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ABSTRACT:

This contribution reports on the recent advances in living olefin polymerization catalysis and

block copolymer formation made by fluorinated bis(phenoxy-imine)Ti complexes (fluorinated Ti-FI catalysts), which
were discovered by Mitsui Chemicals. Fluorinated Ti-FI catalysts are capable of mediating thermally robust living

ethylene and highly stereoselective living propylene polymerization. This highly controlled living nature has made

it possible to synthesize a wide variety of monodisperse polymers, functionalized polymers and block copolymers

from ethylene, propylene, higher «-olefins, cyclic olefins and styrene. The living FI polymers possess unique and often
previously inaccessible microstructures, and some of the FI polymers were revealed to display unique morphologies
and useful material properties. Therefore, the discovery and development of the fluorinated Ti-FI catalysts has not only
made a significant impact on living olefin polymerization catalysis but has also given industry opportunities to make
unique polyolefin-based materials for the benefit of the world at large. [doi:10.1295/polym].PJ2006152]
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Producing polymers with perfectly controlled mo-
lecular weight, molecular weight distribution, compo-
sition and architecture has been an ultimate goal in the
field of polymer synthesis. Living olefin polymeriza-
tion permits consecutive enchainment of monomer
units without termination, and thus is an excellent
way of synthesizing polyolefin-based block copoly-
mers and chain-end functionalized polyolefins as well
as precisely controlling molecular weight and compo-
sition.! These living polymers have the potential to
be excellent compatibilizers, modifiers, additives and
elastomers.

Since Doi’s pioneering work on living propylene
polymerization using a vanadium-based catalyst,?
much effort has been devoted to the discovery and de-
velopment of catalysts capable of mediating the living
polymerization of olefinic monomers. Recent progress
in the rational design of transition metal complexes
for olefin polymerization® has spurred the develop-
ment of high performance catalysts based on both ear-
ly and late transition metal complexes for living olefin
polymerization.* Recent reviews cover much of this
work.?

Researchers at Mitsui Chemicals developed phen-
oxy-imine ligated early transition metal complexes
for the controlled (co)polymerization of olefinic
monomers (now known as FI catalysts),®” capable

FI Catalyst / Living Polymerization / Block Copolymer / Fluorinated / Syndiotactic /

of producing a wide variety of unique polymers in-
cluding selective vinyl- and Al-terminated polyethyl-
enes (PEs), well-defined multimodal PEs, highly iso-
tactic and syndiotactic polypropylenes (iPPs and
sPPs), and regio- and stereoirregular high molecular
weight poly(higher a-olefin)s.® After extensive re-
search on FI catalysts, Mitsui researchers in 1999 dis-
covered fluorinated Ti-FI catalysts that can promote
unprecedented living ethylene and propylene poly-
merizations, resulting in the formation of functional-
ized polymers and block copolymers from ethylene,
propylene and higher a-olefins.”*!!

The above results have stimulated even further
research on FI catalysts and related complexes. In
particular, studies performed after 2001 by Coates,
Pellecchia, Miilhaupt and associated coworkers have
contributed significantly to the synthesis of living
polymers using fluorinated Ti-FI catalysts, which in-
clude PE-b-poly(ethylene-co-cyclopentene) and PE-
b-polystyrene (PE-b-PS).7:10:12.13

This review provides a comprehensive survey of
living olefin polymerization and block copolymer for-
mation with fluorinated Ti-FI catalysts, covering the
literature, including the important patent literature,
until the middle of 2006. The morphologies and mate-
rial properties of some of the living FI polymers are
also introduced.

"To whom correspondence should be addressed (E-mail: Terunori.Fujita@mitsui-chem.co.jp).

193


http://dx.doi.org/10.1295/polymj.PJ2006152

LIVING ETHYLENE POLYMERIZATION

The FI catalysts and related complexes that are
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introduced in this paper are collected in Table 1.

Table I. Structures of FI Catalysts and related complexes
R' R
=N-_
MCl,
R3 0]
R2

Catalyst M R! R? R? R*
1 Ti Ph 'Bu H H
2 Ti Ph "Bu H Et
3 Ti Ph "Bu Me Et
4 Ti Ph ‘Bu ‘Bu  Ph

5 See the structure below
6 Zr Pentafuluorophenyl 'Bu H H
7 Hf Pentafuluorophenyl Bu H H
8 Zr Ph "Bu H H
9 Hf Ph ‘Bu H H
10 Ti  Pentafuluorophenyl 'Bu H H
11 Ti 2,6-Difuluorophenyl I I H
12 Ti Pentafuluorophenyl Cyclohexyl H H
13 Ti  Pentafuluorophenyl Pr H H
14 Ti  Pentafuluorophenyl Me H H
15 Ti  Pentafuluorophenyl H H H
16 Ti  2-Fuluorophenyl ‘Bu H H
17 Ti 2-Me-phenyl 'Bu H H
18 Ti  2-'Pr-Phenyl 'Bu H H
19 Ti Ph SiMes H H
20 Ti Ph Me H H
21 Ti  3,5-Difuluorophenyl Me Me H
22 Ti Pentafuluorophenyl 'Bu ‘Bu H
23 Ti Pentafuluorophenyl SiMes H H
24 Hf Cyclohexyl Adamantyl Me H
25 Ti  Pentafuluorophenyl Me Me Ph
26 Ti  Pentafuluorophenyl Br Br H
27 Ti Pentafuluorophenyl CF; H H

