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Abstract: Polymers have become one of the major types of materials that are essential in our daily life.
The controlled synthesis of value-added polymers with unique mechanical and chemical properties
have attracted broad research interest. Metal-organic framework (MOF) is a class of porous material
with immense structural diversity which offers unique advantages for catalyzing polymerization and
oligomerization reactions including the uniformity of the catalytic active site, and the templating
effect of the nano-sized channels. We summarized in this review the important recent progress in the
field of MOF-catalyzed and MOF-templated polymerizations, to reveal the chemical principle and
structural aspects of these systems and hope to inspire the future design of novel polymerization
systems with improved activity and specificity.
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1. Introduction

Metal-organic frameworks (MOFs), constructed from inorganic nodes and organic linkers,
have emerged as a new class of hybrid materials ordered into two- or three-dimensional network [1,2].
MOFs with permanent porosity were first discovered at the end of the 20th century and have attracted
broad research interest over the past 2-3 decades, owing to their distinctive features including
their porosity, tunable function, and structural diversity [3-5], MOFs have unfolded enormous
potential for application in gas storage and separation [6-8], sensing [9-11], drug delivery [12-14],
sustainable energy [15-17], as well as catalysis [18-20].

Prior to the mid-1990s, researchers mainly focused on two types of porous materials, either purely
inorganic materials or carbon materials [21]. MOF is an unprecedented class of porous material that
combines the feature of both of the two types. Similar to zeolites, MOFs are generally synthesized
through hydrothermal or solvothermal methods, which allow for steady nucleation of crystal seed
from hot solutions [22]. However, MOFs utilize organic linkers to bridge metal clusters and form
two or three dimensional lattice [23], which offer greatly increase structural diversity than classical
porous materials. Zeolites have found broad application for catalysis in chemical industry owing to its
uniform porosity, but the types of reactions are limited to acid-catalyzed reactions [24]. MOFs also
feature uniform pores that preferentially interact with substrates with the proper shapes and sizes [25].
Moreover, both the inorganic node and organic linker allows for the introduction of various functional
group [26]. As a result, the catalytic function of MOFs are far beyond Brensted or Lewis acidity [27].
The structure and function for certain family of MOFs can even be customized and tailor-made [28,29].

These advantages of MOF catalysts have offered great promise for their application in
polymerization, which is an indispensable part of chemical industry [30-32]. Uemura et al. [33] reported
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the use of MOF to template the free radical polymerization of styrene (St) in 2005. Large numbers of
researchers have been especial interested in using MOFs to catalyze the polymerization reaction [34-36].
Classical catalysts for olefin polymerization are mainly heterogeneous catalysts such as the Ziegler-Natta
catalyst, which is favored for their low-cost, thermal stability, reusability, and ease for separation
from products [37-39]. Heterogeneous catalysts have developed rapidly in the past several decades
and have shown significant strength in controlling the branching and tacticity of polymers [40—42].
One remaining challenge is to build a catalyst system that can controlled the polymerization process
across the length of multiple monomers to achieve unique morphology, regioselectivity, and even
sequence specificity [43—45]. This level of control would allow the synthesis of polymers with greatly
enhanced structural complexity, to better fit our need in developing advanced biomedical materials.

This level of control over precise polymerization is constantly engaged in the biological synthesis
of macromolecules catalyzed by enzymes and ribosomes [46—48]. The precise chemoselectivity,
regioselectivity, and stereoselectivity allows for the conversion of inanimate substances into biopolymers
with sophisticated functions. Ribosomes are known as the molecular machinery for protein synthesis
in cells [49]. During the normal operation of ribosomes, the efficiency and accuracy of each reaction
process are related to the molecular recognition mechanism of mRNA, tRNA, and various translation
factors interacting with ribosomes [50-52]. Compared to classical heterogeneous and homogeneous
polymerization catalysts, which lacks sufficient structural complexity, MOFs have greater potential for
mimicking biological systems to achieve fully controlled polymerizations.

This review summarizes the recent advances in MOF-catalyzed polymerization, and grouped
literature in two main sections, including the unique MOF-based catalysts for polymerization without
templating effect (Figure 1A), and MOF-controlled polymerization through templating effect (Figure 1B).

o o~
A . | B
L o—rei-eo—e O —0—0—0-
il
R e e e MG ==
D e S W
>0 o w0
| | l |
e o o o ‘@ @ o @

Figure 1. (A) Metal-organic frameworks (MOFs) as catalysts for polymerization. (B) MOFs as templates
for polymerization.

2. MOF-Based Catalysts for Polymerization and Oligomerization Reactions

Although all parts of MOFs may be catalytically active through modification, inorganic nodes
as a structurally monodisperse and well-defined transition metal catalytic platform, have attracted
increasing attention. Notably, these secondary building units (SBUs) or clusters go through cation
exchange with structure retention, so transition metals can be introduced to adjust their catalytic
performance to achieve the desired application for catalysis. Compared to the strategy of physically
including catalytic complexes, it is easier to achieve catalytic polymerization with precise polymer
structure and stable morphology through the method of node modification. The incorporation of
catalytic metal centers could also be achieved through covalent linking to organic linkers.
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2.1. MOF-Catalyzed Polymerization through Organometallic Mechanism

2.1.1. Zirconium-Based MOF Catalysts

Farha and co-workers developed a Hf-NU1000-ZrBn catalyst (Figure 2A) [53] using well-defined
mesoporous Hf-NU-1000 as a scaffold, and adding organozirconium complex as a single-site zirconium
benzyl catalytic center with highly electrophilicity. The synthesized MOF catalysts are active for
the homopolymerization of ethylene and stereospecific polymerization 1-hexene. In addition, as a
single-component catalyst, there is no need to add activators or co-catalysts in the catalytic process
to generate coordination-unsaturated Zr center. The calculated CM5 charges and natural population
analysis calculations of species C revealed that the interaction between Zr and MOF SBU might be
more ionic than covalent, promoting the coordination of monomers to the electrophilic d° Zr center.
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Figure 2. (A) Synthesis and structure of Hf-NU1000-ZrBn catalyst. (B) Synthesis and structure of
ZrMe-BTC catalyst. Blank square indicates open coordination around zirconium.

