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In brief

We rationalize a design strategy for
developing a highly confined pore
environment in a metal-organic
framework (CU-4) for achieving excellent
performance for the selective capture of
CO,. Advanced characterization
techniques coupled with molecular
simulations reveal that CU-4 exclusively
recognizes CO, via multiple hydrogen-
bonding interactions while displaying
high working capacity. CU-4 maintains its
performance even at high relative
humidity, suggesting applicability for
post-combustion capture. These
concepts can be extended to achieve
highly selective pore environments for the
separation of challenging gaseous
mixtures.

Chen et al., 2025, Chem 117, 102382

July 10, 2025 © 2024 The Author(s). Published by
Elsevier Inc.
https://doi.org/10.1016/j.chempr.2024.11.020

¢? CellPress


mailto:sihai.yang@pku.edu.cn
mailto:o-farha@northwestern.edu
mailto:df334@cam.ac.uk
https://doi.org/10.1016/j.chempr.2024.11.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chempr.2024.11.020&domain=pdf

Chem ¢ CelPress

OPEN ACCESS

Flexibility-frustrated porosity for enhanced
selective CO, adsorption in an ultramicroporous
metal-organic framework

Xu Chen,"-? Dhruv Menon,-° Xiaoliang Wang,?> Meng He,*¢ Mohammad Reza Alizadeh Kiapi,' Mehrdad Asgari,’
Yuexi Lyu," Xianhui Tang,? Luke L. Keenan,> William Shepard,* Lik H. Wee,' Sihai Yang,®7-* Omar K. Farha,?8"
and David Fairen-Jimenez'-10*

1Department of Chemical Engineering & Biotechnology, University of Cambridge, Philippa Fawcett Drive, Cambridge CB3 0AS, UK
2Department of Chemistry and International Institute for Nanotechnology (IIN), Northwestern University, Evanston, IL 60208, USA
3Department of Chemistry, The University of Manchester, Manchester M13 9PL, UK

4Synchrotron SOLEIL-UR1, L’Orme des Merisiers, Départementale 128, 91190 Saint-Aubin, France

5Diamond Light Source Ltd., Harwell Science and Innovation Campus, Chilton, Didcot OX11 ODE, UK

SEuropean Synchrotron Radiation Facility, 71 Avenue des Martyrs, CS40220, 38043 Grenoble Cedex 9, France

7College of Chemistry and Molecular Engineering, Beijing National Laboratory for Molecular Sciences, Peking University, Beijing 100871,
China

8Department of Chemical and Biological Engineering, Northwestern University, Evanston, IL 60208, USA

9These authors contributed equally

10 ead contact

*Correspondence: sihai.yang@pku.edu.cn (S.Y.), o-farha@northwestern.edu (O.K.F.), df334@cam.ac.uk (D.F.-J.)
https://doi.org/10.1016/j.chempr.2024.11.020

THE BIGGER PICTURE In the current context of global warming, the selective capture of carbon dioxide
(CO,) from point-source, industrial gaseous streams—containing a mixture of CO,, nitrogen (N,), and wa-
ter—is vital for controlling emissions from fossil fuel combustion before they can be substituted by renewable
energy. Although adsorbent-based technologies, such as those based on metal-organic frameworks (MOFs),
offer potentially productive pathways for the selective capture of CO, from gaseous mixtures, their develop-
ment is limited by the sub-angstrom differences in sizes of CO, and N, and the competitive adsorption of wa-
ter. Here, we demonstrate a materials design strategy by leveraging “frustrated” framework flexibility to
realize an optimum confined pore environment that selectively recognizes CO, while displaying a high work-
ing capacity. Using synchrotron-based X-ray diffraction experiments and molecular simulations, we are able
to show that in its narrow pore configuration, our reported MOF is able to exclusively recognize CO, in a lock-
and-key manner. Notably, the selective binding of CO, is maintained even at high relative humidity values,
suggesting applicability for post-combustion capture—which accounts for 30% of global carbon emissions.
The concept of frustrated flexibility can be extended to achieve highly selective pore environments for the
separation of challenging gaseous mixtures.

SUMMARY

Selective CO, capture from industry is crucial for reducing emissions from fossil fuel combustion. Flexible
metal-organic frameworks (MOFs) have shown promise for CO, adsorption via differential binding and
size-exclusion mechanisms. However, achieving precise pore-size control to selectively capture CO,, partic-
ularly in the presence of N, and water, remains a challenge. Here, we demonstrate a strategy for frustrating
framework flexibility in a MOF to create an optimal, confined pore environment that enhances selective CO,
recognition while maintaining high working capacity. We designed a flexible MOF, Cambridge University
(CU)-4, by using a bulky cubane-derived ligand and In®** ions that undergo dynamic breathing with a 2 A
contraction upon solvent exchange and removal. In situ synchrotron X-ray diffraction and molecular simula-
tions reveal that the stable narrow-pore configuration creates a hydrogen-rich cavity that selectively binds
CO, via multiple hydrogen bonds. This physisorption-based CO, recognition remains effective even at
80% humidity, making CU-4 promising for post-combustion carbon capture.

