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Conquering the crystallinity conundrum: efforts to
increase quality of covalent organic frameworks

Laurens Bourda, (22 Chidharth Krishnaraj, 2 ° Pascal Van Der Voort {2 ** and

Kristof Van Hecke (2 *@

Due to their high designability, covalent organic frameworks (COFs) are attractive candidates in many
different applications. However, COF synthesis is still poorly understood and mainly trial and error based.
In this review, we pave the way to a better understanding of COF chemistry and the synthesis of high-
quality COFs. To achieve this goal, the main challenge in COF synthesis, the crystallization problem, is
explained. Additionally, mechanisms for boroxine and imine COF formation are proposed. Afterwards,
several approaches to increase COF quality are discussed: addition of modulators, slowing down
monomer addition, improvement of used catalysts, study of solubility effects and interfacial synthesis,
application of exchange reactions and finally linker specific observations. The discussed techniques can
be seen as a toolbox usable for the synthesis of high-quality COFs.

1 Introduction

The recent discovery of covalent organic frameworks (COFs) in
2005" can be acknowledged as the “piéce de resistance” of
almost a century of increasing control over the dynamic bond.
In 1916, Lewis published “The atom and the molecule”,?
a crucial paper visualizing the bonding of atoms in molecules
through the concept of covalent bond. Today, just over 100 years
later, chemists are able to grow single crystals of extended 3D
structures.® To reach this stage, several important milestones
had to be crossed,” of which the most important ones are
presented in Fig. 1.

Staudinger’s “Uber Polymerisation”,>® established in 1920,
can be regarded as the start of polymer science. Thereon, a new
field studying these 1D macromolecules emerged, resulting in
Staudinger being awarded the 1953 Nobel Prize in Chemistry.
Meanwhile, with the first total synthesis (urea) already reported
in 1828 and the synthesis of mauveine® and aspirin® having
revolutionized the dye and pharmaceutical industries, organic
synthesis was becoming an ever growing field.'’ In the second
half of the 20th century, a high level of synthetic control had
already been established, illustrated by the achievements of
Robert Burns Woodward'' (Nobel Prize in Chemistry, 1965)
who synthesized a whole array of compounds including quinine,
respirine, chlorophyll and the famous vitamin B12'* (1972, with

“ XStruct, Department of Chemistry, Ghent University, Krijgslaan 281, Building S3,
9000 Ghent, Belgium. E-mail: kristof.vanhecke@ugent.be

b coMoC, Center for Ordered Materials, Organometallics & Catalysis,
Department of Chemistry, Ghent University, Krijgslaan 281, Building S3,
9000 Ghent, Belgium. E-mail: pascal.vandervoort@ugent.be

© 2021 The Author(s). Published by the Royal Society of Chemistry

Eschenmoser) which was the most complex natural occurring
product synthesized in the lab at that time.

Thus, by the end of the 20th century organic synthesis had
evolved to a mature science and (1D) macromolecules had been
developed to a great extent and found industrial applications.
But still, no extended organic 2D nor 3D structures were
reported, a blind spot aptly illustrated by Roald Hoffmann in
1993 ““Organic chemists are masterful at exercising control in zero
dimensions. One subculture of organic chemists has learned to
exercise control in one dimension. But in two or three dimensions,
it’s a synthetic wasteland. The methodology for exercising control
so that one can make unstable but persistent extended structures
on demand is nearly absent”.'® Still, since the 1960’s, great
process had already been made in a field called “supra-
molecular chemistry”, where quite sophisticated architectures
could be built. Important breakthroughs were the synthesis
of crown ethers'® and cryptands,’> by Pedersen and Lehn,
respectively. Additionally, the first permanent porous materials
were created using supramolecular chemistry and reported
as shape-persistent cages in 1984 by Vogle'® and Cram.'”
Pedersen, Lehn and Cram received the Nobel prize in Chemistry
1987 for their developments in supramolecular chemistry. This
field is based on non-covalent interactions, which allows high
reversibility and thermodynamic control with error-correction
and self-assembly as highly attractive features. However, due to
the associated weak, non-covalent bonds, modification of these
structures proved difficult, as losses of structural integrity and
alterations of the binding interactions are often observed as a
consequence of functionalization. Therefore, one needed to be
able to control the formation and error-correction of the stronger
covalent bonds, which was realized with dynamic covalent
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Fig. 1 From the covalent bond to single crystal COFs, an overview of milestones in COF history.

chemistry (DCC) and its kinetic reaction control.*® The field of
mechanically interlocking molecules, with the first catenane,
consisting of two interlocking rings, synthesized in 1983 by
Sauvage'® was crucial for the development of DCC. As no
dynamic chemistry was used here, the yield was only 72%, which
would be disastrous for complicated structures containing far
more rings. Since then, many different catenanes have been
developed based on reversible covalent reactions with a large
contribution from Sir. James F. Stoddart. His molecular borro-
mean rings (2004) are an elegant example of the possibilities of
this type of chemistry, as he could obtain three mechanically
interlocking rings with a 100% yield.”® In 2016 Sauvage and
Stoddart received the Nobel prize in Chemistry (together with
Feringa) for their contributions in DCC and molecular machines.
DCC was also used to create shape-persistent cages in high
yields,*" allowing the creation of a large variety of sizes and
shapes of permanently porous cages.>”

In 2005 (2D)" and 2007 (3D)** extended crystalline COFs
could be synthesized using these reversible covalent linkages.
As these frameworks are completely composed of strong
covalent bonds they are expected to be highly stable and can
be easily modified. However, some exceptions still exist, as will
be discussed in Section 1.1.1. Furthermore, the combination of
their intrinsic porosity and chemical robustness makes it
possible to obtain materials with high permanent porosities.
Over the years, the achievable crystallinity of COFs improved
rapidly, which led to two major breakthroughs in 2013 when
single crystal structures of COFs could be solved. Yaghi et al.
succeeded in the synthesis of COF-320 with crystals up to
200 nm which could be solved using Rotation Electron Diffrac-
tion (RED)** and Wuest et al obtained crystals of nitroso
polymer networks suitable for Single Crystal X-ray Diffraction
(SXRD) analysis.”® An interesting subset are the class of woven
COFs (WCOFs), firstly reported by the Yaghi group in 2016.>°
These materials are made through the molecular weaving
of distinct threads. While the removable ‘“crossings” of those
threads are composed of metal-coordination bonds, the
threads are completely composed of strong covalent bonds,
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making these materials essentially COFs. Moreover, the single
crystal structures of these materials could be solved using
3D-Electron Diffraction Tomography (3D-EDT). Finally, in
2018, ultimate control was reached, with the synthesis of 3D
COF crystals of up to 60 um, linked by strong imine bonds.?

1.1 Design of COFs

One of the main advantages of COFs is their high designability.
By carefully choosing functional groups and symmetry of the
used building blocks, COFs with specific functionalities and
framework structures can be obtained.”” In theory, linkers only
require a rigid backbone allowing directional bonding and
reactive end-groups able to trigger dynamic covalent reactions
for making highly crystalline COFs. However, in practice this is
not that convenient.

1.1.1 Linkage design. Since the inception of COFs in 2005,
many different linkages have been developed, with a varying
degree of reversibility and thus crystallinity (Fig. 2). Generally,
higher reversibility means high crystallinity but lower stability
of the obtained material as the linking bond is not sufficiently
strong. To counter this problem, various post-modification®®
and stabilization pathways®>® have been studied. For example,
the first COFs were reported using boroxine (COF-1), boronate
ester (COF-5, COF-102, COF-103, COF-105, COF-108) and
borosilicate linkages (COF-202) and the reversibility of the
synthesis is ensured by carefully managing the amount of water
in the system."?**° This way, high crystallinity could be
obtained but these materials are also quite susceptible to
framework damage in the presence of water. The antipode of
these B-O linkages can be found in the cyclic -C=N- linkage,
which gives rise to extremely stable materials.>* However, even
with harsh synthetic conditions (400 °C, molten ZnCl,), the
obtained crystallinity can be referred to as moderate at best.
Since the first report of COF-300 in 2009, the Schiff base
imine linkage and its derivatives have arguably become the
most extensively studied linkers in COF chemistry. This can be
partially attributed to the high availability and affordability of a
large variety of aldehyde and amine precursors along with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Evolution of developed COF linkages.

increased linkage stability in humid environments and neutral
to basic pH.** Moreover, the employed Schiff base reactions are
well studied and can easily be controlled by the addition of acid
catalysts. Over the next years, Schiff base chemistry has also
been used to make different related linkages like hydrazone,**
B-ketoenamine,** phenazine,*® squaraine®” and benzoxazole®®
COFs. Particularly the B-ketoenamine linkage is interesting
as it combines a highly reversible, imine condensation with a
subsequent irreversible tautomerization to a highly stable
B-ketoenamine COF. C-N bonds could also be used for COF
formation, as shown by the aminal COF,***° which is stable in
both acid and base. The borazine linkage, isostructural to the
boroxine and triazine linkages, was reported in 2012*' and the
previously mentioned weak nitroso linkage in 2013.>°> The
following year, 2014, the first report of imide COFs appeared,*>
for which the synthesis could be made reversible by carefully
adjusting the basic catalyst and reaction conditions.*® The spiro-
borate linkage,*® reported in 2015, provided a more stable B-O
type linkage which is intrinsically anionic, with exchangeable
counterions. However, while stable in aqueous and mild
basic environments, the material was still susceptible to acidic
conditions. In 2016, another major hurdle was overcome, by the
synthesis of the fully conjugated acrylonitrile COF 2DPPV,**
based on C=C linkages, which was reported to be stable in
various solvents and concentrated acids and bases.”® Due to the
strong electron withdrawing cyano groups, the formation of
this strong bond could be made reversible. Two new linkages
were reported in 2017, the anionic silicate linkage,*® which
showed the potential of the use of Si atoms in the synthesis of
COFs but was unstable in aqueous environments and the
highly stable amide linkage®” which could be made reversible

© 2021 The Author(s). Published by the Royal Society of Chemistry

at high temperatures (>200 °C). While the amide linkage was
already reported in 2016 via chemical conversion of imine
linkages,*® this was the first report of direct formation of amide
bonds as COF linkage. It was observed that the materials were
highly stable in both acid and base, outperforming even the
most stable imine COFs and amide COFs formed via post-
modification. The dioxin linked COFs*® COF-316 and COF-318
were, in 2018, the first COFs to be formed through an aromatic
substitution reaction. Although the ring closing step could not
be made reversible, crystalline COF formation was possible
under highly specific conditions (by addition of nitrile side
groups). The strong dioxin bonds formed resulted in high
stability of the material in concentrated base or acid. Subse-
quently, COF-701, the first unsubstituted olefin linked COF was
reported in 2019 and could be formed via an aldol condensa-
tion reaction.’®>" Stability tests showed the material with-
standing both aqueous and organic solutions of strong base
and acid. In the same year, an imidazole linked COF, chemi-
cally comparable to the previously mentioned benzoaxazole
linkage, could be obtained by reaction of carboxylic acids and
diamines.>® Finally, very recently the ester,’® pyrimidazole®*
and polycubane®® linkages were added to the ever expanding
library of COF linkages. Whereas the pyrimidazole linkage was
shown to be stable in both 9 M HCl and NaOH, the ester
linkage was susceptible to both acids and bases but stable in
aqueous environments. While more linkages have been
claimed to be used in the synthesis of COFs, we choose to stick
to the original definition of discoverer Omar M. Yaghi, saying
that COFs should be permanently porous and crystalline,*® to
create this list. Additionally, some linkages which only differ in
functional group substitution like azine,”” indoimine®® and
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urea® for imine, heptazine® for triazine and Michael addition-
elemination® for B-ketoenamine are not discussed.

1.1.2 Structural variety in COFs. These diverse linkages can
be built into different framework structures, described by the
underlying topologies. As topological representations only give
information about connections, without being influenced by
their chemical nature, it significantly reduces the complexity.*?
Thus allowing both reverse engineering of materials®® and in
depth structural study and comparison of materials.®* Different
ways of COF representation are illustrated in Fig. 3 for COF-300.
A only gives chemical information (chemical representation)
and is frequently used in polymer chemistry. B, the frame-
work representation, contains both chemical and structural
information, therefore this representation will typically be used
for the remainder of this review. Finally, C, shows the topo-
logical representation or net. The same geometrical informa-
tion can be distinguished as in B, but due to the removal of
chemical information, analysis is more straightforward.

These nets can be described as a collection of nodes and
edges, with the difference between edge and node determined
by the number of connections made. Edges can make exactly
two connections, as e.g. the terephtaldehyde (BDA) linker in
COF-300 (Fig. 3A and B). COF nodes can be defined as linkers
making three or more connections, in our COF-300 example,
tetrakis(4-aminophenyl)methane (TAM) is the node. COF-300
only has one kind of node (uninodal) and one kind of edge
(edge-transitive),®® later on examples with multiple edges or
nodes will be shown. Additionally to the number of connections,
the local symmetry is important too, for example a tetratopic node
(four connections) can be described as a tetrahedron (as in COF-
300), square plane or reduced symmetry square plane (all three
possibilities are drawn in Fig. 4). Finally, the connections between
edges and nodes and the respective spatial arrangement co-define
the formed net.®® This indicates that multiple nets can be formed
by one edge/node combination, resulting in a vast amount of
possible nets (2927 3D nets and 200 2D nets could be found in the
Reticular Chemistry Structure Resource, RCSR).** However, only
very few make up for the vast majority of reported structures.®”’

Until now, 23 nets have been reported for COFs divided in
nine 2D layered structures and 14 3D nets. The formed nets as
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well as some edge/node combinations used to obtain these are
presented in Fig. 4. As most linkers are largely constructed from
aromatic rings and sp>-hybridized atoms for reasons of rigidity,
strong n-7 interactions make the crystallization of 2D layered
structures favorable.®> Among the 2D layered structures, the
lion’s share of COFs crystallize in one of the five edge-transitive
nets. Of those, four nets are uninodal and only the kgd net is
binodal, as it combines a hexatopic and a tritopic node.®® The
uninodal 2D nets are the hexagonal hcb net," the sql net
constructed from square tetratopic linking units,*® the hxl net
with triangular pores’® and the kgm net,”" which is obtained by
the linking of tetratopic building units with reduced symmetry
(respectively 120° and 60° between the points of extension
instead of 90°) like 4,4',4",4"'-(ethene-1,1,2,2-tetrayl)-tetra-
aniline (ETTA). Lately, efforts have been made to increase the
structural diversity of 2D COFs, resulting in the reports of COFs
based on the mtf,”* fxt,”* bex’*”’° and tth”” non-edge-transitive
2D nets. At this point it is important to note that the relation-
ship between node geometry and topology of the resulting COF
is not as straightforward as it seems. Not only can the same net
be formed by different node combinations (for example a sql
net can be formed by the condensation of a tetratopic node
with an edge, or two tetratopic nodes), also some combinations
can in theory lead to different nets (the combination of a
desymmetrized tetratopic linker with a tritopic linker has for
example already been reported to crystallize in mtf and bex
topologies). It is not always possible to predict what topology
will be formed, although a general rule of thumb exists:
“the materials have a tendency to crystallize in the symmetrical
topology possible and will form 2D layered structures whenever
possible.””®

Theoretically, structural diversity is much larger for 3D than
2D structures. However, until now, only 14 nets have been
reported in the synthesis of 3D COFs, which can be explained
by the increased difficulty in crystallizing these compounds in
combination with the reduced stability and need for polyhedral
linkers.”® Almost half of these nets are constructed using a
tetrahedral node, with the dia topology being by far the most
common.*” These networks are obtained by reticulation of a
tetrahedral node with a linear linker or another tetrahedral node.

