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Abstract

Abstract
Covalent Organic Frameworks (COFs) are materials formed through the
condensation of organic molecules and therefore made of light elements joined
by directed covalent bonds. This directionality in their linkages drives the
formation of ordered periodic networks. Over the last decade many different
bonds have been developed for the synthesis of these materials, being nitrogen
based COFs the more widely studied. Among these, the vast majority of them
are imine based and β-ketoenamine based. These two families of COFs while
sometimes very similar structurally had shown to possess very different
properties and performed very differently over the wide variety of applications
which has been used for. Thus, in this thesis a comparison between some
couples of isostructural β-ketoenamine and imine-based COFs will be
developed.
The first chapter will be an introduction to the state of the art of the COFs field.
This chapter will provide a wide general view of the many different aspects of
these materials such as their design, synthesis, properties, processing
methods used up to date.
In the second chapter of this thesis, the synthesis of two new imine and
β-ketoenamine-based COFs bearing pyrene moieties is described. These
materials show dramatic layer-packing-driven fluorescence in solid state arising
from the different three-dimensional arrangement of the pyrene units among
the layers depending on the nature of the nitrogen based linkage bonding the
COF.
The third chapter describes the processing of the two COFs of the previous
chapter through liquid phase exfoliation in water, and the different behaviour of
each material due to their different nature. The water colloid obtained from this
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studies is also tested as a chemical sensor versus some water pollutants such
as nitroaromatic derivatives and organic dyes.
In the fourth chapter, a new method for the synthesis of a β-ketoenamine COF
under mild conditions is reported. This material and an isostrucural imine-based
COFs are loaded with copper in two new metalation process taking advantage
of the gel nature in which both materials are obtained. These copper loaded
materials are tested as heterogeneous catalyst for 1,3-dipolar cycloaddition
reactions.

6

Resúmen

Resúmen
Los “Covalent Organic Frameworks” (COFs) son unos materiales formados a
partir de la condensación de moléculas orgánicas y formados por tanto por
elementos ligeros unidos por enlaces covalentes. Estos enlaces covalentes
poseen una direccionalidad que permite generar redes periódicas y ordenadas.
Durante la última década han sido muchos los diferentes enlaces que se han
desarrollado para la síntesis de estos materiales. Siendo los COFs basados en
enlaces que involucran átomos de nitrógeno los que mayor desarrollo han
experimentado. Entre estos los que caben destacar principalmente son los
COFs basados en los enlaces imina y β -cetoenamina. Estas dos familias de
COFs pese a ser muchas veces similares en estructura han demostrado
poseer unas propiedades diferenciadas y comportarse de forma muy diferente
frente a las diferentes aplicaciones para las que se han utilizado. Así, en la
presente tesis se lleva a cabo la comparación en propiedades y su
funcionamiento para diferentes aplicaciones tales como detección de
contaminantes o catálisis de varias parejas isoestructurales de COFS basados
en enlaces imina y β-cetoenamina.
El primer capítulo consiste en una introducción a la vanguardia en el campo de
los COFs. Este capítulo presentará una visión general de los muy variados
aspectos de estos materiales tales como su diseño, síntesis, propiedades o
métodos de procesamiento empleados hoy en día.
En el Segundo capítulo de esta tesis se describe la síntesis de dos nuevos
COFs basados en enlace imina y β-cetoenamina, que incorporan pirenos en la
estructura de su red. Estos dos materiales muestran una fluorescencia en
estado solida mediada por el apilamiento de sus capas. Este apilamiento
depende a su vez del tipo de enlace en que esté basado el material.
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El tercer capítulo describe el procesamiento de los dos COFs descritos en el
capítulo anterior mediante exfoliación en fase líquida en agua y la diferente
respuesta de estos materiales frente a la misma en función de la naturaleza de
sus enlaces. En coloide de COF en agua obtenido mediante este método es
además probado como sensor químico frente a varios contaminantes de agua
tales como compuestos nitroaromáticos o colorantes orgánicos.
En el capítulo 4 se describe un nuevo método de síntesis en condiciones
suaves para un COF basado en enlaces β-cetoenamina. A este material y a
su análogo isoestructural basado en enlaces imina se les introduce cobre
mediante dos nuevos métodos. Éstos involucran condiciones suaves y tratan
de explotar la forma gelificada en la que ambos materiales se obtienen en un
primer estadio de su síntesis. Los materiales una vez incorporado el cobre se
emplearon como catalizadores heterogéneos para una reacción de
cicloadición 1,3-dipolar.
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1
1.1

Introduction

Historical and Chemical Background

Porous materials have been used since the dawn of humankind. Ancient
Greeks, Romans and Egyptians used the adsorbent properties of wood, clay
and coal as recorded by Thales of Milet (600 B.C) or Aristotle (384 - 322 B.C.).
In fact, coal can be considered as the oldest synthesized porous material and
may had been used since prehistoric times1. These porous materials were used
for many following centuries without a solid theory and understanding behind
them. It was not until the XVIII century that Scheele in 1773, Priestley in 1775
and Fontana in 1777, independentrly, performed the first quantitative studies
on porosity. And yet another century would have to pass for the terms
adsorption, isotherm and isotherm-curve to be introduced by Kayser in 18812.
In between, another great milestone in the history of porous materials was
achieved when Cronstedt described for the first time a zeolite, naming these
materials in 1756, from the greek ζέω (zeo) meaning "boil" y λίθος (lithos),
"stone".3 From this year through all the XIX century, many authors described
zeolite materials until, in 1862, St. Claire Deville reported the first hydrothermal
synthesis method for obtaining a zeolite, levynite4. These discoveries occurred
alongside the improvement on the synthesis of activated carbons which finally
led to the first patent of industrial scale synthesis of Ostrejko in 1903.5 These
two classes of materials became widespread due to their outstanding
performance and properties such as low cost and high stability (either thermal
or chemical).
It was not until the very last years of the past century that another great advance
was made when the first molecularly designed materials, the metal organic
9
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frameworks (MOFs) were reported.6,7 MOFs are assembled from discrete
molecules, which gave the opportunity to tailor their pore sizes and
functionalities for a well-defined application. A huge variety of topologies and
architectures could be achieved through the proper selection of its building
blocks. These new materials rapidly caught the attention of the scientific
community and research on them sky-rocketed within a few years. Nowadays
MOFs are one of the widest developed research areas on chemistry.
Along with the development and growth on MOFs research, important efforts
were made trying to obtain some analogues made entirely of organic building
blocks linked whether by soft interactions such as hydrogen bond8 or strong
covalent bonds9. The hydrogen-bonded frameworks lack the reversible porosity
of MOFs, collapsing its structures when the solvent was removed. On the other
hand, covalent-bonded networks possess reversible porosity as MOFs, but
lacked its crystallinity and long range order being a Porous Covalent Polymer.
The first breakthrough on this topic was made by Yaghi and co-workers in
2005.10 They were able to synthesize COF-1 based on covalent boron-oxygen
bonds by self-condensation of phenyldiboronic acid. This new material
possessed high crystallinity and reversible porosity. Since then, many other
bonds, building blocks, architectures and functionalities have been used,
increasing the diversity and complexity of these materials11,12.
These groups of molecularly-designed materials (Metal Organic Frameworks,
Porous Covalent Polymers and Covalent Organic Frameworks) have been
used for many applications. Some of those, such as gas storage,13 separation14
or catalysis15, were expected because of their intrinsic porosity, having
ferocious competence with the classic porous materials, zeolites and activated
carbons16–18. Nowadays these classic porous materials possess outstanding
performances on this fields, since it has been enormously improved over the
years. But these new groups of materials have burst into many other
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applications19,

such

as

energy

storage,

water

treatment,

sensing,

optoelectronics and surely many others yet to be developed.
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1.2

Chemistry of COFs

Crystal growth is a thermodynamic process in which the constituents of the
crystal can assemble and disassemble from the crystallization nuclei while the
large periodic structure, crystal, is formed. This assembling-disassemblingreassembling process allows the structure to repair the defects in the structure,
avoiding then its propagation along the crystalline structure. This self-correction
mechanism is easily achievable for ionic salts and small organic molecules
since their crystalline structures are ruled by soft intermolecular interactions,
such as van der Waals forces, or ionic forces. This behaviour does not apply
when forming a fully covalent structure, since covalent bond strength is much
higher than intermolecular forces and occurs under kinetic control conditions
leading to irreversible bonding.
The tool to overcome this issue is the Dynamic Covalent Chemistry (DCC). In
DCC, the covalent bonds can be formed and broken in an equilibrium that
allows

a

materials

self-correction

mechanism

and

therefore

forms

crystalline

20,21

. The synthesis of COFs relies on this concept and the use of

dynamic covalent bonds under specific reaction conditions that allow this
reversibility.
Despite the great improvement in crystallinity that has been made through this
synthetic strategy, COFs are not perfectly crystalline materials. Their structure
is composed of both amorphous and crystalline domains. The lack of the latter
will be indicative of a highly defective material, which will not include the
targeted long-range ordered structure of the framework neither its desired
chemical environment on the pores.

1.2.1 COF Design
When designing a new COF, there are three major aspects that need to be
assessed: topology (includes concepts such as dimensionality, geometry, pore

12
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size or shape); chemistry of the linkages and chemical environment present in
the pore.
COF linkages
In the first place, the type of bond that will link the building blocks one to another
has to be selected. As was mentioned before, only those covalent bonds which
allow dynamic formation are accessible for us to use. Over the years, many
different dynamic covalent bondings have been developed19 and nowadays
these are the different linkages that could be used for a COF.
Boron – Oxygen
As aforementioned, the first COF was reported by Yaghi and co-workers10.
COF-1 was synthesized via self-condensation of boronic acid into boroxine
linkages. In this same paper, another COF-5 was reported too, being this one
linked by boronate ester resulting from the condensation of boronic acid with
alcohol groups10. Since then, many other COFs have been successfully
synthesized using this same B–O bonds 22–25, or new ones developed later such
as borosilicate COFs26 or spinborate COFs27,28.
The COFs synthesized using these bonds present strong thermal stability, but
they are very sensitive to hydrolysis due to the electronic structure of boron and
its empty orbital. This property make them bad candidates for applications
which imply working under moisture conditions29. They also need harsh
solvothermal synthesis conditions.
Boron – Nitrogen
In 2012, El-Kaderi and co-workers developed another boron linkage. This COF
was linked by borazine B–N bonds30. This new linkage type had been mainly
used previously for the fabrication of BN-based ceramics and in organic
optoelectronics31.
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Figure 1.1: Boron-oxygen and boron-nitrogen linkages.

Carbon = Nitrogen
The first step to overcome the COF hydrolysis was the development of aromatic
triazine bonded COFs in 200832. These COFs possess high thermal and
chemical stability, but their extremely harsh synthetic conditions, using molten
Cl2Zn, result on the formation of irremovable impurities within the framework32.
Another aromatic carbon-nitrogen bonded COF based in phenazine linkages
was developed by Jiang et al. in 201333. These materials possess enhanced
intralayer conjugation which make them candidates for optoelectronics
potential applications.
One of the most widespread linkage is the imine bond, firstly reported by Yaghi
and co-workers in 200934.This new type of COFs are synthesized by the
condensation of an aldehyde with an amine. Interestingly, this reaction is not
limited to harsh anhydrous solvothermal conditions and can be obtained in a
wide variety of different synthesis conditions, from the aforementioned
solvothermal to room temperature conditions35.
There are some linkages very similar to the imine involving a C=N bond each
one of them with their own particular properties, such as higher control over
crystallinity with hidrazone linkages36; greater chemical stability in the case of
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azine37 and benzoxazole linkages

38,39

; or enhanced electronic properties due

to squaraine linkages 40.
Carbon – Nitrogen
A very interesting variety of the imine bond is the β-ketoenamine bond. The use
of this linkage in COF chemistry was first reported by Banerjee an co-workers41.
The success of the COFs obtained through this linkage relies on using the
aldehyde 2,4,6-trihydroxy-1,3,5-benzenetricarbaldehyde, commonly known as
triphormylphloroglucinol, as a building block. On a first step, this aldehyde is
condensed with an amine in a reversible reaction. The resulting linkage
presents a tautomeric equilibrium between the enol-imine and keto-amine
isomers. This equilibrium is heavily displaced to the more stable keto-amine
tautomer, locking the bond in an irreversible second step of the reaction42. This
provides the resulting COF with outstanding aqueous and chemical stability,
but compromises its crystallinity.

Figure 1.2: Carbon-nitrogen linkages.
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Perepichka et al. developed another β-ketoenamine linked COF using the
Michael addition-elimination reaction between an amine and a β-ketoenol43,
providing a general method for the synthesis of COFs exhibiting much higher
hydrolytic stability and a more efficient π-electron delocalization.

Nitrogen = Nitrogen
In 2013, West et al. reported a COF based on azodioxy linkages. This covalent
bond is formed by the dimerization of nitroso groups, which are extremely weak
and not stable even at room temperature. With this linkage, they were able to
grow the first single crystal COF with a size of hundreds of micrometers.
Despite this achievement, and due to the weakness of the bond, the material
showed non-permanent porosity44.

Carbon = Carbon
The first example of a well ordered C–C bonded COF was reported by Feng et
al. They developed a fully sp2 bonded COF by using the Knoevenagel reaction.
This linkage, as happened with the β-ketoenamine COFs, follows a two
consecutive reversible-irreversible steps. First the nucleophilic attack on the
carbonyl group (reversible step) occurs, followed by the dehydration and the
irreversible formation of a carbon – carbon double bond45.
COFs linked through this bond show an excellent stability due to its fully
covalent structure.
Silicon – Oxygen
An anionic COF linked by silicate linkages was reported by Arne Thomas and
co-workers in 2017 by using the condensation of 1,2-diols with silicon oxide or
tetramethyl orthosilicate46.

16
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Figure 1.3: Nitrogen=Nitrogen, Carbon=Carbon and Silicon-Oxygen Linkages.

Building blocks: Topicity, linkers and nodes
Leaving behind the chemistry of the linkers, building blocks can also be
classified by their topicity. Topicity is the concept that describes the number of
linking points that a building block possesses due to its terminal functional
groups susceptible of growing the network. It could be understood as the
analogous of denticity in coordination chemistry. Building blocks can be
homotopic when both linking groups are the same, or heterotopic when they
are different.
Topicity gives us information about the number of reactive groups, but says
nothing about the geometry of the building block. In the case of ditopic and
tritopic building blocks, they are usually planar building blocks with a C2 and C3
symmetry axis, respectively. But this is not always the case. Thus, a tetratopic
building block can be square-planar (with either D4h or a D2h symmetry) or it can
be tetrahedral (Td). Hexatopic linkers reported so far are planar with either C3
or C6 symmetry. Heptatopic and octatopic building block- based COFs have
been reported using β-cyclodextrins47 and γ-cyclodextrins48, respectively, both
of them with planar symmetry.
Since many frameworks are grown using a ditopic building block and another
building block at least tritopic, some authors use the terms linker and node,
respectively. The linker is a linear ditopic unit which extends the network, while
the node is the building block defining the geometry of the network.
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COF Topologies
Based on the geometry of the building blocks and the linkages bonding them,
the COF framework can grow in either two or three dimensions. Apart from
boroxine, borosilicate, triazine, spiroborate and silicate, the rest of linkages
used in COFs connect the building blocks in a linear way. Thus, the geometry
of the framework depends entirely on the geometry of the chosen building
blocks.
Therefore, structures of 2D and 3D COFs can be categorized based on their
underlying topologies. Most COFs reported to date have topologies with only
one or two kinds of vertex and one kind of edge. The so-formed topologies are
the most regular and thus the most likely to form, according to one of the
principles of reticular chemistry49. This, in theory, gives access to a vast number

Figure 1.4: Common COF linkers with different topicity.
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of framework topologies to be targeted in COFs. However, most of the
frameworks reported fit in one of the few different topologies listed ahead.
In the case of 2D COFs, only 7 kinds of frameworks have been reported so
far50,51: honeycomb lattice (hcb)10, rhombic52, hexagonal lattice (hxl)53, Kagame
network (kgm)54, square lattice (sql)55, dual Kagame network (kgd)56, hexagonal
Tungsten Bronze (htb), and fxt57 (Fig1.5). For 3D COFs, the topologies reported
so far are dia34, bor, ctn22, pts58, srs27, rra48, kgd. Many other topologies have
been proposed as possible for 2D and specially 3D COFs: mcm, sod, cds, ffc,
pcu, cda, acs, bcu and ttt; although those remain unreported51.

Figure 1.5: Representation of all the 2D topologies found in reported COFs.
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COF layer stacking
Despite being designed as two-dimensional materials, 2D-COFs are obtained
as a 3D solid formed by 2D-COF layers stacked one to another. Therefore, the
arrangement between the layers of two dimensional COFs has to be consider.
These layers are stacked exclusively through soft interactions such as π-π
interactions or steric repulsion.
Typically these soft interactions give rise to two different packings, eclipsed AA
and staggered AB packing. In the first case, the equivalent atoms of adjacent
layers lie directly over each other, while in the second case, a connection vertex
lies over the centre of the pore of the neighbouring layers. Although the first
COF reported, COF-1, was stacked through an AB model, this packing is
uncommon and AA eclipsed stacking is the most frequent situation.
Nevertheless, some recent studies suggest that neither these well-defined AA
nor AB options, but some middle ground could be the real situation. These new
options involve slightly slipped or serrated packings59–61.
Some studies have achieved some kind of control over the stacking of 2D-COF
layers following two different strategies. On the one hand, the introduction of
bulky sidechains in the structure of the building blocks generates a steric
repulsion. That repulsion hinders the typical eclipsed AA stacking leading to
slipped, AB staggered or even ABC stackings62,63. On the other hand, the
modification of the electronic properties of the building blocks is the other
strategy followed. The use of fluorinated aromatic rings moieties in the building
blocks generates π-rich and π-deficient areas within the layer without
introducing

important

interlayer

electrostatic

interactions64,65.

These

self-complementary π interactions drive the stacking to the desired packing.
Also, the inclusion of free rotating aromatic side-rings to the structure of the
building blocks allows the self-assembling of the layers through π interactions
enhancing the targeted layer stacking66.
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However, layer stacking control in 2D-COFs remains a challenge despite these
advances and will be a key point to achieve designed materials since
unforeseen interlayer interactions and stacking can compromise the targeted
properties of the materials.

1.2.2 COF Properties
As it has been seen in the previous sections, the diversity and variety in COFs
is enormous. This myriad of COFs differ one from another in their topologies,
geometries, chemical linkages or performance for potential applications, but in
order to be considered COFs, they must possess some common properties.
The three main properties a covalent periodic polymer has to present to be
considered a Covalent Organic Framework are crystallinity, stability and
porosity.
Crystallinity
Crystallinity is the key property of COFs. Is what sets them apart from nylon,
bakelite or any other cross-linked organic polymer. Crystallinity is what gives to
COFs the order on which their outstanding properties rely. This long range
order is what allows to a priori design the material for a specific application.
To confirm the structure of a crystalline material, X-ray diffraction, specifically
single crystal, is the primary technique. Nevertheless, COFs are hardly ever
obtained as single crystals and much less large enough to be suitable for single
crystal diffraction. They are obtained as microcrystalline powders instead.
Therefore, their structure is elucidated by powder X-ray diffraction (PXRD).
The advances on single-crystal COFs have been slow. At first a few single
crystal organic polymers were published, but they lacked the permanent
porosity, so they could not be strictly considered COFs44,67. The next published
works presented small COF single-crystals (Figure 1.6) not suitable for singlecrystal X-ray diffraction, so their structures had to be resolved using electron
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diffraction68–70. It was in 2017 when Ma et al. reported the first single-crystal Xray diffraction of a COF. In this work, they used aniline as a modulator to reduce
the reaction rate, since it competes with the amine building block. In addition,
imine bond is more susceptible to being attacked by an amine than water. Thus,
the addition of aniline increases the total amount of amine groups on the
reaction media, therefore enhancing the error-correction process71 (Figure 1.7).

Figure 1.6: a) SEM image of the aggregation of COF-320 crystallites. B) Low-dose HRTEM
image of COF-10 crystallites. Adapted from references 68 and 69.

Overall, there is something worth-mentioning, crystallinity is much easier
achieved with 3D-COFs since their growth is only ruled by the reversible
covalent bonds whose chemistry is well known. On the other hand, 2D COFs
are a bigger challenge. As was mentioned before, the chemistry within the layer
is dominated also by covalent bonds, but the growth of the crystal depends on
non-covalent forces, most commonly π-π stacking. A priori, it could seem a
minor issue since these forces are weaker than the covalent bonds, so the
stacking of the layers would be expected to present a self-correction
mechanism as well. The problem arises when the layer is formed, since a huge
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amount of weak forces interacting together result in a very high energetic cost
to separate two layers of the material. For this reason, the understanding,
control and prediction over the packing of the 2D-COF layers are mandatory to
keep improving the crystallinity of these materials.

