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Identification of chemical species created during γ-irradiation of antioxidant used in polyethylene and polyethylene-co-vinyl acetate multilayer film
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With the increasing use of γ-irradiated containers made of multilayer polymeric flexible films for food and biopharmaceutical applications, the possible migration of degradation products of the polymers and their additives is becoming a topic of concern. This article aims at highly reliably identifying the degradation products generated after gamma irradiation and their origin to later on assess their potential harmfulness in single-use containers. In this study, GC-MS is used to identify by-products created by γ-irradiation of primary and secondary antioxidants usually present in polyolefin-based biotechnological single-use materials and to confirm identification relevancy based on the literature survey or standard when available. Degradation pathways are proposed to account for the formation of by-products identified during the study and to list intermediates and other by-products present in too small amounts to be detected and identified accurately in all extractable studies.

when using plastic packing material either in biotechnology applications [START_REF] Hammond | [END_REF] or in food stuffs [19][20][21][22] and are worth being anticipated as much as it could be.

Most packaging materials are coextruded multilayer structures based on polyolefin materials such as polyethylene (PE), polypropylene (PP), and ethylene-vinyl acetate (EVA). Related monographies are available in the European Pharmacopeia (E.P.), [23] for instance. These materials could not be used without addition of additives, antioxidants or slipping agents, dedicated to protect the polymeric chains during the film extrusion process against oxidation or depolymerization processes or chain shortening events. Very few polymers can be used without additives. [24] A typical stabilization package for polyolefin will usually consist of a phenol, a phosphite, and an antacid/slip agent.

The effects of ionizing radiation on polymers have been widely investigated [START_REF] Hemmerich | Medical Device and Diagnostic Industry[END_REF][START_REF] Demertzis | [END_REF][27][28][29][30][31][32][33][34][35][36][37][38] and many additives will thus degrade into by-products, which contributes to discoloration. [39,40] The migration of volatile compounds in multilayer food packaging after gamma irradiation has also been studied [41][42][43][44][45][46][START_REF] Nerin | Reference Module in Food Science[END_REF][START_REF] Félix | [END_REF][49] and highlighted. It has been proven that pristine additives and their by-products are capable of migrating from the matrix toward the solution contained in the bag, potentially altering the product quality, safety, and/or efficiency. [50] Computation could also be used to predict the degradation of polymers. [START_REF] Green | Transportation and Packaging[END_REF] Material degradation always implies the generation of radicals, which are often scavenged by O 2 to generate second-or third-generation radicals quenched by the presence of additives. A typical chain-breaking activity due to the scavenging of ROO˙and RO˙radicals is involved, together with a specific reactivity with oxygen and hydroperoxides.

Primary antioxidants (AOs) (e.g., 1, 2, and 3, see Table 1) work by donating hydrogen atoms to radicals (often RO˙, ROO˙), thereby interrupting the autoxidation process (Scheme 1). They are mainly used to increase the long-term thermal stability of various coatings, plastics, adhesives, and sealants. Secondary antioxidants (e.g., 4, see Table 1) decompose (hydro)peroxides (ROOH/ROOR) generated during the autoxidation process and extend the performance of primary AOs through synergistic effects (Scheme 1).

