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1. Introduction

Polyolefins are the most widely used syn-
thetic polymers, in which polyethylene 
as an example was consumed more than 
105 million tons worldwide in 2020. Since 
the pioneering work by Ziegler[1] and 
Natta[2] in the 1950s, polyethylenes and 
polypropylenes have been produced using 
coordination polymerizations at low tem-
peratures and low pressures other than 
radical polymerization,[3–6] which became 
a remarkable milestone in the polyolefin 
industry. Besides, innovated by the sem-
inal work of Kaminsky[7] in 1975, the appli-
cation of single-site metallocene catalysts 
in olefin polymerization unlocked a new 
era of high-performance polyolefins. Met-
allocenes (Figure 1A,B) and subsequent 
nonmetallocenes (Figure  1C,D) have 
potential advantages over traditional mul-
tisite Ziegler–Natta catalysts as polymer 
properties can be precisely tuned by defi-
nite ligand structures.[8–11] Furthermore, 
inspired by Brookhart’s initial discovery 

of late-transition metal catalysts in 1995,[12] olefin copolymeriza-
tion with polar monomers can be catalyzed by various nickel or 
palladium complexes bearing α-diimine (Figure 1E),[13,14] phos-
phine-sulphonate (Figure 1F),[15,16] and bisphosphine monoxide 
(Figure 1G)[17,18] ligands, etc.

Considering most of the commercial polymerization pro-
ceeds in a heterogeneous system, supported catalysts have the 
ability to tailor the microstructure of the synthesized macromol-
ecule with controlled chain length, distribution, particle size, 
and morphology.[19,20] Several supports have been investigated 
by researchers in both industry and academia (e.g., MgCl2 and 
SiO2).[21–24] Thus, the supports, rationally designed by consid-
ering technical aspects such as composition, surface area, par-
ticle size, particle size distribution, and porosity, are crucial for 
tailoring polymer properties in the heterogeneous industrial 
polymerization processes.[25]

Metal–organic frameworks (MOFs), a class of porous mate-
rials constructed by metal ions wrapped with coordination 
groups to form small structural units and organic ligands with 
unique properties and well-defined structures, have attracted 
great interest over the past decades[26–29] and showed a wide 
range of applications in chemical engineering, chemistry, and 

The majority of commercial polyolefins are produced by coordination polym-
erization using early or late transition metal catalysts. Molecular catalysts 
containing these transition metals (Ti, Zr, Cr, Ni, and Fe, etc.) are loaded on 
supports for controlled polymerization behavior and polymer morphology 
in slurry or gas phase processes. Within the last few years, metal–organic 
frameworks (MOFs), a class of unique porous crystalline materials con-
structed from metal ions/clusters and organic ligands, have been designed 
and utilized as excellent supports for heterogeneous polymerization catalysis 
whose high density and uniform distribution of active sites would benefit the 
modulations of molecular weight distributions of high-performance olefin 
oligomers and (co)polymers. Impressive efforts have been made to modulate 
the microenvironment surrounding the active centers at the atomic level 
for improved activities of MOFs-based catalysts and controlled selectivity of 
olefin insertion. This review aims to draw a comprehensive picture of MOFs 
for coordination olefin oligomerization and (co)polymerization in the past 
decades with respect to different transition metal active centers, various 
incorporation sites, and finally microenvironment modulation. In considera-
tion of more efforts are needed to overcome challenges for further industrial 
and commercial application, a brief outlook is provided.
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materials science,[30–39] especially in the field of heterogeneous 
catalysis.[40–46] Initially, the high orderliness of MOFs facilitate 
the preparation of single-site supported catalysts, which can 
be accurately characterized by single crystal X-ray diffraction, 
and contribute to establish the structure–activity relationship. 
Besides, MOFs possess numerous active sites separated from 
each other, which offers opportunities for sufficient coordina-
tion between active center and monomer.[47–49] Moreover, for 
MOFs that lose catalytic activity due to coordination saturation, 
the active sites can be constructed by post modification.

MOFs have been first demonstrated as supports for olefin 
polymerization by Wolczanski et  al. in 2001.[53] In 2009, neo-
dymium-based MOFs as polymerization precatalysts for 

isoprene were reported by Visseaux et  al.[54] The application 
of chromium, nickel, and zirconium-based MOFs in ethylene 
or propylene oligomerization and polymerization was realized 
around 2014–2015[50,55–59] and began to attract wide attention 
since then.[60–64] Subsequent research suggested that early (Ti, 
Zr, Cr, and V)[58,65–67] and late transition metals (Ni, Co, and 
Fe)[68–70] can be incorporated within MOFs in inorganic nodes, 
organic ligands, and channels (Figure 2).

With the purpose of developing novel and industrial avail-
able catalysts for precise polyolefin production and searching 
for new generation of economical and environmental hetero-
geneous polymerization systems, much effort was dedicated 
to improving the activities of MOFs-based catalytic systems 

Figure 1.  Typical single-site catalysts for olefin polymerization and copolymerization.

Figure 2.  The early and late metal sites in the origanic ligands (of A) IRMOF-3 and B) MIL-125), channels (of C) NU-1000 and D) MIL-101) and 
inorganic nodes (of E) MOF-808 and F) MFU-4l) for ethylene oligomerization and (co)polymerization. C) Reproduced with permission.[50] Copyright 
2015, American Chemical Society. D) Reproduced with permission.[51] Copyright 2013, American Chemical Society. E) Reproduced with permission.[52] 
Copyright 2017, American Chemical Society.
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and to controlling the selectivity of olefin insertion. In terms 
of electronic properties of metal sites, coordinating atoms, 
and regulation substituents, and spatial effects of specific sur-
face area, total volume and pore size, and regulation groups, 
the microenvironment[71] surrounding the active centers has 
been modulated at the atomic level and proven to influence the 
coordination oligomerization and (co)polymerization behavior 
significantly over MOFs-based catalysts. We define inorganic 
nodes, organic ligands, and channels as “elements,” and metal 
sites, coordination atoms, regulation groups, specific surface 
area, total volume, and pore size as “factors.” Their correlations 
are listed in Table 1. With this in mind, this review aims to pro-
vide a comprehensive overview of MOFs for coordination olefin 
oligomerization and (co)polymerization in the past decades 
with respect to different transition metal active centers, various 
incorporation sites and finely controlled microenvironment 
composed by them.

2. Coordination Polymerization Mechanisms

The open coordination sites in most MOFs generally refer to 
the sites outside the supporting MOF framework that can 
be obtained by solvent exchange, vacuum activation, meth-
ylation, etc., such as the sites occupied by Cl, H2O, N,N-
dimethylformamide (DMF), tetrahydrofuran (THF), etc. In 
olefin polymerization, the Cl coordinated sites in MOF can 
be transformed to open coordination sites through the activa-
tion of cocatalysts. After methylation of metal sites, MOF can 
be used for olefin polymerization to clarify the Cossee–Arlman 
and Metallacyclic mechanism. The Cossee–Arlman mechanism 
could explain most of the processes and results of coordina-
tion ethylene polymerization or oligomerization within MOFs 
(Scheme 1A).[72] The metal centers in MOFs are converted to 

metal-alkyl species with the activation of cocatalysts. Ethylene 
monomers are inserted into the metal-alkyl bond, leading to the 
continuous growth of polyethylene chains, or the proceeding of 
β-H elimination to produce different kinds of oligomers. The 
metallacyclic mechanism (Scheme  1B) was also suggested for 
oligomerization, in which the olefin monomers were coordi-
nated with vacancies of the metal sites to form metal-cycloalkyl 
species.[73] For specific MOFs based catalytic system, the mecha-
nism would be discussed in detail vide infra. More detailed 
mechanisms of olefin polymerization and oligomerization can 
be found.[74–76]

3. Construction Methods of Active Sites

MOFs for polyolefin catalysis can be prepared by direct syn-
thesis methods (Figure 3A) including sonication exfoliation 
method[77] and one-pot solvothermal method.[59,78] Nonethe-
less, Postsynthetic modification is essential to embedding 
active component into the inorganic nodes and organic ligands 
for MOFs with coordinatively saturated metal sites which are 
invalid for olefin oligomerization and polymerization.