'._3,. Chem 117, 102382, July 10, 2025 © 2024 The Author(s). Published by Elsevier Inc. 1
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INTRODUCTION

The increasing levels of atmospheric carbon dioxide (CO5) repre-
sent one of the most pressing global environmental concerns
because they contribute significantly to global warming and
climate change."? Before the energy transition can take place
through renewable energy, technologies that effectively capture
and store CO, from fossil fuels are necessary for reducing the
environmental footprint of our current energy usage.” Traditional
industrial CO, capture methods, such as liquid amines*° that
absorb CO, from flue gases through chemical interactions, are
widely used. However, as a consequence of the aqueous nature
of the process, they face critical limitations, including high en-
ergy requirements due to the harsh conditions required for their
regeneration, increased costs, and equipment corrosion.’:®
Adsorption-based approaches, employing solid adsorbents uti-
lizing either physisorption or chemisorption for selective CO,
binding, are able to overcome many of these challenges, offering
promising CO, uptake metrics mostly because of the milder
energy requirements. In other words, operating expenses are ex-
pected to be much lower than amines.® ' While chemisorption-
based techniques in solid and porous materials—in most
cases—offer high selectivity by strongly binding to CO, even in
the presence of nitrogen (N,) and moisture, they still carry a
high energy penalty for regeneration.”’ By contrast, although
typically less selective—especially in the presence of water—
physisorption-based CO, capture requires a lower energy pen-
alty for regeneration, leading to an overall better performance.'?

Because of their high degree of tunability, metal-organic
frameworks (MOFs) have emerged as promising candidates for
carbon capture.'®'* Their customizable nature allows for the
fine-tuning of their building blocks, pore dimensions, surface
chemistry, and functionalities for optimizing CO, adsorption'*'®
beyond that permitted by conventional materials, such as zeo-
lites, even more in the presence of moisture.”'? In realistic
CO, capture scenarios—especially post-combustion—there is
a need to selectively capture CO, from a gaseous stream.’® In
such scenarios, enhancing the CO, selectivity versus N, and
moisture during a molecular-recognition adsorption process
relies on the fundamental understanding of the host-guest
chemistry and the interactions that arise therein.'®'” To
achieve high-performance molecular-recognition adsorbents, it
becomes essential to rationally design such systems with coop-
erative interactions that promote the selective uptake of targeted
molecules.'®'®"® However, enhancing selectivity through finely
controlling the molecular sieving effects of rigid MOFs often
compromises the working capacity of the framework, leading
to a tradeoff between the working capacity and selectivity. This
is because high selectivities typically demand narrow porosities,
which come at the cost of reduced pore volumes, resulting in
lower adsorption capacities. An area less explored within the
context of addressing this limitation for the creation of optimal
molecular-recognition systems is framework flexibility.?%>°
Flexible MOFs show reversible, structural changes in response
to external stimuli,>* such as variations in gas exposure, temper-
ature, and pressure, demonstrating the ability to adjust their pore
sizes, binding sites, and breathing behavior. Flexible MOFs
respond to stimuli in that they exhibit behaviors such as breath-
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ing, swelling, subnetwork displacement, and linker rotation.??
The first three examples are usually associated with changes in
the unit cell volume, whereas linker rotation typically does not
result in any such change.”® For instance, a representative
phenomenon in this context is the adsorption-induced gate-
opening/closing behavior frequently observed in flexible MOFs,
such as X-dia-1-Ni, when they reach a certain gas pressure.”®
Broadly speaking, flexible MOFs show great potential to
enhance separation efficiency, even for the most challenging
gas mixtures.'>?’ This ability to finely tailor MOFs’ structures,
pore sizes, and pore windows has allowed the simultaneous
improvement of working capacity and selectivity. ' Despite their
clear potential for gas separations, the effective control of the
structural flexibility of MOFs for targeted applications remains
a challenge.?>?* In particular, once framework flexibility has
been leveraged for the creation of an optimal pore environment,
it is desirable to restrict further framework dynamics during
subsequent guest uptake.

Until now, linkers and linker functionality have shown an impact
on framework flexibility.’®° In one approach, when considering
the exploitation of linker rotation in particular,?® several studies
have focused on minimizing the structural dynamics by incorpo-
rating bulky 3D-ditopic ligands in MOF construction. For example,
ditopic ligands, such as p-carborane-1,12-dicarboxylate, bicyclo
[2.2.2]octane-1,4-dicarboxylate, and bicyclo[1.1.1]pentane-1,3-
dicarboxylic acid, were employed to restrict breathing behavior
and pore contraction while preserving the large-pore configura-
tion.>°% This strategy proved advantageous for applications
requiring the separation of similarly sized molecules, including iso-
mers.>>3 In addition to the linkers, the metal nodes serve as
another platform for controlling the flexibility of MOFs.**° For
example, in the case of MIL-53(M) series, where M represents a
metal such as Cr, Sc, Al, or In, the electrons of metal ions within
the [M(OH),O4] chains influence the distance between adjacent
metal ions, thereby affecting the framework’s overall elongation
and contraction.*® Specifically, the large-pore configuration of
Cr- and Al-based MIL-53 is stable across the tested tempera-
tures,*”*® whereas the Sc- and In-based MIL-53 typically stabilize
in the narrow-pore configuration upon solvent removal.* A similar
scenario can be observed in paddlewheel-based pillared-layered
MOFs,*® where the Zn-based MOFs tend to form narrower phases
than the Cu-based MOF upon desolvation. The authors attributed
it to the minor distortion of the stiffer Cu?* coordination sphere.
Recently, the rigid cubane-based 3D-ditopic linker was employed
for synthesizing the aluminum-based MOF ZUL-C2,° which
achieved C,Hg/CH,4 and C3Hg/CH, selectivities of 82 and 741 at
100 kPa, respectively. These results outperform those of some ex-
isting porous materials, such as BSF-1*" and BSF-2.%? In that
work, ZUL-C2 maintained a rigid structure by retaining its large-
pore integrity under various gas adsorption experiments.
Conversely, although a contracted narrow pore might reduce
the gas adsorption capacity because of a lower pore volume, it
could significantly enhance selectivity. Here, suppressing the
expansion of the narrow-pore configuration can restrict the flexi-
bility of MOFs to achieve high selectivity for target gas molecules.
In our study, we hypothesized that the introduction of electron-
deficient In®* would facilitate the distortion of the octahedral
coordination sphere within [In(OH),O4] and therefore affect the
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Scheme 1. Flexibility-induced strengthening of host-guest interactions
Framework flexibility resulting in a pore contraction leads to a hydrogen-rich pore cavity facilitating strong host-guest interactions, boosting selectivity. Once in its
stable narrow-pore configuration, the bulky ligand minimizes framework dynamics during guest uptake —thereby inducing a frustrated state.

