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Yidan Cheng,l ang,l Yutao Chen,~ Weihuan Kong, Shuai Zhang, Jiahui Huang,
Yingjie Zhang] Yang Yang,* [Shangtao Chen,* and Haobing Wang*

Cite This: Macromolecules 2025, 58, 7136-7149 I: I Read Online

ACCESS | lihl Metrics & More | Article Recommendations | @ Supporting Information
c e P Metall Polar mPE
v Catalysts v'Moderate to High Activity
1 Cp'2MX, : .
X+ 9 P 2MX2 S v Controllable Insertion Rate
{ P cmr?mm 0= +'Good Mechanical Properties

ABSTRACT: Metallocene polyethylene (mPE) is a high-performance polyolefin that is renowned for its exceptional material
properties. Although polar functionalization of mPE can improve surface characteristics and expand its applications, conventional
synthesis methods face challenges due to the poisoning effect of polar monomers on metallocene catalysts. In this study, we present a
direct metallocene-catalyzed copolymerization of ethylene with oxygen- and nitrogen-containing polar monomers bypassing the need
for masking reagents. Integrated experimental and computational analyses reveal that heteroatom interactions with the metallocene
center do not deactivate the catalyst; rather, they fine-tune copolymerization behavior, influencing monomer insertion rates, catalytic
activity, and molecular weight. Using titanocene [Ti(Cp),ClL,], we synthesized ethylene/anisyl propylene (AP) copolymers with
adjustable polar monomer incorporation (0—32 mol %). Meanwhile, a zirconocene catalyst [Zr(CpMes),Me,] produced high-
molecular-weight functional plastics (e.g, 4.5 mol % AP, M, = 370 kDa). The resulting polar mPE copolymers exhibited tailored
surface and mechanical properties, highlighting their potential as advanced polyolefin-based adhesives and engineered plastic
materials.

B INTRODUCTION trialkylsilyl compounds'®** or aluminum alkyls®’~*' are often
employed (Scheme 1B). For example, Kaminsky et al.
demonstrated that a sterically hindered fluorenyl-based
zirconocene (Ph,Si(OctHFIu)(Ind)ZrCl,) outperformed bi-
sindenyl zirconocene in copolymerizing ethylene with
protected 2,7-octadienyl methyl ether, yielding ether-function-
alized mPE with residual double bonds for further
modification.”” Imuta et al. reported the copolymerization of
adoption in packaging, healthcare, construction, and agricul- al'uminum. alkyltprotected allylalcohol with‘ethylene by using
ture. The global mPE market, valued at USD 21.82 billion in dlm.ethylsﬂyl-brldged I.netallocene (Me251(Flu) (I‘nd) ZrC1.2)’
2024, is projected to reach USD 27.35 billion by 2029.’ leading to tbe f(.)rrnatlon of pred0m¥nant.end—51t.e—.se1ect.1ve
However, the inherent nonpolarity of mPE limits its alcohol-ﬁlnct19nal1zed P o.lyethylene with high activity, h%gh
compatibility with polar substrates, restricting applications molecular weight, and high polar monomer uptake at high

33
requiring adhesion, barrier performance, or polymer blend- temperature. .
ing >~ Alternative strategies leverage rare-earth-metal catalysts,

Introducing polar functionalities into mPE could address where polar monomer coordination enhances copolymeriza-
these limitations, while unlocking new market opportunities. tion efficiency. Cui, Hou, and Marks pioneered this approach,

Direct copolymerization of ethylene with polar monomers

Metallocene polyethylene (mPE), synthesized via single-site
metallocene-catalyzed ethylene (co)polymerization, represents
a high-performance polyolefin with a precisely controlled
microstructure and narrow molecular weight distribution.
These structural advantages endow mPE with superior
mechanical properties—including enhanced tensile strength,
puncture resistance, and optical clarity—driving its widespread

using metallocene catalysts is the most eflicient synthetic Received:  April 6, 2025 ““""“EI/,
route.” ™" Yet, conventional Group 4 metallocenes (e.g, Ti, Revised:  June 27, 2025 1
Zr) are highly susceptible to Lewis acid—base interactions with Accepted:  June 30, 2025

polar groups, leading to catalyst deactivation, suppressed Published: July 9, 2025

comonomer incorporation, and reduced molecular weights
(Scheme 1A)."*~"” To mitigate this, masking reagents such as

