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Abstract

Covalent organic frameworks are a novel class of crystalline and porous framework materials
composed of light elements linked by covalent bonds between their building units. Their
unique combination of properties, including permanent porosity, chemical and structural
stability, light absorption, and versatility in structural design and composition, has led to an
ever-expanding range of applications, including energy storage and conversion,
heterogeneous (photo)catalysis, gas adsorption, and sensing. Even though COFs are solid-
state materials, their organic composition promises unparalleled possibilities for
modifications in chemical structure with similar versatility and precision as known from small
organic molecular compounds. This comparability is inspiring for transferring additional

classical molecular concepts to this class of solid-state materials.

In this thesis we transfer typical molecular concepts, such as the muodification of organic
functional groups as part of the chemical structure, stimuli-responsive dynamics and mobility,

to covalent organic frameworks — as solid-state materials.

We present novel topochemical modification methods for post-synthetic linkage conversion of
imine linkages to convert imine COFs into secondary amine-linked and nitrone-linked
frameworks. These methods allow for a fine-tuning of materials properties, such as the
stabilization of their chemical connectivity, reactivity for further functionalization, and pore
channel polarity. To follow the conversion of bonds, properties, and structure, we employ a
diverse set of analytical techniques, including FT-IR and solid-state NMR spectroscopy, gas
and vapor sorption experiments and X-ray powder diffraction coupled with pair-distribution

function analysis.

With the aim to study stimuli-responsive dynamics in COFs, we synthesize the first covalent
organic framework with light-driven molecular motors embedded as building blocks in its
chemical structure. The dynamics of the rotors in the material are probed by i situ
spectroscopic techniques including Raman, FT-IR and UV-Vis spectroscopy. Although the
presented materials fulfill important characteristics such as permanent porosity and thus,
void space for motor rotation, motor isomerization could not be visualized by available
analysis techniques, but allowed to gain insights into experimental and design challenges for
transferring this property to solid-state materials. These findings allow to extend the design
principles for the construction of next-generation dynamic COFs with stimuli-triggered

response.

Finally, we study #obility by means of self-diffusion of acetonitrile in an imine-linked covalent
organic framework by pulsed field gradient NMR experimentation, complemented by

computational simulation methods, i.e. molecular dynamics simulations.
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1 Introduction: Covalent Organic Frameworks

This chapter provides a general introduction to covalent organic frameworks (COFs). We
detail the design principles of COFs as reticular materials and explain how reversible bond
formation and the choice of linkage govern the crystallinity and stability of these porous
frameworks. We also mention factors that pose a challenge to the seemingly infinite variety
of COF structures. Finally, we outline how the individual structural elements can be used to

generate functionality in these materials, making them attractive for a variety of applications.

1.1  Design Principles of COFs

Covalent organic networks are a new class of porous materials. Their structure brings
together a unique combination of properties that make them attractive and adaptable to a
wide range of applications.!"! They are crystalline, porous, and consist of covalently linked
organic molecules as building blocks, making them consist entirely of light elements and
tremendously versatile in chemical composition and function. This distinguishes them from

other porous materials, such as zeolites or MOFs, whose structural elements are metals.>”

COVALENT BONDING

CRYSTALLINITY

BHEL

—
COVALENT ORGANIC
! FRAMEWORKS

Figure 1-1: COFs provide a unique combination of properties, such as permanent porosity, chemical and
thermal stability on a single crystalline platform, which is highly versatile and tunable by the tools of organic
chemistry. Reproduced under the terms of CC-BY-NC 3.0 license.! Copyright 2021 Royal Society of
Chemistry.
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1.1.1 Geometry Matching of Building Blocks: Topologies in COFs

The structure of COFs results from the covalent bonding of symmetrical organic molecules
as building blocks. Unlike one-dimensional polymer chains, whose monomers are linked at
two positions in the molecule, COFs regularly form two- or even three-dimensional networks
as a structure, while extension and symmetry depend on the geometry and number of
connectable binding sites of the building blocks as well as their combination.”! Thus, their
structure may be precisely predesigned by rational choice of building blocks with different
symmetries, representing vertices or edges of the framework. Depending on the selected

combinations, a vatiety of network topologies are accessible as depicted in Figure 1-2.F!

A Hexagonal Hexagonal Hexagonal Tetragonal Tetragonal Rhombic Trigonal Trigonal

O T S S S S T S S

Fooor b
oy g 7 A

Kagome Kagome
A - < -

B dia pts bor, ctn or srs s Helix

dia t
AT 1T AT T e -

T T T T T T
I AR

% /(
f‘\_é/A,_
- - Pt A X A €
(o8 G, G, G G Cy G Ty Orthogonal

Figure 1-2: Different network topologies can be designed by the choice of building blocks.(A) Combinations
of planar building blocks, creating two-dimensional COFs. (B) Selected topologies of 3D COFs. Adapted
with permission.®! Copyright 2020 Elsevier.

For example, connecting planar building blocks as a [Cs+C;] knot or [C3+C;] knot+linker
combination form flat hexagonal nets, ie. layers, with honeycomb meshes. Other
combinations, of square-planar knots [C4+Cy] or even higher symmetry knots [Ce+Cy]
translate to tetragonal or trigonal network topologies, with square- or triangular shaped
meshes. It becomes evident that the size of these building blocks and their symmetry
combination dictate shapes and sizes of the created nets. While the mentioned examples
solely focused on simple building block combinations leading to a single type of pore shape,
the kagome lattice possesses both trigonal and hexagonal shapes in different sizes and may

be created by combining linear linker and a tetratopic knot with C, symmetry. Analogous to
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the planar monomers leading to two-dimensional layers, non-planar symmetrical building
blocks, for example with tetragonal symmetry (Tq), can form three-dimensional networks
and found the scaffolds of 3D COFs.**®l However, also two-dimensional net-like layers in
2D COPFs are typically stacked into three-dimensional structures held together by non-
covalent interactions, such as n-m interactions between aromatic building blocks of different
layers. As a consequence of this assembly in 2D and 3D COFs, there is on the one hand a
precise spatial arrangement of each building block in the framework and thus crystallinity,
and on the other hand intrinsic porosity in the form of pore channels (2D COFs) or pore
networks (3D COFs), the diameter of which is defined by the size, connectivity and
symmetry of the building blocks.

1.1.2  Reversibility of Bond Formation: Dynamic Covalent Chemistry

Strong covalent bonds between the building blocks ensure that the spatial assembly, and thus
the porosity, is permanently maintained and can withstand various chemical and physical
influences.”'" This persistence of porosity in COF scaffolds makes their intrinsically high
surface area and variable pore space available for various applications, e.g. for the uptake of

(gas) molecules,'” as a surface for catalysis'"” ' or as a sensor,!'” ' among others.

While geometry matching of COF building blocks defines their skeletal constitution and
important parameters of their pore environment, structural definition in these materials is
only accessible by precisely linking their monomers under thermodynamic control. Unlike
irreversible bond formation reactions, used for example for the synthesis of amorphous
polymers, COF linkages make use of the principle of dynamic covalent chemistry. "' This
concept relies on reversible bond formation reactions, allowing linkages between building
blocks to break up and reform dynamically during synthesis. As a result, defects in the
framework can heal and the structure of the product no longer remains kinetically trapped
in the defect-rich state but approaches its structural thermodynamic minimum, characterized

[20]

by crystalline order (Figure 1-3) as predicted by reticular design.

reversible reaction defect healing

o &
Qcmugb
DO o

5 0 S0
O O&D
o &Q

fast slow

precipitation and crystallization

Figure 1-3: Reversible bond formation during COF synthesis allows to heal defects in the material.
Reproduced under the terms of CC-BY-NC 3.0 license.['"! Copyright 2020 Royal Society of Chemistry.
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1.1.3 Linkage Types in COFs

The reversibility of bond formation is a critical requirement towards realizing crystalline
COFs by bottom-up synthesis from organic precursors. In 2005, the first report of a covalent
organic framework by Yaghi and co-workers demonstrated that (self-)condensation reaction
of building blocks bearing boronic acids to boroxine-linkages (COF-1) and their
condensation with catechols to boronic ester linkages (COF-5), fulfill the reversibility
criterion to afford COFs.!" Synthesis of these materials was performed in a closed vessel to
avoid eliminated water molecules to escape the reaction medium at elevated temperatures,
and thus to maintain reversible conditions throughout the entire synthesis. Although
boroxine and boronic ester linkages have been shown to provide an excellent basis for
inducing long-range order in COFs, even affording single crystalline materials with crystal
sizes in the um range,”! these linkages are also prone to hydrolysis, drastically limiting their
potential for applications. Ever since, the scope of bond formation reactions to synthesize
COFs has been extended by a range of C-N and even C-C bonds aiming to improve stability

of the obtained frameworks.
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Figure 1-4: A selection of common condensation reactions to construct linkages in COFs. Reprinted with
permission.? Copyright 2018 John Wiley and Sons.

To date the collection of available linkages for de-novo synthesis of COFs include imine,
hydrazone,>*! azine,”*! ketoenamine,”* imide,”>* and olefin linkages,” > among
others. Despite the enormous variety of linkages,”'! imine linked COFs constitute the largest
class of COFs to date owing to their acceptable hydrolytic stability and reversibility of bond
formation, structural rigidity, simple accessibility of precursor building blocks and their
versatility for post-synthetic linkage modification towards tailored applications (see Chapter
2.2).[11,31]
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1.1.4 (Un-)limited Structural Variety in COFs?

Already the presented selection of examples of COF linkage chemistries and varieties in
building block topologies may seem to lead to an infinite of material matrix with different
structures, stabilities and properties. Even though the space of possible combinations is fairly
huge, there are also limitations rendering the practical accessibility of certain arbitrary

materials still challenging.

The COF Trilemma

crystallinity

Figure 1-5: Obtaining complex COFs with high crystallinity and high stability remains a challenging task for
COF researches, known as the COF trilemma. Adapted under the terms of CC-BY 4.0 license.!""! Copyright
2020 Royal Society of Chemistry.

A prototypical example for these challenges is the dichotomy between crystallinity and
stability in COFs constructed from reversible bonds. The fact that increased chemical
stability of a linkage, at the same time reduces the reversibility of bond formation, often
causes a less structurally defined material with decreased crystallinity, as defects in the
material can only heal to limited extent (see Chapter 2.2.1).'"Y In turn, to compensate for
reduced reversibility, harsh reaction conditions, such as strong acids as catalysts, or elevated
temperatures may be used. However, this often leads to an incompatibility of functional
groups in structurally more complex building blocks, which are often desired to create
tailored COFs for demanding applications. This complex dependence of parameters in COF
chemistry has been introduced as “the COF trilemma”."! Although it still remains as a
challenge for researches working with complex framework materials, a range of strategies to
overcome the trilemma have been suggested, among which post-synthetic building block
exchanges, or post-synthetic linkage modifications (see Chapters 2, 4, 5) have been shown to
provide elegant solutions by decoupling the framework crystallization, as the order inducing

step, from the stability and/or functionality providing post-synthetic modification step.”?
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Interlayer interactions
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Figure 1-6: Methoxy group substituted building blocks increase interlayer interactions in large pore diameter
COFs and stabilize the structure against thermally induced layer displacement. Adapted under the terms of
CC-BY 4.0 license.l*¥ Copyright 2021 American Chemical Society.

The simplistic approach of considering COFs solely from the perspective of reticular
materials whose pore size can be varied simply by geometric extension of edges within the
lattice neglects the substantial role of interlayer interactions in these materials. It has been
observed that COFs with larger pore diameters (>3 nm) tend to exhibit thermal instability
in their stacking order™ (Figure 1-6) as well as pore collapse under the influence of solvents
evaporating from the pores.’ In detail, interlayer interactions based on n-n interactions of
the aromatic building blocks only were insufficient to ensure structural stability of the
network with larger pores. In contrast, by varying the chemical structure of the building
blocks to add additional contributions of dipole interactions by introducing methoxy groups
into the building block’s chemical structure™ or, in another example, hydrogen bonding of
amide functional groups as supporting interlayer interactions,” record pore diameters up to
10 nm®P could be achieved, and the materials were less susceptible to pore collapse or

thermal displacement of the layers (Figure 1-6).

Interestingly, however, interactions between layers or building blocks in other COF systems
can also hinder the synthetic accessibility of seemingly analogous systems if topological
relation is considered solely. As an example, the interpenetration of frameworks in 3D COFs
can be mentioned in this context.’” Here, n-interactions of the building blocks lead to the

growth of interpenetrated networks within the pore space of the targeted skeleton.
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isolated interpenetrated

Figure 1-7: A comparison between a targeted isolated network and the experimentally obtained
interpenetrated structure due to extensive T-stacking of building blocks. Adapted with permission.®!
Copyright 2021 John Wiley and Sons.

As a result, an interpenetrated network is formed, which complicates the synthetic realization
of high pore volume in the material, which in contrast would be expected from the idealized
non-interpenetrated structure. Only in selected COFsP™ the interpenetration was successfully
suppressed by the inclusion of guest molecules and solvent during synthesis. Furthermore,
the stability of the network after removal of guest molecules is usually compromised, which
required additional stabilization by sterically demanding functional groups in the pore void

space.”

decorated linker non-interpenetrated framework pore maintenance

Figure 1-8: A steric stabilization strategy combined with guest molecule incorporation during synthesis
allowed synthesis of a non-interpenetrated, yet structurally stable 3D COF. Reprinted with permission.®”]
Copyright 2020 American Chemical Society.

In summary, although simplified models are helpful to understand the general concepts of
the structure of COF, these models only lead to feasible structures when the entirety of
building block properties, namely, geometry, chemical structure and interactions between
them are considered collectively. On the basis of this consideration an almost infinite number

of different materials of this class can still be achieved.

1.2 Structural Elements Define Properties

The structured assembly of COFs, starting from each individual structural element, offers
possibilities for customizing the material and its properties. Systematic modification of the
properties makes this class of materials not only diverse, but also methodically adaptable and

designable for tailored applications with respect to possible applications.”™ In the following
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section, we will explain these structure-property relationships in the context of realized fields
of application and their relation to structural elements, defined as network topology,

chemical structure of building blocks and the linkages.

1.2.1 Topology-Guided Properties

As explained in the previous section, the symmetries of the combined building blocks
generally determine the topology of the resulting network and define the shape and size of
the resulting pores. Varying combinations of building blocks of different symmetry and size
is therefore a direct and easily understood way to modulate material properties. Varying the
pore size can alter the accessibility of the pore space to molecules of different sizes, thus
creating selectivity for small molecules in microporous pore channels, for example, while
excluding larger molecules.”™ This size selectivity can thus be used not only for selective
adsorption of gases*”*! or vapors,* but, extended to larger pore diameters, also for
optimized product selectivity in catalysis.*”! Here, it was shown that the selectivity for ring
closure, i.e. cyclization, is increased in a ruthenium-catalyzed olefin metathesis reaction, while

oligomerization is disfavored in the narrow pore channels.!'¥

A change in pore shape can also alter the interactions between sorbate and sorbent. Jiang
and co-workers!* observed increased interaction of imine bonds as part of the pore wall with
adsorbed water molecules in imine-linked microporous COFs with trigonal pore channels.
This resulted in reduced hysteresis between water vapor uptake and release. At the same
time, condensation of water vapor in the pores was achieved at reduced relative humidity,

which was attributed to the facilitated formation of water clusters in these pore channels.!*!

Nucleation and capillary uptake Water vapor uptake at
at low pressure higher pressure

—» Optimized spatial arrangement
of nucleation sites

Figure 1-9: Trigonal pore channels feature an optimized spatial arrangement of nucleation sites in their pore
channels, leading to optimized properties for water vapor adsorption, compared to COFs with different
topologies. Adapted under under the terms of CC-BY 4.0 license.** Copyright 2021 Springer Nature.
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Figure 1-10: Substoichiometric designs for COFs in 2D (A) and 3D (B) structures. Adapted under the terms
of CC-BY 4.0 license,% and with permission.8! Copyright 2019 Springer Nature, and 2021 American
Chemical Society, respectively.

As a basis for the choice of a network topology, in most COF systems it is assumed that the
binding sites in the monomers are linked as completely as possible in order to reduce defects
in the material and to obtain the desired network topology, which can usually be achieved
with stoichiometric amounts of the required building blocks. In contrast, using non-
stoichiometric or sub-stoichiometric amounts of one of the monomers, crystalline polymers
with modified topologies can also be synthesized, which are additionally contain
uncondensed binding sites (Figure 1-10). In this context, highly symmetric building blocks
are considered as building blocks with a reduced symmetry and number of bonding sites,

[46

leading to substoichiometric two-* or three-dimensional*! COFs depending on the chosen
monomer combination. For example, C, building blocks with four binding sites can be used
as an equivalent to linearly symmetric C, building blocks with two binding sites. The
unreacted functional groups in these materials can modulate the polarity of the pores and
thus the interaction with molecules, serve as binding sites for further post-synthetic

modification, or even generate functionality as catalytically active sites in the materials./**!

1.2.2 Chemical Diversity of Building Blocks Creates Function

Besides their function as purely structural components in the network, the variability of the
chemical structure of the molecular building blocks offers perhaps the greatest diversity of
customization possibilities in COFs. Analogous to the explained examples of unlinked
functional groups in substoichiometric COFs, the chemical structure of the building blocks
can change fundamental properties such as the polarity of the pore channels or optical
properties of the COF, or provide binding sites for (post-synthetic) immobilization of
molecules or metals and thus facilitate further complexity of the frameworks structure and
functionality. As a selected illustrative example in which the chemical structure of the
monomers provides an interesting function that directly translates to an application, we
would like to limit this section to redox-active building blocks in COFs to outline the

concept.
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Engaging redox-active building blocks as linkers in COFs endows these with interesting

properties such as electrical energy storage or conductivity.”>*"
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Figure 1-11: Redox-active 2,6-diaminoanthraquinone (DAAQ) moieties as building blocks enables energy
storage. Reprinted with permission.®?! Copyright 2013 American Chemical Society.

1.2.3 Linkages as Active Structural Elements

One design element that is often reduced only to its role in stabilizing the COF structure is
the linkage between building blocks in COFs. Since the chemical structure is constructed to
a much higher mass fraction by the monomers, which are very diverse and variable in their
chemical structure, the bond often takes a background role as a nevertheless important

neighbor along the pore channels.

However, with the development of post-synthetic modification reactions that specifically
target the linkage of the material, this component of the COF structure is also moving back
into focus as a basis for the modification of properties in addition to the stabilization of the

network.%’!

A rare but illustrative example of how pore polarity, and thus adsorption of water vapor in
the pore channels, cannot be accomplished exclusively via a building block-based approach
is shown by the partial post-synthetic oxidation of (hydr)azine bonds to hydrazides (Figure
1-12). Although complete bond conversion was not achieved (about 10%), the partially
oxidized materials showed improved water vapor uptake at low relative pressures. This work
highlights that even small changes in bonding can lead to a significant change in material
properties and highlights the importance of the bond as an equal partner in fulfilling this role

alongside the chemical structure of the building blocks."!
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Figure 1-12: Pore surface engineering presented by post-synthetic linkage modification to fine-tune water
vapor adsorption highlights the potential of the linkages as an active site, besides the building block, to
modulate framework functions. Reprinted under the terms of CC-BY-NC-ND 4.0 license.[5* Copyright 2022
American Chemical Society.

The distinctive role of bonds and new methods for their post-synthetic modification are also

part of the research presented in this dissertation. A detailed introduction to post-synthetic

bond modification is given in the following chapter (Chapter 2), while the methods and

applications developed for this purpose are presented in Chapters 4 and 5, respectively.
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2 Post-Synthetic Modification of COFs

The presented work of this chapter will be published as:

Chapter 7: Post-Synthetic Linkage Modification in Covalent Organic Frameworks

L. Grunenberg, F. Haase and B.V. Lotsch, in Reticular Chemistry — A Practical Approach for
Metal-Organic Frameworks and Covalent Organic Frameworks (Eds.: M. Kalmutzki, C. Diercks and

O.M. Yaghi), in preparation.

L.G. wrote the manuscript with input of F.H. and B.V.L.

This book will focus on the practical aspects of the chemistry of metal-organic and covalent
organic frameworks useful to students in this field. It will provide insight into the design and
synthesis of such materials (i.e. blueprints of a typical approach to new materials) including
the refinement of synthetic conditions, as well as the thorough characterization of their
structures and properties using various analytical methods. It will provide content that can
be used to carry out laboratory courses, as well as for seminars accompanying these

laboratory courses.
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2.1  Introduction to Post-Synthetic Modification

This introductory section explains differences between post-synthetic modification and
building block engineering to modify the properties of a covalent organic framework. In
addition it illustrates possible target sites of both strategies and details how the porosity of
COFs enables efficient post-synthetic modification with high conversion compared to dense

polymers.

