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Despite its importance, the description of liquid-liquid extraction is made difficult because the link between the experimental methods and the interactions present in the solution is not direct due to the many organisation phenomena that can occur. We propose a new methodology combining microcalorimetric measurements and molecular modelling to better describe the nature and strength of these interactions in these complex fluids by focusing on extractantdiluent mixtures (N,N-dialkylamides+n-alkanes). Enthalpies of dilution were obtained by microcalorimetric measurements at 298 K for each n-dodecane and n-heptane with DEHiBA and for n-dodecane with DEHBA. These results have been compared, thanks to a new method that we present here, to molecular dynamics simulations carried out on these same systems. We especially analyzed the influence of the alkyl branching of the extracting molecules and the role of the diluent. Globally, the excess enthalpy is such that these mixtures are energetically not very different from regular solutions but the detailed balance shows an important attraction between the extractants, which can lead to the formation of macromolecular entities favouring extraction. Calorimetry appears to be a method of choice for linking experiments and molecular modelling in

Introduction

Nuclear energy is a sustainable way of producing low-carbon energy [START_REF] Ewing | Long-term storage of spent nuclear fuel[END_REF] if it is fuel-efficient. The nuclear power cycle can thus use numerous separation processes to optimise and save resources and to limit the volume and lifetime of waste. To this end, numerous separation stages are implemented in the cycle processes, very often with, as in the PUREX process, a solvent extraction stage. The elements in the used nuclear fuel cover the entire periodic table :   actinides, lanthanides, metallic precipitates (metaloids, alkalis, alkaline earths, transition metals and poor metals), gases and volatile fission products (noble gases, halogens, etc...) [START_REF] Bruno | Spent Nuclear Fuel[END_REF].

In order to develop new extraction systems for actinides and lanthanides, many theoretical methods, such as molecular dynamics [START_REF] Marie | Complexation of Lanthanides(III), Americium(III), and Uranium(VI) with Bitopic N,O Ligands: an Experimental and Theoretical Study[END_REF][START_REF] Charbonnel | Complexation of Ln(III) and Am(III) with the Hydrosoluble TEDGA: Speciation and Thermodynamics Studies[END_REF][START_REF] Qiao | How Hydrogen Bonds Affect the Growth of Reverse Micelles around Coordinating Metal Ions[END_REF][START_REF] Qiao | Ion Transport Mechanisms in Liquid-Liquid Interface[END_REF][START_REF] Das | Molecular Dynamics Simulation Studies on Structure, Dynamics, and Thermodynamics of Uranyl Nitrate Solution at Various Acid Concentrations[END_REF][START_REF] Qiao | Molecular Origins of Mesoscale Ordering in a Metalloamphiphile Phase[END_REF][START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF] and DFT [START_REF] Marie | Complexation of Lanthanides(III), Americium(III), and Uranium(VI) with Bitopic N,O Ligands: an Experimental and Theoretical Study[END_REF][START_REF] Kong | Coordination behavior of uranyl with PDAM derivatives in solution: Combined study with ESI-MS and DFT[END_REF][START_REF] Acher | Inner to outer-sphere coordination of plutonium(IV) with N,Ndialkyl amide: influence of nitric acid[END_REF][START_REF] Acher | Structures of Plutonium(IV) and Uranium(VI) with Dialkyl Amides from Crystallography, X-ray Absorption Spectra, and Theoretical Calculations[END_REF][START_REF] Vallet | I. Grenthe, Solvent Effects on Uranium(VI) Fluoride and Hydroxide Complexes Studied by EXAFS and Quantum Chemistry[END_REF][START_REF] Wahlgren | Structure of Uranium(VI) in Strong Alkaline Solutions. A Combined Theoretical and Experimental Investigation[END_REF][START_REF] Pecheur | Synergism in a HDEHP/TOPO Liquid-Liquid Extraction System: An Intrinsic Ligands Property?[END_REF][START_REF] Dau | Thermodynamic, Structural, and Computational Investigation on the Complexation between UO 2+ 2 and Amine-Functionalized Diacetamide Ligands in Aqueous Solution[END_REF], have been coupled with experimental studies (X-ray scattering techniques : Small Angle X-ray Scattering SAXS [START_REF] Mu | A Novel Microemulsion Phase Transition: Toward the Elucidation of Third-Phase Formation in Spent Nuclear Fuel Reprocessing[END_REF][START_REF] Qiao | How Hydrogen Bonds Affect the Growth of Reverse Micelles around Coordinating Metal Ions[END_REF][START_REF] Qiao | Ion Transport Mechanisms in Liquid-Liquid Interface[END_REF], Small Angle Neutron Scattering SANS [START_REF] Pecheur | Synergism in a HDEHP/TOPO Liquid-Liquid Extraction System: An Intrinsic Ligands Property?[END_REF], Small Wide-angle X-ray scattering SWAXS [START_REF] Paquet | Aggregation in organic phases after solvent extraction of uranyl nitrate: X-ray scattering and molecular dynamic simulations[END_REF][START_REF] Qiao | Molecular Origins of Mesoscale Ordering in a Metalloamphiphile Phase[END_REF][START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF], Extended X-Ray Absorption Fine Structure EX-AFS [START_REF] Qiao | How Hydrogen Bonds Affect the Growth of Reverse Micelles around Coordinating Metal Ions[END_REF][START_REF] Acher | Inner to outer-sphere coordination of plutonium(IV) with N,Ndialkyl amide: influence of nitric acid[END_REF][START_REF] Qiao | Ion Transport Mechanisms in Liquid-Liquid Interface[END_REF][START_REF] Vallet | I. Grenthe, Solvent Effects on Uranium(VI) Fluoride and Hydroxide Complexes Studied by EXAFS and Quantum Chemistry[END_REF][START_REF] Wahlgren | Structure of Uranium(VI) in Strong Alkaline Solutions. A Combined Theoretical and Experimental Investigation[END_REF][START_REF] Acher | Structures of Plutonium(IV) and Uranium(VI) with Dialkyl Amides from Crystallography, X-ray Absorption Spectra, and Theoretical Calculations[END_REF][START_REF] Pecheur | Synergism in a HDEHP/TOPO Liquid-Liquid Extraction System: An Intrinsic Ligands Property?[END_REF][START_REF] Dau | Thermodynamic, Structural, and Computational Investigation on the Complexation between UO 2+ 2 and Amine-Functionalized Diacetamide Ligands in Aqueous Solution[END_REF], Electrospray Ionization Mass Spectrometry ESI-MS [START_REF] Charbonnel | Complexation of Ln(III) and Am(III) with the Hydrosoluble TEDGA: Speciation and Thermodynamics Studies[END_REF][START_REF] Kong | Coordination behavior of uranyl with PDAM derivatives in solution: Combined study with ESI-MS and DFT[END_REF][START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF][START_REF] Pecheur | Synergism in a HDEHP/TOPO Liquid-Liquid Extraction System: An Intrinsic Ligands Property?[END_REF][START_REF] Dau | Thermodynamic, Structural, and Computational Investigation on the Complexation between UO 2+ 2 and Amine-Functionalized Diacetamide Ligands in Aqueous Solution[END_REF], UV-visible [START_REF] Marie | Complexation of Lanthanides(III), Americium(III), and Uranium(VI) with Bitopic N,O Ligands: an Experimental and Theoretical Study[END_REF][START_REF] Acher | Inner to outer-sphere coordination of plutonium(IV) with N,Ndialkyl amide: influence of nitric acid[END_REF][START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF], NMR [START_REF] Marie | Complexation of Lanthanides(III), Americium(III), and Uranium(VI) with Bitopic N,O Ligands: an Experimental and Theoretical Study[END_REF][START_REF] Qiao | Ion Transport Mechanisms in Liquid-Liquid Interface[END_REF], IR [START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF][START_REF] Pecheur | Synergism in a HDEHP/TOPO Liquid-Liquid Extraction System: An Intrinsic Ligands Property?[END_REF], Vapor pressure osmometry VPO [START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF], Time-Resolved Laser-Induced Fluorescence TR-LIF [START_REF] Charbonnel | Complexation of Ln(III) and Am(III) with the Hydrosoluble TEDGA: Speciation and Thermodynamics Studies[END_REF]) in the last decades to give a description of aqueous and organic systems, from the atomic to the mesoscopic scale. Some of these studies are interested in isothermal titration calorimetry (ITC) or Van't Hoff's method to determine the thermodynamic quantities of U(VI) [START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF] extraction and complexation quantities and both potentiometry [START_REF] Dau | Thermodynamic, Structural, and Computational Investigation on the Complexation between UO 2+ 2 and Amine-Functionalized Diacetamide Ligands in Aqueous Solution[END_REF] and UV-visible spectrophotometry [START_REF] Marie | Complexation of Lanthanides(III), Americium(III), and Uranium(VI) with Bitopic N,O Ligands: an Experimental and Theoretical Study[END_REF] to determine the stability constants of the complexes (logβ). Other studies, strictly experi-mental, allowed the determination of the thermodynamic extraction quantities of the cations Am(III), Cm(III) and Eu(III) by evaluating the distribution coefficients (DM) at different temperatures by applying the Van't Hoff equation [START_REF] Distler | Thermodynamic parameters of Am(III), Cm(III) and Eu(III) extraction by CyMe4-BTPhen in cyclohexanone from HNO3 solutions[END_REF], the complexation quantities of U(IV) in the aqueous phase : i) with nitrates by UV-Visible and microcalorimetry [START_REF] Rao | Thermodynamic study of the complexation of uranium(VI) with nitrate at variable temperatures[END_REF] and ii) with IDA and ODA ligands by potentiometry and ITC and their structural properties by EXAFS and NMR [START_REF] Jiang | Solution Chemistry of Uranyl Ion with Iminodiacetate and Oxydiacetate: A Combined NMR/EXAFS and Potentiometry/Calorimetry Study[END_REF].

