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Abstract 

Covalent organic frameworks (COFs) are a new and emerging class of porous and crystalline 

materials that are formed via the connection of organic subunits through covalent bonds. 

Their great structural flexibility allows for the realisation of COFs based on a modular 

principle, where the respective building blocks can be hand-picked and designed regarding 

features like pore size, pore geometry or specific functionalities of the resulting material. 

Potential for application has been demonstrated amongst others in gas storage, gas separation, 

sensing, drug delivery or (opto)electronics. 

As COFs are polymers linked in two or three dimensions, the realisation of crystalline 

materials is challenging and only possible when the covalent bond formation mechanism is 

reversible, allowing the network to self-heal during synthesis. This healing mechanism, 

however, is only applicable to a limited number of attachment and detachment cycles until the 

building blocks get ultimately trapped in the growing network. This way, defects are 

inevitably incorporated in the resulting COF. Building blocks that are used in conventional 

2D COF syntheses exhibit a combination of two properties potentially fraught with problems: 

(1) They prefer to stack with a lateral offset and (2) exhibit symmetry elements like rotational 

axes. Due to symmetry reasons, there is hence no preferred direction for the offset of adjacent 

COF layers. When growing islands on top of a perfect layer feature different offsets along 

symmetry-equivalent directions, they cannot merge into each other, resulting in lattice strain, 

defects and an overall compromised crystallinity. 

Potential applications like optoelectronic devices would benefit to a great extent from highly 

crystalline, error-free domains for successful charge-transport, so the first part of this thesis is 

focused on the realisation of COFs with a very high degree of order. By applying 

tetraphenylethylene building blocks with a unique propeller-shaped three dimensional 

geometry, the individual COF sheets are locked in place as the molecules can stack perfectly 

eclipsed upon each other like puzzle pieces. Each building block can act as a docking site for 

newly attaching molecules during crystal growth, preventing stacking faults and dislocations. 

Studying a series of COFs comprising different linear linkers enabled us to observe that the 

molecular conformation of the bridge itself plays a crucial role in the realisation of error-free 

crystallites. To ensure that only the correct propeller enantiomer is incorporated within one 



 

 

 

COF domain, bridges with C2 rotational axis synchronize adjacent core molecules by 

transmitting configurational information from one propeller to the other. 

In the next part of this thesis, we extended our lock-and-key concept further and made it 

accessible to a broader range of bridging units. Switching from our initial building block that 

enforces strictly eclipsed packing to a tightly π-stacked central core unit that enables offset-

stacking, we were able to realise conjugated COF single crystallites on the order of 0.5 μm. 

The armchair conformation of the tetraphenylpyrene core is synchronised via flat and rigid π-

stacked bridges, which additionally allow for electronic communication between all subunits 

of the framework. Tuning the electron density of the bridging entitiy we were further able to 

modulate the optoelectronic properties of the respective COFs. 

In the third part of this thesis we used our docking concept to realise highly crystalline and 

stable COF films that can change their electronic structure reversibly depending on the 

surrounding atmosphere. By combining electron-rich and -deficient building blocks, we 

synthesised the first solvatochromic COFs that show a strong charge-transfer induced colour 

change when exposed to humidity or solvent vapours. The extent of the colour change is 

dependent on the vapour concentration and the solvent polarity, allowing for contactless 

sensing of probe molecules. The growth of the COFs as oriented films guarantees highly 

accessible pores and thus ultrafast response times below 200 ms, outperforming even 

commercially available sensing devices. As a proof of concept, we constructed a humidity 

sensor with full reversibility and stability over at least 4000 cycles by applying a 

solvatochromic COF film as a light filter between a LED and a photoresistor. 

Although many intriguing functionalities have been demonstrated with COFs, reversible 

structural flexibility has not been reported for 2D COFs yet. We surmised that a high degree 

of lateral displacement between individual COF layers combined with tightly interlocked π-

stacks would enable the linear bridging units to move almost freely upon applying an external 

stimulus. Indeed, the design of multidentate COF linkers based on perylene-3,4,9,10-

tetracarboxylic acid diimide allowed us to realise the first breathing 2D COFs that reversibly 

change their crystal and electronic structure when in contact with solvent molecules. During 

these “wine-rack” breathing transitions, the distance between the perylene-3,4,9,10-

tetracarboxylic acid diimides can be tuned, allowing for switching on and off in-plane 

electronic coupling. Taking this concept further, we showed that slight modifications of the 

linear bridging unit can again inhibit the dynamic response due to steric effects. 



 

 

The last part of this thesis was focused on structural requirements of building blocks for 

constructing large-pore COFs. We elaborated boundary conditions for linear bridging units as 

well as multidentate building blocks, taking into account multiple aspects like building block 

offset, alkyl chain packing and tilt angles. To achieve crystalline packing in such large-pore 

COF systems, we established that both building blocks have to be matched appropriately, 

allowing the COF to adapt one single, well-defined structure. 

In conclusion, this thesis has been focused on exploring the fundamental relationships 

between linker design and resulting structural and functional characteristics of the respective 

covalent organic framework. The ability to realise highly crystalline networks with reversibly 

tuneable electronic, optical and geometric properties will help this young class of materials to 

evolve from a purely academic field of research and broaden the scope of possible 

applications. 
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1 Introduction 

1.1 Reticular chemistry – from molecules to networks 

Humankind has ever since benefited from the unique properties of porous substances and we 

come across this class of materials constantly on a day-to-day basis. On the one hand, there 

are such rather obvious characteristics like the insulating capabilities of bricks due to 

encapsulated air or the sieving effect of a coffee filter that make our daily lives easier without 

us even noticing. On the other hand, we make use of and manipulate more subtle properties 

like the adsorption capabilities of activated carbon for purification purposes or ion exchange 

in zeolites for water softening. There are many more fields of research that would benefit 

from custom-made porous compounds, helping to promote progress on environmental, 

medical or scientific issues. It is therefore hardly surprising that great efforts are made to 

ultimately master the art of tailoring porous materials towards specifically defined 

applications. 

 

Figure 1.1   The basic principles of reticular chemistry. Cutting a desired target network into its 

geometric building blocks and finding molecular equivalents to these subunits allows for constructing 

a framework with predefined properties from scratch. 

It was 2003 when the term „reticular synthesis‟ was born, describing a new approach for the 

rational design of porous solid-state materials. The hitherto common way of synthesising new 

solid-state materials, referred to as “shake and bake‟, „mix and wait‟ and „heat and beat‟”,
[1]

 is 

depicted as a complex process where the resulting products have generally little in common 

with the bonding and connectivity of the reactants. As the structure of their constituents is 

typically altered during the reaction, the discovery of new materials is often described as 

serendipitous lucky finds. Reticular chemistry however opens up the opportunity to ultimately 

control the character of the desired material by applying subunits that maintain their rigid 

structure during synthesis, thus allowing to blueprint materials on a drafting table. 
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Conceptually, the construction of a new material follows easy steps (Figure 1.1), namely 

designing a target network with specific properties (pore size, pore shape, etc.) cutting it 

down into small subunits and finding respective molecular building blocks that can be joined 

together through sufficiently strong bonds. 

1.2 From MOFs to COFs 

The synthesis of the first metal organic framework (MOF) in 1999 marked a milestone in the 

history of porous materials.
[2]

 With concepts borrowed from metal carboxylate chemistry, it 

had been possible for the very first time to achieve an open organic-inorganic-hybrid 

framework with a high surface area of 2900 m
2
 g

-1
 and permanent porosity, which retained its 

crystallinity even when guest molecules had been completely removed. MOF-5 is composed 

of tetrahedral Zn4O
6+

 clusters that are connected through benzene dicarboxylates (Figure 1.2) 

via coordinative bonds. The orientation of the linkers is hereby predefined by the bridged 

carboxylates, resulting in Zn4O(RCO2)6 nodes that form the basis of the cubic 3D framework 

of MOF-5. 

 

Figure 1.2   Structure of the first MOF.
[3]

 MOF-5 consists of Zn4O tetrahedra that are connected 

though benzene dicarboxylate linkers, yielding a cubic framework. 

Modular design allows for the construction of frameworks with different pore sizes via 

adaptation of the linker length. This way, isoreticular MOFs (IRMOFs) following the same 

design principle with variable aperture can be synthesised.
[4]

 Organic linkers are not restricted 

to be linear and to only bear two functional groups. Furthermore, the variety of metal clusters 

or multinuclear complexes thereof is huge. This immense diversity (indicated in Figure 1.3) 

opens up vast opportunities for realising new members of the MOF family with the added 
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benefit of reticular synthesis, the ability to predict or rather pre-design the topology of the 

resulting framework beforehand. This way, MOFs can be hand-tailored towards desired 

applications. Their tuneable pore size and high internal surface area of up to 7000 m
2
 g

-1[5]
 

make them ideal candidates for gas separation or gas storage. Even a pilot natural gas vehicle 

that is equipped with a MOF-based gas tank has recently been introduced by BASF.
[6]

 

 

Figure 1.3   Geometric relationship in MOFs. A small selection of secondary building units (SBUs) 

and organic linkers that are used in MOF synthesis and their respective lattice structures.
[7]

 

Their great structural diversity, tuneable pore functionality and small density open up 

additional potential applications including drug delivery, sensing, catalysis or solar energy 

conversion. 

Even though these frameworks exhibit excellent thermal stability, the majority of them is 

prone to getting attacked by humidity, with water acting as a nucleophile
[8]

 that destroys the 
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structure of the MOFs.
[9]

 The moisture sensitivity of many MOFs can limit certain practical 

applications, as water or traces thereof are ubiquitous in industrial processes, and highlights 

the necessity for the development of porous materials with superior stability under ambient 

conditions. 

In 2005 a new family of porous materials emerged, that is, the covalent organic frameworks 

(COFs), solely composed of organic subunits that are linked via covalent bonds.
[10]

 This ultra-

lightweight new class of materials disproved the serious issue of the “crystallisation problem” 

assuming that covalently linked organic molecules cannot be crystallised into a solid 

structure. The key to overcome this issue is to employ a reversible bond formation 

mechanism, allowing the network to self-heal (see Chapter 1.3 for other bond typed used in 

COF synthesis). The first two COFs were thus formed through the reversible condensation of 

aromatic building blocks: Benzenediboronic acid self-condenses to form boroxine-rings as 

linkage motifes (COF-1), whereas the co-condensation of benzenediboronic acid and 

hexahydroxytriphenylene (HHTP) yields a boronate ester linked COF (COF-5). 
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Figure 1.4   Reaction scheme for the formation of COF-5. Condensation of 

benzenediboronic acid and hexahydroxytriphenylene (HHTP) yields a hexagonal framework. 

As organic synthesis offers a mine of possibilities regarding the design of new building 

blocks, the principles of reticular chemistry enable the realisation of a broad range of potential 

pore geometries and sizes, even allowing for the synthesis of dual-pore networks (Figure 1.5). 

 

Figure 1.5   Different pore shapes of 2D COFs. The combination of multidentate building blocks 

together with linear bridging units results in the formation of various pore systems, for instance 

hexagonal (blue), quadratic (red), pseudo-quadratic/rhombic (yellow), dual-pore/star-shaped (green) or 

trigonal (orange). 

In contrast to MOFs, the COFs mentioned above consist of two-dimensionally (2D) linked 

aromatic sheets that are not connected through bonds along the third dimension. Instead, they 

are rather loosely stacked on top of each other, yielding a porous channel system along the 

stacking direction (Figure 1.6). 

 

Figure 1.6   Schematic illustration of a 2D COF. Stacking individual COF sheets upon each other 

(a) results in the formation of a porous channel system along the stacking direction (b). 
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Noncovalent, attractive interactions between π-systems are considered to control phenomena 

such as base-base interactions in DNA,
[11]

 folding of proteins
[12]

 or the packing behaviour of 

large aromatic molecules.
[13]

 Thus, “π-π interactions” are commonly understood to be 

responsible for the stacking of aromatic 2D COF sheets. However, the nature of these 

interactions is still discussed controversially in the community. 

In the 1990ies, an electrostatic model for the origin of “π-π interactions” was proposed, 

emphasising the importance of quadrupole moments regarding the packing behaviour of 

aromatics systems.
[14]

 However, newer results indicate that the stacking is mainly dominated 

by van-der-Waals interactions that can become significantly larger for π-systems compared to 

their saturated analogues. The flat shape of aromatic molecules allows them to get in closer 

contact to each other, maximising attractive dispersion components and indicating that the 

term “π-π interactions” might be a misnomer.
[15]

 Nevertheless, it underlines the importance of 

aromaticity regarding the design and synthesis of new building blocks. 

Apart from stacked 2D COFs, systems with a larger degree of similarity to MOFs can be 

realised by applying non-flat, three-dimensional (3D) molecular building blocks in COF 

synthesis.
[16]

 

 

Figure 1.7   Simulated structures of selected 3D COFs. Structures of the boroxine-based COF-102, 

formed by the self-condensation of a tetrahedral tetraboronic acid and the boronate-ester connected 

COF-105 and COF-108, which are realised through the condensation of tetrahedral tetraboronic acids 

and HHTP.
[16]

 

The resulting 3D COFs are connected covalently in all directions and exhibit a large surface 

area due to the full accessibility of all building blocks.  
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Their high surface areas of up to 2000 m
2
 g

-1
 for 2D COFs

[17]
 and up to 4200 m

2
 g

-1
 for 3D 

COFs
[16]

 together with tunable pore sizes ranging from 1.6 nm
[18]

 (microporous) to 5.3 nm
[19]

 

(mesoporous) make COFs ideal candidates for gas storage, gas separation or catalysis. 

Additionally, fully open channel systems that allow for the easy ad- and desorption of guest 

molecules offer an ideal platform for sensing applications. Furthermore, the extended 

aromaticity of the 2D COF sheets and a very small interlayer distance enable charge-transport 

in-plane as well as along the stacks (see Chapter 1.4), making COFs attractive candidates for 

electronic applications. 

1.3 Bond types in COF chemistry 

Of key importance when aiming to synthesize such crystalline polymers is a reversible bond 

formation mechanism. By introducing – at least to some extent – an equilibrium between the 

attachment and detachment of the linkers within COF formation, building blocks incorporated 

at a “wrong” position can be detached again, allowing the network to self-heal. 

Bond types that have been widely studied and established in the COF field (Figure 1.6) within 

the last years are boroxines,
[10]

 
[20]

 boronate esters,
[21]

 
[22]

 
[23]

 
[24]

 imines,
[25]

 
[26]

 
[27]

 
[28]

 
[29]

 

imides,
[30]

 
[31]

 triazines
[32]

 
[33]

 and hydrazones,
[34]

 
[35]

 whereas the degree of reversibility of the 

respective mechanism under synthesis conditions plays an important role regarding the 

stability and long-range order of the resulting network. 

 

Figure 1.8   Selected bond types commonly used in COF synthesis. 

While boronate esters can condense and hydrolyse easily at room temperature
[36]

 – rendering 

the respective COFs prone to degradation already under ambient conditions!
[37]

 – , triazine-

linked COFs need to be synthesized in ZnCl2 melts at temperatures of around 400 °C
[33]

. 

These conditions can easily lead to the decomposition of more complex organic linkers and 

typically yield networks of limited crystallinity.
[38]

 Stable bonds that are formed under 

moderate reaction conditions are thus very valuable for the COF field, making the multi-step 

imine condensation (Figure 1.9) the bond type of choice within this thesis. 
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The first step of the acid-catalysed imine formation is the protonation of the aldehyde, 

weakening the C=O bond and making the carbonyl carbon atom more electrophilic. This 

electrophilic carbon atom can now be attacked in the second step by a nucleophile, the amine 

nitrogen atom. This is however the rate-determining step, because primary amines are 

generally more basic than the carbonyl oxygen, resulting in a protonation of the amine itself 

and making it non-nucleophilic.
[39]

 The following proton transfer generates the good leaving 

group H2O
+
 and frees the nitrogen lone pair. Elimination of H2O results in the generation of 

the positively charged iminium, whereas the last deprotonation step releases the neutral imine. 

 

Figure 1.9   Acid-catalysed imine-formation. 

The imine formation, which can also be performed under base-catalysed conditions, is fully 

reversible, allowing for the recovery of the initial starting materials aldehyde and amine, and 

is crucial for the synthesis of crystalline polymers such as COFs. 

This healing mechanism applies only to a few attachment and detachment cycles in COF 

synthesis, before linkers and thus potential defects are ultimately trapped in the growing 

network. It is however possible to guide the building blocks to the right attachment sites by 

applying molecular puzzle pieces that can be stacked upon each other at one single, 

predefined position. Chapter 2 and 3 of this thesis focus on the elaboration of two concepts 

that help to maintain long-range order in COFs beyond the means of pure reversibility. 
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1.4 COFs as electroactive materials 

The discovery that stacked, disc-like organic molecules are capable of anisotropically 

transporting photogenerated charge-carriers and optical excitations along the packing 

direction
[40]

 led to a growing interest in this class of unique materials over the last 25 years, 

with potential applications ranging from 1D confined nanowires for miniaturized devices
[41]

 

through organic light emitting diodes
[42]

 to photovoltaic devices.
[43]

 These so-called discotic 

liquid crystals consist of self-assembling aromatic core units that are equipped with flexible 

alkyl chains, keeping the stacks separated and electrically insulated, thus guaranteeing an 

uniaxial pathway for the transport of charge carriers or optical excitations. 

 

Figure 1.10   Discotic liquid crystal. Illustration of the packing behaviour of the first conductive 

discotic liquid crystal based on hexahexylthiotriphenylene (HHTT).
[40]

 

For instance, triphenylene-fused triindole liquid crystals feature impressive hole mobilities of 

up to 2.8 cm
2
 V

−1
 s

−1
 obtained from space charge limited current (SCLC) measurements,

[44]
 

thus surpassing amorphous silicon (approx. 1 cm
2
 V

−1
 s

−1
) which is currently used in flat 

panel displays.
[45]

 Other molecules that form these conductive, self-healing columnar 

mesophases are perylenes
[42]

 and perylene-diimides,
[43]

 
[46]

 coronenes,
[43]

 
[47]

 and 

triphenylenes, 
[41, 42, 47-51]

 the latter being the most studied class of aromatic systems and not 

surprisingly blue-print or inspiration in COF design.  
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Figure 1.11   Illustration of the highly anisotropic mobilities of a triphenylene-fused triindole 

liquid crystal.
[52]

 

The transport of charges along the other two remaining dimensions, parallel to the aromatic 

system, is already widely studied in organic photovoltaics (OPVs). Here, (hetero)aromatic 

building blocks such as alkyl-substituted thiophenes, benzodithiophenes, benzothiadiazoles or 

a combination thereof are polymerised to yield the active component of a solar cell (Figure 

1.12). In principle, the conjugated character of these polymers offers two simple advantages: 

As the π-system is extended, the absorption capabilities are enhanced. Furthermore, electrons 

and holes can move along the polymer chain. 

 

Figure 1.12   Structures of selected polymers used in organic photovoltaics. 

However, organic solar cells consisting of only one single component typically exhibit low 

quantum yields and power conversion efficiencies. As organic molecules usually have low 

dielectric constants, the generation of free charge carriers is difficult because of strong 

Coulomb interaction between electrons and holes. The binding energy of the exciton cannot 

be easily overcome at room temperature and in order to facilitate the separation of the 

photogenerated charges, an additional electron acceptor molecule is needed.
[53]

 Mixing the 
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conjugated polymer with fullerene acceptor molecules led to the first bulk-heterojunction 

organic solar cell, which exhibits a drastically increased photon-to-electron conversion 

efficiency.
[54]

 

Another sophisticated approach towards higher efficiencies relies on maximising the degree 

of order of the polymer chains.
[55]

 By combining the concepts mentioned above, bulk-

heterojunctions consisting of fullerene acceptors with conjugated π-systems that are stacked 

in the third dimension could be realised (Figure 1.13). Their superior power conversion 

efficiencies of up to 8.7% are attributed to the closely packed, highly ordered and oriented 

structure of the active layer.
[56]

 

 

Figure 1.13   Schematic illustration of the ordered polymer (blue):fullerene (red) blend with 

enhanced power conversion efficiencies. The bulk heterojunctions consists of a blend of poly[N-(2-

hexyldodecyl)-2,2′-bithiophene-3,3′-dicarboximide-alt-5,5-(2,5-bis(3-decylthiophen-2-yl)-thiophene)] 

(PBTI3T) and PC71BM.
[56]

 

Viewed from the structural perspective, 2D COFs are the ultimate combination of both 

stacked and conjugated π–systems, offering spatial control in all three dimensions and thus 

allowing for fine-tuning the electroactive properties. The porous structure of these crystalline 

framework materials enables the incorporation of acceptor molecules like fullerenes to form 

structured heterojunctions, thus facilitating the separation of generated charge carriers. 

Exploring this attractive paradigm, the first COF-based photovoltaic device could be realised 

by infiltrating a thienothiophene-HHTP boronic acid COF with PCBM, proving that light-

induced charge-separation is possible with this class of materials.
[57]
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Figure 1.14   A COF:fullerene bulk heterojunctions. Infiltrating a thienothiophene-HHTP boronic 

acid COF with PCBM allows for the generation of light-induced charge carriers.
[57]

 

Furthermore, the unique opportunity of building COFs based on a modular principle enables 

the incorporation of electron-donating and electron-accepting subunits within the same 

system, resulting in extremely well-ordered donor-acceptor-heterojunctions at the molecular 

level.
[19]

 
[23]

 This way, a first photovoltaic device realised by our group based on porphyrin 

and HHTP with matching HOMO and LUMO energy levels yielded promising external 

quantum efficiencies.
[58]

 The convenience of assembling COFs from tailor-made linkers 

enables even fine tuning of the electronic properties by implementing only small changes in 

the linker design: Modifying the backbone of oligothiophene-bridged COFs with moieties that 

differ in their electron density, we were able to drastically influence the lifetimes of 

photogenerated charge carriers in these materials.
[59]

 

Growing COFs as oriented thin films opens up new opportunities for studying the charge 

transport characteristics both along the stack as well as in-plane. For COF films based on 

boronate esters, the resulting mobilities are typically very anisotropic: Whereas charge 

transport along the column is possible and depends on the thickness of the respective thin 

film, the in-plane conductivity is expected to be low due to the insulating boronate ester 

bond.
[60]

 When opting for conjugated bond types such as imines,
[61]

 these limitations might be 

overcome, possibly enhancing the overall mobilities in COFs and opening up new 

opportunities for applications. For instance, we have developed an easy and straightforward 

method to grow imine-linked COFs as highly oriented thin films, which enabled us to realize 

the first COF-based, spectrally switchable photodetector.
[62]

 



1 Introduction 

13 

 

Figure 1.15   A spectrally switchable COF photodetector. (a) Comparing the quantum efficiencies 

at short circuit (green) and under reverse bias (red) reveals that the photodetector can be switched. 

(b) Illustration of the photodetector device.
[62]

 

Future research could now focus on fine-tuning the charge transport properties along the stack 

by modifying packing distance and offset of the stacks, thus very likely influencing the degree 

of π-overlap and overall mobility. Regarding in-plane charge migration, the implementation 

of conjugated bond-types such as imines will possibly act as a game changer for realising new 

COF-based OPVs. 

 

1.5 References 

[1] O. M. Yaghi, M. O'Keeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi, J. Kim, Nature 

2003, 423, 705. 

[2] H. Li, M. Eddaoudi, M. O'Keeffe, O. M. Yaghi, Nature 1999, 402, 276. 

[3] S. S. Kaye, A. Dailly, O. M. Yaghi, J. R. Long, J. Am. Chem. Soc. 2007, 129, 14176-

14177. 

[4] M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O'Keeffe, O. M. Yaghi, 

Science 2002, 295, 469-472. 

[5] O. K. Farha, I. Eryazici, N. C. Jeong, B. G. Hauser, C. E. Wilmer, A. A. Sarjeant, R. 

Q. Snurr, S. T. Nguyen, A. Ö. Yazaydın, J. T. Hupp, J. Am. Chem. Soc. 2012, 134, 

15016-15021. 

[6] Chem. Soc. Rev. 2014, 43, 6173-6174. 

[7] P. Deria, J. E. Mondloch, O. Karagiaridi, W. Bury, J. T. Hupp, O. K. Farha, Chem. 

Soc. Rev. 2014, 43, 5896-5912. 



1 Introduction 

14 

[8] Y.-H. Shih, Y.-C. Kuo, S. Lirio, K.-Y. Wang, C.-H. Lin, H.-Y. Huang, Chem. Eur. J. 

2017, 23, 42-46. 

[9] N. C. Burtch, H. Jasuja, K. S. Walton, Chem. Rev. 2014, 114, 10575-10612. 

[10] A. P. Côté, A. I. Benin, N. W. Ockwig, M. O'Keeffe, A. J. Matzger, O. M. Yaghi, 

Science 2005, 310, 1166-1170. 

[11] W. Saenger, Principles of Nucleic Acid Structure, Spinger-Verlag, New York, 1984. 

[12] S. K. Burley, G. A. Petsko, Adv. Protein Chem. 1988, 39, 125-189. 

[13] G. R. Desiraju, A. Gavezzotti, Chem. Commun. 1989, 621-623. 

[14] C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112, 5525-5534. 

[15] S. Grimme, Angew. Chem. Int. Ed. 2008, 47, 3430-3434. 

[16] H. M. El-Kaderi, J. R. Hunt, J. L. Mendoza-Cortés, A. P. Côté, R. E. Taylor, M. 

O'Keeffe, O. M. Yaghi, Science 2007, 316, 268-272. 

[17] M. Calik, T. Sick, M. Dogru, M. Döblinger, S. Datz, H. Budde, A. Hartschuh, F. 

Auras, T. Bein, J. Am. Chem. Soc. 2016, 138, 1234-1239. 

[18] L. Ascherl, T. Sick, J. T. Margraf, S. H. Lapidus, M. Calik, C. Hettstedt, K. 

Karaghiosoff, M. Döblinger, T. Clark, K. W. Chapman, F. Auras, T. Bein, Nature 

Chem. 2016, 8, 310-316. 

[19] S. Jin, K. Furukawa, M. Addicoat, L. Chen, S. Takahashi, S. Irle, T. Nakamura, D. 

Jiang, Chem. Sci. 2013, 4, 4505-4511. 

[20] R.-N. Wang, X.-R. Zhang, S.-F. Wang, G.-S. Fu, J.-L. Wang, PCCP 2016, 18, 1258-

1264. 

[21] E. L. Spitler, W. R. Dichtel, Nature Chem. 2010, 2, 672-677. 

[22] E. L. Spitler, B. T. Koo, J. L. Novotney, J. W. Colson, F. J. Uribe-Romo, G. D. 

Gutierrez, P. Clancy, W. R. Dichtel, J. Am. Chem. Soc. 2011, 133, 19416-19421. 

[23] X. Feng, L. Chen, Y. Honsho, O. Saengsawang, L. Liu, L. Wang, A. Saeki, S. Irle, S. 

Seki, Y. Dong, D. Jiang, Adv. Mater. 2012, 24, 3026-3031. 

[24] B. J. Smith, W. R. Dichtel, J. Am. Chem. Soc. 2014, 136, 8783-8789. 

[25] F. J. Uribe-Romo, J. R. Hunt, H. Furukawa, C. Klock, M. O'Keeffe, O. M. Yaghi, J. 

Am. Chem. Soc. 2009, 131, 4570-4571. 

[26] S. Wan, F. Gándara, A. Asano, H. Furukawa, A. Saeki, S. K. Dey, L. Liao, M. W. 

Ambrogio, Y. Y. Botros, X. Duan, S. Seki, J. F. Stoddart, O. M. Yaghi, Chem. Mater. 

2011, 23, 4094-4097. 



1 Introduction 

15 

[27] S. Kandambeth, D. B. Shinde, M. K. Panda, B. Lukose, T. Heine, R. Banerjee, Angew. 

Chem. Int. Ed. 2013, 52, 13052-13056. 

[28] S. Dalapati, M. Addicoat, S. Jin, T. Sakurai, J. Gao, H. Xu, S. Irle, S. Seki, D. Jiang, 

Nature Commun. 2015, 6. 

[29] J. Guo, Y. Xu, S. Jin, L. Chen, T. Kaji, Y. Honsho, M. A. Addicoat, J. Kim, A. Saeki, 

H. Ihee, S. Seki, S. Irle, M. Hiramoto, J. Gao, D. Jiang, Nature Commun. 2013, 4. 

[30] Q. Fang, Z. Zhuang, S. Gu, R. B. Kaspar, J. Zheng, J. Wang, S. Qiu, Y. Yan, Nature 

Commun. 2014, 5. 

[31] S. Wu, S. Gu, A.-Q. Zhang, G. Yu, Z. Wang, c. Pan, X. Jian, J. Mater. Chem. A 2014. 

[32] P. Katekomol, J. Roeser, M. Bojdys, J. Weber, A. Thomas, Chem. Mater. 2013, 25, 

1542-1548. 

[33] P. Kuhn, M. Antonietti, A. Thomas, Angew. Chem. Int. Ed. 2008, 47, 3450-3453. 

[34] F. J. Uribe-Romo, C. J. Doonan, H. Furukawa, K. Oisaki, O. M. Yaghi, J. Am. Chem. 

Soc. 2011, 133, 11478-11481. 

[35] L. Stegbauer, K. Schwinghammer, B. V. Lotsch, Chem. Sci. 2014, 5, 2789-2793. 

[36] D. D. Medina, J. M. Rotter, Y. Hu, M. Dogru, V. Werner, F. Auras, J. T. Markiewicz, 

P. Knochel, T. Bein, J. Am. Chem. Soc. 2015, 137, 1016-1019. 

[37] J.-R. Song, J. Sun, J. Liu, Z.-T. Huang, Q.-Y. Zheng, Chem. Commun. 2014, 50, 788-

791. 

[38] S. Hug, M. E. Tauchert, S. Li, U. E. Pachmayr, B. V. Lotsch, J. Mater. Chem. 2012, 

22, 13956-13964. 

[39] M. Ciaccia, S. Di Stefano, Org. Biomol. Chem. 2015, 13, 646-654. 

[40] D. Adam, F. Closs, T. Frey, D. Funhoff, D. Haarer, P. Schuhmacher, K. 

Siemensmeyer, Phys. Rev. Lett. 1993, 70, 457-460. 

[41] M. Steinhart, S. Zimmermann, P. Göring, A. K. Schaper, U. Gösele, C. Weder, J. H. 

Wendorff, Nano Lett. 2005, 5, 429-434. 

[42] I. Seguy, P. Jolinat, P. Destruel, J. Farenc, R. Mamy, H. Bock, J. Ip, T. P. Nguyen, J. 

Appl. Phys. 2001, 89, 5442-5448. 

[43] L. Schmidt-Mende, A. Fechtenkötter, K. Müllen, E. Moons, R. H. Friend, J. D. 

MacKenzie, Science 2001, 293, 1119-1122. 

[44] A. Benito-Hernández, U. K. Pandey, E. Cavero, R. Termine, E. M. García-Frutos, J. 

L. Serrano, A. Golemme, B. Gómez-Lor, Chem. Mater. 2013, 25, 117-121. 



1 Introduction 

16 

[45] C. Ruiz, E. M. García-Frutos, G. Hennrich, B. Gómez-Lor, J Phys Chem Lett 2012, 3, 

1428-1436. 

[46] Z. Chen, V. Stepanenko, V. Dehm, P. Prins, L. D. A. Siebbeles, J. Seibt, P. 

Marquetand, V. Engel, F. Würthner, Chem. Eur. J. 2007, 13, 436-449. 

[47] V. Lemaur, D. A. da Silva Filho, V. Coropceanu, M. Lehmann, Y. Geerts, J. Piris, M. 

G. Debije, A. M. van de Craats, K. Senthilkumar, L. D. A. Siebbeles, J. M. Warman, 

J.-L. Brédas, J. Cornil, J. Am. Chem. Soc. 2004, 126, 3271-3279. 

[48] D. Adam, P. Schuhmacher, J. Simmerer, L. Häussling, K. Siemensmeyer, K. H. 

Etzbachi, H. Ringsdorf, D. Haarer, Nature 1994, 371, 141. 

[49] K. Senthilkumar, F. C. Grozema, F. M. Bickelhaupt, L. D. A. Siebbeles, J. Chem. 

Phys. 2003, 119, 9809-9817. 

[50] J. Simmerer, B. Glüsen, W. Paulus, A. Kettner, P. Schuhmacher, D. Adam, K.-H. 

Etzbach, K. Siemensmeyer, J. H. Wendorff, H. Ringsdorf, D. Haarer, Adv. Mater. 

1996, 8, 815-819. 

[51] A. Bayer, J. Hübner, J. Kopitzke, M. Oestreich, W. Rühle, J. H. Wendorff, J. Phys. 

Chem. B 2001, 105, 4596-4602. 

[52] C. Ruiz, U. K. Pandey, R. Termine, E. M. García-Frutos, G. López-Espejo, R. P. 

Ortiz, W. Huang, T. J. Marks, A. Facchetti, M. C. Ruiz Delgado, A. Golemme, B. 

Gómez-Lor, ACS Appl. Mater. Interfaces 2016, 8, 26964-26971. 

[53] M. C. Scharber, N. S. Sariciftci, Prog. Polym. Sci. 2013, 38, 1929-1940. 

[54] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, A. J. Heeger, Science 1995, 270, 1789-1791. 

[55] M. Brinkmann, J. Polym. Sci., Part B: Polym. Phys. 2011, 49, 1218-1233. 

