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ABSTRACT: We report the first covalent incorporation of
reactive aliphatic amine species into covalent organic frameworks
(COFs). This was achieved through the crystallization of an imine-
linked COF, termed COF-609-Im, followed by conversion of its
imine linkage to base-stable tetrahydroquinoline linkage through
aza-Diels—Alder cycloaddition, and finally, the covalent incorpo-
ration of tris(3-aminopropyl)amine into the framework. The
obtained COF-609 exhibits a 1360-fold increase in CO, uptake
capacity compared to the pristine framework and a further 29%
enhancement in the presence of humidity. We confirmed the
chemistry of framework conversion and corroborated the enhanced
CO, uptake phenomenon with and without humidity through
isotope-labeled Fourier transform infrared spectroscopy and solid-

CO,
+H,0

state nuclear magnetic resonance spectroscopy. With this study, we established a new synthetic strategy to access a class of
chemisorbents characterized by high affinity to CO, in dilute sources, such as the air.

B INTRODUCTION

Direct air capture (DAC) of carbon dioxide is an imperative
component of the efforts to limit global warming.'~* Capturing
CO, from air is an interesting chemical problem because it
requires the selective removal of CO, from a mixture
containing other species. The fact that the CO, concentration
in ambient air is low (0.04%) further compounds the
challenge.5’6 To capture CO, from such a dilute source
requires a material with reactive CO,-specific sites. In this
regard, amines are appealing and aqueous solutions of
monoethanolamine have already been deployed for such
separation.” However, their use requires a large consumption
of energy and suffers from operational problems such as
decomposition and toxicity. Many classes of solid-state
materials have therefore been evaluated for this application
to reduce the energy consumption compared to aqueous amine
solutions.* > Here, we report the use of porous covalent
organic frameworks (COFs) as solid-state platforms onto
which amines could be covalently bound and used for CO,
capture from air. The use of COFs offers advantages for
precision design of framework and modification of the
chemical environment within their pores.”>™*° We show that
when such a COF is functionalized with amines, it can capture
CO, from dry air with a 1360-fold increase in uptake capacity
compared to the pristine framework and a further 29% increase
in the presence of humidity.

B RESULTS AND DISCUSSION
Our COF, termed COF-609, was made by the crystallization of
an imine-linked COF backbone, followed by postsynthetic
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linkage conversion and amine installation (Figure 1lab).
Specifically, a porous, crystalline, imine-linked COF was first
synthesized through imine condensation between 2,4,6-tris(4-
formylphenyl)-1,3,5-triazine (TFPT) and 4,4'-diaminobenza-
nilide (DABA) to give COF-609-Im with the reticular formula
[(TFPT),(DABA);];pine The crystallization was carried out in
a solvent mixture of mesitylene and n-butanol, catalyzed by an
aqueous solution of acetic acid (see details in Section $2.2). In
the second step, COF-609-Im was subsequently used as a
reactant, where its imine linkages were converted to
tetrahydroquinoline (THQ) linkages by reacting with 2-
chloroethyl vinyl ether (CVE) through aza-Diels—Alder
cycloaddition catalyzed by Fe** in diethyl ether (Section
$2.3) to form [(TFPT),(DABA);]ruiqmine- This reaction
allowed the COF to withstand strongly basic conditions due to
the significantly increased chemical stability compared to its
imine-linked precursor. The —ClI group introduced in this step
allowed for the installation of tris(3-aminopropyl)amine
(TRPN) onto the framework backbone through a nucleophilic
substitution reaction, followed by washing with a concentrated
potassium hydroxide (KOH) solution to yield COF-609
{[(TFPT)Z(DABA)3(—TRPN)x]THQ, Section S2.3}.
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Figure 1. (a) Synthetic scheme of natural abundance and carbonyl-"*C-labeled (gray “*”) COF-609; (b) atomic structure of COF-609; (c) stacked
FT-IR spectra of COF-609-Im, COF-609-Im-"*C, COF-609-THQ,Im, COF-609-THQ,Im-'*C, COF-609, and COF-609-'*C; and (d) stacked CP/
MAS solid-state '>3C NMR spectra of COF-609-Im, COF-609-THQ,Im, and COF-609. Color code in panel (a): C, gray; H, white; N, blue; and O,
red. Aromatic rings are colored to assist the differentiation of the origin of the different moieties.