28 See the structure below
29 Ti  2,4,6-Trifuluorophenyl ‘Bu H H
30 Ti 2,4,6-Trifuluorophenyl Cumyl Me H
31 Zr 2,6-Difuluorophenyl I I H
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Researchers at Mitsui Chemicals have shown that,
in general, among group 4 metal FI catalysts in com-
bination with methylaluminoxane (MAO), a Ti-FI cat-
alyst produces the highest molecular weight PE, and
in addition, it often possesses a molecular weight dis-
tribution (M,,/M,) smaller than 2, suggesting that a
Ti-FI catalyst can afford a higher ratio rate of chain
propagation to chain transfer relative to the Zr- and
Hf-congeners (e.g., 1, 25°C polymerization, 5 min;
M,, 274000, M, /M, 1.61).5782 Indeed, Furuyama
and Fujita have demonstrated that Ti-FI catalysts have
some living ethylene polymerization characteristics
and can produce very narrow molecular weight distri-
bution PEs under specifically controlled conditions
(e.g., short polymerization time and/or controlled
ethylene concentration in a polymerization medium).
For example, they have described that nearly mono-
disperse PEs can be formed by 1/MAO (1 min poly-
merization, atmospheric pressure, 25°C; M, 52000,
My /M, 1.12, 50°C; M, 65000, My /M, 1.17) and 2/
MAO (1 min polymerization, atmospheric pressure,
25°C; M, 8000, My /M, 1.05).821% In addition, Ti-
FI catalysts 3 and 4 with MAO were also reported
by Reinartz, Coates, Suzuki and Fujita to produce
nearly monodisperse PEs under limited condi-
tions.'*!5 With these Ti-FI catalysts, however, synthe-
sizing high molecular weight and narrow molecular
weight distribution PEs is normally difficult (e.g.,
Smin polymerization, atmospheric pressure, 50°C;
1, M, 132000, M, /M, 1.83, 2, M, 24000, M, /M,
1.46).'% Moreover, generally, these catalysts cannot
be applied to block copolymer formation. Regarding
this quasi-living nature, Suzuki and Fujita have dem-
onstrated that a phenoxy-imine and phenoxy-ketone
ligated Ti complex 5 (heteroligated phenoxy-based
Ti complex) does not induce quasi-living ethylene
polymerization under the conditions where the corre-
sponding Ti-FI catalyst 3 mediates the polymerization
in a quasi-living fashion.'3

A pivotal discovery concerning the development of
living FI catalysts, made by Mitani, Saito, Ishii and
Fujita, is the remarkable effect of a perfluorophenyl
(C¢Fs) substituent on chain transfer behavior.”-'!16
Namely, they found that the introduction of the CgFs
group on the imine-N in place of the C¢Hs group for
Zr- and Hf-FI catalysts 6 and 7 resulted in the forma-
tion of enormously enhanced (more than 20 times
greater) molecular weight PEs (5 min polymerization,
25°C, My,; 8 7000, 6 157000; 9 17000, 7 410000),
even though the increase in catalytic activity is
merely 40-50%.'%17 Additionally, and more impor-
tantly, they discovered that Ti-FI catalyst 10 com-
bined with MAO mediates living ethylene polymer-
ization at a high temperature of 50°C and yields a
very high molecular weight PE with an extremely
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Table II. Ethylene polymerization results
with FI catalysts 10 and 12-15/MAO?

yield M,P Tn®

FI catalyst (@) (x10-3) M, /M,° “0)
10 0.28 412 1.13 136

12 0.29 49 1.05 134

13 0.32 51 1.10 135

14 0.47 75 1.16 136

15 0.21 44 1.08 134

#Polymerization conditions: toluene, 250 mL; 10, 0.5 umol;
12-15, 5umol; MAO, 1.25 mmol; ethylene, 100L/h; time,
1 min; temperature, 25 °C. Determined by GPC using poly-
ethylene calibration. “Determined by DSC.

narrow molecular weight distribution (M, 424000,
My /M, 1.13)%10.1a18 13C NMR and IR analysis have
suggested that the PE possesses a linear structure with
virtually no branching (branching less than 1 per 1000
carbon atoms, melting temperature (7y,) 135 °C). The
living nature was confirmed by the linear relationship
between M, and polymerization time as well as by the
narrow molecular weight distributions observed. Sur-
prisingly, at higher temperatures such as 75°C and
even at 90 °C, this catalyst furnishes very narrow mo-
lecular weight distribution PEs (M, /M, <1.3).!8
These results provided by Mitani, Saito, Ishii and
Fujita indicate that Ti-FI catalyst 10 initiates highly
controlled, thermally robust living ethylene polymer-
ization. Interestingly, using Ti-FI catalyst 11 bearing
iodines in the ligand, Weiser and Miilhaupt prepared
ultra-high molecular weight PE with a fairly narrow
molecular weight distribution (M,, 5500000, M,,/M,
1.57)."°

Furuyama and Fujita have shown that a series of Ti-
FI catalysts 10 and 12-15 having a ¢-Bu, cyclohexyl,
i-Pr, Me and H ortho to the phenoxy-O (thus having
various steric environments in close proximity to the
polymerization site) all promote room temperature
living ethylene polymerization, though, for the non-
fluorinated congeners, the steric bulk of the substitu-
ent ortho to the phenoxy-O significantly influences
product molecular weight [Table 1I].822°
These facts indicate that, for fluorinated Ti-FI cata-
lysts, the steric hindrance provided by the substutuent
ortho to the phenoxy-O exercises no significant influ-
ence on the living nature, implying that steric factors
do not play an important role in the achievement of
the living polymerization.!”

Although the first discovery was made with the
CeFs substituent, Mitani and Fujita have revealed that
only a single ortho-F is a requirement for achieving
living ethylene polymerization.'®?! 3C NMR and IR
analysis have shown that the PEs arising from non-
fluorinated Ti-FI catalysts possess a high degree of vi-
nyl unsaturation at one of the two polymer chain-ends,
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indicating that S-H transfer is the dominant termina-
tion reaction. Accordingly, the ortho-F suppresses
the B-H transfer.

One should note that, though the ortho-fluorinated
Ti-FI catalyst 16 induces the living polymerization,
the corresponding non-fluorinated and ortho-methy-
lated Ti-FI catalysts 1 and 17 do not initiate the living
polymerization under the same conditions.®¢ The ex-
perimental evidence described above indicates that
steric hindrance provided by the ortho-F does not play
a key role in the achievement of living ethylene poly-
merization, suggesting that the ortho-F is involved
electronically in the achievement of highly controlled
living polymerization.'’

