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Abstract

Despite its importance, the description of liquid-liquid extraction is made dif-

ficult 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 microcalorimet-

ric measurements and molecular modelling to better describe the nature and

strength of these interactions in these complex fluids by focusing on extractant-

diluent 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 ana-

lyzed 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
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these complex liquid mixtures, and experimental developments could benefit

from using it more often, especially to validate force-fields.

Keywords: isothermal titration calorimetry (ITC), molecular dynamics,

solution thermodynamics, binary mixtures, dilution

1. Introduction

Nuclear energy is a sustainable way of producing low-carbon energy [1] 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...) [2].

In order to develop new extraction systems for actinides and lanthanides,

many theoretical methods, such as molecular dynamics [3, 4, 5, 6, 7, 8, 9]

and DFT [3, 10, 11, 12, 13, 14, 15, 16], have been coupled with experimen-

tal studies (X-ray scattering techniques : Small Angle X-ray Scattering SAXS

[17, 5, 6], Small Angle Neutron Scattering SANS [15], Small Wide-angle X-ray

scattering SWAXS [18, 8, 9], Extended X-Ray Absorption Fine Structure EX-

AFS [5, 11, 6, 13, 14, 12, 15, 16], Electrospray Ionization Mass Spectrometry

ESI-MS [4, 10, 9, 15, 16], UV-visible [3, 11, 9], NMR[3, 6], IR [9, 15], Vapor

pressure osmometry VPO [9], Time-Resolved Laser-Induced Fluorescence TR-

LIF [4]) 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) [9] extraction and complexation quantities

and both potentiometry [16] and UV-visible spectrophotometry [3] to determine

the stability constants of the complexes (logβ). Other studies, strictly experi-
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mental, allowed the determination of the thermodynamic extraction quantities

of the cations Am(III), Cm(III) and Eu(III) by evaluating the distribution coef-

ficients (DM) at different temperatures by applying the Van’t Hoff equation [19],

the complexation quantities of U(IV) in the aqueous phase : i) with nitrates by

UV-Visible and microcalorimetry [20] and ii) with IDA and ODA ligands by po-

tentiometry and ITC and their structural properties by EXAFS and NMR [21].

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 (Pluto-

nium uranium reduction extraction) allows the selective separation of uranium

(VI) and plutonium dissolved in nitric acid by TBP (Tributylphosphate) di-

luted in kerosene [22]. N,N-dialkylamides (monoamides) were proposed as early

in 1960’s as potential extractants of these actinides to replace TBP [23, 24,

25, 26, 11, 9, 27, 28, 29, 30, 31] and are currently being studied within the

framework of the development of the GANEX process, consisting of a grouped

separation of the transuranic elements [32]. Their ability to extract hexavalent

americium has also been demonstrated [33]. 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 [26].

In order to explain the variations in selectivity, the comparison of the ther-

modynamic extraction of the cations U(VI) and Pu(IV) is interesting. They are

a sum of different contributions and ∆extH is obtained from microcalorimetry

after correction of the raw data by the thermal effects of cation dilution and

solvent-extractant interactions [34, 35]. The specificity of the study of extrac-

tion 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
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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 deter-

mine the properties of extractant systems containing TBP [36, 37, 38, 39, 40]

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, temper-

ature, acidity of the medium, thus allowing the implementation of extraction

process simulation tools such as the PAREX [41] 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 im-

plemented. 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 experimen-

tal 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 extrac-

tant 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 sim-

ulation contrary to entropy or Gibbs energy which require several simulations
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and a thermodynamic integration process to be evaluated correctly.

The liquid-liquid extraction of actinides is a succession of mechanisms tak-

ing place in the aqueous phase, at the interface and in the organic phase. Ions

are dehydrated (∆deshydH) then the cation and its counter-ion are transferred

from the aqueous phase to the organic phase corresponding to a change in solva-

tion (∆trH) and are finally complexed in the organic phase with the extractant

(∆complH). The phenomenon of transfer and change of solvation has been rel-

atively 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 identi-

cal, on both sides of the interface, this comes down to examining the difference

between the enthalpies of dissolution [42]. 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 reorganiza-

tion of the solvent around the solute and water molecules in the first sphere of

solvation [43, 44, 45]. 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 lig-

ands. 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-OU

of 1.75 to 1.78 Å and surrounded by five water molecules in the first hydra-

tion sphere in an equatorial plane for a distance U-OW of 2.41 to 2.44 Å

[14, 46, 47, 48]. 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 [12] and at different concentrations of DEHiBA

