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Abstract

Ethylene was copolymerized with linear, non-conjugated dienes by the metallocene catalyst system Cp2ZrCl2/
MAO at 908C. 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. According to the results, HD formed only
®ve-member rings to polyethylene, even though selectivity towards cyclization has been reported to decrease when
HD concentration in the reactor increases over 50 mol%. OD and MOD were incorporated by 1,2-addition forming
branches to the copolymer. The conversion of MOD remained under 4%, and was noticeably lower than that of

HD and OD (25±40%). However, the e�ect of MOD on the physical properties of the copolymer was signi®cant,
whereas HD addition had almost no e�ect on the molar mass. The conversion of all dienes decreased when the
diene concentration in the reactor was increased. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Metallocene catalysts have proven to be e�ective in

ole®n/diene copolymerizations. In general, the homo-

geneous catalysts are much more e�ective than their

heterogeneous counterparts in the incorporation of

diene comonomers in polyethylene structure. Both lin-

ear and cyclic dienes have been incorporated [1±13].

The copolymerization of dienes with ethylene may

introduce unsaturation in polymer chains making poss-

ible the attachment of functional groups. Recently, a

few successful examples have been reported of poly-

ethylenes unsaturated by dienes that have acted as in-

termediates for functionalized polyole®ns [14±16].

These functionalized polyole®ns can serve as interfacial

modi®ers to improve the adhesion and compatibility of

polyole®ns with other materials.

Besides unsaturation, copolymerization of dienes

allows the construction of cyclic structures and long

chain branching in the polyethylene backbone. A num-

ber of non-conjugated dienes, such as 1,5-hexadiene,

1,4-pentadiene and 1,7-octadiene, are capable of under-

going cyclopolymerization in the presence of coordi-

nation catalyst. Several reports have been published on

1,5-hexadiene (HD) homopolymerizations [17±24] but

few on ethylene/HD copolymerizations using metallo-

cene catalysts [25±27]. The homopolymer of HD is an

optically active polyole®n consisting of consecutive ®ve

member rings. In ethylene/HD copolymers, HD is pre-

dominantly incorporated as rings in the polyethylene

backbone but may also form long chain branching and

intermolecular coupling [10]. On the other hand, modi-

®cation reactions of polyole®ns are usually ac-

companied by undesirable side reactions, such as the

formation of gel in the polymer through incorporation

of a second double bond as a crosslink in the copoly-

merization. A second complication is degradation.

We studied the e�ect of diene addition on the struc-

ture of ethylene copolymer at a polymerization tem-

perature of 908C. The dienes used were 1,5-hexadiene

(HD), 1,7-octadiene (OD), and 7-methyl-1,6-octadiene

(MOD). Polymerizations were conducted in n-heptane

in the presence of the metallocene catalyst cyclopenta-
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dienyl zirconium dichloride (Cp2ZrCl2) with methylalu-
minoxane (MAO) as a cocatalyst. This basic metallo-

cene was chosen in order to minimize the electronic
and ligand e�ects in the polymerization.

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
908C. A propeller-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 polymerization 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
polymerizations 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 eth-
ylene dissolution was reached, the catalyst solution

(5 mg/dm3 of Cp2ZrCl2 in toluene) corresponding to
1 mg of the catalyst was pumped to the reactor to start
the polymerization. The ethylene pressure inside the

reactor was maintained constant. Reactor temperature
was controlled automatically with a Lauda R400 ther-
mostat connected to a Pt-100 thermocouple.

Accuracies of pressure and temperature control were
20.3 bar and 20.58C, respectively. After 15 min poly-
merization, the ethylene feed was stopped and the reac-

tor was degassed. The polymer solution was ®rst
washed with a solution of technical methanol and con-
centrated 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 h.

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. The Al content of the coca-
talyst was 4.5±5.5 wt%.

2.3. Analysis

Melt temperatures of the product were determined
by Polymer Laboratories DSC. The temperature range
applied was 0±1658C and melting as well as cooling

were carried out at 108C/min. The results from the sec-
ond melting were recorded. The crystallinities were
determined by using the value 290 J/g for the heat of
fusion of a 100% crystalline polyethylene.

NMR measurements were carried out with a Varian
Gemini 2000 nuclear magnetic resonance spectrometer
to determine the amount of diene in the copolymer

product. The sample was dissolved in deuterated tetra-
chlorethane and measurements were carried out at
1258C.
A Nicolet FTIR (Magna-IR 750)instrument was

used for the determination of unsaturations in the
copolymers. Measurements were carried out from

0.5 mm thick sample plates compressed at 2008C.
Double bond concentrations per 1000 carbon atoms
were calculated according to Haslam and
coworkers [28].

