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The strategy, érmed living coordinative chaitmansfer polymerization
(LCCTP), has been explored to boost the efficiency and versatility of polyolefin

synthesis by coupling a reversible chaiansfer process with living coordination

polymer i zati on. LCCTP strat echginpermét ahdyl omietr

on polymerization yield, but also provides opportunities to flourish the architectural,
compositional and functionélexibility of polyolefinbased materials.

A new strategy, nasd ternary living coordinative chatnansfer
polymerization @LCCTP), extends the LCCTP methodology through employing the
rapid and reversible chatnansfer process under living conditions between an active
transitionmetal propagating species, a primasurrogateAlR3;, and a catalytic

amount of ZnEtas a secondary surrogate and cheansfer mediator. This strategy



provides a cosetffective, scalable process for the production of precision
hydrocarbons, such as the lomolecularweight oligomers frompropene anda-
olefins under neaambient conditions. Having the advantage of usingzAliRd ZnR

as surrogate chaigrowth sites, block and ergtoup functionalized polyolefibased
materials have been synthesized directly through chemical reactionsfAbt@ign-C
bonds.

Rapid and reversible chainr ansf er bet ween Atighto
been used to modulate the relative reactivities of ethene-aagehe or cyclopentene
in a programmed fashion for LCCTP. Thus, different grades of a monagbsper
polyolefin copolymer, such as the poly(ethael-hexene), have been obtained with
a single cationic transitiemetal catalyst. Through employing long chakholefins as
co-monomers, a novel class of polyethdrased waxes has besgnthesizedwith
precisely tunable sidehain crystalline sizes.

The discovery of a fundamglly novel Group 4 transitiemetal binuclear

catalyst has achieved the highly challenging goal of making ethene/propene (E/P)

multi-block copolymers through stercontrol o v e r t he Aregional o e

hindrance around the binuclear catalyst molecule. Structural, thermal, surface
morphological and mechanical characterizations of these E/P blocky materials
unambiguously reveal their blocky nature and unique physical pregpeggarding to
the traditional E/P random copolymers. Finally, LCCTP has been successfully
coupled with this binuclear catalyst to provide a variety of polyethased blocky

copolymers under chaitnansfer conditions.
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Chapter 1: Introdction

1.1 A Brief History of Coordination Polymerization

1.1.1 Heterogeneous ZiegleNatta polymerization

Coordination polymerization is also known as Zieglatta polymerization to
memoarialize the revolutionary work by the 1963 chemistry N&deakates, Karl Ziegler and
Giulio Natta® ? In the early 1950s, Karl Ziegfein Germany discovered that certain
combinations of transition metal compounds and organometallic compounds, suchsas TiCl
and AIELCI, polymerized ethene at low temperatured pressures to give polyethene (PE)
that has an essentially linear structure. Now referred to asdeigsity polyethene (HDPE),
the product is denser, tougher, and higher melting than the branchel@nsity polyethene
(LDPE), and is used for bottles,peis, film, wires etc. Following close on the heels of
Ziegleros discovery was *inHtay thatetbeosgnmeitype afn by Gi
catalysts was capable of polymerizing propene to yield stereoregular isotactic polypropene
(PP) that is also cryafline. ZieglerNatta polymerization is usually referred to a
heterogeneous system such as that discovered by Ziegler and thedvigiirted TiC|
system discovered by Kashiwa® Coordination polymerization usually represents a
homogeneous singlgte netallocene or pognetallocene system which will be discussed

later.

Unlike free radical or ionic initiators, the Zieglsiatta polymerization catalysts are
not consumed in the polymerization. Therefore, the active chain propagation species is

referred toas a "catalyst", not an "initiator", to emphasize the fundamental catalytic event of



monomer enchainment (in some cases, initiat@sgs used to emphasize the charowth

process). The most widely accepted polymerization mechanism was proposed iy abaosse

Arlman.” ® As shown in Scheme 1, Cossee mechanism occurs as follows: 1) olefimside
coordination to a vacant site which actives th
d-coordinated polymer chain to thecoordinated olefirvia a fourmember ring transition

state; 3) the polymer chain is lengthened by one monomer unit, and a new vacant site is
produced which was originally occupied by the polymer chain. This Cossee process can be

repeated while the polymer chain keeps growing.

Scheme ICossee mechanism for Ziegdatta polymerization
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ZieglerNatta polymerization is one of the most successful applications of transition
metal catalysis. In 2005, 65 million tons of PE and 40 million tons of PP were produced
worldwide, and the productiohas been increasing at the annual rate of 6% and 8%
respectively’ *°Polyolefins produced by Ziegl®atta polymerization represent almost two
thirds of the major commodity thermoplastics used worldwide, and have numerous
applications ranging from autative parts to carpet fibers, household and food containers,

toys, stretch film/shrink film, diapers and trash bHgs.



1.1.2 Homogeneous metallocene and pasietallocene catalysts

A metallocen¥ is defined as a metal biscyclopentadienyl complex. Metallocene
catalysts for coordination polymerization usually have a general structureMbGH(Cp =
cyclopentadienyl, Mt = metal, X = methyl or halide). Development of metallelbased
catalysts forolefin polymerization is a perfect example of the successful application of
organometallic chemistry to homogeneous catalysBlefin polymerization catalyzed by
homogeneous metallocenes (e.g.,,TPI/AIEt,Cl) has been studied since 1957
However only very low activity was achieved until the serendipitous discovery of the
activating effect of small amounts of wafesn the system GMtX./AlMe; (X = Cl or alkyl
group)!’ The subsequent study and controlled synthesis of methylalumoxane (MAO) by the
group of Sinn and Kaminsky *°provided organometallic and polymer chemists with a potent
cocatalyst able to activate Group 4 metallocenes, as well as many other transition metal

complexes, toward the polymerization of virtually arglkenes and sevéreyclic alkenes?®
Scheme 2Proposed MAO activation processes for metallocenes
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It was proposed that the metallocene dichloride compound was first methylated by
MA O t hr o u gskxchang&droceSd1and then the active cationic species was produced
through a mechanism as shown in Scheme 2. The metallocenium cations, or more precisely
the ion pairs, are the active chain propagation sites for coordination polymerization.

Metallocene catalysts have had a revolutionary impact on the polymer industryebetaus



two main reasons. First, the synthetic versatility of different adkyistituted Cp ligands can
induce on metallocene performances in olefin polymerization (the ligand étfét8econd,
the stereorigid, chiral metallocene catalysts can inducnteselectivity in lalkene

insertion, which in turn gives control of the physical properties of the final polyiiférs.

As an illustrative example, Figure 1 presents structraperty relationship data for
several predominately isotactic polypropersalP) materials that possess varying levels of
rr stereoerror defects as a result of differing degrees of stereoselectivities from a series of
closely relatedansabridged metallocenbased catalystS. The finetuning of the chain
microstructure, achiedeby a tailored design of new metallocene catalysts, has allowed
production of new PP materials having desired properties, ranging from stiff plastics to
semicrystalline flexible plastics to thermoplastic elastomers. This study reported by De Rosa,
Resconj and ceworker$® beautifully epitomizes the present stafethe-art for metallocene

catalyst design and resulting polymeric property control.

Figure 1 Relationship of isotactic PP material property with the melting temperature and

concentration ofr defects of stereoregularityReproduced from Ref. (26).

8
[rr] (%)



Besides Group 4 metallocene catalysts, the related catalyst systems such as the half
sandwich amide or constraingdometry catalysts have been at the forefront of olefin
polymerization developmesnisince 19808. Group 4 constrainegeometry catalysts (Figure
2A), developed by Dow and Exx81i°by combining Cp ligands with an amide functionality
[Cs, N, are highly active toward commercialization and have good incorporation of 1
hexene camonome. Related to constrainegeometry systems, the Group 6 Chromium
systeni* (Figure B) based on | isnNK égandCshowedmerynhigh dctivities

and has been studies as models for the trimerization of etheret®de.

Figure 2 Examples of tghly active posimetallocene olefin polymerization catalysts
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Driven by the desire to obtain ever greater control over the properties of the resulting
polymers and to extend the family of products to new monomer combinations, non
metallocene catalystsalie been developed for high activity, selectivity and tolerance to a
variety of functional groups. The nickel systems (Figupg &ported by Brookhart and -co
workers? in 1995, based on squapanar cationic alkyl compounds supported by bulky
diimine [N, N] ligands, were the first examples of late transition metal catalysts capable of
polymerizing higheml-olefins as well as ethene to high molecular weight polymers. In 1998,
Gibson and Brookhatt * reported the highly active Group 8 noretallocene catalysts

(Figure L) based on a fiveoordinate iron center supported by a neutral tridentate 2,6



bis(imino)pyridine ligand. The developments of homogeneous-mesillocene catalysts
have greatly bendéd the advances of living coordination polymerization which ensures
better control over polymer structure as well as allows for the creation of virtually limitless

types of new materials from a basic set of monomers.

1.2 Living Coordination Polymerizatio

1.2.1 Living polymerization

The potential applications of a polymer are determined by its physical and
mechanical properties, which in turn greatly depend on the composition and architecture of
the polymer. The discovery of the charowth polymerizatiac methods that enable
consecutive enchainment of monomer units without termination, known as living
polymerization¥®, has had tremendous impact on polymer and materials séfefice.
facilitated major developments not only in synthetic polymer chemisiiryalso in polymer
physics as it allows the preparation of wadifined polymers with both precisely controlled
molecular weight and a wide array of polymer architectilreBor example, block
copolymers synthesizeda sequential monomer addition by Szwaet al*®* more than 50

years ago have inspired a generation of polymer physicists to study thairgseifzation in

bulk or solution.

The termliving polymerwas coined by Michael Szwafc*to describe the products
of the anionic polymerization of \8ene initiated by electron transfer in tetrahydrofuran
(THF). After that, extraordinary advances in living/controlled polymerization have been
discovered by using anionftcationic;* and radicabase&** polymerization. Recently, the
developments inatom transfer radical polymerization (ATR®)*, reversible additich
fragmentation chain transfer (RATF) polymerizaff6i and ringopening metathesis

polymerization (ROMPY have greatly flourished the polymeric materials produced by living



polymerization, which have also expanded their applications totbgmique and high

value areas.

Generally speaking, living polymerization is characterized by efficient initiation and
chain termination/transfer rates that are negligible in comparcstimetrate of propagation.
Therefore, living polymerization should lead to a very narrow (Poisson) molecular weight
distribution (MWD). More specifically, there are seven generally accepted criteria for a living

polymerization®

1) Polymerization procesdto complete monomer conversion, and chain growth continues

upon further monomer addition.

2) Number average molecular weigM,j of the polymer increases linearly as a function of

conversion.

3) The number of active centers remains constant duringpllgmerization.

4) Molecular weight can be precisely controlled through stoichiometry.

5) Polymers display narrow molecular weight distributiaig/iM, ~ 1).

6) Block copolymers can be prepared by sequential monomer addition.

7) Endfunctionalized polymersan be synthesized.

Few polymerization systems have been shown to meet all of these criteria. Many
systems have claimed to be living as long as a substantial number of the key criteria have
been met. Sometimes a process might proceed in a controlt@dnfas/en if it obviously
deviates from a living system, and the terms of controlled or -djuagj polymerization are

commonly used® >



1.2.2 Living coordination polymerization

Coordination polymerization systems have a significant advantage oveani@iic,
cationic, and radical polymerization counterparts with regard to stereochemical control, such
as the stereoregularity control @soPP material properties shown in Figuré® However,
until ten years ago, these transition metal catalyzed ioseriethods were inferior to ionic
and radical mechanisms in the category of living polymerization. The main reason for this is
that coordination polymerization catalysts often undergo irreversible chain transfer to metal
alkyls andb-elimination reactionghat result in the initiation of new polymer chains by the
catalyst (Scheme 3§. When alkylaluminum cocatalysts are employed, an additional
termination route is chain transfer to the aluminum centefso, in many cases, the life
time of the chain prmagation is on the order of seconds, which makes it very difficult to

synthesize block copolymers by sequential monomer addition.
Scheme Mechanisms of propagation and chain transfer in coordination polymerization
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Several strategies have been devised to decrease the rates of chain terminations
relative to that of propagation so that living systems can be formed. The first consideration is
simply lowering the polymerization temperature, since the unimoledtulardrogen and
alkyl elimination processes are more adversely affected than the bimolecular propagation
process. However, the precipitation of polymers from solution at low temperature can hinder
the control of polymerization. The second strategy is to desigawntransition metal
catalysts that favor propagation rather than chain termination processes at ambient
temperature. A final consideration is to eliminate the use of alkylaluminum cocatalysts, such
as trimethylaluminum (AIMg and triisobutylaluminum (ABus), which give the potential
for chain transfer to aluminum reactions. In this regard, the development of weakly
coordinating anions, such as perfluoroaryl borates, has made significant advances in living

olefin polymerization possibl&.

The first trudiving olefin polymerization system was reported by Doi ef al.1979
that satisfied all the requirements for a living polymerization. The catalyst, [V{poabgn
activated with AIELCI, produced patrtially syndiotactic PBPP) at-78 € with very narrow
molecular weight distributions. Doi and -e@rkers have demonstrated the utility of the
living vanadium catalysts through the synthesis of severagemap functionalized polymers
from chemical reactions of the living chain efif: In order to poduce weldefined block
copolymers by sequential monomer addition, Doi andvotkers reported the synthesis of
both AB- and ABA- type block copolymers from ethene and propene, suclPRblock
EPRblockPP (EPR = ethene/propene rubber) (Schenf&®4)In addition to olefirbased
nonpolar block copolymers, the vanadium catalysts have also been employed for the
synthesis of block copolymers from polar monomers by transforming the living chain end to

one capable of initiating a radical or cationic polyiration (Scheme 4¥: ®°



Scheme 4Synthesis of block copolymers with a vanadium catalyst
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In the last decade, a significant number of advances have been reported and now
there are abundant of metal catalysts across the transition series that feahge i
polymerization of ethene, propene, highealkenes, noitonjugated dienes and cyclic
olefins, as well as precise control over all aspects of macromolecular architecture; especially
chain composition, molecular weight, and stereochentistRy. Group 4 transition metal
catalyst systems have been weaibwn to exhibit living behavior at low temperatures by
suppressing undesirabbehydrogen otb-alkyl eliminations. As shown in Figure 3, systems
developed by McConvill&®" Schrock®®®° Sita’*" Kol”*”® and Fujitd*"*/Coate$®’’ have
demonstrated not only living chagrowth characters to a variety of olefin monomers but

also the control of stereochemistry in some cases.

Figure 3 Examples of Group 4 precursors for living coordination polymerization
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1.2.3 An example of stereospecific living polymerization of-hexene

Although the living vanadium catalysts developed by Doi andvadkers gave
syndicenriched PP, the first catalyst simultaneously achieve the highly challenging goals
of livingness and stereoselectivity was reported by Jayaratne and Sita iff 280ghown in
Figure 4, a series of monocyclopentadienyl monoamidinate (CpAm) zirconium complexes,
Cp ZrMe,[N(RHC(Me)NRY)] (Cp = h*-pentamethylcyclopentadienyl), were used as catalyst
precursors (precatalysts) for the living polymerization eiekene upon activation by a
borate cocatalyst [PhNME][B(CsFs)4] (04). Stereoselectivity was achieved by manipulating
the ster¢ bulk of the two Namidinate substituents,"Rind R, which also determine the

symmetry of the catalyst.

Figure 4 Structures of three CprMe,[N(R)C(Me)N(F)] catalyst precursors
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When R = R? = cyclohexyl (Cy),Cs-symmetric compound CarMe,[N(Cy)C(Me)-
N(Cy)] (01) was active towards -iexene polymerization, givinghonodisperse atactic
poly(1-hexene) materialM, = 11.0 kDa;M,/M, = 1.10). When RI ?RC;-symmetric
compound CZrMe,[N(Et)C(Me)N(tBu)] (02) led the stereospecific livingolymerization of
1-hexene and provided highly isotactic, high molecular weight materials with low
polydispersities (hmmnh > 0.95; M, = 32.6 69.5 kDa;M,/M, = 1.03 1.10). HoweverC;-
symmetric compound CarMe,[N(Cy)C(Me)N(Bu)] (03) displayed poor actity toward %

hexene polymerization, probably due to the sterically encumbered nature of the complex.
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The enormous potential of this living and stereoselective catalyst system based on
compound02 lies in its potential for the synthesis of wdkfined olein block copolymers
with both crystalline and amorphous domains. With isotactic pdigikene) isoPH) block as
amorphous domains wetistablished, catalyst systed2/04 was found to cyclopolymerize
1,5hexadiene in a living fashion to yield poly(methyleh&cyclopentane)s (PMCP) with
high melting transitionsT, = 98 99 €) that could serve as crystalline domaifi8ased on
those results, a triblock copolymé&oPH-blockPMCRblockisoPH were synthesized by
sequential addition of monomers into a chlorobenzene solutido&/@fat-10 € as shown in
Scheme 52 Atomic force microscopy (AFM) imaging of polymer thin films of the triblock
material confirmed the microphaseparated cylindeal morphology consisting of hard
cylinders of PMCP running parallel to the surface and surrounded by the moreististc

domains’®

Scheme 5Synthesis oisoPH-blockPMCRblockisoPH triblock copolymer

‘@ (1) 1 eq. [PhNMe;H][B(CgF5)4] ‘@ @
\ PhCI,-10 C \

+ \ +
kN —2 Me kN 2" 7 kN —Ar 77
L=N Me (2) AN =N @) ANNF =N
77eq.t0o1 j 77eq.to1 w

(1

(4) A
77eq.to1

(5) HClIMeOH
-

isoPH-block-PMCP-block-isoPH

1.2.4 Living degenerative grougtransfer coordination polymerization

Later, it was found by Zhang and Sit¢hat the tacticity of poly-olefin)s formed

using catalyst syste2/04 varied depending on the stoichiometry of borate cocat@lst
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used. For example, when 0.5 equivOdfwas used relatesto compoun@®2, the resulting PH

is considerably less isotactic withnamdiads content of 4%0%, while the resulting PP is
completely actactic inj = 0.267, pnr] = 0.523, fr] = 0.210)*! The reason for this
phenomenon was from a degenerate gitoapsfer mechanisththat is operating between a
configurationally stable cationic active propagating species and a configurationally unstable
neutral methyl, polymeryl dominant species. The rapid reversible methhgroup exchange
between the cationic (active) and neutral (dominant) species led to degradation in
stereoselectivity due to the fast epimerization of the dormant metal centers (Scheme 6).
Therefore, tacticity of the polymer is ablelde modulated during the polymerization lifetime

by alternatively turning the degenerative gratansfer "on" and "off" through partial
methylation of cationic active species and full demethylation of neutral dormant species,

respectively”

Scheme 6Mechanism of stereoerror incorporation that occurs under living degenerative

methyl grouptransfer conditions

dormant states active states
(configurationally unstable) (configurationally stable)

+ I\flc n A
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/LN/ T k /LN/ k ]
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(o]
X 2, 2l P,
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As the best illustration of the application of this degenerative methyl granpfer
mechanism, isotactiblockatacticblockisotactic polypropne {soPPblockaPRblock
isoPP) elastomeric materials have been synthesized withdef#fled block lengths of each
domain as well as controlled total molecular weights and narrow molecular weight
distributions®*®® As shown in Scheme 7, the firstoPP block was made directly through
stereoselective cationic species {ZiMe)[N(Et)C(Me)NEBW)}B(CeFs)s (05 upon
activation of precataly€2 with 1 eq. of cocataly€4. The secon@PP block was generated
by turning the degenerative metlybupt r ansf er process fAond through
Cp ZrMe[N(Np)C(Me)N(Bu)] (Np = neopentyl) 6) as a methylation reagent. The final
isoPP block was obtained by turning the degenerative methyl graum ns f e r process
through fully demethylion with an addition of 0.5 eq. of cocatalget Length of each block
and total isotactic content were simply modulated by manipulating the polymerization time

(t,) of each block.