© 2025 American Chemical Society https://doi.org/10.1021/acs.macromol.5c00909

v ACS Publications 7136 Macromolecules 2025, 58, 71367149
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Metal Synergistic Dual Activation Enables Efficient
Transesterification by Multinuclear Titanium Catalyst: Recycling and

Upcycling of Polyester Waste
Zuowen Shi, Hao Jiang, Can Xuej

Yang Yang,* 'Zhaomin Hou,* and Haobing Wang*

[

thermoplastic elastomer, respectively.

Abstract: Developing highly efficient and selective catalysts for chemical recycling and upcycling of plastic waste is essential
for establishing a sustainable plastics economy and reducing environmental impact. Here, we report a novel tetranuclear
titanium catalyst that enables highly efficient transesterification reactions of esters and polyesters. Detailed experimental
and computational studies have revealed that a bi-titanium framework facilitates a dual activation mechanism, activating
both alcohol and ester simultaneously, thereby significantly enhancing the transesterification process. This catalyst
demonstrated exceptionally high activity in the methanolysis of poly(ethylene terephthalate) (PET) with an activity up to
1.9 x 107 gpgr moly ! h™! at 0.005 mol% catalyst loading, producing polymerizable dimethyl ester and glycol monomers.
Additionally, it effectively catalyzed the re-polymerization of the recovered monomers, yielding the original polyester
with high molecular weight and thereby achieving an ideal circular economy for commodity polyesters. Furthermore,
this catalyst can also be utilized for the efficient upgrading of PET waste via transesterification with 1,4-butanediol,
polybutylene adipate, and poly(tetramethyene ether glycol), yielding engineering plastic, biodegradable polyester, and

J

Introduction

Plastics are the most consumed synthetic materials, valued for
their low cost, lightweight, ease of processing, and long-lasting
desirable properties.'°] In 2021, the world plastic production
reached 390 million metric tons.”l However, only 8.3% of
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consumed plastics are recycled,[’] with the majority ending
up in landfills or incinerators, significantly contaminating the
environment and increasing greenhouse gas emissions.!* ']
To address this challenge, substantial efforts have been made
over the past 20 years to develop direct recycling!'>'*l and
upcycling!'>7] strategies that convert discarded plastic wastes
into virgin materials or value-added products.['*2°] Despite
these advancements, cost-effective technologies for closed-
loop chemical recycling and upcycling of plastics still face
challenges regarding energy and chemical efficiency.[*2¢]
Poly(ethylene terephthalate) (PET) is the most produced
and consumed polyester plastic, with approximately 100
million metric tons produced globally from fossil resources.
PET’s high resistance to microbial degradation in the environ-
ment has contributed to significant plastic pollution, posing
serious risks to ecosystems. Currently, the reuse of discarded
PET primarily focuses on the physical recycling of food-
grade products, such as drinking bottles. However, during this
process, additives and contaminants often lead to downcycled
materials with diminished quality and utility. For many PET
products, including dyed clothing, blended fibers, and mixed
plastics, physical recycling is inefficient due to the large quan-
tities of additives present. In contrast, chemical treatments
for PET waste, such as hydrolysis,[*? alcoholysis,**]
hydrogenation,*l and pyrolysis,!*"] can effectively degrade
PET into monomers, which can then be used to produce virgin
polymers. Among these strategies, catalytic transesterification
of PET offers a promising approach for complete recycling
and upcycling when using efficient catalysts. For example,
methanolysis of PET can yield dimethyl terephthalate (DMT)
and ethylene glycol (EG) monomers, which provide distinct
advantages for ease of separation and purification, as well

