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ABSTRACT: When characterized with DMA it was found that Phenylnorbornene–ethyl-
ene copolymers with equivalent comonomer concentrations had very different storage
moduli in the glassy state as well as glass transition temperatures. NMR analysis of
the copolymers revealed that they had different ratios of Exo- and Endo-diastereomers
even if the same comonomer composition had been used. The Exo/Endo-ratio in the
polymer was surprisingly higher than in the monomer and increased with higher incor-
porations of the comonomer. Copolymers with higher Exo/Endo-ratios also had a ten-
dency for lower storage moduli in the glassy state and higher tan d peaks. These
properties are valuable because more flexible and impact-resistant copolymers are ob-
tained. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 385–393, 1998
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INTRODUCTION brittle below their glass transition temperatures.5

The engineering type COCs are very brittle at
room temperature and the elastomeric type COCsNorbornene–ethylene copolymers are manufactured

in the semicommercial scale using metallocene cata- become brittle at deep freezing temperatures.
To overcome the deficiencies caused by norbor-lysts and methylaluminoxane (MAO) as a cocata-

lyst.1 Amorphous and heat-resistant cyclo–olefin co- nene it is suggested that phenylnorbornene is
used instead, either alone or in combination withpolymers (COC) are marketed by Hoechst2 (TO-

PAS) and Mitsui Sekka3 (APEL) mainly for optical norbornene.
The intention with this publication is to getapplications like compact discs. Idemitsu Kosan,4 on

the other hand, manufactures norbornene-ethylene information about the rigidity of phenylnorbor-
nene–ethylene copolymers below their glass tran-copolymers with lower norbornene concentrations to

obtain lower glass transition temperatures (Tg), and sition temperatures and how it is affected by the
polymerization conditions. For this purpose DMAhence, elastomeric properties. Such low Tg COCs will
measurements were made and the influence of thebe used for the replacement of plasticized PVC in
polymerization conditions on the storage moduluscling films.
and tan d was studied.One very serious problem with the norbor-

nene–ethylene copolymers is that they are very
EXPERIMENTAL SECTION
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Correspondence to: C. Bergström.

The polymerization of phenylnorbornene and eth-Journal of Applied Polymer Science, Vol. 67, 385–393 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/030385-09 ylene was done using a semiflow method and a
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reactor system described in detail in an earlier was used in some reference polymerizations, and
this was obtained from Fluka (14351) and had aarticle of our group.6 The appropriate amount of

phenylnorbornene was dissolved in toluene and purity of 97%. The ethylene used was AGAs grade
2.7, which was further purified in columns con-diluted so that a 200-mL solution was obtained.

The solution was dried with molecular sieves taining molecular sieves, CuO, and Al2O3 before
entering the reactor, and the toluene used wasovernight and poured into a thermostated 500 mL

stainless steel reactor equipped with a stirrer. Riedel-deHäen’s grade RG.
The catalyst was the soluble metallocene cata-After purging with nitrogen and ethylene the eth-

ylene pressure and the temperature of the reactor lyst ethylene bis (indenyl) zirconium dichloride,
‘‘EURECEN 5036,’’ from Witco and the cocatalystcontent were set at the chosen values and ethyl-

ene was supplied until the toluene solution was was 10 wt % methylaluminoxane (MAO) in tolu-
ene from Witco. The Al content of the cocatalystsaturated and the ethylene flow stopped. Then

the MAO–toluene solution was pumped into the was 4.5–5.5 wt %.
reactor and the mixing continued for 15 min. Fi-
nally, the catalyst–toluene solution was pumped

Polymer Characterizationto the reactor. After addition of catalyst (2 mg
Å 24r1006 mol/L or 1 mg Å 12r1006 mol/L of The phenylnorbornene concentrations in the co-ethylene bis (indenyl) zirconium dichloride) the polymers as well as the diastereomer ratios in thepolymerization was allowed to continue for 30 min copolymers and the comonomer were measuredor 60 min, and the ethylene consumed in the poly- by 1H-NMR. The spectra were recorded at 1007Cmerization was constantly replaced and the pres- with 1,1,2,2-tetrachloroethane as solvent. A spec-sure and temperature were automatically con- tral width of 15,000 Hz, an acquisition time of 1.0trolled. No hydrogen or other chain transfer s with 32768 data points and a 207 pulse wereagents were used in this study. When the chosen used to accumulate 32 scans. In Figure 1 is pre-polymerization time was finished, the ethylene sented the spectra of a phenylnorbornene–ethyl-supply was shut, the reactor vented, and the reac- ene copolymer and the phenylnorbornene concen-tor content poured into ethanol (300 mL). Then tration can be calculated according to eq. (1) seenhydrochloric acid was added in order to deactivate below.MAO and the sample was kept that way until
the next day when it was filtered, washed with

