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efficient N incorporation in the presence of MAO. The poly(P-co-N)s obtained were studied in detail by

determining the microstructure and comonomer contents using **C-NMR spectra, molar masses, and

thermal and mechanical properties. The ketimide Cp'TiClo(N—=C'Bu,) catalysts 1 and 3 exhibited higher

catalytic activities and yielded the copolymers with higher N contents and molar masses than the keti-
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Introduction

Polyolefins, accounting for more than 50% of the global com-
mercialized synthetic polymers, are very important industrial
materials, and the transition metal catalyzed polymerisation is
the core technology for the production. The synthesis of new
polyolefin materials with specific functions and properties,
such as toughness, barrier properties, miscibility, and rheolo-
gical properties, thus providing expanded applications, is
very difficult even using conventional catalysts, such as
metallocenes,'™ and constrained geometry (linked half-metal-
locene) catalysts,*” but is still of great interest. The progress in
nonbridged half-metallocenes® and so-called non-metallocene
type’ ™" catalysts offers several new possibilities for the devel-
opment of new materials. Copolymerisation is unsurpassed for
the direct synthesis of polymers with modified physical and
mechanical properties. Design of novel catalysts allows us to
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mide-modified Cp*TiClL(N=C'Bus,) (2); the resultant copolymer using catalyst 1 contained 61.7 mol% of N
and M,, equal to 657 kg mol™ possessing uniform composition. The copolymers show very different
tensile behaviours passing from ductile and tough materials to stiff and fragile ones as the N content

vary the comonomers incorporated, comonomer ratio and
copolymer microstructure and to modulate the desired
thermal and mechanical properties."™°

Cyclic olefin copolymers (COCs), such as those synthesized
by copolymerisation of ethylene with cyclic olefins, are highly
interesting materials with high transparency, thermal resis-
tance, low water absorption, dimensional stability etc. The
synthesis of ethylene (E) and norbornene (N) copolymers
using ansa-metallocene-based catalysts was first achieved by
Kaminsky et al.,>** and later, was studied in detail by both
academic and industrial groups.>*™* These ethylene/norbor-
nene (E/N) copolymers obtained using metallocene catalysts
are commercialized as TOPAS® and are amorphous thermo-
plastic materials with a broad range of promising properties
such as high glass transition temperatures (T), excellent
humidity barriers, remarkable biocompatibility, thermoform-
ability, stiffness, dead-fold characteristics, and chemical
inertness;** 7 these materials are applied in optics, packaging
(especially food and medical products), capacitor films, and
medical and diagnostic containers.

It is possible to enhance the mechanical and/or other physi-
cal properties of COCs for further expanding their applications
by the introduction of a comonomer different from ethylene
into the polymer backbone. Synthesis and microstructural
studies of propene (P) and norbornene (N) copolymers with
C,-symmetric metallocenes and MAO as a cocatalyst were per-
formed by Tritto et al.’*®** These studies demonstrated that
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the copolymers possess rather low T, values, due to their low
molar mass and a significant degree of propene 1,3-misinser-
tions. Shiono et al. succeeded in the synthesis of P/N copoly-
mers with high norbornene contents up to 71 mol% by using
a linked half-titanocene catalyst, (‘BuNSiMe,Flu)TiMe,, and
Me;Al-free methylaluminoxane (dried MAO) as a cocatalyst.***®
Recently, investigations on the synthesis of new copolymers of
cyclic olefins with propene or higher olefins have received
more attention because of expanded properties suitable for
new applications and markets.*®*”

Ketimide- and  phenoxide-modified  half-titanocenes,
Cp'TiX,(Y) (Cp' = cyclopentadienyl group, Y = phenoxide,
ketimide), are known to efficiently catalyse, especially the
syntheses of new COCs.*'?? In particular, these catalysts,
Cp'TiCl,(0-2,6-'Pr,CeH;) or Cp'TiCl,(N—C'Bu,), are potentially
active for ethylene copolymerisations with sterically hindered
olefins or cyclic olefins.*® The ketimide-modified half-titano-
cenes, Cp’'TiCl,(N=C'Bu,), showed high catalytic activity with
efficient N incorporation not only in the copolymerisation of N
with ethylene®* and o-olefins,*® but also in the terpolymerisa-
tion of ethylene and norbornene with 1-octene,*® affording
high molecular mass polymers with uniform molecular mass
distribution and compositions with various monomer ratios.

