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Abstract

Given the overwhelming negative impact that humanity has had on the planet's ecosystem and
climate over the last century, triggered by industrialization and a rapidly growing population, a
rethink of how we provide necessary and luxurious consumer goods is imperative. A shift to
greener production alternatives that continue to provide us with vital chemical products and ena-
ble environmentally friendly prosperity is urgently needed. One way to improve production effi-
ciency and reduce unnecessary waste of energy and resources is to take a cue from nature itself.
By emulating principles found in nature that have stood the test of time for millions of years, we
could evolve our production methods toward similar, highly efficient processes and reduce our
impact on the environment. One of these principles is found in highly specialized and productive
enzymes - confining reactions in a defined local environment that allows a high degree of control
over reactions, such as selectivity, stabilization of intermediates, or spatial approximation of sub-
strates.

In this thesis, the influence of confinement on molecular heterogeneous catalytic reactions in
pores of covalent organic frameworks (COFs) is investigated. As a new class of framework ma-
terials consisting of two- or three-dimensional covalently extended crystalline networks composed
of light elements, COFs are suitable substrates for this investigation due to their intrinsic porosity,
chemical flexibility, and defined structures. They provide a large surface area in the well-defined
pores for heterogenized, defined molecular catalysts, and knowledge of the atomistic structure of
the material allows conclusions to be drawn about the local environment and its influence on the
reaction.

The pore sizes relevant for the observation of confinement effects are expected to be maximized
between 4 and 6 nm in diameter, which is larger than the pore sizes of up to 3 to 4 nm prevalent
in most COFs. To this end, an isoreticular series of large pore 2D COFs with hexagonal pore
structure was developed. The challenging development of COFs with large pores is realized in a
comprehensive study of the effects of noncovalent interlayer interactions on large-pore COF sys-
tems. The strength of the noncovalent interlayer interactions is modulated by incorporating differ-
ent numbers of methoxy groups into the building blocks that make up the framework, and the pore
size is varied by increasing the length of the building blocks. By varying building block length and
interlayer interactions, a matrix of six COFs was created, and correlations between these features
were found. Increasing the pore size/building block lengths leads to AB stacking structures where
the layers are displaced from each other, leading to a pore size decrease. Increasing the non-
covalent bonds between the layers, acting as "anchors", prevents the layers from shifting against
each other, resulting in a nearly eclipsed structure. By adjusting the interactions between the
layers, different stacking modes can be achieved, enabling modified stacking polytypes and thus
effective pore sizes as large as 5.8 nm. In addition, a strong correlation between stacking energy



and enhanced structural stability at elevated temperatures was observed, as well as a novel ther-
mally induced phase transition of stacking modes in COFs. These results shed light on viable
design strategies for improved structural control and stability in large pore size COFs.

Based on these design principles, a highly porous and crystalline large pore size COF was devel-
oped and selected as a catalytic support to study confinement effects in a,w-diene ring closure
metathesis reactions. By modifying the pore wall with a Ru-Grubbs-Hoveyda type catalyst, the
selectivity of macro(mono)cyclization (MMC) over oligomerization (O) in the a,®-diene ring clo-
sure reaction was tested with four substrates of different sizes and polarities. A dependence of
selectivity on substrate size was observed, indicating diffusion limitations due to pore confine-
ment, which resulted in an increase in the MMC:O ratio for the heterogeneous COF catalyst sys-
tem (MMC:O = 1.35) by up to 51% compared to the homogeneous catalyst (MMC:O = 0.90).

In addition, fundamental aspects of green and scalable COF formation by mechanosynthesis
were investigated, which are currently poorly understood. By combining in situ X-ray powder dif-
fraction and Raman spectroscopy to elucidate the underlying reaction mechanism of liquid-as-
sisted mechanochemical synthesis of imine COFs, two important intermediate solvates were ob-
served, providing the first direct experimental evidence for the role of liquid additives in framework
formation. A solid scandium triflate catalyst was used for the first time in the mechanochemical
formation, affecting the reaction kinetics and mechanism and leading to more crystalline and po-
rous COFs that were on par with the solvothermal products. This work represents a significant
advance in the mechanistic understanding and improving product quality of mechanochemical
COF formation and validated it as a green route for sustainable COF synthesis.

Finally, the adsorption of nitric oxide on COFs was investigated for the first time as a potential
new application of COFs for separation and storage of hazardous gases. On four different COF
linkages - imine, amine, imide and thiazole - the scaffold integrity, gas adsorption capacity and
selectivity of NO, according to the ideal adsorption solution theory (IAST), were tested. With °N
enrichment at the crucial linkages of all four COFs for improved sensitivity of solid-state nuclear
magnetic resonance spectroscopy, different physical and chemical interactions of NO with the
materials were investigated. The reaction and deamination of unreacted terminal amine groups
during NO exposure was detected, suggesting a novel passivation strategy for the outer surface
of COFs. In addition, the reaction of amine-linked COF with NO formed a novel NONOate linkage
that showed controlled release of bound NO under physiological conditions, making this material
or linkage type a potential candidate for drug delivery and biomedical applications.
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Introduction to Biomimetic Catalysis under Confinement

1. Introduction to Biomimetic Catalysis under Confinement

According to most current theories, life on Earth began rather simply more than 3 billion years
ago with a probiotic synthesis of small and robust molecules that then assembled into more com-
plex, self-replicating entities.’* These early molecules must have been strongly defined by their
ability to withstand harsh conditions during this Earth period, rather than the high specialization,
diversity and complexity now associated with cell biology.®="1 This high specialization of biomole-
cules, like DNA, RNA, proteins and enzymes, is the product of natural selection — the molecular
evolution.®9 There the concepts of the Darwinian theory for the transmutation of species by a
change in heritable characteristics over successive generations and the outcomes — adaptation,
coevolution, cooperation, speciation, and extinction - can be applied on a molecular level.201
Over millions of years, these processes resulted in the refined enzymes we can see in cell biology
today, which act as examples for chemist in catalysis in terms of efficiency and specialization.
Sophisticated substrate confinement at well-defined active sites allows for exceptional shape se-
lectivity and often even selection of a particular enantiomer (Figure 1.1).22% Considering that
catalysts are used in an estimated 80% of all reactions in the chemical and pharmaceutical indus-
tries, their undeniable importance for industrial purposes becomes clear as well.[}41¢ High selec-
tivity is essential for the utility and economy of these processes. It is only logical that researchers
look to the sophisticated catalysts in nature and their concepts to achieve a similar level of spe-
cialization and efficiency for further improvements in artificial catalysis.*”7 While the growing field
of biocatalysis is already taking advantage of confinement, the field of artificial homogeneous and
heterogeneous catalysis can further leverage and apply successful confinement concepts to ca-
talysis in a biomimetic approach (enzyme mimetics) to further improve its reaction selectivity and
efficiency. The following chapter will look at the general principles of confinement and how re-
searchers have utilized them so far in various fields of catalysis.

a Stearoyl-CoA b Stearoyl-CoA

Figure 1.1. (a) Substrate stearoyl-CoA-binding site in hSCD1 structure showing the confinement of stearoyl-CoA at the
well-defined binding site. This substrate shape selectivity and predefined orientation translates into the high enantiomer
selectivity of the desaturation product of the stearoyl moiety. (b) Cross-sections of the hSCD1 surface area (blue)
showing a tunnel-like pocket for the acyl tail of stearoyl-CoA. Taken and adapted with permission from Ref. [13].
Copyright 2015 Springer Nature.
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1.1. Principles of Confinement in Catalysis

In catalysis, confinement is usually understood as the presence of a chemically and geometrically
well-defined space around the active catalyst center, which influences and changes the reaction
outcome.™® This surrounding space is also referred to as the second coordination sphere. The
second coordination sphere can alter and improve the key parameters of catalysis - activity, se-
lectivity and stability - in several ways: (i) It can favor the proximity, local concentration and pre-
organization of substrates to the active site, thereby increasing the reaction rate. (ii) The geo-
metric aspects of the confined space can act selectively toward substrate size and shape or iso-
late substrates to single or few molecules around the catalytic center preventing undesired
polymerization side reactions (Figure 1.2).[2°-22] (iii) Pre-organization of the substrate into high-
energy conformations and strong binding of transition state intermediates can lower activation
barriers and increase reactivity or force and enhance stereo- or enantioselectivity.*2% (iv) Con-
finement can also alter fundamental properties of molecules such as excitation energies, enlarge-
ment of the HOMO-LUMO gap, or molecular electrostatic potentials.l*”242% (v) Finally, surface
adsorption can be affected, and structure, dynamics, and dielectric constants of liquids/solvents
under confinement are altered, changing the conditions for solubilized substrates.??5-281 This wide
range of effects induced by confinement opens up nearly limitless possibilities for chemists to use
in developing more efficient homogeneous or heterogeneous catalyst systems. However, little is
known about the interplay of these effects, making it a major challenge to fully predict and engi-
neer them to achieve specific properties. The recent and increasing focus on confinement effects,
particularly in homogeneous catalysis, will certainly help to understand the underlying relation-
ships and enable rational design of catalyst systems in the future.

NC
b d 0 -H0

/ + NC. CN —2= CN
??\, o R~ 7" 5mol% BF-COF-1 R /

Substrate Conversion [%]

96

O 3
wd O 2

Figure 1.2. Example for a catalyst BF-COF-1 utilizing confinement to impose size-selectivity. (a) Structure of BF-COF-
1 with atom surfaces in olive green. (b) Depiction of a microporous cavity (pink sphere, 7.8 A diameter). (c) Display of
pore openings with a diameter of 7.8 x 11.3 A2. (d) Knoevenagel condensation reaction catalysed by BF-COF-1 showing
selectivity in substrate size. Taken and adapted with permission from Ref. [20]. Copyright 20014 John Wiley and Sons.
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1.2. Confinement in Homogeneous Catalysis

Small Molecule Systems

Examples of reactions and catalysts using confinement effects in small molecule systems are still
rare, and there remain unresolved questions about the precise definition of confinement and sec-
ond-coordination sphere effects in some of these systems.!*”) Nevertheless, early examples may
involve the use of bulky groups that affect the reaction outcome by occupying and confining the
reaction space.?®2% Maruoka et al. reported a molecular recognition approach for an exoselective
Diels-Alder reaction using a sterically demanding Lewis acid (Figure 1.3).5Y These Diels-Alder
cycloadditions usually exhibit strongly favored endo-selectivity due to secondary orbital interac-
tions during the endo transition state.*23 By using the AI(ATPH)s; Lewis acid they developed
instead of the commonly used AlMes to activate the carbonyl, they were able to abolish the endo
preference in favor of the exo-diastereomer product. Complexation with the sterically bulkier
Lewis acid creates an effective carbonyl pocket that ultimately favors the exo-transition state,
leading to the observed selectivity.

While this size-selective reactivity due to complexation mimics the geometric aspects and influ-
ences on the transition state energies found in confined spaces, the Lewis acid usually acts as a
reagent and cannot be classified as catalyst. The shown reaction is a rare exception where the
Lewis acid also acts as a catalyst for the transformation.

O - Hlkgph
|

ATPH

endo transition state Ph Ph exo transition state

| |

/ H 9 7 i

(@]
Ph” 0 H
endo isomer exo isomer
endo/exo 982 d.r. endo/exo 27.73 d.r.

Figure 1.3. Coordination of bulky organoaluminium Lewis acids shields the carbonyl moity and leads to a size-selective
control of the diastereoisomeric reaction towards the exo product.3
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OsOy (cat.) o IDPi v OH
(DHDQ),-PHAL oS B SiMe, —— 28
Rs.  Ru KaFe(CN)s R\ /o o R/U\H tANE e, T8 oC R)'\/\
R’ ’ K,COs then HClaq)

R( H
Figure 1.4. Comparison of crystal structure of (a) (DHDQ)2-PHAL and (b) IDPi and the corresponding reaction they

catalyse below. Green balls clarify the active site pockets enclosed and influenced by a second ligand sphere. 3435
Alkaloid-based catalyst systems for the asymmetric dihydroxylation of olefins (Figure 1.4,
a),34%6:37 or imidodiphosphate (IDP) based systems acting as constrained chiral Brgnsted and
Lewis acids (Figure 1.4, b), better fit the concept of confined catalysis.l*>%3% |n both cases, the
active catalyst sites are located in well-defined cavities enclosed by a second ligand sphere, al-
lowing stereoinduction in these asymmetric transformations. The crystal structure of the alkaloid-
based ligand shows an Angstrom-scale pocket with well-defined binding sites for the OsO4 cata-
lyst that can accommodate olefin substrates for highly selective dihydroxylation. Corey et al.
demonstrated this selectivity on retinyl acetate (vitamin A) in an enzyme-like reaction with an
exclusive reaction at the 13,14-olefinic bond with high enantioselectivity (40:1).57 They attribute
the high enantioselectivity to extensive 1r-contacts of the polyene chain of retinyl acetate with the
catalytic binding pocket and a favorable contact between the acetate end group and the phthala-
zine moiety. Reaction with other olefin units of retinyl acetate is prevented by steric constraints of
the bulky cyclohexyl group with the catalyst.

The IDP-based system, developed as recently as 2012,28 uses the same enzyme-like steric
shielding of the reaction site. The high modularity of the IDP catalyst and its very general use as
Brgnsted and Lewis acids lead to a broader range of asymmetric reactions than the alkaloid-
based catalyst systems, e.g., in spiroacetalization, Diels-Alder reactions, Mukai-Yama-Michael
reactions, or Nazarov cyclizations.[”:3%-421 |n 2018, Schreyer et al. used confinement provided by
IDPi not only for stereoinduction but also for substrate isolation and size selectivity in single al-
dolizations of acetaldehyde enolates.*®! The Mukaiyama aldol reaction of a simple triethylsilyl
(TES) enolate of acetaldehyde usually leads to uncontrolled polymerization, as the originally
formed product contains a new reactive site. A classic approach to prevent continuous polymeri-
zation is reagent control with a less reactive tris(trimethylsilyl)silyl enolate of acetaldehyde without
additional enantioselectivity control. By confining the aldol reaction to the shielded active site of



Introduction to Biomimetic Catalysis under Confinement

IDPi, Schreyer et al. were able to obtain the enantioselective aldol reaction product and prevent
subsequent oligomerization due to steric hindrance of the newly formed product to a second re-
action. As rare as small molecule systems utilizing confinement effects currently are, they display
an enormous potential for further research and the recent rising interest in them is well justified.

Supramolecular Systems and Cages

Secondary side

H

0
OH
\ o
o OH
o
OH
\ oH
o \ ~on oH OOH Q
O OH,
HO
o
OH

0.57 nm 0.78 nm 0.95 nm
<>

OH
W o 0 Apolar Cavit
2 &ﬁ P i
OH
7 s o
o HO,
OH

Primary Side

wug/o

Figure 1.5. Chemical structure of B-cyclodextrin (top left) and functional structure (top right). Geometric dimensions of
different cyclodextrins and cavity opening diameters.*4 Taken and adapted with permission from Ref. [52]. Copyright
2009 Elsevier.

Supramolecular systems have been one of the most promising candidates for biomimetic chem-
istry since the term was introduced in 1972.1454¢1 Although much simpler than proteins, the self-
assembly of small molecules into larger complex structures can already be reminiscent of enzyme
assembly.*”l These supramolecular systems were among the first to be explored for biomimetic
catalysis and can be considered as archetypes of artificial enzymes mimicking their natural coun-
terparts in many aspects regarding substrate confinement and secondary ligand sphere. The wide
range of available systems consisting of cyclodextrins (CDs), cucurbit[n]urils (CBs), ca-
lix[n]arenes, and various self-assembled cages and capsules, combined with their chemical vari-
ability, allows for a wide range of reactions. 184849

Cyclodextrins are cyclic oligosaccharides composed of either 6 (a-cyclodextrin), 7 (B-cyclodextrin), or 8 (y-cyclodextrin)
a-D-glucopyranoside monomers and were first described in 1942 (
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N.3 H
| . Br C[NHQ B-CD, H,0 @:
= + 0 N2
/ NH, 70°C.2:30

Figure 1.6. The biomimetic synthesis of quinoxalines in water by Madhav et al. and their proposed mechanistic pathway.
Taken and adapted with permission from Ref. [52]. Copyright 2009 Elsevier.

Figure 1.5).[4 Their structure forms a slightly V-shaped hydrophobic cavity with hydroxyl groups
on the rim, making them water soluble. The ability of these cavities to encapsulate a substrate
was first described in 1969 by Breslow and Campbell, who demonstrated regioselectivity in the
chlorination of anisole partially shielded by an a-cyclodextrin pocket.® The shape selectivity and
role of the hydroxyl groups of CDs in substrate alignment and activation are well illustrated by the
quinoxaline synthesis in water by Madhav et al. (Figure 1.6).5Y The proposed mechanistic path-
way for this reaction shows the confined substrate with its nonpolar aromatic phenyl group in the
pocket, while favorable hydrogen bonds are formed between the ketone and bromine functions
with the hydroxyl groups at the outer edge. These hydrogen bonds hold the substrate in place
while activating the ketone and C-Br bonds, leading to a nucleophilic attack on o-phenylenedia-
mine and eventually resulting in the formation of quinoxaline. CDs have also been successfully
used as cytochrome P-450 mimics with a metal cofactor for the oxidation of cis-stilbene or steroid
substrates, and their use in the synthesis of optically active amino acids has been reported.®2-54

Closely related to CDs in form and water solubility are calix[n]Jarene and cucurbit[n]urile (CBs).
These classes of molecular containers to accommodate substrate molecules are products of the
polymerization of electron-rich aromatic compounds with an aldehyde, usually formaldehyde, and
the copolymerization of glyoxal, formaldehyde, and urea, respectively.*® These tunable systems
have been studied for the Wacker oxidation of linear alkenes involving Pd?* metal ions as catalyt-
ically active sites, asymmetric aldol reactions, chemoselective photoreactions of azoalkanes us-
ing entrapped metal ions, or chiral nanoreactors, among others.5-58 As with CDs, these systems
lend themselves well to illustrative studies of the importance of the cavity in catalysis.[*&5

In addition to these supramolecular systems built by (co)polymerization, self-assembled cages
and capsules have gained interest as systems utilizing confinement in catalysis and have been
the subject of several reviews.%-6% The relatively simple fabrication of self-assembled hosts that
provide a (non-hydrophobic) cavity has several advantages. The assembly from simple molecular
components, like aldehydes and Resorcin, reduces the synthetic effort while allowing wide chem-
ical variability and larger internal cavities than macrocyclic hosts. Control over the extent of the
internal cavity can help tune secondary interactions to stabilize transition states and exclude sol-
vents and other unwanted molecules during the reaction.® The dynamics of self-assembly can
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Figure 1.7. Structure of C-undecylresorcin[4]arene (left) and a model of the hexamericcapsule (right). Taken and
adapted with permission from from Ref. [72]. Copyright 2018 John Wiley and Sons.

further enhance catalytic turnover. The self-assembly of these systems is driven by either metal-
ligand interactions or hydrogen bonding. Examples of these capsules and cages include the well-
studied hexameric Atwood capsule (Figure 1.7) first reported in 1997, and the Fujita nanocages
(Figure 1.8).165-67

Encapsulation of substrates or reagents in these capsules and the resulting conformational con-
trol increases reaction rates and selectivity in reactions. Giust et al. reported increased substrate
selectivity in amide synthesis reactions between carboxylic acids and primary amines when con-
fined in the nano-environment.%8 Encapsulation of the required cationic carbodiimide coupling
agent in the self-assembling capsule strongly favored condensation of smaller substrates in com-
petitive coupling pairs compared to unconfined reaction conditions. The limited reaction space in
the nanoreactors resulted in preferential co-encapsulation of the smaller substrates, leading to
size selectivity.

The inclusion in the capsule can strengthen and amplify halogen bonding. These intermolecular
forces are usually very short-lived and are overwhelmed by solvent effects. By isolating substrates
in cages and thus eliminating interfering solvent interactions, Sarwar et al. were able to amplify
and then observe these interactions.® In 2020, La Manna et al. were able to take advantage of
these amplified intermolecular forces and demonstrate the activation of neutral substrates in Mi-
chael reactions in these nanoconfined spaces. This occurred through an interplay between halo-
gen bonding of an iodine-containing co-catalyst inside the cage and hydrogen bonding with bridg-
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Figure 1.8. Representation of twisted, capsuated amides in coordiantion cage (left). Representation of octahedral
coordination cage with six Pd-capped metal corners. Taken and adapted with permission from Ref. [68]. Copyright
2020 Springer Nature.

ing water molecules of the capsule.l’®" Solvent exclusion also plays an important role in reac-
tions based on the stabilization of a cationic intermediate and a transition state that can be readily
chemically quenched by solvent interaction.®%273 The confinement of these fragile intermediates
during reaction in cavities leads to higher yields in (sesqui-)terpene cyclization cascades by pro-
tecting the cationic intermediates and opens new avenues in natural product synthesis such as
presilphiperfolan-1B-ol by supramolecular catalysis."47

Another important function of cage confinement is in the control of substrate conformation during
catalysis. Takezawa et al. reported the increased hydrolytic reactivity of amides under basic con-
ditions due to the twisting of the amide bond in the confined cavities of a molecular cage (Figure
1.8).1°"1 Compared to the unconfined amides, they found a remarkable increase in the rate of
hydrolysis. Moreover, they can relate the different torsion angles that distort and perturb the con-
jugation of the amide group to the different confinement geometry and rate increase. In one case,
co-encapsulated planar phenanthrene was able to enhance the distortion of the amide bond and
further increase the rate. The authors compare this novel non-covalent manipulation leading to
stress-induced hydrolysis to a proposed mechanism of biological peptide cleavage under certain
conditions, but one that has not yet been experimentally demonstrated.

The unique cavities provided by small molecules or self-assembling supramolecular compounds
can be exploited to provide steric constraints, shape and size selectivity, protect and stabilize
intermediates, confer unusual conformations to substrates, or promote stereochemical reaction
outcomes. Through careful design and control of covalent, non-covalent, and second ligand
sphere interactions, confinement effects can be used to steer the reaction in a different direction
than in the bulk. This review of the history and recent developments in homogeneous confined
catalysis demonstrate the enormous potential of a confinement strategy for further developments.
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1.3. Confinement in Heterogeneous Catalysis

Zeolite and Silicates

Figure 1.9. Representative zeolite frameworks: zeolite A; zeolite Y; zeolite L; ZSM-5 (silicalite) (left to right). Taken and
adapted with permission from Ref. [78]. Copyright 2012 MDPI.

Heterogeneous (porous) catalysis systems contrast strongly from homogeneous ones with their
reactivity and selectivity determined by diffusion, adsorption phenomena, and rigid geometrical
constraints.*87".78 |t can be considered the fundamental base for industrial and technical large-
scale processes.!16798% Easjer application and innovative process management including flow
setups, gas-solid reactions, and catalyst removal and re-use as well as their high productivity,
space-time yields, and activity are benefits for industrial applications.

Zeolites, a class of crystalline, microporous (alumino)silicates with well-defined cavities and pores
in molecular dimensions are applied in more than hundred industrial applications (Figure 1.9).[%.82
With a highly tunable chemical composition, chemical robustness, and high surface areas they
emerged as environmentally friendly catalyst alternatives.3 They could replace toxic reactant
and cost intensive catalysts while lowering byproduct formation and energy costs. Their pores of
molecular dimension, which can even strongly influence the molecular orbitals of confined sub-
strates, and Lewis acidity is ideal for use in size and shape selective catalysis.®¥ The selective
alkylation of toluene with methanol towards para-xylene is one of the first descriptions of shape
selectivity in catalysis.® Confined in the cylindrical microporous zeolite cavities of P-modified
ZSM-5, inducing steric hindrance for the ortho- and meta-alkylation, the thermodynamic distribu-
tion of this reaction outcome can be altered.?28¢1 Another example of shape-selectivity is the for-
mation of lactide formation from lactic acids by Sels et al. Using the reaction confinement in a
highly Brgnsted acidic H-Beta zeolite the unwanted oligomerization during the catalytic process
could be suppressed due so size restrains (Figure 1.10).1" Despite their broad success in indus-
trial application, being robust and tunable, the utility of the catalyst is hard to predict, and the
microporous nature limits the zeolite utility towards small molecule transformations.

For reactions with larger substrates, other silica-based catalyst platforms like amorphous, meso-
porous silicas (MS), like SBA-15 with cylindrical pore shape, can be utilized.88° Composition,
surface area, pore structure and diameter of these platforms can be controlled during synthesis
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and they allow a sophisticated surface crafting.[*® Pore wall polarity can be altered or attachment
points for molecular catalysts including widening their range of applications to molecular hetero-
geneous catalysis.[%1%2]

Li et al. reported a highly selective semihydrogenation of phenylacetylene with Pd-Zn alloy nano-
particles encapsulated into mesoporous silica (MS).*®l To obtain this selective catalyst, Pd-NPs
were first encapsulated in ZIF-8 before the resulting Pd-NPs@ZIF-8 were coated with a layer of
ordered mesoporous silica (Figure 1.11). The composite was annealed in reducing atmosphere
to obtain Pd-Zn@MS, a unique nano-hollow structure encapsulated with Pd-Zn alloy nanoparticle.
The high selectivity for styrene of 92% at a conversion rate of 95% is due to the high selectivity
of the entrapped nanoparticles and the steric hindrance effect for the molecular size of the reac-
tant.

Taking advantage of the larger mesopores of SAB-15, Ziegler et al. demonstrated a biomimetic
approach for selective olefin metathesis macrocyclization of larger a,w-diene substrates.® By
pore size-selective functionalization of the Hoveyda-Grubbs catalyst in the inner pore surface,
and careful tuning of the pore diameter, a correlation between the macro(mono)cyclization
(MMC)/oligomerization (O) ratio and the substrate to pore size ratio was successfully established.
By bringing the substrates close to the catalyst during the reaction while reducing the random
encounters with other substrates, oligomerization was effectively reduced. The optimization steps
on the catalyst initially increased the MMC/O ratio from 0.55 to 1.49. Additional fine-tuning of the
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Figure 1.11. Synthesis process of Pd-Zn@MS. Taken and adapted with permission from Ref. [94]. Copyright 2020
Wiley-VCH GmbH.

pore size and reversal of the polarity of the inner pore surface by modification with dimethoxydi-
methylsilane increased the ratio even further to 2.2. This selective placement of the catalyst in
the inner surface and the well-matched pore size allowed the reaction to have better selectivity
over MMC compared to homogeneous catalysis, even at elevated concentrations. Following
these results, Ziegler et al. were able to further perform olefin ring closure metathesis under spa-
tial confinement under continuous flow conditions.® These studies could shed additional light on
the persistent confinement effects and pathways of olefin metathesis and link ring chain equilibria
to residence time and flow rate.

Silica-based materials are highly useful due to their relative ease of fabrication and high robust-
ness to withstand harsh conditions sometimes required in industrial processes. Between zeolites
and mesoporous silica, a wide range of pore sizes and structures are available, and surface pro-
cessing allows fine-tuning of surface properties, pore sizes, and incorporation of nanopatrticles
and molecular catalysts. However, the prediction of pore structures and surface properties, in
addition to continued advances, is still a challenge, and catalytic properties without post-modifi-
cation are limited.[®

Metal-Organic Frameworks (MOFs)

Metal-organic frameworks (MOFs), a relative new type of porous materials, are hybrid materials
composed of inorganic metal nodes and organic linker molecules, forming networks with well-
defined topologies and characterized by crystalline character, high porosity, high specific surface
area, low density, and modular pore geometries, diameters, and openings.®"%¢ The almost infinite
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variety of structures resulting from the combination of different linkers and metal nodes, and the
possibility of incorporating functionalities into both structural parts, can be strategically exploited
to develop multifunctional catalysts or support materials.®®% The fine-tuning and modulation of
host-guest chemistry in MOFs lead to a wide range of applications in confined catalysis, and the
versatility of MOFs has made them one of the most studied solid catalysts.[*°Y They have emerged
as promising candidates for size-selective catalysts affecting the selectivity of reactants, products,
or transition states, with properties very similar to those of zeolites, while extending the substrate
range due to their different pore sizes from ultramicro- to mesoporous. Additional dynamic fea-
tures that enable guest-responsive systems further distinguish them from silica based materi-
als.[to?

Acid catalysis using cavities of MOFs for size selectivity was demonstrated by Roberts et al.[%]
The urea derivative-based NU-601 MOF developed in this work was used as an effective hydro-
gen-bond catalyst. While urea usually loses its catalytic competence due to self-recognition and
aggregation, they succeeded in spatially isolating it while it remained accessible in the porous
MOF environment. A 98% alkylation conversion of N-methylindole with (E)-1-nitropropene in the
presence of NU-601 compared to a 65% conversion with a homogeneous diphenylurea catalyst
highlights the effectiveness of this catalyst strategy (Figure 1.12). Size selectivity was observed
for larger substrates where only a negligible amount of product was formed once their size ex-
ceeded the pore size of NU-601. The study of reaction rates for the heterogeneous and homoge-
neous catalyst systems with different substrate sizes also indicates that catalysis occurs mainly
within the MOF pores.

e ;
Ne o+ e N2 NU-601 Me™ "\
U O2N

Figure 1.12. NU-601 as a solidcatalyst for alkylation of N-methylindole with (E)-1-nitropropeneusing.

Me

Zhou et al. demonstrated the enhancement of orthoformate hydrolysis in basic solutions by acid
catalysis in confined channels of MOFs.2% They reported the enzyme-mimicking KLASCC-1-
MOF with protonated pyridyl groups at open sites protruding into the channels (Figure 1.13). As
an acid catalyst for the hydrolysis of triethyl orthoformate, they achieved a substrate conversion
of 97% and a selectivity of the resulting formate anion of 98%, while maintaining the framework
structure. Compared to MOF analogues without a pyridyl group in the channels or pyridine mole-
cules as homogeneous catalysts, a critical role of reaction confinement in the channels and its
ability to regulate reactivity and size selectivity was found. The X-ray diffraction pattern of
KLASCC-1 with encapsulated substrates confirmed the existence and important influence of
channel confinement. By using a well-designed MOF confinement, Zhou et al. successfully
achieved acidic hydrolysis in basic media with high selectivity and activity.
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ethanol

0.9 nm

Figure 1.13. 3D framework structures of KLASCC-1 displaying solvent residue and channels (yellow). Pop-out desplays
channels and inside-channel pyridyl groups. Taken and adapted with permission from Ref. [105]. Copyright 2020
American Chemical Society.

Instead of incorporating catalytic functionalities into the organic linker moiety as in the previous
examples, the encapsulation of metal nanopatrticles (NP) into MOF pores provides stabilization of
the NP and induces confinement effects in these catalytic reactions. Encapsulation of Pt-NP in
UiO-66 led to substrate size selectivity in the reduction of olefins in the liquid phase.%! Increasing
the molecular size of olefins reduced the catalytic rate for hydrogenation in the case of Pt@UiO-
66, while in contrast, Pt@CNT (carbon nanotubes) showed no significant discrimination. The
slower diffusion of the substrates to the catalytically active NPs encapsulated by the MOF de-
creased the reaction rate and the reaction fails for sufficiently large olefins exceeding the diameter
of the pore opening.

A particularly interesting case of confinement effect was demonstrated by Kutzschner et al. who
showed a reversal of diastereoselectivity in aldol reactions for catalytically active proline after
immobilization on UiO-67 and UiO-68 (Figure 1.14).12%1 A Boc-protected proline was introduced
into the scaffold by functionalizing the dicarboxylate linkers used for the zirconium-based MOF,
followed by in situ deprotection during MOF formation. Boc removal was performed without race-
mization, and an enantiopure, proline-functionalized MOF was obtained. High yields of up to 97%
were obtained for the aldol addition, while reverse stereoselectivity was observed compared to
the homogeneous proline catalyst and a dependence of the reaction rate on the pore size was
observed, indicating size-selective effects. Initially, the reason for the reverse stereoselectivity
was not fully understood, and the authors attributed it to either the interactions of the pore wall
with the substrate, the additional Lewis acidity of the Zr** contained in the MOF clusters, or the
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interactions with neighboring proline groups accumulated in the pores. A later study by the same
group using a molecular Zrg cluster model compound revealed that these Zrg clusters were re-
sponsible for the reverse diastereoselectivity.l*%’1 Higher enantioselectivities for the solid-state cat-
alyst could be achieved when the remaining acidic sites in the MOF clusters were masked, which
improved the overall efficiency of the system. This example demonstrates the intricate interplay
between the organic linkers and the metal nodes in terms of selectivity and reactivity and high-
lights the tunability of MOF frameworks for catalytic challenges given their wide structural and
chemical diversity.

homogeneous syn

OH O
VS.
heterogeneous
" g O,N

Figure 1.14. Reversed diastereoselectivity in aldol addition reactions catalysed by proline functionalized UiO-67 and
UiO-68 type MOFs. Taken and adapted with permission from Ref. [107]. Copyright 2016 American Chemical Society.

Covalent Organic Frameworks (COFs)

COFs are the newest class of materials under discussion. They are closely related to MOFs, but
differ in the connectivity of the building blocks. While MOFs are built by coordination chemistry in
which metal nodes are connected by organic building blocks, COFs are entirely organic and are
built by the formation of covalent bonds between building blocks.*% Structures and topologies
can be rationally designed by the direction and multiplicity of covalent bonds. Due to the induced
long-range ordering of the building blocks, they exhibit permanent porosity, low density, and crys-
tallinity.[1°%119 While the potential applications of COFs are broad, examples of using pore con-
finement to alter reaction outcomes are still exceptional.[**4
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Figure 1.15. MD-simulated structural model of cobaloxime-COF-42 hybride displaying the possible arrangement of the
cocatalyst inside the pore, which directed local confinement and interactions with the pore wall and led to improved
catalytic efficency in photocatalytic hydrogen evolution. Taken and adapted with permission from Ref. [114]. Copyright
2019 American Chemical Society.

Fang et al. reported the microporous 3D imines BF-COF-1 and BF-COF-2 for Knoevenagel con-
densation reactions (Figure 1.2).[1*2 With a microporous cavity of 7.8 A in diameter, the solid-state
catalyst exhibited fine-tuned and high size selectivity when using substrates of different sizes. In
the Knoevenagel condensation of aldehydes with malononitrile by BF-COF-1 and BF-COF-2, only
the smallest benzaldehyde substrate was converted in the yield of 96% and 98%, respectively.
The somewhat larger 4-methylbenzaldehyde was already converted only in traces. The catalyst

could be recovered by simple filtration and was reused without loss of activity.

Gottschling et al. reported a covalent cobaloxime-COF hybrid for enhanced photocatalytic hydro-
gen evolution**® Covalently immobilized cobaloxime on a hydrazone-based COF-42 showed
110% improved activity and turnover number compared to simple physisorbed systems. This im-
provement is attributed to local confinement of the catalyst due to interactions between the COF
backbone and the cobaloxime (Figure 1.15).

The examples of homo- and heterogeneous biomimetic catalysis using confinement selected
above represent only a small portion of the research that has focused on this topic in recent years.
They are intended to highlight the various strategies and systems that have been developed to
improve the key parameters of catalysis - activity, selectivity and stability - for the different areas
of catalysis. These successful applications demonstrate the feasibility of the challenging concept
of artificially mimicking biological enzymes and their impressive catalytic activities. The relatively
low use of COFs for this purpose compared to other systems is certainly in part due to the fact
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that they are relatively new and have only recently been discovered, but also the unique chal-
lenges presented by this new type of material. Achieving crystalline, stable, and functional COFs
is the biggest challenge in COF research, also referred to as the "COF trilemma",**4 and contin-
ues to pose design, synthesis, and application problems for COF researchers. In addition, a finely
tunable pore size from the micro to the larger mesoporous range would be particularly welcome
for a material to be used for its pore confinement effects, but is still very difficult to achieve in
COFs. For some materials, such as zeolites, this can quickly become an application limitation,
while others, such as MOFs and SBA-15, can overcome this problem and significantly expand
their range of applications.*1® Despite the (unresolved) challenges facing COFs as a platform for
biomimetic catalysis using confinement, their chemical and structural variability, crystallinity, and
porosity make them promising candidates for future research. The focus of this work, the devel-
opment and construction of COF platforms to study and exploit confinement effects in catalysis,
will explore and investigate strategies to overcome the "COF trilemma”, expand the achievable
pore size range, and find suitable model reactions. To understand the nature of the challenges
and problems, the following chapter will delve into the principles of COF design, their properties,
and applications.
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2. Covalent Organic Frameworks

Covalent organic frameworks (COFs) were introduced to the field of porous materials in 2005 by
Yaghi et al. when they discovered COF-1 and COF-5 through the condensation of phenyldiboronic
acids and hexahydroxytriphenylene, leading to the formation of these new materials (Figure
2.1).1 Unlike the closely related MOFs, which were discovered earlier but share the key features
of crystallinity and high structural porosity, they are composed entirely of light elements and are
linked by covalent bonds rather than coordination chemistry.>* To achieve this characteristic
high long-range order of the framework, certain design principles have been applied: (i) A reversi-
ble bond-forming reaction that allows healing of defect sites and rearrangement of originally
wrongly formed connections. (ii) Rigid building blocks that dictate the final structure and network
topology. (i) Aromatic compounds as building blocks that preferentially undergo 1r-1r stacking to
form three-dimensional structures from two-dimensional layers, as is the case with the most 2D
COFs.®l These design principles are still used today, but also continue to challenge chemists to
extend them or overcome some of the limitations associated with them.["? Similar to MOFs, which
have a wide range of applications, COFs are predominantly studied for their great potential for
various applications.® High intrinsic surface areas - ideal for catalysis, gas storage and separation
- a known structure that allows a breakdown of structure-property relationships, high chemical
modularity - adaptable to the application at hand - as well as optical and electrochemical activity
make COFs one of the most promising materials of the early 21st century.®-14

HO. __OH

Ho o

Figure 2.1. Synthesis of COF-5 by condensation of phenyldiboronic acid and hexahydroxytriphenylene.l! Right side:

perspective view of a pore formed by stacking layers.
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2.1. Principles and Design
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Figure 2.2. Most common topologies available in the design of 2D and 3D COFs.

Reticular chemistry is the rational design and controlled formation of extended structures with
well-defined geometry and intrinsic porosity by linking molecular building blocks via strong bonds
(e.g., coordinative, covalent) and represents a recent development in organic chemistry and ma-
terials science toward new materials.!*? According to the principles of reticular chemistry, the
choice of the geometry of the molecular building block determines the final geometry and structure
of the resulting scaffold, the strength and nature of the bonds determine the stiffness, thermal and
chemical stability, and the high order enables crystallinity and ensures structure determination by
X-ray or electron diffraction techniques.? COFs represent an important part of reticular chemis-
try, and compared to hybrid MOFs, their construction is based solely on organic chemistry. The
reticular assembly of COFs in predetermined structures based on repeating subunits not only
introduces crystallinity and porosity into the frameworks or enables a variety of characterization
methods and potential applications, but also enables the design of targeted materials with spatial
precision at the atomic level.'

Since the structure of the resulting COFs is dictated by the distinct geometry of the rigid building
blocks with defined symmetry and functional moieties, they can extend in two- (2D) or three-
dimensional (3D) structures with different topologies, point group symmetries, pore sizes, and
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Figure 2.3. Topology diagrams of TPE-COF-OH and TPE-COF-OMe COF. Condensation of C4 TPE-NHz and C2 2,3-
DHTA or 2,3-DMTA leading to kgm or sql topology determined by the imine configuration influenced by intermolecular
hydrogen bonding. Taken and adapted with permission from Ref. [14]. Copyright 2020 American Chemical Society.
shapes. It should be noted that 2D COFs form two-dimensional network topologies through co-
valent bonding, but rarely occur as single isolated sheets, instead coming together in layered
structures of multiple sheets held together by non-covalent -1 interactions.*® This sheet stack-
ing creates a quasi three-dimensional structure, which in turn forms the extended pores for these
materials. The formal symmetry and functionality of the molecular building blocks is usually de-
noted by simplified molecular point group symmetry abbreviations, which may differ from the ac-
tual symmetry of the molecules and correspond to their role in reticular framework formation, e.g.,
1,4-benzenedicarboxaldehyde (terephthalaldehyde) and 2-methyl-1,4-benzenedicarboxaldehyde
are both described as C; building blocks, taking into account only the bifunctionality of the alde-
hydes and their linear arrangement. Considering this simplification, the design concept for COFs
of different topologies consisting of building blocks with distinct geometry can be illustrated with
a block model (Figure 2.2).Y For example, a bifunctional C>, monomer will condense with a tri-
functional Cs monomer to form a 2D hexagonal hcb structure (honeycomb), as will the combina-
tion of two different Cs and C; monomers.®! The combination of a C, monomer with a T4 monomer
that extends in three dimensions will lead to the formation of 3D COFs in a dia-structure type
(diamond).! As shown in the diagram, this topology determination based on the geometry and
functionality of the monomers allows for the rational design of frameworks or a desired topology
can be deconstructed into its basic geometric units, and with finding representative molecular
monomers for these units, they can then crosslinked to form the desired network.
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Figure 2.4. Synthesis and structure of PT- and PY-COFs and illustration of the structure model with bex toplogy
visualizing the uncondesed amine-functionalities oriented towards the pore. Taken and adapted with permission from
Ref. [16]. Copyright 2019 Springer Nature.

Rare examples, limiting the predictability of structure types exist, especially for sgl and kgm type
COFs, both of which are composed of C, and C4 monomers. Peng et al. showed that intramolec-
ular hydrogen bonding can be used to regulate the topology of 2D imine COFs (Figure 2.3).1151 By
changing the substituents of an otherwise identical C, molecular linker, topology-selective syn-
thesis between a sql and kgm structure type was achieved. The authors found that the intramo-
lecular hydrogen bonding of the hydroxyl groups affected the conformation of the imine bonds in
the scaffold, which was reflected in the altered topology. Li et al. reported a solvent-dependent
polymorphism of 2D imine COFs.[*®! For COFs prepared from A;B.-type tetraphenylbenzene mon-
omers (p- and m-TetPB), a change in reaction solvent resulted in either sql or kgm structure types.
For (o-TetPB), only the sqgl structure type was observed. The authors conclude that the growth
process is dominated by the geometry of the monomers and the solvent effects determine the
perturbation of the chain growth pattern.

Another case for COFs where the structures are hard to predict are substochiometric COF de-
signs. With this design strategy, one obtains a framework that is not fully condensed, thus extend-
ing the design rules for COFs. Banerjee et al. showed that the combination of Cs and C4 linkers
leads to a bex net topology with periodic, non-condensed functionalities of the C4 monomer (Fig-
ure 2.4).17 This introduces additional functionalities on the COF pore surface without the need to
redesign the monomers. A COF with the same network topology was also obtained by replacing
half of the C4 monomers with C; units.

Predictable rational design and retrosynthesis of structures is one of the greatest advantages of
reticulated chemistry. Combined with the spatial precision at the atomic level and the high varia-
bility of the different building blocks and their possible functionalization, the targeted design of
materials with desired properties is possible.
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Figure 2.5. Common chemical bond forming reactions used in the formation of COFs. (a) Boroxine, (b) boronic ester,
(c) imine, (d) azine, (e) B-ketoenamine, (f) imide, (g, h) olefin, (i) hydrazone linkages.

In addition to the choice of building block geometry, the successful formation of COFs also
depends on the type of covalent bond used in their formation. As with monomers, a wide range
of different chemical bonds have been investigated for the preparation of COFs.! These include
boronic ester,*8 imine,'¥ hydrazone,?>2% imide,?22% olefin,’?4 and B-ketoenamine which are
of great interest (Figure 2.5). One of the most important common features of COF linkages is the
reversible covalent bond formation.® This is crucial for crystallinity and a well-ordered structure
in COF formation, as it allows for error correction after the initial bond formation reaction. By
breaking and reforming the bonds between the building blocks, erroneous linkages between the
building blocks can be corrected and larger, more crystalline domains are obtained.?® The re-
versibility of bond formation often correlates with crystallinity, but also with the stability of the final
framework or with harsh reaction conditions during synthesis. Less reversible bonds such as im-
ide, hydrazone, or olefin bonds often require higher temperatures or longer reaction times to form
crystalline materials.?*?"l The most common linkage used today is the imine bond, which was first
reported in 2009, four years after the first report on boronic ester-linked COF-1 and COF-5, pub-
lished by Uribe-Romo et al.*® The excellent control over the reversibility of the reaction, the good
stability of the scaffold, and the wide commercial availability or ease of synthesis of the building
blocks, either as amines or aldehydes, favor the widespread use for COF chemistry.!

