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Elucidating the Role of Alkoxy Radicals in Polyethylene Radio-

Oxidation Kinetics
Yunho Ahn, Guido Roma,* and Xavier Colin

ABSTRACT: Polyethylene is a widely used polymer and a
prototypical polyolefin. Understanding degradation mechanisms at
the atomic scale leading to oxidation under the effect of
temperature and/or irradiation is crucial for many long-term
applications. Here, we focus on a subset of reactions belonging to
the generally assumed radio-oxidation reaction scheme and
involving alkoxy radicals. We follow a theoretical approach based
on density functional theory, in order to assess the role of these
species, which are short lived and thus hard to detect
experimentally. For every considered reaction, we calculate the
reaction enthalpy and the energy barrier, and we evaluate the
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influence of the local atomic environment, taking advantage of a model surface of a crystalline lamella which mimics the interface
between crystalline and amorphous zones. Our results suggest that in certain conditions, the kinetic pathway can bypass the
formation of hydroperoxides. The concentrations of alkoxy and peroxy radicals during radio-oxidation and their ratio are important
parameters controlling the predominance of chain scission or crosslinking in the polymer. The data presented here constitute part of
a database that can be used to set up kinetic simulations based on homogeneous chemical kinetics or Monte Carlo algorithms.

B INTRODUCTION

Degradation of polymers is a complex phenomenon involving
not only environmental parameters like humidity, oxygen partial
pressure, and temperature but also irradiation by light or other
emission sources. The application domains where a better
predictability of polymer lifetime would be welcome are various.
One of them is for electrical insulation, for example, to ensure
reliable operation of electrical cables in nuclear power plant
(NPP) reactor buildings.I In operating conditions, oxidation is
the main degradation process occurring in cable insulators made
of polyethylene (PE). Under high temperature and/or
irradiation (typically y-rays in NPPs but could also be UV,
electrons, and swift heavy ions in different environments), alkyl
radicals are generated and react with oxygen by forming peroxy
radicals. This process leads to other oxidative radical species or
byproducts, causing severe chemical and/or mechanical
degradation. This is the first ingredient of the basic
autooxidation scheme (BAS), developed by Bolland and Gee,”
which was soon widely applied to various types of polymeric
materials”* and still is today,”~” with some variants/improve-
ments. Assuming the production of alkyl radicals, essentially by
decay of highly excited electron states on timescales much
shorter than diffusion or chemical reactions, the production of
peroxy radicals is essentially limited by diffusion of oxygen
molecules in the material; diffusion is generally assumed to
occur essentially in the amorphous phase,® and the barrierless
formation of peroxy radicals is well established.””

The following step of the BAS is the formation of
hydroperoxides which have since long time been shown to be
a relevant transient species, reaching a stationary concen-
tration;” the activation energy for this reaction was estimated
both experimentally® and theoretically'® to be around 0.7 eV,
but its relevance was recently questioned due to a positive
reaction enthalpy”'' which is close to the activation energy
itself, making the POOH species coming from this reaction quite
short lived. Up to now, the possibility that the energy release
stemming from the formation of peroxides from O, capture
leads to direct formation of hydroperoxides, which could be
investigated through dynamical simulations, has not been
considered.

Assuming nevertheless that hydroperoxide species, including
those initially present in the polymer,'” are available, according
to the BAS scheme, they should be decomposed following two
main reaction pathways—as chain branching steps—by forming
radical species: (i) an alkoxy radical and a hydroxyl radical
(POOH — PO°® + *OH) (unimolecular reaction) and (ii) a
peroxy radical, an alkoxy radical, and a water molecule (2POOH
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— POO®* + PO* + H,0) (bimolecular reaction). The
comparison of the activation energies of these two reactions is
of course crucial in order to determine the reaction pathways,
depending on the degradation conditions."”’ For the first
reaction, various estimations of the activation energy have
been proposed, both from experiments'>'*™'® and from
theoretical calculations,”'*'”'® the former spanning values
between 0.7 and 1.6 eV, while the latter, that is, theoretical
values, are somewhat higher in the small interval between 1.8
and 2.1 eV, in spite of differing levels of theory. Such relatively
high activation energies question the actual role of this
mechanism in the degradation process, suggesting that the
global scheme should be reconsidered with a closer comparison
to other possible reactions, leading to the formation of these
radicals.

