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Capturing carbon dioxide from diluted streams, such as flue gas originating from natural gas combustion, can be
achieved using recyclable, humidity-resistant porous materials. Three such materials were synthesized by chemically modifying the
pores of metal—organic frameworks (MOFs) with Lewis basic functional groups. These materials included aluminum 1,2,4,5-
tetrakis(4-carboxylatophenyl) benzene (Al-TCPB) and two novel MOFs: AI-TCPB(OH), and AI-TCPB(NH,), both isostructural to
Al-TCPB, and chemically and thermally stable. Single-component adsorption isotherms revealed significantly increased CO, uptakes
upon pore functionalization. Breakthrough experiments using a 4/96 CO,/N, gas mixture humidified up to 75% RH at 25 °C
showed that AI-TCPB(OH) displayed the highest CO, dynamic breakthrough capacity (0.52 mmol/g) followed by that of Al-
TCPB(NH,) (0.47 mmol/g) and AI-TCPB (0.26 mmol/g). All three materials demonstrated excellent recyclability over eight
humid breakthrough-regeneration cycles. Solid-state nuclear magnetic resonance spectra revealed that upon CO,/H,0O loading, H,O
molecules do not interfere with CO, physisorption and are localized near the Al-O(H) chain and the —NH, functional group,
whereas CO, molecules are spatially confined in AI-TCPB(OH) and relatively mobile in AI-TCPB(NH,). Density functional theory
calculations confirmed the impact of the adsorbaphore site between of two parallel ligand-forming benzene rings for CO, capture.
Our study elucidates how pore functionalization influences the fundamental adsorption properties of MOFs, underscoring their
practical potential as porous sorbent materials.
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requirements and the environmental concerns associated with

. . .67
Postcombustion carbon dioxide (CO,) capture is a viable high-temperature alcoholamine degradation.”” To address

solution to mitigate CO, emissions from large point sources. these issues, less energy-demanding solid materials that rely

In the U.S,, generation of electricity in conventional power on CO, adsorption have been developed. While the thermal
. . L

plants 18 currently responSIble for 31% of all C02 emissions. regeneration of these porous materials is easy, they tend to

Coal was traditionally the primary energy source for electricity
generation; but its use has declined since 2008 as it has been
replaced by natural gas.” Flue gas emanating from natural gas-
fired power plants contains very small amounts of SO, and
NO,, thus posing less of immediate environmental concern
compared to flue gas originating from coal-fired power plants.”

adsorb not only CO, but also large amounts of water vapor
present in postcombustion flue gas.” Therefore, designing
porous materials that selectively adsorb CO, while excluding

H,O remains a major synthetic challenge.

However, the CO, content in the natural gas-generated flue gas September 30, 2024
(4 vol % CO,) is significantly lower than that from coal, October 16, 2024
making CO, capture from these diluted streams more October 17, 2024
challenging.* Currently, aqueous alcoholamine scrubbing is November 11, 2024

the only mature and eflicient postcombustion CO, capture
technology.” However, it is burdened by high parasitic energy
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Figure 1. (a) Molecular structure of the H,TCPB ligand and its functionalized analogs. DFT-relaxed structure of the AI-TCPB MOF visualized in
the ball-and-stick mode viewed along [001] (b) and [010] (c). The same structure visualized in the sphere packing mode viewed along [001] (d)

and [010] (e). Atom color code: light blue, Al; gray, C; red, O; white, H.

Metal—organic frameworks (MOFs) stand out among
porous materials for postcombustion CO, capture due to
their intrinsic modularity and excellent structural tunability,
allowing the design of pore landscapes that favor CO,
adsorption.9 Among these, fluorinated narrow-pore NbOF-
FIVE-1-Ni is one of the most promising materials, with a CO,
uptake of 2.2 mmol/g at 298 K and 40 mbar CO,, and a heat
of adsorption of 50 kJ/mol, presenting a balanced compromise
between uptake and regeneration energy.'’ Similarly, fluori-
nated MOFs of the SIFSIX-3 family exhibit comparable
properties.'' ~"* In contrast, N,N’-dimethylethylenediamine
(mmen)-appended Mg,(dobpdc) has a higher uptake under
the same conditions (2.9 mmol/g) but also a higher heat of
adsorption (71 kJ/mol) making the thermal regeneration more
energy-intensive.

