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The Pourbaix diagram of an element displays its stable chemical forms with respect to the redox potential and pH of the solution, whose knowledge is fundamental for understanding and for anticipating the chemistry of the element in a specified solution. Unlike most halogens, the Pourbaix diagram in aqueous phase for astatine (At, Z = 85) is still under construction. In particular, the domains of predominance of two astatine species assumed to exist in alkaline conditions, At -and AtO(OH) 2 -, need to be refined. Through high-performance ion-exchange chromatography, electromobility measurements and competition experiments, the existence of At - and AtO(OH) 2 -has been confirmed and the associated standard potential has been determined for the first time, being 0.86 ± 0.05 V vs. SHE. Based on these results, a revised version of astatine's

Pourbaix diagram is proposed, covering the three oxidation states of astatine existing in the thermodynamically stability range of water: At(-I), At(I) and At(III) (as At -, At + , AtO + , AtO(OH)

and AtO(OH) 2 -).

 However, TAT requires 211 At to be attached to a biological vector and the knowledge of astatine speciation in solution is essential for the development of radiolabeling approaches. 9,10

 The nature of the studied species can be assessed through such comparison.

 In this diagram, At -is present in reducing conditions over the whole pH range. In acidic solutions with the increasing redox potential, two cationic

Introduction

The Pourbaix diagram, also known as the potential-pH diagram, is a thermodynamic chart displaying the possible stable species of an element with respect to both the pH and the redox potential (Eh), usually in aqueous and non-complexing solution. Each contour of this diagram materializes an equilibrium, i.e. the conditions where the activities for the predominant soluble species on each side of it are equal. [START_REF] Pourbaix | Atlas of Electrochemical Equilibria in Aqueous Solutions[END_REF] Pourbaix diagrams are not only of fundamental interest, but also have been proved to be very useful in various applied fields, such as corrosion studies, geoscience, and environmental research. [START_REF] Marimuthu | Significance of Pourbaix Diagrams to Study the Corrosion Behaviour of Hardfacing Alloys Based on Chromium Carbides at 298 K[END_REF][START_REF] Ashby | Wet Corrosion of Materials[END_REF][START_REF] Yang | Pourbaix Diagrams to Decipher Precipitation Conditions of Si-Fe-Mn-Oxyhydroxides at the PACMANUS Hydrothermal Field[END_REF] Even though such diagrams have been well established for numerous elements, information is limited for some (rare) ones, notably the element 85, astatine (At). Indeed, astatine is a radioelement, and all of its isotopes are short-lived (t1/2 ≤ 8.1 h).

Only minute quantities can be produced artificially, leading to astatine solutions at ultra-trace concentrations (typically below 10 -10 mol•L -1 ). Conventional spectroscopic tools are therefore barely applicable to identify astatine species. Even more than 80 years after the discovery of astatine, [START_REF] Corson | Artificially Radioactive Element 85[END_REF] its chemical properties remain not well-established. Beyond the scientific interest, the species were proposed, At + and AtO + , with oxidation states of +1 and +3, respectively. Under oxidizing conditions with the increasing pH, two hydrolyzed species predominate, AtO(OH) and AtO(OH) 2 -. The conversions among these species have also been investigated, which forms the solid lines in the diagram, with the parameters listed in Table S1. However, there are still some equilibria that have not been examined as shown by dashed lines in Figure 1.

Figure 1.

Pourbaix diagram of astatine derived from selected published data. [START_REF] Sabatié-Gogova | Characterization of At-Species in Simple and Biological Media by High Performance Anion Exchange Chromatography Coupled to Gamma Detector[END_REF][START_REF] Guo | Evidence for the Heaviest Expected Halide Species in Aqueous Solution, At-, by Electromobility Measurements[END_REF][START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF][START_REF] Champion | Investigation of Astatine(III) Hydrolyzed Species: Experiments and Relativistic Calculations[END_REF][START_REF] Sergentu | Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2-over At-in Basic Conditions[END_REF] Dashed lines correspond to indirectly determined equilibria. The orange points figure the experimental conditions used for the high-performance ion-exchange chromatography or electromobility measurements, and the blue arrows represent the experimental conditions for the competition experiments. The region between these two dash-dotted lines is the window of stability of H2O.

The reaction between At -and AtO(OH) 2 -in alkaline conditions has to be experimentally characterized to go beyond the previous indirect characterization (based on the combination of parameters corresponding to other equilibria). [START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF][START_REF] Champion | Investigation of Astatine(III) Hydrolyzed Species: Experiments and Relativistic Calculations[END_REF][START_REF] Sergentu | Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2-over At-in Basic Conditions[END_REF] In addition, if the reaction At -/AtO(OH) 

