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Metal-organic frameworks (MOFs) have become some of the most promising and widely applied mate-
rials in the 21st century owing to their high surface area and unmatched versatile functionalities. By
combining MOFs with polymer matrices, one can potentially achieve novel composite materials that
maintain merits of both components. However, pristine MOFs without surface modification often do not
possess favorable interactions with the surrounding environment, such as a solvent or a polymer matrix,
due to a mismatch of chemical and physical properties. The inevitable consequences include poor inter-
face and undermined overall performance. To overcome these issues, grafting polymers onto MOF sur-
faces has been widely utilized because of the wide range of chemical moieties and properties of
polymers. In this review, we provide a detailed discussion on the design and synthesis of polymer-
grafted MOF particles, outlining different polymerization techniques and grafting reactions that have
been successfully demonstrated on MOF surfaces. In addition, we summarize the advantages of

Received 15th September 2023, polymer-grafted MOFs while focusing on unique properties or enhanced performances that were the

Accepted 21st February 2024 result of the polymer grafts. Various applications, such as biomedical imaging and sensing, molecular
DOI: 10.1039/d3tc03373b separation, and stimuli-responsive reactions are covered in detail, with a focus on surface-anchored

polymers. This review concludes with an outlook on the current challenges in polymer-grafted MOFs,
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1. Introduction

1.1. MOFs

With the growing demand for advanced and multi-functional
materials, numerous efforts have been dedicated to the design
and engineering of novel platforms.’” Metal-organic frame-
works (MOFs), composed of metal-oxo nodes connected by
multidentate organic linkers, are an emerging class of
materials.”” The intrinsic three-dimensional scaffold formed
by repetitive metal-linker units renders MOFs a highly porous
structure and the highest specific surface areas reported in the
literature (1000-4000 m> g~ '). Such characteristics not only
offer abundant pathways and highly effective molecular diffu-
sion for various chemical reactions, but also give MOFs the
ability to store and selectively separate small molecules based
on their hydrodynamic volume. As a reaction platform, the
myriad choices of metal nodes and organic linkers with desir-
able functionalities afford unlimited potential properties and
applications for MOFs.®** The metal node of a MOF, which is
often a transition or noble metal due to high reactivity, can
serve as the reactive site to catalyze chemical reactions, or as a
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which will shed light on future design and applications of these emerging materials.

binding site for other functional compounds. One can also
incorporate reactive functional groups, such as photosensiti-
zers for photo-catalysis or proton carriers for proton conductiv-
ity, into organic linkers. Indeed, both metal cluster and organic
linker moieties can be engineered to introduce specific reactiv-
ity and catalytic ability to a MOF. For molecular separation or
gas storage, a high internal surface area and a tunable pore
environment are utilized.">* By building different pore envir-
onments through the metallinker coordination geometry,
molecules with various sizes, such as H, (r = 2.89 A), CO,
(r = 3.3 A), and N, (r = 3.64 A), can be separated by actively
passing through MOF aggregates. A variety of MOF platforms
have demonstrated not only excellent gas storage capability,
but also selective gas separation.’®

1.2. Polymer-grafted MOFs

Although pristine MOFs have shown great potential in a variety
of scenarios, their surface functionalities and properties are
often neglected. As illustrated by many surface and interfacial
scientists, the overall performance of a material in an environ-
ment, such as air or a solvent, is largely governed by its
interaction with the surrounding molecules.'®° A simplified
example is putting hydrophilic particles inside a non-polar
organic solvent (e.g., chloroform): the particles would agglom-
erate to minimize surface tension and eventually phase

This journal is © The Royal Society of Chemistry 2024
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separate from the medium due to the unfavorable interaction.
In this example, if we want to use this hydrophilic particle as a
reactive platform, it would be nearly impossible for the com-
pound dissolved in the organic solvent to diffuse near the
surface and into the inner pores of the particle, let alone
promote any chemical reaction. Therefore, engineering the
MOF surface properties and improving the interaction between
MOFs and the surrounding environment are extremely impor-
tant to fully maximize the leverages of MOFs. One of the most
promising solutions is to graft polymers onto a MOF
surface.” ™ Thanks to the wide selection of monomers and
tunable chemical properties, polymers can be designed and
synthesized to meet most of the requirements such as hydro-
phobicity/hydrophilicity,”*®  biocompatibility,>”>° stimuli-
responsiveness to heat and pH,>**?* and electron/proton
conductivity.>® Hence, grafting MOF particles with different
polymer chains can potentially introduce these various proper-
ties to the MOF surface. For example, a surface-bound polymer
can provide colloidal stability in a buffer solution to support
any reaction taking place within the solution; cells exposed to
biocompatible polymer-grafted MOFs can exhibit improved
viability in comparison to mixing them with unmodified MOFs.
More examples of polymer-grafted MOFs showing favorable
interactions with the surrounding environment and exhibiting
unprecedent properties such as stimuli-responsiveness will be
discussed in the application section. Table 1 summarizes the
current field of polymer-grafted MOFs and their applications.

1.3. MOF-polymer MMMs

Polymer-grafted MOFs are extremely important for MOF-based
mixed-matrix membranes (MMMs), which are composed of
polymeric membranes and MOF particles. Although MOFs have
presented several advantages as multi-functional materials, the
powder form of MOF particles constrains their applicability due
to the poor transportability and processability. For example, it
is very challenging to wear a mask made of MOF powders for
toxic gas capture or manufacture a flexible membrane
composed of MOF particles for water capture. Thus, producing
MOF-based MMMs demonstrates a possible route to simulta-
neously incorporate characteristics of both MOFs and poly-
mers. Indeed, MOF-based MMMs have shown great properties
in a variety of applications, which were comprehensively
reviewed elsewhere.®®”® In the MMM scenario, enhancing
MOFs by grafting polymers onto their surfaces is a more
effective strategy. This increased effectiveness is due to unmo-
dified MOF particles that typically exhibit weak interactions
with the matrix polymer, leading to a disparity in properties
and the formation of voids around the MOF surface. Upon
surface functionalization, the surface polymers can entangle
with the matrix polymer, affording a physically interacting
interphase with minimized voids.®*®®" It has been illustrated
that polymer-grafted MOF MMMs can exhibit excellent selective
gas separation resultant from the defect-free interphase.®****>
Researchers also identified improved fracture behavior upon
deformation and mechanical reinforcement after surface graft-
ing because of the inter-penetration between the surface and
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matrix polymers.>” The effect of surface-grafted polymers on
general nanoparticle dispersions and interactions with matrix
polymers was previously reviewed.®®* In general, one would
require high grafting molecular weight and grafting density to
provide sufficient interaction with the matrix chain in order to
form homogeneously distributed nanocomposites."”®' In the
application section, we showcased several classic examples of
polymer-grafted MOF MMMs with enhanced properties
enabled by surface-anchored polymers.

2. Synthetic strategies

The two primary grafting methodologies are grafting-from and
grafting-t0.*>"®° In grafting-from, polymerization initiators are
anchored onto the particle surface to promote and direct the
growth of polymer chains in situ. The grafting-to approach
utilizes pre-synthesized polymers with functional end groups
that can attach to the particle surface via chemical or physical
interactions. Ideally, all the existing polymerization techniques,
such as controlled radical polymerization (CRP), polycondensa-
tion, and ring opening metathesis polymerization (ROMP) can
be applied to anchor polymers onto MOF surfaces. Herein, we
not only systematically outlined different polymerization meth-
ods used for MOF surface grafting, but also provided perspec-
tives on each method regarding their benefits and limitations,
specifically under the realm of MOFs.

The approaches for grafting polymers onto MOF surfaces
share similar principles to grafting onto traditional nano-
particles (e.g., silica, gold, and carbon nanotubes). The target
particles are equipped with specific functionalities or chemical
moieties so that the polymer chains can be either synthesized,
covalently bound, or physically adsorbed to the MOF surface.
Unlike other materials, the myriad choices of functionalities on
organic linkers and metal clusters for MOFs make them extre-
mely versatile, leading to unique methods of incorporating
polymers. For example, the intrinsically present hydroxyl
groups on the common metal-oxo MOF node give rise to a
facile attachment of carboxylate-containing initiators or poly-
mers. On the other hand, the properties of native MOFs (i.e.,
stability against temperature, oxygen, water, pH, and organic
solvents) vary for different metal-linker coordinations and thus,
the post-synthetic conditions must be carefully controlled for
specific MOF groups. Such unique characteristics of MOFs
present challenges but also opportunities for polymer grafting.
Several less ubiquitous but inspiring approaches, such as
physical adsorption and in situ MMM formation, will also be
covered. The aim of this section is to provide a wide spectrum
of synthetic methods and to highlight the uniqueness of and
opportunities for polymer-grafted MOFs.

2.1. Grafting-from

In a typical grafting-from approach, the polymer is synthesized
in situ at the surface of the particle.’® The anchoring point is
often an initiator or a chain transfer agent (CTA), which is
either covalently or physically attached to the particle surface
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Table 1 Polymer-grafted MOF particles
Polymerization or polymer
MOF species Grafted polymer Grafting methods attachment methods Application Ref.
NH,-UiO-66 (vinyl PMMA Grafting from FRP Molecular separation 34
attached)
NH,-UiO-66 PBMA or PMMA Grafting from FRP Molecular separation 35
(methacrylic anhydride)
MIL-100(Fe) Amino-polyethylene Grafting to Imidization between amine Biomedical imaging 36
glycol (PEG5000) or and carboxylic acid
Stp10-C
Gd based MOF (BDC as PNIPAM-co-PNAOS-co- Grafting to Thiolates end group attached Cancer cell targeting, 37
linker, but not MOF-5) PFMA on Gd3+ bimodal imaging,
NH,-UiO-66 PMAA Grafting to Amino group reacted to alky- Biological platform 38
nyl moieties
NH,-UiO-66 PDEAEMA Grafting from FRP Stimuli-responsive 39
(methacrylic anhydride) reactions
Gd based MOF (Ben- PHPMA, PNIPAM, PSty, Grafting to Thiolates end group attached Biomedical imaging 40
zene dicarboxylate PDMAEMA, PPEGMEA, on Gd3+
linker) or PAA
NH,-UiO-66 PNIPAM Grafting to Amino group reacted to amide Stimuli-responsive 41
reactions
Ui0-66 PDMS Grafting to BDC linker modified to BDC- Molecular separation 42
allyl
NH,-UiO-66 Polyurethane Grafting to Amino group reacted to the Dye absorption 43
isocyanate group
NH,-UiO-66 PNB Grafting from ROMP Molecular separation 44
(norbornene)
NH,-UiO-66 Polyimide Grafting from FRP Molecular separation 45
(dianhydride)
UiO-66,ZIF-8, ZIF-67, PS Grafting from PISA and ATRP None (new synthesis 47
MIL-96 and MIL-10146 method PIAS and SI-
ATRP)
NH,-UiO-66 PEGMA Grafting from ATRP Catalyst carrier 48
Tbh-MOF (Cl7) PPS Grafting from FRP Optical sensors 49
NH,-UiO-66 PLMA Grafting from ATRP Adsorbent of 50
(methacrylate) hydrocarbons
UiO-66 PMMA, PBnMA or PMA Grafting from SIPET-RAFT Molecular separation 51
ZIF-8 PMMA Grafting to Imidazole reacted with glycidyl Mechanical 52
ether reinforcement
NH,-UiO-66, NH,-UiO- PNIPAM Grafting to Amino group reacted to amide =~ Molecular separation 53
67, and NH,-UiO-68 (interfacial adhesion)
NH,-MIL-101(Al) Poly(MEO2MA-co- Grafting from SI-ATRP Stimuli-responsive 54
OEGMA) reactions
ZIF-8 PEI Grafting to Amino group bonded to Zn** Molecular separation 55
ZIF-8 PEI Grafting to Amino group bonded to Zn** Peptide capture 56
UiO-66 PLA or PS Grafting to BDC linker modified to BDC- Patchwork surface of 57
vinyl MOF via radical
grafting
Ui0-66, NH,-UiO-66 PMMA Grafting from RAFT Self-assembled MOF 58
and NH,-MIL-88B monolayers
MOF-801 Poly(CS-co-HEMA) Grafting from PISA and RAFT One step method for 59