The relative predominance of these two reactions depends of
course strongly on the concentration of hydroperoxide species
and/or their diffusion in the reactive medium.

When the alkoxy and hydroxyl radicals are produced by the
two mentioned reactions, they affect other propagation
reactions (e.g, POO®* + P » POOH + P*), chain branching
(e.g, PO* + PH — POH + P*), and/or termination steps (e.g,,
POO* + P* — POOP).

Furthermore, radical species, in particular alkoxy radicals, are
supposed to be involved in various reactions such as cross-
linking, chain scission, and the production of carbonyl defects,
generally considered the final stage of degradation of PE.

Some of these mechanisms were investigated in a recent
paper'” of which we became aware during the review process.
The outcome, for PE, relying on a careful kinetic model based on
reaction rates from the literature and from ab initio calculations
globally support our conclusions.

Another point that has been rarely addressed is how the
various reaction rates are affected by the local environment
(crystalline, amorphous, or at the interface between the two).
Most theoretical approaches, including the recent paper by De
Keer et al,'? consider reactions for molecules in the gas
phase,'®*°™** others recently have considered crystalline or
surface environments;”'® this issue is a relevant one to
understand the actual reaction pathways, also because frequently
the crystallinity ratio can evolve during the oxidation
processes.”’ Given the complex microstructure of PE, featuring
crystalline lamellae typically 10 nm thick,***° separated by
amorphous regions, the dominant oxidation reaction pathways
could be different according to the local environment (i.e.,
amorphous phase, inside crystalline lamellae, or at their surface).
This factor can be taken into account in atomic scale
calculations, while it is more difficult to study it experimentally.
For example, we show below that the formation of alkoxy
radicals takes place very easily (without any barrier) when two
peroxy radicals are close to each other at the crystalline lamellae
surface. For the other reactions, crosslinking, chain scission, and
carbonyl defects are mainly studied; in some cases, not only the
global environment but also the involved chains (unimolecular/
bimolecular reaction) and even the exact position of the radicals
influence the obtained energy barriers.

In this paper, after our previous work focusing on the
formation and decomposition of hydroperoxides,'® we focus on
reactions involving alkoxy radicals, in order to compare the
activation energies and reaction enthalpies of several reactions
on the same footings. We also consider systematically the role of
the local environment, setting up three different models for the

crystalline, amorphous, and interface regions, to understand
where each reaction preferentially occurs.

As in our previous work, our approach is based on density
functional theory (DFT) and the nudged elastic band method
(NEB)?° for exploring the energy landscape.

A summary of possible reaction pathways of the oxidation of
PE, including the main steps of the BAS, is graphically shown in
Figure 1. We selected several main products during the
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Figure 1. Summary of reaction pathways for the overall oxidation
process of PE.

oxidation. First, we investigated the formation of radical species,
mainly focusing on alkoxy radicals which could determine the
final products such as crosslinking, chain scission, and carbonyl
defects. Then, as peroxy radicals from the BAS can also form
alkoxy radicals, we investigate their fate, following several
possible reaction pathways.

B METHODS AND POLYMER MODELS

All the results presented in this paper are based on DFT. Equilibrium
structures and their total energies are obtained from the Quantum-
Espresso software package® (versions 6.5) by using the PWSCF
module pw.x. The energy barriers and reaction pathways are calculated
by the climbing image NEB** method, as implemented in the
Quantum-Espresso distribution. Quantum-Espresso is publicly avail-
able through the official site [http://quantumespresso.org (accessed on
21 June 2021)]. The NEB method being a static one, we neglect here
temperature effects on the free energy barriers as we do not add
entropic contributions. The estimation of entropic contributions to
reaction barriers, which might be non-negligible especially for reactions
with very low or no barrier, should be performed with dynamical
methods which are clearly out of the scope of the present paper. We
provide further discussion of this issue in the Supporting Information.

