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1. Summary

Covalent organic frameworks (COFs) are based on two- or three-dimensional covalently extended
networks that are crystalline, porous and solely composed of light elements. These characteristics
promise inherently functional materials that might be applied in gas storage, gas separation, sensing
and catalysis. However, the greatest utility in COFs arises from the modular synthetic approach
involving the use of molecular building blocks. The separation of the synthesis of the final solid-state
material and the precursors enables organic chemistry to design and incorporate various
functionalities into COFs. Multitopic building blocks can be constructed and purified by molecular
synthesis, which can then be assembled through specialized reversible reactions that allow the
crystallization of the COF.

Results

This thesis explores the design of COFs with regard to their in-plane- and out-of-plane structure and
the modification of the COF linkages. The molecular design of the covalently connected structure of
COFs was exploited by the systematic variation of molecular building blocks in two COF platforms.
The thereby altered composition of the COFs was accompanied by changes in the optoelectronic
properties, studied with photocatalysis. COFs present the best platform to elucidate
structure-property-activity relationships regarding photocatalytic hydrogen evolution, as their highly
tailorable structures make the development of rational series of compounds straightforward. In the
first platform, the nitrogen substitution patterns were systematically altered to study possible
descriptors for the photocatalytic hydrogen evolution activity. This platform is based on an
aryl-triaryl-azine COF (ATA-COF), of which five were synthesized (chapter 4.2 and chapter 4.3). All
obtained COFs showed remarkably similar optical band gaps, but drastically varied in their
photocatalytic hydrogen evolution performance. With the help of theory, it was possible to pinpoint a
descriptor based on the vertical radical anion stabilization energy for the photocatalytic hydrogen
evolution activity of these frameworks. The second platform is based on a benzene triazine
imine system (BTI-COFs), modified by the introduction of hydroxyl groups into the precursors. The
use of these additional functionalities has dramatic effects on the optical band gap of these materials
(chapter 4.4), and thereby the light absorption abilities. Hydroxyl groups reduce the band gap and
increase the polarity of the pore walls, enabling a significantly improved photocatalytic production of
hydrogen. These examples of photocatalytic hydrogen evolution show the feasibility of tuning
properties in COFs with a large degree of control.

On the non-covalent tier of design in COFs, the work in this thesis elucidated the alteration of the
stacking pattern in a system of two triazine based COFs by changing the shape of the precursors
(chapter 5.2). Several design principles have been proposed for the improvement of the stacking in
COFs, but only few had an impact on the actual discernable crystalline structure. For the first time,
the investigations into the crystalline structure clearly showed a defined mode of stacking (slip-
stacking) as derived by significant changes in the X-ray powder diffraction pattern. The stacking
structure could be determined by refinement of X-ray diffraction data in conjunction with electron
diffraction and theoretical calculations. Simulations of stacking disorder in COFs helped elucidate the
origin of the usually observed high symmetry unit cells that are often falsely attributed to eclipsed
stacking. With the help of theoretical calculations, it was possible to pinpoint the origin of the
slip-stacking to donor-acceptor type stacking through layer alternation in the COF, a new design
principle for well-stacked COFs. This work shows that not only the in-plane and the molecular
connectivity, but also the supramolecular arrangement can be altered by design of the building blocks.
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The functional groups created as the COF linkages can be designed, by choosing from available
reactions, that tend to be prone to bond cleavage under certain conditions. Interestingly, these
functional groups can be altered after the synthesis of the COFs. This thesis shows two reactions for
altering the COF linkages to possibly alleviate the disadvantages imbued by the presence of reversible
COF linkages. The first reaction is the transformation of imine based COFs to their corresponding
thiazoles by reaction with elemental sulfur (chapter 6.2). As this reaction proceeds without bond
breakage in the COF backbone, the crystallinity and the porosity of the COF is seen to be retained.
Although characterization of post-synthetic modification of solid state material is challenging, the
combined use of orthogonal techniques is necessary to elucidate the structure. Combined results from
diffraction, infrared spectroscopy and solid state NMR, in conjunction with theoretical NMR chemical
shift calculations proved the transformation of the imine to the thiazole linkage and the structure of
the resulting COF. One of the properties altered by the transformation is the improved contrast and
stability in the transmission electron microscope (TEM), which allowed unprecedented investigations
into the real structure of this COF. The imaging of COF crystallites showed the presence of defects
and inter-grown grain boundaries that have not been observed in COFs so far. The second reaction
that has been explored is the transformation of aromatic azines into the corresponding stilbenes
(chapter 6.3). The reaction is shown to proceed in the COF albeit with loss of crystallinity. A possible
explanation for this behavior can be found in the mechanism of the stilbene formation and the
geometric arrangement of the azine groups during the reaction. Since the azine pyrolysis reaction
proceeds through an intermolecular mechanism, backbone linkages are broken and the ordered
structure is lost. These results show how a judicious choice of post-synthetic linkage modification
may help in altering the COF linkages, while maintaining order and therefore present a guiding
principle for the design of arrested linkage COFs.

Design of Structure and Function in COFs

Molecular design and Stacking interactions Reactions of the COF
photocatalysis in COFs linkage

? o

Figure 1-1: Overview of the approaches to designing and tuning the structure and properties of COFs in this
thesis.




2. General Introduction to Covalent Organic Frameworks

COFs are a rapidly developing class of organic solids, which possesses the unusual properties of
crystallinity, porosity and covalent connectivity in two or more dimensions, while being based on
only light elements (H, B, C, N, and O).™ COFs are synthesized in a modular approach, where first
classical organic chemistry is used to synthesize multifunctional building blocks that are then reacted
under reversible solvothermal conditions that enable error correction and defect healing for
crystallization of the COFs (Figure 2-1).

These materials exhibit a variety of properties that make them amenable to applications as discussed
in chapter 2.1. The development of COFs follows the ongoing trend of designing highly functional
porous materials and the synthesis of complex and ordered solid-state metastable materials by a
versatile chemical approach, as discussed in chapter 2.1. COFs are crystalline, covalently linked
complex materials, which require special design considerations to enable crystallization. General
principles of crystallization in COFs are explored in chapter 2.4, whereas the so far developed
reversible reactions for forming COFs are discussed in chapter 2.2. The molecular building blocks
employed in the synthesis also influence and enable the design of the COFs and these geometric
considerations for designing COFs can be found in chapter 2.3.

+1.5 H2N-NH2

-3 H20

S &P

Figure 2-1: Schematic representation of the synthesis of No-COF!? and 3D models of sections of the crystalline
structure.



2.1. The development of COFs

The development of COFs by Omar Yaghi in 2005™ cumulates the quest of pushing the limits of
functionality and tailorability of porous and nonporous ordered solid-state materials.

2.1.1. Tailorable ordered porous solids

Porosity is a feature of solid state materials, where accessible voids are present in the material. These
voids can display a variety of possible functions depending on the surface area, the pore size and the
pore functionalization. The high internal surface area of porous materials is coincident with the
presence of a large number of adsorption sites for atoms and molecules, which make porous materials
prime targets as adsorbents for gas storage, separation and removal of pollutants. The capacity and
selectivity of the adsorption process in a pore are key features and can be tailored by pore size, surface
area and surface functionality modulation. Porous materials such as activated carbon possess surface
areas >3000 m%g,” but due to their disordered and inert nature they are difficult to tailor for
applications where selective adsorption is necessary. In sensing and catalysis, defined chemical
environments are of great importance, as selectivity and catalytic activity need to be specific to the
target analyte or reaction. The search for defined porous materials whose properties can be tailored
thus continues.

Zeolites, which are crystalline and porous, are a technologically relevant material that can be
considered the opposite of activated carbons in terms of defined porosity. The naturally occurring
zeolites are tectoalumosilicates consisting of a network of silica and alumina tetrahedra and octahedra.
They are synthesized under hydrothermal conditions from low molecular weight silica and alumia
precursors and a mineralizer such as fluoride (F) or hydroxide (OH) ions and organic structure
directing agents that aid the formation of the porous structure. This naturally occurring class of
inorganic crystalline material exhibits microporous voids with extreme analyte specificity and with
excellent catalytic performance due to their confined environment. The catalytic activity in
conjunction with their stability have led to the use of zeolites in industrial synthesis of branched
hydrocarbonst® and gas separations.® However, while zeolites have well-defined microporous
structures, tuning their properties is difficult, as the achievable pore sizes are small and the surfaces of
the pores cannot be readily tuned.

A B

Figure 2-2: Structure of porous ordered solids: A: Sodalite A cage; B: Sodalite A network structure (sodium and
chlorine atoms are omitted for clarity);®® C: Schematic representation of MCM-41;1"1 D: Representation of one
unit cell of MOF-5.[

In order to obtain larger pore sizes, new classes of porous materials have been developed, where
mesoporous silica such as MCM-41" and SBA-15™! represent an important step. These materials are
synthesized by the self-assembly of surfactants into mesophases, which are then cast into periodic
mesostructured powders or monoliths by condensing silica precursors around the ordered mesophase.

-4-



This approach allows the tuning of the pore topology and the pore size through the choice of
surfactant and pore sizes up to 50 nm can be achieved. The pores are well defined and ordered, while
the pore walls are amorphous or show ordering incommensurate with the pores. The pore properties
can be tuned during the synthesis or by post-synthetic grafting of functionalities onto the pore walls.
The template approach has the benefit of being applicable to a variety of inorganic host materials.

This development sparked interest in other porous materials like metal organic frameworks."” MOFs
are sometimes considered hybrid zeolites as they are crystalline porous materials in which metal
atoms or inorganic clusters are bridged by organic ligands. The use of rigid ligands, strong ionic
directional ligand-metal linkages and highly symmetrical metal nodes allowed the synthesis of
materials with permanent porosity, meaning structures that could maintain their integrity upon solvent
removal and evacuation. This class of materials shows extremely high surface areas, well-defined
crystalline structures and open accessible pores. The low temperature solvothermal synthesis of MOFs
allows the introduction of highly functional and fragile linkers, making the synthesis of MOFs highly
modular. Ligands can be designed using conventional organic synthesis and functional groups can
thereby be introduced by using predesigned building blocks. MOFs have demonstrated application in
gas sorption, separation and sensing, where metal centers sometimes improve or enable catalysis or
adsorption. However, often the metal center only acts as a structure-forming agent and the
comparatively weak coordinative metal-ligand bonds make MOFs prone to degradation.!!

To overcome these drawbacks, purely organic porous materials have come into focus, where the
porosity and pore wall functionalities can be controlled and tailored. Purely organic porous materials
have long been known as molecular crystals that possess voids. A prominent example is Dianin’s
compound, an organic molecular crystal that tends to form clathrates and can be synthesized with
permanent porosity that is accessible to guest molecules.™ Similarly, many other organic molecules
have been designed with porosity,*¥l which results from structures that are not able to pack densely
and thus voids remain in the interstitial space,™™ or by the introduction of intermolecular forces such
as hydrogen bonding.™ * Porosity can also be introduced into molecular systems by the defined
design of molecules that consist of “one pore”, which then pack to form a porous solid."*! These
materials exhibit intrinsic and extrinsic porosity: the intrinsic porosity can be tailored readily by the
design of the cage, while the extrinsic porosity is dependent on molecular packing and therefore
difficult to design.



porous molecular

orous cage
crystal p g PIM PCP

Figure 2-3: Examples of porous organic solids: molecular crystals that possess accessible voids as in Dianin’s
compound;™ crystallized molecular porous cages, CC1;™" polymers of intrinsic microporosity, PIM-1;!

hypercrosslinked porous conjugated polymers, CMP-M1.[*!

Amorphous organic polymers can also be designed to be porous and two classes of materials are
especially important: porous conjugated polymers (PCPs)®?? and polymers of intrinsic micro-porosity
(PIMs).2231 PCPs are heavily cross-linked polymers that are synthesized by irreversible reactions,
which generate porous solids due to the rigid building blocks that do not allow the pores to collapse.
These polymers are synthetically accessible through a wide range of reactions and can be especially
stable due to the robust bonds that are formed in the synthesis. However, their monolithic and
disordered nature makes the design of defined pore sizes difficult. PIMs, on the other hand, are linear
polymers, which are amorphous, glassy and contain rigid backbones that cannot densely pack in the
solid state, leading to high free volume. They are linear, soluble and thermally stable polymers, which
makes them easily processable for applications such as developing membranes, where the amorphous
and monolithic nature of the PIMs is beneficial. The processability of PIMs is a feature that is largely
lacking in all other discussed materials.

Among these materials, COFs are the continuation of the search for stable polymeric organic
materials that are highly tailorable in their structures and properties, especially concerning their pores.

2.1.2. Controlling covalently linked crystalline materials

Crystalline hybrid and organic materials gained significant attention in recent years with the
development of hybrid perovskites for solar cells,™ ?*! porous metal organic frameworks, %! organic
molecular semiconductors®?® *¥ and organic/hybrid superconductors.®**4 These compounds are
composed of molecular units assembled by weak ionic and/or van-der-Waals interactions.
Furthermore, several complex materials based on extended covalently linked structures have been
proposed in recent years for their intriguing properties,®** and the variability of carbon based
materials promised a virtually infinite number of extended structures based on carbon alone or in
combination with other elements. However, only a handful of carbon allotropes have been obtained so
far, as synthetic access to these extended strongly bound solids is elusive.B”! The diverse properties of
these materials may be observed in the few carbon allotropes that are already known: graphite,
diamond, lonsdaleite, fullerenes, carbon nanotubes and graphene. Examples of these properties are the
mechanical softness (graphite),” hardness (diamond, lonsdaleite)*! and extreme tensile strength
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(graphene, carbon nanotubes)*?*? or their electronic properties as semiconductors (fullerene, carbon
nanotubes),*> ! metals (graphite, carbon nanotubes®® *? and Dirac metal in graphene®) or being
used for their large band gap (diamond).”" Further, a large number of carbon allotropes have been
predicted with interesting electronic properties, magnetic properties and porosity (Figure 2-4). These
materials are metastable in the entire phase diagram and they require synthesis conditions under
kinetic control to achieve the complex molecular motifs. This however presents a significant
challenge, as order and thereby crystallinity are difficult to impart without reversibility, a hallmark of
thermodynamic control. The solution to this problem is the use of “partial” thermodynamic control,
meaning employing a thermodynamically controlled reaction to assemble Kinetically trapped

preassembled motifs.

Figure 2-4: Predicted carbon allotropes with physical properties of interest: graphyne,™ negatively curved
cubic carbon crystals with octahedral symmetry,® Phagraphene,* and fragments from “polybenzene’*®

A prime example of this approach is the synthesis of carbon nitrides. Initially, carbon nitrides have
been extensively investigated, due to the prediction of exceptional hardness of the cubic variant (B-
CsN,)® 51 and then for their promising application as photocatalysts.® Graphitic carbon nitride, as
well as the related, not fully condensed polymers melon ([CsN;(NH,)(NH)],) and melam are
synthesized by reaction in a controlled atmosphere of decomposition gases (especially NH3) that
ensure reversibility. The crystallization of these materials is possible at moderate temperatures,
whereas at high temperatures they decompose to graphite and nitrogen gas. Similarly, the synthesis of
covalent phosphorousoxynitride (PON) networks is performed in the presence of NH,CI acting as a
mineralizer that allows crystallization of these covalently connected solids.!**** Carbon nitrides and
phosphorousoxynitrides show how novel covalently linked solids can be synthesized by reversible
reactions that allow strongly bound solids to crystallize. The approach of using molecular precursors
in reversible reactions has been used for the synthesis of the carbon nitrides C,N®® and C;N."! Both
materials are synthesized by condensation reaction of molecular precursors (Figure 2-5) and lie at the
intersection of the merging fields of classical inorganic chemistry and COFs. C,N can be synthesized
from two precursors, hexaketocyclohexane and hexaaminobenzene under ambient conditions, while
CsN is synthesized by self-condensation of hexaaminobenzene trihydrochloride at high temperatures.
The precursors are synthesized by classical molecular organic synthesis and are then assembled to
carbon nitrides under reversible conditions allowing crystallization. These complex materials might
be difficult or impossible to synthesize directly from the elements, however, formation by a
condensation reaction of complex precursors is possible. Consequently, reversible reactions with
molecular precursors can be used to synthesize new solid-state materials such as COFs that can bridge
the gap between classical crystalline solid-state materials and metastable organic materials.



C,N

NH.

*3 HCI

2
HoN NH,
HaN NH,
N

Figure 2-5: Synthesis of inorganic carbon nitrides C,N % and C;N " from molecular precursors.

2.2. COF forming reactions

The crystallization of COFs requires microscopically reversible reaction chemistry. In addition, it is
necessary for the formed linkage to be rigid and directional, to obtain materials with permanent
porosity. These features further help in designing COFs since the prediction of the structure becomes
straightforward. Over time a myriad of reactions capable of producing COFs have been developed as

shown in Figure 2-6.

The early days of COF chemistry was dominated by boron based reversible reactions to form, for
example, boroxine and boronate ester based COFs.M As the field matured, other reactions were
adopted, with imine forming reactions being the most common. The chemistry based on boronic acids
has the advantage that precursors are synthetically accessible and that the boron based linkages show
good reversibility leading to high crystallinity. However, the high reversibility also makes these COFs
prone to hydrolysis.!*® Despite this, the chemistry of boron and other semi-metals has continued to be

of interest to the COF community.
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Figure 2-6: Different COF producing linkages and their respective time of first publication.



The borazine linked COFs can be formed from the condensation of an amine borohydride adduct
(R-NH,.BH3).”" The development of the borosilicate linkage is especially intriguing as it possesses a
trigonal bipyramidal geometry that could expand the otherwise linear or 2D nature of the connecting
linkages.'®” Also, the borosilicate linkage is a rare example of a COF node that is nonlinear and
composed of two different organic precursors and this could allow the synthesis of anisotropic
structures. This type of linkage, synthesized from a boronic acid and a silane triol, has been used only
as a trigonal node.

Use of such semimetallic elements pushes COFs towards the field of metal organic frameworks
(MOF) as the covalency is expected to be lower with semimetallic elements than with other COF
linkages. This holds especially true for the recently developed COF linkages using anionic spiroborate
centers’® and the anionic hexacoordinate silicon-based COF.*? Based on these motifs, further
linkages could be envisioned that are more “inorganic” in nature such as defined organosilicate
clusters. MOF and COF chemistry have been combined to link a metal organic cluster based building
block by COF chemistry.[**]

One of the most common linkage type is the iminic nitrogen-carbon bond formed by the condensation
of amines with aldehydes (Figure 2-7). These linkages show great synthetic variability and are easily
accessible. Instead of simple amines, other nitrogen functionalities can be used as precursors such
as those based on H,N-N derived functionalities to form for example, hydrazone COFs®® and azine
COFs.* The azine linkage is a special case of a diamine linker with zero length, which essentially
makes dimers of aldehydes and thereby can only be employed with tritopic and higher functionalized
aldehydes to form COFs. Special COF linkages such as the aminoimide!®” have been explored as
well, but the limited synthetic utility severely restricts the available linkers.

o
* |
H2N +H20 ©)

Figure 2-7: Reversible condensation reaction of an aldehyde with an amine to form the imine bond.

An intriguing COF linkage is the oxazole, which can be synthesized by the reaction of an aldehyde
with an ortho-hydroxy amine, which cyclizes oxidatively to the oxazole during COF formation.[®®
The demonstration of a pyrazine based COF, synthesized from ortho-diamines with
ortho-diketones®? shows a method to synthesize highly annulated and extended two-dimensional
n-systems. However, the synthetically demanding precursors limit the versatility of this approach
considerably.

Instead of the iminic nitrogens as linking groups, also acid amides and imides have been investigated
for the formation of COFs with examples of amides,™ imides,™ squaraines™ or cyanuric amide
leading to crystalline materials.” These three reactions can be formally grouped as the reaction of a
carboxylic acid or acid chloride with an amine to form the desired bond. The cyanuric amide linkage
presents an interesting case as it can be described as a reversible nucleophilic aromatic substitution.™
The synthesis of imide COFs is unusual as they were synthesized by the use of base catalysis using
isoquinoline and not by the addition of aqueous acid.l"

The class of carbonnitride based COF linkages are unusual in their synthesis conditions, as the
heptazine! linkage is similar to the synthesis of classical carbon nitride polymers such as melon.
They are synthesized by the condensation of nitriles with diamino triazine terminated building blocks.
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The structurally related triazine linkage is obtained by an ionothermal melt, usually based on zinc
chloride at high temperatures (up to 500°C).™™ These harsh conditions severely limit the scope of
usable functional groups and while many materials have been reported based on this reaction only
three of these materials can be considered crystalline and thereby COFs.l>"!

A COF linkage that is difficult to group with other COF reaction chemistry is the nitrosyl
dimerization reaction wherere an azinedioxy group is formed.!” This reaction marks the limit of COF
chemistry with extremely weak azinedioxy bonds, which are covalent but create very labile materials.
Cyano vinyl COFs are obtained by a Knoevenagel reaction of aldehydes with cyanomethyl groups.®
This chemistry is special as the products of these reactions are COFs that are not linked by
heteroatoms, but by carbon atoms only.

2.3. Geometric requirements for building COFs

COFs can be designed by a step-by-step approach as outlined by Diercks et al.,® where first a
topology and thereby the underlying net is chosen (Figure 2-8, step 1). This net is then deconstructed
into the underlying geometric units whose molecular equivalents are then designed (Figure 2-8, step
2). Here, the design needs to take into account the connectivity of the building block as well as the
geometry. The angles between the connecting points need to be considered, as several topologies are
often available for one kind of vertex. Only by choice of optimal geometric constraints can the desired
net be obtained. Usually nodes are deconstructed to organic building blocks with the appropriate
shape, but in some cases the COF linkage itself can provide a node such as boronic anhydrides (for a
comprehensive list see chapter 2.2). Based on the building blocks and the topology, the network is
constructed (Figure 2-8, step 3), where at desired locations the COF linkage is inserted (Figure 2-8,
step 4). By depolymerization of the framework into its constituents the building block of the
framework can be obtained (Figure 2-8, step 5).

fele

hcb

Figure 2-8: Schematic of the retrosynthesis in designing COFs from the net to the building block: 1. deciding
the net; 2. picking building block structures to realize the nodes; 3. constructing the framework; 4. insertion of
reversible bonds at the desired positions; 5. “depolymerization” to the building blocks.

2.3.1. Nets and building blocks in COFs

Of the many topologies that exist, only eight different nets have been demonstrated in COFs.® Four
of the five topologies based on vertices connected by only one edge have been realized in two-
dimensional COFs (Figure 2-9). In three dimensions the number of possible nets are much larger, but
only four of these nets been demonstrated (Figure 2-10).
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Figure 2-9. Schematlc of prominent two-dimensional nets that could be used in COF. All but the last have been
demonstrated experimentally: hcb net;™ sqgl net;2 kgm net;®¥ hxI net;® kgd net.
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Figure 2-10: Schematic of three dimensional nets that have been demonstrated in COF: dia net, ['* 8% cnt
net®® bor net®® and pts net.** %!

2.3.2. From 2D to 3D

COFs can be classified by the dimensionality of the covalent connectivity, with connectivity in two
and three dimensions leading to COFs (with the exception of woven COFs see chapter 2.4). The
organic nature of COFs makes the design of rigid flat structures straightforward.'*> ! 2D COFs
become bulk 3D materials by stacking of the individual layers (Figure 2-11, left). There are two main
approaches of generating 3D COFs: the use of out of plane building blocks (Figure 2-11, right) and
the combination of building blocks that cannot form 2D structures due to geometric constraints
(Figure 2-11, middle). While the former approach has been successfully applied to COFs, the latter
has not been demonstrated so far.

Figure 2-11: Fundamentally different ways of approaching the geometry and topology of COFs: Left a
hexagonal 2D COF composed of planar fourfold linkers; middle a 3D COF composed of 3 and 4 fold planar
linkers; right a 3D COF generated from tetrahedral building blocks.

The first approach is straightforward, but limited as the number of available geometries of purely
organic building blocks is small. This is in stark contrast to the number of geometries available in
MOF chemistry, based on a rich set of 3D nodes, formed by metal linker clusters.® ! The three
dimensional nature of the building block needs to be supported not only by symmetry of the organic
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backbone, but it also has to be rigid and directional. A variety of building blocks with very high point
symmetries is possible that could be used to produce three dimensional building blocks.®®%
However, their synthesis is often prohibitively complicated and this severely limits the synthetically
useful geometries. Successfully synthesized 3D COFs are all based on tetrahedral building blocks that
use either a tetra phenyl methane, tetraphenylsilane or an adamantane motif."® " The design of
three dimensional COFs promises a route to organic materials with building blocks that are fully
accessible from the pore. This would be of interest in cases where the functional groups are otherwise
blocked by adjacent layers or the m-systems need to be isolated, such as for porphyrins where the
catalytic activity of an exposed metal site is of importance.® ' 22 Additionally, 2D COFs are
limited in the one dimensional topology of their channels. Examples from metal organic frameworks
show, that it is possible to design porous materials with many types of pore topologies and shapes,
such as bottle shaped pores."%*%! Different kinds of pores can be designed in a single 2D COF (see
chapter 2.3.5), but since the channels are isolated from each other, transport from one pore to another
is only possible via the surface of the crystallite thereby reducing their utility. Open 3D COFs could
alleviate these restrictions, but are difficult to make because of interpenetration. Interpenetration
occurs when the pore topology is compatible to the topology of the COF backbone, leading to the
growth of an additional COF net inside the pore, until the pore is filled (Figure 2-12).10 8¢l

Figure 2-12: Schematic of interpenetration of a dia net based structure, demonstrated in an adamantane cage, a
subsection of the dia net.

Most COFs based on the dia net™ % and the pts net!® *! are interpenetrated, but not all. In a very
small pore dia COF, interpenetration is not possible since the nodes are too large to interpenetrate the
pores.™ COFs based on the bor net™ or the cnt net™® do not suffer from interpenetration, as the
topology of the pore and the COF backbone are not compatible for interpenetration (Figure 2-10).
While interpenetration is mainly an issue of three dimensional materials, it can also be observed in
two-dimensional materials. A highly interpenetrated hydrogen bonded organic framework was
observed where slabs of layers are interpenetrated by a further slab of the interpenetrating layers
(Figure 2-13)."%1 Similarly, interpenetration is seen to occur in the simulation of the COF-5
crystallization and has been argued to be one of the factors leading to low crystallinity in 2D
COFs."! Interpenetration in 2D COFs has however not been observed so far experimentally.

-12 -



D

oy

,v.~—.

X1 LSS

(L1
N

p >
)

LT (N
1L (N

Figure 2-13: Schematic of interpenetration in a 2D hexagonal layered material as described by Zentner et al.™**!
applied to the N5;-COF.

2.3.3. Rigid and flexible building blocks

The two-dimensional nets are well compatible with typical organic rigid building blocks and based on
these nets, a multitude of isoreticular nets with a wide range of building blocks and functionalities
have been synthesized. The ability to expand the pore sizes in an isoreticular manner demonstrates the
tailorability of COF structures.®*°! Typically, building blocks are based on molecules that are
completely conjugated in their sp and sp? carbons based backbone, as in aromatic and polyaromatic
moieties alkyne or vinylic groups.!®> ** ™1 Special functional groups are required for C4 symmetrical
building blocks that would be difficult to synthesize based on purely carbon-carbon bonded
backbones. These are however readily available as flat and rigid porphyrins!’ 8 9% 102 1121141 g4
phthalocyanins. 1!
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Figure 2-14: Common building blocks used for the synthesis of COFs.

Typically high symmetry building blocks are employed, as often these are more synthetically
accessible in addition to the increased difficulty in crystallizing low symmetry building blocks (see
chapter 2.4). A notable example of an unsymmetrical COF is the use of a T-shaped benzimidazole
linkage, which still produced a rather crystalline “brick-wall” type COF."?!

As previously discussed, flexibility is a factor in reducing the crystallinity of COFs and therefore
mostly sp and sp® based building blocks have been employed for the synthesis of COFs. However,
several examples of sp® carbons in the COF backbone have been demonstrated (Figure 2-15). These
are especially important for three dimensional COFs, all of which have been based on tetrahedral
adamantane or tetraphenyl methane building blocks.[™® ! These moieties contain sp*-carbons, but
are rigid and the molecule does not gain considerable degrees of conformational freedom. Less
prominent are the examples of triphenyl cyclononane!® and spiroborate,™ which are expected to be
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more flexible, but still possess considerable rigidity due to their cyclic or bicyclic nature. Two
examples of COFs have been demonstrated with flexible ditopic cyclohexane units that possess
considerable flexibility to transform from the boat to the chair conformer: one based on dicarboxy
cyclohexanel™ and another on a disubstituted piperazine.[’® These examples show that absolute
rigidity is not a prerequisite for the formation of a crystalline materials, but the low number of
demonstrated flexible COFs in addition to the results from chapter 2.4.2 suggest that flexibility may
increase the difficulty of crystallizing a COF.

Figure 2-15: Flexible linkers and linkages in COFs: a, spiro borate linkage;® b, cyclohexanonane based
linker;*?Y ¢, aryl ether bond;!*?? d, adamantane linker;®®! e, tetraphenylmethane linker;" f, cyclohexane
linker; " g, piperazine linker;!™® h, salen ligand as COF linkage.!"*!

2.3.4. Structurally responsive COFs

The previous section showed how flexible building blocks can be included in COFs, but also common
motifs such as imine bonds lead to considerable flexibility. This flexibility can not only be detrimental
but can also be used for function in the material. Responsive structures represent a powerful tool to
imbue functionality into materials by design.?***! The phenomenon of flexibility and the associated
phenomena of breathing and gating are well studied in MOFs for sorption and sensing
applications.™® 31 |n COFs flexibility and the resulting applications are a nascent field and first
examples have shown that COFs are also capable of structural changes upon guest addition or
removal. A clear example of structural transformation was observed in COF-1, where a partial
removal of the incorporated guest molecule (mesitylene) led to a change in the stacking structure from
staggered to eclipsed (Figure 2-16).1*2 In the staggered structure, the mesitylene guest is sandwiched
between layers of the boronic anhydride COF, thereby leading to a favorable interaction. Upon
removal of the mesitylene by heating, this stabilization is lost when the mesitylene-COF interaction is
overcome and the layers correspondingly rearrange to reform the thermodynamically favored state by
stacking in an approximately eclipsed fashion.
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Figure 2-16:Schematic of the changing stacking structure of COF-1 upon solvent addition from eclipsed to
staggered. (34

Other structural flexibility has been observed in three dimensional COFs based on the dia net.
Investigation of a 3D imine COF with rotation electron diffraction, showed two different structures
depending on the temperature, presenting the first observation of a thermally induced phase transition
in COFs.®® The crystal polymorphs at 89 K exhibit rectangular pores based on the 142d symmetry,
while at higher temperature of 298 K Imma symmetry is observed with square pores. These structural
variations result from the conformation and twisting of the backbone, while the topology and the
interpenetration of the network remain the same. In the same COF a strong hysteresis loop and steep
adsorption was observed at one point in the Argon sorption isotherm, which could point to guest
induced structural transformations and/or rearrangement/reorientation of Argon packing. Similar
observations have been previously made in 3D COFs.*4

The first clear proof of guest induced breathing in a 3D COF was seen by addition of tetrahydrofuran
(THF) to an imine COF, which caused a conformational change of the structure.™*! In this structure
the conformation of rotating imine “pedals” could be reversibly changed by the ad- and desorption of
THF (Figure 2-17). The addition of THF led to a larger pore volume, an expansion of and slacker
framework structure together with less dense packing of the layers. This structural transformation was
deduced from drastic changes in the XRPD pattern and could also be induced and characterized by
Xenon adsorption. **Xe NMR was able to show the transformation and coexistence of both structures
in an intermediate range. Similar to the previously described COFs, a gate opening effect was
observed at very high partial pressures of the nitrogen sorption isotherms, which could be explained
by the same structural changes.
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Figure 2-17: Schematic of structural transformation in a breathing 3D imine COF.[**

2.3.5. Design of pores: two kinds of pores in two-dimensional COFs

Since the synthesis of two-dimensional COFs is often more straightforward than 3D COFs, strategies
have been devised to produce different kinds of pores in a single 2D COF. A direct approach to
generating different kinds of pores is the combination of intrinsic pores and extrinsic pores.
Macrocyclic linkers provide a strategy to produce intrinsic pores, by pre-designation of the shape of a
pore as a molecular building unit. These linkers are then additionally able to generate extrinsic pores
by the linking reaction between the building blocks. This has been demonstrated based on the
previously discussed semi-aliphatic macrocycle cyclononane and with a series of C3 and C4
symmetrical linkers (Figure 2-19).

Figure 2-18: Schematic of macrocyclic COF building blocks: a, C4 fluorene —alkine tetramer;® b: C3 bowl
shaped cyclo nonane building block;™?! ¢,d: C3 phenyl alkyne trimers;**? e: C3 phenanthrene trimer;**® f, C3
phenanthrene alkyne trimer.!**¢!

A further approach that does not rely on the elaborate synthesis of precursor macrocycles is the
generation of two or even three kinds of pores by asymmetry. One example is the unsymmetrical
elongation of triformyl benzene that leads to the formation of different pore sizes due to self-sorting
during the synthesis of the COF (Figure 2-19, A).*! Altering the symmetry can be employed by
using a tetratopic linker that is not C4 symmetrical, but shows a 120° and a 60° angle, to induce the
formation of a kagome (kgm) net instead of a sql net (see chapter 2.4.2; Figure 2-19, B).”*¥ Based on
the kgm net, further desymmetrization can be used to introduce three kinds of pores by combining
two linear linkers of different lengths. The linkers do not form two COFs but form a single COF by
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self sorting into a structure with three differently sized pores (Figure 2-19, C).*® Lastly, a two linkers
can be used for the formation of three different kinds of pores by using an asymmetric bent geometry
(Figure 2-19, D).[**

A o
HoN"NH2 O

NHz

Figure 2-19: Strategies of synthesizing COFs with differently sized and shaped pores: A desymmetrized vertex

design;**1 B: kagome COF with two kinds of pores;®®! C: three linkers kagome COF with three kinds of
pores; ™ D: three kinds of pores from two linkers.™*]

2.4. Formation principles of ordered complex covalent solids

Simple covalent solids such as diamond, graphite and boron nitride are formed by high temperature
synthesis that allows for direct covalent bond cleavage and reformation, and thereby crystallization of
the materials. However, this direct approach can be implemented with complex molecular building
blocks, only if some bonds are by design much weaker than others and would be cleaved
discriminately. Nitrosyl dimerization reaction for the synthesis of COFs is an example for this
strategy. The covalent nitrogen-nitrogen bond in the azinedioxy moiety is especially weak (83-126
kJ/mol)*®¥ and can be homolytically cleaved under ambient conditions./” Nevertheless, this approach
leads to very unstable materials. Therefore, reactions that allow reversible bond opening under mild
conditions without relying on direct bond cleavage are needed. The first ordered complex organic
solids were assembled as molecular crystals using weak van-der-Waals interactions. Over time,
strategies have been developed to form stronger reversible linkages, such as hydrogen bonds, metal-
ligand interactions and finally covalent bonds. Crystallization is known to become more difficult with
increasing bond strength and therefore, the synthesis of COFs with their strong covalent bonds present
the pinnacle of this development (Figure 2-20).
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Figure 2-20: Approximate bond strengths of bonds that are used for the synthesis of complex solids based on
molecular building blocks.14!

In addition to the reversible covalent bond formation, two more strategies exist, which lead to ordered
materials: a single reaction pathway and separate crystallization and covalent bond formation (Figure
2-21). COFs are not designed solely relying on one of these strategies, but in conjunction with each
other to obtain crystalline materials depending on the COF.

single reaction pathway <> ﬁ‘
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reversible reaction
Figure 2-21: Three approaches to forming a crystalline covalently bound polymer

24.1. Crystallinity through reversible covalent bond formation

The generally accepted explanation for the crystallinity of COFs is the reversibility of covalent bond
formation.! %% 4 The reversible opening and closing of the COF linkage in the COF forming
reactions (Figure 2-22) allows the slow rearrangement, defect healing and thereby crystallization into
an ordered lattice. The rearrangement allows an initially formed amorphous solid to crystallize over
time.* This mechanism seems to be prominent for some imine based COFs, whereat the formation
of the initial amorphous polymer is fast and the defect healing occurs only over time.™™* In some
boronic ester based COFs another mechanism dominates the COF formation: sheet-like oligomers and
small crystallites form under reversible control in suspension and then precipitate by aggregation,
from which point on improvement of the crystallinity is negligible.'**! Knowledge of these
mechanisms opens the door to tailoring the synthesis conditions of COFs specifically.
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Based on the reversible COF formation mechanism, many reversible reactions have been developed
for the synthesis of COFs and these are discussed in chapter 2.2.

Figure 2-22: Reversible condensation reaction of a boronic acid with a catechol to form the boronic ester,
archetypical for the reaction used in many boron based COFs.

Besides the design of new reversible reactions, methods have been developed to improve the
crystallinity by influencing the reversibility. One of the most straightforward means developed by
Dichtel and coworkers™! is the addition of increased amounts of water to favor the back reaction and
therefore improve crystallization. Mechanistic investigation into the formation of imine COFs showed
rapid condensation into an amorphous polymer by the catalysis of acetic acid which enabled the
forward reaction. However, only upon addition of sufficient amounts of water for the back-reaction
and error correction, crystallization is possible. Alternatives to the imine forming catalyst acetic acid
have been explored, as acetic acid is an ineffective catalyst for the transamination reaction.'*®! The
use of a Lewis acid instead of the usual Brgnsted acid for the condensation of imine COFs leads to
significantly improved crystallinity and porosity as determined by a higher BET surface area and a
narrower pore size distribution. The Lewis acids employed for these studies were transition metal
triflates (M = Sc, In, YD, Eu), which showed extremely fast conversion to the corresponding COFs (in
the range of minutes), at low loadings and low temperatures, while producing high surface area and
high crystallinity. Scandium triflate performed especially well as a transamination catalyst due to the
low ionic radius of Sc*. However, these findings were not generalizable as some COFs performed
better with the acetic acid catalyst than with the triflate catalysts.

