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Pore engineering in metal—organic frameworks and
covalent organic frameworks: strategies and
applications

Yanpei Song@ and Shenggian Ma ®*

Crystalline porous materials, particularly metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs), have garnered significant attention for advanced applications due to their tunable
pore environments and versatile functionalities. By precisely controlling factors such as size, shape,
functional sites, and pore distribution, MOFs and COFs can be tailored to exhibit high selectivity for
specific molecules, making them ideal for applications in gas storage and separation, catalysis, and water
remediation. This review provides a background overview, beginning with an introduction to pore
surface engineering strategies and the design features of MOFs and COFs. It then highlights recent
advancements in three key research areas that our group has investigated in-depth over the past
decade, discussing the strategies and principles involved. Finally, we outline the remaining challenges
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1. Introduction

The intriguing properties of crystalline porous materials,
including zeolites,"” metal-organic frameworks (MOFs),*”
covalent organic frameworks (COFs),'*** and hydrogen-bonded
organic frameworks (HOFs),'** have drawn significant interest
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and offer our perspectives on future opportunities for pore-engineered MOFs and COFs.

from diverse research fields over the past several decades.
Among these crystalline porous materials, MOFs and COFs have
attracted particular attention due to their highly tunable
structures.”** Unlike traditional porous materials such as
activated carbon,* molecular sieves,”® and mesoporous silica,*
which often exhibit limited structural regularity, poorly defined
pore architectures, and minimal chemical tunability, MOFs and
COFs offer precise control over pore size, shape, connectivity,
and surface functionality. Their modular construction, based
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on the selection of organic linkers and metal or covalent nodes,
enables the formation of frameworks with diverse and well-
defined pore structures. This high degree of structural
programmability has driven a surge in the development of novel
porous materials with broad applicability across various fields.

MOFs are a class of hybrid organic-inorganic crystalline
materials composed of metal ions or metal clusters (nodes)
connected by organic ligands (linkers) through coordination
bonds. The vast combinational possibilities between metals
and organic ligands result in a wide range of structures with
highly tunable properties. In contrast, COFs are fully organic
crystalline porous materials composed of organic building
blocks connected via strong covalent bonds (e.g., C=N, C=C,
B-O bonds). Unlike MOFs, which have metal nodes, COFs are
constructed entirely from organic molecules, resulting in
lightweight structures with higher thermal and chemical
stability. Recently, a new class of crystalline porous materials,
covalent metal-organic frameworks (CMOFs), has emerged,
combining the key features of both MOFs and COFs. CMOFs
integrate the structural precision and covalent connectivity of
COFs with the functional versatility and catalytic potential of
metal centers in MOFs.*”

The distinctive morphologies and tunable pore surface
chemistries of MOFs and COFs not only provide exceptionally
large internal surface areas—up to approximately 7839 m* g *
for MOFs*® and 5083 m”> g~ for COFs*—with uniform pore
channels and windows, but also endow them with versatile pore
functionalities, making them highly suitable for various
industrial applications such as gas storage and separation,**?’
heterogeneous catalysis,*®*** proton conduction, chemical
sensing,’*®® and environmental remediation.”””*> Abundant
opportunities for tailoring their pore surfaces through pore
engineering can be readily achieved through a wide range of
chemical strategies, from de novo design of organic linkers and
connecting nodes to post-synthetic modifications (PSMs).%**°
De novo synthesis allows precise control over pore size, shape,
and connectivity by designing functionalized linkers/monomers
and metal nodes, while PSM enables the introduction of specific
functional moieties or active sites into pre-formed frameworks.
Additionally, sophisticated engineering techniques, such as
pore space partitioning and hierarchical pore construction, can
further optimize their performance. Pore surface modification,
such as grafting functional groups or catalytic sites, enables the
alignment of ordered active centers within the pores, facili-
tating selective molecular interactions. Meanwhile, partitioning
or sub-framework assembly can tune the pore environment to
accommodate target analytes based on their molecular size,
polarity, or electronic properties. These tailored modifications
are particularly crucial for meeting industrial requirements,
such as selectively storing or separating desired products from
complex mixtures, especially small-molecule gases (e.g., H,,
CO,, CH,). The synergy between rational framework design and
advanced post-synthetic engineering highlights the tremendous
potential of MOFs and COFs in addressing critical challenges in
energy, environment, and chemical industries.
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2. Pore surface engineering