© 2025 Wiley-VCH GmbH
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Effect of chain microstructure on mechanical properties of metallocene
LLDPE resins by using TREFxHT-GPC and TREF xSSA methods
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ARTICLE INFO ABSTRACT

Keywords:

Metallocene LLDPE

Preparative TREF
TREFxHT-GPC

TREF xSSA

Structure-properties relationship

Analyzing commodity metallocene linear low-density polyethylene (mLLDPE) for its chain structure and me-
chanical performance is crucial for developing high-value polyethylene products. This paper concentrates on the
cross-fractionation analysis of two mLLDPE samples (A and B) with similar comonomer incorporation, density,
melting index, and molecular weight but different mechanical properties. The mLLDPE products were frac-
tionated by preparative temperature rising elution fractionation (P-TREF), and the P-TREF fractions were further
analyzed by successive self-nucleation and annealing (SSA) as well as the high temperature gel permeation
chromatography (HT-GPC). The TREF x SSA and TREF x HT-GPC cross-fractionation techniques provided
detailed information on molecular structure, especially the methylene sequence distribution and short-chain
branch distribution. This elucidated the impact of internal chain structures on their mechanical properties.
After TREF classification, sample B exhibited a much broader quality distribution than that of sample A. The
TREF x HT-GPC results showed that the preference of the 1-hexene comonomer incorporation into long chains
causes more entanglements in the inter-lamellar region and thus benefits sample B’s elasticity and toughness. The
TREF x SSA test revealed that the presence of more thick lamellae in sample A explained the larger bending
modulus and higher stiffness. Three-dimensional maps of molecular weight, elution temperature, and relative
concentration of all fractions were established using TREF data together with HT-GPC and SSA data, which
directly visualized the subtle differences in the molecular microstructure between the two samples.

1. Introduction when compared to conventional LLDPE resins. These properties were

achieved mainly by improved control over the locations of the

The discovery of metallocene/methyl aluminoxane (MAO) catalyst
systems by Professor Kaminsky’s team approximately 40 years ago
revolutionized olefin polymerization due to the ultrahigh ethylene
polymerization activity and being able to tailor the structure, the tac-
ticity, and the stereoregularity of polyolefins in a way which has not
been achieved before [1]. These catalysts are pivotal in producing
metallocene linear low-density polyethylene (mLLDPE), a copolymer
synthesized by the copolymerization of ethylene with a-olefins. The
mLLDPE is renowned for its exceptional impact strength and sealability

short-chain branches (SCB) in the polyethylene chain [2]. Particularly,
mLLDPE with a-olefin as comonomer exemplifies the exceptional
copolymerization ability and molecular design capabilities of metal-
locene catalysts, enabling the flexible adjustment of molecular mass
distribution and monomer incorporation [3-7]. Such flexibility signifi-
cantly enhances the quality of standard polyethylene films and facili-
tates film thinning, making mLLDPE increasingly popular in various
applications including agricultural films, heavy packaging bags, freezer
packaging, snack packaging, and flexible packaging.
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Abstract: Using small molecules to inhibit the PD-1/PD-L1 pathway is an important approach
in cancer immunotherapy. Natural compounds such as capsaicin, zucapsaicin, 6-gingerol and
curcumin have been proposed to have anticancer immunologic functions by downregulating the
PD-L1 expression. PD-L1 dimerization promoted by small molecules was recently reported to be
a potential mechanism to inhibit the PD-1/PD-L1 pathway. To clarify the molecular mechanism of
such compounds on PD-L1 dimerization, molecular docking and molecular dynamics simulations
were performed. The results evidenced that these compounds could inhibit PD-1/PD-L1 interactions
by directly targeting PD-L1 dimerization. Binding free energy calculations showed that capsaicin,
zucapsaicin, 6-gingerol and curcumin have strong binding ability with the PD-L1 dimer, where the
affinities of them follow the trend of zucapsaicin > capsaicin > 6-gingerol ~ curcumin. Analysis by
residue energy decomposition, contact numbers and nonbonded interactions revealed that these
compounds have a tight interaction with the C-sheet, F-sheet and G-sheet fragments of the PD-L1
dimer, which were also involved in the interactions with PD-1. Moreover, non-polar interactions
between these compounds and the key residues Ile54, Tyr56, Met115 and Alal21 play a key role
in stabilizing the protein-ligand complexes in solution, in which the 4’-hydroxy-3’-methoxyphenyl
group and the carbonyl group of zucapsaicin, capsaicin, 6-ginger and curcumin were significant for
the complexation of small molecules with the PD-L1 dimer. The conformational variations of these
complexes were further analyzed by free energy landscape (FEL) and principal component analysis
(PCA) and showed that these small molecules could make the structure of dimers more stable. This
work provides a mechanism insight for food-derived small molecules blocking the PD-1/PD-L1
pathway via directly targeting the PD-L1 dimerization and offers theoretical guidance to discover