[56] X. Guo, N. Zhou, S. J. Lou, J. Smith, D. B. Tice, J. W. Hennek, R. P. Ortiz, J. T. L. 

Navarrete, S. Li, J. Strzalka, L. X. Chen, R. P. H. Chang, A. Facchetti, T. J. Marks, 

Nature Photonics 2013, 7, 825. 

[57] M. Dogru, M. Handloser, F. Auras, T. Kunz, D. Medina, A. Hartschuh, P. Knochel, T. 

Bein, Angew. Chem. Int. Ed. 2013, 52, 2920-2924. 

[58] M. Calik, F. Auras, L. M. Salonen, K. Bader, I. Grill, M. Handloser, D. D. Medina, M. 

Dogru, F. Loebermann, D. Trauner, A. Hartschuh, T. Bein, J. Am. Chem. Soc. 2014, 

17802-17807. 

[59] N. Keller, D. Bessinger, S. Reuter, M. Calik, L. Ascherl, F. C. Hanusch, F. Auras, T. 

Bein, J. Am. Chem. Soc. 2017, 139, 8194-8199. 



1 Introduction 

17 

[60] D. D. Medina, M. L. Petrus, A. N. Jumabekov, J. T. Margraf, S. Weinberger, J. M. 

Rotter, T. Clark, T. Bein, ACS Nano 2017, 11, 2706-2713. 

[61] M. L. Petrus, R. K. M. Bouwer, U. Lafont, D. H. K. Murthy, R. J. P. Kist, M. L. 

Bohm, Y. Olivier, T. J. Savenije, L. D. A. Siebbeles, N. C. Greenham, T. J. 

Dingemans, Polymer Chemistry 2013, 4, 4182-4191. 

[62] D. Bessinger, L. Ascherl, F. Auras, T. Bein, J. Am. Chem. Soc. 2017, 139, 12035-

12042. 

 



2 Characterisation Techniques 

18 

2 Characterisation Techniques 

2.1 X-ray Diffraction 

X-ray diffraction (XRD) is one of the most powerful tools to determine the structure of 

crystalline materials and the first crucial step for solving the structure of a COF. 

X-rays are generated when a beam of energetic charged particles such as electrons is directed 

onto a metal target. Electrons lose their energy by collision with the metal, changing their 

momentum, which results in the emission of a continuous radiation (Bremsstrahlung). 

However electrons with energy beyond a certain threshold can knock out inner-shell electrons 

from the target metal. When these voids are filled with electrons from higher energy levels, 

characteristic X-ray radiation is emitted. Their energy is hereby equal to the energy difference 

between the respective shells. In order to produce a monochromatic beam, the X-rays are 

filtered and collimated towards the sample.
[1]

 

 

Figure 2.1   X-ray spectra from a copper target at different acceleration voltages.
[2]

 The spectra of 

the continuous radiation (smooth bumps) are dependent on the acceleration voltages (red: 50 kV, 

green 25 kV), whereas the wavelength of the characteristic X-ray radiation (sharp peaks) remains 

unaffected. Beneath a certain voltage threshold, no characteristic X-ray radiation can be observed 

(purple: 8 kV). 

The process by which a beam of light or other system of waves is spread out as a result of 

passing through a narrow aperture or across an edge, typically accompanied by interference 

between the wave forms produced. 
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Diffraction is a process by which a wave is spread out when passing a small aperture or edge. 

When this obstacle consists of a periodic array of objects or slits, the diffracted waves will 

interfere with each other, generating distinct intensity patterns. The effect of the diffraction is 

greatest when the wavelength and the width of the gap or object have approximately the same 

dimension. As the wavelength of X-rays are with 10 pm – 10 nm in the range of lattice 

constants in a crystal, the crystal lattice acts as a three-dimensional diffraction grating for X-

rays, where the X-rays are diffracted by the electron shells of the irradiated atoms of the 

crystal. Depending on the distance of the atoms, this results in specific angles of diffraction. 

Constructive interference can only occur when parallel X-rays are phase-separated by an 

integer number n. For X-rays diffracted by a crystal lattice, this event happens when the 

Bragg equation is fulfilled: 

           

This equation connects the lattice spacing d and the diffraction angle θ with the wavelength λ 

of the X-rays and is used to determine the distance of lattice planes in the crystal: 

 

Figure 2.2   Schematic illustration of the Bragg equation. Constructive interference only occurs 

when the path difference 2dsinθ (dark pink) between two X-rays (light pink) is an integer of the 

wavelength. 

The X-rays that interfere constructively are registered by a detector, whereby their intensity is 

plotted against 2θ.
[3]
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2.2 Grazing-incidence X-ray Scattering 

Analysing thin films with conventional XRD scanning methods is difficult, as the signal from 

the film is very weak compared to a intense signal from the substrate underneath. 

Furthermore, obtaining detailed information about the preferred orientation of crystalline 

domains within the film, which is crucial for instance for the analysis of COFs grown on 

substrates, is not straight-forward. Thus, grazing-incidence X-ray scattering is the method of 

choice when investigating the nanoscale structure of thin films. 

 

Figure 2.3   Illustration of the scattering geometry in a small-angle grazing-incidence scattering 

experiment.
[4]

 

In a grazing-incidence X-ray scattering experiment, a monochromatic X-ray beam with a 

wavevector ki is directed onto a surface under a very small incident angle αi. This angle is 

typically in the range of the critical angle of the substrate, the angle below which total 

external reflection of the X-ray beam occurs.. The intensity of the scattered X-rays along kf is 

then collected with an area detector as a function of αf and Ψ. In order to be able to compare 

data from different setups, the position of the scattering spots is expressed as the wavelength-

independent scattering vector q.
[4]

 To further compare these q values to 2θ angles obtained 

from conventional (P)XRD measurements, they can be transformed via  

   
  

 
     

  

 
  

with λ being the wavelength of the incident X-rays. 
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Grazing-incidence X-ray scattering allows for directly drawing conclusions about the 

geometry or orientation of crystalline phases. In general, the appearance of scatting spots 

instead of arcs indicates a preferred orientation of the crystallites on the surface. Figure 2.4 

illustrates two extreme orientations of lattice planes and reveals the resulting scattering spots 

obtained at the 2D detector. When a set of lattice planes is aligned parallel to the substrate 

surface, the major intensity is obtained at qy = 0. When the set of lattice planes is standing 

perpendicular to the substrate surface, the scattering spots appear directly at the substrate 

horizon. 

 

Figure 2.4   Realisation of scattering spots. Illustration of two extreme orientations of a set of lattice 

planes and the resulting scattering spots on the 2D detector.
[5]

 

By indexing the resulting spots it is possible to draw conclusions about the orientation of COF 

domains on a substrate.
[5]
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2.3 Nitrogen sorption 

Surface area, pore size distribution and the total pore volume are important features when 

characterizing a porous material. For COFs, the values obtained from (nitrogen) sorption 

analysis allow to draw conclusions about the quality of the respective material in terms of 

pore accessibility when compared to theoretical predictions 

IUPAC defines the term “adsorption” as the enrichment of a or more components at an 

interface, distinguishing between chemisorption and physisorption, the latter being the more 

general phenomenon of and adsorbable gas getting in close contact to a solid surface: Weak 

interactions like van-der-Waals forces lead to the occupation of the respective interface, a 

process which is – in contrast to chemisorption – completely reversible.
[6]

 At temperatures 

typically corresponding to the boiling point of the respective gas, an adsorption and 

desorption isotherm is recorded at different relative pressures p/p0, where p is the equilibrium 

pressure and p0 the saturation vapour pressure. Just recently, IUPAC has released a new 

guideline (Figure 2.3 and Table 2.1) adding two more types to the well-established six classes 

of sorption isotherms:
[7]

 

Table 2.1   The eight types of sorption isotherms defined by IUPAC. 
[7]

 

Isotherm type Corresponding material and interpretation of the isotherm 

Ia Micropore filling at low p/p0 in mainly narrow micropores 

Ib Micropore filling in wider micropores and narrow mesopores 

II Unrestricted monolayer-multilayer adsorption in non- or macroporour materials 

III Weak interaction with substrate in non- or macroporour materials 

IVa Capillary condensation and hysteresis in mesoporous materials 

IVb Reversible isotherm of mesoporous materials with smaller width 

V Weak interaction with substrate plus pore filling in micro- to mesoporous materials 

VI Layer-by-layer absorption on highly uniform nonporous surface 

Pores below a diameter of 2 nm are classified as micropores, a width between 2 and 50 nm 

corresponds to mesopores and macropores exceed a diameter of 50 nm. 
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Figure 2.5   The eight major types of sorption isotherms according to the new IUPAC 

guideline.
[7]

 

Typical COFs feature a pore size range of about 2 to 5 nm, some of them exhibiting distinct, 

reproducible hysteresis loops, which are typically located in the multilayer range of the 

isotherm and are associated with capillary condensation (Figure 2.6). In open-ended pores, 

this hysteresis occurs due to a delayed condensation process that originates from a metastable 

adsorption film. At this stage, the adsorption branch of the isotherm is not in its 

thermodynamic equilibrium with nucleation barriers present that prevent the formation of 

liquid bridges. When the pore is filled with the liquid-like condensate, desorption of the gas 

molecules occurs easily via an equilibrium vapour-liquid transition without nucleation.
[8]

 

In more complex porous structures where wide pores exhibit only narrow necks, various 

forms of pore blocking and network effects alter the shape of the desorption branch.
[7]
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Figure 2.6   Schematic illustration of the capillary condensation process.
[9]

 

Assuming that only monolayer adsorption occurs, all potential adsorption sites are equal, a 

uniform flat surface and no interaction between adjacent sites or particles, Langmuir 

presented a first model for the description of monolayer absorption and surface coverage ϴ. 

  
  

  
   

  

    
 

Here, n
a
 refers to the adsorbed amount of gas, n

a
m is the monolayer capacity, K is a rate 

constant of the sorption process and p is the respective pressure. 

As is it also accounts for the formation of infinite multilayers, the method described by 

Brunauer, Emmett and Teller (BET) is an extension of the Langmuir model and now widely 

used to evaluate the surface area of porous materials. The BET theory assumes amongst 

others that each adsorbed molecule acts as a new adsorption site for a next one. Furthermore, 

the adsorption energy of the first layer differs from the adsorption energy of the following 

multilayers. Additionally, adsorbed molecules in the second and higher layers are assumed to 

behave liquid-like and the upmost layer is in equilibrium with the vapour phase. 
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To apply the BET method, the isotherm needs to be transformed into the BET plot, which 

then allows for the calculation of the monolayer capacity n
a

m and the parameter C, which is 

exponentially related to the energy of monolayer adsorption.
[10]

 
[7]
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The BET area aS can be calculated, when the molecular cross-sectional area σm representing 

the average area occupied by the adsorbing molecule and the mass m of the porous material 

are known. 

           
   

  

 
 

 

Figure 2.7   Possible surfaces in sorption experiments. 1. Van der Waals surface area, 2. Connolly 

surface area, 3. accessible surface area. 

In order to derive a theoretical surface area from a structure model, the surface is typically 

defined in one of the following ways (Figure 2.7): The van der Waals surface is the 

superposition of the van der Waals spheres of all atoms in the structure. The Connolly surface 

is traced by rolling the bottom of a probe molecule with radius r over the van der Waals 

surface, whereas the accessible surface describes the area that the centre of this probe 

molecule can cover during the rolling process. The experimentally determined BET surface 

area is typically in between the simulated Connolly and accessible surface areas, mainly due 

to differences in the way the experimental and simulated surfaces are obtained. While the 

Connolly and accessible surfaces are generated using a single probe molecule, the sorption 

experiment relies on successively populating the sample surface with probe molecules. 

Especially in narrow pores, already adsorbed probe molecules can impede further adsorption 

of molecules, leading to a geometry-dependent reduction in probe density that is not 
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accounted for in the BET model. More reliable simulations should therefore include a 

continuous occupation with probe molecules instead of rolling one single probe molecule over 

the structure. 

Furthermore, the pore size distribution (PSD) can be assessed from the recorded isotherms. 

The relative pressure where the pore condensation occurs depends hereby on the pore radius. 

The Kelvin equation correlates the pore radius rp and the thickness of the adsorbed multilayer 

tc, which is formed before condensation in the pore occurs. 

  (
 

  
)  

     
         

 

Here, γ is the surface tension of the bulk fluid and Vm is the molar liquid volume. This 

previously widely used equation however underestimates the pore size, as it does not account 

for enhanced surface forces that occur in narrow mesopores when the pore diameter deceeds 

10 nm. Based on molecular simulations or DFT, the adsorbed phase can be described more 

accurately, and commercial software for a broad range of porous materials with different pore 

sizes is already available.
[7]
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2.4 Nuclear Magnetic Resonance Spectroscopy 

In order to verify the structure and purity of organic materials like custom-made COF 

building blocks, nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful 

analytic techniques, yielding in-depth information about the magnetic properties of atom 

nuclei within the sample. 

When an electric current I is moving loop wise, it creates a magnetic dipole moment μ with its 

magnitude being the product of the area of the loop and the respective current.  

 

Figure 2.8   Schematic illustration of the origin of the magnetic dipole moment.
[11]

 

     

Considering a proton as a sphere consisting of an infinite amount of these current loops, the 

loops add up to the nuclear magnetic dipole moment μp of the proton. This dipole moment is 

proportional to the proton‟s angular momentum. When an infinitesimal current loop is placed 

into an external magnetic field B0, it experiences a torque η. 

          

This torque tries to align the magnetic momentum with the external magnetic field B0, but 

instead of being oriented parallel to the magnetic field, the magnetic momentum will start 

processing around an axis parallel to the magnetic field lines with a frequency of procession 

ω, the Larmor frequency. 

   
     

 
 

Resulting of two possible spins of the proton, its energy levels will split when an external 

magnetic field is applied (Zeeman effect). The potential energy U which is associated with the 

magnetic field is 
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which leads to a difference in energy ΔU between the aligned and anti-aligned spins 

        

whereby the energy of spin-up is decreased by |μB0| and the spin-down is increased by |μB0|. 

A slight population difference between spin-up and spin-down leads to a net or macroscopic 

magnetisation M0 that is pointing into the direction of the main magnetic field B0. When the 

nuclei are now exposed to radiofrequency radiation at the Larmor frequency by a field B1, the 

nuclei in the lower energy state can gain enough energy to transition into the higher, 

antiparallel energy state. This causes the net magnetisation M0 to spiral away from B0: Now 

the majority of the nuclei are aligned antiparallel to the main field B0 and precess in-phase, 

which creates a net transverse magnetization Mxy that precesses about B0.and B1. 

 

Figure 2.9   Illustration of protons in a magnetic field.
[12]

 Before excitation (A), the majority of the 

nuclei are aligned parallel to the main magnetic field B0. When a field B1 is applied (B), protons in the 

lower-energy parallel state will be excited to the higher-energy antiparallel state. Furthermore, the 

protons will precess in-phase. 

When the radiofrequency pulse is turned off, the precession about B1 stops, but the net 

transversal magnetisation Mxy continues to precess about B0 at the frequency ω and will 

finally relax back to the equilibrium parallel to B0. The precession of the net magnetisation 

Mxy, however, creates a fluctuating magnetic field that is used to generate a current in a 

receiver coil. 
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The two main relaxation mechanisms after B1 has been turned off are the spin-lattice (T1, 

longitudinal relaxation) and the spin-spin (T2, transverse relaxation). Here, T1 describes 

hereby the reestablishment of the slight population difference between spin-up and spin-

down, T2 represents a dephasing of the coherent in-phase precession and therefore a decay of 

the transversal magnetization. 

The relaxation processes result in a decay of the sinusoidal electromagnetic signal in the 

receiver coil, the free induction decay (FID). Via fourier transformation, this signal can be 

converted from the time domain into the frequency domain, yielding the NMR spectrum. 

 

Figure 2.10   The free induction decay.
[13]

 

Instead of using a relative scale that is dependent on the external magnetic field, all NMR 

signals are referenced to a particular compound 

   
       

    
 

resulting in the B-field independent chemical shift δ. Depending on their chemical and 

magnetic environments, different protons have different chemical shifts and can thus be 

distinguished from each other.
[14]

 
[15]
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2.5 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is used to study the change in mass of a sample over time 

with increasing temperature.
[16]

 A sample is heated under an atmosphere of choice (synthetic 

air, inert gasses, vacuum etc.) while a precision balance detects mass-losses or the increase in 

mass that can happen due to various processes such as evaporation, decomposition, oxidation 

or reduction. In the COF field, this method is mainly used to compare the temperature 

stability of different COF materials and allows to detect solvent molecules that have been 

trapped inside the channel system. 

2.6 Infrared spectroscopy 

The absorption of discrete frequencies of the electromagnetic spectrum in the infrared (IR) 

region between 400 cm
-1

 and 4000 cm
-1

 results in the excitation of vibrational - and in case of 

gases also rotational - modes in covalently bonded groups or atoms, allowing to study the 

properties of the chemical bonds or the molecular constitution of the respective molecule.
[17]

 

This transition from a lower to a higher vibrational state results in a stretching or bending of 

the covalent bonds, the atoms or groups start moving. Hereby, only vibrational modes that are 

associated with a temporary change of the electronic dipole can be excited by the 

electromagnetic field: In order to be capable of absorbing a photon of a certain frequency ν, 

the temporary dipole must be able to vibrate at the same frequency.
[18]

 

For the simple mechanistic model of two atoms connected through a spring, the energies EVib 

of these vibration frequencies νosc are 

             
 

 
   

with v = 0, 1, 2,… and Δv = ± 1. There are only discrete levels with an equidistant energy gap 

in case of the idealised, harmonic oscillator (Figure 2.6, left), whereas the anharmonic 

oscillator (Figure 2.6, right) considers the effects of bond breaking and accounts for overtone 

and combination bands with Δv = ± 2, 3,… 
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Figure 2.11   Energy diagrams for the harmonic (left) and anharmonic (right) oscillator.
[19]

 In 

case of the idealised harmonic oscillator (left), the discrete energies are equally spaced. The 

anharmonic oscillator (right) however allows for a more accurate description of the system.  

In COF synthesis, this technique is mainly used to validate the full conversion of starting 

materials into the respective COFs. Monitoring the disappearance of vibrations assigned to 

the reactive groups of the starting materials and the appearance of vibrations stemming from 

the newly formed bond between the building blocks allows for drawing conclusions about the 

degree of conversion in COF synthesis. 

2.7 UV-Vis spectroscopy 

Electromagnetic radiation in the range between ultraviolet (UV), visible (Vis) and near IR can 

cause the excitation of electrons in molecules, making UV-Vis spectroscopy a powerful tool 

for the investigation of electronic transitions from the ground state to a range of excited 

states.
[17]

 For an organic molecule, nπ* (non-binding orbital to unoccupied π-orbital), π 

π* (occupied π-orbital to unoccupied π-orbital) as well as charge-transfer transitions 

(respective orbitals have no or only weak overlap) provide the most valuable insights into its 

electronic structure. In COF synthesis, the occurrence of new or disappearance of former 

transitions allows to monitor changes in the electronic structure when single building blocks 

are combined to a framework. 
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Figure 2.12   Simplified Jablonski diagram of electronic transitions.
[20]

 

When light of a certain wavelength λ passes through a dilute sample, a certain ratio of the 

initial intensity I0 is absorbed. 

          
    

     
 

A(λ) is hereby related to the concentration of the absorbing species 

              

This correlation can be used in COF synthesis for the thickness determination of thin films. 

To study non-translucent, opaque materials such as COF powders, the diffuse reflectance R of 

the material diluted with a white standard is measured and approximated with the Kubelka-

Munk-model 

              
      

  
 

to yield a spectrum comparable to a pure absorption spectrum.
[21]
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2.8 Transmission electron microscopy 

Traditional light microscopes are limited to a resolution of around 200 nm. To image smaller 

objects such as the porous channel system of a COF with wall-to-wall distances below 10 nm, 

electron microscopy has been established as a powerful tool.
[22]

 As the wavelengths of 

electrons are significantly shorter than those of visible light, electron microscopes can reach 

sub-nm resolution and image even on the atomic scale. 

 

Figure 2.13   Illustration of the optical pathways in a classic light microscope and a transmission 

electron microscope.
[23]

 

An electron beam is accelerated by a voltage and focused by a condenser system towards the 

thin sample. When this primary electron hits the sample, several processes such as scattering 

events, the generation of secondary or Auger electrons or the emission of X-rays can take 

place. The transmitted electrons are magnified through another lens system before being 

detected by a CCD camera or a fluorescent screen.
[24]
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3 The Taming of the Screw 

This chapter is based on the following publication: 

Molecular docking sites designed for the generation of highly crystalline covalent 

organic frameworks 

by Laura Ascherl, Torben Sick, Johannes T. Margraf, Saul H. Lapidus, Mona Calik, Christina 

Hettstedt, Konstantin Karaghiosoff, Markus Döblinger, Timothy Clark, Karena W. Chapman, 

Florian Auras, Thomas Bein 

Nature Chem. 2016, 8, 310-316. 

and was chosen as the front cover of the April issue 2016. 

 

Cover image: Christoph Hohmann, Nano Initiative Munich (NIM) 

Copyright: Nature Publishing Group  
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3.1 Abstract 

Covalent organic frameworks (COFs) formed by connecting multidentate organic building 

blocks through covalent bonds provide a platform for designing multifunctional porous 

materials with atomic precision. As they are promising materials for applications in 

optoelectronics, they would benefit from a maximum degree of long-range order within the 

framework, which has remained a major challenge. We have developed a synthetic concept to 

allow consecutive COF sheets to lock in position during crystal growth, and thus minimize 

the occurrence of stacking faults and dislocations. Hereby, the three-dimensional 

conformation of propeller-shaped molecular building units was used to generate well-defined 

periodic docking sites, which guided the attachment of successive building blocks that, in 

turn, promoted long-range order during COF formation. This approach enables us to achieve a 

very high crystallinity for a series of COFs that comprise tri- and tetradentate central building 

blocks. We expect this strategy to be transferable to a broad range of customized COFs. 

3.2 Introduction 

Controlling the crystallization of organic materials has remained challenging, particularly if a 

long-range ordered network is to be formed entirely from covalent bonds, as in the case of 

covalent organic frameworks (COFs). COFs have recently come into the limelight as gas 

storage or separation materials
[1]

 
[2]

, as new materials for applications in catalysis
[3]

 and as 

promising candidates for realizing new optoelectronic-device concepts
[4]

 
[5]

. COFs linked in 

two dimensions (2D-COFs) are of great interest, especially for optoelectronic devices. π-

Stacking between the COF layers enables charge-carrier transport along self-assembled 

molecular columns
[6]

 
[7]

 and the formation of oriented host channels, which can be used to 

incorporate functional guest molecules
[8]

. COFs are realized via a reversible mechanism of 

covalent-bond formation, the most prominent linkage modes being boronate ester formation 

[9]
 

[10]
 
[11]

 
[12]

 
[13]

 
[14]

, imine
[15]

 
[16]

 
[17]

 and imide 
[18]

 condensation and trimerization processes 

based on borazine
[19]

 and triazine
[20]

. The reversibility of the bond formation allows for 

constant self-healing during COF growth and is of key importance to obtain a highly 

crystalline product. Although 3D imine-linked COFs, such as COF-300 or molecular imine 

cages, can exhibit a rather high degree of order
[15]

 
[21]

 
[22]

, most 2D-COFs are of moderate 

crystallinity, which possibly limits the accessible surface area and electronic transport in the 

framework. 
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Methods to enhance the crystallinity of layered COFs have focused mostly on the control of 

the intralayer interactions and layer planarity via the introduction of hydrogen bonds
[23]

 
[24]

. 

Although these concepts have an indirect influence on the layer stacking, a direct and 

deterministic control of the stacking is highly desirable. Theoretical investigations of the layer 

stacking in these frameworks have established that a lateral offset between adjacent COF 

layers is energetically favourable, and results in inclined or serrated rather than fully eclipsed 

structures
[25]

 
[26]

. Owing to the inherent symmetry of the layers, however, this offset will 

happen with the same probability along all the symmetry-equivalent directions. Consequently, 

if a successive COF layer nucleates at more than one location, the lateral offset of the growing 

islands is very likely to be in different directions, and so possibly causes lattice strain and 

defects, and in turn compromises crystallinity (Figure 3.1a). 

 

Figure 3.1   The self-repeating lock-and-key motif of propeller-shaped building blocks. a, 

Simultaneous nucleation of a successive COF layer (at three moieties for which the carbon atoms are 

shown in orange, blue and green, respectively; oxygen, red; hydrogen, white) at several positions over 

an initial COF layer (shown in light grey for clarity, with hydrogen atoms in white) offset in 

symmetry-equivalent directions (indicated by the orange, blue and green arrows) can lead to strain and 

lattice defects (visualized by cracks) during COF growth. b, If a successive COF layer (C, yellow; N, 
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blue; H, white) nucleates at unique attachment sites exactly over the nodes of the initial COF layer 

(shown in light grey with hydrogen atoms in white), the islands formed from these nucleation sites in 

the early steps of COF growth can merge into a defect-free layer (visualized by green ticks). c, 

Illustration of the guided attachment of the 4PE-based building blocks (C, dark grey for the four core 

aromatic rings, light grey for the other carbons; N, blue; H, white). The molecular conformation of this 

building block (dark grey) causes a single minimum in the potential-energy hypersurface (green grid) 

for lateral displacement, which allows the successive layer (C, orange; N, blue; H, white) to lock in 

position (visualized by the red arrow). d, Synthesis of a 4PE-based molecular model system via 

condensation of 1 with benzaldehyde. e, Asymmetric unit of the single-crystal X-ray structure of 2 that 

shows the solid-state geometry of the 4PE unit. Blue, N; grey, C; white, H. The co-crystallized solvent 

molecule is omitted for clarity.  

To preclude this error-prone network formation, we developed a concept to control 3D spatial 

relationships during the formation of COFs, in which the molecular conformation of the 

building blocks unambiguously defines the position of each building unit within adjacent 

COF layers (Figure 3.1b). We surmised that multidentate central units with a lock-and-key-

like molecular conformation could be used to guide the attachment of the successive layers 

(Figure 3.1c). To implement this concept, we synthesized a set of highly crystalline hexagonal 

COFs with eclipsed 2D structures. 

3.3 Results and Discussion 

Inspired by stackable objects, we looked for screw- or propeller-shaped molecules that can 

lock into each other and thereby fix the lateral position for the attachment of successive COF 

layers (Figure 3.1c). As a first example for realizing this concept with imine-linked COFs we 

chose 1,1,2,2-tetrakis(4-aminophenyl)ethene (1). 1 is expected to yield fourfold connected 

and thus very stable COF structures, whereby a star-shaped, dual-pore arrangement of the 

COF seems to be favoured 
[27]

. 

To study the molecular arrangement of the 1,1,2,2-tetrakis(4-aminophenyl)ethene (4PE) 

central unit inside a possible COF network, we first synthesized a molecular model system (2) 

by the fourfold imine condensation of 1 with benzaldehyde (Figure. 3.1d (for experimental 

details, see the Supplementary Information)). Single-crystal X-ray data confirm that the 4PE 

unit adopts the desired propeller-like arrangement (Figure 3.1e) with both a left- and a right-

turning entity present in the crystal structure (SI Figure 3.6). 

http://www.nature.com/nchem/journal/v8/n4/full/nchem.2444.html#f1
http://www.nature.com/nchem/journal/v8/n4/full/nchem.2444.html#f1
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We then applied 1 as a building block in a series of imine-linked COFs (Figure 3.2a), co-

condensing the four-armed building block with linear dialdehydes. As to the choice of the 

linear building units, we decided to start with weakly interacting non-rigid molecules to avoid 

the layer stacking being dominated by these linear building blocks. We therefore selected 

biphenyl-4,4′-dicarboxaldehyde (2P) and, to achieve different pore sizes, the shorter 

terephthalaldehyde (1P) and its elongated homologue p-terphenyl-4,4″-dicarboxaldehyde 

(3P). To study whether the concept could also be transferred to linkers with stronger 

electronic interactions, we chose thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (TT) as a 

further dicarboxaldehyde building block. A thienothiophene-bridged diboronic acid had 

already been applied successfully in previous COF studies by our group4. 

 

Figure 3.2   Synthetic scheme for the construction of the imine-linked COFs that comprise 

propeller-shaped building blocks. a, Construction of star-shaped, dual-pore 4PE-based COFs via co-

condensation of 1 with the linear dialdehyde bridging units 1P, 2P, 3P and TT. b, Synthesis of the 

hexagonal 3PA- and 3PB-based COFs in combination with the linear dialdehyde bridging units 2P 

and TT. 

The corresponding 4PE-1P, 4PE-2P, 4PE-3P and 4PE-TT COFs were obtained via acid 

catalysis under solvothermal conditions (see Methods). In a way similar to molecular imine 

cages 
[28]

, the 4PE COFs possess very high physicochemical stabilities. The frameworks are 

http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp1.html
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stable in ambient air and were found to retain their crystallinity on stirring in a variety of 

protic and aprotic organic solvents and in boiling water (SI Figures 3.11 and 12). 

Powder X-ray diffraction (PXRD) data from both high-resolution and high-energy 

synchrotron-based measurements confirmed the formation of highly crystalline frameworks 

(Figure 3.3a–c and SI Figure 3.8). In particular, the diffraction patterns of the new 4PE-2P, 

4PE-3P and 4PE-TT COFs display a large number of well-defined higher-order reflections 

(insets of Figure 3.3a–c). The high-energy data collected using an area detector provided an 

improved signal-to-noise ratio for the higher-angle reflections. For each COF, structural 

analysis via a Rietveld refinement was performed against both data sets simultaneously using 

density functional theory/local density approximation (DFT/LDA)-optimized structures as the 

starting models (Figure 3.3d–f). The Rietveld method refines the atom positions of these 

models to find the best match between the theoretical pattern and the experimental data. 

Refinements were undertaken in the P6 space group, as this was the highest symmetry 

predicted from the DFT modelling. The a lattice parameter was well constrained by the data. 

However, this sample illustrates the classic problem of a dominant zone with fewer and broad 

peaks corresponding to hkl reflections for l ≠ 0. As such the c lattice dimension was defined 

less precisely. Bond lengths were constrained to the DFT-optimized values as the torsion 

between rigid moieties, such as rotations of the aromatic rings, was allowed to refine. The 

optimized models provide an excellent fit to the measured diffraction intensities (Figure 3.3). 

The unit-cell parameter a ranges from 4.12 nm for the 4PE-TT COF to 5.48 nm for the 4PE-

3P COF. The c axis was found to be almost identical at 0.46–0.48 nm for all the 4PE-based 

COFs, which indicates a similar layer stacking in all cases despite the differences in stiffness 

and electronic interactions between the 2P, 3P and TT building blocks. 



3 The Taming of the Screw 

42 

 

Figure 3.3   PXRD patterns and the corresponding Rietveld-refined structures illustrate the high 

degree of order within the 4PE-based COF networks. a–c, Experimental synchrotron PXRD data 

(black, high-resolution X-ray scattering; blue, high-energy X-ray total scattering) of the 4PE-2P COF 

(a), 4PE-3P COF (b) and 4PE-TT COF (c). Simultaneous Rietveld refinements of the high-resolution 

and high-energy data sets (red lines) provide good fits to the experimental data with only minimal 

differences (the green lines show the difference plots between the experimental PXRD patterns and 

those obtained by Rietveld refinements). Bragg positions are indicated by light green ticks. 

λ = 0.41417 Å for the high-resolution data (black) and 0.2114 Å for the high-energy data (blue). Insets, 

magnified views onto the Q > 0.5 Å
−1

 region show well-defined higher-order reflections. d–f, The 

corresponding Rietveld-refined COF structures of the 4PE-2P (a), 4PE-3P (b) and 4PE-TT (c) COFs 

assuming P6 symmetry (available as Supplementary Information). 

http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-2P.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-3P.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-TT.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-2P.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-3P.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-TT.html
http://www.nature.com/nchem/journal/v8/n4/full/nchem.2444.html#supplementary-information
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Pair-distribution functions (PDFs) calculated for the optimized structure models provided an 

excellent match to the experimental data, and further confirmed the local structure (SI 

Figure 3.7). The best match between the experimental and simulated PDFs was achieved 

when the a lattice dimension was allowed to expand, which is in line with the systematic 

underestimation of bond lengths by the LDA method we used to build the starting models. 

The atomic displacement parameters perpendicular to the layers were significantly larger than 

those in the layer direction, which reflects the presence of an increased static and dynamic 

disorder in this non-bonded direction. 

According to our simulations and the X-ray structure of the molecular fragment 2, the four 

core phenylene groups assume a screw-like arrangement, and thus allow the 4PE building 

block of a successive COF layer to lock in a single, well-defined lateral position. To vindicate 

the locking mechanism, DFT calculations were performed using the CASTEP code with the 

generalized gradient approximation PBE functional and applying a correction for dispersion 

interactions 
[29]

 
[30]

 
[31]

 
[32]

 
[33]

. The simulation of the potential energy surface for the 

displacement of two 4PE-2P layers confirms that the eclipsed structure is, indeed, 

thermodynamically favoured (SI Figure 3.13). Furthermore, the potential-energy hypersurface 

is steepest around the minimum and levels off considerably for displacements higher than 

0.04 nm in any direction. 

To understand the nature of these interactions, it is instructive to compare the potential-energy 

hypersurfaces obtained from pure and dispersion-corrected PBE calculations (SI Figure 3.9). 