Despite recent studies coupling theoretical and thermodynamic studies in the field of recycling chemistry, these theoretical studies do not propose to compare the energy obtained directly by ITC measurements with that obtained from molecular dynamics calculations for liquid-liquid extraction. The comparison of these thermodynamic quantities is therefore at the center of our preoccupations for the development of processes and the improvement of knowledge.

Currently, the industrial process of liquid-liquid extraction PUREX (Plutonium uranium reduction extraction) allows the selective separation of uranium (VI) and plutonium dissolved in nitric acid by TBP (Tributylphosphate) diluted in kerosene [START_REF] Paiva | Recent advances on the chemistry of solvent extraction applied to the reprocessing of spent nuclear fuels and radioactive wastes[END_REF]. N,N-dialkylamides (monoamides) were proposed as early in 1960's as potential extractants of these actinides to replace TBP [START_REF] Siddall | Effects of structure of n,n-disubstituted amides on their extraction of actinide and zirconium nitrates and of nitric acid[END_REF][START_REF] Condamines | The extraction by n,n-dialkylamides. ii. extraction of actinide cations[END_REF][START_REF] Pathak | Effect of structure of n,n dialkyl amides on the extraction of U(VI) and Th(IV): a thermodynamic study[END_REF][START_REF] Prabhu | Di(2-ethyl hexyl) butyramide and di(2-ethyl hexyl)isobutyramide as extractants for uranium(VI) and plutonium(IV)[END_REF][START_REF] Acher | Inner to outer-sphere coordination of plutonium(IV) with N,Ndialkyl amide: influence of nitric acid[END_REF][START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF][START_REF] Pathak | Evaluation of N,N-dihexyloctanamide as an alternative extractant for spent fuel reprocessing: batch and mixer settler studies[END_REF][START_REF] Gupta | N,N-Dihexyl Hexanamide: A Promising Extractant for Nuclear Fuel Repro-cessing[END_REF][START_REF] Verma | Effect of Successive Alkylation of N,N-Dialkyl Amides on the Complexation Behavior of Uranium and Thorium: Solvent Extraction, Small Angle Neutron Scattering, and Computational Studies[END_REF][START_REF] Sieffert | Uranyl extraction by N,N-dialkylamide ligands studied using static and dynamic DFT simulations[END_REF][START_REF] Moeyaert | Modeling and Speciation Study of Uranium(VI) and Technetium(VII) Coextraction with DEHiBA[END_REF] and are currently being studied within the framework of the development of the GANEX process, consisting of a grouped separation of the transuranic elements [START_REF] Malmbeck | Homogenous recycling of transuranium elements from irradiated fast reactor fuel by the EURO-GANEX solvent extraction process[END_REF]. Their ability to extract hexavalent americium has also been demonstrated [START_REF] Mccann | Hexavalent Actinide Extraction Using N,N-Dialkyl Amides[END_REF]. Their use could reduce waste and avoid the oxidation-reduction steps used to separate uranium from plutonium.

The molecular structure of these extractants and the acidity of the medium influence the U(VI)/Pu(IV) selectivity [START_REF] Prabhu | Di(2-ethyl hexyl) butyramide and di(2-ethyl hexyl)isobutyramide as extractants for uranium(VI) and plutonium(IV)[END_REF].

In order to explain the variations in selectivity, the comparison of the thermodynamic extraction of the cations U(VI) and Pu(IV) is interesting. They are a sum of different contributions and ∆ ext H is obtained from microcalorimetry after correction of the raw data by the thermal effects of cation dilution and solvent-extractant interactions [START_REF] Marcus | Thermodynamics of liquid-liquid distribution reactions. I. Dioxouranium(VI) nitrate-water-tributyl phosphate-n-dodecane system[END_REF][START_REF] Rodrigues | Thermodynamic Approach of Uranium(VI) Extraction by N,N-(2-ethylhexyl)Isobutyramide[END_REF]. The specificity of the study of extraction by ITC is the successive addition of small volumes of solvent (diluent + extractant molecule) to the biphasic system, which leads on the one hand to 3 a phenomenon of dilution mixing of the organic phase and on the other hand to a phenomenon of extraction of uranyl nitrate from the aqueous phase to the organic phase, inducing the formation of a complex in the organic phase with the extractant molecule. This extraction phenomenon induces, respectively, a decrease and an increase in the uranyl concentration, respectively in the aqueous phase and the organic phase, making it possible to identify, on either side of the liquid-liquid interface, the evolution of the heat of solvation of uranyl nitrate.

Many experimental studies and molecular dynamics simulations, to determine the properties of extractant systems containing TBP [START_REF] Tsimering | Excess enthalpies of tri-n-butylphosphate + hydrocarbons[END_REF][START_REF] Kertes | Thermodynamics of solvent extraction processes: Heat capacities, heats of mixing and solution of organophosphorus extractants in dodecane[END_REF][START_REF] Servis | The role of solvent and neutral organophosphorus extractant structure in their organization and association[END_REF][START_REF] Wright | Review of Physical and Chemical Properties of Tributyl Phosphate/Diluent/Nitric Acid Systems[END_REF][START_REF] Ye | Interfacial Complex Formation in Uranyl Extraction by Tributyl Phosphate in Dodecane Diluent: A Molecular Dynamics Study[END_REF] have been carried out over the last decades and have allowed to understand and predict the thermodynamic, physico-chemical and structural properties of aqueous and organic phases as a function of electrolyte concentration, temperature, acidity of the medium, thus allowing the implementation of extraction process simulation tools such as the PAREX [START_REF] Bisson | A Numerical Code in the Service of La Hague Plant Operations[END_REF] code to facilitate the start-up of production facilities and the design of new processes.

The study of extraction has so far mainly been carried out by complementary experiments and simulations, but this work is all the more difficult as molecular modelling requires precise and robust force fields in order to be successfully implemented. However, thermodynamic and structural quantities only indirectly reflect these interactions, due to the entropic effects that are always important in these aggregated systems. The verification of the molecular model is therefore always done a posteriori. Nevertheless, we believe that there is an experimental quantity which more directly reflects the interactions: it is the enthalpy H (or the internal energy E which is practically equivalent for the condensed phases). H (or E) are indeed only statistical averages of interaction energies. This quantity can be measured by calorimetry experiments (such as ITC) and direct comparisons can then be obtained. It is such a work that we propose to present for the first time in this article in the case of mixtures between extractant and diluent. This work is all the more important as the comparison here is direct since the enthalpy can be calculated directly in a single molecular simulation contrary to entropy or Gibbs energy which require several simulations and a thermodynamic integration process to be evaluated correctly.

