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Capture of CO, from the air offers a promising approach to addressing climate change
and achieving carbon neutrality goals'?. However, the development of a durable
material with high capacity, fast kinetics and low regeneration temperature for CO,
capture, especially from the intricate and dynamic atmosphere, is still lacking. Here a
porous, crystalline covalent organic framework (COF) with olefin linkages has been
synthesized, structurally characterized and post-synthetically modified by the
covalent attachment of amine initiators for producing polyamines within the pores.
This COF (termed COF-999) can capture CO, from open air. COF-999 has a capacity of
0.96 mmol g 'under dry conditions and 2.05 mmol g ' under 50% relative humidity,
both from 400 ppm CO,. This COF was tested for more than100 adsorption-desorption
cyclesinthe openair of Berkeley, California, and found to fully retain its performance.
COF-999 is an exceptional material for the capture of CO, from open air as evidenced
by its cycling stability, facile uptake of CO, (reaches half capacity in 18.8 min) and low
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regeneration temperature (60 °C).

Efficient capture of CO, from air requires a material to be selective,
have a high capacity for CO, and exhibit fast kinetics—all under low CO,
concentration (around 400 ppm). Furthermore, this material must be
operated withlow regeneration temperature and high cycling stability
inthe presence of other air components, especially oxygen and water >,
Extensive research has been reported for using liquid alkaline solu-
tions®’, metal-organic frameworks (MOFs)®'? and silica-supported
amines™ ™ as potential candidates for direct air capture (DAC) appli-
cation (see Supplementary Tables 1and 2 for more details). However,
despite their promise, the full deployment of liquid solutions has
been challenged by their energy-intensive regeneration® and toxicity,
whereas for MOFs and silica-supported amines, hydrolysis'® and loss
of amines' on cycling remain persistent problems. Using the design
principles of reticular chemistry’®?°, amine-functionalized covalent
organic frameworks (COFs)* were synthesized to increase CO, phys-
isorption affinity for the separation of CO, from gas mixtures (typical
CO, concentration greater than10%). However, to capture CO, directly
from the air under practical conditions, it is essential to incorporate
stronger chemisorption sites**?in amore stable backbone. In this study,
we designed a porous, crystalline COF (termed COF-999) that selec-
tively captures 2.05 mmol of CO, per gram sorbent from air containing
400 ppm of CO, at 50% relative humidity (RH). We show the cycling
stability of this COF by performing 100 CO, adsorption-desorption
temperature-swing cycles (ambient temperature to 60 °C) over 20 days
of operationin the open air, with full retention of its capacity and per-
formance. COF-999 exceeds the current state-of-the-art materials in
DAC application, and COF chemistry, in general, presents extensive

opportunities for molecular design and ultimately deployment of this
emerging class of materials.

Our strategy is outlined in Fig. 1, in which the molecular attributes
needed to address the DAC challenges are incorporated into the COF.
First, the use of hydrophobic building units in the construction of the
COF provides for hydrophobic pores into whicha minimum amount of
water could be adsorbed, leading to alower CO, regeneration tempera-
ture??*, Second, the initiators are covalently bound to the framework
and, inturn, allow the covalent attachment of polyamines and prevent
their loss during cycling. The fact that the initiators are designed to
be reactive and the pores are intentionally large provides for oppor-
tunities to have a high loading of polyamines and facile diffusion of
CO,—necessary prerequisites for achieving high capacity and rapid
cycling. Third, the olefin linkage between covalent molecules making
up the COF backbone leads to the overall thermal and chemical stability
of the structure®? to allow the post-synthetic installation of the poly-
amine units and repeated CO, cycling stability without compromising
the porosity and integrity of the COF structure.

Synthesis and structure of the COF series

A porous, crystalline olefin-linked COF precursor, COF-999-N,,
was first synthesized through Knoevenagel condensation between
3,3’-bis[(6-azidohexyl)oxy]-4,4’-biphenyldicarbaldehyde (BPDA-N,)
and 1,3,5-tris(4-cyanomethylphenyl)benzene (TCPB) (Fig. 1). Powder
X-ray diffraction (PXRD) measurement was carried out to confirmthe
crystallinity of COF-999-N, (Fig. 2a). Pawley refinement® was conducted
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Fig.1|Designstrategy and synthesis of COF-999. The condensation reaction
between BPDA-N;and TCPB results in COF-999-N,, followed by the reduction of
azidesto form COF-999-NH,. The reactive amine initiators mounted on the

