

crystalline framework materials need to be devised[21]. The reaction rates must 

be fast enough to enable sufficient self-correction of defects[22]. Unfortunately, 

the optimization of reaction conditions relies on serendipity, very subtle 

changes in reaction parameters such as temperature, reaction time, 

concentration, and catalysis can dramatically affect the crystallinity and 

porosity of the resulting materials. 

Moreover, a slight variation in bond angles, allowed by a certain degree of 

strain at the rigid molecules, gave rise to the formation of rings with different 

shapes, as theoretically expected[23]. Even more problematic is the bond out of 

the plane formed in laminar networks, which leads to interlayer cross-linking 

bonds, disturbing the structure. Nevertheless, covalent bonds' reversibility can 

be broken incorrectly formed bonds and linked into a more appropriate and 

thermodynamically stable network.  

Several linkages have been developed over the years, summarized in Figure 

1.3, and will be discussed in the following paragraphs. The first COFs reported 

by Yaghi[14] and Lavigne[24] utilized the self-condensation of boronic acids to 

form boroxine and boronate ester from condensations of boronic acids and 

catechols. Since then, boron-containing COF became one of the most 

common types. In general, these bonds provided excellent thermal stability. 

After boron-containing, the first alternative appeared in 2008, triazine-based 

frameworks (CTF)s, reported by Kuhn and collaborators[25]. This structure 

based on C-N bond is synthesized by cyclotrimerization of 1,4-

dicyanobenzene at 400 °C in molten ZnCl2. These ordered networks results 

had more stability than boronic ester structures. However, harsh synthesis 

conditions involving an ionothermal process have enjoyed limited popularity.  
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Figure 1.3. Different types of reversible organic reactions used for COF construction. 

Adapted from reference 26.
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Recently, a milder condition procedure was developed[27]. Further 

development of CTFs, especially syntheses with better crystallinity and 

functional group tolerance, represented a well-desirable but tricky challenge. 

In 2009, a real breakthrough in COFs occurred when Yaghi and co-workers 

prepared the first COF with imine bonds[28]. This imine-based COF is formed 

by condensation between an aldehyde and a primary amine. Additionally, the 

variety of aldehyde and primary amine monomers makes imine condensation 

readily accessible for synthesizing COFs. 

Nevertheless, the "crystallinity-stability-functionalization trichotomy" is a 

bottleneck to developing novel COFs. The linkage reversibility is inversely 

related to chemical stability. The more reversible the linkage to adopt the 

minimum thermodynamic structure, the more vulnerable it is (Figure 1.4). For 

example, boroxine-based COFs can be easily achieved but are susceptible to 

hydrolyzing, empty orbital of the boron atoms makes them prone to hydrolysis, 

(Figure 1.5a) hindering their use in real-applications exposed to ambient 

conditions. In turn, imine-based COFs are more challenging to synthesize but 

are more robust, this type of linkage has become the most widely used for the 

obtention of COFs[22, 29]. However, its chemical stability is not suitable under 

strongly acidic conditions. At the same time, their thermal stability is lower than 

their boronate-ester-linked counterparts.  

Furthermore, the tolerance range of reaction conditions from room temperature 

to solvothermal synthesis encouraged the study of other linkage based on C-

N bonds, leading to the development of hydrazone[30], imide[31], azine[32], 

amide[33] and squaraine-linked[34]. However, despite these linkage's higher 

stability and exciting properties, due to intrinsic reversibility, strong 

polarization, and several different synthetic strategies, the imine linkage is 

deemed a better choice than other dynamic bonds. It is important to mention a 

variation of the imine linkage by tautomerism equilibrium between the enol-

imine and keto-enamine form (Figure 1.5b). Thus, the favorable displacement 

of the equilibrium toward the latter tautomer improves the stability of the final 

structure by a less reactive enamine group presence in the final framework. 
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Figure 1.4. Reversible COF formation by slow crystallization. First, an amorphous gel 

is formed that then slowly crystallizes. This crystallization mechanism corresponds to 

the formation of imine COFs. Adapted from reference 17. 

 

This chemical conversion and locking of the imine bond represented a 

cornerstone for synthesizing new COFs[35]. 

Besides direct synthesis, a post-synthetic transformation of linkages is 

developed to synthesize novel ultrastable COFs. For example, benzoxazole-

linked COFs (Figure 1.5b) are constructed via a cascade reaction of imine 

reversible reaction followed by cyclization to form a benzoxazoline ring by a 

nucleophilic attack and, finally, oxidation to benzoxazoline in an irreversible 

step[36].  
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Another interesting search of ultrastable COFs has focused its attention on the 

C=C bond to improve π-conjugation throughout the backbone and chemical 

stability towards nucleophilic attacks, e.g., cyanovinylene-based COFs[37]. The 

challenge to crystallize a COF by reversible -CH=C(CN)- bond formation was 

overcome by implementing reversible Knoevenagel condensation. In addition 

of π-extended conjugated backbone stability properties, olefine-based COF 

was achieved in 2019 and prepared by aldol condensation of aldehydes and 

the highly electron deficient s-triazine core of 2,4,6, trimethyl-s-triazine[38].  

On the other hand, dioxin-linked COFs extend the scope of the reticular 

chemist to irreversible bonds. The synthesis is based on irreversible 

nucleophilic aromatic substitution reactions (SNAr)[39]. Finally, another peculiar 

linkage is the azodioxy moiety. This incredible labile bond is able to obtain 

single crystals of COF[40]. 
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Figure 1.5. a) Schematic representation of the hydrolytic decomposition of boronate 

ester COFs. b) Synthesis of highly chemically stable COFs by combined reversible and 

irreversible reactions. Adapted from reference 26. 
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1.3.3.  Synthesis of COFs 

Most reported COFs are synthesized in sealed Pyrex tubes under solvothermal 

conditions, mixing the monomers in an appropriate combination of solvents. In 

many cases, it cannot dissolve the building blocks, and it is needed to add 

some catalytic agent before evacuating and sealing the vessel. After that, the 

mixture is heated for several days, and then the solid is isolated, washed, and 

dried[16]. However, many factors played a considerable role in the synthesis 

process, for instance, the pressure, temperature, reaction time, volume ratio of 

solvent combinations and catalyst. Even after the optimized conditions are 

fixed, there are substantial batch-to-batch variations between COFs samples. 

The conventional imine-based COF solvothermal reaction is carried out in a 

1,4-dioxane:mesitylene mixture using aqueous acetic acid (AcOH) as a 

catalyst at 120 °C[29]. It usually yields a non-processable and nonscalable 

powder. Some alternative synthetic strategies have emerged to solve standard 

conditions drawbacks, these examples will be discussed below.  

Recently, novel strategies are developed trying to avoid reaction conditions 

with high pressure and temperature. The ones more remarkable are room 

temperature[41], water[42], and sol-gel synthesis[43]. Although these strategies 

reduce energy/cost, they afford less crystalline samples. Nevertheless, they 

have positive outcomes. For example, sol-gel synthesis strategies can produce 

COF-gels which do not rely on binders or additives in mild conditions. 

Moreover, these COF-gels can be converted into COF-aerogels after solvent 

exchange and activation processes[43a]. These macroscopic objects retained 

the shape of the reaction molds, featured hierarchical porosity, and showed 

excellent adsorption capacities. Features impossible to achieve with 

conventional solvothermal conditions. 

On the other hand, incompatibility of acidic conditions usually used in 

conventional synthesis, generally by aqueous AcOH, a Brønsted acid catalyst, 

can be solved by alternative catalysts, e.g., basic pyrrolidine and Lewis acid 

metals. Scandium (III) catalyzed reactions readily proceed at room 
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temperature reducing time of reaction to few minutes and with low catalyst 

loading (2 % mol). However, this cannot work for the whole synthesis strategies 

of COFs since it struggles to crystallize specifically functionalized 

monomers[44].  

Subsequently, a novel salt-mediated crystallization approach can solve the 

scalability issue. The introduction of p-toluenesulfonic acid (PTSA–H2O) as a 

template and acid reactant was beneficial to construct bulk scale COF with 

excellent crystallinity and porosity[45]. PTSA acted as a molecular organizer that 

induced a lamellar structure in which amines are regularly spaced (PTSA-

amine salts), and the distance matches with the dimensions of some 

commonly used aldehydes. This strategy permitted to R. Banerjee and co-

workers to achieve a huge family of COFs and process them into several 

macroscopic objects such as COF-foam, thin-films, and membranes. Other 

strategy that involves modifying the reactivity of the starting building blocks by 

protecting functional groups can modulate nucleation and growth rates. The 

introduction of tert-butyloxycarbonyl (Boc) protection group in the amine 

moieties evolves the formation of small soluble oligomers capped by Boc 

groups that grow gradually as the deprotection proceeds[46] which improved 

the quality of the networks.  

Another important factor that significantly impact the synthesis reaction is the 

solvent. In that sense, ionic liquids act as solvent and catalyst. Moreover, it 

yielded highly crystalline material within minutes at high concentrations. One 

of the important points is that ionic liquids can be reused several times but, 

they are challenging to remove from the pores[47]. In contrast, the solvent-free 

method has been relevant by its simple and cost-effective methodology, and 

mechanochemical synthesis is an example. Although this strategy did feature 

merits such as eco-friendliness, easy operation and feasibility for scale-up 

synthesis, these mechanically synthesized COFs showcased limited 

crystallinity and porosity[48]. 

Complex framework synthesis could not be usually achieved easily by 

conventional or novel alternative synthesis described so, post-synthesis 
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modification of simple networks by linker-exchange is able to reach novo 

unavailable COFs[49]. The reversible dynamic nature of the linkers and its 

thermodynamically favourable conversion led to obtaining complex COFs 

holding remarkable properties for advanced applications. Dichtel and co-

workers reported that this strategy demonstrates the obtention of β-

ketoenamine-linked COFs replacing 1,3,5-triformylbenzene with 

triformylphloroglucinol[50]. Following this approach, Yaghi and co-workers 

synthesized COFs based on thiazole and oxazole[51]. Another notable example 

is the fascinating transformation of amorphous polymers into COFs by this 

strategy[52]. 

 

1.3.4.  Functionalization 

Design of the network is clearly concerned by the combination of the several 

type of linkages and network topologies, but it is crucial to introduce functional 

groups to the framework because it provides additional features tailoring the 

design COF to reach the requirement of the targeted applications. Moreover, 

framework functionalization is critical because COFs' crystallinity and stability 

can be affected when introducing an active moiety.  