2.1.1 Building Block Engineering vs. Post-Synthetic Modification

PSM can modify:

st Postsynthetic dified * stability
pristine > moadirie * pore pOlarity
COF modification COF . flexibility

functionality
and complexity

Figure 2-1: Post-synthetic modification of as synthesized COFs can change application-relevant properties
of the porous framework, including its stability, among other factors.

As covalent organic frameworks are isoreticular materials constructed from molecular
building blocks, the structure of these molecular precursors not only determines the
framework topology but also dictates their physical and chemical properties. An adjustment
of these properties, e.g. surface polarity, stability or functionality is often desired to meet the
requirements for certain applications in gas sorption or heterogeneous catalysis. As an
example, functional groups on the pore-wall surface can catalyze chemical reactions in the
confined space of the pore channels or act as anchor points to attach molecular catalysts

covalently.

Building blocks Covalent organic framework
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Figure 2-2: A comparison of modification strategies for an exemplary imine-linked COF is shown. In contrast
to building block engineering, post-synthetic modification strategies make use of the condensed, crystalline,
porous structure and circumvent incompatibilities that may occur during the synthesis of the framework.
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An obvious way to address these needs is by designing the chemical structure of the building
blocks — also known as building block engineering. Although a number of derivatives of the
building blocks may be principally accessible with the tools of organic chemistry, minor
changes in their chemical structure also cause changes in their respective physical properties,
for example their solubility. This can also affect molecular interactions during the
crystallization of the material with profound effects passing along to the structure of the
synthesized framework. Consequently, a tedious optimization of synthesis conditions
(solvent/temperature/catalyst) is often required. These changes may even entirely prevent

the formation of a crystalline framework.

Additionally, certain functional groups cannot be installed easily by building block engineering.
Either because they do not withstand the solvothermal synthesis conditions or because they
compete with the framework crystallization, for example if amine or aldehyde functional
groups are required on the pore channels. Apart from chemical incompatibility of functional
groups, also geometric effects, e.g. steric shielding by bulky substituents, or their flexibility,
can render certain functionalized building blocks incompatible for COF crystallization by

preventing sufficient stacking interactions between the two-dimensional layers in the COF.

Due to the presence of pores, which allow the penetration of reagents into the materials, an
elegant way to circumvent these incompatibilities is a post-synthetic modification (PSM) of the
framework. Notably, access to the inner surface of the material down to the chemical bonds
that constitute the framework is a prerequisite, which is usually not found in dense, non-

porous polymers.

Dense polymer Covalent organic framework

Figure 2-3: The porous and ordered structure of COFs, which enables the penetration of PSM reagents deep
into the material, allows a precise modification of both outer and inner surfaces (pore channels). In contrast
to porous polymers, traditional dense polymers only allow (outer) surface modification.

2.1.2 Types of Post-Synthetic Modification Reactions

The term “post-synthetic modification” includes a vast number of diverse reaction types and
is used in differing contexts, whenever a change of chemical or physical properties of the
framework is achieved by a reaction with a crystallized COF. Besides selective chemical

modifications, it may also include unspecific modifications such as calcination/catbonization
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of the framework by thermal decomposition, plasma treatments, or physisorption of

metals/molecules.

Different strategies can be classified by their type of binding to the material upon post-
synthetic modification: non-covalent, including trapping of molecules by physisorption or
coordination of metals, as well as covalent modifications of the framework, such as reductions,
oxidations or (cyclo-)addition reactions. A special case of a covalent modification, making
use of the reversibility of the COF linkage, is a building block exchange, where building blocks
embedded in the backbone of the COF are substituted by modified ones, having the same
or similar geometry. This allows to incorporate building blocks with a modified chemical

structure in the material, while the topology of the framework is preserved.”!

2.1.3 Target Sites for Post-Synthetic Modification
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Figure 2-4: Post-synthetic modification reactions can target different sites in the framework, leading to
changes at the linkage, the building block, or multiple sites in the material.

PSM strategies can also differ in the target site within the framework: post-synthetic
transformations can not only aim to change the building block related moiety of the
framework, but also the linkage of the network, expanding the level of control beyond the
dedicated molecular units accessible for building block engineering. 1f the structure of the
building block allows, both strategies can also be combined, as shown by the coordination
of a metal in a salen-linked COF (Figure 2-5).1" In this example, the coordination of the metal
cannot be pinned down to a single coordination site solely at the building block or the
linkage, but instead combines both, highlighting that a strict classification may not always be
applicable and should be understood as a guide to distinguish general strategies.
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Figure 2-5: In contrast to an isolated modification of imine-linkages by oxidation, post-synthetic metallation
of coordination sites in a salen-COF leads to a combined modification at linkage- and building block-related
sites in the material.

Due to the vast number of different modification strategies, in the following we will focus
on reactions aiming to modify specific sites in the framework covalently in a controlled fashion.
The first part of the chapter will detail post-synthetic modification strategies involving the

linkage, while the second discusses those aiming at the building block sites.

2.2 Post-Synthetic Linkage Modification

In the first section we will explain the role of the COF linkage as a key element for the
material’s stability. We will discuss how reversibility of linkage formation creates a dichotomy
between framework stability and crystallinity, which paves the way for designing appropriate
post-synthetic linkage modification strategies to overcome this limitation. The properties of
COFs will be compared to those of structurally related small organic molecules to highlight
important additional structural factors, besides the chemical structure of building blocks and
linkages. These factors arise from condensing the molecular building blocks into a porous
framework and will be important for understanding and successfully performing PSM of

linkages.

The second part will highlight recently reported examples of PSM reactions of imine linkages
in COFs. The goal of this section is to understand how different synthetic strategies are
connected to intrinsic chemical properties of imine bonds and to highlight how property

changes upon linkage PSM enable a range of diverse applications.

Inspired and motivated by these established strategies, we will follow to explain practical
aspects of linkage modification reactions in the third part of this chapter. Introduced design
strategies and stability/accessibility aspects presented in the previous patts will be revisited

in the context of experimental design.
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2.2.1 Stability vs. Crystallinity — The Role of Linkages in COFs

Amorphous polymer Building blocks Crystalline framework

4

°oE 5y _.
Irreversible . ‘ . Reversible

Figure 2-6: Irreversible polymerization reactions do not allow defect healing. Thus, irreversibility in bond-
formation reactions leads to less crystalline, usually amorphous polymers. In contrast, reversibility of
dynamic covalent reactions allow to obtain well-ordered frameworks, such as crystalline COFs.

o

A fundamental concept to achieve crystallinity in COFs is dynamic covalent chemistry.
During synthesis, reversible bond formation and dissociation heals defects in the material
and thus ensures a controlled assembly of the building blocks towards the crystalline
thermodynamic-minimum assembly. Since the first report of boroxine and boronic ester
linked COFs in 2005,”! this concept has been utilized for diverse COF forming reactions,
such as Schiff base or Knoevenagel condensations among others, and enabled to establish
an entire ensemble of COF linkages reported to date, based on the formation of C=N and
C=C bonds.

- O

Boronic ester

Hydrazone

Figure 2-7: Selected linkage types reported for covalent organic frameworks. A dichotomy between stability
and crystallinity occurs, since linkages formed by less reversible reactions suffer from limited error-correction
governed by the reversibility of linkage formation. On the other hand, well-ordered materials usually suffer
from limited stability.

In contrast to the prototypical boroxine linkage which readily hydrolyzes under aqueous
conditions, these developments have allowed to obtain COFs with intrinsically higher
chemical stability and paved the way for their use in advanced applications. Some of these
materials usually benefit from less reversible, i.e. “stable”, linkages but harsh synthesis

conditions, such as higher temperatures or addition of strong acids during synthesis to
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compensate for the low reversibility of bond formation, necessary to facilitate error-

correction.

Although the reversibility of the linkage has a beneficial contribution to the crystallinity of
the framework, all linkages constructed by reversible bond formation reactions share the
same fate: Their stability is intrinsically limited to certain conditions. Even if a material may
be considered "stable", this term should not be undetrstood as absolute, but rather as a
relative, comparative term. The reversibility of bond formation during COF synthesis implies
that the synthesis conditions define the intrinsic stability limit of the linkage. At these
conditions the linkages break up, i.e. hydrolyze, and reassemble. This creates a competition
between reversibility and crystallinity in COF synthesis, limiting the formation of stable, but
well-defined crystalline COFs. An elegant way to overcome this problem is a subsequent
post-synthetic stabilization, i.e. “locking”, of the linkage after the framework crystallized.
This strategy allows to decouple the order inducing crystallization step, while the stability is
introduced post-synthetically into the crystalline framework, ensuring optimal reversibility
for high crystallinity in the material combined with increased chemical, and thus structural,

stability.

2.2.2 Stability with Reversible Bonds? — Fundamental Influences in COFs

Small molecule VS. COF

O,
J—NHy + N

Figure 2-8: How can imine COFs withstand aqueous conditions, while small molecular imines hydrolyze?

Reading through recent literature about COFs, one will come across many examples
demonstrating acceptable stabilities for as-synthesized materials, although the presented
frameworks consist of building blocks linked by well reversible bonds, such as imine linkages
in the presence of water. From a small molecule perspective, most imine-linked frameworks
would be expected to show an entirely opposite behavior, as imine bonds in many small
molecules may already hydrolyze readily in the presence of water (Figure 2-8). How can
COFs based on these linkages withstand even aqueous acidic or basic conditions? This
example shows that there are additional factors, which influence the stability of linkages in a

COF besides the type of chemical bond connecting the building blocks.
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2.2.2.1 Stacking Interactions in 2D COFs — Pore Accessibility and Steric Shielding
of the Linkages

Additional factors can also have a drastic influence on the stability of the material. A major
difference between COFs and small molecules are stabilizing interactions between the
extended two-dimensional layers in 2D COFs or the building blocks in interpenetrated 3D

systems, often generally referred to as stacking interactions. These are usually a combination of

dispersion forces and attractive m-orbital interactions between nearest neighbor building

I Depending on the chemical structure of

units, i.e. the interlayer interactions in 2D COFs.
the building blocks and specifically their substitution patterns, these interactions can be
complemented by intetlayer hydrogen bonding or dipole interactions.”® In consequence,
these forces determine the three-dimensional structure of the framework by interconnecting
the layers non-covalently, and the ability of the framework to withstand layer delamination.
At the same time, they also define how the layers are stacked, i.e. whether they are assembled
in an eclipsed or staggered fashion or stacked with an offset.”'"! These stacking modes
influence important parameters such as the shape of the pore-channels, the effective pore
size and pore size distribution, and, hence, the accessibility of the inner pore surface.'” In turn,
the stacking structure affects the accessibility of the linkages, and thus the framework’s
stability, against solvents, reagents and other external chemical stimuli, with the linkages
being located within the pore wall and sterically shielded by the neighboring layers. Due to
this szeric shielding the linkages are less exposed and only accessible from specific directions
along the channels in the bulk material, even in an idealized eclipsed stacked, rigid framework
with regular cylindrical pore channels and well-accessible pore-surface. In this regard, the
environment of linkages in a condensed framework is substantially different to a small
molecule in solution, even though the type of chemical bond may look the same in both
cases. This causes bonds like aldimines to be comparably stable in a COF. Nevertheless, this
situation can change with increased defect concentration, disorder or flexibility of the building
blocks/layers, exposing the linkages to reagents and thereby facilitating reactions, such as

hydrolysis in the presence of water.

2.2.2.2 Stability as a Function of Conditions — Solubility and Hydrophobicity of the

Framework

The aforementioned factors focused mainly on the ability of a reagent to attack the linkage
site of the framework, but the following steps after the linkage disassembly, e.g. dissolution
and diffusion of the building blocks, are critical factors likewise, and determine if the
framework breaks up entirely and dissolves under the respective conditions. Indeed this is
mainly influenced by the solubility of the building blocks and varies depending on the composition
of the surrounding solvent: While an imine-linked COF constructed from hydrophobic
building blocks may be stable in purely aqueous basic conditions, the same COF may not

survive if an aprotic, yet water-miscible solvent is added to the aqueous basic suspension.
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In a purely aqueous environment, the local hydrolysis of a few accessible imine-bonds may
not destroy the structure of a COF entirely, because the exposed building blocks remain at
their position in the assembly due to their insolubility in the purely aqueous solvent and may
even reform the previously broken bonds in a bond healing step. If their solubility, however,
is increased with a second, organic, non-polar component in the solvent, the released building

blocks dissolve and dissociate from the framework: the COF disassembles.!"”!

Apart from these factors, the hydrolytic stability of a framework can also be altered by
hydrophobicity — or wettability — of the pore-wall surface or steric shielding by bulky
substituents, protecting the linkage from attacking water molecules, similar to the discussed
shielding caused by layer stacking (see section 2.2.2.1). In recent examples, non-polar alkyl-
or perfluoro-alkyl groups have been incorporated into the building blocks to render the pore-

surface hydrophobic, causing an increase in the framework’s hydrolytic stability.!"*""

In summary, the presented examples highlight that the chemical identity of the COF linkage
is a key element determining the stability of the material. Nevertheless, additional factors
such as the chemical structure of the building blocks, as well as structural aspects of the
macromolecular assembly in the framework have to be considered additionally to understand
structure—reactivity relations in COFs. In the following section, we will give an overview of

different established modification strategies of imine linked COFs.

2.3 PSM of Imine-Linked Frameworks: A Literature Overview

Among the different linkages utilized for building COFs, imines have become the most
popular class of linkages and constitute the largest family of COFs to date. The crystallinity
of these frameworks, synthesized from readily accessible amine and aldehyde building blocks,
benefits from good reversibility of dynamic imine chemistry. To overcome the dilemma
between crystallinity and stability, to increase their structural complexity or endow them with
beneficial properties —known as the COF trilemma— (see section 1.1.4), prevalent frameworks
became a target for linkage modification and will serve as a prototype to outline general
synthetic strategies for post-synthetic linkage conversion in this section. Besides their
advantageous reversibility in COF synthesis, imine-bonds are also a versatile functional
group in organic synthesis. So-called Schiff bases are known as reagents or intermediates in
famous name reactions, such as Leuckart-Wallach, Eschweiler-Clarke, Strecker, Mannich or
Ugi reactions, among others. A closer look at the chemical structure of a prototypical imine

bond helps to understand this versatility for derivatization in organic synthesis (Figure 2-9).
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Figure 2-9: Imine bonds are reactive toward oxidation and reduction reactions. Due to polarization, the
carbon center of the imine bond is susceptible for addition of nucleophiles, especially if promoted by the
coordination of Lewis acids to the nitrogen. Likewise, the polarized imine bond can also engage in
cycloaddition reactions.

Due to the electronegativity difference of carbon and nitrogen, imine bonds are polarized.
Polarization results in an electron deficient, i.e. electrophilic, carbon center, which allows
addition reactions with nucleophiles, such as cyanide anions used in the Strecker reaction,
for example. On the other hand, the electron lone pair at the nitrogen center can bind to
Lewis acids. Binding of a Lewis acid increases the polarization effect on the carbon. This
enhances the reactivity of the imine bond even further and is used for example to engage

imines in cyclization reactions, such as inverse electron-demand Diels-Alder reactions.

Besides this reactivity for (cylco-)additions, imines can also undergo simple redox reactions.
The imine carbon shows a formal oxidation state of +I. As carbon can occupy a range of
oxidation states between +IV and - IV, we expect it to be susceptible to both reduction or
oxidation reactions, forming amines (- I) or amides (+III), respectively. The imine nitrogen,
on the other hand, is present in its most reduced state (—III), which promises that N-

oxidations to nitrone or hydroxylamines (—I) may be possible to modulate its redox state.

The selected examples highlight that a rather simplistic visualization of the chemical structure
of bonds can be an initial approach toward exploring bond modification reactions. Due to
the fact that the presented assumptions of reactivity do not only apply for small molecules,
but have also proven to be transferable to organic solid-state materials, such as COFs,
underlines that the tools of organic small molecule chemistry can indeed be a blueprint for
PSM of linkages. This versatile chemistry of imines is unique among COF linkages, rendering
imines the most popular platform for linkage conversions in COFs. In the following part of

the chapter, we discuss the reported strategies in detail.
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Figure 2-10: An overview of reported post-synthetic linkage conversions of imine linkages in COFs. The
strategies are categorized by oxidative (light blue segments) and reductive transformations (yellow). Besides
simple oxidations or reductions, also reductive additions, or oxidative/reductive cyclizations have been

developed.

2.3.1 Oxidative Linkage Transformation Reactions

2.3.1.1 Linkage Modification by C-Oxidation or Oxidative Cyclization

The first reported linkage modification in imines, published in 2016, oxidizes imine linkages

to more stable amides under Pinnick-Lindgren-like conditions with sodium chlorite as a

strong oxidant.

o T
\(@/ N AcOH, 2-methyl-2-butene \(@/ N
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Figure 2-11: Oxidative linkage conversion of imine- to amide-linked COFs.

Due to the high oxidation potential of hypochlorite formed from sodium chlorite as a side

product, which can result in unselective side reactions such as chlorination, 2-methyl-2-
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butene was employed as an hypochloric acid scavenger to increase selectivity."” The less
electrophilic amide bonds and in turn the framework itself increased the hydrolytic stability
of the frameworks under acidic and basic conditions, due to their irreversible character. At
the same time, amide-COFs are very difficult to synthesize directly, as the limited reversibility
of amide-bond formation cannot form well-ordered, i.e. crystalline, frameworks. In the
following years, other oxidative transformations have been developed. These reactions,
involving  2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or elemental sulfur as

oxidants, led to oxazole or thiazole moieties, respectively.
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Figure 2-12: Oxidative cyclizations to benzothiazole (a) and benzoxazole (b) linkages in COFs, with
respective benoxazolidine and thioamide intermediates.

These linkages combine the oxidation of the imine-carbon with a cyclization between the
linkage and the building block moiety. The thiazole!">*! and oxazole”"*! heterocycles
effectively prevent hydrolysis as well as the attack by strong reductants and nucleophiles,
rendering these frameworks extraordinary robust. Besides their improved stability toward
chemical stimuli, their stability to an electron beam enabled a real-structure analysis in
thiazole-COFs by transmission electron microscopy (TEM) and visualized grain boundaries
as defect sites in the material — a fingerprint for the COF condensation process.""” However,
an improved chemical or thermal stability and modulated light absorption upon modification
of the linkage can also manifest in superior performance of the material, for example as a
catalyst. Benzoxazole-linked frameworks showed improved performance and recyclability in
the visible light driven oxidative hydroxylation of arylboronic acids, surpassing their imine

derivatives.*

2.3.1.2 Ex-Situ vs. In-Situ Linkage Modification

In the previously mentioned reference, benzoxazole COFs were synthesized from amine
(2,5-dihydroxy-p-phenylenediamine), aldehyde building blocks and benzimidazole as a base
to promote dehydrogenation.” Notably, this #z-sitn reaction consists of two discrete,
successive steps involving the imine framework as an intermediate: The reversible

crystallization step followed by an irreversible linkage conversion step (Figure 2-13). In
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summary it composes the same elements as a typical ex-szzu PSM sequence. Notably, the
linkage conversion is still performed on the crystalline framework, i.e. post-synthetically, but

the crystallization/linkage-conversion steps are not separated by an isolation or work-up.

Step 1: Framework crystallization Step 2: Linkage conversion
"g )\ I"'( Nork up (]
@ > - —_— pristine . pristine PSM reage,m modified
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Figure 2-13: A comparison of synthetic steps associated with ex-situ PSM protocols and condensed in-situ
PSM reactions, where the pristine COF occurs as an intermediate.