Scheme .7Synthesis oisoPPRblock-aPPRblockisoPP stereoblock elastomer

/i=N Me
k \ _Me (1) 1 eq. [PhNMezH][B(CgFs)4] k |+ (3)0.5eq. ;\

/J;N Me (2) Z~ (5 psi), t(1st block) /I,\J.N1 (4) 2~ (5 psi), t;(2nd block)

=

P + (5) 0.5 eq. [PhNMe,H][B(CgFs)4] p=
N’?Z“W ) > N—F | m n
/(_—NW (6) 2~ (5 psi), tp(3rd block) //NW

isoPP-block-aPP-block-isoPP

Extensive characterization by AFM, tensile testing, differential scanning calorimetry
(DSC) and wideangle xray diffraction (WAXD) techniques of thisoPPblockaPRblock

isoPP materials with varying block lengths for each domain (isotactic contenis)bleawn
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taken out. The stereoblock PP sample with 28%0-18% (so-a-iso) of M, = 195 kDa and
M./M, = 1.28 showed the best elastomeric property with 15 MPa ultimate tensile strength at
over 2500% strain and a recovery at break of 98%Whe results of these investigations
serve to provide an important foundation to identify the best combination of stereoerror level
incorporation within each domain in order to maximizing desirable elastomeric property and

potential applications of thoseaterials.

1.3 Living Coordinative ChairTransfer Polymerization (LCCTP)

1.3.1 Coordinative chaintransfer polymerization (CCTP)

In ZieglerNatta polymerization, polymer chains grow on the transition metal centers
rather than main group metals, such as alum. In recent years, it was found that polymer
chains could be transferred to the main group metal aluminum through a process named
chaintransfer to aluminurfi: This process is usually a chain termination reaction alongside
with other chairtransfer reetions, such ab-hydrogen elimination (Scheme 3). However, if
the chairtransfer to aluminum process is reversible and the rate is much faster compared to
chain propagation rate, then the polymer chains will appear to be growing on aluminum
centers” This process can then reasonably be described as a transition metal catalyzed chain
growth reaction on aluminum or, using Ziegler

"Aufbaureaktion®®®’

Later, this fast and reversible chdransfer to aluminum pcess, or trangon metal
catalyzed chaigrowth on aluminum, was found to be very attractive in two main reasons.
First, compared to the Aufbaureaktion process introduced by Ziegler, which requires very
high pressure (e.g., 100 bar) and producgseudePoisson distributed longhain linear
§(;}87

hydrocarbon transition metal catalyzed chagmowth on aluminum process requires

ambient conditions and produces Poisson distributed linear hydrocarbons with tunable
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molecular weights. Second, the intiine  fTthainperme t al 0 | i mit on ef fi

polymerization could be overcome by using the much cheaper and commercial available

main group metals, such as aluminum, as the ajraiwth site$?”

Scheme 8Mechanism of coordinative chairanser polymerization (CCTP)

k
[Ma]™-P4s + Mp(Pp), L~ [Ma]"-Pg + Mp(Pa)(Pp)y 1

active surrogate active surrogate
monomer monomer
‘\Q) kCt ~ kp U
p p
+
Py
M / M
via A B
AN AN

The strategy proposed based on this reversible <reisfer between active
transition metal centers and main group metals is referred to as coordinativérahsier
polymerization (CCTP§> #%° According to Scheme 8, ahd heart of CCTP is highly
efficient and reversible chain (polymeryl group) transfer between active transititah
propagating centers (M and inactive makgroup metal species @ as chairgrowth
surrogates. Significantly, if the rate constant forictieansfer exchange between the active
and inactive metal centets,, is several times greater than the rate constant for propagation,
k., then both the transitiend maiagroup metal centers will effectively appear to engage in
chaingrowth propagatin at the same rate. Indeed, under these condithmsberaverage
degree of polyemerization (Xwill be governed by both the quantity of monomer consumed
and the total concentration of all polymeryl groups,aRd R. For a living polymerization,

Xn will be determined by eq. Where n is the number of equivalent polymeryl groups per
maingroup metal.The polydispersity index (PDI) will be approximately determined by the

relative magnitudes of the rate constants for these two processes according tm@de2
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close to 1 wherk; >> k,."® Finally, according to the mechanism depicted in Scheme 8, the
guantity of polymer product is clearly no longer capped by the amount of trarsitiah
catalyst but rather the total molar equivalents of the much d&pensive and readily
available mairgroup metal alkyl that is employed.

GEEEAQIaé e éqQi
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The CCTP strategy was first used to synthesize very narrowly distributed PE
materials in the low molecule weight range (PDI < 1.1 up &, ®f about 4000 Da¥’ For
example,jn 2002Gibson and coworketsreported the first observation of a catalyznbain
growth reaction on zinc using a MAO activated iron complex with a large amount gfé@&nEt
chaintransfer surrogate (Scheme 9yhe PE oligomer obtained showed a Po@s
distribution. Later,Gibson and coworkerstudied more main group metal alkyls ehain
transfer surrogates, such as 4rfR = Me, Et,iPr), AIR; (R = Me, Et, octyl,iBu) and GaR
(R = Et,nBu). Also, a comparative investigation of highly active catalyst systems across the

transition series for CCTP of ethene was carried o@ibgon and coworkeri 2005%*

Scheme 9ron complex catalyzed PE chagnowth on zinc

/_‘N—;Fea2 + MAO

=N S:‘ (100 eq.)
Et
ZnEy + 2n A > ZnM

(500 eq.) (1 bar) toluene, r. t.
M, =700 Da
M,/Mn =11

2
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Gibson rationalized the remarkably efficient iron catalyzed chain growth reaction for
ZnEt, compared to other metal alkyls on the basis of: (1) relatively low starirdrice
around the zinc center, (2) their monomeric nature in solution, (3) the relatively we@k Zn
bond, and (4) a reasonably close match irCZand FeC bond strength¥. The coordination
of Zn-C and FeC in the four member ring transition state fibbond metathesis is also
crucial for the success of CCTP. Very strong coordination e€zmd FeC will lead to no
chaingrowth, as Gibson observed from using Zn¢hl, as chairrransfer surrogat® since
the concentration of the active transition metal species will be greatly decreased. Weak
coordination of ZRC and FeC will lead to no chaiftransfer process but only transitiaretal

catalyzed chakigrowth, as Gibson observed from using Zn&hchain-transfer surrogat®.

Other transitiormetal or lanthanidecatalyzed PE chain growth on main group
metals employing the CCTP strategy include the yttrium/borates system with TIBAO
(tetraisobutylalumoxane) developed by Kempe and coworkers in %2008; samarium
system withnBu-Mg-Et as both an activator andsarrogatestudied by Mortreux, et al in
19969 the system of Cp*Cr(PMgMe, with AlMe; or AlEt; reported by Bazan and
coworkers in 2008 and a neutral chromium catalyst [Cp*CgEe)(h>-Bn)] (Bn = benzyl)
with AIEt; designed by Gabbaiand coworkers in 2084° However, none of those CCTP
systems were claimed to be living, and the resulting polymers obtained through hydrolysis

always had a certain amount of unsaturated ebaifs fromb-hydrogenhb-alkyl eliminations.

1.3.2 Living coordinative chaintransfer polymerization (LCCTP)

Although CCTP strategy was proposed in the situation that -tfmisfer to
aluminum is theonly chaintransfer process with absence of other chain termination
reactions, CCTP has long been only successfully demonstrated -livingnfashion for

ethene polymerization/oligomerization. In 20@hangand Sit& reported the first living

18



coordinative baintransfer polymerization (LCCTP) of propene that achieved both truly
living CCTP and transition metal catalyzed chgiowth of a highem-olefin on zinc. As
shown in Scheme 10, a highly activid,N-diethyl hafnium cation, {CpHf(Me)-
[N(Et)C(Me)N(Et)]}[B(CsFs)s] (07) from equimolar amount of dimethyl precursor
Cp HfMe,[N(Et)C(Me)N(Et)] (08) and the borate cocataly88, with an excess amount of
ZnEt, as chairtransfer surrogate were used to carry out the propene polymerization in
nonpolar toluene at 0 €. Kinetic study revealed the linear relationship of obsétyeohd

the inverse of total initial concentration of metal species (1/[Hf 4)Znhich onfirmed the

livingness of this chautransfer polymerization throughout the entire series.

Scheme LOCCTP of propene using catiord@ with ZnEt, as surrogate

kcl
j surrogate

(Cgfatll\;ﬁc) (large excess)

=\ Ket >> Ky
ko

The advantages of LCCTP are that almost all the beneficial features of a living

polymerizatiom maintains, such as tight control over molecular weights and narrow
polydispersities. As an illustration, molecular weights of the resulting PP materials were
precisely tuned by varying amount of ZpEt5 1 00 e q u 0% usedmwRile leeéping e t o
all the other conditions identical (Figure 5). Also the molecular weight distributions
maintained narrow for all range of molecular weights. More importantly, LCCTP offers a

very attractive solution to the intrinsip r o b | e m -cloainperietabe | i mi t on
polymerization scale, in which the use of expensive and synthetically difficult transition

metal precatalysts and borate cocatalysts are greatly reffuced.
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Figure 5 Molecular weight distributions for PPs obtained with varying amount of ZnEt

ZnEt, (equiv.) 200 100 50 20 10 5

25 3 35 4 45 5
logMW

However, due to the neselectived-bond metathesis nature of the chasmsfer
process (Scheme 8), stereoselectivity was degraded during the LCCa®lefins. For
example, when stereoselectiwationiczirconium compoun®5 was used as the active chain
propagation species with ZnE(50 equiv. to05) for LCCTP of propenejsorich PP
([mmmnp = 0.253) was obtained insteadisdPP products (hmmnh= 0.694) obtained from

nonchaintransfer living polymerization.

Later, Zhangand Sit&® have extended the LCCTP strategy to polymerize a broader
range of monomers, such as ethene, highetefins (e.g., Ipentene, hexene and -1
octene), anda,w-nonconjugated dienes (e.g., -hé&xadiene) using theationic hafnium
compound 07 with excess ZBt, as a chairransfer surrogate. Also, the LCCTP
copolymerization of ethene withliexene or 1fexadiene using either hafnium compound
07 or {Cp Hf(Me)[N(Et)C(Me)N(Et)]}[MeB(CsFs)s] (09), generated fron®8 and a borane
cocatalyst B(GFs)s (10), have ben taken out to yield poly(ethewme-1-hexene) and
poly(etheneco-methylenel,3-cyclopentane) with controlled molecular weights and narrow

polydispersities.
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1.3.3 An example of chain shuttling polymerization

In 2006, a team from Dotreported a chain shuttling strategy to producebB&ed
block copolymers with alternating semicrystalline and amorphous segments. In this system, a
chain shuttling agent (ZnBt reversibly transfers growing chains between a zirconium
bis(phenoxyimine) catyst that produces ethenei ¢ h fi h ar d-¢co-l-gcerielybloekt h e n e
and a hafnium pyridylamide catalyst that givesctener i ¢ h fA s of tcol-gotene)y ( et hene
block (Scheme 11). Since the polymer propagation régesndk.0 , are faster comp
chaintransfer ratesk, and k.0 |, the overall resulting copol yme
fihardo and fAsofto blocks rather th&inteandomly
situation when ki >> k,. The resulting multiblock copolymers havdgh melting
temperatures and low glass transition temperatures, and therefore maintaining excellent
elastomeric properties at high temperatdféater, Hustad and coworkers reported a class of
interesting photonic PE materials from satisembled mesbpses of polydisperse olefin

block copolymers made based on this chain shuttling strategy.

Scheme 1IMechanism of chaishuttling copolymerization of ethene anddtene

kpa kp' > kcts kct'
ethene ethene
4 +
1-octene ky k' 1-octene
"hard" block "soft" block

21



1.3.4 Challenges and opportunities in the area of LCCTP

Although developed recently, LCCTP has shown great power in the preparation of
polyolefin-based materials with precisely controlled molecular weight and narrow molecular
weight distribution. More importantly, through catalyzed ckgtiowth on main group nais,

LCCTP can greatly reduce the cost of a scalable production. In the same time, there are still

many issues that remain to be explored.

First of all from a cost and safety perspective, the existing dependence of the current
LCCTP process on Zngtcould prove to be an Achilles heel limiting the successful
commercialization of precision polyolefin oligomers. In this respect, more prospective
catalyzed chahgrowth on aluminum process should be studied through investigating the

nature of trialkylalurmum species ggrimarychaintransfer surrogates.

Secontly, as the immediate benefit of the LCCTP strategy, block anegeng
functionalized polyolefirbased materials could be synthesized though chemically
transformation of zinc/aluminum carbon bonHB¢ficient and nearly quantitative reactions on
the polyolefin chairends need to be discovered based on the coupling of known organic

reactions and polymer behaviors in the solution.

Moreover the opportunity of using the reversible chtiensfer procesas a dynamic
control to increase the grades of resulting polymers from a limited set of olefin monomers is
very intriguing. Here the relative rates of ché&iansfer process and chain propagation is the

key to tune the final polymer structure and reaglphysical property.

Finally, mechanistic study on coordination polymerization in combination with the
design of suitable organometallic catalyst systems are always the fundamental driving force

for novel polymeric materials with desired structure araperty.
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Chapter 2: Ternary Living Coordinative Chaifiransfer

Polymerization of Propene and HigleeOlefins

2.1 Background

2.1.1 Aufbaureaktion and chairgrowth on aluminum process

In 1952, Ziegler introduced a process for controlled oligomerizatioetiudne on
triethylaluminum (AIE§) named Aufbaureaktioff®’ In the Aufbaureaktion process, ethene is
inserted into the aluminum carbon bond to produce -tain alkylaluminums at high
pressure but relatively low temperature (e.g., 100 bar, 120 €). Thsingrowth on
aluminum process can be used for the synthesis of a pSwiskon distributed longhain
lineara-olefins of the general formula,8=CH(CH,),CHs (n = 11 15) and the corresponding
saturated terminal alcohols HOgBH.),.:.CHs through directchemical transformations of

the AI[(CH,),+2CHs]s intermediates (Scheme 19§%

Scheme 12Aufbaureaktion and Alfen Process

90-120°C 320°C ‘

100 bar Et 10 bar
AlEt; + 3n / R —— AIW ‘3 + 3 / —_— HM + AlEts
n n
\—b HO/M/\
n

1) Oz
2) H,0

This process is still commercially exploited today. In 2006 alone, global production

of long-chain lineara-olefins stood at four million metric tons, with 55% of this volume
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being targeted for lubricants, plasticizers, detergents, additives, and fine chemical gféducts.
Unfortunately, no Aufbaureaktion for the controlled oligomerization of propene or hagher
olefins using AIE$ or other trialkylaluminum (AIR) species as chaigrowth initiators has
ever been developef!® Accordingly, the potential technological value of new classes of
hydrocarborbased products that might be available from such prozessea commodity

volume scale remains unknown.

2.1.2 Catalyzed polypropene chakgrowth on aluminum

In coordination polymerization, polypropene (PP) chaamsfer to aluminums
observed frequently as a chain termination pathway, wisidhreversible and resudtin
relative low molecular weight polymer and broader molecular weight distribtiiti vVery
limited examples of reversible PP chd#iansfer were reported. In 2002, Rieger and
coworkers investigated the reversible chaanser to aluminum process during propene
polymerization by three oxygesubstituted asymmetric zironocene compleXésThe
reversible chairtransfer process was proposed as the origin of stereoerror in the resulting PP.
In 2006, Shiono reported that medistributed PP material was obtained with a titanium
catalyst when activated by MMAO (modified MAO), and chtaiBmnsfer was observed in the
presence of specific amount triisobutylaluminumiBk).** In 2007, Busico and Stevens
reported a PP chain shuttling process between an enantiomeric (jaynidig)HfMe
complex with AlMe.**® However, none of them achieved controlled/living PP clgagwth

on aluminum as an analog of Aufbaureaktion process.

