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ABSTRACT: In this paper, we report the full resonance assignments in the olefinic region of the 600
MHz 'H NMR spectra of a typical ethene/1-octene copolymer (4.0 mol % of octene units) produced with
a metallocene catalyst at high temperature, and of an ethene homopolymer prepared under similar
conditions for comparison. The assignments were based on a thorough analysis of 1D (*H, 'H{'H}, 3C)
spectra and of 2D "H—'H (COSY, TOCSY) and 'H-3C (HSQC, DEPT-HSQC) maps. Thirteen different
olefinic structures were identified, and their formation explained in terms of plausible mechanistic paths
associated with the high polymerization temperature. The fraction of internal chain unsaturations
traceable to allylic activation turned out to be comparable to that of terminal ones in both samples. Despite
its complexity, the said spectral region is now amenable to deconvolution and full simulation in terms of
known and recognizable patterns, and usable for fast (possibly on-line) measurements of chain
unsaturation degree, as well as for catalyst “fingerprinting” studies.

Introduction

A most important advantage of single-center olefin
polymerization catalysts, compared with the classical
heterogeneous Ziegler—Natta ones, is their ability to
afford copolymers with a narrow composition distribu-
tion. As a matter of fact, metallocene and half-metal-
locene (Constrained-Geometry) catalysts have found
industrial application so far primarily in the copoly-
merizations of ethene with higher 1-alkenes (such as,
e.g., 1-butene, 1-hexene, 1-octene), to give materials
comprehensively referred to as Linear-Low-Density
Poly(Ethylene) (LLDPE).!

Incorporating a 1-alkene comonomer into a polyeth-
ylene chain leads to a substantial decrease of the
average polymerization degree, because chain transfer
is faster (relative to propagation) after 1-alkene inser-
tion. This translates into an inadequate molecular
weight capability for numerous otherwise very attrac-
tive single-center catalysts, particularly in high-tem-
perature processes.? A thorough chain end analysis of
the polymers obtained is crucial in order to understand
the nature and the relative importance of the various
possible chain transfer pathways, preliminarily to cata-
lyst tuning aimed at achieving a more favorable balance
with chain propagation.

We have undertaken such a study, by means of 1D
and 2D NMR spectroscopy, on ethene/l-octene copoly-
mers, and also—for comparison—on ethene homopoly-
mers prepared at high temperature (180—230 °C) in a
solution batch process, using a number of Ce- and Cs-
symmetric ansa-zirconocenel® and constrained-geom-
etry Ti catalysts* with borate activation. Although such
temperatures exceed those typically encountered in gas-
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phase and slurry polymerizations, they are not uncom-
mon for solution technologies.? Under the said condi-
tions, we found that practically all chain terminations
are unsaturated, and descend from a first event of 5-H
transfer to the metal or to the monomer. Despite a
notable complexity, partly due to the contribution of
several concurrent pathways of chain isomerization and
allylic activation leading to the formation of internal
unsaturations,’ for all copolymers investigated we ob-
served qualitatively similar olefinic “fingerprints”, which
could be fully assigned, and explained within a reason-
ably limited set of consolidated mechanistic assump-
tions. In this paper, we illustrate quantitative results
for a representative ethene/1-octene copolymer with an
octene content of 4.0 mol % (from here on denoted as
sample CP), and for its reference ethene homopolymer
(sample HP).

Experimental Section

Samples for solution NMR studies were prepared by dis-
solving 15 mg of polymer in 0.7 mL of tetrachloroethane-1,2-
ds in a standard 5 mm NMR tube.

H, 'H{'H}, ¥C{'H}, 'TH-'H COSY, 'H-'H TOCSY, 'H—
1BC HSQC, and 'H-'3C DEPT-HSQC experiments® were
carried out at 343 K for sample CP, or 383 K for sample HP,”
with a Bruker AQS-Avance 600 instrument, operating at
600.13 MHz (for 'H), using a broadband inverse probe with
z-gradient selection (for 'H and 2D experiments), or a dual
(13C, 'H) probe (for the *C experiment). Typical operating
parameters were as follows.