MOFs offer a unique platform to study structure—property
relationships as by preparing pairs of isostructural MOFs that
differ by a single structural feature, insights can be gained on
the impact of that specific structural alteration. Several
synthetic strategies to enhance CO, capture have been
developed through this approach.ls_18 For example, in the
MOF families such as M-MOF-74,"" mmen-M,(dobpdc),”
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and M(L)(bpy),”" the nature of the metal center dictates the
shape of the CO, adsorption isotherm as well as the CO,
uptake. In HKUST-1, the attachment of H,O molecules to the
metal clusters results in an increase in CO, uptake.”” A similar
phenomenon occurs with alcohol molecules in InOF-1 and
MIL-53(Al), although in these MOFs, the molecules are
confined in the pore space through noncovalent interac-
tions.””** Covalently attaching hydroxide anions to the metal
centers of MAF-X25 and MAF-X27 significantly increased
CO, uptake at low pressures, with heats of adsorption reaching
up to 124 kJ/mol>® Additionally, comparing chemically
identical frameworks, one interpenetrated and one not,
demonstrated that interpenetration enhanced CO, uptake by
maintaining a relatively low heat of adsorption."’ Similarly,
pressure-, heat-, or light-induced phase transitions in
coordination networks can lead to phases endowed with
enhanced CO, capture capabilities.”* > Carbon dioxide
adsorption on MOFs can also be improved by engineering
composites on supports such as graphite oxide or carbon
nanotubes.** ™

One of the most effective strategies for enhancing CO,
capture in MOFs is ligand functionalization."”™'® By
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substituting H atoms in the ligand structure with more
electronegative atoms such as N, O, or F, the polarizability of
the ligand increases. This, in turn, enhances dispersion
interactions with the quadrupole moment of the CO,
molecules when exposed to the MOF pores. Additionally,
pores can be modified postsynthetically by grafting amine
molecules onto the open metal sites,” allowing CO, to
interact through chemisorption, forming carbamate or
bicarbonate species.”” Both pre- and postsynthetic functional-
ization methods have demonstrated significant improvements
in CO, capture at 40 mbar and 298 K, as exemplified by
numerous MOFs listed in Table S1. Presynthetic functional-
ization with an —NH, group can significantly increase CO,
uptake, as demonstrated by MIL-101(Cr),”® which exhibits an
order of magnitude increase; however, absolute values typically
remain below 0.5 mmol/g. Amine-grafted MOFs can achieve
higher CO, capture under similar conditions, but their heats of
adsorption are notably high. Additionally, as illustrated in
Table S2, MOF functionalization not only boosts CO,
sorption but can also increase the adsorption of H,O vapor,
which can be detrimental to performance in humid
conditions.*”*’

We have recently intensified our research efforts toward the
development of novel humidity-resistant CO, capture
materials. Indeed, we discovered a preferred CO, adsorption
site, an adsorbaphore, in a hydrophobic pocket sandwiched in
between of two pyrene cores separated by ~7 A in Al-
PyrMOF. This site exclusively hosts CO, and repels H,O
molecules, enabling Al-PyrMOF to capture the same amount
of CO, under both dry and humid conditions.”’ A similar
versatility was displayed by AI-MIL-120, a member of the Al-
MOF family well-known for their paramount chemical
stability,"”~** where the spacing between adjacent pyromelli-
tate rings is 4.78 A.*> In our transition-metal-based
Ni,(pzdc),(ade),, the CO, uptake under humid conditions
was 23% lower than under the dry conditions; however, the
material exhibited interesting catalytic properties.*