Postsynthetic modification methods consist of one-pot post-
modification, ligand postmodification, ion exchange, solvo-
thermal deposition, and solvent-assisted ligand incorporation. 
The one-pot postmodification method is the combination of 
metal–organic complexes containing metal active centers with 
organic ligands (Figure  3C), an example is the formation of 
metal–organic complexes from 2-pyridinecarboxaldehyde pos-
sessing N,O-chelating sites in combination with Ni(II) ions, 
which then undergo aldehyde amine condensation reactions 
with the amino groups of Zn4O(BDC)x(ABDC)3-x (MixMOFs, 
BDC = 1,4-benzenedicarboxylate, ABDC = 2-aminobenzene-
1,4-dicarboxylate) ligands for the production of MixMOFs-
Ni.[51,55] The ligand postmodification method involves reacting 
the raw material with the moiety of the organic ligands to form 
chelate sites, and then binding the target metals with the che-
late sites (Figure  3B), such as aldehyde amine condensation 
reactions of 2-pyridinecarboxaldehyde with the amino groups 
on  MIL-125(Ti)-NH2 (MIL-125(Ti) as [Ti8O8(OH)4(BDC)6]) 
ligands are performed for the formation of N,N-chelating sites, 
and then Ni(II) ions are introduced into the chelating sites to 
prepare MIL-125(Ti)-NH2-Pyr-Ni (Pyr = 2-pyridinecarboxalde-
hyde).[57,79] The ions exchange method is the introduction of the 
target metals into the inorganic node by metal ions exchange 
(Figure  3E), for example, Zn ions in Zn5Cl4(BTDD)3 (MFU-
4l  ,BTDD = 1H-1,2,3-triazolo[4,5-b],[4’,5’-i])dibenzo[1,4]dioxin)
are replaced with Cr ions to synthesize Cr(II/III)-MFU-4l by 

Table 1.  The correlation between “elements” and “factors about microenvironment modulation.

Factors Electronic effects1 Spatial effects2

Elements Metal sites1 Coordination atoms1 Regulation groups1,2 Specific surface area2 Total volume2 Pore size2

Inorganic nodes Ra) R R Gb) G G

Organic ligands R R R G G G

Channels R R G R R R

a)“R;”; b)“G” represents relevance and general relevance among them, respectively.

Scheme 1.  A) Cossee–Arlman mechanism and B) metallacyclic mecha-
nism for ethylene oligomerization or polymerization. “M” represents 
metal centers.
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immersing MFU-4l in N,N-dimethylformamide solutions of 
CrCl2 or CrCl3.[66,69,80] The solvent thermal deposition method 
allows the target metals to be introduced directly into the 
inorganic nodes (Figure  3E), such that each Cr ion is immo-
bilized in the inorganic nodes by being connected with three 
oxygen atoms in [Zr6(u3-O)4(u3-OH)4]2(TBAPy)6  (NU-1000, 
TBAPy = 4,4′,4″,4′″-(pyrene-1,3,6,8-tetrayl)tetrabenzoate) for 
the preparation of Cr-solvothermal deposition in MOFs (SIM, 
solvothermal deposition in MOFs)-NU-1000.[81,82] Furthermore, 
active metal centers could be exposed to the channels of MOFs 
by covalently linking ligands possessing metal active centers 
with the inorganic nodes (solvent-assisted ligand incorpora-
tion method (Figure 3D)), such as ([2,2’-bipyridine]-4-ylmethyl)
phosphonic acid monohydrochlorides containing N,N-chelating 
sites are immobilized on the inorganic nodes of NU-1000 
via oxy-phosphorus bonds formed by covalent binding, and 
then Ni(II) ions are introduced into the chelate sites to form 
NU-1000-bpy(5-methylphosphonate-2,2’-bipyridine)-NiCl2.[50]

More detailed direct and postmodification methods for 
general syntheses of MOFs can be found.[83,84] In view of 
these methods, various microenvironment of metal centers 
within MOFs (Figure 4) for coordination olefin oligomeriza-
tion and (co)polymerization can be established. To our knowl-
edge, some MOFs possess coordinatively saturated metal 
sites, such as Ni-UMOFNs, [cis-Ti(µ2,7-OC10H6O)2py2]n and 
[cis-Ti(µ2,7-OC10H6O)2(4-picoline)2·(4-picoline)0.5], which allow 
the MOF frameworks to undergo partial metal-oxygen/nitrogen 

bond breakage (but not affecting the overall framework) to 
expose the active sites through high temperature activation 
before they can be used for olefin polymerization. However, Ni-
based MOFs, including Ni/UiO-66([Zr6O4(BDC)6]), Ni2(dobdc) 
and Ni2(dobpdc) (dobdc = 2,5-dioxodo-1,4-benezenedicarbox-
ylate, dobpdc = 4,4-dioxodo-[1,1’-biphenyl]-3,3’-dicarboxylate), 
have original coordinatively unsaturated metal active centers 
for olefin polymerization without the activation of cocatalysts. 
The vast majority of MOFs, such as M-MFU-4l (M = Ni, CO, 
Ti, V), MixMOFs-Ni, ZrCl2-BTC, etc., can be treated by solvent 
exchange, vacuum activation, and methylation to remove ter-
minal coordination small molecules and groups (e.g., H2O, 
Cl, tetrahydrofuran (THF), etc.) to complete the activation of 
metal sites for heterogeneous polymerization reactions.

4. Early Transition Metal-Based MOFs

Early transition metal catalysts, such as Ziegler–Natta cata-
lysts,[85] metallocene catalysts (Figure  1A,B),[86] constrained 
geometry catalysts (Figure 1C),[87] and FI catalysts (Figure 1D)[88] 
etc., were found to exhibit unprecedented activities toward 
industrial olefin polymerization. The activities of catalytic sites 
can be exquisitely modulated by designing relevant organic 
ligands, which can subsequently adjust the morphologies of 
polymer particles, increase molecular weight (MW), tailor 
polymer dispersity, and improve mechanical property and 

Figure 3.  Direct synthesis and postsynthetic modification methods to construct active sites.
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processing performance of the (co) polymers.[89–93] Since Wol-
czanski’s initial work,[53] Zr, Cr, Ti, and V were introduced into 
the inorganic nodes and organic ligands in the microenviron-
ment of the framework to construct early transition metal-
based MOFs.

4.1. Zirconium-Based MOFs

Zr-based metallocene and nonmetallocene catalysts are widely 
used with high activity, and Zr-based MOFs are also intensively 
studied for olefins polymerization. Zr ions have been intro-
duced into the inorganic nodes and channels in the microen-
vironment of MOFs through postsynthetic modifications and 
considered to have potential advantage over steroregularity 
modulation of polymer chains though the activities of Zr-based 
MOFs are generally moderate.

