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ABSTRACT

Engineering the structural flexibility of MOF materials for separation-related
applications remains a great challenge. We present here a strategy of mixing rigid and
soft linkers in a MOF structure to achieve tunable structural flexibility, as exemplified
in a series of stable isostructural Zr-MOFs built with natural C4 linkers (fumaric acid,
succinic acid and malic acid). As shown by the differences in linker bond stretching
and rotational freedom, these MOFs display distinct responsive dynamics to external
stimuli, namely temperature or guest adsorption. Comprehensive in-situ
characterizations reveal a clear correlation between linker character and MOF
dynamic behavior, which leads to the discovery of a multivariate flexible MOF. It
shows an optimal combination of both good CO, working capacity and significantly
enhanced CO,/N, selectivity . In principle, it provides a new avenue for potentially
improving the ability of microporous MOFs to separate other gaseous and liquid

mixtures.
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INTRODUCTION

Flexible metal-organic frameworks (MOFs) or porous coordination polymers (PCPs)
represent a particular subgroup within the class of the hybrid materials, namely the
third generation compounds or soft porous crystals (SPCs).* In contrast to the first
and second generations,®® these materials display intriguing structural dynamics in
response to external stimuli, such as guest molecule variations,®** light,

1418 glectrical field'” and pressure.’*#* Consequently, numerous unique

temperature,
and unprecedented attributes have been discovered with regard to their applications in
areas such as separation, sensors, catalysis, and biomedicine.??® In this context,
controlled inducement of the structural flexibility during MOF synthesis was regarded
as an attractive strategy for targeting a given application. However, successful

implementation remains a great challenge.

There are four major categories of flexibility identified for MOFs in the literature,
including breathing, swelling, linker rotation and sub-network displacement.?®?® In
the case of breathing MOFs, such as the MIL-53 (Materiaux from Institute Lavoisier)
series, the influence of phenylene ring rotation about its C-C axis to different extends
are responsible for the notable changes in the unit cell.™* A recent discovery of a
breathing MOF displaying negative gas adsorption properties, namely DUT-49
(Dresden University of Technology No. 49),%° showed that metal node rotation could
also lead to structural breathing, with a noticeable induced-bending of the biphenyl
moiety in the linker . For the swelling examples, such as MIL-88, metal node rotation
is the sole driving force, with a very limited contribution of the linker to the overall
change in the unit cell parameters .* Finally, linker rotation that does not induce
significant changes in the unit cell has been observed in some non-breathing/swelling

MOF structures such as ZIF-8 and MIL-140s, which are built with linkers containing

rigid aromatic centers.?

To the best of our knowledge, each flexible MOF reported has its individual

combination of linker selection and inorganic building block. Consequently, the
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corresponding structural flexibility can only be tuned by the introduction of attached
functional groups. The resulting linker bond distortion and bending are thus unrelated
to the local freedom of bond stretching and rotation. On the other hand, flexible
aliphatic linkers with linear or cyclic alkane centers that possess greater bond
stretching and rotational freedom were expected to favor the generation of dynamic
structures. However, relevant studies in this field remain scarce.?® *. Hence, it is
very difficult to investigate the impact of linkers’ freedom of bond stretching and
rotation on the softness of a given MOF type when the rigid and flexible linker pair is
unable to generate isostructural MOFs. In this regard, it would be of great interest to
engineer the structural flexibility in a series of isostructural MOFs using the same
inorganic building block, and linkers of similar molecular size and configuration but
with different degrees of structural freedom (in both bond stretching and rotation), in
order to understand how the local and structural dynamics of the architectures are

governed by the linker characters.

To achieve this goal, the expected MOF candidates should fulfill the following
requirements: 1) isostructural analogues built with linkers of different degrees of
freedom; 2) an inorganic building block exhibiting a possible plane of symmetry,
allowing the cooperative movements of various bonds involved; 3) frameworks
featuring an accessible porosity to certain stimuli that can easily be detected, analyzed

and compared; 4) compounds being robust to avoid any structural deterioration.

