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Redox-active covalent organic frameworks (COFs) are promising materials for energy storage devices
because of their high density of redox sites, permanent and controlled porosity, high surface areas, and
tunable structures. However, the low electrochemical accessibility of their redox-active sites has limited
COF-based devices either to thin films (<250 nm) grown on conductive substrates, or to thicker films (1 µm)
when a conductive polymer is introduced into the COF pores. Electrical energy storage devices constructed
from bulk microcrystalline COF powders, eliminating the need for both thin-film formation and conductive
polymer guests, would offer both improved capacity and potentially scalable fabrication processes. Here we
report on the synthesis and electrochemical evaluation of a new phenazine-based 2D COF (DAPH-TFP COF),
as well as its composite with poly(3,4-ethylenedioxythiophene) (PEDOT). Both the COF and its PEDOT
composite were evaluated as powders that were solution-cast onto bulk electrodes serving as current
collectors. The unmodified DAPH-TFP COF exhibited excellent electrical access to its redox sites, even
without PEDOT functionalization, and outperformed the PEDOT composite of a previously reported
anthraquinone-based system. Devices containing DAPH-TFP COF were able to deliver both high energy (250
Wh/kg) and power densities (2950 W/kg), validating the promise of unmodified redox-active COFs that are
easily incorporated into electrical energy storage devices.
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ABSTRACT: Redox-active covalent organic frameworks 
(COFs) are promising materials for energy storage devices 
because of their high density of redox sites, permanent and 
controlled porosity, high surface areas, and tunable structures. 
However, the low electrochemical accessibility of their redox-
active sites has limited COF-based devices either to thin films 
(<250 nm) grown on conductive substrates, or to thicker 
films (1 µm) when a conductive polymer is introduced into 
the COF pores. Electrical energy storage devices constructed 
from bulk microcrystalline COF powders, eliminating the 
need for both thin-film formation and conductive polymer 
guests, would offer both improved capacity and potentially 
scalable fabrication processes. Here we report on the synthe-
sis and electrochemical evaluation of a new phenazine-based 
2D COF (DAPH-TFP COF), as well as its composite with 
poly(3,4-ethylenedioxythiophene) (PEDOT). Both the COF 
and its PEDOT composite were evaluated as powders that 
were solution-cast onto bulk electrodes serving as current col-
lectors. The unmodified DAPH-TFP COF exhibited excel-
lent electrical access to its redox sites, even without PEDOT 
functionalization, and outperformed the PEDOT composite 
of a previously reported anthraquinone-based system. De-
vices containing DAPH-TFP COF were able to deliver both 
high energy (250 Wh/kg) and power densities (2950 W/kg), 
validating the promise of unmodified redox-active COFs that 
are easily incorporated into electrical energy storage devices. 

Two dimensional covalent organic frameworks (2D COFs) 
are an emerging class of porous and crystalline polymers typi-
cally prepared from rigid monomers with directional sym-
metry.1-3 The structure, topology, and porosity of COFs are 
easily designed and controlled based on simple geometric cri-
teria. 2D COFs adopt layered structures that provide uniform 
and well-defined pores, thereby making them excellent candi-
dates for applications such as gas storage,4 catalysis,5 and fil-
tration membranes.6-7 β-Ketoenamine-linked COFs,8 which 
exhibit outstanding chemical,9-10 as well as high-pressure sta-
bility,11 have been shown to be promising candidates for use 
in electrochemical energy storage devices when functional-
ized with redox-active moieties12-17 They show particular 

promise as active materials for pseudocapacitors, which com-
bine the high energy density of batteries with the high power 
density of capacitors.18-20  

Redox-active β-ketoenamine COFs are promising materi-
als for pseudocapacitors because of their inherent high surface 
areas and high density of redox-active sites. Yet the low elec-
trochemical accessibility to their redox sites has limited de-
vices, constructed of unmodified COFs, to thin films of active 
material grown on conductive substrates that operate well 
only at low charge/discharge rates.21,22 We previously ad-
dressed this limitation by electropolymerizing 3,4-ethylenedi-
oxythiophene (EDOT) in the pores of a DAAQ-TFP COF 
(Figure 1, top) film.13 PEDOT incorporation enhanced its 
electrochemical response more than ten-fold, which made 

 
Figure 1. Synthesis of DAAQ-TFP (top) and DAPH-TFP COFs 
(bottom) and the depiction of their redox activity (left). 
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nearly all of its anthraquinones electrochemically accessible 
(Figure 1, top left). While the performance of the 
PEDOT@DAAQ-TFP COF system demonstrated the prom-
ise of COFs for electrical energy storage devices, moving for-
ward it would be desirable to construct high performance de-
vices from bulk COF powders without the need for secondary 
polymerizations that complicate fabrication. Here, we address 
this issue by developing a new β-ketoenamine-linked DAPH-
TFP COF (Figure 1, bottom). Phenazine moieties are revers-
ibly reduced to 5,10-dihydrophenazines via a two-electron, 
two-proton process when in protic electrolytes (Figure 1, bot-
tom left). Devices built from DAPH-TFP COF show dra-
matic performance improvements, even when compared to 
PEDOT-modified DAAQ-TFP COF, without requiring the 
incorporation of the conductive polymer. These findings are 
attributed to the improved Li-ion conduction of the DAPH-
TFP COF and demonstrate the possibility of high-perfor-
mance and scalable devices from improved 2D COF systems. 

Imine-condensation conditions between 1,3,5-tri-
formylphloroglucinol (TFP) and commercially available 2,6-
diaminoanthraquinone (DAAQ) were used to prepare the 
DAAQ-TFP COF, while imine-exchange conditions between 
TFP and the benzophenone imine of 2,7-diaminophenazine 
(DAPH·Bnzph) were used to prepare the DAPH-TFP 
COF.23 Both COFs were obtained in >1g scale and were 

characterized using various analytical techniques. The for-
mation of β-ketoenamine linkages for both COFs was con-
firmed by FTIR spectroscopy (Figure S6 and S7; C=O stretch 
at ~1600 cm-1 and C–N stretch at ~1250 cm-1) and 13C cross-
polarization magic angle spinning (CP-MAS) solid-state 
NMR spectroscopy (Figure S2 and S3; C=O at ~180 ppm, 
C=CNH at ~145 ppm, and =CNH at ~115 ppm). Elemental 
analysis (Table S1 and S2) indicated that the C, H, N ratios 
were close to theoretical values, and thermogravimetric anal-
ysis (Figure S19 and S20) indicated that the powders were 
stable up to 450 °C. In each case, the characterization data of 
DAAQ-TFP COF matched with those previously reported.12 

Powder X-ray diffraction (PXRD) measurements (Figure 
2A) indicated that both DAAQ-TFP and DAPH-TFP COFs 
are similarly crystalline and adopt nearly eclipsed stacked 
structures. The experimental PXRD pattern of DAAQ-TFP 
COF matched well with previous reports,12-13 and the experi-
mental pattern of DAPH-TFP COF displayed an intense dif-
fraction peak at 3.2°, corresponding to the ⟨100⟩ Bragg reflec-
tion, as well as weaker diffraction peaks at 5.8°, 6.5°, and 26.9°, 
corresponding to the ⟨110⟩, ⟨210⟩, and ⟨001⟩ reflections, re-
spectively. Pawley refinement (Figure S8 and S9) of each 
COF diffraction pattern was performed using a P6/m space 
group, which resulted in PXRD patterns that matched well 
with the experimental data. Nitrogen adsorption isotherms 
(Figure 2B) indicated that both COFs were porous and exhib-
ited near-identical Brunauer-Emmett-Teller (BET) surface 
areas of 1155 m2/g and 1140 m2/g for DAPH-TFP and 
DAAQ-TFP COFs, respectively. The pore size distributions 
of both COFs, calculated using nonlocal density functional 
theory (NL-DFT), centered around 21 Å, which is close to 
the theoretical value of 25 Å obtained from geometry-mini-
mized optimizations. 