For instance, 2,6-di-tert-butyl-hydroxytoluene (BHT, E-321) is a synthetic phenolic antioxidant, which has been widely used as an additive in the food, cosmetic, and plastic industries for the past 70 years. [START_REF] Vin | [END_REF] In recent years, special attention has been paid to 14 known degradation products occurring in such proportion as to be detectable in food simulants, for instance. [53,54] Other by-products are not detectable in such experimental conditions and require another approach and assay to be detected. As the accumulation of apolar organic compounds in aqueous solutions will not reach concentrations that could be easily detected in interaction studies, mimicking biopharmaceutical applications or foodstuffs may last up to several weeks, months or years. The velocity for reaching the maximum or equilibrium concentrations of the extractables depends on the diffusion process and on the diffusion-influencing parameters (i.e., time, temperature, and specimen geometry) in the polymer. [55] This urged us to work directly on the neat antioxidant by-products having a partition coefficient not so in disfavor of their accumulation in aqueous solution, that is to say, mostly <500-700 amu, which makes them detectable by gas chromatography coupled with mass spectrometry. Defining a comprehensive extractable profile of packaging materials requires the use of orthogonal state-of-the-art analytical methods and is beyond the scope of this study. [56] Therefore, risk mitigation of extractable and leachable in food industry or biopharmaceutical applications requires a holistic understanding of the γ-irradiation effects on the AOs used in packaging materials. Degradation pathways are proposed first to account for the formation of the byproducts and second to highlight intermediates as well and all other stable compounds that could be generated in small quantities and that could migrate in particular circumstances into biopharmaceutical solutions or food simulants for anticipation. A comprehensive profile of four antioxidant by-products, prone to migrate in aqueous media, is thus established using a combination of experimental gas chromatography and mass spectrometry in a first step and then theoretical radical degradation pathways.

| EXPERIMENTAL

The classical γ-irradiation dose range used in the biopharmaceutical industries is between 25 and 45 kGy. [START_REF]The Irradiation and Sterilization Subcommittee of the Bio-Process Systems Alliance (BPSA). Guide to Irradiation and Sterilization Validation of Single-Use Bioprocess Systems[END_REF] In this study, the γ-irradiation doses investigated are up to 270 kGy, in order to exaggerate the γ-irradiation effect and to thus better emphasize and investigate the modifications induced by γ-rays. Antioxidants 1-4 were selected in E.P. 3.1.13 in order to represent widely used primary sterically hindered phenolic AOs and secondary phosphite AOs. Additives 1-4 (Table 1) were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France) and sterilized in the glass flask at room temperature using a 60 Co γ-source providing a dose rate of 8-13 kGy/h-as given by Synergy Health Marseille, France, at 25 (± 5), 50 (± 5), and up 115 (± 5) and 270 (± 5) kGy. The doses at 115 kGy and 270 kGy were used to exaggerate the effect obtained at 25-45 kGy so that higher quantities were obtained and investigation was made easier. The quantification of the analytes was performed after 270 kGy where peaks were more intense. The AOs were irradiated in the glass flask at room temperature using a 60 Co γ-source that provided a dose rate of 8-13 kGy/h-as given by Synergy Health Marseille, France. The AOs were gamma irradiated without any matrices to avoid matrix interferences and to gain in detection sensitivity in comparison with other studies using plastics involving these additives. [24,55] Solutions of additives at 100 μg/mL were prepared in dichloromethane and spiked with an internal standard (2-fluorobiphenyl) at 20 μg/mL and subsequently injected in GC-MS. Solutions were prepared in duplicate and injections were done in triplicate. The stability of the antioxidants was monitored over time beforehand to verify that aging in solution did not induce degradation. The quantitation estimate for each detected extractable peak was obtained in comparison with the internal standard peak. The by-products thus identifiable by GC-MS may be prone to migrate easily from the material core to reach aqueous based biopharmaceutical solution. Heavier byproducts not detectable by GC-MS and surely detectable by LC-MS also coexist in the polymers, but their migration to the aqueous solution is therefore weak. [START_REF] Jenke | [END_REF][59][60] Each solution was injected in GC (PerkinElmer Clarus 500C) coupled with a mass detector (PerkinElmer Clarus 500 T) and equipped with a column (Elite 5MS (Methylpolysiloxane [5% Phenyl]), 60 m × 0.25 mm × 0.25 μm). The detection was performed by mass spectroscopy in electronic impact mode (70 eV at 280 C). Samples (1 μL) were injected in splitless mode. The mass detector was calibrated with octafluoronaphtalene at 100 pg/μL, with mass accuracy at 68.9973, 219.0012, and 501.9502 m/z. The injector temperature was set at 250 C and the column temperature was set from 35 C to 300 C. The carrier gas (flow) helium was set at 1 mL/min. The mass range was 35-700 m/z. The limit of detection was determined with butylated hydroxytoluene (BHT) at S/N ≥ 3. The precision was evaluated with several injections of 1 μg/mL BHT, leading to a relative standard deviation (RSD) of 20%. The spike recovery was in the range of 80-120%. This method proved trustworthy in detecting all the potential degradation products possibly migrating in aqueous solutions. [START_REF] Crompton | Additive Migration From Plastics into Foods: A Guide for Analytical Chemists[END_REF][START_REF] Jenke | Compatibility of Pharmaceutical Products and Contact Materials: Safety Considerations Associated with Extractables and Leachables[END_REF] Tables 2-4 summarize all chemicals detected after GC-MS analysis of freshly irradiated 1-4. A comparison with nonirradiated samples is made likewise to prove that the degradation products are due to the irradiation and not to the analysis conditions. The starting point for the generation of these compounds is the generation of the phenoxyl radical (Scheme 2). Chemicals are primarily identified by matching their mass spectra against available commercial NIST [67] and Wiley [68] databases, and for a few cases conventional analysis of molecular and parent peaks are performed.