Figure 1.7: Crystal growth of COF-300 a) in the absence of aniline and b) modulated by aniline.
Adapted from reference 71.

Porosity
Due to the fact that COFs are formed by crystalline open structures, COFs are
intrinsically porous. The variety of existing structures is reflected in their
porosity as well. The design of their structures allows the existence of materials
with pore size from 0.46 nm72 up to 4.7 nm

61

. When COF-1 was reported, its

surface area was 711 m2·g-1, but since then surface areas have sky-rocketed
to just below 5000 m2·g-1 73 directly competing with MOFs and zeolites. This
improvement has two main causes, the pore design and the optimization of the
activation process. The selection of a proper chemical environment within the
pore can enhance the interactions between the material and gasses, improving
the surface area of the COF. In addition to pore design, the activation process
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is important. When the COF is formed, guest molecules are located inside the
pores. In order to make the full pore surface accessible, is necessary to remove
these guest molecules. The strategies used for this activation process are the
solvent exchange of the guest molecule for another more volatile compound
and its subsequent evacuation by reduced pressure, or the use of supercritical
carbon dioxide to exchange the guest molecules and dry the material74.

Figure 1.8: a) Post-functionalised COFs studied for CO2 uptake. The percentage of hydroxyl
groups substituted are indicated by the X in the formula. b) CO 2 uptakes measured at 273 K of
the COFs in a). Adapted from reference 14.

24

Chapter 1: Introduction

COFs porosity is evaluated by nitrogen adsorption at 77 K in most cases.
Despite these COFs are porous to many other gases such as hydrogen,
methane or carbon dioxide. among others13,75,76, the affinity for one gas or
another could be tuned by the proper design of the pores chemistry and size.
For hydrogen storage, the adsorption capacity can be tuned by two different
strategies, either controlling the pore size, since very small pores will enhance
H2 porosity77, or by de addition of palladium nanoparticles within the COF
structure78.
Methane, nitrogen and hydrogen gas molecules are homodinuclear with no
dipole, being their adsorption due only to weak interactions with the COF pore.
On the other hand, carbon dioxide presents an interesting example due to its
polar C=O bonds and acid nature. Thus, incorporating to the pore structure
moieties which can form dipole interaction, or even acid-base interactions that
will increase the COF affinity for the carbon dioxide. However, this affinityenhancing groups will occupy space inside the pore, diminishing the available
pore volume. Therefore, in the case of carbon dioxide, there is a situation in
which a balance must be reached between increasing the affinity of the material
through incorporating certain moieties and the decrease in pore volume that
this involves14 (Figure 1.8).
This enhanced affinity of the COF for one gas over another can be affected by
the chemical properties of the linkages used. Thus, imine-bonded COFs
possess higher affinity to acidic gasses such as CO2 due to the basic nature of
the bond.
Despite not being porosity strictly speaking, open porous COFs structures have
been applied in liquid phase also for water remediation by big molecules or ions
capture. An example of this would be the work done by Ji et al., where amine
groups were post-synthetically introduced in the structure of a COF for effective
removal of the pollutant ammonium perfluoro-2-propoxypropionate (GenX)79
(Figure 1.9).
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Figure 1.9: a) Synthesis of [N3]X%−COFs and [NH2]X%-COFs. b) Equilibrium GenX removal
percentage at [GenX]0 = 200 μg·L−1. Adapted from reference 79.

Stability
Stability is one of the key properties that a material must exhibit for its ultimate
application, since it may be needed to perform under harsh operation condition.
When discussing stability, it must be divided in thermal stability and chemical
stability. In the case of COFs, thermal stability is good, ranging from 300 up to
500 ºC80.
In terms of chemical stability, it varies widely depending on the chemistry of the
COF and the linkages. While COFs based on boronate esters linkages are
easily hydrolyzable, nitrogen-based COFs such as imine, hydrazine or azine
based COFs are rather stable even in harsh acidic and basic conditions,
although they can ultimately be hydrolyzed too81. For this reason, other linkages
than those mentioned are preferred when constructing chemically stable COFs.
Those materials whose synthesis involves an irreversible second step are often
more stable. By using this two-step formation the reversibility of the linkage is
retained, being the key for the crystallinity and the chemical instability as well.
The second irreversible step locks chemically the structure and, therefore,
confers the desired chemical stability to the material. Among the most
commonly used
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condensation, benzoxazole or β-ketoamine82 (Figure 1.10) linkages based
COFs, which were previously discussed.
Another strategy to enhance the chemical stability of COFs is the introduction
of hydroxyl groups in α position to the aldehyde group of the building block.
When the imine bond is formed, the added hydroxyl group interacts with the
imine nitrogen via hydrogen bond restricting the structure of the COF layer,
planarizing the structure and ultimately increasing the chemical stability of the
material83.

Figure 1.10: (a-b) Chemical structure and PXRD patterns of TpPa-NO2 (a) and TpPa-F4 (b) as
synthesized (▬) after soaking one week in boiling water (▬) and in 3−9 N HCl (▬) simulated
PXRD pattern is also showed (▬). Adapted from reference 82.
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1.3

COF Synthesis

The synthetic procedure is the next step in order to go from the selected COF
structure after choosing the building blocks, linkages involved, topology, to the
real material with its properties of porosity, crystallinity and stability.

1.3.1 Synthesis Methods
To obtain crystalline COFs, the reaction is usually carried out under
solvothermal conditions. Using either pure or mixed solvents, the building
blocks are dissolved, the corresponding catalyst is added and the flask is
sealed and left to react at high temperatures. After a reaction time of typically
three days, the solid is recovered by either centrifugation or filtration, washed
and dried to obtain the COF as a powder material.
Due to the typical long reaction times required, microwave-assisted synthesis
has been tried, resulting on a shortened reaction time from days to minutes
while achieving high values of crystallinity and surface area, comparable with
those of the same COF obtained via conventional solvothermal synthesis84.
Depending on the chemistry of the chosen linkage, there are subtle differences
in the synthetic procedure, such as using anhydrous solvents for B-O based
COFs. In the case of acrylonitrile COFs, they require aqueous basic catalysis,
such as NaOH52or Cs2CO345, while imide-bonded COFs require the use of
isoquinoline as organic base catalyst and benzoxazole based COFs can use
either organic or inorganic basic catalysis.
The widest variety on synthetic procedures can be found in the nitrogen based
COFs with imine and β-ketoenamine linkages. This reaction is usually carried
out in solvothermal conditions using a 1,4-dioxane:mesitylene mixture using
acetic acid as catalyst in a sealed tube at 120 ºC for 72 hours. Some of the
more important variations from this general procedure are listed and described
below.
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In 2013, Banerjee and co-workers reported a mecanochemical procedure for
the synthesis of β-ketoamine based COFs85, which has been applied
successfully for the synthesis of imine based COFs as well86. In this synthetic
process, the solid building blocks are placed on a mortar and grounded for forty
minutes to afford the COF. However, this process yielded moderately
crystalline materials.
Changing the catalyst is one of the strategies followed as well. In 2016, Zamora
and co-workers developed a room-synthesis procedure of an imine-based COF
with high crystallinity and porosity synthesized through microfluidic synthesis
by using pure glacial acetic acid, acting both as a solvent and as a catalyst8788.
One interesting catalyst variation is switching from a Brønsted acid as catalyst
to Lewis acid metals. In 2017, Dichtel and co-workers developed a method
using Scandium (III) triflate as catalyst at room temperature which, in a matter
of minutes, and with catalyst loadings below 0.02 equivalents, yielded highly
crystalline and porous materials88.
Banerjee and co-workers used p-toluenesulfonic acid as a catalyst89. Here the
acid is the catalyst but, at the same time, it forms p-toluenesulfonate salts with
the amines. These salts possess an ordered structure where the amines are
equally spaced. This spacing distance is similar to some of the most commonly
used aldehydes. Therefore, when the aldehyde is added, it replaces the acid to
form the COF. The result of this process is obtaining highly crystalline and
porous COFs in a few minutes.
Similar to the p-toluenesulfonic replacement process, there is a synthetic
strategy consisting of capping the amine building block with a protective group.
In this strategy, there are two possible approaches (Figure 1.11). The first of
them protects with a tert-butyloxycarbonyl (Boc) group one amine of a ditopic
building block, leaving the other one as a free amine. When this half-capped
building block reacts with the aldehyde, small oligomers are formed in a first
step. Then, the protective groups will be subsequently removed allowing the
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full COF formation to proceed gradually as the amine groups get deprotected.
With this method, it has been possible to obtain nanocrystals with sizes of
hundreds of nanometers70.
The second approach using protective groups relies on the use of
benzophenone-imine protected amine groups. These protected amines will be
gradually deprotected as the formation of the framework proceeds. Following
this method, it has been possible to improve the surface areas of COFs
previously synthesized by conventional solvothermal processes. It also
possess the advantage that the benzophenone imine protected amines are
more soluble and stable to oxidation than the corresponding free amine
compound90.
Ionic liquids have been very recently used as solvents for imine linked COFs
synthesis with impressive results. This method yields highly crystalline
materials within minutes and the ionic liquid used as solvent can be reused
without activity loss. The main drawback of this synthetic strategy is the
difficulty in the removal of the solvent from the framework pores91 hindering to
fully achieve their activation and, therefore, lowering their surface areas.

Figure 1.11: Scheme of the synthesis of imine-linked COFs with Boc-protected amines (top) and
benzophenone-imine protected amines (bottom). Protecting groups are highlighted in purple.
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1.3.2 Post-Synthetic Modifications
Post-synthetic modifications refer to chemically modify the COF chemistry after
their synthesis. This is a very powerful tool to achieve the inclusion of moieties
in the framework which are incompatible with the COF synthesis conditions.
One of the main pathways to post-synthetically modify a COF relies on the
strong coordination between organic ligands and metal ions. The crystalline
nature of COFs, with well-ordered coordinating atoms, provides a platform for
the incorporation of metal active sites for catalysis. Thus, a great variety of
inorganic atoms has been incorporated to the COFs structure through postsynthetic metalation methods, taking advantage of this metal-ligand
interactions. Some of the metallic atoms incorporated so far are Ca92, Sr, Ti93,
V94,95, Mn96, Fe97,98, Co98,99, Ni73, Cu100, Zn96, Mo101, Rh102, Pd103–107, Re108 and Ir63.
Imines are ever-present as ligands for binding transition metals, through σ
dative bonds by donation of the lone pair of the nitrogen atom. Thus,
imine-linked COFs have efficiently incorporated PdII, FeII, CoII and NiII. Is worth
mentioning the work done by Ding et al.106, where they synthesize the
Pd/COF-LZU-1, which incorporates palladium (II) ions coordinated to the
nitrogen atoms of two different layers, being the metal ion located in the
interlayer space.
Another metalation strategy involves using building blocks with coordinating
groups in alpha position of the aldehyde, such is the case of iminophenol or
β-ketoenamine COFs. These nitrogen based COFs have successfully
incorporated CuII 100,109 ions among others (Figure 1.12). Nevertheless, even
when the integrity of the framework is maintained after metalation, the
crystallinity of the COF diminish from the pristine material to the COF
incorporating the copper atoms. Following this strategy, a notable example are
the so called “salen COFs”96. These materials possess and hydroxyl group in
the alpha position to the aldehyde. Therefore, when they are combined with the
appropriate diamines, result in COFs possessing four chellating sites. These
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structures have allowed their metalation with many different metal ions
including CoII, CuII, NiII, ZnII and MnII110.
Is also noticeable the use of porphyrins as tetratopic building blocks. Since their
cavity containing four pyrrolic nitrogens is ideally suited for binding the vast
majority of metal ions of the periodic table111, COFs incorporating these
structures are susceptible to be metalated in a post synthetic modification.

Figure 1.12: Chemical structure and coordination environment of Cu-COF and Cu/Salen-COF.
Adapted from references 96 and 109.

The second big group of post-synthetic modification is the inclusion of pending
groups in the pore cavities. This strategy is highly versatile for including new
functional groups in the structure of the COF. Out of the almost infinite variety
of reactions available in organic chemistry, the two most commonly used for
post-synthetic modifications of COFs are addition and substitution reactions
(Figure 1.13).
In an addition reaction, one pending group in the pore-wall will react with
another molecule. Click chemistry reactions are the most often used for this
functional group interconversion. Hence, click chemistry has been used for
introducing aliphatic and aromatic groups, acids, esters, amines, alcohols,
thiols or even fullerenes and radicals, among other moieties14,15,112–116. Besides
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click chemistry, many other reactions have been applied to pots-synthetically
modify COFs. Thus, phenol ring opening has been used for introducing acid
groups117,118, nitrile groups can be modified through amidation119 or
amidoximation reactions119,120, and

pore-wall-pending polysulfides can go

through inverse vulcanization for introducing thiol groups121,122.

Figure 1.13: Most common addition (a) and substitution (b) post-synthetic modifications.

Concerning substitution reactions, many have been used for post-synthetic
modifications such as acylation123 or etherification,124of phenol groups.
Amidation reactions have been also used with both pore-wall-pending carbonyl
or amine groupsl125,126. Oxidations and reductions have been widely used as
well such as nitro125,127 and azide79 reduction to amines or phenol oxidations to
quinones116. Other examples are nucleophilic substitution of aryl fluorides128 or
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alkyl chains halogenation129. Nonetheless, this is only a small sample of the
most commonly used post-synthetic reaction in COF chemistry.

Figure 1.14: a) Reaction scheme of the monomer exchange method and (b and c) PXRD
patterns for BND–TFP and TAPA-TFP COFs, respectively. Adapted from reference 130.

To conclude with post-synthetic modifications, building-exchange-based will be
briefly discussed. As it has been mentioned before, β-ketoenamine based
COFs are highly stable due to their chemical structure. The main problem these
COFs face is their low crystallinity. When synthesizing an imine based COF,
the reversibility of the bond formation reaction allows the correction of defects
as it was previously discussed. On the contrary, when synthesizing the
analogue β-ketoenamine linkage based COFs, the irreversible second step on
their synthesis hinders this error-correction-process. Thus, leading to lowcrystalline COFs.
In 2019, Dichtel and co-workers developed a new strategy via monomer
exchange post-synthetic modification (Figure 1.14)

130

. First, the imine COF is

formed, obtaining a well ordered crystalline material due to the error repair
mechanism of the reversible imine bond. Then, the obtained imine linked
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material

reacts

under

solvothermal

conditions

with

2,4,6-trihydroxy-1,3,5-benzenetricarbaldehyde.
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1.4

COF Processability

Stability has been stated previously as one of the key parameters for a material
aiming to an ultimate real world application. In this direction, processability
would be the next step of the same ladder. This is so because materials are
not applied by themselves, they need to be integrated in to devices. COFs are
insoluble, possess low processability such as poor dispersability or low
adhesion to substrates which hinders severely their integration in devices and
therefore their development for new applications. In spite of it, some advances
have been reported in the field and will be briefly reviewed131.

1.4.1 Mechanical processability
The simplest processing method is to press the powdered material obtained
from the reaction into a pellet. However, the pressure applied might affect the
COF structure, thereby compromising its crystallinity. Therefore, the applied
pressure has to be carefully controlled in order to reach a point where the
powdered material forms a pellet but retains the crystallinity132.

Figure 1.15: Scheme of COFs synthesized through terracotta process sculpted using molds.
Adapted from reference 89.

A more sophisticated method was developed by Banerjee and co-workers89.
They demonstrated that β-ketoenamine linked COFs can be processed in a
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similar way than terracotta (Figure 1.15). In this process, p-toluensulfonic acid
reacts with the amine building blocks forming the corresponding salt in solid
state. This mixture is grounded with the aldehyde monomer and a small amount
of water to form a dough. This dough can be extruded and placed on a mold
and, after baking, it yields a highly crystalline and porous material with the predefined form.

1.4.2 Thin-films
2D COFs offer a unique platform for electronic applications due to their
extended π systems. Nevertheless, conventional synthesis processes yield
powders, which are difficult to process in the form of films as needed for this
applications. Therefore, some strategies for obtaining thin-films of COFs have
been developed.
The sternest method is the synthesis of the COF in ultra-high vacuum
conditions by evaporating the building blocks directly on to the substrate
surface. This process yields defects-free few-layers films of COF133. These
conditions do not allow the reversibility of the bond formation due to the
absence of water in the reaction media. Therefore, another possible approach
is to do the evaporation of the building blocks in a humid atmosphere to
enhance the reversibility of the bond formation134.
A simple but not less effective method is to directly introduce the substrate in
the reaction vessel. Despite this method may seems rather rudimentary it has
been widely used in a wide variety of COFs135. The growth of the film can be
controlled and limited by modifying the chemistry of the substrate so the
reaction occurs only in some areas of it136. Since this modification for a selective
growing is not achievable in all the substrates, the COF formation reaction can
be confined also using lithographically controlled wetting. In this process, a
droplet containing the monomers is cast on the surface of the substrate and
afterwards a stamp is applied. The monomers interact through capillary forces
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with the stamp, being confined accordingly to the pattern of the stamp. When
the catalyst is added, COF formation occurs mimicking the design on the stamp
present on the surface35 (Figure 1.16).
For some particular applications such as membranes or filtration, thin films are
needed not to be attached to a substrate but free-standing by themselves. It is
then when interfacial synthesis arises as an appealing strategy. This synthesis
can be carried out either in air-liquid or liquid-liquid interfaces. An example of
air-liquid interfacial synthesis was reported by Zhang and co-workers137. In this
work a triamine building block decorated with n-hexyl moieties was placed on
water, and there, the amine groups were oriented to the water surface while
the hydrophobic groups were pointed to the air ordering themselves as a
monolayer. Then the aldehyde-bearing building block will be sprayed to the
water solution yielding a monolayer with a thickness of 0.7 nm.

Figure 1.16: Scheme of the LCW procedure for imine COF patterning. Adapted from reference 35.

Synthesis at liquid-liquid interfaces has been also carried out. One example is
the formation of a β-ketoenamine COF in the dichloromethane-water interface
reported by Banerjee and co-workers138. On a solution of the aldehyde in
dichloromethane was added an aqueous solution of the p-toluensulfonic salt of
the amine. Since the aldehyde is not soluble in water and the protonated amine
salt will remain in the aqueous phase, the reaction will occur at the interface
yielding a crystalline, porous, transparent films which can be as thin as 50 nm.
Another possible approach is to confine the catalyst of the reaction at the
interface instead of the monomers, as reported by Dichtel and co-workers139.
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1.4.3 Membranes
Due to their porous nature, as well as their chemical versatility, COFs are
excellent candidates to be processed as membranes for separation both in
liquid and gas phases. The approach could be as simple as soaking the COF
in a matrix membrane140. However, this method could lead to the formation of
heterogeneous membranes which could hinder their performance. Another
simple strategy would be growing the COF right on top of the support
membrane. For this method, a strong binding interaction between the COF and
the substrate is needed. To enhance these COF-substrate interactions the
surface of the substrate is functionalized with amine groups to grow the
framework chemically bonded to the substrate. This process will lead to a
homogeneous result141.
Other strategies have been followed when the good mechanical properties of
the COF make unnecessary the presence of any additional support. This is the
case of the β-ketoenamine COFs synthesized through the terracotta process
previously explained89. After mixing the building blocks, the resulting dough is
spread in a very thin layer and then heated. The result is a self-standing,
flexible, porous and crystalline membrane a hundred micrometres thick but a
few centimetres wide. Interestingly, this method could be potentially
extrapolated to all β -ketoenamine COFs142 (Figure 1.17).