4.1.1. Metal Sites in the Inorganic Nodes

Highly electrophilic Zr-based active species (ZrBn, Bn = tetra-
benzyl group) were incorporated into the inorganic nodes of 
Hf-NU-1000 by Farha and coworkers[58] in 2015 (Figure 5). At 
room temperature, highly stereoselective polymerization of 
1-hexene (isotacticity > 95%) was achieved by the MOFs-based 
single site and single component catalyst for the first time. 
Ascribed to different microenvironment between interior and 
exterior active sites, the obtained poly(1-hexene) showed bimodal 
distribution (weight average molecular weight (Mw) = 5.3 × 105 
in the high MW fraction with dispersity (D = 1.9) and Mw = 680 
in the low molecular weight (MW) fraction with D = 1.2). For 
the microenvironment modulation of Hf-NU-1000-ZrBn, the 
activity of Hf-NU-1000-ZrBn catalyzed ethylene polymerization 

was low (9.3 × 103 gPE molZr
−1 h−1) and even lower for the poly

merization of 1-hexene (2.4 × 103 gPH molZr
−1 h−1), which could 

be attributed to the occurrence of toluene elimination reaction 
to generate MOFs with no polymerization activity and the spa-
tial restriction effect of microenvironment. It is noteworthy that 
the MW of the obtained linear polyethylene (PE) with poor sol-
ubility and high melting temperature (142  °C) is presumed to 
be ultrahigh MW level.

Catalytic performance can be improved by adjusting 
the microenvironment of the active centers. Lin and co-
workers[52] transformed the secondary building units (SBUs) in 
[Zr6O4(OH)4(BTC)2(HCOO)6] (MOF-808, BTC = benzene-1,4-tri-
carboxylate) into hexanuclear precatalyst for high MW (Mw up 
to 7.9 × 105) linear polyethylene production in 2017 (Figure 6). 
For the microenvironment modulation of ZrCl2-BTC, 30-fold 
increase of activity along with an eightfold increase of ethylene 

Figure 4.  The coordination environment of metal sites in MOFs, “X,” and “R” represent halogen atoms and tetrabenzyl group, respectively.

Figure 5.  Hf-NU-1000-ZrBn for 1-hexene polymerization.
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pressure as a result of exposure of more active sites with the 
activation of MMAO-12 stemmed from polymer-induced 
fracture of the MOF particles was observed with ZrCl2-BTC 
(activity up to 6.6 × 105 gPE molZr

−1 h−1 at 100  °C and 55  bar 
ethylene pressure). Interestingly, it was also observed that the 
D of polyethylene obtained at low pressure (6.9 bar) depended 
on the polymerization temperature. Narrow D was generated 
at ≈20–80  °C (D  =  ≈2.44–3.55), while widened significantly at 
≈100–140 °C (D = ≈4.91–7.79), which might be attributed to the 
blocked diffusion of ethylene to the active sites in the micro-
environment caused by the solvent-swelling effect of polyeth-
ylene chains at high temperature. Besides, site isolation of the 
MOFs may have been an important factor in the stabilization 
and long life-time of active sites in the microenvironment. The 
MOFs still kept its original high activity and crystallinity in 12 h 
of polymerization at 100  °C, which was confirmed by powder 
X-ray diffraction (PXRD).

4.1.2. Metal Sites in the Channels

Under the promise of more flexible structure modulation for 
more diverse microenvironment, FI (bis(phenoxyl-imine)) 
type Zr sites surrounded by bulky phenyl and cyclohexyl sub-
stituents installed on the N atoms were introduced into the 
channels of MOFs (Figure 7, FI-Ph  and FI-Cy(Ph = phenyl, 
Cy = cyclohexyl)) by Mu and co-workers.[59] At 50  °C and Al/
Zr = 50 (mol mol−1), FI-Cy and FI-Ph exhibited the highest 
activity (1.38 × 106 and 3.9 × 105 gPE molZr

−1 h−1, respectively) 
toward the production of linear polyethylene irregular parti-
cles with a diameter of ≈1 mm, and the MWs of 1.5 × 105 and 
3.6 × 105 were afforded with the corresponding catalyst. For the 
microenvironment modulation of FI-Cy and FI-Ph, the cata-
lytic differences of FI-Cy and FI-Ph might be in part related to 
the porosity parameters of the MOFs. The Brunauer–Emmett–
Teller (BET) specific surface areas are 479 and 230 m2 g−1, and 
the total volumes are 0.31 and 0.17 cm3 g−1 for FI-Cy and FI-Ph.

The effective activation of metal centers upon cocatalysts was 
influenced by the limited environment (microenvironment) in 
channels, thus bulky MAO activated ethylene polymerization 
possessed low efficiency. In contrast, activated by triisobutyl 

aluminum (AliBu3)/Ph3CB(C6F5)4, FI-Cy showed smoother 
release of activity and longer lifetime (3 h) and afforded higher 
productivity compared to the unsupported parent FI catalyst 
bis[N-(3-tert-butylsalicyli-dene)cyclohexylaminato]zirconium(IV) 
dichloride which showed fast activity release and deactivation. 
Chain transfer and β-H elimination effects were also inhib-
ited in channels, while the microenvironment on the surface 
of MOFs was similar to the unsupported catalyst. Accordingly, 
bimodal polyethylenes with an ≈70–80% high MW fraction, 
wide D (D = ≈10.1–14.0 and ≈17.47–20.9, respectively) and high 
MWs (≈1 × 105–5 × 105) were produced with FI-Cy and FI-Ph in 
contrast to the single site characteristic with the unsupported 
catalyst (D = 2.76, MW = 1.5 × 104).

4.2. Chromium-Based MOFs

In the 1950s, Cr-based heterogeneous olefin polymerization 
catalysts were developed by Phillips and played a key role in the 
polyolefin industry.[94] The properties of polyolefins obtained 
from multisite Cr-based catalysts might be influenced by the 
homogeneity of the active components in the microenviron-
ment.[95,96] Cr-based MOFs could be also used for the produc-
tion of high MW polyethylene, which are promising catalysts 
for the slurry phase process.

4.2.1. Metal Sites in the Inorganic Nodes

The amount of cocatalysts obviously affects the properties 
of the metal sites in the microenvironment and thus has 
great impact on the catalytic activity and the MW of poly
merization products. Cr-SIM-NU-1000 with an average pore 
size close to 3 nm prepared by thermally depositing Cr(III) ions 
(Figure 8) in the inorganic nodes of NU-1000 was reported by 
Farha et  al.[81,82] For the microenvironment modulation of Cr-
SIM-NU-1000, diethylaluminium chloride (AlEt2Cl)-treated 
Cr-SIM-NU-1000 (Al/Cr = 3/1) was active (1.68 × 103 goligomers 
molCr

−1 h−1) for C8-C18 formation with moderate selectivity (79%) 
at room temperature and rather low ethylene pressure (1 bar). 
However, with the molar ratio of Al/Cr increased to 287/1, 
AlEt2Cl-treated Cr-SIM-NU-1000 exhibited moderate activity 
(1.3 × 105 gPE molCr

−1 h−1) for the production of crystalline linear 
polyethylene (Mw = 9.2 × 105) with narrow D (D = 2) at 25 °C 
and 40 bar ethylene pressure. In contrast to ZrCl2-BTC,[52] Cr-
SIM-NU-1000 catalyzed ethylene polymerization had a tendency 
to a linear dependence of turnover frequency on ethylene pres-
sure, which reveals the structural stability of the latter. Given 
the essential activation of AlEt2Cl, the obtained linear ethylene 
and the lack of olefinic terminal, Cossee–Arlman mechanism 
(Scheme  1) was proposed for Cr-SIM-NU-1000 catalyzed eth-
ylene polymerization.

