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ABSTRACT: The efficient removal of CO, from exhaust streams and even directly from air is necessary to forestall climate change,
lending urgency to the search for new materials that can rapidly capture CO, at high capacity. The recent discovery that diamine-
appended metal—organic frameworks can exhibit cooperative CO, uptake via the formation of ammonium carbamate chains begs the
question of whether simple organic polyamine molecules could be designed to achieve a similar switch-like behavior with even
higher separation capacities. Here, we present a solid molecular triamine, 1,3,5-tris(aminomethyl)benzene (TriH), that rapidly
captures large quantities of CO, upon exposure to humid air to form the porous, crystalline, ammonium carbamate network solid
TriH(CO,), s:*H,0 (TriHCO,). The phase transition behavior of TriH converting to TriHCO, was studied through powder and
single-crystal X-ray diffraction analysis, and additional spectroscopic techniques further verified the formation of ammonium
carbamate species upon exposing TriH to humid air. Detailed breakthrough analyses conducted under varying temperatures, relative
humidities, and flow rates reveal record CO, absorption capacities as high as 8.9 mmol/g. Computational analyses reveal an
activation barrier associated with TriH absorbing CO, under dry conditions that is lowered under humid conditions through
hydrogen bonding with a water molecule in the transition state associated with N—C bond formation. These results highlight the
prospect of tunable molecular polyamines as a new class of candidate absorbents for high-capacity CO, capture.

B INTRODUCTION release minimal quantities of CO, given the low CO, capacities
of current technologies.”” One potential strategy to reduce the
energy consumption associated with DAC is to design new
materials exhibiting significantly higher CO, sorption capaci-
ties by increasing the amine-site density in such materials.
Operationally, materials demonstrating higher gravimetric CO,
capacities and similar regeneration energies would reduce
sensible heat energy costs when normalized to the quantity of
CO, that is captured. As such, alongside complementary

CO, in air (~420 ppm), the materials utilized in the process process engineering improvements, there is an urgent need for
2 a1 S . : the fundamental discovery of candidate DAC materials that
must exhibit high gravimetric CO, uptakes, rapid sorption . . .
kineti s . . 2,14,15 can capture lar%e quantities of CO, at the dilute concentrations
netics, and stability to humid, oxygen-rich streams. f

. s 1S . . present in air.
Basic aqueous solutions ™ and amorphous amine-function- Recently, molecular amines and iminoguanidines have been
. 1161 1 . u i Vi
alized solids'®'” demonstrate the ability to chemisorb CO, V) g4

selectively from air with modest capacities (generally less than demonstrated to, when dissolved in water, capture CO, from
0.7 mmol/g in the latter case). Indeed, some of the related
materials are employed for several small-scale DAC operations Received: December 28, 2024
around the world.”'®'” However, tremendous thermal energy Revised: ~ March 4, 2025

is necessary to heat these materials to desorb CO,, on the Accepted:  March S, 2025
order of ~4 GJ/tCO, or higher,” much of which is utilized as Published: March 12, 2025
sensible heat (energy required to heat the sorbent from a lower

absorption temperature to higher desorption temperature) to

Direct air capture (DAC) of CO, is recognized as a crucial
mitigation strategy to offset CO, emissions from hard-to-abate
industries and address legacy emissions.'” When imple-
mented alongside other mitigation strategies, DAC could help
forestall the most dire effects of anthropogenic climate
change.l’g_11 In order to meet this need, DAC must be
deployed for the removal of billions of tons of CO,

annually,'”"® and because of the ultradilute concentration of
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Figure 1. (a) Pictorial representation of ammonium carbamate network formation upon CO, insertion with simple, high symmetry, solid molecular
polyamines. (b) (Left) Portion of the solid-state structure of TriH obtained from single-crystal X-ray diffraction. Upon exposure to air, TriH
(C4H,5N;) chemisorbs CO, to form an ammonium carbamate solid TriHCO, with a structure resembling a honeycomb net (right). (c) View of a
portion of the single-crystal structure of TriHCO, along the c-axis, highlighting the stacked two-dimensional sheets. The resulting asymmetric
hexagonal pore is highlighted by light gray lines. (d) Through-sheet perspective of TriHCO, highlighting hydrogen bonding between sheets. Red,
blue, gray, and white spheres represent O, N, C, and H atoms, respectively. Hydrogen bonding interactions are represented by dashed black lines.

