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Covalent organic frameworks (COFs) are an emerging class of crystalline two- or three-

dimensional polymers, discovered in 2005, with the ability to reliably incorporate 

functionality within high surface area scaffolds. Early COF literature primarily focused 

on structural elucidation of boron-based systems and typically alluded to a myriad of 

applications where the structural precision offered by COFs would be useful. However, 

these early systems suffered from hydrolytic and oxidative instability which precluded 

their use in applications. This dissertation describes a recent trend in COFs away from 

boron-based systems to more inherently robust nitrogen containing frameworks 

(Chapter 1). We illustrate this by discussing the development of the first redox-active 

COF which brought COFs into a new application space, namely electrochemical energy 

storage (Chapter 2). Initially, the performance of the COF was limited by its isolation 

as in insoluble powder and low electrical conductivity. However, we have addressed 

these issue through rational design first by targeting thin films (Chapter 3) and 

subsequently by examining the performance of a COF / conducting polymer hybrid 

(Chapter 4). We then applied the same electrochemical reasoning of COFs to a less 

ordered amorphous porous polymer where we expanded the energy density by 

controlling the cation of the electrolyte (Chapter 5). This work will serve as a roadmap 

for the design of future framework materials for electrochemical energy storage. 
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CHAPTER 1 

Moving Beyond Boron: The Emergence of New Linkage Chemistries in Covalent 

Organic Frameworks 

Abstract 

 Since their discovery in 

2005, covalent organic 

frameworks (COFs) have 

attracted interest as potential 

materials for gas storage, 

catalysis, energy storage, and 

other applications because of 

their ability to periodically 

and reliably organize designed functionality into high surface area materials. Most of 

the first examples relied on boron-containing linkages, which suffer from hydrolytic 

and oxidative instability that limit their utility. In this perspective, we describe the 

trend towards more robust linkages by highlighting the design, synthesis, and 

properties of several recent examples. The continued development of new COF 

chemistries, along with further improved understanding of their formation and control 

of their final form, will provide a means to harness their molecularly precise solid-

state structures for useful purposes.  
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Introduction 

Covalent organic frameworks (COFs) link monomer units through strong 

covalent bonds into predictable, periodic two- or three-dimensional networks.1–4 These 

features enable the chemical structure and topology of a COF to be rationally designed 

through judicious choice of its monomers. COFs also offer uniform nanometer-scale 

pores, whose size,5,6 shape,7–9 and incorporated functionality10–15 derive from the 

monomers and postsynthetic modification procedures.16–20 These pores provide access 

to functional groups within the structure, as well as the rapid transport of gases, ions, 

or other molecular species. Although the COF field was dominated by boron-

containing linkages in its early years,3,21,22 interest in more robust linkages, especially 

imines and other nitrogen-containing functionalities, have emerged more recently. 

This perspective will highlight notable examples and discuss important challenges that 

should be addressed for COFs to achieve their full potential.  

 The first COFs reported by Yaghi4 and Lavigne23 utilized boroxine and 

boronate ester condensations linkages, and their crystallinity is generally attributed to 

the dynamic nature of these functional groups under their polymerization conditions. 

Boronate esters and boroxines exhibit poor hydrolytic and oxidative stabilities which 

limit their potential as catalysts or for many long-term uses, though they remain 

important systems for mechanistic study.24 This perspective highlights the recent trend 

in COF synthesis towards new linkages based on reactions of amines (Figure 1.1B) 

that generally impart increased stability over their boron-containing counterparts 

(Figure 1.2). These more robust COFs have shown redox activity,11,14,25,26 ionic 

conductivity,12,27 and catalytic activity,28 among other interesting properties. Yet the 
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successful crystallization of many of these networks also raises fundamental questions 

about COF design requirements. Several crystalline materials have been described for 

which dynamic bond formation is likely sluggish or not operative. In these cases, 

monomer rigidity29 or other templating non-covalent interactions11,30–33 appear to play 

a role. The availability of such reactions to produce COFs significantly broadens the 

scope of these materials. However, although more dynamic bond formation is likely 

necessary, or at least beneficial, to confront the important challenges of increasing the 

crystalline domain size to routinely obtain single crystals or other desired final forms.  
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Figure 1.1. (A) Schematic of representative 2D or 3D COF topologies. (B) Equilibria 

that provide boron-containing (left) and nitrogen-containing (right) COF. 
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Figure 1.2. Representative structures of nitrogen-containing COFs and notes on their 

reported stability in acidic and/or basic media 
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Triazines 

The first nitrogen-containing COFs were prepared through the trimerization of 

aromatic nitriles to 1,3,5-triazines (Figure 1.3).34 Triazine-linked polymer networks 

featuring a range of aromatic functionality have been obtained as high surface-area 

materials, and a subset, sometimes termed covalent triazine frameworks (CTFs), 

exhibited short-range crystallinity and pore sizes associated with 2D hexagonal 

topologies. Although amorphous polymers are formed under acid-catalyzed conditions 

at moderate temperatures, CTFs were obtained using high reaction temperatures 

(400 °C) in molten ZnCl2. Unfortunately, these conditions offer limited functional 

group compatibility and afforded crystalline polymers only from 1,4-dicyanobenzene 

(CTF-1)34 and 2,6-dicyanonaphthalene35 (Figure 1.3). A microwave-mediated, acid-

catalyzed method also furnished high surface area triazine networks with fewer 

discolored impurities and, in some cases, limited crystallinity.36 Despite these design 

constraints, triazine-linked COFs and porous polymers offer outstanding thermal 

stabilities and low densities, making them of interest for gas storage, catalysis, and 

energy storage applications. Their incorporated nitrogen atoms serve as Lewis basic 

sites to interact with CO2, and both CTF-1 and CTF-0 (derived from 1,3,5-

tricyanobenzene) catalyzed the carboxylation of epichlorohydrin to chloropropene 

carbonate.37 The high surface area and robust nature of the triazine framework was 

explored for Li/S batteries. Wang and coworkers infused CTF-1 with sulfur and 

formed polysulfides by annealing the material at 155 °C. The CTF-1 / polysulfide 

hybrid material showed capacities of 900 mA h g-1 (0.1 C charging rate). The hybrid 
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outperformed a physical mixture of CTF-1 and sulfur, which stabilizes around 400 

mA h g-1.38 

 

Figure 1.3. Triazine containing COFs and amorphous porous polymers. The listed 

BET surface areas (SBET, m2 g-1) are the highest reported for each polymer. 
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The predictable porosity and chemical composition of triazine COFs was 

leveraged by Zhi and coworkers to elucidate the contribution of nitrogen-doping to the 

capacitances of carbon electrodes. CTF-0 was carbonized at various temperatures to 

provide activated carbons with similar microporous structures and varied nitrogen-

containing functionality, which were assigned as pyridines, pyrroles, and quaternized 

nitrogen. The observed increase in capacitance with increased graphitization 

temperature (25 F g-1 to 125 F g-1) was correlated to increased quaternary nitrogen 

content, an effect that would be otherwise difficult to deconvolute in less well-defined 

systems.41 These examples demonstrate the promising properties of triazine-linked 

porous polymers, particularly when exceptional chemical stability is desirable. Further 

development of CTFs, especially syntheses with improved crystallinity and/or 

functional group tolerance, represents both a highly desirable but difficult challenge. 

Imines 

Imine and enamine-linked COFs, formed by condensing polyfunctional 

anilines with aldehydes or 1,2-diones, exhibit the broadest structural diversity of 

networks not derived from boronic acids. Imine-linked COFs were first realized by 

Uribe-Romo et al. as 3D diamonoid networks with 4- or 5-fold interpenetration.42 

Even unstabilized imine-linked COFs offer improved hydrolytic stability relative to 

their boron-linked counterparts. This stability may be improved further by 

incorporating supporting hydrogen bonds or tautomerization (see below). 

Nevertheless, the imine bond is sufficiently dynamic to provide crystallinity that rivals 

some of the best COF samples. Moreover, the broad range of available polyfunctional 
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amines and carbonyl-containing monomers provides nearly limitless structural 

possibilities. 

The non-bonding electrons of imine nitrogen atoms bind transition metals, 

making these COFs of interest as heterogeneous catalysts, potentially with well-

defined coordination environments. Wang and coworkers synthesized a 2D imine-

linked COF, which was subsequently exposed to a Pd(OAc)2 solution (Figure 1.4A).28 

The authors propose that Pd intercalates between the 2D polymers, whose N-N 

distance is ideal for forming a Pd complex capable of catalyzing the Suzuki-Miyaura 

cross-coupling. The Pd-loaded COF provided excellent yields (86-98%) for many aryl 

bromide and aryl iodide substrates. The catalyst was recycled at least four times, 

although leaching or deactivation were not characterized rigorously and the COF 

showed an apparent loss of crystallinity during these experiments. Jiang and 

coworkers eliminated the possibility of catalyst leaching by functionalizing the pores 

covalently with pyrrolidines (Figure 1.4B). These groups catalyze conjugate addition 

reactions, and the most effective COF sample showed enhanced activity relative to an 

amorphous polymer of similar composition. Notably, the most active catalyst 

contained only one pyrrolidine per hexagonal subunit, far less than the maximum 

loading. These observations suggest that catalysis does take place within the pores, 

whose accessibility is critical for optimal activity.20,43 

The Lewis basic nature of imine-linked COFs result in high affinity for binding 

CO2.
19,44 This feature, along with their ability to incorporate redox- and catalytically-

active groups led the Chang and Yaghi groups to design a 2D COF electrocatalyst 

capable of reducing CO2. The Co porphyrin COF reduces CO2 to CO with a 90% 
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faradaic efficiency, a turnover frequency of 9400 h-1, and a turnover number of 

290,000.45 This performance rivals or exceeds many molecular and heterogeneous 

CO2 reduction catalysts, even though only 4% of the Co porphyrin sites were 

accessible in the bulk material. Further performance improvements may emerge if the 

material can be interfaced to electrodes with improved control over its thickness and 

morphology.  
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Figure 1.4. Examples of imine COFs used as catalysts. (A) Pd/COF LZU1 catalyzes a 

Suzuki cross coupling reaction. (B) An imine COF with pendant pyrrolidine groups 

catalyzes an enantioselective conjugate addition reaction. 
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These early examples of using COFs as catalyst supports highlight the 

potential of this material class. Much opportunity remains for further development. 

Unlike most heterogeneous catalytic systems whose the identity, number, and location 

of active sites are often uncertain, COFs offer the ability to rationally and periodically 

incorporate active sites into in a stable polymer that can withstand solvents and many 

typical reaction conditions. We strongly advocate that future COF catalysts be 

characterized to the same level of rigor as other heterogeneous catalysts, including 

figures of merit for turnover frequency (TOF), turnover number (TON), and 

recyclability. Not only are COFs a powerful platform for heterogeneous catalysis 

because of their well-defined active sites, but their controlled porous structures also 

offer the possibility for size and shape selectivity. Successful COF-based catalysts will 

leverage these characteristics in the design new frameworks. 
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Figure 1.5. Conductive TTF containing Imine COF. 

The possibility of delocalized excitons and charge carriers arising from the 

layered 2D COF structure was recognized in the field’s early days of boron-containing 

materials.46,47 These phenomena have continued to be explored in imine-linked and 

other 2D COFs, which offer at least somewhat more promise for in-plane conductivity 

than highly localized boronate esters.48 Building on seminal work demonstrating 

highly conductive molecular crystals and cocrystals containing tetrathiafulvalene 

(TTF),49,50 2D eclipsed layered sheets in COFs organize TTF units into cofacially 

stacked structures that mediate hole transfer. Recently an imine-linked 2D COF that 

incorporates TTF subunits throughout the backbone was developed simultaneously by 

the Jiang,26 Zhang,14 and Liu25 groups (Figure 1.5). The covalent bonds that organize 
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TTF subunits into layered structures will enable porous polymer electrodes suitable for 

devices requiring high hole mobility. A COF derived from a TTF tetraaldehyde 

condensed with p-diaminobenzene (DAB) was isolated as a high surface area 

(~1000 m2 g-1) microcrystalline powder. Although an undoped powder sample of 

TTF-DAB COF was highly resistive, iodine doping increased its conductivity to 1.8 x 

10-6 S cm-1.14 The inherent charge mobility for the TTF-DAB COF and a second 

pyrene-based COF system were 0.2 and 0.08 cm2 V-1 s-1, respectively, as measured by 

microwave conductivity. These values exceed those of molecular TTF crystals, which 

are on the order of 10-2 cm2 V-1 s-1
 under similar testing conditions.26

 TTF-DAB COF 

was also isolated as an oriented thin film (150 – 300 nm) with conductivities ranging 

from 1.2 x 10-6 S cm-1 (undoped) to 2.8 x 10-3 S cm-1 after exposure to iodine. 

Nevertheless, microwave conductivity measurements are known to provide high 

mobility values for 2D COFs, which have not yet translated to impressive device 

performance.51 Forming large area thin films with improved material quality will be 

necessary to leverage the full potential of using COFs as a robust platform for organic 

electronic devices. 

Increased Stability Through Hydrogen-bonding, Tautomerization, or Aromatization 

In 2013, Banerjee and coworkers achieved a major advance in enhancing COF 

stability with β-ketoenamine-linked COFs30 prepared by condensing polyfunctional 

anilines with 2,4,6-triformylphloroglucinol (TFP). Once three anilines condense with 

TFP, it tautomerizes to a tris(β-ketoenamine), which confers outstanding stability to 

water and aqueous acid. This linkage has also been used to showcase COF stability to 

mechanical grinding forces.52–55 Their enhanced stability enables β-ketoenamine-



 

1 - 15 

 

linked COFs to be considered for previously unavailable applications, such as proton 

conductive materials (Figure 1.6A), as demonstrated by Banerjee and coworkers in an 

azo-containing COF. Upon protonation using H3PO4, the protonated azo linkages form 

H-bonds with H2PO4
- counterions, which in turn associate with residual H3PO4, 

allowing protons to move along the COF pores through a hopping mechanism. The 

azo-containing COF  transfers protons at 9.9 x 10-4 S cm-1 under hydrous but only 6.7 

x 10-15 S cm-1 under anhydrous conditions.12 Recently, Jiang and coworkers have 

further demonstrated the importance of mesopores in proton conductive materials by 

studying an imine-linked COF loaded with N-heterocyclic compounds (triazole and 

imidazole), which exhibited proton conductivity 2-4 orders of magnitude higher than 

nonporous or microporous systems.27 

Recently, we reported the first COF to exhibit well-defined, reversible redox 

processes (DAAQ-TFP COF, Figure 1.6B).11 COFs are promising electrodes for 

energy storage because their inherently high surface areas (1124 ± 422 m2 g-1 for 

DAAQ-TFP COF) provide large double layer capacitance, while predictably 

organizing redox-active groups for an additional faradaic response of the electrode. 

We found that the well-ordered open porous channels of the COF minimize diffusion 

limitations of electrolyte and therefore foster rapid electron transfer, as shown by the 

small ΔEp (4 mV), Figure 1.6B. In contrast, the redox process of the DAAQ monomer 

was more sluggish (ΔEp = 160 mV). However, these electrodes modified with 

randomly oriented crystallites of the COF provided electrochemical access to only 

12% of the anthraquinones, resulting in a modest capacitance of 0.4 mF cm-2. In 

contrast, oriented thin films of the COF provide quantitative access to anthraquinones 
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for thicknesses below 200 nm, resulting in a 400% increase in capacitance (3.0 mF 

cm-2).56 These findings, along with further improvements in the control of COF film 

formation and conductivity, will lead to a broad range of porous polymer electrodes 

with designed properties. The ability to form frameworks with increased layer 

conductivity has been explored by the Jiang and coworkers, who condensed a 

porphyrin tetraamine with squaric acid to produce a zwiterionic COF, which showed 

optical signatures of electron delocalization between the porphyrin and squarine 

units.31  
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Figure 1.6.  β-ketoenamine-linked COFs with ionic conductivity and redox activity. 

(A) A β-ketoenamine-linked COF protonated using H3PO4 exhibits proton 

conductivity. (B) A redox-active β-ketoenamine-linked COF (see structure, Figure 

1.2) shows more rapid redox response than its anthraquinone monomer. 

 

The Yan group synthesized the first, and to date only, report of a crystalline 3D 

β-ketoenamine framework capable of performing a base-catalyzed Knoevenaegel 

condensation within the COF pores (Figure 1.7).57 The work demonstrates the ability 

for size-selectivity by the COF pores. Postsynthetic modification to produce COF 
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catalysts capable of light-driven hydrogen production,58 reductions,59 and cross-

couplings60 have also been demonstrated using these more robust COFs. Lewis basic 

nitrogens can also bind metal ions within COFs, as demonstrated by Jiang and 

coworkers.61 This approach could be a convenient way to achieve different reactivity 

from the same starting framework. 

 

Figure 1.7. A 3D β-ketoenamine-linked COF shows size-selective catalysis of a 

Knoevenagel condensation. 

 

The condensation of 1,2-diamines and 1,2-diketones provides an aromatic 

phenazine product. This transformation provided a 2D layered COF with a conjugated 

and highly rigid structure, resulting in a high hole mobility and improved current 

density in a photovoltaic device.29 These phenazine-linked COFs are also notable 

because their formation involves an aromatization reaction that we assume is 
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irreversible. If this is correct, their crystallinity likely derives from the shape 

persistence and rigidity of their building blocks, even in the absence of dynamic bond 

formation during their polymerization. Subsequent studies of boronate ester-linked 

COFs have also identified both reversible and irreversible steps.24 The necessity and 

rate of error correction processes remains an important yet poorly understood aspect of 

COF formation that will strongly influence efforts to improve materials properties.  

Hydrazones 

 

Figure 1.8. Formation of 2D polymer sheets from exfoliation of COF-43. This figure 

is adapted from reference 63 and is reproduced with permission. 

 

Hydrazone-linked COFs, though limited in number, show good chemical 

stability and an intriguing propensity for facile exfoliation. Uribe-Romo et al. 

condensed a difunctional acyl hydrazide and trifunctional aldehyde to provide the first 

such 2D COF.62  Our group later found that soaking the same COF in certain solvents 

(dioxane, H2O, DMF) at room temperature induced an apparent loss in long-range 

order, as assessed by PXRD.63 Subsequent spectroscopy, dynamic light scattering 

(DLS), and microscopy studies attributed this behavior to exfoliation of the COF into 

few nm thick plates (Figure 1.8). The ease with which hydrazone-linked COFs are 

exfoliated provides a potential entry to studying COFs as few-layer or potentially even 
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single-layer 2D polymers,22,64 and dispersions of exfoliated COFs offer a means to 

solution process such polymers. 

Hydrazone-linked COFs have also been applied as catalyst platforms. Lotsch 

and coworkers demonstrated that a Pt-doped hydrazone COF produced 230-1970 

µmol h-1 g-1 of hydrogen in the presence of a sacrificial electron donor, along with no 

observed chemical degradation over 92 h. Notably, after the catalysis the authors 

reported an apparent loss of crystallinity consistent with exfoliation. The COFs 

characteristic x-ray diffraction pattern was recovered after resubjecting the COF 

mixture to its polymerization conditions.65 In addition to photocatalysis, hydrazone-

linked COFs have been exploited in catalysis of olefin oxidations.66,67 A hydrazone 

COF functionalized with a Mo complex provided a 99% conversion at 1 mol% 

catalyst loading in an alkene epoxidation.67 A model Mo complex in a homogeneous 

reaction did not effect this transformation as efficiently (29% conversion), which was 

attributed to formation of an inactive Mo oxo-bridged dimer that is avoided within the 

COF geometry. 

Azine and Imide 

Azine and imide linkages also provide crystalline and chemically robust 

frameworks. Azines join two aldehydes through the double condensation of hydrazine. 

The high surface areas (1210-1318 m2 g-1) and open pores achieved by these 

frameworks were leveraged for methane storage,68 as well as the capture and detection 

of explosives.69 Jiang and coworkers incorporated azine linkages into a pyrene-

containing framework (Figure 1.2). The azines serve as Lewis basic sites to bind 
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guests, as demonstrated by the detection of trinitrophenol through its ability to quench 

the COF’s fluorescence.  

Polyimides are formed by condensing primary amines and phthalic acids or 

anhydrides. Yan and coworkers achieved crystalline COFs by optimizing the solvent 

composition, using elevated temperature and employing isoquinoline as an imidization 

and/or transimidization catalyst.70  The resulting imide COFs had 5.3 nm-wide pores, 

the largest reported for COFs to date that were loaded with Rhodamine B, a common 

biological probe. Rhodamine B’s luminescence intensity is inversely proportional to 

temperature, making the COFs interesting for optical temperature sensing. More 

recently, the Yan group extended this work to a 3D polyimide COF that released 

ibuprofen over seven days instead of the typical biological half-life of 2 h.71 

Perspectives and Outlook 

Imine-linked and other nitrogen-containing COFs are now the most important 

and promising classes of these novel porous polymers, in part because of their 

enhanced stability relative to their boron-linked counterparts. This stability coupled 

with their immense structural versatility has resulted in the development of 

frameworks with promising properties for desirable applications. Notably, the Lewis-

basicity of nitrogen-containing frameworks has been utilized in contexts ranging from 

metal functionalization and catalysis to CO2 sequestering. However, major 

developments are still needed. Currently, the field has taken advantage of these stable 

frameworks by probing many testable properties of the polycrystalline powders. 

