
Lawrence Berkeley National Laboratory
LBL Publications

Title
Highly Flexible Dielectric Films from Solution Processable Covalent Organic Frameworks**

Permalink
https://escholarship.org/uc/item/14d2x5bz

Journal
Angewandte Chemie International Edition, 62(49)

ISSN
1433-7851

Authors
Senarathna, Milinda C
Li, He
Perera, Sachini D
et al.

Publication Date
2023-12-04

DOI
10.1002/anie.202312617

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/14d2x5bz
https://escholarship.org/uc/item/14d2x5bz#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


 1 

Highly Flexible Dielectric Films from Solution Processable 
Covalent Organic Frameworks 

 
Milinda C. Senarathna†1, He Li†2,3, Sachini D. Perera1, Jose Torres-Correas1, Shashini D. 

Diwakara1, Samuel R. Boardman1, Yi Liu2,3*, Ronald A. Smaldone1* 

 
1 Department of Chemistry and Biochemistry, University of Texas at Dallas, 800 West 

Campbell Road, Richardson, Texas, 75080, United States. 
2 The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California, 

94720, United States. 
3 Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, 

California, 94720, United States. 

 
 

KEYWORDS: Covalent organic frameworks, film fabrication, dielectrics, dynamic 

covalent chemistry, mechanical characterization  

 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26434/chemrxiv-2023-jz0pp ORCID: https://orcid.org/0000-0003-4560-7079 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-jz0pp
https://orcid.org/0000-0003-4560-7079
https://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Summary 

Covalent organic frameworks 

(COFs) are known to be a 

promising class of materials for a 

wide range of applications, yet 

their poor solution processability 

limits their utility in many areas. 

Here we report a pore 

engineering method using 

hydrophilic side chains to 

improve the processability of 

hydrazone and b-ketoenamine-

linked  COFs and the production 

of flexible, crystalline films. Mechanical measurements of the free-standing COF films of 

COF-PEO-3 (hydrazone-linked) and TFP-PEO-3 (b-ketoenamine-linked), revealed a 

Young’s modulus of 391.7 MPa and 1034.7 MPa, respectively. The solubility and 

excellent mechanical properties enabled the use of these COFs in dielectric devices. 

Specifically, the TFP-PEO-3 film-based dielectric capacitors display simultaneously high 

dielectric constant and breakdown strength, resulting in a discharged energy density of 

11.22 J cm–3. This work offers a general approach for producing solution processable 

COFs and mechanically flexible COF-based films, which hold great potential for use in 

energy storage and flexible electronics applications.  

 

Introduction 
 

Since the initial discovery of covalent organic frameworks (COFs) in 2005,1 they have 

evolved into a promising class of materials for applications in energy storage,2 molecular 

separation,3,4 and heterogeneous catalysis,5 due to their crystallinity, high surface area, 

and wide scope of functionality. While the permanent porosity of COFs has drawn the 
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most attention for application development, two-dimensional (2D) COFs have recently 

gained interest for use in other types of applications such as dielectric devices6,7 and 

ballistic materials,8,9,10,11,12 where other types of 2D materials (e.g., graphene13) have 

often been a focus. While most classes of 2D materials face challenges in their synthesis 

and scalability,14 2D COFs can be produced as highly crystalline polymers, even in bulk 

quantities.15,16 Though all these reports show that COFs have significant potential, one of 

the main limitations of these polymers is that their powder forms demonstrate poor 

solubility and processability in most common solvents.17,18 This limits the potential of 

COFs for use in practical applications where traditional plastics are used because they 

cannot be molded or shaped.  

 

Despite these challenges, several COF processing methods have been developed to 

address this key issue. These methods have allowed some COFs to be processed into 

useful thin films,3,6,19,20 composites,21,22 nanotubes,23,24 and gels25,26 either via post-

synthetic processing of COF powders (top-down approach) or directly synthesizing them 

from monomers (bottom-up approach) (Figure 1).  