To evaluate and compare the electrochemical effect of 
PEDOT in the pores of the two COFs, we then prepared 
PEDOT@COF composite materials by polymerizing EDOT 
in the pores of the COFs via oxidative conditions (Scheme 1). 
Mass loading of COF:EDOT was set such that the resulting 
PEDOT@COF samples remained porous. The formation of 
PEDOT@COF composite materials was confirmed using 13C 
CP-MAS NMR spectroscopy (Figure S3 and S4), FT-IR (Fig-
ure S6 and S7), and elemental analysis (Table S3 and S4). Ni-
trogen to sulfur ratios in the elemental analysis indicated that 
the COF:PEDOT mass ratios were 4.9:1 and 6.7:1 for 
PEDOT@DAAQ-TFP and PEDOT@DAPH-TFP COF, re-
spectively. PXRD analysis (Figure S12 and S13) indicated 
that both composite materials remained crystalline, though 
the deposition of disordered PEDOT decreased the intensity 
of the COF diffraction peaks.24 Yet, nitrogen adsorption iso-
therms (Figure S17 and S18) indicated that both composite 
samples remained porous with surface areas of 347 and 230 
m2/g for PEDOT@DAAQ-TFP and PEDOT@DAPH-TFP 
COFs, respectively.  Thermogravimetric analysis (Figure S21 
and S22) revealed that the composite powders were stable up 

 
Figure 2. (A) Experimental and predicted PXRD patterns and 
(B) nitrogen adsorption isotherms of DAAQ-TFP and DAPH-
TFP COFs. 
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to 350 °C, and energy dispersive X-ray (EDX) elemental maps 
(Figure S28 and S29) showed a uniform distribution of sulfur 
throughout the two composite samples. 

To test the electrochemical performance of the four mate-
rials, the samples were tested in lithium metal half-cells. The 
cathodes were prepared by mixing 60 wt% of the COF or 
PEDOT@COF with 30 wt% conductive carbon and 10 wt% 
binder, the mixture of which was coated onto a carbon current 
collector. The cathode composite was assembled in a CR2032 
coin cell with a lithium metal anode and 1.0 M LiPF6 in eth-
ylene carbonate/diethyl carbonate (1:1 by vol.) as the electro-
lyte solution (see Supporting Information). The cells were 
first evaluated using cyclic voltammetry (CV) (Figure 3A) 
over a voltage range of 1.4–3.6 V vs. Li/Li+ at 1 mV s-1. All four 
samples exhibited distinct peaks corresponding to the reduc-
tion and subsequent oxidation of the anthraquinone and 
phenazine moieties for DAAQ-TFP-based, and DAPH-TFP-
based samples, respectively. The redox couple of the DAPH-
TFP samples exhibited a larger peak-to-peak separation than 
the DAAQ-TFP samples on the first cycle, but upon contin-
ued cycling of the DAPH-TFP samples, the original reduction 
peak at 1.74 V was reduced in magnitude as a new reduction 
peak, at 2.76 V, developed (Figure S30). This conversion re-
sulted in an increase in the reduction potential, corresponding 
to an increase in battery voltage, improving the energy den-
sity, as well as the energy efficiency of the DAPH-TFP-based 
samples. 

The device performance of the material was evaluated for 
both its rate capabilities and cycling stability. The rate perfor-
mance (Figure 3B) of DAAQ-TFP and DAPH-TFP COFs, 
with and without PEDOT, were evaluated at discharge rates 
of 0.5C up to 20C, where nC corresponds to charging or dis-
charging the calculated theoretical capacity of the material in 
1/n hours. The phenazine-based samples exhibited a higher 
capacity than the anthraquinone-based samples at discharge 
rates of 1C and above. This trend was also observed in the cy-
cling performance (Figure 3C), which was carried out at 1C 
for 500 cycles. In both the rate and cycling tests, the capacity 
of DAAQ-TFP dramatically improved by the incorporation of 
PEDOT into the COF material. Interestingly, the DAPH-

 
Scheme 1. Polymerization of EDOT in the pores of DAAQ-
TFP and DAPH-TFP COFs. 

 
Figure 3. Electrochemical performance of DAAQ-TFP (blue), 
DAPH-TFP (green), PEDOT@DAAQ-TFP (orange), and 
PEDOT@DAPH-TFP (purple) COFs: (A) CV profiles from 
coin cells at 1 mVs-1 in 1.0M LiPF6 in ethylene carbonate/diethyl 
carbonate (1:1 by vol.) electrolyte, (B) rate performance at dif-
ferent applied discharge C-rate, (C) cycling performance at 1C 
over 500 cycles, and (D) potentiostatic electrochemical imped-
ance spectroscopy (PEIS) at 3.6 V. 
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TFP COF performance was not significantly impacted by the 
addition of PEDOT to the sample.  

To further probe the trends observed in the COF materials’ 
performance, CV analysis and potentiostatic electrochemical 
impedance spectroscopy (PEIS) were employed. PEIS was 
used to determine the electronic conductivity of each cathode 
composite (Figure 3D). In PEIS measurements, the high fre-
quency semicircle corresponds to the charge-transfer re-
sistance (Rct). By fitting the obtained PEIS results with EC 
Lab’s Z-fit software, the Rct was determined and used to calcu-
late the conductivity (Table 1). The addition of PEDOT im-
proved the conductivity of both the DAAQ-TFP and DAPH-
TFP samples. PEDOT@DAAQ-TFP exhibited the highest 
conductivity of the four samples, followed closely by 
PEDOT@DAPH-TFP, the former of which corresponds to 
the fastest electron transport. 

Through the analysis of the materials’ CV profiles at differ-
ent scan rates and using the Randles-Sevcik equation, the Li+ 
ion diffusion coefficients were determined (Figure S31). The 
results are summarized in Table 1. For both COFs, the diffu-
sion coefficient is only slightly changed by the addition of 
PEDOT, likely due to the preservation of the porosity in the 
COF samples after the addition of PEDOT to the pores. The 
most significant difference was between the DAAQ-TFP-
based materials and DAPH-TFP-based materials. The 
DAPH-TFP-based COFs exhibited about an order of magni-
tude improvement in the diffusion coefficient, compared to 
the DAAQ-TFP materials. 

The reversible capacity (and power density) of a material 
are affected by both electron and ion transport. Based on the 
results obtained in this study, DAAQ-TFP COF appears to be 
limited by its electronic transport. By the addition of PEDOT, 
electronic transport through the material is improved, result-
ing in an increase in its specific capacity. Contrary, DAPH-
TFP COFs performance did not improve upon the addition 
of PEDOT, despite the observed improvement in the mate-
rial’s conductivity. As such, we postulate that the material is 
not limited by its electronic transport, but rather by its ionic 
transport. Since the diffusion coefficient of DAPH-TFP, both 
with and without PEDOT, is essentially unchanged, the spe-
cific capacity of the material remained the same, regardless of 
the presence of PEDOT in the COF. As a result of the higher 
ion diffusion of the DAPH-TFP-based materials over that of 
DAAQ-TFP, even with the addition of PEDOT, the perfor-
mance of DAPH-TFP was superior to that of the anthraqui-
none-based materials.   