Fig. 3 Different ways of COF presentation, illustrated for COF-300. (A) Chemical representation. (B) Framework representation showing exactly one
pore. (C) Topological representation, nodes are shown as black dots, edges as red lines.
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Fig. 4 Different topologies reported in COF chemistry, building units are shown in different colors (black, red and blue). Some examples of possible
geometric combinations (+ required angles) leading to the desired net are included.

However the latter combination can also result in a material with
lon topology.> Combination of these tetrahedral nodes with a
tritopic linker can give both ctn or bor networks, where the main
difference is the topological density (number of vertices per unit
volume) of the networks.>* The pts net could be obtained by the
reaction of C4 linkers with tetrahedral nodes,®® while the rra
topology was accessed by combining a tetrahedral node with
y-cyclodextrin.®! It is important to note that these networks can
also be formed through molecular weaving, as the structure-
defining metal complex in a woven framework can essentially be
seen as a tetrahedral node. This way, woven networks of dia and
pts topology have already been prepared.”®*>%

From 2018, COFs crystallizing in 3D nets without the use of
tetrahedral nodes where found, like the srs net built of two C3
linkers. However, the [SiO¢]”~ linker also coordinates two
Na" cations, making the linker chiral and non-coplanar.®*
Combination of planar C4 and C3 nodes can lead to materials
in different topologies, of which a rich library exists in the
metal organic framework (MOF) world. However, only three 3D

© 2021 The Author(s). Published by the Royal Society of Chemistry

COF topologies (ffc,®* tho®® and fjh®”) have been reported based
on this combination of linkers. Recently, trigonal prismatic
nodes have been used in 3D COF synthesis, resulting in nets
with the stp,®® acs®**°° and ceq®>®" topology. Finally, the bcu
net could be obtained by using the aforementioned polycubane
linkage as a octahedral node.*>

The structural diversity of COFs goes beyond the underlying
topologies, for example isoreticular expansion and contraction
is an often studied concept which can have large implications
on the structure. Some 3D structures (like dia and pts topologies)
are prone to interpenetration, which can be significantly altered
7879 In 2D structures,
stacking modes can have a huge influence on properties, varying
from AA over AB to even ABC' stacking modes.’>** Moreover, layer
stacking can be influenced by solvent adsorption®® or linker
substituents.”> Additionally, linker desymmetrization can signifi-
cantly alter the framework, without changing the underlying
topology. Using this principle, COFs crystallizing in a hcb net with
hierarchical®® or brick-wall’” pores could be obtained.

by expanding or contracting the used linkers.

Mater. Adv,, 2021, 2, 2811-2845 | 2815
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2 The crystallization problem

As already shortly discussed above, one of the main issues in
the world of COFs is the crystallization problem, which essen-
tially means that the more stable a solid compound is, the
harder it is to crystallize (Fig. 5A). For example, compounds
held together by weak interactions as van der Waals forces and
hydrogen bonds, will crystallize relatively easily, while coordi-
nation networks are already more complicated to crystallize.
However, it really gets problematic once you get into the
domain of reticular chemistry.”® To obtain such extended
crystalline solids, like MOFs and COFs, it is essential to have
reversible linkage formation, on a time scale that allows for
error-correction, whereas the formation of covalent bonds is
generally already irreversible under very mild conditions.'®
As a consequence, while MOF single crystals are still regularly
reported, COF crystallization is still highly problematic. So, the
trick is to make the formation of those highly stable linkages
more reversible, as this will give more room for error-correction
and thus make the crystalline product more accessible.”®
Practically, this is done using the principles of DCC, as shown
in Fig. 5B. In contrast to most synthetically used reactions, DCC
allows a covalent bond to be broken and reformed, making
error-correction possible. During reaction, products will gradu-
ally equilibrate from the kinetic (amorphous) product, rapidly
formed due to the low activation barrier (AGY), to the thermo-
dynamically stable (crystalline) product with the largest
reduction in standard Gibbs free energy (AG°).°® This also
makes it possible to control the reaction by introducing stabi-
lizing features for the desired product and driving the reaction
equilibrium by using excess starting materials, modulators
or removing condensation products.’® As a consequence, a
detailed understanding of the different reaction states in the
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formation of COFs will yield higher control over the crystallinity
of the product. Still, it has to be noted that the polymerization
and resulting precipitation of COFs is a complicating factor,
as precipitated amorphous networks might get kinetically
trapped. Especially 3D COF formation, fully constructed from
covalent bonds, is hindered by this problem, whereas the n-n
stacking interactions in 2D COFs help driving the reaction to a
layered structure.'®*

2.1 Mechanism of boroxine COF formation

As the first COFs were based on boroxine and boronate ester
chemistry, much research has been done on elucidating the
formation mechanism of these materials. The underlying
chemistry is quite straightforward, driven by Lewis acidic dimer
formation between oxygen and boron atoms of two B(OH),
moeities (with expulsion of a water molecule). This process
repeats three times, until a B3O; ring and three H,O molecules
are formed.'® As the boron atoms retain their Lewis acidic
character and can easily be attacked by oxygen in e.g. H,O, the
reaction is completely reversible However, precipitation of
oligomers and crystallites severely complicate the mechanism
and analysis of boroxine COF formation, therefore requiring
more in-depth research. A first mechanistic study bypassed this
issue by adjusting the solvent combinations until fully homo-
geneous growth conditions could be obtained for COF-5
(by using 4/1 dioxane/mesitylene as solvent with 15 eq. methanol
to the catechol as solvent), making it possible to track the COF
formation via turbidity measurements.'®* A reproducible induc-
tion period was observed, which is followed by gradual precipita-
tion of the COF as evidenced by an initial linear increase of
turbidity in the COF mixture. Moreover, as shown in Fig. 64, the
induction period and formation rate are readily influenced by

Kinetic control Thermodynamic control

A
B)
Transition state

Transition state

AG*

Intermediate
Intermediate

Energy

Starting
Materials
AG®,

AG®

Amorphous
Product

Crystalline
Product

[
>

Assembly Direction

(A) Relationship between bond strength and crystallization challenge for different interactions. When going from weak (van der Waals forces,

hydrogen bonds) over intermediate (metal-donor bonds) to strong (metal-charged linker bonds, covalent bonds) interactions, the crystallization
challenge increases dramatically. (B) Free energy profile illustrating the difference between kinetic (green) and thermodynamic (red) control. When a
reaction is kinetically controlled (like most covalent reactions), it is irreversible and amorphous products will be formed. Thermodynamically controlled
reactions (like supramolecular chemistry and dynamic covalent chemistry) are reversible and can yield crystalline materials. Reproduced and adapted
with permission from ref. 98. Copyright MDPI (2017).
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Fig. 6 Mechanistic studies on COF-5. (A) Turbidity increase over time tracked at various temperatures. Highest temperature (90 °C) is indicated in red,
lowest (60 °C) in blue. Turbidity is directly proportional to the rate of COF precipitation. (B) Influence of modulator (4-tert-butylcatechol) addition on COF
synthesis, equivalents are taken relative to the amount of 2,3,6,7,10,11-hexahydroxytriphenylene (HTTP). Curve without modulator is shown in red,
addition of 6 eq. of modulator at zero minutes is presented in blue and the orange curve shows addition of 6 eq. of modulator at three minutes. (C) Partial

PXRD pattern for COF-5 synthesized with O (red) or 15 (blue) eq. of additionall

y added H,O. (D) COF Formation over time for four different boronate COFs

(COF-5inred, COF-10 in green, TP-COF in blue and HHTP-DPB in purple). All four COFs are built from the condensation of HTTP with the linker drawn
next to the curve. (E) DLS average size of COF-5 particles as a function of the added monomer concentration. Slow addition (0.1 eq. per h) is shown in

blue, fast addition (1.0 eq. per h) in red (F) WAXS patterns of COF-5 particles.

The upper graph shows the influence of slow monomer addition, the lower

graph the influence of fast monomer addition. (G) Proposed mechanism of formation for COF-5 using combined information from available mechanistic

studies. Linkers react readily to oligomers, which can stack to metastable |

ayers or go through templated polymerization processes. Eventually COF

crystallites form, which precipitate immediately to chemically unavailable multicrystals if not stabilized by nitrile solvents as ACN. Stable colloidal COF
solutions can be further reacted by the addition of new monomers. If these monomers are added in a rapid way, nucleation dominates and new (small)
particles are formed, but if these additional monomers are added slowly, growth dominates and single crystals are formed. Reproduced with permission

from: (A-C) ref. 102, Copyright American Chemical Society (2014); (D) ref. 10
American Association for the Advancement of Science (2018).

temperature, with lower temperatures leading to longer induc-
tion periods and slower COF formation. The influence of modu-
lation on the formation of COF-5 was also studied (Fig. 6B),
it can be observed that as soon as a modulator is added, the
COF formation slows down, indicating that competing reactions
are indeed happening. However, as no modulator was incorpo-
rated in the final COF structure and the isolated yields with and
without modulator were very comparable, it could be concluded
that an irreversible step is present in the reaction mechanism.
Afterwards, even addition of large amounts of modulator was not
sufficient to decrease turbidity, indicating chemical inaccessi-
bility of these crystallites. Finally, the effect of H,O addition was
studied, which could theoretically inhibit COF formation via
Le Chatelier’s principle. Indeed, addition of 15 eq. H,O afforded
larger crystallites as evidenced by the sharper (100) Powder X-Ray
Diffraction (PXRD) peak at a 20 value of 3.5° (Cu Ko radiation)
shown in Fig. 6C. Nonetheless, a practical limit for this method
of crystal growing exists, as adding 20 eq. of H,O resulted in little
to no COF formation after several days. These results indicate
that efficient control of temperature and H,O in the reaction,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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as well as modulator addition can vastly improve the synthesis of
boroxine and boronate COFs. Later on, the same procedure was
used to study the difference in the kinetics of COFs made by
different linkers.'® Two different effects can be observed from
Fig. 6D, namely an increase in formation rate when the aromatic
domains of the linker increases and a decrease in formation rate
with increasing pore size. The first, and most important effect
was attributed to stabilization of the intermediate by layer
stacking, while the second could be explained by the decrease
in interlayer attraction. Thus, it could be concluded that the rate
determining step in the formation of 2D COFs is the interlayer
stacking, yielding strong interactions and faster precipitation.
Theoretical studies on the formation of boronate ester COFs
have also been done, tracking the crystallization of COF-5 via
kinetic Monte Carlo simulations,'® free energy techniques'®”
%% Rirstly, linkers stack
and form oligomers, a process that needs heating. Subsequently,
these oligomers can nucleate via two different mechanism,
i.e. stacking of metastable layers and templated polymerization.
It should be noted that all these steps are fully reversible and

and molecular dynamics simulations.

Mater. Adv., 2021, 2, 2811-2845 | 2817


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00008j

Open Access Article. Published on 29 March 2021. Downloaded on 6/20/2026 12:20:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

exchangeable (as shown in Fig. 6G). However, due to the strong
stacking interactions between the linkers, these processes cause
a tremendous amount of hard to anneal defects, which limit
COF crystallinity. It has been shown that appropriate solvents
can greatly reduce the amount of effective stacking interactions
and therefore increase crystallinity.'®” Moreover, addition of H,O
and methanol can vastly increase reversibility of the boronate
ester formation as these molecules stabilize the transition state
from a highly strained 4-ring to a more stable 6-ring, therefore
lowering the activation energy from 25 kcal mol ' to 13 or
14 keal mol ', respectively. Hence for the growth of large COF
crystals the irreversible agglomeration and subsequent precipi-
tation of small crystallites are problematic (as can be noticed in
the proposed model in Fig. 6G).

A solution for this was reported in 2017, when the Dichtel
group succeeded in stabilizing COF-5 colloids by the addition
of small volume fractions of nitrile solvents (like acetonitrile,
ACN)." The obtained colloids were stable for over a month
and were shown to be crystalline by Wide/Small-Angle X-ray
Scattering (WAXS/SAXS) measurements. While the particle size
was shown to be dependent on the amount of added nitrile
solvent (with larger colloids forming at lower vol% due to
aggregation of small crystallites), no change in particle size
was observed when the solvent composition was altered after
colloid formation. This indicated kinetic trapping of the COF in
the formed colloids. Moreover, the reported procedure could be
extended to a range of different linkers (DBD-COF, BPh-COF,
Py-COF), 3D materials (COF-105, COF-108) and boroxine linked
COFs (COF-1, COF-102, COF-103)."*° In 2018, these kinetically
trapped colloids were used for the synthesis of large single
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crystals of COF-5, COF-10 and TP-COF, by the slow addition of
monomers.'®* From Fig. 6E and F, it can be observed that when
monomers were added to these stabilized colloids at a rate of
0.1 eq. per hour both crystallinity and particle size improved, as
could be measured by Dynamic Light Scattering (DLS) and
WAXS. However, when fast monomer addition was tested,
particle size and crystallinity diminished, most likely because
the critical nucleation concentration was reached. This
indicates the importance of effective nucleation and growth
separation for the synthesis of large COF crystals. Recent
kinetic Monte Carlo simulations supported these results, as
second order kinetics were obtained for nucleation while
growth processes were calculated to be of a pseudo-first order
in monomer concentration."** However, crystal growth by
keeping the monomer concentration below the critical value
for crystal expansion is impractical, as a quadratic dependence
on time was observed which corresponds to time ranges for the
growth of millimeter sized crystals in the order of millions
of years.

2.2 Mechanism of imine COF formation

Imine chemistry was, in contrast to boroxine chemistry, already
much more studied before the first reports of COFs based
on this type of linkages were reported. For example, these
reactions were already widely used in DCC''* and Schiff base
synthesis.""> Therefore, three reversible reactions happening
simultaneously were already identified, namely imine conden-
sation, exchange and metathesis (Fig. 7E). Interestingly, imine
exchange was found to happen more rapidly than imine
condensation,'*® making amine modulators very interesting
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Fig. 7 Mechanistic studies on imine COFs. (A) TAPB-BDA COF formation (4/1 dioxane/mesitylene, 70 °C, 3D, vacuum activation) as a function of H,O
and acetic acid concentration. Shaded areas are added as a guide for the eye. (B) Normalized PXRD patterns of TAPB-BDA COF (4/1 dioxane/mesitylene,

70 °C, 33 vol% 10.5 M acetic acid, scCO, activation) in function of time.

