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ABSTRACT: The copolymerization of ethylene and norbornene by catalytic systems composed of i-Pr-
[(Cp)(F1lu)]ZrCl; (1) and methylaluminoxane was investigated. Ethylene—norbornene (E—N) copolymers
with 40.2 mol % of norbornene are highly alternating (NENE 50 mol %) and contain a significant amount
of racemic ENNE (8 mol %) and no ENNN sequences. The microstructural analysis by 1*C NMR of such
copolymers was completely obtained at the tetrad level by a methodology that exploits all the peak areas
of the spectra and accounts for the stoichoimetric requirements of the copolymer chain. The analysis at
the tetrad level allowed us to test the statistical model best describing E—N copolymerization with Cs-
symmetric catalyst 1 and to study the polymerization mechanism. The root-mean-square deviations
between experimental and calculated tetrads demonstrate that the first-order Markov model is sufficient
to describe the microstructure of E—N copolymers with 1. It is concluded that in E—N copolymerizations
with this catalyst both N and E are inserted according to a Cossee’s migratory insertion, and backskips
of the copolymer chain to its original position occur, causing the formation of both meso and racemic
NEN sequences. The probability of chain backskip is relatively high with respect to that observed in
syndiotactic propylene polymerization under the same polymerization conditions. This effect seems to be
due to norbornene strong coordinating ability which can influence the competition between site

epimerization and chain propagation.

Introduction

The synthesis of poly-a-olefins by ansa-metallocene-
based catalysts is one of the most efficient stereoselec-
tive catalytic reactions.! The stereoselectivity of these
systems strongly depends on the metallocene symmetry
and ligand type. The first metallocene able to produce
highly syndiotactic polypropylene was the Cs-symmetric
R2Cl(Cp)(9-Flu)]ZrCl; (1; R = Me; Cp = CsHy; Flu =
fluorenyl) (Chart 1).2 The analysis of the stereochem-
istry of poly-a-olefins has proven to provide new insights
into the mechanistic details of catalytic olefin poly-
merization. The pathway for the syndiospecific propy-
lene enchainment has been explained in terms of chain
migratory insertion and considered one of the evidences
for Cossee’s® alternating mechanism. Since the discovery
of these catalysts, many authors have discussed about
the origin of their syndiospecificity.* The current view
can be summarized as following: (i) Cs-symmetric
metallocene 1 possesses one bulky substituent (fluore-
nyl), which directs the growing polymer chain toward
the less hindered cyclopentadienyl side; (ii) the fluorenyl
presents an empty space in the central region wide
enough to accommodate the methyl of propylene in trans
with respect to the polymer chain; (iii) the growing
polymer chain and the incoming monomer alternate
their coordination to the two enantiotopic sites, deter-
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Chart 1. Metallocene under Investigation
i-Pr(Cp) (Flu)ZrCl; (1)

mining a migratory type of insertion (Figure 1). The
presence of stereoerrors such as rrrmmrrrr is consistent
with site control (Figure 2); the presence of a variable
amount of rrrmrrrr indicates occasional skipped inser-
tions (Figure 3).

These catalysts are known to be able to catalyze the
polymerization of cyclic olefins and ethylene (E)—
norbornene (N) copolymerization, which provides one of
the new families of olefinic copolymers made available
thanks to the advent of metallocene catalysts.>6 Ad-
vances on norbornene copolymerization with early
transition metal catalysts have been recently reviewed.”
Our continuing effort to elucidate the E—N copolymer
microstructure through 3C NMR analysis has provided
novel signal assignments of the complex spectra of these
copolymers, a description of the copolymer microstruc-
ture up to the pentad level of details, and insights into
the copolymerization mechanism.8~1% As part of this
interest, we have recently reported on the microstruc-
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Figure 2. Syndiotactic polypropylene by site control with C;-symmetric metallocenes: isolated stereoerrors.