We rely on three models, whose graphical representation is provided
in the Supporting Information. The first one is based on isolated
molecules of varying lengths, and the second one is crystalline PE in the
orthorhombic structure, as described in ref 28. We will call them below
molecular and crystalline lamellae models, respectively. The third one is
called the lamellae surface mimicking the interface between two
crystalline regions, with bent polymer chains at the crystal surfaces. We
constructed this model in the following way: a slab was cut from a 96
atom supercell of the orthorhombic crystal along planes perpendicular
to the polymer chains. The dangling chains were passivated by adding
12 CH, units (six on each slab surface) and then relaxed keeping the
lattice parameters of the orthorhombic crystal on the slab surface and
raising the lattice parameter along the chains, so that the two facing
surfaces are separated by approximately 7 A; although this distance is
much smaller than the actual inter-lamellae spacing observed
experimentally,**?® it is such that the interaction between neighbouring
surfaces is negligible. Our surface to volume ratio is of the same order of
magnitude (0.7 nm™") of that estimated from data given in ref 25 (~0.4
nm™"). While reactions occurring on isolated molecules might well
represent unimolecular reactions occurring in the lowest density
regions of the amorphous zone, the crystalline lamellae and their surface


http://quantumespresso.org
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01135/suppl_file/ma2c01135_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01135/suppl_file/ma2c01135_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01135?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01135?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01135?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01135?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Ay By A B
E R I S TP S
At A A

At
Py

c)

+ H,0

WW
WW

+ H,0

Figure 2. Reaction pathways leading to the production of alkoxy radicals from decomposition of hydroperoxides either through alkyl radicals (a) or by
bimolecular conversion (b) or reusing an alcohol (c) produced in reaction 2a.

are able to describe intermolecular (namely, bimolecular) reactions
occurring in the crystal and at the crystal/amorphous interface.
Moreover, the boundary between the amorphous and the crystalline
regions is hardly well defined due to the roughness of lamella surfaces,*
the peculiar morphology of the samples; furthermore, the region where
chains bend is sometimes considered as included in the amorphous
zone.” For molecular models, we used body-centered tetragonal unit
cells in order to maximize the chain end distance between periodic
images of the molecules; the unit cells were 40 X 40 bohr wide in the
plane perpendicular to the chain, and they exceeded the molecule
length in the direction parallel to the chain so as to have at least a
distance of 25 bohr between atoms of two different periodic images.
The unit cell of the crystalline lamellae is orthorhombic, containing 12
atoms, and we sampled the Brillouin zone with a 3 X 3 X 6 I'-centered
regular k-point mesh. To model isolated defects in the solid, we used a2
X 1 X 4 supercell (containing 96 atoms, plus defects), and we employed
a2 X 3 X 2I'-centered k-point mesh. The theoretical equilibrium lattice
parameters of the orthorhombic unit cell in atomic units were: a = 9.18
bohr, b =13.14 bohr, and c = 4.84 bohr, and for the 2 X 1 X 4 supercell: a
= 18.36 bohr, b = 13.14 bohr, and ¢ = 19.36 bohr. The unit cell of the
lamellar surface, containing 132 atoms for pure PE, is similar to a model
previously used to describe a carboxyl group grafted onto a lamella.*
Pseudopotentials, norm-conserving (nc) for C and H and both nc and
ultrasoft for oxygen, were generated, as described in ref 28 and used
with the optB86b + vdW exchange—correlation (xc) functional.”’ The
functional optB86b + vdW includes a gradient-corrected short range xc
contribution and a long-range non-local van der Waals correlation term
in order to provide a good description of van der Waals interchain
interactions in crystalline PE. Our calculations, performed with a plane-
wave basis set with a cutoff energy of 60 Ry and k-point sampling
corresponding to a I'-centered 3 X 3 X 6 grid in the PE orthorhombic
unit cell for the solid and lamellar models, allowed an accuracy on
energy differences of a few hundreds of an eV (further information on
the accuracy of energy barriers is provided in the Supporting
Information).

