#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

REVIEW

Oriented design and engineering of advanced
metal—organic frameworks for light hydrocarbon
separations

i '.) Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 11768

Hujun Zhang,® Jie Tang,? Chunze Yu,°> Muyu Zhang,? Jiagi Wang?
and Jingui Duan @ *2°

Light olefins, such as ethylene (C;H,4) and propylene (CsHe), are essential feedstocks for the production of
chemical products. However, the current purification strategy of distillation is energy-intensive and results in
high carbon emissions. Adsorptive separation, the selective capture of gas from mixtures by porous materials,
is considered a promising alternative or transitional technology. Metal—organic frameworks (MOFs), a kind of
porous material with highly tunable nature, have emerged as an innovative chemistry in the past two decades,
offering solutions for separating these small gases. This review highlights recent advances in the design and
engineering of advanced MOFs, with a focus on precise control over their pore structure and functionality for
the adsorption-based purification of C;H, and CsHg from the corresponding hydrocarbons with the same

carbon number. The importance of rational design in achieving specific functionalities, such as functional sites
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demonstrating enhanced performance in selective adsorption separation. Additionally, methods and examples

DOI: 10.1039/d55c01755¢ of large-scale synthesis of MOFs are briefly described. The goal is to present the state-of-the-art chemistry
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1. Introduction

The global production and demand for light olefins, especially
polymer-grade ethylene (C,H,) and propylene (CsHg), exceed
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and applications of MOFs and to offer an outlook towards discovering and designing further new materials.

that of all other commodity organic compounds. The majority
of these products are widely used in chemical manufacturing,
such as plastics, synthetic rubber, and synthetic fibers. Addi-
tionally, they are essential raw materials for agriculture and fine
chemicals. Currently, C,H, and C3;H¢ are isolated from the
cracking units through the strategies of energy-intensive cata-
Iytic hydrogenation and cryogenic distillation methods, which
account for nearly 3% of all separation energy.>* Furthermore,
the high pressure and low temperature bring significant risks
during the separation process. Therefore, there is a strong need
to develop energy-efficient separation technologies, such as
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Table 1 Properties of C2 and C3 hydrocarbons
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Molecular dimensions (A%)

Kinetic diameter (A)

Polarizability (x10-24 cm ) Boiling point (K)

C,H, 3.32 x 3.34 x 5.70 3.3
C,H, 3.28 x 4.18 x 4.82 4.16
C,He 3.81 x 4.08 x 5.70 4.44
C;H, 4.16 x 4.01 x 6.51 4.2
C3H, 4.65 x 4.16 X 6.44 4.6
C;Hg 4.20 x 4.60 X 6.80 4.3//5.12

non-thermally driven processes, for downstream processing of
cracked gas.*™®

Adsorption separation is often considered as an alternative
technology due to its ability to separate gas molecules based on
their chemical nature or size, rather than their boiling points.
This non-thermal process can be carried out under mild
conditions, such as at room temperature, resulting in signifi-
cantly reduced energy inputs. However, the main challenge of
this technology lies in the construction or selection of optimal
porous materials that can achieve the desired uptakes and
separation factors. This is particularly difficult due to the
extremely similar molecular properties of light hydrocarbons,
especially when dealing with mixtures containing the same
number of carbon atoms (Table 1). This similarity in properties,
both physical and chemical, makes the efficient separation of
these molecules a highly challenging task.

Porous materials, such as zeolites and activated carbons,
have long been studied for their potential in separating light
hydrocarbons.”™® For example, silver ZK-5 zeolite, known for its
unique pore structure and surface chemistry, has shown
promise in separating C,H, and C,Hs. However, the strong
interaction between the host and guest molecules makes it
difficult to desorb them at higher temperatures (>200 °C),
limiting their practical applications.'* Activated carbons, on the
other hand, have an irregular pore system with meso- or mac-
ropores, leading to co-adsorption and making it challenging to
obtain pure C,H,. In summary, these traditional porous
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3.33-3.93 188.4
4.25 169.45
4.43-4.47 184.6
5.55 249.95
6.26 225.45
6.29-6.37 231.05

materials, lacking structural diversity and design flexibility, are
not suitable for meeting the demands of industrial hydrocarbon
separations.

Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), are a new class of crystalline
porous materials, which are built from the coordination assembly
of organic linkers and inorganic nodes in two or three
dimensions.””” MOFs are emerging porous materials due to
their charming diversity, exceptional porosity, functional pore
surface and tunable nature (pore size, shape and
distribution).**® Over the past two decades, there have been
numerous reports on MOFs, with many designs specifically tar-
geting the separation of light hydrocarbon mixtures (Scheme 1).
These designs have led to significant improvements in key
properties, such as capacity and selectivity (Table 2). Typically, as
a kind of rigid framework with open Cu sites, HKUST-1 was
investigated as the first MOF for the separation of C,H,/C,Hs
mixtures as early as 2002.*° After modifying the isolated open
metal sites to a linear configuration, Fe,(dobdc) (dobdc: 2,5-
dioxido-1,4-benzenedicarboxylate) demonstrated a sharply
promoted separation performance of C,H,/C,Hs and C3H/C3Hg
at 318 K, as the linear Fe atoms exhibited a strong affinity towards
C,H, and C3H,.*" Since the prediction of structural dynamics by
Prof. Kitagawa in 1998,” active research shifted to design and
synthesis of soft MOFs for such separation, given the structural
sensitivity of these structures to the tiny difference in the light
hydrocarbons.” With a rational pyridyl ring (also called
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Scheme 1 The representative MOFs for the separation of light hydrocarbons.®30-74

a confined-rotational shutter) in the confined nanospace, NTU-88
creates a maximum aperture of 4.4 A, allowing dedicated propyne
C,H, (4.4 A) adsorption from a C;Hg (5.4 A) containing mixture
under ambient conditions.* Moreover, the dynamic nature of the
molecular pockets in JNU-3a is pivotal for achieving molecular
sieving of C;Hg and C3;Hg.*”® In this regard, MOFs have shown
significant advantages over traditional materials in the separation
of light hydrocarbons. Consequently, the present review outlines
recent advances in MOF chemistry in the separation of light
hydrocarbons, with a particular focus on the oriented design
strategy, including functional sites in rigid MOFs, molecular
sieving in rigid MOFs, and local dynamics and global flexibility in
soft MOFs. The discussion will incorporate computational
modelling and gas-loaded crystallographic structure to reveal the
host-guest interaction and emerging functions in the most
promising and innovative achievements. In addition, the strate-
gies for large-scale MOF synthesis were also analysed. Separations
of methane and carbon dioxide from light hydrocarbons are not
included.

2. Design strategies

In the context of the continuous advancement of sophisticated
MOFs for the separation of gases, a range of design strategies have
been put forward. These can be broadly categorized into two
groups based on their principles of gas molecular adsorption
separation: (1) functional sites, molecular sieving and diffusion
strategies using rigid MOFs, and (2) framework dynamics strategies
in soft MOFs (Fig. 1). And, we compare the advantages and limi-
tations of each strategy in order to provide clear suggestions and
guidance for the synthesis of future MOFs (Table 3). Furthermore,
the incorporation of host-guest interactions has been compre-
hensively examined in relation to these design strategies.

2.1 Oriented design strategies in rigid MOFs

2.1.1 Open metal sites. Open metal sites are defined as the
vacant sites of metal ions or metal clusters within a metal

1770 | Chem. Sci., 2025, 16, 11768-11800

organic framework (MOF) that have unsaturated coordination
numbers and are therefore open and reactive.”””® These sites
have the capacity to coordinate or interact with gas molecules,
organic molecules and ions. When metal sites are exposed in
the pores or surfaces of the framework, they are susceptible to
contact and react with molecules or ions in the external envi-
ronment. The regulation of the types, quantities, and distribu-
tions of these sites can be achieved through the manipulation of
the composition and structure of MOFs, thereby enabling
selective recognition and separation of different molecules or
ions.” This selective recognition capability renders MOFs
promising candidates for application in the separation of light
hydrocarbons.

Given the finding that HKUST-1 can separate C,H,/C,He,* the
configuration of open metal sites has been investigated. This has
been achieved by altering the transition metal ions in M-MOF-74
(M = Co, Mn, and Mg), resulting in varying abilities of the rod-
shaped and high-density open metal sites to interact with C;Hs
through m-complexation.? It is worth noting that Co sites exhibit
the largest difference in binding energies between C;He and
C;3H,. As pressure increases, the open Co sites become increas-
ingly occupied by C;Hg, leading to a strong suppression of C3Hg
adsorption and a significant increase in C;Hg/C3Hg selectivity
(Fig. 2a). Following the alteration of the redox-active Fe(u) within
the same MOF platform, the material exhibits olefin adsorption
selectivity that surpassed that of paraffin.** The neutron diffrac-
tion data confirmed that the unsaturated hydrocarbons such as
C,H,, C,H, and C3;H; exhibited side-on binding modes, with Fe-
C distances of 2.42(2) to 2.60(2) A. A comparison with the shorter
distance of 2.020(5) to 2.078(4) A observed in the diamagnetic
complex [Fe(C,H,)*]"~ indicated that the Fe centres within Fe-
MOF-74 maintain a high spin electron configuration when
binding these unsaturated gases. The interactions of both C,Hg
and C3;Hg with Fe in Fe-MOF-74 are even weaker, as evidenced by
the longer Fe-C distance of ~3 A (Fig. 2b).

In the context of the larger channel aperture of 11-12 A in the
MOF-74-series, a microporous framework, Fe(pyrazine)Pt(CN),,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) A snapshot from a GCMC simulation for CsHg adsorption in
Co-MOF-74, and the propylene molecule binds to the Co atom. (b) A
portion of the solid-state structure of Fe,(dobdc)-2C,D4, and C,Hy,
and CsHg coordination with Fe(dobdc). Reprinted with permission
fromref. 22. Copyright 2012 John Wiley & Sons, ref. 31. Copyright 2012
The American Association for the Advancement of Science,
respectively.

with a channel size of 4.0 A and mixed open metal sites was
designed and prepared for the separation of C3He/C3Hg. C3Hg
was located between two pyrazine rings, forming w-m interac-
tions. Notably, the distance between Cc,y, and the face-to-face
packed open Pt sites is short, ranging from 2.8-3.2 A. In

Table 3 The advantages and limitations of each design strategy for light hydrocarbon separation-oriented MOFs

Design strategy Advantages

Limitations

Open metal sites High selectivity

Highly adjustable

High adsorption capacity
Highly selective

Highly adjustable

Free organic sites

Good stability to avoid toxicity of metal sites

Low regenerative energy consumption

Synergistically enhanced selectivity

Broadening the applicable separation system
Balancing adsorption strength and regeneration energy

Multiple sites

Improve stability
Highly selective separation
Gentle operating conditions

Molecular sieving

High stability (not dependent on chemisorption)

Low energy consumption for regeneration
Suitable for kinetic separations

Diffusion controlled Highly dynamic selectivity

Low energy consumption for regeneration

High stability

Gentle operating conditions
Global softness of the framework

regeneration

Outfield response characteristics

Local softness of the framework Highly selective
Fast adsorption kinetics

Good stability

Precise molecular recognition

Low energy consumption
Highly selective
Energy saving potential

Softness of the confined moiety in
the framework

M772 | Chem. Sci., 2025, 16, 11768-11800

High selectivity and dynamic adaptability
Low energy consumption and efficient

Synthesis and scale-up challenges
Stability issues

Vulnerability to impurity gases
Diffusion resistance

Difficulty and cost of synthesis
Vulnerable to other impurity gases
Selectivity may be low

Synthesis complexity increase
Risk of site-to-site interference
Challenging kinetic balance

Aperture regulation is difficult
Low pressure adsorption capacity
Limited separation of similar-sized
molecules

Diffusion kinetic limitations

Highly sensitive to an orifice structure.
Low pressure separation efficiency
Limited separation of similar sized
molecules

May be affected by the ‘blocking effect’
Structural stability issues

High material preparation requirements

Representation challenge
Complex interaction mechanisms
Difficult to synthesize

Industrial scale-up challenges

Synthesis is complex
Difficulty in industrial scale-up
Regeneration difficulties

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contrast, the C¢ g ---Ni distance becomes longer (3.5 A) in FeNi-
M’MOF. The finely tailored pore size of 4.0 A facilitates the
passage of C3;H, through the channel, but significantly hinders
the movement of the larger C;Hg molecule.

2.1.2 Free organic sites. As an essential building block of
MOFs, the functionalization of organic ligands is also expected
to achieve efficient separation. Typically, the polar groups
containing electronegative F and N elements are incorporated
into the organic linker. In addition, amino and nitro groups,
which act as electron donors or acceptors, have been investi-
gated for their ability to selectively capture olefins from
mixtures containing paraffins via supramolecular interactions.
Interestingly, the metal-oxo species, formed by coordinating O,
to open metal sites have shown preferable interactions with
paraffin. Furthermore, comparison of open metal site strategies
may show reduced separation efficiency in the presence of
moisture, and the use of organic sites not only achieves the
desired separations, but also maintains good cycling stability
even in the presence of moisture.

Supramolecular interactions derived from organic sites and
light hydrocarbons are visualized and understood in the case of
NOTT-300.* The results of neutron scattering, synchrotron X-
ray and neutron diffraction, and computational modelling
revealed that the free OH and benzene ring are simultaneously
incorporated with C,H, through stronger hydrogen-bonding
(C-+H = 2.96-3.64 A), 7---7 stacking interactions (C=C---C6
=3.81 A) and intermolecular dipole interactions (C'---H" = 3.24
A, Cc"---H' = 3.12 A). However, the reduced m-electron density of
C,H, compared to that of C,H, enables a longer Ccy, -HO
distance (4.62 A), which suggests a weaker hydrogen bonding.
Despite the 7---7 interactions between C,H, and phenyl rings
of the ligand, C,H, was displaced towards the centre of the
cavity and interacted majorly with C,H, molecules (captured by
OH), upon the introduction of an equimolar mixture of the two
gases to the system (Fig. 3a).

By changing the OH group into COOH, we recently found the
unique ability for the adsorption of C,H, from C,H, containing
mixtures by a MOF with crab-like carboxylic pincers. On a new
platform of a 6-c topology network, pore size engineering of the
carboxylic-functionalized MOFs was finely tuned by altering the
MF¢>~ pillars (M = Si, Ti and Zr).** Following the increased
distance of the M-F, the pincer distance increased gradually
from 5.02 to 5.91 A, yielding a fitted nanospace in NTU-72 for
selective recognition of a C,H, tetramer. The Ocoon interacts
with terminal Hc 4, with a short distance of 2.309 A, while the
OHcoon chelates to two C,H, through O-H:-Ccy,. The
formation of a C,H, tetramer with C,, symmetry is charac-
terised by these two groups of gas molecules, which is distinctly
different from the S, symmetric C,H, tetramer in SIFSIX-Cu-i.**
In contrast, two types of longer hydrogen bonds are observed
between COOH:--C,H,, reflecting the relative weak carboxylic-
C,H, interaction. Importantly, the captured C,H, tetramer not
only facilitates the direct harvesting of highly pure C,H, at the
adsorption step, but also benefits the collection of pure C,H,
during the desorption step (Fig. 3b).