distance between adjacent In ions to improve the selectivity of
CO, adsorption.

The understanding of the major factors influencing framework
flexibility allows us to envision here the development of a
confined pore environment that would strengthen the CO.-
framework interactions. Simultaneously, for such a material,
designing a framework with pore window sizes that are favorable
for CO, uptake but not for N, can also help to boost selectivity.*®
Since the kinetic diameters of CO, and N, are 3.30 and 3.64 A,
respectively,** a pore aperture within this range is ideal but chal-
lenging. With these considerations in mind, we demonstrate here
a strategy for designing a hydrogen-confined pore environment
for the selective recognition of CO, by exploiting frustrated
framework flexibility. Our definition of “frustrated flexibility” (or
“flexibility-frustrated porosity”) slightly deviates from the previ-
ous example,*® where the frustrated flexibility was introduced
through precise chemical functionalization of organic ligands,
resulting in some degree of structural distortion. We shift focus
toward manipulating the building metal nodes that are likely to
stabilize in a narrow-pore phase. We incorporated a 3D-bulky
organic ligand that can minimize framework dynamics during
guest uptake in the narrow-pore phase, thereby facilitating
high selectivity by exploiting sub-angstrom differences in sizes
(Scheme 1). Through the rational design of a flexible, channel-
based, MIL-53-type, ultramicroporous MOF, CU-4 (CU stands
for Cambridge University), we achieved precise control over
pore contraction by combining electron-deficient In®* and the
bulky 3D cubane-derived ligand. CU-4 exhibits a pore-indepen-
dent dynamic breathing behavior upon solvent exchange and
removal,”® leading to pore aperture contraction by ca. 2 A. we

hypothesized that this induced flexibility would facilitate the
modulation of the hydrogen-confined pore environment to
create rich adsorption pockets with multiple hydrogen-bonding
(H-bonding) interactions suited to the exclusive recognition of
CO, molecules (Scheme 1). However, once the MOF adopts
this narrow-pore configuration, the presence of a bulky ligand
would minimize framework dynamics during guest uptake—
thereby existing in a frustrated state. As a result, the activated
CU-4, characterized by its narrow-pore structure, shows
outstanding CO,/N, separation efficiency with moderate heats
of adsorption (Qst = 36.9 kdJ/mol) for CO, and ideal adsorbed so-
lution theory (IAST) selectivity of 241 for binary CO./N, mixtures
(15/85, v/v). CU-4 maintains excellent water stability and, as
a result of these multiple H-bonding interactions, shows
impressive CO, separation performance even at high relative
humidity (RH) levels (up to 80% RH), alongside excellent recycla-
bility confirmed by dynamic breakthrough tests. Notably, we
observed the creation of adsorption pockets due to pore narrow-
ing of the structure by a combination of in situ synchrotron X-ray
diffraction and molecular simulation, which showcased the for-
mation of multiple H bonds with CO, molecules. CU-4 and,
more broadly, the strategy presented herein emerge as a step
toward the design of new, physisorption-based materials for
carbon capture.

RESULTS AND DISCUSSION
Design and characterization

Heating cubane-1,4-dicarboxylic acid (HoL) and In(NOj);
o6H,0 in a mixture of dimethylformamide (DMF) and HNO3;
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Figure 1. Structures of CU-4,, and CU-4,,,

(A and B) Structures of the octahedral [INO4(OH),] chain (A) and ligand linker (B).

(C and F) Pore structures.

(D and G) Side view visualizing the arrangement of [InO4(OH),] chains (D) and HoL linkers (G).

(E and H) One-dimensional channels of CU-4,, (E) and CU-4,,, (H).
Color code: In, blue octahedron; C, gray; O, pink; H, white.

solution at 120°C for either 24 or 48 h led to the formation of rod-
like single crystals (Figure S1). The isolated crystals were stored
in fresh DMF and denoted as CU-4. Synthesis of CU-4 from 5 mL
reactions up to 230 mL yielded crystals with consistent crystal-
linity and porosity (Figures S2 and S3). Single-crystal X-ray
diffraction (SCXRD) revealed that it crystallizes in the ortho-
rhombic space group Imma. As shown in Figure 1D, ligands L
are organized into 1D stacks running parallel to the infinite
[INO4(OH),] chains. Adjacent [INO4(OH),] chains and stacks of
parallel ligands L are then arranged in parallel, thus forming
one-dimensional channels along the b axis (Figures 1C, 1E, and
S29). The pore-limiting diameter (PLD) and largest cavity diam-
eter (LCD), calculated with Poreblazer and a helium probe,*°
are 4.86 and 5.29 A, respectively (Table S5). Interestingly, we
observed significant changes in the powder X-ray diffraction
(PXRD) patterns (a new peak at 10.7°) when DMF was exchanged
with ethanol or acetone and also when activated (Figure 2A). To
explore the structure of this new phase, we conducted SCXRD
on both the ethanol-exchanged and the activated CU-4; we
observed a transition to a monoclinic /2/a space group with half

