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Mécanismes de radio-oxydation du polyéthylène et rôle des antioxydants : simulations à l'échelle atomique

This thesis study, based on density functional theory (DFT), aims to elucidate the degradation mechanisms of polyethylene mainly resulting from oxidation under irradiation, the so-called radiooxidation process, that crucially triggers the aging of cables. Besides, antioxidants are commonly used as additives in order to slow down the aging process. The role of antioxidants and their action mechanism are carefully studied. The insight that is expected might find application in various fields, from electrical cable insulation in nuclear power stations to plastics used in everyday life.
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Résumé étendu en français

Le polyéthylène est un des polymères dont la production est plus importante, pour des applications variées. Selon le type d'application, son usage et les procédures de production sont différentes. Par exemple, quand il est utilisé pour des objects en plastique d'usage courant, il doit pouvoir être facilement broyé pour être recyclé, ou, selon le type de polymère, être biodégradable. Pour cette raison, en phase de production, on rajoute certains groupes polaires (par exemple des cétones) aux chaînes du polymère pour réduire sa persistance dans l'environnement [1]. Au contraire, pour des applications comme les isolants des câbles électriques utilisés dans les bâtiments réacteurs des centrales nucléaires, le but est celui d'assurer la plus longue durée de vie possible dans des conditions plus sévères de température et irradiation (typiquement des γ en fonctionnement nominal) [2,3,4]. Dans ces conditions, pour assurer le maintien des propriétés fonctionnelles d'isolation, ainsi que pour améliorer ses propriétés mécaniques, le polymère subit un processus de réticulation (XLPE) et on y ajoutes des antioxydants, des charges et parfois des nanocomposites tels Al 2 O 3 , TiO 2 ou SiO 2 pour augmenter la stabilité en température [5,6,7,8,9]. Il est donc essentiel, indépendamment de l'application visée, de comprendre les mécanismes cinétiques qui pilotent la dégradation du matériau en différentes conditions pour en connaître les limites d'utilisation et les exploiter jusqu'à la fin de leur durée de vie. Dans cette thèse nous étudions les mécanismes à l'échelle atomiques qui contribuent à la dégradation du polyéthylène en conditions de radio-oxydation. Ce sont ces mécanismes qui pilotent le viellissement des câbles et, finalement, en déterminent la durée de vie en conditions opérationnelles. L'oxydation du polyéthylène finit par causer des fractures suite à la chemicristallisation et la formation de différents types de défauts carbonyls peut mener à des échauffements locaux et modifie les propriétés diélectriques jusqu'au claquage diélectrique [5,10]. Pour éviter ces évolutions néfastes, des antioxidants phénoliques sont incorporés dans le polymère [11,12,13]. Au moins deux mécanismes d'action des antioxidants ont été évoqués en littérature: le premier fait référence aux transferts d'énergies, selon lequel l'absorption préférentielle des photons par les noyaux aromatiques, agissant comme puits d'énergie, limiterait la formation de radicaux alkyl qui sont à l'origine de la chaîne de réactions oxidatives. En d'autres termes, un transfert d'énergie ayant lieu entre parties aromatique et aliphatique permettrait de distributer de façon plus uniforme l'énergie des photons absorbés par la fonction phénolique lors de la désexcitaton non-radiative et donc d'éviter la rupture de liaisons C-H. Le deuxième mécanisme repose sur la capacité des antioxidants, via leur fonction phénolique, de participer à une réaction de transfert d'hydrogène qui permet d'éliminer certains radicaux et donc de bloquer la propagation de la réaction et/ou l'étape de ramification de chaîne.

Les outils utilisés pour cette étude sont essentiellement ceux de la théorie de la fonctionnelle de la densité (DFT), qui a été utilisée en particulier en combinaisons avec la méthode NEB (ou méthode de la bande élastique), qui permet d'explorer des paysages énergétiques complexes; nous l'utilisons pour prédire les énergies d'activations des réactions chimiques ayant lieu dans le polymère. Dans certains cas nous avons utilisé d'autres méthodes, comme des séries de relaxations avec contraintes ou de la dynamique moléculaire ab initio de type Car-Parrinello. Les détails des méthodes et approximations utilisées (notamment la fonctionnelle d'échange et corrélation choisie, qui assure une description fiable des interaction de van der Waals) et des études de convergence sont exposés dans le chapitre 2. Ce chapitre introduit également les modèles atomiques utilisés, qui vont de simples molécules d'alcanes en phase gaz à un modèle plus v développé d'interface entre lamelles cristallines et zone amorphe. Cette dernière structure permet de simuler des réactions chimiques ayant lieu sur la surface des lamelles cristallines, donc, si l'on veut, à l'interface entre et les zones cristalline et amorphe.

Nous avons considéré la globalité du chemin cinétique d'oxidation à partir de l'étape d'initiation à celle de terminaison avec les méthodes mentionnées, en calculant les barrières d'énergie et les enthalpies de chacune des réactions considérées.

Notre étude se focalise sur les réactions qui impliquent deux principaux produits d'oxydation, intermédiaires et finaux : les cétones et les radicaux alcoxyle. La méthode NEB permet de calculer l'énergie totale et l'enthalpie de réaction, y compris le point de selle et les images le long de la coordonnée de réaction, de sorte que les chemins de réaction favorables, ceux qui présentent une énergie d'activation suffisamment basse, peuvent effectivement être sélectionnées pour élucider le mécanisme de dégradation en support à une étude cinétique.

Pour certaines réactions nous avons aussi effectué des simulations de dynamique moléculaire Car-Parrinello (CPMD) pour vérifier que les réactions en question ont bien lieu à la température ambiante dans un temps très court, accessible à ce type de simulations, ce qui qui pourrait être empêché par un contribution entropique importante, négligée dans les calculs NEB.

Un autre point à souligner, dans ce travail de thèse, est la prise en compte de la microstructure du PE, ce qui n'est pas le cas dans la plupart des études théoriques. En effet, la plupart des calculs DFT ou de chimie quantique qui ont abordé la question des costantes de réaction sont des calculs sur de petites molécules, et où les réactions sont supposées se produire en phase gazeuse. Il convient de souligner que le PE est un polymère semi-cristallin comprenant des régions cristallines, amorphes et d'interface, et que ces environnements locaux affectent potentiellement les différentes vitesses de réaction. Les calculs présentés ici considèrent ces différents environnements, tels que cristallins ou la surface des lamelles, où la zone amorphe séparant les lamelles cristallines, ce qui nous permet une analyse plus détaillée des paramètres pouvant influencer la cinétique d'oxidation.

Sur la base de ces stratégies, les chemins de réaction conventionnels qui mènent à la formation de cétones, qui constituent, selon les études expérimentales, la majorité des produits d'oxydation, sont d'abord considérés pour revisiter les réactions à l'échelle atomique et vérifier l'explication générale de la dégradation oxydative. C'est le but du chapitre 3 de cette thèse. Les chemins de réaction classiques correspondent au schéma d'auto-oxydation de base (BAS), développé par Bolland, Gee et leurs collègues. D'après les profils énergétiques calculés, le goulot d'étranglement critique est la formation et la décomposition des hydroperoxydes. Dans ce schéma, la formation des hydroperoxydes est expliquée par un radical peroxyle qui arrache un atome d'hydrogène à une chaîne de polymère voisine. Cependant, l'énergie d'activation pour cette réaction est d'environ 0,7 eV, et la réaction est clairement endothermique. Par conséquent, d'autres voies alternatives sont envisagées :

1. une double liaison adjacente (-C=C-), qui présente une liaison π, peut stabiliser un électron non apparié sur le produit final en formant une structure de résonance, Comme la décomposition des hydroperoxydes n'est pas un procéssus très probable à l'ambiant, le dernier chemin réactionnel, celui qui contourne l'étape des hydroperoxydes, pourrait être envisagé. C'est ce chemin qui est analysé et discuté au chapitre 4, qui se focalise sur les réactions qui impliquent la présence de radicaux alcoxyle. Une réaction possible, parmi les nombreuses testées pour expliquer la présence des alcoxyles, est la décomposition bimoléculaire de deux radicaux peroxyle, qui conduit à deux radicaux alcoxyle et une molécule d'oxygène. Comme cette réaction présente un profil énergétique sans barrière et est exothermique, elle est beaucoup plus favorable que l'absorption de H par les radicaux peroxyle. Cependant, les réactions qui s'en suivent sont complexes car le chemin réactionnel impliquant des radicaux alcoxyle peut également se ramifier en de nombreuses réactions telles que la réticulation, la scission de chaîne et la production d'alcools et de défauts carbonyles. Ces réactions entrent en compétition à des positions spécifiques sur la surface de la lamelle en fonction de l'encombrement stérique. La concentration des espèces radicalaires affecte également le poids relatif de ces réactions car, si la scission de chaîne peut être déclenchée par un seul radical alcoxyle, les autres réactions nécessitent la présence deux espèces radicalaires proches. En outre, quatre configurations de départ différentes de deux radicaux alcoxyle dans le même environnement local (c'est-à-dire sur la surface de la lamelle) donnent lieu, selon nos calculs, à divers produits d'oxydation, avec des énergies d'activation différentes.

Deux radicaux peroxyle forment spontanément, pour toutes les dispositions proches que nous avons testées, des radicaux alkoxy. Ces réactions ont également été examinées par CPMD à température ambiante. Les résultats montrent que deux radicaux peroxyle produisent deux radicaux alkoxy, comme prévu par les calculs NEB. Cependant, à partir des radicaux alkoxy issus de ces réactions, on peut obtenir des produits finaux différents, que nous n'avions pas tous envisagés lors de nos calculs NEB. Les réactions oxydatives pourraient donc se réveler encore plus complexes. En conclusion, ce travail de thèse devrait fournit un certain nombre d'élements pour une compréhension viii quantitative du schéma réactionnel menant à l'oxydation du polyéthylène. Les nombreuses barrières d'énergie et enthalpies de réaction calculées constituent une base de données qui peut être utilisée pour nourrir les simulations de cinétique chimique homogène ou les simulation de Monte Carlo cinétique pour décrire le vieillissement du polyéthylène.

De façon plus qualitative, les résultats principaux de ce travail mènent à une vision globale du processus de radio-oxydation du polyéthylène qui peut être résumé dans la figure 1. Dans cette représentation en blocs de principales espèces entrant en jeu, les flèches en couleur distinguent les réactions qui peuvent avoir lieu à température ambiante de celles qui sont pratiquement impossibles ou plutôt rares. Même si cette classification est quelque peu arbitraire, du fait du choix des limites des barrières d'énergie définissant les trois plages considérées, elle permet d'un coup d'oeil de comprendre les chemins préférentiels.

La stratégie utilisée dans ce travail de doctorat peut également être appliquée à d'autres types de polymères, tels que le polypropylène, par exemple, ou l'oxyde d'éthylène. L'étude peut être approfondie en considérant la dégradation photochimique, en considérant les réactions de Norrish (de type I et II), dans lesquelles des états excités sont impliqués. À cet égard, l'étude des propriétés optiques est importante, puisque les excitations électroniques sur les produits d'oxydation peuvent donner lieu à photoluminescence mais aussi à une désexcitation non-radiative qui peut potentiellement mener à des scissions de chaîne. En outre, cela peut également s'appliquer aux antioxydants, où la question du transfert d'énergie entre partie aromatique et chaînes aliphatiques est liée au canaux de désexcitation des excitons localisés non seulement sur l'antioxydant vierge, mais aussi sur ses produits de dégradation, comme les quinones méthydes. L'absorption optique et ses modes de désexcitation radiative et non-radiative pourraient donc faire l'objet d'études futures.

Les appendices de ce manuscrit contiennent des informations diverses, importantes, mais parfois encore partielles ou qui auraient risqué, si insérées dans les chapitres du manuscrit, de gêner le déroulement des arguments.

L'appendice A) décrit en détail les modèles atomiques utilisés et dans quelle mesure il sont capables de décrire le matériau réel. La suivante (appendice B.1) discute des résultats obtenus concernant la diffusion de l'oxygène moléculaire dans le polyéthylène; mais aussi la diffusion des radicaux alkyle et des vynilènes (doubles liaisons). Une liste complète de toutes les réactions étudiées au cours de la thèse a été compilée en appendice C. Enfin, la dernière appendice (D) traite de quelques réactions (ou processus de diffusion) étudiées à l'aide de simulations de dynamique moléculaire ab initio (Car-Parrinello); cela inclut la diffusion de la molécule O 2 dans le cristal, la formation d'hydropéroxides à l'aide de radicaux hydroxyle et des réactions variées impliquant des radicaux alcoxyles. Les résultats suggèrent que la dynamique moléculaire ab initio est un outil précieux pour mieux comprendre la variété de produits finaux pour des réactions présentant des barrières très faibles ou nulles. Figure . -Chemical structure of PE This simple structure, in which single chain molecules are repeated thousands of times, plays an important role in determining the density, the properties and the structure of PE depending on the type of chains formed. The long chain molecules, in which hydrogen atoms are linked to a carbon backbone, can be divided into linear, branched, or crosslinked forms. Each structure affects the molecular weight (g/mol) or density (g/cm 3 ) of polyethylene. Linear versions (Fig. 1.2a) could be efficiently packed together because there is no branch along the chains. They are of two types: high-density polyethylene (HDPE) and ultrahigh-molecular-weight polyethylene (UHMWPE). In low-density polyethylene (LDPE)(1.2b), the branches interrupt the efficient packing of the chains modulating the space into the polymer matrix. In crosslinked polyethylene (1.2c), the chains are chemically connected to each other, which enhances heat and chemical resistance.
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Polyethylene can be chemically modified by replacing hydrogen with specific atom groups or copolymerized with other monomers to produce various types of vinyl polymers. For example, there is chlorinated polyethylene (CPE), where chlorine is substituted for some of the hydrogen atoms. Ethylene can also be copolymerized with vinyl acetate and vinyl alcohol, referred to as ethylene-vinyl acetate (EVA) and ethylene vinyl alcohol (EVOH), respectively.

As an industrial polymer, PE has been commercialized in many fields in different forms, such as bags, fiber, adhesives, coatings, and electric cable insulation and jacket. In the case of plastics [1], its world consumption has increased dramatically since the 1950s, and recently in 2019, around 368 million tons of plastics were produced worldwide. In particular, PE has a wide range of applications depending on its density (unit: g/cm 3 ). Types and major uses are summarized in Table1.1. Looking at the structure of PE from a microscale point of view, long-chain molecules can assume an ordered structure of polymer chains through regular and repeated folding, a crystallized form called a lamella. The structure can be obtained by slowly cooling the molten polymer, which promotes crystal growth. The amorphous phase fills regions other than the crystallized polyethylene and provides the deformability and impact resistance of PE by connecting the lamellar structures [3]. They constitute the polymer matrix as described in Fig. 1.3. . . Electrical cables in nuclear power plants
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. Electrical cables in nuclear power plants

Among the various applications, PE has been widely used as electrical cable insulation in nuclear power plants (NPPs) because of its easy fabrication, low cost, low permittivity, high electrical breakdown strength, and suitable material performance for a wide range of operating voltages [4,5]. In particular, PE exhibits excellent insulating properties due to its high energy band gap of about 8-9 eV and enables high power loss protection, making it an adequate material for various types of electrical cables [6,7,8].

Due to the growing demand for sustainable energy development to meet current and future energy supplies, the lifespan of NPPs is expected to extend to 80 years potentially. Electrical, mechanical, and thermal stresses are the main factors in general insulation aging in daily life, but when electrical cables are used in NPPs, additional environmental stresses such as temperature, radiation, and oxygen for the aging of insulation must also be considered. Under normal operation conditions, the dose rate is typically in the range of 10 -2 to 10 -1 Gy h -1 and the temperature is about 30-50 °C, but in severe accident conditions, the dose rate and temperature can reach up to 10 5 Gy h -1 and 150 °C, respectively [9,10]. Therefore, to ensure the control and safety of NPPs under both normal and accidental conditions is important to determine the long-term resistance from radio-thermal ageing of polymer insulation.

On the other hand, in order to stably operate the NPP for a long time, the management and inspection of all the components that make up the NPP must be carefully carried out, including the normal and abnormal states (all scenarios of accidents). For electrical cables where the PE type is used (e.g., XLPE), it is important to ensure the qualification, condition monitoring, and aging management, as there are about 1500 km of cables per NPP unit [11,12]. PE constitutes the insulation and jacket, which are the most vulnerable to aging degradation among cable structures (Fig. 1.4). In particular, since PE is sensitive to high temperature, radiation, and electrical stress and the degradation of the insulation determines the lifetime of the electrical cables, a lot of research has been done on the degradation mechanism of PE [13,14,15,16,17].

Oxidation is the most critical mechanism for the aging of PE under these stresses [18,19]. In particular, the loss of insulating properties is often attributed to the formation of more polar species (i.e., oxidation products such as carbonyl groups) and increased water absorption [20,21]. The general lifetime prediction of PE is summarized in Fig. 1.5 [22].

At first, some amount of antioxidants (AOs) (typically less than 1 wt%) are incorporated to delay the oxidation process by stabilizing the polymer matrix. After the consumption of AOs, the oxidation process is initiated by the reaction of oxygen with an alkyl radical resulting from the breaking of C-C and C-H bonds. Their dissociation energies are typically 342 and 393 kJ/mol (or 3.76 and 4.32 eV), respectively, in the saturated chains [22]. The alkyl radicals are formed under
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Figure . -The general structure of electrical cables.

Figure . -The lifetime prediction of PE the combined effects of irradiation (e.g., γ-rays, electrons, and rapid heavy ions) and temperature as the initiation steps. For example, the conventional radiothermo-oxidation mechanism is composed of two main initiation steps, and Fig. 1.6 shows the summarized degradation mechanisms of both types of oxidation [23,24,25]. During oxidation, chain scissions cause chemicrystallization and lead to PE embrittlement (cracking) [22].

Several techniques have been used in experiments to track the oxidative degradation of PE, such as Fourier transform infrared (FTIR) spectroscopy, iodometry, and differential scanning calorimetry (DSC) [22,[START_REF] Mark A Blitz | Wavelength dependent photodissociation of ch3ooh: Quantum yields for ch3o and oh, and measurement of the oh+ ch3ooh rate coefficient[END_REF][START_REF] Ghanshyam | Kinetics and mechanism of oh reaction with ch3ooh[END_REF][START_REF] Rogers | Polymer permeability[END_REF][START_REF] Petrøuj | Mechanism of ketone formation in the thermooxidation and radiolytic oxidation of low density polyethylene[END_REF]. More recently, electron spin resonance (ESR) and dielectric spectroscopy have been identified as attractive techniques to investigate radical species such as alkyl, allylic, peroxy radicals, and defect sites (i.e., impurities) [START_REF] Gugumus | Physico-chemical aspects of polyethylene processing in an open mixer. part 16: Mechanisms and kinetics of ketone formation at low temperature[END_REF]31,32,33,34].