To monitor this chemistry, we first probed each stage of the
synthesis using Fourier transform infrared (FT-IR) spectros-
copy. Upon crystallization, the FT-IR spectrum of COF-609-
Im was first compared to the spectra of the starting materials,
TFPT and DABA (Figure S9). The vibrational absorbance
bands at 1694 cm™ (aldehyde vc_g stretch) and 2819 and
2729 ecm™" (aldehyde v_y stretches) observed in TFPT were
largely diminished in the spectrum of COF-609-Im. Similarly,
the absorbance bands at 3394 and 3308 cm™' (amine vy_y
stretches) in DABA were found to be absent in the spectrum of
COF-609-Im, whereas the amide vc_q stretch that was likely
overlapping with the strong absorbance of the vy_y bend at
1624 cm™" in DABA appeared at 1657 cm™" in COF-609-Im.
This signified the conversion of the aldehyde and amine
functionalities in the starting materials, which was further

12990

corroborated by the observation of the emerging imine vc_y
stretch absorbance at 1622 cm™" in COF-609-Im.

To further confirm the formation of imines, we synthesized
carbonyl-"*C-labeled TFPT, termed TFPT-"*C (Section S2.1),
and reacted it with DABA following the same procedure to
crystallize COF-609-Im->C, where the imine linkage was
labeled with '*C (Figure 1a). As a result of the isotopic effect,
the relevant vibrational absorbance bands exhibited red shifts
(Section $3).*° For example, the vc_q stretch shifted from
1694 cm™ in TEPT to 1654 cm™" in TFPT-*C, and the vc_y
stretch shifted from 1622 cm™ in COF-609-Im to 1588 cm™
in COF-609-Im-'*C, both in good agreement with calculated
shifts using a simple harmonic oscillator model (Table S1).
The absorbance signals attributed to the unlabeled parts of the
framework were coincident, while those of the linkage were

shifted (Figure 1b).
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Figure 2. (a) Scanning electron micrographs and elemental maps, (b) PXRD patterns, (c) N, sorption isotherms (77 K), and (d) single-
component CO, isotherms (25 °C) of COF-609-Im, COF-609-THQ,Im, and COF-609, as well as (e) single-component H,O isotherm of COF-
609 at 25 °C. The inset in panel (b) provides a zoomed-in view of the PXRD pattern of COF-609-Im, highlighting low-intensity reflections. The
inset in panel (d) displays a zoomed-in view of the adsorption branch of COF-609 at 0—1 mbar to highlight the uptake at the DAC-relevant

pressure.

In the following step, the absorbance at 1622 cm™ (imine
Vc—y stretch) in COF-609-THQ,Im was largely diminished
and possibly merged with the absorbance at 1603 cm™". This
was confirmed by the presence of the signal at 1584 cm™" in
COF-609-THQ,Im-"*C (Figures 1c and S10). This observa-
tion indicated the coexistence of THQ and imine linkages in
the product of the aza-Diels—Alder cycloaddition reaction. The
emergence of broad absorbance bands at 2925 and 2859 cm™
in both samples indicated the introduction of aliphatic C—H
bonds as part of the THQ linkage and the 2-chloroethoxyl side
chain. In the last step, the higher intensity of the absorbance
bands at 2922, 2853, and 2804 cm™ indicated the introduction
of aliphatic amines through nucleophilic substitution, which
also contributed to the broad absorbance band at 3278 cm™
(vn-n stretch, Figures 1c and S10). Throughout the process,
the absorbance at 1657 cm™ (amide vc—g stretch) remained
unchanged, indicating that the amide introduced in DABA
remained intact during the postsynthetic modification.

Solid-state nuclear magnetic resonance (ssNMR) spectros-
copy measurements on the COF samples further evidenced the
two-step postsynthetic transformation. Cross-polarization
magic-angle spinning (CP-MAS) "*C ssNMR spectra were
collected on unlabeled COF-609-Im, COF-609-THQ,Im, and
COF-609 samples (Figure 1d), where the signal at 158 ppm
(assigned to the imine C) in COF-609-Im was found
attenuated in COF-609-THQ,Im and further diminished in
COF-609. By contrast, the signals at 62—81 ppm (assigned to
the a-C of the ether O) and at 27—49 ppm (assigned to
aliphatic C atoms in the THQ linkage and ether side chain)
were found in COF-609-THQ,Im while being absent in COF-
609-Im. In the second transformation step, the signals at 62—
81 ppm (the a-C of the ether O) were mostly unaltered in the
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aminated product COF-609, while the newly emerged signals
at 44—59 ppm (assigned to the a-C of the amine N) and at
11—44 ppm (assigned to other aliphatic C atoms in the THQ
linkages and amine side chains) signified the covalent
installation of the aliphatic amine, TRPN, onto the side chains
of COF-609-THQ,Im. Throughout these modifications, the
other motifs in the COF backbone, such as aromatic rings
(109—151 ppm), triazine, and amide (163—178 ppm), were
found to be mostly unaltered.

