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ABSTRACT: Zeolitic imidazolate frameworks (ZIFs) hold great promise in carbon )

capture, owing to their structural designability and functional porosity. However, Porosity Q—A—Q Rigidity
intrinsic linker dynamics limit their pressure-swing adsorption application to biogas

upgrading and methane purification. Recently, a functionality-locking strategy has @ @
shown feasibility in suppressing such dynamics. Still, a trade-off between structural ”
rigidity and uptake capacity remains a key challenge for optimizing their high-
pressure CO,/CH, separation performance. Here, we report a sequential structural
locking (SSL) strategy for enhancing the CO, capture capacity and CH, purification AL
productivity in dynamic ZIFs (dynaZIFs). Specifically, we isolated multiple ‘
functionality-locked phases, ZIF-78-lt, -htl, and -ht2, by activation at 50, 160, and
210 °C, respectively. We observed multiple-level locking through gas adsorption and
powder X-ray diffraction. We uncovered an SSL mechanism dominated by linker—
linker 7—7 interactions that transit to C—H--O hydrogen bonds with binding
energies increasing from —0.64 to —2.77 and —5.72 kcal mol™, respectively, as evidenced by single-crystal X-ray diffraction and
density functional theory calculations. Among them, ZIF-78-ht1 exhibits the highest CO, capture capacity (up to 18.6 mmol g™')
and CH, purification productivity (up to 7.6 mmol g~') at 298 K and 30 bar. These findings provide molecular and energetic
insights into leveraging framework flexibility through the SSL mechanism to optimize porous materials’ separation performance.

[l Metrics & More |

Bl INTRODUCTION

Zeolitic imidazolate frameworks (ZIFs), metal—organic
analogues of zeolites' © featuring structural designability and

The study demonstrated that dynamic GME topology with
double-6-rings (d6Rs) as rigid joints44 and bridging 4-rings as
flexible hinges provided a suitable flexible platform® for

functional porosity,” "¢ are promising porous materials for
carbon capture and industrial gas separation.'”~>” However,
their intrinsic structural dynamics, imposed by bendable
coordination bonds and swingable linkers,”*™** compromise
their performance under practical conditions, such as high-
pressure (up to 30 bar) CO,/CH, gas separation for
precombustion carbon capture, biogas upgrading, and liquefied
natural gas (LNG) production with membrane separation or
pressure-swing adsorption (PSA) techniques.’®*” ZIFs with
structural locking via external electric field or mixed metals
have shown exceptional performance in membrane separation
with suppressed structural dynamics,”*”** but it remains
largely untapped in PSA. Here, we report a sequential
structural locking (SSL) strategy for the first time in ZIFs
with balanced structural rigidity and porosity to simultaneously
achieve high selectivity and high capacity in precombustion
carbon capture and high-productivity methane purification
with PSA techniques.

Previously, we have developed a functionality-induced
structural locking method in Co(II)-based GME-ZIFs by
leveraging their framework flexibility and the functionality of
the imidazolate linkers (i.e, —CH;, —NO,) for maximizing
linker—linker interactions to achieve exceptional structural
rigidity and effective high-pressure CO,/CH, separation.*
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structural locking and emphasized the indispensable role of
functionalization in maximizing linker—linker interaction and
thermal activation in providing transformation energy.
However, such a method imposed a trade-off between the
structural rigidity and the porosity of the GME-ZIFs,
decreasing their carbon capture capacity and methane
purification productivity. Herein, by replacing the Co(II)
metal center with Zn(Il) in the GME-ZIFs, we isolated
structural locking isomers via thermal-dependent activation of
ZIF-78 (Scheme 1) to obtain ZIF-78-1t (It = low temperature),
-ht1 (ht = high temperature), and -ht2 at 50, 160, and 210 °C,
respectively. Deliberate control of the structural locking is
therefore achieved, with the distance between opposite double-
6-rings (D6R) varying from 12.8 A (unlocked) to 9.8 A
(locked 1), 9.6 A (locked 2), and, ultimately, 9.4 A (locked 3).