The liquid-liquid extraction of actinides is a succession of mechanisms taking place in the aqueous phase, at the interface and in the organic phase. Ions are dehydrated (∆ deshyd H) then the cation and its counter-ion are transferred from the aqueous phase to the organic phase corresponding to a change in solvation (∆ tr H) and are finally complexed in the organic phase with the extractant (∆ compl H). The phenomenon of transfer and change of solvation has been relatively well studied in the literature for many electrolytes and corresponds to the difference between the enthalpies of hydration, but since the lattice energies -allowing to quantify the forces between the ions in an ionic solid -are identical, on both sides of the interface, this comes down to examining the difference between the enthalpies of dissolution [START_REF] Piekarski | Thermochemistry of electrolyte solutions: Effect of added cosolvent[END_REF]. The enthalpy of solvation of an ion is the succession of two mechanisms, the first corresponds to the solute-solvent interaction (ligation) and the second to the dispersion due to the reorganization of the solvent around the solute and water molecules in the first sphere of solvation [START_REF] Lazaridis | Inhomogeneous fluid approach to solvation thermodynamics. 1. theory[END_REF][START_REF] Gallicchio | Enthalpy-entropy and cavity decomposition of alkane hydration free energies: Numerical results and implications for theories of hydrophobic solvation[END_REF][START_REF] Zaichikov | yaninov, Thermodynamic parameters of solvation of nonelectrolytes in aqueous solutions with hydrogen bond networks[END_REF]. It is possible to follow the variation in the enthalpy of dissolution of uranyl nitrate by considering the different phases, aqueous and organic, with different compositions, separately.

For the uranyl ion, several studies have explored the hydration properties of the ion in aqueous solution and its organization in organic phase with ligands. The structural properties can be determined by the study of radial distribution functions (RDF). In the aqueous phase, it was shown that the cation was surrounded by two oxygen atoms at an equilibrium distance U-O U of 1.75 to 1.78 Å and surrounded by five water molecules in the first hydration sphere in an equatorial plane for a distance U-O W of 2.41 to 2.44 Å [START_REF] Wahlgren | Structure of Uranium(VI) in Strong Alkaline Solutions. A Combined Theoretical and Experimental Investigation[END_REF][START_REF] Duvail | UO 2+ 2 structure in solvent extraction phases resolved at molecular and supramolecular scales: a combined molecular dynamics, EXAFS and SWAXS approach[END_REF][START_REF] Lucks | Aqueous Uranium(VI) Complexes with Acetic and Succinic Acid: Speciation and Structure Revisited[END_REF][START_REF] Hennig | EXAFS Investigation of U(VI), U(IV), and Th(IV) Sulfato Complexes in Aqueous Solution[END_REF]. In the organic phase, the organization with different monoamides

(DEHiBA, DEHBA, DEHDMBA) (N,N-di(2-ethylhexyl)isobutyramide (DEHiBA), N,N-di(2-ethylhexyl)n-butyramide (DEHBA), N,N-di(2-ethylhexyl)dimethylbutyramide
(DEHDMBA) by crystallography [START_REF] Acher | Structures of Plutonium(IV) and Uranium(VI) with Dialkyl Amides from Crystallography, X-ray Absorption Spectra, and Theoretical Calculations[END_REF] and at different concentrations of DEHiBA (0.5 mol/L and 1.5 mol/L) [START_REF] Rodrigues | New insights into the extraction of uranium(VI) by an N,N-dialkylamide[END_REF] was studied. A new polarizable force field has recently been developed which allows to reproduce the experimental structural properties of the ion in both aqueous and organic phase [START_REF] Duvail | UO 2+ 2 structure in solvent extraction phases resolved at molecular and supramolecular scales: a combined molecular dynamics, EXAFS and SWAXS approach[END_REF]. It seems essential to complement these structural studies with thermodynamic studies. [START_REF] Berger | Coordination Structures of Uranium(VI) and Plutonium(IV) in Organic Solutions with Amide Derivatives[END_REF][START_REF] Acher | Inner to outer-sphere coordination of plutonium(IV) with N,Ndialkyl amide: influence of nitric acid[END_REF]. To determine the enthalpy of dissolution of uranyl nitrate experimentally, the salt in crystalline, non-hexahydrated form should be added to a solution of LiNO 3 3M and the change in enthalpy measured during a succession of salt additions. In the organic phase, uranyl nitrate, being present in complexed form with DEHiBA, the experiment would be all the more complicated as the complex would be destabilized. In view of these experimental difficulties, it seems more practical to implement the opposite process, which is dilution. We have therefore chosen the enthalpies of dilution to validate our molecular dynamics calculations. From these enthalpies, we will be able to estimate the enthalpies of solution of the different solutes in each phase and estimate the energy of solvation change. The enthalpy of dilution as well as the enthalpy of solution (dissolution) can be related to the enthalpy of excess. Previous work has led to the development of a thermodynamic model for electrolyte-free mixtures [START_REF] Totchasov | Calculations of the enthalpy of solution of nonelectrolytes in mixed solvents within the framework of molecular association theory[END_REF]. What we propose is simpler and can be applied to all binary mixtures, but also to multicomponent mixtures, and will allow us to link our experiments for liquid-liquid extraction and separate studies of aqueous and organic phases by ITC to our simulations of molecular dynamics.

This study focused on the evolution of the enthalpy of the organic phase not charged with uranium thus presents several interests and allows to evaluate the molecular interactions within mixtures (N,N-dialkylamides+n-alkanes)

with linear and branching alkyl chains: (i) to develop a methodology on simple binary mixtures, (ii) to validate our methodology by showing that intermolecular interactions make it possible to determine the enthalpy of dilution and the parameters of the corresponding force field, and (iii) to obtain the enthalpy of dilution of the organic phase to deduce it from the heat measured experimentally during the study of a biphasic system by ITC.

As far as we know, in the past, only excess enthalpies on mixtures containing short chain length monoamides [START_REF] Gonzalez | Thermodynamics of liquid mixtures containing a very strongly polar compound Part 6. DISQUAC characterization of N,N-dialkylamides[END_REF] are available in the literature. Furthermore, similar studies of calorimetry and/or molecular dynamics simulation experiments have been carried out on other binary mixtures but they only give the enthalpies of excess and they do not highlight the link between the different enthalpies (mixture, excess and dilution). Mixtures with n-alkanes have been relatively well studied in the literature because of their apparent simplicity and their use as a diluent for extracting molecules in nuclear fuel reprocessing, however most studies on these systems focus on excess enthalpies. This is the case in particular for mixtures (diluent + extractant) containing oxygenated donors (phosphoryl-oxygen) which have been widely studied by experience [START_REF] Kertes | Thermodynamics of solvent extraction processes: Heat capacities, heats of mixing and solution of organophosphorus extractants in dodecane[END_REF][START_REF] Tsimering | Excess enthalpies of tri-n-butylphosphate + hydrocarbons[END_REF] and by molecular dynamics [START_REF] Servis | The role of solvent and neutral organophosphorus extractant structure in their organization and association[END_REF]. Firstly, the increase in the length of the solvent chain was correlated with the increase in the excess enthalpy for a given extractant [START_REF] Tsimering | Excess enthalpies of tri-n-butylphosphate + hydrocarbons[END_REF][START_REF] Servis | The role of solvent and neutral organophosphorus extractant structure in their organization and association[END_REF], long chain n-alkanes having greater ease in breaking the dipole-dipole bonds of oxygenated donors. It has also been shown that neutral organophosphorus extractants are self-associating and this behavior explains the endothermicity of the excess enthalpy. Secondly, the influence of the nature of the extractant was studied [START_REF] Kertes | Thermodynamics of solvent extraction processes: Heat capacities, heats of mixing and solution of organophosphorus extractants in dodecane[END_REF] by comparing the systems (TBP+dodecane) and (DBBP+dodecane) (tri(n-butyl)phosphate (TBP)+n-dodecane) and (di(n-butyl)butylphosphonate (DBBP)+n-dodecane)

under the same temperature conditions [START_REF] Tsimering | Excess enthalpies of tri-n-butylphosphate + hydrocarbons[END_REF]. It appears that the excess enthalpy of the system (TBP+n-dodecane) is higher than the system (DBBP+n-dodecane). Schwabe studied [START_REF] Schwabe | Thermodynamische messungen an binären gemischen von tri-iso-butylphosphat mit organischen nichtelektrolyten[END_REF] a TBP isomer, TiBP, with branching chain (isobutyl) on O-P(O), instead a linear n-butyl chain. From the results, we have determined that for these extracting molecules diluted in n-hexane, the excess enthalpy is about 100 J mol -1 higher in favour of mixing with the isobutyl branching. In view of this information, we wondered whether for other n-alkanecontaining systems we had the same behaviour.