Furuyama and Fujita have reported that Ti-FI cata-
lyst 18, having a 2-isopropylphenyl group on the
imine-N, generates PE with a My /M, of 1.29 (M,
29600),% suggesting that the introduction of consider-
able steric congestion near the polymerization center
can achieve a high ratio for the rates of propagation-
to-chain transfer (which is well-known behavior;
bulkier ligands decrease chain transfer), but at the cost
of significantly reduced catalytic activity in the case
of a Ti-FI catalyst.>

LIVING PROPYLENE POLYMERIZATION

Fujita and Mitani have demonstrated that, despite

being C,-symmetric catalysts, Ti-FI catalysts with
MAO activation can mediate highly syndiospecific
propylene polymerization.®” For example, Ti-FI cat-
alyst 19 produces highly syndiotactic PP (1 °C poly-
merization: rrrr 84%, T, 140°C).%¢ 13C NMR spec-
trum for the sPP is shown in Figure 1.
The propylene polymerization was revealed to pro-
ceed via a chain-end control mechanism featuring
unusual 2,1-insertion.!!'®!2¢d  The stereoselectivity
and Ty, introduced above are exceptionally high for
a chain-end control mechanism.

Mitani, Furuyama and Fujita have revealed that,
surprisingly, through the chain-end control mecha-
nism, the steric bulk of the substituent that is ortho
to the phenoxy-oxygen plays a decisive role in deter-
mining the syndioselectivity of the polymerization,
and the sterically hindered ortho-substituent results
in the formation of highly syndiotactic PPs (i.e., steri-
cally less hindered ortho-substituents lead to the pro-
duction of lower tacticity PPs).”%28222 They have
given the name “ligand-directed chain-end-controlled
polymerization” to this type of chain-end controlled
polymerization, which is evidently governed by the
ligand structure and can be highly stereoselective.

On the basis of QM/MM calculations, Milano and
Cavallo have suggested that, for propylene polymer-
ization with fluorinated Ti-FI catalysts, stereocontrol
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Figure 2. Proposed mechanism of site-inversion for syndioselective propylene polymerization with Ti-FI catalysts.

cannot be achieved by the direct interaction between
the methyl group of propylene and the 8-C of a grow-
ing polymer chain (distance > 4A), and instead, the
chirality of the octahedral site (A and A) dictates
the chirality of the coordination of propylene.?® This
mechanism of stereocontrol requires that Ti-FI cata-
lysts should be fluxional between A and A forms,
the inter-conversion rate of which is faster than chain
propagation. Ti-FI catalysts are likely to be fluxional
in solution, as was already reported for some Zr-FI
catalysts by Tohi and Fujita and relevant complexes
by Bei and Jordan.?*

Based on the calculation results together with the
experimental data described above, Mitani and Fujita
have concluded that a site inversion between propyl-
ene insertions (i.e., fluxional isomerization between
the A and A forms at a rate which is faster than chain
propagation) that provides enantiomeric sites is re-
sponsible for this chain-end controlled polymeriza-
tion capable of producing highly syndioselective PPs
[Figure 2].7¢4&100.22 The site-inversion mechanism
leads to the concept that if propylene insertion is faster
than site-inversion, a C,-symmetric Ti-FI catalyst
with sufficient steric bulk ortho to the phenoxy-O
can be a catalyst for the isospecific polymerization
of propylene, considering the catalyst structure and
catalyst performance relationships established by re-
searchers at Mitsui Chemicals.”®42100:22
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Ti-FI catalysts with no ortho-Fs in the ligands can
also display some living propylene polymerization
characteristics. Furuyama and Fujita have revealed
that Ti-FI catalyst 20 having a Me group ortho to
the phenoxy-O can form high molecular weight PP
(M,, 101000) with a fairly narrow molecular weight
distribution of 1.47 at 1°C, though the PP produced
has an atactic nature.®® Recently, Cherian and Coates
reported on Ti-FI catalyst 21 bearing the Me group
ortho to the phenoxy-O and a 3,5-difluorophenyl
group on the imine-N,?! which forms nearly mono-
disperse atactic PPs (M, 240000, M,/M, 1.13) at
0°C.13" These facts suggest that the introduction of a
sterically less encumbered group ortho to the phen-
oxy-O together with the incorporation of meta-Fs
to the aryl group on the imine-N is effective for the
achievement of a high ratio rate of chain propagation
to chain transfer at the expense of the loss of stereo-
selectivity.

Mitani and Fujita discovered in 1999 that the intro-
duction of the CgFs group on the imine-N also induces
an unprecedented living polymerization effect with
propylene.’~!! On activation with MAO, Ti-FI catalyst
10 enables room temperature living propylene poly-
merization and afforded highly syndiotactic PP (M,
28500, My, /My, 1.11, rr 87%, Ty, 137 °C), representing
the first living catalyst capable of high levels of
stereocontrol in propylene polymerization. Addition-
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ally, this FI catalyst is the first example of a catalyst
that mediates the living polymerization of both ethyl-
ene and propylene.”!'! Mason and Coates reported
that, as for the living ethylene polymerization, only
a single ortho-F is required in order to achieve living
propylene polymerization, again demonstrating the re-
markable ortho-F effect.?> This fact implies that steric
factors do not play a key role in the realization of the
living polymerization of propylene with fluorinated
Ti-FI catalysts.

A combinatorial method has contributed signifi-
cantly to the further development of Ti-FI catalysts
for propylene polymerization. Based on a self-devel-
oped combinatorial method that includes the separa-
tion of insoluble sPPs from soluble atactic PPs,2° Tian
and Coates have acquired Ti-FI catalyst 22 that is a
modified version of 10.°!! In 2001, they reported that,
upon activation with MAO, 22 produces highly syn-
diotactic monodisperse PP (0 °C polymerization; rrrr
96%, Ty, 148 °C) though the reported stereoselectivity
and Ty, are very high compared to the data obtained by
Mitani and Fujita under analogous conditions.!?%2
Additionally, using gel permeation chromatography
(GPC) as a combinatorial screening method, Mason
and Coates have revealed that living ligand (ortho-
fluorinated ligand) and non-living ligand (ortho-non-
fluorinated ligand) combinations resulted in highly ac-
tive catalysts.?” These results show the usefulness of a
combinatorial approach for the rapid screening of cat-
alysts for propylene polymerization, which can drasti-
cally reduce the number of reactions needed to identi-
fy useful catalysts.

