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Preface 

I 

Abstract 

Covalent organic frameworks (COFs) have been established as a new class of porous and 

crystalline materials with promising properties resulting from their high degree of 

predetermined order. Benefitting from simple condensation reactions and the use of organic 

building blocks, a wide array of accessible structures, motifs and functionalization can be 

designed and realized. With this qualification building blocks can be chosen to assume different 

functions such as catalysis, redox activity, light harvesting, desirable hostīguest interactions 

and many more. With these synthetic possibilities, the resulting crystalline scaffolds can be 

envisioned as potential materials not only for gas storage, separation and catalysis but also in 

photocatalysis, as photosensors or in supercapacitors to mention only a few examples. 

Based on these promising features, the high interest in covalent organic frameworks has driven 

this work in order to study the impact of small and defined structural changes on optoelectronic 

properties in stable systems. The changes are generally of such a nature or scale that conclusive 

observations can be derived, but also small enough to retain the overall structural and chemical 

features of the system. This approach can enable crucial insights regarding basic design rules 

that may be generalized for many molecular frameworks. Up to now it has been challenging to 

construct general design strategies for COFs, since the investigated systems have very specific 

and unique properties and a direct comparison between different frameworks is difficult. 

In the first part of this thesis (chapter 3 and 4), we will elucidate different stacking behavior of 

two-dimensional (2D) COFs (constructed from 2D polymer layers p-stacked in the third 

dimension) and its drastic influence on the optical properties of the corresponding COFs. 

Chapter 3 deals with the tetragonal node dibenzochrysene (DBC), which is a modified version 

of the 4,4',4'',4'''-(ethene-1,1,2,2-tetrayl)tetraaniline (ETTA) or TPE node with only two 

additional C-C bonds leading to a more planar building block. The resulting structural changes 

in the COF are significant considering the much reduced stacking distance of the DBC-derived 

COF layers. In comparison to the related ETTA COFs, the reduced stacking distance of the 

DBC-derived COFs reveals intriguing optical properties such as greatly extended 

photoluminescence lifetimes.  

Chapter 4 describes the implementation of porphyrin macrocycles in COFs and the resulting 

stacking behavior in the framework. We present a strategy to enforce self-assembled 

aggregation of the porphyrin moieties in a specific fashion by the solid COF matrix. The 
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resulting type of aggregation could be identified by structural and computational methods as 

extended solid-state J-aggregates of porphyrins within the stack created in the COF. The 

computational part was done in collaboration with the groups of Clark and Gºrling from the 

FAU Erlangen. Also, optical features typical for porphyrin J-aggregates could be achieved 

leading to drastically enhanced solar harvesting abilities. Finally, the stabilization of optically 

excited states in the framework could be an intriguing starting point for achieving more efficient 

charge separation in photovoltaic devices. 

The second part of the thesis is dedicated to the investigation of oligothiophene-bridged COFs. 

Based upon the promising characteristics of (poly-)thiophenes such as high intrinsic charge 

carrier mobilities, favorable optical absorption throughout the visible spectrum and sufficient 

chemical stability, their ótranslationô to COFs, where thiophenes or oligothiophenes could 

benefit from the highly ordered framework environment, was a focus of the second part of the 

thesis. However, the realization of such materials has remained challenging, in particular 

regarding laterally conjugated imine-linked 2D COFs. In chapter 5, we developed a new 

building block design employing an asymmetric modiýcation on an otherwise symmetric 

backbone that allows us to construct highly crystalline quaterthiophene-derived COFs. 

Studying the optical response of these materials, we observed for the ýrst time the formation of 

a charge transfer state between the COF subunits across the imine bond. We believe that our 

new building block design provides a general strategy for the construction of well-ordered 

COFs from various extended building blocks, thus greatly expanding the range of applicable 

molecules. 

This concept was further investigated in chapter 6 to shed light on the structural and optical 

effects of different lengths of the oligothiophene bridges and of the attached alkyl chains. The 

frameworks were condensed to COFs with pyrene as a structurally stabilizing and guiding node 

to ensure facile formation of the COF series, where the observed changes of key features of the 

COF materials can be directly correlated with the pinpoint modification of the corresponding 

building blocks. We showed that stacking in the COF leads to drastic alterations regarding the 

investigated COF series. The oligothiophene-bridged COFs exhibit tunable optical properties 

and allow us to establish conclusive additional design rules. These findings might lead to an 

even more precise transfer from ideas on paper to realization of tailor-made materials in the 

laboratory. 
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To gain more insights on effects in COFs that are already known from the world of molecular 

chemistry, bithiophene derivatives with heavy atoms such as bromines were employed in COF 

synthesis via condensation with the pyrene node. It was expected that by insertion of heavy 

elements enhanced spin-orbit coupling leads to intensified intersystem crossing and hence to 

phosphorescence or at least to extended photoluminescence (PL) lifetimes. Indeed, the 

brominated COFs exhibit slightly extended PL decay lifetimes compared to the non-brominated 

analogous COF. Furthermore, structural changes resulting from the different stacking behavior 

of the brominated building blocks could be identified. 

The third and last part of the thesis was elaborated in collaboration with the group of Paul 

Knochel (Department of Chemistry, LMU). The continuing search for new building blocks and 

synthesis routes has driven this work to gain new perspectives and broaden the horizon of 

applicable and promising molecules for integration into COFs. The investigation of a direct 

synthetic route to produce quinolines led to several new N-heterocyclic scaffolds which are of 

particular interest for organic light emitting diodes with their high photoluminescence quantum 

yields and long exciton lifetimes. This work led to additional molecular principles for the design 

of new building blocks for covalent organic frameworks. 
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1 )ÎÔÒÏÄÕÃÔÉÏÎ 

This chapter is based on the manuscript:  

Niklas Keller and Thomas Bein, Optoelectronic Processes in Covalent Organic Frameworks, 

Chem. Soc. Rev. 2020, to be submitted. 

Covalent organic frameworks are created through the condensation of molecular building 

blocks, resulting in crystalline porous materials with widely tunable channel systems. They 

have attracted great scientific interest since the first reports of their promising potential 

appeared in 2005.1 Since then, thorough investigations have pointed towards a broad field of 

applications where covalent organic frameworks can be of great advantage. The porous and 

crystalline nature of these robust materials combined with the large structural diversity and the 

ability to fine-tune at an atomic scale makes them attractive candidates for applications in gas 

storage,2-4 molecular separation5-6 and energy storage.7-9 Furthermore, their conductive 

properties and their optical behaviour in the visible and NIR region allow for applications as 

proton conducting materials,10-13 in photocatalysis14-17 or in optoelectronics, including 

sensors,18-19 light-emitting diodes,20-21 or photovoltaic devices.22-24  

One of the attractive features of covalent organic frameworks is the diversity of the linker 

chemistry in combination with the vast choice of organic building blocks. The linkage motif 

can be chosen from non-conjugated bonds such as boronate esters to sp2 carbon-conjugated 

frameworks.25-27 Hence, one can not only decide if the linkers communicate over a conjugated 

bond but also adjust the degree of conjugation between the building units. With a view towards 

optoelectronics, the tunability of covalent organic frameworks allows for tailor-made 

absorption and photoluminescence behaviour of the building blocks by choosing from a whole 

range of chromophores.28 Even sterically demanding side groups can be integrated into a 

framework by employing an asymmetric functionalization strategy.29 Another parameter that 

can be adjusted to some degree is the stacking distance in two-dimensional (2D) covalent 

organic frameworks, which controls the nature and strength of the electronic overlap of adjacent 

layers and can promote the formation of long-lived excited species.30 

In this review, we will discuss recent studies dealing with the optoelectronic properties of COFs, 

and explore their potential regarding key features such as efficient transport of excitons or 
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charge carriers, suitable absorption bands for harvesting the solar spectrum, or tunable emission 

for light-emitting devices.  
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1.1 3ÔÒÕÃÔÕÒÁÌ ÁÓÐÅÃÔÓ ɀ ÉÍÐÁÃÔ ÏÆ ÄÉÆÆÅÒÅÎÔ #/& ÓÔÒÕÃÔÕÒÅÓ ÏÎ 

ÅÌÅÃÔÒÏÎÉÃ ÉÎÔÅÒÁÃÔÉÏÎ 

1.1.1 Linkage motif as a key feature controlling ele ctronic interactions 

(conjugation)  

A powerful approach towards tuning or controlling electronic interactions within the COF is to 

vary the linkage motif with which the building blocks are coupled. The first linkage motif 

leading to the family of crystalline covalent organic frameworks was the B-O bond, specifically 

involving boronate esters and boroxine rings.1 This linkage motif is moderately stable and does 

not result in conjugated building blocks. It provides a suitable tool for generating non-

conjugated heterojunctions, for example in a donor-acceptor COF.23 However, the stability issue 

and the missing conjugation has limited applications in other optoelectronic fields.  

Additional dynamic (slightly reversible) bond formation reactions have been implemented on 

the way towards new functional and stable COFs, such as the imine bond formed by the 

condensation of an aldehyde and an amine. In 2009, Yaghi and co-workers synthesized COF-

300 from the condensation of tetra-(4-anilyl)methane and terephthalaldehyde, resulting in a 3D 

COF and the first COF using imine linkages as the connecting part.31 This motif leads to 

conjugation throughout the frameworks across the linkage bonds. This has a direct impact on 

absorption and photoluminescence properties of the resulting imine linked COF, leading to 

larger conjugated, connected systems and hence to red-shifted optical features. Even though the 

stability of these (often) highly crystalline frameworks exceeds that of the boronate ester-linked 

COFs, imine bonds are still sensitive towards hydrolysis. Additional stability was built into 

COFs by employing a keto-enol-tautomerism occurring in building blocks with hydroxyl 

groups adjacent to the aldehyde function. The reversible condensation reaction of 1,3,5-

triformylphloroglucinol and p-phenylenediamine or 2,5-dimethyl-p-phenylenediamine yielded 

the COFs TpPa-1 and TpPa-2, respectively. By means of an irreversible tautomerization, the 

COFs adopt a stable form that is prevented from undergoing the hydrolysis reaction in boiling 

water and acid, whereas the TpPa-2 even showed strong resistance against base.32 

In general, a rotation around the imine bond is possible and occurs within the frameworks. This 

rotation of the building units, however, weakens the conjugation via the linking bond. Searching 

for a way to overcome this undesired rotation and to introduce an additional stability factor, the 

groups of Lotsch and Yaghi developed two different strategies towards locking the imine bond. 
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In one approach, the TTI-COF (made of triazine triphenyl aldehyde and the respective amine) 

was treated post-synthetically with elemental sulfur at elevated temperatures. Under such 

conditions, aromatic imines oxidize to form a thioamide and then cyclize into a thiazole ring. 

The resulting TTT-COF showed high electron beam stability and provided a perfect system to 

study the local structure by TEM (Figure 1.1).33 The group of Yaghi chose a different approach 

towards creating the thiazole (and oxazole) linkage. Using a linker exchange reaction followed 

by oxidative cyclization, ILCOF-1 was first synthesized from 1,3,6,8-tetrakis(4-

formylphenyl)pyrene (1) and 1,4-phenylenediamine and then the substitution was carried out 

with 2,5-diaminobenzene-1,4-dithiol dihydrochloride and 2,5-diaminohydroquinone 

dihydrochloride to yield COF-921 and LZU-192, respectively.34  

A long-standing aim of the COF research community has been to synthesize COFs purely based 

on sp2-carbon conjugated bonds. That goal was achieved with the sp2c-COF in 2017 by Jiang 

and co-workers. The sp2c-COF was synthesized by polycondensation of 1,3,6,8-tetrakis(4-

formylphenyl)pyrene as a tetravalent node and 1,4-phenylenediacetonitrile under solvothermal 

reaction conditions (Figure 1.2).25 Based on these findings, other COFs linked by carbon-carbon 

double bonds followed, already indicating that not only the stability is of great advantage for 

further applications but also that the COFs demonstrate promising optoelectronic features such 

as tunable light emission with high PL quantum yields and photocatalytic activity for hydrogen 

evolution.35-36  

A different approach towards accessing completely olefin-linked COFs was developed by Yaghi 

and co-workers in 2019. 2,4,6-trimethyl-1,3,5-triazine (TMT) and 4,4ǋ-biphenyldicarbaldehyde 

undergo a trifluoroacetic acid catalyzed aldol condensation reaction to form COF-701 with high 

chemical robustness.37 Shortly after, Acharjya et al. investigated a base-catalyzed aldol 

Figure 1.1: General scheme of the topochemical conversion of the imine bond into the thiazole linkage in TTT-

COF. Reproduced with permission.[33] Copyright 2018, Nature Publishing Group.
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condensation of TMT with terephthalaldehyde and 1,3,5 tris(4 formyl)phenyl benzene leading 

to V-COF-1 and V-COF-2, respectively.26 

The above examples illustrate the variety of bond formation reactions that are already available 

for constructing COFs, hence offering many options for tuning and controlling conjugation and 

stability of tailor-made COFs in optoelectronic devices. 

 

1.1.2 ʌ-Stacking ɀ tuning by proximity effects  

The mode of stacking and the stacking distance of the -́systems embedded in COFs is another 

means of adjusting their electronic properties. In the first semiconducting COF, discovered by 

the Jiang group in 2008, the prominent -́stacking of the TP-COF synthesized from 

2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and pyrene-2,7-diboronic acid (PDBA) was 

seen as a promising characteristic for a semiconducting COF material. The electrical 

conductivity was measured applying a two-probe method, showing increased current for the 

stacked, covalently connected building blocks in the COF compared to the neat monomers.38  

This publication point to the importance of stacking in COFs for optoelectronic applications. In 

Figure 1.2: Scheme of sp2c-COF synthesis (A). Crystal structures of a single layer (B) and many layers (C) of the sp2c-

COF exhibiting ordered pyrene -́stacks and 1D pores. Schematic overview of the intralayer -́conjugation of a single 

(D) and many layers (E). Reproduced with permission.[25] Copyright 2017, American Association for the Advancement 

of Science.
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order to control the stacking of the COF layers and its effect on optoelectronic properties, many 

groups have investigated different approaches and designed concepts taking advantage of the 

modular system of COF synthesis. Chen et al. controlled the interlayer distance by inducing 

self-complementary -́electronic interactions. Partially replacing non-substituted arenes with 

fluoro-substituted arenes in a porphyrin-COF, the interlayer interactions and distances could be 

tuned (Figure 1.3). Along with the increased -́́ interactions, the crystallinity was enhanced 

and the HOMO-LUMO gap was reduced, suggesting an enhanced ability for electron transfer.39 

Several concepts aiming at increased crystallinity by efficient and geometry-guided stacking 

were elaborated by our group. The studies highlight the significance of the interplay of 

propeller- and armchair-shaped tri- and tetradentate building blocks with their linear counterpart 

(1,1,2,2-tetrakis(4-formylphenyl)ethane (TPE) and pyrene, respectively).40-41 Here, the often 

used tetraphenyl pyrene linker was intensively studied owing to the fact that pyrene serves as 

an important building block for several optoelectronic COF materials. The synchronized offset 

induced by the chair conformation of the pyrene unit provides optimum conditions for the 

formation of several highly crystalline, densely packed COFs (Figure 1.4).41 Considerable 

delocalization of excitations along the close-packed, slip-stacked pyrene stacks was observed 

and it was also shown that charge-transfer excitations are possible across the imine bonds. This 

Figure 1.3: Scheme of a COF synthesis implementing self-complementary -́electronic interactions (TFPh50) in 

the middle and the controls CuP-Ph COF and CuP-TFPh COF. Reproduced with permission.[39] Copyright 2013, 

American Chemical Society.
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design concept allows for a broad range of tailor-made 2D COFs with extended -́conjugated 

building blocks for applications in photocatalysis and optoelectronics. 

The group of Loh studied the photoluminescent properties of different 2D COFs and introduced 

approaches to overcome fluorescence quenching by strong -́́ interactions and by locking-in 

imine bonds that could potentially rotate under excitation. In the first work,42 the authors 

proposed that the -́́ interlayer interactions in the stack are reduced when pyrene is combined 

with a non-planar building block such as TPE. In conjunction with the fabrication of spherical 

COF nanoparticles in which a curvature-induced strain might lead to restricted imine rotations 

and decreased -́́ interactions, the aggregation-caused quenching (ACQ) mechanism was 

shown to be disabled.42 

In the second work of the Loh group,21 the imine bonds were locked-in by intramolecular 

hydrogen bonds to inhibit the rotationally labile linkage. Enabling a restriction of 

intramolecular bond rotations (RIR), the photoluminescence of the COFs could be enhanced. 

In addition, this RIR mechanism could be intensified by additional intermolecular hydrogen 

Figure 1.4: The structure of the different possible conformations of the pyrene molecule (a,b). The crystal structure 

of the Py-1P COF with pyrene in the armchair conformation allowing for closely stacked layers (c). Scheme of 

COF syntheses (d). Reproduced with permission.[41] Copyright 2016, American Chemical Society.
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bonds that occur in this eclipsed COF structure (Figure 1.5). Both kinds of hydrogen bonds 

could be used to tune the PL emission wavelength to gain almost white emission. In comparison, 

related eclipsed-stacked COFs without hydrogen bonding exhibited significantly weaker 

fluorescence.21 

Recent work of the group of Zamora showed the effect of different stacking modes on the 

photoluminescence behavior of the COFs. By modifying the trigonal aldehyde linker to obtain 

1,3,5 benzenetricarboxaldehyde or 2,4,6-triformylphloroglucinol, it was possible to shift the 

stacking from the staggered to the eclipsed form, respectively (Figure 1.6). As a consequence, 

this change turns on the fluorescence in the staggered-stacked IMDEA-COF-1 due to the 

decreased -́́ interactions between the pyrene chromophores.43 Another approach to influence 

the stacking mode is by steric tuning of the building blocks. Attaching alkyl chains to the core 

structure 1,3,5-tris(4-aminophenyl)benzene leads to different stacking behavior; whereas the 

absence of alkyl chains creates an AA stacking, ethyl and isopropyl chains induce an AB or 

ABC stacking. The study investigated binary, ternary and quaternary COFs with linear 

(terephthalaldehyde, 1,3,5-tris(4-aminophenyl)benzene, 4,4'-Biphenyldicarboxaldehyde and 

2,2'-bipyridine-5,5'-dicarbaldehyde) and trigonal aldehydes (benzene-1,3,5-tricarbaldehyde 

and tris(4-formylphenyl)amine).44 

Figure 1.5: Intralayer hydrogen bonds restrict rotation leading to enhanced emission in the UV to violet range 

(a,b,c). The combination of intralayer and interlayer hydrogen bonds results in single- and dual emissive COFs (d) 

and the strategy to obtain strongly-emissive COFs. Reproduced with permission.[21] Copyright 2018, Nature 

Publishing Group. 
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In order to investigate the planarization of the well-known TPE building unit that adopts a 

propeller-like structure, recent work introduced a novel linker unit called dibenzo[g,p]chrysene 

(DBC). This chrysene unit features additional C-C bonds that cause a more planar and rigid 

tetradentate chromophore. The studies showed that the dibenzochrysene linker allows for 

closely packed docking, with the interlayer stacking distance reduced by almost 1 ¡ in 

comparison with analogous COFs embedding the TPE node.30, 45 Furthermore, our group 

established the influence on the photoluminescence properties of the closer stacked DBC-COFs 

compared to the COFs using the propeller-shaped TPE. The enhanced PL lifetimes obtained in 

the DBC COF are postulated to be the consequence of a structurally induced stabilization of the 

photoexcited species across the DBC stacks. 

1.1.3 Self-assembled H- and J-aggregates 

When a specific spatial stacking arrangement of chromophores is present in the COF, they can 

form H- or J-type aggregates within the framework of the COF. The different arrangements of 

the (transition)dipoles occur by either distinctly eclipsed alignment (H-aggregate) or a shifted 

(in the extreme case head-to-tail) alignment (J-aggregate). As a result, the optical features 

change and get blue-shifted for the H-aggregate and red-shifted for the J-aggregate.28  

Figure 1.6: The crystal structure of IMDEA-COF-1 (a) and -2 (b) with AB- and AA-stacking, respectively, and the 

experimental diffraction data. Reproduced with permission.[43] Copyright 2018, American Chemical Society.
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In the work of Ding et al., the authors synthesized a metallophthalocyanine-based COF where 

the stacked phthalocyanines form an H-aggregate. Through the ordered, -́stacked columns of 

phthalocyanines the material exhibits enhanced intensity of the absorption bands in the visible 

and NIR light, is semiconducting and allows for an increased charge carrier transport in the 

COF.46 Yaghi and co-workers were able to tune chromophore absorption spectra by fabricating 

H-aggregates of porphyrin units in COF-66 and COF-366.47 Our group discovered that by the 

choice of the linear linker the nature of porphyrin aggregates could be switched to an extended 

J-aggregate (Figure 1.7). The solid COF matrix enforced the packing of the porphyrin units into 

J-aggregate formation, which led to strongly enhanced absorption into the IR region and 

stabilized photoexcited species with slower decay dynamics.28 

 

Figure 1.7: (a) Optical absorption (blue) spectrum of TT-Por COF measured as diffuse reflectance of the solid and 

converted with the KubelkaïMunk equation, and PL (ɚexc = 365 nm, black) spectrum of TT-Por COF. (b) 

Absorption spectra of the TT-Por COF (blue) compared to the monomers thienothiophene (TT) and porphyrin 

(Por) measured in diluted solution (50 ɛM, dioxane). Reproduced with permission.[28] Copyright 2018, American 

Chemical Society. 

The formation of H-aggregates in boronate ester-based COFs was investigated by Spitler and 

Dichtel. They adapted a Lewis-acid catalysed procedure for protected catechols to overcome 

the issue of insoluble building blocks. This way, it was possible to synthesize a cofacially 

stacked phthalocyanine-based COF in which the phthalocyanine columns formed H-aggregates 

connected by 1,4-phenylenebis(boronic acid). This type of aggregation was indicated by the 

induced blue shift of the absorption maxima and a broadening into the NIR. Together with the 

non-emissive behaviour compared to the neat monomers, the H-aggregate stacking of the 

phthalocyanines could be confirmed.48 Another study investigating COFs interlinked by 

boronate ester formation (made of 4,4ǋ-benzildiboronic acid (BZLBA) and 2,3,6,7,10,11-

hexahydroxytriphenylene (HHTP)) was performed by Wang et al., who analysed the influence 
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of the interlayer distance on the phosphorescent properties of the eclipsed COFs. The authors 

show that next to the RIR mechanism and the H-aggregate formation the stacking distance is 

an important factor for tuning the photoluminescence in COFs (Figure 1.8).49 

 

1.1.4 Theoretical insights  into stacking and growth behavior of COFs  

First theoretical simulations based on DFT-B allowed for enhanced understanding of properties 

regarding structure and energy of the investigated boronate ester-based COFs. The stacking 

modes of the 2D COFs considered here were AA and AB stacking as well as low-symmetry 

versions such as serrated and inclined. It was found that the shifted layers such as AB, serrated 

and inclined lead to less repulsive interlayer interactions and subsequently to reduced stacking 

Figure 1.8: Structures of Dio BZL-COF, BZL-COF, PBZL and BZL POP and the corresponding interlayer distance. 