4 Chem 117, 102382, July 10, 2025

L, half In®, and half bridging —OH in its asymmetric unit.
Compared with the DMF-solvated structure, the octahedral ge-
ometry around In®* and cubane skeleton within L is twisted
(Figures 1D and 1G), resulting in a contracted, one-dimensional
channel with PLD and LCD values reduced to 3.07 and 3.54 A,
respectively (Figures 1H and S30; Table S5). These findings
show that CU-4 is a flexible, three-dimensional framework
composed of trans-corner-shared octahedral [INO4(OH),] chains
interconnected by L ligands (Figures 1A and 1B) displaying a one-
dimensional channel in the Z-direction (Figures 1C, 1E, 1F,
and 1H).

Similar to the MIL-53 series,*” CU-4 exhibits a breathing effect
in response to treatment variations between a large-pore and a
narrow-pore configuration (Scheme 1; Figure 1). We therefore
used the same terminology and named these two phases
CU-4, and CU-4,,, (Ip, large pore; np, narrow pore). The experi-
mental PXRD patterns of ethanol- and acetone-exchanged and
activated CU-4 match well with those of the simulated CU-4,,,,,
confirming the phase purity of the bulk sample (Figure 2A).
Furthermore, we performed Pawley refinements on the bulk
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Figure 2. Characterization and adsorption performance
(A and D) PXRD patterns.
B and E) CO, (B) and N, (E) adsorption isotherms.

(
(C) Isosteric heat of adsorption for the adsorption of CO,, calculated from the isotherms measured at three temperatures.
(F) Water adsorption (solid circles) and desorption (open circles) isotherm at 298 K.

DMF-solvated CU-4 and confirmed that the large-pore form is
stable in DMF (Figure S28). The N, isotherm of activated CU-4
at 77 K highlights its flexibility. As shown in Figure S4, the acti-
vated CU-4 did not adsorb N, until p/py approached 0.7, indi-
cating that the material remains in the narrow-pore form, which,
at 77 K, barely allows N, molecules to enter. There was a slight
increase in N, uptake with increasing pressure until p/pg = 0.9,
where a step was observed, and the N, uptake increased from
24 to 126 cm®g. This was most likely due to the partial
reopening of the pore within CU-4. Afterward, the N, uptake
continued to rise until it reached a maximum uptake of
137 cm®/g at p/py = 0.98. The desorption process exhibited a
significant hysteresis by maintaining the high N, uptake down
to p/po = 0.026, below which the N, uptake sharply decreased.
Unlike the flexible behavior observed from the N, isotherm at
77 K, the N, and CO, adsorption isotherms at 195 K did not trigger
the breathing transition. Instead, they exhibited a typical type |
shape with negligible hysteresis upon desorption (Figures S5
and S6), showing that, as expected, temperature plays a role in
the phase transitions and scaffold rigidity at or above 195 K.

Single-component gas adsorption

To evaluate the performance of the activated structure (CU-4,,,)
for carbon capture, we first conducted single-component
adsorption isotherms for CO, and N, at —78°C (195 K), 0°C
(273 K), 20°C (293 K), and 40°C (313 K). Prior to the measure-

ments, the as-synthesized CU-4 was washed with DMF,
exchanged with acetone, and then evacuated under vacuum at
120°C for 14 h, resulting in activated CU-4. Figure 2B shows
the type | adsorption isotherms obtained for both gases. In
contrast to the N, adsorption at 77 K, there was no evidence
of phase changes at the studied temperatures for either CO, or
N,. The CO, uptake reached 70 cm®g (3.1 mmol/g) at 1 bar
and 293 K. By contrast, N, isotherms showed negligible uptake
(7 cm®/g at 1 bar), most likely because N, molecules were
excluded from the pore, consistent with our initial hypothesis
and PLD values calculated by Poreblazer (Table S5). Reducing
the temperature to 273 K resulted in a higher CO, uptake, yet
N, uptake remained minimal with ca. 12 cm®/g (0.5 mmol/g) at
1 bar. This trend persisted even at 195 K, where CO, adsorption
reached 83 cm®/g (3.7 mmol/g), whereas that for N, reached only
4 cm®/g (0.2 mmol/g) at 1 bar (Figures S5 and S6). Subsequently,
we calculated the Qg via the Clausius-Clapeyron equation for
CO,, which exhibited a flat curve across the range of loadings
(Figure 2C), indicating the presence of energetically homoge-
neous binding sites over the loading range.*® The zero-loading
Q¢ for CO, was 36.9 kd/mol (Figure 2C), comparable to that of
some other representative materials (Table S17), such as dptz-
CuSiFg,*® UTSA-16,*® and CALF-20.* Such moderate Qg values
are highly desirable when we consider lower energy require-
ments for material regeneration. By contrast, the Q¢ value calcu-
lated for N, at zero-loading was 27.6 kJ/mol (Figure S7), lower
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Figure 3. Breakthrough test
(A) Breakthrough curves for CO, and N, (15/85, v/v) at 293 K and 1 bar.

+Not reported ¢ Degraded upon exposure

(B) Cyclic breakthrough separation experiments for CO, and N (15/85, v/v) at 293 K and 1 bar under 50% RH.

