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Summary

Covalent organic frameworks (COFs) are twar three-dimensional extended networks formed by
the assembly of molecular building blocks through reversible covalent bond formation. While
formally belonging to the class of functional porous polymers, these materials differ from other
porous polymers in their crystallinity and high degree of modularity, wich enables a wide range of
applications such as gas storage, gas separation, energy storage, and catalysis. Since their discovery
in 2005, a variety of chemical reactions have been employed for the synthesis of wedfined COFs.
The imidization reaction has been one of such developments. Imidenked COFs (polyimide COFs, PI
COFs) are typically synthesized from amineand anhydride-functionalized building blocks that form
stable cyclic pyrrolidine-2,5-dione backbones, and are particularly characterized yb their high
thermal and chemical resistance as well as their redeactive backbones. However, due to the low
reversibility of the imide ring formation reaction, the synthesis of PICOFs is exceptionally
challenging, and there are few synthetic strategiethat can be used to obtain welbrdered COFs. The
established synthetic protocol for the preparation of stable and crystalline PI-COFs is the
solvothermal method, which requires the use of dry, higiboiling solvents, toxic catalystshigh
reaction temperatures and often timeconsuming solvent screening,making their synthesis
expensive and environmentally harmful.

This thesis exploresalternative synthesis methods for PICOFghat are universally applicable and
provide more environmentally friendly alternatives to the commonly used solvothermal method.
Taking advantage of the high chemical skdlity of PI-COFs and other COF linkagethe suitability of
COFs as nitric oxide (NO) adsorptioncaffolds is investigated anathemical reactiors of the adsorbent
with the different adsorptivesis elucidated.

Results

With the aim of reducing the amount of solvents and toxic catalysts normally required for the
synthesis of PICOFs, an alternative ionothermal synthesis protoctlas been developedChapter4).
The ionothermal synthesis allows the synthesis of PCOFs in zinc chloride from their respective
linker molecules bysimply mixing the reactants and subsequent heating under inert conditionsThis
synthesis method does not require soluble precursor molecules, and theaction time is significantly
reduced to hours compared to standard solvothermal synthesis methods (up to 7 days). In addition,
the use of expensive, higiboiling solvents and toxic catalysts is bypassed, as is the need for time
consuming solvent screeniig. In addition to applying the synthesis to already known imide COFs, a
new perylene-based COF that could not be obtained by the classical solvothermal robsalsobeen
synthesized. However, the high reaction temperature of 28800 °C required for ionohermal
synthesis using pure ZnGlas reaction medium limits the selection of suitable linker molecules, as
they may decompose or carbonize undethese harsh reaction conditionsg awell-known problem in



the ionothermal synthesis of covalent triazine framewrks (CTFs). To avoid the decomposition of
sensitive linker molecules, a eutectic salt mixture of Zn@&NaCI/KCl has been identified thatcan be

usedfor lowering the reaction temperature to 250°C, which allows the ionothermal synthesis of PI

COFs from Iss stable building blocks.

In addition to the ionothermal method, an alcoholassisted hydrothermal polymerization (aaHTP)
approachhas beenexplored for the synthesis of a wide range of crystalline and porous imidinked
COFg(Chapter5). Taking advantage of the altered solvent behavior of water at high temperatures
and pressures, this method provides access to new COFs and eliminates toxic solvents by up to 90%
by replacing commonly used organic solvent mixtures with water and small amaits of n-alcohols.
While the water in the reaction mixture serves as a good solvent for the anhydride linker and
facilitates the reverse rection according to Le Chatelies principle, the n-alcohol increases the
solubility of the water-insoluble precursor molecules and acts as eo-solvent, keeping the less polar
imide dimers and oligomerslonger in solution and thus accessible for the reactionin addition to
direct synthesis from the corresponding precursor molecules using aaHTP, an environmentally
friendly COFto-COF conversion of an imindinked COF to a novel PCOF by linker exchanghas been
demonstrated, which could not be prepared using published reaction conditions.

COFshave emerged as versatile platforms for the separation and storage of hazardogases. At the
same time, the synthetic toolkit to address the "COF trilemma" haseen diversified to include
topochemical linkage transformations and postsynthetic stabilization strategies. Using
physisorption and solid-state nuclear magnetic resonancéssNMR) spectroscopy ortsN-enriched
COFs with differentlinkage types, the gas uptake capacity and selectivity of NO adsorptibave been
investigated and the interactions of NO with COFbkave beendeciphered (Chapter 6). Suitable
linkages for adsorption of the highly reactive gashave beennarrowed down to imide and thiazole
linkages, since imine and aminelinkages do not exhibit durable resistance to the gas. ssNMR
spectroscopy reveatd the clean deamination of terminal amine groups on the particle suates by
NO, which represents a unique surface passivation strategy for COFs. In aiddif the formation of a
NONOatelinkage by the reaction of NO with an amindinked COFhas beendescribed,which shows
controlled release of NO under physiological conditins. NONOa COFs are therefore promising as
tunable NO delivery platforms for bioregulatory NO release in biomedical applications.
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General Introduction to Covalent Organic Frameworks

1 General htroduction to Covalent Organic Frameworks

Polymers have undoubtedly been one of the most significant discoveries in chemistry in the last
century and a half. Their discovery and development has enabled the realization of materials that
impact virtually everything every day, making chemistry an integral parof our daily lives. While the
x| OA ODPI 1 UiktAnBaduced opthe Swedish chemist J. J. Berzeliuwho considered, for
example, benzene (€Hs) to be apolymer of acetylene(C;Hy) [2! the origin of modern polymer science
can be traced back to thearly 19t century when Henry Braconnot described the nitration of various
cellulose compounds, thus laying the foundation of the first sersiynthetic plastic/2l A semisynthetic
elastic polymer was discovered by Goodyear in 183%ho found that the vulcarization of rubber
with sulfur improved the durability of the material and lead to superior propertiesi3 In the 1860,
Parkes and Hyatt obtained a thermoplastic polymer, known as celluloid, by the addition of camphor
to nitrocellulose 4l While polymer chemistry in the 19th century was limited to the modification of
naturally occurring polymers such as rubber or cellulose the first fully synthetic polymer was
synthesized byBaekeland in 1907. By reacting phenol with formaldehyde at precisely controlled
temperatures and pressures, he obtained polphenol-formaldehyde (PF), better known as
Bakelitel5] Bakelite was commercialized a few years later and iredited with beginning the truly
synthetic plastics age and industry.

Despite significant advances intte synthesis and characterization of polymers, it was not until the
1920s that a correct understanding of the molecular structure of polymers emerged. Until then,
scientists believed polymers were clusters of small molecules of no specific molecular weighteld
together by an unknown force, a concept knowas association theory. In 1920Hermann Staudinger
proposed that polymers consist of long chains of atoms held together by covalent bonds, an idea for
which Staudinger was eventually awarded the NobdPrizes-71 Further pioneering work in polymer
chemistry was done by Wallace Carotherzknown for the invention of nylon 66 and neoprenez who
published the theory of polycondensationthat led to the development of polyesters and polyamides.
Carother alsodemonstrated that polymers could be synthesized rationally from their constituent
monomers to modify their properties, leading tothe rapid development of this field8-10 Important
contributions to the synthesis of polymers have been made by Giulio Natand Karl Ziegler, who won
the Nobel Prize in 1963 for the development of the ZiegleNatta catalyst enabling the room
temperature synthesis of polyethylene (PE) and polypropylene (PP) both among the most used
polymers todaylit-13 Since then, numerouslD polymers have been developed for countless
APDPl EAAGETT1 08 (1 xAOAOh ET OPEOAA AU 1T AOOGodRO AAEI E
structures such as DNA and enzymes, towards the end of thet2€entury, research interests shifted
towards two- or three-dimensional (2D, 3D) macromolecular polymeric materials. Functional porous
materials are an excellent example.



General Introduction to Covalent Organic Frameworks

Porous materials are organic or inorganic soliestate materials featuring permanent porosity,
created by accessible structural voidshat can vary in size and shape. They can exhibit high surface
areas and are classified according to their average pore diameter ranging from micropores (s@),
over mesopores (250 nm), to macropores (>50nm).[14 These pores can be accessible for gaseaars
solution-based guest molecules, rendering them promising candidates for many applicatiossich as
gas storage/separation or heterogeneous catalysis, in which the size, shape, and pore wall
characteristics strongly influence their properties.
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Figure 1-1. Timeline of the milestones in polymer chemistry showing the (schematic) structures of nitrocellulose, Bakelite
reprinted from [151, Zeolite A reprinted and adapted froniél, MOF5 reprinted and adaptedfrom [17] and COF5 reprinted

and adapted fromi8l.

Naturally occurring inorganic porous materials are aluminosilicatebased zeolites consisting of silica
and alumina tetra and octahedra. This material class exhibits large surface areas, defined
microporous voids, and shows high molecule specificity. Due to their confined environment and
robustness, they are applied as excellent catalysts for the synthesis of branched hydrocarbé#is,
sorbents[20-22] or molecular sieves on an industrial scal&3 However, while zeolites have weH
defined microporous structures, their porewall characteristics cannot be readily altered, rendering
the modification of their properties difficult. A more versatile class of porous materials that addresses
this impediment are metalorganic frameworks (MOFs), first introduced by Omar Yaghi and €o
workers in 1999.1171 MOFs are (mostly) 3D coordination polymers and thus at the interface between
inorganic and organic materials, as they are formed from inorganic clusters briggl by organic
ligands. The combination of highly symmetric metal nodes, rigid ligands, and directional ligandetal
interactions enables the synthesis of materials with permanent porosity and structural order. The
well-defined crystalline structures with openly accessible pores manifests in exceptionally high
surface areas, up to 564M2/g for MOF-177 1241 Further, the low-temperature solvothermal synthesis

-2-



General Introduction to Covalent Organic Frameworks

of MOFs allows the use of highly functional and fragile ligangsnd functional groups can thereby be
relatively easily introduced into the framework. Similar to classical polymer science, the monomers
(ligands) can be designed by conventional organic synthesis methods, which enables the targeted
synthesis of MOFs for specific applications by using pmesigned ligands.These materials thus find

a wide variety of applications in, e.g., gas storaff&26l sensing2’l and heterogeneous catalysis-29]
However, the metatligand interactions forming the structure are relatively weak compared to
covalent bands, which makes MOFs prone to degradatid#?]

Amorphous, porous materials that are built entirely of covalent bonds are called porous polymer
frameworks (PPFs) or porous organic polymers (POPs) and are strongly related to traditional
organic polymers[3ll These materials consist of organic building blocks that are randomly
interconnected through covalent bonds. Due to the random interconnection of the building units,
accessible voids can thereby be generated, however, without distinct size and shape. &theless,
such materials have found considerable applications in gas storage and heterogeneous catalysis,
owing primarily to the molecular tunability of their structure. [32-33]

)T OPEOAA AU 1 AOOOAGO AAEI EOU OF Al Gihd ehz@ded OyA A
shaping covalently bonded polymer chains in two or three dimensions through weak interactions
like van-der-Waals forces and hydrogen bonding, a new class of porous materials was developed: In
2005, Omar Yaghi pushed the boundaries of modepolymer science with their synthesis of ordered

2D organic polymers entirely formed by covalent bond§8 The 2D polymer sheets form quasi 3D
structures by stacking in the third dimension by virtue of outof-D 1 ATaAA EAl OAOAA Odet-1 O
Waals fores. These saalled covalent organic frameworks (COFs) are lightweight as they are
composed entirely of light elements (C, N, O, B, S), and they feature permanent porosity and
crystallinity. In 2009, Yaghiand coworkers demonstrated that the formation of COFsvia the
formation of directional covalent bonds is also possible in 3B4

In general, COFs are built of organic monomers, the-salled linkers or building blocks, which are
connectedvia strong, but reversible covalent bonds (linkages) using retidar chemistry [18.3536] The
reversibility of the bond-forming reaction allows selfthealing of defects through bond formation,
breakage and reformation. This concept is known as dynamic covalent chemistry (DC&). In
contrast to conventional organic polymer chemistry where usually kinetic disordered products are
formed, the synthesis of COFs is carried out under equilibrium conditions yielding the
thermodynamically most stable, and therefore crystalline product. Ths, COFs combine the
advantages of two worlds:They share both the robustness typical of organic polymers and the
porosity and functional diversity of MOFs Equipped with these favorable properties, COFs have
acceleratedresearch inthe field of porous matrials in the lastdecade andcontinue to beintensively
studied and further developed.The present thesis is a small addition in this direction.

Pl
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General Introduction to Covalent Organic Frameworks

In Sectionl.1, an overview of the design principles ofCOFs, the various network topologies achieved,
and adiscussion of the different COF formation reactions is presented. Different strategies for the
synthesis of welloriented COFs are summarized irsection1.2. The molecular composition of the
COF framework opens up the possibility of modifying such systenfiar a variety of applications, some
of which are summarized inSectionl1.3.

1.1 Design Pringplesof Covalent Organic Frameworks

COFs are highly functional materials as they are built of molecular organic building blocks. These
building blocks can be individudly customized to achieve specific properties required for the desired
applications38l In order for the growth of a two- or three-dimensional framework to propagate in an
ordered manner, the building blocks must meet a variety of requirements, such agppropriate
rigidity , suitable functional groups, and appropriate symmetries. The structural diversity and the
possible network topologies resulting from the specific combinations of linker moleculegf the same

or different geometries are presented inSecton 1.1.1.

In addition to the choice of a suitable building block, the type of covalent bond linking these building
blocks must be compatible with the principles ofDCCto allow controlled growth of the polymer
backbone in two or three dimensionslt8 39 In contrast to classic organic chemistry, which generally
employs kinetically controlled reactions to form irreversible chemical bond$#0 reversible reactions,
such as condensation reactions, are used in DCC to form the thermodynamically controlled
product.3” The variety of reversible reactions that have been used to form COFs are summarized in
Sectionl.1.2. By controlling the thermodynamics of the linkage reaction through precise adjustment
of temperature and pressure, as well as by the use of appropriate catalysts, mismatched covalent
bonds can be cleaved to cause continuous reassembly of the buildiblocks during COF formation,
resulting in a selfhealing of the structure Figure 1-2).128 41 These error-control and proof-reading
mechanisms are imperative to reduce defects in the structure that inevitably arise from the
numerous reactive sites thatsimultaneously drive crystallite growth.

~, 4 ~, 4 ~, ' d ~,
4 ~, ' d ~, 4 ~, 4
L S R Ly
P L N L S

P S L

reversible COF formation according to DCC

Figure 1-2. Schematic representation of the COF formation mechaniswa reversible bond formation according to DCC.
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General Introduction to CovalentOrganic Frameworks

To tune the propeties of COFs for specific applications, complex building blocks with desired
functional groups and electronic properties can be synthesized and subsequently incorporated into
the framework. This precise tunability of the properties of COFs through the inecporation of specific
building blocks represents a tremendous advantage of COFs over other porous materials such as
porous carbons or zeolitesHowever, complex linker molecules can only be used if tHmkagesare
much weaker than any other bonds in théuilding block and are cleaved in a discriminatory manner
to allow reversibility of the linking reaction without destruction of the linker functional groups.42 As
the bonds become more stable, their reversibility decreases, so that harsher reaction cotigis are
required to initiate the self-healing processes. However, the use of harsh reaction conditions may
limit the choice of linker molecules, as they may decompose before reversibility is achieviéedl.This
so-called COF trilemma and approaches to @umvent this phenomenon by using alternative
synthetic strategies are described irBection1.1.3.

1.1.1 Structural Diversityand Building Block Requirements for 2D Covalent Organic
Frameworks

2D-COFs are formed by the combination of rigid planar building blocks that create 2D layers with
voids of certain polygonal geometries in thanolecular plane. These covalently bonded 2D layersf
molecules represent the primary ordering structure of 2D COF/43l In addition to the in-plane
covalent bondng of the linker molecules, the resulting rigid 2D layers form layered structures
throughnon-AT OAT AT O ET OAOAAOQET T O OQAET ABORBLHEIN ¢ Ols AIEIELDE
2D COF films along the-direction creates open 1D channels and forms the higbrder structure of
2D COF#3l Unlike other porous materials such as porous carbons or most noncrystalline CTFs,
which have a distribution of pores of varying sizes and shapes thatre usually only roughly
controlled by the temperature applied during synthesisor templating methods/[44-451 COFs have pores
of defined size and shape determined by the underlying network topolod$g! The network topology,

in turn, is the result of the geonetry of the building blocks that make up the COF.

o
x HN ~ N NH,
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target topology deconstruction of the topology geometric units molecular equivilents

Figure 1-3. Deconstruction of the topological framework into its geometric units, together with examples for molecular
equivalents.
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The targeted topological design of COFs is achieved by a stepwise retrosynthetic approach as
described by Dierckset all38l In the first step, a desired mesh with a particular topology is selected

(Figure 1-3). The selected mesh is then decomposddto smaller geometric units that serve as

patterns for designing suitable building blocks. The building blocks must be designed to satisfy the

geometric constraints imposed by the specified geometric units. Attention must be paid to
connectivity, bond andes, andrigidity of the linker molecules. While connectivity and bond angles

ensure the formation of the desired network topology, rigid building blocks are required to ensure a

clear direction of each covalent bond and to protect the network from defornigon and pore collapse.

4EEO EO OOOAI T U AAEEAOGAA AU OOET Conjugax€isystends. Thd 1 1 1 AO
nodes in the network can be formed either byhe linking reaction, as inin the case oftriazine COFs

by the trimerisation of nitriles (Figure 1-4), or bymonomersbearing more than two reactive sitegs.
46]
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Figure 1-4. Construction of a COF in which the nodes are formed by the trimerization reaction difiear nitrile -
functionalized building blocks.

This concept can be simplified by a modular design principle in which each building block is
represented by a specific geometry that reflects the relative positions of the reactive sités the
molecule. The patial orientation of the building blocks and the relative positions of the nearest linker
molecules are determined by the covalent bonds. The repetition of this rule in every possible spatial
direction limits the growth of the chain in a way that strictly follows the predesigned topology
diagram. This topology diagram and the geometric alignment of the building blocks provide the
chemical basis for the growth and controbf the in-plane structure. 431

By using this modular design principle, a variety of ifferent network topologies can be realized by
linking building blocks of different geometries. Most of the 2D COF structures reported so far are
formed with highly symmetric building blocks (Figure 1-5). For example, the combination of a
building block in which three reactive sites are distributed in a €symmetric fashionwith a building
block with two reactive sitesdistributed in a G symmetric fashiongenerates a hexagonal honeycomb
network (hcb).l8. 36 471 Note that the indicated symmetries (G, G, G, G) do not reflect the point
groups of the molecules but are intended only to describe the relative positions of the reactive sites
in a moleculewith respect to each otherFor simplicity, the connectivity of linker molecules (number
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of reactive sites) is given below as a superscript number before theéninimum) symmetry (relative
position of reactive sites), e.g., a linker with four reactive sites distributed in a&xGymmetric manner
is shown as*G.

o . ‘C, . +++
2 ‘c. + +

hcb sql
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A A !
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thbY ACZX/ kgm
2C2
. D N S
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Figure 1-5. Schematic representation of different geometric units and resulting isotropic network topologies that have
been realized in 2D COFs so far.

In addition to the combination [BG+2C], hexagonalhcb networks can also besynthesized by
combining three linear building blocks RG+2G+2C] or two different trigonal building blocks
[3G+3Gs).I18, 361 Tetragonal COFs with squaredq)) lattice are synthesized using the building block
combinations PC+2G] and [FPC+4C).148-491 The reaction of a monomer withsix reactive sites
distributed in a G symmetric fashionwith a linear linker molecule [6G+2C;] leads to the formation
of a hexagonal [ix]) lattice with trigonal pores.[50-511 Another interesting combination of linker
molecules is represented by the4G:+2G;] combination, which forms either a rhombicsqllattice or a
hexagonal kagome Kgm) lattice. The type of lattice formed depends on the linker molecules and is
influenced by their bulkiness and the stength of interlayer interactions:[52-531 In general,*C; building
Al TAEO xEQEOCOAIOCEAORAO-A FZIEDIOAOAADECT © OAT A O
lattice. Relatively flexible building blocks with weakinterlayer interactions tend to form kgm-type
structures and are stabilized by a docking effect of twisted linker part&A!
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A special type ofkgm lattice with a central hexagonal pore surrounded by six pentagonal pores is
obtained by combining a building blo& carrying three reactive sitesdistributed C,-symmetrically
with a linear linker molecule BG+2CG] (Figure 1-6a).155]

T TAYE 7« 7«
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kgm kgm dlstorted hcb bex

Figure 1-6. Schematic representation of selected geometric entities and resulting unique network topologies that have
been realized in 2D COFs to date.