In this study, we introduce aluminum 1,2,4,5-tetrakis(4-
carboxylatophenyl)benzene (Al-TCPB) as a novel humidity-
resistant CO, capture adsorbent. The synthesis and solid-state
characterization of this material is followed by a thorough
investigation of its potential for CO, capture. Additionally, we
report the synthesis of two novel Al(III) MOFs based on the
H,TCPB ligand chemically functionalized with hydroxy and
amino groups. The sorption properties of Al-TCPB, Al-
TCPB(OH), and Al-TCPB(NH,) are compared and analyzed
using spectroscopic data and density functional theory (DFT)
calculations.

The orthorhombic (space group Cmmm) structure of
AlL,(OH),(TCPB), also known as CAU-9 or Al-BMOF, and
here referred to as Al-TCPB, was previously determined from
powder X-ray diffraction (PXRD) data.”” In Al-TCPB,
alternating Al atoms and bridging hydroxide ligands extend
along [010], forming the backbone of the structure. These
mutually parallel chains are connected in the (010) plane with
TCPB* ligands (Figure 1a), with each of their six carboxylate
O atoms coordinating to a distinct Al atom (Figure 1b). Thus,
the one-dimensional inorganic chains can be viewed as
composed of corner-sharing distorted AlOg4 octahedra. Within
the ligands, the distal phenylene rings are perpendicular to the
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central 4-substituted benzene ring cores, which in turn are
stacked along [010] (Figure lc).

The structure of AI-TCPB was relaxed using DFT
calculations, and the resulting model was consistent with the
previously reported structure.” Subsequently, structural
models Al-TCPB(OH) and AI-TCPB(NH,), incorporating
hydroxylated and aminated ligands, respectively (Figure la),
were constructed and relaxed using DFT. The models also
converged to the respective isostructures. All three MOFs
feature three types of 1-dimensional pores: pore I, lined with
the benzene cores of the TCPB*" ligands separated by 6.64 A,
running perpendicular to the Al-O(H) chains (Figure 1d);
pore II, lined with distal phenylene rings of the TCPB*"
ligands, running parallel to the Al-O(H) chains; and pore III,
having the same characteristics as pore II, but also exposed to
chain-forming hydroxides (Figure le). Numerical analysis of
the DFT-relaxed models (see the Supporting Information for
further detail), provided the sizes of each pore and the void-
volume fractions. As shown in Table 1, the introduction of the
—OH or the —NH, groups into the AI-TCPB structure slightly
reduces the size of pore II, while the sizes of the other two
pores remain unchanged.

Table 1. Pore Sizes and Void Volume Fractions in the DFT-
Relaxed Structures of Al-TCPB and Its Analogs

pore I size pore II size pore III size void fraction
(&) (A) () (%)
Al-TCPB 4.44 5.30 6.60 48.8
AL-TCPB(OH) 4.44 523 6.59 47.1
AL-TCPB(NH,) 4.44 5.18 6.59 45.9

Al-TCPB, AI-TCPB(OH), and AI-TCPB(NH,) were
successfully synthesized from the respective ligands (Figure
S1) and an AI(III) salt in water and N,N-dimethylformamide
(DMF). While AI-TCPB was obtained on the multigram scale,
the scaleup of AI-TCPB(OH) and AI-TCPB(NH,) was
hindered by the limited availability of the respective ligand.
PXRD analysis of these crystalline solids confirmed the identity
of Al-TCPB and showed that AI-TCPB(OH) and Al-
TCPB(NH,) are isostructural to Al-TCPB (Figure 2).
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Figure 2. PXRD patterns of AI-TCPB and its analogs compared to
that calculated for the DFT-relaxed AI-TCPB structure.
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Figure 3. (a) CO, and (b) H,O vapor adsorption isotherms of Al-TCPB and its analogs at 298 K. Full symbols denote adsorption, while the empty
ones denote desorption. The conditions of interest for the postcombustion carbon capture (CO, absolute pressure of 40 mbar; 75% RH) have been

marked with dashed-dotted lines.