In conclusion, we have designed, synthesized, and evalu-
ated a new phenazine-based β-ketoenamine-linked DAPH-
TFP COF, which is easily processed as a bulk electrode mate-
rial for electrical energy storage applications. Its electrochem-
ical performance was compared to the structurally analogous 
DAAQ-TFP COF with nearly identical topology and surface 
area. We introduced the conductive polymer PEDOT in the 
pores of each COF and evaluated the electrochemical perfor-
mance of the four samples. Although the incorporation of 
PEDOT dramatically improved the electrochemical perfor-
mance of DAAQ-TFP, that was not the case for the DAPH-
TFP COF. However, DAPH-TFP COF delivered both the 
highest energy density (250 Wh/kg) and power density 
(2950 W/kg) values, and its performance was superior to 
both DAAQ-TFP and PEDOT@DAAQ-TFP COF samples. 
The higher performance was attributed, at least in part, to the 
improved Li+ ion diffusion coefficient. These characteristics 
are beneficial in device fabrication because they allow for 
higher active material loading without decreasing the gravi-
metric or volumetric capacity of the electrode. This strategic 
structural design of redox-active COFs makes possible the 
achievement of desired electrochemical performance without 
supporting conductive substrates, limited thickness, or con-
ducting guest polymers.  
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I. Materials and Instrumentation 
Materials 

All reactions were performed using flame-dried glassware under an atmosphere of 

nitrogen with dry solvents, unless otherwise stated. Dry tetrahydrofuran (THF), acetonitrile 

(MeCN), and toluene were obtained by passing previously degassed solvents through activated 

alumina columns. Tetrabutylammonium hexafluorophosphate (TBAPF6) was purified by 

recrystallization from ethyl acetate three times and dried under reduced pressure at 60 °C for 12 

hours. MeCN for electrochemical measurements was dried over activated 4 Å molecular sieve 

for at least two days before use. Super P carbon (Imerys Graphite& Carbon) and poly(vinylidene 

fluoride) (PVDF) (Kynar Flex) were dried overnight in a vacuum oven at 60 °C and stored in a 

desiccator. All other reagents were purchased from commercial sources and used without further 

purification, unless otherwise stated. Reactions were monitored by thin layer chromatography 

(TLC) carried out on EMD 250µm silica gel 60-F254 plates. Visualization was performed by UV 

light irradiation and potassium permanganate stain and heat, and flash chromatography was 

performed on SiliaFlash® (particle size 40–63µm).  

 

Instrumentation 

Nuclear Magnetic Resonance. Solution-phase 1H and 13C NMR spectra were acquired on 

Bruker AvanceIII-500 MHz equipped with a 5mm DHC with Z-Gradient CryoProbe and 

recorded at 25 °C with a 0 Hz spin rate. The spectra were calibrated using residual solvent as 

internal reference (CDCl3: 7.26 ppm for 1H NMR, 77.00 for 13C NMR). The following 

abbreviations (or combination thereof) were used to explain multiplicities: s = singlet, d = 

doublet, q = quartet, p = pentet, m = multiplet, b = broad. Solid-state 13C CP/MAS NMR spectra 

were recorded on a Bruker AvanceIII- 400 MHz equipped with a 4mm HX probe at a spin rate of 

15,000 Hz and calibrated using Adamantane as an external standard. 

 

Fourier Transform Infrared Spectroscopy. Infrared spectra were recorded on a Nicolet iS10 

FT-IR Spectrometer equipped with a ZnSe ATR attachment and are uncorrected. 
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High Resolution Mass Spectrometry. High-resolution mass spectra were acquired on Agilent 

6210A LC-TOF Mass Spectrometer, with Atmospheric Pressure Photoionization (APPI) as an 

ionization source. The instrument is equipped with an Agilent Series 1200 HPLC binary pump, 

and Autosampler, using Mass Hunter software. The samples were run using direct injection. 

 

Elemental Analysis. Elemental analyses were performed by Robertson Microlit Laboratories. 

 

Sonication. Sonication was performed with a Branson 3510 ultrasonic cleaner with a power 

output of 100W and a frequency of 42 kHz. 

 

Powdered X-ray Diffraction. Powdered X-ray diffraction (PXRD) patterns were obtained at 

room temperature on a STOE-STADI MP or a STOE-STADI P powder diffractometer equipped 

with an asymmetric curved Germanium monochromator (CuKa1 radiation, l = 1.54056 Å) and 

one-dimensional silicon strip detector (MYTHEN2 1K from DECTRIS). The line focused Cu X-

ray tube was operated at 40 kV and 40 mA. The as-obtained powder samples were sandwiched 

between two acetate foils (polymer sample with neither Bragg reflections nor broad peaks above 

10° 2q) mounted in flat plates with a disc opening diameter of 8 mm, and measured in 

transmission geometry in a rotating holder. The patterns were recorded in the 2q range of 0 – 32° 

for an overall exposure time of 6 min. The instrument was calibrated against a NIST Silicon 

standard (640d) prior to the measurement.  

 

Gas Adsorption. Gas adsorption isotherms were conducted on a Micromeritics ASAP 2420 

Accelerated Surface Area and Porosity Analyzer. Typically, 20-50 mg samples were transferred 

to dried and tared analysis tubes equipped with filler rods and capped with a Transeal. The 

samples were heated to 40 °C at a rate of 1 °C/min and evacuated at 40 °C for 20 min, then 

heated to 100 °C at a rate of 1 °C/min heat, and evacuated at 100 °C until the outgas rate was 

≤0.3 µmHg/min (holding the samples at 100 °C for 5–8 h was sufficient), at which point the tube 

was weighed again to determine the mass of the activated sample. The tube was then transferred 

to the analysis port of the instrument. UHP-grade (99.999% purity) N2 was used for all 

adsorption measurements. N2 isotherms were generated by incremental exposure to nitrogen up 
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to 760 mmHg (1 atm) in a liquid nitrogen (77 K) bath. Oil-free vacuum pumps and oil-free 

pressure regulators were used for all measurements. Brunauer-Emmett-Teller (BET) surface 

areas were calculated from the linear region of the N2 isotherm at 77 K within the pressure range 

P/P0 of 0.05 – 0.10. All BET linear fits had a minimum R2 value of 0.999. 

 

Thermogravimetric Analysis. Thermogravimetric thermal analyses were performed in a 

Netzsch STA 449 F3 Jupiter Simultaneous Thermal Analysis (STA) instrument. Each sample (15 

– 20 mg) was loaded and placed into a 0.35 ml Alumina crucible (equipped with an Alumina lid) 

with a weight of 742.539 mg. All samples were measured under UHP-grade Helium gas (flow of 

50 ml/min). Buoyancy effect for Helium was corrected by measuring the empty Alumina 

crucible under the same measurement conditions used for the samples. Temperature was 

increased at a rate of 10 °C/min and gases were transferred to the GC/MS instrumentation via a 

heated (250 ºC) transfer line. An Agilent Technologies 7890A GC system equipped with a non-

polar capillary column (Agilent J&B HP-5 packed with (5%-Phenyl)-methylpolysiloxane) 

coupled with a 5975 MSD spectrometer was used for the analyses of the gases released from the 

samples. A gas injection was triggered every minute from the beginning of the heating cycle and 

0.25 ml of gas was sampled from the gases released by the compound and carrier gas (He). 

Detection limit is typically better than 100 fg but this value can be larger and it highly depends 

on the ionization efficiency of the different molecules in the compound. Mass spectra were 

scanned in the range of 10-500 u. Performance of the thermobalance in the STA was verified by 

using a certified sample of calcium oxalate monohydrate (European Pharmacopoeia Reference 

Standard) up to 1000 ºC.  

 

Scanning Electron Microscopy. Images were obtained using a Zeiss Gemini 500 scanning 

electron microscope. A working voltage of 1.0 kV was used for imaging with a 20.0 µm 

aperture. Samples were sputtered with a layer of carbon before imaging.  