Stable, crystalline, and functional COFs are required for applications in the laboratory and beyond.
One of the major challenges in COF chemistry is the interplay between the reversibility of the
reaction required to achieve crystallinity and the stability of the final scaffold, which decreases
when more reversible bond forming reactions are used, and the difficulty of harsh reaction condi-
tions required for more stable bonds, which often prevent the incorporation of functionality into
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Figure 2.6. The COF trilemma of combining complexity,
crystallinity, and stability. Taken and adapted with
permission from Ref. [7]. Copyright 2020 The Royal
Society of Chemistry.

the monomers. This problem, also referred to as
the "COF trilemma” (Figure 2.6) of combining com-
plexity, crystallinity, and stability for COF formation
often leaves researchers wondering which proper-
ties should take precedence, or they end up with
materials of lower quality than desired.[! A variety
of approaches can be taken to overcome this chal-
lenge. From pre-orientation of monomers,?® slow
addition of building blocks or seeding growth of re-
action mixtures,?® addition of modulators that slow
initial bond formation,®” to adjusting stacking in-
teractions between COF layers.'334 |n addition,
new synthesis strategies and methods can be de-
veloped to obtain COFs formed from less reversi-
ble bond formation reactions with better crystallin-
ity, or formed with milder reaction conditions.[3?-%

Post-synthetic bond conversion to lock the structure with irreversible bonds,*¥ or post-synthetic
introduction of functionalities that would be too fragile under harsh COF formation reaction condi-
tions are also approaches to solve this challenge.["*%
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2.2. State of the Art COF Formation and Synthesis

Solvothermal synthesis

Solvothermal synthesis, the initial method for the preparation of COF-1 and COF-5, is still the
most commonly approach to prepare COFs today:*%1% |n a typical procedure, the building block
mixtures and catalyst are placed in a pressure-tight reaction vessel of sufficient size, dissolved in
a solvent, and heated for several days after sealing. The conditions of this method are highly
variable and range from 70-150 °C in temperature, 3-7 days of reaction time, and with carefully
selected solvent mixtures in sealed Pyrex tubes, autoclaves, or quartz ampoules. Reactions are
often performed under vacuum after several freeze-pump-thaw cycles. After the reaction has
cooled back to room temperature, the precipitate is collected by filtration or centrifugation, washed
thoroughly with appropriate solvents, or subjected to Soxhlet extraction to remove oligomers or
remaining monomers. The washed material is then dried and activated in vacuo at up to 120 °C
or, in the case of more sensitive scaffolds, activated by a supercritical CO- drying process.5:37]

Although the type of solvents and their ratio in the reaction mixtures are crucial for the production
of crystalline and porous materials, their role is not yet fully understood. However, sufficient solu-
bility of the linker is required. Therefore, to obtain crystalline COFs of sufficient quality, different
combinations of solvent mixture, catalyst, temperature, and reaction time have to be screened. In
addition, upscaling of reactions is sometimes limited to a few milligrams of material and/or re-
quires rescreening of reaction conditions. Despite this drawback, most COFs are still prepared in
this way because the material obtained is of high quality and has often a Brunauer-Emmett—Teller
surface area (Sger) greater than 1500 m? g.[38:3

Ambient conditions

To circumvent the harsh and experimentally adverse solvothermal conditions, several methods
for COF production under ambient conditions were investigated. Peng et al. performed batch
synthesis of several COFs at room temperature by dissolving the building blocks with the acetic
acid catalyst in the solvent mixture and leaving it undisturbed for three days before collecting the
precipitated COF powder. This simple procedure was able to provide COFs with excellent Sger
values of up to 1722 m? gt in the case of N3-COF. In 2017, Matsumoto et al. presented scandium
triflate as a novel catalyst for the rapid formation of imine COF at room temperature.“® They
demonstrated that this catalyst was able to form their model system TAPB-PDA COF in only 20
min at room temperature, compared to the conventional solvothermal synthesis requiring acetic
acid, 70 °C and 72 h, while almost doubling the obtained specific surface area of the COF. Zhang
et al. reported a room-temperature synthesis of COF-LZUL in a COz/water solvent by dissolving
CO: in water.“Y They could not only provide an environmentally friendly synthesis method for
COF-LzU1, but also enable the formation of a new nanobar morphology. Zhu et al. reported the
formation of imine COFs at ambient temperature using metal nitrates as catalysts.*? They were

26



Covalent Organic Frameworks

able to identify the cheap and abundant Fe(NOz)3-9H.O as the most efficient catalyst to obtain
well crystalline and porous products, even in the presence of oxygen.

COF formation under ambient conditions represents a useful and simple alternative to classical
solvothermal synthesis, especially in view of possible scaling to industrial scale in regard to its
lower energy consumption. However, the lower solubility at room temperature limits the scope of
the building blocks or even requires larger amounts of potentially toxic solvents than a solvother-
mal approach.

Mechanochemistry

In recent years, mechanochemistry has re-emerged as a simple, solvent-free, and environmen-
tally friendly room-temperature synthesis method in many fields.**-*! |t was adopted to COF
chemistry by Biswal et al. as a viable synthesis method using a pestle and mortar or a ball mill
with liquid-assisted grinding (LAG) technique.?>46471 They report a rapid and almost solvent-free
reaction yielding porous and crystalline materials. The mechanochemical approach was also used
in an organic terra cotta process for COFs using solid p-toluenesulfonic acid as a catalyst, which
allowed the formation of COFs into various macroscopic shapes.??8! Wang et al. successfully syn-
thesized TpAzo-COF via the mechanochemical synthesis and observed the formation of layered
structures not obtained with the solvothermal route.[“®! Mechanochemistry can also be used in
top-down approaches for the exfoliation of COFs.!

The mechanochemical route for the production of COFs offers numerous advantages in economic
and environmental terms and circumvents the problems of solubility of the building blocks. How-
ever, this method of synthesis usually results in materials of lower quality compared to solvother-
mal processes, which rarely has a specific surface area greater than 300 m? g2, limiting its wide-
spread use in practice.?550

lonothermal synthesis

The use of a molten salt as a solvent and catalyst for COFs was first introduced by Kuhn et al. in
the formation of triazine-based covalent frameworks (CTFs) by the trimerization of nitriles in a
ZnCl, melt at 400 °C.5% These CTFs showed crystallinity and high porosity. However, the harsh
conditions of this method limit the scope for linkages or building blocks due to possible undesira-
ble decomposition and side reactions. Maschita et al. demonstrated that the ionothermal method
can also be used to synthesize imide-linked COFs with ZnCl, at lower temperatures or with eu-
tectic salt mixtures.?”! Similar to the mechanochemical route, this strategy does not require solu-
bility of the building blocks, and allow for shortening the reaction time and producing new COF
systems that cannot be obtained through solvothermal reactions. By using ionic liquids, Guan et
al. were able to extend the scope of ionothermal reactions to room-temperature for the preparation
of imine COFs.? Recently, it was also shown that cheaper deep eutectic solvents can be used
for COF formation.®3
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Other methods

In recent years, various other strategies for COF formation have been developed and reported.
Yang et al. demonstrated the first successful COF formation by sonochemical synthesis of COF-
1 and COF-5 based on boronic esters.* Recently, sonochemistry was also discovered as a rapid
and ecological alternative for imine-based COF formation in water.®® Microwave-assisted syn-
thesis has also been investigated and successfully used for COF production. With shorter reaction
times and better control over temperature and pressure than classical solvothermal synthesis,
cleaner and higher quality materials can be obtained.55"1 Kim et al. reported a rare light-promoted
synthesis of hcc-COF from 1,2,4,5-benzenetetramine and hexaketocyclohexane in an efficient
reversible dynamic imine condensation reaction.® They were able to obtain a uniform and crys-
talline product with an extended 1T-conjugated structure along the lateral direction to improve the
electrical properties of COFs.
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2.3. Post-Synthetic Modifications and Functionalization of COFs

Post-synthetic linkage modifications

The stability and variability of COFs also allows for interesting and useful post-maodifications after
the original framework has been formed. These modifications can be useful to introduce or add
new functionalities to the COF, change the pore surface properties, or improve the chemical sta-
bility of the scaffolds. Due to the high intrinsic porosity, which allows reagents privileged access
to the bonds or building blocks in question, the subsequent modification of COFs is one of the
interesting advantages compared to non-porous polymeric materials.>! While many of the COF
linkages are remarkably stable under mild conditions for catalysis or other applications, their in-
trinsic property of being formed from reversible bond formation reactions always implies that the
bonds holding the scaffold together can be broken under harsher conditions. The trade-off be-
tween highly reversible bond formation for high crystallinity and the resulting lower chemical sta-
bility is a core problem in COF design and part of the COF trilemma.[”’ One approach to solving
this problem is to convert the originally reversible bonds into chemically irreversible bonds.

In 2016, Waller et al. reported one of the first examples of this approach, namely the direct chem-
ical conversion of imine linkages to amide linkages by oxidation (Figure 2.7).5% Using sodium
chlorite as a reagent, they were able to completely convert the imines to 2D COFs while main-
taining the crystallinity and porosity of the scaffold. The transformed scaffold was found to be
stable for 24 hours to treatment with 12 M aqueous HCL and 1 M aqueous NaOH, conditions that
degraded the original imine scaffold.

The same group also showed a different approach for the conversion of imine to oxazole and
thiazole bonds in COFs.[% In contrast to direct oxidation to amides, this conversion was based
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Figure 2.7 Direct topochemical conversions of imine bonds to amide (upper pathway) or thiazole (lower pathway). 345
The resulting bonds are chemically much more stable than the original imine bond, which is susceptible to hydrolysis.
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Figure 2.8. (a) Synthesis pathway to amine-linked COFs by a two-step process of imine condensation followed by
reduction by formic acid or reductive one-pot crystallization in which formic acid acts as acid catalyst and reducing
agent. (b) Post-synthetic functionalization of the pore wall at secondary amine bonds by immobilization of acyl chlorides
(left) or isocyanates (right). Taken and adapted with permission from Ref. [63]. Copyright 2021 American Chemical
Society.

on the substitution of the original C. aldehyde linker by a hydroxy- or thiol-functionalized mono-
mer. After linker exchange, intralayer cyclization and oxidation lead to the oxazole or thiazole
linkages. The resulting material is isostructural to the original COF and also exhibits significantly
increased chemical stability.

Direct conversion of imine to thiazole linkage without linker exchange was simultaneously demon-
strated by Haase et al. in a topochemical conversion of the scaffold at 350 °C using elemental
sulfur (Figure 2.7).34 A recent one-pot synthesis of thiazole-linked COFs was carried out in a
multicomponent reaction with the addition of sulfur during the initial COF formation.Y The one-
pot reaction resulted in a material with higher crystallinity and porosity compared to a two-step
approach.

Li et al. developed a transformation by aza-Diels-Alder cycloaddition reaction of phenylacetylene
derivatives with the imines to form a stable, porous, and fully aromatic framework.? The newly
formed quinoline-bonded COF retained its crystallinity and acquired improved chemical stability.
The newly protruding phenyl groups bearing tunable functional groups can be used to modify the
properties of the inner pore surface and shape its features.
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(upper pathway). One-pot multi-step reconstruction pathway through urea tether, where urea COFs are first formed in
a highly reversible reaction, followed by reconstruction by removal of the tether (lower pathway). Taken and adapted
with permission from Ref. [64]. Copyright 2022 Springer Nature.

In 2021, Grunenberg et al. reported the direct conversion of imines to secondary amine linkages
by a mild Leuckart-Wallach reduction with formic acid or ammonium formate (Figure 2.8, a).[
The secondary amine linkages were also obtained in a one-pot reaction during the initial COF
formation, with formic acid serving as both acid catalyst and reducing agent. The reduced COFs
were obtained with high crystallinity and porosity. As in the aza-Diels-Alder cycloaddition reaction,
the newly formed amines also introduced additional functions into the framework. In addition to
the intrinsic basicity of the secondary amines, they can also be used as reactive sites for post-
synthetic functionalization by serving as attachment points for acyl chlorides or isocyanates (Fig-
ure 2.8, b). This could provide access to tailored, more stable covalent organic scaffolds.

The most recent addition to post-synthetic modifications to increase the stability of COFs is the
reconstruction of urea COF into very stable B-keteneamine-linked COFs in a multi-step one-pot
reaction (Figure 2.9).1%4 The high reversibility in the formation of urea-based COFs leads to highly
porous and crystalline preorganized materials in the first step. In a subsequent step, hydrolysis of
the urea bond combined with the formation of 3-ketoenamines on the resulting free functional
groups leads to in situ polymerization to reconstructed COFs. Thus, the scaffold is reconstructed
by a formal loss of carbon dioxide, ammonia, and water. The original structural information, high
crystallinity, and porosity of urea-linked COFs are retained and exceed the quality of the same
COFs formed by direct B-ketoenamine formation.

Post synthetic pore wall modifications

Another general strategy for post-synthetic functionalization of COF is the modification of the
building blocks that form the pore walls. While post-synthetic modification of the linkages is pri-
marily aimed at increasing stability, modification at the pore wall is aimed at implementing addi-
tional functionality. The rationale for this strategy is concern about stability or disruption of the
desired functionality during COF formation, or a library-like diversification of functionalities that
relies on the creation of a simple COF and saves the synthesis of several different building
blocks. However, while bond modification is limited to the chemistry that exists around it, pore
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Figure 2.10. Nagais et al. reported a general strategy for the surface engineering of COFs. Initially an azide bearing
building block is added, substituting a certain percentage of non-functionalized building block. The pore wall mounted
azides are then used as anchors for various alkyne organic molecules via click chemistry, attaching the novel groups
on the COF pore wall and tailoring its properties. Taken and adapted with permission from Ref. [67]. Copyright 2011
Springer Nature.

wall maodification can utilize more broader, versatile chemistry. Because the functionalization pro-
cesses are heterogeneous reactions and the separation of unwanted byproducts is challenging,
high yield and clean reaction are necessary.[%

For post-synthetic modification of the pore wall, simple functional groups are introduced into the
scaffold, which can then be reacted with coupling agents to form covalent bonds between the
pore wall and the functional moieties. These side groups may include azide - coupling with alkyne
via click chemistry -, hydroxyl - coupling with alkyl halides, acyl chlorides or anhydrides, to form
the corresponding ethers or esters -, or amine - coupling with acyl chlorides or anhydrides to form
amides.

Nagai et al. demonstrated functionalization of the pore surface of COFs by click chemistry.®"!
Using building blocks containing azide units, they were able to form COFs with different densities
of azides on the pore walls depending on the ratio of azide/non-azide building blocks used, serv-
ing as anchoring units. They were able to perform successfully and quantitatively click reactions
on these azides attached to the pore wall with different alkynes. Their protocol was compatible
with various organic functionalities and allowed tailoring of the COF surface to specific properties.
A dependence on the density of azides was observed for the retention of crystallinity and porosity.
However, at a low density of azides, there was no change in COF quality after the click reaction.
To evaluate the effects of functionalization of the pore walls, the gas sorption selectivity of CO
versus N, was measured, and up to 16-fold higher selectivity of the functionalized material was
observed compared to the untreated material.
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In 2016, Dong et al. reported on the immobilization of ionic liquids on COFs.[®® They processed
the hydroxy-containing COF surface by a Williamson ether reaction with (2-bromoethyl)tri-
ethylammonium bromide to immobilize the ionic liquid. The subsequent modification significantly
increased the affinity of the framework for CO,, resulting in a high adsorption capacity of
164.6 mg g* at 273 K and 1 bar, while making it an effective heterogeneous catalyst for the con-
version of CO; to formamide under ambient conditions. The surface-treated catalyst afforded the
formylation product of amines and CO, - enabled by a reducing agent PhSiHs - in excellent yields
of 88% or more.

Ji et al. successfully prepared an amine-functionalized imine-COF.[®¥ This functionality, which
would easily interfere with imine-COF formation, is initially introduced as an azide group. The
decision to reduce the azide group instead of using it for click chemistry resulted in an amine
functionalized COF with no loss of crystallinity and only minor loss of specific surface area, even
with maximized azide coverage on the surface. The COFs modified with amine were found to be
efficient in removing GenX and other perfluorinated alkyl substances from water. For 12 of 13
PFASs, a COF with a lower amine loading of 28% successfully removed more than 90% of the
contaminants. The higher removal efficiency at slightly reduced amine loading is attributed by the
authors to a synergistic combination of the polar amine group and the hydrophobic pore surface.

Pachfule et al. demonstrate post-synthetic COF modification by ionic immobilization of gold
[Au(0)] nanoparticles (NPs)."% Using a solution infiltration method, they first loaded TpPa-1 COF
with HAuCls-3H,0 before reducing it with NaBH. to form catalytically active gold NPs. These NPs
were found to be well distributed in the ordered porous COF support architecture, which exhibited
high stability in agueous and common organic solvents. The Au(0)@TpPa-1 composite showed
high activity as a catalyst for nitrophenol reduction reactions, superior to reduction with
HAuCls-3H20 as catalyst.

Post-synthetic modification and functionalization of COFs is a powerful tool to expand the appli-
cation range of COFs. Bond conversion for robust, stable frameworks can improve their re-
sistance to harsher catalytic reaction conditions and ensure catalyst recovering and recycling.
Post-synthetic modification of the pore wall is also ideal for further specializing COFs for specific
applications and introducing more sensitive functionalities into the scaffold.
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2.4. Application of COFs

Gas capture and storage

The high specific surface area, the adaptability of the pores and the low density make COFs
promising materials for the capture, storage and separation of gases. Gases relevant to climate,
energy and industrial policy, such as carbon dioxide, methane, hydrogen, ammonia or sulfur di-
oxide, are generally the focus of this research, and COF systems are being developed for these
specific gases.["Y]

COg, which is released by fossil fuel consumption and the major greenhouse gas, is an urgent
and important focus for gas storage research in COFs as well as for other porous materials such
as porous carbons, silica, and MOFs.?72 To obtain information on the general affinity of COFs
for CO, and their suitability for CO; adsorption, measurements are performed between 273 K and
313 K up to 1 bar to determine the heat of adsorption and the amount of CO, adsorbed.[”® To
investigate their storage capacity, measurements are made at room temperature up to 60 bar.[’l

Even the first synthesized COFs, COF-1 and COF-5, showed promising CO, uptake of 230 mg g*
and 870 mg g* at 298 K and 55 bar, respectively. Later synthesized boron-based COF-102 and
COF-103 achieved excellent CO, uptakes of 1200 mg g* and 1190 mg g* at 298 K and 55 bar,
respectively.’¥ The variable configurations for COFs also inspired others who used design prin-
ciples for better CO, adsorption properties by fabricating polar, nitrogen-rich, or ionic scaffolds. Li
et al. reported an azine-linked framework, COF-JLU2 (Figure 2.11), in which CO adsorption is
enhanced by polar B-ketoenamine groups.” Despite the rather moderate Sger of 415 m? g1, CO;
uptake of 217 mg g was achieved at 273 K and 1 bar. EI-Mahdy et al. demonstrated a strategic
design of triphenylamine- and triphenyltriazine-based 2D COFs for enhanced CO; uptake.[® They
were able to relate planarity and higher nitrogen content in the backbone in a series of six iso-
reticular COFs to enhanced interaction with CO» and thus improved gas uptake. Their most effi-
cient system was optimized to 92.38 mg g* CO- uptake at 273 K and 1 bar. Hung et al. demon-
strated efficient functionalization of the pore wall for enhanced CO. affinity in H2P-COF.l'2 In a
ring-opening reaction of succinic anhydride with hydroxyl groups present in the original COF, the
pore wall was functionalized with carboxylic acid moieties to induce dipolar interaction with CO,.
This post-modification improved CO, uptake by more than 300% and significantly increased the
selectivity of CO; over Nz in gas separation. In 2017, the same group reported an ionic PyTTA-
BFBIM-ICOF with the cationic linker 5,6-bis(4-formylbenzyl)-1,3-dimethyl-benzimidazolium bro-
mide." The cationic benzimidazolium sites protruding into the COF pore channels greatly altered
the CO. affinity compared to the neutral analog. They found a promising uptake of 93 mg g* at
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Figure 2.11. (a) Synthesis of COF-JLU2. (b) Structural model showing the AA stacking of COF-JLU2. The high density
of polar bonds on the backbone increases CO: affinity and uptake. Taken and adapted with permission from Ref. [75].
Copyright 2015 John Wiley and Sons.

298 K and 177 mg g* at 273 K and 1 bar for their ionic system and demonstrated that the con-
struction of the ionic interface of COFs provides a new avenue in the development of CO-affine
storage materials.

COFs are also being investigated as promising materials for hydrogen storage. Despite its high
potential as a clean energy source, safe storage and transport of the highly reactive gas remains
one of the major challenges.[”® COF-102 and COF-103 were found to be excellent materials for
hydrogen storage, with uptake of 72.4 mg g* and 70.5 mg g* at 298 K and 35 bar, respectively.["*!
Similar to CO; adsorption, 3D COF structures were found to be superior to their 2D counterparts
for gas storage. This effect and the general exceptional storage properties of COFs for hydrogen
have been investigated in theoretical studies.[”® Xia et al. investigated the influence of different
functionalization of COF-320 on hydrogen adsorption properties. Substitution of the H atoms of
the benzenes contained in the COF by various moieties, e.g., hydroxyl, amine, methyl, or cyano,
showed that these could improve the storage capacity between 27.6 and 35.2%.

As with hydrogen, the adsorption of methane is also a difficult case. Due to the low polarity of
these gases, high adsorption depends exclusively on large surfaces and pore volumes. The suc-
cessful design principles for CO; with nitrogen-rich, polar or ionic backbones and pore walls are
not suitable for significantly improving adsorption as for the other gases.[®
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Studies on other gases, especially ammonia
or sulfur dioxide, are still quite rare. Boronate
ester-linked COFs were found to be efficient
for ammonia adsorption due to the strong
Lewis acidity of the boron components.
Doonan et al. demonstrated exceptional
ammonia uptake in COF-10 of up to 255.5
mg g, which significantly outperformed
zeolite 13X (153.3 mg g?), a state-of-the-art
material for ammonia storage.® The ad-
sorbed ammonia can be released under vac-
uum or by heating, which allows repeating of
the adsorption/desorption cycles of the COF
without damaging it. Using pore wall engi-
neering with amine, carbonyl, and carboxyl
groups and combined metal ion integration,
Yang et al. were able to achieve excellent
ammonia absorption capacities of 243.5
mg g* at 298 K.[BY This approach demon-

strates that successful pore engineering can
significantly alter ammonia uptake. By modu-
lating the imide-linked PI-COF with a second-
ary amine (Figure 2.12), Lee et al. were able
to functionalize the COF for efficient SO- cap-
ture with high stability and reversibility.[? With the optimized modulator amount, they recorded
SO, uptake of 410 mg g™.
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Figure 2.12. Synthesis of PI-COF-mX with the modulator DMMA
to introduce secondary amine structures for enhanced SOz uptake.
Taken and adapted with permission from Ref. [82]. Copyright
2017 Springer Nature.

Heterogeneous catalysis

Catalysis in heterogeneous systems occurs at the interface between different phases.® The ef-
ficiency and productivity in heterogeneous catalysis strongly correlates with the interfacial area
and the active sites that contribute to catalysis. The high specific surface area of COFs makes
them promising materials for heterogeneous catalysts, optimizing the available surface interface
and catalytic sites with respect to liquid or gas phase substrates.® Thanks to their high chemical
stability and versatility in terms of design and functions, these materials can be used to overcome
various catalytic challenges.

One of the first examples of COFs as heterogeneous catalysts was reported by Ding et al. in the
construction of a Pd/COF-LZU1 composite for the Suzuki-Miyaura coupling reaction.’® By post-
treatment of COF-LZU1 with Pd(ll) acetate, the palladium coordinates to the imine bonds between
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Figure 2.13. Formation of COF-LZU1 and Pd/COF-LZU1 by post-treatment with Pd(OAc)2 and coordination to imines
between adjacent layers. Taken and adapted with permission from Ref. [85]. Copyright 2011 American Chemical
Society.

two layers and the catalyst is incorporated into the framework (Figure 2.13). This delicate incor-
poration of Pd(Il) was detected by spectroscopic analysis. The final catalyst is characterized by
high stability and recyclability, a broad range of reactants, and excellent yields in Suzuki-Miyaura
coupling reactions. The authors attribute the enhanced activity of Pd/COF-LZUL1 to its unique
structure. The 3.7 A spacing, corresponding to the layer spacings, of the capped imine nitrogen
corresponds to an ideal condition for strong coordination of palladium.

Another example of the coordination of metal species in COFs to create functional catalysts is the
bimetallic docking of a rhodium and palladium species to bipyridine-containing BPy-COF.[¢! |n
two postsynthetic steps, a Rh(COD)CI complex can first be formed on the bipyridine sites in the
COF backbone, followed by the immobilization of Pd(OAc). between two imine nitrogen atoms of
the adjacent layer, similar as shown by Ding et al.. This bimetallic catalyst system shows remark-
able activity in a one-pot cascade reaction of phenylboronic acid and benzaldehyde to benzophe-
none via a diphenylmethanol intermediate in good yields of 90%.
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Figure 2.14. Synthesis of alkyne-functionalized TPB-DMTP-COF. Synthesis of chiral COFs ([(S)-Py]x-TPB-DMTP-
COFs, x = 0.17, 0.34, and 0.50) by channel-wall engineering via click reaction. Taken and adapted with permission
from Ref. [89]. Copyright 2015 Springer Nature.

Li et al. developed a metal-free heterogeneous COF catalyst with dual linkages for bifunctional
cascade catalysis.®® In the first example of a 3D COF with dual linkages, boronic acid esters and
imines, they implemented both acidic and basic sites in the framework to create a bifunctional
catalyst for one-pot cascade reactions. High activity was demonstrated in the cascade of acid-
catalyzed hydrolysis of an acetal, followed by base-catalyzed Michael addition of the resulting
benzaldehyde with acetylacetone in high yields of 92% or more.

Xu et al. demonstrated the construction of a metal-free chiral covalent organic framework as a
heterogeneous organocatalyst from chiral building blocks.® Based on a chiral pyrrolidine moiety,
they were able to implement the chiral information directly into the COF backbone, resulting in
materials with high crystallinity and Sger. The organocatalytically active pyrrolidine moiety in the
COF was successfully used in asymmetric aldol reactions, leading to high yields and enantiomeric
ratios.

COFs can also be used for chiral organocatalytic platforms by pore wall engineering. Xu et al.
reported the successful immobilization of chiral proline organocatalysts by click chemistry.% By
partially replacing a methoxy-functionalized linker in the known TPB-DMTP-COF with an alkyne-
containing linker, they are able to immobilize an azide-functionalized proline on their pore walls in
a post-synthetic step (Figure 2.14). The resulting metal-free organocatalytic COF shows high ac-
tivity, enantioselectivity, as well as recyclability in enantioselective Michael reactions with enanti-
omeric excess (ee) ratios of 90% and more.

Sun et al. employed sophisticated control of the pore environment in COFs to improve the perfor-
mance and stability of the enzymes infiltrated into the scaffold to create heterogeneous COF-
enzyme composites (Figure 2.15).°% The practical application of enzymes in organic synthesis is
often limited and hindered by their poor long-term stability and recyclability. By incorporating the
enzyme lipase PS into the pores of various COFs, higher stability and robustness of the enzyme
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Lipase PS

Figure 2.15. (a) Model of lipase PS. (b) Schematic representation of the translocation of the enzyme into the pore
channels. Taken and adapted with permission from Ref. [90]. Copyright 2018 American Chemical Society.

surface interaction infiltration

as well as significantly higher activity of the biocomposite could be achieved compared to the free
enzyme in activity tests. The high modularity and pore adaptability of the COFs also made it
possible to control the orientation and accommaodation of the enzyme in the pore channels.

Sensing

Due to their aromatic nature and delocalization of conjugated Tr-electrons in their layer, many
COFs exhibit photoluminescence properties whose application in chemical sensing has been
widely explored.**°1 Their fluorescence or quenching of this property by adsorption or coordina-
tion of guest molecules can be targeted using the wide range of design options for COF. Great
attention is paid to the detection of chemical pollutants in the aqueous phase, e.g., selective de-
tection of dyes, metals, organic compounds, or biomolecules.[®?-%!

Peng et al. reported the preparation of ultrathin COF nanosheets and their application for selective
DNA detection.®”! An imine-linked TPA-COF was formed by choosing two unusual flexible build-
ing blocks. The flexibility leading to weakened interlayer interactions enabled exfoliation into thin
2D-COF nanosheets. These nanosheets were successfully used as a novel sensing platform for
DNA, utilizing fluorescence quenching when DNA adsorbed on the sheets.

Moreover, COFs are receiving increased attention as electrochemical sensors due to their nu-
merous intriguing properties.® Although there are still many unsolved problems, such as poor
electrical conductivity, lack of a general synthesis strategy for films, and immobilization methods,
they have emerged as promising candidates in the field.

Biosensors were demonstrated by Xu et al. using DHTA-TTA-COF, taking advantage of the mul-
tiple redox active states of this COF.[°® Their electrochemical studies showed that their COF-
based ratiometric electrochemical sensor could determine H,O, concentrations from 5.66 uM to
400 uM, as well as pH values between 11.0 and 3.0. The redox-active COF could additionally be
loaded with glucose oxidase in its pores, allowing the detection of glucose in a range of 1.26 yM
to 6.0 mM.
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Another example of COFs as electrochemical sensors is DAAQ-TFP COF, which was used by
Liang et al. for the simultaneous detection and removal of hydrazine.l®4 By incorporating anthra-
guinone units as electroactive sites, an effective response to hydrazine concentrations in the ppb
range and a linear detection range between 0.5 and 1223 uM were achieved. At the same time,
a maximum removal capacity of up to 1108 mg g hydrazine was measured.

Photocatalysts and photosensitizers

Due to their extended conjugate Tr-electron delocalization, ability to incorporate organic chromo-
phores, and semiconducting properties, COFs have emerged as potential materials for energy
conversion applications.

In 2014, Stegbauer et al. reported the first COF for photocatalytic hydrogen production.?® The
hydrazone-linked and triazine-containing network showed continuous hydrogen production from
water under visible light irradiation (1970 ymol g h1) after doping with nanoparticulate Pt as co-
catalyst.

The important role of triazine, its influence on the electronic properties and structure of COFs
leading to increased activity for hydrogen evolution, was investigated by Vyas et al.’¥ In a series
of water- and photostable 2D azine-linked COFs with different numbers of nitrogen at the junc-
tions, it was shown that the steric variations and electronic properties of the building blocks are
transferred to the final network (Figure 2.16). A reduced dihedral angle in the building blocks due
to nitrogen incorporation leads to a more planar 2D COF structure and better electron delocaliza-
tion in the COF layer. In addition, the nitrogen content in the COFs alters the HOMO-LUMO level
and thus the band gap. The combined effects of structure and electronic properties result in a
gradual increase in hydrogen evolution activity under visible light irradiation with increasing nitro-
gen content.

Wang et al. reported a sulfone-containing COF for photochemical hydrogen evolution.*% The
COF proved to be stable under long-term irradiation in the visible region and produced hydrogen
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Figure 2.16. (a) The nitrogen atoms at the green dots decrease the dihedral angle between the central aryl group and
the peripheral phenyls compared to C-H. (b) This increased planarity of the building block is translated into a planer 2D
COF sheet that enhances the delocalization of conjugated r-electrons. (¢) The electronic and structural properties of
the nitrogen-enriched network lead to enhanced photocatalytic activity and hydrogen production. Taken and adapted
with permission from Ref. [99]. Copyright 2015 Springer Nature.
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with the rate of up to 16.3 mmol g* h under the optimal condition. The authors attributed the
excellent production rate and stability to the high quantum efficiency of the sulfone COF, its strong
absorption of visible light, and its wettable, hydrophilic mesopores. The higher productivity com-
pared to the amorphous or semi-crystalline counterpart showed the importance of the crystallinity
of the framework.

Besides water splitting, photochemical reduction of CO; is becoming more and more relevant.
Yang et al. reported a 2D COF with an incorporated Re-complex as an intrinsic photocatalyst for
CO: reduction to CO under visible light irradiation.®t! The COF showed high selectivity of 98%
and better activity than the homogeneous Re-complex analog. Using this system, they were able
to further investigate and decipher the key intermediates during the reduction and determine the
rate-limiting steps, demonstrating the usefulness of these scaffolds for studying reaction pro-
cesses.

In 2019, Zhong et al. reported a COF for photocatalytic CO. reduction bearing individual Ni
sites.[1°? They used the chelation of bipyridine units in TPBpy-COF to immobilize the individual Ni
sites and demonstrated synergistic effects in the coordination and stabilization of the individual
metal sites, as well as in the activation and conversion of CO; to CO under visible light.
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3. Research Objective

Thanks to their large specific surface area and tunability, COFs have been successfully used as
heterogeneous catalysts and supports, as shown by the numerous publications on this promising
application. However, despite the large variety of COFs for heterogeneous catalysis, there are no
studies on the specific influence of COF pore confinement effect on thermal catalysis with immo-
bilized single-site molecular catalysts. The fabrication and development of a suitable isoreticular
COF platform that meets the numerous requirements remains a major challenge. Combining (i)
high crystallinity and (ii) porosity with precisely tunable pores that are beyond the "comfortable"
COF pore size of 2-4 nm, while providing (iii) accessible anchoring sites for catalyst immobilization
and (iv) sufficient stability for reaction conditions, presents a platform design challenge that in-
volves a multitude of issues. In addition, an appropriate thermal catalysis and a catalyst to study
pore confinement effects must be employed. Furthermore, new strategies to overcome the current
scaling limitations of classical synthesis need to be considered to provide adequate amounts of
material for academic purposes up to industrial scales, as well as novel post-synthesis modifica-
tion techniques to further diversify such a platform. The scope of the thesis is to develop an iso-
reticular COF platform to investigate pore confinement effects and explore alternative synthesis
routes for COFs as well as post-modification strategies.

First, an isoreticular series of COFs with large and tunable pore sizes is developed to serve as a
basic framework for the study of molecular heterogeneous catalysis under COF pore confinement
(Chapter 4). Based on phenylphenanthridine-aldehyde C2 building blocks, this series should be
modifiable by its protruding phenyl group to provide further points of attachment for the molecular
catalysts. In combination with C3-amine building blocks of different sizes, the desired isoreticular
series of 2D-imine COFs with hexagonal pores can be generated. To obtain this series, the influ-
ence of interlayer interactions on stacking and thermal stability in large 2D COFs is investigated
to derive pore size trend with increasing building block length and develop a general design tool
for rarely studied large-pore COFs.

Once the COF backbone is designed, the next step is to introduce anchoring sites on the COF
pore wall for a suitable molecular catalyst to test the effect of confinement on o,®-diene ring clo-
sure metathesis reactions (Chapter 5). Modification of the phenylphenanthridine building block
with hydroxyl groups allows the attachment of the trimethoxy(alkyl)silane modified catalyst via a
mild silylation reaction and provides a molecularly precise heterogeneous metathesis catalyst. In
this biomimetic approach, the reaction should lead to an increase in the desired selectivity of
macro(mono)cyclization (MMC) over oligomerization (O) by spatially confining a Grubbs-Hoveyda
type catalyst and shifting the ring chain equilibrium during catalysis. The study of substrates of
different sizes and their MMC/O selectivity provides important insights into the confinement effect
and interactions between scaffold, catalyst, and reactant.
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In addition, the mechanosynthesis through liquid-assisted grinding (LAG) is explored for COF
synthesis, which enables an environmentally friendly process and scalable COF products. The
fundamentals of the synthesis are investigated to understand the mechanism of crystallite for-
mation (Chapter 6). While successful formation of COFs during milling has been demonstrated to
date, little is known about the reaction mechanism involved. By investigating the chemical and
structural formation of COFs using in situ XRPD and Raman monitoring, important insights into
the mechanism can be gained to further improve the previously lacking quality of mechanosyn-
thesized COFs, expand the scope to novel COF systems, and pave the way for controlled scaling
of the reaction.

Finally, the adsorption of nitric oxide on covalent organic frameworks is investigated as a novel
and alternative application (Chapter 7). COFs are often investigated for gas storage and separa-
tion applications due to their high specific surface area. While current research focuses on hydro-
gen or carbon dioxide, they are rarely considered for more chemically reactive gas species such
as ammonia or sulfur dioxide, and there are no literature reports on the adsorption of nitrogen
oxides on COFs. We investigate the effect of nitric oxide and its adsorption behavior on different
scaffolds with different linkages. Targeted *°N isotope enrichment for enhanced NMR sensitivity
at the most sensitive sites of the materials is used to decipher the reactions involved.
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Figure 3.1. Development of a COF platform to study molecular heterogeneous catalysis under confinement. The goal
is addressed by studying isoreticular large pore scaffolds (top, left) and confined olefin metathesis using this scaffolds
(top, right). Furthermore, green mechanosynthesis of COFs is investigated (bottom, left) and alternative applications
and further modifications of the scaffolds are explored (bottom, right).
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Abstract

Covalent organic frameworks (COFs) with a pore size beyond 5 nm are still rarely seen in this
emerging field. Besides obvious complications like the elaborated synthesis of large linkers with
sufficient solubility, more subtle challenges regarding large-pore COF synthesis, including pore
occlusion and collapse, prevail. Here we present two isoreticular series of large-pore imine COFs
with pore sizes up to 5.8 nm and correlate the interlayer interactions with the structure and thermal
EQL;) »j%f behavior of the COFs. By adjusting interlayer
@_“r@ @4‘@' @_,,_é interactions thr.ough the mcolrpor.atlon of meth-
Interlayer interactions OXy groups acting as pore-directing “anchors”,
different stacking modes can be accessed, re-
sulting in modified stacking polytypes and,
hence, effective pore sizes. A strong correla-
tion between stacking energy towards highly
ordered, nearly-eclipsed structures, higher
structural integrity during thermal stress, and a

Flgure 4.1. Table of content figure for the influence of . ..
interlayer interactions in large-pore COFs on thermal NOVel, thermally induced phase transition of
stability and stacking mode. stacking modes in COFs was found, which

Pore size
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sheds light on viable design strategies for increased structural control and stability in large-pore
COFs.

4.1.Introduction

Covalent organic frameworks (COFs) are highly stable, permanently porous and crystalline ma-
terials assembled from organic building blocks to form defined periodic networks.™ Due to their
structural and chemical diversity, COFs have been attracting great interest for various applications
such as catalysis,?® gas separation and storage,®® water harvesting,®'° energy storage,**°l
and chemical sensing.!*1¢ To design and optimize COFs for applications, materials with high
crystallinity and accessible surface areas, as well as chemical and thermal stability are tar-
geted.” In particular, well-defined structures with accessible docking sites and large pore sizes
become increasingly important to tailor COFs for distinct applications. While micro- and small
mesoporous COFs are widespread today, large-pore COFs with pore diameters exceeding 5 nm
are still rare.[*®-23 With a large open pore structure, such COFs could host bulky guest molecules
such as biomolecules,'?*2% or allow sufficient diffusion of substrates and products in heterogene-
ous catalysis, making them ideal candidates to further widen the scope of applications for COFs.

In 2014, Fang et al.” designed the first polyimide-based COF with a pore size exceeding 5.0 nm,
which could absorb the large dye molecule rhodamine B in its channels. Recently Zhao et al.?®l
synthesized an ester-linked COF spanning 10 phenylene units at one edge. While the polyimide
COF crystallizes - as all other examples known to date - in a slipped configuration, slightly reduc-
ing the apparent pore size, the ester-linked COF showed a significantly smaller pore size in dry
conditions than anticipated. However, low crystallinity due to the high flexibility of the structure
precluded a definite structure analysis. Controlling the synthesis and structure of large-pore COFs
to maximize their pore size seems to impose unique problems compared to COFs with smaller
pores. Besides synthetic challenges like reduced linker solubility with increasing length, the ob-
served effect of layer slipping and potential pore collapse upon removal of guests®?” have to be
considered. For mesoporous systems like COFs, large interfacial energies are expected due to
their high surface areas, leading to a natural tendency to minimize their free energy by the closure
of the energetically unfavorable pores.?82%! For COFs this tendency could be a lateral slipping of
the layers to decrease pore size and surface area, or ultimately a pore collapse, while both are
counterbalanced by the strong interlayer stacking interactions and rigid linkers, keeping the po-
rous structure intact. The so far generally observed slipping of layers within large-pore COFs may
be the result of an imbalance between increasing pore aperture and relatively larger free volume,
while the same “wall-thickness” and therefore similar interlayer interactions are maintained. The
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Scheme 4.1. Synthesis of PP-TAB, mPP-TAB, dPP-TAB, PP-TAPB, mPP-TAPB, and dPP-TAPB COFs to obtain a set
of six isoreticular COFs with varying pore sizes and interlayer interactions.

total free energy of the system may then become unfavorable and the system is forced to mini-
mize its free energy by pore collapse or layer slipping instead of maintaining nearly eclipsed struc-
tures. We thus hypothesize that increasing the interlayer interactions might help to anchor the
layers in nearly eclipsed stacking modes and prevent slipping or even pore collapse. Considering
these observations, an in-depth understanding of the factors affecting pore structure and struc-
tural stability is necessary to successfully obtain large-pore COFs without sacrificing crystallinity
and porosity.

In recent years a great deal of attention has been devoted to the task to increase crystallinity and
surface area of COFs, e.g., by modulating reversibility during the formation process, or facilitating
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beneficial stacking interactions, both of which can be instrumental in the design of large-pore
COFs.E%-%2 |n addition, an increasing repertoire of new linkages or post-modification of linkages
was developed to extend the portfolio of synthetic tools to create chemically stable networks that
withstand harsh chemical conditions.?333-36 However, in terms of thermal stability Evans et
al.B7%8 recently showed that TGA analysis is not sufficient to assess thermal stability of the frame-
works. They found that the structural integrity and crystallinity of the networks could be compro-
mised by buckling of the layers under thermal stress at significantly lower temperatures than the
TGA measurements suggest. Given the high flexibility of larger COF structures,?® thermal stress
can have an even bigger impact on their structural integrity.

Herein, we reveal the structure-directing influence of interlayer interactions in two isoreticular se-
ries of 2D large-pore COFs. We pay specific attention to the effect of interlayer interactions on
structure and pore size and investigate the structural integrity of large-pore COFs under thermal
stress. Methoxy groups are introduced into the COF structures in meta position to the imine bond
to alter and modulate the interlayer interactions by reducing the inherent dipole moment of the
imine linkage® and by adding favorable interlayer hydrogen bonding.l*® By varying the amount
of methoxy functionalization and the pore size, a series of six isoreticular, hexagonal COFs with
a maximum pore size of 5.8 nm are prepared. Recursive X-ray powder diffraction (XRPD) simu-
lations and refinements, sorption analysis and density functional theory (DFT) calculations show
that increasing the pore size leads to a tendency towards staggered layer arrangements, which
can be reverted into eclipsed arrangements by increasing the stacking interaction and anchoring
the layers in nearly eclipsed stacking. In situ XRPD and correlating ex situ sorption analysis es-
tablish a close connection between interlayer interactions and thermal stability and reveal a novel
thermally induced phase transition from eclipsed to staggered conformation at temperatures as
low as 120 °C. Our observations demonstrate that modulating interlayer interactions is a viable
tool to influence COF stacking and maximize thermal stability and pore sizes in large pore COF
systems.

4.2.Results and Discussion

Synthesis and Structural Analysis of Phenylphenanthridine COFs

To study the influence of interlayer interactions on the structure, crystallinity, porosity and thermal
stability of large-pore COFs, we selected three phenylphenanthridine based building blocks, 4,4'-
(6-phenylphenanthridine-3,8-diyl)dibenzaldehyde (PP), 4,4'-(6-phenylphenanthridine-3,8-
diyl)bis(2-methoxybenz-aldehyde) (mPP) and 4,4'-(6-phenylphenanthridine-3,8-diyl)bis(2,6-di-
methoxybenzaldeyde) (dPP), in combination with 5'-(4-aminophenyl)-[1,1":3',1"-terphenyl]-4,4"-
diamine (TAB) or 1,3,5-tris[4-amino(1,1-biphenyl-4-yl)]benzene (TAPB). By the combination of
these building blocks, six isoreticular COFs, PP-TAB, mPP-TAB, dPP-TAB, PP-TAPB, mPP-
TAPB, and dPP-TAPB, with varying amounts of methoxy groups - zero to two regarding each
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Figure 4.2. XRPD patterns (Cu-Ka1) (a, b), nitrogen sorption isotherms at 77 K (c, d) and calculated pore size
distributions (e, f) of PP-TAB, mPP-TAB, dPP-TAB, PP-TAPB, mPP-TAPB, and dPP-TAPB COF.

imine bond - and differing pore sizes were obtained (Scheme 4.1). The descriptors “m” and “d”
denote mono- and di-methoxy-functionalized linear linkers.

The successful conversion of the building blocks into imine-linked COFs was established by Fou-
rier transform infrared analysis (FT-IR), *C cross-polarization magic angle spinning (CP-MAS)
NMR spectroscopy, nitrogen sorption analysis at 77 K and XRPD. FT-IR reveals the full consump-
tion of starting materials by the disappearance of typical amine and aldehyde stretching bands at
around 3300 cm™ and 1670 cm?, respectively. Further, the appearance of a new imine-stretching
band around 1620 cm™ confirms the successful formation of imine-linkages for all six COFs (Fig-
ure S9.1.1-6). 3C CP-MAS NMR spectra show the typical imine signal at around 160 ppm and
reveal that no residual aldehydes are left for all six COFs (Figure S9.1.33). The signals of PP-
TAB, PP-TAPB, and mPP-TAPB display significant broadening and overlapping, indicating higher
disorder, compared to the spectra of mPP-TAB, dPP-TAB, and dPP-TAPB, which show sharper
and more defined signals.
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Figure 4.3. Possible stacking orders in mPP-TAB, (a) overview and (b) detailed view of a nearly eclipsed stacking of A-
(magenta) and A-type stacked layers, (c) overview and (d) detailed view of a staggered stacking of A- (magenta) and
B-type stacked layers. The possible stacking vectors for a staggered stacking are indicated by green and light green

arrows. The constitution of the A-type layer is identical to the A-type layer, but the A-type layer is flipped vertically by
180° around the 110 vector axis. () Corresponding simulated XRPD patterns of mPP-TAB on moving from an eclipsed
(top) to a staggered (bottom) conformation. Note the decreasing intensity of the reflections

Structure Analysis

XRPD measurements show that all six COFs of the series are highly crystalline (Figure 4.2, a and
b). However, it is noteworthy that mPP-TAB and dPP-TAB of the smaller isoreticular series as
well as dPP-TAPB of the larger isoreticular series display a seemingly higher crystallinity, sup-
ported by the large number of reflections in the XRPD patterns of up to 13, which is unusual for
COFs. In comparison, the other COFs show less reflections, and especially in the case of mPP-
TAPB, substantial peak broadening is observed. In addition, a distinct 00l stacking reflection is
absent for the latter ones. These noticeable differences in the apparent crystallinity in the isoretic-
ular series can be attributed to inherent differences in stacking order between these COFs. The
stacking orders can generally be described as an alternating AA-type stacking, where the A- (Fig-
ure 4.3, a, b, blue) and A-type layers (Figure 4.3, a, b, magenta) exhibit identical constitution but
the A-type layer is flipped vertically by 180° around the 110 vector axis with respect to the A-type
layer (Figure 4.3, b). These layers can either occupy an almost eclipsed AA-type stacking, with a
slight random stacking disorder,! or a staggered AB-type stacking, where layer B is shifted by a
certain stacking vector, indicated by green and light green arrows in Figure 4.3 ¢ and d.