B RESULTS

Formation of Radical Species. As a starting point for our
investigation, we note that in contrast with the BAS, the
decomposition of hydroperoxides through chain branching
steps (POOH — PO* + *OH or 2POOH — POO* + PO* +
H,0) does not seem to be a viable kinetic path, although
commonly invoked as a source of alkoxy macroradicals.”
Indeed, our calculations (already partly included our study of
hydroperoxide formation and decomposition'®) showed high
activation energies; (i) POOH — PO* + *OH: 2.09 (molecular
model) and 2.05 eV (lamellae surface) and (ii) 2POOH —
POO* + PO*® + H,0: 1.54 (crystalline lamellae) and 0.91 eV
(lamellae surface). These reaction pathways can hardly explain
not only the decomposition of hydroperoxides but also the
formation of other radical species such as alkoxy radicals which
are considered to be important for the oxidative degradation of

PE,” although short lived and not detected by electron
paramagnetic resonance.”’ Therefore, we consider other
possible reaction pathways with alkyl radicals or other defects,
as shown in Figure 2. These reactions still rely on the presence of
hydroperoxides. The activation energies obtained for the
molecular model, inside crystalline lamellae and at the lamellae
surface are summarized in Table 1.

Table 1. Summary of Activation Energies and Enthalphies
(Expressed in eV) of Reactions in Figure 2, Leading to Alkoxy
Radical Outcomes from Hydroperoxide Decomposition

activation energy (E,) [eV] enthalpy [eV]

reaction molecule crystal surface molecule  crystal surface
la 113 0.51 0.46 —2.11 —2.48 —1.34
2a 0.11 0.62 -2.29 —2.04
3a 1.01 129 1.13 0.15 0.93 0.28
4a 1.54 0.91 0.93 0.17
Sa 151 1.46 1.39 1.07

Overall activation energies are high, with only the first two
reactions (1a and 2a), showing a moderate activation energy and
a sizeable enthalpy gain. Even these two reactions, however, are
oflimited relevance at room temperature, if we except the case of
the very low barrier (0.11 eV) for reaction 2a in a crystalline
environment, whose dependence on oxygen diffusion inside the
crystallites will be discussed below. This means that the
decomposition of hydroperoxide does not occur easily, and we
should look for further alternative pathways to account for the
formation of radical species.

On the other hand, the difference in activation energies
between reactions occurring inside a crystalline lamella or at its
surface, up to 0.5—0.6 eV for reactions 2a and 4a, cannot be
ignored, suggesting that when discussing kinetic pathways, it is
necessary to take into account the role of the local environment.

As mentioned, reaction 2a has a very small barrier in the
crystalline environment; however, its relevance depends on the
presence of hydroperoxides inside crystalline lamellae, which is
very unlikely if they stem from diffusion of oxygen molecules and
formation of peroxy radicals because oxygen diffusion is usually
considered to occur essentially in the amorphous region.”

However, diffusion in PE is a complex process even simply in
the amorphous regions,34 and we think that if one wants to
address the question of the influence of the local environment on
the kinetics of PE degradation, one should have a quantitative
understanding of the variability of solution energies and energy
barriers for diffusion. We previously highlighted the fact that
what hinders diffusion inside crystalline lamellae is mainly the
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Figure 3. Calculated activation energies and initial and final configurations for the mechanism of oxygen permeation through crystalline lamellae. (a)
Energy profile for diffusion of oxygen inside crystalline lamellae, (b) Energy profile for oxygen permeation from the amorphous phase into the
crystalline lamellae, (c) oxygen between two lamella surfaces, and (d) oxygen inside a crystalline lamella. Further information on the path is provided in

the Supporting Information.

solution energy which is relatively high (on the order of 0.8—1
eV'%), and we confirm here by further NEB calculations that the
migration barrier inside the crystal is indeed quite low (0.07 €V,
see Figure 3a).