This condensed protocol offers an advantage over general ex-sizu procedures, because the
successive steps proceed in the same reaction medium and do not require a work up between
the crystallization and (post-synthetic) modification that causes a loss of material and
additional chemicals. Although other linkage conversion reactions of imines, to thiazoles””
for example, have been successfully adapted to ome-por in in-situ protocols, certain
requirements to the kinetics of the crystallization and the reactivity of the building blocks
have to be met to enable this simplification: In a typical zz-situ procedure, the building blocks
and the modification reagent are dissolved together in a suitable solvent and the reaction
mixture is heated to speed up the (back-)reaction. Because these components are already
combined during the initial phase of the synthesis at which the crystalline framework is not
present (Figure 2-13), the building blocks and the modification reagent need to be chemically
compatible. In an ideal case, the reagent is entirely unreactive towards aldehyde or amine
building blocks and only reacts with imine bonds in the condensed framework, to prevent
interference with the crystallization process. Unfortunately, this situation is sometimes
difficult to find in reality, especially at elevated temperature typically used for COF synthesis.
As an appropriate alternative, a slow reaction with the modification reagent may also be well
tolerated if the condensation of the building blocks and crystallization of the framework is
significantly faster, quickly providing a crystalline framework as the reaction partner before
noteworthy consumption of the uncondensed building blocks occurs.'? However, if the
reaction with the linkage proceeds too fast, limiting the error-correction during the
condensation, only a disordered, yet (partially) modified, polymer with diminished porosity
can be obtained. For a given combination of building blocks a variation of temperature,

solvent or PSM reagents with reduced reactivity (or increased selectivity) may allow to
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optimize the kinetic parameters of the crystallization-modification interplay to limited extent,
rendering zn-sitn linkage modifications an elegant protocol albeit within a limited scope of

linkage transformations and building block combinations.

2.3.1.3 Linkage Modification by N-Oxidation

Above mentioned oxidative linkage transformation reactions only increased the oxidation
state of the imine carbon. Nevertheless, oxidations at the opposing end of the imine linkage

can also be used to modify the framework.

mCPBA c.)+
N NS —_— N NS
k1 : ho : Nitrone

Figure 2-14: N-oxidation of imine linkages with an electrophilic oxidizing agent led to more polar nitrone
linkages.

Selective oxidation of the nitrogen center of the linkages by the electrophilic oxidizing agent
3-chloro perbenzoic acid (mCPBA) converted imines into nitrone linkages (oxidation state
of the nitrogen -1).””) Due to the concomitant increase in polarity of the potre channels,
decorated with polar nitrone linkages, the obtained framework showed improved uptake of
water vapor at lower humidity and higher carbon dioxide capacity, compared to the parent
imine framework, rendering nitrone-linked frameworks promising material for atmospheric
water harvesting. This example further highlights the diversity of applications for post-
synthetically modified frameworks and underlines that a comparably simple modification of
the linkages can modulate characteristic properties, such as the polarity of the pore channels,

even though they represent only a small proportion of the involved atoms in the pore.

2.3.2 Reductive Transformations of Imine Linkages

Besides these oxidative transformations, the electrophilic character and oxidation state (+I)
of the imine carbon also allows a reduction to a secondary amine linkage, as known for
famous name reactions such as Eschweiler-Clarke (reductive methylation of amines) or

Leuckart-Wallach (reductive amination of aldehydes).
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One-pot reductive crystallization

Figure 2-15: Reduction of imine to amine linked COFs with formic acid. The strategy “locks” the linkage
against hydrolysis and can be performed as an in-situ, i.e. one-pot reductive crystallization.

Secondary amine linked COFs have recently been prepared with different reagents including
classical nucleophilic borohydride reagents, such as NaBH,* or NaCNBH;,” but also

9 for example. Due to the acidic

reductive acids such as formic acid" or phosphonic acid,
and reductive reactivity of formic and phosphonic acid, these acids can both catalyze the
imine condensation and subsequently reduce imines to secondary amines zz-si# in a one-pot
reductive crystallization, in addition to the typically conducted ex-sizu reaction protocol. While
the hydrolytic stability of the material is enhanced, the basicity of the nitrogen sites is
increased upon reduction, which caused varying success in maintaining the crystalline
structure among the explored protocols: As the rotationally restricted imine double bond is
reduced to a more flexible single carbon-nitrogen bond, protonation to the aminium ion
creates a charged amine site and induces both intra- and interlayer structural rearrangements,
which can cause amorphization of the reduced materials under acidic conditions.? In
contrast to other amorphization pathways, usually based on chemical decomposition of the
material, the loss of crystallinity is due to layer corrugation and random, relative interlayer
offsets, while the linkages are kept intact.">*” Interestingly, disordered frameworks could be
transformed back to a crystalline material by simple re-oxidation to the imine linked
progenitor or cyclization to carbamate linked frameworks in a multi-step reaction sequence,

proving the close relation in intralayer chemical structure between these materials.!'>*!
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Figure 2-16: Besides their enhanced hydrolytic stability, the nucleophilic secondary amine centers in amine-
linked COFs can serve as reactive centers for functionalization at the pore wall. This enables access to
tailored functional and stable, yet crystalline frameworks.

In contrast to the afore mentioned oxidative linkage conversions of imines, which only create

more robust linkages, a reduction to secondary amines also activates the pore-surface for
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further covalent modification (Figure 2-16). This enables an additional pathway toward
tailored structural complexity in COFs besides traditional building block engineering. As
demonstrated in the synthesis of carbamate-linkages, these tools can be used to access new
linkage types, or serve as reactive anchoring sites for further functionalization within the
confined pore channels.'? This feature renders amine-linked COFs particulatly suitable for
applications in catalysis, where crystallinity, stability and structural complexity is required at
the same time, and highlights how post-synthetic modification of the linkages can help to

overcome this challenge in COF chemistry.”"!

2.3.2.1 Addition Reactions to Imine Linkages

Due to the difference in electronegativity between carbon and nitrogen, the imine bond is
polarized and renders the carbon an electrophilic center susceptible to addition reactions —
the simplest example being a nucleophilic attack of water to form a hemiaminal species as an
intermediate in the hydrolysis of an imine. The efficiency of the addition reaction usually
depends on both the electronic structure of the imine as well as the nucleophilicity of the
reagent attacking. Unfortunately, in a given framework with a specific nucleophilic reagent
these parameters cannot be varied promiscuously, requiring an efficient activation of the
imine bond supporting the reagent to add to the imine bond. Upon protonation of the
nitrogen, or by coordination of even stronger Lewis acids, such as BF;, the electron density

is withdrawn from the imine carbon, creating an even stronger electrophilic center.

CN
TMSCN
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Figure 2-17: Coordination of a Lewis acid on the nitrogen center of the imine polarizes and thus activates
the electrophilicity of the carbon center for an addition of a nuclephile, such as cyanide to yield cyano-
substituted amine linkages.

Under these conditions, the addition of cyanide to imine linkages in COFs has been
demonstrated, employing TMSCN as the cyanide source.” Historically this addition is
known as the Strecker reaction and provides synthetic access to amino acids from aldehydes,
if the nitrile group is subsequently hydrolyzed to a carboxylic acid. Similar to its historic

paragon, the reaction can also be performed as a multicomponent, i.e. ##-situ, reaction,

affording frameworks with @-cyano amine linkages under solvothermal conditions.”

2.3.3 Oxidative and Reductive Cycloadditions with Imine Linkages

With a similar Lewis acid activation by a combination of scandium and ytterbium triflate,

imine-linkages in COFs can also undergo cycloaddition reactions with electron-rich alkenes.
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In this inverse electron-demand aza-Diels-Alder reaction, the Lewis acid activated aryl-imine
acts as an electron-poor diene. Upon reaction, a tetrahydroquinoline linkage with exceptional

stability under acidic and basic conditions is formed.""

/©)\ styrene
—_—

Tetrahydroquinoline Quinoline

Figure 2-18: Lewis acid activation activates the imine linkage for cycloaddition reactions, affording
tetrahydroquinoline-linked frameworks. Further oxidation leads to quinoline-linked COFs.

If an additional oxidizing agent such as 2,3-dichloro-5,6-dicyano-benzoquinone (DDQ), or
chloranil, is employed with trifluoro borane as the Lewis acid and an alkyne, an oxidative
cycloaddition occurs, creating stable, aromatic quinoline-linked frameworks.””*1 This
reaction, known as the Povarov reaction, can again also be performed as multi component
protocol,” or occur intramolecularly if alkyne substituted building blocks are embedded
in the framework. This intramolecular cyclization is another example of a PSM strategy

combining linkage and building block elements.

b . OO

Figure 2-19: Oxidative cyclization with an alkyne may also occur intramolecularly — combining linkage
modification strategies with building block engineering approaches.

2.3.4 Conclusion

In summary, the presented post-synthetic linkage modification reactions aim at modulating
the framework’s properties in terms of reversibility i.e. hydrolytic stability of the linkages, but
can also affect the flexibility, pore channel polarity, or graft reactive sites for enhanced
functional complexity into the skeleton. While reading these established protocols, linkage
conversion in COFs may appear as easily performable as for small molecules. In fact, the
protocols need to be adjusted to be applied successfully to porous materials. In the following
section, we will focus on important practical aspects and design criteria for post-synthetic

conversion of linkages in COFs.
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2.4 How to: Practical Aspects for Linkage Conversions

After explaining different reactions and motivations for post-synthetic modification of
linkages in COFs in the previous part, this section of the chapter deals with practical aspects
of linkage modification. We address in detail criteria with to select suitable networks and
PSM strategies and specify problems, and possible solutions, that may arise during the
practical conduction of experiments. In addition, this part provides a practical guide for
researchers aiming to perform linkage modification in COFs. We explain the advantages and
disadvantages of common analytical techniques for evaluating experimental results and

outline a decision tree that is useful for optimizing reaction conditions.

2.4.1 Step 1: Defining the Goal of the PSM Strategy

A successful PSM of the network is always preceded by careful planning. First of all, one
must be aware of the objectives targeted by the bond modification. Is it a matter of pure
stabilization of the bond, because the COF hydrolyzes under the specific conditions, for
example? Or, is an increase in the complexity of the network by functionalization planned,
for example via covalent-binding of functional groups, molecules, or catalysts? Based on
these questions, suitable existing methods can be selected, or if these have not been described
previously, new strategies may need to be developed. The combination of multiple of these
properties is also possible, for example as described in the case of secondary amine COFs in
the previous chapter. Here, the secondary amine linkage offers improved hydrolytic stability,
compared to the imine-linked network, and at the same time the amines provide nucleophilic

binding sites on the pore-wall surface for further functionalization.

Helpful hints for required attributes are also provided by considering the intended field of
application. If the material is to be used in catalysis under protic conditions, a certain
resistance to hydrolysis is obviously a prerequisite. On the other hand, oxidative conditions,
high temperatures, or strong nucleophiles may also affect the integrity of the material. The
first step in planning should therefore be the definition of the field of application. Then
the important contributing factors under these conditions have to be identified and an

orthogonal bond modification strategy can be selected.

If one comes to the conclusion that the primary goal is to increase the complexity of the
structure by binding a functional unit, one should also ask for the necessary degree of
functionalization in the material. This can be important from a pore accessibility point of
view - requiring that the reactants should still be able to diffuse to the catalytic center,
whereas anchored functional sites reduce the available pore volume. High functionalization
degrees can also lead to altered (interlayer) interactions in the material, resulting in decreased
structural order. In addition to these structural influences, low bond conversion can also
have an unexpectedly strong impact on the properties. For example, Yaghi and co-workers
were able to show, that already a conversion of barely 10% of azine linkages to hydrazides

led to an enhanced water uptake in the pores of the COF.P! It is therefore not always
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essential for the function of the material to achieve a quantitative conversion of linkages by
PSM. In these cases, lower levels of functionalization in the material may not only be
preferred, but necessary and sufficient to achieve the desired effect. In contrast, in the case
of a gain in stability, a complete conversion of the bonds in the COF is usually sought by
means of PSM. The examples show that it is useful to clearly define the area of application

of the material and the goals of its modification.

2.4.2 Step 2: Selection of the Framework

The next step is to find a suitable COF for the PSM. This can be useful for several reasons.
First of all, one has to be aware that the search for suitable synthesis conditions for the
linkage modification usually requires several synthesis-analysis cycles until one can finish the
optimization of the synthesis conditions and obtain a modified but at the same time
crystalline product with intended porosity. Especially for tailored materials e.g. for complex
catalytic systems that have building blocks with synthetically challenging chemical structures
as a basis, these optimization steps can be expensive and substantially laborious. Also, and
especially, when exploring new linkage chemistries that have not been described before,
usually requiring even more optimization steps, it appears to be of little use to waste an
expensive, complex starting material. In this case, it makes sense to use an already well-
known network, possibly structurally related to the complex building block, as a substitute
for initial optimization. After the reaction conditions for the PSM have been tuned, or the
desired new bond is obtained, the method can be transferred to a more complex system.
This limits the loss of expensive starting materials and, in a scientific context, also highlights
the robustness and applicability of the developed PSM method if successfully transferred to
additional and structurally more complex systems. Especially for the new development of
PSM methods, where for applicability reasons there are no specific requirements for the
starting COF, it is a good idea to start with literature-reported COF's. Ideally, the parent COF
is easy to crystallize and is based on commercially or synthetically readily available building
blocks in order to produce sufficient material amounts for the required screenings cheaply
and easily. It is also helpful if the pore size of the material is not chosen too large (> 4 nm),
as these COFs are usually more prone to disorder between layers unless they have optimized
interlayer interactions.” This manifests itself, for example, in the fact that larger pore COF's
may lose their crystalline order when dried from a polar solvent by using vacuum.”?"* Tt is
easy to imagine that structural changes in the bonding would then also lead to disorder in
these systems, whereas more stable smaller-pore COFs would tolerate such conditions and
remain crystalline during identical PSM conditions. On the other hand, the pore diameter
should also not be chosen too small (< 1 nm), because the access of the reagents to the COF
bonds must be guaranteed to be able to chemically modify them. Needless to say, that this
accessibility prerequisite is only fulfilled the case in COFs with high porosity, evident from
large pore volumes and surface area. In a non-porous material complete conversion of the

bond will not be achievable. Practical COF systems therefore ideally have good
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crystallizability, high porosity with pore diameters between approximately 1-4 nm and

consist of easily accessible building blocks.

2.4.3 Step 3: Selection of a Modification Reaction

Once a suitable COF system has been identified and the goal of the PSM has been
determined, a suitable PSM reaction that achieves the conversion of the linkages to the
desired extent must be found. Successful strategies from small molecule reactions can serve
as helpful blueprints for this purpose. Although some of the reaction types mentioned in the
previous chapter may retrospectively seem obvious and directly transferable from small
molecules, there are some pitfalls that must be considered when aiming to transfer these
reactions to COFs in order to generate a robust and applicable method for linkage

modification.

2.4.3.1 Small-Molecular Reactions vs. COF Linkage Modifications: A Comparison

of Reaction Environments

In a typical homogeneous reaction, small molecules are dissolved in a solvent and reacted
with a reagent. Here, the molecules exhibit a certain degree of flexibility defined by their
chemical structure, adjacent substituents and the solvation in the reaction medium. Likewise,
the reagents are also dissolved and can access the reactive centers in the molecule. Depending
on the reaction type, the solvent not only solvates the reactants, but can also influence the
reactivity, for example, by polarizing the reactants, stabilizing transition states or reaction

intermediates.

If we compare the homogeneous reaction conditions in solution with the available
environment of the linkages on the surface of the pore channels, clear differences become
evident. In the solid state, the flexibility of the linkages is restricted by the connectivity
and rigidity of the extended layers. Similarly, the accessibility of the linkages is no longer only
determined by the local structure within the molecule, but additionally by the pore-diameter
and the stacking order of the net-like layers. Disorder and defects in the stacking of the layers
can lead to a strong change in the accessibility of the pore surface, and hence in the

reaction ability of the bond.

The interaction with the solvent also changes between dissolved molecules and
heterogeneous COFs. While a dissolved molecule is surrounded by a dynamic solvation
sphere of solvent molecules, interlayer interactions continue to dominate in the COF, even
if the pores are wetted with solvent, preventing complete solvation of the layers. The stacking
of layers only allows the solvent to penetrate into the pores, with limited changes in the
reaction environment compared to a solvated molecule. The linkages, as being part of the
pore wall, remain in place being surrounded by other layers above and below them, which

sterically shield the surroundings of the bond. Reactants dissolved in the solvent can
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therefore not react with the bond from arbitrary directions, e.g. axially or equatorially to the
bond as in the homogeneous case, but only attack the bond from parallel to the layers in the
COF (i.e. equatorially). An attack perpendicular to the layer, on the other hand, is sterically
hindered.” Tt is clear, that these factors altet the reactivity of the linkages. At the same
time, steric shielding and limited flexibility also make it difficult to realize complex, spatially
challenging transition states that would provoke deformation of the layers. From the
restricted flexibility and steric shielding, as well as the altered reaction environment due to
the stacking of the layers, a modulation of the properties in the COF results: comparing
similar functional groups found in small molecules with COFs, a modulated reactivity in the
solid state appears, which has to be taken into account when planning post-synthetic

modifications of the linkages.

2.4.3.2 Suitable Strategies for Linkage Modifications

The afore-mentioned differences in the reaction environment and the reactivity of the
linkages require adjustments of reaction conditions to enable a successful transformation.
Due to the embedded functionalities in the framework, typical purification of the desired
species from a reaction mixture, e.g. by chromatographic techniques, is not achievable with
the insoluble COF. Ideal reaction strategies thus involve reagents with a high reactivity,
which only lead to a single product. Furthermore, due to the restricted space and
accessibility of the linkages, reagents should be small enough to enter the pore-channels
and fully soluble in the reaction solvent. Thus, biphasic reaction media or surface reactions
on heterogeneous particles in the reaction mixture are mostly incompatible. Transition states
and reaction intermediates should be sterically compatible — excluding large transition metal

complexes with bulky ligands as reagents to perform PSM of linkages.

In addition to these circumstances, it is very helpful for the following reaction optimization
to familiarize with the influencing factors of the synthetic strategy. Helpful information
may be obtained from previous reports in the small-molecule literature or found in reports
for comparable systems, e.g. post-synthetic modification of polymers or even MOFs.
Important considerations may include: Role and type of solvent compatible with the
reaction? How can the reactivity be increased, considering additives such as Lewis acids,
temperature or solvent changes? Is the reagent selective, or might it also react with other
functional groups in the framework, besides the linkages? Which (side) products are formed
and how may they be removed from the framework? Especially the removal of starting
materials and side products is an important concern, as the purification capabilities in the
COF are limited, and molecules remaining trapped in the pore-channels will give rise to
misleading analytical results and may hamper the performance of the material during the
targeted application. Disadvantages of certain reagents can sometimes be circumvented by

the use of alternative reagents accomplishing the same reaction strategy. The identified
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factors regarding the reactivity and selectivity of reaction conditions and reagents may be

summarized, and serve as a guide for reaction screenings (step 5).

2.4.4 Step 4: Planning Workup and Analysis

After having chosen a PSM strategy for the targeted field of application, a suitable COF
system and selected a reaction type and procedure to accomplish this transformation, it is
important to identify appropriate analytical techniques that allow to follow the course of the
PSM reaction. These or additional techniques may be used to decide whether further
optimization of the reaction conditions are needed or which reagent among the selected ones
gives the highest conversion and affords a material with ideally unaltered porosity.
Furthermore, a set of analyses may be defined, which allow to quantify the degree of
converted linkages in the material. In the following we will briefly discuss common analytical
techniques used to characterize COF's and their value to assess the results of a PSM reaction.
Although these analyses are necessary, one should note that it is equally important to prepare
the framework samples correctly prior to analysis in order to conclude meaningful results

from the analysis. Therefore, we will first take a closer look at sample preparation after PSM.

2.4.4.1 A Best Practice Guide to the Workup

As mentioned in the previous part on PSM strategy planning, the removal of by-products
and starting materials, as well as reagents from the pores of the material is essential. Molecules
that remain in the pores of the COF can not only reduce its porosity, but also misleadingly
influence the results of spectroscopic analyses. In the worst case, it is impossible to
distinguish between trapped and covalently bound molecules due to overlapping signals in

the spectrum. This can result in a falsified statement about the conversion of the linkages.

As part of the reaction workup of the PSM, a strategy to remove these impurities is thus
recommended. A simple, yet useful way is a thorough and repeated extraction of the porous
material with a sequence of selected solvents. The choice of solvent should be adapted to
the solubility of impurities, and may include strong polar aprotic solvents, such as DMF or
DMSO, followed by THF or polar protic solvents, like MeOH. To enable a simple drying of
the remaining material under reduced pressure, the series is completed by washing with a
volatile, low-boiling point solvent (IDCM or even alkanes). In addition, this solvent is ideally

less-, or even, non-polar to avoid drying induced collapse of the pores.