with the experimental PXRD pattern of COF-999-N, inthe space group
of P6 to yield unit cell parameters of a = b=45.524(2) A, c=3.94(9) A,
a=B=90°and y=120° with profile residual factor R, =1.81% and
weighted profile residual factor R,,, = 3.12%. The PXRD peaks at 2.2°,
3.9°,4.5°,5.9°and 6.7° were assigned to the (100), (110), (200), (210) and
(300) lattice planes, respectively. These observations are consistent
withthe simulated structure,inwhich BPDA-N; and TCPB are connected
through olefin linkages to form honeycomb sheets with AA stacking.
Scanning electron microscopy (SEM) image of COF-999-N; showed a
textured spherically shaped morphology with an average particle size
of 5 um (Supplementary Fig.1). The N, sorptionisotherm of COF-999-N,
was measured at 77 K (Fig. 2b), giving a Brunauer-Emmett-Teller
surface area® of 811 m? g*, with an average pore size of 3.3 nm (Sup-
plementary Fig. 2). The azide functional groups within the pore were
characterized by ®N cross-polarization magic-angle spinning (CP-MAS)
solid-state nuclear magnetic resonance (ssNMR) using ®N-labelled
COF-999-"N, (Fig. 2c). Two dominant peaks at 210.4 ppmand 71.6 ppm
were attributed to labelled y-°N (R-N=N="N) and a-*N (R-*"N=N=N) on
the azide groups of the sidechain.

Further reduction of its azide groups to amines by Staudinger reac-
tion* under room temperature afforded COF-999-NH,, which was
then treated with aziridine to produce polyamines within the pore to
obtain COF-999 (Fig.1). N ssNMR spectra were collected to prove
the conversion of azide to amine to polyamine (Fig. 2c). The complete
reduction of COF-999-°N, was confirmed by the disappearance of the
azide peaks and the emergence of characteristic R-"NH, chemical
shift**at23.5 ppmin®NssNMR spectra. This can also be monitored by
theabsence of vibrational absorbance bands at 2,089 cm ™ for azide vy_y
stretch? from Fourier-transforminfrared (FT-IR) spectroscopy (Supple-
mentary Fig. 9). Notably, the crystallinity and porosity of COF-999-NH,
were retained upon performing the reduction process (Supplementary
Figs.3and11). Thein-pore polymerization of COF-999-"NH, with unla-
belled aziridine gave anew peak at 35.7 ppmin the "N ssNMR spectrum
of COF-999, which was assigned to the formation of secondary amines
connecting the COF backbone and polyethylenimine units. Quanti-
tative N multiple-CP-MAS (multiCP-MAS) ssNMR showed that 66%
of the primary amines on the side chains (COF-999-NH,, Fig. 1) were
converted to secondary amines (COF-999, Fig.1) upon polymerization
(seeSupplementary Fig.14 for details). The degree of polymerization
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backbone allow for the covalentinstallation of polyamines through aring-
opening polymerization reactionwith aziridine, yielding COF-999.

for COF-999 was calculated from quantitative >C multiCP-MAS ssNMR
(Fig. 2d) and elemental analysis (Supplementary Table 6), indicating
an average of 4.6 CH,CH,NH units were added to each reacted amine
side chain (Supplementary Information section 9).

Gas sorptionisotherms

We initially examined the uptake of air components by COF-999
through gas sorption isotherm measurements for CO,, N,, O,, Ar and
H,0 at 25 °C (Fig.3a—c). Asteepincrease at very low CO, pressures was
observed (Fig.3a), as well as the hysteresis between the adsorptionand
desorptionisotherms, indicating the strong affinity of COF-999 for CO,.
From these data, we found that the uptake for CO, is 0.91 mmol g™ at
0.4 mbar (400 ppm, condition close to the CO, partial pressure in air,
Fig.3b), and the corresponding calculated isosteric heat of adsorp-
tion is 53 k) mol™ (Supplementary Fig. 6). As expected, N,, O, and Ar
exhibited linear-shaped sorption isotherms with negligible uptake
(Fig. 3a), indicating that COF-999 possesses a high selectivity for CO,
over other components present in ambient air. The water uptake of
COF-999was 0.09 g, ... 8cor at 50% RH (Fig. 3c), with anisosteric heat
of water vapour adsorption of 49 kJ mol™ (Supplementary Fig. 8). This
low water uptake has positive implications for CO, capture fromair by
this material as discussed further below.

Kinetic uptake of gas from mixtures

Multicomponent breakthrough experiments enable the assessment
of sorption selectivity and dynamic behaviour (Fig. 3d-i), which are
important for evaluating the practical performance of the sorbent
in air. Given that oxygen and water are the main components in the
atmosphere, any candidate material for carbon capture must be stable
under humid and oxidizing conditions. Dynamic sorption curves were
measured under 400 ppm of CO, balanced in synthetic air (N,:0, = 4:1
volume ratio) with 50% RH at 25 °C to simulate ambient conditions
(Fig.3d). COF-999 adsorbed both CO, and water after being exposed to
the simulated air (400 ppm of CO, with 50% RH). Initially, the material
quickly reached the saturated capacity for water adsorption compared
with CO,, which was retained in the pores before it broke through at
approximately 90 min with a steep concentration increase. COF-999
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¢, Comparison of ®N CP-MAS ssNMR spectra of COF-999-5N, (blue) and COF-
999-5NH, (red), and quantitative >N multiCP-MAS ssNMR spectrum of *N-labelled