tural analysis of the NMR spectra of alternating iso-
tactic E—N copolymers synthesized with the two Cj-
symmetric metallocene-based catalysts i-Pr(3-Pri-Cp)-
(Fluw)ZrClg (2) and i-Pr(3-Me-Cp)(Flu)ZrCl; (3) and me-
thylaluminoxane.!® In particular, by using an analytical
procedure which fully exploits the information contained
in the spectra, we could determine the microstructure
of the E—N copolymers synthesized with 2 and 3 at the
pentad level.16 This has allowed for more accurate tests
on the statistical model best describing E—N copoly-
merization with Ci-symmetric catalysts!’20 and for the
study of the influence of ligand substitution of these
catalysts on the polymerization mechanism.?1:22 It was
found that norbornene and ethylene are inserted at the
same site by a Cossee’s migratory mechanism and a

subsequent backskip of the copolymer chain to its
original position after every insertion (Figure 4). In that
work we found quite instructive the comparison with
the spectra of E—N copolymers produced by Cs-sym-
metric MesC(Flu)(Cp)ZrCly (1)-based catalyst, which is
known to be highly selective in producing E—N copoly-
mers with racemic ENNE diads.?? The need for a deeper
and more quantitative investigation of the spectra of
these copolymers, which are more difficult to be inter-
preted than those of E—N copolymers with meso ENNE
diads, motivates the present work.

Here we shall present the microstructural analysis
by 3C NMR of copolymers obtained with metallocene
1. Our results on copolymer microstructures obtained
at the tetrad level will be discussed and used to evaluate
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Figure 3. Errors by site epimerization in syndiotactic polypropylene by site control with Cs-symmetric metallocenes.
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Figure 4. Mechanisms for alternating isotactic E—N copo-
lymerization with Ci-metallocenes.’®

and test the copolymerization statistical models. Finally,
we will present insights into olefin polymerization
mechanisms operating in these systems, obtained from
such an analysis.

Results

Copolymer Synthesis. Ethylene—norbornene copo-
lymerizations with the C;-symmetric i-Pr [(Cp)(9-Flu)]-
ZrCly (1) metallocene (Chart 1) were investigated to
obtain evidence on proposed olefin polymerization mech-
anisms. Ethylene—norbornene copolymerizations were
carried out at 30 °C at atmospheric ethylene pressure
in the presence of methylaluminoxane at [All/[Zr] molar
ratio of 3000. A wide range of [N]/[E] feed ratios was
investigated. The polymerization tests were designed to
study copolymer microstructures, that is, low comono-
mer conversion and low polymer concentration in the
polymerization medium. Norbornene conversion was
kept below 10%. The norbornene content in the copoly-
mer was obtained by *C NMR spectroscopy. Molecular
weights were estimated by SEC measurements. The re-
sults concerning the synthesis and the characterization
of selected copolymers are summarized in Table 1. Poly-

Table 1. Ethylene—Norbornene Copolymerizations with
the Catalysts i-Pr(Cp)(Flu)ZrCl; (1): mol % of
Norbornene in the Copolymer, Productivity, and

Molecular Weight?
feed ratio
entry [NV/[E] N (mol %)® activity® My x 103 My/M¢
1 0.11 2341 37.20 2.0
2 0.25 1669 44.23 1.8
3 0.43 24.40 930 51.37 2.4
4 0.67 28.19 866 48.75 1.9
5 1.00 30.40 540 46.05 1.6
6 2.33 40.18 247 50.30 1.5
7 4.00 47.12 151 59.76 2.3
8 9.00 90 42.66 1.6

¢ Toluene as a solvent, MAO as a cocatalyst, 30 °C, Pg = 1.01
atm. ® Mol % of norbornene calculated by analysis of 13C NMR
spectra (see text). ¢ Activity = kg of polymer/(mol Zr h). ¢ Measured
by SEC at 145 °C in 1,2-dichlorobenzene.

mer yields of copolymerization with 1 are higher than
those with Cyo-symmetric ansa metallocenes such rac-
Et(Ind)2ZrCls (Ind = indenyl) under the same condi-
tions.? In general, Cs-symmetric RoC[(Cp)(9-Flu)]ZrCl,
showed higher activity than the Ce-symmetric metallo-
cenes.? As in almost all E—N copolymerizations by ansa-
metallocenes, the increase in N concentration in a poly-
merization feed results in a decrease in catalytic activ-
ity, likely due to the facility of N coordination to the
active sites, and in an increase of N content in the co-
polymer up to a plateau. Polydispersity is consistent with
single site catalysis. To keep low the comonomer con-
version, the polymerization time varies from one copo-
lymerization run to the other; this may have an influ-
ence on the molecular weight. Thus, it is difficult to
comment on the different values observed in the series.

