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ABSTRACT: The synthesis of crystalline polyphenylene covalent organic frameworks (COFs) was accomplished by linking fluorinated 

tris(4-acetylphenyl)benzene building units using aldol cyclotrimerization. The structures of two COFs, reported here, were confirmed by 

powder X-ray diffraction techniques, Fourier-transform infrared, and solid-state 13C CP/MAS NMR spectroscopy. The results showed that 

the COFs were porous and chemically stable in corrosive, harsh environments for at least 1 week. Accordingly, post-synthetically modified 

derivatives of these COFs using primary amines showed CO2 uptake from air and flue gas. 

INTRODUCTION 

The chemistry of covalent organic frameworks (COFs) has been 

largely dominated by structures made from highly reversible link-

ages such as imines,1-4 boroxines,5-6 and hydrazones,7-8 Recently, 

COFs containing linkages considered irreversible have also been 

successfully crystallized, most notably, olefins,9-11 sp2-carbon,12-15 

truxenes,16 triazines,17-19 phenazines,20-21 oxazoles,22-23 and diox-

ins.24-26 An important objective is to crystallize COFs based on C-

C linkages, so that such structures could be deployed for many 

years in capturing carbon dioxide from air and flue gas, among 

many applications. We report the use of aldol cyclotrimerization 

(Figure 1a) to form polyphenylene COFs.  

Specifically, the cyclotrimerization of 1,3,5-trifluoro-2,4,6-

tris(4-acetylphenyl)benzene (TAB) or 1,3,5-trifluoro-2,4,6-tris(4-

acetylphenylethynyl)benzene (TAEB) yields crystalline 2D frame-

works with hcb topology, termed COF-284 and COF-285 (Figure 

1b and 1c). The phenyl linkages of these COFs were unambigu-

ously confirmed by Fourier transform infrared (FT-IR) spectros-

copy and solid state 13C cross-polarization magic angle spinning 

(CP-MAS) NMR spectroscopy. The irreversible phenyl linkage en-

dows the COFs with exceptionally high stability under extreme 

chemical conditions. Following post-synthetic modification, alkyl 

amines can be anchored onto the COFs’ backbone, resulting in a 

CO2 uptake capacity at low pressure (0.4 mbar). 

 

Figure 1. (a) Aldol cyclotrimerization by acetophenone to yield the 

model compound TPB. (b), (c) Synthesis of COF-284 and COF-

285 by aldol cyclotrimerization with the fluorinated linkers TAB 

and TAEB.
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Figure 2. PXRD patterns and Pawley refinement of COF-284 (a) and COF-285 (b), respectively. The experimental pattern (red) is in good 

agreement with the eclipsed stacking model (black). 

 

 

Figure 3. (a, b) Top views and (c, d) side views of the space-filling models of COF-284 and -285 in eclipsed stacking mode. Color code: H, 

white; C, gray; F, orange. 

 

The molecular reaction of the aldol cyclotrimerization of acetophe-

none has been employed in the synthesis of a series of molecules 

and polymers (e.g., 1,3,5-Triphenylbenzene, TPB, Figure 1a). The 

reaction is typically performed in the presence of a strong Brønsted 

acid.27-28 However, direct application of these reaction conditions 

to the synthesis of COFs results, as expected, in the formation of 

amorphous materials, indicating insufficient reversibility for defect 

correction.29-30 Extensive efforts were applied to screen various 

synthetic conditions including linkers, solvent mixtures, tempera-

ture, and reaction time. For reactions that exhibit irreversible 

characteristics and, therefore, lack the ability to self-correct defects, 

careful modulation of the reaction conditions is crucial to reduce 

the reaction rate. This ensures that linkers connect slowly enough 

to assemble and stack in an orderly fashion, thus yielding a crystal-

line structure. However, a common trade-off with this approach is 

a potential reduction in reaction yield. A crystalline framework, 

termed COF-284, was successfully synthesized under solvothermal 

conditions in a mixture of 1,4-dioxane, and m-xylene, with aqueous 

trifluoromethanesulfonic acid (TfOH) as a catalyst at 85 °C for 72 

hours in moderate yield (32%) (Section S2.6).  
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Figure 4. (a) Schematics of the synthesis of COF-284-NH2, (b) PXRD patterns, (c) N2 sorption isotherms (77 K), and (d) single component 

CO2 isotherms (25 °C) of COFs. The inset in panel (d) displays a zoomed-in view of the adsorption branch of COF-284-NH2 at 0-2 mbar to 

highlight the uptake at the DAC-relevant pressure. 