The vacuum activation temperature influences the specific 
surface area and pore volume of MOFs, thus affecting the 
formation of active sites and the subsequent coordination-
insertion of ethylene with metal sites. A series of Cr3F(H2O)3
O[C6H3(CO2)3]2-28H2O (MIL-100(Cr)-t), where t represents the 
evacuated temperatures, was synthesized by Zhang et  al.[78] 
for ethylene oligomerization, and exhibited moderate catalytic 

Figure 6.  ZrCl2-BTC for ethylene polymerization.
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activity (≈3.44 × 105–9.27 × 105 goligomers molCr
−1 h−1) and selec-

tivity (≈80–90%) for the overall product of ethylene tetrameriza-
tion and pentamerization at 10 °C and 10 bar ethylene pressure.  
For the microenvironment modulation of MIL-100(Cr), MIL-

100(Cr)-250 exhibited the highest specific surface area (2348 m2 g−1)  
and pore volume (1.29 cm3 g−1), which facilitated the suffi-
cient contact of ethylene with the active centers, resulting in 
the highest activity (9.27 × 105 goligomers molCr

−1 h−1) (Table 2). 
Single metal and dimetallic active sites regarding the evacua-
tion process of MOFs is presumed to be involved in the metal-
lacyclic mechanism (Scheme 2) as the pore size (2.5–2.9  nm) 
of MIL-100(Cr) is larger than that of the oligomerization prod-
ucts (1.4  nm). The selective formation of C4, C6, C8, and C10 
through different metallacycle on single Cr(III) sites or coop-
erative reductive elimination of two metallacycles on dimetallic 
Cr(III) sites is depended on different evacuation conditions. 
Polyethylene by-product resulted from Cr(II) active sites in 
MIL-100(Cr)-250 catalyzed oligomerization was characterized 
by various techniques. It was observed that the obtained linear 
polyethylene had nanofibrous morphology, ultrahigh MW (Mw 
up to 1.2 × 107) and broad D (D = 24).

The activation of the cocatalysts affects the pore size, shape, 
and pore volume, which has an impact on the exposure oppor-
tunity and activity of the active sites. Weckhuysen et  al.[97] 

Figure 7.  Synthesis of FI-Zr-MOFs (FI-Ph and FI-Cy).

Figure 8.  The coordination environment of Cr(III) sites in Cr-SIM-NU-1000.
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performed a series of different pretreatments of MIL-100(Cr) 
and Cr3F(H2O)2O[(O2C)C6H4(CO2)]3-25H2O  (MIL-101(Cr)) for 
ethylene polymerization (Figure 9). Activated by Et2AlCl, MIL-
100(Cr) did not undergo any significant structural changes, 
which resulted in insufficient contact of the active centers 
with the monomer in the microenvironment, and showed 
extremely low activity (2.1 gPE molCr

−1 h−1) for ethylene polym-
erization at 25  °C and 10  bar ethylene pressure. In contrast, 
the active component was leached from MIL-101(Cr) for the 
production of irregular polyethylene fibers with the activation 
of diethyl aluminum chloride  (Et2AlCl), which was explained 
by the inability of active species to control the polymer per-
formances after leaving the microenvironment within  
MOFs.

For the microenvironment modulation of MIL-101(Cr), this 
MOF partially collapsed to form porous structure with the acti-
vation of Et2AlCl was active (1.54 × 104 gPE molCr

−1 h−1) for the 
production of polyethylene with Mw of 1.1 × 104 at the expense 
of structural integrity. The obtained polyethylene was microm-
eter-sized beads with regular structure. Therefore, MIL-101(Cr) 

could be used as good porous template for the production 
of polymers with specific morphology and stereoregularity, 
thereby control the processing and physical properties of the 
product.

Earlier work in this field involving heterogeneous poly
merization catalysis with Cr-based MOFs had shown the 
potential and development prospects of MOF-supported mole-
cular Cr catalysts for ethylene polymerization and ethylene-
propylene copolymerization. Dincă and co-workers[66] pre-
pared Cr(II)-MFU-4l and Cr(III)-MFU-4l by treating MFU-4l 
with CrCl3(THF)2(H2O) and CrCl2 solutions, respectively. At 
40  bar ethylene pressure and 23  °C, Cr(II)-MFU-4l exhibited 
moderate activity (1.3 × 105 gPE molCr

−1 h−1) for polyethylene 
formation, and high MW polyethylene (Mw up to 7 × 105) 
with broad D (D  = 7) was obtained. Cr(III)-MFU-4l was active 
(9.6 × 104 gPE molCr

−1 h−1) for the slurry-phase production of 
high MW polyethylene (Mw  = 5 × 105) with broad D (D  = 5). 
On the other hand, activated by methylaluminoxane  (MAO), 
Cr(III)-MFU-4l was able to copolymerize ethylene with pro-
pylene (incorporation ratios were ≈1.5–2.5%).

Table 2.  Porosity parameters and ethylene oligomerization performance of MIL-100(Cr)-t.

MIL-100(Cr)-ta) SBET  
[m2 g−1]

SLangmuir  
[m2 g−1]

Pore volume  
[cm3 g−1]

Activityb)  Selectivity [%]

C4 C6 C8 C10

150 1905 2686 1.04 5.13 0.27 26.36 69.15 4.22

200 1954 2754 1.08 7.07 7.03 0.02 52.26 40.69

250 2348 3323 1.29 9.27 1.07 18.89 40.14 39.18

300 1930 2725 1.07 3.94 2.18 2.81 38.62 56.39

350 1917 2721 1.10 3.44 — 0.98 59.44 39.58

a)AlEt2Cl as cocatalyst [Cr] = 5 × 10−5 mol L−1, n(Al)/n(Cr) = 500, P = 10 bar, t = 1 h, T = 10 °C; b)Unit of 105 goligomers molCr
−1 h−1.

Scheme 2.  The metallacyclic mechanism for ethylene oligomerization processes on MIL-100(Cr).
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The change of polymerization environment also affects the 
metal-ethylene coordination and subsequent polyethylene 
chains growth in the microenvironment. Cr(III)-MFU-4l could 
be also applied in the gas phase process for ethylene polymeriza-
tion. Dincă and coworkers[67] synthesized Cr(III)-MFU-4l by ion 
exchange with MFU-4l (Figure 10). At room temperature and 
40  bar ethylene pressure, trimethyl aluminum (AlMe3)-treated 
Cr(III)-MFU-4l was more active (1.45 × 106 gPE molCr

−1 h−1) in 
gas-phase polymerization than the slurry-phase process (e.g., 
Cr(III)-MFU-4l of 1.5 × 105 gPE molCr

−1 h−1), and high MW poly-
ethylene (Mw close to 4 × 105) with narrow D (D  = 1.36) was 
generated. Compared to the slurry-phase environment, the 
metal sites in the microenvironment of Cr(III)-MFU-4l are 
more easily coordinated with ethylene in the gas-phase envi-
ronment, thus facilitating subsequent chain growth to obtain 
high MW polyethylene. In addition, single-site Cr(III)-MFU-4l 
is highly suitable for gas-phase ethylene polymerization since 
the obtained granular form polyethylene facilitates industrial 
processing.

4.2.2. Metal Sites in the Organic Ligands

Recently, Jie and co-workers[57] installed Cr(III) ions on the 
organic ligands of IRMOF-3-SI (IRMOF-3 = [Zn4O(ATA)3], ATA 
= aminoterephthalic acid) and synthesized IRMOF-3-SI-Cr by 
post-synthetic modification (Figure 11). Methylaluminoxane 
(MAO), trimethylaluminium (TMA), triethylaluminium (TEA), 
and triisobutylaluminium (TIBA) were used to activate MOFs 
for ethylene polymerization, respectively (Table 3). Activated 
by TIBA at 50  °C, IRMOF-3-SI-Cr showed the highest activity 
(8.4 × 104 gPE molCr

−1 h−1) and afforded high MW polyethylene 
(Mw = 4 ×105) with broad D (D = 13.5). The microenvironment 
surrounding active Cr(III) sites closely related with activity in 
IRMOF-3-SI-Cr and the performance of polyethylene are dra-
matically influenced by both the loading and type of cocatalysts. 
For the microenvironment modulation of IRMOF-3-SI-Cr, Cr-Cl 
species are activated by cocatalysts (e.g., TMA, TEA, and TIBA) 
for the formation of Cr-alkyl species. The larger space volume of 
isobutyl than methyl and ethyl makes Cr-isobutyl species more 
difficult to be present under ethylene stimulation, which results 
in easier generation of coordinatively unsaturated Cr active 
centers in the microenvironment for the coordination of metal 
sites with ethylene and subsequent polymer chains growth.