(C) Normalized Pore Size Distributions and Sget values of TAPB-BDA COF

(4/1 dioxane/mesitylene, 70 °C, 33 vol% 10.5 M acetic acid, scCO, activation) in function of time. (D) PXRD pattern of TAPB-BDA COF (4/1 dioxane/
mesitylene, 70 °C, 33 vol% 10.5 M acetic acid, 4 h) using vacuum (yellow) and scCO, (blue) activation. (E) Overview of the chemical mechanism of imine
COF formation, the three types of imine reactions: imine condensation, imine exchange and imine metathesis. (F) Schematic drawing of the physical
mechanism of imine COF formation. When linkers are combined in presence of large excess of aniline single crystal COFs can form over months.
Alternatively, amorphous polymers or disordered sheets are rapidly formed (within seconds) and subsequently slowly rearranged to COF
multicrystals (hours). Reproduced with permission from: (A) ref. 112, Copyright Royal Society of Chemistry (2016); (B-D) from ref. 113, Copyright

John Wiley and Sons (2019).
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candidates to improve error-correction, as they provide extra
functionalities capable of imine exchange. In 2015, a first
mechanistic study of imine COFs was published by the Dichtel
group.'™® They concluded that both H,O and acetic acid are
indispensable in the synthesis of the studied TAPB-BDA COF
(TAPB: 1,3,5-tris(4-aminophenyl)benzene). From Fig. 74, it is
clear that no solids are obtained when COF synthesis is
attempted without added acetic acid, while absence of H,O
leads to amorphous powders. High yields and crystallinity
could be obtained only when >3.3 M H,0 and >1 M acetic
acid were added, but increasing the concentrations above this
threshold did not improve the quality of the obtained COF.
Moreover, a two-step mechanism was observed, with rapid
precipitation of an amorphous solid followed by dynamic imine
exchange to finally obtain a crystalline material after a few days.
As Fourier-transform infrared spectroscopy (FTIR) analysis of
the formed amorphous solid did not show any amine or
aldehyde peaks and the yield was already 95% after 15 minutes,
it was concluded that no free monomers or oligomers were
needed to achieve this amorphous to crystalline transforma-
tion. This theory was further supported by the possibility to
grow crystalline COFs from isolated and cleaned amorphous
solids.""* Additionally, it was proven possible to recrystallize an
amorphous polyimine (coated around Fe;04 nanoparticles) to a
crystalline COF without changing the morphology or particle
size.''” However, quite recently, an alternative pathway was
proposed based on the observation of crystalline lattice fringes
in Transmission Electron Microscopy (TEM) samples of COFs
prepared in reaction times as short as 60 seconds. As the
observed sheets were very thin, it was suggested that COFs
might initially crystallize as disordered sheets, followed by a
recrystallization to ordered and porous powder.''® Moreover,
equilibration of these 60 seconds samples in supercritical CO,
(scCO,) for 72 hours led to crystalline peaks as observed by
PXRD. The difference between both proposed mechanism is
illustrated in Fig. 7F.

Additionally, a significant influence of activation methods
was observed, with crystalline COFs obtained (via in situ X-ray
diffraction) at reaction times as short as 90 seconds while
common synthetic conditions required three days of reaction
time. This could be explained by pore collapse during vacuum
drying of COFs. However, when activation was performed using
scCO,, highly crystalline and porous imine COFs could be
readily synthesized at short reaction times (four hours), as
shown in Fig. 7B and C.""* The difference between scCO, and
vacuum activation for TAPB-BDA COF is illustrated in Fig. 7D.
Still, not all imine COFs suffer from these pore collapse
processes, with more robust materials taking advantage of
alkoxy side-groups or enlarged n-n systems in the linkers."*’
Furthermore, it was shown that framework damage for fragile
materials was (partially) reversible by treatment with scCO,,
while FTIR spectra were unaffected by the activation method,
indicating that these effects could be attributed to physical
processes.''*''? Recent Density-Functional Theory (DFT) calcu-
lations seemed to partially explain these observations, as it was
observed that n-rn layer interactions are not strong enough in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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solution leading to the coexistence of different stacking modes
and thus disorder. Materials with large pores and small
p-conjugated structures (fragile) were shown to be prone to
random rearrangement. Finally, as quite expensive equipment
is needed for scCO,, a cheaper but reliable alternative was
developed in a sequential solvent exchange protocol, going
from high to low surface tension, followed by drying under
N,-flow with a gentle temperature ramp. Recently, it has been
shown that immersion in an ultra low surface tension solvent
(like perfluorohexane) followed by vacuum drying at 80 °C is
sufficient to retain crystallinity and porosity.'?°

At this point, it is important to note that all the previously
described mechanistic studies have been performed only on 2D
imine COFs. Very little is known about the mechanism of 3D
imine COF formation, but it has been proven that the formed
amorphous intermediate can be recrystallized to crystalline
COF-300."" As no layers exist for these 3D structures, the most
plausible mechanism is via the amorphous polymer. Moreover,
the more open pores, lacking n-n layer interactions are highly
susceptible to pore collapse when common activation methods
are used. Finally, additional complicating factors exist for 3D
COFs, like interpenetration of networks and hydration causing
pore collapse.?

Still, up to date, the only COFs of which single crystals
suitable for SXRD were obtained are 3D imine COFs.’ This was
achieved by the addition of large amounts of aniline as
modulator, slowing down the synthetic process to 30-80 days
(this process is shown schematically in Fig. 7F). As aniline has
comparable reactivity to the building blocks, it is an ideal
modulator, shifting the COF formation from rapid nucleation
with limited growth (resulting in amorphous or polycrystal-
line compounds) to an equilibrium by addition of sufficient
amounts of the modulator. The increased amount of amine in
the solution leads to increased error-correction (by fast imine
exchange) and slow formation of COFs as single crystals,
a process schematically explained in Fig. 11A. For example,
the addition of 15 eq. of aniline led to COF-300 crystals of
60 pm in 30-40 days, allowing structure solution by synchro-
tron SXRD analysis. The difference in morphology for polycrys-
talline and single-crystal COF-300 is illustrated by SEM images
in Fig. 11B. Four different 3D imine COFs, forming two nets
(dia and lon) could be crystallized and analyzed via this
method. A recent follow-up paper also reported the synthesis
of 50 pm crystals of a COF crystallizing in the pts topology using
50 eq. aniline although the quality of the obtained crystals was
not sufficient to allow SXRD structure solutions."**

2.3 Practical significance of crystallinity

Given the substantial challenges associated with getting highly
crystalline COFs, it might be attractive not to spend the effort
and settle for moderately crystalline or even amorphous pro-
ducts. However, in some cases like optoelectronics and photo-
catalysis, high crystallinity is of essential importance in order to
get desired applications to work effectively.

For example, several years of research in conjugated polymers
have shown that parameters such as lattice constant and

Mater. Adv,, 2021, 2, 2811-2845 | 2819
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crystallinity are critical for determining the resulting charge
transport properties of the semiconducting polymers.’** The
mobile charge carrier travels at certain velocities in the back-
bone of an ordered crystalline polymer and hops into the
disordered regions causing them to change the velocities.
Microstructure tuning focuses on reducing the probability of
charge transport under unfavorable conditions and improve
the mobility in certain parts of the polymer. It has been
observed that mobilities are enhanced in crystalline phases with
sufficient intercrystallite connectivity.'** Synthetic advancements
in conjugated polymers to obtain high crystallinity and long-range
order have made poly(3-hexylthiophene) (P3HT) the most widely
studied conjugated polymer due to high mobilities above
0.01 cm?® V™' 571125 Compared to previous transistors using
amorphous polythiophenes the mobilities in the crystalline
P3HT based transistors increased by a factor of 100. Further
improvement in the crystallinity was achieved using a poly-
thiophene derivative, poly(bithiophene-alt-thienothiophene)
(PBTTT)."*® Transistors based on PBTTT displayed even further
enhanced mobilities above 0.1 cm® V' s~'. Naturally, the
charge mobilities also depend on other factors such as the
chemical functionalities in the polymer, but crystallinity is
certainly considered one of the most crucial components.

In the field of nanoelectronics, 2D materials have played a
major role due to high charge carrier mobility and tunable
band gaps.'?”'*® These properties can be tuned based on the
choice of the molecular building blocks of the 2D materials."**
Computational studies have predicted the electronic structures
of several 2D materials to exhibit Dirac cones which yield
massless charge carriers and flat bands which can quench
the kinetic energy of charge carriers.”*® These have important
consequences in several interesting phenomena such as anom-
alous Hall effect and surface superconductivity."*"**> However,
the experimental observation of these electronic structures
have been limited due to constraints in domain size and defect
density of the 2D materials. Recently, mesoscale ordered 2D
conjugated polymer have been synthesized which have experi-
mentally confirmed the predicted electronic structures.'?
However, the advancements in computational analysis of such
materials have been a step ahead and need to be matched with
experimental outputs for advanced applications. In essence,
materials with higher crystallinity can reciprocate the predicted
electronic properties.

Charge carrier transfer processes play an essential role in
photocatalytic reactions.”** Upon light irradiation with suffi-
cient energy on a semiconductor surface, electron-hole pairs
are generated. Electrons are excited into the conduction band
from the valence band by absorption of the energy from light
irradiation. Photocatalysis is then carried out through the
participation of the generated photoelectrons or holes, for
reduction or oxidation, respectively. However, a major challenge
hindering the efficiency of the overall photocatalytic process is
recombination of the generated electrons and holes. Every
charge carrier generated through light irradiation is associated
with a carrier lifetime. To proceed with the desired catalytic
reaction, the electrons and holes must be kept apart and be
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View Article Online

Materials Advances

utilized immediately. Empirical evidences suggest that amor-
phous (defective) regions in semiconductors often act as recom-
bination centers and are detrimental to charge transport.**>3¢
Hence, in general, crystalline (defect-free) materials are engi-
neered in order to decrease the overall density of recombination
centers thus enhancing the carrier lifetimes of photogenerated
carriers. Lin et al,”” compared the effect of crystallinity of
graphitic carbon nitride (g-CN) polymers on photocatalytic hydro-
gen evolution reaction and oxygen evolution reaction. In both
reactions, g-CN-1 (enhanced crystallinity) showed better perfor-
mance than bulk g-CN (moderate crystallinity). Photolumines-
cence spectroscopy confirmed an increase in the charge carrier
separation and decrease in the recombination rates of the
photoexcited carriers in g-CN-1 compared to the bulk g-CN.
Recently, COFs have emerged as potential candidates for several
photocatalytic transformations."****! Pachfule et al,"*® showed
that a crystalline diacetylene functionalized COF performs better
than its amorphous counterpart in photocatalytic hydrogen
evolution reaction. Hence, it is clear that crystallinity is a crucial
component in improving the charge carrier separation and
transfer kinetics.

2.4 Analyzing crystalline compounds

Apart from having an influence in the material properties,
crystallinity of the material is also related to the ease of
characterization. In general, crystalline materials are easier to
decipher and correspondingly provide more insight into their
structural properties. An important feature that makes COFs
unique compared to other porous organic polymers is their
crystallinity which allows easier characterization. Currently, the
go-to method for analysis of the COF structure is PXRD.
In theory, it is possible to directly obtain a structure solution
from PXRD, using a process involving peak indexing, space
group determination, structure solution and final Rietveld
refinement.'**** However, due to the 1D projection of PXRD,
a significant amount of data is lost, especially for high sym-
metry structures as COFs.'*>'** Therefore, direct structure
solution of PXRD data has not been reported yet for COFs.
Still, the rigidity of COF linkers allows us to accurately predict
the topology of the resulting material based solely on the used
linkers (as explained in Section 1.1.2). This makes it possible to
solve the structure of COFs by building models based on the
most feasible topologies and refining those against the experi-
mental powder pattern. Even when multiple topologies®*°%°*
or interpenetration modes®*>®° are possible, this should result
in one single structure solution (when the quality of the
experimental data is sufficient) because of the basic postu-
late of structural crystallography: “only one chemically sound
crystal structure exists that is compatible with the experimental
diffraction data”.'** Additionally, PXRD patterns can be used to
estimate the quality of the COF via crystallite size and degree of
crystallinity. For example, the FWHM (Full Width at Half
Maximum) of the PXRD reflections can be used to estimate
the crystallite size via the Scherrer equation,'*® with sharper
reflections indicating larger crystallites and thus increased
quality. In turn, the ratio of crystalline (sharp) peak area versus

© 2021 The Author(s). Published by the Royal Society of Chemistry
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total peak area gives the degree of crystallinity."*® However, a
thorough and true knowledge of the chemical nature of the
synthesized COF is not assured using PXRD structure solution.
For example, the structure of COF-300 in the powder form
(dia-c5)** was slightly different than COF-300 in single crystal
form (dia-c7). Even though the dia-c5 structure of the COF-300
was verified through PXRD characterization, there was some
ambiguity in the degree of interpenetration. This ambiguity
was eventually cleared through the single crystal XRD charac-
terization of the COF-300 crystal.’> Controlled polymerization
leading to highly crystalline COFs has also enabled detailed
structural analysis through synchrotron XRD and high-resolution
transmission electron microscopy (HR-TEM).''® Recently, electron
diffraction methods have also been utilized to solve the structure
of crystalline COFs."*”'*® To maximize comparison and reprodu-
cibility of COF analysis, we kindly refer to the guidelines on
sample preparation and data treatment as given in “Standard
Practices of Reticular Chemistry”.”® Some useful complementary
techniques, like solid-state nuclear magnetic resonance spectro-
scopy (ss-NMR) and FTIR are also listed in this work.

3 Approaches towards high-quality
COFs

Several tactics have already been used to improve both crystal-
linity and porosity of COFs, resulting in higher quality materi-
als. In the following we divide the used methods in seven
different categories, of which the five most important ones
are schematically illustrated in Fig. 8. It has to be noted that
some papers reported combinations of different methods, if so
we have put the discussion where most appropriate.

First of all, and already applied successfully in the synthesis
of 3D COF single crystals,® is the insertion of monofunctional
molecules. This process is called modulation and is expected to
decrease nucleation as well as increasing error-correction.

Next is the decrease of monomer availability, which leads
to slower reactions with less defects. This method can be
performed using physical slow monomer addition (as shown

Decreased monomer
availability

Improved
catalysts

Modulation

Exchange
Reactions

Interfacial growth
& solubility effects

Fig. 8 Schematic representation of different approaches applied to
improve COF quality.
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in Fig. 8) or in situ monomer generation (e.g. by linker protection,
chemical approach). While the latter is more elegant, the former
has already proven its value in the synthesis of 2D COF single
crystals.'®*

Many synthetic protocols for COFs use catalysts to increase
error-correction and speed up COF formation. Most common
are solvothermal acetic acid catalyzed protocols, for example in
the formation of imine COFs. However, some other techniques
have been reported recently. These include the use of Ionic
Liquids (IL), Deep Eutectic Solvents (DES), advanced acid
catalysts and others. As those improved catalysts lower the
activation energy for COF formation, reversibility is increased.

Interfacial growth and solubility effects can both improve
COF quality by mitigating synthetic conditions. Due to reduced
linker solubility or restriction of reaction to a specific interface,
formation reactions are slowed down. Thus, less defects are
formed resulting in high-quality thin films or powders.

Linker exchange can also be applied. Here, an initial
(amorphous) network is formed, which is later transformed to
a (more) crystalline COF by replacement of a linker by a new
one. This way, new linkage types or previously inaccessible free
functional groups can be obtained. As the COF is formed in a
two-step process, conditions can be optimized to separate
‘difficult to crystallize’ steps from the crystallization.

