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Based on the determination of the solvatochromic parameters of a series of polymers with various functional groups containing oxygen atoms, a method was proposed which allowed for discriminating the oxidation products formed by exposure of polymers to photo-and/or thermo-ageing. The polymers used to determine the solvatochromic parameters contained polar groups such as chain-pendant ester (EVA, PMMA, PVAc), chain ester (PLA), alcohol (EVOH, PVA), chain-pendant acid (PAA), ketone (PK), ether (PEO). The solvatochromic parameters π*, α and β were determined following procedures reported in the literature, and it was shown that the most apolar polymer PE, displays the lowest π* value; the presence of acetate groups in PE makes the π* value increase. Polyesters (PLA, PMMA, PVAc) have similar π* values. Then, alcohols and ether groups (EVOH, PVA, PEO) have higher π* values. Finally, the highest π* values are obtained for PAA and PK. Concerning the β value, the highest value was obtained for (PE, EVOH, PEO), which have the highest capacity to accept a proton, and are close to polyethylene in terms of chemical structure. On the contrary, the polymers with the lowest β value are the ones which have acid/ester/ketone functions (PK, PAA, PLA), reflecting their lowest capacity to accept a proton. This method was successfully applied to discriminate the oxidation products formed in thermo-and photo-oxidation of polyethylene which are known to be slightly different due to the Norrish reactions that do not occur in thermooxidation.

Introduction

Fluorescence spectroscopy as an analytical technique widely used in a variety of applications can also be useful for polymer characterization as described in a paper on fluorescent probes for sensing processes in polymers [START_REF] Bosch | Fluorescent probes for sensing processes in polymers[END_REF]. Fluorescence analysis for characterizing polymer degradation was mainly reported concerning the fluorescence emission that appears upon polymer ageing due to the degradation products. There are very few papers dealing with fluorescent molecular probes in polymers and the use of their fluorescence to study the degradation. A first paper of Peinado et al. [START_REF] Peinado | Chemiluminescence and fluorescence for monitoring thephotooxidation of an UV-cured aliphatic polyurethaneacrylate based adhesive[END_REF] reported that fluorescence emission, from two extrinsic probes that were added to a polymer, can be used as a valuable method to analyse photooxidation from the initial stages. Very recently, a study, based on the use of profluorescent nitroxide sensors as sensitive probes to detect early stage photodegradation [START_REF] Lussini | Profluorescent nitroxide sensors for monitoring the natural aging of polymer materials[END_REF],

showed that the probes are able to highlight polymer degradation within the oxidation "induction" period.

It has been shown in our previous work [START_REF] Rapp | Impact of thermal oxidation of polymers on features of fluorescent probes[END_REF] that the emission properties of a fluorescent molecular probe such as Prodan® depend on the solvent polarity [START_REF] Fukuda | Optical absorption and fluorescence of Prodan in solution : Quantum chemical study based on the symmetry-adapted clusterconfiguration interaction method[END_REF][START_REF] Artukhov | Features of absorption and fluorescence spectra of Prodan[END_REF][START_REF] Sengupta | Characterization of the fluorescence emission properties of Prodan in different reverse micellar environments[END_REF] and are then modified with the oxidation extent of a polymer during ageing. This has been ascribed to the change of polarity in the polymer matrix that comes from the oxidation products which are formed during ageing. An interesting and complementary issue is then to evaluate if the features of this molecular fluorescent probe could be sensitive enough to the chemical nature of the products that are formed and could allow discriminating these products.

This study is devoted to the determination of the solvatochromic parameters of various polymers with the objective of using them as a tool for discriminating the various oxidation products in polymers. It has been completed by investigations on the distribution of Prodan® in photo-and thermo-oxidized polyethylene. The main objective of the present work is then to study the sensitivity of Prodan® to the chemical functions of oxidation products which are formed during photo and thermo-oxidation of polyethylene, in order to detect any change of polarity due to the accumulation of oxidation products and in order to discriminate the oxidation products depending on their chemical groups. The differences between the stoichiometry of the degradation products formed in photo and thermo-oxidation of polyethylene [START_REF] Ginhac | Influence of hydroperoxides on the photothermal oxidation of polyethylene[END_REF][START_REF] Lacoste | Gamma-, photo-, and thermally-initiated oxidation of linear low density polyethylene : a quantitative comparison of oxidation products[END_REF][START_REF] Carvalho | The kinetics and mechanism of polyethylene photooxidation[END_REF][START_REF] Costa | Ultra high molecular weight polyethylene II. Thermal and photo-oxidation[END_REF] have been revealed by the fluorescence emission of Prodan® and evaluated through the determination of the solvatochromic parameters of polyethylene after photooxidation and themooxidation.