Similar observations were made by Valero and his colleagues in two articles on mixtures (haloalkane+n-alkane) [START_REF] Valero | Excess enthalpies of some (chloroalkane + n-alkane) mixtures[END_REF][START_REF] Valero | Excess enthalpies of some (bromoalkane + n-alkane) mixtures[END_REF]. They deduced the same conclusions as for systems containing oxygenated donors regarding the influence of the length of the n-alkane chain, except for 1-halogenohexadecane which has the lowest excess enthalpy. They also compared the behaviour of two isomers in n-alkanes: terbutylchloride and 1-chlorobutane and they found that the excess enthalpy of the systems (terbutylchloride+n-alkane) was still higher than the systems (1-chlorobutane+n-alkane) for the same number of carbon atoms of the diluent. According to the authors, this would be due both to the existence of molecular orientation correlations within the n-alkane family -all the more important because the carbon number of the n-alkane is important -and to the fact that terbutylchloride is a globular molecule compared to 1-chlorobutane and would thus have a greater effectiveness in disordering the linear molecules of nalkanes. TiBP being a more globular molecule than TBP, it can therefore be hypothesized that its behaviour when mixed with alkanes is similar to terbutylchloride. About the organization within n-alkane molecules, Bothorel et al. [START_REF] Bothorel | Étude des corrélations d'orientation moléculaire par diffusion rayleigh dépolarisée dans les liquides purs et les solutions[END_REF] experimentally constructed isothermal depolarized intensity diagrams of several n-alkanes with cyclohexane and carbon tetrachloride and found that the solutions of (n-pentane+cyclohexane), (n-pentane+carbontetrachloride) and (n-hexane+cyclohexane) were ideal. This would be due to the fact that short-chain n-alkanes have a low anisotropy and have little molecular orientation compared to longer-chain n-alkanes, which are placed parallel to each other. Knowing that in an ideal solution, the interactions between molecules of different species and of the same species are identical, this would be due to identical molecular correlations for each species in solution.

Other mixtures (trialkylamine + aliphatic hydrocarbon) containing donor nitrogen atoms were studied [START_REF] Grauer | Heats of mixing of tri-n-dodecylamine with noctane, benzene, or chlorobenzene[END_REF]. The excess enthalpies of these mixtures are endothermic. In all binary systems studied, it seems obvious that the asymmetry of the enthalpy of excess is due to a significant difference between the molar volumes of the components of the mixture and that the maximum is moved to the side of the mixture with the lowest molar volume. This asymmetry was also reported by Fenby et al. [START_REF] Fenby | Heats of mixing of nonelectrolyte solutions. IV. Mixtures of fluorinated benzenes[END_REF]. To explain the sign of the excess enthalpy, Fenby considers it to be the sum of different interactions. A first physical interaction induces a positive contribution and a second chemical interaction (complex formation) induces a negative contribution. Mixture data (monoamides+hydrocarbons) were found but only for short linear chain monoamides [START_REF] Gonzalez | Thermodynamics of liquid mixtures containing a very strongly polar compound Part 6. DISQUAC characterization of N,N-dialkylamides[END_REF]. The excess enthalpy is endothermic for the monoamides DEA (N,N-diethylacetamide) and DMA (N,N-dimethylacetamide) in mixture with nhexane. This study was motivates by the lack of data on monoamides of interest used in the reprocessing of nuclear fuel.

The manuscript is organised as follows. First the methodology to measure and calculate dilution enthalpy is presented. In the second part, the experimental and molecular dynamics methods are described. Results are presented and discussed in the last section for the systems (n-dodecane + DEHiBA), (ndodecane + DEHBA) and (n-heptane + DEHiBA). These mixtures are reference solution for the GANEX process [START_REF] Malmbeck | Homogenous recycling of transuranium elements from irradiated fast reactor fuel by the EURO-GANEX solvent extraction process[END_REF] which can be used for the reprocessing of spent nuclear fuels.

Theory

Expression of dilution enthalpy

Let consider two compounds 1 and 2 corresponding respectively to the solute and the solvent. A dilution process consists in transferring a pure solvent into a solution phase containing the solute. The total amounts of matter do not change in the system, but the amounts of solvent diminish in the solvent phase and increase in the solution. The dilution process takes place in a closed system.

Thus, the pressure is imposed and the temperature is constant. The system only exchanges energy with the outside environment. Small amounts of pure compound 2 are added gradually implying thus the increase of the solvent molar fraction x 2 and the decrease of the solute molar fraction x 1 in the binary mixture.

The dilution of n-alkane 2 in a solution containing the solute 2 can be described as follows

2 pure * -→ 2 in mixture with 1 (1) 
Dilution is a physical process. In the microcalorimetry experiments, the pure diluent is added by successive additions of very small amounts of diluent ∆n (typically 10 µL) compared to the initial amount (typically 1 mL). Thus, the measured enthalpy variation corresponds to the partial molar enthalpy in the mixture minus the reference initial term (pure diluent). The enthalpy of dilution

∆ dil H is therefore ∆ dil H = h 2 -h * 2 (2)
where h 2 is the partial molar enthalpy of n-alkane in the mixture, h * 2 is the molar enthalpy of pure n-alkane and x the molar fraction of compound 1 (x = x 1 ).

The molar enthalpy of the mixture h is

h(x) = z i=1 x i h i (3) 
where x i is the molar fraction of the compound i and h i the partial molar enthalpy of i.

The partial molar enthalpy of the solvent can be expressed as a function of the molar enthalpy of the mixture. Considering that h is the function defined by h(x 1 ), then the enthalpy of the H mixture

H = (n 1 + n 2 )h(x) = (n 1 + n 2 )h( n 1 n 1 + n 2 ) (4) 
The partial molar enthalpy of n-alkane is

h 2 (x) = ∂H(x 1 ) ∂n 2 (5) 
h 2 (x) = ∂[(n 1 + n 2 )h( n1 n1+n2 )] ∂n 2 (6) h 2 (x) = [h( n 1 n 1 + n 2 ) + (n 1 + n 2 ) -n 1 (n 1 + n 2 ) 2 h ( n 1 n 1 + n 2 )] (7) 
h 2 (x) = h(x 1 ) - n 1 (n 1 + n 2 ) h (x) (8) 
Finally, the partial molar enthalpy of n-alkane is

h 2 (x) = h(x) -x ∂h(x) ∂x (9) 
Thus, it can be possible to express ∆ dil H(x) as a function of the molar enthalpy of the mixture. The enthalpy of dilution

∆ dil H(x) is ∆ dil H(x) = h(x) -x ∂h(x) ∂x -h * 2 (10) 
The molar enthalpy of excess h E is the difference between the enthalpy of the real mixture h and the enthalpy of ideal mixture in the same conditions of pressure and temperature

h E (x) = h - z i=1 x i h * i ( 11 
)
where h * i is the molar enthalpy of the pure constituent i. For a binary mixture, it reads

h(x) = h E + [xh * 1 + (1 -x)h * 2 ] (12) 
If we replace h in Eq. 10 by its expression given in Eq. 12 we obtain

∆ dil H(x) = h E (x) -x ∂h E (x) ∂x (13) 

Data treatment

According to the Euler's theorem, the molar enthalpy of mixture has two limits

lim x→0 h(x) = h * 2 , ( 14 
) lim x→1 h(x) = h * 1 . (15) 
Therefore, according to the definition of the enthalpy of excess, we have

lim x→0 h E (x) = 0, ( 16 
) lim x→1 h E (x) = 0. ( 17 
)
With respect to these conditions, Redlich and Kister [START_REF] Redlich | Algebraic Representation of Thermodynamic Properties and the Classification of Solutions[END_REF] proposed series of polynomials to represent all excess quantities. Thus, for the enthalpy of excess it is possible to write

h E (x) = x(1 -x) n k=0 a k (2x -1) k ( 18 
)
where a k and k are adjustable parameters.

The enthalpy of the mixture is obtained by introducing the expression of the excess enthalpy (Eq. 18) into the expression giving the molar enthalpy (Eq. 12). So, it reads

h(x) = x(1 -x) n k=0 a k (2x -1) k + [xh * 1 + (1 -x)h * 2 ] ( 19 
)
where h * 1 and h * 2 are adjustable parameters. The enthalpy of dilution, as for h(x) and h E (x), can be expressed in a polynomial form. The procedure consists in deriving h E (x) (Eq. 18) and determining the expression of ∆ dil H(x) according to Eq. 13. Therefore, we obtain

∆ dil H(x) = x 2 n k=0 a k (2x -1) k -(2x 2 -2x 3 ) n k=0 a k k(2x -1) k-1 (20) 
The challenge here is to find a method that consists in determining any quantity from the known data. Indeed, through experiments and simulations we do not always have the same thermodynamic quantities available. Dilution experiments measure the heat of dilution ∆ dil H(x) whereas molecular dynamics simulation calculate the enthalpy of the mixture h(x). We will therefore study two possible cases, the first is the one where only the dilution enthalpy ∆ dil H(x) is available, and the second case is the one where the molar enthalpy h(x) is available.