MIL-53(Fe)

ZIF-8

MOF-74 (Mn)
Zr-bzpdc-MOF
Ui0-66, NH,-UiO-66-,
MIL-125(Ti), MOF-5,
IRMOF-3, ZIF-8,
[Cu(BTCA)0.5(H20)3]-
2H,0
NH,-MIL-101(Al)

IRMOF-3M, MOF-5
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PEG

PEDOT

PMMA, PS, PIPOX,
PDMAEMA

PAMPS

PMMA
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Grafting from

Grafting from

Grafting from
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carboxylic
FRP

FRP

FRP

ATRP

the highly ordered
monolayer (Molecular
separation)
Fluorescence sensor to
detect metronidazole
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Table 1 (continued)

Polymerization or polymer

MOF species Grafted polymer Grafting methods attachment methods Application Ref.
PCN-222 PMMA Grafting from ATRP Mechanical 67
reinforcement

Grafting to: graft pre-synthesized polymers directly to MOF surfaces via some sort of bonding. Grafting from: grow monomers from the MOF
surface into polymer chains.Abbreviations: PMMA - poly(methyl methacrylate), FRP - free radical polymerization, PBMA - poly(butyl methacrylate),
PEG - poly(ethylene glycol), PNIPAM - poly(N-isopropylacrylamide), PNAOS - poly(N-acryloxysuccinimide), PFMA - poly(fluorescein O-
methacrylate), PMAA - poly(methacrylic acid), PDEAEMA - poly(2-(diethylamino)ethyl methacrylate), PHPMA - poly(N-(2-hydroxylpropyl)
methacrylamide), PS or PSty - polystyrene, PDMAEMA - poly(2-(dimethylamino)ethyl methacrylate)) PPEGMEA - poly(ethylene glycol) methyl
ether methacrylate, PAA - poly(acrylic acid), PDMS - polydimethylsiloxane, BDC - benzene dicarboxylic, PNB - polynorbornene, ROMP - ring
opening metathesis polymerization, PISA - polymerization-induced surface adsorption, SI-ATRP - surface initiated atomic transfer radical
polymerization, PEGMA - poly(ethylene glycol) methacrylate, PPS - polyphenylene sulfide, PLMA - poly(lauryl methacrylate), PBAMA - poly(benzyl
methacrylate), PMA - polymethacrylate, SIPET-RAFT - surface initiated photoinduced electron transfer reversible addition-fragmentation chain
transfer, Poly(MEO2MA-co-OEGMA)-Poly(diethylene glycol methacrylate)-co-(oligoethylene glycol methacrylate), PEI - polyetherimide, PLA —
poly(lactic acid), Poly(CS-co-HEMA)-Poly(4-chlorostyrene)-co-poly(hydroxyethyl methacrylate), PDA-Polydopamine, PFSAM- poly(N-(2-((2,2,2-
trifluoroethyl)sulfinyl)ethyl)acrylamide), PEDOT - poly(3,4-ethylenedioxythiphene), PIPOx - poly(20isopropenyl-2-oxazoline), and PAMPS -

poly(2-acrylamido-2-methyl-1-propanesulfonic acid).

and capable of directing polymer chain growth. Because of the
negligible steric hindrance of the anchoring molecule and
monomer, the surface functionality coverage and grafting
density for the grafting-from approach can reach a theoretical
maximum.®® In the case of MOFs, most of these anchoring
molecules are difunctionalized, i.e., one functional group can
bind to the MOF and another one can trigger the polymeriza-
tion. Depending on the chemical moieties on the MOF, the
anchoring molecules can be designed to make a strong and
favorable bond to the MOF.>"** For example, molecules with a
—-COOH group can coordinate with metal atoms or react with
the -OH group on metal nodes through esterification. Through
post-synthetic linker modification, linkers with nucleophilic
functional groups such as amines can react with electrophilic
anchoring molecules (e.g., acetyl chloride) to form a stable
covalent bond. Based on the desired polymer species and
polymerization mechanism, the anchoring moiety can be var-
ied. This section will discuss several commonly used polymer-
ization techniques and their applications for grafting polymers
from the MOF surface.

2.1.1. Free radical polymerization

2.1.1.1. Basics for free radical polymerization. Free radical
polymerization (FRP) is the simplest radical polymerization
technique that only requires radical generators, reactants
(e.g., monomers), and solvents in an oxygen-free solution.”*
It is usually a three-step process that involves initiation, pro-
pagation, and termination (Scheme 1). The radical generator,
also termed the initiator, is often AIBN (azobisisobutyronitrile)

=,
Initiation ~ In—In —— 2In" —— In/\’
R ’
Propagation In ’ L ln/\/\' — InM'
A A A A A
ol B
Termination InN\‘ —_— '"k\[y\[
A A

Scheme 1 General process for a free radical polymerization.

This journal is © The Royal Society of Chemistry 2024

or potassium persulfate that can be split into two radical
species through mild heating (~ 60 °C). The generated radicals
from the initiator then react with alkene-based monomers to
create activated monomers. The propagation step proceeds in a
similar fashion to increase the polymer chain length. The active
chain end would be terminated by reacting with either another
propagating chain end or impurities such as water and oxygen.

2.1.1.2. FRP on MOFs. Such simplicity in operation makes
FRP an ideal solution for facile and economic growth of
polymers. To perform a free radical polymerization on a
MOF, one must first incorporate a molecule with an alkene
group onto the MOF surface. Polymerization can then occur at
the alkene group when initiated by the radical generator. As an
example, Molavi et al. grew PMMA from the surface of UiO-66-
NH,.** Using a glycidyl methacrylate-modified linker as the
surface-anchoring unit to grow PMMA, the resultant PMMA-
grafted MOF and MMM exhibited higher helium selectivity
thanks to the improved interface of the MOF and polymer
matrix. Jiang and co-workers utilized free radical polymeriza-
tion to graft a pH sensitive poly[(2-diethylamino)ethyl metha-
crylate] from the surface of Ui0-66.>° The pH responsive
polymer renders the MOF with dynamic aggregation states in
aqueous solution (i.e., dispersed or agglomerated particles) and
controllable catalytic performance. Zhang and co-workers
demonstrated light-induced free-radical polymerization on
MOFs with prototype UiO-66-NH, (Fig. 1a).>* The linker amino
group was post-synthetically modified with a methacrylic anhy-
dride (red molecule in Fig. 1a). The alkene-bearing group
anchored on the MOF surface was activated by a photoinitiator
and UV light to give surface-grafted poly(butyl methacrylate).
The efficient initiation and chain propagation process yielded
high molecular weight-grafted polymers, as evidenced by the
free-standing film (Fig. 1b). The uniformly dispersed MOF
particles across the MMMs resulted in a crack-free morphology
and excellent separation capabilities for Cr'" ions in water. It is
worth noting that such in situ free radical polymerization,
which occurs on the particle surface and in the bulk of the
mixture, is a bit different from the context of traditional

J. Mater. Chem. C, 2024,12, 4562-4592 | 4565
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illustration of the formation of MMM via a light-induced grafting-from strategy. Copyright 2015 John Wiley and Sons.

grafting-from. Since polymerization also takes place in the
solution, the whole system would turn to a polymeric matrix,
unlike a conventional surface modification. The authors
referred to such in situ polymerization as postsynthetic poly-
merization (PSP), as opposed to postsynthetic modification for
the MOF field.

Although FRP is relatively easy to operate in comparison to
other controlled polymerizations, it inevitably yields low con-
trol over the polymer characteristics (e.g., molecular weight and
polydispersity) due to the rapid chain growth and side reac-
tions, significantly limiting the application of this technique.

2.1.2. ATRP

2.1.2.1. Basics of ATRP. Controlled radical polymerization
(CRP), which evolved from free radical polymerization, is one of
the most widely applied polymerization mechanisms for vinyl-
based monomers.”*®” Since it impedes chain propagation,
termination, and chain transfer through deactivation of propa-
gating species, it affords polymers with a well-defined chemical
structure, controlled molecular weights, and narrow polydis-
persity. With precise control over the polymerization process,
the polymer products are endowed with specific properties and
functionalities. There are several major types of CRP techni-
ques including ATRP, RAFT, and nitroxide-mediated polymer-
ization (NMP). All these techniques share one pivotal
characteristic: introduction of a dormant species to the propa-
gating radical which significantly slows down the rate of reac-
tion and thus achieves a controlled chain growth.

Using ATRP as the first example, the initiator usually con-
tains a halogen group (e.g., bromine) on a tertiary carbon due to
the steric effect (Scheme 2). The active halogen can be easily
detached from the tertiary carbon by coupling with a transition
metal catalyst, typically Cu(1) and Cu(u), forming a radical on
the tertiary carbon.’®'% The generated radical can then initiate
chain propagation. Unlike FRP, the growing chain end has a
favorable coupling tendency with Cu(u) to re-form the C-
halogen bond (C-Br in this example) and re-generate Cu(i)

4566 | J Mater. Chem. C, 2024, 12, 4562-4592
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Reversible

R O e e P b O
Deactivation A A A A

Scheme 2 General process of ATRP.

species. The large equilibrium constant of this reaction ensures
the formation of a dormant butyrate compound instead of a
propagating chain end. The reduced propagation reaction rate
can therefore reduce the side reactions and maintain a uniform
growth of polymer chains.

2.1.2.2. ATRP on MOFs. Xie and co-workers exemplified a
classic ATRP process on the MOF surface (Fig. 2).** The first
step typically involves attachment of the initiator onto the MOF
surface through either a chemical reaction to form a covalent
bond or physical adsorption such as a hydrogen bond. The
initiator has to remain active after the surface attachment
process, ie., the radical-generating moiety must be intact. In
this example, the authors utilized the amino group on the
benzoic dicarboxylic acid (BDC) linker of NH,-UiO-66 (a
zirconium-based MOF connected by BDC) to attack the butyryl
bromide group of the initiator. The reactive species, the bro-
moisobutyryl group, did not participate in the attachment step
and remained functional for the following polymerization
initiation. Therefore, polymerization subsequently took place
in the presence of a monomer (polyethylene glycol methacry-
late) and a catalyst (CuBr) under regular ATRP conditions.
Aggregated pristine NH,-UiO-66 became well-dispersed in an

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic illustration of ATRP on NH,-UiO-66. The MOF particles transitioned from an aggregated state in aqueous solution to a well-dispersed
state because of the growth of a hydrophilic polymer. Copyright 2015 Royal Society of Chemistry.

aqueous solution upon the grafting of hydrophilic polyethylene
glycol (PEG). Owing to the morphological change of the grafted
polymer and phase transition properties, the system was pro-
vided with stimuli-responsiveness in terms of solution pH
(discussed in Section 4.3).

Another example reported by Liu et al in 2015 further
demonstrated the possibility of ATRP on MOFs.>* Using a
similar strategy, the amine on BDC linkers attacked the acetyl
bromide group on the initiator to decorate the surface of MIL-
101 (Al) with the bromoisobutyryl group (Fig. 3). After initiator
immobilization, the authors polymerized a thermally switch-
able copolymer, which had a unique lower critical solution
temperature (LCST), off the surface of MIL-101(Al) (Fig. 3).
When the temperature rose above the LCST, the grafted poly-
mer phase separated from the solvent, leading to precipitation
of the MOF particles. When the temperature dropped below the
LCST, the polymer was re-solvated, and the resultant polymer-
grafted MOF particles dispersed homogeneously within the
aqueous solution. Such a design strategy offers new opportu-
nities to process and recycle MOFs with polymers. More details
can be found in Section 4.3.

