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Coordinative chain transfer (co)polymerization (CCT(co)P) is a degenerative chain transfer polymerization
mechanism that allows for rapid and efficient chain exchanges between a main group metal/zinc
(dormant site) and a transition metal (active site). The ability to generate multiple chains per catalyst mole-
cule during this process leads to significant atom economy, addressing both economic and ecological
concerns. In addition to enabling the polymerization of olefins, styrene, and conjugated dienes with high
stereospecificity, this technique also provides access to highly reactive polymeryl-metal chain ends. Such
extremities can serve as initiation sites for other polymerization techniques, either directly or after an
exchange of functional end-group, and may lead in this way to linear block copolymers (BCPs) with a
large variety of compositions. Bulk self-assembly of BCPs with adequate architectures enables the inge-
nious combination of the characteristics of different domains, imparting unique properties that make
them suitable for a wide range of applications, such as adhesives, compatibilizers for polymer blends, and
thermoplastic elastomers (TPEs). The latter are particularly attractive in the context of a sustainable circu-
lar economy: TPEs exhibit at service temperature the elastic properties of crosslinked elastomers, yet they
can be molded and extruded like thermoplastics at higher temperatures. This review describes the state-
of-the-art synthesis strategies employing CCT(co)P and chain shuttling polymerization (CSP) of olefins
and conjugated dienes, either independently or combined with other controlled polymerization tech-
niques, for the synthesis of linear BCPs and multiblock copolymers (MBCs). Some of these polymers con-
stitute a new class of TPEs. In a second section, the control of the morphology of these materials by the
architectures of the BCPs and crystallization-driven self-assembly and their thermomechanical properties
are discussed.

of industrial applications as bulk materials or additives in
thermoplastics, including compatibilizers for polymer blends,

Block copolymers (BCPs) represent a specific class of copoly-
mers in which the individual monomers are not distributed
randomly or alternately within the chain. Instead, they are
grouped together as discrete blocks along the polymer." These
materials received particular attention when the distinct
blocks led to phase separation into various nanoscaled struc-
tures (5-200 nm). The corresponding morphologies, and in
particular the connectivity of the various phases, drive for the
most part how the specific properties of each phase are com-
bined at the macroscopic level. BCPs have found a wide range
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thermoplastic elastomer (TPE) materials, energy and data
storage systems, coatings and adhesives.>® Controlled
polymerization techniques are critical to obtain well-defined
BCPs, and while linear block copolymers are the most exten-
sively studied class,* a variety of molecular architectures can
also be obtained.>” Over the years, the increasing scope and
reliability of numerical predictions such as self-consistent
field theory for the self-assembly of BCPs have also contributed
towards expanding the field of macromolecular engineering to
functional or charged monomers for high performance litho-
graphic applications requiring excellent pattern quality.®® Yet,
combining inexpensive and available monomers into opti-
mized block copolymer architectures for low-cost applications
such as TPEs remains of critical interest to industry in the
scope of developing sustainable alternatives to covalently
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crosslinked elastomers. Early strategies such as the develop-
ment of styrene-butadiene-styrene (SBS) elastomers 70 years
ago focused on triblock architectures featuring relatively
incompatible segments and the strong segregation of glassy
domains acting as physical crosslinks. While such materials
display excellent properties at service temperature and are also
amenable for post-polymerization modifications such as
hydrogenation into styrene-ethylene butylene-styrene (SEBS)
elastomers, they also demonstrate a high viscosity during pro-
cessing as the phase separation persists in the melt. Single
step processes using directly the raw olefins (ethylene or propy-
lene) and relying on crystallization-induced phase separation
are nowadays more desirable, yet they are much more difficult
to achieve and drive significant academic interest."°** A major
complexity is indeed to gain control over the stereoregularity
of each segment while maintaining a well-defined macromol-
ecular architecture. These olefin block copolymers (OBCs) typi-
cally do not present any phase separation in the melt, and
feature low viscosities compatible with high throughput
processing.

The first single step strategy for OBCs was the use of living
polymerization techniques. Living coordination-insertion
polymerization enables polymer chains to grow in the absence
of termination or chain transfer reaction while the metal
center remains constantly coordinated at one end of the
polymer chain until it is intentionally destroyed. Hence, block
copolymers can be acquired by sequential addition of mono-
mers or by varying reaction conditions."*"® This method can
produce very well defined OCBs with a versatile monomer com-
position.* However, these well-controlled materials have not
yet found commercial application due to high production
costs as only one polymer chain is produced per metallic active
site.’® Therefore, the development of catalytic systems capable
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of controlling the growth of the polymer chains while achiev-
ing a high atom economy is a main goal. In this case, the term
“atom economy” refers to the fact that a catalyst molecule is
consumed to form a polymer chain in a living system, whereas
a catalytic system will only consume a fraction of it.
Coordinative chain transfer (co)polymerization (CCT(co)P) is a
recent methodology that allows the production of multiple
polymer chains per metal complex. The catalytic feature of
CCTP has triggered in this way a surge in academic research in
recent years.'”™*°

CCT(co)P involves the use of a single transition metal (TM)
catalyst and a chain transfer agent (CTA), an organometallic
species (OS) such as MgR,, AIR; or ZnR,."”?>*! In this case,
the growing macromolecular chain is reversibly transferred via
transmetalation from the catalyst (active species) to the CTA
(Scheme 1), which is generally considered as dormant species
during polymerization. CCT(co)P is thus based on a degenera-
tive transfer, i.e. a process involving a thermodynamically
neutral dynamic equilibrium between propagating and
dormant species.'® If transfer is faster than propagation,
several chains per transition metal catalyst can grow in a con-
trolled manner. This mechanism is indeed analogous to
reversible addition fragmentation chain transfer (RAFT) in
reversible deactivation radical polymerization (RDRP).*> Given
that CTA is introduced in excess, the number of chains is gov-
erned by the concentration of CTA. In addition, as all the
chains are connected to a metal center, chain-end functionali-
zation and sequential block copolymerization are possible.

