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Introduction

A significant volume of pharmaceuticals are used by humans for the treatment of diseases, injuries, or illnesses, and the occurrence of these chemicals in environment has been widely recognized by scientists, especially in the aquatic environment [START_REF] Deo | Pharmaceuticals in the surface water of the USA: A review[END_REF]. A wide range of pharmaceuticals are frequently detected in surface, ground and coastal waters with a concentration usually ranging from ng/L to μg/L [START_REF] Weber | Pharmaceuticals in the environment-Global occurrences and perspectives[END_REF][START_REF] Li | Occurrence, sources, and fate of pharmaceuticals in aquatic environment and soil[END_REF]. The continual infusion of pharmaceuticals into surface and drinking waters may lead to chronic exposure to microorganisms and even humans [START_REF] Crane | Chronic aquatic environmental risks from exposure to human pharmaceuticals[END_REF].

Sunlight-induced direct and indirect photolysis are the primary pathways for abiotic transformation of pharmaceuticals in surface waters [START_REF] Lee | Role of wetland organic matters as photosensitizer for degradation of micropollutants and metabolites[END_REF]. The direct photolysis of pharmaceuticals results from absorption of solar light by the compound itself, while the indirect photolysis is initiated by light absorption of photo-initiators such as nitrate ions or photosensitizers such as humic substances (HS). HS are brown-colored compounds and show interesting properties under solar irradiation. They can generate reactive species, including triplet excited state ( 3 HS*), hydroxyl radicals (•OH), singlet oxygen ( 1 O2) and radicals that have all been the subject to an intense research [START_REF] Zepp | Photosensitized transformations involving electronic energy transfer in natural waters: role of humic substances[END_REF][START_REF] Mcneill | Triplet state dissolved organic matter in aquatic photochemistry: reaction mechanisms, substrate scope, and photophysical properties[END_REF][START_REF] Latch | Microheterogeneity of singlet oxygen distributions in irradiated humic acid solutions[END_REF][START_REF] Wang | Production of hydrated electrons from photoionization of dissolved organic matter in natural waters[END_REF][START_REF] Blough | Electron paramagnetic resonance measurements of photochemical radical production in humic substances. 1. Effects of oxygen and charge on radical scavenging by nitroxides[END_REF][START_REF] Coelho | Photoreactivity of humic substances: relationship between fluorescence and singlet oxygen production[END_REF]. The fate of pharmaceuticals in surface waters was shown to be affected by HS (Zhou et al., 2003;[START_REF] Silva | Effect of natural aquatic humic substances on the photodegradation of estrone[END_REF][START_REF] Chen | Role of humic substances in the photodegradation of naproxen under simulated sunlight[END_REF]. Two β2-adrenoceptor agonists, namely, salbutamol (SAL, also known as albuterol) and terbutaline (TBL) were selected as the target molecules of this study due to their intense uses.

SAL is widely used in the treatment of respiratory diseases, such as asthma and chronic obstructive airways disease [START_REF] Kinali | Pilot trial of albuterol in spinal muscular atrophy[END_REF], it has been detected in the surface waters of several European countries with concentrations ranging from 1 to 471 ng L -1 [START_REF] Calamari | Strategic survey of therapeutic drugs in the rivers Po and Lambro in northern Italy[END_REF][START_REF] Bound | Predicted and measured concentrations for selected pharmaceuticals in UK rivers: Implications for risk assessment[END_REF][START_REF] Ternes | Occurrence of drugs in German sewage treatment plants and rivers[END_REF]. TBL is considered as one of the major feed additive medicines to increase the proportion of lean meat of livestock [START_REF] Slotkin | Terbutaline impairs the development of peripheral noradrenergic projections: Potential implications for autism spectrum disorders and pharmacotherapy of preterm labor[END_REF]. Several studies have been devoted to the phototransformation of SAL and TBL. The quantum yield of photolysis of SAL was measured to be 0.02 for the neutral form and 0.36 for the anionic form upon irradiation between 280 and 380 nm [START_REF] Dodson | Photophysical and photochemical properties of the pharmaceutical compound salbutamol in aqueous solutions[END_REF]Zhou et al., 2017a). In a study on 27 pharmaceutical molecules SAL and TBL were used along to to establish a correlation between pharmaceuticals photodegradation and the decay of effluent organic matter fluorescence peaks [START_REF] Yan | Development of fluorescent surrogates to predict the photochemical transformation of pharmaceuticals in wastewater effluents[END_REF]. SAL and TBL were found to react with the triplet excited states of the effluent organic matter. Another study reported that singlet oxygen contributed highly (19-44%) to the TBL decay when natural organic matter isolates were used to photosensitize the photodegradation of TBL [START_REF] Yang | Photochemical transformation of terbutaline (pharmaceutical) in simulated natural waters: Degradation kinetics and mechanisms[END_REF].

