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1 INTRODUCTION

1.1 History and present state of polyethene produn

With their wide versatility, low cost, and neutealvironmental impact, polyolefins are
a major commodity thermoplastic used worldwide. Wheompared with polar
polymers, however, polyolefins suffer from low dgaarrier properties, lack of good
adhesion, inadequate compatibility, and particulast high temperatures, poor
mechanical properties. They are also difficult oatc If the applications of polyolefins

are to be extended, these disadvantages must bsbowe

The development of polyethene depends heavily dmneaements in the field of
(coordination) polymerization catalysis. It has mgeedicted that metallocene catalyst
technology will have a highly significant impact ¢me polymer industry. There has
been a veritable explosion of introductions to timarket of new products with
outstanding properties. On the polymer industryemtwe look back over the past
century, we can see that the technology has desélsfep-wise. There have been three
phases of development (Figure 1), followed by aylperiod of evolutionary research,

and now we are in the fourth phdse.

The first phase in the 1920s, involved the acqueetnof a fundamental understanding
of the very nature of polymers. The second phasethe early 1940s, saw the
development of commercially viable technologies ltaw density polyethene (PE-LD)
via high pressure free radical polymerization. gs the genesis of polyolefins as we
know them today, and of an industry that curreqifgduces more than 90 million

tons/year of polyolefins.

The third revolutionary phase in the 1950s, wasetiasn the discoveries of
coordination polymerization catalysts by Zieglerattd, and others. This was the
starting point of isotactic polypropene (PP), hidénsity polyethene (PE-HD), and
linear low density polyethene (PE-LLD).
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PE-HD and PP

P
-

FE-1LD
i Metallocenes
Staudi
puas:ul;;geesr and other 55Cs
polymers commercialized

Technological progress

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Figure 1. Development of polymer/polyolefin technoloby.

The fourth ongoing is based on metallocene androsigle-site catalyst (SSC)
technologies. Metallocene catalysts combined with methylalumamx (MAO) as

cocatalyst deliver remarkable catalytic performances andrajfeater versatility and
flexibility in the synthesis and structural cont@i polyolefins than do conventional
Ziegler-Natta systems. The importance of metallesdies in their high polymerization
activity as well as in the breadth of type and lewé comonomer that can be
incorporated:® Near random and relatively narrow distribution thE comonomer
(CCD) along the polymer chain with narrow molar masstribution (MMD) is an

added advantage of the metallocene-based copolymers

A metallocene catalyst consists of a group IVB $iaon metal (most often Zr, Hf, or
Ti) sandwiched between two cyclopentadienyl (Cetyigands. As an example of a

simple metallocene, the structure of zirconocemedsented in Figure 2.

©

Cl— Zr —— I

@

Figure 2. The structure of zirconocene.



16

The versatility of metallocene catalysts is basedheir tunable structure. The presence
of Cp-ligands that remain coordinated to the tri@orsi metal atom during the
polymerization allows control of the behavior ofethpolymerization and the
characteristics of the copolymers. The ligand s$tmas (Cp-rings) can also be
substituted with fused ring systems such as indémg) or fluorenyl (Flu). In most
cases the central metal is bonded to chlorideddyme an active site. Alternatively, the
two-ring system may be linked by a carbon or silicatom to form a bridged
metallocene structure, which enhances the steesdseély of the catalyst. The
cocatalyst, MAO, which is a partial hydrolysis puotl of trimethylaluminum, is
oligomeric in nature with a molar mass in the raon§e300-1500 g/mol. Though the
exact structure of MAO is not known, it can be méel from the available literature to
possesses —Al(Me)-O— repeating units, with tetrardioated Al. MAO is always

associated with some amount of unhydrolyzed THMA.

Table 1 presents the main differences between tiipss of catalyst used in olefin

polymerization.

Table 1 Main features of catalytic systems for ethengdpre (/diene) copolymerizatién.

catalytic system based on
catalyst feature metallocenes Vanadium Ziegler-Natta
catalytic center single center single- or multi center multi- center
catalytic activity high Low high
chemical structure defined not defined not defined

With the aid of metallocene catalysts, polyolefias for the first time be produced with
a property profile that is precisely controllablathin wide limits of temperature
resistance, hardness, impact strength and tramspar®ne of the most advantageous
features of metallocene/MAO catalytic systems ipadpmerization of ethene and
dienes is that random copolymers are obtained withimal amount of chlorine
residues relative to vanadium-based cataf/ssreover, compared with Ziegler-Natta-
type catalysts the diene incorporation in ethermlyanerization with metallocenes is
highly efficient. This is especially important whére particular diene is less available

or more expensive dienes are u&kd.
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1.2 Diene-functionalized polyethene

During recent years, goal of many investigationthanfield of metallocene and Ziegler-
Natta catalysis has been to enhance the chemidagbtaysical properties of polyolefins
through their chemical modificatidi*® Although the lack of polarity of polyethene is
often an advantage, it is a disadvantage in apit® where adhesion to other
materials would be needed, for example in printimgaddition, chemically modified

polyethenes have potential as compatibilizors iggiefin blends and composites.

A common approach to obtain polyethene with impdoweelhesion properties is to
incorporate functional groups in the backbone of tholyethene. Even a small
percentage of functionality can dramatically altbe properties of the polyethene.
However, the direct copolymerization of ethene vgithar comonomer is very difficult

with conventional coodination catalysts (Zieglertfdacatalysts) because of catalyst

poisoning by Lewis base components of the comonsmer

The situation is better with metallocene/MAO castédy but still, comonomers bearing
groups containing nitrogen or oxygen donor atontofels, amines, carboxylates etc.)
are greatly detrimental to the catalytic systenrtiar more, although these catalysts
allow direct copolymerization with functional conmmmners**8 they suffer from low

catalyst activity and molar masses are low. Methtmgiminish the deactivation

include copolymerization with protected functionahonomer and subsequent
modification of the polymet**®?*or post-polymerization modification of appropriate
copolymers:®>32 Still another alternative is the use of reactiverusion, but the

disadvantage then is the degradation of polymeeteatited temperatures, especially in
the case of polypropene. Finally, high pressurécehgolymerization of ethene and,

e.g., acrylates must be mentioned.

Lineara,w-dienes have proven to be suitable comonomerstifi@ne where the goal is
to obtain material for post-polymerization functidization?®?831323435 The
unsaturation in the diene branch of ethene/diep®lgmer can easily be converted to

different functional groups through simple orgargactions.
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In addition to providing the possibility of postipmerization functionalization, linear
nonconjugated dienes can bring a wide variety roictiires to polyethene through their

metallocene-based copolymerization with etheneufiei@®).

cycles

long-chain branching
crosslinking

Figure 3. Structures that can be found in an ethene/di@pelgmer. Unsaturations in the polyethene
chain appear a) at the end of a branch due toi#ree ¢omonomer, b) at the end of the chain dy& to

elimination, c) in the chairtransvinyl) and d) in the chain (vinylidene).

The accessible residual unsaturations may be feftered in the polymer resin or else
reduced by hydrogenation, functionalized, or witizn post-formation curing to yield a
material that behaves much like a thermosettingmet but retains the processability
benefit of a traditional thermoplastic polyoleffhCyclic structures and long-chain
branching (LCB), which also may be formed in etlidimme copolymerizations,

introduce interesting features to the material. iDyrcopolymerization reaction of

ethene/diene, undesirable side reactions, suchraasslinking, may take place if the

polymerization conditions are not optimized.
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1.3 Scope of the work

The first objective of the research was to learedotrol the structure of ethene/diene
copolymer when linear nonconjugatecko-dienes are copolymerized with ethene in
semi-batch slurry conditions by metallocene catalyslil,V The variety of possible
structures is wide, and metallocene catalyst telolgyoprovides a means to tailor the
structure of polyethene via copolymerization. Théitg of metallocene to utilize vinyl
groups in forming long-chain branching (LCB) durirmplymerization was then
exploited to modify the rheology of polyethene \@thene/diene copolymerization.
IV,V Finally, the unsaturations of ethene/diene copelgrwere post-polymerization
functionalized into epoxy groups and various Sidaasfunctionalities via
hydrosilylation, and the obtained Si-containingygthenes were tested as modifiers in

composites of heterophasic polypropene and migcasy|
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2 COPOLYMERS OF ETHENE AND LINEAR NONCONJUGATED DIE NES

Ethene/propene/diene terpolymers (EPDM) represémt most important use of
dienes’’*® Most diene copolymers are based on 5-ethylenerBenoene (ENB). Other
dienes that are used are 5-vinyl-2-norbornene (VAIRB) dicyclopentadiene (DCP). In
EPDM rubbers, pendant double bonds allow crossimlduring processing. In most
EPDM processes, the catalyst systems has been 3V@ECI VO(OR} with
alkylaluminum chloride as cocatalyst and an orgdratogen as promoter. However,
both these catalyst systems undergo a drastic ifossatalyst productivity in the
presence of diene, and crosslinking easily takeaceplin the course of
terpolymerization’® An alternative is be to use coordination catalysis serious
drawback of Ziegler-Natta catalysts is their lowertd@ comonomer response in
polyethene. Homogeneous metallocene/MAO catalystsopn much better in the

incorporation of dienes in EPDRf.