Still, some other techniques remained undiscussed in this
paragraph, most importantly linker and condition optimiza-
tion. However, as these techniques are highly linker specific
and can hardly be generalized, they are not the most attractive
approaches to increase quality of the whole family of COFs.
Still, some interesting effects and considerations are discussed
in order to better understand COF chemistry.

Finally, there are some approaches that could not be assigned
to one of the discussed categories. To be able to incorporate these,
we created a category of other methods.

3.1 Modulation in COF synthesis

Modulation has been extensively studied in MOFs, offering —
among others — possibilities to enforce kinetic and particle size
control, ultimately yielding improved crystallinity."*® However,
while promising, it has been relatively underexplored for COFs
with only very few examples available in literature.

3.1.1 Modulation in boronate ester COFs. The study of
modulation in the synthesis of boronate ester COFs has been
primarily focused on COF-5 (Fig. 9) with both a monofunctional
boronic acid™®' and a monofunctional catechol tested as
modulators.'**%® A first study, by Dichtel et al., was already
shortly discussed in Section 2.1 and was part of an extended
study on the kinetics of COF-5 formation.'®® They used 4-(tert-
butyl)benzene-1,2-diol as a modulator (Fig. 9A) and observed a
slower COF formation, resulting in an increased induction
period as well as a slower rate of precipitation (Fig. 6B). The
dependency on the modulator could be described by reverse
first order kinetics. Moreover, the modulator was not incorpo-
rated in the framework, as evidenced by "H Nuclear Magnetic
Resonance (NMR). Overall, it could be concluded that the
modulator slows down the COF formation, but is not included
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Fig. 9 Scheme of modulated COF-5 synthesis: 2,3,6,7,10,11-hexahydroxy-
triphenylene (black) and benzene-1,4-diboronic acid (red) are combined
with a modulator to form COF-5. Used modulators are depicted in the
pore: (A) 4-(tert-butyl)benzene-1,2-diol!%*%° (B) 4-mercaptophenylboronic
acid.™*

in the irreversible precipitation, making this a promising tool
to increase error-correction. In a more recent study, the same
group used this modulator to chemically control COF growth
from pre-synthesized colloids."*® Addition of 15 eq. of mod-
ulator could efficiently prevent nucleation, as evidenced by the
lack of the (100) Bragg peak. Therefore, a monomer solution
with 15 eq. of modulator was added to previously stabilized
COF colloids (as discussed in Section 2.1). A significant
increase in intensity and sharpening of the (100) WAXS peak
was observed over two days. Furthermore, DLS measurements
showed an increase of average particle size from 60 to 450 nm
(for 4.5 eq. of monomers added), indicating the capability of
modulators to enlarge COF crystals. An increase in Brunauer—
Emmett-Teller (BET) surface area from 1740 m* g™ ' t0 1990 m g~ "
close to the theoretical maximum was also observed, indicating
high-quality crystalline COFs with accessible pores. Finally, the
obtained results were extended to three other boronate ester COFs
(TP-COF, DPB-COF and COF-10) with the largest obtained crystals
of TP-COF (1400 nm via DLS) after 8 h of heating with 9 eq. of
monomer and 15 eq. of modulator. Kinetic Monte Carlo simula-
tions show that these effects are due to the limitation of formed
oligomers below the critical nucleus size. Monoboronic acids have
also been used in the synthesis of COF-5 (Fig. 9B)."*" In this study,
boronic acid monomers were systematically substituted for the
4-mercaptophenylboronic acid modulator, with the degree of
substitution varying from 0 to 70%. When small quantities of
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modulator were used (5-10%), high crystallinity was confirmed
via the observation of sharp and high-order PXRD reflections.
Meanwhile, when higher amounts of modulator were added,
quality of the crystallites gradually decreased with a remarkable
drop at 70% of modulator used. Similar effects could be
observed in N,-sorption experiments with an increase in BET
surface area and pore volume, from 1200 m® ¢~ " and 0.64 cm® g™,
respectively, for an unmodulated COF-5 sample and to
2100 m®> ¢ and 1.14 cm® g for COF-5 synthesized with
10% modulator. A distinct step in the isotherm was obtained,
indicating highly ordered and uniform pores. However, from
>25% of modulator, a broadened slope was observed due
to the incorporation of modulator in the COF structures at
these high modulator concentrations. Time-dependent PXRD
experiments showed a slower COF crystallization when modu-
lator was used. Only after 16 h of reaction time, the intensity
of reflections for the modulated material catched up with the
unmodulated COF, after which the modulated COF outper-
forms the unmodulated material. The crystallite sizes were
estimated by Transmission Electron Microscopy (TEM) mea-
surements, showing domains of several hundred of nan-
ometers for the sample with 10% modulator (in contrast to
30-50 nm for the unmodulated sample). Finally, the effect of
the functional group on the para position of the modulator
was studied. When a carboxylic acid group was used instead of
the thiol, obtained effects were highly similar. But when non-
functionalized phenylboronic acid was used, no crystalline
COFs were produced, most likely due to incompatible solubi-
lity and polarity.

3.1.2 Modulation in imine COFs. More is known about
modulation in imine COFs, with the report of single crystal 3D
COFs in 2018 as primary example.? This was achieved by the
addition of high quantities of aniline (Am1, Fig. 10) to the
reaction mixture. As can be seen in Fig. 11A (mechanistically
explained in Section 2.2), addition of sufficient amounts of Am1
as modulator creates an equilibrium resulting in slow COF
precipitation, and the resulting morphologies can be compared
to those observed for polycrystalline COFs in Fig. 11B. The
main target of the study, COF-300, could be obtained as crystal-
line blocks of 100 pm after 30-40 days of reaction at room
temperature with 15 eq. of Am1. This allowed the structure
solution up to 0.85 A. To demonstrate the generality of their
approach, the authors grew three more COFs to crystals suita-
ble for SXRD: COF-303 (52 eq. of Am1, 15 days, 15 pm crystals),
LZU-79 (25 eq. of Am1, 50 days, 100 um crystals) and LZU-111
(80 eq. of Am1, 80 days, 60 pm crystals). In a recent follow-up
paper,'** a non-interpentrated 3D COF (of pts topology) was
made via the same procedure, namely LZU-306 (the condensa-
tion product of adamantane-1,3,5,7-tetracarbaldehyde, ATA,
and ETTA). Indeed, 50 um crystals could be obtained by
25 day reaction with 50 eq. of Am1. Still, crystal quality was
not sufficient to allow direct structure elucidation via SXRD,
extra RED experiments were necessary. Most likely this is a
consequence of the highly porous non-interpenetrated struc-
ture (BET surface area = 2059 m” g~ and 80% void volume)
allowing the inclusion of many disordered solvent molecules in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Different modulators used in the synthesis of imine COFs, divided
in amine modulators (blue) and aldehyde modulators (red): aniline (Am1),
n-propylamine (Am2), (R)-1-phenylethan-1-amine (Am3) and 2-amino-
pyridin (Am4) were used as amine modulators, while benzaldehyde (All)
and 2,4,6-trimethylbenzaldehyde (Al2) have been reported as aldehyde
modulators.
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Fig. 11 (A) Schematic representation of COF synthesis with and without
aniline addition. Without the added modulator, COF formation is favored,
resulting in fast nucleation and limited growth and thus amorphous or
polycrystalline COFs. When sufficient amounts of aniline are added, an
equilibrium is obtained, allowing the growth of large COF single crystals via
slow imine exchange. (B) SEM and optical microscopy images of single-
crystalline COFs. The SEM image of polycrystalline COF-300 is shown for
comparison. Reproduced with permission from ref. 3, Copyright American
Association for the Advancement of Science (2018).
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Table1 Influence of modulator concentration on crystal size of LZU-306
Aniline  Acetic acid Time  Temperature Crystal

Entry (eq.) solution (days) (°C) size (um)
1 0 6 M, 0.1 mL 5 120 0.2
2 7.5 6 M, 0.1 mL 5 120 0.5
3 10 6 M, 0.1 mL 5 120 1
4 12.5 6 M, 0.1 mL 5 120 5
5 20 6 M, 0.2 mL 7 120 10
6 40 6 M, 0.2 mL 25 30 20
7 50 15M, 0.2 mL 25 30 50

Used conditions: 9.9 g adamantane-1,3,5,7-tetracarbaldehyde (0.04 mmol)
in 0.5 mL 1,4-dioxane + aniline + acetic acid solution. Separate addition
of 15.7 mg tetrakis(4-aminophenyl)ethylene) (0.04 mmol) in 1 mL
1,4-dioxane. Reproduced with permission from ref. 122, Copyright John
Wiley and Sons (2020).

the framework. A direct relationship between modulator concen-
tration and crystal size could be obtained, as shown in Table 1.
Even at high temperature (120 °C) and short times (five days)
crystal size could be improved from 0.2 um (entry 1) to 5 pm
(entry 4). At higher concentrations of modulator (entries 6 and 7)
more acid catalyst was required to grow crystals in a reasonable
time. However, too much modulator was not beneficial, as no
solids were obtained when more than 50 eq. of Am1 was used.

Meanwhile, experiments were performed with pre-modification
of aldehyde monomers with the modulator, making in situ
modulator generation via transimination possible. The syn-
thesis of three different COFs (Fig. 12) by condensation of
hydrazine hydrate with 1,3,5-triformylphenol (RIO-11), 1,3,5-
triformylresorcinol (RIO-12) or 1,3,5-triformylphloroglucinol
(RIO-13, 1,3,5-triformylphloroglucinol = TFPM) was studied
for gaining insight on the influence of modulator and
H-bonding effect.'>” Without modulator (Am1) addition, a clear
increase in crystallinity and porosity with additional OH-groups
in the aldehyde monomer could be observed. However, when
using a modulated approach, even RIO-11 could be reticulated
in a highly porous and crystalline COF. Using the two step-
approach (Fig. 12a) yielded a BET surface area of 1290 m”> g~ *
and crystallite size of 64 A, while the optimized one-step
(Fig. 12b, 2 eq. of modulator) approach resulted in 1050 m”> g~ *
for 60 A crystallites (for comparison, an unmodulated synthesis
of RIO-11 gave crystallites of 48 A with BET surface area of
242 m* g~ ). However, when applying the same methodology to
RIO-12 and RIO-13, no improvement (RIO-12) or even a decrease
(RIO-13) in materials quality was observed, most likely resulting
from the irreversible keto-imine adduct formation. Another study
combined the aforementioned TFPM with benzidine to form
TFPM-BZ COF via a two-step transimination (as illustrated in
Fig. 12A) with different amines.'>® Highly crystalline COFs could
be synthesized at 180 °C and ambient pressure in only 6 h.
BET surface areas of 1052.3 m”> g~ ' (2-aminopyridin, Am4) and
1056.6 m> g ' (n-propylamine, Am2) could be obtained, much
higher than the 537 m* g~ ' obtained by traditional solvothermal
methods. Other modulators (n-butylamine, isobutylamine, n-hexyl-
amine and dodecylamine) were also tested and all resulted in
highly crystalline COFs. Albeit, it seemed that mono-amines with
high boiling points gave the sharpest PXRD peaks. Finally, the
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approach was generalized to DHNDCA-TAPP COF (2,6-dihydroxy-
naphthalene-1,5-dicarbaldehyde, DHNDCA + 2,4,6-tris(4-
aminophenyl)-pyridine, TAPP) which could not be synthesized
via traditional methods.

Aldehydes can also be used as modulators, as has been
shown for TAPB-BDA COF where the addition of All was
studied."® A sharpening and increase of intensity of the (100)
diffraction peak, as well as a decrease in FWHM, was observed
on increasing modulator concentration, indicating an increase
in crystallinity. N,-Sorption experiments confirm these results,
as an increase in BET surface area from 1378 m> g~ ' (for
unmodulated COF) to 2480 m” g~ * (for 9 eq. of benzaldehyde),
indicating a more ordered porous structure. A second COF,
TAPB-TFPA (TFPA: tris(4-formylphenyl)amine) confirmed the
generality of the approach as 4 eq. of modulator caused a
threefold increase in both (100) peak intensity as BET surface
area. However, no significant difference in crystallite size and
morphology was observed for the modulated materials, implying
that benzaldehyde modulators might not be the best choice for
growing large COF crystals. One report studied the combined use
of an aldehyde and amine modulator, namely Al1 and Am1 for
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TAPB-BTCA COF (BTCA: 1,3,5-benzenetricarbaldehyde) as shown
in Fig. 13."* 12 eq. of both modulators were used in a Sc(OTf);
catalyzed synthesis. While unmodulated samples formed irre-
versible polycrystalline aggregates, modulation allowed selective
production of spheres, hollow fibres and films, depending on
monomer concentration, solvent composition and supporting
bases. Moreover, sharper and more intense PXRD peaks were
observed and BET surface area increased from 432 m”> g~ for the
unmodulated material to 882 m> g~ for the modulated material.
Crystallinity could be even further improved by increasing the
amount of acid catalyst. Moreover, the crystallite size of 17.6 nm
was significantly higher than the 10.7 nm obtained for the
unmodulated material (via Scherrer analysis). Studies on the
relative ratio of the PXRD reflections showed a critical amount of
12 eq. of monomer, as going from 0 to 12 eq. continuously
enhanced intensity and sharpness of the (100) reflection, but
sample yield declined dramatically when more than 12 eq. of
modulator were used. The obtained results could be extended to
different catalysts (acetic acid), aldehyde monomer (BDA) and
amine monomer (p-phenylenediamine, PPD). A kinetic pathway
was proposed, where, unmodulated COFs rapidly precipitate
into amorphous polymers (kinetic traps, Fig. 13A) and then
partially transform to thermodynamically favored crystalline
materials (equilibrium state, Fig. 13A). When modulators are
added, four different reactions can happen to any intermediate
oligomer. A modulator can react with the oligomer to form IS-1
or IS-3 or it can react with one of the monomers to form IS-2 or
IS-4. IS-1 can be converted to IS-2 due to the Schiff base
reversibility, just as IS-3 and IS-4. As the latter (IS-2 and 1S-4)
can form crystalline COFs, they are thermodynamically favored,
but both modulators are required to enhance the reversibility
of all steps.

Gibbs Free Energy

Kinetic Traps

1S-1 I1S-2 1S-3 1S4

Fig. 13 Modulated synthesis of TAPB-BTCA COF in a cartoon represen-
tation. Aldehydes are shown in blue (rod: benzaldehyde, triangle: 1,3,5-
benzenetricarbaldehyde), amines in red (rod: aniline, triangle: 1,3,5-tris(4-
aminophenyl) benzene. (A) Kinetic traps and equilibrium state in function
of Gibbs free energy. (B) Different reactions possible and the formed
structures. Reproduced with permission from ref. 154, Copyright
Elsevier (2019).