Results

Characterization of astatine species in alkaline conditions

The first step was to identify the number of species to be considered in reducing and nonreductive conditions. In both cases, only one peak is found in the HPIEC radiochromatogram and the electromobility radiochromatogram (Figure 2). Note that the peak at the position of injection is considered as 211 At and/or 123 I trapped in the injection outlet instead of a neutral species, because its position does not change over time (Figure S1), which is supposed to happen for a neutral species due to the Electroosmosis effect. [START_REF] Guo | Evidence for the Heaviest Expected Halide Species in Aqueous Solution, At-, by Electromobility Measurements[END_REF] Considering that these two techniques are based on different separation mechanisms, the chemical affinity of ions for the resin in HPIEC and the charge/size ratio of ions in electromobility measurements, there can be only one species existing for each condition, reducing or non-reductive (it is unlikely that two coexisting species of astatine have the same values for such different properties). The second step was to investigate the nature of Atred and Atox. Figure 3 presents HPIEC results which show the influence of the ionic strength in the eluent (NaCl concentration) on the retention factor of Br -, I -, S2O3 2-and Atred. The log-log representation of the retention factor as a function of the ionic strength is linear, as expected for an ionic column and ionic species. [START_REF] Gjerde | Anion Chromatography with Low-Conductivity Eluents[END_REF] The slope for the astatine species is close to that for I -and Br -, while it is almost half of the slope for S2O3 2-.

These results testify obviously of a -1 charge for Atred. The electromobility measurements provide even more information. Firstly, the peak representing At species moved toward the positive electrode during the experiments (Figure 2c,d), evidencing the anionic nature of Atred and Atox. Secondly, the apparent mobility of the different 211 At species in comparison to 123 I -is determined by introducing these species in the electromobility device following the method described by Guo et al. [START_REF] Guo | Evidence for the Heaviest Expected Halide Species in Aqueous Solution, At-, by Electromobility Measurements[END_REF] Under the applied (pH, Eh) conditions, iodide is the predominant species according to the Pourbaix diagram of iodine. 27 From the radiochromatogram of 211 At and 123 I, the positions of Atred, Atox and iodide in the migration tube at different moments can be identified, thus apparent mobilities (µapp) can be obtained. More details related to the calculations can be found in the Supporting Information (Figure S1 and Table S2).

Table 1 lists the relative apparent mobility of astatine species with respect to I -. The difference in mobility between Atox and I -is significantly more important than that between Atred and I -, which implies Atred and Atox are different species. Moreover, some of us have experimentally shown that the mobility of At -is close to that of I -, [START_REF] Guo | Evidence for the Heaviest Expected Halide Species in Aqueous Solution, At-, by Electromobility Measurements[END_REF] which was also supported by molecular dynamics simulations. [START_REF] Réal | Dynamical, and Transport Properties of the Hydrated Halides: How Do At-Bulk Properties Compare with Those of the Other Halides, from Fto I-?[END_REF] As a reminder, the previous experiments were conducted in an acidic environment.

Hence the present results in alkaline conditions are found in good agreement. In short, it was demonstrated that Atred holds a -1 charge and has a mobility close to that of At - . It is therefore reasonable to consider that Atred is At -. So astatide (At -) exists under reducing conditions in both acidic and alkaline media. This is consistent with the series of halogens: anionic X -exists in reducing conditions over the whole pH range. As for Atox, the HPIEC and electromobility measurements evidenced as well a negative species, but it is different from Atred.

Identification of Atox

After identifying Atred as the At -species, liquid/liquid competition experiments have been carried out for studying the passage At -/Atox and characterizing Atox. The pH of the solution was set between 8 and 11 while the potential increased from -0.20 V up to 0.35V vs. SHE (Figure 4 and Figure S2). Under small potential values, the distribution ratio of astatine (D) keeps constant and close to 0, i.e. At -is not extracted into the organic phase. Then D increase sharply at a threshold of potential, indicating a change of astatine speciation: At -becomes Atox, and the latter is more soluble in the organic phase. Moreover, the Eh of inflection point depends on pH, which implies that the speciation change involves the exchange of protons, in addition to the exchange of electrons. Then the quantitative analysis of the experimental data, taking into account the various equilibria occurring under the experimental conditions, makes it possible to uncover the chemical form of Atox and obtain the quantitative parameters allowing describing its formation.

In reducing conditions, D is ruled by the distribution of At -between the two phases according to Equation ( 1). Within the studied potential range, D keeps increasing. However, the other plateau of D governed by the distribution of Atox (Equation (2)) was not observed due to the limitation of the used oxidizing agents. In these two equations, D1 and D2 are the distribution ratio of At -and Atox between the biphasic aqueous/DIPE system, respectively, and the overlined species are in the organic phase. Suppose that the formation of Atox from At -involves an exchange of n electrons and m protons and a production of k water molecules:

At -𝐷 1 ⇔ At - ̅̅̅̅̅ (1) At 𝑜𝑥 𝐷 2 ⇔ At 𝑜𝑥 ̅̅̅̅̅̅ (2) 
At ox + 𝑛e -+ 𝑚H + ⟺ At -+ 𝑘H 2 O (3) 
where n ≥ 1 (because a speciation change is evidenced), m ≥ n (because Atox holds a negative charge) and k ≥ 0.