To increase compositional and structural complexity, COFs have been synthesized with complex
molecules or macromoleules as node$s-571 For example using two different macrocycles asG
linkers, a PG+3G+2G] kgm network with three different pores was developed (Figure 1-6b).[581 In
addition to regular nets, COFs can forndistorted net topologies by combining linear linkers of
different chain lengths with suitable nodal building blocks, resulting in distortedsql, hch, andkgm
lattices (Figure 1-6¢).[59-601 An unusual network topology is thebexnet (Figure 1-6d). This lattice can

be formed either by a substoichometric combination of [BG+4Cy or by the stoichiometric
combination of RPG+3G+4C]. The first combination represents a special case, as th& linker in such
COFs acts simultaneously as a bidentate aradtetradentate linker in two different coordination
environments, thus inherently leading to norcondensed functional groups in thdramework.1]

1.1.2 Reversible COF FormingeRctions

The most commonly used strategy for the synthesis of COFs is through reversibbactions following
the principles of DCC. In the past decades, since the seminal work of Yaghi androtkers, a number
of reversible reactions have been explored as COF linkags.

Boron-based COFs, which researchers focused on in the early yearsC@F chemistry, are usually
formed by a condensation reaction using precursor molecules functionalized with boronic acids. The
weak boron-oxygen bonds formed in this way are highly reversible, allowing COFs with exceptional
crystallinity to be prepared[8l However, due to the weak linking bond, most boroibased COFs
exhibit low stability as they tend to hydrolyze under ambient conditions, making them unsuitable for
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most applicationsi®2l Prominent examples of bororbased COFs formedia a boron-oxygen bond
include bronic ester[8l boronic acid anhydride[t8 and spiroborate COFsKigure 1-7).631 Moreover,
boron-nitrogen bonds were constructed as in borazings4 while borosilicate-based COFs were
prepared with boron-oxygensilicon bondsles! These COHRinkagesrepresent a borderline case to
MOFs and share with them a high crystallinity as well as a high sensitivity to hydrolys#s.

Boronic acid anhydride Borazine
OH
—8 Sl oo

OH T

—NH,BH,
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Figure 1-7. Collection ofboron-basedlinkages explored for the synthesis of COFs.

Carbonnitrogen and carboncarbon based COFs represenan important development in COF
synthesis. These systems are more stable and resistant to hydrolytic bond cleavage than their beron
containing counterparts,but harsher reaction conditions are required to obtain crystalline products.
The most commonlinkage type amongthese COFs is the carbomitrogen double bond formedvia a
Schiff base reactiorbetween amines and various carbonyl compound&4 Many variations of this
archetypal imine bond have been explored with the aim of increasing stability against hydrolysis
without sacrificing crystallinity ( Figure 1-8).
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Figure 1-8. Collection of nitrogen and oxygenbased linkages explored for the synthesis of COFs.

By using different types of nitrogen functions,linkages based on an HN-N motif have been
developed, including azindé’l imidoimine, 68l and hydrazonel69-701 A specid case of the imindinkage
is the phenazinelinkage71-72] since two imine bonds form an aromatic ring ina single COFlinkage,
which leads to significantly improved stability and hydrolysis resistance. However, the formation of
the stable aromatic ringreduces the reversibility of the reaction and leads to poorly crystalline
systems.Another strategy to protect the iminebond from hydrolysis is the insertion of adjacent
functional groups that have a stabilizing effect. For examplet has been demonstragd that adjacent
bulky hydrophobic sites sterically block the nucleophilic attack of watef3-741 Moreover, the
introduction of hydroxyl functional groups in ortho-position to the aldehyde functiorality leads to
keto-enol tautomerism and intramolecular hydrogen bonding, which stabilize the bond5-771 Keto-
enol tautomerism can also be achieved by using a Michagpe system to synthesize an aminaype
#/1 & AEOT 1 Al ET A Oketdehok’sl GapH @liemi€al resistance to acids has been
demonstrated fora ureatype COF synthesized by using a urea functionality instead of an amirgé.
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In addition to imine-type linkages (carbon-nitrogen double bonds), amidetype linkages (carbon-
nitrogen single bonds) have also been used for the synthesis of CO&schinkagesexhibit increased
resistance to acids and basé¥®! However, the low reversibility of the amide bond must be
compensated during synthesis by using reaction temperatures of >20@[B1 Other amidetype
linkagesinclude imides/82 squaraines/s3l cyanuric amides(e4 and imidazoles(®s! Since imidelinked
COFs are a central point in this thesis, a detailed summary of synthesis strategies, applications, and
COFdormed via the imide condensation reaction is given irChapter2.

Furthermore, the Zincke reaction was used to introduce a quaternizeghyridine (viologen) as a
linkage leading to a charged COF backboffé€l. A carbonoxygen bonded ester linkage was developed
by reacting di(pyridin -2-yl)terephthalate with hydroxy Is.i87

Knoevenagel reactions
CN

- e — Olg

N
O e —

oN -\ ON
e N o//_. ———~ NC /_; 7
=N ;

Figure 1-9.Various Knoevenagel reactions between different activated GKCH3 groups and aldehydes to form COFs.

The triazine linkage giving rise to covalent triazine frameworks (CTFs)is anothe interesting
example of linkagebased on carbonnitrogen bonded aromatic heterocycles. CTFs are commonly
synthesized by cyclotrimerization of nitriles using ZnCl as a Lewis acidic catalyst at high
temperatures up to 500°Cle8l Alternative synthetic strategies for the synthesis of triazine units
include the reaction of carboxylic acid amides with phosphorus pentoxidéd the use of
trifluoromethanesulfonic acid as a superaciec catalyst[°0 or the reaction of multifunctionalized
benzyl alcohols with amidines by slowin situ oxidation.l®2l CTFs are very stable systems, however,
the harsh reaction conditions often lead to partial carbonization of the frameworks and crystallinity
is usually limited, so only a handful of the manyaported CTF materials are crystallingl4s. 90, 9294]

Linkages based on carborcarbon bonds have recently attracted much attention becausef the
higher hydrolytic stability compared to their boron and nitrogen-based counterparts. Thevinylic
carbon-carbon bond can be formed by Knoevenagel reactiorof aldehydes with activated
methylene/methyl groups, such as cyanomethyl group®s trimethyltriazine /% and
trimethyldicyanopyridine as shown inFigure 1-9.97]
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1.1.3 Solving the COF Trilemma

As discussed irSectons 1.1 and 1.1.2, COFs are synthesized predominantbtlowing the principles

of DCC, according to which the COF formation reaction must be reversible to allow
thermodynamically controlled crystal defect correctionl8l Thus, for the synthesis of wellordered
COFs, bond formation reactions with high reversibility are desirable because they allow frequent
bond breaking, which is as important as bond formationn order to achieve a high degree of defect
correction during the crystallization process. Improvirg reversibility leads to an increased
rearrangement rate of the linker molecules, which allows rapid convergence to the thermodynamic
minimum structure. However, as a result of high reversibility, these COFs often suffer from reduced
stability as the cleawage of the COF linkage corresponds to the baelird reaction, a phenomenon
frequently observedwith boron-based COFg8 Conversely, COFs synthesizeda reactions with only
moderate reversibility, such as imidelinked COFsare often poorly crystalline, and harsh reaction
conditions must be applied to obtain crystalline products(see Chapter 2).199-101] Thus, crystallinity
and stability are inversely relatedi42

covalent bonds =
/ crystallinity \

/ metal-ligand (charged) ==
metal-ligand (neutral) =
hydrogen bonds ———————— ms———
van der Waals —— s

T T T T 1
0.1 1 10 100 1000

Bond energy between building blocks (kJ mol™)

Figure 1-10. The trilemma of materialsdesign for COF synthesis based on reversible reactions (left). Strengths of bonds
that are used for the synthesis ofmolecularly defined materials (right). Reprinted from Ref. 42 withpermission from the
Royal Society of Chemistry.

In addition to crystallinity and stability, the third important feature of COFs tobe considered is
complexity, as it also competes with stability and crystallinity42l The complexity of COFs is usually
achieved by using building blocks that carry one or more functional groupsat are not involved in

the COF formation reaction. As a result, the COF has accessible functional groups located on its rigid
backbone, which may be desirable for certain application&?2-103 However, with decreasing
reversibility of the COF linkage hasher reaction conditions are required to obtain a crystalline
product.i46 811 Therefore, the implementation of additional functional groups may be limited due to
their thermal or chemical decomposition during synthesigto4

This trade-off between stabilty, crystallinity, and complexity has been calledthe O # / trtBemmad
(Figure 1-10) 421 One carescape this trilemma by adopting strategies that lead to ordered structures
but do not depend entirely on reversible reactions, such as prerientation of reaction substrates or
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the single reaction pathway42l These alternative synthesis approaches can lead to improved
crystallinity and stability of COFs without compromising functionality.

The underlying principle of the pre-orientation method, in contrast to synthesisvia a reversible
reaction, is the separation of simultaneous covalent bond formation and crystallization into two
separate steps. In the first step, the building blocks are ganized at the molecular level by weak
interactions such as electrostatic or van der Waals forces in such a way that in a subsequent second
step the preorganized molecules can be linked by strong and often irreversible covalent bond
formation under relatively mild conditions.42l This methodology is closely related to the classical
templating methods known from the synthesis of mesoporous sili¢#5-106] and two-dimensional
polymers 107-108] in which long-range order is created in otherwise disordered naworks.
Preorientation of the building blocks can be achievedia several approaches. One possibility is the
preparation of molecular crystals from building blocks that can be crosslinked in a topotactic single
crystal-to-single-crystal transformation. This method has been demonstrated by cycloaddition
between anthracenes and alkynes or by photochemical dimerization of anthracené®-1121 Another
strategy is to use surfactants that allow electrostatic interactions and hydrogen bonding threct the
linker molecules. For example, an imidénked COF was successfully synthesized by assembling and
pre-organizing porphyrin linker molecules on a water surface using sodium oleyl sulfate as a
surfactant/113] In addition, a vinyl-pyridinium functionalized 3D COF vas synthesized by utilizing
directed host-guest molecule interactions using a twestep strategyll4l A particular type of pre-
organization strategy to realize otherwise inaccessible or difficulto-obtain COFs is the COt©-COF
transformation [115-118] In this strategy, reported COFs are used as ordered templates for subsequent
linker exchange. For linker molecule exchange, the exchanging monomers must meet the
requirements of matching functional groups and connectivity, and they must be approximately the
same size to fit into the existingramework.

non-covalent

2nd / \ / \
—_— \ / \ /
15t / \ / \
/ \ / \ /
reversible assembly irreversible locking
\ / \ ’ \
15t / \ / \ / \ / \

\ / \ / —_— A Y 4 AY 4

/ \ / \ 2nd ’ \ ’ \

covalent

Figure 1-11. Schematic representation of the preorientation strategy used for COF synthesi§ he upper path describes
the assemby of the linker molecules through noncovalent interactions and the subsequentinking through irreversible
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reactions. The path belowshows the arrangement of the linker molecules throughighly reversible covalentbonds and
their subsequentlocking through irreversible bond formation.

The strategies for preorienting COFprecursors presented above were primarily intended toimpart
or enhance the crystallinity of a COF and did not focus on improving stability. One preorientation
strategy for stabilizing otherwise labile COHRinkages, such as the imindinkage, is the postsynthetic
linkage modification approach, in which the COF itself serves as a pogiented platform.119] In the
first step, a desired COF is synthesized by reversible bondifimation, which allows the synthesis of a
highly crystalline and functional product under relatively mild conditions. Subsequently, the labile
reversible bond is postsynthetically converted to a stabilized species, resulting in thermodynamic
locking of the bond (Figure 1-11).191 This synthetic method was demonstrated prior to COF
chemistry in self-assembled organic cages, where thermodynamic locking of an imitieked cage
was achieved by an initial postsynthetic reduction of the imine bond to an amine bnd, followed by
areaction with N,N*-carbonyldiimidazole to result in a carbamate cagé&20l

Post-synthetic transformations can be divided into two categories4? In the first category, the
chemical nature of theCOF linkagétself is changedduring the transformation, e.g., by oxidation or
reduction of an imine to an amide or amine, respectivel§?. 121-123] |n the secondcategory, additional
bonds are created between linker molecules that parallel the existing COF bond, as in the oxidative
cyclization of an imine to a benzotlazole with sulfurito. 1241 or to a benzoxazole with adjacent
hydroxyl groups (Figure 1-12) 11251 Quinolines [126] tetrahydroquinolines (127l and chromenoquinolines
could also be synthesized from reversibly formed iminesvia inter- and intramolecular irreversible
Povarov reactionsi12sl
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Figure 1-12. A collection of irreversible reactions used to lock linkages formed by reversible bond formation.
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In addition to COF synthesis using reversible reactions or preriented substrates, the single reaction
route has been shown tde another possiblestrategy for the synthesis of CORga irreversible bond
formation:[129-130] While the method described aboe for the synthesis of COFs using irreversible
bond formation uses a preorientation step to ensure the correct arrangement of linker molecules
prior to polymerization, in the single reaction pathway the conformational degrees of freedom are
restricted to limit the number of possible conjunctions during polymerization (Figure 1-13). The
limitation of possible conjunctions is achieved by constructing highly rigid linker molecules that
allow polymerization to propagate only at the correct reaction sites. Howeer, once two building
blocks are placed at adjacent positions on the crystallite, two possibilities aristor linking the
available unsaturated functional groups: Adjacent building blocks can react with each other and form
an internal linkage, leading tathe growth of the crystallite, or a new building block can be attached
to one of the free functional groups, leading to the formation of a defect siées can be seen in Figure
1-12 a) /42

a . . c
) linker addtion )
¢4’ ( H
) il : NH,
- HN NH,
N\ /
- - o
A / </N—\g HZN:©:NHZ
. -- N NH,
N ( \ N=(
' \ / \ J N J N J
- Y Y
\ /
— rigid & defined reaction sites flexible undefined reaction

I sites
internal linking

Figure 1-13.a) Schematic representation of the linker addition and internal linking opportunities during the single reaction
pathway. b) Rigid linker molecules with defined reaction sites. c) Flexible linker molecules without definggaction sites.

These defect sites cannot be repaired by error correction mechanisms if the linkage is formed by an
irreversible reaction. However, the competition between building block addition and internal lining
depends on the linker concentration ands therefore controllable: while the rate of linker addition
increases with building block concentration, the rate of internal linkng remains concentration
independenti¥2 Therefore, by reducing the rate of precursor addition to the reaction mixture,
trapping of misaligned building blocks in the crystal can be minimizedFigure 1-14). In addition,
reducing the building block concentration in the reaction mixture reduces the formation of ichers
and oligomers, resulting in favored growth on the available articles and thus larger crystallitest31
Loh and coworkers demonstrated the formation of crystaline COFs by an irreversible and
uncatalyzed Ullman coupling reaction using the single reaction pathway with highly rigid aromatic
bromine precursorsii32-133] A growing number of examples use the direct synthetic pathway to form
crystalline COFs based on irreversible or kinetically controlled reactions such as carbaarbon
cross-coupling 134 Glaser coupling3s! and others[130, 136-139]
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fast linker addition/reaction slow linker addition/reaction

Figure 1-14. Schematic representation of the single reaction pathway showing its dependence on linker addition and
reaction rate.

While alarge number of building blocksof sufficient rigidity are available for designing COFs with a
reduced number of conformers, COknkagesare limited in both number andmaodifiability. 421 Many
COHinkages, such as the imine bond, introduce additional conformern® those of the building bbcks
into the structure, resulting in increased disorder in the crystal. For examplethe imine linkage
entails two diastereomers forming planar structures as shown inFigure 1-15. Considering the
stacking of two COFsheetsin three dimensions,the two diastereomerscan lead tofive conformers.
The number of conformers multiplies with each additional COF sheet. As a consequence of this
flexibility of the imine linkage, multiple structural conformers can in principle be formed with the
same linker moleculeds34 1401411 However, there are strategies tairect imine linkages so that the
number of diastereomers is reducedFor example, he use of anortho-hydroxyaldehyde linker
molecule creates an intramolecular hydrogen bond, resulting in alignment of the imé group with
the hydroxyl group, thereby locking the diastereomeric conformef’sl The other diasteromeric
conformer can befavoured with an ortho-methoxy-substituted aldehydelt2ll The bulky methoxy
group creates steric repulsion, directing the imine bod away from it.

a) two diastereomers of imine bond b) directing of imine bond
0-H

N— N—i
N

Figure 1-15. a) Diastereomersof the imine linkage and conformational isomers resulting from the stacking of COF layers.
b) Locking of the imine linkage by faoring intramolecular hydrogen bonding leading to a reduction of conformational
isomers.
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1.2 SynthesisStrategiesfor Covalent Organic Frameworks

In addition to the choice of suitable building blocks and linkage types, an appropriate synthesis
strategy is crucial to obtain COFs with high lg-range order and intrinsic porosity. Several
complementary strategies have been developed for synthesizing novel COF materials or to modify
the properties of existing frameworks. A selection of the most important strategies is presented
below.

Solvothermal
lonothermal Microwave-assisted
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Figure 1-16. Schematic representation of the different strategies for the synthesis of COFs.

1.2.1 Solvothermal Synthesis

The most commonly used synthesis strategy for COFs is the solvothermal approach. In a typical
solvothermal synthesis, the desired building blocks are suspended in a solvent mixture and heated
in a closed vessel for & days. In this method, special attention must be paid to the solvent mixture
and temperature. The target temperature of the reaction mixire depends on the type of linkage
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chosen. While boronbased COFs and imine COFs are usually formed at relatively mild temperatures
of 80-120 °C(8. 34 reaction temperatures >200°C are often required for imidelinked COFs to ensure
sufficient reversibility.[82 1421 In addition to temperature, the choice of a suitable solvent mixture is
also crucial for the solvothermal synthesis of crystalline COFs. The type of solvent and the ratio in
which the solvents are mixed must be precisely adjusted for each lding block to allow its
controlled diffusion into the solution. Controlling the availability of the building blocks during the
reaction allows for controlled crystallite growth. Solvothermal reactions are usually carriedut in
closed vessels using sealkepyrex tubes or microwave flasks. This ensures a constant ratio of the
solvents during the reaction by preventing their evaporation. When a COF is formed by a
condensation reaction, the closed reaction environment serves another important function: the
water formed during the condensation reaction is kept available to facilitate the back reaction by
hydrolysis of the linkagel143l This bond cleavage enables the error control mechanisms required for
the formation of crystalline products. To further enhancethe reversibility of the COF formation
reaction, acidic or basic catalysts such as acetic acid or isoquinoline are often uskedaddition to
classical acids and bases, watdolerant Lewis acids such as metal triflates have also been shown to
be suitablecatalystsfor acceleraing the formation of COFs at room temperature. For example, using
Sc(OTf} as a catalyst, TAPBPDACOF was synthesized in a mixture of 1-dioxane/mesitylene (4:1
v/v) at room temperature within 10 min.[44 In contrast, the solvothemal method requires more
than 24 h and temperatures above 70C. Synthesis of COFs undsuch mild conditions may be an
attractive strategy for fragile linker molecules, sensitive substrates, or simply to reduce the energy
expenditure of COF synthesisin yet another example of this type, § reacting 1,3,5tris(3-
dimethylamino-1-oxoprop-2-en-yl)benzene with various aminesy -ketoenamine-linked COFs could
be synthesized by Michael additiorelimination reactions in aqueous media and under ambient
conditions [145]

1.2.2 Irradiation -Assisted Synthesis

Another alternative strategy to the commonly used solvothermal method is microwavassisted
synthesis of COFs. This widely researched method allows precise and simultaneous control of
temperature and pressure, as welas monitoring of phase behavior during the reactiofft46-1471 As a
result of the improved control of reaction parameters, the products obtained are often cleaner and
reaction times are shorter. Cooper and cworkers demonstrated the synthesis of COB using the
microwave-assisted synthesis strategyi48-149 The COF was synthesized at 10C within 20 min
using 200W microwave irradiation and exhibited a larger surface area than the same COF
synthesized under solvothermal conditions.Another economical wayto synthesize COFs is the
sonochemical strategyis0l In this method, ultrasound is used to create bubbles in the solvent that
grow and collapse. This phenomenon, called cavitation, generates extremely high local pressures and
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temperatures and can thus beised to initiate and accelerate chemical reactions. Alet al. used this
method to scale up the synthesis of COFand COF5 by a factor of 10 to the gram scale without
compromising structural integrity or surface areal's!l In addition to microwave irradiation and
ultrasound, simulated sunlight has been shown to facilitate the formation of a crystalline CO#J] For
example,hcc-COF was synthesized by suspending the precursor molecules hexaketocyclohexane
octahydrate and 1,2,4,%benzenetetramine tetrahydrochloride in a methanol/mesitylene solvent
mixture. After addition of acetic acid and water as ceatalysts, the reaction mixture was irradiated
with light at a wavelength of 2062500 nm. An amorphous version of hceaCOF was obtained in the
absence of lightduring the reaction, proving the effect of light on the reversibility of the reaction.

