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ABSTRACT: Using 70 mol % norbornene in the monomer mixture before polymerization,
the influences of different polymerization conditions were studied. It was found that
by increasing the temperature from 10 to 707C, the yield increased and the molecular
weight decreased; and when increasing the ethylene pressure from 2 to 6 atm, yield
and molecular weight increased. The highest glass transition temperatures, however,
were achieved at 307C and 4 atm. Further improvements could be obtained by increas-
ing the amount of catalyst or Al/Zr ratio. Using the conditions of 307C, 4 atm, 4 mg
catalyst, 3000 Al/Zr, 250 mL toluene solution, and 30 min, the amount of norbornene
was increased from 31.1 to 90 g, resulting in an increase in the glass transition tempera-
ture from 98 to 1557C. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 63: 1063–1070, 1997

INTRODUCTION ties, they are primarily used in optical applica-
tions such as laser disks where they compete with
polycarbonate1–5 (pers. commun. with represen-By incorporating rigid cyclic monomers in a poly-
tatives of Japan Synthetic Rubber, Nippon Zeon,mer chain, increased glass transition tempera-
and Mitsui Sekka.) .tures and hence improved heat resistance can be

The metallocene catalyst technology developedobtained. Such heat resistant polymers are al-
by Sinn and Kaminsky for ethylene and propyleneready on the market, and they are made by me-
polymerization6 was later also successfully em-tathesis ring-opening polymerization (Japan Syn-
ployed by Kaminsky et al. in the homo- and copo-thetic Rubber’s ARTON, Nippon Zeon’s ZEONEX,
lymerization of cycloolefins.7,8 These cycloolefinsand BF Goodrich’s TELENE OP for optical appli-
polymerized without ring opening occurring, andcations, and many companies are developing or
when copolymerized with ethylene or propylenemanufacturing elastomers and reaction injection
low incorporations decreased the crystallinity un-molding (RIM) systems based on metathesis ring-
til amorphous elastomeric copolymers were ob-opening polymerization) or vanadium catalyzed
tained. Higher incorporation of cycloolefinsaddition copolymerization with ethylene (Mitsui
stiffened the polymer chain so that engineeringSekka’s APO and APEL). Because these polymers
plastic properties like a high glass transition tem-are amorphous and have very good optical proper-
perature were obtained. Because metallocene cat-
alyzed addition copolymerization with ethylene
provides more options for tailormaking the prop-Correspondence to: C. H. Bergström

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/081063-08 erties of the copolymers, this field was investi-
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1064 BERGSTRÖM AND SEPPÄLÄ

gated and patented by Mitsui Sekka and or 4 mgÅ 38r1006 mol/L) the polymerization was
allowed to continue for 60 or 30 min, the ethyleneHoechst.9–16 These two companies then started to

work together on metallocene catalyzed cycloole- consumed in the polymerization was constantly
replaced, and the pressure and temperature werefin copolymers (COC), with norbornene-ethylene

copolymers as their first target. These norbor- automatically controlled. No hydrogen or other
chain transfer agents were used in this study.nene-ethylene copolymers were recently intro-

duced on the market under the tradenames APEL When the chosen polymerization time was fin-
ished the ethylene supply was shut off, the reactorand TOPAS. They are expected to compete mainly

with polycarbonate (PC), acrylonitrile-butadiene- vented, and the reactor content poured into etha-
nol (300 mL). Then hydrochloric acid was addedstyrene (ABS), and PC/ABS blends in technical,

nonoptical applications17 and with PC and other to deactivate the MAO and the sample was kept
that way until the next day when it was filtered,COCs in optical applications.5,18 By using low

amounts of norbornene, polymers with elasto- washed with acetone, filtered again, and dried in
a vacuum oven.meric properties can been obtained and this field

was studied by Idemitsu Kosan Co., Ltd.19

The intention of this publication is to demon-
Chemicalsstrate the influences of the main parameters

when copolymerizing norbornene and ethylene The catalyst was the soluble metallocene cata-
lyst ethylene bis ( indenyl ) zirconium dichloride,using ethylene bis(indenyl) zirconium dichloride