In 2006, Arriola et al. at Dow Chemical Company extended
the CCT(co)P to chain shuttling polymerization (CSP),*® in
which two catalysts work together in the presence of a chain
transfer agent - called in this case a chain shuttling agent
(CsA) - and two monomers. The different reactivities of the

Damien Montarnal obtained his
PhD from ESPCI ParisTech,
France in 2011, where he worked
on supramolecular self-healing
materials and initiated the
concept of vitrimers under the
supervision of Prof. L. Leibler
and Dr F. Tournilhac. He sub-
sequently moved to UC Santa
Barbara as a postdoctoral
researcher with Profs
C. J. Hawker, E. J. Kramer and
G. H. Fredrickson, working on
block copolymer self-assembly.
He has been a CNRS research scientist since 2015, in the CP2M
laboratory at the University Lyon 1. His research interests encom-
pass all polymer materials in which reversible chemistry can
modulate the structure, dynamics or physical properties. He was
awarded the bronze medal of CNRS in 2021 and the prize of the
French Polymer Group in Chemistry in 2022.

Damien Montarnal

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5py00623f

Published on 02 Agosti 2025. Downloaded on 23/04/2026 18:32:35.

View Article Online

Polymer Chemistry Review
CTA
- Ti, Zr, Hf, Nd,.. OS: M,: Mg, Zn, Al ) /P1\
tr ktr
[mdp, + PrMAR) ——[u| wAR) [mdp + p—m{r)
12 AN / 12 12
Dormant Species P, Dormant Species
k
kp Assumed intermediate s
Monomers Monomers

Active Species
(Co) Polymerization

P: polymer, alkyl, phenyl,...
R: polymer, alkyl, phenyl, mesityl, Br, ClI,...

Scheme 1 Mechanism and principle of coordinative chain transfer (co)polymerization (CCT(co)P). TM is a transition metal and MGM is a main

group metal. ki, is the transfer rate constant.

monomers towards the two catalysts and the reversible trans-
metalation reactions can lead to multiblock copolymers that
alternate two kinds of blocks, such as soft and hard crystalline
blocks when TPEs are targeted (Scheme 2)."° However, the
transfer rate must adequately commensurate with the propa-
gation rate in order to allow sufficient polymer chain growth
on each of the catalysts.

In addition to the fact that CCT(co)P offers a high degree of
atom economy, efficient molar mass (M,) control and the
possibility to functionalize the final polymer, it is also possible
to take advantage of coordination polymerization to control
the stereospecificity of the polymerization of a-olefins, styrene
and diene monomers (e.g. syndiospecific polymerization of
propylene (P) and styrene, stereospecific trans-1,4 or cis-1,4
polymerization of butadiene and isoprene). Given that the
polymer chains are connected to the TM or the metal of the
CTA at the end of the polymerization, CCT(co)P can be efficien-
tly combined with other controlled polymerization techniques
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such as anionic polymerization, RDRP and ring-opening
polymerization (ROP), which are capable of producing highly
controlled, low-dispersity block copolymers.™ Recently, Zinck
and coworkers have reported in great detail the advancements
made in CCT(co)P.'®"® However, little attention has been given
to the mechanical properties of the resulting block copoly-
mers. In the following, a comprehensive update of the syn-
thesis methods for block copolymers based on olefins and
conjugated dienes, including at least one CCTP or CSP step,
will be provided in a first section. It will cover the various
methodologies for the synthesis of BCPs from apolar mono-
mers (olefins, styrene, and conjugated dienes) using CCT(co)P
alone or in combination with other controlled polymerization
methods, since the emergence of this field of research in the
early 2000s. In a second section, the focus will be placed on
the polyolefin thermoplastic elastomers (P-TPEs) obtained by
this technique, to discuss the architecture, organization and
mechanical properties of these materials.
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Scheme 2 Chain shuttling copolymerization. Catalyst represents a transition metal center allowing propagation and CSA the chain shuttling agent.

2. CCT(co)P of olefins and 1,
3-dienes for the design of block and
multiblock copolymers

This section will explore in a first part post-polymerization
functionalization of polymers obtained by olefin CCTP to create
reactive macroinitiators for other polymerization techniques and
functional POs for coupling reactions. The second and third parts
respectively examine sequential monomer addition methods and
chain shuttling polymerization to form BCPs and MBCs. Finally,
a last part is dedicated to BCP synthesis obtained using systems
based on a polymerization switch from or to CCT(co)P conducted
in situ. Tables (Tables 1-5) summarizing all the corresponding
data are available at the end of each part.

2.1 Synthesis of block copolymers from end-functional POs
obtained by CCTP

CCTP is a polymerization method that produces metal-termi-
nated POs that can be easily converted to functional POs.

Subsequently, these end-functionalized POs can be used as
precursors for the production of BCPs.

2.1.1 Combination of CCTP and ring-opening polymeriz-
ation (ROP). In 2002, Kim et al. first reported the synthesis of a
PE-b-PCL (PE: polyethylene and PCL: polycaprolactone)
(Scheme 3) block copolymer by combining CCTP and ROP suc-
cesssively.>® Two catalytic systems were used in the study:
(CsMes),ZrCl,(1)/MAO  (MAO:  methylaluminoxane) and
(CsMes),ZrMe,(2)/B(CeF5);/TMA  (TMA: trimethylaluminum).
The polymerization of ethylene (E) was studied using the
metallocene complex 1 in the presence of the alkylating agent/
activator MAO ([Al]/[Zr] = 2000) in toluene for 20 min (Pg = 1.25
atm, T = 50 °C). At the end of polymerization, dry air was
bubbled into the reaction medium, and then H,0, and NaOH
solutions were added. This reaction procedure provided a
hydroxy-terminated polyethylene (PE-OH), with a M, of 8.15 kg
mol™" and a dispersity (P) of 1.70. The second zirconium
complex 2 was treated with a borate activator to polymerize
ethylene under the same conditions as used previously but
using TMA as the CTA with [Al]/[Zr] ranging from 50 to 1000.