Their resulting adsorption isotherms were correspondingly
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Scheme 1. Design Principle for Achieving Activation-Induced Sequential Structural Locking in ZIF-78“
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“(a) Linking Zn(II) tetrahedral centers with 2-nitroimidazolate (nIM) and S-nitrobenzimidazolates (nbIM) produced ZIF-78, with double-6-rings
(D6R) as rigid joints and bridging 4-rings as flexible hinges to form a dynamic topology; (b) evolution of ZIF-78 from unlocked ZIF-78-as to fully
locked ZIF-78-ht2 through three levels of structural locking, induced by thermal activation at 50, 160, and 210 °C, respectively; (c) relationship
between experimental and simulated CO, adsorption isotherms for three structural locking phases in ZIF-78. With the sequential increase in
structural locking degree, the CO, saturated adsorption capacity decreased gradually in both experiment and simulation, accompanied by increased

structural rigidity.

fine-tuned from stepwise adsorption and hysteric desorption to
steep adsorption with varied uptake capacities. Single-crystal X-
ray diffraction (SCXRD) structures revealed an SSL mecha-
nism arising from the #—r interactions between S-nitro-
benzimidazolates (nbIM) that transit to the C—H--O
hydrogen bonds with another 2-nitroimindazolate (nIM).
The Hirshfeld partition of molecular density (IGMH) analyses
and density functional theory (DFT) calculations reveal that
the binding energy strengthened from —0.64 to —2.77 and
—5.72 keal mol™". With the balanced rigidity and porosity, a
medium-level locked structure with suitable pore size and high-
pressure CO, uptake capacity was obtained and demonstrated
to exhibit superior CO,/CH, separation performance with
CH, purification productivity as high as 7.6 mmol g ™' at 298 K
and 30 bar. The results reported herein manifest the power of
the SSL strategy to enhance the utility of ZIF materials and
enable their industrial applications in adsorptive gas separation
processes.

B EXPERIMENTAL SECTION

Preparation and Characterization of Structural Locking
Isomers. As-synthesized ZIF-78 (ZIF-78-as) was prepared through a
protocol modified from the literature,"” in which a solvothermal
reaction of Zn(NO;),4H,0 with nIM and nbIM in N,N-
dimethylformamide (DMF) was carried out at 85 °C for 6 days
(Section S1 in the Supporting Information, SI). The resulting solid
was isolated and washed with fresh DMF to yield ZIF-78-as. The

crystal morphology of ZIF-78-as was examined by a scanning electron
microscope (Phenom-World BV, Prox; Figure S1 in SI). ZIF-78-as
was fully exchanged with absolute ethanol (EtOH) for 6 days. Three
structural locking isomers, ZIF-78-lt, -ht1, and -ht2, were obtained by
thermal-dependent activation heating at 50, 160, and 210 °C under a
vacuum overnight.

All of the obtained activated samples possess the same chemical
formula of Zn(nIM)(nbIM). The full removal of guest molecules for
these isomers was confirmed by thermogravimetric analysis (TGA;
Figure S2 in SI), Fourier-transform infrared spectroscopy (FTIR;
Figure S3 in SI), and digested-solution 'H nuclear magnetic
resonance spectroscopy (NMR; Figures S4—S6 in SI). TGA
measurements were performed on a TGA instrument (PerkinElmer,
TGA 4000) with a heating rate of § °C min™' from ambient
temperature to 700 °C under N, flow, demonstrating high thermal
stability (300 °C). Solid-state 'H nuclear magnetic resonance
(SSNMR) spectroscopy was performed with magic angle spinning
(MAS) techniques on a Bruker AVANCE III HD 400 MHz wide-bore
solid-state NMR spectrometer at a magnetic field of 9.4 T equipped
with a standard Bruker MAS probe with a 3.2 mm (o0.d.) zirconia
rotor. The 'H chemical shifts were calibrated by the hydrogen of the
adamantane reference sample assigned to 1.91 ppm (Figure S7 in SI).
Differential scanning calorimeter (DSC) measurements were
performed by heating and cooling the samples on a TA DSC
Q2000 instrument, with a heating rate of 40 K min™' under the N,
atmosphere (Figure SS0 in SI).