Aryl and methylene hydrogen atoms are omitted for clarity.

air via reactive crystallization of insoluble hydrogen-bonded
frameworks.'®*' 7> Subsequent isolation of the solid by
filtration and desorption of CO, regenerates the molecules,
which can be redissolved in water for subsequent CO, capture.
These molecules, in theory, could exhibit some of the highest
reported gravimetric CO, uptakes under DAC conditions
(2.1-4.6 mmol/g), although absorption in a liquid medium
imposes inherent diffusional resistance to CO, uptake, which is
exacerbated by the low concentration of CO, in air.*®

Owing to their high surface areas and chemical tunability,
amine-functionalized metal— 0r§anic frameworks”” > and
covalent organic frameworks®~"' are leading candidates for
carbon capture, and some have been shown to adsorb CO, at
concentrations relevant to those in air with modest to high
CO, adsorption capacities (1.1—3.9 mmol/g).29’31’35’37’39_41
Importantly, the cooperative, ammonium carbamate chain
forming mechanism associated with CO, uptake in certain
diamine- and tetraamine-appended metal—organic frameworks
results in stepped adsorption isotherms that require small
temperature swings, and therefore lower sensible heat, for
regene1‘ation.28_30’32’34 Yet, in all such cases, the weight of the
supporting framework, which is necessary to imbue these
materials with porosity while not directly capturing CO,,
inherently limits the attainable CO, separation capacities.

In view of these challenges, we hypothesized that it might be
possible to achieve CO, absorption at higher capacities using

10520

simple organic polyamine molecules with no supporting
scaffold. Here, a molecule with a rigid core and outwardly
directed primary or secondary amine groups might ensure
formation of an extended network solid via intermolecular
hydrogen bonding (Figure 1a). The insertion of CO, between
two hydrogen-bonded amine groups to form a hydrogen-
bonded ammonium carbamate ion pair would destabilize
neighboring hydrogen bonds within the network structure. In
such a case, it might be energetically preferrable for the entire
hydrogen-bonded polyamine solid to convert all at once into
an ammonium carbamate network solid through a phase
change.

Here, we demonstrate the viability of this strategy with the
solid molecular triamine 1,3,5-tris(aminomethyl)benzene
(TriH), which rapidly captures CO, when exposed to ambient
air to generate a porous, crystalline ammonium carbamate
network solid. When exposed to simulated air at a range of
different global temperatures and relative humidities (RH),
TriH exhibits gravimetric CO, capacities ranging from ~3.3 to
8.9 mmol/g, the latter a record for any sorbent under DAC
conditions.

B RESULTS AND DISCUSSION

Synthesis of TriH and Initial Characterization of CO,
Uptake. The molecule TriH was synthesized following a
procedure adapted from the literature (see the Supporting

https://doi.org/10.1021/jacs.4c18643
J. Am. Chem. Soc. 2025, 147, 10519—10529
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Information for details).”” Single-crystals of TriH were
prepared under a nitrogen atmosphere by layering diethyl
ether over a solution of TriH in methanol. X-ray diffraction
analysis of TriH crystals revealed a structure featuring a dense
hydrogen bonding network with N(H)--N distances ranging
from 2.32(2) to 2.64(2) A (Figures 1b and S27; Pbca space
group; lattice parameters of a = 13.8625(13) A, b =
8.8578(10) A, ¢ = 14.5071(16) A). Each TriH molecule
engages in ten intermolecular hydrogen bonding interactions.
Two methylamine moieties rotated out-of-plane with respect
to their parent benzene ring engage in hydrogen bonding
interactions with amines on adjacent molecules. The in-plane
methylamine moiety facilitates orthogonal hydrogen bonding
to form two-dimensional amine sheets.

To assess the CO, absorption properties of TriH under
simple experimental conditions, thermogravimetric analysis
(TGA) of TriH was conducted under pure CO,. The resulting
absorption isobar collected for TriH features a sharp step at 53
°C corresponding to a CO, absorption capacity of 2.9 mmol/g
(Figure 2a). The weight change caused by CO, absorption

a g CO;
>
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Figure 2. (a) Dry CO, absorption isobars for TriH collected under
pure CO, (dark green) and 400 ppm of CO, balanced with N, (light
green) at ambient pressure. Dry N, isobar (blue) is overlaid as a
reference. The mass loss under N, is attributed to volatilization of
TriH. (b) Dry CO, absorption capacities for TriH under various
concentrations of CO, flow (40—400 ppm, N, balanced) collected at
30, 40, 50, and 60 °C.

then gradually increases to 5.0 mmol/g as the temperature rises
to 75 °C. Interestingly, steep uptake occurs at a temperature
near the melting range for TriH (50—52 °C),* suggesting that
melting of TriH may facilitate CO, capture under pure CO,.
Isobaric CO, absorption data collected for a sample of TriH
exposed to flowing dry 400 ppm of CO, in N,—conditions
relevant to DAC—reveal stepped CO, uptake at 63 °C and a
maximum absorbed amount of 3.7 mmol/g at 87 °C (Figure
2a). The increased temperature required for stepped uptake at