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00008j

Open Access Article. Published on 29 March 2021. Downloaded on 6/20/2026 12:20:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Structures could also be modified by modulator addition.
For example, chiral TFPM-TAPB COF could be synthesized from
achiral linkers (TFPM and TAPB) by addition of a chiral
modulator (Am3)."*° In another study, different mesocrystalline
structures were formed by adjustment of the modulator
(between n-propylamine, n-butylamine, n-hexylamine, n-octyl-
amine, n-dodecylamine and aniline), while unmodulated syn-
thesis only formed irregular aggregates.'®” Moreover, by slight
alteration of reaction conditions, complicated mesostructures
could be formed. Finally, ultrathin nanosheets could be formed
by the addition of 40 eq. of Al2."*® Even though the sheets are
amorphous on PXRD (most likely due to the disordered stacking
of the nanosheets), Selected Area Electron Diffraction (SAED)
patterns were sharp and matching with the patterns observed for
exfoliated “traditional” COFs and a periodic well-defined lattice
(matching with the theoretical lattice) was observed in Scanning
Tunneling Microscopy (STM). The technique was generalized
for four different COFs and also works with bromo-2,6-
dimethylbenzaldehyde as modulator. However, the use of
3,5-di-tert-butylbenzaldehyde, 2,6-dimethoxybenzaldehyde, and
3,5-bis(trifluoromethyl)benzaldehyde did not afford solid products,
most likely because the substituted groups on the modulator
impede nucleophilic attack on the intermediate compound.

3.1.3 Modulation and other linkage types. To the best of
our knowledge, only one example exists of modulation in a non
imine or boronate linked COF. Here, JCU-520, JCU-521, JCU-522
and JCU-523 are formed via reversible Michael addition-elim-
ination of B-ketoenamines and aromatic amines (Fig. 14).">°
The modulator, dimethylamine is formed in situ as a side-
product, in contrast to the first report for this type of COF,
which used p-ketoenols and thus formed H,O as a side-
product.®’ This allowed the COFs to be formed at room
temperature in eight hours, in contrary to the previously
reported 130 °C and three days."*® Moreover, the compounds
were found to be highly crystalline with sharp and intense
PXRD reflections as well as highly porous with BET surface
areas between 976 and 1435 m” g~ '. As the formed COFs are
(slightly) different from previously obtained frameworks these
values are hard to compare, but these values are significantly
higher than the 505 m* g~ which was the maximal BET surface
area obtained in the first report.®*

3.2 Decreasing monomer availability

3.2.1 In situ linker generation. One elegant way to decrease
the monomer availability is in situ linker generation from
protected monomers. Different possibilities have been reported
and are presented in Fig. 15. While not all of them formally lead
to decreased monomer availability, all of them have their
advantages in the synthesis of highly crystalline COFs.

The first example of a protecting group used is the acetonide
catechol.*®® This method has been developed because of unde-
sirable features in the polyfunctional catechols used in boro-
nate ester COF synthesis, which are hard to dissolve and prone
to oxidation. Contrarily, the acetonides have decreased polarity,
show no auto-oxidation and have enhanced solubility. Efficient
boronate COF formation from acetonides could be achieved by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Structural representation of a COF (JUC-523)'*° synthesized by
Michael addition—elimination of a B-ketoenamine and an amine. The
mechanistic pathway is shown in the pore.

BF;.OEt, catalysis. Three COFs (COF-5, COF-10 and NiPc-PBBA
COF) prepared through this method have been compared to
materials synthesized via direct condensation."®" No significant
difference in quality between both methods could be found for
COF-5 and COF-10 with sharp PXRD reflections and high
porosity for all materials. However, for NiPc-PBBA COF,
a modest improved in quality was observed, as shown by
sharper PXRD reflections and a slight increase in surface area
(776 m> g ' vs. 624 for the direct condensation). It has to be
noted that high catalyst loadings were necessary to synthesize
these materials, which was attributed to complex formation
between free boronic acids and BF;-OEt,. Still, as most boronic
acids immediately rearrange to boroxines, this side reaction is
not too problematic. Boronate ester COFs have also been
reported from dioxaborolane protected boronic acids, which
have improved solubility.'®®> Subsequent reaction was done in
two steps under microwave addition. In a first step the dioxa-
borolane was heated with HCI for 10 minutes. Afterwards the
catechol was added and the COF was left to form over
30 minutes. While high porosity and sharp PXRD reflections
were observed using this method, one-pot deprotection turned
out to be challenging.

Mater. Adv,, 2021, 2, 2811-2845 | 2825
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Fig. 15 Various protection groups used in the synthesis of COFs.
Catechol monomers have been protected as acetonides, boronic acids
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N-arylbenzophenones and boc (tert-butyloxycarbonyl) groups.

Aldehydes used for COF formation have been protected as
acetals'® and in situ generated by the oxidation of alcohols.'®*
The former has been proven to work for imine, azine and
hydrazone COFs, while the latter was used in the synthesis of
Crystalline Triazine Frameworks (CTFs). Advantages of acetal
protection are enhanced solubility and stability. Also, Electro-
spray Ionization Mass Spectrometry (ESI-MS) measurements
did not find aldehyde in the reaction mixture, indicating direct
condensation of amine and acetal.'®® Highly crystalline and
porous LZU-20, LZU-21 and LZU-22 were synthesized using this
method. Alcohols could be used for synthesis of CTF-HUST-C1,
CTF-HUST-C5, CTF-HUST-C6 via slow oxidation in DMSO.'®*
Using FTIR measurements at different times in the reaction, it
could be noticed that characteristic triazine peaks emerged as
alcohol peaks disappeared, proving that the alcohol oxidation
was the rate limiting step. It was also noted that careful
temperature control was needed to obtain high-quality mate-
rial, initial low temperatures ensured slow initial nucleation,
subsequent higher temperatures provided faster growth. Three
different crystalline CTFs were obtained using this method,
which is quite remarkable given the enormous difficulty in
obtaining crystalline CTFs.'**

The tert-butyloxycarbonyl (boc) group is one of the most
widely utilized amine protection groups.'®® Therefore, it is no
surprise that it has found use in the synthesis of COFs.* In the
synthesis of the woven COF-112, boc protection is used to guide
the reaction via the “right”” pathway, as shown in Fig. 16. Initial
rapid imine condensation forms NHBoc-DIP, but cannot con-
tinue to an amorphous polymer because the second amine
function is boc protected. This enables the coordination of
Co®" and formation of the Co(NHBoc-DIP),(BF,), complex
which already has the desired symmetry. Finally, the in situ
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deprotection of the amines by trifluoroacetic acid can react
with the remaining aldehydes to form the crystalline COF.
COF-112 could also be made from previously synthesized
Co(NH,-DIP),(BF,), but the boc protected group gave larger
crystallites which could be analyzed by 3D-EDT. The method
has also been extended to an isostructural iron based wCOF
(COF-112-Fe) and three imine COFs (LZU-1, TFPB-BDA and
Por-COF). The imine COFs could be obtained as highly uniform
nanocrystals using microwave synthesis in ethanol. LZU-1
nanoparticles of 245 + 25 nm (SEM) could be obtained with
clearly visible pores (HR-TEM). Moreover, a BET surface area of
729 m”* g~ ! was obtained (while the original report of LZU-1
gave 457 m> g~ ') indicating the high crystallinity of this COF.
Finally, N-aryl benzophenones, which are common inter-
mediates in the synthesis of aryl amines, could also be used
in COF synthesis.'®® Advantages of this protection include
enhanced solubility, less danger of oxidation and easier pur-
ification than what is observed for amines. BND-TFB COF
(N-benzidine benzophenone + BTCA) was prepared using
microwave irradiation and traditional methods; results for
different methods are summarized in Table 2. Comparing
direct reaction (entry 10) to protected amine (entry 2), a clear
difference (1501 and 2314 m” g~ ', respectively) is observed,
showing the improved quality of the material synthesized from
the protected monomer. Additionally, good quality (entry 1,
1938 m> g~ ") is already obtained after 24 h and when left for five
days the quality improves even further (entry 3, 2618 m*> g ).
Microwave irradiation made it possible to obtain high-quality
COF in seven hours (entry 9, 2200 m> g~ ') and moderate quality
in as fast as 1 hour (629 m> g '). Moreover both vacuum
activation (entry 4, 2313 m* g~ ') and reaction upscaling (entry
6, 2321 m*> g ') do not cause any problems. Finally, oxidation
resistance of the benzophenone was confirmed using reactions
under air and under vacuum (entries 5 and 7). As air environment
did not cause significant differences in quality (2327 m”> g~ ') and
vacuum even a diminishment (1677 m” g~ "), it was concluded that
all reagents and intermediates were stable to oxidative degradation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Different synthetic conditions for BND-TFB COF and obtained
surface areas

Ph BND-Benzophenone (2)

Ph—\
OO

OHC _CHO Mesitylene:Dioxane ph
6M CH3CO,H /120 °C
=t > BND-TFB COF
sealed under N, \
CHO
o
B szNNHz Ph)LPh
. o Benzophenone (4)
Benzidine (3)

Entry Deviation from conditions Time Sger (M> g Y)
1 — 24 (h) 1938

2 — 3 (days) 2314

3 — 5 (days) 2618

4 Vacuum activation 3 (days) 2313

5 Under air 3 (days) 2327

6 15x, vacuum activation 3 (days) 2321

7 Under vacuum 3 (days) 1677

8 Microwave, under air 1 (h) 629

9 Microwave, under air 7 (h) 2200

10 3 used instead of 2 3 (days) 1501

11 3 used with 2 eq. of 4 3 (days) 1453

Activation was done using supercritical CO, unless otherwise specified.
Reproduced with permission from ref. 166, Copyright American
Chemical Society (2017).

Finally, any modulating capabilities of the generated benzophe-
none were ruled out as separate addition of this did not change
the quality of the synthesized COF (entry 11, 1453 m> g~ '). The
method was generalized to three other COFs (TpPA-1, TFPM-BZ
COF, TAPB-BDA COF), which showed a slightly improved surface
area and sharp PXRD reflections when the N-aryl benzophenone
was used.

3.2.2 Slow linker addition. The most straightforward way
to decrease the amount of available linkers in the reaction
mixture is slow linker addition. This technique could for
example be used in the synthesis of oriented thin films of
B-ketoenamine COFs.'®” While crystalline DAAQ-TFP COF
powder can directly be obtained from condensation of TFPM
and 2,6-diaminoanthraquinone, this was not the case for thin
films. However, when a solution of the aldehyde linker in DMF
was added slowly (over the course of 1 hour) to a DMF solution
of the amine linker, crystalline, oriented films were obtained
as observed by Grazing Incidence X-ray Diffraction (GID).
Moreover, a difference in film thickness in relation to the
initial monomer concentration was observed. Thicker film
consecutively led to more intense diffraction. However, the
origin of this effect could not be distinguished. Slow linker
addition could also be used in CTF synthesis, as an alternative
to the in situ alcohol oxidation described in Section 3.2.1.'%*
Different feeding rates were studied for their influence on
FWHM of the main PXRD reflection. When lowering the feeding
rate from 800 to 30 uL min~' the FWHM decreased from 2.20 to
1.82°. However, when the feeding rate was decreased even more
to 10 uL min~" a loss of smoothness in Scanning Electron
Microscopy (SEM) images was observed, indicating limitations
to the method. Finally, temperature is also an important factor
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Fig. 17 Schematic representation of microfluidic COF synthesis. Adapted
and reproduced with permission from ref. 169, Copyright Royal Society of
Chemistry (2016).

and it was found that initial temperature of 100 °C yielded the
best FWHM. Most likely, lower temperatures do not provide
enough energy to efficiently form the triazine rings, while higher
temperatures induce more nucleation. The slow addition techni-
que could also be automated with a homemade microfluidic
device."® The monomers can be added via different channels
and mixed in the main chamber, a process which is illustrated
in Fig. 17. By careful control of the flow rate, synthesis of
TABP-BTCA COF could be diffusion controlled and the chamber
did not become clogged with formed COF. To improve reaction
rate and reversibility, pure acetic acid was used as solvent, which
allowed the COF formation to take place in a few seconds.
Remarkably, the resulting material showed high crystallinity with
lower peak widths than its traditional counterpart, but surface
area was slightly lower. SEM images showed 40 nm particles
linearly arranged into fibres, which could be used in 3D printing
of the material.

As described in Section 2.1, slow monomer addition has
been used for the synthesis of large single crystals of 2D
COFs.*** First, stable COF-5 colloids of 400 nm were formed
in ACN. Subsequently, this suspension was heated to 85 °C and
linker solutions were added simultaneously. When monomers
were added slowly (0.1 eq. per h), the average crystal size
gradually increased up to 1 pm (Fig. 6E). However, when the
rate of linker addition was increased to 1.0 eq. per h the particle
size gradually decreased to finally settle around 50 nm. Most
likely, the concentration barrier for nucleation was crossed in
the fast addition growing regime. The critical monomer
concentration could be estimated around 1 mM by the diver-
sion point in Fig. 6E. WAXS measurements (Fig. 6F) confirmed
the increased crystallinity of the particles during slow addition,
as PXRD reflections intensified and sharpened, indeed parti-
cles seemed single-crystalline on HR-TEM. The method was
also generalized to two other boronate ester COFs (COF-10, up
to 190 nm and TP-COF, up to 750 nm). However, due to
aggregation, the single crystalline nature of TP-COF could not
be confirmed via HR-TEM. In 2019, the method was extended to
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2D imine COFs."”° Crystalline colloids of three different imine
COFs were stabilized in ACN solutions. Sizes and crystallinity
could be controlled by the initial monomer concentration, with
higher concentration resulting in increased particle size and
crystallinity (TAPB-BDA COF for example could reach 330 nm at
initial TAPB concentration of 4.25 mM). This was attributed to
the typical re-crystallization of amorphous polymer processes
in imine COFs, which is more efficient when larger amounts of
linkers are present. Subsequent monomer addition afforded
particles of up to 690 nm for an adding rate of 1 eq. per h.
Surprisingly, when monomers were added more rapidly (50 eq.
per h), particle size increased initially (up to two added eq.)
to 490 nm. Only when more monomers were added, particle
size started to decrease (up to 230 nm for 6 eq.) due to the
nucleation of new crystallites. However, no associated change
in WAXS (100) diffraction peak FHWM with particle growth was
observed, indicating that the domain size was left unchanged.
Most likely the newly added monomers form an amorphous
shell around the colloid, which slowly recrystallizes over time.