 

In this process, we applied a strategy that combined an initial hu-

man-centric screening with subsequent machine learning-guided 

synthesis condition optimization (Section S2.10),31-36 efficiently 

pinpointing optimal conditions from a vast potential space of com-

binations.37 These combinations stemmed from seven key synthesis 

parameters associated with the crystallization of COF-284 (Table 

S1 and S2).38 This balanced methodology enhances efficiency, di-

minishes human bias, and adeptly navigates between exploration 

and exploitation of optimal conditions. We further extended the re-

action scope by crystallizing COF-285 through cyclotrimerization 

of TAEB using similar conditions. COF-284 and -285 were ob-

tained as pale yellow or red microcrystalline powders, insoluble in 

common organic solvents such as dichloromethane, acetone, alco-

hols, tetrahydrofuran, and N,N-dimethylformamide. It should be 

noted that incorporating fluorine substituents onto the periphery of 

the COFs’ building units plays an important role in the ability to 

crystallize these structures. We hypothesized that fluorine being an 

electron-withdrawing group enhances aromatic stacking interac-

tions without introducing significant steric effects.39 The non-fluor-

inated analogous building blocks only form amorphous solids under 

similar synthetic conditions (Figure S15). 

In the Fourier-transform infrared (FT-IR) spectra of COF-284 and 

COF-285, the peaks attributed to the C=O and C-H stretching of the 

acetyl linkers, found at approximately 1680 cm-1 and 3040 cm-1, 

respectively, are markedly reduced compared to the spectra of TAB 

and TAEB (Figures S3 and S4). Concurrently, there is an increased 

intensity at approximately 1600 cm-1, corresponding to the aromatic 

C=C stretch in the phenyl ring formed during the COF synthesis. 

The residual C=O stretch at 1686 to 1688 cm-1 can be assigned to 

the defects and intermediates formed during the COF’s synthesis. 

Further support for the presence of the phenyl linkages was ob-

tained by solid-state 13C cross-polarization magic angle spinning 

(CP-MAS) NMR analysis. The 13C CP-MAS NMR spectra of COF-

284 and COF-285 revealed the almost complete disappearance of 

signals at chemical shifts of 195 ppm and 25 ppm, which corre-

spond to the carbonyl and alkyl carbons of the acetyl group, respec-

tively (Figures S6 and S7). Although there is an overlap of aromatic 

carbon signals between the linkage and the backbone, an increased 

peak intensity at 126 ppm was observed, which is attributed to the 

newly formed phenyl rings.  

The crystallinity of COF-284 and COF-285 was confirmed by Pow-

der X-ray diffraction (PXRD) (Figure 2). Based on the planar ge-

ometry of the model compound TPB and its analogs in single-crys-

tal structures, structural models of COF-284 and COF-285 were 

constructed based on an hcb topology. Several interlayer stacking 

modes were modeled and compared to the experimental PXRD pat-

tern, among which the model with an eclipsed (AA) stacking mode 

in space group P3 provided the best fit (Figures S13 and S14). Full 

profile Pawley refinement of the model against the experimental 

pattern yielded a unit cell parameters of a = b =14.98Å and c = 4.01 

Å,  α = β = 90°, γ = 120° with good agreement factors (Rwp = 2.58%, 

Rp = 1.87%) for COF-284 and  a = b = 19.44 Å and c = 3.65 Å,  α 

= β = 90°, γ = 120° with agreement factors (Rwp = 1.83%, Rp = 

1.40%) for COF-285, respectively. 
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The porosity and surface areas of COF-284 and COF-285 were 

evaluated after removal of solvent molecules from the pores by ac-

tivation in vacuo. The N2 sorption isotherm measurements per-

formed on COF-284 and COF-285 at 77 K revealed that the pores 

of the two COFs were accessible to N2, with a Brunauer-Emmett-

Teller (BET) surface area of 812 m2 g-1 and 395 m2 g-1, respectively 

(Figures 4c, S16 and S17). Fitting of the isotherm based on non-

local density functional theory indicated a uniform pore size distri-

bution featuring a narrow peak at 9.2 Å and 12.6 Å diameter, re-

spectively, which is close to the expected 9.3 Å and 13.0 Å based 

on the calculated van der Waals surface of the structural model 

(Figure S18).  