According to the Nernst equation, the relationship between the potential of the solution (E) and the concentrations of At -and Atox can be written as Equation ( 4):

𝐸 = 𝐸 0′ + 0.06 𝑛 log 𝛾 At ox [At 𝑜𝑥 ] 𝛾 At -[At -] (4) 
with 𝛾 At -and 𝛾 At ox being the activity coefficient of At -and Atox, and

𝐸 0′ = 𝐸 0 -0.06 𝑚 𝑛 p𝐻 (5) 
In Equation ( 5), 𝐸 0 is the standard potential of Atox/At -redox couple and 𝐸 0′ is the apparent potential of Atox/At -at a fixed pH. Note that

𝛾 At ox 𝛾 At -= 1 if At ox is of -1 charge, or < 1 if the charge of At ox is < -1.
Here we firstly consider the case that 𝛾 At ox 𝛾 At -= 1, and discuss later other possibilities.

D of astatine, experimentally calculated as the ratio of specific activity of astatine in the organic phase to the aqueous phase, can be written as the following equation:

𝐷 = [At 𝑜𝑥 ̅̅̅̅̅̅ ] + [At - ̅̅̅̅̅ ] [At 𝑜𝑥 ] + [At -] = 𝐷 2 + 𝐷 1 [At -] [At 𝑜𝑥 ] 1 + [At -] [At 𝑜𝑥 ] (6) 
Combining Equation ( 4) and ( 6), D can be expressed as following:

𝐷 = 𝐷 2 + 𝐷 1 10 -𝑛 (E-E 0′ ) 0.06 1 + 10 -𝑛 (E-E 0′ ) 0.06 (7) 
The experimental data were then fitted with D1, n and E 0′ as adjustable parameters. Note that D2 cannot be fully determined, and it was at first fixed to be 15, the maximum value reached in this work. The only information obtained from experimental data is that D2 should be greater than 15.

Among the unknown parameters, n should be a natural number and Figure 4 shows the fitting results according to the value of n. With n = 1 and n = 2, it is obvious that the sharp increase of D cannot be explained. For n ≥ 3, the fitting curves are very close and all can fairly explain the experimental data. Regardless of the value of n (≥ 3), the obtained E 0′ value from the fitting keeps unchanged, given the uncertainties. Therefore, a set of (pH, E 0′ ) value was obtained as shown in Figure 5.

According to Equation (5), it is found that m/n = 0.81 ± 0.24 and, since m ≥ n (cf. above), we can reasonably conclude that m = n. For the preset 𝛾 At ox 𝛾 At -value, the tests of fitting show that this parameter does not have an observable impact on the shape of curves; the conclusion for n ≥ 3 is therefore maintained.

However, the change of -would be a hydrolyzed species of At 3+ , but the latter is inconsistent with the At(III) species proved to exist in acidic conditions, AtO + . [START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF] The AtO 2 -form would result from deprotonation of the AtO(OH) species, [START_REF] Sergentu | Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2-over At-in Basic Conditions[END_REF] but it can also be ruled out. According to quantum mechanical calculations it would exist only for pH > 11, [START_REF] Sergentu | Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2-over At-in Basic Conditions[END_REF] conditions that are not compatible with current experiments. AtO(OH) 2 -as the second hydrolyzed form of the AtO + species is therefore the most likely species. In the conditions where Atox is obtained, AtO(OH) 2 allows a satisfactory description of the experimental data. [START_REF] Sergentu | Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2-over At-in Basic Conditions[END_REF] 

AtO(OH) 2 -+ 4e -+ 4H + ⇌ At -+ 3H 2 O ( 8 
)
The determined values for the different pH conditions are listed in Table 2, with an average value:

𝐸 AtO(OH) 2 -/At -0 = 0.86 ± 0.05V 𝑣𝑠. SHE. 6 and the related characteristic values are presented in Table 3. The experimental results (Table S3) obtained by different authors [START_REF] Cavallero | Chromatography at Fixed Redox Potential of Inorganic Forms of Astatine (211At)[END_REF][START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF][START_REF] Appelman | The Oxidation States of Astatine in Aqueous Solution 1[END_REF] for redox couples in acidic conditions at 25 °C are also presented in this figure. -/At - 0 = 0.86 V 𝑣𝑠. SHE, log K AtO + ,hyd,1 = -1.9 and log K AtO(OH),hyd,2 = -6.9.

The points in the diagram are experimental results. [START_REF] Cavallero | Chromatography at Fixed Redox Potential of Inorganic Forms of Astatine (211At)[END_REF][START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF][START_REF] Champion | Investigation of Astatine(III) Hydrolyzed Species: Experiments and Relativistic Calculations[END_REF][START_REF] Sergentu | Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2-over At-in Basic Conditions[END_REF][START_REF] Appelman | The Oxidation States of Astatine in Aqueous Solution 1[END_REF] The colors of symbols are in agreement with the considered equilibria. The region between these two dash-dotted lines is the window of stability of H2O. 