1.2.3 Mechanochemical Synthesis

All of the strategies described above, including the widely used solvothermal and microwaessisted
methods, are carried out under rather complex conditions, as sealed Pyrex tubes, an inert
atmosphere, suitable solvent mixtures, and appropriate temperatures are required to obtain
crystalline products. In particular, the search for suitable solvent mixtures and reaction temperatures
often requir esthorough screening of reaction conditions and can be very time consuming. Therefore,
the exploration of simple synthesis strategies is highly desirable. The mechanochemical approach
offers a rapid, solventfree, and environmentally friendly alternative to the previously mentioned
solvent-based strategies. In the simplest mechanochemical synthesis of COFs, precursor molecules
AOA pPI AAAA ET A 11 00AO0 AT A cOI O A -kétbehaide COBEAE AT O .
have beensuccessfully synthesized bySchiff base condensation using this primitive grinding
method[1531 Optimization of the mechanochemical approach could be achieved by adding small
amounts of solvent and catalyst to the precursor mixture during grindingt54 This liquid-assisted
grinding increases the reaction rate by promoting the homogeneity of the reactants, leading to
improved crystallinity. Automation and better reproducibility of the mechanochemical method can

be achieved by combining the liquidassisted methods together with the us of ball mills instead of
manual grinding.155-157]

1.2.4 lonothermal Synthesis

The ionothermal synthetic route offers a synthetic strategy in which the reaction medium acts as both
solvent and catalyst46] Thomaset al. demonstrated the synthesis of crystaltie CTFs in molten ZnGl
by cyclic trimerization of nitriles at temperatures between 300 and 500 CI46.941 n this reaction, ZnCJ
acts as a solvent for the nitile precursor molecules and as a Lewis acidl catalyst that promotes the
cyclization reaction. Countless CTF materials have been synthesized using this ionothermal
approach, but most of them do not exhibit the desired longange order typical of COFs, which limits

-19-



General Introduction to Covalent Organic Frameworks

their application. Moreover, the harsh reaction conditions often lead to undesirablside reactions,
partial decomposition, and carbonization of the building blocks, drastically limiting the selection of
suitable linker molecules. To circumvent these problems by avoiding the high reaction temperatures,
an ionothermal synthesis using ionidiquids as reaction media was developed by Qiet al.l158 Using
1-butyl-3-methylimidazolium bis-((trifluoromethyl)sulfonyl)imide as the reaction medium for a
Schiff base reaction, 3BL-COF could be synthesized within 12 hours at ambient temperatures and
pressures.A novel ionothermal synthesis was developed apart of this work and is discussed in
Chapter4.

1.2.5 Synthesis of COF Thin Films

All of the aforementioned synthesis protocols result in predominantly insoluble powders that are
often unprocessablethus limiting their potential range of applications. Interfadal synthesisprovides

a useful method for the preparation of COF thin films with controlled thicknes&:e-161] In a typical
reaction, the precursor molecules and a catalyst are dissolved in two separate immiscible solvents.
By overlaying the two precursa solutions, a twophase mixture is formed. At the interface of these
two solutions, the previously separated precursor molecules combine and react in a controlled, layer
by-layer manner. Suitable solvent combinations include water/toluene or water/dichloomethane.
With this method, imine COFdiave beensynthesizedvia a Schiff base reaction using acidic acid or
Sc(OTf}y as catalyst159-160 and GC bonded COFswere realized via Suzuki couplingit34 Vapor-
assisted synthesis provides a strategy for the effient preparation of boroxin-COF thin filmgi62 An
acetone/ethanol precursor solution is dropped onto a substrate and placed in a closed desiccator
along with a small vessel containing 14ioxane/mesitylene (1:1 v/v). After a few daysat room
temperature, COF thin filmsare formed.

1.3 Properties andApplications of Gvalent Organic Frameworks

COFs have a high specific surface area, defined pores, and usually an aromatic backbone, which makes
them suitable candidates for a variety of applications. One oféhmost researched applications is the
adsorption and separation of guest molecules. The successful use of COFs for adsorption and
separation applications strongly depends on their porous structure (pore size and shape), pore wall
properties, and accessiblepecific surface aredt? Researchin this field hasfocusedprimarily on the
adsorption of small gaseous molecules such as hydrogé#$;165] methane66-1671 or CQ,l168-170] but

also ofother small molecules such as ioding71-173l and metal ions[174-1771 By incorporating functional
groups onto the COF pores, chemisorption of toxic gases such as ammonia and B&s been
demonstrated/t78-179 although the reactivity of these toxic gases towards the host COF materials
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makes adsorption challengingWith further development in this field and the ability to synthesize
COFs with larger pore diameters, more complex organic compounds such as rhodamin&2B,
methylene blueft8d ibuprofen,[142l and others were demonstrated to be adsorbed or temporarily
trapped. Theseadsorption properties make COFgprospective materialsfor potential applications in
water treatment and drug delivery[t81-182] By designing pore diameter and pore wall properties that
exhibit increased affinity for specific guest molecules,.g., by tuning polarity, COFs are used for the
selective separation of gas mixtures such as @@ /183 CQ/CH,,184 Ha/N 221431 Ho/CH,4 143 and
C2H2/C2H4.[185'186]

The combination of accessible pores, which allow the uptake of guest molecules, and aatio
backbones, which allow the migration otharges, including(emissive) excitons, makes COFs suitable
materials for selective and sensitive sensors. Detection of guest molecules is usually achieved by
fluorescence quenching of the sensor COF by the guesolecule to be detected. The application of
COFs in sensing ranges from selective detection of anidig] to toxic metal ions (e.g., Gu Hdg',
Fel),1188-190] to hazardous chemical$t91-192] and explosiveds?. 1931 In recent years, COFs have gained
interest for selective detection of biomolecules such as bovine serum albumamd double-stranded
DNAI194-195] By synthesizing chiral COFs, enantioselective detection of carbohydratesd amino
acids could be realized96-197]

-T00 #/ &0 AIOUDORATT OCOBOABMEMA 11T O1T D 1T &£ AAAgysi OEAO
interconnected by electronic coupling within the columnBy appropriate design, itis thus possible to
achieve electroni1%l hole 19 or ambipolar charge transfer along these columng&%l By integrating
electron-donating building units into the COF backbone along with electro@accepting building
blocks, donor-acceptor COFs can be developehat often have smaller band gaps, which can lead to
improved conductivity 201 Theseso-formed donor-acceptor heterojunctions can also be achieveay
guest moleculeg202l For example, ly integrating electron-accepting guest molecules into the pores of
an electron-donating COF, photoexcited charge separatid#2] photoconductivity 2031 and ambipolar
charge separation can be achieved4-2051 Such donoracceptor systems have been used for field
effect transistorsj204-2051 photodetectors,2%61 and thermoelectrics. 2071 Recently, a fully sp-carbon
conjugated C® was demonstrated to exhibit enhanced conductivity, high spin density, and
paramagnetic properties upon oxidation with iodinel208l

The ordered nature of COFsyith its aligned 1D pore channels that can accommodate guest molecules
or ions, makes COFs sigible materials for mass transport applications such as proton conductidige-

212] and lithium ion conductions3. 2131 In addition, COFs are of growing interest as organic electrode
materials for battery devices because the redeactive frameworks promote energy storage and the
open pore channels provide space for ion storage and transpd?tsl COFs havéhus found application

in lithium -ion,[215-2171 lithium -sulfur,[218-221] sodium-ion,[100, 222-224] and potassiumion batteries [225-227]
More recently, COFs have also been used for multivalent ion systems such as -idimg228-231]
magnesiuntion,[232 and aluminum-ion energy storage device£33l
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The large surface area and modularity of COFs make them versatile platforms for various
heterogeneous catalytic applications. For example, COFs have been shown to act as electrocatalysts
for the reduction of oxygen and CgJ234-237] or for the oxygen evolution halfreaction [238-23%1 However,

in most cases, COFs are semiconductors with low condugty and show limited electrocatalytic
activity. To increase conductivity and thus catalytic activity, conductive additives such as carbon
black or pyrolysis of the frameworks are required, often leading to a decrease in specific COF
properties.[43 Due totheir semiconducting properties and large accessible surface area, COFs are
intensively studied as photosensitizers for photocatalytic hydrogen evolutiori0-2411 CQ
reduction,242-243] and singlet oxygen generatiorig3 2441 In addition, a variety of aganic reactions, such

as Suzuki crosscoupling 245-2461 Knoevenagel condensatior?47-2481 or aerobic oxidation of amines to
imines have been demonstrated using COFs as photocatalyét8.By introducing chiral sites into the
COFs backbone, asymmetriaganic catalysis has been realize#?0-251]
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2 Imide-Linked Covalent Organic Frameworks

In the rapidly developing field of covalent organic frameworks, imiddinked COFs have attracted
increasing attention for numerous applications since their discovery in 2014t-2 In particular, due to
the high thermal and chemical stability of the imiddinkage, PFCOFs havgreatadvantages over most
other COHinkageswhich often suffer from low long-term stability. However, the synthesis of twe

or three-dimensional polyimide frameworks in a crystalline fashionby reversible bond formation is
still a challenge. In this context, a brief overview of the development of sthetic methods for 1D
polyimides (PIs), leading to the synthesis of porous aromatic Pls and eventually to the development
of crystalline two- and three-dimensional PFCOFsis presented in Section 2.1. Insights into the
synthetic strategies optimized forPI-COFs and the challenges posed by the need to use harsh reaction
conditions to achieve reversible bond formation are provided irSections2.2 and 2.3along with an
overview of all PFCOFs known to date. Finally, the application areas for -BIOFs, includig
adsorption and separation, drug delivery, photocatalysis and electrocatalysis, energy storage, and
sensing, are presented in detail irsection2.4.

2.1 Historical Overview of the Synthesis of Polyimides

Polyimides (PIs) are a class of higperformance polymers (HPPs) with cyclic imide groups in the
molecular chain, which differ from other "softer" polymersin their excellent thermal and chemical
stability, radiation resistance, and outsanding mechanical properties In particular, fully aromatic
Pls have rigid chains and strong inteichain interactions, resulting in poor solubility and high melting
point of the PIs. The highly symmetric and highly polar imide groupkead to the formation ofcharge
transfer complexes andinduce electronic polarization.lsl These charge transfer complexes ara
result of the strong electron acceptor properties of imides and electron donor properties of amine
segments, which makes Pls interesting materials for electrochemical applications.

HPPs such as polyimids are the lightweight materials of choice in working conditions where "soft"
polymers faill*l Conditions that place high demands on polymeric materials, often required for
applications in today's hightech industry, include high temperatures and mechandal strain, e.g. in
electronic devices®! or corrosive environments at elevated temperatures such as those found in fuel
cellslel Other applications for HPPs include photoresistsy-8l liquid crystal alignment materials/e-11
gas separation membrane$?-14 polyelectrolytes i5-171 electroluminescent devicesié-20 and
electrochromic films.13, 21-22]

The first polyimide was discovered in 1908 by Bogart and Renshaw by heatingadminophthalic
anhydride (Figure 2-1) 23] It was observed that the molecule did not melt when heated, but formed
a PI of high molecular weight by selpolymerization through water elimination. However, it took
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nearly 50 years to develop the first Pl of significant commercial importanceKapton.The pioneering
work of Endrey in 1962J24-291 in which he described a twestep synthetic route for Pls, initiated a
rapid development in this field. The first step of the synthetic process involves rapid, exothermic
polymerization at relatively low temperatures to form a poly(amic acid). Poly(amic acid) is prepared
by the reaction of alternating electron acceptor (dianhydrides) and electron donor (diaminesjnits
at relatively low temperatures in polar, aprotic solvents such as NMP, DMAwr DMF. Subsequerty,

it is converted to the corresponding PI by intramolecular cyclization, in which water is released as
the byproduct. Two main methods are used for this second "imidization" step: thermal and chemical
conversion 30l

Figure 2-1. The temperature induced polycondensation of 4aminophthalic anhydride discovered by Bogart and
Renshawi23]

The thermal conversion process involves initial partial drying of a solvated poly(amic acidiim to a

solid content of about 6575 %.31-331 The film is then gradually heated to 300C and maintained at
this temperature for several hoursto ensure high conversion rateqFigure 2-2). A variation of the

preparation of aromatic polyimides using thethermal conversion method was demonstrated by
Dinehart and Wright, who reacted pyromellitic dianhydride with various aromatic diamines in
tetrahydrofuran.34 The result was the simultaneous formation and precipitation of free poly(amic
acid) and amine s# analogs. These could then be thermally converted to the corresponding PI.

An alternative strategy to convert the poly(amic acid) intermediate to the corresponding PI,
commonly known as the chemical conversion method, has been described by Endiegy?l In this
strategy, dehydrating agents such as acetic anhydride are used in combination with a basic catalyst
such as pyridine to initiate the imide condensation reaction(Figure 2-2). In a typical Pl film
preparation process, the poly(amic acid) is immered as a filmin a benzene solution of acetic
anhydride and pyridine. After several hours, the Pl is removed and dried. In addition to acetic
anhydride, propionic anhydride, nbutyric anhydride, benzoic anhydride,etc. have been described
by Endrey as suitdle dehydrating agents forthe chemical conversion to Pls. Alternatives to the basic
catalyst pyridine include trimethylamine and isoquinoline. A variant of the chemical conversion
method allows the direct addition of a dehydrating agent and a basic catalyto the cold poly(amic
acid) solution 38l Both chemical conversion methods require final heating to temperatures >30TC
to ensure complete Pl conversiof#ol
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Thermal Conversion

®T 6 3 AEO o
-2n H,0

o (6]

room temperatur, HNOC COOH
O;:@:‘éo + HN-R-NH, polar, aprotic solvent T :@: l
A Y HOOC CONHR n dehydra_tion agent
Poly(amic acid) in solution bas'cb:f;fg
-2nH,0 RT
(0] 6]

Chemical Conversion

Figure 2-2. Comparison of the predominantly usedthermal and chemical conversion methoddor the imide cyclization
reaction.

In addition to the originally invented two-step syntheic protocols, Vinogradovaet al. reported a one
step synthesisof Pls in phenolic solventssuch as phenol, gchlorophenol, or m-cresol at elevated
temperatures and in the presence of basic catalysts such as tertiary amirigss.Extensions of this
early work showed that the onestep method works not only for Pls commaly synthesized by the
two-step method, but also for monomers that are difficult to polymerize by the twaestep
polymerization. Thus, monomers bearing sterically demanding groups or having unsuitable aeid
base relationships, which render them inactive in te two-step process, can be successfully
polymerized using the onestep reaction[37-41]

For the preparation of Pl coatings a process for vapor deposition of the monomers has been
developedl42-441 By passing separate vapor streams of the monomers diamitaad dianhydride into
a mixing chamber at 200°C, the mixed monomer vapor carbe impinged on a film target and
subsequently be polymerized.

Although Pls already have numerous applications, crystallinity is a desirable feature for such HPPs:
It improves properties such as mechanical and thermal streng? and directional properties such

as electrical conductivityl46l However, polymers with high molecular weight are usually more
difficult to crystallize than small molecules, and in most cases they are obteid as amorphous
products .47 While polymers with sufficient molecular flexibility can still be recrystallized from
solution or melt, this is rarely possible for HPPs because they are generally insoluble and infusiéte.

In particular, aromatic Pls aredifficult to obtain in crystalline form due to their low solubility in any
solvent and the poor reversibility of the imide bondformation. In addition, as described above, harsh
reaction conditions are required to obtain high molecular weight Pls, includig high-boiling solvents,
toxic catalysts, corrosive and flammable drying agents, and reaction temperatures of several hundred
degrees Celsiug
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Recent advances in Pl polymerization chemistry were made by Unterlass and coworkers, wdwned
access to crgtalline Pls through an environmentally friendly onepot synthesis strategy. By
mimicking the hydrothermal conditions found in hydrothermal veins in the Earth's crust4g-4 highly
crystalline 1D polyimides could be synthesized in the laboratory in nothig but water[47. 501 At first
glance, a chemical reaction with water as a byroduct carried out in water seems to contradict Le
Chatelier's principle/stl and the irony of this approach is underscored by the fact that PIs could be
obtained by classical ptymerization methods only with the complete exclusion of watef22-53]
However, in hydrothermal polymerization (HTP), the amine and anhydride comonomers form an
intermediate salt that can be described as an ammonium carbogge carboxylic acid Eigure 2-3).147.
54-58] In this process, the dianhydride is first hydrolyzed to a tetracarboxylic acid and undergoes an
acid-base reaction with the diamine to form a diaminium dicarboxylic acid salt. This monomer salt
dissolves and polymerizes to form the PI. It is@stulated that this intermediate saltprovides a pre-
oriented platform due to electrostatic interactions, which leads to an improvement in the crystallinity
of the resulting 1D PI. At higher temperatures and pressures (200, 20bar), the pre-oriented
intermediate salt is polycondensed and the PI forms in a crystalline manner.

One-step synthesis

HNOC: : :COOH
phenolic solvent HOOC CONHR p

2;s_ic cgtalyst 0 AcC Poly(amic acid) intermediate -2n H,0
(0] (0] (0] 6]
o;j@(:éo + H,N-R-NH, N;:@:lé“"?
O (0] (0] (0] n
+2n H,0
= -4n H,0
&eT 2 C o n

@ @ OOC COOH
HN,~R-NH, :@: °
HOOC coo

n

Salt intermediate

Hydrothermal synthesis

Figure 2-3. Comparison of the classic# used onestep procedure with the recently developed hydrothermal method for
the synthesis of 1D Pls.

In addition to the classical and hydrothermal reaction pathways from dianhydrides and diamines, Pls
can also be prepared by lesser known synthie protocols using diisocyanates and dianhydridegss-
58] or diamines and dithioanhydrides(s9-611 or from silylated diamines and dianhydrides(Figure 2-4a-
c)I62-63] |t was further demonstrated that Michael addition can be used to convert bis(maleimideand
diamines to a Pl.In this case, wmlike other methods, the imide ring is not formed during
polymerization, but originates from the bis(maleimide) monomer (Figure 2-4d).I64 Chi et al.
prepared polyimides at 80°C in the presence of Nal in DMSO by thmesitu Diels-Alder polymerization

of 1,4-bis[4-(methyloxy)phenyloxy]-2,3,6,*tetrakis-(bromomethyl)benzene with four different
arylene bismaleimides (Figure 2-4e)I51 Finally, the reaction of di(hydroxyalkyl) compounds and
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diimides under Mitsunobu conditions kads to the direct formation of Pls in a single steffFigure 4-
2f) [66-67]
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Figure 2-4. Schematic representation of lesser known synthetic protocols for the synthesis of-ROIs.

While 1D polymers have been extensively developed and studied over the past century, research
interest has shifted to 2D and 3D polymers in recent decades. Combining the functional diversity of
common 1D polymers with the porosity and structural integrty of two- or three-dimensional
frameworks remains a growing area of research today. In this context, microporous aromatic Pls
were synthesized in 2007 using spirobifluorene units as structug guidingmotif s.68-701 The resulting
porous Pls were amorphousiue to random stacking but exhibited rigid and twisted macromolecular
chains, leading to good thermal stability typical of Pls. However, due to their low specific surface area
and nonspecific pore size, their applications were limited. As a natural step the development of
Pls, Fanget al. demonstrated the first synthesis of crystalline 2D polyimidebased covalent organic
frameworks (PI-COFs) in 2014 and even extended the dimensionality to three dimensions in 2015.
(. 711 Further development in the fied of PFCOFs by using new monomerand novel polymerization
methods are discussed in detail irBection2.2.
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2.2 Synthesis of Imiddinked Covalent Organic Frameworks

As an emerging class of functional porous materials, COFs have attracted consideraliention and
have experienced rapid growth over the past decade since the seminal work of Yaghi and
coworkers.721 Developmentsin this regardinclude PFCOFs synthesized by the reaction of symmetric,
rigid primary amine moieties with carboxylic anhydride units to form a pyrrolidine-2,5-dione
backbone. In contrast to the classical synthesis of amorphous 4s, in which imide formation is
essentially irreversible (Figure 2-2), and the hydrothermal method for the synthesis of crystalline
1D-Pls, where the need for reversible bond formation is circumvented by preorientation of the
monomers using an intermediate salt Figure 2-3),[471 the imide cyclization in PFCOF synthesis must
be reversible and carried outfollowing the principles of dynamic covalent cheristry.[72-731 In recent
years, a variety of synthetic approaches for the synthesis of-RIOFs have been demonstrated and are
discussed below.

