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From Polyethylene to Conjugated Polyenes: a
Mechanochemical One-Pot Upcycling Strategy for Selective
Functionalization

Emna Ben Ayed, Juliette Delcorps, and Olivier Coulembier*

Upcycling strategies for polyolefins remain a significant challenge due to their
chemical inertness and complex degradation pathways. A solvent-free,
mechanochemical approach is reported to introduce conjugated polyene
sequences into polyethylene (PE) via a twin-screw extrusion process. The
controlled iodination/elimination strategy enables the stereoselective
formation of cis-transoid polyenes, a configuration typically achieved under
cryogenic conditions but here accessible at high temperatures (106 °C) in a
melt-processing environment. This novel approach is confirmed through
spectroscopic characterization, including ATR-FTIR, Raman, and CP-MAS '*C
NMR, and a Diels—Alder reaction that verified the stereochemistry of the
resulting polyene. The polymer shows remarkable oxidative stability, with no
degradation observed even after six months under ambient conditions. The
unsaturated fragments within the polymer exhibit distinct reactivity, allowing
selective post-functionalization via epoxidation under reactive extrusion
conditions. Mechanochemical epoxidation with m-chloroperoxybenzoic acid
(mCPBA) improves solubility and processability without chain fragmentation,
as evidenced by SEC analysis. This work presents a scalable route for the
selective functionalization of polyolefins, opening new avenues for their
valorization into advanced materials and demonstrating the feasibility of
high-temperature processing for the formation of conjugated polyenes.

most problematic plastic uses. A large
portion of these plastics ends up in
terrestrial and aquatic ecosystems, con-
tributing significantly to greenhouse
gas emissions!®! and exacerbating global
warming, posing catastrophic threats to
planetary health. Reports have shown
that polyethylene is one of the largest
emitters of methane and ethylene.[*
Various approaches to address postcon-
sumer polyolefins, such as mechanical
recycling, chemical recycling, and in-
cineration, have been implemented.
However, mechanical recycling compro-
mises product quality, chemical recycling
produces complex hydrocarbon blends
that are difficult to separate, and incin-
eration releases substantial quantities
of greenhouse gases.>®l Recovering
polymer subunits is also energetically
inefficient.l®!

The concept of “upcycling” has
emerged as a promising approach,
involving the transformation of post-

1. Introduction

Plastic materials have dominated nearly every aspect of daily
life since the 1950s. Their versatility explains their widespread
use: they are moldable, dyeable to meet consumer preferences,
chemically inert, lightweight, and offer tailored physical and me-
chanical properties.[!l These properties have led to their domi-
nance, with global production reaching 413.8 million tons (Mt)
in 2023 and projected to exceed 500 Mt by 2050.12] Polyolefins
account for at least 40% of the plastics consumed worldwide,
primarily in short-lived applications like packaging, one of the
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waste polyolefins into value-added

products by introducing active sites into

their chemical structures. This process
enables reactions that produce valuable products for further
use. One of the most studied processes is dehydrogenation,
which weakens the main polymer chains by forming double
bonds. Dehydrogenation can be achieved using metallic cat-
alysts, such as iridium complexes,’! to introduce unsatura-
tions or serve as an intermediate step for reactions like tan-
dem ethenolysis and isomerization (Iridium complex/ZnSiO,,
Na/y-Al,0,-WO,/Si0,)®1 and cross-alkane metathesis (Ru-
based complexes,[!®!!] Iridium complexes!!?]). Additionally, de-
hydrogenation has been explored for Diels—Alder reactions to
produce comonomers and break down high-density polyethy-
lene into telechelic macromonomers for depolymerization and
repolymerization.!'3] Despite the potential of these reactions, sev-
eral challenges hinder their large-scale application. Many cata-
lysts are prohibitively expensive, air-sensitive, and occasionally
toxic (especially Ru-based catalysts),'¥ making them impractical
for widespread use. Catalyst deactivation is another major lim-
itation, often caused by the reaction duration or the presence
of impurities and contaminants in postconsumer plastics.l1%1%]
Furthermore, some catalysts require a certain percentage of
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unsaturation to initiate the reaction, adding another layer of
complexity.!1°l