Generally, the approaches to functionalizing COFs can be classified into two 

broad categories: pre-synthetic and post-synthetic modifications. The first 

consists of incorporating additional groups in the building blocks before 

assembling the COFs. The other strategy is based on the improvement of the 

pre-formed COF structure. Post-synthesis modification strategies can be 

divided into the introduction of a functional moiety to reach a specific 

application or modification of the linkage of the framework to enhance its 

stability.  

By following the pre-synthetic approach, modification of the monomers is 

usually easier to perform as the substrate is a small molecule. However, 

functional groups can hinder the framework's growth or be unstable in reaction 

conditions. Post-synthesis modification solves these restrictions, transforming 
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the framework into more complex ones[53]. At the same time, it is the way for 

synthesizing porous, stable, and crystalline frameworks that cannot be 

achieved by pre-synthesis strategies. Nevertheless, the structural change is 

more likely to generate defects since the reactants' distribution and 

functionalization may not be complete.  

The standard functionalization is based on building blocks with moieties that 

do not interfere with COF growth in a preliminary step and allow access to the 

target moiety in a second step. Thus, the most representative functional 

terminal groups are the alkyne moieties that enable the network to be 

functionalized via click chemistry[54]. Moreover, this active group can be 

transformed into a long list of different moieties and be modified by diverse 

reaction conditions even under gas-solid heterogeneous reactions[53, 55]. 

A remarkable example of post-synthesis modification by a functional group is 

reported by Cheng Wang and co-workers[56], who presented the designed 

synthesis of a series of 3D-COFs with different loadings of ethynyl groups. 

Notably, these alkyne-tagged 3D-COFs offer a platform for targeted attaching 

other specific groups onto the framework via click chemistry. The pore surface 

engineering modification of 3D-COFs with different percentages of ethynyl 

groups was evaluated in CO2/N2 separation. The adsorption selectivity for 

CO2/N2 is raised as functional loading density, so 3D-COF-[Ac]100% showed 

almost 6 times higher selectivity than 3D-COF-[Ac]25%. The reduction of porous 

size in the 3D-COF-[Ac]100% was triggered a lower gas permeability but, it 

influenced a better interaction with functional moieties raising its selectivity.  

However, post-synthetic functionalization may not necessarily require covalent 

bond formation. It is possible to modulate COFs' structure modifying its 

structural linkage or providing a platform to integrate a range of molecules or 

immobilized metal ions.  

Post-synthesis modification strategies overcome framework instability by 

locking the reversible bond into irreversible (Figure 1.6). Structural locking 
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modification can be classified into; (i) one-pot reaction and (ii) post-synthesis 

modification. 

In the first one, the formation of the irreversible bond is achieved through a 

series of reactions that occur entirely during the crystallization process. By 

mastering this method, a preliminary COF is firstly synthesized and isolated 

conventionally. After that, the linkage is chemically converted into more 

functional and robust moieties by a solid-state conversion reaction[17]. The 

conversion reaction can be grouped into (i) chemical conversion linkages and 

(ii) linker exchange. 

In the chemical conversion of linkages, for example, imine-based COF can be 

oxidated to amide linkage or reduced to the second amine when treated with 

redox agents[57]. Another type of chemical conversion of linkages was reported 

by Lotsch and co-workers in which starting imine-based COF was converted 

into thiazole-based COF by sulfur-assisted chemical conversion[58]. This type 

of post-synthetic modification is fundamentally different from previous 

examples. In that example, triphenyl triazine imine COF was topochemical 

converted into a thiazole-based COF. At high temperatures, elemental sulfur 

reacts with aromatic imine bonds, oxidating into thioamides, and subsequently 

form a thiazole ring. This post-synthetic modification converts imine-based 

COFs into a robust linkage. Moreover, topochemical conversion causes a 

change in the symmetry of the COF crystal, opening the door to new COFs 

with chemical properties not attainable in materials synthesized by reversible 

reactions. However, this approach requires the use of harsher reaction 

conditions. Alternative, less aggressive strategies of imine-based conversion 

were reported by Baek and co-workers using 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) as an oxidant into benzoxazole linkages[59]. 
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Figure 1.6. Different types of irreversible reactions used to lock the imine bond in COFs 

and linkage formed. Adapted from reference 35a. 

 

On the other hand, metal ions can be incorporated into the framework to add 

functionality. Concerning the different families of COFs it is worth pointing out 

that imine-based and amine-based COFs, nitrogen-containing structures, can 

be attractive to introduction of active metal ions due to its coordination ability[60], 

as reported by Wang and co-workers in the functionalization of COF-LZU1 with 

palladium(II) to reach catalytic activity, examined in the Suzuki-Miyaura 

coupling reaction.  
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1.4. Properties of COFs 

The distinctive properties of COFs that are specific and inaccessible to other 

polymers and frameworks materials, e.g., low densities derivate from its 

exclusively made of light elements (boron, carbon, nitrogen, and hydrogen), 

their higher thermal and chemical stability, are provided by the covalent bonds 

which determine the impact of COF materials. The most remarkable properties 

will be discussed below. 

 

 Crystallinity  

Crystallinity is the central property of COFs and differentiates them from other 

types of organic polymers. It is usually evaluated by powder X-ray diffraction 

(PXRD) in combination with structural modelling and Pawley or Rietveld 

refinement or very rarely by single crystal diffraction[61]. As explained above, 

the dynamic covalent bond is one of the fundamental factors of COF chemistry 

that allow for repairing incorrect linkage networks. Tuneability of reaction 

equilibrium by the addition of modulators enables obtaining highly ordered 

materials.  

In 3D-COFs, network growth is exclusively controlled by covalent interactions 

and reversibility. Control over reversibility of imine bond in COF-300 with a 

large excess of aniline, where aniline functions as a modulator, allowed Omar 

Yaghi and co-workers to obtain the first single crystals of COF[61a] (Figure 1.7).  
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Figure 1.7. a) In the absence of aniline, the imine-formation equilibrium is shifted toward 

the product, amorphous or polycrystalline COFs, whose formation is governed by fast 

nucleation and limited crystal growth. In the presence of aniline, the initial imine bond 

formation is comparably fast; however, slow imine exchange enables the growth of 

single-crystalline COFs. b) Scanning electron microscopy (SEM) and optical 

microscopy images of single-crystalline COFs, obtained in the presence of aniline, the 

structures of which were solved and refined in this report. The SEM image of 

polycrystalline COF-300 without addition of aniline is shown for comparison. Adapted 

from reference 61a. 

 

a)  

 e

b)
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Another strategy is related to the planarity of monomers, the substitution of C-

H moieties of the central ring in triangular building blocks by nitrogen atoms 

removing the steric repulsion between hydrogen atoms that induce the rotation 

of the external phenyl rings facilitating the stacking[62]. In contrast, a non-planar 

2D-COF synthesis strategy can also achieve highly crystalline and stable 

frameworks. Stackable precursors with bowl- or armchair-shape could guide 

the stacking of the COF layer during growth, but its ligands should not have 

conformational freedom. In that sense, Aurelio Mateo-Alonso and co-workers 

used 2,3,10,11,18,19-hexahydroxy-cata-hexabenzocoronene (HBC) as the 

building block to produce a highly crystalline 2D-COF with a wavy honeycomb 

lattice (Marta-COF-1)[63]. The HBC adopted a twisted and rigid structure, and 

its conformational freedom is locked accordingly to the steric congestion 

between the hydrogens in the peripheral benzene rings.  

COF synthesis usually yielded a polycrystalline powder, with domain sizes 

typically near 100 nm, which are characterized by PXRD, but the technique 

cannot achieve a total understanding of the structure. However, the few 

examples of single crystal characterized by single-crystal X-ray diffraction 

(SCXRD) can help us to reach a precise atomic structure and the relationship 

between it and properties[61a, 64]. Nevertheless, COF single crystal obtention is 

still an impossible so, alternative strategies tried to determine the precise 

structures of polycrystalline COFs by advanced ab initio determination with 

cryo-continuous rotation electron diffraction (cryo-cRED)[65] or electron 

diffraction[61b]. For example, Junliang Sun and co-workers could successfully 

solve five complex 3D-COFs at the atomic level using ab initio methods. The 

dynamic structures with flexible linkers, degree of interpenetration, position of 

functional groups, and guest molecules are revealed with atomic precision. 

The key to success is to combine hierarchical cluster analysis (HCA)[66] with 

cryo-electron microscope technique which improved the data completeness 

and redundancy for structure determination and refinement. First, samples 

were carefully prepared dispersed in ethanol by ultrasonication, and then 

transferred to a copper grid covered with carbon film. Then, the sample was 

cryopreserved to fix the guest molecules within the COF pores avoiding 
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structural expansion/contraction in response to guest molecular 

adsorption/desorption. Finally, sample were exposed an optimized time to X 

ray diffraction, between 3 and 0.5 seconds. Although the emphasis of this study 

is focused on the 3D COF chemistry, the structure solution method opened a 

real alternative to reach a precise atomic structure. 

 

 Stability 

The covalently bonded network structure played an essential role in the 

stability of COFs, meaning one of the most critical features that researchers 

must consider for the desired application[15]. COFs stability evaluation 

consisted of the study of their thermal stability and chemical stability. 

Thermogravimetric analysis (TGA) of COFs showed thermal stability up to 500 

°C, not below 300 °C.  

Chemical stability is measured by a rudimentary method in which the solid is 

immersed in a different solvent under various conditions quantifying the 

fraction of recovered materials and checking their crystallinity and porosity. 

The last section has already discussed the most fundamental thermally and 

chemical stability trends, so only a brief summary will be highlighted here. 

The stability is inversely related to crystallinity and vice versa[17]. As the 

covalent bond's reversibility led to better correction of the network defects, a 

reduction of the stability can also be observed. The need for reversibility in 

COF linkage is the bane of the chemical stability because even strong bonds 

as boronate esters, imines, azines, or hydrazones can all be hydrolyzed. 

Therefore, pre-designed systems that are only reversible under highly 

energetic conditions or involve a last irreversible step by post-synthesis 

modification are preferable for synthesizing highly stable COFs[67].  