To gain further insights into the different effects of structure and stacking for this isoreticular set
of COFs, we performed systematic DIFFaX like simulations of the XRPD patternst?43 for mPP-
TAB as an exemplary COF, using different stacking and faulting scenarios (Figure 4.3, e and
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S9.1.13). This simulation shows the transition of a nearly eclipsed AA-type structure into an or-
dered, staggered AB-type stacking as the most likely scenario. The shift within the ab-plane by
applying the stacking vector was incrementally increased to 12 A. This leads to a decrease of the
peak intensities of the 010, 120, 020 and 130 reflections, as observed in the measured pattern
with low apparent crystallinity. To evaluate this proposed structure model, we performed Rietveld
refinements on the collected powder patterns. The layers were modelled as flat layers without any
torsions as including this would have led to an overextension of the parameter space. Symmetry
adapted spherical harmonics were applied to the peak widths in order to compensate the peak
broadening caused by intra- and interlayer disorder. The refinement of the XRPD patterns col-
lected for mPP-TAB, dPP-TAB, and dPP-TAPB (Figure S9.1.9, S9.1.11, and S9.1.12, respec-
tively) with the nearly eclipsed AA-type stacked model led to a good fit of the measured XRPD
pattern and to a satisfying agreement factor (Rwp, = 4.58 %, 3.83 %, and 3.73 %, respectively).
For PP-TAB, PP-TAPB, and mPP-TAPB (Figure S9.1.7, S9.1.8, and S9.1.10, respectively), which
exhibit a staggered AB-type stacking, a 12 layer-supercell had to be used for refinement to ensure
a satisfying fit (Rwp = 1.44 %, 2.23 %, and 2.56 %, respectively). Within the refined supercell all
layers show a staggered arrangement with a stacking vector of around 12 A. The results, sum-
marized in Table 4.1, also show reduced a and b lattice parameters of the COFs in staggered
stacking compared to the isoreticular, eclipsed COFs, which indicates additional distortion by
layer buckling and twisting, introduced by the additional degrees of freedom in the staggered
arrangement.

Table 4.1. Comparison of crystal structure features and pore size distribution of investigated COFs.

COF aandb/A stacking type layer buckling Sger/m2g?! pore size / nm
PP-TAB 56.62(9) staggered AB yes 1063 4.2
mPP-TAB  58.83(4) nearly eclipsed AA no 1823 4.8
dPP-TAB  58.49(7) nearly eclipsed AA no 1467 4.8
PP-TAPB 69.29(6) staggered AB yes 1032 4.8
mPP-TAPB 69.97(4) staggered AB yes 631 4.9
dPP-TAPB  73.17(6) nearly eclipsed AA no 1670 5.8

All patterns were refined in P1 symmetry, due to stacking faults present. Lattice parameters were constrained to pseudo
hexagonal values, a=b, a = =90 ° and y = 120 °C.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) imaging was
performed for all samples to gain further insights into the morphology of the COF patrticles (Figure
S9.1.56-67). SEM images shows a cauliflower-like morphology for AB-type stacked PP-TAB, PP-
TAPB, and mPP-TAPB due to intergrown, curved sheets forming smooth spheres. AA-Type
stacked mPP-TAB, dPP-TAB, and dPP-TAPB show a comparatively rugged morphology expos-
ing crystal facets, which points to the growth of ordered, plate-like crystallites. TEM images show
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high crystallinity for all samples, with domain sizes ranging from 20 to 300 nm. The domains seem
to be generally larger for AA-type stacked mPP-TAB, dPP-TAB, and dPP-TAPB COFs. This can
be rationalized by their increased stacking interactions favoring larger domains.

Computational Structure Investigations

To gain additional insights into the structural arrangement of the nearly eclipsed COFs, we per-
formed a computational study to acquire an in-depth understanding of the stacking of phenylphe-
nanthridine units, the role of the methoxy groups, and the imine configurations. We first analyzed
the interaction of two isolated molecular building units. We performed DFT calculations using
TURBOMOLEM on the PBE-D3/def2-TZVPP-level*>-4"1 and geometry optimizations using the
DL-find“® interfaced via CHEMSHELL™“® for the combination of molecules as well as for their
isolated counterparts (details see ESI S10). In a second step, we investigated different arrange-
ments of building units by constructing cut-out blocks of the COF structure to model single pore
walls (Figure 4.4, a). All our solid-state density functional calculations were performed using the
quick step (QS) gaussian and plane waves (GPW) approach as implemented in CP2KP% with
periodic boundary conditions, the PBE-D3647 functional with GTH-pseudopotentials®! and a
TZV2P-GTHDPZ basis set. For the structures that we identified as the most promising, we then
performed a complete unit-cell treatment, leading to an optimal arrangement of these large-pore
COFs (Figure 4.4, c).

To investigate the stacking behavior of the phenylphenanthridine units, all four possible stacking
variants (Scheme S5) were initially optimized on a non-periodic molecular level (Table S9.1.4).
Further optimization in a periodic combination of blocks modeled the restricted in-plane movement
of a multilayer COF pore wall.The results of the non-periodic model and the comparison of relative
energies of isolated components of the COF pore wall simulation (Table S9.1.9) find the s10
variant to be the optimal stacking configuration of the phenylphenanthridine units. Assuming a
rotation of the protruding phenyl groups, parallel-displaced or T-stacked configurations (Figure
4.4, b), which are both commonly found as stacking motifs in proteins,®3%4 are possible and, due
to their similar energies, likely to coexist in the structure. For judging the influence of methoxy
groups on the imine linkage stacking and orientation, we again initially optimized a non-periodic
model to gain insight into the overall properties stemming from the components. The in-vacuo
analysis suggests the alternating arrangement of imine linkers as most probable (Table S9.1.5,
Figure S9.1.46).

To gain insight in the underlying electrostatic interactions, molecular electrostatic potential maps
were calculated for all isolated components. These maps explain the alternating arrangement by
the possibility to arrange differently charged areas in a more favorable manner to minimize repul-
sion (Figure S9.1.48). We could also observe that the difference in interaction energy between
the two orientations is reduced by added methoxy groups. Furthermore, we performed calcula-
tions with periodic combinations of blocks to model a multilayer COF pore wall. The interaction
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Parallel displaced T-shape

Figure 4.4. (a) Exemplary periodic combinations of blocks modeling a multilayer dPP-TAB COF pore wall. (b) Parallel-
displaced and T-shape stacking arrangement of phenylphenanthridine units. (c) Final unit cell of dPP-TAB after
geometry optimization with GPW-DFT.

energies show, in analogy to the isolated model, alternatingly oriented imine groups to be ener-
getically favorable as they minimize repulsion between the layers (Figure S9.1.49). However, for
the periodic case that restricts the molecules in their in-plane movement, the difference between
alternating and parallel orientations is smaller (AE =-12.7 kcal/mol) and becomes even smaller
when methoxy groups are added to the linking site (AE = -1.13 kcal/mol). This structural effect
results from the reduction of the inherent dipole moment of the imine linker by the adjacent meth-
oxy groups,% which “softens” the repulsion between the imine groups, especially in a parallel
orientation. This is seen in both models and in the periodic simulation of multilayer COF pore
walls, taking different phenylphenanthridine orientations into account (Figure S9.1.50 and Table
S9.1.6-8). Furthermore, we observed that structures with the phenylphenanthridine oriented on
different sides become significantly less favorable when methoxy groups are added (Table
S$9.1.7), which is not observed in the methoxy-free case (lowest AE = 13.01 kcal/mol). As a result,
the number of possible orientations can be expected to be halved in the methoxy case, which
indicates an increase in structural order. In building blocks with only one methoxy group we found
that same-side, parallel-oriented methoxy groups, as those shown in Figure S9.1.51, are always
energetically favorable compared to alternatingly oriented ones (Table S9.1.8). We conclude that
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the methoxy groups add stability due to their steric interactions with each other, which is in most
cases also indicated by their apparent out-of-plane orientation (Figure S9.1.49).

This behavior was further studied by a complete unit cell treatment of the dPP-TAB COF. Taking
into account the influence of the dispersion interactions, we performed cell optimizations of the
whole unit cell for methoxy groups ordered in parallel and antiparallel arrangements (Table
S9.1.10-12). It was observed that systematic out-of-plane orientations of the methoxy groups are
energetically favorable for every utilized method but even more so the systematic parallel ar-
rangement of the groups (Table S9.1.14 and Figure S9.1.53). With these results on the configu-
ration the complete unit cell of eclipsed stacked dPP-TAB and PP-TAB with parallel and alternat-
ing imine linkers, as well as s10 and s11 phenylphenanthridine units, was optimized using the
periodic GFN-xTB implementation in CP2K for a broad analysis as well as GPW-DFT calculations
for the most probable structures (Table S9.1.13).

For dPP-TAB, the obtained values for the lattice parameters (a = b = 58.198 A, ¢ = 7.25 A for al-
ternating imines and s10, unit cell displayed in Figure 4.4, c) are in good agreement with the ones
refined from the powder patterns. Calculating PP-TAB as a nearly eclipsed structure results in
strikingly similar values for lattice parameters as dPP-TAB (Table S9.1.13). These differ by almost
2 A to the smaller lattice parameters found experimentally, probably due to a lack of buckling of
the structure in the DFT calculations. However, if the eclipsed stacking is abandoned by shifting
layers towards the actually staggered AB-stacking, increased buckling is observed (Figure
S9.1.55), and the lattice parameters a and b are reduced to 56.709 A, matching the values found
experimentally.

Porosity Investigations

The porosity and Brunauer—-Emmett—Teller surface area (Sger) of the COFs were characterized
by measuring nitrogen sorption isotherms at 77 K to further confirm our structural models via their
pore sizes. Sger of all the COFs was determined in a suitable pressure region (P/Po = 0.1-0.3)
and pore size distributions (PSDs) were calculated from the adsorption branch by quenched solid
density functional theory (QSDFT) based on the carbon model for cylindrical pores and are sum-
marized in Table 4.1.555%61 All isoreticular COFs are porous with typical type IV isothermsP’l and
show, except for PP-TAB, a distinct hysteresis (Figure 4.2, ¢ and d). The calculated Sger for the
COFs show a spread ranging from moderately porous (631 m? g* for mPP-TAPB) to highly po-
rous (1823 m? g for mPP-TAB). The COFs crystallizing in a staggered conformation show overall
significantly lower Sger values compared to the nearly eclipsed staggered COFs. This can be
rationalized by an increase in porosity by both well-defined layer stacking®? and a decrease in
effective pore size through the staggered arrangement.
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Figure 4.5. (a) Calculated PSDs of dPP-TAB (left) and dPP-TAPB (right) for the adsorption and desorption branches,
calculated with quenched solid density functional theory (QSDFT) based on the carbon model for cylindrical pores.55%6
(b) Schematic representation of neck-less open pore system of dPP-TAB (left) and occurrence of pore neck by an
offset of the outer layers for dPP-TAPB.

Calculated PSDs show a pore size of 4.8 nm for methoxy-containing mPP-TAB and dPP-TAB of
the smaller set of isoreticular COFs (Figure 4.2, e). This finding is in good agreement with our
structure model assuming a nearly eclipsed AA-type stacking. However, the remaining, methoxy-
free COF of this set, PP-TAB, shows a smaller pore size of 4.2 nm, corresponding to a reduced
pore size, in line with our structure model of a staggered AB-type stacking. In the series of larger
isoreticular COFs, dPP-TAPB shows a large pore size of 5.8 nm, while for PP-TAPB and mPP-
TAPB a smaller pore size of 4.8 nm and 4.9 nm is found, respectively (Figure 4.2, f). Also in this
series, the observed pore sizes correspond well with our structure models of a nearly eclipsed

AA-type stacking for dPP-TAPB and a staggered AB-type stacking for PP-TAPB and mPP-TAPB.

For that, we crosschecked the obtained experimental results and our interpretation by using an
additional geometric pore analysis. Here we determined the pore diameter by calculating the big-
gest sphere able to fit through the spanned pore arrangement, by constructing a pore system
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using the experimentally obtained structures for both COF systems using the PP- and dPP-COFs,
respectively (details see ESI S9). The obtained results summarized in Table S9.1.3 perfectly fol-
low the trend of the obtained values from the adsorption measurements showing the increase in
pore size from 4.05 nm for PP-TAB to 5.90 nm for dPP-TAPB and, thus, further support our inter-
pretation of favored stacking motifs.

Overall, the structure refinements and the observed PSDs as well as the complementary calcula-
tions regarding the stacking interactions between the layers confirm the existence of significantly
different stacking behaviors for the isoreticular, large-pore COF series. A clear trend between
favorable interlayer interactions and increasing pore size due to specific stacking behavior of the
COFs is evident. While PP based COFs with the least favorable stacking interactions prefer a
staggered AB-type stacking motif, resulting in reduced permanent pore size, the dPP based
COFs, experiencing the most favorable stacking interactions through the methoxy “anchors”, crys-
tallize in a nearly eclipsed AA-type layer stacking. The intermediate mPP based COF pair
switches its stacking mode from eclipsed AA-type for TAB towards staggered AB-type for TAPB
with increasing linker length, illustrating the tendency towards staggered conformations as a func-
tion of increasing node-to-node distance. While staggered, offset stacking conformations are usu-
ally designed by steric tuning,®®-1 the few large-pore COFs previously reported also show a
tendency towards this.[**-%1 Our results show that this stacking tendency of large-pore COFs is
closely linked to the interlayer interactions. By prompting layer shifts and therefore reducing the
effective pore size and layer overlap, targeted properties such as porosity and charge transfer
can be negatively affected.®? However, upon introducing additional interlayer interactions, the
stacking behavior can be judiciously altered and effective pore sizes can be maximized.

Additionally, dPP-TAPB exhibits an adsorption behavior that so far has no precedence in COFs.
It shows a very broad sorption hysteresis (Figure 4.2, d), which can be ascribed to a pore blocking
phenomenon as typically found for ink-bottle shaped pores.*263 Compared to dPP-TAB, dPP-
TAPB has a disparate PSD for the adsorption and desorption branch of the isotherm (Figure 4.5,
a). While the adsorption branch shows the expected delayed pore condensation for the major
pore size of 5.8 nm, in good agreement with the structural model, the desorption branch signals
that evaporation of the capillary condensate is dominated by a neck size of 5.0 nm diameter.
However, the complete lack of pores with 5.0 nm diameter in the PSD of the adsorption branch
indicates a very thin neck size, which is not recognized as individual pores. The tendency of the
other isoreticular COF systems with weaker interlayer interactions to form staggered structures
with pore sizes of around 5 nm thus suggests a potential offset of just one or very few “labile”
outer layers into a staggered arrangement, creating this smaller neck size (Figure 4.5, b).
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Thermal stability and phase transition of large pore phenylphenanthridine COFs

Observing different stacking modes for otherwise isoreticular and chemically extremely similar
COF systems, we further investigated how these different stacking modes and interlayer interac-
tions influence the thermal behavior of large pore COFs. As previously shown by Evans et al.,":64
COFs can undergo structural change and loss of crystallinity well below the degradation temper-
ature measured by thermogravimetric analysis (TGA). An increasing buckling of the COF layers
at higher temperatures was found, leading to amorphization of the network. In addition, a trend of
lower thermal stability with increasing pore size and pore functionalization was identified. It was
postulated that larger and more mobile pendant groups, similar to the methoxy groups used here,
can already cause significant disruption of interlayer interactions in 2D COF sheets as thermal
energy is added, thus resulting in lower thermal stability. Taking into account that thermal stability
can become a limiting factor in the application of COFs,®>%¢ insights into this effect, especially at
large pore sizes, is a key prerequisite.

Thermal Behavior

In TGA measurements, all COFs in our series show a typical, high thermal stability of up to 400 °C
before any mass loss is detected (Figure S9.1.7). The XRPD patterns for the in situ heating ex-
periments were consecutively collected at 30 °C, 80 °C, 100 °C, 120 °C, 140 °C, 160 °C, 180 °C,
and 200 °C (Figure 4.6, a and b, and Figure S9.1.14-17), with a delay period of 4 h prior to each
measurement in order to ensure equilibration. The final patterns at 200 °C for all COFs were
further refined according to the models described above (Figure S9.1.7-12).

For the staggered AB-type stacked COFs, PP-TAB, PP-TAPB, and mPP-TAPB, a minor reduction
in crystallinity and peak broadening as well as a slight shift of the hkO reflections was observed
(Figure S9.1.14-16). These observations stem from additional layer buckling at higher tempera-
tures as previously described by Evans et al.®"*8 This additional layer buckling is irreversible and
remains upon cooling of the samples.

dPP-TAB COF shows almost no change in its reflections upon heating to 200 °C except for a
slight shift of the 002 stacking reflection towards lower diffraction angles (Figure 4.5, a). This shift
can be ascribed to a small thermal expansion between the layers of 0.08 A, which was also found
to be reversible upon cooling.

mPP-TAB and dPP-TAPB show the most significant changes upon heating (Figure 4.5, b and
Figure S9.1.17). Up to a transition temperature of 140 °C for mPP-TAB and 120 °C for dPP-TAPB,
both COFs still behave comparable to the temperature stable dPP-TAB. A slight shift of the 002
stacking reflection indicates thermal expansion, while no buckling of the layers is evident. At tran-
sition temperature, the basal 002 reflections show a substantial broadening and completely
merges with the background at higher temperatures. Simultaneously, an initial shift of the hkO
reflections and their broadening takes place. Continuing stepwise further up to 200 °C, the final
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Figure 4.6. (a) Temperature dependent in situ XRPD patterns of dPP-TAB including selected reflection indices as close-
up of the low 26 region, close-up of the 010 reflections, and close-up of the 002 reflection. (b) Temperature dependent
in situ XRPD patterns of mPP-TAB including selected reflection indices as close-up of the low 26 region, close-up of
the 010 reflections, and close-up of the 002 reflection. Evolution of the 010 lattice plane distance (black squares) and
of the mean layer offset (red cycles) while holding (c) mPP-TAB at 140 °C and (d) dPP-TAPB at 120 °C. The insets
show the initial evolution of the 010 lattice plane distance and the mean layer offset. The grey shaded areas indicate
the period in which the mean layer offset significantly increases.

shift of the 010 reflection corresponds to a reduction of the a and b lattice parameters by 2.1 A
and 3.3 A, respectively. As for PP-TAB, PP-TAPB and mPP-TAPB, this shift is a result of temper-
ature induced layer buckling. However, the observed peak broadening that ultimately results in
the disappearance of higher angle hkO reflections, strongly resembles our simulations for the
transition of a nearly eclipsed stacked AA-type structure to an ordered, staggered AB-type stack-
ing (Figure 4.3, e). The results of the Rietveld refinement of the final ht-XRPD patterns at 200 °C
are summarized in Table S9.1.2. They show for ht-mPP-TAB and ht-dPP-TAPB, which have vis-
ible similarity to the patterns of staggered PP-TAB and PP-TAPB, a staggered AB-type stacking

mode with satisfying agreement factors (Rwp = 4.39 % and 3.09 %, respectively).

To confirm this observation of a temperature-induced phase transition from an eclipsed towards
a staggered type stacking for mPP-TAB and dPP-TAPB, corresponding sorption experiments
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were performed. For this purpose, the samples were consecutively activated under vacuum at
the given temperatures for 4 h before measurement. For mPP-TAPB no major changes below the
transition temperature of 140 °C occur, in analogy to the XRPD heating experiments (Figure
S9.1.29). Reaching the transition temperature, the previously steep uptake at around P/Po = 0.5
resembling the capillary condensation in 4.8 nm wide pores, begins to flatten out. With increasing
temperature, the initially broad hysteresis then closes. During the step-wise transition, the Sger
almost halves from 1823 m? g at room temperature to 930 m? g* after activation at 200 °C. The
PSD shows a related, harsh drop in the cumulative pore volume of 4.8 nm and the appearance
of a new pore size at 4.0 nm at 140 °C (Figure S9.1.29). With higher temperatures, all pores at
4.8 nm disappear after being transformed into the smaller pores correlating to a staggered AB-
type stacking of ht-mPP-TAB. Similar behavior is observed for dPP-TAPB, with a decrease of the
Sger to 920 m? g and the disappearance of pores with 5.8 nm diameter accompanied by a rise
of 4.8 nm pores at 120 °C and above (Figure S9.1.30). The Sger and PSD of the ht-phases are in
good accordance with the values found for isoreticular, already at room temperature staggered,
PP-TAB and PP-TAPB COFs.

While the structural change is irreversible and permanent upon cooling, exposing the COFs to
solvent followed by supercritical scCO- activation could recover the initial high crystallinity, Sger,
and PSD in both cases (Figure S9.1.31 and S9.1.32). As shown by Sick et al.,["l this process can
even at low temperatures sufficiently recover interlayer correlation, indicating the near-eclipsed
stacking of mPP-TAB and dPP-TAPB is preferred in solution.

While phase changes by interlayer shifting under solvent influences®®%% or by removal of struc-
turally incorporated solvent™ are known, our heating experiments show a remarkable, tempera-
ture induced phase transition for COFs due to layer mobility, which was to the best of our
knowledge never observed before. The structural transition of mPP-TAB and dPP-TAPB from
eclipsed into staggered already occurs at rather mild temperatures of 140 °C and 120 °C, respec-
tively, and is reversible upon contact with solvent. The findings show again correlation between
interlayer interactions and pore size, as for the room temperature isoreticular series. While the
relatively smaller-sized pores of dPP-TAB with strong interlayer interactions are unaffected up to
200 °C, the isoreticular mPP-TAB only shows structural integrity up to 140 °C, when layer mobility
gets sufficient to transform it into a staggered structure. With the increased pore size of dPP-
TAPB, compared to dPP-TAB, the interlayer interactions are again not strong enough to prevent
layer displacement above 120 °C. In our case, the increased interlayer interactions of pendant
methoxy groups, anchoring the layers in nearly eclipsed stacking, does not follow the general
negative influence on thermal stability of other pore functionalization found by Evans et al.7:64
and therefore, offers new insights into the thermal stability of COFs.
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Kinetic Study of Phase Transition

To monitor the development of the observed phase change over time, mPP-TAB and dPP-TAPB
were heated above the transition temperature, to 140 °C and to 120 °C respectively, and the
evolution of the diffraction patterns was monitored while holding the samples at constant temper-
atures. As an example, the XRPD patterns of mPP-TAB are shown in Figure S9.1.18. Several
minutes after heating at the transition temperature, a decrease in intensity of the 010, 120, 020
and 130 reflections, indicating a shift of the layers towards a staggered AB-type stacking, can be
observed (Figure S9.1.18, a). In addition, the 010 reflections shift to higher 26 angles (Figure
S9.1.18, b), which is attributed to the development of a buckling of the COF layers. These pro-
cesses continue, even after more than two hours.

In order to gain further insights into the mechanism of shifting and curving of the layers, the pat-
terns were analyzed by fully weighted Rietveld refinements, " using the previously applied 2-layer
unit cells with a planar COF conformation. The almost eclipsed AA-type stacked structure was
used for the patterns collected at 30 °C. For the refinement of the patterns collected at higher
temperatures, the space group symmetry was lowered to P1 and the upper layer was allowed to
shift freely within the ab-plane. The absolute value of the shifting vector of the upper lattice plane
was used as a measure of transition from nearly eclipsed towards staggered AB-type stacking.
The a and b lattice parameters were constrained and refined as well in order to get a measure on
the development of the COF-layer buckling. Symmetry adapted spherical harmonics were applied
to the peak widths in order to compensate the peak broadening caused by intra- and interlayer
disorder. All refinements were carried out in a serial way, which means that for the refinement of
a pattern collected at a time ti, the refined parameters of the preceding pattern collected at ti.1
were used. The parameters were released iteratively. At first, the lattice parameter was refined,
and then the layer shift and finally the peak profile parameters were released. The resulting evo-
lution of the mean layer offset and the curving of the COF-layers of mPP-TAB and dPP-TAPB are
given in Figure 4.6, c and d.

For both mPP-TAB (Figure 4.6, c) and dPP-TAPB (d) the curving and the shifting of the COF
layers start immediately. The absence of an induction period in the evolution of the layer offset
and the shrinking of the a and b lattice parameters indicates that buckling of the layers does not
require any initial shift and shifting of the layers does not require any initial buckling. The devel-
opment of the layer offset (Figure 4.6, grey shaded areas) is always faster than curving of the
layers. As a consequence, both processes seem to proceed independently of each other. How-
ever, the lack of temperature-induced layer curving in dPP-TAB even at 200 °C, which also does
not show any signs of layer shifting, indicates that a slight initial layer shift might be necessary for
the occurrence of layer buckling under thermal stress. In mPP-TAB the shifting and curving of the
layers occurs faster than in dPP-TAPB, which is attributed to the higher transition temperature.
During the development of the COF-layer offset in mPP-TAB, the layer shifts by 13 + 2 A, whereas
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in case of dPP-TAPB the layer shifts by 11 + 2 A. The layer shift found is in good agreement with

the staggered structure model obtained for ht-mPP-TAB and ht-dPP-TAPB at 200 °C.
Computational investigations of stacking potential energy landscapes

To gain further insights into the origin of the phase transition, displacement potential energy land-
scapes for PP-TAB, mPP-TAB and dPP-TAB were calculated (Figure 4.7, a). Investigations were
performed for the relative displacement of two layers per unit cell constructed by using the
knowledge of the structural analysis, to resemble the most stable molecular arrangements for
eclipsed stacking. We created the initial structure by arranging both layers with overlapping cen-
ters of mass as the displacement origin. Starting from this arrangement we displaced the upper
layer along the marked points in Figure 4.7, a, sampling the asymmetric unit of a D6-symmetric
2D unit cell, i.e., one triangle necessary to create the full hexagonal unit cell as shown in (Figure
S9.1.54). For every displacement we performed geometry and cell optimizations using GFN-
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XTBIl"? as implemented in CP2K, as it showed qualitatively similar behavior when compared with
single-point energies for the optimized cells using GPW-DFT (Figure S9.1.52). The obtained en-
ergy values were then interpolated by a plane-wave expansion with D6 symmetry. The obtained
potential energy landscapes show the distribution in the potential energy landscapes assuming a

shift of the A-type layer in comparison to the A-type layer by a certain vector as shown in Figure
4.3, ¢, with the totally eclipsed stacking as origin in the center of the landscapes at (0,0).

For dPP-TAB with the strongest interlayer interactions only a small, clearly favorable energy win-
dow corresponding to a nearly eclipsed stacking is found.?* PP-TAB COF shows the energetic
minima consistent with staggered stacking. The mPP-TAB displays a similar landscape as PP-
TAB with the energetic minima predicting staggered configurations. However, in this case a small
energy barrier between the nearly eclipsed and staggered configurations was found. These ob-
servations are rationalized in a simplified qualitative scheme (Figure 4.7, b). PP-TAB with the
least pronounced interlayer interactions shows a single clear minimum for a staggered confor-
mation, while dPP-TAB, with the strongest interlayer interactions, shows a minimum for the nearly
eclipsed arrangement. The experimentally observed stacking arrangements match these findings.
However, mPP-TAB displays two significant minima, a local one for the eclipsed structure and a
global one for the staggered structure with a small, yet significant energy barrier dividing both.
While mPP-TAB crystallizes with nearly eclipsed stacking when synthesized at a temperature of
120 °C, just below the transition temperature and in the presence of a solvent, heating can provide
the necessary activation energy to transform it into the more stable staggered arrangement. Of
note, the reversibility after exposure to solvent indicates that in the solvated form the nearly
eclipsed configuration is favored and only becomes metastable after solvent removal.

4.3.Conclusion

We successfully developed six novel large-pore COFs with a maximum pore size of 5.8 nm, which
is among the largest pore sizes reported for COFs to date. More importantly, methoxy groups in
phenylphenanthridine building blocks were identified to act as anchors that eliminate the tendency
toward slipped layer stacking in large-pore COFs, which typically leads to notoriously reduced
effective pore sizes and surface areas. XRPD results together with theoretical modelling indicate
mPP-TAB, dPP-TAB and dPP-TAPB to adopt a nearly eclipsed stacking mode with maximized
pore sizes, attributed to enhanced interlayer interaction in these COFs, mediated by the methoxy
groups. While increasing interlayer interactions positively influence the thermal stability of the
COFs, we further demonstrate, for the first time, a temperature-induced phase transition to the
staggered stacking polytype, enabled by high layer mobility even at temperatures as low as
120 °C. The slow transition could be readily followed by in situ XRPD measurements, shedding
light on the two independent processes involved, layer shifting and buckling. Altered porosity and
crystallinity for the high-temperature phases are persistent but were easily reversed by solvent
exposure, suggesting solvent-induced changes of the stacking mode to be an additional degree
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of freedom in influencing the layer stacking besides the observed thermally induced phase tran-
sitions. Considering the fact that the synthesis of large-pore COFs with > 5 nm pore size remains
a challenging task in the COF chemistry, we anticipate that the findings presented herein will aid
the rational design of COFs with targeted pore size, layer registry and thermal stability for specific
applications.
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Abstract

Covalent organic frameworks (COFs) offer
vast structural and chemical diversity enabling
a wide and growing range of applications.
While COFs are well-established as heteroge-
neous catalysts, so far, their high and ordered
porosity has scarcely been utilized to its full po-
tential when it comes to spatially confined re-
actions in COF pores to alter the outcome of
reactions. Here, we present a highly porous
and crystalline, large-pore COF as catalytic
support in o,o-diene ring-closing metathesis
reactions, leading to increased macrocycliza-
tion selectivity. COF pore-wall modification by
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immobilization of a Grubbs-Hoveyda-type catalyst via a mild silylation reaction provides a molec-
ularly precise heterogeneous metathesis catalyst. An increased macro(mono)cyclization (MMC)
selectivity over oligomerization (O) for the heterogeneous COF-catalyst (MMC:O = 1.35) of up to
51% compared to the homogeneous catalyst (MMC:O = 0.90) was observed along with a sub-
strate-size dependency in selectivity, pointing to diffusion limitations induced by the pore confine-
ment.

5.1.Introduction

Covalent organic frameworks (COFs) are 2D or 3D extended structures, which are defined by
their covalent connectivity, porosity, and crystallinity, while consisting exclusively of light ele-
ments.™t The vast structural and chemical diversity of COFs and the possibility to tune their frame-
work with atomic precision has put COFs in the spotlight for a variety of applications that benefit
from precise framework design, including photocatalytic water splitting,>® sensing,” batteries,®
gas adsorption,® or heterogeneous catalysis.l? With their ordered micro- and mesoporosity and
large specific surface areas exposing a large number of functional or even active catalytic sites,
COFs are among the most promising materials for molecular heterogeneous catalysis. Classical
approaches to design COFs for heterogeneous catalysis utilizing this feature include incorpora-
tion of catalytic centers directly in the pore wall,’® pore surface engineering by molecular catalysts
via a post-synthetic reaction, integration of monodisperse nanoparticles in the framework by
pore templating, or embedding polymers into the pores to combine multiple catalytic centers.[011

However, despite the promise of COFs as versatile scaffolds for catalysis, examples for the ex-
ploitation of reaction-specific pore confinement effects during catalysis, such as the substrate-

/X-\
ADMET Z N RCM
(Acyclic diene (Ring-closing

metathesis) metathesis)

X X
n Back biting =
RCM

Scheme 5.1. Competing metathesis reactions of a,w-dienes resulting in macro(mono)cycles and oligomerization
products.
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Figure 5.2. (a) Synthesis of dHP-TAB COF. (b) Immobilization of Ru catalyst on dHP-TAB by silylation to form

Ru@dHP-TAB.

specific and size-selective Knoevenagel-reaction achieved for microporous COFs by Fang et
al.,*? are still rare. Altering selectivity and reactivity of the catalyzed reaction by spatial confine-
ment is an immensely successful principle used in nature by enzymes and enzyme-inspired arti-
ficial catalysis. Taking full advantage of the ordered structural porosity of COFs thus bodes well
for a biomimetic approach to catalysis where the precise spatial arrangement of catalytic centers
and substrates, as well as pore confinement is utilized to direct product selectivity.**!

In this work, we present a large-pore imine-COF as a molecular heterogeneous catalyst to study
the effect of spatial confinement on product selectivity during olefin metathesis reactions; in par-
ticular macro(mono)cyclization (MMC) selectivity by ring-closing metathesis (RCM) and back-bit-
ing depolymerization vs. acyclic diene metathesis (ADMET) oligomerization (O, Scheme 5.1).

Olefin metathesis-based macrocyclization offers an important pathway to useful compounds for
industrial or pharmaceutical chemistry,** however, still poses severe challenges. Oftentimes,
only low MMC yields are achieved due to the competing oligomerization by ADMET, originating
from a ring-chain equilibrium during catalysis and back-biting RCM.*>6 The biomimetic approach
by spatial confinement of metathesis reactions in pores for increased selectivity towards MMC
products was already successfully shown for mesoporous silica by Jee et al. and Ziegler et al.[517]
Applying this biomimetic approach to a COFs system not only diversifies the scope of possible
confinement effects and framework-catalyst-reactant interactions, but at the same time offers new
opportunities for precise, substrate- and product-specific catalyst-framework designs due the high
structural and chemical diversity of COFs.
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5.2.Results and Discussion

For the study of olefin metathesis reactions un- o0 aie
der spatial confinement in COFs, the model a=b =58824(10) A
system, dHP-TAB COF, was synthesized by - ;::753:((;)0/:y:120.,
the condensation of 4,4'-(6-(4-hydroxy- Rup=7.10,R,=4.88
phenyl)phenanthridine-3,8-diyl)bis-(2,6-di- O Experimental
methoxybenzaldehyde) (dHP) and 5'-(4-ami- —Simulated

> = Difference
nophenyl)-[1,1":3',1"-terphenyl]-4,4"-diamine *é’ | Reflection
(TAB) in a solvent mixture of 1,2-dichlorben- g positions
zene (0DCB) and n-butanol (3 : 7) with 3 M ™ ['i110
acetic acid (AcOH) as catalyst for 96 h at ‘:02210
100°C (Error! Reference source not found., a 1220320 002
). After isolation by filtration, the solid was ﬁf-ﬂr
washed with methanol and subsequently acti- TN NIRRT T -IlullllI“
vated by supercritical CO,. The large-pore é 1'0 1'5 2'0 2'5 3'0 3'5
COF system was chosen to accommodate the 20/° (L= 1.789A)

bulky catalyst and substrates and prevent pore Figure 5.3. Experimental XRPD pattern of dHP-TAB COF,
blocki duri . bilizati d catalvsi Rietveld refinement,[*9] difference curve and positions of the

ocking during 1mmobilization and catalysis. Bragg reflections. Inset: Structure of the respective AA
Methoxy groups incorporated in the COF act stacked dHP-TAB along the a and b axis after refinement.
as non-covalent anchors to achieve better layer registry and thus high porosity and large, well-

defined pore sizes for this framework.!28!

Imine formation during the initial COF synthesis was confirmed by FT-IR analysis (Figure S9.2.7).
The spectrum shows the absence of the prominent aldehyde C=0 stretching band at 1674 cm™
and amine N-H stretching bands at 3355 cm™* and 3431 cm™, corresponding to the starting mate-
rials, indicating full conversion into imine bonds. The new imine stretching band is mostly con-
cealed as slight shoulder at around 1614 cm™ of the strong aromatic C-C stretching bands at
1593 cm™. The solid-state *C resonance (CP-MAS ssNMR) spectrum confirms the successful
condensation by showing the typical imine signal at 160.0 ppm and the absence of aldehyde
signals (Figure S9.2.18).

Crystallinity of dHP-TAB COF was confirmed by X-ray powder diffraction (XRPD), with the pattern
(Co-Ka1) displaying several well-resolved diffraction peaks at 2 6 = 2.0°, 3.5°, 4.0°, 5.3°, 6.9°, 7.3°,
8.8°, 10.5° and a broadened stacking reflection centered around 28.5° (Figure 5.3). The structure
was modeled in P31c symmetry with an alternating nearly-eclipsed AA stacking order of the lay-
ers. This assumed model is based on previous findings for phenylphenanthridine based COFs!
and shows a good match when compared to the simulated patterns of an AA stacked model
(Figure S9.2.10). Rietveld refinement™ of the pattern with the assumed model yielded unit cell
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Figure 5.4. Comparison of (a) nitrogen isotherms at 77 K (filled circles for adsorption, empty circles for desorption) and
(b) pore size distribution obtained from the adsorption branch of dHP-TAB and Ru@dHP-TAB after immobilization of
the catalyst.

parameters (a = b = 58.824 A and ¢ = 7.3 A) with a satisfying agreement factor (Rwp = 7.10%, R,
= 4.88%) (Figure 5.3).

Porosity of dHP-TAB COF was investigated by nitrogen physisorption measurements at 77 K,
showing a type-IV isotherm, which is typical for mesoporous systems. The Brunauer-Emmett-
Teller surface area (Sget) was calculated to be 1702 m? g* with a total pore volume of 2.12 cm?®
gt at P/Po = 0.95. The pore size distribution (PSD) was determined from the adsorption branch
by quenched solid density functional theory (QSDFT) based on the carbon model for cylindrical
pores. It shows a narrow PSD around 4.8 nm, which is in good agreement with the structure
model and closely related, isoreticular COFs.[*8l

Next, the molecular catalyst RuClx(N-mesityl-N-(3-(trimethoxysilyl)prop-1-yl)-imidazol-2-yli-
dene)(CH-2-(2-PrO-CsHa)) (Ru) was immobilized in the framework via silylation, utilizing the in-
corporated hydroxyl groups of the protruding phenols as anchor points (Figure 5.2, b). The immo-
bilization was performed at room temperature in high-boiling oDCB as solvent under reduced
pressure. Performing the reaction under reduced pressure significantly increases the catalyst
loading by removing the accruing methanol from the reaction mixture and driving the reaction
towards the desired outcome, yielding the catalyst-loaded Ru@dHP-TAB COF. Inductively-Cou-
pled Plasma Optical Emission Spectroscopy (ICP-OES) of the washed and dried sample revealed
a Ru-content of c(Ru) = 42.3 pmol/g for Ru@dHP-TAB COF. This corresponds to a successful
silylation of approximately 3.4 % of the hydroxyl groups contained in the COF or roughly one
catalyst per pore at every tenth layer. No changes in the FT-IR spectra of Ru@dHP-TAB com-
pared to the pristine COF are visible, which can be attributed to the comparatively low amounts
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of immobilized catalyst (Figure S9.2.8) and the XRPD pattern (Figure S9.2.9) as well as trans-
mission electron microscopy (TEM) images show a retention of crystallinity (Figure S9.2.26). Ni-
trogen sorption measurements reveals only a minimal reduction in surface area (Sger = 1645 m?
g1) and total pore volume (1.95 cm?® g* at P/Po = 0.95) compared to dHP-TAB with nearly identical
pore size distribution (Figure 5.4). The largely retained porosity suggests that no substantial frac-
tion of pores was fully blocked during the immobilization.

a b

Experiment
= ===Theory

Ru solid
Ru@dHP-TAB solid

3

© .
~ Ru solid
c T =

o Y

"3_ =

‘6 = Ru solution
(73]

3 T

©

e

—

[@]

=

— Rusolution
— Ru@dHP-TAB solid
— Ru@dHP-TAB suspension
— Ruthenium foil Ru@dHP-TAB suspension
1 ] 1 I ] 1 I I ] ]
22100 22120 22140 22160 22180 1.0 15 2.0 2.5 3.0 3.5 4.0
Energy / eV r/A

Figure 5.5. (a) XANES spectra of the homogeneous Ru complex in the solid state (red), solution (green), immobilized
in the mesoporous COF in the solid state (yellow), as suspension in benzene (brown), as well as of the Ru(0) foil used
for calibration (black). (b) Fourier-transformed EXAFS data of the four Ru complexes. Continuous line: experimental
data, dotted line: fitted data.

To confirm the stability of the catalyst during immobilization and to gain knowledge of the catalyst's
structure in the pore, X-ray absorption (XAS) measurements were performed. Spectra of Ru and
Ru@dHP-TAB as solids and in solution/suspension (benzene), respectively, were recorded. The
obtained X-ray absorption near edge structure (XANES) spectra (Figure 5.5, a and Figure
$9.2.19), providing information about the oxidation state of the Ru-metal center,?” shows no dif-
ferences in the edge energy for all four samples measured. A change in the electronic structure

or oxidation state by immobilization in the COF can thus be excluded

Results of extended X-ray absorption fine structure (EXAFS) analysis, probing the local geometric
structure around an X-ray absorbing atom of the Ru catalyst under homogeneous and immobi-
lized conditions are shown in Figure 5.5, b.?Y1 The corresponding first shell scattering paths com-
bined with coordination numbers, bond distances and Debye-Waller factors, which describe the
static and dynamic disorder in the coordination shell, are collected in Figure S9.2.21 and Table
S9.2.7. The results of the structure analysis for all samples are in good agreement with the single-
crystal structure of the Ru catalyst.[*% In the solid immobilized sample Ru@dHP-TAB, the second
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a - 8.81A o . 10.64 A Ru-C distance is slighty elongated compared
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Figure 5.6. (a) Substrates 1-4 used in this study and their framework and its immobilized catalyst, me-
respective hydrodynamic radius (red) acc. to Ziegler et ) ) ) '

al.l’®! (b) Correlation between the hydrodynamic radii of the tathesis reactions were carried out to deter-
substrates and increase in macrocyclization selectivity . . .

(blue) and conversion rate for the homogeneous (green) mine the catalytic efficiency and the effect of
and heterogeneous catalyst (orange). The average of three the spatial confinement on MMC:O product se-

reaction with Ru@dHP-TAB are displayed. . . . .

lectivity. For this purpose metathesis reactions
of four substrates (Figure 5.6, a), differing in their hydrodynamic radius*¢! and polarity were per-
formed with the homogeneous Ru complex (Figure 5.2, b) as well as with Ru@dHP-TAB. The
reactions were carried out under identical conditions at 50 °C for 16 h in C¢Ds using 0.5-mol% of
catalyst and a substrate concentration of 25 mM; results are summarized in Table 5.1. Stability of
the COF framework during catalysis conditions was confirmed by post-catalysis XRPD, nitrogen
sorption, ICP-OES and TEM measurements of the isolated materials, showing the retention of
crystallinity and porosity (Figure S9.2.11, S9.2.15, S9.2.28). While the framework remains intact,
the formation of unstable Ru methylidene complexes occurring during the catalysis ultimately de-

activates the immobilized catalyst and therefore prevents recyclability.

The immobilization significantly alters the productivity of the catalyst, reducing the overall conver-
sion after 16 h reaction time from around 80% to around 10%. This reduction was consistent for
all substrates, independent of their size. This drastically reduced productivity is attributed to diffu-
sion limitations and catalyst decomposition occurring during the reaction. However, a size-de-
pendent increase in selectivity MMC:O was found for the catalysis with Ru@dHP-TAB compared
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to Ru (Figure 5.6, b). For the smallest substrate 1 (8.81 A), an increase of 51% in the MMC:O
ratio from 0.90 for Ru to 1.35 for Ru@dHP-TAB was found, corresponding to a 9 % increase in
selectivity compared to the homogeneous catalyst system. Furthermore, a continuously reduced
macro(mono)cyclization selectivity with increasing substrate size is observed. For substrate 4
(9.05 A), with a very similar radius to 1, the MMC:O ratio is increased by 38%. The very similar
increase in selectivity for 1 and 4 with almost identical size but different polarity suggests that the
polarity of the substrate has little influence on the reaction outcome. For the second largest sub-
strate 2 (10.64 A) only 18% are achieved and the largest substrate 3 (11.71 A) shows the same
selectivity when catalyzed by Ru@dHP-TAB compared to the homogeneous Ru. This consider-
able size effect is rationalized by the substrate diffusion limitation into the COF mesoporous pores
with increasing hydrodynamic radius. In the case of larger substrates, the reaction is mostly cat-
alyzed by catalyst bound on the outer surface and close to the pore openings, mimicking the
homogeneous ring-chain equilibrium.*> Smaller substrates can diffuse more easily and penetrate
into the COF pores more deeply, where pore confinement effects can take place, favoring RCM
for the ring-chain equilibrium products of the reaction by suppressing the formation of higher oli-
gomers.?223 This is likely due to the very large internal surface area of the highly porous COF
material that offers enough “inner” pore surface area for this size selective confinement effect to
take place and to alter the ring-chain equilibrium.