eventually reached the equilibrium concentration with CO,, indicat-
ing the saturated adsorption capacity was reached. The sharp break-
through curve suggests the rapid mass transfer® of CO, in COF-999.
The impact of water on CO, adsorption was evaluated by measur-
ing the CO, uptake of COF-999 under varying RH levels from 0% to
75% at 25 °C (Fig. 3e and Supplementary Fig. 16). The cumulative CO,
uptakes were calculated through numerical integration of the CO,
concentration differences between the backgrounds and the monitored
downstream concentrations. Under dry conditions with 400 ppm of
CO,, COF-999 exhibited a CO, uptake of 0.96 + 0.03 mmol g, which
iscomparable toits single-component CO, sorption result. When 25%
RHwasintroduced into the measurement, the CO, adsorption capac-
ity of COF-999 increased to 1.69 + 0.08 mmol g’. A further increase
t0 2.05 +0.03 mmol g in the capacity was observed on increasing
RHt050%. Thisis aremarkable 2.14-fold increase in CO, capacity over
the dry condition. A maximum capacity of 2.09 + 0.03 mmol g was
achieved at 75% RH. The marked positive impact of water on CO, uptake
is because of the formation of carbamates and bicarbonates in the
pores shown by ssNMR measurements (Supplementary Fig. 26) and
explained by density functional theory calculations (Supplementary
Information section 14) presented below. Although not the emphasis
of this contribution, under simulated natural-gas flue gas (4% of CO,
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COF-999-N;, (blue) and quantitative *C multiCP-MAS ssNMR spectra of COF-
999-NH, (red) and COF-999 (black). a.u., arbitrary units.

with 75% RH) and coal flue gas (15% of CO, with 75% RH) conditions,
the CO, uptake capacity of COF-999 was found tobe 3.17 mmol g ' and
3.24 mmol g7, respectively (Supplementary Figs.18 and 19), indicating
the CO, capture ability of COF-999 under various working conditions.

Theadsorptionkinetics of COF-999 was measured under simulated
air (400 ppm of CO, with50% RH) at 25 °C (Fig. 3f and Supplementary
Fig. 20). Specifically, the COF reached half capacity (1.01 mmol g™
within18.8 minand 80% capacity (1.62 mmol g*) within 61.7 min. During
theadsorption process, the maximumadsorption rate was calculated as
0.11mmol g min™. This ultrafast rate is the highest measured for CO,
capture fromair, to our knowledge, albeit the reported measurements
were done under dry conditions®. We attribute our facile adsorption
notonly to the periodic pore structure of COF-999 but also to the pres-
ence of asmall amount of water within the pore®.

To investigate the impact of desorption temperature on desorp-
tion kinetics, we measured the desorption kinetics curves at 60 °C,
80 °C and 100 °C (Fig. 3g,h and Supplementary Fig. 21). Before the
measurement, COF-999 was saturated with simulated air (400 ppm
of CO, with 50% RH) at 25 °C. The temperature was then ramped up
within 5 min and maintained under nitrogen flow. At 60 °C, 44.1 min
was needed to desorb 80% of the adsorbed CO,, and the maximum
desorption rate was calculated to be 0.06 mmol g min~. Increasing
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Fig.3| Thermodynamic andkinetic gas sorption studies of COF-999.

a, Comparison of single-component CO, (red), N, (black), O, (yellow) and Ar
(violet) sorptionisotherms measured at 25 °C. b, Magnified view of the CO,
sorptionisothermtaken froma highlighting the uptake at the ambient CO,
pressure (0.4 mbar). ¢, Single-component H,0 vapour sorptionisotherm
measured at25°C, for which Pis water vapour pressure and P, is the saturation
water vapour pressure.d, CO, (red) and H,O (blue) breakthrough curves under
humid simulated air (400 ppm of CO, with 50% RH) at 25 °C. Cand C, represent
adsorbate concentration in the downstream and upstreamgas flow, respectively.

the temperature to 80 °C resulted in a higher maximum desorption
rate of 0.12 mmol g min™; and at 21.8 min, 80% of the adsorbed CO,
was desorbed. Further elevating the temperature to 100 °C yielded
amaximum desorption rate of 0.19 mmol g™ min™, with 80% of the
adsorbed CO, desorbedin15.9 min. The hydrophobic nature of COF-
999 allows CO, desorption with lower energy input for the removal
of water molecules (Supplementary Information section 12), thereby
resultinginalow desorption temperature and fast desorption kinetics.