The mechanism of imine condensation showed that a fast polymerization occurs to an amorphous
polymer that slowly crystallizes. In boronate COFs, the precipitation of the COF hinders further
crystallization. Both these mechanisms suggest that crystallinity can be improved by slowing the
initial reaction speed, so kinetic intermediates are not trapped. Consequently, several approaches have
been developed to slow down the reaction speed. Dichtel and coworkers® showed that the use of
amines protected as benzophenone imines slows the initial reaction speed by a slow deprotection of
the benzophenone imine and thus gives rise to higher crystallinity. Work by Bein and coworkers™*"!
improved the crystallization by the addition of a mono-dentate linker in the synthesis of a boronic
ester COF. The introduction of the monodentate modulator leads to sharper reflections in XRPD,
increased the BET area, as well as drastically increased the domain sizes as observed by TEM. The
improved crystallization originates from the modulators’ rapid attachment and detachment to the
growing COF crystallite, which slows the rate of growth by reversibly inhibiting the attachment of
new linkers. Banerjee and coworkers™*® slowed the imine formation reaction by supplying the amine
as a salt of toluene sulfonic acid (TSA), to improve the crystallinity of a set of twelve COFs. TSA acts
as a catalyst for the imine formation instead of the commonly used acetic acid. Additionally, the
anilinium species needs to be deprotonated before reacting to the imine, limiting the supply of the
amine to the reaction. This can also be interpreted as a regulation of the equilibrium reaction by
favoring the back reaction by the protonation of the amine. This so-called “terra cotta” process
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improved the surface areas two to three times, in comparison to the conventional solvothermal
methods. Instead of chemically slowing the reaction by adding inhibitors, it is also possible to limit
COF growth by slowly supplying the COF precursors to a preformed suspension of COF
nanoparticles. In this experiment by Dichtel and coworkers, precursors were slowly added through a
syringe pump to nucleate colloidal COF nanoparticles™® that led to homoepitaxial growth of the
COF crystallites.™™ This result is in agreement with earlier findings that some imine COF thin films
could only be crystallized by the slow addition of precursors.*>"

24.2. Single reaction pathway: Crystallinity through low degrees of freedom
during synthesis

Reversibility is not the only strategy for forming ordered structures; if kinetically controlled reactions
occur only at well-defined positions with low or very low conformational degrees of freedom, order
can also be achieved. The nucleation and growth need to be sufficiently slow, such that larger
crystallites can form with only vacancies as possible defects. This has not been shown to be a
predominant mechanism in the growth of COFs so far, but many examples point towards the
importance of a single reaction pathway for the formation of crystalline COFs. This is especially of
importance for COFs based on reactions with low reversibility, where the single reaction pathway
compensates for a lack or diminished capability for error correction. Conversely, low conformational
flexibility might be desirable for creating crystalline COFs, but it would also prohibit functional
frameworks based on guest or stimuli induced flexibility as discussed in chapter 2.3.
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Figure 2-23: Reaction pathways for the formation of oligomers, which are compatible with the periodic structure
of the periodic product. Left: The formation of phenazines, where all reaction pathways lead to desirable
products.’ Right: The angled nature of the thiophene based building block leads to many conformers, only
some of which are compatible with the periodic structure of the final COF (compatible shown as black,
incompatible as red pathways).*?
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A single conformer pathway can easily be imagined for pyrazine based COFs®” as these materials can
be designed with only one possible reaction pathway due to exceptional conformational rigidity in the
annulated nature of the COF (Figure 2-23 left). In comparison, work by Dinca and coworkers™? has
shown that the introduction of nonlinear angled or offset linkers can drastically reduce the
crystallinity of COFs. Angled linkers are able, in terms of the reaction pathways, to generate a large
number of conformers, not all of which would lead to a structure that can be periodically and
covalently connected (Figure 2-23). Misorientation of the linkers can be healed if sufficient
reversibility is possible; however, reversibility might be limited in boronic ester based COFs due to
the precipitation of aggregates from solution after the initial stages of COF formation.!™* These
examples show how easy crystallization is necessary for the generation of appreciable crystallinity in
COFs.

The pyrazine COF is an example of extremes of conformational rigidity, but the reduction of possible
conformers can be used as a design principle to improve crystallinity in more flexible systems.
Boronic ester and boronic acid anhydride based COFs are examples of a COF linkage that allows
rotation around the C-B bond, but as the dihedral angles of these building blocks are close to 0°, only
a low number of energetically favorable conformers exist (Figure 2-24; Figure 2-25, A).M In
comparison, imine-linked COFs have the possibility to crystallize with imine bonds in different
directions (Figure 2-25, E), increasing the conformational degrees of freedom.

Energy

Figure 2-24: Schematic of energy barriers for the torsion in aromatic systems.

Low conformer structures are also observed in covalent triazine frameworks, where the flat
triazine-phenyl moieties (Figure 2-25, B) lead to only few possible conformers in comparison to
twisted biphenyls (Figure 2-25, C). In these systems, low reversibility of the nitrile trimerization is
compensated by the low number of conformers. This might explain why only a few simple CTFs
based on rigid and low conformer building blocks display crystallinity,”>"® while the majority are
amorphous. 13 153153]
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Figure 2-25: Structural motifs with low (A, B) and high (C, D) number of conformers: A: boronic ester linkage.
B: triazine-phenyl linkage; C: biphenyl linkage; D: imine linkage.

Conformers might lead to disorder and low crystallinity, but they can also lead to crystallographic
polymorphism. Surface COFs (sCOF) based on pyrene building blocks have been shown to exhibit
such polymorphism, where two polymorphs based on the direction of imine groups can be identified
(Figure 2-26).*®! “Heterodromous” imine bonds lead to the rhombohedral structure, while
homodromous imines lead to a parallelogram structure. In addition, this SCOF displays a third
polymorph based on a different topology of the underlying net, the rhombohedral and parallelogram
structures are based on the square net, while the third polymorph is based on the kagome net. As the
density of these structures is different, with the kagome showing the lowest density, the formation of
each polymorph can be influenced by adjusting the precursor concentration during synthesis.

sql
Figure 2-26: Different polymorphs of an imine — pyrene surface COF, where three polymorphs were
observed. !

This poses an interesting relation to bulk COFs, which could also display such polymorphisms. This
however has not been observed so far, possibly because the differences between the rhombohedral
structure and the parallelogram might be too small to resolve with the currently achievable
crystallinity in COFs. The polymorphism considering the underlying net has been indirectly observed
in COFs based on building blocks with 120° and the 60° angles (Figure 2-27) that would be ideal for
both sqgl and kgm nets. Some of the COFs based on these building blocks form the kagome net and
some form the square net. COFs based on the tetraphenyl ethylene (TPE) building block crystallize in
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a kagome net,®* 13 157 158 \nhile pyrene based COFs produce a square net.[®® %64 This observed
difference could be related to the stacking of the building blocks, as pyrenes tend to slip-stack,*”
while TPE prefers eclipsed stacking.®® A square lattice would be able to coherently slip-stack in one
direction, as all pyrene building blocks are co-aligned, whereas in kagome nets the building blocks are
rotated in three different orientations making uniform slip-stacking difficult.

tetraphenyl pyrene tetraphenyl ethylene
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Figure 2-27: Schematic picture of common COF building blocks based on 60° and 120° angles between the
linking groups.

In imines, the number of conformers can be reduced by designing the building block with
intramolecular hydrogen bonds. The conformational direction of the imines can be locked by using an
ortho-hydroxy aldehyde building block (Figure 2-28, A). However, locking the direction of the imine
only leads to a reduction in the number of conformers, if the hydroxy bearing phenyl cannot rotate
freely. An elegant strategy to reduce conformers in imine COFs has been demonstrated by Jiang and
coworkers,™® where two building blocks based on dihydroxy-terephthalaldehyde were used. The
difference between the building blocks lies in the substitution pattern of the hydroxy groups, where
hydroxy groups in para positions show the conformational offset (Figure 2-28, B), while the hydroxy
groups in ortho position lead to a straight connection (Figure 2-28, C).

The influence of the degrees of freedom during COF synthesis discussed here are based on the in-
plane structure of COFs. The out-of-plane structure that is created in 2D COFs by stacking can also
lead to singular or many reaction pathways, depending on the choice of building blocks. Means of
reducing the stacking degrees of freedom are discussed in chapter 5.1.
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Figure 2-28: Directing imine conformers by hydrogen bonding. A: preferred conformer on the right, due to
hydrogen bonding between the imine and the hydroxyl groups. B,C: using hydroxyl groups to create a linear
linker from a normally offset linker.!***]

2.4.3. Pre-orientation of reaction substrates: separate crystallization and
polymerization

A third path has been explored for the synthesis of strongly connected complex and metastable solids
in a variety of material classes. This is based on the pre-orientation of a reaction substrate to ensure
the correct reaction connectivity or conformer. In principle, this approach is widely used for the
synthesis of ordered solids based on templating leading to laminar or porous materials. The used
surfactants or hard templates arrange the reaction precursors in a mesoscopically defined manner that
lead to defined long range order.**4 This approach has been used for the synthesis of mesoporous
inorganic solids with a wide variety of structures with amorphous pore walls.™*> %! Two-dimensional
polymers can be synthesized by self-templating in combination with cross-linking to form defined
lamellar sheets. Linear polymers are pre-oriented by hydrophobic effects to form lamellar structures
in which polymerizable functional groups are in close proximity. Upon polymerization, the existing
morphology is locked in place.’®” 1*8 These examples show how pre-orientation can induce long
range order, while not influencing short range order. Pre-orientation strategies can also be used to
induce short range order and crystalline materials that would otherwise be difficult or impossible to
produce. Examples of this approach are the synthesis of ‘unfeasible” zeolites™*® and linear polyimide
polymers.™ Crystalline zeolites have been synthesized by pre-orienting exfoliated crystalline layers
by the addition of a modulator that determines layer registry. These are then linked with reactive
silanes to form the predefined crystalline material.!"*> '™ By this method, synthesis of zeolites that
have been deemed not feasible to be synthesized in a typical hydrothermal synthesis is possible.
Similarly, it is possible to synthesize linear crystalline polyimide polymers by the defined
preassembly of the carboxylic acid and the amine precursors into ionic co-crystals. The pre-oriented
intermediate can condense into polymers with much higher crystallinity than the direct method would
produce. These examples show how control over pre-orientation can lead to crystalline ordered solids.

Pre-orientation has been used to synthesize crystalline two-dimensional polymers, by allowing
molecular precursors to arrange into a molecular crystal, and then crosslinking the molecules in a
single crystal to single crystal (topotactic) reaction. This approach generates polymeric single crystals
from molecular single crystals by an irreversible reaction. Examples of such reactions include
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anthracene dimerization, or the [4+2]-cycloaddition of anthracenes with alkynes, both of which can be
triggered photochemically in the solid state.'"#*"* While this approach is elegant, it is limited by the
low accessibility and designability of these structures, as molecular crystals with reactive functional
groups in close proximity in the solid state are required. The prediction of the packing molecules and
thereby the crystalline structure is not straightforward and therefore these strategies can be quite
limited.
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Figure 2-29: Schematic representation of the polymerization of a molecule in the solid state. Left: Trifunctional

anthracene designed by Kory et al.'"® Face-to-face arrangement of the same molecule in the crystal structure
and the subsequent polymerization reaction by dimerization of the anthracene units.

Similarly, anthracene units were pre-oriented by the growth of a COF where they are arranged in a
face-to-face fashion by stacking in the two-dimensional COF. The close proximity in the solid state
then allows photodimerization transforming a two-dimensional COF into a nominally three
dimensional COF. This approach shows how COFs can be used to design rationally pre-oriented
functional groups.™*®

The utilization of pre-orientation to improve the crystallinity in a COF was again showed by Banerjee
and coworkers™® who used TSA to pre-orient their amine precursors. Single-crystal X-ray diffraction
structure solution of the TSA salt showed a laminated hydrogen-bonded network, with a separation of
5-7 A of the amine units induced by TSA. The space between the amines matches the approximate
size of the aldehyde reactant, which reacts with the amine by displacing TSA (Figure 2-30). The
amine is deprotonated and condenses with the aldehyde, THB-CHO to form the imine, which is
possible since the weak hydrogen bond is replaced with the stronger covalent bond. The TSA salt
crystal structure is converted slowly into COF layers, which then stack due to hydrophobic and n-n
interactions. Crystallinity is only observed upon washing, indicating residual TSA in the pores, as
suggested by the mechanism.
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Figure 2-30: Schematic of the mechanism of the pre-orientation of diamines with help of TSA. TSA is replaced
by THB-CHO and then reacts.
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Bein and coworkers®! have shown a method of introducing pre-orientation, with a COF layer
directing the precise growth of the next layer by providing defined molecular docking sites. The pre-
orientation is achieved by using propeller shaped building blocks that influence the stacking landscape
such that a single minimum exists. The newly added molecules are guided to defined positions, where
they react to form a highly crystalline COF (Figure 2-31). The stacking landscape of other COFs can
present multiple degenerate or energetically similar minima that would lead to in-plane mismatches
during the growth of a layer and thereby lower crystallinity. This example can be considered also as a
type of single reaction pathway. Similarly, many of the described strategies for improving stacking
and thereby crystallinity, as described in chapter 5.1, can be considered pre-orientation.
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Figure 2-31: Pre-orienting molecules on an already grown 4PE-2P COF surface.®® The possible position of the
molecules are confined to a single energy minimum per underlying building block in the stacking energy
landscape. This pre-orientation could serve as a molecular motif during the crystallization and growth of the
COF.

Three-dimensional COFs can be synthesized from linear covalent chains by using metal coordination
bonds as a means to arrange the chains in a way such that an interwoven structure is results (Figure
2-32)." 178 The interlocking of individual chains in the synthesis of a COF is a result of pre-
orienting the linkers, by chemistry previously pioneered for the synthesis of catenanes.™” The linear
building blocks used for the synthesis of these COFs are essentially pre-woven by the
quasi-tetrahedral arrangement of two V-shaped building blocks that are assembled by a metal ion
binding in the grooves of two building blocks. The pre-orientation of the linear building blocks into a
quasi-tetrahedral building block facilitates interweaving during the synthesis of the COF, and is also
retained in the crystalline COF. The necessity of pre-orienting the building block has been
demonstrated by performing the COF reaction and the building block assembly simultaneously, which
lead to no observed crystallinity.*"® The crystalline COF could also be demetallated, to remove the
orienting effect of the metal, which leads to a significant loss of crystallinity.™”” However, upon
reintroducing the metal, it is possible to recover the crystallinity fully, which demonstrates that the
topology of the COF is maintained upon demetallation and that the woven COF achieved its structure
only through pre-orientation.
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The chemical conversion of COF linkages can be considered a pre-orientation of the building blocks
by the reversible reaction, which are then reacted in place by an irreversible reaction. Such
transformations are discussed in section 6.1.
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Figure 2-32: Woven COFs generated from linear polymers. Top: COF-505, the first woven COF."""! Bottom:
COF-112, a diiminopyridine woven COF!"®

2.5. Application of COFs

Due to their inherent porosity and usually aromatic backbone, COFs have been used for a variety of
applications. One of the most explored uses is the COF’s porosity for sorption applications. As COFs
contain no metals, their densities are fundamentally lower than those of metal organic frameworks
(lowest reported: 0.17 g/cm®, COF-1085. COFs are therefore useful for sorption applications where
mass is a critical factor such as gas storage in mobile applications. Gas storage in COFs by
physisorption has been investigated with hydrogen,* *# 181 methane, ™ 181 and carbon dioxide.!*®*
18] The addition of functional groups into COF pores makes chemisorption of reactive gasses
possible. The adsorption of ammonial®®” for example is enabled by Lewis acidic sites in boron based
COFs and sulfur dioxide could be adsorbed in amine containing COFs.'®® 1®! The defined pore
diameters of COFs allow tuning the selectivity for gases and therefore can be used for separation of
gas mixtures, such as of Hy/CH4,™M H,/N,™ and CO,/CH,.*"! Mixtures of H,/D, can be separated
by designing a small pore COF with cryogenically flexible functional groups that allow quantum
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sieving of the two isotopes.**? The high surface area and porosity of COFs can also be used for the
adsorption of nongaseous molecules or ions such as the adsorption of mercury ions from
wastewater*® I or the temporary trapping of guest molecules for drug delivery.® % **! Because of
their accessible pores COFs have been employed for sensing, where fluorescence quenching was used
to detect guest molecules.!®® 67 194 197204 The heterogeneous, but tailorable organic nature of COFs
and their high surface area makes them a versatile platform for organic catalysis, as seen with the
reported Suzuki cross coupling reaction by incorporation of monometallic palladium into the
pores.?%22%l The Lewis basic nitrogen functionalities of imine groups in the COF backbone are able
to catalyze Knoevenagel condensation,® 2% %1 \where aldehydes and C-H acidic compounds
condense to form a C=C bond. The tunability of COFs allows the facile introduction of chiral side
groups, which can be used for asymmetric organocatalysisi?®”2** or chiral separation columns.?%#
Energy storage and battery applications have been investigated in COFs with the development of
redox active COFs™>" #3215 and with the use of COFs for the retention of polysulfides®®®?*! that
could enable the development of long lasting lithium sulfur batteries.

Most COFs are based on m-systems that are either conjugated or favor charge transport by n-n
interactions; it is thus possible to design COFs as organic semiconductors that display hole,!**¢ 2%
electron™™ or ambipolar transport properties.?*! The extended stacked structures in 2D COFs often
enable conductivity that can be improved by including donor and acceptor moieties into the
framework’s backbone.??2 A different strategy is using the COF backbone as an electron donor and
including an electron acceptor into the pores.””® Photoexcited charge separation,
photoconductivity® 224 and ambipolar charge separation have been demonstrated in COFs and have
been utilized to build field effect transistors.?? 2% |n addition to electronic conduction, it has been
shown that COFs can be used for ionic conduction, especially proton conduction®”%% and lithium
ion conduction.®* 23

The aromatic backbones of COFs and the charge percolation in combination with their porosity makes
them tunable photoabsorbers with high accessible surface areas that can be employed for
photocatalysis. Application of COFs for photocatalytic hydrogen evolution is discussed in chapter 3.

These very diverse examples of applications and properties show the versatility of COFs and the
possibility of designing the properties of these functional materials.
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3. Research Objective

The current state of research in the synthesis of COFs is still fairly limited to a moderate number of
examples, in spite of the modular synthesis allowing for a systematic variation of structures and
properties. The variability and ability to use dissimilar building blocks to construct structurally similar
COFs makes the fine-tuning of the structure and the properties possible. Higher-level structural
features such as the geometry of building blocks and the resulting nets are routinely controlled, but
fine-tuning of desired properties and allied strategies such as structure-property relationships are often
lacking. In particular, the study of collective properties that only manifest in the solid state such as the
photocatalytic activity of COFs and their stacking require fine-tuning of the building blocks.
Furthermore, additional properties including stability are mostly addressed by choice and design of
the precursors, fundamentally limiting the properties of COFs.

The aim of this thesis is to develop design principles for the structure and properties of COFs based
on the variation of building blocks and through post-synthetic modifications (Figure 1-1). The focus
lies on two-dimensional COFs (2D COFs), which are defined by their covalent connectivity in two
dimensions with only weaker stacking interactions in the third direction to give rise to layered
materials. These COFs offer three levels of control over the structure and thereby properties can be
distinguished (Figure 3-1). The first level controls the molecular makeup of the building blocks and
thereby the covalent structure in a layer. The second level concerns the out-of-plane structure and the
resulting stacking in COFs. The third level deals with post-synthetic modification that produce with
structural and property changes that cannot be incorporated by simple building block design alone,
and therefore have to be incorporated after the COF synthesis.

Figure 3-1: Controlling the structure and properties of COFs on different levels.

Controlling structure-property relationships in COFs, the first level is especially important as the
electronic and geometric features of the in-plane structure play a large role in determining the
properties of the resulting framework. The design of structural motifs readily translates to the in-plane
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structure and, thus, may be used to alter the optoelectronic properties of COFs. In this thesis, this
change in optoelectronic properties by in-plane design of COFs will be used to modify and optimize
the photocatalytic properties of COFs. Different molecular functional groups will be explored to
modify photocatalytic hydrogen evolution and thereby enable the extraction of structure-activity
relationships that can guide the design of next generation photocatalysts. The in-plane structural
design is versatile and largely rational. In contrast, the out-of-plane structure is based on non-covalent
interactions, increasing the difficulty of the control of these supramolecular features. The out-of-plane
structure has significant importance for the optoelectronic properties, nevertheless, controlling it is
especially challenging. This thesis will investigate means of improving the inter-layer registry as well
as design principles for defined stacking polytypes. The COF linkages are formed during the synthesis
of the COF, but their presence can induce undesirable chemical or physical properties that are
disadvantageous for applications like photocatalytic hydrogen evolution, where hydrolytic stability is
important. The COF linkages cannot be altered substantially by building block design, as they are
required for obtaining crystallinity and porosity. Hence, alteration of these moieties can only be
obtained after the synthesis of the COF. Therefore, rational and crystallinity preserving transformation
of these linkages is highly desirable. This thesis will investigate post-synthetic strategies for altering
the structures of COFs to obtain materials that cannot be synthesized directly by reversible reactions.
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4. Photocatalytic Hydrogen Evolution with COFs

Photocatalytic hydrogen evolution with COFs presents a promising approach for generating solar
fuels, since the inherent properties of COFs align with many requirements for the design of a
successful photocatalyst. The factors determining the photocatalytic ability of a COF are the
efficiency of light absorption, the efficiency of charge separation and transport, the choice of
hydrogen evolution electrocatalysts or the design of active sites on the COF backbone. The crystalline
nature of COFs enables, especially in 2D COFs, charge percolation either through the m-conjugated
network structure and/or through layers by means of n-m interaction between the individual layers.
The porosity of the COFs additionally makes a large specific surface area available, which is
beneficial for catalysis and enables better permeation of solvents and sacrificial electron donor. In
addition, the products of photocatalysis can get transported to and from the catalytically active sites
efficiently. The modular and molecular nature of COFs make them amenable to molecular design,
where the ability to fine tune the optoelectronic and structural properties of the otherwise
heterogeneous framework can lead to stable systems.

4.1. Introduction

The use of fossil fuels in locomotion as well as heat and electricity generation is unsustainable since
fossil fuels represent a finite resource. Even not considering the implications of depletion out of
natural gas, oil and coal reserves, the anthropogenic carbon dioxide emissions cause significant global
warming and pollution that lead to unacceptable ecological and economic damage.®? The stepwise
replacement of fossil resources by renewable sources has focused on generation of electricity through
biomass, geothermal, wind, hydroelectric, solar-thermal and photovoltaic means.?* 2 However, the
intermittency at which solar and wind energy are available limits their exploitation, since the storage
of electrical energy to cover low supply, high demand times and transportation is expensive./*!
Transportation accounts for the majority of energy consumption from fossil fuels and this limits the
utilization of renewable technologies in general.®! Therefore, the unpredictable and discontinuous
availability of renewable energy is currently prohibitive for the widespread adaptation of these
technologies and for consumer acceptance of renewable products.”® One strategy to introduce
renewable energy that can be stored and transported efficiently is the replacement of fossil fuels with
CO, neutral renewable fuels. Commercially viable strategies based on the utilization of biomass are
already available, however these pose ethical challenges as the production of these fuels often
competes with food crops for arable land™®®! leading to an increase in the basic sustenance cost of the
poor. An alternative could be synthetic fuels based on CO, reduction,’™” or on technologies that
circumvent the actual formation of CO, altogether such as the electrochemical generation and storage
of H, gas. The benefit of a hydrogen based technology is the absence of direct CO, emissions, as H,
can be used for combustion or in efficient fuel cells, leading to water as the only byproduct.”®® The
generation of renewable fuels from photovoltaic electrical energy would currently be possible at high
efficiency albeit at high cost.®? A strategy to circumvent this problem is the direct use of sunlight for
the production of “solar fuels” by photocatalysis (also termed artificial photosynthesis),’** %7 2% gy ch
as the production of hydrogen by the water splitting reaction:

2H,0 > 2H, + 0,
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4.1.1. Photocatalysis

Photocatalysis describes the process of driving a thermodynamically uphill reaction with light. The
energy supplied by light is thereby stored in the reaction products, that can be separated from the
photocatalyst and used as fuel.”* A requirement for a photocatalytic system is a suitable band gap for
the material to be able to absorb light (Figure 4-1). Wavelengths shorter than the band gap are
absorbedto produce electron hole pairs. The excess energy is lost as heat by a process called
thermalization. Light with energy lower than the band gap is not absorbed and therefore not available
for the photocatalytic reaction. The electrochemical requirements of the water splitting reaction need
to be taken into account as well. The thermodynamically required energy to split water is 1.23 eV.
However, charge separation, overpotentials for the respective reactions and appropriately high current
densities for application limit the minimum energy required to at least 2.0 eV for single absorber
materials, which in turn leads to maximum efficiencies of less than 10%./%*4
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Figure 4-1: Left: Energy diagram for the photocatalytic water splitting reaction. A single photon excites an
electron from the valence band to the conduction band, generating an electron hole pair at a potential that allows
both the reduction and the oxidation of water to hydrogen and oxygen, respectively. The thermodynamically
required potential for water splitting is negative and positive of 0.0 and 1.23 V, respectively. n;: overpotential
for the hydrogen and oxygen evolution reactions. Right: Spectral irradiance of the sun at AM1.5 G conditions.

Additionally, the band positions of the photoabsorber are required to straddle the water oxidation and
reduction potentials. By being reducing enough to generate hydrogen from electrons and oxidizing
enough to generate oxygen from holes, water can be split with a single photocatalyst. However, the
use of a single photoabsorber can result in kinetically demanding photocatalytic systems that lead to
recombination. The stringent requirements of the size of the band gap and the band position can be
circumvented by employing a combination of semiconductors, where two semiconductors share the
required potential. While one semiconductor has holes oxidizing enough to produce oxygen, the other
generates electrons reducing enough for hydrogen evolution. Such combinations constitute so called
Z-schemes (Figure 4-2). Due to the utilization of two semiconductors with smaller band gaps, a larger
fraction of the solar spectrum can be used to drive the desired reaction. This allows for further
increase in the efficiency (23-329%),1%*2*! even though this scheme requires the absorption of twice
the number of photons. In addition to these photoelectrochemical requirements, a high stability is
required for commercially water splitting photocatalysts, as the materials should be operational for
years to offset production costs, during which the systems need to resist degradation in the electrolyte
and sunlight.**?
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4.1.2. Setup

Photocatalytic water splitting can be performed by building an electrochemical cell in which the
oxidation and reduction sites are separate. This has the benefit of physically separating hydrogen and
oxygen generation locations. The problem with these setups is the high initial cost of the device
architecture.® #*1 An alternative, cheaper method is the use of semiconductors in colloidal
suspension (Figure 4-2). These systems often feature a co-catalyst fused to the surface of the colloidal
particles, and this acts as the hydrogen or oxygen evolution electrocatalyst to reduce the overpotential
for production of hydrogen and oxygen.***?* In this architecture, the semiconductor absorbs the light
and the charges are separated, facilitated by the semiconductor/co-catalyst interface.?*® % The
electron residing on the co-catalyst reduces protons to hydrogen, while the hole in the semiconductor
or on another co-catalyst oxidizes water to oxygen. The drawback of colloidal photocatalytic systems
lies with the production of hydrogen and oxygen in the same headspace that can lead to explosive
mixtures.®? The mixed hydrogen and oxygen now needs to be separated, increasing the cost and
reducing the efficiency of these setups. However such set-ups can still be much cheaper than non-
colloidal setups requiring rigid devices.* A major difficulty arising from the direct contact of
oxygen, hydrogen and the catalyst is the back reaction that is catalyzed by most water splitting
catalysts as well.®> %2 At too high concentration the back reaction and the forward reaction are in
equilibrium, with no net energy gains from the photocatalysis reaction. This issue however can be
avoided by the removal of the reaction products./??

More complex setups such as Z-schemes are also possible in solution (Figure 4-2, right) and are
especially useful if the band positions of a semiconductor are not sufficient to perform both oxygen
and hydrogen evolution (or if the overpotential of one part of the reaction represents a significant
bottleneck). As an example, a colloidal Z-scheme was realized by mixed suspensions of Pt/TiO,
(anatase) and TiO, (rutile),™ where rutile is able to oxidize water and anatase is able to perform
water reduction. Both systems were electrochemically coupled by the use of the 105/1" redox
mediator. This example shows how materials can practically be used to perform only one half-
reaction of photocatalytic water splitting. Such Z-schemes present one of the reasons why often only
one of the half-reactions are studied in photocatalysis, in order to avoid the difficulties associated with
the kinetics of the other half reaction. In such cases, the catalytically inactive charges are extracted by
a sacrificial electron acceptor or electron donor,!?®* % as they otherwise would accumulate in the
material increasing recombination. Common hole scavengers are alcohols such as methanol or larger
molecules such as ethylenediaminetetraacetic acid (EDTA) and triethanolamine (TEoA). Electron
scavengers added to the oxygen evolution reaction are silver ions (Ag*) or peroxodisulfate (S,05”).
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Figure 4-2: Left: Schematic of a colloidal semiconductor particle with an attached co-catalyst, that is used to
generate hydrogen from protons, with holes being quenched by a sacrificial electron donor (D). Right: Redox
mediator coupled Z-scheme for water splitting with two semiconductors.
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4.1.3. Photocatalysis in organic extended solids

Many types of semiconductors have been used for photocatalytic hydrogen evolution,™® with
inorganic semiconductors based on transition metals especially in focus since the beginning of the
field, which started with the seminal paper on photoelectrocatalytic water splitting on TiO,.12°"%°]
However, some transition metal based photocatalystsare expensive, due to the use of rare elements
and their properties are difficult to tune. In contrast, photocatalytic systems based on molecular light
absorbers and catalysts display versatile structure and are extremely tunable in their absorption
features as well as their electrocatalytic abilities.”®” However, many molecular systems typically
suffer from limited stability. Conjugated polymers are robust in comparison to molecular systems
while still being tunable. %" %2 The conjugation increases the material’s conductivity and thus allows
charges generated from the excitation by light to travel through the material to catalytically active

sites.[263 2641

Organic polymer photocatalysts have gained significant attention in recent years. They can be
produced cheaply, are purely based on abundant elements, highly robust and in some cases tailorable
(Figure 4-3). One of the most prominent examples of polymeric photocatalysis is the demonstration of
photocatalytic hydrogen evolution in the polymeric carbon nitride, melon, by Antonietti, Domen and
coworkers,”® as well as full water splitting with g-C3N,.*®! Based on the pioneering results obtained
with this material, many works on heptazine and triazine based carbon nitride materials followed.**®
262,266-268] \\hile carbon nitrides are in principle organic materials, they are formed in high temperature
condensation reactions that do not allow the targeted introduction of diverse building blocks and
therefore make tuning the properties of carbon nitrides very similar to tuning in inorganic
semiconductors.
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Figure 4-3: Examples of the organic based materials that have been used for photocatalytic hydrogen evolution.
From left to right: polytriazine imide (PT1);*" CTF-1?*) and an organic polymer P7.12""

Conjugated linear and cross-linked polymers have also been successfully employed for photocatalytic
hydrogen evolution, such as covalent triazine frameworks, porous and linear polymers.?"* 2" While
polymers generally exhibit great degrees of tunability, they are lacking a defined inter-chain structure.
Such limitations lead to difficulty in designing intra chain charge transport, which is an important
means for enhancing charge mobility in conducting polymers.””? The lack of order in these systems
also hinders the design of pore voids for optimal mass transport and makes active site engineering
difficult. Covalent triazine frameworks (CTFs) present a triazine rich material that can be synthesized
as crystalline and porous solids. This class of materials has been used as polymers®®®?’% or as
oligomers®? for photocatalytic hydrogen evolution. CTFs are very robust due to their bonding
through triazines, but the synthesis is performed under harsh condition in either a ZnCl, melt or
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catalyzed by a superacid " that significantly limits the crystallinity and the functional group
tolerance.

4.14. Photocatalysis with COFs

COFs unite the beneficial properties of robustness, tunability, porosity and crystallinity.®? The
highest degree of control over the structure of covalently bound organic solids can be exerted in
COFs, be it intramolecular® % #"1 (chapter 4.2, 4.3 and 4.4) or intermolecular!®® 6% 209 278-281]
arrangement of the structure (chapter 5.2). These features make COFs ideal platforms for the targeted
design of efficient photocatalysts.’®® The first proof of photocatalytic hydrogen evolution in a COF
was given by Stegbauer et al.”® who showed that a triazine based hydrazone COF could produce
hydrogen photocatalytically in appreciable quantities. The material showed some degradation over the
course of the photocatalysis experiment, which points towards the important point of stability of the
photocatalyst, because COFs are not as inherently stable as CTF or other polymers. However, recent
advances have produced COFs that are more stable towards typical photocatalytic conditions in water
than the earlier generations of COFs. Air, water, acid and base stable COFs can be routinely generated
now, %6 70110 2841 \yhich is key to developing commercially viable photocatalysts. Further methods to
enhance the stability of COFs are discussed in this thesis (chapter 6.2).

Important developments in the field of COF photocatalysis besides the work presented in this thesis is
the demonstration of the use of a COF cadmium sulfide quantum dot (CdS QD) hybrid as a
photocatalytic system.[?®! The COF served as a support for the CdS QDs thereby reducing electron—
hole pair recombination. This work showed that the incorporation of CdS QDs into a keto-enol-imine
COF improves the hydrogen evolution efficiency dramatically with respect to the pure quantum dots
and with respect to the bare COF. More recently N,-COF (chapter 4.2) was shown to be an active
photocatalyst with molecular co-catalysts, instead of the commonly used heterogeneous metallic
platinum for hydrogen evolution.™® Further, an acetylene COF was shown to be photocatalytically
active and the activity could be tuned by changing a diphenyl acetylene to a diphenyl diacetylene
structure.®"]

415, This work

The work shown in this chapter follows the work of Stegbauer et al.?®! on photocatalytic COFs based
on triazine moieties (TFPT—COF) and was motivated by the tailorability that can be imbued into
COFs by precursor design and synthesis. Two platforms of two-dimensional COFs were chosen for
the design of efficient photocatalytic hydrogen evolving systems (Figure 4-4): the aryl triaryl azine
system (ATA-COFs) as well as the benzene triazine imine system (BTI-COFs).
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Figure 4-4: Schematic representation of the base structure of the two investigated COF systems for
photocatalysis. Left: ATA-COFs; Right BTI-COFs.
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The ATA-COF platform (Chapter 4.2 and 4.3) was investigated as means to create a series of COFs to
study the effect of nitrogen substitution on photocatalytic hydrogen evolution, as previous studies on
nitrogen rich compounds showed promising photocatalytic hydrogen evolution capabilities.[2*® 27 269
83 The ATA-COFs also served as a platform with similar optical properties and this allowed the
investigation of the influence of nitrogen substitution on the electronic and structural properties and in
turn their influence on the photocatalytic hydrogen evolution process.

The BTI-COF platform in contrast was used to alter the optical properties of the COF in order to
enhance light absorption and thereby improve photocatalytic hydrogen evolution activity(Chapter
4.4).
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4.2. A tunable azine-covalent organic framework platform for visible
light-induced hydrogen generation

This work was published and sections of this chapter were reproduced from:

1. A tunable azine covalent organic framework platform for visible light-induced hydrogen
generation
Vijay S. Vyas, Frederik Haase, Linus Stegbauer, Gokcen Savasci, Filip Podjaski,
Christian Ochsenfeld, and Bettina V. Lotsch.
Nat. Commun. 2015 6:8508 DOI: 10.1038/ncomms9508.

Vijay S. Vyas, Frederik Haase and Bettina V. Lotsch proposed the idea and designed the experiments. Vijay S. Vyas and
Bettina V. Lotsch wrote the manuscript. Vijay S. Vyas carried out the synthesis and photocatalysis experiments. Frederik
Haase helped in synthesis, photocatalysis and structure simulation of the COFs. Linus Stegbauer performed the sorption
experiments. Filip Podjaski performed electrochemistry for determining the band potential of COFs. Gékcen Savasci and
Christian Ochsenfeld performed the theoretical calculations.

Supplementary information for this chapter can be found in section 9.4.

Here we show that as a direct consequence of molecular engineering, a triphenylarene platform can
readily be tuned for photocatalytic water reduction. Using a series of triphenylarylahldehydes with the
central aryl ring containing 0-3 nitrogen atoms as building blocks, two-dimensional (2D) azine-linked
COFs were synthesized which reflect the structural variations of the triphenylarene platform.
Investigation of these COFs as a new generation of polymeric photocatalysts show progressively
enhanced hydrogen evolution with increasing nitrogen content in the frameworks. This work
demonstrates the potential of organic materials in solar energy conversion where a vast array of
organic building blocks and bond-forming reactions provide an extensive toolbox for the systematic
fine-tuning of their structural and physical properties®® thus making way for the application of COFs
in photocatalytic water splitting.!*

4.2.1. Results

Design, Synthesis and Characterization of COFs.

A progressive substitution of alternate carbons in the central aryl ring of the triphenylaryl platform
(Fig 1a, green dots) by nitrogen atoms leads to a change in the electronic and steric properties of the
central ring, i.e. N=0 (phenyl), N=1 (pyridyl), N=2 (pyrimidyl) and N =3 (triazine). As a
consequence of the substitution of the C-H moiety with nitrogen atoms, a change in dihedral angle
between the central aryl ring and the peripheral phenyl rings is expected, which in turn leads to varied
degrees of planarity in the platform. This was corroborated by density functional theory (DFT)
calculations at the PBEO-D3/Def2-SVP level as evident by the decreasing dihedral angles in the
energy minimized structures of precursor aldehydes N,-CHO (Table 1). Additionally, this results in a
progressive decrease in electron density in the central aryl ring of the COF platform (Figure 4-5a) as
the number of nitrogen atoms increase from 0 to 3.
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Figure 4-5: Design and synthesis of the N,-COFs. (a) A tunable triphenylarene platform for photocatalytic
hydrogen evolution. Replacement of ‘C-H’ by ‘nitrogen atoms’ at the green dots lead to variation of angle
between central aryl and peripheral phenyl rings leads to varied planarity in the platform. (b) Synthesis of Nx-
COFs from Nx-CHO and hydrazine.

Encouraged by the theoretical calculations, we decided to synthesize N,-COFs (x=0, 1, 2, 3) by
azine formation reaction®® #®! of the aldehydes with hydrazine and investigate the translation of
chemical and structural variation in the precursors to the overall order and optoelectronic properties of
the resulting COFs, with the consequent influence on photocatalytic hydrogen production.

Table 1: DFT geometry optimizations of precursor aldehydes at the PBE0-D3/Def2-SVP level. Dihedral angles
between central aryl and peripheral phenyl rings show increased planarity in the precursor aldehydes along the
series Ng to N3-CHO. Blue dots denote nitrogen atoms.

Aldehyde No-CHO N;-CHO N,-CHO N5;-CHO

A(°) 38.7 38.9 16.7 0.0
B (°) 38.7 20.0 05 0.0
C () 38.7 20.9 17.9 0.0

The precursor aldehydes (N,-CHO) were synthesized as described in the Supplementary Methods.
N,-CHO as well as their precursors were characterized using *H and **C spectroscopy (Figure S 2,
S$3,S4,S5 S6,S7,58,S9, S10, S11, S12, S13, S 14, S 15). N,-COFs were synthesized in
quantitative yields by a condensation reaction between the corresponding trialdehydes with hydrazine
in the presence of 6 M acetic acid using 1:1 mesitylene/dioxane as solvent at 120 °C for 72 hours
(Figure 4-5b and Figure S 1). FT-IR spectra of the Nx-COFs were compared with the corresponding
aldehydes and hydrazine (Figure S 16, S 17, S 18, S 19) and show the disappearance of aldehydic
C—H and C=0 stretches and the appearance of the azine C=N stretch at 1622 cm™. These observations
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were further corroborated by the complementary Raman spectra (Figure S 20) which showed
characteristic Raman signals at 1000-1010 cm™ for the v(N-N) stretch, 1540-1560 cm™ for
veym(C=N) stretch and at 1600-1625 cm™ for vesym (C=N) stretch.”®*! The composition and local
structures of the N,-COFs were further confirmed by XPS (Figure S 80) and **C cross-polarization
magic angle-spinning (CP-MAS) solid-state NMR (ssNMR) spectroscopy. As seen in Figure 4-5 and
Figure S 50, S 53, S 56, S 59, the characteristic aldehyde carbonyl **C resonance located at ~ 190 ppm
in the precursor aldehydes disappears with the concomitant appearance of the azine C=N peak at
~ 160 ppm, thereby attesting the conversion of the precursors into the respective COFs. The molecular
structure of the building blocks remains intact during COF formation as evident by the largely
unchanged chemical shifts of the peripheral phenyl rings as well as the central aryl ring that shows
characteristic peaks in the NMR. Thus, for example, the C3 symmetric carbon in the central triazine
ring in the N3-CHO at 171 ppm shows minimal shift and appears at ~168 ppm in N3-COF. Similarly,
the characteristic *C NMR peak of the central pyridine/pyrimidine ring in N1-CHO and N2-CHO at
119 ppm and 112 ppm, respectively, can easily be spotted in the corresponding COFs due to their
upfield nature (Figure 4-6). The assignment of these peaks was done using 2D HMQC NMR of N;
and N, aldehydes (Figure S 8, S 11).

o
: N,-COF

250 200 150 100 50 0

Chemical Shift (PPM)

Figure 4-6: *3C cross-polarization magic angle-spinning solid-state NMR of the Nx-COFs. The azine C=N peak
(marked a) appears at ~ 160 ppm while the phenyl peaks (marked b) and characteristic central aryl peaks
(marked c,d,e) show nominal changes with respect to their precursor aldehydes.