In 2017, Lin and coworkers [54] developed a novel strategy to build multinuclear Zr catalysts
with unique electronic and steric properties for olefin polymerization. The catalyst is prepared
by exchanging the water and hydroxide group on the metal nodes with chlorides, followed by
alkylation with MMAO-12 to obtain ZrMe-BTC (Figure 2B). ZrMe-BTC is proposed to contain one
open coordination site around zirconium which allows for the coordination of alkene and subsequence
migratory insertion to achieve polymerization. It is worth noting that the MOFs still maintained
efficient activity at high pressures and high temperatures up to 140 °C.

2.1.2. Nickel-Based MOF Catalysts

Canivet et al. [55] proposed a novel post-synthetic functionalization of MOF linkers to generate
nickel-based MOF catalysts. Under mild conditions, organometallic nickel catalyst was fixed in
the cavity of the MOF in one pot. This method avoids the interaction of molecular catalysts with
another active site in close proximity, or with the surface of metal oxides [56]. They functionalized
2-aminoterephthalate with pyridine carboxaldehyde to generate N,N-chelating pyridine methanimino
group in the MOF cavity. In order to avoid the coordination of pyridine carboxaldehyde with the open
site on Fes(u3-O) SBU, the pyridine carboxaldehyde was first coordinated with nickel, followed by
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condensation with amino groups on the MOF linker (Figure 3A). The prepared nickel-based MOF
catalyst showed high activity and selectivity for the dimerization of ethylene.
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Figure 3. Proposed structure in literature for single-site metal catalysts for olefin polymerization,
including (A) Ni catalyst supported on Fe-MIL-101-NH,, (B) Niy(DOBDC), (C) Ni-MFU-4/, (D) Co-MFU-4l,
(E) V-MFU-4/, and (F) Cr-MFU-41.

Through previous research, nickel-doped zeolite can catalyze the polymerization of propylene in
the gas phase. However, both the activity of the catalyst and the degree of branching of the resulting
polymer are affected by the porous space near the Ni?* site. Catalysts with high activity tend to
give high branching of the oligomerization product. One way to produce linear oligomers with
low-branching is to confined the reaction in narrower channel, at the cost of reduced reaction rate [57].
In view of the shortcomings of nickel-exchanged aluminosilicate materials, Bell and Long et al. [58]
developed two metal-organic frameworks, namely Ni,(dobdc) and Ni,(dobpdc) (Figure 3B). Ni%* is
incorporated into the unique environment provided by the framework to maintain the high selectivity
of propylene oligomerization reaction in the gas phase with high catalytic activity. The produced linear
oligomers of propylene are potentially suitable for applications as diesel fuel and detergent.

Another type of nickel MOF was reported in 2016 by Dinca and co-workers [59,60] to
catalyze the dimerization of ethylene with high efficiency and selectivity toward 1-butene.
Conventional heterogeneous catalysts contained diverse types of active species, which made it
difficult to control the dimerization of ethylene [61]. Therefore, mainly homogeneous catalysts were
generally used to achieve ethylene dimerization with high selectivity. The coordination mode of Zn?*
and the surrounding bond angles and lengths are similar to those of the molecular analogue [TpMeSNi]*
complexes, which is a proven catalyst for ethylene dimerization (Figure 3C). One limitation with
this MOF catalyst is the low thermal stability, indicated by the marked drop of reaction rate at 50 °C.
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The research group also used density functional theory calculations, isotope labeling and mechanistic
probes to jointly prove the mechanism of NiMFU-4/ catalyzing the dimerization of ethylene. Itis proved
that operates through the Cossee-Arlman mechanism, which is also in line with the characteristics of
post-transition metal catalysts.

Afterward, Dinca group reported a nickel-CFA-1 which can replace nickel-MFU-4/ in industry to
catalyze ethylene dimerization with longer activity and lower cost [62]. The nickel-CFA-1 (Figure 3D)
activated by MMAO-12 achieved a turnover frequency of 37,100 h~! and a 1-butene selectivity of 87.1%
as well as maintained high activity after 12 h. Furthermore, the performance of the Nickel-CFA-1 was
scaled up in a one-liter semibatch reactor, it still showed great activity, affordability, and selectivity.

2.1.3. Cobalt-Based MOF Catalysts

In 2017, Dinca group [63] reported Co-MFU-4] as a heterogeneous catalyst with high
stereoselectivity (>99% 1,4-cis) for the production of 1,3-butadiene (Figure 3D). The low polydispersity
(PDI = 2) of the polymer, the easy recovery and low leaching of the catalyst indicate that the material is
a type of single-site heterogeneous catalyst with anti-interference structure. Co-MFU-4] was further
characterized by X-ray absorption spectroscopy to validate the coordination of Co(Il) center to the
tridentate N-donor ligands on the MOF SBU. The authors also synthesized a soluble cobalt complex
with similar structure to Co-MFU-4/ to provide rational understanding of the reaction mechanism
in solution phase. TpMesCoCl was synthesized as a close structural analogue accessible by metal
metathesis with TpMesTl. The mechanism for stereoselective polymerization and decomposition
pathway of the catalyst was well understood by studying the small molecule analogue.

2.1.4. Vanadium-Based MOF Catalysts

Vanadium catalysts have found little application in large-scale polymerizations in industry for their
poor stability, which leads to rapid deactivation during reaction process. However, vanadium metal
catalysts have high stereoselectivity in olefin polymerization. Dinca et al. [64] introduced vanadium
into MFU-4! through cation exchange to obtain a stable vanadium-based MOF catalyst that maintains
high activity for more than 24 h (Figure 3E). The catalytic polymerization proceeded with high turn-over
frequency up to 148,000 h™! and the obtained polyethylene featured low polydispersity (PDI » 3).