X-ray Diffraction. Single-crystal X-ray diffraction (SCXRD) data
of the as-synthesized and activated ZIF-78 were collected by using
synchrotron X-ray radiation (1 = 0.6705 or 0.6887 A) at beamline
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Figure 1. Revealing the dynamic behavior of different activated phases of ZIF-78 by comparing as-synthesized/activated PXRD patterns, gas/vapor
adsorption isotherms, and the as-synthesized sample immersed in DMF. Indexed PXRD patterns of (a) ZIF-78-1t showed reversible unit cell
changes in both EtOH and DMF; (b) ZIF-78-htl displayed irreversible unit cell changes in EtOH with lower polarity and reversible changes in
DMEF with higher polarity; (c) ZIF-78-ht2 exhibited irreversible unit cell changes in both EtOH and DMF. Gas adsorption isotherms for ZIF-78-1t
ZIF-78-ht1, and ZIF-78-ht2 with sequential structural locking of (d) N, at 77 K, (e) CH, at 112 K, (f) CO, at 195 K, and (g) C,H,, at 298 K. The
data demonstrated that the structures of ZIF-78-htl and ZIF-78-ht2 were rigid, while ZIF-78-It was flexible. In situ PXRD patterns under various
C4H,(/N, gas flows at 298 K for (h) ZIF-78-It and (i) ZIF-78-htl demonstrate their flexible or rigid structures, respectively, upon guest inclusion

and removal.

BL17B of the Shanghai Synchrotron Radiation Facility (SSRF). The
activated samples were sealed in 0.3 mm inner diameter (LD.)
borosilicate-glass capillaries under an argon atmosphere in a glovebox
equipped with an optical microscope (Section S2 in SI).

Powder X-ray diffraction (PXRD) patterns of as-synthesized,
activated, and resolvated samples were recorded on a Bruker D8
Advance diffractometer with Cu-Ke radiation (4 = 1.5418 A), which
were collected in the 26 range of 3—40° with a step size of 0.02°. The
PXRD patterns of ZIF-78-It, -ht1, and -ht2 used for Pawley refinement
were collected at beamline BL14B1 of SSRF using synchrotron
radiation with a wavelength of 0.6895 A. The samples were sealed in
0.8 mm (LD.) borosilicate-glass capillaries. Dynamic gas adsorption in
situ PXRD measurements were performed on a Bruker D8 Advance
diffractometer equipped with an in situ Anton Paar XRK 900 chamber
under the adsorptive flow of C,H,, carried by dry N, with
concentration varied by a customized gas mixer (Section S3 in SI).
The PXRD patterns were collected continuously under a constant

concentration until equilibrium was reached to track the kinetics of
structural transformation before switching to another concentration.

Gas Adsorption. Ultrahigh-grade gases (99.999%), such as He,
N,, CO,, and CH,, were used throughout the experiments. Low-
pressure gas/vapor adsorption isotherms were measured volumetri-
cally by using a Quantachrome iQ (CO, and CH,) or Microtac
BELsorp Max2 (N,, C,H,,, and H,0) sorption analyzer. The heat of
adsorption of C,H, at 298 K was measured using a Microtac
BELsorp Max2 sorption analyzer coupled to differential scanning
calorimetry (SenSys EVO, Setaram). High-pressure adsorption
isotherms (0—30 bar) were measured on a Quantachrome iSorb
HP1 instrument. High-pressure dynamic adsorption breakthrough
curves were evaluated by using a Hiden ABR automated breakthrough
analyzer (Sections S4—S8 in SI).

Computational Analyses and Molecular Simulation. For
qualitative analysis of linker—linker interactions, electrostatic potential
(ESP)-colored van der Waals surface maps of the representative
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segments of ZIFs were calculated based on the effective algorithm
implemented by Multiwfn.***” The input files containing wave
function information were generated by Gaussian 09 W in the
ground-state DFT method at B3LYP/6-311G** level. The segments
that illustrate the distinct interactions were clipped from the single-
crystal X-ray structures of ZIF-78-as, -It, htl, and ht2. Moreover, the
quantum theory of atoms in the molecules (QTAIM) method and the
electron localization function (ELF) two-dimensional (2D) maps of
these segments were generated by Multiwfn for further comprehen-
sive comparison (Section S9 in SI).