Figure 1.17: Schematic representation of the Covalent Organic Membranes fabrication through
terracotta process. Adapted from reference 142.
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1.4.4 Composites
Besides providing mechanical stability or support as in the case of membranes
and thin-films, other materials could be mixed with COFs to combine their
properties or even synergies between them.
Materials with extended π systems such as other COFs or carbon nanotubes,
are a good choice since the sum of so many soft π interactions between them
and COFs result on a strong binding interaction. Thus, COF synthesis can be
carried out in the presence of carbon nanotubes and the growth occurs around
them. These new materials possess the electrical conductivity of nanotubes
and the redox properties of the COF143.
The opposite option is also possible and when taking a electrochemically active
phenazine-based β-ketoenamine COF and a conductive polymer (PEDOT) is
synthesized inside the pores. After forming the composite material
electrochemical performance of the material dramatically increases144.
Taking also advantage of these interactions, palladium, gold and magnetite
nanoparticles functionalized with polyvinylpyrrolidone were encapsulated
through a two-step method145. First, the nanoparticles are mixed with the
building blocks in conditions that lead to the formation of amorphous polymine
spheres that trap the nanoparticles inside of them. In the second step, these
amorphous spheres are placed in conditions that enhance the reversibility of
the bond and therefore form crystalline COF spheres with the nanoparticles still
inside.
The formation of these composites is usually driven by non-covalent
interactions. However, the material can be chemically functionalized to grow
the COF on its surface and therefore, chemically attach both materials146.
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1.4.5 Colloids and Exfoliation
Exfoliation is a top-down alternative to obtain a monolayer which has been
applied to almost every layered material. In 2D materials, properties of a single
layers differ from the bulk as graphene does from graphite, and COFs are no
exception to this fact. Therefore, COFs exfoliation have been studied widely in
order to obtain few or single layers for different applications. Two different
approaches have been followed for layered materials exfoliation; solid-phase
exfoliation and liquid-phase exfoliation (LPE). Solid-phase exfoliation,
specifically micromechanical exfoliation, has been applied with excellent results
in many layered materials, graphene being the best known147. This process
requires high quality crystals to be exfoliated but no COF crystal with the
necessary quality has been reported so far. An alternative that could be
considered a solid-phase exfoliation is grinding of the COF powder in the
presence of a few drops of solvent. Thus, nanosheets are generated in
suspension in the solvent drops. These nanosheets display thickness going
from 3 to 10 nm and partially crystalline, though82.
LPE has also been used on a wide variety of layered materials148–150.This
technique is based on the fact that the bonds that maintain the chemical
structure of the layer are much stronger than the forces keeping the layer
stacking, π–π interactions forces. Thus, when the material is placed in a solvent
and sonication is applied, the soft interactions between layers are broken and
the covalent bonds remain unaltered. This exfoliation method has been widely
used for COFs in a variety of organic solvents151,152. The main problem with this
method is that sonication does induce defects on the structure as COFs are not
as robust as inorganic layered materials.
When trying to use these exfoliated materials for a hypothetical application (e.g.
chemical sensing), it can be used after being casted on a substrate, but they
also can be used directly in suspension (Figure 1.18). The main drawback is
the instability of the suspension, since most of them are only stable for a few
41

Isostructural β-ketoenamine and Imine-based COFs: Emission, Sensing and Catalysis.

minutes and only fresh-made suspension are susceptible of being used153,154.
In this direction, arises the importance of finding methods to obtain stable COFs
colloids instead of unstable COF suspension. There are few examples of them
in the literature, most of them reported by Dichtel and co-workers145,155,156.
Nevertheless, all these examples are bottom-up approaches by controlling the
synthetic conditions in order to avoid precipitation of the COF once it is formed.
Another exfoliation method for COFs milder than the ones already described,
based on the disruption of the stacking of the layers trough post-synthetic
modification. For example, a COF containing anthracene moieties susceptible
for a Diels-Alder reaction. When the reaction takes place, the bulky new
molecule attached to the COF-layer structure as well as the loss of planarity
and consequent corrugation of the layers will induce the exfoliation in solution
and a dispersion will be directly obtained without applying any external
energy157.

Fig 1.18: Schematic representation of COFs to CONs formation and pictures of the turn off
sensing of trinitrophenol under UV light (λex =365 nm) Adapted from reference 153.
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1.5

COFs Applications

COFs display outstanding properties in many aspects and various processing
methods have been developed in order to be used in different applications. As
a new type of materials and due to their versatility, COFs have received
attention for their application in a wide range of fields. At first, their applications
were limited to those related to their porous structure, such as gas storage or
separation. As the chemistry involving COFs has become richer, their potential
application has been diversifying to sensing, energy storage, catalysis,
optoelectronics, etc. In this section, a brief discussion of the most
representative examples will be done.

1.5.1 Gas Storage and Separation
Having low density, high surfaces areas and porosity ranging from micro to
mesopore, COFs are ideal suitors for gas storage. Some 3D COFs, such as
COF-105 or COF-108, possess outstanding hydrogen storage capacity even
outperforming MOFs with the highest uptake (10 wt % at 80 bar for COF-105
and 100 bar for COF-108 versus 7.1 wt % for MOF-5 at 77K and 40 bar)13.
COFs do not show good storage capacity for hydrogen only. COF-102 and
COF-10322 storage capacity at room temperature for methane (18.7 wt %) and
carbon dioxide (120 wt %), respectively, being comparable to the values
obtained for MOFs such as MIL-101(Cr), with methane and carbon dioxide
uptakes of 16 and 176 % wt, respectively76.
Also at room temperature but, in addition, at 1 bar COF-1025 showed an uptake
capacity for ammonia of 25.5 wt %. This values exceeds those of many other
porous materials such as microporous 13X zeolite (15.3 wt %) or Amberlyst 15
(18.7 wt %)24.
As it has been explained before, the incorporation of certain moieties in the
pore wall can modulate the affinity for one particular gas being able to discern
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one from the others. This is the case of the COF reported by Jiang and coworkers, where they modify the walls of a 2D COF achieving high CO2 uptakes
(174 mg/g at 1 bar and 273K) and high selectivity for carbon dioxide over
nitrogen14.

Fig 1.19: Schematic structures of the COFs discussed in this section.

COFs are used in gas separation, based in this principle of being able to tailor
the preference interaction of the COF with one gas over another. An example
of this is the work done by Zhao and co-workers158. In this work, the authors
exfoliated two 2D COFs with different pore-sizes and blended them with two
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different commercial polymers, already used in gas separation. Their mixed
matrix membranes were more permeable to hydrogen but less permeable to
carbon dioxide than the membranes made entirely of the selected polymers,
therefore increasing their performance in H2/CO2 separation.

1.5.2 Catalysis
Due to their great structural and chemical versatility, either by post-synthetic
modification or a priori design of the pore, COFs are a good platform for
catalysis.

Figure 1.20: a) Schematic representation of Mn/Pd bimetallic docked COFs prepared via a
programmed synthetic procedure and b) scheme of the tandem reaction catalyzed by Mn/
Pd@Py-2,20-BPyPh COF. Adapted from reference 159.

As stated in the post-synthetic modification section above, metalation of COFs
is a commonly used method to achieve catalytic active sites. In imine-based
COFs, palladium (II) can be coordinated to the nitrogen of the COFs making
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this newly functionalized COFs suitable for catalyzing carbon–carbon cross–
coupling Suzuki–Miyaura reactions105–107.
Bimetallic catalysis can also be carried out using COFs as support for
incorporating metallic ions. For instance, Gao and co-workers synthesized an
imine-based COF with a linear ditopic amine with bipyridine moieties in the final
structure of the COF along with the imine nitrogens, therefore having two
different coordination centers (Figure 1.20). Palladium (II) will be attached to
the imines, while manganese (II) ions will be coordinated by the bipyridines.
This bimetallic COF could act as catalyst in a tandem reaction involving a Heck
reaction followed by a double bond epoxidation159. This same group, in another
work, anchored Pd(II) and Rh(I) to this COF and used it for an additionoxidation cascade reaction between benzaldehyde and phenyl boronic acid 102.
The first example of asymmetric catalysis using COFs was reported by Jiang
et al. in 2014. They designed a COF with alkyne pending groups to which
2-(azidomethyl)pyrrolidine was attached via a click reaction. The postsynthetically modified COF was afterwards packed on a column and used as
catalyst in a Michael reaction in a flow system to obtain a racemic mixture15
(Figure 1.21).
Achieving another level of complexity, Jiang’s group developed another COF
capable of being post-synthetically modified by attaching small molecules
through click chemistry. Instead of the racemic mixture, this time the pore walls
were partially functionalised with (S)-2-(azidomethyl)pyrrolidine. As a result, the
COF was not only catalytically active but yielded an enantiomeric excess above
90 %81.
This is not the only chiral catalysis example using COFs as catalyst. Is highly
notable the work done by Cui and co-workers160. This group attached different
metallic species to a salen based COF and used it successfully as a catalyst
for a wide variety of reactions such as cyanation of aldehydes, Diels−Alder
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reaction, alkene epoxidation or epoxide ring-opening among others with up to
97 % enantiomeric excess.

Figure 1.21: Representative chart for the flow reaction system based on the organocatalytic COF
column. The COF post-synthetic modification is marked in purple. Adapted from reference 15.

Metal-free chiral catalysis has also been performed using COFs as catalyst.
For instance, Zhang et al. developed a family of chiral imine-linked COFs with
catalytic activity for α-aminoxilation, Diels-Alder and aldol reactions with
stereoselectivity and diastereoselectivity rivalling or even surpassing their
homogenous analogues161.
Photocatalysis is another area of catalysis where COFs have proved their
effectiveness39,40,162. The first example of photocatalysis using COFs was
reported by Lotsch et al. The authors reported the use of a palladium modified
hydrazine-COF with triazine moieties to generate hydrogen from water, upon
irradiation with visible light163. Reactions proceeding through the

catalytic

generation of oxygen singlet species with COFs as catalyst have also been
reported,40,164. For instance, Wei et al. used the benzoxazole-based LZU-190
COF for the oxidation of p-carboxyphenylboronic acid to p-hidroxybenzoic acid
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through singlet oxygen generation upon adsorption of visible light 39.
Photocatalysis using metal-free COFs has also been reported for molecules162
or metallic ions165 oxidation and reduction and organic reactions such as
pollutant degradation166,167 or sulphur oxidation168.
Enzyme-based catalysis is another area of the catalysis were COFs has been
employed. Banerjee and co-workers functionalized the pore walls of an iminebased COF with trypsin, a protease, and used it to hydrolyse the peptidic bond
of different proteins169.

1.5.3 Energy Storage
The main drawbacks of using organic electrodes today in energy storage
devices are their poor electric conductivity, stability and ion-diffusion. Thus,
COF stand as a very promising alternative for this purpose. At first the low
conductivity, hydrolytic and oxidative stability of bornate esters COFs
hampered their incorporation to redox devices. These drawbacks dissapeared
with the development of nitrogen based COFs. In 2013, Dichtel et al. reported
a

β-ketoenamine-based

COF,

incorporating

redox-active

2,6-diaminoanthraquinone units170. With this material, the authors achieved a
capacitance of 40±9 F·g-1 with only a 2.5% of the redox active moieties
accessible due to the low conductivity of the COF. They overcame this obstacle
by forming a composite with a conductive polymer being then the redox active
moieties 100% accessible. With this composite, they managed to achieve
10000 charge-discharge cycles whit no capacitance decrease171. In a later
work, they were able to increase the electrochemical performance by changing
the redox active unit from anthraquinone to phenazine144.
In a similar approach, Jiang et al. used carbon nanotubes to synthesize a
composite material with COFs with enhance conductivity. The framework used
in this work contained naphthalene diimide moieties, and was used for a lithium
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ion battery which achieved a capacity of 74mAh/g steadily for more than 700
charge-discharge cycles143.
Another angle to achieve the improvement of redox performance was taken by
Feng et al., demonstrating that few-layer exfoliated COF nanosheets could be
used in lithium ion batteries as cathode material116. They reported that an
improvement in the lithium ion diffusion was achieved in the exfoliated COF
and therefore an improvement in the electrochemical performance was also
reached. With this strategy, they were able to obtain capacity values for their
lithium ion batteries of 210 mAh/g.

Figure 1.22: Scheme of the proton-exchange membrane fuel cells using COFs films as
membrane electrode assemblies. Adapted from reference 172.

In 2017, Ocón et al. developed a proton exchange membrane for fuel cells
based on a postsynthetically modified COF with lithium ions172. This COF was
processed in to flexible films and integrated as proton exchange membrane in
a fuel cell (Figure 1.22).
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1.5.4 Water treatment and sensing
COFs being highly porous, stable and with a tuneable chemical environment
inside their pores, they have potential to perform as solid-state absorbers for
water remediation.
One remarkable example is the work reported by Yan et al., where they
synthesized a β-ketoenamine-based COF using benzidine as linear ditopic
building block. It was used for removing bisphenol A and bisphenol AF146. The
adsorption of the pollutant was achievable thanks to the hydrogen bond
stablished between the hydroxyl groups of the molecules and the amines and
carbonyl groups of the COF. In addition, they grown the COF coating magnetite
nanoparticles, so after removal of the pollutant the material could be removed
easily using a magnet. The performance of the composite material was
outstanding, reaching the adsorption equilibria in less than five minutes. The
composite could be reused various times since desorption could be achieved
with ethanol within one minute.
COFs could be also used for metal ions removal, tuning the affinity of the
pending functional groups inside the pore. Thus, using the ditopic linear
aldehyde building block 2,5-bis(methylthio)terephthalaldehyde will lead to an
imine based COF with thiomethyl groups in the pore. This COF was used by
Jiang et al., for mercury removal achieving a value of 734 mg g−1 of removal
capacity173. The sulphur-containing groups can be added to the COF in a postsynthetic modification via click reaction as reported by Mancheño et al. Their
COF was able of removing the 97.23% of the mercury from a real water sample
in 10 minutes and after 2 hours the removal was almost completed (99.99%)113.
Both COFs were reusable without hardly losing adsorptive power.
An remarkable work was published by Ma et al.. The authors synthesized two
COFs using building with cyanide groups that were post-synthetically modified
to amidoxime group. This COF was used for radionuclide sequestration in
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uranium-polluted environmental water samples with outstanding results such
as an uptake capacity of 127 mg/g120.
COFs can be used not only for pollutants removal but also for its detection,
thus, they need to be functionalized with certain moieties able to interact with
the desired pollutants, whether as pending groups or in the backbone of the
COF. Over the last few years intensive efforts have been made to develop
luminescent COFs due to their potential applications as sensors. Nevertheless,
the layered nature of 2D-COFs causes weak emission due to the π-π
interactions and the subsequent aggregation-caused quenching effect. The
strategies to overcome these limitations have been widely explored. Jiang and
co-workers reported a boroxine174 and a boronate-ester23 based COFs
incorporating pyrene moieties in their structures with blue luminescent. Another
strategy was reported by Baldwin et al. by using a boronate ester-based COF
with dehydrobenzoannulenes as triangular nodes. By changing the size of
these nodes, they were able to shift the emission wavelength175. Despite these
advances, all these reported COFs were boron based COFs and therefore
susceptible of being hydrolysed, which hampered their potential as chemical
sensors.
In 2013, Jian et al. reported the first example of sensing using a COF37. They
synthesized a COF based on azine linkages, which incorporates pyrene
moieties in the structure of the framework, thus making it fluorescent in
acetonitrile dispersion. The nitrogen atoms from the linkages were susceptible
to hydrogen bonding by the sensed molecules. In this case, the COF showed
great sensitivity towards 2,4,6-trinitrophenol over other polynitroaromatic
derivatives. Therefore, the emission of the COF suspension in acetonitrile was
quenched in the presence of polynitroaromatic compounds.
Jiang’s group was also a pioneer in reporting the first COF emissive both in
solid state and dispersed in organic solvents. Solid-state emission was based
on boronate ester linkage and incorporated a tetraphenylethene cored boronic
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acid as building block. This unit is an aggregation-induced emission (AIE)
chromophore. AIE is a phenomenon by what the chromophores became
emissive upon aggregation. Through this strategy, the authors were able to
achieve a quantum yield of 32% being the highest reported in solid state in
COFs. The material was suspended in toluene and then used for sensing
ammonia, since this gas interacts with boronate esters, forming Lewis acidbase pairs176.
Is worth mentioning the work done by Li et al., where they synthesize various
hydrazone based COFs with various conjugated linkers and side-chain
functionalities, rendering the emission colour-tuneable from blue to yellow and
even white177 (Figure 1.23). This work rationalized the phenomenon behind this
emission wavelength shift, therefore, opening the possibility of tailoring COFs
emission for their use as sensors.

Figure 1.23: Building nlocks (a) and solid-state PL spectra (b) of the tuneable white-emissive
COFs. Adapted from reference 177.

COFs have been used for sensing metal ions in addition to organic molecules.
As an example, Wang et al. 178,reported a thioether-based covalent framework
which showed strong fluorescence both in solid state and in acetonitrile
suspension. The sulphur atomss in the structure of the chromophore served as
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docking points for the mercury quenching the emission. The authors
demonstrated also that the COF could be used for mercury removal as well.
The examples of using a suspension of COFs in an organic solvent for sensing
organic molecules (mostly nitroaromatics derivatives) through the literature are
abundant

153,154,179,180

. All these works reported sensing activity in organic

solvents. Up to date no work has reported sensing activity in water due to either
the instability of the COFs in water or being water itself a quencher for the
reported COFs.

1.5.5 Optoelectronics
2D Covalent organic frameworks layers are stacked through weak interactions
as was discussed previously. Each layer of the COF is a highly ordered πsystem with high charge carrier transport. This characteristic makes COFs
excellent candidates for being integrated in to optoelectronic devices.

Figure 1.24 Scheme of Py-tTII COF synthesis and the photodetector device layout. Adapted
from reference 182.

53

Isostructural β-ketoenamine and Imine-based COFs: Emission, Sensing and Catalysis.

As discussed in the previous section, Jiang’s group has focussed a lot of effort
in this topic and they were the pioneers of presenting a semiconducting COF.
The material was based on boronic esters and included triphenylene and
pyrene moieities, both of them being big ordered π-systems.

The COF

achieved an electric current of 4.3 nA at 2 V, but after doping it with iodine it
multiplies that value five times23.
By using pyrene moieties, Jiang’s group reported the first photoinductive
COF174. It was based in the self-condensation of pyrene-2,7-diboronic acid
which resulted in a totally homogeneous π-system. Due to the fact that these
layers stacked perfectly in an eclipsed way the carrier flow between layers was
facilitated. A similar behaviour on the packing was shown by a porphyrin-based
COF reported by Yaghi et al., leading to a high charge carrier mobility181.
In 2017 Bein’s group reported the first UV-NIR responsive photodetector made
using COFs (Figure 1.24). The authors used indigo derivatives as building
blocks along with pyrene moieties obtaining a material with a bandgap near
infrared. With this material, they prepared a COF: fullerene heterojunction upon
filling the pores of the COF with a soluble fullerene derivative182.
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2

Layer-Stacking-Driven
Fluorescence in a Two
Dimension Imine-Linked COF

2.1 Introduction
Arising from the intrinsic porosity properties of their architectures Covalent
Organic Frameworks have been extensively explored in applications related
with gas storage, separation1–9 or water remediation10,11. The control over COF
chemical composition and functionalization through synthesis or post-synthetic
modifications while retaining a targeted open-framework, has opened up novel
directions such as catalysis,12–15, optoelectronics,16,17, energy storage, etc..
However, embedding functional molecules into organized platforms is not
trivial. This molecules performances are usually measured in solution, not
being part of a material. This difference often leads to modified properties
compared to their known activity in solution. When considering 2D-COF
materials, this is even more challenging. When designing a new 2D-COF the
proper selection of the linkages, topology and chemistry of its constituents
yields chemically-modified layers constructed through strong covalent bonds.
Is on this covalent bonds where there is precise chemical control. But 2D
materials are not self-standing layers, they possess a three dimensional
structure. In the case of 2D-COFs these layers are exclusively stacked through
soft interactions, such as π−π interactions or Van der Waals forces, resulting
in materials with remarkable structural flexibility.18–20
Decorating porous COF materials with π-conjugated photoelectric units,
selectively, is an attractive strategy to develop chemical sensors. However, the
preparation of highly fluorescent 2D-COFs in solid-state still remains a
challenge. This is mainly due to the fact that packing is governed by π−π
interactions among COF layers. Emission properties are often compromised in
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layered systems due to aggregation-caused quenching driven by those same
π−π interactions. Highly emissive COFs have been obtained using different
strategies that could be classified in two different groups. On one hand,
boronate ester covalent frameworks, of certain structural flexibility, have been
designed to form materials consisting on aggregation-induced emission
moiety.17,21–23 Submicron particles of imine-based COFs integrating nonplanar
pyrene building blocks have shown high photoluminescence (PL) and sensing
abilities.24
On the other hand, avoiding this π-π stacking through the introduction of bulky
sidechains hinders the packing due to the steric interactions.25,26 Modification
of electronic properties of building blocks has been used as a method to control
interlayer packing. Fluorination of aromatic rings yields π-rich and π-deficient
areas which interact the ones with the others modifying the packing of the COF
layers

and therefore potentially avoiding

the π-π stacking of

the

chromophores.20,26
Not only π-π stacking induces emission quenching. There are other nonradiative forms to disperse the energy like intramolecular bond rotation. Related
to this, solid-state emission has been tuned via of restriction of intramolecular
bond rotation (RIR) in hydrogen-bonded hydrazone-based 2D COFs.27
Avoiding this non-radiative relaxation pathway is possible to synthesize highly
solid-state emissive COFs.
Since interlayer interactions plays a key role in the materials final performance
and therefore ultimate applications of COFs they should be more deeply
studied. In this way, it is imperative to harness local modifications within
2D-COFs that can result in improved solid-state fluorescence performance for
the fully understanding of these processes and ultimate applications.
In this chapter, the selective stacking-driven fluorescence of a novel family of
imine-linked 2D-COFs named IMDEA-COF bearing pyrene photoelectric units
is described through experimental and computational studies. In this COFs
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pyrene moieties are introduced in the COF backbone through the
unconventional low symmetry building block 1,6-diaminopyrene leading to the
apparition of pore-isomers. This chapter mainly shows and discuss that
structures in which the pyrene units are stacked in staggered fashion are
excellent fluorescence emitters in solid state and how this pyrene-packing
control can be achieved through simple chemical modification of the aldehyde
building blocks.

