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ABSTRACT: Cross-linked polyolefins have important advantages
over their thermoplastic analogues, particularly improved impact
strength and abrasion resistance, as well as increased chemical and
thermal stability; however, most strategies for their production
involve postpolymerization cross-linking of polyolefin chains. Here, —
a tandem ring-opening metathesis polymerization (ROMP)/ : crosslinked crosslinked
hydrogenation approach is presented. Cyclooctene (COE)-co- i G2 polyalkenamer polyolefin
dicyclopentadiene (DCPD) networks are first synthesized using . .
ROMP, after which the dispersed Ru metathesis catalyst is

activated for hydrogenation through the addition of hydrogen gas. %

The reaction temperature for hydrogenation must be sufficiently : : >
high to allow mobility within the system, as dictated by thermal

transitions (i.e., glass and melting transitions) of the polymeric matrix. COE-rich materials exhibit branched-polyethylene-like
crystallinity (25% crystallinity) and melting points (T, = 107 °C), as well as excellent ductility (>750% extension), while majority
DCPD materials are glassy (Tg = 84 °C) and much stiffer (E = 710 MPa); all materials exhibit high tensile toughness. Importantly,
hydrogenation of olefins in these cross-linked materials leads to notable improvements in oxidative stability, as saturated networks do
not experience the same substantial degradation of mechanical performance as their unsaturated counterparts upon prolonged
exposure to air.
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hile polyethylene (PE) accounts for over a third of the Scheme 1. (a) Conventional and (b) Proposed Synthetic
plastic market," limitations in its mechanical properties Strategies toward Cross-Linked Polyolefins
and thermal/chemical stability prevent its implementation in

(a) Conventional
high performance applications. One strategy to circumvent this

is to introduce interchain cross-links, which can be achieved by 2 NN

peroxide-initiated or irradiation-induced radical cross-linking *mk Peroxide or
s . . R-O-O-Ror hv .

or incorporation of silanes that subsequently hydrolyze and l : c Irradiation

condense (Scheme 1a). The benefits imbued by cross-linking, 2~~~

increased impact, abrasion, stress cracking, thermal, and ) . .

chemical resistances,” have enabled applications in biomedi- lé\suom%

cine (e.g., artificial joints),” construction (e.g, plumbing),4 and (HO),Si=0-Si(OH), Silane

: H,0
electronics (e.g., cable coatings).” However, each cross-linking 2 */\/\C/\* e
s

strategy comes with drawbacks, whether it is the relatively large oMe)s ’ '

quantities of peroxides required and their associated by-

products6 or the inconsistencies in the cross-linking distribu- (b) Proposed

tion from moisture diffusion (e.g., in silane chemistry, cross-

links concentrated in surface and amorphous regions)”® or ROMP & * Tandem ROMP/
solid-state processing (e.g., in irradiation processes, cross-links O * % T /x hydrogenation
concentrated in amorphous regions).” ’ :

An alternate route toward hydrocarbon-based thermosets is
through ring-opening metathesis polymerization (ROMP) of

bicyclic olefins, particularly dicyclopentadiene (DCPD).'%™" Received: February 19, 2024 Macroeters)
Polydicyclopentadiene (PDCPD) exhibits attractive mechan- Revised:  March 7, 2024
ical properties, including high impact resistance and heat Accepted: March 13, 2024
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deflection temperature, that can further be tuned through the
introduction of monocyclic comonomers.'* Additionally, the
ability to incorporate cleavable moieties provides promising
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Figure 1. (a) '"H NMR spectra of a representative PCOE and PE and
(b) DSC traces for linear polymers before (PCOE) and after (PE)
hydrogenation.

