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ABSTRACT: Indoor CO, capture is an emerging strategy to
improve air quality while reducing the energy cost of ventilation.
Practical adsorbents must exhibit high affinity at low partial pressures,
fast sorption kinetics, and energy-efficient regeneration. Here, we
show that the Zn—oxalate guanazolate framework NICS-24, a
promising platform for CO, capture at 400—1000 ppm, can be
transformed into a high-performance indoor sorbent via ligand-
mediated defect engineering (LMDE). Postsynthetic treatment with
CF;- and SCHj;-functionalized azolate linkers (denoted as FMeTz and
SMeTz) induces an equilibrium-limited partial Zn-leaching process
that generates vacancy-type defects while preserving the long-range
crystallinity and Zn—linker connectivity. Comprehensive character-
ization (PXRD, EDS, ICP, XPS, PALS, FTIR, and multinuclear
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SSNMR) reveals subtle unit-cell contraction, increased local disorder, and modest expansion of accessible ultramicropore free
volume. These defect-related changes markedly enhance CO, adsorption and transport. At 25 °C and 1000 ppm, the NICS-24-
modified materials show more than a 2-fold increase in uptake (0.36 to 0.77 mmol/g), along with rapid kinetics and improved
thermal-swing regeneration. The SMeTz-treated material retains high working capacity after regeneration at 70 °C and exhibits
stable cycling. In situ DRIFTS and ex situ SSNMR confirm reversible physisorption dominated by interaction with defect-associated
O—H/N-H environments, directly linking vacancy-type defect domains to enhanced low-pressure uptake, accelerated transport
kinetics, and regenerability. Although water adsorption remains competitive, the frameworks are hydrolytically robust, highlighting
LMDE-modified NICS-24 as a promising platform for indoor CO, capture under dry conditions.

B INTRODUCTION

Metal—organic frameworks (MOFs) represent one of the most
structurally versatile classes of porous materials, owing to the
modular combination of metal nodes and organic linkers,
which enables atomic-level control over pore architecture,
surface chemistry, and framework topology.' ~® This structural
tunability has made MOFs highly attractive for applications in
catalysis, separations, sensing, and gas storage.7’8 In particular,
their ability to tailor the pore environments provides a level of
control over adsorption and diffusion that is difficult to achieve
with other porous materials such as zeolites, activated carbons,
or polymer networks.

This tunability is especially relevant in the context of rising
anthropogenic CO, emissions. In addition to long-term
climate effects, elevated CO, levels, which often exceed 1000
ppm, have been associated with immediate health concerns,
including respiratory effects and cognitive impairment.’
Capturing CO, from low-concentration sources, such as
indoor environments (~1000—2000 ppm) or ambient air
(~400 ppm), remains a significant challenge. At such low
partial pressures, adsorbents must combine strong yet
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reversible binding with fast mass transport and tolerance to
competing species such as water. MOFs have shown
considerable promise under these conditions, particularly due
to their tunable pore chemistry.'’~"*

A key strategy for improving the level of CO, capture in
MOFs is pore engineering. Ultramicropores can enhance CO,
affinity through confinement effects and electrostatic com-
plementarity,"” while larger pores facilitate faster diffusion but,
on the other hand, require additional functionalization to
maintain high uptake at low pressures.'* High-performing
systems therefore rely on a delicate balance between pore size,
chemical functionality, and accessibility.>'® However, increas-
ing adsorption strength often comes at the expense of slower
transport, which highlights a fundamental coupling between
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Figure 1. (a) Structural representation of NICS-24 showing Zn—oxalate—guanazolate connectivity with larger and smaller types of open pore
channels. Schematic illustration of the ligand-treatment process with different loadings of functionalized linkers (FMeTz and SMeTz) (X = 10—
100%). (b) Powder X-ray diffraction (PXRD) patterns of pristine NICS-24 and selected modified samples (40FMeTz and 60SMeTz),
demonstrating the retention of the crystal structure upon ligand treatment. (c) Magnified view of the (—1 2 0) reflection region highlighting
systematic peak broadening after modification. (d) Unit-cell volumes extracted from Le Bail refinements showing an initial contraction upon
modulation that saturates at low modification levels, consistent with partial exchange and/or defect formation.

binding affinity and diffusivity in confined pore systems.'’
Overcoming this trade-off remains a crucial challenge in the
design of efficient sorbents for low-concentration CO,
capture.18

Defect engineering has emerged as a powerful approach to
address this limitation."” ™3 Structural defects, such as missing
linkers or metal nodes, can modify pore connectivity, create
new adsorption environments, and introduce chemical
heterogeneity that is not accessible through ideal crystalline
structures. These defects are commonly introduced ether
during synthesis or through postsynthetic treatments, including
postsynthetic ligand exchange (PSE).***° While PSE is
typically employed to incorporate new functional groups into
the framework, the exchange is often incomplete, generating
heterogeneous structures.””””** Such processes can lead to the
formation of defect-rich environments, including under-
coordinated metal sites and vacancy-type defects, which
influence both adsorption thermodynamics and transport
behavior.

Several studies have demonstrated that such defect
structures can enhance the CO, capture performance. For
example, missing-linker, missing-cluster defects in UiO-66 have
been shown to create polar adsorption sites and improve
uptake at low pressures,””>* while defect-mediated mod-
ifications in MOF-74,> NU-125,>° and MIL-101(Cr) have
been linked to improved performance under diluted CO,
conditions.”***~** In many cases, however, these approaches
focus primarily on modifying adsorption energetics through
chemical functionalization, whereas the role of defects in
reshaping transport pathways remains less explored.

