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Abstract

Ethylene was copolymerized with linear, non-conjugated dienes by the metallocene catalyst system Cp2ZrCl2/

MAO at several temperatures from 20 to 808C. The dienes were 1,5-hexadiene (HD), 1,7-octadiene (OD) and 7-
methyl-1,6-octadiene (MOD). Incorporation of the dienes was studied by 1H and 13C NMR and FTIR.
Polymerization conditions had a dramatic e�ect on the degree of crosslinking of the product. At polymerization

temperatures from 20 to 658C the copolymers of ethylene and HD or OD were nearly totally crosslinked, whereas
at 808C the degree of crosslinking was consistently under 10%. When MOD was used as comonomer the degree of
crosslinking did not increase above 40% even for copolymer produced at 208C. # 1999 Elsevier Science Ltd. All

rights reserved.

1. Introduction

Metallocene catalysts have proven to be e�ective in

ole®n as well as diene copolymerizations. Although the

copolymerization of ole®ns with dienes has been stu-

died with heterogeneous catalysts, little work has been

reported on the copolymerization of ole®ns with non-

conjugated dienes initiated by homogeneous metallo-

cene catalysts.

The diversity of possible structures in ethylene/diene

copolymers provides an interesting ®eld for study.

Unsaturated polyethylene would be a useful intermedi-

ate in the production of functionalized [1±3] or vulca-

nized polymers. In addition, ring structures might

change the rheology of the polymer in a favorable

manner in regard to processability. Rings can be cre-

ated in polyethylene chain by copolymerizing the ethyl-

ene with cycloalkenes [4±6], norbornenes [7,8] or linear

dienes such as 1,3-butadiene [9,10] or 1,5-hexadiene

(HD) [11±16]. Of particular interest is the capability of

HD to produce ®ve-member (cyclopentane) rings in

the polyethylene chain. The crosslinking of the copoly-

mer is still a severe problem in the case of a-ole®n
copolymerization with linear, non-conjugated dienes.

The material is processable only if the degree of cross-

linking is under 2%.

Polymerization temperature has a marked e�ect on

the structure of the polymer and the e�ect varies with

the reactivity and solubility of the monomer, the cata-

lyst activity and the rate of mass transfer reactions.

The present work was carried out to clarify the tem-

perature dependencies of the reactions of ethylene and

non-conjugated dienes: 1,5-hexadiene, 1,7-octadiene

(OD) and 7-methyl-1,6-octadiene (MOD).

Polymerizations were conducted at several tempera-
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tures between 20 and 808C in the presence of the
metallocene catalytic system dicyclopentadienyl zirco-

nium dichloride/methylaluminoxane (Cp2ZrCl2/MAO).
Molecular modeling was carried out to study the prob-
ability of ring formation of the dienes. In this paper,

we report on the degree of crosslinking, diene content,
melt temperature and crystallinity and the structure of
the copolymer as determined by NMR. Results are

compared with those reported [17] earlier for a polym-
erization temperature of 908C.

2. Experimental

2.1. Apparatus and polymerization method

Copolymerizations were performed in a 0.5-dm3

stainless steel reactor at ethylene pressure 2.5 bar at
several temperatures between 20 and 808C. A propel-

ler-like stirrer was used at 550 rpm to stir the reaction
mixture. The evacuated and N2-purged reactor was
®lled with 0.25 dm3 n-heptane and heated to polym-
erization temperature. After this, diene was injected

and cocatalyst (MAO) was pumped to the reactor. The
Al/Zr mole ratio was 2000 in most of the polymeriz-
ations but 4000 where diene concentration was greater

than 0.4 mol/dm3. No hydrogen was used. Feeding of
ethylene was then begun and pressure was regulated to
the desired level. Once equilibrium in ethylene dissol-

ution was reached, the catalyst solution (5 mg/cm3 of
Cp2ZrCl2 in toluene) corresponding to 1 mg of the cat-
alyst was pumped to the reactor to start the polymeriz-

ation. The ethylene pressure inside the reactor was
maintained constant. Reactor temperature was con-
trolled automatically with a Lauda R400 thermostat
connected to a Pt-100 thermocouple. Accuracies of

pressure and temperature control were 20.1 bar and
20.58C , respectively. After 15 min polymerization, the
ethylene feed was stopped and the reactor was

degassed. The polymer solution was ®rst washed with
a solution of tech. methanol and conc. hydrochloric
acid (1 : 0.1) overnight and then with methanol alone

for an additional 3 h. The unreacted diene was washed
out of the polymer in three consecutive extractions
with pentane (100 ml/10 g sample). The polymer was
dried in vacuum at 708C for 1 hour.