Since balancing stability, crystallinity and complexity in COF play a significant 

role, as reviewed in the section on functionalization, several strategies have 

been developed to improve strength without losing crystallinity. For example, 
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in hydrogen-bonding (H-bonding) interactions, intralayer H-bonding 

interactions locked the torsion of the edges and aligned the layer in one 

plane[68]. The resulting enhancement of π-π stacking exerts a positive effect on 

their chemical stability. Employing this principle, Banerjee and co-workers 

designed COFs with outstanding chemical robustness[69]. They introduced 

hydroxy (-OH) functionalities bordering the imine centers in the COF DhaTph. 

The COF displayed high chemical stability and kept its crystallinity in boiling 

water or 3 M HCl (aq.) over seven days. They synthesized a methoxy-

substituted COF without intramolecular H-bonds to validate the critical part of 

intramolecular H-bonds and the COF yield showed lower chemical stability and 

crystallinity.  

 

 Porosity 

The tailored design of COFs' structure allowed a pore size ranging from 0.64 

nm[70] to 5.3 nm[71]. Moreover, the rigidity of the framework allowed a porous 

structure, but symmetry hinders access to the pore in some cases.  

Typically, 2D and 3D-COFs cannot achieve their maximum theoretical porosity 

surface area of 3000-5000 m2 g-1 due to the dense clouds from monomers in 

2D-COFs and the interpenetrated structures in 3D-COFs. Therefore, it is 

imperative to manage appropriately the activation and drying, which plays a 

vital role in obtaining the maximum surface area. Capillarity strain interaction 

of solvent molecules with the network produce shrinkage of the framework 

when it is isolated, reducing their porosity. Thus, effective methods are 

developed to minimize the distortion produced during the activation process. 

Supercritical carbon dioxide (CO2) and nitrogen (N2) flow methods are recently 

used to avoid distortion of the framework[72]. However, the standard strategy 

ranges from a solvent exchange to evacuation at high temperatures under 

reduced pressure by vacuum. Evaluation of the porosity and cavity size of 

COFs is commonly probed by nitrogen adsorption at 77 K. Still, an adsorption 

study with other gases can extend the knowledge to apply them in gas phase 
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uptake or separation. The gases which uptake is more interesting are 

hydrogen (H2), carbon dioxide (CO2) and methane (CH4) because of their 

application as energy sources or pollutant[73]. To further increase the selectivity 

or capacity of uptake of these target gases, managing the pore environment 

by functionalization with dipolar groups, incorporating metal nanoparticles or 

reducing pore volume was achieved[53]. For example, Jiang's group introduced 

alcohol, alkyl chains, carboxylic acid, ester, and amine units onto the pore wall 

of an imine-linked porphyrin COF through click reactions between the azide 

compounds and ethynyl units (Figure 1.8)[74]. The pore surface engineering 

decreased the BET surface area, pore size, and pore volumes of functionalized 

COFs compared with their alkyne COFs counterparts. For instant, when the 

ethyl unit content in [Et]X-H2PCOFs was increased from 25 to 100, the BET 

surface area decreased from 1326 to 187 m2 g-1, and the pore size was 

reduced from 2.2 to 1.5 nm.  

However, the CO2 adsorption capacities behaved differently. Although all of 

them obtained similar tendencies of reducing BET surface area, pore volume 

and pore size, ester units, hydroxyl groups, and carboxylic acid groups 

exhibited an incredibly enhanced CO2 adsorption capacity due to their stronger 

interaction with CO2 than the ethyl group. This example highlights how critical 

is the adsorption affinity between the gas molecules and pore walls more than 

cavity dimensions.  
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Figure 1.8. a) Schematic of pore surface engineering of imine-based COFs via click 

reactions, b) Pore structures of COFs with different functional groups (Gray, C; Blue, 

N; Red, O). Adapted from reference 74.  
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 Electrical Conductivity 

Apart from properties discussed above, the electronic properties of COFs are 

vital to judge their relevance in applied areas of optoelectronics, and energy 

storage. However, COFs usually have low charge-carrier mobility and intrinsic 

conductivity, making it challenging to control electronic and semiconducting 

properties[75]. In conductive polymers, charge transport performance is critical 

and related to the extent of π-conjugation and the molecular interactions. 

Nevertheless, obtaining π-conjugated networks with high crystallinity is 

remained a considerable synthetic challenge. In the case of 2D-COFs, 

conjugation network depend on the extended π-conjugation (in-plane) and π-

π stacking pathways (out-of-plane)[75c]. The π-stacked layered structures that 

cause electronic interactions offer an exciting platform to tune their electronic 

properties through modification of the spatial stacking of monomers by the 

supramolecular assembly. 

Nonetheless, spatial stacking is usually tuned by bond polarization, so 

enhanced electrical conductivity is explored by triazine, hydrazine, azine-

linkage, and so on[76]. Remarkable strategies have been studied to build 

conductive 2D-COFs based on the formation of C=C bond obtained via 

Knoevenagel condensation[77], which enhance electron delocalization with 

conductivities up to 10-4 S cm-1. Apart from bond polarization, tuning the 

electrical conductivity can also be achieved by structural modifications such as 

increasing the length of linkers, adding impurities, doping, and intercalation of 

transition metals[78]. Most semiconducting COFs are based on large 

conjugated and planar building blocks such as triphenylenes[79], pyrenes[80], 

three-dimensional tetrathiafulvalene[81], porphyrins[75b] and phthalocyanines[82]. 

Moreover, planar building blocks exhibit a preferred π-orbital overlap 

increasing charge transport, both through and between layers. 

Alternative conjugated systems can be achieved by increasing conductivity by 

fabricating composites with graphene, carbon black, carbon nanotubes 

(CNTs), and carbon fibers[83] (Figure 1.9). For example, Donglin Jiang and co-
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workers[84] demonstrate the fabrication of redox-active, crystalline, 

mesoporous COF on CNTs for use as electrodes. The electron mobility is 

significantly improved by growing the COFs on CNTs, and the open porous 

structures of the CNTs also promote the transport of ions to the reaction sites. 

The synergistic combination of these structural features and properties in one 

material results in COF-based cathodes that efficiently utilize the redox-active 

units, exhibit robust cycle stability, and encourage high-rate energy storage 

and power supply. 

 

 

Figure 1.9. a) Schematic of the AA-stacking of DTP-ANDI-COF with redox-active 

naphthalene diimide walls (red) and one-dimensional meso-scale channels. b) 

Chemical structure of one pore in DTP-ANDI-COF. c) Electrochemical redox reaction 

of a naphthalene diimide unit. d) Photographs of a coin-type battery. e) Graphical 

representation of DTP-ANDI-COF@CNTs (grey for CNTs) and electron conduction and 

ion transport. Adapted from reference 84. 
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 Catalytic activity 

The crystalline and tailored framework of COFs allowed them to achieve 

regular channels that have attracted much consideration for heterogeneous 

catalysis. Thereby, the primary structure of COF walls can be used directly or 

after a post-functionalization for the metal incorporation. The first example 

reported to incorporate metal moieties for catalysis was reported by Ding and 

co-workers by coordinated Pd-species from Pd(OAc)2[85]. The resulting 

Pd@COF-LZU1 catalyzed the Suzuki-Miyaura coupling reaction.  

In contrast to tuning structure with metal species, the framework of COFs has 

also been successfully applied as catalytic agents. For example, a β-

ketoenamine COF with sulfonic acid groups at the pore walls dehydrated 

fructose with a great chemo-selectivity[86]. However, after several recycling 

steps, the catalytic reaction produced a quickly lost crystallinity.  

Another interesting type of catalysis is chiral catalysis, but to date, only a few 

COF structures have been introduced. For instance, Donglin Jiang, and co-

workers[54] reported a chiral mesoporous imine-based COF produced by a 

post-functionalization, via click-chemistry, introducing a chiral center ((S)-2-

(azidomethyl)pyrrolidine) with organocatalytic activity. The resulting robust 

metal-free structure provides a benchmark sample to demonstrate the 

potential of COFs in asymmetric catalysis.  

Finally, the potential photocatalysis performance of COFs has been explored 

due to its excellent visible-light absorption, accessible tailoring of band gap 

structure and fast electron-hole separation and transfer. COF-based 

photocatalysis has increased sharply since Lotsch reported the first discovered 

example[87]. The main applications are photocatalytic H2 evolution, O2 

evolution, CO2 photoreduction and photodegradation of pollutants. The 

urgently required need to find clean and renewable energy sources, CO2 

conversion and degradation of environmental contaminants make COF-based 

photocatalysis a remarkable solution[88].  
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 Luminescence and Photovoltaics 

The modular nature of COFs allowed the combination of several π-conjugated 

monomers, but structures are highly linkage-dependent for obtaining good 

quantum yields. For example, imine-based COF possessed rotational and 

vibrational relaxation pathways that led to non-radiative decay. However, 

incorporating highly fluorescent subunits such as anthracene also increases 

the planarity of the imine bond and overcame the non-radiative decay 

processes[89]. Other notable subunits used to prepare luminescent COFs are 

pyrenes and triphenylenes. Nevertheless, due to the unpredictable nature of 

COF structures that include a chromophore and the limited number of 

monomers available for luminescence, COF-based luminescence remains a 

topic of investigation[90].  

Construction of segregated networks of donor and acceptor groups is a critical 

challenge in improving the efficiency of charge separation for photovoltaic 

devices. To enable that assembly, conventional approaches normally required 

the incorporation of additional units to trigger other interactions that are strong 

enough to overcome the electrostatic force. Topological design of donor-

acceptor COFs (D-A COFs) enabled the construction alternatively donor-on-

donor (D-D) and acceptor-on-acceptor (A-A) π columnar structure without used 

any additional units[91]. D-A COFs systems possessed two distinctive features; 

covalently linked network facilitate the photoinduced electron transfer and D-D 

and A-A π columns enable a pathway for carrier transport. An example of D-A 

COFs was reported by Donglin Jiang in which the condensation of zinc 

phthalocyanine donor knots (DZnPc) with electron accepting naphthalene 

diimide linkers (ANDI) produce the DZnPc- ANDI-COFs[92]. The charge dynamic of 

DZnPc- ANDI-COFs was determined by time-resolved spectroscopy, elucidating 

an ultrafast electron transfer from the donor to the acceptor columns. 