X-ray powder Diffraction, Gas Sorption and Electron Microscopy.

In order to gain insight into the structural details and morphology of the COFs, X-ray powder
diffraction (XRPD), gas sorption, scanning electron microscopy (SEM) and transmission electron
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microscopy (TEM) analyses were performed. XRPD of N,-COFs indicated the formation of
crystalline networks with 2D honeycomb-type lattices as evident by the presence of an intense 100
reflection at 20 = 3.52° and reflections at 6.0, 7.1, and 9.5° corresponding to the 110, 200, and 120
reflections, respectively (Figure 4-7). The observed reflections match well with the calculated patterns
(Figure S 42, S 43, S 44, S 45) obtained from structural simulations performed for an AA eclipsed
layer stacking (Figure S 34, S 35, S 36, S 37, S 38, S 39, S 40, S 41) using the Materials Studio v6.0.0
program (Accelrys). It should be noted that a slight lateral offset of the layers is expected for the
stacked structures,™ which however cannot be distinguished from the eclipsed topology by XRPD
due to substantial peak broadening. Thus, for practical reasons, the eclipsed structure is used as
simplified working model.”™ Interestingly, as we traverse the series from N, to N3-COF, the XRPD
peaks become sharper with the appearance of prominent stacking peaks for N, and N3;-COF at
26 = 26° arising from the d-spacing between the (001) lattice planes. Thus, the variation in planarity in
the precursor aldehydes as a function of the dihedral angles translates well into the crystallinity of the
resulting COFs. The unit cell parameters were obtained by Pawley refinements for all COFs and the
results are included in Table S 9.4-1.

a

—— N,-COF

— N,-COF

— N,-COF
N,-COF

10 _— N3-simulated

(200) (120)  (320) (001)

(100)

Intensity (a.u.)

5 10 15 20 25 30 3 A
20 (degree) ) A - X Reas
Figure 4-7: Structure and stacking analysis of the N,-COFs. (a) XRPD patterns of the N,-COFs compared with
the simulated pattern calculated for the representative N3-COF. (b) View of extended stacks of N,-COFs in
space filling model along the stacking direction (nitrogen — blue, carbon — gray, hydrogen - white). Note that an
eclipsed stacking arrangement was assumed for simplicity.

The permanent porosities evaluated by measuring the argon adsorption isotherm at 87 K (Figure S 46)
reveal that the Brunauer—Emmett—Teller (BET) surface area of symmetrical and unsymmetrical Ny-
COFs show a deviation from the trend expected from the increasing level of planarity from Ny to N;-
CHO. Thus, while XRPD shows a similar yet lower degree of crystallinity for Ny and N;-COF in
comparison to that observed for N, and Ns-COF, a further demarcation is seen in the BET area of the
symmetrical and unsymmetrical COFs. Interestingly, the BET surface area of the symmetrical No-
COF was found to be 702 m*g™, which is significantly higher than that of the unsymmetrical N;-
COF with a BET area of 326 m*g™. Likewise, in case of comparatively planar N, and N;-COF, the
symmetrical N3-COF showed a higher BET area of 1537 m?g™* as compared to the unsymmetrical No-
COF with a BET area of 1046 m*g™. Thus, the lowering of symmetry leads to a lower degree of order
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and hence lower BET surface area. Accordingly, a narrow pore size distribution for the most
crystalline N;-COF was calculated by the non-local density functional theory (NLDFT) method with
a peak maximum at ~ 24 A, which is in excellent agreement with the pore size established from the
structural analysis and simulations. The maximum at 24 A is accompanied by a minor peak in the
PSD at = 16 A, which becomes more prominent in the other N,-COFs (x = 0 - 2; Figure S 47), likely
resulting from an increasing degree of lateral layer offsets and stacking disorder in the less crystalline
materials.

SEM images show a change in morphology from purely ball-like agglomerates in No-COF to
elongated ones in N;-COF followed by transformation to rod-like morphology in N, and N;-COF
(Figure 4-8a-d and Figure S 21). The structure and morphology of N,-COFs was further investigated
by TEM analysis where hexagonal pores are clearly visible in N, and N3-COF (Figure 4-8 e,f and
Figure S 24, S 25). Selected area electron diffraction (SAED) along the [001] zone axis of the
multilayers of N3;-COF is consistent with a nanocrystalline, hexagonally ordered in-plane structure
composed of crystalline domains with sizes around 50-100 nm. TEM analysis of Ny and N;-COF,
however, did not show any crystalline domains possibly due to instability in the electron beam (Figure
S 22,S23).

The thermal stability of the COFs was investigated by thermogravimetric analysis (TGA), suggesting
that the COFs are stable up to = 350 °C in argon. TGA analysis in air shows total decomposition of all
the COFs at temperatures above 550°C, thus indicating the absence of any metal residues (Figure S
26,S27,S28,S29,S30,S31, S 32, S 33).
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Figure 4-8: SEM and TEM images of N,-COFs. (a) SEM images of No-COF, (b) N;-COF, (c) N,-COF, (d) Ns-
COF indicating morphological variation along the series. (d) TEM image of N,-COF showing hexagonal pores,
with Fast Fourier Transform (FFT) of the marked area (red circle) in the inset. (€) TEM image of N3-COF with
enlarged Fourier filtered image (top right inset) of the marked area and representative SAED pattern (inset
bottom right).

Optical properties and photocatalysis.

The diffuse reflectance absorption spectrum reveals that all the COFs absorb light in the ultraviolet
and blue parts of the visible region and show similar absorption profiles with an absorption edge at
~465-475 nm (Figure 4-9a), thereby suggesting an optical band gap of = 2.6 — 2.7 eV as determined
by the Kubelka-Munk function. These values are red shifted by 40 — 60 nm in comparison to the
solid-state absorption spectra of the precursor aldehydes and can be attributed to the introduction of
the azine group and a higher degree of conjugation resulting from delocalization along as well as
across the plane in the extended frameworks./®? As seen in Figure 4-9a, unsymmetrical N; and N,-
CHO show a slightly red shifted absorption in comparison to the symmetrical No and N;-CHO. DFT
calculations performed on the precursor aldehydes also indicate a similar trend in the optical band
gaps of symmetrical and unsymmetrical aldehydes (Supplementary Table. 4). In order to understand
the differences in absorption spectra of symmetrical and unsymmetrical aldehydes in the solid state,
the absorption spectra of the precursors were additionally recorded in dilute (8 uM) dichloromethane
solutions. The absorption profiles (Figure 4-9b) are marked by a clear difference between the
symmetrical N3-CHO with one absorption band and the unsymmetrical N; and N2-CHO with twin
absorption bands arising from the non-planar and hence non-fully conjugated phenyl-aryl ring
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systems. The two bands in the absorption spectrum of NO-CHO are rationalized by absorptions from
the two types of ring systems that are essentially decoupled due to strong out-of-plane torsion of the
peripheral phenyl rings. The increase in planarity leading to a higher degree of conjugation (hence
red-shift) along the series Ng to Ns is partly compensated by the increase in electron deficient
character of the central aryl ring (hence blue-shift), thereby resulting in minimal changes in the optical
band gap upon network formation. The similar optical gap makes the N,-COF ensemble an ideal
model platform for photocatalysis experiments, as their relative activities will not be governed by
differences in their light harvesting capability.
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Figure 4-9: Optical and photocatalytic properties of N,-COFs. (a) Diffuse reflectance absorption spectra of N-
CHO and N,-COFs recorded in solid state. (b) Absorption spectra of precursor aldehydes N,-CHO in
dichloromethane at 22 °C. (c) Hydrogen production monitored over 8 h using N,-COFs as photocatalyst in the
presence of triethanolamine as sacrificial electron donor. (d) Photonic efficiency measured with four different
band pass filters with central wavelengths (CWL) at 400, 450, 500 and 550 nm.

The N,-COFs were next evaluated as photocatalysts for visible light-induced hydrogen evolution. The
hydrogen evolution experiments were performed by taking a suspension of the COFs in phosphate
buffered saline (PBS) at pH7 and irradiating with visible light (> 420 nm) at 25 °C.
Hexachloroplatinic acid was added for the in situ formation of the Pt co-catalyst®? to reduce the
overpotential for hydrogen evolution, and triethanolamine (TE0A) was used as sacrificial electron
donor.[2* 2%]

Notably, all COFs evolve hydrogen in the test period of 8 hours (Figure 4-9c). Interestingly though,
the N,-COFs show about four fold increase in hydrogen evolution with each substitution of C-H by N
in the central aryl ring of the COF platform. Thus, at the end of 8 hours the average amount of
hydrogen produced by No, N;, N, and N3-COF was 23, 90, 438 and 1703 pmol h* g'l, respectively.
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The amount of hydrogen evolved from the most active N3-COF is competitive with carbon nitride
photocatalysts and outperforms benchmark systems such as Pt-modified amorphous melon
(720 pmol h* g™),2" «g.C;N,” (840 umol h™ g™h),®®  or crystalline poly(triazine  imide)
(864 pmol h™* g™).1**" Photocatalysis lasting up to 48 hours using Ns-COF showed that the amount of
hydrogen evolved was about four times higher than the amount of hydrogen present in the COF
(Figure S 62), thus ascertaining that the primary hydrogen source is water rather than decomposition
products of the COF. After photocatalysis, the COFs were isolated and checked for stability. The FT-
IR (Figure S 48, S51, S 54, S57) and ssNMR (Figure S 50, S 53, S 56, S 59) spectra of the N,-COFs
obtained after photocatalysis did not show any significant structural change in the material, thus
indicating the retention of molecular connectivity of the framework during photocatalysis. The
framework crystallinity was preserved to a large extent in the post-photocatalysis recovered COFs,
although a partial loss of the long-range order was observed by XRPD (Figure S 49, S 52, S 55, S 58).
Such a decrease in long range order has been attributed to the delamination of framework layers.[?%*
27 |n addition, the TEM images obtained from the post-photocatalysis sample (Figure S 61) clearly
demonstrate the retention of hexagonally ordered crystalline domains in addition to the uniform
distribution of platinum nanoparticles that are formed in -situ during photocatalysis as observed in the
SEM images (Figure S 60). Photocatalysis experiments performed in the absence of
hexachloroplatinic acid did not show measurable amounts of hydrogen, thus underlining the role of
platinum as electrocatalyst and microelectrode to mediate the electron transfer process.!”*®! Long-term
studies performed with ascorbic acid as sacrificial electron donor revealed that the N3-COF is stable
in light for over 120 hours, showing sustained hydrogen evolution (Figure S 63). In order to quantify
the spectral distribution of the photocatalytic activity of the four COFs, the photonic efficiency (PE)
was calculated using four different band pass filters with central wavelengths (CWL) at 400, 450, 500
and 550 nm (Figure 4-9d, Table S 9.4-2, Figure S 64, S 65). These measurements clearly indicate that
N3-COF shows the best PE over the entire spectral range, with the maximum of 0.44% with a 450 nm
band pass filter.

Theoretical calculations

In order to rationalize the observed trend and to provide insights into the change in band gaps and
band positions along the N,-series, Kohn-Sham band gaps were calculated at the PBEO-D3/def2-SVP
level for the precursor aldehydes (N,-CHO;Figure S 66, Figure S 67 and Table S 9.4-4), model
phenylazines (N,-PhAz; Figure S 68, Figure S 69 and Table S 9.4-5) and two sets of hexagons with
different terminations (aldehydes N,-HxAI and hydrazones N,-HxHz; Figure S 70, Figure S 71,
Figure S 72, Figure S 73 and Table S 9.4-6, 16), serving as representative semi-extended model
systems (Figure 4-10). The hexagons (N,-HxAI and N,-HxHz) were stacked up to three layers for
probing the role of stacking on the band gaps and positions (Figure S 75, Figure S 76 and Table S
9.4-9, Table S 9.4-8).
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Figure 4-10: General structure of the model systems used for theoretical calculations.

Kohn-Sham band gaps calculated for the oligomers (Figure 4-11 a, b) do not show significant
variation on going from the No- to the N3-model systems, which is in line with the experimentally
observed optical spectra of the COFs that show minor differences in their absorption edge (see Figure
4-9a). Also, as observed by Zwijnenburg and co-workers,” the stacked hexagons of Ns-COF both
with hydrazone (Ns-HxHZz) and aldehyde terminations (N3;-HXAI) show a decrease in the band gap
with increasing numbers of layers (Figure 4-11 c).

The observed steady decrease in LUMO energy in these calculations for the N,-COFs with increasing
nitrogen content suggests a decreased thermodynamic driving force for electrons to move to the
platinum co-catalyst. This trend, however, does not account for the differences in the observed
hydrogen evolution activities. Instead, the lowering of the HOMO along the N,-series may lead to an
increase in the oxidizing power of the hole.®® This increase in thermodynamic driving force may
therefore facilitate hole removal from the COF by the sacrificial electron donor most efficiently in Ns-
COF.F*

Additionally, molecular orbitals for the model systems were extracted and compared for the extended
COF systems. While HOMO-LUMO distributions are often invoked in the literature to rationalize
exciton delocalization, charge separation and the location of potential charge transfer sites,**3%4 it
has to be stressed that orbitals are not observables and hence, such model considerations need to be
taken with care. Also, since DFTB+ orbitals did not always agree with orbitals from DFT calculations
in the case of our 7-hexagon model systems, orbital data from DFTB+ calculations may be of limited
use here. Nevertheless, unit cells of the N,-COFs were optimized on the DFTB+/mio-1-0 level of
theory using periodic single point calculations and molecular orbitals were subsequently calculated on
the same level of theory. Across the different N,-COFs, the HOMO is localized solely on the azine
linker unit (Figure S 77), while the LUMO is delocalized across the conjugated pi-system of the
framework (Figure S 78). When associating the HOMO with the charge transfer sites for holes, we
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may infer that efficient hole quenching is possible through hydrogen bonding interactions with the
sacrificial donor TEOA via the azine moiety for all COFs.

For smaller clusters calculated on a higher level of theory (PBE0-D3/def2-SVP), we find that the
HOMOs of hydrazone terminated model hexagons are exclusively located at these terminations, while
the LUMO is distributed along the hexagon with the maximum delocalization found for the planar Ns-
HxHz model (Figure S 72, Figure S 73). In order to check the reliability of these model systems, even
larger molecular clusters with 1248 atoms were modeled for the Nz-system to reduce the influence of
terminating groups on the electronic structure of the innermost aryl core. However, the terminal
hydrazone moieties still strongly localize the HOMO, whereas the LUMO in the 7-hexagon system is
still centered on the innermost hexagon, despite the vicinal hexagons (Figure S 74). This suggests an
efficient HOMO-LUMO separation for oligomers with electron-rich terminal groups, which could
assist the charge separation process upon excitation. Note, however, that the HOMO and LUMO do
not necessarily correspond to the orbitals participating in the brightest transitions and further
calculations are necessary to pinpoint the orbital contributions to the optical absorptions involved in
the photocatalytic process.
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Figure 4-11: Kohn-Sham HOMO and LUMO energies of different model systems with N, central core. (a) N,-
CHO and N4-PhAz; (b) hexagons with hydrazone (N4-HxHz) and aldehyde terminations (N,-HXAI); (c) stacked
hexagon layers of N3-COF with hydrazone (Ns-HxHz) and aldehyde terminations (Ns-HxA).

Since orbital considerations as non-observables are always difficult as discussed above, an alternative
approach was pursued in considering the possible reaction intermediates. The stability of reactive
intermediates formed during the photocatalytic process appears as a more reliable descriptor to
rationalize the observed trend in the photocatalytic activity across the series of COFs. Hence, the
energies and relative stabilities of radical anions of hydrazone-terminated N,-hexagons were
calculated as outlined in Figure 4-12.
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Figure 4-12: Schematic representation of two possible pathways after photoexcitation of N,-COFs. Quenching
the hole on the COF by the sacrificial electron donor leads to a radical anionic state for the COF (radical anion
pathway — red arrow). The opposite order leads to the radical cationic pathway (dotted black arrows). Energies
in red depict calculated vertical electron affinities as differences in total energies between radical anionic and
neutral states of N,-HxHz model systems at PBEO-D3/def2-SVP level.

Electron affinities of the N, systems in the order of -2 eV were computed (see Table S 9.4-10),
whereas the ionization potential for N;-HxHz is estimated in the regime of roughly +10eV in
vacuum, thus rendering the formation of a radical cation during the photocatalytic process less likely.
Considering the formation of a radical anion as the rate determining step, which is most favored for
the N3 system and least facile for the N, system, the observed energetics of the radical anion upholds
the observed trend. On one hand, this finding emphasizes the role of the sacrificial electron donor that
needs to swiftly remove the hole from the COF leading to the formation of a radical anion. On the
other hand, it underlines the importance of the electron-poor character of the triazine building block,
which is efficient at stabilizing the negative charge generated on the COF and at transferring it to the
nearest platinum site. This trend is fully in line with the observed hydrogen evolution activity and we
therefore reason that the formation of the radical anion is crucial for the photocatalytic process, as
exemplified by N,-COFs.

4.2.2. Discussion

While the above calculations are fully in line with the observed exponential increase in hydrogen
production across the N series, the latter cannot be pinpointed to a single property change of the
COFs but rather has to be ascribed to a complex interplay of several factors. For example, an increase
in surface area may play a key role in the photocatalytic activity by providing a greater number of
exposed active sites. However, in the present case, only a weak correlation with the surface area of the
N,-COFs could be established, thus suggesting that surface area is not the central factor determining
the photocatalytic activity (see Table S 9.4-3).

Further, as observed earlier,’® stacking likely plays a key role in the observed red-shift of absorption

spectra of the COFs as compared to the spectra of the aldehyde building blocks. In addition, as a
consequence of the decreased dihedral angle along the series and hence improved crystallinity,
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enhanced structural definition and layer registry, most facile exciton migration within the COF plane
and also along the well stacked aryl rings is expected for N3-COF, which is in line with the observed
trend in photocatalytic activity.** 3 While the exciton dynamics in such materials is expected to be
complicated and dependent on both structural and electronic factors, it is interesting that a logarithmic
plot of dihedral angles obtained from the geometry optimized precursor aldehydes against hydrogen
production of the respective COFs shows a linear relationship (Figure S 79). Regarding electronic
factors, the computed increase in stabilization of the radical anions in the most nitrogen-rich COFs
nicely correlates with the observed trend. The stabilization of the anion radical likely enhances the
charge separation, thereby increasing the probability of successful electron migration to a nearby Pt
co-catalyst. The relevance of the anion radical for hydrogen evolution likewise shifts the focus to the
sacrificial electron donor, whose interaction with the COF likely determines how quickly the hole can
be quenched. Therefore, our results suggest that tuning the interfacial interactions between the COF
and the electron donor may be a promising route to optimize the hydrogen evolution efficiencies
further in such systems.

In summary, we have synthesized a new COF platform that can be tuned for visible light induced
hydrogen evolution from water. Systematic variation in the properties of our four structurally related
COFs clearly indicates that tuning the electronic and structural properties of the precursors has a
significant impact on the photocatalytic activity of the resulting COFs. We have thus shown that
engineering the building blocks and, hence, the electronic properties of photofunctional COFs opens
new avenues to tunable, tailor-made supramolecular photocatalysts. Hydrogen evolution resulting
from a crystalline COF that retains its structure during photocatalysis is an important stepping stone
on the way to full water splitting by organic frameworks with embedded photophysical functions, and
at the same time holds much room for further improvement through rational band gap and catalytic
site engineering by tailoring the molecular building blocks.

4.2.3. Experimental

Synthesis of N,-COFs

All COFs were prepared by a procedure identical to the one described here for the synthesis of Ns-
COF. In a Biotage® 5 mL high precision glass vial, was suspended N3-CHO (50 mg, 0.13 mmol) in a
mixture 1.0 mL of mesitylene, 1.0 mL of 1,4-dioxane and 100 puL aqueous 6M acetic acid. To the
suspension was then added hydrazine hydrate (10 uL, 50-60% solution, Sigma Aldrich). The vial was
then sealed and heated in an oil bath at 120 °C for 3 days at autogenous pressure. Thereafter, the vial
was opened and the suspension was filtered and washed with chloroform (2 x 5 mL), acetone (2 X 5
mL) and THF (2 x 5 mL). The solid was dried in an oven at 60 °C to afford N;-COF as light yellow
powder. Anal. Calcd. for (CuNgHis).: C, 74.40; N, 21.69; H, 3.90. Found: C, 72.36; N, 21.32;
H, 4.07. °C CP-MAS NMR (100 MHz) § ppm 168.39, 159.55, 136.61, 126.96.

Photocatalysis

All photocatalysis experiments were performed in a double-walled glass reactor, where the outer
compartment is circulated with water kept at a constant temperature (25 °C) through a thermostat. The
reactor was top-irradiated through a quartz window with a xenon lamp (Newport, 300 W) equipped
with a water filter and a dichroic mirror (900 nm >X>420 nm). For each experiment, the
photocatalyst (COF) (5 mg) was suspended in a phosphate buffer solution (PBS, 10 mL of 0.1 M
solution at pH 7) containing TEoA (100pul; 0.738 mmol). For long term experiments, ascorbic acid
was used instead of TEoA. Hexachloroplatinic acid (5 pL, 8 wt% aqueous solution, Aldrich) was
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added for the in situ formation of platinum as the co-catalyst. The actual loading with Pt as
determined by the ICP analysis of COFs after photocatalysis was 2.14wt%, 1.70wt%, 0.94wt% and
0.68wt% for Ny, N;, N, and Ns-COF, respectively. The headspace was subjected to several cycles of
evacuation and argon backfill prior to the experiment. In the course of the experiment, the headspace
of the reactor was periodically sampled and the components were quantified by gas chromatography
(Thermo Scientific TRACE GC Ultra) equipped with a TCD detector using argon as the carrier gas.
For long term photocatalysis experiments, the head space of the reactor was evacuated and purged
with argon every 24 hours to avoid hydrogen buildup and the photocatalysis was resumed. After the
photocatalysis experiment, the COFs were recovered by filtration, washed with water, and then dried
at 100 °C. The photonic efficiency of the photocatalysts were determined under irradiation using
band-pass filters with central wavelengths (400, 450, 500, 550 nm; Thorlabs). For this purpose, 10 mg
of COF was suspended in buffer (PBS, 10 mL of 0.1 M solution at pH 7) containing TEoA (1000pl,
7.38 mmol) and Hexachloroplatinic acid (10 pL, 8 wt% aqueous solution, Aldrich). The power of the
incident light was obtained from a thermo power sensor (Thorlabs). The photonic efficiency was then
calculated using the equation PE = 2-[H,]/l where [H;] is the average hydrogen evolution rate and | is
the incident photon flux.

Calculations

Structures for all investigated building blocks were optimized on the PBEO-D3/Def2-SVP level of
theory. Kohn-Sham band gaps were obtained from single point calculations on the same level of
theory. Excitation energies for optimized building blocks were calculated on the
TD-PBEOQ-D3/Def2-SVP level of theory. Excitations with the largest oscillator strength were selected
for each optimized building block to compute the difference densities. Calculations for precursor
aldehydes and model compounds were done using the Turbomole program package in version
6.3.1.%! Calculations for the hexagons with different terminations were done using the FermiONs++
program package.B% **" Periodic calculations for optimizations and single points were performed
using the DFTB+ program package. *°
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4.3. Structure-property-activity relationships in a pyridine containing
azine-linked covalent organic framework for photocatalytic
hydrogen evolution

This work was published, section of this chapter were reproduced from:

1. Structure-property-activity relationships in a pyridine containing azine-linked covalent
organic framework for photocatalytic hydrogen evolution
Frederik Haase, Tanmay Banerjee, Gokcen Savasci, Christian Ochsenfeld, and
Bettina V. Lotsch
Faraday Discuss. 2017, 201, 247-264 DOI: 10.1039/C7FD00051K - Published by The
Royal Society of Chemistry.

Frederik Haase proposed the idea, designed the experiments, synthesized the precursors and COFs, performed the
photocatalytic measurements and wrote the manuscript. Tanmay Banerjee performed and interpreted the photoluminescence
experiments. Gokcen Savasci and Christian Ochsenfeld performed the theoretical calculations. Bettina V. Lotsch supervised
the research.

Supplementary information for this chapter can be found in section 9.5.

In the previous chapter we could show that in aryl triphenyl azine COFs (N,-COFs) a stepwise
increase in the nitrogen content of the central aromatic ring can lead to a progressive increase in
photocatalytic hydrogen evolution, thus showing the extent to which tunability is possible and
effective in adjusting the structure-property-activity relationships in such materials. The changes in
the photocatalytic hydrogen evolution activity in a series of N,-COFs featuring gradually increasing
nitrogen content in the central aryl ring (no nitrogen for phenyl to three nitrogens for triazine, Figure
4-4) were traced back to intrinsic electronic factors of the building blocks as well as structural,
geometric and morphology-related features. The electronic factors that can possibly influence the
hydrogen evolution rate are the band gap of the materials, the absolute HOMO and LUMO levels with
respect to the hydrogen evolution potential, and the (de)localization of the frontier orbitals as a
qualitative indicator for charge carrier delocalization in the excited state. The radical anion
stabilization energy (RASE) was found to be a possible descriptor of the hydrogen evolution (HE)
activity of the N,-COFs. In addition, morphological features such as crystallinity and surface area also
correlate with the HE activity, which are higher in the N,/N3;-COFs and lower in the No/N; COFs.
While in the N,-COF series, the rather gradual evolution of structural, morphology-related and
electronic features with increasing nitrogen content provides an excellent model system for studying
the structure-property-activity relations in such systems, the interplay and relative weight of such
features can still be highly complex.

We thus intended to explore a related COF with a different distribution of nitrogen across the building
blocks. To this end, we substituted the peripheral rather than the central aryl ring with nitrogen atoms,
starting with the same number of nitrogens as in the N3-COF to gauge the differences resulting from
the placement of the nitrogen atoms within the precursor aldehyde (Figure 4-4). The resulting PTP-
COF (Figure 4-13) indeed shows photocatalytic hydrogen evolution in the presence of TEOA as the
sacrificial electron donor and a platinum co-catalyst. To put the findings of this study into context,
comparison of the photocatalytic activity is made relative to the N,-COF series and specifically to the
isoelectronic N5-COF.
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4.3.1. Results

The PTP-CHO building block was synthesized from tribromobenzene (Figure 4-13) through a two-
step cross-coupling reaction and a subsequent formylation. For the purification of PTP-CHO, the
derivatization into a dimethyl acetal was necessary to remove impurities. This linker was
consequently used for the synthesis of PTP-COF under solvothermal conditions. Solvent screening
was done and a 1:1 mixture of butanol and dimethylacetamide (Figure S81) led to the highest
crystallinity with the most resolved peaks in the XRPD (Figure 4-14A).

(dppf)PdCl,

Br: Br 7210 Okév
B_~_B,
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Br
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Pd(PPhj3),

BuLi

PTP-COF

Figure 4-13: Synthesis of precursor PTP-CHO and PTP-COF. The in-plane unit cell is indicated on the right.

First, the IR spectrum of PTP-COF was compared to that of PTP-CHO (Figure 4-14B, Figure S82).
Loss of the characteristic aldehyde (-CH=0) vibration at 1685 cm™ and the appearance of the azine
vibration (-CH=N-) at 1622 cm™ is diagnostic of the conversion of the precursor aldehyde into the
COF. The presence of a small residual aldehyde vibration either indicates small amounts of residual
starting materials, oligomeric fragments or aldehyde-terminated surface groups of the PTP-COF
particles.

To further corroborate the structure, we measured solid-state cross-polarization and polarization-
inversion (CPPI) **C NMR of PTP-COF to help identify the signals in the NMR spectrum (Figure
4-14C).**1 with increasing inversion time, the intensity of carbons attached directly to hydrogens is
reduced relative to those carrying no protons. Based on the CPPI sequence and comparison with
known compounds from the literature, we assigned the peaks to the respective carbons. The retention
of the molecular structure of the building blocks is evident from the *C NMR spectrum. The
formation of the azine linkage is visible from the peak at 161 ppm, while only a small residual peak is
seen at 191 ppm from unreacted aldehyde (Figure S83). The presence of the pyridine ring can be seen
by the characteristic pyridine signal at 120 ppm, assigned to the carbon in meta position to the
pyridine nitrogen (peak no. 8).
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Figure 4-14: A: XRPD of PTP-COF with the corresponding Pawley refinement and the difference curve; B:
ATR-IR spectrum shows the formation of PTP-COF from the precursor PTP-CHO; C: *C CPPI ssNMR
measurement of the PTP-COF. In this experiment quarternary carbons stay constant in magnitude, while tertiary
are decreasing with increased inversion times. The blue difference curve thus indicates the position of tertiary
carbons. Assignment was based on a CPPI experiment and in comparison to literature known compounds. D:
Nitrogen sorption isotherm of PTP-COF.

XRPD of PTP-COF shows three peaks (Figure 4-14A) that can be attributed to the (100), (110) and
(120) planes at 3.68, 6.36 and 9.72 °260, respectively. Additionally, a broad feature in the region 20-
30° is evident that may be attributed to a broad distribution of stacking distances in the PTP-COF or
PTP-oligomers, or more generally to amorphous material. A unit cell was constructed based on the
geometrical considerations of the precursor molecules and their expected connectivity (Figure 4-15).
This led to a P3 unit cell whose initial unit cell parameters were obtained from a force field
optimization and then refined against the experimentally observed powder pattern by means of a
Pawley fit (Rwp: 1.191). The thus obtained unit cell parameters are a=b=27.75 A, a=£=90° and
y=120°. The unit cell parameter c and therefore the stacking distance could not be refined, as there is
only a very broad feature visible in the expected region. This feature was not included in the structural
model and only phenomenologically modelled with a background function (see method section ESI).
Hence, ¢ was kept at 3.55 A as obtained from the force field geometry optimized unit cell in Materials
Studio. Rietveld analysis showed that the model fits to the structure (Figure S84, Table S9.5-1).
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Figure 4-15: Illustration of the 3D structure that was used to model the PTP-COF. Perpendicular to (A) and
along (B) the a-b plane.

To rationalize the observed low crystallinity, we analyze the geometry of the C3 symmetric phenyl
tripyridine (PTP) core (Figure 4-13). Our previous studies showed that lower dihedral angles (i.e.
increased planarity) between the peripheral and the central aryl rings entail improved stacking in the
COF system, ultimately leading to higher crystallinity.!”) The PTP linker was chosen with the pyridine
nitrogen in a position towards, rather than away from the central phenyl ring, so as to decrease the
number of close hydrogen contacts between adjacent rings and to lower the dihedral angle. To
corroborate the dihedral angles we calculated optimized geometries for the PTP-CHO building block
and the N,-CHO building units (Table S9.5-2, Figure S89, Figure S90) on the PBEO-D3/def2-TZVP
level of theory. The PTP-CHO building block shows lower average dihedral angles (17.0°) than the
N;-CHO and N2-CHO building blocks (18.8° and 29.8°, respectively). The pyridine core in the
N;-CHO building block reduces the dihedral angle (29.8°) of two adjacent phenyl ligands in
comparison to the No-CHO building block (39.1°). Three pyridine ligands attached to the phenyl core
in PTP-CHO building block result in even higher overall planarity due to the threefold presence of
this interaction. 1,4-repulsions of hydrogen atoms between the core and the ligands are decreased in
all of the three attached ligands, causing the average dihedral angle to be in the range of that of the
N»-CHO building block; only the N3-CHO has a lower dihedral angle of 0.0°. We tried to quantify
this influence on the crystallinity by calculating the number of theoretically possible conformers of
the precursors N3-CHO and PTP-CHO. Analysis of the torsion angles in PTP-CHO and N;-CHO
shows a different number of distinct, but energetically degenerate conformers for both molecules. The
torsion angle between the aldehyde and the adjacent aryl ring (angles B and D) gives two main
conformers at 0° and 180° in PTP-CHO and Ns-CHO (Figure 4-16, blue curves). However, analysis
of the torsion angle of the central aryl ring to the peripheral aryl ring (angles A and C) reveals a
different trend (Figure 4-16, red curves). The torsion angle distribution shows four conformations in
PTP-CHO, while N3-CHO has only two, which are symmetry equivalent, thus leading to only one
preferred torsion angle at 0° (Figure 4-16 A). We thus estimated the number of distinct conformers to
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be 2°*4° = 512 and 2°=8 for PTP-CHO and N;-CHO, respectively. If these conformers were to be
observed as an individual entity, most of them would be symmetrically equivalent or degenerate.
However, considered as a defect in an extended COF crystal, the degeneracy is lifted. Furthermore,
such a defect will not only change the (average) occupancy of nitrogen at a certain position in space,
but it also induces changes with the stacking, with regard to the stacking offset and the layer to layer
distance, and can thus lead to an increased amount of disorder.
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Figure 4-16: Conformer search in Materials Studio for PTP-CHO and N5-CHO for the torsion angles displayed.
The minimization was based on a coarse force field optimization to find the local minima.

The BET surface area of the material is 84.21 m2/g and therefore extremely low for a COF, as seen
from Argon sorption analysis (Figure 4-14D and Figure S85). The low sorption capacity and thus
possibly obstructed pores of the COF may either be attributed to its low crystallinity and the ill-
defined stacking in the material, or due to residuals present in the pores, or both. As discussed above,
such residuals could be the precursor molecule, PTP-CHO, which might explain the small residual
aldehyde signal in ssSNMR (191 ppm, Figure S83) and in IR (1683 cm™, Figure 4-14B). However, the
small amount of molecular PTP-CHO should be washed away during the work-up in the synthesis of
the COF. A more likely possibility thus is the presence of a broad distribution of chemically related
oligomeric species with similar, yet not identical, chemical shifts, since the sSNMR signals of PTP-
COF are rather broad in comparison to other COFs (Figure 4-14C).[ 1%

A comparison of the morphologies of PTP-COF vs N3-COF shows differences between the two.?
While Ns-COF is composed of aggregated particulates in the range of several hundred nanometers,
PTP-COF is composed of two parts — large, nearly perfectly spherical particles of relatively uniform
size distribution of around 1 pm, and additional substantial areas of agglomerates (Figure 4-17, Figure
S 86).
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Figure 4-17: SEM images of PTP-COF (A, B), showing the two distinct phases (B) - a compact intergrowth of
small particles and the other nearly spherical particles with a narrow size distribution (C).

Photocatalytic hydrogen evolution was tested with PTP-COF under AM1.5 G conditions with
triethanolamine as a sacrificial electron donor (SED) and platinum nanoparticles as the electrocatalyst.
The platinum nanoparticles were generated and deposited in situ onto the photocatalyst by photo-
reduction of added aqueous solution of hydrochloroplatinic acid into the reaction vessel.
Triethanolamine was chosen as the sacrificial electron donor due to its ability to participate in
hydrogen bonds with the PTP-COF. Such hydrogen bonding interactions may be more pronounced in
PTP-COF than in Ns-COF due to the more basic character of the pyridine rings as compared to the
triazine ring and it should facilitate close contact between the SED and the COF. We expect this close
contact to enable an efficient hole quenching upon excitation of the photocatalyst. The thus tested
PTP-COF produced hydrogen steadily over the course of over 15 h with no reduction in the observed
rate (Figure 4-18A). An initial activation period can be observed in the hydrogen evolution, which
could be attributed to the formation of platinum nanoparticles. The HE rate was 83.83 pmol/h/g,
comparable to that of N;-COF (90 umol/h/g), but an order of magnitude lower than that of N;-COF
(1703 umol/h/g).

The observed lower HE rate of PTP-COF compared to N3;-COF is apparently unexpected if one
considers the light harvesting properties of COFs as a decisive factor in determining the
photocatalytic activity. This is because compared to the N,-COFs, all of which show an absorption
edge at 2.7 eV, PTP-COF has an extended absorption in the visible region with a measured absorption
edge corresponding to a band gap of 2.1 eV (Figure 4-18A, Tauc-plot). Note, however, that stark
differences in the HE activity are observed also within the N,-COF series in spite of their similar band
gaps, which puts the influence of the band gap on the catalytic activity into perspective.
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Figure 4-18: UV-Vis diffuse reflectance spectra of PTP-CHO and PTP-COF; B: hydrogen evolution under
AML1.5 G conditions. After an initial activation period of about an hour, a linear increase in hydrogen evolution
is seen.

To characterize the excited state properties of PTP-COF, we carried out time-resolved
photoluminescence (PL) measurements. When excited at 380 nm, PTP-COF reveals a broad
unresolved emission band over the whole visible spectral range from 425 nm to 800 nm (Figure
4-19A). Distinct peaks can be identified around 470-530 nm, at 630 nm and a shoulder at
approximately 740 nm. The quantum yield of emission of the PTP-COF solid was found to be quite
high at 4.15%, comparable for example to that of anthracene based emissive 2D COFs (5.4%)
reported by Jiang and coworkers.["®!
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Figure 4-19: Emission properties of PTP-COF. A: Emission spectrum of PTP-COF powder (Aex.= 380 nm); B:
TCSPC decay trace of PTP-COF under different conditions (Aeyx = 375 nm, Aem = 650 nm), and C; TCSPC decay
trace of PTP-COF and N3-COF in water (Ae.=375 nm). The instrument response function is deliberately
omitted for clarity. Three-exponential fits and the average lifetimes are shown in Table S9.5-3.

In order to understand the processes underlying hydrogen evolution better, we measured the absolute
emission quantum efficiency of PTP-COF under different experimental conditions using an
integrating sphere. As compared to 4.15% when measured as a solid, the quantum yield decreases
steadily to 2.09% when measured as a water dispersion and finally to 0.87% when measured under
photocatalytic conditions, i.e., after illumination (AM 1.5) in the presence of the sacrificial electron
donor triethanolamine and the platinum precursor. Photoluminescence lifetimes recorded under the
same conditions using time-correlated single-photon counting method (TCSPC) show an
accompanied decrease in the fluorescence lifetime as well - from solid to water dispersion to
photocatalytic conditions, as shown in Figure 4-19B. The TCSPC decay traces were subsequently fit
to a three-exponential decay function (Table S9.5-3) and the radiative and non-radiative decay rates
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were calculated from the quantum yield and the amplitude-weighted average lifetimes. Comparing the
measurements of the water dispersion of the COF to those under photocatalytic conditions, the
radiative decay rates of PTP-COF remain almost the same while the non-radiative decay rates,
possibly corresponding to charge transfer steps of the hydrogen evolution process, increase
considerably under photocatalytic conditions in the presence of the SED and Pt-cocatalyst. It must
however be noted that this tri- exponential fit of the TCSPC decay may not reflect the underlying
physics appropriately and has only been used to gain qualitative information on the radiative and non-
radiative rates.