2.1.5. Chromium-Based MOF Catalysts

In industrial applications, chromium-based catalysts were used for polymerizing ethylene with
exceptional reactivity. But knowledge in the structure of the active catalysts and understanding of
reaction mechanism is still lacking. Therefore, Dinca and co-workers [65] synthesized a MOF catalyst,
through the exchange of inorganic nodes of MFU-4] with Cr(III) salt to obtain Cr(III)-MFU-4/ (Figure 3F).
No co-catalyst or solvent is needed in the catalytic process. The produced polyethylene has a low
polydispersity index (1.6) and a free-flowing granular morphology. The MOF catalyst in gas phase
polymerization has higher activity and lifespan than the slurry-phase method. The reaction time was
extended to 24 h with no obvious deactivation.

2.1.6. Lanthanide-Based MOF Catalysts

Studies have shown that neodymium-based MOF materials are able to effectively catalyze the
polymerization of isoprene [66]. Loiseau et al. [67] used different carboxylic acids as linkers to
hydrothermally synthesize four kinds of neodymium-based MOFs, solved the structure of the MOFs
with single-crystal X-ray diffraction. The water-free Nd(2,6-ndc)(form) (3) and Nd(form)s (4) combined
with aluminoxanes polymerize isoprene into cis-polyisoprene with high conversion (up to 88.7%).

In 2015, Visseaux et al. [68] doped another lanthanide element to the lanthanide MOF,
either europium or terbium, to introduce luminescence to the polymerization product. By changing
the ratio of Nd and Ln (Ln = Eu or Tb), the polymerization of isoprene leads to products with varied
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stereoselectivities [69]. In addition, luminescent cis-1,4 polyisoprenes were produced when Nd(form);
and Ln(form); added together as the catalyst (Figure 4).
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Figure 4. The structure of Nd(form); (A) and MIL-103(Nd) (B) pre-catalysts for polymerization [68].
Copyright 2016, American Chemical Society.

2.2. MOF-Catalyzed Polymerization through Radical-Chain Mechanism

2.2.1. Titanium-Based MOFs as Photocatalysts

Nguyen et al. [70,71] introduced a titanium unit as inorganic node to synthesize MOF-901,
which can polymerize methyl methacrylate under visible light (Figure 5). The polymerization product
has a low PDI of 1.6 and a high number-average molar mass of 26,850 g mol~!. In addition, the prepared
catalyst is easy to separate from the product and still has high efficiency after recycling. Subsequently,
the author improved MOF-901 by introducing a longer linker, 4,4’-biphenyl dicarbaldehyde containing
two benzene rings, as the connecting units to build MOF-902. The presence of the highly conjugated
backbone promotes the red shift of visible light absorption. The new MOF-902 has better photocatalytic
efficiency than MOF-901 for the polymerization of methyl methacrylate.
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Figure 5. Synthetic procedure (A) and the structures (B) of MOF-901 and MOF-902 [71]. Copyright 2016,
American Chemical Society.

2.2.2. Copper-Based MOF Catalysts

In 2016, Schmidt and his colleagues [72] presented a novel approach for atom transfer radical
polymerization by designing a Cu(Il)-based MOF named Cu,(bdc);(dabc). The Cu(ll) centers in the
MOF was reduced by amino compound to generate Cu(I) species as the activator for atom transfer radical
polymerization of various monomers, such as benzyl methacrylate, styrene, poly(4-vinylpyridine),
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and isoprene (Figure 6). Compared with the traditional catalysts that is simply made of copper halides,
the Cu(Il)-based MOF act as both the catalyst and the supporting ligand. Therefore, the complicated
synthetic process is greatly simplified by limiting side reactions between mixture of monomers,
ligands, and catalysts. In addition, considering the particle size of MOF catalyst is around several
hundred nanometers, it can be easily separated from the system by centrifugation and used in
other polymerization reactions. Subsequently, the research group use the Cu(ll)-based MOF to
catalyze the controlled radical polymerization of four nucleophilic monomers (4-vinylpyridine,
2-vinylpyridine, 2-(dimethylamino)ethyl methacrylate and methyl methacrylate) under visible light [73].
Nitrogen-containing monomers have a synergistic effect on polymerization by acting as reducing
agents under irradiation. Importantly, the molecular weight of the product can be adjusted by changing
the reaction time.
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Figure 6. The structures of Cu-based MOF and the mechanism for ARGET ATRP.

Miller et al. [74] used copper-exchanged zeolite, which can mediate oxidative polymerization in air
or ultrapure nitrogen (Figure 7). Inspired by the zeolite system, Marshall and his co-workers used MOF
to catalyze the oxidative polymerization of thiophene monomers without adding any external oxidant.
The reaction is carried out in two steps. First, oligothiophene monomers including terthiophene,
poly(3,4-ethylenedioxythiophene) and 2,2’-bithiophene are filled into the pores of copper-based MOF
(HKUST-1), presumably through hydrophobic interactions and coordination between thiophene
group with copper. Second, oxidants are added into the system to generate polymerization in
MOFE The afforded new types of nanomaterial structures may have potential applications as organic
electronics. This simple and convenient oxidation protocol has inspired subsequent researchers to
consider novel methods to generate MOF-guest molecules hybrid materials.

<o

% .
5‘ 9
o
S
Cu(ll) Cu(l) heterovalent
MOF
oligothiophene guest LMCT transition — radicol cation MOF-polythiophene composite

Figure 7. Schematic illustration of the host-guest composites of polythiophenes in HKUST-1 by the
direct reaction of adsorbed aryl monomers [74]. Copyright 2019, American Chemical Society.
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2.2.3. MOFs as Photo-Initiators for Radical Polymerization

Su group [75] studied the visible light-induced living radical polymerization using the Zr-based
MOEF, NNU-28 as photosensitizer (Figure 8A). These studies have shown that anthracene-based
NNU-28 can function as an effective photosensitizer in the photopolymerization of methacrylate by
reducing the Cu(II) complex to the activator Cu(I) complex in situ. The ATRP reaction mediated by
NNU-28 proceeds under controllable conditions, which conforms to typical controllable characteristics
of free radical polymerization. The prepared polymer has uniform polydispersity and good retention
of chain-end activities. The visible light-initiated polymerization studied in this paper shows that
photoactive polymers have broad application prospects in designed polymer synthesis.
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Figure 8. Scheme illustration of the mechanisms for MOF photo-initiated radical polymerization with
NNU-28 (A), NNU-35 (B), and Fe-MIL MOFs (C).