To promote the ability for purification of C,H, from C2
ternary hydrocarbons, fine material design is highly required as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic representation of the action of combining C,H,
and C,H,4 molecules. (b) The pincer distance of NTU-72 and structure
of C,H5- loaded NTU-72. (c) The SCXRD structure of C,H,-loaded Al-
PyDC and the C,Hg binding site in gas-loaded Al-PyDC. (d) CyH,4
binding sites | and sites Il in MOF-808-Bzz. (e) Structure of Fe,(O,)
(dobdc) D C,Dg, Reprinted with permission from ref. 80. Copyright
2015 Springer Nature Limited, ref. 81. Copyright 2023 The Royal
Society of Chemistry, ref. 83. Copyright 2023 Springer Nature Limited,
ref. 53. Copyright 2023 John Wiley & Sons, ref. 46. Copyright 2018 The
American Association for the Advancement of Science, respectively.

the strength of the interactions between open metal sites and
hydrocarbons typically increases in the order of C,Hg < C,H, <
C,H,. Based on the same 6-c platform, we replaced the func-
tional group of COOH by -CH; and CHj3.** The varied pore
environment and organic sites endow NTU-73-CH; with
remarkable capability for the direct production of poly-grade
C,H, from ternary C2 hydrocarbons under ambient condi-
tions. Comparably, the precursor framework of NTU-73-COOH
cannot purify C,H,, while NTU-73-CF3 exhibits only negligible
capability in this regard. This is primarily attributable to the
modified binding sites in the NTU-73 series, which not only
eliminate the channel obstruction caused by the formed C,H,
tetramer, but also enhance the interactions of host-C,H,/C,Hs.
These interaction changes were clearly observed by gas-loaded
structures, and TJT-100 also demonstrates the ability for C,H,
purification from ternary (C,H,/C,He/CoH,)
utilizing the abundant O sites.*

To further promote the host-C,Hs and host-C,H, interac-
tions, multiple supramolecular binding sites have been
designed in the MOFs with suitable pore sizes. For example, Al-
PyDC was assembled with ligands containing N and a large
number of polar O sites, providing abundant supramolecular
binding sites for C,Hg, while the electronegative O and N sites

mixtures by
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form hydrogen bonds with C,H,, as confirmed by gas loaded
structural analysis.*® This unique design endows Al-PyDC with
the capacity to effectively purify C,H, from mixtures containing
C,H, and C,Hg in one step. Furthermore, this MOF has been
shown to be highly stable under harsh conditions (Fig. 3c).

By expanding the dimensions of the individual organic sites
to nitrogen-containing heterocyclic ligands, including indole-5-
carboxylic acid (ind), benzimidazole-5-carboxylic acid (bzz), and
indazole-5-carboxylic acid (izo), the functionalized MOF-808
materials attain a uniform distribution and specific configura-
tion of such extensive binding sites. MOF-808-Bzz has multiple
strong supramolecular interactions, providing an excellent
geometric configuration for C,Hg, resulting in the highest C,H,/
C,H, (1/99, v/v) and C,He/C,H, (50: 50, v/v) selectivity among
these four materials (Fig. 3d).>

To achieve efficient C,H, and C,H¢ separation, an inverse
interaction, namely the stronger host-C,H¢ interaction, has
been considered. Inspired from the structures of metal-
loenzymes, Fe,(O,)(dobdc) exhibited a preferential binding of
C,H¢ over C,H,.*® High-resolution neutron powder diffraction
(NPD) measurements revealed that the peroxo site binds C,Dg
through a C-D/O interaction, of which the D---O distance varies
in a narrow range of 2.17 to 2.22 A. In addition, the nonplanar
C,D¢ molecule matches better to the pore surface in Fe,(O,)(-
dobdc) than the planar C,D, molecule, resulting in stronger
hydrogen bonds with the Fe-peroxo site and stronger van der
Waals interactions with the ligand surface (Fig. 3e).

In light of the terminal acidic H on C3;H,, the basic organic
site strategy has also been explored in the design of MOFs for
the removal of trace C;H, from C3;He. Taking the pore-
partitioned MOF as a platform, aminophthalic acid (NH,-
BDC) was selected to construct the framework.*® The amino
sites, which are densely arranged, possess a distinctive capacity
to recognise the acetylic and methyl hydrogen atoms of C;H,,
resulting in the formation of short hydrogen bonds. Moreover,
the customised nanospace induces C;H,---C3H, molecules to
aggregate together with short H---C distances. Although the
NH, group also interacts with C;Hg, the interaction distance is
longer, yielding a sharp adsorption difference (84.5 cm® g™ ) at
about 1 kPa, 298 K. Furthermore, such an interaction difference
was also finely illustrated by in situ infrared spectroscopy
measurement.

2.1.3 Multiple sites. MOFs with multiple sites show
a promising future in the field of gas separation, due to the
systematically tuned chemical properties, the associated pore
size changes and the excellent stability. Typically, the fluorine
atom of the inorganic fluorinated anions, supported as the
pillar of the MOF framework, has high electronegativity, high
ionisation potential and low polarizability, which can drasti-
cally change the gas adsorption characteristics of the MOFs.*

To further promote the ability to selectively capture C,H,
with a terminal acidic H, the weakly basic hybrid anion MFg>~
(M = Si, Ti and Zr) was selected. As a typical example, SIFSIX-1-
Cu [SIFSIX, hexafluorosilicate (SiFe>"); 1, 4,4"-bipyridine)] was
prepared.** The prototypical primitive cubic network has
previously been reported for high volumetric CH, and CO,
uptake.®*®” Notably, the periodically arrayed SiFs>~ allowed
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preferential binding of C,H, molecules through strong C-H:--F
H-bonding (2.017 A) and van der Waals (vdW) interactions with
the organic linkers. Constrained by the narrow pores, the four
neighbouring adsorbed molecules assemble to form a gas
cluster through multiple H®'---C% dipole-dipole interactions,
further increasing the energy for adsorption. Comparably, the
calculated H-bond distances between C,H, and SiFs>~ sites are
longer than those between C,H, and SiFs>~ sites. This unique
interaction allows SIFSIX-1-Cu to show balanced performance
between C,H, uptake and C,H,/C,H, selectivity (Fig. 4a). This
idea has been further expanded in the family of cubic net of
SIFSIX-1-Cu, SIFSIX-2-Cu (2: 4.4’-dipyridylacetylene), SIFSIX-2-
Cu-i, SIFSIX-3-Cu (3: pyrazine), SIFSIX-3-Zn, SIFSIX-3-Ni, and
TIFSIX-2-Cu-i (TIFSIX = TiFs>~) by changing the length of the
linkers, the node, and/or the framework interpenetration for
separation of C,H, from ternary (C,H,/C,He/C,H,) or quater-
nary (CO,/C,H,/C,Hg/C,H,) mixtures (Fig. 4a).®®

By changing pyridine to imidazole at the coordination sites
of the linear ligand, a new MOF (NTU-67) with a trap-and-flow

SIFSIX-1-Cu

(a). »c s

F site
SiFg> site

trapping site
R
SiFg” site

Ni site
Multiple sites _M

Ca site
N site

|esite

Ni site
NH, site
——

_________________

Fig. 4 (a) Optimized C,H, configuration and adsorption binding sites
in SIFSIX-1-Cu. (b) View of the inner space in channel A, and view of the
structure of a molecular trap with pure gas of NTU-67DC,H,. (c)
Coordination environment of Niz(pzdc),(7Hade),, binding configura-
tions of C,H,, and the open Ni2* strong polarization capacity and the
calculated C=C—H bond angle. (d) Coordination environment of Ca*
ions and preferential adsorption sites for C,H,. (e) Densely arranged
high-density strong binding sites and CszHg adsorption sites based on
theoretical calculations. Reprinted with permission from ref. 34.
Copyright 2016 The American Association for the Advancement of
Science, ref. 36. Copyright 2022 John Wiley & Sons, ref. 85. Copyright
2020 John Wiley & Sons, ref. 89. Copyright 2021 American Chemical
Society, ref. 90. Copyright 2023 John Wiley & Sons, respectively.
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channel structure was prepared by crystal conversion. With the
narrowest window aperture of 3.4 A, the flow channel acted as
a sieve channel for faster diffusion of the linear molecules of
C,H,/CO, (3.3 A) and the butterfly-like molecule of C,H, (4.2 A).
Meanwhile, the confined nanospace regulated by three SiFg>~
anions and six imidazoles in another channel works as
a molecular trap for adsorbed molecules. Crystallographic study
under pure gas revealed that the linear C,H, interacts with
SiF¢>~ anions and imidazole carbon to form short hydrogen
bonds in the range of 2.470-2.984 A. In addition, the existing
hydrogen bonds between the adsorbed C,H, molecules enable
the formation of gas clusters, which benefits the C,H, uptake at
very low pressure. For CO,, they are observed in the molecular
trap around the SiF¢>~ anions, forming a typical dipolar-dipolar
(Si-F---:C=0: §'-6"---6" = 67) interaction. However, relatively
longer hydrogen bonds of F---H- Cg, (2.554-2.715 A) were
observed for C,H,. Notably, the competitive binding of the
gases was validated by crystallographic study under mixed gas.
Therefore, NTU-67 was able to directly harvest highly-pure C,H,
from the ternary (CO,/C,H,/C,H,) mixtures (Fig. 4b).>

To investigate the combined effect of open metal sites and
electronegative sites in a single domain, a super-microporous
MOF, Ni;(pzdc),(7Hade), was designed and prepared. This
structure features S-shaped one-dimensional ultramicroporous
channels decorated with a high-density of open Ni sites and
electronegative oxygen and nitrogen sites. First-principles
density functional theory (DFT) calculations revealed that C,H,
interacts with the Ni site. The slight bending of the C=C-H
bond angle suggests that the unsaturated Ni>* site can polarize
the C,H, molecule. In addition, the highly polar H¢ y, interacts
with the basic or electronegative O and N sites on the pore
surface through electrostatic interactions at very short distances
of 3.10-3.60 A. In contrast, 7w-complexation occurs between Ni
and C,H, with a longer distance of 4.00-4.40 A, despite the vdW
interaction between C,H, and the pore surface being very
similar in type and geometry to that observed for C,H,. There-
fore, the difference in the synergistic effect significantly
improves the adsorption capacity and selectivity of C,H, from
C,H, containing mixtures (Fig. 4c).*®

Another example is Ca-MOF, derived from a N, O-donor
ligand 2,5-di(2H-tetrazol-5-yl) pyrophosphate.®® This material
exhibits unique metal carboxylate-nitrogen heterocyclic oxide
units, and a high density of open metal sites and organic
functional sites that enable it to selectively adsorb and separate
C,H,. This interaction of the open metal sites with the m-elec-
tron of the C,H, molecules is a key feature, while the organic
groups play a regulatory role in the pore structure and surface
properties through organic sites. This group forms hydrogen
bonds and other interactions with C,H,, thereby generating
additional binding forces. Monte Carlo simulations revealed
that C,H, forms strong C-H---O/N bonds with benzene rings
and interacts with Ca®" sites through M---m interactions. In
comparison, C,H, lacks C-H---7 interaction (Fig. 4d). Addi-
tionally, CuTiFs<-TPPY (TPPY: 5,10,15,20-tetra(4-pyridyl)-
21h,23h-porphyrin) with semi-cage-like 1D channels decorated
with synergistic binding sites of TiFs>~ and TPPY exhibits
a noticeable adsorption of C,H, and C,H¢ over C,H,.%
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Therefore, efficient single-step C,H, purification from a C,H,/
C,H,/C,Hs mixture has been achieved based on this MOF.
Similar to the structure of Fe(pyrazine)Pt(CN),, a new MOF
Co(pyz-NH,)[Ni(CN),] (ZJU-75a, pyz-NH, = 2-aminopyrazine)
has been prepared for the separation of C3H¢/C3Hg.*® The open
Ni site and the organic NH, sites point into the narrow channel
(4.4 A) allowing multiple interactions with CsHs, including
double wt-complexation interactions (3.46 and 3.76 A) with face-
to-face packed Ni sites and multiple supramolecular interac-
tions with N sites (C-H---Ngx: 3.17-3.84 A and C-H---Nyy,:
2.79-3.24 A). In contrast, only weak supramolecular interactions
(C-H:-Ngn: 3.07-3.81 A) and C-H---Nyy: 2.63-3.55 A) were
observed in host@C;Hg, due to the lack of a double bond in
C3Hj (Fig. 4e).

2.1.4 Molecular sieving. Based on the molecular size or
shape, molecular sieve separation that allows smaller molecules
to pass, but not large ones, has been considered as an effective
strategy for adsorption separation of light hydrocarbons.
Complete separation ensures the purity of the adsorbed gas and
enables infinite selectivity. However, the molecular sizes and
shapes of light hydrocarbons are very similar, making it chal-
lenging to construct MOFs with open pores that are located
between the molecular diameters of the gases, particularly
those with the same number of carbon atoms.

As a typical example, [Ca(C,0,)(H,0)] (UTSA-280), synthe-
sized from calcium nitrate and squaric acid, has two parallel 1D
open cylindrical channels with similar cross-sectional areas of
about 14.4 A%’ Importantly, this value is larger than the
minimum cross-sectional area of C,H, (13.7 A%, but smaller
than that of C,Hg (15.5 AZ). Therefore, it exhibits exclusive C,H,
adsorption, but not of C,Hg at 298 K. This observation was
further confirmed by the adsorption isotherms of the two gases
at 273 and 195 K. Further diffraction experiments and calcula-
tions show that the C,H, molecules adopt a head-to-head
configuration inside the 1D channel, associated with weak C-
H---O hydrogen bonding, 7---7 stacking and vdW interactions
with the rings of the ligand or coordinated water molecules.
However, C,H,, regardless of its orientation, is strongly
restricted by the aperture of the channel (Fig. 5a).