While this simple general workup procedure may be practically performed with very basic
lab filtration equipment, it is time consuming and requires multiple washing cycles to ensure
complete removal of trapped molecules. As a more solvent- and labor-economic solution,
repetitive extraction cycles can also be performed automatically in a Soxhlet extractor. Here,
the powdered material is loaded into a small filtration bag made of folded lab grade filter-

paper and extracted for several hours with an appropriate solvent. As an additional advantage



Post-Synthetic Modification of COFs 45

of this solvent-economic procedure, the material is extracted at elevated temperature close
to the boiling point of the solvent, which further increases the solubility. If required for
hardly soluble impurities, the extraction process can be extended for multiple days or

subsequent Soxhlet extraction steps with different solvents can be used.

Although researchers have shown that vacuum drying of the material may not lead to pore
collapse if the material is dried from a low-polarity solvent, such as pentane, the gold standard

273439 Here, the last washing

to preserve porous features remains supercritical CO; drying.
step must involve a liquid CO, miscible solvent, such as MeOH or acetone. During the drying
process, the remaining solvent is exchanged multiple times with liquid CO,. Then, the CO»
soaked powder is heated under pressure above the critical point at which the liquid loses its
surface tension, and the material is dried by a pressure release. This procedure is usually
performed by specialized critical-point dryers and thus involves the availability of this

equipment and liquid COx, but has been shown to be the least destructive to the materials.

2.4.4.2 Selecting Analytical Techniques

To fully characterize a COF in terms of its fundamental characteristics, a range of different
analytical techniques have to be utilized. These include X-ray diffraction, to assess the
crystalline order of the material, gas sorption experiments to determine the porosity of the
material, electron microscopy to assess the morphology, and spectroscopic techniques such
as FT-IR and ssNMR spectroscopy to gain information on the chemical structure in the
material. Although these are equally important for fully characterizing a final material, it is
not practical to perform all the analyses for every reaction tested in order to optimize the
synthesis parameters because of the time and materials involved. Instead, a researcher should
limit the initial attention to a significant selection of techniques that is sufficient to provide
a rapid indication of the outcome of the reaction. Due to the time and material consumption
for the individual techniques, they are differently suited to achieve this goal. A comparative

overview about selected analytical techniques with regards to these factors is presented in
Table 1:
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Table 1: Comparative overview about selected analytical techniques for characterizing COFs

Technique Information Req. Amount Quantitative information on
linkage?
FT-IR Chemical structure, good sensitivity < 1 mg Semi-quantitative

for specific functional groups

ssNMR Chemical structure > 10 mg Depends on expetiment and use

of standards or enrichment

Elemental Elemental composition >1 mg Rarely, since it is not selective for
analysis the linkage only

XRPD Crystalline order 1-5 mg N/A — not sensitive for linkage
Gas sorption  Porosity 210 mg N/A — not sensitive
SEM/TEM Morphology, localized crystallinity <1mg N/A — not sensitive
(SEM/TEM)-  Heavy atoms, especially metals <1mg N/A — only surface sensitive
EDX

For the detection of a structural change of the linkage, analyses of the chemical structure are
crucial. These allow the detection and, if necessary, selected ones also allow quantification of
the linkage conversion. This is of highest priority for the identification of suitable reagents
for the planned PSM. From the comparison of the different analysis techniques presented in
Table 1 it is clear that not all of them are equally suitable for this purpose, because some of
them do not give any information on the chemical connectivity, only probe the material
surface, or require large amounts of material. Therefore, FT-IR and NMR techniques are
used in particular to probe linkage transformations. We will briefly discuss the characteristics
of these selected, most useful analytic techniques, for screening of PSM conditions, in the
following. For more detailed information on these and other analyses, we would like to refer
to detailed chapters on the analysis of COFs in this book. At this point, we only give focused
ideas and outline possibilities for the analysis of PSMs.

2.4.4.2.1 Fourier Transform Infra-Red Spectroscopy (FT-IR)

Fourier transform infra-red (FT-IR) spectroscopy uses the excitation of molecular vibrations
for structural elucidation, induced by absorption of infra-red irradiation. In the absorption
spectrum, these excitation processes become visible as absorption bands, which can often
be assigned to characteristic vibrations of functional groups in a range of 4000-1500 cm™.
Provided that overlapping of other bands does not occur, a band in a characteristic region
thus indicates the presence of a certain functional group. In COFs, this property is often
used to screen the framework for residues of the starting materials, e.g. aldehyde or amine
building block residues after the synthesis of imine COFs. Thus, provided that a
characteristic vibration is produced by the targeted bond modification, this technique may

be excellently used to analyze the material after the PSM reaction.
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Modern IR spectrometers are usually equipped with an attenuated total reflection (ATR)
unit, which completely bypasses a previously common, time-consuming preparation of the
sample as KBr compacts. The washed and dried powdered sample of the corresponding
material is simply applied directly to the ATR unit without further preparation and the
measurement can be started. As FT-IR is a non-destructive method, the material can be
recovered after the measurement. Due to the extremely low material input (<1mg), the use
without special preparation of the sample and the very short measurement time (<1min),
FT-IR spectroscopy is an excellent technique for time- and material-efficient analysis of PSM
reactions in COFs during screening of synthesis parameters. Unfortunately, the evaluation
of the intensity of the adsorption bands only allows a semi-quantitative evaluation, since the
intensity changes with the chemical environment of the molecular vibration bands.
Depending on the vibration, as well as the material composition and the occurrence of
hydrogen bonds in the material, the intensity, as well as the absolute position of the band can
differ. Thus, a quantification cannot be achieved by a straight-forward integration of the
bands, unless a complex calibration with reference materials can be performed. Nevertheless,
within a series of screenings with the same COF, a semi-quantitative statement about the
conversion of bonds can be obtained if the spectra are normalized (e.g. to an intense band)
and the relative intensity of the characteristic vibrational band is compared. For example, this
can be useful when studying linkage conversion as a function of reaction time. Even if the
conversion cannot be calculated exactly from the FT-IR spectra peak integral, a steady state
is reached when the linkages are fully converted: even with longer reaction times, the intensity
of the product vibrational band will not change any further, and the linkage vibration of the
pristine material (e.g. imine vibration) is no longer visible. This type of semi-quantitative
analysis allows estimation of conversion using a rapid, non-destructive technique, although

FT-IR spectra in principle do not allow exact quantification without prior calibration.

2.4.4.2.2 Solid-State Nuclear Magnetic Resonance Spectroscopy (ssNMR)

Another helpful technique to characterize structural changes, including linkage
transformations in COFs, is ssNMR spectroscopy. This technique utilizes the excitation of
nuclear spins in a strong magnetic field by electromagnetic radiation. Although only certain
nuclei are NMR active, i.e. possess a (non-zero) nuclear spin, organic molecules and thus
COFs mainly consist of atoms with NMR-active isotopes such as 'H, °C, "N. In contrast to
FT-IR spectroscopy, with sensitivity for specific functional groups, NMR spectroscopy
captures the probed nuclei as a function of its chemical environment and thus, under certain
conditions, also allows a quantification of the conversion. Besides, multidimensional
experiments such as "H-"’C heteronuclear correlation (HETCOR) spectra, for example, give
a detailed information on the neighboring atoms and thus an unparalleled, direct precision
to the chemical structure of the materials. However, the indispensable information of this

technique for a thorough characterization of the framework comes at the expense of longer
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experimental measuring times of a few (’C) to several hours (°N), larger required sample
amounts (>10 mg) and increased acquisition and maintenance costs for NMR equipment,
compared to FT-IR spectroscopy. This renders ssNMR spectroscopy a valuable, non-
destructive tool for in-depth analysis and especially for quantification of linkage and building
block related transformations of the chemical structure, but limits its utility for a quick

evaluation during reaction screenings.

2.4.4.2.2.1 Quantification of Linkage Conversion Reactions with ssNMR

Unlike solution-based NMR spectra which usually benefit from sharp peaks that may be
integrated for quantification, signals in solid-state spectra are broadened due to anisotropic
chemical shielding and dipolar and quadrupolar interactions between the nuclei. Although
these effects are partly suppressed by the magic-angle spinning technique, many proton
spectra of COF's in the solid state show very broad, overlapping signals, that do not allow
simple integration to quantify. Since linkage modifications usually also modulate the chemical
environment of carbon and nitrogen centers, spectra of these nuclei appear as promising
alternatives for this purpose. The low abundance of PC (1.1%), and "N (0.4%) compared to
"H (99.9%) however makes chemical shifts for these nuclei harder to detect. One way to
increase the sensitivity for these atoms, which is widely used to measure these spectra, is
known as the cross-polarization (CP) technique. CP NMR spectra make use of a polarization
transfer from abundant nuclei, such as protons, which transfer their polarization to
neighboring nuclei — such as ’C or "N. Although this technique makes spectra of reasonably
quality for these nuclei accessible without tedious isotope enriched synthesis, it comes at the
expense of being essentially non-quantitative. For example proton substituted carbon or
nitrogen atoms appear with high intensities, compared to an equal amount of quaternary
atoms. Intensities thus become a function of polarization transfer rate in general CP spectra,
and do no longer reflect the quantity of spins in a chemical environment. A strategy to
circumvent this incompatibility can be quantitative direct-polarization experiments for °C,
which obey the CP transfer and suffer from long experiment times with often diminished
signal-to-noise ratio, unless combined with "’C enriched samples, but preserve quantitative
information.”” Another alternative for quantification in carbon and nitrogen spectra even
employing the powerful CP technique are multiCP experiments, using a series of CP
experiments at multiple contact times, essentially eliminating the polarization transfer rate
dependence.” This method has successfully been demonstrated for the quantification of a
multi-step linkage conversion of imines to (thio-)carbamates by "N multiCP-MAS ssNMR

experiments.”

Using direct polarization ssNMR techniques, with increased number of scans or isotopically
enriched samples to enhance signal-to-noise ratio, or by using multiCP experiments
quantitative information on the linkage conversion reactions may be obtained. Integration

of the non-modified linkage peak, or a reference that does not change during the linkage



Post-Synthetic Modification of COFs 49

conversion, i.e. an atom located in the building block moiety, and comparing it to the peak
integration of the modified the linkage will lead to a meaningful conversion ratio, if signal
overlapping does not occur. In cases where only one of the above mentioned signals is clearly
separated, quantitative information may still be accessible by diluting the framework with a
controlled mass of an internal standard that shows a distinguishable signal in the respective
NMR spectrum. Ideally this standard does not react with the sample material, and is a solid
with reasonable solubility, in order to be able to remove it by simple solvent
washing/filtration after the NMR experiment to recover the sample. On the other hand, the
internal standard strategy may also serve as a handle to employ an orthogonal nucleus for
quantification not present in the pristine framework, but is introduced upon linkage
modification. As an example one may assume to employ 4-fluoro styrene instead of styrene
in a Povarov reaction (see section 2.3.3) with imine linkages. In this case, abundant and
NMR-sensitive "’F nuclei are introduced by PSM. Diluting the modified samples with a
known amount of a fluoride salt, such as Nal, after PSM reaction and workup, which must
be capable of removing any 4-fluoro styrene precursors, signal integration of the ’F ssNMR
spectrum will deliver the fluorine content in the modified sample as a fingerprint for the

conversion achieved during PSM.

2.4.4.2.3 Other Techniques and Conclusion

While FT-IR and selected ssNMR experiments deliver valuable information on the chemical
structure, with ssNMR also allowing the possibility for quantification of the reached
conversions, other common techniques for the characterization of COUFs, such as
SEM/TEM-EDX, ate not meaningful to follow, and especially to optimize, linkage

conversion reactions due to their sensitivity limited to the material’s surface only.

Nevertheless, in order to optimize the synthesis conditions, the influence of the modification
reaction on the crystallinity of the sample must also be taken into account. Differences can
become visible here, especially due to the different selectivity of reagents, leading to a
destruction of the material’s structure or unwanted side reactions. X-ray powder diffraction
(XRPD) is used as a fast, simple and direct method, but is unable to give any information
about the chemical structure of the samples. Likewise, gas sorption analysis is also required
to study the effect of the PSM on the porosity of the sample, at least at a later stage of
condition optimization. Thus helpful information for developing robust PSM strategies
cannot be given by only one of the presented analytical techniques, but instead a combination
of spectroscopic and, at least, diffraction techniques is mandatory. Nevertheless, during
reaction optimization only a limited set of fast techniques should be used for an initial
assessment. Taking into account this, yet manageable number of techniques, the material and
time required can be reduced to a minimum by a wise selection of fast techniques (e.g. FT-
IR + XRPD), whereby the experimenter can already obtain the utmost important

information from the screening,.
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2.4.5 Step 5: Starting Experiments: Variation of Reaction Conditions

After familiarizing with important practical influences during workup, and having selected
appropriate techniques for reaction optimization, which can depict the targeted modification

by a characteristic signal, it’s now time to start the first experiments.

As with typical optimization screening, general experimental design practices also apply when
performing PSM reaction optimization. Common parameters, such as reaction time,
temperature, solvents and reagents, as well as specific influencing factors from the conditions
used in literature reports (section 2.4.3.2) that were identified during the PSM reaction
planning, can be variables for the screening reactions. These parameters should be varied
independently to obtain meaningful cause-effect relationships as a basis for subsequent
optimization cycles. As detailed in the previous sections, a robust, non-destructive and
reproducible workup procedure and a selected set of analytical techniques provide the basis
for interpreting the experimental outcomes and thus the influences of the addressed
parameters in the tested reaction conditions. On this basis decisions for the following
optimization steps have to be made. Figure 2-20 depicts a typical workflow for these
reaction-analysis cycles and can serve as guide for decision making. One of the key elements
in this decision tree is the hierarchical structuring of analytical techniques, arranging them

with at different priority levels in the workflow.

The highest priority (Level 1) is assigned to detecting a noticeable conversion of the linkages
during the initial set of experiments by FT-IR spectroscopy. At this stage it is not relevant if
the analyzed materials are crystalline, or if they possess high pore volumes. If none of the
tested conditions and reagents led to a noticeable conversion, the set of parameters has to
be varied and another cycle of reactions is started. However, if some conversion is visible
from FT-IR for a certain set of tested reactions one may move forward to evaluate
crystallinity by XRPD (Level 2).

At this stage, conversion is principally achieved, however, another important factor for PSM
strategies is, that they preserve the crystallinity of the frameworks. When deciding which
parameters should be varied to allow conversion of the linkages with preservation of the
crystallinity, one may also consider to review the work-up procedure. Because crystalline
order in the materials can also be reduced during workup, besides during the PSM reaction.
Analogous to varied conditions for achieving linkage conversion (Level 1) additional
reactions are performed and analyzed. Once linkages have been transformed, and the
procedures are optimized to certain extend at which crystallinity is still present in the samples,

quantification of the achieved conversions by ssNMR may be the following step (Level 3).

During the initial planning steps, one may have chosen a certain target conversion yield
required for the targeted property in the tailored material. At this level of optimization,
conditions are further varied to achieve this goal. Increasing temperature, reaction times or

concentration of PSM reagents may lead to improved conversion yield in your materials.
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Finally, at Level 4 assessment of porosity by gas sorption analysis is used to do the remaining
optimizations. This is the final step before scale-up and additional material characterization

may be performed.

—> Reaction>> Workup >> Analysis
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Figure 2-20: A guide for decision making in reaction optimization of PSM reactions in COFs.

While this structure may seem unnecessarily complicated at first glance, it is important to
understand its benefits: (1) Prioritizing on fast, but meaningful analyses at the initial two
optimization levels saves time. As reaction conditions approach their optimum with each
cycle, the number of experiments required decreases with each level of optimization. As a
result, only a small fraction of the already optimized screening samples are analyzed using
time-consuming analytical techniques. (2) The hierarchical optimization steps allow to gain
the most information, and thus value, from every test reaction — even from those that would
be considered “unsuccessful”. As visible from the decision tree, the first level of optimization

does not consider the crystallinity of the material after the reaction, but instead focusses only
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on finding sufficient conditions for the approached PSM reaction. In turn, all conditions

which afford amorphous materials after PSM, which may be considered a “failed

experiment”, can still deliver valuable information on the reaction conditions.

In summary, these considerations for experimental design and the decision tree for

conducting experiments will be supportive to obtain the desired materials within a short

amount of time and reduced effort.
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3  Research Objective

To date an ever increasing variety of covalent organic frameworks with different linkages,
building block compositions and different topologies has been developed. This progress is
fueled by a broad diversity of appealing applications, while their organic, and thus tunable
backbone forms the foundation for these developments. Since the early days of COF
chemistry the range of applications has significantly been extended beyond gas capture and
storage enabled by their intrinsic structural porosity. Modern applications, such as sensing,
electrochemical energy storage, or heterogeneous (photo-)catalysis, also utilize the (covalent)
organic backbone, for example as embedded redox-active building blocks in the material to
store electrons, as light absorbers or as an “active” porous support for covalent anchoring
of catalysts in heterogeneous (photo)catalysis. Taking advantage of these unique properties

pushes the utility of COFs far beyond the capabilities of many other porous materials.

However, these increasingly complex applications are also exploiting the limitations of
existing synthesis strategies, as intrinsic limitations of as-synthesized materials become more
apparent. These include incompatibility of required functional groups during synthesis or
limited stability of the frameworks under application conditions, e.g. hydrolysis in aqueous
media at elevated temperature. Although research has led to the de-novo synthesis of novel
COPFs with higher chemical resistance, the demand for these highly complex but also stable
and crystalline systems with high permanent porosity and excellent ability for
functionalization is far from being met. In turn, the rush for diverse applications requires

innovative synthetic methods to satisfy the need for tailorable complex materials.

The scope of this thesis is (I) to provide access to these tailored COFs by novel synthetic
methods focusing on post-synthetic linkage modification. We develop these linkage
chemistries on the basis of multiple two-dimensional imine-linked frameworks with different
topologies and building block compositions, with the aim to tackle the COF #rilemma between
crystallinity, stability and complexity/function in these frameworks, as introduced in
Chapter 2.

To this end, we introduce a simple, but effective post-synthetic reduction of imine linkages
to secondary amine linked covalent organic frameworks, presented in Chapter 4, which locks,
Le. stabilizes, and simultaneously activates the connectivity of the framework for further

functionalization.
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In addition to this method, endowing the pore channels with reactivity and reinforced
stability, we present a post-synthetic oxidation strategy that modulates the polarity of the
pore channels in Chapter 5. The constructed nitrone-linkages, formed in a topochemical
reaction from imine-linkages, render the linkage centers at the pore walls more polar,
enhancing interactions with polar molecules, such as water vapor. This property allows them

to harvest water vapor from ambient air at reduced relative humidity.

Another aim of this thesis is (II) to integrate stimuli-responsive dynamics in the pore
channels of COFs. In Chapter 6, light-driven molecular motors are embedded as building
blocks into two-dimensional frameworks to imprint dynamic function in these materials, to
investigate dynamics with zz-situ spectroscopic methods and, to develop design criteria for

the integration of light-driven molecular motors in porous solids.

Furthermore, this thesis intends (III) to experimentally probe motion of molecules in pore
channels of COFs, which is a prerequisite for post-synthetic linkage modifications, but also
for utilizing heterogeneous confinement effects of molecules confined in the pore system.
Thus, we present a combined experimental and simulation study of acetonitrile self-diffusion
in COFs, combining Pulsed Field Gradient NMR spectroscopy, Molecular Dynamics and
Grand Canonical Monte Carlo simulations in Chapter 7.
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Figure 3-1: Overview about the topics addressed in this thesis: synthetic modification of complexity in
covalent organic frameworks and dynamic processes in their pore channels.
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Abstract: Covalent organic frameworks have emerged as a powerful synthetic platform for
installing and interconverting dedicated molecular functions on a crystalline polymeric
backbone with atomic precision. Here, we present a novel strategy to directly access amine-
linked covalent organic frameworks, which serve as a scaffold enabling pore-wall
modification and linkage-interconversion by new synthetic methods based on Leuckart—
Wallach reduction with formic acid and ammonium formate. Frameworks connected entirely
by secondary amine linkages, mixed amine/imine bonds, and partially formylated amine
linkages are obtained in a single step from imine-linked frameworks or directly from
corresponding linkers in a one-pot crystallization-reduction approach. The new, 2D amine-
linked covalent organic frameworks, rP1-3-COF, fTTI-COF, and tPy1P-COF, are obtained
with high crystallinity and large surface areas. Secondary amines, installed as reactive sites on
the pore wall, enable further post-synthetic functionalization to access tailored covalent

organic frameworks, with increased hydrolytic stability, as potential heterogeneous catalysts.