Xing group [76] has developed a MOF made from photoactive anthracene-derived bipyridine,
which can catalyze polymerization under visible light (Figure 8B). Subsequently, the prepared
NNU-35 MOF was studied using multiple technique, such as electron paramagnetic resonance,
steady state fluorescence, and single crystal X-ray diffraction. It has been shown that visible light
induces the formation of free radicals in MOF structure. So, the photocatalytic ATRP of methyl
acrylate monomer was realized by using MOF material as photosensitizer and the photo-reduced
copper as the radical initiator. The properties of polymerization products are consistent with those
of radical polymerization, including low polydispersity and high retention of chain-end activities.
Therefore, the immobilization of photoactive organic ligands is an achievable method to prepare new
MOF photocatalyst.

The Lalevée group [77] developed a photoinitiated system composed of highly porous Fe (I1I)-based
MOFs, iodonium salt, and N-vinyl carbazole (Figure 8C). The acrylate in the laminate can undergo
free radical polymerization driven by near UV (385 nm) or visible (405 nm) light. Under irradiation,
the MOF can initiate the free-radical polymerization of trimethylolpropane triacrylate when combined
with diphenyliodonium hexafluorophosphate and N-vinylcarbazole. When exposed to the air, it will
promote the cationic polymerization of the epoxides. The flexible microporous Fe (III) terephthalate
MIL53 stands out among the five MOFs, all of which have different chemical compositions and
framework topology. The final ring-opening polymerization conversion rate of the epoxide is 58%.
By introducing the MOF structure in situ during the photopolymerization process, polymer composites
with strong mechanical properties can be designed.

Qiao et al. [78] used glycine-modified MOF to mimic enzyme catalysts and react with hydrogen
peroxide to obtain hydroxyl groups as initiators for RAFT. Compared with natural enzyme catalysts,
the MIL-53(Fe) composite still has stability and catalytic activity at high temperatures (50 °C), besides,
it is non-toxic and easy to separate. The catalyzed polyacrylamides have ultra-high molecular weight
(Mn > 1 MDa) and low dispersion (PDI < 1.25). This research could inspire the future use of MOFs to
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mimic natural enzyme catalysis. Subsequently, combined with the previous work, their research group
reported Fenton-RAFT polymerization catalyzed by Fe(II)-MOF [79] (Figure 9).

HO, +H*

Fenton reaction

+ wg) Fe**+ OH™ + HO

Solvent, r.t.

Figure 9. (A) The mechanism for Fenton-RAFT polymerization initiated by hydroxyl radicals; (B) Chemical
structures of the employed trithiocarbonates (TTCs) and monomers. Copyright 2018, Royal Society of
Chemistry [78].

2.3. Cationic Polymerization with Acidic MOFs

According to previous reports, solid acid catalysts have been extensively used in industry, but it is
still difficult to verify the structure of Brensted acid sites at the molecular level [80]. Yaghi et al. [81]
used a series of spectroscopy, crystallography, and computational methods to explore the source of its
acidity. It is finally determined that the structure of the strong Brensted acid site in MOF-808-SO4 is a
hydrogen bond pair of water and chelated sulfate, which is composed of a specific arrangement of the
water and sulfate adsorbed parts on the zirconium cluster. Acidic protons are produced by hydrogen
bonding interactions. MOF-808-50, enabled the dimerization of isobutylene to isooctene with high
activity and selectivity, even with 100% selectivity for the C8 products. Furthermore, the reaction was
carried out for 15 days at 80 °C with no decreasing activity or selectivity of the catalyst. After the
material is dehydrated, it will lose acidity and reduce the catalytic activity which verifies the importance
of water for the strong acidity of the material. Therefore, when the catalyst is deactivated, it is only
necessary to replenish water molecules through solvent exchange and activation near the sulfate to
regenerate it.

Soon afterwards, Liu and Somorjai et al. [82] reported the use of S-MOF-808 to catalyze the
polymerization of light olefins (C3-C6) at mild temperature and pressure (Figure 10). Although the
structure of olefin is similar, different polymerization products obtained from various olefins, such as
dimers, isomers, and heavier oligomers. If the second carbon atom in the main carbon chain of the
olefin has an «-double bond and two substituents, then oligomerization will occur easily. In addition,
it is found that there is an effective carbon-carbon coupling between isobutylene and isoamylene,
which promotes the formation of carbon-carbon bonds. In order to verify that the reaction is via a
carbocation-mediated mechanism, unsaturated (vinyl) ethers were also used as substrates because
alkoxy groups can improve the stability of carbocations. Subsequent studies on the deactivation and
regeneration of the catalyst were carried out. The catalyst can be completely regenerated by steam
treatment, which is consistent with the previous report by Yaghi group [81]. This work is an important
progress for MOF-catalyzed olefin polymerization through carbocation mechanism.
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Figure 10. Structure of pristine MOF-808, sulfated S-MOF-808 [82]. Copyright 2019, American Chemical Society.
3. MOF-Templated Polymerization