Energy-dispersive X-ray spectroscopy (EDS) mapping of the
COF samples using a scanning electron microscope (SEM,
Figure 2a) revealed that Cl elements were absent in COF-609-
Im, homogeneously distributed among crystallites of COF-
609-THQ,Im, and finally absent in COF-609. Collectively, the
evidence above indicated that, after crystallization of COF-
609-Im, the aza-Diels—Alder cycloaddition largely converted
the imine linkages to form THQ linkages. These withstood the
nucleophilic amination reaction and provided the sites (—Cl
groups) onto which the aliphatic amines were covalently
installed—all in good agreement with the proposed scheme of
transformation. Thermogravimetric analysis (TGA) on the
three stages of synthesis revealed that a different profile started
to appear at the second step, where the thermal degradation of
the THQ linkages induced a weight loss at ~200 °C for both
COF-609-THQ,Im and COF-609 (Section SS). This provided
further evidence of the transformation.

The *C labeling of the linkage in COF-609 allowed for the
quantitative study of this chemistry due to the significantly
enhanced signal of the *C-labeled carbon in contrast to the
unlabeled carbon signals on the rest of the framework. Multiple
contact periods magic-angle spinning (MultiCP/MAS) solid-
state NMR experiments provided a powerful tool to estimate
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the ratio of the labeled species in the COF samples by
comparing the integration of the signals assigned to each
species.”’ The COF-609-Im-'3C sample was found to contain
94% '3C-labeled imine linkages at 158 ppm, while a 6%
residual *C-labeled aldehyde signal was found at 191 ppm,
which was attributed to defect sites in the framework. COF-
609-THQ,Im-"*C was found to comprise 40% THQ (56 ppm),
54% imine (159 ppm), and 6% aldehyde (194 ppm) that was
unaltered during the cycloaddition. The amination step
eliminated the residual aldehyde signals, likely attributed to
decomposition of such defect sites. The imine (157 ppm)
composition decreased to 42%, whereas THQ (~5S ppm)
increased to 58%. These changes were attributed to the partial
decomposition of the remaining imine linkages of COF-609-
THQ,Im in the amine solution (Figure S18). This measure-
ment also helped to further confirm the speciation based on
CP/MAS ssNMR measurements. The signal of the '*C-labeled
THQ_carbon displays a broad profile with shoulder peaks at
~50 and ~66 ppm, indicating the presence of a distribution of
isomers as a result of the aza-Diels—Alder cycloaddition.

Combined analyses using SEM, powder X-ray diffraction
(PXRD), and N, sorption isotherms were conducted on the
COF-609 series to elucidate their structures and monitor the
changes throughout the transformation. COF-609-Im crystal-
lized into needle-shaped fibrous aggregates (Figure 2a). This
morphology remained mostly unaltered before and after
cycloaddition and amination reactions, despite the changes in
terms of elemental compositions and functionalities.