2.1.2.3. Limitations of ATRP. In summary, ATRP is a powerful
technique to graft polymers from MOF surfaces. ATRP not only
precisely controls molecular weight, but also is tolerant of a
wide range of functional groups. This precision makes it a
versatile method for synthesizing a variety of polymers. Cur-
rently, most efforts in MOF platforms have been limited to
acrylate-based monomers. Expanding the functionalities of
surface-grafted polymers on MOFs presents enormous oppor-
tunities. However, a transition metal catalyst (e.g., CuBr/CuBr,)

This journal is © The Royal Society of Chemistry 2024

can interact with open sites on metal nodes or be captured within
the MOF pores, bringing unwanted toxicity and lowering the
porosity. The residual metal catalyst not only reduces the pore
volume and surface area, but also increases the density of the MOF.
Removing the catalyst presents additional complexities to the
process as it requires excessive solvent exchange or high tempera-
ture, which could be detrimental considering the poor stability of
certain MOF species (e.g., MOF-5). Several efforts have been dedi-
cated to designing a photo-initiated electron transfer mechanism to
achieve metal-free ATRP.**'*'%> Developing such reactions on
MOFs will be an interesting experiment to study. Moreover, ATRP
often demands a basic organic ligand (e.g., pentamethyl diethylene-
triamine, or PMDETA) to facilitate the dissolution of transition
metal catalysts. The basicity of the ligand could lead to potential
structural degradation for MOFs.

2.1.3. RAFT

2.1.3.1. Basics of RAFT. Reversible addition-fragmentation
chain transfer (RAFT) polymerization is a versatile and widely
used technique under the umbrella of controlled radical
polymerization.’®*™*% Similar to ATRP and other CRP techni-
ques, RAFT polymerization enables the synthesis of well-
defined polymer structures and molecular weight control
with narrow polydispersity. Compared to ATRP, RAFT offers
better kinetic control over the polymerization process that
allows more accurate chain length and is more tolerant to
impurities (e.g., oxygen). RAFT does not rely on transition
metals and therefore is advantageous when producing poly-
mers for biomedical and environmental applications, or other
fields that require a low metal content. Moreover, RAFT is well-
suited for copolymerization, providing a more complex polymer
architecture.
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In a typical RAFT process, the initiation takes place at the
beginning stage to yield active propagating species (P, in
Scheme 3). A pre-equilibrium step occurs in the presence of a
chain transfer agent (CTA). The typical CTA consists of a
dithiocarbamate group, with a stabilizing group (Z) to maintain
the viability of adduct radicals (middle species in the pre-
equilibrium step) and a reinitiating group (R°®) to trigger
following polymerization. CTA facilitates the reversible transfer
of the growing polymer chain between active species (propagat-
ing the chain end with radicals such as P,* and P,,*) and
dormant species (unreacted chain end where the polymer is
attached to CTA)."°*'°” The Z and R groups must be designed
in a way to favor the formation of dormant species in the
equilibrium step, which can slow down the chain propagation
rate and afford a well-controlled polymerization process.

2.1.3.2. RAFT on MOFs. Kyle and Cohen designed a general-
ized CTA for surface initiated-RAFT (SI-RAFT) polymerization
on three types of MOFs, namely, UiO-66(Zr), UiO-66(Zr)-NH,,
and MIL-888(Fe)-NH, (Fig. 4a).>® The catechol bearing-CTA (cat-
CTA) was achieved by reacting a -COOH containing RAFT CTA

- . : M
Initiation Initiator — In' — P} —=—=
s
ilibri X —_— N .
Pre-equilibrium f ) + /JKS‘ - /S\T/S‘ — w2t
s
M RAFTCTA 4
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Equilibrium (M) ! I e
Termination - - dead polymer

Scheme 3 General procedure for RAFT.
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with N-hydroxylsuccinimide, followed by amidization with
dopamine. The cat-CTA was able to coordinate with the metal
node through the adjacent hydroxyl groups on the catechol
moiety. The resultant MOF-cat-CTA subsequently underwent
traditional SI-RAFT conditions with methyl methacrylate,®”
affording PMMA with controllable molecular weight ranging
from 6.3 kg mol " to 138 kg mol . The facile incorporation of
the CTA onto the MOF through the universal metal-hydroxyl
interaction makes the approach adaptable to different MOFs.
Later, the authors extended the chemistry to surface initiated
photoinduced electron transfer RAFT (SI-PET-RAFT) as shown
in Fig. 4b.”" In this approach, cat-CTA was first grafted onto the
MOF via a similar strategy to that discussed above, and the SI-
PET-RAFT process was initiated by LED light (4 = 455 nm) in the
presence of a photocatalyst, Ir(ppy);. The energy harnessed
from the photoexcited electron of Ir(ppy); facilitated polymer-
ization initiation. The authors demonstrated the generality of
SI-PET-RAFT in terms of viable monomers, including PMMA,
poly(benzyl methacrylate) (PBnMA), and poly(methyl acrylate)
(PMA). Since the polymerization was induced by light, the
reaction conditions were simply controlled by switching the
light on and off, and the reaction occurred at room tempera-
ture. The degree of polymerization (N) was controlled to
range from 400 to 4000 by changing the catalyst to monomer
ratio. They also observed a decrease of grafting density with
higher grafting molecular weight (e.g., grafting density for
PMMA dropped from 0.26 to 0.10 chain per nm> when the
molecular weight increased from 52.0 to 319.5 kDa). More
importantly, the authors explored the formation of free-
standing MOF monolayers through surface polymer entan-
glement. They found that a high molecular weight (N >
1000) and an intermediate particle size (120 nm) facilitated
the monolayer formation. The grafted PMMA gave rise to a
brittle MOF monolayer due to the glassy nature of PMMA,

This journal is © The Royal Society of Chemistry 2024
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whereas grafted rubbery PMA offered a flexible and tough
monolayer.

2.1.3.3. Limitations of RAFT. RAFT polymerization essentially
expands the spectrum for a wide selection of monomers (e.g.,
vinyl acetate and acrylamide) because of its excellent compat-
ibility with functional groups. Without the presence of a
transition metal catalyst used in ATRP, the RAFT technique
showcases a more environmental- and bio-friendly approach.
However, the unavoidable CTA might require additional pur-
ification processes or protection methods to protect the MOF
from degradation. The complexity in the chain transfer equili-
brium process demands a careful selection of the Z and R
groups for CTA to match the reactivity of various monomers.

2.1.4. ROMP

2.1.4.1. Basics of ROMP. Ring-opening metathesis polymer-
ization (ROMP) demonstrates an important polymerization
technique for cyclic olefin monomers."”®'° Since its break-
through in the 1980s, led by Robert H. Grubbs and co-workers,
ROMP has gained tremendous attention across the polymer
field. It utilizes a transition metal catalyst, typically based on
ruthenium or molybdenum, to initiate polymerization by coor-
dinating with the carbon-carbon double bond of the cyclic
olefin monomer (Scheme 4). The reactive metal-carbon bond
triggers the rearrangement of the other alkene bonds within the
monomer, leading to an opening of the cyclic ring and chain
propagation (propagation step in Scheme 4). The polymeriza-
tion is terminated by either consuming all the monomers or
reacting with a specific reagent (X =Y in Scheme 4) to deactivate
the catalyst.

2.1.4.2. ROMP on MOFs. Owing to the high efficiency of
coordination between the catalyst and the monomer and the
internal ring strain of cyclic monomers, ROMP is able to
produce extremely high molecular weight polymers with

This journal is © The Royal Society of Chemistry 2024
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narrow polydispersity and without byproducts/small molecules,
making it a Nobel prize-winning invention. Moreover, ROMP is
well-known for its high tolerance for functional groups, allow-
ing the polymer backbone to have desirable architectures and
properties. Given such leverages of ROMP, researchers have
utilized it to produce a polymer-grafted MOF and free-standing
MMMSs. Gao et al. fabricated high molecular weight polynor-
bornene free-standing films through ROMP off a MOF surface
(Fig. 5).""* The amine group on the dicarboxylic acid linker
of UiO-66-NH, reacted with the cis-5-norbornene-exo-2,3-
dicarboxylic anhydride to afford norbornene-functionalized
MOF particles. The norbornene moieties on MOF surfaces
subsequently underwent ROMP, yielding free-standing MOF-
polynorbornene composite films. The high reactivity of ROMP
facilitated an efficient polymerization process that lasted less
than 10 minutes. Due to the interfacial bonding from the
surface-grafted polynorbornene, the composite MMMs exhib-
ited excellent toughness (the mechanical reinforcement of the
MOF-polymer composite is discussed in Section 4.2). The
defect-free interphase with a smaller pathway size provided
preferred selectivity for H, over CO, due to the smaller volume
of H, More importantly, a large-scale synthesis was
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Huang, and Jiuyang Zhang, ACS Appl. Mater. Interfaces 2018 10 (40), 34640-34645. DOI: 10.1021/acsami.8b12556. Copyright 2018 American Chemical

Society.

successfully achieved as a 98 x 165 cm membrane was fabri-
cated through this approach, owing to the mild reaction con-
ditions and high reactivity of ROMP. It demonstrated the
technical feasibility of commercialization of the grafting-from
approach for MOF-polymer composites.

2.1.4.3. Limitations of ROMP. Although cyclic olefin mono-
mers with desired functionalities have shown great potential in
various fields, the monomer choices for ROMP are limited. The
metal catalysts used in ROMP also present challenges regarding
catalyst removal and recycling. The choice and optimization of
the catalysts are crucial to achieve an efficient polymerization
for specific monomers, introducing more complexity to the
ROMP process.

2.1.5. Polycondensation. Apart from chain-growth radical
polymerization, which is suitable for alkene-based monomers,
step-growth polymerization (i.e., polycondensation) is another
important category of polymerization that covers most of the
non-alkene monomers.**>"**> To meet the criteria for polycon-
densation, the candidate monomers must be bifunctional or
multifunctional, i.e., possessing more than one functional
group. During a typical polycondensation reaction, the func-
tional groups on the two monomers, such as hydroxyl and
carboxyl groups, react with each other to form a covalent bond
(e.g., -OH and -COOH to react to yield an ester bond) and
produce a byproduct such as water or alcohol. The reaction
between functional groups on different monomers results in
polymer chain growth. The reaction typically occurs at an
elevated temperature or with the addition of catalysts, both of

4570 | J Mater. Chem. C, 2024, 12, 4562-4592

which are aimed to activate the functional groups and facilitate
covalent bond formation. Polycondensation reactions are
usually not sensitive to air or water, and therefore, are widely
used in industry. More importantly, many high-performance
polymers with exceptional mechanical and thermal stability,
such as polyimide (PI) and polyetheretherketone (PEEK), are
synthesized through polycondensation. Given such popularity,
polycondensation has been applied to the MOF world as an
efficient approach to grafting high performance polymers from
the MOF surface. In 2018, Wang and co-workers engineered the
interface of MOF-polymer MMMs by grafting polyimide from
the MOF surface (Fig. 6).*> The amine groups on UiO-66-NH,
reacted with dianhydride monomers to yield a functionalized
UiO-66-NH,. The anhydride groups anchored on the MOF sur-
face then underwent step-growth polymerization by reacting
with both trimethyl phenylenediamine and dianhydride mono-
mers. The following imidization reaction closed the ring in
repeating units and yielded PI-grafted MOFs (Fig. 6A). TEM
images showed a coating of polymers at the MOF surface
(Fig. 6B) and the FTIR spectrum also exhibited characteristic
peaks for the C—O imide bond (Fig. 6C), confirming the
successful grafting of PI onto the MOF surface. The matrix-
assisted laser desorption/ionization-time-of-flight (MALDI-TOF)
results revealed a series of peaks ranging from 2-8 kDa with a
425 Da interval, corresponding to the repeating unit of PI
(Fig. 6D). Thanks to the strengthened interface of the MOF-
polymer membrane, the authors were able to load the free-
standing polymer membrane with an exceptionally high weight
loading of MOF (88%) in the absence of cracks (Fig. 6E). The

This journal is © The Royal Society of Chemistry 2024
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engineered MMMSs displayed higher ductility and enhanced
CO,/N, and CO,/CH, separation ability in comparison to
unmodified MMMs (discussed in Section 4.2 mechanical rein-
forcement and Section 4.4 molecular separation, respectively).
The authors attributed the observations to the surface brush-
matrix polymer entanglements that minimized voids at the
interphase and introduced extra mechanical strength.