In addition to effective diene response, metalleebased catalytic systems enable the
production of EPDM without washing or deashing stephis is thanks to the low
chlorine content, the absence of strong acidicssitand the high catalyst activity.
Corrosion problems in the production plant are mined at the same time. In addition,
the formation of gels and indispensable partigesvioided.

Kaminsky and Mirt* were the first to prepare EPDM using a metalloceatalyst
system e.g. GZr(CHs),/MAO. Exxon has been very active in the field oheste
terpolymerizations. Dienes used with ethene andxehe were 4-vinyl-1-cyclohexene
(VCH),*? 1,4-hexadien& and 1,5-hexadien® using catalyst tbuCp)ZrCl,. Other
metallocenes, such as Et[ladiCl, (EBI),**** E{[Ind];HfCl2,* Et[IndHs],ZrCl,,**°
and MeSi[IndHg4]2ZrCl,* have since then been used. The most interestipgcasf
these zirconocene (and hafnocene)/MAO catalytitesys is the production of random
copolymers and higher catalytic activities than patymers obtained with vanadium

compounds.
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Linear nonconjugated,w-dienes together with metallocene catalyst teclgyofwovide

the most interesting polyolefin-based elastomedegatoday. Already by themselves,
unsaturated branches increase the adhesion of tpehe to aluminum and enable
structures that can be further functionalized. didion, diene comonomers make it
possible to produce polyethenes with modified rbgplby introducing LCB, which is

an important feature in processing metallocenedapolyethene. Polyethene
possessing a cyclic structure in the main chain raye a high glass transition

temperature and excellent transparency.

2.1 Ethene/diene copolymerizations

Nonconjugatedx,w-dienes provide polyethene with many interestingpprties. For
example the side-chain unsaturation imparts prilityaband provides reactive
functional sites for chemical modification, wherdasg-chain branching enhances melt
strength and elasticity to facilitate processing tbé copolymer. The diversity of
possible structures in ethene/diene copolymerspnagided an interesting field for

research.

In this work, ethene was copolymerized with lineanconjugated dienes semibatch
manner. The reaction medium was either toluer®/,(VI ) or heptane \(), and
copolymerizations were carried out at temperattnas 20 °C to 90 °C, most usually
80 °C. Dienes selected for the study were 1,5-hiexad(HD) (-V), 1,7-octadiene
(OD) (I-V1), and 7-methyl-1,6-octadiene (MODHI(l ). Information about the effect of
diene chain length was obtained in a comparison HF and OD. MOD
copolymerizations in turn, provided information loow the methyl group protecting the
unsaturation affects the properties of the copolyriiée metallocene catalysts were
CpZrCl, (I-1V), (n-BuCp}ZrCl, (V), Et[Ind,HfCI, (V), and (Et[Ind}ZrCl,), (V,VI).
Methylaluminoxane (MAO) was the cocatalyst in atilymerizations. Study of the
effect of polymerization temperature on the streetaf the ethene/diene copolymers

was carried with the G@rCl, catalyst. A guideline for selecting the polymetiaa
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conditions was the goal of obtaining an uncrossithkthene/diene copolyme).(After

that it was possible to fine-tune the control af #tructure of ethene/diene copolymers.

Compared with the activity in ethene homopolymediiaes, the activity of the
metallocene catalysts was decreased in all ethiene/@¢opolymerizations. OD had the
strongest deactivating effect and HD the leastothicing of OD to the reactor caused
the catalytic activity to drop because dienes ass Ireactive than ethene. Relevant to
this Koivuméaki and Yoof?*’ found that the catalytic activity for etheaeslefin

copolymerizations decreases as the chain lengtieaddlefin increases.

The degree of incorporation of higher olefins, aiso dienes, can be enhanced by

lowering the copolymerization temperature. Kamiskyal®

explained this by the
different rate constants for monomers insertinthenZr-C9 bond. The ratio of the rate
constants is temperature dependent and shifts wor faf higher olefins as the
polymerization temperature is lowered. In our cageng crosslinking prevented us

from seeing this.

As expected, the molar mass fMof the copolymers increased with decreasing
polymerization temperaturé-Y1 ). Hydrogen was used to control the molar mags (
Molar mass distribution (MMD) was nearly two whemadl amounts of dienes were
incorporated, and it broadened with increasing lipotion of diene in the polyethene
matrix. In some cases, crosslinking was the redsonthe broadeningl{V). The
addition of OD and MOD reduced the molar mass efgblyethene more than did the
addition of HD.
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2.2 Structure control and analysis of ethene/dieneopolymerizations

The copolymerization of olefins with dienes is aneeging area in metallocene-based
polymerizations. The type of copolymer naturallypeieds on the structure of the
comonomer. First, there are linear nonconjugatedeati, such as 1,4-hexadiéhd, 5-
hexadiend? 3,7-dimethylocta-1,6-dier&;>® and 5,7-dimethylocta-1,6-died&>® The
second type of diene comonomer is cyclic ones agdhrethylene-2-norbornene (ENB).
In addition to ethene/diene copolymerizations, ¢hare terpolymerizations of ethene

with highera-olefins and ENB*°°

Four types of insertions of nonconjugatego-diene into the polyethene chain are
illustrated in Scheme %.°° In the first type of insertion, one end of the rdie
comonomer reacts in tree-olefin backbone through a simple 1,2-insertiorvie@ the
other end unreacted to provide unsaturated sidmsh@he second type involves the
formation of a 1,3-substituted cycloalkane unit wheg,2-insertion is followed by
cyclization. The predominant insertion mechanisnmnffuenced by the selection of
diene, polymerization catalyst, and polymerizatcmmditions, and allows tailoring of
the properties of the copolymer. In the third polesireaction the unreacted end of 1,2-
inserted diene comonomer reacts with a growing rmelychain causing long-chain
branches, longer than tliew-diene, in a fashion analogous to the branchingpwm
density polyethene (PE-LDBY.In the fourth case, reaction of the pendant vigrgup

with a propagating chain end gives crosslinked-tinarg or crosslinking.

M P+ =2 S S

cyclization
N M P

1,2-addition
\
- M—pP
M P

e P
M = metal _ branching
P = polymer chain LCB

crosslinking

Scheme 1Possible insertion reactions of nonconjugatgd-dienes into polyethene chain.
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In homopolymerizations of H®" and O® with metallocene catalysts, polymer
chains mainly contain five- and seven-memberedsrimgspectively. In ethene/diene

copolymerizations, with all homogeneous metalloceratalysts'®>%%°72 HD

is
preferentially inserted into the backbone as fivenmbered ringsl{V). In the case of
OD, the insertion mode is strongly influenced by tatalyst system and polymerization

conditions. V) %7

2.2.1 Short-chain branches

In this section we look at the short branches dygibenes that are formed by simple
1,2-insertion of a,w-dienes. More complicated branch structures ardt de#hin
Sections 2.2.4 and 2.4. As mentioned above, amioaglienes of this study HD and
OD, can be incorporated into the polyethene chaihee as branches or cyclic
structures. In the case of MOD, the only possipiktincorporation as branchdsli{ ).
Because HD is predominantly incorporated as cystiactures?’’ the structure of

ethene/HD is dealt within in more detail in Secta.3.

Branch structures in ethene/diene copolymers amgervently analyzed b¥’C NMR.
Figures 4a and 4b show th& NMR spectra of (n-BuCprCl,- and Et[Ind}HfCl,-
catalyzed ethene/OD copolymers, respectively. Major differences in the structures
of the copolymers can be seen. The copolymer addaivith (n-BuCpyZrCl, (Fig. 4a)
contains mainly ( ca. 90%) 1-hexenyl branches, wed&®rthat obtained with
Et[Ind],HfCl, (Fig. 4b) contains equal contents of 1-hexenyhbh&s and rings. The
peak assignments were partially based on literatate ()® and the peaks are assigned

as follows:

* Dbranch structures (1”) 38.15, (2") 34.52, (3") Z77.24") 34.33, (5”) 26.77, (7”)
33.91 ppm

* ring structures (1') 42.66, (2') 39.43, (3') 35.4@&") 27.69, (5) 39.26, (6’)
26.66 ppm.

» saturated chain ends 32.18 and 22.87 ppm.
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Figure 4.*C NMR spectra of two ethene/OD copolymers produsid metallocene catalysts at 80 °C
and [GH4=0.4 M. (a) (n-BuCpyZrCl, incorporated OD mainly into branches (ring/brai@&g2). (b)
Et[Ind] ,HfCIl, produced a copolymer with higher ring formatiortesvity (ring/branch 55:45). The
shifts are in ppm.\{) The spectra were recorded with Varian Gemini 2008lMR spectrometer (75 Hz,
at 125 °C, in deuterated benzene/1,2,4-trichlorbr@Z10 wt-%/90 wt-%).

Also in copolymers produced with 4rCl, catalyst, OD was mainly incorporated as

|.79

branches. Thé&,5-cyclononane structures reported by Sarzeotl.” were not seen in

any of our ethene/OD copolymers.