400 ppm of CO, compared to pure CO, reflects an entropy
penalty associated with CO, absorption at lower concen-
trations. In contrast to these CO, isobars, the TGA data for
TriH under pure N, do not show an appreciable weight
increase upon heating to 70 °C, consistent with the weight
change originating from CO, absorption. The small weight loss
in the TGA curve for TriH under N, indicates that TriH
begins to volatilize at ~70 °C and rapidly volatilizes at 120 °C
(Figure S29), which is attributed to the low molecular weight
of TriH, resulting in relatively low melting and boiling points.
To further probe CO, uptake, we carried out a series of
TGA experiments wherein TriH was exposed to a flowing
stream of dilute CO, (with concentrations ranging from 40 to
400 ppm) in N, at 30, 40, 50, or 60 °C for 24 h. Consistent
with the isobaric data, TriH did not absorb appreciable CO, at
30 or 40 °C (Figures 2b, S31 and S32). However, at 50 °C and
80 ppm, TriH absorbed 1.7(2) mmol/g (average and standard
deviation from duplicate experiments), and this capacity
remained relatively constant up to 400 ppm. At 60 °C, the
CO, uptake nearly doubled over the entire pressure range.
Notably, TriH absorbed 4.6 mmol/g when exposed to 400
ppm of CO,, which is almost the same as the CO, uptake
observed in the isobar of TriH under a pure CO, stream. The
dramatic increase in CO, uptake by TriH that occurs between
50 and 60 °C is likely facilitated by the onset of TriH melting.
Additionally, the kinetics of CO, uptake in TriH are highly
dependent on the temperature and CO, concentration
(Figures S31 and S32). For example, uptake of CO, at 400
ppm and 50 °C occurs gradually over the course of 24 h,
whereas at 60 °C, TriH saturates in approximately 3 h.
X-ray Diffraction Analyses. In situ synchrotron powder
X-ray diffraction data collected while heating TriH from 20 to
200 °C under dry CO, (1 atm) reveals that CO, absorption
under dry conditions is associated with two distinct phase
changes occurring above 50 and 80 °C (Figure 3a). The
diffraction pattern obtained at 20 °C reveals a crystalline phase
that corresponds to TriH (Figure S19). A Rietveld refinement
against powder X-ray diffraction data collected for TriH was
performed starting from the TriH structure obtained from
single crystal data collected at 100 K, leading to a structure
fully consistent with the single crystal structure (Figure S20).
Upon heating to 54 °C, Bragg peaks corresponding to a new
second phase begin to grow as the original peaks
corresponding to TriH disappear. This first phase transition
is consistent with a phase change upon CO, absorption. Owing
to the broad peak widths in the diffraction pattern, we were
unable to determine the structure of the new phase. With
further heating above 80 °C, a third phase grows in with the
concomitant disappearance of the second phase. This third
phase is highly crystalline, and we successfully indexed and
performed a Pawley fit against the data collected at 200 °C to
extract the unit cell parameters (P2,/c space group; lattice
parameters of a = 14.2469(2) A, b = 8.5126(1) A, ¢ =
9.0004(1) A, and 8 = 100.025(1)°). We hypothesized that the
new phase may have a structure in which CO, is chemisorbed
at only one of the amine sites in each TriH molecule.
Accordingly, initial Rietveld refinements of the P2,/c structure
were attempted (Figure S21) with the rigid body of TriH from
a prior Rietveld refinement and modified to substitute two
amine groups for one carbamate and one ammonium moiety
(Figure 3b).
The higher-temperature phase was successfully identified as
a molecular ammonium carbamate network solid of formula

https://doi.org/10.1021/jacs.4c18643
J. Am. Chem. Soc. 2025, 147, 10519—10529
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Figure 3. (a) In situ variable-temperature powder X-ray diffraction
patterns of TriH exposed to pure (1 atm) flowing CO, (1 = 0.45207
A). At 54 °C, TriH undergoes a phase transition resulting in a second
phase with large Bragg peak widths. Another phase transition begins
at 120 °C to form a third crystalline phase with sharper Bragg peaks
upon heating to 200 °C. (b) Structure of the phase formed after
heating a sample of TriH under flowing (1 atm) CO, at 200 °C
obtained by powder X-ray diffraction. The amine moiety is
positionally disordered, and the disordered side chain is shown in
paler color. Red, blue, gray, and white spheres represent O, N, C, and
H atoms, respectively. Hydrogen atoms not participating in hydrogen
bonding are omitted for clarity. Hydrogen bonding interactions are
represented by dashed black lines. (c) In situ powder X-ray diffraction
patterns collected for TriH exposed to air (~35% RH) at 25 °C (4 =
0.45171 A).

