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ABSTRACT: Zeolitic imidazolate frameworks (ZIFs) are metal—
organic analogues of zeolites that have attracted considerable
interest for gas separation applications. However, the inherent
framework flexibility of ZIFs during gas adsorption complicates
their designed and desired performance. Herein, we report
functionality-induced locking of ZIFs undergoing irreversible
structural transformations, which leads to exceptional framework
rigidity. Specifically, an isoreticular series of zeolite GME-type Co'-
ZIFs were prepared and proven to have dynamic, flexible, and rigid
behaviors after thermal activation, depending on their functional
groups (i.e, —H, —CH; and —NO,). Molecular insights into the irreversible, functionality-induced locking were determined to
occur as a consequence of framework flexibility for maximizing the linker—linker interactions from z—s interaction to hydrogen
bonding. The practical impact of functionality-induced locking in ZIFs was evaluated through high-pressure CO,/CH, adsorptive
separation for realizing more efficient methane purification. The present findings shed light on the deliberate control over the
inherent flexibility observed in many porous materials to optimize their performance in practical applications.
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1. INTRODUCTION

As a subclass of metal—organic frameworks (MOFs) ,1% zeolitic
imidazolate frameworks (ZIFs) are constructed by stitching
tetrahedral metal centers (M = Co", Zn", Cd", and Li'/B",
among others)*™’ together using imidazolate and its function-
alized derivatives to form tetrahedral networks resembling
those structural types observed or even unrealized in inorganic
zeolites." "> Featuring exceptional chemical stabilities and

that harnesses the structural transformation and functionality-
induced locking of the D6Rs in zeolite GEM-type ZIFs to
enhance the overall framework rigidity further (Scheme 1a).
Inspiration for selecting a flexible network was based on the
fact that the acs-a net observed in MOFs exhibits a large
amplitude of structural transformation upon guest inclusion
and removal.**~*® Given that the GME net can be regarded as
a geometric variation of the acs-a net through edge decoration,
we targeted the design, synthesis, and characterization of the

accessible microporosity, ZIFs have attracted considerable
attention for use in carbon capture and industrial gas
separations, given their pronounced architectural rigidity and
ease of functionalization.">™'° However, the imidazolate
linkers used to construct ZIFs are usually dynamic via swinging
motions, which imposes inherent framework flexibility during
gas adsorption.'®~*° This phenomenon directly impacts ZIFs’
performance in practical gas separation processes, especially at
higher gas pressures. Ingenious strategies have been proposed
in membrane separation processes to suppress the swinging
motion of linkers by introducing external stimuli that lead to
enhanced separation performance,”’ " but such strategies
remain underdeveloped in the practice of adsorptive gas
separation processes, such as pressure swing adsorption (PSA).
Therefore, we sought to develop a new reticular chemistry
principle to control the intrinsic linker dynamics of ZIFs
through molecular design.*' ~*

Secondary building units (SBUs), such as 3-ring (3R),”*™*’
double 4-ring (D4R),”**” and double 6-ring (D6R),"**~** are
critical structural motifs to realize topological designability and
architectural rigidity in ZIFs."”’ Herein, we report a strategy
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GME-type isoreticular series of Co"-based ZIFs with various
functional groups (ie, —H, —CH; and —NO,) on the
benzimidazolate linkers (Scheme 1b). These ZIFs are all
constructed from Co™ tetrahedral centers and 2-nitro-
imidazolate (nIm) mixed with benzimidazolate (bIM; ZIF-
68-Co), S-nitrobenzimidazolate (nbIM; ZIF-78-Co), or 5-
methylbenzimidazolate (mbIM; ZIF-79-Co) in a 1:1 linker
molar ratio. The porous structures comprise one type of
channel (t-kno) and two types of cages (Cage A, t-hpr; cage B,
t-gme; Scheme 1c) in a 1:1:1 ratio, with the respective
functional group dangling in the pores.