In the first part of this article, we compared the emission spectra of Prodan® in either photooxidized polyethylene or thermooxidized polyethylene, which had been oxidized in order to reach the same level of oxidation, determined by infrared measurements. Since reference data were needed for establishing correlations between the features of Prodan® and the various chemical functions, several polymers have been chosen according to the chemical function in their repetitive unit and the features of the selected probes suitable as polarity indicators. This is reported in the second part of this article. These polymers have been selected because their chemical functions are representative of the oxidation products formed during photo and thermal ageing of polymers. The Kamlet-Taft solvatochromism method [12, 13, 14 , 15] has been applied in order to calculate the solvatochromic parameters of this panel of polymers. Polymers with a wide variety of chemical functions involving polar oxygen groups have been chosen: chain-pendant ester (EVA, PMMA, PVAc), chain ester (PLA), alcohol (EVOH, PVA), chain-pendant acid (PAA), ketone (PK), ether (PEO). Then we determined the solvatochromic parameters in photooxidized or thermooxidized polyethylene and we discussed the obtained results on the basis of the parameters determined for the panel of polymers with the various chemical functions.

Experimental section

Materials

Polymethyl methacrylate (PMMA); polyethylene oxide (PEO); ethylene vinyl alcohol 44 and 27% molar of ethylene (respectively EVOH44 and EVOH27); ethylene vinyl acetate 9 and 33% molar of acetate (respectively EVA9 and EVA33), polyacrylic acid (PAA) and polyvinyl acetate (PVAc) were purchased from Scientific Polymer Products. Linear low-density polyethylene (PE) was supplied by SABIC ® and crosslinked with dicumyl peroxide (DCP, Arkema Luperox ® , 2 wt.%) as described in a previous work [START_REF] Rapp | Impact of thermal oxidation of polymers on features of fluorescent probes[END_REF]. Polylactic acid (PLA 4032D) was supplied by NatureWorks. Polyketone (PK) was purchased from GoodFellow. Polyvinyl alcohol (PVA) was purchased from TCI.

Solvents were purchased from either Sigma Aldrich, Acros Organics or VWR Chemicals.

2-dimethylamino-6-propionylnaphtalene (Prodan® >98%) was purchased from TCI, 4nitroanisole (ANS, 97%) and 4-nitroaniline (ANL, >99%) were purchased from Sigma Prodan® are given in Scheme 1.
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Scheme 1: Chemical structure of 4-nitroanisole (ANS), 4-nitroaniline (ANL) and Prodan®.

Samples preparation

Different methods were used for preparing the samples and introducing the molecular probes into the polymer matrix (Table 1).

Samples preparation: films of PE, PMMA, PEO, EVOH, EVA, PLA and PK (with a thickness of 80-100 μm) were obtained by compression-moulding of pellets using a hydraulic press. In the case of PVA, films were obtained by solvent-casting from an aqueous solution (5 wt % of PVA was dissolved in water and stirred for few hours at 50°C). Then, the solution was spread onto Teflon sheets, free-standing films with thicknesses between 30 and 60 μm were obtained after drying at room temperature for few hours. Sorption method used for introducing the molecular probes: methanol solutions at different concentrations of Prodan® (5.10 -3 , 1.10 -2 M), ANS (1.10 -1 M, 1.10 -2 M, 5.10 -3 , 5.10 -4 M) and ANL (1.10 -2 M) were used. Polymer films were immersed in the methanolic solution of fluorescent probes for different soaking times, then removed and quickly washed by pure methanol and finally dried at 60°C for 1h [START_REF] Rapp | Impact of thermal oxidation of polymers on features of fluorescent probes[END_REF].

The sorption method could not be used for PVAc (soluble in methanol) and PAA (polymer is in liquid form). Thus, a solvent-casting method from a polymer/probe solution was used in order to introduce the molecular probes into the polymer matrix. PVAc was dissolved in a 5.10 -4 M solution of fluorescent probe (Prodan®, ANS or ANL) to achieve a 5 wt.% solution of PVAc in methanol, and the mixture was deposited onto Teflon ® sheets resulting in freestanding films (between 60 and 100 µm) after drying at 60°C for few hours. PAA was dissolved in a 1.10 -2 M solution of the fluorescent probes Prodan® or ANS, and or in a 1.10 -3 M solution of ANL to obtain a 10 wt.% solution of PAA, and the mixture was deposited onto CaF 2 then dried at 60°C for 30 min.

Photochemical and thermal ageing

Photooxidation of the samples was carried out in a SEPAP 12-24 from Atlas [START_REF] Philippart | Influence of light intensity of the photooxidation of polypropylene[END_REF]. This device is equipped with four medium pressure mercury lamps located around the rotating carrousel which holds the samples. A borosilicate envelope filters the UV-light with wavelengths below 300 nm. The temperature at the surface of the samples was fixed at 60°C. This device is specifically designed to study the photodegradation of polymers in artificial conditions corresponding to accelerated ageing. Thermal oxidation of the samples was carried out in an air-circulation oven at 110°C.

For each ageing experiment, three samples were prepared and characterized in order to ensure reproducibility of the spectrometry measurements.

Characterization methods

UV-visible spectroscopy

UV-visible spectra of the polymer films were recorded on a Shimadzu UV-2600 scanning spectrophotometer equipped with an integrating sphere working with UVProbe software, between 200 and 800 nm.

IR spectroscopy

Infrared spectra of polymer films were recorded in transmission mode with a Nicolet 6700 FTIR spectrometer, working with OMNIC software. Spectra were obtained using 32 scans and a 4 cm -1 resolution.