Moreover, the rapid charge separation and exceptional long-term charge 

retention, provided mechanistic insight to visualize the high potential of D-A 

COFs for photoelectric applications. 
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1.5. Processing of COFs 

Despite the outstanding properties shown above and its features, such as 

tailored design, permanent porosity, and long-range order, integrating COFs 

in devices is still challenging. Most reported synthetic methods for COFs 

involve solvothermal conditions, yielding completely insoluble powders 

comprised of randomly aggregated crystallites. This poor processability of 

COF powders hindered them from being used in the currently available 

technologies. Therefore, it is desirable to develop new synthetic and 

processing methodologies for the construction of COFs, which processability 

will be allowed shaping, placing and orienting COFs as per necessity. 

 

1.5.1.  Engineering shaping of COFs 

Novel synthetic procedures have been developed to construct macroscopic 

COFs structures that allowed them to be employed in advanced applications 

by additional support or self-standing[18]. 

Strategies for creating COF objects without additional support are associated 

with novel synthesis methods[26]. The first example of shaping COFs was 

reported by Banerjee and co-workers in which amine was mixed with p-

toluenesulfonic acid in the first step. It then was ground with the aldehyde and 

water that produced a dough that, after baking, yields a highly porous and 

crystalline material[45]. This methodology permitted to shape, using molds, a 

considerable variety of centimetre-sized pieces by large-continuous extrusion. 

Modifying this strategy by reacting p-toluenesulfonic acid with sodium 

bicarbonate (NaHCO3) led to the continuous effervescence of CO2, which 

enabled the construction of 3D-hierarchical disordered nanostructures, COF-

foams, with ordered microporous COF-layers in which micro- and macropores 

coexist. The COF-foam variety of pore sizes widens their applications, such as 

fast removal of various contaminants and ionic diffusion through electrodes in 

electrochemical cells[93]. Several synthetic strategies to induce hierarchical 

porosity in COFs have been reported, such as producing ultralight 
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macroscopic COF-aerogel from COF-gels. The building blocks gelled 

immediately using acetic acid as solvent and catalyst without requiring any 

binders or solvothermal reactions. These macroscopic COF aerogels retained 

the shape of the reaction vial, featured hierarchical micropores and 

mesopores, and showed excellent adsorption capacities[43].  

Other strategies have been developed using a template to construct more 

robust macroscopic COF objects. For example, Banerjee and co-workers 

employed COF-foam synthesis reaction and graphene oxide to build 3D 

macro-architectures of GO@COF foams (Figure 1.10) by 3D-printing 

technology using a graphene oxide@COF-dough foams[94]. Graphene oxide, 

reduced graphene oxide[95], chitosan[96], and Pluronic F127[97] are examples of 

templates used for constructing macroscopic COFs. 
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Figure 1.10. (a) Schematic representation of the synthesis and 3D printing of COF-GO 

foams. The mixture of COF precursors, water, and graphene oxide forms a hydrogel, 

which is used for the 3D-printing. (b) Schematic representation of the partial frameworks 

of COFs. At this stage, we expect the formation of partial framework structures or 

oligomers in the 3D-printing ink. (c) (i, ii) The SEM image of 3D-printed millimeter-sized 

COF-GO foam grid with print resolution 0.7 mm and pore size ∼1.5 mm. (c) (iii, iv) The 

digital photographs of 3D-printed centimeter-sized COF-GO foam grid. (d) The 

precursors for COF-GO foam synthesis. (e) The space-filled model of TpBD COF. (f) (i) 

X-ray microtomography of 3D-printed TpBD foam. It shows the presence of macropores 

in the COF-GO foam; (ii) SEM image of TpBD foam monolith which displays the 

macropores in the matrix; and (iii) graphical representation of the macroporous foam. 

(g) (i) The digital image of 3D-printed self-supported nine pore COF-GO foam grid with 

the size of 2.3 × 2.3 cm and (ii) graphical representation of the nine pore COF-GO foam 

grid. Adapted from reference 94. 
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1.5.2.  Thin Film  

The simplest way to process the insoluble powder material is to compress it 

into membranes, but excessive pressure produces structural damage. To 

hamper it, an optimal balance between pressure applied and the porous 

network's fragility promotes aligning COF layers parallel, increasing stacking 

order as reported by Uribe-Romo[98]. However, the randomly oriented COF 

powder and non-optimal interface are not allowed a complete availability of 

COF moieties[99]. Thus, innovative strategies for fabricating COFs into thin films 

are highly required for their further practical applications. Methods that enable 

COF thin film fabrication can be divided into bottom-up and top-down. 

 Bottom-up methods 

The bottom-up methodology was the main strategy that allowed COFs to be 

deposited on substrates with a controllable dimension of thickness and 

surface.  

Four primary methods have been used to fabricate COF thin films on different 

interface or substrates; interfacial polymerization, solvothermal synthesis, 

synthesis under continuous flow conditions, and room temperature vapour-

assisted conversion.  

Various methodologies have been reported, in which the synthesis of single 

and few-layer COFs in ultra-high vacuum was achieved by evaporating the 

building blocks and polymerizing over a metal surface or graphene layer. For 

example, the growth of COF films on single-layer graphene via bottom-up 

strategy under solvothermal conditions showed an improved crystallinity due 

to the high preferential orientation towards lying with the stacking direction 

perpendicular to the substrate over COF-powders, which are ideal for organic 

device applications[100]. However, fragile monomers that are sensitive to harsh 

conditions employed in solvothermal synthesis need an alternative method in 

mild conditions. Thus, Bein and co-workers reported a mild condition vapour-

assisted conversion to solve this issue to construct COF thin film with fragile 
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precursors and on sensitive substrates. The procedure consisted of a mixture 

of monomers drop-casted on a glass substrate, followed by putting the 

substrate in a desiccator with a mix of mesitylene and dioxane. Notably, 

concentration and droplet volume can be controlled the thickness. The 

thickness of the COF thin films could be reduced to 300 nm[101]. 

Further evolution of the control over film growth can be achieved by flow 

synthesis[102]. The setup consists in a thermostatic chamber in which a solution 

of the different monomer flows through a tube of controlled dimensions against 

the substrate and later leaves the systems along its borders. This method 

provided a more uniform film and independently improved crystallinity and 

thickness by modifying the residence time and the total time of the experiment.  

The thin film's size is limited by substrate dimensions, so alternative methods 

are needed to obtain free-standing thin films with large areas. Thus, the 

synthesis of large-scale thin films is allowed by an interfacial strategy that is 

consisted of the reaction between different monomers at a confined interface 

area, where is guided the growth of the thin film in one direction. Three types 

of interfaces have been used i.e., liquid/air interface, liquid/liquid interface and 

liquid/liquid/gel triphasic interface. Nevertheless, it is challenging to 

demonstrate the structural order in such thin materials, and only STM images 

provided proof of linkage formation[103].  

Recently, Zhikun Zheng and co-workers developed a novel synthetic 

procedure to obtain 2D-COF oriented thin films at the liquid/air interface. To 

obtain large single crystalline domains poly(sodium 4-styrenesulfonate) (PSS) 

was spread at the air-water interface. PSS guided the assembly of the 

protonated building blocks 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-

porphyrin (TAPP), their polymerization and crystallization with 2,5-

dihydroxyterephthalaldehyde (2,5-Ph). Monomer TAPP was protonated by p-

toluenesulfonic acid monohydrate (PTSA), and electrostatic interaction 

between PSS and TAPP guided the ordering and accumulation of the TAPP. 

However, another important key factor was ethanol concentration which 

increase the solubility of (2,5-Ph) and decrease surface tension of water 
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facilitating diffusion and assembly of molecular species. Thus, preorganized 

monomers under PSS and their diffusion were showed to be responsible for 

the formation of 2D-COF oriented thin films. 

For liquid/liquid interfacial polymerization, two non-miscible liquids are 

employed to make the interface at the intersection. For example, Dey and co-

workers successfully developed a novel synthetic method to grow β-

ketoenamine large-scale thin films COFs at the interface of 

water/dichloromethane. The catalytic agent of the reaction, PTSA, protonates 

the amine-containing water solution while aldehyde is enclosed in the 

dichloromethane solution. Since neither the aldehyde is soluble in water nor 

the protonated amine in dichloromethane solution, the reaction is limited at the 

interface. The precursors' concentration modulates the film's thickness and 

can be as thin as 50 nm. Also, COFs thin film can be easily transferred to 

arbitrary substrates where the crystalline structure and its physical shape are 

retained[104].  

Finally, a liquid/liquid/gel triphasic system using hydrogel generated another 

type of strategy (Figure 1.11). When a hydrogel is submerged in oil, drops of 

water are added to the system, and a superspreading water layer is formed. A 

thin film was created by loading one of the monomers in the gel and dissolving 

the other in the oil phase. Thin film thickness was adjusted varying the 

concentration of the building blocks, thickness was in the range of 1.8 and 200 

nm. Notably, mechanical properties of thin films were measured since they 

could be transferred to silicon substrates patterned with holes, which permitted 

measuring them by nanoindentation[105].  

An alternative method organic/water interface employed Sc(OTf)3 to facilitate 

imine formation and limited the polymerization at the interface. Segregation of 

the catalysis, in which monomers stayed in the organic phase, and Lewis acid 

catalytic agent, in the water phase, enable a site-selective polymerization 

providing a thin film at the interface[106].  
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Figure 1.11. a) Chemical structures of DHTA, TTA, and COF-TTA-DHTA. b) Schematic 

for the fabrication of thin COF film at hydrogel surfaces based on the confined 

superspreading water layers under oil. a) Chemical structures of DHTA, TTA, and COF-

TTA-DHTA. Adapted from reference 105. 
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 Top-down methods 

Unlike the bottom-up strategy, the top-down method requires the obtention of 

free-standing single or few layered COF thin films from bulk materials instead 

of achieving from growing precursors on specific substrates or interfaces. 2D-

COF crystals are generally governed by two types of forces, the ones that 

maintain the structure of the layers, covalent linkages, and the interlayer 

interaction along the vertical direction of the layers, such as Van der Waals 

force and/or hydrogen bonding. The basis of the exfoliation process involves 

the breakage of π-π stacking interactions by internal or external force in the 

form of ultrasounds to separate COF layers without damage.  