H, '"H{'H}NMR: 8.4 us (90° pulse) pulse width, 32K time
domain data point, 8.4 kHz spectral width, 2 s acquisition time,
3 s relaxation delay, 512 transients. The 'H homonuclear
decoupled spectrum was performed by irradiating the allylic
protons with a soft pulse, centered at 1.97 ppm (width, 80 Hz).

BC{H} NMR: 7.2 us (90° pulse) pulse width, 128K time
domain data point, 36 kHz spectral width, 1.8 s acquisition
time, 3.2 s relaxation delay, 10K transients, gated 'H-decou-
pling with WALTZ16 composite pulse decoupling.®

2D gs-COSY NMR: 8.4 us (90° pulse) pulse width, 7.2 kHz
spectral width, 0.14 ms acquisition time, 1 s relaxation delay,
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Figure 1. 150.9 MHz 3C NMR spectrum of sample CP (top)
and HP (bottom). The chemical shift scale is in ppm downfield
of TMS. Peak attributions other than those in Table 1 are
taken from the literature.'! Peaks marked with O are due to
impurities.

2K data points in Fy, 512 increments in F;, 2K x 1K data
matrix, 80 transients. Unshifted sinebell weighting functions
were used for processing before Fourier transformation.

2D gs-TOCSY NMR: 8.4 us (90° pulse) pulse width, 7.2 kHz
spectral width, 0.14 s acquisition time, 1 s relaxation delay,
150 ms mixing time, 7 kHz spin-lock field with MLEV-17
composite pulse, 2K data points in F2, 512 in F, 2K x 1K data
matrix, 136 transients. These experiments were performed in
phase-sensitive mode with TPPI phase cycle. Shifted squared
sinusoidal weighting functions were used for processing before
Fourier transformation.

2D gs-HSQC and 2D gs-DEPT-HSQC: 8.4 us (90° pulse)
pulse width, 7.2 kHz spectral width in the 'H dimension, 27
kHz in the 3C dimension, 0.14 s acquisition time, 1 s
relaxation delay, 1K data points in Fs, 512 increments in F1,
1K x 1K data matrix, 13C GARP decoupling. A 'J(C,H) = 145
Hz was considered, and 172 transients were collected in the
HSQC experiment. 'H—'3C correlation via double INEPT
transfer (DEPT-HSQC)® was performed in phase sensitive
mode (echo—antiecho) with presaturation of the most intense
signal (methylenes in the main chain). In this case J(C,H) =
130 Hz was applied, and 172 transients were collected.
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Figure 2. Olefinic region of the 600.13 MHz 'H NMR
spectrum of sample CP (top) and HP (bottom). The chemical
shift scale is in ppm downfield of TMS. For peak attributions,
refer to Table 1. The peak marked with O is due to a solvent
impurity.

Exponential weighting functions in the case of the HSQC
experiments, and shifted squared sinusoidal weighting func-
tions in that of DEPT-HSQC, were used for processing before
Fourier transformation.

Chemical shift values are referred to the signal of the
solvent, set at 5.940 ppm in the 'H spectrum, and at 74.30
ppm in the ¥C spectrum (downfield of TMS). The experimental
error on the coupling constants </ is 0.5 Hz.

Deconvolutions and simulations of 'H NMR spectra were
carried out with the SHAPE-2004° and the Bruker NMR-SIM
programs,!? respectively.

Results and Discussion

(i) Resonance Assignment. The 1*C NMR spectra
of the two samples, with the assignments taken from
the literature,!! are shown in Figure 1. An overnight
accumulation (10K transients) resulted in a threshold
for peak detectability of the order of 0.05% of the total
integral. For sample CP, resonances indicative of
consecutive octene units were not detected, which
indicates a tendency of the comonomers to alternate
(rgro < 1). Methyl branches were observed at a concen-
tration of 3 per 1000 C atoms of the main chain; ethyl,
propyl, and butyl branches were below detectability,
whereas longer branches could not be discriminated
from the hexyl side groups of octene units. Sample HP
showed a similar content of short branches (methyl, 2
per 1000 main chain C atoms; ethyl, propyl, and butyl,
undetectable); in the absence of octene units, it was
possible here to measure the cumulative fraction of
longer branches, which turned out to be 0.7 per 1000
main chain C atoms.