Furuyama, Mitani and Fujita have revealed the
structure and catalytic performance relationships in-
cluding the remarkable effect of the substituent ortho
to the phenoxy-O on stereoselectivity and catalytic ac-
tivity,’c4&8210022 some of which has recently been
confirmed by Cherian and Coates.!*' Based on these
relationships, Mitani, Fujita, Weiser and Miilhaupt
successfully obtained atactic to highly syndiotactic
monodisperse PPs with high efficiency.!*?> For exam-
ple, Mitani and Fujita have demonstrated that Ti-FI
catalyst 23/MAO yields highly syndiotactic mono-
disperse PP (25°C polymerization: rr 93%, M,
47000, My,/M, 1.08) with an exceptionally high T},
of 152°C. Surprisingly, at a temperature of 50°C,
23 produces highly syndiotactic PP with an extremely
narrow My, /M, of 1.18 and with a very high Ty, of
150°C, which is highly unusual for a chain-end con-
trolled polymerization because chain-end control op-
erates well at very low to sub-ambient temperatures
and loses its stereoregulating ability at elevated tem-
peratures.?

Interestingly, Nakayama and Fujita have demon-
strated that 23 combined with MgCl, /i-Bu,AI(OR);_,
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Figure 3. '3C NMR spectrum for the sPP formed with
MgCl,-supported Ti-FI catalyst 23.

(MAO-free, MgCl,-supported catalyst system) pro-
duces higher tacticity PP with higher T, (rr 97%,
T 155°C) than that of the MAO-activated homo-
geneous system (rr 93%, Ty, 152°C). 8028 Figure 3
shows '*C NMR spectrum for the sPP formed with
MgCl,-supported Ti-FI catalyst.
This result probably suggests that the immobilization
of the Ti-FI catalyst onto MgCl,/i-Bu,Al(OR);_,
does not suppress the site inversion process. The T,
of 155 °C represents one of the highest known values
for sPPs synthesized at room temperature.?’ Mitani
and Fujita have revealed that the sPPs formed with
Ti-FI catalysts possess unique microstructures. The
sPPs, formed from 10 and 23, with a significant
amount of regioirregular units possess a blocklike
structure involving long regioregular and short con-
secutive-regioirregular units. Conversely, the sPPs
produced with 13-15, with a higher amount of regioir-
regular units, also have a blocklike structure, but it
contains relatively short regioregular and isolated
regioirregular units [Figure 4].2%°
It should be pointed out that the Ti,s of sPPs arising
from Ti-FI catalysts are higher than the values expect-
ed from the stereoregularity of the polymers obtained
with metallocene catalysts. The differences in Ti,s
probably stem from the blocklike structures of the
polymers formed with Ti-FI catalysts. De Rosa and
coworkers reported that the sPP produced with Ti-FI
catalyst 22/MAOQ displays different crystalline micro-
structures, and thus different mechanical properties
from the metallocene-made sPP of similar stereoregu-
larity due to the presence of m dyad defects derived
from the chain-end control mechanism and defects
of regioregularity in the FI-made sPP.*°

Attempts have been made to achieve highly isospe-
cific and living propylene polymerization with C,-
symmetric FI catalysts. Saito, Prasad and Fujita have
shown that Zr- and Hf-FI catalysts combined with
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Figure 4. '3C NMR spectra of the PPs formed with FI catalyst 10 (a), FI catalyst 23 (b) and FI catalyst 15 (c).

(Y O A O O ) O

T-H T-T/H-H/H-T etc.
multiple inv. unit

H-T

N R Ay Ay e

H-T H-H T-H
inv. unit

T-T H-T H-H T-H
inv. unit inv. unit

| $-CH,CH(CHy)- | ;-CH(CHg)CH-

H-T: Head to Tail, T-H: Tail to Head,
H-H: Head to Head, T-T: Tail to Tail

Figure 5. Regiosequence patterns of the PPs formed with fluorinated Ti-FI catalysts.

R R R R N R N N RN RN R

23.0 22.0

21.0 20.0 19.0

Figure 6. '3C NMR spectrum for the iPP formed with FI catalyst 24/MAO.

i-Bu3Al/[CPh3]T[B(C6Fs)4]~ can produce highly
isotactic, high molecular weight PPs via a site-con-
trol mechanism with 1,2-insertion, though in a non-
living fashion.’! For example, 24/i-BuszAl/[CPhs]*-

198

[B(CgFs)4]~ forms highly isotactic PP with extremely
high mmmm (97%) and T, (165°C) [Figure 6], both
of which are comparable to those achieved by the best
heterogeneous Ziegler/Natta catalysts.>!
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Recently, in association with MAO, Ti-Fi catalyst 25
having a phenyl group on the imine-C has been de-
scribed by Mason and Coates to produce moderately
isotactic and nearly monodisperse PP (0°C polymer-
ization; mmmm 53%, T, 69.5°C, M, 27900, M,,/M,
1.11), probably due to the suppression of a site-inver-
sion process by the phenyl group on the imine-C.*?
The corresponding Ti-FI catalysts possessing a steri-
cally bulkier ortho-substituent (which is expected to
form higher tacticity PPs) display practically no reac-
tivity toward propylene. Thus, highly isospecific and
living propylene polymerization with FI catalysts
has not yet been achieved, which seems difficult when
one considers the catalyst structure and performance
relationships elucidated by Furuyama, Mitani and
Fujita.7o4#82100.22 Very recently, Mazzeo and co-
workers have described that phenoxy-aldimine-type
Ti-FI catalysts having an I, Br or Cl ortho to the phen-
oxy-O (e.g., Ti-FI catalyst 26) with MAO produce
prevailingly isotactic PPs with a My /M, of ca. 2 via
a site-control mechanism.'** Ishii and Fujita have also
revealed that, upon activation with MAOQO, fluorinated
Ti-FI catalyst 27 having a CF; group ortho to the
phenoxy-O promotes non-living propylene polymer-
ization and provides iPP via a site-control mecha-
nism.>?