 

Energy Dispersive X-Ray Elemental Mapping. Elemental mapping was done using Aztec 

software with a Zeiss Gemini 500 SEM. An accelerating voltage of 10.0 kV was used to capture 

the carbon, nitrogen, oxygen, and sulfur K edge. The PEDOT@COF samples were dispersed in 
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NMP and drop-cast onto a clean silicon substrate. The NMP was evaporated off using a heat 

lamp. Samples for elemental mapping were not coated with carbon before imaging. 
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II. Synthetic Procedures 

Synthesis of Monomers.  

2,6-diaminoanthraquinone (DAAQ) [Aldrich®] and 3,4-ethylenedioxythiphene (EDOT) 

[Aldrich®] are commercially available compounds and were used without further purification. 

Triformylphloroglucinol (TFP) is a previously reported compound, was prepared according to 

the reported procedure, and the NMR data is consistent with those reported.1 2,7-

diaminophenazine·benzophenoneimine (DAPH·Bnzph, S5) was prepared through a three-step 

protocol (see below) using commercially available starting materials. 2,7-dibromophenazine (S4) 

was prepared from a two-step procedure adapted from a previous report.2 

 

Scheme S1: Synthesis of DAPH·Bnzph (S5). 

 
 

2,7-dibromophenazine (S4): [Step 1/2] To a 500 mL round-bottom flask, 

potassium t-butoxide [Aldrich®] (9.79 g, 87.21 mmol, 3.00 equiv) and THF 

(110 mL) were added, the flask was cooled to –78 °C (dry ice / acetone), and stirred for c.a. 10 

min. 4-bromoaniline [S2, Aldrich®] (5.00 g, 29.07 mmol, 1.00 equiv) dissolved in THF (30 mL) 

was added dropwise via a syringe (c.a. 3 min), followed by 1-bromo-4-nitrobenzene [S1, 

Aldrich®] (5.87 g, 29.07 mmol, 1.00 equiv) dissolved in THF (30 mL) also added dropwise via a 

syringe (c.a. 3 min). The reaction was stirred at –78 °C for 2 hrs, and the reaction mixture was 

poured into a stirring solution of saturated ammonium chloride (350 mL). The product was 

extracted with EtOAc (3 x 150 mL), and the organics were combined, washed with water (300 

mL) and brine (300 mL). The organics were collected, dried with anhydrous magnesium sulfate, 

filtered, and concentrated onto silica gel (~10 g). The residue was purified via flash column 

chromatography using a 0 to 20% EtOAc in hexanes gradient. All fractions containing S3 (red 
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band; Rf = 0.55 in 10% EtOAc/hexanes) were collected to give the product (5.27 g, ~85% purity) 

as a brown solid.  

[Step 2/2] To a 350 mL high-pressure flask, S3 (5.27 g, 14.72 mmol, 1.00 equiv – assume pure 

for equiv calculations), N,O-bis(trimethylsilyl)acetamide [Aldrich(#)] (18.0 mL, 73.60 mmol, 

5.00 equiv), and MeCN (60 mL) were added, the flask was sealed, and the reaction was stirred at 

100 °C for 16 hrs. The flask was then gradually cooled to RT and the precipitate was collected 

via filtration and further washed with EtOH (~150 mL) to give crude S4 (yellow solid, NMR 

purity of crude >95%). The crude product was then purified via recrystallization (~4.0 g crude in 

a mixture of ~1:1 EtOH : CHCl3, ~600 mL) to afford the product as a light yellow fluffy solid 

(3.40 g, 35% yield over two steps). Note: although solubility of S4 is poor in CDCl3, a 13C NMR 

spectrum could be collected in a CryoProbe-equipped NMR spectrometer. 
1H NMR (500 MHz, CDCl3) δ 8.43 (d, J = 2.1 Hz, 2H), 8.10 (d, J = 9.2 Hz, 2H), 7.91 (dd, J = 

9.2, 2.1 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 143.64, 142.33, 134.92, 131.71, 130.87, 125.36. 

Characterization data is consistent with those previously reported.2 

 

2,7-diaminophenazine·benzophenoneimine (DAPH·Bnzph, S5): To a 

500 mL round-bottom flask, (±)-BINAP [Aldrich®] (1.40 g, 2.25 mmol, 

0.30 equiv), tris(dibenzylideneacetone)dipalladium(0) [Aldrich®] (0.69 g, 0.75 mmol, 0.10 

equiv), and toluene (135 mL) were added, and the reaction mixture was purged with nitrogen 

over 30 min at RT. The reaction mixture was then stirred under reflux for 1 hr, cooled to RT, and 

under a nitrogen atmosphere, solid sodium t-butoxide [Aldrich®] was added, followed by solid 

S4 (2.54 g, 7.50 mmol, 1.00 equiv), and benzophenone imine [Aldrich®] (3.26 g, 18.00 mmol, 

2.40 equiv) dissolved in toluene (5 mL). More toluene (15 mL) was added to wash the walls of 

the flask, and the reaction mixture was again heated and stirred under reflux for 16 hrs. The 

reaction mixture was cooled to RT and toluene was removed in vacuo. To this residue, EtOH 

(~300 mL) was added, the slurry was stirred at ~80 °C for 30 min, and the solid was collected 

via hot filtration to give crude DAPH·Bnzph (S5) (yellow solid, NMR purity of crude >90%). 

The crude product was then purified via recrystallization (~4.5 g crude in a mixture of ~1:1 

EtOH : CHCl3, ~850 mL). The crude solid took some time to fully dissolve in the hot solution, 

N

N

N

NPh

Ph Ph

Ph
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but once dissolved, the solution was allowed to slowly cool to RT and then stored in a freezer 

over 48 hrs to afford the product as a bright yellow solid (3.49 g, 86% yield).  
1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 9.1 Hz, 2H), 7.82 (m, 4H), 7.62 – 7.41 (m, 6H), 7.35 

(d, J = 2.2 Hz, 2H), 7.29 (dd, J = 9.1, 2.3 Hz, 2H), 7.22 (m, 10H). 
13C NMR (126 MHz, CDCl3) δ 169.36, 152.47, 143.12, 141.31, 138.96, 135.62, 131.25, 129.60, 

129.30, 129.03, 128.31, 128.21, 127.97, 116.30. 

HRMS (APPI)+ m/z calculated for C38H27N4 [M+H]+: 539.2230; found: 539.2236. 
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Synthesis of COFs.  
Covalent organic frameworks were prepared using reaction conditions adapted from our previous 

reports.3 Each COF is thoroughly washed with hot solvents to remove unreacted monomers and 

soluble oligomers, and finally dried under high vacuum at 120 °C to remove any remaining 

solvent. 
 

Scheme S2: Synthesis of DAAQ-TFP COF. 

 
DAAQ-TFP COF: To a 150 mL high-pressure flask equipped with a vacuum valve, TFP (0.63 

g, 3.0 mmol, 1.0 equiv) and 2,6-diaminoanthraquinone (DAAQ) (1.07 g, 4.5 mmol, 1.5 equiv) 

were added, followed by mesitylene:dioxane (1:1, 30 mL) along the walls of the flask (to push 

down any remaining solids remaining atop of the flask). The flask was sealed and sonicated at 

room temperature for 10min. 6M acetic acid (5 mL) was subsequently added directly to the 

reaction mixture, which was then degassed through three freeze-pump-thaw cycles (vacuum <50 

mTorr). The high-pressure flask was ultimately charged with N2 and sealed under a positive N2 

pressure (~1–2 psi). The flask was then placed (no stirring) in a 120 °C pre-heated oil bath for 

three days. The flask was removed from the oil bath, allowed to cool, and filtered through a 

Buchner funnel equipped with a filter paper. Acetone was used to ensure all of the material is 

filtered from the flask to the Buchner funnel. The solid was collected, and stirred in an 

Erlenmeyer flask in hot DMF (200 mL at 90 °C for 30min), and filtered while hot. This 

procedure was repeated again in DMF (200 mL at 90 °C for 30min), in absolute ethanol (200 mL 

at 80 °C for 30min), and lastly in acetone (200 mL at 60 °C). The material was then filtered and 

collected. The collected material was then transferred to a tared vial and dried at 120 °C under 

vacuum (~20 mTorr) over 24 hrs to give DAAQ-TFP COF as a light red solid (1.35 g, 87% 

yield). 