Inspired by the successful exfoliation of graphene[107] and recently other 2D 

materials such as antimuonium[108] and black phosphorous[109], Berlanga and 

co-workers obtained for the first time delaminated covalent organic nanosheets 

(CONs) by simple sonication of bulk laminar COF-8 in dichloromethane The 

thickness, measured with atomic force microscopy (AFM), of the CONs was 4 

nm corresponding to approximately ten layers[110]. The most used methods for 

COF exfoliation are liquid phase exfoliation (LPE) and micromechanical 

exfoliation (MME). The liquid phase exfoliation method profits from the solvent 

trapped between the flakes by ultrasounds producing delamination of the bulk 

material. The main drawbacks of LPE are the large amounts of defects, and 

low yields obtain.  

In contrast, mechanical exfoliation (MME), or the so-called Scotch tape 

method, is consisted of crystal delamination using adhesive tape. The most 

famous example was graphene, which was first isolated by Geim and co-

workers in 2004 using the Scotch tape method[111]. The process can be done 

several times to reduce the thickness of the layers formed.  

In the case of polycrystalline materials MME may not be the most efficient 

method, and mortar or ball milling can be used. Both approaches are 

interesting to achieve exfoliation with less damage. However, it presents 

several essential drawbacks, such as the insufficient yield and the high cost; 

thus, it is not technologically applicable. Examples of COF crystals suitable for 
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MME have not been reported. Nevertheless, exfoliation by mechanical grinding 

in the presence of a few drops of solvents generated CONs that retain some 

crystallinity, and their thickness range was about 3-5 nm (10-15 layers)[112]. 

Novel strategies try only to disturb π-π stacking interaction by chemical 

exfoliation such as post-synthesis modification or protonation of the 

framework[113]. Dichtel and co-workers reported a scale-up method for 

exfoliating of imine-based COFs in an acid medium[114]. The exfoliation process 

consisted of a chemical disruption of stacking interaction by protonating imine 

bond with trifluoroacetic acid (TFA) that enabled dispersion into organic 

solvents but affected the crystallinity and porosity of the COF. After stirring with 

a different solvent mixture to remove TFA, the exfoliated solid was isolated in 

the first step by centrifugation and then dried by vacuum. When the exfoliation 

suspension was deposited onto a silicon wafer and was air-drying, a 

continuous thin film was formed. The resulting thin films had a thickness of 

about 400 nm (Figure 1.12). Notably, the film can also be delaminated from 

silicon wafer achieving a free-standing thin film that can be transferred to any 

desired support. Thus, acid exfoliation can be leveraged as a powerful strategy 

to process imine-based COF powder into real applications. 
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Figure 1.12. a) Overview of the acid‐exfoliation and film‐casting procedures. 

Protonation of imine‐based COF powders results in electrostatic repulsion between 

adjacent layers, which induces rapid exfoliation of the powders into thin sheets upon 

stirring. Suspensions of exfoliated COF sheets were deposited onto substrates and 

dried into thin crystalline COF films. b) Pore structure of the BND‐TFB COF. c) AFM 

image of the edge of a 400 nm thick film and photographs of a film before and after 

delamination with reagent alcohol. Adapted from reference 114. 
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1.5.3.  Particle and Nanoparticle Morphology 

COFs shaped into macroscopic objects, membranes or construction of thin 

films are not the only processing options to achieve some advanced 

applications. Nanosized or nanomorphology materials (Figure 1.13) with a 

modulable size and shape have drawn substantial attention from researchers 

to be more suitable for applications in catalysis, separation, sensing, drug 

delivery, energy storage, etc[115].  

The spherical shape is one of the simplest shapes. However, control over 

morphological size and diameter was not solved until Wende and co-workers 

recently reported a size-controllable synthesis of uniform spherical COFs from 

nanometer to micrometre scale by a simple approach at room temperature[116]. 

The as-prepared spherical COFs have a great surface area, crystallinity, and 

chemical/thermal stability. The formation procedure involved mixing the 

building blocks with acetonitrile (ACN) and acetic acid (AcOH) solutions. The 

result indicated that the spherical COF size can be controlled with the amount 

of AcOH. An alternative modification of the spherical morphology was the 

hollow spheres, which was demonstrated to be achievable under solvothermal 

conditions thanks to Ostwald ripening of initially formed spherical aggregates 

of COF crystallites[117].  

Moreover, anisotropic morphologies of COFs can be prepared, for example, 

hollow tubular COFs. The construction mechanism used zinc nanorods as a 

template to grow the organic framework[118]. Once the composite material was 

achieved, zinc was removed by an etching reaction with aqueous acid, so the 

fabrication needed acid-stable COFs. 

Pushing the size limit down, our group recently reported a one-pot synthetic 

procedure that yields stable aqueous colloidal solutions of sub-20 nm 

crystalline imine-based COF particles at mild conditions. Further, this method 

can be used to process the colloidal solution into 2D and 3D COF shapes as 

well as to generate a COF ink that can be directly printed onto surfaces[42c].  
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Figure 1.13. Transmutation of COF morphologies to their dimensionalities such as a) 

0-D (COF microspheres) to 1-D (COF nanofibers) via dissolution–recrystallization of 

COF crystallites. b) 1-D (COF nanofibers) to 2-D (COF thin films) during interfacial 

crystallization. c) 0-D (COF nanospheres) to 2-D (COF thin films) via mesoscale 

covalent self-assembly. d) 0-D (COF nanospheres) to 1-D (COF nanofibers) to 2-D 

(COF thin films) at the solid–liquid interface; and e) 1-D (fibers) to 2-D (COF sheets) to 

3-D (COF membranes) via slat-mediated slow baking of molecular building blocks. 

Adapted from reference 115. 
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1.5.4.  Hybrid materials 

Apart from shaping and morphological control, another processability method 

involves combining different materials or COFs with additional functionalities 

that may result in synergistic effects. Relevant examples in which features are 

greatly enhanced such as electrical conductivity, gas selectivity or modification 

of the growth orientation, were reported. For instance, synthesized COF in π-

conjugated carbon as carbon nanotubes (CNT) avoided COF accumulation 

and increases structural order thanks to nanotube structural configuration[119]. 

Moreover, the covalent interaction with CNT enlarged the composite's π-

conjugation system and increased its electrical conductivity and 

electrochemical sensing application.  

A standard strategy is to achieve hybrid materials by covalent bonding, so a 

functionalization of the surface is required. However, hybrid materials can also 

be driven by non-covalent interactions. Additional hybrid materials can be 

prepared using these approaches with alumina oxide (Al2O3)[120], silica[121], and 

MOFs[122]. For example, NH2-MIL-68@TPA-COF, the first reported 

MOF@COF core-shell hybrid material[122b], was an effective visible-light-driven 

photocatalyst for degrading organic pollutants. The pristine MOF, NH2-MIL-68, 

with a rod-like morphology, was functionalized with tris(4-formylphenyl)amine 

(TFPA), and obtaining NH2-MIL-68(CHO) that still maintained a similar 

morphology. Next, condensation between TFPA and tris(4-

aminophenyl)amine (TAPA) in a mixture of NH2-MIL-68(CHO) yielded the 

MOF@COF core-shell hybrid material. Compared to NH2-MIL-68, the 

MOF@COF core-shell exhibited better photocatalytic activity, about 1.4 times 

more. This rise activity of the hybrid material compared with the pristine MOF 

could be associated to a better BET surface area, jointly with the lower band 

gap compared to the. 
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1.5.5. Membranes 

The most common processing method of COFs is the fabrication of 

membranes. Although the thickness is higher than thin film, COF membranes 

have exhibited many advancements in separation applications by their easy 

operation, low cost, and environmental friendliness production[123].  

Classification by the components, membranes can be divided into two major 

types: mixed matrix membranes (MMMs) and pure membranes. 

Preparing the MMMs can be as simple as blending the porous fillers into a 

polymeric matrix solution. In an innovative work, Banerjee and co-workers 

prepared a suspension of spherical flower-like COF nanoparticles, which was 

incorporated in a polymer matrix (PBI-Bui) to fabricate a self-supported hybrid 

membrane. The organic nature of COF nanoparticles and the H-bonded 

interaction between them and benzimidazole groups of PBI improved 

composite matrix's permeability. This way, the membranes displayed flexibility 

and a high degree of thermal and chemical stabilities, requisites indispensable 

for real-life applications[124]. 

The casting methodology can involve a previous process of exfoliation, 

mechanical grinding, or morphological shaping to enhance the diffusion into 

the polymer matrix. Another method to fabricate MMMs is covering porous 

support with COF layers. For example, a suspension of COF nanosheets, 

previously exfoliated, was mixed with graphene oxide and filtered through a 

cellulose acetate support. The filtration procedure restacked graphene oxide 

layers and COFs due to the higher interactions of graphene oxide, covering 

the cellulose acetate filter. As the number of restacked layers increases, the 

interlayer passages became narrower and more twisted. As a result, tunable 

separation performance can be obtained using this restacking method[125]. 

The polymeric matrix mixture hindered the pore surface potential of COFs for 

membrane separation, so alternatives strategies to COF membrane blending 

fabrication are based on directly growing into the surface of a support. Taking 

advantage of this strategy, Caro and co-workers prepared a continuous-high 
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quality COF membrane supported on commercial ceramic tubes[120]. A 

previous functionalization with an amino group is needed, and then a layer of 

the aldehyde building block reacted, forming an imine bond. The tube modify 

was used for dye removal from water. This method can be extended to 

fabricate continuous COF bilayers on a flat alumina porous substrate[126]. After 

the functional modification of the substrate, the first synthesis of COF-LZU1 

was carried out, then amino group unreacted on the surface of the COF-LZU1 

acted as supported for ACOF1 formation. The interlaced pore of COF-LZU1-

ACOF1 membrane performed a great gas separation process due to its 

appropriate size range.  

In contrast to MMMs, free standing COF membrane can also be prepared by 

processing them without any support or polymeric matrix. The important key to 

achieve a COF membrane is related to its mechanical properties. An 

outstanding example was reported by Banerjee and co-workers, in which they 

used the method aforementioned called terracotta process. COF membranes 

were prepared (Figure 1.14) using PTSA as catalytic agent forming a dough, 

which was processed into a membrane using knife casting before baking[45]. 

The baking process was critical to evaporate the byproduct water and give rise 

to the porous ordered framework structure. A variety of β-ketoenamine linked 

COF membrane can be prepared with terracotta-like process, which exhibited 

notably mechanical properties, e.g., flexibility.  