more effective small molecular drugs in cancer immunotherapy.

Keywords: PD-1/PD-L1 pathway; food-derived molecules; inhibitor drugs; molecular docking;
molecular dynamics simulation

1. Introduction

Programmed cell death-1 (PD-1) [1-3], as an immune checkpoint protein expressing on
the surface of activated T cells, plays a fatal role in cancer immunotherapy when interacted
with programmed cell death ligand-1 (PD-L1) [4]. Cancer cells release PD-L1, which binds
to PD-1 and leads to the immune escape of cancer cells [5]. Blocking the immune checkpoint
with inhibitor drugs is the most encouraging strategy with significant advantages over
conventional chemotherapy [6]. Compared with the monoclonal antibodies (mAbs) that
have been widely applied in clinical trials, the small molecular drugs are starting to attract
attention by the characteristic of higher stability, better tumor penetration and fewer side
effects [7]. The pioneering work was made by the Bristol Myers Squibb (BMS) company,
who synthesized a series of small molecules (BMS-8, BMS-200, BMS-202, etc.) and found

Int. J. Mol. Sci. 2023, 24, 1413. https:/ /doi.org/10.3390/ijms24021413
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Making Polyisoprene Self-Healable through Microstructure
Regulation by Rare-Earth Catalysts

Haobing Wang",
Yuji Higaki, and

Yang Yang’
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Abstract: The creation of self-healing polymers from
commodity olefins is of great interest and importance
but has remained a challenge to date. We report here
for the first time the synthesis of self-healing polymers
by catalyst-controlled polymerization of a simple
commodity diene, isoprene. We found that polyiso-
prenes having an appropriate mixture (ca. 70/30) of 3,4-
and cis-1,4-microstructures synthesized by using a half-
sandwich scandium catalyst could act as excellent self-
healing elastomers without any external intervention.
The unprecedented self-healability could be ascribed to
nanoscale heterogeneities formed by microphase sepa-
ration of the relatively hard 3,4-segments from a
flexible cis-1,4-segment matrix. The hydrogenated poly-
isoprenes (without C=C bonds) with the analogous
microstructures also exhibited excellent mechanical
and self-healing properties, further demonstrating that
even simple polyolefins can be made self-healable if

the microstructures are appropriately regulated. )
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Introduction