4.3. Vanadium and Titanium-Based MOFs

Activated by MAO, 1D [cis-Ti(µ2,7-OC10H6O)2py2]n was active 
(1 × 103 gPP molTi

−1 h−1) for propylene polymerization to pro-
duce polypropylene (Mw  = 2.7 × 104) with broad D (D  = 8) at 
23 °C and 5 bar propylene pressure,[53] and also active for eth-
ylene polymerization (2.8 × 104 gPE molTi

−1 h−1). Similarly, 2D 
[cis-Ti(µ2,7-OC10H6O)2(4-picoline)2·(4-picoline)0.5]n showed 
moderate activity (1.2 × 104 gPE molTi

−1 h−1) for ethylene 

Figure 9.  MIL-100(Cr) and MIL-101(Cr) for ethylene polymerization after a series of different pretreatments.

Figure 10.  Cr(III)-MFU-4l for the gas-phase ethylene polymerization.
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polymerization and low active for polypropylene formation (500 
gPP molTi

−1 h−1). Although metal sites in these Ti-based MOFs 
possess the almost same coordination environment, monomers 
are more readily accessible to the metal sites in the 1D catalyst 
with beneficial microenvironment than the 2D one (Figure 4K), 
which leads to higher activity of the former for ethylene and 
propylene polymerization.

Ti and V ions are coordinated with three N atoms in 3D 
MFU-4l framework. Recently, Dincă and co-workers[66] have 
successfully incorporated Ti(III) and Ti(IV) ions into the inor-
ganic nodes by treating MFU-4l with excess TiCl3(THF)3 and 
TiCl4(THF)2. In ethylene polymerization, Ti(III)-MFU-4l 
showed high activity (4.2 × 105 gPE molTi

−1 h−1) and produced 
high-density granular polyethylene (Mw = 9 × 105) from MFU-
4l templates with broad D (D = 3) at 40 bar ethylene pressure 
and 23 °C. The effective coordination of free flowing monomer 
molecules with catalytic sites in the microenvironment and the 
uniform growth of polymer chains in MOFs is beneficial for the 
regulation of polymer morphology.

In ethylene-propylene copolymerization, Ti(III)-MFU-4l and 
Ti(IV)-MFU-4l produced copolymers with ≈3–8% propylene 
incorporation ratio and long branched chains, which can 
improve the melting temperatures of the copolymers (Table 4).

V(II)-MFU-4l and V(IV)-MFU-4l prepared by incorporating 
V(II) and V(IV) ions into MFU-4l for ethylene and propylene 
polymerization were initially reported by Dincă and co-workers 
(Figure 12A).[65] At 40 bar ethylene pressure and 25 °C, V(IV)-
MFU-4l exhibited high activity (2 × 106 gPE molV−1 h−1), affording 
high MW polyethylene (Mw up to 2.2 × 106) with broad D 
(D  = 3.4) (Figure  12B). Furthermore, activated by MMAO-
12, V(II)-MFU-4l was able to produce higher MW polyeth-
ylene (Mw up to 2 × 106), although the activity of V(II)-MFU-4l 
(1.8 × 105 gPE molV−1 h−1) was lower than that of V(IV)-MFU-4l 
(1.4 × 106 gPE molV−1 h−1, Mw = 1.2 × 106) at 10 bar ethylene pres-
sure. For the microenvironment modulation of V-MFU-4l, the 
V(II) sites bind more strongly with β-H than V(IV) sites in the 
microenvironment of V(II)-MFU-4l and V(IV)-MFU-4l, which 
makes it more difficult for β-H elimination and polymer chains 
transfer to occur in V(II)-MFU-4l, resulting in the production of 
higher MW polyethylene with V(II)-MFU-4l.

Benefiting from highly ordered channels (good microen-
vironment), V(IV)-MFU-4l was active (150 gPP molV−1 h−1) 
for propylene polymerization and produced isotatic polypro-
pylene (PP, m > 94%, m is the mass) with good mechanical 
and processing performance (Figure  12C). Moreover, V(II)-
MFU-4l and V(IV)-MFU-4l showed good stability since they 

Figure 11.  Preparation of IRMOF-3-SI-Cr by postsynthetic modification of IRMOF-3.

Table 3.  Ethylene polymerization with IRMOF-3-SI-Cr and various cocatalyst.

Entrya) Co-cat. Al/Cr Activity  
[104 gPE molCr

−1 h−1]
Number average molecular weight (Mn)b) 

[kg mol−1]
Db) Melting peak (Tm)c)  

[°C]

1 MAO 500 1.93 10.0 31.9 134.6

2 MAO 1000 1.82 9.1 30.9 133.6

3 MAO 2000 2.05 7.5 37.3 133.2

4 TMA 60 1.13 14.8 20.2 135.1

5 TMA 300 1.22 9.5 33.2 134.8

6 TEA 30 0 — — —

7 TEA 60 3.11 14.0 33.6 135.1

8 TEA 120 3.29 14.3 27.4 134.2

9 TEA 300 3.44 10.3 37.0 134.2

10 TIBA 60 0 — — —

11 TIBA 120 3.98 29.5 12.5 135.2

12 TIBA 300 5.91 23.2 16.2 135.4

13 TIBA 600 5.93 20.1 16.6 135.0

14d) TIBA 300 8.43 29.8 13.5 135.2

15e) TIBA 300 6.00 24.4 17.7 134.8

a)Polymerization conditions: 5  µmol of Cr, 100  mL of toluene, 50  °C, 1  bar of ethylene, 30  min, 400  rpm; b)Determined by gel permeation chromatography (GPC); 
c)Determined by differential scanning calorimetry (DSC); d)Reaction time: 15 min; e) Reaction time: 60 min.
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Table 4.  Copolymerization of ethylene and propylene by Ti-MOFs.

Entry Precatalyst Turnover frequency  
(TOF)a)

Second scan percent  
crystallinity (XC)b)

TM
b) % propylenec)

1 Ti(III)-MFU-4l 3806 37% 125 4 ± 1%

2 Ti(IV)-MFU-4l 126 38% 127 6.7 ± 1.3%

a)Reported as moles of ethylene consumed per mole of exchanged metal per hour; b)Evaluated by differential scanning calorimetry  (DSC); c)Determined by solid-state 
nuclear magnetic resonance (NMR). Conditions: ethylene (10 bar), propylene (9 bar), and MAO in toluene (23 °C, 1 h).

Figure 12.  V(II)-MFU-4l and V(IV)-MFU-4l A) for ethylene B) and propylene C) polymerization with the activation of (modified methylaluminoxane) 
MMAO-12.
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could be used in 24 h polymerization without any loss of  
activity.

5. Late Transition Metal-Based MOFs

Bulky steric hindrance substituents in late transition metal cat-
alysts (Figure 1E–G) can effectively inhibit the β-H elimination 
as the shielding on the axial position of metal centers.[98–100] 
Faster rate of chain growth than chain transfer results in 
high MW (co)polymers. However, Ni-based MOFs are mainly 
applied for olefin oligomerization due to the lack of large steric 
hindrance group around the Ni(II) sites in the microenviron-
ment. Other late transition metal based MOFs, such as Co-
based MOFs used for olefin polymerization and Fe-based MOF 
for olefin oligomerization, have been also reported.