Moving forward, control over morphology, such as the ability to grow supported thin 

films, free-standing membranes, colloids, and solids with increased crystallite size will 
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all be needed before these properties and rational design strategies may be fully 

leveraged. 

A key, currently unmet, need that will provide morphology control is improved 

mechanistic understanding of the COF formation. Most new COFs are synthesized 

using empirically developed procedures that borrow heavily from previous literature 

methods. These polymerizations are predisposed to provide microcrystalline powders 

because they are typically screened by powder x-ray diffraction. Our recent 

mechanistic studies of both boron24 and imine72 COF formation reveal major 

differences: boron COFs seem to precipitate rapidly, whereas a 2D imine system 

precipitated from solution as an amorphous structure that subsequently crystallized. 

The appropriate rates of bond formation and exchange are still poorly understood, 

making the discovery and optimization of COFs empirical and predisposed to 

uncontrolled nucleation. Gaining additional insight needed to address these challenges, 

thereby unlocking the potential of these materials, represents an exciting undertaking 

at the interfaces of physical organic chemistry, polymer science, and crystal 

engineering. 
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CHAPTER 2 

β-Ketoenamine-Linked Covalent Organic Frameworks Capable of Pseudocapacitive 

Energy Storage  

Abstract 

Two-dimensional covalent 

organic frameworks (2D 

COFs) are candidate 

materials for charge storage devices because of their micro- or mesoporosity, high 

surface area, and ability to predictably organize redox-active groups. The limited 

chemical and oxidative stability of established COF linkages, such as boroxines and 

boronate esters, preclude these applications, and no 2D COF has demonstrated 

reversible redox behavior. Here we describe a β-ketoenamine-linked 2D COF that 

exhibits reversible electrochemical processes of its anthraquinone subunits, excellent 

chemical stability to a strongly acidic electrolyte, and one of the highest surface areas 

of the imine or enamine-linked 2D COFs. Electrodes modified with the redox-active 

COF show higher capacitance than those modified with a similar non-redox-active 

COF, even after 5,000 charge-discharge cycles. These findings demonstrate the 

promise of using 2D COFs for capacitive storage, particularly as methods to access 

large-area films emerge. 

This work was done in collaboration with Katharine E. Silberstein, Thanh-Tam 

Truong, and Prof. Héctor D. Abruña in the Department of Chemistry at Cornell University 

This chapter was first published in the Journal of the American Chemical Society: 

DeBlase, C. R.; Silberstein, K. E.; Truong, T.; Abruña, H. D.; Dichtel, W. R. J. Am. 

Chem. Soc. 2013, 135, 16821-16824 and is reproduced with permission.
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Introduction 

High surface area electrodes will provide sensing platforms,1,2 electrocatalyst 

supports,3,4 and improved energy storage and conversion devices,5–7 including 

batteries,8,9 supercapacitors,10–18 and fuel cells.19–21 In contrast to many previous 

strategies for accessing meso- and microporous electrodes,17,22,23 framework materials, 

such as metal-organic frameworks (MOFs) and covalent organic frameworks (COFs), 

offer uniform nanometer-scale pores and predictive design criteria to organize 

functional building blocks. COFs, which are crystalline polymer networks comprised 

of light elements,22,24,25 adopt two-dimensional (2D) layered structures with high 

spectroscopic charge-carrier mobilities.26,27 However, characterizing these properties 

electrochemically or utilizing COFs in electrochemical devices has been hampered by 

the poor hydrolytic and oxidative stability of boronate ester-linked frameworks that 

dominated the early COF literature.24,25 Here we incorporate redox-active 

2,6-diaminoanthraquinone (DAAQ) moieties into a 2D COF linked by β-

ketoenamines, which were shown by Banerjee and coworkers to confer outstanding 

hydrolytic stability.28,29 This material is the first COF to exhibit well-defined, rapid 

redox processes, which we attribute to its 2D layered architecture, as well as increased 

capacitance relative to both its electroactive monomer and a COF lacking redox-active 

groups. We also developed improved conditions for β-ketoenamine COF synthesis, 

such that the surface area of the DAAQ-TFP COF is among the highest of all COFs 

linked by either imines or enamines. These findings demonstrate the promise of these 

robust COFs as electrode materials, particularly as methods emerge to incorporate 
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them into devices as large-area crystalline thin films30 instead of as the polycrystalline 

powders accessed thus far. 

 

Figure 2.1. Synthesis of DAB- and DAAQ-TFP COF.  

The layered sheets of 2D COFs typically adopt nearly eclipsed stacked 

structures, providing continuous nanometer-scale channels normal to the stacking 

direction, as well as significant π-orbital overlap between monomers in adjacent 

layers. These features provide an accessible high surface area interface for double-

layer formation and pathways for charge transfer to / from redox-active groups that 

comprise the walls. Here, DAAQ moieties, which are reduced to 

9,10-dihydroxyanthracenes upon two-electron, two-proton reduction in a protic 

electrolyte, serve this function. The remarkable stability of β-ketoenamine-linked 

COFs, even to 1 M H2SO4, makes them ideally suited for these studies. These COFs 
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are formed by condensing polyfunctional anilines with 2,4,6-triformylphloroglucinol 

(TFP, 3), and their exceptional hydrolytic stability was attributed to the irreversible 

tautomerization of their initially formed imines.28 However, irreversible condensation 

reactions provide amorphous polymer networks, not crystalline COFs. To reconcile 

this apparent contradiction, we found that free anilines exchange into preformed tris(β-

ketoenamine) model compounds (see Appendix), a process that provides the dynamic 

bond formation processes thought to be necessary for COF crystallization. 

Results and Discussion 

Both the DAAQ-TFP COF and DAB-TFP COF were obtained as insoluble 

powders by condensing either DAAQ (1) or DAB (2) with TFP (3) under 

solvothermal conditions (Figure 2.1). The FTIR spectra (Figure S2.4) of the powders 

show the disappearance of the N-H stretch, as well as the emergence of a new C-N 

stretch at 1250 cm-1. This resonance is characteristic of β-ketoenamine C–N moieties 

and appears in the spectrum of the model compound S1 (Figure S2.4), whose structure 

was confirmed by NMR spectroscopy.31 The C=O stretch of 3 (1658 cm-1) also shifts 

to a lower energy characteristic of the β-ketoenamine C=O stretch (1615 cm-1). 

Furthermore, the spectra of both model S1 and the isolated powders lack OH stretches 

that would be expected for species comprised of imine tautomers. 13C cross-

polarization magic angle spinning (CP-MAS) solid-state NMR spectroscopy also 

indicated the formation of β-ketoenamine-linked materials, as the spectra of both 

DAAQ-TFP COF and DAB-TFP COF exhibit resonances at 145 ppm that are 

assigned to the enamine carbon (=CNH) and α-enamine carbon at 115 ppm (Figure 

S2.8).28 Furthermore, the TFP aldehyde resonance at 193 ppm (Figure S2.10) was 
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replaced by a peak at ca. 180 ppm, corresponding to a ketone resonance. High-

resolution x-ray photoelectron spectroscopy also differentiates between N atoms in the 

different bonding environments. The two β-ketoenamine-linked COFs, as well as 

model compound S1, exhibit N1s binding energies of 399.2 eV, whereas imine and 

aniline binding energies are typically 398.6 eV and 398.0 eV, respectively (Figure 

S2.11).32 These collective observations indicate that the DAAQ and DAB monomers 

form similar β-ketoenamine-linked networks. 

 

Figure 2.2. (A) Experimental (green) and predicted (blue) PXRD patterns of DAB-

TFP COF. (B) Experimental (red dots), Pawley refined (superimposed black line), 

and predicted (blue) PXRD patterns of DAAQ-TFP COF and a difference plot 

(experimental, refined; black). Right: The extended structure of DAAQ-TFP COF. 

 

The two β-ketoenamine-linked COFs exhibit powder x-ray diffraction (PXRD) 

patterns that are typical of 2D layered hexagonal networks. Pawley refinement of the 

DAAQ-TFP COF using a P6/m unit cell matches the experimental diffraction pattern 

well with acceptably low residuals (Rp = 5.86%). The DAAQ-TFP COF exhibits an 
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intense diffraction peak at 3.5° as well as peaks at 5.9°, 7.0°, and a broad peak at 27°, 

corresponding to the 100, 110, 210, and 001 reflections, respectively, of a nearly 

eclipsed layered structure with a pore diameter of 2.3 nm (Figure 2.2). The PXRD 

pattern of the DAB-TFP COF is consistent with its previous report,28 featuring peaks 

at 4.7° (100), 7.8° (110), 8.5° (210), and 26.5° (001). DAAQ-TFP COF forms 

spherical particles of approximately 2 µm in diameter, as characterized using scanning 

electron microscopy (SEM) (Figure S2.3). 

Optimization of the solvothermal growth conditions for the DAAQ-TFP COF 

provided high specific surface area materials that approached their theoretical values 

for the first time. We had initially synthesized DAB-TFP COF in dioxane, and the 

resulting powders exhibited Type IV N2 adsorption isotherms corresponding to a BET 

surface area (SBET) of 365 m2 g-1. This value is comparable to the high end of the range 

achieved by Banerjee and coworkers using either grinding (35 m2 g-1) or solvothermal 

(535 m2 g-1) syntheses.28,29 However, the Connelly surface area of DAB-TFP COF is 

2,420 m2 g-1, much higher than has been demonstrated experimentally. DAAQ-TFP 

COF powders synthesized in dioxane exhibited comparable BET surface areas 

(435 m2 g-1) as well as extra peaks in their PXRD patterns that we attributed to residual 

DAAQ monomer 1 contamination (Figure S2.12). We noted that 1 is poorly soluble in 

dioxane and instead crystallized the COF from N,N-dimethylacetamide (DMA), in 

which 1 showed the highest solubility during a solvent screen. The PXRD pattern of 

DAAQ-TFP COF prepared in DMA is free of monomer impurities, and the resulting 

samples provided SBET of 1,124 m2 g-1 ± 422 (average of 5 samples) the highest of 

which was 1,800 m2 g-1. These values approach 2340 m2 g-1, the Connelly surface area 
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Figure 2.3. (A) N2 adsorption (closed circles) and desorption (open circles) isotherms 

of DAAQ-TFP COF synthesized in DMA (red, SBET = 1280 m2 g−1 ) and dioxane 

(orange, SBET = 435 m2 g−1 ) and DAB-TFP COF synthesized in dioxane (green, SBET 

= 365 m2 g−1). (B) Pore size distribution of DAAQ-TFP COF synthesized in DMA. 

 

of the framework, and are significantly higher than most other imine or β-

ketoenamine-linked 2D COFs.27,33 The pore size distribution of DAAQ-TFP COF 

(Figure 2.3B) calculated using non-local density functional theory (NLDFT) was 

centered at 20 Å, which is reasonably close to the predicted pore size (23 Å).  
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The anthraquinone moieties within the DAAQ-TFP COF undergo reversible 

redox processes, such that this material is the first COF to exhibit a well-defined 

electrochemical response. Cyclic voltammetry (CV) of DAAQ-TFP COF (Figure 2.4) 

was performed by drying an N-methylpyrollidinone (NMP) slurry of the COF (35 

wt. %), carbon black (60 wt. %), and polyvinylidene fluoride (PVDF) binder (5 wt. %) 

onto a glassy carbon (GC) electrode, which was subjected to an applied potential in a 

fritted three compartment cell containing 1 M H2SO4 supporting electrolyte (see 

Appendix for fabrication procedure). DAAQ-TFP COF-functionalized electrodes 

exhibited a reversible Faradaic process with an E° of -0.058 V vs. Ag/AgCl. The peak 

separation (ΔEp) between the oxidative and reductive waves was quite small (4 mV), 

indicative of rapid electron transfer between the GC electrode and the COF 

anthraquinones. In addition, the voltammetric profile was typical of a surface-confined 

redox couple. Moreover, the peak current was directly proportional to the scan rate 

over the range of 1 to 1,000 mV sec-1, consistent with the above statement (Figure 

S2.26). The rapid charge transfer is inherent to the COF architecture as the 

corresponding redox process of electrodes functionalized with monomer 1 exhibited a 

very large ΔEp ≈ 160 mV, indicative of slow heterogeneous charge transfer. There is 

also a shift in the formal potential (E° = -0.11 V). We attribute these differences in 

behavior to more facile protonation of the quinone moieties during their reduction in 

the porous COF architecture. The voltammetric profile of the COF functionalized 

electrodes was symmetric with well-matched current densities (peak currents of ± 3 

A g-1 at a 50 mV s-1 scan rate). In contrast, electrodes containing 1 exhibited 

significantly broadened waves with the reduction wave shifted to more negative 
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potentials and exhibiting a lower current density than the oxidative counterpart, 

suggesting both kinetic limitations and coupled chemical reactions.  

 

Figure 2.4. Cyclic voltammograms (50 mV s−1, 1 M H2SO4 supporting electrolyte) of 

DAAQ-TFP COF (red), DAB-TFP COF (green), DAAQ monomer 1 (black), DAB 

monomer 2 (purple), and carbon black-only (blue). 

 

The high surface area and reversible redox processes of the DAAQ-TFP COF 

are of interest for pseudocapacitive energy storage devices, in which charge is stored 

both in the electrochemical double layer and through surface-bound Faradaic (pseudo-

capacitive) processes. The double-layer capacitance of a material is directly 

proportional to its electroactive surface area, which depends on the surface area of the 

material and its conductivity. Faradaic charge transfer to / from redox-active COFs 

provides an additional charge storage mechanism (pseudocapacitance), the magnitude 

of which depends on the nature of the redox couple and the conductivity of the COFs. 

We evaluated these processes in the DAAQ-TFP COF, which offers both high 

surface area and surface-confined reversible redox processes, as compared to 
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monomer 1 or monomer 2 and the DAB-TFP COF, which lack high surface area and 

redox-active groups, respectively. An electrode functionalized only with carbon black 

and PVDF binder also showed only double layer capacitive behavior under these 

conditions (Figure 2.4, blue), indicating that the Faradaic processes observed for 

DAAQ-TFP COF correspond to anthraquinone reduction and oxidation.  

The DAAQ-TFP COF exhibits enhanced capacitance relative to monomers 1 

and 2, DAB-TFP COF, and carbon black, as determined by galvanostatic charge-

discharge (GCDC) experiments (Figure 2.5). In a GCDC experiment, a constant 

current is applied to a sample and the potential is measured as a function of time. The 

charge polarity is reversed when the potential reaches a predetermined limit, such that 

one measurement cycle characterizes both the charging and discharging processes of 

the modified electrode under test. GCDC experiments of the DAAQ-TFP COF, 

DAB-TFP COF, 1 and 2-functionalized electrodes at current densities of 0.1 A g-1 

exhibit voltage-time profiles that reflect differences in their chemical composition and 

structure (GCDC experiments at increased charge density are provided in the 

Appendix). The monomer 2 and DAB-TFP COF-functionalized electrodes exhibit 

classic “shark-fin” GCDC profiles indicative of double-layer capacitance (Figure 

2.5A, green). In contrast, GCDC profiles of the DAAQ-TFP COF and DAAQ 

monomer 1 display voltage plateaus at -0.05 V vs. Ag/AgCl indicative of charge 

transfer to/from the anthraquinones. Capacitances derived from these measurements 

reflect the outstanding stability of the β-ketoenamine linkage of the TFP-based COFs, 

even in 1 M H2SO4 electrolyte. DAAQ-TFP COF modified electrodes initially 

provided a capacitance of 48 ± 10 F g-1, which stabilized at 40 ± 9 F g-1 after 10 
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charge/discharge cycles, after which no further significant decrease was observed after 

5,000 cycles. The monomer 1 provides a lower initial capacitance (35 ± 7 F g-1) and a 

more pronounced decrease upon cycling, stabilizing at 21 ± 3 F g-1, approximately 

60% of its initial capacitance. The DAB-TFP COF and DAB monomer 2-modified 

electrodes also showed excellent stability, but similar overall capacitance (15 ± 6 F g-1 

and 13 ± 1 F g-1, respectively) relative to an electrode comprised of carbon-black alone 

(12 ± 1 F g-1). We estimated the accessible electroactive area of the DAAQ-TFP COF 

system by comparing the charge transferred to / from the anthraquinones in the CV 

experiment to its theoretical maximum based on the amount of COF adsorbed to the 

electrode. These calculations suggest that only 2.5% of the DAAQ moieties are 

accessed, which we attribute to the randomly oriented, polycrystalline DAAQ-TFP 

COF particles used in these electrodes. Therefore, we anticipate that significantly 

higher energy density (up to 31 W h kg-1, see Appendix) and capacitance (311 F g-1, 

see Appendix) might be achieved for COFs that are more conductive and are 

interfaced to the bulk electrode more effectively. 
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Figure 2.5. Representative galvanostatic charge−discharge response for DAAQ-TFP 

COF (red), monomer 1 (black), DAB-TFP COF (green), monomer 2 (purple), and a 

carbon black-only electrode (blue) at a current density of 0.1 A g−1 . (B) Average 

discharge capacitance (of 3 electrodes, error bars = ± 1 std. dev.) for DAAQ-TFP 

COF (red), monomer 1 (black), and DAB-TFP COF (green) at 0.1 A g−1 as a function 

of cycle number. (C) Plot of the average capacitances (of 3 electrodes, error bars = ± 1 

std. dev.) of each electrode type at different applied current density. 
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Conclusions 

In conclusion, we have described a β-ketoenamine-linked 2D COF capable of 

reversible Faradaic processes. Exchange experiments performed on β-ketoenamine 

model compounds confirmed that they undergo dynamic exchange with free anilines 

to enable framework crystallization, despite their excellent hydrolytic stability. 

Refinement of the solvothermal growth conditions provided crystalline DAAQ-TFP 

COF samples with high surface area. We attribute the rapid redox processes of the 

DAAQ-TFP COF’s anthraquinone groups to the 2D COF architecture, in which 

simultaneous electron and proton transfers can occur in the pores. As such, similar 

measurements of the monomer 1 exhibited sluggish charge transfer kinetics as well as 

a shift in the formal potential for anthraquinone reduction. Electrodes functionalized 

with the DAAQ-TFP COF exhibit increased capacitance over those functionalized 

with either the DAAQ monomer 1 or the non-redox-active monomer 2 and DAB-TFP 

COF. The exceptional stability of each β-ketoenamine-linked COF in H2SO4 

electrolyte provided stable capacitances over at least 5,000 charge-discharge cycles. 

These findings demonstrate the promise of β-ketoenamine-linked COFs for 

electrochemical energy storage devices, which will greatly benefit from synthesizing 

these materials as thin films on conductive substrates such that most of their redox-

active groups might be accessed. 
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A. Materials and Instrumentation. All reagents were purchased from commercial 

sources and used without further purification. Dioxane and N,N-dimethylacetamide 

were purchased from commercial sources and used without further purification. Other 

solvents were purchased from commercial sources and purified using a custom-built 

alumina-column based solvent purification system.  

Infrared spectra were recorded on a Thermo Nicolet iS10 with a diamond ATR 

attachment and are uncorrected.  

X-ray diffraction patterns were recorded on a Scintag Powder X-Ray 

Diffractometer in 2θ medium resolution Brag Brentano geometry employing Cu Kα 

line focused radiation at 40 kV, 44 mA power and equipped with a Ge crystal detector 

fitted with a 1.0 mm radiation entrance slit. Samples were mounted on zero 

background sample holders by dropping powders from a wide-blade spatula and then 

leveling the sample surface with the back of the spatula. No sample grinding was used 

prior to analysis unless otherwise noted. Samples were observed using a continuous 2θ 

scan from 1.5 – 30º (Omega = 1.0º).  

Thermogravimetric analysis from 20-600 °C was carried out on a TA 

Instruments Q500 Thermogravimetric Analyzer in nitrogen atmosphere using a 

10 °C/min ramp without equilibration delay. Scanning electron microscopy (SEM) 

was performed on a LEO 1550 FESEM (Keck SEM). Materials were deposited onto a 

sticky carbon surface on a flat aluminum platform sample holder. Samples were not 

sputtered with metal. The samples were imaged at 2 keV using the electron gun.  

Surface area measurements were conducted on a Micromeritics ASAP 2020 

Accelerated Surface Area and Porosimetry Analyzer using between 15 and 50 mg. 
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Samples were degassed at 180 °C for 12 hours. Nitrogen isotherms were generated by 

incremental exposure to ultra high purity nitrogen up to ca. 1 atm over 28-hour periods 

in a liquid nitrogen (77 K) bath. Surface parameters were determined using BET 

adsorption models and pore sizes and distributions were determined using DFT 

models included in the instrument software (Micromeritics ASAP 2020 V1.05).   

NMR spectra were recorded on a Bruker ARX 300 MHz, Varian INOVA-400, 

or Varian INOVA-500  spectrometer using a standard 1H/X Z-PFG probe at ambient 

temperature with a 20 Hz sample spin rate. Solid-state NMR spectra were recorded at 

ambient temperature on a Varian INOVA-400 spectrometer using an external Kalmus 

1H linear pulse amplifier blanked using a spare line. Samples were packed into 7 mm 

outside diameter silicon nitride rotors and inserted into a Varian HX magic angle 

spinning (MAS) probe. The 13C data was acquired using linearly ramped cross-

polarization with MAS (CP/MAS) at 100.5 MHz. The 1H and 13C had ninety-degree 

pulse widths of 5 μs, and the CP contact time was 1 ms. Two-pulse phase modulation 

(TPPM) 1H decoupling was applied during data acquisition with a decoupling 

frequency of 78 kHz. The recycle delays between scans were 2 s. The MAS spin rate 

varied between 5–7 kHz, as labeled in the spectra. Decoupling was applied during data 

acquisition with a decoupling frequency of 78 kHz.  