(0.5 mol/L and 1.5 mol/L) [9] was studied. A new polarizable force field has

recently been developed which allows to reproduce the experimental structural
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properties of the ion in both aqueous and organic phase [46]. It seems essen-

tial to complement these structural studies with thermodynamic studies. To

do this, several possibilities, with different objectives, can be used to calculate

the enthalpy of the multicomponent mixture at different concentrations and de-

duce 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 LiNO3 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 UO2(NO3)2DEHiBA2. The

LiNO3 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 [50, 11]. To determine the enthalpy of dissolution of

uranyl nitrate experimentally, the salt in crystalline, non-hexahydrated form

should be added to a solution of LiNO3 3M and the change in enthalpy mea-

sured 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 pro-

cess, 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 ex-

cess. Previous work has led to the development of a thermodynamic model for

electrolyte-free mixtures [51]. 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.
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This study focused on the evolution of the enthalpy of the organic phase

not charged with uranium thus presents several interests and allows to evalu-

ate 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 intermolecu-

lar 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 contain-

ing short chain length monoamides [52] are available in the literature. Fur-

thermore, 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 differ-

ent enthalpies (mixture, excess and dilution). Mixtures with n-alkanes have

been relatively well studied in the literature because of their apparent sim-

plicity and their use as a diluent for extracting molecules in nuclear fuel re-

processing, 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 [37, 36] and by molecular dynamics [38]. Firstly, the increase in

the length of the solvent chain was correlated with the increase in the excess

enthalpy for a given extractant [36, 38], 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 [37] 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 [36]. It appears that the excess en-

thalpy of the system (TBP+n-dodecane) is higher than the system (DBBP+n-
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dodecane). Schwabe studied [53] 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 ex-

cess 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-alkane-

containing systems we had the same behaviour.

Similar observations were made by Valero and his colleagues in two articles

on mixtures (haloalkane+n-alkane) [54, 55]. They deduced the same conclu-

sions 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 ex-

cess 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 n-

alkanes. TiBP being a more globular molecule than TBP, it can therefore be hy-

pothesized that its behaviour when mixed with alkanes is similar to terbutylchlo-

ride. About the organization within n-alkane molecules, Bothorel et al. [56]

experimentally constructed isothermal depolarized intensity diagrams of several

n-alkanes with cyclohexane and carbon tetrachloride and found that the so-

lutions 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.
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Other mixtures (trialkylamine + aliphatic hydrocarbon) containing donor

nitrogen atoms were studied [57]. The excess enthalpies of these mixtures are

endothermic. In all binary systems studied, it seems obvious that the asym-

metry 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 asym-

metry was also reported by Fenby et al. [58]. To explain the sign of the ex-

cess enthalpy, Fenby considers it to be the sum of different interactions. A

first physical interaction induces a positive contribution and a second chemi-

cal interaction (complex formation) induces a negative contribution. Mixture

data (monoamides+hydrocarbons) were found but only for short linear chain

monoamides [52]. The excess enthalpy is endothermic for the monoamides DEA

(N,N-diethylacetamide) and DMA (N,N-dimethylacetamide) in mixture with n-

hexane. 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 experi-

mental and molecular dynamics methods are described. Results are presented

and discussed in the last section for the systems (n-dodecane + DEHiBA), (n-

dodecane + DEHBA) and (n-heptane + DEHiBA). These mixtures are reference

solution for the GANEX process [32] which can be used for the reprocessing of

spent nuclear fuels.

2. Theory

2.1. 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.
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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 x2 and the decrease of the solute molar fraction x1 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

∆dilH is therefore

∆dilH = h2 − h∗2 (2)

where h2 is the partial molar enthalpy of n-alkane in the mixture, h∗2 is the mo-

lar enthalpy of pure n-alkane and x the molar fraction of compound 1 (x = x1).