4.1 Introduction

In recent years, covalent organic frameworks (COFs) have emerged as a versatile class of
crystalline porous polymers, which have been pushing the frontiers of single-site
heterogeneous catalysis ever since. The unique combination of ordered and tunable pore
structures, with high surface areas and versatile (opto-)electronic properties, offers great
opportunities beyond gas storage and separation, including sensing, electrochemical energy

storage, optoelectronics, and heterogeneous (photo)catalysis." !

Imine-linked COFs constitute the most widely studied subclass of COFs owing to their
broad synthetic scope and facile building block synthesis. The dichotomy of dynamic
covalent chemistry in COF synthesis implies that, while reversible bond formation is critical
for crystallization, the reversibility of imine bond formation also causes its limited stability
against hydrolysis. To address this issue, several post-synthetic locking strategies have been
developed in the past, e.g, converting labile imine-linked COFs into stable

B amide-," or quinoline-linked frameworks.!**" Although these methods

benzothiazole-,
significantly increase the material’s hydrolytic stability, most do not activate but rather
deactivate potential reactivity of the linkages for further pore-wall modification. To achieve
the latter, reactive centers have to be installed into the linker moieties, which are often
incompatible with synthesis conditions. This incompatibility requires an additional pore-wall
activation step, e.g., the reduction of nitro groups to amines!"! or the deprotection of ethers
to alcohols.” In essence, a typical synthetic route would consist of at least four sequential
steps, including (a) framework crystallization, (b) linkage transformation, (c) pore-wall
activation, and (d) pore-wall functionalization, to obtain both stable and decorated
frameworks. Being faced with varying conversion yields and a loss of material between each

step, innovative synthetic methods condensing these transformations into fewer steps, or

even a single synthetic step, are highly desirable.
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As a solution to the challenges discussed, we here demonstrate amine-linked covalent organic
frameworks as a powerful platform for facile pore-wall modification and linkage
interconversion enabled by new synthetic methods based on Leuckart—Wallach!*"
reduction with formic acid and ammonium formate. By fine-tuning reaction conditions,
frameworks connected entirely by secondary amine linkages, mixed amine/imine bonds, and
partially formylated amine-linkages are accessible in a single step from imine-linked
frameworks or directly from the corresponding linkers in a one-pot crystallization-reduction
approach. We thus present a novel strategy enabling direct access to amine-linked covalent
organic frameworks. In addition, we reveal correlations between topologically equivalent
disordered and crystalline frameworks, which are not accessible by typical X-ray powder
diffraction (XRPD) analysis, using pair distribution function (PDF) analysis, solid-state
nuclear magnetic resonance spectroscopy (ssNMR), and quantum-chemical calculations.
These findings enable us to identify unique pH-dependent amorphization pathways and
hence expand our fundamental understanding of amine-linked covalent organic frameworks

as an important yet underexplored class of heterogeneous catalysts.

4.2 Results

4.2.1 Previous Strategies and Drawbacks

During our studies, we found that a reduction of imine-linkages would both increase the
hydrolytic stability of the framework and introduce secondary amine-linkages as reactive
centers for further functionalization of the pore wall. This transformation, familiar from
small organic molecules as well as molecular cages, is usually achieved using borohydride-

based reducing agents, such as sodium borohydride or sodium cyanoborohydride.'**"

Borohydride-based reduction has successfully been used for robust and rigid 3D systems,
while 2D frameworks have only been obtained with diminished crystallinity and low surface

areas at best.!'’ 121

While highly reactive, reactions with sodium borohydride, in particular, suffer from limited
selectivity and low functional group tolerance.”*? With these shortcomings in mind, we
sought an alternative, mild reduction procedure affording crystalline and porous amine-
linked covalent organic frameworks. To this end, we identified the Leuckart—Wallach
reduction with formic acid, reported for small organic molecules by Leuckart in 1885 and

further developed by Wallach, as a suitable reduction strategy.'> !

4.2.2 Synthesis of Amine-Linked COFs

As a model system, we first synthesized the imine-linked PI-3-COF from 1,3,5-triformyl
benzene (TFB) and 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) under solvothermal
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conditions in a 2:1 mesitylene/1,4-dioxane mixture with aqueous 6 M AcOH at 120 °C for

72 h, according to a modified literature procedure.”’!

Upon reacting the imine-linked PI-3 framework in a sequential step with 19 equiv of formic
acid in the same solvent, a new vibration appeared at 3405 cm™ as probed by Fourier
transform infrared spectroscopy (FT-IR), attributed to a secondary amine (vn_g) stretching
mode. The intensity of the imine vibration (vc=x) at 1630 cm™ gradually decreased over
prolonged reaction time at 120 °C (Figure S 9.1-1, Figure S 9.1-2). Extensive screening for
the highest relative intensities of the secondary amine vibrations in the IR spectrum yielded
optimal synthetic conditions at 21 equiv of formic acid in a 2:1 mesitylene/1,4-dioxane
mixture and a reaction time of 24 h at 120 °C. Under these conditions, the samples did not
show any residual imine stretch vibration (ve=x), hinting at the complete transformation of
the parent PI-3-COF structure (Figure 4-1b). PC cross-polatization magic angle spinning
(CP-MAS) solid-state NMR (ssNMR) spectroscopy similarly shows the disappearance of the
characteristic imine carbon signal at 155.3 ppm, while a new aliphatic carbon signal at
45.4 ppm is visible for the reduced PI-3-COF (rPI-3-COF). Besides that, new signals at
119 and 114 ppm become visible for rPI-3-COF, assigned to the aromatic carbons next to
the amine bond (Figure 4-1c). "N ssNMR of rPI-3-COF shows distinct signals at
—313.3 ppm for the secondary amine nitrogen and at —141.4 ppm for the triazine (Figure S
9.1-30). The absence of the imine nitrogen at —59.0 ppm further suggests a quantitative
reduction of imine into amine linkages in rPI-3-COF. The measured ssNMR chemical shifts
are in good agreement with values obtained by quantum-chemical calculations of

representative molecular and single-pore models (Table S 9.1-5).
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Figure 4-1: (a) Synthesis of amine-linked covalent organic frameworks. (b) FT-IR spectra, (c) '*C CP-MAS
ssNMR spectra, and (d) XRPD pattern comparison of PI-3-COF (green) and rPI-3-COF (blue). (e and f)
Chemical structure of a single pore of (e) rPI-3, (f) rTTI, and (g) rPy1P-COF. (h—j) Rietveld refinements for
(h) rPI-3, (i) rTTI, and (j) rPy1P-COF.

Structural analysis of rPI-3-COF via XRPD reveals high crystallinity (Table S 9.1-3),

represented by four narrow reflections at 20 = 5.6°, 9.7°, 11.2°, and 14.9°, indexed as 100,

110, 200, and 210 reflections (space group P6), and a broad stacking reflection at 26 = 25.3°.
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Compared to its parent imine structure (PI-3-COF), the apparent hexagonal symmetry and
crystallinity are retained, while a significant shift of the broad stacking reflection at 20 = 25.6°
(PI-3-COF) toward smaller angles appears. Rietveld” refinement gives a larger in-plane unit
cell parameter of « = 18.090(7) A and an increased stacking distance of ¢ = 3.5425(12) A in
tP1-3-COF (2 = 18.034(7) A and ¢ = 3.5058(12) A for PI-3-COF) (Table S 9.1-1). While the
cell parameter « is affected by increased C—N (149 pm) vs C=N (127 pm)*! bond lengths,
the stacking distance (¢ parameter) is also influenced by both enhanced steric repulsion of
the benzylic (CH,) protons of adjacent layers and higher flexibility of the secondary amine
bond in rPI-3-COF. Notably, sorption isotherms reveal the complete retention of porosity
and pore-size distributions (Figure S 9.1-54, Figure S 9.1-64) of the materials with Brunauer—
Emmett-Teller (BET) surface areas of 1395 m°¢™" for rPI-3-COF (Figure S 9.1-74) and
1404 m’g™" for PI-3-COF (Figure S 9.1-71), even exceeding those previously published for
PI-3-COF (~1000 m*¢™").”” It must be noted, however, that the porosity of tPI-3-COF is
strongly influenced by the drying procedure: Simple vacuum-drying from dichloromethane
resulted in a reduced BET surface area of 966 m°g™" (Figure S 9.1-77), while solvent exchange
to methanol (Soxhlet extractor) and subsequent activation with supercritical CO, (scCOy)
gave the best results for rPI-3-COF with 1395 m’g" (Figure S 9.1-69, Figure S 9.1-74). While
this effect was not observed for the rigid imine PI-3 framework, an increased flexibility in
rPI-3-COF and a modulated pore-wall polarity upon reduction are expected to enhance
solvent interactions and capillary effects, potentially intensifying drying-induced disorder and
pore collapse.’*! Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images reveal intergrown, coral-shaped particle morphologies with sizes
between 600 to 1000 nm, decorated with 200 nm long and 60 nm wide stings, for both imine-
linked and reduced PI-3-COF (Figure S 9.1-82, Figure S 9.1-85). The similarity of the
morphology before and after reduction renders intermediate recrystallization processes
unlikely to be at play. TEM images show uniformly distributed crystallinity and extended
porous channels of hexagonal symmetry in the materials, which are consistent with the
structural model derived from XRPD data and Rietveld refinement (Figure S 9.1-91, Figure
S 9.1-90).

To demonstrate the general applicability of this protocol, we applied it to two additional
imine COFs with larger pores, different linker compositions, and pore geometry. Both TTI-
COF and Py1P-COF were successfully reduced to their new amine-linked derivatives rTTI-
COF and rPy1P-COF with high crystallinity as evident from sharp reflections at 20 = 4.0°
(100), 6.9° (110), 8.1° (200), and 25.6° (stacking) for rTTI and 20 = 3.7° (110), 5.4° (020),
7.5° (220), 8.5° (130), 11.3° (330), and 23.2° (stacking) for rPy1P-COF, respectively. During
our screenings to find the optimum reduction conditions for rPylP-COF, we noticed
palladium contamination in both the building blocks and the framework, introduced by
palladium-based cross-coupling reactions during linker synthesis. The TEM images of an
initial sample of PylP-COF (Pd contaminated) show unevenly distributed palladium
nanoparticles in the material (Figure S 9.1-94, Figure S 9.1-95).”) While this contaminant did
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not affect the crystallization step of PylP-COF, the metal particles “overcatalyzed” the
reduction with formic acid, causing a partial digestion of the framework. To avoid this
contamination, the 4,4'4" 4"-(pyrene-1,3,0,8-tetrayl)tetraaniline linker was further purified
on a metal scavenger (Biotage Isolute Si-TMT). A purified imine-linked Pyl1P-COF was then
crystallized and reduced with formic acid to form rPylP-COF without any noticeable
decomposition. The SEM and TEM images of rT'TT and rPy1P-COF thus show full retention
of the porous, crystalline features of their parent frameworks (Figure S 9.1-84, Figure S
9.1-89, Figure S 9.1-93, Figure S 9.1-100).

Similar to the rPI-3-COF model system, new N—H vibrations at 3407 (*T'TT) or 3398 cm™
(tPy1P) in the FT-IR spectra and secondary amine nitrogen signals at —314.9 (+T'TT) and
—317.6 ppm (tPy1P) in the "N-ssNMR spectra prove the conversion into amine-linked
frameworks (Figure S 9.1-3, Figure S 9.1-4, Figure S 9.1-35, Figure S 9.1-38). Although both
samples show good porosity (1419 m’g™ rTTI, 1042 m’g™" tPy1P), the BET surface area of
tPy1P is reduced, compared to 1883 m’g™" in PylP-COF (Figure S 9.1-72, Figure S 9.1-73,
Figure § 9.1-75, Figure S 9.1-76). By comparing linker geometries in small-pore hexagonal
rPI-3, large-pore hexagonal rTTI, and square-net rPy1P-COF, those frameworks consisting
of more rigid tritopic + tritopic [3 + 3] linker combinations (tPI-3 and tTTI-COF) show full
retention of the BET surface area, while the tetratopic + bitopic [4 + 2] linker combination
in rPy1P-COF was obtained with a slightly reduced surface area. This is in line with the
expected additional flexibility around the molecular axis of the bitopic terepthalaldehyde
linker, which facilitates local distortions in the network, causing reduced accessibility of the

pores and thus a smaller surface area in rPyl1P-COF.

Upon reduction, the in-plane cell parameters of larger-pore square-net rPylP-COF were
barely influenced, with C-N bond lengths contributing only a small percentage to the overall
pore-to-pore distance. On the contrary, the increased stacking distance caused an expansion
of the unit cell from ¢ = 3.818(4) A to ¢ = 4.069(9) A, similar to the small-pore rPI-3-COF.
At first sight, these trends cannot be found for the rT'TI framework in direct comparison to

(29

TTI-COF. Apparent symmetry~’' changes (peak splitting) in the XRPD pattern, however,
show that upon reduction the stacking behavior of TTI-COF changes from antiparallel slip-
stacked TTI (P1) to more eclipsed-like stacking in rTTT with an average crystallographic
symmetry of P63/ (Figure S 9.1-9, Figure S 9.1-13, Table S 9.1-1, Table S 9.1-2). Similar
symmetry correlations have been described for the TTI-COF system by Haase et al. in
comparison to its randomly stacked TTI (rsTTI) framework, resulting in both in-plane and
interlayer contractions.””*” This trend is also observed with frTTI-COF: The increase in
symmetry is accompanied by a pore contraction (« = 25.786(12) A (T'TI) vs « = 25.147(9) A
(rTTI)), caused by changed bond angles of antiparallel] amine bonds, resulting in overall
reduced intralayer cell parameters for rTTI. Furthermore, enhanced interlayer interactions in
the eclipsed-stacked rTTI-COF compensate repulsive steric effects of benzylic protons, and
thus, stacking distances decrease from 3.578(9) A in TTI to 3.504(2) A in the reduced

framework (Table S 9.1-1, Table S 9.1-2).
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4.2.3 One-Pot Procedure: Reductive Crystallization

When comparing the conditions needed for the synthesis of the imine framework and the
following reduction, acids and the same solvent mixture are used in both cases and only the
amount and type of acid changes. Thus, we expected that formic acid could act as a catalyst
for both the formation and reduction of the framework, condensing the individual steps into

a single one-pot crystallization-reduction approach.

Indeed, with 21 equiv of formic acid in a 2:1 mixture of mesitylene/1,4-dioxane at 120 °C
for 72 h, a crystalline sample of rPI3-COF was obtained directly from its corresponding
aldehyde and amine building blocks (Figure S 9.1-15). Compared to its two-step analogue, it
was obtained in a different, spherical morphology (Figure S 9.1-87). As visible from
broadened signals in the ’C ssNMR and FT-IR spectra (Figure S 9.1-7, Figure S 9.1-49), this
sample is structurally less well-defined with a major impact on the resulting porosity (BET
area of 174 m’g™, Figure S 9.1-79), which may also be reduced by trapped oligomers in the
pores of the framework, besides structural defects. During our studies, we noticed a
significant impact of the reaction temperature on the obtained product. While formic acid
catalyzes the imine condensation both at high (120 °C) and already at low (60 °C)
temperatures, the subsequent reduction is fast only at an elevated temperature (Figure S
9.1-16). As such, the one-pot protocol can be used to #hermally switch between the reversible
synthesis of an imine-linked COF at a low temperature or the irreversible “locking” of the
framework structure by simultaneous reduction to the amine-linked COF using otherwise
identical reaction conditions. We expect this unique property to be key for the adaptation to
other covalent organic frameworks. Besides this “thermo-switchability”, it highlights formic
acid as a versatile yet underexplored catalyst for the synthesis of imine-linked COFs at a

reduced temperature.

4.2.4 Reductive Formylation: Combined Reduction and Protection

Solid ammonium formate as a green, less toxic, and less corrosive alternative to formic acid
was also effective for the reduction of imine bonds under solvent-free conditions. Reacting
a salt-melt of ammonium formate and PI-3-COF for 3 h at 170 °C in a closed vessel afforded
a product with broadened secondary amine vibrations at va_n = 3370 cm™ and carbonyl
stretching modes at ve=o = 1669 cm™ in the FT-IR spectrum (Figure S 9.1-6). An additional
signal at 162.8 ppm in the "C ssNMR spectrum, referring to an N-formyl-carbon (Figure S
9.1-43, Figure S 9.1-46), shows that, besides the reduction, a subsequent N-formylation
resulted in a partially formylated, reduced PI-3 framework (pfrPI-3-COF). A comparison of
FT-IR and ssNMR spectra excludes a degradation of the chemical connectivity. The XRPD
pattern shows a substantial reduction in the long-range order reminiscent of an amorphous
solid, although a small feature corresponding to the 100 peak further suggests that the
intralayer connectivity is maintained (Figure S 9.1-17). When reacting pfrPI-3-COF with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in dichloromethane, the secondary
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amine linkages are oxidized back to the imine linkages, affording reoxidized, partially
formylated reduced PI-3-COF (opfrPI-3-COF).I"l Remarkably, after this treatment, shatp
signals in the XRPD pattern similar to the parent PI-3 framework become visible (Figure S
9.1-11, Figure S 9.1-17). The feasibility of this amorphous-to-crystalline conversion suggests
a significant topological and structural similarity of the reduced, amorphous COF to the
crystalline compound and led us to further investigate the correlations between the crystalline

and non-crystalline amine-linked frameworks.

4.2.5 Crystalline vs. Disordered

During our screenings to find optimal reduction conditions for the imine-linked frameworks,
we noticed that a large excess of formic acid can decrease the crystallinity of the product,
suggesting a profound role of protonation on the layer structure. Using 59.5 equiv. of formic
acid with PI-3-COF under the same conditions as above leads to a practically X-ray
amorphous structure with slightly broadened but otherwise essentially identical signals as
rPI-3-COF in the FT-IR and ssNMR spectra (Figure S 9.1-5, Figure S 9.1-48). SEM and
TEM did not show any morphological changes of the particles (Figure S 9.1-86, Figure S
9.1-97). Stability tests of rPI-3-COF, e.g., under acidic conditions, show similar effects on
the reflections in the XRPD patterns. In contrast to the imine-linked PI-3-COF, the amine-
linked rPI-3-COF does not show any hydrolytic decomposition, though sharp reflections in
the XRPD pattern broaden or disappear completely upon treatment with excess acid—
illustrating local structural changes and distortion of the stacked 2D layers (Figure S 9.1-101,
Figure S 9.1-102).