Enthalpy of dilution known

When ∆ dil H(x) is the known data, two approaches are available to determine h E (x): (i) solving the differential equation (Eq. 13), or (ii) approximating the solution of the differential equation. The molar enthalpy of the mixture can then only be approximated by combining simulations and experiments.

In the case of solving the differential equation (Eq.13), which is a first order linear differential equation, the variation of the constant is used to find the solution h E (x). We obtain

h E (x) = x 1 x ∆ dil H(x) x 2 dx ( 21 
)
Considering measurements made only in the interval I = [x min ;

x max ] the integral is not defined for x = 0. Decomposing Eq. 21, it comes

h E (x) = x xmin x ∆ dil H(x) x 2 + x xmax xmin ∆ dil H(x) x 2 + x 1 xmax ∆ dil H(x) x 2 dx (22)
In the case of approximating solution of the Eq. 13, the data have been adjusted by nonlinear regression (Eq. 20) with n = 0, 1, 2, 3 and 4. For the best fit, h E (x) is then calculated with the same parameters a k as ∆ dil H(x).

Molar enthalpy known

In that case, the enthalpy of the mixture h(x) have been adjusted by equation 19 for n = 0, 1, 2, 3 and 4. The excess enthalpy h E (x) and dilution enthalpy ∆ dil H(x) are calculated with the same parameters a k using Eq. 18 and Eq. 20.

Materials and methods

Chemical products

n-dodecane and n-heptane were purchased from Sigma Aldrich. DEHBA and DEHiBA were synthesized n-dodecane and n-heptane were purchased from Sigma Aldrich, with analytical grade (purity > 99 %). The molecules DEHBA and DEHiBA were synthesized by Pharmasynthese (Lisses, France), with purity 98 % and 99 %.

The molecules were used without further purification and the concentration of mother solutions amide-alkane were checked by a classical non aqueous titration (with HClO 4 in acetic medium).

Microcalorimetry experiments

Microcalorimetric measurements were performed at 25 • C using a Thermal Activity Monitor (TAM 2277) microcalorimetric system (Thermometric TA Instruments). This device is based on a precise thermostated water bath (± 0.1 mK per 24 h) which acts as a heat sink and can hold up to four independent calorimetric units. A ligand solution (n-alkane+monoamide) or in some cases pure monoamide was introduced in the calorimeter thanks to a 1 mL glass cell and a solvent was added into the cell through a fine gold cannula. The solution in the cell was stirred with a gold propeller. The volume of titrant was injected with a programmable motor-driven Thermometric Lund pump equipped with a 500 µL Hamilton syringe. Each calorimetric experiment was performed at least twice (Fig. 1).

The raw data obtained are shown in the figure SI.1 on Supporting Information.

Each peak represented on the curve results from injections of the solvent into the cell. The integration of the power peaks allows the heat of reaction Q P to be obtained and were converted to enthalpy according to

∆H = Q P ∆n (23) 
The temperature in the cell during a dilution experiment (some hours) is considered as better as 10 -3 • C. The response of the equipment (heat measured)

was checked with a classical well-known reaction (dilution of propanol-1 10 % in H 2 O) [START_REF] Briggner | Test and calibration processes for microcalorimeters, with special reference to heat conduction instruments used with aqueous systems[END_REF] with values obtained better than +/-2 %. The uncertainties of dilution enthalpy obtained from twice experiments at least is then better than 10 %. and monoamides (DEHiBA and DEHBA) at different molar fractions (monoamides x 1 + alkanes x 2 ) have been carried out in the N P T ensemble with SANDER14, a module of AMBER14 [START_REF] Case | AMBER 14 University of California[END_REF] using explicit polarization. The Andersen thermostat [START_REF] Andersen | Molecular dynamics simulations at constant pressure and/or temperature[END_REF] and the Berendsen barostat [START_REF] Berendsen | Molecular dynamics with coupling to an external bath[END_REF] have been used respectively to maintain the temperature at 298.15 K and the pressure at 1 bar. The systems were equilibrated in two steps : first, the systems have been heated at 500.15 K in order to homogenize the molecules and then they have been cooled down to 298.15 K for about 2 ns. Then, production runs have be collected for 3 ns.

Periodic boundary conditions were applied to the simulation boxes. Long-range interactions have been calculated using the particle-mesh Ewald method [START_REF] Darden | Particle mesh ewald: An N log N method for Ewald sums in large systems[END_REF].

The non-bonded interaction cutoff is 15 Å. VMD was used to make the MD simulations snapshots [START_REF] Humphrey | VMD: Visual molecular dynamics[END_REF]. The simulations boxes were built with PACKMOL [START_REF] Martínez | PACKMOL: A package for building initial configurations for molecular dynamics simulations[END_REF].

The number of molecules of n-alkanes was kept constant in the molar fraction range [0; 0.5] and the number of extractant molecules was kept constant in the molar fraction range [0.5; 1]. The compositions and the densities of the binary mixtures (n-dodecane + DEHiBA),(n-dodecane + DEHiBA) and (n-heptane + DEHiBA) are presented in Table 1 and they are labelled as mixtures A, B and C respectively.

The n-heptane and n-dodecane are described by the force field we recently developed [START_REF] Sukhbaatar | Probing the existence of uranyl trisulfate structures in the AMEX solvent extraction process[END_REF] and it is based on the one developed by Siu and al. [START_REF] Siu | Optimization of the OPLS-AA Force Field for Long Hydrocarbons[END_REF] for long hydrocarbons chains. 

Data analysis

The total energy is defined by:

E tot = E kin + E pot (24) 
with E kin the kinetic energy of the system and E pot its potential energy, that can be decomposed as follows

E pot = E inter + E intra ( 25 
)
where E inter is the intermolecular energy and E intra is the intramomolecular energy The intermolecular and intramolecular energy can be decomposed as follows

E inter = E vdw + E el + E pol , (26) 
E intra = E bond + E angles + E dihedral + E 14vdw + E 14el . (27) 
where E vdw is the van der Waals Energy, E el is the electrostatic energy, E Hbond the energy of hydrogen bonds, E bond the bond energy, E angles the angles energy, E dihedral the dihedres energy, E 14vdw et E 14el respectively the Van der Waals and electrostatic energies between atoms separated by three bonds (the atoms 1 and 4 in the 1-4 chain) and E pol the polarizable energy. The intramolecular energy is part of the potential energy

E intra = E bond + E angles + E dihedres + E 14vdw + E 14el (28) 
Particular attention has been accorded to the accuracy of the thermodynamic properties of water with different models [START_REF] Pascal | On the absolute thermodynamics of water from computer simulations: A comparison of firstprinciples molecular dynamics, reactive and empirical force fields[END_REF][START_REF] Vega | Heat capacity of water: A signature of nuclear quantum effects[END_REF]. An underestimation of water entropy of 20 % for the translational contribution and 40 % for the rotational contribution is reported by Pascal [START_REF] Pascal | On the absolute thermodynamics of water from computer simulations: A comparison of firstprinciples molecular dynamics, reactive and empirical force fields[END_REF]. After quantum corrections, the entropy and calorific capacity values obtained are closed to experimental data. Vega et al. [START_REF] Vega | Heat capacity of water: A signature of nuclear quantum effects[END_REF] only make a correction of 3R to the calorific capacity C P which corresponds to the vibrational contribution of the C P of water. The problem come from the fact that considering the vibration frequencies of the molecules, quantum mechanics has to be considered to describe vibrational enthalpy. In fact, the situation is not that bad because we are only interested an intermolecular forces associated to mixing. We considered that the intramolecular vibrations were independent on the composition so they are assumed to be constant during dilution. Within that approximation, intramolecular terms can be removed for the calculation of the total enthalpy.

The enthalpy for each molar fraction is calculated by: the entire molar fraction range, the closer the excess enthalpy we estimate will be to reality. Conversely, this magnitude will be overestimated. We will present this complete method through the study of the system (n-dodecane+DEHiBA).

h(x) = E tot (x) -E intra (x) + P V (x) (29 

(n-dodecane + DEHiBA)

As mentioned above, we carried out experiments in order to dilute DEHiBA with n-dodecane over the entire molar fraction, i.e., from x DEHiBA = 0 to

x DEHiBA = 1 with a non-constant molar fraction step, and corresponding molecular dynamics simulations with a molar fraction step of ∆x DEHiBA = 0.1 (see section 3.3.1 for the protocol and see Table 1 for the composition and density of the simulation boxes).