2.2.1 Solvothermal Synthesisf PFCOFs

The protocol predominantly used for the synthesis of RCOFs is the solvothermabottom-up
synthesis method? To carry out the imidization reaction in anordered fashion, it is important to use
a mixture of two solvents and adjust the ratio of the two solvents to control the solubility of the
monomersli A suitable catalyst, such a isoquinoline, is needed to adjust the rate of the reactions
that occur, andin addition, anappropriate temperature and pressureis required to promote the ring
closure reaction. These conditions are fundamentally different from those used in thene-step
synthesis of amorphous 1D PIs, in which kinetic products are formed by complete solubilization of
the monomers, which thus react rapidly and irreversibly to form amorphous material§4

mesitylene/NMP,

H, , }
> k
(0]
3 P b isoquinoline, HN COOH Q Q 0] Q
®T 0 20Q-p50 nHO
X NH, —/—/————~ HN_O_X , N N N
o;\]i:E:o + — >— : . ;jCE:E O
(@] o) o) 4 Y
H,N o

Q

Ry <

2/ n n

O
OO0
O

Figure 2-5. Synthesisof the first PLCOFs following the principles of DCC.

In 2014, Yan's research group synthesized three 2D f1OFsof high porosity and longrange order
for the first time (Figure 2-5) I Using pyromellitic dianhydride aslinear linker molecule and three
different trisamines, namely tris(4-aminophenyl)amine (TAPA), tris(4aminophenyl)benzene
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(TAPB), and tris[4amino(1,1-biphenyl-4-yl)]benzene (TABPB) asnodal building blocks, TAPA
PMDA:.. TAPBPMDA and TABPB?MDA-COFRwere synthesized in a solvent mixture of mesity@ne and
NMPtogether with isoquinoline asthe basic and nucleophilic catalystSimilar to amorphous porous
Pls, these RICOFs showed high thermal stabilityp to 535°Cas determined by thermogravimetric
analysis. Following this pioneering work, a variety of 2Dand 3DPI-COFs were synthesized usiniis
general protocol. A summary of the PICOFs synthesized using the solvothermal method and the
respective reaction conditions are shown ifTable 2-1. In a typical solvothermal synthesis of PICOFs,

a heatresistant glass tube is filled with the desired monomers, a mixture of two solvents, and a basic
catalyst. The glass tube is sealed der vacuum and then heated to 18-250 °C for 37 dayslt. 71. 7577]
Although in most cases a catalyst is required, there are exceptiorisy et al. demonstrated that the
synthesis of TAPANDA-COF in dry DMF at reaction temperatures of 180Cis possible without the
use of a catalyst’”l The resulting COF showed good crystallinity and a large surface area of
1276 m2/g. Another PI-COF synthesized without the use of a catalyst is MAMDACOHR?8-79]

Table 2-1. Summary of the PFCOFs synthesizedising the solvothermal methodtogether with the respective reaction
conditions used.

COF Solvent mixture Catalyst Temperature  Reaction time
TAPAPMDAL 80] Mesitylene/NMP Isoquinoline 200°C 5 days
m-Cresol/NMP Isoquinoline 200°C 3 days
TAPBPMDAL, 80-81] Mesitylene/NMP Isoquinoline 200°C 5 days
m-Cresol/NMP Isoquinoline 200°C 3 days
Mesitylene/NMP Acetic acid 120°C 3 days
TABPBPMDAL Mesitylene/NMP Isoquinoline 250°C 7 days
TT-PMDAT76] Mesitylene/NMP Isoquinoline 160°C 5 days
TAPRPTCDATSI Mesitylene/NMP Isoquinoline 180°C 4 days
TAPANDA80, 82-83] Mesitylene/NMP Isoquinoline 160°C 5 days
DCB/NMP Isoquinoline 200°C 3 days
Mesitylene/DMI Isoquinoline 200°C 5 days
DMF / 180°C 3 days
TAPBNDA80, 84] Mesitylene/NMP Isoquinoline 150°C 5 days
m-Cresol/NMP Isoquinoline 200°C 3 days
TAPAMTAISS] m-Cresol/NMP Isoquinoline 150°C 3 days
TAPBMTAISS] m-Cresol/NMP Isoquinoline 150°C 3 days
MA-PMDAT79] Ethylene glucol/DMF / 180°C 3 days
TAA-PMDAT1] Mesitylene/NMP Isoquinoline 160°C 5 days
TAPM-PMDACOH71] Mesitylene/NMP Isoquinoline 160°C 5 days
TAPA(3D)}M(TAPC)86] n-butanol/NMP Isoquinoline 180°C 5 days
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In addition to the predominantly used solvothermal method, other more unique alternative
strategies for the synthesisof crystalline PFCOFs such as higtemperature solid-state synthesisi8’]
interfacial synthesis[esl hydrothermal synthesis/89 and the synthesis inionic liquid sl have been
demonstrated.Figure 2-7 shows a timeline of the evolution of all RICOFs and a collection of the linker
molecules used to prepargéhem. The color code indicates the synthetiprocedure used for the initial
production of the respective COF.

2.2.2 High-Temperature SolieState Approach

In the hightemperature solid-state approach, reminiscent of the first discovery of polyimides by
Bogart and Renshawig3l the trigonal amine linker molecule melamine (MA) is heated together with
the linear anhydride linker molecules PMDA and NDA, respectilye under an inert atmosphere at
reaction temperatures of 325345 °CI871 The XRPD patterns of the resulting MARMDA and MANDA-
COFs show CQFelated reflections, but the specific BET surface areas of the COFs were measured to
be only 4 to 9m2/g. The low surface area, as well as additional na&OFrelated reflections in the
XRPD pattern, indicate enormous pore clogging by nanocrystéds.

2.2.3 Surfactant Supported Synthesis afPI-COF Thin #m

Liu et al. demonstrated the synthesis of a crystallinefew-layer 2D-PI-COF on a water surface in 2019
(Figure 2-6) 88l In the synthesis of TAPRPTCDACOF, a monolayer of the surfactant sodium (92)
octadec9-en-1-yl sulfate (sodium oleyl sulfate, SOS) was first prepared on a water surface. Then, the
first monomer TAPPwas slowly addedto the water phase, whichwas adsorbed and preorganized

by electrostatic interactions and hydrogen bonding under the surfactant monolayer. Subsequently,
PTCDA was injected into the water phasehich then diffused to the preorganized TARP, where 2D
polymerization was initiated at the water surface. The polycondensation reaction was carried out
under particularly mild conditions at 20 °C for 7 days.

Adsorption and Polymerization
pre-organization

Monomer 1 = . Monomer 2 = I

Figure 2-6. A schematic representation of the synthetic procedure 6fAPRPTCDACOFon a water surface assisted by a
surfactant monolayer.Reprinted and adapted with permission fromreferenceleel.
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Figure 2-7.a) Timeline of the development of RICOFsThe color code indicates which synthesis method was first used to
produce the COFsBIue: solvothermal, yellow: hightemperature solid-state, orange: linkerexchange, red: ionothermal,
grey: hydrothermal, green: alcoholassisted hydrothermal. COFs marked with an asterisk have been developed within the
scope of this thesisb) Amine linker molecules and c)anhydride and carboxylic acid linker molecules used to prepare

crystalline Pl-COFs.
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2.2.4 Synthesis in lonic Liquids

In 2020, Zhaoet al. showed that ionic liquids can be suitable candidates for the lotemperature
synthesis of PICOF421 Using the ionic liquid [BMImM][HSQ] as a solvent for the synthesis of TARA
PMDA and TAPBPMDA COF, remarkably low reaction temperatures of 13 could be realized.
While TAPAPMDACOFexhibits a specific BET surface area of 9082/g, which is comparable to the
surfaces achieved by the deothermal method, TAPBPMDACOF has a specific BET surface area of
only 35 m?/g z ordersof magnitude lower than when using other synthesis methodgl Furthermore,
the general applicability of this method has yet to be proven.

2.2.5 Linker-Exchange Strategy

As an alternative strategy to bottomup synthesis, Zhaiet al. recently exploited the relatively low
reversibility and high stability of imide linkages compared to imine linkages by converting
amorphous covalent organic imine polymers (COPs) into crystatie PFCOFsvia linker exchange
under standard solvothermal conditions in a mixture of mesitylene, NMP, and isoquinoliri®] First,
amorphous imine polymers were synthesized and then reacted with PMDA or NE#d the original
linker terephthalic aldehyde isreplaced by the anhydride linkerto form TT-PMDA and TT-NDA-COF.

A reduced reaction rate as well as a possible modulating effect due to the released aldehyde linker
during the reaction could support the formation of crystalline productsduring exchange

2.2.6 Hydrothermal Synthesis

During the preparation of this dissertation, a novel hydrothermal synthesis for PCOFs was
developedi®d Inspired by the work of the Unterlass group on the hydrothermal synthesis of
crystalline 1D PIsl47. 50, 5455] Kim et al. demonstrated the hydrothermal synthesis of 2D RCOFs for
the first time in 2021. By reacting the trigonal linker molecule triphenylene2,3,6,7,10,1%
hexacarboxylic acid (TPHCA) with the linear linker molecules phenylenediamine (Ph), 4,4
diaminobiphenyl (Dp), and 4,4-diamino-p-terphenyl (Tp), respectively, TPHCAPh-, TPHCADp-, and
TPHCATp-COFs were obtained. Although this work represeertd a milestone in the green synthesis
of PI-COFs, this synthesis protocol has a major drawback due to the use of wate the only solvent.
To obtain crystalline products, all linker molecules must beappropriately soluble in water under
hydrothermal reaction conditions. The quality of the PFCOFs obtainedy Kim et al. thus decreases
significantly with the decrease in gueoussolubility of amine linker molecules from TPHCAPh-COF
(Seer= 669 m?/g) to TPHCATp-COF (8er= 54 m?/g).[89
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Circumventing the solubility issue of the hydrothermal approach, we have developed an alcohol
assisted hydrothermal polymerization (aaHTP)method for the synthesis of PICOFs, which is
described in detail in Chapter 5921 In addition, our group has developed a novel ionothermal
synthesis protocol, which is described in detail irChapter4.193]

2.3 Challenges in the Synthesis of Imilenked CO§

As mentioned earlier, PICOFs exhibit exceptional chemical and thermal stability similar to that of
their 1D PI counterparts and offer diverseframework topologies and pore sizes Figure 2-8) [1-2]
However, in PFCOF synthesis, the high stability of thienide ring has become an obstacle that hinders
the rapid and functionally diverse growth of thisfield.

A A x Tt
Yy 8 X A .
R T O P
AL A > > ) S 4
v 4+ x <4

d=2.3-53nm d=2.7nm d=2.0nm d,=1.7/d,=2.7nm

Figure 2-8. Schematic representation of different topologies and pore sizes realized with42IOFs.

As discussed inSection 1.1, COFs are synthesizetbllowing the principles of dynamic covalent
chemistry [72-73 according to which the COF formation reaction must beeversible to allow correction
of crystal defects under thermodynamic control. Thus, bond breaking is as important as bond
formation. As stated inSection1.1.3, Haaseet al. described the(@OF trilemmain reversible COF
synthesis, pointing out that the three characterisics of crystallinity, stability, and functionality
compete with each other Figure 1-10).°4 Crystallinity and stability are inversely related, as the
stability of the COFlinkage negatively affects reversibility. Furthermore, synthesis ofstable COFs
using reactions that are reversible only at very high temperatures or under harsh conditioi?s-9l
limits the types of functional groups and functionalities that can be incorporated intdhe CORB
framework because they can be chemically anchérmally decomposed during synthesi€4 971 In
polyimide condensation reactions, the formation of the cyclic imide is essentially irreversible under
standard solvothermal conditions, which complicates the formation of the thermodynamic and
crystalline product47 As describedin Section2.2, to avoid the formation of disordered, amorphous,
kinetic products, harsh reaction conditions such as highoiling and toxic solvents, toxic catalysts,
and high processing temperaturesup to several hundred degrees Celsiuare usually required.
Despite these harsh conditions, the reversibility othe imide formation reaction is still low and often
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results in COFs with only moderate crystallinity and specific surface areavhich shows the
importance of searching for adlitional complementary syntheticmethods!8s. 87.89This becomes even
more important when considering the functionality problem that PFCOFs suffer fromTill date, there
are no PICOFs bearing additional functional groupdesides the imide bond, which hinders the
tunability of electronic properties or the applicability of PI-COFs for specific applications such as
scaffolds for molecular catalysts. Therefore, the development afew synthetic methods for the
preparation of both crystalline and functional PI-COFs is crucial for thdéurther development of this
field. Notwithstanding, PFCOFs have attracted attention in many application areaslready, as
discussed in detail inSection2.4.

2.4 Properties and Applications of Imideinked Covalent Organic Frameworks

PI-COFs exhibit good stability, defined pores, and high specific surface agaaking them promising
candidates for the storage and separation of guest moleculég,s2. 8485 9899 drug delivery 71 or
adsorption of organic dye molecule$t. 761 The ability of PFCOFs to form intramolecular redoxactive
charge transfer complexes through the transfer of electrons from the electredonating amine linker
to the electronaccepting imide segments led to their application isensing(t. 75 8llenergy storage;?-
78,80, 83, 89, 10a101] gnd electro- and photocatalysisl’o. 86, 102103]

2.4.1 Adsorption and Drug Delivery

The applicability of PFCOFs and COFs in general, e.g. for adsorption and separation applications,
strongly depends on their porous structure (pore size and shape), pore wall propertiesaand
accessible specific surface area. In their pioneering work on HIOFs, Yan'sesearch group
demonstrated the adsorption ofdye molecules using TABPBPMDACOHI TABPBPMDACOF has
large pores of 51A pore diameter and a very high specific surface area of 2346/g, making it a
suitable material for adsorption of large dye molecules such as rhodamine B (16x£@). When
TABPBPMDACOF was loadedvith the macromolecular dye,the emission spectrum was observed
to be temperature dependert, suggesting that dyedoped PFCOFs could be used for temperature
sensorslitl Another example of adsorption of organic dye molecules with RETOFs was shown by Zhu
et al. who used TFPMDACOF to adorb methylene blue from aqueous solutior¥s! TT-PMDACOF
with a pore size of 33A and a specific surface area of 148#2/g showed superior uptake capacity
and extracted nearly 169wt. % of the dye methylene blue, making it the most effective porous
adsorbent reported for this application at that timel7¢l Fanget al. successfully used the 3fPI-COFs
TAA-PMDA and TAPMPMDACOF for drug delivery with high loading and good release control
(Figure 2-9).I"11 The COFs were loaded with a variety of drugs, inaing ibuprofen, captopril, and
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caffeine, which were subsequently released in simulated body fluid (pH7.4, standard buffer
solution, 37°C).

Figure 2-9. Structural representations of the extended structure of TARAMDACOF: a) single diamond network; b)
diamond topology; c) 3D porous structure with 154 pores.Reprinted and adapted with permission fromreferencel71l,

In addition to the adsorption and release of organic dye molecules from solutions, the adsorption and
separation of various gases is also an important area of application. In particular, the extraction and
separation of CQand other toxic gases from air continues to be a growinfield. For CQ adsorption,
microporous materials with polar pore walls have been shown to have the highest storage capacities
and are therefore the most suitable candidates for this applicatioi?4 In this context, a number of
PI-COFs were investigated for their apjitability as CQ adsorption scaffolds. An overviewof PI-COFs
with their respective specific surface areas, pore diameters and €0Optake capacities is shown in
Table2-2.

Table 2-2. Summary of PICOFs used £ CQ adsorption scaffolds with their respective specific BET surface areas, pore
diameters, and C@uptake capacities.

S ameer  capacy
TAPAPMDASO] 759 malg 26.3A 64 cmd/g
TAPBPMDAS0 582 ma/g 31.9A 51 cmd/g
TAPANDAIS0] 1430 m?/g 25.7A 66 cm3/g
TAPBNDAS0] 990 m2/g 31.0A 56 cmd/g
TAPAMTAI85] 397 m2/g 12.4A 46 cmdlg
TAPBMTA®8S] 339 m2/g 14.1A 39 cm3g

Taking advantage of the high chemical stability of RCOFs, Leet al. demonstrated the first SQ@
sorption with COFdg?l The basis for their experiments was TAPARMDACOF, into which 4
[(dimethylamino)methyl]aniline was incorporated as a modulator in different ratios to increase
possible binding sites for reversible S@adsorption (Figure 2-10). While modulator-free synthesis
yielded TAPAPMDACOFs with a surface area of 1008%/g, the specific surface areas decreased
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with increasing modulator content from 831 m?/g at 10% to 93 m?/g at 60% modulator. However,
these PFCOFs utilizing S@and tertiary amine interactions showed high S@uptake up to 6.3mmol/g
(10% modulator) and could be recovered in a recycling proces%]

Q o Q o
S0,
SO0, == SO0y
Ni NZ 7N\® @
0 ) / o o) 5-0
o

— —
Modulator Tertiary amine-SQO,
interaction

Figure 2-10. Schematic representation of functionalized RCOF and its interaction with S@

The first example of a COF capable of selectively separating acetylene from ethylene was FABA-
COF demonstrated by Jiangt ali82l At ambient conditions, the acetylene s@tion capacity of TAPA
NDA-COF was calculated to be 2.28mol/g, and ethylene reached 1.29nmol/g. Moreover, under
the same conditions, theframework exhibits a moderate acetylene/ethylene selectivity of 3.9.
Calculations suggest that these properties ardue in part to a stronger electrostatic interaction
between TAPANDA-COF and acetylene, mediated by a tight hydrogen bonding between the carbonyl
oxygen atoms of thdramework and the hydrogen atoms of acetyleneHigure 2-11).1821 The study was
repeated bythe same group using TAPBNDA-COF instead of TAPAIDA-COHRg4 TAPBPMDACOF
showed increased uptake capacity for acetylene (3.50mol/g) and ethylene (1.89mmol/g), as well

as a slightly increased selectivity of 4.1 compared to the previously publishedAPANDA-COF[82 84]

AE =-22.8 kJ/mol AE =-16.1 kJ/mol

Figure 2-11. Optimized binding sites and binding energies for a) acetylene and b) ethylene within TAMMDA-COF.
Reprinted with permission from reference82.
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2.4.2 Sensing

In addition to simple adsorption and release of guest molecules, some -€DFs exhibiting
luminescence properties can interact with specific adsorbed species, making this class of materials a
suitable candidate for sensing applications. Zhangt al. designel highly efficient fluorescent PtCOF
nanosheets (PAICONSs) as sensors for 2,4initrophenol (TNP, Figure 2-12).[75I The research group
fabricated few-layer nanosheets of TAPPPTCDACOF by ultrasoundassisted exfoliation. The
obtained CONsshowed much hgher fluorescence intensity than the bulk material. The fluorescence
is caused by the m heterojunctions between the TAPP and PTCDA units. During the adsorption of
TNP into the TAPPPTCDACOF nanosheets, a f1OFpicrate complex is formed by electron trasfer
between the PICOF and the electrordeficient TNP. Density functional theory calculations showed
that the ground state electrons can be transferred from TNRo PI-COF, resulting in fluorescence
guenching. In addition, PICOFs have been used as flu@eent sensors for the detection of Fe and
for the electrochemical detection of Pgr.[81l

oo

PTCA PI-COF
Ultrasonic Assisted Exfoliation

hv Excitation

PI-CONs

Figure 2-12. Schematic representation for the preparation of the fluorescent PCONs and their application in the étection
of TNP.Reprinted with permission from referencel(75l.