Table 1 Summary of conditions for obtaining end-functional polymers from olefins or conjugated diene monomers

Complex CTA Monomer” Conditions FP (%F)” M, (P) kg mol™* Ref.
1or2 MAO or TMA E Py = 1.3 atm, T = 50 °C, toluene PE-OH (85) 8.15 (1.70) 24
3 TIBA and DEZ E Py, =2 bar, T'= 40 °C, toluene PE-OH (88) 2.23 (2.10) 2

4 DEZ E Py =2 bar, T= 80 °C, toluene PE-OH (nd) nd° 25
5 ZnPh, P Py =5 psi, T =0 °C, toluene HOBn-aPP-BnOH (0.83) 13.7 (1.11) 26
6 DEZ E Py = 4 bar, T = 40 °C, toluene PE-OH (67) 1.3 (nd) 27
7 BOMAG E Py, = 3 bar, T'= 80 °C, toluene PE-SH (83) 1.25 (1.40) 28 and 29
8 TEA E Py =5 bar, PE-OH (80) 3.3 (1.90) 30
9 DEZ E Pg =1 atm, T = 25 °C, o-xylene PE-Br (77) 0.7 (nd) 31
10 Al(iBu),H BD mg =2 g, T=50 °C, toluene PB-b-PCL-Br (nd) 21.2 (1.86) 33
11 TIBA P P, =4 bar, T = 40 °C, toluene i{PP-Br (80) 2.5 (1.99) 34
7 BOMAG E Py =1.3 atm, T = 80 °C, toluene PE-DD2 (40) nd 35
7 BOMAG E Pg =3 bar, T = 80 °C, toluene PE-NH-RAFT (84) DPn =41 36
12 DEZ E Py =1.3 MPa, T =25 °C, toluene  PE-N; (80) M, = 2.1 (nd) 38
7 BOMAG E Pg =3 bar, T = 80 °C, toluene PE-N; (94) nd 37
7 BOMAG E Py = 3 bar, T= 80 °C, toluene PE-Ph (nd) 0.85 (1.22) 39
7 BOMAG E Py = 3 bar, T = 80 °C, toluene PE-Cp (72) 1.4 (1.20) 40
7 BOMAG E P;; = 3 bar, T = 80 °C, toluene PE-SH (83) 1.4 (1.40) 41
9 DEZ E Py = 0.4 MPa, T = 60 °C, toluene PE-OH (63) 0.72 (1.41) 42
11 TIBAand DEZ P Pp = 3 bar, T = 40 °C, toluene PP-OH (40) 8 (2.20) 43

“E = ethylene P = propylene, and B = butadiene. ? Functional polymer (FP) and functionalization yield. °nd: not determined or not communi-

cated by the authors.
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Table 2 Block copolymers obtained from end-functional PO and PB polymers

FP (%F)” Secondary techniques Secondary monomers” Block copolymers M, (P) kg mol™* Ref.

PE-OH (85) ROP e-CL PE-b-PCL nd® 24

PE-OH (88) ROP e-CL PE-b-PCL 51 (nd) 2
PDL PE-b-PPDL 64.58 (nd)

PE-OH (nd) ROP e-CL PE-b-PCL 6.8 (nd) 25

HOBn-aPP-BnOH (83) ROP e-CL PCL-b-aPP-b-PCL 23.5(1.36) 26

PE-OH (67) ROP 1-Lactide PE-b-PLLA 10.6 (nd) 27

PE-SH (83) ROP p,i-lactide PE-b-PDLA 3.8 (2.0) 28 and 29

PE-OH (80) ROP rac-Lactide PE-b-PLA-1 4.5 (1.70) 30

PE-b-PLA-2 4.0 (1.60)

PE-Br (77) ATRP n-BA PE-b-PBA 10.3 (1.16) 31
tertBA PE-b-PtertBA 10.4 (1.16)

PBD-b-PCL-Br ATRP e-CL/S PB-b-PCL-b-PS 47.4 (1.87) 33
e-CL /MMA PB-b-PCL-b-PMMA 60.3 (1.92)

iPP-Br ARGET ATRP S iPP-b-PS 8.2 (3.13) 34

PE-DD2 (40) NMP n-BA PE-b-PBA 67.9 (nd) 35

PE-NH-RAFT (84) RAFT n-BA PE-b-PBA nd 36

PE-N; (80) Cycloaddition EO PE-b-PEO M, =3.8 (1.21) 38

PE-N; (94) Cycloaddition 1B PE-b-PIB-b-PE nd 37

PE-Ph (nd) Diels-Alder S/MMA PE-b-PS 3.2 (1.08) 39

PE-b-PMMA 1.8 (1.34)

PE-Cp (72) Hetero Diels-Alder S PE-b-PS 2.5 (nd) 40

PE-SH (83) Thia-Michael addition EG PE-b-PEO 1.15 (1.40) 41

PE-OH (63) Coupling EG PE-b-PEO 0.9 (1.57) 42

PP-OH (40) Transesterification e-CL iPP-b-PCL 14 (2.30) 43

“ Functional polymer (FP) and functionalization yield. nd: not determined or not communicated by the authors. ? e-CL = e-caprolactone, PDL =
pentadecalactone, EO = ethylene oxide, IB = isobutene, S = styrene, MMA = methylmethacrylate, n-BA = n-butyl acrylate, and tertBA = tert-butyl
acrylate. “nd: not determined or not communicated by the authors.