Polyolefins are ubiquitous in modern society, ranging from
food packaging and clothing to automobiles and electronic
and medical devices."! Making polyolefins self-healable
would improve the lifetime, safety, and environmental
impact of materials used in many applications. An ultimate
goal is to create tough and autonomous self-healing
polymers which can spontaneously repair upon mechanical
damage in highly variable real-world environments without
external intervention from easily available commodity
olefins. However, despite great interest and extensive
studies in this area, the synthesis of practically useful self-
healing polymers from simple commodity olefins has
remained a challenge to date.) Most of self-healing
polymers reported previously in the literature relied on
reversible chemical interactions such as Diels—Alder reac-
tion, hydrogen bonding, ion-pair formation, and metal-
ligand interaction.”! Such chemical interaction-based self-
healing polymers usually required sophisticated molecular
design and tedious multistep synthesis, and often needed
the input of external energy or stimulus such as heat, light
or pressure to achieve a significant repair after mechanical
damage. Moreover, the chemical interactions (such as
hydrogen bonding, ion-pair interaction, and metal-ligand
interaction) employed for the self-healing mechanism could
be broken under some chemical circumstances (such as
acidic or alkaline conditions), which may therefore deteri-
orate the self-healing property. Self-healing polymers
based on physical interactions such as van der Waals
interaction or microphase separation are less sensitive to
chemical influences and may function under various
chemical environments.! However, the physical-interac-
tion-based self-healing polymers remained much less ex-
tensively explored. Their synthesis mainly relied on the
controlled copolymerization of two or more carefully
designed functional monomers.! The synthesis of a self-
healable polymer from only one easily available commodity
olefin has remained unknown to date.

As part of our research program on the copolymeriza-
tion of polar and non-polar olefins by organo rare-earth
catalysts,***° we recently found that the sequence-con-
trolled copolymerization of ethylene and methoxyaryl-
substituted propylenes by a sterically demanding half-
sandwich scandium catalyst could afford unique multiblock
copolymers containing relatively long ethylene-alt-meth-
oxyarylpropylene segments and short ethylene-ethylene
blocks."*! Such sequence-controlled copolymers exhibited

© 2022 Wiley-VCH GmbH
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Terpolymerization of Ethylene and Two Different Methoxyaryl-
Substituted Propylenes by Scandium Catalyst Makes Tough and Fast

Self-Healing Elastomers

Yang Yang|Haobing Wang, Lin Huang, Masayoshi Nishiura, Yuji Higaki, and Zhaomin Hou*
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Abstract: The terpolymerization of a non-polar olefin (such as
ethylene) and two different polar functional olefins in a con-
trolled fashion is of great interest and importance but has
hardly been explored to date. We report for the first time the
terpolymerization of ethylene (E) and two different methox-
yaryl-substituted propylenes (A®'P = hexylanisyl propylene;
AR P — methoxynaphthyl propylene or methoxypyrenyl pro-
pylene) by a half-sandwich scandium catalyst. The terpolyme-
rization took place in a sequence-controlled fashion, affording
unique multi-block copolymers composed of two different
ethylene-alt-methoxyarylpropylene  sequences E-alt-A®'P
(soft segments) and E-alt-A™P (hard segments) and relatively
short ethylene—ethylene (EE) blocks (crystalline segments).
The terpolymers exhibited excellent elasticity and unprece-
dented self-healing as a result of microphase separation of
nanodomains of the crystalline EE segments and the hard
amorphous E-alt-A™P segments from a very flexible E-alt-
AP matrix, demonstrating unique synergy of the three
different components.

Introduction

The copolymerization of non-polar olefins such as ethyl-
ene with heteroatom-functionalized poplar olefins is, in
principle, the most efficient and practical route for the
synthesis of functionalized polyolefins. To create copolymers
that can exhibit novel and improved beneficial properties,
copolymerizing the different monomers in a controlled man-
ner is highly important. However, despite great interest and
extensive studies in this area, the synthesis of copolymers of
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non-polar and poplar olefins in a controlled fashion remains
a challenging task because of the distinct difference in
reactivity between these two classes of olefin monomers."
In particular, the terpolymerization of a non-polar olefin and
two different polar olefins in a controllable way has rarely
been reported previously.” In this context, search for
efficient and selective catalysts is obviously of great interest
and importance.

