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ABSTRACT: The copolymerization of propene (P) and norbornene (N) by the catalytic system composed
of rac-Me,Si(2-Me-Ind),ZrCl, (3) and methylaluminoxane (MAQO) was investigated and compared with that
by rac-Et(Ind),ZrCl, (1) and MAO. Methyl 2 substitution on the indenyl ligand in 3 has an unexpected and
strong influence on the catalyst behavior in P—N copolymerization, causing a strong decrease in catalytic
activity, molar fraction f, T, and M, values. P—N copolymers with maximum of 16 mol % of norbornene
were obtained by 3-MAO in contrast with those highly alternating obtained by 1-MAQ. The microstructural
analysis by '>*C NMR of the copolymers at triad level and reactivity ratios r; and r;; obtained from diads and
triads, respectively, give evidence of the tendency to alternate or not to alternate P and N comonomers and
information on the probability of insertions of N and of the possible forms of P insertions (P, P;3, and P,;).
Penultimate effects were demonstrated as 3-MAQO has difficulty in accommodating a norbornene into
Mt-P,N and Mt-P;3N bonds. A great decrease in the tacticity of the PP blocks in copolymers prepared with
3-MAO when increasing norbornene content in the feed revealed the high probability of R—S isomerization
of the last inserted propene. Chain end groups analysis showed a greater amount of 2-butenyl end groups
arising from termination at a Mt-P,; than of vinylidene arising from termination at a Mt-P,. This is an
evidence that the limiting step in P—N copolymerization is the difficulty to insert a propene after N, which
causes 2,1 insertions with subsequent isomerization to 1,3 propene insertions. This effect also originates chain

epimerization under starved propene conditions with catalyst 3-MAOQO.

Introduction

Cyclic olefin copolymers (COCs) made available by ansa-
metallocene catalysts have experienced a great interest in acade-
mia and industries.' ™ Indeed, they are a new interesting class of
amorphous and thermoplastic materials with high glass-transi-
tion temperatures (7). They show excellent transparency and
high refractive index because of their rigid bicyclic monomer
units, high chemical resistance, low water absorption, good
solubility in organic solvents, and good processability. TAP
(formerly Ticona and Hoechst) has developed the ethene
(E)—norbornene (N) copolymers, the most versatile and inter-
esting ones, to commercial products. They display a wide range of
T, values from room temperature to ~220 °C.

The incorporation of norbornene into the isotactic polypro-
pene chain was expected to be endowed with higher T, than E-N
copolymers with the same N content and molar mass (M)
because polypropene (PP) has a higher T, than polyethene.
Differences in stereo- and regioregularity of propene units as
well as in the comonomer distribution and the stereoregularity of
the bicyclic units would allow us to tune copolymer properties.
Such differences originate complex microstructures of the poly-
mer chain and complex '*C NMR spectra.'’'* Therefore,
interpretation of P—N copolymer spectra is much more difficult
than that of E—N copolymers. We tackled the synthesis and
microstructural studies of P—N copolymers with two C,-sym-
metric metallocenes rac-Et(Ind),ZrCl, (1) and rac-Me,Si(Ind),-
ZrCl, (2) (Chart 1) and methylaluminoxane (MAO) as cocata-
lyst.!! 13C NMR experiments and ab initio theoretical chemical
shift calculations, combined with RIS statistics of the P—N chain,
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Chart 1. C, Symmetric Metallocenes under Investigation: rac-Et-
(Ind),ZrCl; (1) and rac-Me,Si(2-Me-Ind),ZrCl, (3)

\
«wCl

gave the first assignment of the '*C NMR spectra of P—N
copolymers.'' More recently, the influence of propene pressure
and temperature on activity, norbornene content, My, and T, of
P—N copolymers by 1-MAO was assessed.'> A decrease in
norbornene content, M, and T, was observed at high temperature
and pressure. The great number of 1,3 propene insertions found
especially at high temperature and pressure, occurring after an
inserted norbornene unit, indicated that the limiting step in P—N
copolymerization is the difficulty to insert a P after N. Moreover,
chain transfer reactions are likely to occur more often at a P-last
inserted-Mt bond: indeed, chain transfer reactions at a Mt-N bond
are rather difficult because the f—H transfer would violate Bredt’s
rule, that is, the coplanarity of Zr—C(o)—C(8)—H.

The M,, values of the P—N copolymers are quite low in
comparison with those of E—N copolymers. The highest molar
masses obtained at room temperature were in the range of 40 000
Da. For mechanical properties and processability requirements,
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Table 1. Polymerization Conditions and Copolymers Obtained with Propene - Norbornene Copolymerizations with the Catalysts rac-Et-
(Ind),ZxCl, (1) and rac-Me,Si(2-Me-Ind),ZrCl, (3)*

catalyst entry [N]/[P] feed AN activity (kgpol/molZr-h) time (h) T, (°C) M, x 1073 (g/mol) My /M
3 1 0.00 0.00 123180 0.05 n.d. n.d. n.d.
3 2 0.05 0.12 1480 0.25 0.4 15.5 2.0
3 3 0.10 0.16 180 0.58 12 7.1 2.4
3 4 0.13 0.15 60 1.17 10 7.4 1.9
3 5 0.29 0.16 30 1.25 22 5.0 3.7
1 6 0.00 0.00 6140 0.33 n.d n.d. n.d
1 7 0.06 0.22 400 0.67 39 4.0 1.6
1 8 0.11 0.34 170 1.50 80 11.1 1.9
1 9 0.22 0.41 50 2.00 104 15.1 1.9
1 10 0.42 0.45 20 2.50 113 13.7 1.9
1 11 0.53 0.45 10 2.50 121 13.5 1.7

“Polymerization conditions: total volume in toluene = 350 mL, pP = 5 bar, 40 °C, cocatalyst = dried MAO + Al'Bus, [Al]/[Z1] = 2000, [Zr] =
10~*mol/L. * Fraction of norbornene incorporated in the copolymer calculated from '3C NMR spectra.'® ‘Determined by SEC relative to polystyrene

standards.

polymer molar masses must be in the range 40000—300000 at
current plant polymerization temperatures (60—80 °C).

