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The coupled cluster single-double and perturbative triple (CCSD(T)) approach within highly correlated wave functions has been performed to better understand the thermochemical properties of gaseous cesium borates. Several corrections were added for core-valence correlation and relativistic effects. Structural parameters have been optimized with the B3LYP/aug-cc-pVTZ level of theory. The standard molar entropies and heat capacities at constant pressure have been also determined at the same level of theory. ∆ f H°2 98K have been obtained for the studied cesium borates species using a set of three reactions. The standard enthalpies at 298 K for CsBO 2 and Cs 2 B 2 O 4 are estimated to be (-689.0±3.8) and (-1578.5 ±7.0) kJ mol -1 , respectively. They are in good agreement with available literature data.

Numerical simulations show that in a nuclear context, CsBO 2 will be formed preferentially to CsOH in steam atmosphere for high temperature.

Introduction

The evaluation of the behaviour of fission products that can be released from the damaged fuel and transported through the reactor coolant system (RCS) to the reactor containment is a key safety issue of nuclear reactors in order to predict radiological consequences resulting from outside radioactive species. Among these fission products (FP), iodine and cesium, which can be released and transported outside in case of containment building leakages, are of particular interest due to their high radio toxicities at short term for iodine and at middle term for cesium due to mainly 131 I, 132 I, and 137 Cs isotopes. Boron, present in the RCS and for some reactors in the boron carbide control rod, can interact with cesium to form some cesium borates, [START_REF] Hontañón | The effect of chemical interactions on the transport of caesium in the presence of boron[END_REF][START_REF] Haste | Study of boron behaviour in the primary circuit of water reactors under severe accident conditions: A comparison of Phebus FPT3 results with other recent integral and separate-effects data[END_REF] which affect cesium and iodine transport through the RCS because it can prevent formation of CsI and its dimer, [START_REF] Gouëllo | 21st International Conference Nuclear Energy for New Europe[END_REF][START_REF] Kalilainen | Chemical reactions of fission product deposits and iodine transport in primary circuit conditions[END_REF] and promote gaseous iodine formation. Boron is expected to be under trivalent form (HBO 2 , B 2 O 3 , H 3 BO 3 …) under severe accident conditions. For very high temperature (> 2000 K), some other boron species like HBO and BO could exist [START_REF] Yetter | Kinetics of hightemperature B/O/H/C chemistry[END_REF], thus we have decided to make a complete study including possible boron species with valence lower than 3, possibly useful for other applications even if, it was marginal for nuclear context. In thermodynamic simulations, CsOB is obtained at trace levels (< 0.001%) for 2000 K. This paper is focused on the determination of thermochemical properties of cesium borates by computational chemistry tools because cesium borates are not well known and the literature is quite poor. These data are useful to well modelling chemical reactivity of FPs through the RCS and be able to calculate cesium chemical speciation with severe accident simulation software. This work will extent similar works already performed for other cesium species. [START_REF] Badawi | Molecular structures and thermodynamic properties of 12 gaseous cesium-containing species of nuclear safety interest: Cs 2 , CsH, CsO, Cs 2 O, CsX, and Cs 2 X 2 (X=OH, Cl, Br, and I)[END_REF][START_REF] Sudolská | Molecular structures and thermodynamic properties of monohydrated gaseous iodine compounds: Modelling for severe accident simulation[END_REF] The literature data [START_REF] Asano | Study of Vaporization Borosilicate Glasses[END_REF][START_REF] Cordfunke | Thermochemical data for reactor materials and fission products: The ECN database[END_REF][START_REF] Kulikov | An Electron Diffraction of the CsBO 2 Molecule[END_REF][START_REF] Seshadri | Infrared spectra of matrix isolated alkali metal metaborates[END_REF][12][START_REF] Lopatin | Thermodynamic properties and structure of gaseous metaborates[END_REF][START_REF] Büchler | Gaseous Metaborates. I. Mass-Spectrometric Study of the Vaporization of Lithium and Sodium Metaborates[END_REF][START_REF] Ezhov | Electron diffraction study of the molecular structure of cesium metaborate[END_REF][START_REF] Teghil | Matrix-Isolation IR Studies on Alkali Metal M(XO 2 ) Species. Bonding and Structure of Li(CO 2 ), M(ClO 2 ) and M(B02) Molecules[END_REF][START_REF] Konings | The vibrational spectrum of gaseous cesium metaborate[END_REF][18][19][START_REF] Nakajima | Thermodynamic study of gaseous CsBO 2 by Knudsen effusion mass spectrometry[END_REF][START_REF] Glushko | Termodinamicheskie svoistva individual'nykh veshchestv: Spravochnic (Thermodynamic Properties of Pure Substances: Handbook)[END_REF][START_REF] Makarov | Thermodynamic Characteristics of Gaseous Monomers of Alkali Metal Metaborates[END_REF][START_REF] Asano | Vaporization of glasses in the R 2 0-Cs 2 0-B 2 0 2 -SiO 2 (R = Li, Na, K and Rb) system[END_REF] concerning the molecular properties (geometric parameters and vibrational frequencies) and the thermochemical properties (∆ f H°2 98K , S°2 98K , C p = f(T)) for cesium borates have been collected in Tables 1-2 and are detailed here after. Our results will be discussed and respective formation of CsBO 2 and CsOH will be compared based on thermochemical equilibrium simulations. 