3.3 Improved catalysts

3.3.1 Ionic liquids and deep eutectic solvents. IL and DES
are emerging green solvents. Due to the high amounts of ions
present and the low vapor pressure, these solvents can be very
attractive for synthesis of crystalline materials. Indeed, multiple
examples of IL and DES mediated MOF synthetic approaches
exist.'"”* However, in COFs only limited studies have been done
on IL and DES based synthetic methods. The first report of IL
use for the synthesis of COFs, by Guan et al. was published as
recently as 2018.'”> They synthesized three different 3D imine
COFs in [BMim][NTf,] (Fig. 18A) and obtained highly crystalline
materials in 12 hours, at room temperature. As little as 100 pL
[BMim][NTf,] was enough to act as both solvent and catalyst
and could be easily separated and reused by filtration without
inducing activity loss. This report gave rise to several follow-up
studies on the use of IL in COF synthesis. For example, TFPPy-
BDA COF and TFPPy-PyTTA COF were synthesized in [BMIm]
with different anions (Br~, OTf , p-Ts~, CF;CO, , N(CN),,
NO;, SCN, and NTf, ) with added acetic acid (3 d,
120 °C).'”® However, only the previously used [BMim][NTf,]
yielded crystalline products. The formed materials were com-
pared to solvothermally synthesized analogues and proven to be
superior. Higher order PXRD reflections were observed and SEM
showed more uniform and larger crystallites. The method could
also be extended to azine linked 3D-HNU-5""* and five different
B-ketoenamine COFs."”” In this final example, [BMim][BF,] was
used as ionic liquid, at 50 °C, causing precipitation of highly
crystalline COF in 12 hours. The authors noted that, while a
crystalline COF could also be formed in a mixture of organic
solvent (DMSO) and IL, pristine organic solvent only yielded
amorphous material, showing the catalytic potential of the IL.
PXRD analysis revealed higher order reflections in the IL sample
than its traditional counterpart, indicating increased crystal-
linity. Surprisingly, some mesoporosity was observed in the
N,-sorption isotherm of the IL mediated sample, which was
not present in the traditional material. Subsequent experiments
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Fig. 18 (A) Schematic representation of COF synthesis via ionic liquids.
Here, [BMIM][NTf,] is used to link TFPM and PDA. (B) Schematic repre-
sentation of COF synthesis in Deep Eutectic Solvents. Choline chloride/
glycerol (1/2) is used to link different aromatic amines with TFPM or TAM.

with different ILs (where the alkyl side chain of the cation was
replaced from butyl to hexyl, HMim, decyl, DMim, or dodecyl,
DoMim) revealed a decrease in crystallinity and even amorphous
material when DoMim was used. Interestingly, the pore diameter
of the mesopores seemed to depend on the used IL, with a
maximal pore diameter of 25 nm for DMim. Most likely this
results from IL templating in the pore, made possible by
IL-amine H-bonds and cation-n interactions."”*'”> Very
recently, DES have also been reported for the synthesis of
COFs."7® Different 2D and 3D COFs were synthesized in a 1/2
mixture of choline chloride and glycerol (ChCl/Gly) (Fig. 18B),
affording highly crystalline compounds after two hours at room
temperature. The DES could be reused at least three times
without activity loss and the synthesis could be scaled up to
1.6 g scale. B-Ketoenamine, azine and hydrazone 2D COFs could
be synthesized without deviation from the above described
procedure, but additional acetic acid catalyst was required for
the successful synthesis of 3D imine COFs. 3D-COF-HNU10
could not be obtained using traditional, solvothermal methods.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Moreover, surface areas for all COFs were comparable or higher
than values previously reported via solvothermal routes. Finally,
two different DES, namely choline chloride/urea (ChCl/U), 1/2,
and choline chloride ethylene glycol (ChCl/EG), 1/2, were tested.
TFPM-PPD COF, which had a previously reported BET surface
area of 535 m> g~ " via solvothermal routes, was synthesized in all
three DES. BET surface areas of 747 m®> g~', 805 m> g~ and
977 m* g~ were obtained for ChCl/Gly, ChCl/Eg and ChCl/U,
respectively.

3.3.2 Advanced acidic catalysts. While acetic acid has
routinely been used in the synthesis of imine COFs, it not a
very efficient catalyst for this reaction. However, Lewis acidic
metal triflates proved very promising, providing highly crystal-
line and porous TAPB-BDA COF at room temperature in as
little as 10 minutes (Fig. 19)."”” High polymer yields could be
obtained from various metal triflates (Sc(OTf);, Eu(OTf)s,
In(OTf)3, Yb(OTf);, Y(OTf); and Zn(OTf),) in 5-150 min using
0.0001 eq. at room temperature. In contrast, no precipitation
could be achieved after 14 days in equimolar amounts of acetic
acid at 90 °C. Subsequent scCO, activation and PXRD analysis
revealed a highly intense (100) peak and the appearance of
higher order reflections for Sc(OTf);. Eu(OTf);, In(OTf); and
Yb(OTf); also performed reasonably well, with an intense (100)
diffraction peak, while Y(OTf); and Zn(OTf), provided mainly to
totally amorphous materials. Most likely, this is a consequence
of the smaller ionic radii of Sc ions, as has been reported

0.02 eq M(OTA),
omin
-
A, O

' -

=

Sc(OTf); > Eu(OTH); > In(OTf); > Yb(OTH);
> Y(OTf)3 > Zn(OTf),

Y A0
oo

®

}\J:‘

z

Sz

4

Fig. 19 Schematic representation of COF synthesis via metal triflate
catalysis. TAPB-BDA COF is prepared in 10 minutes at room temperatures
using 0.02 eq. of metal triflate. Sc(OTf)s performed best, followed by
Eu(OTf)s, In(OTH)3, Yb(OTH)3, Y(OTf)3 and finally Zn(OTf),.
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Next, loading of the catalyst was studied, leading to
an optimized amount of 0.02 eq. Sharp and high intense
diffraction peaks were obtained with a BET surface area of
2175 m® g~ ' (while classic acetic acid catalyzed synthetic
protocol generally lead to surface areas below 1000 m* g™ %).
Finally, the method was extended to two new COFs."”” Since
then, this method has already been extended to multiple other
imine COFs,"**'7?8% with one report even achieving a one-pot
cascade reaction to afford two quinoline linked COFs with high
crystallinity and porosity."®*

Alternatively, p-toluenesulfonic acid (PTSA) and derivatives
could be used as both catalyst and molecular organizer. In a
first study, PTSA was used to obtain 12 different COFs with
high surface areas and crystallinity in very short timeframes.
Moreover, the synthesis could be performed on a 10 g h™" scale
using a twin screw extruder.'®* For this, the used diamine was
first reacted with PTSA to form an amine salt. Subsequently,
TFPM was added to the mixture and grinded for 10 minutes.
Finally, 100 pL H,O was added and the mixed mixture was
heated at 170 °C for one minute to obtain the COF. The whole
procedure is shown schematically in Fig. 20. The material was
isolated in high yield after dipping in hot water for five
minutes. PXRD analysis revealed high intense (100) reflections
and BET surface areas of up to 3000 m* g * could be obtained,
sometimes two to three times higher than previously reported
values for these COFs.'® Mechanistic studies revealed the
importance of H-bonding in this process. When PTSA and the
amine react, a H-bonded lamellar structure is formed, acting as
a template for 2D COF formation. Later on, when TFPM is
added, it can easily exchange PTSA due to the similar size of
both compounds, in order to form crystalline COFs. Indeed,
when other acids (phosphoric acid, trifluoromethyl carboxylic
acid, 2-aminobenzenesulfonic acid, phenol sulfonic acid,
4-nitrobenzenesulfonic acid or benzenesulfonic acid) were
used, much lower surface areas and crystallinity were observed,
indicating the crucial role of molecular orientation and geo-
metry in the formed amine salt. The influence of the amine salt
structure on COF properties has been studied in more detail in
a follow-up report, where the combination of TFPM with 11
different amines in presence of five PTSA derivates was
followed.'®® It was observed that in the formed amine salts,
every amine functionality (NH;') was surrounded by three
H-bounded (Numine—H-Oa.ciq) acid molecules, forming a 1D
lamellar structure. After aldehyde addition, these H-bonds
can compete with imine formation, indicating the importance
of controlling H-bond strength, as too weak H-bonds might not
compete enough, while too strong H-bonds can impede COF
formation. Indeed, a clear interaction between surface area
and H-bond distance was observed, with an optimal distance
between 2.06 and 2.19 A resulting in COFs with the highest
percentage of theoretical surface area.

Finally, trifluoromethanesulfonic acid could be used to
synthesize CTFs at room temperature or via microwave radiation.
Most notable advantages of this technique are the absence of
metal/salt contamination, and the possibility to obtain colored
materials incorporating functional groups that could not
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Fig. 20 Schematic representation of COF synthesis using p-toluene-
sulfonic acid and derivates as catalysts. First, the amine linker is reacted
with the catalyst to generate an amine salt, which is then mixed via 10 min
grinding with the aldehyde (TFPM). After H,O addition, the material is
heated at 170 °C for one minute to obtain a crystalline COF.

withstand the harsh conditions typically used. However, pore
sizes are moderate to low and only a few microwave-synthesized
materials showed some crystallinity. Still, this indicates that an
acid catalyst and high pressure could reach some reversibility at
quite low temperatures.**

3.3.3 Other catalytic improvements. The first report of
imide COFs (Pi-COF-1, Pi-COF-2 and Pi-COF-3) used high boiling
organic solvents (like N-methyl-2-pyrrolidone) with isoquinoline
as a catalyst for five to seven days.?” Recently, an easier method
was developed using ZnCl,, as already routinely done in CTF
synthesis,"*" taking only 48 hours to crystallize the COF.'®®
To form Pi-COF-3 or TAPB-PTCDA COF, both linkers were
combined with anhydrous ZnCl, and reacted under vacuum for
48 h at 300 °C, as shown in Fig. 21. It is worth noting that ZnCl,
melts just above 300 °C, indicating the presence of highly mobile
ions in the reaction mixture even though no melt is obtained yet
at this temperature. In molten conditions, above 300 °C, no
crystalline material could be formed, as well as below 280 °C.
Moreover, the obtained crystallinity (at 300 °C) increased with
concentration of ZnCl, until 12.5 eq., suggesting that 12.5 eq. was

2830 | Mater. Adv, 2021, 2, 2811-2845

View Article Online

Materials Advances

NH2
HZN" ‘LNH2 ] [

ZnCly / NaCl + KCI + ZnCl
300 °C /250 °C
48h

vacuum

Fig. 21 Schematic representation of imide COF synthesis in ZnCl,. Black
hexagons represent the different moieties used as amine, red rectangles
the different dianhydrides.

enough to reach full accessibility. Finally, while 48 hours of
reaction time was used, crystalline compounds could already be
observed after five hours and no evolution in crystallinity was
seen anymore after 10 hours. Still, the temperature of 300 °C
could destroy fragile linkers, like triazine bearing compounds.
Therefore, an alternative procedure was developed using an
eutectic mixture of ZnCl,, NaCl and KCI. As this mixture has a
lower melting point, reaction temperature could be lowered to
250 °C, making the synthesis of imide COFs with more fragile
linkers possible. However, no clear improvement in quality
compared to the “classical” method could be obtained. For some
COFs the obtained surface areas were higher, while for others
they were comparable or even very low (which might be assigned
to pore blocking by residual ZnCl,).

Base catalyzed imine COF formation was proven possible for
four different materials.'®® However, it has to be noted that a
phenol function on the aldehyde linker is necessary for this
protocol. An aqueous solution of aldehyde and KOH was
prepared to which the amine was added in organic solvent
(N,N-diethylformamide, DEF or N,N-dimethylformamide, DMF).
Sharp PXRD reflections and moderate porosities were obtained,
however, materials prepared using PTSA catalysis (as explained in
Section 3.3.2) were of better quality. It was also observed that a
large interval for crystallinity existed, as the concentration of
KOH could be altered between 2 and 6 eq. and the DEF/H,O ratio
between 1/1 and 3/1 to yield highly crystalline compounds.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Moreover, KOH and CsOH could also be used, with the main
difference being the salt formed by combination of base and
phenol containing aldehyde. Highly soluble salts were preferred,
which were then slowly reacted to imines in a large excess
of water.

Another method used compressed CO, in H,O as solvent for
COF formation, which is obviously an attractive option due to
environmental reasons.'®” Most likely, in situ formation of
acidic H,CO; is important to catalyze the COF formation, but
the low viscosity of this solvent might also be important, as
pure aqueous acetic acid solutions did not yield crystalline
materials. LZU-1 was prepared in 24 h at room temperature and
could easily be obtained by CO, depressurization. An increase
of crystallinity with CO, pressure was observed, with sharper
and more intense (100) reflections, 4.5 MPa was used as an
optimized value. While BET surface areas for lower (2.4 and
3.5 MPa) CO, pressures were very low (23 and 42 m®> g "
respectively), a value of 678 m* g~ ' was obtained at 4.5 MPa,
which is significantly higher than the 410 m® g~' for the
‘classical’ solvothermally synthesized material.

3.4 Interfacial COF growth and solubility dependency

While solvent selection and ratios have decisive roles in the
crystallization of COFs, not many systematic studies have been
performed on the effect of solvents on COF quality and the
underlying mechanisms. Most often trial-and-error approaches
are used to select appropriate solvents, loosely based on con-
ditions used in the first reports. For example, mesitylene/
dioxane mixtures are commonly used in order to control linker
solubility and slow down the reaction."* One theoretical study
reported a difference in binding energy in different solvents,""”
which theoretically can lead to the growth of large single
crystals.'®® But no direct origin for the obtained values could
be found.’ A more recent example is the “ventilation vial”
approach to COF-300, using a cyclohexane and 1,4-dioxane
mixture as reaction solvent.'®® During reaction, dioxane is
vented out of the mixture, generating a gradient of acidity
and polarity over time. This reduces solubility and increases
acidity, leading to highly crystalline COF. The method could
easily be scaled up to two gram scale. Finally, it has been shown
that both boroxine e.g. COF-5)'° and imine COFs e.g. TAPB-
BDA COF)"7° can be stabilized as colloidal suspensions by using
Lewis basic solvents (e.g. ACN), as already discussed in
Section 2.1.

However, most of the studies regarding solubility have been
focused on thin film growth. Multiple reports have shown
that highly crystalline thin films can readily be obtained by
interfacial COF growth. In a first report, a solution of linkers in
CHCI; was carefully put on a water layer, synthesizing the COF
at the air/water interface."® Overnight a smooth polymer layer
was formed, but no crystallinity or porosity was reported,
indicating insufficient reversibility or too fast COF formation.
In later reports, this issue was solved by the separation of
reagents and/or catalyst in different phases with COF formation
on the interface. These procedures are schematically shown
in Fig. 22.
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Fig. 22 Schematic representation of different ways to prepare crystalline
imine COF thin films. (A) Combining amine and catalyst in the aquatic
phase with aldehyde in an organic phase. (B) Combination of both amine
an aldehyde linkers dissolved in organic solvent with catalyst in H,O.
(C) Inclusion of amine linkers and catalysts in a hydrogel dipped in an
aldehyde containing oil, COF formation happens in a water layer at the
oil/hydrogel boundary. (D) Amine linkers dissolved in water are combined
with aldehydes dissolved in organic catalyst.