These measurements provide evidence for analyzing many types of oxidation products by observing the concentrations of final or intermediate oxidation products whose lifetime is long enough to be detected and building a kinetic model despite the complexity of oxidation mechanisms. For example, measurements by FTIR spectroscopy confirmed that ketones accumulate during thermal oxidation and are produced in the highest amount of other carbonyl defects. Under photooxidation conditions, ketones are decomposed by Norrish I and II reactions, leading to carboxylic acids or other products such as vinyls [35,23,36,37]. In the case of DSC measurement, the oxidation induction time (OIT) at which oxidation begins can be determined. Samples are initially heated at a constant rate in an inert gas environment to the prescribed temperature. When the specified temperature is reached, the environment is changed to oxygen at the same flow rate. The material is then held at a constant temperature until an exothermal signal (oxidation) can be detected [START_REF] Mark A Blitz | Wavelength dependent photodissociation of ch3ooh: Quantum yields for ch3o and oh, and measurement of the oh+ ch3ooh rate coefficient[END_REF]. The onset point also indicates the decomposition of hydroperoxides [22]. From the measurements of OIT (DSC) and types of oxidation products (FTIR), the parameters of the general kinetic mechanisms of the basic auto-oxidation scheme (BAS), developed by Bolland, Gee, and co-workers, are extracted [38,39,40,41,42]. The detailed description of the development of kinetic studies is in the following section.

Chapter . Introduction As the applications and demand for PE increase, the study of the stability and degradation mechanism of polyethylene becomes more and more important. In order to understand the degradation mechanism of PE, it is essential to study the kinetics of oxidative degradation to find out and prevent critical reactions that cause severe degradation of PE among those pathways. As part of these studies, Bolland and co-workers developed the oxidative degradation mechanism of PE called the basic auto-oxidation scheme in 1946, which represents the free radical chain reactions on which many modern polymer studies of the degradation mechanism are based, as shown in Fig. 1.8 [38, 39, 40, 41, 42]. This process describes the overall polymer oxidation process of rubbers such as ethyl linoleate and ethyl linolenate through initiation, chain propagation, chain branching, and termination steps.

In the initiation step, high energy is usually applied to break the C-H bond of polyethylene, extracting the H to create a carbon-centered radical in the polymer chain (R°). Considering that the C-H bond and C-C bond energies are in the range of 293-440 kJ/mol and 250-375 kJ/mol respectively, high irradiation energies (e.g., γ-rays, electrons, and swift heavy ions) mostly produce alkyl radicals during electrical cable operation [44, [START_REF] Gugumus | Physico-chemical aspects of polyethylene processing in an open mixer6. discussion of hydroperoxide formation and decomposition[END_REF][START_REF] Kysel | A dft study of h-isomerisation in alkoxy-, alkylperoxy-and alkyl radicals: Some implications for radical chain reactions in polymer systems[END_REF][START_REF] Luo | Handbook of bond dissociation energies in organic compounds[END_REF].
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When a carbon-centered radical is formed, it reacts rapidly with nearby O 2 to produce a peroxy radical (ROO°). The formed peroxy radicals then subsequently abstract H atoms from the C-H bonds of the same or surrounding alkyl chains to form hydroperoxide (ROOH) and new carbon-centered radicals. Then, hydroperoxide breaks the O-O bond and forms new radical species such as alkyl, alkoxy, and peroxy radicals through unimolecular or bimolecular reactions in the chain branching step (Fig. 1.8). The produced radicals repeatedly contribute to the oxidative degradation process, accelerating the whole process. That is, as oxidation itself proceeds as an autocatalytic reaction, the formation of radicals is accelerated. Then PE matrix subsequently undergoes the termination steps, such as crosslinking reactions, whose products do not undergo further reactions.

However, although BAS was developed for oxidation processes on rubber and lipids, it has been used very extensively to elucidate degradation mechanisms for all types of polymers. This does not adequately account for some reactions in which the extracted alkyl radical center is unstable from a kinetic and/or thermodynamic point of view for some types of polymers. For example, for some small saturated alkyl groups, bond dissociation energies for the R-H range from 400.4 to 422.2 kJ/mol, which is larger than for the corresponding ROO-H bond (344.0 to 370.3 kJ/mol), implying that the H-abstraction reaction by a peroxy radical is thermodynamically unfavorable [START_REF] Yr Luo | Handbook of bond dissociation energies in organic compounds crc[END_REF]. The activation energy also exhibits high energy of 73 kJ/mol [22,[START_REF] Khelidj | Oxidation of polyethylene under irradiation at low temperature and low dose rate. part ii. low temperature thermal oxidation[END_REF].

. Open issues

Since BAS was constructed to elucidate the oxidation mechanisms of rubber and lipids, efforts are underway to revise and improve oxidation schemes for other types of polymers. In particular, the formation and the decomposition of hydroperoxides in the propagation steps in Fig. 1.8 require understanding and improvement of the reactions for polyethylene because some of those considered are endothermic reactions and show high activation energies. This section is devoted to open issues related to specific reactions, particularly those related to the formation and decomposition of hydroperoxides, as well as chain scission and crosslinking reactions triggered by radical species; the latter two processes might be in competition with one another.

. Formation of Hydroperoxides and their role

A general explanation of hydroperoxide formation is most commonly given by the H-abstraction reaction, in which a peroxy radical abstracts a hydrogen atom in the propagation step (Fig. 1.8). However, studies of polyethylene and other types of polymers have raised questions about this reaction from various perspectives. Gryn'ova et al.

[43] compared the enthalpies of the reaction with various types of polymers based on the bond dissociation energy (BDE) of HOO-H and R-H. From the study, polymers with saturated hydrocarbon chain structures showed mostly thermodynamically unfavorable Gibbs free energies (∆G > 0). In the case of PE, the value was 43.5 kJ/mol. They suggested that the produced alkyl radical center as the final product must be stabilized by double bonds or strong captodative effects for a thermodynamically favorable reaction. Chen et al [START_REF] Chen | Experimental and modeling approaches for the formation of hydroperoxide during the auto-oxidation of polymers: Thermal-oxidative degradation of polyethylene oxide[END_REF] also suspected the conventional reactions explaining the formation of hydroperoxide produced by the reaction between peroxy radicals and hydrogen atoms from other alkyl chains, due to the high endothermic reactions and the slow reaction rates of the intermolecular H-transfer reaction, including intramolecular H-transfer reactions of ROO° [START_REF] De | Degradation of peo in the solid state: A theoretical kinetic model[END_REF]. To solve this problem, they proposed a modified scheme for the formation of hydroperoxides produced between ROO°and HOO°according to atmospheric chemistry [START_REF] Atkinson | Kinetics and mechanisms of the gas-phase reactions of the hydroxyl radical with organic compounds under atmospheric conditions[END_REF][START_REF] Phillip D Lightfoot | Organic peroxy radicals: kinetics, spectroscopy and tropospheric chemistry[END_REF].

Later, in a comprehensive paper, Smith et al. proposed an improved scheme of BAS by including the results of these two papers and summarizing the research results on peroxy radicals (Fig. 1.9) [START_REF] Smith | The fate of the peroxyl radical in autoxidation: how does polymer degradation really occur?[END_REF]. In their paper, they considered not only hydroperoxyl radicals but also hydroperoxides formed by other atmospheric species, such as ozone and hydroxyl radicals. They also mentioned the termination step of the reaction from two peroxy radicals and the formation of alkoxy radicals as an alternative reaction pathway instead of the H-transfer reaction. However, while they considered all reactions from a thermodynamic point of view, the activation energies associated with kinetic studies were not considered for possible reaction pathways. Moreover, the modified scheme focused only on the propagation and termination steps; in particular, the chain branching step for the decomposition of hydroperoxides, which are largely attributed to radical-generating auto-oxidation processes, was not considered. More recently, De Keer et al. [START_REF] De Keer | New mechanism for autoxidation of polyolefins: kinetic monte carlo modelling of the role of shortchain branches, molecular oxygen and unsaturated moieties[END_REF] developed the reaction scheme with kinetic Monte Carlo modeling by calculating rate coefficients. Peroxy radicals can bypass the formation of hydroperoxides and lead to the termination step. Moreover, the reported O-O bond cleavage energy of hydroperoxide is highly endothermic (∆G gas = 134.9kJ/mol) and supports this revised reaction scheme. It means that the formation of radical species through the decomposition of hydroperoxides may also be difficult, and therefore the reaction should be thoroughly re-considered as in the propagation step. For activation energy, the dissociation energy of RO-OH experimentally ranges from 67 to 160 kJ/mol [START_REF] Gijsman | The mechanism of the lowtemperature oxidation of polypropylene[END_REF][START_REF] Fayolle | Thermooxidative ageing of polyoxymethylene, part 1: chemical aspects[END_REF][START_REF] Fraisse | In situ kinetics study of the accelerated aging of poly (ethylene oxide) using photodsc[END_REF][START_REF] Henry | The kinetics of polyolefin oxidation in aqueous media[END_REF]. This is because the experimental environment and polymer type can affect activation energy. For example, Chen et al. reported that the RO-OH bond of polyethylene oxide (PEO) in aqueous solution is easily broken even under mild conditions [START_REF] Chen | Determination of the mechanism of polymer thermolysis at low temperatures using spin trap electron spin resonance[END_REF]. On the other hand, Costa et al. reported that the RO-OH bond of UHMWPE is stable at room temperature and begins to decompose at temperature above 80 °C [START_REF] Costa | Post electron-beam irradiation oxidation of orthopaedic uhmwpe[END_REF]. Theoretical calculations indicate higher energy than the experimentally reported values at around 188 kJ/mol [START_REF] De | Degradation of peo in the solid state: A theoretical kinetic model[END_REF][START_REF] Oluwoye | Oxidation of crystalline polyethylene[END_REF][START_REF] John M Simmie | Enthalpies of formation and bond dissociation energies of lower alkyl hydroperoxides and related hydroperoxy and alkoxy radicals[END_REF]. Therefore, in order to review the viability of the overall oxidation mechanism for a specific polymer, it is important to study the reaction considering the properties of each corresponding polymer. Chain scission and crosslinking While oxidation proceeds and radical species accumulate through the chain branching step, chain scission and crosslinking reactions can be competitive at certain points in time. For example, alkoxy radicals disappear by forming aldehydes and primary alkyl radicals through β-scission reactions or lead to crosslinking reactions that bind other radical species, such as alkyl and alkoxy radicals. Since the crosslinking reaction always requires two kinds of radicals, the reaction takes place in the condition of a high concentration of radicals or locally trapped radicals. Therefore, the chain scission reaction, which can only react with a single chain, will be dominant at the beginning of the oxidation process.

Chapter . Introduction

Chain scission and crosslinking reactions can be compared by monitoring the weight and number of average molecular masses (i.e., M w and M n ). This is because chain scissions usually decrease the masses, and crosslinking reactions increase them. Fayolle et al. [START_REF] Fayolle | Degradation-induced embrittlement in semi-crystalline polymers having their amorphous phase in rubbery state[END_REF] described the mechanism of embrittlement from oxidative degradation with the chain scission reactions. The reactions generate mobile short chain fragments in the lamellar surface region and induce them to chemicrystallization. Rodriguez et al. investigated the chemo-mechanical aspects of oxidative embrittlement under irradiation conditions [START_REF] Rodriguez | Effect of uv-aging on the mechanical and fracture behavior of low density polyethylene[END_REF]. They observed transient strengthening, chemical cracking, and radiation-induced cavitation and visualized schematic scenarios of UV-induced cracking without mechanical loading, as shown in Fig. 1.10. They proposed a second lamellar structure with chemicrystallization to account for the predominant chain scission reactions without changing the crystallinity ratio. As UV radiation is further increased (in the range of 48 -96h), chemicrystallization stops, and thus the chain scission reactions causing embrittlement become the dominant reactions. Chapter . Introduction monitoring M w , and M n [22]. They exposed the samples at high temperatures between 100 °C and 140 °C and observed a trend towards the asymptotic value 2 of the polydispersity index (PDI). They concluded that these results were caused by a pure chain scission process from alkoxy radicals (β-scission) through a comparison of the concentration of oxidation products (i.e., aldehydes and carboxylic acids).

Crosslinking reactions under irradiation have also been extensively studied under inert atmosphere or in air [START_REF] Charlesby | Atomic radiation and polymers: international series of monographs on radiation effects in materials[END_REF][START_REF] Chapiro | Radiation chemistry of polymeric systems[END_REF][START_REF] Walter | The radiation chemistry of crystalline alkanes[END_REF][START_REF] Decker | Aging and degradation of polyolefins. ii. γ-initiated oxidations of atactic polypropylene[END_REF][START_REF] Singh | Irradiation of polyethylene: Some aspects of crosslinking and oxidative degradation[END_REF][START_REF] Jones | Radiation-induced crosslinking of polyethylene in the presence of acetylene: A gel fraction, uv-visible, and esr spectroscopy study[END_REF][START_REF] Salem F Chabira | Oxidation and crosslinking processes during thermal aging of low-density polyethylene films[END_REF]. Crosslinking reactions are the dominant process when polyethylene is irradiated under inert atmosphere; however, when it is irradiated in air, oxidative degradation takes place. Within radio-oxidation chain scission tends to dominate at low dose rate of gamma irradiation, but at high dose rate, crosslinking reactions become the dominant process again [START_REF] Dole | Free radicals in irradiated polyethylene. The radiation chemistry of macromolecules[END_REF][START_REF] Feng | Crosslinking of wire and cable insulation using electron accelerators[END_REF]. Singh et al. [START_REF] Singh | Irradiation of polyethylene: Some aspects of crosslinking and oxidative degradation[END_REF] consider three possible radiation effects: cationic reactions, crosslinking reactions in the crystalline region, and excitation energy transfer by following suggestions in the literature. They re-visited several reactions related to irradiation and suggested possible reactions expected to occur, such as the formation of superoxide anions, hydroperoxy radicals and hydroperoxides, cationic condensation reactions, and excitation energy transfer to peroxides and hydroperoxides. Hsu et al. [START_REF] Hsu | A fundamental study on photo-oxidative degradation of linear low density polyethylene films at embrittlement[END_REF] studied photo-oxidative degradation of PE to investigate embrittlement. They showed similar results with ref. [START_REF] Fayolle | Degradation-induced embrittlement in semi-crystalline polymers having their amorphous phase in rubbery state[END_REF] showing the reduction of interlamellar distance and chemicrystallization. The study without irradiation but focusing on the thermal condition was also reported [START_REF] Salem F Chabira | Oxidation and crosslinking processes during thermal aging of low-density polyethylene films[END_REF]. The LDPE films were at 70°C in the dark and underwent degradation. They exhibit increased crystallinity from 35 to 55 wt % according to aging time. This corresponds to the secondary crystallization of mobile short chain segments coming from the oxidative cleavage of macromolecules explained by chemicrystallization. It seems obvious that the chemicrystallization takes place after chain scission. However, as the difficulties in measuring the concentration of the second crystalline molecular weight, further consideration of different structural scales (i.e., from molecular to macroscopic scale) is required. Nevertheless, studies of elementary molecular processes responsible for chain scission and chemicrystallization, which help to establish the most realistic mechanistic scheme and inform kinetic studies for the oxidation rate, are rarely reported.

. Impact of humidity

As polyethylene (PE) photodegrades more rapidly in air than in an inert environment, not only the temperature and irradiation, but monitoring other factors, such as humidity (i.e., water vapor partial pressure) which also affect the degradation of PE, should also be considered. CO 2 partial pressure is an important parameter because the amount of CO 2 generated increases with humidity [START_REF] Sudesh | Humidity dependence of carbon dioxide generation during photodegradation of biaxially oriented polypropylene in oxygen[END_REF][START_REF] Pa Christensen | Infrared spectroscopic evaluation of the photodegradation of paint part i the uv degradation of acrylic films pigmented with titanium dioxide[END_REF][START_REF] Jin | Rapid measurement of polymer photo-degradation by ftir spectrometry of evolved carbon dioxide[END_REF]. Fernando et al. observed CO 2 photogeneration of biaxially oriented polypropylene (BOPP) films [START_REF] Sudesh | Humidity dependence of carbon dioxide generation during photodegradation of biaxially oriented polypropylene in oxygen[END_REF]. They compared two different oxygen conditions in order to monitor photodegradation affected by humidity. One is 'dry oxygen,' which is further dried by silica gel, and the other is 'wet oxygen,' which passes through two water bubblers. As a result, irradiation of BOPP films with 'dry oxygen' exhibited an induction time of around 60 min, whereas with 'wet oxygen,' it eliminated the induction time and increased the rate of CO 2 formation.

Most studies with many types of polymers, such as poly(vinyl chloride) (PVC) and poly(ethylene terephthalate) (PET), incorporate TiO 2 as a stabilizer, but sometimes it is postulated that the stabilizer increases the rate of carbon dioxide generation due to enhanced photocatalysis with the formation of hydroxyl radicals [START_REF] Sudesh | Humidity dependence of carbon dioxide generation during photodegradation of biaxially oriented polypropylene in oxygen[END_REF][START_REF] Pa Christensen | Infrared spectroscopic evaluation of the photodegradation of paint part i the uv degradation of acrylic films pigmented with titanium dioxide[END_REF][START_REF] Jin | Rapid measurement of polymer photo-degradation by ftir spectrometry of evolved carbon dioxide[END_REF]. However, it is also observed that increasing humidity raises the rate of oxidation in unpigmented PE matrix [START_REF] Jin | Rapid measurement of polymer photo-degradation by ftir spectrometry of evolved carbon dioxide[END_REF]. The main reactions come from the decomposition of hydroperoxides, β-scission, and Norrish type I reaction, and therefore acetic acid and acetone are also mainly observed as well as carbon dioxide [START_REF] Delprat | Photooxidation of unstabilized and hals-stabilized polyphasic ethylene-propylene polymers[END_REF]80]. In contrast to thermo-oxidation, where ketones are the main oxidative products, Norrish type I reaction decomposes ketones and produces many acid types products [35]. Therefore, the impact of humidity can also be studied by kinetic studies by comparing the reaction pathways.

. Survey of previous ab initio calculations related to the problem

Theoretical calculations such as ab initio and molecular dynamics simulations are used for various reasons to reinforce or verify the experimental results. These studies calculate optical, electrical, and transport properties and can target some specific oxidative products or reactions. We summarized several remarkable studies on the oxidation of PE from a physical and/or chemical point of view and various materials structures.