 
Figure 1. Illustration of the COF film fabrication processes described in this work. The 
“top-down” method involves synthesizing a COF powder using conventional solvothermal 
conditions, followed by solution casting and drying. The “bottom-up” procedure casts the 
film from a solution of monomer precursors and subjects the resulting film to conventional 
solvothermal conditions to produce the COF film in situ. 
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Among these processed materials, films and membranes are important due to their 

potential usage in many fabricated electrical or mechanical devices.27 There are several 

techniques to fabricate COF films using a bottom-up approach.28,29 Some of the major 

limitations of this approach involve the scalability of the synthesis, lack of general 

compatibility with different COF compositions, and lack of control over the film thickness. 

Top-down synthesis methods involve techniques such as sonication,30 mechanical 

grinding,31 compression32 and solution casting17 to shape 2D COFs into thin films and 

membranes.  

 

While reliable top-down methods to produce imine-linked COF films have been 

developed, they are less common for 2D COFs with other linkages, such as hydrazone 

or b-ketoenamine COFs. Hydrazone-linked 2D COFs are chemically stable,33 highly 

crystalline34 materials reinforced with interlayer and intralayer hydrogen bonding35,36 that 

originate from the N-H groups in their linkages. Previous reports have shown that 

hydrogen bonding in 2D COFs can have a positive effect on their surface area, bulk 

crystallinity,37 thermal stability,11 resistance to hydrolysis,31,38 and mechanical 

strength.9,20,39 Due to these factors, hydrazone-linked COFs and b-ketoenamine linked 

COFs that generate from tautamarization of hydrazone linkages40 are excellent 

candidates for lightweight and strong materials that can be tuned for various types of 

applications. However, only a few examples of COF processing techniques have been 

reported for 2D-COFs with b-ketoenamine41 or hydrazone linkages21,25,42,43 and it remains 

a challenge to make them via solution processing methods such as spin, or drop casting. 

 

Our initial efforts to study solution processable hydrazone COFs used a previously 

reported method where COFs can be dissolved and reprocessed by drop casting in 

trifluoroacetic acid (TFA)/water mixtures. This method was reported by Dichtel and co-

workers for an imine-linked COF (BND-TFB COF),17 and used to produce a variety of 

other imine,44 and amide-linked films.39 While successful in these situations, we were 

unable to dissolve common hydrazone-linked COFs, such as COF-42 (Figure 2A), using 

this method. We hypothesized that COF-42 was poorly soluble in TFA due to stronger 
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interlayer hydrogen bonding interactions and greater resistance to protonation owing to 

the lower pKa of the hydrazone linkage compared with imine groups.45,46 To address this 

issue, we have taken a pore engineering approach which involves adding polyether side 

chains to the hydrazide monomers to improve the solubility of the delaminated sheets 

formed after being protonated in an acidic solution. Figure 2 shows the structures and 

synthetic conditions of the COFs used for this system. COF-PEO-3 (Figure 2B) is a 

previously reported COF47 with hydrazone linkages to a triformylbenzene (TFB) node, 

and TFP-PEO-3 (Figure 2C) is a novel COF that contains highly stable and extremely 

hydrolytic resistant b-ketoenamine linkages to a triformylphloroglucinol (TFP) node.31 We 

synthesized these COFs using conventional solvothermal methods to produce powdered 

polymeric materials, followed by dissolving them in a trifluoroacetic acid (TFA) and water 

mixture, which allowed us to use drop casting as a technique to make films.  

 

https://doi.org/10.26434/chemrxiv-2023-jz0pp ORCID: https://orcid.org/0000-0003-4560-7079 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-jz0pp
https://orcid.org/0000-0003-4560-7079
https://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

 

 
Figure 2. Synthesis conditions and demonstration of COF solubility in TFA/H2O for (A) 
COF-42, (B) COF-PEO-3, and (C) TFP-PEO-3 (10 mg/mL solutions). 

 

As these COF films are continuous and free-standing with excellent mechanical flexibility, 

they provide a solid foundation for flexible dielectric film capacitor applications. To 

demonstrate this, we employed drop cast films of COF-PEO-3 and TFP-PEO-3 to prepare 

dielectric devices. Remarkably, the resulting COF films exhibit large dielectric constants 

(9.6–11.4 at 1 kHz) and high breakdown strengths of >500 MV m–1, which led to high 

discharged energy densities of 6.87 and 11.22 J cm–3 for COF-PEO-3 and TFP-PEO-3, 

respectively. 
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Results and Discussion 
 

Figure 3. COF film formation and characterization. (A) Workflow for the top-down COF 
film fabrication of COF-PEO-3. Comparison of (B) IR spectra and (C) PXRD profiles of 
COF-PEO-3 powder and film. Comparison of (D) IR spectra and (E) PXRD profiles of 
TFP-PEO-3 powder and film. 
 