2.4.3 Energy Storage

Taking advantage of the strong intramolecular interactions, charge transfer complexes, and
electronic polarizations in PFCOFs, Lt al. demonstrated the applicability of TAPANDACOF as a
cathode material for a photosensitive Liion battery (LIB).’7 Photo- and electrochemical
measurements revealed an "ultrahigh efficiency" intramolecular charge transfer from the TAPA to
the NDADbuilding unit and a highly reversible eleatochemical reaction in TAPANDA-COF. In TAPA
NDA-COF, a synergistic effect is observed between the reversible electrochemical reaction in the
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battery and the intramolecular charge transfer with improved solar energy efficiency. According to
the authors, TAPANDA-COF as a cathode can couple the phdatwluced charge transfer and the
reversible electrochemical processes of de/lithiation, enabling direct conversion and storage of solar
energy into electrochemical energy Figure 2-13).

v b= TAPA-NDA-COF

Separator

Li Anode

Figure 2-13. Schematic representation of a photaesponsive Liion battery. Reprinted and adapted with permission from
referencel?71.

Since the seminal work of L\et al., a variety of PICOFs have been used as cathode or anode nizie
in different types of energy storage devices. Wangf al. and Zhaoet al. fabricated cathode materials
for LIBs from few-layer TAPAPMDACOF TAPBPMDACOF and TFPMDACOFcomposites with
reduced graphene oxide (rGO) to enhance charge transfe®l 11011 Experiments showed that the use
of exfoliated PFCOFs improve accessibility to the redoeactive sites compared tdulk PI-COFs, which
can therefore be used more efficiently. Duaret al. investigated exfoliated MAPMDACOF as a
potential sulfur host material for application as a cathode in lithiumsulfur batteries (LSBs)78 As a
result of the synergy of the robust conjugated porous framework and the strong oxygdithium
interactions, the fabricated LSB delivered capacities of 120mAh/g at 0.1C, iates of 503mAh/g at
4 C, and cycling stability of 98% capacity retention at 0.2C after 100 cycleg$sl

Yu et al. demonstrated that PICOFs can be used not only as cathode materials but also as anode
materials for aqueous Znion energy storagedevicesé3l The well-organized pore channels of TAPA
NDA-COF enabled good accessibility of the incorporated redective carbonyl groups and efficient
ion diffusion with a low energy barrier.In situ Raman studies and firstprinciple calculations revealed

a two-step Zre+ storage mechanism in which imide carbonyl groups reversibly form negatively
charged enolates. Van der Jagt al. showed in a proofof-conceptstudy that TAPANDA-COF could

be a suitable candidate as an anode material for Nan batteries8d Finally, TPHCAPh-COF was
recently used as an active anode for LIBg)

-50 -



Imide-Linked Covalent Organic Frameworks

2.4.4 Catalysis

In addition to the use of PICOFs in energy storage devices,-BIOFs were also discovered to be
suitable candidates for electrocatalytic and photocatalytic energy conversion agpétions due to
their highly redox-active backbone. Royuel@t al. discovered that the naphthalimide units in TAPB
NDA-COF can be used as an efficient mefate electrocatalyst for oxygen reduction in alkaline
mediallo2l By comparing the electrochemicalresponse of bare glassy carbon (GC) electrodes,
amorphous TAPBNDA polymer/GC and TAPBNDA-COF nanosheet/GC disk electrodes, the authors
found that the electrocatalytic performance of the amorphous polymer was poor, which was
probably due to the disorderedstructure and low porosity that hindered the diffusion of Q. This
work demonstrates the importance of high crystallinity and porosity in COFs and highlights the need
for new and complementary synthesis methods.Han et al. used carbordoped 3D TAPA(3D)
CAqTAPC)COF to fabricate an electrocatalytic cathode for the reduction of €d aqueous KHC®
solution.8sl The PFCOF showed a Faradaic efficiency of &5 % for the conversion of C@to CO in a
voltage range of-0.60 to -1.00V compared to a reversible hydrogen electrode. An efficient
electrocatalyst for the hydrogen evolution reaction was developed by Paret al. by dispersing
ruthenium nanoclusters with small particle sizes (less than 2m) on MAPMDACOHR?! It was found
that MA-PMDACOFRu required an overpotential of only 35.1ImV in alkaline media to achieve a
current density of 10mA/cmz2, which outperformed the benchmark catalyst with 20% Pt/C
(37.3mV). It is proposed that the good performance of MAPMDACOFRRuU is probablydue to the
uniform and ultrasmall Ru nanoclusters with satisfactory dispersion, which providanultiple active
sites for the hydrogen evolution reaction®]

In addition to electrocatalysis, photocatalysis is an extensive research area in COF chemistrythis
regard, Cheret al. prepared a series of hexagonal RIOFs using TAPA, TAPB, and TT as amine linker
molecules and PMDA as an anhydride building bloé#®3l Single Ni sites were integrated into the
hexagonal pores of the COFs and serve as active sit@asthe selective photoreduction of C@to CO
(Figure 2-14). The photogenerated electrorhole pairs in the PFCOFs could be efficiently separated
by intra- and intermolecular charge transfer mechanisms to drive the reduction of GQt is proposed
that the PFCOFs not only act as a photosensitizer to generate charge carriers, but also exert a
promoting effect on selectivity.
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Figure 2-14.a) Proposed reaction mechanism for the photoreduction of G¢b) Kinetic profile of photocatalytic CO and
production by TT-PMDACOF. Reproduced and adapted from referend@3l with permission from the Royal Society of
Chemistry.
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3 ResearclhObjective

COFs have experienced tremendous research interest over the past two decades, leading to the
development of materials with many different linkage typesOne of thesedevelopments was the
harnessing of the imide condensation reaction for the synthesis of crystalline COHRmide-linked
COFs are characterized by many advantageous properties, such as high thermal and chemical
stability and redox-active backbones, making tam promising candidates for a variety of applications,
including gas storage/separation, catalysis, and energy storage. However, the stability and low
reversibility of the imide linkage makes the synthesis of PCOFs exceptionally challenging, and
synthesis strategies to obtain well oriented and high surface area COFs are scarce. The lack of
synthesis strategies hinders the rapid and functionally diverse growth of the research field and is
reflected in the small number of published RICOFs Figure 2-7). In fact, only one synthesis strategy
for the preparation of PFCOFs is considered to be "universally applicableZ the solvothermal
method, which requires the use of high reaction temperatures, expensive toxic solvents, and
hazardous catalysts. The high eneggconsumption and the high cost and toxicity of the required
reaction media are the main disadvantages of this method and may hinder the economic production
of imide-linked COFs on a large scale. With the tightening of government regulations and the
increasing environmental and health awareness of the public, the need for less harmful synthetic
methods is also increasing. Therefore, the development of additional, complementary, and
environmentally friendly synthetic methods for the production of crystalline PI-COFs is crucial for
further growth in this field.

The aim of this dissertation is to develop alternative, environmentally friendly synthesis strategies
for the preparation of well-defined PFCOFs with large surface areas. By expanding the synthetic
toolbox for the preparation of COFs with an ionothermal and an alcohaissisted hydrothermal
approach, universally applicable synthesis protocols for the preparation of RCOFs will be
introduced, enabling the synthesis of novel COFs that could not be prepdrin known ways. At the
same time, the use of toxic substances is reduced and the reaction time is shortened, thus taking the
environment into account.

As demonstrated in numerous publications, COFs provide a suitable platform for adsorption,
separation and release of small guest molecules such as,KLQ or CH,. Despite the extensive research

in this field, adsorption of reactive and hazardous substances such as ammonia or, $Orarely
reported, possibly due to remaining concerns regarding their stabilit. Therefore, an exploration of

the applicability of COFs for adsorption, separation and release of highly reactive gases such as NO is
largely lacking, although they are potential materials for effective exhaust gas cleaning or drug
delivery.

Taking advartage of the high chemical stability of some COF linkages such as imide or thiazole, this
work further investigates the adsorption behavior of highly reactive NO gas on COFs with different
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linkagesincluding imide, imine, amine and thiazole. The suitabilitpf these different COF linkages for
NO-related applications is evaluated by investigating the integrity of thérameworks, gas adsorption
capacities and IAST selectivities of NO adsorption. Furthermore, the results will be combined with a
15N CP MAS ssNMiR-depth study to decipher the various physical and chemical interactions of NO
with the materials.

-60 -



lonothermal Synthesis of ImideLinked Covalent Organic Frameworks

4 lonothermal Synthesis of Imidd.inked Covalent Organic Frameworks

The work in this chapter was published, reproduced and adapted from:
lonothermal Synthsis of ImideLinked Covalent Organic Frameworks

Johannes Maschita, Tanmay Banerjee, Gokcen Savasci, Frederik Haase, Christian Ochsenfeld, and
Bettina V. Lotsch

Angew Chemint. Ed. Engl. 2020, 59, 15750-15758. DOI: 10.1002/anie.202007372

Johannes Maschita, Tanmay Banerjee and Frederik Haase conceived the project. Johannes Maschita,
Tanmay Banerjee and Bettina V. Lotsch wrote the manuscript with input from afither authors.
Johannes Maschita synthesized the materials and performed the structural analysis and evaluated
the data. Tanmay Banerjee performed thehotoluminescence measurements. Gokcen Savasci
performed the quantum-chemical calculations with supervison of Christian Ochsenfeld. All authors
assisted the analysis of their respective experiments and the overall discussion. Bettina V. Lotsch
supervised the work.

Supporting information can be found inSection8.2.

Abstract
Solvothermal M lonothermal  Covalent organic frameworks (COFs) are an extensively
S\nthcsls S\ntthIS . . . . .
studied class of porous materials, which distinguish
NH,
Fast themselves from othe porous polymers in their
Operationally Simple P : ; : :
Universally Applicable crystallinity and high degree of modularity, enabling a wide
5 Days ’ . » o 10Hours range of applications. COFs are most commonly
synthesized solvothermally, which is often a time

5 ) : <«— consuming process and restricted to well soluble precursor
_( Imide-COF )_ molecules. Sythesis of polyimide-linked COFs (PICOFs) is

i further complicated by the poor reversibility of the ring

)—fﬁf—( closing reaction under solvothermal conditions. Herein, we

report the ionothermal synthesis of crystalline and porous

Figure 4-1. Table of contents figure for PI-COFs in zinc chloride and eut¢ic salt mixtures. This
ionothermal synthesis of imidelinked covalent Synthesis does not require soluble precursors and the
organic frameworks. reaction time is significantly reduced as compared to
standard solvothermal synthesis methods. In addition to applying the synthesis to previously

reported imide COFs, a new petgne based COF was also synthesized, which could not be obtained
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by using the classical solvothermal routeln situ high temperature XRPD analysis hints to the
formation of precursor-salt adducts as crystalline intermediates, which then react with each other to
form the COF.

4.1 Introduction

Covalent organic frameworks (COFs) are crystalline, porous organic materials congaal of light,
earth-abundant elements that are constructed from molecular building blocks. 2@OFs form
extended planar networks via in-plane covalent bonding and are further stacked in the third
dimension by virtue of out-of-plane A-A interactions and vander-Waals forcegtl Owing to their
modularity and tunability, over the past years, COFs have found applications in various fields
including gas separation and storag®;3! catalysisf4-5! and optoelectronicslé-1 COFs are synthesized
following the principles of dynamic covalent chemistry, according to which the COF formation
reaction has to be reversible to enable crystal defect correction under thermodynamic contrii 8l
Bond breaking is thus as crucial as bond formation: Stability is achieved at thexpense of
crystallinity, which frequently leads to poorly crystalline products, rendering COF synthesis of stable
and crystalline COFs challenging. COFs are synthesized in a variety of ways, including solvothermal
synthesis[ll microwave-assisted synthess[® mechanochemical synthesi§0 vapor-assisted
conversionitll etc. Nevertheless, solvothermal synthesis is the most prominent and frequently used
method in COF synthetic chemistry. Although countless COFs have been synthesized using this
approach, tHs method typically requires long reaction times ranging from 37 days and also requires
precursor molecules with an appreciable solubility. In particular, the complexity of the crystallization
and aggregation processes strongly affects the crystallinityna porosity of COF systemg&2 In order

to obtain satisfactory products, unique synthesis conditions are often required, resulting in fre
optimization of reaction conditions with each new COFThis leads to timeconsuming and empirical
rather than rational solvent screening. The challenge associated with the synthesis of highly
crystalline, porous materials has partially motivated the quest for new COF linkages such as ester
borosilicate (131 imine,l24 hydrazone[5! or borazine[6l However, in order to mprove the stability and
crystallinity of the products, further optimization of the thermodynamics and kinetics of the
condensation processes by exploring new synthesis routes and linkage chemistry is quintessential.
In this regard the imide-linkage introduced by Yan and ceworkers is of particular interest.'”] The
imide formation reaction is used to produce commercially relevant ongimensional imide polymers

Z especially aromatic polyimidesz which are high-performance polymers known for their good
chemical resistance, high thermal stability, and extraordinary mechanical propertie&s! Adorned
with many of these properties, polyimidelinked COFs (PICOFs) have been used for sensifig,
decontamination[20l and energy storage application®:-221 In polyimide condensation reactions,
however, the formation of the cyclic imide is essentially irreversible under solvothermal conditions,
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which makes the formation of the thermodynamic and crystalline product challenging3s! To
overcome this obstacle, the classal synthesis of polyimides involves harsh conditions, namely, usage
of high-boiling and toxic solvents, toxic catalysts, high processing temperatures, and long reactions
times of up to seven day§.. 19-21, 24]

Research on carbon nitrides hademonstrated the pertinence of ionothermal synthesis approaches
using salt melts both as higktemperature solvent and structure directing agent. While the 1D
polymer melon is obtained by classical solid state reactions, eutectic mixtures of alkali metal
chlorides furnish the 2D polymers poly(triazine imide), PTI, or poly(heptazine imide), PHP5-28]
Likewise, covalent triazine frameworks (CTFs) have been synthesized from ZaGhlt melts, which
act as reactive high temperature solvent and cataly$l. Following these observations, we present an
ionothermal synthesis of porous, crystalline imidelinked COFs using an inorganic salt, namely ZnCl
as reaction medium. This new method allows us to avoid the usage of environmentally harmful
solvents and catalystan large quantities and to reduce the reaction time significantly compared to
the conventional solvothermal methods. As compared to CTFs, the low temperature ionothermal
synthesis further prevents the formation of carbonaceous products, while still leadmto complete
COF formation. We then optimized our reaction protocol to further increase the substrate scope and
report the synthesis of porous, crystalline imidelinked COFs in eutectic salt mixtures for the first
time.

4.2 Resultsand Discussion

In the first step of this study, two PICOFs, namely TARBMDA and TAPBPTCDACOF, were
synthesized using the trigonal linker molecule 2,4 ,8ris(4 -aminophenyl)-benzene (TAPB) and the
two linear linker molecules pyromellitic dianhydride (PMDA) and perylene3,4,9,10tetracarboxylic
dianhydride (PTCDA), respectively Figure 4-2). While TAPBPMDACOF has been reported
before[17] this is the first report of the synthesis of the TAPBPTCDACOF, which is not accessible
using previously reported reaction conditions.
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Figur e 4-2. Synthesis of TAPBPTCDA and TAPBPMDACOF in ZnGlunder ionothermal conditions.

In a typical reaction procedure, the precursor molecules the linear dianhydride and the trigonal
amine - were mixed together with anhydrous ZnCJ and heated to 300°C in a flame sealed glass tube
under vacuum for 48h to give crystalline solids at yields of 886 for TAPBPTCDACOF, and 784 for
TAPBPMDACOF Figure 4-2). The imide formation reaction was confirmed by Forier transform
infrared spectroscopy (FFIR) as depicted inFigure 4-3a and c. The spectra show signals at 1696 and
1662 cm- for TAPB-PTCDACOF, and at 1776 and 172dm1 for TAPB-PMDACOF, corresponding to
the asymmetric and symmetric C=0 stretching vitations of the six and five- membered imide rings,
respectively. Additional signals at 1344 and 137tm are observed, corresponding to the @-C
stretching vibration of the imide rings. Together with the absence of anhydride C=0 stretching and
amine N-H stretching vibrations corresponding to the respective starting materials (se€igures S8-

1 and $8-2), this proves the successful and complete redoh between TAPB and PTCDA/PMDA to
form the respective COFs. The formation of the imide ring was further confirmed by solatate 13C
cross-polarization magic-angle-spinning nuclear magnetic resonance (CRIAS ssNMR) spectroscopy
with the spectra showing the carbonyl carbon of the imide ring at 162.%pm for TAPBPTCDACOF,
and at 163.3ppm for TAPBPMDACOF Figure 4-3b, d)[*71 Quantum-chemical calculations of the
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expected NMR shiftsigure 4-3b, d and 8-3 to S8-8) further support this assignment. Xray powder
diffraction (XRPD) shows that both TAPBPTCDACOF and TAPBPMDACOF are crystalline. The
XRPD pattern of TAPBPTCDACOF Figure 4-3e and $8-9) shows reflections at 2.14, 4.44, 5.9and
8.09° 2g corresponding to the 100, 200, 210, and 2210 Braggpeaks of a trigonal lattice with
Oopé symmetry. Structure simulation and geometry optimization was carried out by applying the
universal force field method with the Materials Studio software package?! Using this simulated
model, the experimental powcer pattern was then Rietveld refined yielding the unit cell parameters
ofa=b=43.6(2)Aandc=3.71B x EE9QJ A E R0%(Ry =3.92).
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Figure 4-3. Characterizationof TAPBPTCDACOF (light green) and TAPBPMDACOF (dark green): (a) and (c) IRpectra
showing the imide vibrational bands indicating quantitative imide formation. (b) and (d):3C ssNMR showing the chemical
shifts of the imide ring carbons between 162 and 64 ppm. Spinning side bands are marked with asterisks. NMR chemical
shifts for the TAPBPTCDA and TAPBMDACOF were calculated on B92/pcsSeg?2 level of theoryi30-33] using the
FermiONs+32-33 software package and are shown as green dashes. (e) afydgxperimental XRPD pattern of the respective
COF (green) together with the Rietveld fit (red), simulated patterns based on space grolppd (black) and difference
curve (blue). Inset: Simulated structures of the respective COF along thand c axis.

The XRPD pattern of TAPBPMDACOF shows reflections at 2.77, 4.90, 5.64, 7.48, 8.55, 9.88, 10.20,
12.35, and 23.92° 2g corresponding to the 100, 110, 200, 210, 300, 220, 310, 238nd 001 Bragg
peaks, again indexed in a trigonal lattice withhopd symmetry (Figure 4-3f and $-10). Rietveld
refinement yielded the unit cell parametersa=b =35.7(4) A andc=3.76(5) B x E£yE9Q/° and
r =120 ° (Rup = 4.98). We also calculated models with AB stackédpcosymmetry, but we found that
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the eclipsed model fits the experimental data for both COFs bedtigure S3-9 and $8-10). Following

a previous report!?l we also took a model withCmcmsymmetry into account, which matches the
experimental data as well. However, DFT calculations indicate a nqtanar geometry of the COF
layers with the benzene units and the anhydride building blocks twisted against each other, leading
to a structure with the higher Dopd symmetry (Figures S8-3 to S8-8). In the DFT calculations atom
positions and lattices of all peiodic structures were optimized on the RIPBED3/def2-TZVHg34-37]
level of theory using an acceleration scheme based on the resolution of the identity (RI) technique
and the continuous fast multipole method (CFM8-401) implemented(41-421 in Turbomolel3! version
V7.3.

Argon sorption measurements at 8K (Figures S3-12) were performed to determine the porosity of
the samples. Both TAPBPTCDACOF and TAPBPMDACOF show typdV behavior and sharp gas
uptakes below 0.4p/p o. Pore size distributions (PSD) wes calculated using the quenched solidtate
functional theory (QSDFT) method, which reveals pores of 31 width for TAPB-PTCDACOF, and
29 A for TAPBPMDACOF. For TAPBPMDACOF these results are in good agreement with the pore
size extracted from transmision electron microscopy (TEM) (30R) (Figure S8-13) and with the
calculated pore size of 31A. For TAPBPTCDACOF, the pore size obtained by PSD calculations does
not match the pore sizes extracted from TEM (38) (Figure S8-14) and theoretical calculatins
(37 A) equally well. The BrunauerEmmett-Teller (BET) model revealed surface areas of 4602g-1
for TAPBPTCDACOF and 1250n2g-1 for TAPBPMDACOF. The relatively small surface area of
TAPBPTCDACOF together with the unexpectedly small pore sizeobtained from sorption
measurements is an indication of possible pore blocking through insoluble precursor molecules (e.g.