The molar enthalpy of the mixture h is

h(x) =

z∑
i=1

xihi (3)

where xi is the molar fraction of the compound i and hi the partial molar en-

thalpy 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(x1), then the enthalpy of the H mixture

H = (n1 + n2)h(x) = (n1 + n2)h(
n1

n1 + n2
) (4)
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The partial molar enthalpy of n-alkane is

h2(x) =
∂H(x1)

∂n2
(5)

h2(x) =
∂[(n1 + n2)h( n1

n1+n2
)]

∂n2
(6)

h2(x) = [h(
n1

n1 + n2
) + (n1 + n2)

−n1
(n1 + n2)2

h′(
n1

n1 + n2
)] (7)

h2(x) = h(x1)− n1
(n1 + n2)

h′(x) (8)

Finally, the partial molar enthalpy of n-alkane is

h2(x) = h(x)− x∂h(x)

∂x
(9)

Thus, it can be possible to express ∆dilH(x) as a function of the molar enthalpy

of the mixture. The enthalpy of dilution ∆dilH(x) is

∆dilH(x) = h(x)− x∂h(x)

∂x
− h∗2 (10)

The molar enthalpy of excess hE 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

hE(x) = h−
z∑

i=1

xih
∗
i (11)

where h∗i is the molar enthalpy of the pure constituent i. For a binary mixture,

it reads

h(x) = hE + [xh∗1 + (1− x)h∗2] (12)

If we replace h in Eq. 10 by its expression given in Eq. 12 we obtain

∆dilH(x) = hE(x)− x∂h
E(x)

∂x
(13)

2.2. Data treatment

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

limits

lim
x→0

h(x) = h∗2, (14)
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lim
x→1

h(x) = h∗1. (15)

Therefore, according to the definition of the enthalpy of excess, we have

lim
x→0

hE(x) = 0, (16)

lim
x→1

hE(x) = 0. (17)

With respect to these conditions, Redlich and Kister [59] proposed series of

polynomials to represent all excess quantities. Thus, for the enthalpy of excess

it is possible to write

hE(x) = x(1− x)

n∑
k=0

ak(2x− 1)k (18)

where ak 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

ak(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 hE(x), can be expressed in a polyno-

mial form. The procedure consists in deriving hE(x) (Eq. 18) and determining

the expression of ∆dilH(x) according to Eq. 13. Therefore, we obtain

∆dilH(x) = x2
n∑

k=0

ak(2x− 1)k − (2x2 − 2x3)

n∑
k=0

akk(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 ∆dilH(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 ∆dilH(x) is available,

and the second case is the one where the molar enthalpy h(x) is available.
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2.2.1. Enthalpy of dilution known

When ∆dilH(x) is the known data, two approaches are available to deter-

mine hE(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 hE(x). We obtain

hE(x) = x

∫ 1

x

∆dilH(x)

x2
dx (21)

Considering measurements made only in the interval I = [xmin;xmax] the inte-

gral is not defined for x = 0. Decomposing Eq. 21, it comes

hE(x) = x

∫ xmin

x

∆dilH(x)

x2
+ x

∫ xmax

xmin

∆dilH(x)

x2
+ x

∫ 1

xmax

∆dilH(x)

x2
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, hE(x)

is then calculated with the same parameters ak as ∆dilH(x).

2.2.2. 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 hE(x) and dilution enthalpy

∆dilH(x) are calculated with the same parameters ak using Eq. 18 and Eq. 20.

3. Materials and methods

3.1. Chemical products

n-dodecane and n-heptane were purchased from Sigma Aldrich. DEHBA and DEHiBA were synthesized by Pharmasynthese (Lisses, France).

n-dodecane and n-heptane were purchased from Sigma Aldrich, with an-

alytical grade (purity > 99 %). The molecules DEHBA and DEHiBA were
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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 HClO4 in acetic medium).

3.2. Microcalorimetry experiments

Microcalorimetric measurements were performed at 25 ◦C using a Thermal

Activity Monitor (TAM 2277) microcalorimetric system (Thermometric TA In-

struments). 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 QP to

be obtained and were converted to enthalpy according to

∆H =
QP

∆n
(23)

The temperature in the cell during a dilution experiment (some hours) is con-

sidered 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 H2O) [60] with values obtained better than +/-2 %. The uncertainties of

dilution enthalpy obtained from twice experiments at least is then better than

10 %.
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3.3. Molecular Dynamics simulations

3.3.1. Simulations method

Molecular dynamics simulations of pure n-alkanes (n-heptane and n-dodecane)

and monoamides (DEHiBA and DEHBA) at different molar fractions (monoamides

x1 + alkanes x2) have been carried out in the NPT ensemble with SANDER14,

a module of AMBER14 [61] using explicit polarization. The Andersen ther-

mostat [62] and the Berendsen barostat [63] 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 [64].