Discussions

Since no new species has been discovered in alkaline conditions, the speciation of astatine proposed in the water stability zone is confirmed with 3 oxidation states (-1, +1 and +3) and 3 acido-basic forms for At(III), i.e. At -, At + , AtO + , AtO(OH) and AtO(OH) 2

-are the existing predominant species. However, some domains in the Pourbaix diagram have been modified. In the revised Pourbaix diagram (Figure 6), the redox and acido-basic equilibrium of At + /At -, AtO + /AtO(OH) and AtO(OH)/AtO(OH) 2 -keep unchanged compared to the previous version (Figure 1). Several redox potential for the At + /At -couple have been proposed, which are in good agreement with each other. [START_REF] Cavallero | Chromatography at Fixed Redox Potential of Inorganic Forms of Astatine (211At)[END_REF][START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF][START_REF] Appelman | The Oxidation States of Astatine in Aqueous Solution 1[END_REF] Here was retained the value derived from the largest number of experimental data: 0.36 ± 0.01 V 𝑣𝑠. SHE . [START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF] Conversely, only one acido-basic constant measurement is reported for each of the AtO + /AtO(OH) and AtO(OH)/AtO(OH) 2 -equilibria. [START_REF] Champion | Investigation of Astatine(III) Hydrolyzed Species: Experiments and Relativistic Calculations[END_REF][START_REF] Sergentu | Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2-over At-in Basic Conditions[END_REF] A large discrepancy for 𝐸 AtO + /At + 0 exists among the reported values in the literature. [START_REF] Cavallero | Chromatography at Fixed Redox Potential of Inorganic Forms of Astatine (211At)[END_REF][START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF][START_REF] Appelman | The Oxidation States of Astatine in Aqueous Solution 1[END_REF] Using the value determined in this work for 𝐸 AtO(OH) 2 -/At -0

, it is deduced that 𝐸 AtO + /At + 0 = 1.09 V 𝑣𝑠. SHE (Table 3) as shown by the purple-colored line in Figure 6. This value is in good agreement with the data published by Appelman, [START_REF] Appelman | The Oxidation States of Astatine in Aqueous Solution 1[END_REF] while two previously reported values, 𝐸 AtO + /At + 0 = 0.74 ± 0.01 V 𝑣𝑠. SHE 18 and 0.80 ± 0.05 V 𝑣𝑠. SHE, [START_REF] Cavallero | Chromatography at Fixed Redox Potential of Inorganic Forms of Astatine (211At)[END_REF] are significantly below (Figure 6). Appelman has judiciously noticed that the redox reaction between At + and AtO + in acidic media is sensitive to the light when iron and vanadium couples are used as buffer for adjusting Eh in samples. [START_REF] Appelman | The Oxidation States of Astatine in Aqueous Solution 1[END_REF] This may lead to a gross shift of the studied chemical equilibrium, resulting in an underestimation of the standard potential. The iron couple was notably used in ref. [START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF] for controlling the potential of solution. In order to confirm the Appelman's observation, new investigations of the evolution of astatine species has been done by liquid/liquid competition method at pH = 1 and oxidizing conditions controlled by the Fe 2+ /Fe 3+ couple. Two series of experiments were performed, one with Pyrex tubes covered by an aluminum foil and the other not.

As shown in Figure 7, it turns out that astatine behaves differently with or without the daylight.

The series with light suggests a change of astatine speciation from a potential around 0.8 V 𝑣𝑠. SHE, whereas no changes in the distribution ratio of astatine is observed for the series without light. These results agree with Appelman and might also explain an underestimated value of the redox potential in ref. [START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF] . As for the results of Cavallero et al. ( 𝐸 AtO + /At + 0 = 0.80 ± 0.05 V 𝑣𝑠. SHE), [START_REF] Cavallero | Chromatography at Fixed Redox Potential of Inorganic Forms of Astatine (211At)[END_REF] the reason of discrepancy has not been identified. Cr(VI)/Cr(III) was used to maintain the redox conditions and it is not known if this couple leads to photosensitivity for astatine species as iron and vanadium do. However, a similar work based on chromatography has led to a value of 1.09 V 𝑣𝑠. SHE (at 80 °C). [START_REF] Meyer | Chromatographie Trägerfreier Anorganischer Formen von Jod-123 Und Astat-211 Und Ihre Verwendung Zur Halogenierung von Uracil and Desoxyuridin[END_REF] Though the author claimed that the value proposed was approximate, it questions the reproducibility of this method. Besides, the high nitric acid concentration (1M HNO3) used by Cavallero et al., is not inert. [START_REF] Cavallero | Chromatography at Fixed Redox Potential of Inorganic Forms of Astatine (211At)[END_REF] If the complexing effect of nitrate anion [START_REF] Tereshatov | Separation, Speciation, and Mechanism of Astatine and Bismuth Extraction from Nitric Acid into 1-Octanol and Methyl Anthranilate[END_REF] is not very different compared to perchloride [START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF] anion used in this work, the redox effect produced by alpha radiolysis of HNO3 may modify the potential. Indeed, it is reported [START_REF] Garaix | Alpha Radiolysis of Nitric Acid and Sodium Nitrate with 4He2+ Beam of 13.5 MeV Energy[END_REF] S3 can be considered reliable.