Aninitial assessment of the cycling stability of COF-999 was done
by a temperature-swing measurement in simulated air (400 ppm of
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e, CO,uptake under 400 ppm of CO,with 0%,25%,50% and 75% RH. The data
shown arestatistical averages and the error barsrepresent1standard deviation.
f, CO,adsorptionkinetics curve under humid simulated air (400 ppm of CO,
with50% RH) at 25 °C. g, Comparison of CO, desorptionkinetics curvesat 60 °C
(blue), 80 °C (yellow) and 100 °C (red). h, Comparison of CO, desorption rates
at 60 °C (blue), 80 °C (yellow) and 100 °C (red). i, CO, uptake under humid
simulated air (400 ppm of CO,with50% RH) at 25 °Cderived from 10 temperature-
swing cycling breakthrough measurements, giving an average working capacity
of2.03 mmol g™ (dottedline).

CO, with 50% RH). The COF sample was regenerated under 60 °C in
nitrogen flow after each cycle. The retention of CO, capacity after 10
consecutive adsorption-desorption cycles showed excellent stability
of COF-999 (Fig. 3i and Supplementary Fig. 23).

Carbon dioxide capture from open air

The viability of COF-999 under practical conditions was tested in out-
door air by conducting the experiment continuously for 20 days in
Berkeley, California, United States (37° 52’ 23.8” N, 122°15' 21.2” W),
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Fig.4|Carbondioxide capture fromopenair.a, CO,capture productivity
after each adsorption cycle (blue), corresponding ambient outdoor CO,
concentration (red) and RH (black). All data were measured for 20 continuous
days of operation using outdoor air. b, CO, productivity of selected cycles
withanambient RH of 37 + 1%, with corresponding ambient outdoor CO,
concentration. The average productivity of selected cyclesis shown as the

from 18 January 2024 to 6 February 2024 (Fig. 4a and Supplementary
Information section 11). Outdoor air was passed through the sorbent,
in which CO, molecules were selectively adsorbed by COF-999. The
breakthrough point of the adsorption process was set to be 300 ppm
downstream because this represents most of the CO, adsorbed. Then,
the material was regenerated at 60 °C. In this measurement approach, it
ispossible torunahigher number of cycles and to assessthe adsorption—
desorptioncycling performance, while operating at near-full capacity.
Throughout the experiment, the ambient outdoor CO, concentration
and RH were measured before each adsorption process.

Onehundred adsorption-desorption cycles were performed over the
20 days during which outdoor CO, concentration varied from410 ppm
to 517 ppmand the RH from 28% to 51%. The average CO, productivity
was determined to be 1.28 mmol g per cycle (5.63 wt% per cycle) over
100 consecutive cycles, with amaximum productivity of 1.48 mmol g™
and minimum productivity of 1.03 mmol g . We observed that as the
humidity in the air varies over time, the enhancement of CO, uptake
alsovaries (Fig. 4a). This positive impact of humidity on CO, uptake is
rooted inthe manner with which water molecules interact withthe CO,
bound to the amines as elaborated below. The CO, productivities of

dotted line. ¢, Comparison of single-component CO, sorptionisotherms
(25°C) of as-synthesized COF-999 and the sample after 100 outdoor air cycles.
d, Comparison of CO, breakthrough curves using simulated air (400 ppm of
CO,with50% RH) at 25 °Crun on as-synthesized COF-999 and the sample after
100 outdoorair cycles. Cand C,represent adsorbate concentrationsin the
downstream and upstream gas flow, respectively.

cycleswithabackground of 37 + 1% RH were plotted to demonstrate the
stability of COF-999 under these varying open-air conditions (Fig.4b).
The chemical robustness of the COF is supported by the consistent
capacity found for those cycles carried out under the same humidity.
We further measured single-component CO, sorption isotherm
(Fig. 4c), dynamic breakthrough using simulated air (400 ppm of CO,
with 50% RH) (Fig. 4d), FT-IR (Supplementary Fig.10) and SEM (Supple-
mentary Fig.1) of COF-999 after the completion of the 100 adsorption—
desorption cycles. No changes in sorption isotherm, breakthrough,
FT-IRand SEM were observed, indicating retention of the COF structure
and its proper functioning in CO, capture.

Adsorptionstructures of CO,in COF-999

BC ssNMR spectroscopy was used to study the binding of CO, molecules
by COF-999 (Supplementary Fig. 26). On exposing COF-999 to1atm
BCO, at 25 °C under dry conditions, we observed an intense signal at
164.5 ppm in the C spectrum, which we assign to the formation of
carbamic acid as the result of CO, reacting with the polyamines®°3*,
By contrast, pre-saturation with water of COF-999 at 80% RH in N, at
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25°C, followed by exposure to *CO,, led to the appearance of signals at
165.1 ppmand161.7 ppmin the *C spectrum, indicating the formation
of carbamate and bicarbonate, respectively.