Table . -Summary of papers devoted to the study of reactions at the atomic scale [ , , , , , , , , ]

For example, Kysel et al. studied reaction barriers of H-isomerisation such as alkoxy, alkylperoxy, and alkyl radicals for small molecules and compared intramolecular H-shifts and intermolecular H-transfer [START_REF] Kysel | A dft study of h-isomerisation in alkoxy-, alkylperoxy-and alkyl radicals: Some implications for radical chain reactions in polymer systems[END_REF]. The decrease of activation energies was observed with increasing transition state (TS) ring size. Intermolecular H-transfer reactions exhibited smaller activation energies than respective intramolecular reactions. Hayes et al. also reported similar results that 1,5-and 1,6-H-transfers have smaller barriers than the others in the case of alkyl radicals. Some interesting reactions are also observed from intramolecular H-shifts by a peroxy radical. When a hydrogen atom is abstracted from α positions, which is the nearest position to the peroxy radical, the alkyl radical with a hydroperoxyl substituent (α-alkyl-hydroperoxy radical) is very unstable, and it spontaneously leads to the dissociation of O-O bond by forming a ketone and a hydroxyl radical [85]. The observed time by experiments is less than 20 µs, which is consistent with the simulation results [86,87]. The calculated activation energy for this reaction is from 144 to 209 kJ/mol, which is high [START_REF] De | Degradation of peo in the solid state: A theoretical kinetic model[END_REF]88]. The generated hydroxyl radical (°OH) from the O-O dissociation of α-alkyl-hydroperoxy radical can easily abstract a hydrogen atom by forming an alkyl radical and water. In case of i-butane, the calculated barrier for the abstraction is only 0.03 eV obtained by BHandHLYP and MP2 calculations using the 6-311G(d,p) basis set [89]. Therefore, these small radicals, such as hydroxyl and hydroperoxyl radicals, are important as initiators for creating alkyl radicals and accelerating the oxidative degradation of polymers. On the other hand, when a hydrogen atom abstracted moves far from a peroxy radical at γ-position, the activation energy decreases in a range from 85 to 94 kJ/mol [START_REF] De | Degradation of peo in the solid state: A theoretical kinetic model[END_REF][START_REF] Kysel | A dft study of h-isomerisation in alkoxy-, alkylperoxy-and alkyl radicals: Some implications for radical chain reactions in polymer systems[END_REF]. In the case of an alkoxy radical, the activation energy of H-isomerisation strongly decreases from 122.6 to 23.9 kJ/mol by increasing the transition state (TS) ring size.

The activation energies of oxidation reactions are calculated by small molecules or the surface of lamellae structures. de Sainte Claire et al. presented quantitative kinetic data of activation energies and rate constants for polyethylene oxide (PEO) [START_REF] De | Degradation of peo in the solid state: A theoretical kinetic model[END_REF]. Oluwoye et al. also reported the reaction pathway for thermo-oxidation of crystalline PE to elucidate the degradation mechanism of PE [START_REF] Oluwoye | Oxidation of crystalline polyethylene[END_REF] by using Perdew-Burke-Ernzerhof (PBE) xc-functional with linear synchronous and quadratic synchronous transit approaches (LST/QST). The structure was built by a vacuum slab along the [100] Miller index to represent a PE {100} surface. The benefits of crystalline PE structures are that they can consider the activation energy of intermolecular reactions as well as intramolecular ones with optimized structures and the results can be compared with small molecules. Intermolecular reactions in the amorphous phase are expected to show a gaussian distribution of activation energies according to the distance and orientation. Nevertheless, the amorphous phase is studied by isolated molecules or molecular dynamics. For example, Frank et al. investigated the reactions between hydroperoxyl radicals and ketones using Car-Parrinello (CP) molecular dynamics [84]. The reaction could be affected by the direction and kinetic energy of a hydroperoxyl radical by forming different ring sizes. Ceresoli et al. also studied by ab initio molecular dynamics the evolution of an exciton trapped on ketones, double bonds, and carboxylic acids situated on the top of a PE lamellar surface [8]. They found that excitons can be trapped at the carbonyl defects and make radiative recombination, whereas nonradiative electronhole recombination takes place by the vinyl and carboxyl groups, and sometimes it weakens chemical bonds. When the reactions have high activation energies, which cannot be overcome by temperature (i.e., molecular dynamics at temperatures below the melting point) and they are intermolecular reactions, calculations aimed at obtaining energy barriers in crystalline PE would be needed. Although bimolecular reactions are rarely studied in crystalline PE, various kinetic models of reaction pathways have been developed and could also be verified in other environments, such as a surface of crystalline lamellae (i.e., the amorphous-crystalline interface). Therefore, further studies would be essential to elucidate the degradation mechanism of PE as follows: i) comparing the energy barriers of intramolecular reactions between isolated molecules and crystalline PE, ii) calculating the energy barriers of intermolecular reactions in crystalline PE, and iii) elucidating alternative reaction pathways, which were hardly explained by intramolecular reactions, e.g., formation of alkoxy radicals.

. Role of antioxidants

Oxidation of PE occurs at all stages involved in the lifetime of the material. It comes with irreversible changes in chemical composition and has a serious impact on polymer degradation. To retard this oxidation process and increase the lifetime of electric cables, typically low concentrations of antioxidants (AOs) are incorporated into the polymer matrix. Many types of antioxidants have been developed to prevent the oxidation of polymers effectively.

In general, AOs can be divided into two types according to the polymer stabilization mechanism which depends on the chemical structure of the functional groups. The first type is constituted by free radical scavengers (e.g., hindered phenols), also called "primary antioxidants" or "chain-breaking antioxidants" [90, 91]. The main role of the primary antioxidants is to prevent the auto-oxidation of polyethylene by reacting with peroxy radicals or other radical species formed in the propagation step and increase the termination rate to block radical chain propagation effectively [92,93,94,95]. Their stabilization mechanism leads to the termination of the peroxy radicals (POO°) generated by the propagation step by donating the H atoms in the phenol function to radical species through the Htransfer reaction of AO (Fig. 1.12(a)) [10,92,96]. For example, Fig. 1.13 shows that butylated hydroxytoluene (BHT) incorporated in polypropylene (PP) decreases the amounts of oxygen reacted with increasing concentration of antioxidants [START_REF] Decker | Aging and degradation of polyolefins. ii. γ-initiated oxidations of atactic polypropylene[END_REF].

The second type is a hydroperoxide decomposer called a "secondary antioxi- dant." They are responsible for converting hydroperoxide into alcohol, a relatively non-reactive and thermally stable product. In other words, the hydroperoxide decomposer prevents the decomposition of hydroperoxides into alkoxy and hydroxyl radicals, a commonly known decomposition reaction. Alkoxy and hydroxy radicals are highly reactive and act to accelerate PE degradation. Therefore, the key is to retard the auto-oxidation in PE efficiently by converting hydroperoxide to a nonradical product and reducing the initiation rate coming from hydroperoxides. They are often combined with primary antioxidants to provide a synergistic stabilizing effect.

. . Role of antioxidants

Among secondary antioxidants, structures containing a thioether functional group (denoted as -S-for simplicity) are widely used. In particular, distearyl thiodipropionate (DSTDP) has been shown to be effective for polyolefins during the BAS cycle by reducing hydroperoxides as shown in Fig. 1.12(b) [97]. For both the first and second types of antioxidants, the mechanism retarding the oxidation of PE is explained by chemical reactions, and their effectiveness could slightly differ due to the different structures that they contain. Because antioxidants are relatively polar compared to PE, they cannot be dissolved in large amounts, and typically less than 1 wt% of antioxidants are included in semi-crystalline polymers.

Antioxidants are also effective to protect polymer matrix from radiation effect [98]. When polymer chains are submitted to ionizing radiations, excitation and ionization take place, and radicals can come from the evolution of the excited chains by excitation transfer such as Dexter and Förster processes. When antioxidants are incorporated, especially with aromatic (benzene) rings of primary antioxidants, the energy transfer takes place from the aliphatic moiety to the aromatic one, which means aromatic rings bear the excitation energy along the polymer chains as an energy sink [99]. However, because most studies are reported under inert atmosphere or vacuum, the mechanisms of energy transfer in the presence of oxygen should also be studied.

. Motivations and approach

Due to the nature of the operation of nuclear power plants, electrical cables employed here undergo radiation aging. In particular, electrical cable insulation is composed of polymers and are typically degraded by γ-ray or other possible

Figure . -BHT antioxidant retards the oxidation of PP under irradiation condition ( rad/min, °C). It is efficient with increasing concentration of antioxidants. Taken from Ref. [ ]

environments (electrons and neutrons), and degradation is accelerated by reaction with oxygen (i.e., radio-oxidation). This degradation should be seriously taken as it determines the lifetime of the cable. When the polymer is exposed to high energy irradiation, electron excitation initiates oxidation by generating alkyl radicals. Such radical species spontaneously capture oxygen and form peroxy radicals.

Although there is a global consensus as far as the mechanism explaining the formation of peroxy radicals is concerned, the oxidation kinetic pathway from propagation to termination is complex, and various possible routes starting from peroxy radicals explain the overall degradation mechanism of PE.

Among them, many types of polymers, including PE, were studied following the basic auto-oxidation scheme developed by Bolland, Gee, and co-workers in order to describe the oxidation pathways. However, as mentioned in section 1.4 explaining several reactions involving important intermediates such as hydroperoxides, this scheme is problematic from both kinetic and thermodynamic points of view (i.e., high activation energy and positive reaction enthalpy). This is because the basic scheme was originally developed for rubbers and lipids, not for polyolefins. In the case of PE, having saturated carbon chains, the reaction leading to the formation of hydroperoxides needs overcoming an energy barrier of 0.7 eV, and the reaction enthalpy is positive and almost as high. Even assuming that hydroperoxides are produced, the subsequent reaction (decomposition of hydroperoxides) also exhibits high activation energies. Therefore, an overall review of the oxidation mechanism is strongly required, and a careful examination of the energy profile for each reaction should be carried out. An alternative reaction pathway that does not go through hydroperoxide proceeds through the formation of alkoxy radicals from two peroxy radicals. This reaction does not require high activation energy on the lamellar surface and efficiently generates alkoxy radicals. The produced alkoxy radicals can then lead to several reaction pathways, such as chain scission, crosslinking, and formation of ketones. Therefore, many possible reactions involving alkoxy radicals will be discussed in this thesis as these reactions could be competitive with respect to the accepted basic oxidation scheme.

On the other hand, several additives are included in the polymer matrix to protect electrical cable insulation from radio-oxidation. In particular, antioxidants such as those of the Irganox family are widely used and are believed to delay OIT by removing reactive radical species or acting as an energy sink of excitation energy. Therefore, it is necessary to discuss how antioxidants operate within the polymer matrix. The activation energy for the H-transfer reaction between antioxidants and radical species could be calculated (chemical reaction), and the optical properties such as absorption/emission cross section calculation according to the energy bandgap of pure PE, defects, and antioxidants could also be studied. In this thesis, we mainly deal with chemical reactions. This thesis aims to re-visit the overall oxidative reactions resulting in the degradation of PE and study several competitive or controversial reactions. Based on the oxidative degradation mechanism, the role of antioxidants can be deduced and can help understand when they are necessary or which reactions should be blocked by antioxidants to delay OIT. In order to study the oxidative degradation mechanism of PE, we take for granted the initiation steps, which create alkyl radicals, and then focus on several crucial oxidation products. First, we investigate reaction pathways leading to a ketone because it is the majority product and thermodynamically stable on polyethylene chains. Furthermore, ketones are good candidates to study, because thermo-and photo-oxidation degradation are explained by similar kinetic pathways except that, for the latter, further reactions take place after the formation of ketones, so-called Norrish type reactions. The formation of hydroperoxides will also be taken into account, as they have been considered an important intermediate product. Besides, since alkoxy radicals are involved in many reactions, such as the formation of hydroperoxides, chain scissions, and crosslinking reactions, elucidating the role of alkoxy radicals is also important. Therefore, we investigate the formation of alkoxy radicals from the decomposition of hydroperoxides or peroxy radicals. Alkoxy radicals also lead to termination steps, which are stable defects such as ketones and crosslinks. However, comparing the activation energies is required because all these reactions are in competition. As for antioxidants, hindered phenol function of primary antioxidants is envisaged. H-transfer reactions create hydroperoxides but can also give a hydrogen atom to other radical species, such as alkoxy and alkyl radicals. The reactions are examined mostly with butylated hydroxytoluene (BHT).

Another point is the microstructure of PE, which is a semicrystalline polymer, including crystalline, amorphous and interface regions. In order to elucidate the degradation mechanism of PE and the role of antioxidants, we constructed material structures reflecting various local environments: i) a molecular model, ii) a solid, crystalline model, and iii) a lamellar surface model. We approach them through density functional theory (DFT) to calculate formation energy, energy barriers, and a trajectory in configuration space. The detailed methodology is explained in the following chapter. We believe that these results, obtained from calculations at the atomic scale, can be used as a useful database of the energetics of relevant reactions to estimate the lifetime of electrical cables operated in NPPs. The schematic summary of our approach is shown in Fig. 1.14.

Figure . -Study approach to investigate the degradation mechanism of PE and role of antioxidants
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. Introduction

In this chapter, we explain several approaches for optimizing systems and determining equilibrium structures, energy barriers along reaction pathways, and formation energies as the background of our study. Car-Parrinello molecular dynamics (CPMD) is also introduced to investigate the diffusion mechanisms of oxygen or other oxidative reactions. The chapter also describes the computational details used in the study and how PE was modeled using isolated molecules, crystalline solid phase, and the surface between lamellar structures, stressing the importance of the environment in which the reaction takes place. All calculated results were obtained from QUANTUM ESPRESSO (opEn-Source Package for Research in Electronic Structure, Simulation, and Optimization), or QE, which is free software distributed under the GNU General Public License [1]. Based on density functional theory (DFT), plane-wave self-consistent field (PWSCF) calculations can optimize the atomic configuration. Moreover, for more specialized calculations, QE includes other useful packages, for example, i) PWneb: the Nudged Elastic Band (NEB) for energy barriers and reaction pathways, ii) PHonon: Density Functional Perturbation Theory (DFPT) for vibrational properties, and iii) TD-DFPT: spectra from Time Dependent DFPT. Here, we used the packages PWscf, PWneb, and CP. For more information, please refer to Ref. [2].

. Background of DFT

In contrast to top-down approach, which extracts empirical laws by fitting experimental measurements, bottom-up approach relies on quantum mechanical considerations without requiring empirical parameters. This approach, so-called ab initio or DFT (from first principles), requires only a few parameters determined from experiments such as the electron mass, m e , the electron charge, e, the nuclear masses, M I , the permittivity of vacuum, 0 , and the reduced Planck constant, , and finally, it allows 'materials modeling' by making many properties of materials predictable at the atomic scale. In particular, DFT solves an approximate version of the Schrödinger equation that effectively studies various materials or environments, including organic molecules, polymers, metals, surfaces, and interfaces. Historically, Hohenberg and Kohn published the first report on DFT in 1964, entitled 'Inhomogeneous electron gas' [3]. It explained the relationship between the total energy of a many electron system in the ground state and a functional of electron density. However, from a practical point of view, this theorem did not suggest specific methods to construct such functional. While such functional is still unknown useful ways to approximate functionals have been developed, starting

Chapter . Methodology from the single particle Schrödinger-like equations proposed by Kohn and Sham [4]:

[- 1 2 ∇ 2 + V n (r) + V H (r) + V xc (r)]φ i (r) = i φ i (r) ( . )
where appear the external nuclear potential, V n , the Hartree potential, V H , the exchange and correlation potential, V xc , and the kinetic energy, -∇ 2 /2. Each term is given by:

V n (r) = - I Z I |r -R I | 2 ( . ) ∇ 2 V H (r) = -4πn(r) ( . ) n(r) = i |φ i (r)| 2 ( . ) V xc (r) = δE xc [n] δn | n(r) ( . )
Taking a closer look at eqn.2.1, the external nuclear potential, V n , is the Coulomb potential of the nuclei (clamped) experienced by the electrons, and the Hartree potential, V H , is the classical electrostatic potential satisfying Poisson's equation with the electronic charge n(r). These two terms describe electrons as single particle wavefunctions based on the independent electrons approximation, and ignore the Pauli's exclusion principle and the quantum contribution to electronelectron interactions. For further improvement, in order to move to the 'quantum' electrons, we consider the exchange and correlation potential, V xc , which takes into account Pauli's exclusion principle and the interaction of electrons, respectively. Finally, eqn.2.1 is called Kohn-Sham (KS) the equation and form the basis of the Kohn-Sham theory [4] [START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF]. The goal of the theory is to find the ground state, nuclei are classically treated following the adiabatic approximation that decouples the system of nuclei and electrons (see details in 2.3). This equation proposes a very powerful way of calculating various properties of materials starting from the very basic principles of quantum mechanics. If we knew the exact functional E xc [n], we could calculate the exact ground state energy and density using eqn.2.1 and eqn.2.5. However, we do not know what this functional is. We are left with the problem of devising useful approximations of E xc [n].

. Several functionals

Since the introduction of the Kohn-Sham theory, great effort has been dedicated to constructing E xc [n], in order to solve KS equations. Although we do not know the exact E xc [n] yet, we could set a functional depending on our purpose. The choice of the exchange correlation (xc) functional is guided by a compromise between accuracy and computational cost. Several functionals are available today, . . Background of DFT such as the local density approximation (LDA), the generalized gradient approximation (GGA), van der Waals density functional (vdW-DF), and hybrid functionals [5,6,7]. The most commonly used approximations are LDA and GGA. The LDA approximates E xc [n] as a local functional of the density, which means

E LDA xc [n] = n(r) xc (n(r))dr ( . )
Where xc is the exchange-correlation energy per particle of a homogeneous electron gas of charge density n(r). This approximation is simple and, in many cases, a good one. However, due to the local character and the parametrization of a homogeneous system, it is expected to fail in situations where the density changes rapidly, such as in molecules. For the GGA, it could lead to a significant improvement over the LDA by considering the gradient of the electron density; in this case, the exchange-correlation energy can be written as

E GGA xc [n] = E xc [n(r), ∇n(r)] ( . )
This exchange-correlation energy can still be calculated as the integral of a local function, as for the LDA, but it is called a semi-local approximation. In order to improve the calculation of many molecular properties, such as dissociation energies and bond lengths, the exchange-correlation could incorporate a portion of exact Hartree-Fock exchange energy, a so-called hybrid functional. In this thesis, most calculations were obtained with a GGA functional (optB86b+vdW or vdw-df-ob86) containing a long-range nonlocal correlation term, which is known to describe quite well weak interactions [8]. These are important, especially in describing solid PE, where chain-chain interactions are of van der Waals (vdW) type. We also operate the hybrid functional (vdw-df-cx0) [9] including vdW long range correlation part, which is missing in other popular hybrid functionals such as PBE0, HSE, and B3LYP, but only for a few calculations due to a huge computing time.