TriH(CO,) (C,oH;sN;0,), wherein each molecule features a
carbamate group—formed from CO, insertion at one amine
site—charge-balanced by an adjacent ammonium group
(Figure 3b). Together, the oxygen atoms in the carbamate
group form four different hydrogen bonds: one intramolecular
carbamate-carbamate interaction, one intermolecular carba-
mate-carbamate nitrogen interaction (O--N distance of
2.90(4) A), and two intermolecular ammonium carbamate
interactions (O---N bond distances of 2.75(4) and 2.88(3) A).

Interestingly, the molecules adopt opposing orientations in
alternating planes, such that the ammonium and carbamate
species interact with ammonium and carbamate species of an
adjacent plane. The remaining amine moiety on each molecule
engages in hydrogen bonding interactions with amine species
on an adjacent plane, resulting in the formation of alternating
two-dimensional ammonium carbamate and amine sheets.
Additionally, the amine groups of each molecule are position-
ally disordered, and two different orientations may occur to
facilitate hydrogen bonding interactions between adjacent
planes. The high-temperature phase may adopt this structure
to maximize the number of hydrogen bonding interactions
within the lattice.

Additional powder X-ray diffraction experiments were
performed with TriH under air to understand the structural
behavior of TriH in conditions more relevant to DAC. In
contrast to the behavior under dry CO,, synchrotron powder
X-ray diffraction data collected for a sample of TriH exposed to
static air at 25 °C changed noticeably after 50 min, as Bragg
peaks associated with TriH disappeared and gave way to new
reflections (Figure 3c). Additional diffraction patterns
collected after 60 and 180 min indicate the phase transition
is nearly complete after 60 min. Notably, a Pawley fit against
the resulting diffraction pattern revealed a new crystalline
phase distinct from that formed under pure CO, at elevated
temperatures (Figures 3a and S22). The same new phase is
also formed upon dosing TriH with 1 atm of humid CO,, and
the transition happens much more rapidly at this higher
concentration (Figure $23).

To determine the structure of the new phase, single crystals
were grown under ambient air by methanol vapor diffusion
into an aqueous solution of air-dosed TriH. X-ray diffraction
analysis revealed lattice parameters in agreement with those
obtained from a Pawley fit of the humid powder X-ray
diffraction data (C2 space group; lattice parameters of a =
34.2518(10) A, b = 8.3125(2) A, ¢ = 9.0798 (2) A, and j8 =
92.799(2)°). The structure of the air-exposed phase is a three-
dimensional hydrogen-bonded porous ammonium carbamate
network solid (Figure 1c,d). Here, molecular ions with one (or
two) ammonium groups and two (or one) carbamate groups
engage in ten intermolecular N(H)---O or N(H)---N hydrogen
bonding interactions with an average proton-acceptor distance
of 1.97 A. The hydrogen bonding interactions along ab-plane
of the structure result in the formation of honeycomb-like
sheets. Additional hydrogen bonding interactions along the c-
axis stack the honeycomb-like sheets, furnishing a three-
dimensional network featuring asymmetric one-dimensional
channels (~6 A X ~3 A) with a calculated surface area of 500
m?/g (see Supporting Information). The presence of the
channels and captured CO, molecules contributes to the larger
unit cell volume for TriHCO, (2587.0(1) vs 1781.3(3) A® for
TriH). Residual electron density was found in the channels
that could not be modeled but is attributed to disordered
solvent, supporting the presence of water in the structure
formed under humid air. Based on these data, a general
formula for the structure formed upon exposure of TriH to
humid air is TriH(CO,), s:xH,0 (hereafter, “TriHCO,”). All
attempts to completely remove solvent from the pores of
TriHCO, resulted in a loss of crystallinity, such that the
calculated surface area could not be confirmed experimentally
(see SI). Nevertheless, the porosity of TriHCO, may facilitate
the rapid penetration of CO, into TriH.

https://doi.org/10.1021/jacs.4c18643
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Spectroscopic Characterization of CO, Absorption.
Infrared spectroscopy and solid-state NMR spectroscopy were
used to further probe the formation of TriHCO, upon
exposure to air. Time-resolved in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) data were
collected for TriH exposed to static air at 20 °C and 35% RH.
The resulting infrared spectra exhibited new peaks that near
maximum intensity after 30 min (Figure 4). To accurately
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Figure 4. Difference spectra obtained by subtracting in situ DRIFTS
data collected for TriH upon air exposure at 25 °C. Vibrational modes
at 1663, 1464, and 1324 cm™' for nonenriched TriH (gray bars) are
diagnostic for carbamate.** In the spectrum for TriH (gray trace), the
resonance at 1464 cm™' is assigned to a C—N stretch. This
assignment is supported by the data for “N-TriH (Figure S16),
which revealed a shift in the position of this peak to a lower
wavenumber (1456 cm™).

assign peaks corresponding to carbamate, DRIFTS data were
collected for a sample of '*N-TriH (Figure S16). The peak
highlighted at 1464 cm™ in the TriH spectrum shifts to 1456
cm™! for N-TriH, confirming its assignment as a carbamate
C—N stretch. The additional highlighted vibrations at 1663
and 1324 cm™' are assigned to carbamate C=0 and C—-O
stretches.”** These findings clearly support the formation of
carbamate species when TriH is exposed to air.