Chain transfers in propene polymerization from metallocenes
include S-hydride transfer to the metal and -hydride transfer to
the monomer.'” They are dictated from metallocene ligands and
depend on the polymerization temperature, type of cocatalyst,
and propene concentration. Because the 2-alkyl indenyl substitu-
tion of C,-symmetric zirconocenes is key in increasing consider-
ably the molar masses of the produced polymers, we envisioned
that rac-Me,Si(2-Me-Ind),ZrCl, (3) (Figure 1) could enable the
synthesis of P—N copolymers with high norbornene content and
high molar masses."®

The aim of this work is to investigate P—N copolymerization
with the C, symmetric catalyst rac-Me,Si(2-Me-Ind),ZrCl, (3?,
which is able to incorporate high amounts of N in NNN blocks.'”
A comparison with the results obtained with rac-Et(Ind),ZrCl,
under the same conditions would allow us to evaluate the effect of
the substituent on the indenyl ligand on the catalyst behavior in
P—N copolymerization because previous results revealed that the
different bridge in rac-Et(Ind),ZrCl, (1) and rac-Me,Si(Ind),ZrCl,
has a small influence on catalytic activity, molar fractions, fx, 75,
and M, values. A more detailed microstructural analysis by *C
NMR of such copolymers was necessary and is the object of a
recent paper.'® Such an analysis of the spectra allowed us to
determine the molar fractions of the sequences defining the micro-
structure of a P—N copolymer at triad level. Here the microstruc-
tural and chain end groups analysis and the molecular and thermal
characterization of the copolymers are presented. On the basis of
the copolymer microstructure, relative reactivity and intramolecu-
lar distribution of the comonomers were expressed by reactivity
(Chart 2) ratios r;and ;. All results are discussed to get insight into
olefin polymerization mechanisms operating in these systems.

Results and Discussion

Synthesis and Characterization of Copolymers. Series of
propene and norbornene copolymerizations were performed
by 3-MAO at [Al]/[Zr] molar ratio of 2000 in toluene at 40 °C
at 5 bar pressure of propene, that is, under the conditions
optimal for balancing chain propagation of the two compet-
ing comonomers and chain termination with 1-MAO. A
range of [N]/[P] feed ratios as wide as possible was investi-
gated. The polymerization tests were designed to study
copolymer microstructure, that is, low comonomer conver-
sion and low polymer concentration in the polymerization
medium. Norbornene conversion was kept below 10%. The
norbornene content in the copolymer was calculated by the
analysis of '*C NMR spectra by the procedure reported in
the referencel8. Glass-transition temperatures and molar
masses were estimated by DSC and size exclusion chroma-

Chart 2. Typical Random P—N Copolymer Chain

tography (SEC) measurements, respectively. The results
concerning the synthesis and the characterization of selected
copolymers are summarized in Table 1, where they are
compared with those of a series of P—N copolymerizations
with 1-MAO under the same conditions. The cataly-
tic system 3-MAO showed high activity for polypropene
(4 times higher than with rac-Et(Ind),ZrCl,), as expected. As
in almost all N copolymerizations by ansa-metallocenes, the
increase in N concentration in the polymerization feed
results in a decrease in catalytic activity (Chart 3), likely
because of the facility of N coordination to the active sites.
Surprisingly, polymerization activity with 3-MAQO drops in
the presence of norbornene at rather low [N]/[P] feed ratios: it
was not possible to obtain P—N copolymer samples at a ratio
between norbornene and propene in feed higher than 0.3
under these conditions.

Therefore, whereas rac-Me,Si(2-Me-Ind),ZrCl, is much
more active for PP production than rac-Et(Ind),ZrCl,, the
two catalytic systems have quite similar catalytic behavior for
P—N copolymerization at [N]/[P] feed ratios between 0.05 and
0.3, as shown in Chart 3, where the activity values obtained are
compared. In contrast, at higher [N]/[P] ratios in feed, polymer
products could not be obtained with 3-MAO.

The norbornene contents incorporated in the copoly-
mer chain by catalysts 1-MAO and 3-MAO, compared in
Chart 4, show a typical increase in N content in the copoly-
mer with [N]/[P] ratios up to a plateau. The catalytic ability
to insert norbornene is clearly different: the molar fraction of
norbornene (fy) incorporated by 3-MAO is much lower than
that by 1-MAO, especially at higher [N]/[P] ratios. Indeed,
the maximum value obtained is an fy of 0.12 for an [N]/[P] of
0.29, similar to that obtained at an [N]/[P] of 0.10, whereas
for rac-Et(Ind),ZrCl, at [N]/[P] of about 0.11 the fy value is
0.34 and the maximum value is 0.45. These differences are
surely due to the presence of the methyl substituent on the
indenyl of 3: the bulkier ligand around the metal center
probably makes more difficult the insertion of the propene in
the polymer chain after the bulky norbornene. Moreover,
being fn well below 0.5, the norbornene concentration in the
feed (or its coordination to the metal center) should play a
role in the norbornene incorporation in the polymer chain as
well as in the activity.
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Chart 3. Plot of Activity Values for P—N Copolymers Obtained with
rac-Et(Ind),ZrCl, and rac-Me,Si(2-Me-Ind),ZrCl, at 5 bar, 40 °C
versus [N]/[P] in the Feed
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The molar masses have been investigated by SEC. Molar-
mass distributions (M,,/M,,) are in general characteristic of
single-site catalytic systems. Surprisingly, the molar mass
values of copolymers prepared with 3-MAQ are low and M,/
M, of the copolymer obtained with 3-MAO with lowest yield
is broader. The plot of molar masses (M) versus the ratio
[N]/[P] in feed is displayed in Chart 5. The changes in M,
values of copolymers synthesized by the two catalytic sys-
tems by increasing [N]/[P] ratios in the feed are opposite:
indeed, whereas in the series obtained with rac-Et-
(Ind)»ZrCl», the M, values increase with norbornene in the
feed and in the copolymer, in the series prepared with rac-
Me,Si(2-Me-Ind),ZrCl, the M, values decrease, probably
because the copolymerization reaction becomes so slow that
the chain transfers are more probable.