The radical or cationic species are not detected by GC-MS, their shelf life being too short. Species in too small amounts are not detectable by GC-MS. Moreover, the GC-MS method does not make it possible to detect high molecular weight molecules such as by-products of 3.

| RESULTS AND DISCUSSION

3.1 | General comments

| γ-irradiation

Under γ-irradiation, the phenolic compounds can lead to several mechanisms, depending on the ionization (Scheme 2). The ionization potential (IP) [START_REF] Levin | Ionization Potential and Appearance Potential Measurements[END_REF] provides information on the electron lability under γ-ray ionization. The mechanism (1) in Scheme 2 is the most likely (IP ~8.37 eV) to occur. The mechanisms ( 2) and ( 3) in Scheme 2 can also exist (IP ~10.25 eV and IP ~8.82 eV, respectively) but are not the prevailing ones. Concerning the reaction of the ester part of 2 and 3 under γ-rays, the mechanism (4) in Scheme 2 is possible (IP (C O C + ) = 9.70 eV and IP (C O + ) = 10.94 eV). The reaction of the phosphite under γ-rays according to mechanism ( 5) is conceivable (IP( C18H15O3P +) = 8.80 eV). Unfortunately, not all standards are available and only a semiquantitative analysis was possible. For better discussion, quantification was performed only at 270 kGy. However, in most cases, products detected at 270 kGy are also detected at lower doses, supporting our approach. As for the few cases of compounds detected only at 270 kGy, they were detected at trace level (see Tables 234).

| Description of antioxidant reaction scheme

Hindered phenols such as 1, 2, and 3 act as free-radical scavengers and prevent or interrupt oxidation reactions. They trap peroxyl radicals efficiently. The key reaction is the formation of hydroperoxide by transfer of hydrogen from the phenolic moiety to the peroxyl radical and the formation of a phenoxyl radical according to the reaction described in Scheme 3.

The decomposition of powder hindered phenol such as 1-3 under gamma irradiation has not raised much interest. Nevertheless, as decomposition is performed under air atmosphere whatever the type of irradiation or oxidation process, alkyl peroxyl radicals as well as phenoxyl radicals are generated. Consequently, most species reported in Scheme 4 are expected to be observed.

Table 2 summarizes all chemicals detected after GC-MS analysis of freshly irradiated BHT, showing that only phenylic and phenolic compounds are observed. Information about detected compound masses is given in Table 1 SI. The intermediate species depicted in the subsequent schemes to account for the formation of the detected compounds listed in Table 2 are numbered with the Greek letter α. It comes out that the main metabolites [53] of the products of 1 (BHT) are detected.

Under gamma irradiation, BHT (1) affords either radical α1, which reacts by disproportionation via its mesomeric form α2 to yield 1 and 7 (Scheme 5) or radical α5 ((2) in Scheme 2). The latter collapses into isobutene and α6, which affords 6. The easiest way to generates 5 is a dehydration reaction in several steps which relies on the addition of H•, which is always generated to some extent under γ-ray, onto the hydroxyl group of 1 to generate radical α3. The latter collapses to release water and aryl radical α4, which abstracts an H-atom to yield 5 (Scheme 6).