For quantitative analyses of linker—linker interactions, analyses of
the independent gradient model based on Hirshfeld partition of
molecular density (IGMH)*® for the periodic crystal structures of
ZIFs were conducted by Multiwfn. For these ZIFs with periodic
structure, CP2K software was used for generating the wave functions
by DFT calculation using PBE-D3(BJ) exchange—correlation function
with DZVP-MOLOPT-SR-GTH level (Section S9 in SI). The
interlinker binding energies of ZIF-78-It, htl, and ht2 were further
evaluated by the QTAIM method (Section S9 in SI).*

Grand canonical Monte Carlo (GCMC) simulations of CO,
adsorption isotherms at 195 K (0—100 kPa) and 298 K (0—30 bar)
were implemented in the RASPA software package.”® The net atom
charges (NACs) in the frameworks were computed using the density-
derived electrostatic and chemical (DDEC) method.’’ The Lennard-
Jones (LJ) parameters of the metal atoms in the framework came
from the universal force field (UFF),** and those of the nonmetal
elements came from the DREIDING force field.>> Total number of
simulation cycles was set as 200,000, with 100,000 cycles for
initialization and 100,000 cycles for production, to reach the
convergence, and the values were obtained by taking the average
(Section 9 in SI).

B RESULTS AND DISCUSSION

Identification of Structural Locking Isomers. The
multiple levels of structural locking were observed via the
reversibility of structural transformations upon activation and
resolvation in solvents with increasing polarities (acetone,
acetonitrile, EtOH, and DMF). By comparing their PXRD
patterns (Figure la—c), reversible structural transformation
was observed for ZIF-78-It in EtOH and DMF, while reversible
structural transformation for ZIF-78-htl was only seen in
DMF. In contrast, ZIF-78-ht2 showed irreversible structural
transformation even when immersed in DMF.

Specifically, the PXRD patterns of ZIF-78-1t, -htl, and -ht2
displayed a significant diffraction peak shift when compared to
ZIF-78-as, with the 100 reflections shifting to a lower 26 angle
and the 101 and 110 reflections shifting to higher 26 angles,
thereby indicating a significant structural contraction upon
guest removal (Figure S17 in SI). After being immersed in
either DMF or EtOH, the PXRD patterns for the resolvated
ZIF-78-1t exhibited a complete recovery to that of ZIF-78-as,
which suggested reversible structural flexibility for ZIF-78-lt
(Figure 1a; Figure S18 in SI). Strikingly, the PXRD patterns
for ZIF-78-htl demonstrated that its structure remained
unchanged when immersed in solvents with low polarity,
such as EtOH and acetone, but was recovered to ZIF-78-as in
higher polar solvents, such as DMF and acetonitrile, thereby
indicating it had stronger structural locking than ZIF-78-It
(Figure 1b; Figure S19 in SI). The PXRD patterns for ZIF-78-
ht2 remained unchanged after immersion in any solvents,
regardless of polarity, which indicated an irreversible structural
transformation under the operating conditions (Figure Ic;
Figure S20 in SI). The results initially demonstrated a
sequential enhancement in the structural locking strength,
given the varying degrees of structural flexibility observed in
response to solvents with different polarities.

The flexible/rigid nature of the three structural locking
isomers (Figure le—g) was probed during gas adsorption by
adsorptives N, (77 K), CH, (112 K), CO, (198 K), and C,H,,
(298 K), respectively. All structural locking isomers exhibit
type 1 physisorption isotherms for N, (77 K) with pore
volumes of 0.31, 0.30, and 0.29 cm® g™, respectively. The pore
size distributions of the three ZIFs derived from their N,
adsorption isotherms were 7.0/8.5, 6.4/8.5, and 5.9/8.5 A,
respectively (Figure 1d), revealing multiple levels of structural
locking.