The dilution enthalpy of mixture (n-dodecane + DEHiBA) is represented in Figure 3. Experimental data (black squares) are only available between x min and x max where x min = 0.13 and x max = 0.97. The raw data has been adjusted using Equation 20for n = 2 (red line). The other curves, obtained from the molecular dynamics simulations, will be described later. Therefore, it is not possible to calculate h E directly using Equation 21. An adjustment of the data was necessary in the intervals where no experimental data could be obtained.

The data were estimated by y 1 (x) = ax 2 (a = 9.82949 kJ mol -1) in the interval The excess enthalpy of mixture (n-dodecane + DEHiBA) (see figure 4) is endothermic over the entire molar fraction range for (n-dodecane + DEHiBA) and the maximum is located at x = 0.42. The mean square deviation is 1.8 J mol -1

I 1 = [0;
for a deviation of 0.2 % from the mean values between the two methods. As for the enthalpy of dilution, the curves obtained from the molecular dynamics simulations, will be described later.

The molecular dynamics raw data are presented in Figure 5. An adjustment of the raw data h(x) using Equation 19allowed obtaining a continuous molar enthalpy for different n values. The fitted curves of h(x) are presented in the Fig. 5 (respectively the green and blue lines correspond to n = 1 and n = 2 values). From these fitted curves, we calculated both the excess enthalpy (see Figure 4) and the enthalpy of dilution (see Figure 3) with the same parameters a k (listed in Table 1 on Supporting Information). For these two enthalpic quantities, the simulated values are close to the experimental values.

The mean square deviations calculated between the fitted experimental molar excess enthalpy obtained and the simulated molar excess enthalpy obtained by fitting Redlich-Kister model is respectively 47 J mol -1 for n = 1 and 48 J mol -1 for n = 2. In both cases, the deviation is 6.8 % from the mean values. Molecular dynamics calculations allow us to obtain excess enthalpy very close to experimental values. It should be noted that the two dilution enthalpy curves predicted by the two Redlich-Kister equations differ more than the two excess enthalpy curves on which they have been fitted. This comes from the derivation which induces noise in the curves. We show that MD and experiments are consistent, but the precision of MD simulations does not reach the experimental precision because of the accuracy of the simulations. Finally, we estimated the molar enthalpy of the experimental mixture by adding the ideal term calculated by molecular dynamics to the excess enthalpy calculated by adjustment from raw experimental data (red line in Fig. 4). The estimation of the excess enthalpy from the ideal term calculated by molecular dynamics and the excess term calculated by experiment gives good results. The mean square deviations are the same to those of the excess enthalpy. However, the deviation is 0.11 % from the mean values. The adjusted parameters for experimental and simulated data and the mean square deviations between experimental and molecular dynamic simulated data for the (n-dodecane+DEHiBA) mixture are respectively available in Tables 1 and2 on Supporting Information, respectively.

Table 3 on Supporting Information shows the validation criteria for determining which adjustment of the molecular dynamics data allows the experimental data to be reproduced. The first criteria defined is the limit value of the dilution enthalpy when x DEHiBA = 1. In this first case, the experimental limit value is closer to the molecular dynamics data for n = 2 (35 % n = 1 and 1.9 % n = 2). The second criteria used is the coordinate (x DEHiBA , ∆ dil H corresponding to the intersection of the dilution enthalpy and the excess enthalpy (when the excess enthalpy is maximum, the derivative is zero). In this case, the experimental coordinates (x DEHiBA , ∆ dil H) are in better agreement with the molecular dynamics data for n = 1 (difference of 4.8 % for x DEHiBA and 2.5 % for ∆ dil H). Nevertheless, the difference between experimental and molecular dynamics data for n = 2 is not very large, only 9.5 % for x DEHiBA and 3.9 % for ∆ dil H. In conclusion, to represent the enthalpy of dilution, the adjustment n = 2 is more representative of the experimental data and in the case of the excess enthalpy, the adjustment n = 1 is the most representative. To compare the systems, we will in any case take the adjustments for n = 2 for molecular dynamics simulations.

(n-dodecane + DEHBA)

As already done for the (n-dodecane+DEHiBA) mixtures, we carried out experiments to dilute DEHBA with n-dodecane only over a small range of molar fraction 0.15 < x < 0.33 and corresponding molecular dynamics simulations with a molar fraction step of ∆x DEHBA = 0.1 (see section 3.3.1 for the protocol and see Table 1 for the composition and density of the simulation boxes).

Figure 6 shows the enthalpy of dilution as a function of DEHBA molar fraction.

The other curve (green curve), obtained from the molecular dynamics simulations, will be described later. From this fitted curve, we calculated both the excess enthalpy (see Figure 9) and the enthalpy of dilution (see figure 6) with the same parameters a k . The mean square deviation is 10 J mol -1 for a deviation of 2.5 % from the mean values between the available raw experimental and the fitted molecular dynamics enthalpy of dilution (for n = 1). The simulations allow us to obtain the enthalpy of the mixture as a function of the molar fraction of monoamide for which we have added a linear term to the Redlich and Kister excess enthalpy representation.

We estimated the molar enthalpy of the mixture by experiment and compared it to that calculated by molecular dynamics simulations. To do this, we added the linear term calculated by molecular dynamics to the experimental excess enthalpy calculated with the same parameters a k as for the fitted enthalpy of dilution (red line in Figure 6). The mean square deviation is 1460 J mol -1 for a deviation of 2. . We used this excess enthalpy to estimate the molar enthalpy of the experimental mixture (see red line in Fig. 8). The agreement with the enthalpy of the simulated mixture is very good (the deviation is 0.73 %). The enthalpy of dilution calculated from the first force field is positive over the entire molar fraction, while that calculated from the second force field changes sign at x DEHiBA = 0.56 (Figure 7). A concordance of the two force fields can be seen for the lowest molar fractions in DEHiBA.

The mean square deviation between the experimental data and the simulated data is 12 J mol -1 for the first force field and 17 J mol -1 for the second force field in the measuring range. In the measurement range we studied, the first force field gives results closer to the experiments than the second force field, but the difference between the two force fields is really significant only beyond the measurement range (see Fig. 7).

Coordination around extractant molecules

One method for determining whether extractant molecules is self-associated DEHiBA). The absence of aggregation is consistent with previous experimental studies with the system (DEHiBA-n-heptane) [START_REF] Ferru | Influence of Extracted Solute on the Organization of a Monoamide Organic Solution[END_REF]. For mixtures containing DEHiBA, a first insignificant peak can be seen at about 4 Å and a second peak at about 6 Å. For the mixture containing DEHBA, there is a first significant peak at 6 Å. In any case, the increase in the molar fraction does not significantly increase the coordination between the extracting molecules and the distance from the first peak of g(r C carb -C carb ). From this, we can conclude that no aggregate of extractant molecules is formed. This does not exclude a probable clustering of the mixture in which local densities are different from macroscopic density but globally aggregation is weak.

Decomposition of contributions

Previously, we presented a method to determine excess enthalpies, either by experiment from the enthalpy of dilution or by molecular dynamics simulations from the enthalpy of the mixture. We were also able to determine the order of magnitude of the excess enthalpies of our mixtures. Figure 9 shows the excess enthalpy as a function of the mole fraction of monoamide, for the (n-dodecane+DEHiBA) mixture (red line), for the (n-dodecane+DEHBA) mixture (green line) and for the (n-heptane+DEHiBA) mixture (blue line). It is therefore possible to classify these mixtures in ascending order (n-heptane+DEHiBA) > (n-dodecane+DEHiBA) > (n-dodecane+DEHiBA). In this section, we present an energetic decomposition of the excess enthalpy.