FORMATION OF MONODISPERSE
COPOLYMERS AND
FUNCTIONALIZED (CO)POLYMERS

Since the ortho-fluorinated Ti-FI catalysts can ini-
tiate highly controlled living polymerization of both
ethylene and propylene, a wide variety of unique
monodisperse copolymers have been created. Kojoh
and Fujita have shown that Ti-FI catalyst 10 in com-
bination with MAO efficiently catalyzes the living co-
polymerization of ethylene and propylene, giving ac-
cess to copolymers with extremely narrow molecular
weight distributions (M,,/M, 1.07-1.13, propylene
content 15-48 mol %).>* Weiser and Miilhaupt have
prepared Ti-FI catalyst 11, upon activation with
MAO, which displays improved incorporation ability
toward propylene, and produces ethylene/propylene
copolymers with compositions covering the entire
feasible composition range (propylene content up to
93 mol %)."

Monodisperse ethylene/higher a-olefin copolymers
are also available with fluorinated Ti-FI catalysts hav-
ing sterically less encumbered substituents ortho to
the phenoxy-O. For example, Furuyama and Fujita
have demonstrated that Ti-FI catalyst 15 having a H
ortho to the phenoxy-O combined with MAO forms
ethylene/higher «-olefin copolymers with the higher
a-olefin contents of 23 mol % (1-hexene), 21 mol %
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Table III. Ethylene/higher a-olefin copolymerization
with FI catalyst 15/MAO?*

. a-olefin
a-olefin yield M“: My /M,P content®

(2) (x107) (mol %)
1-hexene 0.21 54.2 1.07 22.6
1-octene 0.21 60.5 1.09 20.8
1-decene 0.22 72.0 1.10 14.3

#Polymerization conditions: toluene, 250 mL; catalyst, 2.5
umol; MAO, 1.25 mmol; ethylene, 100L/h; «a-olefin, 50 ml;
time, 5min; temperature, 25°C. ®Determined by GPC using
polyethylene calibration. “Determined by 'H NMR.

(1-octene) and 14mol% (1-decene), respectively
[Table I11].%°

Using the propensity for secondary insertion of Ti-
FI catalysts, which was first elucidated by researchers
at Mitsui Chemicals,'!'® characteristic monodisperse
polymers can be prepared. For example, Ti-FI catalyst
22 with MAO activation was reported by Hustad and
Coates to polymerize 1,5-hexadiene to form poly(3-
vinyl tetramethylene-co-methylene-1,3-cyclopentane)
through insertion and isomerization polymerization
(M, 268000, My /M, 1.27, 3-vinyl tetramethylene
37mol %, methylene-1,3-cyclopentane 63 mol %).%
Additionally, the copolymerization of propylene with
1,5-hexadiene using Ti-FI catalyst 22 resulted in the
formation of poly(propylene-co-3-vinyl tetramethyl-
ene-co-methylene-1,3-cyclopentane) having the high-
ly syndiotactic nature of the PP domains. Since these
1,5-hexadiene-derived polymers contain pendant vi-
nyl groups, the polymers can be valuable intermedi-
ates for the synthesis of functionalized polymers and
block copolymers. For example, the vinyltetramethyl-
ene units in the copolymer have been shown by Mather
and Coates to undergo a cross-metathesis reaction with
functionalized olefinic monomers catalyzed by a Ru
carbene for functionalization of the copolymer.®

Alternatively, Fujita and Coates have described
that polymerization of ethylene and cyclopentene
using 22/MAO produces copolymers with isolated,
cis-1,2-cyclopentane units (cyclopentene content up
to 47 mol %). The nearly alternating copolymer with
a cyclopentene content of 47 mol % possesses an atac-
tic nature.'??

In addition to a wide variety of monodisperse (co)-
polymers, Makio and Fujita have indicated that chain-
end functionalized monodisperse (co)polymers includ-
ing telechelic polymers are available with the fluo-
rinated Ti-FI catalysts if a functionalized monomer
[e.g., CH,=CH—(CH,),—OSiMe;, CH,=CH—(CH;),—
OAlMe,, Ch,=CH—-(CH,),—N(SiMes3),] is used dur-
ing the initiation and/or termination step(s). For
example, 10 with MAO furnished both PE- and
sPP-based monodisperse polymers bearing terminal
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Table IV. Monodisperse (co)polymers created
by Ti-FI catalysts/MAO

polyethylene

polypropylene (atactic to highly syndiotactic)
moderately isotactic polypropylene
poly(ethylene-co-propylene)
poly(ethylene-co-1-hexene)
poly(ethylene-co-1-octene)
poly(ethylene-co-1-decene)
poly(ethylene-co-cyclopentene)
poly(ethylene-co-norbornene)
poly(methylene-1,3-cyclopentane-co-3-vinyl tetramethylene)
Zn-terminated polyethylene

—NH; and/or —OH functional groups [e.g., HO-sPP-
OH, M, 9560, M,,/M, 1.08]. The functionalized sPPs
showed T},;s in the range of 142-145 °C, indicative of
a highly syndiotactic nature.”®!%37 The functional-
ized monodisperse (co)polymers described above
have the potential to be excellent compatibilizers, sur-
face modifiers and well-defined macromonomers for
the synthesis of block and graft copolymers.

MECHANISTIC FEATURES OF LIVING
POLYMERIZATION WITH
FLUORINATED TI-FI CATALYSTS

As introduced so far, the well-established experi-
mental results suggest that the presence of the ortho-
F accounts for living ethylene polymerization and that
steric factors do not play a salient role in achieving
living polymerization, meaning that the ortho-F is
most probably involved electronically in the realiza-
tion of living ethylene polymerization. Situations
seem to be the same for living propylene polymeriza-
tion with fluorinated Ti-FI catalysts, on the basis of
experimental data.

It was believed, at first, that the living nature
originated from the stabilization of the Ti center by
the ortho-F through electronic interaction. Mitani,
Nakano and Fujita have reported though that DFT cal-
culations on an active species derived from 10/MAO
for ethylene polymerization indicate that there was
virtually no interaction between the Ti metal and the
ortho-F (Ti/ortho-F distance, ca. 4 A), and surprising-
ly the ortho-F interacted attractively with a -H on a
growing polymer chain (ortho-F/p-H distance 2.28 A,
electrostatic energy 27 kJ /mole, Figure 7).!%:13
In response to the attractive interaction present be-
tween the ortho-F and the 8-H, a degree of C-Hg bond
elongation (1.11 A) was indicated by the calculations.
Similar calculation results were obtained for propyl-
ene polymerization independent of the insertion mode
of propylene. Therefore, it was proposed that the at-
tractive interaction, which is expected to effectively
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Figure 7. Calculated structure of an active species derived
from FI catalyst 10. ‘Bu groups are omitted for clarity.

curtail B-H transfer to the central metal and/or an
incoming monomer, is responsible for the unprece-
dented living behavior.