Phenylnorbornene (mol %)acetone, filtered again, and dried in a vacuum
oven.
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Chemicals

The comonomer, 5-phenyl-2-norbornene (5-phe-
nyl-bicyclo-(2,2,1)-hept-2-ene), was synthesized A1 is the integrated area of the aromatic hydro-

gens (6.4–7.8 ppm) and A2 is the area of all otherfrom cyclopentadiene and styrene through a
Diels-Alder-reaction. 120 g (1 eq.) cyclopentadi- hydrogens (0–4 ppm). A2 contains the aliphatic

hydrogens of ethylene (4) as well as phenylnorb-ene obtained by distilling dicyclopentadiene, 250
mL (1.2 eq.) styrene, and 33 g (0.08 eq.) N-Phenyl- ornene (9), which need to be substracted from A2

to obtain the integral of the ethylene units.2-naphtylamine (inhibitor for polymerization of
styrene) were dissolved in toluene and the solu- The Exo/Endo-ratio can be obtained from the

integrals at 2.7 ppm (Exo) and 3.2 ppm (Endo),tion (500 mL) was poured into a 1-liter thermo-
stated steel reactor that was evacuated and which represent the aliphatic hydrogens in gemi-

nal position to the phenyl group. These assign-purged with nitrogen. Under mixing and control-
ling the temperature at 1957C the reaction was ments have been confirmed by 1H-1H-cosy. Also,

the enchainment of phenylnorbornene was exclu-allowed to continue for 21 h, after which it was
distilled under vacuum. The purified phenylnor- sively in the Exo-configuration, which was con-

firmed by this same 1H-1H-cosy. Exclusive en-bornene was analyzed with 1H-NMR as described
below, and the diastereomer ratio obtained was chainment of norbornene in the Exo-configuration

has earlier been shown by Kaminsky et al.7 How-27% Exo/73% Endo.
Also, norbornene (bicyclo-(2,2,1)-hept-2-ene) ever, according to molecular modelling, the other
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Figure 1 1H-NMR spectrum for a phenylnorbornene–ethylene copolymer made with
a metallocene catlyst and MAO.

two enchainment possibilities, Endo and Exo, (E * ) , dynamic loss modulus (E 9 ) , and damping
(tan d Å E 9 /E * ) were monitored, and in Figure 2Endo, would provide stiffer polymer chains with

higher Tg , but there has not been any experimen- the curves obtained for run 7 are presented.
The dynamic storage modulus or elastic modu-tal evidence yet.

For evaluating the rigidity of the copolymers lus, E *, is an indication of how the material can
store mechanical energy. E * is approximately sim-in the glassy state, their glass transition tempera-

tures as well as their potentials for high-impact ilar to the Young or elastic modulus, or stiffness.8

Thus, the E * onset defines the temperature atproperties DMA measurements were made. For
this purpose compression-molded plaques of the which the material’s strength will begin to de-

crease, such that the material may no longer besize 2 1 4 1 15 mm were made and the measure-
ments were performed using the Perkin-Elmer in- able to bear a load without deforming. Nunnery

has recently explained that storage modulus in-strument DMA 7 interfaced to a DEC station
325C and equipped with a Unox software. The deed agrees closely with flexural modulus as mea-

sured by ASTM D790.9mechanical mode used was the three-point bend-
ing system and the analyses were run in a temper- The dynamic loss modulus or viscous modulus,

E 9, is a measure of the energy absorbed due to aature scan mode. The heating rate was 47C/min,
the frequency 1 Hz, and the temperature behavior relaxation and, thus, is useful in clarifying the

mechanism of internal motions. It is a measurewas characterized by monitoring the changes in
strain and phase. The dynamic storage modulus of the dissipated heat during a deformation, and
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Figure 2 DMA-scan for a phenylnorbornene–ethylene copolymer made with a metal-
locene catalyst and MAO (run 7). E * Å storage modulus, E 9 Å loss modulus, tan d
Å E 9 /E *.