Figure 2.1: Synthetic scheme of the obtention of a solid-state luminescent COF through
heterogeneous distribution of π-conjugated dehydrobenzoannulenes on the vertex of the
structure. Adapted from Reference 17.
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2.2 Results and Discussion
For this study the ditopic 1,6-diamminopyrene (DAP) was chosen to react by
Schiff

condensation

with

2,4,6-triformylphloroglucinol

1,3,5-benzenetricarbaldehyde
(TFP) ligands for

(BTCA)

and

IMDEA-COF-1 and -2,

respectively, to be obtained. Reactions were performed in mixtures of m-cresol
and glacial acetic acid (10:1), heating at 120 °C for 3 or 7 days for
IMDEA-COF-1 and -2, respectively. (Figure 2.2). Activation of the materials to
clean the pores of unreacted ligands and solvent was performed through
solvent exchange using THF and methanol followed by supercritical CO2
drying.

Figure 2.2: Scheme of synthesis of IMDEA-COF materials.

Due to the insolubility of both materials in commonly used organic solvents,
water, acids and bases, the characterization of the COFs was performed
through solid-state techniques.
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The formation of the IMDEA-COF materials was confirmed by solid-state

13

C

cross-polarization magic angle spinning nuclear magnetic resonance (CP-MAS
NMR) and attenuated total reflection Fourier-transform infrared (ATR-FTIR)
spectroscopies. IMDEA-COF-1 showed characteristic ATR-FTIR signals at
1653 and 1276 cm−1 corresponding to C=N and –C=N−C stretching bands,
respectively. Along with this, the disappearance signal at 1690 cm-1 and the
signals between 3350 and 3200 cm-1 due to the carbonyl and amine stretching
bands, respectively, confirmed the complete condensation between the two
building blocks (Figure 2.3).

Figure 2. 3: ATR-FTIR spectra of DAP (▬), BTCA (▬) and IMDEA-COF-1(▬).

The 13C CP-MAS NMR data collected on IMDEA-COF-1 was also in agreement
with the COF formation, as it showed a resonance at 155 ppm corresponding
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to the imine carbon atom. In addition, the signal at 192 ppm assigned to
benzene-1,3,5-tricabaldehyde carbonyl carbon disappeared, corroborating the
condensation of both building blocks. (Figure 2.4).

Figure 2.4: 13C-MAS NMR spectra of DAP (▬), BTCA (▬) and IMDEA-COF-1(▬). 28

ATR-FTIR data collected on the modified IMDEA-COF-2 corroborated the
existence of a much more complex chemistry, resulting in broad contributions
in the regions related to imine and amine groups. This is due to the keto-enolic
tautormerism, resulting in the coexistence of both imine and β-ketoamine
bonding within the COF.
The ATR-FTIR spectrum of IMDEA-COF-2 (Figure 2.5) showed a strong
absorption band at 1577 cm−1 with two shoulders at 1600 and 1643 cm-1 which
was assigned to C=C–N, C=N and the C=O stretching bands, respectively,
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demonstrating the coexistence of both isomers and being furtherly confirmed
by 13C CP-MAS NMR spectroscopy (Figure 2.6). This COF showed distinctive
signals at 182.3 and 146.8 ppm, linked to the carbonyl and the amine carbon
atoms, respectively; together with a contribution at 154.5 ppm which
corresponded to imine carbon atoms.

Figure 2.5: ATR-FTIR spectra of DAP (▬), TFP (▬) and IMDEA-COF-2 (▬).

In order to demonstrate the successful formation of the two hypothesized 2DCOF structures, long-range structural studies based on powder X-ray
diffraction (PXRD) analyses were done. PXRD data were collected for both
activated IMDEA-COF materials. This characterization technique revealed
major differences depending on the chemistry of the layers. IMDEA-COF-2,
bearing electron-donor oxygen groups, showed a main Bragg diffraction peak
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at ∼4.3° 2θ corresponding to the (100) plane and a few broad contributions at
~6.7º and ~8.4º 2θ corresponding to the (200) and (31̅0) planes, respectively.
On the contrary, PXRD data of bare IMDEA-COF-1 showed the (100) peak at
3.90º 2θ along with other peaks at 7.7º, and two additional intense peaks at
∼12.38° and ∼13.2° 2θ.

Figure 2.6: 13C--MAS NMR spectra of DAP (▬), TFP (▬) and IMDEA-COF-2 (▬).

The porosity of the IMDEA-COF materials was assessed by collecting N2
adsorption isotherms at 77 K. IMDEA-COF-1 showed a low N2 adsorption
capacity with a BET value of 78.82 m2 g−1 while the surface area determined
for IMDEA-COF-2 was substantially higher than that of IMDEA-COF-1, with a
value of 397.12 m2 g−1.
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The pore size distributions (PSD) of IMDEA-COF-1 and -2 were calculated
based on non-local density functional theory (NLDFT), showing in both cases
a maximum peak at 14 Å (Figure 2.7), The total pore volumes evaluated at P/P0
= 0.90 were 0.05 cm3 g−1 for IMDEA-COF-1 and 0.2 cm3 g−1 for IMDEA-COF-2.

Figure 2.7: N2 adsorption (●,▲) and desorption (○,Δ) for IMDEACOF-1 (▬) and IMDEA-COF-2
(▬). Detail of Pore-size distribution (PSD) of the IMDEA-COF-1 and -2 as calculated by fitting
NLDFT models to the adsorption data.

All these PSD, BET surface and pore volumes indicated that IMDEA-COF-2 is
clearly more porous than its counterpart. This fact collided with the expected
outcome since in theory both materials should show similar porosity values due
to its nearly identical pore structure. Nevertheless PXRD and porosity results
evidenced major structural differences between these two IMDEA-COF
materials, so in order to gain more insight into their structural variety, Density
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Functional Theory (DFT) computational studies were carried out. To build the
starting point geometry some symmetry considerations must be taken in to
account. The pyrene units (pyr) used in this work possess a C2h point symmetry,
with two amine functional groups as connecting points. The low symmetry of
the pyr units along with the free rotation of the carbon-nitrogen bonds29, allows
the formation of the imine bond in two different conformations thus leading to
two different COF isomers named big-pore and small-pore (Figure 2.8).

Figure 2.8: Different models studied depending on the imine bond directionality and the packing.
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First, DFT calculations were carried out to optimize the geometries of the
starting building blocks. Based on the optimised geometries of the building units
and considering the variable orientation of the imine bonds above mentioned,
four periodic models consisting of the two pore isomers in both AA and AB
stacking conformation, were computed for each IMDEA-COF material (Figure
2.8). For IMDEA-COF-2, both enol-imine and keto-amine tautomers were also
checked. Along with their geometries the energetics of all models were also
explored computationally (Table 1)
The optimizations predicted for all cases the most energetically favourable
networks having a C3 symmetry, with formation of hexagonal-shaped pores.
The computational studies indicated that, while the COF layers are virtually flat
within the big-pore isomer (accessible pore diameter of ∼14.2 Å), there is an
occurrence of an accused corrugation of the COF layers for the small-pore
structure (accessible pore diameter of ∼13.1 Å) (Figure 2.13). This accessible
pore diameter predicted from the models is in good agreement with the
experimental pore size distribution (Figure 2.7).
Table 2.1: Cohesive Energy values (Ec) for the two pore isomer in either AA or AB conformations.

COF
IMDEA-1
IMDEA-1
IMDEA-1
IMDEA-1

Pore
Small
Small
Big
Big

Stacking
AA
AB
AA
AB

L, Å
3.543
3.482
3.760
3.749

Ec, kcal mol-1
-41.05
-38.28
-42.89
-39.66

COF
IMDEA-2
IMDEA-2
IMDEA-2
IMDEA-2

Pore
Small
Small
Big
Big

Stacking
AA
AB
AA
AB

L, Å
3.570
3.637
3.780
3.638

Ec, kcal mol-1
-40.36a/-38.742b
-14.53a/-16.37b
-48.20a/-46.81b
-20.99a/-19.83b

aEnol-imine

form. bKeto-amine form.
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Interestingly, when comparing the experimental diffraction data with the
simulated one from the computational models for an expected-to-be more
energetically favoured AA-stacked-eclipsed conformation,30,31 an agreement
was only found for IMDEA-COF-2. In the case of IMDEA-COF-1 experimental
diffraction data the formation of an AB staggered conformation.
Since IMDEA-COF materials are formed using a ditopic and a planar tritopic
building blocks each, the possibility of forming a srs three-dimensional network
existed. In order to discard this structure such topology was simulated and its
PXRD pattern was simulated. The obtained pattern did not matched the
experimental PXRD for IMDEA-COF-1. (Figures 2.10 and 2.11).

Figure 2.9: Representation of IMDEA-COF-1 (▬) and IMDEA-COF-2 (▬) experimental
diffraction data with the different Small Pore (▬) and Big-Pore (---) in both AA (▬) and AB (▬)
stacking.
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Figure 2.10: Experimental powder X-ray diffractogram of IMDEA-COF-1 (▬) and calculated with
a srs 3D-network structure (▬).

Figure 2.11: Simulated COF-IMDEA-1 with srs net.

The assignment of an AB stacking for IMDEA-COF-1 and an AA for
IMDEA-COF-2 is also consistent with the above mentioned porosity values,
being lower for the staggered material and higher for the eclipsed one (Figure
2.7).
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As aforementioned, computational models for the small pore conformations
predicted a corrugated layer-structure. This behaviour is due to steric
repulsions which hinder the formation of flat layers for the small-pore
IMDEA-COF materials. The observed corrugation of the COF layers is caused
by C−H···π weak hydrogen bonds32 found within the framework as determined
for the optimized periodic models, resulting in a twisted conformation of the
imine-linkage of ca. 30°.

~30

3.57 Å

Figure 2.12: Steric repulsion on IMDEA-COF-2 small pore isomer causing layer corrugation.

The layer corrugation is common for both IMDEA-COF chemistries explored.
Interestingly, the relative stability of these two pore conformations (smallcorrugated or big-flat) significantly depends on the chemistry of the COF layers.
The periodic DFT calculations indicate that the formation of the big-pore isomer
is energetically favoured when using electron-donor-modified building blocks.
Thus, the big-pore structure is 7.8 kcal mol−1 more stable than its small-pore
counterpart for IMDEA-COF-2, while in the unmodified IMDEA-COF-1, this
energy barrier is substantially depressed to only 1.8 kcal mol−1.
These theoretical studies predicted similar stabilization energy values for
eclipsed and staggered conformations of IMDEA-COF-1. For this system, AA
stacking is slightly more stable than AB stacking, with energies barriers of ca.
∼3 kcal mol−1 for both pore isomers. This result demonstrates that all the
structural configuration explored are likely to coexist experimentally.
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b)

a)

14.2 Å

13.1
28
ÅÅ

Figure 2.13: Representation of the optimized structures for (a) big- and (b) small-pore isomers
for bare IMDEA-COF-1 parallel to a and c axes (top and bottom, respectively) and accessible
pore diameter values.

Contrary, for IMDEA-COF-2, computations showed AA stacking to be about
∼40% more stable than AB stacking for both pore forms.
Detailed analyses were carried out to gain further insight into the
enol-imine/keto-amine tautomerism observed for IMDEA-COF-2. First, the
relative stability of a single-layer COF was studied. The results supported that
the keto-amine layers are more stable than the enol-imine analogues (as
previously reported in literature),33 yielding lower total energies by -31.13 and 22.83 kcal·mol-1 per unit cell for the small and big pore configurations,
respectively. The calculated cohesive interlayer energies for the keto-amine
form were only slightly lower than those for the corresponding enol-imine forms.
Thus computational modelling indicates keto-amine form single layer to be
more stable than the enol-imine single layer. Those energy values get much
closer when the bulk crystal is modelled for both tautomers. Energy values are
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similar enough to justify from the theoretical point of view the coexistence of
both COF tautomeric forms. This, once again matches with the experimental
results obtained were no clear evidence of this irreversible tautomerism could
be found.

Figure 2.14: IMDEA COFs cohesive energies for both AA (●,○) and AB (■,□) different isomers;
big (■,●) and small pore (□,○).

DFT-based electronic charge distribution simulations were carried out on the
optimized periodic IMDEA-COF structures to further understand the chemistry
within the layers. For the IMDEA-COF-1, the surface charge distribution is quite
homogeneous along the layers for the big-pore isomers in both AA- and ABstacking (Figure 2.15). Löwdin method was used to generate point charges of
the C, H, and N atoms involved in the imine-bond on the big-pore
IMDEA-COF-1 materials. Detailed analyses of these Löwdin point charges
revealed a more pronounced charge redistribution for the AA-stacked system
which would induce a stronger electrostatic interlayer repulsion. This
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observation is consistent with the experimental observation that the big-pore
AB-stacking conformer is preferred over the AA-stacking analogue.
A significantly different scenario is observed for the small-pore IMDEA-COF-1
either AA or AB stacked. For these systems, a heterogeneous electronic charge
distribution is determined within the layers. This result could be explained by
steric-repulsion-induced torsion between building blocks. It is the AA-stacking
case for which the charge redistribution is more intense according the
computed point Löwdin charges over the imine bond involved atoms. In this
scenario, it is possible to observe a reorganisation of the aromaticity along the
layer. On the contrary, the AB stacking model presented a charge
rearrangement that, even still significant, was more similar to the big-pore
structures previously discussed. Therefore based on the Löwdin charges upon
the imine-bond-involved atoms the occurrence of a preferred AB stacking over
the AA due to the lesser electrostatic repulsion between layers is
demonstrated.
This finding supports the experimental observation of the simultaneously
coexistence of both big-pore AB and small-pore AB IMDEA-COF-1 structures.
Such a substantial corrugation in the small-pore isomers should a priori hinder
the yield preferentially over the big pore structure. Despite this, the presence of
the small pore isomer is due to the torsion at the linking points between the
building molecular blocks is soft and the participating bonds exhibit some
flexibility, as reflected in the cohesive energies (table 1).
In the case of IMDEA-COF-2 both big pore isomers show similar behaviour to
that discussed for IMDEA-COF-1. For this big pore isomers surface charge
distribution is almost homogeneous and again the aromaticity in the C-rings of
the 3-fold symmetry units remains also practically unaltered. However, for the
IMDEA-COF-2, the big-pore AA stacking structure is the one exhibiting a less
aggressive electronic charge redistribution within the layer. This behaviour
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minimizes the electrostatic interlayer repulsion and favours AA stacking on the
big pore configuration.

Figure 2.15: Surface charge density colour map in the xy-plane of IMDEA-COF-1 crystal bulk
configurations analysed. Detail indicating the point Löwdin charges associated to the most
representative H, C and N atoms involved in the imine bond.

For the IMDEA-COF-2 small pore isomers the aromaticity rearrangement and
the point charges were even more accused that in the aforementioned big pore
case discarding this configurations as a plausible structure for the material. This
observation was also reflected in the computed cohesive energies for the four
IMDEA-COF-2 crystal bulk structures, where, also energetically, the big-pore
AA configuration was the preferred, and in agreement with the experimental
evidence.

96

Chapter 2: Layer-Stacking-Driven Fluorescence in a Two Dimension Imine-Linked COF

Figure 2.16: Surface charge density colour map in the xy-plane of IMDEA-COF-2 crystal bulk
configurations analysed. Detail indicating the point Löwdin charges associated to the most
representative H, C, N and O atoms involved in the imine bond.

Taking into account the theory and the experimental diffraction and adsorption
data, it could be concluded that IMDEA-COF-1 was formed as a mixture of bigand small-pore structures in an AB stacking of the layers. We proposed that
this material is formed as a mixture of big- and small-pore conformers due to
the small energy barriers between pore isomers. On the contrary,
IMDEA-COF-2 experimental diffraction data was in agreement with the most
stable computationally predicted AA big-pore conformation (Figure 2.9).
As it was stated before IMDEA-COF-2 charge redistribution was more accused
that that in the case of its counterpart. This difference in the charge distribution
between each IMDEA-COF would be expected to affect their chemical
properties. Due to the more heterogeneous charge redistribution in the
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IMDEA-COF-2 material the appearance of basic/acid centres within its layer
structure would be expected. Therefore a stronger interaction would be
expected with an acid molecule such as carbon dioxide. In order to evaluate
these hypothesis, CO2 adsorption was measured for both IMDEA-COF
materials.
The CO2 uptake was 8 and 71.7 mg g−1 for IMDEA-COF-1 and -2, respectively,
at 298 K and 1 bar; these capacities increased to 50.4 and 149 mg g −1 at 273
K and 1 bar (Figure 2.17).
These results indicated that the presence of hydroxyl/keto groups in the COF
pores leaded to an enhanced CO2 uptake due to the affinity of this acid
molecule with the basic centres of the layer. These results were in good
agreement with those reported for similar materials34,35, making IMDEA-COF-2
an attractive adsorbent with a Qst value of 22 kJ mol−1 at low coverage.

Figure 2.17: CO2 adsorption isotherms for IMDEA-COF-1 (▬) and IMDEA-COF-2 (▬)
measured at 273 (a) and 298 K (b)

While weak interactions between the building blocks have been demonstrated
to tune layer stacking in COFs,25,28,36,37 the behaviour shown for the
IMDEA-COF systems was certainly remarkable. Simply by modifying in the
chemistry of the COF components, a completely different 3D arrangement was
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obtained – either eclipsed or staggered stacking of the COF layers containing
the pyrene moieties was selectively achieved.

Figure 2.18: IMDEA-COF-1, IMDEA-Polymer-1, and IMDEA-COF-2 materials under visible light
(top), UV 365nm irradiation (middle) and corresponding PL spectra (bottom).

Fluorescence properties in solid state for both IMDEA-COF materials were
studied. As shown in Figure 2.18, the AB-stacked IMDEA-COF-1 exhibited a
green colour emission at 501 nm with absolute photoluminescence quantum
yield of 3.5%. An amorphous model of the IMDEA-COF-1 system was
synthesized as a blank and referred here as IMDEA-Polymer-1. Interestingly,
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this amorphous material did not showed solid-state emission. Same behaviour
was observed for the crystalline IMDEA-COF-2.
UV-vis-NIR spectra collected on both IMDEA-COF-1 and its amorphous
counterpart (blank) exhibited a red-shift adsorption compared to the isolated
pyrene building units. This was due to the increased conjugation size and the
charge transfer caused by π-π stacking within these frameworks (Figure 2.19).
Interestingly, IMDEA-COF-1 additionally displayed a broad band from 650 to
1400 nm with low absorbance, which could be attributed to the charge transfer
between the pyrene unit within the AB-stacked big and small pore structure.
Compared to an AA-stacked eclipse structure, the alignment of pyrene units in
IMDEA-COF-1 was more random, thereby giving rise to more energy relaxation
pathways and thus a broader absorption band. Besides, the low absorbance of
the red-shift band in IMDEA-COF-1 suggested a small population of charge
transfer in this material. This was consistent with the PL experiment where only
IMDEA-COF-1 showed fluorescence, but neither the ordered IMDEA-COF-2
nor the amorphous blank did (Figure 2.18).