(C) Performance of CU-4 for the uptake of CO, under dry conditions from thermodynamic equilibrium adsorption isotherms and under wet conditions from
breakthrough experiments. Performance is benchmarked against that of leading MOF-based physisorbents. The source data and supporting references are
available in Table S17 and the supplemental information. Please note: the scale of the y axis for dry (left) and wet (right) conditions is different.

than that of CO,, which further shows the presence of the rela-
tively stronger binding interaction formed between CO, and
CU-4,,. We also calculated the IAST selectivity using the
DS-Langmuir and Toth models for experimental CO, and N,
isotherms, respectively, to assess the adsorption selectivity
(Figure S11; Table S9). Figures S9 and S10 show the calculated
IAST selectivity for a binary CO./N, (15/85 and 4/96 v/v) mixture
at 293 K, which gradually decreased from 236.6 and 240.2 at
very low pressure to 202.2 and 197.8, respectively, at 1 bar.
These results are comparable to those of benchmark materials
that do not contain open metal sites or amine-based linkers,
such as CALF-20 and the SIFSIX-series MOFs (Figure 3GC;
Table S$17).44°

Since most industrial process streams inevitably contain 4-20
vol % of water (e.g., coal-fired boilers, 8-10 vol %; natural-gas-
fired boilers, 18-20 vol %; blast furnace gas, 4-5 vol %; cement
kiln-off gas, 12.8 vol %; and oil refineries, 14-15 vol %),°° the
CO, uptake and selectivity against N, are not the only important
parameters in carbon capture. In particular, one also needs to
consider the MOF stability against water as well as the compet-
itive adsorption of water versus CO.. In the past, we have shown
how physisorbent MOFs with high affinity for molecules with
important electrostatic interactions, such as CO,, will also
show high affinity toward water, whereas highly hydrophobic
MOFs will not adsorb water or the target adsorbate.®' To study
the water stability, we exposed CU-4,,, to liquid water for up to
3 days. As shown in Figures 2D and 2E, both PXRD patterns
and CO, isotherms at 293 K remained unchanged after the water
treatment, indicating excellent tolerance to water. The thermog-
ravimetric analysis (TGA) curve shows that CU-4,,, was thermally
stable until 380°C (Figure S12). Furthermore, the K-edge
extended X-ray absorption fine structure (EXAFS) experiments
confirmed that the local coordination environment of In®* ions re-
mained intact (Figures S13-S15; Table S10). The water adsorp-
tion isotherm of CU-4,,, showed low uptakes of ca. 5.6, 7.6, and
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8.9 mmol/g at 20, 50, and 90% RH, respectively (Figure 2F). The
profile indicates that CU-4,,, has a lower affinity for water than
established water-resistant MOFs (such as MOF-74-Ni,® UiO-
66-(0H),,° Al fumarate,®” and CAU-10°%) and comparable water
uptakes with respect to contemporary MOFs (such as CALF-20,
CALF-20M-w, CALF-20M-e, and NU-220*"2).The enhanced sta-
bility of CU-4,,,, is attributed to the presence of the infinite-chain
secondary building unit (SBU) and the bulky 3D ligand.
Compared with discrete SBUs, infinite-chain SBUs, such as
[INO4(OH),] chains, have been reported to improve the
hydrothermal stability of MOFs.>**> Moreover, in addition to
facilitating angstrom-level control over pore sizes, 3D linkers
(such as the 3D, cubane-derived ligand) have shown high hydro-
thermal stability by preventing the approach of water molecules
to the metal-carboxylate coordination bonds.*>”

Dynamic breakthrough tests

To further evaluate the practical separation performance of simu-
lated flue gas, we next conducted the dynamic breakthrough test
at 293 K and 1 bar for binary gas mixtures of CO, and N, (15/85,
v/v) under dry and wet conditions (Figure 3) with a flow rate of
6.67 cm®/min. The analysis of performance under wet conditions
was necessary given that, as described above, competitive water
adsorption is a challenge in the development of new adsorbents
for carbon capture. In all the breakthrough cases, N, eluted first
from the packed column and reached saturation with negligible
CO, detected, whereas CO, took a longer time to break through
the column, demonstrating the capability of the framework to
separate both gases. Notably, N, exhibited a “roll-up” behavior,
typical when CO, displaces the small amounts of adsorbed N, in
binary gas mixtures. In the case of dry conditions, the break-
through times were 413 and 1,517 s/g for N, and CO,, respec-
tively, which correspond to a CO, adsorption capacity of
1.06 mmol/g (total effective capacity: 1.52 mmol/g). Under humid
conditions at 50% RH, breakthrough times decreased to 177 and
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1,403 s/g for N> and CO,, respectively (Figure 3A), which corre-
spond to a CO, adsorption capacity of 0.97 mmol/g (total effec-
tive capacity: 1.36 mmol/g), suggesting that the presence of wa-
ter competes with both N, and CO, for adsorption sites. Despite
the small detrimental effect of humidity, CU-4,,, was still able to
discriminate between CO, and N, and showed a minimal impact
of 7.5% reduction on the CO, breakthrough time, as opposedtoa
57% reduction on N,. We further evaluated the impact of the
amount of water on the separation performance by increasing
the humidity further. At 80% RH, the breakthrough time for CO,
decreased from 1,517 s/g under dry conditions to 1,030 s/g,
which translates to 0.73 mmol/g (total effective capacity:
1.21 mmol/g)—a 32% reduction. Overall, these findings imply
that CU-4,,, has selective adsorption properties that favor CO,
in both dry and humid conditions, although its efficiency for
CO, separation decreases as humidity increases (Figure 3C). In
our analysis, prior to each breakthrough cycle, we regenerated
CU-4,,, by heating it to 120°C for 2 h under a flow of dry He until
no detectable N,/CO,/water on mass spectrometry was
measured. Figure 3B shows three breakthrough cycles at 293 K
and 50% RH on CU-4,,,. The sample maintained its separation
performance, demonstrating excellent stability, recyclability,
and durability —making it a promising candidate for physisorp-
tion-based CO, capture in wet flue gas streams. Figure 3C shows
a comparison of CU-4,,, benchmarked against leading MOF-
based CO, physisorbents; Table S17 shows the values and refer-
ences. To allow for a fair comparison, we took CO, uptake under
dry conditions from thermodynamic equilibrium adsorption iso-
therms but took moisture adsorption capacities from dynamic,
breakthrough experiments. Whereas the CO, uptake of CU-4,,,
was comparable to that of CALF-20,* UTSA-16," and ALF® un-
der dry conditions, notably, under humid conditions (>70% RH)
most of these MOFs reported a significant drop in their CO, up-
takes, and others, such as MOF-74-Mg, degraded upon expo-
sure to water (Figure 3C). For instance, the CO, uptake of
CALF-20 decreased drastically when the RH exceeded 50%
and was negligible at 75% RH (it went from 2.7 mmol/g
under dry conditions at 293 K and 0.15 bar to 0.25 mmol/g
at 74% RH), corresponding to a 90% reduction from dry
conditions.'? By contrast, CU-4,,,, despite a 30% drop in its
uptake under wet conditions, maintained a competitive capacity
for CO, under such conditions, second to SIFSIX-2-Cu-i
(Figure 3C).