Herein, we present a series of isostructural MOFs based on 10-connected Zrg clusters
and natural C4 carboxylate linkers with linear aliphatic chains, denoted as MIP-203-F,
MIP-203-S, and MIP-203-M (MIP stands for the Materials of the Institute of Porous
Materials from Paris, F for fumaric acid, S for succinic acid, and M for malic acid),
designed to engineer structural flexibility based on the nature and degree of freedom
of the linker. While MIP-203-F is constructed using double-bonded fumarate and
MIP-203-S is built with single-bonded succinate, MIP-203-M contains a sparse
framework displaying multivariate flexibility®®, with 2/3 fumarate and 1/3 malate as

linkers resulting from a particular in situ dehydration reaction of malic acid into
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fumaric acid. The response of these MOFs’ structural dynamics to external stimuli,
namely temperature and guest adsorption, has been characterized in detail in order to
investigate the possible correlation between linker degree of freedom and MOF
dynamics. MIP-203-F shows noticeably more swelling flexibility compared to
MIP-203-S due to the differences between rigid fumarate and flexible succinate. The
effective combination of two types of flexibility in MIP-203-M, namely swelling and
bond distortion/bending, results finally in the best CO2/N, selectivity. This suggests a
new avenue for improving the ability of microporous MOFs to facilitate the
separation of a wide range of gaseous or vapors mixtures. Moreover, these Zr-MOFs
feature good chemical stability, cheap and biocompatible natural linkers, and green,
scalable synthetic routines, all of which make them promising candidates for future

practical applications.

RESULTS AND DISCUSSION

Among the reported inorganic building blocks having a possible symmetry plane, the
Zrg cluster is one of the best options owing to its high connectivity and chemical
stability, natural abundance, and low toxicity. The ZrgO4(OH), cluster is one of the
most common secondary building units (SBUs) reported in the literature.?*** The
varying node connectivity, including the 12-, 10-, 8-, 6-, and 4-connected
Zrg-oxocluster in MOFs, allow a high degree of tunability of the corresponding MOFs
structures, which provides a better opportunity to achieve a flexible crystal
architecture. The 12-connected Zrg cluster has the densest connection environment
and thus less freedom and space for configuration rearrangement. Alternatively,
reducing the connectivity of the Zrg cluster could be more favorable to introduce
structural flexibility.™* In view of these factors, Zr-MOFs with low connectivity SBUs

were preferentially considered as the model compounds.

Judicious use of flexible linkers has already been demonstrated to be an efficient

strategy for generating soft MOFs structures when the inorganic SBUs are rigid.?* %

Among the reported flexible linkers, naturally occurring compounds are of particular
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interest since they are bio-compatible and thus efficiently reduce the toxicity of the
resulting MOFs. In the limited cases of existing Zr-MOFs composed of natural
acids,® fumaric acid and its derivatives are dominant despite the fact that they all
share the 12-fold connectivity, which highlights the controllable crystallization of

Zr-fumarate type frameworks, >

as well the rigid structural character of fumaric acid,
which is the same as evidenced in other MOFs.?% % On the contrary, succinic acid,
which behaves as a soft molecular spring as seen in Co-MOFs,*™* has molecular
lengths and configurations similar to those of fumaric acid. The most noticeable
difference between succinic acid and the double-bonded fumaric acid is the former’s
single-bonded carbon skeleton, which usually exhibits greater freedom of stretching
and rotation. In view of these features, fumaric and succinic acids, as the simplest pair
of rigid and flexible natural carboxylic linkers respectively, were selected for their
typicality and suitability for the aforementioned target. Additionally, malic acid, a

succinic acid derivative with a hydroxyl group on the alkane chain, was also used to

check the impact of the side functional group on the flexibility of the architecture.