Electrochemistry experiments were conducted on a Princeton Applied 

Research VersaSTAT 3 potentiostat using a standard three electrode cell configuration 

using a fritted three compartment cell with a modified glassy carbon as the working 

electrode, a 27 gauge Pt wire coiled as the counter electrode, and an aqueous Ag/AgCl 

reference electrode. 
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B. Synthetic Procedures 

 

 

 

 

 

 

 

Synthesis of 2, 4, 6-triformylphloroglucinol, TFP: TFP 3 was synthesized 

following previously reported procedure and characterization matched that in the 

literature.31  

 

Synthesis of S1: To a 25 mL round bottom flask equipped for magnetic stirring and 

fitted with a condenser 3 (150 mg, 0.714 mmol) and p-toluidine(237 mg, 2.21 mmol) 

were dissolved in CHCl3 (7 mL). The mixture was heated to reflux for 2 d, after which 

it was cooled to rt, solvent was removed in vacuo to provide a yellow solid, S1, as a 

mixture of isomers (317 mg, 93% yield). Characterization matched that reported in the 

literature.34 
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Synthesis of S2: To a 25 mL round bottom flask equipped for magnetic stirring and 

fitted with a condenser 3 (200 mg, 0.952 mmol) and p-bromoaniline (540 mg, 3.14 

mmol) were dissolved in EtOH (9.5 mL). The mixture was heated to reflux for 2 d, 

after which it was cooled to rt, filtered, and rinsed with EtOH (c.a. 20 mL) providing a 

yellow solid, S2, as a mixture of two isomers (512 mg, 80% yield). 1H NMR (500 

MHz, CDCl3): δ 7.15-7.22 (m, 12H), 7.51-7.57 (m, 12H), 8.67 (d, J = 12.8 Hz, 2H), 

8.69 (d, J = 12.8 Hz, 1H), 8.76 (d, J = 12.8 Hz, 3H), 12.96 (d, J = 12.8 Hz, 3H), 13.35 

(d, J = 12.8 Hz, 2H), 13.39 (d, J = 12.8 Hz, 1H). 13C NMR (75 MHz, CDCl3): δ 

113.15, 119.2, 133.09, 133.12, 138.20, 147.9, 148.4, 149.1, 149.5, 149.9. IR (solid, 

ATR) 3051, 1601, 1569, 1483, 1447, 1408, 1354, 1327, 1281, 1254, 1073, 1006, 809 

cm-1. MALDI-TOF-MS m/z Calcd m/z 672.1 [M+H]+ Found m/z 672.3. 
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Synthesis of DAAQ-TFP COF:   

General Conditions: A glass ampoule was charged with 2,6-diaminoanthraquinone 

(DAAQ, 1, 34 mg, 0.142 mmol) and 1,3,5-triformylphloroglucinol (TFP, 3, 20  mg, 

0.096 mmol). The reaction solvent (1 mL) was added, and the resulting suspension 

was sonicated briefly (10-20 s). A 50 µL portion of 6 M acetic acid was added. The 

ampoule was frozen, placed under partial vacuum (100 mTorr) and flame sealed. The 

ampoule was warmed to rt before heating to elevated temperature in a convection oven 

for 2 d. The resulting COFs were isolated by vacuum filtration and subjected to the 

activation procedure described below.  

 

Dioxane: COFs were grown at 120 ºC for 2 days (60-70% yield). 

 

N,N-dimethylacetamide: COFs were grown at 90 ºC for 2 days (70-85% yield). 

Activation: The isolated powders were placed in a 50 mL fritted funnel and soaked in 

DMA or DMF until the filtrate was clear. At this point, the powder was washed with 

water (1x) and then solvent exchanged for acetone (2x25 mL). The recovered solids 

were either heated to 90 ºC under dynamic vacuum for 12 h or washed using a 

supercritical CO2 dryer, with no observed difference in crystallinity or surface area 

between the two methods. Anal. Calcd. for (C60H30N6O12): C, 70.12; H, 2.99; N, 8.13. 

Found C, 62.99; H, 4.12; N 8.11.  
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C. β-Ketoenamine Exchange Experiments 

As discussed in the manuscript, we hypothesized that the high hydrolytic 

stability of the β-ketoenamine linkage requires an alternative process for dynamic 

bond formation during framework crystallization. We investigated this process by 

performing crossover experiments on the β-ketoenamine model compounds S1 and S2, 

which are derived from the condensation of TFP with p-tolylaniline and p-

bromoaniline, respectively. 1H NMR spectroscopy and matrix assisted laser desorption 

ionization time-of-flight mass spectrometry (MALDI-TOF MS) indicate that S1 and 

S2 undergo exchange with free aniline derivatives. This process is the likely error-

correction mechanism during the crystallization of these COFs. 

Aniline – β-ketoenamine exchange was characterized using two 

complementary 1H NMR spectroscopy experiments, in which 1 equiv. of p-tolyl 

derivative S1 or p-bromo derivative S2 were equilibrated with 3.3 equiv. of the 

derivative-bromoaniline or p-toluidine, respectively in CDCl3 at 90 °C for 2 h. The 

aromatic region C-H region of the spectra (8.6-8.9 ppm, Figure S2.1) for each of these 

experiments indicates the formation of a complex mixture of p-tolyl and p-bromo 

substituted products, each capable of many cis/trans isomers that interconvert slowly 

on the NMR time scale (see Figure S2.5). MALDI-TOF mass spectrometry of each of 

the reaction mixtures (Figure S2.2) also indicated that exchange had occurred, and 

qualitatively suggested that the two reactions achieved similar final product 

distributions. 
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Figure S2.1. Partial 1H NMR spectra (500 MHz, CDCl3, 298 K) of exchange 

experiments using S1 and S2 model compounds with 4-bromoaniline and p-toluidine, 

respectively. 
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Figure S2.2. MALDI-TOF Mass spectra of the two exchange experiments indicate 

that each of the two free anilines is capable of exchange into a preformed β-

ketoenamine. 
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D. Scanning Electron Microscopy (SEM) 

 

 

 

 

 

 

 

Figure S2.3. SEM of DAAQ-TFP COF showing spherulite structures. 

1 µm 
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E. FT-IR Spectra 

 

Figure S2.4. FTIR spectra of DAB-TFP COF (green), DAAQ-TFP COF (red), TFP 

monomer 3 (blue), DAAQ monomer 1 (black), and model compound S1 (orange). 
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F. NMR Spectroscopy 

 

 
 

Figure S2.5. The partial 1H NMR spectrum (CDCl3, 400 MHz, rt) of model 

compound S1 is consistent with the formation of the β-ketoenamine tautomer 
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Figure S2.6. 1H-NMR spectrum (CDCl3, 500 MHz, 50 ºC) of model compound S2. 

 

 
Figure S2.7. 13C NMR spectrum (CDCl3, 125 MHz, 50 ºC) of model compound S2. 
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Figure S2.8. Solid-state CP/MAS (100.5 MHz, rt) 13C-NMR of DAAQ-TFP COF 

(red) and DAB-TFP COF (green) 
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Figure S2.9. 1H NMR spectrum (CDCl3, 400 MHz) of TFP monomer 3. 

 
Figure S2.10. 13C NMR spectrum (CDCl3, 75 MHz, rt) of TFP monomer 3. 
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G. XPS spectra 

 
Figure S2.11. XPS spectra of DAB-TFP COF (green), DAAQ-TFP COF (red), 

model compound S1 (orange), and DAAQ monomer 1 (black). 
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H. Powder X-Ray Diffraction Data 

 
Figure S2.12. PXRD pattern of DAAQ-TFP COF under dioxane growth conditions 

(red) stacked with monomer 1 (black) and the model of P6/m (eclipsed) DAAQ-TFP 

COF (blue). Note the higher angle diffraction and the extra diffraction peaks that do 

not correspond to the DAAQ-TFP COF or the monomer. The identity of these peaks 

is not known but may arise from the co-crystallization of monomer 1 with the COF 

structure. 

 

 
Figure S2.13. PXRD pattern of DAAQ-TFP COF synthesized in DMA obtained after 

grinding the isolated powder for 20 min. 
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I. Simulation X-ray Diffraction Patterns for COF structures 

The Accelrys35 Materials Studio (version 5.5) program suite was used to simulate the 

powder diffraction of the COFs. The initial structures were built from a hexagonal unit 

cell with a P6/m space group. The a cell parameter was approximated from the center 

to center distance between the vertices of the COFs (TFP center to TFP center) as 

show in Figure S2.4. The interlayer stacking (c cell parameter) was chosen to be 

3.4 Å. The structures were optimized using the Geometry Optimization routine 

including energy minimization with cell parameters optimization, using the parameters 

from the Universal Force Field.36 Modeling of the staggered structures were 

performed as described above; however, starting from a P63 unit cell with a c 

parameter of 6.8 Å. The PXRD was calculated with the Reflex Plus module. The 

predicted pattern positions and intensities matched closely to the experimental data, 

with the eclipsed matching more closely. The experimental data was subjected to a 

Pawley refinement where the peak positions and line shape parameters were refined 

using the Pseudo-Voigt peak shape function.37,38  

 
Figure S2.14.  Structure used for initial modeling to determine the cell parameters. 
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Figure S2.15. Simulated PXRD data for DAAQ-TFP COF in eclipsed P6/m space 

group (blue) overlaid with the model for PXRD pattern of DAAQ-TFP COF in 

staggered (purple) P63 form and experimental data (red). 

 

Table S2.1. Comparison of unit cell parameters of the simulated crystals and refined 

parameters for DAAQ-TFP COF, Rp = 5.86%, Rwp = 8.80%, Final CMACS = 0.04% 

 

 a (Å) c (Å) 

MS Modeling 31.3483 3.50780 

Pawley Refinement 29.8330 3.62140 

 



2 - 36 

Table S2.2. Fractional atomic coordinates for unit cell of DAAQ-TFP COF 

calculated using the Materials Studio modeling program after performing the Pawley 

Refinement 

 

a  = b = 29.8330  c = 3.6214 

 

Atom x y z 

C1 0.68317 0.38629 0.00000 

C2 0.62934 0.35020 0.00000 

C3 0.5309 0.36240 0.00000 

C5 0.56079 0.42318 0.00000 

C6 0.51053 0.38683 0.00000 

C7 0.44994 0.46320 0.00000 

C8 0.48670 0.44984 0.00000 

C9 0.53695 0.48675 0.00000 

C10 0.47409 0.40005 0.00000 

C11 0.57332 0.47290 0.00000 

H14 0.44436 0.66768 0.00000 

H15 0.50177 0.65196 0.00000 

H16 0.56439 0.62874 0.00000 

H17 0.38810 0.49879 0.00000 

H18 0.63518 0.44226 0.00000 

N4 0.60004 0.41163 0.00000 

O12 0.59342 0.56872 0.00000 

O13 0.69760 0.43014 0.00000 
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J. Thermogravimetric Analysis: TGA trace of the COF was obtained up to 600 ºC 

using a linear 10 ºC/min ramp method. 

 

 
Figure S2.16. Thermogravimetric trace of DAAQ-TFP COF. 

 

 
Figure S2.17. Thermogravimetric trace of DAB-TFP COF. 
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K. Surface Area Measurements and Simulations 

 
Figure 2.18. BET surface area plot for DAAQ-TFP COF calculated from adsorption 

data. 

 
Figure S2.19. Adsorption isotherm for ground (20 min) DAAQ-TFP COF. 
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Figure S2.20. BET surface area plot for ground (20 min) DAAQ-TFP COF. 

 

 
Figure S2.21. BET surface area plot for DAB-TFP COF. 
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Figure S2.22. Adsorption isotherm for ground DAB-TFP COF. 

 

 
 

Figure S2.23. BET surface area plot for ground DAB-TFP COF 
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Determination of Connolly surface area and simulated adsorption isotherms:  

The accessible surface area was calculated for DAAQ-TFP COF and DAB-TFP 

COF using Materials Studio. The accessible surface area was determined using a 

probe with a radius of 1.6 Å. Both the fully eclipsed and fully staggered were 

examined after reducing the symmetry to P1 space group.  

 

Table S2.3. Accessible surface areas obtained from the Connolly surfaces of the 

crystal models 

COF Structure Connolly Surface Area 
(m2 g-1) 

DAAQ-TFP Eclipsed 2340 
DAB-TFP Eclipsed 2420 

 

 

Determination of Theoretical Gravimetric Density 

 From the refined unit cell a = b = 29.8330 Å and c = 3.62143 Å 

 Volume of the crystal from  V = 2791.29 Å3 

 Converting to cm3: 

 

 

 

Unit cell mass is 1026.93 g mol-1 

 Density:  
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L. Electrochemical Methods and Data 
 

Analyses were performed in a standard three electrode set up: a modified working, a 

Ag/AgCl reference, and a coiled Pt wire counter held in separate compartments by 

medium porosity glass frits. Before analyses, the electrolyte (1 M H2SO4 in deionized 

water) was purged with UHP (ultrahigh purity) argon for 15 minutes. All solutions 

were prepared with deionized water purified with a Millipore Milli-Q system 

(18 MΩ●cm). The glassy carbon electrodes were modified with COF or monomer 

slurries that were prepared by grinding active material (35 wt. %), PVDF (5 wt. %), 

and carbon black (60 wt. %) with 0.3 mL of freshly distilled N-methyl pyrrolidone 

(NMP) for 20 minutes in an agate mortar and pestle.  The paste was subsequently 

transferred to a vial with an additional 0.7 mL NMP and sonicated for 10 minutes.  A 

portion of this (3 µL) was pipetted onto the tip of the electrode which was dried under 

high vacuum overnight before use. The amount of active material used was optimized 

at 35 wt. % (lower and higher amounts exhibited lower current densities, or higher 

resistance). Both the DAAQ and DAB monomers were insoluble in 1 M H2SO4 

(precluding their study in solution) and were studied as slurry modified glassy carbon 

electrodes prepared identically to the COF modified electrode procedure.  

 Capacitances were calculated from galvanostatic charge-discharge experiments 

using the discharge potential-time curve by multiplying the applied current by the 

discharge time to give A●s then dividing by the potential range and mass of COF on 

the electrode to give F g-1 or A●s (V●g)-1. The carbon black-only modified electrodes 

were made to contain the same amount of carbon black as present in COF modified 
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electrodes. Subsequent current applied was the same as those used in COF 

experiments. 

 

Figure S2.24. Scan rate dependence experiment for DAAQ-TFP COF from 1 mV s-1 

to 10 mV s-1 in 1 mV s-1 increments  

 

 

 
Figure S2.25. Scan rate dependence experiment for monomer 1 (DAAQ) from  

1 mV s-1 to 10 mV s-1 in 1 mV s-1 increments.  

a c 

d 

e f 

b 

* * 
* 
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Figure S2.26. Scan rate dependence experiment for DAAQ-TFP COF with 

increasing scan rates as follows: 20, 40, 60, 80, 100, 200, 300, 400, 500, 600, 700, 

800, 900, 1000, 1500, 2000, 3000 mV s-1 . 

 

 

 
Figure S2.27. Scan rate dependence experiment for monomer 1 (DAAQ) with 

increasing scan rates as follows: 20, 40, 60, 80, 100, 200, 300, 400, 500, 600, 700, 

800, 900, 1000, 1500, 2000, 3000 mV s-1. 
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Figure S2.28. Peak oxidation current for DAAQ-TFP COF (red) and monomer 1 

(black) from scan rate dependence (1 mV s-1 to 3 V s-1). 

 

 

 
Figure S2.29. Oxidation and reduction peak separation as a function of scan rate for 

monomer 1 (black) and DAAQ-TFP COF (red). 
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Figure S2.30. Galvanostatic charge-discharge for DAAQ-TFP COF modified 

electrode at several current densities: 0.1 A g-1 , 0.2 A g-1 , 0.5 A g-1, 1.0 A g-1, 

2.0 A g-1 , 5.0 A g-1, 10.0 A g-1.  

 

 

 
Figure S2.31. Galvanostatic charge-discharge for DAB-TFP COF modified electrode 

at several current densities: 0.1 A g-1 , 0.2 A g-1 , 0.5 A g-1, 1.0 A g-1, 2.0 A g-1 , 

5.0 A g-1, 10.0 A g-1 
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Figure S2.32. Galvanostatic charge-discharge for DAAQ monomer 1 modified 

electrode at several current densities: 0.1 A g-1 , 0.2 A g-1 , 0.5 A g-1, 1.0 A g-1, 

2.0 A g-1 , 5.0 A g-1, 10.0 A g-1 

 

 

 
Figure S2.33. Galvanostatic charge-discharge for DAAQ-TFP COF at a 0.1 A g-1 

current density, where red is cycle 1 and blue is cycle 5000.  
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Figure S2.34. Galvanostatic charge-discharge for DAAQ monomer 1 at a 0.1 A g-1 

current density, where red is cycle 1 and blue is cycle 5000.  

 

 

 
Figure S2.35. Galvanostatic charge-discharge for DAB-TFP COF at a 0.1 A g-1 

current density, where red is cycle 1 and blue is cycle 5000. 
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Stability at a reduced potential 

The DAAQ-TFP COF modified electrode was charged via reduction of the 

anthraquinones by holding the modified electrode at -03 V for 24 hours. After this 

time, a CV was taken (blue trace) which shows an excellent retrace of the initial CV 

taken before the modified electrode was held in the reduced form (red). 

 
Figure S2.36. Cyclic volatammogram before (red) and after (blue) holding the 

DAAQ-TFP COF at a reducing potential of -0.3 V for 24 h.  
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Determination of Quinone Accessed  

 

(1) Find the mass of the anthraquinone in COF on electrode. 

DAAQ-TFP COF mass = 8.8 µg 

DAAQ comprises 60 % of this mass 

 of DAAQ  on surface 

(2) Convert this mass to moles 

 DAAQ on surface 

(3) Each quinone is a 2 electron process, determine the number of moles of 

electrons 

 

(4) Determine the maximum coulombs of charge possible to pass 

 

(5) Integrate the oxidation (or reduction) wave 

Example: At 1 mV s-1 120 µC of charge is passed 

(6) Divide the integrated charge by the theoretical and multiply by 100  
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Determination of Theoretical Capacitance  

The following calculation determines the theoretical capacitance based on the 

molecular weight of the unit cell and the 2 electrons obtained from the anthraquinone 

moiety in each unit cell (1026.93 g mol-1). 

.  

Converting to F g-1: 

 

  Considering the 0.6 V window studied: 

 

Determination of Theoretical Energy Density 

 

 

 

Determination of Theoretical Power Density 

 Assume a 200 s discharge from experimental data 
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CHAPTER 3 

Rapid and Efficient Redox Processes within 2D Covalent Organic Framework Thin 

Films 

Abstract 

Two-dimensional 

covalent organic 

frameworks (2D COFs) 

are ideally suited for 

organizing redox-active 

subunits into periodic, 

permanently porous polymer networks of interest for pseudocapacitive energy storage. 

Here we describe a method for synthesizing crystalline, oriented thin films of a redox-

active 2D COF on Au working electrodes. The thickness of the COF film was 

controlled by varying the initial monomer concentration. A large percentage (80-99%) 

of the anthraquinone groups are electrochemically accessible in films thinner than 200 

nm, an order-of-magnitude improvement over the same COF prepared as a randomly 

oriented microcrystalline powder. As a result, electrodes functionalized with oriented 

COF films exhibit a 400% increase in capacitance scaled to electrode area as 

compared to those functionalized with the randomly oriented COF powder. These 

results demonstrate the promise of redox-active COFs for electrical energy storage and 

highlight the importance of controlling morphology for optimal performance. 
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This work was done in collaboration with Kenneth Hernández-Burgos, Katharine 

E. Silberstein, Gabriel G. Rodríguez-Calero, Ryan P. Bisbey, and Prof. Héctor D. Abruña 

in the Department of Chemistry at Cornell University This chapter was first published in 

the ACS Nano: DeBlase, C. R.; Hernández-Burgos, K.; Silberstein, K. E.; Rodríguez-

Calero, G. G.; Bisbey, R. P.; Abruña, H. D.; Dichtel, W. R. ACS Nano. 2015, 9, 3178-

3183 and is reproduced with permission. 
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Introduction 

Electrical energy storage (EES) technologies that offer both high power and 

energy densities have motivated interest in redox-active materials for electrochemical 

supercapacitors.1 Supercapacitors store electricity through two distinct processes: the 

non-faradaic processes associated with the electrochemical double layer and faradaic 

processes arising from electrode-bound reversible redox processes, a phenomenon 

known as pseudocapacitance.2–6 The electrochemical double layer consists of ions 

adsorbed to an electrode surface in response to an applied potential and is maximized 

in high surface area electrodes, such as porous carbons.5,7–15 Redox-active groups may 

be covalently attached or adsorbed onto these electrodes.16–23 However, these 

materials are typically not well defined, which complicates their characterization and 

rational efforts to improve their performance. Modular and reliable strategies to access 

high-surface-area electrodes with control over their porosity and surface area, as well 

as the placement and identity of redox-active groups are desirable. 
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Figure 3.1. (A) Structure of the hexagonal subunit of the DAAQ-TFP COF, which 

forms as a 2D layered microcrystalline powder. This material was previously prepared 

as a slurry, mixed with carbon black and a PVDF binder, for supercapacitor 

applications. (B) The solvothermal growth of the DAAQ-TFP COF as an oriented 

thin film on Au electrodes, a morphology that provides superior electrochemical 

performance with increased capacitance and enhanced energy and power densities. 