As expected, under our experimental conditions eatdlyst system G@rCl,/MAO,
MOD formed only 6-methyl-hexene branches in theygiblene backbond-[ll ). The
branch structure was the same for all copolymeet tould be dissolved for the
analysis. The methylene group at one end of thenalicomonomer effectively
prevented the ring formation, which also was shevith modeling (I ). The structure
of the MOD-induced branching in polyethene is deggldn Table 2 with thé’C NMR
peak assignments.
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Table 2 *C NMR peak assignments of ethene/MOD copolymera(étamill )

Shift, ppm Carbon in structure

16.0 z
25.8 * %i/\/\l(\\/“\m"
26.3
26.6
29.0
30.6
34.3
34.7
38.1

P N O N O W
%
*

2.2.2 Unsaturations

The unsaturations that may exist in copolymersioéme and linear nonconjugatedo-
dienes are illustrated in Figure 5. Vinyl bond @nitin ethene/diene copolymers is due
to butenyl (for HD) or hexenyl (for OD) branchegliuced by diene insertion (1,2-
insertion) and the end of chain unsaturations ieduby the chain transfer to the
monomer. If every copolymer chain contains an ehdhain unsaturation, the diene-
induced vinyl bond content can be estimated froettital vinyl bond content by the

subtracting of end of chain unsaturation conterithefhomopolymer.

In addition to vinyl bonds, vinylidene anttansvinyl bonds can be detected in
copolymers of ethene and HD or OD. Vinylidene banébrmed in the polymer chain
by B-hydrogen abstraction which takes place after diasertion to the chairilrans
vinyl bonds are formed principally the same way ta monomer insertion of 2,1 type
for transvinyl and 1,2 type for vinylidene bond formatidn. these cases both double
bonds of the diene are left in the polymer chame éorms a vinylidene dransvinyl
bond in the polymer chain and the other a chainxeng bond. In the case of MOD,
the double bond is of the form RCH=CM®oth*H NMR and FTIR were used for the

analysis of unsaturations in ethene/diene copolgrttar] ).
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vinylidene t:> trans-vinyl réﬁﬁ

vinvl — unsat. in - <
y ;ﬁ MOD branch \/

Figure 5. Double bonds in copolymers of ethene and lineacanjugated dienes.

2.2.2.1'H NMR analysis of unsaturations

As can be seen from Figure 6, significant amouritsimylic chain ends as well as
transvinyl bonds and vinylidene groups were presertha ethene/OD copolymerk).(
The vinyl unsaturations are due to the 1-hexenghbnes resulting from OD insertion
and the chain-end unsaturations generated duriam ¢érmination by chain transfer to
monomer after insertion of the dierfeH elimination is another possible route for the
formation of vinyl unsaturations. The lines at &8 4.9 ppm are assigned to vinyl
groups, and those at 4.65 and 5.4 ppm to vinylidand transvinyl groups,
respectively. The increase in the number of vingbugps with OD contentl{V)
indicates that both vinyl groups are polymerizeddoly a fraction, if any, of the total

OD units incorporated.
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a: vinyl group
b : trans-vinyl group
¢ : vinylidene group
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Figure 6. '"H NMR spectrum of ethene/OD copolymer produced Gf@ by CpZrCl,/MAO catalyst
system. ) Spectra were recorded with Varian Gemini 2000XURIspectrometer (300 Hz, at 125 °C, in
deuterated tetrachloroethane.

Similarly, the structure of ethene/MOD copolymeen e reliably analyzed byH
NMR. MOD is copolymerized with ethene via its unstiioted double bond. The
branches have an RCH=CMg@limethylvinyl) end, which gives a shift at 5.1rppn the
'H NMR spectrum. About 30 to 50% of the double boimdthe ethene/MOD samples
were of that kind, the rest being vinyl bonds. Télkatively large amount of vinyl bond
can be explained by the small amount of MOD incoafed and low molar mass of the

copolymer.[-1ll )

2.2.2.2 FTIR analysis of unsaturations

The appearance of double bonds in ethene/diendytneis was also studied by FTIR
spectroscopyl (V), a method that is sensitive even for low douldadconcentrations.
Preparation of samples is easier for FTIR than NIs&R copolymers are merely
compressed into films with no need for solventsR=a@lso provides a menas to analyze
samples with crosslinking as films can be prepafesamples that no longer dissolve.
Wave numbers assigned to the double bonds werec8B5(transvinyl), 910 cm'
(vinyl) and 888 cnt (vinylideneJ°. Figure 7 shows how double bonds appear in the
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FTIR spectra of ethene/diene copolymers. The ansoohtifferent double bonds per
1000 carbon atoms were calculated on the basisITiR Rbsorbances according to

Ruedaet al.®*and deKoclet al®?

25]  — Polyethen )
| = e g N 1
=+ oD ity 3858 o
— MOD dnydidens
8 23]
_E ,
813 965 o’
Uratrrs-vil yl
1.07 /
=T . .
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Figure 7. Appearance of double bonds in the FTIR specti@pblymers of ethene with different dienes
(trans-vinyl 965 cm', vinyl 910 cm', and vinylidene 888 cif). Samples were prepared with the catalyst
system CgZrClL,/MAO at 90 °C. HD= 1,5-hexadiene, OD = 1,7-octadiemMOD = 7-methyl-1,6-

octadienel()

Like the 'H NMR analysis, the FTIR results showed a cleardase in total double
bond amount with OD content in the copolymigrihe high vinyl bond content is due
to the hexene branches formed by OD and also tsflée low molar mass of these
products. Increase in the amount of comonomer mseases the amount of vinyl
bonds in the product because the probability ahpry insertion of the comonomer is
very higf®. The '"H NMR method clearly validates FTIR method, indicgt the

successful determination of base lines in the FSpiEctra.

Increasing amounts of diene had a minor effecthendouble bond concentration in
ethene/HD and ethene/MOD copolymers. In both tleepelymers thérans-vinyl and
vinylidene concentrations, but not the vinyl cortcation, were increased with the
amount of diene in the product. The vinyl bond aonication was decreased with
increasing portion of HD in the copolymer becausehe efficient ring formation

reaction and consumed the free double bonds afigme. The vinyl bond concentration
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was lower in the copolymers containing HD and MOfart in homopolyethene
produced under the same conditions. In the ca$4QiD, this can be explained by the
change in termination reaction mechanism fr@+al elimination to chain transfer to

monomer.

Unlike *H NMR, FTIR did not provide any additional inforriat on the copolymers
containing MOD because the absorbance of the endpgof the 6-methyl-hexene
branch is overlapped by the peak of the,@©HBcillation of the polyethene chain at 720

cmt.

As expected, FTIR revealed a tendency toward dsitrgamount of free double bonds
with decreasing polymerization temperatures whdre product becomes strongly

crosslinked.

2.2.3 Cyclic structures

Cyclic structures can be created in polyethenenshaiith metallocene catalysts by
copolymerizing the ethene with cycloalketfe§®or bisycloalkene$"* In addition, a
number of nonconjugated dienes are capable of gooey cyclopolymerization in the
presence of a coordination catalyst. Examples @fsdhare 1,5-hexadiefes®"
626465676978 7_octadien&® and 2-methyl-1,5-hexadietfe The length of chain of 1,9-

decadiene made the ring formation diffileiit.

To clarify the formation of rings in ethene/dierapolymers, the structures of HD, OD,
and MOD in combination with G@rCl, catalyst were studied by molecular modeling.

Cavalloet al®?

have a mechanism for the ring formation reactmmHD. According to
this mechanism, the carbon atoms 2 and 6 in 1-hexadave to come into proximity
in order to make the ring closure possible. In BaeYP/DND-optimized structure of
the Trcomplex CpZrCH3(CH,=CHy)* of the model system for the olefin insertion
reaction of metallocene-catalyzed polymerizatidme €-C distance of the forming

bond was 3.25A.
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Scheme 2Proposed mechanism for the ring formation readio HD

Possible structures of 1-hexene, 1-octene, andthyir2-octene were generated using
high temperature molecular dynamics and subsegeeetgy minimization. In the
energy minimization the structures converged teva diistinct conformers. In the case
of 1-hexene the energies of all conformers werek8&/mol or less above the global
minimum and, thus, the conformers are easily addessespecially at elevated
temperatures. For one conformer the-C; distance was 3.29 A, i.e. close to the
optimum value, while the energy was 2.2 kcal/malp&position of this structure on
the Tecomplexshowed only slight hindrance for the forimratof cyclic structure. In 1-
octene, conformers having the relevant-G distance of about 3.5 A have energies
about 5.5 kcal/mol higher than the global minimwumhjch gives them a relatively low
population. Some steric hindrance is evident winerse conformers are superimposed
on thetecomplex of the catalyst. The low population anel $teric hindrance make the
ring formation reaction of the OD comonomer higimyprobable. In 1-methyl-2-octene,
there are a few conformers in which the relevastQg distance is about 3.7 A and
these have energies 2-3 kcal/mol higher than thbagiminimum. The ring formation
reaction is ruled out by severe steric hindranogdver, as was seen by superimposing

these conformers on tlrecomplex of the catalyst.

These results were in good accordance with thosgedbornet al'® who state that the

six carbon straight-chain diolefin appears to pievihe greatest likelihood of backbone
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incorporation as cyclized species. Less than st onost seven carbon straight-chained
dienes provide good incorporation, the desired I¢ew# residual unsaturation, and

minimal cyclization of diene during polymerizatiofthus, 1,4-pentadiene and 1,9-
decadiene polymerize well without strong cyclizatas was seen with 1,5-hexadiene.