2.2. Chemicals

Ethylene was grade 3.5 (from AGA). It was further
puri®ed just before feeding to the reactor by conduc-
tion through columns containing molecular sieves, Cu

and Al2O3. Heptane was grade RG from JT Baker and
toluene was grade RG from Riedel-de HaÈ en. Liquid
hydrocarbons were puri®ed by making them ¯ow

through three columns ®lled with molecular sieves (4
AÊ ), Cu and Al2O3.

1,5-hexadiene (95%) and 1,7-octadiene (98%) were
from Aldrich and 7-methyl-1,6-octadiene (97.3%) was
from Shell. Dienes were puri®ed with molecular sieves

in their storage ¯asks.
The catalyst was soluble metallocene biscyclopenta-

dienyl zirconium dichloride (Cp2ZrCl2) from Witco

and the cocatalyst 10 wt% methylaluminoxane (MAO)
in toluene from Schering.

2.3. Analysis

Melt temperatures of the product were determined

by Polymer Laboratories DSC. The temperature range
used was 0±1658C and melting as well as cooling were
carried out at 108C/min. The results from the second

melting were recorded. The crystallinities were deter-
mined by using value 290 J/g for the heat of fusion of
a 100% crystalline polyethylene.
NMR measurements were carried out with a Varian

GEMINI 2000 NMR spectrometer to determine the
amount of diene in the copolymer product. The sample
was dissolved in deuterated tetrachloroethane.

Measurements were carried out at 1258C.
A Nicolet FTIR (Magna-IR 750) was used for the

determination of unsaturations in the copolymers.

Measurements were carried out on 0.5 mm thick
sample plates compressed at 2008C. Double bond con-
centrations per 1000 carbon atoms were calculated

according to Haslam et al. [18]
The degree of crosslinking was determined by deca-

line extraction based on ASTM standard D-2765-84
[19]. Samples were weighed into bags of brass net (100

mesh) and extracted in a Soxhlet apparatus for 6 h
and dried in vacuum at 1508C for 30 min.
A Waters 150-C ALC GPC instrument was used to

determine the molar mass and the molar mass distri-
bution of the samples. The instrument was equipped
with PL-gel columns of particle sizes 10ÿ3, 10ÿ5 and

10ÿ6 AÊ . The solvent was 1,2,4-trichlorobenzene, fed at
a ¯ow rate of 1.0 cm3/min at 1408C. Narrow molar
mass polystyrene standards were used for calibration.
The conformational analyses in this work were per-

formed with high-temperature molecular dynamics
(MD) using the Discover 95.0/3.0.0 program by MSI
[20]. The pc� ®eld was used in all the molecular mech-

anics (MM) and dynamics calculations. The graphical
displays were printed out from the Insight II molecular
modeling system [21]. All the quantum chemical calcu-

lations were carried out with the DMol version 95.0
[22] using the B-LYP functional [23,24] and DND
basis set.
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3. Results and discussion

Polymerizations and product characterizations are

presented in Tables 1±3. The characterization includes

the results of DSC (melt temperature, Tm and crystalli-

nity, Cryst) and GPC measurements (weight average

molar mass, Mw and polydispersity, Mw=Mn) and the

degree of crosslinking (Link).

As can be seen in Table 1, at temperatures lower

than 808C the activity of the catalyst tended to

increase with addition of HD to the reaction mixture.