In this context, reactive extrusion has emerged as a powerful
and scalable platform for polyolefin upcycling, combining me-
chanical, thermal, and chemical stimuli in a continuous process
to selectively functionalize polymer chains while minimizing un-
desired side reactions.!'’ ] Recent advances demonstrate that
radical-based C-H functionalization can be performed directly
within twin-screw extruders, enabling the introduction of func-
tional groups that improve polymer adhesion and mechanical
properties without compromising polymer integrity.*>?°! Addi-
tionally, reactive extrusion has proven effective in treating mixed
or incompatible polyolefin blends, where in situ cross-linking
and grafting reactions generate phase-separated nanostructures
that enhance ductility, dimensional stability, and recyclability.['8]
Mechanochemical activation under extrusion conditions further
allows for the initiation of radical chain reactions under mild,
solvent-free conditions with energy efficiency and operational
simplicity.[?"?2] These attributes establish reactive extrusion as
a key tool in developing innovative, sustainable approaches for
polyolefin valorization, motivating its application in the present
study.

Recently, we developed a solvent-free, mild-temperature ex-
trusion process that enables the direct iodination of polyolefins
using iodoform, CHI;, as the iodine source and sodium hy-
droxide, NaOH, as an initiator.l?*] Operating at low temperature
(106 °C), this method facilitates the efficient functionalization of
both polyethylene (PE) and polypropylene (PP), achieving up to
23 wt.% iodine incorporation, without chain cutting, in a kinet-
ically controlled process. Notably, prolonged extrusion led to the
formation of few in-chain C=C bonds, as demonstrated by var-
ious spectroscopic and thermal techniques. The extent of these
unsaturations was found to correlate with both the initiator con-
tent and the applied shear forces, ultimately influencing the poly-
mer solubility and reactivity. Recent investigations on a model n-
hexadecane (n-C16) molecule, easy to characterize by NMR spec-
troscopy, revealed that although iodination proceeded efficiently
at the onset of the reaction, the iodine conversion unexpectedly
declined after extended reaction times. For instance, under reac-
tion conditions with a [n-C16],/[CHI;],/[NaOH], ratio of 1/1/1
at 106 °C, proton nuclear magnetic resonance (‘\H NMR) spec-
troscopy showed that after 2 h, one iodine atom was incorpo-
rated per four n-C16 chains, while one chain out of 200 car-
ried a carbon-carbon double bond. After 144 h of reaction, how-
ever, the iodination decreased, with one iodine atom incorpo-
rated per six chains and one chain out of eight exhibiting a dou-
ble bond (Figures S1 and S2, Supporting Information). This ba-
sic model indicated a dynamic interplay between iodination and
elimination reactions, even under conditions not optimized for
efficient elimination. Initially, CHI; and NaOH promoted iodi-
nation, but beyond a certain threshold, NaOH started acting as a
base, inducing elimination and leading to the formation of un-
saturated species. Unlike conventional dehydrogenation meth-
ods that require costly, air-sensitive metal catalysts, this trans-
formation occurred under simple, metal-free conditions using
NaOH - a widely available and inexpensive base — without the
need for solvents or complex reaction setups. These advantages
have motivated us to further explore this process to assess its
potential as a scalable and cost-effective method for introducing
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(A) Previous work : iodination reaction — no chain cutting
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Figure 1. lodination versus elimination: tuning polyolefin reactivity un-
der mild extrusion conditions. A) Previously developed solvent-free iod-
ination of polyethylene using CHI; and NaOH, leading to well-defined io-
dinated polymers.[23] B) This work: controlled shear-induced elimination
promotes the formation of polyolefins with multiple unsaturations while
retaining residual iodine functionalities. TSE: Twin-screw extrusion.

double bonds into polyolefins under mild extrusion conditions
(Figure 1).