Makowski et al®®

already discussed about ring formation of 1,5- artdienes in
polymerization reactions. They presented a pseudiocying model with which the
equilibrium between branch and ring formation ia golymer could be guided. Naga
al.® studied the cyclopolymerization of OD with variometallocene catalysts. The
cyclization specificity was best with isospecifietallocene and decreased in the order
aspecific, and syndiospecific metallocenes. Lowgtine polymerization temperature
and increasing the monomer concentration also dsetkthe cyclization specificity.
When a constrained-geometry catalyst was usedymiyptl,3-cycloheptane but also 1,5-

disubstituted cyclononane rings were forfiéd

The microstructure of ethene/HD copolymers obtaimeth EBI as catalyst\() is
presented in Figure 8. The peaks are assignedias$o

* transrings (17) 39.34, (2”) 39.34, (3") 37.06, (4") B, (5”) 33.25 ppm

. cisrings (1) 41.10, (2') 40.68, (3') 37.03, (4') I&; (5') 32.17 ppm

« branches (1) 37.74; (2) 34.38; (3) 27.20; (4) 33(BB31.46 ppm.

The assignment of the ring structures is baseduowork (), while the assignment of
the peaks due to branches is mainly based on aarsop of the chemical shifts of the
ethene/HD copolymers with the well-known shifts ethene/1-hexene copolyméts
The integration of peak areas in the spectra &43734.38 : 33.88 : 31.46 : 27.20 gave
ratios 1:2:1:1:2. The peaks at 34.38 an@@Were assigned to the carbons 2 and 3
in the main chain (Fig. 8b). The corresponding geakre found in ethene/1-hexene
copolymers at 34.5 ppm and 27.3 ppm, respectiviglig. methine carbon of a 1-butenyl
branch was concluded to be at 37.74 ppm since #thine carbon of ethene/1-hexene
copolymer is at 38.1 ppm. Tleemethylene carbon of the branch appears at 34.1 ppm
The double bond at th@-position of the 1-butenyl branch has a weak effattthe
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chemical shift of ther-methylene, and the-methylene carbon of the 1-butenyl branch
was thus concluded to be at 33.88 ppm. The pedk.46 ppm was assigned to the allyl
carbon of the 1-butenyl branch. The allyl carborth# long linear 1-olefin chain has

oney-carbon, and the peak is at 33.9 ppm.
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Figure 8. Examples of*3C NMR (300MHz) spectra of ethene/HD copolymers whetD has been
incorporated (a) solely as ring structures andagbyings and branches. The shifts are in ppi.The
spectra were recorded with Varian Gemini 2000XL NBectrometer (75 Hz, at 125 °C, in deuterated
benzene/1,2,4-trichlorbenzene (10 wt-%/90 wt-%).

The decrease in the selectivity for cyclizationhwiicreasing HD concentration in the
reactof®’’was demonstrated by the decrease in the ratimgs to 1-butenyl branches
when the ethene pressure was increased at corsiartoncentration \(). At low

ethene concentration (0.04 M), HD formed only rétiguctures (Figure 8 a), while ring
formation selectivity was reduced to about 90% (Feg8 b) when copolymerizations

were performed with higher ethene concentratiohQ(04).

The ratio ofcis- to transconformers of the rings affects the propertieshef product.
Cyclopentane rings inis-conformation are reported to offer high heat $itgbi®® The
catalyst concentration is one parameter that afféhet[cis]/[trang ratio of the cyclized
HD units’* The basic zirconocene catalysts ,B€l, and bridged metallocene
MeSi(IndyZrCl, were studied and opposite results were obtainetth @pZrCl, the
amount of cisconformer increased with catalyst concentratiomd awith
MeSi(Ind»ZrCl;, the opposite was the case.
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In the copolymers produced with £4Cl, catalyst, about 25% of the rings werecis
conformation and about 75% imans-conformation, and the material obtained had
significantly lower melt temperatures than homoptihgne produced under the same
conditions. Polymerization temperature has no éftec this ratio with the catalyst

system.l])

Cyclic structures are principally studied Bz NMR, but information about them can
also be obtained by FTIR)( In a detailed study of the double bond areaheénETIR
spectrum of ethene/diene copolymers we found tlaégpat 945 cihand 875 crit to
increase with the amount of HD in the polyethenguyfe 9). The same was not found
for OD and MOD. Evidently, these peaks are dueht five-membered rings in the
polyethene chain: the oscillations of €Honds on the ring give peaks at these wave
numbers. As also is evident from Figure 9, thensities of the peaks of vinyirans

vinyl and vinylidene bonds decrease with increasibpaddition.

-1
A IGD — Polyethene¢

0.7 1 —a&— HD 1.1 mol-%
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Figure 9. Effect of increasing amount of 1,5-hexadiene (HDgthene copolymer on FTIR peaks in the
double bond area can be seen as growing peak$ an®4and 875 cnf (transvinyl 965 cm®, vinyl 910
cm?, and vinylidene 888 cil). Samples were prepared with catalyst systeaZ @3,/MAO at 90 °C. ()
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The ease of sample preparation for the FTIR measmts encouraged a careful
evaluation of the reliability of this method. Theatth between the results of FTIR and
NMR analyzes was investigated for the five-membenegls of copolymers containing
HD. Figure 10 shows the correlation between thghtedf IR absorbance (A) at 945
cmi' divided by the film thicknessdf and the ring content calculated frdic NMR
spectra. The slope gives the value of the molapralisity coefficient,e=0.084 mnt x

(mol%)*, with error margin of about4 % (V).
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Figure 10. Determination of the ring content in ethene/HD algmers with an FTIR 945 cth
absorbance peak. The FTIR data are calibrated stgig content based dfC NMR spectroscopyM).

2.2.4 Crosslinking

Crosslinking can be either an unwanted side rematio a desired reaction path in
ethene/diene copolymerizations. In most casesrtigsknking is not desired during the
polymerization reaction because gelation makestimrol of the reaction difficult, or

even impossible. The control of crosslinking in togolymer is a real challenge in the
case ofa-olefin copolymerization with linear, nonconjugatdénes because of the
many free unreacted vinyl groups are available.tRermpoint of view of processing, the
material is useful only if the degree of crosslimkiis under 2%. Crosslinking also
makes the analysis of the polyethene difficult sisolubility of the sample is often

required.
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A chemical crosslink between polyolefin macroraticaan be formed by several
alternative methods, including a) recombinationm@fcroradicals, which are generated
either chemically or physically, b) addition of aaonoradical to a vinyl (vinylidene)
bond attached to polyolefin backbone, c) crosstigkvia randomly distributed double
bonds after abstraction of hydrogen in allyl paositiand d) condensation reaction of
reactive groups bound to a polymer chain. Wiihw-dienes as comonomer,
crosslinkage of the polyethene molecules is higlagsible. A copolymer with 2 mol-%
of diene has no melting point but may still showbery elasticity. Products like these
are insoluble in organic solvents and instead steethore than fivefold their volume.
Crosslinking of the polymer was considered as a se&hction during polymerization
when ethene was polymerized with linear nonconpjatienes|{Vl ). The tendency
for crosslinking is dependent on the structure tef tiene. Nada has shown that
polyethenes with 1,9-decadiene (DD) as comononenenre strongly crosslinked than

polyethene containing OD.

Crosslinking is not a straightforward concept ftreme/diene copolymers because the
branched structure in these copolymers can beyhigtrinplicated. Longer as well as
shorter branches with unsaturated chain ends &eaaligrow further to form LCB, and
linking between the branches may take place leaeiMegtually to crosslinking. In fact,
little by little in changing polymerization condaitis, entangled long branches begin to
act like crosslinked structure, which makes it aimmnpossible to define a distinct
boundary between branching and actual crosslinki@B in ethene/diene copolymers

is further dealt in Section 2.4.

Measurement of a absolute the degree of crossgnisirdifficult. In the early part of
this study, a standard measurement based on Soekiedction with decaline or xylene
was used (ASTM D-2765-84) to determine the degfemasslinking of polyethend:(
IV) Despite the fairly large deviations, the reswtre found to be reliable. Later, the
highly branched structures of ethene/diene copalgmere evaluated on the basis of
information obtained by SEC and dynamic rheometiy\()



37

2.2.4.1 Degree of crosslinking measured by extraoti

Among the dienes of this study, OD as comonomesstiriked the polyethene most
easily (-Ill ). This was as expected since OD has readily pafgaigle double bonds at
either end. The lesser crosslinking in HD-containicopolymers is due to ring
formation, which consumes the vinyl bonds of thendi In ethene/MOD copolymers
the methyl group at one end of MOD effectively mets this double bond from

crosslinking.