IBC NMR Analysis. A detailed analysis of the co-
polymer 3C NMR spectra and their correct assignment
are crucial for obtaining a description of the copolymer
microstructure suitable to gain deeper insight into the
polymerization mechanism. A typical chain representing
E—N copolymers produced by 1, along with the adopted
carbon numbering and denomination, is sketched in
Figure 5. This chain contains norbornene in alternating
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Figure 5. Copolymer chain and nomenclature.

Table 2. Assignments of 13C NMR Chemical Shifts for
Carbons of Norbornene and Ethylene Units in E-N
Copolymers
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Table 3. Assignments of 13C NMR Chemical Shifts for
Carbons of Norbornene and Ethylene Units Affected by
NN Diads in the E—N Copolymers Studied in This Work

carbon?® chemical shift (ppm) sequences carbon chemical shift (ppm) sequences?®
Ethyleneb¢ Ethylene
So+o+ 27.74 EEEEEEE Sapm 29.11 NENN (R)
Sso+ 27.80 ENEEEE Norbornene
Spo+ 27.93 ENEEE
C5R 27.58 ENNE
Sapr 28.04 ENENE
C6 R 29.37 ENNE
Syt 28.05 ENEEE
s C7TR 31.57 ENNE
Sao+ 28.13 ENEEE C1R 38.93 ENNE
Sas, Sys 28.18 ENEEN, NEEEN ’
4 C4R 39.80 ENNE
Spy 28.39 ENEEN
C2R 45.62 ENNE
Sesm 28.56 EENENEE C3R 48.07 ENNE
Sapm 28.61 NENENEE ’
Sapm 28.66 NENENEE @ See Figure 5 for the denomination of meso (m) alternating
Sapm 28.70 NENENEN NEN sequence and NENN (R) sequence.
Norbornene®
C5/C6 28.33 ENE The spectrum at high norbornene content in Figure
c7 30.89 EENEE 7 clearly shows that the 1 precatalyst, in combination
C7m 30.96 NENEE with MAO under the polymerization conditions used,
C7r 30.98 NENEN :
CTm 31.04 NENEN produces only racemic NN sequences. Indeed, the
C1/C4 r 39.54 NENEN signals at 26.24 and 29.68 ppm (C5 and C6) and at
Cim 39.54 1/2 NENEE 45.96, 46.05, 46.50, and 47.12 ppm diagnostic of meso
C1/C4 39.57 EENEE ENNE sequences are absent.!1:12 No norbornene triads
Clm 39.86 1/2 NENEE are observed. The complexity of these spectra here
C3m 45.09 1/2 NENEE appears to arise from the presence of possible differen
C2/C3 r 45.91 NENEN stereoisomers of NENENNENENE sequences: the cen-
c2m 45.78 1/2 NENEE, tral racemic ENNE sequence can be surrounded by rac—
C2/C3 m NENEN rac, meso—meso, or rac—meso NENEN sequences.

@ The 13C NMR spectra were measured in C3D2Cl; at 105 °C;
chemical shifts are referred to HDMS. ® The Greek subscripts
indicate the distance of the observed secondary carbon atom S from
the closest norbornene carbons. ¢ See Figure 5 for carbon number-
ing and denomination.

sequences, both meso and racemic, norbornene isolated
between ethylene blocks, and racemic NN diads.

The progress in assignments of the spectra of E—N
copolymers has been recently reviewed.” An updated set
of assignments of the 13C NMR spectra, achieved with
the contributions by various authors, for the carbons of
alternating and isolated units observable in the spectra
of E—N copolymers prepared with catalyst 1 is collected
in Table 2. Signals involved in sequences with racemic
norbornene diblocks are summarized in Table 3.