The thermal properties of copolymers have been investi-
gated by DSC (Table 1). T, values of copolymers from
3-MAO are much lower than those from 1-MAO. A com-
parison between samples obtained in similar conditions
reveals a difference of ~80 °C in T, values, 22.2 °C with
3-MAO at [N]/[P] = 0.29, and 104 °C with 1-MAO at [N]/
[P] = 0.22. Differences in molar masses may also contribute
to lower T, values of copolymers prepared with 3-MAO. The
evolution of T, values versus fy in the copolymers are plotted
in Chart 6. Inspection of the Chart reveals that the differ-
ences in 7T, values arise, mainly, from the different amount of
norbornene incorporated in the copolymer.

NMR Investigation on Propene—Norbornene Copolymers
and Determination of Reactivity Ratios. Microstructure at
Triad Level. Microstructure of P—N copolymers is very
complicated. Propene, P, may be present in the copolymer
chain in the forms P;,, P;3, and P»;, as in the copolymer chain
of a random P—N copolymer sketched in Chart 2, where
differences in tacticity are ignored. Because of the asymmetry
of the bonds between N and Py, (or P,;), in general, two diads
MM, and M,M; are not equivalent. The same holds for
triads, and thus 23 triads are possible when assuming that
units Py; and P,; may be inserted only after N. In our
denomination, each triad M;M,M; is depicted as
M;M,M;, that is, running from right to left (the catalyst
metal ideally being bound to the extreme left side of the
chain).

13C NMR is one of the most powerful tools for micro-
structural analysis and for elucidation of important details
of the polymerization mechanism. Therefore, the P—N
copolymers have been analyzed by '*C NMR spectroscopy.

Boggioni et al.

Chart 4. Plot of Norbornene Content for P—N Copolymers Obtained
with rac-Et(Ind),ZrCl, and rac-Me,Si(2-Me-Ind),ZrCl, at 5 bar, 40 °C
versus [N]/[P] in the Feed
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Chart 5. Plot of M, Values for P—N Copolymers Obtained with rac-
Et(Ind),ZrCl, and rac-Me,Si(2-Me-Ind),ZrCl, at 5 bar, 40 °C versus
[N]/[P] in the Feed
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Chart 6. Plot of 7, Values for P—N Copolymers Obtained with rac-
Et(Ind),ZrCl, and rac-Me,Si(2-Me-Ind),ZrCl, at 5 bar, 40 °C versus
f in the Copolymers
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In Figure 1, two '*C NMR spectra of samples with similar
[N]/[P] ratios produced with 1-MAQ and 3-MAO catalysts
are compared. Some differences in the two spectra can be
observed.
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A first diversity is the appearance of groups of signals at
about 15.54, 16.22, and 16.34 ppm (CHj; from DEPT), which
have been assigned to the methyl carbon atom of central
monomer in PZIPIZPIZs P21P12N, and NP21P127 respectively.
An unexpected significant difference is in the region of CHj3
signals ranging from 17.80 to 19.83, which gives information
on the microstructure of PP blocks; inspection of the signals
of this region reveals that the PP blocks of the copolymers
obtained with rac-Me,Si(2-Me-Ind),ZrCl, are not as highly
isotactic as one would expect. (See below for further details.)
Indeed, it is well known that the methyl group in position
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2 of rac-Me,Si(2-Me-Ind),ZrCl, imparts much higher stereo-
regularity to polypropene homopolymers than rac-Et(Ind),-
ZrClz.

The complexity of these spectra prompted us to a thor-
ough study of the spectra of a number of P—N copolymers
prepared with catalysts 1-MAOQO and 3-MAQ. The analysis,
the object of the reference 18, was based on the comparison
of 3C NMR spectra of P—N copolymers of various compo-
sition, 2D NMR techniques, including homonuclear '"H-'H
and heteronuclear "H—"*C experiments, and a methodology
for the quantitative analysis of copolymer sequences. This

led to new assignments and the ability to quantify the

copolymer microstructure at triad level. The most significant

triad molar fractions estimated for the two series of copoly-

mers are collected in Table 2. The analysis of this work did

not provide a complete description at triad level; however, it

was possible to obtain the molar fractions of all possible
») diads, which are collected in Table 3.

The greatest differences between the triad distributions of
the two series are in the high value of triad NP,N in the
alternating copolymer from 1-MAO in contrast with the
vanishingly low content of this triad in the samples from 3-
MAQO and in the persistently high content of P;,P,P},, even
at high feed ratio in the same series. In contrast, NP,P, is
quite similar for the two series of copolymers. These features
clearly point out the difficulty of this catalyst to insert a
norbornene into a Mt-P1,N bond, indicating the importance
of the penultimate inserted monomer. A most interesting

a) difference is in the amount of triads containing propene
misinsertions or regioerrors, which is greater in the series
from 3-MAO than from 1-MAO. This is unexpected because
in P homopolymerization, the two catalysts have opposite

behaviors.
UJUU It is worth noting the relevant amount of NP;3P;, and

NP ;N and thus of 1,3-enchained units, which arise when a
propeneisinserted into a Mt-N bond. In particular, the value
of NP 3Py, is quite high in the series from 3-MAQO, whereas
that of NP;3N is higher in the series from 1-MAQO. Interest-
ingly, for catalyst 3-MAQ, the molar fraction of NP,Py, is
similar or even lower than the molar fractions of NP3P;,

1,

T T T T T T T T 1

50 45 40 35 30 25 20 15 ppm

Figure 1. '*C NMR spectra of P—N copolymers prepared with (a) rac-
Et(Ind),ZrCl; (1) (IN]/[Plteea = 0.11, fxv = 0.34) and (b) rac-Me,Si(2-
Me-Ind),ZrCl, (3) (IN]/[Pleea = 0.10, fv = 0.16).