The non-bonded interaction cutoff is 15 Å. VMD was used to make the MD sim-

ulations snapshots [65]. The simulations boxes were built with PACKMOL [66].

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 [67] and it is based on the one developed by Siu and al.[68] for long

hydrocarbons chains.
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Table 1: a Monoamide molar fraction, b Number of monoamide molecules, c Number of n-

alkane molecules, d density of the mixture and e fluctuation of the density. The indexes A, B

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

(n-heptane + DEHiBA)

ax1
bN1

cN2
ddA

e∆dA
ddB

e∆dB
ddC

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
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3.3.2. Data analysis

The total energy is defined by:

Etot = Ekin + Epot (24)

with Ekin the kinetic energy of the system and Epot its potential energy, that

can be decomposed as follows

Epot = Einter + Eintra (25)

where Einter is the intermolecular energy and Eintra is the intramomolecular

energy The intermolecular and intramolecular energy can be decomposed as

follows

Einter = Evdw + Eel + Epol, (26)

Eintra = Ebond + Eangles + Edihedral + E14vdw + E14el. (27)

where Evdw is the van der Waals Energy, Eel is the electrostatic energy, EHbond the energy of hydrogen bonds,

Ebond the bond energy, Eangles the angles energy, Edihedral the dihedres energy,

E14vdw et E14el respectively the Van der Waals and electrostatic energies be-

tween atoms separated by three bonds (the atoms 1 and 4 in the 1-4 chain) and

Epol the polarizable energy. The intramolecular energy is part of the potential

energy

Eintra = Ebond + Eangles + Edihedres + E14vdw + E14el (28)

Particular attention has been accorded to the accuracy of the thermodynamic

properties of water with different models [69, 70]. An underestimation of water

entropy of 20 % for the translational contribution and 40 % for the rotational

contribution is reported by Pascal [69]. After quantum corrections, the entropy

and calorific capacity values obtained are closed to experimental data. Vega et

al. [70] only make a correction of 3R to the calorific capacity CP which corre-

sponds to the vibrational contribution of the CP of water. The problem come

from the fact that considering the vibration frequencies of the molecules, quan-

tum mechanics has to be considered to describe vibrational enthalpy. In fact,
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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:

h(x) = Etot(x)− Eintra(x) + PV (x) (29)

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 exper-

imental 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 poly-

nomial we use for each experiment to calculate the enthalpy of excess. It goes

without saying that the more the experimental measurements are extended over

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).
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4.1.1. (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 xDEHiBA = 0 to

xDEHiBA = 1 with a non-constant molar fraction step, and corresponding molec-

ular dynamics simulations with a molar fraction step of ∆xDEHiBA = 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 xmin

and xmax where xmin = 0.13 and xmax = 0.97. The raw data has been adjusted

using Equation 20 for n = 2 (red line). The other curves, obtained from the

molecular dynamics simulations, will be described later. Therefore, it is not

possible to calculate hE 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 y1(x) = ax2 (a = 9.82949 kJ mol−1) in the interval

I1 = [0;xmin] and by y2(x) = ax2 + bx+ c (a = 5.40127 kJ mol−1, b = −4.46562

kJ mol−1 and c = 2.48854 kJ mol−1) in the interval I2 = [xmax; 1] (in fact,

only the adjustment in the interval I2 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

Equation 20 (with n = 3), the parameters for the dilution enthalpy and the

excess enthalpy being the same.

The excess enthalpy of mixture (n-dodecane + DEHiBA) (see figure 4) is en-

dothermic 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

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.
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The molecular dynamics raw data are presented in Figure 5. An adjustment

of the raw data h(x) using Equation 19 allowed obtaining a continuous mo-

lar 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 en-

thalpy (see Figure 4) and the enthalpy of dilution (see Figure 3) with the same

parameters ak (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 val-

ues. 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 experi-

ments 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 devia-

tion 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 and 2 on Supporting Information, respectively.
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Table 3 on Supporting Information shows the validation criteria for determin-

ing which adjustment of the molecular dynamics data allows the experimental

data to be reproduced. The first criteria defined is the limit value of the di-

lution enthalpy when xDEHiBA = 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 (xDEHiBA,∆dilH cor-

responding 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 (xDEHiBA,∆dilH) are in better agreement with the

molecular dynamics data for n = 1 (difference of 4.8 % for xDEHiBA and 2.5 %

for ∆dilH). Nevertheless, the difference between experimental and molecular

dynamics data for n = 2 is not very large, only 9.5 % for xDEHiBA and 3.9 %

for ∆dilH. 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.