The spectra of two samples of E—N copolymers
prepared with 1 and having different norbornene con-
tent are compared in Figures 6 and 7. Entry 3 has 24.4
mol % of norbornene, while entry 7 has 40.2 mol %.

The spectrum at low norbornene content is relatively
simple (Figure 6). The signals in the range 28.58—28.72
ppm due to Sys of meso alternating ENENE and at 45.77
ppm due to C2/C3 of meso alternating NENEN are
clearly visible; the expansion of the region between 44.8
and 46.0 ppm shows also indications of C2/C3 signals
at 45.21 ppm diagnostic of racemic alternating se-
quences. The latter are present in the spectra of all
samples. The detailed analysis of these spectra allows
us to quantify the alternating meso and racemic se-
quences. As we shall see later, this provides new
insights into polymerization mechanisms.

Tetrad Microstructure and Polymerization Sta-
tistics of E—N Copolymers Obtained by i-Pr [(Cp)-
(9-Flu)1ZrCls. The spectra of these copolymers are not
so neat as those of copolymers which contain only meso
NN blocks or no NN blocks at all, for which we were
able to gather information on the polymer microstruc-
ture at pentad level with some information even on
heptad sequences.'® Nevertheless, it has been possible
to use our standard analytical procedure,!l~13 which
uses the information from the whole spectrum, to derive
the microstructure of the series of copolymers reported
in Table 1 in order to get an estimate of the copoly-
merization parameters as accurate as possible. The
procedure adopted along with the definition of the
variables involved has been recently described in great
detail.!> In Table 4 we represent the results of the
analysis of six samples (entries 3—7) through the molar
fractions of tetrads, even though some higher level
splittings have been accounted for in the calculations.

Although the complexity of these spectra does not
allow for a complete pentad resolution, the analysis is
sufficient to test both the first-order and the second-
order statistics.?4?5 Indeed, in the past few years, we
have used tetrad information on E—N copolymers
obtained with catalysts rac-Et(Ind)sZrCly (4), rac-Mes-
Si(Ind)2ZrCly (5), and MeySi(MesCp)(N‘Bu)TiClg (6) to
determine the copolymerization parameters and clarify
possible statistical models of copolymerization, discrimi-
nating between ultimate and penultimate effects.!® In
those cases the second-order Markov model (M2) showed
better fits than the first-order Markov model (M1).
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Figure 6. Spectrum of an E—N copolymer sample, prepared with metallocene 1, entry 3, with N content of 24.4 mol %.

Table 4. Tetrad Least-Squares Fitting for E-N Copolymer Samples Obtained with Catalyst i-Pr(Cp)(Flu)ZrCl; (1)

entry feed ratio [N]/[E] EEEE NEEE NEEN ENEE NNEE NENE NNEN ENNE R?
3 0.43 0.2338 0.2268 0.0551 0.3316 0.0053 0.1413 0.0023 0.0038 0.9996
4 0.67 0.1512 0.2197 0.0733 0.3555 0.0108 0.1760 0.0054 0.0081 0.9992
5 1.00 0.1525 0.1490 0.1029 0.3399 0.0150 0.2187 0.0096 0.0123 0.9972
6 2.33 0.0645 0.0623 0.1003 0.2412 0.0218 0.4395 0.0397 0.0307 0.9971
7 4.00 0.0524 0.0134 0.0704 0.1233 0.0309 0.5043 0.1265 0.0787 0.9977