In this work, we extend postsynthetic strategies to the Zn—
oxalate guanazolate framework NICS-24, previously identified
as a promising platform for CO, capture at low concentrations.
While its strong adsorption affinity is advantageous at low
pressures, the intrinsic competitive water adsorption under
humid conditions represents a fundamental limitation. Rather
than targeting conventional pore functionalization, we explore
postsynthetic treatments to perturb the local environment and
influence transport characteristics within the framework.
Therefore, NICS-24 was treated with thiomethylaminotriazole
(SMeTz) and trifluoromethyltriazole (FMeTz), selected as
coordinating modulators capable of interacting with metal
nodes. By combining detailed structural characterization with
equilibrium and dynamic CO, sorption analysis, we examined
how ligand-assisted treatments affect adsorption behavior
beyond simple pore chemistry modification. This work
examines whether azolate-assisted postsynthetic treatment
can transform NICS-24 from a strongly binding and
diffusion-limited ultramicroporous framework into a defect-
engineered sorbent in which vacancy-type defects address the
trade-off between low-pressure CO, affinity and mass trans-
port.

B RESULTS AND DISCUSSION

Structural Insights

To probe the effect of linker environment on CO, capture
performance, two triazolate-based modulators with distinct
substituents were selected: FMeTz (—CF;) and SMeTz
(—SCH,;). While both retain the same coordinating triazolate
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Figure 2. Structural and spectroscopic consequences of LMDE modification in NICS-24. (a) Zn/N molar ratios obtained from EDS analysis
(averaged over 20 crystallites per sample) plotted as a function of either Zn leaching or ligand replacement, together with theoretical trends (full
lines). The experimentally determined values for 40FMeTz and 60SMeTz samples fall on the Zn-deficiency side of the reference NICS-24
stoichiometry (Zn/N = 0.2), indicating that modification predominantly induces partial Zn leaching rather than extensive linker substitution. (b)
CO, adsorption isotherms measured at 273 K for pristine NICS-24, 40FMeTz, and 60SMeTz, demonstrating retained microporosity after
modification. Inset: apparent pores size distributions derived from PALS, showing a slight shift toward larger ultramicropore sizes for the modified
samples, consistent with defect-mediated local free-volume expansion. (c) FTIR spectra in the N—H/O—H stretching region highlighting changes
induced by LMDE. While the main bands at ~ 3455 and 3354 cm™ are shifted only marginally to 3448 and 3351 cm™" respectively, modified
samples exhibit the emergence of weak bands at 3582 and 3507 cm™', consistent with the formation of weakly hydrogen-bonded or defect-
associated N—H environments following partial Zn—node disruption. (d) Detailed comparison of "H—'>*C CP-MAS NMR spectra of individual as-
prepared samples, highlighting the retention of the guanazolate environment, but a subtle upfield shift and broadening of the oxalate peak in

60SMeTz relative to NICS-24 and 40FMeTz samples.

core, their functional groups differ significantly in electronic
character and polarity. The CF; group is strongly electron-
withdrawing and relatively rigid, whereas the —SCHj group is
more polarizable and a weaker electron donor. These
modulators are intended to act as chemical perturbants that
influence Zn-ligand bond stability during postsynthetic
treatment.

A series of modified NICS-24 samples were prepared using
varying loadings of linkers FMeTz and SMeTz (Figure la,
Table S1) to identify the modification level that maximizes
CO, capture performance while preserving the structural
integrity of the parent framework. PXRD patterns show that
samples containing up to 40% FMeTz and 150% SMeTz
(relative to the guanazole in pristine NICS-24) show high
phase purity and no detectable shifts in Bragg peak positions
compared to pristine NICS-24 (Figures 1b, S1, and S2),
confirming that the ligand-assisted treatment process does not
alter the long-range crystal structure or topology within this
modification region. Only at higher loadings of FMeTz or
SMeTz, additional weak-intensity reflections attributable to
secondary phases emerge (Figures S3 and S4), which are
consistent with Zn(II)—azolate complexes as suggested from
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EDS analysis (Figure SS5). Within the phase-pure regime, a
systematic broadening of the most intense reflection
corresponding to the (—1 2 0) plane of the NICS-24 structure
is observed across the series, indicating that although the
framework remains topologically intact, its local structural
coherence is affected by the modification (Figures lc and S6).
Preliminary CO, sorption screening up to 1000 ppm at 0 °C
(Figures S7 and S8) was used to select the most promising
materials for detailed analysis. For FMeTz-modified samples, a
loading of 40% relative to the amount used for pristine NICS-
24, yielded optimal uptake of 1.52 mmol/g, whereas SMeTz
showed maximal performance at a loading of 60% (1.72
mmol/g). The corresponding samples, 40FMeTz and
60SMeTz, were therefore selected for further structural and
capture performance evaluation. To assess the accuracy of their
preparation, the repeatability of their CO, capture performance
was also tested (Figure S9). To elucidate subtle structural
modifications not apparent from qualitative XRD observations,
Le Bail refinements were performed (Figure 1d and Table S2).
The unit-cell volumes of both FMeTz- and SMeTz-modified
samples are consistently smaller than that of pristine NICS-24,
even at the lowest modification level (10%). This contraction
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indicates that structural adjustments occur at the earliest stages
of ligand treatment, which most likely arises either from partial
incorporation of functionalized linkers, defect formation, or
partial displacement of the native linker rather than full
substitution. Increasing the amount of modulators in the
ligand-treatment process does not induce further contraction,
and the unit-cell volume becomes essentially invariant across
the series. This suggests that the ligand exchange rate or
density of defect generated sites within the NICS-24 is limited.
After this “saturation of modification,” the framework reaches a
structurally stable state that no longer responds to additional
secondary ligand exposure. Previously mentioned peak broad-
ening may originate from either reduced crystallite size or
increased local structural disorder. However, SEM analysis
shows that particle sizes and morphologies remain unchanged
after modification (Figure S10), effectively excluding crystal-
lite-size reduction as the cause. The broadening must therefore
arise from local structural distortions or increased microstrain
introduced during partial ligand exchange or defect formation.
The similar contraction and broadening trends observed for
both FMeTz- and SMeTz-modified series further support that
these effects stem from the ligand-treatment process, rather
than from differences in linker size, polarity, or electronic
character.