. L1517
avenues for preventing waste accumulation. However,

PDCPD undergoes rapid surface oxidation due to the high
concentration of unsaturated olefins, and side reactions at
these sites can lead to a dramatic decrease in mechanical
performance that greatly shortens the lifetime of PDCPD-
based parts.'"® While hydrogenation can be used to mitigate
this degradation in analogous linear ROMP polymers,'”*" the
network structure of cross-linked PDCPD presents an obstacle
toward chemistries that require solvation of the polymer
substrate. Whereas linear PDCPD can be hydrogenated
through traditional strategies,”"** the only reported hydro-
genation of PDCPD networks has been in the preparation of
aerogels, in which loosely cross-linked DCPD gels were
swollen with a reactive solution for chemical hydrogenation.*®
While this hydrogenation did indeed improve the oxidative
stability of the resultant materials, the multiple solvent
exchange steps required are not practical at scale or for a
diverse range of systems.

Inspired by previous work using tandem catalysis to generate
linear polyolefins,”* >’ as well as investigations into the
hydrogenation of bulk polymers,***’ we hypothesized that
the Ru metathesis catalyst used in the ROMP of cross-linked
polyalkenamers, and therefore dispersed within the network,
would undergo a transformation to a hydrogenation catalyst
upon exposure to H,, thereby affording homogeneous
hydrogenation of the network olefins (Scheme 1b). The
monomers selected to give polyolefin materials for this study
were cis-cyclooctene (COE) and DCPD, with COE-rich
networks expected to give PE-like properties, while DCPD-
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Figure 2. (a) Scheme of tandem ROMP/hydrogenation reaction.
*Numbers represent conditions for C90D10 and C10D90,
respectively. FTIR spectra of (a) C90D10 and H—C90D10 and (b)
C10D90 and H—C10D90. Peaks corresponding to alkene C—H
stretching and C=C bending are highlighted.
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Figure 3. DSC traces of C90D10, H—C90D10, C10D90, and H—
C10D90, measured under air. First heating curve (heating rate 10 °C/
min) is shown. C90D10 and H—C90D10 shifted vertically by 1 W/g.
(b) Table of Ty Thy peak, and Texgpeak (peak temperature of signal
attributed to oxidative exotherm) values. *Feature not observed in
measured temperature range.

rich networks would enable exploration of the properties of
hydrogenated PDCPD.
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Figure 4. (a) Mechanical properties of samples before and after
hydrogenation. Values are average =+ standard deviation for §
(C90D10, C10D90, H—C10D90) or 3 (H—C90D10) replicates.
(b) Representative tensile curves for C90D190, H—C90D190,
C10D90, and H—C10D90. *Samples pulled out from grips.

As an initial study, varied amounts of COE and DCPD were
mixed and 0.01 mol % Grubbs second generation catalyst (G2)
was added in minimal quantities of toluene (1.5 vol %).
However, rapid gelation limited the pot life and handling time,
a known challenge in the synthesis of DCPD-based materials.*’
Inhibitors can be added to delay this gelation, and PCy; was
investigated due to its combined inhibitory effect’’ and
promotion of subsequent hydrogenation.’* Dynamic mechan-
ical analysis was used to assess pot life at varied [PCy;]:[G2]
ratios for a model system of 50 mol % COE and 50 mol %
DCPD (Figure S1), and 10 equiv of PCyj; relative to G2 was
found to give a working time of ~10 min. Subsequent *'P
NMR characterization revealed that the PCy; used had
oxidized to POCy; (Figure S2).”” While the exact time
frame of this oxidation is unknown, samples prepared over the
course of this study showed both reliable inhibition and
consistent hydrogenation results. Select hydrogenation results
for other inhibitors studied are presented in the Supporting
Information (Figure S3).