Recently, SAL and TBL were found to be both oxidized by sulfate radicals and OH radicals, but interestingly they gave different patterns of reaction. Although the phenoxyl radicals were generated in both cases, SAL finally yielded a benzophenone derivative while TBL gave an adduct by addition of the sulfate radical on the ring (Zhou et al., 2017b).

Here, we compared the phototransformations of SAL and TBL in the presence of two selected HS under solar-light simulated irradiation. A special attention was given to the nature of reactive species involved, and to the photoproducts characterization. This study revealed that oxygen affected the two molecules phototransformation very differently and quantum calculations were performed to better understand the differences in the reactivity. The results obtained from this study would be helpful in predicting the photochemical fate of β2adrenoceptor agonists, as well as the impact of HS on similar emerging contaminants.

Material and methods

Chemicals.

Salbutamol hemisulfate (SAL, 98%), terbutaline hemisulfate (TBL, 98%), formic acid (FA, 96%), furfuryl alcohol (FFA, 98%), p-nitroanisole (PNA, 97%), pyridine (PYR, 96.5%) and sorbic acid (SA, 98%) were purchased from Sigma-Aldrich. 3-Carboxybenzophenone (99%) was purchased from ACROS and Suwannee River fulvic acid (SRFA, 1R101F) of reference grade was obtained from the International Humic Substances Society (IHSS). Humic acid (AHA) was provided by Sigma-Aldrich. HPLC or LC-MS grade acetonitrile (ACN), methanol (MeOH), and 2-propanol were supplied by Fisher Chemical. Other reagents were at least of analytical grade and used as received without further purification. Milli-Q water (18.2 MΩ cm) was prepared from a Millipore Milli-Q system. Oxygen and helium used for oxygenation and deoxygenation were of ultrapure quality (Air Products).

Photochemical Experiments.

Steady-state irradiation experiments were conducted in a home-made photochemical reactor equipped with a 125 W high pressure mercury lamp (Cathodeon, Cambridge, UK) housed in a borosilicate immersion wall (λ > 290 nm) (Figure SM-1, Supplementary Material). The lamp was turned on for 20 min prior to irradiations for warming, then, 50 mL of solutions were poured in a Pyrex-glass reactor (i.d. = 5 cm, height = 15 cm) and irradiated for different times.

The reactor placed in the photo-reactor was maintained at 24 ± 1 °C using a cooling water circulation system. Typically, the solutions were maintained in contact with air. Some experiments were also conducted on over-oxygenated or deoxygenated solutions. For this, we bubbled a stream of O2 in the first case, and a stream of helium in the second case during the whole irradiations. The pH of the starting solutions was adjusted to 8 using phosphate buffers.

2-propanol (10 mM) was used as an OH radical scavenger to measure the involvement of OH . radicals. Furfuryl alcohol (60 μM) was used as a 1 O2 probe and sorbic acid (SA, 100 μM) as a triplet scavenger to confirm the involvement of 3 HS*. Aliquots of 1 mL of the irradiated solutions were withdrawn at predetermined times and analyzed directly by HPLC. The detailed analytical methods are described in the Supplementary Material (Text SM-1).

Laser flash photolysis experiments.

Laser flash photolysis (LFP) experiments were carried out using a Quanta Ray GCR 130 Nd: YAG laser and an Applied Photophysics station previously described [START_REF] Bonnichon | Phototransformation of 3-hydroxybenzonitrile[END_REF]. The aqueous solutions were irradiated at 266 nm using the fourth harmonic of the laser. 3-carboxybenzophenone (CBP) was selected as a model sensitizer of HS. The rate constants of reactions of SAL and TBL with 3 CBP* were measured by monitoring the decay of 3 CBP* at 520 nm. A red filter was placed between the cell and the photomultiplicator to avoid parasitic signals. SAL and TBL were added in the concentration range (0-400 μM).