The 'H NMR spectra in the olefinic region (5.85—4.55
ppm downfield of TMS) are shown in Figure 2. A
plethora of chain unsaturations gave rise to a large
number of partly overlapped peaks in the spectra from
both samples. A substantial simplification could be
achieved by means of a 'H{'H} experiment, in which
the allylic protons resonating in the 2.03—1.90 ppm
range were selectively irradiated; for sample CP this
is shown in Figure 3.

The spectrum of sample CP is—obviously—more
complex, because it includes structures arising from
last-inserted ethene units (in common with sample HP)
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Figure 3. Comparison of the olefinic region in the 600.13 MHz
H (top) and 'H{'H} (bottom) NMR spectrum of sample CP.
The chemical shift scale is in ppm downfield of TMS. Peaks
marked with O are due to a solvent impurity. In the homo-
decoupled experiment, the allylic protons resonating in the
2.03—1.90 ppm range were selectively irradiated.
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Figure 4. 'H-'H TOCSY map of sample CP, with selected
enlargements.

and octene units as well; therefore, as far as resonance
assignments are concerned, in the following we will refer
primarily to CP sample.

A thorough analysis of the 1D spectra, of the TH—1H
COSY (Supporting Information) and TOCSY (Figure 4)
maps, of the TH—13C HSQC map (Supporting Informa-
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Figure 5. 'H-13C DEPT-HSQC map of sample CP, with
selected enlargements (in red, positive cross-peaks due to CH
and CHs; in blue, negative cross-peaks due to CHg).

tion), and of the 'TH—13C DEPT-HSQC map (Figure 5)
led us to assign all unsaturated moieties with reason-
able confidence. A summary of the identified structures,
with their accessible 'H and *C NMR data, is given in
the first four columns of Table 1. The simulated
individual patterns, and overall simulated spectra in
comparison with the experimental ones (vide infra), are
shown in Figures 6 and 7 (for the 'H and the 'H{'H}
experiment, respectively). In line with the previous
literature,'213 distinctive ranges of 'H chemical shift
could be associated with the various structural types
present, namely (from low to high field): vinylenes
(RHC=CHR), 5.5—5.1 ppm,; trisubstituted olefins (RHC=
CR'R"), 5.2—4.9 ppm; vinyls (CH,=CHR), 5.0—4.8 ppm;
vinylidenes (CHy=CRR'), 4.8—4.6 ppm. In the following
paragraphs, we discuss in more detail the spectral
patterns observed for each range.

Vinylenes. The two triplets at 5.38 ppm (J = 3.6 Hz)
and 5.34 ppm (J = 4.7 Hz) are typical of ¢rans and cis
vinylene protons, respectively. The fact that the two
protons in each couple have identical chemical shifts and
do not reveal the typical vicinal couplings (~10 and ~
14 Hz for cis and trans protons, respectively) indicates
that the two alkyl substituents on the double bond are
very similar, and points to structures Vyl-trans and
Vyl-cis. The observed multiplicity of Vy1-a is obviously
due to the coupling with geminal methylene protons
(Vy1-b); these resonate at 1.96 ppm in the case of Vy1-
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Table 1. 'H and 3C NMR Data Relative to the Various Chain Unsaturations in the Investigated Polymer Samples