The results obtained here from the tetrad description
of the microstructure of the copolymers prepared with
1 are presented in Table 5. Only for the samples at low
N content the M2 statistics gives very good fitting
estimated standard error (ese) superior to M1. In all the
other cases the agreement is not good with both models.
These results maybe related to low quality of the fitting
of NMR data due to the low resolution of the spectra.
At any rate the reactivity ratios (r1 and ry and ri1, re;,
and rig) show rather coherent values in the whole
series: the values of r1; are very close to 1 and rig
values are close to rg; moreover, these parameters are
remarkably independent of the feed ratio. The average

r1 values above 1 and the low rg value of 0.04 indicate
a preference for insertion of ethylene over norbornene
into an active Mt—E* center and clearly illustrate that
catalyst 1 has a tendency to produce alternating micro-
structures at high N/E feed ratios. However, the 13C
NMR spectrum in Figure 7 clearly reveals that this
catalyst is able to produce copolymers with rac-ENNE
sequences. Worth noting is that the average re and rq
values are very close to those calculated by means of
the Finemann and Ross equations by Kaminsky.26 This
picture confirms that with this fluorenyl ansa-metal-
locene the insertion of a monomer unit is little affected
by the penultimate monomer unit, in agreement with
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Figure 7. Spectrum of an E—N copolymer sample, prepared with metallocene 1, entry 7, with N content of 40.5 mol %.

Table 5. Reactivity Ratios of E—-N Copolymerizations with Catalyst i-Pr(Cp)(Flu)ZrCl; (1) Calculated Using First- and
Second-Order Markovian Models from Tetrad Distribution

M1 M2
entry feed ratio N/E N (mol %) ri re (ese) ri ro1 riz (ese)
3 0.43 24.40 0.92 0.03 0.0046 0.89 1.01 0.04 0.000 02
4 0.67 28.19 1.10 0.03 0.0138 0.95 1.36 0.05 0.0017
5 1.00 24.68 141 0.04 0.0200 1.30 1.50 0.05 0.0193
6 2.33 40.18 1.27 0.04 0.0168 1.13 1.30 0.04 0.0166
7 4.00 47.12 1.02 0.06 0.0201 0.84 1.05 0.07 0.0171

a previous observation by Kaminsky, who found that
E—N copolymerization with 1 follows first-order Markov

statistics.2”

These features are evident in Figure 8A,B, where the
NMR-measured tetrad distributions obtained by the

methodology used in this work are compared with those
calculated according to first- and second-order Mark-
ovian models. The two representative copolymer samples
selected are those whose spectra are displayed in
Figures 6 and 7. The first sample with low N content
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Figure 8. Experimental and calculated tetrad distribution
for E—N copolymer samples prepared with i-Pr(Cp)(Flu)ZrCl,
(1) at feed ratio 0.43 (entry 3) (A) and at feed ratio 4.00 (entry
7) (B). Black: experimental data obtained from NMR; white:
according to model M1; dashed: according to model M2.

(Figure 8A) shows a very good agreement with all tetrad
molar fractions. The highly alternating (NENE 50%)
sample 7 presents a large discrepancy at EEEE and
NEEE tetrads, suggesting the possible inhomogeneity
of this copolymer.?8 In this sample we also note a
significant amount of NN diads, while we do not observe
NNN triads to be expected according to M1. The absence
of NNN blocks indicates a certain influence of the
penultimate inserted norbornene units. Thus, it is
confirmed that steric interactions are important in
determining the polymerization statistiscs. In E—N
copolymerizations with fluorenylmetallocenes i-Pr(3-R’-
Cp)(Flu)ZrCl; 1 and 2 (R' = H and Me, respectively),

Bl

(ZI’

2
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only the ultimate monomer inserted unit influences the
next insertion (M1), with metallocene 3 (R’ = i-Pr) next
insertion is influenced by the penultimate unit (M2) due
to the steric interactions between i-Pr and copolymer
chain.

Mechanistic Considerations. The observation of
only racemic ENNE sequences in E—N copolymers
prepared by Cs-symmetric catalyst 1 is convincing
evidence that a Cossee-type mechanism holds also for
E—N copolymerizations (Figure 9). The olefin insertion
involves the migration of the polymer chain to the site
occupied by the coordinated monomer. Indeed, when a
norbornene is inserted at one of the two enantiotopic
sites formed after the activation of the prochiral met-
allocene 1, the polymer chain migrates to the site of the
monomer approach. Thus, the next norbornene is in-
serted at the opposite enantiotopic site with the opposite
face.