Fumaric acid (Fig. 1a) was first used to react with ZrCl, as model reaction. Formic
acid has been proven to be a modulating agent to generate the 12-connected structure
with improved crystallinity in the preparation of Zr-Fumarate (as known as
MOF-801).* We expected that the increase in the amount of formic acid in the
reaction solution could decrease the connectivity of the Zrg cluster, leading to less
rigid structures with lower structural symmetry. Pure formic acid was used as solvent
in this case since it has been shown to be an efficient modulator for preparing group
IV metal-based MOFs.*® ** As expected, instead of forming the well-known
Zr-Fumarate structure, MIP-203-F, a new phase with lower structural symmetry was
obtained (Fig.1b). When succinic acid was used under the same reaction conditions, a
clear solution was observed without any solid product, possibly due to the much
greater solubility of succinic acid in formic acid. After optimizing the reactant
concentrations and the ratio between ZrCl, and succinic acid, the expected

isostructural product was successfully obtained. The synthesis of MIP-203-M could
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be achieved by tuning the reactant ratio under similar conditions (see Sl for detail).
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Figure 1. Structure details of MIP-203. (a) Chemical structures of the three naturally occurring dicarboxylic acids
used in this work. (b) PXRD pattern comparison (Ac, ~ 1.5406 A) between Zr-Fumarate and MIP-203s. (c) and (d)
Scanning electron microscopy (SEM) images of MIP-203-F with different magnifications. (e) The 10-connected
Zrg(us-O)4(us-OH), SBU showing eight linker carboxylates and two pairs of bridging formates in MIP-203-F. (f)

and (g) Framework viewed along the a-axis and b-axis respectively, clearly showing the bridging formates in
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MIP-203-F. (h) Framework viewed along the c-axis in MIP-203-F. Color scheme: Zr in blue, O in red and C in

gray (hydrogen atoms are omitted for clarity).

The crystal structure model of MIP-203 was initially determined on MIP-203-S using
a dual computational and experimental approach developed on the principle of
Automated Assembly of Structure Building Unit (AASBU) theory that combines
high-resolution powder X-ray diffraction data and our in-house crystal structure
prediction software.*® Afterwards, needle-like single crystals of MIP-203-F with a
homogeneous size and shape distribution (Fig. 1c and 1d) were subjected to the
synchrotron diffraction single crystal data collection with a micro-focused X-rays on
the Proxima 2A beamline (Synchrotron SOLEIL, France),*® in order to experimentally

confirm the major framework connectivity of the simulated structural model.

Since the three MIP-203 compounds are isostructural, MIP-203-F was used as an
example to detail their structural features. It was found that MIP-203-F,
Zre(us-0)4(us-OH)4(fumarate),(formate),(OH),(H,0),, crystallizes in an orthorhombic
Immm space group with unit cell parameters of a = 10.000(2) A, b = 11.940(2) A, ¢ =
19.829(11) A and V = 2367.6(15) A%. The Zrg SBUs (Fig. 1e) were interconnected
with one another by both fumarate and formate linkers, resulting in the final
three-dimensional (3D) framework. It is, to the best of our knowledge, the first time
that a Zre SBU with mixed linkage from two highly dissimilar linkers in term of
shape, configuration and connectivity was generated using direct synthesis for
Zr-MOFs. Formate serves as the auxiliary ligand connecting the adjacent SBUs along
the c-axis. However, their presence blocks the window of the pores along the a-axis
(Fig. 1f). When the structure is viewed along the b-axis (Fig. 1g), formates are shown
to occupy the middle of the large rhombic channels, dividing them into two 4 A sized
triangular channels, which is also observed in the case of UiO-66(Zr) type
structures.*’ Due to the presence of the terminal OH/H,0O pairs in the SBU, there exist
rhombic channels running along the c-axis without any blocking species (Fig. 1h).
Simulation results indicate that both MIP-203-F and MIP-203-S possess almost

identical pore volumes (0.27 and 0.25 cm® g™ for —F and —S, respectively) and pore
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sizes estimated from the PSD plots (largest pore diameters ~5 A, Figure S3).
However, due to the difference between C-C single and C=C double bonds, fumaric
and succinic acids show slightly different conformations (see Figure S4-S6), resulting
in the pore shape and dimension of the corresponding MOFs to vary to some extent

(Figure S3).