 

Two-dimensional covalent organic frameworks (2D COFs)24–27 predictably 

organize redox-active groups into crystalline, high-surface area polymer networks 

with uniform micropores. Electrodes functionalized with 2D COFs might achieve both 

high theoretical energy density by exhibiting high capacity and high potentials, and 

high power density because their continuous, ordered pores facilitate ion transport. 

Many early 2D COFs featured boron-containing linkages, which are oxidatively and 

hydrolytically unstable, limiting their utility as electrode materials; especially at high 

potentials. However, a new class of COFs27,28 linked by β-ketoenamines offers 

superior stability to H2O, aqueous acid, and high applied potentials. β-ketoenamine-

linked COFs have served as supports for transition metal catalysts29 and shown 
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promising proton conductivity.30 We recently condensed the redox-active monomer 

2,6-diaminoanthraquinone (DAAQ) with 1,3,5-triformylphluroglucinol (TFP) to form 

the 2D β-ketoenamine-linked DAAQ-TFP COF,31 which was the first COF to exhibit 

reversible redox processes. Electrodes functionalized with a slurry of the DAAQ-TFP 

COF and carbon black were stable for at least 5000 charge-discharge cycles but 

provided only modest capacitances (~40 F g-1). This modest performance was due, at 

least in part, to poor electrical contact to the insoluble COF powder samples, so that 

only a small fraction (~3%) of the redox-active groups were electrochemically 

accessible (Figure 3.1A). Here we describe the first oriented thin films32–34 of β-

ketoenamine-linked 2D COFs, which were formed through the slow introduction of 

the TFP monomer into a solution of DAAQ in the presence of Au substrates (Figure 

3.1B). DAAQ-TFP COF thin films provide near-quantitative addressability of the 

anthraquinone moieties at thicknesses up to ~200 nm, with areal capacitances of 3.0 

mF cm-2 (as compared to 0.40 mF cm-2 for powder-modified electrodes). These 

findings demonstrate a means to incorporate 2D COFs into supercapacitors, 

particularly as light-weight, thin film electrodes on flexible substrates, continue to 

emerge.35–42 

Results and Discussion 

The solvothermal condensation of DAAQ and TFP in N,N-dimethylacetamide 

(DMA) reproducibly generates DAAQ-TFP COF as a microcrystalline powder with 

surface areas >1000 m2 g-1. However, only non-diffracting β-ketoenamine linked films 

were formed when Au substrates were included in reactions performed under similar 

conditions. We hypothesized that the polymerization occurred too rapidly to yield 
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crystalline films and found that the slow addition (over 1 h) of a DMF solution of TFP 

into a DMF solution of DAAQ at 90 °C generated crystalline, oriented films, as 

determined by grazing incidence x-ray diffraction (GIXD). The films were 

characterized by infrared spectroscopy (FTIR), which indicated the disappearance of 

the N-H stretch region with the emergence of a new C-N stretch at 1250 cm-1 and a 

C=C stretch at 1560 cm-1. These absorbances are characteristic of β-ketoenamine C-N 

and C=C bonds, respectively, and match those found in the FTIR spectra of a model 

compound and microcrystalline powder of DAAQ-TFP COF (Figure S3.1). 

Furthermore, the C=O stretch found in the TFP monomer at 1658 cm-1 shifts to 

1615 cm-1, consistent with the C=O of the β-ketoenamine linkage. X-ray photoelectron 

spectroscopy (XPS) of the films also suggested the formation of the expected enamine 

linkages in the COF films (Figure S3.2). DAAQ-TFP COF powders exhibit a N1s 

binding energy of 399.2 eV that corresponds to the β-ketoenamine nitrogen, and the 

DAAQ monomer N1s binding energy is 398.4 eV (ΔE = 0.8 eV). Both of these N1s 

peaks shift to lower energy for the DAAQ monomer or COF film on Au substrates 

(398.5 eV and 397.7 eV for the DAAQ monomer and DAAQ-TFP COF, 

respectively) but retain the characteristic energy difference (0.8 eV) between aniline 

and enamine N1s signals. These spectroscopic signatures, combined with x-ray 

diffraction of the films (see below), confirm the formation of the expected DAAQ-

TFP COF thin films. 
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Figure 3.2. One-dimensional projections at low values of Q of the GIXDs obtained 

for DAAQ-TFP COF films show diffraction peaks when grown at higher monomer 

concentrations (22 mM, red or 11 mM, black). Films grown under more dilute 

conditions (2.2 mM, blue) do not show in-plane diffraction peaks. Insets: Diffraction 

associated with the out-of-plane (001) stacking peak for the 22 mM 11 mM, and 

2.2 mM polymerizations, respectively, indicate that each film forms an oriented, 

layered structure. 
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Under the above thin-film growth conditions, varying the initial monomer 

concentration provided control of the resulting film thickness. Films grown at an 

initial DAAQ concentration ([DAAQ]0) of 22 mM were 484 ± 80 nm thick (average 

of 5 substrates, as determined by AFM, Figure S3.3). GIXD of these films exhibit a 

prominent (100) peak corresponding to a Q|| of 0.23 Å-1 (Figure 3.2, top). The vertical 

orientation of the stacking direction with respect to the substrate is indicated by the 

presence of the (001) peak centered at Q = 1.8 Å-1 and Q|| = 0 (Figure 3.2, inset). 

Films grown at [DAAQ]0 = 11 mM were 310 ± 70 nm thick and provide similar, albeit 

weaker, diffraction patterns. Films grown at 2.2 mM were still thinner (106± 27 nm) 

and did not exhibit a (100) diffraction peak associated with periodicity in the plane of 

covalent bonding. Nevertheless, the (001) peaks at Q = 1.8 Å-1 and Q|| = 0 are 

observed, indicating a vertically oriented, layered structure. These films exhibit 

identical FTIR and XPS spectra as the thicker samples, as well as consistent 

electrochemical performance (see below), suggesting that their chemical composition 

is identical. It is unclear whether thin films are more disordered in-plane, or if all films 

contain a mixture of amorphous and crystalline domains, such that a higher threshold 

thickness is needed before diffraction at small Q is observed.  

Cyclic voltammetry (CV) experiments indicate that a large percentage of the 

anthraquinone moieties in the DAAQ-TFP films are electroactive, a major 

improvement compared to the approximately 3% accessed in electrodes functionalized 

with a slurry of the powder. The voltammogram of a 180 nm thick film in 1 M H2SO4 

supporting electrolyte exhibits a current onset of 0.1 V vs. Ag/AgCl, which is 

associated with anthraquinone reduction. Integration of the corresponding oxidative 
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wave provides a charge (112 µC) that corresponds to approximately 20% of the 

anthraquinones being redox-active, based on the geometric area of the electrode and 

film thickness (see Appendix for calculation). This improvement is also apparent by 

comparing the currents generated by the film and slurry modified electrodes, given 

that the slurry-modified electrode contains approximately ten times the mass of the 

DAAQ-TFP COF. Despite this improvement, the DAAQ-TFP film CV indicates 

high resistance, for which careful analysis of the electrochemical data presented in 

Figure 3.3 provides additional insight. The voltammetric profile in Figure 3.3A 

(slurry-modified electrode) exhibits faster charge transfer kinetics than that in Figure 

3.3C (thin-film modified electrode), as indicated by its smaller Ep value.42 The thin-

film voltamogram exhibits both slower charge transfer and higher resistance. Yet, the 

percentage of the quinones accessed in the thin films is much higher. We speculate 

that the differences in the voltammetric profiles are due, at least in part, to the different 

nature of the modified electrodes and the redox reactions involved. The slurry-

modified electrodes consist of a 60:35:5 weight ratio of carbon black, COF and binder 

(PVDF), respectively, whereas the COF thin-film electrodes are solid films that lack 

the carbon or binder. In the 1 M H2SO4 supporting electrolyte, the redox reaction 

involves the transfer of two electrons and two protons per quinone moiety. For the 

slurry-modified electrodes, the exposed redox-active quinone sites are accessible to 

protons, providing a rapid voltammetric response, but only this small fraction of the 

quinones are accessed. For the thin-film electrode, proton transfer is more difficult, 

providing slower charge transfer, but a much larger fraction of the quinones is 

accessed. We attribute the improved accessibility to the layered organization of 
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quinone groups in the solid film, enabling conductivity through electron self-exchange 

processes. Figures 3.3B and 3.3D compare the voltammetric responses of the two 

electrode types in an aprotic supporting electrolyte (0.1 M NBu4PF6 / CH3CN). Here 

the redox reactions do not involve protonation, and the voltammetric profiles look 

qualitatively similar. But the ability of the solid COF film to undergo effective self-

exchange is retained and thus a much higher percent (83%) of the quinone groups are 

accessed. This model, while speculative, is consistent with all of our electrochemical 

data of this system. 

 

Figure 3.3. Cyclic voltammograms (50 mV s-1) of (A) DAAQ-TFP COF slurry 

modified electrode in 1 M aqueous H2SO4 (B) DAAQ-TFP COF slurry modified 

electrode in 0.1 M NBu4PF6 in CH3CN, (C) and (D) show cyclic voltammograms at 

for a DAAQ-TFP thin film (180 nm) in 1.0 M H2SO4 and 0.1 M NBu4PF6 in CH3CN, 

respectively. The integrated charge of the oxidative wave and percentage of quinones 

accessed are listed for each voltammogram  
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Table 3.1. Film thickness, integrated charge of the oxidative wave, and percent of 

anthraquinones accessed in the films. The integrated charges were determined from 

cyclic voltammograms obtained at 50 mV s-1 in 0.1 M NBu4PF6 / CH3CN supporting 

electrolyte. The thickened line identifies the upper limit to film thickness allowing 

quantitative quinone access.  

 

film thickness 

(nm) 

charge  

(µC) 

quinones 

accessed 

(%) 

77 513 91 

101 722 98 

115 672 80 

147 1049 99 

150 930 85 

184 1135 85 

228 949 57 

232 1013 60 

280 1693 83 

346 1547 62 

348 1031 41 

 

In addition to the significantly enhanced electrochemical performance, CH3CN also 

provides a wider potential window that enhances the double-layer capacitance of the 

system. The improvement in acetonitrile is relatively modest (from 3% to 12%) for the 

powder-functionalized electrodes but is much more dramatic for the oriented thin 

films (from 20% to 40-99%, Figure 3.3). A survey of 11 films of varying thickness 

indicated that nearly all of the anthraquinones are redox-active within films ≤ 184 nm 

thick (Table 3.1). This percentage decreases in thicker films (83%-41% for 228-348 

nm films). However, it should be noted that the thickest films contain similar amounts 

of COF as the slurry-modified electrodes with a 4- to 6- fold increase in accessible 

quinones. We attribute this to the oriented crystallite morphology of the DAAQ-TFP 

thin films, making redox conduction between layers of anthraquinones and different 
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crystallites more facile than in a randomly oriented sample. Indeed, when a CV of a 

randomly oriented COF modified electrode is obtained in the presence of 

anthraquinone dissolved in the supporting electrolyte, the quinone addressability 

increases from 12% to 27% (Figure S312), further demonstrating the role of 

anthraquinone-anthraquinone charge transfer (“self-exchange”) present in oriented 

thin films. We also identified the practical upper limit of film thickness as 300-

400 nm. A 348 nm crystalline, oriented film shows a quasireversible quinone peak at 

Eº’ of -1.4 V vs Ag/AgClO4, when scanned at 1 mV s-1, which represents 59% of 

available quinones. However, these redox waves are not observed at the 50 mV s-1 

scan rates employed in Figure 3.3 and Table 3.1, indicating that the resistance 

dominates the electrochemical response of thicker films at this scan rate (Figure 3.4). 

For efficient redox conduction to occur, the cations in the supporting electrolyte must 

be able to move throughout the COF film to compensate the negative charge injected 

into the film. Below approximately 200 nm, the film thickness appears optimal for this 

process, as quantitative quinone addressability is obtained. In thicker films, electrolyte 

diffusion to the electrode surface occurs more slowly, such that the current response 

becomes dominated by the sample’s resistance. This trend was further confirmed with 

Table 3.2. Relationship between solution resistance and film thickness. Rsol was 

determined from fitting impedance spectra to the model displayed in the supporting 

information, and is the intersection of the impedance data with Z’ at a high frequency 

of alternating potential applied. 

height (nm) Rsol (Ω) 

173 1100 

156 673 

150 690 

60 515 
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electrochemical impedance spectroscopy (EIS), as the impedance response at the high 

frequency limit (represented by Rsol in the model, see Appendix) increased from 500 

to 1100 Ω (see Table 3.2) in 60 nm and 170 nm films, respectively. Finally, although 

films thinner than 200 nm generally show increased quinone addressability, some 

variability is observed, even among films of similar thickness. These differences arise 

from variations in the film morphology, grain boundaries, or contamination by 

residual monomers and/or oligomers. Improved characterization and control of COF 

film growth are needed to probe these questions further.  

The capacitance of each film was determined using galvanostatic charge 

discharge cycles (GCDC), in which the potential response as a function of time is 

measured at constant current. The charge polarity is reversed when the potential 

reaches a predetermined limit, such that one measurement cycle characterizes both the 

charging and discharging processes of the electrode under test. GCDC of the DAAQ-

TFP functionalized electrodes at current densities of 150 µA cm-2 (an approximate C 

rate of 80) exhibited voltage-time profiles with voltage plateaus at the potential of 

anthraquinone reduction (see Appendix). Films of various thicknesses exhibited stable 

capacitances ranging from 1.2 to 3.0 mF cm-2 over ten cycles. Two of these films were 

selected for extended testing and showed ~7% capacitance loss from their stabilized 

values after 5000 cycles, indicating the high stability of the β-ketoenamine framework 

(Figure 3.5). All films show a higher capacitance compared to a randomly oriented 

slurry-modified electrode or blank gold substrate, which stabilized around 0.40 

mF cm-2 or 0.13 mF cm-2, respectively.  
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Figure 3.4. Cyclic voltammogram of a 180 nm thick DAAQ-TFP thin film (red, 

0.1 M TBAPF6/MeCN supporting electrolyte, 50 mV s-1) compared to a 348 nm 

DAAQ-TFP COF film recorded under identical conditions (green). The blue CV is 

the same 348 nm film scanned at a slower scan rate of (1 mV s-1), confirming the 

presence of the anthraquinones in the thicker samples, whose response is dominated 

by resistance at faster scan rates 
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Figure 3.5. Thin film capacitances derived from GCDC experiments. A current 

density of 150 µA cm-2 was used. A DAAQ-TFP COF slurry-modified electrode 

(teal) and blank Au electrode (grey) show low capacitance values. Oriented thin films 

each show improved capacitance as a function of thickness: 250 nm (red), 98 nm 

(blue), and 62 nm (green). 

 

Conclusions 

The first oriented thin-films of β-ketoenamine COFs were formed through the 

slow introduction of the DAAQ monomer into a solution of TFP in the presence of 

Au substrates. The film thickness was controlled by varying the initial concentrations 

of the monomers. In contrast to working electrodes functionalized with samples of the 

randomly oriented COF slurry, the DAAQ-TFP COF thin films show improved 

accessibility of their redox-active anthraquinone moieties. GCDC experiments indicate 

that by using oriented crystalline thin films, we have drastically improved the charge 

storage capabilities of DAAQ-TFP COF from 0.4 mF cm-2 to 3 mF cm-2. These 
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findings demonstrate the importance of controlling the morphology of 2D COFs in 

order to take full advantage of their desirable properties, including their high specific 

surface area, oriented micro or mesopores, and redox behavior. These findings will 

inform future efforts to prepare COFs relevant for optoelectronic and other energy 

storage applications. 

Methods 

Material Characterization. COF films were grown from solution on Au 

substrates, which were prepared by sputtering a Ti or Cr adhesion layer (~15 nm) 

followed by Au (80 nm) onto a Si wafer. FT-IR spectra of the films were obtained on 

a Bruker Vertex 80v instrument with a Germanium ATR attachment. XPS was 

performed on a Surface Science Instruments X-Probe (SSX-100), and AFMs on an 

Asylum MFP3D-Bio AFM. 

Electrochemical Characterization. Electrochemistry experiments were 

performed on a Princeton Applied Research VersaSTAT 3 potentiostat using a 

standard 3 electrode setup, with the COF film on Au as the working electrode, Pt coil 

as the counter electrode, and a Ag/AgClO4 reference electrode standardized with 

ferrocene. Analysis was performed in a nitrogen filled glove box using a custom 

designed glass surface cell having a controlled exposed area of 0.64 cm2 with 0.1 M 

TBAPF6 in CH3CN as the electrolyte. Voltammograms taken in aqueous H2SO4 

supporting electrolyte were performed on the bench after sparging with argon to 

remove O2. Impedance spectra were taken on a Gamry Instruments potentiostat on the 

bench under an Ar atmosphere. 
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A. Materials and Instrumentation. All reagents were purchased from commercial 

sources and used without further purification. N,N-dimethylformamide was purchased 

from Sigma Aldrich and purified using a custom-built alumina-column based solvent 

purification system.  

Infrared spectra were recorded on a Thermo Nicolet iS10 with a diamond ATR 

attachment or on a Bruker Vertex 80V with a Germanium ATR attachment and are 

uncorrected.  

Grazing incidence X-ray diffraction (GIXD) was performed at the G2 station at 

Cornell High Energy Synchrotron Source (CHESS) using a beam energy of 11.25 ± 

0.01 keV (λ = 0.1103 nm), selected using a single-crystal Be crystal monochromator. 

Motorized slits were used to define a 0.2 × 3 (V×H) mm2 beam. The data were 

collected using a 640-element 1D diode-array, of which each element incorporates its 

own pulse counting electronics capable of count rates of ~105 photons s-1. A set of 

0.1° Soller slits were used on the detector arm to define the in-plane resolution. The 

scattering geometry is described in detail elsewhere.43 Each data set was collected by 

scanning the detector with the sample stationary. The incidence angle, α, between the 

beam and sample surface was 0.340°. Axes labels Q┴ and Q|| are defined using the 

GISAXS convention Q┴ = 4π/λsin(δ/2) and Q|| = 4π/λsin(ν/2), where δ and ν are the 

vertical and horizontal scattering angles, respectively. At α=δ=0, ħQ|| and ħ Q┴ (where 

ħ is Planck’s constant) are the components of momentum transfer parallel and 

perpendicular to the sample surface, respectively. 

Atomic force micrographs were taken on an Asylum MFP-3D-BIO operating 

in tapping mode and equipped with a Tap300DLC diamond-like carbon or Tap150Al-
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G Si tip with aluminum reflex coating (tip composition was not seen to affect image 

quality). 

X-ray photoelectron spectra were taken using a Surface Science Instruments 

SSX-100 system with operating pressure ~2x10-9 Torr. Monochromatic AlK-alpha x 

rays (1486.6 eV) were used with beam diameter of 1 mm. Photoelectrons were 

collected at a 55 o emission angle. A hemispherical analyzer determined electron 

kinetic energy, using a pass energy of 150 V for wide/survey scans, and 50 V for high 

resolution scans. A flood gun was used for charge neutralization of non-conductive 

samples. 

Electrochemistry experiments were conducted on a Princeton Applied 

Research VersaSTAT 3 potentiostat using a standard three-electrode cell 

configuration, a 27 gauge Pt wired coiled as the counter electrode, and either an 

aqueous Ag/AgCl or organic Ag/AgClO4 (standardized against Fc/Fc+) reference 

electrode. For the 1 M H2SO4, milliQ purified water was used. For 0.1 M TBAPF6 

electrochemistry grade tetrabutylammonium hexafluorophosphate was used as 

purchased from Fluka, and dry acetonitrile from Sigma Aldrich which was stored over 

activated 3 Å sieves was used. 



3 - 24 

 

B. Synthetic Procedures 

 

Synthesis of 2,4,6-triformylphloroglucinol, TFP: TFP  was synthesized following 

previously reported procedure and characterization matched that in the literature.44  

Synthesis of DAAQ-TFP Films:   

Crystalline film growth: To a glass vial, a 3.2 mL portion of 5.3 mg mL-1 

DAAQ, in N,N-dimethylformamide (17 mg, 0.071 mmol) was added. A gold 

electrode (2.5 cm x 1.3 cm) was submerged in the solution and a septum cap 

placed on top. The solution was placed on a preheated 90 °C hotplate. 

Subsequently, TFP (10 mg, 0.048 mmol) was added slowly over the course of 

one hour via syringe from a 10 mg mL-1 solution in DMF. During the course of 

the addition, the reaction mixture was gently swirled. After the addition the 

reaction was allowed to heat at 90 °C for an additional 3 hours. The total 

reaction time was 4 hours (including TFP addition) and final volume was 4.2 

mL (after TFP addition). 

Modification for dilute conditions: The above procedure was followed, 

however, only a portion of the DAAQ stock solution (5.3 mg mL-1) was added. 

Then DMF was added to make the total volume 3.2 mL. The stock solution of 
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TFP (10 mg mL-1) was diluted by the same factor as the DAAQ solution, and 

slowly added to the heated DAAQ as described above. (ex: 10x dilute is 0.32 

mL of DAAQ stock diluted with 2.88 mL of DMF, and 0.1 mL of TFP stock, 

diluted with 0.9 mL DMF.). 