Fluorescence decay of N3;-COF as a water dispersion was recorded as well. In this case an external
frequency doubled 400 nm laser beam from a Ti:Sa oscillator with a pulse width of ~ 100 fs was used
as the excitation source. On comparison with the fluorescence decay of PTP-COF in water, N;-COF
in water (Figure 4-19C) can be seen to have a much shorter lifetime. Also, the emission quantum yield
of N3;-COF (<0.5%, measured as a water dispersion) is much less than PTP-COF (2.09%, measured as
a water dispersion). Relative to the radiative rates, the non-radiative rates thus seem to be more
pronounced in Ns-COF, in line with its higher observed photocatalytic activity compared to PTP-
COF.

4.3.2. Discussion

PTP-COF was designed as an extension of the N,-COF series. However, it turned out to differ
considerably in its geometric, electronic and morphological properties, thus making the comparison to
the N,-COF series challenging. While PTP-COF is isoelectronic to Ns;-COF and adopts a similar
crystal structure as far as can be inferred from the XRPD, many structural and electronic features
differ significantly. Most obvious differences can be found in the lower crystallinity, the significantly
lower porosity and the different morphology. These features — particularly the low surface area of
PTP-COF - might directly affect the ability of PTP-COF to produce hydrogen effectively under
photocatalytic conditions in comparison to the N,-COFs. The lower crystallinity can be seen as
extensive peak broadening in the XRPD and a low number of observable reflections, in addition to the
absence of a pronounced “stacking peak™ (00l). This observation can be rationalized by considering
the lower symmetry of PTP-COF compared to Ns-COF, which can already be seen in the precursor
aldehyde PTP-CHO as compared to N5-CHO. This reduction in symmetry leads to a higher number of
molecular arrangements that can in turn lead to disorder in PTP-COF. Most prominently, the in-plane
conformers, while conserving the connectivity of the PTP-COF, can influence the out-of-plane
stacking interactions, which then could cause stacking disorder.

Another factor that might be influencing the stacking in the COFs can easily be observed in single
crystals of PTP-H and N3-H molecules (Figure 4-16). While Ns-H stacks in a face-to-face fashion
with a slight offset, the stacking of PTP-H is governed by donor-acceptor interactions between the
pyridine and the phenyl rings. Such an interaction could lead to additional stacking minima that lead
to disorder and a reduction in crystallinity and porosity.
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Figure 4-20: A: Schematic representation of the different conformers at the torsion angles A,B,C and D in PTP-
CHO and N5;-CHO as indicated in Figure 4-16. B: Schematic representation of the stacking in single crystal
structure solutions of PTP-HEX and the N4-HPY cores, showing the different stacking modes. Green hexagons
represent the nitrogen containing aryl rings and the blue hexagons represent the phenyl rings. C: Depiction of a
hydrogen close contact in the PTP-H single crystal.*%!

A PTP-H single crystal shows another hint for the low porosity - an aryl hydrogen is in close
proximity (2.58 A) to the pyridine nitrogen (Figure 4-20C), indicating a tendency of this molecule to
participate in hydrogen bonding. The pyridine moiety of the peripheral rings in PTP-CHO is more
electron rich and hence more basic compared to triazine, the central aryl ring in the N3 system, which
could lead to bound molecules and oligomers being left in the pores after the synthesis of the COF,
thus leading to a lowered surface area.

In line with low porosity and crystallinity, the morphological changes are from small aggregates that
disperse reasonably well in water for the N3-COF, to the large (1037+85 nm) smooth spheres of PTP-
COF and macroscopic intergrown monoliths that do not disperse well in water for the PTP-COF, as
was observed during the photocatalysis reaction. The morphology and the resulting dispersibility
influences how efficiently light is absorbed and scattered in the suspension during photocatalysis and
thereby how much catalyst is needed to absorb all light. These issues might however be addressed by
mechanical methods of dispersion and reduction of particle size, such as ball milling and sonication.
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The above solid-state properties will influence the ability of PTP-COF to produce hydrogen
efficiently, independent of its optoelectronic properties. In fact, one may argue that the key feature
determining the photocatalytic activity of a material is its specific surface area, which is extremely
low in PTP-COF. Interestingly, when normalizing the observed HE activity against this surface area
to extract an “effective HE activity”, PTP-COF is indeed competitive with N3-COF (0.995 pmol/h/m?
vs 1.108 pmol/h/m?).

Nevertheless, as in the N,-COF series, there is evidence that a range of intrinsic factors influencing
the HE activity of PTP-COF are also at play. For example, the longer PL lifetime and the higher
guantum yield of PTP-COF compared to N5-COF seem to imply smaller or less efficient non-radiative
deactivation via charge transfer pathways during hydrogen evolution, vs. radiative recombination, in
PTP-COF. This behavior has been reported before in carbon nitride based photocatalysts and is in line
with the observed higher photocatalytic activity of N5-COF compared to PTP-COF ' 3%3]
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Figure 4-21: A: Comparison of vertical radical anion and radical cation stabilization energies of N,-CHO

molecules and PTP-CHO, where a lower energy corresponds to better stabilization. B: Difference densities of
brightest excitations, spin densities underneath.

To further gauge the influence of intrinsic, i.e. optoelectronic factors, on the observed HE rates, we
calculated molecular orbitals for all N,-CHO building blocks and PTP-CHO on the PBEO-D3/def2-
TZVP level of theory (Figure S91, Figure S92). The spatial extent and distribution of the frontier
orbitals are often used to rationalize exciton delocalization, charge separation and the location of
potential charge-transfer sites. %% 3141 Using the delocalization of the HOMO/LUMO as a possible
indicator for charge carrier separation in our investigated systems, the HOMO of the PTP-CHO
building block shows a comparable localization as the HOMO of the N;-CHO building block (Figure
S91, Figure S92). Associating the HOMO with charge-transfer sites for holes, we may infer that the
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hole delocalization is comparable between the two building blocks. Associating the LUMO with the
charge-transfer site for electrons, we may deduce that due to differences in the LUMO spread across
the building blocks, delocalization of the charge carrying species is less pronounced in PTP-CHO than
in N;-CHO. In addition, the LUMO of the PTP-CHO building block has the same spatial extent as the
corresponding HOMO, which may point to more facile charge recombination in PTP-COF.

It has to be stressed, however, that orbitals are not observables and hence, such model considerations
need to be taken with care. Therefore, an alternative approach was pursued in considering possible
reaction intermediates during the photocatalytic process. Quenching the hole on the COF by a
sacrificial electron donor would lead to a radical anionic state on the COF (Figure 4-21, reductive
guenching; radical anionic pathway), which has been observed in a recent experimental study on N-
model systems (unpublished results). The extraction of the electron from the photoexcited COF
towards Pt (oxidative quenching) would lead to a radical cationic state on the COF, following a
radical cationic pathway, accordingly.’?

In order to investigate the relative stabilities of reaction intermediates within these two radical
pathways, vertical radical stabilization energies (RASE) of the PTP-CHO building block and the Ny
building block units were calculated at the PBE0-D3/def2-TZVP level of theory (Table S9.5-5). These
RASE values, calculated on large subsections of the N,-COFs, have been used in our previous work
on the N,-COFs. These calculations showed the RASE to be a powerful descriptor of the HE
efficiency in triphenyl aryl azine COFs. To extend these calculations to more generalized triaryl-aryl-
azine COFs, we included the precursor aldehydes, PTP-CHO and N,-CHO as model systems for PTP-
COF and N,-COFs, respectively. Comparison of radical stabilization energies with the series of Ny-
CHO building blocks reveals that the radical anion of PTP-CHO has a similar stabilization as that of
the N;-CHO unit. The formation of a radical anion is most favored for the N3-CHO system and least
favored for the No-CHO system. If the formation of this radical anion is thus taken as the rate-
determining step, the same trend in the computed energetics of the radical anion of the PTP-CHO, and
the experimentally observed photocatalytic activity is seen - the observed HE activity of PTP-COF is
similar to that of the N;-COF. On one hand, the importance of the radical anion intermediate
emphasizes the role of the sacrificial electron donor in being able to swiftly remove the hole from the
COF, and on the other hand it underlines the importance of the electron-poor character of the building
block in stabilizing the radical anion as best observed for the triazine building block. The introduced
pyridine ligands in the PTP-CHO building block units are thus not as effective in stabilizing a
negative charge (in order to transfer it to the nearest platinum site subsequently) as compared to the
N3-CHO unit.

Radical cation stabilizations show a very similar scenario for the PTP-CHO building block as for the
No- and N;-CHO building blocks (Figure 4-21), where all three investigated systems give very similar
stabilization energies, yielding beneficial radical cations for all three systems. As the trend within the
radical cation stabilization energies is contrary to the observed photocatalytic activities, we assume an
anionic pathway during the photocatalytic process.

4.3.3. Conclusion

In summary, as for the N,-COFs, we find a complex interplay between extrinsic, i.e. steric and
morphology-related factors, and intrinsic, optoelectronic features — specifically the vertical radical
anion stabilization energy — determining the photocatalytic activities of PTP-COF. Thus, the
correlation with, or even prediction of the catalytic activity of a COF based only on its photophysical
properties is challenging, given the plethora of “real structure” effects that may disguise the intrinsic
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catalytic activitiy. The above findings thus show the importance of precisely controlling the structure,
long-range order and morphology of a COF through dynamic covalent chemistry, such that the
various factors determining the photocatalytic activity of a COF can ultimately be disentangled.

434, Experimental

Synthesis
Synthesis of the molecular precursor compounds can be found in Section 9.2.1.

PTP-COF: PTP-CHO (0.127 mmol, 50.0 mg), hydrazine hydrate (50-60% in water, 0.191 mmol,
0.0108 ml), n-butanol (2.5 ml ), N,N-dimethlyacetamide (2.5 ml) and aqueous acetic acid (6M,
0.182 ml) were added successively to a Biotage® precision glass vial, sealed and heated under
autogenous pressure at 120 °C for 72 h. The reaction mixture was allowed to cool down and then
filtered and washed thoroughly with ethanol, water, tetrahydrofuran and chloroform and then dried in
high dynamic vacuum overnight.

Methods

Photocatalysis.

Photocatalysis experiments were performed in a glass reactor kept at a constant temperature (25 °C)
with water circulated through a thermostat. The reactor was irradiated from the top through a quartz
window with a xenon lamp (Newport, 300 W) equipped with a water filter and a dichroic mirror
(AM1.5 G, Figure S88, 133mW/cm® (Thorlabs Thermo power sensor)). PTP-COF (5mg) was
suspended in PBS (10 ml of 0.1 M solution at pH 7) buffer containing triethanolamine (100 ul) and
hexachloroplatinic acid (6 pl, 8 wt% in water) for in situ formation of platinum as the co-catalyst.
Residual oxygen and nitrogen were removed by three cycles of evacuation and backfill with argon.
For the determination of the evolved hydrogen, the headspace of the reactor was sampled periodically
with a gas chromatograph (Thermo Scientific TRACE GC Ultra) equipped with a thermal
conductivity detector (TCD) detector using argon as the carrier gas.

Steady-State and Time-Resolved Emission

Steady-State and Time-Resolved Emission data were collected at room temperature using an
Edinburgh FLS980 spectrometer. For steady-state emission, samples were excited using light output
from a housed 450 W Xe lamp passed through a single grating (1800 I/mm, 250 nm blaze) Czerny-
Turner monochromator and finally a bandwidth slit. Emission from the sample was passed through a
double grating (1200 I/mm, 500 nm blaze) Czerny-Turner monochromator (appropriate bandwidth)
and finally detected by a peltier-cooled Hamamatsu R928P photomultiplier tube.

The dynamics of emission decay were monitored by using the FLS980’s time-correlated single-
photon counting capability (1024 channels; 10 or 20 ns window) with data collection for 5000
counts. For the longer lived PTP COF, excitation was provided by an Edinburgh EPL-375 picosecond
pulsed laser diode (375 + 6 nm, pulse width - 68 ps). For the short lived N5-COF, a frequency doubled
400 nm (404 nm, ~100 fs, 85 MHz) laser beam from a Ti:Sa oscillator was used as the excitation
source. A cooled microchannel plate photomultipler tube (MCP-PMT) was used as the detector.
Kinetics were fit with a three-exponential function by using Edinburgh software package.
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Emission quantum yield

Emission quantum yields were acquired using an integrating sphere incorporated into a
spectrofluorometer (FLS980, Edinburgh Instruments). The samples were placed in the sphere and a
movable mirror was used for direct or indirect excitation, making it possible to measure absolute
emission quantum efficiency following the De Mello method.®™ No bandpass filters were used
during quantum yield measurements. A 3 OD neutral density filter was used on the emission arm
when measuring the scattering. This allowed the emission slits to be opened further for the emission
spectrum to be accurately measured without detector saturation.

Quantum-Chemical Calculations

Structures for all investigated building block units were optimized on the PBE0-D3/def2-TZVP level
of theory. Molecular orbitals, orbital energies, and Kohn-Sham Band-Gaps were obtained from
single-point calculations on the same level of theory. Excitation energies for optimized building block
units were calculated on the TD-PBEO/def2-TZVP//PBEO-D3/def2-TZVP level of theory. Excitations
with the largest oscillator strength were selected for each optimized building block to compute
difference densities. Vertical radical stabilization energies were calculated as total energy differences
between radical anionic, radical cationic, and neutral states of investigated building blocks. Obtained
as differences of single-points energies, PBE0/def2-TZVP level of theory was used. Spin densities
were computed from the electron densities obtained on the same level of theory. All calculations were
performed using the Turbomole program package in version 7.0.2.53

Conformation analysis

Conformers were calculated based on force fields (Forcite) in the BIOVA Materials Studio 2017
(17.1.0.48) Copyright © 2016 Dassault Systémes.
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4.4. Tuning the optical band gaps of covalent organic frameworks for
efficient solar light absorption and photocatalytic hydrogen
evolution

Frederik Haase proposed the idea, designed the COF and the experiments, synthesized the COFs, interpreted the data and
wrote the manuscript. Sebastian VVogel and Lars Grunenberg helped in the synthesis of the COFs and performed the
photocatalysis experiments. Bettina V. Lotsch supervised the research.

This work focuses on maximizing light absorption by tuning the band gap of COFs by molecular
design. COFs that were investigated so far for photocatalytic hydrogen evolution absorb only a small
fraction of the solar spectrum due to their large band gaps. Therefore, tuning the band gap could be a
possible strategy to improve the solar to hydrogen efficiency. The estimated minimum energy
required for driving the overall photocatalytic water splitting reaction including overpotentials is
approximately 2.0 eV?*? and therefore larger band gap materials cannot utilize much of the solar
irradiation for photocatalysis. By using hydroxylated and non-hydroxylated building blocks for the
synthesis of two isostructural triazine based COFs, the optical absorption onset can be altered and
thereby the absorption of solar irradiation improved. The introduction of hydroxyl groups has a
significant influence on the optical properties of the COFs and is shown to improve the hydrogen
evolution quantum efficiency for illumination in the range of 450 nm to 500 nm, thus affecting the
overall hydrogen evolution rates at AM1.5 G illumination.

44.1. Results and Discussion

The two COFs chosen for this study are both based on the triazine bearing TT-NH, building block,
since triazines have previously been shown to be beneficial for photocatalytic hydrogen evolution in
COFs,1283 CTFs!?%% 2732731 and carbon nitrides.'?*® 6" Two imine COFs were synthesized in this work
designated H-BTI-COF and OH-BTI-COF (Figure 4-22), by combining two similar phenyl
trialdehyde precursors, that differ only in the presence or absence of hydroxyl groups on the central
aryl ring. The BIT-COFs that have also been described elsewhere, 148 195 216.317. 3181 \yare synthesized
in mixtures of mesitylene and dioxane in the presence of aqueous acetic acid as a catalyst under
autogenous pressure at 120°C for 72 h.
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Figure 4-22: Reaction scheme for the synthesis of the H-BTI- and OH-BTI-COFs.

The obtained materials were characterized by FT-IR to confirm the condensation reaction to the
polymeric imine and the keto-enamine for H-BTI- and OH-BTI-COFs, respectively (Figure 4-23).
The characteristic aldehyde vibration (HC=0) present in the PHE-CHO precursor at 1695 cm™ and in
THB-CHO at 1637 cm™ vanishes, including the N-H vibrations at 3300 — 3100 cm? for TT-NH,.
While these vibrations are largely absent in the COFs a new peak appeares at 1632 cm™ and 1626 cm’
! that corresponds to the imine bond in the H-BTI-COF and the OH-BTI-COF, respectively. The OH-
BTI-COF shows keto-enol tautomerism, characteristic of the ortho hydroxyl imines based on
THB-CHO,™ which can be seen from additional vibrations present in the range from 1300-
1200 cm™. These vibrations can be attributed to the C-O vibration from the hydroxyl groups and to
C-N vibration from the keto-form of the COF."! The observed vibrations in both COFs indicate a
successful condensation reaction between the aldehyde and the amine building blocks.
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Figure 4-23: Left: FT-IR spectra of OH-BTI- and H-BTI-COFs. Right: comparison of the FT-IR
spectrum of the molecular precursors with the COFs.

The BTI-COFs were further characterized with the help of **C solid state NMR to probe the formation
of the framework and the retention of the molecular building units. The most characteristic observable
peak results from the triazine carbon (1, 7) appearing in both COFs at 168 ppm. Further similarities
are visible in the peaks in the region 150-145 ppm that can be assigned to the TT- phenyl carbons
(3, 8) and in the region 115-112 ppm assigned to carbons 5, and 10. H-BTI-COF shows the presence
of the characteristic imine carbon (2) at 153 ppm which confirms the condensation of the precursors.
In addition, only a minor peak at 194 ppm resulting from residual aldehyde of the precursor or surface
functional groups can be observed. OH-BTI-COF displays keto-enamine tautomerism which produces
a significantly different sSNMR. The characteristic peaks resulting from the keto-enamine are located
at 183 ppm for the keto functional group (6), at 140 ppm from the enamine carbon in proximity to the
amine (9) and finally the adjacent enamine carbon (11) at 106 ppm. These spectra show the formation
of an enamine based backbone for OH-BTI-COF.
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Figure 4-24: XRPD pattern of H-BTI and OH-BTI-COF and the Rietveld fit of the corresponding structural
models.

The structure of H-BTI and OH-BTI-COF was evaluated by XRPD (Figure 4-24), which showed that
both materials are crystalline, with hexagonal unit cells exhibiting only small differences in lattice
parameters between the two (Table S 9.6-1). The OH-BTI-COF shows lattice parameters smaller by
0.276 A for a and b and 0.153 A for c. The lattice parameters in both cases indicate a structural
similarity of the two COFs. However, a considerable difference with regard to the crystallinity is
observed. While H-BTI-COF exhibits high crystallinity with four discernable in-plane reflections and
a resolved stacking reflection (001), only two broad in-plane reflections are discernable for OH-BTI-
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COF, which has a broad stacking reflection (001). The broad reflections of OH-BTI-COF indicate a
higher degree of disorder or smaller crystallites. Geometric considerations as well as the molecular
connectivity of the building blocks were used to construct structural models for the two COFs (Figure
4-25). The Rietveld refined models show a good fit to the experimentally obtained XRPD pattern
(Figure 4-24).

Figure 4-25: Representative image of a pore in the structural model of H-BTI-COF (left) and OH-BTI-COF
(right). Carbons are shown in gray, hydrogen in white, nitrogen in blue and oxygen in red.

Sorption analysis of H-BTI-COF and OH-BTI-COF indicate that both materials are porous, with BET
areas of 1516 m%g and 852 m%g, respectively. The lower surface area of OH-BTI-COF can be
attributed to its lower crystallinity that may cause blocked pores, reducing the number of accessible
surface area. Both the crystallinity and the porosity differences between the two COFs could be a
result of the different nature of the COF linkages in both materials. The keto-enamine tautomerism
present in OH-BTI-COF is able to stabilize the formed COF (chapter 6.1), however reversibility is
reduced and thus the crystallinity. H-BTI-COF is based on a regular imine functional group and thus
leads to higher crystallinity.

Further, both COFs were evaluated for their photocatalytic hydrogen evolution activity, which was
performed using triethanolamine (TEoA) as the sacrificial electron donor and hexachloroplatinic(1V)
acid as a precursor to the active hydrogen evolving electrocatalyst. Both COFs showed sustained
hydrogen evolution albeit at different rates. The average rate of hydrogen evolution was
30 umol h'g™ for H-BTI-COF and 276 pumol h'g™ for OH-BTI-COF, which is comparable to the
performance of the N,-COF™? (438 umol hg™) at standard AM1.5 G conditions.
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Figure 4-26: Hydrogen evolution performance of H-BTI-COF and OH-BTI-COFs under AM1.5 G illumination
(left); Photonic efficiency of H-BTI and OH-BTI-COFs with different band pass filters with the central
wavelength (CWL; Figure S 65) indicated on the ordinate. The photonic efficiency normalizes the yield of
evolved hydrogen with respect to the incident number of photons.

The higher activity of OH-BTI-COF in comparison to H-BTI-COF is surprising since some of the
gualitatively beneficial descriptors such as the surface area and crystallinity would point towards a
lower hydrogen evolution rate for OH-BTI-COF (see chapter 4.2 & 4.3). However, the hydrogen
evolution rate could be related to the band gap of the materials and thereby to the fraction of light
energy of the incident solar spectrum that could be utilized for the photocatalytic reaction. The optical
properties of H-BTI-COF and OH-BTI-COF were evaluated by diffuse reflectance absorption
spectroscopy (Figure 4-27), which showed a significant red-shift of the absorption edge for OH-BTI-
COF with respect to H-BTI-COF. The absorption edge of OH-BTI-COF was found to be redshifted
also compared to some of the previously investigated highly active COFs such as the N,-COFs and
the PTP-COF. Optical band gaps of 2.38 eV and 2.81 eV were extracted from the Tauc plot for
OH-BTI-COF and H-BTI-COF, respectively. To relate the changes in the band gap to the
photocatalytic performance of the COFs, we tested whether activity for hydrogen evolution actually
followed the absorption properties of the COFs by performing wavelength dependent photonic
efficiency (PE) experiments. Measurement of PE using band pass filters with different central
wavelengths showed that H-BTI-COF is a more efficient hydrogen evolution catalyst at lower
wavelengths than OH-BT-COF. However, the OH-BTI-COF had a higher PE at 500 nm CWL, which
also corresponds to the region of solar illumination with most intensity (Figure 4-1). This result shows
that OH-BTI-COF can utilize the higher wavelength part of the solar spectrum more efficiently
thereby being able to utilize a higher fraction of the incident light, which could be a reason for its
improved hydrogen evolution efficiency. While the general trends agree between the hydrogen
evolution rates and the PE measurements, there is a discrepancy between the observed performance
differences between H-BTI and OH-BTI-COFs comparing PE with HE rates. To pinpoint the origin of
this result further experiments are necessary.
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Figure 4-27: Left: Diffuse reflectance absorption spectra of H-BTI-COF, OH-BTI-COF, PTP-COF and Ns-
COF. Right: optical band gap determination from the Tauc plot (calculated for a direct band gap).

Another possible factor improving the hydrogen evolution efficiency of OH-BTI-COF with respect to
H-BTI-COF could be the increase in pore wall polarity,™®! which might improve the interaction of
the platinum nanoparticles with the COF surface and its pores.®®” The hydroxyl group present in
OH-BTI-COF can function as a hydrogen bond donor and acceptor, which might improve contact of
the COF backbone with water molecules present in the pores and improved access of the sacrificial
electron donor TEoA (Figure 4-28). In addition, the pore wall polarity might improve solvent
penetration into the pores.!**]
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Figure 4-28: Possible binding motifs for hydrogen bonding in H-BTI-COF and OH-BTI-COF in the keto form.

4.4.2. Conclusion

Herein, we were able to synthesize two isostructural COFs with and without hydroxyl groups. This
small variation significantly influences the crystallinity, porosity, optoelectronic and pore properties
of these COFs. By this structural variation it was possible to manipulate the optical bandgap in these
COFs to absorb a larger fraction of the incident solar light, compared to previously shown
photocatalytically active COFs. The COFs were tested for photocatalytic hydrogen evolution, which
showed that the small band gap OH-BTI-COF produces hydrogen at a significantly larger rate at
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AM 1.5 G and has a higher photonic efficiency at higher wavelengths (550 nm) as compared to the
larger band gap H-BTI-COF, which has higher photonic efficiencies at lower wavelengths (400-
450 nm). These results show that band gap tuning in COFs is a viable strategy to improve the
utilization of visible light for photocatalysts. On the other hand, it is important to note that the
introduction of hydroxyl groups could be used to improve the pore polarity and possibly improve the
charge transfer properties for photocatalytic hydrogen evolution.

4.4.3. Experimental

Synthesis

TT-NH2'®! and THB-CHO™?®! were synthesized as previously reported. PHE-CHO and all other
chemicals were obtained from commercial sources.

OH-BTI-COF: Briefly, OH-BTI-COF was synthesized by adding TT-NH2 (35 mg, 0.1 mmol) and
TBA-CHO (21 mg, 0.1 mmol), mesitylene (1 ml), 1,4-dioxane (2 ml) and acetic acid (6 M, 100 pl) to
a Biotage® high precision glass vial. The sealed vial was heated to 120°C for 72 h. The obtained
precipitate was filtered off and thoroughly washed with ethanol, water, THF, chloroform and DCM.
The sample was dried in high dynamic vacuum over night to yield of OH-BTI-COF as an orange red
powder.

H-BTI-COF: Briefly, H-BTI-COF was synthesized by adding TT-NH2 (20 mg, 0.0564 mmol) and
PHE-CHO (9.15 mg, 0. 564 mmol), mesitylene (0.286 ml), 1,4-dioxane (2.57 ml) and acetic acid
(6 M, 214 ul) to a Biotage® high precision glass vial. The sealed vial was heated to 120°C for 72 h.
The obtained precipitate was filtered off and thoroughly washed with ethanol, water, THF, chloroform
and DCM. The sample was dried in high dynamic vacuum over night to yield H-BTI-COF as a pale
yellow powder.

Photocatalysis

Photocatalytic hydrogen evolution experiments were performed in a top irradiated double walled,
stirred cylindrical glass reactor, with a quartz window on top, that was kept at constant temperature
(25°C) by water cooling. Triethanolamine (100 pL) and hexachloroplatinic acid (6.0 pL, 8 wt% in
water) were added to a suspension of COF (5.0 mg) in 0.1M PBS (10 mL, pH 7) while stirring. The
reactor was purged by argon by three successive cycles of evacuation and backfill with Ar. The
reactor was irradiated with a Newport 500W xenon lamp (model 66904) equipped with a water filter
and a dichroic mirror (AM1.5 G) or band pass wavelength filters. The illumination intensity for high
intensities was quantified with a Thorlabs PM100D thermo power sensor. For low intensities for PE
determination were measured for each band-pass filter with an Ocean Optics USB-4000-XR1-ES
spectrometer. The headspace of the reactor was sampled periodically with a GC to determine the
fraction of hydrogen.
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5. Stacking in two-dimensional COFs

Two-dimensional COFs are a subclass of COFs, where connectivity is in-plane via strong covalent
bonds, but through weak intramolecular forces between the individual layers. Since the weak van-der-
Waals, dipole-dipole and & -n interactions are short range and non-directional interactions, the exact
stacking configuration is highly dependent on factors such as the shape of the building blocks, dipolar
interactions and donor acceptor stacking. It is important to note that the exact stacking sequence is of
great importance for optoelectronic, catalytic and gas sorption properties of these porous network
materials. Interlayer forces can lead to a multitude of stacking sequences in COFs, which can be hard
to characterize and are poorly understood due to the low levels of crystallinity observed in COFs.
Consequently, detailed insights into the stacking geometries in COFs have remained largely elusive so
far.

5.1. Introduction

The organic nature of COFs leads to significant differences in the available geometries and nets that
can be formed, in comparison to other framework materials such as MOFs. In COFs, the nodes are
dominated by the linkers and not by the COF linkages. Only in some cases such as the boronic
anhydride, the linking reaction itself provides a nonlinear node (see section 2.2 & 2.3). As such, flat
building blocks with in-plane linking groups are far more common than those out-of-plane and
therefore most COFs are designed to be two-dimensional. The dimensionality of a 2D COF is defined
by the covalent connectivity in two dimensions and the noncovalent stacking in the third dimension
by weak intermolecular forces, typically van-der-Waals interactions.™ The design and synthesis of 2D
COFs is straightforward as the rigidity requirements, for producing permanent porosity also favor the
use of flat sp” carbon dominated molecules that tend to stack. On the other hand, the synthesis of 3D
COFs often leads to significant interpenetration,!’” thereby reducing the dimensionality of the pores to
one dimension despite the three dimensional nature of the backbone and thus reducing the utility of
such designs. The molecular design of the precursors usually translates directly to the in-plane
structure in COFs, while the interaction between different layers are more difficult to design. The
challenge in rationally creating defined stacking interactions often lead to disordered stacking (Figure
5-1, B, C).7"8

A B C D E F

Figure 5-1: Different stacking modes: A: eclipsed or AA stacking; B: Random stacking in different directions
with constant stacking vector length; C: Random stacking in different directions with random stacking vector
length, also called turbostratic stacking; D: Staggered or AB stacking; E: Slip-stacking; F: Staggered slip-
stacking.

Stacking polymorphs are well known and investigated in inorganic crystals composed of van der
Waals or otherwise weakly stacked layered materials such as transition metal chalcogenides? 32!
and transition metal halogenides.®*) In COFs, usually only the eclipsed or the staggered models are
considered for structural refinement, as both these stacking geometries were present in the first two
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reported COFs.! However, in recent years several more elaborate stacking models have been
investigated and analyzed because of the utility of designing COFs with specific stacking interactions
(Figure 5-2).

Strategies to introduce defined stacking in COFs have been developed, based on preformed motifs
that are able to direct the weak interlayer interaction. How weak the interlayer interactions can be, is
exemplified by the example of a boronic anhydride based COF, that changes its interlayer structure
from staggered to eclipsed upon solvent guest removal."*? One prominent example of guiding the
stacking is the use of propeller-shaped building blocks, which can induce stacking without offset and
lead to preferred, “locked-in” configurations (Figure 5-2, A).®* 1% This motif can lead to perfectly
eclipsed structure or slipped structure depending on the building blocks, by altering the stacking
landscape in such a way that only one minimum remains to reduce the probability of random offset
stacking. This strategy is based on the geometric features of the linkers to guide the stacking, by
designing self-complementary building blocks. Another strategy is the introduction or control of
shorter range forces for example, the use of donor and acceptor (DA) molecules that can stack in an
alternating fashion (Figure 5-2, B) to improve crystallinity and stacking.”’”! As an example, a
porphyrin-amine building block could be combined with a mixture of fluorinated and non-fluorinated
aldehydes, which self-sort into electron deficient and electron rich layers during crystallization.
Although the alternation provides favorable interlayer interaction, this strategy allowed only for a
small part of the inlayer structure to participate in donor acceptor stacking with the rest of the
structure being dominated by homo-stacking.
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Figure 5-2: Molecular motifs influence the stacking in COF. A: lock-in through propeller shaped building
blocks;®* %2 B: donor acceptor z-stacking;®”® C: dipole-dipole induced stacking;**” D: dipole reduction for
improved stacking.”*? E: coulomb driven interlayer interaction 2%

Instead of designing two different layers, only one kind of layer can be used to gain favorable
interaction between dipoles, by conformational flexibility or flexibility during crystallization. This
was shown by the use of a pyrene-dione, which can stack in alternating directions (Figure 5-2, C).1?2"
This example shows how a dipole can be used to guide the stacking. However, in some cases parallel
dipoles might cause repulsion and therefore favor random stacking. This is especially important in
imine connected COFs based on C2 symmetrical amines or aldehydes. Layers that include a C2 or
inversion symmetry between imine groups cannot align in an antiparallel fashion during
crystallization. Therefore, reducing the dipole of the imines by introduction of electron donating
methoxide groups at the electron deficient end of these structures can improve stacking (Figure 5-2,
D).”® An even stronger force to influence stacking is coulomb interactions between layers as
exemplified by the use of a cationic COF backbone that then stacks in an alternating fashion with
chloride counter ions (Figure 5-2, E).%%!



The planarity of building blocks play an important role in stacking in 2D COFs. At one end lies the
previously discussed propeller shaped building blocks that generate a singular minimum for stacking.
However, beneficial influence of flat building blocks on the crystallinity and stacking can be observed
on the other end of the planarity scale as discussed with N,-COFs in Chapter 4.2. This series shows
how increased nitrogen content in the central aryl ring progressively planarizes the building blocks
and thereby improves stacking. The seemingly contradictory results can be similarly observed in the
offsets and distances in the structures of triphenyl aryl molecules, as determined by single crystal X-
ray diffraction measurements (Figure 5-3, Table S 9.3-1). In this set only those molecules were
considered where stacking is not significantly influenced by strong interlayer interactions and are
stacking in a face to face fashion. The parameter space shows stunning trends in the stacking of these
molecules: The molecules containing no nitrogen cluster around a layer offset of ~3.5 A with a wide
range of layer distances, which might indicate low interaction strength between the individual
molecules. The triazine based molecules however stack with a relatively small range of interlayer
distances, but with larger spread in terms of interlayer offset. This can be understood as strong
intramolecular interactions leading to a tight stacking, which is localized in the intermolecular
distance but not their offset due to the planar nature of the building blocks. The molecules containing
one N are distributed above the threshold values for the layer distance and the offset that might arise
from a combination of properties seen in the ON and 3 N cases. These examples show how a
propeller shaped building block can lead to improved crystallinity through localization in plane while
having less defined stacking distances.®™ 2 At the planar end of the scale, stronger interlayer
interaction leads to more localized stacking distances, which can also improve crystallinity and

stacking.[l%' 278, 291]
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Figure 5-3: Scatter plot of the layer distances and the layer offsets obtained from single crystal structure
solutions of triphenyl aryl molecules where the twist between two molecules is close to 0°. A list of structures
used for this calculation can be found in the appendix (Table S 9.3-1).

The strategies described above influence the nature of stacking and improve the crystallinity of COFs,
but in most cases, the nature of stacking could not be proven experimentally. Small crystallite sizes
and the inherent strain in some COFs hinder solving of the exact structure by regular diffraction
techniques, which are most relied on in determining the structure of COFs. Small crystallites and
defects arise from incomplete error correction that lead to significant reflection broadening and
overlap in the XRPD pattern (Figure 4-4). The resulting extractable information is diminished and
allows only the refinement of average structures and stacking information is difficult to obtain.
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Figure 5-4: XRPD simulations of TTI-COF (Chapter 5.2) with different degrees of strain or crystallite size
induced broadening.

Local analytical techniques such as ssNMR are largely insensitive to the stacking sequence.
Therefore, early investigations were limited to differentiating between extreme cases of the staggered
and the so-called “eclipsed” configuration.™ **> 324 The eclipsed configuration however contrasts with
the prediction that a perfectly eclipsed stacking is not energetically favorable for flat n-stacked COFs,
where the minima of the stacking landscape lie off center.1?*® 323 324 The COFs that are described by
“eclipsed” (Figure 5-1 A) stacking are therefore often the result of an average structure solution that
results from random or ordered offset stacking (Figure 5-1 B, C, D), that could not, or was not
attempted to be resolved by XRPD. Uniform slip stacking as predicted by theory would lead to
dramatic changes in the unit cell and thereby in the observed XRPD pattern. Bein and coworkers
inferenced slip-stacking by evaluating intensity variations of reflections related to stacking in the
XRPD data.™®? The TTI-COF described in this thesis (Chapter 5.2) showed drastic symmetry changes
in its XRPD pattern, as would be expected from a slip-stacked COF unit cell and this has not been
observed and attributed to slip-stacking before. A similar symmetry reduction can be observed in the
XRPD of works by Jiang and coworkers®®® and Dichtel and coworkers®™ that may also be attributed
to slip-stacking, but not investigated in their work. While slip-stacking was not directly observed by
XRPD, it was still invoked to explain other experimental data such as sorption'™ or as theoretical
predictions of the structure. 2% 260 2831
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5.2. Tuning the stacking behaviour of a 2D covalent organic
framework through non-covalent interactions

Work on the structural characterization of the TTI-COF and the related TBI-COF resulted in two
publications:

1. Exploiting non-covalent interactions in an imine-based covalent organic framework for
quercetin delivery
Vijay S. Vyas, Medhavi Vishwakarma, Igor Moudrakovski, EFrederik Haase,
Gokcen Savasci, Christian Ochsenfeld, Joachim P. Spatz, Bettina V. Lotsch
Adv. Mater. 2016, 28, 8749-8754. DOI: 10.1002/adma.201603006

Vijay S. Vyas, Medhavi Vishwakarma, Joachim P. Spatz and Bettina V. Lotsch proposed the idea and designed the
experiments. Vijay S. Vyas carried out the synthesis and the quercetin loading experiments. Medhavi Vishwakarma
performed the cell viability and drug delivery experiments. Vijay S. Vyas and Medhavi Vishwakarma wrote the manuscript.
Igor Moudrakovski performed the ssSNMR measurements. Frederik Haase solved the structure of the COF. Gokcen Savasci
and Christian Ochsenfeld performed the theoretical calculations.

2. Tuning the stacking behaviour of a 2D covalent organic framework through non-
covalent interactions
Frederik Haase, Kersting Gottschling, Linus Stegbauer, Luyia S. Germann,
Rico Gutzler, Viola Duppel, Vijay S. Vyas, Klaus Kern, Robert E. Dinnebier,
Bettina V. Lotsch
Mater. Chem. Front. 2017, 1, 1354—1361. DOI: 10.1039/c6qgm00378h - Published by
The Royal Society of Chemistry.

Frederik Haase proposed the idea, synthesized the TTI-COF and precursors, analyzed the data and wrote the manuscript.
Kersting Gottschling and Linus Stegbauer designed and synthesized the TBI-COF. Frederik Haase, Luzia S. Germann and
Robert E. Dinnebier analysed the XRPD data. Viola Duppel recorded the TEM and SEAD images. Rico Gutzler performed
the DFT calculations. Vijay S. Vyas, Klaus Kern, Robert E. Dinnebier, Bettina V. Lotsch supervised the research.

Sections of this chapter were reproduced from Publication 2.
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Inspired by the existing design principles, we have synthesized a COF in which the stacking can be
rationally adjusted based on the geometry and non-covalent interactions of the building blocks. We
demonstrate that individual layers can self-assemble to form DA-type stacks where imine bond
polarization or similar interlayer interactions may be efficient in determining the polytype. To add
evidence for our hypothesis, we “turned off” the possibility of DA stacking in a closely related system
by introducing a propeller-shaped building block that causes the formation of an averaged eclipsed
geometry. These two very similar systems allow us to gauge the influence of symmetry, geometry and
polarity of the building blocks on the stacking characteristics of the COF. The stacking of the COFs
was analyzed experimentally and theoretically and we provide evidence of well-defined slipped
stacking in a COF for the first time based on a combination of Rietveld refinement of XRPD data and
TEM.

5.2.1. Results

Two imine COFs based on the triphenyl aryl unit were synthesized through the reaction of a triamine
with a trialdehyde under solvothermal conditions in mesitylene/dioxane 1:1 and aqueous acetic acid as
a catalyst (Figure 5-5).% The difference between these COFs lies in the nitrogen content of the
triamine precursor, which is based on a central phenyl ring or a triazine ring in case of the TBI-COF
or the TTI-COF, respectively. The successful condensation reaction was confirmed via the
disappearance of N-H and C=0 vibrations and the appearance of C=N vibrations through IR
spectroscopy (Figure S1). The porosity of the structures was determined via argon physisorption
(Figure S2), which showed BET surface areas of 1108 m?/g for the TBI and 1403 m?/g for the TTI-
COF (Figure S3).