Thermogravimetric analysis (Figure S2) indicated that the
temperature of decomposition was 514 °C for Al-TCPB, 351
°C for AI-TCPB(OH), and 386 °C for AI-TCPB(NH,). These
temperature points are preceded by sample drying taking place
at temperatures below 80 °C, and by the loss of the occluded
solvent taking place from 80 to 300 °C in all the three
materials. The chemical stability of AI-TCPB and its analogs
was tested by immersing them in water for 3 h and exposing
them to nitric acid fumes for 3 h. Their PXRD patterns
confirmed their stability under these conditions (Figures S3—
SS). Solvent exchange followed by outgassing yielded fully
activated materials that retained their crystallinity (Figures S3—
SS5). The PXRD peaks of the AI'TCPB samples that underwent
differing treatment (as-made, activated, H,O-soaked, HNO;-
exposed) all matched the DFT-simulated pattern well (Figure
S3), suggesting this material is very robust. Conversely, in Al-
TCPB(OH) and Al-TCPB(NH,), the prominent 200, 201,
110, 401, and 402 PXRD peaks underwent slight shifts with
respect to their predicted positions (Figures S4 and SS)
prompting some extent of flexibility of these materials, akin to
that exhibited by CALF-20,"**" and Ca-TBAPy.’ In the
Fourier transform infrared (FT-IR) spectrum of AI-TCPB, a
broad band at 3300 cm™}, associated with the O—H stretching
of H,O molecules occluded in the pores upon synthesis,
disappeared upon activation (Figure S6). In contrast, Al-
TCPB(OH) and AI-TCPB(NH,) exhibited FT-IR bands at
3250 and 3400 cm™!, well pronounced both before and after
activation, and corresponding to the O—H and N-H
stretching of their respective functional groups (Figures S7
and S8). Additionally, all three materials showed the
disappearance of the C=0 stretching band at ~1670 cm™,
indicating the release of occluded DMF solvent molecules.
The gas adsorption properties of the activated samples of the
Al-TCPB materials were investigated. At 77 K, all three analogs
exhibited type I nitrogen isotherms (Figure S9), which are
characteristic of microporous materials. The Brunauer—
Emmett—Teller surface areas for Al-TCPB, Al-TCPB(OH),
and AI'TCPB(NH,) were 1149(2), 831.0(18), and 1078(2)
m?*/g, respectively (Table S3). CO, adsorption at 298 K also
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displayed type I isotherms, with AI-TCPB(OH) and Al-
TCPB(NH,) outperforming AI-TCPB across all pressures
(Figure 3a). The CO, uptakes of the AI-TCPB materials at 40
mbar and 298 K, summarized in Table 2, were higher than

Table 2. Equilibrium Adsorbed Amounts of CO, and H,O at
Conditions Relevant to Post-Combustion CO, Capture
Derived from the Respective 298 K Adsorption Isotherms

CO, uptake at 40 mbar H,O uptake at 75% RH

(mmol/g) (mmol/g)
adsorption  desorption  adsorption  desorption
Al-TCPB 0.227 0.291 7.69 8.58
AL-TCPB(OH) 0474 0.530 10.6 14.3
ALTCPB(NH,) 0432 0.493 143 19.3