The next step was to determine whether the treatment
resulted in incorporation of the triazolate modulators in the
NICS-24 framework and, if present, to quantify their extent.
TG analysis (Figure S11) shows that pristine NICS-24 yields a
ZnO residue of 39.2 wt %, which is in excellent agreement with
the theoretical value (39.2 wt %). In contrast, the modified
samples exhibit slightly reduced residues (~4 wt % lower for
40FMeTz and ~1.5 wt % lower for 60SMeTz), indicating a
higher relative organic content. The lower ZnO residue
observed for the modified samples does not arise from Zn
loss during thermal treatment but can be either due to the Zn
leaching during the ligand-treatment process or substantial
incorporation of the triazolate modulators having higher molar
mass than the pristine guanazole in the case of modified
materials. To confirm one of these scenarios, an EDS analysis
was performed. The Zn/N molar ratios of 40FMeTz and
60SMeTz, determined from 20 randomly selected crystallites
for each sample, fall below the ideal NICS-24 stoichiometry
value of 0.2 (Figures 2a and S12 and Table S3) and align with
the trend expected for Zn leaching rather than bulk modulator
incorporation. Fluorine and sulfur are detectable at levels close
to the detection limit (below 1 mol %) with no visible
clustering on the crystallites (Figure S13). This is most likely
related to the presence of trace surface-associated species or
residual impurities rather than bulk ligand replacement. Thus,
rather than producing a conventional mixed-linker framework
through substantial incorporation of FMeTz or SMeTz, the
postsynthetic treatment operates predominantly as ligand-
mediated defect engineering (LMDE), in which the function-
alized azolate ligands promote partial Zn leaching and vacancy-
type defect formation, while direct linker substitution remains
limited. Liquid NMR (Figure S14) and XPS (Figure S15)
confirm the absence of modulators within the investigated
modified samples. Zn leaching is further supported by ICP-
OES and XPS analyses. ICP-OES reveals a decrease in Zn
content from 32.0 wt % in pristine NICS-24 to 30.9 wt % in
40FMeTz and 30.6 wt % in 60SMeTz, corresponding to an
apparent Zn-defect density of approximately 3.4% and 4.4%,
respectively. XPS shows a consistent reduction of Zn 2p3

signal and increase of N 1s, C 1s, and O 1s signals at the
surface (Figure S15). The agreement between bulk-sensitive
ICP-OES and surface-sensitive XPS, together with the spatial
heterogeneity in EDS mapping, indicates that the Zn deficiency
is not confined to the external surface but is distributed
throughout the crystallites.

Changes in metal-node integrity and defect density are
expected to directly influence textural properties of NICS-24,
making porosity analysis essential for understanding the CO,
capture behavior. Nitrogen physisorption at 77 K exhibits
negligible N, uptake across the entire pressure range for
pristine NICS-24 and both the FMeTz- and SMeTz-modified
materials (Figure S16). Nitrogen inaccessibility persists even
though the diffusion is expected to be enhanced by defect
formation. Low N, uptake is a consequence of kinetic diffusion
limitations at cryogenic temperature, arising from ultra-
micropores.”” Considering these limitations, porosity was
alternatively evaluated using CO, adsorption isotherms
measured at 273 K (Figures 2b and S17), which are more
suitable for probing ultramicropores. Nevertheless, CO,
sorption is used here primarily to assess relative uptake
behavior and changes in accessible microporosity, rather than
to define absolute textural parameters. This limitation arises
from strong specific CO,—surface interactions.*”*" All samples
exhibit Type I isotherms, confirming retention of a micro-
porous framework. Relative to pristine NICS-24, the LMDE-
treated materials display higher CO, uptake across the full
pressure range, consistent with increased pore accessibility
and/or modified adsorbate—framework interactions. Apparent
surface areas were estimated from the CO, adsorption
isotherms using a BET-type analysis (Figure S18, Table S4).
The 40FMeTz-modified sample exhibits a gradual approach to
saturation, reaching a CO, uptake of 80 cm?/g (STP) at 1 bar,
corresponding to a BET surface area of 322 m®/g. The SMeTz-
modified sample shows a similarly shaped Type I isotherm, but
with slightly lower overall uptake and surface area of 307 m*/g.
Nevertheless, both samples show significant enhancement of
Sger values from pristine material (231 m?/g).