Fluorescence spectroscopy

Fluorescence spectra were recorded between 300 and 800 nm on a Varian Cary Eclipse spectrophotometer. The excitation wavelength of Prodan® was chosen as 340 nm (excitation and emission slit: 2.5, except for PEO: 2.5/1.5). The emission spectra of the polymer films were recorded using a sample holder making a 45-degree angle with the excitation beam.

Fluorescence microscopy

Fluorescence microscopy was performed on a Leica DM6000 B microscope equipped with an Optigrid® system to perform structured illumination microscopy, a HC PL APO 20/0.7 dry lens and a Hamamatsu digital CMOS camera, ORCA-Flash 4.0V2 C11440-22CU, which allows capturing 16-bit data depth images of 4.0 Megapixels (6.5 μm x 6.5 μm chip size). Using this optical system, the lateral resolution (dxy) is 0.325 nm. Pictures were acquired with "DAPI filter" (BP 405|60, DC455, BP 470|40).

Results and discussion

Morphology of polyethylene films impregnated with Prodan®

Prodan® was introduced into PE films before and after ageing for 48 hours in the case of thermooxidation at 110°C and 100 hours in the case of irradiations in the SEPAP unit. These times were chosen because they correspond to the same extent of oxidation. We have used two methods to determine the extent of oxidation: on the one side, we measured the areas of the carbonyl oxidation products detected by infrared measurements of both PE and chose the times giving the same areas (see Figure 1). On the other side, we have deconvoluted the complex carbonyl band following a procedure previously reported [START_REF] Gardette | Photo-and thermal-oxidation of polyethylene: Comparison of mechanisms and influence of unsaturation content[END_REF], and then determined the concentrations of the various carbonyls composing this band. The total concentration of the carbonyls was then used to calculate the corresponding concentration of oxygen consumed within the oxidation in thermal and photochemical processes. The obtained results were similar using both these methods. The surface distribution of Prodan® in PE films was then recorded using fluorescence microscopy. Figure 2 shows the fluorescence images of Prodan® impregnated into unaged and aged PE. For unaged PE (Figure 2a), one can see a weak fluorescence emission of Prodan® in the nonoxidized sample. This may result from the weak affinity of Prodan® with PE before oxidative ageing.

For thermooxidized PE (Figure 2b) and photooxidized PE (Figure 2c), one can observe a marked increase of the fluorescence intensity of Prodan®. This reflects an increase of the emission intensity of Prodan® after ageing, which was attributed to an increasing amount of Prodan® absorbed in the films with ageing time [START_REF] Rapp | Impact of thermal oxidation of polymers on features of fluorescent probes[END_REF]. This confirms the higher affinity of the polymer to this fluorophore after ageing. Moreover, we can note that the fluorescence a)

c) b)

emission intensity is slightly lower in the case of photooxidation than in the case of thermooxidation.

Modifications of the emission spectrum of Prodan® with polyethylene oxidation

As shown in our previous work [START_REF] Rapp | Impact of thermal oxidation of polymers on features of fluorescent probes[END_REF], the emission properties of Prodan® are dramatically influenced by the oxidation extent of polyethylene, because of the changes of polarity of the polymer during ageing and also hydrogen-bond interactions: a shift of the wavelength at the maximum of emission is observed as well as an increase of the emission intensity. Figure 3 shows that for a same oxidation extent of PE (thermooxidation 48h and photooxidation 100h), the shift of the emission maximum of Prodan® is different in photoand thermo-oxidation. Thermooxidation of PE for 48 h provokes a shift of the emission wavelength maximum of Prodan® from 406 to 420 nm, whereas photooxidation for 100 h provokes a smaller shift of the emission maximum from 406 to 412 nm. Moreover, an increase of the emission intensity is observed in both cases, but in a different extent, which is consistent with the images shown in Figure 2.

We have also recorded the emission spectra of Prodan® for various photooxidation times.

One can observe the same interesting features as already observed for thermooxidation: the wavelengths at the emission maximum increases with the oxidation time, shifting from 406 to 421 nm after 300 h under light irradiation and from 406 nm to 431 nm in thermooxidation (Table 2) (the data corresponding to thermooxidation have been extracted from reference [START_REF] Rapp | Impact of thermal oxidation of polymers on features of fluorescent probes[END_REF]).

This can be explained by the formation of the oxidation products which increase the polarity of the polymer matrix during photooxidation of polyethylene [START_REF] Gardette | Photo-and thermal-oxidation of polyethylene: Comparison of mechanisms and influence of unsaturation content[END_REF]. Figure 4 shows the maximum emission wavelength of Prodan® vs. the area of the carbonyl oxidation products measured on the IR spectra of thermo-and photooxidized samples. The data for thermooxidation have been extracted from reference [START_REF] Rapp | Impact of thermal oxidation of polymers on features of fluorescent probes[END_REF]. As one can see in Figure 4, the shift of the maximum emission wavelength of Prodan® is not the same for a given area of carbonyl oxidation products. This result has to be linked with the different oxidation mechanisms in thermo-and photooxidation, with products being formed at different relative concentrations (Scheme 1).