The properties of a molecule are deduced by adding the properties of the different functional groups that compose it, this is the concept of group con-tributions. In the same way, for binary mixtures (n-alkane/monoamides), it is possible to decompose the contributions related to the interaction between the different species that make it up: monoamide/monoamide, n-alkane/n-alkane and n-alkane/monoamide. In practice, the monoamide/monoamide and nalkane/n-alkane interactions are easily accessible and the n-alkane/monoamide interaction will be deduced by calculation. To do this, the interaction between the monoamides molecules is determined by simulating removing the n-alkane molecules from the system and the interaction between the n-alkane molecules is determined by removing the monoamide molecules from the system for each mole fraction (0.1 < x < 0.9), so the coordinates of the molecules in these new configurations are the same as those in the mixture. The behaviour of these configurations is simulated for a single simulation step (1000 fs) and this allows us to calculate the molar enthalpy between monoamides molecules, h MM (x), and the molar enthalpy between n-alkanes molecules, h AA (x). The term of cross interaction between monoamides and n-alkanes molecules, h AM (x), is obtained by the difference between the total enthalpy and the enthalpies h MM (x) and h AA (x) :

h AM (x) = h(x) -h MM (x) -h AA (x) (30) 
In practice, the enthalpy of excess h E (x) has already been determined previously. To determine h E MM (x) and h E AA (x) the enthalpies h MM (x) and h AA (x) are adjusted in the same way as for the enthalpy of the mixture (Eq. 19) and for the same polynomial order n (n = 1 for mixtures with n-dodecane and n = 2 for mixtures with n-heptane). Finally, the excess enthalpy of the cross term is calculated by :

h E AM (x) = h E (x) -h E MM (x) -h E AA (x) (31) 
The energy decomposition representing the different enthalpies of excess for the system (n-dodecane + DEHiBA), (n-dodecane + DEHBA) and(n-heptane + DEHiBA) is shown in Figure 10. systems [START_REF] Schwabe | Thermodynamische messungen an binären gemischen von tri-iso-butylphosphat mit organischen nichtelektrolyten[END_REF]. The conclusion of this work is that the enthalpy of excess is higher in favour of the mixture containing isobutyl branching. The same type of behaviour has been reported with other molecules [START_REF] Valero | Excess enthalpies of some (chloroalkane + n-alkane) mixtures[END_REF][START_REF] Valero | Excess enthalpies of some (bromoalkane + n-alkane) mixtures[END_REF] and is thought to be due to the capacity of molecules containing isobutyl branching to disorder molecularly oriented n-alkane molecules more efficiently. Since this contribution is more favourable when the chain length is short and the monoamide has a butyl branch, it is possible to link a less favourable contribution to a mixture containing a long-chain n-alkane and an isobutyl-branched monoamide.

The n-alkane/monoamide contribution are > 0 (n-dodecane + DEHiBA > n-dodecane + DEHBA > n-heptane + DEHiBA). They are more unfavourable the more the chain length of the n-alkane increases and the more the monoamide has isobutyl branching. This corroborates the previous observations: mixtures containing long-chain n-alkanes and monoamides with isobutyl branching show a greater deviation from ideality than mixtures containing short-chain n-alkanes, which are more ideal.

Globally, the total excess enthalpies are such that these mixtures are energetically not very different from simple regular solutions. Nevertheless, the detailed balance between the two species plotted in Figure 10 leads to different conclusions. There is no symmetry between the two components. In any case, an important attraction between the extractants is obtained since the corresponding mixing enthalpy is negative. This can lead to the formation of macromolecular entities favouring extraction.

Conclusion

We experimentally measured by ITC and calculated from molecular dynamics simulations at a temperature of 298.15 K and a pressure of 1 bar, the enthalpy of the mixture, the dilution enthalpy and excess enthalpy for the systems (n-alkanes+N,N-dialkylamides). The experimental study of the system (n-dodecane + DEHiBA) presented the method for determining the excess enthalpy from the dilution enthalpy. The enthalpy of the experimental mixture could be estimated using the enthalpy of experimental excess and the enthalpies of pure compound calculated by molecular dynamics. We then calculated the enthalpy of excess of the mixture (n-dodecane + DEHBA) and compared it to that of the mixture (n-dodecane + DEHiBA). We determined that the enthalpy of excess was higher in favour of the mixture containing the extracting molecule with isobutyl branching.

For these extractant molecules diluted in n-dodecane, the excess enthalpy is about 423 J mol -1 higher in favour of mixing with the isobutyl branching (DEHiBA). We found this behaviour in mixtures of type (haloalkanes + nalkanes) [START_REF] Valero | Excess enthalpies of some (chloroalkane + n-alkane) mixtures[END_REF][START_REF] Valero | Excess enthalpies of some (bromoalkane + n-alkane) mixtures[END_REF] and (phosphorus extractant + n-alkane) [START_REF] Kertes | Thermodynamics of solvent extraction processes: Heat capacities, heats of mixing and solution of organophosphorus extractants in dodecane[END_REF][START_REF] Tsimering | Excess enthalpies of tri-n-butylphosphate + hydrocarbons[END_REF][START_REF] Schwabe | Thermodynamische messungen an binären gemischen von tri-iso-butylphosphat mit organischen nichtelektrolyten[END_REF]. Indeed, the enthalpy of excess of the systems (terbutylchloride + n-alkane) is always higher than that of the systems (1-chlorobutane+n-alkane) and that of the system (TiBP + n-hexane) is always higher than the system (TBP + n-hexane).

The study of radial distribution functions has shown that N,N-dialkylamide molecules do not self-associate as is the case with neutral organophosphorus extractant molecules [START_REF] Tsimering | Excess enthalpies of tri-n-butylphosphate + hydrocarbons[END_REF][START_REF] Servis | The role of solvent and neutral organophosphorus extractant structure in their organization and association[END_REF]. The endothermicity of the mixture (n-dodecane + DEHiBA) would therefore be due only to physical interaction between the molecules. With the comparison of this two binary systems, it would seems that the asymmetry of the excess enthalpy is due to a significant difference between the molar volumes of the components of the mixture as reported by Fenby [START_REF] Fenby | Heats of mixing of nonelectrolyte solutions. IV. Mixtures of fluorinated benzenes[END_REF].

Nevertheless this asymmetry is weak and the mixtures are not very different from regular solutions. The study of the system (n-heptane + DEHiBA) allowed to see the influence of the force field on the calculated thermodynamic quantities. A necessary condition for a good estimation of the enthalpies of excess, dilution and the mixture is to have a very accurate force field allowing a good evaluation of the energy properties of the pure compounds.

Globally the methodology presented here confirms that the force-field is able to describe accurately mixing enthalpies in these systems. As already mentioned, this is an important test because enthalpy is directly related to the simulated force-field. The methodology we proposed here can be applied to any mixture for which such experiments are possible. Thus, calorimetry appears to be a method of choice for linking experiments and molecular modelling in these complex liquid mixtures, and experimental developments could benefit from using it more often. Calorimetry is thus probably one of the first methods to be used to couple simulations and experiments since it allows direct validation of the force field.

Nevertheless, if the interest of enthalpy comes from the fact that it is a direct average of the interactions on the molecular configurations, this also constitutes its limits because the method does not give direct information on the organization of the system. For example, if the enthalpy variations seem to simply reflect mixing rules similar to regular solutions, this does not mean that a certain aggregation does not take place. This entropic phenomenon in fact only marginally changes the enthalpy, by modifying the neighbourhood of each molecule. The full study of the phenomena present in the extraction therefore requires in any case to take into account these organisational phenomena, especially in the presence of metal ions. In this case, the coupling between simulation and experiment could implement other techniques more sensitive to the structure of the medium. 20. 
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 3 Molecular Dynamics simulations 3.3.1. Simulations method Molecular dynamics simulations of pure n-alkanes (n-heptane and n-dodecane)
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 4 Results and discussion 4.1. Dilution enthalpy, excess enthalpy and enthalpy of the mixture The methodology consists of isothermal calorimetric titration experiments on the first part, and molecular dynamics simulations of mixtures and pure bodies over the whole range of molar fractions on the second part. The experimental data directly allow us to obtain the enthalpy of dilution for which we have developed an algebraic representation based on the work of Redlich and Kister. The experimental data are therefore adjusted by the equation 20 for n = 0, 1, 2, 3. The simulations allow us to obtain the enthalpy of the mixture as a function of the molar fraction of monoamide for which we have added a linear term to the Redlich and Kister excess enthalpy representation [59]. The simulated data are therefore adjusted by the equation 3 for n = 0, 1, 2, 3. For all systems, we calculate the mean square deviation between the simulated and experimental data, first only in the experimental measuring range and then in the entire molar fraction range. This allows us to decide which order of polynomial we use for each experiment to calculate the enthalpy of excess. It goes without saying that the more the experimental measurements are extended over

  x min ] and by y 2 (x) = ax 2 + bx + c (a = 5.40127 kJ mol -1, b = -4.46562 kJ mol -1 and c = 2.48854 kJ mol -1) in the interval I 2 = [x max ; 1] (in fact, only the adjustment in the interval I 2 is necessary to integrate). To estimate the excess enthalpy, two methods were used, i.e, (i) the direct method by using the equation 21 and (ii) the indirect method by adjusting the parameters of Equation20(with n = 3), the parameters for the dilution enthalpy and the excess enthalpy being the same.