As a common feature of porous materials, MOFs contain uniform cavities in the dimension of
nanometers, which could be used as templates for polymerizations. In many reports, MOF-templated
polymerization was achieved through covalent modifications of the SBU, or through the introduction
of catalytic species. The templating effect of MOF cavity was shown to modulate the chemical and
physical properties of polymerization product. This is a unique feature for catalysis in confined space,
that cannot be achieve using molecular systems. The size of pores can be controlled through rational
design of MOF host to obtain polymer with desirable morphology and branching, even in some cases,
sequence specificity. In the following context, we will introduce the use of MOF as templates to regulate
the polymerization through three categories of mechanisms (Figure 11).
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Figure 11. Summary of the polymerization reactions templated by MOFs. The types of the polymerization
reactions are classified by the reaction mechanism.
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3.1. MOF-Templated Polymerization with Morphology Control

3.1.1. MOF-Templated Electrochemical Polymerization

Based on previous reports, two-dimensional (2D) porous polymers with conjugated organic
ligands are conductive, which include lamella covalent organic frameworks, electroactive organic
frameworks [83], and conjugated microporous polymers. Although these conductive polymers have
good redox properties, the low conductivity caused by the inefficient accumulation or low charge
density of the p-system limits its application. Ben and Qiu et al. [84] first reported the use of MOF as
a template to catalyze the synthesis of polyaniline under electrochemical conditions. The obtained
3D microporous conductive polymers have both high porosity and conductivity. MOF thin film
(HKUST-1) displays high conductive and electroactive properties (electric conductivity of 0.125S cm™1),
because the imine group in polyaniline combines with the carboxyl group in the MOF can transfer
electrons to the porous membrane layer.

The conductivity of polyaniline generated by the electrocatalysis of HKUST-1 film cannot be
measured in situ. In order to solve this problem, Klyatskaya et al. [85] added 1-hexyne monomer to the
Cu-based MOF and performed potentiostatic polymerization in the 1D channel (Figure 12). The film
was deposited on the prepatterned substrate through a layer-by-layer process and was detected in situ,
without the need to separate the conductive polymer. The combination of the MOF with the conductive
component improves the electrical conductivity of the composite material, which is increased by
8 orders of magnitude. Analysis using mass spectrometry verified that polyacetylene oligomers were
formed by electropolymerization in MOFs.
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Figure 12. (A) Schematic showing the Cu(BDC) crystal structure grown along the [001] direction on a
MHDA SAM. (B) Schematic showing the polymerization inside the nanochannels of SURMOEF-2. (C) The
setup of electrochemical cell. (D) Scheme showing the polymerization reaction of monosubstituted
alkyne (1 hexyne, C6H10) [85]. Copyright 2020, American Chemical Society.

Ballav et al. [86] successfully synthesized semiconducting nanocomposites by loading conductive
polypyrrole (PPy) and poly 3,4-ethylenedioxythiophene (PEDOT) chains in the cavities of a porous
zirconium-based MOF (UiO-66). This strategy lead to significantly higher electrical conductivity
and lower thermal conductivity. PPy and PEDOT were confirmed to exist in UiO-66-PPy and
UiO-66-PEDOT nanocomposites respectively by Raman and FTIR. According to PXRD and HRTEM
detection, successful retention of the MOF structure and incorporation of the polymer fibers to the
interstices of the frame were showed separately. The protocol provided a novel way for the synthesis
of semiconducting nanocomposites with ultra-low thermal conductivity.

3.1.2. MOF-Templated Polymerizations through Redox Mechanism

The intercalative polymerization of pyrrole (Py) through oxidative polymerization in a redox-active
layered coordination polymer was reported by Kitagawa in 2008 [87]. The crystallinity and
morphology of the coordination polymer was retained after templating the polymerization reaction.
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They manufactured oriented polymer microplates by taking advantage of the two-dimensional
restriction of polymer chains in nanocomposites. The strategy will stimulate the development of 2D
MOF with open structures for application in templated synthesis as reaction vessels and templates.
MOF-templates thus provided a new way for redox polymerization to synthesize polypyrrole with
unique morphology.

MOFs were generally known to be non-conductive. In 2016 Uemura and Kitagawa’ groups [88]
reported a PCP/PEDOT conductive composite with relatively high porosity. PEDOT was synthesized
by oxidative polymerization of DOT in the pores of a three-dimensional MOF MIL-101(Cr) and
contributed to the conductivity of the composite. The conductivity of the material could be modulated
by changing the amount of the monomer added or the porosity of the MOF. Importantly, PEDOT could
be used as a selective detector for NO; in the air. Introducing PEDOT into MOFs improved their
function for gas detection with higher sensitivity.

Polythiophenes without substitution groups possess long-range conjugation, therefore exhibit
unique optical and electrical properties. However, inevitable interchain interactions make them difficult
to dissolve or melt. To overcome this problem, Uemura and Kitagawa group [89] adopted MOF
[La(BTB)]y to control the polymer assemblies (Figure 13A) by performing oxidative polymerization
in the regular 1D channel of the MOF. They unprecedentedly controlled the number of polymer
chains. Moreover, varying the number of polythiophene chains would alter the optical and electronic
properties of the materials. Compared to the polythiophene prepared by solution polymerization,
the anisotropic polymer particles has higher conductivity owing to the extended conjugate system [90].
The arrangement of macromolecules could amplify the properties of polymer materials. This method
was promising to be applied to many other non-processable polymers to obtain potentially useful but

not yet explored properties (Figure 13B).
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Figure 13. (A) Scheme showing the unsubstituted polythiophene inside the 1D nanochannels of La(BTB).
(B) Scheme showing the polymerization inside the nanochannels of MOF [89,90]. Copyright 2019 by
John Wiley & Sons, Inc. and 2017, Royal Society of Chemistry.