In addition, the nuclear charge number of late transition 
metals in the microenvironment is generally more than that of 
early transition metals, which allows late transition metal sites 
to bind tightly with β-H, and thus facilitating the β-H elimi-
nation for the production of various oligomers. However, the 
low attraction of early transition metals to β-H is beneficial for 
the growth of polymer chains for the production of high MW 
polymers.

5.1. Nickel-Based MOFs

α-Olefins (e.g., C4, C6, and C8, etc.) are important raw materials 
for chemical industry (e.g., plastics, lubricants, etc.).[101–103] Ni-
based MOFs are highly selective and active for olefin oligomeri-
zations and can be reused without significant loss of activities 
in some cases.

5.1.1. Metal Sites in the Inorganic Nodes

The modulation of metal content in the microenvironment 
could improve the catalytic activity of MOF catalysts. In 
order to reduce the preparation cost of MOF catalysts, Dincă 
and co-workers[104] synthesized Ni-CFA-1 by incorporating 
Ni(II) ions into the inorganic nodes of Zn5(OAc)4(Bibta)3 
(CFA-1, OAc = acetic acid, Bibta = 1H,1’H-5,5-bibenzo[d][1,2,3]
triazole)  by cation exchange. At 50  bar ethylene pressure and 
22  °C, the activity of Ni(7.5%)-CFA-1 (7.5 wt% Ni content) 
showed monotonic increasing trend (the highest activity of 
1 × 106 goligomers molNi

−1 h−1) with the increase of MMAO-12 
consumption due to the increase of the unsaturated active sites 
(Figure 13C). However, for the microenvironment modula-
tion of Ni-CFA-1, the activity of Ni(1%)-CFA-1 (1 wt% Ni con-
tent) was lower than that of Ni(7.5%)-CFA-1 under the same 
conditions (Table 5), which was attributed to the fact that the 
number of metal sites in the microenvironment of Ni(1%)-
CFA-1 was less than that of Ni(7.5%)-CFA-1. Inexpensive ligand 
3,3’-diaminobenzidine could greatly reduce the production cost 
of Ni-CFA-1 and thus facilitates large-scale production, which 
provide a possibility for its application in the industrial produc-
tion of ethylene oligomers.

Recently, Dincă and co-workers[80] synthesized Ni-MFU-4l 
by incorporating Ni(II) ions into the inorganic nodes of MFU-
4l by cation exchange. At 30 and 50 bar ethylene pressure, the 
activity and selectivity of Ni(10%)-MFU-4l (10 wt% Ni content) 
decreased with the increase of temperature (Table 6, entry 1–6). 
Elevated wt% content of Ni in Ni-MFU-4l could lead to decrease 
in activity due to the fact that metal agglomeration occurred 

Figure 13.  A) The coordination environment of Ni(II) sites within 
Ni-CFA-1 and Ni-MFU-4l. Reproduced with permission.[104] Copyright 
2019, American Chemical Society. B) Ni-MFU-4l and C) Ni-CFA-1 for eth-
ylene dimerization.

Table 5.  Ni-CFA-1 for ethylene oligomerization.

Entrya) Nickel  
loading

MMAO-12  
equiv

TOF  
[h−1]b)

α-C4  
(selectivity, wt%)c)

1 7.5% 50 13 100 93.9%

2 7.5% 100 17 900 93.2%

3 7.5% 200 29 000 90.7%

4 7.5% 250 30 600 91.3%

5 7.5% 500 31 200 96.6%

6 7.5% 1000 36 300 91.0%

7 7.5% 2000 37 100 91.2%

8 1% 100 0 —

9 1% 500 1800 87.8%

10 1% 1000 16 200 92.9%

11 1% 2000 33 300 96.6%

a)As determined by gel chromatogrephy (GC) analysis, conditions: 50 bar ethylene 
pressure and 22  °C; b)Moles of ethylene converted per mole of nickel per hour, 
determined by GC analysis; c)Percent 1-butene relative to all C4 products.
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in high metal content (Table  6, entry 7–10). Ni(II) sites in  
Ni-MFU-4l and Ni-CFA-1 were coordinated with three N atoms 
(Figure  13B) in an analogous manner. However, the selec-
tivity of Ni-CFA-1 and Ni-MFU-4l for ethylene dimerization 
was dissimilar due to the different microenvironment (steric 
hindrance) (Figure  13A) of the Ni(II) sites at 50  bar ethylene  
pressure.

Bhan and co-workers[105] reported Ni-functionalized UiO-66 
(Ni/UiO-66) as a stable single-site catalyst which was active for 
ethylene oligomerization without the activation of cocatalysts in 
the microenvironment for 15 days. The Cossee–Arlman steady 
state mechanism contributes to the understanding of ethylene 
oligomerization process. The Ni–H species with one ethylene 
molecule is adsorbed by another ethylene molecule, producing 
Ni–H species with two ethylene molecules. Migrating hydrogen 
insertion converts Ni–H species with two ethylene into Ni-ethyl 
species. Afterwards, another ethylene molecule coordinates 
with the Ni(II) sites in the Ni-ethyl species and inserts into the 
Ni–C(ethyl) bond to produce Ni-butyl species. The Ni-butyl spe-
cies undergoes β-H elimination, generating 1-butene adsorbed 

on the surface, and then the ethylene insertion for 1-butene for-
mation (Scheme 3).

For the microenvironment modulation of Ni-UMOFNs, acti-
vation of MOF with suitable temperature allows the MOF frame-
work to undergo partial metal oxygen/nitrogen bond breakage 
to achieve higher percentage of active surfaces for ethylene oli-
gomerization. Attributed to the uniform distribution and high 
density of active sites in frameworks, MOFs can participate in 
multiple catalytic cycles. Zhang and co-workers[77] synthesized 
Ni-UMOFNs-t with NiCl2·6H2O and benzene-1,4-dicarboxylate 
after pretreatment with different vacuum temperatures. Ni-
UMOFNs-190 could be reused at least four times without signif
icant loss of activity and selectivity (Table 7), which was attri
buted to the ultrathin Ni-UMOFNs-190 possessing an exception-
ally high proportion of exposed active surfaces to maintain high 
activity after each cycle of catalytic reactions.

The application of Ni-MFU-4l to propylene oligomerization 
was also carried out by Dincă and co-workers.[106] At 6 bar pro-
pylene pressure and activated by MMAO, Ni-MFU-4l exhibited 
the highest activity (2 × 104 gdimers molNi

−1 h−1) for propylene 

Table 6.  Ni(10%)-MFU-4l for ethylene oligomerization.

Entry Pressure [bar] T [°C] MAO equiv TOF [h−1]a) α-C4 [selectivity, wt%]b)

1 50 0 100 22 600 97.8

2 50 25 100 21 000 94.6

3 50 50 100 1700 80.5

4 30 0 100 21 600 95.5

5 30 25 100 21 000 86.9

6 30 50 100 1600 83.1

7c) 50 25 500 9100 93.0

8 50 25 500 27 000 92.3

9d) 50 25 500 39 600 94.7

10e) 50 25 500 41 500 94.5

a)Moles of ethylene converted per mole of nickel per hour, determined by GC analysis; b)Percent 1-butene relative to all C4 products; c)Catalyst is Ni(30%)-MFU-4l; d)Catalyst 
is Ni(3%)-MFU-4l; e)Catalyst is Ni(1%)-MFU-4l.

 

Scheme 3.  The Cossee–Arlman steady state mechanism for ethylene oligomerization processes on Ni/UiO-66.
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dimerization in the form of propylene 2,1-insertion with Ni(II) 
sites (Figure 14). For the microenvironment modulation of  
Ni-MFU-4l, the regioselective 2,1-insertion might originate 
from the fact that the steric size of isopropyl group are greater 
than n-propyl group.