C. FT-IR Spectra 

 

Figure S3.1. FTIR spectra of DAAQ-TFP film (red), DAAQ-TFP COF powder 

(maroon), DAAQ monomer (black), TFP monomer (blue), and model compound 

(orange).  
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D. XPS spectra 

 

 

Figure S3.2. XPS spectra of DAAQ-TFP COF film (450 nm, blue), DAAQ-TFP 

film (150 nm, red), DAAQ monomer on gold under film growth conditions 

without TFP present (grey), DAAQ-TFP COF powder (orange), and DAAQ 

monomer powder (black) with fits for N1s in purple. Both powders and films show a 

0.8 eV difference in amine vs. β-ketoenamine bonding type. 
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E. Atomic Force Microscopy (AFM)  

AFM images were processed using Gwyddion 2.34 software. The image was 

leveled to such that the exposed substrate surface was flat. Heights were calculated 

using a mask to get height information across the entire film area from three distinct 

locations on the film. 

 

Figure S3.3.  Representative AFMs of crystalline, oriented DAAQ-TFP COF films at 

(A) 560 nm and (B) 310 nm. (C) shows a representative AFM for a film grown under 

dilute conditions to give a non-in-plane (low Q┴) diffracting DAAQ-TFP film at 110 

nm. (D) shows a sample height profile from each of the AFM images. 
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F. Scanning Electron Microscopy (SEM) 

 

Figure S3.4. SEM of DAAQ-TFP COF showing spherulite structures. 

  

Figure S3.5. SEM of DAAQ-TFP film prior to electrochemical measurements.  

 

Figure S3.6. SEM of DAAQ-TFP film after electrochemical measurements.  

1 µm 
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G. Grazing Incidence Diffraction (GIXD) 

 

Figure S3.7. Representative GIXD DAAQ-TFP films on gold substrates. (A) 

crystalline, oriented, 22 mM growth (B) crystalline, oriented 11 mM growth, and (C) 

non in-plane diffracting 2.2 mM growth. 
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H. Electrochemical Methods and Data  

 

Analyses were performed in a standard three-electrode set up: a DAAQ-TFP 

film modified gold substrate, a Ag/AgCl or a Ag/AgClO4 reference, and a coiled Pt 

wire counter. All experiments were performed in a nitrogen filled glove box, except 

the cyclic voltammograms of the films performed in 1 M H2SO4 which were bubbled 

with argon for 30 minutes before the experiment was carried out, and the EIS 

experiments, which were carried out air free using schlenck techniques.   

Capacitances were calculated from galvanostatic charge-discharge experiments 

using the discharge potential-time curve by multiplying the applied current by the 

discharge time to give A●s then dividing by the potential range and geometric area of 

the electrode to give mF cm-2. The applied current was determined by integrating the 

oxidative peak on the cyclic voltammogram, and determined to be approximately 

150 µA cm-2 (80 C) or approximately 10 A g-1. Each profile shows a voltage plateau 

around the Eo
’ of the anthraquinone moieties.  
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Figure S3.8. Galvanostatic charge discharge experiment for various film 

thicknesses: 250 nm (red); 98 nm (blue); 62 nm (green); blank Au substrate (grey). 
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Figure S3.9. Extended galvanostatic charge discharge cycling experiment. Red is 

a cycle after capacitance stabilizes (ninth cycle) and blue is cycle 5000. 
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Figure S3.10. Electrochemical Impedance Spectroscopy (EIS) at 3 different 

alternating voltages for a 156 nm film. Applied potential of -0.3 V (blue, no active 

quinones), -1.3 V (green, formal potential), -1.6 V (red, past reduction potential). 

Model chosen as two in series events to represent the two processes occurring.  
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Table S3.1. Fitting parameters for the model fitting the EIS data shown above in 

Figure S3.10. 

 

Voltage (V) RDL (KΩ) CDL (µF) RCT (KΩ) CCT (µF) 

-0.3 7.1 5.5 309 12 

-1.3 16 270 0.4 40 

-1.6 1.4 353 2.2 495 

 

 

 To model the impedance spectra we selected a circuit used to describe the two 

distinct processes occurring in the system. First is the formation of a double layer 

on the surface of any exposed Au beneath the COF film, and second is the 

reduction of the anthraquinones of the COF. Rsol represents contact resistances 

(impedance at the high frequency limit), RCT models the charge transfer of the 

anthraquinone moieties, and RDL represents the rate of double layer formation 

from electrolyte against the exposed Au electrode surface. The capacitances (CDL, 

CCT) are the double layer capacitances associated with each of these processes. 

Three experiments were performed at various applied potentials (-0.3 V, blue; -1.3 

V, green; -1.6 V, red). We observe RCT is the largest at -0.3 V because no 

anthraquinones are being reduced. When the experiment is performed near the 

formal potential (-1.1 V) RCT is the smallest (0.4 KΩ), this value begins to increase 

to 4.2 KΩ when the potential is stepped to -1.6 V. We attribute this response to the 

mechanism of redox conduction in the oriented thin film. When an anthraquinone 

is reduced it can transfer this charge to other anthraquinones in the oriented film 

by a charge hopping mechanism. At the formal potential (~1.1V) there is only half 

occupancy of the band structure, which makes propogation of the accumulated 

negative charge the most mobile at this applied potential.  
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Figure S3.11. (A) Cyclic voltammograms (0.1 M TBAPF6 in MeCN, 50 mV s-1) 

DAAQ monomer under the polymerization conditions without TFP monomer (22 

mM, black; 11 mM, 2.2 mM, red). (B) Overlay of CVs of DAAQ-TFP (blue) 

under a 2.2 mM growth, DAAQ under 2.2 mM polymerization conditions, 

approximately 200 nm of DAAQ on Au by spin casting (green)  
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Figure S3.12. Cyclic voltammograms (0.1 M TBAPF6 in MeCN, 50 mV s-1) of 

solution anthraquinone at bare glassy carbon electrode (black) and solution 

anthraquinone at randomly oriented DAAQ-TFP COF modified glassy carbon 

(red). The integrated oxidative charge in the bare glassy carbon scenario (black) is 

250 µC, this value increases to 1000 µC in the COF modified electrode scenario 

(red) suggesting 750 µC from the COF anthraquinone moieties, representing 26% 

of quinones accessed by adding a redox mediator. 
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I. Determination of Quinone Accessed in thin films 

(1) Determine unit cells of DAAQ-TFP COF exposed in the electrochemistry 

cell. 

Unit cell area: 770 Å2 

Exposed geometric area in echem cell: 0.64 cm2 

Number of unit cells in echem cell:  unit 

cells 

(2) Each unit cell provides one anthraquinone, so  quinones are 

exposed providing  electrons or  moles of electrons 

(3) Each mole of electron gives 96485 C. Therefore, each layer will provide 

 

(4) Determine the thickness using AFM as described in section E above and 

determine the number of layers that corresponds to 

 Example: 180 nm film has  layers  

(5) Multiply the number of layers by the estimated charge per layer 

  

(6) Integrate the CV to get the oxidative charge  

 Example for a 180 nm film measure 1.10 mC 

  

Table 3.1 in the manuscript indicates the relationship between the film thickness, 

integrated charge and the percentage of quinones accessed. The integrated charge is 
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derived from the number of quinones accessed in the film. Therefore, a thicker film 

can exhibit a higher integrated charge as compared to a thinner film, yet still access a 

lower overall percentage of accessible quinones. For example, the 346 nm thick film 

exhibited an integrated charge of 1547 µC (62%), corresponding to 4.8 x 1015 

quinones. A 101 nm thick film exhibited an integrated charge of 722 µC (98%) under 

similar conditions, corresponding to 2.2 x 1015 quinones. 
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CHAPTER 4 

Superior Charge Storage and Power Density of a Conducting  

Polymer-Modified Covalent Organic Framework 

Abstract 

The low conductivity of two-dimensional covalent organic frameworks (2D 

COFs), and most related coordination polymers, limits their applicability in 

optoelectronic and electrical energy storage (EES) devices. Although some networks 

exhibit promising conductivity, these examples generally lack structural versatility, one 

of the most attractive features of framework materials design. Here we enhance the 

electrical conductivity of a redox-active 2D COF film by electropolymerizing 3,4-

ethylenedioxythiophene within its pores. The resulting 

poly(3,4-ethylenedioxythiophene) (PEDOT)-infiltrated COF films exhibit dramatically 

improved electrochemical responses, including quantitative access to their redox-active 

groups, even for 1 μm-thick COF films that otherwise provide poor electrochemical 

performance. PEDOT-modified COF films can accommodate high charging rates (10–

1600C) without compromising performance, and exhibit both a ten-fold higher current 

response relative to unmodified films and stable capacitances for at least 10,000 cycles. 

This work represents the first time that electroactive COFs or crystalline framework 

materials have shown volumetric energy and power densities comparable with other 

porous carbon-based electrodes, thereby demonstrating the promise of redox-active 

COFs for EES devices. 
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Introduction 

Supercapacitors combine the high energy density of batteries and superior power 

densities of double-layer capacitors1–3 by storing electricity through both the non-

faradaic formation of an electrochemical double layer and reversible faradaic redox 

processes.4–6 Nanoporous electrodes, often carbon-based materials, feature high specific 

surface areas that maximize electrochemical double-layer formation.7–9 Although 

redox-active groups have been bonded or adsorbed to these electrodes,10–12 their 

performance is often compromised by charge transfer and counter ion transport 

limitations. In addition their poorly defined structures complicate characterization and 

rational improvement.13 2D COFs address these limitations by predictably and 

deliberately organizing redox-active groups into insoluble, high-surface area polymer 

networks with uniform micropores.14–17 However, the modest conductivity of existing 

2D COFs has limited devices to thin films of the active material (50–250 nm) grown on 

Au18 or carbon nanotube19 electrodes that only operate at slow charge / discharge rates, 

and has restricted the practical application of these materials into devices. Here we 

address this challenge by electropolymerizing EDOT into the pores of redox-active 2D 

COF thin films. The resulting PEDOT-modified COF films (Figure 4.1) exhibit 

complete electrochemical accessibility of their redox-active groups and enable the use 

of thicker films (≥1 μm) that can sustain fast charging rates (up to 1600C) without 

compromising performance. This improved performance relative to as-synthesized COF 

films corresponds to a thirty-fold increase in volumetric energy density and a twelve-

fold increase in volumetric power density. 
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Figure 4.1. Incorporation of PEDOT within DAAQ-TFP COF film. (A) Depiction of 

modification of DAAQ-TFP films by electropolymerization of 

3,4-ethylenedioxythiophene (EDOT). (B) Schematic of the cross-section of a pore 

following the oxidation and reduction of the DAAQ moieties. 

 

The electropolymerization of PEDOT within a nanoporous COF template 

represents a means to organize the conductive polymer at the nanometer length scale, 

which is an increasingly important capability for electrochromic, drug delivery, 

electrocatalytic, and EES devices, among other applications.20–24 Templated 

electropolymerizations organize conducting polymers, such as polypyrrole, 

polythiophene, or polyaniline, into nanowire arrays,25 which respond rapidly in 

electrochemical devices largely because of short counter ion diffusion lengths.23–25 In 

these examples, the porous templates are removed, but here we observe a synergistic 
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effect in which the pore-confined PEDOT delivers electrons to redox-active groups of 

the COF, enabling the use of thicker films and dramatically faster charging rates.  

Results and Discussion 

PEDOT was electropolymerized within a DAAQ-TFP thin-film working 

electrode via cyclic voltammetry in a 100 mM CH3CN solution of EDOT containing 

100 mM (n-Bu)4NClO4 as the supporting electrolyte. DAAQ-TFP thin films were 

prepared by adding a DMF solution of TFP over 1 h to a DMF solution of DAAQ 

containing a gold substrate.18 The film’s thickness was controlled by varying the initial 

monomer concentration. For example, an initial DAAQ concentration ([DAAQ]0) of 

22 mM yielded DAAQ-TFP thin films of 810 ± 224 nm thickness, as determined by 

atomic force microscopy (AFM, Figure S4.1–S4.4). The COF film’s chemical 

composition was assessed using FT-IR and x-ray photoelectron spectroscopy (XPS), 

while its morphology was characterized by scanning electron microscopy (SEM, 

Figures S4.5 and S4.6), and its crystallinity was measured using grazing incidence x-

ray diffraction (GIXD, Figures S4.7-S4.9). These measurements are consistent with 

those of thinner films reported previously18,26,27 and indicate the formation of crystalline 

DAAQ-TFP films whose layered crystallites are preferentially oriented parallel to the 

substrate (Figure S4.4-S4.8). The amount of PEDOT incorporated into the 2D COF film 

was characterized by two independent measurements: the current passed during each 

electropolymerization cycle (-0.5–1.0 V vs. Ag/AgClO4, 20 mV s-1 scan rate) and the 

mass deposited onto a COF-modified electrode, as detected using an electrochemical 

quartz crystal microbalance (EQCM, Figure 4.2A and B). In the first cycle, 15 μg of 

PEDOT and electrolyte were deposited per cm2 of the working electrode’s geometric 
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area, which increased to 30 μg cm-2 for the second and subsequent cycles. Due to 

viscoelastic losses over the course of the experiment the Sauerbrey equation 

overestimates these masses (see Appendix for further discussion, Figure S4.10 and 

S4.11) The voltammetric response exhibited an increase in current with each scan, 

which is characteristic of PEDOT electropolymerization (Figure 4.2B), and the redox 

processes occurred at voltages consistent with those expected for EDOT oxidation.28–31 

FT-IR spectra of the films, acquired before and after the electropolymerization, suggest 

both the formation of PEDOT and that the DAAQ-TFP’s chemical linkages are 

retained. After two electropolymerization cycles, the FT-IR spectrum of the film was 

almost identical to that of the as-synthesized DAAQ-TFP film. Both spectra exhibited 

peaks at 1250 cm-1, 1560 cm-1, and 1615 cm-1, corresponding to intact β-ketoenamine 

C–N, C=C, and C=O stretches, respectively. After nine electropolymerization cycles, 

spectral features resembling bulk PEDOT emerge, though absorbances associated with 

the β-ketoenamine remain, albeit with lower relative intensities (Figure 4.2C). Grazing 

incidence x-ray diffraction (GIXD) experiments, performed at the Cornell High Energy 

Synchrotron Source, indicate that the as-synthesized DAAQ-TFP films are crystalline, 

with a peak at 0.23 Å-1 that corresponds to the (100) reflection of the hexagonal lattice. 

This peak was also observed in films that were subjected to two electropolymerization 

cycles, indicating that the periodicity of the DAAQ-TFP thin film is retained under the 

electropolymerization conditions. After nine cycles, this peak is not observed, which is 

not unexpected after depositing amorphous PEDOT within the ordered DAAQ-TFP 

COF (Figure S4.7-S4.9). For example, Russell et al. reported that the scattered intensity 

diminishes when a porous host is filled with a polymer of similar electron density.32 The 
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surface area of the films before and after PEDOT polymerization, as measured using Kr 

adsorption (Figure S4.12), was also consistent with the deposition of the polymer into 

the pores of the DAAQ-TFP COF. Unmodified DAAQ-TFP films exhibited Brunauer-

Emmett-Teller surface areas (SBET) of 73 cm2 per cm2 of substrate. This value decreased 

to 40 cm2 per cm-2 after two electropolymerization cycles, and films subjected to nine 

electropolymerization cycles appeared nearly nonporous (SBET = 6 cm2 cm-2). An X-ray 

photoelectron spectroscopy (XPS) depth profile of the elemental composition of a 

PEDOT-modified DAAQ-TFP film subjected to nine electropolymerization cycles 

further indicates the presence of PEDOT throughout the 2D COF film. XPS spectra 

were recorded after a series of exposures to an Ar ion beam that etches both the PEDOT 

and the COF. Prior to etching, an intense S2p signal (164.9 eV) is observed, along with 

no signal above baseline in the N1s region (399.2 eV), which we attribute to a thin 

PEDOT overgrowth layer on top of the COF film. After the first etching cycle, N1s and 

S2p signals are both observed in five subsequent consecutive spectra (Figure 4.2D) and, 

after prolonged etching, the entire film is removed. These combined observations 

suggest that PEDOT electropolymerization occurs in the pores of the COF film, and that 

the conductive polymer effectively infiltrates the COF structure.  
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Figure 4.2. Modification of a DAAQ-TFP film via electropolymerization of PEDOT. 

(A) Electrochemical QCM data showing separate polymerization cycles (red, 1st; 

orange, 2nd; green, 3rd; blue, 4th; purple, 5th) showing a consistent mass increase of 30 

µg cm-2 per cycle except for the first cycle (15 µg cm-2). (B) Cyclic voltammograms at 

20 mV s-1 during the EDOT electropolymerization. Each cycle is colored to correspond 

with panel A (red, 1st; orange, 2nd; green, 3rd; blue, 4th; purple, 5th). (C) FTIR spectra of 

an as-synthesized DAAQ-TFP film (red), the film after two electropolymerization 

cycles (light blue), a film after nine electropolymerization cycles (blue), and PEDOT 

(black). (D) XPS depth profile (Ar ion beam etch) of the N1s and S2p regions (orange, 

1st step; green, 2nd step; blue, 3rd step; purple, 4th step; black, 5th step). The N1s profiles 

are scaled three-fold in intensity for visual clarity. 
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The PEDOT-modified DAAQ-TFP composite films exhibited dramatically 

enhanced current responses in cyclic voltammetry experiments when compared to an 

unmodified DAAQ-TFP film (0.5 M H2SO4, 20 mV s-1 scan rate, Figure 3A). While 

both CVs exhibit reversible electrochemistry consistent with electron transfer between 

the anthraquinones and the working electrode, the PEDOT-modified DAAQ-TFP films 

exhibited more than an order of magnitude increased current. These responses 

correspond to the faradaic charge storage of only 0.230 mC, corresponding to only 3% 

of the available anthraquinones for a representative unmodified, 1 μm-thick DAAQ-

TFP film (see Appendix for sample calculation of electrochemically addressed 

anthraquinones, Figure S4.13). This value increased to 9.3 mC after the same DAAQ-

TFP sample was modified with PEDOT, corresponding to a 40-fold increase in 

accessible charge. In contrast to the unmodified COF films, PEDOT-modified films 

retain their well-defined redox responses and charge densities at scan rates up to 500 

mV s-1 (Figure 4.3B). In contrast, the already small percentage of accessible 

anthraquinones (3%) measured at 20 mV s-1 decreased to less than 1% at sweep rates 

above 100 mV s-1 (Figure 4.3B).  
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Figure 4.3. Electrochemical performance of a PEDOT-modified and as-synthesized 

DAAQ-TFP COF film. (A) CV response at 20 mV sec-1 in 0.5 M H2SO4 of a PEDOT-

modified DAAQ-TFP film, 1 μm-thick (blue) and the same as-synthesized DAAQ-

TFP film before EDOT polymerization (red). The inset presents the cyclic voltammetric 

response for the unmodified film using an expanded current scale. (B) The integrated 

charge associated with the oxidative wave of a PEDOT-modified DAAQ-TFP COF 

film (blue) and unmodified DAAQ-TFP COF film (red) recorded over various scan 

rates indicate that the PEDOT-modified films store more charge and tolerate faster scan 

rates than the unmodified films. 
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Having established the dramatic enhancement in performance associated with 

modifying COF thin films with PEDOT, we determined the optimal 

electropolymerization conditions (9 cycles, 20 mV s-1, see SI for details Figure S4.14-

S4.16) for maximizing the charge stored and accessed at high scan rates (100–500 mV s-

1) while maintaining electrolyte access to the framework. While additional 

electropolymerization cycles increased the capacity associated with additional PEDOT 

coverage, the faradaic contribution remained constant at a value corresponding to a 

quantitative access to the quinone sites (Figure S4.14). These experiments indicate that 

the electropolymerization of PEDOT in a redox-active COF film provides dramatically 

enhanced charge storage capacity and rate. These effects most likely arise from 

intimately mixing PEDOT in the COF for improved conductivity of the PEDOT-

modified DAAQ-TFP film, which was assessed using four-point probe measurements 

(Figure S4.17) and electrochemical impedance spectroscopy (EIS, Figure S4.18, S4.19, 

Table S4.1). The PEDOT-modified DAAQ-TFP film, as well as PEDOT 

electropolymerized onto an unmodified Au substrate, exhibited electrical conductivities 

on the order of 10-2 S m-1. We used a two constant-phase-element (2CPE) model, in 

series with the solution resistance (Rs), to model the EIS data. The Rs was more than an 

order of magnitude lower for the PEDOT-modified DAAQ-TFP film (Rs = 20 Ω) than 

the unmodified DAAQ-TFP (Rs = 430 Ω), demonstrating increased conductivity when 

PEDOT is incorporated into the films.  

Given the superior electrochemical performance of the PEDOT-modified 

DAAQ-TFP films, their capacitance was evaluated through galvanostatic charge-

discharge experiments performed at various charging rates (C), where nC corresponds 
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to charging or discharging of the film over 1/n hours (Figure S4.20-S4.26, Table S4.2). 