FTIR analysis of COF-PEO-3 (Figure S4) and TFP-PEO-3 (Figure S5) show the 

disappearance of functional groups unique to the starting materials (e.g., aldehyde 

groups) and the formation of C=N hydrazone linkages, confirming the polymerization for 

both COFs. A comparison of the FTIR spectra for both COF-PEO-3 powder, and the 

solution cast film is shown in Figure 3B. The FTIR spectra of the film and powder COF 

samples are consistent with one another, which indicates that the hydrazone linkages are 
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preserved during the solution casting process. A similar consistency between the FTIR 

spectra of the powder and film samples of TFP-PEO-3 was also observed (Figure 3D).   

 

The PXRD pattern (Figure 3C) of COF-PEO-3 agrees with previously reported data.47 

The characteristic peaks for COF PEO-3 at 2q 3.6° and 7.2° were observed along with a 

broad peak from 2q 18° to 29° in the film, which indicates that the framework structure is 

present after processing. PXRD analysis (Figure 3E) for TFP-PEO-3 shows [100] 

reflection at 2q, 3.85° and the 001 reflection at 25.5°. The simulated diffraction pattern 

generated in the BIOVIA Materials Studio software package is consistent with the 

experimental pattern (Figure 3E). Crystal geometry optimization was done, and optimized 

lattice parameters were a = b = 27.15 Å, c = 3.81 Å, a = b = 90°, g= 120°. In eclipsed (AA) 

stacking mode, the peak at 2q, 3.85° corresponds to 100 reflections (Figure S9). In the 

TFP-PEO-3 film sample, this low angle high intense peak was observed at 2q, 4.08°. This 

may be a result of a known phenomenon for COFs through exfoliation called interlayer 

shifting.48 AA stacking of the dried COF can be changed through dissolving and re-drying. 

Here the change in 2q is small (D2q = 0.23°) since the effect on the structure is negligible. 

The broad peak near 2q, 27° is also observable in both powder and film, representing 

[001] reflection. The crystallinity of TFP-PEO-3 also decreased during the film formation. 
1H NMR studies of COF-PEO-3 and TFP-PEO-3 were carried out in TFA-d solvent system 

(Figures S10 and S11). COFs dissolved in deuterated TFA show shifted peaks from the 

original positions of the monomers. This is another indication that the frameworks are not 

fully dissociated into monomers but in different environments may be in the forms of 

oligomers and exfoliated sheets.17 

 

To estimate the performance and durability of a material it is important to quantify its 

mechanical properties (ultimate tensile strength, toughness, Young’s modulus, etc.). 

These values are challenging to obtain in COF-based materials because it is difficult to 

form a continuous, free-standing film or dog-bone samples that can be measured using 

conventional tensile testing. As a result, the mechanical properties of many COFs are 

measured using relatively small samples with nanoindentation methods8,19 or other 

specialized techniques.44,49 Table S1 has summarized some of the pioneering attempts 
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towards analyzing the strength of pure COF materials. In these examples, analyses using 

microscopic characterization methods achieved very high Young’s moduli. For example, 

Fang et al20 reported 46.3 GPa Young’s modulus for imine-bonded COF films from 

nanoindentation measurement. Despite this impressive performance the observed scale 

is very small, and defects or imperfections formed during the casting of the whole film can 

directly affect the bulk mechanical performance of the material.44,50 Indeed, most reports 

of conventional tensile testing studies involving 2D COFs have been carried out on 

samples of COF/polymer composites rather than free-standing COF films for these 

reasons.9,22   

 
Figure 4. Cross-sectional scanning electron microscopy (SEM) images of (A) COF-PEO-
3 and (B) TFP-PEO-3 Top-down films. (C) Demonstration of the flexibility of free-standing 
COF-PEO-3 films (1) as-prepared and (2) after deposition of electrodes for electrical 
measurements. (D) Rectangular samples of COF-PEO-3 films prepared for tensile 
testing. (E) Representative stress-strain curves measured for COF-PEO-3 and TFP-PEO-
3. Bar plots showing the (F) strain at break, (G) ultimate tensile strength (UTS), (H) 
Young’s modulus, and (I) toughness values for each of the COF films.  
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The morphology of the synthesized films was analyzed using scanning electron 