In 2008, our group have reported that the living coordinative efnaisfer
polymerization (LCCTP) and copolymerization of ethene, propene;dbama-olefins, and
a,w-nonconjugated dienes usimgN-diethyl hafnium catiolt compoundQ7 as the active

initiator for chaingrowth propagation, along with multiple stoichiometric equivalents of
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ZnEt, that serve as chagrowth surrogate¥® The final yield of polyolefin product
obtained through LCCTP is now depended upon the initial amount of 2nigtloyed, but

the transport and handling of industrial volumes of ZisEstill problematic, which limits the
successful commercialization of precision polyolefin products. In this respect; @it
AliBus, which are produced on a commaodity scale from aluminum nuitgldrogen, and
ethene and isobutene, respectively, are significantly less expensive and substantially less
pyrophoric than Zng""*° An additional advantage of these Alf®bmpounds oveZnEt, in

terms of product yield is realized if all three alkyl grogpsaluminumcan equally engage in

rapid and reversible chain transfer process.

Previously, Weizhangin our group has studied the LCCTP of propene usingsAIEt
as a chairiransfer surrogate der the same conditions as those using Zag&f surrogat®.
8 The polymerization rates were found to be depressed and molecular weight distribution of
the resulting PP materials were significantly broader (PDI = 1.16) compared to those
using ZnEf asa surrogate (PDI = 1.04.07) under the same conditions. The broadness of
the PDI was probably resulted from the slow chaamsfer rate between aluminum surrogate
and the active hafnium initiator. To address that problem, Wei investigated a misaghteir
of ZnEt and AIEg in the ratios of 1:1, 1:2, 2:1 and 1:4 to carry out LCCTP of propene. All
four polymerizations vyielded PP materials with much narrower molecular weight
distributions (PDI = 1.021.04). Those resultshowed the potential to use ecend main
group metal alkyl, such as ZnEto facilitate the overall chaitmansfer rate in the system
where AIR is the primary surrogate. If this hypothesis is true, living/controlled PP chain
growth on aluminum could be achieved for the first timeeaft Zi egl er 6s revol L
discovery of Aufbaureaktion process 60 years ago to provide a class of precision

hydrocarbons based on propene and highelefins.
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2.2 Ternary Living Coordinative ChaiTransfer Polymerization @ CCTP)

2.2.1 Proposednechanism of tLCCTP

Based on the preliminary results W2hang obtained for ZnEtAlEt; mediated
LCCTP of propene, we proposed a new fundamental strategy, termed ternary living
coordinative chaitransfer polymerization {£CCTP), for production of predisn
hydrocarbons (PHCs) through the living oligomerization andligmmerization of propene
and highera-olefins. As shown in Scheme 13, this strategy involves three metal species:
diethyl hafnium catioit compound07 as an active transition metal chajrowth initiator,

AlIR;z as a primary chakgrowth surrogate and Zngas both a secondary surrogate and as a
chaintransfer mediator (CTM). Control experiments sbdwegative polymerization results
in the absence of tnaition metalcatalyst07, which indicated that mairnrgroupmetal alkyls

serval only as surrogate chaigrowth sites, not actual chain propagation species.
Scheme 13Ternary living coordinative chaitransfer polymerization{tCCTP) of propene

CTM, secondary surrogate

Ketizn, V \\kot[Al,Hf]
\ + —
/\N/Hf/W — y ‘(7/‘)7/\A
/ n n
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active
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I
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=\ ,U n
Ketgzn, 1 Ketizn Al >> Ketiai v > Kp
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26



Importantly, the third component ZnEgreatly enhances the overall rate of chain
transfer between the active hafnium species and the primary surrogate aluminum centers by
the mechanism proposed in Scheme 13. The key to the success of this propdsaldort
is that three different metal species must engage synergistically in ternary fashion. In other
words, the relative rates)(and rate constantg)(for polymeryl group exchange amongst all
the metals, as well as that for chaiowth propagation at fraum, must be of the following
order: (e, kedznng, Veo Kedznan >> Ve Kedang > (Vo Ko)g. Under this condition, similar
approximate firsorder relationships for numbawrverage degree of polymerizatiofy and
polydispersity indexPDI should be determined by eq. 3 and eq. 4, respectibigrek.qons
is the overall apparent rate constant for chain traf$fer.

GEEEAQIaeE e € aqi

) Qg

"DQ co®E owo a

;
6005 p 5 Q&

Polymerization results have demonstrated that the relative rates and rate constants for
polymeryl group exchange between zinc and hafnium are much faster than those between
aluminum and hafniumyg, kedznng >> Ve, Kedag -0 The remaining question is whether
the exchange rate between zinc and aluminum is also very rapid. First, there is ample
evidence in support of rapid alkgloup exchange in solution between two different main
groupmetal alkyl species, such as betwaealkyl borane compounds (BRand dialkyl zinc

120121 a5 well as more specifically between ZnBbd AIEt in benzené?

reagents (Zng,
Second,'H NMR (400 MHz, d-toluene, 25 €) experiments were carried out in order to
study the alkyl group exchge rate between ZngE@nd AIR; without the presence of

transition metal catalysts under our polymerization conditions. As shown in Figure 6, the

chemical shifts of methylene protons on ethyl groupd(g, 0.18 ppm top and methylene
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protons on isobutyl gup (d,d = 0.33 ppm top) in the 1 : 1 ratio of ABu; and ZnEj

mixture changed compared to those from pure Z{td = 0.12 ppm botton) and pure

AliBug (b, d = 0.25 ppm middle) Moreover, only one set of ethyl and one set of isobutyl
resonances werebserved in the ABu; and ZnEf mixture spectrun(top), indicating an
average effect between zinc and aluminum metals. These results supported the much faster

alkyl group exchange rate betweenB\l; and ZnEj relative to NMR time scale.

Figure 6 *H NMR spectra of a 1 : 1 ratio Bu; and ZnEf mixture (top), pure ABus
(middle) and pure ZnEkt(bottom). The methyl resonance dttdluene is marked with an

asterisk.

ZnEt, + AliBus (1 : 1), 5 min, in d®-Tol
M-(CH,CHs),

M (CH,CH(CH3),)3 /
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o hom X
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*
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Finally, to the best of our knowledge, no data has yet been presented that might serve
to either indicate or substantiate the possible existence of synergistic interactions for
reversible coordinative chatnansfer polymerization of ethene, propene, ghhra-olefins
as mediated by two different magmoupmetal alkyl species. Also, our intended use of ZnEt
for t-LCCTP as both a secondary surrogate and as a CTM is mechanistically quite distinct
from its role as a chaishuttling agent for transferring polymeryl group between two
different active transition metal propagating species, as originally introduced by Arriola and

co-workers®®for the production of blocky poly(etheme-octene) by a nonliving process.

2.2.2 tLCCTP of propene using mixed AlR;, and ZnEt,

Table 1 LCCTP and-LCCTP of propene

AR, ZnEt - [b]
=niry R equiv® equiv® (tﬁ) (gp) Y(I;;d (kl\ér:"‘) i
LCCTP
2.01 - - 20 2 0 4.2 8.75  1.04
2.02 Et 20 - 2 0 3.9 521  1.19
2.03 nPr 20 - 4 20 2.7 3.42 1.20
2.04 iBu 20 - 4 20 4.6 6.00  1.19
t-LCCTP
2.05 Et 10 10 2 0 4.4 731 1.02
2.06 nPr 10 10 2 0 2.0 2.88  1.05
2.07 iBu 10 10 2 0 1.2 1.84  1.07
2.08 iBu 18 2 4 20 3.1 453  1.04
2.09 iBu 90 10 16 20 1.6 054  1.14
2.10 iBu 18 2 20 -10 10.7 180  1.02
2.11 iBu 190 10 72 20 88.0 0587 1.10

[a] Molar equivalents relative t07. [b] Determined by GPC analysis. [c] Determined by

NMR spectroscopic engroup analysis.
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The upper half of Table 1 summarized the results of LCCTP of propene using active
hafnium cation07 and multiple equivalents of ZnEtAlEts, AlInPr; and AiBuU; as chain
growth surrogates. Entry 2.01 served as a frame of reference in which con@jyoaumd D
equiv. of ZnE in toluene provided, after 2 h at 0 € and 5 psi propene, an atactic
polypropene §PP) material for which the yield amd, value were consistent with both ethyl
groups of ZnEtbeing accessible and engaged in rapid and reversible chain transfer with the
active transitiormetal propagating species (e.g., PDI = 1.04). Upon replacing, Xvitt

AlEt; (entry 2.02), AhPr; (entry 2.03) and ABu; (entry 2.04), similar results were tained

under identical conditions except the much broader molecular weight distributions (PDI
1.191.21). The large PDI values were indicative of a smaller rate constant for hiafnium
aluminum polymeryl group exchange relative to that for hafizint chan-transfer, or

more specificallykeznny > keqang  according to Scheme 13.

Scheme 14-LCCTP of propene with mixed AlRand ZnEj surrogates

\@ (1) [PhNHMe,][B(CgF5)4]
| Toluene
//N1 Me  (2) x equiv. ZnEt, +y equiv. AIR; :

(3) propene (5 psi)
(4) MeOH/HCI

R = Et, nPr or iBu

Wei Zhanghas demonstrated that when 10 equif/each AIEt and ZnEj were
employed, both the yield and, values of the resultingPPs were found to be consistent
with extremely rapid and reversible chatransfer amongst all three metal species (entry
2.05). Remarkably, the polydispersity of this materiakwsaown to beextremely narrow
(PDI = 1.02. In order toexplorethe generality of -tCCTP to a broad range of AR

compoundsas primary chaintransfer surrogates AlnPr; and AiBus were employedin
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combination withZnEt, as CTM under the identical polymerization conditions shown in

Scheme 14nd Table 1

Gratifyingly, similar narrow molecular weight distributions were obtained when
AlnPr; and AiBu; were employed as the primary surrogatgh ZnEt, as CTM in 1 : 1 ratio
for t-LCCTP of propene (Figure 7). The PDI values decreased from 1.20 (entry 2.03) and
1.19 (entry 2.03) to 1.05 (entry 2.06) and 1.07 (entry 2.06}f&@QTP mediated by AlPr;
and AiBus, respectively. Furthermore, egdoup analysis of all thePP samles by'H NMR
spectroscopy (600 MHz, 1,1,2¢8-tetrachloroethane, 90 €) revealed the absence of terminal
vinyl resonances owing to irreversible-hydrogen transfer chain termination, thereby
providing significant support for the living character of thisQCTP. The yields and/,
values decreased a little bit fet €CCTP over LCCTP, which was due to the induction period
at the early stage of polymezation probably raised from complexion between aluminum and
hafnium complex. The preciseness of resulting polymers was maintained for both
AlnPry/ZnEt and AiBuy/ZnEt mediated4.CCTP systems, which demonstrated the success

of employing the-LCCTP stategy to a broad selection of AIRs primary surrogates.

Figure 7. Molecular weight distributions faPPs of entry 2.05, 2.06, 2.¢ffom left to right)

of Table 1 and a polystyrene standétdtted ling

log MW
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Moreover, endgroup analyses b¥’C {*H} NMR spectroscopy (150 MHz, 1,1,2,2
C,D.Cl4, 90 €) were performed to investigate whether all three alkyl groups on aluminum
were engaging in thelCCTP of propene. In the following experiments, AR =nPr and
iBu) and ZnEfwas used in a 1 : 1 ratio forgaintegration and comparison. If all three alkyl
groups on aluminum engaged in the cHaamsfer process as both alkyl groups on zinc were,
the chaingrowth starting ends would have a 3 : 2 raticngdropyl/isobutyl to ethyl groups

(the chaiatermination ends would all be isobutyl groups from propene monomers).

As shown by Figure 8, the structuresigmments on the top represef®P sample
with an ethyl enejroup from ZnEf, while structure assignents at the bottom represafP
sample with an-propyl endgroup from AlfiPr). Integrations of°C NMR spectrum show
that 3/10 of the polymer chain egdoups aren-propyl group, 1/5 endroups are ethyl
group, and 1/2 endroups are isobutyl group, which perfectly agree with the theoretical ratio

of a 1 : 1 mixture of Znktand Al(Pr)s.

Figure 8 *C NMR spectrum and structural drawingsa®P from entry 2.06 of Table 1
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As shown by Figure 9, 4/5 @PP enegroupsareisobutyl groups and 1/5 ergtoups
areethyl groups which again agree with the theoretical ratio of a 1 : 1 mixture of amdtt
Al(iBu)s. Those resulthaveunequivocally established that all three alkyl groups ons AR
= nPr andiBu) and both two alkyl groups on ZnEreincorporated intdhe respectivaPP

materials at the theoretical level and ratio in each case.

Figure 2 **C NMR spectrum and structural drawingsaBfP from entry 2.07 of Table 1

50 45 40 35 30 25 20 15 10  ppm

Finally, it can be noted that as the size of the R group in Wigteased in the order
Et < nPr <iBu, a commensurate decrease in the apparent overall rat€QfitP that further
tracks with a slight steady increase in PDI values was observed (entrigs@06 Table 1).
Although the origins of these trends are under further investigaitios reasonable to
presume that they arise from differences in the rates for initial chain transfer. That is to say,

larger R group may lead to longer induction period before the onset of polymerization.
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2.2.3 Study on the induction period of AIR mediated tLCCTP

For AIR; (R =nPr andiBu) mediated LCCTRwnd tLCCTP, it was noted thdong
induction period of at least one houmere always observed prior to the onset of
polymerization. Induction period has no effect on the preciseness of rgqdtymers, but it
requires longer polymerization time to acquire similar yield Bhdsalues of the polymers
compared to the polymerization without induction period. The possible origin of this

phenomenon and solution to it are the subjects of the fallpimvestigations.

Figure 10 AlMe; complexion with dimethyl zirconocene during activation process

: @
- aMe [CPh3][B(CeFs)a] L \\\\Me% Me o L @ (Me
P2t > Zry Al B(CeF — NSNS
w, 6r5)4 —~— k AIM
Me AlMes e \Me/ \Me (CeFs) I_/Zr~ e + e3
“B(CeFs)s
A B c

Bochmann reported that if sufficiently basic and sterically unhindered metal alkyls
were present, such as Alyieas a dimer of AMeg), cationic heterobinuclear adduct B from
the complexion ofdimethyl zirconocene A and AlMeresulted (Figure 10Y*'** The
equilibration between active iguair chain propagation species C and B reduced the
concentration of active C for polymerizatiowhich might be the origin of the induction

period we observed for AlRmediated LCCTP anditCCTP.

Several strategies have been proposed to address the inghestmproblem. First,
a diisobutyl hafnium precatalystp*Hf(iBu),[N(Et)C(Me)N(Et)] (11) was synthesized a
analogie to dimethyl compound8 to check if isobutyl group will help to prevent the
complexion of hafnium initiator with AIR As shown in Scheme 15, diisobutyl compound
11 was made by redog dimethyl hafniumcompound08 with iBuLi in diethyl ether at75

€, followed by quenching the excesBuLi and resulting MeLi with trimethylsilyl chloride
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(TMSCI) at-40 €. Final compoundll was collected by recrystalling the crude product in
pentane at20 €. LCCTP of propene was carriagsing precatalyst1 and cocatalysb4 with

20 equiv. of AiBus in toluene at 20 € for 4 h to give 4.5 g @PP M, = 6.05 kDa; PDI =
1.16). An induction period of 40 min was observed, which was less than that of using
precatalyst08 under same condition®.g., 1h induction period for entry 2.04 of Table 1).
This shoved that usirg bulkier isobutyl group hel reduce the length of induction period,

but isobutyl groupvasnot bulky enough.
Scheme 155ynthesis of compour@p*Hf(iBu),[N(Et)C(Me)N(Et)] (L1)

éz iBuLi / Et,0 (CH3),SiCl ﬁz

|
/\N -/;Hf-\“Me > > /\N /’/Hf-“‘“\(

//Nj Me -75°Ctort. 16 h -40 °C //NW

Second, we have investigated the possibility of using excess amount of borate
cocatalyst (relative to precataly@®) to drive the equilibrium to the dissociation of the Alff
binuclear complex that caused the induction pepomblem When 3 equiv. bcocatalyst
[CPR][B(CeFs)4] (12) were used relative t08, both LCCTP of propene with iBus and t
LCCTP of propene with ABus/ZnEt, showed immediate consumption of propene gas after
initiation without any induction period. The actual reason behind this observation is not clear
yet, but this offers a practical solution to eliminate the induction period. However, this
solution is not iéal because it involves using multiple equivalents of a borate cocatalyst
which is usually as expensive as the transition metal precatalyst, which contradicts our goal

of reducing cost through LCCTP anrtd€CTP.

Finally, a third strategy has been develgpgldichdid not require either synthesis of

new transition metal compound or addition of extra amount of chemicals. In this method, we
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only modified the procedure golymerizationas shown in Scheme 16. First, LCCTP was
carried out using catiam compound)7 and ZnEf for a very short time (e.g., 2 min) to grow

a short PP chain on hafnium metal that is long enough to prevent the complexion; of AIR
with hafnium compound. After thag large amount of primary surrogate AlRas added to

the polymerization stem to ensure the ternary chaiansfer process, and the
polymerization continued for a much longer time (e.g., 2 h). In this way, there was no
induction period and the molecular weight distributionthe resulting polymemould was

still monomodal beasse the lengthof the PP chamgrown from first LCCTP stepvere
negligible to the overall PP chain lengttBatisfactorily, . CCTP of propene carried out

using this method always shewarrow PDI value.