There are limitations associated with polycondensations.
One of the major challenges for step-growth reactions is the
slow kinetics: the molecular weight of each growing chain only
reaches a significant value at >99% monomer conversion. In
addition, the condensation reactions between functional
groups proceed slower than the radical reactions. Therefore,
polycondensation often suffers from a low degree of polymer-
ization (number of repeating units) and a prolonged reaction

This journal is © The Royal Society of Chemistry 2024

time. In fact, it is not uncommon to have a degree of polymer-
ization below 10 for step-growth polymerization and reaction
times over 24 hours. It also produces polymers with a high
molecular weight dispersity (~2), which might be detrimental
for applications that require precise molecular weight control
(e.g., drug delivery and formulation of coatings). Moreover, the
small molecule byproduct formed during the condensation
process must be removed to push the equilibrium forward
and achieve high molecular weights.

2.1.6. Polymerization-induced surface adsorption. The
abovementioned grafting-from approaches unavoidably require
the pre-anchoring of an initiator or an active species onto the
MOF surface (e.g., the amine group on UiO-66-NH,). The
additional step not only requires more investment in design
and synthesis, but also might reduce the porosity of the MOF.

J. Mater. Chem. C, 2024,12, 4562-4592 | 4571
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To cope with the issue, the polymerization-induced surface
adsorption (PISA) method was developed by He and co-
workers utilizing a random copolymer (RCP) macroinitiator
(Fig. 7).¥ In this universal method, the key idea was to
synthesize an RCP macroinitiator that contains a -COOH group
and an initiating group (Fig. 7a). The macroinitiators self-
assembled onto the MOF surface by hydrogen bonding with
the linker and/or metal-carboxylic acid coordination with the
metal cluster (Fig. 7b). Upon the adsorption of the macroini-
tiator, the crosslinking and initiating groups (highlighted in
yellow and purple colors in Fig. 7a, respectively) that were
copolymerized into the macroinitiator backbone became uni-
formly distributed on the MOF surface. In the second step,
surface-initiated ATRP from the initiating group as well as
cross-linking of the ~-COOH groups took place, resulting in a
dense and confined polymer layer attached to the surface of the
MOF. If desired, the SI-ATRP can be continued by supplying a
second monomer to grow another layer of polymer with differ-
ent functionalities on top of the previous layer. Fig. 7c presents
a TEM image of a representative UiO-66 MOF coated with a
layer of crosslinked polystyrene (UiO-66@xPS). The PS layer is
highlighted by the red arrows. Due to the surface being covered
by a dense polymer layer, the N, adsorption of UiO-66@xPS and
UiO-66@xPBA (PBA = poly(n-butylacrylate)) shows a huge
decrease when compared to the pristine UiO-66.

The macroinitiator approach presents a couple of unique
advantages over other ATRP methods. The hydrogen bonding
ability with the -OH group makes it ubiquitous for various
types of MOFs as long as the MOFs contain open sites with a
hydroxyl moiety. The bulkiness of the macroinitiator limits its
diffusion inside the pores of the MOF and ensures that the
polymer is only grown from the surface. In addition to the SI-
ATRP, the same research group demonstrated that polymers
synthesized via SI-RAFT can also be applied for this PISA

4572 | J Mater. Chem. C, 2024, 12, 4562-4592

methodology, as long as the polymer backbone contains a
hydrogen bonding moiety.”*'*®

2.2. Grafting-to

Although the grafting-from approach provides optimal grafting
density and a high molecular weight of the surface polymers, it
requires additional post-synthetic modification to immobilize
an active species, such as the initiator and chain transfer agent,
to trigger surface polymerization. Grafting-from also demands
a relatively stable MOF scaffold that can withstand the elevated
temperature and reactive compounds during the polymeriza-
tion process. In addition, surface-grown polymers often lack
precise control over molecular weight and polydispersity due to the
nature of the heterogenous reaction. Therefore, the grafting-to
approach has become an alternative strategy to attach polymers
to MOF surfaces."’”'® In a typical graftingto process, pre-
synthesized polymers with an active functional end group, such
as a hydroxyl or carboxylic group, can react with the MOF surface
through metal node coordination or functionalized organic
linkers.®® Since the polymers are synthesized in a separate environ-
ment without the MOF, the monomer choices, physical structure,
and chemical functionality of the polymer backbone can be more
readily controlled to meet specific requirements. Li et al. performed
a classic grafting-to approach on UiO-66-NH, through click chem-
istry, where the MOF and polymers were prepared separately and
connected through a simple but efficient chemical reaction
(Fig. 8).*® UiO-66-NH, was first synthesized through a classic
solvothermal method and then post-synthetically functionalized
with propargyl bromide to give alkynyl-functionalized UiO-66.
Concurrently, an azide-containing ATRP initiator was synthesized,
followed by an ATRP reaction with tert-butyl methacrylate (tBMA) to
yield azide-terminated poly(tert-butyl methacrylate) (N3-PtBMA).
Finally, the polymers reacted with the MOF surface through click

This journal is © The Royal Society of Chemistry 2024
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reactions, and the ter¢-butyl groups on PtBMA were deprotected,
forming polymethacrylic acid (PMAA).

Zimpel and co-workers developed a grafting-to strategy to
attach amino-polyethylene glycol (PEG5000, Fig. 9i) and Stp 10-
C (a bifunctional polyamide, Fig. 9ii) to the surface of the
MOF (Fig. 9).*® Through a water-based “green” carbodiimide
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mediated reaction between amine and -COOH (reaction scheme in
Fig. 9), the amine end group of the two polymers covalently
attached to the surface of MIL-55(Fe). The PEG functionalized
MIL-55(Fe) demonstrated improved colloidal stability and biocom-
patibility, while the thiol group on the Stp 10-C enabled attachment
of fluorescent molecules (green spheres in Fig. 9) for the use of
fluorescence microscopy and magnetic resonance imaging. More
details about the biomedical application of the modified particles
can be found in Section 4.1.

The grafting-to strategy can also be applied to the fabrication of
MMMs. Katayama and co-workers grafted poly(dimethyl siloxane)
(PDMS) onto allyl-functionalized UiO-66 via hydrosilylation chem-
istry (Fig. 10a).*> The PDMS-grafted MOF, the so-called corona-MOF
with a high density of grafted molecules, was crosslinked with free
PDMS chains to afford MOF-loaded MMMs with up to 50 wt%
MOF loading. Owing to the strong covalent bonding between the
corona-MOF and PDMS matrix and the brush-matrix chain entan-
glement, the resultant MMMs depicted negligible defects at the
MOF-polymer interface (i.e., void-free) and ideal particle disper-
sion. Since the void gap at the MOF surface was minimized, small
molecules would pass through the MOF and large molecules would
be rejected, leading to a high permeability and selectivity of gas
molecules (more details in Section 4.2). Yao et al. also utilized the
grafting-to approach to assist formation of polyurethane-based
MMMs (Fig. 10b).** They specifically chose isocyanate-terminated
polyurethane (PU); therefore, both ends of the PU chain can be
easily attacked by the amino group on UiO-66-NH,. The covalently
bonded MOF and PU matrix resulted in a free-standing and flexible
membrane with a high MOF loading percentage (70 wt%). Further
structural characterization, including high resolution SEM, proved
a well-dispersed and defect-free morphology because of the cova-
lent bonding.

Ahn and co-workers developed a very unique grafting-to
approach, producing ‘“patchy” MOF particles with dense
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Fig. 9 Schematic illustration of the grafting-to process. The MOF surface is functionalized with two different polymers, namely (i) PEG5000 and (i) Stp
10-C, through carbodiimide mediated reaction. The green spheres depict fluorescent molecules. Reprinted with permission from Andreas Zimpel, Tobias
Prei, Ruth Réder, Hanna Engelke, Michael Ingrisch, Michael Peller, Joachim O. Radler, Ernst Wagner, Thomas Bein, Ulrich Lachelt, and Stefan Wuttke,
Chem. Mater. 2016 28 (10), 3318-3326. DOI: 10.1021/acs.chemmater.6b00180. Copyright 2016 American Chemical Society.
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polymer grafts attached to the MOF surface, similar to
“patches”(Fig. 11).>” Unlike traditional grafting-to or grafting-
from (Fig. 11a), their approach utilized a core cross-linked star
polymer that contains a thiocarbonylthio moiety (Fig. 11b). The
CTA on the star polymer can then react with the vinyl group
installed on the BDC ligand of the UiO-66-vinyl surface through
the RAFT polymerization mechanism in the presence of a
radical initiator AIBN. The radical reaction with the thiocarbo-
nylthio group within the star polymer core offers efficient and
functional group-tolerant coupling under mild conditions. This
is a general approach, so a great variety of vinyl polymers,
synthesized through RAFT polymerization with thiocarbo-
nylthio groups, can be easily attached to the MOF surface, as
long as the MOF is functionalized with a vinyl group. The
authors demonstrated the decoration of a thick and dense layer
composed of two different types of polymers, polylactic acid
(PLA) and polystyrene (PS), onto the MOF. Moreover, successful
removal of the PLA component was achieved by reacting the
PLA/PS-grafted MOF with triethylamine. Upon complete deple-
tion of PLA, the MOF was decorated with a hollow-shell PS layer
that can achieve selective dye separation as the MOF porosity
was revived. The SEM images showed a thick grafted-polymer
layer in comparison to native MOF particles with sharp edges
and smooth surfaces (Fig. 11c). Although this work presents a
novel strategy to modify the MOF surface with various poly-
mers, obtaining such a core cross-linked star polymer brings
extra synthetic complexities and difficulties, significantly limit-
ing the application of this patchwork MOF.

Although the grafting-to approach showcases advantages in
terms of optimized polymer characteristics and architectures
(e.g., molecular weight distribution) and an overall facile

4574 | J Mater. Chem. C, 2024, 12, 4562-4592

coupling process that does not require an intensive in situ
polymerization environment in the presence of MOFs, it has
several drawbacks that certainly limit its applications. First of
all, the grafting density on the MOF surface is hard to control to
achieve an optimal value. The steric hindrance of the pre-
synthesized polymer chain makes it difficult for the end group
to interact with the functional group on the MOF surface.
Secondly, it is not trivial to synthesize polymers with specific
end groups that can bond to the MOF surface. In addition, the
reaction between the polymer and the MOF surface might occur
at a very slow rate, and removing unreacted excess polymers can
lead to more difficulties.

2.3. One-pot synthesis of polymer-grafted ZIFs

Besides the grafting-to and grafting-from strategies that involve
multistep processes such as MOF synthesis, PSM with func-
tional groups, and polymer integration, researchers have
developed a unique one-pot synthesis for polymer-grafted
MOF particles utilizing the characteristics of both MOFs
and polymers. In these examples, zeolitic-imidazolate frame-
works (ZIFs), a class of MOFs comprised of tetrahedral metal
nodes (M = Zn, Co) and imidazolate-based linkers, were imple-
mented because of the metal-nitrogen linkage. As shown in
Fig. 12a, zinc nitrate, 2-methyl imidazole (Hmim), and
polyethylenimine'" were added in one-pot, and the mixture
solution underwent typical synthesis conditions for ZIF-8.°°
Since PEI had similar amine moieties as Hmim, it was success-
fully incorporated into the scaffold of ZIF-8 (Fig. 12b). The
resultant PEI-grafted ZIF-8 was then blended with poly(vinyl
amine) (PVAm) to form MMMs. Thanks to hydrogen bonding
interactions between the PEI and PVAm, a cavity-free interface

This journal is © The Royal Society of Chemistry 2024
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between ZIF-8 and the PVAm matrix was achieved, as revealed
by SEM images. The closely bound MOF particles and matrix
polymers offered an excellent CO,/N, selectivity in comparison
to unmodified ZIF-8/PVAm MMMs. Such selectivity was attrib-
uted to the gas pathway through the internal structure of MOFs
instead of bypassing through the voids at the MOF surface.
Similarly, Yi and co-workers used PEI-grafted ZIF-8 as the outer
shell of polydopamine-TiO, doped Fe;O, magnetic nano-
particles, which possessed peptide capture and identification
properties (Fig. 12¢).>® With the introduction of a PEI-grafted
ZIF-8 layer, the multifunctional magnetic nanoparticles exhib-
ited better separation and recovery, as well as colloidal stability.
However, this one-pot synthetic strategy is limited to MOF
systems with nitrogen-based linkers and PEI as grafting poly-
mers due to the structural similarity of the linker and PEI. More
generalizable approaches need to be developed to afford
broader applicability of this approach.