A similar rate enhancement e�ect has been reported to

occur with 1,4-hexadiene as comonomer [25] and in

ethylene/a-ole®n copolymerizations [26±32]. At 808C
the reactivity seemed to be relatively independent of

the HD concentration in the reactor. In the cases of

Table 1

Polymerizations of ethylene and 1,5-hexadiene (HD) with the catalyst system Cp2ZrCl2/MAO and the characterization of the pro-

duct. Polymerizations were conducted in 250 cm3 heptane; ethylene pressure 2.5 bar; amount of catalyst 1 mg; Al/Zr molar ratio

2000 (4000 for [HD] > 0.4); polymerization time 15 min

Run Tpol (8C) HD (mol/dm3) Activity (kg pol/(mol Zr h)) Tm (8C) Crystallinity (%) Link (%) �Mw
a (g/mol) �Mw= �Mn

1 20 0.02 1.0 133 38 > 80 357,000 2.5

2 20 0.06 3.6 128 32 > 80 nd nd

3 50 0 2.6 137 35 < 0.2 356,000 2.2

4 50 0.005 2.6 130 27 29 432,000 2.4

5 50 0.02 4.3 129 32 45 421,000 2.8

6 50 0.06 4.2 129 35 > 80 315,000 3.4

7 50 0.36 7.1 107 26 < 80 nd nd

8 65 0 4.8 137 47 72 nd nd

9 65 0.02 5.0 132 39 51 nd nd

10 65 0.06 5.6 126 29 65 nd nd

11 80 0 7.8 135 55 < 0.2 70,000 2.5

12 80 0.002 7.8 141 60 0.8 71,000 2.6

13 80 0.02 10.0 134 46 1 100,000 2.7

14 80 0.06 7.0 130 47 0.8 60,000 3.0

15 80 0.36 6.7 110 40 0.9 27,000 5.8

16 80 0.73 6.2 99 27 < 0.2 27,000 3.0

a Measured of the soluble part of the sample.

Table 2

Polymerizations of ethylene and 1,7-octadiene (OD) with the catalyst system Cp2ZrCl2/MAO and the characterization of the pro-

duct. Polymerizations were conducted in 250 cm3 heptane; ethylene pressure 2.5 bar; amount of catalyst 1 mg; Al/Zr molar ratio

2000 (4000 for [MOD] > 0.4); polymerization time 15 min

Run Tpol (8C) OD (mol/dm3) Activity (kg pol/(mol Zr h)) Tm (8C) Crystallinity (%) Link (%) �Mw
a(gmol) �Mw= �Mn

17 20 0.01 0.9 131 37 > 80 nd nd

18 20 0.04 1.9 127 21 > 80 nd nd

19 20 0.003 3.2 131 31 > 80 nd nd

20 50 0.01 3.9 124 24 > 80 nd nd

21 50 0.03 2.4 125 29 > 80 nd nd

22 50 0.04 4.0 122 20 > 80 nd nd

23 65 0.01 4.5 126 30 > 80 nd nd

24 65 0.04 4.4 120 17 > 80 nd nd

25 65 0.14 3.0 1114 16 > 80 nd nd

26 80 0.01 3.3 129 44 9.3 19,000 4.8

27 80 0.04 6.4 118 40 10 32,000 4.0

28 80 0.08 4.0 113 33 10 33,000 3.1

29 80 0.27 4.5 102 18 0.4 17,000 6.3

30 80 0.68 4.4 nd nd 29 3500 2.2

a Measured of the soluble part of the sample.
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OD and MOD (Tables 2 and 3), there was no clear re-
sponse of catalyst activity to the diene concentration in
the reactor.

3.1. Diene incorporation

Diene incorporation into polyethylene chain was stu-
died by NMR techniques only for limited amounts of
sample because crosslinked copolymers are poorly sol-

uble. Additional information was obtained by FTIR
analysis. For crosslinked samples the decrease of melt
temperature and crystallinity of the product can be

taken as an indication of incorporation of dienes.
13C-NMR analysis showed that at 808C HD was in-

corporated into the polyethylene chain exclusively in
the form of cyclopentane structures attached at their 1

and 3 positions to the polymer backbone and about
24% of the rings were in cis conformer. The same was
the case for copolymers obtained at 908C [17]. HD-

containing samples prepared at temperatures lower
than 808C did not dissolve in deuterated tetrachlor-
ethane and could not be analyzed by NMR. However,