Reproduced with permission.[49] Copyright 2018, Royal Society of Chemistry.
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distances (Figure 1.9). However, the simulated XRD patterns for the respective stacking forms 

revealed that the AB stacking shows a distinct disagreement with experimental XRD data. 

Furthermore, the bandgaps of the respective boronate ester-based COFs were calculated to be 

between 1.7 eV and 4.0 eV, indicating that these COFs are semiconductors. It is important to 

note that the stacking mode as well as the distance of the adjacent layers greatly influence the 

bandgap.50 This work was supported by another study that found the serrated and inclined 

stacking behavior in hexagonal COFs (COF-1, -5, -6 and -8) to be the energy minimum.51 These 

results are in good agreement with the theoretical work of Spitler et al. showing that the 

hexagonal COF layers in HHTP-DPB COF (4,4ǋ-diphenylbutadiynebis(boronic acid) (DPB)) 

are slightly offset by 1.7-1.8 ¡.52  

Another study showed that eclipsed stacking of triphenylenes leads to strong electronic 

coupling of the adjacent COF layers in HHTP-based COFs, thereby allowing for charge 

delocalization across the stack. The authors postulate band-like transport of delocalized charge 

carriers with promising mobility values for COFs.53 

The effect of stacking was also investigated with regard to out-of-plane deformation and 

vacancy defects in the COF sheets. To investigate the influence of the stacking, the deformation 

and defects were studied for different number of layers in COF-5. It can be observed that the 

COF sheets in general exhibit large out-of-plane deformations in the range above 10 nm for 

isolated COF monolayers. If the COF layers are then stacked, the deformation decreases 

significantly and the role of defects diminishes. The defect concentration was found to be 

proportional to the out-of-plane deformation (Figure 1.10).54 

Figure 1.9: Calculated COF layer stackings AA, AB, serrated and inclined. Reproduced with permission.[50] 

Copyright 2010, Beilstein-Institut.
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Furthermore, simulations of the crystallization process during the synthesis showed that 

enhanced stacking interactions of the building blocks in COF-5 lead to a rapid assembly of the 

monomers, accompanied by an increasing amount of defects causing poor crystallinity (Figure 

1.11).55 The authors suggest to use solvents that reduce the stacking interactions or nonplanar 

linker molecules with decreased stacking free energy.  

 

Figure 1.10: Out-of-plane deformation as a function of the COF sheet size (a) and of the number of stacked layers 

(b) in COF-5. Reproduced with permission.[54] Copyright 2018, American Chemical Society.

Figure 1.11: View of calculated clusters during synthesis with typical defects such as interpenetrating rings, five-

membered rings and screw dislocations in COF-5. Reproduced with permission.[55] Copyright 2018, American 

Chemical Society.
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1.1.5 Other appro aches to structure COFs 

Since there is a large pool of building blocks to choose from, not only the bond formation, 

conjugation or stacking can be varied, but other features such as the electronic nature of the 

building blocks can be designed and controlled as well. The combination of electron donor and 

electron acceptor units in the COF can lead to the formation of an intrinsic heterojunction of 

spatially separated donor and acceptor columns. The implementation of heterojunctions in the 

COF material is an attractive synthetic target for potential applications in organic electronics 

such as organic photovoltaics. Conceptually, this can be achieved by either inserting 

acceptor/donor molecules into the pores of an appropriate COF, or by tailoring the pore walls 

(in 2D COFs) such that donor and acceptor stacks are embedded in the COF structure, enabling 

charge separation and transport. 

Hence, by modifying the fundamentally p-type NiPc COF made from 1,4 benzenediboronic 

acid and (2,3,9,10,16,17,23,24 octahydroxyphthalocyaninato)nickel(II)46 with electron 

deficient linear units such as benzothiadiazole yielded an electron-conducting material.56 This 

was elaborated further in the 2D D-A COF synthesized by Jiang and co-workers, where the 

triphenylene building block assumed the role of the donor and the benzothiadiazole building 

block represented the acceptor unit. This design allowed for significant charge carrier transport, 

electrons as well as holes, and photoconductivity.57 Further studies showed that the charge 

Figure 1.12: Illustration of segregated donorīacceptor columns in DMPc-ADI-COF. Photoinduced electron transfer 

occurs directly to the adjacent acceptor and also to diagonally disposed acceptors. Charge carrier migration is 

depicted as arrows along the columns. Reproduced with permission.[59] Copyright 2015, American Chemical 

Society.
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generation and separation in these D-A frameworks occurs in the femto- and picosecond regime 

and that it leads to long-lived charge separation in the region of several microseconds (Figure 

1.12).58-60 

The design of D-A heterojunctions in COFs leads to broadband light absorption and 

photoconductivity, which allows for the design of a metal-free photocatalyst COF-JLU22 for 

reductive dehalogenation61 or a photoinitiator TTT-DTDA and -BTDA COF for free radical 

polymerization.62 Even the introduction of non-linear optical behavior is possible in the Sa-

TAPA COF containing a donor-acceptor dyad.63 

Figure 1.13: Charge density distribution for COF-420 at the conduction band minimum (a) and at the valence band 

maximum (b). (c) Hirshfeld population plot of COF-420 with local dipoles on nitrogen atoms (blue), and on carbon 

and hydrogen atoms (red). (d) Energy diagram with offset between core A and B. Reproduced with permission. 

Copyright 2019,[65] John Wiley and Sons.
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Another approach to synthesize ordered donor-acceptor interfaces is by attaching azide groups 

to a fraction of the linear linkers in 2D COFs. These groups then operate as anchors in the pore 

walls for alkyne-modified fullerenes that can be attached by click chemistry. The electron-

donating N3-ZnPc COF is then precisely connected to the electron-accepting fullerene units in 

the channels.64 Further, Crommie, Yaghi and Li developed a COF with a molecular 

heterojunction consisting of the same chromophores. The condensation of the porphyrin amine 

(core A) and the porphyrin aldehyde (core B) on a gold surface yielded the single-layer COF-

420. Even though the COF consists solely of porphyrin-based building blocks, the donor-

acceptor nature is induced by the asymmetric imine linkage bond causing the conduction band 

and valence band to localize onto different cores (Figure 1.13).65  

With the two-in-one design strategy introduced by the group of Chen, an imine COF was 

synthesized by self-condensation of a pyrene bearing amine and aldehyde functions all in one 

building block (1,6-bis(4-formylphenyl)-3,8-bis(4-aminophenyl)pyrene (BFBAPy)). The 

resulting solvent-independent synthesis of the COF leads to simple handling and easy film 

synthesis. The films were investigated as a proof-of-principle in perovskite solar cells as hole 

transporting material.66 

Gosh et al. developed a structureïpropertyïactivity relationship for the strategic development 

of novel COFs for efficient photocatalytic H2 evolution. To elucidate the key factors for 

enhanced efficiency, the study compared experimental data from tailor-made COFs supported 

by calculations. From these studies it could be derived that the consideration of light absorption 

and charge carrier generation as well as transport is crucial for the design of photocatalytic 

water splitting of COFs.67 

Further treatment methods such as pyrolysis and ionothermal transformation use the COF 

structure as a template. The resulting carbon-rich materials exhibit an increase of the 

conductivity.68-69 
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1.2 )ÎÔÅÒÁÃÔÉÏÎ ÏÆ ÌÉÇÈÔ ×ÉÔÈ #/&Ó 

Covalent organic frameworks can be designed to contain interconnected chromophore units that 

absorb visible light. Changing the size of the chromophore or introducing donor-acceptor 

features into the framework can enhance the absorption at lower energies. In addition, the 

degree of conjugation between the linked building units and the rotation of bonds within and 

between the linker molecules play an important role when it comes to absorbing visible light. 

With COFs, it is possible to tune these features and to synthesize strong absorbers not only in 

the visible but also in the (near) infrared (IR). The photoexcited states in the COF are then able 

to relax by emission or non-radiative decay. The emission can be of fluorescent or 

phosphorescent nature, depending on the spin relaxation pathways designed through the choice 

of linker molecules. 

 

1.2.1 Photoemitting frameworks  

The ability of COFs to serve as photoemitters was first reported in 2008, leading to an increased 

focus on optical properties.38 Due to the aggregation-induced quenching effect of the -́stacked 

layers in 2D COFs, the PL emission is often reduced.48 Furthermore, the popular imine bond 

formed during condensation of amine/aldehyde building blocks is also known to quench 

photoluminescence by temperature-dependent bond rotation.70 These insights led to the 

development of first design principles for strongly emissive frameworks, by introducing 

building units that show aggregation-induced emission (AIE). For example, in a boronate ester-

based COF propeller-shaped tetraphenylethylene (TPE) units were condensed with 1,2,4,5-

tetrahydroxybenzene to obtain TPE-Ph COF. The PL properties of the resulting COF revealed 

fluorescence quantum yields of 32% in the solid COF material. When compared to a related 

model compound (tetraphenylethylenetetraboronic acid-pinacol ester), the PL quantum yield 

(QY) was enhanced in the COF implying that the stacking and interactions between the layers 

contribute to the higher PLQY values.71 Another design strategy taking advantage of the AIE 

mechanism was based on mechanically entangling 1D organic strands with metal-coordinating 

phenanthroline building blocks. The interlocked 3D ówovenô COF-500 was found to be non-

emissive in the metalated form where the ETTBA linker was spatially segregated from the 

adjacent linker, thus enabling rotation of the phenyl rings. After demetalation, the free rotation 

was restricted due to the non-coordinating phenanthroline units spatially approaching the 
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central ETTBA linker (Figure 1.14). This restriction of bond rotation led to aggregation-induced 

emission.72 

We have recently developed a strategy allowing the construction of a quaterthiophene-based 

COF series by an asymmetric functionalization of the building blocks.29 Using this approach, 

the steric repulsion was minimized enabling close face-on packing of the linear quaterthiophene 

(4T) units. The concept could also be transferred to optically interesting 4T-derived building 

blocks such as 3,3'' dibutyl [2,2':5',5'':2'',2''' quaterthiophene] 5,5''' dicarbaldehyde (a4T), 4H-

thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD) and thieno[3,4-b]thiophene (TT) modified 

quaterthiophene (4TTPD, 4TTT). It was shown that the optical properties of such oligothiophene 

COFs can be precisely tuned and tailored, resulting in COFs with optical absorption and 

emission far into the NIR region (Figure 1.15). Additionally, for the first time a charge transfer 

between the pyrene and the 4T units across the imine bond was observed.29 

Figure 1.14: Motion of the phenylene groups of the tetraphenyleneethylene (TPE) core is restricted upon 

dematalation which enables the phenanthroline moieties (cyan) to move towards the TPE core in COF-500. 

Reproduced with permission.[72] Copyright 2018, American Chemical Society.
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Haldar et al. reported the first COF-LED with the IISERP-COF7 consisting of an anthracene 

and a triformyl resorcinol unit. The COF dispersed in N-methylpyrrolidone (NMP) showed a 

bright white emission. The source of the white light emission was attributed to the combination 

of the -́stacked anthracene units acting as a blue emitter and the resorcinol units contributing 

the red and green emission.73 Approaching the white light emission challenge from a different 

angle, the first report on COFs grafted with lanthanides showed similar emission behavior. The 

COF was designed to bear coordination pockets for Eu3+ and Tb3+ that played an important role 

in complementing the blue emission feature of the COF with green and red emission from the 

lanthanides. The authors succeeded in synthesizing a solid-state white-light emitter, and by 

varying the excitation energy the emission could be tuned from orange over yellow to white 

light.74 

Recently, a boroxine-linked COF series was synthesized in the form of stable colloidal 

suspensions. In this solution-based system, the emission of these highly photoluminescent COF 

colloids was suggested to originate from electronically communicating chromophores in the -́

stacked COFs.75 

Synthesizing COF single-crystals in sizes suitable for X-ray diffraction marked a big step 

forward for the structural and optical characterization of COFs (demonstrated for the imine-

linked 3D COF-300, -303, LZU-79, and LZU-111 and for the boronate ester-based 2D COF-5 

and COF-10).76-77 Next to structural insights, the COF-5 colloids were investigated with 

transient absorption (TA) spectroscopy to identify the excitation dynamics dependent of the size 

of the crystallite. It was observed that for high photon fluence the exciton decay lifetimes drop 

with decreasing crystallite sizes. This behavior was postulated to occur due to exciton-exciton 

Figure 1.15: Optical properties of COFs built with quaterthiophene derivatives. Sterically demanding 

modifications on the backbone were enabled by an asymmetric functionalization approach. Reproduced with 

permission.[29] Copyright 2017, American Chemical Society. 
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annihilation. The probability of excitons generated on smaller colloids to collide is higher than 

on larger crystallites where the crystallite size exceeds the diffusion length by far.77 

Ultrafast charge transfer in a D-A COF, condensed from 3,4,9,10-perylenetetracarboxylic acid 

diimide (PDI) and porphyrin building blocks, could be observed with femtosecond TA 

spectroscopy and further studied by non-adiabatic molecular dynamics calculations. 

Photoexcitation of the PDI unit of the COF leads to charge generation, followed by hole 

injection from the PDI chromophore to the porphyrin ring resulting in polarons within the 

crystal lattice of the framework. The charge transfer with a time constant of 124 fs was phonon-

assisted by the scaffold, especially by the motion of the phenyl rings connected to the porphyrin 

core (Figure 1.16).60 

Figure 1.16: Schematic overview of phonon-assisted charge carrier dynamics in photo-excited COFs. The rotation 

of the phenyl ring correlates with the -́interactions between the PDI and the porphyrin linkers, leading to ultrafast 

hole transfer from PDI to the porphyrin macrocycle. Reproduced with permission.[60] Copyright 2019, Nature 

Publishing Group.

Figure 1.17: Illustration of the proposed photoinduced electronic processes in different imine-linked COFs (star-

shaped COFs 4PE-TT and 4PE-BDT and hexagonal COF 3PB-BDT). (a) Photoexcitation leads to singlet excitons. 

(b) Diffusion and collision of generated singlet throughout the framework that leads to singletīsinglet annihilation. 

(c) Isolated free charges with lifetimes over tens of microseconds. Reproduced with permission.[78] Copyright 

2019, American Chemical Society.
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To study the excited-state dynamics in COFs grown as oriented thin films, Jakowetz et al. 

investigated a series of imine-linked COFs with TA spectroscopy. The measurements revealed 

similar dynamics independent of the COF topology and the authors proposed a standard model 

in which singlet excitons diffuse through the framework and possibly collide. Through these 

singletīsinglet annihilation events, charges are generated with lifetimes up to tens of 

microseconds, exceeding lifetimes of charges in classical polymer systems by orders of 

magnitude (Figure 1.17).78  

1.2.2 Sensing ability  

The ability to control the optical properties of COFs by various factors leading to different 

luminescence properties opens up the field of chemical sensing applications. The combination 

of the large surface area with pore channels accessible for small molecules and their delicate 

interplay with the photoluminescence properties of the framework makes COFs promising 

materials to sense and detect explosives, metal ions or even gases such as ammonia and HCl. 

The read-out of these COFs sensors occurs mostly via PL quenching of the material when 

interacting with guest molecules or ions. 

With this in mind, one design of COFs requires functional sites in the pore walls for interacting 

with and sensing intruding molecules. This can be achieved by using azine-linked luminescent 

COFs in which the azine bridge acts as a possible docking site for hydrogen bonding. Such 

interactions with a trinitrophenol-type explosive led to sensitive and selective quenching of the 

photoluminescence of the azine-linked COF.79 Adding hydroxyl groups as active sites in the 

framework allows for the detection of Cu2+ ions that bind to the nitrogen atoms of the azine 

linkage and the hydroxyl groups in the trigonal linker.80 The chelating effect of a hydrazine-

linked COF was used for the selective and sensitive detection of Fe3+ ions in water with a 

quenching constant of 2.3 Ĭ 104 Mī1. This method was facilitated by the geometrically precise 

design of the pockets with the suitable linker choice of benzene-1,3,5-tricarbohydrazide with 

2,5-dihydroxyterephthal-aldehyde or 2,5-dimethoxyterephthalaldehyde.81 Using DFT and 

TDDFT calculations, the influence of hydrogen bonding of simple formaldehyde on the 

emission profile of a representative boronate ester-based COF was elucidated. The analysis 

resulted in changes of the frontier molecular orbitals as well as electron configuration, which 

coincides with fluorescence quenching.82 
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Other docking sites for guest molecules can be thioether groups serving as receptor for the 

detection and removal of mercury. Again, the fluorescent COF (made from XXX) strongly 

interacts through its thioether arms with penetrating Hg2+ ions, which leads to a sensitive 

chelation-enhanced quenching effect. Additionally, the strong binding between the sulfur atoms 

and Hg2+ ions enables the efficient removal from mercury-containing solutions.83 The same 

mechanism was applied for detecting Au3+ ions in water and successfully recovering metallic 

gold powder after reduction and pyrolysis treatments.84 

Guest molecules such as ammonia can also form Lewis acidībase pairs with the boronate ester 

linkage in COFs. Elaborating this approach with the TPE-Ph, highly sensitive detection of 

ammonia with a fluorescence quenching rate constant of up to 6.3 Ĭ 1014 Mī1 sī1 was enabled 

in solutions with ammonia gas at concentrations below the ppm range.71 An alternative sensing 

mechanism for triacetone triperoxide (TATP) in ɓ-ketoenamine COFs is suggested to occur by 

oxidation of the enamine moiety by TATP.85 

In a straightforward approach, a ɓ-ketoenamine-based COF known for its chemical stability 

was found to be applicable for HCl vapor detection. This sensing mechanism is based on the 

rapid change of UV-Vis absorption by protonation of the triazine ring. The induced electron 

enrichment in the triazine unit by protonation goes along with a conductivity increase by two 

orders of magnitude and PL quenching. The protonation can be reversed by deprotonation with 

ammonia or by physical treatments such as heating or vacuum.86 

Exfoliation of an imide-based COF exhibited selective sensing of 2,4,6-trinitrophenol (TNP), 

whereas the fluorescence quenching constant was found to be higher than in the corresponding 

COF bulk material.87 High selectivity towards TNP was also observed in a dual-pore COF 

(made from 4ǋ-(bis(4-formylphenyl)amino)-[1,1ǋ-biphenyl]-3,5-dicarboxaldehyde with 

diaminobenzene/benzidine) where the sensing event was visible to the naked eye as a rapid 

color change.88 Organic pollutants and dyes could be detected with the exfoliated IMDEA-

COF-1, a pyrene-containing imine-linked COF. The intercalated organic molecules were 

presumably responsible for fluorescence quenching, correlating with the surface area of the 

colloidal COF particles.89 
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By synthesizing highly fluorescent and chiral COF (CCOF) nanosheets, it was possible to 

achieve enantioselective sensing of chiral vapors in solution as well as in membranes (Figure 

1.18). The selective fluorescence quenching was attributed to different binding energies of the 

enantiomers and a static enhancement due to the CCOFīvapor adduct, which may also lead to 

structural changes.90  

Materials sensitive towards toxic pollutants such as perfluorooctane sulfonate (PFOS) are 

highly desirable. In this context, fluorescence quenching of a COF coated lanthanide-doped 

nanocrystal upon exposure to PFOS can function as an ultrasensitive detector with a detection 

limit as low as 0.15 pM. The detection mechanism was attributed to hydrogen bond formation 

or electrostatic interactions of the PFOS in the COF pores.91 

 

1.2.3 Photoactive COFs ɀ photoconductive and photocatalytic materials  

The ordered structure of (2D) covalent organic frameworks allows for the modular assembly of 

building blocks in closely stacked columns with conjugated in-plane connections. This 

framework architecture with its intrinsic pathways for excitons and charge carriers is a 

determining characteristic pointing to the great potential of COFs as semiconducting materials. 

Considering the combination of these structural features with the properties of chromophores 

serving as building blocks in photoabsorbing COFs harvesting a large fraction of the solar 

spectrum, the leap to photoconductive materials is evident. The foundation for this strategy was 

Figure 1.18: Structure of the chiral COF CCOF 7 and the observed selective fluorescence quenching of Ŭ-pinene. 

Reproduced with permission.[90] Copyright 2019, American Chemical Society.
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laid by Jiangôs group with the report of the first COF showing semiconducting behavior due to 

its highly organized -́conjugated structure.38 

It was again Jiangôs group who designed the first photoconductive COF. The requirement of 

strong absorbance in the visible spectrum was fulfilled by the choice of pyrenediboronic acid 

that self-condensed to a crystalline COF leading to the essential order of the structure. The 

exciton migration in this single-component COF were found to occur within the COF layer as 

well as in the direction of stacking. The rapid photoresponse led to photocurrents with an onï

off ratio of over 8.0 Ĭ 104. The ordered structure seemed to be key since the neat components 

showed almost no response when illuminated. Iodine doping led to an increased current in the 

hole-conducting COF material.92 By utilizing Ni-phthalocyanine in an eclipsed framework 

coupled with BDBA, high hole mobility and strong light-harvesting result in a photocurrent of 

3 ÕA at a bias voltage of 1 V and a photocarrier generation yield ű of 3.0 Ĭ 10ī5. In this COF 

the conducting species are holes with a mobility of 1.3 cm2 Vī1 sī1.46 Switching from hole-

conducting to an electron-conducting phthalocyanine-containing COF with the linear building 

unit benzothiadiazole broadened the absorption bands far into the IR with a high sensitivity 

towards near IR photons. Charge carrier generation upon illumination led to an increased 

photocurrent of up to 15 ÕA at a bias voltage of 1 V with a photocarrier generation yield of 9.2 

Ĭ 10ī4 measured by time-of-flight.56 In order to harvest more light and to study the influence of 

the coordinated ions, the central metal in the phthalocyanine chromophore was exchanged by 

Co, Cu and Zn. The difference in electron density resulted in photocurrents ranging from 0.14 

nA to 110 nA, which was attributed to a decrease of electron density in the metalated 

phthalocyanines.93  

In order to increase the -́density of conjugated COF material at the expense of the pore size 

and volume, Jiangôs group introduced two C6-symmetric linkers, named hexaphenylbenzene 

and hexabenzocoronene, to form trigonal pores with a -́column density of 0.25 nmī2. Time-

of-flight measurements revealed a photocarrier generation yield ű of 2.1 Ĭ 10ī5 for the 

hexabenzocoronene COF with a hole mobility of 0.7 cm2 Vī1 sī1.94  

Orientation of COF films showed a significant difference in the generated photocurrent. The 

rapid photoresponse in oriented thin films varied by a factor of 5 compared to non-oriented TT-

COF.95 Photocurrent could be greatly enhanced after iodine doping of an azodioxy-linked 

porphyrin-containing COF, whereas the non-grafted COF showed hardly any photoresponse.96 
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Upon implementation of photo-switchable molecules such as the dithienylethene moiety in 

COFs, it was possible to control the electrical conductivity by irradiation with UV or visible 

light. Upon UV irradiation at 365 nm the dithienylethene undergoes a ring closure which 

correlates with an increase in conductivity by the factor 200 to 2 Ĭ 10ī5 S cmī1 compared to the 

open ring structure (Figure 1.19). The process is reversible by irradiating the material with light 

in the visible above 550 nm and was attributed to a smaller bandgap in the closed state.97 

Since there is a great need for sustainable and effective energy sources, application in 

photocatalytic water splitting is an obvious step to take when considering the suitable 

characteristics of COFs. The photocatalytic activation of oxygen to singlet oxygen was already 

the first indication for the great potential. Jiangôs group was able to implement a newly designed 

linkage motif for stable and conjugated COFs. The squaraine-linked porphyrin-containing COF 

showed excellent stability under the tested conditions and a reduced bandgap for enhanced 

absorption at lower energies. The stacking of the COF building blocks seems to be crucial since 

Figure 1.19: Synthesis and structure of COF-O and the corresponding photostimulated closed-ring state COF-C. 