Recently, we demonstrated that the ketimide-modified half-
titanocene catalysts, Cp'TiCl,(N=C'Bu,) (Cp’ = Cp, Me;SiCsH,),
are highly active for propene polymerisation in the presence of
MAO (4 bar, 40 °C). The resultant atactic and highly regioregu-
lar polypropenes (aPP) possess high molecular mass, M, up to
1400 kg mol ™, and the high molar mass amorphous aPP dis-
plays properties like high-performance thermoplastic elasto-
mers with exceptionally high ductility and tensile strain at
break.>°

Thus, we thought to explore the P/N copolymerisation with
these half-titanocenes in order to achieve transparent poly
(P-co-N)s with variable glass transition temperatures (7g), high
molecular weight (M,,) and possible elastomeric properties.
Copolymerisation reactions were performed by using half-tita-
nocene based precursors shown in Scheme 1 activated with a
methylaluminoxane (MAO) cocatalyst. The influence of como-
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Scheme 1 Copolymerisation of propene (P) and norbornene (N) with
half-titanocene-based catalyst precursors studied.
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nomer (norbornene) concentration, at relatively high poly-
merisation pressure and temperature, on polymerisation
behaviour was investigated. The norbornene/propene molar
ratio in the feed was maintained at a rather low level in order
to observe possible differences in copolymer microstructures.
Polymer analysis included determination of the microstruc-
ture, comonomer content, molar mass, and thermal and
mechanical properties. We demonstrated that these half-tita-
nocene catalysts, unlike ansa-metallocenes, enable the syn-
thesis of poly(P-co-N)s with both high molar masses and
yields, and to adjust P and N contents in copolymers and con-
sequently T, values from 10 to 218 °C. Poly(P-co-N)s with low N
content up to 15 mol% are transparent and show a typical elas-
tomeric behaviour with a low initial modulus and a gradual
increase in the slope of stress-strain curves and a large
amount of immediate strain recovery.

Results and discussion

Synthesis and characterization of poly( propene-co-
norbornene)s

Selected results of the copolymerisation reactions of propene
(P) and norbornene (N) by means of MAO-activated half-titano-
cene catalysts, [CpTiCl,(N=C'Bu,) (1),"> Cp*TiCl,N=C'Bu,
(2),"* and (Me;SiC5H,)TiCl,(N=C'Bu,) (3)*>*'], are summar-
ized in Table 1. The catalyst precursors for this study have
been chosen as representative half-titanocenes which allow
one to prepare ethylene-norbornene-1-octene terpolymers with
high 1-octene contents, molar masses, and variable T, values,
in high yields*® and atactic high molar mass polypropenes
having remarkably high ductility and tensile strain.>®

The [N]/[P] molar ratio was varied to prepare the copolymers
with different N contents that thus possess variable glass tran-
sition temperatures and possibly high molar mass (M,,). The
copolymerisations were conducted in toluene with various
feed compositions at 40 °C under a constant propene pressure
of 4.0 bar, that is, under the conditions that gave the best
results in propene homopolymerisation.’® Their microstruc-
tures and monomer contents were evaluated by means of
*C-NMR spectroscopy. The molar masses and T, values were
measured by SEC and DSC, respectively. In this table, entries
that gave too high norbornene conversion, due to high activity,
are included, since they are instructive about catalyst behav-
iour in these copolymerisations. The results of P homopoly-
merisation under identical conditions are also placed for com-
parison. Table 1 also lists P, that is the number-average degree
of polymerisation and can be described according to ref. 52.

The catalytic activities of the P/N copolymerisation by the
ketimide modified half-titanocene catalysts, Cp'TiCl,(N=C'Bu,)
(1, 2, and 3), were clearly affected by the substituent on
the cyclopentadienyl ligand wused, as observed in
homopolymerisation.