Table 2. Triads Molar Fractions of P—N Copolymers Obtained by Catalysts 1 and 3 at Different [N]/[P] Feed Ratio”

t. entry [N]/[P] fn PiPioPia PioPoN NPPy NPoNo PisPoPi; PisPioN o Py PiPr; NNPy; Py PioN - NPj3Pi; NPisN NPy Py

C;

&

T1® 72 73 T4 75 76 17 T13 T8 121 722 723
1 8 0.11 034 0.226 0.069 0.058 0.222 0.000 0.017 0.012 0.004  0.006 0.017  0.017  0.018
1 9 022 041  0.129 0.050 0.035 0.260 0.006 0.025 0.009 0.013 0.006 0.031 0.025  0.015
1 10 042 045 0.086 0.043 0.026  0.298 0.011 0.004 0.007 0.019  0.005 0.014  0.047  0.012
1 11 0.53 045 0.103 0.039 0.015  0.286 0.017 0.001 0.007 / 0.005 0.018  0.052  0.012
3 2 0.05 0.12  0.635 0.061 0.029  0.000 0.000 0.039 0.032 0.000  0.005 0.039  0.000  0.037
3 3 0.10 0.16  0.537 0.085 0.034  0.006 0.018 0.031 0.032 0.000  0.006 0.049  0.006  0.038
3 4 0.13  0.15  0.564 0.068 0.029  0.025 0.008 0.036 0.031 0.000  0.006 0.044  0.002  0.037
3 5 029 0.16 0.513 0.103 0.051 0.000 0.043 0.035 0.009 0.000  0.002 0.078  0.001 0.010

“Calculated with the procedure reported in reference 18  Triad denomination as in reference 18.

Table 3. Diads Molar Fractions of P—N Copolymers Obtained by Catalysts 1 and 3 at Different [N]/[P] Feed Ratio Calculated from
Triads Molar Fractions of Table 2

cat. entry N [NJ/[P] (P12P12) (P12N) (NP2) (NPy3) (NPyy) = (Py1P12) (P13P12) (P13N) (NN)
1 8 0.34 0.11 0.295 0.314 0.280 0.034 0.018 0.017 0.017 0.008
1 9 0.41 0.22 0.179 0.342 0.295 0.056 0.015 0.031 0.025 0.041
1 10 0.45 0.42 0.129 0.350 0.325 0.062 0.012 0.014 0.047 0.049
1 11 0.45 0.53 0.142 0.332 0.312 0.061 0.012 0.018 0.052 0.061
3 2 0.12 0.05 0.696 0.104 0.029 0.039 0.037 0.039 0.000 0.020
3 3 0.16 0.10 0.621 0.128 0.040 0.056 0.038 0.049 0.006 0.023
3 4 0.15 0.13 0.632 0.134 0.054 0.046 0.037 0.044 0.002 0.014
3 5 0.16 0.29 0.615 0.139 0.051 0.079 0.010 0.078 0.001 0.015
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and NP, Py, (except for the sample obtained at [N]/[P] =
0.29), which means that the 1,2 propene insertion after N is
so difficult that the 1,3 insertion is preferred. In addition,
NP, P}, is almost independent from [N]/[P] ratio in the
feed, except for the sample obtained at the highest N
concentration, where the NP,,P;» molar fraction is the
lowest. Moreover, in the series from 3-MAO, the molar
fraction of NP3N is also lower than that of NP;;Py,, again
an indication that for catalyst 3-MAQ, penultimate effects
are very important.

Determination of Reactivity Ratios. We shall now try to
express the above results on triad composition of the P—N
chain (and related considerations on penultimate effects) in
terms of reactivity ratios. When the insertion of a comono-
mer is influenced by the last inserted unit (ultimate effect) or
by the penultimate unit, the first order or the second Mar-
kovian statistical model, resPectively, is adopted to deter-
mine the reactivity ratios.'””>* Our studies on E—N
copolymerizations have shown that when hindered mono-
mers such as norbornene are involved, second-order models
are needed to describe the copolymerization also with
metallocene catalysts.24 However, the second Markovian
statistical model needs detailed information on the copoly-
mer microstructure at least at triad level. This motivated our
elucidation of spectra of P—N copolymers. Triad molar
fractions suggest that P—N copolymerization with 3-MAO
are dominated by ultimate and penultimate effects. We have
first used the calculated diads of Table 3 to evaluate the
reactivity ratios r;. Although the present work does not
provide the molar fractions of all the possible triads, it is
also possible to evaluate interesting rij19 that give information
not present in r;.

In the following, well-known general equations of copo-
lymerization statistics'® are applied to the specific case of
P—N copolymers at diad and triad level. Details of the
determination of the copolymerization parameters are given
in the Supporting Information.

In the present case, we have to consider four comonomers.
Here indexes 1 and 2 indicate 1,2-inserted propene units (P5,)
and norbornene (N), respectively, whereas we denominate as
3 and 4 1,3- and 2,1-inserted propene units (P;3 and P»)),
respectively. If we assume ultimate effects only, then the first-
order Markov is sufficient and the copolymerization para-
meters, r;, are defined and related to the probabilities P (P,
is the probability that monomer, m, is inserted in a bond
[-Metal) by equations

ro=ku/kis = (1/P12a—1)f,

ry =kofkoy = (1/Py—1)/f

where f'is the monomer feed ratio [2]/[1].
In the case of P—N copolymers, we have to consider all
possible rate constants

kll k12 k21 k22 k23 k24 kSl k32

and to define the reactivity ratios

r1 = ki /kis = kpiopia/kpion o = koo /kor = knn/knpi2
ry = koo koy = knn/knpiz 1o = koo /koy = knn/kpan

ry = ksi/kso = kpispia/kpisn

Boggioni et al.