A first approach (Fig. 22A) was based on the earlier men-
tioned PTSA catalyzed COF synthesis (Section 3.3.2). Aldehyde
linkers were dissolved in dichloromethane (DCM), followed by
addition of H,O as spacer and finally a H,O solution of amine
salt was put on top.””* A thin film of Tp-Tta or Tp-Ttba is
formed at the interface over 72 hours at room temperature.
Crystalline films could be obtained due to the intermediate
layer of pure H,O, which slows down the diffusion of linkers to
the interface even more. This way, sharp PXRD reflections and
surface areas which are among the highest values noted for 2D
thin films are obtained. Four different COFs were tested for this
method and film thickness could easily be varied (from 50 nm
to a few pm by changing monomer concentration. Finally, SEM
analysis showed that fibers are formed rapidly (1 h), which
slowly assemble to crystalline sheets (from 24 h onwards).
The other catalyst mentioned in Section 3.3.2, Sc(OTf)3, could
also be used for thin film synthesis (Fig. 22B)."”® Here, both
precursors (aldehyde and amine) could be dissolved in organic
solvent, while the catalyst resides in the water layer. After 72 h,
thin films of TAPB-BDA COF could easily be separated from
the mixture using tweezers. Again, film thickness could be
controlled by varying monomer concentration, opening a range
from 20 nm to 100 pm. However, it has to be noted that reaction
times increased for thinner films. Remarkably, even thinner
films (up to 2.5 nm) could be formed rapidly by the use of very
small amounts of organic solvent, but no crystallinity could be
obtained for those films. The same procedure was also used to
prepare thin films by Suzuki polymerization."®> Again, both
linkers where in the organic phase, while the catalyst (K,CO3)
was dissolved in H,O. Suzuki reactions are very attractive due to
the wide scope of available monomers, mild conditions and
resulting strong C-C bonds. However, the irreversibility of this
reaction makes it fundamentally difficult to apply in COF
synthesis. Indeed, no crystallinity could be observed in XRD
analysis of the resulting materials. Still, HR-TEM analysis
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showed periodicity and a layered structure, indicating some
order in small domains. Fig. 22C illustrates a method to grow
COF thin films with the use of hydrogels.®* First, a solution of
amine in aqueous acetic acid was allowed to be incorporated in
a hydrogel. Subsequently, the swollen hydrogel was put in an oil
solution of aldehyde linker and a small amount (10 pL) of
H,O was added. Thin films with thickness of 4 to 150 nm
(by monomer concentration variation) formed over 12 h at the
oil/water/hydrogel interface. Observed XRD reflections were in
good agreement with previously obtained PXRD patterns
for COF TTA-DHTA and allowed to calculate a grain size of
27.5 nm =+ 0.4 nm. Thin film synthesis was also attempted at a
liquid/liquid interface, but obtained products were amorphous.
This was attributed to delayed diffusion by the hydrogel as
amine diffusion only reached equilibrium after 1 h. Very
recently, COF thin films have been synthesized at the interface
of an amine in H,O solution with an aldehyde/catalyst mixture
(octanoic acid was used as a catalyst), as illustrated in
Fig. 22D."* No organic solvents were needed as the aldehyde
could directly be dissolved in the catalyst. This led to rapid
formation of an amorphous thin film at the interface, which
subsequently acted as a diffusion barrier. The resulting
decreased linker concentration in combination with the strong
affinity of NUS-9 to the used solvents resulted in slow exchange
to highly crystalline membranes.

3.5 Exchange reactions

Exchange reactions in COF formation can be separated into two
distinct categories with different goals. In amorphous to crys-
talline exchange, the exchange is the deciding factor to reach
crystallinity. This is highly advantageous for creating COFs with
unique morphologies or composite materials. First, an amor-
phous polymer is rapidly formed in the desired morphology,
which is then allowed to slowly exchange to a crystalline COF
overtime. Crystalline to crystalline exchange however can be
used to incorporate linkages which are not directly accessible
for COF synthesis or yield materials with low crystallinity.
Initially, a highly crystalline COF is formed of which some
linkers are later exchanged to the desired (functional) linkers,
often obtaining increased crystallinity.

3.5.1 Amorphous to crystalline exchange. Amorphous
imine polymers could be formed around a Fe;O, nanocluster
by 2 h reflux of the monomers in THF.""” Subsequently, the
amorphous polymer was rearranged to crystalline TFPM-BZ
COF by three days reaction in o-dichlorobenzene (DCB)/butanol
(9/1) at 120 °C. As aqueous acetic acid partially destroyed the
Fe;0, nanocluster, pyrrolidine was used as a catalyst. PXRD
measurements showed the appearance of COF reflections in
addition to the pre-existing Fe;O, peaks, while BET surface area
increased from 255 m> g~ " (for the amorphous polyimine on
Fe;04) to 1346 m> g ' (pure Fe;O, has a surface area of
123 m* g '). Remarkably, pyrrolidine catalyzed bulk COFs
also showed improved surface area over the aqueous acetic
analogue, with values of 1883 m” g~' and 620 m”> g,
respectively. Thickness of the formed COF shell could easily
be controlled and varied (from 20 to 100 nm) by varying
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monomer concentration in the initial polyimine condensation.
Another report studied the encapsulation on nanoparticles in
COFs.' Here, pre-made nanoparticles (NP) were added to an
aldehyde/acetic acid solution of TABP-BTCA COF monomers
and allowed to react at room temperature (RT) for 1 h, incor-
porating the nanoparticles in COF spheres. Afterwards, the
samples were put in dioxane/mesitylene, aqueous acetic acid
was added and the mixture was refluxed for seven days, resulting
in crystalline materials. This way, Fe;0,, Au and Pd nanoparticles
could be incorporated and the resulting materials were shown to
be crystalline and porous. It was also shown that the amorphous
to crystalline exchange could be used in the preparation of
fibrous COFs.'®® To achieve these materials, amines were added
dropwise in an ethanol solution of aldehyde linkers. After 24 h
reflux, the formed amorphous fibers were filtered off and trans-
ferred to a DCB/butanol mixture in which acetic acid catalyzed
rearrangement occurred over three days at 120 °C. The obtained
COF fibers showed crystallinity and porosity, but the quality is
reduced in comparison to ‘“common” spherical COFs (less
intense and broader PXRD reflextions, BET surface area of
295 instead of 782 m* g™ ).

Zhang et al. found out that, while COFs cannot be used
directly for 3D printing, this was possible for the amorphous
polymers initially formed."®” Linkers, PTSA and Pluronic® 127
(F127) were mixed in H,O/THF solution, out of which the THF
rapidly evaporated. The resulting hydrogel was used for 3D
printing of a pyramid, which was heated to 90 °C for 24 h to
remove F127 and later on crystallized in dioxane/mesitylene at
150 (72 h, acetic acid catalyst, annealing). TpPA-1 and TpPA-2
(or 3D-TpBD-Me,) were synthesized with comparable crystal-
linity and surface area as the pristine materials, the process
and resulting PXRD pattern can be found in Fig. 23a and c,
respectively. 3D-TPE-COF was also tested, but needed modula-
tor addition to slow down the synthesis enough to allow 3D
printing (Fig. 23b and d). Finally, it was shown that different
COFs could be combined and bound at the interface, suggesting
connections at the molecular level, while even retaining some
crystallinity (Fig. 23e-g).

Crystalline COFs could also be prepared by linkage type
substitution from amorphous porous organic polymers (POPs).'*®
In a first step, imine and imide linked POPs were prepared, to
which dialdehydes and dianhydrides were added respectively.
When these mixtures were put in typical COF growth conditions
for the desired linkage type, crystalline COFs were obtained
(Fig. 24). Crystallinities and porosities for all obtained materials
were high, Exch-COF-1 and Exch-COF-4 even showed much higher
BET surface areas than could be obtained by direct synthesis (1089
vs. 796 m* g~ ' for Exch-COF-1 and 2238 vs. 1700 for Exch-COF-4).
However, it has to be noted that linker exchange with terephtalde-
hyde from the polyimine was not successful, possibly due to the
high stability of the imide bond. The used OH-functionalized
aldehydes could overcome this issue by non-covalent stabilization
of the imine bond. The formation of COF-1 could be tracked over
time with FTIR, SEM, PXRD and N,-sorption, showing that while
transformation started fast (appearance of a weak diffraction peak
after 2 h), it was only complete after five days.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a and b) Schematic representation of the used procedure for 3D printed B-ketoenamine COF (3D-TpBD-Me,) and imine COF (3D-TPE-COF).

(c and d) PXRD patterns of as-synthesized and annealed B-ketoenamine and imine COF. (e) Heterogeneous printing of two different COF and their
obtained lattices (3D-TpPa-1/TpBD-Me;) and (3D-TPE-COF/TpPa-1), the materials could withstand anisotropic bending and a weight of 100 g. (f) SEM
image of the interface of heterogeneous 3D-TpPa-1/TpBD-Me,. (g) PXRD patterns of pristine TpBD-Me, and TpPa-1 compared to the pattern of
heterogeneously printed 3D-TpPa-1/TpBD-Me,. Reproduced with permission from ref. 197, Copyright American Chemical Society (2019).

3.5.2 Crystalline-to-crystalline exchange. In a first example
of crystalline-to-crystalline exchange, two different triple-pore
COFs were synthesized from condensation of [1,1':3',1"-
terphenyl]-3,3”,5,5"-tetracarbaldehyde (TPTA) with PPD (TP-
COF-DAB) or benzidine (TP-COF-BZ).”® Next, as PPD should
be more active than benzidine due to the increased amount
of electron-donating amine groups, linker exchange was per-
formed, as shown in Fig. 25. Suspensions of TP-COF-BZ in COF
growth conditions were prepared and 1,4-diaminobenzene was
added. Using PXRD analysis, it was observed that linker
exchange was complete when 10 eq. of 1,4-diaminobenzene
was used, obtaining almost identical PXRD patterns as directly
synthesized TP-COF-DAB. Here, it is important to note
that, compared to TP-COF-DAB, TP-COF-BZ showed reduced
crystallinity, indicating an improvement of crystallinity in the
exchange process. Time-dependent PXRD experiments con-
firmed that the COF-to-COF transformation happens rapidly,
as TP-COF-BZ peaks already disappeared after 0.5 h and first
TP-COF-DAB peaks could be observed after 1 h. Furthermore,
after 4 h, no significant differences could be observed anymore.
These results were confirmed by '"H NMR measurements on the
COF, where 54.55, 88.89 and 95.49% of 1,4-diaminobenzene
was found after 0.5, 1 and 4 h, respectively. Moreover, no COF
dissolution was observed, indicating the heterogeneous nature
of this process, accelerated by the porous nature of the COF and

© 2021 The Author(s). Published by the Royal Society of Chemistry

acetic acid catalysis. A similar process could be used on the
COFs formed by 1,3,5-tris(4-formylphenyl)triazine (TFPT) and
PPD (PTPA-COF) or benzidine (PTBD-COF)."*° Here, the benzi-
dine was exchanged for 1,2,4-benzenetriamine and the PPD for
3,3’-diaminobenzidine, generating a COF decorated with free
amine functions. This is almost unreachable in direct imine
COF synthesis, as amines condensate with aldehydes to form
the imine linkages. However, in a COF-to-COF transformation
the framework is unaltered, making the inclusion of free amine
groups possible. Optimal conditions were found to be 40 °C for
three days in a THF/dimethylacetamide/aqueous acetic acid
mixture. As 1,2,4-benzenetriamine is a better nucleophile than
benzidine, 1 eq. was sufficient, while 10 eq. of 3,3’-diamino-
benzidine were needed to generate a crystalline material. While
crystallinity was retained in the COF-to-COF transformation,
porosity of the obtained materials was reduced in comparison
to the parent material.

In another study, two imine COFs based on the condensa-
tion of BTCA with PPD (COF-Ph) and 1,4-diaminonaphthalene
(COF-Naph) were studied.>®® Interestingly, while COF-Naph
crystallized as a dense material, hollow particles were obtained
for COF-Ph. Next, COF-to-COF transformation was performed,
different equivalents of 1,4-diaminonaphthalene were added to
COF-Ph. It was observed that both porosity and crystallinity
improved as a result of the transformation, with sharper PXRD

Mater. Adv, 2021, 2, 2811-2845 | 2833
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Fig. 24 Schematic illustration of the conversion of amorphous imine/imide polymer to four crystalline COFs. Imide COFs (COF-1 and COF-2) are
formed by reaction of amorphous polyimine with dianhydrides in an NMP/mesitylene mixture (160 °C, 5 days, benzaldehyde and isoquinoline are added
as catalysts). Imine COFs (COF-3 and COF-4) are prepared by acetic acid catalyzed exchange of dialdehydes with imide polymer in DCB/BUOH mixture

(3 days, 120 °C).

reflections and higher BET surface areas for higher amounts of
1,4-diaminonaphthalene. NMR and TEM analysis showed that
benzene and naphtalene rings were homogeneously mixed in
the resulting material. In contrast, when PPD was added
to COF-Naph, the dense starting material transformed to
hollow spheres with small rod-shaped crystals embedded on.
Additionally, NMR analysis revealed separate domains of
COF-Ph and COF-Naph in the material. Still, both crystallinity
and porosity improved in comparison to the parent material.
Finally, it was observed that it was harder to exchange
1,4-diaminonaphthalene to PPD due to the strong m-stacking
interactions in COF-Naph. This resulted in relatively less
exchanged linker and even dissolution of the COF when too
large an excess of PPD was used.

It was also proven possible to change linkage type by COF-to-
COF transformation. This has been shown for the transforma-
tion of imine to B-ketoenamine linkages, as shown in Fig. 26.%*
As imine formation is more reversible, this allows to obtain the
highly stable p-ketoenamine linkage with improved crystallinity.
Interestingly, a partly imine, partly B-ketoenamine linked material

2834 | Mater. Adv., 2021, 2, 2811-2845

could be obtained by using 0.5 eq. of TFPM. However, the best
porosity was obtained with exactly one equivalent, indicating
that this is enough to perform the enamine-forming tautomeri-
zation step. The method resulted in sharper PXRD reflections
and higher BET surface area (1536 m® g ' instead of 1102 m® g
obtained by benzophenone monomer protection (as mentioned
in Section 3.2.1) for BND-TFPM COF. Moreover, as a control
experiment, B-ketoenamine COF was prepared from benzalde-
hyde protected amines, mimicking the transimination without
the effect of pre-made frameworks. As both crystallinity and
porosity for this control turned out to be decreased in compar-
ison to the monomer exchange method, it was concluded that the
pre-made COF framework was important to reach high-quality
material. Comparable results were obtained for a recently pub-
lished imine to amide exchange method, converting a reversible
linkage to an irreversible variant for the first time.'®® Here, the
initial 4,4’-biphenyldicarboxaldehyde was exchanged with tere-
phthaloyl chloride to form a highly stable amide COF. It has to be
noted that it was impossible to build the obtained amide COF
via direct condensation. For optimized results, the initial imine

© 2021 The Author(s). Published by the Royal Society of Chemistry
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COFs were synthesized using ScOTf; as a catalyst since the H,O
in the commonly used aqueous acetic acid solution has a
negative influence on the acid chloride used in the amide
exchange reaction. Additionally, a longer aldehyde (more phenyl
rings) was exchanged by a shorter acid chloride, to promote the
reaction by insertion of a more nucleophilic building block.
When 1 eq. of terephthaloyl chloride was used at low temperature
(0-4 °C) in presence of triethylamine, a highly crystalline amide
COF was formed in two days. This was confirmed by high-
performance liquid chromatography (HPLC) analysis of the
reaction mixture before and after exchange, showing that
4,4’-biphenyldicarboxaldehyde replaced almost all terephthaloyl
chloride after two days, while no concentration change was

© 2021 The Author(s). Published by the Royal Society of Chemistry

observed when no terephthaloyl chloride was added. Interestingly,
more equivalents of terephthaloyl chloride or higher exchange
temperatures resulted in dramatically reduced intensity of
PXRD reflections. Finally, it has to be noted that both crystal-
linity (a tenfold increase in the main PXRD reflection) and
porosity (156 to 261 m* g~ '; while direct synthesis of the amide
COF gave a material with a surface area of 33 m”> g~ ') increased
from imine to amide COF.