as catalyst and methylaluminoxane (MAO) as co- EURECEN 5036, and the cocatalyst was 10 wt
% MAO in toluene, both from Witco. The Al con-catalyst. These main parameters are the norbor-

nene content, the polymerization temperature, tent of the cocatalyst was 4.5–5.5 wt %.
The comonomer, norbornene (bicyclo 2.2.1.hept-and the ethylene pressure. The influences of cata-

lyst concentration, Al/Zr ratio, and polymeriza- 2-ene), was obtained from Fluka (14351); its pu-
rity was 97%.tion time were also studied. The properties of in-

terest were the norbornene content in the polymer The ethylene used was AGA’s grade 2.7, which
was further purified in columns containing molecu-and its influence on the glass transition tempera-

ture. The activity, the conversion of norbornene, lar sieves, CuO, and Al2O3 before entering the reac-
tor. Riedel-de-Häen’s grade RG toluene was used.and the molecular weight and its distribution

were also measured.

Polymer Characterization

The glass transition temperatures (Tg ) and meltEXPERIMENTAL
temperatures (Tm ) were measured using Perkin–
Elmer’s DSC 7 so that the sample was first heatedApparatus and Polymerization Method
to 2007C, then cooled to 07C (207C/min), and after
that heated again to 2007C (107C/min). The dataThe copolymerization of norbornene and ethylene

was done using a semiflow method and a reactor used in this publication were taken from the sec-
ond heating.system described in detail in an earlier article by

our group.20 The appropriate amount of norbor- The weight average molecular weights (MV w ) ,
number average molecular weights (MV n ) , and thenene was dissolved in toluene and diluted so that

a 250-mL solution was obtained. The solution was molecular weight distributions (MV w /MV n ) were
measured by GPC. The equipment used was adried with molecular sieves overnight and poured

into a thermostated 500-mL stainless steel reac- Waters 150 ALC equipped with three (Polymer
Laboratories) columns (103, 105, 106 Å) andtor equipped with a stirrer. After purging with

nitrogen and ethylene the ethylene pressure and 1,2,4-trichlorobenzene as solvent. The tempera-
ture was 1407C and the flow rate 1 mL/min. Be-the temperature of the reactor content were set

at the chosen values and ethylene was supplied cause the columns were calibrated universally
with narrow molecular weight polystyrenes, theuntil the toluene solution was saturated and the

ethylene flow stopped. Then the MAO-toluene so- results are not absolute but relative.
The norbornene content in the polymer waslution was pumped into the reactor and the mix-

ing continued for 15 min. Finally the catalyst-tol- measured by integrating the signal obtained from
the GPC (Vrs) and dividing by the weight of theuene solution was pumped to the reactor. After

the addition of catalyst (2 mg Å 19r1006 mol/L sample (mg). The higher the norbornene content
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POLYMERIZATION CONDITION EFFECT ON NORBORNENE-ETHYLENE COPOLYMERS 1065

Table I Ethylene Dissolved in Toluene The polymerization conditions and the results for
(mol/L) at Different Ethylene Pressures this experiment are presented in Table II.
and Temperatures

Molecular Weights and ActivitiesTemperature (7C)
Pressure It can be seen from the results presented in Ta-(atm) 10 30 50 70

ble II that the higher the ethylene pressure, the
higher the molecular weights due to higher total2 0.374 0.266 0.195 0.143
monomer concentrations that have an increas-4 0.761 0.544 0.405 0.310
ing effect on the propagation reaction in relation6 1.159 0.825 0.618 0.477
to the termination and chain transfer reac-
tions.21 However, the activities calculated per
atmosphere ethylene were on the same level