Cesium metaborate (CsBO 2 ).

p i = kI i T/(σ i g i n i ),
where k is the pressure calibration constant, σ i is the relative ionization cross-section, g i is the gain of the electron multiplier and n i is the isotopic abundance ratio. k is obtained by an internal reference whereas σ CsBO2 was assumed to be equal to σ Cs(g) and σ Cs2(BO2)2 equal to 1.5σ Cs(g) . Enthalpies of formation were derived from these vapour pressure measurements using a second-law. Uncertainties exit concerning the ionization cross section of CsBO 2(g) , which has been assimilated to Cs (g) . The gas-transpiration method has been used by Cordfunke et al. [START_REF] Cordfunke | Vapour pressures of some caesium compounds I. CsBO 2[END_REF] to measure the vapour pressure of CsBO 2 over the solid and the liquid.

Cordfunke and Konings [START_REF] Cordfunke | Thermochemical data for reactor materials and fission products: The ECN database[END_REF] made a third-law analysis of the vapour pressure data of Gorokhov et al., [START_REF] Gorokhov | A mass spectrometric study of the vaprization of alkali metal metaborates[END_REF] and Biswas and Mukerji [START_REF] Mukerji | Vapor pressure of cesium metaborate[END_REF]. Geometrical parameters are reported in and H 3 BO 3 after heating up to 873 K. The samples were handled in an inert atmosphere glove box, the vapour pressure of CsBO 2 was deduced from the ionization current of Cs + assuming a negligible amount of the dimer in the temperature range of 792-915 K (< 1%). The modified integral method, which does not require such an ionization cross section is applied in this study to make a link between the ion current and the vapour pressure to avoid assumption on the ionization cross-section of Cs + . From the vapour pressure measurement, enthalpy of formation is derived as reported in Table 2.

In this paper, we have studied the thermochemical properties of 15 cesium metaborate species. The computational approach used in this work is detailed in section 2. The results and discussions are presented in section 3. a results are given for 11 B. b estimated value.

Table 2.

Literature data -thermochemical properties for cesium borates 

Species ∆ f H° (kJ mol -1 ) S°2 98K (J mol -1 K -1 ) C p,298K (J mol -1 K -1 )