Periodic density functional theory calculations of the CO, adsorp-
tion structures in the COF (Supplementary Information section 14)
suggested that under dry conditions, the reaction between CO, and pri-
mary or secondary aminesis energy favoured, and the formed carbamic
acidis stabilized by hydrogen bonds with adjacent amines (for example,
Extended DataFig.1a, N---O distance of 263 pm). On addition of water
molecules, we found that the formed carbamicacid and carbamate are
stabilized through hydrogenbonds (for example, Extended Data Fig. 1b,
0---0,,distance of 283 pm and N---O distance 0of 257 pm) and promoted
the formation of bicarbonates, which are also stabilized by hydrogen
bonds withadjacentamine groups (for example, Extended DataFig. 1c,
N---O distances of 262 ppm and 271 ppm). Thus, the stabilization in
the presence of water explains the experimentally observed marked
enhancement of CO, uptake by COF-999 under humid conditions and
its suitability for open-air CO, capture.

Outlook

We have shown how COFs with an olefin-linked backbone and cova-
lently attached sorption sites, bringing ultrahigh chemical stability,
can serve as excellent materials for capturing CO, from the air. Our
studies demonstrate that this application in the open air is a marked
advance towards achieving clean air. It is also clear that the present
COF-999 is perhaps one of the first members of what we believe will
be alarge class of materials with a robust framework backbone that
we expect will serve the general purpose of carbon capture very well.
By applying this strategy, other reticular structures will have to be
designed, examined and compared with COF-999 to further improve
the capacity and performance. In the meantime, the scalability of this
COF and the design of a practical device will be an important priority
for future implementation of these materials.
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Methods

Synthesis of COF-999-N,

Aborosilicate glass tube measuring 8 x 10 mm (i.d. x 0.d.) was charged
with TCPB (16.9 mg, 0.04 mmol), BPDA-N, (29.6 mg, 0.06 mmol), Cs,CO,
(39.1 mg, 0.12 mmol), 1,2-dichlorobenzene (0.5 ml) and 1-butanol
(0.5 ml). The mixture was flash frozen at 77 K in aliquid nitrogen bath,
evacuated toaninternal pressure below 0.2 mbar and then flame sealed.
The length of the tube was reduced to around 10 cm on sealing. After
warming to room temperature, the mixture was heated at 120 °C for
3 daysinanoventoyield ayellowsolid. The solid was filtered, washed
with methanol (30 ml) and was used directly for the next step with-
out further treatment. To characterize COF-999-N,, the yellow solid
described above was transferredinto ateabagand further washed with
methanol for 16 hin a Soxhlet extractor, dried with supercritical CO,
and degassed at 30 °C for 3 h under vacuum to yield COF-999-N; as a
yellow solid (36 mg, yield 81%). Elemental analysis for C,;H,N,O: cal-
culated C74.77%,H5.73%,N15.17%; found C 74.08%, H 5.79%, N 14.01%.

Synthesis of COF-999-NH,

Toal00-mlround bottom flask, COF-999-N, (100 mg), PPh; (200 mg)
and 30 mlmethanol were added under 25 °C. After 24 h, the suspension
was filtered and washed with methanol to remove excess PPh,. The yel-
low residue was transferred to another 100-ml round bottom flask, and
24 mlmethanoland 6 mlwater were added under 25 °C. After 24 h, the
suspension was filtered into atea bag, washed with methanol for 16 hin
aSoxhletextractor, dried with supercritical CO,and degassed at 30 °C
for 3 hunder vacuum to yield COF-999-NH, as a yellow solid (91 mg,
yield 98%). Elemental analysis for C,;H,;N,O: calculated C 80.44%,
H 6.75%, N 8.16%; found C 78.51%, H 6.38%, N 8.10%.

Synthesis of COF-999

COF-999-NH, (30 mg), toluene (2 ml), acetic acid (5 pl) and aziridine
(100 pl) were added to a borosilicate glass tube measuring 8 x 10 mm
(i.d. x 0.d.). The mixture was flash frozen at 77 K in a liquid nitrogen
bath, evacuated to aninternal pressure below 0.3 mbar and then flame
sealed. Thelength ofthe tube was reduced to around 10 cmonsealing.
After warming toroom temperature, the reaction mixture was heated
at100 °C for 24 h. After cooling down to 25 °C, the solid was filtered
into ateabag, washed with 50 ml1 M NaOH in methanol, then washed
with methanol for 16 h in a Soxhlet extractor and dried at 120 °C for
12 h under vacuum to yield COF-999 as a yellow solid (36 mg, yield
86%). Elemental analysis for C,;H,;N,0-(C,H;N); ;: calculated C 73.53%,
H 8.14%, N 14.98%; found C 70.19%, H 7.24%, N 14.35%.

Powder X-ray diffraction

PXRD patterns were collected using a Rigaku Miniflex 600 X-ray dif-
fractometer in reflection geometry using CuKa radiation (1= 1.54184 A,
with an Ni filter) at a power of 600 W (40 kV, 15 mA). Samples were
mounted on Si (511) sample holders and levelled with a spatula. The
step size was 0.02° with an exposure time of 0.5 s per step.