Figure 2.19: UV-Vis-NIR absorption of IMDEA-Polymer-1 (▬), IMDEA-COF-1 (▬) and
IMDEA-COF-2 (▬) compared to the free 1,6-diaminopyrene (▬),
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2.3 Conclusions
The work presented in this chapter reports a new family of pyrene-containing
COFs. This system shows dramatic layer-packing-driven fluorescence in solid
state as a result of the particular 3D arranging of the pyrene units along the 2D
layers on each material.
The computational studies carried out demonstrated an unexpected greater
complexity on the structural variation for what is usual in this kind of materials.
Due to the low symmetry of the pyrene building block two different orientation
for the imine bonds could be formed and therefore two different pore-isomers,
with similar cohesive energies. The big-pore isomer appears possess a flat
structure while the small-pore counterpart shows a corrugated morphology due
to intralayer steric interactions.
Layer stacking within these 2D-COFs can be chemically controlled by the
introduction of oxygen-electron groups on the aldehyde building block.
IMDEA-COF-1 is the first example of a solid-state fluorescent 2D Covalent
Organic Framework bonded via imine linkages.
Compared to other previously reported AA-stacked 2D imine COFs or
IMDEA-COF-2 in this work, IMDEA-COF-1 with staggered stacking mixture of
big and small pores is able to minimize the π-π interaction between the pyrene
units, hence inhibiting the non-radiative energy dissipation trough π-π stacking
switching on the fluorescence.
In addition, the coexistence of the enol-imine/keno-amine tautomers
corresponding to the IMDEA-COF-2 has been confirmed. Computational
modelling resulted in rather similar energies for both tautomers suggesting that
in IMDEA-COF-2 the imine/keto-amine tautomerism is not fully irreversible.
Finally

13

C-CP-MAS NMR data clearly showed the signals assigned for both

isomers corroborating the coexistence of the two of them.
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Chemical Sensing of Water
Contaminants by a Colloid of a
Fluorescent Imine-Linked COF

3.1 Introduction
The detection of environmental pollutants in water is an environmental priority.
Developing reliable and quantitative determination methods is crucial for
properly disposing of contaminated environmental and biomedical materials.1
Porous materials with flexible structures and designed pores, such as Metal–
Organic Frameworks (MOFs)2 and Porous Organic Polymers (POPs),3,4 have
been explored as potential candidates for chemical sensing. Nevertheless, the
sensitivity and selectivity towards detection in these porous materials are still
far from practical applications. The main limitations are associated with poor
pollutant–host interactions on the amorphous POP surfaces, or the limited
water stability of MOFs. Compare to these, Covalent Organic Frameworks
(COFs) possess the advantages of low density, free of metal and high stability.
In fact over the past decade COFs had been explored as promising candidates
for water treatment and separation purposes like mercury 5–7or dye removal 8,9.
Most of COF synthesized this past years for water treatment were focussed on
the pollutant removals over chemical sensor for those pollutants.10 This
happens despite many COF`s building blocks are electronically switchable
molecules due to its delocalized π systems and therefore the resulting
materials are potential candidates as chemical sensors. Thus, the chemosensing ability for polynitroaromatic compounds has been reported using a
luminescent azine-linked COF where the azine sites serve as docking sites to
lock guest molecules,10 and a series of imine- or β-ketoenamine linked COFs
containing triphenylbenzene as an inherently fluorescent platform.11,12 Finally,
triazatruxene-based COFs have also recently shown a quick-response
107

Isostructural β-ketoenamine and Imine-based COFs: Emission, Sensing and Catalysis.

fluorescence-on and -off nature towards electron rich and deficient arene
vapours.13 This lack of a more wide variety of COFs explored for this
applications is due to the fact that COFs show only moderate sensing ability. In
the case of 2D-COFs this behaviour is due to their layer stacking.

Most

2D-COFs are disposed on an eclipsed arrangement where the π–π interlayer
interactions leads to the quenching of the fluorescence. For this reason, ideally,
it would be necessary to achieve a single layer of this 2D-COFs to avoid this
interactions and obtain a highly emissive material that could be used as a
sensor14. The main drawback of this strategy is the difficulty in exfoliating the
COFs. despite the fact that soft interactions drives the stacking of the layers
forming this materials, they are strongly stacked one to another due to the
combination of many of those weak forces. Alternatively this π–π interactions
could be avoided by simply a packing change from the eclipsed AA
conformation to a staggered AB disposition of the 2D-layers as in the case of
the COF-IMDEA-1 described on the previous chapter.15 Its packing behaviour
makes this material a very good candidate for this kind of applications since it
would not be necessary to exfoliate to the monolayer.
To date, COFs have mainly been used to detect organic compounds in organic
solvents, while detection in water still remains a challenge. Therefore sensing
in water (first in lab-quality water but ultimately in real-world water samples)
would be an interesting and ground-breaking application the rather than the
sensing of pollutants in industry-produced-purity organic solvent. In order to
overcome this limitation, developing methods to prepare colloidal COFs in
water is critical.16
On this subject one of the most important targets would be dyes.17 Dyes are
chemical compounds which chemically bound to a substrate to which it is
applied, to colour them18. This chemical binding is what makes them different
from pigments, since they do not chemically bond the substrate. Therefore dyes
are required to be resistant to many situations, environments and chemical
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products (such as detergents). Because of this and their wide use in a huge
variety of industrial fields e.g. textile,19,20 paper,21 food processing, cosmetics,
rubber, plastics, printing and many other22–24 their release upon the waters
makes them a significant source of pollution. Only a 1% of the dyes used in the
textile industry is discharged into water streams25, but there is more than
100,000 the commercial dyes known with a production of over 7 × 105 tonnes/
year

26

and the total worldwide dye consumption in the textile industry is more

than 10,000 tonnes/year making dyes discharge an environmental issue.
Due to the change in the colour of the water dyes, even in low concentrations,
may affect the photosynthetic activity in aquatic life or even be toxic because
of the metals and aromatics present in their structures.

27–32

(Table 3.1). Dyes

has been studied to be also carcinogenic, mutagenic or teratogenic for some
fishes and in addition they are chemically stable and has little biodegradability
which could lead to bioaccumulation. This is no minor issue since in humans
dyes can cause kidney, liver, brain, reproductive and central nervous system
dysfunctions.33
For all these reason exposed here the detection of dyes and other water
pollutants even in small concentrations for their removal is a matter of the
utmost important and COFs with their aromatic conjugated system present a
great platform to use as sensors. For this purpose 2D-stagered COFs are very
promising for chemical sensing in suspension. Therefore in this chapter a stable
water colloid of the 2D layer staggered IMDEA-COF-1 and its application as a
chemical sensor for organic dyes and nitroaromatics will be presented.
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Table 3.1: Classification of some of the most common dyes containing a chromophore group in
their structure. Adapted from reference 20.

Type

Chromophore

Example

Nitro dyes
C. I. Acid yellow 24

Nitroso dyes
Fast green O
Azo dyes
Methyl Orange

Triphenylmethane
dyes
Malachite green

Phthalein dyes

Phenolphthalein

Indigo dyes
Tyrian Purple
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3.2 Results and Discussion
Both IMDEA-COF-1 and -2 materials were prepared and characterized as it
was described in the previous Chapter 2. For preparing the IMDEA-COF
Colloids 1 mg of the correspondent COF was placed on a 50 mL vial and 25
mL of MiliQ water was added. The mixture was sonicated for 3 hours at 80 KHz
and 20 ºC. The resulting suspension was diluted until its emission spectra
maximum showed an intensity of 1×106 counts per second (CPS).
The so formed COF-water suspensions were stable and showed Tyndall effect
thereby demonstrating the colloidal nature (Figure 3.1).

Figure 3.1: Schematic representation of the preparation of the water colloids of IMDEA-COF-1
(top) and -2 (bottom) showing the occurrence of Tyndall effect.
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Dynamic Light Scattering (DLS) measurements showed a homogeneous
particle size distribution of ca. 430 and 548 nm for IMDEA-COF-1 and -2,
respectively.

Figure 3.2: Dynamic Light Scattering measurements of IMDEA-COF-1 (▬) and -2 (▬) colloids.

In order to fully characterize the materials as colloids and study any possible
change that colloid-formation process could have had on the nano- and
microstructures of the COFs in detail studies via Transmission Electron
Microscopy (TEM) and Atomic Force Microscopy (AFM) were performed.
IMDEA-COF-1 colloid was dropcasted on a silicon oxide wafer and the solvent
was removed. The material was then analyzed by AFM and the formation of
layers with lateral dimensions of hundreds of nanometers was observed. These
layers had an average height of 3nm. Dropcasted IMDEA-COF-1 was also
characterized by TEM been again observed how the layered structure of the
material is preserved after the colloid formation process. In addition, the
material showed a complex electron diffraction pattern confirming the
crystalline character of the IMDEA-COF-1 nanolayers after exfoliation (Figure
3.2).
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Otherwise, when IMDEA-COF-2 water colloid was equally dropcasted and
subsequently studied by AFM and TEM an extremely different morphology was
found. In this case the colloid was composed of fibres showing that the
nanolayered nature of the material has been compromised.

Figure 3.3: (a) Topographic AFM images of a drop-casted IMDEA-COF-1 water colloid on SiO2
and (b) its corresponding height profile along the represented lines. (c) TEM micrographies of
representative nanosheets of IMDEA-COF-1 obtained from the water colloid and (d) its electron
diffraction pattern.

These IMDEA-COF-2 fibres possessed lengths of hundreds of nanometres and
a width of a few tens of nanometers. The height of the IMDEA-COF-2 fibres
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was much larger than those of IMDEA-COF1 nanolayers, reaching values of
even hundreds of nanometres (Figure 3.3).
This was in good agreement with the computational studies on these materials
shown on the previous chapter,15 which indicated that AA-eclipsed
IMDEA-COF-2 was more strongly stacked as compared to its counterpart ABstaggered IMDEA-COF-1, with a difference around 8 kcal mol-1.
The hypothesis was that the higher interaction among layers in IMDEA-COF-2
favours hydrolysis reactions, resulting in the micro-sized nanofibers observed.

Figure 3.4: a) Topographic AFM images of a drop-casted IMDEA-COF-2 water colloid on SiO2
and (b) its corresponding height profile along the represented lines. (c) TEM micrographies of
representative nanosheets of IMDEA-COF-2 obtained from the water colloid.
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To demonstrate this hypothesis 1 mL of an aliquot of each fresh-made colloid
was extracted with deuterated chloroform (CDCl3) and then proton nuclear
magnetic resonance (1H-NMR) data was collected (Figure 3.5). In the case of
the extraction from the IMDEA-COF-1 colloid, no signal corresponding to the
COF or its possible hydrolysis products was observed but the solvents signals.
When the IMDEA-COF-2 colloid extraction was checked two groups of signals
appeared. The first of them appeared in the aliphatic region between 0.5 - 3.0
ppm and the second in the aromatic region from 8.5 to 9.5 ppm. This new
signals were assigned to hydrolysis products.

Figure 3.5: 1H-NMR spectra of IMDEA-COF-1 (▬) and IMDEA-COF-2 suspensions in CDCl3
(▬) and details of the aromatic regions.

The fluorescence properties of the COF colloids were assessed. In a first step,
a sample of each colloid were placed under UV light (312 nm). Thus, emission
could be observed for the IMDEA-COF-1 water colloid where the material
morphology was composed of nanolayers. Otherwise, its counterpart
IMDEA-COF-2

colloid,

with

a

nanofibered

morphology,

showed

no

fluorescence properties.
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Therefore, checking for the higher optimal excitation wavelength a sweep of
different emission-absorption spectra of IMDEA-COF-1 were measured in
water colloids conforming an emission excitation matrix (Figure 3.6). Upon
excitation at 389 nm, IMDEA-COF-1 water colloid showed a broad featureless
emission maximum at ~510 nm, together with a contribution at 450 nm,
indicative of the formation of pyrene excimer species. The formation of pyrene
excimers upon excitation could be altered or even cancelled by intercalation of
suitable aromatic compounds, which has been exploited in the construction of
chemical sensors.34–36 These results demonstrated that the COF nanostructure
was retained for IMDEA-COF-1 in water using exfoliation methods.

Figure 3.6: Excitation-Emission Matrix (EEM) spectra of IMDEA-COF-1 colloid in water. The
white stripe correspond to the Rayleigh scattering.
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Lastly stability of the suspension needs to be evaluated in order to ultimately
been used as a chemical sensor. For that purpose two aliquots of the
IMDEA-COF-1 water colloid were analysed by UV-Vis and by Z-Potential over
time. The suspension showed to be stable for four days (Figure 3.7).

Figure 3.7: UV-Vis (left) and Zeta Potential (right) measures of IMDEA-COF-1 water colloid over
time.

Colloidal suspensions of a 2D boronate ester-linked COF has been previously
obtained successfully in acetonitrile and chemical sensing studies have been
carried out in different organic solvents16,37. Nevertheless, to the best of our
knowledge the IMDEA-COF-1 water colloid is the first example of a stable COF
water colloid and in addition due to its 3D arrangement of its layers its solidstate emissive properties are retained in suspension. Considering these
features and the lack previous work about COF applications in water, we
decided to study the sensing behaviour of IMDEA-COF-1 in water with different
organic pollutants and organic dyes. The selected pollutants where
nitrobenzene (NB), dinitrobenzene (DNB) for the nitroaromatic compounds and
methylene blue (MB), malachite green (MG), Janus green (JG), bromophenol
blue (BB), crystal violet (CV) and thionin (Th) in the case of the organic dyes
(Figure 3.8).
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To perform these studie stock solutions of all organic dyes and nitroaromatic
compounds were prepared with MiliQ water at 1x10-3 M. IMDEA-COF-1 water
colloid was obtained as described before. Experiments were carried out by
spectrofluoremetric titration method. The fluorescence titration experiments
were performed by gradually increasing the nitroaromatic and dyes
concentration by adding constant amount of the corresponding stock solution
and immediately measuring the emission spectra after each addition. The
concentration of dyes and nitroaromatic compounds was increased from 0 to
1.07x10-4 M (0 to 240 μL of stock solution added). Upon addition of analyte to
the IMDEA-COF-1 water colloid the fluorescent intensity of it gradually
decreased with increasing concentration (Figures 3.9 and 3.11).

Figure 3.8: Molecular structure on the organic dyes and nitroaromatic compounds tested.

To quantify the quenching phenomena the standard curve-linear fitting in the
Stern-Volmer (SV) equation was applied 38(Figures 3.9, 3.10 and 3.12):

𝐼0
= 1 + 𝐾𝑆𝑉 ∙ [𝑄]
𝐼
Where I0 is the florescence intensity when no quencher is present, I is the
fluorescence intensity with the quencher, KSV is the Stern-Volmer constant and
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Figure 3.9: (a) Fluorescence quenching of IMDEA-COF-1 with nitrobenzene, (b) Stern-Volmer
plot and constant obtained from the titration of IMDEA-COF-1 with nitrobenzene.

Figure 3.10: Fluorescence quenching of IMDEA-COF-1 with dinitrobenzene, (b) Stern-Volmer
plot and constant obtained from the titration of IMDEA-COF-1 with dinitrobenzene

[Q] is the concentration of the quencher. Also the quenching percentage (Q%)
was calculated on the linear response area of the Stern-Volmer according to
the formula:

𝑄% = (1 −

𝐼𝑛
) × 100
𝐼0

Where I0 is the fluorescence intensity without quencher, In the fluorescence
intensity of the sample with me highest quencher concentration with linear
response still (Figure 3.13)
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Figure 3.11: Fluorescence quenching of IMDEA-COF-1 with (a) malachite green, (b) methylene
blue, (c) crystal violet, (d) Janus green, (e) thionine and (f) bromophenol blue.

120

Chapter 3: Chemical Sensing of Water Contaminants by a Colloid of a Fluorescent
Imine-Linked COF

Figure 3.12: Stern-Volmer plots and constants obtained from the titration of IMDEA-COF-1 with
(a) malachite green, (b) methylene blue, (c) crystal violet, (d) Janus green, (e) thionine and (f)
bromophenol blue.
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The colloidal IMDEA-COF-1 nano-layers showed remarkable chemical sensing
properties towards the tested organic dyes. Fluorescence emission of colloidal
IMDEA-COF-1 was immediately quenched upon the addition of increasing
amounts of the analyte solution, indicating the disruption of excimer formation.
The IMDEA-COF-1 fluorescence emission intensity was significantly quenched
upon the addition of the dye solution and exhibited its maximum (81%) towards
cristal violet over other dyes (Table 3.2).
The standard linear curve-fitting in the Stern–Volmer equation employed to
measure the quenching phenomena showed the highest value of the Stern–
Volmer constant was found to be 4.72 x104 M-1 for Janus green. The rest of the
KSV values (Table 3.2) were similarly close one to the others and to others
recently reported for similar imine-linked COFs but in those cases experiments
were carried out in organic solvents.12
The

related

luminescence

spectrometric

titration

experiments

using

IMDEA-COF-1 water colloids with di- and nitrobenzene found that it was
notably sensitive and a 22% quenching efficiency was achieved on
nitrobencene addition over dinitrobencene (17%). Along with this, the Stern
Volmer quenching constant showed a similar behaviour, being for nitrobencene
2.32 x 103 M-1 while the KSV for dinitrobencene was 1.17 x 103 M-1.
The low surface area value of IMDEA-COF-115 hampered the molecular
recognition into the pores of this material. It was hypothesized that the
mechanism of pollutant detection of the water colloid of IMDEA-COF-1 was
related to the quenching consequence of the interaction between the aromatic
part of the organic dye or the nitro derivative and the surface of the nano-layers
of the COF present in the colloid, most likely a combination of Föster
Resonance Energy Transfer (FRET) and static quenching, as is the case in
most fluorescent sensors.
In order to confirm that this phenomenon of emission decrease is due to
quenching between the analytes and the IMDEA-COF-1, a blank experiment
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was carried out. In this experiment the luminescence spectrometric titration
aliquots of MiliQ water instead of pollutant solutions were used. The aliquots
were of the same volume that the ones used for the previous pollutant titration
experiments. Dilution-due emission decrease was proven to be negligible. For
instance, in the case of thionin (The dye with the lowest Q% and second lowest

KSV) it was necessary four times the volume of MiliQ water to achieve the same
emission decrease caused by analyte quenching.

Figure 3.13: Percentage of fluorescence quenching of IMDEA-COF-1 with analyte. Error bars
correspond to the highest and lowest values observed.

In order to estimate the upper and lower limit work conditions for our sensor
saturation point (SP) and detection limit were calculated for each analyte (Table
3.2).
Saturation point was measured by adding to the aqueous suspension of
IMDEA-COF-1 increasing amounts of the stock solution until quenching
percentage only varies ±0.1% when another aliquot is added, assuming that
the decrease in the fluorescence intensity is due to the dilution (Figure 3.14).
On the other hand, detection limit (DL) was calculated as DL= 3.3xσ0 where σ0
is the standard deviation of the blank, resulting on a dimensionless number
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which divided by the KSV gives the DL in molarity units. For this purpose the
blank measurement described above was used. 39
Table 3.2: Stern-Volmer constant, Detection Limit and Saturation Point of IMDEA-COF-1 water
colloid with the different tested analytes.

Analyte

KSV (M-1)

DL (M)

SP (M)

MG

1.02×104

2.68×10-5

9.91×10-3

MB

8.36×103

3.55×10-5

1.23×10-3

CV

2.75×104

1.32×10-5

6.54×10-4

BB

2.64×104

1.37×10-5

9.09×10-5

Th

9.29×103

3.89×10-5

1.07×10-3

JG

4.72×104

7.66×10-6

2.91×10-3

NB

2.32×103

1.56×10-4

1.23×10-2

DNB

1.17×103

3.09×10-4

2.54×10-3

The obtained DL and SP values for this COF varies from organic dyes to
nitroaromatic. Despite this fact the values are in the range of those recently
reported for similar COFs used for nitroaromatics or organic compounds
sensing40.
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Figure 3.14: Saturation curves of IMDEA-COF-1 upon addition of with (a) MB, (b) MG, (c) CV,
(d) JG, (d) Th and (f) BB, respectively. Detail of emission before and after analyte addition.
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3.3 Conclusions
In summary, a colloidal two-dimensional pyrene-decorated imine-linked COF
material was successfully obtained in water. The IMDEA-COF-1 material could
be easily exfoliated in water upon sonication to give rise to a stable water colloid
formed by nano-sheets with a thickness about 3 nm and over hundreds of nm
in lateral dimensions. These colloidal COFs retained the nanostructure in
water; therefore, the layer-stacking-driven fluorescence determined in the solidstate was maintained in water. The easier processability of IMDEA-COF-1 as
nano-sheets compared to its counterpart IMDEA-COF-2 agrees with theory,
which indicated a significant difference of approximately 8 kcal mol-1 in
cohesive energies. These results prove that calculated cohesive energy values
can be used as a predictive computational tool to assess the feasibility of
exfoliation against hydrolysis in COFs.
The colloidal IMDEA-COF-1 is active as a chemical-sensor and can detect the
presence of several organic dyes and nitroaromatic derivatives in water.
Despite of the fact that this sensing study is just a proof of concept, some
specificity on the sensing properties of the IMDEA-COF-1 water colloid towards
the different analytes tested can be directly inferred from the different KSV
values,

already

reported

in

our

original

manuscript.