To test the hypothesis that tandem ROMP/hydrogenation
could be successful in a bulk monomer/polymer context,
conditions for pure COE were explored with the temperature
of hydrogenation varied from 40 to 120 °C (Figure S4). The
dependence of the extent of hydrogenation on reaction
temperature (from 33% at 40 °C to >99.9% at 120 °C) over
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a fixed time suggests a relationship to the melting transitions of
PCOE (~55 °C) and linear PE (~130 °C). As these materials
contain almost no solvent, mobility within the system is
dominated by polymer chain dynamics. While the amorphous
domains are mobile due to the low glass transition temper-
atures of both PCOE and PE, the semicrystalline nature of
both polymers likely impacts facile diffusion of the catalyst and
H,, as well as limiting access to the backbone olefins (i.e., in
crystallites). The multimodal melting transitions of partially
hydrogenated PCOE suggest multiple domains with varied
crystalline character, with the highest peak melting temper-
ature of 120 °C approaching that of linear PE (Figure SS).
Importantly, as the hydrogenation temperature approached the
melting transition of PE (Thydrogenation = 120 °C), nearly
quantitative (>99.9%) saturation of the backbone was realized
(Figure 1).

Building on these results, two monomer compositions were
selected for further investigation: 90 mol % COE/10 mol %
DCPD (PE-like, labeled C90D10) and 10 mol % COE/90 mol
% DCPD (PDCPD-like, labeled C10D90) (Figure 2a). The
former was found to be the minimal loading of DCPD to give a
high degree of cross-linking, as determined by gel fractions of
>90% (Figure S6), while the latter was the maximum loading
of DCPD that still produced a liquid solution that was easy to
handle prior to ROMP. For C90D10, curing at 100 °C for 2 h
was required to reach high gel fractions (>90%), while the
C10D90 sample with 90% DCPD reached gel fractions of
>95% within 30 min at 100 °C. Subsequent exposure to 500
psig H, provided conditions for hydrogenation; however, as
with pure PCOE, the thermal transitions dictated the necessary
reaction temperature. Due to its similarity with PCOE,
C90D10 is fully hydrogenated to H—C90D10 at 120 °C, as
reflected in the Fourier-transform infrared (FTIR) spectra by
the complete disappearance of the peaks associated with the
olefin C—H stretch and C=C bend (Figure 2b). While the
DCPD loading of C10D90 suppresses crystallinity, its higher
T, requires an increase in the reaction temperature to 140 °C
to yield the fully hydrogenated H—C10D90 (Figure 2c);
temperatures below that lead to surface hydrogenation but an
unsaturated interior (Figure S7).

As expected, hydrogenation affects the thermal properties of
the resultant networks, which were characterized by differential
scanning calorimetry (DSC, Figure 3). Both C90D10 and H—
C90D10 exhibit semicrystalline character, with a peak melting
temperature increasing from 52 °C, typical for PCOE, to 107
°C, typical of branched PE, upon hydrogenation. Likewise,
hydrogenation led to increase in crystallinity from 16% to 24%
(calculated using reference enthalpies of melting of 230** and
309 J/g** for perfectly crystalline PCOE and PE, respectively).
In addition to thermal transitions, an exotherm was observed
for samples heated in an air environment, which we
hypothesize is due to oxidation reactions. The peak temper-
ature of this exotherm shifted from 94 to 167 °C after
hydrogenation in the C90D10/H—C90D10 samples, evidence
of an increase in oxidative stability. For the predominantly
DCPD-based system, a decrease in T from 115 °C (C10DY0)
to 84 °C (H—C10D90) is observed, similar to the decrease in
T, measured in hydrogenated PDCPD aerogels.”” Notably, the
T, feature was followed by an exotherm in C10D90, likely due
to the increased mobility of the network enabling the diffusion
of oxygen throughout the system; the disappearance of this
feature under a nitrogen atmosphere supports its attribution to
oxidation (Figure S8). In contrast, no such exotherm is
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Figure S. FTIR spectra and representative tensile curves of (a) C90D10 and H—C90D10 and (b) C10D90 and H—C10D90. FTIR taken within 1
day of synthesis and after 15 days of air exposure. Peaks corresponding to O—H and C=O stretching are highlighted. Tensile tests taken within 3
days of synthesis (stored under N,) and after 15 days of air or N, exposure (except for H—C10D90, which was measured at 14 days). *Samples

pulled out from grips.

observed for H—C10D90 within the entire temperature
window probed, which gives further evidence of hydrogenation
providing important benefits for the stability of these highly
cross-linked materials.