More recently, Jiang and co-workers developed a solution-processing method 

in which large-area COF membranes are fabricated by exposing an 

amorphous polymeric membrane to a monomer exchange process under 

solvothermal conditions[52]. Control over the thickness and the facile fabrication 

of COF membrane made the disorder-to-order transformation strategy a 

fascinating method to consider. 
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Figure 1.14. Schematic of COF membrane formation. Adapted from reference 45. 

 

 

1.6. Potential Applications 

As aforementioned, bulk COFs are usually synthesized as an insoluble powder 

solid which hinders their performance owing to their poor processability. 

Although novel processability methods facilitate extending their potential 

applications, the display of excellent and diverse properties does not enable a 

competitive performance or durability compared with commercial materials. 

Few examples of COFs have been proved in actual applications or devices 

since the novelty of the processing method hampers their maximum 

performance. Developing innovative synthetic strategies and investigating the 

fundamental mechanisms and processing effects is significant as a 

prerequisite for device fabrication.  

Nevertheless, some of the most remarkable examples present below show the 

vast potential applications of COFs in the most severe problems that are facing 

the world, such as energy shortage, molecular separation, gas separation and 

water purification. 

For example, COF thin films are considered a promising candidate for energy 

storage applications due to their high surface areas, ultrathin thickness, and 

functional sites. In that sense, Bo Wang and co-workers developed an 

Free-standing 
COF membrane
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anthraquinone-based COF (DAAQ-TFP-COF) (Figure 1.15a) cathode for 

lithium-ion batteries[112a]. To further reduce the ion transport path, a 

delamination strategy by mechanical milling method produced nanosheets with 

smaller sizes and with approximately 5 nm thickness. The electrochemical 

studies revealed that its kinetics are controlled by charge transfer and the 

redox process took place at the surface. In contrast, for the bulk COF with 

multiple layers, in which the kinetic is governed by Li-ion diffusion, and its 

active sites were not fully used. For that reason, the exfoliation strategy 

enhances (Figure 1.15b) COF performance in the battery showing a specific 

capacity of 210 mA h g−1 with an excellent 98% capacity retention at 20 mA g−1 

and even under fast charge−discharge cycles (500 mA g−1) with a 74% 

retention.  

Fan Zhang and co-workers reported another interesting example related to 

electrical energy storage. An olefin-linked COF (Figure 1.16a) via Knoevenagel 

condensation with a unique nanofibrous morphology and a fully conjugated 

network was assembled on a single-walled carbon nanotube (SWCNTs). To 

prepare flexible thin film electrodes from the hybrid material, a vacuum-filtrated 

process through polytetrafluoroethylene (PTFE) membrane filter was 

realized[127].The planar and fully conjugated triazine core introduced into the 

framework created an uninterrupted π-electron delocalization over 2D direction 

notably essential to achieve excellent electrical conductivity. Furthermore, the 

assembly with SWCNTs and nanofibrous morphology resulted in a thin film 

with incredible mechanical strength and flexibility.  

Given the successful obtention of the flexible thin film an interdigitated 

electrode was constructed using vacuum-filtrated process to fabricate a 

microsupercapacitor (MSC). The COF-based MSC offered areal capacitances 

of up to 15.2 mF cm-2, high energy densities of up to 7.3 mWh cm-3, and 

remarkable rate capability, which are among the highest values of reported 

MSCs (Figure 1.16b). 
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Figure 1.15. a) Chemical Structures of DAAQ-TFP-COF, DABQ-TFP-COF and 

TEMPO–COF. b) Schematic Illustration for the Exfoliation of 2D Redox-Active COFs 

into Exfoliated COFs as Cathodes for Lithium-Ion Battery and c) Adapted from 

reference 112a.  
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Moving onto the molecular separation process, efficiency, cost-effectiveness, 

energy consumption, and sustainability are essential in industrial protocols. In 

this regard, COF thin films or membranes will have a complete potential 

application when researchers can profoundly exploit their pore surface 

engineering. An important example was reported by Wang and co-workers in 

which a hydrophilicity gradient effect was incorporated into the pore matrix 

within the mesoporous nanochannel, which ensures increased water 

purification performance during desalination[128]. The thin film has been treated 

with an alkaline solution for different durations. With time, the imine linkage 

decomposes to amine and aldehyde initial monomers (Figure 1.17a), thereby 

increasing the defects. The gradient defects from the surface to the inner core 

result in a hydrophilic gradient and enhance the wettability (Figure 1.17b). 

Nevertheless, the thickness and surface of the thin film remain undamaged 

during the process. The purification operation resulted in a high-water flux of 

220 L m-2 h-1 with an almost 100 % of NaCl rejection at 0.16 bar. The thin film 

also showed a great performance against pollutants such as sodium dodecyl 

sulfate (SDS). 
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Figure 1.16. a) Synthesis and structure of g‐C34N6‐COF; b) View of eclipsed AA‐

stacking model of g‐C34N6‐COF and c) Interdigital electrode. Adapted from reference 

127. 

 

Biocompatible COFs are another fascinating direction for the study that lacks 

extensive studies of framework toxicity and stability. However, the network 

periodicity, high surface, and long-range order of COFs are favorable to 

achieve high loads and simple transport of therapeutic agents. Current studies 

confirmed potential application of COFs as drug carriers with high loading 
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efficiency, and low toxicity. Thus, using COFs for cancer treatment in vivo as 

tumour-targeted delivery of anticancer agents is very attractive. However, 

COFs are only evaluated by in vitro analysis. In this regard, Jia and co-workers 

developed water-dispersible COF nanocomposites named as PEG-

CCM@APTES-COF-1 that consisted of assembling between a polyethene-

glycol-modified curcumin derivative (PEG-CCM) with an amine-functionalized 

COF (APTES-COF-1)[129]. PEG-CCM effectively improved the biocompatibility 

of the COF nanocomposites and extend the blood circulation time. After 

exposed to acidic environment presented in tumors the biodegradation of 

APTES-COF-1 was triggered and drug delivery is released. In vivo anticancer 

studies showed the highest tumor growth inhibition compared with other drug 

delivery agent. 
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Figure 1.17. a) Engineering functionality gradient in COF created by competitive 

reversible covalent bonding. b) Comparison of different water transport channels in 

traditional hydrophilic and hydrophobic membranes, a pristine COF membrane and a 

defect-engineered COF membrane during MD processes. Adapted from reference 128.  
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1.7. Closing remarks 

After 17 years since COF discovery, a new stage of novel synthesis and 

processing procedures has opened before our eyes. The examples presented 

show the crucial role of engineering shaping and processing of COF materials 

to upgrade their properties and potential applications without losing the focus 

on reaching the industrial scale.  

This Ph.D. work aims to study alternative synthesis and processing methods, 

researching more sustainable production processes, their processing into 

macroscopic materials and preliminary studies of their use in different 

applications. 
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1.8. Objectives 

The Ph.D. thesis's principal goal is to design alternative synthetic reaction 

pathways for imine-based COFs, allowing us to process them into macroscopic 

objects upgrading their potential applications  

The first objective is to prepare imine-based COF in water, looking for a non-

harsh synthetic reaction and avoiding harmful organic solvents. To find the 

optimal conditions, we will study and adjust the parameters involved, such as 

amount of catalytic agent, concentration, and pH, to obtain good grades in 

crystallinity and porosity and high reaction yields. We will evaluate the 

production in temperatures below 35 °C or by using microwave heating to try 

to reduce the reaction time.  

We will also study the engineered shaping of COFs by a sol-gel method under 

mild conditions without requiring any binders and/or high pressures. We will 

target the development of low density macroscopic aerogels from COF-gels by 

using supercritical drying activation. Then, by the commonly spectroscopic and 

microscopic techniques, we will characterize the structure and morphology of 

these aerogel materials. In addition, we will evaluate the mechanical behavior 

of this novel morphology, COF-aerogels, which we also expect to have an 

outstanding adsorption capacity due to the combination of differently sized 

pores. 

Finally, these COF-aerogels will be employed as proof of concept to fabricate 

large-scale free-standing pure COF-membranes by compression. We will test 

their properties, such as crystallinity, porosity and mechanical properties, and 

will focus on their potential use for gas separation.  
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Chapter 2. Results and 
discussion 

 
2.1. Overall summary 

After 17 years since COFs were discovered[1], this ordered porous organic 

material represents a new field of swiftly growing chemical research that brings 

direct insight from dynamic covalent chemistry, translated to the 

supramolecular level. The successful synthesis of 2D and 3D structures with 

an extended and highly ordered framework moved the dynamic reticular 

chemistry of COFs beyond an extensive library of designs to new concepts 

and methodologies, highlighting the feasibility of prospective applications[2]. 

However, real applications are limited, so the necessity of alternative synthesis 

protocols that avoid solvothermal conditions followed by synthesis pathways 

that allow solving the significant issues to transfer from the laboratory to the 

industry is essential. In this PhD work, we have studied alternative COF 

synthesis procedures and carried out engineering shaping and processing 

methods to expand its potential application in water-contaminant and gas 

separation  

The typical reaction to obtain COFs is produced by Schiff-base chemistry, e.g., 

imine-based COFs, which is developed primarily due to its chemical 

robustness. Given the great potential of this novel porous material, creating 

more sustainable procedures will be highly desired. The general process to 

make imine-based COFs requires using solvothermal conditions (high 

temperature and pressure at vacuum), commonly in a sealed Pyrex tube.  

Thus, the solvothermal procedure is unsuitable for industrial scale so, 

exploring greener synthesis procedures have drawn great attention to 

adjusting synthesis conditions toward industrial requirements. A recent focus 

in COF research is the discovery of novel synthetic reaction conditions which 

use non-hazardous organic solvents. However, few examples of green-
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alternative syntheses with lower energy/cost that avoid contaminant solvents 

were reported[3].  