®lms for FTIR analysis could be compressed from
some of the crosslinked samples and the existence of
®ve-member rings could be seen in the spectra at wave-
numbers 875 and 945 cmÿ1, which are due to the oscil-

lations of CH2 groups of the ring. As expected, FTIR
revealed a tendency towards decreasing amount of
double bonds with decreasing polymerization tempera-

tures when the product was strongly crosslinked.
Comparison of ethylene/HD and ethylene/1-butene

[22] copolymers is of interest since both copolymers

contain a propyl branch, though in the case of HD
copolymer it is ®xed at both ends to the polyethylene
chain. Although the values reported for ethylene/1-

butene refer to polymerizations conducted under exper-
imental conditions that were neither identical with ours
nor optimized, it can be seen that branches disturb the

structure more than rings and the melt temperature
and molar mass of ethylene/1-butene copolymers were

lower than those of ethylene copolymers with HD.
OD is incorporated into the polyethylene as hexene

branches either as single branches or branch pairs, as
has been reported earlier in Ref. [17]. In theory it
would be possible for OD to form rings to polyethy-

lene chain, but this did not occur under our exper-
imental conditions. The ratio of single branches to

branch pairs increased from 0.25 to 1.25 when the OD
concentration in the reactor was increased from 0.08
to 0.27 mol/dm3.

Only the OD samples produced at 808C could be
analyzed by NMR, owing to poor solubility of the

copolymer. FTIR analysis was carried out on samples
for which ®lm could be obtained and the results

showed a signi®cant drop in the amount of free double
bonds as the temperature of polymerization decreased.
This is again in good accordance with the high degree

of crosslinking in these samples.
MOD forms 6-methyl-hexene branches in the poly-

ethylene chain as expected [17]. The branch structure
was the same at all temperatures at which determi-

nation was possible. FTIR did not provide any ad-
ditional information for the MOD-containing
copolymers because the absorbance of the end group

of the 6-methyl-hexene branch is overlapped by the
peak of the CH2 oscillation of the polyethylene chain

at 720 cmÿ1.
In order to clarify the formation of rings in ethyl-

ene/diene copolymers, we studied the structures of
HD, OD and MOD in combination with Cp2ZrCl2

Table 3

Polymerizations of ethylene and 7-methyl-1,6-octadiene (MOD) with the catalyst system Cp2ZrCl2/MAO and the characterization

of the product. Polymerizations were conducted in 250 cm3 heptane; ethylene pressure 2.5 bar; amount of catalyst 1 mg; Al/Zr

molar ratio 2000 (4000 for [MOD] > 0.4); polymerization time 15 min

Run Tpol

(8C)
MOD

(mol/dm3)

Activity

(kg pol (mol Zr h))

Tm

(8C)
Crystallinity

(%)

Link

(%)

�Mw
a

(g/mol)

�Mw= �Mn

31 20 0.12 0.6 122 42 41 20,000 2.2

32 20 0.48 1.4 104 21 9 49,000 3.3

33 50 0.04 1.9 128 35 0.9 115,000 2.5

34 50 0.12 5.0 115 35 4 51,000 2.1

35 50 0.24 3.3 114 25 5 40,000 2.2

36 50 0.48 2.7 105 22 4 15,000 1.9

37 80 0.04 4.0 124 40 8 36,000 2.1

38 80 0.12 3.5 116 37 8 8000 3.0

39 80 0.24 1.6 107 40 10 4300 2.1

40 80 0.48 2.9 93 17 6 7400 2.2

a Measured of the soluble part of the sample.
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Fig. 2. The conformer of 1-hexene with the shortest C2� � �C8

distance superimposed on the B-LYP/DND optimized struc-

ture of the p-complex Cp2ZrCH23(CH2.CH2)
+. The double

bond of 1-hexene is superimposed on the ethylene molecule in

the p-complex.