Products 9 and 10 are not discussed, as they are observed as traces and are likely released during gamma-irradiation of side products (Scheme 7). The generation of α7 from 1 is supported by the formation Unlike BHT (1), molecule 2 carries an ester function at position para. As a consequence, besides the conventional chemistry of the phenolic moiety as observed for BHT, several new manifolds are observed: cinnamate manifold (Figure 1 and Scheme 8), ester manifold (Scheme 9), O 2 manifold (Scheme 10), benzylic manifold (Scheme 11), acidic manifold (Scheme 12) in which several intermediates are implied. The formation of primary phenoxyl, quinone methide and products of molecular rearrangement and dimerization should be considered as a reason for the high efficiency of systems containing the 4-hydroxyphenylpropionate moiety. [START_REF] Pospíšil | [END_REF] The latter is transformed into a cinnamate moiety (Figure 1). Table 3 summarizes all the chemicals detected after GC-MS analysis of freshly irradiated 2 and 3. Information about detected compound masses is given in Tables 2 SI and Table 3 SI.

Intermediates used in Schemes 8-12 to describe the degradation of 2 are labeled with the Greek letter β and listed in Figure 2. Importantly, most of the degradation products observed for 2 are also reported for 3 (which carries four ester moieties). Compounds 22-26 are not observed during the degradation of 3 because the structure of 3 is not suitable. However, manifolds described in Schemes 8-12 require the generation of parent compounds which cannot be detected in our case because of their high molecular weights. Some compounds such as 9, 15, 21 and 28 are not discussed, as they are detected at the level of traces or in the starting materials.

| Cinnamate manifold

The first step is the generation of phenoxyl radical β1 by gamma-irradiation (Scheme 8). The mesomeric form β2 reacts by fragmentation to afford 7 and alkyl radical β4, which abstracts an H-atom to yield 25. Molecule 7 is oxidized by ozone to yield 16 and formaldehyde/formic acid. As fragmentation (of β2) has some specific requirements and as 3 is more constrained than 2, fragmentation of β2 to afford 7 is less favored in 3 than in 2. Hence, 16 is obtained in higher quantity for 2 than for 3.

| Ester manifold

Obviously, the whole set of detected products cannot be represented by one single phenoxy radical alone. 26 (second pathway for its generation) and alkyl acyloxyl radical β19. The latter can either abstract an H-atom to afford β25 or to decarboxylate to afford β20, which in turn abstracts an H-atom to yield 17. Loss of H atom on the benzylic position in β20 might be assumed to afford 27, which is further oxidized in 12. 17 is obtained in lower quantity for 3 than for 2 because the formation of β18 is not possible.

Radical β12 may either react with O 2 to afford 17, β25 and 23 (see Scheme 10) or decompose in 23 and acyl radical β13, which abstracts an H-atom to yield 19. The number of ester moieties favors the generation of β11 and β12 and hence the formation of 19. That is the reason why 19 is obtained in higher quantity for 3 than for 2.

Besides 1,4 or 1,5-H transfer events, radical cations β5 and β6 can collapse through a mesolysis event to afford The presence of 20 formed only from β25 points to the occurrence of the acidic manifold. However, as 12 and 16 are already detected in Schemes 8 and 9, no discussion on the importance of this manifold can be performed. Moreover, β25 points to the occurrence of pathways-in blue and green in Scheme 9.