Reproduced with permission. [97] Copyright 2019, John Wiley and Sons.
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the authors observed hardly any activity for the neat porphyrin monomer. The photoexcited 

states in the COF generate triplet states, which then activate molecular oxygen.98 

In a further important development, Lotsch and co-workers reported the first COF applied as a 

photocatalyst for hydrogen evolution during the water splitting reaction. The authors designed 

a TFPT COF with hydrazone linkage for stability during catalytic operation and triazine units 

for achieving a bandgap suitable for light-harvesting as well as water splitting (Figure 1.20). 

Using sodium ascorbate as sacrificial donor and Pt as proton reduction catalyst led to a 

hydrogen evolution rate of 230 Õmol hī1 gī1 (under visible light illumination >420 nm), whereas 

taking triethanolamine as sacrificial donor gave even higher values of 1970 Õmol hī1 gī1. This 

approach showed that the COF can clearly compare to other photocatalysts and laid the 

foundation for developing new types of organic materials for photocatalytic hydrogen 

evolution.99 

Figure 1.20: Hydrazone-linked TFPT-COF with a cofacial stacking of the layers exhibiting photocatalytic 

hydrogen evolution in the presence of a sacrificial agent and deposited Pt particles. Reproduced with permission.[99] 

Copyright 2014, Royal Society of Chemistry.
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Extending the concepts for light-induced water splitting to photoelectrochemical designs, we 

developed the first photocathode based on a thin film of COFs. The oriented films of BDT-

ETTA COF grown from propeller-shaped TPE also called ETTA and benzo[1,2-b:4,5-

bǋ]dithiophene-2,6-dicarboxaldehyde on indium-doped tin oxide (ITO) revealed water splitting 

activity without the use of sacrificial donors and cocatalysts, which could be further increased 

by a factor of 4 using Pt nanoparticles as a cocatalyst. With the integration of a hydrogen sensor 

in the photoelectrochemical setup it could be shown that hydrogen is the evolving gas and that 

its evolution is directly correlated to the photocurrent. Under chopped illumination the COF 

system could repeatedly achieve photocurrent density of 0.9 ÕA cmī2 which indicates the 

stability of the photoelectrode.14 

Further research and implementation of unsubstituted olefin linkages led to sp2-carbon 

conjugated covalent organic frameworks with triazine cores allowing for bandgap tuning, high 

stability and accessibility through the pores. The n-type semiconductor exhibited photocurrents 

of up to 45 ÕA cmī2 and was applied as proof-of-principle in photocatalytic hydrogen evolution 

with ascorbic acid as sacrificial donor and deposited Pt on the COF material, resulting in 

promising results of 292 Õmol hī1 gī1.100 

The high surface area and the tunable bandgap of COFs makes this new class of porous organic 

frameworks a promising metal-free platform for diverse photocatalytic applications beyond 

water splitting. One type of application involves the use of COFs as photocatalyst in selective 

organic transformations. 

Introducing the benzoxazole linkage into COF systems not only increases their stability, 

chemically as well as physically, but also enhances their capability to harvest light at lower 

energies. Both characteristics made LZU-190, a COF consisting of 2,5-diamino-1,4-

benzenediol dihydrochloride and 1,3,5-triformylbenzene, an excellent example of precise 

application-oriented tailoring of a photocatalytic COF. The COF achieved yields of up to 99% 

for the oxidative hydroxylation of arylboronic acids to phenols when illuminated and under air. 

The authors suggest a mechanism in which the photoexcited COF forms superoxide radical 

anions by single electron transfer. These events are followed by a rearrangement and hydrolysis 

step to yield the desired phenols.101 
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Another hydrazone-based COF made from 2,5-dimethoxyterephthalohydrazide and 1,3,5-

triformylbenzene exhibited photoinduced catalytic activity with high yields for tandem radical 

additionïcyclization reactions of 2-aryl phenyl isocyanides. Mild conditions and recyclability 

of the COF as photosensitizer account for a metal-free and sustainable alternative for 

conventional catalysts. The proposed reaction mechanism includes the formation of radical 

anions and subsequent reduction of the COF to close the catalytic cycle.102 

The design of donor-acceptor COFs with electron-deficient triazine units connected with 

electron-rich thiophene-based building blocks led to applications as photoinitiators for free 

radical polymerizations to generate poly(methyl methacrylate). Upon photoexcitation of the 

COF, generated holes oxidize triethylamine to form radical cations. Reaction with a second 

amine leads to amine radicals initiating the polymerization, which is not the case for reference 

systems without the COF initiator (Figure 1.21).62  

The two-in-one linkage strategy introduced by Chen and co-workers led to various COFs that 

can photocatalyze organic transformations with high selectivity and efficiency. On the one 

Figure 1.21: Illustration of proposed mechanism for the free radical polymerization of MMA to PMMA. 

Reproduced with permission.[62] Copyright 2019, Royal Society of Chemistry.



1 Introduction 

29 

hand, the group developed a single component COF consisting of imine-linked porphyrin units, 

catalysing the oxidation of sulphides and Knoevenagel condensation reactions (Figure 1.22).103 

On the other hand, the group developed an benzoxazole-based COF with high photocatalytic 

performance for the oxidative hydroxylation of arylboronic acids.104 This two-in-one linkage 

strategy seems to be promising for the efficient synthesis of a platform of photocatalytically 

active COFs existing of only a single component with two different linkage functionalities.  

It is also possible to use MOF-COF hybrids covalently linked for the selective photocatalytic 

oxidation of alcohols. Here, TAPB-PDA (terephthalaldehyde, PDA) was grown on MIL-125 to 

form a hybrid structure. The proof-of-principle framework led to increased absorption and 

showed superior photocatalytic activity compared to related MOF-only catalysts.105 

The -́conjugation in sp2-carbon conjugated COFs allows for broadened solar light harvesting 

and enhanced photocatalytic activity. For example, the ability to photocatalyze the regeneration 

of the coenzyme in an artificial photosystem I (a COF made from 2,4,6 tris(4 formylphenyl)

1,3,5 triazine (TFPT) and 2,2ǋ (1,4 phenylene)diacetonitrile (PDAN)) boosted the conversion 

of the NADH-consuming L-glutamate dehydrogenase to 97 %, the highest value reported 

(Figure 1.23). Even without a mediator, the high efficiency was retained and attributed to a 

charge transfer complex of the COF and NAD+ resulting from -́́ interactions, amplifying 

electron transfer from the photoexcited COF.106 

Benefitting from photothermal conversion, a porphyrin-containing chiral COF loaded with Pd 

or Au nanoparticles delivers the required thermal energy under visible light as well as the chiral 

Figure 1.22: Illustration of proposed mechanism for the photocatalytic oxidation of thioanisole. Reproduced with 

permission.[103] Copyright 2019, American Chemical Society.
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confinement to drive and catalyze asymmetric Henry and A3-coupling reactions. The 

asymmetric catalysis showed not only high yields but also excellent enantiomeric excess.107 

The application of COFs in the photoreduction of metal ions was demonstrated by Chenôs group 

with a COF containing trigonal triazine units paired with benzothiadiazole via imine linkages. 

The authors were able to use the COF without sacrificial agent to achieve a photoreduction of 

Cr6+ to Cr3+ with 99% yield. The authors suggest an oxidation mechanism that is based on the 

oxidation of H2O and OH-groups which further oxidize the framework or form oxygen.108 

The photothermal effect has also been studied with respect to photothermal in vitro therapy of 

cancer cells. A pyrene-containing COF containing a stable radical cation in the linear linker 

exhibited high photothermal conversion upon irradiation with an IR laser, leading to enhanced 

cytotoxicity of the COF particles against A549 cancer cells. The radical cation was suggested 

to be stabilized as -́radical across the stacked COF layers and the broadened optical absorption 

spectrum allowed for enhanced IR sensitivity. Photoacoustic imaging with the irradiation of the 

same COF has been tested successfully in vivo.109 Biomedical applications of photoactive COFs 

have also been investigated by Lang and co-workers. For example, coatings of porphyrin-

containing COFs on polystyrene showed singlet oxygen production under illumination, which 

was shown to inactivate bacteria.110 

A combined approach of photodynamic and photothermal therapy was reported for a hybrid 

material of COF-LZU-1 and Ag2Se nanoparticles. In vitro and in vivo studies showed that the 

combined generation of singlet oxygen and increase in temperature led to highly efficient 

anticancer therapy.111  

Figure 1.23: Illustration of the artificial photosystem-I-induced coenzyme regeneration and photoenzymatic 

synthesis of glutamate by glutamate dehydrogenase (GDH). Reproduced with permission.[106] Copyright 2019, 

John Wiley and Sons.
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1.3 %ÌÅÃÔÒÏÎÉÃ ÔÒÁÎÓÐÏÒÔ ÉÎ #/&Ó 

The designed columnar pathways and the intralayer conjugation network in (2D) COFs allows 

for the migration of excitons or charge carriers, both holes and electrons. Studies have shown 

that ordering the building blocks in these frameworks and interconnecting them in-plane by 

covalent bonds shows superior behavior in charge carrier transport and separation in 

comparison to their neat monomer units. Charges can be generated by photoexcited states such 

as singlet excitons that spatially segregate at donor-acceptor interfaces within the framework, 

through host-guest interactions, or by singlet-singlet annihilation where the migration and 

collision of adjacent singlets leads to charge generation. Photoexcitation and subsequent charge 

separation in COFs have motivated investigations of photovoltaic devices or of photocatalysts 

for various reactions such as the hydrogen evolution reaction. In this context, the intrinsic high 

surface area of COFs and adjustment of both bandgap and band alignment are crucial for 

realizing efficient applications. 

The theme of photoconductive COFs was already discussed in Chapter 1.2.3, and will now be 

extended to the whole field of conducting covalent organic frameworks.  

 

1.3.1 Macroscopic and microscopic characterization techniques  

Conductivity and mobility analysis techniques can differ regarding the observed parameters and 

the spatial extent of the relevant process, hence the meaning of the resulting data. Therefore, 

the results need careful consideration when compared to those obtained with other methods. 

For example, in a macroscopic technique, grain boundaries would strongly influence results, 

leading to reduced values compared to microscopic techniques where processes in single 

crystallites/domains may be probed. 

A simple measurement setup is the two-contact probe for which the sample is contacted with 

two electrodes, or sandwiched in between two electrodes. By applying a voltage (and possibly 

illuminating the sample) a typical I-V curve is obtained from which the electrical conductivity 

can be retrieved. This macroscopic technique reflects the average conductivity of the gap in 

between the two contacts. 
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Based on a similar principle of a two-contact probe, time of flight (ToF) analysis with pulsed 

laser excitation can be used to obtain transient photocurrents and to reveal data such as nature 

and number of the generated charge carriers, the photocarrier generation yield ű, and the 

mobility. 

Another macroscopic method is a four-electrode setup such as the van der Pauw method which 

can be applied to macroscopic COF samples such as thin films. The applied current between 

contact 1 and 2 induces a voltage which can be measured between contact 3 and 4 and converted 

to the resistivity. Together with the sample thickness the elucidation of the conductivity is 

possible. To retrieve more data such as charge carrier concentration and mobility, an external 

magnetic field affecting the moving charge carriers needs to be applied.  

It is also possible to design devices in the form of a field-effect transistor with the COF serving 

as the active layer. By applying a gate voltage, the source-to-drain current initially increases 

linearly. This linear regime in the current vs. gate voltage plot is then used to calculate the 

mobility of the charge carriers on a macroscopic scale. 

Going to smaller dimensions, time-resolved microwave conductivity (TRMC) is a non-

destructive and non-contact method where the sample is exposed to microwave radiation in the 

GHz range and the transmitted or reflected microwave power is detected. After photoexcitation 

with a laser, charge carriers are generated on the surface or in the bulk material depending on 

the wavelength. The charge carriers then cause a change in the detected signal that can be related 

to the conductivity, photocarrier generation yield, carrier lifetime and mobility, and also allows 

for the determination of the nature of the carriers. The high frequency of the microwave 

radiation implies that the motion of the charge carriers only extends over microscopic length 

scales.112 

If the frequency is further increased, we reach the optical pump terahertz probe spectroscopy 

(OPTP), which is also a non-contact method. The sample is optically pumped by a pulsed laser 

and then probed with a THz pulse. The photoexcited electronïhole pairs interact with the 

electric field of the terahertz pulse, leading to the photoinduced conductivity. From correlation 

with frequency and time after the optical pump, doping densities, carrier mobilities and 

lifetimes can be extracted. These features are again probed on a microscopic scale with a 

temporal resolution in the femtosecond region.113 

For comparison reasons, in the following the conductivity will be given in S cmī1. 
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1.3.2 Conducting COFs 

In 2008, Jiang and co-workers reported the first semiconducting COF, made from 2,3,6,7,10,11

hexahydroxytriphenylene (HHTP) and pyrene 2,7 diboronic acid (PDBA). The stacked 

triphenylene and pyrene building blocks in the TP-COF led to an increased electric current of 

4.3 nA at 2 V bias voltage compared to the neat monomer mixture. The measurements were 

performed with a two-contact probe across a 10 Õm Pt gap under ambient conditions. The 

current could be increased by oxidative iodine doping allowing for the conclusion that the TP-

COF is a p-type semiconductor.38 It was again Jiangôs group reporting the first n-type 

semiconducting COF, consisting of Ni-phthalocyanine units linked with electron-deficient 

benzothiadiazole bridges (Figure 1.24d,e). Flash-photolysis (FP) TRMC revealed a ű×Õ of 5.8 

Ĭ 10ī4 cm2 Vī1 sī1, with ű being the photocarrier generation yield and Õ the carrier mobilities, 

for the 2D-NiPc-BTDA COF. In combination with time-of-flight measurements, a carrier 

mobility of 0.6 cm2 Vī1 sī1 was derived, which was attributed to the eclipsed stacking of the 

chromophore units.56  

Yaghi and co-workers were then able to synthesize two porphyrin-containing COFs imine-

linked by a phenyl ring (COF-366) and linked by boronate ester bonds with an anthracene unit 

(COF-66). Applying the FP-TRMC method, the associated COF/PMMA films revealed high 

charge carrier mobilities of 8.1 and 5.0 cm2 Vī1 sī1 for COF-366 and COF-66, respectively, 

which was two orders of magnitude higher than the values obtained from the contact-probed 

Figure 1.24: (a) Chemical structure of metalated phthalocyanine (MPc) COFs. (b) Slipped-AA stacking structure 

of MPc-COFs and (c) illustration of stacked phthalocyanine macrocycles allowing for hole transport. Reproduced 

with permission.[93] Copyright 2012, Royal Society of Chemistry. (d) Synthesis of the first n-type semiconducting 

COF and (e) eclipsed stacking mode of the resulting 2D-NiPc-BTDA COF. Reproduced with permission.[56] 

Copyright 2011, American Chemical Society.
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TOF measurement. These mobilities exceed the values typical for many polymers and 

amorphous silicon and combined with the long carrier lifetime of around 80 Õs, allow for 

promising charge carrier separation abilities of the two COFs.47 

Notably, the nature of majority charge carriers in porphyrin COFs could be switched by 

introducing different central divalent metal centers. The free-base porphyrin COF exhibited a 

hole-conducting behavior with high charge carrier mobilities of 3.5 cm2 Vī1 sī1 measured by 

FP-TRMC. At the cost of reduced hole transport through the stacked macrocycles, the electron 

transport could be increased by inserting metal centers. Whereas Zn led to the first ambipolar 

conducting COF with mobility values Õe and Õh of 0.016 and 0.032 cm2 Vī1 sī1, the insertion 

of Cu led to an electron-transporting material with a carrier mobility of 0.19 cm2 Vī1 sī1. The 

combination of both transport channels, along the macrocycles and along the metals, also led 

to an increased photocurrent with a given electrode structure of 26.8 nA for the ZnP-COF with 

a high onïoff ratio compared to 0.6 and 0.01 nA for the Cu-porphyrin and base-free porphyrin 

COF, respectively.114 

Using the coordinating central metal in macrocycles such as porphyrins or phthalocyanines 

allows for tuning of the electron density in the macrocycles, thus influencing the photoelectric 

behavior. This was further shown by Ding et al. in a study where the influence of the central 

metal on photoelectric properties was investigated using FP-TRMC and by the conventional 

two-contact probe method where the metallophthalocyanine-based COFs was sandwiched 

between Al and Au electrodes. The TRMC results showed ű×Õ values consistent with the 

electron densities of the metallophthalocyanines (CuPc-COF < ZnPc-COF < CoPc-COF) of 1.4 

Ĭ 10ī4, 2.2 Ĭ 10ī4 and 2.6 Ĭ 10ī4 cm2 Vī1 sī1, respectively (Figure 1.24 a-c). The two-probe 

photocurrents of 110, 0.6 and 0.14 nA, respectively, differ from the trend of the ű×Õ values and 

suggest the non-negligible influence of grain boundaries and morphologies of the COF 

material.93 

Using femto- and nanosecond transient absorption spectroscopy, the charge dynamics in a 

donorïacceptor (DïA) COF with Zn-phthalocyanine nodes connected with naphthalenediimide 

(NDI) bridges were investigated. The authors suggested fast light-induced charge separation 

within 1.4 ps between the DïA pairs. The delocalization along the -́stacked arrays allowed for 

long lifetimes of the separated charges of up to 10 ns in benzonitrile suspension. Investigations 

of the solid COF material with time-resolved electron spin resonance spectroscopy confirmed 

the formation of charged DïA columns, with the donor phthalocyanine and the acceptor NDI. 
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The lifetimes of the separated charges were found to be 1.8 and 1500 Õs at 280 and 80 K, 

respectively.58 

Tetrathiafulvalene (TTF) is known for forming cation radicals and conducting charge-transfer 

salts. The introduction of the TTF unit into organic materials was therefore the focus of many 

studies. The charge carrier mobilities of phenyl- (TTF-Ph) and pyrene-containing (TTF-Py) 

TTF-COFs obtained with FP-TRMC were 0.2 and 0.08 cm2 Vī1 sī1, respectively. The higher 

mobility of the TTF-Ph-COF was attributed to the slightly tighter stacking behavior compared 

to the TTF-Py-COF. An increase of up to 6 orders of magnitude in electrical current was 

observed when the TTF unit was oxidized with iodine leading to a charge-transfer complex of 

the TTF radical cation and iodide radical anion. The conductivity of this oxidized COF was 

measured on pellets with a thickness of 0.5 mm and resulted in values of 10ī5 and 10ī6 S cmī1 

for TTF-Ph and TTF-Py COF respectively.115 A comparable electroactive behavior was also 

found by Zhang and co-workers, pointing out that the oxidized TTF-Ph COF retained the 

crystalline structure and showed a similar conductivity of 1.8 Ĭ 10ī6 S cmī1.116 

The conductivity of the TTF-Ph COF could be even more enhanced in iodine-doped oriented 

thin films, where the high resulting values of 2.8 Ĭ 10ī3 S cmī1 were attributed to the 

delocalization of the radical across the mixed-valence TTF stacks (Figure 1.25).117 

Figure 1.25: Scheme of the radical delocalization in the TTF-COF leading to mixed-valence state TTF species. 