Fig. 1. Conformational analysis of 1-hexene. The distance is

the C2� � �C8 distance relevant for ring formation and the struc-

ture is that with the shortest C2� � �C8 distance.

catalyst by molecular modeling. Cavallo et al. [13] proposed the mechanism

for the ring formation reaction for HD. According to
this mechanism, the carbon atoms 2 and 6 in 1-hexene

have to come into proximity in order to make the ring
closure possible. In B-LYP/DND optimized structure
of the p-complex Cp2ZrCH3(CH2.CH2)

+ of the model

system for the ole®n insertion reaction of metallocene
catalyzed polymerization, the C� � �C distance of the
forming bond was 3.25 AÊ .

Two hundred and ®fty structures of 1-hexene were
generated using high temperature molecular dynamics
and subsequent energy minimization. In the energy

minimization the structures converged into a few dis-
tinct conformers. The conformational energy is dis-
played as a function of the C2� � �C6 distance in Fig. 1.
Energies of all conformers were 3.5 kcal/mol or less

above the global minimum and, thus, the conformers
are easily accessible, especially at elevated tempera-
tures. For one conformer, which is shown in Fig. 1,

the C2� � �C6 distance was 3.29 AÊ , i.e. close to the opti-
mum value, while the energy was 2.2 kcal/mol. When
this conformer was superimposed on the p-complex

(the double bond of the 1-hexene in the ethylene mol-
ecule in the p-complex), there was only a little hin-

drance. The shortest H� � �H and H� � �C distances are
2.03 and 2.5 AÊ , respectively. The superimposed struc-
tures are displayed in Fig. 2. The surfaces shown are

van der Waals surfaces of the relevant atoms. Because
of the ¯exibility of the p-complex of the catalyst, these
repulsions are easily reduced by minor adjustments of

the geometry of the p-complex.
Since the chains are longer, there are many more

conformers of OD and MOD than of HD. Fig. 3 and

Fig. 4 shows the C� � �C distance±energy graphs for 1-
octene and 1-methyl-2-octene, calculated in a similar
way as in Fig. 1 for 1-hexene. In 1-octene, the con-
formers having the relevant C2� � �C8 distance of about
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3.5 AÊ have energies about 5.5 kcal/mol higher than the
global minimum, which gives them a relatively low

population. When these conformers are superimposed

on the p-complex of the catalyst, there is some steric
hindrance. The shortest H� � �H and H� � �C distances,

(1.2±1.6 AÊ and 1.9±2.3 AÊ ) are much shorter than the

sum of the van der Waals radii of the atoms (hydrogen
1.22 AÊ and carbon 1.7 AÊ ). Owing to the ¯exibility of

the p-complex, the system can relax to relieve the

strain, but at the cost of increasing the energy in other

terms. The low population and the steric hindrance
make the ring formation reaction of the OD comono-

mer highly improbable. In 1-methyl-2-octene, there are

a few conformers in which the relevant C3� � �C8 dis-
tance is about 3.7 AÊ and these have energies 2±3 kcal/

mol higher than the global minimum. The ring for-

mation reaction is ruled out by severe steric hindrance,
however, as was seen by superimposing these confor-

mers on the p-complex of the catalyst.

The amounts of OD and MOD in the product (Fig.
4) could be calculated on the basis of unsaturations in

the product determined by 1H NMR, since every incor-
porated octadiene unit brings a double bond to the
polyethylene chain. The HD is exclusively incorporated

as ®ve-member (cyclopentane) rings, as noted in our
earlier study [17] and the amount of HD was deter-
mined therefore from 13C-NMR measurements. The

amounts of diene in the product were large enough
that the double bonds caused by the chain end reac-
tions in ethylene homopolymerization could be neg-

lected. At 808C, OD and MOD were better
incorporated into polyethylene chain than was HD.
Copolymers containing up to 7.7 mol% HD and
9.0 mol% OD were obtained at 808C.
For copolymers obtained at 808C, the conversion of

HD clearly decreased (from 50 to 2%) when diene con-
centration in the reactor was increased and the same

was true to a lesser extent for conversion of MOD
(from 9 to 2%). At polymerization temperature of
508C, however, the conversion of MOD was nearly

constant (at 2%). In ethylene/OD copolymerizations at
808C the conversion varied from 6 to 13%. The con-
version of diene monomers decreased sharply when the

temperature was decreased from 90 to 808C [17].
Evidently, ethylene concentration plays an important
role in diene incorporation. At lower temperatures the
reactivity of ethylene decreases more strongly than the

reactivity of dienes and ethylene is thus less likely to
react with another ethylene molecule than with diene.