Table 3 Block copolymers obtained by CCT(co)P

Complex CTA Monomers® Copolymers M, (P) kg mol™* Ref.

13 BEM E and &-CL or MMA PE-b-PCL 2.3 (1.30) 45
PE-b-PMMA 1.45 (1.20)

14 Zn(Oct), Eand P PE-b-PEP-b-PE 83 (1.70) 13

14 TIBA Pand E iPP-b-PEP-b-iPP 198 (2.40) 46

14 TIBA P and Oct or Od {PP-b-(P-co-Oct) Several 47
iPP-b-(P-co-Od)

14 DEZ E HDPE-)-VLDPE 44.5 (1.67) 48

14 DEZ E LLDPE-b-ULDPE nd 49

10 Al(iBu),H IP and &-CL PIP-b-PCL 7.2-11.8 (1.27-1.42) 50

10 Al(iBu),H IP and B and e-CL PB-b-PIP-b-PB 9.83 (1.88) 51
PB-h-PIP-h-PCL 9.54 (1.38)

10 Mg(n-Bu), B and e-CL/i-lactide PB-b-PCL 18.1-37.1 (1.83-1.98) 52
PB-h-PLLA

15 Al(iBu),H B and CHO/TMC PB-b-PCHO 8.25 (1.29) 53
PB-b-PTMC 7.93 (1.78)

16 BOMAG E and B EBR-b-PE 5.2-19 (2.2-4.2) 54

16 PDMB E and B PE-b-EBR-b-PE 71.2 (2.4) 55
(PE-b-EBR), 41.3 (2.3)

17 BEM S and IP PS-b-trans-1,4-PB 28.8 (1.20) 56

“E = ethylene, e-CL = caprolactone, P = propylene, Oct = 1-octene, Od = 1-octadecene, IP = isoprene, B = butadiene, S = styrene, CHO = cyclohex-
ene oxide, TMC = trimethylene carbonate and nd: not determined or not communicated by the authors.

The PE obtained with the second complex was exposed to the
same oxidative treatment to obtain PE-OH again. The for-
mation of PE-OH was confirmed by "H NMR analysis recorded
at 120 °C, showing a triplet at 3.61 ppm corresponding to —
CH,-OH, the integration of which provided a functionalization
of about 85%. The PE-b-PCL diblock copolymer was then
formed using PE-OH as an initiator in the ROP of e-caprolac-

This journal is © The Royal Society of Chemistry 2025

tone (e-CL) in the presence of tin(u) octoate (Sn(Oct),) as a cata-
lyst. The final copolymer obtained was treated with acetone fol-
lowed by heptane and hot chloroform to remove PCL and PE,
respectively. Comparative SEC analyses of PE-OH and PE-b-PCL
showed that chain extension had indeed quantitatively taken
place. Finally, DSC analysis was performed on the final copoly-
mer and it showed two melting temperatures (T},), at 57.2 °C

Polym. Chem., 2025, 16, 3761-3807 | 3765
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Table 4 Multiblock copolymers obtained by CSP

Complex  CSA M Multiblock copolymers ~ Ref.
14,18 DEZ E and Oct  E/Oct multiblock 23
14, 19, DEZ E and Oct  E/Oct multiblock 57
20, 21

14, 18 DEZ E/C16 E/C16 multiblock 58
22,23 DEZ E/N E/N multiblock 59
4,24 DEZ E/N E(PEHD)/N multiblock 60
25,26 DEZ E/N E/N multiblock 61
27,29 BEM, TIBA 1P cis—trans-PIP multiblock 62
29 Mg(n-Bu), B cis-trans-PB multiblock 63
30,31,32 TIBA S/TP S(sPS)/IP multiblock 64
33,34 BEM S/IP S/IP multiblock 65

“E = ethylene, Oct = 1-octene, C16 = hexadec-1-ene, N = norbornene, IP
= isoprene, B = butadiene, and S = Styrene.

and 125.7 °C, corresponding to the T, of PCL and the PE
block, respectively.

With the aim of reducing the interfacial tension in PO/
polar polymer blends and improving their compatibility,
Duchateau et al.®> have synthesized various compatibilizers
based on PE and a polyester (Scheme 4). In a preliminary step,
PE-OH was formed by using a guadinate titanium complex
[Et,NC(NCy),]TiCl3(3)/MAO (Cy: cyclohexyl) ([Al]/[Ti] = 2250) in
the presence of triisobutylaluminum (TIBA) and a small
amount of diethylzinc (DEZ) ([TIBA)/[Zn]/[Ti] = 400/100/1) to
polymerize E. After exposure to synthetic dry air followed by
acid treatment, the PE-OH macroinitiator was formed (M,
pe-on = 2.23 kg mol™, P = 2.10, 88%). Catalytic ROP polymeriz-
ation of e-caprolactone and w-pentadecalactone (PDL) using a
salen-aluminum complex ([Monomers]/[Al]/[PE-OH] = 1000/1/
1) in the presence of PE-OH yielded the corresponding diblock
copolymers, PE-b-PCL (M, pgppct = 51 kg mol™) and PE-b-
PPDL (M, ppppppr = 64.58 kg mol™"), respectively. However,
despite the success of diblock copolymer synthesis, the
authors only report the use of graft copolymers as compatibili-
zers for polymer blends.” The latter were prepared via an ROP

Table 5 Block copolymers obtained by switch methods
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reaction using a PE macroinitiator randomly functionalized
along the chain with a hydroxyl group.