The two methods predict the same qualitative features, most importantly the steep descent for 

displacements below 0.04 nm. As the PBE functional describes permanent multipole–

multipole interactions only, without accounting for London-type interactions, the lock-and-

key principle is primarily based on permanent electrostatic interactions between the aromatic 

rings. If dispersion interactions are included, the eclipsed structure is additionally stabilized 

by over 0.5 eV relative to the most-displaced geometry we considered. Furthermore, these 

interactions tilt the potential-energy hypersurface towards the minimum, which drives the key 

into the lock. This becomes particularly important for displacements beyond 0.04 nm, where 

the uncorrected PBE hypersurface is almost flat. 

Regarding the interlayer distance (that is, the c lattice vector), the dispersion-corrected PBE 

calculations predict a value of 0.46 nm for both 4PE-2P and 4PE-TT, in excellent agreement 
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with the experiments. This confirms that this dimension is governed by interactions between 

the 4PE units, and is relatively independent of the bridging moiety. 

A perfectly defect-free crystal domain of P6 symmetry would be built up by 4PE units that all 

have the same direction of rotation (Figure 3.4). As the introduction of even a single 4PE 

column of the „wrong‟ propeller enantiomer would cause considerable strain in the 

framework, synchronizing the molecular conformation of all the 4PE units throughout a COF 

domain appears to be of key importance. We propose that this synchronization can only be 

achieved if the linear bridging unit is able to transmit information on the molecular 

configuration between adjacent 4PE units during COF growth. 

 

Figure 3.4   Fragment of the 4PE-2P COF structure. The direction of rotation (red arrows) of 4PE 

entities (C, orange; N, blue; H, white) is synchronized via the molecular conformation of the linear 

bridging unit (C, grey; H, white). Inset, a cut-out showing the C2-symmetric bridging unit that is 

crucial for transmitting information on the molecular conformation of the 4PE entities. 

Dividing the COF in a „thought experiment‟ into phenylene–bridge–phenylene fragments we 

find a C2 axis in the centre of the bridging unit (inset of Figure 3.4). Based on this 

consideration we can anticipate well-ordered systems for linear building blocks with a strong 

tendency to adopt a C2-symmetric configuration, whereas mirror-symmetric bridging units 

cannot synchronize the 4PE units. Indeed, the 2P and 3P units seem to be able to transfer this 

information efficiently, possibly via the tilt of their terminal phenylenes. If the bridging unit, 

however, is reduced to a single aromatic ring, as in the case of the 4PE-1P COF, this 

mechanism might not be operational. In a P6-symmetric setting the rigid 1P would be 
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required to assume an intermediate position, that is be co-planar with the ab plane. As both 

the cis and trans configurations of the terminal aldehydes have approximately the same 

energy, the 1P building block cannot impose a synchronized direction of rotation on all the 

4PE entities, which possibly results in an increased defect density. Indeed, we observed a 

lower crystallinity for the 4PE-1P COF compared with that of its larger homologues (SI 

Figure 3.8). Even though the relative ratios of the peak intensities correspond well to those of 

the proposed model, the broader and strongly asymmetrically shaped peaks could not be 

modelled so well by the data, which indicates the presence of considerably more disorder in 

this framework. 

The TT bridging unit, on the other hand, proved to be capable of generating very well-ordered 

frameworks. Although this rigid building block is also expected to be co-planar with the ab 

plane in a P6-symmetric COF, the inherent C2 symmetry of this molecule and its stronger 

electronic interaction with the imine bonds seem to provide a functional path for directing the 

conformation of adjacent 4PE units. 

Given their well-defined geometries, the new COFs are expected to form porous structures 

with two precisely defined pore sizes. The nitrogen sorption isotherms recorded at 77 K 

exhibit a type IV isotherm with two sharp steps and an H1 hysteresis loop (Figure 3.5a). 

Quenched-solid DFT calculations using an equilibrium model and assuming a cylindrical pore 

geometry show the existence of two types of pores with narrow size distributions in each of 

the COFs (Figure 3.5b) 
[34]

 
[35]

. The obtained pore diameters of 2.9, 3.8, 4.5 and 3.2 nm for the 

large hexagonal pores of the 4PE-1P, 4PE-2P, 4PE-3P and 4PE-TT COFs, respectively, are 

in very good agreement with the simulated pore sizes of 2.9, 3.8, 4.5 and 3.3 nm, respectively. 

For the smaller trigonal pores we obtained pore sizes of 1.6, 1.7, 1.8 and 1.6 nm, which are 

consistent with those of the simulated structures. The Brunauer–Emmett–Teller surface areas 

of the four COFs are 2,140 ± 50 m2 g−1 (4PE-1P), 2,070 ± 50 m2 g−1 (4PE-2P), 1,000 ± 50 

m2 g−1 (4PE-3P) and 1,990 ± 50 m2 g−1 (4PE-TT) with total pore volumes of 1.31 cm3 

g−1, 1.53 cm3 g−1, 0.844 cm3 g−1 and 1.24 cm3 g−1, respectively. Some of these surface 

areas are among the highest reported surface areas for imine-linked COFs 
[2]

 
[27]

. 
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Figure 3.5   Porosity and real-space images of the 4PE-based COFs. a, Nitrogen sorption isotherms 

of the 4PE-1P (black), 4PE-2P (blue), 4PE-3P (green) and 4PE-TT (red) COFs exhibit type IV 

isotherms. Filled symbols, adsorption; open symbols, desorption. b, Corresponding pore-size 

distributions indicate the presence of both micro- and mesopores. Inset, enlargement of the 

microporous region. c, TEM images of 4PE-3P COF that show the faceted COF crystallites with a 

hexagonal arrangement of the mesopores. Inset, magnified view onto a single COF crystallite. 

Transmission electron microscopy (TEM) images of 4PE-3P COF powder samples reveal the 

nanoscale morphology of individual COF crystallites (Figure 3.5c). Typical domain sizes 

range from 50 to 100 nm. Straight porous channels that extend through entire crystal domains 

can be observed. Domains oriented with their ab plane perpendicular to the viewing direction 

show the highly ordered hexagonal arrangement of the mesopores and exhibit clearly 

observable hexagonal facets, which highlights the crystallinity of this material. To the best of 

our knowledge this is the first time that such faceting has been observed for COF 

nanocrystals. 

Having demonstrated that highly crystalline frameworks can be obtained for combinations of 

1 with different linear building blocks, we decided to test the generality of our approach by 

extending our study to other propeller-shaped building blocks (Figure 3.2b). Triphenylamine 

(3PA) can be seen as a trigonal complement to 4PE with comparable steric interactions 

between its aromatic rings. Although the terminal phenylenes of triphenylbenzene (3PB) are 

expected to interact less strongly with each other, the preferred conformation of this building 

block is propeller-like as well. 

We employed both trigonal building blocks terminated with amino groups (3a and 3b) in the 

synthesis of imine-linked COFs using 2P and TT as their linear counterparts. The resulting 

frameworks exhibited a very high crystallinity with sharp and well-defined higher-order 

reflections similar to those of the 4PE COFs (SI Figures 3.9 and 10). Pawley refinement of 

http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-1P.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-2P.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-3P.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-TT.html
http://www.nature.com/nchem/journal/v8/n4/compound/nchem.2444_comp4PE-3P.html
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the 3PA- and 3PB-containing COFs based on P6-symmetric structure models produced the 

lattice parameters listed in Supplementary Table 2. 

Similar to the case of the 4PE COFs, the c axis seems to be determined by the nature of the 

propeller-shaped building block. The smaller tilt angle of the terminal aromatic rings of 3PB 

compared with that of 4PE (30° versus 44° according to our DFT simulations of the COFs) 

seems to allow for a closer layer stacking, and thus a reduced length of the c axis. Still, the 

high order caused by a single, well-defined lateral position is retained. 

3.4 Conclusion 

In this study, we utilized the inherent molecular conformation of rigid, propeller-shaped 

building units to define self-repeating docking sites for the attachment of consecutive COF 

layers. In this way, we were able to realize COFs that feature, to the best of our knowledge, an 

as yet unmatched degree of crystallinity and well-defined crystal facets. 

Studying a series of COFs that comprise bridging units of different molecular symmetry and 

conformational flexibility enabled us to gain insights into the conveyance of configurational 

information during the COF formation, and highlights the importance of designing intra- and 

interlayer interactions. With the generality of this approach demonstrated for a number of 

combinations of different building blocks and bridging units, we expect this concept to be 

applicable to a broad variety of functional building blocks and to promote the establishment 

of COFs in catalysis and organic electronics. 
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3.5 Supporting Information 

Unless stated otherwise, all reactions were performed in oven-dried glassware under ambient 

atmosphere. All reagents and solvents were obtained from commercial suppliers and used as 

received. 1,1,2,2‐Tetrakis(4-nitrophenyl)ethene and 1,1,2,2-tetrakis(4-aminophenyl)ethene 

were synthesized following published procedures
[36]

. 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker AV 400 and AV 400 

TR spectrometers. Proton chemical shifts are expressed in parts per million (δ scale) and are 

calibrated using residual undeuterated solvent peaks as an internal reference (DMSO-d6: 

2.50). Data for 
1
H NMR spectra are reported in the following way: chemical shift (δ ppm) 

(multiplicity, coupling constant/Hz, integration). Multiplicities are reported as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, or combinations thereof. 

Infrared (IR) spectra were recorded on a Thermo Scientific Nicolet™ 6700 FT-IR 

spectrometer in transmission mode. IR data is reported in frequency of absorption (cm
–1

). 

UV-Vis spectra were recorded using a Perkin-Elmer Lambda 1050 spectrometer equipped 

with a 150 mm InGaAs integrating sphere. Diffuse reflectance spectra were collected with a 

Praying Mantis (Harrick) accessory and were referenced to barium sulfate powder as white 

standard. 

Photoluminescence (PL) measurements were performed using a home-built setup consisting 

of a Horiba Jobin Yvon iHR 320 monochromator equipped with a photomultiplier tube and a 

liquid N2-cooled InGaAs detector. The samples were illuminated with a pulsed (83 Hz) 365 

nm LED at a light intensity of 500 mW cm-2
. 

Thermogravimetric analysis (TGA) measurements were performed on a Netzsch Jupiter ST 

449 C instrument equipped with a Netsch TASC 414/4 controller. The samples were heated 

from room temperature to 900 °C under a synthetic air atmosphere at a heating rate of 1 

K/min. 

The nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 77.4 K in a 

pressure range from p/p0 = 0.001 to 0.98. Prior to the measurement of the sorption isotherm 

the samples were outgassed for 24 h at 120°C under high vacuum. For the evaluation of the 

surface area the BET model was applied between 0.05 and 0.2 p/p0. The calculations of the 
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pore size distribution were performed using the QSDFT equilibrium model with a carbon 

kernel for cylindrical pores.  

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8 

Discover with Ni-filtered Cu Kα radiation and a LynxEye position-sensitive detector. 

Background correction was performed using spline-interpolated and intensity-adapted 

measurements of the empty sample holder.  

The initial structure models of the COFs were built using the Forcite module of the 

Accelrys Materials Studio software package. We applied the space group with the highest 

possible symmetry, i.e. P6, taking into account the propeller-like conformation of the central 

building blocks. Using this coarse model we determined the unit cell parameters via Pawley 

refinement of our PXRD data. In order to obtain a more realistic picture of the local molecular 

arrangement, we then performed DFT geometry optimisations based on the refined unit cell 

parameters using the CASTEP module and the LDA/CA-PZ functional. These models were 

suitable for subsequent Rietveld refinements. 

Synchrotron X-ray scattering measurements were undertaken for capillary-loaded samples 

of the samples at the Advanced Photon Source at Argonne National Laboratory. High-

resolution powder X-ray diffraction data were collected at ambient temperature and at 100 K 

at beamline 11-BM with the use of 12-detector/analyzer system, with the data from the 

detectors corrected and merged into a single diffraction pattern. Samples were spun at 90 Hz 

to ensure good powder averaging.  

High energy X-ray total scattering data suitable for diffraction and pair distribution function 

(PDF) analysis were collected at beamline 11-ID-B using high energy X-rays (58keV, 0.2114 

Å wavelength) in combination with a large amorphous-Si based area detector from Perkin-

Elmer. The two-dimensional scattering images were reduced to one-dimensional data within 

Fit2d. PDF‟s, G(r), were extracted from the data within PDFgetX2, subtracting contributions 

from the background and inelastic scattering before Fourier transforming the data to Qmax = 

19.8 Å
-1

. There was no evidence for preferred orientation effects in the diffraction images. 

PDFs were calculated for the diffraction-optimised structural models within PDFgui. 

Structural analysis of the powder diffraction data (both high resolution and high energy data) 

were undertaken by Rietveld refinement, as implemented within TOPAS. The high energy 

data collected using an area detector provided improved signal-to-noise for the higher angle 
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reflections. The DFT-optimised structures were used as starting models for the structural 

refinements. Refinements were undertaken in P6 space group, as this was the highest 

symmetry predicted from the DFT. 

Single-crystal X-ray diffraction data were collected with an Xcalibur3 diffractometer 

equipped with a Spellman generator (voltage 50 kV, current 40 mA) and a Kappa CCD 

detector and using Mo Kα radiation (λ = 0.71073 Å). The data collection was performed with 

the CrysAlis CCD software 
[37]

 and the data reduction was achieved with the CrysAlis RED 

software. 
[38]

 The structure was solved with SIR-92, refined with SHELXL-97 and checked 

using PLATON.
[39]

 The absorptions were corrected by the SCALE3 ABSPACK multiscan 

method.
[40]

 Crystallographic data for the structure have been deposited with the Cambridge 

Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of 

the data can be obtained free of charge on quoting the depository number CCDC 1055083 

(http://www.ccdc.cam.ac.uk). 

DFT calculations were performed with the CASTEP code using the generalised-gradient-

approximation PBE functional. The energy cutoff for the planewave basis-set was set to 310.0 

eV, ions were represented with ultrasoft pseudopotentials and k-point sampling was 

performed with a 1x1x4 Monkhorst-Pack grid (1x1x2 for the double layer structures). To 

account for dispersion interactions, we used the correction scheme of Tkatchenko and 

Scheffler.  

Transmission electron microscopy (TEM) was performed on an FEI Titan Themis equipped 

with a field emission gun operated at 300 kV. 

 

  

http://www.ccdc.cam.ac.uk/
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1,1,2,2-Tetrakis(4-nitrophenyl)ethene (4) 

 

A mixture of 30 mL fuming nitric acid and 30 mL glacial acetic acid was cooled to 0°C. 

1,1,2,2,-Tetraphenylethene (3.00 g, 9.00 mmol) was added in small portions and the mixture 

was allowed to warm to room temperature. After stirring for 3 h the solution was poured into 

ice water. The resulting precipitate was filtered off, washed with water and recrystallised from 

1,4-dioxane to yield bright yellow crystals of 4 (2.05 g, 4.00 mmol, 44.4 %). 

1
H NMR (400 MHz, DMSO-d6): 8.11 (d, J = 8.00 Hz, 8 H), 7.37 (d, J = 8.00 Hz, 8 H). 

 

1,1,2,2-Tetrakis(4-aminophenyl)ethene (1) 

 

Under nitrogen, compound 4 (1.00 g, 1.95 mmol) was dissolved in 20 mL of THF. Raney 

Nickel (ca. 4 g) and hydrazine monohydrate (1.30 mL, 26.7 mmol) were added to the solution 

and the mixture was refluxed for 2 h. The solution was allowed to cool to 55 °C and the 

Raney Nickel was filtered off. All volatiles were evaporated under reduced pressure, yielding 

the title compound (0.75 g, 1.92 mmol, 98 %) as a yellow powder. 

1
H NMR (400 MHz, DMSO-d6): 6.57 (d, J = 8.00 Hz, 8 H), 6.26 (d, J = 8.00 Hz, 8 H), 4.85 

(s, 8 H). 
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4PE(benzaldehyde)4 (2) 

In an argon atmosphere, dry benzaldehyde (53 mg, 0.5 mmol, 5 equiv.) was added to a 

suspension of 1 (39.2 mg, 0.10 mmol, 1 equiv.) in anhydrous 1,4-dioxane (0.5 mL) and 

CHCl3 (2 mL). After addition of 5 beads of 3 Å molecular sieve, the reaction mixture was 

heated at 70 °C for 16 h. Upon slow cooling yellow needles formed, which were isolated by 

filtration and dried under reduced pressure. Crystals suitable for X-ray structure analysis were 

grown from a THF/1,2-dichloroethane (1:1 v:v) solution. 

4PE-1P COF 

1 (5.9 mg, 15 µmol, 1 equiv.) and 1P (4.0 mg, 30 µmol, 2 equiv.) were suspended in a mixture 

of 1,4-dioxane (149 µl) and mesitylene (33 µl). The resulting mixture was vortexed until 

complete dissolution of the reactants was achieved. Aqueous acetic acid (6 M, 18 µl) was 

added and the mixture kept in a glass tube at 120 °C for four days. The resulting bright-yellow 

precipitate was collected by filtration, washed with 1,4-dioxane and dried under reduced 

pressure. Analysis (calculated, found for C126H84N12): C (85.29, 83.92), H (5.23, 4.78), N 

(9.47, 9.31). 

4PE-2P COF 

1 (5.9 mg, 15 µmol, 1 equiv.) and 2B (6.3 mg, 30 µmol, 2 equiv.) were suspended in 1,4-

dioxane (273 µl). The resulting mixture was vortexed until complete dissolution of the 

reactants was achieved. Aqueous acetic acid (6 M, 27 µl) was added and the mixture kept in a 

glass tube at 120 °C for four days. The resulting light-orange precipitate was collected by 

filtration, washed with 1,4-dioxane and dried under reduced pressure. Analysis (calculated, 

found for C162H108N12): C (87.22, 86.30), H (5.24, 4.97), N (7.53, 7.44). 

4PE-3P COF 

1 (5.9 mg, 15 µmol, 1 equiv.) and 3P (8.1 mg, 30 µmol, 2 equiv.) were suspended in a mixture 

of 1,4-dioxane (149 µl) and mesitylene (33 µl). The mixture was vortexed and aqueous acetic 

acid (6 M, 18 µl) added. The mixture was kept in a glass tube at 120 °C for four days to yield 

an ochre precipitate. The product was filtered, washed with 1,4-dioxane and dried under 

reduced pressure. Analysis (calculated, found for C198H132N12): C (88.49, 86.33), H (5.25, 

5.04), N (6.25, 6.27). 
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4PE-TT COF 

Under argon, 1 (11.7 mg, 30 µmol, 1 equiv.) and TT (11.8 mg, 60 µmol, 2 equiv.) were 

dissolved in 1 ml of a 1:9 v/v mixture of mesitylene and benzyl alcohol at 120 °C. The 

solution was cooled to room temperature and aqueous acetic acid (6 M, 100 µl) added. The 

mixture was kept in a glass tube at 120 °C for three days. The resulting red precipitate was 

collected by filtration, washed with DMF and dried under reduced pressure. Analysis 

(calculated, found for C126H72N12S12): C (70.76, 70.12), H (3.39, 3.72), N (7.86, 7.87), S 

(17.99, 17.30). 

3PA-2P COF 

Under argon, tris(4-aminophenyl)amine 3a (8.7 mg, 30 µmol, 1 equiv.) and biphenyl-4,4'-

dicarboxaldehyde (9.5 mg, 45 µmol, 1.5 equiv.) were dissolved in 500 µL of a 19:1 v:v 

mixture of anisole and 1,4-dioxane at 120 °C. Upon cooling to room temperature, aqueous 

acetic acid (6 M, 50 µL) was added and the reaction mixture was kept at 100 °C for 3 days, 

yielding an orange precipitate. The product was isolated via filtration. 

3PA-TT COF 

In an argon atmosphere, tris(4-aminophenyl)amine 3a (8.7 mg, 30 µmol, 1 equiv.) and 

thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (8.8 mg, 45 µmol, 1.5 equiv.) were dissolved in 

500 µL of a 9:1 v:v mixture of mesitylene and benzyl alcohol at 120 °C. After cooling to room 

temperature, aqueous acetic acid (6 M, 50 µL) was added. The reaction mixture was kept at 

120 °C for 4 days, yielding a dark purple precipitate. The product was isolated via filtration. 

3PB-TT COF 

In an argon atmosphere, tris(4-aminophenyl)benzene 3b (14.1 mg, 40 µmol, 1 equiv.) and 

thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (11.8 mg, 60 µmol, 1.5 equiv.) were suspended 

in 1 mL of a 9:1 v:v mixture of anisole and ethanol. Aqueous acetic acid (6 M, 100 µL) was 

added and the resulting reaction mixture was kept at 100 °C for 5 days. The resulting yellow 

precipitate was isolated via filtration. 
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Single crystal structure of compound 2 

 

 

Figure 3.6   Single-crystal X-ray structure of compound 2. Colour scheme: carbon (grey), hydrogen 

(white), chlorine (green), nitrogen (blue). The structure contains one right-turning and one left-turning 

molecule per unit cell. The branches closest to the other molecule were refined having two positions 

with 50% occupancy each. 

Table 3.1   Crystal structure data of compound 2. 

Formula C56H44Cl2N4  ρcalcd / g cm
−3

 1.254 

M 843.85  μ / mm
−1

 0.188 

T / K 173(2)  Irradiation / Å 0.71073 

Color, habit yellow block  F (000) 884 

Cryst. Size / mm 0.2 x 0.2 x 0.1  Index ranges −11 ≤ h ≤ 10 

Crystal system triclinic   −18 ≤ k ≤ 18 

Space group P−1   −20 ≤ l ≤ 19 

a / Å 9.3210(5)  Reflns. collected 17004 

b /Å 15.2640(9)  Reflns. unique 8138 

c / Å 16.6530(7)  Reflns. obsd. 5453 

α / °  74.721(4)  Rint 0.0330 

β / ° 84.365(4)  Params. refined 669 

γ / ° 78.162(4)  θ range / ° 4.098 - 25.350 

V / Å
3
 2234.5(2)  R1, wR2 [I > 2ζ(I)] 0.0526, 0.1212 

Z 2  R1, wR2 (all data) 0.0874, 0.1422 

   GooF 1.022 

   δpmax, δpmin / e nm
-

3
 

0.431, −0.335 
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Pair distribution analysis 

 

Figure 3.7   The PDF data for the COFs. a, PDF, G(r), and b, the r-multiplied G(r), which highlights 

features at longer distance. c, d, e, f, Fits of the structural models to the PDF data. 
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PXRD analysis and structure simulations of the 4PE-1P COF 

 

Figure 3.8   PXRD patterns Rietveld-refined structure of the 4PE-1P COF. a, Experimental 

synchrotron PXRD data (black: High-resolution X-ray scattering, blue: High energy X-ray total 

scattering) and Rietveld-refined patterns (red), difference plots (green) and Bragg positions (vertical 

ticks). Insets, magnified view onto the Q > 0.5 nm-1 region. b, Corresponding Rietveld-refined COF 

structure. 

  



3 The Taming of the Screw 

57 

PXRD analysis and simulated structures of the 3PA- and 3PB-based COFs 

 

Figure 3.9   PXRD patterns of the triphenylamine (3PA) containing COFs and the 

corresponding simulated structures. a, b, Experimental (black symbols) and Pawley-refined (red) 

PXRD patterns, Bragg positions (green symbols) and difference plots (green) of the 3PA-2P COF (a) 

and 3PA-TT COF (b). c, d Simulated structures of the 3PA-2P COF (c) and 3PA-TT COF (d). 
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Figure 3.10   PXRD pattern of the triphenylbenzene (3PB) containing 3PB-TT COF and the 

corresponding simulated structure. a, Experimental (black symbols) and Pawley-refined (red) 

PXRD pattern, Bragg positions (green symbols) and difference plot (green). b, Simulated structure of 

the 3PB-TT COF. 
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Stability tests 

 

Figure 3.11   Stability tests of the 4PE-2P COF. Immersing the 4PE-2P COF in common organic 

solvents or boiling water reveals the very high physiochemical stability of the new COF. The 

immersion times were 24 h for organic solvents and 4 h for water, acid and base, respectively. 

 

Figure 3.12   Stability tests of the 4PE-3P COF. The 4PE-3P COF shows great physiochemical 

stability towards common organic solvents or boiling water. The immersion times were 24 h for 

organic solvents and 4 h for water, acid and base, respectively. 
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DFT simulations 

 

Figure 3.13   PBE+D potential energy surface for the horizontal displacement of two 4PE-2P 

layers relative to each other. 

 

Figure 3.14   Comparison of the potential energy surfaces obtained from pure and dispersion-

corrected PBE calculations. Plot of radial displacement versus relative energy for dispersion 

corrected (PBE+D) and uncorrected potential energy surface scans. 
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Optical spectroscopy 

 

Figure 3.15   FT-IR spectra of the 4PE-based COFs. Enlargement of the fingerprint region below 

1800 cm-1 showing the signals of the characteristic C=N stretching vibration (wavenumbers are given 

in the following table). 

Table 3.2   C=N stretching vibrations of the 4PE-based COFs. 

 C=N / cm
-1

 

4PE-1P COF 1618 

4PE-2P COF 1620 

4PE-3P COF 1620 

4PE-TT COF 1608 
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Figure 3.16   UV-vis diffuse reflectance spectra of the 4PE-containing COFs. The data are 

expressed in Kubelka-Munk units and normalised to the strongest absorption. 

 

Figure 3.17   Photoluminescence emission spectra of the 4PE-based COFs. The COFs were 

measured as optically dense powders using 365 nm illumination. 
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Thermogravimetric analysis 

 

Figure 3.18   Thermogravimetric analysis of the 4PE-containing COFs. The samples were heated 

at 1 K min-1 in a constant flow of synthetic air. 
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NMR Spectroscopy 

Compound 4 

400 MHz, DMSO-d6  

 

Solvent residues: 1,4-dioxane (cyan), water (black), DMSO (blue). 
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Compound 1 

400 MHz, DMSO-d6 

 

Solvent residues: THF (pink), water (black), DMSO (blue). 

  



3 The Taming of the Screw 

66 

3.6 References 

[1] C. J. Doonan, D. J. Tranchemontagne, T. G. Glover, J. R. Hunt, O. M. Yaghi, Nature 

Chem. 2010, 2, 235-238. 

[2] M. G. Rabbani, A. K. Sekizkardes, Z. Kahveci, T. E. Reich, R. Ding, H. M. El-Kaderi, 

Chem. Eur. J. 2013, 19, 3324-3328. 

[3] S.-Y. Ding, J. Gao, Q. Wang, Y. Zhang, W.-G. Song, C.-Y. Su, W. Wang, J. Am. 

Chem. Soc. 2011, 133, 19816-19822. 

[4] M. Dogru, M. Handloser, F. Auras, T. Kunz, D. Medina, A. Hartschuh, P. Knochel, T. 

Bein, Angew. Chem. Int. Ed. 2013, 52, 2920-2924. 

[5] M. Calik, F. Auras, L. M. Salonen, K. Bader, I. Grill, M. Handloser, D. D. Medina, M. 

Dogru, F. Loebermann, D. Trauner, A. Hartschuh, T. Bein, J. Am. Chem. Soc. 2014, 

17802-17807. 

[6] S. Patwardhan, A. A. Kocherzhenko, F. C. Grozema, L. D. A. Siebbeles, J. Phys. 

Chem. C 2011, 115, 11768-11772. 

[7] S. Jin, X. Ding, X. Feng, M. Supur, K. Furukawa, S. Takahashi, M. Addicoat, M. E. 

El-Khouly, T. Nakamura, S. Irle, S. Fukuzumi, A. Nagai, D. Jiang, Angew. Chem. Int. 

Ed. 2013, 52, 2017-2021. 

[8] G. H. V. Bertrand, V. K. Michaelis, T.-C. Ong, R. G. Griffin, M. Dincă, Proc. Natl 

Acad. Sci. USA 2013, 110, 4923-4928. 

[9] A. P. Côté, A. I. Benin, N. W. Ockwig, M. O'Keeffe, A. J. Matzger, O. M. Yaghi, 

Science 2005, 310, 1166-1170. 

[10] E. L. Spitler, W. R. Dichtel, Nature Chem. 2010, 2, 672-677. 

[11] M. Dogru, A. Sonnauer, A. Gavryushin, P. Knochel, T. Bein, Chem. Commun. 2011, 

47, 1707-1709. 

[12] E. L. Spitler, J. W. Colson, F. J. Uribe-Romo, A. R. Woll, M. R. Giovino, A. Saldivar, 

W. R. Dichtel, Angew. Chem. Int. Ed. 2012, 51, 2623-2627. 

[13] D. D. Medina, V. Werner, F. Auras, R. Tautz, M. Dogru, J. Schuster, S. Linke, M. 

Döblinger, J. Feldmann, P. Knochel, T. Bein, ACS Nano 2014, 8, 4042-4052. 

[14] D. D. Medina, J. M. Rotter, Y. Hu, M. Dogru, V. Werner, F. Auras, J. T. Markiewicz, 

P. Knochel, T. Bein, J. Am. Chem. Soc. 2015, 137, 1016-1019. 

[15] F. J. Uribe-Romo, J. R. Hunt, H. Furukawa, C. Klock, M. O'Keeffe, O. M. Yaghi, J. 

Am. Chem. Soc. 2009, 131, 4570-4571. 



3 The Taming of the Screw 

67 

[16] S. Wan, F. Gándara, A. Asano, H. Furukawa, A. Saeki, S. K. Dey, L. Liao, M. W. 

Ambrogio, Y. Y. Botros, X. Duan, S. Seki, J. F. Stoddart, O. M. Yaghi, Chem. Mater. 

2011, 23, 4094-4097. 

[17] J. Guo, Y. Xu, S. Jin, L. Chen, T. Kaji, Y. Honsho, M. A. Addicoat, J. Kim, A. Saeki, 

H. Ihee, S. Seki, S. Irle, M. Hiramoto, J. Gao, D. Jiang, Nature Commun. 2013, 4. 

[18] Q. Fang, Z. Zhuang, S. Gu, R. B. Kaspar, J. Zheng, J. Wang, S. Qiu, Y. Yan, Nature 

Commun. 2014, 5. 

[19] K. T. Jackson, T. E. Reich, H. M. El-Kaderi, Chem. Commun. 2012, 48, 8823-8825. 

[20] P. Kuhn, M. Antonietti, A. Thomas, Angew. Chem. Int. Ed. 2008, 47, 3450-3453. 

[21] Y.-B. Zhang, J. Su, H. Furukawa, Y. Yun, F. Gándara, A. Duong, X. Zou, O. M. 

Yaghi, J. Am. Chem. Soc. 2013, 135, 16336-16339. 

[22] J. T. A. Jones, T. Hasell, X. Wu, J. Bacsa, K. E. Jelfs, M. Schmidtmann, S. Y. Chong, 

D. J. Adams, A. Trewin, F. Schiffman, F. Cora, B. Slater, A. Steiner, G. M. Day, A. I. 

Cooper, Nature 2011, 474, 367. 

[23] S. Kandambeth, D. B. Shinde, M. K. Panda, B. Lukose, T. Heine, R. Banerjee, Angew. 

Chem. Int. Ed. 2013, 52, 13052-13056. 

[24] D. B. Shinde, S. Kandambeth, P. Pachfule, R. R. Kumar, R. Banerjee, Chem. 

Commun. 2015, 310-313. 

[25] E. L. Spitler, B. T. Koo, J. L. Novotney, J. W. Colson, F. J. Uribe-Romo, G. D. 

Gutierrez, P. Clancy, W. R. Dichtel, J. Am. Chem. Soc. 2011, 133, 19416-19421. 

[26] M. Dogru, T. Bein, Chem. Commun. 2014, 50, 5531-5546. 

[27] T.-Y. Zhou, S.-Q. Xu, Q. Wen, Z.-F. Pang, X. Zhao, J. Am. Chem. Soc. 2014, 15885-

15888. 

[28] T. Hasell, M. Schmidtmann, C. A. Stone, M. W. Smith, A. I. Cooper, Chem. Commun. 

2012, 48, 4689-4691. 

[29] J. Clark Stewart, D. Segall Matthew, J. Pickard Chris, J. Hasnip Phil, I. J. Probert 

Matt, K. Refson, C. Payne Mike, Z. Kristallog. – Cryst. Mater. 2005, 220, 567-570. 

[30] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865-3868. 

[31] H. J. Monkhorst, J. D. Pack, Phys. Rev. B 1976, 13, 5188-5192. 

[32] E. R. McNellis, J. Meyer, K. Reuter, Phys. Rev. B 2009, 80, 205414. 

[33] A. Tkatchenko, M. Scheffler, Phys. Rev. Lett. 2009, 102, 073005. 

[34] K. S. W. Sing, Pure Appl. Chem. 1985, 57, 603-613. 

[35] M. Thommes, Chem. Ing. Tech. 2010, 82, 1059-1073. 



3 The Taming of the Screw 

68 

[36] J. Lu, J. Zhang, J. Mater. Chem. A 2014, 2, 13831-13834. 

[37] CrysAlis CCD, version 1.171.27p5 beta (release 01–04–2005 CrysAlis171.NET; 

compiled Apr 1 2005,17:53:34); Oxford Diffraction Ltd.: Oxfordshire, U. K. 

[38] CrysAlis RED, version 1.171.27p5 beta (release 01–04–2005 CrysAlis171.NET; 

compiled Apr 1 2005, 17:53:34); Oxford Diffraction Ltd.: Oxfordshire, U. K. 