Quantum calculations.

The Gaussian09 series of programs [START_REF] Frisch | Gaussian09, Revision C.01[END_REF] was used to perform Density Functional Theory (DFT) calculations at the B3LYP/6-31+G(d,p) level.

The Polarizable Continuum Model (PCM) [START_REF] Tomasi | Quantum Mechanical Continuum Solvation Models[END_REF] was used throughout to model the solvent (water) implicitly. Calculations were performed to obtain Transition States, minimum energy structures, Intrinsic Reaction Coordinate (IRC) paths and Minimum Energy Pathways (MEP). An extensive search for conformers was pursued first in order to locate the global minimum energy species (geometry given in SI section). This was achieved by a systematic investigation of the variations of the Potential Energy Surface (PES) along key dihedral angles.

Results and discussion

Direct photodegradation

In air-saturated medium and at pH 8.0, both substrates underwent photolysis. Pseudofirst-order kinetics fitted the photodegradation curves of SAL and TBL until conversion extents of 50 % (Eq 1):

t 0 obs ln([P] /[P] ) t k = - (1)
where P represents the target compound (SAL or TBL), and kobs (s -1 ) the apparent first-order degradation rate constant. TBL (60 μM) was photodegraded faster (kobs = (6.9 ± 0.2) × 10 -5 s -1 ) than SAL (kobs = (3.0 ± 0.1) × 10 -5 s -1 ) (Figure 1). The photodegradations occurred due to the overlapping of the absorption spectra of TBL and SAL with the emission spectrum of the HPK lamp filtered by the Pyrex glass reactor (> 290 nm). Laser flash photolysis experiments confirmed the photoionization processes and the formation of phenoxyl radicals (SAL-H • or TBL-H • ) (Zhou et al., 2017b).

Accelerating effect of HS in air-saturated medium

Then, SRFA and AHA were added to SAL and TBL solutions at concentrations comprised between 2 and 20 mgC L -1 . Figure 1 reveals that the photodegradations of SAL and TBL in air-saturated solution were significantly enhanced by the addition of SRFA or AHA.

Moreover, increasing the HS concentrations led to an increase of kobs values. The enhancement was more pronounced for TBL than for SAL. For instance, in the presence of 20 mgC L -1 of AHA, the degradation rate constant of TBL was 3.8-fold higher compared to that of the control sample (kobs equal to 38×10 -5 s -1 against 7.0×10 -5 s -1 without AHA), while in the case of SAL, kobs was only 1.9 fold higher (5.8×10 -5 s -1 against 3.0×10 -5 s -1 for the control sample without AHA).

Figure 1 3.3 Photoproducts.

We investigated the effect of AHA and SRFA on the SAL and TBL photoproducts. In general, the same photoproducts were detected in the absence and in the presence of 10 mgC L -1 of HS (details in Table SM-2 and SM-3, SM). In the case of SAL, we identified by HPLC-MS analysis 2-(tert-butylamino)-1-(4-hydroxyl-3-hydroxymethylphenyl) ethanone (SAL-2H), 2-(tert-butylamino)-1-(4-hydroxyl-3-hydroxymethylphenyl) ethylene (SAL-H2O) and the hydroxylated product of SAL-2H (SAL-2H+O) as the main photoproducts (Figure 2). For TBL, 2-(tert-butylamino)-1-(2,3,5-trihydroxylphenyl) ethanol (TBL-H+OH) and 5-[2-(tertbutylamino)-1-hydroxyethyl]-2-hydroxyl-1,4-benzoquinone (TBL+O-2H) were found (Figure 2).

Some of these photoproducts were reported in the literature, in particular the hydroxybenzoquinone derivative of TBL (TBL+O-2H) [START_REF] Yang | Photochemical transformation of terbutaline (pharmaceutical) in simulated natural waters: Degradation kinetics and mechanisms[END_REF][START_REF] Yan | Development of fluorescent surrogates to predict the photochemical transformation of pharmaceuticals in wastewater effluents[END_REF].