One can observe on Figure 1 that the shape of the carbonyl band differs strongly, which reflects the differences of the products formed by thermo-and photooxidation of polyethylene. In both cases, the modification of the spectrum indicates that carboxylic acids (1713 cm -1 ), ketones (1720 cm -1 ), esters (1735 cm -1 ) and lactones (1780 cm -1 ) are formed.

One can also notice the formation of double bonds (1640 cm -1 ) in the case of photooxidation only. The oxidation products are almost the same, but their relative concentrations are different, which reflects that the Norrish reactions occur in photooxidation and not in thermooxidation. Ketones accumulate during thermooxidation, whereas they react during photodegradation through the Norrish reactions, leading to the formation of unsaturations (vinyl and vinylene absorption bands) and carboxylic acids [START_REF] Gardette | Photo-and thermal-oxidation of polyethylene: Comparison of mechanisms and influence of unsaturation content[END_REF]. Comprehensive mechanisms of PE photooxidation and thermooxidation (Scheme 2) have already been proposed [START_REF] Gardette | Photo-and thermal-oxidation of polyethylene: Comparison of mechanisms and influence of unsaturation content[END_REF]. Our results clearly indicate that the emission of Prodan® is sensitive to the different carbonylated oxidation products, that is to say the ratio of ketone and carboxylic acids that are different between thermooxidation and photooxidation of PE. In order to complete these experiments, we compared the emission spectra of Prodan® in a 48 h thermooxidized PE with a sample thermooxidized for 48 h but which was then subjected to photolysis (irradiation in Thermo-oxidation Photo-oxidation the absence of oxygen) for 50 h, in order to make the ketones react through Norrish reactions (ketones transforming into unsaturations, acid and ester functions, see Scheme 1).

Figure 5a shows the IR spectra of both samples and Figure 5b displays the emission spectra of Prodan® in the two PE samples in order to observe the impact of photolysis on the emission fluorescence spectra. One can observe that the IR absorption band corresponding to ketones (1720 cm -1 ) decreased after photolysis and the IR absorption band corresponding to esters (1735 cm -1 ), lactones (1780 cm -1 ) and vinyls (1640 cm -1 ) increased after photolysis, which means that the Norrish reactions took place in the thermooxidized PE sample under photolysis. Interestingly (Figure 5b), the emission wavelength maximum of Prodan® shifts towards lower wavelength after photolysis (from 420 nm to 414 nm).

Modifications of the emission spectrum of Prodan® in various polymers

In order to study the sensitivity of Prodan® to the oxidation products which are formed during the photo and thermal ageing of the polymer, we first need to obtain reference values for pure polymers which have chemical functions representative of the oxidation products. This will allow obtaining a database of reference parameters, which will be used for comparing with polymer oxidation products.

Considering that the variations of the emission wavelength maximum of Prodan® after photoor thermo-oxidation could result from various carbonylated and hydroxylated functions formed in different relative concentrations, we have monitored the emission spectra of Prodan® in different polymers with chemical structure chemical functions are representative of the oxidation products which are formed during polymer ageing. This is shown in Figure 6, which shows the emission spectra of Prodan® in the different polymer films and results are gathered in Table 3. The data given in Figure 6 and Table 3 confirm that the wavelength at the maximum of emission λ max em of Prodan® is sensitive to the chemical function of polymers, as already reported for some polymers [START_REF] Barja | Relaxations in poly(vinylalcohol) and in poly(vinyl acetate) detected by fluorescence emission of 4-aminophthalimide and Prodan[END_REF][START_REF] Stawinoga | Usefulness of fluorescent probe Prodan to gain insight into the polarity of plant cuticles[END_REF]. It has also to be pointed out that, as already shown in our previous work [START_REF] Rapp | Impact of thermal oxidation of polymers on features of fluorescent probes[END_REF], there is an increase of the emission intensity with a concomitant shift of the wavelength at the emission maximum when the polarity of the polymer increases. These results indicate that the emission wavelengths of Prodan® are ranging from 406 to 454 nm depending on the chemical structure of the host polymer. This reflects the influence of the chemical functions of the polymer on the spectroscopic parameters of Prodan®.

The studied polymers can be separated in three groups, i.e aliphatic chain (PE, EVA9, EVA33) with the lowest λ max emission, then ester functions (PMMA, PVAc, PLA), carbonyl and carboxyl functions (PK and PAA), and finally ether and hydroxyl functions (PEO, PVA and EVOH).

Determination of solvatochromic parameters in polymers

Over the past decade, Kamlet, Abraham, Taft (KAT) and co-workers have developed a linear solvation energy relationships (LSERs) for studying solute-solvent interactions for liquid solvent [START_REF] Kamlet | Linear Solvation Energy Relationships. Solvent effects on some fluorescence probes[END_REF][START_REF] Kamlet | Linear Solvation Energy Relationships. 23. A Comprehensive Collection of the Solvatochromic Parameters, π*, α, and β, and Some Methods for Simplifying the Generalized Solvatochromic Equation[END_REF]. Indeed, multiple solvent effects are unravelled and rationalized in terms of linear combinations of dependences on three indices of solvent properties: the solvatochromic parameters. These solvatochromic parameters are the dipolarity/polarizability of the solvent, the hydrogen bond acceptor basicity and the hydrogen bond donor acidity. Based on judicious choice of solvents and indicators, a linear solvation energy relationship has been proposed through Kamlet-Taft solvatochromic equation ( 1):

SP = SP o + sπ 1 * + bβ 1 + aα 1 ( 1 
)
where SP is a solvent-dependent property, SP o , s, b and a are constants, and π*, α and β are solvatochromic parameters of the solvent [START_REF] Kamlet | Linear Solvation Energy Relationships. Solvent effects on some fluorescence probes[END_REF][START_REF] Kamlet | Linear Solvation Energy Relationships. 23. A Comprehensive Collection of the Solvatochromic Parameters, π*, α, and β, and Some Methods for Simplifying the Generalized Solvatochromic Equation[END_REF].