Pore engineering refers to a comprehensive set of processes
aimed at modifying the pore structures of MOFs and COFs.
These processes include the construction, combination, func-
tionalization, and partitioning of pores at the unit cell level.
Additionally, pore engineering can involve the generation of
hierarchical pore structures—ranging from micro to meso and
even macro pores—within the framework. The primary goal of
pore engineering is to optimize the pore characteristics of MOFs
and COFs, ensuring that these materials meet the specific
requirements of various applications. This optimization typi-
cally involves introducing specific functional sites or guest
species into targeted pore positions. These species are often
immobilized through covalent bonds or coordination interac-
tions, which help tune the chemical environment or
morphology of the pore surface. By carefully controlling the
pore structure and its chemistry, pore engineering enables the
precise customization of the material's properties, making it
adaptable to a broad range of applications.

Through the pore engineering methodology, MOFs and
COFs can be endowed with a variety of versatile pore features,
including enhanced surface areas, controlled pore sizes, and
specialized functionalities. This level of customization enables
the materials to be tailored for specific industrial applications.
Additionally, pore engineering acts as a powerful tool for
developing crystalline porous materials with targeted,
application-specific properties, driving innovation across a wide
range of scientific and industrial fields.

2.1 De novo design of linkers and connecting nodes

The fundamental principle of pore construction in MOFs lies in
the careful selection of metal clusters and organic ligands,
following a bottom-up synthetic approach. The formation of
these metal clusters is highly dependent on experimental
conditions, including the choice of metal precursors, solvent
during the solvothermal process, and reaction temperature. The
pioneering MOF structures reported by Yaghi's group, MOF-2
and MOF-5, showcase how differences in coordination modes
under varying synthetic conditions can lead to distinct pore
architectures.””* Both MOFs are constructed from zinc(u)
clusters and 1,4-benzenedicarboxylic acid (H,BDC) as the
organic ligand. However, MOF-2 features Zn,(COO), paddle-
wheel units, while MOF-5 forms Zn,O(COO)s secondary
building units (SBUs). This difference in coordination geometry
results in contrasting pore topologies: MOF-2 adopts a 2D
layered structure with lower surface area and less accessible
porosity, whereas MOF-5 forms a 3D open framework, offering
a higher surface area and greater porosity. These structural
distinctions highlight how synthetic control over metal-ligand
coordination plays a crucial role in tuning the porous properties
and functional potential of MOFs.

Incorporating mixed metals is a common strategy to adjust
framework flexibility, tune pore chemistry and functionality,
and introduce additional active sites. The simplest method for
synthesizing mixed-metal MOFs (MM-MOFs) is a direct one-pot
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solvothermal synthesis using a mixture of different metal
precursors. However, this approach often lacks precise control
over metal distribution, leading to challenges such as uneven
metal arrangement, where one metal species may dominate the
connecting nodes, while the other forms (hydroxy)oxide clusters
on the pore surfaces instead of integrating into the framework.
To address this challenge, selecting metals with similar
coulombic charges, ionic radii, and chemical behaviors are
essential for achieving a uniform metal distribution within the
framework.” Wang et al. successfully incorporated up to 10
different divalent metals (Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Zn, and
Cd) into microcrystalline MOF-74 via a one-pot solvothermal
reaction, demonstrating the feasibility of controlled metal
integration (Fig. 1).”” By optimizing metal-ligand coordination,
reaction conditions, and precursor compatibility, the develop-
ment of mixed-metal MOFs (MM-MOFs) with enhanced pore
functionality, diverse active sites, and improved performance in
applications such as gas storage, separation, and catalysis
becomes achievable.