Mechanistic studies
To gain mechanistic insights into the gas adsorption process in
CU-4,,, and CU-4,,, we performed atomistic grand canonical
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Monte Carlo (GCMC) simulations (see supplemental methods
section S4 for details). We began by simulating the single-
component adsorption isotherms of CO, and N, in CU-4,,, and
CU-4, at 293 K (Figures 4A and S16). The simulated results
for CU-4,,, closely matched the experimental maximum uptake
for CO, with a small overestimation for N,. In both cases, the
host-guest interactions were overestimated, something typically
found when generic force fields, such as the Dreiding and univer-
sal force field, are used (Figure 4A).°® Overall, the simulations
captured the selectivity of CU-4,,, for CO, over N,. We further
simulated mixture isotherms for CO,/N, (15%/85%) to study
the competitive uptake of the gases. Figure S20 shows the highly
selective uptake of CO, with negligible N, uptake across the
pressure range studied, aligning well with the observations
from the single-component gas adsorption isotherms and simu-
lations (Figure 2B). We then calculated radial distribution func-
tions (RDFs) (Figures 4B and S17-519) to find how the atoms
radially pack around each other.*® Figure 4B shows the average
distance between the framework H atoms from the [INO4(OH),]
chains and the O atom in CO, (denoted O[CO,]) and the N
atom in N, (denoted N[Ny]). The first peak, for both CO, and
N5, was observed at ~2.5 A, which corresponds to the formation
of strong H bonds,®° whereas the peaks at a longer range imply a
higher order of packing for the adsorbed molecules. The minimal
distance between the In node and O[CO,] and the node and N
[N5] corresponds to >4 A, which is insufficient for the formation
of coordination bonds (Figures S17 and $19).°"%? CU-4,,, was
calculated to have a higher enthalpy of adsorption (AH.y) for
CO, (—50.69 kd/mol) than CU-4, (—34.57 kJ/mol). This increase
in the magnitude of enthalpy could be due to a greater overlap of
the attractive potential fields from the opposite walls of the
framework caused by the narrowing of the cavity.*® The nar-
row-pore configuration of CU-4 thus leads to more favorable in-
teractions for CO, than the large-pore configuration does. This
favorable uptake, however, also extends to N, given that
CU-4,,, had a higher enthalpy of adsorption (—25.59 kJ/mol)
than CU-4, (—18.64 kJ/mol). Despite this, the magnitude of
the difference is smaller for N, and is unable to compensate
for a higher N, uptake (Figures 4A and S16) given that a higher
selectivity was maintained in the narrow-pore configuration.
Adsorption snapshots allow us to visualize CO, molecules
along the pore channels of CU-4,,, and reveal that CO, mole-
cules occupy the center of the pore (Figure 4C). Although snap-
shots provide an instantaneous view of the occupancy, they do
not provide a comprehensive understanding of the distribution of
CO, throughout the porosity and along the [In-O-In] backbone
channel. To address this, we first compressed the occupancies

Figure 4. Computational insights into CO, adsorption by CU-4,,,

(A) Comparison of experimental and simulated CO, and N, isotherms at 293 K for CU-4y,,,.
(B) Radial distribution functions (RDFs) between framework H and O(CO,) in blue and framework H and N(Ny) in orange. Typical donor-acceptor distances for H

bonds are 2.7-3.3 A.

(C) Configuration of CO, molecules along the pore channels of CU-4,,, from the single-component adsorption simulation (color code: In, yellow; O, pink; C, gray;
H, white). Inset: snapshot of a single unit cell (color code: In, blue; O, pink; C, gray; H, white).
(D) Average C(CO,) occupancy across the unit cell, viewed along the XY plane (coordinates of the supercell were folded into a single cell) (color code: In, blue; O,

pink; C, gray; H, white).