The degree of crosslinking was determined by deca-
line extraction based on ASTM standard D-2765-
84 [29]. 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 103, 105 and 106

AÊ . The solvent was 1,2,4-trichlorobenzene used at a

¯ow rate of 1.0 cm3/min at 1408C. Narrow molar mass
polystyrene standards were used for calibration.

3. Results and discussion

Ethylene/diene copolymerizations were carried out
with a Cp2ZrCl2/MAO catalyst system in n-heptane at
908C, with a polymerization time of 15 min and ethyl-

ene pressure of 2.5 bar. Polymerizations are summar-
ized in Table 1.

3.1. NMR study of copolymer structure

As has been reported earlier [25±27], HD can be in-

corporated into the polyethylene chain as butene
branches or in the form of cyclopentane structures
connected at their 1 and 3 positions to the polymer
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backbone. According to the 13C±NMR spectra of

sample 3 (Fig. 1), the copolymer contains no branch-
ing, only ring structures. No branching was found in

any of our HD samples even though the selectivity for

cyclization has been reported to decrease when the HD

concentration in the reactor increases [25, 30].

HD was incorporated in the copolymers with con-

version of 20±40% depending on the diene concen-

tration in the reactor. According to 1H±NMR spectra,

there was 0.1 mol% double bonds in these copolymers.

This information combined with the 13C±NMR results,
strongly supports the conclusion that HD is incorpor-

ated into the ethylene backbone exclusively as ®ve-

member rings. The amounts of HD in the copolymer

calculated on the basis of the 13C±NMR data are

reported in Table 2.

The ratio of cis and trans conformers of the rings

a�ects the properties of the product. Cyclopentane

rings in the cis conformation are reported to o�er high
heat stability [26]. In all our copolymers, about 25%

of the rings were in cis conformation and about 75%

in trans conformation, and the material obtained had

signi®cantly lower melt temperatures than homopo-

lyethylene produced under the same conditions

(Table 1). The degree of cis rings should thus be higher

in order to obtain the crystallinity needed for higher

heat stability.

As can be seen from Fig. 2, signi®cant amounts of
vinylic chain ends as well as trans-vinyl bonds and

vinylidene groups were present in the ethylene/OD

copolymers. The lines at 5.9 and 4.9 ppm are assigned

to vinyl groups, and those at 4.8 and 5.9 ppm to viny-

lidene and trans-vinyl double bonds, respectively. Vinyl

bonds are formed when the diene is incorporated to

polyethylene by 1,2-addition and the other double
bond of the diene remains at the end of the hexene

branch end or alternatively at the polyethylene chain

end reaction. Trans-vinyl and vinylidene bonds are

probably formed via b±H elimination at the diene

inserted propagation end.
13C±NMR studies showed that OD forms both

single branches and branch pairs to the polyethylene

backbone. From this, we concluded that every OD

unit in the copolymer contains a double bond and thus

the OD content of the product can be calculated from
1H±NMR spectra (Table 2). The diene content in the

product had no clear e�ect on the relative amounts of
di�erent double bonds in the copolymer. From 60 to

65% of the double bonds in the copolymers were

vinylic; the amount of vinylidene bonds was about

30% and the rest were trans-vinyl bonds. The conver-

sion of OD was about 20%.

MOD is polymerized with ethylene via its unsubsti-

tuted double bond. The branches that are formed have

a RCH1CMe2 (dimethylvinyl) end, which gives a line

at 5.1 ppm in the 1H±NMR spectrum. About 30 to

50% of the double bonds in our ethylene/MOD

samples were as these while 30±45% were vinyl bonds.
The relatively large amount of vinyl bonds can be

explained by the small amount of incorporated MOD

and low molar mass of the copolymer. The amount of

diene in the product remained under 0.5 mol% for all

diene concentrations in the reactor (Table 2) and the

conversion of MOD decreased from 4 to 0.4% when

diene concentration in the reactor was increased. The

diene content of these ethylene/MOD copolymers is

Table 1

Polymerizations of ethylene and dienes [1,5-hexadiene (HD), 1,7-octadiene (OD), 7-methyl-1,6-octadiene (MOD)] with the catalyst

system Cp2ZrCl2/MAO at 908Ca

Run Diene in the reactor,

mol/dm3
Activity of the catalyst,

kg pol/mol Zr h

Melt temperature,

8C
Crystallinity,

%

Degree of crosslinking,

%

Mw,

g/mol

Mw/Mn

1 Ð 6.0 134 63 <0.2 23,000 2.5

HD

2 0.02 5.5 127 49 <0.2 26,000 2.7

3 0.06 3.2 122 38 0.2 25,000 2.8

4 0.36 8.2 107 21 <0.2 24,000 2.4

OD

5 0.01 3.4 124 39 0.2 17,000 2.8

6 0.04 6.7 118 31 0.7 15,000 3.1

7 0.27 1.6 87 5 <0.2 25,000 6.7

MOD

8 0.04 7.5 123 39 0.2 13,000 2.2

9 0.12 4.8 113 35 0.7 8100 3.7

10 0.48 3.1 90 11 <0.2 7700 3.6

aPolymerizations 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.
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low compared with those containing OD, which is
understandable, since OD has polymerizable double
bonds at both ends and MOD only at one end.