Following Cossee’s migratory insertion mechanism,
we would expect the formation of only meso NEN
alternating sequences in these copolymers (Figure 10).
Quite instructive is the presence of meso and racemic
NEN sequences observable in the spectra in Figures 5
and 6 and in the spectra of all the copolymers of this
series. Their molar fractions calculated through our
procedure are plotted in Figure 10 against the N content
in copolymer or the N concentration in the feed.

In principle, the formation of NEN racemic sequences
could derive either from an error in stereocontrol or from
chain backskip as the formation of rrrrmrrrr sequences
in syndiotactic polypropylene (Figure 11). The high
stereocontrol'! in ENNE sequences obtained by 1 along
with high stereoregularity in N—E—N sequences in
copolymers obtained by Ce-symmetric metallocenes sup-
ports the conclusion that NEN racemic sequences here
should derive from occasional backskip (chain migration
without insertion). The amount of racemic NEN se-
quences indicates that probability of chain backskip is
relatively high with respect to that observed in syndio-
tactic propylene polymerization* mediated by the same
catalyst under the same polymerization conditions. This
effect seems to be due to norbornene strong coordinating
ability which could influence the competition between
site epimerization and chain propagation. By using
coordinatively diverse counterions, Marks* has shown
that it is possible to modulate site epimerization and
propagation rates and thus the propylene syndiotacticity
of this catalyst. It was also well-known that 1 syndio-
tacticity decreases in polar solvents such as CH2Cls and
1,3-dichlorobenzene.?? The DFT calculations of relative
formation energies performed by Yoshida et al.?° indi-
cated that the N coordination to a Ti—E* species in the
bis(pyrrolidimine)Ti complex/MAO system results to be
more stable than the corresponding E-coordinated spe-
cies by 8.33 kd/mol. This is indicative of dominant N
coordination to the Ti center of the E-last-inserted
species. The coordination of highly nucleophilic and

racemic NN

Figure 9. Cossee-type mechanism for E-N copolymerizations with with Cs-symmetric metallocene 1.
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Figure 10. Meso and racemic NEN molar fractions calculated
through our procedure!® against the [N]/[E] feed ratio.

sterically encumbered N to the E-last-inserted active
species would reduce the electrophilicity of the active
species. Thus, here norbornene coordination slows down
the propagation rate and favors the polymer chain to
move away leading to racemic NEN sequences.

P
-
Zr-

Ethylene—Norbornene Copolymers 9917

Conclusions

A series of E—N copolymers have been synthesized
with Cs-symmetric metallocene 1. The microstructural
analysis by *C NMR of copolymers obtained has been
completely obtained at tetrad level thanks to the use of
our methodology which exploits all the peak areas of
the spectra and accounts for the stoichoimetric require-
ments of the copolymer chain. Copolymers with 40.2 mol
% of norbornene are highly alternating (NENE 50 mol
%) and contain a significant amount of ENNE (8 mol
%) and no ENNN sequences. Accurate test of the M1
and M2 statistical models allowed us to conclude that
norbornene and ethylene copolymerizations mediated
by 1 follow M1 statistics. The values of r1; are very close
to r1, and r12 values are close to r5. The average ry values
above 1 and the low rg value of 0.04 indicate the
tendency of catalyst 1 to produce alternating micro-
structures at high N/E feed ratios.

Comparisons with results obtained with 2 and 315
confirmed that steric interactions are important in
determining the polymerization statistiscs. With met-
allocenes 1 and 2 (R' = H and Me, respectively) only
the ultimate monomer inserted unit influences the next
insertion (M1), with metallocene 3 (R' = i-Pr) next
insertion is influenced by penultimate unit (M2) due to
the steric interactions between i-Pr and copolymer
chain. Finally, we have found that the two monomers
are inserted according to a Cossee’s migratory mecha-
nism and that backskips of the copolymer chain to its

P

zr*

- =
P
AN AN

racemic NEN

\ P
+
Zr-
Zr,
meso NEN

Figure 11. Origin of meso and racemic NEN sequences in E—N copolymerization with Cs;-metallocene.
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original position occur, causing the formation of both
meso and racemic NEN sequences. The probability of
chain backskip is relatively high with respect to that
observed in syndiotactic propylene polymerization under
the same polymerization conditions. This effect seems
to be due to norbornene strong coordinating ability
which could influence the competition between site
epimerization and chain propagation.