4.1.2. (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 mo-

lar fraction 0.15 < x < 0.33 and corresponding molecular dynamics simulations

with a molar fraction step of ∆xDEHBA = 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 simula-

tions, will be described later.

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
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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). 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 ak. The mean square deviation is 10 J mol−1 for a devia-

tion 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 ak 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 2.3 % from the mean values between the fitted experimental (red line

in Fig. SI.3 on Supporting Information) and molecular dynamics (green line in

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 (xDEHiBA =

0.4 while for (n-dodecane + DEHBA) it is endothermic up to xDEHiBA = 0.8

and then changes sign and the maximum is located at xDEHBA = 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
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been reported by Grauer et al. [57] and Fenby et al. [58].

4.1.3. (n-heptane + DEHiBA)

We carried out experiments to dilute DEHiBA with another n-alkane, the

n-heptane only over a small range of molar fraction 0.15 < x < 0.39 (due

to the volatility of n-heptane, experimental measurements could not be made

over a large range of molar fractions) and molecular dynamics simulations with

two force field : the first was described by Chen et al. [71] and the second

was described by Sukhbaatar et al. [67]. As for the mixture (n-dodecane +

DEHiBA), we estimated the missing data by y1(x) = ax2 + bx (a = 1368.3,

b = 1139.2) in the interval I1 = [0;xmin] and by y2(x) = a+ b ln(x) (a = 543.13

and b = 182.7) in the interval I2 = [xmin; 1]. The experimental enthalpy was

then calculated by integration (by equation 19). 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 xDEHiBA = 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).

4.2. Coordination around extractant molecules

One method for determining whether extractant molecules is self-associated

is to calculate the coordination numbers from the integral of the radial distribu-

tion function g(r). The Ccarb carbon atom of the carbonyl function was chosen

to characterize the coordination in all mixtures. The RDF function was there-
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fore determined between two Ccarb atoms (Figure SI.2 on Supporting Informa-

tion). 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 Ccarb carbon atoms of the

extractant molecules for different extractants molar fraction respectively for the

mixtures (n-dodecane + DEHiBA), (n-dodecane + DEHBA) and (n-heptane +

DEHiBA). The absence of aggregation is consistent with previous experimen-

tal studies with the system (DEHiBA-n-heptane) [72]. 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 in-

crease the coordination between the extracting molecules and the distance from

the first peak of g(rCcarb−Ccarb
). 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.

4.3. Decomposition of contributions

Previously, we presented a method to determine excess enthalpies, either

by experiment from the enthalpy of dilution or by molecular dynamics simu-

lations 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 there-

fore 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-
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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 n-

alkane/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 con-

figurations is simulated for a single simulation step (1000 fs) and this allows us

to calculate the molar enthalpy between monoamides molecules, hMM(x), and

the molar enthalpy between n-alkanes molecules, hAA(x). The term of cross

interaction between monoamides and n-alkanes molecules, hAM(x), is obtained

by the difference between the total enthalpy and the enthalpies hMM(x) and

hAA(x) :

hAM(x) = h(x)− hMM(x)− hAA(x) (30)

In practice, the enthalpy of excess hE(x) has already been determined pre-

viously. To determine hEMM(x) and hEAA(x) the enthalpies hMM(x) and hAA(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 :

hEAM(x) = hE(x)− hEMM(x)− hEAA(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.

Negative contributions are favourable and positive contributions are un-

favourable. It is important to note here, that the mixture (n-heptane + DE-
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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)

[56]. 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 qualita-

tively investigated the excess enthalpy of (n-hexane+TiBP) and (n-hexane+TiBP)

systems [53]. 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 be-

haviour has been reported with other molecules [54, 55] and is thought to be due

to the capacity of molecules containing isobutyl branching to disorder molec-

ularly 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 contain-

ing 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,
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which are more ideal.