Scheme 18Modified procedure of-tCCTP of propene to avoid induction period

(S]
“N fe® B(CeFs)
\@ | @ “BCsFo N ep
/\N H =N m
® S] X equiv. ZnEty // / y equiv. AIR3 j MeOH/HCI
/\N//Hf\ B(CeF5)4 —— W F— 5 - = PP
N Me propene (5 psi) propene (5 psi)
W Zn(PPm)2
2 min 2-4h
Zn(PPy); "
Al(PP)3

2.2.4 tLCCTP with catalytic amount of ZnEt, relative to AIR3

With the success @xpanding4.CCTP primary chairgrowth surrogates to a broad
range of AIR (R = Et, nPr andiBu), we next sought to address the critical question of
whether {LCCTP could be achieved using only a minimal amount of ZHtis is directly
related to our origal goal of catalyzed PP chagmowth on aluminum metal instead of zinc.
Compound07 was used as itiator with 18 equiv. of primary surrogateiBu; and 2 equiv.
of ZnEt as CTM in toluene at ambient conditions (20 €, 5 psi) to prodale® material of

very narrow polydispersity (PDI = 1.04). Figure 11 shows the comparison of molecular
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weight distributons for aPP sample obtained from LCCTP of propene according to entry
2.04 (red dashed curve) and that fred@CTP of propene according to entry 2.08 (blue solid
curve) of Table 1. The molecular weight distribution for a polystyrene stanbrd (1.3

kDa; PDI = 1.02) is shown as the black dotted curve for comparison. Once ‘#aAINMR
spectroscopy further confirmed the living character of thi€CTP process. Therefore, all
data conclusively demonstrdtghat with only 10 mol% (relative to total amounof
surrogates) Znktserving as a CTM and secondary surrogate,-th@QTP of propeneould

be effectively and efficiently achieved.

Figure 11 Molecular weight distributions foaPP products obtained from the LCCTP (red

dashed curve) anelilCCTP (blue slid curve) of propene.
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Further attempt of-LCCTP of propene was carried out with 90 equiv. of primary
surrogate AiBuz and 10 equiv. of Znkf(entry 2.09 in Table 1). After 16 h polymerization at
20 €, 1.6 g of propene oligomer was obtained,(= 0.54 kDa; PDI = 1.14), which was still
very narrow compared with the polystyrene standihd=0.58 kDa; PDI = 1.15). However,
the polymerization yield was suppressed a lot because of the extremely long induction period

(over 8 h) due to the large qudy of AliBus species. This experiment indicdtéhat the
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modified polymerization procedure shown in Schemevagld haveto be employed in order

to carry out{L CCTP mediatedwith a large amount of AIR

In order to study the temperature effect on th€ CTP of propene, polymerization
was carried out atl0 € (entry 2.10 in Table 1) with other conditions same to those of entry
2.08. 10.7 g oBPP was obtained after 20 h of polymerization wWithof 18.0kDa and PDI
value of 1.02. Lower PDI valueras probably due to the reason that chain propagation rate
constantk,, was more adversely affected by low temperature than observedticsfer
rate constanons, based on the equation of PBL+ky/keyons The yield of 10.7 g after 20 h
(entry 2.10) compared to that of 3.1 g after 4 h (entry 2.08) sugajibet lower activity and

propagation rate at lower temperature.

2.3 Scalable Production of Precision Hydrocarbons from ANRa t-LCCTP

With conditions of {LCCTP optimized for production ##HCs our next attempwas
to scale up the polymerization to make approximately 100 g of PP oligomers naater
ambient conditions while using only a very small amount of transitietal initiator ad a
catalytic amount (relative to AR of ZnEt as CTM. The modified polymerization strategy
shown in Scheme 16 was employed to minimize the influence of induction period in the

presence of a large amount of Blis.

As entry 2.110of Table 1 and Figure 2 revealed, this living oligomerization of
propene by -LCCTP with catalyst07 could be substantially and successfully scaled in
volume by employing 190 equiv. ARu); with as little as 5 mol% (10 equiv.) ZnEnh
toluene at the room temperature and slightly above 1 atm (5 psi) to provide 88 g of the
colorless oil represented PP with a targeted low molecular weight and very narrow
polydispersity 1, = 580 Da; PDI = 1.10). The PDI value (1.10) is even lovirantthe

polystyrene standard witM,, value of 580 Da (PDI = 1.15). Most telling regarding the
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significance of this result is that, to obtain an equal quantity of this new PHC material
through traditional living coordination polymerization, 64.7 g of trémsimetal precatalyst
08 (with 130.7 g of borate cocatalyk®) would have been required as compared to the 0.11 g

of 08 (with 0.22 g of12) that was employed forltCCTP in the present example!

Equally important is the fact that thit CCTP of propenavas carried out at ambient
temperature over a period of 72 h with only a very slight increase in termination that is
responsible for the small degradation in product polydispersity. A large exces8of dlp
to stabilize the active hafnium chain prop#ign initiators and nde the polymerization
robust at room temperature for several days. As shown by the middle and right iphoto
Figure 12, the limit of yield of this polymerizatiomas actually the volume of the schlenk

flask rather than the thernstability or turn over number of the transition metal catalyst.

Figure 12 A new PHCbasedPP oil prepared by scaleg tLCCTP (left) and the photos of

polymerization reaction flask atfO(middle) and 72 (right).
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2.4 tL CCTP Copolymerization oPropene with 1Octene

With support of LCTPP of propene secured, we were curious to se€GTP
strategy could be extended to the copolymerization of propene with hajodefin
monomers. Based on the reported results of LCCTP copolymerization esfeettith 1
octene usingationiccatalyst07 and ZnEj as chairtransfer surrogat& both LCCTP and-t
LCCTP copolymerization of propene withottene should be able to perform in a similar
fashion, providing random copolymers. Also, incorporation of branches into the PP backbone
could have influence on the rheology of the resulting pefimloligomers, which might lead

to novel type of PHCs.

Table 2 t-LCCTP copolymerization of propene withottene

Entry Loctene AliBus  ZnEb ¢ T, Yield M, pp; l-octene
(equiv.) equiv®  equiv® h €) (9) (kDa) (mol%)

2.12 500 18 2 4 20 0.8 1.27 1.10 23

2.13 500 20 -- 4 20 14 231 1.46 24

[a] Molar equivalents relative to precatal(st

Entry 2.12 of Table 2 serdeo establish that-tCCTP could also be successfully
extended to copolymerization of propene witloctene. In this case, 10 mol% (2 equiv. to
precatalyst08) ZnEt in combination with 18 equiv. MBus (relative to 08) efficiently
provided a random poly(propewe-1-octene) (poly(Reo-O)) material comprised of a
targeted low molecular weight of very narrow polydispersitl; € 820 Da; PDI = 1.10).
Once again, in the absence of ZnEtandard LCCTP providea similar material, albeit one
of inferior polydispersity (PDI = 1.46; entry 2.18 Table 2). As shown in Figure 13, the
copolymer made by-tCCTP (blue curve) is more precise in molecular weight distribution

when compared with material made by LCCTP (red curve), which agrees with the results of
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homopolymerization of propene. In bottases, doctene was incorporated at a level of
approximately 23 to 24 mol% as determined™{y NMR spectroscopic structural analysis.
Actually, the usage of the main group metal alkyls as surrogates should not have influence on
the cemonomer incorporatn level, which is determined by the nature of the transition metal
catalyst. In those copolymerizations, the yields dhdvalues of {LCCTP (entry 2.12) is

lower than that of LCCTP (entry 2.13) and the reason is still under investigatien.
complexionof AIR3; with transition metatomplexesmight lead to slightly decrease tife
concentration ofctive chaimpropagation species during polymerization, which results in the

lower yields.

Figure 13 Molecular weight distributions for poly{€o-O) materialanade from4L.CCTP

(blue curve) and LCCTP (red curve)

t-LCCTP
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2.5 Conclusions

In summary, the present results serve to validate the concepC& TP of propene
and a-olefins as a viable process for accessing a large variety of PHCs in scalable bulk
guantities. Importantly, this process employs much less expensive and much less pyrophoric
AIR; (R = Et andiBu) reagentshat carry three alkyl chaires the primary surrogate chain
growth centers in combination with only a relatively small amount of Z(e&g., 5 mol%).
Polymerization procedure for-UCCTP has been optimized to minimize the negative
influence of the complexion of AR with transition metal species on vyield and

polymerization time.

As the initial product of-LCCTP before acidic quench @ Al(polymeryl} species,
a variety of simple chemical transformations can be envisioned to additionally yield a broad
range of endyroupfunctionalized PHCs. In this respect, after a wait of nearly 60 years, a
new Aufbaureaktion has been introduced far practical and scalable living oligomerization

of propene and longethaina-olefins.
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Chapter 3: Preparation Block and EndGroup Functionalized

Precision Polyolefins through LCCTP

3.1 Background

3.1.1End-group functionalization through living coordination polymerization

Functionalized polyolefins have many advantages and broader application range
compared to noffunctionalized polyolefins, including increased adhesion, paintability, and
compatibility with diverse, morpolar materials, te.****” Two conventional pathways for
polyolefin functionalization are pogilymerization modification and direct catalytic
introduction of functional groups. Although the ppsiymerization modification avoids the
issues of catalyst functiorgtouptolerance, the unreactive nature of hydrocarbon polymers
leads to difficult chemical modifications involving potentially harsh reaction conditions with
a general lack of selectivity during the functionalizafih”® In contrast, selective and
catalyticintroduction of functional groups into polymerization processes offers the advantage

of a controlled ongot in situ synthesis.

One effective catalytic functionalization method involves in situ quenching a living
coordination polymerization that has najfigible chaintermination process. Therefore, the
intermediate living polymers can provide a variety of vadgfined enegroup functionalized
polyolefins with high efficiency through chemical reactions involving the reactive terminal

metatcarbon bond*t3%1%2

43



Scheme 17Synthesis of endroup functionalized polypropene with a vanadium catalyst
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Doi and ceworkers have demonstrated the utility of the living vanadium catalysts
through the synthesis of polypropenes (PPs) with a wide variety of funcBodgroups
(Scheme 17¥*%? In addition to providing important mechanistic information, these functional
polymers display unique properties and have also been used as-imiztiars for the
synthesis of block copolymers. First, the living vanadiih gecies was quenched with
iodine at-78 € to yield a monodisperse iodirfinctionalized PPN,/M,, = 1.15)% Then this
iodinefunctionalized PP was used to prepare an at@mainated PP by reacting the
polymer with excess ethylenediamine in THF, followkeyl basic workup>® Second, by
reacting this vanadiuRP species with carbon monoxide, Doi et al. have prepared aldehyde
terminated PP’ This aldehyde functionality was used to prepare hydrxyttionalized PPs
through reduction of the aldehyde with LUK, in EtO, followed by acidic hydrolysiS.
Third, PP macranonomers containing methacryl functionality were prepared by addition of
ethylene glycol dimethacrylate (EGDM) to a living chain &nBlinally, by quenching living

PP with butadiene, PPs wittkanyl and phenyl end groups were prepared.
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3.1.2 Coordinative chaintransfer strategy for end-group functionalization

Chaintransfer is one of the most common processes in a polymerization as chain
initiation, propagation and termination. Chaiansfer process represents highly effective
chemical means to achieve selective, in situ transition metal catalyzed functionalization of
polyolefins!® A diverse variety of electropoor and electronich chaintransfer agents, such
as silanes, boranes, alanes, phosphines, and amines, effect efficient chain transfer/termination
with concomitant carbeheteroatom bond formation during singiée olefinpolymerization
processes (Scheme 18).For example, Chung reported usingo@abicyclononane (9
BBN) and other organoborane hydrides chaamsfer agents to prepare a series of boron
capped polyolefins. Further functionalization to a variety of-gmdp functionalized
polyolefins, such as hydroxyerminated PP and diblock copolymer of-BlBck-poly(methyl

methacrylate) (PMMA), have also been achiet?d.

Scheme 18Versatile pathways for in situ polyolefin functionalization with heteroatoms
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Recenly, researcherdhave explored and developed the concept of coordinative
chaintransfer polymerization (CCTP) of ethene that utilizes an excess of an inexpensive
maingroupmetal alkyl as surrogate chain growth centers that arise from fast and reversible
chaintransfer between the surrogate and the active transition metal propagating %pecies.
this way, chemical transformation of those main group metal carbon bond will bring
functional group to the end of the polymer chains. Studies have been maidgdanuusing
aluminum®*** zind***and magnesiutf*'**based chaitransfer surrogates. For example,
D'Agosto and Boisson have investigated usinchaQsMes),NdCLLi(OEt,), complex in
conjunction with nbutyloctylmagnesiummBu-Mg-Oct) as achaintransfer surrogate to
synthesize an array of emgloup functional PE chairt8! Hydroxyl-, thiol-, iodo-, azide and
porphyrineendgroup terminated PE materials have been synthesized attb&&poly(n-
butyl acrylate) has been mad@& RAFT polymeization mediated by REC(=S)StBu as

macrainitiator.

OQur groupds recent wasdoncouple 6QTP based ot ZEtt hi s f i
with the living coordination polymerization and copolymerization of ethene, propena;and
ol e f i n-nancomjugaikd ignes that utilizes the cationic hafnium compo@idas the
active initiator in a process that we functionalized precision polyolefins that further proceeds
with high chemical efficiency and vyield. In chapter twd,GCTP has been successfully
demonstratedo carry out PP and poly{&-O) chainrgrowth on aluminum metal by using a
large amount of Alktor AliBus as primary chantransfer surrogate. One great advantage of
t-LCCTP, as well as binary LCCTP, is the ease of functionalization «2/AhC bonds @
selectively add endroup functionality to the nefunctional precision polyolefins. Also,
Zn(polymeryl}/Al(polymeryl); and their derivatives could initiate another polymer chain

growth from polyolefins to make polyolefimased block copolymers.
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3.2 Reparation and Stability Study on Zn(polymeryl¥tock Solution

After executing either binary or ternary LCCTP, the principal products obtained are
toluene solution of the main group metal polymeryl compounds, Zn(polymeagd
Al(polymeryl);, respectively. A key question of both binary and ternary LCCTP is that, after
removal of the olefin monomeis vacuq could the stock solutions of Zn(polymegy§nd
Al(polymeryl); in toluene be prepared and stored at low temperature for several days or
months without any apparent decomposition. Using the stock solution has the advantage of
avoiding preforming a polymerization that usually takes several hours leefchii situ end
group functionalization reaction. Also structsireand propeies of the edgroup
functionalized polymers, such as molecular weights and molecular weight distributions, are

comparable from the same stock of starting materials.

First of all, a toluene solution of ZaiPP) was prepared through LCCTP of propene
using catioric diethyl hafnium07 with a large amount of Znkfe.g., 200 equiv. relative to
07) as surrogate in toluene at 0 €. After the target molecular weligtttbeen achieved,
propene gas feed was terminated and the remaining propene in toluene was pumped down
vacw for 30 min at 0 €. The yellow ZrgPP)toluene solution was stocked-20 € under

N, atmosphere.

'"H NMR spectroscopy was used to probe the stability o&2ZR} in toluene. 1 ml
Zn(aPP)/toluene solution was taken out and toluene was completely pumpedrigacuo
The remaining ZrgPP) was dissolved into dry®doluene under Natmosphere for an
immediate’H NMR experiment at room temperature. As shown in Figure 14, the board
resonane at 0.4 to 0.5 ppm stands @®protons adjacent to zinc metal which confirmed the
existence of Z#C bond. A second and a thitd NMR experiments were carried out after 16

h and 45 h respectively, at room temperature. Same resonance at 0.4 to 0.5 finomedon
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the stability of ZngPP)/toluene at room temperature up to 2 days. Then anothePj(d®-
toluene NMR sample was heated to 60 € while sealed undeatiNosphere. After 25 h and
65 h respectively, a fourth and a fifif NMR experiments were céed out and results again
demonstrated the stability ZafP)/toluene even at higher temperature for around 3 days

without decomposition of Z&€ bond (Figure 14).

Figure 14 Stability study throughH NMR spectroscopy of ZaPP)/toluene stock solution
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To test the stability/reactivity of ZaPP)/toluene in the presence of,(Ca sixth
sample was prepared by exposingaRi)/toluene solution to air for 5 min before taking the
'"H NMR in CDCE. As shown by the top spectrum in Figure 14, no resonance &t 0.5
ppm was observed which indicdtthat ZrC bondhadbeen reacted in the presence ¢f O
Those results demonstrated that aRiP) toluene solutionwas stable and not sensitive to

temperature at Natmosphere for several days, while decordgpsckly in contact with air.

3.3 Rng-Opening Polymerization ofeCaprolactone from Zn(Gpolyolefin),

3.3.1 Synthesis and characterization aPP-block-PCL

It is well-known that AI(OR); and Zn(OGR), can initiate ringopening
polymerization ofe-caprolactonghrough a coordinatieinsertion mechanism and generate
poly(caprolactone) (PCLJ? As shown in Scheme 19, the propagation is proposed to proceed
through the coordination of the monomer to the metal alkoxide compound and the insertion

of the monomer intaa metaloxygen bond of the cataly§t**

During propagation, the
growing chain is attached to the metal through an alkoxide Borptoup from the metal
alkoxide compound will remain at the end of PCL. Therefore, with the advantage of

preparation the stk solution of Zn(polyolefin) it is interesting to see if we could couple the

semicrystalline polyester to ndanctional polyolefin as a diblock copolymer.

Scheme 19 Mechanism of the initiation stepor coordinatioiiinsertion ringopening

polymerizaton

o @ ‘”o_@ %O \rb_, ool
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Based on the weknown reaction of ZnRcompound with oxygen to generate Zr(O
R),, we have developed a method to generate ARBP) in situ through blowing dry air into
Zn(aPP)/toluene solution at 0 € until the yellw color faded, followed by ringpening
polymerization of e-caprolactone at room temperature to yield poly(prof#aeke-
caprolactone) dPRP-block-PCL) diblock copolymer after hydrolysis as a one pot reaction

(Scheme 20).