those of the majority of presynthetically modified MOFs
(Table S1), but lower than that of CALF-20, a MOF currently
exploited in the industry (1.8 mmol/g),”" and lower than those
of the majority of postsynthetically modified MOFs (Table
S1). CO, adsorption isotherms recorded at 293 (Figure S10),
298, and 303 K (Figure S11) enabled the determination of the
isosteric heat of CO, adsorption, which was 24 kJ/mol for Al-
TCPB, and 30 kJ/mol for both AI-TCPB(OH) and Al-
TCPB(NH,) (Figure S12). The adsorption of H,O vapor
revealed distinct behaviors among AI-TCPB and its analogs. At
298 K, AI-TCPB(OH) exhibited a type I H,O vapor isotherm,
while the isotherms for AI-TCPB and AI-TCPB(NH,) featured
inconspicuous steps (Figure 3b)_, grompting a degree of
cooperativity in H,O adsorption,”>*> namely, that the H,O
adsorption in one type of pore may facilitate the H,O
adsorption in another type of pore. The H,O vapor adsorption
on Al-TCPB was reversible, whereas AI-TCPB(OH) and Al-
TCPB(NH,) exhibited minimal hysteresis in their isotherms
(Figure 3b). Compared to another hydrophobic MOF, CALF-
20,”" the H,0 vapor uptake of AI-TCPB is much lower at
relative humidities lower than 50%, comparable at the
intermediate values of RH, and surpasses CALF-20 only at
relative humidities greater than 80%. In turn, the H,O vapor
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uptakes of AI'TCPB(OH) and AI-TCPB(NH,) are greater
than those of CALF-20 across the entire RH range.
Interestingly, despite significant differences in their H,O
vapor uptakes, all three AI-TCPB materials demonstrated
nearly identical macroscopic hydrophilicity, as indicated by
contact angle measurements (Figure S13). Furthermore, Al-
TCPB and its analogs maintained stability upon H,O
adsorption (Figure S14), thus they are among the MOFs
with high H,O uptakes and high hydrolytic stabilities.”*~>°
The performance and stability of porous materials under
operating conditions are important considerations for effective
CO, capture. Our materials were tested under conditions
pertinent to CO, capture from flue gas produced by natural
gas-powered power plants, including CO, partial pressure of 40
mbar, total pressure of 1 bar, temperature of 25 °C, and, when
considering humidity, 75% relative humidity (RH), corre-
sponding to p/p° = 0.75. These conditions were chosen to
align with our laboratory capabilities and ensure comparability
with literature data. Single-gas adsorption analysis of CO,
uptakes at 40 mbar and H,O uptakes at 75% RH (Table 2)
reveals that, at 298 K, AI-TCPB and its analogs exhibit higher
selectivity toward H,O over CO, under thermodynamic
equilibrium conditions. However, as inferred from quantities
adsorbed at low pressures, the adsorption of H,O vapor on
activated Al-TCPB and its analogs takes place at a significantly
slower rate compared to that of CO, (Figure S15). Moreover,
single-component isotherms completely ignore the likelihood
of competition between different adsorbates for the same
adsorption sites. To address these limitations, dynamic
breakthrough curves were measured using a fixed-bed reactor
setup (Figure S16). Samples were enclosed in a tubular
column, activated at 150 °C, and conditioned in a stream of
dry N, at 25 °C. This conditioning must inevitably have
contributed to some adsorption of N, on the solid material
surface. At the outset of each breakthrough measurement, the
gas flowing through the column was switched to 4/96 CO,/
N,, and the outlet gas composition was recorded with a mass
spectrometer. CO, subsequently replaced N, on the surface of
the Al-TCPB materials as deduced from the shape and position
of the CO, and N, breakthrough curves—all the experimental
CO, signals lay below the blank, while all the experimental N,
signals lay above the blank (Figures S17—S19). The CO,
capacity of AI-TCPB and its analogs, calculated by numerically
integrating the CO, breakthrough curves, remained unaffected
by the presence of humidity in the simulated flue gas stream.
AL-TCPB(OH) exhibited the highest average CO, break-
through capacity of 0.52 mmol/g, surpassing AI-TCPB(NH,)
(0.47 mmol/g) and AI-TCPB (0.26 mmol/g) across 8 cycles,
each comprising a CO, capture under humid conditions and
subsequent thermal regeneration (Figure 4 and Table S4).
Importantly, the sequence of CO, breakthrough capacities
(Table $4)—AL'TCPB < ALTCPB(NH,) < ALTCPB(OH)—
was consistent with the sequence of CO, uptake inferred from
the respective CO, adsorption isotherms (Table 2). Flushing
the fixed-bed reactor with a humid N, stream for 3 h resulted
in a complete loss of CO, sorption properties in all materials.
However, intense thermal regeneration subsequently restored
the CO, breakthrough capacity over two dry-gas and two
humid-gas capture-regeneration cycles (Figure 4 and Table
S4). These findings confirm that while equilibrium uptake of
H,O vapor is greater than that of CO, on Al-TCPB and its
analogs (Table 2), the adsorption of CO, is preferred
kinetically, allowing for its capture under humid conditions
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Figure 4. Dynamic breakthrough CO, capacity of AI-TCPB and its
analogs in a fixed-bed reactor fed with 4/96 (v/v) CO,/N, gas
mixture at 298 K.