Polymerization temperature had a dramatic effecthendegree of crosslinking in the
HD- and OD-containing products$)( Even very small amounts of HD or OD in the
reactor produced high degrees of crosslinking &tnperization temperatures from 20
°C to 50 °C. At 65 °C the degree of crosslinkingswdecreased with larger diene
concentrations in the reactor. At 80 °C the degfemosslinking was consistently under
10% for all HD and OD concentrations and at 90°@dts less than 2%. Increasing
polymerization temperature increases the reactioityethene much more than the
reactivity of dienes, so that the probability oétbiene being polymerized from both
ends, i.e. to be crosslinked, decreases, even lthinegamount of diene in the product
increases. It also seemes that higher polymerizdaémperatures favor ring formation
in HD-containing copolymers. This may be understasdfollows: a prerequisite for
ring formation is that the free end of the butemanbh that is first formed in the
polyethene chain comes into proximity with the gimyvchain, and the probability of

this happening is increased at higher temperature.

When MOD was used as comonomer the degree of tikisg did not increase above
40% even for copolymer produced at 20 °C. This ssgeected, since the methyl group
in MOD protects the second double bond, which resiainreacted during the
polymerization. For all diene additions, the degw#ecrosslinking in ethene/MOD

copolymers produced at 50 °C was less than 10%at8&d °C it was almost 0%.
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2.2.4.2 Highly branched structures analyzed by rheuoeter

The rotation rheometer can be used to assessinkisglin polyolefins. In a study of
melt rheological behavior of ethene/HD copolymersdpced with CgZrCl/MAO
(IV), where increasing amount of diene was incorpdrateéhe polyethene (Figure 11),
the yield behavior was that of a partly crosslinkaapolymer (P4, estimated diene
incorporated 10 mol-%). Although a high degree absslinks (>80%), was also

measured by extraction method, the sample wasgtiérmoplastic.
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Figure 11. Complex viscosityn* of selected polymer samples (P1-P4 with incregsaamount of HD
incorporated) as function of complex modulus G130 °C. Reference materials: a broad MMD PE-LD

with long-chain branching and a linear, narrow MMiRtallocene-catalyzed PE-HD sampM )

The same kind of behavior was observed in etheneddpolymers prepared with
Et[Ind].ZrCl, (V) (Figure 13 in Section 2.4.2.1). At high diene temts (>2.0
C=C/1000 C atoms), extremely slow relaxation mdake itheological measurement

impossible.
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2.2.4.3 Highly branched structures analyzed by sizexclusion chromatography

Indication of crosslinking can be seen in the fafma “shoulder” at high molar mass
end of the curves of size exclusion chromatogra(8&C). Although no numerical
values are obtained for the degree of crosslinking,method is useful for comparing
samples. A limitation of the method is the requieamfor the sample to dissolve in an
appropriate solvent. Not even at elevated tempegstaf 140 °C did samples dissolve
in trichlorobenzene (TCBM). As an example (Figure 12) SEC curves for samplds
increasing amount of HD incorporated in the polgetchain. At higher diene contents
(presented as higher vinyl content) polydisper@ity/M,) clearly broadens, and finally
a shoulder appears on the high, Nhil, indicating the formation of branches-on-
branches structures and eventually crosslinkifig (
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Figure 12. Molar mass distribution curves of ethene/HD copwys produced 4C,H,]= 0.24 M with
different HD concentrations (Hnd],ZrCl,/MAO catalyst system). At higher diene contentshaulder

appears in the higM,, tail, indicating the formation of branches-on-trhes structures and eventually
crosslinking V).

The similar features seen in [EO],ZrCl,/MAO catalyzed homopolyetherfés

polymerized at low ethene concentrations supperctinclusion that increasing amount
of vinyl-terminated macromonomers makes/M, broader. A similar shoulder has
been seen by Soafsand Sarzzotti et afin the SEC curve of ethene/OD

copolymerization with Ti-based CGC.
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2.3 Thermal and thermomechanical properties of ethee/a,w-diene copolymers

Thermal analysis reveals crystallinity and meltiagiperature and many other features
of a polymer sample. The melt behavior is importztause polymers are processed in
molten stage. Differential scanning calorimetry Q%nd dynamic mechanical thermal

analysis (DMTA) were used in this study.

The melting temperature and crystallinity were sddoy DSC. Diene incorporation
was seen as decrease of the melting temperatupplgéthene. This trend can be
explained by the decrease in crystallinity due tend branches in the polyethene.
Crosslinking appeared as lower and wider peaksghwtiisappeared totally in the case

of strongly crosslinked copolymers.

Copolymerization of dienes affected the crystafimif polyethene in different degrees.
HD decreased the crystallinity least. The 1,3-dssitilted cyclopentane structure is
such a small aberration in the polyethene chaihithaas incorporated in crystalline
structure of the polyethene (isomorphism).(fA? In a comparison of the crystalline
structures of ethene/HD copolymers and copolyméetlene and cyclopentane, Naga
et al”*%found a significant difference in the crystallisieuctures of polyethene due to
1,2-inserted anais- or transinserted 1,3-inserted cyclopentane groups. Isomsmnp
did not exist in the case of 1,2-cyclopentane dretriansinserted 1,3-cyclopentane

groups.

Branches due to HD, OD, and MOD as well as theahegtane unit in the polyethene
chain formed by OD, clearly decrease the crystafliof polyethene (I-VI). Jin and
coworkeré? saw similar effects in their copolymerization ¢hene with HD and OD
with catalyst (2-Melnd¥rCl,. The same trend of strongly decreasing melt teatpes
and crystallinity with increasing amount of ethédB/in the copolymer appeared when

catalyst system Htlu],ZrCl, was used in ethene/OD copolymerizati?)%s.
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More detailed information on the copolymers was aol@d using segregation
fractionation technique (SFT) with DSC and DMTA,ttbaf which are particularly

suitable for semicrystalline polymers.

2.3.1 Segregation fractionation technique

Employing carefully designed thermal cycles in #edential scanning calorimeter
thermal fractionation techniques offer quick andagbical ways to assess chain
heterogenities in semicrystalline thermoplastickiese techniques are particularly
useful for studying the degree and distributioslodrt-chain branches in copolymers of
ethene with a-olefins or dienes. Thermal fractionation can replamore time-

consuming and complex techniques that require patiga or analytical fractionation
in solution. Different procedures can be appliealuding stepwise isothermal

segregation techniqué, thermal fractionatior>®

e97-99,107
k)

segregation  fractionation
techniqu step crystallizatiol? and successive self-nucleation/anneatffig.

The most commonly used techniques today are sdgredeactionation technique and

successive self nucleation and annealiffigSegregation studies involving stepwise
annealing with DSC have been applied to variousdypf metallocene-catalyz8d**

196 ethene copolymers.

The use of SFT with DSC, with annealing of the pody at successively lower
temperatures starting just above the melting teatpex of the polymer, has been
found”’ to provide valuable information about the chemimaposition distribution in

commercial Ziegler-Natta and metallocene-type comsiak PE-LLDs and very low

density PEs (PE-VLD). The results reveal differenca the ethene sequence
distributions as the polymers are annealed at ssoedy lower temperatures. The
multiple endothermic peaks appearing in the meltougves after such treatment
correspond to the fraction of segregated molectied crystallized at a certain
temperature. Owing to limitation noted by Hosodad dmu,'%% only qualitative

differences in lamellar thickness distribution dfet studied copolymers can be

discussed.
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The annealing temperatures used in the segregptaredure depend on the melting
range of the polymer in question. A typical ruroaf ethene/diene copolymers included
successive annealing steps at 122, 116, 110, B)429 86, and 80 °C. The annealing
lasted 150 min at each temperature. After coolinthe samples to room temperature,
melting curves of the crystallized samples wereorded at heating speed of 5
°C/min.(Il ) These melting curves showed several resolvedmgedindotherms, due to

the separate crystallization of different of copoér crystallites during the step-wise
annealing. The melting curve is a reflection of thmellar thickness distribution and

the comonomer distribution in the copolym&ts’ 1%

Figure 13 presents the effect of an increasing amoluOD on the lamellar structure of
ethene/OD copolymers. OD, incorporated as brancb#sctively diminished the

crystallinity of polyethene, and the lamellar thelss distribution became broader.
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Figure 13.DSC endotherms of ethene/OD samples; polydn@:.6 mol-% OD), polymet1 (1.9 mol-%
OD), and polymef.2 (2.4 mol-% OD) after segregation procedurés) (

The copolymerizations of ethene with different @iemnder optimized conditions again
showed that the type of diene affects the copolystrercture significantly (Figure 14).
The HD comonomer, which was incorporated as rimgctires rather than hexane

branches, exhibited noticeably different behaviont octadienes.



43

34

w W
(=3 N

[N
o0

B

HEAT FLOW (mW ) ENDO-->

24]

22

LA A

e e
9L . i ‘ ‘
50 70 90 110 130 150
TEMPERATURE ( °C)

Figure 14. DSC endotherms recorded after segregation of ettieme copolymers. PE-HD is used as

reference sample (bottom curve). Samples from bottwtop are ethene copolymers with HD, OD, and

MOD, respectivelyl(l )

The lamellar thickness distributions were narrow tfte HD copolymers and broader
for the OD and MOD copolymers. Endotherms with salv@eaks also indicated a

distribution of the comonomer along the chain f& énd MOD.