The use of multiple linkers (mixed linkers) to modify the
functionality and pore structure of MOFs is a highly effective
strategy for achieving precise pore engineering. This approach
is relatively easy to implement because different ligands often
share the same coordination mode with metal nodes, differing
only slightly in their functional groups. The pioneering work on
multivariate (MTV) MOFs was reported by Deng et al., who
successfully synthesized MTV-MOF-5 using up to eight different
linkers in a one-pot reaction, resulting in a single-phase MTV-
MOF-5 crystal.” In their approach, all selected ligands had
identical lengths and coordination sites, ensuring their orderly
incorporation into a single MOF crystal without disrupting the
framework structure. This multivariate linker strategy was
subsequently extended to the development of MTV-COFs, where
up to four different monomers with various functionalities were

M303(CO2)a: M = Mg, Ca,
Sr, Ba, Mn, Fe, Co, Ni, Zn, Cd
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Fig. 1 (a) Schematic illustration of synthesizing MM-MOF-74. (b)
Combination of metal ions used to synthesize MM-MOF-74. Repro-
duced with permission.” Copyright 2014, American Chemical Society.
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uniformly incorporated into a single-phase COF crystal
(Fig. 2).” The successful distribution of multiple building
blocks in both MTV-MOFs and MTV-COFs highlights the
versatility of this approach for customizing pore environments
and tuning material properties for diverse applications.”®””

In contrast to MOFs, which have connecting nodes formed
through coordination bonds, COFs are typically constructed
from reversible covalent bonds via dynamic covalent reactions
(DCRs). During COF formation, processes such as bond
formation, bond cleavage, and bond exchange occur simulta-
neously under appropriate conditions. This ongoing dynamic
bond breaking and reformation allows the framework to
undergo self-healing, effectively repairing defects and resulting
in highly ordered pore structures and highly crystalline frame-
works. The pore chemistry of COFs can be readily tuned by
introducing different linkage units, even when maintaining the
same rigid skeleton, enabling the design of COFs with diverse
functionalities. The first successful synthesis of COFs via
reversible reactions was achieved by Yaghi in 2005, who utilized
boronic ester condensation (e.g., boronic ester and boroxine
formation).”® This breakthrough not only demonstrated the self-
healing ability of purely organic frameworks but also yielded the
first porous, crystalline, covalent organic frameworks (COFs).
Following this pioneering work, other reversible reactions,
particularly Schiff-base condensations (e.g., imine, hydrazone,
azine, and Salen linkages),”**® have become prominent in COF
synthesis. Among these, imine-linked COFs have gained
notable success due to their high thermal and chemical
stability, as well as their broad chemical tunability, derived
from the vast selection of functional amines and aldehydes,
making them highly suitable for various task-specific applica-
tions. Moreover, imine-linked COFs can undergo PSMs to yield
specifically evolved functional COFs, further enhancing their
properties and expanding their application potential across
diverse research fields.
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Fig. 2 Construction of single-linker COFs and MTV-COFs through
pure linkers or mixed linkers and the influence of solvent combinations
on their synthesis. Reproduced with permission.”® Copyright 2023,
American Chemical Society.
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In recent years, irreversible covalent bonds have been
increasingly employed to construct COFs with enhanced
stability, enabling their application under harsh conditions.

Several types of irreversible linkages, including B-
ketoenamine,®”-% polyimide,*** imidazole,*%* and
benzoxazole,’*®® are primarily derived from imine-based

chemistry.” Among these, B-ketoenamine-linked COFs have
emerged as one of the most popular platforms for pore engi-
neering, thanks to their high crystallinity and synthetic feasi-
bility. Beyond imine-derived linkages, vinylenes and fused
heterocycle linkages are two additional types of irreversible
bonds widely employed for constructing ultrastable COFs.*°***
The Feng group'® and Jiang group'®® reported pioneering
examples of vinylene-linked COFs in 2016 and 2017, respec-
tively, using the Knoevenagel condensation reaction to form
carbon-carbon double bonds. Subsequently, the aldol conden-
sation reaction'”” and the Horner-Wadsworth-Emmons reac-
tion,'*® both involving aldehyde monomers and active methyl
groups, were developed to expand the library of vinylene-linked
COFs, further enhancing their synthetic versatility. In another
notable advancement, Thomas et al. introduced the concept of
covalent triazine frameworks (CTFs),'* synthesizing a series of
triazine-linked polymers via highly dynamic condensation
reactions. The C=N aromatic linkages (triazine units) in CTFs,
fused through -CN units, impart these frameworks with high
chemical stability, rich nitrogen content, and expanded prac-
tical applications, particularly in heterogeneous catalysis and
gas storage.'*****> Additionally, other fused heterocycle linkages,
such as dioxin,"*™* piperazine, pyrazine,"”® and thia-
zole,"**** have been employed to construct ultrastable COFs
with excellent acid- and base-resistance. Moreover, these fused-
ring structures generally exhibit enhanced electrical conduc-
tivity compared to imine-linked COFs, making them highly
promising candidates for electrocatalysis and other electro-
chemical applications. Collectively, the development of irre-
versible linkages in COFs has significantly broadened their
structural diversity, chemical robustness, and functional
tunability, driving their deployment in demanding industrial
and scientific applications.