3.1.3. MOF-Templated Radical Polymerization and Click Polymerization

Subsequently, Schmidt group [91] proposed a new method for polymer synthesis through
the combination of the porous MOF structures with reversible deactivation radical polymerization
techniques, such as the connection of activator regenerated by electron transfer atom transfer radical
polymerization to MOF. The narrow nanochannel of Zn;(benzene-1,4-dicarboxylate),(1,4-diazabicyclo
[2.2.2]-octane) is used as the template for the polymerization of various methacrylate monomers
(benzyl, methyl, ethyl, and isobornyl methacrylate), resulting in the polymer being able to adjust the
dispersion, function and viscosity of different molecular sizes (Figure 14). In order to further improve
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and strengthen the influence of the initiator functionalized ligand on the polymer, by combining the
initiator functionalized ligand Brbdc co-crystallized. The initiator-functionalized MOF was synthesized
in various proportions (10%, 20%, and 50%). The ARGET ATRP is directly activated from the wall
of the nanochannel via the embedded initiator. The molecular weight of the obtained polymer is
as high as 392,000. In addition, significant improvements in terminal function and steric control
were observed, giving the polymer a significant increase in isotacticity. This result highlights the
combination of MOF and ATRP, which is a significant potential and versatile method with significant
potential for the production of various polymers with high molecular weight. These polymers have
superior performance in chain length, microstructure and retention of chains.
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Figure 14. Scheme showing the ARGET ATRP in the nanochannel of MOF for the synthesis of
well-defined polymers [91]. Copyright 2018, American Chemical Society.

Schmid et al. [92] reported in 2017 that MOF [Zn;y(bdc),ted], was used as a template for
reversible deactivation radical polymerization (RDRP) and reversible addition-fragmentation chain
transfer polymerization in its nanochannels. By using different molecular sizes of vinyl ester which
is vinyl acetate, vinyl propionate and vinyl butyrate, the effect of size on radical polymerization
was investigated. The results showed that as the monomer size increased, the conversion rate,
molecular weight, and crystallization decreased. This is the first time that MOF has been applied to the
RDRP field.

In 2020, Xing et al., synthesized two zirconium-porphyrin MOFs with csq topology,
using Zrg-clusters as the SBU and porphyrin tetracarboxylate ligands (H,TCPP or Zn-TCPP) as
the photosensitive units. Irradiation of visible light induces charge separation and migration, thus the
zirconium-porphyrin MOF can activate Cu(ll) to initiate the polymerization of methacrylate through a
single electron transfer process. The prepared polymer has a uniform distribution of molecular weight
and high retention of chain-end groups [93].

Kokado and Sada et al. [94] reported that two different monomers were copolymerized step by step
assisted by the templating effect of MOFs. First, the crystalline A monomer is fixed in the ZnAz MOF
frame, the B monomer can enter through the pores of the MOF in the solution and copolymerized to form
a linear polymer. After the ZnAzMOF is eliminated in CL2 (Figure 15), the obtained polymer has the
same unit structure as the polymer produced by solution polymerization, but is not significantly affected
by the consumption of monomer reaction site and apparent stoichiometry of the monomer. Moreover,
polymer with different degrees of polymerization is affected by the arrangement of the monomers
in the ZnAzMOF, which opens up a new way to design a predictable degree of polymerization by
changing the arrangement of the monomers.
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Figure 15. (A) Scheme showing the polymerization of Aztpdc and CL2 by the azide—alkyne click
reaction. (B) Scheme showing the polymerization of Aztpdc and CL2 in ZnAzMOF to obtain linear
polymer. The appearance of ZnAzMOF (left) and ZnAzPMOF (right) by optical microscopy images [94].
Copyright 2019 by John Wiley & Sons, Inc.

3.1.4. MOF-Templated Polycondensation

Yuichiro Kobayashi et al. [95] synthesized the polysaccharide within the three-dimensional
nanochannel of HKUST-1 and effectively controlled the porosity and particle size of the polysaccharide
(Figure 16). The resulting material has larger specific surface area and higher loading capacity for
drug molecules and proteins. Polysaccharides obtained by the MOF-templated polymerization is not
only effective in drug release, but also effective in adsorption and filtration, and can be used as an
immobilized carrier.
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Figure 16. Scheme showing the polymerization of porous polyglucose using MOF HKUST-1 as the host
matrix. View of three-dimensional nanochannels of HKUST-1 displayed using a space-filling model
(O, red; C, gray; Cu, blue) [95]. Copyright 2017, American Chemical Society.

Polysilanes are a kind of polymer that exhibit unique optical and electrical properties. Due to the
delocalization of o-electron, polysilanes possess high mobility of charge carriers and high fluorescence
quantum yield, which is influenced by the conformation of the main chain to a large extent. Besides,
Si-Si bond is easy to cleave under UV irradiation to produce silyl and silylenes, which lead to the
formation of less conjugate structure. By directly encapsulating polymethylpropylsilane into the
nanochannels of a series of aluminum MOFs, Uemura and Kitagawa group [96] successfully isolated
single polysilanes chains which is difficult to achieve using conventional methods. Importantly,
the conformation of the isolated chains could be controlled by varying the channel environment
of the MOFs, thereby generating polysilanes with better carrier mobility than the bulk material.
In addition, photodegradation of the polymers under UV could be avoided. The nanochannels keep
the intermediates formed through the cleavage of Si-Si bond away from oxygen and stabilize the
intermediates for recombination.
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3.2. MOF-Templated Sequence-Specific and Crosslinking-Specific Polymerization

The polymers obtained through solution chemistry has the locked conformations and physical
entanglements owing to the different vinyl monomers copolymerization in a topologically disordered
fashion. In 2013, the Kitagawa group [97] reported a reactive scaffold to reveal the reactive portion of
the inner surface of the micropores and to create crosslinking sites between specific polymer chains.
In this way, the newly synthesized polymer materials show unconventional properties. Host—guest
cross polymerization has thus been studied as a new way for the synthesis of crosslinked polymers
with pseudo crystallinity. First, the crosslink keeps the main chain at a defined distance in the register
and is fully integrated into the pseudo crystalline state. Secondly, pseudo-crystallinity is an amorphous
polymer chain which is not resistant to crystallization when it exists. Third, polymer chains are
permanently aligned in parallel by bundling adjacent chains together. Finally, the precise sequence of
MOF hosts is transferred to polymer materials at both molecular and morphological levels. In addition,
the retainment of crystallinity and its stability at high temperatures offer the potential of improving
the mechanical and thermal properties of polymer materials. Therefore, this strategy can be widely
applied to polymerize vinyl monomers in MOFs that provide suitable ligands, resulting in a series of
polymer materials endowed with functional properties and highly anisotropic structures.