Quantitative pore-size distribution derived from CO,—
NLDFT are inherently limited for polar, defect-containing
MOFs, as available kernels are based on rigid carbon slit-pore
models and cannot adequately describe the energetic
heterogeneity, framework flexibility, and local disorder (Figure
S19). As a result, the absolute pore sizes obtained from CO,—
NLDFT should be regarded as qualitative indicators of
ultramicroporosity rather than precise structural metrics.*>**
Positron annihilation lifetime spectroscopy (PALS) was
therefore employed to obtain further information on the
pore distribution (Figures 2b (inset) and S20, Table SS).
PALS wuses positrons to directly probe the free-volume
elements independent of gas diffusion or adsorption energetics,
making it suitable for ultramicroporous and diffusion-limited
systems.*”** The results indicate a unimodal pore distribution
for all samples. Pristine NICS-24 exhibits an o-Ps lifetime
(tau3) of 1.416 + 0.00S ns, corresponding to an average pore
diameter of 0.449 + 0.001 nm. Upon modification, tau3
increases to 1.544 + 0.011 ns for 40FMeTz and 1.533 + 0.006
ns for 60SMeTz, yielding slightly larger average pore diameters
of 0.479 + 0.002 nm and 0.476 + 0.001 nm, respectively. This
slight but systematic increase indicates a modest expansion of
the accessible ultramicropore free volume, consistent with local
structural relaxation and/or defect formation induced during
the ligand-mediated process. Notably, the corresponding o-Ps
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Figure 3. (a) CO, adsorption isotherms at the low-concentration pressure region of pristine NICS-24, 40FMeTz, and 60SMeTz at 25 °C. Inset:
comparison of CO, uptakes between all three samples at indoor air capture-relevant concentration (1000 ppm). (b) Adsorption kinetics under
dynamic conditions (N, flow at 25 °C) with loading up to 1 bar of CO, relative pressure. (c) Effective CO, diffusivities (D) of the studied
adsorbents at 0.95 bar and 25 °C, calculated using the LDF model for crystal sizes determined from SEM imaging. (d) Isothermal CO,
breakthrough curves of investigated materials followed with the temperature-programmed desorption experiment with temperature ramp (orange
dashed line) reaching the plateau at 150 °C (vertical blue dashed line). TPD profiles with the deconvolution and corresponding areas are shown in
an inset. (e) Effect of regeneration temperature (120—60 °C) on CO, TSA working capacity.

intensity (I3) decreases from 30.9 + 0.2% (NICS-24) to 26.5
+ 0.3% (40FMeTz) and 26.0 & 0.2% (60SMeTz), suggesting a
reduced fraction of uniform free-volume sites, plausibly due to
increased structural heterogeneity associated with defect
generation.

FTIR spectroscopy provides complementary evidence for
local defect formation in LMDE-modified NICS-24 that is
consistent with partial disruption of the Zn—guanazolate
coordination node (Figures 2c and S21). In the parent
framework, Zn(II) is coordinated by the N atoms of the
guanazolate ring. Partial Zn leaching is therefore expected to
generate uncoordinated N sites that can become protonated,
increasing the population of the framework’s N—H groups. In
agreement with this expectation, the two dominant N—H
stretching bands of pristine NICS-24 at 3455 cm™' and 3354
cm™! remain essentially unchanged after LMDE, indicating the
preservation of the overall coordination environment. At the
same time, two weak bands at 3578 and 3508 cm™ emerge or
increase markedly in intensity for both 40FMeTz and
60SMeTz. These bands are consistent with free N—H/O—H
environments, as expected upon partial leaching of Zn(II) from
the framework. In addition, the modified samples exhibit a
broadened band extending from approximately 4000 to 3000
cm™, which is commonly associated with strongly hydrogen-
bonded O—H and/or N—H stretching vibrations* suggesting
the increased H-bonding heterogeneity and defect density

26009

within the modified structure.*®**’ Notably, no distinct
vibrational features attributable to —CF; or —SCH; groups
are observed, indicating that incorporation of the function-
alized ligands into the framework is negligible. This addition-
ally supports the ligand-mediated defect formation rather than
its structural incorporation during the postsynthetic treatment.

Multinuclear solid-state NMR (SSNMR) spectroscopy was
employed to probe the local structural consequences of LMDE
and to assess whether the structural integrity is preserved after
postsynthetic modification. Comparison of the 'H MAS,
"H-"3C CP-MAS, and 'H-"*N CP-MAS spectra of pristine
NICS-24 with those of the SMeTz- and FMeTz-modified
samples (Figure S22) reveals that the chemical shifts of the
framework-building guanazolate and oxalate units remain
largely unchanged, indicating the preservation of the primary
Zn—-ligand connectivity and overall framework architecture,
consistent with previous reports on NICS-24.* No resonances
characteristic of the exchanged triazolate linkers are observed
(Figure S23). These observations confirm that the treatment
does not lead to significant bulk incorporation of the
functionalized triazolate linkers. Instead, associated defect
formation via Zn leaching dominates over direct linker
substitution. Despite the preservation of the guanazolate
environment, subtle but systematic changes are observed in
the oxalate '*C chemical shift region (§ ~ 171—169 ppm)
when comparing individual materials (Figure 2d). The slight

https://doi.org/10.1021/jacs.6c04820
J. Am. Chem. Soc. 2026, 148, 26005—-26016


https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04820/suppl_file/ja6c04820_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04820/suppl_file/ja6c04820_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c04820/suppl_file/ja6c04820_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04820?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04820?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04820?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c04820?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c04820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

upfield shift and broadening of the oxalate peak in 60SMeTz
relative to both pristine NICS-24 and 40FMeT?z indicates a
partial loss of Zn coordination and the presence of
uncoordinated or weakly coordinated oxalate species.””"’
Such species are more prone to forming strong hydrogen
bonds with guest molecules or can even undergo partial
protonation upon hydration, shifting the '*C resonance toward
that of protonated oxalic acid.**~>” In addition to the oxalate
perturbation, the guanazolate '*C resonance exhibits a small
upfield shift, consistent with subtle changes in the local
electronic environment (e.g, partial Zn—N decoordination
and/or altered hydrogen bonding), although distinct proto-
nated guanazolate species are not resolved in the present
spectra.

The structural analyses collectively highlight a fundamental
distinction between the LMDE process used to generate
NICS-24 from CALF-20 and the present postsynthetic
treatment of NICS-24 with functionalized triazoles (Figure
S24). In the former case, extensive ligand replacement and
framework reorganization yields NICS-24, which is likely to
present a thermodynamically stable phase. Once formed, the
robust Zn—guanazolate connectivity of NICS-24 strongly
limits further large-scale restructuring or true linker sub-
stitution. As a result, LMDE favors partial metal-node
disruption and defect formation rather than ligand exchange.