Computational methods

The equilibrium geometries of all studied species were optimized using the density functional theory (DFT) employed with the B3LYP [START_REF] Becke | Density-functional thermochemistry. III. The role of exact exchange[END_REF] functional and the augmented correlation consistent polarized triple zeta [START_REF] Dunning | Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen[END_REF] (aug-cc-pVTZ) basis set for H, B, and O atoms and with the aug-cc-pVTZ-PP basis set [START_REF] Hill | Gaussian basis sets for use in correlated molecular calculations. XI. Pseudopotential-based and all-electron relativistic basis sets for alkali metal (K-Fr) and alkaline earth (Ca-Ra) elements[END_REF] for the 9 valence electrons of the Cs atom (this basis set will be abbreviated as aug-cc-pVTZ) while the core electrons were described by the pseudopotential ECP46MDF [START_REF] Lim | All-electron and relativistic pseudopotential studies for the group 1 element polarizabilities from K to element 119[END_REF]. Vibrational frequencies and zero-point energies were determined at the same level of theory and were multiplied by the appropriate scaling factor (0.968) [START_REF] Johnson | NIST Computational Chemistry Comparison and Benchmark Database NIST Standard Reference Database Number 101[END_REF]. The stabilities of DFT wave functions were systematically checked [START_REF] Seeger | Self-consistent molecular orbital methods. XVIII. Constraints and stability in Hartree-Fock theory[END_REF][START_REF] Bauernschmitt | Stability analysis for solutions of the closed shell Kohn-Sham equation[END_REF]. All previous calculations were performed using the GAUSSIAN16 software package [34].

Electronic energies calculations were performed using the MOLPRO2015 [START_REF] Werner | version 2015, a package of ab initio programs[END_REF] software. The single and double coupled cluster theory with inclusion of a perturbative estimation for triple excitation [CCSD(T)] [START_REF] Čížek | On the Use of the Cluster Expansion and the Technique of Diagrams in Calculations of Correlation Effects in Atoms and Molecules[END_REF][START_REF] Purvis | A full coupled-cluster singles and doubles model: The inclusion of disconnected triples[END_REF][START_REF] Scuseria | An efficient reformulation of the closed-shell coupled cluster single and double excitation (CCSD) equations[END_REF][START_REF] Scuseria | Is coupled cluster singles and doubles (CCSD) more computationally intensive than quadratic configuration interaction (QCISD)?[END_REF] were performed at the DFT structures with the weighted corevalence basis set [START_REF] Peterson | Accurate correlation consistent basis sets for molecular core-valence correlation effects: The second row atoms Al-Ar, and the first row atoms B-Ne revisited[END_REF][START_REF] Deyonker | Systematically Convergent Correlation Consistent Basis Sets for Molecular Core-Valence Correlation Effects: The Third-Row Atoms Gallium through Krypton[END_REF] aug-cc-pwCVnZ (n = T, Q, 5) for H, B, and O atoms and the aug-cc-pwCVnZ-PP (n = T, Q, 5) for the cesium atom [START_REF] Hill | Gaussian basis sets for use in correlated molecular calculations. XI. Pseudopotential-based and all-electron relativistic basis sets for alkali metal (K-Fr) and alkaline earth (Ca-Ra) elements[END_REF]. We included all 9 electrons (4p 2 4p 6 5s 1 ) outside the relativistic ECP core of cesium atom in the valence electron correlation energy calculations for the cesium containing species. The CCSD(T) calculated potential energies were extrapolated to the complete basis limit(CBS) using the relation of Peterson et al. [START_REF] Peterson | Benchmark calculations with correlated molecular wave functions. IV. The classical barrier height of the H+H 2 →H 2 +H reaction[END_REF] 

= + exp --1 + exp -n -1 (1) 
with n= 3(awCVTZ), 4 (awCVQZ), and 5 (awCV5Z).

The CCSD(T)/CBS energies were then corrected with additional calculations. The contributions to the total energies due to core-valence correlation (CV) were calculated at the CCSD(T) level of theory using the aug-cc-pwCVTZ basis set. The scalar relativistic corrections (SR) were evaluated using the CISD/aug-cc-pVTZ level of theory (the mass-velocity and one-electron Darwin [START_REF] Davidson | Validity of first-order perturbation theory for relativistic energy corrections[END_REF] (MVD) corrections). The spin-orbit corrections (SOC)

were performed using the multi configuration interaction [START_REF] Knowles | An efficient method for the evaluation of coupling coefficients in configuration interaction calculations[END_REF] (MRCI) approach in conjunction with the aug-cc-pVTZ basis set. This correction is equal to zero for the studied species but we will consider it for reactions including OH. For OH, our calculated SOC (-0.830 kJ mol -1 ) is in excellent agreement with the values from either the NIST-JANAF thermochemical database [START_REF] Chase | NIST-JANAF Thermochemical Tables Fourth Edition Part I[END_REF] (-0.836 kJ mol -1 ) or the CASSCF/CASPT2/RASSI-SO calculation of Šulka et al. [START_REF] Šulka | A Theoretical Study of the X-Abstraction Reactions (X = H, Br, or I) from CH 2 IBr by OH Radicals: Implications for Atmospheric Chemistry[END_REF] (-0.833 kJ mol -1 ).