Kamlet et al. [START_REF] Kamlet | Linear Solvation Energy Relationships. Solvent effects on some fluorescence probes[END_REF] has shown that SP could be positions or intensities of maximal absorption in UV/visible absorption or fluorescence emission spectra ν (equation ( 2)):

ν = ν o + sπ* + bβ + aα (2) 
This equation ( 2) is obtained experimentally and the solvatochromic parameters are derived empirically by using UV-visible absorption spectroscopy in liquid solvents. The maximum absorption wavelength of the solute is measured and used for the calculation of solvatochromic parameters (see equations below). The π* scale in an index of solvent dipolarity/polarizability, which measures the ability of the solvent to stabilize a charge or a dipole by virtue of its dielectric effect. The α scale of solvent describes the ability of the solvent to donate a proton in a solvent-to-solute hydrogen bond. The β scale provides a measure of the solvent's ability to accept a proton in a solvent-to-solute hydrogen bond.

This empirical solvatochromic equation ( 2) is capable of correlating, predicting and elucidating physicochemical properties [START_REF] Paley | Solvatochromism. A New Method for Polymer Characterization[END_REF]. This method was applied by some authors to the determination of solvatochromic parameters of solid polymers [START_REF] Paley | Solvatochromism. A New Method for Polymer Characterization[END_REF][START_REF] Spange | Empirical polarity parameters for various macromolecular and related materials[END_REF][START_REF] Salari | Preferential Solvation and Behavior of Solvatochromic Indicators in Mixtures of an Ionic Liquid with Some Molecular Solvents[END_REF][START_REF] Moyano | New Insights on the Behavior of Prodan® in Homogeneous Media and in Large Unilamellar Vesicles[END_REF], although few polar polymers were studied.

Thus, we decided to apply the Kamlet-Taft solvatochromism method to polymers with different chemical functions in order to obtain the π* values for these polymers, and then classify these polymers according to their chemical function.

Determination of π* of polymers

According to the literature, dipolarity/polarizability π* can be calculated using the wavelength at the maximum of the longest UV-visible absorption band of 4-nitroanisole (ANS) denoted λ ANS in the polymer, considering equation (3) [START_REF] Salari | Preferential Solvation and Behavior of Solvatochromic Indicators in Mixtures of an Ionic Liquid with Some Molecular Solvents[END_REF]:

(

where υ ANS (=1/λ ANS ) is the maximum wavenumber of ANS. This equation was obtained from experimental data concerning a series of liquid solvents, and this method has been applied to various polymers [START_REF] Paley | Solvatochromism. A New Method for Polymer Characterization[END_REF][START_REF] Spange | Empirical polarity parameters for various macromolecular and related materials[END_REF] which allowed the authors to determine π* values.

Figure 7 shows the UV-visible absorption spectra of ANS in the various polymers selected for our study, depending on their chemical structure and therefore their polarity. Figure 7a compares the spectra for polyethylene (PE) and polymers with ester functions (EVA, PLA, PMMA and PVAc), and Figure 7b compares the spectra of polymers with hydroxylated (EVOH and PVA), ketone (PK), ether (PEO) and carboxylic acid (PAA) functions. One can see in Figure 7 that the wavelength at the absorption maximum of ANS depends on the chemical functions of the polymer. Table 3 summarizes the data obtained for the various spectra given in Figure 7, and compares then with the literature data, when available. It is interesting to note that the π* values obtained in our experiments are close to those reported in the literature: 0.86 for PEO [START_REF] Spange | Empirical polarity parameters for various macromolecular and related materials[END_REF], 0.71/0.76 for PMMA [START_REF] Paley | Solvatochromism. A New Method for Polymer Characterization[END_REF][START_REF] Spange | Empirical polarity parameters for various macromolecular and related materials[END_REF], 0.77 for PVAc [START_REF] Paley | Solvatochromism. A New Method for Polymer Characterization[END_REF][START_REF] Spange | Empirical polarity parameters for various macromolecular and related materials[END_REF], 1.11 for PVA [START_REF] Paley | Solvatochromism. A New Method for Polymer Characterization[END_REF]. This confirms that the current experimental procedure and the calculation method are appropriate for the determination of polarizability π* in polymers. parameters, such as the β parameter, must be investigated.