However, for living propylene polymerization with
fluorinated Ti-FI catalysts, it was proposed by
Talarico and coworkers that the effect of the ortho-F
is primarily steric based on QM/MM calculation re-
sults.?® As described, the well-established experimen-
tal data indicates that only a single ortho-F is a re-
quirement for the living polymerization of propylene
as well as ethylene.'®?° This fact probably suggests
that steric factors do not play a key role in the ach-
ievement of living propylene polymerization, since,
for the single ortho-F Ti-FI catalyst, the 2-fluorophen-
yl group on the imine-N can rotate to evade steric hin-
drance which may suppress chain transfer reactions.
The discrepancy between the calculations and the ex-
perimental data seems to originate from the fact that
the calculations are not taking into consideration the
solvent and co-catalyst influence though the solvent
and the co-catalyst employed are known to have a sig-
nificant influence on the polymerization behavior of
Ti-FI catalysts (activity, molecular weight, molecular
weight distribution).”1%-122.d.22

Kui and Chan reported the first NMR and X-ray
structural evidence for an attractive interaction be-
tween an F in the ligand and an H of a benzyl group
attached to group 4 metal catalysts.’®® Additionally,
by a neutron diffraction study, Chan, Cole and their
coworkers elucidated the structural parameters of the
F/H interaction (F/H distance 2.572(6) and 2.607(5)
A, F/H angle 103.3(4) and 108.2(3), indicating the
presence of the attractive interaction between the F
in the ligand and the H of the alkyl group attached
to the group 4 metal.>*® These results demonstrate that
the F/H interaction suggested by DFT calculations is
experimentally feasible.

It should be pointed out that Suzuki and Fujita have
reported on a structurally related bis(imine-phenoxy)-
Ti complex 28 having a C¢Fs on the imine-N with
MAO activation, which does not promote living ethyl-
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ene polymerization.*’ Interestingly, DFT calculations
have indicated that there is virtually no interaction be-
tween the ortho-F and the B-H (ortho-F/B-H distance
3.66 A).

Based on the results and discussions described
so far, Furuyama and Fujita have concluded that the
steric bulk provided by the ortho-F does not play an
important role and that the attractive non-bonding
interaction of the ortho-F with the 8-H of the growing
polymer chain is responsible for the unprecedented
living polymerization, representing the first example
of an attractive interaction between the ligand and
other components in a catalyst system, which dramat-
ically enhances catalyst performance.'%®

In a study on the solution structure of the active
species in fluorinated Ti-FI catalysts by 'H NMR
spectroscopy, Makio and Fujita observed, for the
first time, the formation of cationic species L, Ti*Me
(L: phenoxy-imine ligand) derived from 10/MAO
and its living propagating species.*! Additionally,
Bryliakov and Talsi characterized cationic species
formed from Ti-FI catalyst 10 with MAO or AlMes;/
[CPhs]*[B(CeFs)4]~ by 'H, F, and '*C NMR and
electron paramagnetic resonance (EPR) spectrosco-
py.'¥ They observed the generation of outer-sphere
ion pairs and the formation of the polymeryl species
after reaction with ethylene.

Makio and Fujita have successfully synthesized di-
methyl complexes of the fluorinated Ti-FI catalysts,
which exhibit an essentially octahedrally coordinated
Ti center and C, symmetry, with a cis-O, cis-N, cis-
methyl disposition.*> The Ti-FI dimethyl complexes
can readily be activated with B(C4Fs); or [CPh3]™"-
[B(C¢Fs)4]™ to form a methyl cationic species. The
addition of ethylene to the cationic species allows
room temperature observation of the living propagat-
ing species, which displays '"H NMR peaks centered
at 1.45 and 2.88 ppm that are assigned to the diaster-
eotopic a-methylene protons connected to the Ti met-
al. These results further confirm the highly controlled,
thermally robust living nature of the fluorinated Ti-FI
catalysts. Additional studies will probably give further
insight into the polymerization mechanism, including
the ortho-F/B-H interaction suggested by the theoret-
ical work and configurational fluxionality of catalyti-
cally active species.

Due of the inherent and highly controlled living na-
ture and the elaborate catalyst design work focusing
on the substitution pattern of F’s as well as the sub-
stituent ortho to the phenoxy-O, Mitani and Fujita
have successfully developed Ti-FI catalysts 29 and
30, that catalytically produce living polymers [mono-
disperse PE, Zn-terminated PE, PE-b-poly(ethylene-
co-propylene)] in the presence of an appropriate chain
transfer agent (e.g., H, ZnEt,).!1043
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BLOCK COPOLYMERS CREATED
BY FLUORINATED TI-FI CATALYSTS

One of the most attractive features of a living olefin
polymerization catalyst lies in its capability to form
well-defined polyolefinic block copolymers. As intro-
duced, fluorinated Ti-FI catalysts can efficiently syn-
thesize a wide array of polyolefins including PE, PP
with an atactic to highly syndiotactic nature, ethyl-
ene/propylene copolymers, ethylene/higher «-olefin
copolymers, and ethylene/cyclopentene copolymers
in a living fashion. Thus, the fluorinated Ti-FI cata-
lysts allow the production of block copolymers con-
sisting of semicrystalline and amorphous polyolefin
segments such as those listed above.