It may be easily shown that

11 = (P1aP12)f /(P1aN) 13 = (P13P12)f /(P13N)

re = (NN)/[(NP)f], r)' = (NN)/[(NP1)f]

/

ry’ = (NN)/[(NPx)f]

When the insertion of a comonomer is influenced by the
penultimate unit, the second-order Markov model is needed,
and the copolymerization parameters r; are defined and
related to the probabilities P, (Here Py, is the probability
that monomer 7 is inserted in a bond /m-Metal.)

Experimental tetrad molar fractions are needed to best fit
the probabilities P, with second-order Markov model. When
only triads are available, it is possible to evaluate copolym-
erization parameters r;. In the present case, we have to
consider all possible rate constants of the four different
comonomers

klll k112 k211 k212 k311 k312 k411 k412

ka1 koo kios kioa koot (kaoo = 0) kaag koos
k3ot koo ksps kzoy
ka1 kaso

and to define the reactivity ratios
= klll/k112 = kP12P12P12/kP12P12N

ra1 = ko1 /ko1a = knpiopio/knpion
rs1 = k311/k312 = kP13P12P12/kP13P12N

ra1 = kaii/kaa = kparpiopi2/kpaipion
ro3 = kog1 /kozy = knpispia/knpisn
riz = kisa/kiar = kpiann/kpianpia
rio = kisa/ki2s = kpionn/kpianpis
o = kiz/kiss = kpioxn/kpianpar
ra2 = kg [kosr =0

ros = kaoy/kaor = knnpiz/knnpio
ros = kaoa/kom = knwpar /knwpiz
r3p = kaoa/kso = kpiann/kpisxpiz
ra = koo /kaos = kpian/kpianpis
rga = ks /ksos = kpignn/kpianpa

We can derive some of the reactivity ratios from the follow-
ing relationships (holding under steady state conditions)

ri1 = (P12P1aP12)f /(P12P12N)
ro1 = (NP12oP12)f /(NP15N)
r31 = (P13P19P12)f/(P13P1oN)
ry = (Po1P1aP12)f /(P21 P12N)
ro3 = (NP13P12)f/(NP13N)

Because not all triad molar fractions have been deter-
mined, we might obtain r»,’ and r»,” as a sum, whereas it
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Table 4. Reactivity Ratios Calculated from Diads Molar Fractions of Table 3

cat.

entry [N]/[P] r 3 [ o o
(kp12p12/kp1an) (kp13p1a/kp13N) (knn/knp12) (knn/knp13) (knn/knpar)
1 8 0.11 0.10 0.11 0.26 2.14 4.04
1 9 0.22 0.12 0.27 0.63 3.33 12.42
1 10 0.42 0.15 0.13 0.36 1.88 9.72
1 11 0.53 0.23 0.18 0.37 1.89 9.59
3 2 0.05 0.33 >10 13.79 10.26 10.81
3 3 0.10 0.49 0.82 5.75 4.11 6.05
3 4 0.13 0.61 2.86 1.99 2.34 291
3 5 0.29 1.28 22.62 1.01 0.65 5.17
Table 5. Reactivity Ratios Calculated from Triads Molar Fractions of Table 2
cat. entry N [N]/[P] I 721 31 ra1 23
(kpiopiopio/kpiopion)  (Anpizpio/kneian)  (Kpispizpio/kpispion)  (Kp2ipiopio/kpaipion)  (knpizpio/kneisn)
1 8 0.34 0.11 0.36 0.03 0.00 0.22 0.11
1 9 0.41 0.22 0.57 0.03 0.05 0.33 0.27
1 10 0.45 0.42 0.84 0.04 1.16 0.59 0.13
1 11 0.45 0.53 1.40 0.03 9.00 0.74 0.18
3 2 0.12 0.05 0.52 >10 0.32
3 3 0.16 0.10 0.63 0.57 0.06 0.53 0.82
3 4 0.15 0.13 1.08 0.15 0.03 0.67 2.88
3 5 0.16 0.29 1.44 >10 0.36 1.31 22.62
b) ~ 19.38 ppm b)
19.13 ppm
20.08 ppm 18.63 ppm
\ 18.87 ppm
20.25 ppm 4 18.45 ppm 16.34 ppm
16.22 ppm
17.96 ppm
21.08 ppm \ PP 2,1 erythro error
L l 17.76 ppm 5,54-15,73 ppm
: Uil 1/ H
a)
m 19.69 ppm
s, [l )
19.41 ppm
| q | I ‘ 19.15 ppm 16.22 ppm
T T T T T T T T ] 18.88 ppm 2,1 erythro error
50 45 40 35 30 25 20 15 ppm i i
20.25 ppm 18.58 ppm 5,p4-15.75 ppm
Figure 2. '*C NMR spectra of P—N copolymers produced with 18.02 ppm
rac-Me,Si(2-Me-Ind),ZrCl, at 5 bar, 40 °C: (a) [N]/[P] = 0.05 and
f~ = 0.12; (b) [N]/[P] = 0.29 and fn = 0.15.
u 17.64 ppm

would be even more complicated to derive r», rj2/, and
r»''. Also considering the errors present in some of the
minor molar fractions involved, at present, we omit such
calculations.

The r; values calculated from diads and those r; calculated
from triads of P—N copolymers prepared with 1-MAQO and
3-MAO are collected in Tables 4 and 5, respectively.