[39] a) SIR-92, A Program for Crystal Structure Solution: A. Altomare, G. L. Cascarano, 

C. Giacovazzo, A. Guagliardi, J Appl Crystallogr, 1993, 26, 343–350.b) A. Altomare, 

M. C. Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo, A. Guagliardi, A. G. G. 

Moliterni, G. Polidori, R. Spagna, J Appl Crystallogr, 1999, 32, 115–119.c) G. M. 

Sheldrick, SHELXS-97, Program for Crystal Structure Solution, University of 

Göttingen, Göttingen, Germany, 1997. d) G. M. Sheldrick, SHELXL-97, Program for 

the Refinement of Crystal Structures, University of Göttingen: Göttingen, Germany, 

1999. e) L. A. Spek, PLATON, A Multipurpose Crystallographic Tool, Utrecht 

University: Utrecht, The Netherlands, 1999. 

[40] SCALE3 ABSPACK - An Oxford Diffraction program (1.0.4, gui:1.0.3); Oxford 

Diffraction Ltd.: Oxfordshire, U. K., 2005. 

 



4 Every Stack you Make 

69 

4 Every Stack you Make 

This chapter is based on the following publication: 

Synchronized offset stacking – a concept for growing large-domain and highly 

crystalline 2D covalent organic frameworks 

by Florian Auras, Laura Ascherl, Amir H. Hakimioun, Johannes T. Margraf, Fabian C. 

Hanusch, Stephan Reuter, Derya Bessinger, Markus Döblinger, Christina Hettstedt, 

Konstantin Karaghiosoff, Simon Herbert, Paul Knochel, Timothy Clark, Thomas Bein 

J. Am. Chem. Soc. 2016, 138, 16703-16710. 

 

 

 

 

 

Reprinted with permission from F. Auras, L. Ascherl, A. H. Hakimioun, J. T. Margraf, F. C. 

Hanusch, S. Reuter, D. Bessinger, M. Döblinger, C. Hettstedt, K. Karaghiosoff, S. Herbert, P. 

Knochel, T. Clark, T. Bein, J. Am. Chem. Soc. 2016, 138, 16703-16710. 

Copyright 2016, American Chemical Society. 

  



4 Every Stack you Make 

70 

4.1 Abstract 

Covalent organic frameworks (COFs), formed by reversible condensation of rigid organic 

building blocks, are crystalline and porous materials of great potential for catalysis and 

organic electronics. Particularly with a view of organic electronics, achieving a maximum 

degree of crystallinity and large domain sizes while allowing for a tightly π-stacked topology 

would be highly desirable. We present a design concept that uses the 3D geometry of the 

building blocks to generate a lattice of uniquely defined docking sites for the attachment of 

consecutive layers, thus allowing us to achieve a greatly improved degree of order within a 

given average number of attachment and detachment cycles during COF growth. 

Synchronization of the molecular geometry across several hundred nanometers promotes the 

growth of highly crystalline frameworks with unprecedented domain sizes. Spectroscopic data 

indicate considerable delocalization of excitations along the π-stacked columns and the 

feasibility of donor-acceptor excitations across the imine bonds. The frameworks developed 

in this study can serve as a blueprint for the design of a broad range of tailor-made 2D COFs 

with extended π-conjugated building blocks for applications in photocatalysis and 

optoelectronics. 

4.2 Introduction 

Growing extended and high quality crystals of molecular framework materials has remained a 

challenge, particularly in the case of covalent organic frameworks (COFs), where the 

connections between the individual building blocks are formed by covalent bonds. COFs are 

porous long-range ordered materials that have recently attracted considerable scientific 

attention as candidates for gas storage and separation,
[1]

 
[2]

 catalysis,
[3]

 
[4]

 and as new materials 

for organic electronics and optoelectronics.
[5]

 
[6]

 
[7]

 In view of the last potential application, 

COFs that are covalently linked in two dimensions while held together by π-stacking in the 

third dimension (referred to as 2D-COFs), are of particular interest.
[8]

 
[9]

 The self-assembled 

π-stacked columns that are formed in these materials enable electronic transport across the 

layers.
[10]

 
[11]

 Additionally, if the linkage between the individual building blocks that 

constitute the 2D layers is π-conjugated, as for example in the case of imine-linked 

frameworks, the conductivity might be extended to the other two dimensions. The aligned 

open channels that surround the molecular stacks can be used to alter the properties or extend 

the functionality of the host material through the incorporation of guest molecules, such as 

fullerenes,
[5]

 
[12]

 
[13]

 tetracyanoquinodimethane,
[14]

 or iodine.
[15]

 
[16]
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In view of these potential applications it is essential to construct highly crystalline (i.e. a 

maximum degree of coherent long-range order within a crystal domain) frameworks with 

large crystal domains and to be able to select from a broad range of specialized building 

blocks. Possible applications in gas separation or catalysis require fully accessible pores that 

are not blocked due to stacking faults or amorphous regions. The factor of crystallinity 

becomes even more important if applications in electronics or optoelectronics are intended, as 

stacking faults could disrupt the conductive π-stacked columns, and defect sites and grain 

boundaries could act as traps and recombination sites for excitons or charges.  

COFs are synthesized via reversible formation of covalent bonds, the most widely applied 

linkage motifs to date being boronate esters,
[17]

 
[18]

 
[19]

 
[20]

 imines,
[21]

 
[22]

 
[23]

 
[24]

 and 

hydrazones.
[25]

 
[26]

 In all of these cases, this reversibility of the bond formation under reaction 

conditions provides the growing COF crystal with a functional self-healing mechanism, a 

factor of key importance for obtaining a long-range ordered network.
[27]

 However, as the 

formation and cleavage of these covalent bonds involve several reaction partners and 

intermediates, these processes will inherently be more complex and typically slower than for 

example the coordinative network formation in metal-organic frameworks (MOFs), or the 

crystallization of small organic molecules, which is driven mainly by Coulomb and dispersion 

interactions. As a result, crystalline COF structures can be achieved only on very small length 

scales of typically a few tens to hundred nanometers. If it were possible, however, to direct 

the attachment of a building block to the growing COF domain such that the correct 

orientation is highly favored over all other possible attachment geometries, one could expect 

to obtain enhanced crystallinity within a given number of average attachment and detachment 

cycles per building block. This could ultimately pave the way for the development of COF 

single crystals. 

We have recently developed a concept for growing highly crystalline 2D COFs that exhibit 

well-defined hexagonal facets and are devoid of amorphous regions between the individual 

crystallites.
[28]

 In this concept, the 3D molecular conformation generates a uniquely defined 

docking site for the attachment of a successive COF layer, thus greatly lowering the 

probability of stacking faults and strained regions due to defects within the individual layers. 

While we have realized this deterministic approach to COF growth using propeller-shaped 

central building blocks, it would be desirable to formulate a geometric concept that imposes 

less strict boundary conditions on the selection of building blocks. Additionally, enabling 
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significant π-orbital overlap between extended opto- and electroactive building blocks such as 

acenes, porphyrins, or tetrathiafulvalenes would be a prerequisite for highly conductive 

frameworks. 

Here, we present a design concept for growing highly crystalline COFs with domain sizes on 

the order of half a micrometer based on the synchronized offset-stacking of the building 

blocks. The core moiety of the multidentate building block is hereby allowed to π-stack, thus 

providing the framework with a very stable interlayer distance and enabling electronic contact 

between the layers. The four phenylene substituents on this core serve a dual purpose. They 

bear the chemical functionality used to cross-link the framework, but also define the 

magnitude and direction of the offset between two COF layers. In this way, the molecular 

geometry of the central building block gives rise to a uniquely defined docking site that can 

guide the attachment of successive layers. Implementing this concept, we synthesized a series 

of highly crystalline pyrene-based COFs with a slip-stacked quasi-quadratic structure. Time-

resolved and steady-state optical spectroscopy revealed considerable delocalization of 

excitations along the π-stacked columns and, depending on the selection of the building 

blocks, electronic coupling and charge-transfer transitions across the imine bonds. 

4.3 Results and discussion 

To implement our concept we chose 1,3,6,8-tetrakis(4-aminophenyl)pyrene (1) as central 

building block. Pyrene-based building blocks used in previous COF studies were found to 

produce appreciably well-ordered networks.
[2]

 
[29]

 
[30]

As is the case for most imine-linked 

COFs, the amine functionality required to cross-link the network is not directly attached to the 

core, but added in the form of a 4-aminophenyl substituent. In addition to practical reasons 

such as straightforward synthesis via cross-coupling reactions and a more core-independent 

reactivity of the aniline groups compared to a directly attached amine, these anilines provide 

the non-planarity of the building block that is required to generate a geometric docking site. 
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Figure 4.1   Possible molecular conformations and corresponding stacking arrangements of 1,3,6,8-

tetrakis(4-aminophenyl)pyrene when incorporated into a COF (C, grey; H, white; N, blue). In the 

„propeller‟ conformation (a) the normal vectors of the phenylenes describe a circle. These molecules 

form offset stacks of alternating left- and right-handed propellers, whereby the phenylenes arrange in 

an edge-on-face sequence. In the „armchair‟ configuration (b) the normal vectors of the phenylenes 

point into the same direction. Owing to the reduced steric demands in this configuration the molecules 

can stack more closely and with reduced lateral offset. (c) Forming defect-free COF domains requires 

ensuring the same stacking direction of neighboring pyrene stacks. We propose that this can be 

achieved by synchronizing the orientation of the phenylenes across flat, cofacially stacked bridges. (d) 

Chemical structures of the building blocks used in the synthesis of the new pyrene-based COFs. 

Steric repulsion between the phenylene hydrogens and the six hydrogen atoms of the core 

causes the four phenylenes to be rotated against the pyrene by typically 40-60°.
[31]

 In contrast 

to smaller building blocks such as 1,1,2,2-tetrakis(4-aminophenyl)ethene,
[28]

 the phenylenes 

on the pyrene are not sterically coupled and thus the molecule can in theory adopt several 

geometric configurations; the most symmetrical ones are shown in Figures 4.1a and b.  
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In order to study possible stacking modes of the tetraphenylpyrene subunit when incorporated 

into a COF, we synthesized a molecular model compound 2 by imine condensation between 1 

and four equivalents of benzaldehyde (see the Supporting Information for experimental 

details). This model compound was found to crystallize in the „propeller‟ configuration also 

observed for the parent tetraphenylpyrene,
[31]

 with slipped stacks of alternating right- and left-

handed propellers (SI, Figure 4.6). Because of the sterically demanding edge-on-face 

configuration of the four phenylenes, the angle θ at which the pyrene layers are offset is 

48.9°. The average spacing of the pyrenes d in this arrangement is approximately 0.41 nm, 

considerably larger than typical distances of π-stacked acenes. 
[11]

 

We then simulated a possible COF structure for this stacking motif, linking 1 with the 

smallest aromatic dialdehyde, i.e. terephthalaldehyde (SI, Figure 4.7a). Balancing the 

attractive interactions between the pyrene cores and the steric demands of the edge-on-face 

stacked phenylenes leads to the formation of fairly offset pyrene stacks in the framework 

(Figure 4.1a). We find θ = 50.9°, and d = 0.42 nm for the simulated COF, in good agreement 

with the experimental parameters for the molecular crystals of 2. 

As this „propeller‟ structure is not particularly close-packed, we reasoned that there might be 

another geometric arrangement that could allow for stronger interactions between the COF 

layers and thus produce a thermodynamically more stable framework. The „armchair‟ 

configuration, in which the normal vectors of the four phenylenes point in the same direction, 

would allow for the cofacial arrangement of both the pyrene cores and the phenylenes (Figure 

4.1b). The distances in this geometry would be determined by the π-π interactions. Although 

this molecular configuration has, to the best of our knowledge, not yet been observed in 

molecular crystals of tetraphenylpyrene derivatives, recent examples of tetra(2-pyridyl)ethene 

complexes have shown that external interactions, for example the complexation of a transition 

metal ion, can provide sufficient driving force for the transition from the „propeller‟ to the 

„armchair‟ configuration.
[32]

 

Simulating the above COF with the pyrenes in the „armchair‟ configuration indeed led to a 

much closer-packed framework (SI, Figure 4.7b). Here the pyrenes form slip-stacked columns 

with greatly reduced offset and shorter core-to-core distances of θ = 70.3° and d = 0.39 nm, 

respectively (Figure 4.1b). 
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Comparing the two molecular configurations regarding their ability to direct the attachment of 

successive COF layers reveals further differences. The „armchair‟ conformation generates a 

uniquely defined docking site in which the stacking distance and the lateral offset are defined 

by the π-π interactions between the pyrene cores and the phenylenes, respectively (SI, Figure 

4.8b). Here, also the direction of the offset is uniquely defined through the tilt of the 

phenylenes with respect to the core. In the case of the „propeller‟ configuration, however, a 

single building block can only define the stacking distance and the magnitude of the offset. As 

in this configuration the phenylenes of a single molecule do not possess a preferred direction, 

the second building block can attach in two positions (SI, Figure 4.8a). Directional 

information that can be transferred to successive building blocks via the chains of edge-on-

face oriented phenylenes only exists once a dimer has formed. 

At this stage, it remains difficult to predict which of the above configurations will be present 

in our COFs, because this might also be influenced by the choice of the linear building block. 

As the two conformers stack at very different offset angles, however, the experimentally 

determined unit cell might allow for conclusions regarding the molecular geometry. 

In a defect-free crystal, all pyrene stacks would be offset in the same direction. As the 

incorporation of a pyrene stack with the „wrong‟ offset direction would cause immense strain 

and a large number of defects to compensate it, the synchronization of all pyrene stacks 

throughout a crystal domain is of key importance. In the „armchair‟ case, we anticipate that 

this can be achieved if the linear building block is able to transport information about the 

orientation of the phenylene moieties from one pyrene to its neighbors, ensuring coplanar 

orientation (Figure 4.1c). This synchronization mechanism is expected to work well with flat 

and rigid linear building blocks, such as terephthalaldehyde, whereas twisted molecules such 

as biphenyl-4,4‟-dicarbaldehyde fail to ensure the coplanar orientation of the phenylenes and 

hence are not expected to form a stable framework. For geometric reasons the „propeller‟ 

conformation, on the other hand, cannot incorporate aligned and closely packed linear 

building blocks. We thus expected it to be less sensitive to the flatness of the linear units, but 

also less effective for achieving long-range synchronization. 

We used the 1,3,6,8-tetrakis(4-aminophenyl)pyrene building block (1) in the solvothermal 

synthesis of imine-linked COFs in combination with a series of linear dialdehydes (Figure 

4.1d, see the SI for experimental details). Regarding the choice of the building blocks, in view 

of the above considerations we reasoned that the differences between the twisted biphenyl and 
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terphenyl dialdehydes and their flat ethynylene-bridged counterparts should provide us with 

clear conclusions about the preferred stacking mode in our COFs. The flat building blocks, 

and in particular the 2,1,3-benzothiadiazole-substituted 8, would moreover allow us to study 

the electronic coupling between the pyrene cores and their π-conjugated electron-rich (7) or –

deficient (8) counterparts. 

 

Figure 4.2   (a) Experimental PXRD pattern (black dots) of the Py-1P COF. Rietveld refinement (red 

line) provides a very good fit to the experimental data with only minimal differences (the green line 

shows the difference plot between the experimental PXRD pattern and the one obtained by Rietveld 

refinement; Rwp = 4.91%, Rp = 10.32%). Bragg positions are indicated by blue ticks. Inset, magnified 

view of the 2θ > 8° region. (b) The corresponding unit cell with the viewing direction normal to the 

pyrene core (left) and onto the side (right). (c) High resolution TEM image showing the large crystal 

domains of the Py-1P COF. Inset, magnified view showing the pseudo-quadratic arrangement of the 

mesopores. The white frame indicates the magnified area. (d) Nitrogen sorption isotherm recorded at 

77 K. Inset, QSDFT calculation using an equilibrium model yields the very narrow pore-size 

distribution that is anticipated for a fully crystalline lattice. 

The powder X-ray diffraction pattern of the Py-1P COF exhibits a large number of well-

defined reflections and only very weak background, confirming the formation of a highly 
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crystalline framework (Figure 4.2a). In the following we use the term „crystallinity‟ to refer to 

the degree of coherent long-range order within a COF domain (as opposed to the domain 

size). Rietveld refinement using the „armchair‟ configuration and assuming C2/m symmetry 

reproduced the experimental pattern very well and yielded the lattice harameters a = 3.33 ± 

0.01 nm, b = 3.43 ± 0.01 nm, c = 0.388 ± 0.005 nm, β = 76 ± 1 ° (Figure 4.2b).  

Since the unit cell of the Py-1P COF contains a large number of light atoms and the 

reflections are broadened even for this well-crystallized framework, it was not possible to 

refine the coordinates of individual atoms and thus directly observe the conformation of the 

tetraphenylpyrene. Given the differences in stacking behavior between the two possible 

structures, however, it is possible to draw conclusions on the molecular geometry from the 

following considerations:  

The comparison between the experimental pattern and the theoretical patterns calculated from 

the two simulated COF structures yields a good match for the „armchair‟ configuration with 

only slightly shifted reflection positions, whereas the „propeller‟ structure does not resemble 

the experimental pattern very well ,, Figures 4.7c and 4.7d).  

The lattice parameters c and β (see above), which can be refined with high accuracy from the 

position and splitting of the double-peak at 2θ = 23.4° and which are very sensitive to the 

packing of the pyrenes, provide a second indication in favor of the less offset and closer-

packed „armchair‟ configuration.  

The packing geometry of the „armchair‟ structure was further confirmed by density functional 

theory (DFT) calculations using the CASTEP code with the generalized-gradient-

approximation (GGA) PBE functional and a correction for dispersion interactions (see the SI 

for details). These quantum-mechanical simulations yielded β = 75.2°, in very good 

agreement with the experimental unit cell. 

In order to obtain independent experimental evidence for the presence of the „armchair‟ 

configuration in the Py-1P COF, we synthesized this framework using a 1:1 mixture of 

terephthalaldehyde and 2,3,5,6-tetrafluoroterephthalaldehyde. This mixture has been found to 

add an additional electrostatic stabilization to COFs via the formation face-on-face oriented 

stacks of alternating fluorinated and non-fluorinated phenylenes.
[33]

 The PXRD pattern of this 

Py-1PF COF exhibits the same sequence of reflections and in particular contains the double-

peak that stems mainly from the 111 and 001 reflections, here slightly shifted to 23.6° (SI, 
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Figure 4.9). The unit cell parameters for this double-layer COF after Rietveld refinement in 

the space group P2/m are a = 3.38 ± 0.02 nm, b = 3.40 ± 0.02 nm, c = 0.772 ± 0.01 nm, β = 75 

± 2 °. The experimental finding that the forced face-to-face arrangement of the bridges in the 

Py-1PF COF gives rise to a framework that is almost identical to the non-fluorinated Py-1P 

COF, is another strong indication for the presence of cofacially stacked bridges and hence 

„armchair‟-type pyrenes in our COFs. 

In conclusion, based on the above findings we offer strong theoretical and experimental 

evidence for the presence of the „armchair‟ configuration of the tetraphenylpyrenes in the Py-

1P COF. To the best of our knowledge, this is the first time that the crystallization of a COF 

framework has been observed to change the geometry of one of its constituents into a 

conformation that does not occur in molecular solids. 

Transmission electron microscopy (TEM) images of the Py-1P COF reveal that this material 

crystallizes in the form of platelets with very large domain sizes of 300-500 nm (Figure 4.2c). 

Domains oriented with their crystallographic a-b plane perpendicular to the viewing direction 

show the highly ordered pseudo-quadratic arrangement of the mesopores. Moreover, the 

individual crystallites feature well-defined facets that are devoid of any visible amorphous 

regions.  

With pore diagonals of 2.00 nm, 2.44 nm, and 2.76 nm (bridge-to-bridge and the two pyrene-

to-pyrene distances, respectively) in the refined structure, the Py-1P COF is at the border 

between micro- and mesoporosity. Its type IV nitrogen sorption isotherm, which is typical for 

mesoporous materials, exhibits a sharp step and an H1 hysteresis loop at low p/p0 values, 

confirming the expected small pore size (Figure 4.2d). The pore diameter calculated by 

quenched-solid density functional theory (QSDFT) using an equilibrium model and assuming 

a cylindrical pore geometry is 2.20 nm, in very good agreement with the averaged pore 

diagonals. The Brunauer–Emmett–Teller (BET) surface area of the Py-1P COF is 2210 ± 50 

m
2
 g

-1
 with a total pore volume of 1.09 ± 0.03 cm

3
 g

-1
. These values are in excellent 

agreement with the Connolly surface and total pore volume of 2160 m
2
 g

-1
 and 0.98 cm

3
 g

-1
, 

respectively, confirming that the pores are open and fully accessible. 

The formation of the COF during the solvothermal synthesis proceeds, similar to other imine-

linked frameworks,
[34]

 via an initially formed amorphous network that is converted into the 

crystalline Py-1P COF over the course of several hours (SI, Figure 4.11). After 1 d the main 
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reflections hardly change in intensity any more, indicating nearly full conversion to the 

crystalline COF. Weaker reflections, however, continue to become more distinct, suggesting 

an ongoing recrystallization of the material accompanied by further improvements in crystal 

quality. In combination with our lock-and-key design of the building blocks, this mechanism 

can reliably produce fully crystallized nano- to microcrystalline COFs. Even larger crystals 

can be anticipated if future improvements in the linkage chemistry could suppress the fast 

condensation of the amorphous network. 

 

Figure 4.3   Experimental PXRD patterns (black dots), Pawley-refined patterns (red lines), difference 

plots (green lines), and Bragg positions (blue ticks) of (a) the Py-2PE, (b) the Py-3PE, and (c) the Py-

3PEBTD COFs, respectively. Insets, the corresponding refined unit cells. Compared to the Py-1P COF, 

the reflection intensities of these COFs appear weaker due to the inclusion of trapped oligomers in the 

pores that cannot be fully removed without compromising the crystallinity of the framework. 

In order to broaden the scope of the above concept we used a series of directly linked and 

ethynylene-bridged building blocks in the COF syntheses. As expected from the above 

geometric considerations, the twisted biphenyl (2P) and terphenyl (3P) derived building 

blocks fail to produce stable crystalline frameworks. The Py-2P COF forms in the reaction 
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solution, but quickly loses its long-range order upon evaporation of the solvent (SI, Figure 

4.10).  

If an acetylene bridge, however, is introduced between the phenylenes, the molecule can 

adopt a planar configuration that should allow for the synthesis of well-ordered „armchair‟ 

type frameworks.
[35]

 Indeed, we were able to obtain crystalline COF materials using the 

acetylene-bridged building blocks (Figures 4.3a and 4.3b). Pawley refinements carried out in 

the space group C2/m with the angle β fixed at 76° (i.e. assuming similar stacking offset as for 

the Py-1P COF) yielded the lattice parameters a = 4.59 ± 0.05 nm, b = 4.11 ± 0.05 nm, c = 

0.394 ± 0.01 nm, β = 76° (fixed) and a = 5.74 ± 0.05 nm, b = 4.84 ± 0.05 nm, c = 0.388 ± 0.01 

nm, β = 76° (fixed) for the Py-2PE and the Py-3PE COFs, respectively.  

This concept allows us also to incorporate additional electronic functionality into the building 

blocks and thus modulate the electronic structure of the resulting frameworks. We 

demonstrate this by applying a 2,1,3-benzothiadiazole-modified (BTD) version of the 3PE 

building block. Pawley refinement of the Py-3PEBTD COF in the space group P2/m, assuming 

the most symmetric arrangement of the BTD units in the framework, produced the lattice 

parameters a = 5.60 ± 0.05 nm, b = 5.00 ± 0.05 nm, c = 0.386 ± 0.01 nm, β = 76° (fixed) 

(Figure 4.3c). 

 

Figure 4.4   Diffuse reflectance (a) and PL spectra (b) of the four COFs. (c)-(f), TCSPC traces 

(black), instrument response functions (IRF, grey), and the corresponding tri-exponential 
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deconvolution fits of the COFs (red lines). The fraction of collected photons corresponding to the 

respective lifetimes are given in brackets. Photoexcitation was achieved with a picosecond diode laser 

at 403 nm. 

The new pyrene-based COFs are intensely colored solids ranging from bright orange (Py-1P 

and Py-2PE COFs) to deep red (Py-3PEBTD COF). UV-VIS diffuse reflectance spectra 

corroborate these observations (Figure 4.4a). Compared to a solution of compound 1, the 

framework absorption edge is red-shifted by about 100-150 nm, indicating considerable 

electronic delocalization across the pyrene stacks (SI, Figure 4.16). The Py-1P and Py-2PE 

COFs feature particularly sharp absorption onsets around 560 nm, whereas the absorption 

spectrum of the Py-3PE COF is more curved in the normalized representation due to an 

overlap of the pyrene and the acetylene bridge absorption. In all three cases, the steepest rise 

in the absorption spectrum is at almost the same wavelength, indicating that the optical 

transitions are dominated by the central pyrene building block and only slightly affected by 

the additional π-conjugation of the acetylenes. This interpretation is supported by the 

corresponding photoluminescence (PL) spectra (Figure 4.4b), showing similar emission at 

around 600 nm.  

In order to obtain a better understanding of the electronic processes in these materials, we 

determined the absolute external photoluminescence quantum yields (PLQYs) using an 

integrating sphere (SI, Table S2),
[36]

 
[37]

 and studied the PL decay dynamics via time-

correlated single photon counting (TCSPC). All three COFs exhibit PLQYs of around 0.2% 

and tri-exponential decay curves with almost identical lifetimes. These results confirm that, 

irrespective of the length of the π-conjugated bridge, the electronic processes are dominated 

by the tetraphenylpyrene moiety.  

Placing a strongly electron-withdrawing BTD group into the bridge, however, does change 

the band gap of the material. The red-shifted absorption and emission spectra are indicative of 

a charge-transfer excitation at energies below the π-π* transition of the individual building 

blocks. This is supported by the significantly lower PLQY of the Py-3PEBTD COF. The 

recombination of the emissive states, however, appears at very similar time constants as for 

the other three COFs, highlighting the strong influence of the central building block on the 

optoelectronic properties. 
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4.4 Conclusion 

In this study, we used the three-dimensional geometry of a tetraphenylpyrene-derived 

building block to generate a periodic lattice of synchronized docking sites for the attachment 

of consecutive COF layers. This way we were able to grow highly crystalline 2D COFs with 

domain sizes on the order of half a micrometer that feature well-defined facets and are devoid 

of any observable amorphous regions. In combination with future improvements in the 

linkage chemistry, this geometric guidance could pave the way for the development of COF 

single crystals. Our design principle also allows for the simultaneous incorporation of π-

stacked central building blocks and π-stacked bridges, thus enabling electronic 

communication between all subunits of the framework. Studying the optoelectronic properties 

of a series of pyrene-based COFs revealed significant delocalization of excitations along the 

pyrene stacks and showed that charge-transfer excitations are possible across the imine bonds. 

The frameworks developed in this study can serve as a blueprint for designing a broad range 

of tailor-made 2D COFs with extended π-conjugated building blocks for applications in 

photocatalysis and optoelectronics. 
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4.5 Supporting information 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker AV 400 and AV 400 

TR spectrometers. Proton chemical shifts are expressed in parts per million (δ scale) and are 

calibrated using residual undeuterated solvent peaks as an internal reference (CDCl3: 7.26, 

DMSO-d6: 2.50). Data for 
1
H NMR spectra are reported in the following way: chemical shift 

(δ ppm) (multiplicity, coupling constant/Hz, integration). Multiplicities are reported as 

follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, or 

combinations thereof. Magic angle spinning (MAS) solid-state Nuclear magnetic resonance 

(ssNMR) spectra were recorded using a Bruker Avance III-500 spectrometer. 

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8 

Discover with Ni-filtered Cu Kα radiation and a LynxEye position-sensitive detector. 

Background correction was performed using spline-interpolated and intensity-adapted 

measurements of the empty sample holder.  

The structure models of the COFs were built using the Forcite module of the Accelrys 

Materials Studio software package. For each COF structure we applied the space group with 

the highest possible symmetry, taking into account the rotation of the phenylenes versus the 

pyrene core. Structure refinements using either the Rietveld (Py-1P and Py-1PF COFs) or the 

Pawley method (Py-2PE, Py-3PE, Py-3PEBTD COFs) were then carried out as implemented 

in the Reflex module of the Materials Studio software. Pseudo-Voigt peak profiles were used 

and peak asymmetry was corrected using the Finger-Cox-Jephcoat method. A crystallite size 

of 500 nm along a and b and 200 nm along c, and lattice strain parameters of 0.8%, 0.8% and 

0.5% along a, b, c, respectively, were assumed throughout the refinements.  

DFT calculations were performed using CASTEP with the PBE functional and a 350 eV 

plane-wave basis set cut-off. 
[38]

 The D2-dispersion correction was employed to describe non-

covalent interactions.
[39]

 The Brouillion zone was sampled with a 1x1x6 Monkhorst-Pack 

grid.
[40]

 The structure optimization was performed in a two-step process: First the lattice and 

atom positions were optimized until the maximum stress was reduced to below 0.15 GPa. In a 

second step, the lattice was frozen and the atoms were further optimized until the forces on all 

atoms were below 0.05 eV Å
-1

. 

Single-crystal X-ray diffraction data were collected with an Xcalibur3 diffractometer 

equipped with a Spellman generator (voltage 50 kV, current 40 mA) and a Kappa CCD 
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detector, and using Mo Kα radiation (λ = 0.71073 Å). The data collection was performed with 

the CrysAlis CCD software
[41]

 and the data reduction was achieved with the CrysAlis RED 

software. The structure was solved with SIR-92, refined with SHELXL-97 and checked using 

PLATON.
[42]

 The absorptions were corrected by the SCALE3 ABSPACK multiscan 

method.
[43]

 Crystallographic data for the structure have been deposited with the Cambridge 

Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of 

the data can be obtained free of charge on quoting the depository number CCDC 1503281 

(http://www.ccdc.cam.ac.uk).  

Transmission electron microscopy (TEM) was performed on an FEI Titan Themis equipped 

with a field emission gun operated at 300 kV. 

The nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 77 K in a 

pressure range from p/p0 = 0.001 to 0.98. Prior to the measurement of the sorption isotherm 

the samples were outgassed for 24 h at 120 °C under high vacuum. For the evaluation of the 

surface area the BET model was applied between 0.06 and 0.11 p/p0. The calculations for 

obtaining the pore size distribution were performed using the QSDFT equilibrium model with 

a carbon kernel for cylindrical pores. The Connolly Surface was calculated based on the 

Rietveld-refined structure model using a nitrogen-sized probe (r = 3.58 Å) and a grid interval 

of 0.25 Å. 

Thermogravimetric analysis (TGA) measurements were performed using a Netzsch Jupiter 

ST 449 C instrument equipped with a Netsch TASC 414/4 controller. The samples were 

heated in nitrogen atmosphere from room temperature to 900 °C at a heating rate of 1 K min
-1

. 

UV-VIS spectra were recorded using a Perkin-Elmer Lambda 1050 spectrometer equipped 

with a 150 mm InGaAs integrating sphere. Diffuse reflectance spectra were collected with a 

Praying Mantis (Harrick) accessory and were referenced to barium sulfate powder as white 

standard. The specular reflection of the sample surface was removed from the signal using 

apertures that allow only light scattered at angles > 20 ° to pass. 

Photoluminescence (PL) measurements were performed using a home-built setup consisting 

of a Horiba Jobin Yvon iHR 320 monochromator equipped with a photomultiplier tube and a 

liquid N2-cooled InGaAs detector. The samples were illuminated with a pulsed (83 Hz) 365 

nm LED at a light intensity of 500 mW cm
-2

. Absolute photoluminescence quantum yields 

(PLQY) were obtained applying the method outlined by de Mello et al.,
[36]

 using a 150 mm 
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Spectralon integrating sphere and a 403 nm diode laser (pulse power 0.3 µJ cm
-2

, pulse rate 40 

MHz). Three individual spectra were recorded per sample, i.e. (a) the empty sphere, (b) the 

sample inside the sphere, but not directly illuminated, and (c) the sample inside the sphere and 

directly illuminated.  

Time-correlated single photon counting (TCSPC) measurements were performed using a 

PicoQuant FluoTime 300 spectrometer equipped with a 403 nm picosecond diode laser (pulse 

power 0.3 µJ cm
-2

). 
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Building block syntheses 

Unless stated otherwise, all reactions were performed in oven-dried glassware under argon 

atmosphere. All reagents and solvents were obtained from commercial suppliers and used as 

received.  

1,3,6,8-tetrakis(4-aminophenyl)pyrene (1)
[16]

 

 

A reaction mixture containing 1,3,6,8-tetrabromopyrene (1482 mg, 2.86 mmol, 1.0 eq.), 4-

aminophenylboronic acid pinacol ester (3010 mg, 13.7 mmol, 4.8 eq.), K2CO3 (2175 mg, 15.7 

mmol, 5.5 eq.) and Pd(PPh3)4 (330 mg, 0.29 mmol, 10 mol%) in 32 mL 1,4-dioxane and 8 mL 

H2O was heated to reflux (115 °C) for 3 d. After cooling to room temperature, H2O was 

added. The resulting precipitate was collected via filtration and was washed with H2O and 

MeOH. Recrystallization from 1,4-dioxane, followed by drying under high vacuum furnished 

the title compound, co-crystallized with approximately 1.5 dioxane molecules per formula 

unit, as a bright yellow powder (1792 mg, 2.56 mmol, 90%). 