. Self-consistent calculations

Based on Kohn-Sham equations, we can calculate the total energy of a given structure. The total potential, V tot = V n (r) + V H (r) + V xc (r), determines the unknown eigenfunctions, φ i , and eigenvalues, i . The electron density calculated from the eigenfunctions, φ i , is linked with the potentials, which implies self-consistency. The algorithm is well explained in Fig. 2.1. By specifying the initial nuclear coordinates and assuming the nuclei are fixed, we firstly obtain the nuclear potential, V n . And then, we guess a possible electron density from the potential in order to have the Hartree and exchange and correlation potentials with a functional that we chose for the total potential. From the total potential, we can obtain the eigenfunctions and the charge density. This process is 'self-consistently operated until the new and old density reach the convergence threshold.
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Figure . -DFT self-consistency algorithm [ ]

. Equilibrium structures

The equilibrium structure of a material is obtained by relaxing the atomic positions in the framework of DFT (at T = 0) in order to find the minimum of the potential energy surface. The equilibrium structures are reached when the total force acting on each nucleus totally cancels out so that the configuration of the nuclei does not change.

The forces on each of the M atoms (of coordinates R 1 , ..., R M ) are computed at the end of the self-consistent loop thanks to the Hellmann-Feynman theorem:

dE dR I =< φ i | dH dR I |φ i > ( . )
which tells us that the force on atom I, i.e., the derivative of the total energy to the coordinate R I , can be calculated as the expectation value of the derivative of the Hamiltonian, without the need of knowing the derivative of the single particle wave functions φ i . As we know the analytic derivative of the ionic potential (in our case, a pseudopotential), the calculation of forces is straightforward once we know the electron density, n(r), obtained as explained in the section 2.2.2, we could calculate the forces on all the M atoms in our system. Then we adopt the updated atomic positions and compare new positions and old positions. The calculations are terminated when all forces are below a certain fixed threshold. The last atomic positions are the positions of the system's equilibrium configuration.

The algorithm is illustrated in Fig. 2.2.

. Energy cut-off

To solve KS differential equations, we use a plane-wave (PW) expansion of the one-electron wave-functions. In theory, the plane-wave basis set is composed of an infinite number of elements. However, for the purposes of calculation, the practical solutions in reciprocal space should involve the use of a finite basis set.

It means that we should set a maximum number of basis functions by fixing an energy cut-off [11]. In other words, the kinetic energy of a plane wave of wave vector k + G at each k-point must be lower than a maximum cut-off:

1 2m e |k + G| 2 < E cut ( . )
where G is a vector of the reciprocal lattice. We could set high cut-off energy to increase the number of basis functions to make a more accurate calculation; however, the higher E cut , the higher cost of computing resources is required. Therefore, finding an optimal cut-off energy value for each system is necessary. In practice, because the basis set would require a huge number of elements to describe the core electrons around the nuclei, we can consider only the valence electrons, which are the most sensitive to the chemical environment and we neglect the core electrons, which are tightly bound to the nuclei (the pseudopotential approximation). For PE, 60 Ry cut-off energy ensures a reasonably good convergence with the selected pseudopotentials (Fig. 2.3) When the atomic positions are relaxed by the algorithm shown in Fig. 2.2, 60 Ry appears slightly away from the converged E cut , and the energy difference from 70 Ry is 0.4 eV (Fig. 2.3). Although the larger energy, such as 80 Ry is required for the convergence, it is much more important to approach the calculations in terms of relative energies rather than absolute energies, especially considering that most of the calculations considered in this thesis are NEB and formation energy. Therefore, additional convergence tests are needed to determine the appropriate . . Background of DFT energy required for both calculations. It should also be noted that the computation time required increases as the energy increases.

First, to proceed with the convergence test according to E cut , the formation energy of double bond (C 4 H 8 ) was calculated using vdw-df-ob86 and vdw-df-cx0 functionals. The calculated results in Fig. 2.4 show that 60 Ry is a reliable value as it does not have a significant difference compared to higher energies. Next, NEB calculations also exhibit reasonable results. The calculation results of the activation energy required for the intramolecular H-transfer reaction in 2-3 alkyl radicals (C 4 H 9 ) are shown in Fig. 2.5(a), and the activation energies are well converged from 50 Ry. Fig. 2.5(b) shows that, as mentioned earlier, the higher E cut , the more computing time is required. Therefore, based on these convergence test results, we believe that 60 Ry is an appropriate value that can be used in the calculations covered in this thesis.

Figure . -Formation energy of a double bond in an alkane chain with four carbon atoms as a function of the plane-wave energy cut-off, for two xc-functionals. The formation energy is obtained by

E C 4 H 8 f orm = E(C 4 H 8 ) -E(C 4 H 10 ) + E(H 2 ).
See details in Section .

. k-point convergence

In periodic boundary conditions, the problem of convergence in k points is directly related to a numerical limitation: computation of integrals. Indeed, to calculate an electronic density, it is necessary to integrate the wave function of the system on the Brillouin zone (BZ). These integrals must be performed on a discrete grid of k points in the reciprocal space. The accuracy and computing time of the calculation of integrals depends on the size of the chosen k-point grid. Therefore, the optimal size of the grid should result from a trade-off between computing time and required accuracy. We consider grids of dimensions N×N×N where the size N represents the number of k points in each of the three Cartesian directions.

For a unit cell of the orthorhombic crystal containing 12 atoms, we sampled the BZ with a 3×3×6 Γ-centered Monkhorst-Pack mesh [12]. In Fig. 2.6, we could see that the convergence of the energy vs. k-point grid size is slower along the z-axis, which is the chain direction of PE. To model isolated defects in the solid, we used a 2×1×4 supercell containing 96 atoms; for it, we employed a 2×3×2 Γ-centered Monkhorst-Pack mesh because the volume of the real space varies as the inverse of the volume of the reciprocal space. . . Nudged Elastic Band (NEB) Calculation

. Nudged Elastic Band (NEB) Calculation

In order to investigate the reaction pathways of polyethylene degradation, it is important to predict energy barriers and transition states because the reaction rate coefficient (k) is a crucial quantity for kinetic studies and determines the main reactions among the possible competing reactions. In particular, the rate constant is commonly expressed through an Arrhenius equation with activation energy E a as follows:

k = Ae -Ea k B T ( . )
where appear also the Boltzmann constant, k B , and the pre-exponential factor, A. Eqn. 2.10 turns out to well represent in many cases a more general form, known as the Eyring equation, derived from statistical mechanics and Transition State Theory, where instead of the E a appears the Gibbs activation free energy of activation, expressed by ∆G ‡ = ∆H ‡ -T ∆S ‡ , where ∆H ‡ is the enthalpy of activation, and the ∆S ‡ is the entropy of activation ( ‡ is to specify at the transition state). Therefore, we can develop eqn. 2.10 as follows:

k = κk B T e ∆S ‡ k B e -∆H ‡ k B T ( . )
where κ is the rate coefficient. Eqn.2.11 can be written in logarithmic form as:

ln k T = -∆H ‡ R 1 T + ln κk B + ∆S ‡ k B ( . )
In this thesis, we perform mostly DFT calculation T = 0K (Kelvin), and we do not add a temperature dependent vibrational entropy term, neglecting thus entropic contribution to the activation barriers. This is a reasonable approximation in many cases, using a fixed prefactor as in eqn.2.10.

Calculations of activation energy are performed using the nudged elastic band method [13]. This method aims to find saddle points and minimum energy paths from a complex energy landscape between reactants and products for which we already calculated equilibrium structures. Between these initial and final structures, a number of intermediate configurations, called images, are set by linear interpolation and subsequently optimized. The number of images is a parameter that the user can modify to improve the calculation. As for other parameters, there is a trade-off between accuracy and time. At each NEB iteration, the total energy and the forces are calculated for each image to find the lowest energy while maintaining equal spacing between neighboring images. This is possible by adding spring forces between images by keeping control of the distribution of the images. Therefore, the total force acting on an image is the sum of the spring forces along the local tangent and the true force perpendicular to the local tangent, which follows as:

F i = F s i | -∇E(R i )| ⊥ ( . )
Chapter . Methodology Where the spring force is F s i | and the true force is ∇E(R i )| ⊥ . For more accurate determination of saddle points, we applied the climbing image algorithm in order to drive the highest energy image to the saddle point. The details of the method can be found in Ref. [13]. During iteration steps, a transition state is converged to find the minimum energy, and it is not fully relaxed due to spring force. Each image could be visualized by calculation, which is one of the advantages of NEB. The obtained activation energy is 1.79 eV.

. Formation energy

In order to determine the formation energies in our system, we need to calculate the total energy of its equilibrium structures and its constituent parts. The calculation of the formation energy of a compound with respect to the isolated constituents is then written:

E f orm = E tot - x E tot (x) ( . )
Where E f orm is the energy required to dissociate the material into its individual components, x. For hydrocarbon compounds such as C n H m , the formation energy could be given by

E CnHm f orm = E tot -nµ C -mµ H ( . )
.

. Calculation details

Where µ C and µ H are chemical potentials of reference. In the case of peroxy radical, or other localized modifications of the alkane chain, that we consider as point defects, we take the formation energy with respect to the alkane chain without the defect, using as chemical potentials for extra hydrogen or oxygen atoms their energy in the gas phase (H 2 and O 2 ).

For example, when we calculate the formation energy of the peroxy radical (C n H 2n+1 O 2 ), the equation is as follows:

E CnH 2n+1 O 2 f orm = E(C n H 2n+1 O 2 ) -E(C n H 2n+2 ) + 1 2 E(H 2 ) -E(O 2 ) ( . )
The results of calculated formation energies are summarized in Table 2.1. To calculate the formation energy of peroxy radicals, we chose two positions when oxygen reacts in the middle or at the end of the alkyl chain and we vary the length of the chain from C 4 H 9 O 2 to C 20 H 41 O 2 . All energies are negative, which means that the formation of peroxy radicals is exothermic. -.

-.

. Calculation details

We modeled three PE structures. One is simply made by isolated molecules of varying chain lengths to represent unimolecular reactions occurring in low density regions of the amorphous phase. The second one is crystalline PE (orthorhombic mesh), where uni and bimolecular reactions can occur. The third one, which we call lamellae surface, is a slab mimicking the interface between two crystalline regions, with bent polymer chains at the crystal surfaces. We will call them in the following as molecular, crystalline lamellae, and lamellar surface models, respectively. For molecular models, we used body-centered tetragonal unit cells in order to maximize the chain ends distance between periodic images of the molecules; the unit cells were 40 × 40 bohr wide in the plane perpendicular to the chain, and they exceeded the length of the molecules in the direction parallel to the chain so 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 BZ with a 3 × 3 × 6 Γ-centered regular k-point mesh. To model isolated defects in the solid, we used a 2 × 1 × 4 supercell (containing 96 atoms plus defects), and we employed a 2 × 3 × 2 Γ-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 = 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 [14]. The detailed process to construct the models is included in Appendix A. Pseudopotentials, norm-conserving (nc) for C and H and both nc and ultrasoft for oxygen, were generated as described in Ref. [15] and used with the optB86b+vdW exchange-correlation (xc) functional [8]. 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. 

. Ab inito molecular dynamics (AIMD)

In order to understand the motion of the molecules with the finite temperature, ab initio molecular dynamics is a useful methodology for the free energy calculation because basic potential energy surface analysis by DFT assumes T = 0K. The goal of AIMD, as well as classical MD, is to predict atomic trajectories in time by solving Newton's equation of motion from the initial positions and velocities through the calculation of the total energy and forces for the given number of atoms in the structure. By choosing a time interval the small enough ∆t for the first order of Taylor expansion, we can get the next position of the atoms, and the calculation can be iterated. In contrast to classical MD, AIMD takes into account, from the point of view of quantum mechanics, the modifications of the electronic states induced by atomic motion and, at the same time, the influence of these evolutions on atomic forces.

There are two main approaches to AIMD (using DFT and a plane wave basis set); one is Born-Oppenheimer molecular dynamics (BOMD), and the other is Car-Parrinello molecular dynamics (CPMD). While BOMD solves the Kohn-Sham

. . Ab inito molecular dynamics (AIMD)

equations at each iteration, CPMD assigns a fictitious mass to the electronic wave functions (in such a way as to decouple the electrons and the nuclei, i.e., adiabatic process) and evolves them in time as for atomic positions. This is a very powerful method because it does not require fully solving DFT equations at each time step.

-Oxidation of PE: from the initiation step to ketones

In this chapter, as a part of the overall oxidation process, we approach the reactions from the initiation step to the formation of ketones. Because ketones are the dominant products of thermo-and photo-oxidation, it is important to investigate the reaction pathway for the formation of ketones. Moreover, the conventional reaction scheme generated from a hydroperoxide is not plausible due to the high activation energy, so other reaction pathways should be considered.

On the other hand, the formation of hydroperoxides, which are regarded as important intermediate products, is also discussed with various aspects (intra-, intermolecular reactions, w/ and w/o defects). In general, the formation of hydroperoxides is described as an H-abstraction reaction. However, the alkyl radical formed as the final product is very unstable, as it has an energy value similar to the transition state, implying that the reaction cannot occur efficiently because the backward reaction is much more probable than the forward one. As alternative paths, one possibility would be that defects stabilize the alkyl radical produced together with hydroperoxides [1], or that other radical species such as a hydroxyl radical (°OH) and hydroperoxyl radical (°OOH) could engage in the reaction to form hydroperoxides.

. Initiation step

In general, the initiation step describes the formation of the first radicals (i.e., alkyl radicals), which subsequently react with oxygen or other radical species, causing oxidative degradation of PE. The reported C-H bond dissociation energies from methane to propane are in the range of 407.6 -439.7 kJ/mol (4.25 -4.58 eV) from experiments, and 397.5 -437.6 kJ/mol (4.14 -4.56 eV) from calculations [2,3]. In the case of C-C bond, the energy is in the range of 250 -375 kJ/mol (2.59 -3.89 eV) from experiments [4,5,6] and 345.6 -376.3 (3.58 -3.9 eV) from calculation at zero strain [5,7]. While we consider that alkyl radicals are formed through the C-H bond dissociation by γ-irradiation (Reaction 3.1), we also include other reactions which possibly take place as follows:

P H → P • + H • ( . ) P H → 2P • + H 2 ( . ) P H → 2P • ( . )
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P H + O 2 → P • + • OOH ( . )
where PH, P°, and °OOH represent secondary alkyl chain, alkyl, and hydroperoxyl radicals, respectively. The calculated energy profiles are shown in Fig. 3.1. The activation energy of reaction 3.2 is of the same order of magnitude of reaction 3.1 because the reaction is also caused by C-H bond dissociation. However, a further reaction is possible following the latter, which is the formation of an oxygen molecule and a double bond (P • + H • → P=P + H 2 ); this reaction was not investigated in this thesis, but should be checked in the future, to better understand the formation of transvynilenes and hydrogen release. The activation energy of reaction 3.3 also exhibits the similar value with the references [5,7]. Reaction 3.4 has a lower activation energy, but the backward path along the reaction coordinate does not have a barrier, which means that a hydroperoxyl radical easily loses a hydrogen atom to an alkyl radical unless the product diffuses after the reaction. Previously reported energies for this reaction are in the range of 1.3 -1.95 eV [8,9] . . Formation of hydroperoxides

. Formation of hydroperoxides

3.2.1 . Peroxy radical After alkyl radicals are produced in the initiation step, oxygen can be captured without any energy barrier at a -°CH-site by forming a peroxy radical in the propagation step (reaction 3.5).

P • + O 2 → P OO • ( . )
where POO°represents a peroxy radical. For the molecular model, we calculated the energy profile by varying chain lengths and the position of alkyl radicals where oxygen is captured (approximately in the middle of the molecule or at the chain end) (Fig. 3.2(a) and 3.2(b)). The formation of peroxy radicals is a spontaneous reaction without an energy barrier for all environments (alkyl chains, crystalline PE, and lamellae surface) and has a high exothermic enthalpy (Fig. 3.2). The values are 1.78 eV (chain centre, average), 1.75 eV (chain end, average), 2.36 eV (PE crystal), and 1.46 eV (lamellae surface). These high values of enthalpy mean that the products are stable and do not spontaneously dissociate after the reaction.

. Conventional pathways

After the formation of peroxy radicals in the propagation step, it is generally described that the peroxy radicals lead to the formation of hydroperoxides by abstracting a hydrogen atom and forming radical centers as final products. Two reaction pathways, inter (3.6a) and intramolecular (3.6b -3.6d) H-abstraction, could be considered. The formed radical center influences the possible following steps of oxidative degradation. For example, it can react with oxygen or other neighboring radical species. Several possible positions of a hydrogen atom abstracted are as follows:

P OO • + P H → P OOH + P • (inter) ( . a) P OO • + P H → P OOH + P • (intra, γ) ( . b) P OO • + P H → P OOH + P • (intra, β) ( . c) P OO • + P H → P OOH + P • (intra, α) ( . d)
Where POOH represents hydroperoxides. For the intermolecular H-abstraction, a peroxy radical grabs an H atom in adjacent polymer chains to form a hydroperoxide. We selected the closest H atom to the peroxy radical in crystalline PE in order to calculate this intermolecular H-abstraction (reaction 3.6a, Fig. 3.3). The molecular model is not involved in intermolecular reactions because the model only reflects isolated molecules.