In a purely methodological approach, Ahmadi et al’’
wanted to develop an efficient synthetic route to make PE par-
tially polar and more biocompatible. In this study, the syn-
thesis of a PE-b-PCL diblock copolymer was reported using the
same strategy as that used by Duchateau.” PE-OH was obtained
using a zirconium metallocene complex Et(Ind),ZrCl, (4) (Ind:
indenyl) (Scheme 5) activated by MAO ([MAO]/[Zr] = 200) in the
presence of DEZ ([Zn]/[Zr] = 500). After 30 min of reaction, this
binary CCTP system leads to zinc-terminated PE chains, Zn
(PE),. The PE-OH is then formed in situ by purging the reactor
with dry air and acid treatment. Finally, the hydroxy function
was exploited to perform the ROP of e-caprolactone in the pres-
ence of Sn(Oct), as a catalyst. Various diblock copolymers with
different proportions of PCL were obtained. A reduction in the
thickness of the PE crystal lamellae in the final copolymer,
observed by X-ray diffraction, suggests the presence of PCL on
the PE chain structure and the formation of the desired
diblock copolymers. To evaluate the potential of these syn-
thesized block copolymers as compatibilizers, 5 wt% PE-b-PCL
(My, pe-ppcr = 6.8 kg mol™") was added to a PE/PCL blend (80/
20 wt/wt). A decrease in the PCL domain sizes observed by
scanning electron microscopy (SEM) indicates the improved
compatibility in the PE/PCL blend.

With the goal of creating a new generation of POs that are
more suitable for chemical or mechanical recycling or that
function as compatibilizers in the processing of plastic waste,
Sita et al.’*® have reported an original strategy for the prepa-
ration of homotelechelic  a,w-bis(phenyl)polypropylene
capable of initiating ROP of e-caprolactone to provide PCL-
based triblock copolymers (Scheme 6). To produce atactic poly-
propylene (aPP) functionalized with phenyl groups at both
chain ends, the catalytic system based on a cyclopentadienyl
amidinate hafnium complex (CsMe;)[(N,N)-x*-N(Et)C(Me)N(Et)]
Hf(CHs), (5) (Scheme 5)/[PhNH(CHs;),][B(CeFs)a] ([B]/[Hf] = 3.3)
was combined with ZnPh, used as the CTA ([Zn]/[Hf] = 40) in
the polymerization of propylene. The Ph-aPP formed was func-

Metal First Second
center CTA monomer monomer  Nature of switch Block copolymers M, (P) kg mol ™" Ref.
7,35  BEM E P CCTP to catalysis ~ PE-b-trans-1,4-PB  40.7 (2.06) 67
36 Zn(benzyl), E/Oct S CCTP to anionic PO-b-PS 97-193 (2.73-4.04) 68
36 Zn(1-hexyl), E/P S CCTP to anionic PEP-b-PS 51-99 (1.26-1.39) 69
36 Zn(4-(isopropenyl)benzyl), E/Octor Pent S CCTP to anionic PS-b-PO-b-PS >120 (>2.40) 70
14 Et(Zn(CH,)s)«ZnEt E/P S CCTP to anionic ~ PS-b-PEP-b-PS >120 (<1.64) 71
14 Zn(CH,CH,C¢H,CH=—CH,), E/P S CCTP to anionic Triblocks and >94 (1.67-1.84) 72
multiblocks
14 Zn(CH,CH,CH,C¢,H,CH=CH,), E/H S CCTP to anionic  PS-b-PEH-b-PS 161 (1.80) 66
16 Macro-CTA B and/or S E or E/B Anionic to CCTP PB-b-EBR 23.8 (1.13) 73
PB-b-PE 14.2 (1.43)
PS-b-EBR 44.5 (1.44)
SBR-b-EBR 22.3 (1.24)
16 Macro-CTA S E/Bthen E  Anionic to CCTP  PS-b-EBR-b-PE 61-154 (1.5-2.2) 74

E = ethylene, Oct = 1-octene, IP = isoprene, B = 1,3-butadiene, S = Styrene, Pent = 1-penetene, P = propylene, and H = 1-hexene.
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Scheme 4 Synthesis of PE-OH and PE-b-PCL/PPDL diblock copolymers by the combination of CCTP and ROP.?

tionalized with I, and the resulting Ph-aPP-I underwent followed by reduction led to an a,n-bis(benzylalcohol)-PP
copper-catalyzed phenylation to form a Ph-aPP-Ph telechelic difunctional macroinitiator (HOBn-aPP-BnOH, M,
polymer. Friedel-Crafts acetylation of chain-end phenyl groups  pogn-app-snon = 13.7 kg mol™, P = 1.11). In the end, after a
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Scheme 6 Synthesis of telechelic aPP (HOBn-aPP-BnOH) and PCL-b-aPP-b-PCL triblock copolymers by the combination of CCTP and ROP.26

ROP of e-caprolactone in the presence of Sn(Oct),, a PCL-b-
aPP-b-PCL triblock copolymer with a M,, of 23.5 kg mol™" and
a b of 1.36 was obtained. Thermal analysis of the material
showed a glass transition temperature (7y) of —4 °C and a Ty,
of 54 °C, corresponding to the aPP and PCL blocks, respect-
ively. Small-angle-X-ray scattering analysis of the material
revealed a thermotropic behavior of the triblock copolymer,
with scattering peaks indicating a lamellar phase below 100 °C
and a hexagonal phase above 150 °C.

In this work, the authors have also reported the synthesis
of the aPMP-b-PCL (PMP: poly-4-methyl-1-pentene) diblock
copolymer (Scheme 7). The latter was obtained after ROP of e-
caprolactone using aPMP-BnOH as amacroinitiator.