the peak in loss modulus represents the tempera- sitions of polymers. Heijboer proposed already in
1968 a qualitative correlation between the me-ture at which a material is undergoing the maxi-

mum change in polymer mobility, which corre- chanical damping peaks and impact toughness of
polymers.10 Turley and Keskkula obtained goodsponds to one definition of the glass transition

temperature, Tg . agreement between the integrated area against
temperature of rubber damping peaks repre-The damping or dissipation factor, tan d, is the

ratio of E 9 to E *, and gives information on the sented by tan d at subambient temperatures and
Izod impact at ambient temperatures for a seriesrelative contributions of the viscous and elastic

components of a viscoelastic material. Materials of butadiene modified polystyrenes.11 Recently,
Woo successively used DMA measurements towith a tan d value less than 1 exhibit more elastic

behavior, and materials with a tan d value above study the low-temperature impact properties of
metallocene catalyzed polyethylenes and their1 more viscous behavior. Tan d also shows a maxi-

mum and most of the DMA reference data refer blends with polypropylene homopolymers as well
as studies of flexible polyvinylchloride (PVC),to this maximum as Tg .

As a measure for the rigidity in the glassy state ethylene vinyl acetate (EVA), and polypropylene
films between about01007C and/607C.12,13 TheseE * at 0257C was arbitrarily chosen because at

this temperature the onset of softening had not studies of DMA analysis and its relationship to
impact transitions also prompted us to make someyet taken place for any of the copolymers studied.

The temperature of the tan d peak was taken as corresponding comparisons for the studied cyclic
copolymers.a measure for the glass transition temperature

(Tg ) and the height of the tan d peak (max value In Figure 3 are presented the E * and tan d
scans of a stiff (run 7) and a soft (run 1) phenyl-0 base line value) was calculated because it has

been shown that it correlates with the impact norbornene–ethylene copolymer with equivalent
Tgs in comparison with a norbornene–ethyleneproperties of polymers with equivalent Tgs.

The DMA technique has also been mentioned copolymer with higher Tg (run 11). It can be seen
that the E * at 0257C is higher for the norborne–in the litterature for prediction of the impact tran-
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Figure 3 DMA-scans for a soft ( —) and a stiff ( – – ) phenylnorbornene–ethylene
copolymer with equivalent Tgs in comparison with a norbornene–ethylene copolymer
(----) with higher Tg .

ethylene copolymer compared to the phenylnor- taining an ethylene pressure of 4 ata and the Al/
bornene–ethylene copolymers. Zr ratio 3000. For 10 g phenylnorbornene also

A very convenient way of measuring Tg is the three levels of Al/Zr ratio, 1500, 3000, and 6000,
DSC method. This technique, however, measures were compared. The results of these polymeriza-
glass transitions, which are sometimes very diffi- tions can be seen in Table I.
cult to distinguish. In Figure 4 is presented the It can be seen from the results in Table I that
DSC curve for run 7 obtained with the Mettler- under all conditions the Exo-diastereomer of phe-
Toledo TA8000DSC so that the sample was first nylnorbornene was more easily incorporated into
heated to 2007C, then cooled to 0207C (207C/min) the copolymer chain than the Endo-diastereomer.
and reheated to 1407C (207C/min). The data was The portion of Exo increased from 27% up to 49%
taken from the second heating and the glass tran- in the polymerization. This is contrary to the re-
sition started at 127C with a midpoint tempera- sults obtained by Kaminsky et al. using other cat-
ture of 197C. This should be compared with the alysts.14 The activities were very similar and the
tan d max midpoint temperature of 187C obtained incorporations of phenylnorbornene as well as the
from the DMA curve in Figure 2. No crystalline Tgs (tan d max) were not very much influenced
melting point was seen for run 7 nor any other by the amount of comonomer added nor the Al/
co- or ter-polymer included in this study. Zr ratio. The stiffnesses below Tg , E * (0257C),

however, increased with increasing incorpora-
tions of phenylnorbornene. Also the Exo-contents

RESULTS AND DISCUSSION and the heights of tan d max increased slightly
for 3000 Al/Zr. The influence of Al/Zr ratio was

Influence of the Amount of Phenylnorbornene and most strongly seen in the Exo-concentrations.
Al/Zr Ratio When decreasing the Al/Zr ratio the Exo-concen-

tration increased, the height of tan d max in-Three levels of phenylnorbornene, 7, 10, and 15
g, were polymerized at 307C for 30 min main- creased, and the stiffness below Tg decreased.
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Figure 4 DSC scan for a phenylnorbornene–ethylene copolymer made with a metallo-
cene catalyst and MAO (run 7).