2.3.2 Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMTA) is ayaseful tool for characterizing
relaxations in both amorphous and semicrystalliopotymers. The influence of
structure and morphology on the dynamic mechatiebhvior of polyethenes has been
discussed in a number of publicatighd®041061101 AR ynderstanding of the
principles involved is of value in predicting thesponse of these polymers in product

applications. The most interesting transitions Seethe DMTA curves of polyethenes
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are thea- and p-transitions. Thex-peak observed between +20 and 70 °C is highly
sensitive to thermal history and is attributed t@mmges in crystalline phase. Tpe
relaxation occurs between about +20 and —40 °Crakpg on the type of polyethene

and is ascribed to branched structteStudies> %1%

on ethena&l-olefin copolymers
prepared with coordination catalysts have demotesira steady decrease of tBe
relaxation temperature with increasing comonomeoiiporation. Simultaneously, the
relaxation intensity, as measured by tanpeak height, steadily increases with
amorphous content. Thus, DMTA technique should besitive to the structural

heterogeneity of the copolymers of this study.

A study of storage modulus, t&ncurves, an@-relaxations obtained by DMTAII( )
supported the information obtained from segregdtfiactionation (and NMR), namely,
that there is a significant difference betweenitiearporations of ODs and HD in the
polyethene chain with G@rCl, metallocene catalyst. The octadiene copolymers
showed branched structure, whereas the HD copolymere linear. Linear in this case
means that HD is incorporated in polyethene asriieenbered rings. These rings are so
small that they do not disturb the crystallizati@i polyethene. Ethene/diene
copolymers with lower comonomer contents showeddrigstorage modulus, which

means greater stiffness and flexural modulus optbeuct:**

2.4 Modification of melt rheological behavior of pdyethene

2.4.2 Long-chain branching in ethen&l,w-diene copolymers

Polyolefins produced with metallocene catalysts @freiniform structure because the
catalyst has a single active site. Narrow molar gndistribution is a disadvantage,
however, when it comes to processing of the matdrikoducing a small amount of
long-chain branching offers one solution to thiskpgem. In fact, long-chain branched
metallocene polyolefins have remarkable propertgsce they combine the good
mechanical properties of polyolefins with narrow N (M/M,=2) and the easy

processability of branched polyolefii$*** The main feature of long-chain branches is
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that, contrary to short-chain branches, they imerpelymer viscoelastic properties and
processability without compromising mechanical emies of the polymer:>**®Long
branches can be defined as having about the samensglions as the main chain. It is
clear, however, that even branches much shorter tthia will affect the properties of

the polymer.

Long-chain branching in metallocene-catalyzed ezheomopolymers is suggested to
arise from the in situ copolymerization of ethene and vinyl-terminated
macromonomer5>1"1%The probability of macromonomer incorporationrisreased
with catalysts that have a high selectivity towairtyl termination and a good ability to
incorporate 1-olefins into the polyethene chaine Tirst example of a single-site
catalyst capable of producing LGB situ was the constrained-geometry catalyst (CGC)
12118121 ater on, more hindered dicyclopentadienyl catalys.g. CgZrCl./MAO?*

§91,1l7,122,125—127were

124 as well as Et[IndZrCl/MAO and otheransa metallocene
successfully used for production of LCB polyetherBoth supportef® and
homogeneous metallocene catal{t¥*can be employed. Metallocenes produce LCB

polyethene in gas-pha&g,slurry**"*?*and solution systent§®

The disadvantage dh situ formation of long-chain branches is that only aakm
amount of LCB can be incorporated. An interestirmywo promote the formation of
LCB (IV) ***%1%s to copolymerize nonconjugatedw-dienes into the polyolefin
chain. Even a lown,w-diene content may facilitate LCB formation by ieasing the
vinyl bond content or by compensating for the loBsherent vinyl end-groups due to
the chain transfer to hydrogen or aluminum as chammination reaction. Ethene
copolymerization with am,w-diene comonomer in the presence of hydrogen mas th
provide an effective way to control both the maiaass and branching. In addition to
lineara-w-dienes, cyclic endomethyl-type dienes are amoasgetltienes that are easily

polymerized with coordination cataly$t:**°

When LCB is desired, conjugated dienes and dianadich essentially only one of the

double bonds is available for coordination polyrnation are excluded. These may be
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useful instead in the preparation of resins wherés idesirable to have residual
unsaturation in the polymer, and where the diemefembly have one double bond that

is relatively unreactive under the polymer synthesinditions->*

The presentlyprepared ethene/diene copolymelg, (V) were assumed to consist of
both short-chain branched species (ring structanels1-butenyl or 1-hexenyl branches)
and long-chain branched species (two polymer cl@insected via the double bonds of
a diene comonomer). Some polymer chains were obdety contain branches-on-
branches structures. Furthermore, owing to theawndature of the branch formation,
branches consisted of different arm lengtfi€. NMR measurements of the ethene/HD
and ethene/OD copolymers could not provide unandigwsupport for the presence of
three- or four-arm structures because peaks wezdapping with those of short diene

branches.

2.4.2 Melt rheological properties of ethener,w-diene copolymers

The length of a branch rather than the number ofsanas the greatest influence on
rheological behavior of branched polyethene, asdosity has been found to increase
exponentially with M, and arm length®**** Hence, at, metallocene homopolyethenes
and ethene/diene copolymers with low branching extst should have similar melt
rheological properties. Significant deviation mag bxpected with high branching

content, as more complex, branch-on-branch strestare likely to be present.

In rheology, side branches are considered to kg \Wwiren they are long enough to form
entanglements of their own. Chain length long ehouwg influence rheology is
considered to be two to three timeg Which is the chain length for entanglements. M
for polyethene is 1300 g/m&f> which means that branches longer than 250 carbon

atoms should significantly influence rheologicahaeior.
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Rheological parameters respond to changes in thecolar structure in different ways:
1) complex viscosityr(*) is influenced by the M and LCB, 2) dynamic melt elasticity
(storage modulus (G’) vs. loss modulus (G”) by/M, and LCB, and 3) flow activation
energy (E) solely by LCB'""*?"13|n ethene polymers (with low amounts of linear
comonomer), the flow activation energy,|Es sensitive to the presence of long-chain
branches, growing with increasing content of inseeh length of the long
branches®***" Thus an Arrhenius-type flow activation energy & 59 kJ/mol was
obtained for long-chain branched PE-LD, and 28 kltime linear PE-HD sample.

Differences in the structures of the studied etfdiere copolymers (cycles, short
branches, LCB)I{V) were reflected in the melt rheological behavibthe copolymers.
To investigate the effect of the ring structureethene/HD copolymers on the polymer
melt flow behavior, the study was made of the dyicarheological properties of
ethene/HD copolymers prepared with ,ZfCI,/MAO.(IV). An increasing content of
ring structures in polyethene chain increased tiearssensitivity in the same manner as
do high molar masses. The copolymer with ca. 10-¥dHD incorporated clearly
showed the yield behavior of a crosslinked mateti@lB seemed to mask effectively

the effect of ring structures.

Figure 15A shows thg* of selected samples from copolymerization of athand HD
carried out with Hind],ZrCl, as a function of the oscillation frequency) (and
illustrates the relationship between the measngreat low shear rate and the calculated

value of zero-shear viscosityd) (V).
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Figure 15. The complex viscositynf)curves of ethene/HD and ethene/OD copolymersgiSipoints
shown at the left side of the graphs are calculgieslalues corresponding to the SEC-baseg avid
assuming the linear structure. The increasing wmhifee between the calculated and measured values
suggests an increasing amount of branching. (data ¥). A) The n*-curves of ethene/HD obtained
with different HD concentrations and catalyst EdyZrCl, B) The n* of ethene/OD copolymers
produced with Et[IngHfCl, or (n-BuCp)ZrCls.

The no has been calculated from the,Mata obtained by SEC with the equatip=
3.4x10"°xM,*® [Paxs] provided by Rajuet al!®*® The equation is based on the
correlation between the Mand no of linear very narrow M/M, polyethenes. A
difference between the calculated and measureedsauggests the presence of LCB.
Figure 15A shows a clearly increasing differencevieenn* andno with the increasing
double bond content in the copolymer. The measuy&0.02 rad/s) value of the
Et[Ind].ZrCl,/MAO-catalyzed homopolymer was slightly higher thexpected, but the
measured1*(0.02 rad/s) values of the diene copolymers webetad 140 times higher

than the calculated values.

The flow activation energy ¢eof both CpZrCl, (IV) and Et[Ind}ZrCl, (V) ethene/HD

copolymers increased (up to 55 kJ/mol) with thendieontent indicating the presence
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of significant amounts of LCB. The,Rvas also found to depend om too, which is
typical for polyethene containing LCB®'* Linear polyethenes have, Ealues less
than 30 kJ/mot®***°Short-chain branching (SCB) also has some inflaencthe value
of E,'*° and ethene/l-olefin copolymers may havevElues from 30 to 40 kJ/mol
depending on the comonomer content. However, samadlunts of SCB have not been

127

found to increase the value of the storage mod@uis -’ The copolymers studied here

had clearly elevated G’ values, indicating gnesence of LCB structures.