Determination of β parameter for polymers

According to the literature, the β parameter can be determined from the wavelength at the maximum of the longest UV-visible absorption band of 4-nitroaniline (ANL) λ ANL in the polymer, considering equation ( 4) [START_REF] Salari | Preferential Solvation and Behavior of Solvatochromic Indicators in Mixtures of an Ionic Liquid with Some Molecular Solvents[END_REF] :

where υ ANL (=1/λ ANL ) is the maximum wavenumber of ANL. Once again, this equation was obtained from experimental data concerning a series of liquid solvents, and this method has been applied to various polymers [START_REF] Paley | Solvatochromism. A New Method for Polymer Characterization[END_REF][START_REF] Spange | Empirical polarity parameters for various macromolecular and related materials[END_REF], which allowed the authors to determine β values.

Figure 8 shows the UV-visible absorption spectra of ANL in the various polymer selected for this study. Table 5 summarizes the experimental data obtained from the UV-absorption maximum wavelength of ANL given in Figure 8.

Table 5 -Experimental data obtained for UV-absorption maximum wavelength of ANL in different polymers and the corresponding β values calculated from equation (4).

One can see that the order of the classification of the polymers according to their β value is not the same than that obtained for π* (Table 4). Indeed, this can be ascribed to the different ability of each polymer to accept a proton depending on the chemical functions of the monomer unit. This could explain that, according to the chemical structure of the polymer, the α and β values could vary whereas the polarizability π* is the same.

One can notice that the polymers with the highest β value (PE, EVOH, PEO), i.e. the highest capacity to accept a proton, are close to polyethylene in terms of chemical structure. On the contrary, the polymers with the lowest β value are the ones which have acid/ester/ketone functions (PK, PAA, PLA), which is consistent with the fact that they have the lowest capacity to accept a proton. initiators, molecular weights, etc. As a consequence, it may induce some differences between the solvatochromic parameters from a study to another, according to the different sources of the polymers.

The results given in

Determination of α parameter for polymers

According to the literature, the α parameter is determined from the wavelength at the maximum of the longest UV-visible absorption band of Reichardt's dye (2,6,-Diphenyl-4-(2,4,5-triphenylpyridinium-1-yl) phenolate). Unfortunately, the probe used for the determination of α (Reichardt's dye) might not have enough affinity with the polymers, so this molecular probe could not be introduced in the polymer matrix by diffusion.

It is reported in the literature that the emission band frequency of Prodan® could be correlated with the solvatochromic parameters π*, α and β according to equation ( 5) [START_REF] Moyano | New Insights on the Behavior of Prodan® in Homogeneous Media and in Large Unilamellar Vesicles[END_REF]:

ν em max = (25.2 ± 0.2) -(2.6 ± 0.2)π* -(2.5 ± 0.2)α -(1.0 ± 0.1)β (5) 
For establishing this equation, the authors monitored the emission spectra of Prodan® in various solvents with known solvatochromic parameters π*, α and β. Considering this equation, it could be anticipated that recording the emission spectra of Prodan® in the polymers used in this study would allow us to determine the α parameters for these polymers.

Table 6 summarizes the experimental data that were measured for emission maximum wavelength of Prodan® given in Figure 6 and the various α values calculated from equation (5) using the data given in Tables 3, 4 and 5.

The results summarized in Table 6 indicate that the α values depend on the polymer. PE has the lowest α value of -0.62, and α increases when the polymer contains hydroxyl groups to reach > 0 values (EVOH44 and EVOH27, values around 0.07 -0.09). This reflects the ability of the polymer to act as a hydrogen bond donor. However, it should be also pointed out that there are some discrepancies between the various values of α reported in the literature. This makes questionable the use of α to discriminate polymers with some different chemical functions.

Table 6 -Experimental data obtained for emission maximum wavelength of Prodan® in different polymers and the α values calculated from equation (5).

Determination of solvatochromic parameters in oxidized polyethylene

On the basis of the previous experiments and the determination of the polarizability π* on a wide panel of polymers with various chemical functions, we applied the same methodology on aged PE in order to put in light the difference in the ageing mechanism of polyethylene can be assessed by the determination of solvatochromic parameters, and, if so, to what extent. The chosen ageing times corresponding to the same carbonyl area were 100 h in the case of photooxidation and 48 h in the case of thermooxidation.

Thanks to our database on the emission maximum wavelength of Prodan® in pure polar polymers, our goal was to discriminate the differences between photo-and thermooxidation mechanism of polyethylene, considering that the oxidation products formed during photo-and thermooxidation are different. We had them to determine the solvatochromic parameters π*, β and α using the procedure described above in parts 3.4.1 to 3.4.3.

Figure 9a and 9b show the UV-visible absorption spectra of respectively, ANS and ANL, in 100h photooxidized and 48h thermooxidized PE. One can see that the maximum absorption wavelength of ANS is the same in both oxidized PE (about 302 nm), which corresponds to a π* value of about 0.43 according to equation (3) (Table 7). Compared to the π* value of an unaged PE (0.26), there is a marked increase of the π* value, in other words polarizability, of PE during photo-and thermal ageing. This is consistent with the increase of polarity due to the accumulation of oxidation products in the polymer matrix. However, the π* value is the same regardless of the ageing method (photoor thermooxidation). This means that, even if the oxidation products in photo and thermal oxidation are formed with different relative concentrations, the global polarizability of the medium is not changed. The π* parameter does not allow discriminating between the different oxidation products formed.