We have recently found that half-sandwich rare-earth
catalysts can serve as a unique platform for various chemical
transformations,” including the copolymerization of ethylene
and heteroatom (such as O, N and S)-functionalized
a-olefins.”! In particular, the copolymerization of ethylene
and anisyl-substituted propylenes by a sterically demanding
scandium catalyst afforded nanoscale multiblock copolymers
composed of relatively long ethylene-alt-anisylpropylene
sequences and short ethylene—ethylene sequences.*!! Such
sequence-controlled ethylene-anisylpropylene copolymers
exhibited excellent elasticity and remarkable self-healing
because of microphase separation of nanodomains of the
crystalline ethylene—ethylene segments from a flexible ethyl-
ene-alt-anisylpropylene matrix, standing in sharp contrast to
the self-healing polymers based on reversible chemical
interactions such as hydrogen bonding and ion pair inter-
actions reported in the literature.*” Moreover, the anisyl
substituents in the copolymers showed significant influences
on the mechanical and self-healing properties. For example,
the copolymer containing hexyl-substituted anisyl units
behaved like a stress softening material with fast self-healing
speed but low tensile strength. In contrast, the analogous
copolymer having methoxynaphthyl units behaved as a flex-
ible plastic with high tensile strength without showing self-
healing at room temperature.*) These findings raised an
intriguing question whether a terpolymer of ethylene and two
different methoxyaryl-functionalized propylenes such as
hexylanisylpropylene and methoxynaphthylpropylene would
show unique synergistic effects on the mechanical and self-
healing properties, which thus prompted us to examine the
terpolymerization of ethylene with two different functional
olefins.

Herein, we report the terpolymerization of ethylene (E)
with two different sets of methoxyaryl-functionalized propy-
lenes A®P and A®*P (A®'P = hexylanisyl propylene (A"*P);
ARP = methoxynaphthyl propylene (AN*""P) or methoxypyr-
enyl propylene (AP"P)) by a half-sandwich scandium catalyst.
The combination of A"*P and AN*"P and that of A"*P and
AP together with ethylene were chosen because A"P

Angew. Chem. Int. Ed. 2021, 60, 26192-26198
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ABSTRACT: Self-healing materials are of fundamental interest and z )
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sandwich scandium catalyst. The copolymerization proceeded in a
controlled fashion, affording unique multi-block copolymers l‘

Damaédlnalr Healed after 5 min

composed of relatively long alternating ethylene-alt-anisylpropylene
sequences and short ethylene—ethylene units. By controlling the
molecular weight and varying the anisyl substituents, a series of
copolymers that show a wide range of glass-transition temperatures
(Tg) and mechanical properties have been obtained. The copolymers
with T, below room temperature showed high elastic modulus, high
toughness, and remarkable self-healability, being able to autono-
mously self-heal upon mechanical damage not only in a dry
environment but also in water and aqueous acid and alkaline solutions, while those with T, around or above room
temperature exhibited excellent shape-memory property. The unique mechanical properties may be ascribed to the phase
separation of the crystalline ethylene—ethylene nanodomains from the ethylene-alt-anisylpropylene matrix.
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B INTRODUCTION polar functional olefins has received much recent attention, as
such copolymerization can, in principle, serve as an atom-
efficient and practical route for the synthesis of functionalized
polyolefins that may show improved beneficial properties.'®™>
However, the copolymerization of ethylene and polar func-
tional olefins often suffers from a trade-off between copolymer
molecular weight and polar-monomer incorporation because of
ligand interaction,">'* jonic interaction,'® and donor—acceptor the distinct differezr}c_ea 6in reacFivity betm{een thes‘e two types of
7—1 stacking interaction.'® To achieve significant repair, the olefin MONOMELS. De.SPI.te extensive studies and recent
input of an external energy or stimulus such as heat,”>'® advar}ces m this area, it 1s still dlﬂicult to synthe.sme
light,'* pressure,® or solvent' is usually required, although a functionalized polyolefins having both high molecular weight
few polymer materials were reported to show autonomous self- and high polar-monomer content in a controllable fashion.