From the Pourbaix diagram of astatine, one remarkable phenomenon that can be deduced is the disproportionation of At + into At -and AtO(OH) 2 -, for pH > 8.25, according to the equation ( 9).

2At + + 3H 2 O ⇌ AtO(OH) 2 -+ At -+ 4H + (9)
Given the minute quantities of astatine, whether this reaction will happen in the reality is uncertain due to the kinetically constraint, although it is thermodynamically possible (log K = -33).

The Pourbaix diagram is as well limited to the stability region of water. According to the literature, two other oxidation states may exist in highly oxidizing conditions: +5 and +7. A sketch of a tentative Pourbaix diagram incorporating these two species is presented in Figure 8. At(V) has been reported to occur in acidic, neutral and alkaline medium with the presence of strong oxidizing agents such as S2O8 -(hot solution), KIO4 and HClO. It is hypothesized to be AtO3 -due to similarities with the behavior of IO3 -. [START_REF] Berei | Handbook of Inorganic Chemistry Astatine[END_REF][START_REF] Appelman | The Oxidation States of Astatine in Aqueous Solution 1[END_REF][START_REF] Johnson | Chemical Properties of Astatine[END_REF][START_REF] Nishinaka | Speciation of Astatine Reacted with Oxidizing and Reducing Reagents by Thin Layer Chromatography: Formation of Volatile Astatine[END_REF][START_REF] Nishinaka | Thin Layer Chromatography for Astatine and Iodine in Solutions Prepared by Dry Distillation[END_REF][START_REF] Rössler | Rapid Separation of Carrier-Free Inorganic and Organic Compounds of Radioiodine and Astatine by High-Pressure Liquid Chromatography[END_REF] However, the quantitative analyses are very limited in the literature. An apparent potential of 1.5 V at pH = 1 for At(V)/At(III) has been proposed by Appelman, [START_REF] Appelman | The Oxidation States of Astatine in Aqueous Solution 1[END_REF] consistently with the standard potential above 1.5 V reported by Cavallero. [START_REF] Cavallero | Chromatography at Fixed Redox Potential of Inorganic Forms of Astatine (211At)[END_REF] At(VII) is expected in neutral or alkaline solution with the presence of KIO4 or XeF2, but is unstable in acidic conditions. [START_REF] Berei | Handbook of Inorganic Chemistry Astatine[END_REF][START_REF] Nishinaka | Speciation of Astatine Reacted with Oxidizing and Reducing Reagents by Thin Layer Chromatography: Formation of Volatile Astatine[END_REF][START_REF] Nishinaka | Thin Layer Chromatography for Astatine and Iodine in Solutions Prepared by Dry Distillation[END_REF][START_REF] Rössler | Rapid Separation of Carrier-Free Inorganic and Organic Compounds of Radioiodine and Astatine by High-Pressure Liquid Chromatography[END_REF][37] At(VII) is assumed to be AtO4 -but no quantitative data have been reported

for supporting this hypothesis. Obviously, it would be interesting to obtain more quantitative information on these species and to be able to name them.

Conclusion

Astatine speciation in alkaline conditions has mainly been studied in this work, in order to test the parameters obtained so far to describe the speciation of astatine in the stability region of water.

Using HPIEC measurements, electromobility measurements, and liquid/liquid competition experiments, At -and AtO(OH) 2 -were identified to be the predominant forms in reducing and oxidizing conditions, respectively. These results validate the existence of already characterized species in the water stability zone. Moreover, the first experimental value for the standard potential of AtO(OH) 2 -/At -couple is derived in this work, being 0.86 ± 0.05 V vs. SHE. Based on this result and some from the literature, the standard potential for the species in acidic conditions has been revised, and finally a revised Pourbaix diagram of astatine based on updated parameters has been proposed. The predominance domains of At -and At + species appears more extended. In the meanwhile, other species may exist beyond the domain of water stability, but this remains to be explored using quantitative analytical techniques. At(V) and At(VII) species. The region between these two dash-dotted lines is the window of stability of H2O. The dotted lines represent some astatine speciation equilibria to be determined.

Experimental section

Materials

Chemicals

All chemicals are commercially available and of analytical grade or better. The solutions were freshly prepared using Milli-Q deionized water.

Radioactive sources

123 I (t1/2 = 13.2 h) was purchased from Curium (Paris, France) as sodium iodide-123 I (reference:

I-123-S-2) with a specific activity of 18.5 MBq•mL -1 in an aqueous solution and with a radiochemical purity ≥ 95%.