Beyond its chemical innovation, this work contributes to
the United Nations Sustainable Development Goals, particularly
SDG 12 (Responsible Consumption and Production), by propos-
ing a scalable and solvent-free upcycling strategy for polyolefins.
It opens new avenues for converting plastic waste into higher-
value functional materials, offering a more circular and sustain-
able approach to plastic use.

2. Results and Discussion

To further investigate the influence of reaction parameters on
the balance between iodination and elimination, the proportion
of elimination reactions was enhanced by increasing shear force
and reaction time while maintaining a minimal NaOH concen-
tration. Although NaOH is a widely available and inexpensive
base, its excessive use was avoided to limit unnecessary side
effects. Instead, two samples were prepared under medium to
high shear conditions (screw speed, SS, of 200 to 300 rpm),
with reaction times of 2 h (PE;) and 5 h (PE,) for an initial
[C,H,],/[CHL],/[NaOH], of 1. To facilitate processing and to en-
able precise structural modifications, the study was conducted on
a low-molecular-weight linear low-density polyethylene (LLDPE;
theoretical Mw ~1500 g mol™'). This model system provides a
controlled platform to probe chemical reactivity under mild con-
ditions, with potential for extension to postconsumer polyolefin
waste streams, including low-density polyethylene (LDPE). LDPE
is widely used in packaging materials such as films and plas-
tic bags, yet often regarded as challenging to recycle due to its
low density and branched structure. Nevertheless, LDPE repre-
sents a significant portion of global plastic waste and is actively
targeted in mechanical and chemical recycling schemes. In Bel-
gium alone, plastic packaging waste accounts for ~366000 tons
annually, with LDPE films constituting a major fraction.2*
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Encouragingly, Belgium ranks among the top EU performers
in plastic recycling, with packaging plastics recycled at a rate of
54% in 2022 — up from 29% in 2002.] This improvement is
largely attributed to the implementation of inclusive collection
systems (e.g., the “New Blue Bag” scheme) that now encom-
pass flexible LDPE-based materials.[?] Several industrial initia-
tives illustrate the strategic importance of LDPE recycling. For
instance, Raff Plastics (Londerzeel) specializes in recycling in-
dustrial LDPE waste into high-quality compounds for construc-
tion and manufacturing.[?’! Phoenix Plus SA handles postcon-
sumer LDPE along with other polyolefins, transforming waste
into reusable feedstocks for international markets.!?! In Berin-
gen, Chiro has developed advanced Al-based sorting lines specif-
ically tailored for LDPE films, producing recycled materials of
commercial quality.?’]

These examples underscore the relevance of LDPE as a recy-
clable polyolefin. In line with this, we have previously demon-
strated that our iodination procedure — applied to isotactic
polypropylene at 106 °C, ca. 30 °C below its melting point —
allowed successful functionalization without chain scission.!?’]
This supports the generalizability of our method to chemically
modify polyolefin waste streams, including LDPE, under indus-
trially relevant conditions. To evaluate the practical feasibility of
such modifications, we revisited our iodination/elimination pro-
tocol under controlled conditions. Previous studies had already
demonstrated that 2 h of reaction led to PE modified with 15 wt.%
iodine, while also exhibiting a significant degree of unsaturation,
as attested by the appearance of a charring plateau ~19 wt.%
during thermogravimetric analysis (TGA).[?*! Extending the re-
action time to 5 h allowed a deeper assessment of the impact
of prolonged extrusion on the competition between iodination
and elimination. For PE,, a 9 wt.% iodine loss and a charring
plateau of 32 wt.% were observed (Figure S3, Supporting Infor-
mation), providing additional insight into the dynamics of iodi-
nation and elimination under these conditions, thus reinforcing
the understanding of the reaction balance under mild yet me-
chanically intense conditions. The moderated solubility of PE;
and the full insolubility of PE, prevented direct comparison by
'H NMR spectroscopy. A differential scanning calorimetry (DSC)
study was used to observe the impact of the degree of unsatura-
tion on the thermal behavior of the samples, as it does not directly
quantify carbon-carbon double bonds. Compared to pristine PE
(melting temperature, T,, = 105 °C and crystallinity, A y = 21%),
PE, exhibited a lower melting point (83 °C, Ay = 7%), while
PE, displayed an even more pronounced decrease (66.3 °C, Ay =
3%) (Figure S4, Supporting Information). This progressive loss
of crystallinity with increasing reaction time under high shear
conditions strongly suggests that elimination reactions disrupt
the polymer-ordered domains, leading to a higher incorporation
of unsaturations within the polymer matrix.