Unsubstituted CpTiCl,(N=C'Bu,) (1) is the most active cata-
lyst in the P/N copolymerisation among the catalysts employed
(1-3), whereas the permethylated catalyst 2, which is the most

This journal is © The Royal Society of Chemistry 2025
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Table 1 Copolymerisation of propene (P) and norbornene (N) using CpTiClo(N=C'Bu,) (1), Cp*TiClLN=C'Bus, (2), and (Me3SiCsH,)TiCl,(N=C'Bu,)

(3)—MAO catalytic systems?

Time  Yield Activity N? N T, ° M, ? M4
Entry  Catalyst P/N (h) (g) (kgmoly 'h™)  (mol%) conv.  (°C) (kgmol™)  (kgmol™) D%  P,°
1 1 — 0.25 6.08 2433 — — 1 814 1404 1.7 —
2f 1/0.25  0.17 2.01 1613 27.8 16.3 87 331 716 2.2 5865
3 1/0.5 0.5 8.03 1606 32.1 37.6 117 181 650 3.0 3081
4/ 1/0.5 0.17 5.13 6153 37.3 28.1 124 353 717 2.0 5747
5 1/1 0.5 14.22 2843 44.0 46.0 162 290 537 1.8 4466
6’ 1/2 0.5 11.38 4554 61.7 26.3 218 357 657 1.8 4820
7 2 — 0.25 11.20 4480 — — 2 315 831 2.6
8 1/0.25  0.17 3.28 1966 6.0 5.6 10 236 584 2.5 5235
9 1/0.5 1 4.49 449 13.7 8.8 21 189 354 1.9 3835
10 11 0.5 2.09 417.6 17.7 2.7 40 124 222 1.8 2424
11 1/2 1 0.010 0.99 n.d.f ndf ndf 63 360 57 ndf
12 3 — 0.25 9.16 3663 — — 1 832 1240 1.5 —
13 1/0.25  0.25 4.84 1938 14.1 19.7 24 178 539 3.0 3603
14 1/0.5 0.5 7.75 1549 24.5 27.6 73 309 812 2.6 5632
15 1/1 0.5 3.90 778 36.6 10.4 117 352 566 1.6 5760
16" 1/2 0.5 13.91 5563 45.3 22.2 177 380 719 1.9 5794

“Polymerisation conditions: catalyst = 10 pmol, [MAO]/[Ti] = 2500, propene pressure = 4.0 bar, solvent = toluene, total volume of solution =
100 mL, temperature = 40 °C. ” Determined by *C-NMR spectra in C,D,Cl, at 103 °C with HMDS as a reference. ° Determined by DSC analysis.
4 Determined by SEC analysis. ° Number-average degree of polymerisation calculated according to ref. 52. Catalyst = 5 pmol, [MAO]/[Ti] = 5000.

¢n.d. = not determined.

active one in the propene homopolymerisation, is the least
active in the P/N copolymerisation. Indeed, this catalyst exhibi-
ted the lowest activities and P,s (the number-average degrees
of polymerisation) with the lowest N incorporation.

A comparison of the entries shows that P,s by catalyst 1
tend to slightly decrease, those by catalyst 3 increase upon
increasing the N concentration in the feed, while those by the
permethylated catalyst 2 decrease significantly.

A comparison of P, values provides a clear overview of the
catalyst performance in the P/N copolymerisation by using
these catalysts, and the values by catalysts 1 and 3 (e.g, entries
5 and 15) were higher than those by catalyst 2 (entry 10,
N 17.7 mol%) prepared with the same P/N molar ratio.

It thus seems likely that the activities were related to the
capability to incorporate N in the copolymer chain, since cata-
lysts 1 and 3 showed the highest activities with the most
efficient N incorporation. Therefore, the N content in the resul-
tant copolymers prepared with Cp'TiCl,(N=C’Bu,) under the
same conditions follows the order 1 > 3 > 2, suggesting that
the steric hindrance of Cp’ plays a role.