(E) C(CO,) occupancy along the pore channel. Each slice considers occupancy for a 3 A window behind it. Blank slices indicate that there is no occupancy within
the window. Note: each slice depicts the relative occupancy of the respective window.
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of the center of mass (COM) of the CO, molecules from the simu-
lation supercell down to a single unit cell at each cycle (i.e., a set
of Monte Carlo moves; see supplemental methods section S4 for
more details) after equilibration. We then performed a kernel
density estimation (KDE) by using a Gaussian kernel, which
helped identify regions of high occupancy within the cell and
along the pore channel (Figures 4D and 4E). Because the simu-
lation samples the free-energy landscape of the system, regions
of high guest occupancy point to energetically favorable sites—
i.e., “wells” in the free-energy surface.” In terms of absolute
occupancy, as witnessed in the post-simulation snapshot
(Figure 4C), the center of the pore has the most energetically
favorable sites. However, certain energetically favorable sites
are also present at the periphery of the cell (Figure 4D). To better
understand the occupancy along the pore channel, we prepared
slices by binning occupancies along a 3 A window along the
Z-channel (Figure 4E). Blank slices indicate the windows without
CO, molecules; near the extremities of the channel, energetically
favorable sites are at the center of the cell, whereas at the center
of the channel, energetically favorable sites are at the periphery.
It is, however, crucial to note that each slice represents a relative
occupancy, i.e., the occupancy relative to the 3 A posterior win-
dow, and not the absolute occupancy, i.e., that for the whole cell.
As observed in Figure 4D, the occupancy at the center of the cell
is higher, implying that the center of the cell is energetically
more favorable for guest occupancy, most likely because of an
overlap of H bonds between O[CO,] and the framework H. This
observation supports our framework’s design rationale, where
restraining the framework into a narrow pore provides a condu-
cive environment with favorable interactions for the selective
confinement of CO,—discussed subsequently.

To gain additional insights into the competitive behavior of
CO, with H,0O, we simulated mixture isotherms at 1 bar and vary-
ing RH. Even though these isotherms’ capacity was overesti-
mated in comparison with that of the experimental single-
component water sorption isotherm (Figure 2F), which we
expected given that these simulations are challenging because
of the polar nature of water,*'? Figure S21 indicates that the
H>0 uptake remained constant up to 40% RH and then gradually
increased up to 80% RH, above which it saturated. Conse-
quently, there was a gradual drop in CO, uptakes above 40%
RH. Notably, compared with CALF-20, which reached its satura-
tion limit at ~40% RH and then dramatically dropped in CO, up-
take, CU-4 reached its saturation limit at ~80% and showed
reasonable CO, uptakes even at relatively high RH.” For a better
understanding of the performance of CU-4 in a real-world, post-
combustion capture process, we used the machine-assisted
adsorption process learning and emulation (MAPLE) frame-
work®® to quantitatively simulate the productivity of CO,
separation from simulated flue gas for CU-4 in comparison
with CALF-20. MAPLE uses a four-step process comprising a
feed step, a blowdown step, an evacuation step, and a light-
product pressurization step. The competitive adsorption equilib-
rium in the MAPLE framework is assumed to be described by the
single-site Langmuir (SSL) isotherm. Hence, we used the SSL
model to fit experimental isotherms to compute the Langmuir
adsorption parameters required for the process calculation
(e.g., saturation capacity [Qsat], adsorption equilibrium constant
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for CO, [bcoo], adsorption equilibrium constant for N, [bys], heat
of adsorption of CO, [AUcop], and heat of adsorption of N,
[AUn2]). Figures S22 and S23 show the fittings for CALF-20
and CU-4, respectively, and Table S14 shows the input param-
eters fitted to experimental pure single-component N, and CO,
isotherms for CU-4 and CALF-20 at different temperatures.
Using MAPLE’s implemented four-step process, we found the
calculated CO, productivity of CU-4 (1.62 mol CO,/m®/s) to be
comparable to that of CALF-20 (1.69 mol CO,/m®%/s). Here,
Table S15 shows the input parameters for the simulation of
the post-combustion capture process; Table S16 shows the
comparison of CO, purity, recovery, productivity, and energy
consumption for CU-4 and CALF-20.

Guest configuration determined by in situ SXPD

To gain further structural insights into the flexibility of CU-4 to
variations in gas and temperature and, importantly, the configu-
ration of gas molecules within the framework, we conducted in
situ synchrotron X-ray powder diffraction (SXPD) experiments
on the loading of CO,, N», or He as a function of temperature.
In brief, the activated MOF was equilibrated with 1.2 bar of
CO,, N», or He at 300 K. The sample was then sealed and cooled
to 100 K before being warmed back to 300 K. The data were
collected every 100 K (see supplemental methods for full details).
Pawley refinement of the data showed no significant changes in
lattice parameters, indicating the retention of the narrow-pore
phase during the abovementioned treatment (Figure S27;
Tables S6-S8). The diffraction peaks at 5.80° (011), 8.45° (110),
and 9.04° (013) slightly shifted to higher angles as the tempera-
ture decreased. These changes reverted as the temperature
increased (Figures S24-S26), suggesting reversible gas
adsorption.®*