Moving to the target of C3He/C3;Hg mixtures, the two have
<0.4 A size difference, and design and construction of the
sieving channel becomes more challenging. Selecting or
tailoring the length of the ligands is not effective, as the
required change is located in a wider range. Inspired by the sub-
A level size change of the hybrid ions, a chemically stable
fluorinated MOF, KAUST-7, was prepared according to the
reticular chemistry approach.® Initially, by changing the SiFe>~
pillar in SIFSIX-3-Ni (adsorbs both C3;He and C3;Hg due to the
free rotation of the pyrazine ligands) to a slightly bigger cation
NbOF5>~, the short proximal distance between adjacent F atoms
provides a plausible window opening of 3.0-4.8 A, associated
with the restricted rotation and tilting of the pyrazine linker.
Therefore, KAUST-7 displayed full exclusion of C3Hg from C3Hs-
containing mixtures. Sieving separation of C3He/C3Hg has also
been observed in Y-abtc (abtc = 3,3',5,5-azobenzenete tra-
carboxylates), which has cage-like pores connected through
small windows of 4.72 A (Fig. 5b).
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Fig. 5 (a) Preferential binding site for C;H4 molecules, and size/shape
sieving based on the minimum cross-sectional areas of C,H4 and CoHg
molecules. (b) Crystal structure of NbOFFIVE-1-Ni, and simulation of
the maximum open structure of NbOFFIVE-1-Ni. (c) Sieving gate of
ZU-609 and the molecular sizes of propylene and propane. Reprinted
with permission from ref. 70. Copyright 2018 Springer Nature Limited,
ref. 32. Copyright 2016 The American Association for the Advance-
ment of Science, ref. 33. Copyright 2023 The American Association for
the Advancement of Science, respectively.

Although the strategy of molecular sieving can provide
complete separation of the mixtures, the narrow pore strongly
restricts molecule diffusion, a long-standing issue of adsorption
separation. ZU-609, a 2D network composed of an inorganic
metal node and organic linkers (EDS2—, 1,2-ethanedisulfonate;
dps, 4,4'-dipyridyl sulfide), exhibits a large 1D channel with
a size of 7.5-11.1 A.*® Meanwhile, such a channel was connected
by a narrow neck (4.2 x 5.1 A). This cross-sectional area falls
just between the molecular dimensions of C;Hg and C;Hg. In
other words, by incorporating a molecular sieve gate and a fast
diffusion channel in a single domain, ZU-609 exhibits precise
exclusion of C;Hg from C;Hg-containing mixtures, as well as
fast C3H, adsorption kinetics. Particularly, the diffusion coef-
ficient of this MOF is 1-2 orders of magnitude higher than that
of KAUST-7 and Co-gallate. The rapid diffusion and high sorp-
tion were finely supported by in situ PXRD analysis and
dispersion corrected calculation (Fig. 5c).

2.1.5 Diffusion controlled. The strategy of molecular
sieving with accelerated adsorption-diffusion undoubtedly has
significant advantages in adsorption science; however, precise
design and avoidance of sieving losses, given the flexible nature
of the target MOF, are major challenges. Synergistic thermo-
dynamic and kinetic adsorption, mainly determined by strong
binding sites and pore size/shape, holds unique advantages. For
instance, based on the bis(5-methyl-1H-1,2,4-triazol-3-yl)
methane ligand (btm), [Zn,(btm),] (MAF-23) was prepared.
However, the methylene group in the framework cannot
distinguish the C2/C3 hydrocarbons.®® After heating this MOF
under oxygen flow, almost half of the btm ligands were oxidized,
forming a new ligand bis(5-methyl-1,2,4-triazol-3-yl) methanone
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(H,btk). Due to the similar properties between the methylene
group and carbonyl group, the channel size/shape of MAF-23-O
is basically the same as that of the precursor framework. MAF-
23-O demonstrated faster adsorption of C;Hg than that of C;Hg;
this is because the lone pair of the carbonyl oxygen interacts
with the sp> C-H bond of C;Hs, but not for C;Hg (Fig. 6a). In
addition, this work also highlights the importance of post-
synthetic modification, a reliable strategy for achieving the
desired structure-property relationship compared to direct
synthesis from the corresponding building blocks.

To further tune the synergistic effect of thermodynamic and
kinetic adsorption performance of C;Hs from C;Hg a group of
MOFs were synthesized using chiral ligands. With -malic acid,
the 1-mal-MOF has a homogeneous one-dimensional pore
structure measured to be 5.3 x 5.5 A. In contrast, the racemic
material pL-mal-MOF synthesized from a mixture of p/L-malic
acid ligands exhibited periodic contraction-expansion pore
structures, forming quasi-discrete pore structures. This differ-
ence was caused by the different orientations of the chiral group
in the nanosapce. Similar to MAF-23-0O, abundant oxygen atoms
were found in these contraction-expansion pore structures.
Adsorption isotherms showed that the br-mal-MOF has
a significantly higher equilibrium-kinetic combined selectivity
of C3He/C3Hg, which was further illustrated by energy fluctua-
tions and corresponding binding energy during the diffusion of
the C3;Hs and C3;Hg molecules in such quasi-discrete pore
structures.”” This result suggests that the narrow-neck channel,
along with the O-rich environment, may make the MOF a C;Hg¢/
C3Hg separator (Fig. 6b). Utilizing a similar concept, a phos-
phate anion (PO,*7) functionalized MOF ZnAtzPO, with
a narrow (4.94 A)-neck (3.82 A) channel, has been reported for
C,H,/C,H, separation (Fig. 6¢).>
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Fig. 6 (a) Crystal and pore structures of MAF-23-0O, and breakthrough
curves and adsorption kinetic curves using an equimolar CsHg/CsHg
mixture at 298 K and 1 atm. (b) Structure of pL-mal-MOF and MD-
derived self-diffusion rates of CzHg and CzHg. (c) Three-dimensional
structure of ZnAtzPO, and distribution of the aperture size of the
bottleneck. Reprinted with permission from ref. 88. Copyright 2019
John Wiley & Sons, ref. 27. Copyright 2023 The American Chemical
Society, ref. 35. Copyright 2020 Science, respectively.
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2.2 Oriented design strategies in soft MOFs

Soft MOFs, a kind of crystalline porous solid with reversible
phase transformation, have been considered as the most
interesting discovery in materials chemistry in the last two
decades. The combination of diverse structural nature and an
external stimulus (such as gas adsorption, temperature, pres-
sure, light, and electric field) creates emergent softness of the
frameworks; particularly, some of them can show fully different
structural responses to the gases, even if they have very similar
properties. This unique characteristic thereafter sheds light on
the development of adsorption based light hydrocarbon sepa-
ration technology with significant vitality. According to the
modified parts of the framework, they can be broadly divided
into three types: global softness, local softness and confined
softness. However, the design and construction of the desired
softness for the accurate detection of light hydrocarbons, as
well as the thorough understanding of the softness involved,
remains a critical challenge.

2.2.1 Global softness of the framework. The global softness
of MOFs refers to their ability to exhibit significant structural
flexibility and adaptability, usually caused by layer sliding,
framework expansion, bond formation and breaking, etc. Their
ability to structurally adapt enhances their performance and
opens up opportunities for the design of new MOFs tailored to
specific industrial needs. With the discovery of the first soft
MOF ZIF-7 (gate-opening mechanism) for C,H, and C,Hg
separation,® the design or tuning of structural softness, usually
including a rapid change, step change and gradual change, for
light hydrocarbon separation became a hot topic, as it is
significant for exclusive molecular recognition.

2.2.1.1 Rapid change. Typically, an ultramicroporous MOF
UTSA-300 ([Zn(dps),(SiFs)], dps = 4,4’-dipyridylsulfide) with 2D
channels of about 3.3 A was reported. Interestingly, the fully
activated framework transformed into a closed pore phase with
0D nanospaces. This is due to the conformational changes of
the dps ligands and the rotation of the SiF¢>~ ions, leading to
a shrinkage of the framework. However, this 0D nanospace
starts to open under C,H, at 273 K, but not for C,H, and CO,.
Neutron powder diffraction and modelling studies pointed out
that two F atoms from the two adjacent SiFs>~ ions bind a C,H,
molecule (via short hydrogen bonds) in a head-on configura-
tion, leading to a recovery of the pore system from 0D to 2D.”
The framework change allows UTSA-300a to selectively capture
C,H, from C,H, or CO, containing mixtures.

In contrast, NTU-65, the global soft framework demon-
strated different structural changes, resulting in efficient C,H,
purification ability from C,H,/CO,/C,H,4.”* The as-synthesized
NTU-65, constructed from 1,4-di(1H-imidazole-1-yl)benzene,
Cu”* and SiFs’>~, exhibits a 3D framework with pcu topology.
The two adjacent, rather than the two opposite, F atoms on
SiFs>~ join the coordination of the framework, while other F
atoms form hydrogen bonds with the ligands. In addition, NTU-
65 has two types of nanochannels with opening sizes of 2.6 x
3.4 and 5.2 x 6.3 A% Therefore, the activated framework showed
sharply different PXRD and parameters of the unit cell, indi-
cating the global framework change. Interestingly, this
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Fig. 7 (a) The crystal structure of NTU-65 via the c axis and benzene
ring rotation of NTU-65. (b) The crystal structure of X-dia-1-
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(c) The crystal structure of NTU-88 via an axis and open phase of NTU-
880 under CsH,4 at 100 kPa. Reprinted with permission from ref. 92.
Copyright 2020 John Wiley & Sons, ref. 56. Copyright 2024 American
Chemical Society, ref. 69. Copyright 2023 John Wiley & Sons,
respectively.

activated framework showed a temperature-dependent
response for C,H,, CO,, and C,H, at 195 K, but only for C,H,
at 298 K. On further temperature optimization to 263 K, C,H,
and CO, were adsorbed, resulting in a one-step purification of
C,H, (Fig. 7a).

In addition, sudden pore opening of X-dia-1-Ni occurs on
C,He, but not on C,H,, affording direct harvesting of C,H, in
the adsorption step.*® The pressure of C,Hg triggered sudden
opening can be finely tuned through partial Co>* doping, due to
the better shape-fitting between the host and C,He under
increased pressure. Further modelling calculation results
confirmed that the open phase of X-dia-1-Ni exhibited strong
C,H¢ interaction through multiple C-H---O bonding with
distances of 2.40 and 3.61 A, whereas only two C-H---O bonds
with distances of 3.75 and 3.83 A were observed between the
host and C,H, (Fig. 7b).

On the base of an NTU-65 precursor with Cu-F (from SiFs>")
and Cu-N (from ligand) coordination bonds, the same group
developed a new approach to fine regulate the gradient gate-
opening in a series of MOFs (NTU-65-FeZr, NTU-65-FeTi, NTU-
65-CoZr and NTU-65-CoTi) via node substitution.** Due to the
systemically altered strength of the coordination bond, the sole
structural response toward C;H, in NTU-65-FeZr gradually
evolves into a sequential response to C3H, (1.6 kPa), C3Hg (19.4
kPa), and C3;Hg (57.2 kPa) in NTU-65-CoTi at 273 K, as the
incorporation of multiple nodes determines the energy barrier
of the global softness of the framework. This unique phenom-
enon allows NTU-65-CoTi to show sieve separation of C3;H,/
C3He/C3Hg in one step.

Notably, co-adsorption is a kind of common phenomenon
once the inherent large pore has been opened by the molecule

Chem. Sci., 2025, 16, 11768-11800 | 11777


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01755f

Open Access Article. Published on 02 Khotavuxika 2025. Downloaded on 2025-11-02 15:36:38.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

with strong host-guest interactions, which then leads to issues
with selectivity and separation efficiency. To tackle this
problem, we designed a rotational shutter (a rotated pyridyl
ring) in NTU-88, a soft MOF composed of 4,4’-dipyridylnitride
and NiCl,.** The 2D coordination framework connected by
halogen bonds exhibits a zig-zag channel with a rhomboid pore
of 5.3 x 8.8 A. But, the structure of the fully activated framework
exhibits significant changes, particularly the sharply tailored
open size of the channel (1.6 A). However, this framework
demonstrated quick C;H, uptake, but no C;Hg uptake. Struc-
tural models under typical pressure and modelling calculations
showed that a rotation of the pyridine rings in L was observed in
the open phase of this MOF, creating an open pore with
a maximum size of 4.4 A, very close to the molecular size of C;H,
(4.4 A), but smaller than that of C;Hg (5.4 A). Thus, this is a rare
soft example that can comprehensively suppress co-adsorption
(Fig. 7c).

2.2.1.2 Stepwise change. It is worth noting that the adsorp-
tion isotherms of these corresponding MOFs show a clear step
in a slightly wider pressure range. However, the guest- or
stimuli-triggered phase transition in soft MOFs passes through
a closed phase, an intermediate phase and then an open phase.
Such stepwise phase transitions represent a novel and respon-
sive platform for molecular recognition, even for light hydro-
carbons. As an early example, the MIL-53-series demonstrates
stepwise adsorption isotherms of CO, and alkanes.**** A similar
stepwise N, adsorption isotherm was also found in a flexible
framework Co(BDP).”*** However, the stepwise structural
change dominated by coordination bonds usually requires high
energy input (high gas pressure), which could not distinguish
the small difference in the light hydrocarbons. Inspired by the
stepwise isotherms of CO, in a partially interpenetrated MOF,
MFM-202, an interpenetrated dia framework, showed a stepwise
C,H, uptake at 195 K.*” However, the unique function of such
a stepwise change was not investigated in detail.

As an early reported soft MOFs, ELM-11 adopts a 2D square-
grid coordination framework. The trans-axial positions of the
metal centres were occupied by two BF*™ anions. Interestingly,
the author found S-shaped adsorption isotherms of CO,, N,, O,
Ar, and CH,, caused by stepwise layer expansion. Utilizing this
characteristic, ELM-11 was found to have a stepwise C,H,
uptake and trace C,H, adsorption, resulting in efficient sepa-
ration performance, when the partial pressure of C,H, changed
from 50 kPa to 10 kPa.*®

To develop the function of the MOFs that involves stepwise
opening, Zn,(bpdc),(bpee), (bpdc = 4,4’-biphenyldicarboxylate;
bpee = 1,2-bipyriylethylene) was investigated.” The framework
showed emerging stepwise adsorption isotherms of short
alkanes at 298 K, as well as C2 hydrocarbons. Raman spectra of
the C,H¢ loaded sample revealed that the methyl group of C,Hg
interacts with the uncoordinated C=Occ0 on the bpdc ligand,
causing a decrease in the dihedral angle (A¢ = —2.0°) between
the two rings of the bpdc ligand. Comparably, the dihedral
angle increases (A¢ = 1.5°) when C,H, was adsorbed, reflecting
a competitive alternative binding site with similar binding
strength to that of the H-bonding. In other words, a higher
pressure of C,H, (7 orbital plays a minimal role) is required to
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Fig. 8 (a) The lateral perspective of the RPM3-Zn structure and C,H,,
C,oH4 and C,Hg binding sites at Zny(bpdc),(bpee). (b) The crystal
structure of NTU-101-NH,. Reprinted with permission from ref. 71.
Copyright 2012 American Chemical Society, ref. 62. Copyright 2025
John Wiley & Sons, respectively.

open the gate of such a framework. Furthermore, the chain
length of short alkanes is crucial for the gate opening of the
pressure dependence (C2 < C3 < C4). Therefore, tuning the H-
bond strength is shown to be a strategy for optimizing the
MOFs with the desired gate-opening pressure (Fig. 8a).