Mitani, Kojoh, and Fujita have prepared a wide va-
riety of ethylene/propylene di- and multiblock copoly-
mers, which include PE-b-poly(ethylene-co-propyl-
ene), PE-b-sPP, sPP-b-poly(ethylene-co-propylene),
poly(ethylene-co-propylene);-b-poly(ethylene-co-pro-
pylene),, PE-b-poly(ethylene-co-propylene)-b-PE,
and PE-b-poly(ethylene-co-propylene)-b-sPP, using
10 with MAO activation.>!*!18:3* Most of the block co-
polymers created by Mitani et al. were inaccessible
prior to their work. A sPP-b-poly(ethylene-co-propyl-
ene) similar to that described above by Mitani et al. has
been prepared by Tian and Coates using 22/MAO.!%

Weiser and Miilhaupt obtained high molecular
weight PE-b-poly(ethylene-co-propylene) with a
variety of propylene contents and block lengths (PE
block, 400000 < M;, < 1100000, ethylene/propylene
copolymer block, 150000 < M, < 900000; T, 122—
134°C, T, < —30°C), using Ti-FI catalyst 11 which
had iodines in the ligand.!” The characterization of
these high molecular weight block copolymers was
done by means of atomic force microscopy (AFM),
crystallization fractionation (CRYSTAF) data and
high temperature chromatographic elution, thus giving
the experimental evidence that no homo-PE and
less than 5% of ethylene/propylene copolymers are
formed as by-products, suggesting the highly control-
led living nature of the catalyst. Ethylene- and higher
a-olefin-based block copolymers are also available
with Ti-FI catalysts/MAO. Furuyama and Fujita pre-
pared a series of PE-b-poly(ethylene-co-1-hexene)
with various 1-hexene contents and ethylene/1-
hexene copolymer block lengths (PE block, M,
38300, ethylene/1-hexene copolymer block, 23200 <
M, < 82700, 1-hexene content 8—29 mol %; T, 117—
130°C), using Ti-FI catalyst 14, which possesses en-
hanced incorporation ability for sterically encumbered
monomers.?

The block copolymers introduced above, in partic-
ular, semicrystalline PE or sPP and ethylene/a-olefin
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Table V. Block copolymers created by Ti-FI catalysts/MAO

PE-b-PP

PE-b-PS

PE-b-poly(ethylene-co-propylene)
PE-b-poly(ethylene-co-1-hexene)
PE-b-poly(ethylene-co-cyclopentene)
PP-b-poly(ethylene-co-propylene)
PP-b-poly(propylene-co-methylene-1,3-cyclopentane-co-3-vinyl
tetramethylene)

poly(ethylene-co-propylene); -b-poly(ethylene-co-propylene),
poly(ethylene-co-propylene)-b-PS
poly(ethylene-co-propylene)-b-poly(ethylene-co-norbornene)
poly(methylene-1,3-cyclopentane-co-3-vinyl tetramethylene)-
b-poly(ethylene-co-norbornene)
PE-b-poly(ethylene-co-propylene)-b-PE
PE-b-poly(ethylene-co-propylene)-b-PP
PE-b-poly(ethylene-co-cyclopentene),-b-poly(ethylene-co-
cyclopentene),

copolymer-based block copolymers have a wide array
of applications because their macroscopic properties
can vary from elastomeric to plastic depending on
the volume fraction of the ethylene/w«-olefin copoly-
mer block, %10:18.20.34

Additionally, using 22/MAO sPP-b-poly(propyl-
ene-co-methylene-1,3-cyclopentane-co-3-vinyl tetra-
methylene) from propylene and 1,5-hexadiene, and
PE-b-poly(ethylene-co-pentene) have been prepared
by Hustad, Fujita, and Coates."”®3 Very recently,
Yoon and Thomas have reported on the synthesis of
poly(ethylene-co-propylene)-b-poly(ethylene-co-nor-
bornene) and poly(methylene-1,3-cyclopentane-co-3-
vinyl tetramethylene)-b-(ethylene-co-norbornene),
which display a partial one-dimensional photonic
band gap with excellent optical transparency.**

Although Michiue and Fujita described that Ti, Zr
and Hf-FI catalysts convert styrene to sPS,* the syn-
thesis of olefin/styrene block copolymers was not re-
ported until recently. Weiser and Miilhaupt have pre-
pared PE-bH-PS and poly(ethylene-co-propylene)-b-PS
using Ti-FI catalyst 11/MAO for the first time.!® With
chromatographic and TEM analysis, they have re-
vealed the formation of the blends of the desired block
copolymers and homo-PE (or ethylene/propylene co-
polymers). The direct olefin/styrene block copolymer
synthesis with a Ti-FI catalyst represents an attractive,
new one-pot route to styrenic block copolymers which
are commercially prepared by anionic styrene/diene
block copolymerization, followed by the hydrogena-
tion of the resultant polymer.

In summary, fluorinated Ti-FI catalysts developed
by researchers at Mitsui Chemicals have led to the
synthetic creation of block copolymers from a wide
array of olefinic monomers, including ethylene, pro-
pylene, 1-hexene, cyclopentene and styrene.
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Figure 8. AFM image of PE-b-poly(ethylene-co-propylene).

MORPHOLOGIES AND MATERIAL PROPERTIES
OF THE LIVING POLYMERS FORMED
WITH FLUORINATED TI-FI CATALYSTS

Since the block copolymers formed from the fluo-
rinated Ti-FI catalysts are new materials, there has
been tremendous interest in their morphologies and
material properties, in addition to their novel polyole-
fin chain architectures. With AFM analysis, Ono and
Fujita have elucidated that PE-b-poly(ethylene-co-
propylene) that was made with 10/MAO, on a mica
surface can exist as an individual molecule in which
a PE lamella is covered with an amorphous ethyl-
ene/propylene copolymer.*

In the AFM image shown in Figure 8 [total M, 38100,
PE block M, 8700, M,/M, 1.12; propylene content of
ethylene/propylene copolymer block 39.9 mol %], the
central spot corresponds to a PE lamella and the sur-
rounding part is an amorphous ethylene/propylene co-
polymer. The size of the central spot (PE lamella) is
estimated to be 2.5-5.0nm x 5.0-10.0 nm. Interest-
ingly, the block copolymer possesses a tendency to as-
semble one to another to form a needle-like structure.

AFM analyses of PE-b-poly(ethylene-co-propyl-
ene)s with varying propylene contents of the copoly-
mer segments (8—70 mol %) made by 11/MAO were
performed by Weiser and Miilhaupt, who observed
that the morphology of the block copolymers changes
significantly depending on the propylene contents.!
For example, the block copolymer with a propylene
content of 8 mol % displays a rather micellar domain
of the soft “rubbery” phase (domain size 150-300
nm) [Figure 9(a)], whereas that with a propylene con-
tent of 70mol % exhibits the inverse phase with mi-
cellar PE structure (diameter of PE micelles are below
100 nm) [Figure 9(b)].