To gain further insights into the nature of the unsaturations,
attenuated total reflectance Fourier-transform infrared (ATR-
FTIR) spectroscopy was employed to analyze the molecular struc-
tures of iodinated polyethylene samples (PE, and PE,) in com-
parison with pristine PE. The spectrum of pristine PE exhib-
ited four distinct absorption bands at 2918, 2850, 1465, and
721 cm™, corresponding to CH, asymmetric stretching, CH,
symmetric stretching, CH, bending vibrations, and CH, rock-
ing motions, respectively.*°! In contrast, the spectra of PE, and
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PE, showed a broader CH, bending peak centered at 1463 cm™1,

suggesting alterations in the local molecular environment due
to iodination.3!! Moreover, new absorption bands emerged at
~1330 and 779 cm™, attributable to CH, deformation modes.
Particularly noteworthy were the broad absorption features ob-
served in 1645-1569 cm™ region, characteristic of C=C stretch-
ing vibrations, along with a distinct band at 779 cm™!, indicative
of =C-H bending modes associated with the cis isomer of in-
ternal alkenes (Figure 2A).132! Interestingly, this observation con-
trasts with the recent work by Abu-Omar et al.,33] where the elim-
ination of bromine halogen atoms led to the preferential forma-
tion of trans-internal alkenes, the thermodynamically more sta-
ble isomer.**] Additionally, the stretching mode peak shifted to
higher frequencies, suggesting the presence of conjugated dou-
ble bonds and polyene sequences,!*>3¢! a hypothesis requiring
further spectroscopic confirmation. Notably, no oxidation of the
double bonds was detected, as evidenced by the absence of a
peak at 1710 cm ™! associated with carbonyl groups.** To confirm
the conjugation hypothesis inferred from FTIR analysis, Raman
spectroscopy was performed using an excitation wavelength of
523 nm. For PE,, a strong peak was observed at 1589 cm™?, as-
signed to the C=C stretching mode within a conjugated system,
specifically a cis-transoid isomer configuration.l¥”38 As depicted
in Figure 2B, a secondary peak merges with the primary peak,
forming an intermediate frequency. Previous studies on short
conjugated systems have attributed such behavior to coupling be-
tween the C—C and C=C stretching modes, a phenomenon char-
acteristic of relatively short polyene sequences.*! In contrast, no
significant Raman signal was detected for PE,, even at a higher
excitation wavelength of 783 nm, suggesting that extensive struc-
tural modifications hinder effective resonance enhancement.

Further insights into the nature of these polyenes were ob-
tained via solid-state cross-polarization magic-angle spinning
(CP-MAS) 13C NMR spectroscopy (Figure 2C). The PE, and PE,-
based spectra displayed a broad peak ~6 = 100 ppm, confirm-
ing the presence of the cis-isomer previously identified by FTIR
and Raman spectroscopy. Interestingly, the observed chemical
shifts appeared at lower frequencies than those typically reported
for conjugated polyenes,[***1] likely due to the influence of io-
dine atoms. While iodine introduces polarity, it may also dis-
rupt conjugation, affecting the electronic environment and spec-
tral characteristics.l*?] Additionally, factors such as polyene chain
length, bond alternation, and angular strain further modulate the
chemical shifts.[*]

The CP-MAS *C NMR spectrum also provided insights into
the polymer crystallinity: increasing structural disorder follow-
ing functionalization resulted in a shift in the methylene peak.
For PE,, two signals were observed at § = 32.64 ppm and 6 =
31.15 ppm, while for PE,, the signal at § = 31.15 ppm became
predominant. These shifts support a reduction in crystallinity,
with the signal at § = 32.64 ppm typically assigned to the crys-
talline phase and the one at 6 = 31.15 ppm associated with the
amorphous region.*#* This shift is consistent with the increas-
ing disruption of the polymer-ordered structure with prolonged
reaction time, in accord with the DSC data.