To gain further insights into the details of oxygen diffusion in
PE, we investigated a mechanism which is rarely considered, that
is, the permeation of an oxygen molecule from the amorphous
phase (Figure 3c) into the crystalline lamellae (Figure 3d); for
such a diffusion pathway, we found an energy barrier of 1.09 eV
(Figure 3b) which clearly hinders the oxygen diffusion in the
crystalline regions. However, we have to note that our
amorphous/crystalline interface model is a highly simplified
one, with no roughness, no variation in the bent chain distance,
and other possible microstructural features. As a further
information and for comparison with the mentioned solution
energy inside crystalline lamellae, we calculated the solution
energy of oxygen between lamellae and found 0.23 €V for our
model, where the distance between the lamellae is 1.21 nm,
which is in line with at least some reported experimental
values.**

Given the fact that the formation of alkoxy radicals through
hydroperoxide decomposition is not particularly favorable, at
least at room temperature, we consider now another reaction for
the formation of radical species: it is the reaction from two
peroxy radicals (2POO* — [PO* + OP] + 0,), also shown

in Figure 4; this constitutes an alternative pathway for the
elimination of peroxy radicals, in competition with the one
involving hydroperoxide formation and decomposition (see
Figure 1).

A recent work featuring a kinetic model based on ab initio
results for molecules'” stresses the importance of this pathway,
and also previous studies have shown that taking into account
reaction 1b is important for reproducing experimentally some
observed autoacceleration effects in the oxidation process. In
particular, this reaction was introduced in kinetic models of
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Figure 4. Graphical representation of a bimolecular reaction leading to
the formation of alkoxy radicals from two adjacent peroxy ones.

cage

radio-oxidation in order to correctly predict the radio-chemical
yields of oxidation products and chain scission”” and to account
for the non-Arrhenius behavior of the oxidation induction time
and of the oxidation rate.*®

For this reaction, as we need the presence of two neighboring
peroxy radicals, we considered a few different starting
configurations, to determine the cage effect associated to it.
The results are summarized in Table 2. They show very different

Table 2. Summary of Activation Energies and Enthalphies
(Expressed in V) of the Bimolecular Reaction Depicted in
Figure 4, Describing the Formation of Alkoxy Radicals
Directly from Peroxy Ones”

activation energy (E,) [eV] enthalpy [eV]

reaction crystal surface crystal surface
1b 1.30 0.00 (H1) 0.90 —0.27
0.00 (H2) —0.27

0.05 (H3) —-0.09

0.00 (H4) -0.32

“The role of the environment is highlighted through four different
starting configurations (H1—H4) on a lamella surface, and the
reaction starting from two neighboring peroxy radicals in a crystalline
environment.

activation energies depending on the environment. The reaction
can hardly occur inside crystalline lamellae, whereas there is no
barrier on the surface of a lamella. Once peroxy radicals are
available—we remind that they are spontaneously formed by
oxygen molecules encountering alkyl radicals created under
irradiation—alkoxy radicals could be very easily formed by two
peroxy radicals. This is in contrast to the production of radical
species through decomposition of hydroperoxides, which needs
high activation energy. However, reaction 1b needs two
localized peroxy radicals, which means that the reaction requires
either high concentration of oxygen or low radical diffusion
barrier (which is in general excluded for peroxy radicals™”).

The fact that, however, various configurations on the lamellae
surface lead to formation of alkoxy radicals without any energy
barrier (see Figure S for the configurations) suggests that there is
probably no entropic barrier either and that the process is
essentially limited by oxygen diffusion and the availability of
alkyl radicals.

In the following section, we will deal with further reaction
pathways, such as crosslinking, chain scission, and the formation
carbonyl defects, and how they might be influenced by the local
environment.
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Figure 5. (a) Starting configuration of reaction labeled 1b, where the
double bond of a peroxy radical is cleaved to give rise to an alkoxy
radical. Here, the reaction takes place at the lamellae surface. H1 to H4
indicate the positions of the second starting peroxy radical (not shown),
while the first one (shown and labeled as “fixed”) is in the same position
for the four considered paths. (b) Energy profiles for reactions with
various starting configurations (H1-H4).

Crosslinking Reactions. Several crosslinking reactions take
place from radical species; in inert atmosphere, they are
expected to be dominant over chain scission,” especially
through processes involving double bonds.”” In an oxidation
environment, the competition with chain scission will control
the chemicrystallization process. Several possible reaction
pathways for crosslinking from two radical species are shown
in Figure 6.