PXRD patterns of activated COF-609-Im displayed strong
Bragg diffraction signals at 2.2, 3.9, and 4.5° and broad
reflections distinguishable at 6.0, 7.8, and 9.9° (Figure 2b).
These are in good agreement with a structural model in which
TFPT and DABA are linked through imine bonds to form
honeycomb sheets stacked in an eclipsed fashion. Such
structures form one-dimensional channel-shaped pores along
the stacking direction. These were studied through N, sorption
isotherm measurements performed on COF-609-Im at 77 K
(Figure 2c) to reveal that the pores of COF-609-Im were
accessible to N, with a Brunauer—Emmett—Teller (BET)
surface area of 724 m* g™* (Figure S16). Fitting of the isotherm
based on nonlocal density functional theory indicated a
uniform pore size distribution featuring a narrow peak at 37
A diameter (Figure S17). This is in good agreement with the
eclipsed stacking model, where the wall-to-wall distance of the
van der Waals surface of the channel is estimated to be 39 A.
The model was subjected to Pawley refinement against the
PXRD pattern to yield a unit cell in space group P3, with unit
cell parameters a = 45.7 A and ¢ = 3.5 A (Figure S11). PXRD
patterns of the cycloaddition product COF-609-THQ,Im
indicated a significant decrease in crystallinity, where only
the major reflection at 2.2° was observed (Figure 2b). This can
be attributed to the nonplanarity of the THQ linkages and the
possible presence of stereoisomers as was indicated above. A
geometrically optimized atomic model of COF-609-THQ was
generated based on the model of COF-609-Im assuming 100%
conversion to THQ_linkages, of which the prediction of the
PXRD pattern exhibited good agreement with the experimental
pattern (Figure S12). However, it is noteworthy that the
presence of residual imine-linked regions can also contribute to
this diffraction.

N, isotherm measurement of COF-609-THQ,Im indicated
that the interior of the framework was no longer accessible to
N, at the measurement conditions, which can be attributed to

the disorder introduced by the conversion (Figure 2c).
However, substitution of the —Cl group by amines in the
amination step indicated that it was still accessible to TRPN
and consequently allowed for the installation of amines. PXRD
patterns of the resulting COF-609 exhibited mostly amorphous
features (Figure 2b), and N, sorption isotherm analysis
indicated limited porosity (Figure 2c) similar to that of
COF-609-THQ,Im. This was attributed to the existing
disorder of the framework and, moreover, the flexible nature
of the large population of aliphatic amines introduced into the
pore channels. Nevertheless, since the framework connectivity
remains unaltered even with amine installation, the resulting
material is suitable for CO, capture.

To probe this, single-component CO, sorption isotherms of
COF-609-Im, COF-609-THQ,Im, and COF-609 were meas-
ured at 25 °C and compared as shown in Figure 2d. COF-609-
Im, despite being the most porous, exhibited the lowest CO,
uptake in the entire range of experiment (0—1000 mbar). The
lack of a sharp increase in the low-pressure region and a
minimal hysteresis indicated that the framework had a low
affinity to CO, and physisorption-dominant characteristics.
COF-609-THQ,Im exhibited a slight increase in CO, uptake
compared to its precursor and a more significant hysteresis
indicating weak chemisorption. This was attributed to the
increased polarity and the introduction of a secondary amine
(—NH-) in the THQ linkage resulting from the cycloaddition
reaction. By contrast, the CO, sorption isotherm of COF-609
displayed a steep rise in the adsorption branch at very low CO,
pressures, turning into a moderate slope between 50 and 1000
mbar, and a hysteresis between the adsorption and desorption
branches. Both of these observations indicated strong
chemisorption interactions that cannot be readily reversed
using only vacuum. Although examples of the introduction of
amine,” hydroxyl,”* and epoxide™* species have been reported
in COFs, this is the first example of strong chemisorption of
CO, in COFs.

Specifically, COF-609 adsorbs 6.8 cm® g™' STP (0.304
mmol g™') at 0.4 mbar CO, (conditions relevant to DAC), a
1360-fold increase compared to that of COF-609-THQ,Im,
which adsorbs 0.005 cm® g™' STP (0.00022 mmol g™*) at 0.4
mbar CO, pressure (COF-609-Im’s isotherm was out of range
at this pressure due to very low uptake). At 40 mbar (relevant
to postcombustion capture from natural gas flue gas), COF-
609 adsorbs 29.0 cm® ¢! STP (1.29 mmol g') CO,, a $3-fold
increase from COF-609-Im (0.54 cm® ¢! STP, 0.024 mmol
g™") or 23-fold from COF-609-THQ,Im (1.27 cm® g~' STP,
0.057 mmol g™'). At 150 mbar (relevant to postcombustion
capture from coal flue gas), the CO, uptake of COF-609 (33.7
cm® g~' STP, 1.50 mmol g~') is 20-fold higher than that of
COF-609-Im (1.70 cm® g~' STP, 0.076 mmol g~') or 10-fold
higher than that of COF-609-THQ,Im (3.40 cm® g~' STP,
0.151 mmol g™").