For

instance,

IMDEA-COF-1 is more sensitive towards NB than towards DNB, by
approximately a factor of 2, and more sensitive by an order of magnitude
towards dyes than nitroaromatics.
Importantly, the IMDEA-COF-1 water colloid presented in this chapter
represents the first example of an imine-based colloidal COF in water. The
obtained results show the high potential of water suspensions containing
nanostructured COF materials for applications in chemical sensing of
pollutants. These results also open new perspectives for potential applications
of COF water colloids as nanocarriers for biomedical applications.
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4

Gel-phase Cu(II)-loaded 2D-COFs
as catalyst for Huisgen reactions

4.1 Introduction
Traditionally in transition metal catalysed reactions, Schiff base complexes
have been employed due to their outstanding performances as catalyst.
Transition metal coordinative bond with the ligands is strong enough to make
these compounds a very successful way to introduce metal active sites1.
Nevertheless, this homogeneous catalysis suffers from recycling issues, been
highly difficult to recover the catalyst and/or it decomposes during the reaction.
Heterogeneous catalysis not only overcomes those limitations, but also allows
precise control over the chemical environment of the active site. Therefore,
heterogeneous catalysis has been breaking through, and confining metal ions
to insoluble materials have increasingly attracted attention over the years2–4.
In this context, COFs arise as very promising substrates for anchoring metallic
centres to be used in catalysis. The reticular structure of COFs and their
potential for designing, provide the perfect opportunity for using building blocks
as organic ligands distributed in a uniform way along the COF structure. As it
happens with metal-organic frameworks5, these uniformly distributed metal
centres act as single active sites6.
Two different chemical environments have been studied for the incorporation
of metal ions in the COFs structures; post-synthetic metalation of the atoms
involved in the linkage, such is the case of imine-based COFs7, or the use of
coordinative groups situated in alpha position to the alpha to the COF-based
bond, as in the case of β-ketoenamine8 or salen9 COFs, among others. Both
approaches are carried out once the material is already activated, and dried.
Of the many metals used to modify COFs, copper has been one of the most
studied10.
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Sun et al. Developed a β-ketoenamine COF using a ditopic linear amine
containing a bipiridine11. This COF by itself showed catalytic activity for the
polimerization of phosphonium salts. In addition, when copper (II) was
anchored to the bipiridine moieties, this material catalysed CO2 insertion into
epoxides. Henry reaction has been also catalysed using a chiral copper loaded
β-ketoenamine based COF12. The reaction proceeded in 48 hours with
conversions up to 90 % but low enantiomeric excess. In addition to the
aforementioned

carbon

–

carbon

coupling

mentioned,

Chan-Lam

carbon-nitrogen coupling has also been explored using a copper (II) loaded
COF as catalyst. In this case Zhang and co-workers synthesized an imidebased COF that after metalation catalysed a wide scope of aromatic boronic
acids and aromatic amines under mild conditions, in less than a 24 hours, with
high yields and recyclability13.
1,3-dipolar cycloaddition reaction is a good strategy for the synthesis of
1,2,3-triazole heterocycles, a moiety widely used in coordination chemistry14,15.
This reaction, known as Huisgen reaction, was at first characterized by being a
slow rate reaction with a low selectivity which needed high temperatures16,17.
The introduction of the copper(I)-catalyzed variation of the reaction leaded to
an effective and regioselective tool for the synthesis of 1,3,5-triazoles18,19. From
that moment, this reaction became the paradigm of the “click chemistry” since
it proceeded under mild conditions with high yields and regioselectivity.
Traditionally, the catalytic system for this reaction consisted on a copper (II)
salt acting as precursor with a reducing agent (such as sodium ascorbate)
which generates the catalytic-active copper (I) specie20. The direct use of
copper (I) salts (usually with stabilizing ligands) was reported later21. Kuang et
al. reported the possibility of performing this reaction using copper(II) as
catalyst without a reducing agent22. In these reaction conditions the catalytic
Cu(I) species were generated by the oxidation of alcoholic media or by alkyne
homocoupling. Finally, Corma et al. reported performing the reaction using a
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MOF containing copper (II) centres without been able to detect any copper (I)
species during the process, therefore hypothesizing the Cu(II) to be the
catalytic species23. (Figure 4.1)

Figure 4.1: Mechanism of a 1,3-dipolar cycloaddition reaction using Cu(II) species as catalyst.
Adapted from Reference 23.

In this chapter, two new low-temperature methods of copper (II) loading into an
imine-based and a β-ketoenamine COFs are described, along with a study of
their catalytic activity under mild conditions towards Huisgen’s 1,3-dipolar
cycloaddition.
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4.2 Results and Discussion
For this study the triamine building block 1,3,5-tris-(4-aminophenyl)benzene
(TAPB) was condensed with either 1,3,5-bencenetricarbaldehyde (BTCA) or
2,4,6-trifromilphloroglucinol (TFP) for the formation of RT-COF-1 and -2,
respectively.

RT-COF-1 was synthesized following previously reported

procedure24. The attempts to synthesize the RT-COF-2 by these same
procedure were unfruitful. Therefore a new method was developed. Both
building blocks were dissolved in a mixture of m-cresol and acetic acid (10:1)
and the reaction was carried out at 30 oC for 3 days. This synthesis yielded
RT-COF-2 as an orange gel. Activation of the material was performed by
solvent exchange using THF and methanol followed by open air drying for 48
hours.

Figure 4.2: Scheme of synthesis of RT-COF materials
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The formation of the RT-COF materials was confirmed by solid-state 13C crosspolarization magic angle spinning nuclear magnetic resonance (CP-MAS NMR)
and attenuated total reflection Fourier-transform infrared (ATR-FTIR)
spectroscopies. In the case of RT-COF-1, the characteristic ATR-FTIR signals
at 1621 and 1279 cm−1 corresponding to C=N and –C=N−C stretching bands,
respectively, could be observed. Additionally, the complete condensation
between the two building blocks can be confirmed by the disappearance of the
signal at 1690 cm-1 and the signals between 3350 and 3200 cm-1 assigned to
the aldehyde carbonyl and amine stretching bands, respectively (Figure 4.3).

Figure 4.3: ATR-FTIR spectra of TAPB (▬), BTCA (▬) and RT-COF-1(▬).

The

13

C CP-MAS NMR data collected on RT-COF-1 showed a resonance at

157 ppm corresponding to an imine carbon atom, while the signal at 192 ppm
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assigned to benzene-1,3,5-tricabaldehyde carbonyl carbon disappeared,
corroborating the condensation of both building blocks (Figure 4.4).

Figure 4.4: 13C-MAS NMR spectra of TAPB (▬), BTCA (▬) and RT-COF-1 (▬).

Figure 4.5: Scheme of the ketoenolic tautomerism. (left) enol-imine, (right) keto-amine tautomers

With regard to RT-COF-2 ATR-FTIR collected data, a different behaviour was
observed due to the keto-enolic tautomerism (Figure 4.5) Two Important
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signals could be found. First, the signal associated to the C=O stretching of the
aldehyde shifts from 1658 to 1610 cm−1 corresponding to a C=O stretching
signal the ketone in the backbone of the COF. On the other hand, a signal at
1286 cm-1 corresponding to an enamine C–N stretching band, appeared
(Figure 4.6).

Figure 4.6: ATR-FTIR spectra of TAPB (▬), TFP (▬) and RT-COF-2 (▬)

Further confirmation of the building blocks condensation could be obtained
from solid state NMR. 13C CP-MAS NMR data collected on RT-COF-2 showed
a signal at 184 ppm assigned to the ketone carbon. Additionally, the signals at
191 and 171 ppm, assigned to the aldehyde and hydroxyl carbon atoms of TFP,
respectively, disappeared. The disappearance of the first signal is due to the
bonding of the building blocks while the tautomerization of the hydroxyl group
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to a ketone causes the disappearance of the latter. In this case, the signal at
147 ppm assigned the aromatic carbon in alpha to the amine remained due,
again, to the tautomerization of the imine bond to an amine bond (Figure 4.7).
From ATR-FTIR and

13

C CP-MAS NMR data collected for RT-COF-2, it could

be concluded that for this β-ketoenamine-based COF, the keto-enolic
tautomerism is highly shifted to the ketoamine isomer, as observed for related
COFs25,26, contrarily to what was seen for the IMDEA-COF-2 in Chapter 2,
where there was a coexistence of both tautomers27.

Figure 4.7: 13C-MAS NMR spectra of TAPB (▬), TFP (▬) and RT-COF-2 (▬).

To confirm the formation of a long-range ordered material, powder X-ray
diffraction (PXRD) studies were carried out for both materials. PXRD collected
data for both RT-COF materials (Figure 4.8) showed similar patterns. RT-COF-
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1 showed a main Bragg diffraction peak at ~ 5.8 º 2θ corresponding to the (100)
plane and two smaller contributions at ~ 10.1 º and ~ 11.6 º 2θ corresponding
to the (21̅0) and (200) planes, respectively. RT-COF-2 showed also a main
diffraction peak at ~ 5.8 º 2θ corresponding to the (100) plane but only another
one smaller contribution at ~ 10.0 º 2θ corresponding to the (21̅0) plane. Along
with these aforementioned peaks, in both patterns appeared two more broad
contributions at ~ 15.0 º 2θ as a very low intensity peak due to the (31̅0) plane,
and a last contribution around 25 º 2θ assigned to (101) plane.

Figure 4.8: Representation of RT-COF-1 (▬) and RT-COF-2 (▬) experimental diffraction data.

Porosity of both RT-COF materials was evaluated by collecting nitrogen
adsorption isotherms at 77 K. Both RT-COF-1 and -2 showed high N2
adsorption capacity with a BET surface area value of 1014 and 888 m2/g,
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respectively. These surface area results exceed previously reported values for
both materials26,28,29.
Having been able to optimize the synthesis of both materials under room
temperature conditions, the modification of the COFs by introducing copper
catalytic centres was performed.
As it was stated in the introduction of this chapter, metalation of COFs have
usually been carried out using a post-synthetic modification of the already
isolated and activated material. The gel nature in which both materials are
primarily obtained enhances metal diffusion within the framework better
compared to a powder30. Therefore, contrarily to the usual procedure, this gel
stage was chosen to be the moment of the copper addition in the materials. For
this purpose two different strategies were followed. On the one hand, the so
called “in-situ” functionalization where the copper (II) salt was added only
one hour after the COF formation reaction has begun and then it proceeds up
to 72 hours. On the other hand, the “gel” functionalization, where the copper
(II) salt was added to the gel after a completed polymerization reaction of 72
hours and proceeded for another 72 hours.
For this study three different copper (II) salts were chosen: CuBr 2, CuCl2 and
[Cu(CH3COO)2·H2O]2 for both metalation processes. A similar activation of the
materials was performed as in the case of pristine RT-COF-1 and -2. The
materials were activated by solvent exchange using MilliQ water, THF and
methanol followed by open air drying for 48 hours.

Figure 4.9: Scheme of both “in-situ” (blue) and gel (red) functionalization processes.
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In order to confirm that the metalation processes did not compromise the
formation of the COFs neither their long range order, these materials were
characterized firstly by ATR-FTIR spectroscopy and PXRD.
ATR data collected for the six different copper-loaded materials showed no
significance shift in the position of the bands from those of the pristine
RT-COF-1 and -2. (Figure 4.10). Therefore copper incorporation in the
structure of the materials has not affected the chemistry of the COF.

Figure 4.10: FTIR-ATR spectra of the different Cu@RT-COFs synthesized with the different
loading methods and copper (II) salts; Pristine RT-COF-1 (▬), pristine RT-COF-2 (▬), in situ
loading (▬), Gel loading (▪▪▪), CuCl2 (▬). CuBr2 (▬) and Cu(CH3COO)2·H2O]2 (▬).

Conventional post-synthetic addition of copper to COFs leads to a decrease in
the crystallinity of the material31. With the two methods studied in this work, the
addition of copper (II) to the COF formation reaction may affect the crystallinity
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of the resulting materials, a priori, in two different ways: i) by enhancing the
defect-correction process due to its Lewis acid nature32; or ii) it could also
hamper the condensation since copper (II) has high affinity to bind to free amine
groups, present on the free building blocks or defects.
In order to study the effect caused on crystallinity, powder X-ray diffraction data
were collected for the two metallated RT-COF materials with the three different
Cu(II) salts by both “in-situ” and “gel” functionalization and compared to the
diffraction data of the pristine materials (Figure 4.11).
In the case of RT-COF-1 a small loss of crystallinity was observed for all the
different metalation processes, being very similar for the three of them.

Figure 4.11: PXRD Patterns of the different Cu@RT-COFs synthesized with the different loading
methods and copper (II) salts; Pristine RT-COF-1 (▬), RT-COF-2 (▬) In situ loading (▬), Gel
loading (▪▪▪), CuCl2 (▬). CuBr2 (▬) and [Cu(CH3COO)2·H2O]2 (▬).
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On the other hand, for RT-COF-2 the behavior is more complex. As happened
with its counterpart, this COF lost crystallinity when the copper is incorporated
by all the different methods tested. However, there is the evidence that the “gel
functionalized” RT-COF-2 PXRD pattern showed an important amorphous
contribution compared to the “in situ” functionalized materials, which remained
more crystalline when compared to the pristine material.
The content of copper in all the metalated materials was determined by Total
reflection X-Ray Fluorescence (TXRF) in order to evaluate the degree of
incorporation of the metal into the COF (Table 4.1).
The results on both materials showed lower copper loadings ranging from 0.01
to 2.59 % w/w. When these results were analysed, a higher efficiency of loading
was found when copper (II) acetate was the salt used, very likely due to the
higher solubility of the copper salt in the reaction media. Regarding the
methods, “in situ” loading yielded higher metal incorporation than de “gel”
method. Moreover, when focusing on the material, RT-COF-2 showed a higher
affinity for copper (II) than RT-COF-1.
Table 4.1: Percentages (w/w) of Cu(II) loading for the different COFs, salts and methods used
and nominal loading for each copper salt and material.

Cu (II) salt
CuCl2
CuBr2
[Cu(CH3CO2)2·H2O]2

RT-COF-1
Gel
In situ
Nominal
loading loading loading
0.01
0.01
29.05
0.03
0.01
29.05
0.19
0.04
26.57

RT-COF-2
Gel
In situ
Nominal
loading loading loading
2.33
0.40
27.34
2.10
0.16
27.34
2.59
0.94
25.32

After evaluate the obtained results on PXRD, TXRF and ATR-FTIR “in situ”
metalation with copper (II) acetate resulted in the most efficient metal precursor
and therefore, this method was the one chosen for the rest of the study.
Scanning Electron Microscopy coupled with Energy-Dispersive X-ray
microanalysis were performed in order to assess how homogenously dispersed
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was the copper within the material. SEM images of Cu@RT-COF-1 showed a
laminar structure, as expected for a 2D-COF and no presence of copper
nanoparticles could be observed. Analysis with EDX confirmed the presence of
copper in small amounts. Similar results were obtained for the Cu@RT-COF-2
being the main difference a higher amount of copper and oxygen (Figure 4.12).
This increased content of oxygen and copper, compared to Cu@RT-COF-1,
are in agreement the TXRF copper loading results.

Figure 4.12: SEM image (A) and EDX analysis (B) of RT-COF-1, and SEM image (C) and EDX
analysis (D) of RT-COF-2. (*) Gold peak due to metallization of the samples.

In order to evaluate the porosity after metalation, nitrogen adsorption studies
were measured at 77 K. Recorded nitrogen isotherms of the material after
copper metalation showed a significant decrease in porosity compared to the
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pristine materials. Cu@RT-COF-1 showed a BET surface area of 121 m2/g
compared to the 1021 m2/g of the pristine material. Cu@RT-COF-2 suffered a
bigger loss of porosity going from 888 m2/g for the pristine material to 19 m2 for
the metalated material. Pore size distributions showed a main pore size of 7.7
Å and 7.0 Å for pristine RT-COF-1 and -2, respectively. Interestingly, pore size
changed differently in each system. For the imine based RT-COF-1 pore size
dropped to 7.1 Å after copper loading while it increased to 7.73 Å for the
β-ketoenamine based counterpart, RT-COF-2. It is likely that the decrease of
the main pore size in the first case is due to the incorporation of the metallic
species while in the second case, the increase happens when adjacent pores
are merged due to a defect caused by the copper.
Nevertheless this decrease in the nitrogen uptake of the materials after
metalation may not be related to an actual surface area reduction. Since the
amount of copper loaded is low in both materials and, especially in the case of
RT-COF-1, the loss of crystallinity is very small. In addition, as will be discussed
after, those copper centres are accessible for catalysis suggesting an open
pore structure. In some porous materials, when a new metallic atom is added
to the material there is a loss in nitrogen affinity, unrelated to a surface area
decrease since for other gas probes, such as carbon dioxide, this affinity
increases33–35. It would be interesting for further studies to include CO2
adsorption isotherms to truly evaluate the porosity of the materials.
Characterization results for both Cu@RT-COFs showed two clearly
differentiated chemical response to the metalation. On the one hand, the imine
based RT-COF-1 showed no significant loss in crystallinity after metalation
together with a lower copper loading. On the other hand, β-ketoenamine based
RT-COF-2, with a significant loss of crystallinity after metalation, is able to
uptake a bigger amount of copper. This behaviour suggest that copper
metalation hampers the defect-correction process by binding to free amine
groups from either defects or unreacted building blocks, therefore, leading to a

147

Isostructural Imine and β-ketoenamine-based COFs: Emission, Sensing and Catalysis.

less-ordered material. In the case of RT-COF-1, the large amount of acetic acid
present, acting both as catalyst and solvent, outweighs the addition of copper.
Therefore, the hypothesis here is that in RT-COF-1 copper binds through the
nitrogen atoms involved in the imine bond, with lower affinity for the metal than
amines. In contrast, for RT-COF-2 this effect is more pronounced since acetic
acid is only used in catalytic amounts. In addition, it should be pointed out that
the structure of RT-COF-2 consist on a β-ketoenamine COF which tend to be
less crystalline because of the irreversible second step of their binding-linkage
formation, the aforementioned ketoenolic tautomerism, thereby hampering the
defect healing. This fact leads to a less crystalline and porous material. The
high Cu content of RT-COF-2 compared to RT-COF-1 could be explained by
the presence of amine groups in its pores due to the ketoenolic tautomerism.
These evidences corroborate that amine groups have more affinity to bind to
Cu(II) than inmine groups. Additionally if the coordination of the copper through
the nitrogen and the oxygen would give to the system an enhanced stability
thanks to the six membered chelate formed.
To evaluate the accessibility of the added copper centres, the catalytic activity
of the Cu@RT-COFs was tested for a Huisgen [2+3] dipolar cycloaddition of
alkynes and azides to form 1,2,3-triazoles.
As a proof of concept, the reaction of benzyl azide with two different alkynes
(Figure 4.13): symmetric 3-hexyne and the asymmetric 4-bromobutyne. The
later alkyne was chosen in order to evaluate the regioselectivity of the reaction.

Figure 4.13: Schematics of the tested 2,3-dypolar cycloaddition reactions.
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For these catalytic studies benzyl azide was placed in a 2 mL vial.
Subsequently CH2Cl2 was added and then the corresponding alkyne and
catalyst were added. The vial was capped and sonicated for 1 minute to
disperse de material and then stirred at 30 ºC for 18 hours. After this time, the
reaction crude was dried under reduced pressure. Deuterated chloroform was
added and the reaction products studied using 1H NMR. The reaction yield was
calculated from the ratio of the integrals of the singlet signals assigned to the
methylene in the free benzyl azide (4.25 ppm) and the final products (5.25-5.30
ppm). Both products were obtained with yields over 90 %. No reaction product
was found when the pristine materials were used as catalyst discarding
possible catalytic activity of the pristine COFs themselves (Table 4.2).
Table 4.2: Comparison of the different catalyst performances for the two different reactions.

Alkyne

Catalyst

Cat. amount
(mg)

Copper Loading
(mol %)

Yield
(%)

Cu@RT-COF-1

5.0

0.04

93

Cu@RT-COF-2

5.0

0.52

98

RT-COF-1

5.0

-

0

RT-COF-1

5.0

-

0

Cu@RT-COF-1

5.0

0.04

91

Cu@RT-COF-2

5.0

0.52

97

RT-COF-1

5.0

-

0

RT-COF-1

5.0

-

0

In addition to the high yields obtained, Cu@RT-COFs catalysed the reaction
between the asymmetric 4-bromobutyne and the benzyl azide with a 100%
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regioselectivity to the 1,4-isomer since only one signal for the methylene of the
product was found. If there was a mixture of isomers two different signals would
be expected since for the 3-hexyne reaction each ethyl group is assigned to a
different signal.
In order to confirm the confinement and stability of the catalytic process inside
the COFs and discard the possibility of leached copper being the active
catalyst, leaching tests were carried out. The reaction was prepared with the
aforementioned conditions but instead of let the reaction to proceed for 18
hours, the reaction mixture was filtered after 9 hours to separate the COF from
the reaction products. After the removal of the COF, the reaction was allowed
to proceed for 9 more hours to complete the final 18 hours of reaction time.

Figure 4.14: 1H NMR leaching studies for RT-COF-1 (left) and -2 (right). 4-bromo-1butyne (▬),
benzyl azide (▬), regular catalysis product (▬), leaching study product (▬)
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The reaction crude from the leaching tests was treated as previously described
with the same procedure as the regular catalytic studies. 1H NMR data for both
Cu@RT-COFs showed uncompleted reactions with still great amount of
unreacted benzyl azide and the corresponding alkyne (Figure 4.15). Thus,
copper leaching was discarded to happen in these catalytic systems.
Once the robustness of the catalytic system was assessed by the leaching
studies and to go further in this aspect, the catalytic reaction was repeated up
to five times using the same sample of catalyst. For this purpose, the reaction
crude was centrifuged after each reaction cycle and then decanted. The
catalyst was washed with dichloromethane and dried under vacuum prior to
being used again. None of the COFs showed a significant decrease in the
selectivity nor catalytic activity, only a 5% activity loss after 5 cycles which is
likely linked to small losses of material during the catalyst recovery.