It was revealed that the molar mass distributions (P values)
of copolymers are narrow, and the molar masses of the resul-
tant copolymers are lower than those of homopolymers for all
the catalysts; in the copolymers prepared using catalyst 2 the
M,, value clearly decreased with increasing N concentration in
the feed.

Interestingly, the molar masses of poly(P-co-N)s with high N
contents obtained using catalysts 1 and 3 are very high, and
the M, values in copolymers prepared using 3 are higher than
in those prepared using 1. This along with the difficulty to
detect the signals of chain end groups in the 'H-NMR spectra
(see ESIf) confirm that catalysts 1-3 limit p-H elimination,
when an a-olefin is the last inserted monomer.

This journal is © The Royal Society of Chemistry 2025

Microstructure analysis of poly( propene-co-norbornene)s

Poly(P-co-N)s were analyzed by ">C-NMR spectroscopy to evalu-
ate the monomer content and their microstructure. Some of us
dedicated much effort in assigning the signals of "*C-NMR
spectra of poly(P-co-N), synthesized using metallocene based
catalysts.>*** Poly(P-co-N)s were studied less than poly(E-co-N)
s not only because of the high complexity of the spectra, but
also because the metallocene-based catalysts show poor ability
for copolymerisation of norbornene with propene.®**>3%3

However, it was possible to give a first assignment of
signals of an isotactic alternating poly(P-co-N), with N content
around 40-45 mol%, synthesized with a rac-Et(Ind),ZrCl,-
MAQO catalytic system: methylenes C6 and C5 signals at 30.10
and 27.34 ppm, in sequence, methylene C7 at 31.91 ppm,
methines C1 and C4 at 37.17 and 41.32 ppm, in sequence,
whereas C3 and C2 signals are at 45.40 and 53.32 ppm,
respectively.”’ In addition, the methyl Py carbon atom was
assigned to the resonance at 21.24 ppm. Subsequently,
Boggioni et al., by an analytical procedure which uses the
observed areas of the assigned signals of "*C-NMR spectra,
determined the molar fractions of the sequences defining the
microstructure of a poly(P-co-N) at the triad level; all the poten-
tial propene insertions (Pi,, P,;, and P;3) were considered,
although different types of tacticities have been disregarded.
This allowed us to achieve new assignments of '*C-NMR
spectra.*>*?

Starting from these assignments, we will attempt to under-
stand the spectra of poly(P-co-N)s synthesized with the keti-
mide Cp*TiCl,(N=C'Bu,) catalyst 2, the one that allows the
lowest N incorporation. Fig. 1 shows the *C-NMR spectra of
polypropene and poly(P-co-N)s prepared at different P/N molar
ratios with catalyst 2. A general structure of copolymers, along

Polym. Chem., 2025, 16, 3709-3719 | 3711
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Fig. 1 '3C-NMR spectra of (a) polypropene (entry 7) and poly(P-co-N)s of (b) entry 8 (N = 6.0 mol%), (c) entry 9 (N = 13.7 mol%), and (d) entry 10 (N
= 17.7 mol%) obtained using Cp*TiCl,(N=C'Bus,) (2). Impurities are indicated by asterisks in the spectra.

with the carbon atom labelling based on the common nomen-
clature,®® and some assignments are also included in the
figure. In detail, P, S, and T denote primary, secondary, and
tertiary propene carbons, respectively. Greek letters denote the
distance of a given carbon from the closest tertiary norbornene
carbon.

In the spectra of the copolymers, by increasing the N
content in the copolymer, new signals in the region between
14 and 17 ppm appear, which are related to regioirregularities
of propene insertion. In particular, two broad signals centred
at 15.73 and 16.72 ppm have been assigned to the methyl
carbon atom of the central monomer in NP,,P;, and P,;P;,N,
respectively.*” This observation seems to indicate that with
this catalyst after a norbornene insertion a 2,1 propene inser-
tion occurs. This may explain the strong decrease in polymeris-
ation activity by increasing N concentration in the feed with
this catalyst. This catalyst behaviour resembles that of the C,-
symmetric rac-Me,Si(2-Melnd),ZrCl,.**

The C-NMR spectra of poly(P-co-N) with different P/N
molar ratios prepared using catalysts CpTiCl,(N=C'Bu,) (1)
and (Me;SiCsH,)TiCl,(N—=C'Bu,) (3) are displayed for compari-
son in Fig. 2 and 3.