Inspired by this finding and also by the dynamics of the
interpenetrated MOF, we recently presented an approach to
control the temperature-dependent dynamics in hydrogen-
bonded interpenetrated frameworks. NTU-101-NH,, a single
H-bond linked interpenetrated porous framework, exhibited
stepwise structural dynamics in response to CO,.*> Importantly,
this MOF showed gas and pressure dominated dynamics
towards C,H, (37 kPa, 328 K) and showed an inverse ability for
C,H,/C,H, separation at an elevated temperature of 328 K. This
was due to the shift of the dynamics towards C,Hg (37 kPa, 328
K) and C,H, (53 kPa, 328 K). This is because the displacement of
the interpenetrating frameworks here requires a relatively weak
stimulus, allowing the adsorption to be optimised in a higher
temperature range. However, NTU-101, the precursor frame-
work linked by three H-bonds, shows structural dynamics at
very low temperatures. Therefore, hydrogen-bonded frame-
works were expected to pave the way for the design of soft
families capable of challenging separations at higher tempera-
tures (Fig. 8b).

2.2.1.3 Gradual change. Sudden pore opening and stepwise
pore opening both result from overcoming the clearly defined
host-guest interactions, but the change is not always a sudden
transition from a closed phase to an open phase. During the
adsorption process, the pores or structure of MOF materials can
be gradually adjusted to match the size and shape of the
adsorbate molecules, resulting in a progressively enhanced
host-guest interaction. This characteristic is different from the
structural response of MOFs with a sudden global change and
gradual global change.

Yet an earlier framework of CPL-1, one of the attractive
adsorbents, has bridging pillar ligands and 2D porous sheets.
The formed small channel with a pore size of 4.0 x 6.0 A?
features abundant O atoms in a one-to-one fashion.*”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Interestingly, the structure was shown to change gradually
under increased pressure of C,H,, as the gradually enhanced
host-C,H, interaction promotes the changes in the structure.'®
The same group then investigated the separation potential of
CPL-1 on C,H, and C,H¢."* The flexibility of the framework
allowed stepped adsorption isotherms, particularly for C,H, in
the pressure range of 200 to 400 kPa, at 273 K; however, the
C,H¢ uptake is very low in the measured region. Shifting the
target to the C3 hydrocarbons, CPL-1 showed a gradually
changing thermo-responsive gate-opening behavior towards
C;3;H, in the temperature range of 273 to 288 K, but no structural
response was found under C;Hg.'*

Due to the global framework change, the temperature
assistant framework response usually occurred at relatively low
temperature. To overcome this issue, a microporous MOF,
[Zn;OH),(btca),] (JNU-1, H,btca = benzotriazole-5-carboxylic
acid), with gas-induced fit was synthesized. The activated JNU-
1 exhibits a 1D microporous channel of 8 A diameter with an
accessible open zinc site.'®® A self-adaption framework change
was observed upon increasing C,H, loading, namely a gradually
closed form. Gas-loading crystal analysis and modelling calcu-
lations showed a side-on configuration of the trapped C,H,
interacting with two adjacent open Zn sites. Furthermore, one
C,H, molecule interacts with other two additional molecules
bound to Zn sites via diploe interactions. The gradual increase
in adsorption leads to enhanced host-guest interactions, which
in turn trigger framework shrinkage. This phenomenon is
distinctly different from the general observation of gradual pore
enlargement of the framework associated with increased pres-
sure of the adsorbed gas (Fig. 9a).

For the gradual change in the framework, we have recently
found a new system that exhibits a subtle expansion and
contraction of the channel neck. NTU-68 was prepared via
crystal conversion of NTU-65 in boiling water.*® Crystal analysis
(from 200 to 340 K) revealed that the distance of the channel
neck defined by F-F gradually expanded and then contracted to
around 4 A (turning point: 328 K), which falls between the
centre dimensions of C;Hg (3.44 A) and C;Hg (4.02 A). There-
fore, an unprecedented phenomenon of thermodynamically
dominant C;Hg uptake, but kinetically regulated C;Hg adsorp-
tion behaviour, was observed. The calculated energy profile
reveals that the maximum energy for passing through the cell is
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Fig. 9 The structure of JNU-1 (a) and illustration of the accelerated
separation process in NTU-68a (b). Reprinted with permission from ref.
103. Copyright 2019 John Wiley & Sons, ref. 40. Copyright 2023
American Chemical Society, respectively.
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42.8 kJ mol '. However, C;Hg has to overcome two strong
interactions, corresponding to 46.3 and 63.8 k] mol ™", respec-
tively, as C3Hjg diffusion requires a configuration change. This
temperature-dependent gradual change allows an enhance-
ment in separation efficiency as the temperature increases from
273 to 298 K (Fig. 9b).

2.2.2 Local softness of the framework. Compared with the
global softness of the MOF, the concept of local softness is
defined as the partial movement of the MOF framework. Local
softness, particularly in the context of a functional ligand,
exhibits a unique advantage in its capacity for adaptive envi-
ronmental adjustment, enabling precise recognition of guest
molecules. This process results in a molecular sieving effect
analogous to that of traditional MOFs. In other words, it is
conceptually feasible to identify small differences in light
hydrocarbon components by utilizing the local structural
changes. The small changes in energy barriers offer prospects
for expeditious material regeneration in the ensuing phase;
nevertheless, they concomitantly engender challenges in
precise structure design, and no commensurate theoretical
framework has been formulated to date.'” In the following
section, a comparison is made between the local dynamics of
the ligand (local node change usually causes global change) in
the MOFs for light hydrocarbon separation and the more typical
local dynamics of the ligand in other materials.

A coordination framework was synthesised and prepared
from a butterfly-type ligand comprising isophthalic acid and
phenothiazine-5,5-dioxide (OPTz) moieties (OPTz-IPA).”> After
activation, the framework features a nanocage connected by
eight nanochannels. Interestingly, one OPTz moiety and one
isophthalic unit adopt a face-to-face configuration, forming
a gate of 3 A inside the channel. Therefore, the thermal flipping
of the OPTz units provides a gate function that enables different
kinetic responses towards C,H, and C,Hg, as well as O,/Ar. It is
worth noting that the ability for preferred adsorption is strongly
temperature-dependent, of which the Ty, is as low as 270 K for
the adsorption separation of C,H, and C,He. The function of
such thermal local-dynamics was extended into the separation
of water isotopologues, which have extremely similar physico-
chemical properties (Fig. 10a).'*

Recently, a 3D porous MOF, named JNU-3, was prepared by
using a branched ligand with carboxylate, triazole and pyridine
coordination sites. JNU-3 possesses a 1D channel with dimen-
sions of approximately 4.5 A x 5.3 A. The yielded cross-sectional
area (23.85 A?) is slightly larger than that of the minimum cross-
sections of C3Hg (19.34 A%) and C;H, (18.17 A%). In addition,
a molecular pocket with an aperture size of 3.7 A is lined up on
both sides of the 1D channel. Given the larger kinetic parame-
ters of C3Hg and C3Hg, it appears improbable that these pockets
can accommodate them. However, the tilting and rotation of
the “guard” moiety of aromatic rings on the ligand can enlarge
the aperture (4.4 for C;He and 4.7 A for C3Hg) of the pocket,
facilitating the adsorption of C3;Hs and C3;Hg. Consequently, the
unique structure can be regarded as an orthogonal-array
dynamic molecular sieve, allowing both fast adsorption-
desorption kinetics and large capacity. The presence of a gas-
responsive pocket has been demonstrated to facilitate the
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Fig. 10 (a) Simulation of the structure of activated Cu(OPTz)-loaded
C,H4 and the diffusion structure between the interlayer and intralayer.
(b) Crystal structure of INU-3a with molecular pockets and schematic
diagram of molecular pockets. (c) The structure of ZU-33 and bonding
sites for loaded CsH4 and CsH4(PD). Reprinted with permission from
ref. 72. Copyright 2019 American Association for the Advancement of
Science, ref. 106. Copyright 2024 Springer Nature Limited, ref. 107.
Copyright 2022 Springer Nature Limited, respectively.

purification of C,H,; from C2-C4 mixtures in one-step
(Fig. 10b).** In addition, this strategy has been expanded in
HAF-1, which features channels and shrinkage throats, the
latter being defined as narrower channels that connect the main
channels and a molecular pocket.*®

As a molecule separator, GeFSIX-14-Cu-i (ZU-33) can also
exhibit an adaptable response to guest molecules.'” The coor-
dination of 4,4"-azopyridine with a GeF,>~ anion provides ZU-33
with local rotational flexibility, which plays a crucial role in the
recognition of C,H,, C3H,, and C3;H, (PD), and avoids the
competitive adsorption of olefins and paraffins. The responsive
properties to different stimuli endow this MOF with multiple
regulations for challenging separations (Fig. 10c).

2.2.3 Softness of the confined moiety in the framework.
Except the softness of the global framework and also the local
moiety, we recently found a new kind of softness of the confined
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Fig. 11 Crystal structure of loaded CzHg and C3zHg samples: (a) NTU-
85-WNTDC3Hg and (b) NTU-85-WNT>CsHg and (c, d) detailed H-
bonding interactions of CsHg in one-dimensional nanochannels.
Reprinted with permission from ref. 37. Copyright 2023 American
Chemical Society.
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moiety in a rigid framework.”” The new MOF, (NTU-85) has
a super-tetrahedral cluster (Cu;00;3) and one-dimensional (1D)
nanochannels consisting of lattice water molecules. Of partic-
ular significance is the observation that the lattice water mole-
cules can be categorised into two distinct types: four molecules
interact with the inner surface of the nanochannel via short
hydrogen bonds, while a single molecule occupies the centre of
the four water molecules and forms hydrogen bonds over
a greater distance. In this regard, the central lattice water was
accurately removed, resulting in the formation of a 1D water
nanotube with an internal diameter of 4.5 A within the rigid
framework. The slight expansion and contraction of the water
nanotube contributes exclusive C;Hg adsorption, but not C;Hg
adsorption. This finding opens the route for establishing
confined chemistry in MOFs (Fig. 11).

3. Applications

In recent years, there has been significant research interest in
the field of adsorption separation of light hydrocarbons using
MOFs. According to the demand for highly pure olefins, the
separation process can be broadly classified into olefin-selective
adsorption and alkane-selective adsorption.’®*™** To obtain
pure olefins from an olefin-selective adsorption process, further
desorption-adsorption cycles via inert gas sweeping or
a vacuum pump are required. In contrast, alkane-selective
adsorption has been shown to produce pure olefins directly,
a process that is notably more energy efficient. This section will
discuss recent research advances in the purification of C,H, and
C;Hg from light hydrocarbon mixtures, particularly those with
the same carbon numbers, in recent years.>'*>'** Furthermore,
we compared MOFs with framework dynamics induced by light
hydrocarbons (Table 4), and the separation performance and
the isosteric heat of adsorption (Qy) of MOFs used for light
hydrocarbon separation (Table 5).

3.1 C,H, harvesting from the desorption process

3.1.1 C,H4/C,H, feed gas. As a molecular sieving MOF,
UTSA-280 demonstrated high C,H, capacity, up to 2.5 mmol
g~', at 298 K and 1 bar, whereas only a trace amount of C,Hg
(0.098 mmol g~') was adsorbed.” Therefore, the calculated
C,H,/C,Hj selectivity is very high. In the breakthrough experi-
ments, the packed samples exhibited full capture of C,H, from
equimolar C,H,/C,He mixtures, while highly pure C,Hs was
released initially. Enriched C,H, can be recovered with high
purity during the regeneration step, yielding a productivity of
C,H, as high as 1.86 mol kg ’. Notably, the sieving effect of
C,H,/C,H¢ remains unaffected by the presence of additional
components in the feed gas. Nevertheless, the role of coordi-
nated water in preserving the structural integrity and enhancing
the separation performance was found to be crucial (Fig. 12a).

ZU-901 exhibits a unique ‘S’ shaped C,H, adsorption curve,
providing a high C,H, working capacity of up to 1.36 mmol g,
at 273 K and 1 bar."*® Interestingly, the material showed a C,H,
uptake of 0.19 mmol g~ " at 0.1 bar and 273 K, followed by
a rapid increase to 1.55 mmol g~ " at 1 bar, signifying the C,H,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Light hydrocarbon-induced framework dynamics of the representative MOFs

MOFs Reasons for phase changing Py for phase changing (kPa) Temperature (K) Ref.
ZIF-7 Configuration change in benzimidazole C,Hg: 0.0008 298 38
C,H,: 0.0012
NTU-88 Pyridine ring rotation C3Hy: 1.7 273 69
C;3He: no change
GeFSIX-dps-Zn Pyridine ring rotation C3H,: 0.13 298 114
GeFSIX-dps-Cu C;H,: 0.015
NTU-65-CoTi Benzene ring rotation C3Hy: 1.6 273 51
C;Hg: 19.4
C,Hg: 57.2
Zn,(bpdc),(bpee) bpdc benzene ring rotation CyH,: 0.2 298 71
C,H,: 0.4
C,H,: 0.26
MFM-202 Benzene ring rotation C,H,: 2.7 195 97
C,H,: 4.0
C,Hg: no change
NTU-101-NH, Shifting of the interpenetration framework C,Hg: 36 293 62
C,Hy: 57
X-dia-1-Ni Pyridine ring and pyridine ring rotation C,Hg: 51.7 273 56
ZU-13 Pyridine ring rotation C;3Hy: 0.05 298 115
NTU-68 Benzene ring rotation Gradual change 40
Cu(OPTz) Phenothiazine-5,5-dioxide rotation Gradual change 72
TYUT-17 3-Methylisonicotinic rotation C,Hg: <0.1 298 66
JNU-3 Pyridine ring rotation Gradual change 65
ZU-33 4,4'-azopyridine ligand and GeFg>~ CH,=C=CH,: 0.002 298 107
anion rotation
NTU-85 Dynamic of water nanotubes Gradual change 298 37

working capacity of 1.36 mmol g '. A similar adsorption
phenomenon was observed upon increasing the temperature
and pressure, to 298 K and 3 bar, respectively. Comparably, the
C,H, capacity of ZU-901 is as low as 0.26 mmol g~ " under both
conditions. In breakthrough experiments, the clear separation
interval confirmed the ability for C,H,/C,H, separation. Thanks
to the relatively low binding energy, adsorbed C,H, can be
rapidly regenerated and collected with >95% purity. Aspen
adsorption simulation revealed that 99.51% purity of C,H,
could be obtained with 75% recovery from a two-bed pressure
swing adsorption process. In addition, this material can be
prepared via stirred, associated with mother liquor circulation
(Fig. 12b). Meanwhile, some other MOFs, such as Co(aip)(pyz)o.s
(Fig. 12¢)'” and MOF-808-Bzz,>® have been observed to
demonstrate selective capture of C,Hs from C,H,-containing
mixtures. Furthermore, we have summarized the top ten C,H,/
C,H, adsorption ratios, as illustrated in Fig. 16a. Notably, MAF-
42 achieves an impressive adsorption ratio, up to 301 at 1 bar.**®
This summary serves as a valuable reference for efficient light
hydrocarbon separation techniques.