211 At was produced through the 209 Bi(α, 2n) 211 At nuclear reaction at the ARRONAX cyclotron (Nantes, France). 209 Bi targets were irradiated by alpha external beams accelerated and downgraded to 28.6 MeV. 38 After irradiation, astatine was extracted by a dry distillation method, [START_REF] Lindegren | Dry-Distillation of Astatine-211 from Irradiated Bismuth Targets: A Time-Saving Procedure with High Recovery Yields[END_REF] and finally was recovered in chloroform with a specific activity close to 500 MBq•mL -1 . The radionuclide purity of 211 At was verified by γ-ray spectroscopy with high purity germanium (HPGe)

detector. In the present work, the 211 At sources were back-extracted in the desired aqueous medium by a series of steps. Firstly, chloroform was evaporated to dryness using a nitrogen gas flux. No astatine leakage has been identified within this step. [START_REF] Guo | Evidence for the Heaviest Expected Halide Species in Aqueous Solution, At-, by Electromobility Measurements[END_REF] Secondly, about 500 μL of the desired solution (for reducing or non-reductive conditions) was added in the vial and waited for at least two hours to retrieve At in solutions with the expected form, i.e. Atred or Atox.

Methodologies and analytical tools.

The stock solutions of dithiothreitol (DTT), Piperazine-N,Nʹ-bis(3-propanesulfonic Acid) (PIPPS), NaCl, NaClO4, Na2S2O8, Na2SO4 were prepared by dissolving the corresponding salts.

The stock solution of NaOH was prepared from a concentrated volumetric NaOH solution. All preparations were performed under inert gas (argon or nitrogen) conditions, as well as the measurements by competition experiments. While such a precaution was not possible for those obtained by HPIEC and electromobility. Note that the used HPIEC device includes a degasser for the eluent. As for electromobility, a pre-test was performed without radioactive source. It showed that after the exposure of three hours (maximum time for a measurement) of the electrolyte in the equipment, there is no distinct change in the pH and in the potential. It is therefore assumed that dissolved carbonates do not significantly affect the speciation of At(I) and At(III) species under our conditions.

Irrespective of the method used, the pH and the potential of the solutions were systematically measured at equilibrium. An electrode (Inlab) freshly calibrated with standard pH buffers (pH 7.00 and 10.00, Merck) and a Pt combined redox electrode (Metrohm) calibrated with a redox buffer (Fe(SCN)6 3-/Fe(SCN)6 4-, 220 mV/Pt/SCE, Radiometer Analytical) were used to measure the pH and the potential (E, V vs. SHE) of the aqueous phase at equilibrium, respectively. The potential effect of oxidizing and reducing agents used in this work (DTT, S2O8 2-and SO4 2-) on astatine speciation were investigated beforehand, and more details can be found in the Supporting Information (Figure S4 andS5).

HPIEC experiments.

In an HPIEC-based experiment, different ions are separated according to their different chemical affinity towards an ionic-exchange column and characterized by the time retained in the column, i.e. the retention time (tr). Here, Atred and Atox were prepared using the reducing (10 -4 M NaOH/10 - 4 M DTT; pH = 10.0 ± 0.2, E = -0.15 ± 0.02 V vs. Standard Hydrogen Electrode (SHE)) and the oxidizing (10 -4 M NaOH/0.05 M NaClO4; pH = ± 0.2, E = 0.38 ± 0.02 V vs. SHE) media, respectively (orange points in Figure 1). The NaI-123 source was diluted into solutions with the same conditions as the 211 At samples. The eluents were freshly prepared by dilution of stock solutions. The samples of 10 -5 M Br -, 10 -5 M 127 I -and 10 -5 M S2O3 2-were prepared by dissolving the corresponding mass of NaBr, NaI-127 and Na2S2O3 salts, respectively.

The HPIEC device used was a Dionex UltiMate3000 system consisting of a degasser, a DGP-3600 MB pump, a TCC-3200B column oven, and a diode array DAD-3000 detector. The stationary phase used was a Dionex AS20 anionic exchange column (0.2 cm diameter × 25 cm length), consisting of hydrophilic polymers grafted with quaternary alkanol ammonium, with a capacity of 77.5 µeq. It is pre-protected by a Dionex AG20 guard column (2 mm diameter × 50 mm length), with a capacity of 1.5 µeq. The device is coupled with an online γ-ray detector Raytest GabiStar, and is piloted by Gina Software. The experimental data are acquired and processed by Chromeleon 6.80 Chromatography Software. The retention time was taken at the maximum of the peak that belongs to the specific species (known or unknown) from the chromatogram.

All HPIEC measurements were performed under isocratic conditions at 25°C, with an eluent flow rate fixed at 350 μL•min -1 . Before each measurement, the column was equilibrated with eluent for at least 30 mins. 123 I -, 127 I -, Br -, and S2O3 2-were all detected online spectrophotometrically at 230 and 214 nm; 211 At and 123 I were detected by the γ-ray detector with the energy window set between 50 and 1630 keV.

The retention factor k is calculated as

𝑘 = 𝑡 r -𝑡 d 𝑡 d (10) 
where tr represents the retention time and td is the dead time of the device.

Electromobility measurements

The electromobility measurements are based on the electrophoresis phenomenon. The mobility of an ion at infinite dilution is a specific parameter for the ion, which depends on its charge/size ratio. In the present work, the reducing medium was composed of 10 in Figure 1).