As all reactions are bimolecular, they cannot then take place
on a single chain; we thus omit the molecular model supposed
mimicking the low-density regions of the amorphous phase. The
results are summarized in Table 3. Of these reactions, three
involve alkyl radicals (1c, 2c, and 4c), while the other two (3c
and Sc) proceed from alkoxy and peroxy radicals only. We could
not find a stable configuration corresponding to reaction Sc at
the lamellae surface.

Except for the spatially constrained reaction Ic, the other
reactions occur without barriers, meaning that when the
concentration of involved radicals is high enough, crosslinking
reactions are dominant. And once the reaction takes place, the
energy gain is high, so that the product is hardly broken.
However, the reactions involving alkyl radicals are, in an
oxidizing environment, in competition with the capture of
oxygen molecules, to form peroxy radicals, a process that does
not need a high concentration of radicals. When the
concentration of peroxy radicals is high, the formation of alkoxy

Table 3. Summary of Activation Energies and Reaction
Enthalphies (Expressed in eV) for Crosslinking (See
Reactions in Figure 6)

rctivation energy (Ea) [eV] enthalpy [eV]

reaction crystal surface crystal surface
1c 091 0.55 —0.38 —-1.97
2c 0.06 0.00 -1.09 -3.03
3c 0.00 0.00 -1.12 -1.71
4c 0.00 0.00 —2.34 —2.60
Sc 0.06 not observed 0.00 not observed

radicals would be dominant at the lamellae surface through
reaction 1b because reaction Sc does not take place. In contrast
to reaction 1b, which as we have shown occurs easily as soon as
two peroxy radicals are sufficiently close, crosslinking reactions
are, according to our calculations, more sensitive to the starting
configuration.

An illustration of this fact is shown in Figure 7, where we
propose four variants of reaction 3c, where the initial and final
relative position of the alkoxy radicals involved are modified.
The four variants are on a lamella surface; two further cases in
the crystalline environment (not shown in the figure) show
similar behaviors, but the energy barriers are vanishing for three
of the six reactions, while others have barriers up to almost 0.4
eV. The fact that some of these reactions present a non-
negligible barrier leads to a competition between crosslinking
and either f-scission reactions, which will be discussed in the
next section, or other reactions leading to ketones.

Chain-Scission Reactions. Carbon—carbon bond scission
in pure PE implies large energy barriers or strains,”” while the
nearby presence of radicals can ease the process.'® A general
chain-scission reaction, f-scission, is graphically shown in Figure
8; in these reactions, an alkoxy radical on the chain is
decomposed into a primary alkyl radical and an aldehyde. The
activation energy of the reaction was calculated for each
environment. In the case of crystalline lamellae, the reaction
turns out to be unfavorable because we could not find a stable
final state with a broken chain: the decomposed chain is
spontaneously restored by surrounding chains when the system
is relaxed. For the molecular model, different chain lengths are
considered, from C,H,O to C;,H,;O. The results are
summarized in Table 4. In contrast with the molecular model,
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Figure 6. Graphical representation of reactions where two radicals lead to crosslinking.
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Figure 7. Illustration of four initial alternative initial configurations for reaction 3c (see Figure 6) on a lamella surface (panels a—d), and the
corresponding energy profiles for the reactions leading to a peroxy crosslink (panel e). HI—H4 label the four starting positions of one of the alkoxy
radicals, the other one being located in the same position for the four configurations.
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Figure 8. Graphical illustration of a ff-scission reaction starting from an
alkoxy radical and giving rise to an aldehyde and a primary alkyl radical.

Table 4. Summary of Activation Energies and Reaction
Enthalphies (Expressed in eV) for the f-Scission Reaction
Shown in Figure 87

activation energy (E,) [eV] enthalpy [eV]

reaction molecule surface molecule surface
1d 039 (C,H,0) 036 028 —0.24
0.44 (CgH,,0) 0.36
042 (C,,H,.0) 035

“These reactions can take place at the surface of a PE crystalline
lamella but not inside it (the final state is unstable).