To confirm that both ammonium and carbamate species
form when TriH is exposed to air, solid-state magic angle
spinning (MAS)"*C and "N NMR spectra were collected for
TriHCO, (Figure 5). Based on the solution-phase '*C
chemical shifts of TriH (Figure S2), resonances between 120
and 150 ppm are assigned to aromatic carbons, while
resonances between 45 and 50 ppm are assigned to methylene
carbons. The resonance at 166.2 ppm for TriHCO, is assigned
to the carbamate carbon.’>** In the SN spectra, each
methylamine moiety of TriH gives rise to a unique chemical
shift, consistent with the three aminomethyl conformations in
the crystal structure of TriH. The spectrum of TriHCO,
features two peaks corresponding to the carbamate and
ammonium nitrogens at 86 and 36 ppm, respectively.

To further support the chemical assignment of the
carbamate species, solid-state two-dimensional heteronuclear
correlation (HETCOR) spectra were collected for *N-labeled
TriH dosed at 22 °C with humidified '*CO, (1 atm). These
spectra feature correlations at 6.2 and 166.2 ppm (‘H—'C)
and 6.2 and 86 ppm ("H—"N) (Figure S18), consistent with
the previously mentioned carbamate 'H, *C, and "N nuclei
assignments. Altogether, the spectroscopic data support the

a 146.7 TriH
485 462

136.0 127.8
166.2 143.6 \

200 150 100 50 0
§3C (ppm)

b 43| 35 18 TriH

86
TrHCO,
36

150 100 50 0 -50
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Figure S. (a) Solid-state MAS *C spectra of TriH and TriHCO,. The
resonance at 166.2 ppm for TriHCO, is characteristic of carbamate.
Asterisks denote spinning sidebands. (b) Solid-state MAS '*N spectra
of TriH and TriHCO,. The two resonances at 36 and 86 ppm for
TriHCO, correspond to ammonium and carbamate nitrogens,
respectively.

rapid formation of TriHCO, upon direct air capture of CO, by
TriH.

Carbon Dioxide Uptake under Varying Humidity and
Temperature. To evaluate the CO, uptake and absorption
kinetics of TriH under humid conditions, we utilized a custom-
built multicomponent breakthrough analyzer designed to
independently quantify absorbed CO, and water (Figures
S37 and S38). This setup was critical for testing TriH under
simulated air at various relative humidities and temperatures
reflecting the range of global climates. For a sample of the
material exposed to a dry stream of 400 ppm of CO, in N,
flowing at a rate of 50 standard cubic centimeters per minute
(sccm) at 20 °C, breakthrough of CO, occurred immediately,
consistent with the absence of any CO, absorption under these
conditions (Figure 6a and Table S3). In contrast, at 20% RH
and 20 °C, the CO, concentration at the outlet gradually
increased. After 1,000 min, the solid achieved a CO,
absorption capacity of 4.6 mmol/g. Increasing the relative
humidity of the incident stream from 40% to 80% resulted in
greater CO, uptakes of 6.0 and 6.4 mmol/g, respectively
(Figures 6a and S39).

Powder X-ray diffraction data collected for the sample
following breakthrough at 20% RH revealed a new, currently
unknown phase (Figure S25). In contrast, under air at ~35%
RH, the transition from TriH to TriHCO, was complete after
~3 h (Figure 3c). Additionally, powder X-ray diffraction data
collected for the sample following breakthrough at 80% RH
featured only reflections assignable to TriHCO, (Figure S25).
Thus, at least under these conditions, relative humidity levels
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Figure 6. (a) Breakthrough data collected for TriH exposed to a flowing stream of 400 ppm of CO, in N, at 20 °C and 0, 20, 40, 60, and 80% RH.
(b) Breakthrough data collected for TriH exposed to a flowing stream of 400 ppm of CO, in N, at 80% RH and temperatures of 10, 20, 30, and 40
°C. (c) Breakthrough data collected for TriH exposed to flowing 400 ppm of CO, in N, at 80% RH and 20 °C with flow rates of 50, 100, and 200
sccm. (d) Selected absorption breakthrough data for TriH collected over the course of absorption—desorption cycling. For each run, the sample
was exposed to a flowing stream containing 420 ppm of CO, balanced with 21% O,, and 79% N, at 80% RH and 20 °C.

greater than 20% are needed to promote the conversion of
TriH to TriHCO,.