'H NMR data "CNMR |Mole fraction” x10’
Structure Notation | (chemical shifts in ppm, chemical Location in
multiplicities,’ coupling shifts in Sample CP | Sample HP the chain
constants (/) in Hz) ppm
b b . e T — 0 130.3
25345t J=4.7 a
Ae—eb | Vyl-cis a s : Mostly
R® 5—2 R y b:2.01: m b:27.4 0.27 0.44 Terminal
b a
A~A~_R i a:5.38;t;/=3.6 a: 130.7 Mostly
RO | Valrans 1y o6: m b:32.7  [049 1.52 Terminal
a a:1.59;d;J=6.7
u b: 5.40; m
_ . 0 0.40; .
b > R Vy2-cis ¢ 536:m 0.05 0.20 Terminal
d: 2.02; m
b d a:1.63;d;J~7
e . .
& 3 R |Vy2rans 0237 M 0.05 0.20 Terminal
c:541; m
d: 1.96; m
R" . a: 1.86; m a:42.8
. = R b:5.11;dd; J=15.5,7.7 b: 1354
R7a% & |¥¥3 ¢:5.30;dt; J = 15.5,7.2 ¢ 1301|936 1.36 Internal
d:1.97; m d: 32.7
a s a:094;d;J=6.7
b . .
i A R b: 2.01; m
R s Vyd ¢:510m 0.04 0.08 Internal
d: 5.30; m
R . a:1.97; m
, ~d b:5.16;dd; J=14.8,6.5
R7a~ Vy5s ¢:532:m 0.09 0.12 Internal
d:1.64;d;J~7
R a:5.08;t;/=72 a: 1254
b A r |T1 b: 1.97; m b: 28.0 0.72 Not Detected |Internal
R % 4 d: 1.94 d:37.3
c R a:5.11; m a: 126.7
b 2)T2 b: 1.95; m 0.22° Not Detected | Terminal
R d: 1.66; s d:23.5
/b\j\/R' a:5.09; m a:125.1
RNF (E)T2 b: 1.97; m 0.13 Not Detected | Terminal
a d c:1.57;s c: 162
bH a: 4917;d; J=10.0
aH_ - R a’:4.979;d;J=17.1 .
\H\c/ v b: 5.81; ddt: J = 17.1, 10.0, 6.5 0.27 0.40 Terminal
aH ¢:2.03; m c:34.1
Z R
\%A Not Detected | Not Detected
R
R
a:4.729; s
CH ® R vdi c:1.94 c:46.9 0.18 Not Detected |Internal
al L d: 1.89 d:33.6
Cc R
J,/{/R vd2 & 4.682; s a:108.7 1 63 Not Detected |Terminal
CH; c: 1.98 c:36.5
a

s, singlet; d, doublet; t, triplet; m, multiplet. ® Uncertainty, £5 x 107%. ¢ Deriving from thermal isomerization of Vd2 (via migration

of the double bond).

trans, and at 2.01 ppm in that of Vyl-cis, as shown by
the 'H—'H correlation experiments (see, in particular,
the TOCSY map). Consistent with the assignment, both
triplets became singlets after selective irradiation of the
allylic protons.

In the 5.41-5.36 ppm range, other multiplets are
partially overlapped with the triplet of Vyl-trans,
which in the TOCSY map show cross-peaks with two

doublets at 1.59 ppm (J = 6.7 Hz) and 1.63 ppm (J ~ 7
Hz), a region typical of resonances from methyls o to a
double bond.!213 Therefore, we assigned the said signals
to Vy2 structures; in particular, based on the litera-
ture,'22 the methyl at 1.63 ppm was attributed to Vy2-
trans and that at 1.59 ppm to Vy2-cis. Selective
irradiation of the allylic methylenes led to a partial
simplification of the multiplets, as expected.
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Figure 6. Olefinic region of the 600.13 MHz 'H NMR
spectrum of sample CP. First trace from top: experimental
spectrum (x, solvent satellite; O, solvent impurity). Second
trace from top: fully simulated spectrum. Lower traces:
simulated patterns of the individual structures assigned.

A third pattern consists of a doublet of triplets
centered at 5.30 ppm (J = 15.5, 6.7 Hz), shown by COSY
and TOCSY to correlate with a multiplet at 5.11 ppm.
The former signal also correlates with the resonances
of the allylic methylenes at 1.97 ppm; the latter reso-
nance is, instead, correlated with a resonance at 1.86
ppm that by 'H—13C DEPT-HSQC was proven to be a
methine group, with a 3C chemical shift of 42.8 ppm
(see Figure 5, expansion b). Perusal of the literature!2sh
led us to assign this pattern to structure Vy3, in which
the allylic methine carries two alkyl residues larger than
methyl; the observed coupling constant for the two
olefinic protons Vy3-b and Vy3-c (J = 15.5 Hz) indicates
that these are in trans configuration. We ascribe the
unusually high-field value of 'H chemical shift of Vy3-a
to a rigid conformation imposed by the two sterically
demanding alkyl substituents, forcing the proton in
question out of the deshielding cone of the double bond.