Experimental Part

General Conditions. All experiments were performed
under dry nitrogen in a drybox or using standard Schlenk line
techniques. Methylaluminoxane (MAO) (10 wt % as toluene
solution, Crompton) was dried (50 °C, 3 h, 0.1 mmHg) before
use. Toluene was dried and distilled from sodium under a
nitrogen atmosphere. i-Pr(Cp)(Flu)ZrCl; was purchased from
Boulder. Nitrogen and ethylene gases were dried and deoxy-
genated by passage over columns of CaCl,, molecular sieves,
and BTS catalysts. Norbornene was distilled from sodium and
used as stock solution in toluene.

Polymer Synthesis. A typical ethylene—norbornene copo-
lymerization experiment with metallocene 1 was carried out
in a 250 mL round-bottomed Schlenk flask in an oil bath
thermostated at 30 °C. After three vacuum—nitrogen cycles,
norbornene was introduced in the reactor. Toluene (100 mL)
was then cannula transferred, and MAO was added as a
toluene solution ([Al] = 3 mol L™1). After evacuation of the
nitrogen, the solution was saturated with ethylene at atmo-
spheric pressure. The reacting medium was stirred for 30 min
(stirring rate of 1000 rpm) in order to dissolve the ethylene
and to homogenize the medium. The catalyst was then added
as a toluene solution freshly prepared (typically [Zr] = 0.010
mmol L1, Al/Zr = 3000). The pressure of ethylene, tempera-
ture, and stirring rate were kept constant during the poly-
merization. Copolymerization reactions were stopped before
the medium would become heterogeneous and before 10% of
the initially introduced norbornene was consumed. After the
given reaction time, the polymerization reactions were quenched
by slow addition of ethanol initially, and then mixture was
poured into acidic ethanol. The precipitated polymer was
washed with EtOH and dried under vacuum.

Ethylene concentration in toluene was calculated according
to Henry’s law, as already described.!' Ethylene was used
instead of nitrogen to purge the Schlenk flask before introduc-
ing the reagents.

Size Exclusion Chromatography The molar mass dis-
tribution (MMD) and polydispersity were performed on a high-
temperature dual-detector size exclusion chromatography
(SEC) system. The SEC system was a GPCV2000 from Waters
(Milford, MA) that uses two on-line detectors: a differential
viscometer (DV) and a differential refractometer (DRI) as
concentration detector. The description of this SEC-DV system
has been reported elsewhere.?! The experimental conditions
were o-dichlorobenzene + 0.05% 2,6-di-ter¢-butyl-4-methylphe-
nol (BHT, antioxidant) as mobile phase, 0.8 mL/min as flow
rate, and a column temperature of 145 °C. The column set was
composed of three GMHx-HT columns from TosoHaas (Stut-
tgart, Germany). The universal calibration was constructed
from 18 narrow MMD polystyrene standards, with the molar
mass ranging from 162 to 5.48 x 10°¢ g/mol.

13C NMR Characterization. The copolymers were dis-
solved in CyDyCls. HMDS was used as internal reference.
Analyses were performed at 103 °C on a Bruker AV-400
spectrometer in the PFT mode. Composite pulse decoupling
was used to remove 3C—'H couplings.

The norbornene content of the copolymers was calculated
according to the formula [2I(C;) + I(C;—Cs) + I(C2—Cs)] x 100/
3I(CHsy), where I(CHsy), I(Cy), I(C1—Cs), and I(C2—Cj3) are the
peak areas in the ranges 26—30, 30—36, 34—42, and 43—54
ppm of 3C NMR spectra as previously reported.!!

Calculation of Tetrad Distribution and Reactivity
Ratios. The tetrad distributions were calculated from the
segment molar fractions: fim), fo, f1, fisD), fr(isl), as defined
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in ref 11, and fx(isot), which represents pentad NENEN. The
the copolymerization parameters were determined as described
in ref 13.
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