To elucidate conformational changes in the structure of PI-3-COF upon reduction,
quantum-chemical calculations on the PBE0-D3/def2-TZVP level of theory were
performed to obtain optimized structures for model compounds.”'** The surface plot for
combined rotations around dihedral angles U and Z in molecular models PI-3 M and rPI-3
M (Figure S 9.1-103, Figure S 9.1-104, Figure S 9.1-105) shows an increased flexibility for
the amine-linked molecular model, apparent from a broad range of low energy
conformations (Figure 4-2a-c). Optimized single-pore models PI-3 SP and rPI-3 SP (Figure
S 9.1-100, Figure S 9.1-107) depict discrete points on the surface close to the lowest energy
conformations of their molecular models with dihedral angles (U) of 27.4° (P1-3 SP) and
0.46° (tPI-3 SP). Although interlayer steric repulsion in the amine framework is increased
due to additional benzylic protons (C-10, Figure 4-1c) that align perpendicular to the 2D
surface, reduced 1,4-repulsion between protons at C-9 and C-10 causes a flattening of the
dihedral angle U, albeit combined with increased flexibility of the structure. These results
corroborate the cell parameter changes upon reduction as observed by Rietveld analysis of
the crystalline rPI-3-COF. To elucidate possible amorphization pathways, resulting in a
disordered structure of rPI-3 if synthesized with an excess of formic acid, additional
protonation must be considered. When protonated at the amine nitrogen, the dihedral angle

U undergoes a significant widening to 86.6° in the molecular model H+1PI-3 M (Figure S
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9.1-105)—a rotation associated with an energy battier of approximately 50 kJ/mol in the
molecular model rPI-3 M (without protonation). Considering conformational restrictions in
the layer geometry of the rPI-3-COF, less pronounced but still substantial conformational
changes, combined with interlayer charge repulsion, are expected, leading to a significant
disruption of the periodicity of the stacked layers as a function of the pH. This effect is
further supported by a vast signal broadening at 119 ppm (C-7) in the "C ssNMR spectrum
with increasing disorder in rPI-3-COF (Figure S 9.1-48), whereas in the actual, well-ordered
rPI-3-COF structure, a narrow statistical distribution of dihedral angles indicates a preferred
conformation and thus a fairly sharp signal for this carbon (C-7). A protonation-dependent
broad distribution in the disordered rPI-3-COF causes this signal to broaden and, ultimately,

to vanish, however without disrupting the overall connectivity of the layer.
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Figure 4-2 (a) Energy surface plot for different values of dihedral angles U and Z in the molecular model
PI-3 M. The blue crosses highlight the lowest energy conformation for the single-pore model PI-3 SP. (b)
Energy surface plot for the molecular model rPI-3 M. The blue crosses highlight the lowest energy
conformation for the single-pore model rPI-3 SP. As a comparison, the conformation of a protonated
molecular model H+rPI-3 M is shown on the surface (red cross). Notably, in this simple molecular model,
the effect of the anion and charge repulsion, occurring in the layered real structure, are neglected. (c)
Dihedral angles U and Z shown in a section of PI-3 M. (d) Reduced total scattering patterns and (e) pair
distribution functions for crystalline and disordered materials are overlaid. (f and g) Sixteen-layer structure
models derived from PDF analysis for disordered rPI-3-COF (left) and rPI-3-COF (right) considering random
translational disorder in 1-10 directions are shown.
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To determine the local and intermediate length-scale structure modifications due to
conformation-induced disordering, we performed pair distribution function (PDF) analysis
on X-ray total scattering synchrotron data. Notably, a high similarity in the reduced total
scattering patterns (Figure 4-2d) from ~5-20 A~ and peak positions up to approximately
7 A in the PDFs of all samples evidence intact, imine or amine bonded layer connectivity in
the disordered state. The PDFs of PI-3-COF and rPI-3-COF (Figure 4-2¢) show distinct
medium- and long-range ordered structuring, consisting of two primary oscillations due to
the ordering of the stacked layers (higher frequency) and porous channels (lower frequency).
The structural correlations are more strongly damped for disordered rPI-3-COF and
pfrPI-3-COF, becoming relatively flat around 12 A. This indicates that the spatial
relationships of atoms in stacked layers and across porous channels are largely reduced,
although, as seen in the diffraction patterns, there are still weakly correlated motifs over at
least a few layers or pore distances (Figure 4-2e). Distinct differences could be visualized
between crystalline and disordered structures by the refinement of a 16-layer structure model
to the PDFs for tPI-3-COF and disordered rPI-3-COF PDFs, with random translations
allowed in a single direction (Figure 4-2f,g). For the disordered sample, much larger
translations were required to damp out the interlayer and ordered pore channel structure
signals. It must be noted that these models may overpredict layer translations due to
undersampling the number of layers. Furthermore, the interlayer correlations could also be
damped by larger and random torsions of the amine or phenyl moieties, as shown in
quantum-chemical single-pore models. Average stacking offsets were estimated by refining
models to the PDFs in the range of neighboring layers, i.e., 7 < 6 A, using PDFgui.””* The
values obtained are 1.0 (PI-3-COF), 1.2 (rPI-3-COF), 3.3 (disordered rPI-3-COF), and 3.3 A
(pfrPI-3-COF). As visible from the disordered model, random layer translations drastically
reduce the pore accessibility and thus help to explain reduced BET surface areas for the

disordered models.

4.2.6 Hybrid Materials and Functionalization

Besides frameworks containing only amine or imine linkages, hybrid materials with varying
imine/amine linkage content can also be obtained with our method by adjusting reaction
time and the amount of formic acid (Figure 4-3a and Figure S 9.1-1). As an example, partially
reduced Py1P-COF (prPy1P-COF) was synthesized, showing distinct signals at 149.0 (imine)
and 146.4 ppm (amine) in the "C ssNMR spectrum for the aromatic catbon next to the
nitrogen (approximately 42% amine sites, Figure S 9.1-40). Another example, already
introduced, is partially formylated reduced PI-3-COF (pfrPI-3-COF) obtained from
PI-3-COF via salt-melt reduction with ammonium formate. The presence of N-formyl
groups opens up further avenues for additional framework functionalization. For instance,
partially functionalized frameworks may be generated by reacting the partially formylated
framework with an electrophile, since formyl groups act as a protecting group for secondary

amine sites. Partial functionalization can avoid reduced pore accessibility and diffusion
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P In a more complex case,

limitations, which is critical, for example, in catalysis.
bifunctionalized frameworks may be synthesized in a subsequent step, after exposing
previously protected amine sites. The deprotection of N-formyl groups in pfrPI-3-COF was
achieved under acidic conditions (aqueous 1 M HCI, 120 °C, 20 min), affording rPI-3-COF
as evident from a vanishing formyl signal at 162.8 ppm in the “C ssNMR spectrum (Figure
S 9.1-46), while acid chlorides or isocyanates have proven as strong and effective

electrophiles to derivatize secondary amines in rTTI-COF (Figure 4-3b, c).
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Figure 4-3 (a) Reaction sequence for post-synthetic functionalization of amine-linked covalent organic
frameworks. Frameworks entirely connected by secondary amine linkages (rCOF) or hybrid materials with
mixed amine/imine bonds (prCOF) and partially formylated amine-linkages (pfrCOF) are accessible in a
single step from imine COFs. As experimentally shown with pfrPI-3-COF (middle), N-formyl groups in
pfrCOFs can be deprotected under acidic conditions. Released secondary amine linkages may allow two-
step functionalization to afford bifunctionalized frameworks. The amine/N-formyl amine ratio is arbitrary. (b
and c) FT-IR spectra of rTTI-COF samples functionalized with (b) benzoyl chloride (BzCIl) and (c)
toluenediisocyanate (TDI) are shown and compared to rTTI-COF. Gray areas in (b) highlight reduced N—H,
emerging C=0, and characteristic C=C vibrations in BzCI-rTTI-COF. For TDI-rTTI-COF, vibrations of
dangling -NCO and emerging C=0 vibrations are highlighted (gray).
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4.3 Conclusion
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Figure 4-4 Pathways leading to a set of amine-linked covalent organic frameworks as demonstrated with the
PI-3 COF system.

In summary, amine-linked frameworks were introduced as a hydrolytically stable and
tailorable system for further post-synthetic modification, which can be accessed from imine-
linked frameworks or directly from their corresponding amine and aldehyde building blocks
(Figure 4-4). In contrast to many earlier locking strategies, generating amide-, benzoxazole-,
or benzothiazole-linked frameworks, our approach locks and simultaneously activates the
connectivity of the framewotrk for further functionalization.®”'"?" The introduced
reduction methods using either formic acid or ammonium formate give access to a range of
fully amine-linked or intermediate amine-/imine-linked crystalline frameworks with large
surface areas or topologically identical, disordered analogues with reduced pore-accessibility.
Importantly, the degree of amine functionalization can be rationally controlled by adjusting
the amount of acid and the reaction time. For the first time, we demonstrate amine-linked
frameworks as a modular platform enabling the facile interconversion of chemically and
structurally distinct frameworks, including reduction—reoxidation cycles and crystalline-to-
disordered and disordered-to-crystalline conversions. Finally, we show that the obtained
amine linkages readily react with electrophiles such as acid chlorides and isocyanates, opening
new avenues to the facile post-synthetic functionalization of COFs at the linkage site with a
built-in protection—deprotection strategy and without the need for additional building block
engineering. In essence, the demonstrated methods enable hitherto undiscovered
functionalization strategies that are widely applicable to all imine-linked covalent organic

frameworks, the largest family of COF's to date.
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Abstract: Herein, we report a facile post-synthetic linkage conversion method giving
synthetic access to nitrone-linked covalent organic frameworks from imine- and amine-
linked COFs. The new, 2D nitrone-linked covalent organic frameworks, NO-PI-3-COF and
NO-TTI-COF are obtained with high crystallinity and large surface areas. Nitrone-modified
pore channels induce condensation of water vapor at 20% lower humidity compared to their
amine- or imine-linked precursor COFs. Thus, the topochemical transformation to nitrone
linkages constitutes an attractive approach to post-synthetically fine-tune water adsorption

properties in framework materials.

51 Introduction

In recent years, covalent organic frameworks have received increasing attention as sorbents
for water vapor from the atmosphere.' " Similar to already well-established materials such as
metal-organic frameworks,” COFs offer ideal structural capabilities for this application,
given their typically large specific surface areas and permanent porosity.'” The structural
diversity of COF building blocks and linkages, coupled with their regular ordering in the
crystalline material, also allow for almost infinite variation and optimization possibilities, and
provide the basis for application-targeted engineering of these materials."' " Despite this
adaptability of their structures, water capture in many evaluated COFs systems, especially in
those with pore diameters larger than 1.5 nm, is typically characterized by high uptake
pressures and large hysteresis, limiting their potential for application as water harvesting
materials.!"” This implies that the water uptake performance of many existing COFs often
cannot compete with the best-in-class MOFs, although their variety in building blocks, and
in particular linkage composition, and the fact that COFs are not based on potentially toxic,
or cost-prohibitive metals, offer great potential.l”! Thus, several approaches have been made
to improve the sorption properties of COFs. For example, the change in hydrophilicity of
the pore channel surface in two-dimensional (2D) COFs was investigated as a function of
the chemical structure of COF building blocks, the linkers. Here, hydroxyl or nitro groups
in the chemical structure of the linkers resulted in improved water uptake at lower relative

19 Likewise,

pressures, as presented for small-pored materials with ketoenamine linkages.!*
an isoreticular series of hydroxy-functionalized azine-linked COFs showed a shift in the steep
uptake region of the sorption isotherm to lower relative humidities.”! Uptake at low relative
pressures (ie., low humidity) is particularly desirable for water harvesting materials, and
should ideally occur between 10% and 30% relative humidity.” Besides functional surface
groups on the pore channels, the framework topology and the pore-diameter were also
shown to modulate water adsorption properties. Multivalent linker combinations affording
microporous trigonal™ or voided squate-lattice!’” materials with small pore diameters

support the condensation of water and thus exhibit attractive water sorption properties.

While these concepts are generally based on the modification of the chemical structure of

the building blocks, which is always related to a bottom-up or de novo synthesis of new COFs,
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post-synthetic strategies targeting the connectivity, (i.e., linkage) in existing frameworks have

rarely been addressed as systematic approaches to improve water adsorption properties.!”
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Figure 5-1: (a) Synthesis scheme for the post-synthetic transformation of imine- into nitrone-linked covalent
organic frameworks. (b) Chemical structure of a single pore of (b) NO-PI-3-COF and (c) NO-TTI-COF.

Herein, we present a new post-synthetic linkage conversion protocol, applicable to
imine- and amine-linked COFs, to obtain a novel class of nitrone-linked COFs with
improved water adsorption capabilities at reduced humidity (Figure 5-1a). Compared to
earlier reports, our method constitutes a selective top-down strategy to imprint desired
properties into these frameworks through an atom-precise topochemical modification of
their chemical structure. Our approach circumvents tedious optimization of crystallization
conditions and costly material losses of precious building blocks, typically associated with de
novo synthesis of COFs.

To demonstrate the generality of our post-synthetic oxidation method, we apply this novel
approach to the synthesis of two hexagonal COFs with different pore diameters, namely
NO-PI-3-COF (1.6 nm) and NO-TTI-COF (2.1 nm), from their imine-linked parent
materials (Figure 5-1b, c). We characterize changes in the material by utilizing a
comprehensive suite of analytical techniques including Fourier transform infrared (FT-IR)
spectroscopy, °C and "N solid-state nuclear magnetic resonance spectroscopy (ssNMR), and
X-ray powder diffraction (XRPD) and correlate the COFs’ ability of adsorbing water vapor,
assessed by water vapor sorption experiments, to the targeted modification of the linkage

chemistry.
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5.2 Results

5.2.1 Material Synthesis and Analysis

As a model system for our reaction sequence, we first synthesized the imine-linked PI-3-
COF from 1,3,5-triformyl benzene (TFB) and 4,4'4"-(1,3,5-triazine-2,4,6-triyl)trianiline
(TTA) under solvothermal conditions, according to our previously reported method (see
details in the Supporting Information).!"” In a following step, the imine-linked PI-3-COF was
reduced to its amine-linked derivative rPI-3-COF using formic acid, following our recently
developed protocol.'™ In a second post-synthetic linkage conversion, we employed
m-chloroperoxybenzoic acid (mCPBA) to oxidize secondary amine linkages in rPI-3-COF to

nitrone linkages.

Upon reaction of rPI-3-COF with mCPBA, characteristic secondary amine vibrations at
VN.g = 3405 cm” in the Fourier transform infrared (FT-IR) spectrum disappeared,
suggesting a conversion of the linkage in the material (Figure S 9.2-1). Concomitant changes
of relative intensities in the finger-print region of the spectrum, among which a very weak
vibration at Vy.g = 1079 cm™, point at a successful oxidation to nitrone linkages."” Notably,
relative intensities of apparent vibrations in the spectrum of NO-PI-3-COF differ from those
visible for the parent imine-linked PI-3-COF and exclude that secondary amines were simply

re-oxidized to imines (Figure S 9.2-1).
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Figure 5-2: (a) XRPD pattern comparison of PI-3 (green), rPI-3 (blue) and NO-PI-3-COF (dark blue) obtained
from multi-step linkage conversion. As indicated by arrows, the position of the stacking reflection shifts
depending on the linkage type in the framework. (b) *C CP-MAS ssNMR spectra of these materials with
characteristic signals highlighted by arrows. (c) ®N CP-MAS ssNMR spectra of rPI-3 and NO-PI-3-COF.

The "C cross-polarization magic angle spinning (CP-MAS) solid-state NMR (ssNMR)
spectrum of NO-PI-3-COF further corroborates this finding, lacking a characteristic imine
carbon signal at 8 = 155.3 ppm (PI-3-COF) and signals for the benzylic CH, carbon of
tPI-3-COF at 8 = 45.4 ppm. The "N ssNMR spectrum of NO-PI-3-COF shows distinct
signals at —106.3 ppm for the nitrone and at —129.4 ppm for the triazine nitrogen. The
absence of the imine and amine nitrogens at —57.4 ppm (Figure S 9.2-17) and —313.3 ppm,
respectively, suggest a quantitative oxidation of amine linkages to nitrones in NO-PI-3-COF.
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Likewise, the data show that the oxidation treatment did not affect the nitrogen atoms of the
triazine ring, and proves a selective oxidation of the linkages. The observed ssNMR chemical
shifts are in line with values obtained by quantum-chemical calculations of representative
molecular models (Figure S 9.2-47, Figure S 9.2-48, Figure S 9.2-49, Figure S 9.2-50, Figure
S 9.2-51, Figure S 9.2-52).

A structural analysis of NO-PI-3-COF and its precursors via XRPD reveals high crystallinity,
represented by four narrow reflections in the diffraction pattern of NO-PI-3-COF at 20 =
5.6°%,9.7°, 11.3°, and 14.9°, indexed as 100, 110, 200, and 120 reflections (space group Pé),
and a broad stacking reflection 00/at 26 = 25.8° (Figure 5-2a). Compared to its parent imine
and amine structures, both the apparent hexagonal symmetry and crystallinity are retained
during the multi-step conversion, while a significant shift of the broad stacking reflection
(00/) toward larger angles appears in NO-PI-3-COF at 20 = 25.8°. Notably, the individual
steps of linkage modification can be traced by a characteristic shift of the broad stacking
reflection. For the reduction from imine to amine linkages a shift towards lower angles,
namely from 26 = 25.7° to 25.2°, is visible."”® The following oxidation to the nitrone shifts
this reflection in the reverse direction, to a higher angle of 26 = 25.8°, hinting at a contraction

of the stacking distance in NO-PI-3-COF compared to the imine and amine derivative.
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Figure 5-3: Rietveld refinements for NO-PI-3-COF (a) and NO-TTI-COF (b).

A Rietveld™ refinement (Figure 5-3) gives slightly larger in-plane unit cell parameters of
a=b=18.049(14) A and a decreased stacking distance of ¢ = 3.484(2) A in NO-PI-3-COF
(a =18.034(7) A and ¢ = 3.5058(12) A for PI-3-COF)!"¥l (Table S 9.2-1). While reduction to
rPI-3-COF has been previously described to increase both in-plane (,6) and stacking (¢) cell
parameters, due to increased C—N single- vs. double-bond lengths and steric repulsion of
the benzylic (CH>) protons of adjacent layers in the amine-linked material, the oxidation of
amine to nitrone-linkages causes the reverse effect, giving reduced in-plane and stacking cell
parameters for NO-PI-3-COF. The in-plane cell parameter « is approximately 0.02 A larger,

which is in line with the steric demand of the oxygen substituent in the nitrone. The stacking
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distance ¢is reduced by 0.03 A in the nitrone, suggesting a closer packing of the layers in the
¢-direction. On the other hand, a comparison of the pore size distributions obtained from
N> gas adsorption experiments (Figure S 9.2-19) shows a small contraction of the average
pore size from 1.7 nm (PI-3-COF) to 1.6 nm in NO-PI-3-COF (Figure S 9.2-20). In contrast
to the increased cell parameter 4, the slight reduction in pore diameter might be affected by

increasing stacking disorder, e.g. random offset-stacking of the layers!'> "%

upon oxidation
to the nitrone, likely introduced by the reorganization of the local structure of the linkages
affecting intetlayer interactions.”>*" Despite these changes in the structure, the material
shows porosity after the conversion of the linkage, evident from a BET surface area of
664 m°g" for NO-PI-3-COF (Figure S 9.2-22). Drying of the as-synthesized material in a
desiccator (CaCly), instead of applying high vacuum at 120°C, reduces drying-induced stress
in the material and allowed us to obtain NO-PI-3-COF with a larger surface area of

1186 m’™" (Figure S 9.2-30).

Motivated by these promising results, we further attempted a direct conversion of the imine-
linkages in PI-3-COF to nitrones with mCPBA under similar conditions (see SI). As reported
for small molecular imines, oxidation with mCPBA usually leads to a product mixture,
containing the oxaziridine as a major product.” Depending on the substituents, the three-
membered ring of the oxaziridine rearranges under light or thermal stimulation to the nitrone

627 In many cases, these circumstances lead to a complex mixture of these

or amide moiety.
compounds in the crude reaction mixture, which need to be separated by tedious
chromatographic techniques. Due to the incompatibility of a solid-state material such as a
COF to chromatographic purification, a post-synthetic linkage transformation requires a
selective and efficient reaction to a single product, which would clearly exclude this synthetic
strategy to obtain nitrone-linked COFs. Surprisingly, treating PI-3-COF with 1.0 equiv.
mCPBA (see SI for details) led to a clean and direct conversion of the imine linkages to
nitrones. This intriguing observation highlights that pre-organizing molecules in the solid-
state, and thereby restricting their mobility and accessibility, can confine the reaction
environment and lead to unexpected selectivity of reactions of or with solid-state
materials.”*"! Likewise, the mechanism of oxidation seems to occur vz direct oxygen
transfer to the imine nitrogen in PI-3-COF by mCPBA, contrary to the nucleophilic Baeyer-
Villiger reaction or concerted oxidation mechanisms considered to yield oxaziridines from
small molecule imines.” Furthermore, we believe that the presence of an oxaziridine linkage
intermediate is unlikely, because the highly strained three-membered oxaziridine heterocycle
would require a drastic deformation, i.e. corrugation, of the layers. Likewise, oxaziridines
pointing into the interlayer space, towards the neighboring layers, would cause an expansion
of the interlayer stacking distance, which is in stark contrast to the observed reduction of the
stacking distance in the nitrone (Figure 5-2a). The absence of any aliphatic carbon signals in
the PC ssNMR spectrum (Figure 5-2b) and nitrogen signals in the "N ssNMR spectrum
(Figure 5-2c) relating to oxaziridine formation supports our hypothesis that, in the sterically
crowded COF pore, oxidation likely occurs through an electrophilic attack of mCPBA on
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the nitrogen,”" as similarly observed for sterically hindered small molecule N-alkyl imines.””
The electrophilic attack mechanism involves an equatorial advance of the mCPBA reagent
towards the linkage nitrogen, 7 e. from within the pores, perpendicular to the stacking
direction of the layers. In contrast, the intermediate formation of oxaziridines would involve
an axial approach of mCPBA, which is sterically blocked by the neighboring layers in the 2D
COF and thus rather unlikely to occur.