(ppm)

Figure 7. Olefinic region of the 600.13 MHz 'H{'H} NMR
spectrum of sample CP. First trace from top: experimental
spectrum (x, solvent satellite; O, solvent impurity). Second
trace from top: fully simulated spectrum. Lower traces:
simulated patterns of the individual structures assigned.

The assignment is consistent with a calculated 12C
chemical shift value for Vy3-a of 42.4 ppm (according
to the CSPEC method!*), and also with the results of
the TH{'H} experiment; in fact, selective irradiation of
the allylic protons in the 2.03—1.90 ppm range (includ-
ing the Vy3-d protons) changed the double triplet of
Vy3-c at 5.30 ppm into a doublet (J = 15.5 Hz), due to
residual coupling with Vy3-b. The multiplet at 5.11
ppm, on the other hand, was unaffected, because proton
Vy3-a at 1.86 ppm was not irradiated.

In the aliphatic region of the 'H spectrum, a very
weak doublet centered at 0.94 ppm was detected,
indicative of a methyl 8 to a double bond!21? and coupled
to one proton. The COSY map clarified that the latter
is an allylic methine proton with 6 = 2.01 ppm. We
assigned the said signals to structure Vy4 (whose
olefinic protons are magnetically undistinguishable from
those of Vy3).



Macromolecules, Vol. 38, No. 16, 2005

One more pattern, composed of two proton resonances
at 5.32 and 5.16 ppm, barely emerged from the noise.
In the TOCSY map, the signal at 5.32 ppm is correlated
to a doublet at 1.64 ppm (J ~ 7 Hz), indicating a methyl
o to a double bond. In view of the similarity with Vy3
and Vy4, we tentatively assigned these signals to
structure Vy5.

Trisubstituted Olefins. The triplet (J = 7.2 Hz)
centered at 5.08 ppm, partly overlapped with the signal
of Vy3-b, and strongly correlated in the TOCSY map
with the multiplet at 1.97 ppm, was assigned to struc-
ture T1. In line with the assignment, it reduced to a
singlet in the 'H{'H} experiment.

Additional weaker signals in this range were also
visible. In particular, a multiplet centered at 5.11 ppm
shows a weak correlation in the TOCSY map with a
singlet at 1.66 ppm (diagnostic for a methyl o to a
double bond, as noted before); this, in turn, in the ‘H—
13C HSQC map (see Supporting Information) correlates
with a 3C resonance at 23.5 ppm, which is a typical
value for an allylic methyl in cis configuration with
respect to an olefinic proton.12b All this, along with the
fact that the quoted multiplet at 5.11 ppm reduced to a
singlet in the homodecoupled experiment, points to
structure (Z)T2. A second multiplet centered at 5.09
ppm weakly correlates with a singlet at 1.57 ppm
(another allylic methyl), correlating in turn with a 13C
resonance at 16.2 ppm, typical of allylic methyls in E
configuration;'?? the pattern was then assigned to
structure (E)T2. Importantly, as we shall see in a
following paragraph, structures T2 do not originate from
the polymerization, but from the thermal isomerization
of a vinylidene.

Vinyls. The doublets at 4.979 ppm (J = 17.1 Hz) and
4.917 ppm (J = 10.0 Hz) could be easily assigned to the
two geminal protons of structure V; in particular, by
comparison of the J values with literature ones, the
signal at higher field was attributed to proton V-a, the
other to proton V-a'. The assignment was confirmed by
the COSY and TOCSY maps, showing correlation spots
between the quoted signals and a multiplet at 5.81 ppm
due to proton V-b. In the 'H{!H} spectrum, the latter
was decoupled only in part from the neighboring allylic
methylene protons V-c¢, which resonates at 2.03 ppm,
and therefore were not completely saturated by the soft
pulse centered at 1.97 ppm.

Vinylidenes. The two signals at 4.729 and 4.682 ppm
are not correlated in the 'H—'H maps (Figure 4 and
Supporting Information). We assigned them to the
geminal protons of two different vinylidene structures.
To increase the resolution of the signals and thus reveal
the allylic coupling (usually J = 0—2 Hz), a strong
Gaussian apodization function was applied to the FID,
with the result shown in Figure 8. For the signal at
lower field, the quartet pattern (J = 1.6 Hz) points to
structure Vd1. The signal at higher field, in turn,
appears as the superposition of two close-by triplets, and
is compatible with structure Vd2, in which both alkyl
substituents of the double bond have an a-methylene,
but differ somehow at more distant locations. As ex-
pected, the vinylidene signals remained unchanged in
the TH{'H} experiment.