PEDOT-modified DAAQ-TFP electrodes consistently showed higher capacitances 

than those lacking PEDOT and retained more than 80% of their capacitance when 

charged or discharged at 10 and 100C, corresponding to charge times of 360 and 36 

seconds, respectively. The PEDOT-modified DAAQ-TFP film even retains 50% of its 

maximum capacity (350 F cm-3) at the extremely high charging rate of 1600C, 

corresponding to a charging time of only 2.25 s (Figure 4.4A). In contrast, the 

unmodified DAAQ-TFP films show only moderate capacitances at 10C (20 F cm-3), 

which decreased further at higher charge / discharge rates. The PEDOT-modified 

DAAQ-TFP films also showed outstanding stability over 10,000 charge-discharge 

cycles (Figure 4.4B). The capacitance of the film was measured at 10C for three cycles, 

then at 100C for 10,000 cycles, and finally three more cycles at 10C. No decrease in 

capacitance was observed under these conditions. To further probe the stability, we 

conducted a potentiostatic experiment where we held the composite film at a reducing 

potential (-0.3 V vs Ag/AgCl) for 15 h and observe no degradation in the CV response, 

Figure S4.27). We probed the possibility for slow internal electron transfer between the 

PEDOT in its oxidized, conducting form and the reduced anthraquinone moieties by 

performing a scan rate dependence experiment at slow cycling rates (0.5, 1, 5, 10, 20, 

50, 100, 300, 500 mV s-1). Since the integrated charge for anthraquinone reduction is 

greater than that of the integrated oxidative wave, we hypothesize that a portion of the 

reduced anthraquinone moieties transfer electrons to the oxidized PEDOT returning it 

to its neutral, insulating state. However, the coulombic efficiency increases to 
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quantitative at scan rates above 10 mV s-1 suggesting this mode of decay is not occurring 

at the operational scan rates or C rates (Figure S4.28). 

To determine the relative contributions of the faradaic and non-faradaic 

processes at both fast and slow scan rates, GCDC experiments were performed between 

0.35–0.6 V vs. Ag/AgClO4, where the DAAQ moieties are redox-inactive, and 

compared them to an experiment performed over the full -0.3–0.6 V vs. Ag/AgClO4 

range (Figure S4.24, Table S4.2). This comparison indicates that both the DAAQ 

moieties and the PEDOT contribute nearly equally to the capacitance at all tested 

charging rates, demonstrating the synergistic effect of combining the two materials. We 

also examined the performance of a PEDOT composite of a non-redox-active COF 

based on 1,4-diaminobenzene (DAB), DAB-TFP COF,27 which showed capacitances 

comparable to the non-faradaic contribution of the PEDOT-modified DAAQ-TFP 

composite (Figure S4.25). Furthermore, Au electrodes modified only with 

electropolymerized PEDOT exhibited a similar double-layer capacitance as the 

PEDOT/COF hybrid, but lacked the enhanced charge storage associated with the 

DAAQ redox couple (Figure S4.21-S4.23).  

As described by Ruoff and coworkers, performance metrics are more 

appropriately evaluated using a two electrode configuration;33 therefore, we probed the 

PEDOT-modified DAAQ-TFP films using a high surface area carbon counter and 

quasireference. Under these conditions (20 mV s-1, 0.5 M H2SO4) the films exhibit 

reversible oxidation and reduction waves (Figure 4.4C) that are associated with 

pseudocapacitive features in a two-electrode configuration.33 GCDC profiles exhibited 

well-defined voltage plateaus consistent with previous experiments (Figure 4.4D) and 
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capacitances comparable to those observed in a three-electrode system at charging rates 

up to 800C. At faster charging rates, device performance was limited by the counter 

electrode, not the COF film (Figure S4.29). We incorporated the PEDOT-modified 

DAAQ-TFP composite material into coin cell devices (Figure 4.4E) using insoluble 

DAAQ-TFP microcrystalline powders that were modified by PEDOT derived from a 

chemical oxidation procedure (see Appendix for fabrication procedures Figure S4.30-

S4.34 and Table S4.3S3). The crystallinity and chemical composition of these materials 

were confirmed from the powder diffraction pattern and key stretches in the IR spectrum 

(Figures S4.31 and S4.32). An 8 mg portion of COF was integrated into two coin cells 

in series, which successfully illuminated a green LED for 30 s. These coin cells also 

exhibit well-defined redox waves associated with the reduction and oxidation of the 

anthraquinone moieties in both the CV and GCDC responses (Figures S4.33 and S4.34) 

with a capacitance of 197 F g-1 based on the active composite electrode or 30 F g-1 when 

the mass of the active and counter electrodes are considered. Notably, these cells are 

unoptimized and the gravimetric capacitances are expected to increase if the minimal 

mass of counter electrode and PEDOT to elicit the same electrochemical response are 

identified. However, they demonstrate a means to fabricate working charge storage 

devices from conducting polymer-modified COFs.  
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Figure 4.4. Charge storage performance and device integration of a PEDOT-modified 

DAAQ-TFP film. (A) Average capacitances calculated from 10 cycles of galvanostatic 

charge-discharge experiments at various C rates (error bars show ±1 standard deviation). 

(B) Extended cycling of a PEDOT-modified DAAQ-TFP film showing stability over 

10,000 cycles. First three cycles are at a rate of 10C, then over 10,000 cycles at a rate 

of 100C, followed by another three cycles at 10C showing no loss in capacitance over 

the cycles. (C) CV in a two-electrode device configuration, in which the counter is a 

high-surface area carbon electrode. (D) A potential/capacity plot obtained in the two 

electrode experiment exhibits well-defined voltage plateaus at the formal potential of 

the DAAQ moieties. (E) A PEDOT-modified DAAQ-TFP COF working device 

illuminating a green LED 

  



4 - 16 

 

Conclusions 

Prior to this work, 2D COFs have shown promise for EES devices only when used either 

as few-layer sheets or very thin films (~50 nm)18,19,34,35 because of their limited 

conductivity. Although some coordination polymers circumvent this issue through 

elegant linkage chemistries,36 such approaches limit the scope of accessible 

frameworks. The facile electropolymerization of EDOT within the pores of comparably 

thick COF films (~1 μm) enhances the framework’s conductivity to provide complete 

electrochemical addressability of redox-active groups within the COF, even at high scan 

rates. The complete electrochemical accessibility and fast charging rates of the 

COF/PEDOT composites show significant improvements in volumetric energy and 

power densities relative to unmodified COF films, as well as outstanding stability to 

cycling. These findings justify follow-up efforts to access and probe still thicker COF 

films, further optimize the COF and conducting polymer structures, and explore other 

applications that will benefit from the enhanced electrical conductivity of the hybrid 

films. Positive developments in these directions will continue to demonstrate the 

promise of designed, structurally precise organic materials for EES devices. 

Methods 

Detailed experimental procedures and supporting data can be found in the Appendix.  

Synthesis of DAAQ-TFP Films: DAAQ (17 mg, 0.071 mmol) in 

N,N-dimethylformamide was added to a glass vial. A gold electrode (2.5 cm x 1.3 cm) 

was submerged in the solution, and a septum was used to seal the vial. The solution was 

placed on a hotplate preheated to 90 °C. Subsequently, TFP (10 mg, 0.048 mmol) was 

added over the course of one hour via syringe from a 10 mg mL-1 solution in DMF. 
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During the course of the addition, the reaction mixture was gently swirled. After the 

addition, the reaction was allowed to proceed at 90 °C for an additional 3 h. The total 

reaction time was 4 h (including TFP addition), and the final volume was 4.2 mL after 

TFP addition. After the reaction was complete, the film which covered electrode was 

removed, rinsed three times with DMF and twice with acetone then dried in air. 

Electropolymerization of 3,4-ethylenedioxythiophene (EDOT): 

Electropolymerization was carried out in a standard three electrode set up under an 

argon atmosphere with a DAAQ-TFP COF film on gold as the working electrode, a 

Ag/AgClO4 reference electrode, and either a coiled Pt wire or high surface area carbon 

counter electrode. A controlled area (0.64 cm2) surface cell was used for 

electrochemistry experiments. A 0.1 M solution of EDOT was prepared in 0.1 M (n-

Bu)4ClO4, and nine  electropolymerization cycles between -0.5 and 1.1 V vs Ag/AgClO4 

at 20 mV s-1 were carried out. After electropolymerization the PEDOT-modified 

DAAQ-TFP on gold was rinsed 3x with acetonitrile and 2x with acetone before 

electrochemical testing.  
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A. Materials and Instrumentation. All reagents were purchased from commercial 

sources and used without further purification. N,N-dimethylformamide was purchased 

from Sigma Aldrich and purified using a custom-built alumina column-based solvent 

purification system.  

Infrared (IR) spectra were recorded on a Thermo Nicolet iS10 with a diamond 

ATR attachment or on a Bruker Vertex 80V with a Germanium ATR attachment and 

are uncorrected.  

Grazing incidence X-ray diffraction (GIXD) was performed at the G2 station at 

Cornell High Energy Synchrotron Source (CHESS) using a beam energy of 11.25 ± 

0.01 keV (λ = 0.1103 nm), selected using a single-crystal Be crystal monochromator. 

Motorized slits were used to define a 0.2 × 3 (V×H) mm2 beam. The data were collected 

using a 640-element 1D diode-array, of which each element incorporates its own pulse 

counting electronics capable of count rates of ~105 photons s-1. A set of 0.1° Soller slits 

were used on the detector arm to define the in-plane resolution. The scattering geometry 

is described in detail elsewhere.1 Each data set was collected by scanning the detector 

with the sample stationary. The incidence angle, α, between the beam and sample 

surface was 0.340°. Axes labels Q┴ and Q|| are defined using the GISAXS convention 

Q┴ = 4π/λsin(δ/2) and Q|| = 4π/λsin(ν/2), where δ and ν are the vertical and horizontal 

scattering angles, respectively. At α=δ=0, ħQ|| and ħ Q┴ (where ħ is Planck’s constant) 

are the components of momentum transfer parallel and perpendicular to the sample 

surface, respectively. 
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Atomic force micrographs (AFMs) were taken on an Asylum MFP-3D-BIO 

operating in tapping mode and equipped with a Tap300DLC diamond-like carbon or 

Tap150Al-G Si tip with aluminum reflex coating (tip composition was not seen to affect 

image quality). 

X-ray photoelectron spectra (XPS) were taken using a Surface Science 

Instruments SSX-100 system with operating pressure ~2x10-9 Torr. Monochromatic 

AlK-alpha x rays (1486.6 eV) were used with beam diameter of 1 mm. Photoelectrons 

were collected at a 55 o emission angle. A hemispherical analyzer determined electron 

kinetic energy, using a pass energy of 150 V for wide/survey scans, and 50 V for high 

resolution scans. A flood gun was used for charge neutralization of non-conductive 

samples. 

Electrochemical-Quartz Crystal Microbalance (e-QCM) experiments were 

carried out using a Stanford Research Systems QCM 200 interfaced with a Princeton 

Applied Research Versastat3 potentiostat. DAAQ-TFP COF was grown on O100RX3 

quartz resonators (Au with Ti adhesion layer) using the slow addition method described 

below. A water jacketed beaker was used to maintain a constant temperature of 25 °C 

during the eQCM experiment. The changes in mass and resistance were monitored over 

the experimental time. A 100 mL solution of 0.1 M EDOT in acetonitrile was used for 

the electropolymerization with a carbon counter electrode. Potentials were referenced 

to a Ag/AgClO4 reference electrode.  

Electrochemistry experiments were conducted on a Princeton Applied Research 

VersaSTAT 3 potentiostat using a standard three electrode cell configuration, a 27 
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gauge Pt wired coiled or high surface area carbon as the counter electrode, and either an 

aqueous Ag/AgCl or organic Ag/AgClO4 (standardized against Fc/Fc+) reference 

electrode. For the 0.5 M H2SO4, milliQ purified water was used. For 0.1 M TBAClO4 

electrochemistry grade tetrabutylammonium perchlorate was recrystallized, and dry 

acetonitrile from Sigma Aldrich which was stored over activated 3 Å sieves were used. 
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B. Synthetic Procedures 

 

Synthesis of 1,3,5-triformylphloroglucinol, TFP: TFP was synthesized following 

previously reported procedure and characterization matched that in the literature.2  

Synthesis of DAAQ-TFP Films:   

Crystalline film growth: To a glass vial, a DAAQ (17 mg, 0.071 mmol) in 

N,N-dimethylformamide was added. A gold electrode (2.5 cm x 1.3 cm) was 

submerged in the solution and a septum cap placed on the top of the vial. The 

solution was placed on a preheated 90 °C hotplate.After the addition the reaction 

was allowed to heat at 90 °C for an additional 3 hours. The total reaction time 

was 4 hours (including TFP addition) and final volume was 4.2 mL (after TFP 

addition). 
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C. Atomic Force Microscopy (AFM)  

AFM images were processed using Gwyddion 2.34 software. The image was 

leveled to such that the exposed substrate surface was flat as shown by the height 

profiles below. Heights were calculated using an areal mask over the film surfaces. Step 

edges were achieved by gently scratching the DAAQ-TFP / PEDOT composite away 

to avoid scratching into the gold surface beneath. On each film, three locations were 

analyzed and then averaged to give the film height. 

 

Figure S4.1.  Representative AFMs of crystalline DAAQ-TFP COF films (A) before 

EDOT polymerization and (B) after EDOT polymerization.  
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Figure S4.2.  Representative AFMs of thickest crystalline DAAQ-TFP COF films 

(approximately 1 μm). 
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Figure S4.3.  Representative PEDOT-modified Au AFMs for a polymerization to yield 

approximately 805 nm thick film for control experiments. 

 

 
Figure S4.4.  Representative AFMs for a PEDOT-modified DAB-TFP COF film on 

Au. 
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D. Scanning Electron Microscopy (SEM) 

 

 

Figure S4.5. Representative SEMs of post-polymerization DAAQ-TFP COF films 

after polymerization for (A) 2 cycles, (B) 5 cycles, (C) 9 cycles, and (D) 18 cycles. 

 

 

 
 

Figure S4.6. Cross sectional SEM of post-polymerization DAAQ-TFP COF film after 

9 cycle polymerization.  
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E. Grazing Incidence Diffraction (GIXD) 

 

Figure S4.7. Representative GIXD DAAQ-TFP films on Au substrates where top is 

DAAQ-TFP COF without PEDOT followed by a 2, 5, and 9 cycle 

electropolymerization from top to bottom, respectively.  
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Figure S4.8. Representative GIXD DAB-TFP films on Au substrates. 

 

 
 

Figure S4.9. GIXD of PEDOT polymerized on Au substrate. 
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F. Quartz Crystal Microbalance 

Sauerbrey mass was calculated using the Sauerbrey equation. As shown in Figure S4.10 

the resistance increases linearly with respect to the approximated mass indicating that 

viscoelastic losses increase as the electropolymerization of EDOT occurs. Thus the 

Sauerbrey equation over approximates the PEDOT mass deposited during each 

electropolymerization cycle.  

 

 

 

Figure S4.10. Mass (blue) and resistance (red) change for e-QCM polymerization of 

EDOT within DAAQ-TFP on QCM chip. 
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Figure S4.11. Recorded mass change over time with e-QCM electropolymerization of 

EDOT on bare Au.  
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G. Surface Area Analysis 

 

 

Figure S4.12. (A) Kr gas adsorption isotherm for DAAQ-TFP COF without PEDOT 

(red), 2 cycle polymerization PEDOT / DAAQ-TFP COF (black), and 9 cycle 

polymerization PEDOT / DAAQ-TFP COF (blue). BET transforms for (B) DAAQ-

TFP COF without PEDOT, (C) 2 cycle polymerization PEDOT / DAAQ-TFP COF, 

and (D) 9 cycle polymerization PEDOT / DAAQ-TFP COF. 
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H. Electrochemical Methods and Data  

 

Analyses were performed in a standard three electrode set up: a DAAQ-TFP 

film modified gold substrate, a Ag/AgCl or a Ag/AgClO4 reference, and a coiled Pt wire 

or high surface area carbon counter. All experiments were performed after purging the 

electrolyte with argon. Electropolymerization was carried out using 0.1 M EDOT in 0.1 

M TBAP / MeCN via cyclic voltammetry between -0.5 and 1.0 V vs Ag/AgClO4. The 

composite films were studied in 0.5 M H2SO4.  

Electropolymerization was optimized at nine cycles (20 mV s-1
, 0.1 M EDOT / 

0.1 M TBAP / MeCN, Fig.s S9 and S10). When the electropolymerization was carried 

out for two or five cycles, the amount of charged stored in the films was less than the 

theoretical (assessed through integration of the anthraquinone oxidation peak). 

Furthermore, when 18 cycles was tested the amount of charge stored in the film 

diminished over a variety of scan rates, and the overall CV response was resistive.  
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Determination of Quinones Accessed in films 

 
Figure S4.13. Sample CVs used for approximation of anthraquinones accessed in 

PEDOT-modified DAAQ-TFP COF films. The left CV shows an unmodified DAAQ-

TFP COF film and the right shows a PEDOT-modified DAAQ-TFP COF film.  

   

(1) Determine unit cells of DAAQ-TFP COF exposed in the electrochemistry 

cell. 

Unit cell area: 770 Å2 

Exposed geometric area in echem cell: 0.64 cm2 

Number of unit cells in echem cell: 
6.4 ×10−5 m2

7.7 ×10−18 m2 
= 8.3 × 1012 unit cells 

(2) Each unit cell provides one anthraquinone, so 8.3 × 1012 quinones are 

exposed providing 1.6 × 1013 electrons or 2.7 × 10−11 moles of electrons 

(3) Each mole of electron gives 96485 C. Therefore, each layer will provide                         

2.7 × 10−11 moles (96485 
C

mole
) = 2.7 × 10−6 C 

(4) Convert this charge to charge per nm 

(2.7 × 10−6   
C

layer
) (0.362 

nm

layer
)

−1

= 7.4 
μC

nm
 

(5) From AFM determine the thickess. For Figure 3 in the text, film thickness 

of 1300 nm.  
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(6) Multiply by the charge per nm to get theoretical percent of anthraquinones 

7.4 
μC

nm
 (1300 nm) = 9.6 mC 

(7) Ratio the integrated oxidation charge from Figure S26 to the theoretical 

charge. 

(
0.23 mC

9.6 mC
) 100 = 3%  (

9.3 mC

9.6 mC
) 100 = 97% 
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Figure S4.14. Effect of number of cycles in EDOT polymerization on DAAQ-TFP 

COF electrochemical response where line colors correspond to various number of 

cycles in the electropolymerization as designated on the above figures. (A) Cyclic 

voltammetric response of composite films in 0.5 M H2SO4, 20 mV s-1. (B) Charge 

stored over a variety of scan rates. 
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Figure S4.15. Effect of electropolymerization scan rate. (A) Cyclic voltammograms 

for unmodified DAAQ-TFP COF (red) and PEDOT / DAAQ-TFP COF where the 

PEDOT was polymerized at 2 mV s-1 for 5 cycles. CVs taken at 20 mV s-1 in 0.5 M 

H2SO4. (B) Scan rate dependence of film prepared in Figure S10A at 20 mV s-1 (red), 

50 mV s-1 (green), and 100 mV s-1. 
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Figure S4.16. Overlay of cyclic voltammograms (20 mV s-1, 0.5 M H2SO4) for 

PEDOT / DAAQ-TFP COF(red), and PEDOT / Au (green). 

 

 
Figure S4.17. Four point probe conductivity measurements for (A) PEDOT / DAAQ-

TFP COF and PEDOT on Au and (B) bare Au. 
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Figure S4.18. Equivalent circuit modeling for PEDOT / DAAQ-TFP systems 

 

Table S4.1.  Fitting parameters for PEDOT / DAAQ-TFP COF and DAAQ-TFP COF.  

Substrate 

Rs            

(Ω) 

Es 

(Ω) 

RDL             

(Ω) 

ERDL 

(Ω) 

CPEDL 

(mF) 

EDL 

(mF) 

RCT  

(Ω) 

ERCT 

(Ω) 

CPECT      

(mF) 

ECT 

(mF) 

PEDOT-

modified 

DAAQ-TFP 

COF 

19.7 0.32 22 0.17 400 0.01 21336 4547 4.7 0.023 

unmodified 

DAAQ-TFP 

COF  

451.6 1.89 1696 338 0.053 
0.003

9 
9976 5110 0.13 0.018 

 

 
Figure S4.19. Impedance spectra comparing PEDOT / DAAQ-TFP (blue) and DAAQ-

TFP COF (red). 
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Capacitances were calculated from galvanostatic charge-discharge experiments 

using the discharge potential-time curve by multiplying the applied current by the 

discharge time to give A●s then dividing by the potential range and geometric volume 

of the electrode to give mF cm-3. The applied current was determined by integrating the 

oxidative half of the cyclic voltammogram of the PEDOT / DAAQ-TFP COF film to 

give charge in mA●s. A rate of 10 C was determined by dividing the charge by 360 s. 

Each profile shows a voltage plateau around the Eo
’ of the anthraquinone moieties. 
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Figure S4.20. Galvanostatic charge discharge profiles over 10 cycles for PEDOT / 

DAAQ-TFP COF (A) 10C, (B) 20C, (C) 50C, (D) 100C, (E) 200C, (F) 400C, (G) 

800C, (H) 1600C and DAAQ-TFP COF (I) 10C, (J) 20C, (K) 50C, (L) 100C, (M) 

200C, (N) 400C, (O) 800C, (P) 1600C. 
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Figure S4.21. Galvanostatic charge discharge profiles over 10 cycles for PEDOT / Au 

(A) 10C, (B) 20C, (C) 50C, (D) 100C, (E) 200C, (F) 400C, (G) 800C, (H) 1600C. 
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Figure S4.22. CV of PEDOT which has been electropolymerized from EDOT on Au 

substrate without COF present. The CV is taken in 0.5 M H2SO4 at 20 mV s-1.  
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Figure S4.23. Potential / Capacity profiles for DAAQ-TFP COF (red), PEDOT / 

DAAQ-TFP COF (blue), and PEDOT / Au (black). 
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Figure S4.24. (A) Capacitance over various C rates (x-axis) for PEDOT / DAAQ-TFP 

COF (blue) over the entire voltage window (-0.4 to 0.6 V vs Ag/AgCl) and for PEDOT 

/ DAAQ-TFP COF (black) in the non-faradaic window (0.35 – 0.6 V V vs Ag/AgCl). 