2.4. Remarks on polymers and MOF selections

Although various grafting methods and polymer/MOF species
have been discussed in this review, there are some general rules
that limit the selection of polymers and MOFs. In the case of
the grafting-to approach, the number one consideration for

This journal is © The Royal Society of Chemistry 2024

selecting polymers is functional groups. Reactive chemical
moieties, such as -OH, -NH,, -SH, and -COOH, are more likely
to form strong bonding with MOF surfaces. If the functional
groups are present throughout the polymer backbone, the
entire molecule would be attached to the MOF, forming a thin
layer of polymer chains. If only the end group of the polymer is
functionalized, the polymer chains would be dangling from the
MOF surface, like a brush morphology. In addition to function-
ality, polymer chains should be flexible to increase the effec-
tiveness when grafting to the MOF surface. Polymers with stiff
backbones, such as polyimide, polyester, and polycarbonate,
would be more difficult to be grafted using grafting-to methods.

The grafting-from approach is more forgiving when select-
ing polymers. If a suitable initiator can be mounted onto the
MOF surface, any types of polymer chains can be grown from
there, theoretically. However, the polymerization condition
should not be too harsh to damage MOF particles.

On the other hand, choosing MOFs with the right character-
istics is also important for successful polymer grafting. Similar
to polymer selection, MOFs with surface functional groups tend
to be easier to react with polymers or initiators. The pore size of
the MOF should not exceed the size of the polymer; otherwise,
the pore of the MOF would be filled with polymer chains. Last

J. Mater. Chem. C, 2024, 12, 4562-4592 | 4575
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but not the least, the stability of the MOF is extremely crucial
for this process. The MOF particles must withstand the condi-
tions for all the post-synthetic modifications. One should
scrutinize the thermal and chemical stability of the MOF of
interest under the experimental conditions. The MOF must
maintain the crystallinity, porosity, and chemical structures
after the treatment.

3. Characterization of surface-grafted
polymers

To better understand the properties of surface-grafted polymer
chains and performance-grafted MOFs, it is important to
evaluate the characteristics of the polymers, including the
molecular weight, grafting density, chemical identity, and
bonding type to the MOFs. Herein, we discuss universal gui-
dance on how to characterize and obtain various information
from the surface-grafted polymers on MOFs.

3.1. General sample preparation guidelines

The two basic approaches are (1) non-destructive and (2)
destructive methods. For the former approach, the polymer-
grafted MOFs are analyzed while the MOF and polymer struc-
tures remain intact, and no further treatment is applied to the
grafted particle. In this fashion, one can not only recover the
compound after analysis but also investigate the original prop-
erties and structures without interference. Characterization
methods such as infrared spectroscopy, Raman spectroscopy,
scanning electron microscopy (SEM), transition electron micro-
scopy (TEM), and energy dispersive X-ray spectroscopy (EDS)
can be performed to identify the physical and chemical

4576 | J Mater. Chem. C, 2024, 12, 4562-4592

structures of the grafted polymer. Note that these non-
destructive methods produce features of both polymers and
MOF particles since they are attached. One would need to
separate the polymer characteristics from the MOFs. If both
the polymer and MOF contain similar chemical or physical
properties, the non-destructive approach would not be appar-
ent. For example, if one uses IR to detect the C—=0 group in the
grafted PMMA, the carboxylate group in the organic linker of
the MOFs would appear in the spectrum and disturb the
conclusion.

In this case, a destructive approach would be proposed.
Using this method, either the polymer or MOF is degraded for
separation and further analysis. The following section regard-
ing molecular weight utilizes this ideology to extract informa-
tion about the grafted polymers. Once the MOF is degraded and
the polymer remains intact, given the right digestion condition,
the polymer can then be purified and isolated for conventional
polymer characterization, such as size exclusion chromatogra-
phy (SEC) and nuclear magnetic resonance (NMR) spectro-
scopy. The destructive approach provides an efficient way to
remove the MOF particles and analyze grafted polymers alone.

3.2. Molecular weight

As one of the most important parameters for polymers, mole-
cular weight largely determines the physical properties.'”’%!
Generally, longer polymer chains (those with higher molecular
weight) result in more frequent chain entanglement and thus,
greater mechanical strength. As a trade-off of improved
mechanical properties, the viscosity increases with higher
molecular weight, resulting in a decrease in processability.
For polymer-grafted particles, higher grafting chain length

This journal is © The Royal Society of Chemistry 2024
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often suggests stronger interactions with the surrounding
environment, affording desired performance.

Obtaining the molecular weight of the grafted polymer
requires separation of the polymer from the MOF surface. For
covalently attached polymers, the most common practice is to
decompose MOF particles by adding reactive molecules, such
as acid and base.®” Yang et al. used sulfuric acid to digest the
MOF while keeping grafted PMMA intact.” The polymer was
grafted onto the surface of PCN-222 (denoted P1 in the paper)
by SI-ATRP. After dissociation from the MOF surface, the
solution containing the isolated polymer chains and MOF
debris was filtered so that polymer chains could be preserved
and analyzed by SEC. As shown in the SEC traces (Fig. 13a), the
retention time of the elutes decreases as the polymerization
time increases from 1 to 6 h, suggesting an increase in the
molecular weight. Based on the linear relationship of monomer
conversion (Fig. 13b), the living characteristics of the SI-ATRP
for this system was revealed. The reaction kinetics (Fig. 13c), on
the other hand, showed that the growth of PMMA was impeded
as the molecular weight increased and chain entanglement
occurred.

3.3. Grafting density

In addition to molecular weight, high grafting density also
ensures the ideal performance of polymer-grafted MOF

This journal is © The Royal Society of Chemistry 2024

particles in a medium. Theoretically, higher grafting density
would provide a denser polymeric interface that optimizes the
surface  polymer-matrix interactions through chain
entanglement.'”®" Measuring the grafting density (o) would
utilize the equation shown below:

_ Mpolymer Na Mpolymer * Na

Mpolymer -SA Mpolymer -sa- (mMOF,IOtal/pMOF : VMOF)

(1)

where m and M represent the mass and molar mass of the
respective compound, N, denotes Avogadro’s number, SA and
sa are surface area of all the MOF particles and one individual
MOF particle, respectively, and p and v are the density and
average volume of one individual MOF particle, respectively.
Eqn (1) is for simply calculating the number of polymer chains
divided by the overall surface area of all the MOF particles to
obtain polymer chains per unit area.>***'® Experimentally,
one can utilize thermogravimetric analysis (TGA) to determine
the mass of polymer mpoymer and the mass of MOF particles
myor- In the same work reported by Yang et al. described in
section 3.2, TGA was performed on pristine PCN-222, PMMA-
grafted PCN-222, initiator-modified PCN-222, and controlled
PMMA (Fig. 14). The difference of residual mass after complete
degradation between modified PCN-222 and PMMA-grafted
PCN-222 corresponds to the mass of grafted PMMA, which

J. Mater. Chem. C, 2024,12, 4562-4592 | 4577
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was 13.6 wt% of the overall weight. Using eqn (1), the grafting
density of this work was reported to be 0.18 chains per nm>.

3.4. Bonding type identification

The type of bonding between MOFs and polymers is another
important factor to be considered. Whether the polymers are
anchored to the MOF surface through a covalent bond, an ionic
bond, or through physical adsorption such as a hydrogen bond,
the stability and other properties of the polymer-grafted MOFs
can be significantly impacted. FT-IR spectroscopy, which mea-
sures the vibrational frequencies of different chemical bonds,
can be used to identify covalent interaction, because it can
decipher specific bonding structures, such as ester and amide
bonds, formed between the MOFs and polymers. 'H-NMR
spectroscopy is another option, as the protons near the newly
formed bond can have different chemical shifts in comparison
to its original state. Both FT-IR and 'H-NMR spectroscopy can
be used to identify hydrogen bond formation as well, since the
bond vibration and proton environment would be changed
after forming the hydrogen bond. X-ray photoelectron spectro-
scopy (XPS) provides insights into the electronic state of the
atoms at the MOF surface. Therefore, if the bonding formation
is associated with changes in the electronic state, e.g., the redox
reaction, XPS could potentially detect such events. In addition
to covalent bonding, another interaction to form polymer MOF
hybrid materials is via physisorption. Common physisorption
examples include hydrogen bonding, n-n stacking, and electro-
static interactions. Those interacting forces can improve the
interface compatibility between the two phases. Fotovat et al.
introduced the UIO-66-NH2/Urea-POP, where the urea
(-NHCONH-) from Urea-POP could form the hydrogen bond
with amine(-NH2) on the MOF linker and Zr-oxo cluster."*® FT-
IR showed a slight peak shift of N-H stretching from 3448 to

4578 | J Mater. Chem. C, 2024,12, 4562-4592

3440 cm™', which was attributed to the formation of the
hydrogen bond.

Although it is important to identify the bonding type
between MOFs and grafted polymers, most of the literature
does not document this feature, assuming that the bonding
type is as expected. The field would greatly benefit from an in-
depth investigation into the bonding nature of each grafting
approach to provide a better understanding of the interface.
The characterization techniques mentioned above serve as
reasonable starting points.

4. Applications

Grafting polymers onto MOF surfaces expands the scope of the
properties and applications of MOFs, not only for MOF powders
and suspensions but also as MOF-polymer MMMs. With a
polymer-engineered surface, MOFs are endowed with desirable
surface properties, such as hydrophobicity/hydrophilicity, var-
ious zeta potentials, stimuli-responsive dispersion, biocompat-
ibility, and tunable surface pore sizes. All of these surface
properties facilitate unique interactions with the surrounding
environment and afford unprecedented applications to
MOFs.?>?*7% Moreover, polymers at the MOF surface are able
to provide favorable interactions with the polymer matrix in
MMMs, giving rise to a void-free interface and defect-free
composites. Such an enhanced interfacial morphology creates
exceptional properties in comparison to non-functionalized
MOF MMMs. Thanks to the polymer-grafted MOF particles,
the weight loading of MOFs within a MMM can be maximized
(e.g., 88 wt%),*> further amplifying the functions brought by
MOFs. In this section, we highlight several widely used applica-
tions derived from the wunique properties of polymer-
grafted MOFs.

This journal is © The Royal Society of Chemistry 2024
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4.1. Biomedical applications

4.1.1. Bioimaging. Because of the high porosity, tunable
biocompatibility, and controllable surface properties, MOFs
have been utilized in various biomedical fields such as drug
delivery, bio-imaging and sensing. By grafting different poly-
mers onto the MOF surface, researchers can engineer biocom-
patibility and colloidal stability, and even provide novel
functions to the system. The use of polymer-MOF hybrids for
bioimaging has been reviewed elsewhere."*>'*" Herein, we
present several examples for polymer-grafted MOF particles
that show improved bioimaging functions.