The association of olefin coordination insertion polymeriz-
ation with other polymerization techniques soon attracted the

OH

caprolactone

attention of researchers. In 2007, Dubois’ group reported the
synthesis of a new BCP, PE-b-PLLA (PLLA: poly(i-lactide)), b
combining CCTP of ethylene and ROP of r-lactide
(Scheme 8).%” The key reaction intermediate, PE-OH, was pre-
pared by ethylene polymerization with the catalytic system rac-
dimethyl-silylen-bis(2-methyl-benz[e]indenyl)ZrCl,(6)/MAO
([Al)/[zr] = 5000) in the presence of DEZ as the CTA ([Zn]/[Zr] =
13 300). The reaction was carried out at 40 °C under 4 bar of
ethylene for 30 min. Then, dry air was bubbled into the reac-
tion medium for 5 h at 65 °C before an acidified methanol
solution was added to give PE with 67% hydroxy function (M,
peon = 1.3 kg mol™). The diblock copolymer PE-b-PLLA (M,
pE-b-pLA = 10.6 kg mol’l) was obtained using PE-OH as a macro-
initiator after the addition of an equimolar amount of Sn(Oct),
and 231 equivalents of i-lactide. The presence of signals

OMO]LH

m

n Toluene, 100 °C, Sn(Oct),

aPMP-BnOH

aPMP-b-PCL

Scheme 7 Synthesis of aPMP-BnOH and aPMP-b-PCL diblock copolymers by the combination of CCTP and ROP.2¢
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Scheme 8 Synthesis of PE-OH and PE-b-PLLA diblock copolymers by the combination of CCTP and ROP.?’

characteristic of CH, of PE at the « position of PLLA in the 'H
NMR spectra (PE-CH,-O-PLLA at 4.6 ppm) and the increase of
the M, observed after 60 min of reaction were good indications
that the extension of PE-OH chains occurred.

In contrast to previous studies that exploited the reactivity
of the hydroxy terminus at the end of PE chains to synthesize
BCPs, Boisson et al.’®*° introduced a new synthetic route to
design thiol-terminated polyethylenes (PE-SH) (Scheme 9).
This end was used as a macroinitiator for ring-opening of b,L-
lactide and designing the PE-b-PDLLA (PDLLA: poly(p,L-
lactide))  diblock  copolymer. The catalytic system
(CsMes),NdCl,Li(OEt,),(7)/butyloctylmagnesium (BOMAG)
with a ratio of nyg/nng = 265 was used for the ethylene

=

\
:  NACLLI(OEL),

(7)

s
©
et \OJ\S K® (eq)

polymerization (T = 80 °C, P = 3 bar). The introduction of the
thiol end to the PE chains was achieved by firstly reacting the
Mg(PE), species with iodine to produce PE-I. The iodo end
group was then reacted with potassium ethyl xanthate to form
a dithiocarbonate-terminated PE (PE-S-C(S)-OEt). The sub-
sequent reductive treatment of PE-S-C(S)-OEt with LiAlH, gave
PE-SH with 88% of thiol function (M, pg.sy = 1.25 kg mol™*

= 1.4). Lastly, the polymerization of p,i-lactide by ROP was
initiated from PE-SH in the presence of 4-dimethyl-
aminopyridine (DMAP) as a catalyst (%pmap/fipesuy = 4) to
obtain the desired diblock copolymer after 24 h of reaction
(My, pep-poLLa = 3.8 kg mol™, B = 2.00). The evolution of the
SEC chromatogram towards higher molar masses and the

Mes),NdCLLi(OEt,), (7)/BOMA
 (CsMes)NACLLI(OE), (7) OO ey N/ T & LiAIH, (10 eq)) N/SH

Toluene, Pg = 3 bar, 80°C 80°C,2h 90 °C,4h

Quenched with |, at the end a
PE-SH

D,L-lactide CHs
oe_spy DVAP (4 eq) {TWA L
100°C
PE-b-PDLLA

Scheme 9 Synthesis of PE-SH and PE-b-PDLLA diblock copolymers by the combination of CCTP and ROP.?°
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absence of the triplet corresponding to the methylene at the o
position of the thiol (PE-CH,-SH) in the 'H NMR spectrum
confirmed the efficient initiation of PE-SH chains and the for-
mation of the corresponding diblock copolymer.

In 2012, Kempe et al. investigated the synthesis of PE-b-PLA
block copolymers.*® Their study aimed to vary the molar mass
and proportion of the PLA block to investigate its impact on
the final morphology of the material. In contrast to other
groups that mainly used metallocene complexes for the CCTP
of ethylene, Kempe synthesized a monoguanidinate titanium
complex (8) (Scheme 5). This complex was activated with
ammonium borate ([R,N(CH3)H]" [B(C¢Fs)s]”, R = CycHss-
CiysH37) ([Ti)/[B] = 1/1.1) to polymerize ethylene in the presence
of triethylaluminum (TEA) as the CTA ([Al]/[Ti] = 25 000). After
1 hour of reaction under 5 bar ethylene pressure, the Al-PE
bond was oxidized to form a PE with 80% terminal hydroxy
function (M, pg.on = 3.3 kg mol™*, P = 1.90). Subsequently, PE-
b-PLA diblock copolymers were formed by extending the
PE-OH block at 110 °C for 18 h in the presence of the rac-
lactide monomer and Sn(Oct), catalyst ([PE-OH]/[Sn] = 57).