The enthalpy at 298 K has been calculated including the different corrections explained previously:

H 298K = E CBS + E ZPE +ddH 298K + E CV + E SR + E SO (2) 
The ddH 298K correspond to the thermal contribution to enthalpy obtained using the THERMO script [47].

Results and Discussion

3.1.Structural properties and vibrational frequencies

The geometric structures of stable cesium borates species have been investigated and presented in Figures 12 ). A first study [START_REF] Vandeputte | Le rôle du bore sur la spéciation de l'iode dans le circuit primaire[END_REF] was performed to locate on the potential energy surface (PES) all conformers for each previous type of cesium borates. Among them, 15 species (Figure 1) were chosen because their relative standards Gibbs free energy at 300 K to the most stable structure were below 50 kJ mol -1 . Their geometric parameters computed at the B3LYP/aug-cc-pVTZ level of theory are given in the supplementary material (Tables S1-S3).

For To the best of our knowledge, there are no theoretical nor experimental studies on the characterization of structural properties of studied cesium borates species except the cesium metaborate CsBO 2 for which geometric parameters have been determined using gas phase electron diffraction [START_REF] Kulikov | An Electron Diffraction of the CsBO 2 Molecule[END_REF][START_REF] Ezhov | Electron diffraction study of the molecular structure of cesium metaborate[END_REF][START_REF] Komarov | Investigation of the molecular structure of alkali metal and thallium metaborates by the gas electron diffraction method: II. Average geometrical configuration of the cesium metaborate molecule[END_REF]. The main difference occurs in the type of the CsBO 2 structure.

Literature data found a non linear structure with a bond angle close to 130° while two different structures (one linear and one anchor-shaped) are obtained. It is worth mentioning that in our PES exploration, there are no minima corresponding to a non linear CsOBO structure; only a first-order saddle point was found.

Our calculated bond lengths r(B-O 1 ) and r(O 2 -B) compared well with experimental values obtained using gas phase electron diffraction [START_REF] Kulikov | An Electron Diffraction of the CsBO 2 Molecule[END_REF][START_REF] Ezhov | Electron diffraction study of the molecular structure of cesium metaborate[END_REF][START_REF] Komarov | Investigation of the molecular structure of alkali metal and thallium metaborates by the gas electron diffraction method: II. Average geometrical configuration of the cesium metaborate molecule[END_REF]. Concerning the bond length r(O 1 -Cs), the obtained values are 2.552 and 2.981 Å for CsOBO and anchor-shaped conformer, respectively. The analysis of literature data shows that r(O 1 -Cs) is about 2.7 Å, which is a median value between the two distinct structures.