The thermal stability of COF-284 and COF-285 was evaluated us-

ing thermogravimetric analysis. Both COFs exhibited high thermal 

stability, showing no significant weight loss up to 400 °C under an 

N2 atmosphere (Figure S11). To evaluate the chemical stability of 

the polyphenylene COFs, the materials were exposed to a series of 

organic and inorganic Brønsted acids and bases. Specifically, the 

activated COFs were suspended in 12.1 mol L-1 aqueous HCl (35 

wt%), trifluoromethanesulfonic acid (≥99%), H2SO4 (98 wt%), sat-

urated aqueous KOH (55 wt%), and saturated methanolic KOH (35 

wt%) at room temperature for 1 week. The structural integrity of 

the treated COF powders was examined by PXRD (Figure 5). The 

framework structures were found to maintain their crystallinity un-

der all conditions. This is evidenced by the fact that the PXRD pat-

terns of all treated samples remained largely unchanged in shape 

and intensity. Notably, the stability of the COFs to aqueous acid or 

base solutions can also be attributed to the hydrophobic nature of 

the materials. As such, COF-284 and COF-285 were suspended in 

pure TfOH, H2SO4, and saturated solutions of KOH in methanol, in 

which the materials still retained their crystallinity. The fact that 

the two COFs remain intact even under such harsh conditions for 

this length of time suggests significant chemical stability. 

 

 

Figure 5. Chemical stability test of (a) COF-284 and (b) COF-285 

with Brønsted acid and base. PXRD patterns of treated materials 

illustrate the retention of crystallinity of COFs under these very 

harsh conditions. 

 

To utilize the exceptional stability and accessible fluorine function-

alities, we developed a post-synthetic modification process to gen-

erate open amine groups within the pores of COF-284. The fluoride 

groups undergo a substitution reaction with 2-(Boc-amino) 

ethanthiol that decorates the channel walls with Boc-protected alkyl 

amines (Figures S5 and S8). The COF-284-NH-Boc can be readily 

deprotected using HCl, which results in the exposure of the corre-

sponding amines, producing COF-284-NH2. The PXRD patterns of 

the post-modification product showed only a slight decrease in 

crystallinity (Figures 4a, b), which can be attributed to the rigid 

backbone of the framework. The apparent decrease in the N2 iso-

therm of COF-284-NH-Boc can be attributed to the introduced 

functional groups that block the pores of the framework (Figure 4c). 

After the Boc group was deprotected during the amination step, the 

porosity of material was partially restored, resulting in a BET sur-

face area of 625 m2 g-1 for COF-284-NH2.  

Single-component CO2 sorption isotherms of COF-284 before and 

after post-modification were measured at 25 °C and compared as 

shown in Figure 4d. For COF-284, the lack of a sharp uptake in the 

low-pressure region and a minimal hysteresis indicated that the 

framework has physisorption-dominant characteristics. COF-284-

NH-Boc exhibited lower CO2 uptake in the entire range of experi-

ment (0-1000 mbar), which was attributed to the blocked pores after 

post-modification. In contrast, the CO2 sorption isotherm of COF-

284-NH2 displayed a steep rise in the adsorption branch at very low 

CO2 pressures, turning into a moderate slope between 50 and 1000 

mbar, and a hysteresis between the adsorption and desorption 

branches. Specifically, COF-284-NH2 adsorbs 2.2 cm3 g-1 STP 

(0.10 mmol g-1) at 0.4 mbar CO2 (conditions relevant to DAC) (Fig-

ure 4d, the inset), whereas COF-284, and COF-284-NH-Boc iso-

therms, as expected, did not take up any CO2 at such a low concen-

tration. At 40 mbar (relevant to post-combustion capture from nat-

ural gas flue), COF-284-NH2 adsorbs 11.2 cm3 g-1 STP (0.5 mmol 

g-1) CO2, a 6-fold increase from COF-284 (1.79 cm3 g-1 STP, 0.08 

mmol g-1). At 150 mbar (relevant to post-combustion capture from 

coal flue gas), the CO2 uptake of COF-284-NH2 (16.6 cm3 g-1 STP, 

0.74 mmol g-1) is 3-fold higher than that of COF-284 (5.6 cm3 g-1 

STP, 0.25 mmol g-1). The significant increase of CO2 uptake pro-

vided strong evidence that the introduction of chemisorption 

through incorporating aliphatic amines into COFs points to their 

potential as sorbents for efficient DAC and post-combustion cap-

ture (Figures S9 and S10). 
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