Reproduced with permission.[117] Copyright 2014, Royal Society of Chemistry.
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When aiming for high -́column density in COFs, the hexabenzocoronene (HBC) building 

block offers attractive features such as a large ógraphiticô coronene core, favorable stacking and 

multiple points for functionalization. A corresponding HBC-COF made from planar 

hexabenzocoronene and terephthalaldehyde shows a high hole mobility of 0.7 cm2 Vī1 sī1 

determined by FP-TRMC. The ű×Õ values of the HBC-COF were found to be 1.5 Ĭ 10ī5 cm2 

Vī1 sī1.94 Further FP-TRMC investigations of a boronate ester-based COF containing non-

planar hexabenzocoronene derivatives as linker molecules connected with pyrene units showed 

that the sum ű×Õ of 0.6 Ĭ 10ī4 cm2 Vī1 sī1 is not affected by the core-twisted structure of the 

building units, which induce a wavy 2D structure in the obtained COF (Figure 1.26).118 

In a single component COF in which protected tetrakis(arylhydroxylamine)porphyrin units are 

fused by azodioxy bridges, the electrical conductivity could be enhanced by three orders of 

magnitude upon iodine doping to reach 1.52 Ĭ 10ī7 S cmī1. The increase is attributed to the 

decrease of the energy barrier for charge transport and to electron traps leading to better hole 

mobility due to the iodine doping.96 

Our group studied directional charge transport in boronate ester-based COF thin films made 

from BDT and HHTP and showed a correlation between hole mobility and film thickness. The 

hole mobilities were measured for a hole-only device with MoOx serving as the hole-transporter 

and ITO and gold serving as the electrodes. For films with a thickness of around 80-90 nm, the 

hole mobility reached up to 3.0 Ĭ 10ī7 cm2 Vī1 sī1 and turned out to be dependent on 

illumination, which was attributed to photoexcited charge carriers filling up electronic trap 

states. Furthermore, we observed an in-plane conductivity of up to 5 Ĭ 10ī7 S cmī1 in oriented 

thin film devices, which exceeded the conductivity of non-oriented, pressed COF pellets.119 For 

Figure 1.26: Schematic illustration of core-twisted HBC node inducing a wavy structure in Marta-COF-1 and 

guiding the layer stacking of the COF. Reproduced with permission.[118] Copyright 2019, American Chemical 

Society. 
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another boronate ester-based COF, the DPP2-HHTP-COF made from ((2,5-bis(2-ethylhexyl)-

3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]-pyrrole-1,4-diyl)bis(thiophene-5,2-diyl))diboronic 

acid, we were able to induce diketopyrrolopyrrole stacks within the COF scaffold, which led to 

the highest conductivity (of up to 2.2 Ĭ 10ī6 S cmī1) found for boronate ester-linked COF bulk 

materials. The measurements were performed with a four-point probe Hall measurement 

providing macroscopic conductivity values.120 

The application of COFs as bulk doping agent for perovskite solar cells (PSC) was investigated 

with 3D COFs bearing spirobifluorene units well known for their potential in optoelectronic 

devices. The power conversion efficiency (PCE) of the SP-3D-COF-1 and -2 doped PSCs could 

be increased by up to 18% and the electron mobility was almost doubled reaching 4.44 Ĭ 10ī3 

cm2 Vī1 sī1. Based on computational studies, the mechanism could be attributed to the 

additional charge generation and the spatial separation of HOMO and LUMO in the COF 

preventing charge recombination.121 

In a 3D-COF, a TTF-based building block was combined with an adamantane unit leading to a 

non-interpenetrated pts topology (Figure 1.27). The open pores and high surface areas allowed 

for efficient iodine doping and tunable electrical conductivity. The values could be enhanced 

up to 2.7 Ĭ 10ī4 S cmī1 upon iodine doping for 48 h at 25 ÁC, measured with a two-probe 

method using gold paste as electrodes. Increasing the temperature to 120 ÁC led to a 

conductivity of 1.4 Ĭ 10ī2 S cmī1, which exceeds the value found for 2D TTF-COFs.122  

To reach for even higher conductivity and mobility values, the conjugation across the bonds 

connecting the building blocks was increased by a pyrazine linkage motif. The hcc-COF 

consisting of pyrazine-linked benzene rings showed a conductivity, measured in a FET-type 

device of a COF film, of 4.0 Ĭ 10ī3 S cmī1. We note that this value was found for the pristine 

COF without any doping agents, and that the data do not allow conclusions regarding the 

orientation of the film. In the corresponding bulk material, conductivity values of up to 2.2 Ĭ 

10ī5 S cmī1 were obtained with a two-probe method.123 

Mirica and co-workers used a pyrazine linkage to connect a Ni-phthalocyanine macrocycle with 

a pyrene unit to form a COF. Using a four-point probe method, the bulk conductivity of the 

COF was found to be 2.51 Ĭ 10ī5 S cmī1. Upon iodine doping of the COF device with 

interdigitated gold electrodes, the current increased by a factor of 103. DFT calculations suggest 

an eclipsed stacking of the building blocks and thus facilitated charge transport along the 

stacked macrocycles.124 
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Changing the metal center of the phthalocyanine unit to Zn and Cu and coupling with a tert-

butylpyrene-tetraone via a pyrazine-linkage produced COFs with Hall mobilities of 4.8 cm2 Vī1 

sī1 for the ZnPc-COF and 0.9 cm2 Vī1 sī1 for the CuPc-COF and conductivities of around 5 Ĭ 

10ī5 S cmī1. Further investigation of these COFs with terahertz spectroscopy confirmed the 

above trend, revealing mobilities of 2.0 and 0.7 cm2 Vī1 sī1 for the Zn- and Cu-version, 

respectively. Notably, DFT calculations suggested that an influence of the metal centers on the 

hole mobilities could be excluded and that differences in boundary scattering led to the change 

in mobility. The boundary scattering is affected by depletion regions between the crystallites. 

In-plane charge carrier transport was calculated to be very low compared with the out-of-plane 

mobility (Figure 1.28).125 

Figure 1.27: Synthesis of the 3D-TTF-COFs with a non-interpenetrated structure (f, JUC-518) and an 

interpenetrated structure (g, JUC-519). Reproduced with permission.[122] Copyright 2019, American Chemical 

Society. 
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To further evolve the level of conjugation, one can move from pyrazine-linked COFs to sp2 

carbon-conjugated linkage motifs to create a planar fully -́conjugated bridge between the 

aromatic building blocks. This is expected to allow for facilitated charge carrier transport, high 

stability and thus enhanced potential for application as semiconducting material. The group of 

Jiang was able to synthesize a fully sp2 carbon-conjugated framework that was identified as an 

insulator with a conductivity of 6.1 Ĭ 10ī16 S cmī1. However, upon oxidation with iodine the 

conductivity could be immensely increased by a factor of 1012 to 7.1 Ĭ 10ī4 S cmī1. 

Furthermore, the spins of the generated radicals exhibit paramagnetic behavior but undergo a 

ferromagnetic phase transition below 10 K.25 Based on computational analysis, a mechanism 

was proposed to explain the conducting behavior of the iodine-doped COF. Here, the large 

effective mass of carriers leads to low mobilities in the undoped framework whereas the iodine 

Figure 1.28: Electronic band structures and projected density of states (PDOS). (a) Monolayer and (b) serrated AA 

stacked multilayers of ZnPc-pz. (c) Monolayer and (d) serrated AA stacked multilayers of CuPc-pz. Reproduced 

with permission.[125] Copyright 2019, American Chemical Society.
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oxidation leads to increased mobility values. In combination with the high conductivity 

calculated for the I3
ī anion in the channels of the framework, the authors propose that the 

increase in conductivity is based not only on the increased charge carrier mobilities in the 

framework but also aided by high ionic conductivity.126 

Zhang, Bi and co-workers further developed this approach to study the abilities of 

semiconducting COFs and observed current densities of up to 45 ÕA cmī2 (with a COF made 

from 2,4,6-trimethyl-1,3,5-triazine and terephthalaldehyde) when applied as photoelectrodes in 

aqueous medium at 0.2 V vs RHE under conditions of photocatalytic hydrogen generation.100 

In a computational study, C-C-bonded single component COFs containing pyrene, porphyrin 

and Zn-porphyrin building blocks were investigated regarding their charge carrier mobilities. 

The calculations predicted a carrier mobility of 66 cm2 Vī1 sī1 for holes and electrons in the 

pyrene COF and hole mobilities of 82 and 94 cm2 Vī1 sī1 in porphyrin and Zn-porphyrin COFs, 

respectively. Subsequently, a synthesized single component Zn-porphyrin COF with poor 

crystallinity revealed a mobility of 3.5 Ĭ 10ī2 cm2 Vī1 sī1 with ű×Õ of 3 Ĭ 10ī5 cm2 Vī1 sī1.127 

 

1.3.3 Energy storage with COFs 

Their high surface area and the ability to combine a large variety of building units, including 

those with redox-active groups, makes covalent organic frameworks interesting for applications 

in energy storage, such as batteries, capacitors, supercapacitors or electrocatalysts.128 The first 

COF showing reversible redox processes was reported by Dichtel and co-workers. Specifically, 

the ketoenamine-linked DAAQ-TFP COF bearing a redox-active 2,6-diaminoanthraquinone 

unit showed an initial capacitance of up to 48 F gī1 and even after 5000 cycles a stable 

capacitance of 40 F gī1 for COF bulk material mixed with carbon black. This work laid the 

foundation for future applications of COFs in pseudocapacitive energy storage.129 It was again 

Dichtelôs group that demonstrated the effect of oriented COF thin films on electrochemical 

behavior. Starting from non-oriented bulk material of the DAAQ-TFP COF with a charge 

storage ability of 0.4 mF cmī2, this value was increased to 3 mF cmī2 by the enhanced access 

into the pores of oriented films, featuring high stability even after 5000 cycles.7 

Staying with the same framework of ketoenamine-linked anthraquinone building units, Mulzer 

et al. and later Wu et al. constructed óelectron highwaysô in the COF pores by polymerization 
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of 3,4-ethylenedioxythiophene (EDOT) within the COF. The electropolymerization of EDOT 

occurred in COF thin films and led to a maximum capacitance of 350 F cmī2 but was limited 

to very low amounts of COF sample. The first step to scale up the amount of COF was achieved 

by a chemical polymerization (Figure 1.29).130 

One step further was taken by Wu et al. with a solvent- and catalyst-free approach of solid-state 

polymerization of EDOT. With PEDOT strands winding through the pores, the COF reached a 

conductivity of up to 1.1 S cmī1 measured by two-probe and four-probe methods. Also, the 

Figure 1.29: Schematic illustration of DAAQ-TFP films with incorporated PEDOT (a) and of corresponding 

oxidation and reduction of the DAAQ moieties in the COF. (b) Exemplary scheme of reduction and oxidation 

processes in the COF pores. Reproduced with permission.[130] Copyright 2016, American Chemical Society.
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specific capacitance increased to 1663 F gī1 compared to the pristine DAAQ-TFP COF (see 

work of Dichtel above), exhibiting high stability and fast charge and discharge rates.131  

Banerjee and co-workers combined the redox-active anthraquinone units with anthracene 

linkers embedded in the COF. This strategy allowed for the synthesis of flexible yet 

electrochemically active sheets. Their use in quasi-solid-state supercapacitors was investigated 

comparing anthraquinone-only COF (DqTp) sheets and mechanically more flexible COF sheets 

blended one-to-one with anthraquinone and anthracene bridges (Dq1Da1Tp). The highest 

energy density was 0.43 and 0.30 ÕW h cmī2 for the DqTp and Dq1Da1Tp COFs, respectively. 

Considering the power densities, the values were determined to be 980 and 960 ÕW cmī2, 

respectively. The additional mechanical stability achieved by introducing the anthracene part 

led to a superior long-term stability compared to the DqTp COF.132 

In order to further increase the electrochemical stability of the above COF, the hydroxy groups 

of 1,3,5-triformylphloroglucinol were substituted by methoxy groups to enable the formation 

of interlayer hydrogen bonds. As a result, instead of the ketoenamine linkage, imine bonds 

formed the COF in a condensation step with anthraquinone. Consequently, the COF sheets 

exhibited good performance when applied as supercapacitor in 3 M aqueous sulfuric acid with 

capacitance up to 1600 mF cmī2 and 169 F gī1. The fabrication of a symmetric solid-state 

supercapacitor yielded a device with a capacitance of 84 mF cmī2 and energy and power 

densities of 2.9 ÕW h cmī2 and 61.8 ÕW cmī2, respectively.133 

The combination of the mechanically stable mixed one-to-one anthraquinone and anthracene 

COF (see work of Banerjee above) with carbon nanofibers increased the conductivity and led 

to outstanding performance in a quasi-solid-state supercapacitor with areal capacitance of 167 

mF cmī2 (Figure 1.30). The energy and power density were determined to be 5.8 ÕW h cmī2 

and 125 ÕW cmī2, respectively. The supercapacitive capability of this device exceeds the values 

of MOF, COF and other carbon-based supercapacitors.134 

Jiang and co-workers synthesized a COF consisting of a Ni-porphyrin framework connected by 

linear bridges with ethynyl groups attached. By click reaction, 4-azido-2,2,6,6-tetramethyl-1-

piperidinyloxy groups were covalently bound to the framework leading to the radical-

containing COF. This strategy led to enhanced capacitance compared to the corresponding non-

radical COF scaffold.135 
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The influence of the morphology on the performance of a COF-based supercapacitor was 

established in a study investigating carbazole-based COFs. Even though Car-TPT COF showed 

the lowest BET surface area in this COF series and exhibited only a single redox-active site per 

building block, this COF featured the highest capacitance of 17.4 F gī1 due to its accessible 

microtubular structure.136 

Recently, a series of pyridyl-functionalized COFs (made from tripyridine-triazine and different 

phenolic trialdehydes) was shown to exhibit high power density and stability over 10,000 cycles 

in supercapacitor applications. The redox-activity could be controlled by the number of 

hydroxyl groups attached to the trialdehyde linker. One attached hydroxyl group led to the 

largest BET surface and to a specific capacitance of 92 mF cmī2 (at 0.5 mA cmī2) and a power 

density of 98 ÕW cmī2.137 

For applications of COFs in batteries, Jiang and co-workers proposed to combine COF material 

with carbon nanotubes. In their study, they investigated a boronate ester-based COF made from 

naphthalene diimide and triphenylene knots. The resulting accessible open pore structure of the 

COF was viewed as a key factor for efficient Li ion diffusion, redox-active COF architecture 

and facilitated electron conduction through the carbon nanotubes.138 High Li ion conductivity 

of up to 0.26 mS cmī1 could be demonstrated in pressed COF samples inducing some 

orientation of the COF layers.139 In a 3D cyclodextrin-based anionic COF (connected with 

trimethyl borate), Li+ was chosen as a counterion resulting in Li channels along the framework. 

Figure 1.30: Illustration of supercapacitor material with carbon nanofiber as electron-conducting and COF as 

redoxactive compound with the scheme of oxidation and reduction in the enlarged area. Reproduced with 

permission.[134] Copyright 2019, American Chemical Society.
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The Li ion conductivity at 30 ÁC was determined to be 2.7 mS cmī1, providing promising 

characteristics for Li-based batteries for energy storage.140 

In order to trap polysulfides in COFs to make them applicable in Li-S batteries, a COF-net was 

synthesized on a carbon nanotube net creating an interlayer between COF and carbon nanotube. 

Here, boronate ester bonds in the COF served as adsorption sites for both Li ions and Sx
2ī, 

showing promising results.141-142 Further investigations established COFs (for example, made 

from pyrene and terephthalaldehyde, 4,4ǋ,4ǌ-(1,3,5-Triazine-2,4,6-triyl)trianiline and 2,3,5,6-

tetrafluoroterephthalaldehyde, or TAPB and 2,5-divinylterephthalaldehyde) as potential 

cathode material in Li-S batteries with high capacity and cyclability.143-145 It was also shown 

that COFs (for example, made from 1,3,5-tris(4-formylphenyl)benzene and DAAQ, or 

pyromellitic dianhydride and tris(4-aminophenyl)amine or TAPB) could serve as electrode 

material in Li ion batteries. Here, the Li-ion diffusion was facilitated by exfoliation of the COF 

material leading to few-layered COF sheets with superior performance compared to the bulk 

material, with promising capacities around 1000 mAh gī1.146-148 

The approach of using exfoliated COF nanosheets was also transferred to other alkali ion 

batteries, such as sodium and potassium ion batteries in which the COF served as anode 

material. The reversible capacities were found to be around 250 mAh gī1.149-151 

 

1.4 #ÈÁÒÇÅ ÓÅÐÁÒÁÔÉÏÎ ÉÎ #/& ÈÅÔÅÒÏÊÕÎÃÔÉÏÎÓ 

In the chapters ahead, we will discuss charge separation in the COF as a crucial requirement for 

the envisioned applications of COF-based heterojunctions. Already having provided an 

overview of charge generation, charge transport, recombination processes and also charge 

separation and extraction to evolve hydrogen, reduce metals, or harvest solar energy, this 

chapter will briefly describe the different approaches towards structuring heterojunctions in 

COF devices. 

Several sophisticated strategies for creating heterojunctions in COF materials have already been 

reported in the literature.  

On the one hand, we can build up a heterojunction from molecular building blocks using the 

columnar arrays in the framework of 2D COFs in order to create separate donor and acceptor 
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stacks (named integrated heterojunction). The holes and electrons generated upon absorption 

of light in principle can then be spatially segregated onto the -́stacked donor or acceptor 

columns along which they can move and from where they can be extracted. By means of this 

arrangement and given a favorable band alignment, the charges can easily be separated due to 

a short diffusion distance to the heterojunction interface leading to ultrafast separation and an 

ambipolar conducting framework.57 

It was already shown that in favorable cases these separated charges can have long lifetimes in 

the framework due to the delocalization across the -́stack.152 This approach does not primarily 

depend on pore size or pore structure but on the energy levels of the COF building units. The 

energy alignment of the donor and acceptor is crucial for achieving an efficient driving force 

for separating the initially generated excitons. Following this principle, HOMO and LUMO of 

the COF structure should be spatially separated and located on different nodes serving as donor 

and acceptor.59 If the driving force is too low, for example when coupling a weaker electron 

acceptor to the donor, one can face a situation where no charge separation occurs, as with DTP-

APyrDI-COF.
153  

Structuring the COF in this manner conceptually allows for its implementation in solar cell 

devices with ordered donor and acceptor columns. Challenges arising include loss mechanisms 

and conductivity issues occurring in the COF, thus impeding the extraction of charges.23 

On the other hand, heterojunctions can be constructed by inserting an electron acceptor phase 

into the pore channels of a donor-type COF (or vice versa, inserting a donor phase into an 

acceptor-type COF), leading to an interpenetrated COF heterojunction. For this strategy to be 

realistic, the pore size needs to be in the mesoporous range to allow for the formation of a 

sufficiently large included phase consisting of guest molecules. This also requires good 

accessibility of the pores, whereas blocked pores by displaced COF layers or entrapped COF 

oligomers can significantly decrease the interface of the interpenetrated host-guest 

heterojunction.154 Compared to the abovementioned concept, the travel distance of charge 

carriers might then be increased due to pore blocking or inadequate filling. Hence, if the scaffold 

serves as a hole-conducting material, the acceptor phase within the pores is expected to 

transport electrons. For example, in the TT-COF shown in Figure 1.31 (made from 

thienothiophene and HHTP), charge extraction could be achieved by inserting the soluble C60 
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derivative PCBM into the pores of the photoconductive thienothiophene-containing framework 

(Figure 1.31). The associated optoelectronic features allowed for the fabrication of a first 

heterojunction device based on the COF thin film grown on ITO and contacted with an 

aluminium top electrode. Under illumination, photovoltaic studies showed successful charge-

transfer from the COF onto the PCBM, followed by charge separation and extraction.22 

Transient absorption spectroscopy revealed longer lifetimes of polarons, which can be 

attributed to the suitable interface created where charges dissociate and form polarons.155 

Another elegant approach to create an ordered heterojunction with electron-accepting guest 

molecules includes the Huisgen cycloaddition between the azide-functionalized N3-ZnPc-COF 

and fullerene units with an alkyne group attached (Figure 1.32). This allowed for controlled 

filling of the pores with fullerenes that could be easily observed in IR spectra. ESR data showed 

that an increase of fullerene content in the COF enhanced the signal intensity correlated with 

the amount of radical species. This indicated photo-induced charge generation and electron 

transfer to the electron-accepting fullerene units clicked to the framework.64 

A different approach towards creating a heterojunction interface uses a liquid electrolyte which 

can serve as electron donor or acceptor. This is the case in photocatalytic water splitting where 

the hydrogen reduction or oxygen oxidation occurs on the interface benefitting from the large 

surface area which allows for short diffusion distances of the generated charges. Also, the 

Figure 1.31: Schematic overview of fullerene insertion into COF pore and photo-induced electron transfer from 

the framework onto the electron-acceptor guest molecule. Reproduced with permission.[22] Copyright 2013, John 

Wiley and Sons.



1 Introduction 

47 

application of sacrificial electron donors (e.g., TEOA, ascorbic acid) or electron acceptors 

(AgNO3) elucidates the advantage of this type of solid/liquid heterojunction.  

Figure 1.32: (a) Scheme of the synthetic route for a heterojunction COF and the subsequent functionalization of 

the pore walls with fullerene via Huisgen cycloaddition. (b) Top and side view of the resulting envisioned 

donorīacceptor structure. Reproduced with permission.[64] Copyright 2014, American Chemical Society.
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1.5 &ÒÏÍ ÌÁÂÏÒÁÔÏÒÙ ÔÏ ÁÐÐÌÉÃÁÔÉÏÎ ÄÅÖÉÃÅÓ 

With the ability to structure COF-based heterojunctions in various ways, they can be 

implemented in working devices requiring charge separation and related processes. Covering 

already some of the devices investigated for photocatalytic hydrogen evolution, solar cell or 

other optoelectronic devices such as sensors, this chapter will highlight the most promising 

examples. 

 

1.5.1 Photovoltaic devices  

In 2013, our group reported the construction of the first solar cell device with a COF acting as 

the photoactive layer. The oriented TT-COF thin film was spin-coated with a solution of PCBM 

serving as electron acceptor to achieve the desired heterojunction for charge separation. 

Sandwiched between ITO and aluminium, this photovoltaic device yielded a modest power 

conversion efficiency (PCE) of 0.053% with a VOC of 622 mV, a JSC of 0.213 mA cm
ī2, and a 

fill factor 40%. These findings prove the conceptual feasibility of COFs integrated in 

photovoltaic applications, but also expose challenges regarding light harvesting and loss 

mechanisms limiting charge extraction.22 

In related work, the group of Jiang chose a different approach with non-oriented COF bulk 

material, made from triphenylene hexamine (TPHA) and tert-butylpyrene tetraone. To insert 

the PCBM, thermal sublimation/diffusion at 400 ÁC was performed leading to a COF with 

fullerene inside the pores but also fullerene aggregates between COF particles. The fullerene 

content was 50 wt % and also acted as a glue which was additionally added in the spin-coating 

process. This composite material was spin-coated on ITO and contacted from the top with 

aluminium. The devices showed an increased performance compared to the oriented TT-COF 

film device above, leading to a power conversion efficiency (PCE) of 0.9 % with a VOC of 

980 mV, a JSC of 1.7 mA cm
ī2, and a fill factor of 54%. While the photovoltaic features could 

be enhanced, it is evident that extracting the photogenerated charges is still a challenge.24 

The above examples are based on interpenetrated COF heterojunctions utilizing the COF pores 

to insert electron acceptors. The alternative approach relying on the combination of donor and 

acceptor building blocks to design an integrated COF heterojunction between the respective 

columns of donor and acceptor moieties, was reported by our group in 2014. In this Tp-Por 
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COF made from linear porphyrin units and HHTP, the electron transfer from the triphenylene 

unit to the porphyrin could be observed in photoinduced absorption (PIA) spectroscopy and led 

to the first working photovoltaic device using the COF donorīacceptor interface for charge 

separation. The device showed superior (but still moderate) performance compared to a device 

constructed from the simply mixed neat building blocks, with a VOC of 312 mV and a JSC of 

0.045 mA cmī2 (Figure 1.33). The existence of severe loss processes was shown by the low 

external quantum efficiency of below 1%, which could be increased under reverse bias of 2 V 

to more than 30% at 350 nm.23  

The challenge regarding efficient light harvesting has been greatly overcome in recent years. 