Consequently, water-based synthesis is one of the most remarkable 

procedures to achieve an environmentally friendly and industrially suitable 

scale. Examples of water-based synthesis protocols have been limited to 

synthesis of β-keto-enamine-based-COFs[4]. Thus, the lack of hydroxyl groups 

in the aldehyde monomer hinders this procedure. Hence, a general synthetic 

protocol is needed to synthesize other COF groups such as imine-linked 

COFs. Thus, our research group tried to prepare a simple protocol to 

synthesize imine-based COF in water using a limited amount of acetic acid at 

relatively low temperatures for five days. The resultant imine-based COFs had 

excellent yields, high crystallinity, and porosity. Moreover, we observed that 

the pH value was one of the most critical factors influencing the synthesis 

protocol. After reproducing its water synthesis at several pH values from 2 to 

4 by adjusting the amount of acetic acid, we noted dependence of imine-

condensation with pH noted in the reaction yield  

The reaction that obtained COF maximum yield was at a pH value of 2.4. We 

attributed the change of reaction yield to the degree of protonation of the 

amine-monomer (TAPB) in the aqueous medium since the solubility of TAPB 

was pH dependent. However, lowering the pH beyond the needed for complete 

solubilization at 2.4 units of pH results in complete inhibition of the reaction, 

with no solid precipitation from the reaction mixture. This agreed with other 

works in that TAPB at pH 2 has only protonated amine groups that cannot act 

as nucleophiles, so the monomers' condensation reaction cannot be triggered 

because that reaction is based on a nucleophilic attack[4]. 

Additionally, microwave synthesis was achieved with the obtention of a highly 

crystalline material in 5 hours to reduce the long-time reaction. Nevertheless, 

despite the environmental advantage of using an aqueous reaction medium, 

the amount of water used was too large to be translated into a large-scale 

synthesis. For that reason, we started looking for other more reasonable 

synthesis alternatives. 
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Notably, it is well known that acetic acid is one of the most used catalytic 

agents to obtain COFs, so continuing our research with less-toxic solvents than 

the typical 1,4-dioxane, we tried to use it as a reaction solvent. As expected, 

the reaction was carried out quickly due to catalytic excess, creating multiple 

nucleation points that interact with each other yielding a macroscopic structure 

in which the trapped solvent is part of it, a gel. The mixture between building 

blocks forms a gel already reported in COF with other organic solvents such 

as dimethylsulfoxide (DMSO) and m-cresol but with a lower time of reaction[5].  

Our group further synthesized three structures to confirm the reproducibility of 

different imine-based COFs structures. It is essential to mention that all the 

reactions took place at room temperature. Additionally, we could achieve a 

solid powder after the solvent exchange process, to remove unreacted 

monomers, and air-drying activation. However, the gels shrunk and cracked 

during air-drying activation. The porosity study of these powders showed a 

significant reduction of surface area compared with the solvothermal 

counterparts. Thus, supercritical activation was performed to maintain the 

shape and avoid the collapse of porosity. This mild drying method allowed us 

to displace the solvent inside the gel and protect the macroscopic structure 

without any modification due to the lack of capillary forces during the 

supercritical fluid phase transition to gas. As expected, after supercritical 

activation a COF-aerogel was obtained (Figure 2.1).  
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Figure 2.1. Top: The synthesis of hierarchical COF aerogels via sol-gel processes, 

comprising: i) mixture of the molecular building blocks in AcOH; ii) formation of the COF 

gels; and iii) solvent exchange and supercritical CO2 activation. Bottom: 

Representation of the COF aerogel synthesis followed in this work, using TAPB-BTCA-

AGCOF (photograph) as a representative example of a macroscopic aerogel monolith. 

Scale bar: 0.5 cm. 

 

The subsequent characterization by powder X-Ray diffraction (PXRD) 

confirmed the structural order of the COF-aerogels, and the posterior porosity 

study showed a high surface area with hierarchical distribution of the pore size. 

Additionally, the SEM images corroborated the sponge-like morphology of 

these COF-aerogels (Figure 2.2a), growing by a layered network which 

created a broad pore size. It is essential to highlight that it is the first shape 
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macroscopic structure created by 2D layers without using a template or binder 

with an extremely low density, 0.02 g cm-3 (Figure 2.2b). 

 

 

Figure 2.2. a) Scanning electron micrographs, b) the aerogels reported here have 

extremely low densities, as illustrated by this photo of a chunk of monolithic COF 

aerogel resting on top of dandelion hairs, c) monolith photographs.  

 

Instantaneous gel formation permitted us to modulate its shape, relying on the 

mold of reaction. This engineering shaping of COF-aerogel into monoliths 

(Figure 2.2c) allowed us to measure its mechanical properties and understand 

the relation between framework structure and mechanical behavior. Thus, we 

evaluated their mechanical strength through uniaxial quasi-static compression 

tests. All monolith samples showed partial recovery, even at maximum 

deformation. Monolith behaved elastically below 25 % to 35 % strain. After that, 

plastic compression was observed up to a maximum deformation of 90 %, but 

without exhibiting failure.  
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To evaluate COF aerogel compressive curves, we compared them with the 

typical behavior of an elastomeric foam, in which three regions can be 

observed. However, we only observed two regions in the monolith 

compressive curves test. The Hookean region or first region, which is related 

with cell-wall bending, did not appear. Thus, aerogel monolith deformation is 

almost totally dominate by the second region or plateau and the third region. 

The second region corresponds to linear elasticity at low pressure and is 

related to elastic buckling of the wall. Nevertheless, when the cells are almost 

completely collapsed the stress rises steeply and produces the densification of 

the COF aerogels, the third region. The disappearance of the Hookean region 

can be explained by the low density of the samples[6].  

After mechanical evaluation we hypothesized that the porous aerogel 

microstructure, built by 2D sheets, had a stochastic distribution of widely and 

loosely connected cavities. Moreover, we suggested that framework unit cell 

rigidity and flexibility, which are determined by the density of covalent bonds, 

strongly dominate the mechanical behavior of our COFs. However, the 

reduced number of COF aerogels samples hinders the verification of this 

hypothesis. 

Considering our COF-aerogels' hydrophobicity and high SABET, we studied 

their performance as oil scavengers using toluene as proof of concept. After 

that, we showed that COF- aerogel had an excellent uptake capacity even in 

the range of other carbonaceous aerogel-type adsorbents. Notably, our COF-

aerogels can remove 99 % of toluene in less than 1 min. Additionally, we 

evaluated the regeneration in ten consecutive cycles of removal, and 

remarkably, COF-aerogels maintain their toluene-uptake capacity over the 

cycles. 

Regarding COF aerogels features such as low density, high crystallinity and 

porosity, good mechanical properties, and its possibility to shaping into 

macroscopic structures, we thought about processing them into another 

macroscopic object to study their performance as a hybrid material or 

membrane. Firstly, taking advantage of the minimalism of the COF-aerogel 
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fabrication procedure and our control over the sol-gel reaction we proceeded 

to the incorporation of nanomaterials before gelation, creating novel hybrid 

materials. Hence, as a proof-of-concept, we incorporated Fe3O4@rGO 

particles, which are magnetic and electrically active, into the aldehyde solution 

and next we mixed it with the amine. The resultant monolith composite showed 

similar PXRD patterns and morphology distribution, confirming that its 

synthesis had not been affected by the nanoparticles. Notably, we studied the 

magnetic properties by exposing them to a magnet, showing a rapid attraction 

to it. We demonstrated that the combination of aerogel features with additional 

functionalities of the integrated nanomaterials can generate a synergetic effect 

and it opens new fields of applications in energy storage or gas separation. 

Next, we evaluated another processing, in this case as a membrane. Previous 

precedent for COF membrane fabrication suggested that an optimal 

compression pressure can provide a free-standing membrane. Moreover, 

samples resulting from uniaxial quasi-static compression tests showed a 

densification without failure. Thus, we tried to fabricate COF membranes from 

COF-aerogel by a compression method. For that, COF aerogels were gently 

broken into small pieces (1-3 mm) in the presence of AcOH. Finally, it was 

pressed (120 MPa for 5 min) to produce a free-standing membrane (Figure 

2.3a).  

Indeed, the PXRD of the COF membrane exhibited good crystallinity compared 

with their aerogel counterparts. Notably, studies of transmission PXRD 

(perpendicular) display a slight increase in the intensity of the corresponding 

(hk0) peaks. We attributed this behavior to a certain degree of preferred 

orientation. Nevertheless, it is considerably lower than those observed for 

other imine-based COFs[7]. 

On the other hand, the thickness of these COF-membranes was measured by 

SEM, with a range of 50-60 µm (Figure 2.3c). The lower density of COF-

aerogels compared with COF-powder counterparts allowed us to obtain thinner 

membranes[8]. Moreover, SEM images revealed the formation of continuous, 

homogeneous, and compact COF membranes (Figure 2.3b).  
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Figure 2.3. a) Photographs of COF membranes, SEM micrographs of b) surface and c) 

thickness. 

 

Furthermore, membranes' surface roughness and mechanical properties were 

also measured by atomic force microscope (AFM), using WSxM software for 

acquisition and analysis[9]. We evaluated the mediation of AcOH added before 

compression, so we tested Young's moduli of the COF membranes with and 

without AcOH. Our hypothesis suggested that the interaction between AcOH 

and the unreacted groups at the edge of the COF-nanolayers increased their 

mechanical properties. A similar tendency was observed with the pore size, in 
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which the enlargement is correlated to the framework's fragility, as observed 

in the COF-aerogels, due to the decrease of covalent bond density.  

Permanent porosity was evaluated by N2 gas adsorption experiments at 77 K. 

The isotherms were very similar to their COF-aerogels counterparts. However, 

SABET confirmed a loss of porosity due to the densification. This behavior was 

not unexpected, since a "gate-closing" effect could occur after membrane 

formation. To fully complete the porous characterization of this COF 

membrane, we also measured the adsorption capacity of CH4 and CO2 at 

several temperatures, showing a good uptake of each gas molecule. 

Once they demonstrated their good mechanical properties, positive uptake, 

and porosity, we evaluated gas permeation properties of the COF membranes 

with single gases and mixtures at 298 K and under 1 atm of transmembrane 

pressure (Figure 2.4a). The results obtained for microporous structures were 

higher than the corresponding ideal selectivity for separating CO2/CH4 and 

CO2/N2. Instead, a Knudsen diffusion phenomenon was observed for the 

mesoporous membranes with 3.2 nm of pore size, which is much larger than 

the diameters of gases. As expected, we observed a relation between capacity 

uptake and reduction of pore size in gas selectivity since a reduction of 

permeability produces an enhancement of time/interaction between the gas 

molecules and the framework, increasing the uptake capacity. Moreover, the 

presence of imine groups in the COF enhanced the capacity of CO2 adsorption, 

in which the nitrogen of imine bonds (Lewis bases) interacted with CO2 (Lewis 

acid). In contrast, these interactions are missing with the CH4 and N2 

molecules. When CO2 is adsorbed into the COF pore, it induced a co-

adsorption of additional CO2 molecules from the gas mixture giving rise to a 

pore size reduction that enabled the separation of CO2 vs CH4 and CO2 vs N2. 