3.2. FTIR study of the copolymer structure

The appearance of double bonds in ethylene/diene
copolymers was also studied by FTIR spectrometry, a
method that is extremely sensitive even for low double

bond concentrations. Detected wave numbers of the
double bonds studied were 965 cmÿ1 (trans-vinyl),
910 cmÿ1 (vinyl) and 888 cmÿ1 (vinylidene). Fig. 3
shows an example of the appearance of double bonds

in the FTIR spectrum of our ethylene/diene copoly-
mers.
Table 2 reports the double bond concentrations of

the copolymers as a function of diene addition. The
increase in total double bond concentration with diene
concentration in the polymerization is clearly seen for

the ethylene/OD copolymers. The high vinyl bond con-
centration is due to the hexene branches formed by
OD and low molar mass of the product. The increase
of comonomer also increased the amount of vinylidene

bonds in the product because the probability of pri-
mary insertion of the comonomer is very high [31].
Increasing amounts of diene had a minor e�ect on

the double bond concentration of ethylene/HD copoly-
mers and ethylene/MOD copolymers: the trans-vinyl
and vinylidene concentrations, but not the vinyl con-

centration, were increased with the amount of diene in
the product. The vinyl bond concentration was
decreased with an increasing diene portion in HD con-

taining copolymers because of the e�cient ring for-

mation reaction that occurred and consumed the free

double bonds of the diene. As can be seen (Table 2)

vinyl bond concentration was lower in copolymers con-

taining HD and MOD than in homopolyethylene pro-

duced under the same conditions. This indicated the

change of reaction mechanism from b±H elimination

to chain transfer to monomer as the chain end reac-

tion.

Comparison of the 1H±NMR and FTIR results

reveals the greater sensitivity of FTIR, especially for

the of HD containing copolymers. With 1H±NMR, no

change could be detected in the amounts of diene in

the product with increasing diene concentration,

whereas the FTIR results showed slight increases in

the trans-vinyl and vinylidene concentrations. It needs

to be added at the same time that FTIR is not an e�-

cient method to study ethylene/MOD copolymers.

Bonds of RCH1CMe2 type that would appear in

these copolymers cannot be detected by FTIR because

they are overlapped by the peak of CH2 oscillations of

the polyethylene chain.

Cyclic structures are principally studied by 13C±

NMR, but some evidence of them can also be obtained

by FTIR. In detailed study of the double bond area in

the FTIR spectrum of ethylene/diene copolymers we

found the peaks at 945 cmÿ1 and 875 cmÿ1 to increase

with the amount of HD (Fig. 4). The same was not

found for the other dienes. Evidently, these peaks are

due to the ®ve-member rings in the polyethylene chain:

the oscillations of CH2 bonds on the ring give peaks at

these wave numbers. As also is evident in Fig. 4, the

Table 2

Diene content of ethylene/1,5-hexadiene (HD), ethylene/1,7-octadiene (OD) and ethylene/7-methyl-1,6-octadiene (MOD) copoly-

mers determined by NMRa

Diene in the product by Double bond concentration by FTIR

Sample Diene in the reactor, 1H±NMR 13C±NMR per 1000 C

mol/dm3 mol% wt% mol% wt% trans-vinyl vinyl vinylidene

1 Ð 0 0 0 0 0.33 0.99 0.07

HD

2 0.02 1.1 3.2 0.23 0.52 0.04

3 0.06 2.8 7.8 0.24 0.54 0.17

4 0.36 7.5 19.3 0.45 0.36 n.d.

OD

5 0.01 0.7 2.8 0.43 2.84 1.28

6 0.04 1.3 5.1 0.58 4.75 2.13

7 0.27 3.7 13.2 0.90 10.79 3.47

MOD

8 0.04 0.2 0.8 0.42 0.54 0.75

9 0.12 0.3 1.3 0.83 0.55 1.92

10 0.48 0.5 2.1 1.19 0.50 2.56

aThe amount of HD is calculated on basis of ®ve-member rings in the product by 13C±NMR and the amount of octadienes on the

basis of double bonds in the product determined by 1H±NMR. Polymerizations were conducted in 250 cm3 heptane; ethylene press-

ure 2.5 bar; amount of catalyst 1 mg; Al/Zr molar ratio 2000 (4000 for [HD]>0.4); polymerization time 15 min.
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Fig. 3. Comparison of incidence of double bonds by FTIR (trans-vinyl 965 cmÿ1, vinyl 910 cmÿ1 and vinylidene 888 cmÿ1) in eth-

ylene copolymers with di�erent dienes. Samples (1, 3, 6, 9) were prepared using catalyst system Cp2ZrCl2/MAO at 908C.
HD=1,5-hexadiene, OD=1,7-octadiene, MOD=7-methyl-1,6-octadiene.