One major bioimaging technique is magnetic resonance
imaging (MRI). MRI detects the characteristics of the hydrogen
nuclei of water molecules at the target area. Therefore, contrast
agents that can increase the relaxation rate of water are applied
to enhance the contrast between specific organs or tissues and
the surrounding environment.'*>"** The most commonly used
contrast agent is Gd-chelate compounds because of the shor-
tened longitudinal relaxation time (T1) and high longitudinal
relaxivity (r;, defined as the inverse of the relaxation time with
respect to the contrast agent concentration).'*'** A combined
decreased T1 and enlarged r; indicates high contrast MRI
results. In a study reported by Rowe and co-workers where they
synthesized polymer-grafted Gd MOF nanoparticles via the
grafting-to strategy (Fig. 15a), the authors studied the relaxation
behavior with respect to the characteristics of grafted
polymers.*® Both hydrophobic and hydrophilic polymers with
different molecular weights were attached to the Gd MOF
nanoparticles (Fig. 15b). The relaxation data T; were obtained
as a function of Gd*" concentration, and one example of the
data is plotted in Fig. 15c¢, corresponding to the last series in
Table 2. The slope of the linear fitting of the data yielded the
relaxivity, r;. The results are summarized in Table 2. PHPMA,
PNIPAM, PDMAEA, PPEGMEA, and PAA grafted Gd MOF nano-
particles increased the relaxivity in comparison to clinically
employed Manevist and Multihance, as well as unmodified Gd
MOF nanoparticles. The authors attributed this observation to
the increased water retention resulting from the grafted hydro-
philic polymers. Higher water retention facilitated more
favored interactions between the water molecules and Gd**
within the MOF framework. This phenomenon was also sup-
ported by the molecular weight effect, where relaxivity
increased with longer polymer chains and prolonged water
retention. In contrast, grafting a hydrophobic polymer PSty
on Gd MOFs drastically extended the relaxation time and
lowered relaxivity. Moreover, hydrophilic polymer grafted Gd
MOF nanoparticles exhibited a lower r,/r; ratio in comparison
to the control sample, which further suggested higher positive
MRI contrast signals. In a follow-up work, Rowe and co-workers
attached not only hydrophilic polymers, but also fluorescent
tag molecules onto a Gd MOF to achieve bimodal imaging
ability of MRI and optics.”” More recently, Wang and co-
workers grafted a multifunctional polymer, poly(N-(2-((2,2,2-
trifluoroethyl)sulfinyl)ethyl)acrylamide) (PFSAM), onto the
surface of ZIF-8 using the grafting-from method (Fig. 16).°
PFSAM, synthesized using the RAFT mechanism in situ,

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry C

: ) 5
7408 = 2, ¢ >
S - N\ p) :
u/\(l;" 7 O)U\,o s 2+
NAOVE A0V
RN 2 Y YN ? e
:g - S :g bow
o= 5 W S / § W
\ P ——— Vi
bes i i s Redccn wer Herpme e
v c Condtons. ¥
Regeat Unt of G MOF Nanoparicie RAFT Polymer Modfied Gd MOF Nancparticle
(b) 0 -t 0e*Oom PN - T s AT peyre
~
. NS Y 4
" A~ Y ]
A 7
A 0”0 o~ o 07 "oH
07 “NH 07 "NH [ A
. -OH ] o
N .
PHPMA PNIPAM PSty PDMAEA PPEGMEA PAA
(C) 70.0000 Magaedst
y=13438x+ 05783 R'=09998

PPEGMEA (19 542 gimal) Modified Gd MOFa
y=59.928x + 03262 R'=0.9997
PAA (10582 g/mol) Moddied Gd MOFs
Y= 2334x+ 03416 R’ = 09886

:

171 (msec”)

01 015 02 025 03 035 04 045 0s
Gd™ (mmoliL)

Fig. 15 (a) Grafting-to strategy to attach RAFT-synthesized polymers to
Gd MOF nanoparticles. (b) Chemical structures of various hydrophilic and
hydrophobic polymers studied. (c) Representative MRI signal of inverse
relaxation time versus Gd>* concentrations. Reprinted with permission
from Misty D. Rowe, Chia-Chih Chang, Douglas H. Thamm, Susan L. Kraft,
Joseph F. Harmon, Jr., Andrew P. Vogt, Brent S. Sumerlin, and Stephen G.
Boyes. Langmuir 2009 25 (16), 9487-9499. DOI: 10.1021/la900730b.
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exhibited excellent hydrophilicity and low-fouling properties,
making it a great candidate for bioconjunction and cell uptake.
The incorporation of PFSAM increased the aqueous stability of
ZIF-8 and imparted efficient delivery to the tumor cells. More
importantly, tumor cell was detected by the fluorinated polymer
via the °F MRI signal. The authors further loaded ZIF-8 with a
chemotherapeutic drug doxorubicin hydrochloride (DOX) and
zinc ions to effectively kill tumor cells.

Zimpel et al. also attached fluorescent-labeled grafted poly-
mers onto MIL-100(Fe) via grafting-to for in vivo fluorescence
imaging (Fig. 9 and Fig. 17).>° The fluorophore, Cyanine5
maleimide, was easily attached to the polymer Stp10-C through
the thiol group (the structure of Stp10-C can be found in Fig. 9).
The functionalized MOF nanoparticles aggregated at targeted
N2A cell surfaces after 24 h incubation, evidenced by strong
fluorescent signals (Fig. 17b). The polymer grafted MOF parti-
cles (red) also exhibited higher cell viability after 24 h in
comparison to unmodified MOF MIL-100(Fe) (blue) (Fig. 17c).
In another work, Tant and co-workers tested poly(phenylene
sulfide)-grafted terbium (Tb)-based MOFs (through grafting-
from) in terms of their luminescent properties under visible
light, showing the potential of using the MOFs as optical
sensors.*
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Table 2 Experimental relaxivity data for various MRI contrast agents

Contrast agent (s mM Y rp (s mMY) ralry
Magnevist 13.44 21.40 1.59
Multihance 19.45 30.44 1.57
Unmodified Gd MOF nanoparticles 9.86 17.94 1.82
PHPMA (5327 g mol—1) modified Gd MOF nanoparticles 17.81 25.77 1.45
PHPMA (10281 g mol—1) modified Gd MOF nanoparticles 32.94 44.85 1.36
PHPMA (19 370 g mol—1) modified Gd MOF nanoparticles 105.36 129.63 1.23
PNIPAM (5690 g mol—1) modified Gd MOF nanoparticles 20.27 29.73 1.47
PNIPAM (8606 g mol—1) modified Gd MOF nanoparticles 46.99 64.10 1.36
PNIPAM (17 846 g mol—1) modified Gd MOF nanoparticles 62.51 79.90 1.28
PSty (4802 g mol—1) modified Gd MOF nanoparticles 1.17 14.16 12.10
PSty (8972 g mol—1) modified Gd MOF nanoparticles 1.20 25.75 21.46
PSty (15245 g mol—1) modified Gd MOF nanoparticles 3.91 123.40 31.56
PDMAEA (15 120 g mol—1) modified Gd MOF nanoparticles 37.20 54.17 1.46
PPEGMEA (19 542 g mol—1) modified Gd MOF nanoparticles 59.93 81.55 1.36
PAA (10 888 g mol—1) modified Gd MOF nanoparticles 21.30 31.82 1.49

PHPMA = poly[N-(2-hydroxylpropyl)methacrylamide], PNIPAM = poly(N-isopropylacrylamide), PSty = polystyrene, PDMAEA = poly(2-(dimethylami-
no)ethyl acrylate), PPEGMEA = poly(((poly)ethylene glycol methyl ether) acrylate), and PAA = poly(acrylic acid).
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Fig. 16 (a) Synthetic procedure of making PFSAM-grafted ZIF-8 and
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functionalized ZIF-8 for MRI imaging and drug delivery. Reprinted with
permission from Qiaoyun Wang, Ye Yu, Yixin Chang, Xin Xu, Min Wu,
Gayathri R. Ediriweera, Hui Peng, Xu Zhen, Xiqun Jiang, Debra J. Searles,
Changkui Fu, and Andrew K. Whittaker, ACS Nano 2013 17 (9), 8483-8498.
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4.1.2. Biomolecule immobilization. In addition to bioima-
ging, polymer-grafted MOFs are able to capture and stabilize
enzymes and peptides to increase stability and resistance to
environmental conditions.*®”® Li and co-workers utilized ATRP
to grow hydrophilic polymethacrylic acid (PMAA) on the surface
of UiO-66. Because of the hydrogen bonding from the acrylic
acid moiety, the PMAA grafted UiO-66 was able to capture and
stabilize the pectinase enzyme. The MOF-captured enzyme
exhibited better stability in a wide range of pH environments
and at a wider range of temperatures in comparison to the free

4580 | J Mater. Chem. C, 2024,12, 4562-4592

enzyme (Fig. 18a and b). The PMAA functionality also provided
improved colloidal stability, further enhancing the durability
and recyclability of the immobilized enzyme (Fig. 18c and d).
Using a similar mechanism, Yi and co-workers developed PEI-
grafted ZIF-8 as an outer-shell for magnetic nanoparticles
(Fig. 12).°® The grafted PEI layer helped stabilize the core-shell
nanoparticle and enabled capture of phosphorylated and gly-
cosylated peptides.

4.1.3. Remarks. Thanks to their multifunctionality and
high porosity, MOFs have been proven to be powerful carriers
for bio-imaging and biomolecular immobilization. Various
reactive molecules can be attached to a MOF scaffold through
different mechanisms, providing sensitivity and functionality
for techniques such as MRI and fluorescence microscopy.
Polymer-grafted MOF particles are a powerful substrate to
interact with these reactive molecules. While pristine MOFs
are capable of encapsulating small molecules within the pores,
surface-grafted polymers bring more opportunities to specifi-
cally bind to different functional molecules, increase biocom-
patibility, and enhance colloidal stability.

4.2. Mechanical reinforcement

Mechanically reinforced polymer composites have been thor-
oughly investigated since they are ideal, light-weight materials
for the aerospace and automotive industries."””®"*° With the
addition of reinforcing fillers, the polymer matrix can exhibit
comparable mechanical strength as inorganic materials (e.g.,
aluminum and steel) at a much lower weight due to the low
density of polymers. Some common fillers are TiO, nano-
particles, carbon black nanoparticles, carbon nanofibers, and
graphene. However, one severe drawback for such particle-
reinforced polymer composites is the weak interfacial adhesion
between the particle filler and the polymer matrix. Such poor
interactions at the interface could cause particle aggregation,
defects upon deformation, and concentrated local stress, all of
which are detrimental to mechanical performance. Grafting
polymers onto the particle surface is an ideal solution because

This journal is © The Royal Society of Chemistry 2024
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Fig. 17 Fluorescence microscopy images of N2A cells after (a) 7 h and (b) 24 h incubation time in the presence of MIL-100(Fe)@Stp10-C nanoparticles.
The cells were incubated under a serum-containing medium and the inset images were 3D images single cells derived from stacked confocal
fluorescence microscope images. (c) MTT-plot of N2A cells after 24 h incubation in the presence of MIL-100(Fe)@Stp10-C (red) and MIL-100(Fe) (blue).
Reprinted with permission from Andreas Zimpel, Tobias Prei3, Ruth Réder, Hanna Engelke, Michael Ingrisch, Michael Peller, Joachim O. Radler, Ernst
Wagner, Thomas Bein, Ulrich Lachelt, and Stefan Wuttke, Chem. Mater. 2016 28 (10), 3318-3326. DOI: 10.1021/acs.chemmater.6b00180. Copyright 2016

American Chemical Society.

the surface polymer can provide a sufficient interaction with
the matrix polymer, resulting in a strengthened interface and
composite.