The trends offered by parameters r; and r;; are significant.
The ry (= kpiapia/kpian) and r3 (= kpiszpia/kpizn) values for
1-MAOQO are similar and are close to zero, indicating the

|

_—

21

20

19

18

17

16

ppm

Figure 3. Methyl region of '*C NMR spectra of P—N copolymers
produced with rac-Me,Si(2-Me-Ind),ZrCl, at 5 bar, 40 °C: a) [N]/[P] =
0.05 and fx = 0.12; b) [N]/[P] = 0.13 and fx = 0.15. Assignments of
peaks at pentad level.
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Figure 4. Expansion of methyl region of the gHSQC experiment of a P—N copolymer obtained with catalyst 3 ([N]/[P] = 0.13, fx = 0.15).

tendency to alternate Pj, or P;3 and N (Table 4). The r,
values are also low, below 0.5, but higher than r;. The r,
(= knn/knp2)s 2 (= knn/kneis), and ry (= kan/knp2r)
values highlight the differences in the facilities of P;», P;3 and
P, insertions in the Mt—N bond. The r,» values higher than
r» confirm the tendency of 2,1 propene insertion to isomerize
to 1,3. The ry values for 3-MAQ are greater than those for
1-MAQ:; this is certainly related to the higher activity in
propene homopolymerization and thus to a higher kp of
3-MAOQO. We recall that for catalyst 3-MAO we obtain
copolymers with a maximum N content of ~16 mol %, but
at low N concentration in the feed, the N content in the
copolymer is still greater than in E—N copolymerization.
Therefore, also for this catalyst, norbornene insertions com-
pete with propene insertions but less than for 1-MAO.
Indeed, r, values for 3-MAO, greater than for 1-MAO, are
higher than r; values; this is in contrast with E—N copoly-
merizations, and it is certainly related to the difficulty to
insert P after N. Moreover, the r,, r», and r,» values are quite
similar in copolymers from 3-MAO, indicating that the last
N inserted unit slows down Py, insertions so that all possible
forms of P insertions (P», Py3, and P,;) have a similar
probability of insertion.

More detailed information can be gained from the results
of r; values (Table 5). Regarding the r; (= kpiapizpi2/

kp12p12N) 131 (= kpispizpi2/kpispian), and r4) (= Kpaipiopio/
kpaipian) values, all increase with N concentration in the

feed. The r4; values are quite similar to r;; for each catalyst,
and both ry; and r4; values reach values with both catalysts;
of course, those from catalyst 3-MAQO are much higher than
those from 1-MAQ at parity of feed ratio. More interesting
are the ry; (= knpizpi2/knpian) and 723 (= knpispio/kneian)
values. The r,; values are close to 0 for copolymers with
1-MAO, whereas those of copolymers with 3-MAO are
higher, although affected by errors. This again indicates
the tendency to give alternating and random copolymers of
these two catalysts. This difference is more evident when
comparing the r,3 values. Therefore, the high r,; values
indicate that 3-MAO does not allow an N insertion even
into a Mt-P;3N bond, demonstrating a penultimate effect.

Tacticity of PP Blocks of P—N Copolymers Obtained with
Catalyst 3-MAO. In Figure 2, two examples of '°C NMR
spectra of P—N copolymers obtained with catalyst 3-MAO,
with low and high [N]/[P] ratios, are reported. Even though
the content of norbornene in the copolymer is rather similar,
the spectra are clearly very different.

Figure 3 shows the expansions of the methyl region of two
3C NMR spectra of P—N copolymers obtained at low and
high [N]/[P]. The two spectra clearly reveal a great difference
in the tacticity of the PP blocks.

The correct assignment of methyl region reported in
Figure 3 has been confirmed at the triad level on the basis
of the gHSQC (gradient-assisted heteronuclear single quan-
tum coherence) experiment in Figure 4. Figure 4 is rotated
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90° with respect to the conventional representation to com-
pare Figure 3 with the correspondent portion of gHSQC.
Observing the Figure, showing resonances correlating '*C
and 'H atoms directly bonded, the reader can immediately
visualize a grouping of methyl signals in three areas that
correspond to mm, mr, and rr-centered methyls, as reported
in literature.>> We have attributed the signals between 19.10
and 21 ppm to the mm triad, the signals between 18.30
and 19.15 ppm to the mr triad, and those between 17.60
and 18.30 ppm to the rr triad.

We have quantified the tacticity at triad level to evaluate
the effect of [N]/[P] feed ratio on the microstructure of PP
blocks. The correlation between molar fractions of tactic
triads with [N]/[P] in the feed of P—N copolymers produced
with 3-MAO is reported in Chart 7.

The Chart clearly visualizes that in the copolymers pre-
pared with the rac-Me,Si(2-Me-Ind),ZrCl, system; by in-
creasing the norbornene content in the feed, the mm triad
molar fraction decreases, whereas the fraction of the rr triad
increases. A similar but much smaller effect is observed in
copolymers prepared with rac-Et(Ind),ZrCl,, the other C,
symmetric catalyst investigated. The strong effect observed
with 3-MAO must be related to isomerization reactions,
which cause a change in the chirality of the last inserted
propene.

Isospecific C, symmetric catalysts displayed a decrease in
isotacticity of PP samples, when polymerization were carried
out at low propene concentrations. Interesting studies, includ-
ing isotopically labeled propene, were performed to study the

Chart 7. Molar Fractions of Tactic Triads of PP Blocks in P—N
Copolymers Produced with rac-Me,Si(2-Me-Ind),ZrCl, with Increas-
ing [N]/[P] in the Feed

1,0
o C— [N)J[P]=0.05
[NJ[P]1=0.10
c
o
% 06 1
¢
©
=
s
° 0,4 1
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mechanism originating this phenomenon. Evidences supgort
the chain epimerization as the most plausible mechanism.?*’
It seems that at high norbornene concentration in the feed,
with this catalyst, which has difficulty in accommodating a
norbornene into Mt-P;,N (and perhaps even into Mt-P;,P,N
because the N content into the copolymer does not exceed
16 mol %), this unimolecular isomerization event, whatever
the mechanism, becomes probable.