For the formation of a hydroperoxide by H-abstraction from the same alkyl chain (i.e., intramolecular reaction); it is labeled γ, β, and α depending on its Fig. 3.5 shows calculated activation energies for both molecular and solid models. The activation energy of H-abstraction from the γ position has the lowest values among the intramolecular H-abstractions: it amounts to 0.84 eV and 0.82 eV for the molecular and the solid model, respectively, (Fig. 3.5a and b). H-abstraction from β position shows higher energy barriers of 1.37 eV and 1.41 eV for the molecular and the solid model, respectively (Fig. 3.5c and d). γ and β H-abstraction both are endothermic, which means that a reverse reaction is more likely than the forward one (0.13 eV and 0.14 eV for γ position and 0.61 eV and 0.59 eV for β position), reducing the effective rate constant of hydroperoxide production. In contrast, α hydrogen abstraction is exothermic, with the final equilibrium structure being much more stable than the other reactions. However, reaction 3.6d forms a ketone and a water, not hydroperoxides, because the O-O bond of the intermediate state, α-alkyl-hydroperoxy radical, is very unstable and spontaneously dissociates. Although the reaction directly leads to the initially targeted ketone product, the high activation energy of the reaction (1.71 eV for the molecular model and 1.54 eV for the solid) indicates that it is unlikely to occur. Nevertheless, this reaction presents interesting steps that may suggest the reactivity of hydroxyl radicals in crystalline PE. In contrast to reaction 3.6b and 3.6c, which show the same product between molecular and solid models, reaction 3.6d produces final products in crystalline PE that differ from the molecular model: ketone, alkyl radical, and water. During the reaction, a hydroxyl radical is generated from the dissociation of P°O-OH (ketone formation) and reacts with a hydrogen atom from other adjacent polymer chains to form an alkyl radical and a water molecule in crystalline PE. This additional process occurs spontaneously, as seen in structural relaxation in Fig. 3.6. Although the instability of α-alkyl-hydroperoxy radical and the reactivity of hydroxyl radical have already been investigated in simple molecular systems, not much has been done concerning these reactions in crystalline polymers nor their Chapter . Oxidation of PE: from the initiation step to ketones Since the lowest activation energy among the intramolecular reactions is found for the H-abstraction from γ position, the energy profiles are compared with the intermolecular reaction on the lamellae surface (Fig. 3.7). In the intermolecular reaction, despite a slight decrease in the activation energy from 0.72 eV to 0.65 eV, the difference between activation energy and enthalpy was rather reduced from 0.13 eV to 0.1 eV. This means that the H-abstraction reaction hardly occurs in any en- 

. Alternative pathways

In the previous section, we discussed the conventional reaction pathways of the formation of hydroperoxides. There were two pathways from intermolecular and intramolecular reactions. However, the calculated activation energies were relatively high; the lowest barrier was 0.65 eV from the intermolecular reaction on the lamellae surface, to take place in normal condition. In addition, all energy profiles showed high endothermic reactions because reverse path barriers are lower than forward path ones and decrease the reaction rates. Therefore, the reactions for the formation of hydroperoxides are not well explained from both kinetic and thermodynamic points of view. From the thermodynamic points of view, Gryn'ova et al. studied the stabilization of an alkyl radical center to decrease the energy of the final products and make exothermic reactions, which are thermodynamically favorable [1]. An adjacent double bond, which features a π bond, can stabilize a single unpaired electron by forming a resonance structure. Therefore, by considering possible oxidative products in PE, we take into account six types of defects, which contain double bonds, lone pair electrons (esters), the combination of them (enone), and methyl group (Fig. 3.8).

Figure . -Six types of defects for the stabilization of an alkyl radical centre. (a) double bond, (b) ketone, (c) enone, (d) ester, (e) ketone + ether, and (f) methyl substituent (forming a tertiary radical). Position of alkyl radicals are marked by red circles

Therefore, reaction 3.6a can be modified by the formation of hydroperoxides in presence of defects as follows:

P OO • + * P H → P OOH + * P • ( . )
where the * indicates the presence of a defect. Energy profiles for reaction 3.7 in crystalline PE with various defects are shown in Fig. 3.9. Compared to the alkyl radical center formed by the saturated carbon (0.72 eV), double bond, enone, and ketone+ether decrease the barriers. In addition, these energy profiles show exothermic reactions. Based on the calculated results in crystalline PE, we picked the defects (double bond and enone), which have low activation energies, and the calculated activation energy of the same structure on the lamellae surface (Fig. 3.10. The calculated activation energy is further decreased from 0.65 eV (saturated chain) to 0.48 eV (double bond) and 0.53 eV (enone), although it is a slightly endothermic reaction; a rough estimation of the rate constant in the case of the double bond gives 9×10 4 s -1 at 300K, i.e., at least three orders of magnitudes higher than without a double bond. Therefore, the energy profiles show that the defects effectively stabilize the alkyl radical center in the final state and decrease activation energies.

On the other hand, Chen et al. proposed another alternative pathway for the formation of hydroperoxide from a hydroperoxyl radical based on atmospheric chemistry [10,11,12].

Figure . -Calculated energy profiles of H-abstraction reactions with six types of defects for the stabilization of an alkyl radical centre (crystalline PE). (a) double bond, (b) ketone, (c) enone (black line: alkyl on double bond side, red line: alkyl on carbonyl side), (d) ester (black line: alkyl next to the carbon atom, red line: alkyl next to the oxygen atom), (e) ketone + ether, and (f) methyl substituent (forming a tertiary radical)

.

P OO • + HOO • → P OOH + O 2 ( . )
The reactions show barrierless energy profiles (Fig. 3.11). In particular, oxygen molecules are recreated after the reaction so that they can trigger other reactions, such as the formation of peroxy radicals, and the latter can abstract a hydrogen atom again and form hydroperoxides. However, abstracting a hydrogen atom from 

. Formation of ketones

After their formation, hydroperoxides can be broken down in the chain branching step by three main decomposition reactions.(reaction 3.9 -3.11) [13,14,15,4].

P OOH → P O • + • OH ( . ) P OOH + P H → P O • + P • + H 2 O ( . )
. . Formation of ketones

2P OOH → P OO • + P O • + H 2 O ( . )
Where PO°and °OH represent alkoxy and hydroxyl radicals. The first reaction is a unimolecular PO-OH bond cleavage, in which a single hydroperoxide O-O bond is broken. (reaction 3.9). The activation energy would be similar to the O-O bond strength because other species such as alkyl chain, oxidative products, and radicals are not involved in the reaction, and various activation energy estimations for this reaction have been proposed in both experimental [16,17,18,19] and theoretical calculations [20,21,22,23].

Experimentally the energies are between 0.7 eV and 1.6 eV, and theoretical calculations show slightly higher values from 1.8 to 2.1 eV with different levels of theory. As shown in Fig. 3.12, the reaction that we calculated also shows the high activation energy (2.09 eV for the solid model and 2.04 eV for the surface 

P OOH → P O

• + P • + H 2 O → P OH + 2P • + H 2 O ( . )
Where POH represents an alcohol. That is, when a hydroperoxide is decomposed by Reaction 3.12, it forms an additional alkyl radical chain that can participate in oxidation reactions. These alkyl radicals can diffuse along or across the chain. Otherwise, the alkyl radicals will react with oxygen to form a peroxy radical (3.5). As the concentration of hydroperoxides increases, bimolecular reactions (3.11) also begin to take place. However, the calculated activation energy is relatively high to account for the decomposition of hydroperoxides (1.54 eV for the solid model, and 0.91 eV for the surface model) and endothermic reaction, similar to PO-OH bond cleavage reactions (reaction 3.9). Nevertheless, the peroxy radicals and alkoxy radicals produced after the reaction can proceed toward a reaction that produces ketones and hydroperoxides. To calculate this reaction, we assumed that the generated water molecule has diffused far away, and then we optimized the structure again only with a peroxy and alkoxy radical. The peroxy radical then abstracts a hydrogen atom attached to the alkoxy radical to form a ketone (reaction 3.13). Although the activation energy is low (0.20 eV, solid model) and the reaction has high exothermic enthalpy, note that the previous reaction (reaction 3.11) is unlikely to occur due to the high activation energy. In the case of the lamellar surface, the reaction is structurally difficult to take place because an alkoxy radical affects an H atom while a peroxy radical abstracts it, which makes high activation energy (Fig. 3.15).

P OO • + P O • → P OOH + P = O ( . )
Where P=O represents ketones. andc). The activation energy is not far from that of reaction 3.9, describing the dissociation of a PO-OH bond, whereas the reaction 3.14 is strongly exothermic.

As a result of examining the three main decomposition reactions of hydroperoxides (i.e., unimolecular PO-OH bond cleavage, pseudo-unimolecular POOH decomposition, and bimolecular POOH decomposition) (reaction 3.9 -3.11) and unimolecular POOH decomposition (3.14), it was found that most reactions showed the high activation energy (0.91 -2.06 eV) despite having exothermic enthalpy. It means that the decomposition of hydroperoxide itself hardly occurs regardless of uni or bimolecular reactions, so other reaction pathways should be considered. Other possible reactions can take place when a tertiary hydrogen atom is attacked by other species and abstracted by forming an α-alkyl-hydroperoxy radical; such reactions are suggested by the previously observed instability of the P°O-OH radical in the H-abstraction reaction (reaction 3.6d), where the P°O-OH bond is spontaneously decomposed, and ketones are formed. Therefore, we considered hydroxyl, peroxy and alkyl radical species that can attack a tertiary H atom. The hydroxyl radical has high reactivity and easily abstracts an H atom from the alkyl chain. The reported rate constants for hydroxyl radicals abstracting H atoms are in the range of 10 12-13 cm 3 mol -1 s -1 [23]. This is because the highly reactive hydroxyl radical easily removes an H atom from alkyl chains; similar rate constants are reported by experimental estimations for °OH radical H-abstraction reactions with alkyl hydroperoxides [25,[START_REF] Mark A Blitz | Wavelength dependent photodissociation of ch3ooh: Quantum yields for ch3o and oh, and measurement of the oh+ ch3ooh rate coefficient[END_REF][START_REF] Ghanshyam | Kinetics and mechanism of oh reaction with ch3ooh[END_REF]. Furthermore, the amount of hydroperoxides decomposed by hydroxyl radicals under thermal conditions can reach 54% of the total hydroperoxide decomposition channels [23]. Moreover, since the size of °OH radical is smaller than O 2 , the permeability of hydroxyl radicals in PE is expected to be relatively higher than that of oxygen [START_REF] Rogers | Polymer permeability[END_REF]. H-abstraction of a tertiary site hydrogen atom in crystalline PE would form additional products as shown in Reaction 3.6d. Therefore, we calculated the reaction by placing a hydroxyl radical next to a hydroperoxide at the primary and tertiary sites for reactions 3.15a and 3.15b here below, respectively, by taking into account that different reaction sites may give rise to different products:

P OOH + • OH → P OO • + H 2 O (primary site) ( . a) P OOH + • OH → P = O + H 2 O + • OH (tertiary site) ( . b)
Reaction 3.15a leads to a peroxide radical and a water molecule as the hydroxyl radical abstracts the primary H atom. For reaction 3.15b, an intermediate αalkyl-hydroperoxy radical and a water molecule are formed as the hydroxyl radical abstracts the tertiary H atom of the hydroperoxide. Because the P°O-OH bond is very unstable, the O-O bond breaks down immediately to form ketones and hydroxyl radicals. Both of these reactions take place spontaneously.

Since the positions of the hydroperoxide and the hydroxyl radical are randomly determined in the initial state, in order to check the reactivity according to the initial position, we performed the relaxation of the structures at various distances between the tertiary H atom of the secondary hydroperoxide and the oxygen atom of the hydroxyl radical. Regarding the capture of the H atom by the oxygen atom, the reactions take place during the relaxation, which means that there are no barriers to be overcome to trigger the reaction. The detailed description regarding the reactivity is discussed in Appendix D.2 with ab initio molecular dynamics. We also verified the spontaneous H-abstraction by °OH radicals by confirming the energy profile calculated by the structural relaxation with hybrid functional calculations. Fig. 3.17 shows the intermediate process during structural relaxation (reactions 3.15a and 3.15b) where the hydroxyl radical abstracts the H atom and the P°O-OH bond breaks down, meaning that the reaction occurs spontaneously. In particular, it can be seen in reaction 3.15b that a hydroxyl radical is obtained again as a product, which means that this hydroxyl radical can successively react with other alkyl chains or defects in crystalline PE as shown in reaction 3.6d. This is important because the reaction is consecutive and spontaneously produces alkyl radicals and ketones.

The reaction process taking place during the structural relaxation of reactions 3.15a and 3.15b in crystalline PE is shown in Fig. 3.18. Fig. 3.18a-c shows the same product as its molecular model, but reaction 3.15b shows, as mentioned earlier, that the hydroxyl radical decomposed from the P°O-OH bond abstracts an H atom from another alkyl chain by forming an alkyl radical and a water molecule (Fig. 3.18d-i). The overall reaction process of reaction 3.15b in crystalline PE proceeds as follows:

P OOH + • OH → P • OOH + H 2 O → P = O + P • + 2H 2 O ( . )
One could suspect that a tertiary H-abstraction reaction of a hydroxyl radical might occur with other radical types. Among them, we considered peroxy and alkyl radicals abstracting a tertiary H atom in the same way as a hydroxyl radical. The reactions were calculated in crystalline PE (Fig. 3.19).

P OOH + P OO

• → P OOH + P = O + P • + H 2 O ( . ) P OOH + P • → P H + P = O + P • + H 2 O ( . )
Reaction 3.17 is not spontaneous and has a relatively high activation energy, but it is noteworthy that hydroperoxide is regenerated during the reaction. This is important because a constant rate of formation is observed in the early stages of oxidation [START_REF] Petrøuj | Mechanism of ketone formation in the thermooxidation and radiolytic oxidation of low density polyethylene[END_REF][START_REF] Gugumus | Physico-chemical aspects of polyethylene processing in an open mixer. part 16: Mechanisms and kinetics of ketone formation at low temperature[END_REF]. Reaction 3.18 shows an even higher activation energy of 1.54 eV. This means that an H abstraction at the tertiary site is not significantly affected by alkyl radicals located in neighboring polymer chains. Therefore, considering the calculated activation energies, the reactivity is concluded in the order of hydroxyl, peroxy, and alkyl radicals, and all reactions show high exothermic enthalpy. 

. Summary and Conclusions

All calculated activation energies are summarized in Table 3.1. Degradation mechanisms leading to PE oxidation were investigated by calculating activation energies in small molecules, crystalline polyethylene, and on the surface between lamellae structures. We studied three main parts of the oxidation process: (i) the

Chapter . Oxidation of PE: from the initiation step to ketones

Table . -Summarized NEB calculations for oxidative reactions initiation step, (ii) the formation of hydroperoxides from peroxy radicals, and (iii) the formation of ketones. While we assumed that alkyl radicals are produced under the possible irradiation conditions (e.g., γ-rays, electrons, swift heavy ions) in nuclear power plants, we also considered other initiation reactions such as chain scission or formation of alkyl radicals by oxygen. After alkyl radical production, oxygen reacts spontaneously with the radicals, although diffusion of the alkyl radicals in PE matrix could be limited due to the high activation energy.

Reaction pathways of hydroperoxide formation were considered in various aspects. Since it has been reported that the previously suggested reaction pathways (basic auto-oxidation scheme) involve a key reaction which has high activation energy and positive enthalpy, we checked whether the local environment (crystalline, surface) could reduce energy barriers; we also checked the possible influence of nearby defects. In the basic auto-oxidation scheme, from peroxy radicals, hydroperoxides are formed by intramolecular or intermolecular H-abstractions on saturated alkyl chains. We considered the H-abstraction from α, β, and γ positions. Among the intramolecular reactions, abstraction from the γ position has the lowest acti-vation energies, which are 0.84 eV, 0.82 eV, and 1.04 eV for molecular, solid, and surface model, respectively. The energy barriers of intermolecular H-abstraction are 0.72 eV and 0.65 eV for the solid and the surface model, respectively, exhibiting slightly lower activation energies. Still, the activation energies are relatively high and reactions and endothermic; thus, to account for the experimentally measured concentration of hydroperoxides we considered alternative pathways. One of the proposed strategies is to stabilize the product, the alkyl radical center, through nearby defects, to trigger an exothermic reaction that is thermodynamically favorable. Six types of defects were considered, and among them, double bonds exhibited a large amount decrease of the activation energies from 0.65 eV to 0.48 eV as well as the enthalpy from 0.55 eV to 0.10 eV on the lamellae surface, although the reaction is slightly endothermic. Another possible strategy is to consider the role of hydroperoxyl radicals. They can spontaneously give a hydrogen atom to a peroxy radical to form a hydroperoxide and oxygen. The reaction creates an oxygen, which can lead to further oxidation in PE matrix. However, as the activation energy for the formation of hydroperoxyl radicals amounts to 1.45 eV, the question about the concentration or the origin of hydroperoxyl radicals remains. One possibility, that could be investigated, is that • OH species come from hydrolysis of water initially present in PE.

On the other hand, some calculations showed further reaction paths, which are not shown in the molecular model, such as reaction 3.6d (H-abstraction from α position), 3.9 (PO-OH bond cleavage), and 3.15b (POOH decomposition through °OH radical), have different outcomes between crystalline PE or an isolated alkane molecule. In particular, in the presence of hydroxyl radical, the activation energy of the decomposition of hydroperoxide varies largely. Without the hydroxyl radical, the reaction of pseudo unimolecular decomposition of hydroperoxides in crystalline PE showed the minimum activation energy of 1.02 eV. For isolated molecules, the activation energy of the unimolecular dissociation of PO-OH is much higher, 2.09 eV. This implies that hydroperoxides are not easily decomposed themselves. In contrast, H-abstraction by hydroxyl radical is spontaneous regardless of its position in the crystal and on an alkane molecule. Especially, H-abstraction from a hydroperoxide at the tertiary site leads to successive reactions with other alkyl chains and finally leaves an alkyl radical chain. Comparing the energy of C-H bond dissociation in pure crystalline PE, which is up to 439.7 kJ/mol, this mechanism forming alkyl radical chains is much more favorable. Therefore, we conclude that even in the presence of low concentrations of hydroxyl radicals, their role is important, and the reactions that they induce can lead to severe degradation of PE matrix.

In the previous chapter, we studied the overall oxidative reaction pathways from the initiation step to the formation of ketones. Although we focused on the pathways for ketones, which are the majority oxidative products, many other reactions could branch into other termination products. In this chapter, we consider that the reactions until the formation of peroxy radicals and hydroperoxides occur following the same reaction pathway as in the previous chapter, and we study other reactions that can occur from them. In particular, since the activation energy of the formation of hydroperoxides was estimated (both experimentally [1] and theoretically to be around 0.7 eV [2]), other reactions, which bypass the formation of hydroperoxides, could also be considered.

Nevertheless, once it is assumed that hydroperoxides are formed during oxidation, or initially included during polymerization [3], according to the BAS, hydroperoxides are decomposed by three main reaction pathways -as chain branching steps-by forming radical species: i) an alkoxy radical and a hydroxyl radical (POOH → PO°+ °OH, unimolecular decomposition, reaction 3.9), ii) an alkoxy, an alkyl radical, and a water molecule (POOH → PO°+ P°+ H 2 O, pseudo-unimolecular decomposition, reaction 3.10) and iii) a peroxy radical, an alkoxy radical, and a water molecule (2POOH → POO°+ PO°+ H 2 O, bimolecular decomposition, reaction 3.11). The comparison of the activation energies of these reactions is important in order to elucidate the mechanism controlling the OIT where the concentration of hydroperoxides reaches a maximum and finally decreases [1].

The activation energies for the first reaction, unimolecular decomposition, have been variously estimated by experiments [3,4,5,6] and by theoretical calculations [2,7,8,9]. Experimental results show values between 0.7 eV and 1.6 eV, while the theoretical values are higher than the experimental values with smaller intervals between 1.8 and 2.1 eV, obtained with various levels of theory, including hybrid functionals.