3712 | Polym. Chem., 2025, 16, 3709-3719

In each figure, the "*C-NMR spectra of the polypropenes pre-
pared with the same catalyst are shown as well. All polypropenes,
as already reported, are atactic with a prevalence of rrrr pentads.

Moreover, the homopolymers prepared using catalysts 1
and 3 contain also some regioirregular erythro and threo 2,1
insertions, signals in the region between 15.34 and 14.03 ppm
(erythro) and a broad signal centered at 13.01 ppm (threo).

The spectra of copolymers synthesized with catalysts 1 and
3 in Fig. 2 and 3, respectively, have very similar patterns. In the
spectra of these copolymers, new methyl signals at 14.73 and
15.80 ppm, 16.79 ppm, and 20.70 and 22.80 ppm appear, and
these signals and the methyl signals of the rrrr centered
pentad increase with increasing N content. The signals at
16.79 and 15.80 ppm could be due to regioerrors P,,P;,N and
NP,,P;, close to N, and differences in chemical shifts may be
due to different tacticities. Shiono assigned signals appearing
between 12.0 and 17.1 ppm (in our scale) to a P in a NNNPN
block, where syndiotacticity prevails both in propene and nor-
bornene blocks.*> Thus, it seems that these catalysts allow the
incorporation of regioerrors, as seen from the presence of
regioerrors in the spectra of the homopolymers, as well as the
incorporation of norbornene after a regioerror, as testified by

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 '*C-NMR spectra of (a) polypropene (entry 1) and poly(P-co-N)s of (b) entry 2 (N = 27.8 mol%), (c) entry 3 (N = 32.1 mol%) and (d) entry 6 (N

= 61.7 mol%) obtained using CpTiCl,(N=C'Bu,) (1).

the high activity of these catalysts (P-co-N) in polymerisation.
The methyl signals at 20.70 and 22.80 ppm may be due to P,,
signals, which result from different tacticities of vicinal P or N
units or block ONP;,00, where O could be a P or N unit. The
patterns of spectra in Fig. 2d and 3d differ clearly from the
others because of N contents of 61.7 and 45.3 mol%, respect-
ively. Indeed, signals of N diads or triads become dominant:
indeed, in accordance with literature,”’ it is possible to high-
light the resonances of the C5 and C6 carbons in the range of
27.1-31.0 ppm, and the signals at about 35.8-41.4 ppm and
43-53 ppm, which were tentatively assigned to C1/C4 and C2/
C3 carbons, respectively. The resonances of the methylene C7
carbon appear in the region between 30.8 and 35.4 ppm, in
particular the signal observed at 31.0 ppm can be attributed to
the C7' carbon of the norbornene unit close to a propene unit,
in accordance with the results from Shiono’s work.*

Thermal properties

As already reported, all polypropenes prepared using these
half titanocene catalysts are soft solids, elastomeric materials,
soluble in hydrocarbons and chlorinated solvents.’® DSC ana-
lysis did not show melting events; the measured glass tran-
sitions are in the temperature range from 1 to 2 °C.
Poly(P-co-N)s with N contents up to 14 mol% are rubbery
materials, and those with higher N contents appear as a white

This journal is © The Royal Society of Chemistry 2025

powder. DSC thermal characterization of copolymers syn-
thesized with catalysts 1, 2, and 3 revealed single well-defined
glass transition temperatures (Fig. 4St), thus indicating a
homogeneous copolymer microstructure with a fully amor-
phous morphology. Glass transition temperatures varied from
10 °C for the copolymer with the lowest N content prepared
with catalyst 2 (entry 8) to 218 °C for the copolymer with the
highest N content synthesized with catalyst 1 (entry 6). In
Fig. 4, the plots between T, values of the synthesized copoly-
mers and the N contents calculated from "*C-NMR spectra are
shown and compared to those obtained by Shiono with
(‘BuNSiMe,Flu)TiMe,.**

As expected for random copolymers with similar micro-
structures, T, values of (P-co-N)s increase linearly with norbor-
nene content. In general, the T, values of polymers from 2 are
the lowest, because of the low N contents ranging from 6 to
18 mol%, while the T, of the copolymers obtained using the
other two ketimide catalysts 1 and 3 can reach very high values
due to the high content of the N unit incorporated in the
polymer chain.