The larger amount of 20 observed in 2 than in 3 is not surprising, as the intermediate β25 (required for the formation of 20) is partly formed via the degradation of β12. The larger amount of 27 in 3 than in 2 is likely due to the occurrence of the degradation of β8-type intermediates, which does not occur for 2.

| O 2 /ester manifold

All alkyls radicals may react with O 2 to generate alkyl peroxyl radicals, which either combine into tetroxides to further collapse into alkoxy radicals and O 2 or react with O 2 to generate ozone and alkoxyl radicals. The latter then collapse into alkyl radicals or ketone/aldehyde and alcohols. Here, only the pathways affording the products reported in Table 2 are envisioned. Hence, β12 reacts with O 2 to afford peroxyl radical β26, which is degraded into β27, which decomposes into 23 and β19. The latter either abstracts an H atom to afford β25 or decarboxylates to afford β20, which yields 17 by Habstraction.

| Benzylic radical/O 2 manifold

The detection of 18 implies the oxidation of a branched benzylic position, which is only possible through a sequence of events starting from the reaction of β8 with O 2 to afford the peroxyl radical β52, which dimerizes as tetroxide. Depending on conditions, the latter decomposes into β32 or/and β41 and β42. β32 decomposes into 12 and β33, which affords 25 by H-abstraction. 18 is obtained in larger quantity in 3 than in 2, probably because of the four benzyl moieties in 3.

Under gamma irradiation, β41 affords radical cations β29 and β53. β42 affords radical cations β30, β37, and β31. Radical cation β29 affords β35 through intramolecular H-transfer and loss of proton via β50. Similarly, β53 affords β35 through intramolecular H-transfer and loss of proton via β34. Radical β35 decomposes into 23 and β36, which decarbonylates to afford β28 yielding 18 by Habstraction. Radical cation β53 also decomposes into β28 (vide supra) and alkoxyacylium cation which yields 24 via hydrolysis and decarboxylation events. Radical cation β30 decomposes into β28 and alkoxyacylium cation. The latter is hydrolyzed in hydrogen carbonate, which collapses into CO 2 and 24.

By intramolecular 1,4-H-atom transfer, radical cation β37 affords β38, which gives β39 by loss of a proton. β39 is readily oxidized in cation β40 by electron loss, and yields β41 by proton loss. On the other hand, β39 cleaves into radical β9 (see ester manifold in Scheme 9 for its reactivity) and in the enol form β51 of 18. 

| Acidic manifold

The lactone ring 20 is obtained by 1,5-intramolecular cyclization via β49 starting from β25 (Scheme 12). At the same time, under gamma-irradiation, β25 generates β43 whose mesomeric form β44 cleaves in 7 and in alkyl radical β47, the latter being transformed into acetic acid β48 by H-abstraction. β44 loses an H-atom to yield β45. The ozonolysis of β45 into 16 is very unlikely, as no malonic derivative β46 is detected. In contrast, ozonolysis of 7 yields 16. As re-aromatization is an important driving force, β45 is spontaneously isomerized into 29. Ozonolysis of the latter affords 12.

3.4 | By-products of 4 (tris (2,4-di-tertbutylphenyl) phosphite)

When processing polyethylene, different chemical reactions occur, which modify the structure of the polymer. The overall kinetics of these reactions depends on the number of weak sites (branches, unsaturated, and oxygen-containing groups), the concentration of residual catalyst, and the processing conditions. The rate and direction of the reactions can be influenced by processing stabilizers, mainly involving a combination of hindered phenols and phosphorus-based secondary antioxidants. The decomposition of the hydroperoxide is assumed to be the main mechanism (Scheme 13) for the reactions of different trivalent phosphites and is accompanied by oxidation to the corresponding pentavalent compound. [START_REF] Zweifel | Stabilization of Polymeric Materials[END_REF]72,73,[START_REF] Scott | [END_REF][START_REF] Allen | Fundamentals of Polymer Degradation and Stabilisation[END_REF][START_REF] Walling | [END_REF][START_REF] Drake | Proc. SPE Polyolefins[END_REF][START_REF] Carlsson | Food Additiv[END_REF] Scheme 16 is more likely than Scheme 15. The reaction of phosphites with peroxyl radicals formed in the autooxidation of organic compounds results in the formation of phosphates and alkoxyl radicals (Scheme 14), which further react with a second phosphite molecule in a way depending on the structures of the phosphorous compound and the alkoxyl radical. Phosphonites and alkyl phosphites are oxidized to the corresponding phosph(on)ates and alkyl radicals by alkoxyl radicals (Scheme 15). Thus, these phosphorous compounds are unable to act as chain-breaking antioxidants, at least at ambient temperature. However, the chain-breaking inability should not be the main reactional scheme. In contrast, hindered aryl phosphites can react with alkoxyl radicals by substitution reactions giving substituted alkylaryl phosphite derivatives and hindered aryloxyl radicals (Scheme 16), which terminates Note: The formations of 30, [START_REF] Jenke | [END_REF][64][65] 32, 33 [START_REF] Jenke | [END_REF][64][65][66] the oxidation chain reactions. Phosphite antioxidants are in most cases used in synergy [80] with primary antioxidants such as 2 and 3.