Additionally, the presence of moisture enhanced its gas separation due to 

water adsorption, reducing gas permeability because of the strong affinity 

between CO2 molecules and water. As a result, compared with commercial 

materials (such as CA, PSf, PC and Matrimid), COF membranes showed 
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higher CO2 permeability and separation performance close to the 2008 

Robeson upper bond limits (Figures 2.4b and c). 

 

 

Figure 2.4. a) Representation of gas separation process and a photograph that 

illustrates the flexibility of COF membrane b) CO2/CH4 and c) CO2/N2 upper bound plots 

for all the three COF-membranes. 

 

To further realize a complete characterization, we tested the performance of 

our best COF-membrane (smallest pore size) to separate a mixture of 

CO2/CH4 at higher transmembrane pressure and under different temperatures. 

As transmembrane pressure and temperature increased, the gas permeability 

rose and gas pair selectivity decreased, indicating the presence of defective 

sites at the intercrystalline boundaries in the membrane that may form at higher 
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N2

a) b)

c)



Chapter 2. Results and discussion 

83 

pressure. Finally, we evaluated the long-term stability with moisture for more 

than 120 h, showing a relatively steady separation performance. 

In summary, this Ph.D. thesis has focused on exploring alternative synthesis 

protocols and processing approaches to produce COFs. Thus, we have 

developed and optimized new procedures to obtain COF in more 

environmentally sustainable solvents such as water with high crystallinity and 

porosity in a simple process at mild conditions. Moreover, we can modulate 

the shape of COFs by sol-gel process to produce low density monoliths of COF 

aerogels and processing into free standing membranes by a simple 

compression method. COF-aerogels and membranes have demonstrated 

exemplary performance in various fields, such as oil scavengers and gas 

separation. Hence, the industrial application of these materials will generate 

an outstanding technological advance. Considering the results reported in this 

Ph.D. thesis, we envision that the following steps of this research could be 

studying scaled-up processes to pass from the laboratory to the industry. 
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Conclusions 

 

Conclusions 
 
The Ph.D. thesis has been centered on developing and optimizing alternative 

synthetic protocols to produce covalent organic frameworks and their 

processing. Two different procedures have been carried out: synthesis in water 

and a sol-gel synthesis that can be coupled with a processing method to 

fabricate membranes. As a proof-of-concept, we proved the potential use of 

the resulting materials in gas separation and oil-scavenger fields. 

The first work offered a one-step, greener alternative method to prepare imine-

based COF to avoid harsh synthetic reactions and harmful organic solvents. In 

this study, we found the optimal conditions to synthesize imine-based COFs in 

water, adjusting the parameters involved, such as the amount of catalytic agent 

(AcOH), concentration, and pH, to obtain good grades in crystallinity and 

porosity and high reaction yields. The reproducibility of this method was 

confirmed by preparing three structurally and chemically different imine-based 

COFs. Additionally, we evaluated the production in temperatures below 35 °C 

and used microwave heating which significantly reduced the reaction time. The 

results obtained in this work led to achieving a large-scale synthesis in water, 

offering an environmentally sustainable method that avoided the application of 

organic solvents, otherwise usually mandatory for COF synthesis. 

Intending to achieve a scale-up protocol to fabricate macroscopic objects of 

covalent organic framework, in the second work we reported a shaping 

protocol for imine-based COFs aerogels using a sol-gel method without 

requiring any binders and/or high pressures/temperatures. These macroscopic 

aerogels had particularly low densities and showed hierarchical porosity with 

total porosity values of ca. 99 %. After shaping them as monoliths, we 

evaluated the mechanical behavior of the COF aerogels, observing a particular 

relationship between mechanical properties and covalent bond density. 

Additionally, we studied their adsorption capacity, so we tested their oil uptake 

from an aqueous solution. To further explore the sol-gel method, we 

synthesized a COF aerogel/iron oxide nanoparticle composite with measurable 
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electrical conductivity and magnetism. This study opens a novel protocol to 

produce macroscopic objects of imine-based COFs with high porosity, low 

density, and outstanding mechanical properties. 

Finally, in the third work, taking advantage of the mechanical properties, we 

processed the COF-aerogels described above into large-scale free-standing 

COF-membranes by a compression method. Moreover, we evaluated their 

properties, such as crystallinity, porosity, and mechanical properties, showing 

preservation of the original COF-aerogel features and enhancing their 

mechanical properties, i.e., Young modulus and flexibility. Taking into account 

their mechanical properties, as a proof of concept, we tested COF membranes' 

gas separation performance for CO2/CH4 or CO2/N2 showing a good 

separation performance close to the upper bound limits. Therefore, once 

optimized, we believe this novel processing method opens new opportunities 

to produce large-scale COF-membranes with controlled size and thickness for 

several applications. 

In summary, covalent organic frameworks have been prepared by different 

approaches, providing greener novel protocols and processing methods to 

obtain these 2D materials in the form of COF aerogel and membrane with high-

quality crystallinity and porosity. Additionally, these materials have been used 

for oil uptake from contaminated water and gas separation, confirming their 

massive potential use. 
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Conclusiones 
 
La tesis doctoral se ha centrado en el desarrollo y optimización de protocolos 

sintéticos alternativos para producir redes orgánicas covalentes y su 

procesado. Se han llevado a cabo dos procedimientos diferentes: la síntesis 

en agua y en sol-gel además de un método de procesado para fabricar 

membranas. Como prueba de concepto, demostramos el potencial uso de 

estos materiales en los campos de la separación de gases y la captación de 

contaminantes orgánicos en agua. 

El primer trabajo ofrecía un método alternativo, de un solo paso y ecológico, 

para preparar COF basados en iminas, a fin de evitar el uso de reacciones 

sintéticas y disolventes orgánicos nocivos. En este estudio, encontramos las 

condiciones óptimas para sintetizar COF basados en enlaces imina en agua, 

ajustando los parámetros implicados, como la cantidad de catalizador (AcOH), 

concentración y pH, para obtener buenos grados de cristalinidad y porosidad 

además de altos rendimientos de reacción. La reproducibilidad de este método 

se confirmó mediante la preparación de tres COFs basados en enlaces iminas 

estructural y químicamente diferentes. Además, se evaluó la producción a 

temperaturas inferiores a 35 °C y se utilizó el calentamiento por microondas, 

lo que redujo significativamente el tiempo de reacción. Los resultados 

obtenidos en este trabajo permitieron lograr una síntesis a gran escala en 

agua, ofreciendo un método ambientalmente sostenible que evitó la aplicación 

de disolventes orgánicos, que de otra manera suelen ser obligatorios para la 

síntesis de COFs. 

Con la intención de lograr un protocolo de escalado para fabricar objetos 

macroscópicos de redes orgánicas covalentes, en este segundo trabajo, 

reportamos un protocolo de conformación de aerogeles de COFs basados en 

enlaces iminas utilizando un método sol-gel sin requerir ningún aglutinante y/o 

altas presiones/temperaturas. Estos aerogeles macroscópicos tenían 

densidades particularmente bajas y mostraban una porosidad jerárquica con 

valores de porosidad total de aproximadamente el 99 %. Después de darles 
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forma de monolito, evaluamos el comportamiento mecánico de los aerogeles 

de COF, observando una relación particular entre las propiedades mecánicas 

y la densidad de enlaces covalentes. Además, estudiamos su capacidad de 

adsorción, por lo que probamos su captación de disolventes orgánicos a partir 

de una solución acuosa. Para seguir explorando las posibilidades del proceso 

sol-gel, por ello, sintetizamos un compuesto hibrido de aerogeles 

COF/nanopartículas de óxido de hierro con conductividad eléctrica y 

magnetismo medibles. Este estudio abre un novedoso protocolo para producir 

objetos macroscópicos de COFs basados en enlaces imina con alta 

porosidad, baja densidad y excelentes propiedades mecánicas. 

Por último, en el tercer trabajo, aprovechando las propiedades mecánicas, 

procesamos los aerogeles de COF descritos anteriormente para convertirlos 

en membranas de COF en gran escala mediante el método de compresión. 

Además, evaluamos sus propiedades, como la cristalinidad, la porosidad y las 

propiedades mecánicas, mostrando la conservación de las características 

originales de los aerogeles de COF y mejorando sus propiedades mecánicas, 

es decir, el módulo de Young y la flexibilidad. Por lo tanto, teniendo en cuenta 

sus buenas propiedades mecánicas, como prueba de concepto, probamos el 

rendimiento de las membranas de COF en separación de gases para las 

mezclas de CO2/CH4 o CO2/N2 mostrando un buen rendimiento de separación 

cerca de los límites superiores. Por lo tanto, una vez optimizado, creemos que 

este novedoso método de procesamiento abre nuevas oportunidades para 

producir membranas de COF a gran escala con tamaño y espesor controlados 

para diversas aplicaciones. 

En resumen, se han preparado redes orgánicas covalentes mediante 

diferentes enfoques, proporcionando nuevos protocolos y métodos de 

procesamiento más ecológicos para obtener estos materiales 2D en forma de 

aerogel y membrana con una cristalinidad y porosidad de alta calidad. 

Además, estos materiales se han utilizado para captar la contaminación por 

aceites en agua y para la separación de gases, lo que confirma su enorme 

potencial de uso.
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0D: Zero-dimensional 

1D: Monodimensional 

2D: Two-dimensional 

3D: Three-dimensional 

AFM: Atomic force microscopy 

BP: Black phosphorus 

DFT: Density functional theory 

LPE: Liquid phase exfoliation 

NMP: N-methyl-2-pyrrolidone 

SEM: Scanning electron microscopy 

STEM: Scanning transmission electron microscopy 

STM: Scanning transmission microscopy 

TMDs: Transition metal dichalcogenides 

UV: Ultraviolet 

Vds: Drain-source bias 

vdW: van der Waals 

vdWE: van der Waals beam epitaxy 
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XPS: X-ray photoelectron spectroscopy 

XRPD: X-ray powder diffraction 
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