These high activation energies, as well as other decomposition energies of hydroperoxides, question the role of the proposed mechanism by BAS, suggesting that the overall scheme should be thoroughly compared with other possible decomposition reactions leading to the formation of radical species. The reactions also depend on the concentration of hydroperoxides (e.g., unimolecular decomposition vs bimolecular decomposition) and/or diffusion of other species, which react with hydroperoxides. The radical species such as peroxy, alkoxy, and hydroxyl radicals produced by the decomposition of hydroperoxides lead to other oxidative reactions contributing to auto-oxidation. In particular, among radical species, alkoxy radicals play an important role because they are involved in various reactions such as crosslinking (e.g., 2PO°→ POOP), chain scission (e.g., PO°→ P-CHO + °CH 2 -P), and the formation of carbonyl defects (2PO°→ P=O + POH). Recently, De Keer et al. [10] studied some of these mechanisms based on reaction rates from ab initio calculations and built kinetic models of PE as well as other types of polymers, which support our global conclusions. However, the model is limited to small molecules, which cannot represent complex microstructures of PE (crystalline, amorphous, or at the interface between the two). In the previous chapter, the role of alkoxy radicals is not stressed because we focused on the BAS mechanisms where alkoxy radicals cannot be produced unless overcoming a high activation energy. Therefore, in this chapter, from the formation of alkoxy radicals, we investigate subsequent reactions such as crosslinking, chain scission, and carbonyl defects, which could be in competition with each other and with other possible pathways.

Another point is the microstructure of PE, neglected in most studies where calculations are performed on small molecules and the reactions are assumed to occur in the gas phase [11,8,12,13,10]. The fact that should be emphasized is that PE is a semicrystalline polymer including crystalline, amorphous, and interface regions, and such local environments potentially affect the various reaction rates. Environments, such as crystalline or surface, have been recently considered [9,2] and this issue relates to understanding the actual reaction pathways in more realistic PE structures, allowing more detailed analysis.

Typical thickness of crystalline lamellae is around 10 nm, [14,15] and amorphous regions separate them. As the degradation of PE (or embrittlement) is mainly caused between crystalline PE and amorphous regions [16,17], each local environment (i.e., amorphous phase, inside crystalline lamellae, or at their surface) should be taken into account to investigate which reaction is dominant depending on the environment. This factor can thoroughly be inspected by atomic scale calculations, while it is more difficult to address through experiments.

Keeping in mind these two aspects (reactions related to alkoxy radicals and local environments), this chapter will analyze the overall reaction scheme shown in Fig. 4.1. The first line from PE to hydroperoxide follows the reaction pathways discussed in the previous chapter. Based on the three intermediate products (alkyl and peroxy radicals, and hydroperoxides), first, possible reactions for the formation of alkoxy radicals are considered with each local environment. After assuming the alkoxy radicals are produced, we investigate the following reactions that occur between the intermediate products. For example, crosslinking reactions take place by the combination of radical species among alkyl, peroxy, and alkoxy radicals. Ketones and alcohols are produced from hydroperoxides, as studied in the previous chapter, but other possible reactions are also considered involving alkoxy radicals. A representative reaction of chain scission reactions is the β-scission from an alkoxy radical, thus we studied it with various lengths of alkyl chains and varying positions on the surface of crystalline lamellae. The results show that the local environment significantly affects the activation energy of oxidation reactions, and even in a similar environment (the surface), the relative position of the radicals in some cases influences the energy barrier associated with the reaction. From hydroperoxides In general, the formation of alkoxy radicals or other radical species is described by the decomposition of hydroperoxides (reaction 3.9 -3.11). However, because of the high activation energies calculated in the previous chapter, other reactions, such as the combination with alkyl radicals or alcohols, could also be considered in order to form alkoxy radicals. In this respect, Fig. 4.2 and 4.3 show the reactions for the decomposition of hydroperoxides and the calculated energy profiles, respectively.

In Fig. 4.3, the reactions without radical species in the initial states show higher activation energies than the other reactions with alkyl radicals (4.1a and 4.2a, intra-, and intermolecular reactions) as shown in the previous chapter (reaction 3.9 -3.11). However, the energy barriers are still relatively high for the reactions to occur at room temperature, except reaction 4.2a in crystalline PE (0.11 eV). This means that the formation of alkoxy radicals from hydroperoxides does not easily take place in many cases, implying that alternative reactions should be considered: not only through hydroperoxides but also starting from other radicals, such as peroxy ones, should be considered. On the other hand, the results show that the local environment can significantly affect the activation energies of the reactions (e.g., reaction 4.2a between solid and surface models), suggesting that the place where the reaction takes place cannot be ignored and the role of local environments should be stressed when discussing kinetic pathways. Although the activation energy of reaction 2a in crystalline PE is low, the reaction depends on the presence of alkyl radicals and hydroperoxides inside crystalline lamellae which, for the latter, is affected by diffusion of oxygen. Oxygen diffusion is normally considered in the amorphous phase [18], but even in the amorphous phase understanding gas diffusion is quite complex [19,20]. Therefore, the study of elementary migration mechanisms in various local environments through molecular modeling is necessary in order to understand the energies associated with permeation, solution, and migration of oxygen in the semicrystalline polymer matrix. For example, the calculated solution energy in crystalline PE is in the range of 0.8-1.0 eV, which is high, while the migration barrier is only 0.07 eV. Further details on the calculations we performed on oxygen diffusion are in Appendix (B.1).

. From peroxy radicals

As reported in the previous section, the formation of alkoxy radicals from hydroperoxides is not favorable regardless of the presence of alkyl radicals, at least at room temperature, and implies that other reactions are necessary. Therefore, in this section, we elucidate another reaction (2POO°→ [PO°+ °OP] cage + O 2 ) as shown in Fig. 4.4, which does not stem from hydroperoxides but from peroxy radicals. As peroxy radicals are spontaneously formed during radio-oxidation, the formation of alkoxy radicals can directly lead to the termination steps without stopping by hydroperoxides. Since the formation of hydroperoxides by H-abstraction reaction has recently been questioned because of its high activation energy, other reactions bypassing hydroperoxides, such as reaction 4.1b, have been considered to be relevant for a kinetic study [10]. The need to consider this reaction had previously been stressed in the framework of kinetic studies of radio-chemical degradation of PE [21,22] in order to correctly describe the variation of OIT with various parameters (temperature, dose, concentration of antioxidants) and the reach of a steady oxidation state. Including relevant peroxy radical reactions should also help to correctly describe the competition between terminating and non-terminating reactions (35-40 % at 45 °C). Because of the importance of this reaction, we set four different starting configurations on the surface of lamellae in order to consider the potential factors, such as the steric hindrance or the cage effect, which could affect the activation energy. As shown in Fig. 4.5a, we fixed one of the two peroxy radicals of the bimolecular reaction and varied the position of the other peroxy radical from H1 to H4. Fig. 4.5b shows the calculated energy profiles and the results are summarized in Table 4.1, including the activation energy calculated in crystalline PE. The difference in activation energies is quite remarkable because it obviously depends on the local environments. While the activation energy in crystalline PE is 1.30 eV, which is high and might be related to solution energy of oxygen, the reaction easily occurs on the surface of lamellae with no barriers. It means that once two peroxy radicals end up close to each other, alkoxy radicals are easily formed. Compared to the decomposition of hydroperoxides, which requires high activation energies, this reaction is much more favorable, and it can bypass the formation of hydroperoxides according to the calculated activation energies. This is also confirmed by ab initio molecular dynamics in Appendix D.3 that the reaction from two peroxy radicals takes place within a few picoseconds. However, the reaction is bimolecular, which means that it needs high concentration of peroxy radicals or a favorable pair correlation between them. Diffusion of peroxy radicals could also be considered, but in general, it is excluded [23]. 

b) Calculated energy profiles for reactions (H -H ).

Although entropic contribution is not considered because of its complexity, low activation energies from various configurations leading to the formation of alkoxy radicals suggest that low entropic barriers would be expected (no rotational contribution). Possible products of the reactions in which alkoxy radicals can participate are crosslinking, chain scission, and carbonyl defects. In the following sections, we will elucidate these reactions by calculating their energy profiles and assessing the role of the local environment.

. Crosslinking reactions

Crosslinking reactions take place from the combination of radical species: alkyl, alkoxy, and peroxy radicals. In oxidative environment, the competition with chain scission will affect the chemicrystallisation, which causes cracks of PE and finally embrittlement. From the reaction between two alkyl radicals at low O 2 pressure, several combinations of radical species can be considered for crosslinking as shown in Fig. 4.6. Since all reactions need two chains (bimolecular reactions), the reactions are focused on crystalline PE or the surface of lamellae; the molecular model, which can represent amorphous regions with fairly low density, is not considered. The results are summarized in Fig. 4.7. All reactions remove radicals because crosslinking reactions constitute a termination step. Reaction 4.1c shows a high activation energy, which might be coming from the steric hindrance of the structure and produces saturated chains. Due to instability, a final state of reaction 4.5c on the surface of a lamella was not found. Except for reaction 4.1c, the other reactions take place without barrier, which means that when the concentration of radicals is sufficient and they are located close enough, crosslinking reactions would be dominant over chain scission. Besides, because the reactions are highly exothermic, once the reactions occur, the bonds of crosslinking are hardly broken. On the other hand, the concentration of oxygen also affects the reactions because a secondary alkyl radical is stable around 15 hours after irradiation [24] and spontaneously reacts with oxygen by forming peroxy radicals. The position of radical species is also important because the migration energy of alkyl radicals is high (over 1.67 eV: along the alkyl chain, and around 1 eV: across alkyl chains; see Appendix B.2) and peroxy radicals are also expected to have high migration energy because of their stability.

Because two close alkoxy radicals formed by reaction 4.1b can lead to crosslinking, β-scission, and carbonyl defects, the positional effect induced by varying the starting configuration of alkoxy radicals is tested in a similar way as shown for reaction 4.1b in Fig. 4.5. Fig. 4.8 shows the starting configurations and calculated energy profiles. In contrast with reaction 4.1b, depending on the positions, the calculated activation energy varies from null to almost 0.4 eV, implying that even in the same local environment, the reactions are affected by the starting configurations. The fact that some of the calculated barriers are not negligible (up to almost 0.4 eV) can lead to competition with the other reactions (β-scission and carbonyl defects), which will be discussed in the following sections. Due to these different activation energies depending on the starting configurations, each configuration described in Fig. 4.8 is also performed by ab initio molecular dynamics at room temperature to observe the final products in Appendix D.4. While carbon-carbon bond scission shows high activation energy (3.9 eV [25]), the presence of radical species can decrease the activation of chain scission reactions [8]. This is firstly checked before studying β-scission of alkoxy radicals, which is generally proposed as chain scission reactions. An alkyl radical on the surface of lamellae induces chain scission as follows:

. . Crosslinking reactions

P • → P -CH = CH 2 + • CH 2 -P ( . )
Figure . -Energy profiles of chain scission in the presence of an alkyl radical.

Compared to the energy profile of carbon-carbon chain scission on saturated alkyl chains (Fig. 3.1b), the activation energy is much reduced from 3.93 eV to 1.10 eV, which confirms the role of radical species. The reaction scheme of β-scission induced by an alkoxy radical is shown in Fig. 4.10. In the scheme, an aldehyde and a primary alkyl radical are produced by the decomposition of an alkoxy radical. Each local environment is considered to calculate the energy profiles of the reaction. While obtaining an optimized final state, it turned out that the reaction in crystalline PE was not favorable. During the calculation, the distance between carbon and carbon at the broken chain ends was firstly constrained, and then the system was relaxed. However, after removing the constraint on the distance, a broken chain was spontaneously restored by its surrounding chains, and finally, the chain returned to the starting configuration. Nevertheless, Fig. 4.11 shows the energy difference depending on the constrained carbon-carbon distance in crystalline PE. Chapter . The role of alkoxy radicals

. Termination through alcohol and ketone groups

Not only crosslinking reactions but the formation of alcohols and ketones is also involved in the termination step because alkoxy radicals can abstract hydrogen atoms. In this section, possible reaction pathways leading to ketones and/or alcohols from alkoxy radicals are considered. These reactions can be examined in comparison with other termination reactions (e.g., crosslinking) or β-scission reactions because they share alkoxy radicals as an initial state and could be in competition with one another. For example, an alkoxy radical can lead to an alcohol, β-scission, or crosslinking reaction with an alkyl radical. Reaction 4.1e and 4.2e are H-abstraction reactions along the chain (intramolecular reactions) from β-and γ positions and reaction 4.3e is the same reaction occurring between two neighboring chains (intermolecular reactions). Similarly to H-abstraction by peroxy radicals, for the intramolecular reactions, the activation energy for γ position is lower than for β position, and they tend to have higher barriers than intermolecular reactions (reaction 4.3e). All these H-abstraction reactions from an alkoxy radical have negative reaction enthalpies, independently of the environment, at variance with H-abstraction by a peroxy radical (see Fig. 3.5). For reaction 4.4e, a hydrogen atom at α position is abstracted by forming a ketone. This can be compared to reaction 4.5e and 4.6e, which are basically the same reaction but in the presence of an alkyl and an alkoxy radical at neighboring chains, respectively. The activation energies are much reduced for the last two mentioned reactions, implying the importance of the role of radical species. Therefore, for the termination step with alkoxy radicals, reaction 4.5e and 4.6e on the surface of lamellae are the most favorable reaction pathways leading to ketones and alcohols. 

. Summary and Conclusions

The previous sections presented energy profiles for reactions related to alkoxy radicals, from their formation to reactions where they participate and eventually disappear. For the formation of alkoxy radicals, the decomposition of hydroperoxides and bimolecular reactions involving two peroxy radicals are considered. Despite including the conventional pathways and radical species (except hydroperoxyl radicals), decomposition of hydroperoxides is not easy on the surface of lamellae at room temperature, and the lowest energy found is 0.46 eV for reaction 4.1a (decomposition by intramolecular reaction with an alkyl radical), if we exclude the reactions occurring in crystalline PE, probably hindered by the high permeation energy of oxygen. On the other hand, the formation of alkoxy radicals by two peroxy radicals is spontaneous on the surface of lamellae. The situation is different in crystalline PE, where the activation energy is up to 1.30 eV, implying the importance of the local environment. As the reaction is bimolecular, the concentration of peroxy radicals affects the reaction rate.

The presence of alkoxy radicals can induce crosslinking, β-scissions, and the formation of ketones and alcohols. Crosslinking reactions take place with the combination of radical species. Alkyl, alkoxy, and peroxy radicals are considered. Except for the reaction of alkyl-alkyl radicals, most of the considered reactions are spontaneous and strongly exothermic. However, similarly to the formation of alkoxy radicals, they are bimolecular reactions and require high concentration of the involved species. Some of them have activation energies up to 0.4 eV, depending on their starting configurations. This means that if the starting configurations are sterically hindered, the reactions can be competitive with β-scission reactions, which have similar barriers. The calculated activation energies of β-scission reactions are from 0.28 eV to 0.36 eV on the surface of lamellae. In contrast with crosslinking reactions, β-scission reactions are unimolecular reactions, so they do not need high concentration of alkoxy radicals. For the formation of ketones and alcohols, reaction 4.5e and 4.6e are almost spontaneous. Let us note that alcohols are produced only from reaction 4.6e, which produces ketones at the same rate. As ketones are also produced by reaction 4.5e then, the ratio of alcohols to ketones should be lower than one.

On the other hand, radical species globally decrease activation energies of the oxidative reactions compared to the reactions without them. In other words, radical species accelerate the oxidation of PE, and deactivating radicals could play a key role in preventing the oxidative degradation of PE. The general strategy is the incorporation of antioxidants. For example, phenolic antioxidants could deactivate peroxy radicals through the formation of hydroperoxides by H-transfer reactions. However, because energy profiles of such reactions at the atomic scale have been hardly studied, in the following chapter, we will discuss H-transfer reactions by phenolic antioxidants with three radical species: alkyl, alkoxy, and peroxy radicals.

In this chapter, we study a possible mechanism explaining the action of phenolic antioxidants. In the previous chapters, we showed that radical species decrease the activation energies by accelerating the oxidation process (e.g., 4.4e and 4.5e). Therefore, deactivating such radicals can play a key role in preventing the oxidation of PE. We can consider two mechanisms by which antioxidants protect the polymer matrix from oxidation. Firstly, aromatic rings (i.e., benzene) in antioxidants can preferentially absorb the energy of incident photons, acting as an energy sink and thus preventing the formation of alkyl radicals [1,2]. In other words, energy transfer between aliphatic and aromatic parts takes place, and the energy from electronic excitation of BHT is more likely to be transferred evenly among several phonons instead of causing C-H bond dissociation (i.e., formation of alkyl radicals). Secondly, H-transfer reaction by hindered phenol function can deactivate radical species (e.g., scavenging peroxy radicals) by blocking the propagation and/or chain branching steps [3,4,5,6,7,8]. Here, we focus on the second mechanism, which is more related to kinetic studies, but the first one will also be discussed.

Butylated hydroxytoluene (BHT) and octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (Irganox 1076) shown in Fig. 5.1 are well known primary antioxidants that effectively deactivate radical species. For the sake of calculation, BHT is easier to deal with than Irganox 1076 because it contains fewer atoms (40 instead of 100), whereas a similar chemical stabilization mechanism is expected between hindered phenols and radical species [9].

Although the most commonly considered scavenging reaction involves the antioxidant and a peroxy radical [8,10], other radical species such as alkyl and alkoxy radicals could react with the phenol function as follows:

P • + AO → P H + AO • ( . ) P O • + AO → P OH + AO • ( . ) P OO • + AO → P OOH + AO • ( . )
where AO and AO°represent antioxidants and phenoxy radicals in antioxidants after H-transfer reactions. For the calculation, in the case of the molecular model, a peroxy radical was randomly put close to a phenol function, and then the system was relaxed. After obtaining the equilibrium structure, alkoxy and alkyl radicals were subsequently relaxed by removing, each time, an oxygen atom. In the case of the surface model, BHT was put flat on the surface of a lamella where only saturated alkyl chains are present, and then the relaxation of the structure was performed. During the relaxation, the phenol function moves towards the surface, Chapter . Antioxidants while the para-substituent group heads to the amorphous region (Fig. 5.2). After obtaining the equilibrium structure, a peroxy radical was put close to the phenol group, and then the structure was relaxed again. The structures for alkoxy and alkyl radicals were obtained from the peroxy radical structure as for the molecular model. The calculated formation energy of BHT on the lamellae surface (Fig. 5.2) is -1.34 eV, meaning that BHT molecules are stable on the surface of lamellae. Besides, we have calculated the formation energy of the orthorhombic BHT crystal [11], which is -6.78 eV, showing that this phase is much more stable than the absorbed BHT molecule on the surface of a PE lamella. The crystallization of phenolic antioxidants (in this case, Irganox 1076) is indeed observed as the blooming structures onto the polymer film surface when the phase separation occurs due to the high concentration of the antioxidants [7]. From the relaxed structures, NEB calculations were then performed for reaction 5.1 -5.3.

Figure . -Calculated energy profiles of H-transfer reactions between

antioxidants and radical species.