3.2 C,H, harvesting from the adsorption process

3.2.1 C,H,/C,H, feed gas. Utilizing the interlayer and
intralayer space, ZUL-100 and ZUL-101, which were synthesized
from NbOF;>~ and three different organic ligands, showed
highly selective capture of C,H, (selectivity: 175) from a C,H,/
C,H, mixture (1/99, v/v)."*® In the breakthrough experiments,
both ZUL-100 and ZUL-101 have excellent separation

© 2025 The Author(s). Published by the Royal Society of Chemistry

performance. Notably, under humid conditions, they have been
shown to achieve high-performance separation of trace
amounts of C,H,, and to directly obtain polymer-grade C,H,
with a yield of 121.2 mmol g~ ' and 103.6 mmol g~ ', respectively
(Fig. 13a).

Cu(OH)INA exhibited remarkable C,H, adsorption capacity
performance within the temperature range of 272-313 K, even
at lower pressures.’” At 0.01 bar and 298 K, the adsorption
amount of C,H, reached 44.01 cm® cm ™, while the adsorption
amount of C,H, was found to be considerably lower. The
adsorptive selectivity was calculated to be 105-41 and 71-35 at
two distinct temperatures (298 K and 313 K), which confirmed
the potential of the material for C,H,/C,H, (1/99, v/v) separa-
tion. Breakthrough experiments further validated the material's
separation ability by obtaining high purity C,H, (>99.99%) with
a productivity of 167 mL cm >, Moreover, after the increase in
flow rate, the separation efficiency (165 mL cm *) remained
close to that of the low flow rate. Furthermore, the large-scale
synthesis, at least, can be scaled up to 8 L under stirring and
1.31 kg of product (91% yield) can be obtained (Fig. 13b).

Despite the fact that many of the MOFs have been the focus
of research in regard to their potential for selective C,H,/C,H,
capture, only a limited number of them have been shown to
achieve a balance between C,H, uptake and C,H,/C,H, selec-
tivity. SIFSIX-2-Cu-i with periodic SiFs>~ ions demonstrated
a high C,H, adsorption capacity (2.1 mmol g~ 0.05 bar, 298 K)
and selectivity (39.7 to 44.8).** In contrast, SIFSIX-1-Cu exhibited
exceptionally high C,H, uptake (8.5 mmol g~ ') at 298 K and 1.0
bar, yet the superior C,H, uptake resulted in moderately high

Chem. Sci., 2025, 16, 11768-11800 | 11781
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(a) The crystal structure of guest-free UTSA-280, single-component sorption isotherms of C,H,4 and CyHg at 298 K and breakthrough

curves from different scales for an equimolar C,H4/CoHg mixture at 298 K and 1 bar. (b) The internal structures of ZU-901, adsorption isotherms
of C,H4 and C,Hg at different temperatures and high pressure, and breakthrough curve of the fresh and regenerated sample via vacuum
desorption. (c) The structures of Co(aip)(pyz)os, CoH4 and CoHe adsorption isotherms of Co(aip)(pyz)os at 298 K, and experimental column
breakthrough curves for C,H4/C,Hg equimolar binary mixtures at 298 K. Reprinted with permission from ref. 70. Copyright 2018 Springer Nature
Limited, ref. 116. Copyright 2023 John Wiley & Sons, ref. 117. Copyright 2023 Elsevier Inc, respectively.
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(a) Pore geometry of ZUL-100 with an intralayer, C,H, and C,H,4 adsorption isotherms at 298 K, and experimental column breakthrough

curves for the C,H,/C,H4 mixture at 298 K and 1 bar. (b) Structure and one-dimensional channel of Cu(OH)INA, adsorption isotherms of C,H,
and C,H, at various temperatures, and breakthrough experiment with a C,H»/CoH4 mixture at a flow rate of 2 mL min~* at 298 K. (c) Single-
crystal structure of ZJU-300, adsorption isotherms for CoH, and C,H,4 at 296 K, and experimental column breakthrough curves for 1/99 C,H,/
C,H, separation at a flow rate of 5 mL min~* under ambient conditions. Reprinted with permission from ref. 119. Copyright 2020 Springer Nature
Limited, ref. 120. Copyright 2024 John Wiley & Sons, ref. 121. Copyright 2023 The American Association for the Advancement of Science,

respectively.
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C,H,/C,H, separation selectivity (7.1 to 10.6). These values re-
flected the emerging separation performance of C,H,/C,H,. In
the breakthrough experiments, highly-pure C,H, broke the
sample beds of SIFSIX1-Cu and SIFSIX-2-Cu-i at first, while 0.38
and 0.73 mmol g’1 of C,H, was captured by from the 1/99
mixture, respectively. After replacing the linear ligand from
a 2-c to 4-c linker, ZJU-300 with densely decorated SiFs>~ ions
also exhibited a promising C,H, uptake of 3.23 mmol g * (0.01
bar, 296 K). This result is substantially higher than that of all the
SIFSIX materials (Fig. 13c)."*

When the pressure was increased to 1 bar, the C,H, uptake
increased to 5.4 mmol g~ ', while the C,H, uptake was only
2.39 mmol g . It is noteworthy that the C,H,/C,H, (1/99)
selectivity is as high as 1672. This observation was subse-
quently confirmed through dynamic breakthrough experi-
ments, which revealed that the C,H, productivity reached
436.7 mmol g '. Moreover, the material maintained good
stability under humidity and an acidic gas atmosphere.

3.2.2 C,H,/C,Hg feed gas. Fe,(O,)(dobdc) demonstrates
a superior C,Hg (74.3 cm® g~ ') adsorption capacity in compar-
ison to that of C,H, (57.3 cm® g~ ") at 298 K and 1 bar, providing
an increased C,H¢/C,H, (v/v: 1/1) selectivity (from 3.5 to 4.4)
under increased pressure.*® Thus, in the breakthrough experi-
ment, the C,Hys/C,H, mixture can be completely separated to
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yield 99.95% pure C,H,, up to 2172 mmol per liter (C,Hg/C,H,,
50/50) and 6855 mmol per liter (C,H¢/C,H,, 10/90). Importantly,
the material can be readily regenerated for cycling separations.
Encouraged by this finding, breakthrough experiments were
performed on multi-components. The highly efficient separa-
tion performance suggests that Fe,(O,)(dobdc) is an effective
separator for C,H, purification when the concentration of C,Hg
is low, as well as the existence of CHy, H,, and C,H, impurities
(Fig. 14a).

The two isostructural MOFs Ni-MOF-1 and Ni-MOF-2 have
also been investigated for C,Hy/C,H, separation.®® For Ni-MOF-
1, nearly the same adsorption isotherms of C,Hg (113 cm® g™ %)
and C,H, (116 cm® g ') were observed at 298 K and 1 bar.
However, Ni-MOF 2 demonstrated a substantially higher
adsorption of C,H, (133 em® g~ ') over C,H; (105 cm® g™ "). Along
with an uptake difference of 40 cm® g~ " at 0.5 bar, Ni-MOF 2 can
efficiently separate the equimolar C,H¢/C,H, mixture gas in
dynamic penetration experiments, yielding a C,H, productivity
of 12 L kg™'. In addition, cycling experiments demonstrated
that Ni-MOF-2 has good reproducibility for this separation
(Fig. 14b).

Different from the previously mentioned rigid MOFs, TYUT-
17, a flexible-robust framework, exhibited a selective adsorption
tendency for C,He.*® TYUT-17 demonstrated a higher
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(a) Structures of Fe,(O,)(dobdc), adsorption isotherms of C,Hg and C,H,4 at 298 K, and experimental column breakthrough curves for

a CoHg/CoH,4 mixture at 298 K and 1.01 bar. (b) The three-dimensional open framework of Ni-MOF 2, C,H4 and C,Hg single-component
adsorption isotherms at 298 K, and dynamic breakthrough curves of equimolar C;He/CoH4 gas mixtures at 298 K and 1 bar. (c) The structure
TYUT-17, single-component gas adsorption isotherms at 298 K, and breakthrough curves of TYUT-17 for C;Hg/C,H4 (v/v, 10/90) mixtures at 298
K and 1 bar. (d) C,Hg adsorption induced the structural transformation of X-dia-1-Ni, Co,H4 and C,Hg adsorption isotherms for X-dia-1-
Nio.80C00p.11 at 273 K, and cyclic breakthrough separation experiments for CoH4/CoHeg (1/9) mixtures performed at 100 kPa and 263 K. Reprinted
with permission from ref. 46. Copyright 2018 The American Association for the Advancement of Science, ref. 63. Copyright 2023 John Wiley &
Sons, ref. 66. Copyright 2024 John Wiley & Sons, ref. 56. Copyright 2024 American Chemical Society, respectively.
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adsorption capacity of 62.6 cm® g~ * for C,Hg, at 298 K and 0.1
bar; however, the C,H, uptake was found to be 18.7 cm® g™,
providing an exceptional C,Hs/C,H, selectivity (6.4) and uptake
ratio (3.3). It was observed that an increase in temperature
resulted in a shift of the gate-opening phenomenon to a high-
pressure region, but the P¢ y, always lagged behind the P¢ y,
indicating the reality of sample regeneration. Following the
introduction of a feed gas comprising C,H¢/C,H, mixtures to
the packed TYUT-17, the observation of different retention
times indicated unambiguous separation. The productivity of
C,H, of >99.9% purity was recorded at 77.4 L kg '. Further-
more, the gate-opening of TYUT-17 facilitated the separation of
the C,H¢/C,H, mixture at 313 K (Fig. 14c).

To promote the separation temperature, an implication of
saving energy in the separation process, we developed two
hydrogen-bonded interpenetrated frameworks, NTU-101 and
NTU-101-NH,.*> A three H-bond linked interpenetrated porous
framework, NTU-101 exhibited a structural response to C,Hg
and C,H, in the temperature range of 288 to 303 K. Comparably,
the single H-bond connected framework of NTU-101-NH,
exhibited a structural response to C,Hs and C,H, in a wider
temperature range of 288 to 333 K, particularly the gate-opening
pressure under C,Hg is always earlier than that of C,H,.
Consequently, NTU-101-NH, is capable of separating the C,H¢/
C,H, (1/9, v/v) mixtures at a relative higher temperature of 328
K. To our knowledge, this is the first example that can selectively
capture C,H¢ from C,H, at such a higher temperature and
yielded a productivity of polymer-grade C,H,, of up to 15.7 mL
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engineering z
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¢ '. Meanwhile, the robust NTU-101-NH, can be prepared on
a large scale through the stirring method at room temperature.

In addition, the flexible dia coordination network of X-dia-1-
Nij goC0p.11 €xhibited preferred gate-opening for C,Hs, but not
for C,H, at 263 K.*® The unique structural change driven the
C,H, adsorption sharply increased at a pressure of 50 kPa, and
the maximum adsorption capacity reached 131.4 cm® g .
However, the structure did not show evident gate-opening, thus
providing a low C,H, uptake of 44.8 cm® g~ *. The ability for
harvesting high-purity (99.9%) C,H, directly was validated by
dynamic breakthrough experiments at 263 K (C,Hg/C,H,: 1/9, v/
v) (Fig. 14d).

3.2.3 C,H,/C,H,/C,H feed gas. The harvesting of highly
pure C,H, from the ternary mixture of C,H,/C,H,/C,Hg¢ requires
the MOFs to have the ability to selectively adsorb C,H, and C,Hg
simultaneously. An earlier example of this was exhibited by TJT-
100, due to the hierarchy of weak sorbent-sorbate interac-
tions.*> To promote the separation performance, three iso-
structural MOFs, named NPU-1, NPU-2 and NPU-3, were
synthesized from an Mné6 cluster, rigid dicarboxylate ligands
and a 3-connected pyridyl-based tritopic ligand.'* With the
smallest pore size among the three, NPU-1 exhibited the largest
uptakes for C,H, (5.1 mmol g~ %), C,Hg (4.5 mmol g ') and C,H,
(4.2 mmol g~ '). The adsorption selectivities for C,H¢/C,H, (1/1,
v/v) and C,H,/C,H, (1/1, v/v) were calculated to be 1.32 and 1.4,
respectively. The preferential uptake of C,H, and C,H, allows
this MOF to produce highly pure C,H, from equimolar ternary
mixtures in one-step. The stability of this separation was

w
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(a) NPU-1three-dimensional structure; C2 gas sorption isotherms of NPU-1 at 298 K; and experimental breakthrough curves at 298 K for

C2 (1:1:1mixture) separation. (b) The framework of MOF-303, C2 adsorption isotherm of MOF-303 at 296-313 K, and experimental column
breakthrough curves of MOF-303 for C2 mixtures under ambient conditions. (c) Multiple supramolecular binding sites in the pores of Al-PyDC,
C2 adsorption isotherms of Al-PyDC at 296 K, and experimental column breakthrough curves of Al-PyDC for C2 mixtures under ambient
conditions. Reprinted with permission from ref. 122. Copyright 2021 American Chemical Society, ref. 123. copyright 2023 John Wiley & Sons, ref.

83. Copyright 2023 Springer Nature Limited, respectively.
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validated through cycling experiments. Based on the packing of
the C,H,-selective MOF and C,Hg-selective MOF, the same
group developed a synergistic sorbent separation technology for
purification of C,H, from C,H,/C,H,/C,Hs mixtures.®® This
technology may pave the way for the development of new
separation systems based on reported MOFs for challenging
separations (Fig. 15a).

The aluminium-based MOF (MOF-303) is a stable, low-cost,
and easily scalable separation material.’* It also demon-
strated preferred C,H, (7.94 mmol g~') and C,Hs (5.01 mmol
g~ 1) adsorption compared with that of C,H,. In the dynamic
breakthrough experiment, the binary mixture C,H,/C,H, (1/99,
v/v) can be separated, with an outlet effluent C,H, yield of
5.07 mmol g~ " and a purity greater than 99.95%. Furthermore,
the yield of the C,H,/C,H, binary mixture is also as high as
0.56 mmol g ', and the purity is greater than 99.95%. In the
ternary mixture (1/9/90, v/v/v), the productivity of C,H, is as
high as 1.35 mmol g~ (>99.95%), exhibiting excellent separa-
tion performance (Fig. 15b).

The low polarity O/N supramolecular binding sites allow Al-
PyDC to show both higher C,H, (8.24 mmol g ') and C,Hg
(4.20 mmol g~ ') uptakes in comparison to C,H, (3.44 mmol g~ )
at 296 K and 1 bar,* along with both a good C,H,/C,H, (1/99, v/
v) selectivity of 4.3 and C,H,/C,H, (50/50, v/v) selectivity of 1.9.
In the dynamic breakthrough experiments, both C,H,/C,H, and
C,Hs/C,H, binary mixtures can be separated. Therefore, Al-
PyDC can separate the C,H,/C,H,/C,H¢ ternary mixtures for
getting polymer-grade C,H, in one-step with a productivity of
1.61 mmol g~ '. Furthermore, the system demonstrates consis-
tent recyclability over 20 cycles, exhibiting no decline in
performance under acidic gas conditions (Fig. 15c).