The observed Zn deficiency is best rationalized by a ligand-
assisted metal-leaching process governed by competitive
coordination equilibria. During treatment with excess function-
alized azolate ligands, free FMeTz or SMeTz can compete with
the framework linkers for Zn?* coordination,” leading to the
partial extraction of Zn(II) from NICS-24 nodes and the
formation of vacancy-type defects. For both FMeTz and
SMeTz series, this interpretation is supported by the
emergence of additional PXRD reflections at higher ligand
loadings (Figures S3—SS), which are consistent with the
secondary Zn—azolate coordination phases. These species may
act as thermodynamic sink for leached Zn(II),** shifting the
equilibrium toward limited metal removal from the framework.
The provided data support that only a minor fraction of
framework Zn' is removed and stabilized by excess azolate
ligands, while sufficient Zn—linker connectivity is retained to
preserve the overall NICS-24 framework.

CO, Capture Performance

After establishing that LMDE primarily induces defect
formation via partial Zn leaching, we next evaluated how
these structural perturbations translate into CO, adsorption.
CO, uptake at parts per million-level concentrations was
therefore evaluated using a combination of equilibrium
adsorption and dynamic breakthrough measurements. This
combined approach enables the evaluation of both intrinsic
adsorption capacity and transport-limited behavior under flow
conditions. Moreover, uptake, breakthrough/TPD, and re-
generation measurements are used to build a mechanistic
picture of how ligand-mediated defects reshape CO,
adsorption and transport, rather than simply to benchmark
improved capture performance.

As shown by the static adsorption curves and the bar plots
(Figures 3a and S25), both modified samples adsorb
substantially more CO, than pristine NICS-24 at low
concentrations. Specifically, despite the decrease of total
capacity from 2.8 to ~2.2 mmol/g, the equilibrium uptake at
1000 ppm increases from 0.37 mmol/g for NICS-24 to 0.76

mmol/g for 40FMeTz and 0.77 mmol/g for 60SMeTz,
corresponding to more than 100% enhancement at ppm-level
CO,. The overall isotherm shapes remain similar across all
samples, indicating that LMDE does not introduce new
adsorption mechanism or generate mesoporosity, but increases
the fraction of accessible ultramicropore volume and/or the
density of effective binding sites. Accordingly, the enhanced
low-pressure CO, uptake is attributed to more effective
utilization of available adsorption sites enabled by defect
formation, rather than to pore enlargement or intrinsically
stronger binding interactions. This interpretation is consistent
with the retained Type I isotherm shape, the modest pore-size
changes observed by PALS, and the spectroscopic evidence for
altered local CO, environments.

To exclude solvent-induced activation as the origin of the
enhanced CO, uptake, pristine NICS-24 was subjected to
identical methanol/water treatment in the absence of FMeTz
and SMeTz linkers. Although the methanol-treated material
initially shows elevated CO, uptake comparable to 40FMeTz
(1.5 mmol/g), this enhancement returns to the level of
untreated NICS-24 after 1 week of ambient pressure exposure.
In contrast, both 40FMeTz and 60SMeTz retained enhanced
uptake after air exposure. This behavior indicates that the effect
in pristine NICS-24 arises from a reversible activation process,
such as temporary pore opening or removal of residual species,
rather than permanent structural modification. In contrast,
LMDE provides a durable enhancement by introducing
permanent changes in pore connectivity and adsorption site
distribution (Figure $26).

To evaluate the impact of LMDE on adsorption dynamics
under flow, uptake profiles were monitored from pure N, flow
to pure CO,, generating an increase of relative pressure from 0
to 1 bar (Figures 3b and S27). The differences in the approach
to equilibrium are apparent. Pristine NICS-24 exhibits gradual
saturation, reflecting diffusion-limited transport within its one-
dimensional ultramicroporous channels. In contrast, both
LMDE-modified materials show markedly steeper initial
uptake slopes and significantly shorter times to reach near-
equilibrium loading. Quantitatively, the time required to reach
95% of equilibrium uptake (ty5, Figure S27) decreases
dramatically from 92 min for NICS-24 to 3.0 and 2.6 min
for 40FMeTz and 60SMeTz, respectively. In spite of higher
final uptakes, both modified materials reach saturation
significantly faster than that of pristine NICS-24. Accelerated
saturation under flow indicates that ligand-mediated defect
formation significantly improves mass-transport pathways and
reduces diffusion resistances that are evident in the parent
framework.>®> The pronounced difference in accessibility plays
a dominant role in governing the adsorption kinetics under
operationally relevant flow conditions.

To further quantify the impact of LMDE on mass transport,
effective intraparticle diffusivities (D) were estimated from
time-resolved adsorption data (Figure $28). Among the tested
kinetic models, the Avrami model provided the best
description of the uptake curves (Table S6). When fitted to
the diffusion-relevant regime (C/C, < 0.8), pristine NICS-24
exhibits an Avrami exponent of n ~ 0.62, characteristic of
strongly heterogeneous, diffusion-limited transport. In contrast,
LMDE-modified materials display significantly higher expo-
nents (n ~ 2.7-2.8), indicative of accelerated and more
cooperative u()ptake behavior associated with improved pore
connectivity.5 For quantitative comparison, apparent diffusiv-
ities were estimated using the linear driving force (LDF)
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model.®” The extracted rate constants (k;pg) were converted

to effective intraparticle diffusivities using a cylindrical particle
model (a ~ 8) an particle radii of 1—3 ym obtained from SEM
analysis.”® The resulting D,g values (Figures 3¢ and $29) reveal
an approximately 1 order of magnitude (10—20X) increase for
both modified materials compared to pristine NICS-24.
Although the LDF-derived should be regarded as apparent
transport parameters, their approximately one-order-of-magni-
tude increase after LMDE strongly supports the proposed
vacancy-mediated transport model, in which Zn-leaching-
induced defects reduce diffusion resistance by creating
additional pathways through the ultramicroporous framework.