Fig. 5.3 shows the calculated energy profiles of H-transfer reactions between BHT and radical species. Calculated activation energies are 0.43 eV, 0.0 eV, and 0.15 eV for the molecular model, and 0.68 eV, 0.0 eV, and 0.07 eV for the surface model for alkyl, alkoxy, and peroxy radicals, respectively. All reactions are exothermic. The activation energy for scavenging peroxy radicals is much lower than that obtained by experiments (around 0.62 -0.83 eV determined by Arrhenius plot [9]).

The discrepancy could come from the fact that the experimental study relies on the carbonyl absorbance from FTIR spectroscopy and their kinetic modeling based on BAS. Although the concentration of phenoxy radicals could be tracked, such as by electron paramagnetic resonance (EPR) [12], some radicals could be hardly detected when they are highly reactive and thus very short lived. If some of those reactive radicals are neglected or if their concentration is underestimated in the BAS, the determination of the scavenging rate constant on the basis of the stable carbonyl species might be biased.

Besides, other mechanisms could hinder the measurement of the activation energy. Firstly, as energy transfer between aliphatic and aromatic parts is observed [2], we can suppose that alkyl and peroxy radicals are less likely to be produced in the vicinity of the antioxidant molecule because the energy from electronic excitation of BHT is more likely to be transferred to phonons. Moreover, due to this effect, when such radicals do not exist in the vicinity of BHT, the antioxidant molecule has to diffuse to reach other radicals which are far away. Thus, the measured activation energy might include the migration energy of BHT on the surface. On the other hand, other theoretical calculations span a broad range of activation energies (0.10 to 1.04 eV) [13,14,15]. However, the calculations are performed with small molecules, and the specific local environment is not considered. alkyl, peroxy, and alkoxy radicals. If the activation energy were only affected by the distance, the larger d1 and the smaller d2 would be expected to reduce the barrier. However, when comparing alkoxy and peroxy radicals, such assumption is not correct because alkoxy radicals react spontaneously, which means that alkoxy radicals are more reactive than peroxy radicals to abstract a hydrogen atom despite the larger distance d2. On the other hand, in the case of alkyl radicals, d1 is smaller and d2 is larger than for the other radicals at the initial states, so that the high barrier could be expected due to the distance. Although a shorter d2 can be imposed as a starting configuration for a calculation within the molecular model to obtain a lower activation energy, the equilibrium distance after the relaxation of d2 at the initial state would not much deviate from the distance in the equilibrium structure on the surface of a lamella. In this respect, the influence of distance can also be studied carefully by molecular dynamics.

In any case, based on our calculations, H-transfer reactions effectively take place for alkoxy and peroxy radicals by forming alcohols and hydroperoxides, but alkyl radicals are not easily removed. This is also observed when peroxy and alkyl radicals attack a hydrogen atom at the tertiary site of hydroperoxides in crystalline PE (Fig. 3.19 in Chapter 3). The calculated activation energies are 0.63 eV and 1.54 eV for peroxy and alkyl radicals, respectively (reaction 3.17 and 3.18, and Fig. 3. 19). Given that the lowest activation energy of decomposition of hydroperoxides is 0.46 eV on the surface of lamellae, hydroperoxides and alcohols are stable in comparison to radical species such as alkoxy and peroxy radicals, which cause an acceleration of auto-oxidation. In other words, by removing such radicals effectively, BHT can block the crosslinking, chain scission, and the formation of carbonyl groups (i.e., ketones), which otherwise could be generated without barrier as discussed in Chapter 4. Besides, once they are formed, hydroperoxides and alcohols are less likely to participate in oxidative reactions, and the OIT is prolonged.

On the other hand, H-transfer reactions from antioxidants are not efficient for deactivating alkyl radicals directly. However, with the observation of the stable phenoxy radicals [16,17,18], the role of antioxidants in reducing alkyl radicals and crosslinking reactions [19,20,12] has been observed by experiments. This implies that antioxidants also contribute to lowering the concentration of alkyl radicals. Although a low reaction rate is expected between antioxidants and alkyl radicals based on the calculation, other factors can explain how antioxidants affect the concentration of alkyl radicals:

• i) hydroperoxides and alcohols, which can be formed from antioxidants, are stable in PE matrix: the associated phenoxy radicals can further react with alkyl radicals.

• ii) Although the reaction between antioxidants and alkyl radical is less likely than with alkoxy or peroxy radicals, it is nevertheless globally more favorable than the cross-linking between two alkyl radicals, which has an activation energy of 0.91 eV in crystalline PE and 0.55 eV on the surface of lamellae;

• iii) Alkyl radicals spontaneously react with oxygen by forming peroxy radicals; if peroxy radicals produced are scavenged by antioxidants or react with other alkyl radicals, an indirect estimation of alkyl radical concentration based on the concentration of peroxy radicals would be biased.

In this chapter, H-transfer reactions with radical species are elucidated as the main role of antioxidants. However, there are further chemical reactions that could contribute to stabilization from para-substituent groups [21,3,4]. For example, cyclohexadienonyl radicals rearranged from phenoxy radicals can lead to quinone methide or deactivate peroxy radicals (alkylperoxycyclohexadienone) [8]. However, as the para-substituent group heads to the amorphous region on the surface during the structural relaxation, the reactions in the amorphous region should deserve further attention. In the meanwhile, as quinone methides are detected by discoloration along with the consumption of antioxidants and the intensity of photoluminescence increases due to the contribution of unsaturated carbonyls [22], the optical properties of the quinoid species and oxidation products (especially for carbonyl defects) should also be studied to track the consumption of stabilizers. Moreover, as introduced at the beginning of this section, aromatic rings (e.g., benzene) also contribute to the stabilization of the polymer matrix by energy transfer of the excitation energy, so the optical properties between aliphatic and aromatic parts are interesting studies as an outlook of future work.

In this manuscript, we have investigated radio-oxidation degradation mechanisms of polyethylene and the role of antioxidants through density functional theory. The overall reaction pathways are dealt with, especially concerning activation energy and reaction enthalpy. We followed the conventional reaction pathways generally explaining the degradation mechanisms of polyethylene, and we revisited several reactions by a careful atomic scale study in order to determine whether they are unfavorable or if, on the contrary, they compete with other reactions with similar activation energies. In order to explore the effect of the local environment on the reaction rates, we considered three models, which can represent amorphous regions, crystalline PE, and the surface of lamellae. Based on these strategies, we found several results which, in our view, lead to a more detailed understanding of the kinetic pathway leading to PE radio-oxidation.

From the initiation steps, we can assume that alkyl radicals are produced by the dissociation of C-H bonds under irradiation. Oxygen does not react easily with saturated alkyl chains because of the high activation energy (1.45 eV) to abstract a hydrogen atom, but it spontaneously reacts with alkyl radicals by forming peroxy radicals. Concerning the formation of ketones, one of the major oxidation products, there are several bottlenecks to reach them by following the conventional reaction pathways because, for example, the reaction of hydrogen abstraction leading to hydroperoxides presents an activation energy (0.6-0.7 eV) that makes it unlikely at room temperature. Incorporating other defects, which can stabilize an alkyl radical center as a final product, only slightly decreases the activation energy down to 0.48 eV on the surface of lamellae. Nevertheless, even if we assume that hydroperoxides are produced in one way or another, the reactions leading to their decomposition are also not plausible. In the meanwhile, the presence of radical species affects the activation energy. For example, without neighboring radical species, the minimum barrier of the decomposition of hydroperoxides is 0.91 eV, but in the presence of alkyl radicals, the barrier decreases to 0.46 eV on the surface of lamellae, which is still relatively high. Therefore, regarding the bottlenecks of the formation and decomposition of hydroperoxides, alternative reaction pathways could be proposed; for example, other radical species participate in oxidative reactions. Otherwise, oxidative reactions bypassing the formation of hydroperoxides could also be considered.

As for other radical species, hydroxyl and hydroperoxyl radicals are considered. They both are reactive and can participate in oxidative reactions. In the case of hydroxyl radicals, they spontaneously abstract a hydrogen atom at the primary or tertiary site of hydroperoxides. In particular, when a hydrogen atom is removed at the tertiary site, O-O bond in α-alkyl-hydroperoxy radical is spontaneously decomposed by forming a ketone and a hydroxyl radical, which leads to further reactions. Therefore, hydroxyl radicals effectively decompose hydroperoxides without barriers, and this explains how humidity is involved in the degradation of PE. In the meanwhile, hydroperoxyl radicals transfer a hydrogen atom to peroxy radicals leading to the formation of hydroperoxides. Therefore, each of the mentioned radicals plays a key role, respectively, in decomposing and forming hydroperoxides. However, mechanisms explaining the formation of such radicals need to be further investigated in the future.

Once established that the decomposition of hydroperoxides is not easy, other reactions, which bypass hydroperoxides, could also be considered. A possible reaction is the bimolecular decomposition of two peroxy radicals, which leads to two alkoxy radicals and one oxygen molecule. Since the reaction shows a barrierless and exothermic energy profile, this is much more favorable than the H-abstraction by peroxy radicals. However, the overall reaction pathway triggered by (or in competition with) this reaction is complex because alkoxy radicals can also branch out into many reactions, such as crosslinking, chain scission, and the production of alcohols and carbonyl defects. These reactions can be more or less probable according to the specific positions of the radical on the surface of lamellae, which controls the steric hindrance. Besides, the concentration of radical species would also affect the relative weight of these reactions because while chain scission can be triggered by a single alkoxy radical, the others require two radical species.

To delay oxidation induction time and protect polyethylene, the role of antioxidants is important. In this thesis, we mainly coped with primary antioxidants as concerns the H-transfer reaction between hindered phenol function and radical species. The reaction is effective in stopping the auto-oxidation scheme of the propagation and/or chain branching steps by removing radical species. I studied three radicals, which are alkyl, alkoxy, and peroxy radicals, within the molecular and surface models. While the activation energy of the H-transfer reaction to deactivate alkyl radicals is high, the deactivation of the two other radicals is spontaneous. In other words, primary antioxidants, at least in the case of BHT considered in this study, stabilize the polymer matrix by forming hydroperoxides and alcohols. In particular, removing alkoxy radicals is the most effective from both the kinetic and thermodynamic points of view (the reaction is barrierless and strongly exothermic). Therefore, a crucial role of antioxidants is to deactivate alkoxy radicals that cause severe degradation of polyethylene. I believe that this thesis work helps to understand the oxidative reaction scheme and contributes to the studies unveiling the degradation mechanism of polyethylene by providing a useful database of the energetics of relevant reactions taking place. Our approach can also be applied to other types of polymers, such as poly(ethylene oxide) or polypropylene. The study can be further developed by considering photochemical degradation such as Norrish (type I & II) reactions in which excited states are involved, which were out of the scope of this thesis. In this respect, investigating optical properties is important because the formation of carbonyls is also known to be responsible for photoluminescence. In other words, electronic excitation of ketones can lead to chain scission and/or photoluminescence. Although the formation of ketones means that the polymer matrix already underwent oxidation, the mechanisms of radiative and non-radiative decay of ketones can help to further advance in the understanding of the kinetics pathways under irradiation. Besides, the enhancement of photoluminescence in the polymer matrix after oxidative degradation has been reported; this might come from the decay of electronic excitations of antioxidants, which are responsible for energy transfer between aromatic (e.g., benzene rings) and aliphatic parts. It would be then important to elucidate the behavior of excitons, which could possibly participate in the degradation of PE. Moreover, since quinone methides, which are formed after the consumption of antioxidants, cause discoloration and act as quenchers, their optical properties contributing to photoluminescence could also be studied. Therefore, elucidating optical properties from pure antioxidants (aromatic rings)/polyethylene (saturated chains) to degraded antioxidants (quinone methides)/polyethylene (ketones) would be interesting studies as an outlook of future work.

Chapter . Conclusion & Perspectives

Appendices

A -Modelling polyethylene structure

Before studying the oxidative degradation mechanisms of PE, it is necessary to find the theoretical equilibrium structure.

The structural parameters of crystalline PE used here basically follow the results presented in [1]. It consists of a simple orthorhombic crystal structure established by x-ray and neutron scattering experiments [2,3,4,5,6]. The theoretical equilibrium structure of crystalline PE is found by plotting the curve of total energy versus interchain distance and selecting the lowest energy as shown in Various exchange-correlation functionals were tested in Ref. [1] and the functional optB86b+vdW shows a reasonable energy curve to find the theoretical equilibrium structure of PE. The functional considers chain-chain interaction with van der Waals term, which is important in crystalline PE. In addition to the results of Ref. [1] I calculated the same curve with hybrid functional (vdw-df-cx0) [7] and they both show the same optimized interchain distance, which is 0.424 nm (Fig.

A.2).

Based on the optimized crystalline PE, we can build on this structure to con- The broken chains at the surface were passivated with twelve CH 2 units (six on each slab surface) and then the system was relaxed. The lattice parameters are fixed during the relaxation in order to keep the optimized crystalline PE interchain distance. The distance between the two facing surfaces is approximately 7 Å along the z direction. The distance is much smaller than what can be found in real PE microstructures [8,9], but the interaction between the facing surfaces is already small and should not influence the activation energies of reactions occurring on the surface.

The calculated surface to volume ratio (0.7 nm -1 ) has the same order of magnitude with Ref. [9] (∼ 0.4 nm -1 ) estimated from the given experimental data.

For molecular models, in order to maximize the distance between the chains, we used body-centered tetragonal unit cells. The size of the unit cells was 40×40 bohr in the xy plane and sufficiently large in the z direction so that chain ends did not interact with each other. Detailed information is shown in 

B -Diffusion in a polymer matrix: a few case studies

After optimizing the structures, we can study the behavior of oxygen in the PE matrix. Solution, permeation, and migration energy are considered.

B.1 . Oxygen kinetics in a PE matrix

Oxygen molecules, before undergoing reactions inside the PE matrix, have to diffuse in the amorphous region, at the surface of lamellae and possibly also inside crystalline PE regions. The reported activation energies for oxygen dissolving and diffusing into PE range from 0.35 to 0.45 eV [10]. However, in this case, this energy might be more related to the oxygen flow through an amorphous region in the polymer matrix. The calculated formation (or solution) energy of an oxygen molecule inserted between two crystalline lamellae of our model is 0.23 eV. Although it is generally assumed that oxygen diffuses only in the amorphous region, a closer look at the mechanisms of permeation and diffusion through the amorphous and the crystal gives a better understanding of oxygen kinetics.

Firstly, we investigated solution energy of an oxygen molecule in crystalline PE as a function of the interchain distance (Fig. B.1). Compared to the amorphous region, where diffusion is supposed to take place much more easily than inside the crystal, thanks to a larger interchain space [10], the minimum of solution energy is 0.72 eV [11]. When the strain energy is removed, the curve shows similar behavior to that in amorphous silica [12] where the solution energy decreases with the increasing size of the voids, which facilitates the insertion of an oxygen molecule. This implies that oxygen can more easily diffuse into the crystal-amorphous interface where the roughness tends to be less than a nanometer [9] observed by torsional tapping atomic force microscopy (TTAFM) method. Although the surface in our lamellar surface model is very flat, the model can give insight into the details of oxygen permeation and diffusion. 
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  Figure -Schéma qui résume les résultats principaux de cette thèse concernant les chemins cinétiques de radio-oxidation du polyéthylène.

( 1 . 1 .

 11 Cited on pages v, 20 and 97) General description of polyethylene Polyethylene (PE) is the polymer with the simplest chemical structure among polyolefins. It is made by polymerization of ethylene (C 2 H 4 , monomer) and consists of consecutive -CH 2 CH 2 -units. During polymerization, the monomer (ethylene) breaks its double bond and creates an extra single bond with another ethylene molecule. Although the simplest unit is -CH 2 -, it is conventional to define repeating units as monomer structure. -CH 2 -is referred to as the base unit. Thus, PE, which forms large polymers with consecutive -CH 2 CH 2 -units, has the following chemical structure.

Figure . -

 . Figure . -Schematic structure of PE. (a) linear, (b) branched, and (c) crosslinked

Figure . -

 . Figure . -PE structure (taken from Ref. [ ])

Figure . -

 . Figure . -Degradation mechanism of radio-and/or thermo-oxidation of PE adapted from [ ]

Figure . -

 . Figure . -Schematic diagram of DSC measurement for determining oxidation induction time adapted from [ ]

Figure . -

 . Figure . -Basic auto-oxidation scheme revised by Smith. et al. [ ]

Figure . -

 . Figure . -schematic scenario of UV-induced cracking without mechanical loading [ ] Da Cruz et al. observed the macromolecular structural behavior of PE by

Figure . -

 . Figure . -Reaction pathway for thermo-oxidation of crystalline polyethylene as proposed in Ref. [ ].

Figure . -

 . Figure . -Simplified mechanistic scheme for a polyolefin stabilised by (a) a hindered phenol antioxidant, and (b) thiodipropionate antioxidant.Taken from Refs.[ , ] 

..

  Figure . -Schematic algorithm for finding the equilibrium structure adapted from Ref.[ ]

Figure . -

 . Figure . -Energy vs. Cut-off energy diagram of C 4 H 10 . The black line connects points representing calculations where atomic positions are relaxed and the blue line represents calculations where atomic positions at fixed structure.

Figure . -

 . Figure . -NEB calculation. (a) Calculated activation energies for the reactions of -intramolecular H-shift in C 4 H 9 and (b) computing time corresponding the reactions at each energy cut-off.

Figure . -

 . Figure . -Total energy vs. Grid size of k point diagram. When we vary the number of k points in one direction, the others are fixed from a × × Γ-centered Monkhorst-Pack mesh

Figure . -

 . Figure . -NEB calculation for the reaction of a hydroperoxide leading to a ketone (C 4 H 10 O 2 → C 4 H 8 O + H 2 O)

Fig. 2 .

 2 7 shows an example of NEB calculation for the reaction of a hydroperoxide leading to a ketone (C 4 H 10 O 2 → C 4 H 8 O + H 2 O). There are eight images, including local minima of initial and final states.

Figure . -

 . Figure . -Structure of molecular models seen along (a) the x direction and (b) the z direction. Structure of solid models: (c) unit cell, (d) super cell, and (e) lamellar surface model. Hydrogens are blue and carbons are yellow.

Figure . -

 . Figure . -NEB calculations for surface model: (a) Reaction . : PH → P°+ H 2 , (b) Reaction . : PH → P°, and (c) Reaction . : PH + O 2 → P°+ °OOH

Figure . -

 . Figure . -The capture of an oxygen molecule by an alkyl radical occurs spontaneously, as shown by the energy profiles shown here: (a) capture by an alkyl radical situated on a internal carbon (chain center) on alkane molecules of varying length (b) capture by an alkyl radical situated on an end-chain carbon of alkane molecules of varying length (c) capture by an alkyl radical in a crystalline region of PE (d) capture by an alkyl radical on the lamellae surface.