MOF-polymer composites present several advantages for
mechanical reinforcement including low weight loading (i.e.,
low density of MOF), high specific modulus, and good proces-
sability. Researchers have, therefore, utilized polymer grafting
to increase the mechanical properties of the MOF-polymer
composites. Wang and co-workers synthesized polyimide (PI)-
grafted UiO-66-NH, through the grafting-to strategy, and they

This journal is © The Royal Society of Chemistry 2024

manufactured void-free MMMs using PI as the matrix (synth-
esis in Fig. 6 and results in Fig. 19)."> TEM images of the
microtomed MMM thin slices without (Fig. 19A) and with
(Fig. 19B) grafted PI showed less dislocation of MOF particles
after PI grafting, manifesting the improved interface. The PI-
grafted MOF composite demonstrated improved interfacial
adhesion through polymer chain penetration as evidenced by
the mechanical measurements. The authors prepared a grafted-
MOF/2-pyrrolidone (NMP) suspension to discover the rheologi-
cal properties of the polymer-grafted MOF. As expected, a
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Fig. 18 Relative activity (%) of free and immobilized pectinase enzyme under various pH (a) and temperature (b). (c) Lifetime of free and immobilized
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Lei, and Zhongli Lei, Ind. Eng. Chem. Res. 2018 57 (2), 559-567. DOI: 10.1021/acs.iecr.7b03398. Copyright 2018 American Chemical Society.

pristine MOF/NMP mixture (Fig. 19C, black) displayed typical
liquid-like rheology, as the loss modulus (G”) was higher than
the storage modulus (G’). However, the PI-grafted MOF/NMP
mixture (Fig. 19C, red) was found to show a solid-like behavior
at a low shear strain (<7%) as G’ > G”. The mixture returned
to liquid-like behavior at a higher strain, as the strain was large
enough to disassemble the particle aggregates. The authors
attributed this observation to the strong interpenetration of
polymers at MOF particle surfaces which inter-locked the MOF
particles during low shear strain. The chain solidification was
revealed by Ty from Tano (= G"/(;) vs. temperature relation-
ship (Fig. 19E). The PI-grafted MOF (g-UiO) composite exhibited
the highest T, among the neat polymer and pristine MOF
composite (n-UiO). With a higher weight loading of the MOF
particle (9% vs. 5%), T, was further increased to 425 °C. Since T,
is directly related to polymer chain mobility, the PI-grafted
MOF again demonstrated an enhanced polymer—polymer inter-
penetration, which limited chain movement at the particle
surface. Furthermore, the grafted MOF displayed much higher
elongation-at-break at 5 wt% loading in comparison to all other
MOF-reinforced MMMs (Fig. 19F).

Liu and co-workers systematically varied the grafting density
and chain length to investigate the fracture behavior of
MOF-polymer nanocomposites (Fig. 20).>> By performing a

4582 | J Mater. Chem. C, 2024,12, 4562-4592

grafting-to approach, they were able to synthesize poly(alkyl
glycidyl ether)-grafted nanosized ZIF-8 (diameter = 50 nm),
which was then fabricated along with the PMMA matrix to
produce MMMs. Using high resolution TEM, the authors
probed the fracturing mechanism for various grafting condi-
tions. As depicted by Fig. 18 (left figure), a short polymer brush
length (5.7 kDa) with a high grafting density (0.35 chains per
nm?) gave rise to long cracks in the MMM upon fracturing,
indicating non-sufficient particle-matrix interaction and stress
dissipation. Such long cracks could easily propagate through
the material and cause fractures. As the brush length increased
to >34 kDa (middle figure of Fig. 20), the low grafting density
samples (0.14 chains per nm?) showed cavitation and shear
banding (a confined zone of excessive shearing strain and
plastic deformation) instead of large crazing behavior. It sug-
gested an improved fracturing mechanism, as the cavitation
and shear banding were able to constrain the internal strain.
The best toughening effect was observed for high brush length
and high grafting density (right figure of Fig. 20). A homoge-
neous crazing phenomenon was observed at the surface of each
of the grafted MOF particles, which allowed a uniform dissipa-
tion of stress and strain. The massive crazing distributed across
individual particles provided a noteworthy toughening effect.
The results presented a systematic control over the control of

This journal is © The Royal Society of Chemistry 2024
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toughness of MOF-polymer nanocomposites. A similar tough-
ening effect was achieved by Gao et al. where they utilized the
ROMP technique to synthesize surface-grafted MMMs with
strong interfacial bonding (synthesis procedure discussed in
Section 2.1.4.2)."""

This journal is © The Royal Society of Chemistry 2024

Surface-grafted polymer chains on MOFs bring extra rein-
forcement to the system in comparison to pristine MOFs. As
illustrated in this section, grafted polymers can entangle with
matrix polymers (or in some cases, provide bonding interac-
tions, such as a hydrogen bond) and thus, improve overall
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reinforced mechanical performance. The wide selection of
polymer chemistry approaches and MOF substrates generates
opportunities to strategically modify MOF surfaces. By control-
ling the polymer characteristics, such as molecular weight and
grafting density, different matrix polymer species and proper-
ties can be accommodated. Polymer chemistry at MOF surfaces
has provided researchers powerful tools to engineer the
mechanical properties of the system.

4.3. Stimuli-responsive reactions

One important characteristic of polymers is their dynamic
responsiveness to various stimuli such as pH and temperature.
Utilizing this dynamic change of polymer chain conformation
and properties, one can easily adjust the colloidal stability and
particle surface morphology to obtain different functions. Jiang
et al. grafted pH-sensitive poly(diethylamino ethyl methacry-
late) (PDEAEMA) onto the surface of palladium-loaded MOF-3
(PdA@MOF-3) (Fig. 21a) for dynamic catalysis.>® The polymer-
grafted MOFs facilitate the formation of Pickering emulsion to
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%: %% HCI
NaOH % %

a4

atey/

pH increase

perform Knoevenagel condensation-hydrogenation cascade
reactions, since the reactant was soluble in the oil emulsion.
The surface PDEAEMA was deprotonated in basic solution,
making the MOF particles hydrophobic. Therefore, the MOF
particles could serve as an emulsion stabilizer of toluene
droplets in water (Fig. 21a). As pH decreased, protonated
PDEAEMA made the MOF hydrophilic, and therefore, the
MOF particles remained in the water phase after toluene-water
phase separation. Such a phenomenon was proved by optical
and confocal microscopy images. The MOF-stabilized Pickering
emulsion was then tested for the cascade reactions of nitro-
benzaldehydes (Fig. 21b). A 95% yield was observed for para-
substituted nitrobenzaldehydes at room temperature for 3.5 h.
This unique system showcased a great example of pH-
controlled emulsion formation for efficient catalytic reaction
at the water-oil interphase where MOF particles resided. A very
similar strategy was demonstrated by Xie et al. where they used
poly(ethylene glycol methacrylate) as a pH sensitive surface
polymer to control the aggregation of Pd-loaded MOFs and
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Fig. 21 (a) Schematic illustration of Pd@MOF-3 stabilized Pickering emulsions under pH control. Optical and confocal microscopy images were
included to show the aggregation state of the particles. (b) Reaction scheme of Knoevenagel condensation—hydrogenation cascade reactions and the
catalytic performance results of the Pickering emulsions. Adapted with permission from Wei-Ling Jiang, Qi-Juan Fu, Bing-Jian Yao, Luo-Gang Ding,
Cong-Xue Liu, and Yu-Bin Dong, ACS Appl. Mater. Interfaces 2017 9 (41), 36438-36446. DOI: 10.1021/acsami.7b12166. Copyright 2017 American
Chemical Society.
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thus, catalytic reactions.*® At pH 9, the suspended MOF parti-
cles were able to catalyze reduction of 4-nitrophenol with a 2 h
turn over number of ~ 5. However, under acidic conditions, the
carboxyl group on the PEG became protonated and more
hydrophobic, resulting in particle aggregation and loss of
catalytic performance.

While pH-responsive polymers present a facile strategy to
manipulate reaction dynamics, the switching behavior requires
the introduction of additional acids/bases to a solution and
thus, is dependent on the stability range of the MOFs. Another
efficient method to control polymer conformation at a MOF
surface is through temperature, since certain polymer species
exhibit unique thermal responses. The most widely used ther-
mally responsive polymer is poly(N-isopropylacrylamide) (PNI-
PAM), which undergoes phase transition at a low critical
solution temperature (LCST, below which phase transition
starts).'> When the temperature increases above T, (32 °C),
PNIPAM in water changes from a coil conformational state
(dissolution) to a globule (aggregation) state, becoming inso-
luble in water. Such a low temperature phase transition is
extremely easy to achieve and not detrimental to most MOFs
and biological systems. This transition makes PNIPAM a pro-
mising candidate for thermally responsive functional moiety to
MOFs. Nagata et al. grafted PNIPAM onto UiO-66-NH, to
develop an on-off thermal switch on MOF surfaces (Fig. 22).*!
At room temperature (below 32 °C), the surface-grafted PNIPAM
maintained a coil conformation and helped stabilize the MOF
suspension in water. More importantly, the MOF surface was
exposed to the surrounding environment, creating an open
pore morphology at the MOF surface. When the temperature
increased above 32 °C, the polymer became a globule state and
closed the surface pores of the MOF. Such a dynamic variation
of the MOF surface made PNIPAM-grafted UiO-66-NH, an ideal
carrier for controlled drug delivery (Fig. 22c). To demonstrate
the application of this on-off switch system, they loaded the
MOF with different guest molecules and showed that the
molecules were able to be efficiently released at 25 °C but not
at 40 °C since the surface pores were closed. In addition to
PNIPAM, Liu and co-workers utilized a thermally switchable
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copolymer, poly[(methoxy ethoxy)ethyl methacrylate]-co-oligo
(ethylene glycol), to functionalize MIL-101(Al)-NH, (Fig. 3 and
Section 2.1.2.2).>* Since the copolymer exhibited LCST beha-
vior, the MOF particle dispersity in water was easily controlled
by varying the temperature. The control of polymer chain
conformation offers a facile route to manage the catalytic
reaction.

Even though a conventional MOF system often does not
have stimuli-responsiveness, grafting specialized polymers
onto the MOF surface can bring such properties. As shown in
the examples above, a variety of reactive polymer chains have
been attached to the MOF surface to make it responsive to heat
and/or the pH of a solvent. The grafted MOFs exhibit selective
catalysis, controllable colloidal stability, and targeted molecule
delivery. In the future, we anticipate that more ‘smart’ MOFs
will be designed and synthesized to bring unprecedent
opportunities.

4.4. Molecular separation

Owing to the high porosity and tunable pore sizes, one of the
most important applications of MOFs is their selective separa-
tion of small molecules such as CO,, N,, and dye molecules by
means of size selectivity. In order to expand the usability of
MOFs for separation applications, it is important to fabricate
MOF-polymer composites, such as MMMs or MOF-decorated
polymer fibers, where the polymers can serve as a matrix
platform to transport and stabilize MOF powders.>**>3%>3
However, attempts to combine MOFs and polymers into MMMs
inevitably reduce the accessible pore area due to the surround-
ing polymers. As illustrated in Fig. 23 by Cohen and co-workers,
the interface between the MOF and the polymer in a MMM
plays an important role in determining the gas pathway within
the composite.*> When the MOF has a favorable interaction
with the matrix polymer through an engineered MOF surface
(e.g., polymer grafting), the interface is optimized and the
gas molecules are forced to transport through the MOF, max-
imizing the advantages of the MOF’s high internal surface area.
In another scenario, the unmodified MOF surface repels
the matrix polymer chain due to the steric hindrance and
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(a) Schematic illustration of open—closed switching ability of PNIPAM-grafted UiO-66-NHo. (b) Synthetic processes to graft PNIPAM to UiO-66-

NH.. (c) Temperature-controlled release of three types of guest molecules loaded inside UiO-66-PNIPAM. Copyright 2015 Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. C, 2024,12, 4562-4592 | 4585


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tc03373b

Open Access Article. Published on 22 February 2024. Downloaded on 3/5/2026 5:33:19 PM.

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

(cc)

Journal of Materials Chemistry C

Ideal MMM

Gas Gas

View Article Online

Review

“sieve-in-a-cage” “plugged sieves”

Gas

Non-selective
bypasses

Blocked

pores

Fig. 23 Schematic illustration of different architectures of MOF—polymer MMMs. Reprinted with permission from Yuji Katayama, Kyle C. Bentz, and Seth
M. Cohen, ACS Appl. Mater. Interfaces 2019, 11, (13), 13029-13037. DOI: 10.1021/acsami.9b02539. Copyright 2019 American Chemical Society.

unfavorable interaction, creating voids around the MOF sur-
face. Such a ‘sieve-in-a-cage” architecture leads to non-
selective bypasses of the gas, and the porosity of the MOF is
not being utilized. The worst mechanism is the “plugged
sieves” configuration, where the surface of the MOF is com-
pletely blocked by the matrix polymer through polymer pene-
tration inside the pores. Therefore, all the pathways of the gas
molecules are impeded, and the MMMs essentially act as a
solid polymer membrane with poor transportation of any
compounds.