Determination of β was carried out using ANL (Figure 9b). One can observe that the maximum absorption wavelength of ANL is different in the two samples: around 350 nm for thermooxidation and 360 nm for photooxidation. This corresponds to a β value of about 0.48 for thermooxidized PE and 0.71 for photooxidized PE according to equation (4) (Table 7). In this case, the β value is sensitive to chemical functions of the products formed during ageing.

The α parameter was then calculated following the same procedure as reported above, using equation 5 (Table 7). These results reflect the differences between photo-and thermooxidation mechanism of PE.

Indeed, the ketones accumulate in the polymer matrix during thermooxidation, but they react during photooxidation through the Norrish reactions and transform into carboxylic acids, esters, etc. As shown in Table 5, the β parameter of PK is very low (0.04), whereas it is higher in polyesters and PAA. This explains why the global β value of thermooxidized PE is lower, due to the accumulation of ketones in the polymer matrix, whereas the accumulation of carboxylic acids and esters during photooxidation of PE makes the β value higher.

One can observe that the α parameter is different between unaged and aged PE. Before ageing, the α value of PE is very low, which is consistent with the fact that PE has a very low capacity to donate a proton. However, after thermo-and photo-ageing, the α value increases for both PE (respectively -0.06 and -0.36). This reflects the increase of the capacity of the polymer to donate a proton. This can be explained by the accumulation of carbonylated and hydroxylated oxidation products in the polymer matrix during ageing, which have a higher capacity to donate a proton (Table 6). However, the variations of the α coefficient does not allow characterizing the differences between thermo-and photo-oxidation. Moreover, the α values reported in literature show important differences and at evidence α is not a sensitive criterium to discriminate changes of stoichiometries in thermo-and photooxidation of PE.

Conclusion

It has been shown that the solvatochromic parameters (π*, β, α) of a series of polymers with different functional groups could be determined. The parameters π*, α and β were determined following the procedures described in the literature and the obtained values of π* and β had a good fit with the reported values. This constitutes a solid data basis that could be applied to the oxidation of different polymers. Prodan® was proved to be a useful fluorescent probe to reveal different chemical functions in a polymer and different oxidation products. This methodology was successfully applied to discriminate photo and the thermooxidation of polyethylene which present different stoichiometries in the oxidation products formed Scheme 2 : Comprehensive mechanism of photooxidation and thermooxidation of polyethylene [START_REF] Gardette | Photo-and thermal-oxidation of polyethylene: Comparison of mechanisms and influence of unsaturation content[END_REF].
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 5 Fig. 5. a) Infrared spectra and b) emission spectra of Prodan® in a 48h thermooxidized PE film before and after 50h photolysiszoom in the absorption range of carbonyl (1900-1500 cm -1 ).
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 6 Fig. 6. Emission spectra of Prodan® in different polymers. a) PE, EVA9, EVA33, PLA, PMMA and PVAc. b) EVOH44, EVOH27, PEO, PVA, PAA and PK.
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 7 Fig. 7. UV-absorption spectra of ANS in different polymers. a) PE, EVA9, EVA33, PLA, PMMA and PVAc. b) EVOH44, EVOH27, PEO, PVA, PAA and PK.
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 8 Fig. 8. UV-absorption spectra of ANL in different polymers. a) PE, EVA9, EVA33, PLA, PMMA and PVAc. b) EVOH44, EVOH27, PEO, PVA, PAA and PK.
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Table 1 -

 1 Polymers used in this study: sample preparation and method for introducing the molecular probes.

	Polymer	Film preparation	Method for introducing the probes
	PE		
	PMMA		
	PEO		
	EVOH44		
	EVOH27 EVA9	Compression-moulding	Sorption by free diffusion
	EVA33		
	PLA		
	PK		
	PVA	Solvent-casting	
	PVAc PAA	Solvent-casting from polymer/probe solution

Table 2 -

 2 Dependence of the wavelength at the Prodan® maximum of emission for photoand thermooxidation times.

	Ageing time (h)	λ max (nm) Thermooxidation	Carbonyl area	Ageing time (h)	λ max (nm) Photooxidation	Carbonyl area
	0	406 ± 1	0.50	0	406 ± 1	0.50
	12	409 ± 1	0.70	50	411 ± 2	3.70
	24	413 ± 1	1.70	100	412 ± 1	9.90
	48	420 ± 2	11.2	200	418 ± 1	21.6
	72	424 ± 2	26.5	300	421 ± 1	52.2
	96	430 ± 2	69.3			

Table 3 -

 3 Experimental data obtained for emission maximum wavelength of Prodan® in different polymers.

	Polymer	Chemical structure	λ max em (nm)	ν max em (10 3 cm -1 )
	PE		406 ± 1	24.63 ± 0.10
	EVA9		408 ± 1	24.51 ± 0.10
	EVA33		417 ± 1	23.98 ± 0.10
	PVAc		430 ± 1	23.26 ± 0.10
	PMMA		429 ± 1	23.31 ± 0.10
	PLA		427 ± 1	23.42 ± 0.10
	EVOH44		452 ± 1	22.12 ± 0.10
	EVOH27		454 ± 1	22.03 ± 0.10
	PVA		444 ± 1	22.52 ± 0.10
	PEO		454 ± 1	22.03 ± 0.10
	PAA		449 ± 1	22.27 ± 0.10
	PK		441 ± 1	22.68 ± 0.10

Table 4 -

 4 Experimental data obtained for UV-absorption maximum wavelength of ANS in different polymers and the corresponding π* values calculated from equation (3).