(Figure 4 and Table S4). A similarly slow H,O adsorption
kinetics has recently been reported to allow for humid-gas CO,
capture in TIFSIX-3-Ni.”” The CO, breakthrough capacities
reported here are lower than those of the 2-ampd-
Mg,(dobpdc) MOF (2.4(2) mmol/g, dry and humid 4/96
CO,/N, gas mixture)’® and the 2-ampd-Mg,(dobpdc)/PES
hollow fiber (2.5 mmol/gyop, dry 4.4/4.5/91 CO,/He/N, gas
mixture);>” however, the excellent recyclability of Al-TCPB,
Al-TCPB(OH), and AI-TCPB(NH,) after capture under
humid conditions sets them apart. In this context, Al-TCPB
and its analogs exhibit performance comparable to kag-MOF-1,
which retained a dynamic breakthrough CO, capacity of 0.57
mmol/g (2.5 wt %) with a 10/90 CO,/N, gas mixture, even
after regeneration under humid (75% RH) conditions. This is
noteworthy given the higher H,O vapor uptake (11.7 wt %) at
75% RH compared to the CO, uptake (3.5 wt %) at 100 mbar
derived from single-component 298 K isotherms.*’
Solid-state NMR spectroscopy was employed to investigate
the sorption behavior of AI-TCPB and its analogs under
dynamic conditions relevant to humid CO, capture. All C
atoms that were not related by symmetry were successfully
assigned in the *C solid-state NMR spectra of AI-'TCPB, Al-
TCPB(OH), and AI-TCPB(NH,), revealing the most
significant downfield shift for the C atom directly bound to
either the —OH or the —NH, functional group (Figure S20).
Subsequently, the samples were activated in situ and dosed
with pure *CO, humidified up to 75% RH. In the 'H solid-
state. NMR spectrum of AI-TCPB measured under these
conditions, the peak at 2.8 ppm has been associated with the H
atom of the Al-bound hydroxide (Figure S21). Interestingly,
prolonged exposure to humidity caused a downfield shift and a
broadening of this peak (Figure S21), suggesting interaction of
H,0 vapor molecules with the AI-O(H) chains, possibly
through hydrogen bonds. In turn, 'H—1C heteronuclear
correlation (HETCOR) NMR spectra recorded under the
same conditions revealed that the *C resonance associated
with the C atom bound directly to the —NH, functional group
in AI-TCPB(NH,) correlates with the 'H resonance of the H
atoms of H,O vapor molecules (Figure S22). This correlation
suggests an interaction between these two species, while
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similar correlations were not observed in Al-TCPB(OH)
(Figure S23) and Al-TCPB (Figure S24), likely due to weaker
OH,-C(—OH) and OH,---C(—H) interactions. Furthermore,
the peak at 124.5 ppm in the '3C spectra, observed after dosing
with pure *CO, humidified up to 75% RH, exhibited a
significant intensity reduction upon prolonged spinning
(Figure S25), indicating its association with physisorbed
BCO,. The position of this peak remained consistent across
the AI-TCPB analog series (Figure 5); however, its line width