However, from the quantitative point of view, we got some differences. After a conversion extent of 10%, the area of the SAL photoproduct detected in HPLC-UV was of 1100 ± 50 at 224 nm, both in the absence as in the presence of AHA, while the area of the TBL photoproduct showed a peak area of 2500 ± 53 at 230 nm in the absence of AHA, but of only 700 ± 20 in the presence of AHA. These results suggest that a significant change of reaction occurred for TBL but not for SAL. When irradiated in the presence of HS, SAL and TBL might react with 1 O2 and 3 HS*.

To further evaluate the contribution of these species in the HS-mediated photoreactions, we first measured their reactivities with our substrates. The reaction rate constants of SAL and TBL with 1 O2 were obtained using Rose Bengal as a sensitizer, and FFA as a reference compound, as described in Text SM-2 of SM. The reactivities of SAL and TBL with 3 HS* were estimated using CBP as a proxy HS sensitizer [START_REF] Avetta | Assessing the phototransformation of diclofenac, clofibric acid and naproxen in surface waters: Model predictions and comparison with field data[END_REF].

In the case of TBL, a rate constant of (8.0 ± 0.3) ×10 6 M -1 s -1 at pH 8.0 was determined for the reaction with 1 O2. This is comparable to the value of (7.1 ± 0.3) ×10 6 M -1 s -1 reported in the literature at pH 7.0 by [START_REF] Yang | Photochemical transformation of terbutaline (pharmaceutical) in simulated natural waters: Degradation kinetics and mechanisms[END_REF] For SAL a reaction rate constant of (1.1 ± 0.1) ×10 8 M -1 s -1 , i.e. ~14 fold faster than that of TBL was determined. The reaction rate constants of 3 CBP* with TBL and SAL were directly measured by laser flash photolysis. We got (2.7 ± 0.3) × 10 9 M -1 s -1 and (6.0 ± 0.6) × 10 9 M -1 s -1 , respectively.

3.5 Reactive species involved in the HS-mediated photoreactions.

In this section, we investigated the effect of AHA and SRFA (5 mgC L -1 ) on the rate of SAL and TBL photodegradation. In these conditions, kobs is the sum of 2 terms, one corresponding to the direct photolysis and the other to the sensitized or indirect reaction. At the level of 5 mgC L -1 AHA and SRFA reduced the absorbances of SAL and TBL by 60% and 35%, respectively, through screen effect filter (Table SM-4, SM). Therefore, the direct photodegradation rate constants of SAL and TBL (kdirect) have to be corrected for this screen effect. The corrected kdirect are finally equal to 1.2×10 -5 s -1 and 2.0×10 -5 s -1 for SAL in the presence of AHA and SRFA and to 2.6×10 -5 s -1 and 4.2×10 -5 s -1 for TBL in the presence of AHA and SRFA (Table 1). Hereinafter, the indirect degradation rate constants kindirect will be calculated according to: kindirect = kobs -corrected kdirect (2)

i) Hydroxyl radical. In order to test the involvement of HO . , 10 mM of 2-propanol, used as a HO . scavenger (k = 1.9 × 10 9 M -1 s -1 ), were spiked into the reaction solutions. The addition of 2-propanol in excess had no effect on the SAL photodegradation rate and decreased that of TBL by less than 10% (Figure SM-2, SM). Thus, the involvement of HO . in the reactions was very limited despite the high reactivity of SAL and TBL with OH (k •OH, SAL = (5.3 ± 0.7) ×10 9 M -1 s -1 and k •OH, TBL = (5.9 ± 0.8) ×10 9 M -1 s -1 ) (Zhou et al., 2017b).

ii) Humic triplet state. To investigate the contribution of 3 HS* in the HS-mediated photodegradations, experiments were conducted at different oxygen concentrations because oxygen is a well-known triplet scavenger. Removal of oxygen by continuous helium (He)

purging should led to an increase of the steady-state concentration of 3 HS*, [ 3 HS*]ss and thus to an increase of kindirect if 3 HS* is involved in the reactions. As seen in Figure 3, the rate of SAL phototransformation in the presence of AHA and SRFA was much higher in heliumpurged solution than that in air-saturated medium. The indirect rate constants were in the range (17-18) × 10 -5 s -1 in He-saturated medium against (2.8-3.1) × 10 -5 s -1 in air-saturated medium (Table 1). This result demonstrates the involvement of 3 HS* in the reactions. The involvement of 3 HS* was confirmed by adding the triplet quencher, sorbic acid (SA, 100 μM)

in the presence of which the SAL indirect photodegradation rate constant was reduced by a factor of 2 in air-saturated solution. In contrast, for TBL, the solution deoxygenation through

He purging reduced the indirect rate to (3.2-3.3) ×10 -5 s -1 against (12.1-18.9) ×10 -5 s -1 (Table 1). This result is opposite to the one found for SAL. Afterwards, the addition of SA (100 μM)

did not show a significant effect on kobs, confirming that 3 HS* contributed in a minor way to the TBL photodegradation.