04#%$!'qQ T O TIECIiAoon EO 1 Au Al 61 ET AEAAOA OATATI

decrease the measured pore sizeoF TAPBPMDACOF, the BET surface area is similar the previously
reported surface area of 1297Mn2g-l that employs the classical solvothermal synthesis? To
understand the parameters of the ionothermal synthesis protocol that influence the crystallinityhe
relative amount of ZnCl, the reaction time and temperature on the RCOF synthesis method were
investigated by testing different reaction conditions using TAPBPMDACOF. This COF was chosen
for our studies because of its higher crystallinity and porsity compared to TAPBPTCDACOF. The
quality of the products obtained were compared based on XRPD and-HR spectroscopy.While
varying the equivalents of ZnCl the reaction temperature was kept constant at 300C and the
reaction was carried out for 48h. With progressive increase in the equivalents of Zn@ith respect

to PMDA, the crystallinity of the final product was observed to increase up to 12.5 equivalent
amounts. Using more ZnGdid not increase the crystallinity further (Figure 4-4a). As ZnGlstarts to
melt slightly above 300 °C Figure S8-15), atthe reaction temperature of 300°C, we did not observe
the formation of a melt (Figures S8-15 and 8-16). Thus, the increase in crystallinity is likely a blend
of several factors, including thoroughmixing of the reactants and increased exposure of the
precursors to reactive zinc and chloride ions, which become increasingly mobile close to the melting
point. This complete exposuras possibly reached at 12.5 equiZnChk and further increase shows no
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effect. However, the fact that no melting is observed in our case stands in contrast to CTF syntheses
where the nitrile precursor molecules get dissolved in the Zngimelt, forming a clear solutioni2! Also,
ionothermal synthesis enables highly crystallineCOF formation from reactants sparingly soluble in
typical organic solvents, such as PTCDA.

It is also interesting to note that even when no Zngis used, the IR spectrum of the final product
shows the typical imide vibrations (asymmetric and symmetric €O stretching vibration at 1776 and
1721 cml, and GN-C stretching vibration at 1371cm?) (Figure 4-4d). However, no crystalline
product is formed in the absence of the salt. The fact that the imide condensation reaction takes place
even when no ZnGlis used highlights the important role of ZnGlin imparting reversibility to the
imide formation reaction, and thereby crystallinity to the final product.
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Figure 4-4. XRPDpatterns (a-c) and IR spectra (df) of exsitu reaction condition optimization experiments with TAPB
PMDACOF. (a) and (d) show the XRPD patterns and IR spectra of experiments in which the Zrgfib was varied between

0 and 25 equivalents with respect to PMDA.Re reaction time and temperature were kept constant at 4& and 300°C,
respectively. (b) and (e) show the XRPD patterns and IR spectra of experiments in which the reaction temperature was
varied between 260 and 320°C, with constant ZnGlto precursor ratio (12.5 equiv.) and reaction time (48h). (c) and (f)
show the XRPD pattern and the IR spectra of experiments in which the reaction time was varied between 5 andh4@th
constant ZnC# concentration (12.5 equiv.) and reaction temperature (300°C).

As mentioned previously, the commonly used method for synthesizing PCOFs is solvothermal
synthesis using high boiling solvents such as mesitylene,-iNethyl-2-pyrrolidone (NMP), or

dimethylformamide (DMF) at temperatures between 160 and 250C for three to seen days. To
impart reversibility to the formation of the very stable imide ring, a base (usually isoquinoline) is
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added as a catalydt’. 2021, 24, 4410n the other hand, with our newly developed synthesis route, only
ZnC}h is needed for the PICOF syntlesis, completely circumventing the need for any additional
solvent or catalysts.

The reaction temperature was then varied (48, 12.5equiv. ZnCh) and crystalline product was found
to form only between 280 and 300°C (Figure 4-4b). The fact that no crysalline product formed
below 280 °C shows that not only the presence of ZnG$ necessary but an increased ion mobility of
the zinc and chloride ions induced by the elevated temperature is required. At temperatures above
300 °C, the system begins to lose its sheraind long-range ordering, possibly owing to the harshi(e.
high temperature and Lewis acidic) conditions induced by the complete melting of ZnClThis
decomposition of the polymer is indicated by the analysis of the IR spectrum wherein a significant
broadening of the vibrational bands is observed when the reaction is o@ed out at 320 °C,vs. the
reaction carried out at 300°C(Figure 4-4e). Nevertheless, the possibility of achieving higher reaction
temperatures compared to solvothermal synthesis is beneficial in terms of overcoming the activation
energy of the imide ring closing/opening reaction, resulting in a significantly decreased reaction
time. It is also important to note that, in contrast to the ionothermal synthesis of CTFs wher high
reaction temperature (FA00 °C) leads to partial carbonizatiof#5-46l and a bwer reaction temperature
leads predominantly to oligomerd+71, the lower reaction temperatures in the ionothermakynthesis
of imide-linked COFs reported herein leads to porous and highly crystalline #1OFs.

Keeping the [ZnCl] to [precursor] ratio fixe d at 12.5 and the reaction temperature constant at 30€C,
the reaction time was varied. Crystalline product was detected already after five hours of reaction
and beyond ten hours, the crystallinity remained nearly unchangedHgure 4-4c, f). This shows a
significant advantage of this new method over previously reported solvothermal methods, where
three to seven days are usually required to form crystalline product8?. 1921 241 The faster
ionothermal reaction can be rationalized on the basis of a twibld effect of ZnC: First, due to the
Lewis acidic properties, ZnCl activates the carbonyl functions of the anhydride and the imide,
rendering them more reactive. Second, access to higher reaction temperature facilitates the
overcoming of the activation karrier for the condensation reaction in both directions, leading to
higher reversibility.

To get further insights into the COF formation process and to clarify the role of Zn@i this method,

in situ high temperature XRPD (HTXRPD) measurements of TARBMDACOF were carried out in a
guartz capillary. In this HT-XRPD measurement, the temperature was raised from room temperature
to 300 °C and cooled down again with a dwelling period of 10 at 300°C {igure 4-5a, sed-igure 8-

17 for full data). Significant changes in the XRPD pattern of the reaction mixture were observed with
increasing temperature. The reflections corresponding to the resulting COF are not visible, likely due
to its lower scattering contrast and poorer crystallinity as compared to the dter (inorganic) species
present, and due to significant pore blocking during the reaction, further reducing the scattering
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Figure 4-5. In situ HT-XRPD (MeK, ) experiments (a) of the TAPBPMDACOF reactiormixture, (b) of a mixture of TAPB
and ZnC} and (c) of a mixture of PMDA and Zngl(d) The XRPD pattern (G, y of the resulting TAPBPMDACOF from
(a). Reflections corresponding to the TAPEZnCk adduct are marked green while the ones corresponding tthe PMDA
ZnCk adduct are marked orange.

contrast. However, after isolating and washing the COF, the corresponding reflections can be
observed (Figure 4-5d). To be able to identify the appearing side phases, all precursor molecules
(TAPB, PMDA and Zngland all possible combinations of the precursors were also investigateda
HT-XRPD Figures 8-18 to S8-23). In the HT-XRPD experiment of the COF formation, the reflections
corresponding to ZnCJ dominate the pattern at room temperature and the low intesity reflections

of the precursor molecules are not visible. With increasing temperature, a phase transition of ZaCl
is observed- above 240°C, the monoclinicr -form undergoes phase transition to the orthorhombic
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1 -form. Additional reflections at 2.67,4.63, 5.05, 5.38, 5.86, 6.34nd 9.13° 2/ were observed in the
HT-XRPD patterns at 180C and higher (see pattern at 270C). The intensities of these appearing
reflections decrease significantly at the final reaction temperature of 300C Figure 4-5a), indicating
that these transient reflections correspond to reaction intermediates, which then react to form the
COF. Crystallite sizes and the relative proportions of the crystalline phases calculated using Scherrer
analysis support the formation of reacton intermediates (Figure S3-24). A successive increase of the
crystallite size and relative amounts of the intermediate phases with a maximum at the optimized
reaction temperature between 280 and 300C can be observed. This was further confirmed by
recording the HT-XRPD pattern of individual mixtures of PMDA and TAPB with ZnCFFor the mixture
of PMDA and ZnGlat 280 °C, the formation of a new species was evident with reflections at 5.05 and
5.86° 2/, observed neither in the diffraction pattern of purePMDA nor in the pattern of pure ZnGl
(Figures 4-5c and $8-22). These reflectionshowever correspond exactly to two of the additional
reflections from the HT-XRPD pattern of the COF reaction mixture at 18@ and highersuggesting
the species to be a redon intermediate (Figure 4-5a, cz marked orange) in the imidelinked COF
formation reaction. FT-IR spectroscopy of the intermediate revealed significant changes of the@
related vibrational bands when compared to the precursor molecule, hinting towardghe possible
formation of a PMDAZnCb-adduct (Figure S8-25). Again, for the mixture of TAPB and Zn&ht 280 °C,
the formation of a highly crystalline species is evident with reflections at 2.67, 4.63, 5.38, 6,3#d
9.13° 2 (Figures4-5b and $8-23). These reflections correspond to the reflections from the HKRPD
pattern at 270 °C of the COF reaction mixture as well, again suggesting this species to be a reaction
intermediate (Figure 4-5a,b z marked green) in the COF formation reaction. FIR spectrascopy of
this intermediate shows a significant shift of all amine group related vibrational bands when
compared to the precursor molecule, also hinting towards the formation of an adduct consisting of
TAPB and ZnGl (Figure S8-26). It is important to note that the formation of these reaction
intermediates occurs at temperatures lower than the melting points of the individual precursor
molecules and ZnGl (Figures S83-18 to 8-20). In order to confirm whether the aforementioned
adducts generated from mixturesof TAPB/ZnC} and PMDA/ZnC} are true intermediates of the COF
formation reaction or correspond to sidereactions, we synthesized the COF in two steps. In the first
step, the two air sensitive intermediate species from TAPB and PMDA were synthesized sejaly
with a slight excess of ZnGlto ensure their complete formation. In the second step, these
intermediates were combined and heated at 290C for 20h, i.e.under standard imide-COF synthesis
conditions, resulting in the formation of the crystaline TAPBPMDACOF Figure S8-27). As
crystalline COFs form already at 280C Figure 4-4b,e) and as the intermediates are stable in this
temperature regime (Figure 4-5b, ¢), it is thus evident that the formed adducts from reactions of the
individual precursors with ZnCl are indeed true intermediates of the ionothermal COF reaction. It
must also be noted that reaction of a single precurseZnCh adduct with the other precursor also
leads to COF formation. While this might suggest that one intermediate is domimafor COF
formation, it must also be kept in mind thatin situ formation of the ZnC} adduct of the other
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precursor is possible via partial ZnGlexchange. Quanturthemical calculations were carried out in
order to gain insights into the underlying possiltle mechanism FiguresS3-28 to $8-31). Calculations
on phthalic anhydride and aniline as model compounds indicate that adduct formation of the
precursors with ZnC} is exothermic in each caseReactionl, 2,Figure S83-28). The subsequent imide
formation is again exothermic irrespective of whether the precursors react as Zndducts or not
(Reaction 3-6, Figure S3-28), indicating that all investigated reaction pathways are possibly
operative. The comparison of calculated partial charg&8 (Figure S8-32) between the anhydride and
the anhydride adduct visualizes the polarization by Zn@l This activation of the carbonyl group then
likely reduces the activation barrier during imide formation, also affecting the back reaction, hence
increasing reversibility.

Apart from providing a reactive flux, the exact role of Zn€ls not clear at this point. By lowering the
structural degrees of freedom with the formation of adducts, it can possibly aid formation of not only
ordered intermediates, but also the formation & pre-organized COF pores for further nucleation and
thereby facilitate formation of larger crystalline domainswhen compared to solvothermal synthesis
(Figure S8-33, TablesB-5 to $8-8). In that regard, it is important to note that formation of a ZnCl
adduct of the product imide is thermodynamically favored as wellReaction7, 8,Figure S3-28). Thus,
COF formation by heating the amorphous product, obtained by reacting the precursors onkigure
$B-34), in ZnC} is possibly hindered only by a lack of amssibility of ZnC} in the polymeric structure.
Further investigations into understanding the structure of the adducts, the exact role of ZnGh
forming these ordered structures, and the mechanism of imidénked COF formation from these
adducts is currently underway.

While the elevated reaction temperature of 300C is beneficial in terms of imparting reversibility to
the reaction, it could be a hindrance towards fragile linkers, which are not stable enough to withstand
the strong Lewis acidic conditiors at such high reaction temperatures. For example, the previously
reported 2,4,6tris(4 -aminophenyl)-triazine (TT) containing TT-PMDACOR could not be
synthesized using this method due to the decomposition of the triazine core at around 30C[
which results in an ilkdefined non-crystalline Pl-polymer/oligomer mixture instead of a well-defined
crystalline COF Figures $8-35 to S8-37). In order to avoid decomposition of fragile linker molecules
such as TT and 2,4:ris(4 -aminophenyl)-amine (TAPA) Figure $8-38) and to make the ionothermal
synthesis universally applicable, we tested other salts with melting points below 280C,e.g.zinc
sulfate heptahydrate (mp: ~100°C), aluminum chloride (~190°C), gallium chloride (~78°C) and an
eutectic mixture containing NaNQ/NaNO»/KNO3 (142 °C). No COF formation was observed in any of
these reaction media, hinting possibly at the importancef ZnC}h and ZnC} zprecursor adducts
observed previously in the COF formation reaction. In order to test this hypothesis, we used a zZnCl
containing three-salt eutectic mixture, namely NaCl/KCIl/ZnCGl#9 with a theoretical melting point of
240 °C. In a ypical reaction, the three salts (see Sl for exact compasition) were ground thoroughly
and mixed together with the respective starting materials PMDA and TT/TAPA, followed by heating
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to 250 °C under vacuum Figure 4-6). Indeed, compared to the experimentsvith pure ZnCh, this
reduction in the reaction temperature not only prevented decomposition of TT and TAPA, but also
TT-PMDACOF and TAPARMDACOF could be obtained in yields of 6% and 85%, respectively.

o] 0
. _
o] o]
NH,
cu
HEN’©,M©\NH2
NH, TAPA
NaCl / KCI / ZnCl,
250 °C, 48 h
=N vacuum
egae! N
H,N T NH, N J@,ﬂm R
Q ,UNQ N N ) NQN,O”
9 TAPA-PMDA
e COF
L b 8%
She, T L oT
5 TT-PMDA g)
Qe M 20 COF O M0
(é 65 % g
oMoy oMo

Figure 4-6. Synthesis of TFPMDA and TAPAPMDACOF in an eutectic salt mixture under ionothermal conditions.

The imide formation was again confirmed by FAIR spectroscopy as shown ifrigure 4-7a and ¢ with
C=0 stretching vibrations of the imide ringsat 1778 and 1723cm for both TT-PMDACOF and
TAPAPMDACOF, together with €N-C stretching vibrations of the imide rings at 1357 and 1378m-1,
respectively. The anhydride C=0 stretching and amine-N stretching vibrations corresponding to
the respective starting materials are again absent, which proves a complete reaction between the
starting materials to form the respective COFs in the eutectic salt mixtur&igures S8-39 and 8-40).
13C ssNMR spectra show the carbonyl carbons of the imide ring at 1646m for TT-PMDACOF
(Figure 4-7d), and 165.0ppm for TAPAPMDACOF Figure 4-7b), which is consistent with the
guantum-chemical calculations Figures4-7b, d and 8-41 to S8-46).
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Figure 4-7. Characterizaton of TAPAPMDACOF (dark blue) and TIPMDACOF (light blue): (a) and (c) IRspectra
showing the imide vibrational bonds indicating full imide formation. (b) and (d)13C ssNMR showing the chemical shifts of
the carbonyl carbons of the imide ring aroundL64 ppm together with triazine carbons of the TT linker at 169 ppm and the
carbons connected to the central nitrogen of the TAPA linker at 146 ppm. Spinning side bands are marked with asterisks.
NMR chemical shifts for the TAPAMDA and TFPMDACOF were cleulated on B972/pcsSeg2 level of theoryi30-33] using

the FermiONs+432-33] software package and are shown as blue dashes. (e) and (f) Experimental XRPD pattern of the
respective COF (blue) together with the Rietveld fit (red), simulated patterns basech@opd structure type (black), and
difference curve (green). Insets: Simulated structures of the respective COF along #end caxis. Reflections marked with

an asterisk show impurities, which could not be eliminated.

Retention of the molecular structue of the building blocks in the framework is evident from the
signal of the triazine carbon at 169.3pm for TT-PMDA;COF corresponding to the TT linker, as well
as that for the carbons connected to the central nitrogen of the TAPA linker at 146#m for
TAPAPMDACOHL?. 200 The XRPD pattern of TAPRMDACOF shows reflections at 3.16, 5.56, 6.48,
9.82, 11.34, 11.71and 14.22° 2q (Figure4-7e and $-47) which can be assigned to the 100, 210, 200,
210, 220, 31Q and 320 Bragg peaks of a trigonal latticevith Dopd symmetry. Using the D opd
simulated model, which is in agreement with DFT calculationsFHgures S8-41), the experimental
powder pattern was Rietveld refined yielding the unit cell parameters =b =31.1(6) A andc=4.02 A
with | =1 =90° andr =120 ° (R = 9.03) with a theoretical pore size of 27A. The theoretical value
is in good agreement with the experimentally observed pore sizes extracted from TEM (26Figure
$8-48) and argon sorption measurements (27; Figure S8-49). Applying the BET model revealed a
surface area of 1592m2g-1 for our ionothermally synthesized TAPAPMDACOF, which is significantly
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higher when compared to that prepared solvothermally (1027m2g-1).t71 For TT-PMDACOF XRPD
reflections at 2.73, 4.89, 5.65, 7.50, 9.97, 10.261d 12.50° 2g are observed, which can be assigned
to the 100, 110, 200, 210, 220, 31&nd 320 Bragg peaks of a trigonal lattice witld opd symmetry
(Figures 4-7f and $-50) and the unit cell parametersa=b=35.2(5) A and ¢=3.7(2) A with

1 =r=90°andr =120° (Rwp =3.65). This is in agreement with the previously reported AAype
stacking for this COF prepared solvothermall{e9! PSD analysis Figure S8-49) revealed poreswith
30 A diameter, which is again in good agreement with the pore channels observed in TEM &P
(Figure S8-52) and the theoretical value of 30.6A. The BET surface area extracted from argon
sorption measurements was calculated to be 70612g-1. ABstacked structure types were found
unfeasible for both of the COFs as evident by comparison with teanulated patterns (Figures S8-47
and S50).1t is noteworthy that all four COFs synthesizedia the new ionothermal method show a
comparable or even higherdegree of crystallinity as compared to the solvothermally synthesized
onedt7. 20, It is further important to note that energy-dispersive Xray (EDX) spectroscopy revealed
either none or only traces (<0.1%) of zinc or chloride in all of the final COFsHigures S3-53 to S8-
60). This is most likely due to the highly ordered framework structure of the COFs, which not only
increases the reaction efficiency by increasing accessibility to the mobilized zinc and chloride ions
but also renders removal of ZnGleasier after the COF formation as compared to amorphous CTF
systems where ZnClresidues are extremely difficult to eliminatel? 501 lonothermal synthesis thus
appears as a promising approach to access crystalline imide COFs, but also other types of CQiEs b
from highly stable linkages with limited reversibility.