To the best of our knowledge, only a very limited number
of studies have reported [4 + 2] Diels—Alder reactions involving
polyacetylene or even its oligomeric forms.[**#’] This scarce re-
activity is likely due to the intrinsic properties of such systems,
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Figure 2. A) ATR-FTIR spectra of pristine PE (blue), PE; (red), and PE, (green), highlighting the appearance of C=C stretching vibrations and = C-H
bending modes, indicative of unsaturation. B) Raman spectrum of PE; at an excitation wavelength of 523 nm, revealing a prominent peak at 1589 cm™!
associated with conjugated double bonds. C) CP-MAS *C NMR spectra of pristine PE (blue), PE; (red), and PE, (green), showing a broad resonance

~6 = 100 ppm, further supporting the presence of unsaturated structures.

including their predominant trans configuration, extended conju-
gation length, and limited solubility. However, gathered spectro-
scopic data suggest the presence of short conjugated sequences
in a cis-transoid conformation, along with iodine atoms covalently
bound to the polymer backbone. These structural features may
facilitate the [4+2] cycloaddition reaction by modulating the elec-
tronic environment of the diene units. To explore this reactivity, a
model Diels—Alder reaction was performed between our polymer
and maleic anhydride (MA). Given its superior solubility, PE; was
selected as the substrate, and the reaction was carried out in xy-
lene at 60 °C for 24 h (Scheme 1).

After purification, 'H NMR analysis revealed the formation of
a new functional group, with a signal at § = 3.74 ppm, attributed
to the methine protons in a position to the carbonyl groups of the
generated tetrahydrophtalic anhydride unit (Figure 3). Notably,
no vinyl signals corresponding to newly formed C=C bonds were
detected, consistent with their absence in unreacted PE; . This ab-
sence is likely due to their restricted mobility in solution.?3! Inter-
estingly, the signal assigned to the iodine-linked methine proton
before the reaction remained unchanged at § = 4.11 ppm, con-
firming both the retention of iodine within the polymer structure
and the non-radical nature of the Diels—Alder reaction. These re-
sults provide clear evidence of conjugated diene segments within
the modified PE structure, suggesting that polyethylene deriva-
tives adopt a conformation favorable to the Diels—Alder reaction.
Furthermore, the carbonyl stretching vibration at #1710 cm™ in
the FTIR spectrum (Figure S5, Supporting Information) further
corroborates the successful functionalization.

O
O
(0]
= O O
1 T ~ 0

=

N Xylene, 60 °C, 24h

| AN |

Scheme 1. Diels—Alder reaction between a modified polyethylene frag-
ment bearing supposed conjugated double bonds in a cis-transoid config-
uration and iodine atoms, and maleic anhydride, conducted in xylene at
60 °C for 24 h.
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The formation of conjugated polyene sequences under these
reaction conditions suggests an elimination pathway distinct
from classical dehydrohalogenation observed in polyhalogenated
polymers such as poly(vinyl chloride) (PVC), where base-induced
elimination predominantly yields trans polyenes.[*!l In PVC, de-
hydrohalogenation typically follows a well-established mecha-
nism, where the elimination of chlorine leads to the formation
of thermodynamically stable trans-configured alkenes.