At last, the solutions of SAL and TBL containing SRFA or AHA were irradiated after having been saturated by oxygen. For SAL, kindirect became very low (0.2-0.8) ×10 -5 s -1 while in the case of TBL, kindirect was close to the one measured in air-saturated medium (Figure 3 and Table 1).

Figure 3

To rationalize these results, mechanistic analysis is necessary. In a simplified mechanism, we considered that 3 HS* produced in (3) undergoes desactivation (4), oxidizes SAL and TBL, labeled as P, by electron transfer or H atom abstraction (5), or reacts with oxygen to yield 1 O2 (6). We make the hypothesis that the yield of 1 O2 formation in process ( 6) is equal to 1: HS + hν → 1 HS* → 3 HS*

(3)

3 HS* → HS (4)

3 HS* + P → HS •-+ H + + P-H •

(5)

3 HS* + O2 → HS + 1 O2 (6)

P + 1 O2 → products (7) 1 O2 → O2 (8) 
Photoproducts of P are expected to arise from further reactions of P-H . and from reaction (7).

The lowest triplet (ET1) excitation energy of SAL was calculated as 3.68 eV in our previous work (Zhou et al., 2017a), which is larger than that of most kinds of HS (2.23 -2.60 eV, for SRFA, ET1 was 2.37 eV) [START_REF] Zhang | Quantum chemical investigation and experimental verification on the aquatic photochemistry of the sunscreen 2phenylbenzimidazole-5-sulfonic acid[END_REF]. Thus, energy transfer from 3 HS* to SAL is not possible from a thermodynamical point of view, and we excluded this reaction in the proposed mechanism.

In He-saturated solution, the rate of HS-mediated phototransformation of P is equal to:

r He indirect = k5[ 3 HS*]SS[P] (9) 
where [ 3 HS*]SS the steady-state concentrations of 3 HS* is equal to: 

I k k k + + Φ = (12)
As the rate constants of reaction with 1 O2 are respectively 55 and 32-fold lower than the rate constants of reaction with 3 CBP* for SAL and TBL, Eq 11 can be simplified, in a first approximation, by neglecting the term corresponding to 1 O2. This gives: r P, He indirect/ r P, Air indirect = (k4 + k6[O2] + k5[P])/ (k4 + k5[P]) (13)

If the scheme and assumptions are correct, the experimental ratios must be higher than 1. It is the case for SAL with 6.3 in the case of SRFA and 5.8 in the case of AHA. Taking k4≈ 5×10 4 s -1 [START_REF] Huber | Oxidation of pharmaceuticals during ozonation and advanced oxidation processes[END_REF], k6[O2]≈ 5×10 5 s -1 (data provided by Canonica et al., 1995 in the case of natural waters), we finally get k5 ≈ 10 9 M -1 s -1 . This value is consistent with data obtained with other electron-rich phenols [START_REF] Mcneill | Triplet state dissolved organic matter in aquatic photochemistry: reaction mechanisms, substrate scope, and photophysical properties[END_REF]Canonica et al., 1995), but it is 6-fold lower than that measured using 3-carboxybenzophenone as a sensitizer.