1
H NMR (400 MHz, DMSO-d6): 8.13 (s, 4 H), 7.79 (s, 2 H), 7.34 (d, J = 8.4 Hz, 8 H), 6.77 

(d, J = 8.5 Hz, 8 H), 5.30 (s, 8 H), 3.56 (s, 12 H, dioxane). 

13
C NMR (100 MHz, DMSO-d6): 148.2, 137.1, 131.0, 129.0, 127.6, 126.7, 126.1, 124.4, 

113.9, 66.3 (dioxane). 
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Py(Benzaldehyde)4 (2) 

 

Benzaldehyde (106 mg, 1 mmol) and ca. 100 mg of MgSO4 were added to a suspension of 

compound 1 (28 mg, 0.04 mmol) in 2 mL of dry CHCl3. The reaction container was sealed 

and heated at 70 °C overnight. The resulting yellow solution was evaporated to dryness, 

yielding the title compound as a yellow solid. Crystals suitable for X-ray structure analysis 

were grown by slow evaporation of the solvent from a concentrated DCM solution. 
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4-((trimethylsilyl)ethynyl)benzaldehyde (3) 

 

4-Bromobenzaldehyde (5550 mg, 30 mmol, 1.0 eq.), Pd(PPh3)2Cl2 (421 mg, 0.60 mmol, 2 

mol%), and CuI (228 mg, 1.2 mmol, 4 mol%) were dissolved in 30 mL of dry THF. Et3N 

(4554 mg, 45 mmol, 1.5 eq.) and trimethylsilylacetylene (3094 mg, 31.5 mmol, 1.05 eq.) were 

added and the resulting reaction mixture was stirred overnight at room temperature. After 

completion, all volatiles were removed under reduced pressure. The resulting solid was 

extracted with pentane, filtered through celite and dried under reduced pressure, yielding 

colorless crystals (6.01 g, 29.7 mmol, 99%).  

1
H NMR (400 MHz, CDCl3): 10.00 (s, 1 H), 7.81 (m, 2 H), 7.60 (m, 2 H), 0.27 (s, 9 H). 

13
C NMR (100 MHz, CDCl3): 191.5, 135.7, 132.6, 129.6, 129.5, 104.0, 99.2, -0.1. 

 

4-ethynylbenzaldehyde (4) 

 

Compound 2 (1598 mg, 7.9 mmol, 1.0 eq.) was dissolved in 50 mL of MeOH, followed by 

the addition of KOH (560 mg, 10 mmol, 1.25 eq.). The reaction mixture was stirred at room 

temperature for 1 h. Brine was added, followed by extraction with EtOAc and drying over 

MgSO4. Evaporation of all volatiles yielded the title compound as an off-white solid (1008 

mg, 7.7 mmol, 98%) 

1
H NMR (400 MHz, DMSO-d6): 10.02 (s, 1 H), 7.91 (m, 2 H), 7.69 (m, 2 H), 4.54 (s, 1 H). 

13
C NMR (100 MHz, DMSO-d6): 192.5, 135.8, 132.4, 129.6, 127.5, 84.6, 82.7. 
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4,4'-(ethyne-1,2-diyl)dibenzaldehyde (5) 

 

A reaction mixture containing 4-bromobenzaldehyde (740 mg, 4.0 mmol, 1.0 eq.), compound 

3 (521 mg, 4.0 mmol, 1.0 eq.), Pd(PPh3)4 (115 mg, 0.1 mmol, 2.5 mol%), and CuI (19 mg, 0.1 

mmol, 2.5 mol%) in 30 mL of dry THF and 10 mL Et3N was heated to 85 °C and stirred 

overnight. After cooling to room temperature, all volatiles were removed under reduced 

pressure. Purification via silica gel column chromatography using DCM as eluent, followed 

by recrystallization from hot DCE yielded the title compound as white needles (824 mg, 3.5 

mmol, 88 %). 

1
H NMR (400 MHz, CDCl3): 10.04 (s, 1 H), 7.90 (m, 2 H), 7.71 (m, 2 H). 

13
C NMR (100 MHz, CDCl3): 191.4, 136.1, 132.5, 129.8, 128.8, 92.3. 

 

1,4-diiodo-2,5-dimethoxybenzene (6)
[44]

 

 

ICl (3491 mg, 21.5 mmol, 4.3 eq.) was added dropwise to 25 mL MeOH at 10 °C. To this 

solution was added 1,4-dimethoxybenzene (691 mg, 5.0 mmol, 1.0 eq.) and the resulting 

mixture was heated to 75 °C and stirred at this temperature for 4 h. Upon cooling to room 

temperature a white solid precipitated, which was collected by filtration, washed with cold 

MeOH and dried under high vacuum at 50 °C. Yield: 1129 mg, 2.89 mmol, 58 %. 

1
H NMR (400 MHz, CDCl3): 7.20 (s, 2 H), 3.83 (s, 6 H). 

13
C NMR (100 MHz, CDCl3): 153.5, 121.8, 85.6, 57.4. 
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Compound 7 

 

A reaction mixture containing compound 6 (780 mg, 2.0 mmol, 1.0 eq.), compound 4 (521 

mg, 4.0 mmol, 2.0 eq.), Pd(PPh3)4 (115 mg, 0.1 mmol, 5 mol%), and CuI (19 mg, 0.1 mmol, 5 

mol%) in 15 mL of dry THF and 5 mL Et3N was refluxed overnight at 85 °C. After cooling to 

room temperature, all volatiles were removed under reduced pressure. Purification by silica 

gel column chromatography using CHCl3 as eluent, followed by recrystallization from hot 

DCE afforded the title compound as a yellow powder (650 mg, 1.64 mmol, 82%). 

1
H NMR (400 MHz, CDCl3): 10.02 (s, 2 H), 7.87 (m, 4 H), 7.71 (m, 4 H), 7.06 (s, 2 H), 3.93 

(s, 6 H). 

13
C NMR (100 MHz, CDCl3): 191.5, 154.3, 135.7, 132.3, 129.7, 129.5, 115.8, 113.5, 94.6, 

89.8, 56.6. 
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Compound 8 

 

A reaction mixture consisting of 4,7-dibromo-2,1,3-benzothiadiazole (1176 mg, 4.0 mmol, 

1.0 eq.), compound 4 (1041 mg, 8.0 mmol, 2.0 eq.), Pd(PPh3)4 (231 mg, 0.2 mmol, 5 mol%), 

and CuI (38 mg, 0.1 mmol, 5 mol%) in 30 mL of dry THF and 10 mL Et3N was heated to 

reflux (85 °C) for 36 h. After cooling to room temperature, all volatiles were removed under 

reduced pressure and the residue was dissolved in a minimal amount of hot CHCl3. Repeated 

purification by silica gel column chromatography using CHCl3 as eluent yielded the title 

compound as a bright yellow powder (897 mg, 2.29 mmol, 57 %). 

1
H NMR (400 MHz, CDCl3): 10.06 (s, 2 H), 7.93 (m, 4 H), 7.86 (s, 2 H), 7.83 (m, 4 H). 

13
C NMR (100 MHz, CDCl3): 191.3, 154.3, 136.1, 132.8, 132.5, 129.6, 128.5, 117.2, 96.6, 

88.7. 
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COF syntheses 

Unless stated otherwise, all COF syntheses were performed under argon atmosphere. 

Commercially available reagents were used as received. Solvents were obtained in high purity 

grade from commercial suppliers and were, unless shipped under argon, degassed and 

saturated with argon prior to use.  

Py-1P COF 

Compound 1 (14.0 mg, 20 µmol, 1.0 eq.) and terephthalaldehyde (5.4 mg, 40 µmol, 2.0 eq.) 

were filled into a reaction tube, followed by the addition of mesitylene (667 µL), 1,4-dioxane 

(333 µL), and 6 M acetic acid (100 µL). The tube was sealed and the reaction mixture was 

heated at 120 °C for 7 d. After cooling to room temperature, the precipitate was collected by 

filtration, washed with MeCN and dried in air, yielding a bright orange, hard and brittle 

powder. 

 

Py-1PF COF 

Compound 1 (14.0 mg, 20 µmol, 1.0 eq.), terephthalaldehyde (2.7 mg, 20 µmol, 1.0 eq.), and 

2,3,5,6-tetrafluoroterephthalaldehyde (4.1 mg, 20µmol, 1.0 eq.) were filled into a reaction 

tube, followed by the addition of mesitylene (667 µL), 1,4-dioxane (333 µL), and 6 M acetic 

acid (100 µL). The tube was sealed and the reaction mixture was heated at 120 °C for 3 d. 

After cooling to room temperature, the precipitate was collected by filtration, washed with 

MeCN and dried in air, yielding an orange powder. 

 

Py-2P COF 

Compound 1 (7.0 mg, 10 µmol, 1.0 eq.) and 4,4‟-biphenyldicarboxaldehyde (4.2 mg, 20 

µmol, 2.0 eq.) were filled into a reaction tube, followed by the addition of mesitylene (333 

µL), 1,4-dioxane (167 µL), and 6 M acetic acid (50 µL). The tube was sealed and the reaction 

mixture was heated at 120 °C for 3 d. After cooling to room temperature, the precipitate was 

collected by filtration, yielding an orange powder. This framework was found to lose its 

crystallinity upon evaporation of the solvent.  
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Py-2PE COF 

Compound 1 (14.0 mg, 20 µmol, 1.0 eq.) and compound 5 (9.4 mg, 40 µmol, 2.0 eq.) were 

filled into a reaction tube, followed by the addition of mesitylene (667 µL), 1,4-dioxane (400 

µL), BnOH (400 µL), and 6 M acetic acid (100 µL). The tube was sealed and the reaction 

mixture was heated at 120 °C for 3 d. After cooling to room temperature, the precipitate was 

collected by filtration and dried in air, yielding an orange powder. 

 

Py-3PE COF 

Compound 1 (14.0 mg, 20 µmol, 1.0 eq.) and compound 7 (15.8 mg, 40 µmol, 2.0 eq.) were 

filled into a reaction tube, followed by the addition of mesitylene (667 µL), BnOH (333 µL), 

and 6 M acetic acid (100 µL). The tube was sealed and the reaction mixture was heated at 120 

°C for 5 d. After cooling to room temperature, the precipitate was collected by filtration and 

dried in air, yielding an orange-brown powder. 

 

Py-3PEBTD COF 

Compound 1 (14.0 mg, 20 µmol, 1.0 eq.) and compound 8 (15.7 mg, 40 µmol, 2.0 eq.) were 

filled into a reaction tube, followed by the addition of mesitylene (667 µL), BnOH (333 µL), 

and 6 M acetic acid (100 µL). The tube was sealed and the reaction mixture was heated at 120 

°C for 5 d. After cooling to room temperature, the precipitate was collected by filtration and 

dried in air, yielding a dark red, brittle powder.  
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NMR-Spectra of compound 1 

 

Figure 4.5   (a) 
1
H and (b) 

13
C NMR spectra of compound 1. The signals of the residual undeuterated 

solvent and of H2O/HDO in the 
1
H spectrum are marked with an asterisk. 
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Single crystal structure of compound 2 

 

Figure 4.6   Single-crystal X-ray structure of compound 2 showing (a) the asymmetric unit (C, grey; 

H, white; N, blue) and (b) a stack of four alternating left- and right-handed propellers. One of the four 

imine-linked branches in the asymmetric unit was refined having two positions with 50% occupancy 

each (for clarity, only one is displayed). The co-crystallized DCM solvent molecules were omitted for 

clarity. 

Table 4.1   Crystal structure data of compound 2. 

Formula C139H98Cl6N8  ρcalcd / g cm
−3

 1.280 

M 2092.95  μ / mm
−1

 0.217 

T / K 173(2)  λ / Å 0.71073 

Color, habit yellow rod  F (000) 1090 

Cryst. Size / mm 0.2 x 0.2 x 0.1  Index ranges −12 ≤ h ≤ 12 

Crystal system triclinic   −18 ≤ k ≤ 18 

Space group P−1   −21 ≤ l ≤ 21 

a / Å 10.7899(8)  Reflns. collected 41933 

b /Å 15.7375(10)  Reflns. unique 9206 

c / Å 17.8183(13)  Reflns. obsd. 6745 

α / °  72.675(2)  Rint 0.0706 

β / ° 80.347(3)  Params. refined 703 

γ / ° 70.518(3)  ϑ range / ° 2.008 - 25.350 

V / Å
3
 2715.1(3)  R1, wR2 [I > 2ζ(I)] 0.0577, 0.1401 

Z 2  R1, wR2 (all data) 0.0841, 0.1549 
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Modelling and refinement of the Py-1P COF 

The hypothetical Pyprop-1P COF with the pyrenes adopting a „propeller‟ configuration was 

modelled as a double layer structure based on the geometry and stacking that had been 

observed in the single crystal structure of the model compound 2. Force-field based 

optimization of the molecular geometry and the unit cell yielded the framework shown in 

Figure 5.7a. The optimized unit cell parameters are a = 3.23 nm, b = 3.57 nm, c = 1.07 nm, α 

= 90.0° (fixed), β = 60.6°, γ = 90.0° (fixed). 

 

Figure 4.7   Comparison of the simulated Py-1P COF structures (C, grey; H, white; N, blue) with the 

pyrene (a) in the „propeller‟ conformation and (b) in the „armchair‟ configuration. (c) and (d), the 

experimental PXRD pattern of the Py-1P COF and the calculated patterns based on the above 

simulated structures. The „armchair‟ pattern closely resembles the experimental data, whereas the 
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„propeller‟ structure features a much smaller angle β and thus would give rise to a significantly 

different sequence of reflections, particularly at 2ϑ > 10°. 

The „armchair‟ Py-1P COF was initially modelled using force-field methods. In a second step, 

this model was refined using density functional theory (CASTEP, PBE, D2 dispersion 

correction). The DFT-optimized unit cell parameters are a = 3.54 nm, b = 3.39 nm, c = 0.437 

nm, α = 90.0° (fixed), β = 75.2°, γ = 90.0° (fixed). 
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Defining the stacking direction and offset 

In the „propeller‟ configuration, the second pyrene can attach in two symmetry-equivalent 

positions with the offset to the left or to the right (Figure 4.8a). This initial dimer, however, 

defines the direction of the stack via the chains of alternating edge-on-face oriented 

phenylenes (note that only one of the two symmetry-equivalent stacks is shown in the figure). 

Incorporation of a pyrene that is slipped into the opposite direction creates a stacking fault 

that is possibly unfavorable for electrostatic and electronic reasons, but would geometrically 

be feasible.  

 

Figure 4.8   Possible arrangements for the attachment of successive tetraphenylpyrene building blocks 

(C, grey; H, white; N, blue) in the „propeller‟ (a) and the „armchair‟ configuration (b). 

The „armchair‟ configuration imposes much stricter geometric boundary conditions (Figure 

4.8b). Here, the orientation of the phenylenes in the first layer defines the magnitude and the 

direction of stacking offset. Incorporation of a building block that is slipped in the opposite 

direction would lead to steric repulsion of the phenylenes and would hence create immense 
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strain in the growing COF domain. This more pronounced geometric guidance for the 

attachment of a successive COF layer is suggested to lead to a reduced defect density in the 

resulting framework and hence support the growth of particularly crystalline COFs. 
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Modelling and refinement of the Py-1PF COF 

For modelling of the Py-1PF COF, we started from the C2/m symmetric model of the Py-1P 

COF and extended the unit cell to two layers. In both layers we replaced two of the four 

bridging units with their tetrafluoro-substituted analogues, thus generating a sequence of 

alternating fluorinated and non-fluorinated bridges along the stacking direction. We chose the 

highest possible symmetry, i.e. P2/m for our model and optimized the geometry via force-

field methods. Less ordered distributions of the fluorinated and non-fluorinated bridges can 

also be expected to exist in the COF, but could not be distinguished on the basis of our PXRD 

data. 

 

Figure 4.9   (a) Experimental PXRD pattern (black), Rietveld refinement (red), difference plot 

(green), and Bragg positions (blue) of the Py-1PF COF. Rwp = 6.05%, Rp = 16.6%. (b) The refined 

double-layer unit cell. Viewing direction normal to the pyrene (left) and onto the side of the pyrenes 

(right). 
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PXRD analysis of the Py-2P COF 

The reaction of 1 with 4,4‟-biphenyldicarboxaldehyde was found to form an initially 

periodically ordered framework. Given the twisted geometry of the linear building block we 

did not anticipate a similarly close-packed armchair-type structure as for the other COFs 

containing flat bridges. Indeed, the reflection at the highest 2ϑ angle, which is typically 

related to the stacking direction in these materials, is at about 22 ° compared to around 23.5 ° 

for all the other COFs in this study (Figure 4.9, black line). This framework was found to be 

unstable towards the evaporation of the solvent and lost most of its order within 1 h in 

ambient air atmosphere. Similar degradation was observed for storage in argon or removal of 

the solvent under reduced pressure. 

 

Figure 4.10   PXRD patterns of the Py-2P framework directly from the reaction mixture (black) and 

after drying in ambient air for 20 min (blue) and 60 min (light blue). 
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Py-1P COF crystallization kinetics 

In order to better understand the COF formation process, we studied the crystallization 

kinetics during the solvothermal synthesis. Identical reaction mixtures, prepared as described 

in Section C, were heated at 120 °C for times ranging from 1 h to 7 d. The resulting solids 

were collected by filtration, washed with MeCN and dried in air.  

Similar to a recent literature report, we observed the formation of an amorphous precipitate 

from the initially homogeneous reaction solutiuon already after 10 min.
[34]

 The solids formed 

after 1 h and all longer reaction times correspond to about 90% yield based on the starting 

materials, indicating that a quasi-equilibrium between the precipitate and dissolved building 

blocks is formed quickly and that this remains relatively unchanged by the crystallization of 

the framework. This initially amorphous network then slowly crystallizes to form the COF, 

possibly by mass transfer through the solution phase. First weak reflections appear after 1.5 h 

and grow strongly in intensity between 2 and 8 h. After this time, the strongest reflections 

hardly change in intensity, but higher-order reflections become more distinct, indicating that 

the degree of order is still further improving.  

 

Figure 4.11   Crystallization kinetics of the Py-1P COF. 
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Py-1P COF crystallization: Solvent mixtures 

COFs are commonly synthesized in mixtures composed of a polar solvent (e.g. 1,4-dioxane, 

BnOH) and a less polar aromatic solvent (mesitylene, 1,2-dichlorobenzene). The use of a 

solvent mixture rather than a single solvent allows for better matching the reactivity of the 

precursors and for fine-tuning the equilibrium between precipitation and re-dissolution of the 

building blocks, thus fostering the formation of a crystalline framework. The geometric 

design principle presented in this work can enhance the formation of highly ordered COF 

structures, but it still requires a functioning self-healing mechanism. The selection of an 

optimized solvent mixture therefore remains a crucial step in the development of each COF. 

 

Figure 4.12   Crystallinity of the Py-1P COF synthesized in (a) mesitylene/1,4-dioxane and (b) 

mesitylene/BnOH solvent mixtures. The diffraction patterns are vertically offset for clarity. 
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Solid-state NMR 

The 
13

C(
1
H) cross-polarization (CP) magic angle spinning (MAS) solid-state NMR (ssNMR) 

spectra exhibit a set of signals between 110 and 160 ppm that originate from the aromatic 

carbons in the framework. In the spectrum of the Py-1P COF (Figure 4.13a) the expected 12 

carbon signals (5 from the pyrene core, 4 from the pyrene phenyls, 3 from the imine bridge) 

are resolved at δ = 118, 119, 121, 124, 127, 129, 131, 132, 137, 138, 149, and 156 ppm. In the 

spectra of the other COFs the signals overlap more strongly, but the peaks originating from 

the acetylene bridges (Py-2PE, Py-3PE, Py-3PEBTD) and the methoxy groups (Py-3PE) are 

clearly resolved. The ssNMR spectrum of the Py-1PF COF appears much less well resolved 

than the Py-1P COF. We attribute this to the statistical distribution of fluorinated and non-

fluorinated bridges in the framework that creates a range of similar, but not exactly equivalent 

environments for each carbon atom. 
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Figure 4.13   13
C(

1
H) cross-polarization magic angle spinning solid-state NMR spectra of the COFs. 

The peaks that could be assigned to specific carbon atoms are indicated in the framework structures. 

Spinning side bands are marked with asterisks. The spectra show also traces of residual MeCN from 

washing the COFs after the synthesis (marked with a cross at 20 ppm). 
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Themogravimetric analysis 

Thermogravimetric analysis (TGA) reveals the high thermal stability of the pyrene-based 

COFs with decomposition temperatures above 400 °C (Figure 4.14). The Py-1P and Py-2PE 

COFs are particularly stable and start to decompose only above 500 °C, which places them 

among the most stable COFs to date.
[8]

 

 

Figure 4.14   Thermogravimetric analysis of the Py-1P, Py-2PE, Py-3PE, and Py-3PEBTD COFs, 

respectively, measured in nitrogen atmosphere at a heating rate of 1 K min
-1

. The initial mass loss 

between 50 and 200 °C can be attributed to the desorption of water and residual MeCN (from washing 

the COFs after synthesis). 
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IR spectroscopy 

We noted that the IR spectra of the Py-1P and the Py-1PF COFs are almost identical, despite 

the intense absorption bands of the fluorinated terephthalaldehyde building block. In order to 

evaluate these findings, we synthesized a COF using only the tetrafluorinated 

terephthalaldehyde (denoted as Py-1P100% F COF) as the linear building block. This COF 

showed again a very similar IR spectrum as the parent Py-1P COF, a finding that is consistent 

with a recent literature report on related porphyrin-based COFs with fluorinated bridges.
[33]

 

 

Figure 4.15   ATR-IR spectra of the pyrene-based COFs. 
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Additional UV-VIS spectra and PLQY data 

UV-VIS absorption spectra of the COF precursors were measured under argon using 50 µM 

solutions in 1,4-dioxane. For recording the diffuse reflectance spectra, the COF powders were 

mixed with BaSO4 to achieve 10-20 % reflectivity in the spectral regions where the COF 

absorbs strongly. The specular reflection component was removed from the signal. 

 

Figure 4.16   Normalized absorption spectra of the COF precursors (blue and green, respectively) and 

normalized diffuse reflectance spectra of the four COFs indicated in the figures (orange, red, purple, 

black, respectively). 

Table 4.2   External photoluminescence quantum yields. 

COF PLQY (%) 

Py-1P 0.2 

Py-2PE 0.23 

Py-3PE 0.15 

Py-3PEBTD 0.03 
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5 Fifty Shades of Red 

This chapter is based on the article 

Solvatochromic covalent organic frameworks 

by Laura Ascherl, Matthias Hennemann, Daniele Di Nuzzo, Alexander G. Hufnagel, Michael 

Beetz, Richard H. Friend, Timothy Clark, Thomas Bein and Florian Auras 

which is currently under review at Nature Communications. 

 

 

Ultrafast humidity sensing with a solvatochromic COF film as a vapour-sensitive light filter 

between an LED and a light-dependent resistor 
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5.1 Abstract 

Covalent organic frameworks (COFs) are an emerging class of highly tuneable crystalline, 

porous materials. By combining electron-rich and -deficient building blocks, we have 

synthesized the first COFs that change their electronic structure reversibly depending on the 

surrounding atmosphere. These COFs can act as solid-state supramolecular solvatochromic 

sensors that show a strong colour change when exposed to humidity or solvent vapours, 

dependent on the vapour concentration and the solvent polarity. The excellent accessibility of 

the pores in vertically oriented films results in ultrafast response times below 200 ms, 

outperforming commercial humidity sensors by more than an order of magnitude. Employing 

a solvatochromic COF film as a vapour-sensitive light filter, we constructed a fast humidity 

sensor with full reversibility and stability over at least 4000 cycles. Considering their 

immense chemical diversity and modular design, COFs with fine-tuned solvatochromic 

properties could broaden the range of possible applications for these materials in sensing and 

optoelectronics. 

5.2 Introduction 

With covalent organic frameworks (COFs) already being in their early teens, the scientific 

community has gained a profound understanding regarding the synthesis of highly porous, 

crystalline and stable frameworks.
[1]

 
[2]

 If these materials are to evolve from a purely academic 

research field, however, one of the next major challenges will be the realisation of COFs that 

can compete with other materials in practical applications. 

COFs are formed via reversible cross-linking of rigid organic building blocks, whereby 

boronate esters,
[3]

 
[4]

 
[5]

 
[6]

 imines
[7]

 
[8]

 
[9]

 
[10]

 and hydrazones
[11]

 
[12]

 represent the most 

prominent linkage motifs. Potential for application has mainly been demonstrated in the fields 

of gas storage,
[13]

 
[14]

 
[15]

 catalysis and photocatalysis,
[16]

 
[17]

 and in electronics and 

optoelectronics.
[18]

 
[19]

 
[20]

 
[21]

 
[22]

 However, functionalities arising from the combination of the 

well-defined porosity and the semiconducting properties of the COF backbone are still under-

explored. 

Taking particular advantage of their tuneable porosity and the resulting capability of 

selectively hosting specific guest molecules, a predestined ambit for COFs could be the 

sensing of ions or molecules. The COF-based sensing materials reported thus far are able to 
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detect heavy metal ions,
[23]

 
[24]

 pH changes,
[25]

 or organic explosives
[26]

 
[27]

 via fluorescence 

quenching. 

A more general scope for application, however, would be the detection of water and solvent 

vapours in the gas phase with the possibility of differentiating between various substances. 

COFs featuring this kind of “nosing” capability could be a powerful tool for detecting harmful 

volatile organic compounds in workplace environments, or for real-time monitoring the water 

content of gases and solvents in industrial processes. Such on-line analysis would require an 

easy read-out possibility, preferably via a colour change of the detector material, in 

combination with full reversibility over multiple cycles and sufficient photochemical stability. 

Reversible colour changes of solvated organic molecules as a function of the solvent polarity 

are known as solvatochromism. This effect occurs when the ground and excited states of a 

molecule are of different polarity, thus rendering the energy of intramolecular electronic 

transitions sensitive to changes in the polarity of the surrounding medium.
[28]

 Charge-transfer 

transitions, as they occur in the archetypical Reichardt‟s dye (2,6-diphenyl-4-(2,4,6-

triphenylpyridinium)phenolate, betaine 30), display the highest sensitivity in this context.
[29]

 

The solvatochromic effect has mostly been exploited for defining solvent polarity scales such 

as the ET(30) and the normalized ET
N
 scales through measuring solvent-dependent energy 

shifts of the absorption onset.
[30]

 For detecting target molecules in a stream of gas or liquid, 

however, the requirement for a dissolved molecular dye would be highly impractical. 

A suitably designed COF, on the other hand, could constitute a supramolecular periodic 

analogue of the aforementioned solvatochromic dyes, with the added benefit of being an 

insoluble, chemically and photochemically stable material.
[31]

 
[32]

 The modular COF design 

allows matched combinations of electron-rich and -deficient building, generating a periodic 

lattice of covalently linked donor-acceptor pairs that promote charge-transfer transitions.
[33]

 

[34]
 For optimal performance and fast response times, COFs can be grown as thin films with 

their pores oriented vertically to the substrate, thus exposing their high internal surface area to 

the analyte.
[35]

 
[36]

 

We have developed oriented thin films of tetrakis(4-aminophenyl)pyrene-based COFs that 

show an ultrafast and fully reversible solvatochromic response upon exposure to various polar 

and non-polar vapours. The newly developed COFs derive their high degree of crystallinity 

from geometric interlocking of the covalently linked 2D sheets into a synchronised offset-
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stacked pattern.
[10]

 
[37]

 The charge-transfer character of the optical transitions and hence the 

sensitivity to changes in polarity inside the COF pores can be tuned through the aldehyde 

counterpart used for assembling the COF. In this context, the strong donor-acceptor contrast 

realized between tetraphenylpyrene and thieno[3,2-b]thiophene yields the most pronounced 

solvatochromism. Oriented thin films of this COF with the pores extending vertically from the 

substrate exhibit millisecond-response times to changes in the surrounding atmosphere and 

fully retain their structure and function over several thousand cycles. 

 

Figure 5.1   Synthesis of the imine-linked COFs. Combining the tetraphenylpyrene tetraamine 

Py(NH2)4 with the tetradentate pyrene aldehyde Py(CHO)4 in a 1:1 molar ratio yields the microporous 

Py-Py COF (left), whereas the combination of Py(NH2)4 with linear dialdehydes in a 1:2 molar ratio 

produces the mesoporous Py-TT and Py-1P COFs, respectively (right). 

5.3 Results and Discussion 

We selected the electron-rich 1,3,6,8-tetrakis(4-aminophenyl)pyrene, Py(NH2)4, as a basis for 

constructing solvatochromic COFs. Pyrene-based COFs have not only proven to yield 

extremely well-ordered frameworks with large crystal domains in our recent studies, 
[37]

 but 

are also geometrically compatible with a wide range of aromatic and heteroaromatic aldehyde 

counterparts,
[33]

 
[34]

 
[38]

 enabling us to optimize the solvatochromic response within a single 

COF family.  

Combinations with more electron-deficient aldehyde counterparts are expected to produce 

electronic transitions with a varying degree of charge-transfer character across the conjugated 

imine bond. For optimal solvatochromic response, however, these charge-transfer transitions 
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are not only required to possess sufficient oscillator strength, but also be sensitive to polarity 

changes in the pores.  

In light of these considerations, we chose three increasingly electron-deficient aldehyde 

counterparts (Figure 5.1). Pairing Py(NH2)4 with the tetradentate 1,3,6,8-tetrakis(4-

formylphenyl)pyrene, Py(CHO)4, in the Py-Py COF is anticipated to produce the smallest 

donor-acceptor contrast in this context, derived mainly from the slightly polarized imine 

bond. Switching from pairing two quaterdentate building blocks to a combination of the 

quaterdentate amine with a linear acene dialdehyde, 1P(CHO)2, as realised in the Py-1P COF, 

increases the polarity within the linear bridge. An even stronger charge-transfer character can 

be achieved in combinations with electron-deficient heterocycles, such as the thieno-[3,2-

b]thiophene-2,5-dicarboxaldehyde, TT(CHO)2, in the Py-TT COF. 

 

Figure 5.2   Structure analysis and solvatochromism of the Py-TT COF bulk powder. (a) 

Experimental PXRD pattern (black dots) of the Py-TT COF powder. Rietveld refinement (red line) 

using the structure model displayed in (b) provides a very good fit to the experimental data with only 

minimal differences between the experimental and the refined patterns (green line). Rwp = 5.1%, Rp = 

10.9%. Bragg positions are indicated by blue ticks. Inset, magnified view of the 2θ > 9° region. (b) 

Top view (left) and side view (right) of the corresponding unit cell reveal the pseudo-quadratic, offset-
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stacked structure that is typical for pyrene-based COFs. The structure has a Connolly surface of 2142 

m
2
 g

-1
 with a pore volume of 1.02 cm

3
 g

-1
. (c) Nitrogen sorption isotherm of the Py-TT COF recorded 

at 77 K. Inset, QSDFT calculation using an equilibrium model yields a very narrow pore-size 

distribution with a maximum at 2.1 nm. (d) High resolution TEM image showing the large crystal 

domains of the Py-TT COF. Inset, magnified view onto a COF crystallite visualizing the pseudo-

quadratic arrangement of the COF pores with a periodicity of 2.6 ± 0.1 nm. (e) Diffuse reflectance 

spectra of the dry (orange) and water vapour-saturated (brown) Py-TT COF powder showing a strong 

solvatochromic red-shift. 

The Py-Py, Py-1P and Py-TT COFs were initially synthesized as bulk powders under 

solvothermal conditions (see Supporting Information for details). 

The powder X-ray diffraction (PXRD) pattern of the Py-TT COF contains a number of sharp 

reflections, including several well-defined higher-order reflections, and is devoid of any 

visible amorphous background (Figure 5.2a). Rietveld refinement in the monoclinic space 

group C2/m using the force-field optimized structure model shown in Figure 5.2b provides a 

very good fit to the experimental data. Owing to the large number of light atoms in the unit 

cell and the peak broadening due to the inherent flexibility of imine-linked COFs, it is not 

possible to refine the coordinates of individual atoms. We therefore observe some deviations 

in the intensities of higher-index reflections that are primarily attributed to slight differences 

between the structure model and the actual COF structure. 

With pore diagonals of 2.4 and 2.0 nm (corner-to-corner and bridge-to-bridge, respectively) in 

the refined structure model, the Py-TT COF is expected to be a mesoporous material. Its 

nitrogen sorption isotherm exhibits a type IVb isotherm shape with a sharp step at p/p0 = 0.08, 

confirming the mesoporosity (Figure 5.2c). 
[39]

 Quenched solid density functional theory 

(QSDFT) analysis using an equilibrium model for cylindrical pores yields a very narrow pore 

size distribution with a maximum of 2.1 nm, in excellent agreement with the structure model. 

The Brunauer-Emmett-Teller (BET) surface of the Py-TT COF is 1960 ± 50 m
2
 g

-1
 with a 

total pore volume of 1.22 ± 0.05 cm
3
 g

-1
. These results are in very good agreement with the 

porosity values derived from the structure model, confirming that the pores of the framework 

are fully open and accessible. 