Unique thermodynamic behavior of PE-b-poly-
(ethylene-co-1-hexene)s formed with 14/MAO was
reported by Furuyama and Fujita.”’ They revealed us-
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L]

Figure 9.

(A)

100 nm

(b)

AFM images of PE-b-poly(ethylene-co-propylene)s with propylene contents of 8 mol % (a) and 70 mol % (b).

(B)

v

Figure 10. TEM micrographs of (A) sPP-b-poly(ethylene-co-propylene) and (B) sPP/poly(ethylene-co-propylene) blend polymer

(blend conditions; toluene, 100°C, 1h).

ing differential scanning calorimetry (DSC) that the
block copolymers having a higher molecular weight
copolymer segment exhibit lower T},,s and smaller en-
thalpies of fusion, which is consistent with the propos-
al that the crystallization process of the PE segment is
disturbed by the presence of the chemically linked eth-
ylene/1-hexene copolymer segment, providing thinner
lamellar crystals and lower crystallinity. Furuyama
and Fujita also demonstrated that an increase in the
1-hexene content of the copolymer segment results
in an increase in Ty,, suggesting that a copolymer seg-
ment with a higher 1-hexene content (a softer copoly-
mer segment) has less effect on the crystallization
process of the PE segment, which is probably because
of the reduced affinity between the two segments.

Kojoh and Fujita studied the morphology dif-
ferences between sPP-b-poly(ethylene-co-propylene)
and the corresponding sPP/poly(ethylene-co-propyl-
ene) blend polymer using TEM.3* The TEM micro-
graph of the block copolymer [Figure 10(A)] displays
well-defined and regular morphology compared to
that of the blend polymer [Figure 10(B)]. Nano-phase
separation of sPP domains (ca. 10nm in diameter)
embedded into the poly(ethylene-co-propylene) ma-
trix was visible.

Kramer, Coates and their coworkers have also in-
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vestigated the morphology and thermodynamic behav-
ior of sPP-b-poly(ethylene-co-propylene) by using
TEM and DSC.#” With TEM analysis, they have ob-
served a number of ordered morphologies, which in-
clude cylindrical, lamellar, and hexagonally perforat-
ed layer morphologies; the latter being most often
observed in spite of the fact that it is anticipated to
be metastable. Additionally, they have revealed that
the sPP crystallization and peak melting temperatures
(T, and T},,) determined by DSC show little correlation
with either block copolymer morphology or the state
of block copolymer melt phase (ordered or disor-
dered) but rather increase with a decrease in the total
molecular weight of the block copolymer.

Using small-angle neutron scattering (SANS),
Radulescu and coworkers have shown that sPP-b-
poly(ethylene-co-propylene) formed with 22/MAO
crystallizes in very large, one-dimensional, supramo-
lecular aggregates with radii between 44 and 80 nm
containing substructures, and are formed due to self-
assembling at a larger scale.*

The tensile properties of the PE-b-poly(ethylene-
co-1-hexene) that were made with Ti-FI catalyst 14/
MAO (M, 79900, My, /M, 1.29, 1-hexene content
6mol %) were studied by Furuyama and Fujita.?’
The results are summarized in Table VI, which in-
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Table VI. Results of the tensile test of compression-molded films

Mo Eb be eyb ou P 1-hexene

" " content

(x10°%) (MPa) (MPa) (%) (MPa) (%) (mol %)
PE-b-poly(ethylene-co-1-hexene) 79.9 119 7.59 13.9 26.0 488 43
poly(ethylene-co-1-hexene) 80.6 53.8 5.53 324 17.9 402 54

aDetermined by GPC using polyethylene calibration. *E,, = elastic modulus, oy = stress at the yield point, &, = strain at

the yield point, oy, = stress at the break point, &, = strain at the break point.

cludes the tensile properties of the corresponding
random copolymer as a comparison. The block co-
polymer displays an extensibility of 488%, which
is superior to that of the random copolymer. More-
over, the block copolymer exhibits a greater degree
of toughness, 119 MPa, compared to the random co-
polymer.

The tensile properties that were elucidated by
Furuyama and Fujita indicate that the block copoly-
mer possesses a good combination of extensibility
and toughness, probably because of the co-presence
of tough crystalline PE and soft amorphous ethyl-
ene/1-hexene copolymer segments in the same mole-
cule.

CONCLUSION

The advent of fluorinated bis(phenoxy-imine)Ti
complexes (fluorinated Ti-FI catalysts) for living
olefin polymerizations has made a significant impact
on polymerization catalysis and polymer synthesis.
On the basis of the well-established experimental data
together with DFT calculations, it has been proposed
that the unprecedented living polymerizations cata-
lyzed by fluorinated Ti-FI catalysts result from an at-
tractive interaction of the ortho-F with the S-H of the
growing polymer chain, thus stabilizing it against
termination. Fluorinated Ti-FI catalysts are capable
of mediating the highly controlled, thermally robust
living polymerization of ethylene. Additionally, these
Cy-symmetric FI catalysts can induce highly syndio-
specific living propylene polymerization via a chain-
end control mechanism with unusual 2,1-monomer in-
sertion, including a site-inversion process. Moreover,
these catalysts are capable of promoting the living
copolymerizations of ethylene/propylene, ethylene/
higher a-olefins, ethylene/cyclopentene, and others.
Therefore, the fluorinated Ti-FI catalysts have enabled
us to prepare well-defined block copolymers such as
PE-b-poly(ethylene-co-1-hexene), sPP-b-poly(ethyl-
ene-co-propylene), PE-b-poly(ethylene-co-cyclopen-
tene) and PE-b-PS; highly syndiotactic monodisperse
PPs, monodisperse high and ultra-high molecular
weight PEs; and ethylene-based copolymers and func-
tionalized (co)polymers from the monomers and/or
monomer combinations described above. Some of
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the FI living polymers have been demonstrated to ex-
hibit unique morphologies and useful material proper-
ties, indicative of their tremendous potential.
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