While both networks are crystalline (Figure 5-7), the TTI-COF has narrower line widths and shows a
pronounced splitting of the (100), (110), (020) and (120) diffraction peaks as well as a discernable
stacking peak (Figure 5-7) showing that this COF is highly crystalline. This unusual XRD pattern of
TTI-COFs is distinct from previously reported, highly symmetrical frameworks.

To determine the structure of the two COFs, several structural models were considered to explain the
observed powder patterns. We developed three models based on different stacking modes influencing
the overall symmetry as well as the molecular conformations, which were compared to the
experimental powder patterns using Pawley refinement®! and Rietveld analysis.**®! The initial
values of the cell parameters were obtained from the force field optimized structures, which were
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constructed based on geometrical considerations, and the in-plane connectivity was derived from the
topology of the molecular building blocks. All models are based on a honeycomb structure with a hcb
net!**! (Figure 5-5).

High symmetry case: eclipsed stacking

For the eclipsed model C; symmetry was chosen for the in-plane structure. These individual layers
were then stacked in a perfectly eclipsed fashion to form a one-layer cell with P3 symmetry and cell
parameters a=b # ¢ and « = = 90°, y = 120°. This type of model is simplistically assumed for most
COFs in the absence of detailed structural information from the X-ray powder patterns.™ 2% %24 While
these COFs have an apparent high symmetry due to disorder,™™ only some COFs stack without any
lateral offset between layers.®®¥ When this high symmetry cell is applied to the observed XRPD
pattern of TTI-COF, stark differences between the simulated and the observed pattern are obvious and
most prominently reflected by the different numbers of reflections (Figure 5-7, Rwp: 9.319). We
therefore explored lower symmetry models for the TTI-COF. For the case of the TBI-COF the
eclipsed model yielded a good fit (Rwp: 1.365), as ho symmetry reduction is apparent.
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o ~ N
H,N NH,
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TBI-COF: X=CH

Figure 5-5: Schematic representation of the synthesis of TTI-COF and TBI-COF from a triamine and a
trialdehyde.

Low symmetry layers: oblong pores

As a first lower symmetry model, the in-plane C; symmetry was removed and varying the
conformation of the imine bonds lead to oblong pores (Figure S4), while the eclipsed layer stacking
was retained. This structural modification leads to a Pm symmetry unit cell with a#b+#c and
a=p=90° y=120°. Pawley refinement of the oblong model shows a relatively good fit (Rwp:
5.359) to the observed powder pattern of the TTI-COF (Figure 5-7). However, when the structural
model was constructed and the cell parameters were applied based on the Pawley refinement (Table S
9.7-1), the structure was compressed in the b direction, resulting in aromatic C-C bond lengths as
small as 1.36 A. The oblong model is only able to fit the experimental XRPD pattern with a marked
reduction of the cell parameter b with respect to a, more than would be expected by the
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conformational changes of the imine bonds. This strain disfavors the oblong model as a cause for the
experimentally observed reduction in symmetry.

Shifted layer model: slipped stacking

Another conceivable way to lower the symmetry of the unit cell is to shift the individual
pseudohexagonal layers along one direction. This model follows previous calculations on boronate
ester COFs predicting that a slipped configuration in flat 2D COFs is energetically much more
favorable than eclipsed stacking, which lacks experimental confirmation so far.?® *3 This model was
implemented in a P1 unit cell with the constraints a=b # ¢ and o =, y = 120°. Pawley refinement
with the slipped model showed the best fit (Rwp (Pawley): 4.461, Figure 5-7, bottom) of the three
applied models (Table S 9.7-1). The lattice parameters of the slipped model Pawley refinement were
implemented and showed no signs of strain such as unrealistically small bond lengths or angles. The
one-layer geometry optimized unit cell was then refined using Rietveld analysis. Initially, the slipping
direction was fixed with the constraint a=b. To explore other possible slipping directions, the
parameter space of different directions and magnitudes of slipping at constant layer-layer distance was
used for refinement and plotted against the layer offset (Figure 5-6). The obtained “landscape” of
stacking, maps the hexagonal symmetry of the individual layers and reflects the fact that not all
slipping directions fit the powder pattern equally well when comparing constant lateral offsets. The
preferred slipping direction in this COF is along [1 0 0] and all equivalent directions ([1 1 0], [0 1 0],
[(100], [-1-10], [0-10]) (Figure 5-6).
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Figure 5-6: Contour plot of the relative quality of refinement (Rwp) of the slipping direction in the TTI-COF, by
means of changing the a and B angles of the unit cell. To visualize the pseudo-hexagonal symmetry, the plot is
shown in Cartesian coordinates, where the x-axis is collinear with the [1 0 0] and the y-axis with the [1 2 O]
direction of the unit cell. The cartoon insets indicate the approximate stacking geometry of the respective
positions in the refinement landscape.

The obtained models for the TTI-COF and the TBI-COF differ considerably despite the similarity of
both COFs. To further confirm the models we performed periodic boundary condition DFT
calculations in which the unit cells and atomic positions of the COFs were relaxed (Table S9.7-2).
These showed a minimum for a slipped TTI-COF and a slipped TBI-COF. While the slipping in the
TTI-COF is seen in the XRPD by the symmetry reduction, no such indication of slipping can be seen
in the XRPD of the TBI-COF. In these DFT calculations the TTI-COF slips along [1 0 Q] just as
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observed in the XRPD refinement. The DFT based structure of the TBI-COF is slipped along [1 2 0],
which is in contrast to the observed XRPD pattern showing P3 symmetry. In order to understand the
difference between the DFT based structure and the observed powder pattern we performed DIFFaX
simulations to find an explanation for the apparent higher symmetry obtained from the XRPD pattern
(Figure 5-9).
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Figure 5-7: Top: XRPD patterns (A = Cu Kal) of the TBI-COF and the TTI-COF (black) with the final Rietveld
fits of the COFs (red) and their respective difference curves (blue). Rwp (Rietveld) (see (1) in Sl) values for the
TTI-COF and the TBI-COF are 7.138 and 2.744, respectively. Bottom: XRPD pattern (4 = Cu Kal) of the TTI-
COF with eclipsed, oblong and slipped Pawley refinements with detail view of the reflections showing the
reduction in symmetry.

In these simulations, as a simplified model subsequent layers of the structure had a chosen probability
to slip in either one direction or the opposite, while the magnitude and the stacking offset was kept
constant. When the probability of slipping in two directions becomes equal (0.5-0.5), the apparent
symmetry of the simulated XRPD pattern increases to P3. Thus this simple model is able to
rationalize the observed higher symmetry of the XRPD of TBI-COF, which can be attributed to
disorder in the stacking of the TBI-COF. This confirms the often observed higher apparent symmetry
of COFs, which results from an average structure due to the equal probability of energetically similar
or equivalent slipping directions. " 2 323 324]
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Figure 5-8: TEM image of the TBI-COF (A) with FFT of the entire image (C) and of the area indicated by the
black rectangle (B). The SAED (D) shows the lattice spacing of the (100) and equivalent reflections, which are
close to the value obtained by XRPD refinement (2.1 nm).

We performed transmission electron microscopy (TEM) and scanning electron microscope (SEM)
experiments to confirm the results from XRPD and gain further insights into the local structural
features of these COFs.
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Figure 5-9: DIFFaX simulated XRPD pattern with varying degrees of disorder in the slipping direction [120] for
the TBI-COF.

TEM images of the TBI-COF (Figure 5-8) show crystalline domains with domain sizes in the range of
30 nm up to 80 nm, which exhibit the hexagonal symmetry of the pores. The fast Fourier transform
(FFT) and the selected area electron diffraction (SAED) patterns show the expected repeat distance of
2.1 nm that matches the (1 0 0) reflection obtained from the structural model based on the XRPD data.
The morphology of the TBI-COF as observed in the SEM and TEM resembles individual slabs that
are composed of smaller crystallites (Figure S5).

-79 -



intensity (a.u.)

00 05 10 15 20 25 30

] d-spacing (1/nm)

Figure 5-10: TEM image of the TTI-COF (A) with FFT of the area indicated by the black square (B) and
of the entire image (C). The contrast-enhanced SAED (D, logarithmic contrast) shows a pattern taken
along the [110] zone axis, which corresponds to the simulated SAED (E). Profile plot (F) along ¢
corresponding to the [001] direction of the image D clarifies the streak features visible at 2.90 and
1.45 nm™ corresponding to the (001) and (002) reflections, respectively. The SAED (G) shows the
repeat distance of the (100) reflection with lattice spacing close to the value obtained by XRPD
refinement (2.1 nm).

TEM of the TTI-COF shows significantly larger crystalline domains than the TBI-COF with
crystallite sizes in the range of 50 nm up to 200 nm. The pseudo-hexagonal symmetry of the pores is
apparent along the [001] zone axis, while the pore channels are visible when viewing in the direction
along the a-b plane (Figure 5-10). The FFT and the SAED of the TTI-COF both show lattice spacing
close to the values expected from XRPD. The microscopic morphology of the TTI-COF exposes large
polycrystalline rods in which some crystallites show bending along the direction of the channels
(Figure S5, Figure S6).
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Figure 5-11: Three of the possible stacking motifs of the TTI-COF, where blue and green represent the amine
and aldehyde building blocks, respectively.

The FFT shows the hexagonal pore structure of the COF along [001] (Figure 6B) as well as zone axes
allowing the observation of 00l and h-k0 reflections simultaneously such as [110] (Figure 5-10 D). In
addition to the sharp reflections from the (1-10) and higher order reflections, a prominent streak along
(hk1) is visible at a distance of 2.90 nm™ (3.5 A) which is in excellent agreement with the expected
layer-to-layer distance. Close inspection of the SAED reveals a further streak at the distance of
1.45 nm™ (6.85 A), which indicates the existence of two individual layers per unit cell along c. The
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simulated SAED of a two-layer model fits well to the experimentally obtained SAED (Figure 5-10D,
E; model: Figure 5-11, middle). In contrast to the simulation, the reflections (hkl) and (hk2) are
smeared out to form streaks. The direction of these streaks indicates in-plane disorder as the cause of
this diffuse reflection, since stacking disorder would cause streaks along c. A possible cause of in-
plane disorder might be a random variation of the conformation of the imine linkages such as
described in the oblong model. Since the SAED indicates two layers per unit cell, we developed
possible models with different stacking geometries of imines with two layers per unit cell based on
the structures of known molecular imines. From the crystal structures of molecular imine compounds
three major geometric motifs are conceivable for the TTI-COF (Figure 5-11). Molecular imines have
a variety of stacking modes, where sometimes one molecule exhibits different kinds of stacking in one
crystal or differently stacked polymorphs exist for a single compound.®” Ordered geometries include
the direct slipped geometry where the imine orientation is the same for all molecules that are stacking
(Figure 5-11 A),*?® and the antiparallel geometry with the imine orientation changing with a twofold
axis from one layer to the next (Figure 5-11B).**] These motifs are present in imines with different
substituents and the influence of these might guide the stacking behavior.**! A common motif for
molecular imines with identical substituents is the disordered stacking leading to a pseudo inversion
center on the imine bond (Figure 5-11C).*3%3%4 The symmetric substitution in the TTI-COF would
point toward the disordered stacking, which however is not compatible with the observed SAED with
clearly discernable streaks along (hk1) and (hk2).
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Figure 5-12: Energy landscape for slipping of the TTI-COF made of two extended layers that are slipped with
respect to each other, while maintaining the stacking distance constant. The energy landscape was sampled in
close proximity around the “ideal” offset, located at the center of each landscape. The layers were shifted with
respect to each other at a constant distance between both layers. The obtained energies were normalized with
respect to the lowest energy geometry. Values between data points were smoothed to aid the eye. A zero (0 A, 0
A) shift represents an eclipsed geometry.

To further narrow down the possible stacking geometries, we performed periodic boundary DFT
calculations on two layer unit cells and compared whether the alignment of the imine bonds (Figure
5-11 A) or the antiparallel imine bond (Figure 5-11 B) are energetically more favorable. We relaxed
the structures of the antiparallel imine and the parallel imine models and obtained two closely
resembling slipped structures that match the obtained lattice parameters from Pawley refinement of
the XRPD well (Table S9.7-2). The difference in total energy of these two structures was calculated
and showed that the antiparallel configuration is more stable by approximately 0.32 eV (30.9 ki/mol)
per unit cell. This is not surprising, as an antiparallel stacking from one layer to the next leads to
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donor — acceptor (DA) interactions between the more electron rich triazine triphenyl amine (TT-NH,)
and the electron poorer triazine triphenyl aldehyde (TT-CHO) across the layers, which is a well-
known phenomenon for two flat molecules that have electron poor as well as electron rich
character.®*! |n addition, the antiparallel stacking creates antiparallel aligned dipoles, which stabilize
the structure. The comparison of the parallel and the antiparallel stacking in the TBI-COF yielded
only a negligible energetic difference of 0.04 eV (3.9 ki/mol), which could be explained by a
competition of the favorable DA stacking and the unfavorable geometric mismatch between the
propeller shaped triphenyl benzene core (TB) and the flat tripheny! trizaine core (TT).

Figure 5-13: The DFT optimized structures of the TBI-COF (left, parallel) and the TTI-COF (right, antiparallel).
Carbon atoms are shown in grey, nitrogen in blue and hydrogen in white.

To investigate the origin of the high crystallinity and the uniformly slipped geometry of the TTI-COF,
we compared the energy landscape of stacking the layers with different offsets of the antiparallel and
parallel imines (Figure 5-12), determined by DFT. In both energy landscapes, eclipsed stacking,
corresponding to zero offset, is energetically non-favorable in contrast to the slipped geometry. The
“parallel imine” stacking landscape shows a shallow and widespread minimum with multiple
symmetry-related minima with a pseudo-hexagonal structure. Such an energy landscape might be
expected to yield a random direction offset in stacking. In contrast, the “antiparallel imine” stacking
landscape shows a reduced symmetry, which can be attributed to out of plane torsion of phenyl rings,
which is more pronounced in the antiparallel imine case than in the parallel imine case (Figure S7).
This torsion reduces the symmetry of one individual layer, but is also thereby able transfer the
preferential slipping direction to the next layer, providing an explanation to the observed reduction in
the symmetry by means of a uniform stacking direction. The comparison of both energy landscapes
shows that in the case of the antiparallel imine bonds the minimum is steeper and less distributed than
in the case of the parallel imine bonds. A steep minimum likely directs the crystallization process
during the synthesis of the TTI-COF and therefore may be linked to the observed slipped stacking
mode and the high crystallinity of the TTI-COF.

As the antiparallel stacked TTI-COF is the most stable configuration according to DFT, this structural
model was used for the Rietveld refinement. The crystal structure consisting of two independent
layers was refined using Rietveld methods, by refining the lattice parameters, atomic coordinates
using rigid bodies for the layers and their shift with respect to each other. The final TTI-COF model is
shown in Figure 5-13 and the corresponding refinement in Figure 5-7.

5.2.2. Discussion

As outlined above, the particular slip-stacking mode seen in the TTI-COF can be explained by an
interplay of several factors that are different in the TBI-COF. Most notably, the TTI-COF is a flat
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system, which allows the individual layers to slip freely, in contrast to out of plane elements, which
can cause locking in of a structure.®™ * However, the flat structure alone does not seem to be
sufficient for introducing uniform slipping, since many COFs are flat, but do not show the same layer
offset in only one direction and hence, symmetry reduction, as observed in the TTI-COF.!" 2 20!
Therefore, another factor influencing the stacking might be the self-complementary of the TTI-COF,
which means that individual layers can form DA stacks just by alternation of the different building
blocks along the c-direction (Figure 5-11). This feature is fairly unique, since it requires the use of
two linkers with Cs-symmetry that have the same size, geometry, but different electronic structures.
Generally, the parallel stacking of imines can be seen as a valid model for most imine COFs since
conditions for self-complementary antiparallel stacking as outlined above are rarely met. If the size of
the building blocks is different, then the contact during alternation would not be that intimate and the
dipole of the imine bonds could not be aligned in a close, antiparallel fashion to enable favorable
dipole-dipole interactions.?® %% |n addition, the planarity of TTI-COF favors the DA stacking, which
is in contrast to TBI-COF. The TBI-COF could be expected to stack with no offset between the layers
(eclipsed) since it bears a propeller shaped building block.® However, the DFT calculations showed
an energy minimum for an offset structure, which is why an averaged structure with an apparent zero
layer offset is more likely for this COF. In principle, the TBI-COF could be expected to show an even
more pronounced stacking in a DA fashion since a benzene core is more electron rich than the triazine
core. However, the out-of-plane twisting of the TB system is likely to make efficient contact to the TT
core in an adjacent layer difficult. Therefore, the lower crystallinity and the different observed
stacking geometry of the TBI-COF is largely linked to the disturbance of planarity.

5.2.3. Conclusion

In conclusion, we have synthesized two imine-COFs with similar molecular connectivity but
distinctly different stacking geometries. While the TBI-COF adopts the archetypical random layer off-
set as seen for most 2D COFs, giving rise to an average higher symmetry structure which is
isostructural with eclipsed layer stacking, the TTI-COF shows an unusual slip-stacked geometry with
uniform direction of the layer offset in each subsequent layer. SAED in conjunction with DFT
calculations revealed a two-layer unit cell of the TTI-COF with antiparallel imines as a preferred
stacking mode. The observed stacking preference of the TTI-COF directly translates into significantly
increased domain sizes and crystallinity as compared to TBI-COF. DFT based energy landscapes for
the stacking of the TTI-COF suggest that the alternate imine stacking creates steeper and deeper
minima, which can be seen as the rationale for the uniform offset-stacking and the resulting improved
overall crystallinity. In conclusion, the observed interlayer donor-acceptor type stacking interactions
in TTI-COF may be used as a more general design principle based on non-covalent interactions that
facilitate crystallization.

5.24. Experimental

Tris(4-formylphenyl)triazine (TT-CHO) and tris(4-aminophenyl)triazine (TT-NHZ2) were synthesized
according to literature procedures.! All other chemicals were obtained from commercial sources.

Synthesis of the TTI-COF: TT-NH2 (0.0635 mmol, 22.5 mg), TT-CHO (0.0635 mmol, 25.0 mg), 1,4-
dioxane (2.5 ml), mesitylene (2.5 ml ), aqueous acetic acid (0.794 mmol, 6M, 0.132 ml) were added to
a Biotage® precision glass vial, sealed and heated under autogenous pressure at 120°C for 72 h. After
the reaction was allowed to cool down, the reaction mixture was filtered and washed thoroughly with
ethanol, water, tetrahydrofuran and chloroform and then dried in high dynamic vacuum overnight.
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6. Chemical transformations of the COF linkage

The manipulation of COFs by post-synthetic modification has been demonstrated as a useful strategy
for introducing additional functionality into COFs, be it by tethering side groups to the pore walls or
by exchanging linkers reversibly in the preformed COF to incorporate labile linkers. These
modifications are based on functionalizations that are orthogonal to the COF linkage reaction or
utilize their reversibility. Manipulating the chemical nature of the reversible covalent bond presents a
powerful tool to push the limits of COF utilization imposed by the reversibility of the COF linkage.
Here we introduce strategies to alter the COF linkages in order to change their chemical and physical
properties. This approach of approach of stabilization by modification of COFs has remained largely
unexplored.

6.1. Introduction

The defining features of COFs are the extended covalent connectivity and crystallinity, which are
achieved currently by reversible reactions (reversible linkage COFs (RLCOFs)).l" 1% 334 A high
reversibility enables the synthesis of crystalline COFs by error correction and defect healing”® but
also increases the tendency of the COF linkages to be broken chemically or thermally. An extreme
example for the tendency of weak bonds to be broken is the nitrosyl dimerization that has been used
for the synthesis of COFs (Figure 6-1).""! The formed azinedioxy bond is so weak (83-126 kJ/mol)®
that the COFs can be simply recrystallized like molecular compounds from solution at room
temperature. In addition, it was possible to synthesize large single crystals of this azinedioxy COF,
which exemplifies how the weak bonding enables high reversibility and crystallinity. While most
COF linkages are much stronger (i.e. imine: 418 kJ/mol)®® they are still weak links by design. The
prerequisite of a reversible bond formation inherently limits the chemical stability of COFs, some of
which are labile towards mild conditions such as water, dilute acids or bases.** To increase the
attractiveness for many applications chemical stability is a limiting factor.

Figure 6-1: The nitrosyl dimerization reaction forming an azinedioxy moiety reversibly.

In an effort to balance crystallinity and stability, several ways have been devised to create stable but
crystalline COFs. These can be separated into three categories: Kinetic stabilization of the COF
linkage, in situ stabilization by a reaction during COF formation, and lastly the stabilization of COFs
by a subsequent reaction after the COF formation reaction by either a chemical or physical stimulus
(Figure 6-2).
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Figure 6-2: Schematic energy diagram of three strategies for generating stable COFs.

6.1.1. Kinetic stabilization

One method of stabilizing COFs against hydrolysis relies on the steric protection of the labile COF
linkages. Boronate ester COFs are prone to attack by water from inside the pore and this access can be
reduced by the introduction by aliphatic side chains.?*! The hydrophobic barrier created by the side
chain hinders water from approaching the boronate ester. This example shows the introduction of
kinetic barriers on purpose to stabilize COFs. However, steric stabilization may generally play a role
in stabilizing 2D COFs as the linkages are sandwiched between layers. These provide protection from
chemical attack from above and below the plane with the next layer presenting a physical barrier. In
open framework 3D COFs no steric stabilization of this kind could be expected, thus exposing an
inherently unstable bond to chemical attack.

6.1.2. In situ stabilization

The iminic nitrogen based functional groups, while more stable, can still get hydrolyzed with weak
acids or bases./®* 334 This was addressed by methods that stabilize the product of the COF linkage
forming reaction. Most notable is the keto-enol stabilization approach pioneered by Banerjee and
coworkers!?84 2% 336 37 anqg the formation of oxazoles in situ.® These stabilization mechanisms
reduce the back reaction by stabilizing the product. The intramolecular hydrogen bonding and the
keto-enol tautomerism of imines based on o-hydroxy aldehydes can protect these bonds from
hydrolysis.??*" 33 9 This molecular motif has been used on many COF building blocks to stabilize
the resulting COFs, but the most prominent example is the now widely used small molecule triformyl
phloroglucinol that is able to perform the keto-enol tautomerism in its three subunits leading to a
nonaromatic moiety (Figure 6-3). Similarly, the use of hydroxyl functional groups ortho to the amine
stabilizes the network by cyclization to an oxazolane, which is subsequently oxidized to the oxazole
in situ. %!

The COFs resulting from these reactions showed improved chemical resistance but reduced
crystallinity in comparison to non-stabilized COFs. A consequence of creating a more stable product
is a reduction in reversibility, error-checking and thereby crystallinity, which leads to increased defect
concentration, decreasing crystallite size and porosity.
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Figure 6-3 Stabilization mechanisms that were employed during crystallization to stabilize the resulting COF:
keto-enol tautomerization in the triformylphloroglucinol linker (left);?®* 2% in situ formation of an oxazole from
an ortho hydroxyl imine (right).’*®!

6.1.3. Triggered stabilization

In order to obtain crystalline and stable COFs, a highly reversible reaction and a stabilization
mechanism are needed that are not affecting each other. The most straightforward approach to get
stable and crystalline materials at low temperatures is the separation of the crystallization and the
stabilization step. High reversibility can be ensured by performing an assembling reaction that uses
only weak bonds allowing crystallization to obtain an unstable product. The second step takes into
account the stabilization by chemical or physical stimuli inducing a topo tactic reaction that does not
destroy the preformed order and creates bonds that are sufficiently stable, thereby locking the current
crystalline state and protecting it from back reaction (Figure 6-4).
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Figure 6-4: Schematic of how a reversible reaction can be locked with the help of a stimulus or reactant.

This approach has been used to generate compounds that cannot be synthesized in a direct route such
as “unfeasible” zeolites™® and molecular cages.®**” Crystalline metastable zeolites have been
synthesized by chemically exfoliating a hydrothermally synthesized 3D zeolite into 2D sheets,
crystallizing/reassembling them with additives into different stacking configurations and then locking
the preoriented and predefined states through reaction with a reactive silane. The structure of the
reassembled sheets is retained upon removal of the guest by calcination. Thereby, the synthesis of
zeolites that would be difficult or impossible to produce with direct hydrothermal methods is possible.
Another related example is the assembly of molecular cages where, similar to COFs, the synthesis
proceeds through self-sorting of molecular precursors to obtain high yields of a certain cage
configuration under thermodynamic control. The downside of this approach is again the low stability
due to the undesired back reaction. The reversible linkage of the cage can be locked by transforming it



irreversibly by arresting ortho-hydroxy imines as carbamates thus inhibiting the back-reaction after
the sorting reaction.**”

A fundamentally similar, but chemically different approach is the crystallization of molecules with
multiple anthracenes into molecular crystals and then inducing photodimerization in the solid state to
covalently link the individual molecules to form highly crystalline 2D polymers.'™ The
photodimerization itself can be reversed with the application of heat but this example shows that a
very weakly bonded assembly can be polymerized topotactically into a strongly bonded material.
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Figure 6-5 Two-step modification of a material to enhance stability. Left: sp>-sp® transformation with pyridine
in boronic ester COFs;** Right: photoinduced polymerization of molecular crystals by dimerization of
anthracenes.™*"

In order to arrest COFs in their crystalline state (arrested linkage COFs: ALCOFs) the chemical
linkage of the COF needs to be converted™*! from a reversible to an irreversible type of bond in a
topochemical fashion. This approach was investigated at the beginning of research on COF chemistry
with boroxine and boronate ester linkages that are especially prone to hydrolysis. The investigated
means of stabilization were based on the fact that the sp®-boron based molecules are prone to
nucleophilic attack leading to bond cleavage and thus boronic ester linkages can be stabilized with
nucleophiles to form sp® centers, such as by the addition of pyridines®" or amines®™? to induce a
coordinative saturation (Figure 6-5 left).

The first topotactic conversion of COF linkages was demonstrated by Waller et al.*** where the
imine linkage of two imine COFs were oxidized in mild and topotactic conditions to the
corresponding amide linkages (Figure 6-6). The crystallinity was retained during this transformation
reaction while the porosity was somewhat reduced (1250 -> 655 m*g ™). The formed amide based
COFs proved to be more stable with regard to chemical attack by acids such as 12M HCI and 1M
NaOH at room temperature, showing that the chemical conversion of linkage groups is a viable
strategy for stabilizing COFs. However, amide functional groups are still expected to be prone to
hydrolysis under for example hot basic or strongly acidic conditions.®**! The possibility of amide
bonds opening is further evidenced by amide type COFs that can be synthesized under reversible
conditions such as imide-," squaraine-,l"? cyanuric amide-"*! and the classical amidel linked
COFs.

Waller et al. This work
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Figure 6-6: Chemical transformations in the COF backbone to lock the reversible bond: Oxidation of imines to
amides.®* (left), the oxidation and cyclization of imine to thiazole (top right) and the transformation of an
azine bond to a stilbene (bottom right).
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In this thesis two methods of altering the chemical linkages in COFs are presented, one based on the
chemical conversion of two-dimensional imine-linked COFs into thiazole-linked COFs, while
retaining its crystallinity and porosity, and the other based on the transformation of azine based COFs
to their corresponding stilbenes, albeit with a loss of crystallinity.

Figure 6-7: Schematic section of a network structure that is locked without altering the topology of them
material.
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6.2. Topochemical conversion of an imine- into a thiazole-linked
covalent organic framework enabling real-structure analysis

This work has been submitted for publication:

1. Topochemical conversion of an imine- into a thiazole-linked covalent organic
framework enabling real-structure analysis
Frederik Haase, Erik Troschke, Gokcen Savasci, Tanmay Banerjee, Viola Duppel,
Susanne Dorfler, Martin M. J. Grundei, Asbjérn M. Burow, Christian Ochsenfeld,
Stefan Kaskel, Bettina V. Lotsch
submitted.

Frederik Haase synthesized the precursors and the TTI-COF, interpreted all the data, lead the project and wrote the
manuscript. Erik Troschke performed the sulfur loading experiments. Tanmay Banerjee helped in data interpretation and
writing of the manuscript. Viola Duppel recorded the TEM and SAED data. Gékcen Savasci, Martin M. J. Grundei, Asbjérn
M. Burow and Christian Ochsenfeld performed the quantum-chemical calculations. Susanne Dérfler, Stefan Kaskel, Bettina
V. Lotsch proposed the idea, initiated the project and supervised the research. All authors wrote and commented on the
manuscript.

In this work, we investigate the topochemical conversion of the imine-linked TTI-COF with elemental
sulfur into a thiazole-linked COF through a post-synthetic locking strategy, thereby establishing a new
class of thiazole-based COFs. This type of post-synthetic modification is fundamentally different from
previous examples, such as the introduction of functionalities by tethering side groups ™% or
heterogeneous linker exchange:™ These approaches either do not change the reversible bond of the
starting COFs, or they even utilize the reversibility to introduce functionality. The post-synthetic
oxidation of an imine COF linkage to an amide, as reported recently, provides a direct transformation
of the reversible bond of the COF:™* however it was recently shown that even amides are, in
principle, reversible enough to be used for the synthesis of COFs." Modification of the imine linkage
of the TTI-COF leads to excellent contrast and high electron beam stability of the sulfur-modified
TTI-COF (TTT-COF), which enables imaging and analysis of in-plane defects with TEM, thus
revealing details of real structure effects that have not been amenable to direct observation in any
COF so far.

-89 -



6.2.1. Results and Discussion

As pointed out by Yaghi et al., the promise of COFs lies in the fact that COFs, though being extended
solids, are amenable to the versatile toolbox of molecular synthesis.*3*! While this concept is
particularly useful at the precursor level and hence formation of COFs, strategies for modifying the
backbone of COFs once they are formed are extremely scarce.***
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Figure 6-8: Top: Schematic of the reaction of an amine and an aldehyde (A) to form an imine (B), then a
thioamide as an intermediate (C) by the action of elemental sulfur, and finally a thiazole (D). Middle: Schematic
drawing of the sulfurization reaction of the TTI-COF to form the thiazole-based TTT-COF. Bottom: space
filling model of one pore of the TTI-COF (left) and the TTT-COF (right).

We thus explored the post-synthetic reaction of COFs with elemental sulfur. At high temperatures,
elemental sulfur reacts with aromatic imines to first oxidize the imine to a thioamide, and

-01 -



subsequently oxidatively cyclizes the thioamide group to form a thiazole ring (Figure 6-8).*! Thus,
sulfur serves as an oxidant (being reduced to H,S) and as a nucleophile, attaching first to the imine
carbon and afterwards to the phenyl ring on the nitrogen side of the imine.

Transferring this reaction scheme to imine-linked TTI-COF, which was previously reported by us to
show high thermal and chemical stability,™* 2®) we synthesized TTT-COF in two successive steps:
First, TTI-COF was infiltrated with molten sulfur at 155 °C. At this temperature, sulfur has minimum
viscosity, enabling mixing with the COF material. Subsequently, by using a thermal treatment at
higher temperature (350°C), the conversion of the TTI-COF to the TTT-COF took place. After
removal of the excess sulfur by Soxhlet extraction and under high vacuum, the obtained material was
investigated by *C and "N solid state NMR (ssNMR) to probe the imine to thiazole conversion and
retention of the framework structure (Figure 6-9). As shown in Figure 6-9 A and B, the ssNMR
spectra of TTT-COF shows significant and well-defined changes as compared to the TTI-COF
precursor. The loss of the carbon 3 and 4 signals at 151 ppm and 115 ppm (in TTI-COF) in the **C
ssSNMR spectra, together with the appearance of the 3° signal at 156 ppm for the TTT-COF, indicate
the conversion of the nitrogen bearing phenyl ring to the thiazole in TTT-COF. Small residual
intensity at 151 ppm might indicate some unreacted TTI-COF. Furthermore, the characteristic imine
carbon 2 is shifted in the thiazole 2’ as a shoulder to the triazine carbon 1°.E% %%l Also, the absence of
a 1°C signal between 210 and 180 ppm®*"! hints at the conversion of the imine to the thiazole and the
absence of thioamides. N ssNMR shows the triazine nitrogens, 6 and 6°, at the same position for
TTT-COF as for TTI-COF and a shift of the imine nitrogen 5 from —55 ppm to the thiazole 5> at —71
ppm. As additional confirmation of the determined thiazole structure of the TTT-COF, the calculated
NMR chemical shifts of excised fragments (Figure 6-9 A + B, Table S 3, Table S 4, Table S 5, Table
S 6) are in good agreement with the experimental NMR spectra. *C and >N NMR chemical shifts
were calculated with DFT on the B97-2/3/pcS-2//PBE-D3/def2-TZVP level of theory (Figure S 110,
Figure S 111, Figure S 112, Figure S 113, Figure S 114), as we already applied this method
successfully to other COF building blocks.*!
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Figure 6-9: Characterization of the TTI-COF (black) and TTT-COF (red). (A) *C ssNMR demonstrating the
conversion of the imine linkage to the corresponding thiazole. (B) N ssNMR showing a shift in the imine
nitrogen position (5 — 5°). Calculated Ad values for the TTT and TTI-COF on B97-2/pcS-2 level of theory are
shown as red and black dashes, respectively. (C) Assignment of the **C and the °N ssNMR signals to the
respective °C and >N nuclei in the structures. (D): FT-IR spectra of TTI-COF (black) and TTT-COF (red). The
inset shows an enlargement of the region characteristic for N=C vibrations (E) Argon sorption isotherms of TTI-
COF and TTT-COF showing retention of porosity.

The FT-IR spectra further confirm the conversion of TTI-COF to TTT-COF, as evident by the
disappearance of the characteristic imine (N=CH) vibration at 1627 cm™ and the appearance of a new
N=C vibration®* of the thiazole at 1609 cm™ (Figure 6-9 D, Figure S 117). Elemental analysis shows
the presence of sulfur with an elemental composition close to the composition that would be expected
from the thiazole model (Table S 7). In addition, energy dispersive X-ray spectroscopy (EDX/SEM,;
Figure S 119) of TTT-COF indicates homogeneous distribution of sulfur in all parts of the sample,
thus verifying a uniform and regular incorporation of sulfur in the COF backbone. The XRPD
confirms the complete absence of reflections originating from elemental sulfur, further validating that
only chemically bound sulfur is present (Figure S 125).

Sorption analysis reveals retention of the porosity of the TTT-COF after sulfurization (Figure 6-9 E);
the BET surface area of 1431 m2/g for the TTT-COF (theoretical surface area 1609 m?/g) being close
to the BET surface area of 1362 m%/g for the precursor TTI-COF (theoretical surface area 1970 m?/g)
(Figure S 120). The ratio of experimental BET to theoretical surface area is seen to be improved upon
sulfur incorporation. This not only indicates that the pores have not been blocked by sulfur deposits,
but also that previously blocked pores might have been “cleaned” by oxidative or evaporative removal
of guests in the pores. The pore size distribution was calculated from Argon isotherms using the
QSDFT cylindrical pore model, which shows a reduction in the pore size from 2.3 nm in the TTI-COF
to 2.2 nm in the TTT-COF (Figure S 121). This change in the pore size matches well with the
reduction in lattice parameters observed in the XRPD and the expected pore size reduction by the
bending of the linkers upon formation of the thiazole.

The structure and crystallinity of TTT-COF was then assessed with X-ray powder diffraction
(XRPD), revealing a crystalline material with a hexagonal unit cell (P6s/m) and a higher symmetry

-03-



than derived for the precursor TTI-COF (P1) (Figure S 122).2"® However, TTT-COF is quite similar
to the randomly stacked TTI-COF (rs-TTI-COF, P6s/m) (Figure 6-10 A), which is identical to the
TTI-COF in terms of molecular connectivity, but shows random orientation of the stacking vector of
the layers due to the altered synthesis conditions (see Methods section), and hence a higher apparent
symmetry.?’® TTT-COF has reduced in-plane unit cell dimensions (24.478(5) A vs 25.244(8) A), and
a larger interlayer stacking distance (¢ = 7.002(5) A) than rs-TTI-COF (c = 6.905(7) A) as is evident
from Rietveld refinement (Table S 8, Figure S 122). The smaller a and b axis of the unit cell can be
understood by the contraction induced by bending of the linker upon formation of the five-membered
thiazole ring (Figure S 124). The larger stacking distance likely stems from the introduction of sulfur
into the layers, also signaling a somewhat weaker interlayer interaction. This may explain the loss of
the ordered slip-stacking that is present in TTI-COF (Figure S 122). Rietveld refinement of the XRPD
pattern of TTT-COF was done using an imine model and a thiazole model; a significantly better fit
was obtained for the thiazole model, which further confirms this structural feature in TTT-COF
(Figure 6-10 B, Table S 9).
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Figure 6-10: (A) XRPD patterns of the rs-TTI-COF and the TTT-COF showing retention of crystallinity upon
transformation. (B) Comparison of the imine and thiazole models that were applied during Rietveld refinement
of the XRPD TTT-COF. The thiazole model (top) shows a better fit than the imine model (bottom).

To demonstrate that the concept of imine to thiazole conversion in COFs can be generalized and
transferred also to other COF systems, we performed the reaction on the pyrene-containing PBI-COF
(Pyrene tetra(phenyl) biphenyl imine-COF, Figure S 115),"*? which was transformed to the PBT-
COF (Pyrene tetra(phenyl) biphenyl thiazole-COF, Figure S 115). In the PBI- and PBT-COFs the
conversion is clearly evidenced by *C ssNMR as well, which shows the appearance of two peaks at
153.3 ppm and 166.8 ppm, with the latter corresponding to the characteristic thiazole carbon between
the nitrogen and the sulfur (Figure S 116). Note that in the TTI- and TTT-COFs, this region is
obstructed by the presence of the triazine carbon (1 & 1°, Figure 6-9 A). Similar to the TTI-to TTT-
COF conversion, the PBI to PBT-COF conversion is evidenced by the disappearance of the vibration
at 1622 cm™ that corresponds to the characteristic imine stretch, and by the presence of a vibration at
1602 cm™ in the PBT-COF that can be assigned to the thiazole moiety (Figure S 118).

As in the TTI-to-TTT transformation, crystallinity was retained during the transformation of the PBI-
to PBT-COF (Figure S 126), while the in-plane lattice parameters a and b of the Rietveld-refined
structures differ less between PBI- and PBT- COF (Figure S 126, Table S 10) as compared to the TTI-
and TTT-COF (0.60 A and 1.58 A for the PB and the TT system, respectively). This effect is
attributed to the lower degree of structural distortion during the sulfurization reaction, as seen in
Figure S 127.

As the transformation of the imine-based TTI-COF to the thiazole-based TTT-COF is expected to
significantly improve the chemical stability, we assessed the possibility of locking the reversible bond
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by comparing the crystallinity before and after chemical treatment. Both materials were exposed to
identical and extremely harsh conditions, to test the limits of stability of both COFs. Initially both
COFs were treated with concentrated hydrochloric acid, after which both COFs showed no signs of
degradation, testifying to the already excellent resistance to acids of TTI-COF. In contrast, other
imine-based COFs have previously been reported to be labile under strongly acidic conditions.!**"
The treatment of TTI-COF with KOH lead to a near complete loss of crystallinity, while the TTT-
COF remained unaffected. Next, we tested reagents that are known to alter imine bonds: hydrazine is
a particularly good nucleophile that enters the imine bond and replaces the amine, which then leads to
a loss of order; sodium borohydride, a reagent that is used to reduce imine bonds could lead to a loss
of rigidity, followed by a collapse of the structural order. In both cases the TTT-COF remains
essentially unaffected, while the TTI-COF turns completely amorphous. This result shows that the
imine bond has been locked as a thiazole, while the ordered structure of the TTT-COF is retained. The
resilience of the TTT-COF to reactive conditions and reagents could enable a range of applications
that were previously not accessible due to the lability of COFs.