'"H NMR of P—N Copolymers and Chain Terminations.
Analysis of the end groups by '*C and "H NMR spectra of
polymers gives important information on the reactions
involved in chain transfers and terminations. Scheme 1
summarizes the processes that could lead to the formation
of the regioirregularities and to the most interesting left end
groups. Because it was demonstrated that chain transfers
after an inserted norbornene unit are difficult, only the
microstructures that derive from primary and secondary

a)

2-butenyl :

v

b)

6.0 5.5 5.0 Pperm

Figure 5. 2-Butenyl and vinylidene end groups signals in '"H NMR
spectra of P—N copolymers produced with rac-Me,Si(2-Me-Ind),ZrCl,
at 5 bar, 40°; (a) [N]/[P] = 0.10 and f5y = 0.16; (b) [N]/[P] = 0.13 and
S~ = 0.15.

Scheme 1. Processes Involved in the Formation of the Most Interesting Left End Groups
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Table 6. Molar Fractions of 2-Butenyl and Vinylidene End Groups Obtained by the Analysis of "H NMR Spectra of P—N Copolymers

catalyst entry [N]/[P] feed N M, x 1073 (g/mol) fvinyl) x 10° f(2-butenyl) x 10°
3 2 0.05 0.12 15.5 0.59 0.13
3 3 0.10 0.16 7.1 1.88 1.03
3 4 0.13 0.15 7.4 0.83 0.08
3 5 0.29 0.16 5.0 3.96 5.61
1 7 0.06 0.22 4.0 1.14 4.71
1 8 0.11 0.34 11.1 0.80 3.17
1 9 0.22 0.41 15.1 0.62 2.70
1 10 0.42 0.45 13.7 0.00 2.03
1 11 0.53 0.45 13.5 0.29 2.00

Scheme 2. 2,1 and 1,3 Insertions and Chain Epimerization Occurring
with Catalyst 3

1,3
isomerization

1,2 insertion

Zr\/\QP

H THs HsC HH CHs
epimerization

% 9 2,1 insertion
~Si :’,Zr P :
ZrT X

H
1,2 insertion

Viuing P
S —
\f P 7Zr
CHg

propene insertions, respectively, are shown. The molar frac-
tions of 2-butenyl and vinylidene end groups, based on the
analysis of the integrated signals due to the "H NMR spectra
of the polymers (Figure 5), are reported in Table 6. In
general, we observe a greater amount of 2-butenyl end
groups arising from termination at a Mt-P,; than of vinyli-
dene arising from termination at a Mt-Py,. This is opposite to
what was observed in P homopolymerization with 1-MAO
and 2-MAO.'® Moreover, the amount of 2-butenyl end
groups is greater for the samples with lower molar fractions
of triads containing the P,; unit. Therefore, 2-butenyl end
groups are greater for samples obtained with 1-MAO than
with 3-MAO, except for the sample obtained at the highest
norbornene concentration in feed with 3-MAQO, that is, the
one in which we observed the lowest molar fractions of triads
containing P,; units. This is additional evidence that the
limiting step in P—N copolymerization is the difficulty to
insert a propene after N, which causes 2,1 insertions with
subsequent isomerization to 1,3 propene insertions as well as
chain epimerization.

Thus, 2-methyl substitution of the indenyl ligand of 3 makes
the insertion of N into the Mt-P;,N bond so difficult that R-S
isomerization of the last inserted propene unit is possible, at
relatively high [N]/[P] ratios, i.e. in starved propene conditions.
Moreover, with this catalyst, which does not tend to give chain
transfers to the monomer in P homopolymerization, a P,
insertion can compete with a P;, insertion: as a consequence
the molar fractions of triads containing P, ; are relatively high,
while with catalyst 1-MAO the P, insertions tend to terminate
giving more 2-butenyl chain end groups. The isomerization to
1,3 insertions is similar in the copolymers prepared with both
catalysts (Scheme 2).

Conclusions

The copolymerization of propene and norbornene by catalytic
systems composed of 3-MAQO was investigated and compared

with that by 1-MAO. Methyl 2 substitution on the indenyl ligand
in 3 has an unexpected and strong influence on the catalyst
behavior in P—N copolymerization, causing a strong decrease in
catalytic activity, molar fractions, fx, Ty, and M, values. P—N
copolymers with maximum 16 mol % of norbornene were
obtained by 3-MAO in contrast with those highly alternating
obtained by 1-MAO. The microstructural analysis by '*C NMR
of the copolymers at triad level and the reactivity ratios r; and r;;
obtained from diads and triads, respectively, give evidence of the
tendency to alternate or not to alternate P and N comonomers
and information on the probability of insertion of N and of the
possible forms of P insertion (Py,, Py3, and P,;) and on penulti-
mate effects.

The highly alternating nature of the copolymerization with
1-MAO is evidenced by the high value of NP,N triads and from
the low r; and r5 values as well as from the low r»; and r»3 values,
all close to zero.

The difficulty of catalyst 3-MAO to insert a norbornene into a
Mt-P;,N bond appears from the vanishingly low content of
NP,N triads and from the r; values greater than those for
1-MAO but lower than in E-N copolymerizations. Therefore,
for this catalyst, norbornene insertions also compete with pro-
pene insertions but less than for 1-MAO. The higher r; and ro;
values for 3-MAO with respect to 1-MAO are a clear indication
of the different tendency to give alternating or random copoly-
mers of the two catalysts. The r, values for 3-MAO, greater than
for 1-MAO, and higher than r; values testify the difficulty to
insert P after N.