During the spectral acquisition, Vd2 showed a ten-
dency to slowly isomerize!® to T2 (Z and E), as indicated
by the fact that the signal at 4.682 ppm decreased and
the signals at 5.11 and 5.09 ppm correspondingly
increased with time.16
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Figure 8. Vinylidene range of the 'TH NMR spectrum of
sample CP, as obtained by FID processing with a strong
Gaussian apodization function (see text).

(ii) Quantitative Evaluation of the Spectra. In
columns 5 and 6 of Table 1, we report the mole fraction
of each unsaturated structure for sample CP and HP,
respectively, determined by deconvolution of the 'H
spectra. In the calculations, the normalized integrals
of the olefinic protons were scaled to the average proton
content of the monomeric units (4.48 for sample CP,
4.00 for sample HP; long chain branches not consid-
ered). Using these data, the olefinic region of the proton
spectrum was fully simulated by summing up the
individual simulated patterns of each assigned structure
with the appropriate normalized integrals. The match
with the experimental spectrum is very nice, as is shown
for sample CP in Figures 6 (\H experiment) and 7 ({H-
{'H} experiment).

(iii) Mechanistic Considerations. In Schemes 1
and 2, we propose plausible mechanistic paths leading
to the formation of all observed unsaturations, starting
from a growing chain with a last-inserted ethene or
octene unit, respectively. Despite the apparent complex-
ity, the chemistry involved is fairly straightforward,
with an initial event of 5-H transfer being followed in
alternative by the following:

(i) macroolefin displacement (represented as dissocia-
tive but possibly monomer-assisted3?17), which leads to
a terminal unsaturation;

(ii) “allylic activation” of the chain,’ i.e., attack of the
hydride on M to the allylic methylene of the coordinated
olefin, with formation and release of dihydrogen (Hs
evolution was indeed observed during the polymeriza-
tions), and of a coordinated allyl, which then undergoes
monomer insertion;

(iii) in the specific case of a coordinated macrovinyl
(V), rotation of the double bond and reinsertion into the
M-H bond, which forms an o-methyl-branched poly-
meryl. This can then undergo monomer (in particular,
ethene) insertion, or 5-H elimination again. Sequences
of -H elimination, double bond rotation and reinsertion
steps can lead to a migration of the double bond, and
explain the observed formation of vinylene unsatura-
tions and of long(er) branches. This route, extensively
documented for late transition metal catalysts and
commonly referred to as “chain walking”,'® is less
important but not unprecedented for Group 4 metal
catalysts,’20 and in the cases investigated here was
probably favored by the high polymerization tempera-
ture.

In agreement with experiment (Table 1), Schemes 1
and 2 predict that structures Vd1, Vd2, T1, and T2 are
peculiar to copolymers, whereas all others are in com-
mon with ethene homopolymers. It may be worth noting
that, although the hypothesis of occasional regioirregu-
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Scheme 1. Possible Paths Leading to Chain Unsaturation for a Polymeryl with a Last-Inserted Ethene Unit
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lar 2,1 insertions of 1-octene cannot be ruled out based
on our experimental data, there is no need to invoke it
to justify any of the observed chain unsaturations.

A classification of the olefinic structures as terminal
(chain ends) or internal, which is obviously a prerequi-
site for the NMR-based calculation of number-average
polymerization degree (P,), can also be operated accord-

ing to the schemes, and is reported in the last column
of Table 1. Such a classification is trivial with just one
exception: in fact, if structures V, Vy2, and Vd2+T2
are necessarily chain ends, and Vy3, Vy4, Vy5, and Vd1
internal unsaturations, Vy1l can be either (with refer-
ence to Scheme 1, internal if derived from allylic
activation of coordinated vinyl V; terminal if formed via
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Table 2. Values of the Number Average Polymerization Degree (P,) and Molecular Mass (M,,) as Calculated from the 'H
NMR Data (See Text), and Determined by Gel Permeation Chromatography for Comparison