Figure 4.15: Recycling of Cu@RT-COF-1 (▬) and Cu@RT-COF-2 (▬)
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4.3 Conclusions
In this chapter, a new method for the synthesis of the β-ketoenamine based
COF RT-COF-2 was reported. This method allows the isolation of the COF in
as a gel, key point for
In both the aforementioned RT-COF-2 and in the imine based RT-COF-1, two
new low-temperature methods for loading copper (II) inside the COF were
optimized, in-situ functionalization and gel functionalization. For the
optimization of each method three different metallic salts were used CuBr2,
CuCl2 and [Cu(CH3COO)2·H2O]2.
For both COFs in-situ functionalization with copper (II) acetate yield the highest
loading value while RT-COF-2 achieved a degree of metallic functionalization
one order of magnitude over RT-COF-1. In addition, a direct proportion on the
copper loading and how compromised the crystallinity and porosity of the
material resulted, was evidenced.
Both copper loaded COFs catalytic activity was tested for the 1,3- dipolar
cycloaddition reactions between azides and alkynes. Under mild conditions
each material exhibited 100% regioselectivity to the 1,4-disubtitued product,
and high catalytic activity with excellent yields.
The robustness of the catalytic systems was assessed by performing leaching
studies which showed no loss of copper during the reaction for any of them.
Finally, the catalysts were recycled up to five times without any significant loss
of catalytic activity.
This work represents one of the few examples of heterogeneous copper (II)
catalysed Huisgen reaction and the first one using a COF as support for the
metallic active species.
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Conclusions

The work presented in this thesis relies on the main differences in properties
and performance between imine-based and β-ketoenamine based COFs. The
study of different isostructural COFs based on these two linkages has yielded
some important breakthroughs for the chemistry of these materials.
On the first hand, the synthesis of two new COFs containing pyrene units in
their structure has been reported, having the one based on imine bonds shown
solid-state fluorescence emission. This phenomenon arises from the ordered
staggered arrangement of the pyrene units along the COF structure. On the
other hand the β-ketoenamine based counterpart stacks in an eclipsed
arrangement, therefore quenching the solid-state fluorescence through π−π
interaction. Layer stacking within these 2D-COF materials to give either
eclipsed or staggered conformations can be controlled by chemical decoration
of the building blocks with electron-donor oxygen groups
The computational studies carried out to further understand this phenomenon,
have demonstrated a much more complex structural variation than originally
expected for these materials. Due to the two possible orientation of the imine
bonds, two different pore isomers with similar cohesive energies could be
generated. The big pore conformer appears as a flat structure, while the
small-pore counterpart is corrugated.
Thus, IMDEA-COF-1 is the first example of a solid-state fluorescent 2D-COF
bonded via imine linkages.
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In addition, IMDEA-COF-1 material can be easily exfoliated in water upon
sonication to give rise to a stable water colloid formed by nano-sheets of c.a. 3
nm thickness and over hundreds of nm in lateral dimensions. These colloidal
COFs retain the nanostructure in water; therefore, the layer-stacking-driven
fluorescence determined in the solid-state is maintained in water.
Importantly, this work represents the first example of an imine-based colloidal
COF in water.
The easier processability of IMDEA-COF-1 as nano-sheets compared to its
counterpart IMDEA-COF-2 agrees with theory, which indicates a significant
difference of ca. 8 kcal·mol-1 in cohesive energies, proving how calculated
cohesive energy values can be used as a predictive computational tool to
assess the feasibility of exfoliation against hydrolysis in COFs.
The colloidal IMDEA-COF-1 is active as a chemical-sensor and can detect the
presence of several organic dyes and polynitro-aromatic derivatives in water.
These results show the high potential of water suspensions containing
nanostructured COF materials for applications in chemical sensing of pollutants
opening new perspectives for potential applications of COF water colloids.
In addition, a new low temperature synthetic method has been described for
the RT-COF-2 which until then had been only reported to be synthesized under
solvothermal conditions. This method allows the isolation of the material as a
gel, a key point for the loading method.
Two new copper loading methods has been developed and applied to
successfully incorporate copper in RT-COF-2 and its imine based counterpart
RT-COF-1. Unlike the metalation methods reported so far, the methods
developed in this thesis takes places in a gel phase of the synthesis of the
COFs, loading homogeneously the metallic atoms.

158

Conclusions

These copper-loaded COFs has proven to be active for the catalysis of
Huisgen’s 1,3-dipolar cycloaddition with high yields and regioselectivity. In
addition these materials were reused up to five reaction cycles with no
significant loss of neither catalytic activity nor regioselectivity.
Finally, in the case of the RT-COF-2 keto-enolic tautomerism is clearly
displaced to the keto-amine form. This behaviour is well stablished and
reported to be an irreversible step in the formation of b-ketoenamine COF.
Interestingly, in the case of IMDEA-COF-2 the coexistence of both enol-imine
and keto-amine tautomers presence was confirmed by

13

C CP-MAS NMR. In

addition, calculations corroborate rather similar energies of both tautomers.
These findings suggest that in our system the keto-amine form is not fully
irreversible unlike any other β-ketoneamine COF reported so far.
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Conclusiones
Esta tesis trata fundamentalmente las diferencias entre COFs basados en
enlace imina frente a aquellos basados en β-cetoenamina en cuanto a
propiedad y desempeño frente a diferentes aplicaciones. El estudio de dos
familias de dos miembros isoestructurales entre si, basado cada uno de ellos
en los ya mencionados enlaces ha dado lugar a diferentes resultados siendo
varios de ellos altamente novedosos en el campo.
En primer lugar se ha llevado a cabo la síntesis de dos nuevos COFs que
contienen unidades pireno en su estructura. De estos dos, el material basado
en enlace imina emite fluorescencia en estado sólido. Este fenómeno se debe
a la ordenación alternada de los pirenos de una capa respecto de la otra. Por
otro lado, el contraparte basado en β-cetoenamina se apila de forma eclipsada,
favoreciendo fenómenos de interacciones π−π entre los pirenos de las
diferentes capas y por tanto inhibiendo la emisión en estado sólido del material.
Por tanto, el diferente apilamiento de las láminas del COF puede ser controlado
por la correcta selección de bloques de construcción que incorporen grupos
con oxígenos dadores de electrones.
Los estudios computacionales llevados a cabo para entender más en
profundidad este fenómeno, revelaron una variedad estructural mucho más
compleja de la a priori esperada para estos sistemas. Debido a las dos posibles
orientaciones en las que puede formarse el enlace imina, aparecen dos
isómeros de poro con similares energías de cohesión. De estos dos, el
confórmero de poro grande es plano mientras que el de poro pequeño presenta
una cierta corrugación.
El material IMDEA-COF-1 representa así el primer ejemplo de un COF basado
en enlace imina que presenta emisión en estado sólido.
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El COF IMDEA-COF-1 puede ser exfoliado fácilmente mediante exfoliación en
fase líquida en agua aplicando sonicación. De esta manera, forma un coloide
estable compuesto de nano-láminas de aproximadamente 3 nm de espesor y
varias decenas de nanómetros de dimensiones laterales. En este coloide el
material mantiene el tipo de apilamiento, por lo que la fluorescencia se
conserva también.
Cabe destacar que este es el primer ejemplo de un COF basado en enlace
imina que puede formar un coloide estable en agua.
La sencilla forma en la que el IMDEA-COF-1 puede ser procesado como
nanoláminas en comparación con su homólogo IMDEA-COF-2 concuerda con
los estudios teóricos. Éstos indican una diferencia en la energía de cohesión
entre láminas de aproximadamente 8 kcal·mo-1. Esta correlación entre teoría
y experimentos revela como los valores de energías de cohesión obtenidos por
cálculos teóricos pueden ser empleados como una herramienta para predecir
como de factible es la exfoliación de un COF.
El coloide de IMDEA-COF-1 en agua ha demostrado su viabilidad como
sensor químico para detectar diferentes contaminantes en agua tales como
compuestos

polinitroaromáticos

o tintes orgánicos.

Estos resultados

demuestran el gran potencial de las suspensiones acuosas de COFs
nanoestructurados como sensores a la par que abre nuevas perspectivas en
potenciales aplicación de estos coloides acuosos de COFs
También se ha desarrollado un nuevo método de síntesis a temperatura
ambiente para el RT-COF-2, del cual hasta ahora solo se había publicado su
síntesis en condiciones solvotermales. Este método permite aislar el material
en forma de gel, lo que resulta un punto clave en el proceso de metalación
posterior.
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Dos nuevos métodos para introducir cobre en los COFs han sido desarrollados
y empleados con éxito en el RT-COF-2 y su homólogo basado en enlace imina
RT-COF-1. A diferencia de los métodos de incorporación de átomos metálicos
publicados hasta la fecha, los métodos desarrollados en esta tesis tienen lugar
en una fase de la síntesis del material en la que éste se encuentra en forma
de gel. Con este método se ha conseguido una funcionalización homogénea
con centros de cobre dentro de los materiales.
Se ha comprobado la actividad catalítica de estos centros de cobre dentro de
la estructura de los COFs frente a la reacción de Huisgen, una cicloadición 1,3dipolar obteniéndose unos altos valores tanto de rendimiento como de
regioselectividad. Además los materiales se reciclaron hasta cinco veces no
mostrando pérdidas significativas de actividad catalítica ni de regioselectividad.
Finalmente, en el caso del RT-COF-2 el equilibrio del tautomérismo cetoenólico está claramente desplazado hacia la forma ceto-amina. Este
comportamiento está bien establecido y ha sido publicado como un paso
irreversible en la síntesis de lso COFs basados en enlaces b-cetoenamina. Por
tanto resulta de gran interés el caso del IMDEA-COF-2, donde se observa
mediante RMN de

13

C en estado sólido la presencia de ambos tautómeros.

Además, los cálculos teóricos realizados también apoyan este hecho. Estos
resultados sugieren que en este Sistema el equilibrio no está desplazado de
forma absoluta e irreversible hacia la forma ceto-amina a contrario que todos
los demás COFs basados en enlace β-cetoenamina publicados hasta ahora.

162

Appendix

Appendix
Appendix ____________________________________________ 163
A1 – General Materials. _______________________________________ 164
A1.1 – Synthesis of 1,6-diaminopyrene. _______________________ 164
A1.2 – Synthesis of 2,4,6-trihydroxy-1,3,5-benzenetricarbaldehyde __ 166
A1.3 – Synthesis of 1,3,5-tris(4'-aminophenyl)benzene ____________ 166
A2 - General Methods ________________________________________ 168
A3 - Experimental Procedures. ________________________________ 173
A3.1 Materials Synthesis ___________________________________ 173
A3.2 Other Experimental Procedures _________________________ 177
A4 – Additional Data. ________________________________________ 181
A5. Appendix References _____________________________________ 189

List of Publications ____________________________________ 191
Publications Discussed in this Thesis. ______________________ 191
Other Publications _______________________________________ 191

List of abbreviations ___________________________________ 192

163

Isostructural Imine and β-ketoenamine-based COFs: Emission, Sensing and Catalysis.

A1 – General Materials.
All the general chemicals and solvents were obtained from commercial sources
and used without further purification unless otherwise specified according to
the procedures detailed below.

A1.1 – Synthesis of 1,6-diaminopyrene.

Figure A1.1: Synthesis scheme of 1,6-diaminopyrene.

rac-BINAP (934.04 mg, 1.5 mmol) and Pd2(dba)3 (457.58 mg, 0.5 mmol) are
dissolved in 100 mL of dry toluene. The mixture is degassed with N2 flow for 15
minutes and then a reflux condenser is attached and the mixture is left under
reflux for 1h. After that time, the reaction mixture is cooled down to room
temperature.
1,6-dibromopyrene (1.53 g, 5 mmol), NaOtBu (1.63 g, 17 mmol) and
benzophenone imine (2.64 mL, 15,75 mmol) are added to the reaction mixture
and left to react under reflux and inert atmosphere for 17 hours. The reaction
solvent is evaporated and then the crude product is dissolved in CHCl3 and
filtered through a celite bed. The solvent is again evaporated and purified in a
EtOH: CHCl3 (2:1) hot mixture affording 2.43 g of an orange-brown solid (87%
yield).
H NMR (CDCl3) δ 8.14 (d, J=9.07, 2H); 7.95 (d, J=7.07, 4H); 7.86 (d, J=9.12,

1

2H); 7.79 (d, J=8.14, 2H); 7.54 (m, 4H) 7.12 (m, 8H); 7.03 (d, 2H).
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Figure A1.2: 1H-NMR spectra assignation of 1,6-diaminopyrenebenzophenone imine.

400 mg of the 1,6-diaminopyrenebenzophenone imine are suspended in 36 mL
of THF by stirring for 10 min at room temperature. After that 3.6 mL of 3M HCl
are added dropwise while stirring. The flask is capped and the reaction is left
to react overnight at room temperature with stirring.
The reaction mixture is centrifuged at 7000 rpm for 15 min. The supernatant is
removed and the light salmon solid is washed twice with 50 mL of THF and
isolated by centrifugation at 7000 rpm for 15 min. The wet solid is suspended
on 150 mL of EtO2Ac and extracted twice with a saturated aqueous solution of
NaHCO3 (150 mL each) and twice with a brine solution (150 mL each), dried
over anhydrous MgSO4 and filtered through a cotton filter. The yellow-green
solution obtained is concentrated affording 130 mg of a green-brownish solid
that was dried under vacuum at 80oC. After that 127 mg are recovered (77%
Yield).
H-NMR (500MHz, DMSO-d6) δ 7.92-7.55 (m, 6H); 7.25 (s, 2H); 5.91 (s, 4H,

1

NH2), agrees with previously reported spectra1.
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A1.2 – Synthesis of 2,4,6-trihydroxy-1,3,5-benzenetricarbaldehyde

Figure A1.3: Scheme of the synthesis of 2,4,6-trihydroxy-1,3,5-benzenetricarbaldehyde

To hexamethylenetetraamine (5 g, 36 mmol) and dried phloroglucinol (3 g, 23
mmol) are added 90 mL trifluoroacetic acid under N2. The solution is heated at
100 ºC for ca. 2.5 h. Afterwards, 150 mL of 3 M HCl are added and the solution
is heated at 100 ºC for 2 h. After cooling to room temperature, the solution is
filtered through celite, extracted with CH2Cl2 (5x100 mL), dried over anhydrous
MgSO4, and filtered. Rotary evaporation of the solution affords a solid that is
washed with hot EtOH (5x20mL) and dried under vacuum finally affording 775
mg (16% yield) of an off-white powder. 1H NMR (300 MHz, CDCl3) δ 14.10 (s,
3H, OH), 10.14 (s, 3H, CHO) ppm; agrees with previously reported spectra.2

A1.3 – Synthesis of 1,3,5-tris(4'-aminophenyl)benzene
4'-nitroacetophenone (25 g, 152 mmol) is suspended in 100 mL of toluene and
then trifluoromethanesulfonic acid (0.5 mL, 5.7 mmol) is added. The solution is
stirred under reflux in a Dean-Stark apparatus for 7 days. The reaction mixture
is cooled down and filtered on vacuum to obtain a black solid that is washed
with

abundant

boiling

DMF

until

it

turns

white-pale

yellow.

1,3,5-tris(4'-nitrophenyl)benzene was obtained as an off-white solid in 75 %
yield (16.7 g).
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Figure A1.4: Scheme of the synthesis of 1,3,5-tris(4'-aminophenyl)benzene

1,3,5-tris(4'-nitrophenyl)benzene (3 g 6.80 mmol ) and of Pd on carbon (0.3 g,
10 % wt) were suspended in 80 mL of ethanol. The mixture is heated until reflux
and then add dropwise 15 mL of hydrazine hydrate. After keeping the reaction
under reflux for 16 h, it is filtered while hot through celite and washed with hot
THF to extract the precipitated product. The solvent is evaporated and white
crystals of 1,3,5-tris(4'-aminophenyl)benzene are formed. The solid is filtered
and washed with cold water and ethanol. Finally, the white solid is dried under
vacuum at 60 ºC for 12 h to yield 2.25 g of 1,3,5-tris(4'-aminophenyl)benzene
(94 % yield). 1H RMN (400 Hz, DMSO-d6): δ 7,47 ppm (m, 6H); 6,67 ppm (m,
6H); 5,19 ppm (d, 3H); 3,31 ppm (s, 6H)., in agreement with previously reported
spectra3.
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A2 - General Methods
1

H-Nuclear Magnetic Resonance

1

H-NMR spectra were recorded on a Bruker Avance III-HD NANOBAY

300MHz.
Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy.
ATR-FT-IR spectra were recorded using a Perkin Elmer Spectrum 100 with a
PIKE Technologies MIRacle Single Reflection Horizontal ATR Accessory with
a spectral range of 4000-650 cm-1.
Solid-State

13

C CP-MAS Solid-State

13

C and CP-MAS Nuclear Magnetic

Resonance Spectroscopy. Solid-State

13

C CP-MAS Nuclear Magnetic

Resonance were carried out using a Bruker AV 400 WB Spectrometer. The 13C
chemical shifts are given relative to tetramethylsilane as zero ppm.
Powder X-ray diffraction (PXRD) data were collected using Panalytical X’Pert
PRO diffractometer with Ge primary monochromator and X`Celerator fast
detector. Monochromated copper radiation (working wavelength Kα1=1.5406
Å) was employed. The samples were scanned in the range from 2θ = 2 - 30º
with a step size of 0.0167º and a step time of 100 seconds.

Theoretical Methods and Structure Modelling. In a first step, preliminary
density functional theory (DFT) analyses of the three different building blocks
composing the different IMDEA-COF crystal structures were carried out by the
GAUSSIAN094 code with the B3LYP/cc-pVTZ5–7level of theory in order to
obtain reasonable starting geometries towards the assembling of the whole
COF systems.

168

Appendix A2: General Methods

Using these optimized building blocks structures, several periodic models of
the different IMDEA-COFs were constructed and fully optimized with the plane
wave based software QUANTUM ESPRESSO.8 Full lattice/cell and structure
optimizations for each of the crystal bulk configurations were performed. These
optimizations were performed with DFT, within the generalized gradient
approximation (GGA). PBE exchange –correlation functional was corrected
with the D2 Grimme’s correction (REF (PDE+D2 method), to take into account
the long-range Van der Waals interactions. Ultra-soft pseudopotentials have
been used to model the ion-electron interaction within the H, C, N and O atoms.
The Brillouin zones have been sampled by means of optimal Monkhorst-Pack
grids9. The one-electron wave-functions are expanded in a plane wave basis
set with an energy cut-off of 450 eV for the kinetic energy, which has been
adjusted to achieve sufficient accuracy to guarantee a full convergence in total
energy and electronic density. All the structure optimizations were carried out
within a conjugate gradient minimization scheme until the maximum force
acting on any atom was below 0.05 eV Å-1. Cell-shape/size relaxations have
been carried out with two different algorithms: a damped dynamic and a BFGSlike relaxation. These different approaches, tested for different crystal bulk
configurations, provided very similar results for cell-shape and lattice
parameters, as well as similar frequencies for the internal vibrations and for the
cell oscillations.
The cohesive bulk energy per unit cell has been obtained from the expression:
𝐸𝐶𝑜ℎ𝑒𝑠𝑖𝑣𝑒
𝐸𝑇𝑜𝑡 (𝐵𝑢𝑙𝑘) − 𝑁 × 𝐸𝑇𝑜𝑡 (𝑀𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟)
=[
]
𝑈𝑛𝑖𝑡 𝐶𝑒𝑙𝑙
𝑁

Where ETot(bulk) and ETot(monolayer) are the total energies of the fully
optimized crystal bulks and isolated monolayers, respectively, and N is the
number of layers considered in the crystal bulk calculations (N=1 and 2 for AA
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and AB stackings, respectively). The theoretical crystal-powder diffractograms
have been simulated from the DFT-optimized structures by using the
MERCURY package.10
Gas Adsorption isotherms were measured using a Micromeritics ASAP2020
volumetric

instrument

under

static

adsorption

conditions.

Prior

to

measurement, powdered samples were heated at 323 K overnight and
outgassed to 10-6 Torr. Brunauer-Emmet-Teller (BET) and Langmuir analyses
were carried out to determine the total specific surface areas for the N2
isotherms at 77 K. By using the nonlocal density functional theory (NLDFT)
model, the pore volume was derived from the sorption curve. CO 2 adsorption
isotherms were measured at 273 K to evaluate the adsorption capacity and at
298 K in order to calculate the isosteric heat of adsorption, Qst, using the
Clausius-Clapeyron equation:
𝛿𝐿𝑛𝑃
𝑄𝑠𝑡 = 𝑅𝑇 2 (
)𝑞
𝛿𝑇
Solid-state UV-vis-NIR absorption spectra were measured using a
Shimadzu UV-3600 UV-visible-NIR spectrophotometer with an integration
sphere setup. Photoluminescence (PL) spectra and lifetimes were recorded on
a Horiba Fluorolog-3 spectrofluorometer equipped with a FluoroHub R-928
detector. The PL was measured using excitation wavelength of 365 nm from a
Tungsten lamp. Lifetimes were recorded using a 374 nm nanoLED as excitation
source. Diluted LUDOX® HS-40 colloidal silica was used for lifetime prompt
measurement. Absolute photoluminescence quantum yield (QY were recorded
on the HORIBA Fluorolog-3 Photon Counting Spectrofluorometer System with
Quanta-φ 6- inch integrating sphere.
Elemental Analysis: Elemental analyses were obtained using a LECO
CHNS-932 elemental analyser.
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Dynamic Light Scattering (DLS) studies were carried out using a Vasco 1
particle size analyser of Cordouan Technologies.
Zeta Potential measurements were performed using a Zetasizer Nano ZS90
and a folded capillary zeta cell.