Scheme 200ne pot synthesis aPPRblockPCL

o}

(0]
1)

ZHWL ﬂ, ZH+OW?} - . H{O\/\/\)OLZ"OW

0 °C in toluene » 2) HCl/ MeOH
poly(propene-b-caprolactone)

aPRblock-PCL diblock has been synthesized with the length ofaffB block of 5
kDa and the length of the PCL of 21 kDa as determined by GPC analysis. The degree of
polymerization fore-caprolactone was 160 and the percentage yield of PCL second block was
over 80%. Ufortunately, there was less than 10%ytdroxylaPP left in the final diblock
product determined by GPC analysis, which indicated that the initiation of-gt@irth of
PCL from Zn(OaPP) was not quantitative. Tha@aPPRblockPCL product was further
characerized by'H NMR spectroscopy to confirm the diblock structural integrity (Figure
15). Both proton resonances aPP block and PCL block were presented in the spectrum,
with the resonance of hydroxyl eggoup at 3.67 ppm. The integration ratio of proton
resonances fronaPP and PCL were around 1 : 4, which agreed with the block lengths
determined by GPC analysis. Finally, to study the thermal property of this amorphous
semicrystalline diblock, DSC analysis was carried out and only one melting endotherm was

seen Tm = 52.9 €), which agreed with literature value of 60 € for tfg, of PCL*?
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Figure 15 '"H NMR spectra oBPRblock-PCL (bottom) ana-caprolactone (top).
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A Kkinetic study has been carried out for the ring opening polymerizatios of
caprolatone as the second block initiated through ZaRB). After addition ofe-caprolatone
monomer to Zr{PP)/toluene solution at 0 €, five aliquots were taken out after 30, 60, 90,
120 and 180 min for GPC arild NMR analyses. However, all the dateowed that the ring
opening polymerization of-caprolatone finished within 30 min with the consumption rate

over 80%.

3.3.2 Synthesis and characterization of PHlock-PCL

Using the same method, poly(ethdrlecke-caprolactone) (P#BlockPCL) was
synthesized from Zn(PE$tock solution. Due to the solubility limit of liner PE in toluene, the
length of the PE block has to maintain lower than 1.5 kDa to prevent Zn{RIf)
precipitation out off toluene. Although the material was designed to hawe anblecular
weight, it is enough to study the polymerization methodology through GPC and NMR

analysis. Diblock PEblockPCL was successfully synthesized according to the same method
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shown in Scheme 20 with complete initiation from Z8),. The degree gbolymerization
of PE block is 5 and the degree of polymerization of the PCL block is 54 as determited by
NMR spectroscopy. This diblock copolymer has poor solubility to carry out more
characterizations because both PE and PCL blocks are semicrystaitially, there were

still around 10% of unreacted PE chains left in final product determined by GPC analysis.

3.4 Synthesis of lodd erminated Polyolefins from Zn(polymeny)

3.4.1 Synthesis and characterization of-bbdo-aPP

Wei Zhang in our group hasprepared Zn(PEH,CHs), and Zn(PECH(CHs),),
through LLCTP of ethene with surrogate Zn&hd Zn{Pr),, respectively’ Fortunately, both
of these Zn(polymery})species reacted with a toluene solutionpfthich was titrated in
until a slight persistenpink color was obtained, to provide the correspondingdd-
terminated PE materials determined'by NMR spectroscopy (600 MHz, 1,1,2(2D,Cl,,
90 €). As proved by the spectrum of Figure 16, the reaction of ZAQUPECH:),), with |,
guantitatively gave -nethylw-iodo-PE with the absence of ethyl group proton resonances

from unreacted PEH(CH),.

Figure 16 "H NMR spectra and resonance assignmentsroéthyky-iodo-PE

| Hy
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Based on Wei d0s resul ts -dotegninaed tPE,titast i v e

interesting to see if otheribdoterminated polyolefins could be synthesized quantitatively
using the same method. First of alljotlo-aPP has been synthesized by titration of yellow
toluene solution of Zn(aPP¥sing b until the pnk color persisted. As shown in the Figure
17, two populations of resonances around 3.2 ppm were seen which were frogatiteH
protons on thea-carbon adjacent to iodine atom. Because of the atactic nature of this PP,
both protons show multiple resamces from the randomly stereochemical position of the
methyl goups close to the iodide chaémd.**C {*H} NMR (150 MHz, 1,1,2,2C,D,Cl,, 90

€) spectrum shown in Figure 18 demonstrated that the reaction ofaPBE} with I, in
toluene was quantitative, which was confirmed by the absence of isobutyl group as chain
ends. Meanwhile, the only type of hydrocarbon claid was ethyl group which was from
ZnEtL surrogate. Also, molecular weight and molecular weight distributiomtaiaed the

same before and after the egrdup functionalization as determined by GPC analysis.

Figure 17 'H NMR spectrum and resonance assignmentsiofid-aPP
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Figure 18 °C {*H} NMR spectrum and resonance assignmentsiofib-aPP
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3.4.2 Synthes of Liodo-terminated ethenebased copolymers

With the success of quantitative synthesis-tddo-terminated PE and PP materials,
a series of 4dodo-terminated ethenbased copolymers with cyclic @nonomers have been
synthesized and characterized by GPB and **C NMR measurements. First, LCCTP
copolymerization of ethene and IhBxdiene has been carried out using compdihdith
50 equiv. ZnEtin toluene at 25 € followed by in situ titration of to yield Ziodo-poly(E-
co-MCP) (MCP = methylend,3-cyclopentane) (Scheme 21’ and *C NMR spectra
showed two different types of ioderminated endgroups; one was ethyl iodide egtup
and the other was MCP iodide egbup. This demonstrated the random copolymer nature of

this J-iodo-poly(E-co-MCP) material.
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Scheme 21Synthesis of lodo-poly(E-co-MCP), Liodo-poly(E-co-VCH) and tiodo-

poly(E-co-CPE)
Z o+ AONF MU)’\ »(’U){\/}’\
or @
| 1Me
“Me — 2.
precat. ) O liTol
Z o+ >
cocat. [PhNHMe2][B(CeFs)a]
50 equiv. ZnEty, Tol, 25 °C

or

Z o+ Zn ! |
X 1-4 X 1-x Nx &

A more sterically open cyclopentadienyl derivative, CpZi{N&Cy)C(Me)N(Cy)]
(Cp =h®>CsHs, Cy = cyclohexyl) 13), was usd to carry out the living polymerization of
sterically bulkier monomers, such as vinylcyclohexane (VCH) and cyclopentene (GPE). 1
iodo-poly(E-co-VCH) and Ztiodo-poly(E-cooCPE) were prepared through LCCTP
copolymerization of ethene with VCH and CPE usingcptalystl3 and cocatalys®4 with
50 equiv. ZnEt in toluene at 25 € followed by in situ titration of (Scheme 21). Both-1
iodo-poly(E-co-VCH) and tiodo-poly(E-co-CPE) showed two type of iodide egdoups,
ethyl iodide and VCH/CPE iodide respectively, determined by and *C NMR
spectroscopy. All those data have demonstrated that this method of synthesizitg 1

terminated polyolefin materials could be extentted variety of homoand cepolymers.

3.5 Ethene and Propene Block Copolymer Synthesis and Integrity Study

3.5.1 E/P block copolymewia Zn(PE),

With the success of using Zn(polymepyd)s starting material for both ring opening

polymerization and endroup functionalization, another intriguing question is whether it can
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be used to asnacrosurrogate to carry out the living coordination polymerization of a
different olefin monomer to make polyolefitiblock copolymer such as poly(ethersdock
propene)(poly(E-block-P)). The proposed mechanism is that the Z@Abonds are active

and ready for reversible chairansfer process with a new portion of transition metal
initiators added to the stock solution in the presence of a different type of monother. If

rate of the chautransfer process is rapid and reversible compared to the chain propagation
rate, then the growth of the second polyolefin block should be instantaneous and at a same
rate. Therefore, the second polymerization is still living and tblecalar weight distribution

should still be monomodal and narrow.

Scheme 22Synthesis of poly(®lockE) and tiodo-poly(P-blockE) via Zn(PE)

=N Me
il ) MeOH H(’\(}N/\
n m
2) 50 equiv. ZnEty, Tol, 25 °C /
m n m
2 2

I ks \
I, / Tol
I n m

To test this proposal, synthesis of a polBckE) diblock was carried out from
Zn(PE) stock solution as shown in Scheme 22. First, LCCTP of ethene was taken out using
active hafnium compound? with 200 equiv. of ZnEtin 40 mL toluene at 25 €. After 30
min of polymerization, vacuum was applied the solution to remove excess of etheae, and
aliquot of the Zn(PE)solution was taken out and quenched with MeOH for GPC analysis.
The rest of the Zn(PE}oluene solution was transferred to another glove box equipped with
propene gas line. Then a new portion of compodndvas added to the Znf, toluene
solution and propene was pressurized at 25 € for 2 h. Final product was obtained from

guenching Zn(aPBlock-PE), toluene solution with acidic MeOH. GPC analysis of the
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diblock copolymer gave monomodal distributed curve Withof 1.26 kDa and PDI of 1.09,

which confirmed the living natures of both blocks.

GPC analyses of the aliquot of the first PE block and final pdhgPk-E) diblock
confirmed the quantitative chagrowth from Zn(PE) with the absence of remaining PE
moleailar weight distribution curves. The degrees of polymerization of both PE first block
andaPP second block were 19 determined by GPC. Furtherii@ré¢;H} NMR (150 MHz,
1,1,2,2C,D,Cl,4, 90 €) analysis of the poly(fblock-E) diblock unambiguously demonates
the diblock nature of the material. On one hand, both PEaBRdresonances were observed
in the spectra, as well as thébutyl endgroup from PE block and the isopropyl egibup
from theaPP block. On the other hand, the resonances of the linletgedn PE andPP
blocks (labeled as a, b and ¢ in Figure 19) were seen in the spectrum which would not appear

in neither PE noaPP homopolymers.

Figure 19 °C {*H} NMR spectra and resonance assignments of pahj¢ekE)
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Moreover, this Zn(poly(fblockE)), stock solution was titrated with to give t
iodo-poly(P-blockE) materials according to Scheme 22. Btand*3C NMR spectra again
demonstrated the diblock integrity with onlyiddo-aPP type of end group observed (Figure
20 and 21). The absenoé1-iodo-PE type of endyroup confirmed the complete conversion
of Zn(PE) to Zn@PPRblockPE),. Also the hydrolysis product, isopropyl egtbup, was not
seen in Figure 21, which further confirmed this quantitativeodb-endgroup

functionalization reaton of the E/P block copolymer.

Figure 20 'H NMR spectra and resonance assignmentsiofid-poly(P-blockE)
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Figure 21 °C {*H} NMR spectra and resonance assignmentsiofi-poly(P-block-E)
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3.5.2 E/P block copolymewia Zn(aPP),

However, when we were trying to prepare polalBck-P) diblock copolymer from
Zn(aPP) stock solution using the same method described before (Scheme 23), the resulting
poly(E-block-P) always containedPP as a byproduct. GPC analysis confirmed the partly

formation of diblock with a bimodal molecular weight distribution curves.

To probe this problem,-ibdo-poly(E-block-P) was synthesized according to Scheme
23. As a comparison, ZaiPP) stock solution was titrated with 1o make pure -lodo-aPP

as the réerence for the first blockH NMR spectroscopy (600 MHz, 1,1,2G2D,Cl,, 90 €)
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was used to study the iodide egibup functionalized products from the diblock synthesis
(top of Figure 22) and the-ibdo-aPP reference (bottom of Figure 22). Clearly, thp
spectrum contained two types of iedodgroups; ethyl iodide endgroup from the dodo-
poly(E-block-P) and isopropyl iodide erngroup from the dodo-aPP of the unreacted
Zn(aPP) left in the stock solution. NMR engroup analysis results agreed witite GPC

data, indicating the incomplete PE chgmowth from Zn(aPR)Stock solution.

Scheme 23Synthesis of dodo-poly(E-block-P) via Zn(aPP) stock solution (with dodo-
aPP as a byproduct)
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The detailed reason for this incomplete initiation of PRirtlgrowth from ZnéPP)

requires carefully mechanistic studies. However, based on the polymerization results and 1
iodo-endgroup analysis, a hypothesis psoposed. Wen ethene monomers insert into the
Hf*-PP bond, the steric hindrance for insertion cesgubecause of the newly formed P

PP active species. Thus, ethene will continue to insert into theEPP centers instead of

the Hf-PP centers. As a result, it appears that PE chains prefer to grow on PE chains instead
of PP chains so that Zn[Rfock-aPP} will keep propagating while the remaining 2RP)

will not have a chance tgrow the PE blockn the chairtransfer system. In contrast, in the
chaingrowth ofaPP from Zn(PE) there is no this issue because PP chains prefer to grow on
less sterically hindered PE chains instead of PP chains, so that all Zngp&jies will

propagate a secoatPP block to quantitatively yield the ZaRblockPE}L intermediate.
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Figure 22 'H NMR endgroup analysis of blocky integrity of poly{ockP)
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3.6 Synthesis and Characterization ofllithio -aPP and its Derivatives

3.6.1 Synthesis and characterization of-lithio -aPP

In order to expand the ermgtoupfunctionality on polyolefins to other interesting
functional groups, such as hydroxyl and carboxyl groups, direegeng functionalization
was first carried out using the reaction of Zn(polymerwiith O, followed by hydrolysis.
However, beside the desired hydroxgtminated polyolefins, there were always unknown
byproducts with higher molecular weights probably from free radical initiated ‘zoonaing

of the polymeryl groups on zinc.

Furthermore, we have explored ethsynthesis pathways that involved iodide

terminated PP as the staring materiailodo-aPP was first treated with 2 equiv. tduLi in
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Et,O at-78 € to yield 1-lithio-aPP as shown in Scheme 24. It was difficult to titration the
concentration of the relling 1-lithio-aPP due to the longPP chain and the consequently
low concentration of the lithium ergtoups. Thus, to determine whether this reactvas
close to complete conversion, an aliquot of the fredithib-aPP was reacted with ,D
followed by deuterieendgroup analysis througifC {*H} NMR spectroscopy (150 MHz,
1,1,2,2C,D,Cl,, 90 €) (Figure 23). According to the integration of tf%& NMR spectrum,
the nearly 1 : 1 ratio of-tleuteriemethyl (CHD) and methyl (CH) on the isopropyl chain
end indicated that the conversion ofiddo-aPP to Z%lithio-aPP was at least nearly
guantitative. Therefore, a variety of egobup functionalizedaPPs could be synthesized

based on the-lithio-aPP intermediate (Scheme 24).

Scheme 24Endgroup functionaked PP materials fromibdo-aPP
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Figure 23 *C {"H} NMR spectaand resonance assignmentd-afeuterieaPP
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3.6.2 Synthesis of -tarboxy-aPP and thydroxymethyl-aPP

This Xlithio-aPP was then subsequently used to cleanly provicerioxyaPP and
1-hydroxymethylaPP through reaction with solid GQdry ice) and paraformaldehyde
[H.CO],, respectively, followed by hydrolyses. Both reactions provided yields of greater than
70% and the quantitative nature of egdup functionalization was again uneepgally
established from bottH and**C NMR spectra through the formation of carboxyl (Figure 24
and 25) and hydroxymethyl (Figure 26 and 27)-gralips. Furthermore, the absence of
either isopropyl engjroups from hydrolysis or iodide emploups from remaining starting
material demonstrateché clean conversion and the advantage of using this method in
preparation of precise polyolefimased functional materials. Finally, for all the chemical
transformations presented in Scheme 24, the polydispersities of the products remained very
narrow andessentially unaffected from tla®®P obtained through simple acid quench of the

Zn(aPPY) starting material.
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Figure 24 'H NMR spectrum and resonance assignmenisaafrboxyaPP
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Figure 25 °C {*H} NMR spectrum and resonance assignmentscerboxyaPP
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Figure 26 'H NMR spectrum and resonance assignmenistgfdroxymethylaPP
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Figure 27 °C {*H} NMR spectrum and resonance assignmentsojdroxymethylaPP
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3.7 Conclusions

In the present work, the synthetic utility of ZpBtediated LCCTP has been clearly
demonstrated and exploited to prepare a number of differengreng functionalized
precision polyolefins that are further characterized by having tunable molecular weights
while maintaining very narrow polydispersitieseV@ral of these new products are attractive
as precursors to macmonomers and madiiaitiators, and accordingly, it can be anticipated
that the availability of these new precision polyolefin materials can serve to foster and
support the exploration oflarge array of new polyolefibased products. Importantly, either
binary or ternary LCCTP process ensures that these negreand functionalized materials
can be readily obtained in bulk quantities in a relatively inexpensive manner. Further
investigatios of the full scope of engroup functionalized precision polyolefins that can be
obtained, and of their subsequent use for material and polymer science and engineering is

now in progress, the results of which will be reported in due course.
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Chapter 4:Modulation of Copolymer Compositions through
Reversible ChatT r ansf er bet ween

ARLooseoO0O | on Pairs

4.1 Backqground

lon pairs are defined as pairs of oppositely charged ions, with a common solvation
shell, held together usually b@olumbic forces****® For organometallic ion pairs, the
moiety ML,** (M = metal, L = ligand) is usually considered as a whole ionic moiety. Based
on the type and strength of anioation interactions, the transition metal complex ion pairs
can be defined as several categories: contact-epltare ion pairs (left in Figu&8), contact
innersphere ion pairs (middle), and solwshiared/solverseparated ion pairs (right).
Contact ion pairs are more prevalent for transition metal complexes because the positive
charge on the metal is decreased due to the formationlobbhds that are more covalent

than for mairgroup metals:®

Figure 28 Transition metal complex ion pairs

contact, outer-sphere ion pairs contact, inner-sphere ion pairs solvent-shared/solvent-separated ion pairs
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It is now well known that the active catalyst (initiator) for coordination olefin
polymerization is a transition metal cationic complex, or more prcis ion pair® ***The
ion-pair initiators can be generated from Group 4 metallocene dichlorides and MAO, or from
metallocene or poshetallocene dialkyls and perfluoroaryl boranes. Due to the chemical
robustness and resistance to hydrolysis of perflaryl borane$* their use in metallocene
and postmetallocene polymerization catalysis lead to highly active catalyst systems that are
also amenable to mechanistic studies. In many cases, the stereoselectivity ofpghie ion
initiators are greatly demded on the structure of the counterion, as well as the -@ation

interactions®

There are several activation processes involved in activating transition metal complex
to generate ioipair initiators for singlesite olefin polymerization. For homogenss single
site transition metal precatalysts, the activation usually involves reaction with perfluoroaryl
boranes/borates such as B{6); (10), [PhNMeH][B(CsFs)4] (04) and [CPR|[B(CeFs)4] (12),
as cocatalysts. Depended on the nature of perfluordmmdnes/borates, these are three
pathways that are frequently used to activate transition metal complex precatalysts: oxidative
and abstractive cleavage of-R1 bonds by charged reagents (eq. 1), protonolysis &8 M
bonds (eq. 2) and alkyl/hydride abstrantiby neutral strong Lewis acids (eq.*3)The

activation usually involves quantitative reaction of precatalyst and cocatalystin a 1 : 1 ratio.