The significant increase of CO, uptake provided strong
evidence that the introduction of strong chemisorption
through incorporating aliphatic amines into COFs points to
great potential for such sorbents for efficient DAC and
postcombustion capture. As most capturing scenarios involve a
feed containing water, it is of vital importance to examine the
CO, uptake performance of COF-609 in the presence of
humidity. We thus tested COF-609 in a dynamic breakthrough
system (Section S8), where an activated sample was first
saturated in a mixture of 79% N, and 21% O, with a relative
humidity (RH) of 50% at 25 °C and 1 atm and was then
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Figure 3. (a) Schematics of the synthesis of COF-609-'"N and its chemisorption of *CO, and (b) *C and N solid-state NMR spectra of *CO,
dosing experiments performed on COF-609-*N (bottom) under dry (middle) and humid (top) conditions. Illustrative schemes of major sorption
products are provided to highlight the assignments of signals and chemical conversion of species. Isotopic labeling sites are marked with “*” for '*C
(black) and "*N (30%, blue). R = H for primary amine groups or aliphatic chains for secondary amine groups.

exposed to a mixture of 0.04% (400 ppm) CO,, 79% N,, and
21% O, with an RH of 50% at 25 °C and 1 atm. Numerical
integration of the monitored concentrations revealed that the
CO, uptake of COF-609 from 400 ppm CO, in the presence
of 50% RH at 25 °C and 1 atm was 0.393 mmol g_l, a 29%
enhancement compared to its single-component dry CO,
uptake.

Additionally, the H,O vapor sorption isotherm of COF-609
measured at 25 °C (Figure 2e) yielded that the H,O uptake of
COF-609 at 50% RH and 25 °C was 104.3 cm® g™' STP (4.66
mmol g7'), a relatively low value compared to more polar
chemisorbents, such as MOF-808-Gly.>> This has the
beneficial effect that a significant amount of energy
consumption due to water desorption in heat-driven cycling
can be reduced in this class of chemisorbents, as is exemplified
by COF-609. However, the amount of water taken up was
enough to enhance the CO, uptake compared to the dry state,
as is evidenced by the dynamic breakthrough results above.

In the final step, we studied the chemistry of CO, capture
with the reactive amine species in COF-609, both in the dry
state and in the presence of moisture (Figure 3a,b). We first
synthesized terminal amine-'*N-labeled TRPN (TRPN-"N,
Section S2.1), which reacted with COF-609-THQ,Im to form
30% "*N-labeled COF-609, termed COF-609-"*N (Figure 3a).
The CP/MAS solid-state '*C NMR spectrum of COF-609-""N
largely resembled that of unlabeled COF-609. Its '*N spectrum
was characterized by two predominant peaks at 23 and 33
ppm, which were attributed to '’N-labeled primary and
secondary amines on the side chains of COF-609-"*N. Upon
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exposing COF-609-""N to a stream of gas composed of 0.04%
13C0O,, 79% N,, and 21% O, with 0% RH at 25 °C and 1 atm, a
major signal at 164 ppm emerged in the '*C spectrum. This
was accompanied by the emergence of a new signal at 84 ppm
in the "N spectrum, indicating the formation of carbamate
species. Presaturation of COF-609-"*N at 50% RH in 79% N,
and 21% O, at 25 °C followed by exposure to the same gas
stream but with additional 0.04% "*CO, led to a significantly
intensified signal at 164 ppm in the '*C spectrum and a similar
rise of the signal at 86 ppm in the "N spectrum. This result
indicates that the major product of chemisorption of low-
concentration CO, in COF-609 is carbamate, where the
presence of water considerably boosts its formation, resulting
in an enhanced uptake in the presence of moisture.”*° The
retention of the amine '°N signals at 23 and 33 ppm for COF-
609-"°N in dry *CO, (400 ppm) as well as 25 and 35 ppm for
COF-609-"*N in humid *CO, (400 ppm, RH 50%) indicated
the presence of excess amines and their likely role of facilitating
carbamic acid deprotonation to form stronger-binding
carbamates in humid conditions, which helped increase the
uptake capacity of CO,. This is in good agreement with the
single-component CO, isotherm and the dynamic CO,/H,0
breakthrough measurements.

Bl CONCLUSIONS

Our approach in stabilizing and covalently installing aliphatic
amines into COFs using judicious choices of organic reactions
has proved effective in incorporating the CO,—carbamate
chemistry into stable porous adsorbents. This leads to efficient
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CO, uptake capability from very diluted sources and in the
presence of water, such as capturing CO, directly from air.
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