We reported several strategies to drastically increase absorption in the near IR (NIR) and IR. 

Connecting oligothiophene backbones with pyrene units lead to tunable optical absorption 

bands in the IR-region up to 1000 nm.29 The absorption behavior of a thienoisoindigo-COF 

Figure 1.33: (a) Frontier orbital energies of both Tp-Por COF subunits and schematic illustration of the 

photogenerated charge separation. (b) PIA spectrum of the COF film together with radical ion absorption of the 

subunits. (c) J-V curve of the COF-based photovoltaic device and (d) the corresponding EQE spectrum. 

Reproduced with permission.[23] Copyright 2014, American Chemical Society.
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could be applied in a NIR-responsive photodetector. The small bandgap was created by 

integrating electron-deficient isoindigo derivatives (such as 6,6ǋ-bis(4-formylphenyl)-N,Nǋ-

dibutyl-isoindigo, 5,5ǋ-bis(4-formylphenyl)-N,Nǋ-dibutyl-thienoisoindigo and 5,5ǋ-bis(2-

formylthiophen-5-yl)-N,Nǋ-dibutyl-thienoisoindigo) with electron-rich pyrene knots in a COF 

structure. Fabricating a heterojunction with PCBM as electron acceptor in the COF pores led to 

a spectrally switchable photodetector.18 The matrix of a 2D COF made of porphyrin knots and 

linear thienothiophene enforced extended J-aggregate formation of the porphyrin macrocycles 

leading to enhanced light-harvesting in the near IR with strongly shifted peak ratios with much 

stronger absorption in the Q-bands.28 

However, the extraction of the generated charges from the two different types of heterojunctions 

still remains a challenge and needs to be addressed for photovoltaic devices. 

 

1.5.2 Photocatalytic water splitting  

As mentioned in the chapter about the interactions of COFs with light, photocatalytic hydrogen 

evolution from water splitting reactions was first reported by the group of Lotsch in 2014. The 

respective COF (made from 1,3,5-tris-(4-formyl-phenyl)triazine and 2,5-diethoxy-

terephthalohydrazide) was simply dispersed in water and in combination with platinum 

nanoparticles as proton reduction catalyst and triethanolamine as sacrificial donor the hydrogen 

evolution reached values as high as 1970 Õmol hī1 gī1, but degraded after 5 hours.99 

This is a straightforward setup that can be applied since only one of the two half-reactions of 

water splitting occurs, otherwise the additional evolution of oxygen in the same chamber would 

create dangerous gas mixtures and limit scale-up. In the following publications, the stability of 

COFs in photocatalytic systems is often guaranteed by the use of 1,3,5-triformylphloroglucinol 

as building block leading to keto-enol tautomerism and stable linkages. 

Further research on COFs as photocatalysts led to insights about the role of different linkers 

and functionalization. For example, an investigation of acetylene-functionalized COFs revealed 

the first operational COF photocatalyst without heteroaromatic building blocks as the active 

group. The catalytic activity was shown to be strongly dependent on the number of acetylene 

units in the COF. The TP-EDDA COF, made from 1,3,5-triformylphloroglucinol (TP) with 4,4ǋ-

(ethyne-1,2-diyl)dianiline (EDDA) with only one acetylene bridge in the linear linker exhibited 
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a hydrogen evolution rate (in the presence of TEOA and photodeposited Pt particles) of 30 Õmol 

hī1 gī1, which was enhanced compared to a COF with a linear linker of the same length but no 

acetylene moiety. Extending the acetylene bridge to a diacetylene bridge not only doubled the 

catalytic activity but led to a hydrogen evolution rate of 324 Õmol hī1 gī1 which is one order of 

magnitude higher.156 This positive impact of acetylene moieties in the COF on the HER was 

also observed in related computational studies, pointing to an enhanced diffusion of 

photogenerated excitons along the polyyne moieties in the COF.157 

Changing the focus to a pyrene-based tetravalent linker containing phenyl rings with various 

nitrogen contents that are connected via acetylene bridges to the core, the impact of the nitrogen 

atoms in the ring on the photocatalytic hydrogen evolution was investigated. The experimental 

data in combination with quantum chemical calculations revealed the COF with the lowest 

number of nitrogen atoms to be the most efficient in water splitting, due to the highest driving 

force for the hydrogen evolution reaction (HER) of the more electron-rich framework. The 

hydrogen evolution rate was found to be 98 Õmol hī1 gī1 for the COF with pure phenyl rings 

without nitrogen atoms, compared to 22 and 6 Õmol hī1 gī1 for the COFs with pyridine and 

pyrimidine rings, respectively.16 

Copolymers containing dibenzo[b,d]thiophene sulfone moieties are known to be highly active 

leading to significant hydrogen evolution rates. The experiments for the polymer P7 were 

performed in the presence of triethylamine and significant residues of Pd (from polymer 

synthesis).158 This knowledge was transferred to COFs in order to investigate the impact of 

ordered crystalline and porous materials on the photocatalytic behavior on these moieties. The 

hydrogen evolution reaction induced by S-COF (made from 3,7-diaminodibenzo[b,d]thiophene 

sulfone and 1,3,5-triformylphloroglucinol) with a single sulfone group in the linear bridge 

already led to increased rates of up to 4.44 mmol hī1 gī1, while the related FS-COF bearing two 

sulfone moieties doubled the rate to 10.1 mmol hī1 gī1 with a higher concentration of sacrificial 

donor ascorbic acid then for example Stegbauer et al.99 and with deposited Pt nanoparticles 

(Figure 1.34). By adding a dye to enhance the optical absorption, the hydrogen evolution rate 

could be increased by another 60%, up to 16.3 mmol hī1 gī1. Compared to the related polymer 

P7 (see work of Sprick et al. above), the dye-sensitized COF sample exceeded the values by 

one order of magnitude, showing the importance of crystallinity and accessible pore surface in 

these photocatalytic systems.159 
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Examining the possible replacement of Pt as co-catalyst for COF-catalysed hydrogen evolution 

reactions, it was found that [Mo3S13]
2ī clusters in the pores of a COF made from ethidium 

bromide and 1,3,5-triformylphloroglucinol exhibited great potential, delivering hydrogen at a 

stable rate of up to 13.2 mmol hī1 gī1 for 18 h. The highest values were measured using 

Ru(bpy)3Cl2 as a photosensitizer, ascorbic acid as a sacrificial donor and the MoS clusters 

loaded into the COF pores.160 Alternatively, a combination of Eosin Y and triethanolamine 

(TEOA, sacrificial donor), with Pd0 as co-catalyst reduced on site with EtOH also showed 

significant hydrogen evolution activity of up to10.4 mmol hī1 gī1 for at least 2 h with the COF 

TpPa-1 (made from 1,3,5-triformylphloroglucinol and p-phenylenediamine).161 

Further research led to the substitution of Pt by Ni-based co-catalysts. The group of Lotsch 

reported the synthesis and successful application of a thiazolo[5,4-d]thiazole-bridged COF 

(with 1,3,5-triformylphloroglucinol knots) as the photoactive material. In photocatalysis 

Figure 1.34: (a) Optical absorption and (b) photocatalytic H2 production as a function of time of the FS-COF, S-

COF, TP-COF (reference without sulfone moiety) and the FS-P (analogue amorphous polymer). (c) Stability tests 

of the catalytic activity of FS-COF and (d) time-correlated single photon counting traces of the FS-COF, reference 

TP-COF and amorphous FS-P. Reproduced with permission.[160] Copyright 2018, Nature Publishing Group.
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studies, a Ni-thiolate cluster was applied as co-catalyst and TEOA as a sacrificial electron donor 

(Figure 1.35). The system was able to deliver a hydrogen evolution rate of up to 941 Õmol hī1 

gī1 for at least 70 h. The Ni-thiolate cluster is known for efficiently catalyzing the HER in 

combination with erythrosin B as sensitizer with rates up to 49.3 mmol hī1 gī1, but the catalyst 

fully degrades within 7 h resulting in a turnover number of Ni that is 12 times lower than for 

the stable COF system.17 

Further research on noble metal alternatives showed that Ni(OH)2 was efficient as co-catalyst 

in a COF photocatalytic system (made from 1,3,5-triformylphloroglucinol and 2,5-dimethyl-p-

phenylenediamine), resulting in a hydrogen production rate of up to 1896 Õmol hī1 gī1 for at 

least 5 h. The sacrificial donor in this case was sodium ascorbate.162 Modifying a COF made 

from a triazine core and 1,3,5-triformylphloroglucinol with g-C3N4, graphitic carbon nitride 

which was recently reported to show significant activity in photocatalytic water splitting,163-165 

to form CN-COF, enhanced the photocatalytic performance to hydrogen evolution rates of up 

to 10.1 mmol hī1 gī1, superior to any other g-C3N4-based photocatalyst reported (Figure 

1.36).166 

So far only photocatalytic hydrogen evolution with COFs has been extensively studied, while 

oxygen evolution seemed to be out of reach since the band alignment is crucial and the valence 

band needs to be below the energy level of the oxygen oxidation. However, in 2019 the group 

of Zhang synthesized the first COF (made from 3,5-dicyano-2,4,6-trimethylpyridine and 4,4ǌ-

Figure 1.35: (a) Schematic representation of the proposed mechanism for the H2 evolution. (b) Key steps of the 

photocatalysis: [R] active catalyst; [D] deactivated species [I] intermediate reduced catalyst species. Reproduced 

with permission.[17] Copyright 2019, American Chemical Society.
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diformyl-p-terphenyl) that was reported to be able to perform both half-reactions of water 

splitting (Figure 1.37). The sp2 carbon-conjugated g-C40N3-COF revealed hydrogen production 

rates of 4120 Õmol hī1 gī1 with TEOA and Pt, and also exhibited an oxygen production rate of 

50 Õmol hī1 gī1 with silver nitrate as electron acceptor and La2O3 as a pH buffer.
27 

With this work opening the field of COF-based photocatalytic OER, a first imine-linked COF 

constructed from TAPB knots and with a bipyridine bridge used to coordinate Co ions as co-

catalyst showed oxygen evolving abilities, with an O2-production rate of 152 Õmol hī1 gī1.167 

Photoelectrochemistry (PEC) separates the light-induced oxidation- and reduction half-

reactions from each other such that they occur at different electrodes and in different 

compartments if so desired. This can be beneficial if reaction products need to be separated (as 

hydrogen and oxygen in water splitting reactions). In this context, our group reported the first 

COF-based photocathode applicable for the HER in water splitting. Oriented BDT-ETTA COF 

thin films were grown on ITO and photoelectrochemically investigated in an aqueous 0.1 M 

Na2SO4 electrolyte without the use of a sacrificial donor or a co-catalyst. The hydrogen 

Figure 1.36: (a) Proposed photocatalytic mechanism for CN-COF. (b) H2 production rate, whereby CN/COF is the 

physical mixture of g-C3N4 and COF. Reproduced with permission.[167] Copyright 2019, Royal Society of 

Chemistry.

Figure 1.37: (a) Bandgap diagram with marked potential for HER and OER. (b) Hydrogen and (c) oxygen 

production during photocatalytic water splitting based on g-C40N3-COF. Reproduced with permission.[27] 

Copyright 2019, Nature Publishing Group.
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reduction resulted in a photocurrent of 1.5 ÕA cmī2 at 0.2 V vs RHE, being strongly dependent 

of the film thickness. An increase of the photocurrent by the factor of 4 could be achieved by 

depositing Pt nanoparticles as co-catalysts.14 The same COF system was used in a study 

addressing the importance of the COF morphology for catalytic applications. Using 

electrophoretic deposition (EPD), COF films can be easily prepared from COF suspensions 

within seconds, featuring textural porosity and thicknesses depending on the deposition time. 

Using such an EPD-based film of BDT-ETTA COF, the HER photocurrent density reached up 

to 21.1 ÕA cmī2 at 0.1 V vs RHE under otherwise the same conditions with illumination at 

AM1.5G (Figure 1.38). The EPD approach not only produces desirable textural porosity but 

also allows for the simultaneous co-deposition of a co-catalyst such as Pt nanoparticles. With 

such a co-catalyst, the photoelectrolysis of water resulted in a photocurrent density of 128.9 ÕA 

cmī2 at 0.1 V vs RHE, showing the vital role of both morphology and co-catalysts in the 

photocatalysis of water.168 

The photoelectrochemical properties were also investigated for the sp2 carbon-linked g-C18N3-

COF (made from 2,4,6-trimethyl-1,3,5-triazine (TMTA) and terephthalaldehyde), which was 

drop-casted onto an ITO substrate. Linear sweep voltammetry in 0.2 M Na2SO4 exhibited a 

PEC current density of 45 ÕA cmī2 at 0.2 V vs RHE.100 

The above examples show the great potential of COFs as photocatalytic and 

photoelectrochemical systems for the generation of hydrogen and increasingly also oxygen 

from water. Undoubtedly, this research will be further driven by the increasing knowledge about 

stabilizing highly conjugated COFs, controlling morphology and diffusion pathways, and 

embedding catalytic functionality and co-catalysts into these well-defined systems.   

Figure 1.38: (a) PEC linear sweep voltammograms of electrodes coated with BDT-ETTA COF grown as an oriented 

film, a film prepared by EPD and a film with co-deposited Pt nanoparticles prepared by EPD. (b) Dynamic 

hydrogen evolution measurement under chopped illumination at 0.2 V vs RHE. (c) SEM cross-section of COF/Pt 

hybrid film with EDX mapping of Pt. Reproduced with permission.[156] Copyright 2019, American Chemical 

Society.
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1.5.3 Photocatalytic CO2 reduction  

Converting solar energy with COFs into sustainable fuels can not only occur via photocatalytic 

hydrogen evolution but also by photocatalyzing CO2 reduction. Notably, without the use of 

sacrificial agents and co-catalysts, the azine-linked COFs ACOF-1 (made from 1,3,5-

triformylbenzene and hydrazine hydrate) and N3-COF (made from 2,4,6-tris(4-formylphenyl)-

1,3,5-triazine and hydrazine hydrate) could photocatalytically convert CO2 in water to 

methanol, with a yield of 13.7 Õmol gī1 within 24 h for the N3-COF in a 100% CO2 atmosphere. 

When the CO2 concentration was reduced to 1%, the amount of methanol was still 9.9 Õmol gī1 

within 24 h for the N3-COF. The presence of only traces of H2 and O2 illustrates the 

photocatalytic selectivity, which is attributed to the high selectivity of the nitrogen-rich COF 

systems.169 

Enhancing the photocatalytic activity of the COFs can again be achieved by introducing metal-

based co-catalysts into the framework. For example, when introducing bipyridine into a COF 

(connected with 4,4ǋ,4ǌ-(1,3,5-triazine-2,4,6-triyl) trianiline knots), the two neighboring 

nitrogen sites can coordinate a Re complex using a simple post-synthetic procedure. Here, the 

reduction of CO2 yielded CO as a product at amounts of almost 15 mmol g
ī1 over the course of 

more than 20 h with the use of TEOA as sacrificial agent. The photocatalytic process is selective 

and shows recyclability for at least three cycles of 3 h each.170 It was found that the efficiency 

is strongly dependent on the ordered structure in the COF.171 

Notably, the rhenium in the above COF could also be substituted by Ni(II) ions coordinated by 

the bipyridine units. Connected via 1,3,5-triformylphloroglucinol nodes, the photocatalytically 

selective CO2 reduction produced 811.4 Õmol gī1 hī1 CO in the presence of TEOA as sacrificial 

electron donor. The synergistic combination of the COF and the single Ni-sites coordinated at 

the bipyridine linkers were experimentally and computationally found to be key for the high 

CO production rate.172 

In a different study, several abundant metal ions such as Ni, Co and Zn coordinated to the 

quinone oxygens of adjacent layers in an anthraquinone-based COF (again linked with 1,3,5-

triformylphloroglucinol) exhibited significant CO production rates, as high as 1020 Õmol gī1 

hī1 with TEOA for the Co-COF, whereas the Zn-coordinated COF selectively produced formic 

acid with a rate of 152.5 Õmol gī1 hī1, also in the presence of TEOA.173 
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A bottom-up approach for the synthesis of ultrathin COF (made from porphyrin and TAPB 

knots and terephthalaldehyde and 4,4ǋ-biphenyldialdehyde bridges) nanosheets by adding 2,4,6-

trimethylbenzaldehyde at high excess as modulator driving lateral growth due to steric 

hindrances between the layers led to promising photocatalytic performance for CO2 reduction. 

The photocatalysis showed a high selectivity of 78% for the CO evolution compared to H2 

generation, with a CO production rate of 10.2 mmol gī1 hī1. The reaction was performed in 

CO2-saturated, 0.1 M KHCO3 aqueous solution, with [Ru(bpy)3]Cl2 as photosensitizer and 

ascorbic acid as sacrificial electron donor. The nanosheet structures exhibited a superior 

catalytic activity towards CO2 reduction than the bulk COF, showing a CO production rate of 

only 124 Õmol gī1 hī1 and a selectivity of 13%.174 

 

1.5.4 Sensors and detectors  

The optoelectronic properties of COFs can also inspire new concepts aiming at applications in 

sensor or detector devices. For example, a popular approach has focused on luminescent COFs 

where the signal output consists of fluorescence enhancement or quenching in the presence of 

the detected species. Engaging electronic interactions such as charge transfer, the optical 

properties change and can even be detected conveniently with the naked eye upon illumination. 

As a result, complex device structures have typically not been established yet. Nevertheless, 

the development is rapidly progressing in this field, leading to insights regarding mechanisms 

and new detection systems. 

The group of Banerjee reported highly emissive covalent organic nanosheets (CONs) exfoliated 

from TfpBDH bulk COF (made from 1,3,5-tris(4-formylphenyl)benzene and pyromellitic-N,Nǋ-

bisaminoimide), leading to the first turn-on/off sensing mechanism for nitroaromatics, 

especially 2,4,6-trinitrophenol (TNP). In solution, fluorescence quenching occurred by charge 

transfer from the nitroaromatic compound to the COF. In contrast, in the solid state the CON 

powders deposited on a paper strip exhibited fluorescence enhancement upon exposure to TNP. 

This effect was attributed to proton transfer from the TNP to the imine bond.175 
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A field-effect transistor (FET)-device for photo- and moisture-detection was built with an Lp-

pi-COF thin film (made from TAPB and terephthalaldehyde), which was obtained by photon-

assisted condensation of the building blocks on the water surface. The film was transferred to a 

SiO2 substrate, then chromium and gold contacts (5 and 20 nm thickness, respectively) were 

deposited on top by electron beam metal evaporation. A current change by three orders of 

magnitude could be measured with the Lp-pi-COF-based FET-device upon water vapor 

exposure (Figure 1.39).176 

Combining tetraphenylethylene monomers as photoactive component and triazine moieties as 

electron acceptor in a COF, COF-based photodetectors with high photoresponsivity of 3.2 Ĭ 107 

A Wī1 and fast response times of 1.14 ms could be realized. The device for the photoelectric 

measurements of the COF film on graphene was constructed on top of gold electrodes deposited 

on a Si/SiO2 substrate. Due to the different electronic interactions with vapors of changing 

polarity, the photocurrent could be adjusted significantly.177 

Figure 1.39: (a) I-V curve of the Lp-pi-COF film with tested device shown in photograph. (b) Onīoff switching 

behavior upon light irradiation of device from graph (a). (c) I-V curve of the Lp-pi-COF recorded in argon (black) 

and water vapor (blue) environment with tested device shown in photograph. (d) Onīoff switching behavior upon 

moisture exposure of device from graph (c). Reproduced with permission.[176] Copyright 2019, American Chemical 

Society.
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A similar approach was already shown with a solvatochromic Py-TT COF, which proved to be 

a promising candidate for sensing of solvent or water vapors. The solvatochromism is based on 

electronic interactions between the solvent molecules and the COF, while excluding structural 

or chemical changes. In a sensor device, a COF thin film was grown, serving as an optical filter 

for an LED. As a result of the solvatochromic effects, the optical transmission of the COF at a 

specific wavelength was altered, thus inducing current changes in a photo-dependent resistor 

(Figure 1.40).19 In a related study, imine-linked perylene-based COFs were applied as acid 

vapor sensors based on the ability to protonate and deprotonate their imine bonds, resulting in 

optical changes with high sensitivity. Additional information could be gained about the acid 

strength and concentration in non-aqueous solutions, which is enabled by the stepwise 

protonation of the two imine bonds connecting the linear bridges in the COF.178 

The dual emission of COF-4-OH (made from 1,3,5-triformylphloroglucinol and 9,9-dibutyl-

2,7-diaminofluorene) induced by the keto-enol tautomerism leading to an excited-state induced 

proton transfer was used as a sensing concept for water content in organic solvents and as pH 

Figure 1.40: (a) GIWAXS pattern of oriented Py-TT COF film on sapphire. (b) UV-Vis absorption of COF film at 

different moisture contents. (c) Humidity-induced absorbance changes. (d) UV-Vis absorption of COF film in 

saturated solvent atmospheres. (e) Solvatochromic response of COF film to changes from dry to H2O-saturated 

N2-streams and back. (f) TD-DFT calculated electron density difference upon the one-electron excitation from 

ground state to the first singlet excited state showing a distinct charge-transfer character. Reproduced with 

permission.[19] Copyright 2018, Nature Publishing Group.
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sensor. Furthermore, sterically demanding butyl chains were introduced to reduce aggregation-

caused quenching (ACQ).179 

The sensing abilities of COFs were also applied in biomedical systems, enabling the sensitive 

detection of methylglyoxal (MGO) for diabetes mellitus diagnosis in serum systems. Notably, 

the TpPa-1 COF could be deprotonated at the N-H bond leading to a 70-fold increased PL 

emission. Upon exposure to MGO, the excited, deprotonated COF forms an excited-state 

charge-transfer complex with MGO, also called an exciplex. By the implementation of two 

logic gates, the red-shifted fluorescence upon MGO exposure can directly be traced as an output 

signal, leading to an easy read-out diagnostic device.180  

More examples of COFs as sensing material exhibit selective sensitivity towards analytes such 

as electron-rich arenes, proteins, or metal traces. 

 

1.5.5 Light -emitting devices  

The luminescent properties of COFs have been intensively studied. Various light-emitting COFs 

have been synthesized by implementing different strategies such as aggregation-induced 

emission (AIE) or restriction of intramolecular bond rotations (RIR) mechanisms. 