The device for measuring a radioactive ion mobility in free electrolytes was developed by Milanov et al. [START_REF] Milanov | Determination of Ion Mobilities of Radionuclides in a Free Electrolyte. Methods and Experimental Organization[END_REF] A similar equipment was built in our laboratory in order to investigate the mobility of iodine and astatine ions. A detailed description can be found in the previous article. [START_REF] Guo | Evidence for the Heaviest Expected Halide Species in Aqueous Solution, At-, by Electromobility Measurements[END_REF] Briefly, a horizontal glass tube is filled by the electrolyte solution. A high voltage is applied to the electrolyte solution, creating an electric field. The radioactive samples are injected into the electrolyte and the migration occurs in the horizontal glass tube. A gamma-ray detector continuously moves along the tube with a fixed speed, to monitor the distribution of radioactivity ions at different moments.

All the electromobility measurements were performed at 25°C (maintained by a water bath system). The voltage applied to the electromigration device was set at 450 ± 3 V. The injected activity of 123 I (Eγ = 159.97 keV, intensity 83.25%) was about 500 kBq and for 211 At (Eγ = 687 keV, intensity 0.245%) was about 1 MBq.

Liquid/liquid competition experiment

The principle of the liquid/liquid competition method is to track the distribution ratio of astatine between two immiscible liquid phases (D) as a function of influent physiochemical parameters The radioactivity in samples were measured using a Packard 2550 TR/AB Liquid Scintillation analyzer and the Ultima Gold LLT liquid scintillation cocktail. The quenching caused by different media was considered to determine the astatine activity (A) according to the following equation:

A = A mes ×(8.1063×10 -10 ×tSIE 3 -1.7581×10 -6 ×tSIE 2 +0.0012×tSIE+0.7299) (11) with Ames being the activity measured by a liquid scintillation counter and tSIE being the transformed Spectral Index of External standard defined by the apparatus for counting efficiency determination.

The distribution ratio of astatine is calculated by the following equation: 𝐷 = 𝑉 aq × 𝐴 org 𝑉 org × 𝐴 aq (12) with 𝐴 org , 𝐴 aq the total activity in the organic and aqueous phases, respectively, and 𝑉 org , 𝑉 aq the volume of the organic and aqueous phases, respectively.
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 2 is confirmed by new data, it would validate the Pourbaix diagram with dashed equilibria presented in Figure 1. Otherwise the actual Pourbaix diagram should be revised and possibly account for the existence of other At species.This work is focused on the speciation of astatine in alkaline conditions and on quantifying the reaction between the relevant species, according to the strategy displayed in Figure1. Firstly, astatine species in reducing and non-reductive conditions at pH = 10 (orange points) are characterized by high-performance ion-exchange chromatography (HPIEC) and electromobility measurements. The astatine species present in alkaline and reducing conditions is (are) denoted Atred, while that in alkaline and non-reductive conditions is (are) denoted Atox. The aims are to identify how many species exist in each domain and to determine their charge. Secondly, the change in astatine speciation is tracked by liquid/liquid competition experiments with increasing redox potential at fixed pH. The standard potential of this reaction is then derived. Finally, all the results are discussed and compared with literature data, leading to a revised Pourbaix diagram in aqueous solution.

Figure 2 .

 2 Figure 2. a) HPIEC radiochromatogram of Atred. Flow rate: 350 μL•min -1 ; eluent: 0.085 M

Figure 3 .

 3 Figure 3. HPIEC results for Atred (squares), I -(circles), and Br -(diamond) and S2O3 2-(triangles)

Figure 4 .

 4 Figure 4. Distribution ratio of At in biphasic aqueous/DIPE system (pH = 8.4 ± 0.1) as function

Figure 5 .

 5 Figure 5. Relationship between pH and E 0' obtained from the data analysis of the competition

  Its conversion from At -involves therefore an exchange of 4 electrons and 4 protons. Larger n values would result in a more unfavorable reaction kinetics due to exchange of a larger amount of protons/electrons, while the experimental results can already be confronted with n = m = 4. Determination of the standard potential 𝑬 𝐀𝐭𝐎(𝐎𝐇) 𝟐 -/𝐀𝐭 - 𝟎 Considering that Atox is AtO(OH) 2 -, the standard potential 𝐸 AtO(OH) 2 -/At -0 can be deduced from the liquid/liquid competition experiments according to the Nernst equation (4-5) for the reaction (8):

Figure 6 .= 0. 36 V

 636 Figure 6. Pourbaix diagram of astatine (25°C) constructed by considering E At + /At - 0

Figure 7 .

 7 Figure 7. Distribution ratio of At in biphasic aqueous/DIPE system (pH = 1) as function of the

Figure 8 .