Mechanical properties and recyclability

We have recently demonstrated that the amorphous polypro-
penes, prepared using catalysts 1-3 due to their high molar
mass, are high-performance thermoplastic elastomers with

Polym. Chem., 2025, 16, 3709-3719 | 3713
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Fig. 3 ®C-NMR spectra of (a) polypropene (entry 12) and poly(P-co-N)s of (b) entry 13 (N = 14.1 mol%), (c) entry 15 (N = 36.6 mol%) and (d) entry

16 (N = 45.3 mol%) obtained using (MezSiCsH4) TiClL(N=C'Bu,) (3).
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Fig. 4 Plot of glass transition temperature (T,) vs. norbornene content
in poly(P-co-N)s from Table 1 and the literature.*® The dotted fitting line
interpolates all the points on the graph.

extraordinarily high ductility, good toughness and a tensile
strain at break higher than 2000%, in line with those reported
in the literature for amorphous high molecular weight poly-
propylene samples.>>>® Thus, we have evaluated the influence
of norbornene content and molar masses on the mechanical
properties of the poly(P-co-N)s synthesized, performing uniax-
ial tensile and cyclic stress-strain tests. Table 2 summarizes

3714 | Polym. Chem., 2025, 16, 3709-3719

data on the mechanical properties of polypropenes and some
selected copolymer samples in Table 1. It was revealed that the
introduction in the polymer chain of rigid N units, with the
resulting enhancement in T, implies noticeably higher
Young’s moduli (£) and maximum tensile strength (oya) in
poly(P-co-N). The opposite result is observed for the elongation
at break (¢): this parameter exhibits a huge decrease and copo-
lymers with N contents higher than 24 mol% break at very low
elongation values (about 3%); consequently, a scarce fracture
toughness (Ur) was detected.

The stress-strain curves in the uniaxial tensile test of some
representative copolymers and polypropenes from catalyst 2
are depicted in Fig. 5. Entry 8 with the lowest N content
(6 mol%) exhibits a tensile behaviour comparable to that of
polypropenes with a low modulus and a very high elongation,
typical properties of a tough and highly ductile material. The
stress-strain curve of entry 9 with an N content of about
13.7 mol% and a T, value of 21 °C first shows a linear elastic
behaviour and, then, a gradual stress increase with increasing
strain, with an elongation at break at 1136% and a high frac-
ture toughness (23 MJ m™). Very interestingly, a further small
increase in N content in the polymer chain strongly modifies
the tensile behaviour of the copolymer.

In fact, entry 10 with an N content of about 18 mol% and a
T, value of 40 °C displays a sharp stress maximum at low
strain, ascribed to the yield point; after this point a decrease in

This journal is © The Royal Society of Chemistry 2025
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Table 2 Tensile mechanical properties of polypropenes and selected poly(P-co-N)s

Entry Catalyst N (mol%) M, (kg mol™") E° (MPa) Omax* (MPa) e (%) Ur® (MJ m™)
1 1 — 814 2.5+ 0.3 1.05 £ 0.10 >2000 >11

3 32.1 181 1380+ 73 33.38 £ 3.40 3.3+0.3 0.63 + 0.08

7 2 — 315 3.1+0.3 0.78 + 0.03 >2000 >7

8 6.0 236 8.9+1.8 1.13 £ 0.03 >2000 >19

9 13.7 189 16.2 £ 2.5 5.25 £ 0.21 1136 + 46 22.58 £ 2.18
10 17.7 124 768 + 20 14.74 + 1.38 65+ 19 5.20 £ 1.03
12 3 — 832 4.1+0.1 1.24 £ 0.08 >2000 >17