3.3 C3;Hg harvesting from the desorption process

3.3.1 C3H¢/C3H; feed gas. The harvesting of pure C;Hg at
the desorption process from C;He/C;Hg feed gas requires a MOF
that exhibits superior C3;Hg uptake attributable to either
stronger interaction sites or a favoured C3;Hg trap.'’®?*1*
Typically, based on the sieving effect, KAUST-7 exhibits specific
adsorption of C;Hg but did not permit C;Hg to diffuse/adsorb
into the pore system at 298 K up to 1 bar, as evidenced by
fully overlaid adsorption isotherms between pure C;Hs and
equimolar C3;H¢/C3Hg.** Breakthrough experiments further
demonstrated that KAUST-7 flowed directly out of the packed
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column, while C3;H¢ penetrated after ~480 s, followed by further
desorption to obtain pure C;Hg, and the recovery is ~2 mol per
kg per hour at standard ambient temperature and pressure. In
addition, KAUST-7 possesses a noticeably high chemical
(tolerance to water vapor and hydrogen sulfide) and thermal
stability (Fig. 17a). Another example of sieving separation is ZU-
609 with local sieving channels, which has the potential to
separate C3He from C3He/C3Hg mixtures due to the presence of
molecular sieving gates and fast diffusion channels in the local
sieving channels and the similar size of the molecular sieving
gates to the size of the C3;Hg molecules.® The single-component
adsorption isotherms indicated sieving performance for C;Hg
and C3;Hg with an uptake ratio of 22.3 at 298 K and 1 bar.
Breakthrough experiments confirmed the superior adsorption
performance of ZU-609 on C3;He with a dynamic adsorption
capacity of about 1.64 mmol g~" and a yield of 32.2 L kg~ for
obtaining high-purity (99.9%) C;H; (Fig. 17f).

In the presence of an orthogonal-array dynamic molecular
sieve, both stepwise C;Hg and C3Hg adsorption isotherms were
observed in JUN-3a.®® The rapid uptake at low pressure gradu-
ally diminished and the step shifted to higher pressures
following increased pressure, a phenomenon attributable to the
local dynamic of the molecular pocket. Importantly, at an
earlier gate opening pressure, the C;Hg uptake reached 58.6 cm®
g " at 303 K and 1 bar, which is considerably than that of C;Hg
(42.5 cm® g~ "). The density of C;Hg was calculated to be 404 g
L~ based on the pore volume, reflecting its good packing ability
of C3Hg compared to the density of gaseous C;Hg (1.707 g L™1).
Breakthrough curves revealed that JNU-3a can separate equi-
molar C3;He/C3Hg at 303 K. C3Hg was eluted from the packed
column at about 70 min, while C;Hs penetrated through the
column after 35 min. In the desorption stage, JNU-3a was able to
obtain high-purity C;H, with a productivity of 34.2 L kg *
(Fig. 17b).

In the context of quasi-discrete cavities, pr-mal-MOF
demonstrated rapid and different uptakes of C3Hg and C3;Hg
in the low pressure region, with uptake values of up to 1.68
mmol g~ ' and 1.21 mmol g~ * at 298 K and 1 kPa.?” In contrast,
both r-mal-MOF and p-mal-MOF exhibited nearly the same
adsorption isotherms for C;Hg and C3Hg. Remarkably, pr.-mal-
MOF demonstrated both a high Henry's selectivity of 5.86 and
kinetic selectivity of 114.2. The observed disparity in diffusion
rates facilitates the dynamic separation of C;H¢/C3Hg mixtures
(50/50, or 95/5, v/v) at 298 K. During the desorption stage, the
polymer-grade C;Hg was attained, with a yield of 2.1 L kg™*
(Fig. 17¢).

Dependent on the cooperative global and local dynamics,
FDC-4 exhibited gate-opening during C3Hg adsorption, yielding
an uptake of 122 em® g~ " at 300 K.”* However, C;Hg adsorption
in this narrow channel adopts a diffussion controlled manner,
thereby resulting in the very low uptake of C;Hg being observed.
The substantial differences in both uptake capacity and
adsorption kinetics enabled the dynamic separation of an
equimolar C3;He/C3Hg mixture, thereby revealing sieving
performance and producing C;Hg (19.5 L kg™ ') with a purity of
99.7% (Fig. 17d).
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(a) The crystal structure of KAUST-7, adsorption isotherms for pure CsHg, pure CzHg, and CsHg/CsHg equimolar mixtures at 298 K, and

breakthrough experimental curves of equimolar CzHe/CsHg mixtures at 298 K. (b) The crystal structure of CsHg@JINU-3a, adsorption isotherms
for pure CzHg, pure CsHg, and CsHg/C3Hg equimolar mixtures at 303 K, and breakthrough experimental curves of equimolar CsHg/CsHg mixtures
at 303 K. (c) The ligand racemization strategy is illustrated, adsorption isotherms of CsHg and CsHg on pL-mal-MOF and breakthrough exper-
imental curves of CzHg/C3Hg (50/50, v/v) mixtures at 298 K. (d) The crystal structure of FDC-4a, adsorption isotherms for CzHg and CsHg at 240
K, and breakthrough experimental curves of equimolar CsHg/C3Hg mixtures at 300 K. (e) The crystal structure of NTU-85-WNT D CzHe, hydrogen
bond interactions of CzHg in one-dimensional nanochannels, adsorption isotherms for CsHg and CsHg at 298 K, and breakthrough experimental
curves of equimolar CsHg/CsHg mixtures at 300 K. (f) The crystal structure of ZU-609, adsorption isotherms for pure CsHg and CsHg at 298 K, and
breakthrough experimental curves of equimolar CzHg/CsHg mixtures at 298 K and 1 bar. Reprinted with permission from ref. 32. Copyright 2016
Science, ref. 65. Copyright 2021 Springer Nature Limited, ref. 27. Copyright 2023 American Chemical Society, ref. 74. Copyright 2024 Springer
Nature Limited, ref. 37. Copyright 2023 American Chemical Society, ref. 33. Copyright 2024 Science, respectively.

NTU-85-WNT, characterized by localized dynamics of a water
nanotube within a rigid framework, exhibited rapid C;Hs
uptake within the initial pressure range, and reached 20.9 mL
mL 1.3 Conversely, C;Hg uptake was observed to be negligible
(0.13 mL mL ™). The clear cut-off adsorption yields an extremely
high adsorption selectivity of 1570 at 298 K and 1 bar. This
sieving phenomenon is very similar to that of the rigid separator
of KAUST-1, but the underlying mechanism is totally different.

Breakthrough experiments substantiated the exclusive

1788 | Chem. Sci., 2025, 16, 11768-11800

adsorption of C3He by NTU-85-WNT, with C;Hy eluting out of
the packed column initially. The confined effect of the water
nanotube enables the harvesting of adsorbed C;Hg at the
desorption stage with a high purity of 98.8%. However, the
lower porosity of the water nanotube limits the C3Hg produc-
tivity (1.6 mL mL™") at a certain content (Fig. 17e).

The same group developed a new concept of delicate softness
in a temperature-responsive MOF (NTU-68) for efficient sepa-
ration of C3He/C3Hg in the next year.”® Quantitatively, NTU-68

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibited a pronounced uptake of C3Hg (33.3 cm® g~ " at 298 K)
at 2 kPa, which exceeds the total uptake of KAUST-7 at 1 bar. The
calculated density of C3Hg is as high as 565.9 mL mL ™", closely
approaching the density of liquid C;Hg (606 mL mL ™ '). In
contrast, the MOF exhibited a markedly lower C;Hg uptake (7.5
em?® g~ 1) at 298 K and 1 bar. As illustrated by the changing trend
(in the temperature range of 273 to 323 K), the temperature-
responsive delicate softness around the channel neck results
in a thermodynamic preferred C;H, adsorption (the higher the
temperature, the lower the uptake), but a kinetic dominated
C;Hg uptake (the higher the temperature, the higher the
uptake). Consequently, the breakthrough separation efficiency
of this mixture was found to be twofold enhanced upon
increasing the temperature from 273 to 298 K. Notably, the
separation process remained unaffected by the presence of
general impurities.

The ftw-type MOFs consisting of a hexanuclear cluster M6 (M
= zr"*, Hf", Ce"", Y**) and a four-coordination linker have
potential for molecular sieving due to the large cage-like cavities
interconnected by narrow windows. For example, the iso-
configurational MOFs ftw-MOF-ABTC and HIAM-301 both
exhibit excellent molecular sieving in the separation of C;He/
C3;Hg mixtures, but the mechanisms of separation are
different.***** The MOF-ABTC achieves molecular sieving by
adjusting the length of the ligand only to change the window
size and thus its pore size. In contrast, HIAM-301 has a highly
distorted pore due to the inconsistency of the plane created by
the mutual rotation of the octahedra and the large aspect ratio
of the H,eddi linker; in addition, the use of Y, clusters instead
of Zre clusters changes the framework from electrically neutral
to an anionic framework and the presence of counterions in the
cavities provides additional pore size modulation. The two
synergistically regulate the pore size of HIAM-301 to achieve
efficient sieving of C;He/C3Hg. In terms of separation perfor-
mance, HIAM-301 showed better separation performance

ftw-MOF-ABTC

Adsorbed Amount (mmol g”)
o & - » »N
a 5 @& o

e
°

C3He/C3Hg
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compared to ftw-MOF-ABTC, with 3.16 mmol g ' adsorption for
C;Hg and negligible adsorption for C;Hg (<0.3 mmol g~ ') at 298
K and 1 bar, enabling the complete separation of C;He and
C3;Hg. Breakthrough experiments at room temperature also
showed that the dynamic adsorption capacity of HIAM-301 for
C;3H, is 46.4 cm® g, which enabled the production of polymer-
grade C3;He. The single-component adsorption curves and
breakthrough experiments of ftw-MOF-ABTC showed that the
differences in adsorption amounts of ftw-MOF-ABTC for C;Hg
and C;Hj are not significant (2.3 mmol g, 2.46 mmol g~ ), but
the adsorption kinetics of C3Hg is faster than that of C;Hg under
the low-pressure condition, so that C3;He/C3Hg is effectively
separated in the breakthrough experiment (Fig. 18a and b).
Furthermore, we also compared the top ten C3;He/C3;Hg
adsorption ratios, as shown in Fig. 16b, where NTU-85-WNT
reaches an adsorption ratio of 160, which has the potential to
completely separate the C3He/C3Hg mixture.’” This summary
provides a reference for efficient light hydrocarbon separation.

In addition, other MOFs, such as ZJU-75, MAF-23-O, Y-abtc,
and Co-MOF-74, have been observed to exhibit preferential
adsorption of C3Hg from mixtures containing C;Hg.**>%%%°
However, due to the closed separation mechanism discussed
above, we will not discuss them further.

3.3.2 C3H4(CH3;C=CH)/C3H¢/C3H;g feed gas. The purifica-
tion of C3H, from ternary or quaternary C3 hydrocarbons has
been considered as the most challenging process in gas sepa-
ration." To recognize the extremely small molecular differ-
ence, we developed a group of soft PCPs (NTU-65-FeZr, NTU-65-
FeTi, NTU-65-CoZr and NTU-65-CoTi)** on the basis of a global
soft framework of NTU-65 that has a Cu** node and electro-
negative site of a SiF,>~ anion. The changed strength of the
coordination bonds, derived from the changed metal node and
the multiple sites, endowed the framework with the capacity to
show a system structure response: from solely the C;H,
response at 17.1 kPa in NTU-65-FeZr to the sequential response

L 4 L4 oA 16
A . A
A .5.5"""‘. 14 Propane
e He /
42
f-’ g
i‘ o8
H = CH,Ads. Des.@ 298 K = Propylene
A CH,Ads. & Des.@298K “%
B
2 02
0.04— v e ]
0 100 200 300 400 500 600 700 o 10 20 30 4
Time (min)

Pressure (torr)

feed gas

g 2

Pore

]

Adsorbed amount (ce/g)

propylene 298 K
propylene 308 K ¢
4 propylene 318 K S
propane 208 K
propane 308 K
propane 318 K 0s

Fig. 18

00 02 04 08 08 10 [ ) © © & 100

Pressure (bar) Timetweight (minig)

(a)The crystal structure of ftw-MOF-ABTC, adsorption isotherms for pure CsHg and CsHg at 298 K, and breakthrough experimental

curves of equimolar CsHg/CsHg mixtures at 298 K. (b) The crystal structure of ftw-HIAM-301, adsorption isotherms for pure CsHg and CsHg at
different temperatures, and breakthrough experimental curves of equimolar CsHe/CsHg mixtures at room temperature. Reprinted with

permission from ref. 126. Copyright 2018. The Royal Society of Chemi
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Fig.19 The crystal structure of NTU-65-CoTi, adsorption isotherms for CsH,4, CsHg and CsHg at 273 K, and breakthrough experimental curves of
CsHe/C3Hsg (0.5/49.75/49.75, v/v/v, 2 mL min~Y) mixtures at 273 K. Reprinted with permission from ref. 51. Copyright 2024 The Royal Society of
Chemistry.

of C3H, at 1.6 kPa, C3Hg response at 19.4 kPa and finally C;Hgat  host-C;H, interaction is imperative. This is necessary to ensure
57.2 kPa in NTU-65-CoTi at 273 K. Therefore, such unprece- that C;Hs, in its highly pure state, can be effectively harvested
dented gradient structural-response driven NTU-65-CoTi is from the adsorption process. Typically, ZNU-2, an ultra-stable
capable of separating C;H,/C3Hg/C3Hg (0.5/49.75/49.75, v/v/v, 2 MOF with cage-like pores (decorated with TiF>~ anions)
mL min~') mixtures. Based on breakthrough results, two beds interconnected with each other by contracted necks, has been
were connected for the adsorption cycle. From bed B, C;Hes with  reported for selective C;H, capture from C3;H,/C;Hg mixtures.
a purity of 99.5% can be harvested at the desorption stage, while Single gas adsorption isotherms revealed that ZNU-2 demon-
C;H; with highly purity can be obtained at the adsorption stage  strated both high C;H, uptake at 0.01 bar (3.9 mmol g ") and 1
(Fig. 19). bar (7.7 mmol g~ ') at 298 K, while the uptake of C;H, reached
0.61 and 5.3 mmol g ', respectively. Therefore, with the
combination of a C3H,/C3;H, selectivity (1/99, v/v) of 12.5, the
separation potential, a concept developed by Krishina, of ZNU-2
is as high as 31.0 mmol g™, the maximum value among the