Molecular modelling shows that the distance be- (increasing effect on Tg ) . A net effect of Exo-con-
centration on Tg is, therefore, very difficult to see.tween the copolymer chains is longer for the Exo-

diastereomer than the Endo-diastereomer of phe-
nylnorbornene, which would create a less compact

Influence of Ethylene Pressure, Polymerizationcopolymer with increased mobility (decreasing ef-
Time, Temperature, and Catalyst Concentrationfect on Tg ) and a lower stiffness. However, the

Exo-diastereomer also rotates more slowly around Three levels of ethylene pressure, 2, 3, and 4 ata,
were used when copolymerizing 10 g of phenyl-the polymer chain and makes a single chain stiffer

Table I Influence of Phenylnorbornene Content and AL/Zr Ratio on the Properties of
Phenylnorbornene–Ethylene Copolymers Polymerized for 30 min at 307C and 4 ata using 24 1 1006

mol/L Ethylene Bis (Indenyl) Zirconium Dichloride and MAO in Toluene

DMA
1H-NMR

Activity Tan dmax
PhN Yield (106 g/mol PhN Conc. Exo Conc. E*(0257C)

Run (g) AL/Zr (g) Zr h ata) (mol %) (%) (7C) (height) (109 Pa)

1 7 3000 12.4 1.3 11 44 20 0.80 0.67
2 10 3000 12.3 1.3 12 46 21 1.12 1.09
3 15 3000 13.9 1.4 15 47 23 1.27 1.20
4 10 1500 12.5 1.3 13 49 22 1.22 0.86
5 10 6000 13.4 1.4 12 44 16 1.13 1.04
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Table II Influence of Ethylene Pressure, Polymerization Time, Temperature, and Catalyst
Concentration on the Properties of Phenylnorbornene–Ethylene Copolymers Polymerized Using
Ethylene Bis (Indenyl) Zirconium Dichloride, 3000 Al/Zr of MAO and 10 g of Phenylnorbornene

DMA
1H-NMR

Activity Tan dmax
P t T Cat. Yield (106 g/mol PhN Conc. Exo Conc. E*(0257C)

Run (ata) (min) (7C) (mg) (g) Zr h ata) (mol %) (%) (7C) (Height) (109 Pa)

6 2 30 30 2 10.8 2.3 17 48 35 1.50 1.09
7 3 30 30 2 14.5 2.0 11 42 18 0.85 1.53
2 4 30 30 2 12.3 1.3 12 46 21 1.12 1.09
8 3 60 30 2 14.0 1.9 8 40 21 0.66 1.44
9 3 30 50 2 14.8 2.1 16 43 31 1.13 1.38

10 3 30 30 1 7.7 2.1 12 44 21 1.02 0.85

norbornene at 307C and 3000 Al/Zr for 30 min. be due to the higher availability of monomers for
each active site facilitating the incorporation ofAt 3 ata also the influence of polymerization time

(60 min), temperature (507C), and amount of cat- the more reactive monomers (Ethylene and Exo-
phenylnorbornene).alyst (1 mg) were investigated. The results of

these polymerizations can be seen in Table II. In Figure 5 are presented the heights of tan d
max vs. Exo-concentrations for all phenylnorbor-It can be seen from the results in Table II that

the activity decreased slightly when increasing nene–ethylene copolymers presented in Tables I
and II. It can be seen that there is a correlationthe ethylene pressure. Also the incorporation of

phenylnorbornene decreased due to the higher between these fundamental properties in spite of
the very different polymerization conditions.ethylene concentrations, and this was also caus-

ing lower Tgs. The lowest Exo-content was ob-
tained for 3 ata, which is also seen in the high

Influence of the Incorporation of Small Amounts ofstiffness below Tg and the low height of tan d max.
Phenylnorbornene into a Norbornene–EthyleneWhen polymerizing at 3 ata for 60 min the Exo-
Copolymercontent as well as the height of tan d max were

even lower. Also, in this case the stiffness below In this work it was found that by incorporating
phenylnorbornene into an ethylene copolymerTg was high in spite of the low incorporation of

phenylnorbornene. chain different DMA curves were obtained for dif-
When increasing the polymerization tempera-

ture to 507C, the incorporation of phenylnorbor-
nene as well as Tg increased. The Exo-concentra-
tion increased slightly, the stiffness below Tg de-
creased, and the height of tan d max increased.