in the polymer, the smaller the difference in re- regardless of the ethylene pressure. At lower
fractive index between the polymer solution and polymerization temperatures higher molecular
the pure solvent and the lower the Vrs/mg value. weights were obtained for all pressure levels be-
At 29 mol % norbornene no GPC curve was ob- cause of less chain transfer reactions in relation
tained, and at higher norbornene contents the po- to the propagation reaction.23 Cherdron et al.
larity of the signal was reversed. The GPC results also reported that norbornene-ethylene copoly-
for norbornene-ethylene copolymers with norbor- mers form quasiliving polymers, which would
nene contents close to 29 mol % are, therefore, also increase the molecular weights for lower
very inaccurate due to the very weak signal. By temperatures.18 Contrary to their experience,
using a calibration curve established by plotting however, the molecular weight distributions de-
the norbornene contents obtained from 13C-NMR creased with increasing temperatures (and pres-
spectroscopy versus the above mentioned Vrs/mg sures) . This discrepancy is probably due to
values, the results can be reported in mol percent different polymerization procedures. In this
norbornene. This recently developed analytical investigation the polymerization of ethylene in-
method will be published in a separate article. creased with increasing temperature and pres-
The 13C-NMR data used for this calibration curve sure, providing a narrower molecular weight dis-
were obtained from a 400-MHz Jeol NMR spec- tribution. At the lowest temperature, 107C, the
trometer, which was used at 110–1307C with activities were, however, so low that this tem-
1,1,2,2-tetrachloroethane as solvent. perature will not be used in further experiments

on norbornene-ethylene copolymers. When in-
creasing the temperature from 10 to 307C, there

RESULTS AND DISCUSSION was a significant increase in yield whereas a fur-
ther increase in temperature to 507C had only a
slight effect. This might be due to an increasingTo find the most suitable polymerization tempera-

ture and ethylene pressure for norbornene-ethyl- effect on reactivity in combination with a de-
creasing effect on ethylene solubility causingene copolymers, four temperatures (10, 30, 50,

and 707C) and three ethylene pressures (2, 4, and lower concentrations of both monomers. The po-
lymerizations made at 2 atm are less reliable6 atm) were investigated for an initial norbornene

concentration of 70 mol %. The amount of ethylene than the other two pressure levels because of the
bigger relative error in the pressure control.in mols/liter dissolved in toluene at the tempera-

tures and pressures mentioned above are pre-
sented in Table I, which is based on Henry’s law

Norbornene Content in Polymer and Its Glassand provided by the Borealis Company. Based on
Transition Temperaturethis data and assuming that the solubility of eth-

ylene in diluted solutions is approximately the When increasing the polymerization temperature
the norbornene content decreased for all pressuresame as in the pure solvent, the amount of norbor-

nene representing 70 mol % could be calculated levels due to an increasing relative reactivity of eth-
ylene.23 It can also be seen that the highest levelsfor each combination of temperature and pres-

sure. To obtain enough copolymer at all conditions of norbornene contents and glass transition temper-
atures were achieved when using the ethylene pres-the rather long 1-h polymerization time as well

as the rather high 3000 Al/Zr ratio were used.20–22 sure of 4 atm with the highest glass transition tem-
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1066 BERGSTRÖM AND SEPPÄLÄ

Table II Influence of Ethylene Pressure and Polymerization Temperature
on Norbornene-Ethylene Copolymers

GPC Data Conversion
Activity of

Pressure Temp. Yield (106 g/mol MU w MU n Norbornene Tg Norbornene
Run (atm) (7C) (g) Zr h atm) (103 g/mol) (103 g/mol) MU w /MU n (mol %) (7C) (%)

1 2 10 2.2 0.2 — — — 29 82 6
2 2 30 3.0 0.3 188 67 2.8 24 47 11
3 2 50 2.2 0.2 98 48 2.1 21 õ0 9
4 2 70 15.0 1.6 48 19 2.5 16 õ0 71
5 4 10 6.9 0.4 — — — 29 76 10
6 4 30 22.3 1.2 228 108 2.1 30 90 43
7 4 50 23.5 1.2 — — — 29 85 58
8 4 70 38.4 2.0 71 42 1.7 25 õ0 100
9 6 10 14.6 0.5 368 250 1.5 28 67 12

10 6 30 22.4 0.8 — — — 29 77 28
11 6 50 29.2 1.0 202 144 1.4 32 86 50
12 6 70 31.7 1.1 148 125 1.2 28 õ0 69

Copolymers were polymerized for 1 h starting from 70 mol % norbornene, 19r1006 mol/L ethylene bis(indenyl) zirconium
dichloride, and 3000 Al/Zr as MAO in toluene.