PhCl or Tol
L,Cp*ZrMe, + Ph3C*B(CgFs)s

L.Cp*ZrMe*B(CsF5)s” + PhsCMe (1)

PhCl or Tol
L.Cp*ZrMe; + NHMe,Ph*B(CgFs)y

L,Cp*ZrMe*B(CgFs)s + CH; + NMePh  (2)

PhCl or Tol
L.Cp*ZrMe, + B(CgFs)3 —  L,Cp*Zr'MeB(CgFs)s (3)

Besides the research in studying the activation processes, particular interesting results

have been obtainedy Marks and cavorkers in the characterization of isolable,
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crystallographically characterizable metallocenium caéioion pairs for studying the
molecular basis of the polymerization catalysis>® For example, the solidtate structures

of (1,2Me,CprZrMe*MeB(CsFs); has been reported The chargeseparated character of

this complex is unambiguously established by the much longeCH; (bridging) distance
(2.549 A) than the ZCH; (terminal) distance (2.253 A) and the relatively normaCB;
distances. Another interesting feature of these metallocenium complexes is that the bridging
methyl hydrogens exhibit relatively close contacts to Zr, indicative-afostic interactions.
Therefore, the structure of (1\e,Cp)ZrMe*MeB(CsFs); is more acurately described in

the left sketch structure as shown in Figure®ZBhe crystal structure of the thorium complex
Cp*,ThMe'B(CgFs), reveals that the anion is weakly coordinated to the cation through two
Zr---F bridges as shown by the right sketcligtiire in Figure 2% The relatively long Z--

F distances (2.757(4) and 2.675(5) A, respectively) indicate that these interactions are very
weak, as does the rapid interconversion gf@roups observed in the roermmperaturé’F

NMR.

Figure 29 Sketch structures of (1:Me,CphZrMe’MeB(CsFs)s (left) and Cp*,ThMe'-

B(CsFs)s (right)
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Intense research activity has been focused on polymerization behaviors of those ion
pair initiators. It is now welkstablished that the strength of the-pairing interaction

between a cationic transitionetal complex and a discrete courd@ion can hee a
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substantial influence on polymerization activity, stereoselectivity, and the extent- of co
monomer incorporatioft***®® Importantly, For ethene and-Hexene copolymerization,
Waymouth®® found that activation of th&€s-symmetric amine bis(phenolate)rconium
dibenzyl complexes with MMAO yielded copolymers with 10% higher hexene incorporation
than that observed upon activation with perfluoroaryl boranes/bdde® and 12. Also,
Marks®®*has reported a c a snenafltiomohigheput®rane gocatalyst s ( 2, 2 6,
enhances cmonomer incorporation randomness of poly(ethylend-hexene) relative to

using aluminate cocatalysts. However, to the best of our knowledge, there is no literature
report regarding to the mechanism of modulating copalynmmposition that take the
advantage of different iepairing interactions. Therefore, in this chapter, we were trying to
coupl e the At i-pgarihgdnte@aiiahs With liviogc@odinative ochaimnsfer
polymerization (LCCTP) to achieve m@mmable modulation of emonomer relative

reactivities and thus control the compositions of etHsased copolymers.

4.2 Study on Anion Exchangb et ween #dnTight o and ALooseodo |

Diethyl hafnium precatalysEp HfMe,[N(Et)C(Me)N(Et)] (08) is designed to have
less sterical hindrance round the transition metal center in order to achieve higher activity
towards copolymerization of ethene witlrolefin comononers. When activated with
different borate/borane cocatalystfPhNMeH][B(CsFs)j] (04) and [B(GFs)s] (10),
significant different values of activities, yields, molecular weights anemaoomer
incorporation levelsare observedinder idetical polymerization conditions (Schenis).
Therefore, it is safe to propose tf@p*HfMe{N(Et)C(Me)N(Et)}][B(C ¢Fs)4] (07) generated
from precatalyst0O8 and cocatalysP4behaves as a fl oosed ion pai
electropositive and more sterically accessible transitietal center translates into a higher

activity and degree of a-olefin incorporation. Similarly, the active species
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[Cp*HfMe{N(Et)C(Me)N(Et)}][MeB(C ¢Fs)3] (09) derived from precataly§t8 and cocatalyst
10i s assumed to propagate as a Atighto ion pai
metal center withthe [MeB(GFs);] counterion provides a greater barrier aeolefin

incorporation, along with a decrease in activity.

Scheme2s. Synthesio f Al 00 s e 0 -painirdtatdist i ght 0 i on

.
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higher activity, higer a-olefin incorporation levels

F
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"tight" ion-pair (09)
lower activity, lower o-olefin incorporation levels

Now with the ability to generate two different ipair initiators from a single
transition metal precatalyst, the next attractive question is whether we could employ a
mixture ofthese two iofpairs forcopolymerization and control the property of the resulting
polymers. To achieve ipurpose, a fast and reversible anion exchange between those two
ion pairs should happen, and the rate of exchange should be faster than each of the chain
propagationrate to maintain homogeneous nature of polytnamolecular weight and
compostion. Therefe, a copolymerization of ethene withh&xene using a 1 : 1 ratio of
loose ion pail07 and tight ion pail09 was carried out in toluene at 0. After 5 min, the

resulting polymer was obtained after hydrolysis with acidic methanol. However, GPC
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analysisof the products indicated a bimodal distribution with a lower molecular weight 1
hexene rich copolymer from loose ion p@ir and a highemolecular weight ethene rich
copolymer from tight ion paif09 (Scheme26). Therefore, under our polymerization
condiions, absence or very slow anion exchange was observed compared to chain
propagation process, which prev&nis from modulating the copolymer property through

employing a mixture of loose and tight ion pairs.

Scheme26. Copolymerization of ethene withte x ene using mi xed #Al ooseod

pairs and GPC analysis of the resulting copolymers
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4.3 Proposed Strateqy of Chaimr ans f er bet ween fATighto and

Based on previous results, there has to be an external dynamic exchange between the
il ooseod and Atighto i on pairs to maintain t|
Fortunately, both iogair initiators07 and 09 engage in rapid and reversible alkyl group
(polymer chain) transfer process with Zplt toluene.LCCTP copolymeriztion of ethene

with 1-hexene with eighed7 or 09 gives a monomodal distributed copolymer.

Scheme?. Proposed mechani sm of L CCpaiPinittaters ween At i g

x Zn(Pa)(Pg)
k'/ \kct
[M-PA]"[MeB(CgFs)s] [M-PA]*[B(CeF5)a]
'tight' ion pair 'loose' ion pair
active active
ethene + ket >> Kp' > kp ethene +
comonomer comonomer
w 4
low comonomer incorporation high comonomer incorporation
_ _+ _ _+
| |
“N
/'/'N> /yN

Therefore, it is proposed that when two populations of loose and tight ion pairs are
presented in a mixeuitiator system, Znktcan serve as a chairansfer mediator/surrogate
to shuttle polymer chains back and forth between those loose and tight ion pairs (3cheme
According to the results in Chapter 2, this cHaamsfer process should be rapid, reversible

and nonchainteminating. If the chaifiransfer rate is much faster compared with chain
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propagation rates of each ion pdi; &> k,, k0 ) , t hen all the pol ymer
same rate and the overall polymerization should still be living. Thus, the resultyrggvol

should be monomodal distributed with narrow molecular weight distribution. In the same
time, the degree of emonomer incorporation should now be set by the relative initial

populations of the loose and tight ion pair as shown in Scheme 25.

In practce, different populations of the tight and loose ion pairs derived from
compound07 and09 were readily established by activating precatagstvith a mixture of
the two cocatalyste4 and10, whereby 08, = [04]o + [10]o. Based on the strategy proposed
in Scheme27, a spectrum of different grades (compositions) of polyetiased materials
should be made from a single transition metal complex precatalyst, which achieves the goal
of fAone cat al yst , hepopulationsnohthedight aad loose ion fAirs cozld  t
be precisely controlled, programmable modulation of copolymer compositions can be easily

achieved using this strategy.

4 4 Copolymerization of Ethene with-®lefins in Toluene Solution

4.4.1 Kinetic studies on LCCTP using mixed iorpair initiators

To experimentally test the strategy proposed in Schemea2kinetic study of
copolymerization of ethene (E) withHexene (H) usin@9 and07 mixed initiators and Znkt
as chairrransfer surroge in toluene was carried out in toluene at room temperature.
Aliquots were taken and quenched with methanol every 10 min for the first hour and
polymerization was quenched after 90 min (Table 3). GPC and NMR analyses have been
carried out for all the aligpts and the final product to verify two critical factors. First, it is
important to confirm the living nature of the cha&wansfer copolymerization using a mixture

of loose and tight iofpair initiators. Second, kinetic study results show the compogition
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hexene incorporation levels) changes during the copolymerization process in order to prevent

forming a gradient copolymer.

Table 3 Kinetic studies of LCCTP copolymerizationathenewith 1-hexene

Entry (ntl?n) (kl\g%) PDI H(fnoor:ft;);] ©
4.01 10 0.60 1.55 22.0
4.02 20 1.01 1.46 22.6
4.03 30 1.55 1.37 225
4.04 40 2.19 1.28 21.6
4.05 50 2.69 1.25 20.7
4.06 60 3.57 1.19 18.9
4.07 90 5.20 117 15.8

Condi ti on(8: 2400 0&amudll 2 QL0, 50mnequiv. ZnEt(2.0 mmol), 10.1 g4

hexene (120 mmol), ethene (5 psi), 80 mL toluene, 25€

As revealed by results in Table 3, this kinetic study of LCCTP of E with H provided
a highly linear relationship betwedn, vs. polymerization time () with the polydispersity
index (PDI) values of all the samples remaining narrow (Figure 30). This unambiguously
demonstrated the living nature of this polymerization. The broadness of PDI values for ultra
low M, aliquots was probably due to intrinsic deficiencies in polystyremalatds and GPC
columns for ultrdow-molecular weight analyses. Alst§ NMR spectra (600 MHz, 1,1,22
C.D,Cly4, 110 €) provided no evidence of chain termination fréminydrogenatom transfer,
which further confirmed the living character of this copolymerization. Finally, H
incorporation levels for all polydeo-H) samples were calculated directly from integrations
of *C {*H} NMR (150 MHz, 1,1,2,2C,D.Cl,, 110 €) specta based on the method reported
by Randall:®* The H incorporation levels maintained between 20.7 to 22.0 mol% in the first

50 min, which indicated that the copolymer composition maintained homogeneous without
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production of gradient copolymer during thimbe. However, after 50 min of polymerization,

the H incorporation levels decreased dramatically due to the significant consumption of H
and decrease of H concentration in toluene solution. The consumptignofalte were
approximately 15% (after 50 min)hd 26 % (after 90 min) estimated based on vyield.
Therefore, the total H consumption rate should be kept under 15% to maintain a

homogeneous composition within the copolymer microstructures.

Figure 3Q Plots ofM, vs.t,( 2z )  ahaxdne thcorporation leveVs.t, ( 0 )
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4.4.2 Modulation of 1-hexene incorporation levels

With the strategy proposed in Schemkhl2en verified, the next important question
is whether copolymer could be made with a spectrum of grades (composition of two

components). For this purpose, LCCTP copolymerization of E with H have been carried out
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in toluene using x equiv. @7a n d  (qliv. &f§9 asemixed loose and tight ion pairs in the
presence of 50 equiv. of ZnEds chaiAransfer surrogate (Schem8)2Based on previous
kinetic study, initial H concentration in toluene was set as 1.5 mmol/mL and polymerization
time was set for 30nin to maintain the homogeneous composition of all the samples.
Polymerization temperature was set as 20 € to allow some fluctuation. The ion pairs were
generated in separated vials using 0.5 to 1.0 mL cold chlorobenzene as solventd Zmisit

E were aded/pressured to the polymerization flask for 30 min before addition of mixed ion

pairs as initiators to start the polymerization.

Scheme & LCCTP copolymerization of E with H using mixed loose and tight ion pattse

presence of Znkt

N
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As shown in Table 2, when only loose ion paitwas used, 2.7 g of poly{é&o-H)
has been obtained after hydrolysis of the initially formed Zn(polymeantgrmediate (Entry
4.08). GPC analysis showed a monomodal molecular weight distributionyiitf8.50 kDa
and PDI M/M,) = 1.21. Detailed copolymer compositional analysis 5CaNMR spectrum
(150 MHz, 1,1,2,2,D,Cl,, 110 €) indicated a random compositiony(x re = 1.07) of E
and H, with H incorporation level of 17.0 mol%. Next, when a 1 : 1 ratio of @bsed tight

09 ion pairs were used under the identical LCCTP conditions, the potyt material
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(Entry 4.09) was obtained with a little less yield (2.1 g) withdoM, (2.61 kDa), which
agrees with the lower activity of tight ion pair. Importantly, both the H relative reactjvity

and incorporation level of H decreased as the tight ion pair ratio increased.

Table 4 LCCTP copolymerization results efhenewith 1-hexendn toluene

Entry CSZ?tfcIJySt Y(Sd (kl\é%) PDI (rT:/((;IH%) M e Tuxre
408 1:0 27 350 121 170 00196 546  1.07
409 1:1 21 261 125 159 00148 583  0.86
410 1:3 14 218 127 115 00112 981  1.10
411 1:4 12 195 135 85 00078 1221 095
412  1:5 11 197 125 64 00050 1657  0.83
413 1:7 0.5 - - 25 00000 4345 -

Condi t i on@8:[04x+010&=m@8], 50 equiv. ZnEt(1.0 mmol), 5.05 g -hexene

(60 mmol), ethene (5 psi), 40 mL toluene, 20€

Further decreasing the ratio of loose to tight ion pair from 1: 3to 1 : 7 led to a series
of poly(E-co-H) materials (Entry 4.10 to 4.13) with the values of yiéj, ry and mola
percentage of H all decreasing in the predicted fashion. The physical properties of those
materials changed from viscous greases toviggous powders as H incorporation levels
decreased to lower than 8.0 mol%. GPC analysis of all six polgf) materals confirmed
the monomodal distributions of molecular weight and narrow molecular weight distributions
as living polymerizations. Also, product of relative reactivity x rg, values determined by
3C NMR spectroscopy confirmed the random compositioalldhe materials, which should

be close to 1 for a random copolym&t.
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Figure 31 Plot of H molar percentages.loose ion pair concentration
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As shown in Figure 31, the trend to H molar percentageloose ion pair
concentration is not linear. Instead, the @aging of H incorporation level saturasdter the
loose ion pair reached about 50%. The reason is probably due to the limit of concentration of
H in toluene. If the initial concentration of H is higher, the copolymerization with mainly
loose ion pair will have more H incorporated. Therefore,ttend should be more resemble a
linear shape, and the range of H incorporation level that can be tuned will be larger. This

problem has been addressed in section 4.4 of this chapter.
4.4.3 Modulation of propene incorporation levels

To establish the geradity of applying LCCTP with mixed loose and tight ion pairs
to obtain a range of different grades of polyethieased materials, we conducted a similar
investigation of ethene and propene copolymerization in tolugtarding to Table 5hree
poly(E-co-P) materials were synthesized by the LCCTP copolymerization of E and P with

three different populations of loose and tight ion pairs derived from 1 : O (entry 4.14), 1 : 1
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(entry 4.15) and 0 : 1 (entry 4.16) cdmpound07 and compound09, respectivelyIn each
case, the LCCTP copolymerization was performed under a 1 : 9 feeding ratio of E to P mixed

gas (5 psi) with 50 equiv. of ZnEnd in toluene at 20 €.

Table 5 LCCTP copolymerization results of ethene with propene in toluene

Entry CSZ?tftl)ySt Y(ig;d (kl\l/Dlna) PDI (gm) ((Ig) (rﬁfi’ﬁ/o)
414 1:0 11 356 108 - 54 54
415 1:1 05 230 110 - - 38
416 0:1 02 154 111 68 - 6.6

Condi ti ons08 [0d0+ [EQme 1[08,, 50 equiv. ZnEt (1.0 mmol), 1 :9

ethene/propene mixed gas (5 psi), 40 mL toluene, 20€

As shown in Table 5, GPC analysis of the thpely(E-co-P) materials confirmethe
monomodaldistributed natur@and narrow molecular weight distributions, whereby the yield
(activity) and M, values once again decreased as the concentration ofidigpair
propagating species increaséd.NMR spectra provided no evidence that chain termination
had occurred bi-hydrogeratom transfer, which once again validated the living character of
these LCCTP copolymerization. Finally™*C {*H } NMR spectroscopic microstructural
analyses revealed a similar trend of decreaéngls of propene incorporationgith the
population of tighiion-pair increased. The range of P incorporativom 54% to 6.6%for
those poly(Eco-P) materials are larger than E/H copolym@rem 17.0% to 2.5%) because

the concentration of P in toluene is much higher than E in toluene at 20 € under about 1 atm.

For both E/H and E/P copolymers, the plots olhmanomer incorporatn levelsvs.
loose ion concentration have established the standard curves for precise modulation of co

monomer incorporation levels, and consequently the physical property of the materials.