microscopy (SEM) (Figures 4A, 4B, and S15). Both the COF-PEO-3 and TFP-PEO-3 films 

have a smooth, dense, and continuous appearance. Moreover, these films are highly 

flexible and can be easily cut into shapes without cracking (Figures 4C and 4D). 

Representative stress-strain curves for these samples are shown in Figure 4E. COF-

PEO-3 has an ultimate tensile strength of 14.8±2.2 MPa, a strain at break of 12.8±0.7%, 

Young’s modulus of 391.8±118.7 MPa and toughness of 1.3±0.2 MJ m–3 (Figures 4F-I). 

TFP-PEO-3 has an ultimate tensile strength of 32.0±5.9 MPa, strain at break 10.5±3.1%, 

Young’s modulus of 1034.7±201.2 MPa and toughness of 2.4±0.4 MJ m–3 (Figures 4F-I). 

Compared to the COF-PEO-3 films, the TFP-PEO-3 films were stiffer, tougher, and had 

greater overall strength, as represented by a 164% increase in Young’s modulus, an 86% 

increase in toughness, and a 116% increase in the ultimate tensile strength. A possible 

explanation for this may be related to the increased amount of hydrogen bonding in TFP-

PEO-3 compared to COF-PEO-3. It is well known that polymer networks with extensive 

hydrogen bonding, such as Kevlar, exhibit exceptional mechanical properties.51 The TFP 

node has three additional hydroxyl groups than the TFB monomer. Keto formation of the 

TFP-PEO-3 in computational models (Figure S12) shows these three extra oxygens in 

TFP can act as acceptors to hydrogen bonding and that the one extra hydrogen on the 

hydrazone nitrogen atom acts as a hydrogen bond donor (Figure 5A). Opportunities for 

interlayer hydrogen bonding36 are also higher for TFP-PEO-3 than COF-PEO-3 due to 

the presence of more hydrogen bond donors and acceptors.  

 

The BET surface areas for the COF powders and films were measured by nitrogen gas 

adsorption at 77 K. The previously reported BET surface area for COF-PEO-3 powder 

(13 m2 g–1) is very low47 and the COF-PEO-3 film did not demonstrate any porosity. The 

BET surface area (Figure S13) of the TFP-PEO-3 powder is 34 m2 g–1 and the film has a 

BET surface area of 5 m2 g–1. The low surface areas observed in all the COF polymers 

described here are attributed to the polyethylene glycol chains filling and blocking the 

pore accessibility. Nonetheless, the low BET surface area of these COF films is 

compensated for not only by their excellent mechanical strength, flexibility, and self-
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standing capability, but also by their large dielectric constant and remarkable electrical 

breakdown strength (see the discussion below). Thermogravimetric (TGA) analysis 

shows (Figure S14) that both COF films are stable up to 300 °C and both synthesized 

films show the same thermal behavior as their COF powder counterparts. 

 
Figure 5. (A) Examples of intralayer hydrogen bonding interactions possible for COF-
PEO-3 and TFP-PEO-3 structures. (B) Illustrations of potential mechanistic pathways for 
solution processing pre-synthesized COF material and (C) monomer precursor solutions, 
in TFA. 
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As described in Figure 5, solution processing of COFs in TFA works by protonation of 

basic sites, such as nitrogen and oxygen atoms, in the polymer structure, which can 

disrupt the non-covalent interactions that hold the 2D layers together.17 In hydrazone-

linked COFs, the extent of this protonation is not enough to completely solubilize the COF. 