An interesting information regards the unexpected amount of
triads containing propene misinsertions or regioerrors, which are
greater in the series from 3-MAO than from 1-MAQ. Regarding
1,3-enchained units, it is worth noting the relevant amount of
NP,5P, in the series from 3-MAO and of NP;N in the series
from 1-MAO, again reflecting the different tendency to alternate
the comonomers of the two catalysts and the important penulti-
mate effects with 3-MAQ. The ry- values higher than r, confirm
the tendency of 2,1 propene insertion to isomerize to 1,3,
especially in P—N copolymerizations with 1-MAO.

Interestingly, the r,, ry, and ry values quite similar in copo-
lymers from 3-MAO show that the last N inserted unit slows
down Py, insertions so that all possible forms of P insertions (P»,
Py3, and P,;) have similar probability of insertion. The high r»;3
values indicate that 3-MAQ does not allow an N insertion, even
into a Mt-P;3N bond demonstrating a penultimate effect.

Assignments of tactic triads allowed to quantify the great
decrease in the tacticity of the PP blocks in the copolymers
prepared with 3-MAO with increasing the norbornene content in
the feed. With this catalyst, which has difficulty in accommodat-
ing a norbornene into Mt-P,N, probable unimolecular epimer-
ization events become probable.

Chain end groups analysis revealed a greater amount of
2-butenyl end groups arising from termination at a Mt-P,; than
of vinylidene arising from termination at a Mt-P;,. The greater
amount of 2-butenyl end groups in samples with lower molar
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fractions of triads containing the P,; unit and for samples
obtained with 1-MAQ gives an evidence that the limiting step
in P—N copolymerization is the difficulty to insert a propene after
N, which causes 2,1 insertions with subsequent isomerization to
1,3 propene insertions as well as chain epimerization under
starved propene conditions with 3-MAO.

Experimental Part

General Conditions. All experiments were performed under
dry nitrogen, in glovebox or by using standard Schlenk line
techniques. 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. rac-Me,Si(2-Me-Ind),ZrCl,was pur-
chased from Boulder. Nitrogen and propene gases were purified
by passage over columns of CaCl,, molecular sieves, and BTS
catalysts. Norbornene was distilled from sodium and used as
stock solution in toluene.

Polymerization. Experiments were performed in a Buchi
BEP2000 autoclave with 1 L reactor. Before starting with the
polymerization, the reactor was conditioned by means of three
N,/vacuum cycles performed at 70 °C; then, in a typical experi-
ment, the reactor was charged with a solution of 26 mmol of
cocatalyst (dried MAO + Al'Buj; (ratio 3.3)) and an opportune
quantity of norbornene (used as toluene solution) with ~300 mL
of dried toluene. After thermal equilibration of the reactor
system at 40 °C, propene was continuously added until satura-
tion (at a pressure of 5 bar). About 1 h after the equilibrium was
reached, the 25 mL injector was charged with 10 mL of a
solution of 10 umol of catalyst in toluene, typically [Zr] =
0.010 mmol-L™", Al/Zr = 2000). The injector with the catalyst
solution was pressurized to the proper pressure, higher than that
present inside the reactor, and the solution was injected into the
reactor. The mixture was stirred for a variable time period
(between 5 min and 3 h) depending on the catalytic activity
and the norbornene content in feed. The reaction was then
terminated by the addition of a small amount of acidic ethanol; the
polymer was precipitated upon pouring the whole reaction mix-
ture in ethanol (1 L) to which concentrated HCI (10 mL) had been
added. The product was at last collected by filtration, washed
again with ethanol, and finally dried under vacuum at 70 °C.

Propene concentration in toluene was calculated according to
Henry’s law, as already described.*?

I3C NMR. For 3C NMR, ~100 mg of copolymer was dissolved
in C,D,Cly in a 10 mm tube. HDMS (hexamethyldisiloxane) was
used as internal reference.

The spectra were recorded on a Bruker NMR Advance 400
spectrometer operating at 100.58 MHz ('*C) in the PFT mode
working at 103 °C. The applied conditions were the following:
10 mm probe, 90° pulse angle; 64 K data points; acquisition time
5.56 s; relaxation delay 20 s; 3 to 4 K transient. Proton broad-
band decoupling was achieved with a 1D sequence using
bi_waltz_16_32 power-gated decoupling.

Gradient-assisted 2D HSQC spectra were acquired with a
S mm PFG probe operating at 103 °C.

Two dimensional NMR parameters: 90° pulse widths for '"H
and "*C were9.25 and 14.00 us, respectively; relaxation delay 3.0s.

gHSQC experiments were carried out with a delay of 1.92 ms
corresponding to 'Jey = 130 Hz, for the creation of antiphase
magnetization; 1.04 kHz as spectral width in the "H dimension
and 7.04 in the '*C dimension. Data were zero filled and
weighted with a shifted sine bell function before Fourier
transformation.

Calculation of Diad and Triad Distributions and Reactivity
Ratios. The triad distributions were calculated in the reference
18, and the diad distributions were derived from triads. The
analytical derivation of the reactivity ratios is described in the
Supporting Information.

DSC. Measurements were performed on a Pyris 1 Perkin-
Elmer instrument. The samples (~8 mg) were heated from 50 to
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250 at 20 °C/min with a nitrogen flow (30 mL/min). A first scan
was realized to erase the thermal history of each polymer. T, was
then recorded during a second thermal cycle. In some cases, it
was necessary to begin with the experiment at a lower tempera-
ture; then, the instrument could be cooled by means of liquid
nitrogen, and the initial point was set at —40 °C.

Molar Mass Measurements. Molar masses measurements
were performed on ~12 mg of product in o-dichlorobenzene
at 145 °C by a GPCV2000 high-temperature SEC system from
Waters (Millford, MA) equipped with two online detectors: a
viscometer (DV) and a differential refractometer (DRI). The
column set was composed of three mixed TSK-Gel GMHXL-
XT columns from Tosohaas. The universal calibration was
constructed from 18 narrow MMD polystyrene standards, with
the molar mass ranging from 162 to 5.48 x10° g mol™ ..
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