13 14.1 178 142 £ 4 8.85 £ 0.47 892 + 27 36.69 £ 1.11
14 24.5 309 1345 + 63 31.71+2.15 2.7+0.4 0.58 £ 0.10
12r” — 832 3.4+0.3 1.13 £ 0.05 >2000 >12

13r? 14.1 178 187 +5 9.59 +1.37 877 +£8 38.41+2.84
141’ 24.5 309 1330+ 76 28.21 +1.87 2.4+0.1 0.36 + 0.03

“E: Young’s modulus, o, tensile strength, e: tensile strain, and Ur: toughness determined by tensile measurements performed at 30 mm

min~". ? Recycled sample.
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Fig. 5 Stress—strain curve in the uniaxial tensile test of polypropene
and poly(P-co-N)s using the half-titanocene catalyst 2.

the stress with a limited enhancement of elongation up to
65% was observed. The transition from uniform stretching
peculiar of elastomers to the localized yielding characteristic
of thermoplastics took place at an N content close to 15%.

Such abrupt mechanical property variations could be poten-
tially related to mechanisms such as chain entanglement or
phase separation. Since entries 8-10, obtained with catalyst 2,
exhibit low conversions of norbornene and copolymers have
homogeneous composition, phase separation is not probable.

It is likely that by increasing the norbornene content in the
chain due to the rigidity of the norbornene moiety, at parity of
copolymer microstructure and molecular weight, entangle-
ments are more difficult to be formed. Therefore, the norbor-
nene content remains the dominant factor influencing the
variations observed in the mechanical properties.

Similar tensile behaviour was observed for materials pre-
pared with catalysts 1 and 3, so that the presence of the cyclic
unit in the polymer chain induces enhancement of strength
and rigidity and a decrease of ductility (Fig. 5St). High values

This journal is © The Royal Society of Chemistry 2025

of the Young’s modulus (1350-1400 MPa) and maximum
tensile strength (31-33 MPa) are achieved for the copolymer
samples of entry 14 and entry 3, according to their high
content of N units (25-32 mol%). Regarding entry 13 with an
intermediate content of N units (14.1 mol%), a strain harden-
ing behaviour accompanied by a very high fracture toughness
(37 MJ m™?) was observed.

The elasticity of the materials, namely, the capability to
return to the initial shape after the load is removed, was
measured from step cycle tensile tests by extending the
samples to 300% strain over 10 cycles (Fig. 6). The polypropene
and the (P-co-N)s obtained using catalyst 2 exhibit the main
amount of unrecovered strain after the 1st cycle with only a
small enhancement in the unrecovered strain on each follow-
ing cycle (Fig. 6a). Polypropene and the copolymer sample of
entry 8 show an outstanding elastic recovery over the whole
cyclic test, that is, 93 and 92% at the end of the first cycle, and
86 and 84% after being cyclically stretched at 300% strain 10
times, respectively (Fig. 6b). The copolymer with an N content
equal to 13.7 mol% (entry 9) exhibits a higher extent of irre-
versible deformation after the first cycle with SR equal to 85%
and a good elastic recovery of 78% after the last cycle (Fig. 6b).
Overall, the tensile measurements showed that these random
copolymers behave as thermoplastic elastomers with pro-
perties close to those reported for ABA block copolymers con-
stituted of polynorbornene as a hard segment and atactic poly-
propene as a soft segment.>’

The progressive enhancement in norbornene content deter-
mines very different strain recovery behaviour for the (P-co-N)s.
In fact, the copolymer sample of entry 13 with an N content
equal to 14.1 mol% recovers not much under standard con-
ditions (39 and 24% after the first and tenth cycles, respect-
ively) but at a low unload rate (10 mm min™"), hence giving it
time to recover; the strain recovery is 55 and 40% after the first
and last cycle, respectively. The presence of rigid units in the
polymer chain delays the relaxation dynamics and the material
thus exhibits a long-term elastic recovery.