80



45 Copolymerization of Ethene with-Hexene in Neat iHexene

45.1 Synthesis of poly(Eco-H) materials

Even though the iopair strategy proposed in Scheme tZas been validated, ¢h
concentration of canonomer intoluene solution is still a limit for the controllable range of
copolymer compositions. Therefore, ouxngoal is to test if the LCCTP copolymerization
canbe carried out in @at thexene instead of toluenep The best of our knowledge, there is
no literature report of using olefin monomers as polymerization solvent for coordinative
chaintransfer polymemration. It seems that toluene is always the prefect solvent for-chain
transfer process: %% Therefore, fi is important to verify whether-iexene, which is also a
non-polar solvent, could be used as the solvent for LCCTP as tolusiteg thexene as
polymerization solvent could also avoid the problem of toluene dispersal or recycle that may

cause environment issues or increase in the cost of production.

In the present study, we conducted the LCCTP copolymerization of E and H at an
ethene pressure & psi at 25 € in neat 1-hexene to expand the range of copolymer
compositions. Also, using neathkexene could completely avoid the formation of a gradient
copolymer microstructure. With ZngEas the surrogate and a polymerization time of 30 min,
the poly(Eco-H) materials (entry 4.17 to 4.22 of Table 6) obtained after hydrolysis of the
initially formed Zn(polymeryl) intermediatewvereall analyzedby GPC to have monomodal
molecular weight disti buti ons (Figure 32) with narrow pol
No evidence of vinyl endroups fromb-hydrogeratom transfer confirmed the living nature
of those copolymerizations in neah&xene. The key values of yield (activity) avd were

both found to decrease as tighn-pair ratio increased.
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Table 6 LCCTP copolynerization ofethenewith 1-hexendn neatl-hexene

Entry nga:ltftlaySt Y(i;d (kl\lgr:a) PDI (eT:m) (gc) (;g) (I’:l/g:l_"iﬂ))
417 1:0 100 300 113 . - 463 744
418 2:1 45 215 107 . -~ 523 626
419  1:1 37 176 1.06 . - 612 385
420 1:2 30 163 105 - 204 - 178
421  1:4 15 120 110 828,67.3 735 - 8.0
422  0:1 12 97 115 905720 807 - 69

Condi t i onG8:[04x+010&=ni@8], 10 equiv. ZnEt(0.2 mmol), 13.4 g -hexene

(20 mL), ethene (5 psi), 25 €, polymerization time 30 min.

Figure 32 Molecular weight distributions of poly(&o-H) samplesof entries 4.17 tat.22

(from right to left)of Table 6
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Importantly, with only loose ion pal7, poly(Eco-H) material (entry 4.17hada H
incorporation level of 74.4%, whiclvasa remarkably high value in comparison to that of
17.0 % from entry 4.08 in Table 4, as well as literature reported v4ih@s.the other hand,
when only the tight ion pai®@9 was used as the active initiator, the pobgEH) material
(entry 4.22) that was obtained has only 6.9% H incorporation level regardless the fact that the
copolymerization was carried out in neat H. Having set those two limiting cases, with
different populations of the loose and tight ion pairsO@fand 09 been used as mixed
initiator, four poly(Eco-H) materials with 62.6% (entry 4.18), 38.5% (entry 4.19), 17.8%
(entry 4.20) and 8.0% (entry 4.21) H incorporation levels were made with increasing ratio of
tight-ion-pair. As show in Figure 33, the plot H contentsss.loose ion pair concentration is
symmetric which perfectly confirmthe theoretical prediction of the tvatate copolymer
system. Also, the curve is nearly linear in around 1 : 1 ration of loose and tight ion pairs as

predicted by a randotwo-state copolymer system.

Figure 33 H incorporation levelss.loose ion pair concentrations.
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4 5.2 Compositionalcharacterization of poly(E-co-H) materials

Table 7 Diads analysis and calculated relative reactivitiestloéneand1-hexene

Entry  [H] [HH]  [HE] [EE] MH = MuXre

4.17 0.744 0.628 0.232 0.140 0.102 50.9 5.20
4.18 0.626 0.432 0.387 0.181 0.0464 41.7 1.93
4.19 0.385 0.143 0.484 0.373 0.0148 75.1 1.11
4.20 0.178 0.022 0.312 0.666 0.00443 207 0.917
421 0080 0.003 0.155 0.842 0.00159 523 0.832

4.22 0069 0.001 0.136 0.863 0.000980 605 0.593

Detailed diads and triads analysis based'¥h {"H} NMR (150 MHz, 1,1,2,2
C.,D.Cl,4, 110 €) spectra revealed the microstructures and confirmed the randpotymer
composition of all those poly¢Eo-H) materials (Table 7 and Figure 35). According to the
methods of Spiz et a® the comonomer feed ratio at this temperature and pressure was
determined to bab /o = 0.0216 foreo = 0.0211 andv = 0.979; ®w andw are the molar
fractions of E and H, respectively. Rand&land other€* have shown that, for a copolymer
made by a singlsite catalyst at constant-caonomer concentrations, and ignoring diffusion
or mixing effects, reactivity t&s can be used to relate the relative molar monomer
concentration in the feedstock to the relative molar monomer concentration incorporated into
the copolymel® Therefore, the reactivity of Erd) and reactivity of H iy) in the E/H
copolymer could bealculated based on the following equatibfisyhere Ry represents the
probability of adding a X monomer to a growing chain in which Y was the last monomer.

5 ‘00 00 6 ‘00 00
T cO T cO
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According to Figure 34, it is now clear that modulation eha@anomer incorporation
levels isachieved through the manipulationrefandry values of the copolymerization. With
the increase of loosen-pair, which favors the incorporation of H-ozonomer in neat H, the
ry values increase dramatically (~104 times from entry 4.22 to 4.17) while: thalues
decrease a little bit (~1/12 from entry 4.22 to 4.17). The relative changeantiry values
determines the overall H incorporation levels of the poly@dE) materials, as well as the

overall activities, yields, and molecular weights of thgulting copolymers.

Figure 34 Comonomer relative reactivities, andrg vs.loose ion pair concentrations
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Figure 35 *C NMR triads analysis of poly(Eo-H) samples in Table 6

entry 4.22
entry 4.21
entry 4.20
entry 4.19

entry 4.18

Furthermore, the physical properties of the isolated pety(H) materials varies
with different copolymer compositions. The physical differences between these materials are
perhaps best captured by a sieside comparison of six samples (Figure 36). With
increasing of E contents, the materials gradually charge friscous grease (entry 4.17,

4.18) to clear liquids (entry 4.19, 4.20) to finally white powders (entry 4.21, 4.22).

Figure 36 Photos of poly(Eco-H)s of entriest.17 to 4.22 (from left to right) of Table 6
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45.3 Thermal analysis of poly(Eco-H) materials

Thermal analysis results through differential scanning calorimetry (DBtheating
cycle, 10 €/min) agreed with the physical properties of those materials. Characterization of
poly(E-co-H) material of entry 4.17 revealed an amorphous state a\broad temperature
range that was further associated with a veryTgw al ue o f 46.3 UC (Tabl e
the significantly more ethene rich material (entry 4.22) exhibited a high degree of
crystallinity, with two associated melting endothermig,= 72.0 and 90.5 €, and a single
crystallization exothermJ. = 80.7 €. All the other samples having H incorporation levels

between those two limits show the thermal behaviors between those two (Figure 37).

Figure 37 DSC traces for poly({eo-H) materials of entry 4.17 to 4.22 of Table 4.
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4.6 Copolymerization of Ethene with Cyclopentene

4.6.1 Synthesis and characterization of -lodo-poly(E-co-CPE) materials

To establish the possible generality of applying LCCTP with loose and tight ion pairs
derived from different types of transition metal precatalysts, we conducted a similar
investigation of ethene (E) and cyclopentene (CPE) copolymerization, which required a more
sterically open precatalyst, CpZrMH(Cy)C(Me)N(Cy)] (13), for the insertion b cyclic
olefins. We have shown the successful LCCTP copolymerization of E and CPE using
precatalystl3 and cocatalys04 with ZnEt, as the surrogate to yield exclusively polyd&
1,2-cyclopentane) (poly(fo-CPE))**® Furthermore, as we discussed in Gkag8, tiodo-
poly(E-co-CPE) can be obtained in quantitative yield through iodinolysis e€Zonds of
the initially formed Zn(polymery})intermediate upon the addition of a slight excesssla

solution in toluene.

Table 8 Results of the-lodo-poly(E-co-CPE) materials

Entry ngz:itféyﬁ Y(ﬁ;d (kl\éi;] PDI (kl\éf)] ?m%i/%;]
423 1.0 23 258 122 135 156
424  1:1 21 246 114 111 114
425  0:1 17 232 110 099 87

Condi ti onsl3 [04,0+ [Hmoe [13],, 50 equiv. ZnEt (1.0 mmol), 4.08 ¢
cyclopentene (60 mmol), ethene (5 psi), 40 mL toluene, 25 €. [a] Determined by GPC
analysis. [b] Determined BYC NMR spectroscopic ergroup analysis.

Three Zliodo-poly(E-co-CP) materials were synthesized by the LCCTP
copolymerization of E and CPE with three different populations of loose and tight ion pairs

derived from precatalydit3 by activation with: 1) only the borate catalggt(Table 8, entry
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4.23), 2) a 1:1 mixtre of the two cocatalys® and 10 (entry 4.24), and 3) only the borane
cocatalyst10 (entry 4.25). In each case, the LCCTP copolymerization of E and CPE was
performed with 50 equiv. of ZnEand 3000 equivalents of CPE (relativel®) in toluene at

25€ and at an ethene pressure of 5 psi. GPC analysis of the three isstbjgaly(E-co-CP)
materials confirmed monomodal and narrow moleewlaight distributions, whereby the
yield (activity) andM,, values once again decreased as the concentration tijhk&n-pair
propagating species increaséd.NMR spectra provided no evidence that chain termination
had occurred bi-hydrogeratom transfer, which once again validated the living character of
these LCCTP copolymerizations. Alsd*C NMR (150 MHz, 11,2,2C,D,Cl,, 90€)
spectroscopic microstructural and egrdup analyses revealed that CPE was enchained
exclusively in a 1,Zashion, and the level of CPE incorporation decreased as the population

of tight ion pairs increased (Figure 38).

Figure 38 °C {*"H} NMR analysis of %iodo-poly(E-co-CPE) of entry 4.24 in Table 8
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4.6.2 MALDI -TOF-MS analysis of tiodo-poly(E-co-CPE) materials

To better characterize the difference of the those samples, thede-fdoly(E-co-
CPE) samples were further converted into the corresponding triphenylphosphonium
terminated materials, a-[I][PhsP]-poly(E-co-CPE), by heating as a solution in
dimethylformamide (DMF) with an excess of RRit 110 € for 3 days-**®® A significant
advantage of tha-[l][PhsP]-poly(E-co-CPE) products is that an excellent qualitative picture
of copolymer composition can be readily obtained through the use of +assibted laser
desorption timeof-flight (MALDI -TOF) mass spectrometrignalysis:®**"* As originally
demonstrated by Byrd et af’ the attachment of a terminal cationic triphenylphosphonium
moiety greatly enhances the utility of MALOIOF for characterization of the molecular
weight distributions and moleculareight indies of polyolefin samples. On the other hand,
without extensive standardization, it is not possible to extract quantitative values for

molecularweight indices and copolymer compositions from these MALDF data®*!"

Figure 39 MALDI-TOFRMS spectra oflie l][PhsP]-poly(E-co-CPE) materials described

in Table 8, a) entry 4.25, b) entry 4.24, anémfry4.23.

ﬂ MMMM A

500 700 900 1100 1300 1500 1700 1900 500 700 900 1100 1300 1500 1700 190}_} 500 700 900 1100 1300 1500 1700 1900

mlz — mlz — mlz —»

The observed discrepancies between the -8&5@dM, values and those obtained by
3C NMR spectroscopic ergtoup analysis are probably due to intrinsic deficiencies in

polymer standards and GPC columns for -lowlecularweight analyses. Indeed, the
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MALDI -TOF data obtained for the thres[l][PhsP]-poly(E-co-CPE) samples showed
molecularweight distributions that were very much in line with g values derived by

NMR spectroscopy. Significantly, however, these MALEDDF data also established
unequivocally that LCCTP involving tight and loose ion pairs can indeed be used to modulate
E andCPE cemonomer relative reactivities in a programmed fashion, as evidenced by the
gualitative increase in the molar percentage of CPE incorporation as the population of the
loose ion pair increased relative to the population of the tight ion pair (F3§are). Also,

the size of the melting endotherm (proportional to the percentage of crystallinity) from DSC
(2" heating cycle, 10 €/minkxnalysis confirmed the decrease of CPE incorporation levels as

the tightion-pair concentration increases (Figure 40).

Figure 4Q DSC traces for-lodo-poly(E-co-CPE) materials
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4.7 Conclusions

LCCTP copolymerization coupled with fast and reversible ctraimsfer between
mixed tight and loosdon-pair initiatorsmediatedvia ZnEt, as a chairiransfer mediatohas
been validated as a successful strategy for greatly expanding the range of polyolefin
copolymer compositions. Only a single transition metal precatalyst is needed in this strategy
in combination with varying populations of cocatalysts make infinite possibties of
copolymers, such as poBHco-H), with programmable modulated -©@onomer incorporation

levels.

Also, generality of this strategy has beegrified to be able to expand wifferent
transitionmetatbased ion pairs, as well as a variety of polyetHsased copolymers, such as
poly(E-co-H), poly(E-co-P) and poly(Eco-CPE). Additional investigations are currently in

progress to explore the extent and limits of this new methodologyding the synthesis

pol yolefin materials with programmed fAbl ockyo
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Chapter 5: Preparation of Precision Polyolefin Waxes through
LCCTP Copolymerization of Ethene with Long

Chaina-Olefin Comonomers

5.1 Background

Linear low density polyethene (LLDPE) obtained by copolymerization of ethene or
propene with longer chaia-olefins stands a remarkable part of commercial plastics and is
estimated to have over 15% annual increase in producfiti.Given the vast amouirof
research of LLDPE based on propenehuiene, ihexene and -bctene as short chain
branches, few have been reported using even lomgeefins as cemonomers to achieve
better mechanical and rheological propertiés”® Compared to short branche$ D to 6
carbon atoms, longer branches with over 8 carbon atoms can better lower the melting
temperature, density and crystallinity as a distortion of the polymer tR&ih.More
importantly, long sidechains can crystallize with one another to formesidain crystalline
units which will lead to remarkable material properties different from conventional

LLDPE 18182

In 2000, Milhaupt and cavorkers®® observed sidehain crystallization behaviors
from ethene/%eicosene copolymers withelicosene incomgration level exceeding 5.9 mol%.
The intensity of sidehain melting peaks was depended on the incorporation levels of 1
eicosene canonomer. Later, Piel et & found that sidehain crystallized even at low
branch levels (2.7 mol%) when using hexaoesas a canonomer with ethene. The density

and crystallinity of the copolymer increased because of the crystallization of lorghsids,
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which also resulted in a specific relaxation in the dynamic mechanical analysis (DMA).
However, in both cases, thmainchain crystallinity still dominated and sidbain
crystallization showed as an additional peak with lower melting temperature from differential
scanning calorimetry (DSC) analysis. Unfortunately, to the best of our knowledge, no
literature has beereported on sidehain crystallization predominant ethene/long chein
olefin copolymers which require very high incorporation levels of long chaitefins. The
increase on the length afolefins often leads to the decrease of polymerization reactivity,
thus high incorporation level of long charolefins towards ethene is extremely hard. Even
though great efforts have been put on increasing catalyst activities-@eéin incorporation
levels by modification of steric bulk of ligand, bite angle, camfégion and conformation of
transition metal catalysts, rare examples have been demonstrated to achieve high long chain

a-olefin incorporation levels as well as controlled macromolecular architec¢tates.

Recently, our group has achieved the successful LCCTP copolymerization of ethene
(E) with 1-hexene (H), doctene (O) and 1;Bexadiene (HD) using compour@¥ as an
initiator in combination with excess equivalents of Zr&d a surrogate to yield copolymers
with tunable molecular weights and narrow polydispersity (PDI) index, as well as high co
monomer incorporation levels (above 15 mof#. It was then of particular interest to
determine whether this same system would be capable of the living CCTProepogtion
of E with longer chaira-olefins, such as-tlecene (DE), tetradecene (TDE),-hexadecene
(HDE), l-octadecene (ODE) and-dbcosene (DCE), while still maintaining the high
incorporation level of canonomers. With the accomplishment of this gaahovel class of
ethenebased copolymers with predominant sdaain crystallization behavior could be

synthesized with unique crystalline behaviors and novel physical properties.
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5.2 LCCTP Copolymerizain of Ethene with tHexadecene

5.2.1 Synthesis of poly(EEo-HDE)s with varying molecular weights

Diethyl hafnium compound7 was selected as the active catalyst to deliver the
LCCTP copolymerization of E with long chamm-olefins, such as -hexadecene (HDE),
because of its high activignd relative thermostability at room temperature. Importantly, the
sterically opened diethydmidinate ligand environment d@¥ ensured the high emonomer
reactivity and consequently high incorporation levehedlefin comonomer$® ZnEt, was
chosen idight of that it engaged in rapid and reversible ctieamsfer process with transition
metal active species, such @& without adverse influence on the activity orrmonomer
incorporation level of the copolymerization. Copolymerization was carriednotdluene
with comonomer concentrations of 1.12 to 1.45 mmol/ml, which were required to maintain

homogeneous compositional microstructure of the copolymers based on previous liférature.