The stabilizing action of phosphites could be therefore summarized by to three main mechanisms [START_REF] Schwetlick | Polymer Durability[END_REF][START_REF] Clough | Polymer durability: Degradation, stabilization, and lifetime prediction[END_REF] :

• Oxidation of the phosphorus compound by hydroperoxides transforms these compounds into alcohols and prevents the branching of the oxidation chain reaction (Scheme 13). • Substitution of hindered aryl phosphites by alkoxyl radicals formed in the reaction of peroxyl radicals with the phosphites releases hindered aroxyl radicals that are capable of terminating the oxidation chain reaction (Schemes 14-16). • Hydrolysis of aryl phosphites gives hydrogen phosphites and phenols

F I G U R E 2 List of intermediate compounds β F I G U R E 2 (Continued)
S C H E M E 1 3 Decomposition of hydroperoxide with trivalent phosphites [72][73][START_REF] Schwetlick | Polymer Durability[END_REF] S C H E M E 1 4 Reaction of phosphites with peroxylradicals [72,[START_REF] Schwetlick | Polymer Durability[END_REF] S C H E M E 1 5 Oxidation of phosphonites and alkyl phosphites [72,[START_REF] Schwetlick | Polymer Durability[END_REF] S C H E M E 1 6 Reaction of hindered aryl phosphites with alkoxyl radicals [72,[START_REF] Schwetlick | Polymer Durability[END_REF] The second part of the mechanism presented in Scheme 17 is proposed to account for the formation of bis (2,4-di-tert-butylphenyl)phosphate (bDtBPP). This compound [START_REF] Hammond | [END_REF] (Figure 3) was not detected in our study. Its GC-MS detection sensitivity is weak and may require concentration > 10 ppm to be detectable.

The three mechanisms taking place in the core of the polymer therefore lead to the creation of new species either phosphorus or phenol based. These new species can remain stable over the life of the polymer or act with neighboring molecules to generate once again new species, thus involving complex chemistry.

Scheme 18 depicts the proposal of a mechanism for the degradation of the tris(2,4-di-tert-butylphenyl)phosphate, from the general processes described in Schemes 13-16.

Solutions of four γ-irradiated at 270 kGy were prepared and analyzed by GC-MS. The detected compounds are summarized in Table 4. Information about detected compound masses is given in Table 4SI.

The highest concentration compounds 33 and 34 were also detected in film extracts directly while the other weakly concentrated compounds were not. [60,83] 

| CONCLUSIONS

The purpose of this article is to highlight the degradation products we may expect from the radiative degradation of primary and secondary antioxidants and to address the complexity of the proper identification of the by-products thereof. A comprehensive profile of prone-to-migrate byproducts of the four antioxidants is thus established by analytical means and by degradation pathways. The degradation pathways reveal that numerous alkyl radicals are created, leading to the generation of numerous intermediates. Even though we were not able to detect the ESR signal of these radicals, the degradation pathways emphasize a possible radical reaction leading to the creation on the film surface of radicals which can then potentially generate hydro(gen) peroxides. This article summarizes probable degradation mechanisms of γ-irradiated antioxidants as key events to better apprehend the reactivity and the lifetime of intermediate radical species. We propose an identification of the chemicals compounds based either on the data fit to the commercial database, or by either on the injection of standards or on the antioxidant degradation chemistry. A deep investigation into the chemistry or more specifically into the phenolic antioxidant transformation mechanism behind the identification process is necessary to discriminate among several compounds to achieve trustworthy identification.