The first COF-LED reported derived its white light from the blue emission of -́stacked 

anthracene units and the red and green emission from the resorcinol moieties in a COF, denoted 

as IISERP-COF7. It was even possible to fine tune the emission of this COF by the use of N-

donor or O-donor solvents. Upon UV illumination, a film consisting of an IISERP-COF7-

PMMA gel exhibited intense white light emission with a CIE coordinate of (0.35, 0.36). In a 

proof-of-principle COF-LED, poly(9-vinylcarbazole) served as the host for the same COF 

material, which was then implemented in an electroluminescent device (ITO, ZnO, 

polyethylenimine ethoxylated (PEIE), the hybrid material, MoO3 and gold, Figure 1.41).73 

Applying the principle of aggregation-induced emission (AIE), tetraphenylethylen, a known 

AIEgen, was used as a building block in a 3D COF (made from tetra(p-aminophenyl)methane 

and 1,1,2,2-tetrakis(4-formyl-(1,1ǋ-biphenyl))ethene) that was found to be highly emissive with 

a CIE coordinate of (0.38,0.57). This COF was utilized as a yellow-emitting phosphor for a 

blue LED by coating the latter with the COF powder, obtaining a white light emission with CIE 

coordinate (0.30, 0.35).20 
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Since lanthanides have already shown their luminescent potential in conventional LEDs, a 

recent study explored their combination with the luminescence from a COF. The blue-emitting 

COF made from 4,4ǋ4ǌ-(1,3,5-triazine-2,4,6-triyl)trianiline and 2,6-diformylpyridine was 

hereby combined with the green and red emission from the lanthanides Eu3+ and Tb3+, 

respectively, coordinated into nitrogen-rich pockets in the pore wall.74 The combination with 

the COF resulted in a white light emitter upon excitation in the UV, with CIE coordinates 

(0.3636, 0.3355; 0.3636, 0.3355) for different ratios of the lanthanides. 

  

Figure 1.41: (a) PL lifetime traces of COF dispersion in NMP vs COF film recorded in the blue, green and red 

region. (b) Variable temperature PL spectra of the COF film. (c) J-V plot of the COF-based LED device using 

IISERP-COF7 with scheme showing device structure. (d) UV lamp emission without and with COF coating as 

phosphor. Reproduced with permission.[73] Copyright 2018, American Chemical Society.
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1.6 #ÏÎÃÌÕÓÉÏÎÓ 

In this review we have given an extensive overview about (opto)electronic properties and 

processes in covalent organic frameworks and their potential applications in various fields. 

Starting from luminescent and semiconducting frameworks, important insights into the impact 

of linkage motifs, stacking behavior, and functionalization on optoelectronic processes within 

the COF have been gathered over the last few years. The construction principles of COFs, based 

on the covalent coupling of molecular building blocks, allow for the design of diverse 

framework and pore topologies in combination with the properties of the building blocks 

themselves. Motivated by this potential, a large number of building blocks that can act as light-

harvesters, semiconductors, ligands, binding sites or redox centers have been embedded in the 

frameworks of COFs. Coupled with the highly ordered structures and control of intrinsic and 

textural porosity, intriguing functionalities in the fields discussed in this review, i.e. defined 

donorīacceptor interfaces, batteries, supercapacitors, sensors, field-effect transistors, LEDs, 

photocatalysts and photovoltaic devices have recently been developed.  

The chemical stability of COFs ï a critical feature for several envisioned applications ï has 

been greatly enhanced over the years by introducing new linkage motifs such as sp2 carbon-

conjugated bonds, intralayer/interlayer hydrogen bonds or the keto-enol tautomerism. It is 

anticipated that this progress will open access to applications where COFs need to overcome 

demanding conditions. 

Controlling the stacking distances and stacking mode of 2D COF layers has been a powerful 

strategy to tune optical and electrical properties. However, challenges still remain regarding the 

rather modest electrical conductivity of these frameworks. The processes of charge carrier 

generation and diffusion should be further investigated to allow the development of design rules 

for further enhancing charge carrier mobilities and conductivity, for example via linker design 

or by creating suitable hybrid host-guest systems.  

Embedding COFs into suitable device structures with morphologies optimised for desired 

applications will be key for the next generation of high-performance COFs. The solid 

foundation developed in the almost 15 years of COF science is an excellent basis for future 

developments focusing on specific demands and intriguing applications.  
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2 #ÈÁÒÁÃÔÅÒÉÚÁÔÉÏÎ -ÅÔÈÏÄÓ 

2.1 8ȤÒÁÙ $ÉÆÆÒÁÃÔÉÏÎ ɉ82$Ɋ 

X-ray diffraction (XRD) is an excellent technique to characterize the phase composition and to 

provide information on the crystallinity and structure of powders, films and single crystals of 

numerous types of compounds. The method is also extemely important for gathering structural 

information on covalent organic framework materials. The principle behind this technique is 

based on the scattering events of X-rays, which occur when interacting with crystallite lattice 

planes having a similar spacing as the X-ray wavelength. The scattered X-rays interfere, 

dependent on the lattice spacing and the scattering angle. The incident beam has to impinge 

under a certain angle, the so-called Bragg angle, on the sample to cause constructive 

interference. In a powder many crystals comply with this requirement due to the random order 

of crystallites. The occurring constructive interference of reflected X-rays can be observed as a 

peak in the one-dimensional diffraction pattern. The measured intensities of the so-called 

reflections are mainly dependent on the lattice atoms but can vary due to textural effects or 

disturbance by destructive interference of other lattice planes. The condition for constructive 

interference is given by Braggôs law: 

ὲ ‗  ςὨ ίὭὲ—          ρ 

where n is an integer, ɚ the X-ray wavelength, d the spacing between the lattice planes and ɗ 

the angle between the incident X-rays and the lattice planes. 

The size of the crystallite domains has also an important effect on the diffraction data. For small 

domains the diffraction patterns show a broadening of the reflections compared to larger 

domains. Based on the peak broadening, which can be measured with the full width at half 

maximum (FWHM), the size of the crystallite domains can be determined. The correlation of 

the peak broadening and the size of the domains D is given in the Scherrer equation: 

Ὀ  
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where k is the form-dependent factor and ɓ is the full width at half maximum of the reflection. 



2 Characterization Methods 

80 

This method was used to determine the crystallinity of the samples and their crystal structure. 

The XRD measurements were performed with a Bruker D8 Discover with Ni-filtered Cu-KŬ-

radiation and a position-sensitive semiconductor detector (LynxEye). 

2.2 'ÒÁÚÉÎÇȤ)ÎÃÉÄÅÎÃÅ 7ÉÄÅȤ!ÎÇÌÅ 8ȤÒÁÙ 3ÃÁÔÔÅÒÉÎÇ ɉ')7!83Ɋ 

Based on X-ray scattering, a highly sensitive surface characterization technique can be obtained 

by illuminating a planar sample at grazing angle of incidence (grazing-incidence diffraction). 

This approach was first used in 1989 to investigate the structure of gold nanoparticles on 

silicon.1 The grazing-incidence wide-angle X-ray scattering (GIWAXS) is an ideal method to 

characterize thin films or surfaces which would otherwise not be accessible to general X-ray 

scattering geometries resulting in poor information content due to the low sample thicknesses.  

 

Figure 2.1: Simplified sketch of the GIWAXS method and the ability to study ultrathin films and surfaces.2 

The importance for this measurement is that the angle of the incident beam is below the critical 

angle of the substrate. In this case, three factors lead to an enhancement of the intensity and 

thus the suitability of this measurement for ultrathin films or surfaces. The geometry of the 

grazing incidence angle leads to a larger irradiation area on the surface increasing the probe 

volume and additionally allows for more averaged data. Also, the small angle leads to a higher 

reflectivity coefficient that channels most of the scattered beams in direction of the detector. 

Moreover, by waveguiding features near to the critical angle the scattering events increase due 

to the reflection of the beam and thus expansion throughout the film. 
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The detected reflection peaks are given as the wavelength-independent scattering vector q 

which is related to 2ɗ angles by the following equation: 

ή
τ“
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These features make GIWAXS a suitable instrument to study the structure and orientation of 

self-organized layers such as covalent organic frameworks on any flat substrate. The intensity 

enhancement leads to representative results on crystallinity and orientation for COF thin films 

which cannot be obtained by X-ray diffraction in normal reflection mode.  

Two-dimensional grazing-incidence wide angle X-ray scattering (2D GIWAXS) data were 

collected using an Anton-Paar SAXSpace system equipped with a Cu KŬ microfocus source 

operated at 50 kV and 1 mA and an Eiger Dectris R 1M 2D detector. 

2.3 'ÁÓ 3ÏÒÐÔÉÏÎ 

Gas sorption measurements represent a very convenient analytical technique to determine 

characteristic features of porous materials such as surface area, pore size, and pore volume. The 

method is based on physisorption, which implies that the inert gas molecules (adsorptive) are 

taken up by the sample surface (adsorbent) via physical, non-chemical interactions such as van 

der Waals forces. The adsorbed molecules, the adsorbate, is in a dynamic equilibrium with the 

adsorptive, which is the adsorbable gas, due to the reversible interactions between adsorptive 

and adsorbent. For porous materials, the adsorptive can cover two different surfaces of the 

sample. On the one hand, there is the external surface which is the surface outside of the pores 

and on the other hand, there is the internal surface which is the term for the surface of the pore 

walls inside the pores. The ratio of total pore volume to the particle volume or mass is defined 

as the porosity of the sample.3 

Since the accessibility of the pore is amongst other factors dependent on the pore size, it is 

important to be able to distinguish and classify pores of different sizes. Hence, the 

recommendations developed in 1985 by IUPAC4 are still useful and applied in the field of 

nanoporous materials: 

(1) macropores (pores > 50 nm) 

(2) mesopores (pores between 2 ï 50 nm 
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(3) micropores (pores < 2 nm) 

Plotting the relative pressure of adsorptive against the amount of adsorbed gas at standard 

pressure and constant temperature leads to typical isotherms that are classified according to 

IUPAC seen in Figure 2.2. 

 

Figure 2.2: IUPAC classification of physisorption isotherms.3 

Type I isotherms represent a reversible isotherm typical for microporous materials. The steep 

onset at low p/p0 is due to the micropore filling which converges to a maximum that is defined 

by the accessible micropore volume. Type I isotherms can further be distinguished in I(a) for 

materials with narrow micropores (< ~ 1 nm) and in I(b) for materials with a range of wider 

micropores and narrow mesopores (< ~ 2.5 nm). 

Type II isotherms show the reversible isotherm for nonporous or macroporous adsorbents. The 

first uptake displays monolayer adsorption which is then followed by unrestricted multilayer 

adsorption. The curvature in point B describes the transition between monolayer coverage and 

multilayer adsorption. 

Type III isotherms are typical for nonporous or microporous materials that show weak 

interactions with the adsorbate. Hence, there is no point B which indicates the transition from 

monolayer to multilayer adsorption. 
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Type IV isotherms represent isotherms for mesoporous compounds. After the monolayer 

coverage and the multilayer adsorption, capillary condensation occurs leading then to a 

saturation of the amount adsorbed by pore filling. Type IV(a) isotherms are given for mesopores 

larger than ~ 4 nm, where the capillary condensation leads to hysteresis. The Type IV(b) 

isotherm shows no hysteresis but is fully reversible. This is typical for mesopores under the 

critical width of around 4 nm and for conical and cylindrical mesopores that are closed on one 

side. 

Type V isotherms of mesoporous materials resemble the Type (III) isotherm due to weak 

adsorbate-adsorbent interactions. Here the pore filling is accompanied by hysteresis. 

Type VI isotherm is reversible and typical for nonporous materials with a highly uniform 

surface. Each step in the uptake corresponds to an adsorbed monolayer on the adsorbent. 

 

The Brunauer-Emmett-Teller model (BET) is the most common tool used for interpreting 

sorption isotherms in terms of surface area. BET is based on the Langmuir theory that is only 

considering monolayer adsorption but upgrades the model to multilayer adsorption by applying 

two assumptions: 

(1) The adsorption enthalpy of the first monolayer differs from the adsorption enthalpy of the 

following layers whereby the layers above have the same adsorption enthalpy. 

(2) Interactions do not occur between any adsorption layers. 

Usually the BET equation is applied in the linear form: 
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where n is the amount adsorbed at p/p0, p is the equilibrium pressure, p0 the saturation pressure, 

nm the monolayer capacity and C the BET constant. 

A true value of nm is only possible for the linear part of the equation which is typically restricted 

to relative pressures in the range of ~ 0.05 ï 0.30. The total surface area as can now be 

determined by the following equation: 

ὥ ὄὉὝ ὲ ὔ „ άϳ           υ 



2 Characterization Methods 

84 

where NA is the Avogadro constant, ům is the molecular cross-sectional area and m is the mass 

of the adsorbent.3-4 

2.4 %ÌÅÃÔÒÏÎ -ÉÃÒÏÓÃÏÐÙ ɉ%-Ɋ 

Electron Microscopy is a highly accurate method to characterize the topography and the 

composition of a sample at the nanoscale. Due to the use of electrons with a de-Broglie-

wavelength in the span of a few picometers the resolution is far better than the 200 nm spatial 

resolution of conventional light microscopy caused by the Abbe limit.5 With the size of atoms 

in the same range as the wavelength, an electron microscope can easily image the well-defined 

pores and crystalline domains of covalent organic frameworks (provided beam damage can be 

controlled). The electron beam generation can occur by a heated tungsten filament and an 

applied extraction potential so the electrons can overcome the work function. Another 

possibility is the usage of the so-called cold or hot field electron emission, where very high 

potentials extract the electrons from a (heated) tungsten tip. This usually achieves higher 

resolution due to a smaller beam diameter, a more coherent beam and a higher brightness. 

Below the electron gun, the beam is then demagnified onto the sample by an array of 

electromagnetic lenses to achieve a highly focused beam with a spot size in the range of 

micrometers to ¡ngstrºms, depending on the operation mode of the microscope. The whole 

device is under high vacuum to maximize the mean free path of the electrons. Depending on 

the microscopy and operation mode different detector systems are needed. There are three main 

techniques for electron microscopy. 

2.4.1 Scanning Electron Microscopy  (SEM) 

The scanning electron microscopy (SEM) uses a convergent electron beam at low acceleration 

voltages (typically 1 ï 30 kV) which is able to scan the sample surface in a grid pattern to 

investigate the surface properties of the sample. The image arises by combining the beamôs 

position with the detected signal. The detected signals consist of backscattered (BSE) and 

secondary electrons (SE), characteristic X-rays and cathodoluminescence whereby the method 

using the secondary electrons is the most common one. As the name already indicates BSE are 

primary electrons that scatter from the sample and SE are electrons with fewer energy as BSE 

ejected from the sample by the inelastic scattering of the primary beam.  Therefore the Everhart-
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Thornly-Detector is most suitable to achieve high-contrast images by applying a bias to attract 

low-energy electrons such as SE.  

2.4.2 Transmission Electron Microscopy  (TEM) 

The information about the internal structure is obtained by the transmission electron microscopy 

(TEM) with resolutions in the sub-¡ngstrom region. Together with the possibility to obtain data 

from the samples in reciprocal space by electron diffraction, this technique is very useful and 

applicable for various needs (see Figure 2.3 for detail). 

Since the samples in TEM are studied at high voltages between 60 kV and 400 kV, potential 

degradation and decomposition of the sample during the measurement is an important factor 

which limits the spatial resolution and the ease of imaging, depending on the type of sample. 

If the above techniques are combined, the resulting method is called scanning transmission 

electron microscopy (STEM) where a convergent electron beam scans the sample in a grid-like 

pattern. An annulus-shaped detector records the transmitted and scattered electrons at high 

angles, the so-called high-angle annular dark-field detector (HAADF detector). The advantage 

of HAADF STEM operation mode is that the image contrast is mainly formed by mass contrast 

(Z-contrast).6 
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Figure 2.3: Schematic view of imaging and diffraction modes in TEM.7 

For the measurements performed in this work JEOL JSM-6500F with a FEG and a secondary 

electron detector at an acceleration voltage of 5 kV and Thermo Fischer FEI Helios G3 UC 

Dual Beam Microscope with an acceleration voltage of 1 ï 30 kV were used. High Resolution 

Transmission Electron Microscopy (HRTEM) and Scanning Transmission Electron Microscopy 

in High Angle Annular Dark Field mode (STEM-HAADF) were performed using an FEI Titan 

Themis 60-300 equipped with a field emission gun operated at 300 kV. 

2.5 )ÎÆÒÁÒÅÄ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ)2Ɋ 

Molecular vibrations and rotations are excited by electromagnetic radiation in the infrared with 

a typical range between 4000 cmī1 and 400 cmī1. These molecular vibrations and rotations can 
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be studied directly as absorption in the IR spectrum or indirectly as scattered radiation in a 

Raman spectrum. Since Raman spectroscopy was not performed during this work, this section 

will focus on IR spectroscopy. Many functional groups of organic molecules show characteristic 

vibrations that correspond to certain sections in the infrared spectrum (IR). Hence, IR 

spectroscopy is suitable to distinguish and identify defined functional groups and qualifies as a 

quantitative analytical technique. The method is based on the decrease of the intensity of the 

transmitted IR radiation by molecules absorbing radiation to excite vibrations. The 

measurements can be performed in solution or just as powder which can differ for the same 

molecules due to intermolecular interactions. If the analyzed molecules exhibit a changing 

dipole moment during the vibration process, the molecular vibration is called IR-active and thus 

can be excited. Vibrations of molecules with a center of symmetry are IR-inactive (forbidden) 

if the vibrations are symmetric to the center of symmetry. The occurring excited vibrations are 

categorized in stretching and deformation vibrations which are specified by their symmetric 

behavior in symmetric, antisymmetric and degenerate vibrations. The frequency of the IR 

radiation or the amount of energy required to excite vibrations depends on the bond strength 

and the atomic masses. Greater bond strength and lower atomic masses result in a higher 

vibrational frequency and thus more energy needed. The obtained spectrum is divided in the 

section above 1500 cmī1, in which single assignable absorption bands may be frequently found, 

and in the section below 1500 cmī1, which is sometimes called fingerprint region due to a large 

number of (overlapping) absorption bands that create a characteristic pattern.8 

IR investigations were performed on a Perkin Elmer Spectrum BX FT-IR instrument in 

combination with an attenuated total reflection (ATR) accessory comprising an ATR diamond 

crystal. 

2.6 5ÌÔÒÁÖÉÏÌÅÔȤ6ÉÓÉÂÌÅ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ56Ȥ6ÉÓɊ 

UV-Vis spectroscopy is a measurement of the absorption of ultraviolet (UV) and visible (Vis) 

light based on the interactions of radiation in the UV- and Vis-range with the sample. It is often 

applied to quantitatively analyze different compounds. The correlation between the measured 

intensity of transmitted light, the concentration of the absorbing sample and the path length is 

given in the Lambert-Beer law: 
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where A is the absorbance, I the intensity of transmitted light, I0 the intensity of incident light, 

Ů the extinction coefficient, c the concentration of the absorbing sample and L the length in 

medium. 

In both regions (UV and visible) the observed interactions are electronic transitions from the 

ground state to the electronically excited state. The absorbed photon has to provide the same 

amount of energy as the energy difference of the two energy levels HOMO (highest occupied 

molecule orbital) and LUMO (lowest unoccupied molecule orbital) to excite an electron from 

the HOMO to the LUMO. But when excited with more energy than the bandgap, excitation into 

higher vibrational states is possible (see Figure 2.4 for detail).  

In order to measure the optical properties of thin films (which are often required to determine 

electronic properties and build solar devices) a different technique had to be developed because 

Lambert-Beerôs law cannot fully capture the optical behavior of thin films. Photoactive films 

are often mounted on transparent substrates which cause reflection of the light on the interfaces 

between air, substrate and sample. For reliable absorbance data it is important to use a different 

procedure where the reflectance (and scattering) is not neglected. Therefore, the samples 

undergo transmittance and reflectance measurements whereby for the transmittance spectra the 

film is located inside an integrating sphere in front of the transmission hole. Contrary to that, 

for reflectance measurements the film has to be located outside of the integrating sphere. In 

order to obtain the absorbance with this method the assumption is made that the entire light is 

absorbed, reflected/scattered or transmitted. So, the following equation establishes the 

percentage absorbance %A. 

ϷὝ ϷὙ Ϸὃ ρ          χ 

The percentage absorbance can now be converted into absolute absorbance by the relation: 

ὃ ÌÏÇρ Ϸὃ          ψ 

The absolute absorbance A is then utilized for optical bandgap calculations by Tauc plot 

formalism.  

‌Ὤ’ ὃὬ’ Ὁ           ω 
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where Ŭ is the absorption coefficient or absolute absorbance, ɜ the frequency of light, Eg is the 

bandgap, h Planckôs constant and A a proportionality constant. 

Here, r depends on the type of transition and its value varies between 0.5, 1.5, 2 and 3 for direct 

allowed, direct forbidden, indirect allowed and indirect forbidden transitions, respectively. For 

the molecules and COFs investigated in this work the assumption of a direct bandgap was made 

to approximate the type of the existing bandgap. Therefore, the value of r = İ was employed 

for the bandgap calculations. The resulting graph is characterized by a defined linear region just 

before y = 0 where the first absorption band is rising in the absorbance spectrum. Extrapolation 

of the linear region to the abscissa furnishes the energy of the optical bandgap of the material. 

To study UV-Vis absorption on solid (powder) materials, the Kubelka-Munk (KM) theory is 

applied. The theory assumes that scattering is more likely than absorption and reflection on the 

surface is neglectable. The diffuse reflectance R of the compound is referenced to barium sulfate 

as white standard. The experimental data can be converted with the Kubelka-Munk equation 

into a spectrum that is approximating the absorption behavior:9 

ὑὓ
ρ Ὑ

ςὙ
         ρπ 

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

with a 150 mm integrating sphere and photomultiplier tube (PMT) and InGaAs detectors. 

Diffuse reflectance spectra were collected with a Praying Mantis (Harrick) accessory and were 

referenced to barium sulfate powder as white standard. 

2.7 0ÈÏÔÏÌÕÍÉÎÅÓÃÅÎÃÅ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ0,Ɋ 

The counterpart to UV-Vis spectroscopy is photoluminescence (PL) spectroscopy, which 

examines transitions from optically excited states to the ground state. Photoluminescence is the 

spontaneous emission of radiation in the visible range by relaxation from the electronic excited 

state S1 to the electronic ground state S0. If the transition of the excited to the ground state 

occurs while maintaining the multiplicity, the fluorophore decays quickly whereby this 

phenomenon is called fluorescence. The emitted light is usually red-shifted due to non-radiative 

transitions which occur during collisions of excited-state molecules, also called vibrational 
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relaxations. During this process the excited-state molecules relax to the lowest vibrational state 

(ignoring rotational states here) of S1 before they undergo fluorescence (see Figure 2.4). 