Significant two-step adsorption isotherms followed by non-
negligible hysteresis loops were observed in ZIF-79-It for CH,
(112 K), CO, (195 K), and C,H;, (298 K), suggesting its
flexing nature during gas adsorption. Dynamic gas adsorption
in situ PXRD patterns of ZIF-78-1t (Figure 1h; Figure S21 in
SI) demonstrated its dynamic responses under various C4H; o/
N, concentrations at 298 K. Significant PXRD pattern changes
started under 50% C,H,,/N, concentration, corresponding to
the second uptake at ~50 kPa in the static gas adsorption
(Figure 1g, Figure S22 in SI). Specifically, the 100 reflections
at 3.98° shifted to a higher 26 angle, indicating a decrease in
the g-axis. The 110/101 reflections at 6.76° split into two
diffraction peaks at 6.38 (101) and 6.91° (110), suggesting an
increase in the c-axis. Lower diffraction intensity and broad
peaks were generally observed upon gas adsorption for ZIF-78-
It, which can be attributed to the dynamic feature of the
framework and the influence of adsorbates. High intensity and
sharp peaks of ZIF-78-It observed upon desorption by purging
dry N, at room temperature demonstrated the reversibility of
the dynamic responses and the retention of high crystallinity,
as evidenced by the similar full width at half-maximum (fwhm)
before and after C,H;, adsorption (0.189 and 0.202,
respectively). At the point of structural transformation, the
C,H,, gas adsorption in situ microcalorimetry of ZIF-78-lIt at
298 K showed an anomalous drop of exothermic intensity
(Figure S49 in SI), showing its potential for thermal
management of adsorption heat by utilizing the endothermic
effect of structural transition. All of these results support that
the GME-ZIF can be a flexible framework to show reversible
dynamic responses to gas molecules.

With structural locking, both ZIF-78-htl and -ht2 exhibited
one-step knee-shaped adsorption isotherms for all of the CH,
(112 K), CO, (195 K), and C,H,, (298 K), indicating their
rigidity during gas adsorption. More interestingly, ZIF-78-htl
exhibits higher gas uptakes than ZIF-78-ht2, illustrating a
delicate balance of rigidity and porosity. Dynamic gas
adsorption in situ PXRD patterns for ZIF-78-htl (Figure 1i;
Figure $23 and SI) showed that the diffraction peak positions
remained unchanged with variations to only the intensities of
those diffraction peaks due to the gas adsorption under various
C,H,o/N, concentrations.

Molecular and Energetic Insights into the Structural
Locking Isomers. Temperature-dependent in situ PXRD
patterns of ZIF-78-as under N, showed that the structural
transformation to ZIF-78-lt began at 75 °C (Figure S24 in SI).
Furthermore, an irreversible endothermic effect was observed
in the DSC measurements of ZIF-78-It at 146 °C, indicating
that the transition to the ZIF-78-htl phase is a non-
spontaneous process (Figure S50 in the SI). No negligible
endothermic peak can be observed between the transition of
ZIF-78-htl and -ht2, revealing that the ZIF-78-htl is a
metastable phase and -ht2 is a global stable phase. Similar
water adsorption isotherms were observed for all three phases
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Figure 2. Structural transformations of dynamic ZIF-78 upon guest removal were characterized by SCXRD analyses. Illustration of the dynamic
locking mechanism observed for the frameworks by linker—linker interactions in ESP-colored van der Waals surface maps of (a) imidazole organic
linkers used in this work; (b) truncated segments of ZIF-78-as and three sequential structural locking phases; independent gradient model based on
IGMH analyses for (c) ZIF-78-It, (d) ZIF-78-ht1, and (e) ZIF-78-ht2. The ESP maps are colored from —50 to 50 kcal mol™" on the system’s van
der Waals surface (p = 0.001 a.u.). In IGMH scatter graphs, p is the electron density that is positively correlated with the interaction strength (4,),
which is the sign of the second largest eigenvalue of the Hessian matrix whose value can distinguish whether the interaction is attractive (negative)
or repulsive (positive). Jg is the difference between g™, the IGM-defined density gradient, and g, the density gradient, which positively correlates
with the intermolecular interaction strength. BE is the binding energy of the intermolecular hydrogen bonds. The isosurface of dg was plotted with
an isovalue of 0.0045 a.u., and the color range is from —0.05 to 0.05 a.u.

of ZIF-78-t, -htl, and -ht2 (Figure S26 in SI), showing the
hydrophilicity of the functional groups independent of the
activation temperatures.