The scaled vibrational frequencies of cesium borates species are gathered in Table 3. For CsOBO (CsBO 2 conf. 2), our calculated vibrational frequencies are in very good agreement with experimental results given in Table 1 with the exception of the low frequency mode. The standard enthalpies of formation at 298 K o f bo r o n -c o n t a in in g c o mpo u n d s u s ed in t h is w o r k h a v e b ee n d e t er min e d a t t h e s a me l ev e l o f t h e o r y a n d g iv e n in t h e s u ppl e me n t a r y ma t e r ia l (Ta bl e S5) w it h t h e a v a il a bl e l it e r a t u r e data of Cs, H, OH, H 2 , and H 2 O. Th e c a r t e s ia n c o o r d in a t es a n d s c a l e d v ibr a t io n a l f r e q u e n c ies o f bo r o n -c o n t a in in g s pe c ies a r e g iv in g w it h t h e r e a c t io n s u s e d t o r e t r ie v e t h e f H°2 98K o f t h es e c o mpo u n d s in t h e s u ppl e me n t a r y ma t e r ia l (Ta bl e s S6-S8). Fo r BOH, as we can see in Table S5, o u r c a l c u l a t e d f H°2 98K is in very good agreement with the CCSD(T)/CBS value obtained by Gr a n t e t Dix o n [START_REF] Grant | Heats of Formation and Bond Energies of the H (3-n ) BX n Compounds for (X = F, Cl, Br, I, NH 2[END_REF] w h il e t h e r e a r e u p t o 5 k J mo l -1 d if f e r e n c e w it h t h e o n e s calculated by Po l it zer et al. [START_REF] Politzer | Computational Determination of the Energetics of Boron Ignition/Combustion Reactions[END_REF] at either the B3PW91/6-311+G(2df,2pd) or the CBS-Q l e v e l s o f t h e o r y . Our calculated f H°2 98K for OBOH and BOBH are slightly different from literature data [START_REF] Chase | NIST-JANAF Thermochemical Tables Fourth Edition Part I[END_REF][START_REF] Politzer | Computational Determination of the Energetics of Boron Ignition/Combustion Reactions[END_REF] (differences are here greater than 10 kJ mol -1 ). These differences arise from the different methodology used in the calculations. The basis set and the functional used in the determination of the optimized structures and also the method used in the electronic energies calculations are different and our methodology has been validated in our previous works [START_REF] Fortin | Reactivity of Hydrogen Peroxide with Br and I Atoms[END_REF][START_REF] Khiri | Theoretical Study of the Reactions of H Atoms with CH 3 I and CH 2 I 2[END_REF] and it shows a very good agreement with experimental and theoretical literature values. The standard molar entropies (S°2 98K ) and heat capacities at constant pressure (C p = f (T))

were calculated over a wide range of temperature (300-1500 K) with the THERMO software [47] using the rigid-rotor harmonic oscillator approximation from optimized geometries, scaled vibrational frequencies, and moments of inertia at the B3LYP/aug-cc-pVTZ level of theory. Corresponding values are gathered in the supplementary material (Table S9). For CsBO 2 , our values for the linear conformer (S°2 98K = 316.16 and C p,298 = 64.14 J mol -1 K -1 ) are in good agreement with the literature values [START_REF] Cordfunke | Thermochemical data for reactor materials and fission products: The ECN database[END_REF]18,19] as shown in Table 2. Our values for CsOBO and anchor-shaped structure are slightly different from those estimated by Asano et al. [START_REF] Asano | Study of Vaporization Borosilicate Glasses[END_REF] (S°2 98K = 284.675 and C p,298 = 38.250 J mol -1 K -1 ).

Main dominant species in nuclear severe accident conditions

As we can see in Table 5, there are a large number of gaseous cesium borates, which have been identified. For a first ranking, species for which enthalpy of formation is positive are not expected to be formed. For others, we wish to know what the main species which could be formed in the RCS during a nuclear severe accident. Thermochemical equilibrium computations are performed based on thermochemical data determined in this work. The boundary conditions of the simulations are as follows: temperature range between 2000 and 500 K is explored, a pressure of 5 bar, the gas is steam and the cesium and boron are fixed respectively to 5 ×10 -6 and 2 ×10 -5 moles corresponding to respective molar ratios of 0.0025 and 0.0099. Results are reported in Table 6. In the temperature range where gaseous cesium borates are formed, the main species are CsBO 2 with the two conformers, CsBO 2 dimers are formed but in a lesser extent, around 1.7%. Cesium hydroxide is less stable than CsBO 2 . For lower temperature, CsBO 2 is under condensing form. These chemical equilibrium results are consistent with previous simulations of Minato [START_REF] Minato | Thermodynamic analysis of cesium and iodine behavior in severe light water reactor accidents[END_REF].

Table 6.

Percentages of cesium present in gas phase and condensed forms as a function of temperature. If we consider potential role of boron, it can promote gaseous iodine formation according to i) restricted formation of CsI and ii) reactivity between cesium iodide and boron species to form gaseous iodine. These two points are detailed here after.

The restricted formation of CsI can be expected if the equilibrium constants of the reactions I and II are compared.