Dynamics of CO, adsorption were further examined by
dynamic breakthrough experiments (Figure 3d). Upon switch-
ing from a pure Ar carrier to a 1% CO,/Ar stream (50 mL/
min), all materials progressively approach a normalized
equilibrium signal (C/C, = 1, where C, is defined from a
steady-state plateau). Pristine NICS-24 reaches the apparent
saturation level most rapidly, whereas both modified materials
exhibit a more gradual increase, consistent with their higher
overall CO, uptake and short channeling (the presence of
defect created shortcut routes). Subsequent thermal pro-
grammed desorption (TPD) was initiated by ramping the
temperature to 150 °C under Ar flow. The total amount of
CO, released during TPD is substantially higher for the
modified materials (0.69 mmol/g for 40FMeTz and 0.66
mmol/g for 60SMeTz) compared to pristine NICS-24 (0.22
mmol/g), which is in good agreement with equilibrium uptake
trends. Deconvolution of TPD traces (Figure 3d (inset))
resolves three distinct desorption contributions which can be
attributed to (i) a low-temperature, weakly bound or readily
accessible CO,, (ii) a medium-temperature moderately strong
or confinement-enhanced adsorption environment, and (i)
delayed, diffusion-limited desorption from constricted path-
ways.””®° For 60SMeTz, the desorption profile is dominated
by the first two contributions (47% and 46%, respectively),
while the delayed component accounts for only ~7% of the
total release, indicating the presence of mainly unobstructed
desorption pathways. In contrast, 40FMeTz and pristine
NICS-24 exhibit substantially larger fractions of delayed
desorption (16% and 22%, respectively), reflecting a higher
population of kinetically hindered domains. These observa-
tions further suggest that adsorption in NICS-24 and its
modified analogues is strongly influenced by transport
phenomena. In this context, the extraction of isosteric heat
of adsorption (Q,) is limited due to the presence of diffusion-
limited regimes, where equilibrium conditions are not fully
established (Figure S30). As a result, apparent temperature-
dependent uptake trends may reflect enhanced diffusivity
rather than intrinsic adsorption energetics.

To assess the practical implications of the distinct adsorption
kinetics and binding strength, we next examined how the
differences translate into thermal-swing adsorption (TSA)
regeneration behavior and working capacity as a function of
desorption temperature (Figure 3e). The 60SMeTz exhibits
the most regeneration-eflicient response. Its working capacity
decreases by only ~3% (from 2.4 mmol/g to 2.3 mmol/g)
when the regeneration temperature is lowered from 150 to 70
°C. Only at lower temperatures, the capacity starts to drop
more notably. This behavior is fully consistent with the TPD
analysis, where 60SMeTz shows dominating low- and medium-
temperature release processes. Together, these findings
indicate that CO, is stored on sites that are both accessible

and readily regenerable, enabling efficient cycling under mild
thermal input. In contrast, both pristine NICS-24 and
40FMeTz display a strong dependence of working capacity
on regeneration temperature. Although their capacities remain
relatively high at 100—120 °C, they decrease steeply upon
lowering the regeneration temperature below 100 °C, reaching
~70% reduction at 60 °C. This trend mirrors the TPD results,
where a significant fraction of CO, (~22% for NICS-24 and
~16% for 40FMeTz) is associated with delayed, high-
temperature desorption. The persistence of this slow-desorbing
fraction indicates the presence of diffusion-limited or confine-
ment-enhanced domains that require higher thermal input to
fully regenerate. Thus, regeneration behavior is governed not
only by the overall defect density but also by the spatial
distribution and connectivity of defect-associated adsorption
domains, which determine whether faster CO, uptake is
accompanied by equally eflicient desorption.

In summary, the kinetic and regeneration data reveal three
transport binding regimes across the sample series. Pristine
NICS-24 exhibits relatively slow adsorption under flow and
pronounced delayed desorption during TSA, consistent with
diffusion limitations within ultramicroporous channels with no
defect-mediated transport shortcuts. In contrast, 40FMeTz
shows accelerated adsorption but incomplete regeneration at
mild temperatures, indicating that defect formation enhances
accessibility and improves mass transfer within the framework
but at the same time simultaneously introduces stronger and
more confined binding domains that require higher thermal
input for full desorption. Such an asymmetric adsorption—
desorption behavior has been reported for defect-engineered
frameworks, where increased site heterogeneity broadens the
energy landscape and slows release despite faster uptake
kinetics.*”®' 60SMeTz achieves both rapid adsorption and
efficient desorption, indicating a more optimal redistribution of
adsorption sites in which accessibility is improved without
generating a significant population of slow-desorbing domains.
This balanced transport-interaction interplay explains the
superior TSA operability of 60SMeTz and demonstrates how
controlled defect engineering can decouple the kinetic
acceleration from desorption hindrance.

The long-term cycling stability of the modified materials was
evaluated under repeated TSA conditions using alternating
adsorption and regeneration steps (Figures S31—S34). All
samples exhibit highly reproducible uptake and release profiles
over 10 consecutive cycles, with no observable drift in
adsorption capacity or regeneration behavior, indicating stable
and fully reversible CO, capture. The almost complete
retention over all cycles, together with unchanged positions
and intensity of XRD peaks (Figure $35), highlights robustness
of the modified frameworks.