sample CP sample HP
P, My, kDa P, M, kDa
calculated by 'H NMR (Vy1 assumed as terminal) 4.7 x 102 15 3.6 x 102 10
calculated by 'H NMR (Vy1 assumed as internal) 7.4 x 102 23 1.2 x 103 35
determined by GPC 3.2 x 102 10 3.6 x 102 10

chain walking after a methyl branch formation). The
above introduces an uncertainty in the NMR evaluation
of P,; however, assuming that Vyl1 is terminal leads to
a reasonably good agreement between the calculated
value and that determined by GPC, whereas overesti-
mation of P, results from the hypothesis that Vyl is
internal (Table 2).

It is interesting to note that, of the five detected
vinylene structures, Vyl and Vy2 can occur in ¢rans
and cis configuration, whereas for Vy3, Vy4, and Vy5
exclusively the trans isomer was observed. This is
probably due to the fact that in the last three cases,
according to our assignment (which then receives an
indirect confirmation), one of the two alkyl substituents
of the double bond is a-branched, which should enforce
the thermodynamic preference for the trans over the cis
configuration.

Altogether, structures Vy3, Vy4, Vy5, and Vdl
provide a strong indication that olefin insertion at
M-allyl species is viable; this is in line with the results
of recent theoretical studies.?! In Schemes 1 and 2, we
assumed a step of #3-to-n! allyl isomerization, known
to favor the formation of the most substituted double
bond and, correspondingly, of the least sterically en-
cumbered M—(»!-allyl), followed by a standard Cossee-
type insertion into the M—C o bond;3 this provides an
immediate and simple explanation for the observed
excess of Vy5 over Vy4, and of T1 over Vd1, as well as
for the undetectability of V' (Table 1). On the other
hand, direct olefin insertion into a M—(53-allyl) bond,
as hypothesized in the aforementioned theoretical stud-
ies,2! cannot be ruled out on the basis of our data, and
might well be sterically governed in a similar manner.
The large fraction of chain unsaturations traceable to
this chemistry in the two investigated samples is due
to the high polymerization temperature, making pro-
cesses with higher activation energies more competitive.

Concerning the relative importance of the various
possible pathways of chain transfer, from Table 1 it is
easy to realize that roughly 50% of all terminal unsat-
urations in sample CP can be traced to -H transfer
from last-inserted octene units, although these amount
to 4.0 mol % only; therefore, on average, the ratio [P/
[P [between the (average, cumulative) conditional prob-
abilities of chain transfer and propagation, under the
specific conditions used for sample preparation, was ca.
20-fold larger after 1-octene than after ethene insertion.

Methyl branches, in turn, despite a low relative
abundance, appear to be important generators of inter-
nal unsaturations, as being particularly prone to un-
dergo -H transfer followed by allylic activation (Scheme
1, bottom part).

Conclusions

In this paper, we have reported the full assignments
of the resonances in the olefinic region of the 'TH NMR
spectra of an ethene/1-octene copolymer produced with
a metallocene catalyst at high temperature, and also—
for comparison—of a similarly prepared ethene ho-

mopolymer. Thirteen different terminal and internal
chain unsaturations (eight of which are observed in the
reference homopolymer) were identified, and their
formation explained in terms of a limited set of plausible
mechanistic paths, originating from a first event of 5-H
transfer, possibly followed by allylic chain activation.

These results are useful in at least two respects. First,
they make the said spectral region amenable to decon-
volution and full simulation in terms of known and
recognizable patterns, and usable for quantitative mea-
surements of number-average molecular mass and
unsaturation degree. Considering that the sensitivity
of TH NMR is very high, and that data acquisition is
correspondingly very fast, this achievement can be
particularly relevant and advantageous in view of
repetitive applications for quality control and high-
throughput screening.

Second, we anticipate that although—as already noted
in the Introduction—all ethene/l-octene copolymers
examined in this study contain basically the same
unsaturations, we have found out that the absolute and
relative amounts of the various individual structures
are dependent not only on the polymerization conditions
(which is fairly obvious), but also on the specific catalyst
used. This suggests that the olefinic pattern of a given
copolymer sample can be used diagnostically as a
catalyst “fingerprint”. This concept will be elaborated
in a separate paper.
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