Separate experiments were conducted at 80% RH while
varying the temperature between 10 and 40 °C. The
breakthrough profiles across this temperature range are all
stepped, suggesting that the kinetics of CO, absorption by
TriH are affected more by relative humidity than by
temperature. The CO, absorption capacity increased with
increasing temperature, ranging from 5.6 to 7.2 mmol/g
(Figure 6b and Table S4). Importantly, while CO, and water
were simultaneously absorbed under all breakthrough con-
ditions, water could be completely desorbed by heating the
solid under flowing N, at 70 °C (Figure S41) and CO, could
subsequently be desorbed by heating under flowing N, at 110
°C (Figure S42). The regeneration energy to reform TriH
from TriHCO, was determined using similar conditions (see
below).

In a practical DAC process, air flow rates are much higher
than those typically measured at the laboratory scale, by at
least an order of magnitude.'* The impact of flow rate on the
CO, capture properties of TriH was therefore assessed by
conducting additional breakthrough experiments with 400 ppm
of CO, in N, at 60% or 80% RH flowing at rates of 100 or 200
sccm at 20 or 40 °C. In general, for a given temperature and
relative humidity, faster flow rates were associated with shorter
breakthrough times (Table S5). While changing the flow rate
had minimal impact on CO, capacity at 40 °C, faster flow rates
at 20 °C were associated with higher absorption capacities
(e.g, 6.1 vs 8.3 mmol/g at 60% RH and 50 and 200 sccm,
respectively). This result indicates that CO, absorption at 20
°C is kinetically limited. At 100 and 200 sccm, the CO,
absorption capacities at 20 °C were larger than those at 40 °C,
consistent with an entropy penalty associated with CO,
absorption from the gas phase at higher temperatures.

10524

Significantly, a maximum capacity of 8.9 mmol/g was achieved
at 20 °C and 80% RH with a flow rate of 200 sccm (Figure 6c¢),
representing the highest capacity yet reported for any
kinetically competent DAC material and approaching the
maximum theoretical gravimetric capacity of 9.14 mmol/g for
TriH. Based on gravimetric CO, uptake alone, the next leading
solid DAC material is the amine-appended metal—organic
framework N,H,—Mg,(dobdc) (dobdc*™ = 2,5-dioxido-1,4-
benzenedicarboxylate) which exhibits a gravimetric CO,
uptake of 3.89 mmol/g at 400 ppm of CO,.”

Regeneration of TriH from TriHCO,. Given that TriH
melts between 50 and 52 °C and volatilizes at 120 °C, it is
critical to identify potential operating conditions that minimize
or preclude TriH volatilization during regeneration. Relying
solely on TGA methods would normally not allow us to
distinguish between changes in mass occurring due to
desorption rather than volatilization. In order to deconvolute
mass loss events, we attached a nondispersive infrared (NDIR)
spectrometer at the outlet of the TGA instrument to quantify
desorbed CO, and water. Over the course of the first 50 min of
heating a 2.53 mg sample of TriHCO, at 100 °C, a total mass
loss of 0.74 mg was measured (Figure 7a). In parallel, the
calculated quantity of CO, and water desorbed based on
NDIR measurements were 0.53 (~84% of the absorbed CO,)
and 0.22 mg, respectively, summing to 0.75 mg of desorbed
species (Figure 7b). As the TGA and NDIR data are in good
agreement, we conclude that only desorption occurred in the
first 50 min of heating at 100 °C, with no loss of TriH. In the
following 250 min, small amounts of CO, and water were
desorbed (0.09 and 0.03 mg, respectively), while the sample
mass as measured by TGA continued to decrease by 0.67 mg.
The majority of this later mass loss (0.55 mg = 0.67 — 0.09 —
0.03 mg) can thus be attributed to volatilization of TriH. While
prolonged heating of TriHCO, may induce volatilization, these
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Figure 7. (a) Weight loss over time for a sample of TriHCO, (2.53
mg) held at 100 °C for S h under flowing N, (25 mL/min) in a
thermogravimetric analyzer. (b) Quantities of CO, and water
desorbed from TriHCO, determined by NDIR during the same
weight loss experiment. Mass loss within the first 50 min is due
exclusively to desorption of CO, and water. Mass loss after 50 min is
due to a combination of desorption and volatilization of TriH. (c)
Differential scanning calorimetry data collected for TriHCO, under
flowing (25 mL/min) N,. The data were integrated over time to
estimate the energy required to regenerate TriH from TriHCO,,
which was 292 J/g (74.0 kJ/mol).

data suggest the possibility of suppressing volatilization with
short desorption periods.