  The molecular dynamics raw data are presented in Figure SI.3 on Supporting Information. An adjustment of the raw data h(x) from equation 19 allowed obtaining a continuous molar enthalpy for different n values. Only one fitted curve of h(x) is presented in the Fig. SI.3 on Supporting Information (the green line correspond to n = 1 value).

  Fig. SI.3 on Supporting Information) enthalpy of dilution (both for n = 1). The agreement between these curves is therefore very good. We also calculated the excess enthalpy of mixture (n-dodecane + DEHBA) from molecular dynamics simulations and compared it to the excess enthalpy of mixture (n-dodecane + DEHiBA) (Figure SI.2 on Supporting Information). We have determined that for these extractant molecules diluted in n-dodecane, the excess enthalpy is about 423 J mol -1 higher in favour of mixing with the isobutyl branching (DEHiBA). The excess enthalpy is endothermic over the entire molar fraction range for (n-dodecane + DEHiBA) and the maximum is located at (x DEHiBA = 0.4 while for (n-dodecane + DEHBA) it is endothermic up to x DEHiBA = 0.8 and then changes sign and the maximum is located at x DEHBA = 0.29. We also observed that the excess enthalpies are asymmetric with a maximum shifted towards mixtures with the lowest molar volume. This behaviour has already

  is to calculate the coordination numbers from the integral of the radial distribution function g(r). The C carb carbon atom of the carbonyl function was chosen to characterize the coordination in all mixtures. The RDF function was there-fore determined between two C carb atoms (Figure SI.2 on Supporting Information). Figure 2 shows the snapshots of box as a function of the DEHiBA molar fraction on the mixture (n-dodecane + DEHiBA), only DEHiBA molecules are represented. The Figures SI.4, SI.5 and SI.6 on Supporting Information shows the radial distribution functions (RDF) between two C carb carbon atoms of the extractant molecules for different extractants molar fraction respectively for the mixtures (n-dodecane + DEHiBA), (n-dodecane + DEHBA) and (n-heptane +

  Negative contributions are favourable and positive contributions are unfavourable. It is important to note here, that the mixture (n-heptane + DE-HBA) has not been studied. But the comparison of the other mixtures showed that the higher (and positive) the enthalpy of excess, the more alkane has a long chain length and monoamide has isobutyl branching. This excess enthalpy can therefore be classified : (n-dodecane + DEHiBA) > (n-dodecane + DEHBA)> (n-heptane + DEHiBA).The n-alkane/n-alkane contributions are > 0 (n-dodecane + DEHiBA < ndodecane + DEHBA < n-heptane + DEHiBA). Bothorel et al. assumed that mixtures containing short-chain n-alkanes (n-heptane) had a lower molecular orientation compared to mixtures containing long-chain n-alkanes (n-dodecane)[START_REF] Bothorel | Étude des corrélations d'orientation moléculaire par diffusion rayleigh dépolarisée dans les liquides purs et les solutions[END_REF]. In the mixtures, n-alkane molecules have a different molecular orientation than molecules in pure systems. Since this contribution is more unfavourable the shorter the chain length of the n-alkane (and the butyl-branched monoamide), it is possible to link a less favourable contribution to a mixture containing a long-chain n-alkane.The monoamide/monoamide contributions are < 0 (n-dodecane + DEHiBA > n-dodecane + DEHBA > n-heptane + DEHiBA). Schwabe et al. has qualitatively investigated the excess enthalpy of (n-hexane+TiBP) and (n-hexane+TiBP)

Figure 1 :

 1 Figure 1: Schematic diagram of microcalorimetric dilution

Figure 2 :

 2 Figure 2: Snapshots of DEHiBA molecules in binary mixtures with n-dodecane for different DEHiBA molar fraction (n-dodecane molecules are not represented).

Figure 3 :

 3 Figure 3: Dilution enthalpy as a function of the molar fraction of DEHiBA for the n-dodecane+DEHiBA mixture obtained experimentally (black square), fitted from the raw experimental data using n = 2 in Equation 20 (red line) and fitted from the raw molecular dynamics simulations data using n = 1 (green line) and n = 2 (blue line) in Equation

Figure 4 :

 4 Figure 4: Excess enthalpy as a function of the molar fraction of DEHiBA for the (n-dodecane+DEHiBA) mixture obtained by integration of the raw experimental data (black squares), fitted from the raw experimental data using the Redlich-Kister model with n = 2 (red line), and fitted from the raw molar enthalpy h(x) calculated by molecular dynamics using the Redlich-Kister model with n = 1 (green line) and n = 2 (blue line) (Eq. 18).

Figure 5 :Figure 6 :

 56 Figure 5: Molar enthalpy as a function of the molar fraction of DEHiBA for the n-dodecane+DEHiBA mixture calculated from the molecular dynamics raw data (brown squares), obtained by fitting Equation 3 with n = 1 (green line) and n = 2 (blue line), and obtained experimentally (red line) by adding the ideal term calculated by the molar excess enthalpy obtained by adjusting the parameters (red line in Fig. 4)

Figure 7 :

 7 Figure 7: Enthalpy of dilution as a function of the molar fraction of DEHiBA for the n-heptane+DEHiBA mixture obtained experimentally (black square), fitted from the raw molecular dynamics simulations data using n = 2 in Equation 20 with the first (blue line) and the second (purple line) force field.

Figure 8 :

 8 Figure 8: Molar enthalpy as a function of the molar fraction of DEHiBA for the (n-heptane+DEHiBA) mixture calculated from the molecular dynamics raw data (respectively blue and purple squares for the first and the second force field), obtained by fitting Equation 19 with n = 2 (respectively blue and purple lines for the first and the second force field) and obtained experimentally (respectively red and cyan dotted lines for the first and the second force field) by adding the ideal term calculated by molecular dynamics simulations to the excess enthalpy obtained by integration.

Figure 9 :

 9 Figure 9: Excess enthalpy as a function of the molar fraction of monoamide for the mixture n-dodecane+DEHiBA (red line), for the mixture n-dodecane+DEHBA (green line) and for the mixture n-heptane+DEHiBA (blue line), the squares represents the molecular dynamics raw excess enthalpy respectively for the three systems

  

  

  To do this, several possibilities, with different objectives, can be used to calculate the enthalpy of the multicomponent mixture at different concentrations and deduce the enthalpy of dissolution or, as Grossfield et al. did for the chloride ion,

	to calculate the enthalpy of hydration for clusters containing from one to six
	molecules of water with a single ion [49].
	The extraction of uranyl nitrate from a LiNO 3 medium by the extracting
	molecule DEHiBA diluted in n-dodecane is especially interesting, because it is a
	molecule selected to extract uranium (VI) during the first stage of the GANEX
	process [32]. The complex thus formed is mainly UO 2 (NO 3 ) 2 DEHiBA 2 . The
	LiNO 3 medium allows, in a first time, to free itself from the extraction of nitric
	acid that can induce the formation of different complexes, such as for exam-
	ple trinato complexes containing protonated ligands in the external sphere of
	coordination of cation

Table 1 :

 1 a Monoamide molar fraction, b Number of monoamide molecules, c Number of nalkane molecules, d density of the mixture and e fluctuation of the density. The indexes A, B

	a x1	b N1	c N2	d dA	e ∆dA	d dB	e ∆dB	d dC	e ∆dC
	0	0	750	0.749	2.03E-03	0.749	2.03E-03	0.676	2.79E-03
	0.10	83	750	0.763	1.81E-03	0.764	1.94E-03	0.716	2.35E-03
	0.20	188	750	0.777	1.58E-03	0.778	1.66E-03	0.747	2.31E-03
	0.30	322	750	0.790	1.62E-03	0.791	1.57E-03	0.771	1.92E-03
	0.40	500	750	0.802	1.42E-03	0.803	1.26E-03	0.791	1.73E-03
	0.50	750	750	0.811	1.22E-03	0.813	1.36E-03	0.807	1.41E-03
	0.60	750	500	0.823	1.22E-03	0.824	1.27E-03	0.820	1.58E-03
	0.70	750	322	0.832	1.29E-03	0.833	1.33E-03	0.832	1.56E-03
	0.80	750	188	0.839	1.38E-03	0.840	1.11E-03	0.840	1.82E-03
	0.90	750	83	0.848	2.14E-03	0.850	1.50E-03	0.848	2.54E-03
	1	750	0	0.854	2.55E-03	0.855	2.18E-03	0.854	2.55E-03

and C identify the mixtures: A (n-dodecane + DEHiBA), B (n-dodecane + DEHBA) and C (n-heptane + DEHiBA)
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