It is a challenging research subject to design the sequence of monomers in polymers. In this
field, the free-radical polymerization to obtain the vinyl copolymers faced severe challenges. In 2018,
Uemura group [98] reported the strategy to utilize the periodic structure of MOF as a template to
generate the sequence-regulated vinyl copolymers. Mixing of styrene-3,5-dicarboxylic acid (S) and Cu?*
leads to a [Cu(styrene-3,5-dicarboxylate)],, in which the styryl groups immobilized periodically along
the one-dimensional channels (Figure 17). After the hole of MOF was introduced the acrylonitrile (A),
inside the channel happening the radical copolymerization between the immobilized S and A. Following,
the MOF is decomposed to isolate the copolymer. The monomer composition, theoretical calculations
and NMR spectroscopy conformed the predominantly repetitive SAAA sequence. The copolymerization
of methyl vinyl ketone also provided the same type of sequence-regulated copolymer, suggesting that
the method has the capability to control copolymer sequences at the molecular level by transcriptional
MOF cycles.
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Figure 17. Scheme showing the sequence-regulated radical copolymerization using MOFs [Cu(styrene-
3,5-dicarboxylate)], [98]. Copyright 2018, Nature Publishing Group.

3.3. MOF-Templated Regioselective and Branching-Selective Polymerization

The specific interaction sites on and in nanochannels, Therefore, functionalized MOFs have been
regarded with useful catalytic applications in polymer and organic synthesis. For the advantage
of being able to accelerate reactions, regulate and control reactions (stereoscopic and regional
control), and substrate specificity, which are analogous to enzyme reactions in biosystem. In 2006,
Kitagawa and collaborators [99] reported the truly designable MOFs [Cuy(pzdc),(L)]n providing
specific basic interaction sites in nanochannels, accelerating the stereoscopic control and monoselective
polymerization of substituted acetylene. This strategy will promote the development of hybrid MOF
materials. On the other hand, a novel host/guest nanostructure for fundamental study and applications
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of these polymers possessing MOF filled with mt-conjugate. Subsequently, his group [100] continue
designed nanochannels of MOF with different pore sizes and applied them to topotactic selective
radical polymerization of divinylbenzenes (Figure 18). Studies have shown that large channels would
cause branching, while small channels would cause limited adsorption of monomer, only the proper
channel size can polymerize selectively olefins.
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Figure 18. Mechanism of the nanochannel-effected polymerization in MOFs [Cu,(pzdc)(L)]n.

Uemura et al. [101] successfully prepared a series of MOFs [Cuy(L),(ted)]n by introducing
different kinds of substituents to the organic ligand L (L = dicarboxylates ligands) to regulate
the radical polymerization of MMA. The most favorable characteristics of MOF was the ability of
surface functionalization through different substituents. The number and location of substituent
groups strongly affected the tacticity of the PMMA. Moreover, the authors observed the remarkable
effect of substituents on the stereoregularity of PMMA via experimental and theoretical analysis,
mainly including N, adsorption, IR, a statics study, and molecular dynamics calculations. It is worth
noting that tacticity of PMMA greatly changed owing to the specific channel shape of 20Me (narrow,
regular, and helically twisted channels).

In the free radical polymerization of vinyl monomers with two functional groups, regardless of
bulk polymerization or solution polymerization, it is difficult to avoid cross-linking reactions to obtain
insoluble polymers. The current solution to this problem is to reduce the product of monofunctional
polymerization, which is designed according to the structure of the monomer. But it follows that
this method, non-conjugated structure leads to a low degree of polymerization. Uemura et al. [102]
used the narrow nanochannels in the MOF as a template polymerize 1,6-diene to form a soluble linear
polymer, which can inhibit side reactions such as chain transfer and chain termination (Figure 19A).
Furthermore, the pore structure of MOFs can be functionalized by different kinds of organic ligands to
control the morphology of polymers. Subsequently, the Uemura and Kitagawa group [103] used MOF
for the polymerization of glucose. By the same mechanism, the nanochannel of MOF effectively limits
the side reaction of branching to obtain quasi-linear polyglucose (PGlc) (Figure 19B).

As mentioned above, the metal at the inorganic site affects the selectivity of olefin polymerization.
Weckhuysen et al. [104] proposed that the linker and pore structure also play a key role. They used
MIL-100 and MIL-101 MOFs with the same metal and topological structure to polymerize olefins,
but only the latter has catalytic activity. Scanning electron microscopy studies showed that the
structure of MIL101 completely collapsed after adding organoaluminum co-catalyst which cleaves
Cr—O bonds to generate alkylated Cr species. These species are responsible for catalyzing the formation
of amorphous polyethylene beads. XRD research shows that MIL-100 is still crystalline after adding
organoaluminum catalyst and has high stability against fragmentation, so it does not have the activity
of catalyzing olefins. In-situ infrared spectroscopy and ultraviolet-visible-near-infrared spectroscopy
showed that different metal oxides form different reduction and alkylation chromium sites on inorganic
sites, which shows the importance of linkers in synthesis catalysts. They found a new influencing
factor on the selectivity and activity of MOFs to catalyze olefin polymerization, which is conducive to
the synthesis of MOFs with high performance.
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Figure 19. (A) Scheme showing the polymerization of 1,6-diene in MOF channel and in bulk or solution.
(B) Polymerization of AGlc in bulk, solution, and 1D nanochannels of MOFs [102,103]. Copyright 2014,
American Chemical Society.