(—) No signal from the refractometer due to the same refractive index for the solution and the solvent.

peratures obtained for the polymerization tempera- increase in glass transition temperature was
tures 30 and 507C. For 107C lower values were achieved, even if the average norbornene content
obtained because of the lower conversion of norbor- in the reaction mixture must be higher for a
nene and the higher solubility of ethylene. For 707C, shorter polymerization time. One explanation for
on the other hand, the relative reactivity of ethylene this is that the ethylene content also decreased
was so high that no glass transition temperature as the polymerization proceeded because the poly-
(below 07C) was seen for 4 and 6 atm; and for 2 mer/toluene solution is rather viscous and one
atm even a partly crystalline polymer with the melt- could expect a decreased mass transfer of ethyl-
ing point of 1297C was obtained. ene. The molecular weight distributions (MV w /MV n )

At 6 atm the total monomer/catalyst ratio was obtained were, however, narrower for shorter po-
higher than for 4 atm, which seems to have de- lymerization times, which is consistent with Cher-
creased the incorporation of norbornene and dron and colleagues’ findings.18 By increasing the
hence the glass transition temperature. amount of catalyst from 2 to 4 mg significant in-

When taking all the above into consideration, creases in yields, norbornene conversions, and
the ethylene pressure of 4 atm and the polymer- glass transition temperatures were seen for all
ization temperature of 307C was the most promis- three ethylene pressure levels. This can be ex-
ing combination. Under these conditions the glass plained by the lower total monomer/catalyst ra-
transition temperature was 907C and the molecu- tios, which makes it easier for norbornene to reach
lar weight as well as the activity were high. The an active center. At higher ethylene pressures the
norbornene content in the polymer was 30 mol %. norbornene conversions as well as the glass tran-

This work continued by further improving the sition temperatures were lower because of the
heat resistance (glass transition temperature) of higher concentrations of ethylene, which is less
the norbornene-ethylene copolymer made at 4 prone to mass transfer limitations than norbor-
atm and 307C by looking for more favorable poly- nene. In the region of 29 mol % norbornene incor-
merization times, catalyst contents, and Al/Zr ra- poration, however, very different glass transition
tios and then systematically increasing the nor- temperatures were obtained. The higher glass
bornene content from 31.1 (70 mol %) to 90 g. transition temperatures might have been due to

stiffer norbornene-norbornene segments in the
Polymerization Time, Catalyst Content, polymer chain. This is an area that would be a
and Al/Zr Ratio suitable topic for further investigations. At

shorter polymerization times and lower ethyleneFrom Table III can be seen that by decreasing
the polymerization time from 1 h to 30 min, no pressures (lower total monomer concentrations)
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POLYMERIZATION CONDITION EFFECT ON NORBORNENE-ETHYLENE COPOLYMERS 1067

the activities as defined in this work were higher.
The influence of Al/Zr ratio was in this stage stud-
ied only for the 4-atm ethylene pressure, and one
can see that the higher the Al/Zr ratio the higher
the glass transition temperature.11 The difference
between 6000 and 3000 Al/Zr was, however, so
small that it was decided that mainly 3000 Al/Zr
will be used when further investigating norbor-
nene-ethylene copolymers.

Systematically Increased Norbornene Contents

Using the polymerization conditions of 307C, 4
atm, 4 mg catalyst, 3000 Al/Zr, and 30 min, the
amount of norbornene was increased from 31.1
(70 mol %) to 90 g. All the test results are pre-
sented in Table IV, and the glass transition tem-
peratures are plotted in Figure 1. As a comparison
equivalent data for 2 mg catalyst and 1500 and
6000 Al/Zr are presented in Table V. From Table
IV and Figure 1 it can be seen that the higher the
norbornene content in the polymerization mix-
ture, the higher the norbornene content in the
polymer and the higher the glass transition tem-
perature.23 The Tg values, however, increased
more rapidly than the norbornene incorporation
in the polymer indicating ‘‘block structures.’’ This
phenomenon will be presented more in detail in
future publications. The conversion of norbor-
nene, however, decreased with increasing norbor-
nene content.21 The yield also stayed on the same
level for all norbornene contents except the high-
est one.21 In Table V the increasing effect of cata-
lyst content and Al/Zr ratio on the yield, norbor-
nene content, and glass transition temperature is
once again presented. For the highest norbornene
content, 90 g, a low yield was obtained also for
1500 Al/Zr as was the case for 3000 Al/Zr. The
glass transition temperatures were in most cases
very difficult to distinguish and in a few cases
they could not be seen at all. Therefore, the lack
of a Tg value in Table V does not mean that the
heat resistance would be low.