To further demonstrate the general transferability of our oxidation method, we successfully
applied it to another imine-linked COF with a larger pore diameter, namely the TTI-COF
system (Figure S 9.2-3). Analogous to the oxidation of PI-3-COF, XRPD patterns of
NO-TTI-COF show retention of crystalline order throughout the reduction and oxidation
steps (Figure S 9.2-5). As earlier reported for the reduction of TTI-COF to amine-linked
rfTTI-COF, changes of the apparent symmetry occur, as evident from the disappearance of
peak splitting in the XRPD pattern (Figure S 9.2-5)."") A change from antiparallel slip-stacked
TTI-COF" to more eclipsed-like stacking in *T'TI-COF, due to a randomization of stacking
offset upon reduction, is even preserved during subsequent oxidation to NO-TTI-COF. The
interlayer distance of the randomly stacked rTTI-COF (3.504(2) A)!*¥ is further reduced to
3.478(25) A in NO-TTI-COF, following similar trends as described for NO-PI-3-COF. A
comparison of the N, adsorption isotherms (Figure S 9.2-24) reveals retention of porosity
during oxidation of fTTI to NO-TTI-COF, attested by an almost unaltered BET surface
area of 1325 m’¢’ for NO-TTI-COF (from 1397 m’g’ for fTTI-COF). Similar to
NO-PI-3-COF, pore size distribution analysis shows a contraction of the pore diameter by
0.2 nm to 2.1 nm in NO-TTI-COF (Figure S 9.2-25).

5.2.2 Water Adsorption Properties

After synthesizing NO-PI-3-COF and handling it in ambient air, we noticed a broad signal
centered at v = 3350 cm™ in the FT-IR spectrum (Figure S 9.2-2), which disappeated after
extensive drying of the material under reduced pressure. Likewise, an intense signal at
8 = 4.5 ppm in the 'H ssNMR spectrum of NO-PI-3-COF, as well as minor intensity
changes in the C ssNMR spectrum around 8 = 150 and 119 ppm were visible, referring to
carbons in close proximity to the nitrone center (Figure 5-2b, Figure S 9.2-18). Due to the
characteristic vibration in the FT-IR spectrum, we attributed the signal to water in
NO-PI-3-COF, which was captured from ambient air. This observation encouraged us to

study the water adsorption properties of the nitrone-linked frameworks.
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Figure 5-4: (a) Comparison of water vapor adsorption isotherms of PI-3- and NO-PI-3-COF. (b) Water
adsorption-desorption cycles of NO-PI-3-COF. (c) Adsorption isotherms of TTI-, rTTl-, and NO-TTI-COF.

Water vapor adsorption experiments of NO-PI-3-COF and PI-3-COF at 15°C (Figure 5-4a)
show S-shaped isotherms with a steep uptake step as an effect of nucleated condensation in
the pore channels.!"*" Relative pressures, i.e. relative humidity, at which steep pore filling
occurs, shift from P/P,, = 0.38 (PI-3-COF) to P/P., = 0.21 upon oxidation of the nitrone-
linked material. The total uptake at P/P., = 0.95 is slightly reduced in NO-PI-3-COF with
an adsorbed mass of 0.27 gper gram of material (compared to 0.34 g/g of PI-3-COF), which
correlates with the structural rearrangement as well as the increase in molecular mass of the
material during oxidation. Besides a small hysteresis of the isotherm, low induction pressures
are a prerequisite for efficient harvesting of atmospheric water.”! In contrast to a limited
capacity, which is less relevant for the applicability of a material for water uptake, the
induction pressure for the pore-filling step is a strongly limiting factor for harvesting water
under arid conditions if the material is capable of performing multiple cycles per day.” To
better understand the impact of oxidation on the interaction of water with the material’s
surface, we determined the heats of adsorption (Qs) for the pristine and NO-functionalized
COF based on the Clausius-Clapeyron equation by measuring additional adsorption
isotherms at 25°C and 35°C (Figure S 9.2-34, Figure S 9.2-36). Isotherms measured at higher
temperature show a retention of the adsorption properties observed for 15°C, accompanied
by a gradual shift of the pore-filling step to P/P. = 0.26 at 35°C. Values for Q. calculated
from the kinetically limited adsorption process for small adsorbed amounts (Figure S 9.2-306)
suggest a predominantly hydrophobic pore channel in NO-PI-3-COF, as similarly observed
for PI-3-COF (Figure S 9.2-306). In contrast, higher values for the desorption process in
NO-PI-3-COF indicate a stronger interaction of water molecules with dedicated sites in the
material, visible from increased Q. towards small loadings during desorption.”! Likewise,
the heats of adsorption reach a plateau for amounts corresponding to the pore-filling steps
in both materials and stabilize at Q.= 47 kJ/mol for the imine and Q.= 50 kJ/mol for the
nitrone, trespectively, which are close to bulk water (Q. = 44 kJ/mol)."”! Together with
increasing heats of adsorption towards zero loading during desorption (Figure S 9.2-30), this
hints at an increased interaction of water with the more polar nitrone sites in NO-PI-3-COF.
Heats of adsorption at zero coverage calculated from CO; adsorption isotherms at different

temperatures (Figure S 9.2-39, Figure S 9.2-40) further corroborate this finding, giving
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increased values for NO-PI-3-COF (Q.= 30 kJ/mol) compared to PI-3-COF (Qu=
21 kJ/mol). Our observations suggest that the nitrone-linkages act as hydrophilic centers,
which support the coordination of water molecules. With increasing water vapor pressures,
clustered water molecules at the linkage centers act as nucleation sites for water condensation

[15]

in the pore channels.” Consecutive volumetric adsorption/desorption cycles of

NO-PI-3-COF at 25°C (Figure 5-4b) do not show any signs of material degradation.

In order to gain more insights into the water uptake and release behavior and cycling stability
of NO-PI-3-COF we petrformed #n-sitn XRPD measurements at 25 °C in a dynamic
atmosphere with adjustable relative humidity (Figure 5).
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Figure 5-5: In situ XRPD measurements of NO-PI-3-COF (a): XRPD patterns in dehydrated (green) and
hydrated states (blue) including the background diffraction signal attributed to the sample holder and the
humidity chamber (asterisks) and selected reflection indices. (b) Time-dependent intensity of the 100
reflection obtained from in situ XRPD patterns during hydration and dehydration. (c) Modulation of the 100
intensity during multiple hydration and dehydration cycles.

A gradual change of 100, 110 and 200 reflection intensity and significant upshift of the 001
reflection position occurs upon hydration (Figure 5a, S55b), which is attributed to a reduced
scattering contrast and stacking distance of the layers, in agreement with simulated diffraction
patterns of a refined model at different water loadings (Figure S 9.2-55). Although a
contraction of the interlayer distance and thus unit cell volume upon filling the pores with
water molecules (Figure S 9.2-54c, Figure S 9.2-56¢) might appear counterintuitive, increased
intetlayer interactions and/or conformational changes of linker related groups can lead to a
denser packing of the COF layers. When the relative humidity is subsequently decreased, the
peak intensities of 100, 110 or 200 increase again (Figure 5-5b, S55b), corresponding to a
reversible hydration of NO-PI-3-COF analogous to the observations from volumetric water
adsorption experiments (Figure 5-4a, b). Motivated by these results we conjectured to use
the prominent changes in 100 reflection intensity as a proxy to trace the kinetics and
reversibility of the adsorption process (Figure 5-5b). The change in 100 intensity occurs
gradually upon hydration at 25°C (40% R.H.) and stabilizes after 30-40 minutes. Subsequent
reduction of the relative humidity (0.1%) to trigger the isothermal desorption shows a

similarly fast response to the signal intensity, indicating that both ad- and desorption of water
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vapor occur fast enough to perform multiple cycles per day. However, the 100 intensity (i.e.
the dried state) does not fully recover after the first hydration cycle, hinting at an incomplete
water release under the applied isothermal desorption conditions. During consecutively
performed cycles (Figure 5-5c) an induction period of 3-4 cycles becomes evident, after
which the 100 signal intensity of the dehydrated state stabilizes. On the other hand, the
corresponding relative intensity in the hydrated (i.e. wet) state stays constant at around ~0.2
throughout the entire experiment, corroborating the observed cycling stability of the material
from volumetric sorption experiments (Figure 5-4b) throughout an increased number of

cycles.

Adsorption isotherms for NO-TTI-COF (Figure 5-4c) show a similar shift of the steep pore
condensation step by A(P/P.) = 0.15 towatrds lower relative pressures. Due to the larger
pore diameter of 2.1 nm water condensation in the TTI-COF system requires higher
humidity compared to PI-3-COFs, evident from the inflection point of the pore-filling step
at P/P,,= 0.47 for NO-TTI-COF (Figure 5-4c). Notably, this shift is only visible after
oxidation to NO-TTI-COF and does not occur after the initial reduction from TTI-COF to
amine-linked rTTI-COF, highlighting the necessity of the nitrone linkage and the
transferability of the observed water adsorption effect in NO-PI-3-COF to other COF
systems. On the other hand, water vapor isotherms successively collected at different
temperatures for TTI-, TTI-, and NO-TTI-COF show a decrease in adsorption capacity for
both post-modified TTI materials (Figure S 9.2-35). In contrast to the behavior of
NO-PI-3-COF, the uptake capacity of rTTI- and NO-TTI-COF is halved during the second
measurement with the same material (Figure S 9.2-35). XRPD (Figure S 9.2-8) analysis of
NO-TTI-COF after water adsorption experiments suggest that the reduction is caused by
partial pore-collapse, evident from a shift of the reflections towards higher angles
accompanied by a loss of scattering intensity. Notably, FT-IR spectra of this material before
and after water adsorption experiments do not show signs of chemical decomposition of the
material such as hydrolysis (Figure S 9.2-4). Solvent-induced pore collapse is a common

BS which can

phenomenon observed especially during the drying process of large pore COF's,
be reduced with decreasing polarity of the solvent” or by enhanced intetlayer
interactions.”>* As previously reported for certain MOF water harvesting materials,™ this
observation further points to a strong interaction of polar nitrone moieties in NO-TTI-COF
with adsorbed water and recalls the necessity for orchestrating different types of interactions
to further optimize adsorption properties of COFs. More specifically, fine-tuning of pore
channel hydrophilicity can only lead to efficient water adsorption materials if interlayer
interactions—as the “opponent” in 2D COFs—are likewise adjusted or, as described for
NO-PI-3-COF, are strong enough to withstand drying-induced stress during water

desorption.

Nevertheless, the water adsorption characteristics of NO-PI-3-COF fulfill the criteria for
water harvesting materials. Besides stability under the required conditions, these materials

should preferably exhibit an S-shaped water adsorption isotherm with a steep uptake step
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between P/Pyu: = 0.1 and 0.3 to allow adsorption at low humidity.”"”! To enable energy
efficient water desorption by a small temperature swing, the isotherms should only show
minor hysteresis and low heats of adsorption.”” Accordingly, the adsorption isotherm
profile, and cycling stability of NO-PI-3-COF together with only minor hysteresis between
ad-/desorption and a Q. close to bulk water (Q = 44 kJ/mol)"” at the pore-filling step,

bodes well for the use as the active material in water harvesting applications.

5.3 Conclusion

In summary, we present a new, facile topochemical oxidation method to obtain nitrone-
linked covalent organic frameworks iz solid-state synthesis starting from readily available
imine-linked COFs. In contrast to earlier post-synthetic oxidation methods affording amide-
linked COFs***1 our protocol, makes use of the electrophilic oxidation capabilities of
mCPBA," and thus allows to selectively oxidize nitrogen centers in the presented materials,
while both crystalline order and porosity of the scaffolds are retained. Converting imine or
amine linkages to nitrones introduces polar centers into the pore wall surface and thus
modulates the interaction with polar adsorbates, such as water vapor. Both post-synthetically
modified small and larger pore diameter nitrone COFs adsorb water vapor at reduced relative
pressures compared to their parent COFs. The condensation of water vapor in the nitrone
decorated pore channels is significantly shifted by ~20% relative humidity compared to the
corresponding amine- or imine-linked precursor COFs. This makes COFs based on this
novel linkage attractive candidates for atmospheric water harvesting. Due to an early onset
at lower humidity, nitrone-linked COFs could be promising candidates for water vapor

adsorbents in areas where arid atmospheric conditions prevail.
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Abstract: The incorporation of molecular machines into the backbone of porous framework
structures will facilitate nano actuation, enhanced molecular transport, and other out-of-
equilibrium host-guest phenomena in well-defined 3D solid materials. In this work, we detail
the synthesis of a diamine-based light-driven molecular motor and its incorporation into a
series of imine-based polymers and covalent organic frameworks (COF). We study structural
and dynamic properties of the molecular building blocks and derived self-assembled solids
with a series of spectroscopic, diffraction, and theoretical methods. Using an acid-catalyzed
synthesis approach, we are able to obtain the first crystalline 2D COF with stacked hexagonal
layers that contains 20 mol% molecular motors. The COF features a specific pore volume
and surface area of up to 0.45 cm’ g ' and 604 m* g ', respectively. Given the molecular
structure and bulkiness of the diamine motor, we study the supramolecular assembly of the
COF layers and detail stacking disorders between adjacent layers. We finally probe the motor
dynamics with 7 situ spectroscopic techniques revealing current limitations in the analysis of
these new materials and derive important analysis and design criteria as well as synthetic

access to new generations of motorized porous framework materials.

6.1 Introduction

Light-driven molecular motors have emerged as promising platforms to achieve
stimuli-responsive motion at a molecular scale."”! Incorporating these into porous,
heterogeneous structures promises new generations of dynamic, light-responsive, smart
materials with unique properties that allow control over molecular motion in their
surrounding space and pore volume.”" Maximizing dynamic effects and achieving
molecular motion along length scales to create nano- or macroscopic function requires
specific designs and diverse conditions, which is a challenging area of contemporary
research.™'*'% Besides the control of molecular dynamics, cooperative interactions on a
spatiotemporal level and structural aspects of the matrix are also critical design criteria. These
include the ratio of dynamically active and passive components in confined space, the three-

dimensional structure, adaptivity of the matrix and sufficient void space.

High packing densities of bistable rotaxanes!'” and catenanes embedded in self-assembled
monolayers!** and polymers”! result in a significant decrease in the rate of rotational and
translational motion. Similar effects wetre observed for the intramolecular rotational motion
of molecular motors embedded in polymers”** or grafted onto surfaces™ **. Strategies to

2520 a5 well as spatial

avoid these effects include incorporation into low-viscous fluids
separation by co-assembly or immobilization of molecular motors into the backbone of
porous frameworks!” and polymers.”” In particular, the latter is a critical innovation towards
the transfer of controlled motion of a molecular machine onto a guest species.”® The Feringa
group recently demonstrated that light driven molecular motors can be embedded in the
backbone of metal-organic frameworks by applying a motor-based stator unit.”! The

rotational frequency of the molecular motors in these nanoporous crystals did not change
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compared to the molecules’ behavior in solution, indicating that the rotor units perform
unrestricted motion. In principle, the pore space allows for dynamic confinement effects and
unusual transport or adsorption phenomena.” Castiglioni and Feringa ¢# a/. demonstrated
that the porosity of a nanoporous polymer with backbone-embedded, light-driven molecular
motors changes reversibly upon irradiation as a result of photoswitch dynamics.”” In a
computational study, Kolodzeiski e a/ predicted collective dynamics of framework-
embedded molecular motors?™ and Evans ¢ a/. were able to show that such properties can
lead to activated, directed transport of a confined fluid mimicking a macroscopic pump.P! A
critical design criterion of such activated directed transport is the presence of pore channels

in which the fluid is confined and translational motion is forced in a preferred direction.

A class of materials that feature such intrinsic pore channels and combines it with exceptional
structural tunability are 2D Covalent Organic Frameworks (COFs).P? The unique propetties,
such as high porosity, large surface areas, light-absorption, and ordered structuring, are
combined within a crystalline polymeric material. COFs have been used for diverse
applications, including gas storage and separation, sensing, electrochemical energy storage,

and heterogeneous (photo)catalysis.”>

Recently the incorporation of light-responsive moieties in COFs has gained interest for
modifying their properties, e.g. pore-accessibility, by external stimulation. To this end,
various polymers"! and COFs comprising azobenzene-**! or dithienylethene-switches!*! as
building blocks have been synthesized. Apart from these switches, rotaxanes have also
recently been introduced into COF-like polymers.***! A major challenge in these structures
is the compromise between structural complexity, functionality and crystallinity of the
material,* with a loss of structural order evident in the X-ray diffraction pattern and low
surface area with geometrically more complex building blocks.***! In contrast to MOFs,
COFs are connected entirely by covalent bonds, and many COFs exhibit a higher chemical
stability than MOFs.*”) The combination of low density, structural tunability and stability
makes COFs more attractive for the integration of molecular machines. As an example, many
MOF structures are sensitive to solvent removal, drastically limiting their potential for
applications.* COFs furthermore perform better in terms of processabilty and in principle
allow for hierarchical structuring, such as thin-film fabrication, required for advanced
(photo-)electrochemical applications.>*" Despite its structural elegance and advantages,

molecular motors have not been embedded in COFs to date.

Contrary to amorphous polymeric materials, COFs allow, in principle, for precise
arrangement of responsive molecules within their crystalline framework, similar to the
arrangement demonstrated in MOFs."! The spatial arrangement of molecular machines is
crucial to amplify and coordinate their movement across multiple length and time scales.!"”
Molecular motors arranged in amphiphiles could be used as artificial muscles, able to lift
macroscopic objects.”'! Motors as dopants in liquid crystals, for example, ate able to move

micrometer sized objects through spatial rearrangement of the liquid crystal matrix.? In
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these systems only small amounts of molecular motors were embedded, demonstrating that
the quantity of machines integrated is less relevant than the quality of their arrangement to

obtain responsive function.

Herein we detail design principles and synthetic strategies of COFs featuring backbone-
embedded light-driven molecular motors. To the best of our knowledge, this is the first
report of a light-driven molecular motor covalently incorporated in 2D COFs, in which both
crystallinity and porosity are preserved. We synthesize a new diamine light driven molecular
motor and investigate its dynamics with zz-sztu spectroscopic methods. By utilizing different
reaction conditions, we synthesize amorphous polymers as well as crystalline 2D COFs,
constructed from this diamine molecular motor »z imine condensation. The structural
features of the self-assembled frameworks with respect to composition, local and long-range
structure, structural disorder, and porosity were investigated. We elucidate the stacking
mechanism of adjacent 2D layers in the framework and examine the motor behavior with
FT-IR, Raman and UV/Vis spectroscopy. From this, we detive design principles and
methodologies that in the future will help to establish dynamic COFs to be used as light-

responsive smart materials.

6.2 Results

The rotational cycle of overcrowded alkene-based molecular motors consists of four distinct
steps.’> First, the C-C double bond connecting the two halves of the molecule functions
as the rotary axle. It undergoes an E-Z isomerization upon irradiation with light in the
UV/Vis region. The molecule adopts a metastable state, in which the methyl group of the
upper half (Figure 6-1a, orange) converts from a pseudo axial to an energetically less favored
pseudo equatorial position. Subsequently, the molecule relaxes through a thermal helix
inversion, completing a 180° rotation. This step is irreversible, in contrast to the double bond
isomerization step in which a photochemical equilibrium is established. The thermal helix
inversion therefore ensures the unidirectionality of the motor rotation. The half-life of the
metastable state is furthermore the main determining factor for the rotational speed of the
motot. Repetition of the photochemical and thermal steps fulfills a full 360° rotation (Figure
6-1a).

Depending on the structural features of overcrowded alkene-based molecular motors, their
properties like absorption wavelength, rotational speed, or thermal half-life of the metastable
state can vary tremendously.”! The half-life of the metastable state is primarily determined by
the ring size of the two moieties connected by the central C-C double bond. For our studies,
we chose a synthetically easily accessible molecular motor structurally related to the MOF-
embedded, pyridine-detived motor detailed by Danowski ez 2/ This molecular motor
features a half-life in the range of minutes to be able to conveniently study the rotation at

room temperature.>"
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1% has emerged as the most popular handle for

Imine based dynamic covalent chemistry
making functional COFs,P" as boronic acids are prone to hydrolysis.” This approach
requires amine or aldehyde-based building blocks and we selected the aniline-based
bisfunctional molecular motor 1 (Figure 6-1a, R = NHy) as a suitable building block for the
synthesis of COFs and 1,3,5-triformyl benzene (3) as the aldehyde counterpart (Figure 6-2a).
Due to steric bulk of the motor unit, we used a larger amine building block, which is extended
by aniline moieties, compared to recent examples of fluorene based COFs,” % creating a
larger pore size in the condensed network and void volume in the motor plane. The selected
building block combination allows condensation into a 2D layered COF, which is not prone
to form interpenetrated structures as reported for many 3D COFs. Although 3D COFs may
appear structurally more related to MOF structures, these materials are often obtained with
reduced pore volume due to interpenetration, detrimental for the rotation of the motor

unit.*"!