To understand how hydrogenation influences mechanical
performance, 3—S5 replicate samples for each formulation were
subjected to tensile testing (Figure 4, images in Figure S9, and
full stress—strain plots in Figure S10). H—C90D10 proved
challenging to test, as samples consistently pulled from grips
before failure, despite employing a variety of preventative
strategies. As such, curves for these samples (Figures 3b and
S10a) are plotted to the point where the sample came out of
the grips. Regardless, much of the difference in behavior of
these materials compared to their nonhydrogenated counter-
parts is still evident. The PCOE-like C90D10 is relatively soft
(E = 1.5 MPa) and ductile, with ultimate extensions ~750%.
Upon hydrogenation, H—C90D10 retains the ductility while
becoming substantially stiffer (E = 62 MPa), likely due to the
enhanced crystallinity (24% vs 16% before hydrogenation).
Furthermore, H—C90D10 exhibits a double yield, character-
istic of polyethylene,” followed by marked strain stiffening.
DSC measurements taken before and after testing indicate that
crystallinity increases post elongation (from 25% to 27%,
Figure S11). In contrast, C10D90 and H—C10D90 show
minimal differences in tensile behavior as a consequence of
hydrogenation. After an initial sharp yield into necking, these
materials exhibit surprising ductility for highly cross-linked,
glassy materials, and this, combined with the high strength,
results in notable tensile toughness values of 87 and 98 M]J
m™, respectively.

Based on the differences in oxidative stability observed via
thermal characterization, the evolution in chemical and
mechanical properties of these materials was also assessed.
Samples were characterized by FTIR spectroscopy within 1 day
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of synthesis and underwent tensile testing at 3 days (to
minimize variation from any early physical aging effects). Two
equivalent sets of samples were exposed to either a nitrogen or
air atmosphere at 18—20 °C for 14—1S days, during which
period notable yellowing was observed for the nonhydro-
genated samples, but not their hydrogenated counterparts
(Figure S12). Samples were further characterized via FTIR
spectroscopy and tensile testing (Figures S and S13 and Table
S1). The difference in chemical changes between the
nonhydrogenated and hydrogenated samples after air exposure
is apparent in the FTIR spectra, with the former showing the
emergence of numerous new peaks (particularly those
associated with O—H and C=0 stretc:hing)23 and the latter
showing negligible change. These chemical differences have a
dramatic correlation to the mechanical properties of these
materials. For the majority COE samples stored under N,, an
increase in stiffness is likely due to physical aging effects such
as densification and further crystallization. However, the
behavior of those same materials stored under air depends
on their olefinic character, with C90D10 becoming very brittle
and H—C90D10 showing little variation between storage
conditions. The highly cross-linked nature of the predom-
inantly DCPD samples limits aging when stored under N, but
when stored in air, the nonhydrogenated C10D90 became
brittle, while H-C10D90 maintained its ductility.

The results presented here have important implications for
the ROMP-based synthesis of new materials. By leveraging the
existing catalyst within metathesis-derived polymer networks,
material properties can be substantially changed via the in situ
hydrogenation of as-synthesized polymers. Careful selection of
conditions above the key thermal transitions of the material
enabled sufficient mobility to allow for networks to be fully
hydrogenated. This transformation is catalytic in nature,
without the need for solvent or a hydrogen precursor source,
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and thus aligned with key principles of green chemistry. With
the COE/DCPD monomer system explored herein, materials
akin to cross-linked polyethylene or to PDCPD were easily
accessed, and it is expected that intermediate compositions
would broaden the range of possible properties. We envision
that this approach could be further extended to other ROMP
systems, including those containing degradable comonomers
for more sustainable end-of-life targets.
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