Table 5.1. Conversion, MMC:O ratio and selectivity for the RCM of substrate 1 - 4 by the action of Ru (0.5 mol-%) and
Ru@dHP-TAB (0.5 mol-%) at 50 °C as determined by NMR (Figure S9.2.2-6).

Substrate  Conversion after 16h [%] MMC:O MMC Selectivity [%]
Ru Ru@ dHP-TAB®? Ru Ru@ dHP-TAB? Ru Ru@ dHP-TAB?
1 81 9 0.90 1.35 47 56
2 77 10 0.84 0.99 46 50
3 80 9 0.65 0.63 39 39
4 73 14 0.40 0.55 28 35

aAverage over three performed reactions.

5.3.Conclusion

In summary, we have developed a phenylphenanthridine-based COF, containing accessible hy-
droxyl-groups on its protruding phenyl groups that allowed the successful immobilization of a
Hoveyda-Grubbs-type catalyst in its pores to study possible pore confinement effects on the MMC
selectivity during olefin metathesis reactions. The structure and ordered porosity of large-pore
dHP-TAB COF with a pore size of 4.8 nm, suitable to accommodate both the bulky molecular
catalyst and nm-sized substrates, was ascertained by XRPD analysis and nitrogen sorption ex-
periments. The Ru-catalyst was effectively immobilized by simple silylation on hydroxyl-anchor
groups integrated quantitatively in the framework and the retention of the catalyst’s structure upon
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immobilization was confirmed by XANES/EXAFS measurements. A set of four diene substrates
for the metathesis reactions, differing in their hydrodynamic radius and polarity, were used to
probe the pore confinement effect during the reaction. Our results reveal significant confinement
effects, which significantly enhance the macrocyclization over oligomerization selectivity in the
pores as compared to the homogeneous reaction. A clear trend between substrate size and
MMC:O selectivity was found and can be attributed to a size-related, slower diffusion of the larger
substrates into the pores, thus reducing the efficiency of confinement effects for the larger sub-
strates while enhancing it for the smaller ones. Our results point to the possibility of tailoring the
selectivity of metathesis and other size-sensitive catalytic reactions by adjusting the subtle inter-
play between the size and polarity of both the COF pores and the substrates used for catalysis.
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Abstract

Covalent organic frameworks (COFs) have emerged as a
new class of molecularly precise, porous functional materi-
als characterized by broad structural and chemical versatil-
ity, with a diverse range of applications. Despite their in-
creasing popularity, fundamental aspects of COF formation
are poorly understood, lacking profound experimental in-
sights into their assembly. Here, we use a combination of in
situ X-ray powder diffraction and Raman spectroscopy to
elucidate the reaction mechanism of mechanochemical syn-
ngslgzat?éﬁ-okag?m é’rfmggigtt'zrs‘tar‘:gr”qm thesis of imine COFs, leading to the observation of key re-
templating effect during mechanochemical action intermediates that offer direct experimental evidence

COF formation. of framework templating through liquid additives. Moreover,
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the solid-state catalyst scandium triflate is instrumental in directing the reaction kinetics and mech-
anism, yielding COFs with crystallinity and porosity on par with solvothermal products. This work
provides the first experimental evidence of solvent-based COF templating and is a significant
advance in mechanistic understanding of mechanochemistry as a green route for COF synthesis.

6.1.Introduction

Covalent organic frameworks (COFs) are an emergent class of organic solids whose advanced
properties result from a tunable, molecularly precise backbone, paired with porosity and crystal-
linity.*2 The reticular assembly of molecular building blocks with inherently different sizes,
shapes, and flexibility into two- (2D) or three-dimensional (3D) frameworks of increasingly com-
plex structures and topologies allows for the tailored design of functional materials with targeted
properties. The so far proposed applications of COFs are many, including gas storage and sepa-
ration,% heterogeneous catalysis,®® photocatalysis,!***? fuel cells,**'¥ and sensing.*>17]
COFs are typically synthesized by solution methods, e.g. solvothermally, sonochemically, by mi-
crowave irradiation or in continuous flow,*® and more recently also by electron beam irradia-
tion,*® as well as by mechanochemistry.[20-2%

Mechanochemistry, i.e. the application of mechanical agitation to conduct and sustain chemical
and materials transformations, has recently been established as a cornerstone of green, solvent-
free chemistry.?*-2¢1 Mechanochemical synthesis has successfully been applied to a wide range
of reactions, including the formation of nanoparticles,?”! molecular cages,® small molecules,?®
cocrystals,%31 solid electrolytes,®? coordination polymers,® as well as metal-organic frame-
works (MOFs)B4 and COFs.[2-2% Synthesis by mechanochemistry is not only highly efficient for
accessing new, metastable solid phases,®¥ but is also a superior technique to screen for and
explore the phase landscape of new polymorphs or organic and metal-organic solids.®>¢ Bulk
mechanochemical reactions are usually performed by either direct grinding of reactants (neat
grinding), or in the presence of minuscule amounts of grinding additives, as in liquid-assisted
grinding (LAG).B” Recently, mechanistic studies of mechanochemistry have been facilitated by
the development of methods for in situ monitoring using synchrotron X-ray powder diffraction
(XRPD),[®3° Raman spectroscopy,®4! X-ray absorption spectroscopy,“? solid-state nuclear
magnetic resonance spectroscopy (ssNMR),“¥ and/or thermal measurements.*4 This has ena-
bled rapid progress in fundamental understanding of mechanochemical processes and the dis-
covery of new materials.*®!

Although COFs are well established, mechanistic and time-resolved studies of their formation are
rare. While previous work has mostly focused on characterization, 68 post-synthetic modifica-
tions and transformations of COFs,"%-51 only a handful of reports so far have investigated the
underlying crosslinking, particle growth, and self-assembly processes.?") Here we report the
first real-time mechanistic study of mechanochemical COF formation using time-resolved in situ
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Scheme 6.1. (a) Schematic representation of imine COF synthesis starting from an amine and aldehyde precursor. (b)

Combinations of C2 and Cs as well as Cs and Cs linkers resulting in reticular 2D hexagonal COF structures. (c)
Representation of the amine and aldehyde linkers used throughout this study. Symbol for mechanochemistry (three
balls) adapted from Rightmire and Hanusa.%8!

synchrotron XRPD and Raman spectroscopy. A library of four different 2D hexagonal imine COFs
based on C, and C; linkers were chosen as model systems (Scheme 6.1), with only one system
(COF-LZU1) previously prepared mechanochemically.?” The effects of liquid additive and cata-
lyst on reaction kinetics and product formation were investigated, revealing pronounced effects
on COF formation, regarding both the reaction kinetics and mechanism, as well as crystallinity of
the products. The time-resolved in situ experiments led to the observation of crystalline reaction
intermediates, which provided the first direct structural evidence of templating effects by the liquid
additive, highlighting the role and critical importance of the presence of small solvent molecules
during COF synthesis.

6.2.Results and Discussion

Real-time in situ XRPD measurements were performed using an X-ray energy of 60 keV (A =
0.207 A) at the Powder Diffraction and Total Scattering beamline P02.1 at the Deutsches Elektro-
nen-Synchrotron (DESY),®® using a modified Retsch MM400 ball mill operating at a frequency of
30 Hz.I%8 The reactions were carried out in custom-made 5 mL volume X-ray transparent poly(me-
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Figure 6.2. (a to d) Background subtracted 2D XRPD plots for the mechanochemical reaction of COF-LZU1 (a), TbBd-
COF (b), ISERP-COF4 (c), and N-COF (d) using AcOH as catalyst. Calculated XRPD patterns of reactants, 1, 2, and
COFs are shown below and above the 2D plots (4 = 0.207 A). Diffraction of PMMA is visible by the broad signal around
1.7 °26, marked by an asterisk. Artefacts from background subtraction appear at ca. 1.1 and 2.6 °26 in (a) due to
background subtraction. (e) Normalized integrated peak intensities of COF-LZU1 and 1 (top) and TbBd-COF and 2

(bottom).

thyl methacrylate) (PMMA) milling jars, enabling direct, real-time monitoring of the mechanochem-
ical COF formation with a time resolution of 10 or 20 s. We used a combination of different C, and
Cs amine and aldehyde linkers, forming four different hexagonal 2D imine COFs (Scheme 6.1).
Reactions were performed with one 7 mm diameter stainless steel ball (1.38 grams weight), using
a 1,4-dioxane/mesitylene mixture (1:1 v/v) as a liquid additive, with either aqueous acetic acid
(AcOH) or scandium(lll) triflate (Sc(OTf)s) as a catalyst. The optimal reaction conditions were
extensively screened prior to the beamtime by maximizing the measured diffraction intensities of
the as-synthesized COFs in laboratory XRPD measurements. This step was crucial to improve
the diffraction signal of the weakly scattering light-element based COFs sufficiently for real-time,
in situ studies (Figure S9.3.6-11 in Supplemental Experimental Procedure, SEP).

In situ monitoring of COF formations

In situ monitoring of mechanochemical COF-LZU1® formation was performed by milling p-phe-
nylenediamine (pPDA) with 1,3,5-triformylbenzene (Tb) in the presence of a 1,4-dioxane/mesity-
lene mixture (1:1 v/v) using AcOH as catalyst with the ratio of liquid additive volume to reactant
weight (n-parameter)®” of 0.60 uL/mg. Unexpectedly, the formation of COF-LZU1 proceeded via
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Scheme 6.2. Mechanochemical formation of intermediate 1 (a crystalline dioxane solvate of 17) by milling Tb with three
eq. pPDA, requiring 1,4-dioxane as liquid additive.

a reaction intermediate (1), visible by the appearance of new Bragg reflections at 2.3, 2.4, 2.5,
and 3.2 °20 (Figure 6.2, a). This previously unknown phase was later identified and characterized
by ex situ XRPD and spectroscopic techniques (Figures S9.3.1, S9.3.33-34, and S9.3.37-38).
The COF formation was readily followed by integrating the most intense 100 reflection of the COF
and the Bragg reflections of the intermediate. The intermediate formed immediately upon grinding,
simultaneously with the loss of pPDA signal and only traces of Tb were observable after ca. 3
minutes. The 100 X-ray reflection of the COF appeared after ca. 3 mins with the intensity initially
growing fast and slowing down after ca. 15 min of milling, to produce a sigmoidal reaction pro-
file.5% The reaction was found to be complete after ca. 25 min, coinciding with the disappearance
of the diffraction signal of 1 (Figure 6.2, b). The XRPD pattern of the sample measured ex situ
showed the formation of COF-LZU1 in accordance with previous reports (Figure S9.3.15).[°:60

Next, the isoreticular TbBd-COF®Y was synthesized by milling benzidine (Bd), an extended linear
diamine linker, with Th. Mechanochemical formation of TbBd-COF was conducted using a 1,4-di-
oxane/mesitylene (1:1, v/v) mixture with 6 M AcOH as catalyst (n = 0.61 uL/mg). As for COF-
LzU1, the COF formation proceeds via a reaction intermediate (2), with corresponding diffraction
signals at 2.4, 2.6, 2.9, 3.0, 3.2, and 3.8 °20 (Figure 6.2, b). The reaction was readily followed by
integrating the most intense Bragg reflections of the intermediate and TbhBd-COF. The diffraction
signals of the reactants were barely visible after few minutes of milling, with signals of an inter-
mediate appearing after ca. 4 min. The COF formation was found to be significantly slower in
comparison to COF-LZU1, likely due to lower reactivity of the amine linker Tb compared to pPDA.
The COF diffraction signals started to appear after an initial induction time of ca. 10 min, with
those of the intermediate persisting for up to 60 min of milling (Figure 6.2, b, e). The measured
ex situ XRPD pattern of the milled sample shows the successful formation of TbBd-COF, in ac-
cordance with previous reports (Figure S9.3.15).161

The third COF in the series of C3-C; linkers, ISERP-COF4,62 was obtained by milling 2,4,6-tris(4-
aminophenyl)-1,3,5-triazine (TAT) with terephthaladehyde (BDA) in the presence of 1,4-diox-
ane/mesitylene (1:1 v/v) as a liquid additive, and using 6 M AcOH as a catalyst (n = 0.94 yL/mg)
(Figure 6.2, c). No reaction intermediate was observed in this case and the reaction was readily

83



In Situ Monitoring of Mechanochemical Covalent Organic Framework Formation

followed by integrating the most intense Bragg reflections of the reactants and the 100 X-ray
reflection of the ISERP-COF4 product (Figure 6.2, ¢ and S9.3.13, a). Notably, the second most
intense 110 X-ray reflection was also observed during in situ monitoring (Figure 6.2, c and S9, a).
The formation of the COF starts after an induction period of ca. 10 min, with an initially steep
growth rate, and is complete after 40 minutes of milling time. Full consumption of the TAT reactant
was only achieved after milling for around 60 minutes. Measured ex situ XRPD pattern shows the
formation of IISERP-COF4, in accordance with literature reports (Figure S9.3.15).62

Next, we monitored the mechanochemical formation of N-COF®% by milling the two Cs compo-
nents TAT and Tb together in a 1:1 ratio, in the presence of a 1,4-dioxane/mesitylene (1:1 v/v)
mixture and 6 M AcOH as a catalyst (n = 0.73 uL/mg) (Figure 6.2, d). The reaction was readily
followed by integrating the most intense Bragg reflections of the reactants and the 100 reflection
of the N-COF product (Figure S9.3.14, b). There was no evidence for the appearance of a crys-
talline intermediate during the synthesis. The COF formation was first observed after an induction
period of ca. 4 minutes, with an initial fast formation rate over the first 20 minutes and subse-
guently entering a continuous growth regime (Figure 6.2, d). The reaction did not reach comple-
tion within the measurement time frame of 80 minutes, as evident by the remaining diffraction
peaks of the TAT solid reactant. The XRPD pattern measured ex situ confirms the formation of
the N-COF product, in accordance with previous reports (Figure S9.3.15).[63I

Structure Elucidation of Reaction Intermediates

We attempted to separately synthesize and ex situ characterize the first reaction intermediate 1
using reaction conditions identical to those used during in situ monitoring of COF-LZU1 synthesis.
Subsequent analysis of the reaction mixture after 3 min of milling failed due to poor XRPD data
guality, with time-resolved XRPD measurements showing that the mixture further polymerized
into a poorly crystalline COF-LZU1 over several hours (Figure S9.3.5). In situ Raman monitoring
under similar reaction conditions indicated that the first reaction step constitutes an imine con-
densation reaction, visible by the appearance of a strong Raman band at 1623 cm, assigned to
the v._y vibration (Figures S9.3.24-25). Further milling led to an increase in baseline of the Ra-
man spectra, likely caused by fluorescence associated with the assembly of the COF-LZU1 con-
jugated m-system (Figure S9.3.23). Since the diffraction signal of the Tb linker coexisted with
intermediate 1 during the time-resolved synchrotron XRPD experiments, we considered that 1
might be a condensation product of pPDA and Tb in a stoichiometric ratio greater than one. In-
deed, milling of Tb and pPDA in the respective stoichiometric ratio 1 to 3 ratio produced a phase-
pure sample of the intermediate 1 (Scheme 6.2). The crystal structure of 1 was successfully
solved ab initio from ex situ XRPD data (Figure S9.3.1), revealing the formation of a triple imine
condensation product of Tb (1°) as a solvate with 0.5 equivalents of 1,4-dioxane per molecular
formula. This composition was further confirmed by liquid- and ssSNMR, Fourier-transform infrared
(FT-IR) and high-resolution mass spectroscopy, as well as by thermogravimetric analysis (TGA,
see ESI). Intermediate 1 crystallizes in the triclinic space group P1 with one molecule of 1’ and
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Figure 6.3. (a) Crystal structures of reaction intermediate 1 with view onto one hydrogen bonded layer (top) and
perpendicular to it (bottom). (b) Crystal structures of reaction intermediate 2. Hydrogen bonds and N-H---r interactions
are represented by dashed lines.

half a 1,4-dioxane molecule in the asymmetric unit. The molecules of 1’ form a layered hydrogen-
bonded network, in which two amine groups interact with adjacent imine functionalities, while the

third amine forms a weak N-H---m hydrogen bond (Figure 6.3, a). This is in good agreement with
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the >N ssNMR spectrum, where two signals for the three crystallographically inequivalent amine
groups are observed (Figures S9.3.38-39). Adjacent hydrogen-bonded layers are mutually offset
by ¥ of the crystallographic repeat unit. Prominently, 1,4-dioxane molecules are embedded be-
tween two 1’ molecules forming rhombohedrally-shaped cavities (Figure 6.3, a). The described
structure of 1 can conceptually be “transformed” into the final COF-LZU1 product by rotation
and/or translation of 1’ units within the hydrogen-bonded layer, and cross-linking by additional Th
linkers (Figure 6.4 and S9.3.3). In this process, 1,4-dioxane acts as a template for the subsequent
pore formation in the assembly of the COF-LZU1 framework.

The non-solvated 1’ was readily obtained by milling in the absence of any liquid or catalyst
(Scheme S1), with the liquid and ssNMR spectra being essentially the same as for 1, except for
the absence of 1,4-dioxane signals (Figures S9.3.33-41 and S9.3.64). While the crystal structure
of 1’ could not be determined due to poor crystallinity (Figure S9.3.4), physicochemical charac-
terization suggests the presence of two polymorphic forms. The *C and **N ssNMR spectra indi-
cate that two phases with identical chemical connectivity, but slightly different intermolecular ar-
rangement are present (Figures S9.3.40-41). These differences with respect to the well-organized
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Figure 6.4. Schematic representation of the stepwise transformation from intermediate 1 into a layer of COF-LZU1 by
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Figure 6.5. (@) Comparison of measured XRPD (2 = 1.54 &) patterns using different solvent mixtures. (b) Nz isotherms
at 77 K using different solvent mixtures. COF-LZU1 synthesis using either pure 1,4-dioxane (blue curve), a 1,4-
dioxane/mesitylene mixture (black curve), or pure mesitylene (red curve) as LAG additives.

structure of 1 further reinforce the view that 1,4-dioxane molecules act as structure-directing

agents during milling with a profound influence on crystallinity and molecular arrangement.

Different experimental conditions were screened for the preparation of the compound 2, which
was first observed during in situ XRPD monitoring of the mechanochemical TbBd-COF synthesis.
Compound 2 only formed as the main phase by milling solely Bd in the presence of 1,4-dioxane.
Different grinding additives led to different phases: neat grinding or grinding with aqueous AcOH
lead to a polymorphic transformation of Bd, and the additional appearance of a new phase in the
case of AcOH, while reactions with 1,4-dioxane as the liquid additive produced 2 (Figure S9.3.22).
The formation of different crystalline phases or polymorphs using different grinding additives is
well-known in organic mechanochemistry.B® The crystal structure of 2 was determined through
ab initio XRPD structure solution and subsequently geometry optimized using periodic density
functional theory (DFT) calculations (Figure S9.3.2). Compound 2 was characterized using liquid-
and ssNMR, as well as FT-IR spectroscopy (Figure S9.3.29, S9.3.42-S43). It was found to be a
1,4-dioxane solvate of benzidine, crystallizing in the monoclinic space group P2i/c with both Bd
and 1,4-dioxane molecules lying on a crystallographic center of inversion (Table S9.3.1). The
crystal structure is composed of hydrogen-bonded zig-zag chains along the c-axis with alternating
molecules of Bd and 1,4-dioxane, forming amine — ether N-H---O hydrogen bonds (dn-.o = 3.02
A). All adjacent supramolecular chains have a slight offset to each other, described by glide
planes, which enables a weak N-H---m interaction between neighboring chains (Figure 6.3, b).
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Influence of Liquid Additives

To further investigate the influence of liquid additives on mechanochemical COF formation and
potentially templating, additional ex situ milling studies were performed by changing the liquid
additive. Specifically, either pure mesitylene, 1,4-dioxane, or their mixture were used as an addi-
tive while keeping the volume of liquid to reactant mass constant (n = 0.6 yL/mg). Notably, the
LAG experiments with either mesitylene or 1,4-dioxane as a liquid additive led to the formation of
COF-LZUA1, as confirmed by laboratory XRPD measurements using CuKa radiation (Figure 6.5,
a and S9.3.20-21). However, COF-LZU1 prepared with pure mesitylene exhibited significantly
lower crystallinity compared to the materials obtained with 1,4-dioxane, lacking the 001 reflection
at ca. 26° 20 (Figure 6.5, a), associated with COF layer stacking. This indicates the loss of struc-
tural coherence perpendicular to the stacking planes. Moreover, the sample exhibited a very
broad diffraction signal around 21° 26, typical for materials with amorphous content. These trends
in crystallinity are in good agreement with porosity measurements, where the Brunauer—-Emmett—
Teller (BET) surface areas (Sger) for the materials synthesized with pure 1,4-dioxane (Sger =
880 m?2 g?) or a 1,4-dioxane/mesitylene mixture (Sger = 757 m? g1) are significantly higher com-
pared to that for the product obtained using pure mesitylene (Sger = 138 m? g') (Figure 6.5, b).
The increased crystallinity and surface area in samples prepared in the presence of 1,4-dioxane
are attributed to the formation of intermediate 1, where the 1,4-dioxane embedded in rhombohe-
drally-shaped cavities acts as a template for the COF pore formation. The pre-orientation of the
layered hydrogen-bonded units of 1 facilitates the final condensation step and layer assembly
through templating, which consequently improves the overall crystallinity of the COF product.
Moreover, the displacement of layers in 1 is expected to prohibit strong m-m interactions between
molecular building blocks, which were previously found to prohibit high crystallinity due to creation
and locking-in of defects.®8-64 While templating effects in COF formation have been proposed in
previous theoretical work,® our results represent, to the best of our knowledge, the first experi-
mental evidence of solvent templating during COF formation. Notably, our results also suggest
that the liquid additive mixture could even be simplified to pure 1,4-dioxane, meaning that complex
mixtures involving high-boiling solvents are not always necessary for COF synthesis, at least
when using mechanochemistry.

Influence of Catalyst

We further explored the influence of the catalyst on the mechanism and kinetics of COF synthesis.
Matsumoto et al. previously reported the use of metal triflates "as superior catalysts for imine-
linked COF formation" and high activity for transamination in solution, leading to a significant re-
duction in reaction time. While different metal triflates have been used, the highest crystallinity
and surface areas have been reported with the strong Lewis acid Sc(OTf)3.1% Therefore, all in
situ monitoring experiments were repeated by replacing aqueous AcOH with solid Sc(OTf); as a
catalyst. In all in situ monitored reactions, 0.06 equivalents of Sc(OTf); were used with respect to
the corresponding amine components. While the overall reaction pathway was mostly unaffected
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Figure 6.6. (a) Background subtracted 2D XRPD plots for the mechanochemical reaction of COF-LZU1 (left) and ThBd-
COF (right) using Sc(OTf)s as catalyst. Diffraction of PMMA is visible by the broad peak around 1.7° 26, marked by an
asterisk. Artefacts from background subtraction appear at ca. 0.8, 0.9, and 1.4 °26 due to background subtraction. (b)
Comparison of the normalized integrated peak intensities of 1 and COF-LZU1 (left) derived from the in situ monitoring
using AcOH (black and blue) and Sc(OTf)s (green and red) as catalyst and of TbBd-COF (right) using AcOH (black)
and Sc(OTf)s (green) as catalyst. (c) Measured ex situ XRPD patterns (2 = 1.54 A) of COF-LZU1 using different
catalysts. (d) Comparison of BET surface areas of COF samples prepared with either AcOH or Sc(OTf)s as catalyst
determined by N2 sorption experiments at 77 K.

by the choice of catalyst, the reaction kinetics, as well as crystallinity of the final COFs, were

improved.

The appearance of intermediate 1 was observed in the synthesis of COF-LZU1 also when using
the catalyst Sc(OTf)s: 1 formed immediately upon milling, with the diffraction signal of COF-LZU1
appearing after ca. one min (Figure 6.6, a). The diffraction signal of 1 completely vanished within
12 min, i.e. in approximately half of the time compared to the reaction catalyzed by AcOH (ca. 25
min). The intensity of the 100 Bragg reflection of COF-LZU1 increased throughout the entire ex-
periment, even after the consumption of 1 (Figure 6.6, b). The continuous increase in diffracted
intensity might arise from a continued error correction mechanism in which Sc(OTf)s acts as a
transimination catalyst to improve overall framework crystallinity (Figure 6.6, c).[%

The induction times for the synthesis of most other COF systems were reduced significantly, by
a factor of two or more, when using Sc(OTf)s as a catalyst (Figure 6.6, b and S9.3.12-14). The
synthesis of TbBd-COF was most significantly affected by the change in catalyst, both through a
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reduction in the induction time, as well as an increase in the rate of product formation. The TbBd-
COF formation started after an induction period of only ca. 3 min without proceeding via interme-
diate 2 and was found to reach completion after ca. 30 minutes using Sc(OTf)s. This is a significant
change compared to the process in the presence of AcOH, in which the diffraction signal of the
COF appeared only after ca. 30 min, still exhibited only a weak scattering signal after 60 min, and
with 2 observable throughout the entire experiment.

The absence of 2 in the reaction based on Sc(OTf); is explained by the increased efficiency of
imine formation and thus consumption of Bd before solvate 2 can form. These findings illustrate
that different reaction pathways may open up as a function of liquid and catalyst choice. We fur-
ther explored the influence of using Sc(OTf); catalyst on the properties of the mechanochemically
synthesized COFs. The replacement of AcOH with Sc(OTf); as catalyst led to materials with not
only improved crystallinity (Figure 6.6, ¢ and S9.3.16-19), but also generally higher Sger values
(Figure 6.6, d and S9.3.44-63). This was most evident for TbBd-COF, which exhibited an increase
in Sger of 475 %. These results are in good agreement with our in situ studies, which showed an
increased rate of COF formation. Interestingly, while previous purely mechanochemical COF syn-
theses reported a qualitatively lower crystallinity and significantly lower porosity
(Seer < 300 m? g'') compared to the respective solvothermal syntheses,?°-?? the herein presented
results show that the opposite is also possible (Table 6.1). Most notably, the surface area of
mechanochemically made IISERP-COF4 exceeds that reported for the solvothermally obtained
product by almost 40 %, independent of the catalyst choice. Also, the surface area of COF-LZU1
made with Sc(OTf); was found to be almost 2.7 times higher (Sger = 1097 m? g1) than most liter-
ature values for solvothermally made material (Sger = 410 m? g%),1° but is still somewhat lower
compared to products from other synthetic strategies, where Sger values of 1523 m? g! have
been reported (Table 6.1).1067 |t is noteworthy, however, that the latter materials required much
longer synthesis times, between 48-120 h, whereas the milling reaction was found to be complete
within an hour. The increase in Sger in comparison to previously reported cases of mechano-
chemical COF synthesis are attributed to a milder activation process. Activation under harsher
conditions, e.g. solvent exchange and heating under vacuum, are known to lead to a collapse of
the framework pore structure through the action of capillary forces, and consequently to a reduc-
tion or loss of porosity.©®8 This strongly depends on the polarity of the used solvent, as well as on
the framework stability.® In contrast, the use of supercritical CO. (scCO) is considered a mild
activation strategy, which due to very low capillary forces, enables the retention of framework
structural integrity during activation. 68

Overall, the use of Sc(OTf)z as a catalyst for imine formation exhibits clear advantages in terms
of reaction times and measured surface areas, offering a valuable alternative to AcOH for COF
mechanosynthesis. Fine-tuning of reaction conditions, followed by activation with scCO, enabled
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the mechanochemical preparation of COFs that are on an equal footing with solvothermally syn-
thesized materials, while introducing the benefits of significantly reduced reaction times, milder
reaction conditions, and improvement in scale.

Table 6.1. Pore sizes and comparison of surface areas of mechanochemically synthesized COFs with literature values
of solvothermally synthesized pendants.

Mechanochemical Mechanochemical syn- Reported
synthesis with AcOH  thesis with Sc(OTf)s values
COF Pore sizel®/ nm  Sger(AcOH) / m? g Seet(Sc(OTf)s) /m? gt Sger/m? gt
COF- 4100
1.9 757 1097
LZU1 152360
TbBd-
2.2 167 799 194861
COF
ISERP-
871 981 71662
COF4
N-COF 15 929 996 116363

lAlcalculated by DFT derived from N2 sorption isotherms. See also Figure $9.3.39-58.

6.3.Conclusion

In conclusion, we reported the first in situ studies of mechanochemical COF formation, providing
the first direct experimental evidence of solvent-based templating effects during framework as-
sembly. Specifically, using 1,4-dioxane as a component of the liquid additive in a mechanochem-
ical reaction led to the observation of crystalline solvate reaction intermediates in the syntheses
of both COF-LZU1 and ThBd-COF frameworks. The intermediate in TbBd-COF synthesis is the
result of a competing reaction, which can occur due to slow imine bond formation and is sup-
pressed by using Sc(OTf)s as a catalyst. In contrast, the intermediate in the formation of the COF-
LZU1 framework is a solvated form of a triple imine condensation product, organized in the solid
state around 1,4-dioxane molecules that act as templates for subsequent pore formation. The
layered molecular arrangement in the solvate does not only inhibit initial - stacking during the
early stages of the self-assembly, an effect that is known to lower the overall crystallite size,
but also promotes the formation of 2D COF sheets. The herein observed formation of a triple
imine condensation product offers potential new opportunities for rational design of mixed-linker
COFs, as recently seen for mixed-metal MOFs." Finally, our study reveals pronounced effects
of the catalyst choice — AcOH vs Sc(OTf)s — on COF formation, both regarding reaction kinetics,
mechanism and product crystallinity, due to the high activity of mediating imine formation and
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transimination.’® Notably, a combination of Sc(OTf); as a catalyst and mild activation with super-
critical CO; results in COFs with surface areas that can match and even exceed those reported
for solvothermally made frameworks, which generally require higher reaction temperatures,
longer times, and the use of bulk solvents.

Our results highlight the potential of mechanochemical synthesis not only as a materials-efficient,
green and potentially scalable synthetic route, but reveal the subtle interplay between liquid addi-
tives, catalyst choice, and activation procedure in the synthesis of COFs, which often follows
standardized procedures owing to the lack of mechanistic insights. Utilizing the power of tem-
plated COF synthesis through the targeted formation of intermediates thus enables a more ra-
tional design of COFs by utilizing a toolbox of non-covalent interactions and directed self-assem-
bly.
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Abstract

Covalent organic frameworks (COFs) have emerged as versatile platforms for the separation and
storage of hazardous gases. Simultaneously, the synthetic toolbox to tackle the “COF trilemma”
has been diversified to include topochemical linkage transformations and post-synthetic stabiliza-
tion strategies. Herein, we converge these themes and reveal the unique potential of NO as a
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Figure 7.1. Table of content figure for NO adsorption in COFs and
its usage as reagent for surface passivation and topochemical
framework transformation for controlled nitric oxide release in
COFs
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new reagent for the scalable gas-phase
transformation of COFs. Using physisorp-
tion and solid-state nuclear magnetic res-
onance spectroscopy on N-enriched
COFs, we study the gas uptake capacity
and selectivity of NO adsorption and un-
ravel the interactions of NO with COFs.
Our study reveals the clean deamination
of terminal amine groups on the particle
surfaces by NO, exemplifying a unique
surface passivation strategy for COFs.
We further describe the formation of a
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NONOate-linkage by the reaction of NO with an amine-linked COF, which shows controlled re-
lease of NO under physiological conditions. NONOate-COFs thus show promise as tunable NO
delivery platforms for bioregulatory NO release in biomedical applications.

7.1.Introduction

Beginning in the late 1980s, nitric oxide (NO) gained increasing interest in biological research
after its key role as signal molecule in various physiological processes in the human body was
discovered.™! While NO plays a significant role for human health by regulating blood pressure,
wound healing, and neurotransmission,?% it is more widely known as a (problematic) component
of NOy found in exhaust gases of combustion engines. With increasing road traffic, agriculture
productivity, or electricity generation, artificial NO pollution became almost omnipresent in the
environment around us.[°! However, in contrast to the essential NO needed for physiological
processes, in which NO rarely exceeds an internal concentration of 5 nM, the artificial presence
of NO in our external environment can have adverse effects on human health.*%2 The combus-
tion-based NOy emissions count as major air pollutants and as gaseous precursor of fine particu-
late matter (PM2s), which is considered a leading environmental health risk factor, associated with
3 to 4 million premature deaths each year and a significantly reduced life expectancy.*% Environ-
mental and healthcare organizations like the World Health Organization (WHO) repeatedly appeal
for a reduction of air pollution and readjust their guidelines for PM, s to lower levels.!4 Current
strategies to reduce NO emissions are based on rare earth metal three-way catalysts, as found
in automobiles, which reduce NO to nitrogen while simultaneously oxidizing noxious CO and hy-
drocarbons to CO,.% Other strategies focus on capture and release systems, “washing” the ex-
haust gas by binding NO onto functional groups by forming nitrosamines, N-diazeniumdiolates
(NONOates), and nitroso-metal-complexes.'®" The reversible formation of these species allows
the subsequent controlled release and recycling of NO and can also be the basis of various phar-
maceuticals.[*é

Recent advances in heterogeneous systems for NO release were made including surface-crafted
polymers and silica particles with exposed NO-binding functional groups.?°-22 Lately, highly po-
rous materials were discovered as candidates for NO removal via adsorption and chemisorption
or as catalyst/catalyst support materials for NO decomposition.?®l Metal organic frameworks
(MOF) have been developed as NO release materials utilizing either unsaturated and open metal
sites or implemented amino functionalities to adsorb NO in their pores. 2425

Covalent organic frameworks (COFs) are recent additions to the class of highly porous framework
materials.?®) Due to their high specific surface area, defined structure, high modularity and low
density COFs could be promising candidates for NO adsorption/separation applications or as het-
erogeneous catalyst/catalyst support materials for NO decomposition.?”-2°1 Conductive COFs
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have already been successfully used in chemiresistive sensor devices to detect NO and other
harmful gases in the ppb range.l**34

Despite the possible applicability of COFs as functional materials for such applications, there re-
main concerns regarding their stability. Assembled into frameworks 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 well-established linkages like boronic esters or imine
bonds suffer from instability against harsher chemical conditions.®? However, in recent years nu-
merous novel linkages, post-synthetic-modifications and other stabilization strategies for COFs
have been developed, broadening our tool-box to design materials that can be suitable for NO
adsorption.3-37

In this work we determine the stability of four different COF linkages — imine, amine, thiazole, and
imide — against NO exposure and examine their suitability for NO separation applications by cal-
culating their specific selectivity against N, and CO.. By targeted **N enrichment at the crucial
COF-linkages, we investigate and identify chemical modifications in the COFs’ frameworks in-
duced by NO. These chemical modifications, including a novel type of linkage, are evaluated for
their potential applications in COF chemistry and biomedical research.

7.2.Results and Discussion

To study the effect of NO on COFs, we synthesized four *N-enriched frameworks, namely TTI-
COF, rTTI-COF, TTT-COF, and TT-Imide-COF (Figure 7.2),2337-3% which are all based on an
enriched 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline-*N linker (TT-1®NH,, Figure 7.2). The isotope
enrichment of the COFs enhances the sensitivity in N CP-MAS solid-state nuclear magnetic
resonance (ssNMR) spectroscopy and thus allows a detailed analysis of the respective linkages.
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.
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Figure 7.2. Synthesis of the four *®N-enriched COFs TTI-COF, rTTI-COF, TTT-COF and TT-Imide-COF bearing imine,
amine, thiazole, and imide linkages, respectively. All COFs are based on an enriched 4,4',4"-(1,3,5-triazine-2,4,6-
triyl)trianiline-1°N linker, TT-15NH2, which was synthesized starting from 4-cyanobenzoyl chloride and *>NH4Cl (Scheme
S1) in a three-step procedure with a good overall yield of 12.6 %.

NO Uptake

NO sorption measurements on °*N-enriched COFs were performed starting at 298 K. In all cases,
an initial high but only partially reversible adsorption capacity was found within the first adsorption
cycle. In this first measurement COF-dependent uptakes between 1.5 and 6 mmol gt NO were
observed. In addition, a steep adsorption slope below 2 kPa for TT-Imide-COF and TTI-COF (Fig-
ure 7.3, a and Figure S9.4.28), around 30 kPa for TTT-COF (Figure S9.4.32) and around 90 kPa
for rTTI-COF was found (Figure S9.4.30). The steep uptake within the first cycle at different pres-
sure 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 K 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 (Figure S29, S31, S33, S34). To ensure reproducible NO physisorp-
tion data at different temperatures, all COFs were cycled seven times to ensure stabilization of
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Figure 7.3. (a) NO-adsorption cycles of TT-Imide-COF. Comparison of stabilized NO-adsorption of TTI-COF, rTTI-COF,
TTT-COF, and TT-Imide-COF at (b) 273 K and (c) 298 K after completing the 7" run. PXRD and argon sorption
measurement at 87 K of TTI-COF (d,h), rTTI-COF (e,i), TTT-COF (f,j), and TT-Imide-COF (g,k) before (blue) and after
(red) NO exposure. Filled circles represent the adsorption, empty circles the desorption.

the systems before measurements at 273 K, 288 K, and 298 K were performed (Figure 7.3, b, c
and S9.4.35). 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 hysteresis due to delayed NO desorption visible for all temperatures and COFs.

The measured NO physisorption capacities at 298 K - ranging between 0.2 mmol g?! and
0.4 mmol g* as compared to 1.5-6 mmol g during initial uptake - are in good agreement with the
values found for simulated NO adsorption isotherms for boronate ester-based COF-105 and COF-
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108 by Wang et al.l*% Note that experimental values on NO sorption in COFs have not yet been
reported.

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

Powder X-ray diffraction (PXRD) analysis of the samples reveals that TTI-COF-NO becomes
slightly less crystalline after NO exposure and rTTI-COF-NO turns amorphous (Figure 7.3, d, e).
The Brunauer—-Emmett—Teller specific surface area (Sger) and specific pore volume (Vp) de-
creases for the imine-COF (Figure 7.3, h) from Sger = 1491 m2 g (Ve = 0.917) to less than a third
for the post-NO imine-COF with Sger = 475 m? g (Ve = 0.376). The amine-COF rTTI-COF (Fig-
ure 7.3, i) with initially Sger = 1428 m? g (Vp = 0.778) becomes non-porous after NO exposure
with Sger = 32 m? g (Vp = 0.071 cm?® g%). For TTT-COF and TT-Imide-COF (Figure 7.3, j, k) no
changes in crystallinity after exposure are noticeable and the Sger and pore volume of the samples
decrease just by small amounts from 1461 m?g! (Vp=0.778cmig?) to 1416 m?g?
(Vp=0.750cm3®g?) and from 1190m2g! (Vp=0.802cm3g?) to 1102m?g?
(Ve = 0.744 cm?® g1), respectively. For the latter, the Fourier-transform infrared (FT-IR) spectra
before and after NO exposure show no difference (Figure S9.4.8-9). However, TTI-COF-NO dis-
plays a new band at 1699 cm™, a typical range for an aldehyde HC=0 vibration, while otherwise
remaining unchanged (Figure S9.4.6). The spectrum of rTTI-COF-NO shows significant changes
compared to pristine rTTI-COF; most prominent is the appearance of three distinct bands at
1700 cm?, 1084 cm?, and 916 cm™ (Figure S9.4.7). We also observed a color change of the
sample after NO exposure. UV-Vis measurements reveal slightly altered absorption spectra for
the post-NO COFs (Figure S9.4.19-22). The most obvious color changes were perceived for TTI-
COF and rTTI-COF- both changing from yellow 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 to react to a varying degree with the gas, indicated by changes in the FT-IR spectra, result-
ing 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 post-NO CO. adsorption isotherms as a reference, we calculated the initial
heats of adsorption, Qs:, adsorption capacities, and IAST selectivities over nitrogen for CO, and
NO (Table S9.4.1). For the selectivity calculations we chose a 15/85 gas mixture for CO2/N; as
commonly found in the literature,Y and a 3/97 gas mixture for NO/N, due to the low abundance
of NO in exhaust gas mixtures.”? We calculated the IAST selectivity of CO. over nitrogen for TT-
Imide-COF-NO and TTT-COF-NO as 9.22 and 6.44, respectively. The IAST selectivities of NO
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over nitrogen were calculated to be 5.55 for the TT-Imide-COF-NO and 3.95 for TTT-COF-NO.
Furthermore, the pressure dependent selectivties of a binary CO2/NO (50/50) gas mixture were
calculated (Figure S9.4.36, c). Overall, our results show that imide- and thiazole-linked COFs
exhibit remarkable resistance to NO gas and are promising platforms for NO gas capture or sep-
aration. Moreover, these systems show significant IAST selectivity of NO uptake over Na.

Solid-State 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 adsorp-
tion cycles and to gain insights into possible reactions involved, we performed **C and N CP-
MAS ssNMR experiments. Utilizing the high sensitivity of our **N-enriched COFs we were able to
capture even less-sensitive species like the thiazole nitrogen and minor framework defects as will
be discussed in the following.
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Figure 7.4. 33C CP-MAS (top row) and ®>N CP-MAS ssNMR (bottom row) of (a) TTT-COF (blue) and TTT-COF-NO
(red) and (b) TT-Imide-COF (blue) and TT-Imide-COF-NO (red).
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Figure 7.5. Proposed mechanism for deamination of arylamines upon NO exposure. First, a diazonium salt is formed
in the reaction of the free amine with NO. This salt further reacts with catalytic amounts of N2Osz impurities in the NO
gas, cleaving the diazonium moiety as dinitrogen and nitrous acid. The resulting phenyl radical is subsequently
quenched by exposure to the nitroxyl released in the first step or any other proton-bearing volatile compound, like
H20.14% (b) Schematic representation of crystal surface passivation of terminal amines by NO-induced deamination.
As one of the NO resistant frameworks, TTT-COF-NO shows no visible changes in its **C and
15N spectra compared to the pristine TTT-COF (Figure 7.4, a). Interestingly, the high sensitivity of
our 15N measurements reveals small amounts of imine residuals at -54 ppm (Figure 7.4, a, bot-
tom) that were not transformed into thiazole during the topochemical conversion. Another unex-
pected peak was found at -257 ppm, which we assign to a thioamide, the proposed intermediate
of the topochemical conversion.[33] It should be noted that the intensities of both moieties are
more pronounced in the CP-MAS experiments compared to thiazole due to polarization transfer
from neighboring protons. The related signal for the imine bond in 13C CP-MAS ssNMR, expected
at 151 ppm,[33] is barely visible. No obvious signs of the increased initial NO uptake are visible.
Considering the relatively minor irreversible NO uptake of 1.5 mmol g-1 compared to the other
COFs (3-6 mmol g-1), reactions of NO with remaining oligomer impurities, sulfur and/or remaining
imine bonds, as observed for TTI-COF (infra vide), are plausible.

The 13C spectrum of TT-Imide-COF-NO resembles the spectrum of the pristine COF (Figure 7.4,
b, top). A minor peak broadening is observed which might be a result of slightly increased struc-
tural disorder of the framework. The 15N-CP-MAS spectrum of TT-Imide-COF reveals three sig-
nals at -207 ppm, -254 ppm, and -322 ppm, assigned to the imide, the intermediate amic acid,
and the remaining terminal amine nitrogen at the crystallite edges, respectively (Figure 7.4, b,
bottom). However, only the imide signal is observed in a (quantitative) direct excitation experi-
ment, suggesting that the proton-bearing species constitute a minor side phase and are overem-
phasized due to their sensitivity in CP-MAS experiments (Figure S9.4.11). Upon exposure to NO,
the signal at -322 ppm, assigned to terminal amine groups, vanished completely, giving the first

102



NO as a Reagent for Topochemical Framework Transformation

direct indication for a chemical reaction of the framework with the adsorbate. Furthermore, the
relative intensity of the amide at -254 ppm is lowered compared to the imide at 207 ppm after NO
treatment. Lacking any new signals, we suspect a clean conversion of the amines by NO, passiv-
ating the crystallite surface edges, according to a proposed denitrogenation radical reaction
mechanism depicted in Figure 7.5 based on findings of Itoh et al. on the deamination of aniline.!