Materials capable of self-healing upon damage have received
tremendous attention over the past decades.' > Most of the
self-healing materials reported to date have mainly relied on
sophisticated designs and incorporation of chemical mecha-
nisms into polymer networks, such as irreversible or reversible
covalent bond formation,*™” hydrogen bonding,7_12 metal—

healability with low toughness.*~*'%'7 The introduction of This has severely limited the exploration of well-defined,
phase-separated morphologies may also facilitate damage functionalized polyolefins with potential for a wide range of
repair,”''” but self-healing materials based on such physical practical applications. An ethylene-based aut01317omous self-
mechanisms remained scarce. In consideration of practical healing polymer has remained unknown to date.
applications, it is highly important to develop tough, We have recently found that heteroatoms (such as oxygen
autonomous self-healing materials that can be produced in and sulfur) can serve as an efficient promoter for the
commercially relevant quantities and function in highly copolymerization of functional a-olefins with ethylene in the
variable, real-world situations, including acidic and basic presence of a rare-earth metal catalyst via a heteroatom-
aqueous environments.
Ethylene is the most widely used olefin monomer in the Received: December 13, 2018

chemical industry. The copolymerization of ethylene with Published: February 6, 2019

ACS Publications  © 2019 American Chemical Society 3249 DOI: 10.1021/jacs.8b13316
v J. Am. Chem. Soc. 2019, 141, 3249-3257
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plasticity and elasticity of these polymers offered excellent
flexibility in shape manipulations. P8 can be stretched and
deformed at 50 °C. The deformed shape can be fixed upon

cooling to room temperature (see Figure Sa,b). Remarkably,
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Figure S. Shape memory property of P8. (a) An S-shaped sample
prepared by cutting a P8 film painted with black ink (permanent
shape at 20 °C). (b) The S-shaped sample was deformed at 50 °C
(T4) and the deformed temporary shape was fixed by cooling to 20
°C. (c) The deformed temporary shape was placed in a 50 °C water
bath. (d) The permanent (original) shape was recovered within S s in
the water bath at S0 °C (T,). (e) Dual-shape memory cycle at Ty = T,
=50 °C. Ry = 99.5%, R, = 99.1%.

when the fixed sample was returned to its deformed
temperature (SO °C), a full shape-recovery was observed
(see Figure Sc,d). The thermal mechanical analysis revealed
that P8 possesses excellent dual-shape memory property with
shape fixity (R;) and shape recovery (R,) as high as 99.5% and
99.1%, respectively, at the deformation and recovery temper-
ature of 50 °C (Figure Se). Similarly, the methoxynaphthyl-
substituted copolymer P11 showed good shape deformation
and recovery performance at 80 °C (Figure $126).

B CONCLUSION

By using a sterically demanding half-sandwich scandium
catalyst such as 2, we have achieved for the first time the
controlled copolymerization of ethylene and anisyl-function-
alized propylenes. The copolymerization has led to the
formation of unique multi-block copolymers composed of
relatively long amorphous ethylene-alt-anisylpropylene sequen-
ces and short crystalline ethylene—ethylene segments. In
contrast to the homopolymers, which are semi-crystalline
plastics, the copolymer products showed high elasticity with
significant dependence on the molecular weight. The larger
molecular-weight copolymers exhibited higher tensile strength
and higher toughness, as demonstrated by P1—PS5. Significant
influences of the anisyl substituents on the mechanical
properties have also been observed. By modifying the anisyl
moiety with different substituents, a series of copolymers
showing mechanical properties ranging from soft viscoelastic
materials (such as P7) to tough elastomers (such as P6 and
P9) and flexible and rigid plastics (such as P8, P10, and P11)
have been obtained. In addition to high toughness, the
copolymers with T, lower than room temperature (such as
P2—P6 and P9) exhibited exceptional self-healing properties,
with the ability to autonomously self-heal from mechanical
damage not only in a dry environment but also in water and
aqueous acid and alkaline solutions without the need for any
external energy or stimulus. The copolymers with T, around or
higher than room temperature (such as P8 and P11) exhibited
excellent shape-memory property with R; and R, approaching
to 100% due to their thermally distinct plasticity and elasticity.
The unique self-healing and shape-memory properties of these