View Article Online

Polymer Chemistry

Depending on the initial amount of monomer, two diblock
copolymers with various PLA block M, values were obtained,
the first with a M,, of 4.5 kg mol™" (P = 1.7) exhibiting a well-
ordered lamellar structure and the second with a M, of 4 kg
mol™ (P = 1.6) exhibiting a less ordered bicontinuous mor-
phology. The Ty, values of 130 °C and 127 °C for the PE and
PLA blocks, respectively, were also reported by the authors.
2.1.2 Combining CCTP and RDRP. In 2005, Matyjaszewski
reported a new synthetic route for block copolymer synthesis
by combining CCTP and atom transfer radical polymerization
(ATRP) successively, with the aim of designing macromolecular
architectures containing polyacrylate and linear PE segments
(Scheme 10).>" Building on the work of Gibson,*? the authors
first carried out the polymerization of ethylene by combining
the bis(imino)pyridine iron complex {2, 6-(MeC=N-2,
6-iPr,CsH;),CsH3N}FeCl, (9), previously activated with MAO,
with the DEZ CTA (Fe = 5 pmol, [Fe]/[Al)/[Zn] = 1/100/500).
After performing ethylene polymerization at 25 °C for
30 minutes, the resulting di-polyethylenylzinc (Zn(PE),) was
oxidized by exposure to dry air at 100 °C for 2 hours to form

bis(imino)pyridine iron dichloride(9)/MAO/DEZ

1.25 °C, 30 min, ./

CCTP 2. Dry air, 100 °C, 2 h
3. MeOH/HCI X
»
iPr | | | iPr
> N N
{\4/\OH C( \Fe/
n 4~
PE-OH iPrCl Cl iPr

i (9)
%Br
Br

TEA, 100 °C, 1 h

n Br
n-butyl acrylate, CuBr/CuBr,/BAGTREN PE-Br tert-butyl acrylate, CuBr/CuBr,/BAGTREN
100 °C, 8 h 100 °C, 6 h
ATRP ATRP
o 0
{/\/J/\ Br ,{\4/\ Br
> 0 < (0]
n m n p
(0] © (@) O
PE-b-PBA PE-b-tertBA /k

Scheme 10 Reaction pathway for the synthesis of PE-OH and diblock copolymers PE-b-PBA and PE-b-PtertBA by combining CCTP and ATRP.3!
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di-polyethyleneoxyzinc (PE-O-Zn-O-PE), and then a final treat-
ment with a MeOH/HCI mixture yielded oligomeric PE with
77% of hydroxyl end-group. In a second step, the PE-OH was
quantitatively transformed into o-bromoisobutyrate-termi-
nated polyethylene to form the macroinitiator (PE-Br) to
initiate ATRP. By reacting n-butyl acrylate (BA) in the presence
of PE-Br and the CuBr/CuBr,/tris(2-(di(2-(n-butoxycarbonyl)
ethyl)-amino)ethyl)amine mixture, a diblock copolymer PE-b-
PBA was obtained after 8 hours with an n-butyl acrylate conver-
sion of 72.8%. After removing the non-functionalized PE, the
diblock copolymer was analyzed by SEC, the resulting chroma-
togram showed a monomodal shape, and the M, measured
was 10.1 kg mol™" (P = 1.16). Under the same conditions,
ATRP polymerization of tert-butyl acrylate (tertBA) was carried
out for 6 hours to achieve a monomer conversion of 80.5%
and form the diblock copolymer PE-b-PtertBA. The SEC chro-
matogram also showed a monomodal shape, and the M,
measured was 11.1 kg mol™ (P = 1.16).

To design compatibilizers for incompatible binary polymer
blends, Zhang et al.** was inspired by Matyjaszewski’s work to
prepare BCP with a polybutadiene (PB) segment and various
polar segments. Using a neodymium catalytic system, Nd
(OiPr);(10)/Al(iBu),H/Me,SiCl, ([Nd]/[Al]/[C]] = 1/20/3), CCTP of
butadiene was first performed followed by the ROP of e-capro-
lactone initiated in situ to form a diblock copolymer termi-
nated with a hydroxyl end group (M, pp.ppct = 21.2 kg mol™,
D = 1.86) (Scheme 11). The hydroxyl group was subsequently
reacted with 2-bromo-2-methylpropionyl bromide to form an
a-bromoisobutyrate chain end, which can initiate ATRP of
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methyl methacrylate (MMA) and styrene (S). The targeted tri-
block copolymers PB-b-PCL-b-PMMA (My pgp.ppcLbspMMa =
60.3 kg mol ™", P = 1.92) and PB-b-PCL-b-PS (My, ppp-p-pcLbps =
47.4 kg mol™", P = 1.87) were successfully obtained after a
third ATRP step using PBD-b-PCL-Br as a macroinitiator.
Duchateau subsequently employed a similar strategy to syn-
thesize compatibilizers for PPO/iPP polymer blends (PPO: poly
(2, 6-dimethyl-1,4-phenylene oxide)) by combining CCTP with
ATRP.>* The catalyst rac-Me,Si(2-Me-4-Ph-Ind),ZrCl, (11)/MAO
was used alongside TIBA ([TIBA]/[Zr] = 625) and DEZ ([DEZ]/
[Zr] = 156) as CTAs to form {PP-OH building blocks after a final
oxidation step with dry synthetic air (M, jpp.ou = 2.35 kg
mol™", b = 1.84) (Scheme 12). The deprotonation of the latter
by triethylamine (NEt;) followed by the addition of
a-bromoisobutyryl bromide in the presence of 4-dimethyl-
aminopyridine (DMAP) led to the formation of an ATRP macro-
initiator (iPP-Br, M, jpp.p: = 2.5 kg mol™', B = 1.99). Lastly,
ATRP of styrene was initiated by {PP-Br to form the desired
diblock copolymer iPP-b-PS (M, mppsps = 8.2 kg mol™, b =
3.13). The high D value is attributed to the presence of iPP in
the final copolymer. This presence results from the low rate of
functionalization of this latter with the a-bromoisobutyryl
bromide group necessary to initiate the ARGET ATRP step.
Boisson and D’Agosto were the first to report the combi-
nation of CCTP with nitroxide-mediated polymerization (NMP)
for the synthesis of PE-b-PBA block copolymers.*® Initially, the
7/BOMAG catalytic system ([Nd]/[Mg] = 40) was employed for
ethylene polymerization, before introducing a nitroxide of
interest (DD2, Scheme 13), which reacts with Mg(PE), to