Swinging motions of imidazolate linkers have been observed
in ZIFs as a dynamic phenomenon during gas adsorption for
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Scheme 1. Design Principle for Achieving Intermolecular, Functionality-Induced Locking in ZIFs (a) Geometric Variation
from the acs-a to the GME Net When Considering the Double 6-Rings as Rigid Joints and the Bridging 4-Rings as Flexible
Hinges. (b) Linking Co" Tetrahedral Centers with 2-Nitroimidazolate (nIm) and Different Functionalized Benzimidazolates
(RbIM) Produced an Isoreticular Series of GME-ZIFs. (c) Single-Crystal Structure of ZIF-78-Co
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extra gas uptake. This is best exemplified by the zeolite SOD-
type ZIF-8."°""? Although significant structural transformation
due to this linker swinging motion has rarely been investigated,
recently, reversible structure transformation was studied during
guest removal and adaptive inclusion of guest molecules in
zeolite SOD ZIF-65, which exhibited a large amplitude of
distortion in its SOD cages.””*'
functionality-induced locking in ZIFs that leads to an
irreversible structural transformation, highlighted by a
significant contraction of their unit cells upon thermal
activation to rigidify the framework. This finding conceptually
advances the importance of functionality-induced locking via
framework flexibility by a maximal linker—linker interaction.
Interestingly, such hidden phenomena have been overlooked in
many porous materials, especially for MOFs and COFs,*’~>"
yet it is essential for elucidating their anomalous adsorption
behavior and understanding the energy landscape of the
framework. In this contribution, we harness a flexible network
and the ease of imidazolate linker functionalization to lock the
framework into a global energy minimum with a significant
energy barrier for reversible structure transformation. Finally,
we detail the importance of this strategy for improving the

Herein, we uncover

utility of ZIFs and enabling their practical application in
adsorptive gas separation using PSA for methane purification.

2. EXPERIMENTAL SECTION

2.1. Preparation and Characterization of ZIF Materials. Two
new ZIFs, namely, ZIF-78-Co [Co(nIm)(nblm)] and ZIF-79-Co
[Co(nIm)(mbIm)], and a reported one, ZIF-68-Co [Co(nIm)-
(bIm)],>* were prepared through solvothermal reactions of Co-
(NO;),-6H,0 with nIm and RbIm (R = —H, —CH;, —NO,) in N,N-
dimethylformamide (DMF) at 85 °C for 7 days, yielding violet
hexagonal prismatic crystals. The as-synthesized samples were washed
and refreshed with ethanol (EtOH) for 2 weeks, followed by
degassing under vacuum at 200 °C for 8 h.

The crystal morphologies of the as-synthesized samples were
examined using a scanning electron microscope (Phenom-World BV,
ProX; Figure S1.1 in Supporting Information, SI). Thermogravimetric
analyses (TGA) of the activated samples were performed on a TGA
instrument (PerkinElmer, TGA 4000) with a heating rate of S °C/
min from ambient temperature to 700 °C under N, flow, which
demonstrated high thermal stability (300 °C) and the complete
removal of guest molecules for all members (Figure S1.2 in SI).
Elemental analyses were performed on an elemental analyzer
(PerkinElmer, SERIES II 2400). The formulae of the activated ZIFs
were confirmed by their digested-solution 'H nuclear magnetic
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Figure 1. Dynamic behaviors of the GME-ZIFs as revealed by as-synthesized/activated PXRD patterns and gas/vapor adsorption isotherms. (a)
Indexed PXRD marks of ZIF-68-Co displayed unchanged unit cell parameters. Indexed PXRD patterns of ZIF-79-Co (b) and ZIF-78-Co (c)
exhibited significant changes to their unit cell parameters. Gas adsorption isotherms for ZIF-68-Co (orange), ZIF-79-Co (blue), and ZIF-78-Co
(red) for (d) N, at 77 K; (e) CH, at 112 K; (f) CO, at 195 K, and (g) n-C,H,, at 298 K demonstrated that ZIF-78-Co was more rigid than ZIF-
68-Co and ZIF-79-Co. Vapor adsorption isotherms for ZIF-68-Co, ZIF-79-Co, and ZIF-78-Co for (h) methanol (CH;OH) at 298 K demonstrated
that the three GME-ZIFs exhibited different dynamic behaviors and (i) H,O at 298 K showed that ZIF-68-Co and ZIF-79-Co were hydrophobic,

whereas ZIF-78-Co was relatively hydrophilic.

resonance (NMR) spectra, which were collected on a Bruker
AVANCE NEO 400 (400 MHz) NMR spectrometer, with deuterated
dimethyl sulfoxide as the solvent (Figures S1.3—SL1.5 in SI). Infrared
spectra were collected on an FT-IR spectrometer (PerkinElmer,
Frontier), which indicated the exact composition of the as-synthesized
and activated samples and full activation with no solvent molecules
present (Figures S1.6—S1.8 in SI).