Transmission electron microscopy (TEM) reveals the formation of a periodic framework with 

domain sizes of 50 - 200 nm (Figure 5.2d). High-resolution TEM confirms the pseudo-
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quadratic geometry of the COF with a periodicity of 2.6 ± 0.1 nm, in excellent agreement with 

the pore-to-pore repeat distance of 2.5 nm in the refined structure model. 

The isostructural Py-1P COF is an equally well-crystallized framework with a slightly smaller 

unit cell due to the shorter terephthalaldehyde bridge (SI, Figure 5.4). The Py-Py COF has a 

similar pseudo-quadratic overall geometry, but is composed of alternating columns of the 

pyrene amine and aldehyde. The symmetry of the framework is thus reduced to P2/m with a 

considerably smaller unit cell owing to the reduced length of the bridge between the pyrene 

centres (SI, Figures 5.5).  

Following our initial considerations, COFs comprising donor-acceptor motifs of alternating 

electron-rich and -deficient building blocks are expected to show a solvatochromic response 

towards molecules in their pores. Indeed, exposing the initially orange-red Py-TT COF 

powder to an atmosphere of 98% relative humidity causes a colour change to dark brown 

within few seconds (Figure 5.2e). The corresponding diffuse reflectance spectra reveal that 

this colour change stems from the appearance of new optical transitions in the 550-850 nm 

range. This effect is fully reversible as the colour reverts to the initial orange-red hue upon 

drying. The Py-1P and Py-Py COFs also respond to water vapour (SI, Figures 5.4e and 5.5e). 

The colour shifts, however, are less pronounced, presumably owing to the much smaller 

donor-acceptor contrast between their building blocks. The origin of the solvatochromic 

colour shifts in our COFs will be discussed in more detail below. 
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Figure 5.3   Solvatochromism of Py-TT COF oriented thin films. (a) GIWAXS pattern of a 360 nm 

thick Py-TT COF film grown on a sapphire substrate. The intensity of hk0 reflections is concentrated 

directly above the sample horizon, whereas the 001 and other low-index hk1 reflections appear close 

to the substrate normal. (b) UV-Vis absorption spectra of the Py-TT COF film recorded at different 

partial pressures of H2O in N2. Increasing water content causes a strong absorption increase in the 520-

640 nm region, accompanied by a reduced absorption in the 440-500 nm and 280-380 nm regions. 

Insets, photographs of the COF film in the dry and water-saturated states. (c) Corresponding plot of 

the humidity-induced absorbance changes, Ahumid-Adry, at different H2O partial pressures. The grey line 

indicates the wavelength used for the response time measurements (see below). (d) UV-Vis spectra of 

the same COF film in saturated atmospheres of various solvents. The solvatochromic shift increases 

monotonically with increasing ET
N
 polarity of the solvents. (e) Solvatochromic response of the Py-TT 

COF film towards step-changes between dry and H2O-saturated N2 streams. 10 individual data sets 

(black dots) recorded at λ = 560 nm have been averaged (red line). The response times ηrise and ηfall are 

determined between the 10% and 90% thresholds. (f) DFT-simulated frontier orbitals of a single-layer 

Py-TT molecular fragment. A cut-out of the structure is shown in this figure; see the SI for the 

complete model system. The HOMO is centred on the electron-rich pyrene core. The LUMO is mostly 

located on the electron-deficient TT bridge, causing a strong charge-transfer character of the lowest-

energy optical transition. 
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We anticipated that growing the solvatochromic COF as an oriented film with the pores 

extending from the substrate surface would greatly facilitate the diffusion of guest molecules 

into and out of the framework and thus strongly accelerate the response to changes in the 

surrounding atmosphere. Supported COF thin films would moreover simplify handling, 

improve re-usability, and facilitate the read-out procedure in possible applications (see 

below).  

The growth of oriented COF films on non-epitaxial substrates has recently also been realized 

for imine-linked frameworks.
[34]

 We adapted this method for the growth of the Py-TT, Py-1P, 

and Py-Py COFs. Solvothermal syntheses in slightly diluted solutions yielded smooth and 

homogeneous films of the three frameworks on fused silica, sapphire, or indium-tin-oxide 

(ITO) substrates with tuneable thickness between 160 and 360 nm, depending on the reaction 

time (see the SI for details).  

The 2D grazing-incidence wide angle X-ray scattering (GIWAXS) pattern of the Py-TT COF 

film exhibits a number of well-defined reflections that can be indexed as shown in Figure 

5.3a. The distribution of the reflections indicates that the COF film is highly textured with the 

imine-linked layers extending parallel to the substrate surface (Figure 5.6a,b). Individual COF 

domains grow hereby at random rotation about the substrate normal (planar disorder) (Figure 

5.6c,d). We found that this texture is identical for different substrates (c-cut sapphire, fused 

silica, polycrystalline ITO), suggesting that the uniaxial preferred orientation is generated by 

the anisotropy of the framework.
[34]

 
[36]

 

The electronic coupling throughout the film was analysed for films grown on ITO substrates 

with electron- or hole-selective contact layers (TiO2 or MoOx, respectively). Transport 

measurements of these vertical-stack single-carrier devices yield charge-carrier mobilities of 

(4.02 ± 0.04) x 10
-6

 and (1.02 ± 0.01) x 10
-7

 cm
2
 V

-1
 s

-1
 for holes and electrons, respectively 

(SI, Figure 5.7). 

In accordance with the GIWAXS results, TEM analysis of a Py-TT COF film removed from 

the substrate shows a highly textured morphology with the ab-plane perpendicular to the 

viewing direction, i.e. parallel to the substrate (SI, Figure 5.6e,f). The pores consequently 

extend at an angle of 75° vs. the substrate surface (i.e. 15° vs. the viewing direction) and 

hence are fully accessible to the surrounding atmosphere.  
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As for the COF powder, exposing the Py-TT COF film to a humidified N2 flow results in a 

colour change from orange to dark red. Transmission UV-Vis spectra recorded at different 

H2O partial pressures reveal the appearance of an absorption band in the 520-640 nm region 

and a simultaneous decrease in absorption across the 440-500 nm and 280-380 nm spectral 

regions (Figure 5.3b). Plotting the change in absorbance ∆A enables us to identify a strong 

humidity-induced absorption band with a maximum at 545 nm that is accompanied by two 

bleach bands with minima at 345 and 470 nm (Figure 5.3c). The COF film exhibits the 

highest sensitivity towards humidity changes between H2O partial pressures of 0.64 and 0.79. 

Above this, the absorption change saturates, possibly due to condensation in the COF pores. 

The Py-TT COF was found to respond in a similar way to a range of organic solvents (Figure 

5.3d). The magnitude of the colour change upon exposure to a saturated atmosphere increases 

monotonically with the ET
N
 polarity of the respective solvent (SI, Figure 5.8).

[30]
 The Py-TT 

COF thus represents a solid-state supramolecular analogue to the commercially available 

molecular solvatochromic dyes with the added benefit of being sensitive even to vapours 

diluted in a carrier gas.  

Oriented films of the Py-TT COF with their pores extending towards the film surface display 

a very fast response towards step-changes between dry and H2O-saturated gas streams (Figure 

5.3e). For a 360 nm thick film, we measure a response time (ηrise) of 0.21 s for the absorption 

increase upon change from dry to humid atmosphere, while the transition to the dry state is 

even faster with ηfall = 0.15 s. As the solvent molecules need to diffuse through the entire film 

in order to saturate the solvatochromic colour change, we anticipated a strong correlation 

between film thickness and response time. Indeed, both response times get shorter for thinner 

films, whereby the fastest response of 0.11 s/0.09 s (rise/fall) was achieved using a 160 nm 

thick COF film (SI, Figure 5.9). To the best of our knowledge, this represents the fastest 

response time of a solvatochromic sensing system reported to date, and places it among the 

fastest nanostructured humidity sensors.
[40]

 
[41]

 
[42]

 
[43]

 

In addition to this extremely fast response, the Py-TT COF films display excellent 

reversibility and reproducibility during repeated switching (SI, Figure S7a). Furthermore, the 

COF film is stable over at least 4000 humidity and solvent vapour switching cycles and 

storage in ambient air for 250 d, without showing any apparent changes in its absorption 

spectra and GIWAXS patterns (SI, 5.10b-e). 
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For a possible application as a high performance solvatochromic sensor, easy read-out, fast 

response times, reversibility, and reproducibility are of key importance. Employing the COF 

thin film as a vapour-sensitive light filter, a continuous read-out was realized in combination 

with a green LED and a light-dependent resistor (SI, Figure 5.18). A video of this proof of 

concept is included as Supporting Information. 

In order to shed light on the origin of the solvent-induced colour-changes of our COFs, we 

first probed for chemical or structural changes that might alter the coupling between the 

building blocks or the COF layers. Solid-state nuclear magnetic resonance measurements, 

however, provide no indication of a different chemical environment in the water-saturated 

COF (SI, Figure 5.12). If the Py-TT COF is exposed to a water-saturated atmosphere, the 

PXRD reflection intensities, especially of hk0 reflections, are reduced considerably (SI, 

Figure 5.11a,b). This effect, however, is fully reversible and can be attributed to modified 

structure factors due to the water molecules in the pores (SI, Figure 5.11c,d). All reflection 

positions, peak shapes and widths, and hence the unit cell and framework symmetry remain 

unchanged during the humidity cycles. Given the three-dimensional configuration and 

interlocked stacking of the COF layers, even minor deformations or rotations of the bridges 

would be reflected in modified unit cell parameters. The absence of structural changes is 

further supported by the extreme stability of the material, which seems hardly possible if 

deformations or sliding of the COF layers were involved. 

The Py-TT COF displays a positive solvatochromism, i.e. the absorption is red-shifted with 

increasing polarity. In well-studied molecular dyes such as phenol blue,
[44]

 this is observed for 

combinations of a low-polarity ground state with a polar first excited state.
[28]

 In that case, the 

excited state is stabilized to a larger extent than the ground state with increasing polarity of 

the surrounding medium, hence lowering the energy required for photoexcitation. 

DFT calculations (B3LYP/6-31G(d)) of the frontier orbitals carried out for a single-layer Py-

TT molecular fragment show that the highest occupied molecular orbital (HOMO) is mostly 

localized on the electron-rich pyrene (Figure 5.3f and SI, Figure 5.19). In contrast, the LUMO 

is centred on the electron-deficient TT bridges, leading to a pronounced charge-transfer 

character of the lowest-energy optical transition. While this symmetrical charge-transfer alone 

would not result in a change of dipole moment upon excitation, facile lattice vibrations in the 

COF will lead to unsymmetrical structures that give highly dipolar excited states. This 
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excited-state symmetry breaking is well stablished for linear molecular quadrupoles and 

should be equally applicable in COFs.
[45]

 
[46]

 

A strong charge-transfer character of the lowest-energy optical transition in polar 

environments in the Py-TT COF is further supported by its photoluminescence (PL) 

characteristics (SI, Figure 5.14). If the COF is exposed to a humid atmosphere, the PL is red-

shifted, indicating a stabilisation of the excited state by the pore medium. This is accompanied 

by a reduction in PL intensity by more than 95% compared to the dry material, suggesting 

that under these conditions there is sufficient dielectric screening at optical frequencies to 

overcome the Coulomb barrier and sustain the charge-separated state.
[47]

 
[48]

 This sensitivity to 

the brought-in charge-transfer character causes the solvatochromic response. 

In summary, there is strong evidence that the solvatochromism of our COFs is of purely 

electronic nature with no structural or chemical changes involved. 

We furthermore found the solvatochromic response to depend on the crystallinity of the 

framework. While crystalline films of the Py-1P COF display a colour shift from yellow to 

orange when exposed to solvent or water vapour, a chemically identical amorphous Py-1P 

network does not show any solvatochromism (SI; Figure 5.15). We thus conclude that the 

solvatochromic function requires a combination of a precisely defined, accessible porosity 

and an appropriate electronic structure of the COF backbone. 

5.4 Conclusion 

We have developed the first solvatochromic covalent organic frameworks that show strong 

colour shifts when exposed to solvent or water vapours. Growing these COFs as highly 

crystalline vertically oriented thin films, we have realized optically homogeneous coatings 

that can act as fully reversible, solid-state supramolecular solvatochromic sensors. The 

excellent accessibility of the pores in these films results in ultrafast response times of below 

200 ms, thus outperforming commercial humidity sensors by more than an order of 

magnitude. As a proof of concept, we constructed a simple and fast humidity sensor device by 

using the COF film as a vapour-sensitive light filter between an LED and a light-dependent 

resistor. Experimental data and DFT calculations strongly suggest that the solvatochromism is 

of purely electronic origin and does not involve structural or chemical changes in the 

framework – a fact that we believe is not only key to the extremely fast response times and 

outstanding stability of the material, but might also have implications for the use of COFs in 
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the broader context of optoelectronics. In particular, the observation that in these materials 

electronic transitions can be manipulated reversibly and that intramolecular charge-transfer 

can be facilitated via the inclusion of chemically inert guest molecules could impact the 

development of stimuli-responsive organic electronics. Future chemical modifications to the 

COF backbone or the pore walls could be used to adapt the sensitivity and selectivity of the 

solvatochromic response, broadening the range of possible applications for these materials. 
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5.5 Supporting information 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker AV 400 and AV 400 

TR spectrometers. Proton chemical shifts are expressed in parts per million (δ scale) and are 

calibrated using residual undeuterated solvent peaks as an internal reference (DMSO-d6: 

2.50). Data for 
1
H NMR spectra are reported in the following way: chemical shift (δ ppm) 

(multiplicity, coupling constant, integration). Multiplicities are reported as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, or combinations thereof. Magic 

angle spinning (MAS) solid-state nuclear magnetic resonance (ssNMR) spectra were 

recorded with a Bruker Avance III-500 spectrometer using 2.5 mm diameter ZrO2 rotors at a 

spinning frequency of 20 kHz. 

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8 

Discover with Ni-filtered Cu Kα radiation and a LynxEye position-sensitive detector.  

2D grazing-incidence wide angle X-ray scattering (GIWAXS) data were recorded with an 

Anton Paar SAXSpace system equipped with a GeniX Cu Kα microsource and a Dectris Eiger 

R 1M detector. The samples were positioned at a tilt angle of 2.3° and a sample-detector 

distance of 135 mm. 

The structure models of the COFs were constructed using the Accelrys Materials Studio 

software package. For each COF structure we applied the space group with the highest 

possible symmetry, taking into account the rotation of the phenylenes versus the pyrene core. 

Structure refinements using the Rietveld method were carried out as implemented in the 

Reflex module of the Materials Studio software. Pseudo-Voigt peak profiles were used and 

peak asymmetry was corrected using the Finger-Cox-Jephcoat method. Connolly surfaces 

were generated using an N2-sized probe (r = 0.184 nm) at a 0.025 nm grid interval.
[49]

  

Nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 77 K. Prior to 

the measurements, the samples were outgassed for 24 h at 120°C under high vacuum. For the 

evaluation of the surface areas the BET model was applied in the ranges 0.005 ≤ p/p0 ≤ 0.025 

(Py-TT COF), 0.002 ≤ p/p0 ≤ 0.023 (Py-1P COF), and 0.0002 ≤ p/p0 ≤ 0.004 (Py-Py COF), 

respectively. Total pore volumes were determined at p/p0 = 0.9 to minimize the contributions 

of textural porosity. Pore size distributions were calculated using the QSDFT equilibrium 

model with a carbon kernel for cylindrical pores.  
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Transmission electron microscopy (TEM) was performed with an FEI Titan Themis 

equipped with a field emission gun operated at 300 kV. 

Scanning electron microscopy (SEM) was performed with an FEI Helios NanoLab G3 UC 

eqiupped with a Schottky field-emission electron source operated at 1 - 30 kV. 

UV-Vis spectra were recorded using a Perkin-Elmer Lambda 1050 spectrometer equipped 

with a 150 mm InGaAs integrating sphere. Time-resolved absorption measurements were 

performed at fixed detector gain and slit settings. Diffuse reflectance spectra were collected 

with a Praying Mantis (Harrick) accessory and were referenced to barium sulfate powder as 

white standard. The specular reflection of the sample surface was removed from the signal by 

spatial filtering.  

Gas flow experiments were performed using a gas flow controller system (F-201-C-RBA-

33-V, Bronkhorst Hi-Tec) and a liquid mass flow controller with a controlled evaporation 

mixer (W-101A-110, Bronkhorst Hi-Tec), where the solvents were evaporated at 

temperatures above their boiling points. Solvents were obtained from commercial suppliers in 

high-purity anhydrous grades and were used as received. The flow cell was home-built from a 

10 x 10 mm fused silica cuvette (Hellma Analytics) equipped with a tightly fitting PTFE lid 

and 2 mm diameter PP hoses connected to the gas flow system. Individual vapour pressures 

were calculated using the Bronkhorst Fluidat software tool.
[50]

 In this context the terms “dry” 

and “wet” refer to H2O partial vapour pressures of p/p0 = 0 and p/p0 = 0.98, respectively.  

Steady-state humidification of the bulk powders was performed using a home-built 

humidification chamber with a saturated potassium sulfate solution to reach a relative 

humidity of 98%.
[51]

 

Photoluminescence (PL) measurements were performed using a home-built setup consisting 

of a Horiba Jobin Yvon iHR 320 monochromator equipped with a photomultiplier tube and a 

liquid N2-cooled InGaAsdetector. The samples were illuminated with a 378 nm diode laser 

(pulse power 0.99 nJ cm‐2, pulse rate 40 MHz). 

FT-IR spectra were recorded using a Perkin Elmer Spectrum BX FT-IR System. 

Density functional theory (DFT) calculations were performed with Gaussian 16
[52]

 using the 

B3LYP
[53]

 
[54]

 
[55]

 
[56]

 hybrid density functional and the 6-31G(d) 
[57]

 
[58]

 
[59]

 
[60]

 
[61]

 
[62]

 basis set. 
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Building block syntheses 

All reactions were performed in oven-dried glassware under argon atmosphere using standard 

Schlenk and glovebox techniques. Commercially available reagents were used as received. 

Solvents were obtained in high-purity grades from commercial suppliers and were, unless 

shipped under argon, degassed and saturated with argon prior to use. 

 

1,3,6,8-tetrakis(4-aminophenyl)pyrene, Py(NH2)4 
[37]

 
[63]

 

 

A reaction mixture containing 1,3,6,8-tetrabromopyrene (1482 mg, 2.86 mmol, 1.0 eq.), 4-

aminophenylboronic acid pinacol ester (3010 mg, 13.7 mmol, 4.8 eq.), K2CO3 (2175 mg, 15.7 

mmol, 5.5 eq.), and Pd(PPh3)4 (330 mg, 0.29 mmol, 10 mol%) in 32 mL 1,4-dioxane and 8 

mL degassed H2O was refluxed at 115 °C for 3 d. After cooling to room temperature, H2O (50 

mL) was added. The resulting precipitate was collected via filtration and washed subsequently 

with H2O (50 mL) and MeOH (100 mL). Recrystallization from 1,4-dioxane, followed by 

drying under high vacuum yielded the title compound, co-crystallized with approximately 1.5 

dioxane molecules per formula unit, as a bright yellow powder (1792 mg, 2.56 mmol, 90%). 

1
H NMR (400 MHz, DMSO-d6): 8.13 (s, 4 H), 7.79 (s, 2 H), 7.34 (d, J = 8.4 Hz, 8 H), 6.77 

(d, J = 8.5 Hz, 8 H), 5.30 (s, 8 H), 3.56 (s, 12 H, dioxane). 

13
C NMR (100 MHz, DMSO-d6): 148.2, 137.1, 131.0, 129.0, 127.6, 126.7, 126.1, 124.4, 

113.9, 66.3 (dioxane). 
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1,3,6,8-tetrakis(4-formylphenyl)pyrene, Py(CHO)4
[64]

 

 

1,3,6,8-tetrabromopyrene (371 mg, 0.72 mmol, 1.0 eq.), 4-formylphenylboronic acid (480 mg, 

3.20 mmol, 4.8 eq.), K2CO3 (547 mg, 3.66 mmol, 5.5 eq.) and Pd(PPh3)4 (83 mg, 0.066 mmol, 

10 mol%) were refluxed at 115 °C in 8 mL 1,4-dioxane and 2 mL H2O for 3 d. After cooling 

to room temperature, H2O (20 mL) was added. The precipitate was collected by filtration and 

was washed with H2O and MeOH. The resulting yellow powder was dried under vacuum (378 

mg, 0.61 mmol, 85%).  

1
H NMR (400 MHz, DMSO-d6): 10.16 (s, 4 H), 8.18 (s, 4 H), 8.09 (d, J = 8.20 Hz, 8 H), 8.04 

(s, 2 H), 7.86 (d, J = 8.20, 8 H). 

Due to the low solubility of this compound in common deuterated solvents, no 
13

C NMR 

spectra could be recorded. 
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COF syntheses 

COF bulk powder syntheses were performed under argon atmosphere in PTFE‐sealed glass 

reaction tubes (6 mL volume). Solvents and acetic acid were obtained in high-purity grades 

from commercial suppliers and were, unless shipped under argon, degassed and saturated with 

argon prior to use. 

Py-TT COF 

Py(NH2)4 (14.0 mg, 20 µmol, 1.0 eq.) and thieno-[3,2-b]thiophene-2,5-dicarboxaldehyde (7.8 

mg, 40 µmol, 2.0 eq.) were filled into a reaction tube, followed by the addition of mesitylene 

(667 µL), benzyl alcohol (333 µL), and 6 M acetic acid (100 µL). The tube was sealed and 

kept at 120 °C for 3 d. After cooling to room temperature, the precipitate was collected by 

filtration, washed with MeCN and dried in air, yielding a bright red powder. 

Py-1P COF 

Py(NH2)4 (14.0 mg, 20 µmol, 1.0 eq.) and terephthalaldehyde (5.4 mg, 40 µmol, 4.0 eq.) were 

filled into a reaction tube, followed by the addition of mesitylene (667 µL), 1,4-dioxane (333 

µL), and 6 M acetic acid (100 µL). The tube was sealed and heated at 120 °C for 3 d. After 

cooling to room temperature, the precipitate was collected by filtration, yielding a bright 

orange powder. 

Py-Py COF 

Py(NH2)4 (3.5 mg, 5.1 µmol, 1.02 eq.) and Py(CHO)4 (3.1 mg, 5 µmol, 1.0 eq.) were filled 

into a reaction tube, followed by the addition of mesitylene (333 µL), benzyl alcohol (167 

µL), and 6 M acetic acid (50 µL). The tube was sealed and kept at 120 °C for 3 d. After 

cooling to room temperature, the precipitate was collected by filtration, washed with MeCN 

and dried in air, yielding a bright yellow powder. 

 

COF thin films were synthesized in 100 mL autoclaves equipped with a 28 mm diameter 

glass liner. Fused silica (Spectrosil 2000), sapphire (UQG Optics, c-axis cut), and ITO-coated 

glass (VisionTec, 12-15 ohms/sq) substrates were cleaned in detergent solution, water, 

acetone, and isopropanol, and activated with an O2-plasma for 5 min directly before use. The 
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substrates were placed horizontally in PTFE sample holders with the activated surface face-

down. 

Py-TT COF films 

Py(NH2)4 (7.0 mg, 10 µmol, 1.0 eq.) and thieno-[3,2-b]thiophene-2,5-dicarboxaldehyde (4.0 

mg, 20 µmol, 2.0 eq.) were filled into an autoclave, followed by the addition of mesitylene 

(1333 µL) and benzyl alcohol (666 µL). A substrate (fused silica, sapphire or ITO) was 

inserted, followed by the addition of 6 M acetic acid (200 µL). The autoclave was sealed and 

heated to 120 °C for 4 d. After cooling to room temperature, the substrate was immersed in 

dry MeCN and dried with compressed air. Thinner films were grown at shorter reaction times 

ranging from 4 h to 2 d. 

Py-1P COF films 

Py(NH2)4 (7.0 mg, 10 µmol, 1.0 eq.) and terephthalaldehyde (2.75 mg, 20 µmol, 2.0 eq.) were 

filled into an autoclave, followed by the addition of mesitylene (1333 µL) and benzyl alcohol 

(666 µL). An ITO substrate was inserted, followed by the addition of 6 M acetic acid (200 

µL). The autoclave was sealed and heated to 120 °C for 3 d. After cooling to room 

temperature, the substrate was rinsed with dry MeCN and dried with compressed air.  

The amorphous Py-1P network was grown under identical synthesis conditions as the Py-1P 

COF, but employing a TiO2 (anatase) coated ITO substrate.
[65]

 

Py-Py COF films 

Py(NH2)4 (7.0 mg, 10 µmol, 1.0 eq.) and Py(CHO)4 (6.2 mg, 10 µmol, 1.0 eq.) were filled 

into an autoclave, followed by the addition of mesitylene (1333 µL) and benzyl alcohol (666 

µL). A substrate (sapphire or ITO) was inserted, followed by the addition of 6 M acetic acid 

(200 µL). The autoclave was sealed and heated to 120 °C for 3 d. After cooling to room 

temperature, the substrate was rinsed with dry MeCN and dried with compressed air.  
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Py-1P COF structure analysis 

 

Figure 5.4   Structure analysis and solvatochromism of the Py-1P COF bulk powder. (a) 

Experimental PXRD pattern (black dots) of the Py-1P COF powder. Rietveld refinement (red line) 

using the structure model displayed in (b) provides a very good fit to the experimental data with only 

minimal differences between the experimental and the refined patterns (green line). Rwp = 3.4%, Rp = 

8.4%. Bragg positions are indicated by blue ticks. Inset, magnified view of the 2θ > 8° region. (b) Top 

view (left) and side view (right) of the corresponding unit cell showing the pseudo-quadratic, offset-

stacked structure that is typical for pyrene-based COFs. Crystallographic data are available as 

Supporting Information. The structure has a Connolly surface of 2363 m
2
 g

-1
 with a pore volume of 

1.03 cm
3
 g

-1
. (c) Nitrogen sorption isotherm of the Py-1P COF recorded at 77 K. Inset, QSDFT 

calculation using an equilibrium model yields a very narrow pore-size distribution with a maximum at 

2.1 nm. (d) High resolution TEM image showing the very large crystal domains of the Py-1P COF. 

Inset, magnified view onto a COF crystallite revealing the pseudo-quadratic arrangement of the COF 

pores with a periodicity of 2.5 ± 0.1 nm. (e) Diffuse reflectance spectra of the dry (orange) and water 

vapour saturated (red) Py-1P COF powder showing a strong solvatochromic red-shift. 

The PXRD pattern of the Py-1P COF contains a number of sharp reflections including several 

well-defined higher-order reflections, indicating that this COF is equally well-crystallized as 

the Py-TT COF (Figure 5.4a). Rietveld refinement in the monoclinic space group C2/m using 
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the force-field optimized structure model shown in Figure 5.4b provides a very good fit to the 

experimental data. As discussed in the main article, the large number of light atoms in the unit 

cell and the peak broadening due to the inherent flexibility of imine-linked COFs precludes 

the refinement of individual atom coordinates. We therefore observe minor deviations in the 

intensities of higher-index reflections that are primarily attributed to slight differences 

between the structure model and the actual COF structure.  

N2 sorption confirms that this COF is mesoporous with a pore-size distribution peaking at 2.1 

nm (Figure 5.4c). The total pore volume of 1.02 cm
3
 g

-1
 derived from the sorption isotherm 

matches the theoretical porosity very well, indicating that the pores are open and accessible.  

This COF forms particularly large crystallites that can reach several hundred nanometres in 

size and are terminated by well-defined facets (Figure 5.4d). High-resolution TEM reveals the 

pseudo-quadratic geometry with a periodicity of 2.5 ± 0.1 nm, in excellent agreement with the 

pore-to-pore repeat distance of 2.4 nm in the refined structure model. 
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Py-Py COF structure analysis 

 

Figure 5.5   Structure analysis and solvatochromism of the Py-Py COF bulk powder. (a) 

Experimental PXRD pattern (black dots) of the Py-Py COF powder. The reflections marked with 

asterisks stem from residual Py(CHO)4 starting material that could not be removed by washing due to 

its limited solubility. Rietveld refinement (red line) using the structure model displayed in (b) provides 

a good fit to the experimental data with only minor differences between the experimental and the 

refined patterns (green line). Rwp = 7.2%, Rp = 18.1%. Bragg positions are indicated by blue ticks. (b) 

Top view (left) and side view (right) of the corresponding unit cell showing the pseudo-quadratic, 

offset-stacked structure formed by alternating pyrene amine (centre) and aldehyde (corners) columns. 

Crystallographic data are available as Supporting Information. The structure has a Connolly surface of 

2083 m
2
 g

-1
 with a pore volume of 0.64 cm

3
 g

-1
. (c) Nitrogen sorption isotherm of the Py-Py COF 

recorded at 77 K. Inset, QSDFT calculation using an equilibrium model yields a narrow pore-size 

distribution with a maximum at 1.6 nm. (d) High resolution TEM image showing the crystal domains 

of the Py-Py COF. Inset, magnified view onto a COF crystallite revealing the pseudo-quadratic 

arrangement of the COF pores with a periodicity of 1.8 ± 0.1 nm. (e) Diffuse reflectance spectra of the 

dry (green) and water vapour saturated (orange) Py-Py COF powder showing a small solvatochromic 

red-shift. 
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The Py-Py COF features a pseudo-quadratic overall geometry similar to the Py-TT and Py-

1P COFs, but is composed of alternating columns of pyrene amine and pyrene aldehyde 

moieties. Rietveld refinement of the Py-Py COF in the space group P2/m yields a 

considerably smaller unit cell than for the other COFs in this study, in line with the reduced 

length of the pore walls due to the altered connectivity of this framework (Figure 5.5a,b).  

The consequently smaller pores give rise to a type I nitrogen sorption isotherm with a QSDFT 

pore-size distribution peaking at 1.6 nm (Figure 5.5c). 

High-resolution TEM confirms the anticipated pseudo-quadratic geometry of the framework 

with a periodicity of 1.8 ± 0.1 nm, in very good agreement with the pore-to-pore repeat 

distance of 1.7 nm in the refined structure model (Figure 5.5d). 
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Py-TT COF film morphology 

 

Figure 5.6   Morphology characterisation of the Py-TT COF films. (a) GIWAXS pattern of a 360 

nm thick Py-TT COF film grown on a sapphire substrate. (b) Radial integration over the purple, 

green, and pink segments in the GIWAXS pattern (20° opening) shows that the COF film is highly 

textured with the crystallographic ab-plane parallel to the substrate. Most of the intensity of the 110, 

020 and 200, 220, 330 and 440 reflections is confined to the segments directly above the sample 

horizon (purple and pink lines), while the middle segment contains the 001 reflection and 

contributions from other low-index hk1 reflections (green line; see discussion below). (c,d) Illustration 

of the polycrystalline film morphology. Individual COF domains grow with their ab-plane parallel to 

the substrate and at random rotation about the substrate normal. The unit cell axes are indicated for 
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one crystallite. (e) High-resolution TEM image of Py-TT COF film revealing its polycrystalline, 

highly textured morphology with domain sizes around 50 nm. (f) Magnified view confirming the 

orientation of the pores towards the film surface. 

The Py-TT COF films are highly textured with the imine-linked COF layers extending 

parallel to the substrate surface. This texture is identical for single-crystalline (c-cut sapphire), 

amorphous (fused silica), and polycrystalline (ITO) substrates, suggesting that the preferred 

orientation is generated by the anisotropy of the framework.
[36]

 
[34]

 Consistently, individual 

COF domains grow at random rotation about the substrate normal (planar disorder) without 

any preferential alignment of their a and b axes with respect to the sapphire hexagonal plane. 

Due to the highly anisotropic unit cell, the d-spacings of the (001), (111) and other low-index 

(hk1) sets of lattice planes are almost identical. The corresponding reflections, however, 

appear under different angles relative to the substrate normal and give rise to an arc with q ≈ 

16 nm
-1

. 

Py-TT COF single carrier devices 

 

Figure 5.7   Electronic transport properties of Py-TT COF films. (a) Schematic illustrations of the 

hole-only and electron-only devices. (b) J-V curves of the single carrier devices measured in the dark 

(symbols) and the corresponding fits using the SCLC model (red and blue lines). 

Owing to their sheet-like structure, the electronic properties of 2D COFs tend to be highly 

anisotropic with the highest conductivity and mobility typically along the π-stacked 

columns.
[34]

 
[21]

 
[66]

 Electronic transport measurements can thus be used to draw conclusions 

about the COF crystallite orientation.  

Vertical electronic transport was investigated by constructing single carrier devices. Py-TT 

COF films were grown as described above using MoOx-coated (hole-only) or TiO2-coated 
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(electron-only) ITO substrates. The devices were completed by thermal evaporation of MoOx 

and Au (hole-only), or Ca and Al (electron-only) electrodes through a shadow mask. COF 

layer thicknesses were determined from SEM cross-sections of the devices. The devices were 

measured in the dark with carrier injection from the top contact (MoOx/Au or Ca/Ag, 

respectively).  

Assuming Ohmic injection, the current in the devices will be space-charge limited. In the 

space-charge-limited regime, the current density follows a modified Mott-Gurney law, taking 

into account the dependence of the mobility on the electric field (Poole-Frenkel model, 

exponential term in equation below).
[67]

 
[68]

 
[69]
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) 

ε0 vacuum permittivity 

εr relative permittivity 

μ0 zero-field mobility 

VBI built-in voltage 

d COF layer thickness 

β field effect mobility coefficient 

Table 5.1   SCLC analysis of the Py-TT COF single-carrier devices. 