Figure . -

 . Figure . -The energy profile calculated for the intermolecular reaction . a in crystalline PE

Figure . -

 . Figure . -Intramolecular reaction for the formation of hydroperoxides. Hydrogen atoms are abstracted from γ, β, and α positions, respectively.

Figure . -

 . Figure . -Energy profiles for reactions labeled . b -. d. Panels (a-b): H-abstractions from γ-position for molecular and solid models. As the same order, panels (c-d) from β-position, and panels (e-f) α-position respectively.

Figure . -

 . Figure . -The four snapshots (a-d) are representative steps of the relaxation from an (unstable) α-alkyl-hydroperoxy radical to the endpoint of reaction . d in crystalline PE.

Figure . -

 . Figure . -Energy profiles for the H-abstraction reactions on the lamellae surface (a) reaction . a (inter) and reaction . b (intra)

Figure . -

 . Figure . -Calculated energy profile of H-abstraction reaction on the lamellae surface with (a) double bond and (b) enone (double bond side)

Figure . -

 . Figure . -Calculated energy profile of the formation of hydroperoxides from hydroperoxyl radicals according to reaction . (a) molecular model and (b) surface model

Figure . -

 . Figure . -Calculated energy profile of the unimolecular decomposition of hydroperoxides (reaction . . (a) molecular model, and (b) lamellar surface model

Figure . -

 . Figure . -Calculated energy profile of the bimolecular decomposition of hydroperoxides (reaction . ). (a) solid model, and (b) lamellar surface model

Figure . -

 . Figure . -Calculated energy profile of the formation of hydroperoxides and ketones by peroxy and alkoxy radicals (reaction . . (a) solid model, (b) surface model, and panels (c-e) image numbers corresponding to panel (b)Another reaction pathway consists of the decomposition of a hydroperoxide giving a ketone and water.

Figure . -

 . Figure . -Intermediate steps of reactions . a (panels (a-c)) and . b (panels (d-g)), showing two possible channels of hydroperoxide decomposition due to the action of a hydroxyl radical in a molecular model. The different outcome of the two reactions stems from the initial position of the hydroxyl relative to the hydroperoxide group.

Figure . -

 . Figure . -Intermediate steps of reactions . a (panels (a-c)) and reaction . b (panels (d-i)) in crystalline PE. The outcome of reaction . b in the solid is different from the analogous one in the molecular model (Fig. .d-g), because here the remaining °OH radical reacts with a neighbouring chain (see the arrow in panel (h))giving one more water molecule (panel (i)).

Figure . -

 . Figure . -Energy profiles for hydroperoxide decomposition reactions induced by (a) a peroxy radical (b) an alkyl radical, sitting on a nearby polymer chain.

Figure . -

 . Figure . -Summary of reaction pathways for the overall oxidation process of polyethylene.

Figure . -

 . Figure . -Reaction pathways leading to the production of alkoxy radicals from decomposition of hydroperoxides either through alkyl radicals (reaction . a and . a), or by bimolecular conversion (reaction . a) or reusing an alcohol (reaction . a).

Figure . -

 . Figure . -Summary of energy profiles of reactions in Fig. . leading to alkoxy radical outcomes from hydroperoxide decomposition.

Figure . -

 . Figure . -Graphical representation of a bimolecular reaction leading to the formation of alkoxy radicals from two adjacent peroxy ones.

Figure

  Figure . -a) The starting configurations of reaction . b ( POO°→ [PO°+ °OP] cage + O 2 ) on the lamellae surface. While one peroxy radical is fixed, the positions from H to H indicate the other peroxy radical of the pair (not shown) for the bimolecular reaction. b) Calculated energy profiles for reactions (H -H ).

  Table . -Summary of activation energies and enthalpies of the bimolecular reaction depicted in Fig. . , describing the formation of alkoxy radicals directly from peroxy radicals. The role of the environment is highlighted through four different starting configurations (H -H ) on the lamellae surface, and the reaction starting from two neighboring peroxy radicals in crystalline environment.

Figure . -

 . Figure . -Graphical representation of reactions where two radicals lead to crosslinking.

Figure . -

 . Figure . -Calculated energy profiles for crosslinking, corresponding to reactions shown in Fig. .

Figure . -

 . Figure . -Illustration of four initial alternative configurations for reaction . c (see Fig. . and . ) on the surface of lamellae (panels a-d), and the corresponding energy profiles (panel e). H to H label the four starting configurations, which are analogous to those shown in Fig. . .

Figure . -

 . Figure . -Graphical illustration of a β-scission reaction starting from an alkoxy radical leading to an aldehyde and a primary alkyl radical.

Figure . -

 . Figure . -Energy as a function of the constrained carbon-carbon distance at the broken chain ends in crystalline PE. For the molecular model, we varied chain lengths from C 4 H 9 O to C 12 H 25 O to consider how the chain length affects the activation energy. The calculated activation energy is around 0.4 eV, which is similar to the value of crosslinking reaction from the H2 position. In the case of the surface model, we also studied it by changing the position of an alkoxy radical (see position information in Fig. 4.5). The calculated activation energies on the surface of lamellae are slightly lower than the values of the molecular model and show exothermic reactions. The calculated energy profiles and values are summarized in Fig.4.12 and Table 4.2, respectively.

Figure . -

 . Figure . -Energy profiles for β-scission reactions with a) molecular and b) surface model. Information on positions can be found in Appendix C.

Fig. 4 .

 4 Figure . -Graphical illustration of the formation of ketones or alcohols starting from one or two alkoxy radicals.

Figure . -

 . Figure . -Energy profiles for reactions leading to the formation of ketones or alcohols starting from alkoxy radicals.

Figure . -

 . Figure . -Molecule structures of antioxidants: BHT and Irganox .

Figure . -

 . Figure . -The structure of BHT (a) on the pure lamellae surface and (b) on the lamellae surface with a peroxy radical.

Figure . -

 . Figure . -Distances d and d . d is the length of the O-H bond of the hindered phenol function, and d is the distance between the hydrogen atom of the hindered phenol function and the radical species: a) alkyl radical, b) alkoxy radical, and c) peroxy radical.

Further

  analysis is performed by comparing the length of the O-H bond of the hindered phenol function (d1) and the distance between the hydrogen atom of the hindered phenol function and the radical species (d2) as shown in Fig.5.4 and 5.1. The trend of the calculated values of d1 is peroxy > alkoxy > alkyl radicals, and for d2 is alkyl > alkoxy > peroxy radicals for both models at the initial states. Let us note that the activation energy decreases in the order of Chapter . Antioxidants Table . -Summary of the calculated distances d and d . Initial and final states are corresponding to reaction . -.

  Fig. A.1 [1].

Figure A . -

 . Figure A. -Energy vs. interchain distance for LDA, GGA-PBE and optB b+vdW exchange correlation functionals. The light blue stripe represent the range of experimental results [ ].

Figure A . -

 . Figure A. -Energy vs. interchain distance for vdW-df-ob and vdW-df-cx exchange correlation functionals.

  Fig.A.4-A.6.

Figure

  Figure A. -A graphical sketch of the procedure used to produce the slab model used for calculation on a lamella surface.

Figure A . -

 . Figure A. -Views of the unit cell for the molecular model, here with n-Butane. The table gives the lattice parameters in Bohr.

Figure A . -

 . Figure A. -Views of the orthorhombic unit cell (above) and of the crystal supercell (below) used to simulate reactions in crystalline environment. The table gives the lattice parameters in Bohr and the k-point mesh used.

Figure A . -

 . Figure A. -Views of the unit-cell of the lamellar model, used to simulate reactions at the crystalline/amorphous interface. The tablegives the lattice parameters in Bohr.

  Fig.B.2(a) shows the activation energy of oxygen for permeation into the crystalline lamellae. The energy barrier is 1.09 eV, which means that permeation from the amorphous region to crystalline region is not favorable. However, considering our simplified model, with no roughness and no variation in other possible microstructures, such as bent chain distance, the calculated energy would indicate the highest energy for the permeation. Once oxygen gets into crystalline PE, the energy for diffusion is 0.07 eV Fig.B.2(b). The schematic information, including initial, transition, and final state, is shown in Fig. B.3.

Figure

  Figure D. -Information on the time evolution of the position of the center of mass of an oxygen molecule in crystalline PE as obtained from a CPMD simulation starting from the initial and final states of Fig. B. b.

Figure

  Figure D. -Reaction . b (POOH + °OH → P=O + H 2 O + °OH): a) Information on the atomic distances monitored during simulations. b) Total energy obtained after a structure relaxation depending on the distance between a hydrogen atom of a hydroperoxide on a tertiary site and an oxygen atom of a hydroxyl radical w/ or wo/ distance constraints. c) Results from an MD trajectory at K. The starting distance is . Bohr. d) The same MD simulation but starting from a larger distance D ( . Bohr) where the reaction does not take place during the structural relaxation. e) Total energy vs time corresponding to panel (d).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  La première voie permet de diminuer légèrement l'énergie d'activation, mais elle reste relativement élevée (0,48 eV à la surface des lamelles). Concernant la deuxième option proposée, un radical hydroperoxyle peut, en effet, transférer spontanément un atome d'hydrogène, mais des études complémentaires pour élucider l'origine des radicaux hydroperoxyles sont nécessaires. La dernière possibilité envisage des réactions qui se révèlent, également des, spontanées. Ces processus seront discutés plus tard. Néanmoins, même si nous supposons que les hydroperoxydes sont produits par les chemins de réaction défavorables que nous avons montrées, les réactions qui suivent dans les schémas cinétiques habituels, qui les réactions de décomposition des hydroperoxydes, ne sont pas non plus plausibles. Par exemple, sans espèces radicalaires voisines des hydroperoxydes, la barrière minimale pour la décomposition est de 0,91 eV, et avec des radicaux alkyles, la barrière diminue à 0,46 eV à la surface des lamelles, ce qui implique que la présence d'espèces radicalaires affecte l'énergie d'activation, mais que la barrière reste relativement élevée. Dans le cas des radicaux hydroxyle, ils extraient spontanément un atome d'hydrogène au niveau du site primaire ou tertiaire

2. la réaction n'est pas une réaction d'abstraction d'hydrogène sur une chaîne voisine, mais sur un radical hydroperoxyle (°OOH), 3. les réactions oxydatives contournent l'étape de formation d'hydroperoxydes. vi des hydroperoxydes. En particulier, lorsqu'un atome d'hydrogène est retiré au niveau du site tertiaire, la liaison O-O du radical α-alkyl-hydroperoxyle est spontanément décomposée en formant une cétone et un radical hydroxyle, ce qui déclenche d'autres réactions. Par conséquent, les radicaux hydroxyle décomposent efficacement les hydroperoxydes sans barrières et provoquent une grave dégradation du PE. Cependant, comme pour les radicaux hydroperoxyle, les mécanismes expliquant la formation d'un radical hydroxyle dans les conditions habituelles de radio-oxydation ne sont pas clairement identifiés jusqu'à présent et doivent donc être examinés dans une étude future.
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Table . -

 . Calculated formation energy of peroxy radicals

		Formation energy (vdW-df-ob )
		middle of chain	end of chain
	C 4 H 9 O 2	-.	-.
	C 8 H 17 O 2	-.	-.
	C 12 H 25 O 2	-.	-.
	C 16 H 33 O 2	-.	-.
	C 20 H 41 O 2		

Table . -

 . Summary of activation energies and reaction

enthalphies for the β-scission reaction shown in Fig. . . This reaction can take place at the surface of a PE crystalline lamella, but not inside it (the final state is unstable).
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D.4 . From alkoxy radicals: crosslinking from different starting configurations
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nm; the yellow curve gives the standard solution energy (E f ), computed with respect to the equilibrium structure; the blue curve takes as a reference a PE crystal with the same scaled lattice parameters as that of the supercell hosting the molecule, that is we remove the strain energy required to dilate the PE at 0K (E strain P E ). The oxygen chemical potential, in both cases, is the energy of an isolated O molecule. 

B. . Oxygen kinetics in a PE matrix

B.2 . Diffusion of radical species

Not only the diffusion of oxygen is important to understand oxidation kinetics, but also the kinetics of other species involved in the most relevant reactions. In particular, radicals created during the oxidation or under irradiation conditions could diffuse in the polymer matrix and cause other further reactions. In the chapter 3 and 4, we observed that the reactions, including radical species, decrease the activation energies. In this section, diffusion of alkyl radicals and double bonds, which are mainly involved in the initiation step, are discussed.

Figure B. -Scheme for the alkyl radical diffusion. A : nearest neighbor, A : second nearest neighbor (along the alkyl chain) and

A : across the chain and from a chain to a neighboring one.

Alkyl radicals can migrate by two main possible elementary migration steps: jumping along the polymer chain or from one to another (across the chains). For the migration along the chain, the nearest and second nearest hydrogen atom from an alkyl radical are considered both in the molecular and in the solid model (A1 and A2 in Fig. B.4, and B.5). For the migration across the chain, a neighboring hydrogen atom is selected and calculated in the solid and surface models. [13,14] that compared the decay rate of an alkyl radical between the urea-polyethylene complex and the solution grown crystals because the interchain motion can be controlled. The decay rate was slower in urea-polyethylene complex, despite the high mobility of the radical. This implies that the propagation across the chain is more favorable for alkyl radicals than along the chain.

For the diffusion of double bonds, also known as transvinylenes, three possible cases are considered in crystalline PE as shown in 

D -Molecular dynamics: a few case studies

In this section, we present some results of ab initio molecular dynamics (Car-Parrinello molecular dynamics or CPMD, and see also Chapter 2.6). The reactions which have small or no barriers are firstly selected in order to check that they take place at room temperature (300K) based on the results of NEB calculations. Since NEB only estimates the energy barrier (∆E, static DFT calculations at 0K), entropic contribution (T∆S) of the reactions, such as vibrational or rotational contributions to the activation free energy, are neglected. In this work, we rely on the assumption that ∆E is much larger than T∆S because the reactions we are studying occur inside a solid or on surfaces, where rotational contributions should be negligible, and vibrational contributions are in general small. However, for small molecules in the gas phase or reactions with very small energy barriers, such contributions could be important [15]. Therefore, analyzing trajectories of CPMD simulations, we can check that the reaction indeed takes place within a time which is of the order of magnitude of the one predicted by the ∆E calculated with NEB. If ∆S is negative and it is larger or similar to ∆E, the activation free energy is increased, and the reactions cannot take place. On the other hand, if ∆S is positive (∆E-T∆S ∆E), the reaction can take place at a temperature lower than expected from ∆E alone.

D.1 . Oxygen in crystalline PE

The calculated migration energy of oxygen in crystalline PE is 0.07 eV (Fig. ). One or two jumps of the oxygen molecule along the channel are observed at temperatures between 300K and 420K over several picoseconds. Although the data is too limited to estimate the activation free energy, it is obvious that the oxygen molecule migrates along the channel at room temperature. Further analysis is needed, however, to understand the influence of the initial thermalization of the system. According to the NEB barriers, average waiting times should be 1.5 ps at 300K and 0.7 ps at 420K. The fact that the molecule sits immobile for longer times might suggest a role in the vibrational contribution to raising the free energy barrier. 

D.2 . Hydroperoxide decomposition by a hydroxyl radical

As discussed in Chapter 3.3 (reaction 3.15b), a hydroxyl radical is highly reactive and easily abstracts a hydrogen atom in alkyl chains. In particular, the H-abstraction reaction at the tertiary site was stressed because it leads to the formation of a ketone and a new hydroxyl radical, which participates in consecutive oxidative reactions. Because the reaction takes place during the structural relaxation, the influence of the initial distance between a hydrogen atom at the tertiary site of a hydroperoxide and an oxygen atom of a hydroxyl radical is further studied. Firstly, the total energy is calculated by varying the distance (D4) in ). However, when a hydroxyl radical is put 4.7 Bohr away from a hydrogen atom at the tertiary site of a hydroperoxide, the reaction does not occur during a quasi-Newton structural optimization. Thus, starting with a hydroxyl at this distance, a CPMD simulation was performed to observe whether the reaction takes place, and the total energy was extracted in order to confirm the barrier of the reaction. Fig. D.3c shows that the reaction occurs later than when the hydroxyl is at only 3.2 Bohr from the hydroperoxide's hydrogen due to the diffusion time, but it is still very quick at room temperature (300K). This can also be confirmed by tracking the total energy of the system (Fig.D.3d).

D.3 . Formation of alkoxy radicals

Investigating the formation of alkoxy radicals is important to study the degradation of PE because alkoxy radicals can branch out into many oxidative reactions. In particular, reaction 4.1b (Fig. 4.4) shows sufficiently low barriers for the formation of alkoxy radicals (see also chapter 4.1.2). Starting configurations of H1 and H2 positions in Fig. 4.8 are studied by CPMD simulations at 300K (Fig. D.4). The reaction takes place from both positions at the given temperature. However, the oxygen molecule of the final product does not diffuse to vacuum space or rotate over several picoseconds and retains a certain distance with the alkoxy radicals. Besides, in Fig. D.4b, the oxygen molecule is dissociated for approximately 2 ps between 8 and 10 ps, which is not observed at higher temperature (360K). This could come from the barrier of the backward reaction, which is 0.27 eV, corresponding to a much longer average waiting time. The role of entropic effects could be considered, but much larger statistics should be accumulated to estimate a free energy barrier for this reaction. 

D. . From alkoxy radicals: crosslinking from different starting configurations Table D. -Comparison between NEB and MD calculations for reactions from two alkoxy radicals on the surface of a lamella.

After the formation of alkoxy radicals from two peroxy radicals, I assumed that the oxygen molecule had diffused away and, without it, I relaxed once more the structures H1 to H4 (Fig. 4.8). From these structures, the activation energies of crosslinking, chain scission, and formation of ketones and/or alcohols were calculated by NEB calculations in chapter 4. The details of the four surface configurations do affect the activation energy, making them more or less likely with respect to alternative reactions. Therefore, based on each starting configuration from H1 to H4, CPMD simulations were performed, and the final products were compared with the results of NEB calculations (see Figure D.5 and Table D.1). While reactions starting from H2 and H4 produce the expected products corresponding to the calculated activation energies by NEB, H1 and H3 show quite different oxidation products. In the case of H1 position, crosslinking reaction is expected based on NEB calculations, but the final products obtained by CPMD are a double bond (-C=C-), an alcohol, and aldehyde (chain scission). While we did not spot any plausible reactions starting from H3 position based on our calculated activation energy, the final products by CPMD calculations are an alkoxy radical, a ketone, and a hydrogen atom, a final state that we had not considered in our NEB calculations. These differences could also come from entropic contributions, which requires further studies, but at least they imply that the oxidative reactions can be quite complex also because of the dependence on the local environment and specific starting positions even at room temperature. Besides, as all these reactions follow from the encounter of two peroxy radicals, deactivating them or their following products (alkoxy radicals) by antioxidants can prevent, or delay, PE degradation.

Appendix D. Molecular dynamics: a few case studies