2.2. X-ray Diffraction. Single-crystal X-ray diffraction (SCXRD)
data of the as-synthesized and activated ZIFs were collected on a
Bruker D8 Venture Photon III diffractometer using a Ga Ka X-ray
source or collected at BL17B (4 = 0.6701 A) and BL10U2 (4 =
0.6887 A) stations of Shanghai synchrotron radiation facility. The
activated samples were sealed in 0.3-mm (ID.) capillaries under an
argon atmosphere in a glovebox equipped with an optical microscope
(Section S2 in SI).

Powder X-ray diffraction (PXRD) patterns of solvated samples
were recorded on a Bruker D8 Advance diffractometer with Cu Ka
radiation (4 = 1.5418 A). Data were collected in the 26 range of 3—
25° with a step size of 0.02°. Temperature-dependent PXRD data
were collected at the BL14B1 beamline at the Shanghai synchrotron
radiation facility (4 = 0.6895 A, 20 range of 1-30°) or the MS
beamline at the SESAME synchrotron (4 = 0.8270 A, 26 range of 1-
50°). Guest-free samples were sealed in a 0.8 or 0.5 mm inner
diameter (LD.) capillary. Temperature-dependent synchrotron PXRD
measurements also proved the thermal stability of functionality-
induced locking of ZIF-78-Co at the MS beamline of the SESAME
synchrotron (Figure S3.7 in SI).

2.3. Gas Adsorption. Ultrahigh-grade gases (99.999%) such as
He, N,, CO,, and CH, were used throughout the experiments. A
liquid nitrogen bath was used for the temperatures controlled at 77
and 112 K with a CryoSync from Quantachrome; a dry ice/methanol
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Figure 2. Structural transformations of the dynamic ZIFs upon guest removal as characterized by SCXRD and PXRD analyses. Illustration of the
dynamic locking mechanism observed for the frameworks by linker—linker interactions in (a) ZIF-68-Co, (b) ZIF-79-Co, and (c) ZIF-78-Co
through van der Waals interaction, C—H--7 interaction, and 77 stacking, respectively. (d) Top view along the ¢ axis of activated ZIF-78-Co.
Electrostatic potential (ESP)-colored van der Waals surface maps of (e) imidazole organic linkers used in this work; (f) truncated segment of ZIF-
79-Co; and (g) truncated segment ZIF-78-Co. ESP is colored according to the color bar on the system’s van der Waals surface (p = 0.001 a.u.).

bath was used for the temperature held at 195 K; a recirculating
Dewar connected to a Julabo F25-ME isothermal bath was used for
controlling temperatures at 273, 283, 298, and 308 K. Low-pressure
gas/vapor adsorption isotherms were measured volumetrically using a
Quantachrome iQ (N,, CO,, and CH,) or Microtac BELsorp Max2
(n-C,Hy,, CH;0H, and H,0) sorption analyzer. High-pressure
adsorption isotherms (0—30 bar) were measured on a Quantachrome
iSorb HP1 instrument. High-pressure dynamic adsorption break-
through curves were evaluated using a Hiden ABR automated
breakthrough analyzer (Sections S4—S8 in SI).

2.4. Electrostatic Potential (ESP)-Colored van der Waals
Surface Maps. The ESP-colored van der Waals surface maps of ZIFs
were evaluated based on the effective algorithm proposed by Multiwfn
(Section S9 in SI).**** The segments used to illustrate the distinct
interactions were clipped from the structures of ZIFs obtained from
single-crystal X-ray diffraction (SCXRD) data.