The reprocessability of the materials prepared with catalyst
3 was evaluated by repeated compression moulding of the

Polym. Chem., 2025, 16, 3709-3719 | 3715
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Fig. 6 Stress—strain curve in the hysteresis test (a) and (b) strain recovery as a function of the cycle number of polypropene and selected (P-co-N)s

by the half-titanocene catalyst.

broken specimens at the processing parameters of the first
preparation (see the Experimental section in the ESI}), to
produce recycled films with a thickness of about 200 pm. To
assess the mechanical recyclability, the reshaped specimens
underwent uniaxial stretching until failure. The stress-strain
curves and tensile properties of the pristine and reprocessed
materials are reported in Fig. 6ST and Table 2, respectively.
The stress-strain curves of the recycled samples almost overlap
with the pristine ones; thus, mechanical recycling is an option
as the tensile properties are unaltered.

Optical properties

Optically transparent polymers with high refractive indices are
well-known for their requirements in various optical appli-
cations, including lenses, touch screens, reflection films, and
other components used in mobile devices, displays, and
optical assemblies. Cyclic olefin copolymers stand out in this
context as key optical materials®”*® and thus the optical trans-

100
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Fig. 7 Optical transmittance of selected poly(P-co-N) from Table 1.
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mittance of selected copolymers listed in Table 1 was analyzed
using UV-vis spectrometry across the visible light wavelength
range of 400-800 nm (Fig. 7). Since these materials are amor-
phous, thin films of poly(P-co-N)s with comparable thicknesses
of 20-30 pm and norbornene content up to 32 mol% display
high optical transmittance, reaching approximately 85-93%.
This outcome highlights the excellent transparency of these
copolymers, making them highly valuable for optical
applications.

Conclusions

Investigation of propene (P) copolymerisation with norbornene
(N) using ketimide-modified half-titanocene precatalysts, Cp’
TiCl,(N=C'Bu,) (1-3), provided insight into the factors that
regulate the copolymerisation with these precatalysts.
Activities of copolymerisation by the ketimide modified Cp’
TiCl,(N=C'Bu,) are much higher than those by ansa-metallo-
cene catalytic systems. The steric hindrance of catalyst ligands
influences copolymerisation activities; Cp*TiCl,(N=C'Bu,) 2 is
the least active among the ketimide modified catalysts studied.
Analysis of the microstructures of propene homopolymers and
poly(P-co-N)s reveals that these polymers are mainly atactic,
while those by Cp'TiCl,(N=C’Bu,) are slightly more syndiotac-
tic. The high molar masses and low visibility of poly(P-co-N)
signals of chain end groups in the "H-NMR spectra confirmed
the ability of catalysts 1-3 to prevent -H elimination, when an
a-olefin is the last inserted monomer.

It is noteworthy that catalysts 1 and 3 display promising N
incorporation, affording poly(P-co-N)s with much higher N
incorporation and molar mass than those obtained under
similar conditions with ansa-metallocenes; catalyst 1 gave the
high molar mass poly(P-co-N) with 61.7 mol% of N and M,,
equal to 657 kg mol~" (Table 1, entry 6). DSC thermal analysis
showed T, values ranging between 10 °C and 218 °C and a
linear relationship between the T, values and N content of

This journal is © The Royal Society of Chemistry 2025
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copolymers synthesized using each catalyst was demonstrated.
For copolymers with low N contents up to 15 mol%, a typical
elastomeric behaviour is found with a low Young’s modulus, a
progressive enhancement in the slope of stress-strain curves
and a high extent of immediate strain recovery.

Finally, this behaviour, demonstrated by these catalysts
(especially by 1 and 3), such as highly efficient N incorporation
to afford high molar mass poly(P-co-N)s, is unique and highly
promising, and is apparently different from that by well-devel-
oped ansa-metallocenes, important catalysts for a-olefin and
norbornene copolymerisation. It seems that it is the more
open structure of these half titanocenes that allows such
unique behaviour. This fact is important for further materials
design and design of efficient molecular catalysts.
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