The previous experiment suggests that the regeneration
energy of TriH from TriHCO, can be estimated by assuming
that only CO, and water desorption occurs when maintaining
TriHCO, at 100 °C under N,. To quantify the energy required
to partially regenerate TriH from TriHCO, (while limiting
TriH volatilization), we conducted differential scanning
calorimetry measurements under conditions analogous to the
previous NDIR experiment (Figure 7c). The energy required
to regenerate TriH from TriHCO, is composed of the sensible
heat (i.e., the energy required to heat TriHCO, from 20 to 100
°C) and the enthalpy of desorption (estimated as the energy
required to desorb CO, and water from TriHCO, while at 100
°C for 50 min). The calculated sensible heat for the first 8 min

as TriHCO, was heated from 20 to 100 °C is 170 J/g (43.1kJ/
mol TriH). We note that minimal amounts of CO, and water
indeed desorb while heating TriHCO, to 100 °C, so the
sensible heat and enthalpy of desorption may be slightly
overestimated and underestimated, respectively. The enthalpy
of desorption (of CO, and water) is calculated to be 122 J/g
(30.9 kJ/mol TriH) for the subsequent SO min where
TriHCO, was maintained at 100 °C. From these data, we
estimated a lower bound for the regeneration energy of 292 J/g
(74.0 kJ/mol TriH), consistent with that determined for other
amine-based sorbents that form ammonium carbamates upon
CO, capture.”” We note that this is a lower bound because the
sample was heated to desorb only ~90% of the CO, and water
to preclude TriH volatilization.

Absorption—Desorption Cycling. The CO, capture
performance of TriH was followed over the course of repeated
absorption—desorption cycles to better assess its potential for
DAC. To monitor the degree of sample volatilization during
cycling, breakthrough data and subsequent desorption data
were collected using a glass breakthrough column. Absorption
data were collected under a 200-sccm flow of 400 ppm of CO,
in N, at 80% RH and 20 °C, and desorption data were
collected while flowing N, at 110 °C (Figures SS5 and S56).
Under these conditions, TriH was observed to at least partially
dissolve in absorbed water within ~2 min of exposure to the
gas stream, followed by subsequent CO, uptake and formation
of solid TriHCO, after ~20 min or less. We note that, while
TriH deliquesces during absorption, excess water is then
vaporized as solid TriHCO, forms, which is a behavior unlike
the aqueous amine and iminoguanidine solutions. Upon
switching to flowing N, for desorption, condensation down-
stream of the sample corresponding to water desorption was
observed within the glass breakthrough column in the first 2
min, while, beginning at ~20 min, a visible solid was observed
downstream of the column, indicative of TriH volatilization.

The results from the previous experiments suggest that it
should be possible to suppress volatilization of TriH by
minimizing the desorption time. Based on these results, cycling
experiments were conducted using our custom breakthrough
column setup with absorption at 20 °C under a flowing (200
sccm) gas stream containing 420 ppm of CO,, 21% O,, and
79% N, at 80% RH (Figures 6d and S49) and desorption
under flowing (100 sccm) dry N, at 110 °C for only ~13 min
(Figure S50). In the first absorption run, TriH absorbed 6.0
mmol CO,/g and exhibited a similar breakthrough profile and
CO, uptake to the data collected under humid 400 ppm of
CO, at 80% RH and 200 sccm after 3 h (Figure 6c). We note
that this result indicates that O, does not significantly impact
CO, uptake under these conditions. Additional oxidative
stability experiments (see Figures S15, S35 and S36) further
confirm the oxidative robustness and long-term stability of
TriHCO,. Following the first absorption run, only 1.8 mmol
CO,/g were recovered in the first desorption run, and the
same quantity of CO, was subsequently captured in the second
absorption run. Surprisingly, however, 2.4 mmol/g was
recovered in the subsequent desorption run. The quantity of
CO, absorbed generally continued to increase until the ninth
cycle (to 4.5 mmol/g), and the quantity of CO, desorbed
increased to 4.1 mmol/g after the fifth cycle, and then
fluctuated between 3.3 and 4.4 mmol/g in the later cycles
(Table S6). We hypothesize that deliquescence of TriH in the
early cycles led to coating of the solid in the breakthrough
column, which may have facilitated subsequent CO, uptake
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Figure 8. Calculated free energy landscapes for CO, absorption in TriH under dry and humid conditions. (Upper) Dry conditions: free energy
calculations were performed using ten TriH molecules and one CO, molecule with the reactive amine site encapsulated in the center of the cluster.
(Lower) Humid conditions: free energy calculations were performed using ten TriH molecules, one CO, molecule, and one water molecule with
the reactive amine encapsulated in the center of the cluster. Inclusion of one water molecule introduces additional hydrogen bonding interactions,
lowering the first transition state energy relative to that under dry conditions. Dashed gray lines denote intermolecular hydrogen bonding

interactions. Dashed black lines denote the making or breaking of bonds.

and recovery (Figure SS0). This factor, as well as the limited
thermal stability of TriH, could contribute to the fluctuations
in CO, uptake throughout the ten absorption—desorption
cycles.