P-scission at the crystalline lamellae surface showed a lower
activation energy and exothermic reaction, resulting in a more
stable final state. This clearly shows that the crystallinity ratio
and the details of the microstructure of PE can play a role in

determining the rate of chain-scission reactions. We note that
the activation energy, 0.3—0.4 eV, is similar to the barriers found
for some of the crosslinking reactions, supporting the possibility
of a competition between crosslink and chain-scission in
oxidizing conditions, with the difference that while crosslinking
can occur both in the crystal and at the amorphous or
amorphous/crystalline interface, the chain-scission reaction
cannot occur inside crystalline lamellae.

Termination through Alcohol and Ketone Groups.
Other defects such as alcohols and ketones could be formed by
radical species. In particular, ketones are the main products of
thermal/photo-degradation. It is therefore important to
compare the activation energies between the formation of
ketones and/or alcohols and the other reactions discussed in the
previous sections. Possible reaction pathways from radical
species, leading to ketones and/or alcohols, are summarized in
Figure 9. The activation energies for the molecular model, the
crystalline lamellae, and at the lamellae surface are summarized
in Table 5.

Similar to the formation of a hydroperoxide in unimolecular
reactions (H abstraction reactions), alcohol formation tends to
have a lower activation energy when the hydrogen atom is not
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Figure 9. Graphical representation of reactions involving alkoxy radicals in the initial state and leading to ketones and/or alcohols.
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Table S. Summary of Activation Energies and Enthalphies
(Expressed in eV) for Reactions Shown in Figure 9, Where
Alkoxy Radicals Give Rise to Ketones and Alcohols

activation energy (E,) [eV] enthalpy [eV]

reaction molecule crystal surface molecule  crystal surface
le 0.93 1.22 0.96 —0.30 —0.11 —0.41
2e 0.53 0.76 0.60 -0.34 —0.16 -0.28
3e 0.74 0.49 -0.20 -0.29
4e 1.04 1.04 0.82 0.23
Se 0.38 0.02 -3.39 —3.18
6Ge 0.34 0.00 —3.64 —3.66

adjacent to the starting alkoxy radical (reaction 2e is more
favorable than le). Analogously, the corresponding bimolecular
reaction (3e) exhibits lower activation energy than le. In the
presence of the adjacent alkyl radicals for the formation of
ketones, hydrogen atoms are easily detached (Se), especially at
the lamella surface where the reaction is barrierless. This is also
observed in reaction 6e when a hydrogen transfer occurs
between two carbons bearing an alkoxy radical each. Reaction Se
and 6e are definitely the most easy pathways to the formation of
ketones and alcohols at the interface between amorphous and
crystalline regions, provided alkoxy radicals are available.

B DISCUSSION

In the previous sections, we presented the results of calculated
barriers for several reactions illustrating the scheme presented in
Figure 1. In light of these results, let us recapitulate what are the
bottlenecks for the radio-oxidation of PE:

1. oxygen diffusion: the formation of peroxy radicals from
O, and alkyl radicals is spontaneous, but the diffusion of
radicals is slow,'’ and the diffusion of O, occurs
essentially in the regions between crystalline lamellae
but is indeed a bottleneck for reactions to occur inside the
crystalline regions.

2. the formation of hydroperoxides is not so easy: barriers in
the order of 0.6—0.7 eV have been estimated (except in
the case where antioxidants are present).

3. once hydroperoxides are formed, their decomposition,
expected to give rise to alkoxy and hydroxyl radicals, is not
as easy at room temperature, with energy barriers on the
order of 0.4—0.5 eV in the best cases at the lamella surface,
if we exclude the possibility of it occurring in the crystal,
hindered by oxygen diffusion.

4. an alternative way to form alkoxy radicals through a
bimolecular reaction involving two peroxy radicals has
very low or null activation energy. Here, the bottleneck
stems from the concentration of peroxy radicals, which
has to be high enough to provide pairs of radicals
sufficiently close to react.