In order to study framework formation and properties independent of molecular motors, we
chose to establish a structurally similar dimethyl fluorene spacer without motor functionality.
This spacer mimics the lower half of the motor (Figure 6-1a, blue), also allowing integration
of both molecular building blocks within the same framework. Co-condensation in a single
framework!® enhances the free space in which the motor can rotate. The methyl groups of
the spacer further assist in increasing free volume for the motor rotation by favoring an

antiparallel arrangement between neighboring fluorene units./>%!
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Figure 6-1: (a) Configurational changes upon photoswitching and thermal helix inversion of motors 1 and 2.
(b) UV/Vis absorption spectra upon irradiation of motors 1 and 2 in acetonitrile at 5 °C. The initial absorption
spectra are shown in dark blue. The red spectra correspond to the photostationary state (PSS) at 395 nm
for motor 1 and 365 nm for motor 2. The spectra after thermal helix inversion (THI) are shown in light blue.
(c) "H NMR spectra of motors 1 and 2 in the dark (blue) and after irradiation (red) in deuterated benzene at
10 °C. Spectra of the PSS show an additional set of signals for the metastable states (grey). (d) Raman
spectra (785 nm) of motor 2 in toluene in the dark (blue), after irradiation with 365 nm (red) and after thermal
helix inversion (light blue).

6.2.1 Synthesis and Characterization of the Building Blocks

The amine-functionalized spacer 4 and motor 1 were synthesized following a convergent
strategy. A motor precursor was synthesized in a Barton-Kellogg olefination between the
respective thioketone and 2,7-dibromo-9-diazafluorene following our reported procedure.'
The amine functionality in the motor 1 was subsequently introduced in a Suzuki-cross
coupling reaction with 4-aminophenylboronic pinacol ester (for synthetic details, see SI). The
same procedure was followed to afford the amine-functionalized spacer 4. A model imine
compound 2 (Figure 6-1a) was prepared and investigated additionally to study the rotary
behavior of the motor 1 after imine condensation in solution. This model compound also
mimics the chemistry of the motor and local molecular sterics when incorporated into the
backbone of the COF. The model compound 2 was prepared by reaction of the amine
building block 1 with benzaldehyde in toluene with 3 A molecular sieves.
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The light-induced rotational behavior of molecular motors 1 and 2 was monitored i situ
using UV/Vis absorption and proton nuclear magnetic resonance (‘H NMR) spectroscopy
(Figure 6-1b, c, d). We additionally investigated a solution of imine functionalized motor 2
by Raman spectroscopy to probe the dynamics of molecular motors in solution and in the

solid state as previously shown for MOFs 'l

A solution of amine functionalized motor 1 in acetonitrile initially shows a local absorption
maximum at 400 nm (Figure 6-1b). Upon irradiation at 395 nm at 5 °C, a new band with a
bathochromic shift formed at 450 nm, indicating the formation of a metastable state typically
observed for second generation light-driven molecular motors.* An isosbestic point at
415 nm indicates that a single step process takes place (Figure S 9.3-2). Relaxation of the
sample at 5 °C after irradiation led to the reversible recovery of the stable isomer. Eyring
analysis yielded an activation bartier for the thermal helix inversion of 87.9 kJ/mol, which

corresponds to a thermal half-life of the metastable state of 8.6 min at 20 °C (Figure S 9.3-2).

A solution of imine functionalized model motor 2 in acetonitrile exhibited a absorption
maximum at 360 nm, and irradiation at 365 nm led to the formation of a new band at
440 nm, indicating the formation of the metastable state, while maintaining an isosbestic
point at 420 nm (Figure 6-1b, Figure S 9.3-3). The stable state was fully recovered after
relaxation in the dark for approximately 2 h (Figure S 9.3-26). The activation energy of the
thermal helix inversion was determined to be 88.3 kJ/mol, which cotresponds to a thermal
half-life of the metastable state of 10.3 min at 20 °C (Figure S 9.3-3). Based on this analysis
we have confirmed both motors 1 and 2 to exhibit light-responsive rotational dynamics that

are observable under ambient conditions.

The nature of the isomers formed was further investigated by "H NMR spectroscopy (Figure
6-1c). Solutions of both motors 1 and 2 dissolved in deuterated benzene were irradiated 7
sitn at 10 °C. Irradiation of motor 1 at 385 nm led to the formation of a new set of signals,
indicating the formation of the metastable isomer at a photostationary state with a ratio of
54:46 (metastable:stable). Leaving the sample at 10 °C without irradiation led to recovery of
the initial spectrum of the stable state (Figure S 9.3-23, Figure S 9.3-24). Imine functionalized
motor 2 was irradiated at 365 nm and reached a ratio of 22:78 (metastable:stable) at the
photostationary state. After leaving the sample at 10 °C in the dark, the spectrum of the
stable state was fully recovered (Figure S 9.3-25, Figure S 9.3-20).

Investigation of motor 2 by Raman spectroscopy in toluene showed the appearance of a
band at 1550 cm™ upon irradiation at 365 nm, which is typical for the stretching of the central
C-C double bond of the metastable isomer (Figure 6-1d).” The band diminishes while
leaving the sample without irradiation at room temperature, demonstrating reversible
thermal helix inversion. The energy barriers for the thermal helix inversion of metastable
motors 1 and 2 are in line with values computed by DFT (Table S 9.3-2, Table S 9.3-3). In
both cases, the geometry of the fluorenyl moiety, which is embedded in the framework

backbone, undergoes only a minor deformation upon isomerization and should allow
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rotation while preserving the framework. The imine functionalized motor 2 has a half-life of
several minutes at room temperature (Figure S 9.3-3, Figure S 9.3-26), which is ideal to follow
the motor rotation at room temperature in solution and in the solid framework. Motor 2
however, exhibits a less favorable ratio between the stable and metastable state at PSS, with
a preference towards the stable state. DFT studies show that the lower halves of the building
blocks are bend by ca. 18° (Table S 9.3-4) and the motor adds structural complexity and
bulkiness, making their condensation into a crystalline COF challenging. Consequently, we
followed two different approaches for the condensation of building blocks into COFs.

6.2.2 Materials Synthesis

The amine building blocks were condensed with 1,3,5-triformyl benzene (3) under either of
two reaction conditions. Reaction of the building blocks 1 and 4 with 1,3,5-triformyl
benzene (3) with Sc(OT1); catalysis®” * in mesitylene:1,4-dioxane (1:4) at room temperature
led to fast precipitation of an amorphous, polymeric material. Three different polymers with
varying amount of motor were prepared: a pure motor polymer (mg-P), in a 1:1 ratio with
the spacer (mso-P), and a pure spacer polymer (mo-P). After the condensation, the materials
were washed with ethanol and centrifuged several times to remove residual building blocks
and dried with supercritical CO,. The formation of the imine backbone of the polymer and
the consumption of trisaldehyde 3 and amine building blocks 1 and 4 is confirmed by Fourier
transform infrared (FT-IR) spectroscopy, showing the characteristic imine band (ve=x) at
1623 cm™ (Figure S 9.3-4). All three IR spectra show similar bands in the finger-print region,

underlining the structural similarity of the polymers.

Solid-state nuclear magnetic resonance spectroscopy (ssSNMR) was performed to confirm
the incorporation of the building blocks and preservation of motor integrity within the
polymer backbone. The “C ssNMR spectrum of my-P shows three characteristic signals for
the imine carbon atom (156.4 ppm), the aliphatic bridging atom (48.3 ppm) and the methyl
groups (28.3 ppm) (Figure S 9.3-27, Figure S 9.3-28). mig-P shows two characteristic peaks
in the aliphatic region at 41.6 ppm and 18.2 ppm and a broad signal at 148.5 ppm for the
imine carbon (Figure S 9.3-29, Figure S 9.3-30). The two sets of signals can be identified in
the spectrum of msp-P confirming that both building blocks are incorporated within the
polymer and the motor molecules are intact (Figure S 9.3-31, Figure S 9.3-32). X-ray powder
diffraction (XRPD) revealed that all three materials are missing long-range order with only
the mo-P exhibiting a single broad, pootly defined reflection at 20 = 2—4° (Co-K.), indicative
of only weak structural coherence within the material (Figure S 9.3-13). These findings are
consistent with the low Brunauer-Emmett-Teller (BET) surface areas of 25.3 m? g~ ' (mugo-P)
and 10.2m*g ' (ms-P) for the motor containing polymers, and moderate values of
713 m*g ' for the pure-spacer polymer mo-P, probed by N2 sorption analysis at 77 K (Figure
S 9.3-39, Figure S 9.3-40, Figure S 9.3-41, Figure S 9.3-44, Figure S 9.3-45, Figure S 9.3-40).
Furthermore, the total pore volumes for these materials are 0.04 cm’g ™, 0.03 cm’g ' and

0.42 cm’g !, respectively, showing porosity only for the non-motor containing polymer
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my-P. However, given the lack of long-range order, the local molecular environment in these

polymers is unknown.
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Figure 6-2: (a) Synthesis of m20-COF from mixtures of spacer and motor building blocks with
triformylbenzene (3) under solvothermal conditions. (b) Transmission electron microscopy (TEM) image of
m20-COF with visible pore channels along [00l] pointing towards the surface of the spherical particle (blue
inset). Fast Fourier transformed (FFT) insets show a hexagonal pattern (red box, viewing direction [00I]). (c)
XRPD pattern and unit cell parameters of m20-COF obtained by Pawley refinement with a simplified unit cell
proxy model (see Table S 9.3-1) (d) "*C-CPMAS ssNMR spectrum of m20-COF containing signals of the
motor and spacer building blocks. (e) N2 adsorption isotherm of m20-COF.

To realize a porous, motor-containing material, we made use of an orthogonal solvothermal
synthesis approach with aqueous 6 M acetic acid as catalyst to enhance crystallinity.”*”) With
this approach mg-COF was crystallized from motor 1 and spacer 4 amine building blocks
(4:1 molar ratio) and 1,3,5-triformyl benzene (3) in mesitylene as the solvent at 110 °C for
72 h (Figure 6-2a). This ratio of spacer and motor building blocks refers to a statistical
loading of 1.2 motors per hexagonal pore in two layers, and thus ensures free void for the
motor rotation. XRPD with Co-K,; radiation shows two Bragg-like peaks at 20 = 2.6° and
5.3°%, indexed as 100 and 200 reflections using a crystalline eclipsed stacked structure as a
proxy model (Figure 6-2c, Figure S 9.3-12) (space group P 63/mcm). This supports the in-
plane order of the layers, in spite of the random motor distribution. A Pawley refinement
gives unit cell parameters @ = b = 42.8 A (Figure 6-2c). Notably, due to the absence of any

stacking reflections, the cell parameter ¢ could not be refined and was fixed to an arbitrary
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value of ¢ = 7.1 A, representing the calculated value of the lowest energy unit cell model

(Table S 9.3-1).

The absence of amine (Vx.n) stretching bands in the FT-IR spectrum and the presence of the

imine bands (Ve=x) at 1623 cm™ indicate condensation of the framework as previously
described for the amorphous polymer (Figure S 9.3-6). °C cross-polatization magic angle
spinning (CP-MAS) ssNMR spectra support this finding as well, showing a characteristic
signal for the imine carbon at 8 = 154.6 ppm (Figure 6-2d, S36). Additional signals in the
aliphatic region were assigned with the aid of 'H/"C heteronuclear correlation (HETCOR)
spectroscopy (Figure S 9.3-37) and correspond to the spacer (8 = 46.5, 26.6 ppm) and the
motor unit (8 = 41.9, 26.6, 17.8 ppm) incorporated into the framework. ">C direct-excitation
(DE) experiments (Figure S 9.3-38) were carried out to obtain quantitative information about
the motor/spacer ratio in the materiall The signals at & = 20.6 (spacetr), and
17.8 ppm (motor) in the “C-DE spectrum were found to be sufficiently resolved
(Figure 6-2d) and reveal a motor content of approximately 20% relative to spacer units (1.2
motors per pore in two layers). This value matches well with the theoretical content of 20%,
indicating quantitative incorporation of the motor building block into the COF (relative to
the starting ratio). Scanning electron microscopy (SEM) images show spherical, intergrown
particles sized between 150 and 300 nm in diameter (Figure S 9.3-51) with uniform
crystallinity and visible pore channels along [00]] as evident from transmission electron
microscopy (TEM) analysis (Figure S 9.3-52). The hexagonal pattern of the fast Fourier
transformed TEM image (Figure 6-2b) further corroborates the symmetry and unit cell
parameters obtained from Pawley refinement of the XRPD data. We performed N>
adsorption experiments to gain insights into the porosity of mz-COF. From the adsorption
isotherms a BET surface area of Sper = 604 m® g ' (0.45 cm’g ™' total pore volume) and an
average pore size centered at 2.7 nm was observed, derived by the QSDFT model for
cylindrical pores (Figure S 9.3-42, Figure S 9.3-47, Figure S 9.3-49). Interestingly, the value
found for the average pore size is rather small and would be expected to be at least 3 nm for
an idealized eclipsed stacking, compared to COFs with similar topology and lattice
parameters.””! Recent reports showed weak interlayer interactions to cause a decrease in
apparent pore diameter in similar COFs,"" " due to a poor registry of the layers in the
stacking direction.”” As this property also depends on the orientation of the building blocks
in neighboring layers, we modeled different orientations of the amine building blocks in the
framework and additionally assessed the local structure with the help of pair distribution
function (PDF) analysis.""l

Since the large majority of the mz-COF backbone consists of the spacer building block, we
chose to simplify structure modeling by omitting the motor moiety in the model (Figure 6-3).
A closer look at the molecular structure of the spacer building block (Figure 6-2a) reveals
two characteristics of the amine building blocks that can influence the layer stacking: the

curvature of the linker and two benzylic methyl groups of the dimethylfluorene core, oriented
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perpendicularly to the aromatic system. These factors have a profound effect on the relative
orientation of the building blocks in a condensed three-dimensional structure (Figure S
9.3-10). The steric demand of the methyl groups (and in the case of motor 1 the rotor parts
alike), pointing into the interlayer space, can complicate the structure’s ability to lower its
energy based on the optimization between 7-7 interactions and dispersion forces.™ ™ This
is particularly the case in structures with a parallel spacer orientation (Figure 6-3a), rendering
parallel models energetically unfavorable." With an antiparallel orientation of the unit, a
regular conformation of the imine linkages is equally needed to construct evenly shaped pore
channels, but due to the curvature of the fluorene unit, the imine conformation also
determines the possibility for sufficient stacking interactions across the layers."®®"l This
constraint led to the development of three possible unit cell structure models, which differ
mainly in their imine configuration (Figure S 9.3-11). A comparison of the total energies,
obtained from Forcite geometry- and cell optimization in Material Studio, revealed the most
favorable model with antiparallel stacking of the fluorene core and synchronized imine bonds
pointing away from the dimethyl group (AA-1_EE, Table S 9.3-1) combining the least

interlayer steric repulsion with best stacking interactions.
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Figure 6-3: (a) Schematic illustration of molecular models probing the relative orientation and interlayer
distance of the spacer moiety with respect to the imine bond configuration in a condensed framework. The
antiparallel EE model combines the least steric repulsion of the methyl groups with best n overlap. (b)
Experimental pair distribution function (PDF) for mxo-COF and simulated PDFs with different values of the



Light-Driven Molecular Motors Embedded in Covalent Organic Frameworks 101

displacement parameter Uss, simulating the effects of stacking and conformational disorder, are overlaid. (c)
Interlayer density distributions simulated for different layer offset scenarios in 2D honeycomb layered COFs
are shown to demonstrate the specific impact of different relative stacking offsets on the PDF profile
(U11=Ua= 1.0 AZ; Us3= 0.05 A2).

We employed PDF analysis on X-ray total scattering synchrotron data (Figure 6-3b, Figure
S 9.3-17) to gain further insights into the local and intermediate length scale structure of the
framework. The experimental PDF profile shows characteristic sharp peak profiles for atom-
pair distances below r = 5 A, provided by intralayer molecular connectivity, and a sloping
baseline (> 5 A) indicative of intralayer pore-pore correlations. Unlike other 2D COFs,
interlayer correlations are not observed, indicating the relationship between the stacked, and
even neighboring layers is not coherent, due to a broadened distribution of interatomic
distances between neighboring layers.”* Hence, a good qualitative agreement to the
simulated pair distribution functions (AA-1_EE model) is obtained by implementing large
atomic displacement parameters in the [001] direction (Uss), simulating different levels of
reduction in interlayer coherence (Figure 6-3b). This agreement is not noticeably impacted if
the motor unit is considered in the structural model, indicating that the motor units cannot
be distinctly resolved without long-range ordering, since the bond distances in the motor

units are too similar to the backbone of the material (Figure S 9.3-16).

Simple models have been developed to demonstrate how the interlayer correlations are
modified to understand the absence of any stacking reflection (00) and associated
correlations of interlayer density.”” These are illustrated for the associated layered
honeycomb structures in Figure 6-3c. In these models, large atomic displacement parameters
(Ui, Uzp) have been applied to wash out specific atom-pair correlations, resulting in
effectively continuous density honeycombs. A shift from eclipsed to slipped stacking, for
example, results in a broadening and effective shift of the interlayer density distribution (the
distance of closest approach between neighboring branches does not change, but the
maximum distance increases), while a staggered relationship decreases the amount of nearest
neighbor correlations but maintains the second neighbor correlations still sitting in an
eclipsed position. With completely randomized layer offsets, the intensity of the interlayer
peaks for the model are substantially diminished, but still present due to the remaining
equidistant spacing and thus cannot explain the absence of interlayer correlations as
experimentally observed for my-COF. However, in the presented material conformational
distortions are expected to be coupled with offsets, thus allowing the atoms in the layers to
also move off their ideal positions in the stacking direction, resulting in a distribution of
different interlayer distances. The combination of both offsets and conformational flexibility
can lead to the extinction of the interlayer coherence, and no modulation in stacking density
remains. This is further supported by simulated diffraction patterns for mg-COF as a
function of randomized layer offset magnitude (lateral) and interlayer displacement
parameter using DIFFaX®™ (Figure S 9.3-72). This is in contrast to continuous layered

materials like graphite, because interlayer offsets lead to a wider distribution of possible
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interlayer interaction environments due to the intrinsic porosity in the layers. In certain cases,
with drastic offsets and additional factors, e.g. flexibility, causing out-of-plane distortions of
the layers, this effect can lead to a practically X-ray amorphous, non-porous structure.*”
However, in the case of my-COF, interlayer offsets and conformational distortions only
decrease the apparent pore-diameter, while retaining an overall porous framework, as probed

by N sorption experiments.

Additional materials with 0%, 5%, and 10% motor-content (myg/s,10-COF) were prepared
under identical synthetic conditions as spectroscopic reference materials for COFs without
motor-units (me-COF) and with reduced pore-occupancy. Notably, these materials showed
essentially identical XRPD patterns and FT-IR spectra to mz-COF (Figure S 9.3-7, Figure
S 9.3-14). Due to the absence of motor units, me-COF exhibited a slightly increased BET
surface area and pote volume of 938 m?g ' and 0.63 cm?®g ™', respectively, and pore
diameters of 2.9 nm vs. 2.7 nm in my-COF (Figure S 9.3-47, Figure S 9.3-48, Figure S 9.3-49,
Figure S 9.3-50).

This comprehensive analysis suggests that additional functional groups (methyl or motor)
drastically impact the formation of ordered layered COF materials. Nevertheless, the residual
porosity and pore channels may in principle allow for movement of the rotor units and
potential intra-framework dynamic processes.

6.2.3 Irradiation of Solid-State Materials

In sitn Raman spectroscopy of the dried powdered materials under irradiation was carried out
to investigate light-driven dynamics of the molecular motors in the polymers and COFs. In
previous reports on metal-organic frameworks, this technique enabled the detection of light-
stimulated formation of the metastable isomer as well as the thermal relaxation of the
metastable state of the motor after photoexcitation. ! With a half-life of 10.3 min for the
imine functionalized motor 2, the isomerization process is expected to be observable at

ambient temperature as confirmed by the switching of the motor 2 in toluene (Figure 6-1d).
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Figure 6-4: Raman spectra of the imine motor 2 as a thin-film (a), mse-P (b), and m20-COF. The thin-film of
the molecular imine motor 2 was recorded at 785 nm and irradiated at 365 nm with a UV-LED. Raman
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