The binding sites of CO, within CU-4,,, were also determined
through Rietveld refinements on SXPD data collected at 100 K.
The contracted channels of CU-4,,, were populated with two
types of adsorbed CO, molecules (Figure 5A). Site | (0.25 CO,
per In®* center) is primarily stabilized by H bonds with the hy-
droxyl groups of the In-oxo chain (O-H---Oco. = 2.08(2),
2.71(2) /3) and further reinforced by van der Waals (vdW) interac-
tions with the aliphatic hydrogen centers (C—H- - - Oco2 = 3.03(3)-
3.80(3) A) (Figure 5B, left). Site Il (0.33 CO, per In®* center) is
anchored close to the cubane moiety via stronger vdW interac-
tions at shorter C-H- - -Ocop distances of 2.11(3)-3.13(3) A (Fig-
ure 5B, right). To complement the observations from the in situ
data, we identified potential binding sites within the framework
from the probability distributions of the CO, molecules obtained
from GCMC simulations at 100 K (see supplemental methods
sections S4 and S5 for details). The SXPD observations are
consistent with the GCMC simulations, wherein the probability
distributions of the COM of the CO, molecules after equilibration
were collected and two potential binding sites, i.e., the sites with
the highest relative occupancies (denoted site I* and site II¥),
were calculated (see supplemental methods section S5 for de-
tails). Although we would ideally expect CO, to be localized at
a single site with small fluctuations at 100 K,°° given the inherent
noise of the Monte Carlo sampling process, and for a compari-
son with the SXPD data, we chose to analyze the two sites
with the highest occupancies. These sites are, however, in close
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Figure 5. Configurations of adsorbed CO, molecules within CU-4,,, from refinements of in situ SXPD data and GCMC simulations
(A) Experimentally observed and theoretically calculated CO, binding sites when viewed along the channel (top) and for a single unit cell (bottom).
(B) Experimentally observed binding sites provide insights into host-guest interactions, suggesting the formation of multiple H bonds and vdW interactions for the

exclusive recognition of CO,.

proximity to one another. Both site I* (having a higher relative oc-
cupancy) and site II* occupy the center of the pore along the
channel, consistent with the SXPD models (Figure 5A). In cohe-
sion with the SXPD model, the host-guest binding distances for
both theoretical sites are consistent with the formation of multi-
ple H bonds and vdW interactions (Figure 5A). These observa-
tions confirm our hypothesis that through the induction of the
narrow pore, we achieved a confined pore environment that fa-
cilitates strong host-guest interactions, allowing for the selective
recognition of CO.. It is worth noting that the mechanism of CO,
capture proposed for CU-4,,—featuring the creation of a
hydrogen-confined narrow-pore cavity with multiple strong and
weak interactions—deviates significantly from those observed
in most other adsorbents that typically bind to CO, through
open metal sites, via electrostatic interactions, or through chem-
ical reactions with N,-containing linkers.®®” The formation of
adsorption pockets that can selectively recognize and concen-
trate CO, has been described by Zaworotko and co-workers®’
as an “enzyme-like” behavior that has previously been observed
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in the SIFSIX-series.*>®” This behavior is sometimes also
referred to as “hand-in-glove” binding, as observed in the
case of ALF.® In contrast to ALF, in the case of CU-4, a “lock-
and-key” binding is observed as a result of the frustrated-flexi-
bility state induced by the bulky organic ligand incorporated
into the structure. The lock-and-key model describes enzymes
as having a fixed, rigid active (i.e., rigid-template) site that
perfectly fits a specific substrate, much like a key fits into a
lock. By contrast, following a (many times) more accurate
description of enzymes, the “induced-fit” model—and its meta-
phoric hand-in-glove model—suggests that the enzyme’s active
site is flexible and adjusts its shape upon substrate binding to
achieve a better fit.°®%° The adsorption pocket formed, for
example, in SIFSIX-18-Ni-b facilitates tight CO, binding via
strong C- - -F and relatively weaker C-H- - -O interactions, lead-
ing to high binding interactions (Q; value of 52 kJ/mol).®” By
contrast, in the case of CU-4, CO, binding occurs via multiple
overlapping C-H- - -O and vdW interactions. Although these in-
teractions result in tight CO, binding, they are weaker than those
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of SIFSIX-18-Ni-b, resulting in milder interaction energies and al-
lowing CU-4 to maintain a high selectivity while having lower en-
ergy requirements for regeneration.

Outlook

We have reported a novel MOF, CU-4, featuring electron-defi-
cient In® and a bulky 3D cubane-derived ligand containing
multiple hydrogen moieties. By exploiting the structural dy-
namics of the framework, we were able to realize a
hydrogen-confined pore cavity that is conducive to the exclu-
sive recognition of CO, and validate it by experimental adsorp-
tion isotherms and molecular simulations. Moreover, because
of the incorporation of the bulky ligand, once the MOF attains
its narrow-pore configuration, it adopts a frustrated state,
which minimizes framework dynamics during guest uptake. In
its narrow-pore configuration, CU-4 presents an ideal pore
environment that can optimize host-guest interactions for a
lock-and-key binding of CO, through multiple H bonds and
weak vdW interactions, as confirmed by in situ synchrotron
studies and computational models, demonstrating selectivity
that is comparable to that of benchmark MOFs. The moderate
Qs for the adsorption of CO, allows for energy-efficient
adsorption-desorption cycles that balance the strength and
reversibility of the host-guest interactions. Moreover, CU-4 dis-
plays excellent water stability in that it maintains a high selec-
tivity for CO, even at high RH levels up to 80%, as well as
excellent recyclability, as revealed by dynamic breakthrough
tests. With performance comparable to that of contemporary
benchmark materials (Figure 3C; Table S17), CU-4 is particu-
larly applicable for post-combustion capture. We foresee that
such design strategies that leverage framework flexibility can
be generalized to achieve the next generation of MOF-based
sorbents for energy-efficient molecular separations that maxi-
mize both working capacity and selectivity. As we look toward
industrial translation, indeed, the next frontier involves MOF
production at scales compatible with industrial requirements
by capitalizing on recent protocols for the large-scale synthesis
of MOFs and their precursors.””’! Our current efforts are
aimed at optimizing these synthesis routes to reduce the asso-
ciated costs.
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