In contrast, the system presented here, involving PE, operates
under conditions that induce localized iodination followed by de-
hydroiodination, leading to the formation of conjugated polyene
sequences in a cis-transoid conformation. To our opinion, the key
to this process lies in the precise positioning of iodine atoms
within the polymer backbone, which plays a critical role in sta-
bilizing the intermediate structure (Step 1) before elimination
occurs (Step 2). Once iodine atoms are positioned, base-induced
elimination, following a favorable E2 mechanism, takes place. In
this process, a proton is eliminated in an anti-periplanar config-
uration relative to the iodine atom, promoting the formation of

I\ 7 W
I I I T T
7.5 6.5 5.5 45 35 2.5 1.5
Figure 3. TH NMR spectrum (500 MHz, 21 °C, CDCl;) of modified PE,
after the Diels—Alder reaction with MA. Colored dots indicate the most
relevant proton signals.

O
J\ o o J

0.5 (ppm)
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Scheme 2. Proposed pathways for cis-transoid polyene formation: Route 1 stabilizes iodine positioning on alternating methylene units, while Route 2

involves adjacent iodine atoms, leading to a less stable intermediate.

conjugated polyene sequences. The shear force and temperature
during the extrusion process increase the degrees of freedom in
the polymer chains, favoring the alignment of hydrogen atoms in
the anti-position with respect to iodine atoms, thereby facilitating
the elimination process.

This dynamic system maintains a balance between iodination
and elimination, with the final product predominantly governed
Dby reaction time and shear force. For the formation of cis-transoid
isomers, two potential iodine positioning modes can be consid-
ered. In the first scenario, iodine atoms are positioned on a car-
bon flanked by two methylene units (Route 1, Scheme 2), thereby
interacting with neighboring protons through halogen bonding,
which stabilizes the structure and promotes elimination. In the
second scenario, iodine atoms are placed on a and g adjacent
carbon atoms, twisted between ethylene and methylene units
(Route 2, Scheme 2), leading to a less stable intermediate, where
steric hindrance and electronic effects from the neighboring io-
dine atoms reduce stability. The favorable iodine — hydrogen in-
teraction in the first scenario enhances the stability of the inter-
mediate structure, favoring the E2 elimination mechanism and
driving the formation of conjugated polyenes.

Remarkably, our conditions enable the selective formation of
short-length conjugated polyenes predominantly in the less ther-
modynamically stable cis-transoid isomer, a configuration typi-
cally accessible only through cryogenic routes (e.g., =78 °C)
followed by thermal isomerization to the more stable trans
form.[*%] In stark contrast, our mechanochemical approach
achieves this uncommon isomer directly at 106 °C in a melt-
processing environment — conditions compatible with industrial
extrusion. This unprecedented access to cis-transoid polyenes un-
der scalable conditions constitutes a significant departure from
traditional synthetic routes. Although rarely explored, the cis-
transoid configuration holds substantial promise: upon doping,
it has exhibited electrical conductivities comparable to or even
surpassing those of the trans isomer.*®! Moreover, its integra-
tion into optoelectronic®!l and photovoltaic devices, including
LED systems,[>?] has recently garnered attention. In our study, no
measurable electrical conductivity could be detected by conduc-
tive atomic force microscopy (c-AFM), and thermal isomeriza-
tion to the trans form — as described in previous reports — proved
unsuccessful. These results indicate that the cis-transoid architec-
ture remains kinetically stabilized under our conditions, offering
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a unique opportunity to explore structure—property relationships
beyond the thermodynamic landscape typically accessed in con-
jugated polymer chemistry.

Given these observations, the focus shifted toward leverag-
ing the intrinsic reactivity of the conjugated sequences for fur-
ther functionalization. Since extended conjugation, as in a trans-
transoid arrangement, disfavors post-functionalization due to
the disruption of electronic delocalization, the cis-transoid con-
figuration of modified PE may offer greater susceptibility to
chemical modification. To probe this potential reactivity, an in
situ mechanochemical epoxidation was carried out using m-
chloroperoxybenzoic acid (mCPBA) (Figure 4). The incorporation
of epoxide groups is particularly advantageous, as it addresses
common limitations of polyolefins, such as poor adhesion, low
surface energy, and limited chemical reactivity, thereby broaden-
ing their potential applications.