3.2. Determination of copolymerization parameters

In general, reactivity ratios are calculated from the
13C-NMR spectra according to the method of Kagugo
et al. [33]. In the case of our ethylene/diene copoly-
mers, however, the required triad sequence distri-

butions could not be calculated from the NMR results
and instead, we used the Fineman±Ross equation [34]
to determine the reactivity ratios (see Table 4). The

reactivity ratios rE=rD were nearly one and independent
of the structure of the diene comonomer, which con-
®rmed the formation of random copolymers in all our
experiments.

3.3. Crosslinking

As can be seen in Tables 1 and 2, polymerization
temperature had a dramatic e�ect on the degree of
crosslinking in the HD- and OD-containing products.

For products containing HD or OD, even very small
amounts of diene in the reactor produced high degrees
of crosslinking at polymerization temperatures of 20

and 508C (Tables 1 and 2). This is again due to the
varying reactivity of the monomers with temperature.
Relative to that of dienes, the reactivity of ethylene is

Fig. 3. Conformational analysis of 1-octene (A) and 1-methyl-

2-octene (B). The C� � �C distances are the ones which are rel-

evant for the possible ring formation reaction; A: C2� � �C8 and

B: C3� � �C8. The structures are examples of those with short

relevant C� � �C distances.
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so low at these temperatures that the amount of diene

in the product is high enough to produce considerable
crosslinking. It also seemed that higher polymerization

temperatures favoured ring formation in HD-contain-

ing copolymers. This might be understood as follows:

a prerequisite for ring formation is that the free end of
the butene branch that is ®rst formed in the polyethy-

lene chain comes into proximity with the growing

chain and the probability of this happening is

increased at higher temperature.

For copolymers of OD polymerized at 508C the
crosslinking was nearly 100% for lowest diene contents

but decreased signi®cantly between diene concen-

trations of 0.04 and 0.27 mol/dm3. On the other hand,

in the copolymers containing HD, at the same polym-
erization temperature (508C), crosslinking remained at

100% for all levels of HD addition. Results for the

OD-containing copolymers produced at 658C were

about the same as for those produced at 508C: the
degree of crosslinking decreased from 90% to about

15% between OD concentrations of 0.01 and 0.14 mol/
dm3. At 808C, the degree of crosslinking was consist-

ently under 10% for both HD and OD copolymers
and at 908C it was less than 2% for all HD and OD
concentrations [17]. Increasing polymerization tem-
perature increases the reactivity of ethylene much more

than the reactivity of dienes, so that the probability of
the diene being polymerized from both ends, i.e. to be
crosslinked, decreases, even though the amount of

diene in the product increases.
When MOD was used as comonomer the degree of

crosslinking did not increase above 40% even for

copolymer produced at 208C (Table 3). This was as
expected, since the methyl group in MOD protects the
second double bond, which remains unreacted in the

polymerization. For all diene additions, the degree of
crosslinking in ethylene/MOD copolymers produced at
508C was less than 10% and at 808C it was almost
0%.

3.4. Molar mass

The e�ect of polymerization temperature on the
molar mass could only be measured for MOD copoly-
mers, since the other diene comonomers were cross-
linked at temperatures lower than 808C. Note, too,

that the molar masses reported should be considered
as indicative values since even at 808C there could be
some minor crosslinking. In general, increasing polym-

erization temperature decreases the molar mass of a
polymer. This can clearly be seen for our homopoly-
mer but even a small addition of MOD reduced the

molar mass to such a low level that no signi®cant
trends in the polymerization temperatures could be
observed. The molar masses of all the MOD-contain-

Table 4

The reactivity ratios for ethylene/diene copolymerization

determined using the Fineman±Ross equation (HD = 1,5-

hexadiene, OD = 1,7-octadiene, MOD = 7-methyl-1,6-octa-

diene)

Diene rE rD rE=rD

HDa 1.03 0.91 0.94

ODa 1.04 0.91 0.95

MODb 1.02 0.98 1.00

MODa 1.01 1.00 1.01

a Polymerization temperature 808C.
b Polymerization temperature 508C.