AI-TCPB(OH)

AI-TCPB(NH,)

AI-TCPB

T T T T T

160 120 80 40
13C Chemical Shift (ppm)
Figure 5. Physisorbed *CO, peak in the "*C solid-state NMR spectra

recorded upon wet (75% RH) pure '*CO, dosing. Details of this peak
are reported in Table 3.

200

followed the trend Al-TCPB(OH) < Al-TCPB(NH,) < Al-
TCPB (Table 3), which may be indicative of significant

Table 3. Position and Width of the Physisorbed '*CO, Peak
in the *C Solid-State NMR Spectra Recorded upon Dosing
with Pure *CO, Humidified to 75% RH with H,0 or D,0

3C0,/H,0 3C0,/D,0
dosing linewidth dosing linewidth
5 °C (ppm) (Hz) (Hz)
Al-TCPB(OH) 124.460(5) 415(3) 374.3(12)
AL-TCPB(NH,)  124.790(7) 753(5) 798(4)
AL-TCPB 124.790(16) 1412(12) 1383(10)

mobility of CO, molecules in AI-TCPB and their spatial
confinement, possibly facilitated by an array of H-bonds, in Al-
TCPB(OH). The condition of CO, molecules in Al-TCPB-
(NH,) is thought to be intermediate. When D,O (invisible in
NMR) was used instead of H,O to humidify the '*CO, gas, the
3CO, peak position remained unchanged, with only slight
changes in line width observed (Table 3). The minor
variations in peak line width may indicate a minimal impact
of water molecule protons on the dipolar interactions between
water and CO,. This suggests that water vapor likely does not
significantly interact with physisorbed CO,.

Intermolecular interactions involving CO,, H,O, and Al-
TCPB and its analogs were further investigated computation-
ally. Using DFT, we introduced a CO, molecule into three
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distinct sites within the pores of Al-TCPB, Al-TCPB(OH), and
Al-TCPB(NH,), and the resulting structures were relaxed. An
analogous procedure was applied for three H,O sites, allowing
us to assess the orientation changes sustained by guest
molecules, and the energetics of host—guest interactions. The
geometries of the CO, and H,O molecules introduced in silico
underwent very subtle position and orientation change upon
DFT relaxation (Table SS). As shown in Figure 6, which
reports exemplary optimized geometries for AI-TCPB(OH),
CO, molecules stayed parallel to TCPB*~ benzene cores when
adsorbed in pore I, and parallel to the AI-O(H) chains when in
pore II and III, respectively. In turn, H,O molecules tilted to
maximize O—H:--O and O—H-7 interactions (Figure 6). The
CO,—MOF and H,0—MOF binding energies are charted in
Table 4. It follows that CO, interacts preferentially with Al-
TCPB and its analogs within their pore I, which is delimited by
mutually parallel TCPB*" central benzene rings constituting
the CO, adsorbaphore. The CO,—Al-TCPB(OH) interaction
is the strongest and is followed by the CO,—AI-TCPB(NH,)
and the CO,—AI-TCPB interactions. In turn, H,O interacts
preferentially with Al-TCPB and Al-TCPB(NH,) within their
pore I, and with AI-TCPB within pore III, the latter being lined
with distal TCPB* phenylene rings and hydroxides forming
the Al-O(H). Interestingly, AI-TCPB and AI-TCPB(OH)
interact more strongly with H,O than they do with CO,,
while the difference between the H,O—Al-TCPB(NH,) and
the CO,—Al-TCPB(NH,) interactions is modest (Table 4).
This result can explain the preference of our materials
adsorbing H,0O over CO, at the stage of thermodynamic
equilibrium (compare with Table 2), to which DFT
calculations commonly apply. However, when considering
only the adsorbaphore of pore I, the preference of CO,
adsorption in AI-TCPB(OH) and, to some extent, in Al-
TCPB(NH,) is evident (Table 4). We reason that even though
the —OH groups are not exposed to pore I in AI-TCPB(OH),
they increase the overall polarizability of the ligand, enhancing
dispersive interactions with CO, within that pore. Our DFT
calculations offer a tempting explanation why Al-TCPB(OH)
showed the highest CO, breakthrough capacity unaffected by
the presence of humidity.