Solid-state nuclear magnetic resonance spectroscopy

Solid-state NMR experiments were conducted at an external field
B,=16.4 T (700 MHz for'H,176 MHz for *C and 71 MHz for ®N) using a
Bruker Avance I spectrometer and a 3.2-mm H/C/N magic-angle spin-
ning (MAS) probe. To reduce CO, and moisture exposure, COF samples
were fully activated, then packedin 3.2 mmzirconiarotors and closed
using Vespel capsin an argon-filled glovebox. *CO,-dosed COF samples
were conducted by exposing dry or pre-humidified (by N, with 80% RH)
COF-999 samplesto1atmCO,gas (2.47 atm, Sigma Aldrich, 99% atom
BC)for3 hat room temperature, followed by evacuation (<0.3 mbar) at
room temperature to remove excess CO,. Unless specified differently,
BCand ®N experiments were performed under MAS at a spinning rate
of23 kHz and 11 kHz using dry air, respectively. *C chemical shifts were

externally referenced using the tertiary carbon (CH) resonance of ada-
mantane at 38.48 ppm. ®N chemical shifts were externally referenced
to ®N-glycine at 33.4 ppm.

BN spectraof COF-999-°N, and COF-999-°NH, were obtained using
H > ®N cross-polarization under MAS (CP-MAS). After aninitial 'H 90°
radiofrequency pulse of 5.20 ps (48.1 kHz), a CP transfer contact time of
2 ms was used, during which a constant radiofrequency field equal to
25.3 kHzwas applied on®N, whereas the 'H radiofrequency-field ampli-
tude was linearly ramped from 43.3 kHz to 48.1 kHz. During “N acquisi-
tion, high-power 'H decoupling was applied using the SPINAL-64 (Small
Phase Incremental Alternation with 64 steps) decoupling scheme® with
aradiofrequency-field amplitude set to 48.1 kHz. For COF-999-"Ns,,
atotal of 30,688 scans wererecorded witharecovery delay of 2 s, lead-
ing to an overall experimental time of 17 h. For COF-999-NH,, a total
of 896 scans were recorded with arecovery delay of 2.23 s, leading to
anoverall experimental time of 34 min.

Quantitative "N spectraof ®Nlabelled COF-999 were obtained using
multiple CP transfers as described in ref. 36. For each scan, a total of
four CP transfers were used to saturate the ®N signals of COF-999,
with an initial recovery delay of 7.28 s (5 x T,(*H)) and a delay of 2.91s
(2 xT;(*H)) in between CP transfers. The'H - N CP transfer used the
same parameters described previously and in total, 1,088 scans were
averaged, leading to an overall experimental time of 6 h.

BC spectra of COF-999-N, were obtained using 'H > *C CP-MAS.
After aninitial 'H 90° radiofrequency pulse of 5.20 ps (48.1kHz), a CP
transfer contact time of 2 ms was used, during which a constant radi-
ofrequency field equal to 34.5 kHz was applied on *C, whereas the 'H
radiofrequency-field amplitude was linearly ramped from43.3 kHz to
48.1kHz. During®*C acquisition, high-powerH decoupling was applied
using the SPINAL-64 decoupling scheme with a radiofrequency-field
amplitude set to 48.1 kHz. A total of 9,856 scans were recorded with a
recovery delay of 1.3 s, leading to an overall experimental time of 3.6 h.

Quantitative C spectra of COF-999-NH, and COF-999 were obtained
using multiple CP transfers. For each scan, a total of 10 or 14 CP trans-
fers were used to saturate the C signals of COF-999-NH, or COF-999,
respectively, with an initial recovery delay of 5s or 4.25 s and a delay
of 2sor1.71sin between CP transfers. The 'H - *C CP transfer used
the same parameters described previously andin total, 1,940 or 3,833
scans were averaged, leading to overall experimental times of 14 h or
30 hfor COF-999-NH, or COF-999, respectively.

Direct excitation experiments of *CO,-dosed COF-999 were per-
formed under MAS at 10 kHz with a 90° pulse of 4.12 ps. During *C
acquisition, high-power'H decoupling was applied using the SPINAL-64
decoupling scheme with a radiofrequency-field amplitude set to
48.1kHz.Intotal, 64 scans were averaged with arecycle delay of120 s,
leading to an experimental time of 2.2 h.

Single-component sorption isotherm measurements

N, sorption isotherms at 77 K were measured using a Micromeritics
ASAP 2420 (Accelerated Surface Area and Porosimetry) System. Powder
samples were activated under adynamic vacuum using a Micromerit-
ics ASAP 2420 System before measurement. A liquid nitrogen bath
was used to maintain a temperature of 77 K for each measurement.
Ultrahigh-purity N, (Praxair, 99.999%) and He (Praxair, 99.999%) gases
were used throughout the adsorption experiments.