3. RESULTS AND DISCUSSION

3.1. Identification of Functionality-Induced Locking
of ZIFs. The functionality-induced locking of ZIFs was initially
identified by comparing PXRD patterns of as-synthesized,
activated, and re-solvated samples (Figure la—c). Without

functionalization, the PXRD patterns for as-synthesized and
activated ZIF-68-Co exhibit similar diffraction peak positions
with changes only in their intensity, indicating the constant
framework geometry upon activation (Figure la). Contrast-
ingly, the PXRD patterns for as-synthesized and activated ZIF-
79-Co show distinct diffraction peak positions with the 100
reflection shifted to a lower 26 angle and the 101 and 110
reflections shifted to higher 26 angles, thereby revealing a
significant structural transformation upon thermal activation
(Figure 1b). The PXRD patterns of the re-solvated ZIF-79-Co
were recovered only after being immersed in DMF, which
suggested a reversible flexibility of the framework. A similar
structural transformation was also observed in the PXRD
pattern comparison for the as-synthesized and activated ZIF-
78-Co, showing the 100 and 101 peak positions shifting from
3.95 to 3.82° and 598 to 6.69° respectively (Figure Ilc).
Strikingly, the PXRD pattern of re-solvated ZIF-78-Co retains
the peak positions similar to its activated one, indicating
irreversible structural transformation.

The N, adsorption isotherms at 77 K show shrinkage of pore
sizes and pore volumes after functionalization (Figure 1d—e)
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Figure 3. Evaluation of CO,/CH, adsorptive separation performance via high-pressure gas uptake isotherms and dynamic breakthrough
measurements. High-pressure total gas uptake isotherms at 298 K for ZIF-68-Co (orange), —78-Co (red), —79-Co (blue), and ZIF-8 (black) for
(a) CO, and (b) CH,. (c) Heats of CH, and CO, adsorption were measured from a thermogravimetric analyzer coupled to a differential scanning
calorimeter (TG-DSC) and calculated from their high-pressure adsorption isotherms for several temperatures using virial model fitting (solid line).
(d) Pressure-dependent CO,/CH, selectivity based on the IAST model. (e) Dynamic adsorption breakthrough curves for the GME-ZIFs at 298 K
and 15 bar with a 1:1 (v/v) ratio of CH, and CO, and a § mL/min flow rate. (f) Retention time of CO, calculated from CO,/CH, breakthrough

curves (CO,/CH, = 50:50) at 298 K.

since the bulkiness of the functional groups increased gradually
for ZIF-68-Co, ZIF-79-Co, and ZIF-78-Co. The pore size
distributions of the three ZIFs derived from their N,
adsorption isotherms were 10.1/7.2, 8.2, and 6.7 A,
respectively (inset in Figure 1d). The pore volumes calculated
from the N, uptakes at P/P, ~ 0.99 for ZIF-68-Co, ZIF-79-Co,
and ZIF-78-Co were 0.49, 0.40, and 0.30 cm® g_l, respectively.
Similar pore volumes were obtained from the saturated
adsorption capacity of CH, and CO, (Figure lef). These
results are consistent with the calculated pore volumes (Table
S4.1 in SI), suggesting the accessibility of all cavities upon
functionalization. The step-wise CO, adsorption for ZIF-68-
Co behaviors can be attributed to the bi-porous systems, which
have been validated by molecular simulation using the grand
canonical Monte Carlo (GCMC) method (Figures S4.1—54.3
in SI).

It is noted that when adsorbing guest molecules at room
temperature, the difference in dynamic behaviors appeared,
which was related to the polarity of the guest molecules.>®
‘While adsorbing nonpolar n-butane, all three ZIFs showed type
I adsorption isotherms, with changes only in their adsorption
amount (Figure 1g). Owing to the bulky n-butane molecule,
the calculated pore volume is lower than the theoretical value,
consistent with methanol (CH;OH) adsorption results. While
adsorbing polar CH;OH, ZIF-68-Co exhibited two-step
adsorption behavior without apparent hysteresis, which may
be ascribed to the swinging motions of the linkers without
functional groups (Figure 1h). This was in contrast to the
remarkable dynamic behavior observed in ZIF-79-Co. For this