Structural modularity of MOFs allows for rational tuning of
their functional properties to a much greater extent than in
other classes of porous materials. We investigated the impact of
the change of a single structural parameter, namely, the ligand
functionalization in Al-TCPB, on the prospect of the resultant
materials for postcombustion carbon dioxide capture. Core
properties of the materials decorated with —OH or —NH,
functional groups, such as pore size, crystallinity, and
hydrolytic stability, remained unaltered with respect to the
parent Al-TCPB material. However, the adsorption properties
of the functionalized materials were greatly enhanced: Al-
TCPB(OH) and Al-TCPB(NH,) exhibited increased CO, and
H,O vapor uptakes, as evidenced by adsorption isotherms, and
higher CO, capacities under dynamic conditions compared to
Al-TCPB. Importantly, all three analogs maintained their
performance under simulated flue gas conditions (25 °C, 1 bar,
4/96 CO,/N, gas mixture), unaffected by the presence of 75%
RH in the analysis gas stream, as evidenced by their consistent
CO, breakthrough capacity over 8 CO, capture-regeneration
cycles, underscoring their stability under carbon capture
process conditions. Furthermore, even after humidification
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Figure 6. DFT-calculated adsorption sites and preferred geometric orientations of CO, and H,0 molecules adsorbed within the three pores of Al-

TCPB(OH).

Table 4. DFT-Calculated Binding Energies of CO, and H,0 Adsorbed in Al-TCPB, AI-TCBP(OH), and Al-TCPB(NH,)“

CO, H,0
pore I pore II pore III pore I pore II pore III
Al-TCPB —34.56 —33.23 —32.36 —39.84 -31.73 —27.86
ALl-TCPB(OH) —47.66 —41.32 —28.67 —35.85 —30.51 —56.82
AL-TCPB(NH,) —41.85 —41.15 -21.76 —40.18 —33.47 —25.18

“Values in kJ/mol.

for 3 h, these materials regained their sorption properties upon
subsequent regeneration at 150 °C. Solid-state NMR spectra
recorded upon wet (75% RH) "CO, dosing revealed
preferential interactions between H,O molecules and Al-
O(H) chains in AI-TCPB, and between H,O molecules and
the carbon atoms directly bound to the —NH, functional
group in AI-TCPB(NH,). Analysis of the physisorbed *CO,
peak line width in "*C solid-state NMR spectra, recorded upon
dosing with humidified *CO,, showed that CO, molecules are
mobile in AI-TCPB and less so in AI-TCPB(OH), and that the
presence of H,O vapor does not significantly influence the
physisorption of CO,. An explanation why CO, adsorbs
preferentially in AI'TCPB(OH) was further offered by DFT
calculations. AI-TCPB(OH) has therefore been postulated as a
functional material capable of capturing CO, from diluted and
humid sources, although its scaleup and deployment will
require further investigation. Additionally, the robustness of Al-
TCPB, the flexibility of AI-TCPB(OH) and Al-TCPB(NH,),
both mentioned here only briefly, await further examination to
decipher the influence of these structural phenomena on the
CO, capture possibilities. Ongoing research in our laboratory
continues to explore CO, capture using novel, aromatic-
adsorbaphore-functionalized Al-MOFs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00923.
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