Solid-state CP/MAS 13C NMR (101 MHz) δ 182.19, 177.47, 142.09, 134.25, 128.70, 115.56, 

107.95, 102.26. 
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Elemental Analysis calculated for C30H15N3O6: C 70.18%, H 2.94%, N 8.18%; found: C 

65.92%, H 3.48%, N 7.12%. 

Scheme S3: Synthesis of DAPH-TFP COF. 

 
DAPH-TFP COF: To a 250 mL high-pressure flask equipped with a vacuum valve, TFP (0.84 

g, 4.0 mmol, 1.0 equiv) and 2,7-diaminophenazine·benzophenoneimine (DAPH·Bnzph) (3.23 g, 

6.0 mmol, 1.5 equiv) were added, followed by mesitylene:dioxane (1:1, 40 mL) along the walls 

of the flask (to push down any remaining solids remaining atop of the flask). The flask was 

sealed and sonicated at room temperature for 10min. 6M acetic acid (6.7 mL) was subsequently 

added directly to the reaction mixture, which was then degassed through three freeze-pump-thaw 

cycles (vacuum <50 mTorr). The high-pressure flask was ultimately charged with N2 and sealed 

under a positive N2 pressure (~1–2 psi). The flask was covered with aluminum foil to prevent 

any light-induced benzophenone-enabled undesired reaction, and then placed (no stirring) in a 

120 °C pre-heated oil bath for three days. The flask was removed from the oil bath, allowed to 

cool, and filtered through a Buchner funnel equipped with a filter paper. Acetone was used to 

ensure all of the material is filtered from the flask to the Buchner funnel. The solid was collected, 

and stirred in an Erlenmeyer flask in hot DMF (300 mL at 90 °C for 30min), and filtered while 

hot. This procedure was repeated again in DMF (300 mL at 90 °C for 30min), in absolute ethanol 

(300 mL at 80 °C for 30min), and lastly in acetone (300 mL at 60 °C). The material was then 

filtered and collected. The collected material was then transferred to a tared jar and dried at 120 

°C under vacuum (~20 mTorr) over 24 hrs to give DAPH-TFP COF as a reddish purple solid 

(1.72 g, 91% yield). 

Solid-state CP/MAS 13C NMR (101 MHz) δ 183.98, 140.97, 129.48, 123.68, 115.60, 115.56, 

107.77, 102.47. 

Elemental Analysis calculated for C27H15N6O3: C 68.79%, H 3.21%, N 17.83%; found: C 

65.61%, H 3.66%, N 16.44%. 
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Synthesis of PEDOT@COF composites. 
Each COF was activated under high vacuum (~20 mTorr) at 120 °C for 48 hrs immediately prior 

to use. Each composite material (PEDOT@COF) is thoroughly washed with hot solvents to 

remove remaining reactants and soluble oligomers, and finally dried under high vacuum at 120 

°C to remove any remaining solvent in the pores of the COFs. As is evidenced by elemental 

analysis, the intercalated PEDOT in the pores of each COF is natively doped with chloride. 

 

Scheme S4: Synthesis of PEDOT@COF composites. 

 
General synthetic procedure of PEDOT@COF. To a 100 mL round-bottom flask equipped 

with a reflux condenser, freshly activated COF (DAAQ-TFP COF: 200 mg, 0.39 mmol, 0.56 

equiv; DAPH-TFP COF: 200 mg, 0.42 mmol, 0.60 equiv) and acetonitrile (15 mL) were added 

and the slurry was stirred at RT under nitrogen. Iron(III) chloride (250 mg, 1.54 mmol, 2.20 

equiv) in acetonitrile (10 mL) was syringed in and the reaction was warmed to 80 °C and 

continued to stir under nitrogen. After 10min, 3,4-ethylenedioxythiophene [EDOT] (100 mg, 

0.70 mmol, 1.00 equiv; 2:1 mass loading of COF : EDOT) in acetonitrile (2 mL) was syringed in 

dropwise over c.a. 1min and the reaction was stirred at 80 °C over 12 hrs. The solid was 

collected in a Buchner funnel equipped with a filter paper, and acetonitrile was used to ensure all 

of the material is collected from the flask to the Buchner funnel, and washed with hot acetonitrile 

(~50 mL). The solid was then stirred in an Erlenmeyer flask in hot MeOH (100 mL at 80 °C for 

30min), and filtered while hot. This procedure was repeated two more times in MeOH [until the 

filtrate is colorless] (100 mL at 80 °C for 30min) and one time in acetone (100 mL at 60 °C for 

30 min). The collected solid was then transferred to a tared vial and dried at 90 °C under vacuum 

(~20 mTorr) over 24 hrs to give PEDOT@COF composite materials. 
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PEDOT@DAAQ-TFP COF: dark brown solid (210 mg). 

Solid-state CP/MAS 13C NMR (101 MHz) δ 183.46, 179.67, 

143.37, 133.92, 128.61, 116.59, 108.11, 102.17, 66.07. 

Elemental Analysis calculated for C24H13N1.8O5.6S: C 64.31%, H 

2.92%, N 5.08%, S 7.15%; found: C 62.61%, H 3.30%, N 5.88%, S 3.36, Cl 0.67%. 

 

PEDOT@DAPH-TFP COF: black solid (215 mg). 

Solid-state CP/MAS 13C NMR (101 MHz) δ 183.92, 140.79, 129.41, 

125.59, 116.71, 107.71, 102.91, 66.17. 

Elemental Analysis calculated for C22.2H13N3.6O3.8S: C 63.03%, H 

3.10%, N 11.92%, S 7.58%; found: C 62.76%, H 3.31%, N 12.63%, S 2.42, Cl 1.42%. 
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Synthesis of bare PEDOT.  
Bare PEDOT (poly(3,4-ethylenedioxythiophene)) was prepared for comparison purposes using 

the same reaction conditions that were used to polymerize EDOT in the pores of the COFs. As is 

evidenced by elemental analysis, the bare PEDOT is natively doped with chloride. 

 

Scheme S5: Synthesis of bare PEDOT. 

 
PEDOT: To a 100 mL round-bottom flask equipped with a reflux condenser, iron(III) chloride 

(250 mg, 1.54 mmol, 2.20 equiv) was added and the flask was purged with nitrogen at RT. 

Acetonitrile (25 mL) was syringed in and the red solution was warmed to 80 °C and continued to 

stir under nitrogen. After 2 min, 3,4-ethylenedioxythiophene [EDOT] (100 mg, 0.70 mmol, 1.00 

equiv; 2:1 mass loading of COF : EDOT) in acetonitrile (2 mL) was syringed in dropwise over 

c.a. 1min and the reaction was stirred at 80 °C over 12 hrs. The solid was collected in a Buchner 

funnel equipped with a filter paper, and acetonitrile was used to ensure all of the material is 

collected from the flask to the Buchner funnel, and washed with hot acetonitrile (~50 mL). The 

solid was then stirred in an Erlenmeyer flask in hot MeOH (50 mL at 80 °C for 30min), and 

filtered while hot. This procedure was repeated two more times in MeOH [until the filtrate is 

colorless] (50 mL at 80 °C for 30min) and one time in acetone (50 mL at 60 °C for 30 min). The 

collected solid was then transferred to a tared jar and dried at 90 °C under vacuum (~20 mTorr) 

over 24 hrs to give PEDOT as a black solid (105 mg). 