In the work reported by Katayama and co-workers, an ideal
MMM architecture was achieved by grafting PDMS onto MOF
surfaces and further cross-linking with a matrix polymer (Fig.
10a and 24).** The strengthened interface helped form defect-
free MMM, as seen in SEM images (Fig. 24e). UiO-66-allyl
MMM, UiO-66-allyl-PDMS MMM, and UiO-66-allyl-C MMM (C
stands for cross-linked) showed a drastically different surface
morphology. With pristine UiO-66-allyl MMM, severe particle
aggregation and heterogeneity were observed (Fig. 24c),
whereas PDMS-grafted UiO-66-allyl MMM exhibited less aggre-
gation, but still showed some notable defects at the MMM
surface (Fig. 24d). After cross-linking the surface PDMS with
matrix PDMS, a homogeneous and defect-free MMM was
obtained (Fig. 24e). The subsequent gas permeation measure-
ments revealed the effect of different architectures on CO,
permeability and CO,/N, selectivity (Fig. 24f). Pristine PDMS
(black circle) depicted a reasonable CO,/N, selectivity and low
CO, permeability because of the intrinsic free volume of the
polymer. After introducing unfunctionalized MOF UiO-66-allyl
(red circle), the permeability increased dramatically (~5 fold)
but the selectivity dropped by a factor of ~10. It demonstrated
that pristine MOF MMMs gave rise to a ‘‘sieve-in-a-cage”
architecture, with high defect levels and voids, which promoted

4586 | J Mater. Chem. C, 2024, 12, 4562-4592

non-selective bypasses. PDMS-grafted UiO-66-allyl MMM (blue
circle), on the other hand, showed lower permeability and
selectivity in comparison to pristine PDMS membranes, since
the surface of the MOF was blocked by polymers (plugged
sieves). The best performance was observed for surface cross-
linked MMM s (green circle) which resembled ideal MMMs. The
strengthened defect-free interface helped restore the selectivity
of the MOF and increased CO, permeability. Cseri and co-
workers also investigated the interfacial gap of UiO-series
MMMs for precise molecular sieving (Fig. 25).>* Three types
of amine-functionalized UiO MOFs (UiO-66-NH,, UiO-67-NH,,
and UiO-68-NH,) were studied, all of which were grafted with
PNIPAM for enhanced interfacial adhesion with the matrix
polymer. In comparison to pristine UiO-66-NH, MMM
(Fig. 25a), UiO-66-PNIPAM MMM (M66%) showed homogeneous
particle distribution and negligible defects at both the surface
and the cross-section (Fig. 25b and c). The authors performed
systematic experiments to investigate the rejection rate on
these MMMs with regard to organic compounds with various
molecular weights (Fig. 25d). Among the three PNIPAM-grafted
UiO MOFs (M66", M68", and M68), M66" displayed the shar-
pest transition from small MW to large MW compounds. It
indicated an accurate cut-off MW for separating different
compounds and thus the best sieving performance. The fact
that UiO-66 has the smallest pore size of the three MOFs gave it
advantages in separating compounds with various sizes. More-
over, all the PNIPAM-grafted MOF MMMs presented improved
rejection efficiency in comparison to unfunctionalized MOF
MMMs, highlighting the importance of the defect-free MMM
morphology.

Another excellent example was demonstrated by Wang and
co-workers (Fig. 26).*> Pl-grafted UiO-66 (g-UiO, Fig. 26) not
only exhibited reinforced mechanical properties (Fig. 19) but

This journal is © The Royal Society of Chemistry 2024
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(a) Photograph of a UiO-66-allyl-C MMM. (b—e) SEM images of MMMs. (b) Pure PDMS membrane. (c) UiO-66-allyl MMM. (d) PDMS-grafted UiO-

66-allyl MMM. (e) PDMS-grafted UiO-66-allyl-C MMM. All of the membranes were at 50 wt% MOF loading. Scale bar = 2 um. (f) Gas permeation
properties of these membranes (insets: enlarged view of 200-5000 barrer). PDMS membrane (black circle), UiO-66-allyl MMM (red circle), PDMS-grafted
UiO-66-allyl MMM (blue circle), and PDMS-grafted UiO-66-allyl-C MMM (green circle). Blue and orange triangles correspond to literature values.
Reprinted with permission from Yuji Katayama, Kyle C. Bentz, and Seth M. Cohen, ACS Appl. Mater. Interfaces 2019, 11, (13), 13029-13037. DOI: 10.1021/

acsami.9b02539. Copyright 2019 American Chemical Society.

also showed superior gas separation performance. Both of the
PlI-grafted MOF (g-UiO(27), where 27 denoted the MOF particle
wt%) and pristine MOF MMMs (n-UiO(27)) showed a higher
CO, permeability under the same pressure, in comparison to
the neat PI membrane (Fig. 26A). The MOF within the PI
membrane increased gas permeability by providing gas path-
ways through the internal pores of the MOF. More importantly,
the plasticization pressure, which is defined as the point where
the permeability increases with pressure, was increased from 9
to 11 to 17 bar for neat PI, n-UiO(27), and g-UiO(27),

This journal is © The Royal Society of Chemistry 2024

respectively. Since plasticization is an unwanted softening
effect, and higher plasticization is an indication of higher chain
entanglement, g-UiO(27) MMMs showed the most promising
performance resisting pressure effects. The surface anchored PI
was hypothesized to provide extra entanglement with the
matrix PI and thus limit the chain mobility. Fig. 26C and D
illustrate the gas separation performance for these samples
(x denotes different MOF wt% and from yellow to black the wt.%
increased) Compared to neat PI (white box), g-UiO(x) showed
a simultaneous enhancement in CO, permeability and CO,/N,

J. Mater. Chem. C, 2024, 12, 4562-4592 | 4587
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Rejection performance of the experimental results (dots) and fitted MWCO curves for MMM with PNIPAM-grafted UiO-66 (M66F), UiO-67 (M677), and

UiO-68 (M687). Copyright 2021 Royal Society of Chemistry.
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Fig. 26 (A) CO, permeability under increasing CO, pressure for neat Pl, 27 wt% grafted-MOF MMMs (g-UiO(27)), and 27 wt% non-grafted MOF MMMs
(n-UiO(27)). (B) Selectivity and CO, permeability at different MOF loading percentages in comparison to the modified Maxwell model. (C) CO,/N,
selectivity and (D) CO,/CH,4 selectivity with various CO, permeability under 3.1 bar and 35 °C. Neat PI (open square), g-UiO(x) (triangle) and n-UiO(x)
(circle) were shown. The colors of yellow, orange, red, and black represent 5%, 9%, 17%, and 27% of the MOF weight loading within the MMMs,
respectively. Reprinted with permission from Hongliang Wang, Sanfeng He, Xuedi Qin, Conger Li, and Tao Li. J. Am. Chem. Soc. 2018 140 (49), 17203—-
17210. DOI: 10.1021/jacs.8b10138. Copyright 2018 American Chemical Society.

or CO,/CH, selectivity. The results suggested that the interface
remained defect-free and an ideal MMM architecture (Fig. 23)
was maintained even though the MOF loading increased to
27wt%. For n-UiO(x), on the other hand, the CO, permeability
increased but the selectivity dropped significantly with higher
MOF loading. The loss of selectivity was an indication of a poor
MOF-polymer interface and the possibility of a “sieve-in-a-

4588 | J Mater. Chem. C, 2024, 12, 4562-4592

cage” architecture. Therefore, this work again demonstrated
the effect of an engineered interface on the polymer chain
mobility and the gas separation performance. In addition to gas
molecules, separation of dye molecules can also be achieved
using similar design criteria. Yao et al. synthesized PU-grafted
UiO-66-NH, based free-standing MMMs for dye removal and
selective separation, and their work also demonstrated the

This journal is © The Royal Society of Chemistry 2024
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significance of using polymer-grafted MOFs instead of unmo-
dified particles.*®

In summary, overcoming the defects and poor interfacial
properties of MOF-based MMMs is the key to simultaneous
enhancement of molecular selectivity and permeability. In
traditional materials, the trade-off between high selectivity
and permeability often limits the overall performance. When
more accessible ‘“‘gaps” are opened up, such as increased
polymer-free volume and membrane defects, the permeability
increases but the selectivity inevitably decreases because of the
extra molecule pathways. Introducing MOFs to a polymer
matrix can provide significant pathways for molecules and
potential selectivity, thanks to the high internal surface area
and tunable porous structure of MOFs. However, un-modified
MOFs often create undesired voids or polymer infiltration near
the MOF surface, which drastically reduces the selectivity. The
ability to prepare defect-free homogeneous polymer-grafted
MOF MMMs led to demonstrations of superior gas-separation
performance. Moving away from non-ideal architectures such
as ‘‘sieve-in-a-cage” and “plugged sieves”, ideal MMMs with
near-perfect MOF-polymer interfaces not only maintained the
gas selectivity based on the MOF pore sizes, but also brought
high permeability at low pressure. Hence, engineering the MOF
surface with favorable MOF-polymer interactions is a promis-
ing route for large-scale practical MMMs in the molecular
separation industry.

5. Outlook

In this review, we first outlined different synthetic approaches
to grow polymers from MOF surfaces using a grafting-from
approach. Grafted polymers on the MOF surface may suffer
from relatively low control over molecular weight due to the
nature of heterogeneous reaction. However, in situ polymeriza-
tion minimizes steric hindrance between polymer strands and
thus affords surface-grafted polymers at high grafting density.
However, the grafting-from strategy often requires catalysts,
organic ligands (e.g., EDTA to help dissolve metal catalysts),
and high reaction temperatures. This requirement could pre-
sent additional considerations when selecting a MOF due to
their structural stability under different conditions. In fact,
most examples discussed in this review explore Zr-based MOFs,
such as UiO-66, because of their excellent chemical and ther-
mal resistance. To expand the grafting-from strategy used for a
broader selection of MOFs, more universal polymerization
techniques that can proceed under mild conditions must be
developed. Photo-mediated polymerizations that can be per-
formed at room temperature represent a potential solution for
this hurdle,*®*°H102130131 1 the case of the grafting-to
approach, the low grafting density and long reaction times
due to the steric hindrance between grafting polymer chains
are the main limiting factors. Compared to other traditional
particles such as silica and metal nanoparticles, MOFs have a
lower surface functional group density and less anchoring sites
because of the porous framework architecture. Therefore, the

This journal is © The Royal Society of Chemistry 2024
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grafting-to efficiency for MOFs is inevitably lower than that for
other particles. Overcoming surface porosity and increasing the
grafting-to success rate are important future avenues. One
possible solution is to utilize a simple yet highly active chemical
reaction, such as click chemistry,*® to improve the surface
reaction efficiency. We categorized various applications of
MOFs specifically associated with surface-grafted polymers.
We showcased novel properties and functions, such as biocom-
patibility, MRI signal detection, interfacial adhesion, and
defect-free MMMs, enabled by grafting specific polymer archi-
tectures onto MOF surfaces. More importantly, the character-
istics of pristine MOFs, including gas separation ability,
catalytic reactivity, and crystallinity, were not disturbed and,
in some cases, enhanced upon polymer grafting. Therefore,
it is promising to look forward to future endeavors that can
combine the merits of MOFs and surface-grafted polymers.
One important direction is to enrich chemistry of MOFs
with new functionalities, such as photon absorptivity and
electron conductivity. Potential candidates include PCN series
(Zr-Porphyrin MOF) and 2D MOFs M;(HITP), (HITP =
2,3,6,7,10,11-hexaiminotriphenylene, M = Co, Cu, and Ni).
Grafting different polymers to a broader range of functional
MOF particles can certainly open up unprecedented opportu-
nities for both the MOF and polymer fields.
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