 μ0 / cm
2
 V

-1
 s

-1
 εr  

(fixed) 

VBI / V
*
 d / nm β / cm

0.5
 V

-

0.5
 

Adjusted R
2
 

hole-only (4.02 ± 0.04) x 10
-6

 3.5 1.4 200 4.5 x 10
-3

 0.984 

electron-only (1.02 ± 0.01) x 10
-7

 3.5 4.2 320 6.5 x 10
-3

 0.999 

*
The built-in voltages were extrapolated from the J-V curves. The built-in voltage of the hole-only 

device could stem from a slight modification of the oxygen stoichiometry (de-doping) of the bottom 

MoOx layer during the solvothermal COF synthesis. 

To the best of our knowledge, this represents the highest hole-only SCLC mobility of any 

COF to date,
[66]

 and also is the first measurement of a vertical transport electron mobility. 

Lateral transport measurements across gap electrodes deposited on either on the COF film 

surface (200 µm gap) or on the substrate (50 µm gap) did not show any measurable 
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conductivity, suggesting that the highest conductivity is indeed along the π-stacked columns 

and that the orientation of the COF crystallites is unchanged throughout the entire film. 

Solvent-induced spectral changes 

 

Figure 5.8   Solvent-induced absorption changes of the Py-TT COF. (a) UV-Vis spectra of the Py-

TT COF film exposed to different solvent-saturated N2 streams. (b) Plot of the absorption change, 

Asolvent - Adry, showing a strong solvent-induced absorbance in the 520-640 nm region that is 

accompanied by two bleach bands extending over the 440-500 and 280-380 nm regions. The 

magnitude of the solvent-induced spectral changes increases with increasing ET
N
 polarity of the 

respective solvent. 
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Thickness-dependent response times 

 

Figure 5.9   Film thickness-dependent response times of oriented Py-TT COF films. (a-d) 

Response times at λ = 560 nm derived from the averages (red lines) of 10 humidity cycles (dry to 

water-saturated). COF film thicknesses of 160, 210, 240, and 360 nm were realized via reaction times 

of 4 h, 1 d, 2 d, and 4 d, respectively. The spikes at the end of each “wet” period stem from pressure 

fluctuations during switching of the gas streams that cause a momentary increase of the water content 

in the COF film. (e) Correlation between the COF film thickness and the respective response times. 

The data might contain an offset of 30 - 50 ms that is associated with experimental factors, such as a 

temporary mixing of the dry and water-saturated gas flows during switching. The dashed lines are 

added as a guide to the eye. 
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Reproducibility and stability 

 

Figure 5.10   Reproducibility of the solvatochromic response and stability of the Py-TT COF 

films towards repeated humidity cycling and storage in ambient air. (a) Repeated humidity 

cycling (dry to water-saturated) underlines the complete reversibility of the solvatochromic response 

of the COF film. The spikes at the end of each “wet” period stem from pressure fluctuations during 

switching of the gas streams that cause a momentary increase of the water content in the COF film. 

(b,c) Absorption spectra of the as-synthesized Py-TT COF film and the same sample after 4000 

humidity cycles and storage in ambient air for 250 d. The optical properties and solvatochromic 

response remain virtually unchanged. (d,e) The corresponding GIWAXS patterns confirm that the 

crystallinity and texture are fully retained. The white dots originate from damaged and deactivated 

pixels on the detector. 
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Humidity-dependent PXRD analysis 

 

Figure 5.11   Comparison of the Py-TT COF PXRD patterns recorded in the dry and water-

saturated states. (a) PXRD patterns of the dry (orange) and the water vapour-saturated Py-TT COF 

(brown). The reflection intensities, in particular at low angles, are significantly reduced in the water-

saturated material. (b) The normalized representation of the PXRD patterns indicates no structural 

changes upon exposure to humidity as the reflection positions remain identical. (c,d) The observed 

reduction of reflection intensities can be reproduced in silico by filling the pores of the Py-TT COF 

structure model with water molecules. 
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Solid-state NMR spectroscopy 

 

Figure 5.12   
13

C(
1
H) cross-polarisation (cp) magic angle spinning (MAS) solid-state NMR 

spectra of Py-TT COF powder in the dry and water-saturated states. The spectrum exhibits a 

series of signals in the 110-160 ppm range originating from the 13 aromatic carbon atoms in the 

framework. Interactions with water molecules in the water-saturated framework might be the cause of 

minor changes in some peak intensities, but no shifts that would indicate an altered chemical 

environment are observed. 
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Analysis of the Py-1P and Py-Py COF films 

 

Figure 5.13   Structure characterisation and solvatochromism of Py-1P and Py-Py COF films. (a) 

GIWAXS pattern of a Py-1P COF film grown on an ITO substrate. The intensity of hk0 reflections is 

concentrated directly above the sample horizon, indicating a predominant orientation of the COF 

layers parallel to the substrate. (b) GIWAXS pattern of a Py-Py COF film grown on a sapphire 

substrate. In contrast to the other COFs in this study, this framework grows with the ac-plane parallel 

to the substrate, possibly due to interactions of the aldehyde building block with the substrate. (c,d) 

Illustrations of the polycrystalline Py-1P and Py-Py COF films. The unit cell axes are indicated for 

one crystallite. (e,f) Solvatochromic response of the COF films towards a water-saturated atmosphere. 
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Both COFs exhibit a humidity-induced absorption in the 480-560 nm region, which is, however, much 

narrower and less pronounced than observed for the Py-TT COF. 

Py-TT COF photoluminescence spectra 

 

Figure 5.14   PL spectra of the dry and water-saturated Py-TT COF. (a) The dry Py-TT COF 

exhibits a moderately intense red PL, which is quenched by more than 95% upon exposure to humid 

atmosphere. (b) The normalized representation of the spectra reveals that this quenching is 

accompanied by a spectral shift towards lower energies, indicating changes in the electronic structure 

of the emissive states. 

Analysis of an amorphous Py-1P network 

 

Figure 5.15   Characterisation and humidity exposure of an amorphous Py-1P network. (a) 

GIWAXS pattern of the Py-1P network grown on TiO2-coated ITO confirming that the film is fully 

amorphous. The diffuse arcs at q = 14 and q = 17.5 originate from the substrate. (b) Absorption 

spectra of this amorphous network in dry (pink) and water vapour-saturated atmospheres (purple). 

Despite being composed of the same building blocks as the solvatochromic Py-1P COF, this network 

does not exhibit any measurable solvatochromic response. 
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Additional COF characterisation 

 

Figure 5.16   Thermogravimetric analysis. Thermogravimetric analysis of the three COFs measured 

under an N2 atmosphere at a heating rate of 1 K min
-1

. Thermal decomposition starts only at 350 °C in 

the Py-Py COF. The Py-TT and Py-1P COFs display an even higher stability with decomposition 

temperatures above 500 °C, placing them among the most stable COFs to date.
[6]

 
[70]
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IR spectroscopy 

 

Figure 5.17   Fourier-transform IR spectra of the COF powders. IR spectroscopy confirms the 

formation of imine-linked frameworks with characteristic imine vibration bands around 1620 cm
-1

. 

  

Table 5.2   Imine C=N stretching vibration frequencies. 

 ν(C=N) / cm
-1 

Py-TT COF 1615 

Py-1P COF 1621 

Py-Py COF 1626 
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Py-TT COF based humidity sensor  

 

Figure 5.18   Circuit diagram of the COF-based humidity sensor. The light emitted from the green 

LED is transmitted through the Py-TT COF film and detected via a light-dependent resistor. In a dry 

atmosphere, the COF is almost transparent to green light, whereas it becomes increasingly opaque 

with increasing humidity. 

To demonstrate the applicability of a solvatochromic COF film for sensing, we constructed a 

simple humidity sensor based on the circuit shown in Figure 5.18. The Py-TT COF film acts 

as a humidity-responsive attenuator to the light emitted from a common 5 mm green InGaN 

LED. Detection of the transmitted light is achieved by a CdS-based light-dependent resistor 

(LDR, type: GL5528, peak response at 540 nm) connected as a variable voltage divider with a 

10 kΩ resistor. Both LED and LDR are shielded with black heat shrink tubing to minimize 

ambient light effects. The COF film is placed between the LED and LDR in an optical cuvette 

equipped with a gas inlet and outlet. 

The analog output signal can be probed between the LDR and the 10 kΩ resistor. We used a 

development board equipped with an ATMEGA328P microcontroller for read-out and 

digitalisation. This signal can be monitored on a PC in real-time or be logged over an 

extended period of time. The microcontroller was programmed using the Arduino IDE (v. 

1.6.5) and the graphical display was programmed in Processing (v. 3.3.5).  

A video of the Py-TT COF humidity sensor in operation is available as Supporting 

Information. 

  



5 Fifty Shades of Red 

148 

DFT simulations 

 

Figure 5.19   DFT-simulated frontier orbitals. The HOMO (a) and LUMO (b) were calculated for a 

single-layer Py-TT molecular fragment using the B3LYP hybrid functional and a 6-31G(d) split-

valence basis set. Insets, magnified views onto the central pyrene (top) and one of the four pyrene-TT-

pyrene bridges (bottom). 
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6 Take my Breath Away 

This chapter is based on the article 

Breathing covalent organic frameworks 

by Laura Ascherl, Simon Krause, Stephan Reuter, Stefan Kaskel, Florian Auras and Thomas 

Bein 

 

 

 

Illustration of the “wine-rack” breathing mode of a PDI-based COF upon contact with 

mesitylene 
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6.1 Abstract 

Despite intriguing opportunities for potential applications, establishing reversibly flexible 2D 

COF materials that can undergo phase transitions upon contact with an external stimulus has 

remained a major challenge. Introducing a high degree of lateral displacement between 

individual COF layers teamed with strong π-stacking has enabled us to realise the first 

breathing 2D COFs. This new subclass of crystalline materials can change its crystal structure 

and electronic properties reversibly upon exposure to various solvents. During these “wine-

rack”-type breathing transitions, the distance between the central core units is changed, 

allowing a modulation of the in-plane electronic coupling. 

6.2 Introduction 

The idea that highly ordered crystalline materials can undergo reversible structural phase 

transitions as a result of external stimuli might seem contradictory at a first glance. Terms like 

“rigidity” often used in the context of porous compounds like zeolites, metal organic 

frameworks (MOFs) or covalent organic frameworks (COFs) do their bit to shape a very 

biased image of this family of materials. It is therefore hardly surprising that the first evidence 

for flexibility observed in certain MOFs – so called Soft Porous Crystals (SPCs) – whipped 

the community into a frenzy and stimulated the investigation of this “third generation of host 

materials”. Multiple external triggers like the accommodation of guest molecules,
[1]

 
[2]

 electric 

fields,
[3]

 
[4]

 temperature,
[5]

 
[6]

 pressure
[7]

 
[8]

 or irradiation
[9]

 
[10]

 were found to induce structural 

changes in some MOFs and various “breathing” mechanisms including stretching, twisting or 

scissoring of linkers were examined.
[11]

 Potential for application of such dynamic materials 

has been demonstrated for size-exclusive molecular sieving,
[12]

 gas storage, 
[13]

 sensing,
[14]

 

and drug delivery.
[15]

 However, the ability to reversibly switch the conformation of the SPCs 

also enables the manipulation of physical properties like the optical band gap
[16]

, resistance
[17]

 

or magnetic moment
[18]

 and illustrates the potential impact of breathing materials beyond 

sieving or guest-accommodation. Despite various attempts, there is no means to develop 

breathing MOFs by design and the observation of structural flexibility still remains a 

serendipitous find. 

Whereas breathing is a common feature in MOFs, little has been reported about structural 

dynamics in COFs. Especially with regard to two-dimensional (2D) COFs, reversible 

flexibility has not been observed so far. Due to their unique π-stacked structure and the 
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opportunity to grow these materials as highly oriented films, introducing breathing 

capabilities could enable the realisation of membranes whose 1D channels could be reversibly 

opened and closed upon applying an external stimulus. As the 2D sheets can enable in-plane 

electron transport, it could be also possible to reversibly modulate the electronic coupling 

between the chromophores by altering the degree of conjugation. 

We have now been able to realise the first 2D COFs that can change their structure reversibly 

upon contact with solvent molecules, and in addition we have furthermore been able to inhibit 

these breathing capabilities by simple molecular adaptations. Our new COFs based on 

perylene-3,4,9,10-tetracarboxylic acid diimide (PDI) fully retain their crystallinity during 

phase transition and pave the way for the development of a new family of dynamic porous 

materials. PDIs have a longstanding and successful history as industrial pigments and are 

especially appreciated for their excellent thermal, chemical and photo-stability.
[19]

 As they 

also feature extremely high photoluminescence quantum yields, show high charge-carrier 

mobilities and have a strong electron-accepting character, PDIs are one of the most 

extensively studied class of materials in organic electronics and have been investigated with a 

view on various applications ranging from dye lasers,
[20]

 organic photovoltaics
[21]

 or solar 

collectors
[22]

 to organic field-effect transistors.
[23]

 Incorporating PDIs in a highly ordered 

fashion into a flexible COF system further enabled us to reversibly tune its electronic 

structure. 

 

6.3 Results and Discussion 

Irreversible crystal-to-amorphous phase transitions are an unwanted form of structural 

flexibility. They are common for 2D COFs that are based on very fragile central building 

blocks and/or weak layer-to-layer interactions, suggesting that delamination might play a 

crucial role in this degradation process. Hypothetical, reversible crystal-to-crystal breathing 

motions in 2D COFs would however involve flexibility within the sheet and thus require 

maximal stability along the stacking direction. In breathing pillared MOFs, the nearest 

relatives to flexible 2D COFs, structural transitions involve a displacement or rotation of the 

linear bridges at a distance where they do not obstruct each other. We thus concluded that key 

to implementing dynamic behaviour in 2D COFs was to separate linear bridging units from 
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adjacent layers as far apart as possible and yet to guarantee sufficient stability between the π-

stacked multidentate core units to defy shear forces. 

We found that in pyrene-based COFs, which have been well-studied within our group, an 

offset-angle of roughly 74.0° between the π-stacked layers and an average spacing of 3.9 Å 

lead to a net lateral displacement of 1.1 Å along the sheets.
[24]

 
[25]

 
[26]

 In order to increase that 

distance to keep the bridges further apart, a smaller offset angle might be necessary. 

Molecules of N,N-bis(n-octyl)-2,5,8,11-tetraphenylperylene-3,4:9,10-bis(dicarboximide) were 

found to self-assemble into π−π slip-stacked crystals with an offset angle of 43° and a PDI-to-

PDI distance of 3.5 Å, resulting in a lateral displacement 3.3 Å,
[27]

 three times the size of the 

offset in pyrene-COFs. Furthermore, PDI molecules preferably crystallize in form of highly 

anisotropic needles along the stacking direction, underlining a strong π-stacking character and 

suggesting that the use of PDIs as COF nodes, might enable the resulting frameworks to 

breathe. 

 

Figure 6.1   Synthesis of the imine-linked PDI-COFs. The combination of 

tetraphenylcarboxaldeyde-dialkyl-PDIs (red) with linear diamines (blue) in a molar ratio of 1 : 2 yields 

the PDI-COFs. 

Tuning the optical, physical or electronic properties of PDIs can be achieved through 

modifications at various positions within the molecule. Even though the ketone lone pairs are 

the actual driving force for the striking lateral displacement, the utilisation of different amines 
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during the imide formation can also affect the stacking behaviour of PDI, whereby short and 

long axis offset of the PDI core can be directed via the substituents.
[28]

 Additionally this 

position allows for controlling the solubility of the molecule, which is of key importance for a 

successful COF building block. Well-studied and easily achieved modifications at the bay-

area of the PDI also influence the stacking behaviour.
[29]

 Additionally they allow tuning 

electronic properties of the respective PDI
[19]

 and might be possible anchoring points for 

introducing functional groups like amines or aldehydes to cross-link the building blocks 

during COF synthesis. Due to the close proximity of substituents in the bay position, the 

resulting PDIs tend to deviate from an ideal flat structure and adopt a distorted molecular 

conformation with twisted naphthalene entities.
[30]

 This however is detrimental for potential 

applications where a high degree of crystallinity and effective electronic coupling is required 

and disqualifies the substitutions at the bay-position for COF linkers in this context. To 

preclude this unwanted distortion, a new mean of introducing substituents at the ortho-

positions of the PDI via CH activation has been recently developed.
[31]

 

In view of the above considerations, we synthesised ortho-functionalised 

tetraphenylcarboxaldeyde-dialkyl-PDIs (alkyl = propyl, butyl, hexyl) with different chain 

lengths and applied them in combination with the linear linker p-phenylenediamine (1P) in 

solvothermal, acid-catalysed COF syntheses (Figure 6.1). 

The powder X-ray diffraction (PXRD) pattern of the PDIHex-1P COF exhibits a large number 

of well-defined reflections (Figure 6.2a) but does not resemble any common sequence of COF 

reflexes, indicating a rather complex structure type. Rietveld refinement using a small β angle 

typical for PDIs and assuming P ̅ symmetry reproduced our experimental pattern very well, 

yielding the lattice parameters a = 2.12 ± 0.05 nm, b = 4.48 ± 0.05 nm, c = 0.49 ± 0.05 nm, α 

= 90° (fixed), β = 45 ± 5°, γ = 90° (fixed) and revealing that we indeed succeeded in 

synthesising the desired 2D COFs with large lateral layer displacement (Figure 6.2b). 

Following our initial considerations, the PDIHex-1P COF is expected to show dynamic 

response towards external stimuli. Indeed, exposing the powder to various solvents causes 

instant structural transitions observable via PXRD (Figure 6.2c). The refinement of the 

solvent-saturated structure (P ̅ symmetry, a = 2.73 ± 0.05 nm, b = 4.44 ± 0.05 nm, c = 0.50 ± 

0.05 nm, α = 90° (fixed), β = 45 ± 5°, γ = 90° (fixed)) reveals that the structural transition 

consists in a “wine-rack”
[32]

 breathing mode, which is reflected in a significant elongation of 
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the a-axis and a stretching of the hexyl chain. The PDIPro-1P and PDIBu-1P COFs exhibit 

similar structures in the dry and solvent saturated states and their structure refinements as well 

as breathing studies can be found in the Supporting Information. 

 

Figure 6.2   Dynamic behaviour of a PDI-based COF. (a + d) Experimental PXRD patterns (black 

dots) of the PDIHex-1P COF powder in the dry (a) and solvent-saturated (c) state. Refinements (red 

lines) using the structure models displayed in (b + e) provide a very good fit to the experimental data 

with only minimal differences between the experimental and the refined patterns (green lines). (b + e) 

Top views (left) and side views (right) of the corresponding unit cells reveal a rhombic, highly offset-

stacked structures. (c) Breathing series of the PDIHex-1P COF with mesitylene. 
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Following our initial considerations, the PDIHex-1P COF is expected to show dynamic 

response towards external stimuli. Indeed, exposing the powder to various solvents causes 

instant structural transitions observable via PXRD (Figure 6.2c). The refinement of the 

solvent-saturated structure (P ̅ symmetry, a = 2.73 ± 0.05 nm, b = 4.44 ± 0.05 nm, c = 0.50 ± 

0.05 nm, α = 90° (fixed), β = 45 ± 5°, γ = 90° (fixed)) reveals that the structural transition 

consists in a “wine-rack”
[32]

 breathing mode, which is reflected in a significant elongation of 

the a-axis and a stretching of the hexyl chain. The PDIPro-1P and PDIBu-1P COFs exhibit 

similar structures in the dry and solvent saturated states and their structure refinements as well 

as breathing studies can be found in the Supporting Information. 

We reasoned that it might be possible to inhibit the breathing capabilities of the COF by 

introducing sterically demanding groups at the bridging units. Applying 2,5-dimethyl-1,4-

phenylenediamine (1PMe) as linear linker were able to realize a COF material that crystallizes 

in a significantly different structure. Compared to its highly rhombic relatives (Figure 6.3c), 

the PDIPro-1PMe COF appears widened and bears more resemblance to the solvent-saturated 

structures. Transmission electron microscopy (TEM) confirms our observations: Whereas 

crystallites of PDIBu-1P appear in form of highly faceted rhombi with a sharp angle of 40 ± 

5°, the pore structure of the PDIPro-1PMe COF appears almost pseudo-quadratic (Figure 6.3e). 

In contrast to PDIBu-1P, exposing the PDIPro-1PMe COF to various solvents is not 

accompanied by any structural transformations (Figure 6.3b), confirming the validity of our 

above-made assumption. 
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Figure 6.3   Correlation of geometric and electronic structure in PDI-based COFs. (a + b) 

Mesitylene evaporation series of the breathing PDIBu-1P and the rigid PDIPro-1PMe COFs. (c) High 

resolution TEM image showing highly faceted, rhombic crystal domains of the PDIBu-1P COF. (d) 

High resolution TEM of a FIB lamella prepared from the PDIPro-1PMe COF, revealing a pseudo-

quadratic pore arrangement (Inset). (d) Diffuse reflectance UV-Vis analysis of the onset area reveals a 

trident absorption feature typical for PDIs around 540 nm for both COFs and an additional shoulder at 

615 nm in case of the PDIBu-1P COF. (f + g) Photoluminescence analysis of the PDIBu-1P (f) and the 

PDIPro-1PMe (g) COFs upon evaporation of mesitylene reveals that structural transitions of the COFs 

have an influence on the position of the PL emission maxima. The y-scale in this representation is the 

measured intensity multiplied by the wavelength, rendering the areas under the curves proportional to 
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the number of photons.
[33]

 
[34]

 The artefacts in (g) at 550 nm are due to interference effects caused by 

mesitylene. 

Studying the photoluminescence (PL) properties of the PDIBu-1P and the PDIPro-1PMe COF 

enabled us to gain intriguing insights into the relationship between the electronic and crystal 

structure of our COFs (Figure 6.3f, g). The PL of the dry, non-flexible PDIPro-1PMe COF 

appears as a broad signal around 750 nm with some vibrational fine structure. In line with the 

H-type aggregation of the cofacially stacked PDI columns, the highest-energy transition has a 

lower intensity than the lower-energy transitions. The PL line shape remains unaffected by 

exposure to solvents. In contrast, the spectrum of PDIBu-1P exhibits a sharp luminescence 

band at 660 nm. Upon exposure of this COF to mesitylene, the PL spectrum changes 

drastically, re-transforming upon drying (indicated by black arrows) and exhibiting an 

isosbestic point. We attribute this behaviour to the structural transitions that are triggered by 

the solvent molecules. Regarding the breathing COF in the solvent-saturated state, the PDI 

molecules within one layer are laterally separated as the unit cell is elongated along a, 

resulting in electronic properties that are mainly dominated by interactions within the π-

stacked columns, similar to the widened PDIPro-1PMe COF. When the COF is in its 

contracted, dry form, however, the PDI molecules within one sheet converge, allowing for 

additional electronic coupling and enabling previously forbidden optical transitions. Our 

findings are reminiscent of studies on fluorescent J-aggregates by Würthner et al., where PDI 

molecules are designed to adopt a hydrogen-bonded, head-to-head arrangement in organic 

solvents.
[35]

 This bead-like arrangement can be achieved by applying the principles of 

reticular design and simply incorporating the PDIs in a highly ordered way in a COF, with the 

added benefit of being able to switch between the two electronic states. 

Differences in the electronic structure are further illustrated by the presence of an additional 

absorption feature at 615 nm in the diffuse reflectance UV-Vis spectra of the dry COF 

powders (Figure 6.3d). IR (Figure 6.11) and toluene sorption studies (Figure 6.9) further 

reveal differences between the flexible and the non-flexible materials. 

6.4 Conclusion 

We have developed the first flexible two-dimensional covalent organic frameworks that show 

reversible crystal-to-crystal phase transitions triggered by solvent molecules. By employing 

perylene-3,4,9,10-tetracarboxylic acid diimides as multidentate building blocks, adjacent COF 
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sheets can be kept laterally separated, allowing linear linkers to move freely. At the same 

time, these core units enable very strong π-interactions and inhibit delamination of the 2D 

sheets. Photoluminescence spectroscopy allowed us to observe that the in-plane electronic 

coupling of adjacent PDI molecules can be reversibly switched on and off during the wine-

rack breathing transition. Moreover, the introduction of sterically demanding groups enabled 

us to lock the breathing mechanism, keeping the COF in an open, decoupled form. We believe 

that our findings will lay the groundwork for developing a new family of flexible 2D COFs 

and broaden the scope of applications for this unique class of materials.  
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6.5 Supporting information 

Unless otherwise stated, all reactions were performed in oven-dried glassware under argon 

atmosphere in a glove box or using standard Schlenk techniques. The reagents and solvents 

were obtained from commercial suppliers and used as received.  

 

Terminology 

 

Figure 6.4   Nomenclature in PDI-chemistry. 
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Linker syntheses 

 

Figure 6.5   Synthesis scheme towards the Tetraphenylcarboxaldeyd-PDI building blocks. 

 

Neopentyl acetal phenyl boronic acid neopentyl ester (1) 

 

Formylphenylboronic acid (5000 mg, 33 mmol, 1 eq), 2,2-dimethylpropane-1,3-diol (1740 

mg, 167 mmol, 5 eq), p-toluenesulfonic acid (250 mg, 1.32 mmol, 0.04 eq) and 5 g Na2SO4 

were refluxed in toluene at 125 °C for 3.5 h. The reaction mixture was allowed to come to 

ambient temperature and the solvent was removed by rotary evaporation. The solid residue 

was dissolved in DCM (250 ml) and washed with water and brine. The organic phase was 

dried with Na2SO4, filtered through a cotton wool plug and dried via rotary evaporation and 

subsequently under high vacuum to yield the product in form of white, shiny platelets (9150 

mg, 30 mmol, 91 %). 

1
H NMR (400 MHz, CDCl3): 7.82 (d, J = 8.3 Hz, 2 H), 7.51 (d, J = 8.3 Hz, 2 H), 5.40 (s, 1 

H), 3.78 (d, J = 3.6 Hz, 2 H), 3.77 (s, 3 H), 3.65 (d, J = 3.6 Hz, 2 H), 1.30 (s, 3 H), 1.02 (s, 6 

H), 0.80 (s, 3 H). 
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Dipropyl-PDI (2a) 

 

Perylenetetracarboxylic dianhydride (1960 mg, 5 mmol, 1 eq) and propylamine (2.05 ml, 25 

mmol, 5 eq) were refluxed in DMF (36 ml) at 150 °C for 4 h. The mixture was allowed to 

come to room temperature and quenched with 1 M HCl (50 ml). The dark brown precipitate 

was filtered off and stirred in 100 ml 1 M NaOH at 50 °C for 30 min, before being filtered 

again. The precipitate was treated with 1 M HCl until neutrality and washed with water to 

yield the title compound in form of poorly soluble, purple shiny crystallites (2182 mg, 4.6 

mmol, 92 %). 

 

 

Tetra(neopentylesterphenyl)dipropyl-PDI (2b)
[31]

 

 

2a (380 mg, 0.8 mmol, 1 eq), 1 (1460 mg, 4.8 mmol, 6 eq) and RuH2(CO)(PPh3)3 (176 mg, 

0.192 mmol, 0.24 eq) were refluxed in 8 ml of a 9 : 1 mixture of mesitylene and pinacolone at 

160 °C for 4 d. The solvents were removed under reduced pressure and the crude product was 
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purified via column chromatography (silica, DCM : cyclohexane, 20 : 1 and aluminium oxide, 

DCM) to yield the bright red title compound in 19 % yield (192 mg, 0.16 mmol). 

1
H NMR (400 MHz, CDCl3): 8.28 (s, 4H), 7.65 (d, J = 8.1 Hz, 8H), 7.42 (d, J = 8.3 Hz, 8H), 

5.50 (s, 4H), 3.90 (dd, J = 9.1, 6.5 Hz, 4H), 3.80 (d, J = 11.0 Hz, 8H), 3.69 (d, J = 10.9 Hz, 

8H), 1.64 – 1.55 (m, 8H), 0.86 (t, J = 7.3 Hz, 6H). 

 

Tetraphenylcarboxaldeyde-dipropyl-PDI (2c) 

 

2b (192 mg, 0.16 mmol) was stirred in a mixture of TFA (10 ml), water (1 ml) and CHCl3 (50 

ml) for 24 h at room temperature. The mixture was quenched with saturated K2CO3 solution 

and extracted with CHCl3. The combined organic phases were dried with MgSO4. After 

removing the excess solvent, the title compound was obtained as a dark red powder in 98 % 

yield (135 mg, 0.15 mmol). 

1
H NMR (400 MHz, CDCl3): 10.12 (s, 4H), 8.35 (s, 4H), 8.05 (d, J = 8.0 Hz, 8H), 7.58 (d, J = 

7.9 Hz, 8H), 3.89 (dd, J = 9.1, 6.5 Hz, 4H), 1.64 – 1.55 (m, 4H), 0.85 (t, J = 7.4 Hz, 6H). 
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Dibutyl-PDI (3a) 

 

Perylenetetracarboxylic dianhydride (1960 mg, 5 mmol, 1 eq) and n-butylamine (2.47 ml, 25 

mmol, 5 eq) were refluxed in 36 ml DMF at 150 °C for 3 h. After coming to room 

temperature, the mixture was quenched with 50 ml 1 M HCl. The precipitate was filtered and 

stirred in 100 ml 1 M NaOH at 50 °C for 30 min. The precipitate was filtered again, treated 

with 1 M HCl to neutrality and washed with water to yield the title compound in form of 

poorly soluble, purple shiny crystallites (2287 mg, 4.6 mmol, 91 %). 

 

Tetra (neopentyl ester phenyl) dibutyl-PDI (3b)
[31]

 

 

3a (500 mg, 1.0 mmol, 1.0 eq), 1 (2160 mg, 7.1 mmol, 7.1 eq) and RuH2(CO)(PPh3)3 (190 

mg, 0.2 mmol, 0.2 eq) were refluxed in a mixture of 5 ml mesitylene and 5 ml pinacolone at 

140 °C for 24 h. The solvents were removed under reduced pressure and the crude product 

was purified via column chromatography (silica, DCM : cyclohexane 3 : 1 and aluminium 
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oxide, DCM). The pure title compound was obtained as a bright red powder in 14 % yield 

(181 mg, 0.14 mmol). 

1
H NMR (400 MHz, CDCl3): 8.27 (s, 4H), 7.65 (d, J = 8.1 Hz, 8H), 7.42 (d, J = 8.3 Hz, 8H), 

5.50 (s, 4H), 3.93 (t, J = 7.3 Hz, 4H), 3.81 (d, J = 11.1Hz, 8H), 3.69 (d, J = 10.7 Hz, 8H), 1.29 

- 1.23 (m, 8H), 0.85 (t, J = 7.4 Hz, 6H). 

 

Tetraphenylcarboxaldeyde-dibutyl-PDI (3c) 

 

3b (181 mg, 0.14 mmol) was stirred at room temperature for 3 d in a mixture of CHCl3 (50 

ml), TFA (10 ml) and water (1 ml). The solution was neutralized with K2CO3, washed with 

water and dried with MgSO4. The title compound was obtained as red powder (127 mg, 0.14 

mmol, 98 %). 

1
H NMR (400 MHz, CDCl3): 10.12 (s, 4H), 8.35 (s, 4H), 8.05 (d, J = 8.0 Hz, 8H), 7.58 (d, J = 

7.9 Hz, 9H), 3.92 (t, J = 8.1 Hz, 4H), 1.33 – 1.20 (m, 8H), 0.85 (t, J = 7.3 Hz, 6H). 
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Dihexyl-PDI (4a) 

 

Perylenetetracarboxylic dianhydride (543 mg, 1.4 mmol, 1 eq) and n-hexylamine (0.9 ml, 7 

mmol, 5 eq) were refluxed in 10 ml DMF at 150 °C for 4 h. The reaction mixture was allowed 

to come to room temperature and quenched with 50 ml 1 M HCl. The dark brown precipitate 

was filtered and stirred in 100 ml 1 M NaOH at 50 °C for 30 min. After filtering it again, the 

precipitate was treated with 1 M HCl until neutrality and washed with water to yield the 

poorly soluble title compound in 95 % yield (743 mg, 1.3 mmol). 

 

Tetra (neopentyl ester phenyl) dihexyl-PDI (4b)
[31]

 

 

4a (500 mg, 1.0 mmol, 1.0 eq), 1 (2160 mg, 7.1 mmol, 7.1 eq) and RuH2(CO)(PPh3)3 (190 

mg, 0.2 mmol, 0.2 eq) were refluxed in 5 ml of a 1 : 1 mixture of mesitylene and pinacolone 
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for 24 h at 140 °C. The solvents were removed under reduced pressure and the crude product 

was purified via column chromatography (silica, DCM : n-hexane 1 : 1 and aluminium oxide, 

DCM) to obtain the title compound as a bright red powder (202 mg, 0.15 mmol, 15 %). 

1
H NMR (400 MHz, CDCl3): 8.28 (s, 4H), 7.65 (d, J = 8.0 Hz, 8H), 7.43 (d, J = 8.3 Hz, 8H), 

5.50 (s, 4H), 3.93 (t, J = 8.1 Hz, 4H), 3.81 (d, J = 11.1 Hz, 8H), 3.69 (d, J = 10.6 Hz, 8H), 

1.27 – 1.19 and 0.85 – 0.79 (m, 22H). 