In contrast to the application of Ni-MFU-4l to the synthesis 
of propylene oligomers with branched chains by Dincă and 
coworkers,[106] Mlinar and co-workers[56] reported the appli-
cation of Ni2(dobdc) (10.3 Å) and Ni2(dobpdc) (18.4 Å) for the 
production of linear propylene oligomers. At 180 °C and 5 bar 
propylene pressure, Ni2(dobdc) and Ni2(dobpdc) were active 
for propylene dimerization with high selectivity (>95%). Com-
pared with MFU-4l (9.1 Å), Ni2(dobdc) and Ni2(dobpdc) pos-
sessing larger channels (fine microenvironment), which allows 
propylene to transfer easier and uniform growth of linear alkyl 
chains on metal-alkyl species in the channels, making it diffi-
cult for linear alkyl isomerization to occur and thus preventing 
the production of branched propylene dimers.

5.1.2. Metal Sites in the Organic Ligands

Two rigid ligands, 2,2“-bipyridinyl-5,5”-dicarboxylic acid and 
1,1“-biphenyl-4,4”-dicarboxylic acid used to construct Ni-
functionalized UiO-67-bpy (UiO-67 = [Zr6O4(OH)4(BPDC)6, 
BPDC = biphenyl-1,4-dicarboxylate]) for ethylene oligomeri-
zation was reported by Olsbye et  al.[107] At 250  °C and 26  bar 

ethylene pressure, UiO-67-bpy11% (Figure  4L) with 3.1 wt% Ni 
content was active (1.1 × 103 goligomers molNi

−1 h−1) for ethylene 
dimerization, affording linear butene with very high selectivity 
(up to 99%). For the microenvironment modulation of UiO-67, 
the high selectivity is attributed to homogeneously distributed 
active sites in the microenvironment and spatial confinement, 
which provides strong shape selectivity for ethylene to produce 
products with specific structures in UiO-67.

MOFs for ethylene oligomerization are generally constructed 
from only one type of ligands and metals. However, Jie and co-
workers[55] performed postsynthetic modifications of MixMOFs 
to synthesize a series of MixMOFs-Ni (Table 8). Activated by 
Et2AlCl, MixMOFs-Ni-b with 0.06 wt% Ni content was highly 
active (4.6 × 105 goligomers molNi

−1 h−1) for ethylene dimerization 
with high selectivity (92.7%) at 40 °C and 20 bar ethylene pres-
sure. This is the first case for regulating the amount of Ni active 
sites in MOFs by varying the ratio of organic ligands possessing 
amino groups for the microenvironment modulation of Mix-
MOFs-Ni, which allows binding to metal–organic complexes 
containing metal active centers, thus affecting the activity and 
selectivity of MOFs (Figure 15).

Wang and co-workers[79] synthesized MIL-125(Ti)-NH2-
Pyr-Ni (Ni@MOF) with Ni(II) ions installed into the organic 
ligands of MIL-125(Ti)-NH2-Pyr via postsynthetic modifica-
tions (Figure 16). The activity of TEA, diethyl aluminum chlo-
ride (DEAC), and ethyl aluminum dichloride (EADC)-treated 
Ni@MOF was greater than that of MAO-treated Ni@MOF 
(Table 9). For the microenvironment modulation of Ni@
MOF, Ni-Cl species can be transformed into Ni-alkyl spe-
cies with the activation of cocatalysts. Ni-ethyl species could 
be transformed to the active sites more easily than Ni-methyl 
species in response to ethylene stimulation, which facilitates 
ethylene coordination-insertion with metal sites in the micro-
environment for the production of various oligomers. MIL-
125(Ti)-NH2-Pyr-Ni showed good stability and recyclability since 
it could be reused at least twice without any change in activity 
and selectivity. Moreover, the support MIL-125(Ti)-NH2 con-
structed from relatively inexpensive raw materials affords new 
opportunities for application of MOFs in ethylene value-added  
processes.

Table 7.  Ni-UMOFNs-190 for ethylene dimerization.

Entry cycle T  
[°C]

Pressure  
[bar]

TOF  
[h−1]

α-C4  
[selectivity, wt%]

1 1st 25 10 4893 72.1

2 2nd 25 10 4821 75.4

3 3rd 25 10 4571 74.1

4 4th 25 10 3929 71.4

a)Moles of ethylene converted per mole of nickel per hour, determined by GC anal-
ysis; b)Percent 1-butene relative to all C4 products.

Figure 14.  Single-site Ni-MFU-4l for propylene selective dimerization.
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5.1.3. Metal Sites in the Channels

For microenvironment modulation, spatially confined reac-
tions could be achieved by confining individual molecules 
to nanoscale spaces (e.g., MOF channels). The energy distri-
bution of the reaction in the confined space is significantly 
altered, which can yield a different behavior in chemical equi-
librium and kinetics than the macroscopic reaction system, 
thus allowing the reaction to proceed with high selectivity and 
activity.[63,108]

Recently, Farha and co-workers[50] prepared NU-1000-bpy-
NiCl2 (Figure  4L) by carrying out postsynthetic modifica-
tion of NU-1000 (31 Å) with mesoporous channels. The 
catalyst can be applied to more than three times gas-phase 
ethylene oligomerizations without significant loss of activity 
(1.8 × 105 goligomers molNi

−1 h−1) and produced butylene with 
high selectivity (up to 95%) at room temperature (Figure 17). 
Whether under batch or continuous flow conditions, NU-
1000-bpy-NiCl2 was highly active for ethylene dimerization 
since the large channels (favorable microenvironment) of 
NU-1000 facilitated the transport of ethylene in MOFs and the 
separation of the product from the catalyst.

Canivet and co-workers[51] synthesized Ni(10%)@(Fe)MIL-
101 (10 wt% Ni content, (Fe)MIL-101 = Fe3F(H2O)2O(BDC)3) 
and Ni(30%)@(Fe)MIL-101 (30 wt% Ni content) with Ni(II) 
ions incorporated into the N,N-chelating centers of MOFs 
by postsynthetic modification. At 30  bar of ethylene pressure 

and in the presence of Et2AlCl, 10Ni@(Fe)MIL-101 (Figure 4L) 
showed high activity (1.8 × 105 goligomers molNi

−1 h−1) for ethylene 
dimerization, and afforded butylene with selectivity (>90%) 
(Figure 18). For the microenvironment modulation of Ni@(Fe)
MIL-101, the BET surface of 10Ni@(Fe)MIL-101 (1110 m2 g−1) 
was larger than 30Ni@(Fe)MIL-101 (155 m2 g−1), which resulted 
in better ethylene transport and more opportunities for eth-
ylene contact with the metal sites, making 10Ni@(Fe)MIL-101 
(95%) higher selective for ethylene dimerization than 30Ni@
(Fe)MIL-101 (94%).

5.2. Other Late Transition Metal-Based MOFs

Ni-based MOFs are generally applied for olefin oligomerization, 
while other late transition metals (e.g., Fe and Co) based MOFs 
are primarily used for olefin polymerization. Moreover, Fe and 
Co based MOFs with wide channels provide the confinement 
effect to retain the reactivity of the monomers.

The vacuum heating can modulate the number of active 
sites in the microenvironment, thus affecting the activity 
and selectivity of the polymerization reactions. MOFs for 
olefin oligomerizations are generally applied for the pro-
duction of α-olefins. Interestingly, a series of MIL-100(Fe)-
t prepared by treating Fe3O(H2O)2F[C6H3(CO2)3]2-nH2O 
(MIL-100(Fe))[109] at different vacuum temperatures for 
the production of alkanes was first reported by Zhang and  

Table 8.  Results of synthetic MOFs and their postsynthetic modification.