Recently, CMOFs have emerged as a promising class of
crystalline porous materials that integrate the advantages of
MOFs and COFs. Their synthesis typically involves assembling
metal complexes or clusters with functional groups (e.g., -CHO,
-NH,), which then react with organic linkers via dynamic
covalent chemistry to form extended networks. This approach
combines the functional versatility of metal centers with the
high chemical stability of covalent bonds. The de novo design of
linkers and connecting nodes is central to CMOF development.
By tailoring the geometry and reactivity of organic linkers and
metal-based precursors, it is possible to control the framework
structure, pore environment, and overall functionality. Li's
group has established a versatile strategy for constructing
CMOFs by synthesizing cyclic trinuclear units (CTUs) based on
coinage metals (Cu, Ag, Au), which are functionalized with
reactive groups.****® These CTUs can undergo covalent linkage
with a variety of organic monomers, leading to CMOFs with
tunable structures and properties, such as redox activity,

105

116,117

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

View Article Online

Chemical Science

luminescence, metallophilic interactions, and catalytic func-
tionality. As such, CMOFs offer a robust platform for developing
stable and multifunctional porous materials with promising
applications in catalysis, sensing, and energy conversion.

2.2 Post-synthetic modifications for tailoring pore chemistry

PSMs offer a powerful and versatile approach to tailoring the
pore chemistry of MOFs and COFs, expanding their function-
ality beyond what is achievable through direct synthesis.'****
Unlike de novo synthesis, which requires precise control over
precursor design and reaction conditions, PSMs enable the site-
selective incorporation of functional groups that are otherwise
difficult to introduce during initial framework formation. This
allows for fine-tuning of host-guest interactions, enhancing
selectivity and efficiency in applications such as gas storage,
molecular separation, catalysis, proton conduction, and
sensing. Beyond functionalization, PSMs play a crucial role in
reinforcing structural stability, making MOFs and COFs more
resistant to moisture, acids, bases, and high temperatures. By
modifying reactive sites or strengthening framework linkages,
PSMs prevent framework degradation and improve material
robustness under harsh operational conditions. This is partic-
ularly beneficial for COFs, where dynamic imine bonds can be
post-synthetically converted into stronger covalent linkages
such as amide and fused heterocyclic bonds, significantly
enhancing chemical and thermal stability.’* Moreover, PSMs
facilitate hierarchical pore engineering, allowing precise control
over pore size, shape, and surface chemistry to accommodate
specific molecular targets. This has profound implications for
gas separation, biomolecular recognition, drug delivery, and
size-selective catalysis, where optimized pore environments are
essential for performance. By leveraging a diverse range of PSM
techniques, including oxidation, hydrolysis, acylation, and
cross-linking reactions, researchers can systematically enhance
both the functionality and durability of MOFs and COFs,
broadening their practical applications across multiple scien-
tific and industrial fields.