Globally, the total excess enthalpies are such that these mixtures are en-

ergetically not very different from simple regular solutions. Nevertheless, the

detailed balance between the two species plotted in Figure 10 leads to differ-

ent 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.

5. Conclusion

We experimentally measured by ITC and calculated from molecular dynam-

ics simulations at a temperature of 298.15 K and a pressure of 1 bar, the en-

thalpy of the mixture, the dilution enthalpy and excess enthalpy for the sys-

tems (n-alkanes+N,N-dialkylamides). The experimental study of the system

(n-dodecane + DEHiBA) presented the method for determining the excess en-

thalpy 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 + n-

alkanes) [54, 55] and (phosphorus extractant + n-alkane) [37, 36, 53]. 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 sys-

tem (TiBP + n-hexane) is always higher than the system (TBP + n-hexane).

The study of radial distribution functions has shown that N,N-dialkylamide
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molecules do not self-associate as is the case with neutral organophosphorus

extractant molecules [36, 38]. 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 [58].

Nevertheless this asymmetry is weak and the mixtures are not very different

from regular solutions. The study of the system (n-heptane + DEHiBA) al-

lowed 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 con-

stitutes 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 there-

fore requires in any case to take into account these organisational phenomena,
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especially in the presence of metal ions. In this case, the coupling between sim-

ulation and experiment could implement other techniques more sensitive to the

structure of the medium.

Figure 1: Schematic diagram of microcalorimetric dilution

Figure 2: Snapshots of DEHiBA molecules in binary mixtures with n-dodecane for different

DEHiBA molar fraction (n-dodecane molecules are not represented).
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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 molecu-

lar dynamics simulations data using n = 1 (green line) and n = 2 (blue line) in Equation

20

.
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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).
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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)
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Figure 6: Dilution enthalpy as a function of the molar fraction of DEHBA for the n-

dodecane+DEHBA mixture obtained experimentally (black squares), fitted from the raw ex-

perimental data using n = 1 in in Equation 20 (red line), and fitted from the raw molecular

dynamics simulations data using n = 1 (green line) in Equation 20.
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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 molec-

ular dynamics simulations data using n = 2 in Equation 20 with the first (blue line) and the

second (purple line) force field.
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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.
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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
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Figure 10: Decomposition of the excess enthalpy
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Lee, S. LeGrand, T. Luchko, R. Luo, B. Madej, K. M. Merz, F. Paesani,

D. R. Roe, A. Roitberg, C. Sagui, R. Salomon-Ferrer, G. Seabra, C. L.

Simmerling, W. Smith, J. Swails, R. C. Walker, J. Wang, R. M. Wolf,

X. Wu, P. Kollman, AMBER 14 University of California, San Francisco

(2014) http://ambermd.org/.

[62] H. C. Andersen, Molecular dynamics simulations at constant pressure

and/or temperature, The Journal of Chemical Physics 72 (4) (1980) 2384–

2393. doi:10.1063/1.439486.

[63] H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, J. R.

Haak, Molecular dynamics with coupling to an external bath, The Journal

of Chemical Physics 81 (8) (1984) 3684–3690. doi:10.1063/1.448118.

46



[64] T. Darden, D. York, L. Pedersen, Particle mesh ewald: An N log N method

for Ewald sums in large systems, The Journal of Chemical Physics 98 (12)

(1993) 10089–10092. doi:10.1063/1.464397.

[65] W. Humphrey, A. Dalke, K. Schulten, VMD: Visual molecular dynam-

ics, Journal of Molecular Graphics 14 (1) (1996) 33–38. doi:10.1016/0263-

7855(96)00018-5.

[66] L. Mart́ınez, R. Andrade, E. G. Birgin, J. M. Mart́ınez, PACKMOL: A

package for building initial configurations for molecular dynamics simu-

lations, Journal of Computational Chemistry 30 (13) (2009) 2157–2164.

doi:10.1002/jcc.21224.

[67] T. Sukhbaatar, M. Duvail, T. Dumas, S. Dourdain, G. Arrachart, P. L.

Solari, P. Guilbaud, S. Pellet-Rostaing, Probing the existence of uranyl

trisulfate structures in the AMEX solvent extraction process, Chemical

Communications 55 (53) (2019) 7583–7586. doi:10.1039/C9CC02651G.

[68] S. W. I. Siu, K. Pluhackova, R. A. Böckmann, Optimization of the OPLS-
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