 8 Figure 8. Sketch of Pourbaix diagram of astatine including including At(-I), At(+I), At(+III),

- 4 M

 4 NaOH, 10 -4 M DTT and 0.1 M NaCl (pH = 10.0 ± 0.2, E = -0.20 ± 0.02 V vs. SHE), and the oxidizing medium consisted of 10 -4 M NaOH and 0.1 M NaClO4 (pH = 10.0 ± 0.2, E = 0.40 ± 0.02 V vs. SHE) (orange points

(

  pH, Eh, etc.). A variation of D value caused by the change of experimental conditions must reveal an astatine speciation change in at least one of the two phases. In this work, all experiments were performed in air-conditioned laboratories (21 ± 3 °C). The aqueous phase was prepared with a pH buffer while adding redox agents to fix the potential. The pH buffer solutions for pH = 8 and 9were prepared with M PIPPS adjusted by 1 M NaOH. For pH = 11, the solution was directly prepared with 10 -3 M NaOH. The organic phase was Diisopropyl ether (DIPE) pre-equilibrated with the corresponding pH buffer solution. For a series of experiments, the potential of samples was modified by changing the concentration of DTT from 10 -3 M to 10 -7 M, or by varying the S2O8 2-/SO4 2-redox couple concentration ratio while fixing [Na2S2O8] + [Na2SO4] = 10 -3 M. The preparation allowed to obtain a series of aqueous solutions with the potential varied from -0.20 V to up to 0.35 V vs. SHE. NaOH was used to re-adjust the pH of samples if it was modified after the addition of the redox agents. Finally,211 At stock solution recovered in the corresponding pH buffer solution was added in each sample. A 5 mL aliquot of organic and aqueous phases were brought into contact in Pyrex tubes. The tubes were shaken for 2 h to reach the equilibrium. Then, aliquots of the aqueous and organic phases were taken to measure the activity of each phase. All experiments were repeated at least twice under the same experimental conditions with different astatine sources.

Table 1 .

 1 Difference in the apparent mobility of some astatine species compared to I -species.

		µapp ( 211 At -123 I -)	
	Species	(10 -4 cm 2 .V -1 .s -1 )	Ref.
	Atox	3.3 ± 1.0	this work
	Atred	0.1 ± 0.2	this work
	At -	0.29 ± 0.79	15

Table 2 .

 2 Redox potential related to the speciation change at different pH. SHE,[START_REF] Champion | Astatine Standard Redox Potentials and Speciation in Acidic Medium[END_REF] log K AtO + ,hyd,1 = -1.9,[START_REF] Champion | Investigation of Astatine(III) Hydrolyzed Species: Experiments and Relativistic Calculations[END_REF] and log K AtO(OH),hyd,2 = -6.9,[START_REF] Sergentu | Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2-over At-in Basic Conditions[END_REF] a new version of the Pourbaix diagram of astatine can be built. It is shown in Figure

	pH	𝐸 AtO(OH) 2 -/At -0′	𝐸 AtO(OH) 2 -/At -0
		(V vs. SHE)	(V vs. SHE)
	8.1 ± 0.1	0.36 ± 0.02	0.85 ± 0.02
	8.1 ± 0.1	0.35 ± 0.02	0.84 ± 0.02
	8.4 ± 0.1	0.36 ± 0.02	0.86 ± 0.02
	8.7 ± 0.1	0.28 ± 0.02	0.80 ± 0.02
	9.2 ± 0.1	0.32 ± 0.02	0.87 ± 0.02

Table 3 .

 3 Parameters used for the construction of the Pourbaix diagram presented in Figure6.

	Species	Parameter	Value	Ref.
	AtO + /AtO(OH)	log K AtO + ,hyd,1	-1.9	19
	AtO(OH)/AtO(OH) 2 -	log K AtO(OH),hyd,2	-6.9	25
		log K At + /At -	-30.8	
	At + /At -	E At + /At -0	0.36 V 𝑣𝑠. SHE	18
		log K AtO + /At +	-6.5	
	AtO + /At +	𝐸 AtO + /At + 0	1.09 V 𝑣𝑠. SHE	this work
	AtO(OH) 2 -/At -	log K AtO(OH) 2 -/At -E AtO(OH) 2 -/At -0	-28.5 0.86 V 𝑣𝑠. SHE	this work
		log K AtO(OH)/At +	-4.6	
	AtO(OH)/At +	E AtO(OH)/At + 0	1.14 V 𝑣𝑠. SHE	this work
	AtO(OH) 2 -/At +	-/At + log K AtO(OH) 2 E AtO(OH) 2 -/At + 0	2.3 1.35 V 𝑣𝑠. SHE	this work

  that the alpha radiolysis of nitric acid produced nitrous acid, which may cause some shift of the redox potential of the solution due to reaction with Cr(VI)/Cr(III) buffer. Note that the determination in the present work of 𝐸 AtO(OH) 2 -/At -

	0	does not rely on the use of iron, vanadium or any other metallic
	cation redox couple. Moreover, this very first value of 𝐸 AtO(OH) 2 -/At -0	leads to a good agreement
	with reported 𝐸 AtO + /At + 0	values from the literature. Therefore, the revised version of Pourbaix
	diagram shown in Figure	
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