compound, a significant two-step adsorption process was
followed with a non-negligible hysteresis loop, suggesting that
a structural transition may occur during the adsorption process.
Due to functionality-induced locking of the framework, ZIF-
78-Co exhibited one-step adsorption isotherms for CH;OH
adsorption. H,O adsorption at 298 K showed that function-
alization could change the hydrophilicity of the material, in
which the nitro-functionalized ZIF-78-Co was hydrophilic,
while the unfunctionalized ZIF-68-Co and the methyl-
functionalized ZIF-79-Co were relatively hydrophobic (Figure
1i).

3.2. Molecular Insight into Functionality-Induced
Locking of ZIFs. The SCXRD results of the GME variants
helped us to understand the dynamic structural transformation
at the atomic level (Figure 2). The results showed that they
were all isostructural and crystallized in the space group P6;/
mme (no. 194). Each tetrahedral Co™ ion is connected to two
nlm and two functionalized blm, linked together via angular
sharing to form a three-dimensional framework of GME
topology. Due to the structural contraction, the activated
structures of ZIF-78-Co and ZIF-79-Co were refined in the
lower symmetry space group P6; (no. 173) to handle the
substantial disorder. For ZIF-68-Co with nonfunctionalized
blm, only slight changes to the unit cell parameters were
observed, in which the value of a parameter decreased from
26.826(2) to 26.604(2) A, while the ¢ parameter increased
from 18.554(2) to 18.6696(8) A (Figure 2a), indicating that
its framework geometry remained constant upon activation.
Furthermore, only weaker van der Waals interactions were
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observed between two adjacent bIms, as confirmed by the ESP
maps of the as-synthesized and activated ZIF-68-Co (Figure
S9.1 in SI). On the contrary, for ZIF-79-Co with methyl-
functionalized bIm, the structure contracted by 2.31% in cell
volume, in which the cell parameter in the a direction
increased from 25.839(2) to 26.802(2) A, while the ¢
parameter reduced from 19.419(2) to 17.633(2) A (Figure
2b). The ESP maps of as-synthesized and activated ZIF-79-Co
illustrated a C—H--7 interaction between two mbIm. The
relatively weak interaction cannot lock the framework, leading
to a reversible structural transformation (Figure 2f). Notice-
ably, for ZIF-78-Co, with nitro-functionalized bIm, a significant
structural contraction occurred (up to 8.02% reduction in cell
volume) upon thermal activation, in which the length of the a-
axis increased from 25.8411(9) to 27.167(2) A, while the
length of the c-axis reduced from 19.6794(8) to 16.378(2) A
(Figure 2c). The top view along the c-axis of activated ZIF-78-
Co illustrated that the 12-ring was formed by the alternating
coordination of nIm and nbIm (Figure 2d). By comparing the
ESP maps of as-synthesized and activated ZIF-78-Co, it was
found that in addition to the strong 7---7 interaction between
two nblm, an extra strong intermolecular hydrogen bonding to
the adjacent nIlm was also observed (Figure 2g). These
interactions synergistically lock the structure and render the
framework transformation irreversible.