An in situ dehydration reaction occurred when malic acid was introduced in the
synthesis of MIP-203-M, leading to the transformation of 2/3 malic acid into fumaric
acid. MIP-203-M can therefore be considered as the corresponding product of
replacing 1/3 fumarate in MIP-203-F by malate, as evidenced by solid-state NMR
data (Figure S7). The coexistence of fumarate and malate in MIP-203-M makes it an
unusual example of the MOF framework that shows multivariate flexibility through

direct synthesis.

Thermal and chemical stability tests of MIP-203s were carried out before
investigating and comparing the response to different external stimuli of the
MIP-203s. The influence of thermal activation of the as-synthesized samples was first
studied. As shown in Fig 2a, the as-synthesized MIP-203-F sample displays four
PXRD peaks at low angle, i.e. 8.46, 8.94, 9.86 and 11.36° corresponding to the (011),
(002), (101) and (110) Bragg peaks, respectively. After activating the sample at
100 °C under vacuum, the distinct shifts to higher angle domains for the peaks at 8.73
and 11.56° were observed., which could be ascribed to the notable decrease of the b
unit-cell parameter in the activated sample (11.856 A) in comparison with that of the
as-synthesized one (12.246 A). The larger change in b compared to a and ¢ could be
explained by the weaker connection along b-axis in the crystal structure while the
presence of bridging formates undoubtedly enhances the overall rigidity of the a-c
plane. Similar observation was noticed between the as-synthesized and activated

samples of both MIP-203-S and MIP-203-M (Fig 2b and 2c).



224

225

226

227

228

229

230

231

EtOH

N\ acetone

A MeCN
N water
N DMF
activated

A as-synthesized
1 1 n 1 L 1

11 12 13

water

R MeCN

EtOH

acetone

DMF

activated

Aas-synlhesized

1 1 1 1

12 13
C
A EtOH
N acetone
S P
b, . MeCN
ST DMF
activated

A\

as-synthesized

8 9 10 11 12 13

Figure 2. Structural response at room temperature of MIP-203s to liquid external stimuli (PXRD, A¢, =
1,5406 A). a. MIP-203-F in different solvents. b. MIP-203-S in different solvents. ¢. MIP-203-M in

different solvents.

The cell volume of the activated samples decreased by 57.6 A%2.4%, 73.9 A3/3.1%
and 80.4 A%3.4% for MIP-203-F, -M and -S, respectively, in comparison with those
of the as-synthesized ones, suggesting their similar structural contraction abilities

upon thermal stimulus (Table S2, S3 and S4).
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In situ Raman spectroscopy was further employed to monitor the changes occurring in
specific bonds in the MOF structure upon activation. Figs 3a and 3b present the most
pronounced changes in the range of 1800-1200 cm™ caused by in situ activation of the
sample at 100 °C (see full spectra in Supporting information). In comparison to the
as-synthesized MIP-203-S, the peak centers of the carboxylate stretching bands
vas(COO) and v(COO) in the activated sample are blue-shifted of 7 cm™ and 6 cm™,
respectively, indicative of the bond hardening due to structural contraction upon
removal of the solvents. The corresponding vs(COQ) change in MIP-203-F sample is
only 3 cm™ and v4(COO) peak intensity is too weak to be addressed, which evidences
a much less pronounced bond change compared to that of MIP-203-S. Furthermore, a
band at 1289 cm™ for activated MIP-203-S with a 11 cm™ red-shift compared to the
as-synthesized one was assigned to the vibration mode that involves -CH, wagging
coupled with C-C-C-C stretching (see the attached videos 1 and 2). On the contrary,
only 7 cm™ difference (1277 to 1284 cm™) for the -CH wagging in C-C=C-C was
detected for MIP-203-F before and after the thermal activation. This mode has been
shown to be very sensitive to changes in the bond angle of the carbon chain.*® As
shown in Figures 3a and 3b by DFT calculation, when the angles p and g (p and q are
bond angles of the C4 skeleton of the linker) are decreased by ~2° and ~4°
respectively for fumaric acid, and ~5° and ~5° for succinic acid, its frequency shifts
downward by ~10 cm™ and ~15 cm™ in fumaric acid and succinic acid, respectively.
The trend of these shifts is in good agreement with the experimentally observed
values. It also matches well the similar observation reported on other flexible MOFs.*?
The above results point out the origin of different structural contraction response
arising from the distortion of the C-C=C-C and C-C-C-C chains for MIP-203-F and
MIP-203-S, respectively. It indicates that the local stretching and vibration freedoms
of the succinate single-bonded skeleton are more pronounced than those of the
fumarate double-bonded one. This observation is also supported by a much smoother
evolution of the DFT-calculated potential energy for the succinate-cluster model vs
the fumarate-one when one varies the dihedral angle of the organic linker from its