First, a diazonium salt is formed in the reaction of the free amine with NO. This salt further reacts
with catalytic amounts of N2O3 impurities in the NO gas, cleaving the diazonium moiety as dini-
trogen and nitrous acid. The resulting phenyl radical is subsequently quenched by exposure to
the nitroxyl released in the first step or any other proton-bearing volatile compound, like H>O. Due
to the deamination of the enriched **N the amine peak disappears and no new signal is visible.
We envision that this interaction between the free amine groups and the NO gas could be used
as a rational surface passivation strategy to purposefully remove the remaining and potentially
reactive amine sites. Clearing the COF’s surface from terminal amines could be of particular in-
terest when their chemical reactivity or electronic properties hinder or alter the targeted properties
of the framework (e.g., in catalysis), especially when exposed at the crystal surface.
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Figure 7.6. 13C (top row) and >N CP-MAS (bottom row) ssNMR of (a) TTI-COF (blue) and TTI-COF-NO (red) and (b)
rTTI-COF (blue) and rTTI-COF-NO (red).
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Figure 7.7. Catch and release steps of the secondary amine-COF-linkage. (b) NO adsorption cycles of rTTI-COF. (c)
NO release and estimated release rate of rTTI-COF-NO in a pH 7.4 PBS-buffer solution monitored by the Griess assay.
A reaction with the remaining amic acid intermediates remains uncertain. While a slight decline in
the relative intensity compared to the imide signal is observed, only a single case of a reaction of
NO with primary amides (under strongly basic conditions) has been reported in the literature,
making at least a quantitative reaction unlikely in this case.?4

Judging from the diffraction and sorption results, we expect more significant changes in the
sSNMR spectra of TTI-COF and rTTI-COF. Indeed, TTI-COF shows a slight broadening of the
peaks in the 13C CP-MAS NMR after NO exposure and a new signal at 191 ppm appears (Figure
7.6, a, top). This peak corresponds to the proposed aldehyde, visible in the FT-IR spectra as a
new band at 1699 cm-1. In parallel, a reduction of the imine signal intensity at 151 ppm compared
to the remaining signals is observed, which is especially visible when comparing to the neighbor-
ing signal at 157 ppm. These findings indicate a partial cleavage of imine bonds, resulting in ex-
posed aldehyde groups. The 15N CP-MAS NMR of TTI-COF-NO exhibits the same removal of
terminal amine groups (Figure 7.6, a, bottom), visible at 316 ppm, by deamination after contact
with NO as found for TT-Imide-COF (Figure 7.5). The imine signal at 58 ppm remains with minor
peak broadening, as do the 13C signals.
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We rationalize these observations with an incipient decomposition according to a reaction
mechanism upon NO contact shown in Scheme S2: By a [2+2] cycloaddition of NO to the imine
bond, as described by Hrabie et al. for Schiff-bases,** the adduct is cleaved into the free aldehyde
as observed by the 3C signal at 191 ppm, and a diazo radical. Subsequently, an aryl radical is
formed by elemination of nitrogen, which is ultimately quenched.

rTTI-COF-NO shows a strong broadening of all signals in the *C spectrum (Figure 7.6, a, top).
Especially the benzylic quaternary carbon at 49 ppm broadens and almost disappears into the
background. This observation reflects the disorder introduced into the framework and is in good
agreement with the amorphization and loss of long-distance order seen in the PXRD pattern (Fig-
ure 7.3, €). The >N spectrum reveals a significant shift of the **N signal of the linkage (Figure 7.6,
b, bottom). The secondary amine-related peak of rTTI-COF at 316 ppm shifts to 119 ppm for rTTI-
COF-NO, indicating a complete transformation of the bond. This novel linkage is identified as N-
diazeniumdiolate (NONOate), a species that is also observed during NO adsorption in amine
functionalized MOFs and is formed by the addition of two equivalents of NO to the amine linkage
of rTTI-COF at 95 kPa NO pressure (Figure 7.7, a, b).[224 The post-synthetic linkage modification
is mirrored in the FT-IR spectrum by the appearance of three new, distinct bands at 1700 cm?,
1084 cm®, and 916 cm™ as mentioned above (Figure S9.4.7). The complete disappearance of
the ®N-amine indicates full conversion of the amine into the NONOate linkage. Introducing such
polar, bulky NONOate groups adds both steric and electrostatic repulsion between the layers,
thus forcing the layers to distort and shift, resulting in the observed loss of long-range order, layer
integrity and porosity. Besides this drawback, the described simple gas phase modification of
amine-linked COFs by NO introducing NONOate groups displays exciting new possibilities for the
design of polymers and COFs bearing novel linkages and functionalities.

NO release

Along these lines, implementing NONOate functional groups holds great promise towards COFs
as nitric oxide releasing delivery platforms for bioregulatory NO release in therapeutic or medicinal
chemistry applications (Figure 7.7, a).54647 Nitric oxide release under physiological conditions
was tested by suspending rTTI-COF-NO in a pH 7.4 PBS-buffer solution at 37 °C and monitoring
the NO release using a Griess assay.*® The NO release profile of rTTI-COF-NO shows an expo-
nential release behavior with an overall very slow but steady release of the chemisorbed NO over
several days (Figure 7.7, c). An initial faster release over the first 24 h of around 1.8 nmol NO is
observed, followed by a long period of 3 weeks in which another 9.9 nmol NO is released. After
NO release, crystallinity and specific surface area are partially recovered (Figure S9.4.5, S9.4.39),
evidencing the successful rearrangement of the regenerated amine-linked domains into an or-
dered structure. While the total amount of NO delivered by the COF is significantly lower than the
NO physiosorbed in recently published MOFs or polymers, 234649 they are well in the concentra-
tion range of physiological processes.[>5% In addition, the controlled release of NO over such long
periods (i.e. multiple days to weeks) sets rTTI-COF-NO apart from the typical rapid release over
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seconds to hours observed for other NONOate derivatives and suggests that NONOate-COFs
could be promising candidates for wound healing or related applications where a slow NO release
is key.!?85% Unlike MOFs, COFs also do not contain heavy metals that can prevent their use in
pharmaceuticals. Further, we presume that the origin of this moderate but gradual release is due
to the limited diffusion of water into and NO out of the disordered and non-porous, but flexible
framework. The diffusion of water into the framework is crucial to protonate the NONOate func-
tional groups and trigger the NO release. Hence, control over the crystallinity during linkage trans-
formation may be used to control the rate and amount of NO released by NONOate-COFs. Crys-
tallinity and therefore enhanced accessibility of the NONOate functional groups in the COF pores
could be achieved by implementing readily available strategies to direct and lock the layer stack-
ing, or by using 3D COFs.[5-%4

Taken together, our NMR analysis explains the different linkage stabilities and transformations,
and rationalizes the observed initial irreversible adsorption behavior, which is largely due to the
chemical reaction of NO with terminal amine groups or linkages of the frameworks.

7.3.Conclusion

We have identified NO as a synthetically flexible reagent for the rational topochemical framework
modification in COFs. We have developed a straightforward synthesis of a ®N enriched version
of the commonly used TT-amine linker, which was successfully used to prepare multiple COFs
with varying linkage chemistries — imine, amine, thiazole, and imide. The ®*N-enriched linkage-
archetypes were then used as chemical probes to verify the existence of previously postulated
terminal groups and reaction intermediates during linkage formation and modification. We demon-
strated that all frameworks with unreacted terminal amine sites can be quantitatively passivated
with NO by a denitrogenation reaction, leading to a clean surface defunctionalization of the frame-
works. In addition, we could show that the reactivity of the different linkages towards NO is dis-
tinctly different: While imide and thiazole-linked COFs were found to be largely unreactive towards
NO, imine and amine-linked COFs undergo local (imine) and global (amine) linkage conversions
leading to significant changes in the surface area and framework crystallinity. We have further
demonstrated a topochemical modification of amine-linked COFs by NO, forming the novel NON-
Oate COF linkage by a solid-gas phase reaction at room temperature. Controlled and extended
NO release by this NONOate linkage was observed under physiological conditions, which opens
the door to the use of amine-linked COFs as potential platforms for “NO catch and release” sce-
narios in biomedical applications. We have thus demonstrated that besides being toxic and highly
reactive, NO is a versatile reagent for crystal surface and linkage modification, thus greatly ex-
panding the synthetic toolbox of COF chemistry.
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8. Conclusion

Covalent organic frameworks have emerged in recent years as incredibly variable and useful
frameworks for numerous applications such as optoelectronics,*?! energy storage,’** gas storage
and separation,®*® photosensitizers,I”® and heterogeneous catalysis.®**% In this work, a series of
comprehensive studies was carried out to understand the effect of modulating COF structure and
synthesis protocol on COF crystallinity and porosity. In particular, a new aspect for COFs as het-
erogeneous catalyst platform has been explored and demonstrated by confining homogeneous
catalysts and reactions in COF pores, thus tailoring them to specific reaction outcomes. The work
demonstrates several facets related to developing COFs as a new platforms for heterogeneous
catalysis under confinement: (i) the influence of non-covalent interlayer interactions on the design
and stability of large COF systems, (ii) the interactions between scaffold, catalyst and reactant
during confinement that affect product selectivity, (iii) insights into reaction pathways of green
synthesis alternatives, and (iv) development of post-synthetic COF modifications altering surface
properties and introduction of noel COF applications.

Large-pore COF platforms

COFs with large pores are still a rarity, despite their potential for heterogeneous catalysis and
adsorption of larger biomolecules. While many aspects of general COF formation are being stud-
ied, the problems associated with large pore COF systems have not yet been specifically ad-
dressed.

In this work, the influence of non-covalent interlayer interactions on the structure and stability of
COFs with large pore aperture was investigated while creating a modifiable, isoreticular COF
series. The platforms were based on extended C2-phenylphenanthridine-aldehyde units com-
bined with C3-, 1,3-5-triphenylbenzene- (TAB), or 1,3,5-tri(4-biphenyl)benzene-based amine
(TAPB) building blocks to form isoreticular 2D COFs with hexagonal structure and two pore sizes.
For the proposed different interlayer interactions, the phenylphenanthridine units were modified
stepwise with o-methoxy groups in respect to the aldehyde (PP, mPP, dPP), which has already
been shown in the literature to improve layer correlation. Therefore, the interlayer interactions
could be tuned in three levels, from low, without methoxy groups (PP-TAB, PP-TAPB), to medium
(mPP-TAB, mPP-TAPB) or to high (dPP-TAB, dPP-TAPB), with two or four methoxy groups per
building block. A total matrix of six COFs was created to investigate the effects of pore size and
interlayer interactions by (in situ heating) XRPD, TEM, ssNMR, TGA, gas sorption analysis, com-
putational DFT structural studies, and computational stacking potential energy landscapes.

PP-TAB and PP-TAPB with weak interlayer interactions deviated from the normally expected AA-
eclipsed layer stacking, and a shift of the layers with respect to each other was evident, resulting
in an overall AB-staggered layer confirmation. This AB staggered conformation resulted in a sig-
nificant deviation of the observable pore size of 0.6 nm for the smaller and 1.0 nm for the larger
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variant from the expected values. This observation of stacking structure and reduction in pore
size is consistent with previous findings in the literature for wide aperture COFs.[>%1 In contrast,
dPP-TAB and dPP-TAPB with the highest interlayer interactions both exhibited well-defined AA
stacking, resulting in the expected pore sizes of 4.8 nm and 5.8 nm. This obvious contrast of
stacking behavior demonstrates the great influence of noncovalent interlayer interactions on the
structure of large pore size COFs. Moreover, mPP-TAB with intermediate interlayer interactions
shows a well-defined AA eclipsed layer stacking, but the AB staggered conformation for mPP-
TAPB, leading to almost identical effective pore sizes for both COFs despite the different linker
size of and TPB and TAPB. This represents an edge case where the interlayer interactions are
sufficient to allow AA stacking for medium sized COFs but insufficient for larger variants, illustrat-
ing the effect of increasing pore size on COF stacking. Furthermore, it shows that simply increas-
ing the size of the building blocks does not necessarily increase the effective size of the pores,
which prevents the formation of isoreticular series with large apertures without considering the
interlayer interactions as a design tool.

In addition to the influence of structure, the thermal stability of the scaffolds was investigated. As
recently shown, TGA analysis can be deceptive about the true structural integrity of COF scaf-
folds, which is evident in amorphization at lower temperatures than expected.*+% |n situ XRPD
heating experiments up to 200 °C and corresponding ex situ gas sorption experiments showed
that the AB-stacked COFs, PP-TAB, PP-TAPB, and mPP-TAPB, of our series exhibit only a
slightly increased stacking disorder and their structure does not change significantly throughout
the temperature change. For the AA-stacked COFs, the smaller variant with high interlayer inter-
actions (dPP-TAB) exhibits a small and fully reversible thermal expansion of the layer spacing,
while otherwise maintaining its structural integrity. However, the smaller COF with intermediate
interactions (MPP-TAB) and the larger COF with high interactions (dPP-TAPB) both exhibit a
novel phase transition from AA eclipsed to AB staggered layer stacking at 140 °C and 120 °C,
respectively. The resulting structure types correspond to the respective AB staggered variants of
the weakly interacting COFs. These phase transitions are irreversible upon cooling, but can be
reversed by simple contact with solvent. In conjunction with the calculated DFT energy land-
scapes of the stacking potential, this reversibility behavior reveals the AA-shifted stacking type
for these COFs as a metastable phase once the solvent is removed from the pores.

This work highlights the importance of interlayer interactions for layer stacking of COFs and their
usefulness as a design tool for large pore COF systems. The interplay of pore aperture, interlayer
interactions, and stacking has been demonstrated, as well as the effects on structural integrity at
elevated temperatures. This work can provide helpful guidance for rational design of large COF
systems that are tailored to specific material applications in terms of structure and stability.
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Molecular heterogeneous catalysis under confinement

Heterogeneous catalysis practiced with COFs is of increasing interest due to their chemical flex-
ibility, as they can be adapted and tailored to the specific needs of their application reaction. Due
to their large surface area and composition of light elements, they are generally used as efficient
catalysts for various purposes.®”1 To compete with other cheaper mesoporous materials, such
as silica, the still high cost of COFs would require highly specialized unique properties and effi-
cient uses for them. Utilizing not only the large surface area provided by COF porosity, but also
the highly modifiable and well-defined pores for confinement can therefore open a new pathway
for COFs toward highly specialized biomimetic catalyst supports and differentiate them from other
support materials.

In this work, the specific use of COFs and their pore confinement to modify the reaction outcome
of molecular heterogeneous catalysis is investigated. To achieve this, the previously identified
design principles for large pore size COFs were used to build the framework, as the pore size for
the expected effect is in the range of 4 to 6 nm. Building on the previous work, the highly stable
and robust methoxy-containing phenylphenanthridine-based COF was further modified with hy-
droxyl groups on the phenylphenanthridine building block as anchoring sites for molecular catalyst
immobilization. The hydroxyl functionalization was introduced into the protruding phenyl group,
which is well suited to place the molecular catalyst in the pore. XRPD, NMR and gas sorption
experiments confirmed the formation of the functionalized scaffold, and a well-defined layer cor-
relation with highly ordered and uniform pores was found. The confinement effect itself was tested
for the selectivity of macro(mono)cyclization (MMC) over oligomerization (O) in a,w-diene ring
closure metathesis reactions compared to homogeneous reaction with a non-immobilized cata-
lyst. The Ru-Grubbs-Hoveyda type catalyst in question was modified with tri-methoxy(alkyl)silane
and immobilized on the framework by a silylation reaction. Ru-ICP analysis confirmed the suc-
cessful loading of the catalyst to about 3.4% of all hydroxyl groups present in the framework.
EXAFS analysis also confirmed that the structure of the catalyst remained intact after immobili-
zation. MMO/O selectivity was investigated using four a,w-diene substrates that differed in size
and polarity. A strong correlation was found between substrate size and increased MMO/O se-
lectivity compared to heterogeneous catalysis, as well as an overall decrease in activity of the
immobilized catalyst. While no difference was apparent for the largest substrate, selectivity in-
creased with decreasing substrate size. This can be explained by the fact that the smaller sub-
strates diffuse more easily into the pores and therefore these have a stronger influence on the
ring chain equilibrium during catalysis.[*81% For larger substrates that do not diffuse into the pores,
the reaction is limited to the outer surface of the material, which does not offer a changed ring
chain equilibrium . No differences were observed with respect to the polarity of the substrate,
indicating little interaction between the scaffold and reactant for this COF. The scaffold remained
fully intact after catalysis, but unfortunately, due to the nature and fragility of the catalyst used,
catalyst cycling could not be performed.
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Despite the reduced catalyst activity affecting the overall effectiveness of the catalyst system, a
successful confinement effect was demonstrated to modify the reaction outcome. Design princi-
ples for large-pore COF systems were successfully applied to create a suitable framework demon-
strating the viability of a substrate- and product-specific catalyst framework utilizing COF pore
confinement. These results represent a first step towards novel biomimetic catalyst supports ra-
tionally designed for specific reactions.

Green and scalable COF mechanosynthesis

COFs for academic research purposes are often synthesized by solvothermal reactions in small
amounts, which still requires relatively large amounts of often toxic solvents, high temperatures,
and long reaction times. Successful COF synthesis by mechanochemistry, which has re-estab-
lished itself as a green synthesis alternative in recent years, has introduced a new tool for COF
formation. Despite the great advantages - short reaction time, low solvent consumption and easy
scalability to industrial scales - the lower quality of the obtained COFs compared to the classical
synthesis strategies inhibits their diffusion in the field of COFs. Also, compared to the conventional
synthesis strategies, there are no studies on the mechanism of COF formation that could facilitate
improving the product quality.

In this work, the formation of COF during mechanochemical liquid-assisted grinding (LAG) syn-
thesis using a classical AcOH catalyst or the highly active solid Sc(OTf)s catalyst is investigated.
Using in situ XRPD and Raman spectroscopy, the first direct experimental evidence of intermedi-
ates and solvent-based templating effects during framework formation was obtained. Of the four
COF systems studied, two exhibited a crystalline solvate reaction intermediate. This is either a
competitive side reaction or a triple imine condensation product that provides important insight
into the formation mechanism and can rationally lead to improved synthesis of higher quality prod-
ucts. The intermediate in the synthesis of TbBd-COF, a solvate of 1,4-dioxane with diamine educt
formed by a competitive reaction, was formed due to a slow imine formation. By switching from
the classical AcOH catalyst to the more active Sc(OTf); catalyst, the formation of the intermediate
solvate was suppressed, the quality of the COFs was significantly improved, and the specific
surface area was almost quintupled. In contrast, the intermediate in the formation of the COF-
LZU1 framework is a solvated form of a triple imine condensation product organized in the solid
state around 1,4-dioxane molecules that serve as templates for subsequent pore formation. The
layered molecular arrangement in the solvate not only prevents the initial 1r-11 stacking in the early
stages of self-assembly, an effect known to reduce the overall crystallite size, but also promotes
the formation of 2D COF layers.?® Furthermore, it has been shown that replacing the originally
used 1,4-dioxane/mesitylene LAG mixture with pure 1,4-dioxane can further improve the COF
surface area. By the use of these adjustments, active Sc(OTf)s, and/or activation by supercritical
CO; we were able to improve the crystallinity and surface area of all the COF systems mechano-
chemically synthesized in this study to bring within reach or exceed those of classically synthe-
sized systems
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Alternative applications for COFs

The variable structural and chemical properties of COFs make them suitable materials for various
applications beyond heterogeneous catalysis. High surface area materials such as COFs are ex-
cellent for gas storage and separation applications, and several studies are available on CO,, H,
and even SO, adsorption.?!! However, the adsorption of nitrogen oxide, a reactive and toxic
component in exhaust gas of combustion processes, on COFs has not yet been studied.

In this work, the adsorption of nitrogen oxide on different COF scaffolds is investigated as a novel
application of these materials. The stability of the materials and the different linkages, imines,
amines, thiazoles and imides, towards the reactive gas was investigated. The **N enrichment on
the bonds to increase the sensitivity in sSNMR was used to observe the effect of NO on the scaf-
fold and to dissect the reactions involved.

The study showed high stability of thiazole and imide linkages to NO exposure, as well as chem-
ical and structural stability of these framewaorks. Although stable under these conditions, the initial
adsorption was found to involve an irreversible chemisorption step. The amounts of NO adsorbed
by this process were far greater than the amounts physically adsorbed in subsequent cycles. The
origin of this high irreversible chemisorption was identified in the reaction of terminal amines in
the materials. These reactive terminal amines, which inevitably remain after framework formation,
can alter the surface properties of the crystallites, or even undergo undesirable reactions in further
applications. By reacting with NO, we were able to reveal a novel passivation strategy for these
terminal groups on the outer surface of COFs.

In comparison, the imine and amine linkages reacted directly with NO, resulting in partial bond
breakage and conversion to a novel NONOate linkage, respectively. The imine bonds partially
split into aldehyde groups, which were visible in FT-IR and **C NMR spectroscopy measurements,
and amine groups, which were further passivated as with the terminal amine functions. The loss
of the crystallinity and surface area of the material indicates the instability of this type of bonding
and renders it useless for NO sorption applications. The newly formed NONOate due to the addi-
tion of two NO molecules to the secondary amine-COF bond led to a structural deformation of the
COF, which was also visible by its amorphization and loss of porosity. The effective chemisorption
of NO at these linkages with complete conversion to form stable NONOates showed potential
utility for gas purification. Moreover, this novel COF linkage showed promise for drug delivery by
slowly releasing bound NO, an important signaling molecule in cellular chemistry, under physio-
logical conditions in PBS buffer at 37 °C. The unusually slow release compared to other NO-
releasing MOFs or polymers could prove valuable for wound healing or similar applications.

In this work, progress towards COFs as platforms for heterogeneous catalysis under confinement
has been demonstrated in several aspects. Design principles for large pore COFs were developed
that link non-covalent interlayer interactions with COF stacking and thermal stability. An a,w-diene
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ring-closure metathesis reaction with a Ru-Grubbs-Hoveyda catalyst was introduced to investi-

gate and successfully demonstrate a confinement effect on the selectivity of macro(mono)cycliza-
tion (MMC) over oligomerization (O) in COF pores. Insights were gained into the mechanism of
mechanochemical formation of COFs, a promising synthetic strategy for the future of the growing
COF field. In addition, advances towards new applications in NO adsorption and drug delivery
were achieved. This work sheds light on the complexity of COF design and applications and pro-
vides important insights, tools for fabrication and better understanding of the nature of COFs.
Various applications have successfully demonstrated the great versatility of COFs and can pro-
vided new stimulus for further work in this area.
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Appendix

9. Appendix

9.1. Supporting Information of Chapter 4 - “Interlayer Interactions as Design Tool
for Large-Pore COFs”

9.1.1. Experimental Procedures

Chemicals. All starting materials and reagents were obtained from commercial suppliers and
used without further purification. All solvents, unless otherwise specified, were obtained from
Acros Organics, and used without further purification. 1,3,5-Tris[4-amino(1,1-biphenyl-4-yl)]ben-
zene was prepared according to a literature procedure.!

X-Ray Powder Diffraction. XRPD patterns were collected at 30 °C, 80 C, 100 °C, 120 °C, 140 °C,
160 °C, 180 °C, and 200 °C on a laboratory powder diffractometer in Debye-Scherrer geometry
(Stadi P-diffractometer (Stoe), Cu-Kq1 radiation from primary Ge(111)-Johann-type monochrom-
ator, triple array of Mythen 1 K detectors (Dectris)). The sample was sealed in a 1.0 mm diameter
borosilicate glass capillary (Hilgenberg glass no. 0140), which were spun during the measure-
ments. Heating was performed using a capillary heater Oxford Cryostream 700 (Oxford Cryosys-
tems), applying a delay period of 4 h prior to each measurement in order to ensure equilibration.
Each powder pattern was collected in a 28 range from 0 ° to 110 ° with a total scan time of 3
hours. The program TOPAS 6.0 was used for the data analyses. All details on the refinements
are described below. The XRPD measurements of the heating kinetics were performed at con-
stant temperatures using the same device. After reaching a constant temperature, powder pat-
terns were collected in a 26 range from 0 ° to 110 ° with a total scan time of one minute. During
the first 10 minutes, powder patterns were collected every minute, during the subsequent 10
minutes every two minutes, during the subsequent 40 minutes every 5 minutes, during the sub-
sequent 210 minutes every 15 minutes, during the subsequent 120 minutes every 30 minutes,
and during the subsequent 600 minutes every 60 minutes.

FT-IR Spectroscopy. Infrared spectra were measured in attenuated total reflection (ATR) geom-
etry on a PerkinElmer UATR Two equipped with a diamond crystal. All spectra were background
corrected.

Liquid State Nuclear Magnetic Resonance. All liquid state nuclear magnetic resonance (NMR)
measurements were performed on a JEOL ECZ 400S 400 MHz spectrometer (magnetic field 9.4
T). *H, 3C and **N measurements were performed in 5 mm NMR tubes using deuterium field lock.
NMR spectra were internally calibrated to the corresponding solvent signal.””? Abbreviations for
multiplicities: s (singlet), bs (broad singlet), d (dublet), t (triplet), g (quartet), hept (heptet), m (mul-
tiplet).
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Solid State Nuclear Magnetic Resonance. Solid-state NMR (ssNMR) was recorded on a Bruker
Avance Il 400 MHz spectrometer (magnetic field 9.4 T). Samples were packed in 4 mm ZrO;
rotors, which were spun at 12-14 kHz in a Bruker WVT BL4 double resonance MAS probe. Chem-
ical shift was referenced relative to tetramethylsilane (**C). A standard cross-polarization se-
quence with a 2 ms ramped contact pulse was used for **C and a total of 4096-8192 scans were
routinely accumulated. All spectra were background corrected.

Sorption Measurements. Sorption measurements were performed on a Quantachrome Instru-
ments Autosorb iQ 3 with nitrogen at 77 K. The pore size distribution (PSD) was determined from
nitrogen adsorption isotherms using the QSDFT (cylindrical pores, adsorption branch) or QSDFT
(cylindrical pores, equilibrium) kernel in carbon for nitrogen at 77 K implemented in the ASiQwin
software v 3.01. Samples were activated under high vacuum at room temperature for 12 h before
measurement unless stated otherwise.

Mass Spectrometry. Electrospray ionization (ESI) mass spectrometry was performed on a
Thermo Finnigan LTQ FT in the positive and negative mode. Samples were dissolved in an ace-
tonitrile/water mixture.

Thermal Analysis. Thermogravimetric analysis was performed on a NETZSCH STA 449 F3 Ju-
piter. Measurements were carried out with 5 mg of sample in an Al,Os crucibles under Helium
protective gas flow in a temperature range between 40 to 1000 °C and a heating rate of 10 K/min.

Scanning Electron Microscopy. SEM SE (secondaryelectron) detector images were obtained
on a Zeiss Merlin.

Transmission Electron Microscopy. TEM was performed with a Philips CM30 ST at 300kV
(LaB6cathode). Samples were prepared dry onto a holey carbon/copper grid.
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9.1.2. Experimental Section

Br

Br Br Br
® ® L # ®
NO, a NH, b N)b C N
—_— E— H E— |
Br Br Br

Br

1 2 3 4

Scheme S9.1.1. Synthesis route to the phenylphenanthridine precurser for the COF building block.

Synthesis of 4,4'-dibromo-[1,1'-biphenyl]-2-amine (2). 4,4'-dibromo-[1,1'-biphenyl]-2-amine
(2) was synthesized according to a modified literature procedure.®! Aqueous HCI (25 mL, 37%)
was added to a solution of 1 (5.28 g, 14.8 mmol) in 50 mL ethanol. Tin powder (3.52 g, 29.6 mmol)
was added to the stirring solution portionwise and the mixture was heated to reflux overnight.
After cooling, the mixture was poured into ice water (300 mL) under stirring, the precipitate was
collected by filtration and washed with water. The washed precipitate was dried under vacuum to
give the product 2 that was used for the next step without further purification (4.50 g, 13.8 mmol,
93%). *H NMR (400 MHz, DMSO-dg) & 7.62 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 6.95 (d,
J = 1.6 Hz, 2H), 6.89 (d, J = 8.1 Hz, 1H), 6.75 (dd, J = 8.1, 2.0 Hz, 1H), 5.15 (s, 2H). *C NMR
(101 MHz, DMSO-ds) 6 147.0, 137.7, 131.7, 131.7, 130.8, 123.5, 121.5, 120.3, 118.9, 117.1.
HRMS (ESI) exact mass calculated for [M+H]+ (C12HgBr2N) requires m/z 326.90813, found m/z
326.9069.

Synthesis of N-(4,4'-dibromo-[1,1'-biphenyl]-2-yl)benzamide (3). N-(4,4'-dibromo-[1,1'-bi-
phenyl]-2-yl)benzamide (3) was synthesized according to a modified literature procedure.®! Under
argon 2 (2.00 g, 6.14 mmol) and triethylamine (1.00 mL, 7.37 mml) were dissolved in dry CH,Cl>
(30 mL) and benzoyl chloride (0.79 mL, 6.75 mmol) was added dropwise. The reaction mixture
was stirred at room temperature overnight, then ethanol (5 mL) was added. After 1 h, the solution
was poured into water (50 mL) and extracted with CH>Cl,. The combined organic layers were
dried over anhydrous Na,SO. and evaporated under reduced pressure. The resulting crude prod-
uct was purified by recrystallization from CH»Cl»/n-hexane to obtain 3 (2.26 g, 5.24 mmol, 85%).
'H NMR (400 MHz, DMSO-ds) 8 10.01 (s, 1H), 7.79 (s, 1H), 7.75 (dd, J = 8.2, 1.5 Hz, 2H), 7.62 —
7.52 (m, 4H), 7.48 (t, J = 7.4 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 7.35 (d, J = 8.3 Hz, 1H). 3*C NMR
(101 MHz, DMSO-ds) 6 165.8, 137.4, 136.5, 136.0, 134.1, 131.9, 131.7, 131.3, 130.6, 130.5,
129.5, 128.4, 127.5, 121.0, 120.4. HRMS (ESI) exact mass calculated for [M+H]+ (C19H13Br.NO)
requires m/z 430.93434, found m/z 430.9318.

117



Appendix

Synthesis of 3,8-dibromo-6-phenylphenanthridine (4). 3,8-dibromo-6-phenylphen-anthridine
(4) was synthesized according to a modified literature method.[ Under argon a Biotage micro-
wave vial was charged with 3 (1.00 g, 2.34 mmol), 2-chloropyridine (0.27 mL, 2.81 mmol) and dry
CHCI, (10 mL). Trifluormethansulfonic anhydride (0.43 mL, 2.57 mmol) was added dropwise at
0°C. After 5 minutes, the solution was warmed to room temperature, the vial was capped and
under microwave irradiation, the solution was heated to 140 °C for 30 minutes. After the solution
was cooled to room temperature, triethylamine (0.65 mL, 4.68 mmol) was added dropwise to neu-
tralize the trifluormethanesulfonate salts. All volatiles were removed under reduced pressure and
the residue was purified by flash column chromatography (SiO2, n-hexane/ CHCl,) to obtain 4
(0.90 g, 2.17 mmol, 93%). *H NMR (400 MHz, CDCls) 5 8.47 (d, J = 8.9 Hz, 1H), 8.40 (d, J = 2.1
Hz, 1H), 8.38 (d, J = 8.8 Hz, 1H), 8.24 (d, J = 2.1 Hz, 1H), 7.93 (dd, J = 8.8, 2.0 Hz, 1H), 7.76 (dd,
J =8.8, 2.1 Hz, 1H), 7.70 (dd, J = 7.3, 2.1 Hz, 1H), 7.63 — 7.52 (m, 3H). *C NMR (101 MHz,
CDCls) 6 161.3, 144.7, 138.8, 134.4, 133.0, 132.0, 131.4, 130.7, 129.8, 129.4, 128.9, 126.6,
124.1, 123.4, 123.1, 122.1, 121.8. HRMS (ESI) exact mass calculated for [M+H]+ (C1gH11Br2N)
requires m/z 412.92378, found m/z 412.9230.

Y

O Pd%(PPhs)
N R R 3)a

[ i 1,4-dioxane

2M N82003
70 ¢ e
HO™ " ~OH

R1, R2 =H for PP
R{ = OMe, R, = H for mPP

R R2 Ry, R, = OMe for dPP

Scheme S9.1.2. Synthesis of phenylphenanthridine based COF building blocks PP, mPP, and dPP starting from
precurser 4.

Synthesis of 4,4'-(6-phenylphenanthridine-3,8-diyl)dibenzaldehyde (PP). Under argon, 4
(0.50g, 1.21 mmol), 4-formylphenylboronic acid (0.73g, 4.84 mmol) and Tetrakis(tri-
phenylphosphin)palladium(0) (0.07 g, 0.06 mmol) were dissolved in 1,4-dioxane (15 mL) and 2 M
aqueous Na,COs3 (3.6 mL) was added. After degassing the solution with argon for 30 minutes the
mixture was stirred for 24 h at 90 °C. After cooling to room temperature, water was added and
the mixture extracted with CHCIs. The combined organic layers were dried over anhydrous
Na SO, and evaporated under reduced pressure. The solid residue was purified by flash column
chromatography (SiO., n-hexane/CHCIs) to obtain PP (0.42 g, 0.90 mmol, 74%).

IH NMR (400 MHz, CDCls) & 10.09 (d, J = 9.8 Hz, 2H), 8.84 (d, J = 8.6 Hz, 1H), 8.74 (d, J = 8.6
Hz, 1H), 8.59 (s, 1H), 8.41 (d, J = 1.8 Hz, 1H), 8.18 (dd, J = 8.6, 1.8 Hz, 1H), 8.06 — 7.96 (m, 7H),
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7.81 (t,J =7.7 Hz, 4H), 7.66 — 7.55 (m, 3H). *C NMR (101 MHz, CDCl3) 5 192.0, 191.8, 162.2,
146.1, 146.0, 140.5, 139.0, 135.8, 135.8, 133.2, 130.6, 130.2, 129.9, 129.5, 128.9, 128.1, 128.0,
127.8, 126.4,125.8, 123.5, 123.4, 123.2. IR vmax/cm™ 3062, 2818, 2730, 1698, 1602, 1554, 1474,
1367, 1309, 1212, 1171, 966, 807, 703, 517. HRMS (ESI) exact mass calculated for [M+H]+
(Cs3H21NO2) requires m/z 464.16058, found m/z 463.1568.

Synthesis of 4,4'-(6-phenylphenanthridine-3,8-diyl)bis(2-methoxybenzaldehyde) (mPP).
Under argon, 4 (0.50 g, 1.21 mmol), 4-formyl-3-methoxyphenylboronic acid (0.76 g, 4.24 mmol)
and Tetrakis(triphenylphosphin)palladium(0) (0.10 g, 0.09 mmol) were dissolved in 1,4-dioxane
(15 mL) and 2 M aqueous Na>COs (3.6 mL) was added. After degassing the solution with argon
for 30 minutes the mixture was stirred for 24 h at 90 °C. After cooling to room temperature, water
was added and the mixture extracted with CHCls. The combined organic layers were dried over
anhydrous Na,SO. and evaporated under reduced pressure. The solid residue was purified by
flash column chromatography (SiO2, nh-hexane/CHCIs) to obtain mPP (0.40 g, 0.79 mmol, 63%).
'H NMR (400 MHz, CDCls) & 10.51 (s, 1H), 10.50 (s, 1H), 8.83 (d, J = 8.6 Hz, 1H), 8.73 (d, J =
8.5 Hz, 1H), 8.39 (s, 1H), 8.19 (d, J = 8.4 Hz, 1H), 8.04 (d, J = 8.2 Hz, 1H), 7.96 (d, J = 8.0 Hz,
1H), 7.93 (d, J = 8.0 Hz, 1H), 7.87 — 7.82 (m, 2H), 7.70 — 7.61 (m, 3H), 7.54 (d, J = 7.7 Hz, 1H),
7.50 — 7.42 (m, 2H), 7.28 (d, J = 8.1 Hz, 1H), 7.20 (s, 1H), 4.05 (s, 3H), 4.00 (s, 3H) ppm. 3C
NMR (101 MHz, CDCls) & 189.6, 189.4, 162.4, 162.3, 147.6, 133.2, 132.3, 132.2, 132.1, 132.1,
129.5, 129.4, 128.9, 128.7, 128.6, 128.0, 128.0, 126.7, 125.6, 124.3, 123.5, 123.1, 120.1, 119.9,
110.7, 56.0, 55.9 ppm. IR vmax/cm™ 3363, 3060, 2874, 1676, 1601, 1571, 1470, 1404, 1185, 1116,
1029, 854, 796, 697, 539. HRMS (ESI) exact mass calculated for [M+H]+ (CssH2sNO4) requires
m/z 523.17836, found m/z 523.1772.

Synthesis of 4,4'-(6-phenylphenanthridine-3,8-diyl)bis(2,6-dimethoxybenzaldeyde) (dPP).
Under argon, 4 (0.50g, 1.21 mmol), 4-formyl-3,5-dimethoxyphenylboronic acid (0.89 g,
4.24 mmol) and Tetrakis(triphenylphosphin)palladium(0) (0.14 g, 0.12 mmol) were dissolved in
1,4-dioxane (15 mL) and 2 M aqueous Na,COs3 (6 mL) was added. After degassing the solution
with argon for 30 minutes the mixture was stirred for 24 h at 90 °C. After cooling to room temper-
ature, water was added and the mixture extracted with CHCIs. The combined organic layers were
dried over anhydrous Na,SO. and evaporated under reduced pressure. The solid residue was
purified by flash column chromatography (SiO2, n-hexane/CHCIs) to obtain dPP (0.46 g, 0.79
mmol, 66%). H NMR (400 MHz, CDCls) 5 10.55 (s, 1H), 10.53 (s, 1H), 8.82 (d, J = 8.7 Hz, 1H),
8.73 (d, J =8.6 Hz, 1H), 8.59 (s, 1H), 8.36 (d, J = 1.7 Hz, 1H), 8.14 (dd, J = 8.5, 1.7 Hz, 1H), 8.00
(dd, J=8.5,1.8 Hz, 1H), 7.83 (dd, J = 7.5, 1.6 Hz, 1H), 7.60 (d, J = 7.3 Hz, 3H), 7.00 (s, 2H), 6.79
(s, 2H), 4.01 (s, 6H), 3.96 (s, 6H) ppm. 3C NMR (101 MHz, CDCls) & 189.1, 189.0, 162.7, 162.7,
162.3, 147.9, 147.8, 141.0, 139.7, 133.3, 132.3, 132.2, 132.1, 132.0, 130.0, 129.9, 129.5, 128.8,
128.7, 128.6, 127.8, 126.2, 125.7, 123.6, 123.4, 123.1, 113.6, 103.3, 103.2, 56.4, 56.3 ppm. IR
Vmax/CM™ 3356, 3066, 2941, 2848, 2783, 1674, 1599, 1568, 1455, 1399, 1242, 1178, 1125, 927,
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807, 707, 576, 509. HRMS (ESI) exact mass calculated for [M+H]+ (Cs7H29NOg) requires m/z

583.19949, found m/z 583.1984.

6 M or 12 M AcOH
120°C, 72h

X =1 for TAB PP:R1=R2=H
X =2 for TATB mPP: R1=0Me, R2=H
dPP: R1=R2 = OMe

Scheme S9.1.3. Synthesis of phenylphenanthridine COFs.

General synthesis of phenylphenanthridine COFs

Mesitylene/1,4-dioxane

4 PP-TAB

PP-TATB

mPP-TAB

mPP-TATB

dPP-TAB

\_ dPP-TATB

Into a 5 mL Biotage microwave vial, the amine (1.0 eq) and aldehyde (1.5 eq) were placed. A
mesitlyene/1,4-dioxane mixture was added, followed by 6M or 12M AcOH. The vial was capped
and placed in an aluminum heating block that was preheated to 120°C. Under stirring at 500 rpm
the mixture was kept at 120°C for 72h, then it was allowed to cool to room temperature. The solid
was filtered off, washed with MeOH and then subjected to Soxhlet extraction with MeOH for 16h.
The MeOH soaked solid was then activated by scCO2 drying and further under high vacuum for

24h to obtain the COF.
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Table S9.1.1. Synthesis of phenylphenanthridine COFs.

Mesity-
lene/1,4-di-
COF Aldehyde Amine oxane, (v/v) Catalyst Yield
/ml
i PP (20.0 mg, TAB (10.8 mg, 21.1 mg
PP-TAB (045 mmol) 0.030 mmol) 6M ACOH (S0 1) (75 0p)
TAPB
i PP (30.0 mg, 32.0 mg
PP-TAPB (ot mmol) (()2.821% rr?qgn,mb 1.5/1.5 6M AcOH (75 pl) (60 %)
mPP
i TAB (10.8 mg, 22.9mg
mPP-TAB  (23.6 mg, 0.030 mmol) 1.4/0.6 6M AcOH (50 pl) 71 %)
0.045 mmol)
mPP TAPB
.rPAPF',DE; (23.6 mg, (18.7 mg, 11 6M ACOH (50 pl) (2679.3%rr)19
0.045 mmol)  0.030 mmol)
dPP-TAB ?zpeps mg TAB (10.8mg, 7/ 3 12M ACOH (15 uly 28:6 Mg
' ; 0.030 mmol) g (76 %)
0.045 mmol)
dPP TAPB
%'Z';;B (40.1 mg, (26.6 mg, 1.5/0.5 6M AcOH (50 pl) ?5’7'3%”)19
0.069 mmol)  0.046 mmol)
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9.1.3.

Transmission

FT-IR Spectroscopy
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Figure S9.1.1. FT-IR comparison of PP-TAB and the starting materials PP and TAB.
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Figure S9.1.2. FT-IR comparison of PP-TAPB and the starting materials PP and TAPB.
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Transmission
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Figure S9.1.3. FT-IR comparison of mPP-TAB and the starting materials mPP and TAB.
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Figure S9.1.4. FT-IR comparison of mPP-TAPB and the starting materials mPP and TAPB.
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Transmission
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Figure S9.1.5. FT-IR comparison of dPP-TAB and the starting materials dPP and TAB.

- \

<
] W
‘»
Rz}
e
v
[
C
S
l— W
— dPP-TAPB COF
— dPP
— TAPB

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

Figure S9.1.6. FT-IR comparison of dPP-TAB and the starting materials dPP and TAPB.
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9.1.4. XRPD Measurements and Refinements
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Figure S9.1.7. Graphical results of the final Rietveld refinements of the patterns of PP-TAB.(a) at 30 °C using a 12
layer supercell model with a disordered AB-type staggered stacking and (b) at 200 °C using a 12 layer supercell model
with a disordered AB-type staggered stacking with a considerably larger layer offset.
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Figure S9.1.8. Graphical results of the final Rietveld refinements of the patterns of PP-TATB (a) at 30 °C using a 12
layer supercell model with a disordered AB-type staggered and (b) at 200 °C using a 12 layer supercell model with a
disordered AB-type staggered stacking with a considerably larger layer offset.
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Figure S9.1.9. Graphical results of the final Rietveld refinements of the patterns of mPP-TAB (a) at 30 °C using an

ordered AK-type eclipsed stacking and (b) at 140 °C using a 4 layer supercell and a slightly disordered Ag-type
staggered stacking.
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Figure S9.1.10. Graphical results of the final Rietveld refinements of the patterns of mPP-TATB (a) at 30 °C using a
12 layer supercell model with a disordered AB-type staggered stacking and (b) at 200 °C using a 12 layer supercell
model with a disordered AB-type staggered stacking larger layer offset.
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Figure $9.1.11. Graphical resu_lts of the final Rietveld refinements of the patterns of dPP-TAB (a) at 30 °C using a 2-
layer model with an ordered AA-type nearly eclipsed stacking and (b) at 200 °C using a 2-layer model with an ordered
AA-type nearly eclipsed stacking.
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Figure S9.1.12. Graphical results of the final Rietveld refinements of the patterns of dPP-TAPB (a) at 30 °C using an

ordered Aﬂ-type eclipsed stacking and (b) at 140 °C using a 4 layer supercell and a slightly disordered AE-type
staggered stacking.
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Figure S9.1.13. Comparison of simulated and measured diffraction patterns of mPP-TAB. (a) incrementally increasing
the lengths of the stacking vector starting at 0 A, i.e. AA-type eclipsed stacking (b) using a faulting scenario describing
the transition from ordered AA-type eclipsed stacking to ordered staggered stacking via randomly ordered mixed states,
(c) using a faulting scenario describing the transition from ordered AA-type eclipsed stacking to a random stacking

order and (d) using a faulting scenario describing the transition from ordered A§-type staggered stacking to a randomly
oriented staggered stacking order.
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Figure S9.1.14. Temperature dependent in situ XRPD patterns of PP-TAB including selected reflection indices, (a)
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Figure S9.1.15. Temperature dependent in situ XRPD patterns of PP-
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close-up of the low 26 region, (b) close-up of the 010 reflections, (c) close-up of the 002 reflection.
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Figure S9.1.16. Temperature dependent in situ XRPD patterns of mPP-TATB including selected reflection indices, (a)
close-up of the low 20 region, (b) close-up of the 010 reflections, (c) close-up of the 002 reflection.
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Figure S9.1.17. Temperature dependent in situ XRPD patterns of dPP-TATB including selected reflection indices, (a)
close-up of the low 26 region, (b) close-up of the 010 reflections, (c) close-up of the 002 reflection.
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Figure S9.1.18. XRPD patterns of mPP-TAB collected at 30 °C (green pattern) and collected while holding the sample
at 140 °C (black and blue patterns) for ca. 900 min (= 15 h), (a) excerpt of the low 20 region, (b) excerpt showing the

010 reflection.