To complement the results obtained with PE,, PE, was selected
for the epoxidation reaction due to its suspected higher content
of olefinic moieties. As previously noted, PE, exhibited signifi-
cant resistance to solubilization in various organic solvents. This
insolubility is attributed to the polyene nature of the material,
which likely complicates processing. To overcome this limitation,
the epoxidation reaction was conducted in bulk through reactive
extrusion (SS = 50 rpm) at 50 °C, slightly below the polymer T,,.
Interestingly, after a few minutes of reaction with an excess of
mCPBA, the shear forces between the extruder screws gradually
decreased, ultimately yielding an off-white solid after 3 h under
nitrogen. Following purification, the epoxidized PE, (e-PE,) ex-
hibited enhanced solubility in organic solvents, such as DMSO,

50°C, 3h

Figure 4. Mechanochemical epoxidation of a cis-transoid segment of a
modified PE using mCPBA under reactive extrusion at 50 °C.
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Figure 5. A) Solubility comparison of PE, (right) and e-PE, (left) in DMSO
at 80 °C for 15 h. B) ATR-FTIR spectra of PE, and e-PE,. C) SEC traces of
pristine PE (blue) and e-PE, (red) recorded in DMSO at 50 °C.

compared to pristine PE, (Figure 5A). Notably, even after 15 h
at 80 °C, PE, remained largely insoluble in DMSO, whereas e-
PE, showed significantly improved solubility. This suggests that
epoxidation effectively disrupts intermolecular interactions and
facilitates dissolution.[>*>*] Importantly, the solubilization of e-
PE, was not due to chain fragmentation, as Size-Exclusion Chro-
matography (SEC) analysis (Figure 5C) revealed a shift to lower
elution volume compared to pristine PE, further supporting the
notion that the epoxidation of PE, did not lead to chain degrada-
tion.

In the epoxidized sample, the presence of an undissolved frac-
tion (Figure 5A, left) was attributed to incomplete conversion of
double bonds or a possible formation of higher-molecular-weight
species, as evidenced by the SEC data (Figure 5C), which shows
a shoulder at lower elution volumes. This hypothesis is par-
tially supported by the FTIR spectra (Figure 5B), where, despite
the disappearance of the major peaks associated with carbon—
carbon double bond stretching (~1647 cm™!), a low-intensity
tailing is still observed between 1672 and 1564 cm™!. Interest-
ingly, the epoxidation process resulted in the formation of oxi-
rane groups, as indicated by new peaks at 790 and 1260 cm™,
corresponding to the C—O—C stretching modes of epoxy groups.
The low-temperature solid-state mechanochemical epoxidation
conditions favored the integration of oxirane groups into the un-
saturated polyethylene chains, although ring-opening reactions
may have led to the formation of additional functional groups,
such as ketones and carboxylic acids, as suggested by the carbonyl

stretching peak at 1710 cm™.
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3. Conclusion

A solvent-free and scalable approach for the selective function-
alization of polyethylene has been established through a twin-
screw extrusion process, enabling the formation of conjugated
polyene sequences in a stereoselective cis-transoid configura-
tion. This structure, typically accessible only under cryogenic
conditions, was obtained here at 106 °C under mild yet me-
chanically intense processing, underscoring the potential of ex-
trusion as a tool for polyolefin transformation. The resulting
polyene sequences were shown to be chemically addressable,
as demonstrated by successful Diels—Alder and epoxidation re-
actions, thereby expanding the range of post-functionalization
strategies applicable to polyolefins. While the methodology
was developed using a low-molecular-weight linear PE as a
model system, it is designed with scalability and transpos-
ability in mind, particularly toward challenging waste streams
such as low-density polyethylene (LDPE). Given the relevance
of LDPE in packaging and its growing importance in recycling
infrastructures, the present strategy contributes to the devel-
opment of viable chemical upcycling routes for polyolefin-rich
waste.
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