CO,sorptionisotherms were measured using a Micromeritics 3Flex
Adsorption Analyser. Powder samples were activated under adynamic
vacuumusing aMicromeritics ASAP 2420 System before measurement.
Awater circulation bath was used to maintain the temperature during
the measurements. Research-grade CO, (Praxair, 99.998%) was used
throughout the adsorption experiments.

0,, N, and Ar sorption isotherms at 25 °C were measured using a
3P micro 200 analysis station. Powder samples were activated by the
activation station of 3P micro 200 before measurement. A cryoTune 195
was used to maintain atemperature of 25.00 °C for each measurement.
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Research-grade O, (TIG, 99.995%) and research-grade N, (TIG, 99.999%)
were used throughout the adsorption experiments.

H,O vapour sorption experiments were carried out on a Belsorp
MAX Il high-precision gas and vapour adsorption measurementinstru-
ment. Powder samples were activated under adynamic vacuum using
Belprep VAC Ill before measurement. The water vapour source was
degassed through five freeze-pump-thaw cycles before the analysis.
Ultrahigh-purity He (Praxair, 99.999%) was used for free space correc-
tions, and anisothermal bath was used to adjust the sample tempera-
ture during the measurements.

Dynamic breakthrough measurements

Dynamic breakthrough experiments were carried out on aMicromerit-
ics Breakthrough Analyser equipped witha CO,sensor (detectionrange:
0.6-984.9 ppm) and a humidity sensor. The samples were packed in
ajacked column (4.9 mmi.d.) and the temperature was controlled
by a Ministat 230 oil circulation bath. Ultrahigh-purity N, (Praxair,
99.999%), research-grade CO, (Praxair, 99.998%), ultra-zero-grade air
(Praxair), 1,000 ppm CO, balanced in air (Praxair), 1% CO, balanced in
N, (Praxair) and 20% CO, balanced in N, (Praxair) were used for break-
through measurements.

The humidified air or N, can be obtained by passing the dry air or
N, through a water bath. Different CO, concentrations and relative
humidities can be fine-tuned by adjusting the blend ratio of different
gases. Specifically, 400 ppm CO, balanced in air was mixed by humid
air, dry air,and 1,000 ppm CO, balanced in air; 400 ppm CO, balanced
inN, was mixed by humid N,, dry N,and 1% CO, balanced in N,; 4% CO,
balancedin N, was mixed by humidN,, dryN,and 20% CO, balancedin
N,;15% CO, balanced in N, was mixed by humid N,, dry N, and pure CO,.

Ambient air was collected from the sixth-floor (room 626) balcony
of Latimer Hall, Berkeley, California, United States (37°5223.8”N122°
15’21.2”W) between 18 January 2024 and 6 February 2024. The ambient
air was pressurized by a Welch 2522B-01 dry pump to 300 kPaand was
thenstabilized at 200 kPaby an Aldrich HPL500-2160 mini gas regulator
before being introduced into the breakthrough analyser.

In the adsorption capacity measurements, 90-280 mg of COF-999
sample was packed inthe jacked column. The oil bath was first heated
to 80 °C, resulting in acolumn wall temperature of 76 °C and acolumn
centre temperature of 48 °C. A50 sccm N, flow was passed through the
sample until the outlet CO, concentration was less than 5 ppm. Then,
the oil bath was cooled and maintained at 25 °C, and the sample was
exposed to10 sccmor 50 sccm simulated gas mixture with desired CO,
concentration (400 ppm, 4.0% or 15.0%) balanced in N, with desired
RH (0%, 25%, 50% or 75%) until the outlet CO, concentration was con-
stant. The specific CO, uptake of the sample was then obtained as the
difference between the apparent and background uptakes per unit
mass of the sample.

In the cycling stability measurements, 80 mg of COF-999 sample
was packed inthejacked column. The oil bath was first heated to 64 °C,
resulting in a column wall temperature of 60 °C and a column cen-
tre temperature of 41 °C. A 50 sccm N, flow was passed through the
sample until the outlet CO, concentration was less than 5 ppm. Then,
the oil bath was cooled and maintained at 25 °C, and the sample was
exposed to 50 sccm 400 ppm of CO, balanced in air with 50% RH until
the outlet CO, concentration was higher than 395 ppm. The sample
was reactivated through the same procedure described above before
each cycle. The specific CO, uptake of the sample was then obtained
as the difference between the apparent and background uptakes per
unit mass of the sample.

In the adsorption kinetics measurements, 5.0 mg of COF-999 sam-
ple was packed in the jacked column. The oil bath was first heated to
80 °C, resulting in a column wall temperature of 76 °C and a column
centre temperature of 48 °C. A 50 sccm N, flow was passed through
the sample for 120 min to fully activate the sample. Then, the oil bath
was cooled and maintained at 25 °C, and the sample was humidified by

exposing it to 50 sccm CO,-free air with 50% RH for 30 min, followed by
50 sccm 400 ppm CO, balanced in air with 50% RH until the outlet CO,
concentration was constant. The specific CO, uptake of the sample was
then obtained as the difference between the apparent and background
uptakes per unit mass of the sample.