copolymers can be ascribed to the phase separation of the
crystalline nanodomains of the ethylene—ethylene segments
that may serve as the physical cross-linking points in a flexible
ethylene-alt-anisylpropylene matrix. The unique and highly
tunable properties including high elastic modulus, high
toughness, exceptional self-healability, and excellent shape-
memory along with the ease of synthesis from readily available
staring materials may enable this series of brand-new
copolymers to find a wide range of practical applications in
the future. Moreover, this work may also help design further
new catalysts and new functional olefin monomers for the
synthesis of a variety of desired functional materials by
copolymerization with ethylene or other commodity olefin
monomers.

Bl ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.8b13316.

Experimental details, methods, NMR spectra, and other
characterization, including Schemes S1—S3, Figures S1—
S126, and Tables S1—-S4 (PDF)

Movie 1, fast self-healing of a film of PS5 at room
temperature (AVI)

Movie 2, fast self-healing of a S mm thick piece of P2 at
room temperature (AVI)

Movie 3, fast self-healing of a film of P7 in ice water
(AVI)

Movie 4, slow self-healing of a film of P8 in air at room
temperature and fast healing in hot water (AVI)

B AUTHOR INFORMATION

Corresponding Author

*houz@riken.jp

ORCID

Haobing Wang: 0000-0002-9104-1726

Yuji Higaki: 0000-0002-1032-4661

Atsushi Takahara: 0000-0002-0584-1525

Zhaomin Hou: 0000-0003-2841-5120

Present Address

*Y.H.: Department of Integrated Science and Technology,
Faculty of Science and Technology, Oita University, 700
Dannoharu, Oita 870-1192, Japan

Author Contributions
IHW and Y.Y contributed equally to this work.

Notes

The authors declare the following competing financial
interest(s): H.W., M.N. and Z.H. are authors on a patent
application related to the synthesis of P1 to PS filed by RIKEN
(application no. 2017-049096, filed on 14 March 2017). Y.Y,,
HW., MN. and Z.H. are authors on a patent application
related to the mechanical and self-healing properties of P1 to
P11 filed by RIKEN (application no. 2018-046829, filed on 14
March 2018).

B ACKNOWLEDGMENTS

This work was supported in part by a Grant-in-Aid for
Scientific Research (S) (26220802), a Grant-in-Aid for
Scientific Research (C) (No. 17K05824), and a Grant-in-Aid
for Scientific Research on Innovative Areas (17H06451) from
JSPS and by the ImPACT Program of Council for Science,

DOI: 10.1021/jacs.8b13316
J. Am. Chem. Soc. 2019, 141, 3249-3257



%iS%ﬁ (ng’}é) -[F =235 Coordination Chemistry Reviews 376 (2018) 506-532

Contents lists available at ScienceDirect
Coordination Chemistry Reviews

journal homepage: www.elsevier.com/locate/ccr

Review

Metal-catalyzed C—H activation for polymer synthesis and M)

Check for

functionalization

Yang Yang®, '\/lasayoshi Nishiura *°, Haobing Wang?, Zhaomin Hou **

2 Advanced Catalysis Research Group, RIKEN Center for Sustainable Resource Science, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
Y Organometallic Chemistry Laboratory, RIKEN Cluster for Pioneering Research, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

ARTICLE INFO ABSTRACT
Article history: Transition-metal-catalyzed C—H bond activation has attracted substantial interest in recent years as an
Received 6 July 2018 efficient, step-economic, and environmentally benign pathway for the synthesis of functional polymers.

Received in revised form 10 August 2018
Accepted 17 August 2018
Available online 5 September 2018
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