It was found in ethene/HD copolymerizations witHI&d],ZrCl, (V) that when the
ethene pressure (concentration) was decreasecelatiog occurred even at high diene
content. Most likely this was due to the reduceadémcy for vinyl bond formation,
which decreased the probability of LCB formatioteTcomplex rheological behavior
of the copolymers witk100% ring formation selectivity is partly explainby the fact
that Et[IndpZrCl, at low ethene concentration is capable of produti@B without the

comonomer?2

The introduction of a low double bond content vieD Oncorporation to (n-
BuCp)ZrCl,-catalyzed polyethenes had a modest impact onhitb@agical properties
(V). In contrast, the rheological properties of EdkifCl,-catalyzed copolymers were
significantly altered even at much lower double d@ontent, indicating higher LCB
content. Figure 15 B showg as a function of the oscillation frequenay)( Then* vs.
No of the polymers increased slightly with the di@oatent when (n-BuCpJrCl, was
used as catalyst, but the increase was dramati&tford],HfCl,-catalyzed polymers.
The Et[Ind}LHfCl,-catalyzed copolymers also had very high ¥alues. The (n-
BuCp)ZrCl,-catalyzed homopolymer had ayf value at low w very close to that
expected for linear polymers of this,MWith this catalyst only the copolymer with
high diene content exhibit slightly elevater#(0.02 rad/s) value relative to that
expected on the basis of its,MAlthough the Evalue of 33 kJ/mol obtained for the (n-
BuCp)ZrCl,-catalyzed copolymer may result from a very smatloant of LCB the

presence of LCB cannot be unambiguously shown Isecalithe presence of SCB.
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Since the boundary between LCB and crosslinkirgused and control of the structure

is important, LCB has been studied theoreticallyvad. Both the population balance

model using the method of momefitsand the polynominal approximation method
using lading moments of the distributiried to the conclusion that increasing diene
content and polymerization time increases the LGBtent of these polymers up to the
point where gel formation is apparent.
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3 FUNCTIONALIZED ETHENE/DIENE COPOLYMERS
3.1 Post-polymerization functionalization of ethen&liene copolymers

The lack of functional groups in polyethene resstrids compatibility with many
materials. Achieving satisfactory adhesion betwpelyethene and various substrates
(e.g. paints) usually requires surface pretreatnoénthe polyethene. An alternative
approach is the production of functional polyetlseresther by direct polymerization or
by post-polymerization modification of appropriatepolymers of polyethene. The
copolymerization of ethene andl,w-dienes is of considerable commercial interest
because of the possibility of producing distinctlypeer products, including the
formation of side chains with terminal unsaturatialhowing the further introduction of

functional groups.

The possibility of using copolymers of ethene andaonjugated dienes prepared with
metallocene catalysts for post-polymerization fioralization was noted in Section
1.2.

3.1.1 Chemical modification of unsaturations in etene/diene copolymers

Post-functionalized polyethene in this work meatisere/diene copolymers that are
functionalized after the polymerization reacticself. The reactions were carried out in

solution **4

VI). The poor solubility of polyethene forced us &ethigh temperatures
(just below the boiling temperature of reagentsjother possibility would have been to
carry out the reactions in molten polymer withoalvents, but even in this case the

temperature is above 150 °C.

The availability of unsaturations in polyolefinsnche exploited in reactions such as
hydrosilylation, hydroboration, or epoxidation. Yars functionalities have been
obtained by applying simple organic chemistry tengi copolymers of polyethene. Both

straight chained (symmetrical and unsymmetrical) awclic dienes are appropriate
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comonomers for ethene where the aim is to produnetibnalized polyethenes via the
post-functionalization method. Yanjargpeompiled the following list of dienes that
have been used in functionalization of polyolefins:
* Symmetrical dienes(1,3-butadiene, HD, OD, DD)
» Bicyclic dienes(2,5-norbornadiene (NBD))
e Unsymmetrical dienes(VCH, 6-phenyl-1,5-hexadiene, MOB(+)-5,7-
dimethyl-1,6-octadiene (isocitrollene), VNB, ENB¢ytlopentadiene, 1,4-

hexadiene)

Table 3 shows the functionalities that have beeserbed into polyethenes

copolymerized with dienes using metallocene catslys

Table 3. Functionalities inserted into ethene/diene cop@grby post-polymerization functionalization.

diene Reaction Final functionality Reference

1,4-HD hydroboration -By, -OH, -NH,, -OSi(CH)3 21,27

VCH hydroboration OH 29

DCP epoxy 25

ENB hydroboration -OH, -NK -COOH, -I, Br, - 144
OSil(OH)

DMO hydrochlorination | phenol 35

There is also an example where polyethene contininsaturations was first
hydroxylated and then treated with n-BuLi in ortdemake graft copolymerization with
g-caprolactone possibfé.In some cases, crosslinking of the material iseairdd
reaction. Peroxide crosslinking is effective bufffidilt to control when total

crosslinking is not desired.

In this work, ethene/OD copolymers containing 1 +folof OD were post-

polymerization functionalized by epoxidation andifosilylation reactions.
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3.1.2 Epoxidation of ethene/1,7-octadiene copolymer

Blending of thermoplastics is a useful and reldyivast-effective way to produce new
materials with desired property combinations. Plaffos are characterized by good
moisture stability, good processability, and lovstcdngineering plastics, on the other
hand, have good thermal and mechanical propertiesvever, most thermoplastic
blends of polyolefins and engineering plastics eneniscible and exhibit unstable
morphology and poor interfacial adhesion, and infemechanical properties as a

consequence.

Blends of polyolefins and PBT (polybutene tereplated offer an interesting
combination of properties for applications in tHec#&ronics industry. Compatibilizers
that contain epoxy groups have shown potentiahaseé blends. Epoxy functionality
cannot be polymerized into polyolefins even withtaiecenes, but post-polymerization
functionalization of ethene/diene copolymers offeas indirect route to their
preparation.

In this work#?

epoxidation of ethene/OD copolymer was first perfed in chloroform
suspension (at RT), but the conversion did notatsave 50 % even at reaction times up
to 70 h. Nearly 100 % conversion of vinyl bondsefmoxy groups was later achieved
with toluene as solvent (3h, 70 °C). These resollgcate the importance of solubility
of the polymer material. The higher temperatureguired for total dissolution of
polyethene could not be used due to the heat skiysibf epoxidation reagents.
Characterization of the structure of the copolymeas carried out by'H NMR

technique (Figure 16?2
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Figure 16.*H NMR spectra of an epoxidized ethene/1,7-octad@polymer. Shifts are in pph#® The
spectra were recorded with Varian Gemini 2000XL N&ectrometer (300 Hz, at 125 °C, in deuterated

toluene.

3.1.3 Silane-functionalization of ethene/1,7-octagine copolymer

In this work, several silane functional polyethemesse prepared via a hydrosilylation
reaction {1). Ethene/OD copolymer was prepared using metai®amtalyst system
Et[Ind].ZrCl,/MAO and post-treated into silicon-containing pdahene (PE-co-SiX,

X=Cl, OEt, Ph) via hydrosilylation (in toluene ab@ °C) (see Figure 17). The
hydrosilylation reaction of ethene/OD copolymersswaarried out in extremely dry
conditions, as the chloro- and ethoxysilane groaps still moisture-sensitive after
hydrosilylation, and moisture could lead to cradshg of the copolymer. The

hydrosilylation reactions were successfully carriedt with dimethylethoxysilane,
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chlorodimethylsilane, and phenyldimethylsilane, @ntbtal conversion of vinyl bonds

to different Si-functionalities was achieved.

metallocene / MAO

n*H,C=CH, + m ’HZC—\’\K
=CH,

CH,

X = Cl, OCH,CH,, Ph

Figure 17. Functional polyethenes prepared via dsitilation reaction¥!)

The properties of the ethene/diene copolymer wdightly altered during the
hydrosilylation. This can be seen in the DSC mesments, as the area of thicker
lamellae was diminished. SEC measurements showedwder at the high molar mass

end of the curve, which was an indication of cleitension.Y)

3.2 Functionalized ethene/diene copolymers in comgites

3.2.1 Overcoming incompatibility of polypropene corposites

New materials can be created by adding fillers tdyglefins or by blending two
different polymers. However, homogeneity of theusture is essential to creating

synergistic properties in these multiphase material

The challenge, especially for polyolefins, is toemome the poor adhesion and
chemical incompatibility of the components, whigcheywise result in poorly dispersed
and attached phases. The technology created te gwge problems employs additives,

modifiers, and compatibilizers, which facilitateettiunctioning together of poorly
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compatible components of a composite or blend ao ttiey act as a single material

with precise properties.

Polyolefins modified by the introduction of polarogps have significant potential as
modifiers and blending agents in composite appboat The most widely used
commercial compatibilizers are copolymers of padfinls, or elastomers with maleic
anhydride (MAH), epoxy, or carboxyl functionalityFunctionalized polyolefins

obtained with metallocene catalysts have succdgdiabn used as modifiers in various
polymer blends and composités“°As an example, in an earlier study of our grafip

polyethene-based halosilane and alkoxysilane-fanatized polymers were found to be
highly effective adhesion promoters in polyetheasdd composites leading to
improvements in mechanical properties. Interactwas even found between less

reactive phenylsilane-functionalized polyethene fillet.

Impact strength appears to be the weakest linkénotherwise competitive properties
of polypropene. Major challenges are encounteredti@mpts to improve the impact
strength. Thus, when rubber toughening is useahamce impact strength the stiffness
of the material decreases and fillers that imprsti#iness is added, the polypropene
(PP) matrix loses its impact strength.