When using a lower catalyst concentration the
yield was, of course, lower, but the activity, the
incorporation of phenylnorbornene, and Tg were
about the same. The Exo-concentration was, how-
ever, higher, which is also seen in a lower stiffness
below Tg and a higher tan d max. One can imagine
that with a lower catalyst concentration there is
more monomer (Ethylene, Exo-phenylnorbor-
nene, and Endo-phenylnorbornene) available for
each active site so the incorporation of the
more reactive Exo-diastereomer becomes more
stressed. Figure 5 Heights of tan d max versus exo-concentra-

The reason for the higher Exo-concentrations tions for all phenylnorbornene–ethylene copolymers
presented in Tables I and II.obtained at 4 ata (all runs in Table I) might also
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Table III Influence of the Incorporation of Small Amounts of Phenylnorbornene into a
Norbornene–Ethylene Copolymer

DMA

Activity Tan dmax Charpy Impact
Norb. Phen. Norb. Yield (106 g/mol E*(0257C) Unnotched

Run (g) (g) (g) Zr h ata) (7C) (Height) (109 Pa) (kJ/m2)

11 68.5 — 9.9 1.1 153 0.89 2.1 3.7
12 68.5 6.2 4.6 0.5 154 1.13 2.4 5.5
13 68.5 12.4 1.4 0.2 156 1.29 2.5 6.4

ferent degrees of incorporation and different poly- merizing it at 507C and 4 ata for 30 min. The
amount of catalyst was 2 mg and the Al/Zr ratiomerization conditions. For a certain degree of in-

corporation and level of Tg it is advantageous to was 1000. Runs 12 and 13 were done in the same
way but with 6.2 g and 12.4 g of phenylnorbornenehave a lower stiffness below Tg and higher tan d

max to obtain a more flexible and impact resistant in addition to 68.5 g of norbornene (the norbor-
nene/phenylnorbornene molar ratios were 20/1product. Because DMA seemed to be a very practi-

cal tool for the characterization of these properties and 10/1, respectively).
It can be seen from the results in Table IIIwe wanted to use it also for studying the influence

of the incorporation of small amounts of phenyl- that the yield and activity decreased when adding
phenylnorbornene to the norbornene–toluene so-norbornene into a norbornene–ethylene copoly-

mer. For this purpose the properties of three poly- lution. This result is, however, dependent on the
catalyst system and the polymerization conditionsmers presented in Table III were compared. Run

11 was done by using a 200-mL toluene solution and is, therefore, not important in this context.
From the DMA curves it can be seen that whencontaining 68.5 g norbornene (90 mol %) and poly-

Figure 6 DMA scan for a norbornene–phenylnorbornene–ethylene ter-polymer
(run 12).
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the total amount of cyclic comonomer was in- d max peaks were also obtained when incorporat-
ing small amounts of phenylnorbornene into acreased, Tg and the stiffness below Tg also in-

creased. It can also be seen that the height of norbornene–ethylene copolymer, and this change
in basic properties was also seen in higher Charpytan d max increased reflecting an increase in the

impact resistance measured by the unnotched Impact results. Further improvement in Charpy
Impact can be expected when using phenylnorbor-Charpy method. The stiffness at 0257C was sig-

nificantly higher for these norbornene-rich co-/ nene with higher Exo/Endo ratio and polymeriza-
tion conditions that further increase the Exo/ter-polymers compared to the copolymers con-

taining no norbornene and presented in Tables I Endo ratio. The metallocene catalyzed norbor-
nene–ethylene copolymers that are now on theand II. However, for both runs 12 and 13 the stor-

age modulus, E *, decreased more rapidly after market are too brittle for many applications, and
by incorporating small amounts of phenylnorbor-0257C, indicating an increasing mobility of the

phenyl group in phenylnorbornene. This was not nene into them this drawback can be eliminated.
seen in run 11. One can say that the norbornene–
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