minimum-energy value, suggesting a higher ability of distortion for the succinate
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linker (Figure S4-S6). The spectra of MIP-203-M are dominated by a strong

fluorescence signal and thus are not presented here.

The structural responses of MIP-203s to exposure to liquid guest molecules were then
investigated. Activated samples of these three MOFs were exposed to diverse solvents
and high-resolution PXRD patterns were collected with wet samples sealed in
capillaries. The corresponding results are shown in Fig. 2 and the indexing summary

was listed in Table S2-S4.

When the dried MIP-203-F sample was exposed to diverse solvents, the MOF
framework allowed all the solvent molecules entering the pore. The molecular size
and shape of the solvent did not show notable effect on the structural variation of the
MOF. A continuous increase of their unit cells along the b axis was observed
following the order of N,N-dimethylformamide (DMF) < water < acetonitrile <
acetone < ethanol (Table S2). It is an indicative evidence that the MIP-203-F presents

a tunable structural swelling property.

In contrast, dried MIP-203-S sample displayed strict compatibility to solvent
molecules according to their sizes and shapes (Fig. 2b). Solvent molecules with larger
sizes or branched shapes, such as DMF, acetone and ethanol, could hardly enter the
dynamic pore of MIP-203-S, evidenced by the comparatively minimal changes in its
PXRD pattern. It is possibly that the single-bonded aliphatic linkers tend to stay in a
closely packed configuration when the pores are in a guest-free from. For the loading
of accessible solvent molecules, the MOF structure expands dramatically along with a
notable increase of the b unit cell parameter. Correspondingly, their PXRD pattern
show marked changes compared to that of the activated sample and are similar to that
of the as-synthesized one. Therefore, this selective inclusion of solvent molecules
based on their sizes and shapes reflects the effect of the local bond distortion/bending
generated from the succinate aliphatic chain rather than the framework structural

swelling.
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Figure 3. Raman spectra of MIP-203-F (a) and MIP-203-S (b) in as-synthesized (top lines) and dried
(bottom lines) form upon in situ activation. The spectra are collected at room temperature. In situ IR
spectra of adsorbed DMF in MIP-203-F (c), MIP-203-S (d) and MIP-203-M (e), referenced to the

activated MOFs (bottom black lines) under vacuum.

In the case of MIP-203-M, the response to the loading of solvent molecules exhibits a
combined effect observed in MIP-203-F and MIP-203-S. As shown in Fig. 2c, solvent

molecules with large sizes and branches, such as DMF, have a lesser effect on the
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MOF structure expansion, mainly due to the local bond distortion/bending and steric
hindrance of the malate linker. Smaller solvent molecules could diffuse more easily
into the MOF pore. In other words, a good structural swelling flexibility of the
framework associated with an appropriate local bond distortion/bending towards guest

molecules has been achieved in MIP-203-M.