Free Energy Landscape for Dry and Humid CO,
Uptake. Since the presence of humidity significantly increases
CO, uptake in TriH, we sought to gain mechanistic insight
toward the role of water in CO, absorption. We hypothesized
that water may lower the activation barrier for CO, absorption
by stabilizing the transition state for N—C bond formation via
hydrogen bonding interactions and/or directly participating as
a proton transfer mediator during ammonium carbamate
formation. To explore these possibilities, we carried out density
functional theory (DFT) calculations to assess the free energy
landscape for CO, absorption under dry and humid
conditions, using models generated from the single crystal
structure of TriH (Figures S57—S67).

Based on the study of the solid-state reaction between CO,
and ammonia,” CO, uptake was modeled by first inserting
CO, into an amine group of TriH to generate a metastable
zwitterionic ammonium carbamate (Figure 8, upper). A
neighboring TriH molecule then abstracts a proton from the
zwitterion to generate an ammonium ion that pairs with the
resulting carbamate. Under dry conditions, the activation
energy associated with CO, addition is 79.0 kJ/mol, which
suggests that this reaction should be slow near ambient
temperatures. In addition, the overall reaction to form an
ammonium carbamate is endergonic (AG = +11.5 kJ/mol),
consistent with the lack of uptake observed in dry CO,
absorption experiments. Under humid conditions, the
activation energy for CO, addition is only 49.7 kJ/mol (Figure
8, lower). While the entropy penalty for CO, addition is
greater under humid conditions due to reorganization of a
nearby water molecule, hydrogen bonding interactions

between the ammonium cation and a water molecule result
in an enthalpic stabilization that gives rise to a lower overall
activation barrier. Water subsequently serves as a proton
transfer mediator by abstracting a proton from the zwitterion
while it is simultaneously deprotonated by a neighboring TriH
molecule. Consistent with the observed propensity of TriH for
CO, capture, the overall reaction is now exergonic (AG = —
11.4 kJ/mol) owing to hydrogen bonding interactions of the
water molecule with both the ammonium cation and the
carbamate anion.

Notably, the calculated lattice energy of TriH is substantially
lower in magnitude than that of TriHCO, (—67.3 vs —450.8
kJ/mol), which suggests that the TriHCO, network is much
more stable. This greater stability is likely due in part to the
shorter, therefore stronger, hydrogen bonding interactions in
TriHCO, vs TriH (average N(H)---O and N(H)--N distances
of 1.97 and 2.44 A, respectively; Figure 1b).

Bl CONCLUSIONS AND OUTLOOK

The foregoing results show that the solid molecular polyamine
TriH (1,3,5-tris(aminomethyl)benzene) can selectively and
rapidly capture large quantities of CO, from air. X-ray
diffraction analyses reveal that TriH undergoes a unique
crystalline phase transition upon exposure to static air to
generate the porous ammonium carbamate solid TriHCO,.
The formation of an ammonium carbamate species upon
dosing TriH with air was also confirmed by DRIFTS and solid-
state NMR analyses. In the absence of water, TriH does not
absorb appreciable quantities of CO, until it is heated to 50
°C, which is near the melting point of TriH. In contrast,
breakthrough experiments revealed that, under humid air,
TriH can exhibit CO, absorption capacities as high as 8.9
mmol/g of CO,—the highest reported to date for any DAC
material. DFT analysis reveals that water stabilizes the
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transition state associated with N—C bond formation via
hydrogen bonding interactions while also stabilizing the
ultimate ammonium carbamate product. Importantly, TriH
maintains a high capacity over the course of repeated cycling
under simulated humid air at 20 °C.

Our findings establish the exciting prospect of developing
lightweight crystalline polyamines for the rapid, high-capacity
capture of CO, from the atmosphere. We envision multiple
possible avenues to circumvent some of the challenges of this
proof-of-concept system, including the design of heavier
polyamines that are less volatile and maintain stable break-
through profiles throughout repeated cycles. Alternatively, the
use of alternative regeneration schemes, such as microwave-
assisted regeneration, ® may circumvent the risk of volatiliza-
tion inherent with a more traditional temperature swing
process. Furthermore, the inherent tunability of these
molecules suggests the broad applicability of molecular
polyamines for CO, capture from a range of point source
emissions.
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