Solid-state CP/MAS 13C NMR (101 MHz) δ 138.85, 118.62, 65.92. 

Elemental Analysis calculated for C6H4O2S: C 51.42%, H 2.88%, S 22.87%; found: C 43.75%, 

H 2.44%, S 16.91, Cl 6.44%. 
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III. NMR Spectra 

 

 
Figure S1: (Top) 1H and (Bottom) 13C NMR of 2,7-dibromophenazine (S4). 
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Figure S2. (Top) 1H and (Bottom) 13C NMR of 2,7-diaminophenazine·benzophenoneimine 

(DAPH·Bnzph, S5). 
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Figure S3. Solid-state CP/MAS 13C NMR of (Top) PEDOT, (Middle) DAAQ-TFP COF, and 

(Bottom) PEDOT@DAAQ-TFP COF. 
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Figure S4. Solid-state CP/MAS 13C NMR of (Top) PEDOT, (Middle) DAPH-TFP COF, and 

(Bottom) PEDOT@DAPH-TFP COF.  
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IV. FT-IR Spectra 

 

 
Figure S5. FT-IR spectrum of DAPH·Bnzph.  
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Figure S6. FT-IR spectra of (Top) DAAQ-TFP COF, and (Bottom) PEDOT@DAAQ-TFP COF. 

 

 
Figure S7. FT-IR spectra of (Top) DAPH-TFP COF, and (Bottom) PEDOT@DAPH-TFP COF.  
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V. Elemental Analysis Data 

The atomic formulas of COFs were calculated based on the experimental equivalent ratio of 

monomers, while the atomic formulas for PEDOT@COFs were calculated based on the 

experimental equivalent ratio of COFs to EDOT used (shown above each elemental analysis 

table). Theoretical percent composition and experimental atomic formulas were calculated based 

on the following atomic weights: C 12.011; H 1.008; N 14.007; O 15.999; S 32.060, Cl 35.453. 

Experimental percent composition data was used to calculate the empirical atomic formula where 

the Nitrogen atom was defined as the lowest denominator for the COF samples, while the Sulfur 

atom was defined as the lowest denominator for the PEDOT@COF and bare PEDOT samples. 

For PEDOT@COF samples, the experimental N/S and S/Cl ratios were used to calculate: (1) the 

obtained COF/PEDOT mass and mol ratios, (2) the molecular weight of each composite 

material, and (3) the number of moles of anthraquinones (for PEDOT@DAAQ-TFP COF) and 

phenazines (PEDOT@DAPH-TFP COF) per gram of composite material (see below for 

tabulated and sample calculations). Theoretical mass ratio of COF/PEDOT was defined as the 

experimental mass ratio of COF to EDOT, which was 2:1 for each PEDOT@COF composite 

material. As is evidenced by elemental analysis, the intercalated PEDOT in the pores of each 

COF, as well as the bare PEDOT sample, are natively doped with ionic chlorine species acting as 

the counterions. 

 

Table S1. Elemental Analysis of DAAQ-TFP COF 

 

Elements 
Atomic Formula % composition  C/N ratio 
theor. expr. theor. expr. theor. expr. 

C 30.00 10.80 70.18 65.92 

10.00 10.80 
H 15.00 6.79 2.94 3.48 
N 3.00 1.00 8.18 7.12 
O 6.00 N/A 18.70 N/A 

NH2

H2N

O

O

OH O

OH
O

HO
O + - 3 x H2O1.5 x

C9H6O6 1.5 x C14H10N2O2 3 x H2O

O

O
NH

O
N
H

H
N

HN

O

O

C30H15N3O6+ -
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Table S2. Elemental Analysis of DAPH-TFP COF 

 

Elements 
Atomic Formula % composition  C/N ratio 
theor. expr. theor. expr. theor. expr. 

C 27.00 4.65 65.79 65.61 

4.50 4.65 
H 15.00 3.09 3.21 3.66 
N 6.00 1.00 17.83 16.44 
O 3.00 N/A 10.18 N/A 

 

Table S3. Elemental Analysis of PEDOT@DAAQ-TFP COF 

 

Elements 
Atomic Formula % composition C/N ratio N/S ratio S/Cl ratio 
theor. expr. theor. expr. theor. expr. theor. expr. theor. expr. 

C 22.80 49.74 64.03 62.61 

13.57 12.42 1.68 4.01 N/A 5.55 

H 12.40 31.24 2.92 3.30 
N 1.68 4.01 5.50 5.88 
O 5.36 N/A 20.05 N/A 
S 1.00 1.00 7.50 3.36 
Cl 0.00 0.18 0.00 0.67 
 

Table S4. Calculated composition of PEDOT@DAAQ-TFP COF 

 

mass ratio: 

COF / 

PEDOT 

mol ratio: 

COF / 

PEDOT 

mol ratio:  

COF / PEDOT / 

Cl 

mmol 

anthraquinones / 

gram composite 

MW 

composite 

(g/mol) 

theor. 2.00 : 1 0.56 : 1.00 0.56 : 1.00 : 0.00 2.01 mmol / g 448.23 
expr. 4.91 : 1 1.34 : 1.00 1.34 : 1.00 : 0.18 2.41 mmol / g 834.58 

N

N

N

N

OH O

OH
O

HO
O + -1.5 x

C9H6O6 1.5 x C38H26N4 3 x C13H10O

O

O
NH

O
N
H

H
N

HN

N

N

C27H15N6O3

Ph Ph
O

3.0 x
Ph

PhPh
Ph

+ -

O

O
NH

O
N
H

H
N

HN

O

O

0.56 x C30H15N3O6 C6H4O2S

+0.56 x

+

O

O
HN

O
H
N

N
H

NH

O

O

OO

S
@OO

S
H2-

H2- C22.8H12.4N1.68O5.36S

(200 mg, 0.39 mmol, 0.56 equiv) (100 mg, 0.70 mmol, 1.00 equiv)
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Table S5. Elemental Analysis of PEDOT@DAPH-TFP COF 

 

Elements 
Atomic Formula % composition C/N ratio N/S ratio S/Cl ratio 
theor. expr. theor. expr. theor. expr. theor. expr. theor. expr. 

C 22.20 69.22 63.03 62.76 

6.17 5.80 3.60 11.95 N/A 1.88 

H 13.00 43.51 3.10 3.31 
N 3.60 11.95 11.92 12.63 
O 3.80 N/A 14.37 N/A 
S 1.00 1.00 7.58 2.42 
Cl 0.00 0.53 0.00 1.42 
 

Table S6. Calculated composition of PEDOT@DAPH-TFP COF 

 

mass ratio: 

COF / 

PEDOT 

mol ratio: 

COF / 

PEDOT 

mol ratio:  

COF / PEDOT / 

Cl 

mmol phenazines / 

gram composite 

MW 

composite 

(g/mol) 

theor. 2.00 : 1 0.60 : 1.00 0.60 : 1.00 : 0.00 2.13 mmol / g 423.03 
expr. 6.70 : 1 1.99 : 1.00 1.99 : 1.00 : 0.53 2.72 mmol / g 1097.14 

 

Table S7. Elemental Analysis of bare PEDOT 

 

Elements 
Atomic Formula % composition S/Cl ratio 
theor. expr. theor. expr. theor. expr. 