 

Figure 2.4: Simplified Jablonski diagram depicting possible transitions between ground and excited electronic 

states. 

Instead of fluorescence, the system can undergo a non-radiative transition, which is called 

intersystem crossing (ISC), to a vibrationally excited triplet state. Transitions with a multiplicity 

change are forbidden, which drastically reduces the probability of this process. The triplet state 

then relaxes to the lowest vibrational state of T1. From there it can decay to the ground state S0 

in a forbidden radiative transition called phosphorescence. Since the transition is forbidden and 

competes with non-radiative decay, phosphorescence is generally much less likely and the 

lifetime of the excited state T1 is much longer compared to fluorescence. The probability of ISC 

can be enhanced by similar geometry of excited and ground state molecule and by stronger 

spin-orbit coupling with heavier elements.10 

As seen in Figure 2.4, the spontaneous emission of a photon originates from the lowest excited 

state of the respective multiplicity. However, a molecule can also absorb photons of higher 

energy and thus is excited in any of the higher singlet states Sn where n > 0. This way internal 

conversion quickly leads to a non-radiative transition to a vibrationally excited state of the next 

lower excited state where due to vibrational relaxations the molecule reaches the lowest 

vibrational state. Kashaôs rule says that these processes repeat until the excited molecules hit 
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the lowest excited state S1. There the energy gap to S0 is too large for an overlap of the 

vibrational wavefunctions and spontaneous emission occurs. 

Quenching by internal conversion (non-radiative decay) or energy transfer to other molecules 

due to collisions or specific aggregation can interfere with the two phenomena and influence 

the intensity of the emitted light. When introducing electron acceptor molecules, the excited 

electron can be transferred to such an acceptor, leading to additional phenomena such as charge 

separation needed for applications in photovoltaics.11 

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 378 nm diode laser (pulse 

power 0.99 nJ cmī2, pulse rate 40 MHz). 

Steady-state PL measurements were also recorded on the TCSPC setup (see next chapter for 

details). 

2.8 4ÉÍÅȤ#ÏÒÒÅÌÁÔÅÄ 3ÉÎÇÌÅ 0ÈÏÔÏÎ #ÏÕÎÔÉÎÇ ɉ4#30#Ɋ 

Time correlated single photon counting (TCSPC) is a measurement to analyze low level light 

signals in the picosecond range. The technique is based on the same phenomenon as 

photoluminescence spectroscopy but instead of analyzing the absolute energy and the intensity 

of the emitted photons TCSPC gathers information about the time-resolved kinetics of the 

photoemission by the sample.  

A pulsed laser excites the sample which can then emit a single photon. The detector records the 

signal periods, the so-called start-stop times, in which a single photon can be detected. It is 

significant to ensure that only a single or none photon is emitted during a single laser pulse 

cycle. The number of detected photons is plotted against the respective time difference from 

excitation to emission. As seen in Figure 2.5, this event is repeated multiple times to gather 

sufficient information for recording the fluorescence lifetimes.12 

A pulsed laser with frequencies in the range of 100 kHz to 80 MHz is applied to achieve this 

highly repetitive registration of photons which leads to histograms displaying the exponential 

excitation decay and the corresponding lifetimes. The half-life of the excited species can be 

calculated based on the exponential decay shown in the following histogram (Figure 2.6). 
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Figure 2.5: Measurement of start-stop times with TCSPC.13 

Important applications of this technique are ultra-fast recording of optical waveforms, detection 

and identification of single molecules, DNA sequencing and optical tomography. Furthermore, 

and in this case very important was the fluorescence lifetime measurements for samples in 

solution or as solids (powder/film material).12 For the highly sensitive single photon detection 

a Photomultiplier Tube (PMT), Hybrid PMT, Micro Channel Plate (MCP) or a Single Photon 

Avalanche Diode (SPAD) can be applied. For the exact determination of the time difference of 

the excitation and the fluorescence event each event will be converted into an electrical pulse. 

If the laser is not equipped with a synchronization pulse, the task is accomplished by a detector 

usually called trigger diode.13 

 

Figure 2.6: Histogram of start-stop times with TCSPC.13 

Time-resolved PL measurements were acquired using a time-correlated single photon counting 

(TCSPC) setup (FluoTime 300, PicoQuant GmbH). The samples were photo-excited using 
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lasers with suitable wavelengths according to the sample absorption, i.e. 378 nm, 403 nm or 

507 nm wavelength (LDH-P-C-375, LDH-P-C-405, and LDH-P-C-510, respectively, all from 

PicoQuant GmbH) pulsed at 500 kHz, with a pulse duration of ~100 ps and fluence of 

~300 nJcmī2/pulse. The samples were exposed to the pulsed light source set at 0.3 ɛJcmī2/pulse 

fluence for ~10 minutes prior to measurement to ensure stable sample emission. The PL was 

collected using a high-resolution monochromator and photomultiplier detector assembly 

(PMA-C 192-N-M, PicoQuant GmbH). 

2.9 %ÌÅÃÔÒÏÃÈÅÍÉÃÁÌ -ÅÁÓÕÒÅÍÅÎÔÓ 

In order to investigate the energy levels of molecules, electrochemical measurements such as 

cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed. These 

methods can be used to identify the energy level of the highest occupied molecular orbital 

(HOMO). Together with data from UV-Vis spectroscopy, where the bandgap can be obtained 

by application of the Tauc plot, the lowest unoccupied molecular orbital (LUMO) can be 

calculated. 

 

Figure 2.7: Change of potential during the measurements in (a) CV mode and (b) DPV mode. 

Voltammetry, either CV or DPV, is an electroanalytical technique that is used to investigate the 

electrochemical properties of materials, as it can deliver information about fairly complicated 

electrode reactions. In a CV experiment, a linearly changing potential is applied to the electrode 

and the current during the potential scan is measured (see Figure 2.7). The resulting current-

potential curve is called cyclic voltammogram or CV curve. The applied potential varies 

linearly over time with a certain scan or sweep rate [V sī1] between an initial and a switching 
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potential where the potential direction is reversed until the starting potential is reached. The 

potential scan can be performed multiple times. In contrast, the DPV measurement is applied 

in small pulses with the same amplitude added to a staircase wave form (see Figure 2.7). Hence, 

in each pulse period the current is measured twice, before the pulse and at the end of the pulse. 

The difference between these currents is the data output in the obtained DPV curve. The 

advantage of DPV is hereby that even small current changes can be observed in the 

measurement.  

A three-electrode arrangement is commonly used for these voltammetry measurements. A 

typical cell consists of a working electrode (WE), where the electrochemical process of interest 

occurs, a counter electrode (CE), and a reference electrode (RE) with a defined potential to 

control the potential of the WE. All three electrodes are electrically connected via an ionically 

conducting electrolyte which in this work was tetrabutylammonium hexafluorophosphate in 

acetonitrile. The current between the WE and the CE is recorded in dependence to the potential 

which is applied in the potential wave forms seen in Figure 2.7. During the measurement mass 

transport occurs by non-stationary diffusion, since the electrolyte is not stirred. 

Measurements were performed with a Metrohm Autolab PGSTAT302N potentiostat, using Pt 

wires as the working electrode and counter electrode and an Ag wire as reference electrode with 

ferrocene as internal reference. 
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Covalent organic frameworks (COFs), consisting of covalently connected organic building 

units, combine attractive features such as crystallinity, open porosity and widely tunable 

physical properties. For optoelectronic applications, the incorporation of heteroatoms into a 2D 

COF has the potential to yield desired photophysical properties such as lower bandgaps, but 

can also cause lateral offsets of adjacent layers. Here, we introduce dibenzo[g,p]chrysene 

(DBC) as a novel building block for the synthesis of highly crystalline and porous 2D dual-pore 

COFs showing interesting properties for optoelectronic applications. The newly synthesized 

terephthalaldehyde (TA), biphenyl (Biph), and thienothiophene (TT) DBC-COFs combine 

conjugation in the a,b-plane with a tight packing of adjacent layers guided through the 

molecular DBC node serving as a specific docking site for successive layers. The resulting 

DBC-COFs exhibit a hexagonal dual-pore kagome geometry, which is comparable to COFs 

containing another molecular docking site, namely 4,4ǋ,4ǌ,4-(ethylene-1,1,2,2-tetrayl)-

tetraaniline (ETTA). In this context, the respective interlayer distances decrease from about 

4.6 ¡ in ETTA-COFs to about 3.6 ¡ in DBC-COFs, leading to well-defined hexagonally 

faceted single crystals sized about 50-100 nm. The TT DBC-COF feature broad light absorption 

covering large parts of the visible spectrum, while Biph DBC-COF shows extraordinary excited 



3 Dibenzochrysene Enables Tightly Controlled Docking and Stabilizes Photoexcited States in Dual-Pore 

Covalent Organic Frameworks 

98 

state lifetimes exceeding 10 ns. In combination with the large number of recently developed 

linear conjugated building blocks, the new DBC tetra-connected node is expected to enable the 

synthesis of a large family of strongly -́stacked, highly ordered 2D COFs with promising 

optoelectronic properties.  
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3.1 )ÎÔÒÏÄÕÃÔÉÏÎ 

Covalent organic frameworks (COF) are crystalline polymers formed by covalently connecting 

relatively rigid and geometrically defined organic building blocks to form larger molecular 

components. Usually, the covalent linkages are achieved through slightly reversible 

condensation reactions such as boronic esters,1 boroxines,2 imines,3 imides4 or others.5-7 The 

high porosity and great structural diversity and tunability and thermal stability of these 

frameworks make them attractive candidates for applications in energy storage,8-10 gas 

storage,11-13 proton conduction,14-16 optoelectronics,17-22 molecular separations23-25 and 

catalysis.26-28 While in 3D COFs the backbones consist of covalently connected building blocks 

in all dimensions, in 2D COFs individual polymer layers stack in a defined manner to form 

molecular columns and 1D pores. This mode of layer assembly is governed by weak dispersive 

-́stacking interactions between adjacent layers. These crystalline and porous materials offer 

numerous options regarding structural design, as tailoring of the pore size, shape and molecular 

interface is mainly governed by the selection of the building blocks. In the context of 

optoelectronics, this involves the potential ability to precisely manipulate the COFsô electronic 

properties such as the optical absorption, charge carrier mobility29-33 or photoluminescence.2, 7, 

34-35 The incorporation of heteroatoms within the structures enables the chemical linkage of 

different building blocks via strong covalent bonds, for example boron atoms in the case of 

boronic esters and boroxines or nitrogen atoms in the case of imines, imides or others. However, 

heteroatoms exhibit electrostatic repulsion in an eclipsed stacking of adjacent layers, which 

results in slight lateral offsets.36 Especially large and polarizable heteroatoms within adjacent 

COF layers prefer a stacking with lateral offsets with respect to one another.37-38 This 

phenomenon can also have a strong effect on the stacking distance of adjacent layers and 

thereby the overall long-range order in the framework.39 Furthermore, the polarization of certain 

chemical bonds may affect the stability of the frameworks.40 Strategies aimed at controlling 

stacking interactions through steric considerations include the implementation of sterically 

demanding pyrene building blocks for enforcing predefined offset stacking angles41 or the usage 

of propeller-like building blocks in imine-based frameworks.42 In the latter case, the propeller-

like building blocks define specific molecular docking sites for adjacent COF sheets, thereby 

enforcing a perfectly eclipsed stacking of adjacent layers. However, due to the steric demands 

of molecular docking sites such as 4,4ǋ,4ǌ,4-(ethylene-1,1,2,2-tetrayl)-tetraaniline (ETTA),43 

the stacking distance of adjacent layers of the resulting dual-pore kagome COF structures is 

comparably large. The enlarged stacking distance in combination with out-of-plane rotated 
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building blocks may have an influence on the -́electron overlap of adjacent COF layers and on 

the conjugation within each COF layer. 

Dibenzochrysene (DBC) is a rigid molecular building block consisting of four benzene rings 

fused to a naphthyl unit. This molecular configuration can be envisioned as a fused ETTA 

analog which enables a more subtle rotation of the attached phenyl rings out of plane compared 

with ETTA.44 Therefore, the incorporation of DBC into a framework is expected to drastically 

reduce the steric constraints for stacking, allowing for more closely packed molecular 

assemblies.45 In addition, DBC and its derivatives exhibit attractive photophysical properties 

and charge carrier mobilities.44, 46-47 This combination of properties is promising for the 

realization of highly ordered materials based on DBC nodes with features encoded for 

optoelectronic applications. In the context of framework materials, COF-based optoelectronic 

devices are still rare48 and further breakthroughs in molecular design are anticipated to enable 

the construction of efficient devices. 

Herein, we investigate the possibility to generate highly ordered COF structures by means of a 

molecular node intended to induce close -́stacking distances while providing specific docking 

sites for obtaining a high degree of order. For this purpose we utilized dibenzo[g,p]chrysene, 

DBC, as a structure-directing node. We synthesized a series of DBC-containing imine COFs 

with linear dialdehydes, namely terephthalaldehyde (TA), 4,4ô-biphenyldicarbaldehyde (Biph) 

and thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (TT). We present a detailed structural 

analysis showing the formation of highly crystalline and porous frameworks featuring 

outstanding crystal quality with hexagonal faceting. Furthermore, the photophysical properties 

of the DBC-based COFs namely UV-vis absorption as well as steady-state and time-resolved 

photoluminescence (PL) were studied. Here, TT DBC-COF featured broad light absorption 

covering large parts of the visible spectrum. Strikingly, the Biph DBC-COF powder showed 

extended PL lifetimes as high as 2-14 ns with 62% of the overall signal.  
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3.2 2ÅÓÕÌÔÓ ÁÎÄ $ÉÓÃÕÓÓÉÏÎ 

The DBC-based COF series was synthesized by the (slightly) reversible reaction of DBC with 

the respective linear dialdehydes TA, Biph, and TT to form imine-based COFs (Figure 3.15). 

Briefly, 30 Õmol of the linear dialdehyde and 15 Õmol of the fourfold amine functionalized 

DBC (DBCTA) were suspended in a mixture of benzyl alcohol and mesitylene (500 ÕL) in a 

culture tube. After the addition of 50 ÕL of acetic acid (6 M), the sealed tubes were kept in an 

oven at 120 ÁC for 72 h. The resulting precipitate was isolated by filtration, rinsed and finally 

Soxhlet extracted with anhydrous THF for 2 h. After vacuum-drying, the COF powders were 

examined concerning crystallinity, porosity and photophysical properties (for more details on 

the synthesis procedures see appendix).  

X-ray diffraction (XRD) analysis of the obtained powders revealed highly crystalline materials 

with sharp and intense reflections at small diffraction angles and multiple additional high order 

reflections at higher diffraction angles (Figure 3.1b-d). To confirm the formation of a kagome 

dual-pore hexagonal structure, simulations of the possible crystal structures were carried out 

assuming an AA model layer arrangement in the hexagonal space group P6 (see section 3.5.7 

in the appendix). Using this model, the experimental diffraction pattern was fully indexed and 

the observed reflections were attributed to hkl 100 110, 200, 210, 120, 300, 220, 310, 400 and 

500 (by order of appearance) indicating the excellent crystallinity and the formation of a 

kagome structure in all the examined samples (Figure 3.1). For all the DBC-COFs, the observed 

reflection at around 23.9 Á2ɗ is attributed to the 001 plane, which directly corresponds to the -́

stacking distance. Accordingly, a similar d-spacing of about 3.6 ¡ was calculated for the 

examined DBC-COFs.  

Nitrogen physisorption isotherms of the COFs exhibit a mixture of type I and type IVb isotherm 

shapes with two steep nitrogen uptakes, the one at low partial pressures indicating the presence 

of a microporous system and the one at relatively higher partial pressures characteristic for 

capillary condensation associated with mesoporous systems (< 5 nm) (Figure 3.2a and Figure 

3.9-3.10).49 This confirms that DBC-COFs adopt a dual-pore structure similar to their ETTA-

COF analogs.50 Pore size distributions based on carbon with a QSDFT kernel for cylindrical 

pores show excellent agreement with the structurally modeled pore sizes (Figure 3.9-3.10). The 

DFT-calculated pore sizes 
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were 1.50 nm and 2.89 nm (simulated 1.5 nm and 2.9 nm), 1.73 nm and 3.68 nm (simulated 

1.7 nm and 3.7 nm) and 1.45 nm and 3.10 nm (simulated 1.5 nm and 3.1 nm) for TA DBC-COF, 

Biph DBC-COF, and TT DBC-COF, respectively. The BET surface areas and pore volumes of 

2050 m2 gī1 and 1.23 cm3 gī1 (TA DBC-COF), 2170 m2 gī1 and 1.39 cm3 gī1 (Biph DBC-COF) 

as well as 1230 m2 gī1 and 0.67 cm3 gī1 (TT DBC-COF) can be compared to predicted 

accessible Connolly surface areas and pore volumes of 2090 m2 gī1 and 0.90 cm3 gī1 (TA DBC-

COF), 2490 m2 gī1 and 1.31 cm3 gī1 (Biph DBC-COF) and 2260 m2 gī1 and 1.12 cm3 gī1 (TT 

DBC-COF), respectively. 

Thermogravimetric analysis preformed under synthetic air flow revealed that DBC-COFs are 

thermally stable, while significant weight loss associated with structural degradation is detected 

Figure 3.1: (a) Structure of the DBC-containing COFs (schematic). (b)-(d) PXRD patterns of the TA, Biph, and 

TT DBC-COFs with Pawley-refined simulations. The insets show higher order reflections in magnification. 
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at around 450 ᴈ, and the degradation process terminates at around 600 ᴈ with a complete 

weight loss (Figure 3.23). 

Morphological investigations of the DBC-COFs using scanning electron microscopy (SEM) 

revealed well-defined crystallites of different sizes, ranging from 10 to 150 nm, forming large 

intergrown objects (Figure 3.4). In the case of Biph DBC-COF, the agglomerated particles 

consist of faceted hexagonally shaped crystals. This is in excellent agreement with a parallel 

report illustrating the high crystallinity of Biph-DBC COF.45, 51 Transmission electron 

microscopy (TEM) micrographs show the highly crystalline nature of the COFs (Figure 3.5). 

Strikingly, the Biph DBC-COF exhibits large numbers of hexagonally faceted single crystals 

sized about 50 to 100 nm throughout the sample (Figure 3.2). 

 

Figure 3.2: (a) Nitrogen physisorption isotherm of Biph DBC-COF. (b) SEM and (c) TEM micrographs of Biph 

DBC-COF. 

In comparison to the previously reported ETTA systems with the same linear dialdehydes, 

namely TA, Biph, and TT, the reflections associated with the stacking distances in PXRD 

pattern are shifted from about 19.5 Á2ɗ to 23.9 Á2ɗ, corresponding to a reduction of stacking 

distances of about 4.6 ¡ (for TA ETTA-COF, Biph ETTA-COF, and TT ETTA-COF)42 to 3.6 ¡ 

(TA and TT DBC-COFs), 3.7 ¡ (Biph DBC-COF). This drastically decreased stacking distance 

(by almost 1.0 ¡) for each DBC-containing COFs is attributed to the more planar (gently 

curved) shape of the chrysene building block compared to the more sterically demanding ETTA 

node.45 The influence of the linear dialdehyde on the stacking distance is apparently less 

dominant, though being still detectable. 

Reported single crystal structures of the core elements of the different 4-connected COF 

building blocks, i.e., ETTA and DBC, clearly indicate the influence on the bond angles and 

steric requirements of the differently linked aromatic groups. In ETTA, an average dihedral 

angle of 47.3Á52 was determined, while in DBC the average angle reduces to 24.7Á.53 Here, the 
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angles were determined for two intersecting planes created, in ETTA, by the ethylene bond and 

the sequentially connected two carbon atoms in the aromatic substitution. The dihedral angle 

for the corresponding chrysene molecule was determined in the same manner by considering 

the same atom connectivity (Figure 3.12). Therefore, using a DBC node results in a COF 

kagome structure and connectivity similar to the ETTA-COF analogs, but the presence of a 

rigid naphthyl unit strongly reduces the torsion/rotation of the attached aromatic groups 

compared to the aromatic groups connected to the ethylene unit in ETTA. These findings are in 

line with the reported dihedral angles for ETTA and DBC.45 As a result, the -́stacking distance 

between adjacent COF layers is expected to be reduced while the existing DBC torsion angle 

is still sufficient to act as a specific docking site for the successive layers. This is expected to 

enable defined -́́-interactions in the stacks and improved -́orbital overlap within the 

individual layers allowing for extended electron delocalization. 

Next, we investigated the photophysical properties of the DBC-COFs by means of UV-vis, PL 

and TCSPC spectroscopies. The influence of the respective linear building block on the optical 

absorption can be clearly seen in the absorbance spectra recorded for the DBC-COF powders 

(see Figure 3.3 and Figure 3.16). While the phenyl-based linear linkers TA and Biph exhibit 

light brown color, comparable absorption features and absorption onsets at around 550 to 

580 nm, the incorporation of the thiophene-based TT shifts the steep onset to longer 

wavelengths at around 650 nm. Consequently, the TT DBC-COF exhibits dark red color and a 

comparably smaller bandgap, which was calculated by Tauc plot. Assuming a direct optical 

bandgap for the DBC-COFs, we obtained a bandgap of 2.00 eV for the TT DBC-COF. In 

comparison, the direct optical bandgaps of TA DBC-COF and Biph DBC-COF were calculated 

to be 2.30 eV and 2.38 eV, respectively (Figure 3.17). In the context of extended conjugation 

within the COF layers, the TT DBC-COF exhibits a clear red-shifted absorption onset compared 

to its ETTA analogue. This extended absorbance can be attributed to the effect of closely packed 

molecular aggregates and larger -́electron delocalization attained by the geometry of the DBC 

node. 

TA and Biph DBC-COFs exhibit similar PL spectra consisting of two distinct emission bands 

at around 640 and 720 nm, where the latter features stronger emission intensity. TT DBC-COF 

is slightly red-shifted and reveals a broader PL maximum at 760 nm with a slight shoulder at 

660 nm. For all the investigated DBC-COFs, the PL covers a broad spectral range from the 

visible to the near-infrared (see Figure 3.3 and Figure 3.19). In comparison to the individual 

emission of the pristine, molecular components, the PL maxima of all DBC-COFs are 
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significantly red-shifted, which points toward the formation of new electronic structure through 

the framework chemistry (Figure 3.18). 