4.3 Conclusion

We have established a new ionothermal synthesis route for imidinked COFs, with which we were
able to synthesize two crystalline and porous COFs (TAHBICDA and TAPBPMDACOF) in pue
ZnChb. The COF formation is straightforward and does not require the use of toxic solvents and
additional base catalystsand is also potentially scalablelt is rapid and happens within 10h under
these conditions as opposed to -F days in classical salothermal synthesis. Furthermore, by
lowering the reaction temperature using a three salt eutectic mixture instead of pure Zn{lwe were
able to apply this ionothermal synthesis protocol to less stable linker molecules such as TAPA and
TT. We could also lsow, using the example of TAPBPMDACOF, that crystalline adducts consisting
of the respective precursors and ZnGlact as intermediates in the ionothermal synthesis of the COF.
Formation of these intermediates possibly activates the anhydride and imidengs, thus lowering the
overall activation barrier leading to a higher degree of reversibility in COF formation. We expect this
new method of COF synthesis to greatly broaden the scope of imitileked COFs in particular and
COFs based on inert linkages inegeral, which are inaccessible by traditional methods, but
indispensable for future applications.
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Abstract
Covalent organic frameworks (COFs) are an
extensively studied class of porousmaterials,
which distinguish themselves from other
porous polymers in their crystallinity and high

N% Exchange
_ H,0
n-alcohol
~- degree of modularity, enabling a wide range of
o

Imine COF Imide COF applications. However, the established

Figure 5-1. Table of contents figure for direct and linker synthetic protocols for the synthesis of stable
exchange alcohohssisted hydrothermal synthesis of imide @nd crystalline COFssuch as imidelinked COFs,
linked covalent organic frameworks. often requires the use of high boiling solvents
and toxic catalystsmaking their synthesis expensive and environmentally harmful. Herein, we report
a new environmentally friendly strategy z an alcoholassisted hydrothermal polynerization
approach (aaHTP) for the synthesis of a wide range of crystalline and porous imitleked COFs. This
method allows us to gain access to new COFs and to avoid toxic solvents by up t&®through
substituting commonly used organic solvent mixtureswith water and small amounts of ralcohols
without being restricted to water-soluble linker molecules. Additionally, we use the aaHTP to
demonstrate an ecefriendly CORto-COF transformation of an imindinked COF into a novel imide
linked COFvia linkage replacement, inaccessible using published reaction conditions.
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5.1 Introduction

Two-dimensional (2D) covalent organic frameworks (COFsare built of organic building blocks that
form extended planar networksvia in-plane covalent bonding and are further stacid in the third
dimension by outof-D I A zMintesactions and vander-Waals forcegi

As with many high-performance polymers,for COFsenhancedcrystallinity is a desired feature:not
only does it improve mechanical and thermal strengti?-3 but it can impart directionality to
functional properties like electron transport and thus enhance,e.g., electrical conductivity.[4-5]
However, unlike (zero-dimensional) molecules and one-dimensional (1D) polymers of sufficient
molecular flexibility, which may still be recrystallized from solution or a salt-melt, postsynthesis
recrystallization of 2D COFs is an outstanding challenge due to tlmsoluble and infusible nature of
COFs, once formedlherefore, COF synthesis is typically conductedceording to the prindples of
dynamic covalent chemistryithe COF formation reaction has to be reversible to enable crystal defect
correction during the polymerization process carried out under precise thermodynamicand kinetic
control.[t. 8 However z bond breaking being as crucial as bond formation in dynamic covalent
synthesisz stability is achieved at the expense of crystallinity, frequently leaithg to poorly crystalline
products, rendering synthesis of stable and crystalline COFs challengifigTo achieve sufficient
reversibility of the COF formation reaction, toxic and high boiling solvents like mesitylene, %,2
dioxane,o-dichlorobenzene, orN-Methyl-2-pyrrolidone (NMP) and high temperatures between 120
and 250°C are usually requireds!

There is however an increasingneed for less harmful synthetic procedure®] and therefore, the
development of simple, low costand green synthetic protocols for thesynthesis of COFs haattracted
increasing interest in the pastfew years, leading to the hydrothermal synthesis oketo-enamine-
linked, azinellinked, andimine-linked COF310-121 The high reversibility of these linkages and the fact
that they are commonly produced by adding aqueous acetic acid as catalyst, aided the development
of hydrothermal synthetic protocols for these types of COF#$n contrast, for the synthesis of imide
linked COFs, which are adorned with many beneficial and desired properties, such as high chemical
resistance, high thermal stability and outstanding mechanical propertiesy. 1314 harsh reaction
conditions are required to form these polymers in a crystalline fashioft3 19 In fact, there are only
two establishedprocedures for the synthesis of bulkmide-linked COFswith reasonableframework
crystallinity: (i) the solvothermal approach introduced by Yanet al. in which the precursors are
reactedin a mixture of the high boiling solvents nesitylene/ NMP invarying ratios together with a
catalytic base, namelyisoquinoline at temperatures between 200 and 250C for several daygt3-14.
16-19] (ii) the ionothermal approach, recently introduced by our groupwhere the linker molecules are
mixed with ZnCb, or with a ZnC} containing eutectic salt mixture?s In the latter approach, while the
reaction time could be reduced from days to only a fewdurs and the amount of environmentally
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harmful chemicals could be minimized, the use of temperatures as high as 2300 °C could not be
avoided[18]

Unterlass and ceworkers demonstrated that polycondensation under hydrothermal conditionscan

lead to crystalline 1D polyimides (PI).[20-221 Although this method works well for 1D Pls the
adaptation of this hydrothermal synthetic strategy for 2D COFs is rather challenging. Following the
work of Unterlass and coworkers, Kim and coworkers recently reported the synthesis of PIEPh

COF under hydrothermal conditions23l However, its applicability in synthesizing crystalline, high
surface area COFs is restricted to the-phenylenediamine linker, a water-soluble linker molecule.

Using less watersoluble linkeri T 1 AAOT A O -DBOMAIEE TAIOA & B Ed&mitblp-tefpenyt h 1 6
results in a limited long-range growth of the 2D structure and therefore in COFs with very low surface
areasl23|

We nowreport a general environmentallyfriendly approachfor the synthesis of imide-linked COFs
by alcoholassisted hydrothermal polyimide condensation(aaHTP) We investigate the factors
affecting the COF formation under aaHTP conditions thoroughly and optimize the synthetic protocol
with respect to sustainability. Three COFs @re synthesizedwith high long-range order and porosity
of which one, the TAPEPMDACOF, crystallizes in akagometype lattice and could only be
synthesized with sufficient crystallinity using the aaHTP protocol.

Another strategy to realize otherwise inacessible COFs is to employ reported COFs amfgates and
modify them by postsynthetic modification or linker exchange. For instance, Yaglett al.[24-251 and
othersl7. 26271 used the chemical conversion method tonodify the linkage of COFs posynthetically.
Dichtel et all28l and others[i7. 2931 on the other hand performed COFto-COF or CO#o-COF
transformations via monomer exchange reactions.

In this manuscript, we demonstrate that an imine-linked COF can be transformed into an imide
linked COFvia linkage replacement usinga sustainable hydrothermal polyimide condensation
strategy, thus enablinga unique access to imidelinked COFs inaccessible using solvothermal,
ionothermal, and direct hydrothermal routes.
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Figure 5-2. Direct synthesis of imidelinked COFs from the respective amine precursor molecules TAPA, TAPB and TAPE
and the anhydride precursor molecule PMDA via direct aaHTP.

5.2 Results andiscussion

We started our research with the literatureknown TAPAPMDACOF and TAPBPMDACOF, which
are synthesized from the precursor moleculestris(4-aminophenyl)amine (TAPA), 1,3,5tris(4-
aminophenyl)benzene (TAPB), and pyromellitic dianhydride (PMDA)Kigure 5-2) [13]

First attempts to synthesizethese imide-linked COFs in wateronly were unsuccessful and yielded
amorphous Pls Figure S8-62). Interestingly, the imide polymerization itself seemed to occur in the
presence of water as evident from the typical imide irational bands in the fourier transform

infrared (FT-IR) spectra of the precipitate Figure S8-62). We thus reasoned that crystallization may
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either be prevented by alack of solubility of theamine precursor molecules andimide oligomersin
water,[23 hindering the growth of well oriented COF sheetr the lack of polarity differences in the
reaction mixture. Indeed, mostCOFdave been reported tdorm crystalline structures in two-solvent
mixtures of varying polarity, e.g., nesitylene j r2.4)32 and NMP j r32)33 for imide-linked
COFg34 One possible reasorcould be the dielectric stabilization of oligomers or agglomerates in
solution, keeping them accessible during the reaction. Further, the reversibility of the imide
condensation reaction inwater alone might not be sufficient enough for the defect healing processes
needed to form well oriented 2D COF sheets in accordance with tpenciple s of dynamic covalent
chemistry.[1]

With this in mind, and with an aim b keep the reaction conditiors as environmentally friendly as
possible, we added n-alcoholsof different chain lengthsto the reaction mixture of the TAPAPMDA
COF, together with catalytic amounts of pyridine (49 1 a@jé analyzel the received products n-
Alcohols were chosen because dhe less toxic nature of this solvent class as compared to other
organic solventsi3® Pyridine was added as a basic and nucleophilic catalyst and substitutes
isoquinoline that is commonly used in solvothermal approache$3! While no precipitation occurred

in the reaction mixture with methanol and only an amorphous polymer could be isolated using
ethanol, the reaction mixture with n-propanol yielded crystalline TAPAPMDACOF(Figure S8-63)
(The complete characterization of TRAPMDACOF, synthesized under optimized conditions, is
presented later).

Motivated by the results and b get further insights into the factors affecting the aaHTPfor imide-
linked COFswe tested aseriesof different n-alcohols in various concentrationsand pyridine in the
reaction mixture using TAPAPMDACOFas the model system Additionally, to further reduce the
energy expenditure of theaaHTP, we tested if a reduction of the reaction temperature and time is
possible. The results of these investigationare depicted inFigure 5-3. Figure 5-3a showsthe X-ray
powder diffraction (XRPD patterns of TAPAPMDACOF synthesizedusing different n-alcohols,
ranging from n-propanol to n-hexanol, with varying concentrations. It can be seerthat, while with

all of the testedn-alcohols crystallineproducts form, the concentration of alcohol needed tgroduce
crystalline products follows a trend: With increasing length of the alkane chain of the-alcohol, and
thereby increasing polarity difference in the solventmixture (Figure S3-64), the amount of alcohol
needed to get crystalline products is reduced. For example, whilth n-propanol the alcohol content
of the reaction mixture can only be reduced to 306 in order to obtain a crystalline product, with n-
butanol a reduction to 20% is possible Further, with n-hexanol, a reduction of the alcohol content
to 10 % could beachievedfor the synthesis of TAPAPMDACOFAr sorption experiments of the most
promising samples revealed that the BET surface area follows rghly the same trend as crystallinity
(Figure S8-65): The higher the polarity difference of the solvent system, the higher the measured BET
OO0O0OEAAA AOAA8 (1 xAOAOh OE A OAlcoAcDratios®udeadnbiGhe @&1dd O O 6
n-alcohols. Whik COFs synthesized in 28 n-hexanol or 20% n-butanol have calculated BET surface
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areas of1062 m2/g and 244 m2/g, respectively, by varying the alcohol content by only 1% the
surface areas increase td619 m2/g (10 % n-hexanol) and1327 m2/g (30 % n-butanol).
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Figure 5-3. Optimization of the aaHTP protocol with TAPAMDACOF as model system. XRPD patterns of TAPKDA:
COF synthesized using differing conditions showing a) the effect of the type and the amount of thalcohol on aaHTP, b),
d) the recrystallization of the anorphous Pl into the crystalline COF under aaHTP conditions, c) the effect of different
reaction temperatures, e) the effect of different reaction times and f) the COF synthesized using varying amounts of cat@lyti
pyridine.

It should also be noted that thesynthesis of TAPAPMDACOFin 100 % alcohol did not lead to
crystalline products in any caseindicating that the interplay between the respective alcohol and
water is crucial for the hydrothermalimide-COF formation.
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To further elucidate the role of thealcohol in the aaHTP, two COF reactions were performed in which
one reaction was carried out in water and pyridine and the other one in water, 3% butanol and
pyridine. Both experiments were done simultaneously and multiple images were taken during the
process of heating to 200C(Figure S3-66). After 1h at 200°C, the reaction mixtures were allowed
to cool down to approximately 100°C in order to reduce the inside pressure, and the supernatant
was filtered off hot and analyzedvia FT-IR and tH nuclear magnetic resonance MR) spectroscopy.
Additionally, the precipitate was analyzed via FAIR spectroscopy and XRPD. During this experiment,
two observations were made: (i) In both cases, the precipitation of the amorphous TAFAVIDAPI
occurred rapidly and dready during the heating process Figure S8-67). This indicates
recrystallization of the amorphous PI after precipitation to form the final COF. This could indeed be
confirmed by heating the isolated amorphous polymer a second time under aaHTP conditiofus 3
days without adding additional precursor molecules, which resulted in the crystalline TARRMDA
COF Figure 5-3b, d). (ii) While in the supernatant of the alcohol containing reaction mixture imide
and amic acidspecies could be detected, the supernant of the water reaction mixture contained
predominantly deprotonated pyromellitic acid and protonated amindinker molecules (Figure S3-68

to S8-71). This indicates the formation of a monomeissalt intermediate in the COF formation reaction
prior to polymerization, by protonation of the amine linker by the hydrolyzed PMDA as described
previously [20. 23 We observed that this monomersalt intermediate (Figure S872) dissolves in water
and also in the water/n-alcohol mixtures during the heating process, and amorphous Pl begins to
precipitate thereafter. Thus, while water could serve as a good solvent for PMDA and the
intermediate salt, enabling the primary diffuse polymerization, and enhances the reversibility of the
ANOEI EAOEOI OAAAOETT j,A #EAOAI EAOGO DOET AEDPI AQh
solubility of the amine precursor, enabling exchange of the amine linker molecule from the
precipitated amorphous network during the defect healing processes. Indeed, solubility experiments
with TAPA in pure water and in a series of 1alcohols(Figure S3-73) revealed that it is barely soluble
in pure water, even at 180°C, whereas it dissolves comptely in all alcohols tested.

In addition, the less polar imide dimers and oligomers, detected in the supernatant of the alcohol
containing reaction, are possibly kept longer in solution due to a surfactadike behavior of the
longer chain nalcohols which can interact with the less polar benzylic groups of the oligomers in a
manner similar to that observed in surfactantbased MOF formatiori3él This could explain the
requirement of progressively smaller alcohol concentrations as one moves frompropanol to n-
hexanol and provides a great advantage over the pure hydrothermal synthesis approach,
circumventing the needfor water-soluble linker molecules and oligomers to achieve high quality
COFg23

Figure 5-3c shows the XRPD pattern of TARRMDACOF syntheized at different reaction
temperatures ranging from 120 to 180°C in 10% n-hexanol/pyridine for 4 days. It can be seen that
a reduction of the reaction temperature to <18C°C results in a significant loss of crystallinity. This
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shows that a certain reation temperature and therefore also a certain autogenous pressure
(approximately 12 bar) of the reaction mixture is required to ensure sufficient reversibility of the
imide condensation reaction. It is hence not possible to reduce the energy expendituretbé aaHTP
by lowering the reaction temperature. Nevertheless, as shown frigure 5-3e, we were able to reduce
the reaction time for the synthesis of TAPAMDACOF to 24. A further reduction of the reaction
time led to a significant loss of crystallinity However, the calculated BET surface area of 6062/g
after 24 h indicates that further time is required for the COF crystallization to be completedHigure
B-74).

Since the most toxic substance used in the aaHTP is pyridine, we tried to reduce its usaige tested
additionally if the reaction yields crystalline products when using lower amounts of this catalyst or
in the absence of pyridine. As depicted iRigure 5-3f, the samples synthesized with reduced amounts
of pyridine (20 % n-hexanol, 180°C, 4days) are crystalline. However, with decreasing pyridine
content, we observed a progressive broadening of the reflections and a reduction of the BET surface
areas Figure S8-75). The sample synthesized without pyridine shows broad reflections as welind
the poor signal intensities point toward the formation of only a few small crystalline domains due to
the reduced reversibility. Argon sorption measurements of this sample revealed a BET surface area
of only 320m2/g ( Figure S8-75), corroborating this argument.

Nevertheless, with TAPAPMDACOF, it could be demonstrated that the aaHTP at 180, in a reaction
mixture consisting of 90% water, leads to crystalline imidelinked COFs, thus making this method
substantially more sustainable thanthe commonly used solvothermal or ionothermal approach for
imide-linked COF413 18 Additionally, the water treatment after the reaction is simplified with this
method because the organic phase consisting of eitherlsutanol or n-hexanol and pyridine can easily

be sparated from the aqueous phase after the COF synthesis due to phase separation at room
temperature. The separated organic phase can be recycled and used for further synthesis of the same
COF Figure SB-76).

With the knowledge gained from optimizing the sythesis of TAPAPMDACOF, we were able to adapt
the aaHTP to synthesize two additional imiddinked COFs directly from their respective linker
molecules. TAPBPMDACOF and TAPPMDACOFhave beensynthesized from the precursor
molecules TAPB 1,1,2,2tetrakis(4aminophenyl)ethylene (TAPE),and PMDA(Figure 5-2). While
TAPBPMDACOF has previously been knowi3l TAPEPMDACOF has not been reported so far.
Attempts to synthesize TAPEPMDACOF using known literature methods failed Kigure S8-77)
showing the importance of the development of new synthetic protocols and hence of the aaHI#5!
The optimized reaction conditions have been found to be 9% H,O/10 % n-hexanol/pyridine for
TAPAPMDACOF, 8® H,0/20 % n-hexanol/pyridine for TAPB-PMDACOF, 67 % H.0O/33 %
n-butanol/pyridine for TAPE-PMDACOF-.
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Figure 5-4. Characterization of TAPAPMDACOF (violet), TAPBPMDACOF (blue) and TAPIPMDACOF (green). a)
Normalized FT-IR spectra showing the characteristic €0 and EN-C vibrations of the imidering. b) 3C ssNMR spectra
showing the chemical shifts of the imide ring carbon at 16ppm. c) Ar adsorption (filled symbols)/desorption (hollow
symbols) isotherms. d) Experimental XRPD patterns normalized to the higheistensity 100 Bragg peak.

FT-IR, 3C CPMAS solidstate NMR (ssNMR), XRRDand agon sorption measurements of the
resulting solids corroborated the formation of the COF¢Figure 5-4). FT-IR spectra ofthe COFshow
the presence of imide vibrational bandsvith the appearance of the characteristic antisymmetric and
symmetric C=0 stretching vibrations ataround 1779 and 1725cm? and the GN-C stretching
vibration at around 1369 cmt (Figure 5-4a). Moreover, the &sence of the characteristic vibrational
bands of the anhydride(1700 cnrl) and amine (3367 cm1) functional groups in the FFIR spectra
point to the completeness of the reactioriFigure S3-78).13C ssNMR further confirmed the formation
of the imide linkage with the characteristic carbonyl carbon of the imide ringappearing at around
165 ppm (Figure 5-4b). All three COFare crystalline,as evident from their respective XRPD patterns
(Figure 5-4d) and TEM images Figure S8-79). Rietveldi3” refinement of the experimental powder
diffraction pattern s (FiguresS8-80, S881) yielded the unit cell parametersa=31.06 A andc=3.91A
for TAPAPMDA COFR622 symmetry) and a=36.04A andc=3.75A for TAPBPMDACOF {opd
symmetry). TAPEPMDACOF was simulated withP622 symmetry and kagometype structure.
Rietveld refinement yidded the unit cell parametersa=37.46 A andc=5.00A (Figures S8-80, S8
81). The porosity of the hydrothermally synthesized COFs was confirmed by argon sorption
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measurements at 87.1K from which BET surface areas of 16182/g (TAPA-PMDACOF), 939n2/g
(TAPB-PMDACOF) and 689In%/g (TAPE-PMDACOF) were calculated Kigure 5-4c, S882). The
calculated pore size distribution (PSD) of TAPPMDACOF shows a dual pore syem with pore sizes
of 1.67 and 2.66nm, further confirming the kagometype structure with a dual pore system.Note,
that the BET surface area of TARRMDACOF is the highest reported so far for this system and that
the value for TAPBPMDACOF compares tgreviously reported values for this COFsynthesized
either under standard solvothermal conditions using high boiling organic solvents or under
ionothermal conditions at high temperaturesl13. 15, 3840]

As an alternative strategy to the direct aaHTP foihe synthesis of imidelinked COFs, we explored if
the aaHTP protocol can be adapted in a possible linker exchange strategy for the synthesis of
otherwise inaccessible imidelinked COFs from iminelinked COFs. As shown for other COF systems,
the exchange ofinker molecules in a COF relies on the requirement that the replaced linkage is more
reversible and less stable under the chosen reaction conditions, while the substituting linkage has to
be less reversible and more stabl&7. 2830, 41 |n addition, the preorientation through z or template
function of z the starting COF, and a reduced reaction speed when compared to the direct synthesis
from the respective precursor molecules, assist the formation of crystalline products after exchange.

Indirect Synthesis via Linkage Replacement

’ o h RSOV
d @ Py1P-COF Exchange
Mesitylene aaHTP p
1,4-Dioxane - v Py

AcOH

Figure 5-5. Synthesisof the imine-linked precursor Pyl1RCOF and its transformation into the imidelinked Py-imide COF
via linkage replacement using aaHTP conditions.