CsOH + HI CsI + H 2 O (I) CsBO 2 + HI CsI + HBO 2 (II)

The equilibrium constant of reaction II is about four order de magnitude lower than reaction I at 1500 K. If we examine the reactivity between CsI and boron species, it appears that metaboric acid is the most stable boron species at high temperature [START_REF] White | Infrared Emission Spectrum of Gaseous HBO 2[END_REF] (typically 1500 K) whereas for lower temperature the most stable forms are H 3 BO 3 and in a less extent H 3 B 3 O 6 .

The main chemical reaction to consider is: CsI + HBO 2 CsBO 2 + HI (III)

For reaction III, the Gibbs free energy of reaction is negative for T higher than 1700 K thus the formation of HI by this chemical pathway is only possible at high temperature. Other possible chemical pathways at moderate temperature, around 1000 K, are:

Fig. 1 Fig. 2

 12 Fig. 1 Structures of cesium borates species (CsBO, CsBO 2 , CsB 2 O, CsB 2 O 2 , and CsB 2 O 4 )

  Asano et al. [8] heated, in a platinum Knudsen cell, synthesised glasses containing Na 2 O, B 2 O 3 , SiO 2 and Cs 2 O in the temperature range 845-1150 K and generated vapour pressure of about 4 10 -5 Pa. Pressure of CsBO 2(g) and Cs 2 B 2 O 4(g) were identified and measured by mass spectrometry. The intensities of the Cs + and CsBO 2 + ions were used for the determination of the partial pressure of CsBO 2(g) and Cs 2 (BO 2 ) 2 + intensity for the partial pressure of Cs 2 (BO 2 ) 2(g) but for some glasses, Cs 2 (BO 2 ) 2(g) could not be measured due to too low intensity of the ionization pic. Usual relationship is used to make a link between the measured ion intensity I i , of the vapour species i into the corresponding partial pressure p i , at the sample temperature T by the relation, as follows:

Table

  

Table 1 .

 1 Literature data -geometric parameters and vibrational frequencies for cesium metaborate (CsBO 2 ) a

	Geometric parameters	Vibrational frequencies (cm -1 )	Technique	Reference
	r(Cs-O) = 2.650 Å				Review	Cordfunke and Konings [9]
	r(B-O) = 1.270 Å				
	90< θ(°)<143				
	Recommended θ = 130°				
	r(Cs-O) = (2.71 ± 0.04) Å				Gas-phase electron diffraction	Kulikov et al. [10]
	r(B-O) = 1.266 Å				
	θ = 127°				
		60 b 206 576 581	1077	1945	IR with isolation matrix (Ar, Kr)	Seshadri et al. [11]
	r(Cs-O) = (2.62 ± 0.03) Å				Gas-phase electron diffraction	Ezhov and Komarov (1978) [12]
	r(B-O) = (1.25 ± 0.01) Å				
	θ = (135 ± 8.8)°				
		610		1935	IR with gas phase	Büchler and Marram [14]
	r(Cs-O) = 2.69 Å				Gas-phase electron diffraction	Ezhov and Komarov (2000) [15]
	r(B-O) = 1.30 Å				
	r(B-O) = 1.22 Å				
	θ = 125°				
		207 577 581	1077	1945	IR with isolation matrix (Ar)	Teghil et al. [16]
		233 588 632	1045	1933	IR with gas phase	Konings et al. [17]

  . They can be classed into two groups, the first one corresponds to the monomers (CsBO, CsBO 2 , CsB 2 O, CsB 2 O 2 , and CsB 2 O 4 ) and the second one corresponds to the dimers (Cs 2 B 2 O 2 and Cs 2 B 2 O 4

  CsBO, only two stable structures (linear CsBO and non linear CsOB) have been found on the PES. Two stable conformers have been localised on the PES of CsBO 2 species. One presents a linear structure Cs-O 1 -B-O 2 while the other one is anchor-shaped. The exploration of the PES of CsB 2 O shows that there are three stable structures to be considered. Among them, one corresponds to a linear Cs-B 1 -B 2 -O structure. Only one stable structure has been found for the CsB 2 O 2 compound. Two stable structures have been identified for the CsB 2 O 4 compounds. For the Cs 2 B 2 O 2 , three dimers have been characterized with cyclic structures and for the Cs 2 B 2 O 4 , two stable dimers have been found.