Chemical stability
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Figure 6-11: Chemical stability tests as judged by the crystallinity of the frameworks after exposure to various

aggressive chemicals. The TTI- and TTT-COF samples were each exposed to identical conditions for 16 h,
which showed a substantially higher stability of the TTT-COF against reactive conditions.

TEM investigations in COFs have so far primarily been used to confirm the periodic structure of
COFs,[? 177 19. 276, 348] thajr nano- and micron-scale morphology,” and the presence of inorganic
guests.' ***I However, the low contrast in COFs and their low electron beam stability generally render
a detailed analysis of COFs with TEM highly challenging as the samples easily decompose before
useful information can be extracted. The destruction of COFs in the electron beam can be ascribed to
different damaging mechanisms: One of the defining features of COFs is their composition out of
light elements, which makes them difficult to image since such atoms can be significantly affected by
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atom displacement, electron-beam sputtering, electron-beam heating, electrostatic charging, and
radiolysis.**"!

The TTI- and TTT-COF were analyzed by electron microscopy, where TEM and SEM revealed a
morphology of inter-grown crystallites with a slightly anisotropic shape in both COFs (Figure S 128).
Imaging TTI- and TTT-COF by TEM suggests significantly increased electron contrast for TTT-COF
and improved electron beam stability as compared to TTI-COF and other COFs.* #® First, we
quantified the stability of the TTI- and the TTT-COF in the electron beam by taking images at defined
time intervals, under otherwise identical conditions. Visual inspection of the images revealed gradual
decomposition of the TTI-COF upon electron beam exposure as evident by shrinking of the structure
as well as diminished lattice fringes (Figure S 129). Quantitative analysis of these images by means of
their fast Fourier transform (FFT) showed a continued broadening and shift to larger d-spacings for
the peak corresponding to the 100 reflection in the XRPD. The continuous shift in d-spacing can be
fitted by an exponential decay from which half-lives can be extracted. TTI-COF has an average half-
life of 1.22 min, while TTT-COF displays a significantly increased half-life in the electron beam of
2.83 min (Figure S 130), thus clearly pointing to the higher stability of TTT-COF in the electron beam
(Figure 6-12). While the higher electron contrast in the TEM images of the TTT-COF results from the
regular incorporation of sulfur into the lattice, the improved stabilization is likely due to the
“aromatization” of the imine bond in the form of a thiazole and the lower number of hydrogen atoms
in the structure, which are most susceptible to electron beam damage.*” This improved stability is
crucial for exploring the real structure of the TTT-COF with TEM as described in the following.
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Figure 6-12: A: Electron beam damage seen by the broadening and a shift of the peak in the FFT, corresponding
to the 100 reflection in XRPD, of TEM images taken after different exposure times. B: Plotting the exposure
time against the peak shift in the FFT shows a decay that can be fitted with an exponential (fit parameters shown
in Table S 11). C: Several sets of images were analyzed this way and the results are depicted graphically for
better comparison. The average half-life of each system reveals the higher stability of the TTT-COF as

compared to TTI-COF.
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Figure 6-13: TEM images and TEM analysis of TTT-COF. FFT filters applied to the image are indicated by a
schematic inset. A, B: Individual crystallites in different orientations. C: SAED with logarithmic contrast
showing diffraction rings, which are in agreement with the XRPD pattern. D: Multiple intergrown grains visible
by TEM. Indicated angles show the relative orientation of neighboring crystallites. Color overlay indicating the
individual grains generated by applying selective hexagonal Fourier filtration (E). F: High angle grain boundary
of crystallites with co-aligned c direction with an overlay indicating the interface consisting of five, six and
seven membered rings. G: FFT of image F. H, I, J, K: Low angle grain boundary with different Fourier filters
applied, visualizing the starting points of edge dislocations. L: Close-up of the start of an edge dislocation. The
beginning of the edge dislocation is indicated by the blue T, the Burgers vector (red arrow) is determined from
the green hexagon to be (100). M, N, O: visualization of the edge dislocation position from image L with
different Fourier filters. P, Q: Modeling of an edge dislocation in Materials Studio utilizing a screw dislocation
along the pentagonal (red pentagon) and the heptagonal channel (yellow heptagon) (P) and the edge dislocation
visualized as a channel linker vacancy (Q).

TEM images of TTT-COF reveal an overall retention of the crystallite size compared to the precursor
TTI-COF (50-200 nm); likewise, the crystallinity seen already for the TTI-COF is clearly retained as
well.?® The hexagonal symmetry of the structure is visible from the real space images (along the
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[001] zone axis, Figure 6-13, A), which also show the presence of continuous pore channels when
viewed along [hkO] (Figure 6-13, B). Both real space images and selected area electron diffraction
(SAED) patterns (Figure 6-13, C) are in agreement with the structural model developed with Rietveld
refinement (see also Figure S 131, Figure S 132, Figure S 133).

In addition, TEM reveals a host of real structure details of TTT-COF, including many forms of
defects such as disorder, twin and grain boundaries. Several observed grains of the COF have co-
aligned c-axes but are rotated against each other in the ab-plane (Figure 6-13, D). Two main types of
boundaries are visible between grains: high angle grain boundaries (HAGB) and low angle grain
boundaries (LAGB). HAGB are formed by a corrugated interface of adjacent five and seven
membered rings in contrast to the normal six membered rings in the ordered TTT-COF, as shown in
Figure 6-13 F. Some crystallites have an angle of 29° between them, previously observed by TEM in
covalently connected grain boundaries of single-layer graphene showing “quilt”-like structures,"
similar to the co-aligned crystallites of TTT-COF. It was not possible to discern unambiguously
whether a covalent interface exists between the grains due to increased radiation damage at higher
magnifications. However, having this many different crystallites in such an oriented way and intimate
contact between the different domains suggests an alignment of these domains during synthesis,
which is likely induced by covalent connections.

A likely mechanism for the formation of the observed grain boundaries is the crystallization of grains
from an initially amorphous imine gel (Figure 7) as has been proposed as a formation mechanism for
imine COFs by Dichtel and coworkers.™* This mechanism implies that the covalent connectivity
between the different grains is present from the initial formation of the polymer on and that the grain
boundary is left as a remnant of this amorphous state.

Figure 6-14: Schematic of the proposed mechanism for the formation of grain boundaries by crystallization of
an initially amorphous gel.

The intergrowth is even more likely for LAGB as these present a nearly continuous transition from
one crystallite to another. Inspection of the LAGB with different Fourier filters shows the presence of
several edge dislocations (Figure 6-13 H-K). Details of such an edge dislocation with a Burgers vector
of [100] are shown in Figure 6-13 L-O. At the molecular level, such a defect could be described by
either a linker vacancy (Figure 6-13 P-Q, and supplemental discussion) or an out-of-plane growth that
resembles five- and seven-membered rings such as spirals (see also supplemental discussion).
Features such as five membered rings and the growth of spirals have similarly been described in the
simulation of the crystallization of COF-5, thus predicting the presence of these features in a COF,
which have been observed here.*”!

The observed defects in TTT-COF might have important implications for the properties of the COF.
The grain boundaries of the co-aligned crystallites would not obstruct the pore channels and therefore
are not expected to influence properties that are primarily contingent on the porous nature of COFs,
such as their use as a sorption material or membranes where continuous mass transport is important.
The electronic or excitonic conductivity in COFs is assumed to require ordered n-stacking for charge
carrier percolation perpendicular to the layers,*? while the transport of charges is also possible
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within the ab-plane of the individual layers.”*¥ In the latter case the covalent connection and co-
alignment of the COF layers could still enable charge transport from one grain to another, rendering
limitations through reduced grain boundary conductivity less severe. The presence of defects
extending beyond one layer such as out-of-plane helices would essentially turn the 2D COF into a
covalently connected 3D COF (Figure S 135). This could have important implications for the
feasibility of exfoliation of nominal 2D COFs, as covalent bonds would need to be broken in order to
separate the individual “layers” of the COF. The presence of an isolated vacancy or a columnar
vacancy line defect in the COF structure would influence not only the sorption properties of the COF
by the presence of differently sized pores, but it would also present functional groups exposed to
larger than regular pores in the COF. Furthermore, we note that size-selective properties such as
sorption and catalysis®®™ would be influenced in terms of selectivity by the presence of defects, again
emphasizing the importance of real structure effects for the properties of COFs.

The reaction of the TTI-COF with sulfur proceeds under conditions that should not allow opening of
the imine bonds; the reaction is performed in neat sulfur and no water is present. Furthermore, special
solvent mixtures are required to form a porous crystalline covalent organic framework while
reversible bonds are formed and broken. Since these conditions are not met during the sulfurization
reaction described, the formation of TTT-COF has to happen in a topochemical fashion with minimal
structural disruption of the covalent molecular backbone and the retention of the hexagonal structure
of the material. While oxidative conditions during the thiazole formation might cause the scission of
the covalent backbone, it cannot explain the presence of the observed defects such as grain boundaries
and edge dislocations. We thus note that the observed defects in TTT-COF have to be present already
in TTI-COF and likely in other COFs as well, especially 2D COFs based on the same topology.

6.2.2. Conclusion

In summary, the reaction of an imine COF with elemental sulfur leads to the topochemical formation
of aromatic thiazole moieties as a new and robust linkage group, which causes a change in the
symmetry of the COF crystal, but not of its topology or its connectivity. This reaction therefore adds
to the synthetic toolbox of post-synthetic “locking” of COFs, which helps to circumvent the inherent
limitations imposed by the presence of reversible bonds. The effect of this locking strategy was
exemplified by the significantly improved chemical stability of the resulting thiazole COF. In
addition, sulfur-assisted generation of thiazoles increases the number of possible COF structures and
at the same time opens the door to new COFs with chemical properties not attainable in materials
synthesized by reversible reactions.

While crystallinity and porosity of the TTT-COF are fully retained, it shows significantly improved
electron contrast compared to the parent COF in addition to improved stability to the electron beam,
thus making this system amenable to a study of its real structure by TEM for the first time. Close
inspection of the structure of the TTT-COF allowed us to extract valuable information on both its
long-range and local structure, including the nature of defects and disorder present in the system.
While locked in during TTT-COF formation, these defects have been introduced already during the
(reversible) synthesis of the precursor TTI-COF and thus can be considered as lasting fingerprints of
the COF formation process. In particular, we find prevalent one-dimensional defects such as edge
dislocations as well as co-aligned COF grains with grain boundaries that are likely covalently
connected. Unravelling the nature of defects in COFs is not only key to better understand their impact
on the optical, electronic and catalytic properties of COFs, but also to control and design new COFs
by targeting properties imbued by such defects.
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6.2.3. Methods

Additional materials information, synthesis of the TTI-COF, SEM/EXD, FT-IR, Sorption and
Elemental Analysis details can be found in the supporting information.

Synthesis. Triazine triphenyl thiazole COF (TTT-COF) and Pyrene tetra(phenyl) biphenyl thiazole
(PBT-COF) Synthesis: The respective imine COF was activated under high vacuum at 150 °C and
subsequently mixed with the 15-fold amount (by weight) of sulfur in a ball mill. The resulting
homogeneous mixture was transferred to a quartz boat in a horizontal tubular furnace and purged at
60 °C under flowing argon. The temperature was increased to 155 °C (60 K/h heating rate) and
maintained there for 3 h. Subsequently, the temperature was raised to 350 °C (100 K/h heating rate)
and kept for 3 h. After cooling down, the resulting material was washed via Soxhlet extraction with
toluene and THF for 24 h, respectively. The samples were dried at 70 °C in an oven and then at 150
°C under high vacuum.

Randomly stacked Triazine triazine triphenyl imine COF (rs-TTI-COF): TT-CHO (0.0254 mmol,
10.0mg), TT-NH2 (0.0254 mmol, 9.01 mg), di(n-octly)phthalate (1 ml), triphenyl phosphate (1 ml),
agueous acetic acid (0.318 mmol, 6M, 0.053 ml) were added successively to a Biotage® precision
glass vial, sealed and heated under autogenous pressure at 120°C for 72 h. The rs-TTI-COF was
worked up in the same manner as TTI-COF.

6.2.3.1. Chemical stability tests

Chemical stability of the TTI- and TTT-COF was assessed by immersing approximately 20 mg of the
COF in a solution of each 12.5 M HCI (50°C), 12M KOH, 1M H,NNH; and 1M NaBH, in water for
16 hours at room temperature unless denoted otherwise. Afterwards, the sample was filtered off and
washed thoroughly with water, ethanol, THF, chloroform and DCM. After drying at ambient
conditions, the crystallinity was assessed by XRPD.

6.2.3.2. Structure building

The structural models were built successively and based on each other starting from the well defined
TTI-COF model.”® The rs-TTI-COF and the TTT-COF showed no symmetry reduction from a
hexagonal to a triclinic unit cell, therefore the highest reasonable symmetry supported by the
molecular geometry is P63/m which was used to build a unit cell model in BIOVA Materials Studio
2017 (17.1.0.48. Copyright © 2016 Dassault Systemes). Molecular connectivity was based on
geometric considerations and the obtained evidence from FT-IR and ssSNMR. The structures and the
unit cell was relaxed using Force fields (Forcite, universal force fields with Ewald electrostatic and
van der Waals summations method). These models were then used to refine the unit cell parameters
by Rietveld refinement.

6.23.3.  TEM/SAED

TEM was performed with a Philips CM30 ST (300 kV, LaB, cathode). The samples were suspended
in n-butanol and drop-cast onto a lacey carbon film (Plano). Processing of TEM and SAED images
was performed with the help of ImageJ 1.47v.

Stability measurements were performed by taking images of the sample after defined time intervals
in-between pictures, relative to the first image (t = 0 min).
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6.2.3.4. XRPD

XRPD patterns were collected on a Stoe Stadi P diffractometer (Cu-K,;, Ge(111)) in Debye-Scherrer
geometry. The sample was measured inside a sealed glass capillary (1.0 mm) that was spun for
improved particle statistics.

The powder patterns were analyzed by Rietveld®® and Pawley®* refinement using the range from
2-30 ° 20 with TOPAS VS5, while keeping the atom coordinates fixed. The peak profile was described
by applying the fundamental parameter™®* approach as implemented in TOPAS. The background was
modeled with a 6™ order Chebychev polynomial. Lattice parameters were refined as constrained by
the symmetry. The peak broadening was modelled with asymmetry adopted phenomenological model
for microstrain.*** The plotted XRPD patterns were normalized to compare relative peak intensities.

6.2.3.5. ssNMR

The solid state NMR (ssNMR) spectra were recorded on a Bruker Avance I11 400 MHz spectrometer
(B0=9.4T) at the frequencies of 400.1, 100.6 and 40.8 MHz, for 'H, *C and N, respectively. The
ssNMR experiments were performed on a Bruker double resonance 4 mm MAS probe with the COF
samples packed in ZrO, rotors. The *H-**C and 'H-"N cross-polarization (CP) MAS spectra were
recorded with a rotation frequency of 10-12 kHz using a ramped-amplitude (RAMP) spin-locking
pulse on the proton channel. The contact time for both nuclei was set to 5 ms, which was found to be
optimal. The recycle delay in the CP-experiments was 2s, defined primarily by the spin-lattice
relaxation of protons. All solid-state experiments were carried out using SPINAL64 composite-pulse
proton decoupling with radio frequency power between 70 and 80 kHz. The reported 'H and **C
chemical shifts were referenced to tetramethylsilane (TMS), while the °N shifts were referenced to
nitromethane.

6.2.3.6. Quantum-chemical calculations

Atom positions and lattices of periodic structures were optimized on PBE-D3/def2-TZVPE® ¥ [eyel
of theory using an acceleration scheme based on the resolution of the identity (RI) technique and the
continuous fast multipole method (CFMM)™™ in a developer version of Turbomole.*!

The CFMM uses multipole moments of maximum order 20 together with a well-separateness value 3
and a basis function extent threshold of 10E-9 a.u. Grid 7 was used for the numerical integration of the
exchange-correlation term. The norm of the gradient was converged to 10E-4 a.u. and the total energy
is converged to 10E-8 Hartree within the structure optimization using an equidistant 5x5 k-point grid.

NMR chemical shifts were obtained on B97-2/pcS-2//PBE-D3/def2-TZVP level of theory!®®
using the Turbomole program package in version 7.0.2 for geometries and the FermiONs++F%
program package for the calculation of NMR chemical shifts performed on excised sections (Figure S
112, Figure S 113; distinction shown in Figure S 114) of the TTT and TTI-COF models. Chemical
shifts were then referenced to the experimentally obtained spectra with the triazine peak 1/1° and 6,6’.
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6.3. Synthesis of a stilbene based polymer by controlled thermal
transformation of an azine covalent organic framework

Frederik Haase proposed the idea, designed the experiments, performed all synthesis, interpreted the data and wrote the
manuscript. Florian Pielnhofer performed the theoretical calculations. Rotraut Merkle measured the temperature dependent
MS. Willi Holle measured the TGA. Igor Moudrakovski measured the ssNMR spectra. Bettina V. Lotsch supervised the
research.

In this work, the high temperature transformation of azine based COFs to a stilbene based polymer
has been investigated. Aromatic azines are known to undergo controlled pyrolysis to form the
corresponding stilbenes at high temperatures, a method that has historically been used for preparation
of symmetrical stilbenes.% 3% This reaction is driven by the formation of molecular nitrogen as the
product under the high vacuum and high temperature synthesis conditions. N3;-COF has been
employed for this study (Section 4.2).1%

6.3.1. Results

N3-COF was employed for this study due to its good crystallinity, high porosity and utility as a
photocatalyst as found previously (Chapter 4.2) (Figure 6-15). In addition to generating new COFs,
the transformation of azines to stilbenes was motivated by the search for a strategy to lock the azine
bond, which can be cleaved under acidic conditions.%
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Figure 6-15: Top: Schematic of the pyrolysis reaction of an aromatic azine to a stilbene, by expulsion of a
nitrogen molecule. Bottom: Schematic representation of the transformation of crystalline N;-COF to the
amorphous possibly, fragmented Ns-PP.
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The first indication that N3-COF could be thermally transformed was seen with thermogravimetric
analysis (TGA). A sharp mass loss during heating in Argon indicates a defined reaction to a pyrolysed
polymer (N3-PP) taking place (Figure 6-16). The observed transition at 342°C was accompanied by a
loss of 7.89% of mass, which correlated to the azine to stilbene conversion. However, this is lower
than the expected mass loss of 10.84% for the quantitative transformation. Possible explanations
could be a low conversion yield, or a side reaction with the decomposition of the azine leading to
other reaction products than the desired stilbenes. Previous investigations into the pyrolysis of linear
azine polymers have shown that only 79%1%¥! of the expected nitrogen could be recovered, which
matches with the 72% of theoretical mass loss observed here. Further mass loss at higher temperatures
might be caused by the uncontrolled decomposition of the N;-COF and was not further investigated.
The azine pyrolysis reaction proceeds through the elimination of molecular nitrogen, which can be
observed by mass spectroscopy while the reaction takes place (Figure 6-16). A sharp peak
corresponding to the mass/charge ratio for molecular nitrogen (28 m/z) is observed in mass
spectroscopy. The peak is most intense at 337°C, close to the reaction temperature extracted from
TGA. The determination of CO to N, ratio by deconvolution of the 28 m/z to 29 m/z ratio of
respective masses was not possible due to the low signal at 29 m/z, however, under air free
conditions, the production of CO is deemed to be minimal.
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Figure 6-16: Left: Full TGA of N5-COF in Argon. Right, Top: Close-up of the mass loss step in TGA. Bottom,
right: MS of the decomposition process, measured not simultaneously with the shown TGA.

For the bulk transformation of Ns-COF, a temperature slightly higher than the reaction temperature
obtained from TGA was chosen. Thus, N3;-COF was transformed to N3-PP by heating to 350°C under
high dynamic vacuum for 48 h to ensure complete transformation.

The obtained material was analyzed by FT-IR after the pyrolysis reaction to trace any significant and
well defined changes between the unaltered N3-COF and the Ns-PP (Figure 6-17). The IR spectra
were evaluated by comparison to simulated IR spectra of models of N;-COF and N3-PP based on DFT
optimized structures, as well as to azine and stiloene model compounds. Bands were assigned by
matching peaks of the experimental with the calculated IR spectra. The most notable change in the IR
spectra upon transformation to Ns-PP is the disappearance of the peak at 1626 cm™ (Figure 6-17, gray
overlay) corresponding to the azine (N=CH) stretching vibration in N;-COF, confirming the loss of
the azine moiety. The band at 1606 cm™ present in the N5-PP could be attributed to aromatic skeletal
vibrations and the ethylene vibration,* however the N3;-COF also possesses a band in this region
making the assignment to C=C bond ambiguous. Nevertheless, other changes clearly show the
transformation of the azine to the stilbene, such as the loss of the peak at 1210 cm™ (Figure 6-17, A),
which can be assigned to combined azine C-H rocking motion with a phenyl ring stretching motion.
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The significant increase in intensity of the band at 1176 cm™ in the IR spectrum of N;-COF and shift
to 1180 cm™ in the N3-PP can be assigned to the phenyl C-H scissoring motion combined with an
azine/ethylene C-H rocking motion and this assignment matches well with the calculated spectra
(Figure 6-17, A). The newly appeared band at 849 cm™ was confirmed by calculation to be an
anti-symmetric stretching deformation of the phenyl-azine and phenyl-ethylene bond with a phenyl
ring breathing mode (Figure 6-17, B). A very characteristic peak shift from 513 cm™ to 545 cm™ can
be observed for the asymmetric peak corresponding to the anti-symmetric stretching deformation of
the phenyl-azine and phenyl-ethylene bond together with a phenyl ring stretching mode (Figure 6-17,
C; Figure S 137). These findings are further confirmed by comparison to sets of model azines and
stilbenes showing similar characteristic changes in the regions discussed here, such as in p-dimethyl-
13853861 _dinitro-,**" % and benzene®* %% hased azines and stilbenes (Figure S 138, Figure S 139,
Figure S 140).
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Figure 6-17: Experimental and simulated IR spectra of N5-COF and N3-PP. Simulated IR shown as dotted lines.
Disappearance of the N=CH vibration at 1626 cm™ indicated by a gray overlay.

IR provides only little information on the possible side reactions that have previously been found in
molecular systems, where the formation of nitrile, imidazole and aldehyde groups were observed.!***
1 The presence of a weak nitrile band can be confirmed at 2230 cm™, however, as nitrile bands tend
to be very intense in IR, the concentration of nitrile groups are expected to be very small. XRPD
measurement of N;-COF and N;-PP showed complete loss of crystallinity upon transformation of the
azines to the stilbenes (Figure 6-18).
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Figure 6-18: XRPD of crystalline N3-COF and the amorphous N3-PP.

3C ssNMR of N3-COF and the N3-PP shows characteristic peaks. The triazine peak situated at 168.7
ppm (1) in N;-COF is shifted downfield to 170.6 ppm (1°) in N5-PP and broadened,' which could be
attributed to either the slightly changed chemical environment from the change from azine to stilbene,
or a change in packing or strain on the triazine moiety resulting from the structural changes. The
characteristic azine carbon peak in N3-COF at 160.9 ppm (2) is lost upon the transformation to the
stilbene, which further confirms the transformation of the azine bond. A new peak appears at
115.7 ppm (2’), which could be assigned to a vinylic carbon or a nitrile. While some changes are
visible in the region 145-120 ppm, it is difficult to assign these signals. However, additional peaks in
the range 145-135 ppm would be expected for a stilbene resulting from carbons adjacent to the vinylic
carbons (3). The measurement of **C ssNMR of N;-PP sample showed residual azine peaks (2) after
24 h of reaction time and only after 48 h was the complete loss of the azine peak observed (Figure S
136).
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Figure 6-19: Left: *C ssSNMR of N5-COF and N3-PP. The gray overlay indicates the position of the azine peak
before and the nitrile and vinylic stilbene peaks after the transformation. Middle: >N ssSNMR of N5-COF and
N3-PP. Right: Assignment of the sSNMR peaks.

-107 -



>N ssNMR shows the loss of the azine peak of the N3-COF at -9.78 ppm (5) upon transformation and
the retention of the triazine peak at -128 ppm (4, 4°). However, the triazine peak is significantly
broadened in N3-PP and has a shoulder at -118 ppm, which could be explained by the structural
changes and the thereby induced changes or from overlap with a nitrile nitrogen peak that would be
expected in this region.

As triazine COFs as well as polymers and oligomers have successfully been employed for
photocatalytic hydrogen evolution, the optical properties of N3-PP were investigated to estimate if this
material could be effective for photocatalytic hydrogen evolution. Diffuse reflectance spectra showed
that the optical absorption edge was redshifted upon the transformation from N;-COF to N3-PP,
corresponding to optical band gaps of 2.73 eV and 2.59 eV for N;-COF and Ns-PP, respectively. The
band gap of N3-PP would be large enough to facilitate photocatalytic water splitting!?*? and the
reduction of the optical band gap in comparison to N3-COF might elicit an improved light absorption
and thereby overall photocatalysis (Chapter 4.4). Further, work by Schwinghammer et al.”®% has
shown that additional nitrile functional groups on the surface of the photocatalyst might be beneficial
in facilitating close contact of the co-catalyst and thereby improving photocatlytic hydrogen
evolution.
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Figure 6-20: Diffuse reflectance spectra of N3-COF and Ns-PP showing a 27 nm red shift of the band edge for
the pyrolysed polymer.

6.3.2. Discussion

The pyrolysis of the azine bonds of N3-COF led to a loss of crystallinity. If the azine to stilbene
transformation proceeded through a reaction that preserves the connectivity of the backbone
throughout the reaction as described in the generation of thiazoles from imines in Chapter 0, it might
have been possible to preserve the topology of the COF backbone and thereby the crystallinity.
However, in the case of a reaction that proceeds through the scission of the backbone connectivity, it
would only be possible to retain the order of the framework, if the covalent bond is reformed before
significant conformational rearrangements lead to a loss of order. Otherwise, the irreversible stilbene
bond formation would arrest the disorder permanently. Investigations by Zimmerman et al.™ into
the mechanism of azine pyrolysis have shown that stilbene formation proceeds through an ionic chain
mechanism. The chain is initiated by thermal scission of the N=C double bond with the formation of a
carbene and a phenyl diazomethane, which reacts with an intact azine and forms a stilbene and a new
diazomethane leading to the propagation of the chain. This cascade terminates when the carbene and
the diazomethane react again to form an azine (Figure 6-21).

-108 -



chain initiation

R
QL L ¢
&

AN\7 : N

R

chain propagation

R
R R
\QVN\ Q H O 'ﬂ_
N/\©\ N NC
R
%
N

@

C
IO
R

chain termination

R
R
|:|_ \©\¢N\ Z
e T
N” R

R

Figure 6-21: Mechanism of the chain reaction of the azine pyrolysis.F"™

The confined space in N3-COF could significantly influence the chain propagation reaction, since the
crystalline, ordered nature of N3-COF places the azine bond of adjacent layers in close proximity (see
chapter 4.2). The formation of crystalline stilbene based Ns-PP would require the reaction of
diazomethane with an azine that is opposite and in-plane of the layer, to extend the covalent
connectivity similarly as in the Ns-COF. The mechanism and the observed loss of crystallinity would
suggest that the diazomethane species attacks the azine moiety directly from above or below the layer
to form the stilbene (Figure 6-22), leading to an interlayer chain reaction. The result would be the loss
of the in-plane connectivity leading to random out of plane connections. Furthermore, the out-of-plane
reaction would lead to significant strain and disrupt the stacking, thereby leading to a loss of in- and
out-of-plane structure and therefore resulting in a completely amorphous material.
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Figure 6-22: Schematic of a possible pathway of azine pyrolysis in N3-COF, where stacking puts the azines in
close proximity.
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6.3.3. Conclusion

The transformation of the azine functional groups in N3-COF to their corresponding stilbenes by
thermal treatment only was shown. This high temperature reaction affected the susceptible azine bond
but left the rest of the framework molecular structure intact. Due to a possibly high thermal burden
and the mechanism of the azine pyrolysis the ordered structure of the N3-COF could not be retained
and a completely amorphous polymer was obtained.

6.3.4. Methods

Synthesis

Tris(4-formylphenyl)triazine (TT-CHO)!"%*! and N,;-COF @ were synthesized according to literature
procedures.

N3-PP synthesis: Ns-COF (20 mg) was loaded into a Schlenk tube, which was placed into a vertical
tube furnace, and then evacuated carefully. As soon as high vacuum was achieved, the temperature of
the oven was raised by 100°C/h until 350°C was reached. This temperature was maintained for 48 h.
Then the sample was allowed to cool down, removed from the Schlenk container and washed
thoroughly with ethanol, water, THF, chloroform and dichloromethane and then dried under high
vacuum for 24 h.

MS

MS was measured of the outgassing of the N;-COF heated in argon flow with a temperature ramp of
5K/min on a NETZSCH STA 449C (NETZSCH-Geraetebau GmbH Thermal Analysis) coupled to a
mass spectrometry (MS) (Balzers Prisma quadrupol spectrometer).

Simulation of IR spectra

A full structural relaxation (lattice parameters and atomic positions) of the N3;-COF and the N;-PP
models based on the P6/m symmetry was performed in the framework of density functional theory
(DFT) using a linear combination of Gaussian-type functions (LCGTF) scheme as implemented in
CRYSTAL14.5 37 The PBE parametrization™® of the generalized gradient approximation
including Grimme’s D2 dispersion correction®*! was applied. The convergence criterion considering
the energy was set to 1 x 10°® a.u. with a k-mesh sampling of 4 x 4 x 4. All-electron basis sets were
taken from 1753761,

Vibrational frequencies calculations with IR intensities were run on fully optimized structural models.
Calculated positions and intensities for IR active modes were convoluted with a 15 cm™ Gaussian
broadening before plotting them using the J-ICE application.®””! Peak assignment between the
experimental and the simulated IR spectra were performed, by first matching modes between the
N3-COF and Ns-PP, which were then compared to the positon shift and the intensity changes in the
experimental spectra.
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7. Conclusion

In this thesis, several aspects of designing COFs have been demonstrated that underline the ability to
tune the structure and properties in COFs. The work shows the tailoring of the structure on several
different levels: the molecular intra-net structure through the design of molecular precursors, the
noncovalent interactions between layers of two-dimensional COFs, the post-synthetic modification of
the COF linkages and the properties of COFs for photocatalytic hydrogen evolution.

Photocatalysis in COFs

Photocatalytic reduction of water for hydrogen production promises to be a viable method for
obtaining clean energy. COFs as a platform for developing highly tailored architectures presents a
promising approach for photocatalysis, since the inherent properties of COFs align with many
requirements for the design of a successful photocatalyst. The modular nature is of special importance
in designing and understanding photocatalytic hydrogen evolution in COFs.

In this thesis, two COF platforms have been developed that can readily be modulated at a molecular
level while maintaining the overall structural features and porosity, thereby allowing the tuning of the
photocatalytic properties. One platform is based on the substitution of C-H in the aryl rings of the
COF platform with nitrogen atoms while in the other the introduction of peripheral hydroxyl groups is
used to alter the COF. The translation of structural properties of the precursor aldehydes in the
resulting COFs was studied by XRPD, TEM, ssNMR and gas sorption analysis. The optical properties
of the COFs were evaluated to analyze their light absorption properties to relate their optoelectronic
properties with their photocatalytic hydrogen evolution activity. The synthesized COFs were tested as
photocatalysts for the hydrogen evolution reaction and several trends were observed that could be
related to structural features of the COFs. In substitution series of four COFs with different nitrogen
contents in the central aryl ring a 4-5 fold increase in hydrogen evolution activity was observed with
each substitution of C-H in the central aryl ring of the COF platform by nitrogen. This resulted in an
overall 75-fold increase in the triply substituted N3-COF in comparison to the unsubstituted No-COF.
When the substitution pattern was changed to include the nitrogen substitution in the peripheral aryl
rings the resulting PTP-COF performed only 4 times better than the unsubstituted COF. This variation
of nitrogen substitution serves to further understand the factors driving photocatalytic hydrogen
evolution in this platform, based on an interplay of intrinsic (opto)electronic and geometric properties,
as well as extrinsic structural and morphological properties of organic photocatalysts. This work
shows that the change in the nitrogen substitution pattern influences on the one hand photocatalytic
hydrogen evolution activity, but on the other hand it also influences the crystallization, morphology
and electronic properties of the COF, and this will help towards future efforts to predict highly active
photocatalysts.

In the second platform the tunability of COFs was used to selectively introduce hydroxyl groups into
an imine and triazine based COF to modify its bandgap. The tuning of the band gap to lower energies
led to an increased photonic efficiency at wavelengths where solar irradiation is the strongest.
Accordingly, the activity of the hydroxylated COF exhibiting the smaller band gap was increased 9-
fold with respect to the non-hydroxylated COF. This result shows the possibility of tuning the band
gaps of COFs rationally to improve the hydrogen evolution efficiency. Thus, it is this interplay of
intrinsic and extrinsic features such as optoelectronic and steric and morphology-related factors,
respectively, which likely determines the photocatalytic activity of a COF and therefore the findings
presented herein present a fertile ground for further discussions.
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This work underlines the tunability of COFs for applications, in a way that the structural and
electronic modification can be achieved by rationally designing the structure of COFs from the
individual building units to the final framework material. This is especially true for photocatalytic
hydrogen evolution studies where many factors play a role in determining the activity. Adjusting the
electronic and geometric features of the building blocks can be used to influence the properties of
COFs in an incremental, but fundamental fashion. This is beneficial for improving activity and, in
combination with insights from theory, also presents a powerful platform for understanding
photocatalytic hydrogen evolution through systematic study. The rational design of COFs for such
material applications by consequence of the modulation in structural and optoelectronic properties
will help in boosting further utilization of COFs in other scientific applications.

Stacking in two-dimensional COFs

The supramolecular assembly of individual COF layers is of significant importance for the
optoelectronic properties of COFs, but there is a fundamental lack of understanding regarding the
design and control of the stacking structure of COFs. This can largely be attributed to the difficulty of
designing highly crystalline COFs and the resulting lack of in-depth structural characterization of the
small crystallites which contain many defects.

This thesis addresses both challenges, as the careful analysis of two structurally related COFs enables
unprecedented structural insights into two 2D COFs and their stacking polytypes. These insights offer
a more general supramolecular design principle that can lead to ordered stacking polytypes and
significantly improved crystallinity and domain sizes in COFs. The structural analysis by X-ray
powder diffraction in conjunction with Rietveld analysis, complemented by theoretical calculations,
and by transmission electron microscopy coupled with selected area electron diffraction shows
evidence of the rarely observed slip-stacking mode in TTI-COF. Detailed experimental and theoretical
evidence of its interlayer structure showed that rather than adopting the usual apparent eclipsed
stacking, the COF shows a uniformly off-set layer sequence, giving rise to distinct Bragg peak
splitting in the XRPD pattern.

The stacking structure could be tuned by using a non-flat benzene triphenyl (TBI) building block
instead of the triazine triphenyl in TTI-COF. Replacing the flat structure of TTI-COF with the twisted
TBI-COF structure leads to a loss of the defined slip stacking, as the COF reverts to the disordered
eclipsed structure. The observed stacking preference in TTI-COF can be attributed to the flatness of
the structure and donor-acceptor type interactions between adjacent layers that was corroborated by
theoretical calculations of the stacking landscape. These results serve as a template for the further
design of highly crystalline and well stacked structures. The precise determination of stacking in
COFs will provide an accurate descriptor for studying the optoelectronic properties of COFs by theory
and experiment, which is of paramount importance to the application of COFs in the field of
photovoltaics and photocatalysis.

Transforming COF linkages

The field of COFs is inherently limited by the necessity of dynamic error correction during
polymerization to allow crystallization of the material. This not only limits the chemical stability and
properties of COFs relevant e.g. for charge transport, but is also the main source of the low
crystallinity and high level of structural defects in COFs.

In this thesis, strategies are presented to break free of the limits imposed by this reversibility criterion
and modify the structure to obtain unprecedented COF functionalities. This is achieved by a
topochemical transformation of the reversible imine linkage - one of the most common COF linkages
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- to a thiazole whilst fully preserving the crystallinity and porosity of the COF backbone. This
transformation deviates significantly from known COF chemistry and establishes a new class of
thiazole-COFs with a fully conjugated and stable backbone, based on “arrested” reversible linkages.
This transformation instills a significantly enhanced stability and resilience of the COF to the electron
beam as well as improved contrast, which allowed the investigation of the real structure of COFs in an
unprecedented detail. Various types of defects were accessible to imaging at an extraordinary level of
detail. The nature of point defects, in-plane edge dislocations and inter-grown grain boundaries in
COFs, which is crucial for advancing our understanding of both fundamental properties and possible
applications of COFs, is verified for the first time.