3.4 C3;Hg harvesting from the adsorption process

3.4.1 C3;H,; (CH;C=CH and/or CH,=C=CH,)/C;H, feed
gas. To remove the trace amount of C3H, from C;Hg, a stronger
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Fig. 20 (a) The crystal structure of CsH, loaded ZNU-2-Si, CsH4 and CsHg adsorption isotherms for ZNU-2-Si at 278, 298 and 308 K, and
breakthrough experimental curves of equimolar CzH4/C3zHe/C3sHg mixtures at 298 K. (b) The crystal structure of NTU-100-NH,, CsH,4 and CsHg
adsorption isotherms for ZNU-2-Si at 278, 298 and 308 K, and breakthrough experimental curves of equimolar CzH4/CsHg mixtures at different
inlet rates at 298 K. (c) The crystal structure of NTU-88, adsorption isotherms for CsH4 and CsHg at different temperatures, and breakthrough
curves of NTU-88 for CzH4/CsHg and CsH4/He at 298 K. (d) The 3D structure of NKMOF-1-M (M = Ni or Cu), adsorption isotherms for CsHy,
CH,=C=CH, and CsHg and breakthrough experimental curves of CsH,;, CH,=C=CH, and CsHg (0.5/0.5/99, v/v/v) mixtures at 298 K.
Reprinted with permission from ref. 128. Copyright 2023 The Royal Society of Chemistry, ref. 84. Copyright 2024 John Wiley & Sons, ref. 69.
Copyright 2023 John Wiley & Sons, ref. 52. Copyright 2019 John Wiley & Sons, respectively.
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MOFs. After the introduction of the C3H,/C3H; (1/99, v/v) feed
gas into the packed column, pure C;H, broke out at first, while
C;H, was detected about 150 min later. The clear separation
interval indicates a productivity of C;Hg of 42.0 mol kg .
Similarly, an anionic pillared caged MOF, ZNU-2-M (M = Si, Ti,
Nb) was also developed for light hydrocarbon separations
(Fig. 20a).">®

NTU-100-NH,, a highly porous MOF, possesses densely
decorated NH, sites within its framework, resulting in a strong
interaction with C3;H,. This interaction enables a remarkable
uptake capacity of up to 84.5 cm® g~ " at 1 kPa and 298 K, which
is almost two times higher than that of NTU-100-NO,, the same
framework with decorated NO,.** Furthermore, NTU-100-NH,
exhibited significantly improved adsorptive selectivity (1.4 to
11.3) and diffusion selectivity (0.13 to 3.15). Therefore, NTU-
100-NH, has been shown to possess the capacity to remove trace
amounts of C3H, from C3H,/C3H, (1/99, v/v) mixtures at room
temperature, while also being capable of producing polymer-
grade C3H¢ directly. Further breakthrough experiments
revealed that the productivity of pure C;Hs remained almost
unchanged at different sweep rates (1, 2, and 4 mL min~") even
with wet feed gas (Fig. 20b).

The phenomenon of co-adsorption has been frequently
observed in the context of adsorption separation mechanisms
that are reliant upon the interaction between the host and guest
molecules. NTU-88, the framework with rotational pyridyl rings
that was reported by us, exhibited sieving separation of C;H,/
C3He.* At 298 K, a two-step C3zH, adsorption process, with
a steep increase occurring at 15.6 kPa and a maximum uptake of
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86.0 cm® g~ was observed. Furthermore, the shutter rotating
pressure was observed to shift to a very low value of 2.9 kPa at
273 K. However, the total uptake remained constant within the
temperate range of 273 to 328 K. In contrast, negligible C;Hg
uptake was observed in NTU-88 within these wide temperature
ranges. The observation of nearly the same elution times for
C3;Hy/He and C3H,/C3Hg in the dynamic separation process
indicates that the co-adsorption of C;H, and C;Hg was strongly
restricted in NTU-88. Furthermore, breakthrough experiments
demonstrated that NTU-88 has excellent ability for selective
capture of C3H, from C;H,/C3H¢ mixtures, yielding highly-pure
C;Hg with a productivity of 4.10 mmol g~ at 273 K. Notably, this
MOF can be scale-up synthesized via room temperature stirring
of the related reagents in methanol in a very short time
(Fig. 20c).

NKMOF-1-M (M = Cu or Ni) displayed the preferred
adsorption of trace C;H, from C3Hs. Both MOFs demonstrated
high adsorption of C3;H,, including CH;C=CH and CH,=C=
CH, (over 3.0 mmol g~ " at 298 K, 1 bar), which is considerably
higher than that of C;Hg (over 1.8 mmol g~ ). Importantly, the
steep curves observed at pressures below 1 kPa, across a wide
temperature range, indicated strong binding affinity for C;H,.
Therefore, their adsorption selectivity is very high, over 100.
Breakthrough experiments showed that NKMOF-1-Ni can
selectively capture trace amounts of C3Hy, yielding highly pure
C3H, (99.996%, 230 mmol L") from the feed gas of CH;C=CH/
CH,=C=CH,/C3Hj (0.5/0.5/99) mixtures at room temperature.
A similar phenomenon has been observed in ultra-microporous
MOF-NKMOF-M (Fig. 20d).%
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(a) The 3D structure of PCP-IPA, the adsorption isotherms of different light hydrocarbons at 298 K, and breakthrough experimental

curves of equimolar CsHe/C3sHg mixtures at 298 K and 1 bar. (b) The structure of NU-57, the adsorption isotherms of CsHg and CsHg for NU-57
and NU-58, and breakthrough experimental curves of equimolar CsHe/C3sHg mixtures at 298 K. (c) The crystal structure of CzHg loaded CdIF-13,
adsorption isotherms for CsHg and CsHg at 298 K, and breakthrough experimental curves of equimolar CsHe/CsHg mixtures at 298 K and 1 bar.
Reprinted with permission from ref. 129. Copyright 2022 Springer Nature Limited, ref. 130. Copyright 2025 John Wiley & Sons, ref. 43. Copyright

2023 American Chemical Society, respectively.
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3.4.2 C3Hg¢/C3Hg feed gas. Selective alkane trapping has
been considered as an energy-saving method for olefin purifi-
cation. Featuring parallelly aligned and extended isophthalic
acids, serving as a paraffin nano-trap, PCP-IPA has been inves-
tigated for selective C;Hg capture for harvesting high-purity
C;3H, directly.” Due to the rigidity of the framework, type-I
C3;Hg and C3;Hg adsorption isotherms were observed. C;Hg
uptake was always higher than that of C;Hg in the pressure
range of 0-1 bar. Thereby, the calculated selectivity of C;Hg/
C3Hs (1/1, v/v) was determined to be 2.48, at 298 K and 1 bar,
including a separation potential of 1.2 mol L ", Breakthrough
results (C3Hg/C3Hg: 1/1, v/v) confirmed the separation ability
under dynamic conditions, that is highly-pure C;H¢ broke the
column at 34.8 min, while C;Hg eluted out at 43.9 min. The
productivity of C;Hg (99.99%) was 15.23 L kg~ " (Fig. 21a).

A desymmetrization approach was utilised in the prepara-
tion of NU-57, which realized inversion C;Hg/C3H¢ separation.
The maximum C3;Hg uptake of NU-57 was found to be superior
to that of C;Hg, despite the adsorption isotherms of C;Hg and
C3;H¢ demonstrating almost complete overlap in the low-
pressure region.”® In addition, the Qg values of NU-57 for
C3;Hg and C;Hg were 33.0 k] mol * and 28.5 kJ mol *, respec-
tively, suggesting a stronger interaction between the framework
and C;Hg molecules than C3Hg molecules. Harvesting of pure
C;3;H¢ from C3;Hg-containing mixtures was confirmed by break-
through experiments. A similar approach was adopted in Cu-
ASY,”®" a new MOF that incorporates infinite Cu-carboxylate
rods which can separate C;Hg/C3;Hg mixtures with a C3;Hg
productivity of 2.2 L kg™ " (Fig. 21b).

In addition to the aforementioned rigid frameworks, which
have been demonstrated to be capable of performing inversion
C;3Hg,C3Hg separation, a soft framework has also been shown to
be effective for this task. CdIF-13, prepared from Cd** and
benzimidazolate, exhibited guest-induced structural changes.*
At 298 K, step-shaped C;Hg adsorption isotherms revealed that
gate opening of CdIF-13 occurred at 0.3 bar, which is far earlier
than that of C;Hg (0.8 bar). Comparatively, the isostructural ZIF-
7 displayed a very small difference in gate-opening pressure of
C3Hg (0.008 bar) and C3;Hg (0.020 bar) at 298 K. Therefore,
highly pure C;Hs was harvested by using a double column
packed with CdIF-13 and BPL carbon from equimolar
C3Hg,C3H, feed gas (Fig. 21c¢).

3.4.3 C3H,(CH;C=CH and or CH,=C=CH,)/C;H¢/C;Hg
feed gas. The purification of C;Hg from four-component
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mixtures (C3H,/CH,=C=CH,/C3H,/C3Hjg) represents the most
challenging process in light hydrocarbon separations. JNU-9-
CHj;, a hydrolytically stable Cu,l,-triazolate MOF with a spatial
distribution of polar and nonpolar sites, was designed.* The
densely packed and readily accessible iodine and nitrogen sites
in the 1D channel allowed JNU-9-CH; to show the single gas
uptakes in a sequence of C3;Hg > CH;C=CH > CH,=C=CH, >
C3Hg. The calculated selectivity of the CsHg/C3He (1/1, v/v)
mixture is 1.5 at 298 K and 1 bar, while the selectivities of
CH;C=CH/C3H, (1/1, v/v) and CH,=C=CH,/C3;H; (1/1, v/v) are
2.1 and 1.3, respectively. Breakthrough experiments showed
that JNU-9-CH; is able to separate such equimolar quaternary
hydrocarbons, yielding highly pure C;Hg of 102.7 mmol L™
(Fig. 22). In addition, the velocity of the feed gas exerts minimal
influence on the separation performance.

4. Large-scale synthesis

Since their first appearance, MOFs have undergone remarkable
development and have demonstrated excellent performance in
the field of gas separation. If MOFs with gas separation func-
tions can be synthesized on a large scale, it will undoubtedly
lead to a significant reduction in production costs and bring
significant benefits for the application of MOFs in the market.
Despite considerable efforts, only a few of the MOF products
with unique structures and potential applications have been
synthesized on a large scale. The synthesis of MOFs on a large
scale is still challenging due to the high cost of some of the
organic ligands and metal salts that are essential components
in the synthesis of MOFs. Ensuring consistent quality and
reproducibility, a key requirement for large-scale production,
remains a formidable task. It is therefore widely recognised in
the scientific community that the large-scale synthesis of MOFs
should focus on the following key aspects. First, the material
cost must be reduced, which can be achieved by exploring
alternative raw materials or more efficient synthesis routes.
Second, higher yields should be achieved to meet the growing
demands of various industries. Thirdly, a relatively fast and
simple synthesis process is highly desirable, which can increase
production efficiency and reduce production time. Fourthly, the
synthesis process should have less impact on the environment,
in line with the principles of sustainable development.**>***

In addressing the complex issues hindering large-scale
synthesis of MOFs, researchers have developed a range of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Advantages and drawbacks of common synthesis methods
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Methods Pros.

Cons.

Room temperature stirring Green, simple, and low energy

Mechanochemistry Environmental friendly, simple, and low-cost

Solvothermal Simple

Flow chemistry High-yield production with excellent batch
consistency

Electrochemistry High purity

methods, including room-temperature stirring, solvothermal,
mechanochemical synthesis, continuous flow production and
electrochemical which have been explored with the aim of
improving production efficiency."*** These large-scale
synthesis methods have their own advantages and shortcom-
ings, which are detailed in Table 6. The employment of such
methodologies has yielded encouraging outcomes with regard
to enhancing the efficiency of the production process. In the
context of MOF production, it is imperative to give due
consideration to both extrinsic and intrinsic factors. Poor
management of these factors can lead to increased costs in the
production process, which is a significant concern for both
academic research and industrial applications. Despite the
difficulties in large-scale production of MOFs, companies such
as BASF, Framergy, Nuada or MOF apps are now able to produce
a range of MOFs. MIL-100 (Fe), UiO-66 (Zr), Al-fum MOF, ZIF-8,
ZIF-67, HKUST-1, PCN-250 (Fe) or MIL-127 (Fe) can be produced
on a kilogram scale.*®* CALF-20, a MOF material that can effi-
ciently capture CO,, in the presence of moisture after

Stirring 1 min
(a) oy
OMF/EWOH/H0 §

B
wdmammmrmmgu )
stock plurality of annular loops
solution or tumns centered about a
pump centreline Poolle
il
product
tank
stock
solution
Fig. 23 (a) Large-scale preparation of NTU-88 via room temperature

stirring. (b) Large-scale preparation of Uio-66 using solvothermal
methods. (c) Key components of the twin-screw extruder. (d)
Demonstration of the continuous flow method for synthesizing MOFs.
(e) Synthesis of MOFs using Cu as the electrode material by the
electrochemical synthesis method. Reprinted with permission from
ref. 69. Copyright 2023 John Wiley & Sons, ref. 162. Copyright 2015
Elsevier, ref. 152. Copyright 2015 The Royal Society of Chemistry, ref.
163. Copyright 2022 The Royal Society of Chemistry, ref. 164. 2006.
Copyright The Royal Society of Chemistry, respectively.
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Not universally applicable for MOF preparation
Damaged material and high impurity content
Long-reaction-cycle

High cost of the reactor

Clog-prone piping

A relatively high cost

combustion,* is now being produced by BASF on a multi-ton

scale. The success of large-scale synthesis of these examples
has shed light on the large-scale synthesis of MOFs (Fig. 23).

4.1 Room-temperature stirring

As an alternative fast and simple method, room-temperature
stirring has been a well-established for material synthesis in
laboratory and industry, due to its significant advantages of
cost-effectiveness, safety, scalability, versatility, simple opera-
tion, and almost negligible energy consumption. For MOF
synthesis, the main procedure involves the dissolution of suit-
able organic ligands and metal salts separately in appropriate
solvents, followed by the gradual pouring of one of the above
solutions into another under stirring conditions, or the simul-
taneous pouring of both solutions into a third vessel. The gentle
nature of this method renders it less likely to result in the rapid
precipitation of reactants, thus necessitating extended periods
to achieve complete crystallisation at room temperature in
comparison to methods conducted at elevated temperatures.
The incorporation of reaction promoters, such as formic acid,
acetic acid, triethylamine, or ammonia water, has been
demonstrated to effectively modulate the reaction rate. It is also
crucial to ensure the homogeneity of the mixture throughout
the reaction vessel to avoid the formation of undesirable
particles due to localised supersaturation.