The chemistry of phenolic antioxidants emphasizes that the clear identification of the by-products from antioxidants remains a challenge, because of the many possible configurations one may find as improbable during extractable studies. It is worth noting that these byproducts are in really low quantity, surely below 100 μg/L and may be prone to migrate during biopharmaceutical applications. This study was performed on pristine antioxidants separate from the polymer matrix. The polymer matrix might bring another chemistry and hinder some of the reactions described in this paper. However, the data collected in this document could be used for further analysis and identification of compounds found in singleuse system extractable data sets and thus improve the robustness and relevancy of such extractable datasets.
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 4 Tris (2,4-di-tert-butylphenyl) phosphite CAS 31570-04 Secondary antioxidant 98

S C H E M E 1

 1 General primary AO (hindered phenol) and secondary AO (phosphitebased antioxidant) reaction scheme [Color figure can be viewed at wileyonlinelibrary.com]

  S C H E M E 2 Phenolic compounds under γ-raysS C H E M E 3 Formation of phenoxyl radicals of traces of 14 (dimerization) and 13 (coupling between α6 and α7). The minor products(11 and 12) and traces (8, 13 and 14) are accounted by a manifold based on the generation of α7. The small amount of 13 and 14 denotes that α7 is quickly scavenged by O 2 to generate peroxyl radical α8. Through an oxidation reaction, it releases alkoxyl radical α9, which affords 11 and 12 through a disproportionation process. However, the slightly larger amount of 11 than of 12 denotes the occurrence of another pathway for the generation of 11. That is, addition of peroxyl radical on 7 is possible to afford α10, which is reduced into 11. Further oxidation of 11 and 12 into 8 is a very minor pathway, as 8 is observed as traces.

  S C H E M E 4Reaction of sterically partially hindered phenols and general reactions of quinone methides 7[START_REF] Zweifel | Stabilization of Polymeric Materials[END_REF] 

7 D 26 NC 3 . 3 |

 72633 Abbreviations: BHC, butylated hydroxytoluene; C, confirmed by standard; D, detected; NC, not confirmed by standard; ND, not detected.Note:Concentrations are given in μmol/L when reported. a This reporting value corresponds to S/N ~10.

  Abbreviations: BHC, butylated hydroxytoluene; C, confirmed by standard; D, detected; NC, not confirmed by standard; ND, not detected. Note: Concentrations are given in μmol/L when reported. a This reporting value corresponds to S/N ~3; peak is visible but not integrated. b This reporting value corresponds to S/N ~10.

S C H E M E 8

 8 figure can be viewed at wileyonlinelibrary.com]

S 2 [

 2 C H E M E 1 0 O 2 manifold for the generation of 23 and 17. Intermediate compounds are listed in Figure 2 S C H E M E 1 1 Benzylic radical/O 2 manifold for the generation of 12, 25, 23, 18, 24. Intermediate compounds are listed in Figure Color figure can be viewed at wileyonlinelibrary.com]

S C H E M E 1 2

 1 Acidic manifold for the formation of 7, 12, 16, 20 and 29 [Color figure can be viewed at wileyonlinelibrary.com]

T A B L E 4 By-products of 4 :

 44 Tris (2,4-di-tert-butylphenyl) phosphite γ-irradiated at 270 kGy and subsequently dissolved in dichloromethane analyzed by GC-MS

  and 34 are proposed in Scheme 18. The formation of 31 detected as traces is not discussed. Abbreviations: C, confirmed by standard; D, detected; NC, not confirmed by standard; ND, not detected. a This reporting value corresponds to S/N ~3.

  S C H E M E 1 7 Hydrolysis of aryl phosphites F I G U R E 3 Structure of bis(2,4-di-tert-butylphenyl) phosphate (bDtBPP) S C H E M E 1 8 Degradation mechanism proposal leading to the formation of 1,3-di-tert-butylbenzene and of tris(2,4-di-tert-butylphenyl)phosphate [Color figure can be viewed at wileyonlinelibrary.com]
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