Fig. 4. The amount of diene in the ethylene copolymers as a function of diene concentration in the reactor. Polymerizations were

conducted with Cp2ZrCl2/MAO catalyst system in 250 cm3 heptane; ethylene pressure 2.5 bar; amount of catalyst 1 mg; Al/Zr

molar ratio 2000 (4000 for [MOD] > 0.4); polymerization time 15 min. HD = 1,5-hexadiene, OD = 1,7-octadiene, MOD = 7-

methyl-1,6-octadiene.
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ing copolymers obtained at 808C were below 10,000 g/
mol.

Increasing the comonomer concentration in the reac-
tion medium decreased the molar mass of the copoly-
mers, which underlines the role of comonomer in the

reduction of the ratio of chain propagation to chain
termination rate. Reasons for the reduction may be the
lower rate of comonomer insertion, enhanced chain

transfer to comonomer and more facile b-H elimin-
ation from the comonomer due to the tertiary nature
of its b-hydrogen atom [35].

Comparison of the e�ect of the di�erent dienes on
the molar mass of the copolymer showed that HD did
not decrease the molar mass as much as OD and
MOD did, particularly at high diene concentrations.

This is in agreement with the general observation that
shorter ole®ns decrease the molar mass less.
Furthermore, the ring formation reaction in the case

of HD, where the insertion of the ®rst double bond is
followed by the incorporation of a second for the same
monomer, decreased the chain propagation reaction

rate less than did the 1,2-insertion of either OD or
MOD.
In the case of ethylene/OD copolymers, polydisper-

sity increased dramatically when the diene content in
the product was increased at 808C. The polydispersities
varied from 2.5 (homopolyethylene) to 7 (9.0 mol%
OD in copolymer). At the same time, weight average

molar mass decreased from 117,000 g/mol to 3500 g/
mol. Molar mass distributions of ethylene/HD copoly-
mer samples ranged from 2.5 to 2.9 and those of ethyl-

ene/MOD from 2 to 3.5. In both cases the distribution
broadened with increasing polymerization temperature
and diene content of the copolymer.

The broadening of the molar mass distribution in
the case of OD is due to the relatively large diene con-
tents in copolymers with very low molar masses. MOD
copolymers also had low molar masses, but the

amount of diene incorporated was less (Fig. 4) and
therefore the e�ect on molar mass distribution was less
pronounced. The addition of HD comonomer did not

decrease the molar mass as much as octadienes did
and hence it had only minor e�ect on the molar mass
distribution.

3.5. Melt temperature and crystallinity

The thermal behavior of the ethylene/diene copoly-
mers was dependent on the polymerization temperature
and the level of incorporated diene. In our exper-

iments, the melt temperature was depressed with
increasing diene concentration in the reactor, as was
expected, since both melt temperature and crystallinity

of the copolymer decrease with the density of side
chain. This can be taken as a strong indication of the
increasing amount of diene in the copolymer, even

though the amount of diene cannot be determined in
products obtained at temperatures lower than 808C.
Tables 1±3 show the e�ect of feed as well as of polym-
erization temperature on the melt temperature of the
product. As some melting always takes place at the

uncrosslinked chain ends, melt temperature was also
detected for the crosslinked samples.
The structures of the dienes had their characteristic

e�ects on the melt temperature and crystallinity of the
copolymer. When OD or MOD was the comonomer
the melt temperature decreased as the polymerization

temperature increased from 20 to 808C, but no such
e�ect was found for HD. Clearly, the unsaturated side
chains of OD and MOD copolymers disturb the crys-
tallization process of polyethylene chain more than the

ring structures formed by HD and the melt transitions
of OD and MOD copolymers noticeably decreased
relative to those of the ethylene homopolymer syn-

thesised under the same conditions. This can be seen
(Tables 1±3) when the same amount of diene is incor-
porated.