Despite these advantages, PSMs also present several limita-
tions that need to be addressed to fully realize their potential:
(1) incomplete or non-uniform functionalization often occurs
due to steric hindrance or limited diffusion of modifiers within
the framework, leading to heterogeneous surface chemistry and
inconsistent performance; (2) excessive or bulky grafting can
cause pore blockage and reduced accessible surface area,
thereby compromising adsorption and transport properties; (3)
certain post-modification reactions—especially those involving
harsh reagents or conditions—may induce partial framework
degradation, particularly in less robust MOFs; (4) the precise
characterization of modification degree and location within
confined pore environments remains challenging, hindering
the rational design of structure-property relationships. To
overcome these issues, several strategies can be adopted: the
use of small, highly reactive modifiers and optimized solvent
systems can improve the uniformity of functionalization;
controlling grafting density and selecting appropriately sized
modifiers help preserve porosity; employing mild reaction

Chem. Sci., 2025, 16, 1740-11767 | 11743
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conditions and orthogonal chemistries can maintain structural
integrity; and advanced characterization tools such as solid-
state nuclear magnetic resonance, synchrotron-based X-ray
techniques, and vibrational spectroscopy can offer deeper
insight into the spatial distribution and extent of
functionalization.

2.2.1 Post-synthetic exchange of metal, ligand, or mono-
mer. The post-synthetic exchange (PSE) method provides
a viable strategy for metal ion exchange in pre-formed MOF
frameworks, leading to the formation of mixed-metal MOFs
(MM-MOFs) that are often difficult to achieve through direct
synthesis."***** This approach allows for the controlled incor-
poration of secondary metal ions into pre-formed frameworks
while maintaining their structural integrity and crystallinity.
However, successful cases of metal exchange in MOFs are still
relatively limited, as the process is often strongly influenced by
factors such as the rigidity of the framework, the strength of the
metal-ligand bonds, and the compatibility of the solvent
system. A pioneering example was reported by Das et al., who
demonstrated the first complete and reversible exchange of
metal ions within a robust microporous MOF while maintain-
ing its single crystallinity."*® This study provided direct evidence
that metal ion exchange in rigid frameworks is feasible and can
be precisely controlled. Building upon this, Song et al
successfully synthesized an MM-MOF via metal ion exchange in
Zn-HKUST-1, where up to 56% of the Zn(u) ions in the frame-
work were replaced by Cu(u) ions in a methanol solution.'”
However, this process was found to be irreversible, as soaking
the transmetalated Cug s6Zng.44-HKUST-1 in a Zn(u)-methanol
solution did not lead to the reincorporation of Zn(u) ions back
into the framework. Further advancing this strategy, Dinca's
group applied a similar soaking method to partially replace
Zn(n) ions in MOF-5."** By exchanging the Zn,O(COO), clusters,
they successfully introduced a range of transition metals,
creating MZn;0(COO)s clusters with M = V>, Ti**, Cr**, cr*”,
Mn**, and Fe®". This study highlighted the versatility of PSE in
diversifying MOF composition, allowing for tunable electronic,
catalytic, and adsorption properties. Although PSE has proven
effective for metal exchange, challenges such as selectivity,
reversibility, and control over metal distribution remain
significant obstacles. Future developments in solvent engi-
neering, ligand design, and reaction kinetics could further
expand its applicability, offering new avenues for designing
functionalized MM-MOFs with target applications.