In situ infrared (IR) spectroscopy was employed to probe the interactions between the
guest solvent molecules and the framework. DMF was chosen as the representative
solvent to study its adsorption in the selected MOFs, due to the structural responses of
these MOFs to DMF solvent showing significant variation (Fig.2). A vapor pressure
of 4 Torr of DMF was introduced into the activated MOFs samples for ~5 min to
reach the adsorption equilibrium with the adsorbed DMF was characterized by a
carbonyl stretching band v(C=0) at 1676 cm™, shifted by 39 cm™ from the center of
the gas phase band (Fig. 3 and Figure S8). A comparison of the intensities of the
v(C=0) band at 1676 cm™ in IR spectra of Fig. 3 indicates that the uptakes of
adsorbed DMF in these three samples exhibits the following trend: MIP-203-F >
MIP-203-M > MIP-203-S.

It is well-documented in the literature that flexible MOFs show a great promise in

3,495 gych as carbon dioxide over

dynamic separation of practical gases mixtures,
nitrogen in the post-combustion process. Considering the distinct response of
MIP-203s to thermal activation and the adsorption of liquid guest molecules shown
above, we speculated that similar behaviors could be observed when exposed to gas
phase guest molecules. Single component gases sorption measurements of N, and
CO; under various conditions were performed. Nitrogen adsorption data collected at
77 K show clearly that the pores in MIP-203-F are accessible to N, molecules,
displaying a typical type | adsorption isotherm associated with a
Brunauer-Emmett-Teller (BET) area of 430 m? g and a total pore volume of 0.24
cm® g™. In a sharp contrast, MIP-203-S did not show any accessible porosity to N, at

77 K (Fig. 4a). It is likely that soft single-bonded C4 skeleton of succinic acid that can

distort more than fumaric acid with C=C double bond. After thermal activation under
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vacuum to remove the guest molecules, MIP-203-S tends to stay in a closely packed
form so that it is not accessible to nitrogen. When the adsorption temperature was
increased to 273 K, the thermodynamic motions of single-bonded aliphatic chain of
succinate resulted in a slight increase of N, uptake (Figure S12). The much higher
uptake for MIP-203-F at 273 K suggests its more pronounced swelling ability towards
nitrogen sorption stimuli or larger pore opening in its activated form. In the case of
MIP-203-M, it shows a BET area of 380 m? g™ and pore volume of 0.21 cm® g*
comparable to that of MIP-203-F, indicating the beneficial effect of the fumarate
content. A notable reduction of N, uptake was however observed at 273 K in

comparison with that of MIP-203-F, showing the critical role of the soft malate

content.
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Figure 4. Single component gases adsorption behaviors of MIP-203s. a N, adsorption isotherms

24 -

2.0

1.6

1.2

0.8

0.4

0.0

" @ F .
e S
T e M 3 L
°8
L Q00009 29
° : : : e00009?
I ?‘W
L 3
-8
L 0900 ? ° ° ° e o
| 1 1 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0
P/Pﬂ
o F-CO, o SO, A M-CO,
B FN, e SN, & MN,

0 20

0 400 600 800
Absolute Pressure (mbar)

1000

collected at 77 K. b CO, and N, adsorption isotherms collected at 298 K.



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

When the probe molecule was switched to the smaller-sized CO,, the influence of
linker softness on the structural dynamics is much less pronounced. MIP-203-S
exhibits half the uptake of CO, compared to MIP-203-F over almost the entire
pressure range at 273 K (Figure S13). However, a significant decrease in CO, uptake
was observed for MIP-203-S when the adsorption temperature was increased to 298 K.
The uptake at 1 bar drops by 58%, from 1.61 mmol g™ at 273 K to 0.68 mmol g™ at
298 K. In the case of MIP-203-F, only a 24% reduction (2.72 mmol g™ to 2.05 mmol
g™1) in CO, uptake at 1 bar was observed from 273 K to 298 K. Therefore, MIP-203-F
and MIP-203-S indeed display huge differences in their structural responses to
gaseous guest molecules, as expected. MIP-203-M behaves more similarly to
MIP-203-F than MIP-203-S, likely due to the major linker component of fumarate in

its structural framework.