In addition to the topotactic transformation from imine to thiazole, the transformation of azines to
stilbenes was investigated. This reaction showed the limits of how to design a topotactic reaction to
preserve crystallinity. The use of an intramolecular reaction for the transformation of a COF linkage
can help preserve the crystallinity of the COF, while an intermolecular transformation can lead to a
loss of crystallinity as is seen in the azine to stilbene reaction. The investigated reactions are an
important starting point for the selection and investigation of further COF linkage transformations.
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0. Appendix

9.1. Abbreviations

2D two-dimensional

3D three dimensional

ALCOF arrested linkage COF

AML15G Air mass 1.5 x atmosphere thickness
ATA-COF aryl-triaryl-azine COF

BET Brunauer—Emmett—Teller

BTI triformyl benzene - triphenyl triazine amine imine COF
BTI-COF benzene triazine imine COF

COF covalent organic framework

CP-MAS cross-polarization magic angle-spinning
CTF covalent triazine framework

CWL central wavelength

DA donor acceptor

DA donor-acceptor

DCM Dichloromethane

DCvC dynamic covalent chemistry

DFT density functional theory

DMACc N-Dimethyl acetamide

DMF N-Dimethyl formamide

DMSO dimethyl sulfoxide

EDTA ethylenediaminetetraacetic acid

EDX Energy dispersive X-ray spectroscopy
FFT fast Fourier transform

FT-IR Fourier transform infrared spectroscopy
HAGB high angle grain boundaries
H-BTI-COF hydrogen functionalized BT1 COF
HE hydrogen evolution

HOMO highest occupied molecular orbital

IR Infrared spectroscopy

LAGB low angle grain boundaries
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LUMO
MAS
MOF

MS
NO-CHO
N1-CHO
N2-CHO
N3-CHO
N3-PP
n-BuLi
NLDFT
NMR
NXx-HxAI
Nx-HxHz
Nx-PhAz

OH-BTI-COF

PBI-COF
PBT-COF
PCPs

PE

PIMs

PL

PTP
PTP-CHO
PTP-COF
QD

RASE
RLCOF
rs-TTI1-COF
SAED
sCOF
SED

SEM

lowes unoccupoied molecular orbital
magic angle spinning

metal organic framework

mass spectroscopy
1,3,5-Tris(4-formylphenyl)benzene
2,4,6-Tris(4-formylphenyl)pyridine
2,4,6-Tris(4-formylphenyl)pyrimidine
2,4,6-Tris(4-formylphenyl)-1,3,5-triazine
N3-COF pyrolysed polymer

n butyl lithium

non-local density functional theory
nuclear magnetic resonance spectroscopy
Nx- model hexagon aldehyde terminated
Nx- model hexagon hydrazone terminated
Nx-model phenylazines

hydroxy functionalized BTI COF

Pyrene tetra(phenyl) biphenyl imine-COF
Pyrene tetra(phenyl) biphenyl thiazole-COF
porous conjugated polymers

photonic efficiency

polymers of intrinsic micro-porosity
photoluminescence

phenyl tripyridine
2,2',2"-(1,3,5-benzenetriyl) tris-(pyridine-2-carboxaldehyde)
phenyl tripyridine azine COF

guantum dot

radical anion stabilization energy
reversible linkage COF

Randomly stacked Triazine triazine triphenyl imine COF
Selected area electron diffraction

surface COF

sacrificial electron donor

Scanning electron microscope
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ssSNMR solid state nuclear magnetic resonance spectroscopy

TB triphenyl benzene

TBI triphenyl benzene imine

TEM Transmission electron microscope
TEOA triethanolamine

TGA thermogravimetric analysis
THB-CHO Triformyl phloroclucinol

THF tetrahydrofuran

TSA toluene sulfonic acid

TT triphenyl trizaine

TT-CHO tris(4-formylphenyl)triazine

TTI triazine triphenyl imine

TT-NH2 tris(4-aminophenyl)triazine

TTT Triazine triphenyl thiazole
TTT-COF Triazine triphenyl thiazole COF
XPS X-ray photoelectron spectroscopy
XRD X-Ray diffraction

XRPD X-Ray powder diffraction

9.2. Methods

9.2.1. Synthesis of molecular precursor compounds

9.2.1.1. Triformyl phloroclucinol (THB-CHO)
OH

~o
B ——
HO OH
HO OH

O/

Synthesis was as per a modified literature protocol.*”® Phloroglucinol (3.0 g, 23.6 mmol) and
hexamethylenetetramine (7.3 g, 51.9 mmol) were added to trifluoroacetic acid (45 ml) under argon
atmosphere. The solution was heated under reflux at 100°C for 2.5 h. Then, hydrochloric acid (3 M,
150 ml) was added slowly and the mixture heated for another 1 h. The solution was allowed to cooled
down to room temperature and filtered through celite. The filtrate was extracted with dichloromethane
(4 x 100 ml) and the combined organic phases were concentrated to afford a yellow solid, which was
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washed with hot acetone to yield THB-CHO as an off-white powder. *H NMR (CDCls,, 25°C, 300
MHz, ppm) = 14.13 (s, 3H, OH), 10.17 (s, 3H, CHO)

9.2.1.2. N-Phenylacetamide

oo @ - A&

Aniline (5.0 ml, 54.8 mmol) was dissolved in a mixture of hydrochloric acid (38%; 5 ml) with water
(150 ml) by stirring. The solution was warmed to 50°C in a water bath, acetic anhydride (7.8 ml,
82.1 mmol) was added and the dissolution affected by swirling the mixture. To this mixture, a
solution of potassium acetate (16.1 mg, 164.0 mmol) in water (25 ml) was added. After a brief period
of mixing, the mixture was allowed to cool to room temperature. The precipitate was filtered off and
recrystallized from water/ethanol to yield N-phenylacetamide in quantitative amounts. 1H NMR
(CDCI3, 25°C, 300 MHz, ppm) = 7.88 (s, 1H, NH), 7.52 (d, 2H, CH), 7.30 (t, 2H, CH), 7.10 (t, 1H,
CH), 2.16 (s, 3H, CH3).

9.2.1.3. N-(4-Bromophenyl)acetamide

O
0]

PN )J\NH

Br
N-Phenylacetamide (7.5 g, 55.5 mmol) was dissolved in acetic acid (15 ml). To this solution a
solution of bromine (3.1 ml, 61 mmol) in acetic acid (25 ml) was added dropwise from a dripping
funnel while stirring vigorously. After the complete addition of the bromine, the mixture was allowed
to stir for 1 h. The remaining bromine in the reaction mixture was quenched by addition of a
concentrated sodium bisulfite solution until complete discoloration was achieved. The precipitate was
filtered off and washed with addition sodium bisulfite solution, sodium bicarbonate solution and water

to yield 7.2 g (white powder, 60 %) of product. 1H NMR (DMSO-d6, 25°C, 300 MHz, ppm) = 10.05
(s, 1H, NH), 7.54 (d, 2H, CH), 7.45 (d, 2H, CH), 2.02 (s, 3H, CH3).
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9.2.14. N-(4-Cyanophenyl)acetamide

O

(0]
A A
?

Synthesis was carried out as per a modified literature procedure.®”®! DMF (20 ml) was degassed in a
microwave vial (20 ml) by bubbling argon for 30 min. N-(4-Bromophenyl)acetamide (2 g, 9.3 mmol),
zinc cyanide (1.2 g, 10.2 mmol), tetrakis(triphenylphosphin)palladium(0) (50 mg, 43 pmol) and
1,5-bis(diphenylphosphinopentane) (25 mg, 55 umol) were added and degassed for another 5 min.
The vial was sealed under argon and heated in a Biotage Initiator microwave to 150°C for 30 min.
The solution was cooled to room temperature, poured onto ice cold water (200 ml) and extracted with
dichloromethane (4x100 ml). The solvent was removed under reduced pressure and any residual DMF
was removed with stream of air to yield the product (1180 mg, white powder, 79 %). 1H NMR

(DMSO-d6, 25°C, 300 MHz, ppm) = 10.36 (s, 1H, NH), 7.74 (s, 4H, CH), 2.08 (s, 3H, CH3). 13C
NMR (DMSO-d6, 25°C, 75 MHz, ppm) = 167.89, 141.34, 132.77, 118.90, 118.22, 106.70, 24.23.

Il
N

9.2.1.5. 2,4,6-Tris(4-aminophenyl)-1,3,5-triazine (TT-NH2)

NH,

o)
)J\NH

-
N” N
? | ”
I N
N HoN NH

N-(4-Cyanophenyl)acetamide (1.0 g, 6.2 mmol) was added to a Schlenk tube, and degasses by
purging with argon. The flask was cooled to -15°C with an acetone ice bath, then triflic acid (4.0 ml,
6.7 g, 44.6 mmol) was slowly added. The mixture was stirred for 1 h at -15°C, then the ice bath was
removed and the mixture was allowed to warm up to room temperature over night. The mixture was
poured onto 100 g ice and neutralized using 25 % ammonia solution. The precipitate was filtered off,
washed with water until no more acid could be detected in the filtrate. The obtained substance was
used without further purification for the subsequent hydrolysis. The powder was added to 10 mL of
6 M HCI in 100 mL ethanol and heated under reflux for 4 hours. The reaction mixture was cooled, the
precipitate was filtered and washed with small amounts of 10% NaOH and then water to afford the
title compound as yellow solid (0.4 g, 54 %).

'H NMR (DMSO, 300 MHz): § ppm 8.34 (d, J = 8.4 Hz, 6H), 6.68 (d, J = 8.4 Hz, 6H), 5.90 (s, 6H).
13C NMR (DMSO, 75 MHz): 8 ppm 169.57, 152.95, 130.14, 122.95, 113.12

2
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9.2.1.6. 1,3,5-Tris(4-formylphenyl)benzene (No-CHO)

CHO

CHO
Br
/Iiij\ + —
Br Br B “l;
¢
OHC CHO

This compound was prepared as per modified literature procedure.™ In a Schlenk flask equipped
with a stir bar and reflux condenser, 1, 3, 5-tribromobenzene (1.0 g, 3.1 mmol), 4-formylphenyl
boronic acid (229, 13.9mmol), potassium carbonate (2.1g, 15.0mmol), and
palladiumtetrakis(triphenylphosphine) (0.17 g, 0.15 mmol) were taken. The flask was evacuated and
backfilled with argon three times. To this were added toluene (50 mL), ethanol (10 mL) and water
(10 mL) and the contents were refluxed for 48 h. The reaction mixture was then cooled to room
temperature and water (100 mL) was added. The organic compound was extracted with
dichloromethane, dried over anhyd. MgSQO, and then filtered. The solvent was removed under reduced
pressure and after column chromatography (silica gel, dichloromethane) pure product was obtained as
an off white solid (0.89 g, 73 %).

IH NMR (CDCl,, 300 MHz): & ppm 10.11 (s, 3H), 8.02 (d, J = 8.3 Hz, 6H), 7.91 (s, 3H), 7.87 (d, J =
8.3 Hz, 6H). ®C NMR (CDCls, 75 MHz): 6 ppm 191.93, 146.49, 141.81, 135.99, 130.64, 128.19,
126.68. MALDI-TOF-MS for Cy7H1505: 389.8 M* (calculated: 390.1)

9.2.1.7. 2,4,6-Tris(4-bromophenyl)pyridine (1)

Br

Br CHO O
CH;COONH,
+
| X
° 7 oY C
Br Br

This compound was prepared as per modified literature procedure.® In a 20 ml microwave vial
equipped with a stir bar was taken a mixture of 4-bromoacetophenone (2.07 g, 10.4 mmol),
4-bromobenzaldehyde (0.97 g, 5.2 mmol), ammonium acetate (14.0 g, 181.6 mmol) and glacial acetic
acid (7.3 ml). The contents were flushed with Argon before sealing the vial. The contents were heated
in the microwave under autogenous pressure at 220°C for 45 min. The reaction mixture was then
cooled to room temperature and water (10 mL) was added. The aqueous suspension was then
neutralized by saturated sodium bicarbonate solution. The organic compound was extracted with
dichloromethane, dried over anhyd. MgSQO, and then filtered. The solvent was removed under reduced

pressure and after recrystallization (acetone), pure product was obtained as off white solid (0.90 g,
31%).
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'H NMR (CDCls, 300 MHz): & ppm 8.04 (d, J = 8.4 Hz, 4H), 7.80 (s, 2H), 7.62 (m, 8H). *C NMR
(CDCl,, 75 MHz): 6 ppm 156.87, 149.64, 138.25, 137.80, 132.62, 132.16, 128.93, 128.87, 124.05,
123.93, 116.97.

9.2.1.8. 2,4,6-Tris(4-formylphenyl)pyridine (N1-CHO)

Br CHO

AN X
B »
DA DS
Br Br OHC CHO

The synthesis was adapted from literature published procedure with modifications.*®? In a Schlenk
flask under Argon flow, a suspension of 1 (0.5 g, 0.92 mmol) in dry THF (150 mL) was cooled to -
78°C. To this was added a solution of n-BuLi (1.1 mL, 2.8 mmol, 2.5 M in hexane). The mixture was
stirred for 1 hour and then N-formylpiperidine (0.32 mL, 2.9 mmol) was added. The mixture was
stirred for 30 min at -78 °C and then warmed to room temperature. After stirring for an additional 1 h
at room temperature, 5mL of 05M HCI was added. The mixture was extracted with
dichloromethane, dried over anhyd. MgSO, and then filtered. After evaporating the solvent, the
product was obtained as an off-white solid (0.34 g, 95 %).

'H NMR (CDCls, 300 MHz): & ppm 10.15 (s, 1H), 10.14 (s, 2H), 8.39 (d,J = 8.2 Hz, 4H),
8.05 (m, 8H), 7.92 (d, J = 8.2 Hz, 2H). ¥C NMR (CDCls, 75 MHZz): ¢ ppm 191.77, 191.38, 157.15,
149.96, 144.65, 144.41, 137.41, 137.34, 130.75, 130.41, 128.23, 128.04, 118.89. MALDI-TOF-MS
for CpsH17NO3: 391.0 M™ (calculated: 391.1)

9.2.1.9. 2,4,6-Tris(4-formylphenyl)pyrimidine (N2-CHO)

This was prepared as per modified literature procedure.®! In a Schlenk flask equipped with a stir bar
and reflux condenser, 2,4, 6-trichloropyrimidine (0.15g, 0.8 mmol), 4-formylphenylboronicacid
(0.56 g, 3.6 mmol), potassium carbonate (0.3 g, 2.4 mmol), cesium carbonate (0.78 g, 2.4 mmol), and
palladiumtetrakis(triphenylphosphine) (0.14 g, 0.12 mmol) were taken. The flask was evacuated and
backfilled with argon three times. To this were added toluene (25 mL), ethanol (5 mL) and water
(5mL) and the contents were refluxed for 72 h. The reaction mixture was then cooled to room
temperature and water (100 mL) was added. The organic compound was extracted with
dichloromethane, dried over anhyd. MgSO, and then filtered. The solvent was removed under reduced
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pressure and after column chromatography (silica gel, ethylacetate:hexanes (1:3) followed by
methanol) pure product was obtained that was further recrystallized from acetone to yield an off white
solid (0.15 g, 48 %).

'H NMR (CDCls, 300 MHz): § ppm 10.17 (s, 3H), 8.90 (d, J = 8.2 Hz, 2H), 8.48 (d, J = 8.2 Hz, 4H),
8.12 (m, 7H). *C NMR (CDCl;, 75 MHz): § ppm 192.24, 191.80, 164.47, 164.16, 143.05, 142.44,
138.36, 138.30, 130.52, 130.16, 129.36, 128.26, 112.42. MALDI-TOF-MS for CyH;6N,05: 392.0 M*
(calculated: 392.1).

9.2.1.10.  2,4,6-Tris(4-bromophenyl)-1,3,5-triazine (2)

Br

Br
—_—
)
~
CN /©)\N)\©\
Br Br

This compound was prepared as per modified literature procedure.®*! In a 15 ml Schlenk tube under
Argon, was taken triflic acid (4.0 ml, 6.7 g, 44.6 mmol) and cooled to 0 °C. To this was added
4-bromobenzonitrile (1.5 g, 8.2 mmol) in portions and the solution was continued to stir for an hour at
0 °C and then 16 hours at room temperature. The workup was done by pouring the reaction mixture in
100 mL ice cold water and neutralizing the resulting suspension with 25 % ammonia solution. The
precipitate was filtered off, washed with water (2 x 10 mL) acetone (3 x 5 mL) and dried in vacuum to
afford the title compound as off white solid (1.4 g, 94 %).

'H NMR (CDCls, 300 MHz): 5 ppm 8.59 (d, J = 8.4 Hz, 6H), 7.72 (d, J = 8.4 Hz, 6H). *°C NMR
(CDCl,, 75 MHz): 6 ppm 171.37, 135.07, 132.10, 130.55, 127.88.

9.2.1.11. 2,4,6-Tris(4-formylphenyl)-1,3,5-triazine (N3-CHO)

Br CHO

D
N™ N N™ N
| ~ | ~
ﬁNh J@/LNJ\@
Br Br OHC CHO

The synthesis was adapted from literature published procedure with modifications.**? In a Schlenk
flask under Argon flow, a suspension of 2 (0.5 g, 0.9 mmol) in THF (150 mL) was cooled to -78 °C.
To this was added a solution of n-BuLi (1.1 mL, 2.7 mmol, 2.5 M in hexane). The mixture was stirred
for 1 hour and then N-formylpiperidine (0.32 mL, 2.9 mmol) was added. The mixture was stirred for
30 min at -78 °C and then warmed to room temperature. After stirring for an additional 1 h at room
temperature, 5 mL of 0.5 M HCI was added. The mixture was extracted with dichloromethane, dried
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over anhyd. MgSQO, and then filtered. After evaporating the solvent, the residue was obtained as an
off-white solid (0.29 g, 81 %).

'H NMR (C,D,Cl, 70 °C, 300 MHz): & ppm 10.20 (s, 3H), 8.94 (d, J = 8.2 Hz, 6H), 8.13 (d, J = 8.2
Hz, 6H). *C NMR (C,D.Cl,, 70 °C, 75 MHz): & ppm 191.36, 171.16, 140.57, 139.25, 129.60, 129.45,
MALDI-TOF-MS for CysH1sN;05: 393.0 M* (calculated: 393.1).

9.2.1.12. 1,3,5- phenyltriboronic acid tris(pinacol) ester (3)

Br O\B/O

/©\ /@\

Br Br O\B B/O
/ \
(@] (@]

Bis(pinacolato)diboron (4 eq, 10 g, 39 mmol), 1,3,5-tribromobenzene (1 eq, 3.131 g, 9.75 mmol) and
potassium acetate (9 eq, 8.6 g, 87.7mmol) were added to 90 ml of 1,4-dioxane in a 250 ml flask and
degassed by bubbling argon for 30 min. 1,1'-bis(diphenylphosphino)ferrocene-palladium(Il)dichloride
dichloromethane adduct (0.059 eq, 0.575 mmol, 470 mg) was then added and the mixture was heated
at 90 °C for 16 h under an inert Ar atmosphere. The reaction mixture was then allowed to cool down
and 200 ml water was added to it. The resulting solution was extracted with dichloromethane
(3x100 ml); the organic layers were combined, dried over magnesium sulfate and the solvent
removed. To the obtained solid, 100 ml hot heptane was added and the solution was filtered while hot.
The solvent was evaporated and the residue was recrystallized from boiling methanol to obtain large
white needles (2.56 g, 57.6%). Further evaporation from the mother liquor improved the yield.

'H NMR (CDCls, 300 MHz): & (ppm) 8.38 (s, 3H), 1.34 (s, 36H). *C NMR (CDCls,, 75 MHz): &
(ppm) 144.33, 106.72, 83.93, 25.11.

9.2.1.13. 2,2',2"- (1,3,5-benzenetriyl) tris-5-bromo pyridine (4)

3 (leq, 3 g,6.58 mmol), 5-Bromo-2-iodopyridine (4 eq, 7.62 g, 26.3 mmol), cesium carbonate (3 eq,
6.43 g, 19.7 mmol) and potassium carbonate (3 eq, 2.73 g, 19.7 mmol) were added to a mixture of
toluene (193 ml), ethanol (64.3 ml) and water (64.3 ml). The mixture was degassed by bubbling argon
for 30 min. Tetrakis(triphenylphospine)palladium(0) (0.141 eq, 1.07 g, 0.925 mmol) was then added
and stirred first for 8 h at 25 °C and then for 16 h at 90 °C under an argon atmosphere . The reaction
was then allowed to cool down, 200 ml water was added and then extracted with dichloromethane
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(3x100 ml). The organic layers were combined, dried over magnesium sulfate and the solvent
removed. The product was purified by column chromatography over silica gel (10% dichloromethane
in chloroform) and all fractions between the first two yellow bands were collected. To these combined
fractions, 1:1 ethanol was added and the solvent was removed under reduced pressure until
precipitation started. The solid was filtered off to obtain the product as an off-white dense powder
(2.26 g, 62.9%). The product could be further purified by recrystallization from chloroform.

'H NMR (CDCl;, 300 MHz): & (ppm) 8.79 (d, J = 2.28 Hz, 3H), 8.68 (s, 3H), 7.94 (dd, J = 8.39, 2.38
Hz, 3H), 7.84 (d, J = 8.57 Hz, 3H). 3C NMR (CDCl,, 75 MHz):  (ppm) 155.2, 150.99, 139.65,
139.62, 126.07, 122.09, 120.10.

9.2.1.14.  2,2',2"-(1,3,5-benzenetriyl) tris-(pyridine-2-carboxaldehyde) (5)

4 (1 eq, 600 mg, 546.06 mmol) was added to 60 ml of dry tetrahydrofuran in an argon atmosphere.
The mixture was cooled to -78 °C with a acetone/dry ice bath and n-butyllithium (3.3 eqg, 2.5 mol/L in
hexanes, 1.45 ml, 3.63 mmol) was very slowly added and stirred for 1 h. To the cold reaction mixture,
N-formylpiperidine (3.6 eq, 0.439 ml, 3.96 mmol) was added and stirred for another 1 h at -78 °C.
The cold bath was then removed and the reaction mixture was allowed to warm to room temperature
overnight. 20 ml water was then added to the reaction mixture and to stirred for 30 min. The
precipitated solid was filtered off to obtain the crude product which was used for the next step without
purification.
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9.2.1.15.  2,2',2"-(1,3,5- benzenetriyl) tris-(pyridine-2-carboxaldehyde) dimethyl
acetal (6)

5 (1 eq, 360 mg, 0.916 mmol) was added to a mixture of methanol (50 ml), chloroform (50 ml) and
trimethyl orthoformate (100 eg, 10 ml, 91.6 mmol). To this p-toluenesulfonic acid monohydrate
(0.3 eq, 52.2 mg, 0.275 mmol) was added and heated to reflux for 2 h. The cooled reaction mixture
was quenched with 20 ml saturated sodium bicarbonate solution. Water was then added and extracted
with dichloromethane (3x50 ml). The combined organic layers were washed with brine and dried over
anhydrous magnesium sulfate. The solvent was removed under reduced pressure and the solid product
washed with a small amount of diethyl ether (5 ml) and sonicated. After filtration, the product was
obtained as a sticky white solid.

'H NMR (CDCls, 300 MHz): & (ppm) 8.81 (d, J = 2.0 Hz, 3H), 8.78 (s, 3H), 8.01 (d, J = 8.08 Hz,
3H), 7.91 (dd, J = 8.15, 2.07 Hz, 3H) 5.55 (s, 3H), 3.39 (s, 18H). *C NMR (CDCl,, 75 MHz): &
(ppm) 157.14, 148.66, 140.32, 135.72, 132.57, 126.53, 120.65, 101.51, 52.87.

9.2.1.16. 2,2',2"-(1,3,5-benzenetriyl) tris-(pyridine-2-carboxaldehyde), (PTP-CHO)

To a solution of 6 (250 mg, 0.47 mmol) in THF (51 ml), hydrochloric acid (ag. 6M, 10 ml) was
added. The solution was heated at 50 °C for 20 min and then left to stir at 25°C for 16 h. The
precipitate formed was filtered off and washed with water, sodium bicarbonate solution and again
with water. After drying in air, the product was obtained as an off-white powder (153 mg, 82.7 %).

'H NMR (CDCl;, 300 MHz): & (ppm) 10.22 (s, 3H), 9.23 (d, J = 1.38 Hz, 3H), 9.02 (s, 3H), 8.34 (dd,
J=8.12,2.18 Hz, 3H), 8.19 (d, J = 8.08 Hz, 3H).
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9.2.2. Structure Building

Structures were built by considering the molecular geometry of the building blocks, upon which likely
nets were considered. Periodic models were built in either Materials Studio v6.0.0 Copyright © 2011
Accelrys Software or BIOVA Materials Studio 2017 (17.1.0.48) Copyright © 2016 Dassault
Systémes. The symmetry of the models was based on the highest reasonable symmetry based on
experimental and theoretical evidence. Geometry optimizations were performed Forcite using
universal force fields with Ewald electrostatic and van der Waals summations methods.

9.2.3. Characterization techniques

Diffuse reflectance UV-Vis Spectra

Diffuse reflectance UV-visible absorption spectra were measured on a Cary 5000 spectrometer and
referenced to barium sulphate. Absorption spectra were calculated from the reflectance data using the
Kubelka-Munk function.

Diffuse reflectance UV-Vis absorption spectra were collected on a Cary 5000 spectrometer
(referenced to barium sulfate). Absorption spectra were calculated from the reflectance data using the
Kubelka-Munk function.

Elemental analysis

CHNS elemental analyses were performed with a vario EL elemental analyser (Elementar
Analysensysteme GmbH).

IR

Infrared spectra were recorded in attenuated total reflection (ATR) geometry on a PerkinElmer UATR
Two Spectrometer equipped with a diamond crystal and a Perkin Elmer Spectrum BX Il FT-IR
Spectrophotometer equipped with an ATR unit (Smith Detection Dura-Sample 1IR diamond).

Raman

Raman spectra were recorded with a Jobin Yvon Type V 010 labRAM single grating spectrometer
equipped with a double super razor edge filter and a peltier cooled CCD camera in quasi-
backscattering geometry using the linearly polarized 632.817 nm He/Ne gas laser.

SEM/EDX

SEM images were obtained on either a Zeiss Merlin instrument with EsB (energy and angle selective
BSE) and SE (secondary electron) detector or with a VEGA TS 5130MM (TESCAN) instrument with
a SEM-EDX using a Si/Li detector (10kV acceleration voltage, Oxford).

TEM/SAED

TEM was performed with a Philips CM30 ST (300 kV, LaBg cathode). The samples were suspended
in n-butanol and drop-cast onto a lacey carbon film (Plano).

TGA

TGA measurements were performed on NETZSCH STA 409 C/CD at a heating rate of 5K/minute
under Argon and in air.
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Solution NMR
Solution *H and *C NMR spectra were recorded on a Bruker 300-MHz NMR spectrometer.

Sorption

Ad- and desorption measurements were performed on an Autosorb iQ-MP2 (Quantachrome
Instruments, Florida, USA) with argon of 99.9999% purity at 87 K. Prior to the measurements, the
sample was outgassed under high vacuum at 120 °C for at least 12 h. In accordance with the ISO
recommendations multipoint BET tags equal or below the maximum in V - (1 —p/po) were chosen.
The pore size distribution was calculated from Ar adsorption isotherms by non-local density
functional theory (NLDFT) using the “Ar-zeolite/silica cylindrical pores at 87 K kernel (applicable
pore diameters 3.5 A — 1000 A).

SSNMR

The ssSNMR spectra were recorded on a Bruker Avance-I11 400 MHz spectrometer at magnetic field of
9.4 T at the frequencies of 400.1, 100.6 and 40.8 MHz, for *H, **C and *N, respectively. The sample
was packed in a 4-mm ZrO, rotor, which was mounted in a standard double resonance MAS probe
(Bruker). The *C chemical shift was referenced to tetramethylsilane (TMS). *H-"*C and *H-""N cross-
polarization (CP) MAS spectra were recorded with a rotation frequency of 10-12 kHz, using a
ramped-amplitude contact pulse of 5 ms on 'H channel®® and SPINAL64 broadband proton
decoupling with radio frequency power between 70 and 80 kHz.*®*® Cross Polarization with Phase
Inversion (CPPI)"! was performed with polarization inversion time of 40 mks and all other
conditions being the same as in the CP. The reported *H and **C chemical shifts were referenced to
tetramethylsilane (TMS), while the *°N shifts were referenced to nitromethane.

XPS

For X-ray photoelectron spectroscopy (XPS), samples were pressed onto indium foil and the spectra
were collected on an Axis Ultra (Kratos Analytical, Manchester) X-ray photoelectron spectrometer
with charge neutralization. The spectra were referenced with the adventitious carbon 1s peak at
284.80 eV.

XRPD

XRPD pattern were collected at room temperature on a Huber G670 diffractometer or a Stoe Stadi P
diffractometer (Cu-Kal, Johann monochromator Ge(111)) in Debye-Scherrer geometry. The sample
was measured in a glass capillary (1.0 mm). The sample was spun for improved particle statistics. The
powder patterns were analyzed by Rietveld®®! and Pawley®™®! refinement with TOPAS V5.5%! The
peak profile was described by applying the fundamental parameter®* approach as implemented in
TOPAS. The background was modeled with Chebychev polynomials and a 1/X background
correction function to describe the incoherent scattering at low 20. Likely lattice parameters were
refined, constrained only by the symmetry. The anisotropic peak shape, caused by stacking faults and
mismatches in the microstructure, was modelled by a phenomenological model for microstrain.***
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9.3. Supplementary Tables

Table S 9.3-1: List of Molecular crystal structures with their extracted layer distances and layer offsets.

Type CCDC Code centroid -centroid distance  Distance Offset

No EXESAC 3.733 3.706 0.448166264
No 5.286 3.169 4.230748752
No JOPMEI 5.139 3.878 3.372007859
No MIGRID 4.241 3.827 1.827608273
No 5.168 3.206 4.053367489
No NETQOT 4.749 3.468 3.244376211
No NOPFEP 5.030 3.312 3.785704162
No 5.026 3.946 3.112837933
No TECNAR 5.453 4.183 3.498245274
No TPHBEN 4.917 3.320 3.626911772
No 4.932 4.008 2.874118995
No YIHPOU 4.770 3.033 3.681550081
No ZIMMAL 5.908 4.467 3.866571479
No ZZZTCKO01 4.78 3.716 3.006616703
No 4.689 3.369 3.261373944
O\ AJEZOF 4.841 3.721 3.096682095
O\ 4.835 3.695 3.118364956
N, DEZKAV 6.667 3.927 5.387723081
Ny EGUDER 7.579 3.619 6.659135079
N, GINXOR 5.557 4.308 3.510183044
N, GISGEV 4.795 4.000 2.644243748
N, 4.797 3.987 2.667403232
N, HEVVAF 4.827 3.450 3.37600785
O\ 4.823 3.928 2.79859697
N, HUFBIU 6.394 4191 4.828949679
O\ SURGAN 5.893 3.658 4.620225644
O\ SURGER 4.789 3.833 2.870998433
N, 4.789 3.830 2.874999304
N, TAYXEX 5.452 3.655 4.045402205
N, TEDVEE 5.607 4.054 3.873439428
N, YALRIO 5.371 3.482 4.089415239
N, YOHXAW 7.004 3.874 5.835078406
N, YOVBAN 6.322 3.585 5.207250618
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N, DALGED 5.275 3.463 3.979102411
N3 FALWEW 3.860 3.480 1.670089818
N3 FALWIA 3.868 3.503 1.640248457
N3 HIQYUB 6.342 3.391 5.359298741
N3 HIQYUBO1 4573 3.349 3.113924855
N3 SWYIU 6.468 3.276 5.576992738
N3 TPTRAZ 3.910 3.633 1445479505
PTP JEFSOD 5.523 3.963 3.846837662
9.4. Supporting information for A Tunable Azine-Covalent Organic
Framework Platform for Visible Light-Induced Hydrogen
Generation
94.1. Supplementary Figures

“NC\I::LT
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N
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Figure S 1: Synthesis scheme for N3-COF.
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Figure S 3: ®C NMR of 1,3,5-Tris(4-formylphenyl)benzene (No-CHO).
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Figure S 4: "H NMR of 2,4,6-Tris(4-bromophenyl)pyridine (1).
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Figure S 5: *C NMR of 2,4,6-Tris(4-bromophenyl)pyridine (1).
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Figure S 6: 'H NMR of 2,4,6-Tris(4-formylphenyl)pyridine (N;-CHO).
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Figure S 7: **C NMR of 2,4,6-Tris(4-formylphenyl)pyridine (N;-CHO).
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SpinWorks 3: 13C{1H} 2D HMGC
H-1/% correlation via heteronuclear zero- and 7.6

doble-quantum coherence
VEV-N1-Aldehyde in COCI3 I 7.8
J ‘ 8.0
8.2
8.4
8.6
8.8
9.0
9.2
9.4
9.6
9.8
. —10.0

- 10.2
PPM (F1)

T T T T
PPM (RZD 180 170 160 150 140 130 120 110 100
Figure S 8: 2D HMQC NMR of 2,4,6-Tris(4-formylphenyl)pyridine (N;-CHO).
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Figure S 9: 'H NMR of 2,4,6-Tris(4-formylphenyl)pyrimidine (N,-CHO).
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Figure S 10: *C NMR of 2,4,6-Tris(4-formylphenyl)pyrimidine (N,-CHO).
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Figure S 11: 2D HMQC NMR of 2,4,6-Tris(4-formylphenyl)pyrimidine (N,-CHO).
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Figure S 12: *H NMR of 2,4,6-Tris(4-bromophenyl)-1,3,5-triazine (2).
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Figure S 13: *C NMR of 2,4,6-Tris(4-bromophenyl)-1,3,5-triazine (2).
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Figure S 14: 'H NMR of 2,4,6-Tris(4-formylphenyl)-1,3,5-triazine (N3-CHO).
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Figure S 15: **C NMR of 2,4,6-Tris(4-formylphenyl)-1,3,5-triazine (N5-CHO).
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Figure S 16: FT-IR spectra of hydrazine hydrate (green), No-CHO (brown) and No-COF (blue).
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Figure S 17: FT-IR spectra of hydrazine hydrate (green), N;-CHO (brown) and N;-COF (blue).
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Figure S 18: FT-IR spectra of hydrazine hydrate (green), N,-CHO (brown) and N,-COF (blue).
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Figure S 19: FT-IR spectra of hydrazine hydrate (green), Ns-CHO (brown) and N5-COF (blue).
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Figure S 20: A comparison of the Raman (blue) and FT-IR (black) spectra of N,-COFs.
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Figure S 21: SEM images of N,-COFs.
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Figure S 23: TEM images of N;-COF.
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Figure S 25: TEM images of N3-COF.
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Figure S 26: TGA of Ny-COF in Argon.
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Figure S 27: TGA of N;-COF in Argon.
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Figure S 28: TGA of N,-COF in Argon.
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Figure S 29: TGA of N3-COF in Argon.
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Figure S 30: TGA of Np-COF in Air
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Figure S 31: TGA of N;-COF in Air.
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Figure S 32: TGA of N,-COF in Air.
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Figure S 33: TGA of N5;-COF in Air.

Figure S 34: View of the simulated structure of the No-COF along the ¢ axis.
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Figure S 35: View of the simulated structure of the No-COF along the a axis.

Figure S 37: View of the simulated structure of the N;-COF along the a axis.
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Figure S 39: View of the simulated structure of the N,-COF along the a axis.
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Figure S 41: View of the simulated structure of the N5-COF along the a axis.
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Figure S 42: Experimental X-ray powder diffraction pattern of No-COF (black), compared with the simulated
XRPD pattern assuming P3 symmetry (blue).
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Figure S 43: Experimental X-ray powder diffraction pattern of N;-COF (black), compared with the simulated
XRPD pattern assuming P1 symmetry (blug).
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Figure S 44: Experimental X-ray powder diffraction pattern of N,-COF (black), compared with the simulated
XRPD pattern assuming P1 symmetry (blue).
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Figure S 45: Experimental X-ray powder diffraction pattern of N;-COF (black), compared with the simulated
XRPD pattern assuming P6/m symmetry (blue).
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Figure S 46: Argon sorption isotherms of the N,-COFs measured at 87 K. (a) No-COF, (b) N;-COF, (c) N,-
COF, (d) N53-COF.
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Figure S 47: Pore Size Distribution (PSD) of the COFs calculated by non-local density functional theory
(NLDFT) using the “Ar-zeolite/silica cylindrical pores at 87 K kernel accessible in the ASiQwin software.
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Figure S 48: FT-IR spectra of No-COF before (blue) and after (red) photocatalysis.
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Figure S 49: XRPD of No-COF before (blue) and after (red) photocatalysis.
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Figure S 50: Solution *C NMR of the Ny-CHO (black); *C ssNMR of No-COF before (blue) and after (red)
photocatalysis. The peaks have been assigned to the carbons in the respective structures.
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Figure S 51: FT-IR spectra of N;-COF before (blue) and after (red) photocatalysis.
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Figure S 52: XRPD N;-COF before (blue) and after (red) photocatalysis.
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Figure S 53: Solution *C NMR of the N;-CHO (black); **C ssNMR of N;-COF before (blue) and after (red)
photocatalysis. The peaks have been assigned to the carbons in the respective structures.
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Figure S 54: FT-IR spectra of N,-COF before (blue) and after (red) photocatalysis.
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Figure S 55: XRPD N,-COF before (blue) and after (red) photocatalysis.
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Figure S 56: Solution *C NMR of the N,-CHO (black); **C ssNMR of N,-COF before (blue) and after (red)
photocatalysis. The peaks have been assigned to the carbons in the respective structures.
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Figure S 57: FT-IR spectra of N3-COF before (blue) and after (red) photocatalysis.

500

0 10 20 30 40
2-theta (deg.)
Figure S 58: XRPD of N5-COF before (blue) and after (red) photocatalysis.
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Figure S 59: Solution *C NMR of the N3-CHO (black); **C ssNMR of N3-COF before (blue) and after (red)
photocatalysis. The peaks have been assigned to the carbons in the respective structures.
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Figure S 60: SEM images of Ns-COF after photocatalysis: A. with secondary electron detector; B and C with
backscatter detector to provide elemental contrast. The light spots are the Pt nanoparticles, which stay well-
dispersed across the sample.
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Figure S 61: TEM images of N3-COF after photocatalysis. Bright field images and selected area diffraction
pattern were recorded with a CMOS camera (TemCam-F216, TVIPS).
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Figure S 62: Long term photocatalysis study of N;-COF using triethanolamine as sacrificial electron donor.
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Figure S 63: Long term photocatalysis study of N3-COF using ascorbic acid as sacrificial electron donor.
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Figure S 64: Comparison of the photonic efficiency of N,-COFs using different band-pass filters. The error bars
represent the error of the gas chromatograph in integrating the amount of hydrogen evolved. The data for Ng-
COF is of limited use due to its low photonic efficiency and, hence, large errors.
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Figure S 65: Transmission spectra of the band-pass filters used for photonic efficiency calculations.
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Figure S 66: HOMO and LUMO obtained at the PBEO-D3/def2-SVP level of theory for N,-Aldehydes. (a) No-
CHO, (b) N;- Ald, (c) N,- Ald, (d) N;- Ald.

- 189 -



Figure S 67: Difference densities of vertical excitations with highest oscillator strength obtained at the time-
dependent (TD)-PBE0/Def2-SVP level of theory for N,-CHO. (a) No-CHO, (b) N;-CHO, (c¢) N,-CHO, (d) Ns-
CHO. The red isosurfaces depict regions with lower electron density in the excited state whereas green
isosurfaces represent higher electron density in the excited state, both in comparison to the electron density of
the ground state. Inset shows the degenerate energy state.
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Figure S 68: HOMO and LUMO obtained at the PBE0-D3/def2-SVP level of theory for N,-Phenylazines. (a)
No-PhAZ, (b) N;-PhAz, (c) N,-PhAz, (d) Ns-PhAz.
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Figure S 69: Difference densities of vertical excitations with highest oscillator strength obtained at time-
dependent (TD)-PBEO/def2-SVP level of theory for N,-Phenylazines. (a) No-PhAz, (b) N;-PhAz, (c) N,-PhAz,
(d) N3-PhAz. The red isosurfaces depict regions with lower electron density in the excited state whereas green
isosurfaces represent higher electron density in the excited state, both in comparison to the electron density of
the ground state. Inset shows the degenerate energy state.
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Figure S 70: Localization of the HOMO for selected model hexagons with aldehyde- (HxAIl) terminations,
calculated at the PBE0-D3/def2-SVP level of theory.
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Figure S 71: Localization of the LUMO for selected model hexagons with aldehyde-(HxAI) terminations,
calculated at the PBE0-D3/def2-SVP level of theory.
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Figure S 72: Localization of the HOMO for selected model hexagons with hydrazone- (HxHz) terminations,
calculated at the PBE0-D3/def2-SVP level of theory.
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Figure S 73: Localization of the LUMO for selected model hexagons with hydrazone- (HxHz) terminations,
calculated at the PBE0-D3/def2-SVP level of theory.
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Figure S 74: Localization of the HOMO (left; A) and LUMO (right; B) for N3-7H model hexagons with
Phenylazine terminations, calculated at the PBEO-D3/def2-SVP level of theory.
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Figure S 75: Localization of the HOMO (left) and LUMO (right) for two/three layers of the N3-HxAI model
hexagons with aldehyde terminations, calculated at the PBEO-D3/def2-SVP level of theory.

-197 -



HxHz model

Figure S 76: Localization of the HOMO (left) and LUMO (right) for two/three layers of the N
hexagons with hydrazone terminations, calculated at the PBEOQ-D3/def2-SVP level of theory.
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N, N3

Figure S 77: Localization of the HOMO calculated from periodic single points using optimized unit cells at the
DFTB+/mio-1-0 level of theory.
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Figure S 78: Localization of the LUMO calculated from periodic single points using optimized unit cells at the
DFTB+/mio-1-0 level of theory.
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Figure S 79: Plot showing log,, of hydrogen produced (in pmol h* g*) by N,-COFs against average dihedral
angles obtained from the geometry optimized structure of their respective precursor aldehydes.
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Figure S 80: XPS spectra of the N,-COFs. Note that the C 1s peak at the lower binding energy is assigned to the
adventitious carbon and is calibrated to 284.8 eV.
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9.4.2. Supplementary Tables

Table S 9.4-1 Unit cell parameters of N,-COFs obtained from the refinement of the XRPD pattern.