 

Tetraphenylcarboxaldeyde-dihexyl-PDI (4c) 

 

4b (202 mg, 0.15 mmol) was stirred in a mixture of TFA (10 ml), water (1 ml) and CHCl3 (50 

ml) for 24 h at room temperature. The mixture was quenched with saturated K2CO3 solution 

and extracted with CHCl3. The organic phases were dried with MgSO4 and after removing the 

excess solvent under reduced pressure, the title compound was obtained as a red powder in 99 

% yield (148 mg, 0.15 mmol). 

1
H NMR (400 MHz, CDCl3): 10.12 (s, 4H), 8.35 (s, 4H), 8.05 (d, J = 8.3 Hz, 8H), 7.58 (d, J = 

8.1 Hz, 8H), 3.91 (t, J = 8.1 Hz, 4H), 1.37 – 1.12 and 0.94 – 0.75 (m, 22H). 
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COF syntheses 

 

PDIPro-1P COF 

Compound 2b (17.8 mg, 20 µmol, 1.0 eq.) and 1,4-phenylenediamine (4.4 mg, 40 µmol, 2.0 

eq.) were filled into a reaction tube, followed by the addition of mesitylene (333 µL) and 

dioxane (666 µL), and 6 M acetic acid (100 µL). The sealed tube was kept at 120 °C for 3 

days and hence allowed to cool down to room temperature. The formed precipitate was 

collected by filtration, washed with MeCN and dried in air to yield a dark brown powder. 

PDIBu-1P COF 

Compound 3b (18.4 mg, 20 µmol, 1.0 eq.) and 1,4-phenylenediamine (4.4 mg, 40 µmol, 2.0 

eq.) were filled into a reaction tube, followed by the addition of mesitylene (333 µL) and 

dioxane (666 µL), and 6 M acetic acid (100 µL). The tube was sealed, heated at 120 °C for 3 

days and hence allowed to cool down to room temperature. The formed precipitate was 

collected by filtration, washed with MeCN and dried in air, yielding a dark brown powder. 

PDIHex-1P COF 

Compound 4b (9.8 mg, 10 µmol, 1.0 eq.) and 1,4-phenylenediamine (2.2 mg, 20 µmol, 2.0 

eq.) were filled into a reaction tube, followed by the addition of mesitylene (83 µL) and 

dioxane (167 µL), and 6 M acetic acid (25 µL). The sealed tube was kept at 120 °C for 3 days. 

The mixture was then allowed to cool down to room temperature. The precipitate was 

collected by filtration, washed with MeCN and dried in air to yield a dark brown powder. 

PDIPro-1PMe COF 

Compound 2b (8.9 mg, 10 µmol, 1.0 eq.) and 2,5-dimethyl-1,4-phenylenediamine (2.7 mg, 20 

µmol, 2.0 eq.) were filled into a reaction tube, followed by the addition of mesitylene (166 

µL) and dioxane (333 µL), and 6 M acetic acid (50 µL). The sealed tube was kept at 120 °C 

for 4 days and hence allowed to cool down to room temperature. The formed precipitate was 

collected by filtration, washed with MeCN and dried in air, yielding a red powder. 
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PDIBu-1P COF structure analysis 

 

Figure 6.6   Structure of the PDIBu-1P COF (a + c) Experimental PXRD patterns (black dots) of the 

PDIBu-1P COF powder in the dry (a) and solvent-saturated (c) state. Refinements (red lines) using the 

structure models displayed in (b + d) provide a very good fit to the experimental data with only 

minimal differences between the experimental and the refined patterns (green lines). 
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PDIPro-1P COF structure analysis 

 

Figure 6.7   Structure of the PDIPro-1P COF (a + c) Experimental PXRD patterns (black dots) of the 

PDIPro-1P COF powder in the dry (a) and solvent-saturated (c) state. Refinements (red lines) using the 

structure models displayed in (b + d) provide a very good fit to the experimental data with only 

minimal differences between the experimental and the refined patterns (green lines). 
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Additional breathing studies 
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Figure 6.8   In-situ breathing studies of the four PDI-COFs regarding mesitylene and 1,4-

dichlorobenzene (DCB). The reflex at 28.2° in (f) stems from the substrate. 

The breathing studies were conducted via moistening the COFs with the respective solvent. 

Upon evaporation of the solvent at ambient conditions, PXRD spectra were recorded. 

 

Toluene sorption analysis 

 

Figure 6.9   Toluene sorption analysis of the flexible PDIPro-1P COF (b) and the rigid 

PDIPro-1PMe COF (a). 

Comparing the sorption isotherms of the two COFs reveals differences in the uptake of 

toluene. Whereas the isotherm of the rigid PDIPro-1PMe COF appears smooth (a), the flexible 

PDIPro-1P COF exhibits a distinctive kink in the adsorption branch. These data are 

reminiscent of classic sorption studies in flexible MOFs, where steps in the isotherm are 

attributed to gate-opening transitions induced by the guest molecule.
[36]
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Additional photoluminescence (PL) spectroscopy 

 

Figure 6.10   Photoluminescence of the PDIPro-1P COF upon the evaporation of mesitylene. 

When in the solvent-saturated state, the photoluminescence (PL) of the flexible PDIPro-1P 

COF appears a broad bump at 730 nm. Upon evaporation of mesitylene, the maximum of the 

PL intensity shifts towards shorter wavelengths (680 nm) when completely dry. 

 

Infrared (IR) spectroscopy 

 

Figure 6.11   ATR-IR spectra of the PDI based COFs. 

The ATR-IR spectra of the breathing PDIPro-1P, PDIBu-1P and PDIHex-1P COFs appear 

nearly identical, owing to the same linkage and types of building blocks in the framework. 

The PDIPro-1PMe COF however exhibits a slightly different fingerprint region, which 

becomes particularly apparent around 1600 cm
-1

, frequencies at which characteristic imine 

C=N stretching vibrations occur (marked in grey). 
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Additional UV-Vis spectroscopy 

 

Figure 6.12   Diffuse reflectance spectra of the PDI based COFs. 

Diffuse reflectance spectroscopy of the COF powders reveals trident absorption features at 

400 – 600 nm which are typical for PDIs. The occurrence of defined, sharp absorption edges 

further signifies a large lateral offset between the COF layers and confirms our structure 

models of the frameworks. Taking a closer look at the onset region of the individual spectra, 

we notice a difference in the electronic structure between the breathing and the non-breathing 

COFs. Whereas the PDIPro-1P, PDIBu-1P and PDIHex-1P COFs exhibit an additional 

shoulder at around 620 – 630 nm, the PDIPro-1PMe COF is lacking this distinct feature. 
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Themogravimetric analysis 

 

Figure 6.13   Thermogravimetric analysis of the four PDI-based COFs measured under an N2 

atmosphere at a heating rate of 1 K min
-1

. 

Thermal decomposition starts only at 500 °C, placing the four PDI-based COFs among the 

most stable COFs to date. The initial mass loss of the PDIHex-1P COF between 50 and 200 °C 

can be attributed to the desorption of water and residual MeCN from washing the COF after 

synthesis. 
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7.1 Introduction 

Covalent organic frameworks (COFs) are gradually conquering more advanced fields beyond 

the classic and straight forward gas storage and gas separation purposes that are investigated 

for any new porous material. Benefiting from the principles of reticular chemistry, stable 

COFs can be tailored regarding their pore size, pore shape and potential anchoring groups for 

post-modification, further diversifying the scope of potential applications. COFs as vapour 

sensors or as switchable photodetectors are just two examples that prove that these materials 

offer potential for applications beyond classical fields such as gas sorption or catalysis. 

Beside these rather physical fields of research recent progress has been made in establishing 

COFs as versatile platforms for drug delivery, focusing on different pore geometries,
[1]

 
[2]

 

distinctive approaches for fixing the respective drug molecule in the COF
[3]

 or installing 

recognition groups for targeted delivery.
[4]

 

For instance, Banerjee et al. applied a post-modification approach based on subsequential 

chemical functionalization of preinstalled anchoring groups to attach a cellular targeting 

ligand before loading the COF with the respective drug. 5-FU, an antimetabolite based 

anticancer drug, was hereby chosen because of its small diameter, however, the loading 

efficiencies were rather low.
[4]

 

The approach of Lotsch et al. addressed this loading issue by using free electron pairs of 

imine-linked COFs as anchors for non-covalently fixing the model drug molecule quercetin in 

the porous system. Although they succeeded in drastically raising the loading capacities, 

quercetin, a flavonoid known for its anticancer activities, again is very small owing to the 

rather small pore size of the respective COF.
[3]

 

If COFs, however, are to be used for practical drug delivery without adjusting to the demands 

of small pore sizes, COFs with bigger apertures that are capable of incorporating established 

drugs that exceed the size of these model drugs would be highly desirable. The biggest 

reported COF pore so far is 5.3 nm in diameter
[5]

, which would already be sufficient for 

taking up larger commonly used anticancer drugs such as doxorubicin or pemetrexed. In this 

HHTP-based COF, the building blocks are linked via boronic esters, making the network 

prone to easily getting destroyed by traces of humidity. To address this stability issue, there is 
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a need to develop stable, large-pore COFs systems that can act as vehicles for targeted drug-

delivery. This chapter is thus focusing on different approaches for extending the pore sizes of 

COFs via building block elongation. 

7.2 Results and Discussion 

We chose the 1,1,2,2-tetrakis(4-aminophenyl)ethene (4PE) building block as a basis for 

designing our large-pore networks, as tetraethylene-based COFs have proven to yield highly 

crystalline and stable frameworks.
[6]

 In order to increase the pore size for the incorporation of 

larger guest molecules, two approaches can be considered: The first, straight forward method 

is to simply elongate the bridge in-between the multidentate building blocks. Starting from 

our already existing structures of 4PE-based COFs, we simulated a network comprising a 

potential pentaphenyl-dicarboxaldehyde linker (5P) with the same dual-pore geometry, 

revealing a wall-to-wall distance of 5.9 nm (Figure 7.1) and exceeding the present largest pore 

aperture by 0.6 nm. 

 

Figure 7.1   Simulation of a 4PE-based COF with a 5P linker. 

We reasoned that introducing alkyl chains to the linker was crucial for a successful COF 

synthesis, as the shorter homologue terphenyl-dicarboxaldehyde had already turned out to be 

hardly soluble in the respective reaction mixture in our previous studies. To further fulfil the 

geometric requirement of exhibiting a C2 rotational axis (see Chapter 3 and following 
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discussion), we chose the ortho-positions of the central phenyl ring for the installation of the 

solubility-enhancing groups (Figure 7.2).
[6]

 

Starting from 1,4-dibromobenzene, we introduced two n-hexyl-chains via a Grignard reaction 

with hexylmagnesiumbromide. Bromination and subsequent borylation with 

bis(pinacolato)diboron yielded an intermediate that was subjected to a twofold Suzuki cross 

coupling reaction to give the desired 5P building block (see Supporting Information for the 

reaction scheme). We used the 5P linker together with 4PE in solvothermal syntheses, 

drawing on well-established reaction conditions regarding solvent mixture, catalyst 

concentration and temperature. Despite various attempts, only amorphous bulk material could 

be obtained. 

 

Figure 7.2   Linker design strategies towards large-pore COF systems. 

Considering that a pentaphenyl linker might already be too floppy to yield stable COFs, our 

second approach towards bigger pore sizes was the elongation of the central multidentate 

building block (Figure 7.2). This way, shorter bridging molecules could be incorporated 

without compromising on the pore aperture. We started with the bromination of 

tetraphenylethene, followed by Suzuki or Sonogashira cross coupling reactions to yield the 

respective propeller-shaped building blocks as amines or aldehydes (see Supporting 



7 Longer, better, harder, stronger 

184 

Information for the reaction scheme). However, applying the building blocks together with 

linear dicarboxaldehydes in solvothermal syntheses did not provide any COF material either. 

We decided to investigate these findings from a geometrical point of view in order to gain a 

more profound understanding of the correlation of linker geometry and successful COF 

synthesis, aiming for a more targeted building block design in the future. Therefore, we took a 

closer look at the molecular conformation of each building block regarding the incorporation 

into a potential COF structure. 

For a better understanding of the following discussion, the peculiarities of 4PE based COFs 

are briefly recapitulated. As 4PE is a chiral molecule with both right- and left-turning 

enantiomers possible, a geometric mechanism to synchronize all molecules within one 2D 

sheet is crucial for realising highly crystalline COFs. Bridges with a C2 rotational axis are able 

to transmit configurational information from one propeller-shaped tetraphenylene to the other 

via the twist of phenyl rings or the position of heteroatoms, ensuring that all tetraphenylene 

molecules within one sheet have the same sense of motion (Figure 7.3). 

 

Figure 7.3   Fragment of the 4PE-2P COF structure. 

In an ideal 4PE-based COF structure the angle between the ethylene core and its propellers is 

roughly 45°, leading to a 90° twist of the complete bridge including the terminal phenyl rings. 

In a COF with biphenyl-dicarboxaldehyde, this results in a torsion angle of 90° / 3 = 30° 

between the individual rings. For the terphenyl version, this angle drops to 90° / 4 = 22.5°, 

which is still in the range of normal twist angles for poly(p-phenylenes).
[7]

 For a 5P based 
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COF this angle would decrease drastically to only 90° / 6 = 15°. When we model a free 5P 

bridge, we note that the array of the phenyl rings deviates drastically from a spiral behaviour 

with small torsion angles (Figure 7.4). In fact, the bridge twists about 180°, indicating that 

forcing this linker into a COF structure might impose too much strain to the whole bridge. 

The second geometric issue of this linker design might be the position of its alkyl chains. A 

4PE-based COF structure with an odd number of bridging phenyl rings forces the ring in the 

middle position to be co-planar with the ab plane of the whole COF, as the packing of the 2D 

sheets is perfectly eclipsed. This would constrain the alkyl chains to pack in an eclipsed way 

as well, however our recent studies indicate that they preferably stack with an offset. That 

would again enforce its core to tilt or slip, distorting the bridge and precluding the ability to 

transmit the sense of motion from one propeller to the other. 

 

Figure 7.4   Simulation of a free 5P moiety.  

Regarding the extended multidentate building blocks, we thoroughly examined the stacking of 

propeller-shaped tetraphenylenes. In COFs based on large aromatic multidentate building 

blocks like pyrene, attractive van-der-Waals interactions represent the major driving force that 

“glue” the 2D sheets together (see Chapter 1). However, our previous theoretical calculations 

have shown that the lock-and-key mechanism of 4PE-based COFs is mainly based on 
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permanent electrostatic interactions between the aromatic rings, preventing any packing mode 

except the perfectly eclipsed one.
[6]

 In fact, each phenyl ring within one sheet is tightly 

interlocked with its adjacent ring from the sheet below (Figure 7.5). 

 

Figure 7.5   Interlocked stacking of 4PE-based COF sheets. 

In extended versions of 4PE (Figure 7.2), the outer set of phenyl rings cannot be fixed via this 

gearing mechanism as there are no adjacent phenyl rings in the layer underneath. In order to 

still get some degree of stabilisation, the outer rings are very likely to adopt a typical edge-on-

face stacking motif (Figure 7.6), suppressing the synchronisation mechanism between 

adjacent propeller molecules: For each extended 4PE, there are now 2
4
 possible 

conformations to arrange the outer set of aromatic rings, obstructing any means to transmit 

configurational information from one inner propeller to the other. 

According to our present knowledge, we would now suggest different approaches for 

designing new building blocks for large-pore COFs. Our first recommendation would be the 

reduction of individual segments in order to release torsion strain of long linkers. This could 

be achieved through coupling larger systems like thienothiophenes or benzodithiazoles. We 

furthermore suggest to install solubility-enhancing groups only at positions that stack with an 

offset. In our potential 5P linker this would be the case for the phenyl rings 1, 2 and 4 and 5. 

Larger versions of 4PE should furthermore exhibit propeller blades consisting of one single 

π-system (naphthalene, anthracene) to maintain stability and synchronisability. 
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Figure 7.6   Double layer of extended 4PE building block. Whereas the inner set of aromatic rings 

(green) is parallel to each other, the outer set of phenyl rings (blue) is very likely to adopt an edge-on-

face stacking motif. 

 

7.3 Conclusion 

We have successfully synthesized building blocks for the creation of COFs with big apertures 

as potential vehicles for drug delivery. Even though no crystalline material could be prepared 

so far, this work provides important insights into the design of future large-pore networks, 

allowing for a better understanding of geometrical principles in COF design. We can conclude 

that a stable network is only likely to emerge if each of its comprising building units has its 

own a natural tendency to adopt the same final COF structure. Therefore the two coupling 

partners have to be matched appropriately, taking into account multiple aspects including 

offset, alkyl chain packing and tilt angles. 
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7.4 Supporting information 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker AV 400 and AV 400 

TR spectrometers. Proton chemical shifts are expressed in parts per million (δ scale) and are 

calibrated using residual undeuterated solvent peaks as an internal reference (DMSO-d6: 

2.50). Data for 
1
H NMR spectra are reported in the following way: chemical shift (δ ppm) 

(multiplicity, coupling constant, integration). Multiplicities are reported as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, or combinations thereof. 

The structure models of the COFs were constructed using the Accelrys Materials Studio 

software package. 

 

All reactions were performed in oven-dried glassware under argon atmosphere using standard 

Schlenk and glovebox techniques. Commercially available reagents were used as received. 

Solvents were obtained in high-purity grades from commercial suppliers and were, unless 

shipped under argon, degassed and saturated with argon prior to use. 

 

Figure 7.7   Reaction scheme for the synthesis of a 5P linker. 
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1,4-Dihexylbenzene 

 

A 2.0 M solution of hexylmagnesiumbromide in ether (25 ml, 50 mmol, 2.5 eq) was slowly 

added to suspension of 1,4-dibromobenzene (4.7 g, 20 mmol, 1 eq) and NiCl2(dppf) (325 mg, 

6 mmol, 0.03 eq) in dry THF (40 ml). The reaction mixture was heated to 50 °C and stirred at 

this temperature for 24 h. The reaction mixture was allowed to come to room temperature, 

was quenched with a 0.1 M ammoniumchloride solution and extracted with DCM. The 

organic phase was further washed with water and brine and dried with MgSO4. After 

removing the solvent, the crude product was purified via distillation (10
-3

 mbar, 98 °C) to 

yield the title compound as a colourless oil. 

1
H NMR (400 MHz, CDCl3): 7.09 (s, 4H), 2.57 (t, J = 8.1 Hz, 4H), 1.64 – 1.26 (m, 16H), 0.88 

(t, J = 7.1 Hz, 6H). 

 

1,4-Dibromo-3,6-dihexylbenzene 

 

To a solution of 1,4-dihexylbenzene (1 mmol, 246 mg, 1 eq) in 2 ml of DCM was added a 

catalytic amount of iodine (1 bead). The flask was wrapped in tin-foil and bromine (256 μl, 5 

mmol, 5 eq) was added slowly. The mixture was stirred at room temperature for 24 h, before 

quenching with sodium bisulfite solution. The organic part was washed with NaHCO3 

solution and dried over MgSO4. The dried organic phase was purified via silica gel column 

chromatography (n-hexane) to yield 1,4-dibromo-3,6-dihexylbenzene as a white solid in 56 % 

yield (226 mg, 0.56 mmol). 

1
H NMR (400 MHz, CDCl3): 7.35 (s, 2H), 2.63 (t, J = 7.7 Hz, 4H), 1.56 – 1.27 (m, 16H), 0.89 

(t, J = 6.6 Hz, 6H). 
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1,4-Bispincolato-3,6-dihexylbenzene 

 

1,4-Dibromo-3,6-dihexylbenzene (101 mg, 0.25 mmol, 1 eq), bis(pinacolato)diboron (190 

mg, 3 eq), KOAc (147 mg, 6 eq) and PdCl2(dppf) (18 mg, 0.025 mmol, 0.1 eq) were stirred in 

2.5 ml of dioxane at 105 °C for 3 days. The mixture was allowed to cool to room temperature, 

dried under high vacuum and diluted in water before it was extracted with DCM. The 

combined organic phases were dried with MgSO4 and purified via silica gel column 

chromatography (n-hexane/DCM, 2:1) to yield 1,4-bispinacolato-3,6-dihexylbenzene as 

yellowish fluffy crystals (85 mg, 0.22 mmol, 68 %). 

1
H NMR (400 MHz, CDCl3): 7.53 (s, 2H), 2.82 (t, J = 8.1 Hz, 4H), 1.58 – 1.31 (m, 16H), 1.31 

(s, 24H), 0.89 (t, J = 6.7 Hz, 6H). 

 

2'',5''-Dihexyl-[1,1':4',1'':4'',1''':4''',1''''-quinquephenyl]-4,4''''-dicarbaldehyde (5P) 

 

1,4-Bispincolato-3,6-dihexylbenzene (498 mg, 1 mmol, 1 eq), 4'-bromo-[1,1'-biphenyl]-4-

carbaldehyde (783 mg, 3 mmol, 3 eq), K2CO3 (553 mg, 4 mmol) and Pd(PPh3)4 (116 mg, 0.1 

mmol, 0.1 eq) were dissolved in 5 ml of dioxane and stirred at 95 °C for 4 days. The mixture 

was diluted with water and extracted with DCM. The combined organic phases were dried 

over MgSO4 and purified via silica gel column chromatography (EtOAc/cyclohexane, 1:4) to 

yield the title compound as white crystals (416 mg, 0.67 mmol, 67 %). 

1
H NMR (400 MHz, CDCl3): 10.09 (s, 2H), 7.99 (d, J = 8.1 Hz, 4H), 7.85 (d, J = 8.2 Hz, 4H), 

7.71 (d, J = 8.2 Hz, 4H), 7.50 (d, J = 8.2 Hz, 4H), 7.20 (s, 2H), 2.63 (t, J = 8.1 Hz, 4H), 1.55 – 

1.21 (m, 16H), 0.81 (t, J = 7.1 Hz, 6H). 
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Figure 7.8   Reaction scheme for elongated versions of the multidentate 4PE building blocks. 
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1,1,2,2-Tetrakis(4-bromophenyl)ethene 

 

Method a) 

Tetraphenylethene (2 g, 6 mmol, 1 eq) was placed in a desiccator and bromine (2.3 ml, 44 

mmol, 7 eq) was put in a bath beneath. The desiccator was closed and left at room 

temperature for four days. The resulting yellow crude product was purified via column 

chromatography (n-hexane/DCM, 20:1) and the solvent was removed under vacuum. The 

product was dissolved in hot DCM and layered with isohexane until the first crystallites 

started to form. The mixture was allowed to cool down overnight and after removing the 

excess solvent, the title compound was obtained as colourless crystals (1.45 g, 2.2 mmol, 

37 %). 

 

Method b) 

Bromine (3.74 ml, 73 mmol) was added dropwise to an ice-cooled solution of 

tetraphenylethene (5.78 g, 17.4 mmol) in DCM (87 ml, 0.2 M). The mixture was allowed to 

come to room temperature and stirred for 72 h. The reaction mixture was quenched with an 

aqueous solution of sodium thiosulfate (0.1 M). The aqueous phase was extracted with DCM 

and the combined organic phases were dried over MgSO4. Evaporation of the solvent led to 

the desired title compound in form of a white powder. 

1
H NMR (400 MHz, CDCl3): 7.26 (d, J = 8.4 Hz, 8H), 6.84 (d, J = 8.6 Hz, 8H). 
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4',4''',4''''',4'''''''-(Ethene-1,1,2,2-tetrayl)tetrakis(([1,1'-biphenyl]-4-amine)) 

 

1,1,2,2-tetrakis(4-bromophenyl)ethane (648 mg, 1 mmol, 1 eq) and aminophenylboronic acid 

pinacol ester (1315 mg, 6 mmol, 6 eq) were dissolved in dry dioxane (30 mL). K2CO3 (1106 

mg, 8 mmol, 8 eq) and Pd(PPh3)4 (116 mg, 0.1 mmol, 0.1 eq) were added and the mixture was 

stirred at 100 °C for 4 days. After coming to room temperature, the mixture was precipitated 

in water, washed with methanol, dissolved in DCM and washed with water and brine. The 

organic phases were dried over MgSO4 and the remaining solvent evaporated under reduced 

pressure. The crude product was purified via silica gel column chromatography 

(DCM/MeOH, 20:1) yielding the title compound as a yellow compound. 

1
H NMR (400 MHz, DMSO- d6): 7.36 (d, J = 9.1 Hz, 8H), 7.54 (s, J = 9.1 Hz, 8H), 7.36 (d, J 

= 9.1 Hz, 8H), 6.65 (d, J = 9.1 Hz, 8H), 3.58 (s, 8H). 

 

4,4',4'',4'''-((Ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-diyl))tetrakis(ethyne-2,1-

diyl))tetraaniline 

 

1,1,2,2-tetrakis(4-bromophenyl)ethane (1296 mg, 2 mmol, 1 eq), 4-ethynylaniline (1125 mg, 

9.6 mmol, 4.8 eq), Pd(PPh3)4 (231 mg, 0.2 mmol, 0.1 eq) and CuI (76 mg, 0.4 mmol, 0.2 eq) 

were dissolved in 20 ml of a 3:1 mixture of THF and diisopropylamine. The mixture was 

refluxed at 80 °C for 16 h, allowed to come to room temperature and dried under vacuum. 
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The crude product was purified via silica gel column chromatography (EtOAc) to yield the 

title compound as yellow crystallites. 

1
H NMR (400 MHz, DMSO- d6): 7.25 (d, J = 8.0 Hz, 8H), 7.16 (d, J = 8.2 Hz, 8H), 6.97 (d, J 

= 8.0 Hz, 8H), 6.54 (d, J = 8.2 Hz, 8H), 5.56 (s, 8H). 

 

4-(Trimethylsilyl)ethynyl-benzaldehyde 

 

4-Bromobenzaldehyde (3.7 g, 20 mmol, 1.0 eq), ethynyltrimethylsilane (2.36 g, 24 mmol, 1.2 

eq), CuI (228 mg, 1.2 mmol, 0.06 eq) and bis-(triphenylphosphine)palladium(II) dichloride 

(422 mg, 0.6 mmol, 0.03 eq) were dissolved in THF (40 mL). Diisopropylamine (12 ml, 85 

mmol, 4.25 eq) was added and the reaction mixture was stirred at 80 °C for 16 h. The mixture 

allowed to come to room temperature and was filtered. The filtride was washed with 

ethylacetate and the combined organic phases were dried under vacuum. The crude product 

was diluted in DCM and washed with water and brine and dried over MgSO4. The excess 

solvent was removed and the remaining crude product was purified via silica gel column 

chromatography (n-heptane/EtOAc, 20:1), yielding the desired product, which was used 

without further analysis. 

 

4-Ethynylbenzaldehyde 

 

4-(trimethylsilyl)ethynyl-benzaldehyde (3.68 g, 18.2 mmol, 1 eq) and K2CO3 (251 mg, 1.82 

mmol, 0.1 eq) were diluted in 72 ml methanol. The reaction mixture was stirred at room 

temperature until the base was dissolved. The organic phase was washed with water and brine 

and dried over MgSO4. After removing the solvent under vacuum, the title compound was 

obtained as orange crystals. 
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1
H NMR (400 MHz, CDCl3): 9.95 (s, 1 H), 7.80 – 7.76 (m, 2 H), 7.59 – 7,55 (m, 2 H), 3.23 

(s, 1 H). 

 

4,4',4'',4'''-((Ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-diyl))tetrakis(ethyne-2,1-

diyl))tetrabenzaldehyde 

 

1,1,2,2-tetrakis(4-bromophenyl)ethane (65, 0.1 mmol, 1 eq), 4-ethynylbenzaldehyde (65 mg, 

0.5 mmol, 5 eq), Pd(PPh3)4 (12 mg, 0.01 mmol, 0.1 eq) and CuI (4 mg, 0.02 mmol, 0.2 eq) 

were dissolved in 1 ml of a 3:1 mixture of THF and diisopropylamine. The mixture was 

heated under reflux at 80 °C for 16 h, allowed to come to room temperature and dried under 

vacuum to yield the title compound as a yellow powder. 

1
H NMR (400 MHz, CDCl3): 10.02 (s, 4H), 7.85 (d, J = 8.4 Hz, 8H), 7.64 (d, J = 8.3 Hz, 8H), 

7.26 (d, J = 8.3 Hz, 8H), 6.85 (d, J = 8.5 Hz, 2H). 
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8 Conclusion and Outlook 

This thesis was focused on investigating the interplay of linker design and resulting properties 

of two-dimensional covalent organic frameworks (COFs). 

The first project of this thesis (Chapter 3) was based on developing a concept to drastically 

enhance the crystallinity of COFs by utilizing the molecular conformation of rigid 

tetraethylene, propeller-shaped building units in synthesis. Whereas conventional COFs were 

hitherto mainly based on flat multidentate building blocks that stack with random offset 

direction, our self-repeating docking sites help to guide the attachment of subsequent linkers 

towards one single, predefined lateral position. Investigating a series of COFs with bridging 

units that differ in symmetry, we learned that the transmission of configurational information 

within one COF layer is of key importance for the realisation of an error-free domain. We 

found that bridges with C2 symmetry can successfully synchronize adjacent propeller-

molecules, allowing for the incorporation of only one propeller enantiomer within one 

crystallite. The implementation of our concept led to a drastic reduction of stacking faults 

during synthesis, yielding COFs with an unmatched degree of crystallinity and well-defined 

crystal facets. 

We were able to extend our concept further in the second part of this thesis (Chapter 4), 

making it applicable to a broader range of bridging units. Bearing in mind the importance of 

three-dimensional docking sites and applying tetraphenylpyrene-derived building blocks with 

armchair configuration, we were able to realise highly faceted COF single crystals on the 

order of half a micrometre. Our COFs owe their unprecedented long-range order to a 

predefined offset direction between adjacent COF layers, which is directed through the 

molecular geometry of the pyrene entities. The synchronisation of these armchair-molecules 

can be accomplished through flat and rigid π-stacked bridges, allowing for electronic 

communication between all subunits of the framework. The application of linear linkers that 

vary in their electron densities enabled us to modulate the optoelectronic properties of the 

respective COFs and prove that it is possible to induce charge-transfer excitations across the 

imine bonds. 

Applying our stacking concept and keeping in mind that charge-transfer transitions are 

possible across imine bonds, we were able to develop the first solvatochromic COFs (Chapter 

5). By combining electron-rich and electron-deficient building blocks we realised COFs that 
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can act as fully reversible, solid-state supramolecular sensors. When in contact with solvent or 

water vapours, these materials react with a distinct colour shift dependent on the solvent 

polarity and the vapour concentration. We found that the solvatochromic effect is of purely 

electronic origin and can be explained as a facilitated charge-transfer transition, as no 

structural or chemical changes occur in the framework during the transition. To enhance the 

accessibility of the porous channel system, we grew the COFs as oriented thin films that reach 

ultrafast response times below 200 ms. Constructing a simple, fast and extremely stable 

humidity sensor device by using the COF film as a vapour-sensitive light filter between an 

LED and a light-dependent resistor, we demonstrated for the first time the viability of COFs 

for practical applications. 

Designing multidentate building blocks based on perylenetetracarboxylic acid diimides 

(PDIs) enabled us to realise the first flexible 2D COFs (Chapter 6). The molecular design of 

our central core molecules enforces a large lateral displacement of adjacent COF layers, 

keeping the linear bridging units at sufficient distance to not obstruct each other. On the other 

hand, the intermolecular interactions between adjacent PDI molecules are strong enough to 

preclude delamination, allowing for a “wine-rack” breathing mechanism upon the contact 

with solvent molecules. During this reversible crystal-to-crystal phase transition, the 

electronic structure of the COFs was found to be altered as well. The inclusion of solvent 

molecules separates the individual PDI entities laterally, inhibiting additional in-plane 

electronic coupling. By introducing sterically demanding groups at the bridge, we were 

further able to freeze the breathing mechanism and lock the COF in a decoupled-only 

configuration. 

Finally, we were able to deduce guidelines towards the design of successful COF linkers 

(Chapter 7). We reasoned that stable networks can only be achieved if each of the building 

blocks tends to adopt the same final COF structure, underlining the necessity to specifically 

tailor matching coupling partners beforehand. 

In conclusion, this thesis illustrates the great potential of a new and emerging class of 

crystalline and porous materials. The benefits of reticular chemistry combined with the almost 

infinite possibilities of linker synthesis offered by organic chemistry allow for designing 

COFs on the drawing board and broaden the scope for practical applications beyond 

fundamental research.  
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9 Appendix 

List of Abbreviations 

2D   two-dimensional 

3D   three-dimensional 

BET   Brunauer-Emmett-Teller 

Bn   benzyl 

Bu   butyl 

COF   covalent organic framework 

DCE   1,2-dichloroethane 

DCM   dichloromethane 

DFT   density functional theory 

DMSO   dimethyl sulfoxide 

eq.   equivalents 

GIWAXS  grazing-incidence wide angle X-ray scattering 

Hex   hexyl 

IR   infrared 

ITO   indium tin oxide 

LED   light-emitting diode 

LDR   light-dependent resistor 

Me   methyl 

MOF   metal organic framework 

NMR   nuclear magnetic resonance 
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PP   polypropylene 

ppm   parts per million 

Pro   propyl 

PTFE   poly(tetrafluoroethylene) 

PXRD   powder X-ray diffraction 

QSDFT  quenched solid density functional theory 

RH   relative humidity 

SCLC   space-charge-limited current 

SEM   scanning electron microscopy 

TEM   transmission electron microscopy 

TGA   thermogravimetric analysis 

THF   tetrahydrofuran 

TMS   trimethylsilyl 

UV-Vis  ultraviolet-visible 
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