Table 3 .

 3 SR values are too weak, they are between -0.83 a n d 0.16 kJ mol -1 . The E SO are equal to zero except for reactions including OH radical ( E SO = -0.83 kJ mol -1 ). The most important contribution corresponds to the ∆E ZPE + d d H 298K .

	B3LYP/aug-cc-pVTZ scaled vibrational frequencies of cesium borates species

CBS , ∆E ZPE + d d H 298K , ∆E CV , ∆E SR , and ∆E SO ), the enthalpies at 298 K (∆ r H°2 98K ) a n d t h e s t a n d a r d e n t h a l py o f f o r ma t io n a r e c o l l ec t e d in Ta b l e 4 f o r t h e d if f e r e n t s t u d ie d r e a c t io n s o f Cs BO 2 a n d Cs 2 B 2 O 4 . Va l u e s c o r r es po n d in g t o o t h er cesium borates species are giving in the s u ppl e me n t a r y ma t e r ia l (Ta bl e S4). As s h o w n in Ta bl e 4, t h e in c l u s io n o f t h e d if f er e n t en er g y c o n t r ib u t io n s is v er y impo r t a n t t o o b t a in t h e a c c u r a t e v a l u e o f t h e s t a n d a r d e n t h a l py o f f o r ma t io n a t 298 K. Th e E

Table 4 .

 4 Standard reaction enthalpies at 298 K, standard enthalpy of formation at 298 K with different energy contributions for the various studied reactions of CsBO 2 and Cs 2 B 2 O 4 (kJ mol -1 )

	Reactions	∆E CBS	∆E ZPE +ddH 298K	∆E CV	∆E SR	∆E SO	∆ r H°2 98K	∆ f H°2 98K
			CsBO 2 conf. 1					
	CsBO 2 + H → Cs + OBOH	-15.23	21.90	-0.13	0.15	0.00	6.69	-692.85
	2 CsBO 2 + H 2 O → 2 Cs + B 2 O 4 H + OH	816.38	-0.40	1.46	-0.83	-0.83	815.95	-692.60
	2 CsBO 2 + H → 2 Cs + B 2 O 4 H	291.17	27.26	0.56	0.05	0.00	319.04	-692.81
			CsBO 2 conf. 2					
	CsBO 2 + H → Cs + OBOH	-17.69	20.78	-0.22	0.07	0.00	2.93	-689.10
	2 CsBO 2 + H 2 O → 2 Cs + B 2 O 4 H + OH	811.45	-2.64	1.29	-0.83	-0.83	808.43	-688.85
	2 CsBO 2 + H → 2 Cs + B 2 O 4 H	286.23	25.02	0.39	-0.11	0.00	311.53	-689.05
			Cs 2 B 2 O 4 dim. 1					
	Cs 2 B 2 O 4 + H → 2 Cs + B 2 O 4 H	625.88	16.91	-0.44	0.11	0.00	-642.46	-1578.80
	Cs 2 B 2 O 4 + H 2 O → 2 Cs + B 2 O 4 H + OH	1014.74	-5.44	1.28	-0.83	-0.83	1008.93	-1578.19
	Cs 2 B 2 O 4 + H 2 → 2 Cs + 2 OBOH	489.53	22.22	0.39	-0.11	0.00	512.03	-1578.61
			Cs 2 B 2 O 4 dim. 2					
	Cs 2 B 2 O 4 + H → 2 Cs + B 2 O 4 H	583.11	17.10	-0.31	0.16	0.00	600.06	-1536.40
	Cs 2 B 2 O 4 + H 2 O → 2 Cs + B 2 O 4 H + OH	971.98	-5.24	1.40	-0.77	-0.83	966.54	-1535.80
	Cs 2 B 2 O 4 + H 2 → 2 Cs + 2 OBOH	446.77	22.42	0.51	-0.06	0.00	469.64	-1536.21