NKMOF-8-Br and NKMOF-8-Me, which possess excellent
separation performance for C,Hs/C,H4, can be efficiently
prepared through room temperature stirring of ligands, Cul,
and triethylamine (TEA) in acetonitrile at room temperature
within 3 minutes. Both MOFs have high yields (>90%). Notably,
the acetonitrile solution can be readily recycled through filtra-
tion and then reused in the following reaction cycles without
the need for further purification."® We have recently achieved
large-scale synthesis of a series of light hydrocarbon separators,
including NTU-88 (60.0 g, stirring in 1 min) and NTU-101-NH,
(50.5 g, 5 min stirring) via room temperature stirring of N
containing ligands and Cu** or Ni**.%% For them, ammonia or
triethylamine was gently added into the stirring system.
Meanwhile, a MOF of CeBTB (H3BTB: 1,3,5-Tri(4-
carboxyphenyl) benzene) with a carboxylate ligand can also be
synthesized by such a method.*** Differently, the promoter 1-
methylimidazole was used to regulate the deprotonation ability
of H3BTB. CeBTB (uniform size of 150 nm) can be conveniently
prepared in a 1 L beaker. As a C3Hs/C3Hg separator, ZJU-75 can
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also be readily scaled up through room temperature stirring of
K,[Ni(CN),]'-nH,O pyz-NH, and Co(NO;),-6H,O in water/
ethanol solution.” Further kilogram-scale synthesis has also
been achieved in this case, giving a high yield of 75% within 8
hours. The calculated space-time yield was found to be 158 kg
per m® per day. It is interesting that MOF-303 can be prepared in
water as the sole solvent and can be readily scaled up to the
kilogram level with a yield of up to 93%, but a reflux reaction
apparatus is required.'*

4.2 Mechanochemical synthesis

The concept of mechanochemistry is regarded as one of the
important innovations that have had a profound impact on the
world.” The application of mechanical forces can break the
intramolecular bonds between reactants, thereby facilitating
the formation of new bonds. This process is accompanied by
the transformation of mechanical energy into thermal energy
through the process of heating."*® The mechanochemical
synthesis has been shown to be solvent-free or to require only
a minimal amount of solvent, thereby minimising its environ-
mental impact. Furthermore, mechanochemistry has been
demonstrated to exhibit advantages over the above-mentioned
strategies, including reduced reaction times and enhanced
efficiency.’****¢ This characteristic is of particular significance
for poorly soluble metal precursors or ligands, as it circumvents
the issues associated with solubility whilst concomitantly
minimizing environmental damage. By reducing the reliance on
solvents, there is the potential to substantially reduce produc-
tion costs, a highly desirable outcome in both academic
research and industrial production.

A mixture of dried copper acetate and isonicotinic acid was
subjected to 10 minutes of milling, resulting in the formation of
copper(u) isonicotinic acid and the trapping of acetic acid and
water molecules within the pores of the resultant product.*’
Notwithstanding the potential of mechanical milling for the
synthesis of MOFs, the majority of extant research has focused
on gram-scale feeds. In order to find ways to scale-up this
technique, a ThermoFisher Process-11 Twin Screw Extruder,
a machine with a screw configuration of a sequence of alter-
nating conveying and kneading zones, was used.**> Through the
feed port, the MOF precursor can be introduced into a heatable
drum containing screws and the exit port can be connected to
a mold for collecting the final material, yielding continuous
synthesis of various metal complexes, including Ni(salen),
Ni(NCS),(PPh;),, HKUST-1, ZIF-8, and MAF-4 Al(fumarate)(OH).
It is important to note that the space time yields for these
methods are as high as 144 x 10* kg m™ per day, which is
significantly greater than the yields for other methods of MOF
synthesis. Recent breakthroughs in mechanochemical
synthesis have demonstrated the remarkable efficiency of
a novel “cage-on-MOF” strategy, enabling the rapid preparation
of 28 distinct MOF@PCC composites within just 5 min.**®
Particularly noteworthy is the exceptional performance of these
materials, with MOF-808@PCC-4 showing dramatic enhance-
ments in CO,/C,H, separation (exhibiting a 64% increase in
C,H, uptake capacity and 166% improvement in IAST selectivity
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in breakthrough tests), while MIL-101@PCC-4 achieved
outstanding C,H, adsorption reaching 6.11 mmol g~" with an
IAST selectivity of 2.59. This mechanochemical approach
represents a significant advancement compared to conven-
tional solution-based post-synthetic modification methods,
which typically require time-consuming heating procedures
and multiple purification steps. The “cage-on-MOF” method-
ology not only achieves gram-scale synthesis (up to 100 g
batches) with near-quantitative yields, but also maintains
excellent crystallinity and porosity control while completely
eliminating organic solvent consumption-offering a synthesis
efficiency approximately 300 times greater than that of tradi-
tional solution-phase methods while ensuring consistent
material quality.

Although mechanochemistry has evident advantages, this
strategy is not universally applicable as the generation of
excessive mechanical energy may lead to the amorphization of
MOFs and the subsequent decomposition and damage of the
material.** In addition, the formation of new bonds is often
inconsistent, leading to the production of various impurities
that cannot be easily removed. Furthermore, mechanical
synthesis is often not suitable for MOFs with high coordination
numbers that require a relatively slow and well-controlled
crystallization process.

4.3 Solvothermal and hydrothermal synthesis

In 1995, Nalco Chemical Company and the Yaghi group
produced the first MOF materials using solvothermal synthesis.
A certain proportion of organic ligands and metal salts are
dissolved in different solvents, after which the solutions are
mixed in a sealed reaction vessel, and then the nucleation and
growth of crystals is promoted by heating.'*® This method is by
far the most widely used method for producing MOF crystals in
laboratories.***

However, there are significant limitations for the large-scale
production of MOFs. In particular, increasing the size of the
reaction vessel leads to a significant reduction in the surface-to-
volume ratio, which further reduces the efficiency of the reac-
tion, but also requires, for example, the use of hundreds of liters
of solvent per batch. In addition, the reaction time is too long,
given the high temperature and pressure involved. Finally, the
cost of the pressure vessel, especially those for hundreds of
liters, is very high.

4.4 Flow chemistry synthesis

Flow chemistry is a process in which the solutions of various
components are passed through a reaction apparatus, leading
to the occurrence of chemical reactions.'®*'*>'% This process
contrasts with traditional batch-reaction devices, in which
different components are placed in separate vessels and react
over time. Consequently, flow chemistry can be regulated
precisely through parameter change and device design, thereby
ensuring reproducibility of high-quality products. In the context
of flow chemistry, the most salient benefit of this process is that
the rapid separation of MOF crystals and related solvents
facilitates the recycling of solvents. This, in turn, has a number

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of significant benefits, such as environmental friendliness,
capital investment and energy input (hot solvent will be trans-
ferred into the reactor in time).

The utilisation of both a stirred tank reactor and a plug flow
reactor has become a widespread practice in the field of flow
synthesis. For instance, a microwave-assisted flow chemistry
method has been employed to synthesize UiO-66 with a signifi-
cantly enhanced reaction rate when compared to conventional
solvothermal synthesis.'®* In addition, MOF-5 with a space time
yield of 0.1 ton per m® per day, has been synthesised via a flow
chemistry method.'” After optimization, the flow system,
operated at 140 °C and residence time =5.5 h, reached a steady
state that can continuously produce high surface area MOF-5. In
other words, parameter optimization in flow chemistry plays an
important role in the manufacture of MOFs with controlled
quality.

Following the modification of the heating reactor to incor-
porate a microwave-assisted heating reactor, a notable
enhancement in the rate of MOF growth, accompanied by
excellent reproducibility, has been observed in the case of MOF-
74(Ni).**® The raw materials of MOF-74(Ni) were introduced into
a microwave reactor to facilitate initial nucleation. The solution
was subsequently introduced into a reactor for a duration of 8
minutes to complete the growth of the crystals. This process
resulted in enhanced crystallinity, accompanied by a space time
yield of 2160 kg per m® per day. Using a similar system, UiO-66,
HKUST-1 and MIL-53(Al) were obtained in 7, 1 and 4 minutes of
residence time, resulting in high space time yields of 7204 kg
per m® per day, 64 800 kg per m® per day and 3618 kg per m® per
day, respectively.™® In such a system, the separation of the
nucleation and growth steps has been shown to accelerate the
reaction rate and ensure the quality of the resulting MOFs.

However, it was also noted that the flow chemistry synthesis
suffers from a problem of reactor/pipeline fouling and clogging.
During the reaction process, precipitates are often generated,
and the clogging caused by these precipitates can accumulate in
the system. As a consequence, the efficiency and quality of the
product are affected. In order to address this issue, it is
imperative to implement regular cleaning procedures or to
undertake a redesign of the reactor components, such as the
introduction of a match screw inside the tube, in order to
maintain the functionality of the flow system.

4.5 Electrochemical synthesis

In comparison with the conventional solvothermal synthesis
method, the electrochemical synthesis has milder reaction
conditions, a significantly reduced reaction time, and the
process of MOF synthesis can be regulated by modulating the
voltage.**®* With regard to electrochemical synthesis, the
methods can be categorised into three distinct classifications
depending on the direction of electron transfer and the location
where the nucleation process occurs: (1) surface electrode
nucleation, including anodic dissolution and cathodic deposi-
tion, (2) indirect bipolar electrodeposition and (3) electropho-
retic deposition.'®® The researchers in PASF immersed a copper
plate as an anode into an organic solution containing 1,3,5-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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benzenetricarboxylic acid. When a specific current was applied,
Cu ions were transferred from the surface of the anode to the
solution and reacted with the organic linker in the solution,
ultimately producing an octahedral powder of HKUST-1.
Notably, the surface area of the electrochemical synthesis
material is 1820 m* g™, which is larger than that of HKUST-1
synthesised by the solvothermal method (1550 m> g™ %).
Recently, a mechanism for the anodic solvation synthesis of
HKUST-1 was proposed, which consists of initial nucleation;
growth of HKUST-1 islands; intergrowth; and crystal
detachment.'

Despite the advances achieved thus far, numerous chal-
lenges have been encountered when attempting to realise large-
scale production. Initially, a large-scale electrochemical
synthesis device is required; however, this task involves
complex issues. For example, the electrodes must be uniformly
arranged over a large area, and the circulation and stirring of
the electrolyte must be well-controlled, which pose significant
technical difficulties. Furthermore, when reaction control is
considered during large-scale synthesis, ensuring the homoge-
neity of parameters such as electric field, temperature, and
electrolyte concentration throughout the entire reaction system
is extremely challenging, as doing so would produce products of
unstable quality and poor consistency.

In a word, room-temperature stirring is one of the most
practical and effective methods for large-scale synthesis of
MOFs, especially holding a unique position in the large-scale
synthesis of MOFs for light hydrocarbon separation. Secondly,
mechanochemical methods have emerged and shown potential
in the large-scale synthesis of light hydrocarbon separation
MOFs. Although solvothermal, electrochemical and flow
chemistry methods have made some progress in the large-scale
synthesis of some MOFs, they still need to be studied more in
the large-scale synthesis of light hydrocarbon separation MOFs.
It is believed that in the near future, in terms of light hydro-
carbon separation, the large-scale production methods are
more diversified, the industrialization conditions will be more
mature, and the large-scale production of high-efficiency, low-
cost and sustainable high-quality light hydrocarbon separa-
tion MOFs will be realized. It is encouraging to see that
companies like BASF are already striving for excellence and have
achieved exciting results in the large-scale production of MOFs.
It is encouraging that companies like BASF are already pursuing
excellence and achieving exciting results in the large-scale
production of MOFs. It is expected that this trend will
continue, leading to significant progress in the large-scale
production and application of MOFs not only in light hydro-
carbon separation but even in other areas.

5. Conclusion and outlook

The development of high-performance MOFs for light hydro-
carbon separation has witnessed remarkable progress, driven
by innovative design strategies and engineering advancements.
Rigid MOFs, functionalized with tailored binding sites, enable
selective guest interactions through precise control of pore
environments, while flexible MOFs leverage dynamic structural
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responses under external stimuli to achieve molecular recog-
nition. These advancements, coupled with emerging scale-up
synthesis techniques, underscore the potential of MOFs to
revolutionize industrial separation processes. However, critical
challenges remain in achieving cost-effective, one-step separa-
tion processes, precise material design for specific applications,
and scalable production. Addressing these challenges will
require interdisciplinary collaboration and sustained innova-
tion in both fundamental research and applied technologies.

To propel MOFs toward practical implementation in light
hydrocarbon separation, future research should prioritize the
following directions.

5.1 Pore aperture engineering

Precise control over pore size and geometry is essential for
molecular sieving. While rigid MOFs allow tunability via ligand
and metal node selection, flexible MOFs offer dynamic pore
adjustment in response to guest molecules. Integrating
computational tools—such as artificial intelligence (AI) and
molecular simulations—will accelerate the prediction of
optimal MOF architectures for target separations. These
approaches can minimize trial-and-error experimentation and
guide the design of frameworks with pore environments
tailored to specific gas pairs.

5.2 Enhanced host-guest interactions

Synergistic integration of multiple interaction mechanisms
(e.g., van der Waals forces, open metal sites, hydrogen bonding,
and m-complexation) within a single MOF can amplify selec-
tivity. Future work should focus on multifunctional frameworks
that combine complementary binding sites, such as Lewis
acidic metal clusters and functionalized organic linkers, to
enable multi-mechanism adsorption. Additionally, exploring
stimuli-responsive systems (e.g., light- or temperature-triggered
structural changes) could further refine dynamic separation
processes.

5.3 Elucidating mechanisms

A deeper understanding of the interplay between thermody-
namic equilibria and kinetic diffusion is critical. Advanced
characterization techniques (e.g., in situ spectroscopy and
operando diffraction) combined with molecular dynamics (MD)
simulations can unravel molecular transport pathways and
adsorption site competition. Investigating the nano-
confinement effects within MOF pores may also reveal strate-
gies to manipulate guest molecule behavior, particularly under
industrially relevant high-temperature conditions.

5.4 Scalability and stability

Bridging the gap between laboratory synthesis and industrial
deployment demands scalable, low-cost production methods.
Room temperature stirring synthesis and solvent-free routes
should be optimized to reduce energy consumption and mate-
rial waste. Concurrently, improving MOF stability under harsh
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operational conditions (e.g., moisture, high pressure, and
thermal cycling) is imperative for long-term viability.

5.5 Interdisciplinary collaboration

Cross-disciplinary efforts integrating chemistry, materials
science, chemical engineering, and data science will be vital to
overcome existing barriers. Partnerships with industry can
accelerate technology transfer, while open-access databases for
MOF properties and performance metrics will streamline
material discovery.

In conclusion, MOFs represent a transformative platform for
light hydrocarbon separation, offering unprecedented control
over molecular recognition and process efficiency. While chal-
lenges in design precision, stability, and scalability persist, the
convergence of computational modeling, advanced synthesis,
and mechanistic insights holds immense promise. By
addressing these hurdles through targeted research and
collaborative innovation, MOFs may soon transition from
academic breakthroughs to industrial mainstays, ushering in
a new era of sustainable and energy-efficient chemical
separations.
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