In the desorption kinetics measurements, 5.0 mg of COF-999 sam-
ple was packed in the jacked column. The sample was first exposed to
50 sccm400 ppm CO, balanced in air with 50% RH until the outlet CO,
concentration was constant. Then, the column was heated under 50
sccm N, flow until the column wall temperature reached 60 °C, 80 °C
or 100 °C. The column temperature was maintained for 3 h for des-
orption. The amount of desorbed CO, was obtained as the integrated
downstream CO, concentration per unit mass of the sample.

In the outdoor air capture experiments, 73 mg of COF-999 sample
was packed in the jacked column. For each cycle, the oil bath was first
heated to 64 °C, resulting in a column wall temperature of 60 °C and
a column centre temperature of 41 °C. A 50 sccm N, flow was passed
through the sample until the outlet CO, concentration was less than
20 ppm (typically 90 min). Then, the oil bath was cooled to 25 °C and
turned off. Background RH and CO, concentration of the outdoor air
were measured through the bypass (at around 25 °C). The sample was
then exposed to 50 sccm ambient air until the outlet CO, concentra-
tion was higher than 300 ppm. The sample was reactivated through
the same procedure described above before each cycle. The specific
CO, uptake of the sample was then obtained as the difference between
the apparent and background uptakes per unit mass of the sample.
Adsorption capacity measurements were conducted before and after
the outdoor air capture experiments using simulated air (400 ppm of
CO, with 50% RH) to assess the stability of the sample.

Periodic density functional theory calculations

Density functional theory (DFT) calculations were performed in the
Vienna Ab Initio Simulation (VASP v.6.1) software® * to investigate
CO, adsorption in COF-999. The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation density functional* was used along with the
D3 dispersion corrections of Grimme with Becke-Johnson damping
(PBE-D3B]J)* for all the calculations. Generally, for the structural opti-
mization of each adsorbed speciesin COF-999, a plane-wave basis set
with an energy cutoff of 400 eV was used. Each structure was opti-
mized until the energy and force convergence criteria of 10 ® eV and
0.03 eV A were achieved. A1 x1x 3 -centred k-point grid was used
for the Brillouin zone sampling. During each structural optimization,
only the atom positions were relaxed while the unit cell parameters
were held constant.

Astructuralmodel for COF-999 was obtained from the COF-999-NH,
structure. First, the structure of COF-999-NH, was optimized using
DFT with the following settings. The PBE-D3B]J exchange-correlation
density functional with dispersion corrections and a plane-wave basis
set with an energy cutoff of 520 eV were used. The same energy and
force convergence criteria as described above were used, whereas a
1x1x5l-centred k-point grid was used for the Brillouin zone sampling.
Ahigher energy cutoffand denser k-point grids were used for the initial
optimization of COF-999-NH, as compared with subsequent structure
optimizations of COF-999 because the positions of the atoms as well as
unit cell parameters were relaxed during the structure optimization.
The optimized COF-999-NH, structure was then modified to intro-
duce 4.5 -CH,-CH,-NH- units (on average) with branching on two
out of the six sidechains in COF-999-NH,. This model is representa-
tive of the polymeric polyethyleneimine units formed in COF-999 and
encompasses the varied CO,adsorption sites constituted by primary,
secondary and tertiary amines. This optimized structure (unit cell
parameters: a=b=45.084A,c=3.819 A, a==90°and y =120°) was
used for investigating CO, adsorption in COF-999. Owing to the con-
formational flexibility of the polyamine chains, we investigated several
different CO, adsorption environments constituted by polyamines



and representative of these are shown here. The adsorption energy,
AE, 4sorprions (€lECtronic energy) was calculated using

AEadsorption = Ladsorbed system — Eempty cor ~Nco, * Eisolated CO, @

~Ny,o x Eisolated H,0

where E gsomedsyseem 1S the electronic energy of the system onadsorption,
Eermpry cor iS the electronic energy of the empty COF having a similar
conformation of the polyamines as in the adsorbed state, Ei;jaceq co,
and Eigojaced n,0 are the electronic energies of an isolated CO, and H,0
molecule, respectively, and ncq, and ny,, o are the number of adsorbed
CO, and H,0 molecules.
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Extended DataFig.1|CO,adsorptionstructuresin COF-999.a,Formationof  Allnumbersrepresentatomdistancesinpm.C,gray; N, blue; O, red; H, white.
carbamicacid under dry conditions. b, Formation of carbamic acid/carbamate Additional structures are shown in Supplementary Information section 14.
under humid conditions. ¢, Formation of bicarbonate under humid conditions.
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