Methods to increase stiffness and toughness sinmadissly have generated much
interest. A balance between these mechanical giepés often sought by simultaneous
addition of filler and elastomer to the PP matwikere the final morphology defines the
mechanical properties. Functionalized polypropea lbeen used as modifier to attach
the filler to the PP matrix, preventing the fillétom dispersing into the rubbery
phase®® The so-called core-shell structure is often coergid a requirement for
increased toughness in these ternary compdsit€@ore-shell structure can be obtained
by addition of a functionalized rubbery phase EBR-g-MAH (ethene/propene rubber
grafted with maleic anhydride). As an extensionhefidea of a core-shell structure, the
toughness of a composite might be correlated With ihteraction achieved between
filler and matrix. Recent studies have shown tikgré can act as toughening agents in
the polypropene matrit 15416
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The increase in impact resistance after additiosutfmicron-size filler particles (<1
pm) to the PP matrix is usually explained by theasation of the filler from the matrix.
Instead of crazing, the small cavities that arenft allow shear yielding to take place,
after which the voids act like rubber particles #mel fracture mechanism changes from
brittle to ductile. With this explanation, the iease in toughness would be lost if the

shear yielding or debonding was prevented.

In addition to filler/matrix interaction, the sizehape, and quality of the filler and the
microstructure of the matrix at the boundary layleesween different phases can all
influence the toughness of compositgs>>'*" Basically, the crucial factors
determining toughness are the prevailing micromeicah energy-consuming

deformation process and the volume of this defaonat

3.2.2 Silane-functionalized ethene/1,7-octadienepmymer in PP/elastomeriiSi

composite

Increased stiffness of heterophasic polypropen®)w#thout loss of toughness can be
generated by blending in submicron-size silicaefdl (1Si). The achieved increase in
toughness is sensitive and easily lost, howevgr,at.temperatures below; of PP. In
this work, silane functionalized modifiers (PE-c¢SX=CI, OEt, Ph, F) were applied
to these composites to alter the morphology ardl dinvay to increase impact strength
of hPP especially at lower temperatures. Glycidyéoegy/late-grafted polyethene (PE-

co-GMA) was used as a referendg )

The mechanical properties of the hfH/ composites varied with on the
compositionyl). In a SEM study, the toughness was found mamiyorrelate with the
dominating fracture behavior of the composite, #mee different mechanisms were
observed to operate during the impact (Figure A8%chematic presentation of crack
propagation in brittle (hPP), ductile (hRESt), and semibrittle (hPR:Si+modifier)

fracture mechanisms is shown in Scheme 4. SEM miaphs of the composites can be
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seen in Figure 18, and the mechanical propertieseldfcted samples are collected in
Table 5.

Impact =, % ® — :

J oy //’ e
/ /,o o L TRsy
[ AV YWAN-:: 1N ~_ i

Scheme 4Schematic presentation of the crack propagatidirittie (A), ductile (B), and semibrittle (C)
fracture mechanisms. Top view, the notch is onrigkt side and the impact comes from the left. The

rubbery phase is gridded. The filler particlesramoved for clarity¥I)

The fracture mechanism in hPP is a brittle one. Theck proceeds linearly and
smoothly in the PP matrix before striking the rubparticles, and then continues by
winding around them via the rubber/matrix intergh&Scheme 4 A; Figure 18 SEM
micrograph A). The addition of 30 wt-4Si to hPP changed the fracture mechanism to
ductile. In the ductile fracture mechanism the kramceeds mainly in the hPP matrix,
avoiding the rubber and rubber/matrix interphasehéghe 4 B; Figure 18 SEM
micrograph B). The long route of the propagatingckris seen as a rough fracture
surface. However, the fracture mechanism of thiB/h® composite was again brittle
when the temperature was beloy df hPP, and the toughness decreased below the
value of plain hPP (Table 5, Run 2 vs. Run 1).

The demonstratédf usefulness of the core-shell structure encouragetb study the
capability of our Si-functionalized PE in movingetlfiller into the rubbery phase of
hPP. Use of Si-functionalized PE as a modifier aaid 2 wt-%) changed the fracture
mechanism to somewhere between brittle and dudtiléhis case the fracture surface
was smooth, as in brittle fracture, but the craels wow able to pass through the rubber
particles rather than winding around via the rubhbatrix interphase (Scheme 4 C;
Figure 18 SEM micrograph C). The ability of the lbeby phase to carry a larger

amount of the impact energy than the rubber/matri@rphase was exploited in this
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“semibrittle” mechanism. This led to higher impattength of our hPRSi composite
compared to the unfilled hPP, also below -20°C (&b Run 1 vs. Run 5).

Figure 18. SEM micrographs (*10 000) of the fracture fieldsamples fractured at ambient temperature.
hPP (A);hPPLSi (B); hPPASI + 2 wt-% of PE-co-GMA (C). The rubber phase besn leached away with
xylene. (data fron¥I)

Table 5. Tensile properties and toughness of pP/composites (with and without modifiers). The
values of modulus and vyield strain are results vdtbw speed 1 mm/min. Toughness of hPP and
hPP/uSi composites was measured above and below & HP. Impact strength values are for notched

specimens. (data forivil )

Impact Impact

Run Composite Modulus Yield Strain strength strength
MPa % at 25 °C, k/rh | at -20 °C, kd/rh
1 hPP 770+ 20 9922 116+1.6 6.0+x04
2 +30 wt%puSi 1090+ 30 46+0.1 38441 46+0.2

hPP+30 wt-% uSi

+2.0wt% PE-co-GMA 710+ 20 13.8+04 20.6 £ 0.8 7%0.6

4 +2.0wt% PE-co-SiOEt 890 + 30 7.8+0.1 155+2.2 .14#70.3

+2.0wt% PE-co-SiF 960 + 30 74+0.1 17.8+3.7 A7

The SEM micrographs show that the filler partickesre effectively dispersed in the
rubbery phase. A large concentration of filler jdes in the rubbery phase fulfills the
requirement for a semibrittle fracture mechanismnliké the ductile fracture

mechanism, the semibrittle one is maintained at 220 and the toughness of the
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composite is higher than that of hPP. Commerciat®EMA increased the toughness
most, but it also resulted in loss of the stiffnashieved through the addition p§i.
When PE-co-SiOEt or PE-co-SiF was the modifier, aginthe same increase in
toughness was achieved as with the commercial PGMA, but now with only a
moderate decrease in the stiffness (e.g. Run Bws.5). This can be explained by the
more controlled and rigid structure of polyethemeade with metallocenes. After
reaction of the modifier with the filler, the alyliof the filler to act as stiffening agent

was largely maintained.
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4 CONCLUSIONS

The following conclusions can be drawn from thedsta described in this summary and
in publicationd-VI :

Nonconjugatedx,w-dienes can effectively be copolymerized by metaie catalysts.

Used as comonomers these dienes induce a widetywafienteresting structures in
polyethene; even the rheological properties canmuwelified. The structure of the
copolymers can be tailored through choice of diemetallocene catalyst, and
polymerization conditions. Linear nonconjugated ndi& can be incorporated as
branches or cyclic structures. A catalyst with gagodhonomer response readily forms
long-chain branched structures via intermoleculanding even at lowa,w-diene

content. The amount of vinyl bonds inducedoyp-diene addition can be controlled by
the monomer concentration and ring formation siliégt Polymerization temperature

plays an important role in controlling crosslinkimgcopolymerization.

The rheological behavior of the ethamesdiene copolymers studied in this work is
similar to that of metallocene-catalyzed LCB homgpthenes. An increasing vinyl
content leads to the formation of branches-on-brascstructures and eventually to
crosslinking. The rheological parameters (dynanscasity (1*), storage modulus vs.
loss modulus, and gel strength) together with thgMM can be used to evaluate the
degree of branching. The difference betwe&gnand o and the increased activation
energy (E) values with the increasing double bond contenthim copolymer clearly
point to the existence of LCB in both ethene/1,%dutene and ethene/1,7-octadiene

copolymers.

The unreacted vinyl bonds of ethene/diene copolgroan effectively be used for post-
polymerization functionalization of the material byethods of conventional organic
chemistry. This is important, since many functiated are difficult if not impossible to

insert into polyolefins in coordination catalyzedlymerizations and even reactive
extrusion has its limitations. In epoxidation réawctof ethene/1,7-octadiene copolymer,

70% conversion was achieved. The hydrosilylatioetbene/1,7-octadiene copolymers
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to polyethenes containing reactive silane functitiea (PE-co-SiX, X=ClI, OEt, Ph), in

turn, was be carried out with 100% conversion af/igroups.

Si-functionalized polyethenes were applied as é&ffec modifiers in hPRYSI
composites. Just 0.5-2 wt-% of copolymer containingnol-% of functional group
effected notable changes in properties of theseposites. The Si-functionalized
polyethenes were able to interact with the filledaransfer part of the filler to the
rubbery phase of heterophasic polypropene. Thigigeed an effective way to guide a
propagating crack into the rubbery phase insteadtsofgoing around via the PP
matrix/rubber interlayer and significant improvernevas achieved in the toughness
compared with that of unfilled hPP, below thg df PP as well as at ambient
temperature. Addition of this functional PE gradedm it possible to maintain the
stiffness as well.
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