No
Ny
N,
N,

Table S 9.4-2 PE of N,-COFs using four band pass filters.

a b c symmetry
28.91(1) 28.92(1) 3.4 P3
28.45(2) 28.45(2) 3.4 P1
29.08(8) 29.08(8) 3.481(6) P1
28.541(5) 28.541(5) 3.438(3) P6/m
COF | Filter CWL (nm) PE (%)
400 0.17
N3 450 0.44
500 0.26
550 0.039
400 0.088
N, 450 0.19
500 0.083
550 0.020
400 0.038
N 450 0.077
500 0.038
550 0.0085
400 0.0016
No 450 0.0010
500 0.0017
550 0.0003

Table S 9.4-3: Relationship between evolved hydrogen and the BET surface area of N,-COFs.

1
Nx COF

No
Ny
N,
N3

2

H; evolved(Y)

pumol ht g*

23
90
438
1703

3

BET area(2)
m?2 g-l

702

326

1046

1537
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H, evolved normalized by
surface area (Y/Z ratio)

0.0327

0.2761

0.4187
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Table S 9.4-4: Calculated HOMO and LUMO levels for the N,-Aldehydes and the Kohn-Sham band gaps.

Compound HOMO [eV] LUMO [eV] Kohn-Sham band gap [eV]
No-CHO -7.16 -2.28 4.89
N;-CHO -7.11 -2.58 452
N,-CHO -7.36 -2.85 451
N;-CHO -1.71 -2.93 4.78

Table S 9.4-5: Calculated HOMO and LUMO levels for the N,-Phenylazines and the Kohn-Sham band gaps.

Compound HOMO [eV] LUMO [eV] Kohn-Sham band gap [eV]
No-PhAz -6.27 -2.21 4.06
N;-PhAz -6.20 -2.40 3.80
N,-PhAz -6.30 -2.57 3.73
N3z-PhAz -6.50 -2.60 3.89

Table S 9.4-6: Calculated HOMO and LUMO levels for N,-HxAIl model hexagons and the Kohn-Sham band
gaps.

Compound HOMO [eV] LUMO [eV] Kohn-Sham band gap [eV]
Ng-HxAI -5.84 -2.21 3.64
N;-HxXAI -5.82 -2.45 3.37
N,-HxAl -5.88 -2.62 3.26
Ns-HxAl -5.94 -2.66 3.28

Table S 9.4-7: Calculated HOMO and LUMO levels for N,-HxHz model hexagons and the Kohn-Sham band
gaps.

Compound HOMO [eV] LUMO [eV] Kohn-Sham band gap [eV]
No-HxHz -6.34 -2.50 3.85
N;-HxHz -6.32 -2.77 3.55
N,-HxHz -6.45 -2.98 3.47
N3-HxHz -6.77 -3.08 3.69

Table S 9.4-8: Calculated HOMO and LUMO levels for stacks of N,-HxAI model hexagons and the Kohn-
Sham band gaps.

Compound HOMO [eV] LUMO [eV] Kohn-Sham band gap [eV]
1 Layer N3-HXxAI -6.77 -3.08 3.69
2 Layer N3-HxAI -6.41 -3.47 2.93
3 Layer Nz-HxAI -6.25 -3.63 2.62

Table S 9.4-9: Calculated HOMO and LUMO levels for stacks of N,-HxHz model hexagons and the Kohn-
Sham band gaps.

Compound HOMO [eV] LUMO [eV] Kohn-Sham Band gap [eV]
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1 Layer Ns-HxHz -5.94 -2.66 3.28
2 Layer N3-HxHz -5.45 -2.82 2.63
3 Layer N3-HxHz -5.19 -2.80 2.39

Table S 9.4-10: Calculated vertical electron affinities as differences in total energies between radical anionic
and neutral states of N,-HxHz model systems at the PBEO-D3/def2-SVP level of theory.

Compound AE [eV] AAE [eV]

No-HxHz -1.80 0.00

N;-HxHz -1.99 -0.19

N,-HxHz -2.19 -0.39

N3-HxHz -2.25 -0.45
9.4.3. Supplementary Methods

General Synthesis of Nx-COFs
All COFs were prepared by a procedure identical to the one described for the synthesis of Ns-COF.

Synthesis of N;-COF

In a Biotage® 5 mL high precision glass vial, was suspended N3;-CHO (50 mg, 0.13 mmol) in a
mixture 1.0 mL of mesitylene, 1.0 mL of 1,4-dioxane and 100 puL aqueous 6M acetic acid. To the
suspension was then added hydrazine hydrate (10 puL, 50-60 % solution, Sigma Aldrich). The vial was
then sealed and heated in an oil bath at 120 °C for 3 days at autogenous pressure. Thereafter, the vial
was opened and the suspension was filtered and washed with chloroform (2 x 5 mL), acetone (2 X 5
mL) and THF (2 x 5 mL). The solid was dried in an oven at 60 °C to afford N3-COF as light yellow
powder.

Anal. Calcd. for N3-COF (C24NgHs)n: C, 74.40; N, 21.69; H, 3.90. Found: C, 72.36; N, 21.32; H, 4.07.
Anal. Calcd. for N,-COF (CpsHysNs),: C, 77.70; N, 18.12; H, 4.17. Found: C, 71.85; N, 16.21; H, 4.40.
Anal. Calcd. for N;-COF (Cp6H17Ng)n: C, 81.02; N, 14.54; H, 4.45. Found: C, 72.48; N, 12.10; H, 4.55.
Anal. Calcd. for Ng-COF (C,7H1gN3),: C, 84.35; N, 10.93; H, 4.72. Found: C, 80.15; N, 9.99; H, 4.76.

Structure Simulation and X-ray powder Diffraction of COFs

Molecular modeling of the COF was carried out using the Materials Studio (v6.0.0) suite of programs
by Accelrys.®®) The structure was geometry optimized using the MS Forcite molecular dynamics
module (Universal force fields, Ewald summations), and the unit cell parameters were received from
Pawley refinement of the powder pattern. The COFs were modeled with imposed symmetry that is
conceived from the native connectivity and geometry of the building blocks. The length of the ¢ axis
in the refinement of Ny and N; was fixed at 3.4 A, since no stacking peak was observed for these
materials that allowed refinement of this value. The N;-COF and N,-COF were simulated with the
symmetry P1, which is the highest symmetry in these COFs if the aryl nitrogens are ordered. Note
that assuming disorder for the orientation of the pyridine and pyrimidine rings, a higher symmetry
such as P3 is conceivable.

The obtained unit cell parameters and symmetry constraints are summarized in Table S 9.4-1.
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9.5. Supporting information for: Structure-Property-Activity
Relationships in a Pyridine containing Azine-linked Covalent
Organic Framework for Photocatalytic Hydrogen Evolution

9.5.1. Supporting tables

Table S9.5-1: Parameters of Rietveld refinement

PTP-COF
Restraints & | a=b#c; a=p=90°,
constraints y=120°.
Rwp 1.833
a(A) 27.7(8)
b (A) 27.7(8)
c(A) 3.55
a(®) 90
B 90
1O 120

Table S9.5-2: Dihedral angles in PTP-CHO and N,-CHO building blocks obtained from optimized geometries
on the PBEO-D3/def2-TZVP level of theory. Dihedral angles are reported in a clockwise order, starting from the
upward pointing ligand A. Structures of the respective aldehydes can be found in Figure 4-4.

Dihedral Angle [°]

A B c Averag
e
PTP-
CHO 16.3 16.3 -18.4 17.0

No-CHO  39.1 39.1 39.1 39.1
N;-CHO 391 24.2 26.2 29.8
N,-CHO 75 24.4 24.5 18.8
N;-CHO 0.0 0.0 0.0 0.0

Table S9.5-3: Radiative and non-radiative rates of PTP-COF under different experimental conditions

Sample o° 1, ns (amplitude) <t>° ns Kk, (x 107 s)° k, (x 108 s1)°
Solid sample 0.0415 0.32 (10.58%), 1.13 (58.2%) and 3.54 (31.22%) 1.8 2.306 5.325
Water dispersion 0.0209 0.1 (9.73%), 0.57 (44.28%) and 1.55 (45.99%)  0.97 2.155 10.094
Photocatalytic conditions ~ 0.0087 0.09 (14.86%), 0.37 (51.02%) and 1.07 (34.13%)  0.57 1,526 17.391

@ - Quantum yield; T - Fluorscence lifetime fitted to three expoentials; <t> - Amplitude-weighted average lifetime;
k; - radiative rate: k,,, - non-radiative rate.
 hex=380 Nm; P <t> = Saiti/Tay; Ok = O/t ¢ Ky = (1-D)/e
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Table S 9.5-4: Excitation energies for the PTP-CHO building block unit calculated on TD-PBEOQ/def2-TZVP
level of theory.

Excitation  Oscillator Occupied  Virtual Orbital
State Energy Strength Orbitgl Orbital Contribution

[eV] [km/mol] [%]
PTP-CHO 6 4.06 0.8081 HOMO LUMO+1 40.5
No-CHO 5 4.30 0.7813 HOMO LUMO 332
N;-CHO 5 4.22 0.5047 HOMO LUMO+1 90.4
N,-CHO 7 4.25 0.5450 HOMO LUMO+1 817
N;-CHO 9 4.24 0.4739 HOMO-4 LUMO+1 28.1

Table S9.5-5: Calculated vertical radical stabilization energies as differences in total energies between radical
anionic, radical cationic and neutral states of the PTP-CHO model system, PBE0-D3/def2-TZVP level of theory.

Radical Cation Neutral

AVCSE [eV] AVCSE [H] VCSE[H] Total Energy [H] Total Energy [H]
PTP-CHO -0.53 -0.01935494 0.30533824 -1312.19120015 -1312.49653838
No-CHO  -0.52 -0.01928853 0.30540465 -1264.09669101 -1264.40209566
N;-CHO  -0.55 -0.02013946 0.30455372 -1280.13258163 -1280.43713535
N,-CHO -0.34 -0.01231277 0.31238041 -1296.16429579 -1296.47667619
N;-CHO  0.00 0.00000000 0.32469318 -1312.19606741 -1312.52076059

Radical Anion Neutral

AVASE [eV] AVASE [H] VASE[H] Total Energy [H] Total Energy [H]
PTP-CHO 0.34 0.01253149 -0.05811023 -1312.55464862 -1312.49653838
No-CHO  0.59 0.02161944 -0.04902228 -1264.45111794 -1264.40209566
N;-CHO  0.32 0.01176033 -0.05888139 -1280.49601674 -1280.43713535
N,-CHO 0.12 0.00442453 -0.06621719 -1296.54289338 -1296.47667619
N;-CHO  0.00 0.00000000 -0.07064172 -1312.59140231 -1312.52076059

9.5.2. Supporting Figures
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Figure S81: XRPD of PTP-COF synthesized in different solvent systems. DMAc = dimethyl acetamide, 0-DCB
= o-dichlorobenzene.
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Figure S82: Full IR Spectrum of PTP-CHO and PTP-COF.
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Figure S83: 3C ssNMR of PTP-COF. Asterisks denote spinning side bands.
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Figure S84: Rietveld refinement of the PTP-COF shows a good fit to the experimentally observed powder
pattern (Rwp: 1.833)
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Figure S85: BET fit of the surface area of PTP-COF.
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Figure S 86: SEM image of the PTP-COF showing the spherical particles and the intergrown agglomerates.
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Figure S87: Hydrogen evolution under full spectrum light.
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Figure S88: Spectrum of the xenon lamp with the dichroic mirror used for the AM1.5 G photocatalysis
experiments.
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Figure S89: Geometry of the PTP-CHO building block, optimized on PBEO-D3/def2-TZVP level of theory.
Representative dihedral angles are marked in red.

Ny-CHO N;-CHO
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N,-CHO N3-CHO

Figure S90: Geometries of the N, building block units optimized on PBEO-D3/def2-TZVP level of theory.
Representative dihedral angles are marked in red.

HOMO LUMO
Figure S91: HOMO and LUMO of the PTP-CHO building block obtained at PBEQ/def2-TZVP level of theory.
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Figure S92: HOMO and LUMO of the N, building block units obtained at PBEQ/def2-TZVP level of theory.
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Figure S93: Orbital energies and Kohn-Sham Band-Gaps for the PTP-CHO building block in comparison with
the Ny building block units, all data obtained at PBEO/def2-TZVP level of theory.
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Figure S94: Comparison of Kohn-Sham Band-Gaps and excitation energies on PBEO/def2-TZVP
TD-PBEOQ/def2-TZVP level of theory.
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PTP-CHO

N,-CHO

Figure S95: Spin densities of the vertical radical anion for the PTP-CHO building block and the N, building
block units, calculated on PBEQO-D3/def2-TZVP level of theory.
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Figure S96: 300 MHz *H NMR of 2 in CDCls.
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Figure S97: 75 MHz *C NMR of 2 in CDCls.
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Figure S98: 300 MHz *H NMR of 3 in CDCls.
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Figure S99: 75 MHz *C NMR of 3 in CDCls.
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Figure $100: 300 MHz *H NMR of 5 in CDCls.
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Figure S101: 75 MHz **C NMR of 5 in CDCl,.
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Figure $102: 300 MHz *H NMR of PTP-CHO in CDCls.
9.6. Supporting information for Tuning the optical band gaps of

Covalent organic frameworks for efficient solar light absorption

and photocatalytic hydrogen evolution

Table S 9.6-1: Rietveld refinement of the H-BTI- and OH-BTI-COF showing their respective unit cell

parameters for comparison.

Fitted Pattern H-BTI-COFF™ OH-BTI-COF
Space group P-6 P-6
constraints - -

Rwp (%) 8.735 2.141

a(A) 17.733 (4) 17.457 (4)

b (A) 17.733 (4) 17.457 (4)
c(A) 3.483 (5) 3.330 (5)

0. (°) 90 90

Q) 90 20

v (°) 120 120
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9.7. Supporting information for: Tuning the Stacking Behaviour of a
2D Covalent Organic Framework through non-covalent
Interactions

9.7.1. Methods

Synthesis

Tris(4-formylphenyl)triazine (TT-CHO) and tris(4-aminophenyl)triazine (TT-NH2) were synthesized
according to literature procedures.!* Tris(4-aminophenyl)benzene (TB-NH2) was obtained from TCI
Chemicals.

Triazine-triazine-triphenyl-imine (TTI-COF):**! TT-CHO (0.0635 mmol, 25.0 mg), TT-NH2 (0.0635
mmol, 22.5 mg), mesitylene (2.5 ml ), 1,4-dioxane (2.5 ml), agueous acetic acid (0.794 mmol, 6M,
0.132 ml) were added successively to a Biotage® precision glass vial, sealed and heated under
autogenous pressure at 120°C for 72 h. After the reaction was allowed to cool down, the reaction
mixture was filtered and washed thoroughly with ethanol, water, tetrahydrofuran and chloroform and
then dried in high dynamic vacuum overnight.

Triazine benzene triphenyl imine (TBI-COF): TB-NH2 (0.032 mmol, 12.1 mg), TT-CHO (0.032
mmol, 12.6 mg), mesitylene (0.5 ml ), 1,4-dioxane (0.5 ml), aqueous acetic acid (6M, 0.5 ml) were
added successively to a Biotage® precision glass vial, sealed and heated under autogenous pressure at
155°C for 45 min. Afterwards the reaction vial was placed in a muffle furnace and heated at 120°C
for 72 h. After the reaction was allowed to cool down, the reaction mixture was filtered and washed
thoroughly with dimethylformamide, tetrahydrofuran and dichloromethane and then dried in a
desiccator.

Model construction

Models of the structures were produced in Materials Studio v6.0.0 Copyright © 2011 Accelrys
Software using of the Forcite Geometry optimizations with universal force fields with Ewald
electrostatic and van der Waals summations methods.

SEM

SEM SE (secondary electron) detector images were obtained on either a Zeiss Merlin or a VEGA TS
5130MM (TESCAN).

TEM/SAED

TEM was performed with a Philips CM30 ST (300 kV, LaBg cathode). The samples were suspended
in n-butanol and drop-cast onto a lacey carbon film (Plano). The images were recorded with a
CMOSS camera F216 (TVIPS)

XRPD

XRPD patterns were collected at room temperature on a Stoe Stadi-P Diffractometer (Cu-Kal (A =
1.540596 A), Ge(111) Johann monochromator, Mythen 1K detector with an opening angle of 12.5°)
in Debye-Scherrer geometry. The samples were measured inside sealed glass capillaries (¢ 1.0 mm
capillary from Hilgenberg, glass no. 14). For improved particle statistics the samples were spun. The
samples were measured from 2° to 60° 20 over 20 hours.
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Structural refinement

The powder patterns were analyzed by Rietveld refinement®®? using the range from 2-30 ° 20 with
TOPAS V5. 8 The peak profile was described by applying the fundamental parameter®?® approach
as implemented in TOPAS. The background was modeled with Chebychev polynomials and for the
TBI-COF a 1/X background correction function was additionally used to describe the incoherent
scattering at low 2. Lattice parameters were refined freely for TBI-COF and with constraints (a=b
and o = B) for TTI-COF. For the TBI-COF a one layer structural model was refined, whereas for TTI-
COF two layers were used and their shift with respect to each other was refined. The anisotropic peak
shape, caused by stacking faults and mismatches in the microstructure, was modelled by a
phenomenological model for microstrain.>*! In order to keep correlation to an absolute minimum the
same constraints were used as for the lattice parameters using only used the S400 and S004
parameters.

Rwp is defined in TOPAS as:

R _ ZWm(Yo,m_Yc,m)z 1/2 (1)
wp ™ Zmeo,m2

with Y, and Y. being the observed and calculated data, respectively, at point m, wy, is the weighting

which accounts for counting statistics by wy, = 1/0(Y, ,,)? with the error of intensity (o (Y, ).

Disorder simulations

DIFFaX Simulations® were performed by construction of one layer unit cell based on the structural
model of TBI-COF obtained by DFT calculations. The optimal stacking was taken from the offset
present in the unit cell obtained from DFT. The simulation included Gaussian broadening (0.15 trim).
The stacking probability was varied sequentially from 99.9% uniform to 50%-50% random stacking,
by the use of layer transition probabilities indifferent directions, as indicated next to the DIFFaxX
simulated XRPD pattern (Figure 5-9).

Theory

Quantum Espresso 5.1 was used for theoretical investigation of geometry-optimized unit cell and
energy landscape. The Perdew-Burke-Ernzerhof (PBE) functional®®® was employed together with
normconserving Martins-Troullier pseudopotentials.?®? The cut-off was set to 60 Ry and a 2 x 2 x 2
k-point grid was used for the unit cell which included two COF sheets. A semi-empirical van-der-
Waals interaction was added to account for dispersive interactions between sheets.?""

The energy landscape of two sheets displaced from their equilibrium position was calculated by using
two isolated layers from the converged structural optimization and displacing laterally one layer with
respect to the other by given distances. The layer-layer distance perpendicular to the a-b plane (c*)
was held constant. Single-point energy calculations were performed at each lateral displacement using
the Gamma point only. The two layers were separated from the next unit cell along the z-direction by
>15 A of vacuum.
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9.7.2.

Supplementary Tables

Table S 9.7-1: Obtained values for the Pawley refinement of the TTI-COF for different models. a) This value
could not be refined due to the lack of reflections containing a ¢ component. Therefore this value was fixed at
the distance obtained from the force field geometry optimization.

TTl-eclipsed TTI-oblong TTI-slipped TBI-eclipsed
Schematic | s a5 —_— e
representation | E—— o™ = ——————
Restraints & | a=b#c; a = B =90°, | atb#c; a=P=90° | a=b#c; o = P, | a=b#c;a=p=90°
constraints vy =120° y =120°. vy =120° y =120°.
Rwp 9.319 5.359 4.461 1.365
a(A) 25.272 (19) 25.390 (6) 26.029 (6) 24.359 (3)
b (A) 25.272 (19) 24.175 (6) 26.029 (6) 24.359 (3)
c(A) 3.545 (8) 3.4997 (12) 3.5190 (8) 3.59
a(®) 90 90 80.180 (12) 90
B 90 90 80.180 (12) 90
v (°) 120 120 120 120

Table S9.7-2: Unit cell parameters for the refined and calculated structures. The XRPD refinement was
performed with a one layer unit cell. The DFT was done with a two layer unit cell to compare alternate and
parallel direction stacking.

TTI-COF TBI-COF
Unit  cell | XRPD DFT (imine | DFT (imine | XRPD Rietveld | DFT (imine | DFT (imine
parameter Rietveld parallel) antiparallel) | Refinement parallel) antiparallel)
Refinement
a(A) 25.840963 25.488 25.551 24.336(0.003) 25.702 25.780
b (A) 25.884321 25.476 25.583 24.336(0.003) 25.612 25.500
c(A) 7.101546 7.084 6.988 7.0 7.126 7.046
a(°) 83.64200 77.616 76.933 90 71.622 73.856
B(®) 82.93933 77.464 77.699 90 88.458 89.380
v (®) 121.57261 119.882 120.380 120 119.978 119.621
9.7.3. Supplementary Figures
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Figure S103: IR spectra of the TTI-COF and the TBI-COF show the transformation of the aldehyde and amine
precursors to the corresponding imines. This is evident by the disappearance of the C=0 stretch (1698 cm™) and
the CO-H vibrations (2819 and 2730 cm™) in the precursor aldehyde (TT-CHO), the disappearance of the N-H
vibrations (3500-3200 cm™) of the TT-NH2 precursor and (3500-3200 cm™) of the TB-NH2 precursor, as well
as the appearance of the imine C=N stretch TTI-COF (1628 cm™) and TBI-COF at (1621 cm™).
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Figure S104: Sorption isotherms with Argon at 87K (right) of the TBI and the TTI-COF
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Figure S105: BET fit of the TTI-COF (left) and the TBI-COF (right).
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IIC3II 0 C3

pores

Figure S106: Illustration of the different possible relative orientations of the imine groups that could lead to
different conformations. While the “C3” pores are only composed of imines with a rotational symmetry (right
drawings), the imines in the “oblong” pores are rotated clockwise and anticlockwise.

Figure S107: SEM images of the two COFs: TTI-COF on the left, TBI-COF on the right.
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Figure S108: TEM images of the TTI-COF showing the hexagonal pore structure (left) and the bending of the
crystallites/pores (right).
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Figure S109: Visualization of the view in the a-b plane of the TTI-COF with parallel imines (top) and
antiparallel imines (bottom) as obtained from the periodic boundary DFT calculations.

9.8. Supporting Information for: Topochemical conversion of an
imine- into a thiazole-linked covalent organic framework
enabling real-structure analysis

9.8.1. Supplementary Methods

Materials

Tris(4-formylphenyl)triazine (TT-CHO),*! tris(4-aminophenyl)triazine (TT-NH2),'! tetra(4-
formylphenyl)pyrene®®*! were synthesized according to literature procedures. All other chemicals
were obtained from commercial sources.
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Synthesis

TTI-COF was synthesized as previously described.* 2”®! TT-NH2 (0.0635 mmol, 22.5 mg), TT-
CHO (0.0635 mmol, 25.0 mg), 1,4-dioxane (2.5 ml), mesitylene (2.5 ml), aqueous acetic acid
(0.794 mmol, 6M, 0.132 ml) were added to a Biotage® precision glass vial, sealed and heated under
autogenous pressure at 120°C for 72 h. After the reaction was allowed to cool down, the reaction
mixture was filtered and washed thoroughly with ethanol, water, tetrahydrofuran and chloroform and
then dried in high dynamic vacuum overnight.

Pyrene tetra(phenyl) biphenyl imine PBI-COF was synthesized from tetra(4-formylphenyl)pyrene and
diaminobiphenyl according to the literature procedure. !

SEM/EDX

SEM SE (secondary electron) detector images were obtained on either a Zeiss Merlin or a VEGA TS
5130MM (TESCAN) with a SEM-EDX using a Si/Li detector (10kV acceleration voltage, Oxford).

FT-IR

Infrared spectra were recorded in attenuated total reflection (ATR) geometry on a PerkinElmer UATR
Two equipped with a diamond crystal.

Sorption

Sorption measurements were performed on a Quantachrome Instruments Autosorb iQ MP with Argon
at 87K. The pore size distribution was determined from argon adsorption isotherms using the QSDFT
cylindrical pores in carbon model for argon at 87 K.

Elemental analysis

CHNS elemental analyses were performed with a Vario EL elemental analyser (Elementar
Analysensysteme GmbH).

9.8.2. Supplemental Tables and Figures

Table S 3: N-NMR chemical shifts for all three distinct TTT-COF sections (Figure S 112, Figure S 113,
Figure S 114), obtained on B97-2/def2-TZVP level of theory.

NMR Chemical Shift [ppm]

Atom Label Atom TTT-Section 1 TTT-Section 2 TTT-Section 3 Average
1(69 N -131.35 -130.90 -133.51 -131.92
10 (59 N -76.67 -76.66 -76.72 -76.68
18 (6) N -136.41 -134.18 -134.37 -134.99
33 (69 N -134.06 -134.64 -132.60 -133.77
38 (6 N -134.29 -131.80 -133.79 -133.29
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Table S 4: C-NMR chemical shifts for all three distinct TTT-COF sections, obtained on B97-2/def2-TZVP
level of theory.

NMR Chemical Shift [ppm]

Atom Label Atom TTT-Section 1 TTT-Section 2 TTT-Section 3 Average
2 (19 C 179.89 180.64 179.36 179.96
3 C 146.95 146.97 146.92 146.95
4 C 138.17 138.17 138.09 138.14
5 C 135.46 135.43 135.46 135.45
6 C 145.62 145.69 145.57 145.63
7 C 135.65 135.67 135.71 135.67
8 C 137.88 138.00 137.90 137.92
9 (29 C 182.95 182.98 183.01 182.98
1139 Cc 166.48 166.51 166.56 166.52
12 Cc 146.54 146.55 146.52 146.54
13 Cc 131.31 131.47 131.40 131.39
14 Cc 141.05 141.09 141.10 141.08
15 Cc 135.73 135.70 135.80 135.74
16 Cc 130.85 130.85 130.85 130.85
17 (19 Cc 179.59 180.27 180.90 180.25

Table S 5: ®™N-NMR chemical shifts for all three distinct TTI-COF sections, obtained on B97-2/def2-TZVP
level of theory.

NMR Chemical Shift [ppm]

Atom Label Atom TTI-Section 1 TTI-Section 2 TTI-Section 3 Average
8 (5) N -50.84 -51.68 -51.03 -51.18
16 (6) N -130.23 -129.46 -129.36 -129.68
26 (6) N -128.71 -131.14 -130.75 -130.20
38 (6) N -134.33 -134.14 -134.88 -134.45
39 (6) N -131.81 -131.58 -131.87 -131.75
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Table S 6: *C-NMR chemical shifts for all three distinct TTI-COF sections, obtained on B97-2/def2-TZVP
level of theory.

NMR Chemical Shift [ppm]

Atom Label Atom TTI-Section 1 TTI-Section 2 TTI-Section 3 Average
9(3) C 164.28 164.13 164.40 164.27
10 (4) C 122.39 122.32 122.43 122.38

11 C 139.64 139.71 139.71 139.69
12 C 143.12 143.20 142.95 143.09
13 C 139.42 139.38 139.34 139.38
14 C 134.95 135.14 134.86 134.98
15 (1) C 181.01 181.11 180.82 180.98
27 (1) C 181.75 180.50 181.14 181.13
28 C 148.13 148.00 148.23 148.12
29 C 138.41 138.28 138.33 138.34
30 C 135.31 135.25 135.29 135.29
31 C 148.44 148.35 148.29 148.36
32 C 140.50 140.69 140.55 140.58
33 C 138.17 138.22 138.27 138.22
34 (2) C 168.63 168.57 168.68 168.62

Figure S 110: Optimized geometry for a single TTT-COF pore, excised from a 2x2 supercell obtained from
periodic calculations on PBE-D3/def2-TZVP level of theory using 5x5 k-points.
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Figure S 111: Optimized geometry for a single TTI-COF pore, excised from a 2x2 supercell obtained from
periodic calculations on PBE-D3/def2-TZVP level of theory using 5x5 k-points.

Figure S 113: Relevant atom labels for the excised TTI-Section from the optimized geometry of the COF.
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Figure S 114: Dihedral angles for all imine bonds within the optimized geometry of a single TTI-COF ring,
identifying three distinct sections: Section-1, 32.9°; Section-2, 32.2°; Section-3, 33.2°. Corresponding sections
were also selected for the TTT-COF pore.
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PBI-COF

Figure S 115: Schematic of the formation of the PBI-COF from the molecular precursors benzidine and
tetra(formylphenyl) pyrene under reversible conditions. The PBI-COF is then transformed into the PBT-COF by
reaction with sulfur.
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Figure S 116: *C ssNMR of the PBI-COF (red) and PBT-COF (black) with the tentative assignment of the
characteristic peaks. The peak indicated by the asterisk points towards residual aldehyde left from the COF
synthesis, which is gone after the sulfur incorporation.
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Figure S 117: Zoomed section of the IR spectra of the TTI- and TTT-COF showing significant changes between
the imine and the thiazole-based COFs.

= 1
3 1602 cm
(]
Q
c
I
€
(2]
c
©
= 1622cm
—— PBT-COF
1680 1660 1640 1620 1600 1580 —— PBI-COF
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure S 118: IR spectra of the PBT- and the PBI-COF, where the enlarged inset shows the region of the
characteristic imine vibration (1622 cm™) in the PBI-COF that is lost upon transformation to the thiazole. The
corresponding thiazole vibration can be assigned to the band at 1602 cm™.
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Table S 7: Elemental analysis of the TTT-COF and the TTI-COF.

TTT-COF C N H S
Measured 66.09 (10) 15.11 (17) 2.68 (14) 13.56 (22)
Expected 68.95 16.08 2.70 12.27
TTI-COF™I C N H S
Measured 76.85 18.37 3.79 -
Expected 77.91 18.17 3.92 -

Figure S 119:

1/[W((PolP) - 1)]

Figure S 120: BET fit of TTT-COF (left) and TTI-COF (right).

30pm

' Electron Image 1

30pm T SKat

SEM image of the TTT-COF (left) and the corresponding EDX map of sulfur (right), where the
dark areas indicate the substrate. Due to the instrument-inherent drift, higher resolution of the EDX mapping
was not possible.

0.351
0.304
0.254
0.204
0.154
0.104
0.054

= TTT-COF
linear fit

1/[W((Po/P)-1)]

0.00 ; . . . \
0.00 0.05 0.10 0.15 0.20 0.25

Relative Pressure (P/Po)

- 234 -

0.351
0.304
0.251
0.204
0.154
0.104
0.051

= TTI-COF
linear fit

0.00 ; . . . \
0.00 0.05 0.10 0.15 0.20 0.25

Relative Pressure (P/Po)




1.4 4

1.2

—— TTI-COF
' —— TTT-COF
1.0 H

0.8

dv(d)

0.6 +

0.4

0.2 4

0.0 4

T T T T
0 1 2 3 4 5 6 7 8 9 10
Pore width (nm)

Figure S 121: Pore size distribution (PSD) of the TTI-COF and the TTI-COF calculated from Argon isotherms
with a QSDFT model based on carbon. The PSD exhibits a small reduction of the average pore size from the
TTI-COF to the TTT- COF that matches well with the respective structure models.
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Figure S 122: Comparison of the XRPD patterns of the randomly stacked (rs) TTI-COF, the TTI-COF (see also
ref: "8 and the TTT-COF.
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Table S 8: Rietveld refinement of the TTI- and TTT-COF showing their respective unit cell parameters for

comparison.
Fitted Pattern TTI-COF¥™ rs-TTI-COF TTT-COF
Space group P1 P63/m P6./m
constraints a=b;a=p - -
Rwp (%) 7.135 11.014 11.091
a(A) 26.060 (8) 25.244 (8) 24.478 (5)
b (A) 26.060 (8) 25.244 (8) 24.478 (5)
c (A) 7.348 (5) 6.905 (7) 7.002 (5)
a (%) 80.151 (3) 90 90
B () 80.151 (3) 90 90
7 () 120 120 120
002
0 (s7TI-COF ~ | =5 eor (002)
g —— TTT-COF =
3 S
< >
2 D
z 5
c 110 200
@ (110)  |(200) =
= £
4 6 7 8 20 21 22 23 24 25 26 27 28 29
2 theta (°) 2 theta (°)

Figure S 123: Close-up of the XRPD patterns of TTI-COF and TTT-COF showing the shift in the unit cell

dimensions (left) and in interlayer distance (right).
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Figure S 124: Two conformational isomers in the TTI-COF showing parallel offset (left), with small structural
differences between the conformers. However, transformation of these conformers into their respective thiazoles
leads to the generation of bending instead of offsets.

Conformer 2

Table S 9 Rietveld analysis of the TTT-COF using different structure models.

Applied Model imine-model thiazole-model
Space group P6s/m P6s/m

Rwp (%) 16.237 11.091

a(A) 24.514 (8) 24.478 (5)

b (A) 24514 (8) 24.478 (5)
c(A) 7.013 (6) 7.002 (5)

a(°) 90 90

B () 90 90

7 () 120 120
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Figure S 125: Full XRPD of the TTT-COF, along with the calculated peak positions of alpha and beta sulfur,
shows the absence of sulfur reflections.
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Figure S 126: XRPD of the PBT- (top) and the PBI-COF (bottom) showing the retention of crystallinity after
sulfur incorporation and a good match to the Rietveld fit of the respective models.
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Table S 10: Rietveld refinement of the PBI- and PBT-COFs showing their respective unit cell parameters for
comparison.

Fitted Pattern PBI-COF PBT-COF
Space group P1 P1
constraints a=b;a=p a=b;a=p
Rwp (%) 1.661 3.090
a(A) 28.37 (13) 27.77 (18)
b (A) 28.37 (13) 27.77 (18)
c(A) 3.915 (16) 4.00 (5)

a (%) 78.1(1.3) 76.4 (1.6)
B 78.1(1.3) 76.4 (1.6)
0) 82.3 (5) 84.0 (7)

Figure S 127: Simulated unit cells of the PBI-COF (left) and the PBT-COF (right).
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Figure S 129: Different degrees of electron beam damage after 8 minutes of exposure to the electron beam to the
TTI-COF (top) and the TTT-COF (bottom) at identical magnifications and electron flux, evident by the
reduction of visible lattice fringes.
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Figure S 130: Fitted exponential decays to the peak positions in the fourier transforms of the TEM images.

Table S 11: Exemplary fit parameters for the exponential decay in Figure 6-12.

Model ExpDecl

Equation y = Al*exp(-x/t1) + y0

Plot TTI-COF TTT-COF

y0 1.64151 + 0.01001 1.63748 £ 0.00889
Al 0.2582 + 0.01256 0.26629 + 0.00923
tl 1.87451 £ 0.22461 3.20317 £ 0.26763
ty (half life time) 1.29931 + 0.15568 2.22027 £ 0.18550
Reduced Chi-Sqr 9.14005E-5 2.24183E-5
R-Square(COD) 0.99564 0.99933

Adj. R-Square 0.99127 0.99798

Figure S 131: Defocus series of a crystallite of the TTT-COF in the TEM viewed along [001].
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Figure S 133: Defocus series of the TTT-COF viewed along [100].

9.8.3. Supplemental Discussion

Molecular nature of edge dislocation in TTT-COF

The molecular nature of the edge dislocation could be described by either a columnar linker vacancy
or an out-of-plane growth that resembles a five and a seven membered ring such as spirals (Figure S
134, Figure S 135, Figure 6-13 P-Q). However, the formation of an actual five or a seven membered
ring within the COF plane is not possible, since TTI-COF and by extension TTT-COF is composed of
two different building blocks that always have to alternate due to their molecular functionalities — the
aldehyde building block can only form a bond with the amine and vice versa (Figure 6-14, A). While
true (i.e. in-plane) five and seven-membered rings are not possible in C3-C3 linked COFs, the same
does not apply for C3-C2 linked COFs. The latter have less binding and geometry constraints that
render the formation of rings with five or seven edges possible. The combination of C3-C3 COFs
could thus be used as a strategy for improving crystallinity in 2D COFs by making these in-plane
defects less favorable.

In C3+C2 systems the formation of pentagonal or heptagonal rings is possible as the alternation is not
between corners but between edge and corner nodes (see Figure S 134). Of course an uneven number
of building blocks in these structures is also not possible, but the twice as high number of building
blocks involved in the ring formation (i.e. building blocks in C2+C3 always have to come “in pairs”)
results in a higher conformational flexibility that makes these pentagonal and heptagonal rings more
likely. However, connecting one layer to the next in C3+C3 systems via a fivefold or a sevenfold
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screw axis would allow all valences of the linkers to be saturated (Figure S 135, B, C and D). The
introduction of such an edge dislocation into the structure would lead to significant localized strain,
caused by the unit cell mismatch as well as the bending strain imposed by the presence of screw axes
as they deviate from the ideal angle of 120° in a hexagon. However, such strain and deviation from
the ideal structure of the COF matches the observed large reflection broadening that is usually present
in COFs. This is in contrast to a model involving a column of vacancies as in Figure 6-13 Q, Figure S
135, Figure 6-14 E, running uniformly along the c-direction, where the amount of strain should be
much smaller but a large number of linker end groups would remain at the site of the edge dislocation
after COF formation. However, it is considered rather unlikely that an in-plane vacancy acts as a
“seed” for a column of identical vacancies forming along the out-of-plane direction as sketched in

2 0
Tua g

Figure S 134: Comparison of C3+C3 systems with C3+C2 based systems with regard to their ability to produce
pentagonal and heptagonal rings.

A

& %%

Figure S 135: Visualizing the formation of screw dislocations in COFs. A: Schematic of the different kinds of
possible (6) and impossible (5,7) in-plane connectivity in a COF composed of two complementary building
blocks (green and blue triangles) where alternation between the blue and green triangles enables only even-
membered rings. B: Screw axis with an odd number of members per turn, maintaining both in-plane and out-of
plane alternation, which look in projection like an odd numbered ring. C, E: View onto the hexagonal plane of
the COF with an edge dislocation composed of a vacancy (E) or a screw axis (C). D: Visualization along the
COF layers showing the connection of layers by the screw axis, with a greatly exaggerated interlayer distance.
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9.9. Supporting information for: Synthesis of a stilbene based polymer
by controlled thermal transformation of an azine covalent organic

framework
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Figure S 136: ssNMR of the reaction progress of the pyrolysis after 0 h (N3-COF), 24 h (intermediate) and 48 h
(Ns-PP).

N3-COF N3-PP

Figure S 137: Schematic anti-symmetric stretching deformation of the phenyl-azine and phenyl-ethyene bond
together with a phenyl ring stretching mode bond in N;-COF and Ns-PP calculated to be at 514 cm™ and
597 cm™, respectively.
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Figure S 138: IR spectra of p-dimethyl-stilbene and -benzaldazine. Data obtained with permission.*¢ %!
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Figure S 139: IR spectra of p-dinitro -stilbene and -benzaldazine. Data obtained with permission.1*¢"- 3
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Figure S 140: IR spectra of stilbene and benzaldazine. Data obtained with permission.E: 370
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