CONCLUSIONS

When copolymerizing norbornene and ethylene
using the metallocene catalyst ethylene bis(inde-
nyl) zirconium dichloride and MAO, we obtained
very high incorporations of norbornene (38 mol
%) in the polymer, which increased the glass tran-
sition temperature to 1557C. This provides an op-
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1068 BERGSTRÖM AND SEPPÄLÄ

Table IV Influence of Norbornene Content on Properties of Norbornene-Ethylene Copolymers

GPC Data Conversion
Activity of

Norbornene Yield (106 g/mol MU w MU n Norbornene Tg Norbornene
Run (g/250 mL) (g) Zr h atm) (103 g/mol) (103 g/mol) MU w /MU n (mol %) (7C) (%)

17 31.1 17.3 0.9 — — — 29 101 32
21 40 14.2 0.8 290 163 1.8 33 122 22
22 50 11.0 0.6 361 223 1.6 34 124 14
23 60 13.7 0.7 378 197 1.9 36 136 15
24 70 15.5 0.8 406 282 1.4 34 142 14
25 80 13.3 0.7 446 268 1.7 36 147 11
26 90 3.5 0.2 269 206 1.3 38 155 3

Copolymers were polymerized at 4 atm ethylene pressure and 307C for 30 min using 38r1006 mol/L ethylene bis(indenyl)
zirconium dichloride and 3000 Al/Zr as MAO in toluene.

(—) No signal from the refractometer due to the same refractive index for the solution and the solvent.

neering plastics in a polyethylene or polypropyl- very high. All these matters are very critical from
an economic point of view and should be optimizedene plant and, therefore, has great commercial

potential. The polymerizations presented in this when scaling up the process. Also the type of sol-
vent used and the separation and purification ofpublication were all homogenous, therefore re-

quiring rather high catalyst and cocatalyst con- the polymer need to be optimized. However, the
basic properties and their dependence on the poly-tents; and the norbornene contents needed were

Figure 1 Influence of norbornene content on the properties of norbornene-ethylene
copolymers polymerized at 4 atm ethylene pressure and 307C for 30 min using
38r1006 mol /L ethylene bis ( indenyl ) zirconium dichloride and 3000 Al /Zr as MAO
in toluene.
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POLYMERIZATION CONDITION EFFECT ON NORBORNENE-ETHYLENE COPOLYMERS 1069

merization conditions presented here can be ex-
pected to be useful as guidelines when scaling up
a process for the manufacturing of norbornene-
ethylene copolymers using ethylene bis(indenyl)
zirconium dichloride as catalyst and, to a lesser
extent, for related copolymers and metallocene
catalysts. It can be seen that there is an optimum
temperature and an optimum ethylene pressure
that should be used in order to obtain high incor-
porations of a cyclic comonomer and increased
glass transition temperatures and that these
properties can be further increased by increasing
the catalyst concentration, the Al/Zr ratio, and
the comonomer content in the reaction mixture.
Especially very low (107C) or very high (707C)
polymerization temperatures should be avoided
in future work. At low temperatures the activities
and the comonomer incorporations are low and
such conditions are also very impractical for pres-
ent polyethylene and polypropylene reactors. On
the other hand, at high temperatures the comono-
mer incorporation especially is much too low; and,
depending on the other conditions, the molecular
weights might also be too low. For each COC con-
cept and manufacturing technology the optimiza-
tion of the polymerization temperature is one of
the most essential tasks. More detailed studies
on norbornene-ethylene copolymers made under
optimum conditions will be presented in future
studies, and these will also include the appear-
ance of block structures.
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