(B) CV of PEDOT / DAAQ-TFP COF with the nonfaradaic window used in the analysis 

highlighted in black. (C-J) GCDC profiles for full window (blue) and nonfaradaic 

window (black) PEDOT/ DAAQ-TFP COF. 
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Table S4.2. Percent of capacitance contribution from nonfaradaic region as assessed 

through the GCDC experiment in Figure S4.16.  

C-rate Percent nonfaradaic 

10 65 

20 61 

50 61 

100 58 

200 56 

400 49 

800 52 

1600 40 
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Figure S4.25. (A) Reaction scheme to synthesize DAB-TFP COF film (B) CV of 

PEDOT / DAB-TFP COF (green) and unmodified DAB-TFP COF (black). (C) 

Capacitance over various C rates (x-axis) for PEDOT / DAB-TFP COF (green) DAB-

TFP COF (orange) (D-K) GCDC profiles for PEDOT / DAB-TFP COF (green) and 

DAB-TFP COF(black). 
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Sample calculation for volumetric capacitance 

 
Figure S4.26. Galvanostatic charge / discharge experiment for PEDOT-modified 

DAAQ/TFP COF film at 50 C. The red trace is cycle 1, the blue trace is cycle 10. 

 

(1) Determine the elapsed time of discharge (oxidation of anthraquinones) Δt = 

145 s 

(2) Multiply this by the applied current to get charge: 145 s (136 μA) = 0.01972 

A●s = 0.01972 C 

(3) Divide this by the potential window the oxidation sweep occurs in: 0.01972 C / 

0.9 V = 0.022 F 

(4) Normalize by the geometric volume for a given film. In this example 1005 nm, 

which is a volume of 6.4E-5 cm-3: 0.022 F / 6.4E-5 cm-3
 = 341 F cm-3  
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Figure S4.27. Extended stability test for DAAQ-TFP COF / PEDOT after being held 

at -0.3 V for 15 hours using a potential step experiment. Red trace corresponds to before 

potential step, orange post 1 h, green post 3 h, blue post 5 h, and purple post 15 h. 
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Figure S4.28. Scan rate dependence experiment at reduced cycling rates. (A) displays 

the CV response for a PEDOT-modified DAAQ-TFP film at 0.5, 1, 5, and 10 mV s-1 

and (B) for 20, 50, 100, 300, and 500 mV s-1. (C) displays the integrated charge for the 

oxidative (blue) and reductive (red) anthraquinone waves along with the coulombic 

efficiency (green, right y-axis) over all scan rates probed in (A) and (B). (D) is a zoom-

in of the slowest scan rates shown in part (C). 

 

 

Estimation of the mass of a 500 nm thick DAAQ-TFP COF film 

 

(1) Geometric exposed electrochemistry cell area = 0.64 cm2 

 

(2) Number of unit cells per echem cell: 

(i) From the unit cell 

Area = 25.8 Å (29.8 Å) 

 = 770.7  Å2 = 7.7 x 10-14 cm2 per unit cell 

(ii) Number of cells = (geometric area of cell) / (area of unit cell) 

 = (0.64 cm2) / (7.7 x 10-14 cm2) = 8.3 x 1012 unit cells 

(iii) Number of moles = 8.3 x 1012 unit cells / 6.022 x 1023 = 1.4 x 10-11 mol 

 

(3) Mass of unit cells in layer: 

1026 g mol-1 (1.4 x 10-11 mol) = 1.4 x 10-8 g per layer 

 

(4) Accounting for thickness: 

5000 Å / 3.6 Å = 1388 layers 
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1388 layers (1.4 x 10-8 g / layer) = 19 μg 

 

(5) Including PEDOT 

11 μg cm-2 + 8(20 μg cm-2) = 171 μg cm-2 

171 μg cm-2(0.64 cm2) = 109 μg 

 

 
Figure S4.29. Capacitance responses over a variety of C-rates for three-electrode and 

two-electrode set up.  
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Device Preparation/Assembly 

PEDOT modified DAAQ-TFP COF powder for coin cell preparaion 

The 10:1 and 1:1 PEDOT/COF composites were synthesized via chemical 

oxidation of EDOT in the presence of DAAQ-TFP COF powder. A 43 mg portion of 

EDOT was added into a mixture COF powder (30 mg) in methanol (MeOH) at 0 °C. 

After 15 minutes of mixing, Fe(ClO4)3 (0.214 g) was dissolved in MeOH and slowly 

added to the mixture of COF and EDOT. After stirring for 6 hours, dark blue powder 

was obtained and dried at 90 °C overnight.  

Coin-shaped electrodes of both cathode (PEDOT/COF) and anode (activated 

carbon, AC) were prepared by adding 90 mg of material (for cathode, 80 mg of 

PEDOT/COF + 10 mg Super P carbon, for anode 90 mg of activated carbon) to a 

scintilation vial that is equipped with a stir bar and 10 mg of polytetrafluoroethylene 

(PTFE) as a binder. Less than 1 mL of ethanol was added and the mixture was allowed 

to vigorously mix at 60 °C until the mixture is almost dry. The gels were rolled into a 

thin film and was allowed to dry at 60 °C overnight.  

Cell Assembly and Working 

A lithium-ion battery CR2032 cell was used as the device chamber, and was 

assembled, by stacking a Ti-foil, PEDOT/COF (cathode), separator, activated carbon, 

Ti-foil, stainless steel, spring and a cap (Fig. S23). The diameters of the components 

may be found in Table S3. CV characterization of single coin cell device was tested by 

contact using Cu tape. After individual cells were confirmed to be working, two cells 

were connect in series using Arbin channels connect by wires (Fig. S23F). In order to 
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charge a 2.2 V LED, the setup was charged to 2.2 V for 10 s, then was allowed to relax 

until the LED dimmed completely (about 30 s, see video).  

 
Figure S4.30. Assembly of a cell. Starting from the cathode, (A) Ti current collector, 

(B) PEDOT / DAAQ-TFP COF, (C) separator and activated carbon, (D) Ti current 

collector, (E) stainless steel piece and spring, and (F) shows two cell connected in series 

using Arbin channels connected by wires with the LED attached to the setup.  

 

Table S4.3.  Dimensions of cell components 

Component Ti current 

collector 

PEDOT / DAAQ-TFP 

COF (1:1) 

Anode Separator 

Diameter 

(in) 

7/16 5/16 5/16 1/2 
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Figure S4.31. Powder XRD of PEDOT modified DAAQ-TFP powder, showing 

diffraction pattern maintained 
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Figure 4.32. Overlay of IR spectra of DAAQ-TFP COF powder (red), chemically 

polymerized PEDOT-modified DAAQ-TFP COF powder (purple), electropolymerized 

PEDOT-modified DAAQ-TFP COF film (blue) and electropolymerized EDOT on Au 

surface (grey). 
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Figure S4.33. CV response for a coin cell fabricated from PEDOT-modified DAAQ-

TFP COF powder where the PEDOT to COF mass ration is 1:1 (purple) and a similarly 

fabricated coin cell with only activated carbon (grey). The mass used in the 

normalization is the combined active electrode and counter electrode mass. 
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Figure S4.34. GCDC potential profiles for a coin cell fabricated from PEDOT-modified 

DAAQ-TFP COF powder where the PEDOT to COF mass ration is 1:1. (A) 10C (B) 

20C (C) 50C (D) 100C (E) 200C and (F) 400C. 
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Figure S4.35. Physical mixture (grinding) of 1-to-1 PEDOT / COF mixture where the 

PEDOT was chemically polymerized separately from the DAAQ-TFP COF powder.  
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CHAPTER 5 

Cation-dependent Stabilization of Electrogenerated Naphthalene Diimide Dianions in 

Porous Polymer Thin Films and Their Application to Electrical Energy Storage 

Abstract 

Porous polymer networks 

(PPNs) are attractive materials 

for capacitive energy storage 

because they offer high surface 

areas for increased double-layer 

capacitance, open structures for 

rapid ion transport, and redox-active moieties that enable faradaic (pseudocapacitive) 

energy storage. Here we demonstrate a new attractive feature of PPNs—the ability of 

their reduced forms (radical anions and dianions) to interact with small radii cations 

through synergistic interactions arising from densely packed redox-active groups, only 

when prepared as thin films. When naphthalene diimides (NDIs) are incorporated into 

PPN films, the carbonyl groups of adjacent, electrochemically generated, NDI radical 

anions and dianions bind strongly to K+, Li+, and Mg2+, shifting the formal potentials 

of NDI’s second reduction by 120 and 460 mV for K+ and Li+-based electrolytes, 

respectively. In the case of Mg2+, NDI’s two redox waves coalesce into a single two-

electron process with shifts of 240 and 710 mV, for the first and second reductions, 

respectively, increasing the energy density by over 20% without changing the polymer 

backbone. In contrast, the formal reduction potentials of NDI derivatives in solution 

are identical for each electrolyte, and this effect has not been reported for NDI 
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previously. This study illustrates the profound influence of the solid-state structure of 

a polymer on its electrochemical response, which does not simply reflect the solution-

phase redox behavior of its monomers. 

This work was done in collaboration with Kenneth Hernández-Burgos, David J. 

Fortman, and Prof. Héctor D. Abruña in the Department of Chemistry at Cornell 

University, Julian M. Rotter at the Department of Chemistry and Center for NanoScience 

University of Munich, Germany, Dieric dos S. Abreu and Prof. Izaura C. N. Diógenes in 

the Departamento de Química Orgânica e Inorgânica, Universidade Federal do Ceará 

Fortaleza, Brazil, Ronaldo A. Timm and Lauro T. Kuboto at the Department of Analytical 

Chemistry, Institute of Chemistry Universidade Estadual de Campinas, Brazil. This 

chapter was first published in the Angewandte Chemie: DeBlase, C. R.; Hernández-

Burgos, K.; Rotter, J. M.; Fortman, D. J; dos S. Abreu, D.; Timm, R. A.; Diógenes, I. C. 

N.; Kubota, L. T.; Abruña, H. D.; Dichtel, W. R. Angew. Chem. 2015, 127, 13423-13427 

and is reproduced with permission. 
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Introduction 

Developing efficient electrical energy storage devices (EESDs), whose design 

is grounded in fundamental electrochemical principles, is essential for utilizing and 

integrating intermittent sustainable energy sources into our energy portfolios.1–4 Novel 

electrode materials and architectures for electrochemical supercapacitors and batteries 

are at the forefront of EESD research, which, despite similar design criteria, remain 

distinct applications because contemporary materials do not offer both high energy 

density, associated with batteries, and high power density, associated with capacitors. 

Organic materials represent attractive alternatives to metal oxide cathodes1,2,5 because 

of their abundance, low cost, and tunable structures.2,3,6–13 However, molecular 

compounds have lower volumetric energy densities and are often partially soluble in 

supporting electrolytes, compromising device performance and cyclability. Porous 

polymer networks (PPNs) are inherently insoluble, circumventing the dissolution 

limitation, and can store charge both faradaically, through charge-transfer processes of 

incorporated redox-couples,14–18 and non-faradaically, by forming electrochemical 

double-layers.19–23 Here we evaluate a PPN-functionalized electrode, which shows 

cation-dependent stabilization of redox-active dianions, providing increased cell 

voltages which, in turn, increase the energy density of EESDs. 
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Figure 5.1. Solvothermal synthesis of the NDI-TFP polymer. 

An EESD’s energy density scales with both its operating voltage, exhibiting a 

linear dependence for batteries and a squared dependence for capacitors, and its 

capacity. Both effects have been pursued with the intent of increasing EESD 

performance. Tuning the electrolyte’s properties has gained increased interest since 

Gogotsi et al. reported increased capacitance when the pores of the electrode were 

similar in size to the electrolyte ions.24 The ability to deliberately shift the reduction 

potentials of benzoquinone by changing the counter cation was first noted by Peover 
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and Davies in 1963,25 but this phenomenon has not since been exploited to 

deliberately tune a polymer electrode’s redox potential.  

Here we incorporate an NDI-containing monomer (1, Figure 5.1) into a PPN 

and demonstrate the dramatic difference in electrochemical response between the 

polymer film and 1 in solution. In this way, we examine how to deliberately and 

controllably shift the reduction potential of the NDI-containing PPN through ionic 

interactions with metal cations. The NDI polymer film exhibits counter cation-

dependent electrochemical behavior, where NDI’s second reduction process is 

stabilized by as much as 710 mV, which we attribute to the close proximity of 

carbonyl groups of adjacent NDIs in the polymer film. In contrast, the solution 

electrochemistry of the NDI monomer does not change significantly as a function of 

the supporting electrolyte cation. This phenomenon, which has not been noted 

previously for porous polymers, or for NDI in any context, can enhance the operating 

voltages of EESDs, compared to those predicted from the electrochemical 

characterization of NDI in solution. 
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Figure 5.2. Reduction and oxidation processes for naphthalene diimide moieties 

cation was first noted by Peover and Davies in 1963,[25] but this phenomenon has not 

since been exploited to deliberately tune a polymer electrode’s redox potential. 

 

Results and Discussion 

Triformylphluoroglucinol (TFP) and 1 condense to form the NDI-TFP PPN 

as an insoluble, amorphous solid. The highest surface areas and optimal thin films 

were obtained through the slow addition of a TFP solution to a solution of 1 in DMSO 

(Figure 5.1). When three anilines react with TFP, the resulting imines tautomerize to 

provide β-ketoenamine functionalities, a behavior that has been observed in small 

organic compounds,26 other PPNs,27 and covalent organic frameworks (COFs).28 In 

extended networks, this linkage provides materials that are oxidatively and 

hydrolytically robust.10,28–30 The FTIR spectrum of the polymer indicates that it is 

linked by β-ketoenamines, as evidenced by the disappearance of the N-H stretches, the 

appearance of a characteristic C-N stretch at 1250 cm-1 and a C=C stretch at 1560 cm-

1, and the shifting of the C=O stretch from 1660 cm-1 to 1615 cm-1 (Figure S5.4). 13C 

cross-polarization magic angle spinning (CP-MAS) solid-state NMR spectroscopy 

also indicates the formation of β-ketoenamine-linked materials, as the spectrum of 



 

5 - 7 

 

NDI-TFP exhibits resonances at 145 ppm that correspond to the enamine carbon 

(=CNH) and α-carbon at 115 ppm (Figure S5.3). Furthermore, the TFP aldehyde 

resonance at 193 ppm is replaced by a peak at 180 ppm, corresponding to the ketone 

resonance. High-resolution x-ray photoelectron spectroscopy (XPS) shows a clear 

shift of the N 1s signal for monomer 1 at 401.01 eV, corresponding to its aniline-type 

moieties, to 398.45 eV for the enamines of the NDI-TFP polymer, which is consistent 

with shifts observed for other β-ketoenamine-linked materials (Figure S5.6). NDI-

TFP polymers prepared under conditions in which the monomers are fully soluble, a 

condition that provided superior surfaces areas for related materials,10,31 exhibited 

BET surface areas of 414 ± 188 m2 g-1 with a total pore volume of 0.19 ± 0.02 cm3 g-1 

(average of four samples) with a highest value of 790 m2 g-1 (Figure S5.7). 

 

Figure 5.3. (A) Cyclic voltammograms of 1 (10 mV s-1, DMSO, 0.1 M perchlorate 

supporting electrolyte) TBA+ = tetrabutylammonium. (B) Cyclic voltammograms of 

NDI-TFP polymer films on Au electrodes (10 mV s-1, CH3CN, 0.1 M perchlorate 

supporting electrolyte). 
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Table 5.1. The formal potentials for the NDI-TFP polymer are shifted to positive 

potentials as a consequence of ionic interactions. Eo′
RX = reduction, where x = 1 is first 

reduction and x=2 is second reduction. All potentials are reported as V vs Ag/AgClO4 

Cation  Eo′
R1 Eo′

R2 ΔEo′
R1 ΔEo′

R2 

TBA+ -0.96 -1.43 n/a n/a 

K+ -0.93 -1.31 0.03 0.12 

Li+ -0.83 -0.97 0.13 0.46 

Mg2+ -0.72 -0.72 0.24 0.71 

 

We also prepared the NDI-TFP polymer as a thin film on gold electrodes 

because in a previous study we observed that 2D COF thin films exhibited superior 

electrochemical performance compared to insoluble powders.30 Film deposition on 

electrode surfaces was achieved by including an electrode (Au) in a DMSO solution of 

1 and slowly introducing a TFP-containing solution over the course of 1 h. After 12 h, 

yellow films with a fibrous morphology (Figure S5.5) were obtained. NDI-TFP 

polymer films exhibited similar FTIR and XPS spectra to those discussed above 

(Figure S5.4 & S5.6). These films were characterized electrochemically, and 

compared to the performance of monomer 1 in solution. The porous, high surface area 

nature of the NDI-TFP thin films was confirmed qualitatively by observing enhanced 

Kr adsorption by polymer films relative to unmodified Au substrates. (Figure S5.9).   

NDI-TFP polymer thin films on gold electrodes exhibit distinct and counter 

cation-dependent electrochemical behavior (Fig. 5.3B) that is not observed for 

solutions of 1 (Figure 5.3A). NDI undergoes two one-electron reduction processes to 

yield a radical anion and dianion (Figure 5.2), respectively, each of which might 
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interact with cations of differing charge and size.32 No cation dependence was 

observed in the reduction of the NDI monomer 1 in DMSO solution using cyclic 

voltammetry (CV, Figure 5.3A). The two one-electron redox processes for all 

electrolyte cations occurred at E0’= -0.95V and -1.41 V vs. Ag/AgClO4, respectively. 

The NDI-TFP polymer exhibits a similar electrochemical response to that of 

monomer 1 in the presence of bulky, non-interacting tetrabutylammonium (TBA+) 

cations (Figure 5.3B).9 Two one-electron processes with formal potentials of -0.96 and 

-1.43 V vs Ag/AgClO4 are observed. Since there were minimal interactions between 

the NDI and the TBA+, the formal potentials remained essentially invariant and were 

the most negative (Figure 5.3B, Table 5.1). This response indicates that TBA+ does not 

interact with the NDI radical anion or dianion strongly. However, the NDI-TFP 

polymer’s formal potentials shift to more positive values in the presence of the smaller 

cations Li+ and K+ (K+ at Eo′
1 = -0.93 V, Eo′

2 =-1.31 V and Li+ at Eo′
1 = -0.83 V, Eo′

2 = 

-0.97 V vs Ag/AgClO4) (Figure 5.3B and Table 5.1). These smaller, higher charge 

density cations interact strongly with NDI2- and stabilize it, as indicated by the shift in 

its response to more positive potentials relative to TBA+. This trend was also 

confirmed using in situ confocal Raman spectroscopy (see Appendix). 

Even greater stabilization of NDI2- within the polymer film is observed for 

Mg2+, such that both waves merge into a single two-electron process at a formal 

potential of -0.72 V vs Ag/AgClO4. The redox potential was also shifted positively by 

Al3+, but electrochemistry was irreversible (Figure S5.16). This experiment suggests 

that a triply charged cation binds strongly to the dense network of dianions and that 

there are presumably significant steric effects that influence the screening of the 
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trication. The shift in the formal potentials for Mg2+ corresponds to an increase in 

energy density of more than 20% for the polymer. We have noted effects of this 

magnitude in other carbonyl-containing redox systems in solution,8,9 but this is the 

first observation of this behavior in polymer films or for NDI in any context, despite 

its extensive use as a redox-active moiety in molecular and polymeric systems. 

Furthermore, all electrolytes yielded chemically reversible responses, as evidenced by 

the equal peak currents for each redox process, which is essential for devices to 

maintain their performance after extensive cycling. We attribute this feature to the 

polymer’s high stability and insolubility, which suppress degradation of the 

electroactive moieties. The chemical reversibility of the NDI2- / Mg2+ species is also 

notable, because the corresponding reduction in most carbonyl-based redox couples is 

irreversible.33 Inspired by the calculated increase in energy density for NDI-TFP / 

Mg2+, we examined the charge / discharge profiles for NDI-TFP thin films in the 

presence of each of the cations (as perchlorate salts) studied to determine their charge 

storage capacities (Figures 5.4, S5.13, and S5.14)). At a current of 70µA, all films 

exhibited well behaved charge/discharge profiles with capacities around 100 mA h g-1 

(see Appendix for details); a value close to the theoretical one. The profiles exhibited 

well-defined plateaus at potentials corresponding to the redox processes (as 

determined from cyclic voltammetry). In addition, the profiles confirm the increase in 

energy density. 

These electrochemical studies highlight the importance of polymer 

morphology for optimizing ionic interactions and, in turn, the application of these 

materials for EESDs. The porous nature of NDI-TFP allows the cations to be held 
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within the pores to stabilize the dianion. For NDI in solution, the standard rate 

constant (k0′) for electron transfer was determined, using the Nicholson method,34 to be 

3 x 10-3 cm s-1 for all electrolytes, which is characteristic of quasireversible processes. 