MOFs H2-aminobenzene-1,4-dicarboxy-
late (ABDC)/H2BDC

ABDC/BDC in  
MixMOFsa)

Postsynthetic  
complexes

Ni contentb)  
[10−3 mol g−1]

MixMOFs-a 1/5 1.85/10.15 MixMOFs-a-Ni 0.65

MixMOFs-b 1/3 2.53/9.47 MixMOFs-b-Ni 1.07

MixMOFs-c 1/2 3.43/8.57 MixMOFs-c-Ni 1.22

a)Determined by 1H NMR; b)Measured by inductively coupled plasma (ICP).

Figure 15.  Preparation of MixMOFs-Ni.
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co-workers.[70] Activated by Et2AlCl, MIL-100(Fe)-250 showed 
high activity (1.2 × 105 goligomers molFe

−1 h−1) and very high selec-
tivity (97.9%) for octane formation at 25  °C and 10  bar ethy
lene pressure. For the microenvironment modulation of MIL-
100(Fe), the quantity of Fe(II) unsaturated sites in the micro-
environment is increased under vacuum heating, accompanied 
by the reduction of Fe(III) sites (with low selectivity and activity 
for octane), which causes an enhancement of the selectivity and 
activity for octane generation.

The well-ordered channels (good microenvironment) in 
MOFs can be employed for the production of structure-specific 
polymers with desirable performances. Inspired by MOFs for 
mono-olefin polymerization, Dincă and co-workers[69] initially 
reported Co(II)-MFU-4l prepared by installing Co(II) ions into 
the inorganic nodes of MFU-4l[110] for polymerization of dienes. 
Activated by MMAO-12, Co(II)-MFU-4l exhibited low activity 
(1.4 × 104 gPB molCo

−1 h−1) for polybutadiene (PB, cis-1,4) forma-
tion (Mw = 2.5 × 105) with narrow D (D = 1.26) and very high 
selectivity (99.3%) at 21 °C for 6 h (Figure 19).

Lanthanide metals based MOFs are also used as active centers 
in olefin polymerization. Nd-based MOFs, such as porous 
Nd(BTB)(H2O)-2(C6H12O) (MIL-103(Nd), BTB = 1,3,5-benzen-

etrisbenzoate) and nonporous Nd(H2O)(C6H3-(CO2)3)  (MIL-
81(Nd)), used for isoprene polymerization (Figure 20) was 
first reported by Visseaux et al.[54] Activated by MMAO, porous 
MIL-103(Nd) was active for polyisoprene (cis-1,4) generation 
(Mw = 3.4 × 105) with high selectivity (up to 90.7%) and narrow 
D (D  = 2.4) at room temperature for 20  h. At 50  °C for 20  h, 
nonporous MIL-81 enabled the polymerization of isoprene, 
generating polyisoprene (cis-1,4) (Mw = 2.0 × 105) with moderate 
selectivity (70.6%) and narrow D (D = 2.6).

6. Conclusions

MOFs possess structural diversity, channel modifiability, and 
uniformly-distributed metal sites in the frameworks, which 
could provide effective modulation of microenvironment sur-
rounding the catalytic sites and thus have great potential to 
control the composition, surface area, particle size, particle 
size distribution, and porosity of (co)polymers, resulting in the 
ability to tailor the polymer properties in the heterogeneous 
industrial polymerization processes.

Regarding the use of MOF for olefin polymerization, it is 
now possible to conclude the influence of its microenviron-
ment on the catalytic effect. For the factors of electronic effects, 
the presence of metal sites is the prerequisite for heteroge-
neous polymerization catalysis, and the microenvironmental 
modulation surrounding the metal sites is necessary condi-
tion for improving the catalytic performance and the proper-
ties of polymerization products. Coordination-unsaturated or 
coordination-saturated metal sites could be transformed to 
active sites by means of vacuum activation and methylation 
before they can be used in olefin polymerization. The tunable 
functional groups surrounding the metal sites provides steric 
hindrance to effectively inhibit β-H elimination because of its 
shielding effect on the axial position of the metal centers. The 
rate of chain growth is faster than that of chain transfer, which 
results in the generation of high MW (co)polymers. For the 
factors of spatial effects, regulation groups, the large specific 
surface area, total volume, and pore size would be beneficial 
for increasing the exposure chances of the active sites and the 
contact probability of olefins with the active sites to enhance 
the utilization of active sites and catalytic activity. In addition, 
we recommend that early transition metals (e.g., Zr, Cr, V, and 
Ti) based MOFs be designed for olefin polymerization and 
late transition metals (e.g., Ni and Fe) based MOFs for olefin  
oligomerization.

There are many methods to introduce coordination unsatu-
rated metal sites into parent MOFs to construct active sites 
for olefin oligomerization and (co)polymerization. Among 
them, precise postsynthetic modification of the microenviron-
ment surrounding metal centers in MOFs is an essential pre-
requisite for controlling polymer morphology and properties. 
Overall, the microenvironment refers to the electronic effects 
of active metals and coordination atoms, the electronic and 
spatial effects of surrounding regulatory groups, and the pore 
capacity, pore size, and specific surface area of MOFs. Not only 
the monomer transport rate in the channels and its opportunity 
to contact with metal sites, but also the activity and selectivity of 

Figure 16.  The flow chart for production of MIL-125(Ti)-NH2-Pyr-Ni.

Table 9.  Ni@MOF for ethylene oligomerization with the activation of 
cocatalysts.

Catalyst Cocatalyst Activitya) α-C4 [wt%]b) α-C6 [wt%]c)

Ni@MOF MAO 1.81 87.2 91.5

Ni@MOF TEA 2.07 73.9 70.2

Ni@MOF DEAC 2.56 64.3 63.2

Ni@MOF EADC 2.30 61.1 62.0

a)Unit of 105 goligomers molNi
−1 h−1; b)Percent 1-butene relative to all C4 products; 

c)Percent 1-hexene relative to all C6 products. Conditions: 800 equiv. of cocatalyst, 
50 °C, 10 bar ethylene pressure.
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coordination-insertion, chain growth, and chain transfer steps 
are crucially impacted by microenvironment modulation of 
MOFs.

Nevertheless, there are still some challenges for MOFs in 
olefins oligomerization and (co)polymerization. For instance, 

the poor reusability of MOFs in olefin oligomerization, the 
complexed process and harsh conditions of preparation of 
organic ligands, the high cost of large-scale production and 
application of MOFs based catalysts, and the deactivation of 
MOFs derived from deposited polymers around the catalytic  
sites.

Several effective approaches could be employed to address 
these problems. To achieve commercial olefins polymeriza-
tion with MOFs, raw materials for the preparation of MOFs 
should be bulk commodities (easily available and low cost) 
and preparation processes of MOFs are supposed to be pre-
cise, fast, and environmental under reasonable conditions. For 
diminished accumulation of polymer chains in the channels, 
it is prospective to modulate the pore size of MOFs, introduce 
flexible substituents around active centers and enhance the per-
centage of surface active sites by rational selection and design 
of MOFs building units. Further understanding of structure–
performance relationships by computer assisted molecular 
simulation or machine learning would be beneficial for the 
design and preparation of industrial heterogeneous catalysts in  
the future.

Figure 17.  NU-1000-bpy-NiCl2 for ethylene dimerization. Reproduced with permission.[50] Copyright 2015, American Chemical Society.

Figure 18.  Ni@(Fe)MIL-101 for ethylene dimerization. Reproduced with permission.[51] Copyright 2013, American Chemical Society.

Figure 19.  Highly selective Co(II)-MFU-4l for the polymerization of polyb-
utadiene (cis-1,4) (>99%).
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