4. Overview and Outlook

In this review, we summarized the application of MOF for oligomerization and polymerization
reactions into two categories. The first category summarizes the use of various MOFs with catalytically
active reaction sites to catalyze polymerization, the other is the use of MOFs to provide confined
space with specific sizes and shapes to control polymerization. First, MOF catalyze polymerization
and oligomerization mainly through three types mechanisms, including organometallic, radical and
cationic mechanisms. For polymerization through organometallic mechanism, we organized the
section into MOF catalysts with different types of metal active sites, including Zr, Ni, Co, V, Cr, and Ln.
In addition, MOF can initiate radical polymerization as photocatalyst, photo-initiator, or host of
photocatalysts. For cationic polymerization, acidic or superacidic MOFs were shown to effectively
catalyze polymerization reactions. The second half of our review described the use of MOFs as
templates to control polymerization, over various properties including morphology, regioselectivity,
and even sequence specificity. The straightforward strategy is to synthesize polymers with specific
morphologies, either as 1D fibers, 2D plates, or 3D porous structures, through the templating effect of
MOF channels. More interestingly, the hydrophobic confinement effect, in combination with various
polar interactions between monomers and the MOF channel, polymerization could be fine-tuned to
control branching, regio- and stereo-selectivity, and even in scarce examples, sequence specificity.

Moving forward, what is the next goal for MOF-catalyzed and MOF-templated polymerization?
In view of all the established achievements in this field that we summarized in this review, we believe
that MOF-templated polymerization with sequence specificity is the direction that is underexplored,
yet with great potential applications. If we look the mechanism for the ribosomal synthesis of protein,
we immediately realize that MOF-catalyzed or templated polymerization still have a long way to
go toward the ultimate goal of sequence-specific polymerization. The main function of ribosomes
are to translate the sequence of nucleotide into the sequence of amino acids, therefore, to construct
protein polymers from 20 types of amino acid monomers. This can be related to the aforementioned
synthesis of sequenced polymers through MOF catalysis. Ribosomes use large conformational changes
to quickly and accurately identify suitable tRNAs and align them for the sequence-specific formation
of amide bonds (Figure 20A).
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Figure 20. (A) The schematic representation of the mechanism for ribosome-catalyzed sequence-specific
polymerization of amino acids. (B) An outlook of the challenging goal of MOF-templated
sequence-specific polymerization using multivariate MOF.

MOF shares at least three similar features to the ribosome, which make MOF the ideal candidate for
achieving sequence-specific polymerizations. Firstly, both MOF and ribosome catalyze polymerization
in confined space, which allows the catalyst to take advantage of the synergistic action of various
non-covalent and covalent interactions to align different monomers. The accurate and tunable
nanochannel in MOF have the potential to be accurately designed to control polymerization. Secondly,
with the continuous development of multivariate MOFs (MTV MOFs), [105-108] the conventional
periodic structure could now incorporate structural diversity with sequential information (Figure 20B).

The design of ribosome-mimetic MOFs for sequence-specific polymerization also resonance
with the ongoing research interest in the design of enzyme-mimetic MOF catalysts. The weak-field
coordination environment around the metal centers in the SBU, the customizable and shape-specific
pores and channels of MOFs, and the hydrophobicity of aryl linkers all indicated the similarity between
MOFs and biocatalysts [109]. For example, the zinc centers in MOF SBU was studied to mimic carbonic
anhydrase [110]. MOFs have also been designed as hydrogen-bonding catalysts by introducing urea and
thiourea into the MOF channel, which mimics the function of arginine [111-114]. Multiple other works
have reported the use of MOF catalysts mimic phosphotriesterase, cytochrome P450, hydrogenase to
function as catalysts for hydrolyzing nerve agent simulants [115], transporting oxygen [116], and for
generating hydrogen [117-119]. Following similar strategy of biomimicry, future research in
MOF-catalyzed and MOF-templated polymerization could design and synthesize ribosome-mimetic
MOFs. This goal is still a fantasy but could be realized with continuous and collaborative efforts toward
the development of multivariate MOFs with built-in sequential information. Such sequence-specific
polymerization has great potential for the synthesis of advanced polymers.
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Abbreviations

1D one-dimensional

2D two-dimensional

2,6-ndc 2,6-naphthalenedicarboxylate

3D three-dimensional

ATRP atom transfer radical polymerization

bdc para-terephthalate, or 1,4-benzene dicarboxylate

BTB 1,3,5-benzentrisbenzoate

Brbdc 2-(2-bromo-2-methylpropanamido)-1,4-benzenedicarboxylate
CFA-1 Zn5(0OAC)4(bibtz)s

dabco 1,4-diazabi-cyclo[2.2.2]octane

DOT dioxythiophene

DNA deoxyribonucleic acid

form formate

H,BTDD bis(1H-1,2,3-triazolo[4,5-b],[4’,5’-1])dibenzo[1,4]dioxin)
MOF Metal-organic framework

MMAO-12 methylaluminoxane-12

MFU-41 Zn5Cly(BTDD);

MMA methyl methacrylate

mRNA messenger RNA

NMR Nuclear Magnetic Resonance

Niy(dobdc) dobdc = 2,5-dioxodo-1,4-benzenedicarboxylate; Ni-MOF-74
Nip(dobpdc) dobpdc = 4,4’-dioxodo-[1,1’-biphenyl]-3,3’-dicarboxylate
ox oxalate

PPy polypyrrole

PEDOT poly 3,4-ethylenedioxythiophene

PMMA poly(methylmethacrylate

PDI polydispersity

pzdc pyrazine-2,3-dicarboxylate

PGlc polyglucose

RAFT reversible addition-fragmentation chain transfer

SBUs secondary building units

TpMes HB(3-mesitylpyrazolyl)s

ted triethylenediamine

tRNA transfer RNA

TTCs trithiocarbonates

uv ultraviolet

XRD X-ray diffraction

Zn5(bdc),(dabco) Zny(benzene-1,4-dicarboxylate);(1,4-diazabicyclo[2.2.2]-octane)
ZrMe-BTC Zr6(13-0)4(p13-OLi)4Meg-benzene tricarboxylates
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