Ligand exchange, a key PSM strategy, has emerged as
a powerful method for incorporating multiple functionalities
into MOFs, leading to the formation of MTV-MOFs. Unlike de
novo synthesis, which requires precise control over precursor
compatibility, ligand exchange allows for the substitution of
organic linkers in a pre-formed MOF without disrupting its
overall framework integrity. This method provides a versatile
route for introducing functional diversity, modifying pore
environments, and tuning MOF properties for specific applica-
tions. In ligand exchange, pre-assembled MOFs are immersed
in a solution containing new ligands, which gradually replace
the original linkers through thermodynamic and kinetic
exchange processes. The feasibility of this method depends on
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several factors, including the stability of the framework, the
binding affinity of the incoming ligands, and solvent compati-
bility. Li et al. demonstrated a stepwise ligand exchange strategy
to prepare a series of isoreticular bio-MOF-100 analogues
(Fig. 3).® In this approach, the ligand 2,6-naph-
thalenedicarboxylate (NDC), originally used to construct bio-
MOF-101, replaced by 4,4'-biphenyldicarboxylate
(H,BPDC) through a controlled soaking process. Specifically,
bio-MOF-101 was immersed in an H,BPDC/DMF/NMP solution
at 75 °C for a set duration, leading to its transformation into
bio-MOF-100. This method was further employed to expand the
pores of bio-MOF-100 by substituting BPDC with longer organic
linkers, including azobenzene-4,4’-dicarboxylate (ABDC) and 2'-
amino-1,1":4,  1”-terphenyl-4,4"-dicarboxylate =~ (NH,-TPDC),
thereby fine-tuning the pore size and functionality. The same
post-synthetic ligand exchange strategy, involving the immer-
sion of solid MOFs in a solution containing a secondary ligand,
has also been successfully applied to zeolitic imidazolate
frameworks (ZIFs). Cohen's group reported that in ZIF-71(Zn),
the 4,5-dichloro-imidazole ligand could be partially replaced
by 4-bromo-1H-imidazole via solid-liquid PSE."** Furthermore,
Cohen's group extended the ligand exchange approach to solid-
state reactions, demonstrating that post-synthetic ligand
exchange could occur between two distinct MOFs under rela-
tively mild conditions. This was exemplified with UiO-66(Zr),"**
MIL-53(Al), and MIL-68(In),"*> where ligand exchange was
successfully achieved through solid-solid PSE. For instance, in
the case of MIL-53(Al), two functionalized derivatives, one
synthesized using BDC-NH, (aminated) and the other using
BDC-Br (brominated), were physically mixed in water and
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Fig. 3 Scheme illustrating the pore expansion strategy. (a) As-
synthesized bio-MOF-101 was converted to bio-MOF-100 through
ligand exchange with BPDC. (b) BPDC in bio-MOF-100 was subse-
quently replaced with ABDC to form bio-MOF-102, followed by the
replacement of ABDC in bio-MOF-102 with NH2-TPDC to yield bio-
MOF-103. (c) Light microscope images of the crystalline MOFs, with
scale bars representing 0.2 mm. Reproduced with permission.*®
Copyright 2013, American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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incubated at 85 °C (a significantly lower temperature than the
original solvothermal synthesis at 150 °C) for five days. Aerosol
time-of-flight mass spectrometry (ATOFMS) analysis confirmed
that the chemical composition of the framework had been
altered, providing strong evidence that solid-solid PSE had
successfully occurred within the MIL-53(Al) derivatives. These
studies highlight the versatility and effectiveness of ligand
exchange as a PSM technique, allowing for precise control over
MOF pore environments, functionality, and framework
composition, while maintaining structural integrity.

Similar to ligand exchange in MOFs, monomer exchange in
COFs has been explored as a strategy to construct COFs with
more complex structures. Qian et al. developed an in situ COF-
to-COF transformation approach, where the benzidine linkers
in TP-COF-BZ were selectively replaced with 1,4-dia-
minobenzene linkers wunder solvothermal conditions
(Fig. 4a)."** This method enabled the controlled generation of
COFs with three distinct types of pores, demonstrating the
potential of monomer exchange for tailoring COF architectures
at the solid-state level. Wang and coworkers further advanced
this concept by introducing a self-limited dynamic linker
exchange strategy for surface functionalization of uniform COF
microspheres (Fig. 4b).*** Their approach allowed for precise
modification of COF surfaces while preserving the overall
morphology. Specifically, they selected six different monomers
with varying functional groups and linker lengths, enabling the
transformation of a parent COF microsphere (PCOF) into six
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Fig. 4 (a) Precise construction of dual-pore COFs via a multiple-
linking-site strategy and fabrication of triple-pore COFs through the
integration of vertex-truncation design with the multiple-linking-site
strategy. Reproduced with permission.*** Copyright 2017, American
Chemical Society. (b) Structures of six functional linkers and a sche-
matic illustration of the in situ linker exchange process for function-
alizing ECOF stationary phases. Reproduced with permission.**
Copyright 2024, John Wiley and Sons.
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distinct functionalized COF microspheres, which was originally
synthesized via the Schiff-base condensation of 1,3,5-tris(4-
aminophenyl)benzene (TPB) and 2,5-dimethoxytereph-
thalaldehyde (DMTP). This strategy significantly enriched the
library of COF microspheres, offering a versatile approach to
tune COF properties for diverse applications.

2.2.2 Functional group grafting for pore environment
modulation. Another widely used PSM strategy for grafting
functional groups or active sites onto the pore surfaces of MOFs
and COFs involves immobilizing functio