This may be because, compared to imine-linked COFs which largely rely upon van der 

Waals or aromatic stacking interactions to maintain their eclipsed structures, hydrazone 

COFs contain a variety of interlayer hydrogen bonding interactions alongside the van der 

Waals and π-stacking forces. In addition to potentially stronger interlayer attraction in 

hydrazone COFs, the pKa values of protonated hydrazone linkage are lower than45,46 

comparable imine linkages,52 which may result in a lower concentration of protonated 

sites in the hydrazone COF, making them more resistant to exfoliation. The addition of 

the triethylene glycol sidechains can provide additional interactions with the polar TFA 

solvent that will overcome the reduced protonation, allowing the hydrazone COFs to be 

exfoliated in solution. Compared to COF-PEO-3, TFP-PEO-3 takes longer to dissolve with 

stirring, indicating a higher resistance to exfoliation potentially due to the higher density 

of hydrogen bonding present in the structure (Figure 5A). It is possible that after 

exfoliation, the highly acidic environment could cause hydrolysis of the reversible COF 

linkages to regenerate the monomers (Figure 5B). However, we have not observed this 

by FT-IR or PXRD. Therefore, we hypothesize that exfoliation is the major pathway in the 

dissolution process for both COFs. 

 

To test an alternative method for hydrazone COF film formation, we carried out a “bottom-

up” synthesis approach where the monomers for each COF are directly dissolved in TFA 

and cast into films and then subjected to conventional solvothermal conditions in film form 

(Figure S6). This approach has previously been shown to be effective with some imine-

linked COFs.29 FT-IR spectra of these prepared films (Figure S7) match those of the 

respective original COF powders, indicating that the hydrazone or β-ketoenamine bonds 

have formed. PXRDs of these films also show some of the characteristic peaks for the 

corresponding COFs (Figure S8), but the amorphous nature has increased as indicated 

by the large, broad peaks at higher angles. When these films were subjected to 

mechanical testing, mechanical properties are universally poorer when compared with 
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films synthesized from dissolving the COF powders (i.e., the “top-down” approach). The 

large error values in our mechanical test measurements of films synthesized from 

monomers compared to those made from pre-synthesized COFs indicates that the 

“bottom-up” approach produces materials with inconsistent fractions of 2D COF polymer 

(vs. amorphous material) or a larger number of defects that result in premature 

mechanical failure. The shape of the stress-strain curves of these bottom-up approach 

films are different than that of top-down approach films (Figures S16 and 4E). For the 

films from bottom-up synthesis, most of the stress-strain curves reach a yield plateau 

region53 where the gradient is nearly zero. COF-PEO-3 (bottom-up) has an ultimate 

tensile strength of 7.4±3.0 MPa, strain at break 4.9±1.8 %, Young’s modulus of 

265.4±117.0 MPa and toughness of 0.3±0.1 MJ m–3 (Figures S17), whereas TFP-PEO-3 

(bottom-up) has an ultimate tensile strength of 17.4±7.4 MPa, strain at break 12.3±7.5 %, 

Young’s modulus of 301.8±86.0 MPa and toughness of 1.0±0.5 MJ m–3 (Figures S17). 

For COF-PEO-3 films synthesized from monomers, the Young’s modulus has decreased 

by 32%, the strain at break has decreased by 62% and the toughness has decreased by 

77% compared to the top-down synthesis of the same COF film. For the TFP-PEO-3 film 

obtained the bottom-up method similarly reduced properties were observed. The Young’s 

modulus decreased by 71%, the ultimate tensile strength decreased by 45%, and the 

toughness decreased by 58% compared to the top-down synthesis of the same COF film. 

We hypothesize that the mechanically weak films formed from the bottom-up synthesis 

are a result of poor COF sheet formation in the presence of the highly acidic TFA solution 

(Figure 5C). When the monomers are dissolved in TFA, the resulting polymer is already 

protonated thereby reducing the interlayer stacking interactions and disrupting the 

formation of an extended crystalline network.  
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Figure 6. Dielectric and energy storage properties of COF films. (A) Frequency-
dependent dielectric spectra of COF films. (B) Weibull statistics of dielectric breakdown 
strength of COF films. (C) Discharged energy density and energy efficiency as a function 
of electric field of COF films. (D) Correlation between the maximum discharged energy 
density and dielectric constant (at 1 kHz) among COF-PEO-3, TFP-PEO-3 and other 
dielectrically linear commercial polymers as well as most recent noteworthy lab-
synthesized polymers. BOPP: biaxially oriented polypropylene; PI: polyimide; PEI: 
polyetherimide; PEEK: polyether ether ketone; PC: polycarbonate; PMMA: poly(methyl 
methacrylate); PS: polystyrene. The representative values were obtained from the 
literature and are detailed in Table S2. 