Scheme 2 LCCTP copolymerization of E with long chaimmlefins
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P /Hf-\Me
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n=8 12 14 16. 20 side-chain crystallization

95



Table 9.Results of LCCTP copolymerization efhenewith 1-hexadecene

ZnEt  Yield M, PD .2 T
(equiv)  (9)  (kDa) ©) ©)

5.01 E/HDE 50 0.7 2.58 1.27 5.5 -2.3 --

Entry Monomers %HDE

5.02 E/HDE 20 11 4.00 1.13 11.8 -1.0 26.3
5.03 E/HDE 10 1.8 10.8 1.12 16.9 13.8 32.0
5.04 E/HDE 5 2.1 23.4 1.19 17.5 12.1 30.7

5.05 E/HDE 0 0.7 145.1 1.40 18.0 20.2 29.4

Condi ti on08: 110004&2@@hhmol HDE, ethene (5 psi), 10 mL toluene, 20 €.
[a] Small mainchain melting endotherms and crystalline exotherms were omitted for

clearance. [b] Determined BYC NMR structural analysis

As Scheme 29 and Table 9 illustrateseries of LCCTP copolymerization of ethene
with HDE have been accomplished by using precat@8sind cocatalysd4 with equiv. of
ZnEt, varying from 50 to O in toluene at room temperature. In order to demonstrate the
capability of LCCTP on the controf molecular weights, polymerization time was carefully
chosen in combination with the amount of Zn&s$ed. After hydrolysis, a series of poly(E
co-HDE) materials were obtained witl, values ranging from 2.58 kDa to 145.1 kDa. As
shown by the overlapf GPC curves in Figure 41, molecular weights distributions were
narrow (PDI < 1.2) within a large range M, (4.0 to 23 kDa); the broadness of molecular
weight distribution at lowM,, is caused by the limit of gel permeation chromatography (GPC)
standardsand columns while the broadness at highis due to slow mass transfer effect
caused by high viscosity of the polymerization solutithand**C NMR endgroup analysis
confirms the living nature of the copolymerization based on the absence ctamairation

by b-hydride elimination, which is in keeping with the narrow PDI index.
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Figure 41 Molecular weight distributions of poly{Eo-HDE) samples of Table 9

Entry 5.01 5.02 5.03 5.04 5.05
2:5 3.0 35 4.0 45 5.0 55 6.0 6.5
log MW

5.2.2 Structural and thermal analysis of poly(Eco-HDE)s

¥3C {*H} NMR (150 MHz, 1,1,2,2C,D,Cl,, 90€) spectroscopy was carried out to
determine the chain architecture and composition of those copolymers. All goW{BE)s
were found to be random copolymers with isolated branches from HBBoonomer (e.g.,
Figure 42). HDE incorporation levelgere calculated based on previous literatfit@ue to
the ultralow M, (2.58 kDa) of poly(Eco-HDE) of entry 5.01, it was difficult to calculate the
HDE incorporation level because of the high content of ebadh groups that overlapping
with the HDE cemonomer resonances. For copolymers withhigher than 4.0 kDa, the
HDE incorporation levels were independent of the molecular weights and maintained higher
than 26 mol% (entry 5.02 to 5.05) which were much larger compared to the values in

previous literatres'”>*’® 1#91 Those results indicated that initiat67 maintained high
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activities and incorporation levels towards bulky long cleiolefins over a board range of

molecular weights, even though the length efrm@anomers increased to 16 carbons.

Figure 42 °C {*H} NMR spectrum and assignments of poly¢&HDE) of entry 5.03 in

Table 9
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Thermal analysis by DS@™ heating and "3 cooling cycle, 10 €/min)has been
taken out to study the crystalline behavior of the resulting copolymers. FoEmuhH) and
poly(E-co-O) samples with cononomer incorporation levels over 15 mol%, no melting
endotherm was observed due to the high concentration of short chain bf3rdbesver,
thermal analyses of poly{éo-HDE)s of Table 9 by DSC reveal strong rivedt endotherms
for all five samples with melting temperaturel,) between 5.5 and 18.0 €, and during
cooling, they all undergoes crystallization betwe2r8 to 20.2 €. Figure 43 shows the

heating and cooling cycles of DSC thermograms of pebgdEDE) from entry 5.03 in Table
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9. The possibility of residue HDE monomer in pohg&HDE) samples is eliminated by the
comparison \th pure HDE monomerTg, = 4.3€ and T, = 1.6 €). Also compared to most
PE-based copolymersT{ ~ 110 120€ ),*"**%* smal or absence of PE mairhain melting
endotherms and crystallization exotherms are obsdovetiose poly(Eco-HDE)s, which are
probably due to the high incorporati@vel of HDE that interrupts the packing from main
chains. As we expected, the high content of HDE branches leads to the packircpdid
sidechains, and the strong melting endotherms and crystallization exotherms are caused by
sidechain crystalliity. The sidechain melting temperatures of these polg(EHDE)s are
slightly lower than poly(HDE) (sidehain T, = 35.5 €),'®" which is due to the low side
chain contents in copolymers compared to homopolymer. Importantly, because of the
negligible mainchain crystallinity, the sizes of the sidbhain crystalline units are uniform

and only determined by the length of the sithains, thus leading to very narrow melting

endotherms and moderate crystallinity.

Figure 43 DSCthermogram®f poly(E-co-HDE) of entry 5.03 in Table 9
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Architectures of the poly(deoc-HDE)s also influence thd,, values. For lowM,
samples (entry 5.01 and 5.02), high contents of longcatBon branches make the
architecture of the copolymer resemble spherical or elliptical dendrite. In thisTgagdue
increases as thd, increases becausé, has a significant influence on thechitecture of the
copolymer. For higheM, samples (entry 5.03, 5.04 and 5.05), the architecture of the
copolymers resembles linear brd#éte copolymer which is not greatly influenced ;.
Therefore,T,, maintains round 17 € which is correspond with tlength of the 14arbon

side-chains rather than the molecular weights of the copolymers.

These linear bruslike poly(E-co-HDE)s are quite different from LLDPE in two
ways. First, the branch contents for pohd&HDE)s are much higher than those from
LLDPE, so that small or absence of PE n@iain crystallinity was observed. Second, all
branches have the same length (14 carbon atoms) so that tHohaiderystalline units have
very similar size thus leading to very narrow melting endotherms. Sinckmieof the
length of sidechains, ther,,, is much lower and the siddhain crystallinity (crystalline size)
maintains low or moderate compared to LLDPE. Therefore, these linearlitriplolyolefin
copolymers are excellent candidate for precision PO materials instead of plastic and

elastomeric materials from LLDPE.

5.3Modulation of SideChain Lengths

5.3.1 Synthesis of copolymers with varying sidehain lengths

With successful LCCTP copolymerization of E with HDE accomplished yielding
poly(E-co-HDE)s with unique sidehain melting endotherms with,, around 17 €, it is
intriguing to study the correlation between safain lengths and,, values. It is reasonable
to propose that by increasing the length of idains, T, values could be tuned slightly

above room temperature, fulfilling the requirements for polyolefin wiXeBhere is no
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simple definition of a wax, scientssprefer to use technique criteria include: (1) a wax
normally melts between 40 to 90 € without decomposition; (2) &by, the viscosity of a

wax is low and exhibits a strongly negative temperature dependence; (3) waxes are usually
kneadable or hard to brittle, coarse to finely crystalline, transparent to opaque at 20 €; (4)

waxes usually have poor conductors of heatelactricity®

Table 10 Results of LCCTP copolymerization of ethene with long chaiefins

] GPC DSC NMR
Entry Monomers ZnEL  Yield h
(kDa) © Qg © ’
5.06 E/DE 10 2.3 17.1 1.11 -- - - 24.2

5.07 E/TDE 10 2.4 12.1 1.15 -3.2 37.0 -8.3 22.9
5.08 E/HDE 10 1.8 10.8 1.12 16.9 60.6 13.8 32.0
5.09 E/ODE 10 2.2 10.8 113 343 632 30.1 252
5.10 E/DCE 10 1.7 13.9 111 460 758 39.1 206
5.1  E/ODE 100 182 5.01 110 300 618 268 31.3

Conditi on 98, 1® 04 mad mmol cemonomers, ethene (5 psi), 10 mL
toluene, 20 UC. [08] 2®o0#%drulnhina Ang&t:2002rnol ObH |

ethene (5 psi), 100 mL toluene, 20 C.

With the aim of preparing polyolefin waxes, LCCTP has been extended to
copolymerization of ethene withdecene (DE), -tetradecene (TDE),-Gctadecene (ODE)
and Xdocosene (DCE) to study their sideain crystallization behaviors. In order to rule out
the influence of polymer chain architecture, copolymers were madeMyjthigher than 10
kDa (11 to 17 kDa) using cationic initiatb7 with 10 equivalents of Znkin toluene at 20
€ for 15 to 30 min (Table10). The absence of vinyl ergtoup by NMR analysi again
confirms the living nature of the copolymerization, which is in keeping with the narrow PDI

index (PDIQ 1.15). Statistically random distribution of -coonomers along PE backbone
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has beenrevealed by *C NMR triads analysis for all five copolymer&o-monomer
incorporation levels have been estimated based@NMR spectra and found to be high in
all cases (22.9 to 32.0 mol%), which suggests the possibilities for predominachaide

crystallization for all five copolymers.

5.3.2 Influence of sidechain length on polyolefin wax property

For homopolymers of long chaia-olefins, it is generally agreed that siceain
crystallization occurs when the length of s@ain exceeds 8 carbon atoms, for example
poly(DE) has aT, of 12.5 €.'® However, poly(Eco-DE) (entry 5.06) is a completely
amorphous grease with no obvious sith@in melting endotherm by DSC (Figure 44). In
contrast, poly(Eco-TDE) (entry 5.07) clearly shows a narrow sidein melting endotherm
with T, =13.2 €, which suggests that the minimum packing length of copolymercsidies
is 10 carbon atoms. It is also worth mention that alkanes with Garbons are medium
viscosity liquid**® However, for polymers, the maahain probably restricts the movements
of the sidechain so that the threshold for crystallinity is reduced. When increasing the side
chain to 14 carbons, poly{€o-HDE) has an increaséd, (16.9 €) but still lower than room
temperature. So both polyto-TDE) and poly(Eco-HDE) appear as amorphe gels at
room temperature. In order to obtain polyolefin waxes, LCCTP copolymerization of E with
ODE (entry 5.09) and DSE (entry 5.10) were carried out, and satisfactorily both joly(E
ODE) and poly(Eco-DSE) are white waxes with,, above room temperature (34.3 and 46.0
€, respectively). Therefore 16 carbon length of s®in with incorporation level above 20
mol% are the threshold for this E and long cheialefin copolymer type of waxes. Figure
44 also presents the increaseheft of fusion @h) as the length of sidehain increases,

which agrees with that longer side chains have larger crystalline sizes and higher

crystallinities.
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Figure 44 DSC thermograms of ei@s5.06 to 5.10 in Table 10
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5.3.3 A scaleeup copolymerization to producepoly(E-co-ODE) wax

A highly attractive feature of LCCTP is the ability to significantly increase the bulk
guantity of the product polymers without increasing the amount of transition metal catalyst.
As anillustrative example, a scaled up LCCTP copolymerization of E with ODE has been
accomplished by using 100 equivalents of Zn&initiator 07 in toluene solution at 20 € for
100 min to yield 18.2 g of poly(Eo-ODE) (entry 5.11 in Table 10). Here onlyl9ng of
precatalysD8 was required, whereas 1.82 g of this transition metal catalyst would have been
necessary to provide the same amount of product through traditional living coordination
polymerization. The resulting poly{€o-ODE) appears as a white xaand interestingly, this
wax melts when rolling between the fingers, which is probably because of the closeness of its

melting temperatureTf, = 30.0 €) to human skin temperature. This poly¢BODE) wax
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has been molded to three stars with slight hgatiwo of them have been dyed to blue and
red (Figure 45). These wax stars stays stable at room temperature for several months without

any deformation or degradation.

Figure 45 Poly(Eco-ODE) wax stars of entry 5.11 in Table 10

5.4 Modulation ofCo-monomer Incorporation Levels

5.4.1 Synthesis of poly(E£o-HDE)s with varying HDE incorporation levels

In chapter 4, it has been successfully demonstrated that programmable modulation of
a-olefin relative reactivities and emonomer incorporation level® PEbsed copolymers
could be achiesd by using two populations of loose and tiigint pair initiators coupled with
ZnEt, as a chain transfer reagent. With the ability to modulate theorwmer incorporation
levels, it is now able to study the influenaielong chaina-olefin incorporation levels on the

sidechain and makthain crystallization behaviors.

First of all, a homopolymer of HDE (entry 5.12 in Table 11) has been synthesized
using initiator 07 under LCCTP conditions as a standard for 100% HB&orporation
sample. The poly(HDE) sample appears as white powderTwith27.9 € that agrees with
reported atactic poly(HDEJ*** 'H and *C NMR spectra further confirm that this

homopolymer is mosthatactic with slightly richness olmmmmpentad percentage which is
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probably due to chaiand control mechanism. Then, four pol¢&HDE) samples have

been synthesized under CCTP conditions, and the incorporation levels of HDE have been
modul ated by varying t heserbatainods 6ot f07grd@@ad p oopnu |paati
respectively (Table 11). Loogen-pair 07 favors chain propagation of both E and HDE, thus
leading to higher incorporation level of HDE (26.3 mol%, entry 5.13). In contrastidight
pair 09 favors incorporation of Eather than HDE, thus leading to low incorporation level of
HDE (4.2 mol%, entry 5.16) under the same polymerization conditions. PobDE)s

with 16.4 and 9.2 mol% of HDE were obtained when employing a mixtué& ahd 09 at

ratios of 1 : 2 and 1 : éentry 5.14 and 5.15, respectively). The key values of yield (activity),
M,, molar percentage of HDE incorporation were all found to decrease in the predicted
fashion with an increase in the population of the tightpair 09 relative to looséon-pair

07. °C {1H} NMR (150 MHz, 1,1,2,2C,D,Cl,, 90€) spectra show that all four poly{&-

HDE)s are statistically random copolymers with same polymer chain architectures.

Table 11 Modulation ofHDE incorporation levels

y , GPC DSC NMR

Entry Monomers Irgy?ggs (5353) Y(IS;d . T, T.
(kDa) PDI © © %HDE

5.12 HDE 1:0 10 09 532 11 279 199 100
5.13 E/HDE 1:0 20 1.1 400 113 118 9.0 26.3
5.14 E/HDE 1:2 20 08 354 116 36 -35 164
5.15 E/HDE 1:4 20 0.6 3.26 1.24 broad broad 9.2
5.16 E/HDE 0:1 20 03 272 1.18 98.7 921 4.2

Condi ti on 98 [04 & [1@,mdA8], 20.0 mmol HDE, ethene (5 psi), 10 mL

toluene, 20 €.
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5.4.2 Influence of HDE incorporation level on wax property

As illustrated by Figure 46, thermal analysis by D@ heating cycle, 10 €/min)
reveals a decrease T, from 28.1 € (entry 5.12) to 3.0 € (entry 5.14) and an increase of
broadness of sidehain melting endotherms by reducing the HDE incorporation levels from
100% (entry 5.12) to 16.4% (entry 5.14). This indicates that lowering the corporation level of
HDE leads to less efficient packing of sideains and thus decreased crystallinities. By
further decreasing the HDE incorporation level to 9.2% (entry 5.15), a very broad melting
endotherm T, = 10 to 90 €) appears which is probably due to both silainand main
chain crystallinities. When the HDE incorporation level decreases to 4.2% (entry 5.15), main
chain melting behavior now dominates andl,aup to 99.5 € is observed which resembles
most of the LLDPE materiaf§*®* This trend demonstrates thathmeshold of incorporation
level of sidechain branches, such as 16 mol% HDE for polg¢EHDE), is necessary for a

predominate sidehain crystallinity relative to maichain crystallinity.

Figure 46 DSC thermograms of sampli@esTable 11
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5.50DE-based Homea Co- and Terpolymers and Diblock Copolymsr

5.5.1 Synthesis of ODBbased home, co- and ter-polymers

Table 12 Results of homo co- and terpolymer based on ODE

_ GPC DSC NMR
Entry Monomers ZNEL  Yield
y equiv) (@ Mv pp Tm To  %ODE  %H
(kDa) © €©) (mol%) (mol%)
5.17 ODE 10 1.0 443 108 424 355 100 --

5.18 E/ODE 20 1.8 549 112 322 277 247 --

5.19 E/H/ODE 20 20 6.42 110 200 189 16.2 7.0

Conditions:1 0 €080 | 1 0 04 tohuemhe, 20C.

To further explore the influence of polymer chain compositions on theckiia
crystallinity, a homopolymer of ODE, a copolymer of E and ODE and a terpolymer of E, H
and ODE have been made using initid@d@mwith ZnEt in toluene at 20 € as shown in Tab
12. Physical appearance of Poly(ODE) (entry 5.17) is a white powder, andabedysis
shows a single narrow melting endothefip € 42.4 €) and a crystallization exotherni(=
35.5 €) as shown in Figure 47. Similar as poly(HDE), poly(ODE) is mostacic with
slightly richness in mmmm pentad percentage determiné@b)NMR spectroscopy (Figure
48). Copolymer of poly(EEo-ODE) (entry 5.18) appears as a white wax with 24.7% ODE
incorporation leveland a broader melting endothemith lower T, (32.2 €) compared to
poly(ODE). Terpolymer of poly(feo-H-co-ODE) (entry 5.19) has a jelly like appearance
with 16.2 mol% ODE and 7.2 mol% H incorporation levels, as well as the broadest melting
endotherm and lowesT,, (20.0 €). *C NMR analysis suppastthe statistically random
distributions for both Poly(feo-ODE) and Poly(Eco-H-co-ODE) (Figure 49 and 50,

respectively). The difference of physical appearance agrees with the compositional change of
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homo, co and terpolymers, which results in a decredseDE contents and increase in

difficulties for sidechains to pack well in order to form crystalline units.

Figure 47 DSC thermograms of samples in Table 12
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Figure 48 °C {*H} NMR spectrum and assignments of poly(ODE) of entry 5.17
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Figure 49 °C {*H} NMR spectrum and assignments of poly¢&ODE) of entry 5.18

Figure 50 °C {*H} NMR spectrum and assignments of poly¢&H-co-ODE) of entry 5.19
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