3.3. Adsorptive Separation Performance upon Func-
tionality-Induced Locking. High-pressure (0—30 bar) CO,
and CH, gas adsorption isotherms were measured for the
GME-ZIFs at 273, 298, and 308 K (Figures S5.1—S5.6 in SI).
As shown in Figure 3a,b, all ZIFs exhibited higher affinity and
capacity for CO, over CH,. The CO, uptake for ZIF-68-Co,
—79-Co —78-Co, and —8 at 298 K and S bar was 4.8, 3.9, §.5,
and 4.5 mmol/g, respectively, which was 2- to 3-fold higher
than that of CH,. Consequently, CH, and CO, adsorption
heats of adsorption, calculated from high-pressure adsorption
isotherms at several temperatures and fitted with the virial
model, suggested stronger interactions between the framework
and CO, (Figure 3c). When 1 mmol/g of gas was adsorbed,
CO, adsorption heat for ZIF-68-Co, —79-Co, —78-Co, and —8
was 23.8, 25.4, 26.9, and 16.2 kJ/mol, respectively, while CH,
adsorption heat was 16.6, 18.1, 18.7, and 12.6 kJ/mol,
respectively. The calorimetric adsorption heats measured
from the TG-DSC test were consistent with the simulated
results, in which CH, has no accurate adsorption heat due to
its low adsorption capacity (Figures $6.7—S6.12 in SI). Using
the CO, and CH, adsorption isotherm data, ideal adsorbed
solution theory (IAST) was applied to estimate the selectivity
of the framework toward CO, over CH, (Figure 3d).
Specifically, for an equimolar mixture of CO, and CH, at
298 K and 3000 kPa, the adsorption selectivities of ZIF-68-Co,
ZIF-79-Co, and ZIF-78-Co were 7.1, 5.9, and 12.8,
respectively, which surpassed that of ZIF-8 (3.9) and were
comparable with values calculated for several state-of-the-art
MOFs for CO,/CH, separation (Table S7.1 in SI).

The activated samples of the three GME-ZIFs were then
shown to achieve excellent separation performances via
dynamic breakthrough experiments of CO,/CH, compared
to ZIF-8, which were consistent with the results of high-
pressure gas adsorption measurements. As shown in Figure 3e,
a highly efficient separation of the CO,/CH, mixture was
achieved by each selected ZIF. As predicted, CH, was the first
gas to elute through the adsorption bed with a high-purity
grade of 99.1%, reaching saturation rapidly. At the same time,

CO, was retained for a significant amount of time, equal to
12.1, 9.4, and 13.1 min/g for ZIF-68-Co, —79-Co, and —78-
Co, respectively (Figure 3f). Compared with the GME-ZIFs
synthesized in this work, the flexible ZIF-8 displayed an
ineffective separation capability. Specifically, from the break-
through curves, CH, at high purity was obtained for extended
periods when the three GME-ZIFs were compared to ZIF-8; a
compound that showed difficulty in purifying CH, under the
same conditions. Strikingly, ZIF-78-Co, with nitro-function-
alized bIm, exhibited the best separation performance among
these ZIFs, as highlighted by the longest retention time for
CO, and, therefore, the highest CH, purified amount. In the
competitive dynamic adsorption process, ZIF-78-Co adsorbed
slightly less CO, than the amount calculated from the single-
component dynamic adsorption curve (Figure S8.7 in SI),
while the amount of CH, adsorbed dropped significantly,
leading to a much higher dynamic selectivity as compared to
the theoretical IAST selectivity.

The findings herein highlight the importance of deliberate
control over framework dynamics by functionalization and
precise regulation of a ZIF’s inherent flexibility by function-
ality-induced linker lockinég to improve gas separation under
experimental conditions.”*®" In addition, low energy con-
sumption and time efficiency throughout the regeneration and
recycling processes are highly significant in industrial settings.
For the case of each GME-ZIF, regeneration was fully realized
under mild conditions by simply purging the ZIF-containing
bed with Ar without changing the temperature conditions.

4. CONCLUSIONS

By targeting framework flexibility through molecular design,
one reported and two new GME-ZIFs were prepared and
studied in this work. The effects of functionalization on
structural flexibility and gas separation were systematically
investigated by combining XRD analyses, gas adsorption, and
dynamic breakthrough experiments. The functionality-induced
locking uncovered here fundamentally differs from the linker
swing dynamics'®”'" and flexible deformation®' previously
observed in ZIFs. A rigid porous structure maximizes the
linker—linker interaction through irreversible structural trans-
formation upon thermal treatment. Such functionality-induced
locking influenced the structural change experienced by the
respective GME-ZIFs and their practical performance in high-
pressure gas adsorptive separation. Among the reported GME-
Z1Fs, ZIF-78-Co, having the most rigid structure, achieved the
best CO,/CH, separation performance, thereby correlating a
higher gas separation performance to the desired structural
attributes of pore size, structure, and environment (i.e.,
functionalization). The overarching principle detailed in this
work provides general guidance for molecular design when
developing next-generation porous adsorbents.
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