C 6.00 6.91 51.42 43.75 

N/A 2.90 
H 4.00 4.59 2.88 2.33 
O 2.00 N/A 22.83 N/A 
S 1.00 1.00 22.87 16.91 
Cl 0.00 0.34 0.00 6.44 

 

0.6 x C27H15N6O3 C6H4O2S

+0.60 x

+

OO

S
@OO

S
H2-

H2- C22.2H13N3.6O3.8S

O

O
NH

O
N
H

H
N

HN

N

N

O

O
HN

O
H
N

N
H

NH

N

N

(200 mg, 0.42 mmol, 0.60 equiv) (100 mg, 0.70 mmol, 1.00 equiv)

OO

S H2-

OO

S
C6H6O2S H2 C6H4O2S-
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Sample Calculation for composition of PEDOT@COF samples. 
The following values were used for the below calculations: 

 Atomic Formula MW (g/mol) 
mol N / 

mol 
compound 

mol S / 
mol 

compound 
redox moiety / mole 

DAAQ-TFP COF C30H15N3O6 513.465 3 N/A 1.5 anthraquinones 
DAPH-TFP COF C27H15N6O3 471.456 6 N/A 1.5 phenazines 
PEDOT C6H4O2S 140.159 N/A 1 1.0 thiophenes 

 

Mole ratios of COF / PEDOT are calculated from the N/S ratios obtained from elemental 

analysis. Below is a sample calculation for PEDOT@DAAQ-TFP COF composite sample: 
COF
PEDOT 	mol	ratio = 	

4.01	mol	N
1	mol	S ∗

1	mol		COF
3	mol	N ∗

1	mol	S
1	mol	PEDOT = 1.34 

 

Mass ratios of COF / PEDOT are calculated from the above COF/PEDOT mol ratios. Below is a 

sample calculation for PEDOT@DAAQ-TFP COF composite sample: 
COF
PEDOT 	mass	ratio = 	

1.34	mol	COF
mol	PEDOT ∗

513.465	g		COF	
mol	COF ∗

mol	PEDOT
140.159	g	PEDOT = 4.91 

 

Mol ratio of Cl / PEDOT are calculated from the S/Cl ratios from the elemental analysis. Below 

is a sample calculation for PEDOT@DAAQ-TFP COF composite sample: 
Cl

PEDOT 	mol	ratio	 = 	
1	mol	Cl
5.55	mol	S ∗

1	mol	S
1	mol	PEDOT = 0.18 

 

Molecular weight of PEDOT@COF composites are calculated based on the COF / PEDOT / Cl 

mol ratios. Below is a sample calculation for PEDOT@DAAQ-TFP COF composite sample: 

MW		 =
1.34	mol	COF

mol	PEDOT@COF ∗
513.465	g	
mol	COF +

1.00	mol	PEDOT
mol	PEDOT@COF ∗

140.159	g	
mol	PEDOT

+
0.18	mol	Cl

mol	PEDOT@COF ∗
35.453	g
mol	Cl = 834.58	g/mol 
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Number of mmol redox-active moieties per gram of composite material are calculated based on 

the moles of redox-active moieties per mole of COF in the composite material. Below is a 

sample calculation for PEDOT@DAAQ-TFP COF composite sample: 

mmol	anthraquinones	per	gram	composite	material =			

=
1.34	mol	COF

mol	PEDOT@COF ∗
1.5	mol	anthraquinones	

mol	COF ∗
mol	PEDOT@COF	

834.58	g	PEDOT@COF

∗
1000	mmol	anthraquinones

mol	anthraquinones = 	2.41	mmol/g 
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VI. Simulation of X-ray Diffraction Patterns for COF structures 

The Accelrys4 Materials Studio (version 5.0) program suite was used to simulate the powder 

diffraction of DAAQ-TFP and DAPH-TFP COFs. The initial structures were built from a 

hexagonal unit cell with a P6 space group. The a cell parameter was approximated from the 

corresponding experimental PXRD data of obtained COFs. The starting interlayer stacking (c 

cell parameter) was chosen to be 3.4 Å. The structure was optimized using the Geometry 

Optimization routine including energy minimization with cell parameters optimization, using the 

parameters from the Universal Force Field.5 The simulated PXRDs were calculated with the 

Reflex Plus module. 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 position6,7 

until further refinements resulted in no additional changes. 

 
Figure S8. DAAQ-TFP COF PXRD patterns for experimental (red), Pawley-refined (blue), 

simulated eclipsed (black), and a difference plot (gray; experimental minus refined pattern).  
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Figure S9. DAPH-TFP COF PXRD patterns for experimental (red), Pawley-refined (blue), 

simulated eclipsed (black), and a difference plot (gray; experimental minus refined pattern).  
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Table S8. Fractional atomic coordinates for unit cell of DAAQ-TFP COF calculated using the 

Materials Studio modeling program. Symmetry space group = P6/m (175); Cell length: a = b = 

31.5861; c = 3.4338. 

Atom x y z 
C1 0.68322 0.38619 0.00000 
C2 0.62960 0.35025 0.00000 
C3 0.59369 0.36257 0.00000 
N4 0.60054 0.41140 0.00000 
C5 0.56137 0.42264 0.00000 
C6 0.51151 0.38644 0.00000 
C7 0.44914 0.46242 0.00000 
C8 0.48770 0.44875 0.00000 
C9 0.53730 0.48537 0.00000 
C10 0.47530 0.39945 0.00000 
C11 0.57357 0.47198 0.00000 
O12 0.59386 0.56938 0.00000 
O13 0.69750 0.42981 0.00000 
H14 0.44344 0.66704 0.00000 
H15 0.50067 0.65205 0.00000 
H16 0.56264 0.62930 0.00000 
H17 0.38826 0.49985 0.00000 
H18 0.63516 0.44196 0.00000 
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Table S9. Fractional atomic coordinates for unit cell of DAPH-TFP COF calculated using the 

Materials Studio modeling program. Symmetry space group = P6/m (175); Cell length: a = b = 

31.2053; c = 3.4354. 

Atom x y z 
C1 0.68360 0.38688 0.00000 
C2 0.62929 0.35063 0.00000 
C3 0.59307 0.36327 0.00000 
N4 0.60019 0.41278 0.00000 
C5 0.56067 0.42432 0.00000 
C6 0.50997 0.38766 0.00000 
N7 0.45098 0.46395 0.00000 
C8 0.48636 0.45069 0.00000 
C9 0.53662 0.48764 0.00000 
C10 0.47329 0.40093 0.00000 
C11 0.57329 0.47443 0.00000 
O12 0.69820 0.43105 0.00000 
H13 0.44457 0.66660 0.00000 
H14 0.50245 0.65132 0.00000 
H15 0.56533 0.62763 0.00000 
H16 0.38820 0.49669 0.00000 
H17 0.63527 0.44365 0.00000 
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VII. Powder X-ray Diffraction Data 

 
Figure S10. PXRD pattern for DAAQ-TFP COF. 

 
Figure S11. PXRD pattern for DAPH-TFP COF. 
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Figure S12. PXRD pattern for PEDOT@DAAQ-TFP COF. 

 

 
Figure S13. PXRD pattern for PEDOT@DAPH-TFP COF. 
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Figure S14. PXRD pattern for bare PEDOT. 
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VIII. Surface Area Measurements with BET insets 

 
Figure S15. (Left) Adsorption Isotherm and (Right) BET surface area plot for DAAQ-TFP COF. 

 

 
Figure S16. (Left) Adsorption Isotherm and (Right) BET surface area plot for DAPH-TFP COF. 
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Figure S17. (Left) Adsorption Isotherm and (Right) BET surface area plot for PEDOT@DAAQ-

TFP COF. 