 

To demonstrate the utility of our solution processing method, we fabricated several 

dielectric devices using COF-PEO-3 and TFP-PEO-3 films. The films produced using the 

“top-down” processing method feature excellent flexibility and mechanical strength –

properties that are essential in dielectric film capacitor applications.54,55,56 Thanks to the 

relatively polar molecular structures, low BET surface areas as well as the continuous 

and defect-free film structures (as evidenced by cross-sectional SEM images in Figures 

4A, 4B and S15), both COF films display high dielectric constant as seen in Figure 6A. 

https://doi.org/10.26434/chemrxiv-2023-jz0pp ORCID: https://orcid.org/0000-0003-4560-7079 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-jz0pp
https://orcid.org/0000-0003-4560-7079
https://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

Specifically, at 1 kHz, the dielectric constant of COF-PEO-3 and TFP-PEO-3 films are as 

high as 11.38 and 9.67, respectively, among the highest for dielectrically linear 

polymers57,58 and comparable to, or even higher than, ferroelectric polymers such as 

PVDF-based homopolymers and copolymers.59,60 Furthermore, both films exhibit low 

dielectric loss tangents (<0.05) across the investigated frequency range. 

 

Statistical analysis indicates that both COF films have dielectric breakdown strengths 

greater than 500 MV m–1, as plotted in Figure 6B, making them suitable for high-voltage 

applications. When integrated in dielectric capacitor devices, TFP-PEO-3 shows superior 

dielectric energy storage performance than COF-PEO-3 (Figure 6C). In particular, TFP-

PEO-3 demonstrates excellent energy storage performance, with a maximum energy 

density of 11.22 J cm–3 and an efficiency of ~80% at 543 MV m–1, while COF-PEO-3 

achieves a maximum energy density of 6.87 J cm–3 and an efficiency of <40% at 512 MV 

m–1. Leakage current (Figure S18) and thermally stimulated depolarization current 

(TSDC, Figure S19) tests further reveal that TFP-PEO-3 exhibits smaller electricity 

leakage and more trapped charges,61,62 corroborating with its better electrical insulating 

capacity (i.e., higher breakdown strength and energy efficiency) than COF-PEO-3. The 

discharged energy density of TFP-PEO-3 exceeds that of commercial dielectric polymers 

such as biaxially oriented polypropylene (BOPP) and polyvinylidene difluoride (PVDF) 

films (Figure S20), and most recent noteworthy literature results of lab-synthesized 

dielectrically linear polymers, as summarized in Table S2 and shown in Figure 6D, 

suggesting its great potential for flexible energy storage device applications under high 

electric fields. 

 

Conclusions 
 

We have developed a pore engineering strategy for designing solution processable 

hydrazone-linked COFs. This approach allows for the straightforward solution casting of 

COFs with hydrolytically resistant dynamic linkages, and strong non-covalent interlayer 

interactions. In this study, 2D-COFs with solubilizing sidechains in their pores (COF-PEO-
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3 and TFP-PEO-3) can be dissolved into a homogeneous solution in TFA, and drop cast 

into continuous, free-standing films. Mechanical testing was carried out for COF films 

prepared with different structural compositions and using different methods of film 

preparation. We found that these factors had significant effects not only on the 

mechanical parameters, but also on the reproducibility of the film casting process, with 

films being produced from solution cast COF powders being universally more consistent, 

and with better mechanical strength. It was further revealed that TFP-PEO-3 was stiffer 

and stronger than COF-PEO-3, which we attribute to the increased amount of functional 

group sites available to form hydrogen bonding interactions. The large difference in 

mechanical quality between the COF films produced from monomers or pre-synthesized 

COF offers additional mechanistic insight into the process of COF dissolution and 

precipitation. The TFP-PEO-3 films obtained using a "top-down" synthesis approach 

display remarkable mechanical strength and electrical insulating properties, 

characterized by a large dielectric constant, high breakdown strength, and superior 

energy density when embodied in flexible film capacitor devices. 
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