Fig. 4. E�ect of growing amount of 1,5-hexadiene (HD) on the FTIR peaks in the double bond area (trans-vinyl 965 cmÿ1, vinyl

910 cmÿ1, vinylidene 888 cmÿ1 as well as 945 cmÿ1 and 875 cmÿ1). Samples (2, 3, 4) were prepared using catalyst system

Cp2ZrCl2/MAO at 908C.
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intensities of the peaks of vinyl, trans-vinyl and vinyli-
dene bonds decrease with increasing HD addition.

For OD containing copolymers, both 1H±NMR and
FTIR methods reveals a clear increase in the amount
of double bonds when the diene concentration in the

reactor was increased. The ratios between the di�erent
double bonds were the same too, which indicates suc-
cessful determination of base lines in the FTIR spec-

tra.

3.3. Properties of the product

Crystallinity and melting point decreased signi®-
cantly as the diene content of the product was
increased. Even a small amount of diene in the copoly-

mer caused a drop in crystallinity from 63 to 39% and
of melt temperature from 134 to ca. 1258C (Table 2).
OD and MOD seemed to have a stronger e�ect than

did HD on both properties even though HD is incor-
porated in the polyethylene chain at a higher rate. This
indicates that branches with vinylic bonds or a

RCH1CMe2 end have a more disturbing e�ect on the
crystal structure than do the rings formed by HD. In
fact the e�ect of rings on crystallinity and melt tem-

perature was very small compared with the e�ect of
smaller amounts of OD and MOD branches in the
product.
According to Table 1 the activity of the catalyst

clearly decreased with increasing MOD content. Same
trends in the activity were not seen for HD or OD
copolymerizations. Increased amount of HD had

hardly any e�ect on the molar mass and polydispersity
of the product, while increasing amount of OD and
MOD in the product decreased the molar mass and

increased the polydispersity of the product. Especially
in the case of OD the increase of polydispersity from
2.8 to 6.7 is a sign of strongly branched structure.
Surprisingly, the degree of crosslinking was at a low

level for all our copolymers. A strong tendency of OD
to form crosslinks would have been expected because
of the large amount of vinyl bonds in the copolymer,

but under our experimental conditions the degree of
crosslinking was less than 0.7%. In HD-containing
copolymers the lack of crosslinking is due to ring for-

mation that uses up the vinyl bonds of the diene, and
in ethylene/MOD copolymers the methyl group at the
one end prevents this double bond from crosslinking.

4. Conclusions

Dienes are e�ectively incorporated to polyethylene
by metallocene catalysts and they have a signi®cant

e�ect on the properties of the polyethylene chain. HD
is incorporated in the form of ®ve-member rings with
a conversion of 25±40%. It can be thought that these

rings might produce interesting properties to the poly-
ethylene by making the chain more rigid if the amount

of the HD in the product would be large enough. Also
the cis±trans relation of the cyclopentane rings a�ects
the melting behaviour of the copolymer. An appreci-

able amount of HD in the product had only a minor
e�ect on the molar mass, however. On the other hand,
even small amounts of OD and MOD in the product

decreased the crystallinity and the melt temperature of
the product signi®cantly. This shows that the ®ve-
member ring structure in the polyethylene chain dis-

turbs the regularity of the structure less than do hexene
and 1-methyl-hexene branches. Of the three dienes stu-
died, MOD a�ected the polymerization most. Despite
the low incorporation of MOD, the molar mass, the

crystallinity and the melt temperature of the product
decreased drastically, as a consequence of the
decreased molar mass of the product.

FTIR showed greater sensitivity than 1H±NMR in
the determination of the amounts of double bonds in
the polymer, giving more detailed information on the

low double bond concentrations of HD and MOD
containing copolymers. The appearance of double
bonds could also be detected by FTIR because the

CH2-group of the ®ve-carbon ring produces oscil-
lations at 875 cmÿ1 and 945 cmÿ1.
Further studies will be carried out on the e�ect of

temperature and catalyst structure on the ring for-

mation and the incorporation of octadienes into the
polyethylene chain. Potential long chain branching is
being studied by rotational rheometer.
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