The single-crystal X-ray structures of ZIF-78-as, -It, -ht1, and
-ht2 provided a fundamental understanding of the dynamic
structural transformation at the atomic level (Figure 2). All
phases were isostructural and crystallized in space group P6;/
mmc (No. 194). Each tetrahedral Zn(II) center is connected to
two nIMs and two nbIMs that were interconnected to form a
three-dimensional framework with GME net, which is
isoreticular to the Co(II)-based structures.”> To handle the
substantial disorder of nbIM, the activated structures were
refined in lower symmetry space group P6; (No. 173). For
ZIF-78-as, -lt, -htl, and -ht2, the Zn—N bond lengths
decreased from 2.01 to 1.95, 1.93, and 1.90 A, respectively,
which was consistent with the tendency observed in ZIF-78-
Co, where the bond lengths for as-synthesized and activated
phases were 2.01 and 1.88 A, respectively. Accordingly, the N—
Zn—N bond angles between nIM, zinc, and nbIM increased
from 104.9 to 107.0, 111.4, and 112.3° respectively, while in
ZIE-78-Co, the corresponding angles increase was from 99.5 to
111.7°. The variation may be ascribed to the disappearance of
interactions between solvent and linker after activation, causing
a charge rearrangement and an increase in linker electro-

negativity, in accordance with Gutmann’s bond length
variation rules.”*

Compared to ZIF-78-as, the length of the g-axis for ZIF-78-
It, htl, and -ht2 increased from 26.148 to 27.365, 27.389, and
27.375 A, respectively, whereas the length of the c-axis was
reduced from 19.587 to 16.579, 16.437, and 16.146 A,
respectively. The evolution in unit cell parameters demon-
strated a significant reduction in cell volume, with values of
7.29, 7.93, and 9.66% for ZIF-78-1t, -htl, and -ht2, respectively,
which indicated a sequential structural contraction upon
thermal activation. The theoretical pore volume and pore
size calculated by using CO, as a probe also proved the
sequential contraction, in which the pore volumes of ZIF-78-
as, -It, -htl, and -ht2 decreased from 0.34 to 0.26, 0.25, and
0.23 cm® g/, respectively, and the pore size decreased from
4.66 to 3.48, 2.97, and 2.76 A, respectively. The results were
consistent with the pore volumes calculated from GCMC
simulations, which were lower than the experimental results
due to the completely rigid structures treated in the simulation.
In addition, the flexibility of ZIF-78-It in reverting to ZIF-78-as
during the adsorption process could also be proven from the
simulation (Scheme 1c, Figures S25 in SI).

ESP-colored van der Waals surface maps were used to
qualitatively understand the distribution of electrostatic
potential around the linkers and provide insights into the
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Figure 3. Evaluation of the CO,/CH, adsorptive separation performance via high-pressure gas uptake isotherms and dynamic breakthrough
measurements. (a) High-pressure total CO, and CH,, uptake isotherms at 298 K for ZIF-78-1t (blue), -htl (orange), and -ht2 (red). (b) Heats of
CH, and CO, adsorption were derived from their high-pressure adsorption isotherms for four temperatures using virial model fitting. (c) Pressure-
dependent CO,/CH, selectivity based on the IAST model. (d) Dynamic adsorption breakthrough curves for ZIF-78 at 298 K and 30 bar with a 1:1
(v/v) ratio of CH, and CO, and a 3 mL min~" flow rate. (e) The purification productivity of CH, calculated by integrating the CO,/CH,
breakthrough curve (CO,/CH, = 50:50) at 298 K, with CH,, purity of 99%. (f) Comparison of CH,, purification productivity calculated from CO,/
CH, breakthrough curve (CO,/CH, = 50:50) at 298 K for ZIFs in this work with our previous work® as well as MOFs, zeolites, and carbon

. 1.57—60
materials

previously reported. The blue, orange, and red pentagrams represented ZIF-78-lt, ZIF-78-htl, and ZIF-78-ht2, respectively; the

orange, red, and blue hollow circles represented ZIF-68-Co, ZIF-78-Co, and ZIF-79-Co, respectively; the green triangles represent MOFs, and the
gray diamonds represent zeolites (solid diamonds indicate the breakthrough test conducted at 298 K, while hollow diamonds represent test at 303

K).