Technically, the transformation of 1D ribbons to 2D COFs
can also be seen as a COF-to-COF transformation via linker
exchange.”® While no linkers are removed from the framework,
new linkers are added, connecting the ribbons to form crystal-
line COFs. First, 1D ribbons were formed by the condensation
of 1,3,6,8-tetrakis(p-formylphenyl)pyrene (TFPPy) and TFPA in
the presence of p-toluidine as a modulator, rendering a network
with unreacted amino groups (COF-76) (Fig. 27A). Here, cylin-
drical pores with 12 A diameters are already observed, as well as
amine-imine interactions (dy_n) = 3 A, resulting in a BET
surface area of 860 m”> g~ '. Next, COF-76 was reacted with a
dialdehyde or dianhydride to form an imine (COF-77) or imide
(COF-78) linked COF, respectively (Fig. 27B). This transformed
the 1D ribbons into 2D COFs with the appearance of a new type
of pore (diameter ~ 20 A), resulting in increased BET surface
areas (1288 m> ¢~ ' and 1080 m* g™, for COF-77 and COF-78,
respectively). It has to be noted that COF-77 and COF-78 could

Mater. Adv., 2021, 2, 2811-2845 | 2835
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also be formed by direct, in situ, condensation (Fig. 27C) with
comparable crystallinity and porosity to the stepwise synthesis
(BET surface area of COF-78 from in situ synthesis was even
slightly higher, 1265 m* g™ ).

3.6 Linker and condition optimization

Much research has been done on optimizing linkers and
conditions in order to find combinations resulting in the
highest quality. However, most often, these methods cannot
be generalized as they are highly dependent on the used linkers
or based on easy to crystallize linkers. Still, the following
section will give a short overview of interesting observations.
Firstly, planarity of the linker is a deciding factor in quality
of the resulting COF. It has been observed that linkers incor-
porating the more planar triazine ring afford materials with
higher crystallinity and porosity than phenyl ring based
linkers.?°>72°¢ In Fig. 28B and C the reduced planarity of the
phenyl core and its effect on the stacking energy is shown. This
leads to less intense (100) PXRD reflections and slightly
deformed crystallites (Fig. 28B and C). Moreover, the use of
triazine rings makes it possible to induce donor acceptor
stacking, which is more energetically favorable than n-n
stacking.>** It has to be noted that this observation is not limited
to triazine/phenyl building blocks. In fact it has been shown that
functionalization of a phenyl ring causes similar effects.*’”

2836 | Mater. Adv, 2021, 2, 2811-2845
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Another important factor is the rigidity of the building blocks,
as more flexible linkers lead to more possible conformations
and thus lower crystallinity.>*®*°° However, both effects can be
countered by the introduction of extra favorable interactions like
hydrogen bonding.'”>?*'%?'* an effect that can be assigned to
conformational locking"**'* or interlayer stabilization.”**'?
Both modes of favorable hydrogen bonding are shown in
Fig. 29. Still, one has to be careful not to decrease symmetry, as
it has been observed that this can reduce both crystallinity and
surface area.'>>?%*?'* Additionally, partial linker fluorination can
greatly improve both crystallinity and porosity as it induces strong
phenyl-perfluorophenyl interactions.>'>>”

A completely different approach is based on the reduction of
possible stacking modes.?*®**2° By intelligent choice of COF
building blocks it is possible to induce geometrical constraints
and by consequence increase crystallinity. This has been illu-
strated in Fig. 30, which shows “propeller” and “armchair”
conformations on an example of TFPPy. Both conformations
could induce specific stacking modes, reducing defects and
thus increasing crystallinity. Moreover, the information can be
transferred to neighboring building blocks in the same layer, if
the appropriate linker is used. On the one hand, it was found
that for “propeller” forming monomers, like ETTA, twisted
building blocks were needed to impose correct steric limitations
by phenylene tilt.*'® On the other hand, TFPPy was experimentally
found to prefer an ‘“armchair” mode. Consequently, flat and rigid
building blocks were needed to synchronize all monomers.”*®
Together, these effects impose serious limitations on the degrees
of freedom of the system, resulting in increased crystallinity with
domain sizes up to 500 nm. Alternatively, strong dipole inter-
actions can also induce such directed growth by the appearance of
favorable stacking interactions.”** Another example of directional
uniform growth inducing crystallinity has been considered in a
theoretical study.222 Here monomer, dimer, trimer and hexamer
monomers were compared. It was found that the hexamer
building block, which can de facto be seen as one pore of a heb
net, tended to grow uniformly in all directions. Therefore, less
defective 5- and 7-membered rings were formed and crystallinity
was improved.

It has to be noted that all previously described effects are
primarily based on interlayer stacking interactions and are thus
less (or even not) valid for 3D COFs. The following observations
can be extended to both 2D and 3D materials. For example,
it has to be taken into account that when linker length is
increased, the reaction time to obtain crystalline materials will
also increase.'®*'*® Additionally, it might be advantageous to
develop monomers which can perform self-condensation, as
depicted in Fig. 31.***7??° Besides the guarantee of correct
stoichiometry, the main advantage of this method is its surpris-
ing solvent adaptability. It has been shown that this method
could be used to obtain highly crystalline Py-Py-COF, A,-B,—
COF and BBO-COF, not only in typical COF solvent mixtures
(dioxane/mesitylene, DCB/n-butanol) but also in a range of pure
organic solvents (dichloromethane, tetrahydrofuran, ethanol,
acetonitrile, etc.). This solvent adaptability was not observed for
the related materials obtained by co-condensation and might

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be related to the absence of need for matching linker solubilities.
Moreover, materials quality was observed to be improved if self-
condensation was used, with sharper PXRD reflections and higher
surface areas.

3.7 Other methods

Some techniques to prepare high-quality COFs could not be
placed in one of the afore mentioned categories and will thus
be discussed in the following.

For example, often used to increase reaction speed is micro-
wave COF synthesis. Additionally, COF synthesis in microwaves
allows continuous reaction monitoring and high controlability
of reaction temperature and pressure, even in the center of
reactions.”*® Since the first report, microwave irradiation has
been used to obtain COFs with a wide variety of linkage types
(e.g. boroxine,?****” imine,**® B-ketoenamine,**® imide**°) in
times as little as 20 minutes. Moreover, in some cases, the
quality of the resulting material can be higher than solvo-
thermally synthesized COFs.>*° Similarly, a Parr reactor
could be used to synthesize crystalline amide linked COFs.
A pre-made amorphous amide polymer could be crystallized by
three day reaction with 10 eq. H,O at 250 °C and 10~ * mbar in a
water-containing Parr reactor.*’

© 2021 The Author(s). Published by the Royal Society of Chemistry

Another often used technique is (Liquid Assisted) Mechan-
ochemical Grinding, which is simple, fast and both
economically and ecologically attractive.”*' This process can
be performed completely solvent-free,>*' or by addition of
catalytic amounts of solvents.>*> However, the obtained materials
show inferior qualities with moderate crystallinity and low surface
areaS.231_234

Additional to the techniques already mentioned in Section
3.4, high-quality COF thin films could be obtained by room
temperature vapor deposition®> or growth on single layer
graphene.”*®

Finally, in some cases it was proven possible to obtain
crystalline materials resulting from almost purely irreversible
reactions. Those can be roughly divided in three categories:
(1) materials formed by reversible linkages, that are subse-
quently transformed to an irreversible, more stable linkage.
Which is technically a crystalline to crystalline transformation as
the ones shown in Section 3.5.2 but without exchange of linkers.
(2) Activation of monomers to achieve quasi-reversibility.
(3) Decreasing the degrees of freedom, which has also been done
(to a certain amount) to increase crystallinity of reversible linkages
(as discussed in Section 3.6. A recent review by Haase and Lotsch

covers this approach in much greater detail.**”
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Fig. 29 Two modes of favorable hydrogen bonding in COF crystallization.
Coplanar hydrogen bonding induces conformational locking of the imine
bond, while intralayer hydrogen bonding induces strong interactions
between the layers. Reproduced and adapted with permission from
ref. 213, Copyright American Chemical Society (2020).

Fig. 30 COF building blocks imposing geometrical constraints when
incorporated into COF (C, gray; H, white; N, blue), illustrated by TFPPy.
Two conformations are shown: (A) propeller: the normal vectors of the
phenylenes describe a circle, which induces offset stacks of alternated
left- and right handed propellers. (B) Armchair: the normal vectors of the
phenylenes point in the same direction, stacking in slip-stacked columns.
Reproduced with permission from ref. 218, Copyright American Chemical
Society (2016).

The most famous example of the combination of reversible
and irreversible reactions are the fB-ketoenamine TpPA-1 and
TpPA-2 COFs that were already extensively discussed before and
is illustrated in Fig. 32A.*> A highly reversible imine condensa-
tion is formed by an irreversible keto-enol tautomerization to
create a highly stable and highly crystalline material. Alterna-
tively, COFs could be formed by multicomponent reactions,
forming several covalent bonds at once via a combination of
reversible reactions. This resulted in an imidazole COF formed

2838 | Mater. Adv, 2021, 2, 2811-2845
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Fig. 31 Schematic representation of COF monomers capable of performing
self-condensation. A monomer containing both amine and aldehyde
functions is polymerized to an imine COF.

by the Debus-Radziszewski reaction, formation of this COF is
schematically presented in Fig. 32B.>*® Other examples of this
approach include the post-modification of imine linkages to
amide (as shown in Fig. 32C),*® carbamate,*® quinoline**° and
thiazole.>*"**> These post-synthetic linkage modifications have
been excellently covered in a number of recent reviews.>*”**?

Monomer activation has been used for crystalline C—C
linked materials by Knoevenagel condensation. A cyanide
functionality on the nucleophile stabilizes the intermediate
carbon anion, resulting in partial reversibility.***** Alternatively,
cyanide functionalized methylpyridines,”*> methyltriazines®*>”" or
even in situ trimerized acetonitrile**® could be used.

Finally, crystalline COFs can be obtained via irreversible
reactions if the used monomers are highly rigid. This decreases
the risk of defect formation by linker misplacement, reducing
the need for reversibility. Still, most often, additional synthetic
improvements like slow monomer addition (as described in

Section 3.2.2) are needed to obtain high-quality materials.>*”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 Three different combinations of reversible and irreversible
reactions to form COF. (A) B-Ketoenamine COFs are formed by a reversible
imine condensation followed by an irreversible keto—enol transformation.>
(B) A highly stable imidazole linked COF is obtained by the simultaneous
formation of different covalent bonds via reversible reactions.>*® (C) An imine

linked COF is post modified via an irreversible reaction to form a stable amide
linkage.*®

This way, crystalline COFs could be formed by Eglinton cou-
pling of alkynes®*” or debrominative Ullman coupling.>*%>*°

Obviously, it is also possible to combine two or more of
these approaches, for example dioxin-linked COF-316 and COF-
318 could be crystallized from highly rigid cyano activated
nucleophile monomers.*” Similarly, vinylene linked COFs
could be formed via Horner-Wadsworth—-Emmons reaction,
due to phosphonate intermediate stabilization and the use of
rigid linkers.>*°

4 Conclusions and outlook

Since its first report in 2005, COFs have transformed from once
precious, hard to reach compounds, to mature materials which
can be used in a plethora of applications. This is mainly
attributed to the high designability with more and more
reported linkages crystallized in different underlying nets.
Lately, it has even been proven possible to use highly stable
linkages (like vinylene) for crystalline COFs. It is our expecta-
tion that COFs based on those quasi-irreversible, highly stable
linkages will become more and more important as new linkage
functionalities and more studies on existing functionalities
will appear. Most likely, structural variety will be efficiently
extended by the reticulation of previously inaccessible nets, as
only a small fraction of all possibilities have already been
explored. Combination of the extended library of linkages with
the almost unlimited variety in nets will lead to readily obtain-
able tailor-made materials.

However, many challenges still have to be solved to reach
this synthetic dream. Until now, most COF synthetic protocols
are trial and error based and no generalized methods exist.
Even a small variety in functional group or linker geometry can
completely alter required synthetic conditions, leading to high

© 2021 The Author(s). Published by the Royal Society of Chemistry
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amounts of wasted time and effort in ever repeating synthetic
optimization. Therefore, it is of vital importance to gather more
knowledge on the formation of COFs. We have shown that
while quite a lot is already known about boroxine and imine
COFs, knowledge of other linkage types is superficial at best.
Even for imine and boroxine linkages, a more in depth knowl-
edge is required in order to be able to accurately predict
condition and protocol feasibility. Ultimately, we expect the
increased knowledge obtained by more in depth mechanistic
studies on COF formation to allow higher control over materi-
als quality, structure and properties while requiring less syn-
thetic trials and effort.

Different approaches to achieve increased COF quality have
been proposed and discussed extensively. It is our firm believe
that each of these can greatly advance COF synthesis if applied
correctly. For example, modulation has not been applied very
often yet, but has proven to be a reliable method to improve
both imine COF quality and crystallite size, with the appear-
ance of single crystal COFs using a modulated approach.
It would be very interesting to test its value for other, less
reversible, linkages and more different materials. Additionally,
control over monomer availability has already proven its worth
in a larger library of COFs. Until now, physical delay is most
straightforward and has yielded the best results. However, we
expect chemical delay, by in situ linker generation, to play a
pronounced role in ‘real life’ COF applications, due to its
elegancy and simplicity. Possibly, synergetic, one-pot effects
between linker generation and COF crystallization can be
found. Huge catalytic improvements have already been made
by the use of metal triflates or PTSA in imine COF synthesis.
Still, most often, aqueous acetic acid is used, even though it is
known not to be a very efficient catalyst. However, the most
promising catalysts may even be far less studied. Despite only
being very recently tested for COF synthesis, ILs and DESs have
shown very promising results, obtaining highly crystalline
materials in short reactions with mild conditions. Meanwhile,
interfacial COF growth has proven its worth in the synthesis of
highly crystalline COF thin films and might become the go to
method for the preparation of these films. Finally, linker
exchange can be convenient in order to prepare ‘“hard to
synthesize” COFs. Especially crystalline to crystalline exchange
can be attractive as a COF can be made from a pre-made
isoreticular material, reducing the need for correct network
formation. Candidates for the ‘“parent” material in such a
transformation can be selected using the mentioned linker and
condition optimization methods, selecting the ones guaranteed to
yield the highest quality while being easy to exchange out.

Together, we expect that the presented approaches can be
used as a toolbox to increase the quality of known COFs and
make synthesis of new COFs more easy. While all have shown
to be promising, practical use can often be highly situational.
Modulation and decreased monomer availability can signifi-
cantly increase crystallite size. But to achieve this, synthetic
time is extended to weeks or months, making the obtained
materials highly interesting for in-depth studies but useless
for practical applications. Contrarily, improved catalysts and
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interfacial growth make it possible to obtain crystalline COFs
rapidly, but seems not to increase crystallite size. Possibly, Ils
and DESs might be able to combine the use of short reaction
times with the obtainment of big, high-quality, crystallites as a
completely different synthetic pathway is followed. Another
option might be the combination of modulation with improved
catalysts, to increase both reversibility and reaction efficiency.

In turn, this might increase the in depth knowledge of COFs
as more detailed structural analysis using SXRD, HR-TEM or
electron diffraction becomes possible. Structural knowledge
gained from these advanced techniques might be very impor-
tant to really understand COF chemistry and provide explana-
tions for observed phenomena as pore blocking, layer shifting
and interpenetration. Additionally, high-quality COFs can
severely increase activity in applications as optoelectronics
and photocatalysis.
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