For TBL however, the ratio is much less than 1 (0.26 and 0.17 for SRFA and AHA, respectively) showing that assumptions/scheme are not working in this particular case. In air-saturated solution, the percentage of 3 HS* trapped by oxygen is equal to 100×k6[O2]/(k6[O2] + k4 + k5[P]) and thus to 80%. On the other hand, the percentage of 1 O2 trapped by TBL is equal to 100×k7[TBL]/(k7[TBL] + k8[H2O]). Given the value of k7 = (8.0 ± 0.3) ×10 6 M -1 s -1 , and k8 ≈ 2.3×10 5 s -1 in water [START_REF] Rodgers | Lifetime of oxygen (O2 (1. DELTA. g)) in liquid water as determined by time-resolved infrared luminescence measurements[END_REF], TBL at the concentration of 60 µM only trapped 0.2% of 1 O2. If we assume that SAL trapped all the 3 HS* in the absence of oxygen, it gives a rate of 3 HS* formation of 1.1×10 -8 M s -1 and a rate of formation of 1 O2 of 0.88×10 -8 M s -1 in air-saturated medium. The percentage of 1 O2 trapped by TBL being of 0.2%, the rate of reaction of TBL with 1 O2 was equal to 1.8×10 -11 M s -1 fully negligible behind the rate of TBL decay 1.1×10 -8 M s -1 for AHA and 7.2×10 -9 M s -1 for SRFA, ruling out a significant importance of this pathway in the HS-mediated phototransformation.

The low rate of TBL photodegradation in the absence of oxygen is not consistent with the high reactivity of TBL with 3 HS* deduced from the high rate constant measured between 3 CBP* and TBL. The explanation of this apparent discrepancy could be that TBL is actually oxidized by 3 HS* at a significant rate (process 5) but regenerated through process (5'). Such reactions have been shown to take place [START_REF] Vione | Effects of the antioxidant moieties of dissolved organic matter on triplet-sensitized phototransformation processes: Implications for the photochemical modeling of sulfadiazine[END_REF].

HS + P-H • → HS-H • + P (5')
If reaction (5') also occurs for SAL, the rate constant k5 deduced from Eq 13 may be minimized. This is in accordance with the low value of calculated k5 from Eq 13 compared to that obtained in the experiment with 3 CBP*.

The possible existence of reaction 5' does not explain however why in air and oxygen saturated media the photodegradation of TBL was so fast. Apart commonly mentioned reactive species, radicals that are surely formed in significant amounts in irradiated HS solutions [START_REF] Blough | Electron paramagnetic resonance measurements of photochemical radical production in humic substances. 1. Effects of oxygen and charge on radical scavenging by nitroxides[END_REF]) might be responsible for these our results and this option needs to be explored. Due to the difficult to generate oxy and peroxy radicals in water by selective excitation, we performed quantum calculations to determine in which conditions and for which reasons oxygenated radicals in the presence of oxygen would induce degradation of TBL but not of SAL.

Reactivity of TBL and SAL with phenoxyl radicals

These calculations were performed using the phenoxyl radical as reacting radical because phenols are a class of oxygenated radicals well represented in humic materials.

Moreover, humic substances produces long-lived phenoxyl radicals [START_REF] Golanoski | Investigating the mechanism of phenol photooxidation by humic substances[END_REF][START_REF] Chen | Contribution of the Excited Triplet State of Humic Acid and Superoxide Radical Anion to Generation and Elimination of Phenoxyl Radical[END_REF]. In these calculations, we first investigated the reactivity of TBL and SAL with 3 O2 and phenoxyl radicals Two different pathways were investigated: one where 3 O2 or PhO reacted first in H radical abstraction reactions, the other where PhO reacted through an addition reaction on TBL, followed by oxygen addition (see Scheme 1).

Both reactions are endothermic overall, but the reaction energy is significantly more favorable in reaction 1b. A reaction energy of +31.2 kcal/mol was found for 1a when reactive species was PhO (+61.2 kcal/mol for 3 O2). In comparison, the reaction energy was +18.3 kcal/mol for the phenoxyl radical addition, and +12.0 overall for 1b. Thus, reaction 1b, being thermodynamically more favorable, was investigated more thoroughly. A transition state (see SM) was found for the addition reaction of PhO. Secondly, the addition reaction of 3 O2 was barrierless. It was also found that the potential energy surfaces did not exhibit significant differences between TBL and SAL (activation energies were respectively 21.9 and 22.8 kca/mol; see Figure 4). Thus, it was decided to investigate the fate of peroxyl radical I for TBL and SAL in order to understand the differences of reactivities that were observed experimentally.

The peroxyl radical I in Figure 4 can abstract a hydrogen atom on the cycle (Ha in Figure 4) or on the chain (Hb). For TBL, both pathways require similarly activation energies.