As the model precursor COF system for the imirknked to imide-linked COF transformation using
the aaHTP method, we chose imininked PylP-COF for its transformation to Pyimide COF,
previously unreported and inaccessible using all known synthetic methodmcluding direct aaHTP
(Figure S883). The lak of crystallinity when using direct aaHTP could be explained due to a reduced
solubility of the large amine linker in the nalcohol/H>O mixture compared to the smaller linker
molecules used successfully in direct aaHTH-igure $8-84, $8-85). Using the lirkage exchange
strategy, we takeadvantage of the prerientation of the imine COF and additionally have a potential
modulating effect through the released aldehyde linker during the reactiorThe model system was
chosen because the exchanging linker moleasd terephthaldehyde and PMDA are nearly equally
sized (Figure S886).
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PylP-COF, synthesized following a reported procedure from the precursor molecules
4,4',4" 4"-(pyrene-1,3,6,8tetrayl)tetraaniline (PyTTA) and terephthalaldehyde in a mixture of
mesitylene/1,4-dioxane/6M AcOH figure 5-5),1421 was reacted with PMDA in a mixture of 6%6
H>0/33 % n-butanol/0.04 ml pyridine for 4 days. FFIR spectroscopy of the resulting browrorange
powder reveals vibrational bands at 1778, 1728 and 1364mi, which canbe assigned to the
characteristic antisymmetric and symmetric C=0 stretching vibrations and the @-C stretching
vibration of the imide ring of Pyimide COF Figure 5-6a). The characteristic N=CH vibrational band
at 1623 cmrt of the imine-linked Py1P-COF wnishes, indicating the successful transformation into
the Pyimide COF13Cand 15N CRMAS ssNMRspectroscopy further confirm the conversion of Py1P
COF to Pyimide COF as evident by the disappearance of the signals for cardband 2 at 156.3 and
149.6 ppm (Figure 5-6b) and the appearance of the signal for carbo® at 164.5ppm, as well as the
disappearance of the imine nitrogen at49 ppm (red dot) and the appearance of the imide nitrogen
at-208 ppm (Figure 5-6¢, d). Two additional signals at254 and-318 ppm appear in thel5N spectrum
of the Pyimide COF. These signals can be assigned to unreacted or dangling amine functional groups
and to the amic acid intermediate described previously for the imid€€COF condensation reaction
(Figure 5-6¢, d)[43 Note that the sSNMR spectra are measured usinggN crosspolarization methods
and are therefore not quantitative.

The signals of nitrogen atoms connected to hydrogen atoms appear more intense than those without
hydrogen atoms. Since there is no indication fagreater amounts of amic acid or imine residuals in
the 13C ssNMR spectrum (peak missing at 148 m), we assume an almost complete condensation.
However, a peak at 14Gpm appears in thel3C spectrum which corresponds to carbod, revealing

an increased amount of free amine groups. Further, argon sorption measurements indicate that the
porosity of the structure is largely retained after transformation and reveals only a small change of
the BET surface area from 153in2/g to 1334 m2/g (Figure 5-6f, S8-87). Pore size distribution
analysis of the Pyimide COF usinghe QSDFTmethod reveals pores of 2im for Py-imide COF, in
accordance with the theoretical pore size 02 nm for the refined crystal lattice (vide infra).

The experimental XRPD patterns Figure 5-6e) and TEM images Kigure S3-88) of the precursor
Py1P-COF and the product Pymide COF show high crystallinity and reveal that the framework
remains intact upon transformation. The diffraction patterns of the two COFs look veryrmsilar, which

is expected since the geometry and the size of the unit cell before and after conversion should not
differ significantly due to the nearly equally sized linker molecules terephthaldehyde and PMDA.
Py1P-COF shows reflections at 3.71, 5.36, 7.48.47, 11.24 and 23.44 2 ,and Pyimide COF shows
reflections at 3.75, 5.43, 7.54, 8.59, 11.34 and 23.2f .
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Figure 5-6. Characterizationof Py1lRCOF (blue) and Pyymide COF (green). a) FIR spectrashowing the appearance of
the characteristic imide vibrational bands and the disappearance of the imine C=N vibratiom) 13C ssNMRspectra
demonstrating the conversion of the imine linkage to the imide linkage. dfN ssNMRspectra showing the successful
conversion into the Pyimide COF and revealing intermediate amic acid residuals. d) Scheme of do&version of the imine
linkage to the imide linkagetogether with the assignments of thetsN ssNMR spectra. epverlay of the COR&xperimental
XRPD patten normalized to the Highest intensity 110 reflection together with enlargements of the CORSXRPD patterns to
visualize the differences inrelative intensity and reflection position upon transformation. f) Ar adsorption (filled
symbols)/desorption (hollow symbols) confirming the retention of porosity.

It can be observed that all reflections shift slightly towards higher scattering angles, except the 001
stacking reflection at around 23° 2, which shifts towards lower angles. This indicates a slight
decreas of the unit cell parameters in thea-b plane and a simultaneous increase of the stacking
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distance in the [001] direction. Further, it can be observed that the intensity of the reflections
between 5 and 12° 2 increases upon transformation, which is most likely an effect of an increasing
layer offset after linker exchange as can be seen by the differingyaluesi44

The experimental XRPD patterns are in good agreement with simulated reflection patterns using
/' m symmetry for both COFs, suggesting a topotactic transformationFigure S8-89, $8-90).
Rietveld refinement of the XRPD patterns yield unit cell parameters af=38.06A, b=32.47A,
c=3.82A,1 =r=90°, andr =63.3° for PylRCOF anch=33.87A,b=32.16A,c=3.9A,| =r =90°,
and| =86.7° for Pyimide COF.

Sability tests were then performed figure S3-91) to ensure a successful exchange of the PMDA
linker molecule into the COFs framework. While both COFs show high stability under strongly acidic
conditions (conc. HCI, 60C, 24h), there is a distinct difference between the two COFs under
reductive conditions (50 % HCOOH, 60C, 24h). Py1RCOF partially dissolves, and the remaining
solid turns amorphous. On the other hand, Rimide COF shows high stability under these conditions
with full retention of its crystalline structure. The stability of Py-imide COF @er PylRCOF under
reductive conditions further substantiates a successful transformation of the latter to the former
under aaHTP reaction conditions.

5.3 Conclusion

We report an environmentally friendly alcohol-assisted hydrothermal polymerization approach
(aaHTP)for the synthesis of imidelinked COFs. Using this method, we were able to synthesize TAPA
PMDA-, TAPBPMDA, and the previously unreported TAPEPMDACOF directly from their respective
linker molecules. TAPEPMDACOF, which crystallizes in &agometype structure, could only be
synthesized using the aaHTP protocol, showing the importance of such complementary procedures
for the synthesis of COFghe aaHTP is special in thad wide range ofimide-linked COFs can now be
synthesized in reaction mixturesconsisting of up to 90% water, irrespective of the water solubility

of their linker molecules,making this an ecefriendly and general alternative method to all previously
reported synthetic procedures Additionally, using the example of the newly synth&zed imide-
linked Py-imide COF, we demonstrate the applicability of aaHTP in C&d~COF transformationsvia
linkage replacement from iminelinked COFs in arenvironmentally friendly fashion enabling access
to imide-linked COFs that were inaccessible beferThis work thus provides a simple andow-cost
synthesis strategy for imidelinked COFs and presents a substantial contribution to the field gfeen
chemistry in general and to the field of sustainable COF synthesis in particular.
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Abstract

’ Adsorption Covalent organic frameworks (COFs) have

s % >, % emerged as versatile platforms for the
Y.,

separation and storage of hazardous gases.

Surface Passivation

TR, Simultaneously, the synthetic toolbox to tackle
Nitric Oxid >, . g r o a4 - U
— "": A=K | oEA GsAisi AGOEHAG AAAT  AEOAO
] Catchiand Release include topochemical linkage transformations

‘ T L ?gﬁi T and postsynthetic stabilization strategies.
a - ) . Herein, we converge these themes and reveal
Figure 6-1. Table ofcontents figure for NO as a Reagent f the unique potential of NO as a new reagent for
Topochemical Framework Transformdion and Controlled the scalable gaphase transformation of COBE.
Nitric Oxide Release in Covalent Organic Frameworks Using physisorption and solidstate nuclear
magnetic resonance spectroscopy ofsN-enriched COFs, we study the gas uptake capacity and
selectivity of NO adsorption and unravel the interactions of NO with COFs. Our study reveals the clean
deamination ofterminal amine groups on the particle surfaces by NO, exemplifying a unique surface
passivation strategy for COFs. We further describe the formation of a NONGérkage by the
reaction of NO with an amindinked COF, which shows controlled release of NGhder physiological
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conditions. NONOateCOFs thus show promise as tunable NO delivery platforms for bioregulatory
NO release in biomedical applications.

6.1 Introduction

Beginning in the late 1980s, nitric oxide (NO) gained increasing interest in biological rearch after

its key role as signal molecule in various physiological processes in the human body was
discovered[ll While NO plays a significant role for human health by regulating blood pressure,
wound healing, and neurotransmissiori2-51 it is more widely known as a (problematic) component of
NQ¢ found in exhaust gases of combustion enginés.With increasing road traffic, agriculture
productivity, or electricity generation, artificial NO pollution became almost omnipresent in the
environment around usi7-91 However, in contrast to the essential NO needed for physiological
processes, in which NO rarely exceeds an internal concentration oh®, the artificial presence of NO
in our external environment can have adverse effects on human health-121 The combustionbased
NQ, emissions count as major air pollutants and as gaseous precursor of fine particulate matter
(PM.5), which is considered a leading environmental health risk factor, associated with 3 to 4 million
premature deaths each year and a ghificantly reduced life expectancy:3 Environmental and
healthcare organizations like the World Health Organization (WHO) repeatedly appeal for a
reduction of air pollution and readjust their guidelines for PM sto lower levels[t4 Current strategies

to reduce NO emissions are based on rare earth metal threeay catalysts, as found in automobiles,
which reduce NO to nitrogen while simultaneously oxidizing noxious CO and hydrocarbons to Q@

| OEAO OOOAOQOACEAO £I AOGO TTORRAPODOBREAT ACOADBA OBA OUDI
functional groups by forming nitrosamines, Ndiazeniumdiolates (NONOates), and nitrosenetal-
complexesli6.17] The reversible formation of these species allows the subsequent controlled release
and recycling of NCQand can also be the basis of various pharmaceutic#i&1el

Recent advances in heterogeneous systems for NO release were made including surtaaefied

polymers and silica particles with exposed N&inding functional groups[20-22 Lately, highly porous
materials were discovered as candidates for NO removala adsorption and chemisorption or as
catalyst/catalyst support materials for NO decompositioriz3l Metal organic frameworks (MOF) have
been developed as NO release materials utilizing either unsatuel and open metal sites or
implemented amino functionalities to adsorb NO in their pore$.24.25]

Covalent organic frameworks (COFs) are recent additions to the class of highly porous framework
materialsi26] Due to their high specific surface area, defed structure, high modularity and low
density COFs could be promising candidates for NO adsorption/separation applications or as
heterogeneous catalyst/catalyst support materials for NO decompositio?-291 Conductive COFs
have already been successfullysed in chemiresistive sensor devices to detect NO and other harmful

-94-



NO as a Reagent for Topochemical Framework Transformation and Controlled Nitric Oxide Release
in Covaknt Organic Frameworks

gases in the ppb rang&9:31 Despite the possible applicability of COFs as functional materials for such
applications, there remain concerns regarding their stability. Assembled into &meworks by
reversible covalent bond formation, their stability against the reactive NO gas might be limited at
these crucial points of connection. Especially early introduced and wedistablished linkages like
boronic esters or imine bonds suffer from ingability against harsher chemical conditiong32l
However, in recent years numerous novel linkages, postynthetic-modifications and other
stabilization strategies for COFs have been developed, broadening our tdmmx to design materials
that can be suitalbe for NO adsorption(33-37]

In this work we determine the stability of four different COF linkageg imine, amine, thiazole, and
imide z against NO exposure and examine their suitability for NO separation applications by
calculating their specific selectity against No and CQ. By targeted!SN enrichment at the crucial COF

I ET EACAOh xA ET OAOOECAOA AT A EAAT OEAU AEAI EAAI
These chemical modifications, including a novel type of linkage, are evaluated foreth potential
applications in COF chemistry and biomedical research.

0
R o g
SsLﬂfleI‘ 15H, Formic acid } NT/N\(N )
(P ! I
~ J\N:NJN\Q N ' TT-NH,

H,'°N 15NH, based COFS
Sred TN g g
M g W / v
o] o] N N\
Pyromellitic (G/L J\©\| ”l\.é”

dianhydride ° TT-CHO °

TTI-COF rTTI-COF TTT-COF TT-Imide-COF

Figure 6-2. Synthesisof the four 15N-enriched COFs TFCOF, rTTACOF, TTICOF and TAimide-COF bearing imine, amine,
thiazole, and imidelinkages, respectively. All COFs are based on an enriched 4,4(4,3,5-triazine-2,4,6triyl)trianiline -15N
linker, TT-15NH;, which was synthesized starting from 4cyanobenzoyl chloride and!SNHsCl (Scheme & 1) in a three-step
procedure with a good oveall yield of 12.6 %.
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6.2 Results andDiscussion

To study the effect of NO on COFs, we synthesized fétM-enriched frameworks, namely TTICOF,
rTTI-COF,TTT-COF, and TAmide-COF Figure 6-2),3337-3% which are all based on an enriched
4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline -15N linker (TT-15NH;, Figure 6-2). The isotope enrichment

of the COFs enhances the sensitivity SN CRMAS solidstate nuclear magnetic resonance (SSNMR)
spectroscopy and thus allows a detailed analysis of the respectiliekages. This is essential since we
expect these nitrogen sites to be the most reactive groups towards NO and therefore to constitute the
most interesting moieties in the COFs during this study.

NOUptake

NO sorption measurements ori5N-enriched COFs weg performed starting at 298K. In all cases, an
initial high but only partially reversible adsorption capacity was found within the first adsorption
cycle. In this first measurement COMependent uptakes between 1.5 and 6 mol g NO were
observed. In addiion, a steep adsorption slope below XPa fa TT-Imide-COF and THCOF Figure
6-3a andFigure S8-119), around 30kPa for TT-COF Figure S8-123) and around 90kPa for rTTI-
COF was foundKFigure S3-121). The steep uptake within the first cycle at differehpressure points
for each COF indicates differing mechanisms for the irreversible chemisorption of NO. Thus, in each
case the hysteresis does not close to the initial point during the first measurement. Multiple
adsorption and desorption cycles at 298 show a strong decrease in NO uptake after the first cycle
towards a fraction of the initial uptake. This trend of an initial high and irreversible NO uptake and
its strong decline in further cycles indicates a chemisorption process of NO on the frameworks,
consistent with a progressive quenching of the reactive sites.

For all frameworks, the decline in irreversible uptake of NO towards the second cycle is most
prominent, while the following sorption cycles show only a small decrease which stabilizes after
approximately three cycles figures S3-120, 8-122, $8B-124, 8-125). To ensure reproducible NO
physisorption data at different temperatures, all COFs were cycled seven times to ensure stabilization
of the systems before measurements at 278, 288K, and 298K were performed (Figures6-3b, ¢ and
Figure S8-126). In contrast to the initial NO sorption cycles, subsequent measurements show fully
reversible isotherms for all four COFs indicating a saturation of the systems. Further, they reveal an
unusual hysteress due to delayed NO desorption visible for all temperatures and COFs.

The measured NO physisorption capacities at 298- ranging between 0.2mmol gt and 0.4mmol g!
as compared to 1.5 mmol g during initial uptake - are in good agreement with the viues found
for simulated NO adsorption isotherms for boronate estebased COFL05 and COFL08 by Wanget
al.l0l Note that experimental values on NO sorption in COFs have not yet been reported.
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Figure 6-3.(a) NOadsorption cycles of TFImide-COF. Comparison of stabilized N&dsorption of TTFCOF, rTTACOF, TTT
COF, and TAmide-COF at (b) 27X and (c) 298K after completing the 7 run. PXRD and argon sorption measurement at
87 K of TTFCOF (d,h), rTTHCOF(e,i), TTT-COF (f,j), and TAImide-COF (g,k) before (blue) and after (red) NO exposure.
Filled circles represent the adsorption, empty circles the desorption.

The measured NO physisorption capacities at 298 - ranging between 0.2mmol gt and 0.4mmol g
1as compared to 1.86 mmol g during initial uptake - are in good agreement with the values found
for simulated NO adsorption isotherms for boronate estebased COFL05 and COFL08 by Wanget
al.l40l Note that experimental values on NO sorption in COFsve not yet been reported.

Since the NO sorption measurements suggest a reaction of NO with the frameworks, we investigated
the reactions occurring during contact with the highly reactive gas. At first, the stability of the COFs
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towards NO was evaluated bgxamining the materials after exposure. These will be labeled witiNO
further on.

Powder Xray diffraction (PXRD) analysis of the samples reveals that TOOFNObecomes slightly
less crystalline after NO exposure and rTFCOFNO turns amorphous (Figures 6-3d, e). The
BrunauerzEmmettzTeller specific surface area (&1) and specific pore volume (¥) decreases for the
imine-COF Figure 6-3h) from Sger=1491 m2g! (Vp=0.917) to less than a third for the postNO
imine-COF with Ser=475m2g! (Vp=0.376). The amineCOF rTTHCOF Figure 6-3i) with initially
Ser=1428m2 gl (Vp=0.778) becomes norporous after NO exposure with &r=32m2g!
(Vp=0.071cm3 g?). Fa TTT-COF and TAIimide-COF Figures6-3j, k) no changes in crystallinity after
exposure are noticeable and theggrand pore volume of the samples decrease just by small amounts
from 1461 m2g! (Vp=0.778cm3g?l) to 1416 m2gl (Vp=0.750cm3g?l) and from 1190mz2gt
(Vp=0.802cm3gl) to 1102m2 gl (Ve=0.744cm3 gl), respectively. For the latter, the Fourier
transform infrared (FT-IR) spectra before and after NO exposure show mbfference (FiguresS8-99,
B-100). However, TTHCOFNOdisplays a new band at 169&m-1, a typical range for an aldehyde
HC=0 vibration, whileotherwise remaining unchanged Figure S8-97). The spectrum of rTTICOF
NOshows significant changes compared to pristine rTFCOF; most prominent is the appearance of
three distinct bands at 1700cm-2, 1084cm-t, and 916cmt (Figure S8-98). We also obsered a color
change of the sample after NO exposure. BXis measurements reveal slightly altered absorption
spectra for the postNO COFsHigures S8110 to S8-113). The most obvious color changes were
perceived for TTFCOF and rTTHCOFR both changing from ydlow to brownish color. This analysis
reveals that the thiazole and imide linkages are largely inert against NO exposure since the structural
integrity and porosity of the respective COFs remains unaffected. In contrast, the imine and amine
linkages seem ¢ react to a varying degree with the gas, indicated by changes in the-FR spectra,
resulting in a loss of structural integrity and porosity.

Narrowing down suitable COF linkages for NO adsorption and separation applications to thiazole and
imide functionalities, we further investigated the physisorption performance and calculated the
selectivity for NO compared to carbon dioxide by applying the ideal adsorption solution theory
(IAST). Using the postNO CQ@adsorption isotherms as a reference, we calculatiethe initial heats of
adsorption, Q;, adsorption capacities, and IAST selectivities over nitrogen for €¢&nd NO {Table B-
14). For the selectivity calculations we chose a 15/85 gas mixture for G 2 as commonly found in
the literature,[41l and a 3/97 gas mixture for NO/N;, due to the low abundance of NO in exhaust gas
mixtures.i42l We calculated the IAST selectivity of G@ver nitrogen for TT-Imide-COFNOand TTT-
COFNOas 9.22 and 6.44, respectively. The IAST selectivities of NO over nitrogen wereuaklted to
be 5.55 for the TFImide-COFNOand 3.95 for TTFCOFNQ Furthermore, the pressure dependent
selectivties ofa binary CQ/NO (50/50) g as mixture were calculated Figure S8-127c). Overall, our
results show that imide- and thiazolelinked COFs exhibit remarkable resistance to NO gas and are
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promising platforms for NO gas capture or separation. Moreover, these systems show significant
IAST selectivity of NO uptake over N

SolidSate NMR Analysis

Next, we turn our attention to the imine and amine linkages which are more susceptible to NO
exposure. To deconvolute the irreversible chemisorption phenomenon during the first NO
adsorption cycles and to gain insights into possible reaicins involved, we performed:3C and!sN CR
MAS ssNMR experiments. Utilizing the high sensitivity of oueN-enriched COFs we were able to
capture even lesssensitive species like the thiazole nitrogen and minor framework defects as will be
discussed in thefollowing.

Figure 6-4.13C CPMAS(top row) and 15N CRMAS ssNMR (bottom row) of (a) TTICOF (blue) and TTICOFNO (red) and
(b) TT-Imide-COF (blue) and TAImide-COFNO (red).
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