Table S9.1.2. Comparison of crystal structure features at room temperature and heating-induced structural changes of
a series of investigated COFs.

aandb /A thermal behavior
COF o B
RT 200 °C layer shifting transition tem layer curving
perature
PP-TAB 56.62(9) 56.17(9) slight - slight increase
mPP-TAB 58.46(4) 55.03(3) strong (120-140) °C  strong increase
dPP-TAB 58.49(7) 58.53(5) no - no
PP-TAPB 69.29(6) 68.20(0) slight : medium in-
crease
mPP-TAPB 69.97(4) 68.81(2) slight - medium in-
crease
dPP-TAPB 73.17(6) 70.04(8) strong (100-120) °C  strong increase
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9.1.5. Gas Sorption Experiments
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Figure S9.1.19. Multi-point BET surface area fit of PP-TAB derived from N2 sorption isotherm.
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Figure S9.1.20. Multi-point BET surface area fit of PP-TAPB derived from N2 sorption isotherm.
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Figure S9.1.21. Multi-point BET surface area fit of mPP-TAB derived from N2 sorption isotherm.
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Figure S9.1.22. Multi-point BET surface area fit of mPP-TAPB derived from N2 sorption isotherm.
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Figure S9.1.23. Multi-point BET surface area fit of dPP-TAB derived from N2 sorption isotherm.
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Figure S9.1.24. Multi-point BET surface area fit of dPP-TAPB derived from N2 sorption isotherm.
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Figure S9.1.25. Comparison of PSD derived from the adsorption branch (blue) and the desorption branch (orange) for
PP-TAB.
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Figure S9.1.26. Comparison of PSD derived from the adsorption branch (blue) and the desorption branch (orange) for
PP-TAPB.
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Figure S9.1.27. Comparison of PSD derived from the adsorption branch (blue) and the desorption branch (orange) for
mPP-TAB.
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Figure S9.1.28. Comparison of PSD derived from the adsorption branch (blue) and the desorption branch (orange) for
mPP-TAPB.
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Figure S9.1.29. Evolution of isotherms (left) and pore size distribution (right) of mPP-TAB.
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Figure S9.1.30. Evolution of isotherms (left) and pore size distribution (right) of dPP-TAPB.
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Figure S9.1.31. XRPD (Cu-Ka1) (a), N2 Isotherms at 77 K (b), PSD derived from the adsorption branch (c), and multi-
point BET surface area fit (d) of reactivated samples after heat treatment of dPP-TAPB.
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Solid State NMR
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Figure S9.1.33. 3C MAS ssNMR of PP-TAB, PP-TAPB, mPP-TAB, mPP-TAPB, dPP-TAB and dPP-TAPB.
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9.1.7.

Thermogravimetric Analysis
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Figure S9.1.34. Thermogravietric analysis of PP-TAB, PP-TAPB, mPP-TAB, mPP-TAPB, dPP-TAB and dPP-TAPB.
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9.1.8. Liquid State NMR

pmamaneneets u
gE4na4s8e8RR v
EEARAREREREE O
TXLLEEE AL
[ p
Tl _/

,0

=} A
o ®mo o i
3223 “

1 203

125 11.5 10.5 9.5 85 7.5 65 55 45 35 2.5 1.5 0.5 0.5
Chemical shift (ppm)

mmmmmmmm
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

e
DMSO
1 1 \I\“
Lol
220 200 180 160 140 120 100 80 60 40 20 0 -20

Chemical shift (ppm)

Figure S9.1.35. 'H NMR (top) and *3C NMR (bottom) of 4,4'-dibromo-[1,1'-biphenyl]-2-amine (2).
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Figure S9.1.36. 'H NMR (top) and *3C NMR (bottom) of N-(4,4'-dibromo-[1,1'-biphenyl]-2-yl)benzamide (3).
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Figure S9.1.37. 'H NMR (top) and *3C NMR (bottom) of 3,8-dibromo-6-phenylphenanthridine (4).
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9.1.9. Geometry-Based Pore Size Calculation

For the experimentally obtained structures we performed a geometry-based pore size calculation.
We constructed extended systems based on the obtained unit cells. This was done by in-plane
displacement of layers, adjacent in stacking direction, of rdisp = 1.55 A in a random direction. As
the narrowest points are located in the plane of the investigated layers, we determined the maxi-
mum sphere radius from these planes for each layer as schematically shown in Figure S41, in-
cluding up to 5 adjacent layers for taking care of the 3D nature of the resulting sphere. In order
to obtain a geometric estimate of the pore sizes, we calculated the minimum distances of atoms
rmin from the estimated pore center Ko. To account for the 3D nature of the problem, we then
calculated these distances on a grid of points Kshit located around the estimated pore center.
Afterwards we took the largest obtained value for the minimum distances nmax as representative
for the maximum pore size corresponding to the investigated layer (L2 in the picture). Additionally,
we assumed the closest approachable distance as the van-der-Waals radius of the edge mole-
cules. To determine the total pore size of our constructed arrangements, we averaged over the
biggest spheres corresponding to each used layer L.

7 [N Ly

< Lo

\
. /
\\‘ . L |

Scheme S9.1.4. Schematic drawing for geometry-based pore size calculation.
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Figure S9.1.41. Sphere for layer 5 in a PP-TAB arrangement illustrating the utilized method.

Figure S9.1.42. Distribution of spheres for 16 layers in a dPP-TAB arrangement with a small random offset between
each layer to simulate the nearly eclipsed stacking.

Table S9.1.3: predicted values for geometry-based pore size calculation

Sphere Radius / A Pore Diameter / nm
PP-TAB (staggered) 20.3A 4.05 nm
dPP-TAB (nearly eclipsed)  23.1A 4.62 nm
PP-TAPB (staggered) 22.8A 4.56 nm
dPP-TAPB (nearly eclipsed) 29.6A 592 m
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9.1.10. Technical Details for the Theoretical Investigations

In the following we present the utilized setups for the computational investigations. Gas phase
DFT geometry optimizations were performed using the TURBOMOLE program package for en-
ergy calculations and DL-find interfaced via CHEMSHELL for the geometry optimization.

Periodic DFT calculations were performed using the GPW approach as implemented in the CP2K
program package. If not stated otherwise, total electronic energy calculations in the periodic case
were performed using a PW cutoff of 300 Rydberg, GTH-PBE pseudo-potentials for the 2 1s core
electrons, the PBE exchange and correlation functional as well as the TZV2P-GTH basis set.

All cell optimizations were performed using the conjugated gradient (CG) method as implemented
in CP2K until the total forces acting on the molecules were below 4.5*10* Hartree/Bohr with the
relative change in geometry being below 3.0*10- Bohr and a pressure tolerance of below 100 bar
with respect to the environment was reached. If not stated otherwise, we used the default values
for the convergence criteria.

Analysis of possible component orientations

For the component analysis of isolated molecular fragments building up the investigated COF
system, geometry optimizations using TURBOMOLE were performed using the PBE functional
with Grimme’s D3 dispersion correction and Ahlrich’s def2-TZVPP basis-set. We choose the PBE
functional for comparison with periodic calculations described below using the Gaussian and
plane waves approach as implemented in CP2K.

Figure S9.1.43. Phenylphenatridine component.

To determine the interaction energies, combinations of two fragments were optimized and com-
pared to the total electronic energies of the optimized isolated molecules. Interaction energies for
molecules a, b were calculated as:

Eint = Ecombination — Ea — Eb
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Initially, two molecules were placed close to each other, approximately 3.5 A apart, for initializing
the optimization procedure. For the orientations of two condensed triphenyl groups with respect
to each other, the nomenclature follows the Scheme S4.

Scheme S9.1.5. Nomenclature scheme for phenylphenanthridine stacking options. The letters S and D indicate the
side of the linker’s attachment with respect to each other, whereas the numbers refer to the linker's attachment position
at the middle ring. Additionally, we investigated the possibilities of T-shaped phenyl linker's arrangement as shown in
Figure S40. T-shaped phenyls are indicated with the addition —T in the nomenclature.

Table S9.1.4. Energies of component’s orientations as displayed is Scheme S4.

Orientation Eint in (kcal/mol)
s10-T -13.304
s11-T -13.590

d10 -12.198
di1 -12.482
s10 -14.826
s11 -14.079

A ¢

Figure S9.1.44. Exemplary structures for the S10 (left) and S10-T (right) orientations after the optimization.
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Investigation of possible imine-linker orientations

The possible arrangements of the imine linkers with and without methoxy groups were investi-
gated using the same procedure as for the phenyl linkers. The nomenclature was chosen to reflect
the relative arrangement of the imine linker group, where the abbreviations alt and para refer to
alternating and parallel oriented imines, respectively.

Figure S9.1.45. Components used to investigate possible imine linker orientations.

Table S9.1.5. Energies of component orientations as displayed is Figure S45.

Orientation Eint in (kcal/mol)
Para -7.68
Alt -11.20
Methoxy-para -9.24
Methoxy-alt -11.94
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Figure S9.1.46. Figure S9.1.47. Initial arrangements before (a) and after (b) optimization of Para, Alt, Methoxy-para,
and Methoxy-alt (from top to bottom), displaying the resulting arrangements after the optimization, showing that the
molecules are rotated with respect to each other and, thus, not aligned as would be expected in the crystal structure.
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From the obtained interaction energies, it can be seen that alternatingly oriented imine groups are
energetically favorable. The methoxy versions of the linkers seem to be generally more stable
and show smaller energy differences between alternatingly and parallel-oriented imine groups. It
was observed that the obtained optimized structures were rotated strongly from the initial plane,
indicating that the underlying effects might not occur at the same level of magnitude in the crys-
talline structures as rotation is restricted there.

Calculation of electrostatic potential maps

For isolated components, electrostatic potential maps were calculated using the Gaussian08!
program package. Geometries were optimized by means of DFT on the DGTZVP-PBE-D3 level
of theory. For the optimized geometries reference densities and electrostatic potentials were vis-
ualized using Gauss-view the graphical interface to Gaussian. In the presented pictures, the elec-
trostatic potential is mapped onto the isosurface of the density at an iso-value of 0.04 e/Bohr® with
iso-values for the potential ranging from -0.02 to 0.4. The colors of the electrostatic potential maps
indicate the energy of a positive probe charge with tones from blue to red indicating the transition
from repulsion to attraction. Additional in-plane potential lines with normal vector (0,0,1) were
included to show the influence of the electrostatic potential in close vicinity to the highlighted
surface, yellow-colored regions correspond to repulsive red to attractive forces.
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Figure S9.1.48. Electrostatic potential maps of methoxy-imine-linker-group (a), imine-linker-group (b), and
phenylphenanthridine group (c).

Computation of periodic components (DFT/PBE-TZV2P-GTH)

In order to minimize in-plane rotational movement and allow for an estimation of stabilizing effects
due to inter-layer interactions, we restrained the components by introducing PBCs and connecting
the sides of the imine-linkers by additional phenyl groups to mimic the effects of the adjacent
components in the full COF-system. We performed GPW-DFT cell optimizations on the TZV2P-
GTH/PBE-D3 level of theory. The nomenclature in this section and the following is extended by
referring to the components without methoxy groups as “simple”.

Energy differences are calculated as:

AFE = Ealt - Epara

Simple: AE = 12.74 kcal/mol

Methoxy: AE = -1.13 kcal/mol
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The arrangement for alternatingly oriented imines is favorable for the simple blocks by a rather
large amount 12.7 kcal/mol, however it becomes obvious that with additional methoxy groups, the
difference between the two imine orientations is with AE = -1.13 kcal/mol rather small.

Figure S9.1.49. Exemplary periodic component of methoxy-imine-linker mimicking the effects of the adjacent
components in the full COF-system.

Computation of periodic combinations of blocks (DFT/PBE-TZV2P-GTH)

In order to gain an overview on the influence of possible orientations of a whole wall of the COF
pores we constructed combinations of blocks considering imine arrangements as well as phenyl
linker orientations. Blocks were constructed for the simple-PP structure as well as the modified
versions with one and two additional methoxy groups at the imine linkers. In order to consider the
additional possibilities of methoxy group attachments to the imine sites we further distinguished
in this case between parallel and anti-parallel arranged methoxy groups as can be seen in Fig.1-
methoxy-cases. Calculations were performed using periodic boundary conditions with an ortho-
rhombic unit cell. The initial cell vectors were chosen to be a=33, b=25.5, ¢c=7.5 Angstroms, where
b was chosen ad-hoc as a large value to minimize interactions between the arrangements in this
direction (the dispersion cutoff was chosen to be 12 Angstrom). In order to guarantee the maxi-
mum flexibility for the components, the structure was connected via a C-C triple bond over the
periodic extension. By doing so the rotation of components along the axis of alignment is possible
while the in-plane rotation out of alignment is still suppressed, as can be expected for the full pore
system. For every arrangement we performed cell-optimizations with simultaneous geometry op-
timization utilizing the BFGS method as implemented in CP2K. The total electronic energies were
obtained by using the GPW scheme for the SCF calculations on the TZV2P-GTH/PBE-D3 level
using the corresponding GTH-PBE pseudo-potentials. The obtained energies are always com-
pared to the reference value that was lowest in energy and ,thus, are given in relative differences
AE.
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Figure S9.1.50. Exemplary segments of periodic combination of building blocks used for investigating imine
arrangements as well as phenyl linker orientations for PP-TAB (left) and dPP-TAB (right).

Table S9.1.6. Results of cell-optimizations with simultaneous geometry optimization using DFT/PBE-TZV2P-GTH for
PP-TAB mimicking periodic segments.

Component-arrangement AE in kcal/mol
simple-alt-s10 0
simple-alt-s11 0.03

simple-mixed-s10 5.48
simple-mixed-s11 5.68
simple-para-s11 0.6
simple-para-s10 4.71

simple-alt-d10 1.94
simple-alt-d11 2.03
simple-mixed-d10 0.51
simple-mixed-d11 0.57
simple-para-d11 3.37
simple-para-d10 2.18

Table S9.1.7. Results of cell-optimizations with simultaneous geometry optimization using DFT/PBE-TZV2P-GTH for
dPP-TAB mimicking periodic segments

Component-arrangement AE in kcal/mol
methoxy-alt-s10 0
methoxy-alt-s11 21.71

methoxy-mixed-s10 1.04

160



Appendix

methoxy-mixed-s11 1.83
methoxy-para-s11 4.42
methoxy-para-s10 0.5
methoxy-para-d11 18.04
methoxy-para-d10 17.16

methoxy-alt-d10 13.01
methoxy-alt-d11 34.83

methoxy-mixed-d10 15.3

methoxy-mixed-d11 17.55

For the additional analysis for component arrangements with one methoxy group additional dis-
tinguishing para and anti methoxy group arrangements. The nomenclature is thus further ex-
tended by an abbreviation -para and -anti after the identifier for the phenyl linker arrangement. In
Figure S48, the additional differentiation is shown at the example of the para-S10 orientation.

Figure S9.1.51. Component arrangements para-S10-para (a) and 1-methoxy-para-S10-anti (b) of mPP-TAB.

Table S9.1.8. Results of cell-optimizations with simultaneous geometry optimization using DFT/PBE-TZV2P-GTH for
dPP-TAB mimicking periodic segments.

Component-arrangement AE in kcal/mol
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1-methoxy-para-s10-para 0
1-methoxy-para-d11-anti 12.98
1-methoxy-alt-d11-para 13.51
1-methoxy-alt-d11-anti 25.6
1-methoxy-alt-s10-anti 23.24
1-methoxy-alt-s10-para 10.26
1-methoxy-alt-s11-anti 24.58
1-methoxy-alt-s11-para 8.78
1-methoxy-para-s11-anti 14.47
1-methoxy-para-sll-para 3.17
1-methoxy-para-s10-anti 19.09
1-methoxy-para-d11-para 13.17
1-methoxy-alt-d10-anti 24.00
1-methoxy-alt-d10-para 11.80
1-methoxy-para-d10-anti 10.02
1-methoxy-para-d10-para 14.12

The results for the differentiation between para- and anti-arrangement for the methoxy groups
show, that the para arrangement is overall more stable by a significant amount leading to the
conclusion that this arrangement is the more probable of the two, regardless of the other compo-
nents orientation. Furthermore it suggests that interactions between two methoxy groups are sta-
bilizing.

Comparison of relative energies of isolated components (GFN-xTB)

Relative stability of components were analyzed by means of GFN-xTB after comparing the total
electronic energies obtained by in vacuo geometry optimizations. The enumeration follows the
scheme presented in Scheme S4. The relative interaction energies were compared to the isolated
molecules and are given in Kcal/mol in relation to the isolated molecules.

Table S9.1.9. Relative energies of isolated phenylphenanthridine components.

Component-arrangement AE in kcal/mol

d10-displaced -14.684
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d11-displaced -13.425
s$10-90grad -13.667
s11-90grad -14.156

dio -12.093
di1 -12.905
s10 -17.600
s11 -15.636

Investigation of periodic combinations of blocks (GFN-xTB)

In order to investigate the influence of the adjacent components on the possible stacking behavior,
we performed cell optimization with simultaneous geometry optimization using GFN-xXTB as im-
plemented in the CP2K program package. As we wanted to minimize the possibility of the com-
ponents to shift and rotate out of plane as it was observed to happen in the gas phase calculations,
we utilized periodic boundary conditions. The initial cell was chosen to be an orthorhombic lattice
with cell vectors of length a=33, b=25.5, c=7.5 Angstrom, where b was chosen ad-hoc as a large
value to minimize interactions between the arrangements in this direction (the dispersion cutoff
was chosen to be 12 Angstrom). The enumeration used for the orientations of the phenyl linkers
is the same as in section S12. To judge the influence of methoxy groups upon the organization,
components were constructed with one methoxy group and 2 groups per imine-linker alongside
the bare structures. The energies were then calculated and the different arrangements of units
were compared concerning their total energies, where relative energies to the structure lowest in
energy are given in Table S9. It has to be noted here, that the unit cells belonging to each structure
after optimization can be found along the obtained geometries in the attached PDB-files, but are
left out as we were mainly interested in the stability of the overall components.

Table S9.1.10. Results of cell-optimizations with simultaneous geometry optimization using GFN-xXTB for PP-TAB
mimicking periodic segments.

Component-arrangement Relative Energy shift (kcal/mol)
simple-para-s10 1.14
simple-alt-s10 3.26
simple-alt-s11 6.49
simple-mixed-s10 5.09
simple-mixed-s11 8.21
simple-para-s11 1.14

163



Appendix

simple-alt-d10 7.89
simple-alt-d11 0.91
simple-mixed-d10 0.55
simple-mixed-d11 2.83
simple-para-d11 2.42
simple-para-d10 0.00

Table S9.1.11. Results of cell-optimizations with simultaneous geometry optimization using GFN-xTB for mPP-TAB
mimicking periodic segments.

Component-arrangement Relative Energy shift (kcal/mol)
1-methoxy-para-s10-para 0.00
1-methoxy-alt-d10-anti 17.07
1-methoxy-alt-d10-para 10.26
1-methoxy-para-d10-anti 14.11
1-methoxy-para-d10-para 9.78
1-methoxy-para-d11-para 1.66
1-methoxy-para-d11-anti 8.57
1-methoxy-alt-d11-para 7.89
1-methoxy-alt-d11-anti 18.30
1-methoxy-alt-s10-anti 11.06
1-methoxy-alt-s10-para 7.82
1-methoxy-alt-s11-anti 14.15
1-methoxy-alt-s11-para 10.44
1-methoxy-para-s11-anti 9.61
1-methoxy-para-s11-para 2.87
1-methoxy-para-s10-anti 7.19

Table S9.1.12. Results of cell-optimizations with simultaneous geometry optimization using GFN-xTB for dPP-TAB
mimicking periodic segments.

Component-arrangement Relative Energy shift (kcal/mol)

methoxy-para-s11 0.00
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methoxy-alt-s10 1.85
methoxy-alt-s11 9.77
methoxy-mixed-s10 1.03
methoxy-mixed-s11 6.91
methoxy-para-s10 3.80
methoxy-alt-d10 6.51
methoxy-alt-d11 69.46
methoxy-mixed-d10 10.49
methoxy-mixed-d11 6.07
methoxy-para-d11 1.94
methoxy-para-d10 8.05

Calculation of a reference pathway from AA — AB for comparing (GPW-DFT) and (GFN-xTB)

In order to justify the use of GFN-XTB as a tool to analyze the potential energy surface of COFs
under displacements a pathway from AA’ stacking to AB stacking was calculated with equidistant
shifting vectors along the direct line of displacement with cell optimization and simultaneous ge-
ometry optimization performed at every of the 20 reference structures. The resulting path consist-
ing of total energy values was then re-investigated using GPW-DFT single-point calculations us-
ing CP2K on the TZV2P-GTH/PBE-D3-level for comparison. The relative energies in reference to
the initial structure, shown in Figure S9.1.52, are showing that DFT and GFN-xTB energy calcu-
lations show qualitatively similar tendencies for relative energy shifts, thus, we used GFN-xTB for

the further analysis as it is by far the computationally cheaper method. The displacement from AA

to AB stacking was split into 20 steps, with the fraction of the displacement vector acting as x
coordinate.
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Figure S9.1.52. Reference pathway from AA — AB for comparing (GPW-DFT) and (GFN-xTB).

Calculation of cell-parameters for the full COF Systems (GFN-xTB)

Cell parameters for different components arrangements determined by cell optimization with sim-
ultaneous geometry optimization using GFN-XTB as implemented in CP2K are shown in Table.
S12. The optimizations were performed using the conjugated gradients (CG) method and con-
ducted until the total forces acting on the molecules were below 4.5*10* Hartree/Bohr with the
relative change in geometry being below 3.0*10- Bohr and a pressure tolerance of below 100 bar
with respect to the environment was reached. All optimizations were performed with fixed hexag-
onal-symmetry.

Table S9.1.13. Results cell parameter calculations determined by cell optimization with simultaneous geometry
optimization using GFN-xTB for PP-TAB and dPP-TAB.

COF arrangement a=b/A cl/A
PP-TAB-para-s10 58.524 7.26
PP-TAB-para-s11 58.577 7.31
PP-TAB-alt-s10 58.233 7.13
PP-TAB-alt-s11 58.145 7.21
dPP-TAB-alt-s10 58.198 7.25
dPP-TAB-alt-s11 58.242 7.32
dPP-TAB-para-s10 58.779 7.47
dPP-TAB-para-s1l 58.608 7.37

Calculation of stacking types for the phenylphenanthridine-COFs and investigation of the role of
methoxy Groups for total arrangements using various DFT-functionals
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The influence of ordered and disordered methoxy-groups was investigated along with cell param-
eters. Relative energy differences between the structures were compared for the PBE and
BP86[®71 DFT functionals respectively, using Grimmes DFT-D2 and DFT-D3 dispersion correc-
tions. Further we compared to the semi empirical tight binding method GFN-xTB as implemented
in CP2K. The energies were obtained after performing a cell optimization with simultaneous ge-
ometry optimization utilizing the method of conjugated gradients (CG) with constrained hexagonal
symmetry.

Figure S9.1.53. Influence of ordered and disordered methoxy-groups. (a) Excerpts of ordered (left) and disordered
methoxy groups (right). (b) Approach of CHs group towards methoxy group of next layer observed after structure
optimization.

We calculated the relative energy difference between unordered E, and ordered E, structures as:
AF=FE,—F,

The results are shown in Table S13. Cell parameters for ordered initial structures are shown in
Table S13.

Cell parameters for disordered initial structures are shown in Table S14.

Table S9.1.14. Relative difference between the obtained energies of the optimized structures for the different methods.
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Utilized level of theory Energy difference AE (Kcal/mol)
TZV2P-GTH/PBE-D2 28.24
TZV2P-GTH/PBE-D3 31.38

TZV2P-GTH/BP-D2 11.90

TZV2P-GTH/GFN-XTB 3.14

Table S9.1.15. Cell parameters for ordered initial structures obtained after optimizing structures for the different
methods.

Utilized level of theory a=b/A cl/A
TZV2P-GTH/PBE-D2 58.125 7.720
TZV2P-GTH/PBE-D3 58.211 8.002
TZV2P-GTH/BP-D2 57.974 7.446
TZV2P-GTH/GFN-XTB 57.817 7.343

Table S9.1.16. Cell parameters for disordered initial structures obtained after optimizing structures for the different
methods.

Utilized level of theory a=b/A c/A
TZV2P-GTH/PBE-D2 58.370 7.795
TZV2P-GTH/PBE-D3 58.460 8.034
TZV2P-GTH/BP-D2 58.252 7.503
TZV2P-GTH/GFN-XTB 58.222 7.232

Calculation of displacement maps using a plane-wave expansion (GFN-xTB)

To gain insight in the overall stability properties of the investigated COFs, we displaced two layers
against each other and performed geometry optimizations with simultaneous cell optimization at
each point. For the energy calculations we used GFN-xTB as implemented in CP2K. The cell
optimizations were performed under the constraint of fixed hexagonal symmetry. For the starting
point for the displacement, the centers of mass of both layers were placed at the origin of the
elementary unit cell. We then displaced the layers in multiples of the cell vectors with the data
points chosen as can be seen in the corresponding tables. The choice of sample points was
motivated by assuming the COF-structures to be of Ds-symmetry (full hexagonal) in two dimen-
sions and sample the lower triangle of the unit cell, the asymmetric unit, as shown in Figure S49,
using a total of up to 16 data points. We then expanded the obtained energy surface in a plane-
wave basis set, optimizing the coefficients c, in a least square manner utilizing the singular value
decomposition.
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E(z,y) = catnla,y)

n
With plane wave basis functions corresponding to the assumed hexagonal symmetry as shown
previously, where n is the index of the basis function and x, y are the spatial positions. As we
used a polar representation, r is the two-dimensional position vector and ¢ is the angle between
the components of the wave vector k,=ni b1 + nz b, with n1 + no < n.

Z cos (ki ;r)

The wave vectors kn,i build the parts for the PW-basis function n with hexagonal symmetry, and
are given in terms of the wave vectors absolute value kn = |kq| as:

o cos(a- (¢ + 5(i —1)))
ki = kn (sin(oz- (0+3(i— 1))))

Figure S9.1.54. Schematic representation of the utilized symmetry assumptions entering in the plane wave fit for the
potential energy surface. The treatment of the hexagonal unit cell shown in red with cell vectors a and b was further
simplified by using the properties of the D6 symmetry, which leaves only the green triangle which spans a quarter of
the original area of the unit cell as sampling area. The remaining part of the unit cell that is constructed by mirroring the
interpolated triangle D is indicated by D' which then spans the half of the utilized unit cell indicated in red, and thus
leads to sufficient information to construct the full unit cell.

In the following the grid points used for the interpolations are listed with their respective in plane
positions given in multiples of the cell vectors a and b as well as the calculated total electronic

energy in kcal/mol.
Table S9.1.17. Grid points for the basis set expansion (PP-TAB).

a b Total Energy (kcal/mol)

169



Appendix

0 0 -779.247
0.1 0.1 -779.109
0.1 0 -779.226
0.2 0.2 -779.031
0.2 0 -779.194

0.277 0.111 -779.164
0.3 0.1 -779.186
0.3 0.2 -779.285
0.3 0 -779.267
0.4 0.1 -779.094
0.4 0.2 -779.209
0.4 0 -779.093
0.5 0 -779.076
0.3 0.3 -779.597

0.333 0.333 -779.375

Table S9.1.18. Grid points for the basis set expansion (mMPP-TAB).

a b Total Energy (kcal/mol)
0 0 -874.051
0.1 0.1 -873.948
0.1 0 -874.040
0.2 0.1 -873.893
0.2 0.2 -873.962
0.2 0 -873.928
0.277 0.111 -873.907
0.3 0.1 -874.379
0.3 0.2 -873.997
0.3 0.3 -874.618
0.3 0 -874.040
0.333 0.333 -874.683
0.4 0.1 -873.911
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0.4 0.2 -874.204
0.4 0 -873.896
0.5 0 -873.896

Table S9.1.19. Grid points for the basis set expansion (dPP-TAB).

a b Total Energy (kcal/mol)
0 0 -968.840
0.1 0.1 -968.818
0.1 0 -968.837
0.2 0.1 -968.681
0.2 0.2 -968.667
0.2 0 -968.707
0.277 0.111 -968.678
0.3 0.1 -968.781
0.3 0.2 -968.689
0.3 0.3 -968.534
0.3 0 -968.705
0.333 0.333 -968.507
0.4 0.1 -968.647
0.4 0.2 -968.674
0.4 0 -968.693
0.5 0 -968.735

Investigations of arrangements for the full unit cells (Layer Curving)

For COF arrangements with layers shifted from the initial AA stacking, we could observe an in-
crease of layer curving depending on the distance from the eclipsed mode. The curving is visible
in the cell parameters a, b by a shortening of their respective length after optimization. An exem-
plary structure with the upper layer shifted by 0.2*a and 0.1*b for the Methoxy-1-COF is shown in
Figure S9.1.55, where the curving leads to an in-plane cell vector length of 56.709 Angstrom
compared to 58.872 Angstrom in the eclipsed case, which is observed to be almost planar.
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Figure S9.1.55. Curving in the arrangement for an optimized structure with initial upper layer displacement of (0.2,0.1).
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9.1.11. SEM and TEM

Figure S9.1.58. SEM images of mPP-TAB.
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Figure S9.1.61. SEM images of dPP-TAPB.
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Figure S9.1.65. TEM images of mPP-TAPB.
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Figure S9.1.66. TEM images of dPP-TAB.

Figure S9.1.67. TEM images of dPP-TAPB.
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9.2. Supporting Information of Chapter 5 - “Olefin Metathesis in Confinement: To-
wards Covalent Organic Frameworks Scaffolds for Increased Macrocycliza-
tion Selectivity”

9.2.1. Experimental Procedures

Chemicals. All catalytic reactions were performed under the exclusion of air and moisture in a
N2-filled glove box (MBraun Labmaster) unless noted otherwise; all COF building block reactions
were carried out under Ar via Schlenk technique unless noted otherwise. Chemicals were pur-
chased from ABCR, Acros Organics, Alfa Aesar, Sigma Aldrich, Fluka and TCI. 1,2-Dichloroben-
zene (anhydrous) was purchased from Sigma Aldrich. n-Pentane was dried using an MBraun
SPS-800 solvent purification system and stored over 4 A molecular sieves. Deuterated solvents
were stored over activated alumina and 4 A molecular sieves for a minimum of 24 h prior to use.
All other solvents, unless otherwise specified, were obtained from Acros Organics, and used with-
out further purification. 4,4'-Dibromo-[1,1'-biphenyl]-2-amine (6) was synthesized according to a
literature procedure.?

X-Ray Powder Diffraction. XRPD patterns were collected on a laboratory powder diffractometer
in Debye-Scherrer geometry (Stadi P-diffractometer (Stoe), using Co-Kq1 radiation from a primary
Ge(111)-Johann-type monochromator and a Mythen 1 K detector (Dectris)). The sample was
sealed in a 1.0 mm diameter borosilicate glass capillary, which was spun during measurements.
Each powder pattern was collected in a 26 range from 0 ° to 40 ° with a total scan time of 5 hours.
The program TOPAS 6.0 was used for the data analyses. The initially model for refinement was
build and geometrically optimized in BIOVIA Materials Studio 2017 (17.1.0.48). Single atom pos-
itins were not refined. The LP factor was adjusted for the device and fixed at 31.787, in a Double-
Voigt approach crystallite size and strain was accounted for and a stephens model (hexagonal)
was used.

FT-IR Spectroscopy. Infrared spectra were measured in attenuated total reflection (ATR) geom-
etry on a PerkinElmer UATR Two equipped with a diamond crystal. All spectra were background
corrected.

Liquid State Nuclear Magnetic Resonance. Liquid state nuclear magnetic resonance (NMR)
measurements for the COF building blocks were performed on a JEOL ECZ 400S 400 MHz spec-
trometer (magnetic field 9.4 T). 'H, *C and ®*N measurements were performed in 5 mm NMR
tubes using deuterium field lock. NMR spectra for the Ru-catalysis reactions were recorded on a
Bruker Avance 11l 400 spectrometer. NMR spectra were internally calibrated to the corresponding
solvent signal.? Abbreviations for multiplicities: s (singlet), bs (broad singlet), d (dublet), t (triplet),
g (quartet), hept (heptet), m (multiplet).
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Solid State Nuclear Magnetic Resonance. Solid-state NMR (ssNMR) was recorded on a Bruker
Avance Il 400 MHz spectrometer (magnetic field 9.4 T). Samples were packed in 4 mm ZrO;
rotors, which were spun at 12-14 kHz in a Bruker WVT BL4 double resonance MAS probe. Chem-
ical shift was referenced relative to tetramethylsilane (**C). A standard cross-polarization se-
quence with a 2 ms ramped contact pulse was used for *C and a total of 4096-8192 scans were
routinely accumulated. All spectra were background corrected.

Sorption Measurements. Sorption measurements were performed on a Quantachrome Instru-
ments Autosorb iQ 3 with nitrogen at 77 K. The pore size distribution (PSD) was determined from
nitrogen adsorption or desorption isotherms using the QSDFT (cylindrical pores, adsorption
branch) kernel in carbon for nitrogen at 77 K implemented in the ASiQwin software v 3.01. Sam-
ples were activated under high vacuum at room temperature for 12 h before measurement.

Mass Spectrometry. Electrospray ionization (ESI) mass spectrometry was performed on a
Thermo Finnigan LTQ FT in the positive and negative mode. Samples were dissolved in an ace-
tonitrile/water mixture.

Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was performed on a
VARIA VISTA RL simultaneous spectrometer (Agilent Technologies, Santa Clara, California,
USA) with a CCD-detector. Samples were dissolved in conc. nitric acid (65%) at 185 °C for 25 min
using a Discover-SP-D microwave by CEM.

Scanning Electron Microscopy. SEM SE (secondaryelectron) detector images were obtained
on a Zeiss Merlin.

Transmission Electron Microscopy. TEM was performed with a Philips CM30 ST at 300kV
(LaBscathode). Samples were prepared dry onto a holey carbon/copper grid.

Thermal Analysis. Thermogravimetric analysis was performed on a NETZSCH STA 449 F3 Ju-
piter. Measurement was carried out with 5 mg of sample in an Al.Os crucibles under Helium pro-
tective gas flow in a temperature range between 40 to 1000 °C and a heating rate of 10 K/min.
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9.2.2. Experimental Section

COF Synthesis

Br Br
® ® L1
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Scheme S9.2.1. Synthesis route to the phenylphenanthridine precurser. (a) Sn, HCI (conc), ethanol, reflux, 5h; (b) 4-
methoxybenzoy! chloride, EtsN, CH2Clz, rt, 1h; (c) 2-chloropyridine, trifluormethansulfonic anhydride, CH2Clz, 0 °C to
140°C, 05h; (d) BFsMe2S, CHCl;, rt, 16h; (e) 4-formyl-3,5-dimethoxyphenylboronic  acid,
tetrakis(triphenylphosphin)palladium(0), Na2COs, 1,4-dioxane, 90 °C, 72 h.

Synthesis of N-(4,4'-dibromo-[1,1'-biphenyl]-2-yl)-4-methoxybenzamide (7). N-(4,4'-di-
bromo-[1,1'-biphenyl]-2-yl)-4-methoxybenzamide (7) was synthesized according to a modified lit-
erature procedure.® Under argon 6 (1.00 g, 3.06 mmol) and triethylamine (1.28 mL, 9.18 mml)
were dissolved in dry CH2Cl; (35 mL) and 4-methoxybenzoyl chloride (0.62 mL, 4.59 mmol) was
added dropwise. The reaction mixture was stirred at room temperature overnight for 16 h, then
ethanol (5 mL) was added. After 1 h, the solution was poured into water (50 mL) and extracted
with CH2Cl,. The combined organic layers were dried over anhydrous Na>SO,4 and evaporated
under reduced pressure. The resulting crude product was purified by recrystallization from CHCl-
/n-hexane to obtain 7 (1.25 g, 2.71 mmol, 88%). *H NMR (400 MHz, CDCl;) 5 8.70 (d, J = 2.0 Hz,
1H), 7.78 (s, 1H), 7.67 — 7.61 (m, 2H), 7.58 — 7.53 (m, 2H), 7.32 (dd, J = 8.2, 2.0 Hz, 1H), 7.30 —
7.26 (m, 2H), 7.10 (d, J = 8.1 Hz, 1H), 6.92 — 6.88 (m, 2H), 3.84 (s, 3H) ppm. *C NMR (101 MHz,
CDClz) 6 164.7, 162.8, 136.3, 136.2, 132.7, 131.2, 130.9, 129.9, 128.9, 127.5, 126.4, 124.5,
122.9, 122.8, 114.8, 55.6 ppm. FT-IR vmax/cm™ 3434, 2839, 1669, 1574, 1503, 1412, 1252, 1179,
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1031, 845, 808, 754, 542. HRMS (ESI) exact mass calculated for [M+H]+ (C20H15Br.NO>) requires
m/z 461.9449, found m/z 461.95227.

Synthesis of 3,8-dibromo-6-(4-methoxyphenyl)phenanthridine (8). 3,8-dibromo-6-(4-methox-
yphenyl)phenanthridine (8) was synthesized according to a modified literature method.* Under
argon a Biotage microwave vial was charged with 7 (1.20 g, 2.6 mmol), 2-chloropyridine (0.29 mL,
3.12 mmol) and dry CH2Cl, (13 mL). Trifluormethansulfonic anhydride (0.48 mL, 2.86 mmol) was
added dropwise at 0°C. After 5 minutes, the solution was warmed to room temperature, the vial
was capped and under microwave irradiation, the solution was heated to 140 °C for 30 minutes.
After the solution was cooled to room temperature, triethylamine (0.73 mL, 5.2 mmol) was added
dropwise to neutralize the trifluormethanesulfonate salts. All volatiles were removed under re-
duced pressure and the residue was purified by flash column chromatography (SiO2, n-hexane/
CH_Cl,) to obtain 4 (1.06 g, 2.39 mmol, 92%). *H NMR (400 MHz, CDCls) 5 8.46 (d, J = 8.8 Hz,
1H), 8.41 — 8.33 (m, 2H), 8.30 (d, J = 2.0 Hz, 1H), 7.92 (dd, J = 8.8, 2.1 Hz, 1H), 7.74 (dd, J =
8.7, 2.1 Hz, 1H), 7.70 — 7.64 (m, 2H), 7.15 — 7.08 (m, 2H), 3.93 (s, 3H) ppm. *C NMR (101 MHz,
CDClIz) 6 160.9, 160.7, 144.8, 134.2, 132.9, 132.0, 131.5, 131.3, 130.4, 126.7, 124.1, 123.4,
123.1,121.9,121.7, 114.3, 55.6 ppm. FT-IR vmax/cm™ 2958, 2839, 1593, 1557, 1511, 1463, 1357,
1303, 1249, 1176, 1034, 964, 828, 799, 596, 518. HRMS (ESI) exact mass calculated for [M+H]+
(C20H13Br2NO) requires m/z 443.9343, found m/z 443.94166.

Synthesis of 4-(3,8-dibromophenanthridin-6-yl)phenol (9). Under argon a flask was charged
with 3 (0.50 g, 1.13 mmol), and dry CH>Cl; (30 mL). A boron trifluoride-dimethyl sulfide complex
(2.42 mL, 13.6 mmol) was added dropwise at room temperature. The solution was stirred at room
temperature for 16 h, then cooled to 0 °C and methanol was added dropwise to quench the reac-
tion. All volatiles were removed under reduced pressure and the residue was purified by flash
column chromatography (SiO2, CH.Cl/MeOH) to obtain 9 (0.42 g, 0.98 mmol, 87%). 'H NMR
(400 MHz, DMSO-D6) & 8.86 (d, J = 9.6 Hz, 1H), 8.76 (d, J = 9.0 Hz, 1H), 8.27 (d, J = 2.0 Hz,
1H), 8.19 (d, J = 7.9 Hz, 2H), 7.92 (dd, J = 8.8, 2.1 Hz, 1H), 7.67 — 7.59 (m, 2H), 7.10 — 7.00 (m,
2H), 5.74 (s, 1H) ppm. 3C NMR (101 MHz, DMS0O-D6) 5 160.4, 159.7, 135.8, 132.2, 131.9, 131.3,
130.9,129.0,125.7,125.6, 125.2, 123.1, 121.9, 115.6 ppm. FT-IR Vmax/cm* 3368 (br), 3182, 3093,
1636, 1582, 1468, 1360, 1225, 1184, 1084, 1068, 994, 818, 661, 520. HRMS (ESI) exact mass
calculated for [M+H]+ (C19H11Br2NO) requires m/z 429.9187, found m/z 429.92596.

Synthesis of 4,4'-(6-phenylphenanthridine-3,8-diyl)bis(2,6-dimethoxybenzaldeyde) (dHP).
Under argon in a 20 mL Biotage microwave vial, 9 (0.25 g, 0.58 mmol), 4-formyl-3,5-dimethoxy-
phenylboronic acid (0.49g, 2.34mmol) and tetrakis(triphenylphosphin)palladium(0)
(0.068 g, 0.06 mmol) were dissolved in 1,4-dioxane (15 mL) and 2 M aqueous Na;COs3 (2.6 mL)
was added. After degassing the solution with argon for 30 minutes the vial was capped and the
mixture was stirred for 72 h at 90 °C. After cooling to room temperature, all solvents were removed
and the residual solid was extracted with CHClIs (3 x 50 mL). The combined organic extracts were
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evaporated under reduced pressure. The solid residue was purified by flash column chromatog-
raphy (SiO2, n-hexane/CHCI; with 1% EtsN) to obtain dHP (0.21 g, 0.35 mmol, 61%). *H NMR
(400 MHz, CHLOROFORM-D) &6 10.53 (s, 1H), 10.45 (s, 1H), 8.84 (d, J = 8.7 Hz, 1H), 8.73 (d, J
= 8.7 Hz, 1H), 8.40 (s, 1H), 8.22 (d, J = 8.3 Hz, 1H), 8.08 (d, J = 8.6 Hz, 1H), 7.90 (d, J = 4.9 Hz,
2H), 7.66 — 7.61 (m, 3H), 6.98 (s, 2H), 6.79 (s, 2H), 3.99 (s, 6H), 3.96 (s, 6H) ppm. *C NMR (101
MHz, CHLOROFORM-D) & 188.96, 162.63, 130.27, 130.24, 130.21, 130.17, 128.83, 123.62,
123.47, 123.09, 113.68, 113.57, 103.32, 103.18, 56.40, 56.30 ppm. FT-IR vmad/cm™ 3423 (br),
2936, 2876, 1676, 1597, 1567, 1455, 1393, 1241, 1123, 809, 705, 576. HRMS (ESI) exact mass
calculated for [M+H]+ (Cs7H29NO7) requires m/z 600.1944, found m/z 600.20211.

NH,

» dHP-TAB COF

oDCB/n-Butanol
3 M AcOH
100°C, 96h

TAB

H,N NH,

Scheme S9.2.2. Synthesis of dHP-COF.

Synthesis of dHP-TAB COF. 1,3,5-Tris(4-aminophenyl)benzene (TAB) (0.1 mmol, 35.1 mg) and
dHP (0.15 mmol, 90.0 mg) were placed into a 5 mL Biotage microwave vial. 4 mL of a 1,2-dichlo-
robenzene/n-butanol (1:4) mixture were added, followed by 80 puL 3M AcOH. The vial was capped
and placed in an aluminum heating block that was preheated to 100°C. Under stirring at 500 rpm
the mixture was kept at 100°C for 96 h, then it was allowed to cool to room temperature. The solid
was filtered off, washed with MeOH and then subjected to Soxhlet extraction with MeOH for 16 h.
The MeOH soaked solid was then activated by scCO2 drying and further under high vacuum for
24 h to obtain 93.1 mg dHP-TAB COF (78 %).
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Substrates and Ru-catalyst
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Scheme S9.2.3. Ru-catalyst and substrated used in macrocyclization reactions.

RuCl2(N-mesityl-N-(3-(trimethoxysilyl)prop-1-yl)-imidazol-2-ylidene)(CH-2-(2-PrO-CesHa)) Ru,®
dec-9-en-1-yl undec-10-enoate 1,° pentane-1,5-diyl bis(undec-10-enoate) 2,>¢ dodecane-1,12-
diyl bis(undec-10-enoate) 3,° tert-butyldimethyl(nonadeca-1,18-dien-10-yloxy)silane 4,5 (E)+(2)-
oxacycloicos-11-en-2-one,® (E)+(2)-1,7-dioxacycloheptacos-17-ene-8,27-dione,” (E)+(2)-1,14-di-
oxacyclotetratriacont-24-ene-15,34-dione® and (E)+(2)-tert-butyl(cycloheptadec-9-en-1-yloxy)di-
methylsilane® were synthesized according to the literature.

Immobilization of Ru and Ru@dHP-TAB loading

A solution of Ru (10 mg) in 1,2-dichlorobenzene was added to the dHP-TAB COF (~100 mg). For
the removal of nitrogen in the pores, vacuum was applied. The suspension was stirred for 16
hours at room temperature. Then, the suspension was filtered, and the resulting Ru@dHP-TAB
COF containing the immobilized catalyst was washed with 1,2-dichlorobenzene (200 mL), n-pen-
tane (200 mL), dried in vacuo at room temperature for 3 h, and stored under an inert atmosphere
at -35 °C.

Table S9.2.1. Ru-content of COF as determined by ICP-OES.

c¢(Ru) on COF [umol Ru/g
Material COF]

Ru@dHP-TAB 42.3
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Leak test of Ru@dHP-TAB

Ru@dHP-TAB (30 mg) was stirred in 4 mL benzene at 50 °C for 16 h. The solid was filtered off,
the solvent removed and the residue was dired under vacuum at elevated temperature. The re-
maining oil-like residue was tested by ICP-OES for its ruthenium content. No ruthenium was de-
tected.

Additionally, Ru@dHP-TAB was tested by ICP-OES after performing the general procedure for
the RCM of a,0-dienes with substrate 1. The recovered material showed a concentration c(Ru)
of 51.74 umol Ru/g COF, even slighty higher than the pristine material. We attribute the increase
to slight sample inhomegeneities in the batch used.

Macrocyclization Reactions

General procedure for the RCM of a,e-dienes (GP-1). The substrate was dissolved in C¢Ds
(1000 pL) and the catalyst (stock solution) was added. After 16 hours, 'H NMR spectra were
acquired. Conversion and macro(mono)cyclization:oligomer (MMC:O) ratios were determined by
integration of the corresponding signals.