After either bottlenecks 1—3 or 1 and 4 are overcome, the
following steps can be quite easily realized; some of these steps
take place essentially on the surface of a lamella featuring bent
polymer chains, like those in our model of the interface between
two lamellae. The mentioned following steps are:

e crosslinking reactions: most of those studied in this paper
are spontaneous when the involved species are close
enough (i.e, when their concentration is large enough, if
we assume that their diffusion is slow). They are strongly
exothermic.

e [-scissions: according to our calculations, they are a bit
more easily realized on the lamellae surface, but still, there
is a barrier of 0.3—0.4 eV to overcome; they are only
weakly exothermic.

e formation of ketones and alcohols: two of these reactions
are almost spontaneous on the surface and strongly
exothermic. They need sufficient concentration of alkoxy

and alkyl radicals.

The ratio of alcohols to ketones should be lower than 1 and
should approach unity when the concentration of alkoxy radicals
is much higher than that of alkyl radicals because in this case,
reaction 6e would prevail on Se, and the former has equal
production of ketones and alcohols. Concerning the competi-
tion of crosslinking versus chain scission, the latter has a higher
activation energy, but it does not need a high concentration of
radicals because it is unimolecular, so that in those radio-
oxidation stages in which the concentration of alkoxy radicals is
not high enough to lead to crosslinking and formation of ketones
and alcohols, the fate of isolated alkoxy radicals can be a f-
scission reaction. When could this situation be realized? One
possibility is that, in samples where hydroperoxides are present
before irradiation or when their formation is eased by the
presence of phenolic antioxidants, their decomposition through
reaction la or 2a could lead to isolated alkoxy radicals.

A more thorough assessment of the consequences of the
results presented here would stem from using these data on
activation energies and reaction enthalpies in a kinetic model
based on homogeneous rate theory, that is, following the
evolution of the average concentration of each species, or, even
better, in an improved kinetic model taking into account at least
in a coarse-grained approach, the diverse environments
constituting a semicrystalline polymer like PE. Even without
going toward object Monte Carlo simulations, which could take
into account in detail the heterogeneity of energy deposition and
kinetic evolution,”® a semi-homogeneous rate theory model
including similar reactions occurring in low density amorphous
regions, at lamellae surfaces and, when possible, inside the
lamellae, would allow further insights into polymer degradation
kinetics.

B SUMMARY AND CONCLUSIONS

In this study, we revisited a subset of reactions that are supposed
to contribute to degradation pathways of polyolefins and, in
particular, PE through radio-oxidation. The focus is on reactions
involving alkoxy radicals, their production inside the polymer,
and their fate after further reactions toward stable products.
Exploring the energy landscape with the NEB method, we
considered the influence of the local environment through three
different atomistic models, to understand how reaction barriers
may vary with the underlying microstructure.

Reaction pathways toward final products were classified into
crosslinking, chain scissions, and other defects (ketones and
alcohols).

We globally found that the production of alkoxy radicals is
easier through bimolecular peroxy—peroxy radical reactions
than by decomposition of hydroperoxides, provided that the
concentration of peroxy radicals is high enough. Alkoxy radicals
may spontaneously induce crosslinking and also produce
ketones and alcohols, again provided their concentration is
such that bimolecular reactions between them and other radicals
can take place. Otherwise, they can alone lead to 3-scissions with
activation energies around 0.3—0.4 eV.
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For most of the investigated reactions, the local environment
proves to be important, with energy barriers lower on lamellae
surfaces featuring bent chains than on isolated chains or inside
the crystal, as a general trend. Comparing energy barriers and
reaction enthalpies, for all calculated reactions, we stress, if it
were necessary, the fact that even strongly exothermic reactions
can nevertheless be hindered by large energy barriers.

Given the role of alkoxy radicals and their easy formation
through bimolecular peroxy—peroxy radical reactions, to
prevent oxidation of the polymer scavenging peroxy radicals
could be a good strategy; this could be one of the ways phenolic
antioxidants act by deactivating peroxy radicals through easier
formation of hydroperoxides by H-transfer.

In order to accurately compare the H-transfer reactions
involving antioxidants to other degradation reactions, calcu-
lations of the activation energies at the atomic scale, with a
similar approach to the one presented here, should be the
subject of future work.
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