positive and negative charge density of individual atoms
(Figure 2a,b). Accordingly, DFT calculations were performed
to analyze the linker—linker interactions of ZIF-78-as and the
three activated phases. The analysis of linkers demonstrated
that both hydrogen atoms on nIM and benzene rings were
electropositive, while the nitro group was electronegative,
implying that potential attractive interaction may occur
between them (Figure 2a). Compared to ZIF-78-as without
interaction between nIM and adjacent nbIM, the obvious
attraction was observed in ZIF-78-lt, -htl, and -ht2, which may
be classified as hydrogen bond due to the electronegative
oxygen and electropositive hydrogen.””* This interaction
gradually increased as the distance between the nitro group
and the hydrogen atom decreased (from 2.6 to 2.3 and 1.9 A),
as inferred from the enhanced overlap of the electron cloud
density. Solid-state "H NMR spectroscopy for ZIF-78-lt, -htl,
and -ht2 as well as the two imidazole linkers exhibited
downfield shift upon hydrogen bond formation. Although
solid-state "H NMR spectra were generally broad due to the
resolution limitation, significant downfield shifts were observed
by the elimination of 0.39 and 2.69 ppm and the shoulder of
7.86 ppm chemical shifts for ZIF-78-ht2 (Figure S7 in the SI).

The interaction between two nbIMs in ZIF-78-as was mainly
a repulsive interaction contributed by nitro groups in which the
framework was stabilized through interactions with solvent
molecules. For ZIF-78-1t, -htl, and -ht2, a significant attraction

was observed between the nitro group and benzene ring with
conjugation, which may be classified as an 7—7 interaction.
Similarly, this attraction also strengthened, as evidenced by the
expanded interaction area (Figure 2b). Two attractive
interactions with different strengths synergistically achieved
sequential structural locking in ZIF-78.

To quantitatively analyze and visualize the interactions
between linkers, IGMH analysis was conducted (Figure 2c—e).
The weak interactions were illustrated by isosurfaces colored
according to the electron density values. Based on the same
isovalue, isosurfaces with larger areas and bluer colors
represented larger interaction regions and stronger strengths.
The results showed that 7—x interaction between two nbIMs
was enhanced with the increasing locking degree, which was
consistent with ESP results. To evaluate hydrogen bonds,
binding energy (BE) was fitted by the electron density at the
bond critical point (BCP) from QTAIM analyses with values
of —0.64, —2.77, and —5.72 kcal mol ™! for ZIF-78-lt, -ht1, and
-ht2, respectively. The values represented weak electrostatic
attraction between nIM and an adjacent nitro group of nbIM
in ZIF-78-It, while weak and strong hydrogen bond interaction
in ZIF-78-htl and -ht2, respectively. QTAIM electron density
topology and ELF density analysis as well as atom charge
comparison using different calculation methods were con-
ducted to further clarify the nature of the hydrogen bond
(Table S18, Figure S69 in SI). The results highlighted the
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synergistic importance of linker—linker interactions in
structural locking.

High-Productivity CH, Purification via Pressure-
Swing Adsorption. The thermodynamic behavior of CO,/
CH, separation for ZIF-78-lt, -htl, and -ht2 was evaluated
from high-pressure (0—30 bar) CO, and CH, static adsorption
isotherms (Figures S31—S36 in SI). As shown in Figure 3a, all
Z1Fs exhibited a higher adsorption affinity and uptake capacity
for CO, over CH,. The CO, uptakes for ZIF-78-1t, -ht1, and
-ht2 at 298 K and 30 bar were 8.8, 7.4, and 7.0 mmol g™,
respectively, 2- to 3-fold higher than the CH, uptake.

Consequentially, the CH, and CO, heats of adsorption
(Qy), as derived from high-pressure adsorption isotherms and
fitted with the virial model, suggested stronger interactions
between CO, and each of the frameworks (Figure 3b). When 1
mmol g™ of gas was adsorbed, CO, heats of adsorption for
ZIE-78-1t, -ht1, and -ht2 were 28.5, 29.2, and 29.6 k] mol™,
respectively, while CH, heats of adsorption were 20.4, 20.3,
and 20.1 kJ mol™', respectively, which was consistent with the
simulated CO, heats of adsorption derived from GCMC
simulation (Figure S48 in SI).