The same analysis was performed on the NDI-TFP polymer deposited onto a 

microelectrode (r = 30 µm) to mitigate ohmic drops. The obtained k0’ values were 4 x 

10-3 cm s-1, 3 x 10-3 cm s-1, 6 x 10-4 cm s-1 and 6 x 10-4 cm s-1 for TBA+, K+, Li+, and 

Mg2+ respectively. The variations (TBA+ > K+ > Li+ ~ Mg2+) in the standard rate 

constant values may reflect electrostatic effects. These observations demonstrate that, 

in materials design, the properties of the monomers cannot necessarily be used to 

predict the behavior of the polymeric form. 

 

Figure 5.4. Potential / capacity profiles, at a current of 70 µA, of NDI-TFP films in 

various perchlorate electrolytes, where ● represents charge (generation of NDI2-) and 

▲ represents discharge (generation of NDI). The right axis shows potentials relative 

to Li. 

The diffusion coefficients of the cations through NDI-TFP films were 

determined using chronoamperometry by stepping the potential to -1.8 V vs 
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Ag/AgClO4 and monitoring the current response (Figure S5.12 and Table S5.1). The 

current plotted against the inverse square root of time (Cotrell plot) in each electrolyte 

is indicative of finite diffusion processes (i.e., those of surface bound redox couples). 

The smallest (Li+) and largest (TBA+) cations diffuse most quickly through the 

polymer films at 1.2 x 10-11 and 2.3 x 10-11 cm2 s-1, respectively. We attribute these 

responses to a non-interacting cation, which is too large to bind well to the reduced 

NDI, in the case of TBA+, or, for Li+, an ion that is too small to be restricted within 

the NDI-TFP polymer matrix. The diffusion coefficient of Mg2+ is three times smaller 

than that of Li+ (0.4 x 10-11 cm2 s-1), which we attribute to enhanced coulombic 

interactions between the reduced NDI and the Mg2+ ion. Although somewhat 

speculative, we propose that the local structure of the NDI-TFP polymer places 

carbonyls of adjacent NDI units sufficiently close for the Mg2+ dication to stabilize 

both anions at once. These interactions would be stronger than those of Li+ and further 

restrict diffusion. K+ showed the smallest diffusion coefficient at 0.3 x 10-11 cm2 s-1, 

although this response may be influenced by resistance effects arising from the limited 

solubility of this electrolyte. In all cases, we attribute the slow diffusion to a 

combination of ionic interactions and blocked pores or torturous pathways that hinder 

ions moving throughout the material. 

We employed electrochemical impedance spectroscopy (EIS) in CH3CN using 

the ClO4
− salts of TBA+, Li+, K+, and Mg2+ to further characterize the electrical 

conductivity and charge transport behavior of the films. EIS was performed at -0.2, -

1.0 and -1.4 V, at which the NDI is present as the neutral, anion radical, and dianion, 

respectively. Using a two constant phase element (2CPE) model in series with the 
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solution resistance (Rsol, where Rsol ~ 800 Ω), we extracted the charge transfer 

resistances associated with the reduction of the NDI units, which was lowest at -1.0 V 

applied potential for each ion. Our interpretation of this phenomenon is that the film is 

comprised of NDI at different redox states at this potential. Thus, redox conduction 

can enhance the effective rate of charge transfer, providing lower values of  RCT. A 

more extensive discussion of the impedance data is presented in the supplementary 

information section. Strategies to enhance charge transfer in porous polymers, even 

when electrical conductivity is limited, broadens the scope of potential polymers 

usable in energy storage, while maximizing their performance. 

Conclusions 

In conclusion, we synthesized a robust, NDI-containing, β-ketoenamine-linked 

polymer network, both as a high surface area powder and as a thin film. Its reduction 

processes are stabilized by coordinating cations of the supporting electrolyte, an effect 

that is not observed for the NDI monomer in solution or previously reported for 

NDI-containing polymers or assemblies. We attribute this behavior to the ability of 

NDI dianions to strongly bind K+, Li+, and Mg2+ in the polymer films, shifting its 

formal reduction potentials. The largest effect is observed for Mg2+, which induces the 

coalescence of NDI’s two redox waves into a single two-electron reduction at more 

positive potentials (a shift of 710 mV). Although the diffusion coefficients for all of 

the ions were small (10-11 cm2 s-1), non-interacting TBA+ cations diffused most rapidly 

through the NDI-TFP polymer. These studies demonstrate that, although solution-

phase characterization is effective for assessing the number of electrons transferred 

and / or approximate location of redox potentials, it does not necessarily indicate how 
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electron transfer will occur in polymer thin films. These results illustrate the 

importance of microstructure in electrochemical behavior in general, and electrical 

energy storage in particular. Harnessing these potential shifts is also of technological 

interest, as they give rise to higher operating voltages for EESDs than would be 

expected from solution studies, which can significantly increase their energy densities. 
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A. Materials and Instrumentation. All reagents were purchased from commercial 

sources and used without further purification. DMSO was purchased from Sigma 

Aldrich and used without further purification. Other solvents were purchased from 

commercial sources and purified using a custom-built alumina-column based solvent 

purification system.  

Infrared spectra were recorded on a Thermo Nicolet iS10 with a diamond ATR 

attachment or on a Bruker Vertex 80V with a Germanium ATR attachment and are 

uncorrected.  

Scanning electron microscopy (SEM) was performed on a LEO 1550 FESEM 

(Keck SEM). Materials were deposited onto a sticky carbon surface on a flat 

aluminum platform sample holder. Samples were not sputtered with metal. The 

samples were imaged at 2 keV using the electron gun.  

Surface area measurements were conducted on a Micromeritics ASAP 2020 

Accelerated Surface Area and Porosimetry Analyzer using between 15 and 50 mg. 

Samples were degassed at 180 °C for 12 hours. Nitrogen isotherms were generated by 

incremental exposure to ultra high purity nitrogen up to ca. 1 atm over 28-hour periods 

in a liquid nitrogen (77 K) bath. Surface parameters were determined using BET 

adsorption models and pore sizes and distributions were determined using DFT 

models included in the instrument software (Micromeritics ASAP 2020 V1.05).   

NMR spectra were recorded on a Bruker ARX 300 MHz, Varian INOVA-400, 

or Varian INOVA-500 spectrometer using a standard 1H/X Z-PFG probe at ambient 

temperature with a 20 Hz sample spin rate. Solid-state NMR spectra were recorded at 

ambient temperature on a Varian INOVA-400 spectrometer using an external Kalmus 
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1H linear pulse amplifier blanked using a spare line. Samples were packed into 7 mm 

outside diameter silicon nitride rotors and inserted into a Varian HX magic angle 

spinning (MAS) probe. 13C experiments were performed using linearly ramped cross-

polarization with MAS (CP/MAS) at 100.5 MHz. The 1H and 13C had 90° pulse 

widths of 5 μs, and the CP contact time was 1 ms. Two-pulse phase modulation 

(TPPM) 1H decoupling was applied during data acquisition with a decoupling 

frequency of 78 kHz. The recycle delays between scans were 2 s. The MAS spin rate 

was 5 kHz, as labeled in the spectra. Decoupling was applied during data acquisition 

with a decoupling frequency of 78 kHz.  

Electrochemistry experiments were conducted on a Princeton Applied 

Research VersaSTAT 3 potentiostat using a standard three electrode cell 

configuration, a 27 gauge Pt wired coiled as the counter electrode, and either an 

aqueous Ag/AgCl or organic Ag/AgClO4 reference electrode. For the experiments 

using homemade gold microelectrodes a ECO CHEMIE BV Autolab potentiostat 

(model: PGSTAT128N). Perchlorate salts (TBA+, K+, Li+ and Mg2+) were purchased 

from Sigma Aldrich and used as received. Anhydrous CH3CN from Sigma Aldrich 

was stored over activated 3 Å sieves prior to its use. All experiments were conducted 

in a glovebox with an Ar atmosphere. 
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B. Synthetic Procedures 

 
Synthesis of 1,3,5-triformylphloroglucinol, TFP: TFP 3 was synthesized following 

previously reported procedure and characterization matched that in the literature.26  

 

 

Preparation of Naphthalenediimide diamine, (1) 

 

To a round bottom flask equipped with a stirbar and condenser was added the 

naphthalene anhydride (750 mg, 2.8 mmol) and diaminobenzene (3.02 g, 28.0 mmol) 

under inert conditions. The solids were dissolved in 50 mL of anhydrous MeOH. The 

reaction was heated to reflux for 16 h. The reaction was cooled, filtered and the brown 

solid was suspended in ca. 20 mL of MeOH, filtered, and dried under high vacuum. 

The brownish red solid was isolated pure in an 88% yield. 1H NMR (500 MHz, 

DMSO-d6) δ 8.68 (s, 4H), 7.12 (d, J = 8.13 Hz, 4H), 6.65 (d, J = 8.13 Hz, 4H), 5.32 (s, 

4H). 13C NMR (125 MHz, DMSO-d6) δ 163.22, 148.81, 130.42, 129.13, 126.94, 

123.23, 113.71, 104.79. HRMS (DART) calc’d for [C26H16N4O4+H+] 449.1244, found 

m/z 449.1226.  
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Preparation of NDI-TFP polymer (powder and film) 

A solution of TFP (10 mg, 0.047 mmol) in DMSO (1 mL) was added drop-wise over 

the course of 1 h to a vial with a pre-heated (90 °C) solution of 1 (32 mg, 0.071 mmol) 

in DMSO (7 mL) containing a Au substrate. The reaction was heated for 12 h, after 

which the vial was cooled to room temperature, the solids filtered, rinsed with DMSO, 

solvent exchanged with acetone, and heated to 80 °C under vacuum overnight. The 

film was removed and rinsed with DMSO, then acetone, and finally dried in air before 

electrochemistry experiments were performed. 

C. NMR spectroscopy 

 

Figure S5.1. 1H-NMR spectrum (DMSO, 500 MHz, 298 K) of 1. 
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Figure S5.2. 13C-NMR spectrum (DMSO, 125 MHz, 298 K) of 1.  

 

 

 

Figure S5.3. Solid-state CP/MAS (100.5 MHz, rt) 13C-NMR of NDI-TFP polymer 

(cyan) overlayed with a β-ketoenamine COFs previously reported (green).10 
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D. FT-IR Spectroscopy 

 

 

Figure S5.4. FT-IR of NDI-TFP polymer film and powder (cyan), 1 (black), TFP 

(blue) and a model compound10 (orange). 
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E. Scanning Electron Microscopy (SEM) 

 

Figure S5.5. SEM images of (A) NDI-TFP polymer powder and (B) film SEM 

images. 

 

F. XPS spectra 

 
Figure S5.6. XPS spectra of 1 (black), NDI-TFP powder (cyan), NDI-TFP film 

(aqua), DAAQ-TFP COF film30 (red).  
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G. Surface Area Measurements  

 
Figure S5.7. (A) Representative N2 adsorption (closed circles) and desorption (open 

circles) isotherms of NDI-TFP polymer synthesized in DMSO (cyan, SBET = 571 

m2 g-1). (B) BET surface area plot for NDI-TFP calculated from adsorption data. 
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Figure S5.8. Representative pore size distribution for bulk powder NDI-TFP 

polymer. 



 

5 - 27 

 

 

 
Figure S5.9. Krypton adsorption isotherm (A) for NDI-TFP polymer films (teal) and 

blank Au substrates (grey) with the (B) BET surface area analysis showing 

approximately 200 cm2 per geometric cm2 of substrate.  
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H. Atomic Force Microscopy (AFM) 

 

Images were processed using Gwyddion 2.34 software. First, images were leveled to 

remove artifacts. Heights were obtained using area masks over film areas.  

 
Figure S5.10. Representative AFM for NDI-TFP polymer film.  
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I. Electrochemical Methods and Data 
 

Analyses were performed in a standard three electrode set up: a NDI-TFP film 

modified gold substrate, a Ag/AgCl or a Ag/AgClO4 reference, and a coiled Pt wire 

counter. All experiments were performed in an argon filled glove box.  

 

Figure S5.11. Scan rate dependence experiment for (A) NDI-TFP polymer films (5, 

10, 20, 50, 100 and 200 mV/s) and (B) 1 in a DMSO solution (10, 20, 50, 100, 200, 

350, 500, 750 and 1000 mV/s). 
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Figure S5.12. Scan rate dependence for NDI-TFP polymer films on a gold 

microelectrode (50, 100, 200 and 500 mV/s). Using these data the standard rate 

constants were calculated using the Nicholson method. 
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Figure S5.13. Chronoamperometry results for NDI-TFP films in different electrolytes 

(blue, TBA+, red, K+; green, Li+; black, Mg2+).  

 

 

 

Table S5.1. Calculated diffusion coefficients from the above chronoamperometric 

data. 

 

Cation Diffusion Rate 

(x10-11 cm2 s-1) 

K+
 0.3 

Mg2+ 0.4 

Li+ 1.2 

TBA+ 2.3 
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Capacities were calculated from the discharge time, the applied current, and the 

approximate mass on each film as determined from the cyclic voltammogram. 

 

Applied current = 70 µA 

Elapsed Time = 13 s 

Approximate Mass = 2.6 μg 

 

 

 

 

Mass approximation: 

Integrated CV = 837 μC 

 

The 588 g mol-1 is estimated from the molecular mass of NDI and TFP 

assuming a 3:2 stoichiometry (NDI : TFP) 

 

588 g mol-1 = 448 g mol-1 (NDI mass) + 140 g mol-1 (67% of TFP mass) 
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Figure S5.14. Cycling galvanostatic charge-discharge experiment overlaying the first 

and tenth cycle (a) TBA+, dark blue – first, light blue – tenth, (b) K+, dark red – first, 

light red – tenth, (c) Li+, dark green – first, light green – tenth, (d) Mg2+, black – first, 

grey – tenth. 
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Figure S5.15. Calculated capacities (from discharge curve) of NDI-TFP for 

various cations black, Mg2+; green, Li; red, K+; blue, TBA+
. 
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Figure S5.16. Calculated coulombic efficiencies of NDI-TFP polymer for various 

cations black, Mg2+; green, Li; red, K+; blue, TBA+
. 
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Figure S5.17. Overlay of NDI-TFP polymer film CV (10 mV s-1) for various cations 

(purple, Al3+; black, Mg2+; green, Li+; red, K+; blue, TBA+). 

 



 

5 - 36 

 

 

J. Electrochemical Impedance Spectroscopy (EIS) 

 

 

To further characterize the electrochemical and transport behavior of the NDI-

TFP films, we employed electrochemical impedance spectroscopy (EIS) in CH3CN 

using the ClO4− salts of TBA+, Li+, K+ and Mg2+. We performed EIS experiments at -

0.2, -1.0 and -1.4 V, at which the NDI is present as the neutral, anion radical, and 

dianion species, respectively. The resulting Nyquist plots (ZIM vs ZReal plots) are 

presented below (Figure S5.19-S5.23). As an equivalent circuit, we employed the so-

called two constant phase element (2CPE) model in series with the solution resistance 

(Figure S5.18), which corresponds to the ZReal intercept at the high frequency limit. 

This model has been previously employed in the study of porous films and derives 

from the initial work of DeLevie in describing such systems.35–37 The high frequency 

component (CPEDL–RDL) is related to the porosity of the electrode and is assumed to 

be independent of the kinetics of the faradic process. The low frequency component 

(CPECT–RCT) is related to the kinetics of the faradaic reaction and includes the charge 

transfer resistance RCT. Although the use of constant phase elements can give rise to 

ambiguities in interpreting EIS results, their use is justified for the NDI-TFP polymer 

Figure S5.18. Equivalent circuit (2CPE model) used to model impedance 

spectra. 
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by the inherent dispersion properties of porous electrodes. Indeed, we evaluated 

models containing capacitors instead of CPEs, but the fits to the data were 

significantly worse (see Figure S5.23). 

Values for the various parameters at the three potentials studied for each ClO4− 

salt are presented in Table S2. The most notable trend is that the values of the charge 

transfer resistance exhibited their lowest values (for all counter-cations) at -1.0V. We 

speculate that this trend reflects that the film effectively behaves as a “mixed valent” 

system at this potential. As such, redox conduction enhances the effective rate of 

charge transfer, thereby giving rise to lower values of RCT. 

Other qualitative conclusions are appropriate. For example the difference 

between the ZReal intercept at the high frequency limit (solution resistance) and the 

extrapolation (to the ZReal axis) of the linear part at low frequencies can be related to 

the ionic conductivity. Despite some variations, the values are around 200 Ω, which is 

much smaller than RCT, consistent with our statement above that the latter is rate 

limiting. 
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Figure S5.19. Potentiostatic EIS experiments in 0.1 M TBAClO4/MeCN. Complex 

impedance plots (dot) experimental and (continuous line) fitting at bias potential of 

(A) -0.2 V (black); (B) -1.0 V(red), and (C) -1.4 V (blue). 
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Figure S5.20. Potentiostatic EIS experiments in 0.1 M LiClO4/MeCN. Complex 

impedance plots (dot) experimental and (continuous line) fitting at bias potential of 

(A) -0.2 V (black); (B) -1.0 V(red), and (C) -1.4 V (blue). 
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Figure S5.21. Potentiostatic EIS experiments in 0.1 M KClO4/MeCN. Complex 

impedance plots (dot) experimental and (continuous line) fitting at bias potential of 

(A) -0.2 V (black); (B) -1.0 V (red), and (C) -1.4 V (blue). 
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Figure S5.22. Potentiostatic EIS experiments in 0.1 M Mg(ClO4)2/MeCN. Complex 

impedance plots (dot) experimental and (continuous line) fitting at bias potential of 

(A) -0.2 V (black); (B) -1.0 V(red), and (C) -1.4 V (blue). 
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Table S5.2. Fitting parameters from 2CPE circuit model applied to impedance 

response of NDI-TFP porous polymer on gold. 

 

Electrolyte 
Bias voltage, V 

vs. Ag/AgClO4 

RSol 

(Ω) 

RDL  

(k Ω) 

RCT 

 (k Ω) 

CPEDL 

(μF) 

CPECT 

(μF) 

KClO4 

-0.40 905 1.58 128 156 49 

-0.94 819 0.17 21.45 19.5 1290 

-1.40 811 0.26 32.21 31.4 6670 

LiClO4 

-0.40 917 17.71 118 470 80.6 

-0.94 911 - - - - 

-1.40 930 17.74 118 20.9 42.7 

Mg(ClO4)2 

-0.40 692 69.67 25.34 161 900 

-0.94 685 40.65 3.77 68.7 6005 

-1.40 685 14.91 28.65 30.2 3403 

TBAClO4 

-0.20 778 0.47 46.6 837 113 

-0.90 748 0.16 19.64 19.6 1110 

-1.40 760 0.27 13.59 46.5 3330 
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Figure S5.23. Comparison of the 2CPE model (right) to a fitting model using a 

capacitor in place of the CPE (left).  

 

Element Value Error 
Error 

(%) 

 R1 804 Ω N/A N/A 

C1 8.44E-7 F 6.5E-8 7.74 

R2 181.8 Ω 3.89 2.13 

C2 1.26E-3 F 2.07E-5 1.64 

R3 4501 Ω 392.6 8.72 
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K. Energy Density Calculation 

 

 

 

 

 

Where n is the number of electrons during the charge transfer (2 in this system), F is 

the Faraday constant, MM is the molar mass and E is the average formal potential 

between the two redox processes. Note that for the case where Mg2+ was used we 

observed a 2 electron wave. 

 

By using Mg2+ the energy density increased by: 
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L. In-situ Confocal Raman/electrochemistry studies 

An inVia Renishaw Confocal Raman equipped with a CCD detector was employed for 

Raman spectroscopy and imaging with an excitation wavelength of 785 nm. A 10 s×3 

integration time was used for each spectrum, with a resolution of 1 cm-1. The WiRE 

3.4 software package was employed for data acquisition. The laser was focused at the 

desired sample location using a 50× long-range objective lens to yield an approximate 

spot size of 1 μm at the sample. The scanning range was 200–2000 cm-1.  

Raman experiments (Fig S5.24-S5.26) were used to confirm the binding 

between the reduced carbonyl in the NDI-TFP polymer and the cation of interest. 

Figure S5.24 shows an overlay of the Raman spectra for the NDI-TFP polymer before 

any electrochemical treatment (orange) and after stepping to -1.8 V vs Ag/AgClO4 and 

monitoring the current response. When interacting cations were used, the Raman peak 

at 1600 cm-1 disappeared, which means that the C=O bond from the imide is not 

present anymore. Also, we observed the disappearance of the Raman peak at 1400 cm-

1 (1390 and 1416 cm-1) and the formation of an intense band in the same area (1392 

cm-1), as well as the shift to a lower wave number of the peak at 1500 cm-1. This might 

be an indication of the strong interaction between the reduced carbonyl and the cation 

of interest. Alternatively, these changes might reflect cation-π interactions, whose 

signatures occur in a similar wavenumber range.38 However, we do not expect that 

these interactions represent a major contribution because the peaks associated with the 

redox processes dominate the CVs, instead of a non-faradaic double layer response. 
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Figure S5.24. Raman spectra taken upon reduction of the NDI moieties to dianions. 
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Figure S5.25. Raman spectra of TFP monomer (red), NDI monomer (black), NDI-

TFP polymer powder (blue) and NDI-TFP polymer film (green). 
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Figure S5.26. Raman spectra of acetonitrile (black) and the different perchlorates used 

during the electrochemical experiments.  

 