To check the structural response of the MOF framework in the presence of CO, guest
molecules, in situ PXRD data along the adsorption of CO, under various pressures
was collected on the three MIP-203 samples at room temperature. As shown in Figure
5, both activated MIP-203-F and MIP-203-M structures could easily swell back to the
open form under a low CO, pressure (between 200-300 mbar), highlighting their
swelling flexibility. Further increasing the CO, pressure did not have any notable
effects on the samples’ structural expansion. However, the activated MIP-203-S
sample remained in its closely packed configuration throughout the entire range of
CO; pressures applied. Even high CO, pressure (6 bar) was not able to reopen the
framework, which is consistent with its lower CO, uptake compared to those of

MIP-203-F and MIP-203-M under the same condition.

To evaluate the adsorption affinity, isosteric heats of adsorption (Qs;) were calculated
with the CO, adsorption isotherms collected at 273 K, 298 K and 303 K in the
pressure range of 0-1 bar. At zero coverage, the Qst values are 32 KJ mol™, 34 KJ
mol™ and 33 KJ mol™ for MIP-203-F, MIP-203-S and MIP-203-M, respectively. The
working capacities of CO, sorption (Wc(1-0.1 bar)) for three MIP-203 samples were
calculated to be 1.38, 1.04 and 1.15 mmol/g for MIP-203-F, MIP-203-S and



371 MIP-203-M, respectively, at 273 K. The corresponding values at 298 K are 1.35, 0.47
372 and 1.09 mmol/g. It is interesting to note that the working capacities for both
373  MIP-203-F and MIP-203-M showed far less dependence on the considered
374  temperature, while the working capacity of MIP-203-S exhibited dramatic sensitivity
375  towards the applied temperature, decreasing by more than half when the temperature

376  increased from 273 K to 298 K.
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378 Figure 5. In situ PXRD patterns of MIP-203s along adsorption of CO, under different pressures at

379 room temperature. a MIP-203-F. b MIP-203-S. ¢ MIP-203-M.
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Furthermore, Ideal adsorbed solution theory (IAST)**°* was applied to evaluate the
adsorption CO,/N; selectivity of MIP-203s when a binary mixture of CO,:N,=15:85
(v:v) at 298 K was considered (Fig. S14). The corresponding selectivities were
calculated to be 15, 34 and 51 for MIP-203-F, MIP-203-S and MIP-203-M,
respectively (Figure S14), which are in the usual range for MOF-based CO,
sorbents.>**° It is worth noting that MIP-203-S shows a selectivity twice as high as
that of MIP-203-F, highlighting the linker softness effect that interferes nitrogen from
entering the pores. However, MIP-203-M outperforms MIP-203-S in terms of
selectivity by a margin of 50%. The above comparison of the CO, working capacity
and adsorption selectivity between the three MIP-203 compounds suggests that the
introduction of a proper local softness into a structurally flexible MOF framework
would result in a favorable combination of accessible porosity and structural
dynamics, leading to an optimal balance for selective CO, separation in terms of

working capacity and selectivity.

CONCLUSION

In summary, we report a series of flexible isostructural Zr-MOFs synthesized based on
natural C4 linkers (MIP-203s), in which the structural dynamics can be engineered
based on the differences in freedom of linker bond stretching and rotation between
rigid fumarate and soft succinate. Comprehensive characterizations of structural
responses to diverse external stimuli, including thermal changes as well as liquid and
gaseous guest molecules, have been conducted to correlate the corresponding linker’s
flexibility with MOF dynamics. Directed by this established correlation, MIP-203-M,
with a proper multivariate flexibility that efficiently combines swelling and linker
distortion/bending, was evaluated for the adsorptive separation of CO,/N,. It not only
exhibits a good working capacity for CO, adsorption under the working condition
benefiting from the swelling of MIP-203-F framework, but also a significantly
enhanced selectivity for CO,/N, compared to those of the —F and —S forms, owing to
the linker stretching and rotational flexibility generated from the soft succinate

skeleton. In principle, this strategy could be applied to the separation of other



409  chemical mixtures, including liquid and gaseous phases. Therefore, it serves as a
410 suitable example that engineering the structural flexibility of MOF materials could
411  constitute a promising and versatile strategy for improving MOF separation

412 performance, or even realizing new applications.
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