  One can see that the π* value is sensitive to the chemical functions of the polymers. In Table4the polymers have been grouped according to their chemical functions: first, the most apolar polymer selected for this study, PE, displays the lowest π* value; the presence of acetate groups in PE makes the π* value increase (EVA9, EVA33), whereas polyesters (PLA,

	PMMA, PVAc) have similar π* values. Then, alcohols and ether groups (EVOH, PVA, PEO)
	have higher π* values than polyesters. Finally, the highest π* values are obtained for PAA
	and PK, polymers with carboxylic acid or ketone functions.		
	Polymer One can observe that some polymers have similar π* values, whereas their chemical function λ max (nm) ν max abs (10 3 cm -1 ) π* from literature Experimental π* is different, for example EVOH27 and PVAc, or (alcohol and acetate). It indicates that the π*
	PE parameter is not sensitive enough to discriminate between different chemical functions, other 298 ± 1 33.56 ± 0.10 0.26 -
	EVA9	300 ± 1	33.33 ± 0.10	0.36	-
	EVA33	305 ± 1	32.79 ± 0.10	0.55	-
	PVAc	310 ± 1	32.26 ± 0.10	0.77	0.77 [21,22]
	PMMA	308 ± 1	32.47 ± 0.10	0.71	0.71/0.76 [21,22]
	PLA	306 ± 1	32.68 ± 0.10	0.61	-
	EVOH44	309 ± 1	32.36 ± 0.10	0.74	-
	EVOH27	310 ± 1	32.26 ± 0.10	0.77	-
	PVA	317 ± 1	31.55 ± 0.10	1.10	1.11 [21]
	PEO	311 ± 1	32.15 ± 0.10	0.84	0.86 [22]
	PAA	320 ± 1	31.25 ± 0.10	1.22	-
	PK	323 ± 1	30.96 ± 0.10	1.35	-

Table 5

 5 

	Polymer	λ max (nm)	ν max abs (*10 3 cm -1 )	Experimental β	β from literature
	PE	381 ± 1	26.25 ± 0.10	1.45	
	EVA9	350 ± 1	28.57 ± 0.10	0.50	
	EVA33	358 ± 1	27.93 ± 0.10	0.52	
	PVAc	368 ± 1	27.17 ± 0.10	0.54	0.70 [22] / 0.44 [21]
	PMMA	368 ± 1	27.17 ± 0.10	0.61	0.38 [22,21]
	PLA	356 ± 1	28.09 ± 0.10	0.39	
	EVOH44	384 ± 1	26.04 ± 0.10	0.98	
	EVOH27	384 ± 1	26.04 ± 0.10	0.95	
	PVA	388 ± 1	25.77 ± 0.10	0.67	0.52 [21]
	PEO	379 ± 1	26.39 ± 0.10	0.74	0.65 [22]
	PAA	384 ± 1	26.04 ± 0.10	0.44	
	PK	374 ± 1	26.74 ± 0.10	0.04	

indicate that our experimental values differ slightly from the data found in the literature. This has already been noticed by Paley et al.

[START_REF] Paley | Solvatochromism. A New Method for Polymer Characterization[END_REF] 

and the differences have been ascribed to the variety of polymer preparation processes, involving different

Table 7 -

 7 Solvatochromic parameters π*, β and α in unaged, photo-and thermooxidized polyethylene.

		ν max em from Figure 3	π*	β	α
	Unaged	24.63 ± 0.10	0.26	1.45	-0.62
	Thermooxidized for 48h	23.81 ± 0.10	0.43	0.48	-0.06
	Photooxidized for 100h	24.27 ± 0.10	0.43	0.71	-0.36

Table 3 :

 3 Experimental data obtained for emission maximum wavelength of Prodan® in different polymers.

Table 4 :

 4 Experimental data obtained for UV-absorption maximum wavelength of ANS in different polymers and the corresponding π* values calculated from equation (3).

Table 5 :

 5 Experimental data obtained for UV-absorption maximum wavelength of ANL in different polymers and the corresponding β values calculated from equation (4).

Table 6 :

 6 Experimental data obtained for emission maximum wavelength of Prodan® in different polymers and the α values calculated from equation[START_REF] Fukuda | Optical absorption and fluorescence of Prodan in solution : Quantum chemical study based on the symmetry-adapted clusterconfiguration interaction method[END_REF].

Table 7 :

 7 Solvatochromic parameters π*, β and α in unaged, photoand thermooxidized polyethylene.
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depending on the ageing stresses, it can be a complementary tool of other techniques such as FTIR to characterize polymer degradation. Moreover, the determination of the solvatochromic parameters such as π* and β, using UV-visible absorption of ANS and ANL, can reveal different stoichiometry in oxidation products of polymers.