Resistance of the material toward exposure to water and
performance in humid conditions was also evaluated. Water
adsorption isotherms of the modified NICS-24 samples were
measured at 25 °C (Figure S36). Both modified materials
showed decreased total water uptake compared to the parent
NICS-24 (4.1 mmol/g), reaching 3.86 mmol/g for the
40FMeTz-modified sample and 3.98 mmol/g for the
60SMeTz modified sample. PXRD analysis performed after
soaking the materials in liquid water at different temperatures
(40, 70, and 100 °C) shows no visible changes in diffraction
patterns (Figures S37, S38, and S39), indicating that the
NICS-24 framework and its modified derivatives retain their
crystallinity and structural integrity upon prolonged exposure
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Figure 4. (a) DRIFTS spectra showing relevant IR bands of specific CO, species adsorbed on investigated materials exposed to 1000 ppm of CO,
in N, flow. Inset shows integrated values from deconvolution of the bands corresponding to adsorbed monomeric CO, (~2343 cm™) and CO,—
CO, dimers (~2330 cm™). (b) "H—">C CP-MAS spectra of individual CO,-loaded samples, revealing a systematic shift of the physisorbed CO,
resonance, consistent with different averaged physisorption environments for CO, across the series. (c) Proposed dynamics of CO, adsorption in
NICS-24 (left) and LMDE-modified (right) frameworks. In pristine material, the CO, diffusion is hindered by host—guest interactions combined
with confinement within 1D ultramicropore channels, which leads to kinetic barriers to transport (red arrow). LMDE, on the other hand,
introduces metal-node vacancies that establish alternative migration pathways, facilitating faster mass transport and improves sorption kinetics

(green arrow).

to water. Despite this high hydrolytic stability, CO, capture
performance under humid conditions is strongly suppressed.
At 50% RH, all samples retain only ~10% of their dry CO,
uptake, confirming that competitive adsorption of water
remains dominant in the pore environment (Figure S40).
This behavior is consistent with the LMDE mechanism. The
postsynthetic treatment does not lead to significant incorpo-
ration of CF;- or SCHj-functionalized ligands but instead
predominantly generates metal-deficient defects via partial Zn
leaching. As a result, the pore environment remains largely
unchanged and retains its hydrophilic character, governed by
polar NH, functions. Even though modified materials are
structurally robust toward moisture, their application to wet
gas streams would require upstream drying or further
hydrophobic modification to mitigate water interference.

Atomistic Insights into CO, Sorption Mechanism

‘While macroscopic capture experiments reveal clear differences
in uptake capacity, kinetics, and regenerability, at this stage, the
CO, binding mechanism remains unresolved. Therefore,
atomistic insight into the sorption mechanism was performed

using in situ DRIFTS and ex situ solid-state NMR upon CO,
loading on investigated samples.

The broad IR bands at 2360 and 2340 cm™' (Figure S41)
correspond to asymmetric stretching () mode of gas-phase
CO,. Upon exposure to 1000 ppm of CO,, all samples exhibit
pronounced spectral changes, confirming adsorption within the
framework even under dilute conditions. The spectra are
dominated by a band centered at ~2343 cm™', assigned to
monomeric CO, interacting with adsorption sites in the
framework. Notably, the intensity of this band follows the
trend 60SMeTz > 40FMeTz >> NICS-24, in agreement with
the enhanced CO, uptake observed in isothermal measure-
ments at 1000 ppm (Figures 4a and S41). The 5 band exhibits
clear asymmetry toward lower wavenumbers, with a
pronounced shoulder at ~2330 cm™ that is significantly
more developed in the modified samples. This feature is
attributed to weakly interacting or confined CO, species,
including pore-confined or dimer-like configurations within
ultramicropores.®> Deconvolution of the v; band reveals that
the integrated area of the ~2330 cm™' component is
significantly enhanced in the modified materials, being
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approximately 15-fold higher for 60SMeTz and 9-fold higher
for 40FMeTz compared to pristine NICS-24 (Figures 4a
(inset) and S42). This pronounced increase may reflect
enhanced CO,—CO, interactions within the pores, facilitated
by increased accessible pore volume and improved diffusion
pathways arising from defect formation.

In addition, a weak high-frequency contribution extending
toward ~2380 cm™" is observed, particularly in the 60SMeTz
sample. This blue-shifted component is assigned to CO,
interacting with polarized adsorption sites, most likely
associated with metal-based centers, where electrostatic
interactions (Stark effect) lead to an increase in the v,
frequency.”® The relatively small magnitude of this shift and
its low intensity suggest that these sites represent a minority
population but contribute to broader distribution of adsorption
sites within the modified samples.*”*®

To elucidate the molecular-level interactions governing CO,
adsorption in the defect-engineered materials, SSNMR experi-
ments were performed on samples loaded with '*CO, using a
laboratory-built gas-dosing manifold that enables evacuation,
controlled dosing, and sealing of MAS rotors under inert
conditions (Figure $43). Upon evacuation and subsequent
CO, loading, systematic changes are observed in the "H MAS
spectra of 60SMeTz (Figure S44a). In agreement with
previous studies, the water resonance shifts from 6 ~ 2.68
ppm in the fully hydrated material to 6 ~ 1.91 ppm after
evacuation and to 0 & 2.16 ppm after CO, loading, reflecting
changes in hydrogen-bonding interactions involving confined
H,0 molecules.”® Correspondingly, the oxalate 3C resonance
exhibits a slight shift upon CO, loading (Figure S44b),
indicating modified local interactions involving residual H,O
and CO,. In addition, the guanazolate "*C resonance of CO,-
loaded 60SMeTz undergoes a small upfield shift accompanied
by pronounced line broadening, which is attributed to the
formation of O = C=0---H—N hydrogen bonds between CO,
and framework NH, groups. Such interactions restrict local
motion and give rise to increased inhomogeneous broadening
of the resonance.