Abstraction of Hb requires lower energy and is slightly more favorable (activation energy is 36.8 kcal/mol, while it is 37.7 kcal/mol for Ha). MEP calculations were performed to obtain the PES for HO2 dissociation from species II (see Figure 5). This was achieved by computing partial optimizations for fixed C-OOH bond lengths. It was found that 2.2 kcal/mol was required to dissociate HO2 from II. Further keto-enol rearrangement gives the more stable degradation product III (see Figure 5). Note that abstraction of Ha or Hb leads indistinctly to the same degradation product III.

Similarly, for SAL, Ha abstraction was slightly less favorable than that of Hb (activation energy is 36.7 kcal/mol whereas it was 32.9 kcal/mol for Hb). However, for TBL the position of the hydroperoxyl group in II (adjacent to the radical site) leads readily to a stable closed-shell species, for SAL, the positions of the hydroperoxyl and the radical site in II are in meta position and the closed-shell species cannot be reached easily. Spin density in II is larger on the ring (0.70) that on the chain (0.45; see SM). In that case, dissociation of HO2 (obtained from MEP calculations) lead to the spontaneous dissociation of radical PhO, a reaction that yields the reactant species.

Finally, the experimental photodegradation rate constants (1-20×10 -5 s -1 ) found in this work were coherent with the activation energies found from our theoretical calculations. For example, unimolecular rate constants that range between 10 -5 s -1 and 20×10 -5 s -1 require activation energies of 24.3 and 22.5 kcal/mol, respectively (see Eq 14). The activation energies calculated for the limitant unimolecular reactions depicted in Figure 5 have activation energies of 24.8 and 20.5 kcal/mol, in agreement with the experimental results.

B k T -G / B uni k T k = e h ∆ (14)
Moreover, if one considers the bimolecular association reaction of PhO and TBL (or SAL) in Figure 4 to be the limitant step, and provided the concentration of PhO is ~10 -6 M, an activation energy between 16.2 and 18.0 kcal/mol is required to obtain apparent first order rate constants of 20×10 -5 s -1 and 10 -5 s -1 , respectively (See Eq 15). This is slightly smaller than the values found in this work (21.9 ad 22.8 kcal/mol for TBL and SAL, respectively). However, the overall concentration of alkoxy radicals in HS is not well known and may be larger than 10 -6 M. In conclusion, our experimental data show that the limiting step in the degradation process requires an activation energy of ~20 kcal/mol, which is in agreement with our theoretical results. Note also that the energies calculated in our work are obtained for a standard state of 1 atm, and it was necessary to multiply our rate constant by 0.08206T in order to have the proper reference standard state, i.e. 1 mol/L (de Sainte [START_REF] De Sainte Claire | Comparison of ab initio and empirical potentials for H-atom association with diamond surfaces[END_REF][START_REF] Bryantsev | Calculation of solvation free energies of charged solutes using mixed cluster/continuum models[END_REF].

[PhO] 0.08206

B k T -G / B apparent uni k T k = T e h ∆ × × (15) 
Thus, the different reactivities observed experimentally between TBL and SAL may be explained mainly by the differences of the positions of the alcohol groups on the phenyl ring. For SAL, the photodegradation rate constant is smaller because the reaction with oxygen yields the reactant back.

Conclusion

To conclude, the present study focused on the photo-transformation of two β2adrenoceptor agonists. In pure water the direct photolyses were relatively slow, but the presence of HS significantly enhanced reactions. Therefore, β2-adrenoceptor agonists are expected to be photolyzed in surface waters enriched in natural organic matter and terrestrial inputs. Although SAL and TBL share common side chain, their major photooxidation pathways in the presence of HS were very different. For SAL, the enhancement by HS was essentially due to 3 HS*and 1 O2. In the case of TBL that underwent faster photodegradation in air-saturated medium than SAL, none of these species was significantly involved. Quantum calculations suggest that oxygenated such as phenoxyl radicals could sgnificantly enhance the photodegradation of TBL through addition reactions. This study and in particular the unexpected behavior of TBL stresses several points. First, the different behaviors of SAL and TBL in HS remind us that different substituted phenols would undergo different photochemical fates in natural waters. Second, the influence of quenchers like HS should be considered carefully and comprehensively, depending on the target substances. Third, TBL could be a potential probe molecule for oxygenated radicals.
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