The melt temperature decreases with increasing pol-
ymerization temperature because the molar mass of
the product decreases and the diene incorporation in

most cases becomes more e�ective. The more e�ective
incorporation can be seen in the broader melt behavior
at lower melt temperatures, indicating microstructural
heterogeneity. The heterogeneity might be the result of

changes in the diene concentration relative to ethylene
during the copolymerization, giving a non-uniform dis-
tribution of incorporated diene units over the polymer

chains.
The crystallinity results were in accord with the melt

temperature results. Given to the strong e�ect of reac-

tion temperature on the melt temperature, it was no
surprise that the crystallinity of the copolymer was
most a�ected by OD and least by HD addition.

4. Conclusions

In conclusion, with the metallocene catalyst system

Cp2ZrCl2/MAO, dienes can be copolymerized with eth-
ylene in reasonable conversions and a large variety of
products can be produced by varying the temperature
of polymerization and the type and amount of diene.

Molecular modeling con®rmed what was shown earlier
experimentally [15±17,29], that there is hardly any
steric hindrance in the ring formation for the

Cp2ZrCl2/MAO chaptalized copolymerization of ethyl-
ene and HD. Ring formation is not completely ruled
out in the ethylene/OD copolymerization, but it is

improbable, partly for steric reasons and partly
because of low population of the conformers of OD
monomer suitable for the ring closure reaction. In eth-
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ylene/MOD copolymerization, ring formation is ruled

out by strong steric hindrance.
NMR studies showed that, at 808C, HD was exclu-

sively incorporated as ®ve-member rings, while OD

formed either single branches or branch pairs. The
branches obtained upon copolymerization with MOD

were 6-methyl-hexene branches, which was the
expected form of incorporation for this comonomer.
At lower temperatures the samples were studied by

FTIR and the concentration of double bonds was sig-
ni®cantly higher in OD-containing copolymers than in
the other copolymers studied. The large amount of

vinyl bonds in the OD copolymers made functionaliza-
tion possible.

The marked in¯uence of catalyst structure and pol-
ymerization conditions in HD copolymerizations
becomes evident in a comparison of our results with

those of other groups. With Cp2ZrCl2 as catalyst,
neither diene concentration nor polymerization tem-
perature a�ected the copolymer structure: the diene

was incorporated exclusively as cyclopentane rings and
the ratio between cis and trans con®guration remains

constant. However, with Me2Si(THInd) 2ZrCl2 [15,16]
as well as with Me2Si(Me4Cp)(N-tert-butyl)TiCl2 [36]
as catalysts in terpolymerization where styrene is the

other comonomer, both rings and branches with
vinylic unsaturation have been obtained at high tem-
perature (1808C) and pressure (1500 bar).

The polymerization temperature has a signi®cant
e�ect on the degree of crosslinking of the product

when symmetric dienes provide the comonomer. While
the degree of crosslinking was nearly 100% in all copo-
lymers produced at 208C, in all HD copolymers pro-

duced at 508C and in OD copolymers prepared from
small amounts of diene at 508C, it was less than 10%

in products prepared at 808C. At this higher tempera-
ture, however, the molar mass of the product was low,
the weight average molar mass being maximally

100,000 g/mol and dropping o� sharply with increasing
amount of added diene. The molar mass also decreased
with increasing diene content in the product. The

methylene group in MOD protects the unreacted
double bond and the degree of crosslinking was negli-

gible in copolymers containing this diene. From the
point of view of crosslinking, MOD would thus be an
excellent comonomer in ethylene copolymerizations.

However, it decreases the molar mass of the copolymer
signi®cantly and is not e�ciently enough incorporated
in the polyethylene chain. The methylene substitution

at the unsaturated branch end also reduces its value if
the product is to be used as intermediate in functiona-

lization of the copolymer.
Increased amount of diene in the product decreased

both melting temperature and crystallinity. OD seemed

to have the greatest in¯uence on both of these proper-
ties, as well as on the molar mass of the product. The

analysis of unsaturations revealed up to 28 wt% incor-
poration of OD in the product. Our studies on these

copolymers by thermal methods and DMTA have
been reported elsewhere [37].
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