Ultraviolet-Visible Spectroscopy (UV-Vis) spectra were recorded using an
Agilient 8453 model spectrometer with diode array recorded over a 200–350
nm range
Emission Spectroscopy. Excitation-Emission Matrix (EEM) and Emission
Spectra were recorded with a NanoLog 4 HORIBA instrument over ranges of
300–550 nm and 300–600 nm for excitation and emission, respectively.

Field-Emission Scanning Electron Microscopy (FE-SEM) was used to
analyse the morphology and microstructure of the prepared material and were
performed on a Philips XL 30 S-FEG microscope operating at an accelerating
voltage of 10kV.
Samples were previously coated with chromium in a sputter Quorum Q150T-S.
Atomic Force Microscope (AFM) techniques were used in dynamic mode
using a Nanotec Electronica system operating at room temperature in ambient
air conditions. The images were processed using WSxM (freely downloadable
scanning probe microscopy software from www.nanotec.es). For AFM
measurements, commercial Olympus Si/N and Ti/Pt cantilevers were used with
a nominal force constant of 0.75 N/m and 2 N/m, respectively. The surfaces
used for AFM experiments were SiO2 (300 nm thickness)/Si (IMS Company).
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Transmission Electron Microscopy (TEM) images were obtained in a JEOL
JEM 2100 FX TEM system with an accelerating voltage of 200 kV. The
microscope has a multiscan charge-coupled device (CCD) camera ORIUS
SC1000 and an OXFORD INCA X-Ray Energy Dispersive Spectroscopy
(XEDS) microanalysis system.
Bath Sonication Exfoliation was performed using an Elmasonic P300H
ultrasonic bath.
Qualitative and quantitative TXRF analysis for copper content determinations
were performed with a benchtop S2 PicoFox TXRF spectrometer from Bruker
Nano (Germany), equipped with a Mo X-ray source working at 50 kV and 600
μA, a multilayer monochromator with 80% of reflectivity at 17.5 keV (Mo Kα), a
XFlash SDD detector with an effective area of 30mm2 and an energy resolution
better than 150 eV for 5.9 keV (Mn Kα). The acquisition time for qualitative
analysis was 300 s and for the quantitative analysis was 500 s.

Thermogravimetric analyses (TGA) were carried out on a TA Instruments
Q500 thermobalance oven with a Pt sample holder and mass detector; N2 was
used as purge gas, at a flow rate of 90 mL/min; the samples were heated from
25 to 1000 °C at a rate of 10 °C/min.

Scanning Electorn Microscopy with Energy-dispersive X-ray Microscopy
(SEM-EDX) images and EDX spectra were taken in a Hitachi S-3000N
microscope with an ESED detector coupled to an INCAx-sight EDX analyser.
For this technique, samples were metallized with a 15 nm thick Au layer, at a
pressure of 10-3 Pa.
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A3 - Experimental Procedures.
A3.1 Materials Synthesis
A3.1.1 Synthesis of IMDEA-COF-1 and 2
0.12 mmol of 1,6-diaminopyrene (DAP) and 0.08 mmol of the corresponding
trialdehyde (BTCA or TPP) were placed on a pyrex ampoule. Then, a 10:1
mixture of m-cresol (2.60 mL) and glacial acetic acid (0.26 mL) was added.
The ampoule was evacuated by three freeze-pump-thaw cycles and after that
flame-sealed under vacuum. The mixture was heated at 120oC for 72 (IMDEACOF-1) or 178 (IMDEA-COF-2) hours. The resulting solid was filtered and
washed with methanol (3x100mL) and THF (3x100 mL) isolated by filtration
and dried under open atmosphere over 2 days.
Elemental analysis found for IMDEA-COF-1: C, 74.40; H, 3.99; N, 7.60 %.
Calculated (C67H36N6·5CH3CO2H): C, 75.17; H, 4.73; N, 6.92 %.
Elemental analysis found for IMDEA-COF-2: C, 66.68; H, 4.35; N, 6.58 %.
Calculated (C67H36O3N6·10H2O): C, 66.66; H, 7.75; N, 7.07 %.
Table A2.1: Details for IMDEA-COFs synthesis.

COF

Amine

Aldehyde

Appearance

Yield

IMDEA-COF-1

27.33 g
(DAP)

12.7 g
(BTCA)

Red-brown solid

57 %
(31.20 mg)

IMDEA-COF-2

27.33 g
(DAP)

16.8 g
(TPP)

Dark-red solid

88 %
(53.28 mg)
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A3.1.2 Synthesis of IMDEA-Polymer-1
27.3 mg (0.12 mmol) of 1,6-diaminopyrene (DAP) were dissolved in a mixture
of 1 mL of m-cresol and 0.26 mL of glacial acetic acid. On the other hand 12.7
mg (0.08 mmol) of benzene-1,3,5-tricarbaldehyde (BTCA) were dissolved in
another1.6 mL of m-cresol. Both solutions were subsequently mixed at room
temperature and shortly after the formation of a red gel was observed. After
react for 30 minutes the solid was washed with methanol (3x100mL) and THF
(3x100 mL) isolated by filtration and dried under open atmosphere over 2 days.
47.62 mg of a red-brown product were obtained in an 87 % yield. Elemental
analysis found: C, 73.11; H, 3.97; N, 9.96 %. Calculated (C66H36N6·6CH3CO2H):
C, 73.57; H, 4.75; N, 6.60 %.
A3.1.3 Synthesis of RT-COF-1
RT-COF-1 was synthesized according to published procedures11.
A3.1.4 Synthesis of RT-COF-2
40 mg of 1,3,5-tris(4'-aminophenyl)benzene (0.114 mmol) were dissolved in
2.0 mL of m-cresol and 0.5 mL of glacial acetic acid. 24 mg of
2,4,6-trihydroxibenzene-1,3,5-tricarbaldehyde (0.114 mmol) were dissolved in
3.0 mL of glacial acetic acid. Both solutions were sonicated for 5 minutes at 37
kHz and mixed right afterwards. Almost immediately a dark yellow gel was
formed. The reaction mixture was placed at room temperature (30ºC) for 72
hours.
Then the gel was washed repeatedly with tetrahydrofuran (2x100 mL) and
methanol (2x100 mL) and isolated by filtration. The product was dried under
open atmosphere for 48 hours, yielding 64 mg (81% yeld) of RT-COF-2 as a
yellow-brownish solid. Elemental analysis found: C, 62.94; H, 5.11; N, 6.42 %.
Calculated (C33H21N3O3·2CH3CO2H): C, 70.80; H, 4.66; N, 6.69 %.
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A3.1.5 Cu@RT-COF in situ loading
The reaction mixture is prepared as described above for RT-COF-1 or
RT-COF-2. After only 1 hour of reaction a solution of the corresponding copper
(II) salt (table A4.1) was added to the gel dropwise. The reaction was let to
proceed at room temperature (30ºC) for 72 hours.
Then the greenish gel was washed repeatedly with MiliQ water (2x100 mL),
tetrahydrofuran (2x100 mL) and methanol (2x100 mL) and isolated by filtration.
The product was dried under open atmosphere for 48 hours.
A3.1.6 Cu@RT-COF gel loading
The reaction mixture is prepared as described above for RT-COF-1 or RT COF
2. The reaction mixture was placed at room temperature (30ºC) for 72 hours.
Then a solution of the corresponding copper (II) salt (table A4.1) was added to
the gel dropwise. The reaction mixture was placed at room temperature for
another 72 hours.
Then the gel is washed repeatedly with MiliQ water (2x100 mL), tetrahydrofuran
(2x100 mL) and methanol (2x100 mL) and isolated by filtration. The products
were dried under open atmosphere for 48 hours.
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Table A4.1: Copper salts used in the loadings and copper loading percentage.

Cu@RT-COF-1 in situ loading
Cu (II) salt
CuCl2
CuBr2
CuAc2·H2O

Salt amount

Solvent

21 mg
(0.15 mmol)
21 mg
(0.09 mmol)
21 mg
(0.10 mmol)

Methanol
(1.45 mL)
Methanol
(1.45 mL)
Acetic Acid
(2.0 mL)

Resulting material

Yield (%)

CuCl@RT-COF-1-is

72

CuBr@RT-COF-1-is

71

CuAc@RT-COF-1-is

71

Cu@RT-COF-2 in situ loading
Cu (II) salt
CuCl2
CuBr2
CuAc2·H2O

Salt amount

Solvent

21 mg
(0.15 mmol)
21 mg
(0.09 mmol)
21 mg
(0.10 mmol)

Methanol
(1.45 mL)
Methanol
(1.45 mL)
Acetic Acid
(2.0 mL)

Resulting material

Yield (%)

CuCl@RT-COF-2-is

70

CuBr@RT-COF-2-is

67

CuAc@RT-COF-2-is

68

Cu@RT-COF-1 gel loading
Cu (II) salt
CuCl2
CuBr2
CuAc2·H2O

Salt amount

Solvent

21 mg
(0.15 mmol)
21 mg
(0.09 mmol)
21 mg
(0.10 mmol)

Methanol
(1.45 mL)
Methanol
(1.45 mL)
Acetic Acid
(2.0 mL)

Resulting material

Yield (%)

CuCl@RT-COF-1-gl

68

CuBr@RT-COF-1-gl

69

CuAc@RT-COF-1-gl

71

Cu@RT-COF-2 gel loading
Cu (II) salt
CuCl2
CuBr2
CuAc2·H2O
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Salt amount

Solvent

21 mg
(0.15 mmol)
21 mg
(0.09 mmol)
21 mg
(0.10 mmol)

Methanol
(1.45 mL)
Methanol
(1.45 mL)
Acetic Acid
(2.0 mL)

Resulting material

Yield (%)

CuCl@RT-COF-2-gl

65

CuBr@RT-COF-2-gl

64

CuAc@RT-COF-2-gl

66
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A3.2 Other Experimental Procedures
A3.2.1 IMDEA-COFs water colloid preparations.
1 mg of the corresponding IMDEA-COF material was placed in a 60 mL vial.
25 mL of MiliQ water were added and the vial was placed on a sonication bath
and sonicated at 80 kHz and 20ºC for 3 hours. The resulting suspension was
diluted until its emission spectra maximum showed an intensity of 1×106 counts
per second (CPS) prior to each titration experiment.
A3.2.2 AFM sample preparations.
In order to obtain reproducible results, SiO2 substrates were freshly prepared
just before the chemical deposition. SiO2 surfaces were sonicated for 15 min in
acetone and 15 min in 2-propanol and then dried under an Argon flow.
After that one drop of 15μL of the corresponding freshly made IMDEA-COF
water colloid was deposited.
A3.2.3 TEM sample preparations
15μL of the corresponding freshly made IMDEA-COF water colloid was casted
dropwise on copper TEM grids coated with lacey carbon film (200 mesh, EMS).
A3.2.4 Hydrolysis products extraction
1 mL of the corresponding freshly made IMDEA-COF water colloid was placed
on a 2 mL vial and was extracted twice with 1 mL of CDCl3. The organic layers
were combined, dried with anhydrous MgSO4 and filtered on cotton. 1H-NMR
of the extraction was directly performed.
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A3.2.5 Titration experiments
Prior to the titration experiments, the emission spectrum of an IMDEA-COF-1
water colloid aliquot was measured and diluted until emission maxima
displayed at 510 nm intensity is 1x106 CPS.
1 mL of the sample was placed on the fluorimeter and its emission spectrum
was recorded. Then the analyte concentration was gradually increased by
adding 20μL of the corresponding 10-3 M dye or nitroaromatic stock solution,
recording an emission spectra after each addition.
Each titration study was repeated as described above three times for every
organic dye and nitroaromatic compound.
For the blank experiment, the analyte stock solution was substituted by MiliQ
water. Apart from this, the procedure was the same than the above described.
A3.2.6 Saturation Experiments
1 mL of the IMDEA-COF-1 water colloid was placed on the fluorimeter and its
emission spectrum was recorded. Then the analyte concentration was
gradually increased by adding 20μL of the corresponding 10-2 M dye or
nitroaromatic stock solution, recording an emission spectra and calculating the
quenching percentage after each addition.
Saturation point was achieved when quenching percentage reached a value of
100% or after one addition it only varies in ±0.1% assuming this fluctuation be
due to the dilution.
A3.2.7 Catalytic Studies
In a 2 mL vial 58μL (0.40 mmol) of benzyl azide, 1.5 mL of dichloromethane,
0.40 mmol of the alkyne and 5 mg of the corresponding COF are placed. A
magnetic stirrer is placed in the vial and then it is capped. The reaction mixture
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is sonicated for 1 min at 37 KHz to disperse the COF and placed in a water
bath at 30ºC and magnetically stirred for 18 hours. .
After that time the reaction mixture is evaporated at 700 mbar for 20 minutes.
1 mL of deuterated chloroform were added and the reaction crude was filtered
through cotton. The filter was also washed with another mL of CDCl3 and the
product was analysed by 1H-NMR:


1-Phenyl-4-(Bromomethyl)- 1,2,3-triazole

White Solid. 1H NMR (300 MHz, CDCl3): δ 3.25 (t, J = 6.8 Hz, 2H), 3.62 (t, J =
6.8 Hz, 2H), 5.01 (s, 2H), 7.30-7.19 (m, 2H) and 7.32-7.40 (m, 4H)


1-benzyl-4,5-(diethyl)-1,2,3-triazole

Yellowish oil. 1H NMR (300 MHz, CDCl3) δ 0.96 (t, J = 7.6 Hz, 3H), 1.25 (t, J =
7.6 Hz, 3H), 2.50 (q, J = 7.7 Hz, 2H), 2.60 (q, J = 7.7 Hz, 2H), 5.31 (s, 2H),
7.30-7.46 (m, 5H).

Alkyne

mmol

μL

mg

0.40

41.5

58.81

0.40

44.0

31.81

179

Isostructural Imine and β-ketoenamine-based COFs: Emission, Sensing and Catalysis.

A3.2.8 Leaching Studies
In a 2 mL vial 58 μL (0.40 mmol) of benzyl azide, 1.5 mL of dichloromethane,
0.40 mmol of the alkyne and 5 mg of the corresponding COF are placed. A
magnetic stirrer is placed in the vial and then it is capped. The reaction mixture
is sonicated for 1 min at 37 KHz to disperse the COF and placed in a water
bath at 30ºC and magnetically stirred for 9 hours.
After that time the reaction crude is centrifuged at 10,000 rpm for 10 minutes,
and the solid is separated by decantation. The solid is washed with 0.5 mL of
chloroform, centrifuged for 10 min at 10,000 rpm and decanted.

Both

dichloromethane were mixed and the reaction was let to proceed for another 9
hours.
After that time the solvent is evaporated at 700 mbar for 20 minutes. 1 mL of
deuterated chloroform were added and the reaction crude was filtered through
cotton. The filter was also washed with another mL of CDCl3 and the product
was analysed by 1H-NMR.
A3.2.8 Recycling Studies
After one reaction cycle the crude is centrifuged at 10,000 rpm for 10 minutes,
and the solid is separated by decantation. The solid is washed with 0.5 mL of
chloroform, centrifuged for 10 min at 10,000 rpm and decanted. After drying
the catalyst at 700 mbar for 20 minutes it was reused again for another catalysis
cycle.
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Figure A4.1: PXRD Data of IMDEA-Polymer-1

Figure A4.2: ATR-FT-IR spectra of DAP (▬), BTCA (▬) and IMDEA-Polymer-1 (▬) and
IMDEA-COF-1 (▬).
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Figure A4.3: (a) Emission quenching upon addition of MG and (b) emission diminish due to
dilution with MiliQ water.

Figure A4.4: 1H-RMN data of [2+3] dipolar cycloaddition with Cu@RT-COF-1 as catalyst,
4-bromobutyne (▬) as alkyne and benzyl azide (▬). Reaction product (▬).
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Figure A4.5: 1H-RMN data of [2+3] dipolar cycloaddition with Cu@RT-COF-1 as catalyst,
3-hexyne (▬) as alkyne and benzyl azide (▬). Reaction product (▬).

Figure A4.6: 1H-RMN data of [2+3] dipolar cycloaddition with Cu@RT-COF-2 as catalyst,
4-bromobutyne (▬) as alkyne and benzyl azide (▬). Reaction product (▬).
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Figure A4.7: 1H-RMN data of [2+3] dipolar cycloaddition with Cu@RT-COF-2 as catalyst,
3-hexyne (▬) as alkyne and benzyl azide (▬). Reaction product (▬).

Figure A4.8:1H-RMN data of [2+3] dipolar cycloaddition with RT-COF-1 as catalyst,
4-bromobutyne (▬) as alkyne and benzyl azide (▬). Reaction product (▬).
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Figure A4.9: 1H-RMN data of [2+3] dipolar cycloaddition with Cu@RT-COF-1 as catalyst,
3-hexyne (▬) as alkyne and benzyl azide (▬). Reaction product (▬).

Figure A4.10:

1H-RMN

data of [2+3] dipolar cycloaddition with RT-COF-2 as catalyst,

4-bromobutyne (▬) as alkyne and benzyl azide (▬). Reaction product (▬).
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Figure A4.11: 1H-RMN data of [2+3] dipolar cycloaddition with RT-COF-2 as catalyst, 3-hexyne
(▬) as alkyne and benzyl azide (▬). Reaction product (▬).

Figure A4.12: N2 adsorption (●) and desorption (○) for pristine (▬) and metalated (▬) RT-COF1 (A) and pristine (▬) and metalated (▬) RT-COF-2 (B).

186

Appendix A5: Appendix References

Figure A4.13: TGA traced for IMDEA-COF-1.

Figure A4.14: TGA traced for IMDEA-COF-2.
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Figure A4.15: TGA traced for RT-COF-1.

Figure A4.13: TGA traced for RT-COF-2.
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List of abbreviations
2D: Two-dimensional
3D: Three-dimensional
AFM: Atomic Force Mycroscopy
AIE: Aggregation-Induced Emission
ATR-FTIR: Attenuated Total Reflectance Fourier-Transform Infrared
BB: Bromophenol Blue
BET: Brunauer-Emmett-Teller
BND: Benzidine
Boc: tert- butyloxycarbonyl
BTCA: 1,3,5-benzenetricarbaldehyde
COF: Covalent Organic Framework
CP-MAS NMR: Cross-Polarization Magic Angle Spinning Magnetic Nuclear
Resonance.
CV: Crystal Violet
DAP: 1.6-diamminopyrene
dba: dibenzylideneacetone
DFT: Density Functional Theory
DL: Detection Limit
DLS: Dynamic Light Scattering
DNB: Dinitrobenzene
Ec: Cohesive Energy
EDX: Energy-Dispersive X-ray microanalysis
EEM: Excitation-Emmision Matrix
FRET: Föster Resonance Energy Transfer
GenX: ammonium perfluoro‑2‑propoxypropionate
HRTEM: High Resolution Transmission Electron Microscopy
JG: Janus Green
KSV: Stern-Volmer Constant
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LCW: lithographically controlled wetting
LPE: Liquid-Phase Exfoliation
MB: Methylene Blue
MG: Malachite Green
MOF: Metal Organic Framework
NB: Nitrobenzene
NLDFT: Non-Local Density Functional Theory
PEDOT: poly(3,4-ethylenedioxythiophene)
PL: Photoluminescence
POP: Porous Organic Polymer
ppm: parts per million
PSD: Pore Size Distribution
PXRD: Powder X-Ray Diffraction
Qst: Adsorption Heat
RIR: Restriction of Intramolecular Rotation
rac-BINAP: (±)-2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene
SEM: Scanning Electron Microscopy
SP: Saturation Point
srs: strontium sulphide
SV: Stern-Volmer
TAPA: tris(4-aminophenyl) amine
TAPB: 1,3,5-tris-(4-aminophenyl)benzene
TEM: Transmission Electron Microscopy
TFP: Triphenylphloroglucinol
TGA: Thermogravimetric Analysis
Th: Thionin
THF: Tetrahydrofuran
TMOS: Tetramethyl orthosilicate
TXRF: Total reflection X-Ray Fluorescence
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UV-Vis: Ultraviolet–Visible
UV-Vis-NIR: Ultraviolet–Visible-Near Infrared
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