 

 
Figure S18. (Left) Adsorption Isotherm and (Right) BET surface area plot for PEDOT@DAPH-

TFP COF.  
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IX. Thermogravimetric Analysis 

 
Figure S19. TGA-GCMS of DAAQ-TFP COF with extracted Ion-18 and Ion-44 from the 

chromatogram. 

 
Figure S20. TGA-GCMS of DAPH-TFP COF with extracted Ion-18 and Ion-44 from the 

chromatogram. 
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Figure S21. TGA-GCMS of PEDOT@DAAQ-TFP COF with extracted Ion-18 and Ion-44 from 

the chromatogram. 

 

 
Figure S22. TGA-GCMS of PEDOT@DAPH-TFP COF with extracted Ion-18 and Ion-44 from 

the chromatogram. 
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Figure S23. TGA-GCMS of bare PEDOT with extracted Ion-18 and Ion-44 from the 

chromatogram. 
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X. Scanning Electron Microscopy 

 
Figure S24. SEM image of DAAQ-TFP COF. 

 

 
Figure S25. SEM image of DAPH-TFP COF. 
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Figure S26. SEM image of PEDOT@DAAQ-TFP COF. 

 

 
Figure S27. SEM image of PEDOT@DAPH-TFP COF. 
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XI. Energy Dispersive X-ray Elemental Mapping 

 
 

 
Figure S28. Elemental mapping of carbon, oxygen, and sulfur in PEDOT@DAAQ-TFP COF 
sample. Sulfur map represents the distribution of PEDOT throughout the COF sample. 
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Figure S29. Elemental mapping of carbon, oxygen, nitrogen, and sulfur in PEDOT@DAPH-TFP 
COF sample. Sulfur map represents the distribution of PEDOT throughout the COF sample. 
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XII. Electrochemical Methods and Data 

Device Testing 

Coin Cell Assembly. CR 2032 coin cells were assembled in an argon filled glove box with water 

levels below 1.00 ppm. Lithium metal served as the anode and the cathode was fabricated from a 

slurry of 60 wt% active material (~1.5 mg/cm2), 15 wt% Super P carbon, 15 wt% CMK-3 

mesoporous carbon (ACS materials), and 10 wt% poly(vinylidene fluoride) (PVDF) as the 

binder in NMP. A doctor blade with one layer of scotch tape was used to spread the slurry onto a 

carbon paper current collector. The coated electrode was dried for 2 h at 60 °C followed by 

overnight at 110 °C in a vacuum oven. A glass microfiber filter (GF/A, Whatman) was used as 

the separator between the two electrodes. The electrolyte solution was 1:1 by volume of EC 

(ethylene carbonate) to DEC (diethyl carbonate) with 1 M LiPF6 (Aldrich). A Neware battery 

tester was used to perform galvanostatic charge-discharge experiments on the coin cells over a 

voltage range of 1.4 V to 3.6 V vs. Li/Li+ at 25 °C. For cycling measurements, a constant charge-

discharge current rate of 1 C was used. To evaluate rate performance, the cells were charged at 

0.5 C and discharged at the indicated C-rate.  

  

Capacity Calculation. The theoretical capacities of DAAQ-TFP COF and DAPH-TFP COF 

where calculated using Eq. (1): 

𝐶MNOPQ =
RS

TUVV	(XYZ[[[)
   (1) 

where n is the number of electrons that each repeat unit can be reduced by (2 electrons), F is 

Faraday’s constant (96485 C mol-1), and Mw is the molar mass of repeating unit in the COF. The 

specific capacity of the materials was calculated by Eq. (2): 

𝐶]^ =
𝑖`^^a ∙ 𝑡
𝑚efS

 

Where iappl is the applied current, t is the time the current was sustained before reaching the 

voltage limit, and mCOF is the mass of the DAAQ-TFP COF or DAPH-TFP COF present in the 

cell. 
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Diffusion Coefficient Analysis. CV was performed on the assembled coin cells of each of the 

COF materials to obtain diffusion coefficients of the Li+ ions through the solid-state electrode 

material. The cell was scanned at rates from 0.5 mV/s to 20 mV/s. Using the Randles-Sevcik 

equation (Eq. 3)8 the diffusion coefficient was obtained from the slope of a plot of peak current 

vs. square root of scan rate:  

𝑖^ = 0.4463𝑛𝐹𝐴𝐶 jRSkl
mn

o
p/q

  (3) 

Where n is the number of electrons transferred (2 electrons), A is the electrode surface area in 

cm2, C is the concentration of the Li+ in mol/cm3, υ is the scan rate in V/s, ip is the peak current 

in Amperes, D is the diffusion coefficient in cm2/s, and F,R, and T have their usual meanings. 

 

Energy Density Calculation. The energy density and power density of the COF materials were 

calculated based on Eq. (4) and Eq. (5): 

𝐸𝑛𝑒𝑟𝑔𝑦	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 	𝐶]^ × 𝑉                            (4) 

𝑃𝑜𝑤𝑒𝑟	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 	𝐶]^ 	× 𝑉 × (𝐶	𝑟𝑎𝑡𝑒)                         (5) 

where Csp is the specific capacity (Eq. 2), V is the average discharge potential versus a lithium 

metal anode, and C-rate is the C-rate corresponding to the Csp used in the calculation. Energy 

density was calculated at 0.5 C and power density was calculated at 20 C.  

 

Electrochemical Impedance Spectroscopy. A BioLogic SP-150 potentiostat was used to carry 

out potentiostatic electrochemical impedance spectroscopy (PEIS) on assembled coin cells. 

Impedance measurements were obtained at the standard potential after the cell had been rested 

for at least 12 hours. The cell was first scanned at 1 mV/s 1.4 V to 3.6 V vs. Li/Li+, then scanned 

to its standard potential determined by the average potential of the anodic and cathodic peak of 

the first cycle. The cell was held at this potential for one hour before PEIS was performed, to 

ensure steady state in the system. The measurements were taken over a frequency range of 

0.001-1000000 Hz with an AC amplitude of 5.0 mV. 

 The cells response was plotted as a Nyquist plot. The EC Lab Z-fit software was used to 

fit the semicircle region at high and middle frequencies of the Nyquist plots using the following 

circuit: 
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R1 corresponds to the solution resistance, R2 represents in charge transfer resistance, and CPE is 

the constant phase element accounting for the capacitance associated with the double layer 

formed between the electrode and the electrolyte. The obtained fit values are shown in Table 

S10.  

 

 

Table S10. Fit values from PEIS at the standard potential of each COF material. 
COF R1 [Ω] CPE [F•sa^-1] a R2 [Ω] 
DAAQ-TFP 3.491 6.794 × 10-6 0.868 188.3 
DAPH-TFP 3.567 5.185 × 10-6 0.885 163.7 
PEDOT@DAAQ-TFP 3.129 10.88 × 10-6 0.839 94.82 
PEDOT@DAPH-TFP 3.231 7.277 × 10-6 0.869 130.5 
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Figure S30. CV profiles of 20 cycles on PEDOT@DAPH-TFP COF at 2 mV/s as an assembled 

coin cell. Color goes from dark to light purple with subsequent cycles. The same trend was 

observed in DAPH-TFP coin cells, but not in the DAAQ-TFP-based materials. 
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Figure S31. (a, b, c, d) CV profiles at 0.5, 1, 2, 3, 4, and 5 mV/s and corresponding linear fits of 

the peak current vs. square root of scan rate (e, f, g, h) of four COF materials: (a, e) DAAQ-TFP 

COF, (b, f) DAPH-TFP COF, (c, g) PEDOT@DAAQ-TFP COF, and (d, h) PEDOT@DAPH-

TFP COF. The obtained slopes from the fits was used to calculate the diffusion coefficient of Li+ 

ion in each of the COF materials according to the Eq. 3. 
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