Using CO, and CH, adsorption data, ideal adsorbed
solution theory (IAST) was applied to estimate the CO,/
CH, selectivity of the frameworks (Figure 3c). Specifically, for
an equimolar mixture of CO, and CH, at 298 K and 30 bar,
the adsorption selectivities of ZIF-78-lt, -htl, and -ht2 were
10.6, 10.8, and 10.3, respectively, which were comparable with
several state-of-the-art MOFs for CO,/CH, separation (Table
S15 in SI). It is worth noting that due to its higher adsorption
capacity for CO,, ZIF-78-1t exhibited a slightly higher overall
selectivity than ZIF-78-htl and -ht2. The influence of
sequential structural locking on the kinetic separation perform-
ance was then demonstrated via dynamic breakthrough
experiments of CO,/CH,. As shown in Figure 3d, an efficient
separation for a 1:1 ratio CO,/CH, mixture was achieved by
ZIE-78-It, -htl, and -ht2. As expected, CH, was the first gas to
elute through the adsorption bed with a high-purity grade of
99%, and the corresponding productivities of CH, at 30 bar
were 3.8, 7.6, and 4.8 mmol g~' for ZIF-78-1t, -htl, and -ht2,
respectively. At the same time, CO, was retained for a
significant amount of time, with the working capacity
calculated to be 13.1, 18.6, and 14.9 mmol g_l, respectively.
Strikingly, ZIF-78-htl, with a balanced rigidity and porosity,
exhibited the best separation performance among these ZIFs,
as highlighted by the highest CO, working capacity and CH,
purification productivity (Figure 3e; Figures S66—S67 in SI).

Strikenly, ZIF-78-htl represents the highest CH, produc-
tivity among the ZIFs reported here, those evaluated in our
previous study™® as well as other MOFs, zeolites, and activated
carbon in the literature (Figure 3f).””~°° The multiple stable
conformations achieved in ZIF-78-Zn may be attributed to the
d"° configuration of Zn(1I) tetrahedral center with zero crystal
field stabilization energy (CFSE),"! resulting in lower energy
barriers for conformational transitions and easier attainment of
multiple local energy minima. In contrast, isoreticular ZIF-78-
Co with d” Co(II) tetrahedral centers had a higher CFSE equal
to —1.2A, (A, is the tetrahedral crystal field splitting energy),
making it more determinative for structural transformation.
Indeed, the dihedral angle deviations of tetrahedra in ZIF-78-
Zn and ZIF-78-Co were found to be 0.06 and 0.47%,
respectively, suggesting that coordination geometry distortion
occurred in ZIF-78-Co might trap the framework in a deeper
energy minimal.®>%*

Considering industrial settings, low-energy consumption and
time efficiency throughout the regeneration and recycling
processes are important features.*"°° For ZIF-78, with its
sequential structural locking phases, regeneration was fully
realized under mild conditions by simply purging the ZIF-
containing bed with Ar at ambient temperature. With a rigid
structure induced by structural locking, ZIF-78-ht2 exhibited
great durability under high pressure, as proved by high-
pressure CO, adsorption and dynamic breakthrough measure-
ments at 30 bar and 298 K (Figures S37, S6S in SI).

B CONCLUSIONS

By controlling linker dynamics in ZIFs through functionality-
induced locking, we uncover a sequential structural locking
mechanism for balancing the structural rigidity and porosity to
perform effective high-pressure CO,/CH, separation and high-
productivity methane purification. The effects of the temper-
ature on the structural flexibility and gas separation were
systematically investigated by combining XRD analyses, gas
adsorption, computer simulation, and dynamic breakthrough
experiments. Among these ZIFs, ZIF-78-htl, with its midlevel
locking, exhibited the best CO,/CH, separation performance,
owing to its suitable pore size and structural rigidity during gas
adsorption. The findings highlight the importance of deliberate
control over a given ZIF’s framework dynamics via linker—
linker interactions and precise regulation of the inherent
flexibility through activation-induced sequential structural
locking under different temperatures to improve gas separation
under relevant operating conditions. The strategy employed in
this work highlights the delicate balance between the porosity
and framework rigidity when designing next-generation porous
adsorbents.
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