Nd(OiPr)3(10)/Al(iBu),H/Me,SiCl,

A
O'N‘d‘o/K
A
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0 O
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PB-b-PCL-Br
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Scheme 11 Synthesis of PB-b-PCL-b-PMMA and PB-b-PCL-b-PS triblock copolymers by the combination of CCTP, ROP, and ATRP.>®
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Scheme 13 Synthesis of PE-b-PBA block copolymers by combining CCTP and NMP.%*

produce a PE-DD2 intermediate. NMR analyses revealed a
functionality rate of 40% and a number average polymerization
degree (DPn) of 40. The nitroxide mediated radical polymeriz-
ation of BA was subsequently carried out in bulk using PE-DD2
in the presence of a small amount of free nitroxide SG1 (N-(2-
methyl-2-propyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-

N-oxyl) at 120 °C. After 9 hours of reaction, the monomer con-
version reached 51%, corresponding to a polymerization
degree (DPn) of 522 for the PBA block and a number-average
molar mass of 67.9 kg mol™". The M, evolution observed by
SEC demonstrated the chain extension of the PE-DD2 inter-

3772 | Polym. Chem., 2025, 16, 3761-3807

mediate and the formation of the desired PE-b-PBA block
copolymer.

In continuation of these studies, this same group combined
CCTP with RAFT to synthesize a PE-b-PBA diblock copoly-
mer.*® Initially, Mg(PE), species was formed, as previously,
using the catalytic system 7/BOMAG. Subsequently, through a
series of functionalization steps including iodine and NaNj
addition, PE-N; was obtained (further details in section
2.3.1)*” and further reduced with LiAlH,. The resulting PE-NH,
reacted with an activated ester containing a chain transfer
agent for RAFT to form a PE-based macromolecular CTA for
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RAFT (PE-NH-RAFT). Finally, the targeted PE-b-PBA diblock
copolymer was synthesized by conducting RAFT of BA at 85 °C
in the presence of PE-NH-RAFT for 6 hours initiated by azobisi-
sobutyronitrile (AIBN) ([PE-NH-RAFT]/[AIBN] = 5).

2.1.3 Combining CCTP and coupling reactions. To address
the low crystallinity of PE blocks in PE-b-PEO (PEO: poly(ethyl-
ene oxide)) diblock copolymers produced by hydrogenation of
PB-b-PEO copolymers resulting from anionic polymerization,
researchers employed ethylene CCTP to synthesize highly con-
trolled and functional PE.*® As illustrated in Scheme 14, ethyl-
ene polymerization by CCTP was conducted using the catalytic
system bis(imino)pyridine iron dichloride (12)/MAO/DEZ ([Fe]/
[Al}/[Zn] = 1/100/500). Zn-terminated PE, generated by transfer-
ring growing PE chains from iron(u) species to zinc, was oxi-
dized in situ at 100 °C and then hydrolyzed to form PE with
approximately 80% hydroxy function (My, pg.on = 2.1 kg mol™,
D = 1.14). PE-OH was then quantitatively converted to PE-N;
(My pens = 2.1 kg mol™) through a two-step modification,
tosylation and substitution with sodium azide (Scheme 14).
Using a typical copper-catalyzed alkyne-azide cycloaddition
(CuAAC) coupling reaction, PE-N; reacted with the separately
prepared PEO carrying an alkyne chain end, PEO-C(O)-NH-
CH,-C=CH, to target a diblock copolymer, PE-b-PEO. The

X

W
N
N\|/N
Fe

-

il @
(12)
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copolymer obtained showed a coupling efficiency of 65.4% and
a M, of 3.8 kg mol™" (P = 1.21).

Boisson et al. explored the used of CuAAC reaction between
azide and alkyne to potentially access a new family of thermo-
plastic elastomers, specifically PE-b-PIB-b-PE (PIB: poly(isobu-
tene)) (Scheme 15).*” Initially, to obtain PE-N; chains, the neo-
dymium metallocene complex 7 was used with BOMAG ([Mg]/
[Nd] = 40) for ethylene polymerization. A PE-I intermediate was
obtained as previously described®® and then treated with NaN;
to obtain PE-N; with 94% azide functionality (M, pe.n3 = 2.25 kg
mol™, P = 1.20). The a,w-alkyne end-functionalized PIB
(CH=C-PIB-C=CH, M,, = 6.9 kg mol™") was reacted via CUAAC
with 2 equivalents of PE-N; at 110 °C in the presence of 0.5
equivalents of CuBr and PMDTA (N,N,N',N",N"-pentamethyldi-
ethylenetriamine). After 45 min of reaction, the product was
analyzed using various characterization tools. The absence of
the starting alkyne and azide signals and the presence of the tri-
azole ring signal in the "H NMR spectrum indicate the complete
reaction between alkynes and azides. Additionally, the shift of
the SEC chromatogram towards higher M, compared to the
starting polymers confirmed the formation of the target triblock
copolymer. Diblock copolymers of PE-b-PIB have also been
reported by the authors in this work.
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Scheme 14 Synthesis of PE-b-PEO diblock copolymers by combining CCTP and coupling reaction copper-catalyzed alkyne—azide cycloaddition.>®
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Scheme 15 Synthetic strategy to obtain a PE-b-PIB-b-PE block copolymer by 1,3-dipolar cycloaddition between PE-Nz and CH=C-PIB-C=CH.*’

Using essentially the same synthetic methodology, D’Agosto
et al.*® designed and then functionalized the PE-N; species
with a photo-caged diene to form a