Example reaction with 0.5 mol% catalyst, MMC with Ru: 1 (8.1 mg, 0.025 mmol, 1 eq.) was
dissolved in C¢Ds (995.8 pL, 25.1 mM) and a stock solution of catalyst Ru (4.2 pL, 2.9 mM; 0.5
mol-%) was added. The resulting mixture (substrate concentration 25 mM) was stirred for
16 hours at 50°C and subjected to 'H NMR spectroscopy. Overall conversion: 81%.
MMC:O = 0.9 (selectivity = 47%).

For the correct determination of the conversion by NMR, the deconvolution function of Mes-
tReNova (Version 12.0.0) was used. This was necessary because part of the oligomer signals of
the terminal double bonds were covered by the signals of the starting material (see Figure S1).
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Figure S9.2.1: *H NMR spectrum of the reaction mixture of the MMC of 1 with the homogeneous catalyst Ru in CsDe.
MMC:O = 0.9 (selectivity = 47%) and an enlarged area where deconvolution was applied.
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Table S9.2.2. Conversion, MMC:O ratio and selectivity for the RCM of substrate 1 - 4 by the action of Ru
(0.5 mol-%) as determined by NMR.

Substrate Conversion [%] MMC:O Selectivity [%]
1 81 0.90 47
2 77 0.84 46
3 80 0.65 39
4 73 0.40 28

General procedure for the RCM of a,m-dienes with Ru@dHP-TAB (GP-2). The substrate was
dissolved in CgDs (1.0 mL) and the corresponding COF material containing the Ru-catalyst (3-6
mg, depending on the Ru content and the catalyst:substrate ratio) was added. After 16 hours,
'H NMR data were acquired. Conversion, the MMC:O ratio and the selectivity were determined
by integration of the corresponding signals.

MMC with Ru@dHP-TAB: 1 (8.1 mg, 0.025 mmol, 1 eq.) was dissolved in C¢Ds (1.00 mL, 25
mM) and Ru@dHP-TAB (2.9 mg, 0.5 mol-%) was added. The resulting mixture was stirred at
50 °C for 16 hours and subjected to 'H NMR spectroscopy. Overall conversion: 11%.
MMC:O = 1.3 (selectivity = 56%).
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Figure S9.2.2: 'H NMR spectrum of the MMC reaction mixture of 1 with the homogeneous catalyst Ru@dHP-TAB in
CsDs. MMC:O = 1.3 (selectivity = 56%).

545  5.40 5 35 5.30 ppm

187



Appendix

MMC with Ru@dHP-TAB: 1 (8.1 mg, 0.025 mmol, 1 eq.) was dissolved in C¢Ds (1.00 mL, 25
mM) and Ru@dHP-TAB (5.8 mg, 1.0 mol-%) was added. The resulting mixture was stirred at

50 °C for 16 hours and subjected to H NMR spectroscopy.
MMC:O = 1.3 (selectivity = 56%).

Overall conversion: 15%.

L P S R T T T T Q2 (T (
|
| |_} \ |
| |
H‘ Rl \ |
I | \ F
' | | | ‘ wl‘ ""a"“l I‘Fr | '
M U SR i |
e wjl‘ “‘ .' “hm S .ﬁ,.,\,A_,_\NJ\L.Wrw««/"I W ‘I‘""I‘q‘"ﬂ‘\i . "‘lb Jl‘wx i {H ‘\
5.‘9D Lia_s 5.‘80 5‘?5J 5.‘70 5.‘65 5.‘50 Sl.'—:i\ S-SLW 5.!45 / S.CIIO EIJI35 5.;30 5.I25 Pl;m

Figure S9.2.3: 'H NMR spectrum of the MMC reaction mixture of 1 with the homogeneous catalyst Ru@dHP-TAB in

CsDs. MMC:O = 1.3 (selectivity = 56%).

MMC with Ru@dHP-TAB: 2 (10.3 mg, 0.025 mmol, 1 eq.) was dissolved in CsDe (1.00 mL, 25
mM) and Ru@dHP-TAB (2.9 mg, 0.5 mol-%) was added. The resulting mixture was stirred at

50 °C for 16 hours and subjected to *H NMR spectroscopy.

MMC:O = 1.0 (selectivity = 49%).
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Figure S9.2.4: *H NMR spectrum of the MMC reaction mixture of 2 with the homogeneous catalyst Ru@dHP-TAB in
CsDs. MMC:O = 1.0 (selectivity = 49%).
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MMC with Ru@dHP-TAB: 3 (13.4 mg, 0.025 mmol, 1 eq.) was dissolved in CsDs (1.00 mL, 25
mM) and Ru@dHP-TAB (2.9 mg, 0.5 mol-%) was added. The resulting mixture was stirred at
50 °C for 16 hours and subjected to 'H NMR spectroscopy. Overall conversion: 11%.
MMC:O = 0.6 (selectivity = 39%).

189



Appendix

GmaTEngTIed a R elEEI Nt ERecenmn 5
W wwowr~r-~r~r-~r- -~ O [To T INToNToINTy INT BETe IR U Sl S MRS S e ]
5 W 5 W W 5 6 1 0 ™ 510 10 10 15 6 10 0 15 1 1 5 0 1 D 0 1 16 0 1w p
INVED N | VEANNY TN Y SSSNeer”
\
At
T
i
\|| 1l |
||J‘|.\"\| I | ..
| U | \ |
/. y I ‘I i u"‘.« \ll H
f \'l [ | "'ﬂrj“"
JV v | \/ ! ,ﬁ\l‘ JJ ‘.
pemimia” P W, W RS St e U
5.85 5.80 575 5.70 5.65 5.60 5.55 550 5.45 5.40 535 530 ' ppm
R —
: Ty
3 g 3
3 = b=

Figure S9.2.5: *H NMR spectrum of the MMC reaction mixture of 3 with the homogeneous catalyst Ru@dHP-TAB in
CsDs. MMC:O = 0.6 (selectivity = 39%).

MMC with Ru@dHP-TAB: 4 (9.9 mg, 0.025 mmol, 1 eq.) was dissolved in Cg¢Ds (1.00 mL, 25
mM) and Ru@dHP-TAB (2.9 mg, 0.5 mol-%) was added. The resulting mixture was stirred at
50 °C for 16 hours and subjected to 'H NMR spectroscopy. Overall conversion: 12%.
MMC:O = 0.5 (selectivity = 35%).
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Figure S9.2.6: *H NMR spectrum of the MMC reaction mixture of 4 with the homogeneous catalyst Ru@dHP-TAB in
CsDs. MMC:O = 0.5 (selectivity = 35%).

Kinetics

Each table entry is an independent reaction which was hot filtered at the time mentioned in Table
S3. The NMR solution shows no change over time.

Table S9.2.3. Conversion, MMC:O ratio and selectivity for the RCM of substrate 1 by the action of Ru@dHP-TAB
terminated at a different time.

Time [min] Conversion [%] MMC:O Selectivity [%)]
30 3 11 52
60 4 1.1 52
180 7 1.3 57
360 9 1.2 55
960 11 1.3 56
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9.2.3. FT-IR Spectroscopy
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Figure S9.2.7. FT-IR comparison of dHP-TAB COF and the starting materials dHP and TAB.
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Figure S9.2.8. FT-IR comparison of dHP-TAB COF and Ru@dHP-TAB COF.
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9.2.4. XRPD Measurements and Refinements
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Figure S9.2.9. XRPD comparison (A = 1.789 A) of dHP-TAB COF and Ru@dHP-TAB COF.
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Figure S9.2.10. Simulated patterns of AA (top) and AB (bottom) stacking for dHP-TAB.
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Table S9.2.4. Results of Rietveld refinement, atom site positions of dHP-TAB COF. Atom position were not refined.

P31c a=Db=58.824(10) A and ¢ = 7.3(0) A
atom_site_typ atom_site

atom_site_la | _atom_site_fract | atom_site_fract | atom_site fract e -

bel X y z ocCL-

_symbol pancy
C1 0.05439 0.49425 -0.18419 C 1
C2 0.02761 0.48209 -0.18561 C 1
C3 0.01474 0.49505 -0.12657 C 1
C4 0.02962 0.52109 -0.07024 C 1
C5 0.05657 0.53248 -0.0601 C 1
C6 0.06914 0.51943 -0.11904 C 1
Cc7 0.98596 0.48225 -0.12263 C 1
C8 0.9747 0.49666 -0.06227 C 1
N9 0.98959 0.52152 -0.01218 N 1
C10 0.0171 0.53487 -0.02117 C 1
C11 0.96958 0.45645 -0.17515 C 1
C12 0.94287 0.44573 -0.17248 C 1
C13 0.93175 0.46035 -0.1168 C 1
Cl4 0.94797 0.48574 -0.05847 C 1
C15 0.09765 0.53216 -0.10987 C 1
C1l6 0.10959 0.51828 -0.05672 C 1
C17 0.13661 0.53012 -0.04681 C 1
C18 0.15182 0.55663 -0.08696 C 1
C19 0.13991 0.57098 -0.1388 C 1
C20 0.11286 0.55832 -0.1517 C 1
c21 0.18029 0.56889 -0.07376 C 1
022 0.15566 0.59758 -0.17398 O 1
Cc23 0.14391 0.6125 -0.21847 C 1
024 0.14929 0.51641 -2.40E-04 o] 1
C25 0.135 0.48893 -0.00352 C 1
C26 0.03083 0.56315 0.0099 C 1
c27 0.05034 0.58021 -0.10877 C 1
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C28 0.06306 0.60672 -0.07743 C 1
C29 0.05603 0.61669 0.06939 C 1
C30 0.03572 0.59989 0.18299 C 1
C31 0.02302 0.57338 0.15161 C 1
C32 0.54621 0.09658 -0.12705 C 1
C33 0.57181 0.10651 -0.1814 C 1
C34 0.58897 0.13322 -0.19012 C 1
C35 0.57995 0.15036 -0.14882 C 1
C36 0.55393 0.14053 -0.09562 C 1
C37 0.53745 0.11363 -0.08449 C 1
C38 0.59839 0.17857 -0.16036 C 1
039 0.61511 0.14365 -0.23909 0] 1
C40 0.62609 0.1273 -0.2345 C 1
041 0.5456 0.15814 -0.05175 0] 1
C42 0.51904 0.14867 -0.01409 C 1
N43 0.8047 0.39561 -0.13729 N 1
C44 0.68131 0.36016 -0.15619 C 1
C45 0.6518 0.30609 -0.15604 C 1
C46 0.72271 0.35881 -0.15447 C 1
Cc47 0.7355 0.3468 -0.07659 C 1
C48 0.76233 0.35904 -0.07557 C 1
C49 0.77718 0.38382 -0.14637 C 1
C50 0.76469 0.39596 -0.22564 C 1
C51 0.73782 0.3835 -0.23087 C 1
N52 0.40883 0.60416 -0.14723 N 1
C53 0.36013 0.6816 -0.15351 C 1
C54 0.30613 0.6515 -0.15331 C 1
C55 0.36451 0.6419 -0.1515 C 1
C56 0.35526 0.61729 -0.22809 C 1
C57 0.37004 0.60526 -0.22317 C 1
C58 0.39461 0.61758 -0.14594 C 1
C59 0.40423 0.64231 -0.07146 C 1
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C60 0.38923 0.65413 -0.07242 C 1
H61 0.06359 0.48387 -0.23435 H 1
H62 0.01743 0.4626 -0.23532 H 1
H63 0.06798 0.55127 3.90E-04 H 1
H64 0.97686 0.44428 -0.22165 H 1
H65 0.93098 0.42619 -0.22051 H 1
H66 0.9399 0.49734 -0.01242 H 1
H67 0.09758 0.49827 -0.02074 H 1
H68 0.10333 0.5686 -0.19602 H 1
H69 0.18827 0.55879 -0.00209 H 1
H70 0.05576 0.57307 -0.22564 H 1
H71 0.07837 0.61955 -0.16794 H 1
H72 0.02966 0.60731 0.2951 H 1
H73 1.00708 0.5609 0.23803 H 1
H74 0.57811 0.09318 -0.21968 H 1
H75 0.51781 0.10566 -0.03919 H 1
H76 0.61843 0.18506 -0.18605 H 1
H77 0.69262 0.38087 -0.15611 H 1
H78 0.72499 0.32825 -0.01087 H 1
H79 0.77167 0.34944 -0.01402 H 1
H80 0.77539 0.41464 -0.289 H 1
H81 0.72907 0.3931 -0.29997 H 1
H82 0.38083 0.69314 -0.15324 H 1
H83 0.33688 0.60739 -0.29663 H 1
H84 0.36248 0.58635 -0.28312 H 1
H85 0.42303 0.6526 -0.00959 H 1
H86 0.39694 0.6726 -0.00598 H 1
H87 0.13127 0.61185 -0.10643 H 1
H88 0.13278 0.60556 -0.34629 H 1
H89 0.1592 0.63279 -0.23879 H 1
H90 0.14836 0.48158 0.0235 H 1
HI1 0.12613 0.48184 -0.13927 H 1
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H92 0.12007 0.48131 0.10438 H 1
H93 0.61763 0.11229 -0.34155 H 1
H94 0.62352 0.11834 -0.09818 H 1
H95 0.64701 0.13911 -0.262 H 1
H96 0.51296 0.13641 0.10899 H 1
H97 0.50703 0.13775 -0.13185 H 1
H98 0.51611 0.16524 0.01161 H 1
099 0.35676 0.42591 1.09848 O 1
H100 0.35137 0.41405 1.20787 H 1
—— Ru@dHP-TAB after catalysis
150 +
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Figure S9.2.11. XRPD (A = 1.789 A) of Ru@dHP-TAB after catalysis.
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9.2.5. Gas Sorption Experiments
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Figure S9.2.12. Multi-point BET surface area fit of dHP-TAB COF derived from N2 sorption isotherm.
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Figure S9.2.13. Multi-point BET surface area fit of Ru@dHP-TAB COF derived from Nz sorption isotherm.
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Figure S9.2.14. Pore size distribution obtained from the desorption branch of dHP-TAB and Ru@dHP-
TAB after immobilization of the catalyst.
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Figure S9.2.15. Nitrogen sorption isotherm at 77 K of Ru@dHP-TAB after catalysis.
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Figure S9.2.16. Pore size distribution obtained from the adsorption branch of Ru@dHP-TAB after
catalysis.
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Figure S9.2.17. Multi-point BET surface area fit of Ru@dHP-TAB COF after catalysis derived from N2
sorption isotherm.
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9.2.6. Solid State NMR
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Figure S9.2.18. 3C MAS ssNMR of dHP-TAB COF.
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9.2.7. XAS

Experimental details

All XAS experiments were carried out at PETRA lll beamline P65 at Deutsches Elektronensyn-
chrotron (DESY) in Hamburg, Germany. The measurements at the Ruthenium K-edge (22117 eV)
were performed in transmission using a Si(111) double-crystal monochromator and a maximum
synchrotron beam current of 100 mA. Ru in solid state (Ru solid) was studied as self-supporting
wafer using boron nitride (BN) as binder. Spectra of Ru in solution (Ru solution) of benzene (50
mM) were recorded using a specially designed measurement cell allowing for protection gas at-
mosphere. The sample containing the immobilized complex on the COF (Ru@dHP-TAB solid)
was measured without binder as powder sealed between Kapton foil. This sample was also meas-
ured as stirred suspension in benzene (Ru@dHP-TAB suspension). Sample preparation was
carried out under inert atmosphere in a glove box. For energy calibration, a Ruthenium foil was
used. Calibration was performed using the first inflection point in Ru K-edge XANES spectrum.
The data acquisition was performed in continuous scan mode and rebinning with a window of 0.5
eV was applied. All measurements were carried out at room temperature.

Data analysis

In the first step of data analysis the background of the spectrum was removed by subtracting a
Victoreen-type polynomial.®! Due to the very differing shapes of the absorption edges of the
samples and the used references, the first inflection point of the first derivative of the correspond-
ing spectrum was defined as energy Eo. Afterwards a piecewise polynomial was used to deter-
mine the smooth part of the spectrum and was adjusted in a way that the low-R components of
the resulting Fourier transform were minimal. The background-subtracted spectrum was divided
by its smoothed part and the photon energy was converted to photoelectron wave number k. For
evaluation of the EXAFS spectra the resulting functions were weighted with k? and calculated with
ARTEMIS program. Curve fitting was performed using ab-initio-calculated phases and amplitudes
from the FEFF8 program from the University of Washington. ARTEMIS works based on the EX-
AFS function and according to a formulation in terms of radial distribution functions:812

—27‘]'

A
x(k) = Z S2(k)F; (k) f Pi(r}) ekTsin[Zkr}- +8;(k)] dr;
I ]

The number of independent points Ning was calculated according to information theory to deter-
mine the degree of overdeterminacy:®

2AkAR
T

ind =
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Here, Ak describes the range in k-space used for data analysis and AR corresponds to the dis-
tance range in the Fourier filtering process. The values used for the analysis are shown in Table
S6. The quality of a fit was determined using two methods. The reduced x?2,, considers the degree
of overdeterminacy of the system and the number of fitted parameters p. It therefore allows a
direct comparison of different models:*3

N; 2
( Lnd/N) K
Ee = L exp ki __ theo kl‘ 2
Xred Nind_pz<zjk}z X;xp(kj)|> P (k) — xt0(ky))

The R-factor, which represents the percental disagreement between experiment and adjusted
function and takes into account both systematic and random errors according to the equation:*?

ki

T3k | ()

X (k) = x ¢ (k)| - 100%

The accuracy of the determined distances is 1 %, of the Debye-Waller-like factor 10 %** and of
the coordination numbers depending of the distance 5-15 %. Initial values for coordination hum-
bers and distances were adopted from Rietveld-analysis and afterwards iterated free in every fit
as well as the Debye-Waller-like factor and the amplitude reducing factor.
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XANES analysis details

norm. abs. [a.u.]

Ru solid
Ru solution
Ru@dHP-TAB solid
Ru@dHP-TAB solution
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Figure S9.2.19. XANES spectra of Ru in the solid state (Ru solid, blue), solution (Ru solution, orange), Ru immobilized
in a mesoporous COF in the solid state (Ru@dHP-TAB solid, green), as suspension in benzene Ru@dHP-TAB
solution, brown) as well as of the Ru(0) foil used for calibration (black).

The edge energy in a XANES spectrum gives information about the oxidation state of the ana-
lyzed complex. Metal centers with a higher oxidation number typically show a higher edge energy.
The XANES spectra in Figure S14 reveal no edge energy shift compared to each other. This
indicates that no changes in the oxidation state during the dissolution and immobilization of the
homogeneous complex occur. The XANES spectra of Ru complexes (Figure S14) have the same
edge energy of around 22115.4 eV. The absorption energy for the 1s electrons is in all cases
around 1.6 eV lower than for the Ru(0)-foil (22117 eV, black line) that was used for the calibration
of the spectra. Despite the lower edge energy, the XANES spectra of the Ru complex show nearly
no edge shift compared to the Ru(0) foil, which is explained by ligand effects, since the formal
ruthenium oxidation state in the complexes is +Il. However, the two carbene ligands act as strong
electron donors and increase the electronic density at the Ru center significantly, which could be
responsible for the rather low absorption edge energy of the present compounds. In addition, the
presence of an intense feature within the edge step overlaps with the edge step function, interfer-
ing with the edge step determination.
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Table S9.2.5. Edge energies of the four Ru samples.

Sample Edge Energy Eo [eV]
Ru solid 22115.5
Ru solution 221154
Ru@dHP-TAB solid 22115.4
Ru@dHP-TAB solution 22115.8
Ru(0) foil 22117.0

EXAFS analysis details:

The k- and R-ranges applied in the analysis of the Ru complexes together with the corresponding
fit parameters are summarized in Table S6. Figure S15 shows the Fourier-transformed EXAFS
spectra of the four Ru complexes together with corresponding first shell scattering paths. Figure
S16 illustrates the fitted function, experimental data, residual plot as well as first shell contributions
for the Ru samples in k-space. The corresponding first shell scattering paths including coordina-
tion numbers, bond distances and Debye-Waller factors are collected in Table S7.

Table S9.2.6. k- and R ranges as well as corresponding fit parameters of the analysis of the four Ru samples.

Reduced
§ -1 i} -
sample k-range [A-1] R-range [A] R-factor Chi-square S0O2 value
Ru solid 2.80-15.20 1.15-4.50 0.0025 59 1.0
Ru solution 2.60-14.70 1.15-4.50 0.0009 8 1.0
Ru@dHP-TAB solid 2.60 - 14.30 1.15-4.50 0.0047 7 1.0
RUGAHP-TAB solu- | 5 78-14.70 1.15- 450 0.0039 63 1.0
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Figure S9.2.20. Fourier-transformed EXAFS spectra of the Ru in solid state and solution (benzene) as well as
immobilized in a mesoporous COF. a) Ru solid, b) Ru solution, ¢) Ru@dHP-TAB solid, d) Ru@dHP-TAB solution.
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Figure S9.2.21. Fitted function compared with experimental data, residual plot and first coordination shell paths
for the four Ru samples in k-space. a) Ru solid, b) Ru solution, ¢) Ru@dHP-TAB solid, d) Ru@dHP-TAB solution.

Table S9.2.7. First shell coordination Numbers (N), bond lengths (R + AR) and Debye-Waller factors of the measured
samples.

solution/ Difference
solid _ of  bond
Scattering suspension lengths
paths
R + AR R + AR
N o2 [A2 N N o? [A?
[A] A7 [A] (A7
Ru Ru
Ru-C 1.0(1) 1.819(4) 0.0012(3) | Ru-C 1.0(1) 1.819(4) 0.0012(3)
Ru-C 0.7(1) 1.983(9) 0.0013(3) | Ru-C 0.7(2) 1.983(9) 0.0013(3)
Ru-O 0.8(1) 2.549(20) 0.0018(15) | Ru-O 0.8(2) 2.549(20) 0.0018(15)
Ru-ClI 2.4(0) 2.323(4) 0.0032(1) | Ru-ClI 2.4(0) 2.323(4) 0.0032(1)
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Ru@dHP-
TAB

Ru-C
Ru-C
Ru-O
Ru-ClI

1.2(1)
1.3(2)
1.0(2)
1.7(1)

1.836(6)
2.051(11)
2.491(17)
2.326(4)

0.0036(3)
0.0040(4)
0.0028(9)
0.0031(2)

Ru@dHP-
TAB

Ru-C
Ru-C
Ru-O
Ru-ClI
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Liguid State NMR
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Figure S9.2.22. *H NMR (top) and *3C NMR (bottom) of N-(4,4'-dibromo-[1,1'-biphenyl]-2-yl)-4-methoxybenzamide
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Figure S9.2.23. 'H NMR (top) and *3C NMR (bottom) of 3,8-dibromo-6-(4-methoxyphenyl)phenanthridine (8) in

CDCls.
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9.2.9. SEM/TEM and EDX analysis

Figure S9.2.27. SEM images of Ru@dHP-TAB COF.
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Figure S9.2.29. SEM images of Ru@dHP-TAB COF after catalysis.
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9.2.10. TGA analysis
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Figure S9.2.30. TGA measurement of dHP-TAB COF.
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9.3. Supporting Information of Chapter 6 - “In Situ Monitoring of
Mechanochemical Covalent Organic Framework Formation Reveals
Templating Effect of Liquid Additive”

9.3.1. Experimental Procedures

Chemicals. All starting materials, unless otherwise specified, were obtained from Sigma-Aldrich
Chemicals, and used without further purification. All solvents, unless otherwise specified, were
obtained from Acros Organics, and used without further purification. p-Phenylenediamine was
obtained from TCI Europe N.V. and purified by sublimation before use. 2,4,6-Tris(4-aminophenyl)-
1,3,5-triazine was prepared according to a literature procedure.™

Since the in situ synthesized COFs could not be washed and dried on site at the beamline, se-
lected analytical measurements (e. g. sorption measurements) were performed on separately
synthesized materials under identical condition as in situ synthesized materials with a fixed milling
time of 60 min. This enables the comparison of analytical measurements and properties of the
mechanochemically synthesized COFs that are potentially compromised by storing wetted sam-
ples for multiple days.

Ex situ milling. All laboratory, ex situ mechanochemical syntheses were performed in custom
made 5 mL poly-(methylmethacrylate) (PMMA) milling jars using a MM400 Retsch shaker mill
operating at 30 Hz.

Ex situ X-ray powder diffraction. Ex situ X-ray powder diffraction (XRPD) measurements for
phase analysis and crystal structure determinations were performed on a Stoe Transmission Pow-
der Diffractometer (STADI-P, STOE & CIE) with Cu Ka; radiation, equipped with an array of three
MYTHEN 1K detectors (Dectris Ltd.), and a Ge(111) Johann-type monochromator (STOE & CIE).
XRPD measurement used for indexing of 1 was performed on a STOE STADI-P with Co Kay
radiation, equipped with a MYTHEN 1K detector (Dectris Ltd.), and a Ge(111) Johann-type mon-
ochromator (STOE & CIE). For consistency samples were separately synthesized using the ex-
perimental descriptions below with an identical milling time of 60 min. For better particle statistics
all samples were spun during data collection.

FT-IR Spectroscopy. Infrared spectra were measured in attenuated total reflection (ATR) geom-
etry on a PerkinElmer UATR Two equipped with a diamond crystal. The spectra were background
corrected.

Liquid State Nuclear Magnetic Resonance. All liquid state nuclear magnetic resonance (NMR)
measurements were performed on a JEOL ECZ 400S 400 MHz spectrometer (magnetic field 9.4
T). *H, 3C and **N measurements were performed in 5 mm NMR tubes using deuterium field lock.
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Solid-State Nuclear Magnetic Resonance. Solid-state NMR (ssNMR) spectra were recorded
on a Bruker Avance Il 400 MHz spectrometer (magnetic field 9.4 T). For ssSNMR spectroscopy,
the samples were packed in 4 mm ZrO: rotors, which were spun in a Bruker WVT BL4 double
resonance MAS probe. Chemical shift was referenced relative to tetramethylsilane (*3*C), and
CH3NO; (**N). The spinning rate was 12-14 kHz for *C and 8 kHz for ®N measurements. A
standard cross-polarization sequence with a 2 ms ramped contact pulse was used for *C and a
total of 4096-8192 scans were routinely accumulated. >N ssNMR spectra were obtained with
ramped cross-polarization and contact pulses of 3-8 ms optimized for the best signal. Both *C
and N measurements were performed in conditions of high-power broadband proton decoupling
(SPINAL 64) with the spectral conditions being optimized for the shortest relaxation delay by
measuring *H T1 relaxation time.

Sorption Measurements. Sorption measurements were performed on a Quantachrome Instru-
ments Autosorb iQ 3 with nitrogen at 77 K. The pore size distribution was determined from nitro-
gen adsorption isotherms using the QSDFT (cylindrical pores, adsorption branch) kernel in carbon
for nitrogen at 77 K implemented in the ASiQwin software v 3.01. Samples were activated in high
vacuum at 120 °C for 12 h before measurement.

Elemental Microanalyses (EA). The elemental analyses were performed on a UNICUBE - Micro
Combustion Analyzer.

Mass Spectrometry. Electrospray ionization (ESI) mass spectrometry was performed on a
Thermo Finnigan LTQ FT in positive and negative mode. Samples were dissolved in an acetoni-
trile/water mixture.

Thermogravimetric analysis. Thermogravimetric analysis (TGA) measurements were per-
formed on a STA 409 CD machine (Netzsch Co., Germany). Intermediates 1, and 1" were filled
into Al,Os crucibles. The experiments were conducted from 40 — 450 °C with a heating rate of 5
°C/min under a protective Ar flow.

In situ X-ray powder diffraction. All 2D XRPD patterns were collected at the P02.1 Powder
Diffraction and Total Scattering beamline at the Deutsches Elektronen-Synchrotron (DESY) in
Hamburg, Germany. The beamline is equipped with a modified MM400 Retsch shaker mill? and
a PerkinElmer 2D area detector. The wavelength was determined with the NIST NSR 660a (LaBe)
standard, using two different detector positions to be 0.20736 A (59.78 keV) and 0.20747 A (59.78
keV). All 2D XRPD patterns were integrated using either Fit2D or Dioptas.®4 A custom made
Matlab script was used to subtract background and plot the time-resolved XRPD patterns in a 2D
plot. Background subtraction was only performed for visual presentation.

In situ Raman spectroscopy. All Raman spectra were collected on RamanRxn1™ analyzer
equipped with a 785 nm laser by Kaiser Optical Systems Inc. Real-time Raman monitoring was
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conducted in an approximately 8 mL sapphire milling jar with spectra acquired at 10 second in-
tervals as a sum of 7 spectra with 10 ms acquisition time. A Retsch MM400 mill was operated at
30 Hz and a single 7 mm stainless steel ball. The Holograms® software package Spectra was
used to dark and intensity correct the data. Subsequent baseline correction was performed using
the Sonneveld and Visser algorithm® and vector normalization (L2 Norm).

Density Function Theory calculation. Density function theory (DFT) calculations with periodic
boundary conditions were performed for intermediate 1 and 2 using the plane wave DFT code
CASTEP 19.11.1 Both crystal structures of 1 and 2 were geometry-optimized and 1 subsequently
used for ssSNMR calculations.

The CASTEP input file was prepared from the corresponding crystallographic information file
(CIF) using the program cif2cell.[”? Geometry optimization was performed using the PBE®! func-
tional combined with the Grimme-D2 dispersion correction.®! The plane wave basis set was trun-
cated at 700 eV cutoff and norm-conserving pseudopotentials were used to describe the core
regions of electron density. The electronic Brillouin zone was sampled with a 0.07 A-* Monkhorst-
Pack k-point grid. Geometry optimization involved full relaxation of atom coordinates and unit cell
parameters, subject to symmetry constraints of the corresponding space groups. Calculation were
deemed finished after the following convergence criteria had been satisfied: AE/atom <2-10° eV,
maximum atom displacement < 0.001 A, maximum force on atom < 0.05 eV A and maximum
residual stress < 0.1 GPa.

The optimized crystal structure of 1 was used for NMR calculations with Gauge Including Projector
Augmented Waves (GIPAW) method.*% Calculations were performed with a PBE functional, the
plane-wave cutoff was increased to 900 eV, and on-the-fly generated ultrasoft pseudopotentials
were used for modelling the core part of the Coulomb potential. The NMR calculation provided
isotropic chemical shieldings (0iso) for °N nuclei, which were converted to isotropic chemical shifts
(&is0) Using the equation:

8iso = —0iso — 6ref

where & value was fitted as a single to find the best match between calculated and experimental
spectra. Calculated ssNMR spectrum was plotted using MagresView 1.6.2.14
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9.3.2. Experimental Section

In situ syntheses

COF LzU-1. 1,3,5-Triformylbenzene (Tb, 100 mg, 0.598 mmol) and p-phenylenediamine (pPDA,
100 mg, 0.897 mmol) were placed into a 5 mL PMMA reaction jar and a 7 mm steel ball (1.38 g
weight) was added. Either 1,4-dioxane (40 pL), mesitylene (40 yL) and 6 M acetic acid (40 pL,
n = 0.60 pL/mg) or 1,4-dioxane (80 pL), mesitylene (20 pL) with Sc(OTf)3 (17.7 mg, 0.036 mmol,
n = 0.50 uL/mg) were added, respectively. The mixture was milled at 30 Hz until no further change
in the in situ XPRD data was visible. The resulting solid was washed with acetone, DMF, dichloro-
methane, methanol, and a 12 h Soxhlet extraction with MeOH. The wet sample was then acti-
vated by supercritical CO- drying and further drying under high vacuum for 24 h. Yield: 150.7 mg
(93%) for AcOH as catalyst and 151.1 mg (93%) for Sc(OTf); as catalyst. Elemental Analysis,
calc.: C, 79.98; H, 4.47; N, 15.55; found for AcOH: C, 76.92; H, 4.97; N, 14.46; found for Sc(OTf)s:
C, 75.84; H, 4.97; N, 13.69.

TbBd-COF. 1,3,5-Triformylbenzene (Tb, 76.2 mg, 0.47 mmol) and benzidine (Bd, 130 mg, 0.706
mmol) were placed into a 5 mL PMMA reaction jar and a 7 mm steel ball (1.38 g weight) was
added. 1,4-Dioxane (62.5 pL), mesitylene (62.5 uL) and as catalyst 6 M acetic acid (25 pL,
n =0.73 uL/mg) or Sc(OTf)s (13.9 mg, 0.028 mmol, n = 0.61 uL/mg) were added, respectively.
The mixture was milled at 30 Hz until no further change in the in situ XRPD data was visible. The
resulting solid was washed with acetone, DMF, dichloromethane, methanol, and a 12 h Soxhlet
extraction with MeOH. The wet sample was then activated by supercritical CO- drying and further
drying under high vacuum for 24 h. Yield: 156 mg (86%) for AcOH as catalyst and 161 mg (89%)
for Sc(OTf)s as catalyst. Elemental Analysis, calc.: C, 84.35; H, 4.72; N, 10.93; found for AcOH:
C, 81.46; H, 4.98; N, 10.35; found for Sc(OTf)s: C, 81.64; H, 5.01; N, 10.16.

IISERP-COF4. 2,4,6-Tris(4-aminophenyl)-1,3,5-triazine (TAT, 126 mg, 0.356 mmol) and tereph-
thalaldehyde (BDA, 73.1 mg, 0.534 mmol) were placed into a 5 mL PMMA reaction jar and a
7 mm steel ball (1.38 g weight) was added. 1,4-Dioxane (75 pL), mesitylene (75 pL) and as cata-
lyst 6 M acetic acid (37.5 pL, n = 0.94 pL/mg) or Sc(OTf)3 (10.5 mg, 0.021 mmol, n = 0.75 pL/mg)
were added, respectively. The mixture was milled at 30 Hz until no further change in the in situ
XRPD data was visible. The resulting solid was washed with acetone, DMF, dichloromethane,
methanol, and a 12 h Soxhlet extraction with MeOH. The wet sample was then activated by su-
percritical CO» drying and further drying under high vacuum for 24 h. Yield: 149.2 mg (84%) for
AcOH as catalyst and 153.0 mg (86%) for Sc(OTf); as catalyst. Elemental Analysis, calc.: C,
79.02; H, 4.22; N, 16.76; found for AcOH: C, 76.95; H, 4.44; N, 15.87; found for Sc(OTf)s: C,
77.42; H, 4.45; N, 15.80.

N-COF. 1,3,5-Triformylbenzene (Th, 60 mg, 0.37 mmol) and 2,4,6-tris(4-aminophenyl)-1,3,5-tria-
zine (TAT, 131 mg, 0.37 mmol) were placed into a 5 mL PMMA reaction jar and a 7 mm steel ball
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(1.38 g weight) was added. 1,4-Dioxane (50 pL), mesitylene (50 pL) and as catalyst 6 M acetic
acid (40 uL, n=0.73 pL/mg) or Sc(OTf)s (10.9 mg, 0.022 mmol, n =0.52 yL/mg) were added,
respectively. The mixture was milled at 30 Hz until no further change in the in situ XRPD data was
visible. The resulting solid was washed with acetone, DMF, dichloromethane, methanol, and a
12 h Soxhlet extraction with MeOH. The wet sample was then activated by supercritical CO- dry-
ing and further drying under high vacuum for 24 h. Yield: 152.0 mg (89%) for AcOH as catalyst
and 159.4 mg (93%) for Sc(OTf); as catalyst. Elemental Analysis, calc.: C, 77.91; H, 3.92; N,
18.17; found for AcOH: C, 74.83; H, 4.28; N, 16.84; found for Sc(OTf)s: C, 74.54; H, 4.30; N,
16.82.

In situ Raman spectroscopy synthesis

Tb (100 mg, 0.598 mmol) were milled with pPDA (100 mg, 0.897 mmol), along with 62 pL of
1,4-dioxane, 62 L mesitylene, and 25 yL of 6 M AcOH (n = 0.745 uL/mg) in a ca. 8 mL sapphire
milling jar using a single 7 mm stainless steel ball (1.38 g weight) at a milling frequency of 30 Hz.
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Ex situ Syntheses
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Scheme S9.3.1. Reaction scheme for the synthesis of the solvated intermediate 1 trimer and its non-solvated form 1°.

4,4'4"-((1E,1'E,1"E)-benzene-1,3,5-triyltris(methaneylylidene))tris(azaneyl-ylidene))triani-
line«0.5 1,4-dioxane (1). 1,3,5-Triformylbenzene (Th, 50 mg, 0.299 mmol) and p-phenylenedia-
mine (pPDA, 100 mg, 0.897 mmol) were placed into a 5 mL PMMA reaction jar and a 7 mm steel
ball was added. 1,4-Dioxane (31.5 uL), mesitylene (31.5 yL) and as catalyst 6 M acetic acid (12.5
pL, n = 0.50 pL/mg) was added. The mixture was milled at 30 Hz for 30 min. The resulting solid
was dried under high vacuum for 24 h to remove remaining solvents and analyzed without further
purification. IR vmax/cm™ 3455, 3434, 3407, 3352, 3326, 3219, 3032, 2908, 2882, 2853, 1628,
1602, 1584, 1507, 1284, 1255, 1171, 1141, 1117, 1082, 964, 872, 830, 682, 562, 522, 494, 470,
418; *H NMR (400 MHz, DMSO-ds) 5 8.76 (s, 3H), 8.40 (s, 3H), 7.22 (d, J = 7.4 Hz, 6H), 6.63 (d,
J = 7.4 Hz, 6H), 5.30 (s, 6H), 3.57 (s, 4H); 3C NMR (101 MHz, DMSO-d¢) & 153.27, 148.33,
139.08, 137.80, 128.60, 122.75, 114.09, 66.34; HRMS (ESI) exact mass calculated for [M+H]+
(C27H26N6) requires m/z 433.21352, found m/z 433.21385.

4,4'4"-((1E,1'E,1"E)-benzene-1,3,5-triyltris(methaneylylidene))tris(azaneyl-ylidene))triani-
line (1). 1,3,5-Triformylbenzene (TB, 50 mg, 0.299 mmol) and p-phenylenediamine (pPDA,
100 mg, 0.897 mmol) were placed into a 5 mL PMMA reaction jar and a 7 mm steel ball was
added (n = 0 pL/mg). The mixture was milled at 30 Hz for 30min. The resulting solid was dried
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under high vacuum for 24 h to remove remaining solvents and analyzed without further purifica-
tion. IR vimax/cm™ 3435, 3337, 3208, 3032, 3002, 2882, 2856, 1622, 1599, 1578, 1505, 1282, 1167,
1137, 1083, 970, 873, 828, 681, 643, 583, 523, 493, 474, 410; *H NMR (400 MHz, DMSO-ds) &
8.76 (s, 3H), 8.40 (s, 3H), 7.22 (d, J = 7.4 Hz, 6H), 6.63 (d, J = 7.4 Hz, 6H), 5.30 (s, 6H), 3.57 (s,
4H); 13C NMR (101 MHz, DMSO- ds) d 153.27, 148.33, 139.08, 137.80, 128.60, 122.75, 114.009,
66.34; HRMS (ESI) exact mass calculated for [M+H]* (C27H26Ns) requires m/z 433.21352, found
m/z 433.21385.

Benzidine+1,4-dioxane (2). Benzidine (Bd, 100 mg, 0.543 mmol) and 1,4-dioxane (46.5 pL) were
placed into a 5 mL PMMA reaction jar and a 7 mm steel ball was added (n = 0.47 uL/mg). The
mixture was milled at 30 Hz for 10 min. The resulting solid was immediately analyzed without
further purification. IR vma/cm™ 3450, 3403, 3356, 3328, 3207, 3025, 2953, 2859, 1632, 1607,
1498, 1289, 1264, 1175, 1112, 1079, 868, 817, 748, 702, 615, 526, 506; 'H NMR (400 MHz,
Chloroform-d) & 7.34 (d, J = 7.9 Hz, 4H), 6.72 (d, J = 7.9 Hz, 4H), 3.70 (s, 8H), 3.65 (s, 4H); 13C
NMR (101 MHz, Chloroform-d) & 145.07, 131.92, 127.39, 115.54, 67.19; HRMS (ESI) exact mass
calculated for [M+H]* (C27H26Ns) requires m/z 184.10005, found m/z.

Solvent study

Mechanosynthesis of COF LZU-1 using pure mesitylene as a liquid additive. 1,3,5-Tri-
formylbenzene (TB, 100 mg, 0.598 mmol) and p-phenylenediamine (pPDA, 100 mg, 0.897 mmol)
were placed into a 10 mL steel reaction jar with the addition of 80 uL of mesitylene and 6 M acetic
acid (40 uL, n = 0.60 pL/mg) as catalyst, and a 7 mm steel ball was added. The mixture was milled
at 30 Hz for 1 h. The resulting solid was washed with acetone, DMF, dichloromethane, methanol,
and a 12 h Soxhlet extraction with MeOH. The wet sample was activated by supercritical CO
drying and further drying under high vacuum for 24 h. Yield: 146.6 mg (91%). Elemental Analysis,
calc.: C, 79.98; H, 4.47; N, 15.55; found C, 76.36; H, 4.91; N, 14.76.

Mechanosynthesis of COF LZU-1 using pure 1,4-dioxane as a liquid additive. 1,3,5-Tri-
formylbenzene (TB, 100 mg, 0.598 mmol) and p-phenylenediamine (pPDA, 100 mg, 0.897 mmol)
were placed into a 10 mL steel reaction jar with 80 pL 1,4-dioxane, 6 M acetic acid (40 pL,
n = 0.60 pL/mg) as catalyst, and a 7 mm steel ball was added. The mixture was milled at 30 Hz
for 1 h. The resulting solid was washed with acetone, DMF, dichloromethane, methanol, and a
12 h Soxhlet extraction with MeOH. The wet sample was then activated by supercritical CO; dry-
ing and further drying under high vacuum for 24 h. Yield: 151.0 mg (93%). Elemental Analysis,
calc.: C, 79.98; H, 4.47; N, 15.55; C, 77.56; H, 4.76; N, 14.92.
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9.3.3. XRPD measurements and refinements

Crystal structure determination of intermediate 1

Indexing of the intermediate (1) was carried out by an iterative use of singular value decomposi-
tion leading to a triclinic space group (P1) with the lattice parameters listed in Table S1. The peak
profile was determined by a Pawley refinement using the fundamental parameter approach (FPA)
as implemented in TOPAS. The background was modeled by a Chebychev polynomial of 13%"
order. The crystal structure of the intermediate was determined using the global optimization
method of simulated annealing (SA). The intermediate was decomposed into four different rigid
bodies during the ab initio structure solution process and for the consequent Rietveld refinement.
The central part of the molecule (1,3,5-trimethylbenzene) and three 1,4-diamine molecules were
described using rigid bodies in z-matrix notation with idealized bond lengths and bond angles,
taken from related COF structures. The three imine bond distances (N11 — C11, N21 — C21, N31
— C31) were restraint to be 1.28 A. 1,4-Dioxane was described by a rigid body in z-matrix notation
including a dummy atom in the center of the ring, which was placed on a center of inversion (0,
0, 0). For the final Rietveld refinement, the background, lattice parameters, microstructure in form
of microstrain (Gaussian and Lorentzian component), most translations and rotations of the rigid
bodies were refined without any constraint for the final refinement. Only the translational compo-
nents of 1,4-dioxane were constraint, so that a center of inversion is in the center of the molecule.

Crystal structure determination of benzidine solvate intermediate (2)

Indexing of the benzidine dioxane solvate intermediate (2) was performed by an iterative use of
singular value decomposition using a XRPD pattern collected with Co-radiation. Indexing lead to
a monoclinic space group (P2:/c) with the lattice parameters listed in Table S1. The peak profile
was determined by a Pawley refinement using FPA in TOPAS V6. The background was modeled
by a Chebychev polynomial of 13" order. The crystal structure of 2 was determined using the
global optimization method of SA. 1,4-Dioxane and benzidine were described using rigid bodies
in z-matrix notation, with only half of each molecule in the rigid bodies, as they are both doubled
by a center of inversion. A dummy atom was used to place both rigid bodies on the center of
inversion, Wyckoff site 2a (0, 0, 0) for benzidine and 2d (0.5, 0, 0.5) for 1,4-dioxane. Initial bond
lengths and angles were taken from related crystal structures found in the Cambridge Structural
Database (CSD) and subsequently modified according to the bond lengths and angles obtained
after DFT structure optimization. An overall isotropic thermal displacement parameter for each
molecular moiety was refined using an Ui, = 1.2 with respect to parent atoms for all hydrogen
atoms. For the final Rietveld refinement background, lattice parameters, microstructure in the
form of microstrain and crystallite size (Gaussian and Lorentzian component), and rotations of
both rigid bodies were freely refined.
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Table S9.3.1. Crystallographic information of the Rietveld refinements of the intermediate solvate (1) and benzidine
dioxane solvate (2) with selected refinement information.

Name 1 Benzidine dioxane solvate (2)
CCDC Number 2033639 2033638
Formula C29H28N6O1 C16H20N202
MW / g mol-1 476.57 272.34
Crystal system Triclinic Monaclinic
Space group P1 P2, /c
alA 8.6884(3) 5.94994(13)
b/A 10.4970(4) 8.61502(17)
c/A 14.2634(6) 14.1939(4)
al® 93.855(3) 90

B/° 101.0341(19) 92.0849(14)
/e 96.487(3) 90

V /A3 1263.36(9) 727.08(3)
T/K 295 295

AN A 1.540596 1.540596
Z 2 2

Deaic / mg cm™ 1.253 1.244
g/ mmt 0.6271 0.6612
Rup /%@ 5.23 4.50
Rp/% 4.07 3.35
Rexp/%0 1.81 0.83
Reragg™ 1.91 3.50
Starting angle / ° 26 5 7.6
Final angle / ° 26 85 89.9
Step width / ° 26 0.0075 0.0075
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Figure S9.1. Rietveld refinement plot of 1 (A = Cu Kai) with the observed pattern (blue diamonds), calculated pattern
(red line), calculated peak positions (dashes), and the difference curve (black line). The higher scattering region (26 >
30.5 °) was enlarged by a factor of 3 for better visualization.
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Figure S9.2. Rietveld refinement plot of 2 (A = Cu Kaz1) with the observed pattern (blue diamonds), calculated pattern
(red line), calculated peak positions (dashes), and the difference curve (black line). The higher scattering region (26 >
33 °) was enlarged by a factor of 3 for better visualization. The sample contains a benzidine polymorph as minor side
phase (CSD refcode BENZIEO4), relevant weak diffraction peaks are marked with green arrows at 9.8, 16.5, and 20.3
°26.