Table 5

 5 H°0 K = -1577 ± 41.1 kJ mol -1 ). We have to notice that for the values of the standard enthalpies of formation a v a il a bl e in t h e l it er a t u r e f o r bo t h CsBO 2 and Cs 2 B 2 O 4 , the experimental uncertainties were very high.

	gathers the calculated standard enthalpies of formation and their corresponding
	uncertainties at 298 K of studied cesium borates species. Our calculated standard enthalpies of
	formation at 298 K for the two stable conformers of CsBO 2 ((-689.0± 3.8) a n d (-692.7± 3.8)
	kJ mol -1 for CsOBO and anchor-shaped structure, respectively) are in very good agreement
	with the experimental value given by Asano et al. [8] (-690.1 ± 20.3) kJ mol -1 using mass
	spectrometric Knudsen effusion method. It compares well also with other available literature
	data as shown in Table 1. Our calculated f H°0 K ((-687.6± 3.8) a n d (-690.2± 3.8) kJ mol -1
	for CsOBO and anchor-shaped structure, respectively) are close to those obtained by Makarov

Table 5 .
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	Calculated standard enthalpies of formation at 298 K a n d a s s o c ia t e d u n c e r t a in t ie s
	o f c es iu m b o r a t e s species	
	Species	∆ f H°2 98K (kJ mol -1 )	∆∆ f H°2 98K (kJ mol -1 )
	CsBO	-197.8	4.3
	CsOB	-218.0	4.3
	CsBO 2 conf.1	-692.7	3.8
	CsBO 2 conf.2	-689.0	3.8
	CsB 2 O conf. 1	142.6	6.5
	CsB 2 O conf. 3	161.5	6.5
	CsB 2 O conf. 2	175.5	6.5
	CsB 2 O 2	-447.4	6.5
	CsB 2 O 4 conf. 1	-1188.0	6.5
	CsB 2 O 4 conf. 2	-946.4	6.5
	Cs 2 B 2 O 2 dim.1	-589.0	7.0
	Cs 2 B 2 O 2 dim. 2	-588.0	7.0
	Cs 2 B 2 O 2 dim.2	-584.5	7.0
	Cs 2 B 2 O 4 dim. 1	-1578.5	7.0
	Cs 2 B 2 O 4 dim. 2	-1536.1	7.0
	3.3. Standard molar entropies at 298 K and heat capacities at constant pressure

  CsOH thermodynamic data values from Cordfunke and Konings[START_REF] Cordfunke | Thermochemical data for reactor materials and fission products: The ECN database[END_REF] and b ∆ f H° (CsBO 2 cond) = -976.8 kJ.mol -1 at 298 K[START_REF] Cordfunke | The thermodynamic properties of cesium metaborate CsBO 2 from 5 to 1000 K[END_REF] 

	Temperature (K)	CsBO 2 conf. 1	CsBO 2 conf. 2	Cs 2 B 2 O 4 dim. 1	Cs 2 B 2 O 4 dim. 2	CsOH a	CsBO 2 cond. b
	2000	28.6	68.9	0.02	0.05	2.4	0.
	1500	32.9	65.1	0.84	0.77	0.43	0.
	1000	0.24	0.34	0.05	0.01	0.03	99.3
	500	0.	0.	0.	0.	0.	100.0

a
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CsI + BO 2 CsBO 2 + I (IV)

where Gibbs free energies are negative in the temperature range 2000-500 K. The reaction IV should be controlled by BO 2 formation, which is limited with respect to HBO 2 .

The last reaction V corresponds to reactivity between boric acid and cesium iodide:

with negative Gibbs free energies for T> 1300 K.

All these considerations do not include any kinetics. It may impact the iodine speciation, which be shared between CsI and gaseous iodine.

Conclusions

The thermochemical properties at 298 K are predicted for cesium borates species at the CCSD(T)/CBS(T,Q,5)//B3LYP/aug-cc-pVTZ level of theory. The standard enthalpies of formation at 298 K have been calculated using a set of three reactions. The standard molar entropies and heat capacities at constant pressure have been calculated at the B3LYP/aug-cc-pVTZ level of theory. 
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