A distinct *C resonance at § ~ 124 ppm accompanied by
pronounced spinning sidebands appears in the 'H—'3C CP-
MAS spectra of CO,-loaded samples (Figures S44c and Figure
4b), confirming the presence of physisorbed CO, confined
within the micropores of NICS-24-based frameworks.** No
additional *C resonances attributable to chemisorbed species
are observed, indicating that CO, uptake proceeds via
reversible physisorption. Comparison of the 'H—'C CP-
MAS spectra of individual CO,-loaded samples reveals a
systematic shift of the physisorbed CO, resonance across the
series (Figure 4b): CO, in NICS-24 appears at the lowest
chemical shift, followed by 60SMeTz, while 40FMeT?z exhibits
the most downfield position. Recent NMR studies on charged
and polar sorbents have shown that strongly physisorbed CO,
in pore environments resonates upfield relative to free CO, gas
(8 = 125 ppm), whereas interactions with electropositive sites
induce downfield shifts.”° In the present system, the observed
shifts are upfield of free CO, gas across all samples, consistent
with electron-rich amine functionalities providing a net-
shielding environment; the small differences between samples
reflect variations in the distribution of CO, adsorption sites
and/or changes in their local environments.

Low-temperature SSNMR measurements further support
the presence of multiple CO, adsorption environments. At
—25 °C, the physisorbed CO, resonance resolves into two

components, whereas a single averaged resonance is observed
at room temperature, consistent with fast exchange between
distinct binding sites on the NMR time scale at higher
temperature.”® The low-temperature spectra reveal a dominant
upfield-shifted component relative to the room-temperature
resonance (Figure S45). This behavior reflects restricted
molecular motion at lower temperature and increased
residence time at stronger binding sites.”” A 'H-'3C CP-
HETCOR spectrum of CO,-loaded 60SMeTz recorded at —25
°C (Figure S46) shows correlations exclusively with framework
NH, protons, with no additional "H resonances observed,
indicating that the same guanazolate NH, groups dominate
CO, binding across both dynamic and immobilized regimes.
Collectively, the SSNMR results support vacancy-type defect
formation and reveal material-dependent physisorbed CO,
environment.

Integration of spectroscopic and sorption analyses enables us
to propose a diffusion-controlled model that rationalizes the
performance evolution through the LMDE process (Figure
4c). In pristine NICS-24, CO, migration through 1D channels
is strongly coupled to host—guest interactions, resulting in
confinement-enhanced residence times and diffusion-limiting
domains. This manifests slower adsorption kinetics, pro-
nounced delayed desorption in the TPD regime, and a
reduced regeneration efficiency at mild temperatures. LMDE
partially relaxes this diffusion-binding coupling by introducing
Zn-deficient sites that modify the pore accessibility and
connectivity. The resulting enhancement in mass transport is
reflected in the faster adsorption kinetics, reduced delayed
desorption, and improved regeneration behavior observed for
the modified materials.

The performance improvements do not arise simply from
defect generation, but rather from how these defects reshape
the distribution and connectivity of the resulting adsorption
environments. While both 40FMeTz and 60SMeTz exhibit
comparable levels of Zn deficiency, their adsorption—
desorption behaviors differ. The 60SMeTz sample displays a
more favorable distribution of accessible adsorption environ-
ments that enables both efficient CO, uptake and facile release,
whereas 40FMeTz retains a larger fraction of kinetically
hindered domains. Thus, the key parameter governing
performance is not defect density alone but the connectivity
and accessibility of the adsorption environments generated
through LMDE.

Overall, LMDE enhances performance by coupling diffusion
from adsorption; however, optimal behavior is achieved only
when defect formation promotes continuous accessibility of
sorption sites without generating a significant population of
isolated or kinetically hindered domains, as exemplified by
60SMeTz.

B CONCLUSIONS

Ligand-mediated defect engineering (LMDE) of NICS-24 with
functionalized azolate ligands induces partial Zn leaching while
preserving long-range crystallinity and topology. The treated
samples exhibit subtle unit-cell contraction accompanied by
systematic XRD peak broadening, consistent with increased
local disorder. PALS further reveals a notable expansion of the
micropore free volume, indicating that defect formation
perturbs the local pore environment. These structural
modifications translate directly into improved CO, capture
performance under indoor-relevant conditions. The defect-
engineered materials display more than 2-fold increase of
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uptake at 25 °C and 1000 ppm (from 0.37 mmol/g for pristine
NICS-24 to 0.76 mmol/g and 0.77 mmol/g for 40FMeTz and
60SMeTz samples respectively), accompanied by substantially
faster uptake dynamics under flow conditions.

The increased adsorption capacity is enhanced without
compromising regeneration behavior. In particular, 60SMeTz
combines high affinity at low CO, partial pressures with rapid
adsorption and eflicient thermal release. Consequently, the
material maintains nearly constant working capacity at
regeneration temperatures as low as 70 °C and exhibits stable,
fully reversible TSA cycling. The combination of higher
uptake, shorter equilibrium time, and mild-temperature
regenerability results in a markedly improved operational
working capacity under realistic thermal-swing conditions
compared with the pristine framework.

Spectroscopic analysis using DRIFTS and SSNMR further
confirms that CO, adsorption remains reversible with LMDE
primarily modifying the local hydrogen-bonding environment
and distribution of adsorption domains. These defect-induced
perturbations introduce additional diffusion pathways.
Although competitive water adsorption suppresses the
performance under humid conditions, the framework remains
hydrolytically robust, providing a stable platform for further
hydrophobic tuning.

Overall, this study demonstrates that LMDE can convert a
strongly adsorbing but diffusion-limited ultramicroporous
MOF into a kinetically efficient adsorbent for dry, low-
concentration CO, capture. The combination of enhanced
ppm-level CO, uptake, rapid adsorption kinetics, and low-
temperature regenerability positions LMDE-modified NICS-24
as a highly efficient physisorptive MOF platform for low-
concentration CO, capture, comparable to benchmark
materials (Figure S47 and Table S7). The results point up
how controlled defect formation can reshape the diffusion
behavior in confined porous solids, offering a general pathway
to overcome kinetic and energetic limitations that often
constrain the real-world deployment of adsorbents for ambient
carbon capture applications.
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