Figure S9.3. Crystal structure of intermediate 1.
(a) Excerpt of the crystal structure of intermediate 1 with view on top of the layer.
(b) Schematic representation of trimer and 1,4-dioxane orientation, used for Figure 3 in the main text.
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Figure S9.4. Comparison of measured ex situ XRPD patterns (A = 1.54056 A) of intermediate solvate 1 and 1",

—— 360 min
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Figure S9.5. XRPD patterns of the reaction mixture during synthesis of COF-LZU1, stopped after 3 min of milling, with
the attempt to capture the intermediate 1, showing the continuation of the polymerization and self-assembly of COF-
LZU1 over time.
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In situ XRPD measurements and sequential refinement

Sequential Rietveld refinements were performed using TOPAS V5. A LaBs standard measure-
ment was used to describe the instrumental profile function (IPF) by applying equivalent condi-
tions (same milling frequency and exposure time). The IPF was described using a modified
Thompson-Cox-Hasting pseudo-Voight function as implemented in TOPAS. The diffraction sig-
nals of the COFs and the reaction intermediate (1) were modelled by single peak phases with
fixed peak positions and peak widths. Reactants were modelled as single peaks except for those
whose crystal structures were known from the CSD database, which were modelled by sequential
Rietveld refinements
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Figure S9.6. Comparison of measured in situ XRPD patterns of different material classes in PMMA jars during their
mechanochemical synthesis at P02.1 Powder Diffraction and Total Scattering beamline with (a) a silicon standard (15
mL PMMA jar), (b) mechanosynthesis of UiO-66 (15 mL PMMA jars),[*? (c) (nic)-(adi) cocrystals (15 mL PMMA jars),[3
and (d) COF-LZU1 system in 5 mL PMMA jars from this study. Diffraction signal of the most intense (100) COF
reflection is visible at 0.64 °26. Wavelength in all cases approx. 0.207 A (X-ray energy of 60 keV).

Differences between observed and calculated peak position in Figures S7-S10 are due to thermal
effects (difference between sample temperature in milling jar during grinding and temperature at
which the crystal structures were collected), instrumental aberrations (zero error), and potential
microstructural effects (mechanically induced defects). While the intensity of calculated diffraction
patterns is plotted on a linear scale, the intensities of measured XRPD patterns are plotted on a
natural logarithmic scale for better visuality in Figure S7-S10. Selected peak positions are marked

with dashed lines for better visualization.
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Figure S9.7. Comparison of measured XRPD patterns at different stages of the reaction during mechanosynthesis of
COF-LZU1 using (a) AcOH and (b) Sc(OTf)z as catalyst with calculated XRPD patterns of reactants, intermediate 1 as
well as the final COF-LZU1, A = 0.20736 A.
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Figure S9.8. Comparison of measured XRPD patterns at different stages of the reaction during mechanosynthesis of
TbBd-COF using (a) AcOH and (b) Sc(OTf)s as catalyst with calculated XRPD patterns of reactants, intermediate 2 as
well as the final ToBd-COF, A = 0.20747 A
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Figure S9.9. Comparison of measured XRPD patterns at different stages of the reaction during mechanosynthesis of
IISERP-COF4 using (a) AcOH and (b) Sc(OTf)s as catalyst with calculated XRPD patterns of reactants and the final

[ISERP-COF4, A = 0.20747 A.
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Figure S9.10. Comparison of measured XRPD patterns at different stages of the reaction during mechanosynthesis of
N-COF using (a) AcOH and (b) Sc(OTf)s as catalyst with calculated XRPD patterns of reactants and the final N-COF,

A=0.20747 A.
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Figure S9.11. Comparison of measured, background subtracted in situ XRPD patterns during the mechanochemical
synthesis of COF-LZU1 using either (a, b) AcOH after (a) 3.3 min and (b) ca. 50 min of milling, and (c,d) Sc(OTf)z as
catalyst, after (c) 3.3 min and (d) ca. 45 min of milling.
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Figure S9.12. Background subtracted 2D XRPD plots of the mechanochemical synthesis of ISERP-COF (left) and N-
COF (right) using Sc(OTf)s as catalyst. Calculated XRPD patterns of reactants and COFs are shown below and above

the 2D plot, respectively, A = 0.207 A.
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Figure S9.13. Comparison of the 100 and 110 reflection formation kinetics of IISERP-COF4 using AcOH (a) and
Sc(OTf)s (b) as catalyst.
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Figure S9.14. Comparison of the formation kinetics of ISERP-COF4 (a) and N-COF (b) using AcOH or Sc(OTf)s as
catalyst. Data collection of N-COF (Sc(OTf)s) ends after 20 min due to beam dump.

233



Appendix

——— COF-LZU1 (AcOH)
M — COF-L2U1 (Sc(OTf),)
M = COF-LZU1 calc.

——— ThBd-COF (AcOH)
L.//\\ —— TbBd-COF (5c(0TH),)

= ThBd-COF calc.

= |ISERP-COF4 (AcOH)
M-«-—-“"""“\ = IISERP-COF4 (Sc(OTf).)

—— |ISERP-COF4 calc.

Rel. norm. intensity

N-COF (AcOH)

M —— N-COF (5¢(OTf),)

5 10 15 20 25 30
20/°

Figure S9.15. Ex situ XRPD patterns (A = 1.54 A) of as-synthesized COF samples obtained during in situ monitoring.
From top to bottom: COF-LZU1, TbBD-COF, IISERP-COF4, and N-COF with AcOH and Sc(OTf)s as catalysts, as well
as calculated XRPD patterns of the respective COF system.
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Ex situ X-ray powder diffraction
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Figure $9.16. Comparison of measured ex situ XRPD patterns (A = 1.54 A): COF-LZU1 (AcOH), COF-LZU1 (Sc(OTf)3)
and the calculated pattern of COF-LZU1.
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Figure S9.17. Comparison of measured ex situ XRPD patterns (A = 1.54 A): TbBd-COF (AcOH), TbBd-COF (Sc(OTf)s)
and the calculated pattern of TbBd-COF.
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Figure S9.18. Comparison of measured ex situ XRPD patterns (A = 1.54 A) of washed and ssCO; activated [ISERP-
COF4 (AcOH), IISERP-COF4 (Sc(OTf)s) and the calculated pattern of ISERP-COF4.
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Figure S9.19. Comparison of measured ex situ XRPD patterns (A = 1.54 A) of washed and ssCO: activated N-COF
(AcOH), N-COF (Sc(0Tf)3) and the calculated pattern of N-COF.
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Figure $9.20. Comparison of ex situ XRPD patterns (A = 1.54 &) of washed and ssCO; activated COF-LZU1 (AcOH,
mesitylene), COF-LZU1 (AcOH, 1,4 dioxane) and the calculated pattern of COF-LZUL1.
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Figure S9.21. Direct comparison of ex situ XRPD patterns (A = 1.54 A) of washed and ssCO; activated COF-LZU1 (red:
AcOH, mesitylene), COF-LZU1 (black: AcOH, mesitylene:1,4-dioxane) and COF-LZU1 (blue: AcOH, 1,4-dioxane).
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Figure S9.22. Comparison of XRPD-patterns for milling benzidine with different grinding additives. From top to bottom:
pristine benzidine, neat grinding of benzidine, grinding benzidine in presence of AcOH, AcOH/mes/diox, mes/diox, and
diox as liquid additives, calculated XRPD patterns of intermediate 2, and different benzidine polymorphs with CCDC
refcodes BENZIEOQ1, BENZIEO3, and BENZIEOA4.
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9.3.4. In Situ Raman Spectroscopy

Real-time Raman monitoring of the reaction between 1,3,5-triformylbenzene and p-phenylenedi-
amine revealed fluorescence along with a strong Raman signal of the condensation product under
excitation of the 785 nm laser (Figure S23).
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Figure S9.23. Raw signal of COF-LZU1 formation, monitored in situ by real-time Raman spectroscopy. The appearance
of the fluorescence caused by the assembly of COF-LZU1 and consequently the formation of the conjugated m-system
is visible after approx. 5 minutes.

Removal of the fluorescence signal via baseline subtraction and vector normalization reveals only
a single set of Raman peaks with a minor component of the Raman signal from the sapphire
milling jar (Figures S24 and S25). The Raman spectra of the trialdehyde and diamine starting
materials were not observed in the reaction (Figure S9.25) and the characteristic peaks observed
at 1574 cm™® and 1625 cm correspond well with ve_y and vq_y stretching bands of imines sug-
gesting that imine formation is extremely rapid.*4
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Figure S9.24. Real-time Raman monitoring of the COF-LZU1 formation with the vector normalized, background
subtracted Raman signal over time with the signal of the product mixture shown above the 2D plot.
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Figure S9.25. Baseline subtracted Raman spectra of the sapphire jar (blue), the reaction product mixture (red), pure p-
phenylenediamine (purple), and 1,3,5-triformylbenzene (black).

The product of the reaction after in situ Raman monitoring was characterized using XRPD reveal-
ing a mixture of intermediate 1 and COF-LZU1 (Figure S26). This is most likely due to the lower
catalyst loading (25 pL vs. 40 puL AcOH), and increased n value, which were selected trying to
slow the reaction in order to better observe the fast imine formation, although differences in jar
geometry (i. e. PMMA vs sapphire jars) affecting both, mixing and impact may also play a role.
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Diffraction of powder obtained after in situ Raman
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Figure $9.26. XRPD patterns (A = 1.54 A) of product after real time Raman monitoring (blue) was processed for visual
clarity using baseline subtraction and cubic polynomial smoothing with a convolution range of 9 data points (red). The
diffraction of the product is consistent with a mixture of intermediate 1 and COF-LZU1 as evidenced by the powder
diffraction patterns of these phases as simulated from their respective crystal structures.

Neither starting materials were observed in Raman monitoring, and no distinct Raman peaks dif-
ferentiate intermediate 1 from COF-LZU1, however a notable increase in baseline was observed
between samples containing only COF-LZU1 and a mixture of COF-LZU1 and intermediate 1 as

determined by XRPD (Figure S26).
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Figure S9.27. Comparisons of (a) Raman spectra and (b) X-ray powder diffraction patterns (A = 1.54 A) of reaction
product mixtures containing either only COF-LZU1 after milling or a mixture of COF-LZU1 and intermediate 1 as
identified by XRPD. The Raman spectra of both samples contain the same Raman peaks, however the presence of
COF-LZU1 appears to increase the fluorescence baseline.
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9.3.5. FT-IR Spectroscopy
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Figure S9.28. FT-IR comparison of COF-LZU1 (AcOH), COF-LZU1l (Sc(OTf)s), Intermediate 1 and the starting

materials Tb and pPDA.
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Figure S9.29. FT-IR comparison of TbBd-COF (AcOH), TbBd-COF (Sc(OTf)s3), Intermediate 2 and the starting
materials TB and Bd.
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Figure S9.30. FT-IR comparison of ISERP-COF4 (AcOH), IISERP-COF4 (Sc(OTf)3) and the starting materials BDA
and TAT.
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Figure S9.31. FT-IR comparison of N-COF (AcOH), N-COF (Sc(OTf)s) and the starting materials Tb and TAT.
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Figure S9.32. FT-IR comparison of COF-LZU1 (mesitylene), COF-LZU1 (mesitylene/1,4-dioxane) and COF-LZU1 (1,4-
dioxane).
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9.3.6. Liquid State NMR
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Figure S9.33. Measured liquid *H NMR spectrum of 1.
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Figure S9.34. Measured liquid *3C NMR spectrum of 1.
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Figure S9.35. Measured liquid *H NMR spectrum of 1°.
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Figure S9.36. Measured liquid *3C NMR spectrum of 1°.
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9.3.7. Solid State NMR
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Figure S9.37. Measured '3C ssNMR spectrum of 1.
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Figure S9.38. Measured '°N ssNMR spectrum of 1.
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Figure S9.39. Calculated >N ssNMR spectrum of 1.
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Figure $9.40. Measured *3C ssNMR of the non-solvated 1°.
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Figure S9.41. Measured **N ssNMR spectrum of the non-solvated 1°.
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Figure S9.43. Measured >N ssNMR of intermediate 2.
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9.3.8. Gas Sorption Experiments
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Figure S9.44. Nz-isotherms of COF-LZU1 (AcOH, red curve), COF-LZU1 (Sc(OTf)s, blue curve), measured at 77 K.
Darker colors represent adsorption, while lighter colors represent desorption.
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Figure S9.45. Pore size distributions of COF-LZU1 (AcOH), COF-LZU1 (Sc(OTf)s) derived from N2 sorption isotherms.
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Figure S9.46. Multi-point Sger surface area fit of COF-LZU1 (AcOH) derived from N2 sorption isotherm.

0.25 -+

©.~0.20 -

/P)-1)/ g

1/IW((P,

o
[T

o
1

BET Surface Area = 1097 m?/g
R%?=0.99974

0.05

I I ' I '
0.02 0.04 0.06 0.08
Relative Pressure / P P,

Figure S9.47. Multi-point Sger surface area fit of COF-LZU1 (Sc(OTf)s) derived from N2 sorption isotherm.
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Figure S9.48. N2-Isotherms of TbBd-COF (AcOH), TbBd-COF (Sc(OTf)s), measured at 77 K. Darker colors represent
adsorption, while lighter colors represent desorption.
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Figure S9.49. Pore size distributions of TbBd-COF (AcOH), TbBd-COF (Sc(OTf)s) derived from N2 sorption isotherms.
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Figure S9.50. Multi-point Sger surface area fit of TboBd-COF (AcOH) derived from N2 sorption isotherm.
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Figure S9.51. Multi-point Sger surface area fit of TbBd-COF (Sc(OTf)3) derived from N2 sorption isotherm.
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Figure S9.52. N2-Isotherms of ISERP-COF4 (red: AcOH), IISERP-COF4 (blue: Sc(OTf)s), measured at 77 K. Darker
colors represent adsorption, while lighter colors represent desorption.

L0 —— IISERO-COF4 (AcOH)
0 A —— lISERO-COF4 (Sc(OTf),)

08 3.2nm

_1g

cm?

~0.4 4

dv/(d)

ol ) bt

2 4 6 8 10 12 14
Pore width / nm

Figure S9.53. Pore size distributions of IISERP-COF4 (AcOH), IISERP-COF4 (Sc(OTf)s) derived from N2 sorption
isotherms.
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Figure S9.54. Multi-point Sger surface area fit of ISERP-COF4 (AcOH) derived from N2 sorption isotherm.
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Figure S9.55. Multi-point Sget surface area fit of ISERP-COF4 (Sc(OTf)s) derived from N2 sorption isotherm.
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Figure S9.56. Nz-Isotherms of N-COF (AcOH), N-COF (Sc(OTf)s), measured at 77 K. Darker colors represent
adsorption, while lighter colors represent desorption.
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Figure S9.57. Pore size distributions of N-COF (AcOH), N-COF (Sc(OTf)s) derived from N2 sorption isotherms.
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Figure S9.58. Multi-point Sger surface area fit of N-COF (AcOH) derived from N2 sorption isotherm.
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Figure S9.59. Multi-point Sger surface area fit of N-COF (Sc(OTf)s) derived from N2 sorption isotherm.
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Figure S9.60. N2-Isotherms of COF-LZU1 with (A) mesitylene and (B) 1,4-dioxane as a liquid additive, measured at 77
K. Darker colors represent adsorption, while lighter colors represent desorption.
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Figure S9.61. Pore size distribution of COF-LZU1 with mesitylene (red) and 1,4-dioxane (blue) derived from N2 sorption
isotherms.
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Figure S9.62. Multi-point Sger surface area fit of COF-LZU1 (mesitylene) derived from N2 sorption isotherm.
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Figure S9.63. Multi-point Sget surface area fit of COF-LZUL1 (1,4-dioxane) derived from N2 sorption isotherm.
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9.3.9. TGA Analysis
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Figure S9.64. TGA curves for intermediate 1 and its non-solvated form 1". Measured mass loss of 11.9 % starting at
ca. 150 °C corresponds to desolvation process and release of 1,4-dioxane (Amcac = 17 %).

261



Appendix

9.3.10 Bibliography

[1]
2]

V. S. Vyas, F. Haase, L. Stegbauer, G. Savasci, F. Podjaski, C. Ochsenfeld, B. V. Lotsch, Nat.
Commun. 2015, 6, 8508.

I. Halasz, S. A. J. Kimber, P. J. Beldon, A. M. Belenguer, F. Adams, V. Honkimaki, R. C. Nightingale,
R. E. Dinnebier, T. Fris¢i¢, Nat. Protoc. 2013, 8, 1718-1729.

C. Prescher, V. B. Prakapenka, High Press. Res. 2015, 35, 223-230.

A. P. Hammersley, ESRF Intern. Rep. 1998, ESRF98HAO1, FIT2D V9.129 Reference Manual V3.1
(1998).

E. J. Sonneveld, J. W. Visser, J. Appl. Crystallogr. 1975, 8, 1-7.

S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. I. J. Probert, K. Refson, M. C. Payne,
Zeitschrift fur Krist. 2005, 220, 567-570.

T. Bjérkman, Comput. Phys. Commun. 2011, 182, 1183-1186.

J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 13865-3868.

S. Grimme, J. Comput. Chem. 2006, 27, 1787-1799.

C. J. Pickard, F. Mauri, Phys. Rev. B - Condens. Matter Mater. Phys. 2001, 63, 2451011-2451013.
S. Sturniolo, T. F. G. Green, R. M. Hanson, M. Zilka, K. Refson, P. Hodgkinson, S. P. Brown, J. R.
Yates, Solid State Nucl. Magn. Reson. 2016, 78, 64—70.

L. S. Germann, A. D. Katsenis, I. Huski¢, P. A. Julien, K. Uzarevi¢, M. Etter, O. K. Farha, T. FriSci¢,
R. E. Dinnebier, Cryst. Growth Des. 2020, 20, 49-54.

L. S. Germann, M. Arhangelskis, M. Etter, R. E. Dinnebier, T. Fri§¢i¢, Chem. Sci. 2020, DOI
10.1039/D0SC03629C.

M. Lee, H. Kim, H. Rhee, J. Choo, Bull. Korean Chem. Soc. 2003, 24, 205-208.

262



Appendix

9.4. Supporting Information of Chapter 7 - “NO as a Reagent for Topochemical
Framework Transformation and Controlled Nitric Oxide Release in Covalent
Organic Frameworks”

9.4.1. Experimental Procedures

Chemicals. All starting materials, unless otherwise specified, were obtained from Sigma-Aldrich
Chemicals, and used without further purification. All solvents, unless otherwise specified, were
obtained from Acros Organics, and used without further purification. **N-Ammonium Chloride was
purchased from Sigma Aldrich. 2,4,6-Tris(4-aminophenyl)-1,3,5-triazine and 4,4',4"-(1,3,5-tria-
zine-2,4,6-triyl)tribenzaldehyde were prepared according to a literature procedure.?

Fourier-Transform Infrared Spectroscopy. Fourier-transform infrared (FT-IR) spectra were rec-
orded on a PerkinElmer UATR Two in attenuated total reflection (ATR) geometry equipped with
a diamond crystal.

Transmission Electron Microscopy. Transmission electron microscopy (TEM) was performed
with a Philips CM30 ST (300kV, LaBe cathode). The samples were prepared dry onto a copper
lacey carbon grid (Plano). Images were recorded with a TVIPS TemCam-F216 CMOS camera.
The program EM-Menu 4.0 Extended was used for analysis.

X-ray Powder Diffraction. X-ray powder diffraction (PXRD) measurements were performed on
a Stoe Stadi-P diffractometer in Debye-Scherrer geometry with Cu-Kq+ radiation equipped with a
Ge(111) primary monochromator. The glass capillaries (1 mm in diameter) were spun during data
collection for an improved patrticle statistics. Pawley refinements of the different COF structures
were performed using TOPAS V6. Model structures created by Material Studio were used for the
Pawley refinements with fixed atomic coordinates. The peak profile of the XRPD patterns was
described by applying the fundamental parameter approach as implemented in TOPAS. The
background was modeled by Chebychev polynomials. The microstructure of the different COFs
was modeled using microstrain (Lorentzian and Gaussian components).

Nuclear Magnetic Resonance Spectroscopy. Solid state nuclear magnetic resonance spectra
(ssNMR) were recorded on a Bruker Avance 11l 400 MHz spectrometer (magnetic field 9.4 T). For
ssNMR spectroscopy, the samples were packed in ZrO; rotors, and spun in a Bruker WVT BL4
double resonance MAS probe. The spinning rate was 12-14 kHz in *C measurements, and 6 kHz
in 1N experiments. A standard cross-polarization sequence with a ramped contact pulse was
used for both nuclei. The duration of contact pulse was 2 ms for *C and 4 ms for °N. A total of
4096-8192 scans were routinely accumulated in *3C experiments, and 80000 scans in the exper-
iments with °N. All the measurements were performed under conditions of high-power broadband
proton decoupling (SPINAL 64) with the spectral conditions being optimized for the shortest re-
laxation delay by measuring *H T; relaxation time. Chemical shifts were referenced relative to
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tetramethylsilane in *C (8iso = 0.0 ppm) and relative to nitromethane in **N (Jiso = 0.0 ppm), with
solid glycine as the secondary reference (&iso [**N] = -347.54 ppm).

UV/VIS Spectroscopy. Diffuse reflectance UV-Vis spectra were collected on a Cary 5000 spec-
trometer referenced to barium sulfate as reference.

Sorption. Sorption measurements were performed on a Quantachrome Instruments Autosorb iQ
MP. BET suface areas and pore size distributions were calculated from argon isotherms recorded
at 87 K using the quenched solid-state density functional theory (QSDFT) for cylindrical pores in
carbon model for argon at 87 K. CO, and NO isotherms were measured at 273, 288 and 298 K.l

Explanation of fittings and selectivity calculations based on ideal adsorption solution the-
ory (IAST). The NO and CO; isotherms were fitted with a dual-site Langmuir-Freundlich model
(Figure S36 and S37). n is the adsorbed gas amount (mmol g?), p is the pressure in the bulk gas
phase (bar), gsa is the saturation amount (mmol g?), b is the Langmuir-Freundlich parameter
(bar), a is the Langmuir-Freundlich exponent (dimensionless) for two adsorption sites A and B.[?

— CIsat,AbApaA QSat,BbeaB
1+ bApaA 1+ beaB

The IAST selectivities Siast were calculated with the IAST equation. SIAST is the selectivity (di-
mensionless), g is the adsorbed amount (mmol g), and p is the partial pressure (bar).

q1/q>

1asT p1/D2
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9.4.2. Experimental Section
Synthesis of 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline-°N.

>NH,

Cl~_0O Hy'*N__O
2 15NH
—_— —_—
p oMy
N N 15N 15NH

Scheme S9.4.1. Synthesis of *N-4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline linker.

4-Cyanobenzamide-**N. Ammonium chloride-**N (1.81 g, 33.2 mmol) was dissolved in 12.5 mL
water and the solution cooled to 0 °C. 20 mL diethyl ether was added followed by 4-cyanobenzoyl
chloride (5.0 g, 20.2 mmol). After 5 minutes 5 mL aqueous sodium hydroxide (10 M) was added
and the mixture stirred for 30 minutes. The white precipitate was collected by filtrations and
washed with small amounts of ice cooled water. After drying the solid under air and in vacuo,
3.75 g (30.2 mmol, 85 %) of 4-cyanobenzamide-°N was obtained.

IH NMR (400 MHz, DMSO-D6) & 8.04 — 7.99 (m, 2H), 7.97 — 7.91 (m, 2H), 7.56 (s, 2H). 3C NMR
(101 MHz, DMSO-D6) & 166.57, 166.40, 138.36, 138.28, 132.41, 128.29, 118.41, 113.67. N
NMR (41 MHz, DMSO-DB6) & -273.21.

4-(Amino-*N)benzonitrile. Bromine (1.58 mL, 30.9 mmol) was added dropwise to 125 mL aque-
ous sodium hydroxide solution (1 M) at 0 °C. 4-cyanobenzamide-**N (3.0 g, 20.6 mmol) was
added and the mixture stirred until fully dissolved. The solution was quickly heated to 70 °C with
a pre-heated oil bath and stirred for 15 minutes before cooling to room temperature. The aqueous
solution was extracted three times with dichloromethane, the combined organic phases washed
with brine, dried with sodium sulfate and the solvent removed under reduced pressure. The re-
sulting residue of 0.726 g (6.15 mmol, 30 %) 4-(amino-'*N)benzonitrile was used without further
purification.

IH NMR (400 MHz, CHLOROFORM-D) & 7.50 — 7.36 (m, 2H), 6.76 — 6.61 (m, 2H), 4.18 (d, J =
56.0 Hz, 2H). 3C NMR (101 MHz, CHLOROFORM-D) & 150.60, 150.46, 133.92, 120.26, 114.56,
114.53, 100.28. 5N NMR (41 MHz, CHLOROFORM-D) & -315.30.

4,4' 4"-(1,3,5-Triazine-2,4,6-triyl)trianiline-*N. Under argon 4-(amino-*N)benzonitrile (0.57 g,
4.82 mmol) was dissolved in 2 mL chloroform and trifluoromethanesulfonic acid (1.69 mL, 19.3
mmol) was added. The reaction mixture was stirred for 16 h at room temperature before 10 mL
of water was carefully added and the mixture was neutralized with sodium hydroxide (1 M) to
pH = 7. The precipitate was filtered off and washed with water, isopropanol, and dichloromethane.
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The solid was dried in vacuo to obtain 0.28 g (1.59 mmol, 49 %) 4,4',4"-(1,3,5-triazine-2,4,6-
triyl)trianiline-1°N.

IH NMR (400 MHz, DMSO-D6) & 8.35 (d, J = 8.6 Hz, 2H), 6.69 (dd, J = 8.7, 1.7 Hz, 2H), 5.90 (d,
J = 85.8 Hz, 2H). 3C NMR (101 MHz, DMSO-D6) & 169.57, 153.03, 152.90, 130.14, 122.91,
113.09, 39.52. 5N NMR (41 MHz, DMSO-D6) & -308.66.

COF Synthesis
Synthesis of ®*N Enriched TTI-COF

TTI-COF was synthesized following a literature procedure.® Into a 10 mL Biotage microwave vial,
4,4' 4"-(1,3,5-triazine-2,4,6-triyl)trianiline-®*N (9 mg, 0.025 mmol), 4,4',4"-(1,3,5-triazine-2,4,6-
triyltrianiline (36 mg, 0.102 mmol) and 4,4',4"-(1,3,5-triazine-2,4,6-triyl)tribenzaldehyde (50 mg,
0.127) were placed. Mesitlyene (2.5 mL), 1,4-dioxane (2.5 mL), and 6M AcOH (0.125 mL) was
added. The vial was capped and placed in an aluminum heating block that was preheated to
120°C. Under stirring at 500 rpm the mixture was kept at 120°C for 72h. After cooling to room
temperature the solid was isolated by filtration, washed with acetone, isopropanol, and methanol
before subjecting it to a Soxhlet extraction with MeOH for 24h. The MeOH soaked solid was then
activated by scCO2 drying to obtain TTI-COF (67.6 mg, 77 %).

Synthesis of *N Enriched rTTI-COF

rTTI-COF was synthesized following a literature procedure.” *N enriched TTI-COF (90 mg,
0.203 mmol) was suspended in mesitylene (6 mL) and 1,4-dioxane (3 mL). Formic acid (97%,
59.0 uL) was added and the suspension was heated at 120°C for 48 h. The solid was isolated by
filtration, washed with methanol and subjected to a Soxhlet extraction with MeOH for 24h. The
MeOH soaked solid was then activated by scCO2 drying to obtain TTI-COF (84 mg, 93 %).

Synthesis of ®N Enriched TTT-COF

TTT-COF was synthesized following a literature procedure.® >N enriched TTI-COF (80 mg,
0.203 mmol) was thoroughly mixed with sulfur (1.2 g, 37.4 mmol) in a mortar and the homogene-
ous mixture was transferred to an aluminum oxide boat in a horizontal tubular furnace. Under
constant argon flow, the tube was purged at 60 °C for 1 h followed by a temperature increase to
155 °C (1 K min! heating rate) for 3 h and a further increase to 350 °C (1.5 K min! heating rate)
for another 3 h. After cooling to room temperature, the solid was subjected to Soxhlet extractions
with CS; and methanol (24 h each). The MeOH soaked solid was then activated by scCO2 drying
to obtain TTT-COF (72.2 mg, 80 %).

Synthesis of N Enriched TT-Imide-COF
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TT-Imide-COF was synthesized following a literature procedure. A Schlenk tube was charged
with the precursor molecules pyromellitic dianhydride (PMDA, 32.7 mg, 0.15 mmol) and **N en-
riched 2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TT, 35.4 mg, 0.1 mmol) together with a mixture of
0.5 ml N-methyl-2-pyrrolidone, 0.5 ml mesitylene and 0.05 ml isoquinoline. The reaction mixture
was degassed by four freeze-pump-thaw cycles and subsequently heated to 180 °C for 5 days.
A yellow precipitate was formed, isolated by filtration and subjecting it to Soxhlet extractions with
THF and methanol (24 h each). The MeOH soaked solid was then activated by scCO2 drying to
obtain TT-Imide-COF (40.8 mg, 65 %).

Exposure of COFs to NO

The COFs were exposed to nitric oxide via the NO adsorption measurements on the
Quantachrom Autosorb 1Q3 system. All analytics on the post-NO materials were performed after
the performance of all NO sorption experiments, including seven succeeding NO adsorption/de-
sorption isotherms at 298 K and three isotherms at 298 K, 288 K and 273 K, respectively, to en-
sure full reaction of the frameworks with the gas.

NO release experiments

The NO release experiment was conducted by suspending 10 mg rTTI-COF-NO in 5ml 0.1 M
PBS buffer solution. The temperature was kept constant at 37 °C during the observation period
and the mixture was shaken permanently to avoid precipitation of the COF. To determine the
concentration of NO in the mixture, a Griess reagent kit for nitrite determination (G-7921) pro-
duced by Probes has been used. The conversion of the released nitric oxide to nitrite appears in
situ by atmospheric oxygen:

2NO + 0, ——= 2NO,
2 NO + 2 NOZ —_— 2 N203
2N03 + 2H,0 ——> 4NO, + 4H'

The formed nitrite is detected by using the Griess reagent through the formation of an azo-dye
following the reaction:
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o (D
.
HOSSO—NHZ . HO3SON2 + NHCHZCHZNHQ

H3PO4

Reagent A Diazonium salt Reagent B

— HO3SON=N O NHCH,CH,NH,

azo dye

For each measurement, 500 yl sample were taken and centrifuged. 300 ul of the supernatant
were mixed with 100 pl Griess reagent and diluted with 2.6 ml water. After 30 min dwelling time,
the nitrite concentration was measured by UV/VIS spectroscopy using a serial dilution as refer-
ence. The remaining 200 ul supernatant together with the centrifuged COF were subsequently
combined with the initial NO-release mixture again. Unavoidable volume changes through the
sample withdrawal during the long-term experiment (300 ul) have been considered in the NO
release calculations.
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9.4.3.

Rel. Intensity / counts s

Figure S9.4.1. Experimental PXRD pattern of TTI-COF (black) together with the Pawley fit (red), calculated reflection

XRPD Measurements and Refinements

positions, (green) and difference curves (blue).

Rel. Intensity / counts s

Figure S9.4.2. Experimental PXRD pattern of rTTI-COF (black) together with the Pawley fit (red), calculated reflection
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Figure S9.4.3. Experimental PXRD pattern of TTT-COF (black) together with the Pawley fit (red), calculated reflection
positions, (green) and difference curves (blue).
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Figure S9.4.4. Experimental PXRD pattern of TT-Imide-COF (black) together with the Pawley fit (red), calculated
reflection positions (green), and difference curves (blue).
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Figure S9.4.5. Comparison of experimental PXRD patterns of rTTI-COF (blue), rTTI-COF-NO, and rTTI-COF-NO
after NO release.
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9.4.4. FT-IR Spectroscopy
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Figure S9.4.6. FT-IR spectra of TTI-COF before (blue) and after NO sorption experiments (red) together with FT-IR
spectra of the precursor molecules TT-Aldehyde (black) and TT (yellow). The absence of amine vibrational bands at
3367 cm and aldehyde vibrational bands at 1698 cm™ in the COF spectrum indicate complete imine formation. After
NO treatment the aldehyde vibrational band at 1698 cm™ of the precursor TT-Aldehyde appears again, indicating imine
bond breaking.
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— rTTI-COF-NO
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Figure S9.4.7. FT-IR spectra of rTTI-COF before (blue) and after NO adsorption experiments (red) together with the
FT-IR spectrum of the precursor TTI-COF (yellow). After NO treatment three additional vibrational bands at 1700 cm™,
1084 cmt, and 916 cm* appear, indicating the formation of the NONOQate.
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Figure S9.4.8. FT-IR spectra of TTT-COF before (blue) and after NO adsorption experiments (red) together with the
FT-IR spectrum of the precursor TTI-COF (yellow). No changes can be observed in the spectrum of TTT-COF after NO

treatment, indicating inertness of the system against NO.
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Figure S9.4.9. FT-IR spectra of TT-Imide-COF before (blue) and after NO adsorption experiments (red) together with
FT-IR spectra of the precursor molecules PMDA (black) and TT (yellow). The absence of amine vibrational bands at
3367 cm* and anhydride vibrational bands at 1700 cm™ in the COFs spectrum indicate complete imide formation. No
strong changes can be observed in the spectrum after NO treatment, indicating strong inertness of the system towards
NO. Inset shows the disappearance of faint amine vibrational bands at 3367 cm™ after the NO-treatment, which are in
good agreement to the findings of by >N CP-MAS ssNMR.
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Figure S9.4.10. FT-IR spectra of rTTI-COF before (blue) and after NO adsorption experiments (red) as well as after the
NO release (yellow), which show no significant changes.
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9.4.5. Liquid and Solid State NMR
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Figure S9.4.11. 15N direct excitation NMR spectrum of TT-Imide COF showing one signal corresponding to the imide
nitrogen at -207.35 ppm.
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Scheme S9.4.2. Mechanism of imine linkage degradation by a [2+2] cycloaddition of NO to the imine bond, proposed
by Hrabie et al.l’]
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Figure S9.4.12. 15N NMR of 4-cyanobenzamide-1°N in DMSO-D6.
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Figure S9.4.13. >N NMR of 4-(amino-'*N)benzonitrile in CDCls.
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Figure S9.4.14. 5N NMR of 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline->N in DMSO-D6.
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9.4.6. TEM analysis

TTI-COF TTI-COF-NO

Figure S9.4.15. TEM images of TTI-COF before (left) and after NO sorption measurements (right) showing retention of
the crystalline structure.

rTTI-COF rTTI-COF-NO

Figure S9.4.16. TEM images of rTTI-COF before (left) and after NO sorption measurements (right) revealing a collapse
of the crystalline structure.
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TTT-COF-NO

Figure S9.4.17. TEM images of TTT-COF before (left) and after NO sorption measurements (right) showing retention
of the crystalline structure.

TT-Imide-COF TT-Imide-COF-NO

Figure S9.4.18. TEM images of TT-Imide-COF before (left) and after NO sorption measurements (right) showing
retention of the crystalline structure.
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9.4.7. UV/VIS Spectra
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Figure S9.4.19. Diffuse reflectance spectra of TTI-COF before (blue) and after NO sorption experiments (red) revealing
a shift of the absorption towards higher wavelengths, along with broadening/tailing of the absorption edge.
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Figure S9.4.20. Diffuse reflectance spectra of rTTI-COF before (blue) and after NO sorption experiments (red) revealing
a slight blueshift in the absorption edge, along with broadening/tailing.
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Figure S9.4.21. Diffuse reflectance spectra of TTT-COF before (blue) and after NO sorption experiments (red) showing
slight changes in the structure of the absorption edge.
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Figure S9.4.22. Diffuse reflectance spectra of TT-Imide-COF before (blue) and after NO sorption experiments (red),
suggesting that the optical properties are largely retained.
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9.4.8. Gas Sorption Experiments
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Figure S9.4.23. Calculated pore size distributions (left) and BET plots (right) of TTI-COF before (blue) and after NO
sorption experiments (red), revealing a significant decrease in the surface area and pore volume after NO treatment.
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Figure S9.4.24. Calculated pore size distributions of rTTI-COF before (blue) and after NO sorption experiments (red),
revealing a complete loss of structural porosity after NO treatment.
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Figure S9.4.25. BET plots of rTTI-COF before (blue) and after NO sorption experiments (red), revealing an essentially
complete loss of surface area after NO treatment.
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Figure S9.4.26. Calculated pore size distributions (left) and BET plots (right) of TTT-COF before (blue) and after NO
sorption experiments (red), showing retention of its surface area and pore volume upon NO treatment indicating a
strong robustness of the framework against NO.
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Figure S9.4.27. Calculated pore size distributions (left) and BET plots (right) of TT-Imide-COF before (blue) and after
NO sorption experiments (red), showing retention of its surface area and pore volume upon NO treatment, indicating
that the framework is robust against NO.
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Figure S9.4.28. First seven NO adsorption and desorption isotherms of TTI-COF showing an unusual increased NO
uptake within the first cycle. After the first cycle, the total uptake decreases until it stabilizes after three cycles.

284



Appendix

—— TTI-COF

N w B~ o1
1 1 1 1

NO Uptake / mmol g*

[N
1

§

Cycles

Figure S9.4.29. NO adsorption isotherms of TTI-COF plotted in a row, demonstrating the stabilization in NO uptake
behavior after two to three cycles.
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Figure $9.4.30. First seven NO adsorption and desorption isotherms of rTTI-COF showing an unusual increased NO
uptake within the first cycle. After the first cycle, the total uptake decreases until it stabilizes after three cycles.
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Figure S9.4.31. NO adsorption isotherms of rTTI-COF plotted in a row demonstrating the stabilization of NO uptake
behavior after two to three cycles.
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Figure S9.4.32. First seven NO adsorption and desorption isotherms of TTT-COF showing an unusual increased NO
uptake within the first two cycles. Over the first and second cycle, the total uptake decreases until it stabilizes after

three cycles.
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Figure S9.4.33. NO adsorption isotherms of TTT-COF plotted in a row demonstrating stabilization of the NO uptake
behavior after three cycles.
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Figure S9.4.34. NO adsorption isotherms of TT-Imide-COF plotted in a row, demonstrating stabilization of the NO
uptake behavior after two to four cycles.

287



Appendix

0.8
—e— TT-Imide-COF, NO, 288K
|—e— TTT-COF, NO, 288K
—e— TTI-COF,'NO, 288K
—e— TTI-COF, NO, 288K
0.6 -

NO Uptake / mmol gt

1
0 20 40 60 80 100
Absolute Pressure / kPa

Figure S9.4.35. NO adsorption and desorption isotherms of TTI-, rTTI-, TTT-, and TT-Imide-COF at 288 K, after the
cycling experiments. The reversibility of the isotherms indicates a process that can be described by physisorption.
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Figure S9.4.36. COz isotherms of (a) TT-Imide-COF and (b) TTT-COF before (blue) and after NO exposure (red). Filled
circles represent adsorption and empty circles desorption isotherms. (c) IAST selectivity of TTT-COF-NO and TT-Imide-
COF-NO for a binary CO2/NO (50/50) gas mixture during adsorption (filled circles) and desorption (empty circles). For
a binary CO2/NO (50/50) gas mixture, we found a selectivity towards CO:2 over the whole pressure range during
adsorption up to 100 kPa for both COFs. The selectivities first increase until around 50 kPa before slightly declining to
an almost identical value of 2.5 at 100 kPa. However, applying IAST to the desorption instead of the adsorption branch,
in both COFs, the selectivity changes in favor of NO for low pressures below 30 kPa. In our opinion, this practice is a
better representation of the thermodynamic equilibrium state due to the unusual and broad hysteresis of the pure NO
isotherm.
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Table S9.4.1. Calculated heats of adsorption, CO2 and NO adsorption capacities and IAST selectivities for TT-Imide-
COF-NO and TTT-COF-NO.

CO; capacity Selectivity? Initial Qs NO capacity Selectivity®

Initial Qst 9 9
o, (mmol g?) CO,/N, NO (mmol g™) NO/N,
-1 -1
(kkmol®) 573k 298K (IAST) (ki mol™) 573k~ 298K (IAST)
TT-Imide-
COE-NO 26.6-20.5 1.86 0.944 9.22 35.7-16.9 0.623 0.367 5.55
TTT-COF-NO 23.8-20.8 1.54 0.755 6.44 21.6-17.0 0.562 0.290 3.95

a Selectivity was calculated for 15/85 gas mixtures at 1 bar and 298 K for CO2/N2
b Selectivity was calculated for 3/97 gas mixtures at 1 bar and 298 K for NO/N2

a ® CO,, adsorption 298 K b { ® CO,, desorption 298K
e NO, adsorption * NO, desorption
0.8 = N, adsorption 0.76 4 « N, desorption
i i
a0 a0
© 0.6 © 0.57 1
b £
] £
~ ~
£ o044 L 0.38 1
© o]
+ +—
o o
=] =]
@ 0.2 Y 0.19
(O] ()
0.0 4 0.00 +
I I I 1 1 ] 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure / p po'l Relative Pressure / p ,oo‘1
c , d ,
e CO,, adsorption 273 K | ® €O, desorption 273K
® NO, adsorption * NO, desorption
1.48 1.48
‘on )
2 1114 2 111
£ =
~ ~
L 074 L 0744
(10 ©
+— +—
a o
3 =}
(7)) wy
@ 0.37 4 o 0.37 4
O] O
0.00 0.00
1 1 T 1 1 ) T 1 T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure / p po'l Relative Pressure / p po‘1

Figure S9.4.37. Fitting curves of a the adsorption isotherms at 298 K, b the desorption isotherms at 298 K, ¢ the
adsorption isotherms at 273 K and d the desorption isotherms at 273 K of TTT-COF.
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Figure S9.4.39. Argon adsorption isotherms at 87 K of rTTI-COF-NO (red) and rTTI-COF-NO after NO release (blue).
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9.5. List of Abbreviations

2D Two-dimensional

3D Three-dimensional

AcOH Acetic acid

ADMET Acyclic diene metathesis

Bd Benzidine

BDA Terephthaladehyde

BET Brunauer-Emmet-Teller

CG Conjugated gradient

COF Covalent organic framework

DFT Density functional theory

DI Deionized water

dPP 4,4'-(6-phenylphenanthridine-3,8-diyl)bis(2,6-dimethoxybenzaldeyde)
ED Electron diffraction

ESI Electrospray ionization

EXAFS Extended X-ray absorption fine structure

FFT Fast Fourier transformed

FT-IR Fourier-transformed infrared spectroscopy
FWHM Full width half maximum

GC Gas chromatograph

HER Hydrogen evolution reaction

HETCOR Heteronuclear correlation

HOMO Highest occupied molecular orbital

HR High resolution

HSQC Heteronuclear single quantum coherence
INEPT Insensitive nuclei enhanced polarization transfer
ICP-OES Inductively-coupled plasma optical emission spectroscopy
ISNMR liquid state nuclear magnetic resonance

LUMO Lowest unoccupied molecular orbital

MAS Magic-angle-spinning

MeOH Methanol

MMC Macro(mono)cyclization

MOF metal-organic framework

mPP 4,4'-(6-phenylphenanthridine-3,8-diyl)bis(2-methoxybenzaldehyde)
@] Oligomerization

OER Oxygen evolution reaction

PDF Pair distribution function

PMMA poly(methyl methacrylate)
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PP
PPDA
PSD
PXRD/XRPD
QSDFT
SBA
RCM
scCO:
Sc(0T:s
SE

SEM
Sget
ssNMR
TAB
TAPB
TAT

Tb

TEM
TGA
UV-Vis
XANES
XAS
XPS

4,4'-(6-phenylphenanthridine-3,8-diyl)dibenzaldehyde
p-phenylenediamine

Pore size distribution

Powder X-ray diffraction

Quenched solid density functional theory
Santa Barbara Amorphous

Ring-closing metathesis

Supercritical carbon dioxide

Scandium(lll) triflate

Secondary electron

Scanning electron microscopy
Brunauer-Emmet-Teller surface area

Solid state nuclear magnetic resonance
5'-(4-aminophenyl)-[1,1":3',1"-terphenyl]-4,4"-diamine
1,3,5-tris[4-amino(1,1-biphenyl-4-yl)]benzene
2,4,6-tris(4-aminophenyl)-1,3,5-triazine
1,3,5-triformylbenzene

Transmission electron microscopy
Thermogravimetric analysis

UV and visible light spectroscopy

X-ray absorption near edge structure

X-ray absorption

X-ray photoelectron spectroscopy
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