 

Figure 3.3: (a) Optical absorption spectrum (black) of Biph DBC-COF powder measured in diffuse reflectance 

mode, and PL (ɚexc = 378 nm, red) spectrum of Biph DBC-COF. (b) PL decay curve of Biph DBC-COF (red) and 

4PE-2P COF (grey), the ETTA-based COF. The samples were illuminated at 378 nm with a pump fluence of 

Ḑ0.99 nJ cmҍ2; the emission was monitored at 724 and 643 nm, respectively (model decay in cyan). 

To study the PL decay dynamics, time-correlated single photon counting (TCSPC) was 

employed using a pulsed 378 nm laser under nitrogen atmosphere (section 3.5.12 in the 

appendix), revealing the lifetimes of the photoexcited singlet states generated in the DBC-COF 

powders. The obtained decay curves were fitted with a tri-exponential function. The longest 

lifetimes were observed for the Biph DBC-COF, which features a long-time decay constant of 

14.1 ns (12%) (see Figure 3.3). The additional two exponential time constants indicate 2.8 ns 

(50%) and 0.7 ns (38%). For the TA DBC-COF lifetimes of up to 7 ns were detected and the 

TT DBC-COF showed the fastest decay times for this series of DBC-COFs of up to 5 ns (for 

more details see appendix). 

As illustrated, small modifications in the molecular structure of the building blocks can strongly 

impact the structural properties of the COF, here, a stacking distance reduced by about 1.0 ¡ 

was obtained with a DBC node. In addition, indications for enhanced photophysical properties 

in DBC-COF were observed. To study the differences in the photophysical properties of these 

two COF families, we compared the PL decay dynamics of DBC-COFs featuring tight 

molecular stacks with the ones of their ETTA-based COF analogues.42 For all the examined 

COFs the decay profiles were fitted with tri-exponential decay functions. In general, the decay 

times obtained for the DBC-COFs were significantly longer, leading to overall longer PL 

lifetimes (see Figure 3.3 and section 3.5.12 in the appendix). The Biph DBC-COF exhibits the 
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longest lifetimes, of more than 10 ns longer compared to its corresponding 4PE-2P COF analog. 

4PE-2P COF features PL decay times of 3.6 ns (11%) as the long-time constant, the rest of the 

PL signal (90%) arises from fast decay channels below 1 ns (0.8 ns (50%) and 0.14 ns (39%)). 

We postulate that in DBC-COFs the structural features greatly influence the PL decay and 

induce a stabilization of the photoexcited species in the COF. The proximity of the layers in the 

DBC-COFs may allow for delocalization of the excited state across the -́stacked chrysene 

columns. The closer stacking is also affecting the bandgap of the DBC-COFs compared to the 

analog ETTA-based COFs. A decrease in the bandgap for the DBC-COFs is observed which is 

attributed to the stronger -́́ interactions between the tighter stacked chrysene docking sites 

and the potentially resulting band dispersions.54 To further characterize the excited states and 

the processes involved, transient absorption or terahertz spectroscopy could be useful to 

stronger elucidate the PL dynamics in the DBC-COFs.  
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3.3 #ÏÎÃÌÕÓÉÏÎ 

In this study, we have established dibenzo[g,p]chrysene (DBC) as a novel structural node for 

the construction of 2D COFs, serving as a specific docking site for the synthesis of flattened 

structural analogues of the well-studied ETTA-based COFs. Different DBC-COFs were 

synthesized with different linear linkers to not only vary the pore sizes but more importantly 

the photophysical properties. DBC-COFs show extraordinarily high crystallinity, porosity and 

structural precision, which is reflected in the formation of hexagonally faceted single crystals. 

Strikingly, in comparison with ETTA-based COF analogues the -́stacking distance of adjacent 

layers was drastically reduced by 1 ¡, from about 4.6 ¡ in ETTA-COFs to about 3.6 ¡ in DBC-

COFs. Among the newly synthesized, tightly -́stacked DBC-COFs, TT DBC-COF is viewed 

to be a promising candidate for photovoltaic applications, as it combines a relatively small 

bandgap and a steep absorption onset with a broad optical absorption ranging from the UV deep 

into the visible. The time-resolved photoluminescence profile of Biph DBC-COF shows 

remarkably long lifetimes, partially exceeding 10 ns. In general, the DBC-COFs showed 

significantly slower decay dynamics in contrast to their ETTA analogues. Further mechanistic 

investigations in our laboratories regarding the charge carrier dynamics in these intriguing 

molecular frameworks are expected to shed light on the impact of the building blocks and the 

nature of the layer stacking on the optoelectronic properties. In view of the above, 

dibenzochrysene-based COFs represent a promising platform of tuneable molecular framework 

materials with intriguing prospects for optoelectronic applications. 
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3.5 !ÐÐÅÎÄÉØ 

3.5.1 Materials and Methods  

All reagents and solvents were obtained from in house supply or commercial suppliers and used 

as received. Acetic acid (in house supply), benzyl alcohol (BnOH, anhydrous, Sigma-Aldrich), 

4,4ô-biphenyldicarboxaldehyde (Biph, >98%, TCI), 1,4-dioxane (anhydrous, Sigma Aldrich), 

dibenzo[g,p]chrysene (DBC, >98%, TCI), ethanol (anhydrous, Sigma Aldrich), hydrazine 

monohydrate (Sigma Aldrich), mesitylene (anhydrous, Sigma-Aldrich), nitrobenzene 

(anhydrous, Sigma Aldrich), Raney-Nickel slurry (Sigma Aldrich), terephthalaldehyde (TA, 

99%, Sigma-Aldrich), tetrahydrofuran (THF, extra dry, stabilized, Acros Organics). Thieno[3,2-

b]thiophene-2,5-dicarboxaldehyde (TT, >93%, TCI) was recrystallized from N,N-

dimethylformamide (DMF, anhydrous, 99.8%, Sigma-Aldrich). 

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 (ŭ scale) and are 

calibrated using residual non-deuterated solvent peaks as internal reference (e.g. DMSO-d6: 

2.50 ppm).  

Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum BX II FT-IR system and a 

Thermo Scientific NicoletÊ 6700 FT-IR spectrometer in transmission mode. IR data are 

reported in wavenumbers (cmï1).  

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

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

(Harrick) accessory and were referenced to barium sulfate powder as white standard. 

Nitrogen sorption isotherms were recorded on a Quantachrome Autosorb 1 at 77 K within a 

pressure range of p/p0 = 0.001 to 0.98. Prior to the measurement of the sorption isotherms the 

samples were heated for 24 h at 120 ÁC under turbo-pumped vacuum. For the evaluation of the 

surface area the BET model was applied between 0.05 and 0.3 p/p0. Pore size distributions were 

calculated using the QSDFT equilibrium model (desorption branch) with a carbon kernel for 

cylindrical pores. Connolly surfaces were generated using an N2-sized probe (r = 0.184 nm) at 

a 0.025 nm grid interval. 

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

449 C instrument equipped with a Netzsch TASC 414/4 controller. The samples were heated 
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from room temperature to 900 ÁC under a synthetic air flow (25 mL minī1) at a heating rate of 

10 K minī1. 

Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8 Discover 

with Ni-filtered Cu-KŬ radiation and a LynxEye position-sensitive detector (scan speed of 4 s 

per 0.01 Á2ɗ). Experimental XRD data were used for Pawley refinement to optimize the 

hypothetical structure. 

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, considering 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. 

Transmission electron microscopy (TEM) was performed on an FEI Titan Themis equipped 

with a field emission gun operated at 300 kV. 

Scanning electron microscopy (SEM) images were recorded with a JEOL 6500F and an FEI 

Helios NanoLab G3 UC scanning electron microscope equipped with a field emission gun 

operated at 3-5 kV. 

Photoluminescence (PL) and time-correlated single photon counting (TCSPC) data were 

processed with a FluoTime 300 from PicoQuant GmbH. The samples were photo-excited using 

lasers with suitable wavelengths according to the sample absorption, i.e. 378 nm, 403 nm or 

507 nm wavelength (LDH-P-C-375, LDH-P-C-405, and LDH-P-C-510, respectively, all from 

PicoQuant GmbH) pulsed at 500 kHz, with a pulse duration of ~100 ps and fluence of ~ 

300 nJ cmī2/pulse. The samples were exposed to the pulsed light source set at 3 ɛJ cmī2/pulse 

fluence for ~10 minutes prior to measurement to ensure stable sample emission. The PL was 

collected using a high-resolution monochromator and photomultiplier detector assembly 

(PMA-C 192-N-M, PicoQuant GmbH).  
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3.5.2 Synthetic Procedures  

Tetranitro-DBC 

 

DBC (1.0 g, 3.0 mmol) was slowly added with stirring at 0 ÁC to a mixture of 10 mL nitric acid 

(Ó 99%) and 10 mL glacial acetic acid. After 10 min at 0 ÁC the solution was stirred at 100 ÁC 

for 2 h. The solution was poured into an ice-water mixture. The resulting precipitate was 

filtered, washed with 1,4-dioxane and recrystallized from nitrobenzene. After filtration and 

extensive washing with ethanol, 1.1 g of a yellow solid of tetranitro-DBC with 69% yield were 

obtained.  

MS-EI: calculated (m/z): 508.066, measured (m/z): 508.065. 

Tetraamino-DBC (adapted from Lu et al.1) 

 

Under argon, tetranitro-DBC (500 mg, 0.98 mmol) was dissolved in 80 mL of anhydrous THF 

in a flame-dried 500 mL flask. Approximately 2.3 g of Raney-nickel catalyst slurry was added 

to the mixture with stirring. Hydrazine monohydrate (0.67 mL, 8.8 mmol) was added dropwise 

to the stirred mixture. The resulting solution was heated to reflux for two hours. The solution 

was allowed to cool to room temperature and filtered. The filtrate was dried under reduced 

pressure, giving 320 mg of a yellowish-greenish solid with 84% yield. 
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1H NMR (400 MHz, DMSO-d6) ŭ (ppm): 8.15 (d, J = 8.8 Hz, 4H, CH), 7.56 (d, J = 2.3 Hz, 4H, 

CH), 6.90 (dd, J = 8.8, 2.3 Hz, 4H, CH), 5.39 (s, 8H, NH2). MS-EI: calculated (m/z): 388.169, 

measured (m/z): 388.168. 

Synthesis of TA DBC-COF 

In a 6 mL culture tube, terephthalaldehyde (4.02 mg, 30.0 Õmol) and DBCA (5.83 mg, 

15.0 Õmol) were suspended in a mixture of BnOH and mesitylene (500 ÕL, v:v 9:1). After 

adding 50 ÕL of acetic acid (aqueous, 6 M) the tube was sealed and heated at 120 ÁC for 72 h. 

The resulting precipitate was filtered and rinsed with anhydrous THF before Soxhlet extraction 

with anhydrous THF for 12 h. The final product was vacuum-dried, to yield 5.07 mg (58%) as 

a light brown powder. 

Synthesis of Biph DBC-COF 

In a 6 mL culture tube, 4,4'-biphenyldicarboxaldehyde (6.31 mg, 30.0 Õmol) and DBCA 

(5.83 mg, 15.0 Õmol) were suspended in a mixture of BnOH and mesitylene (500 ÕL, v:v 1:1). 

After adding 50 ÕL of acetic acid (aqueous, 6 M) the culture tube was sealed and heated at 

120 ÁC for 72 h. The resulting precipitate was filtered and rinsed with anhydrous THF before 

Soxhlet extraction with anhydrous THF for 12 h. The final product was vacuum-dried, to yield 

5.47 mg (50%) as a brown powder. 

Synthesis of TT DBC-COF 

In a 6 mL culture tube, thieno[3,2-b]thiophene-2,5-dicarboxaldehyde (5.89 mg, 30.0 Õmol) and 

DBCA (5.83 mg, 15.0 Õmol) were suspended in a mixture of BnOH and mesitylene (500 ÕL, 

v:v 9:1). After adding 50 ÕL of acetic acid (aqueous, 6 M) the tube was sealed and heated at 

120 ÁC for 72 h. The resulting precipitate was filtered and rinsed with anhydrous THF before 

Soxhlet extraction with anhydrous THF for 12 h. The final product was vacuum-dried, to yield 

5.87 mg (55%) as a red powder. 

Synthesis of analogue 4PE COFs 

The ETTA-based COFs, 4PE-1P, 4PE-2P and 4PE-TT, are well-studied COF systems. Their 

synthesis here was carried out under the reported conditions previously reported in the 

literature.2  
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3.5.3 Electron Microscopy  

 

Figure 3.4: SEM images of TA DBC-COF (a), Biph DBC-COF (b) and TT DBC-COF (c). A hexagonal morphology 

is visible for many of the crystallites. 

 

 

Figure 3.5: TEM images of TA DBC-COF (a), Biph DBC-COF (b) and TT DBC-COF (c). The long-range order 

of the hexagonal crystallites is apparent from the large domains of about 50 to 100 nm.  
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3.5.4 X-Ray Diffraction  

 

Figure 3.6: Pawley refinement of TA DBC-COF. Experimental (black), Pawley refined simulation (red), difference 

(navy) and Bragg positions (olive) show good agreement of experimental and simulated PXRD patterns. 

 

 

Figure 3.7: Pawley refinement of Biph DBC-COF. Experimental (red), Pawley refined simulation (black), 

difference (navy) and Bragg positions (olive) show good agreement of experimental and simulated PXRD patterns. 
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Figure 3.8: Pawley refinement of TT DBC-COF. Experimental (blue), Pawley refined simulation (black), 

difference (navy) and Bragg positions (olive) show good agreement of experimental and simulated PXRD patterns. 
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3.5.5 Sorption  

 

Figure 3.9: Nitrogen physisorption isotherm of TA DBC-COF (a) and the corresponding PSD with a QSDFT 

carbon equilibrium kernel for cylindrical pores reveal the dual-pore COF-structure (b). 

 

 

Figure 3.10: Nitrogen physisorption isotherm of Biph DBC-COF (a) and the corresponding PSD with a QSDFT 

carbon equilibrium kernel for cylindrical pores reveal the dual-pore COF-structure (b). 
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Figure 3.11: Nitrogen physisorption isotherm of TT DBC-COF (a) and the corresponding PSD with a QSDFT 

carbon kernel for cylindrical pores reveal the dual-pore COF-structure (b). 

The first steep uptakes at very low p/p0 in Figure 3.9-3.11 indicate the micropore filling, while 

the second one (p/p0 = 0.15 to 0.35) represents the capillary condensation within the mesopores, 

respectively. Due to the comparably small size of the mesopores (Ò 4 nm), a type IVb 

physisorption isotherm without a hysteresis loop is obtained.3 The pore size distribution was 

calculated from the equilibrium branch (desorption) with QSDFT with a carbon kernel for 

cylindrical pore geometry, respectively. 
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3.5.6 Structural Simulations of DBC -COFs 

Space group: P6 with an AA-hexagonal eclipsed stacking (AA-H). 

Table 3.1: Fractional atomic coordinates for the unit cell of AA-H calculated with Materials Studio v7.0 modeling 

program for TA DBC-COF. 

P6 (168) ï hexagonal 

a = b = 347762(9) nm, c = 0.3611(6) nm 

Ŭ = ɓ = 90Á, ɔ = 120Á 

Atom x/a y/b z/c 

C1 0.48191 0.48325 0.48052 

C2 0.55441 0.51297 0.42694 

C3 0.52066 0.55641 0.54156 

C4 0.59020 0.54403 0.29244 

C5 0.62475 0.54203 0.29230 

C6 0.62425 0.50820 0.42101 

C7 0.58821 0.47561 0.51286 

C8 0.55272 0.47667 0.48965 

C9 0.44374 0.40906 0.63294 

C10 0.44115 0.37230 0.64931 

C11 0.47408 0.36870 0.58695 

C12 0.51035 0.40275 0.52521 

C13 0.51377 0.44046 0.52582 

N14 0.65911 0.50510 0.45965 

N15 0.46921 0.32992 0.56729 
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C16 0.49663 0.32108 0.62398 

C17 0.69535 0.53248 0.40083 

Atom x/a y/b z/c 

H18 0.59210 0.57034 0.18775 

H19 0.65141 0.56709 0.19352 

H20 0.58881 0.44988 0.60748 

H21 0.41715 0.40928 0.69160 

H22 0.41317 0.34619 0.70662 

H23 0.53515 0.39927 0.45855 

H24 0.70243 0.56149 0.31031 

C25 0.72818 0.52481 0.46130 

C26 0.76693 0.55452 0.38691 

C27 0.79842 0.54785 0.44169 

C28 0.79169 0.51129 0.57228 

C29 0.75295 0.48161 0.64787 

C30 0.72145 0.48829 0.59315 

H31 0.77280 0.58279 0.28273 

H32 0.82803 0.57105 0.37785 

H33 0.74708 0.45329 0.75074 

H34 0.69183 0.46504 0.65574 

H35 0.47430 0.65667 0.71292 
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Table 3.2: Fractional atomic coordinates for the unit cell of AA-H calculated with Materials Studio v7.0 modeling 

program for Biph DBC-COF. 

P6 (168) ï hexagonal 

a = b = 4.6299(9) nm, c = 0.4017(6) nm 

Ŭ = ɓ = 90Á, ɔ = 120Á 

Atom x/a y/b z/c 

C1 0.48657 0.48523 0.40595 

C2 0.54747 0.51934 0.47987 

C3 0.51209 0.54571 0.33928 

C4 0.57621 0.54952 0.58548 

C5 0.60724 0.55217 0.64763 

C6 0.61072 0.52399 0.61072 

C7 0.58252 0.49341 0.52786 

C8 0.55050 0.48998 0.47046 

C9 0.46428 0.42667 0.20464 

C10 0.46592 0.39731 0.18524 

C11 0.49474 0.39752 0.29305 

C12 0.52262 0.42804 0.38814 

C13 0.52182 0.45850 0.39736 

N14 0.63973 0.52397 0.64491 

Atom x/a y/b z/c 

N15 0.49293 0.36755 0.31443 

C16 0.51695 0.35928 0.35322 
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C17 0.67165 0.54914 0.67079 

C18 0.69733 0.54129 0.67394 

C19 0.72920 0.56440 0.54611 

C20 0.75392 0.55532 0.51221 

C21 0.74763 0.52321 0.61062 

C22 0.71632 0.50088 0.75625 

C23 0.69152 0.50981 0.78764 

C24 0.77174 0.51343 0.55738 

C25 0.76261 0.48184 0.41627 

C26 0.78678 0.47255 0.35085 

C27 0.82080 0.49480 0.42288 

C28 0.82988 0.52607 0.57053 

C29 0.80569 0.53521 0.63833 

H30 0.57550 0.57078 0.62568 

H31 0.62702 0.57457 0.71974 

H32 0.58659 0.47382 0.50670 

H33 0.44290 0.42517 0.12112 

H34 0.44592 0.37570 0.09814 

H35 0.54311 0.42699 0.45890 

H36 0.67735 0.57358 0.66739 

H37 0.73437 0.58762 0.46757 

H38 0.77636 0.57219 0.40737 
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H39 0.71121 0.47784 0.83934 

H40 0.66899 0.49303 0.89182 

H41 0.73825 0.46540 0.35523 

H42 0.77938 0.44963 0.24633 

H43 0.85426 0.54239 0.63296 

H44 0.81311 0.55787 0.74889 

H45 0.83795 0.46094 0.33347 

 

Table 3.3: Fractional atomic coordinates for the unit cell of AA-H calculated with Materials Studio v7.0 modeling 

program for TT DBC-COF. 

P6 (168) ï hexagonal 

a = b = 4.0444(2) nm, c = 0.3782(7) nm 

Ŭ = ɓ = 90Á, ɔ = 120Á 

Atom x/a y/b z/c 

C1 0.0338 0.48331 0.55114 

C2 0.03593 0.45208 0.66021 

C3 0.06869 0.45123 0.67445 

C4 0.10173 0.48243 0.58930 

C5 0.10105 0.51468 0.51320 

C6 0.06812 0.51646 0.51685 

N7 0.13190 0.47895 0.58251 

C8 0.16786 0.50433 0.56654 

C9 0.19472 0.49415 0.53650 
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S10 0.18458 0.44890 0.46926 

C11 0.23115 0.46555 0.45473 

C12 0.25258 0.50249 0.50360 

C13 0.23222 0.51956 0.55076 

C14 0.25154 0.44857 0.40208 

C15 0.28904 0.47401 0.41620 

S16 0.29915 0.51912 0.49306 

C17 0.31599 0.46407 0.37540 

C18 0.48282 0.48310 0.49344 

N19 0.44993 0.48486 0.43522 

C20 0.44981 0.51846 0.47705 

C21 0.41555 0.51758 0.48434 

C22 0.38229 0.48620 0.40126 

C23 0.38319 0.45469 0.30274 

C24 0.41632 0.45455 0.31703 

N25 0.35176 0.48897 0.42046 

H26 0.06849 0.42769 0.74564 

Atom x/a y/b z/c 

H27 0.12536 0.53671 0.44594 

H28 0.17600 0.53155 0.57639 

H29 0.24348 0.54707 0.58927 

H30 0.24031 0.42112 0.35984 



3 Dibenzochrysene Enables Tightly Controlled Docking and Stabilizes Photoexcited States in Dual-Pore 

Covalent Organic Frameworks 

128 

H31 0.30814 0.43753 0.31501 

H32 0.41364 0.53983 0.55603 

H33 0.35995 0.43173 0.22183 

H34 0.41493 0.43116 0.23370 

H35 0.01350 0.42866 0.73592 
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3.5.7 Crystallographic Data  

 

Figure 3.12: The calculated dihedral angle (green) of (a) ETTA and (b) DBC cores of the respective amine-

functionalized building blocks. The molecular models are based on reported crystallographic data for the respective 

compounds, ETTA4 and DBC.5 It is evident that the dihedral angle of ETTA is much larger (47.3Á) due to steric 

crowding caused by the phenyl-substituted ethylene moiety. In the case of DBC, the aromatic rings fused to the 

naphthalene core force the system to stay more planar (dihedral angle of 24.7Á). 
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3.5.8 IR Spectroscopy 

 

Figure 3.13: IR spectra of tetranitro- (a) and tetraamino-DBC (DBCA) (b). 

 

 

Figure 3.14: IR spectra of TA (a), Biph (b) and TT (c) precursors. 



3 Dibenzochrysene Enables Tightly Controlled Docking and Stabilizes Photoexcited States in Dual-Pore 

Covalent Organic Frameworks 

131 

 

Figure 3.15: IR spectra of the synthesized DBC-COFs, namely TA DBC-COF (a), Biph DBC-COF (b) and TT 

DBC-COF (c). 

 

  












































































































































































































































































































































































































































































































































































